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To my mother, who always used to ask me, �What is a monoclonal antibody?�
and, in another life would have been a wonderful scientist with

her inborn fascination with medical discovery and knowledge.
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PREFACE

In June 2009 at the 56th annualmeeting of the Society ofNuclearMedicine inToronto,

the “Image of the Year” was selected by Dr. Henry N.Wagner Jr. from Johns Hopkins

University [Figure 1(1)]. This image illustrated the high sensitivity of positron

emission tomography (PET) with 18F-2-fluorodeoxyglucose (18F-FDG) to reveal

complete responses as early as 3 months post-treatment with 90Y-ibritumomab

tiuxetan (Zevalin) or 131I-tositumomab (Bexxar) in patients with non-Hodgkin’s

lymphoma (NHL) (2). These two radioimmunotherapeutics are thefirst to be approved

by regulatory authorities for treating cancer. By highlighting this image, Dr. Wagner

not only recognized thegreat advances that havebeenmadeover the past three decades

in radioimmunotherapy (RIT) of NHL (3) but also pointed the way toward how this

approach could be combinedwith achievements in imaging (4) to help further advance

the field of molecularly targeted radiotherapy.

There remainmany challenges to be overcome, however, particularly to extend the

impressive results seen in NHL to RITof the more prevalent solid tumors (3). RITand

peptide-directed radiotherapy (PDRT) of solid tumors have been restricted by low

tumor uptake, dose-limiting toxicity to normal tissues including the bonemarrow, and

an intrinsicallygreater radioresistance (3).Nonetheless, the successofRITofNHLhas

proven that this approach is scientifically sound, translatable to clinical practice, and

feasible. Moreover, there has recently been progress in the treatment of solid tumors

with targeted radiotherapeutics, particularly using innovative pretargeting techniques

and in the setting of minimal residual disease (3).

My goal in assembling this book was to provide a single resource that would

constitute an expert discussion of the diverse aspects of the field of monoclonal

antibody and peptide-targeted radiotherapy of cancer. The chapters cover awide range

of topics including the optimization of design of biomolecules and their radiochem-

istry, cell andanimalmodels forpreclinical evaluation, important discoveries fromkey

clinical trials of their effectiveness for the treatment ofmalignancies, anunderstanding

of their radiation biology and dosimetry, considerations in their regulatory approval,

and health economics issues that need to be appreciated to ultimately see their

widespread use in clinical oncology.Newemerging areas such as the role ofmolecular

imaging in evaluating the response and resistance to targeted radiotherapy, a discus-

sion of the bystander effect that may enhance its effectiveness, and the potential of

combining cytolytic virus therapywith targeted radiotherapy have also been included.

Many of the chapters were authored by internationally renowned experts who have

made seminal discoveries in the field and byotherswho are leaders in areas thatwill be

important to its future. I am grateful to all authors for their excellent contributions and

xvii



thank them all for their patience as this book emerged. I am also indebted to my wife,

Anitawho tolerated theworkload and spared some of the precious time that we have to

spend together to accomplish this task. I believe that the book not only celebrates the

substantial achievements ofmAb and peptide-targeted radiotherapy of cancer but also

acknowledges its limitations and failures—as Henry Ford said, “Failure is simply an

opportunity to begin again, this time more intelligently.” A great deal has certainly

been learned, approaches are now more informed and elegant, and it is expected that

this new knowledge will build on the pioneering discoveries in targeted radiotherapy

of NHL that have proven so successful as aptly presented in Dr.Wagner’s selection of

the Image of the Year. I hope that this book will provide the impetus for discussion,

encourage continued contributions to the advancement of the field, and stimulate the

imagination of those who would aspire to set its future.

RAYMOND M. REILLY

Toronto, Ontario, Canada

January 2010

FIGURE 1 Whole-body PET scans using 18F-2-fluoro-deoxyglucose demonstrating com-

plete response in two patients receiving 131I-tositumomab (Bexxar; left two images showing

pre- and post-treatment) or 90Y-ibritumomab tiuxetan (Zevalin; right two images showing pre-

and post-treatment). (Reprinted with permission from Reference 1.)
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CHAPTER 1

Antibody Engineering: Optimizing the
Delivery Vehicle

DIANE E. MILENIC

1.1 INTRODUCTION

The progression of monoclonal antibodies (MAbs) for radioimmunotherapy (RIT)

has beendrivenby theneed to solvea series of problems.Asvariants of antibodies have

beendevelopedandevaluated inpreclinical studies, opportunities and limitationshave

become evident. Recent advances in DNA technology have led to the ability to tailor

and manipulate the immunoglobulin (Ig) molecule for specific functions and in vivo

properties. This chapter discusses the use of monoclonal antibodies for radiotherapy

with an emphasis on the problems that have been encountered and the subsequent

solutions.

The exploration of monoclonal antibodies as vehicles for the delivery of radio-

nuclides for therapy has been ongoing for almost 50 years (1). In 1948, Pressman and

Keighley reported the first in vivo use of a radiolabeled antibody for imaging (2). Ten

years later, the first report of radiolabeled tumor-specific antibodies was utilized for

radioimmunodiagnosis, and in 1960, radiolabeled antibodies were used to selectively

deliver a therapeutic dose of radiation to tumor tissue (1, 3). Even at these early stages,

investigators were quick to realize the obstacles associated with utilizing antibodies

for radioimmunotherapy. Radiation doses delivered to tumors in patients were too low

to have significant effects on tumor growth, and the prolonged retention of the

radiolabeled antibodies in the blood led to toxicity complications (4). The inherent

heterogeneity in specificity and affinity of polyclonal antibodies resulted in in vivo

variability. The advent of hybridoma technology and the ability to generate mono-

specific, monoclonal antibodies produced a resurgence in the use of antibodies as

“magicbullets” (5, 6). In the1980s, the literature explodedwith reports of radiolabeled

MAbs being evaluated in the clinical setting, initially in radioimmunodiagnostic

applications, confirming that MAbs against tumor-associated antigens could target
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tumors in patients. Subsequently, RIT clinical trials were initiated to deliver systemi-

cally administered radiation to tumors with a specificity that would spare normal

tissues from damage (7). This optimistic viewpoint was quickly tempered by the

realization of the obstacles inherent to the use of a biological reagent, especially one of

xenogeneic origin.

The preclinical and clinical RIT trials exposed the major constraints to the

successful clinical use of radiolabeled MAbs: (i) development of human anti-murine

immunoglobulin antibodies (HAMA); (ii) inadequate (low) therapeutic levels of

radiation doses delivered to tumor lesions; (iii) slow clearance of the radiolabeled

MAbs (radioimmunoconjugates) from the blood compartment; (iv) lowMAb affinity

and avidity; (v) trafficking to, or targeting of, the radioimmunoconjugates to normal

organs; and (vi) insufficient penetration of tumor tissue (8, 9). In addition, there were

toxicities associated with conjugated radionuclides when the radioimmunoconju-

gates were metabolized or when the radionuclide dissociated from the immunocon-

jugate (9). With these problems in mind, a primary focus has been to optimize RIT by

manipulating the MAb molecule. As technology permitted, this was initially accom-

plished with chemical or biochemical techniques to generate a variety of immuno-

globulin forms but is now predominated by genetic engineering.

1.2 INTACT MURINE MONOCLONAL ANTIBODIES

InMay 2008, a perspective onMAbs by Reichert and Valge-Archer (10) reported that

in the periods 1980–1989, 1990–1999, and 2000–2005, 37, 25, and 8 murine MAbs,

respectively, were evaluated in the clinic as cancer therapeutics. During this entire 25-

year period, radiolabeled MAbs comprised 33% of the murine MAbs (10). To date,

only two radiolabeled murine (mu) MAbs, both targeting CD20, have received FDA

approval. Zevalin, 90Y-rituxan (ibritumomab-tiuxetan), was approved in 2002 and is

indicated for relapsed or refractory low-grade follicular transformed non-Hodgkin’s

lymphoma (NHL). The overall response rate of patients is reported to be 80%; 46% for

those with rituximab refractory disease (11). Bexxar (131I-tositumomab) was ap-

proved in 2003 for the treatment of non-Hodgkin’s B-cell lymphoma in rituximab

refractory patients (see Chapter 6). Objective responses following 131I-tositumomab

therapy have ranged from 54% to 71% in patients who have undergone previous

therapies while for newly diagnosed patients the response rates are 97% with 63%

of those experiencing a complete response (12).

In clinical trials using muMAbs for RIT of solid tumors, approximately 73%

(ranging from 16% to 100%) of the patients developed HAMA following a single

infusion of MAb (13). In contrast, only about 42% of the patients in RIT trials for

treatment of hematologic malignancies develop HAMA. When multiple doses of a

radioimmunoconjugate have been administered, the amount of MAb that effectively

targets tumor tissue is usually compromised after the second administration (13). In

general, the human antibody response, especially at earlier time points, is directed

against the Fc portion of the MAb molecule (Fig. 1.1). With the passage of time and

particularly after repeated infusions, the specificity of the human antibody response
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matures and becomes increasingly specific for the variable region of theMAb (13). In

some instances, anti-variable region antibodies develop after a single infusion of the

MAb (13, 14). This response has the potential of directly inhibiting the ability of the

injected MAb from interacting with the targeted tumor (14). As with any therapeutic

regimen, for RIT to be effective, multiple treatment cycles will be necessary.

Immunomodulatory drugs such as deoxyspergualin, cyclosporin A, or cyclophospha-

mide have been evaluated as ameans ofminimizingor suppressing a patient’s immune

response during RIT (15).

To address these challenges of MAb-directed therapy, several strategies have been

employed that center aroundmodifying theMAbmolecule. These alterations include

reduction in the size of the MAb molecule, deglycosylation, or the addition of side

groups. Reduction in size of the MAb molecule has been accomplished through

methods such as enzymatic cleavage or genetic engineering (16–18). Digestion of an

antibody with pepsin removes the Fc region of the heavy chain on the carboxyl

terminus of cysteamine producing F(ab0)2 fragments that retain two antigen binding

sites and have amolecularweight of�100 kDa (Fig. 1.1). Fab fragments are generated

by digestion with papain, an enzyme with a specificity for the amino group of

cysteines. In this case, the disulfide bridges between the heavy chains are removed

with theFc region,which results in amolecule (Mr� 50 kDa)with one antigen binding

site. Fab0 fragments are produced through reduction and alkylation of F(ab0)2, which
also yields a MAb molecule with a single antigen binding site and an Mr of �50
kDa (16–18). Comparisons of intact MAbs and F(ab0)2 fragments (Fig. 1.1) in RIT

clinical trials have demonstrated that the F(ab0)2 fragments do have a shorter serum

half-life than intact MAbs. Patient antibody responses against F(ab0)2 fragments

FIGURE 1.1 Schematic of an immunoglobulin structure. Enzymatic digestion of the intact

IgG molecule yields F(ab0)2 and Fab fragments.
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appear to occur with lower frequency after a single administration of the radio-

immunoconjugate. Furthermore, some objective responses to treatment with a radi-

olabeled F(ab0)2 fragment have been observed (19, 20). Autoradiographic studies of

radiolabeled MAbs administered to athymic mice bearing human tumor xenografts

have illustrated the ability of Fab0 and F(ab0)2 fragments to penetrate tumor tissuewith

greater efficiency than intact MAbs (20, 21). The pharmacokinetics of Fab or Fab0

fragments is even more rapid than F(ab0)2 fragments (t1/2a� 10min, t1/2b� 1.5 h for

Fab0 fragments versus t1/2a� 30min, t1/2b� 12 h forF(ab0)2 fragments) (22). In general,

Fab and Fab0 fragments have proven to be less immunogenic than intact MAbs (23).

Their greatest disadvantage for RIT applications is their high and persistent renal

localization, which appears to be a function of molecular size (22), which greatly

increases the risk for renal toxicity.Thedegree towhich the radiolabel is retained in the

kidneys depends on the radionuclide and the radiolabeling chemistry (see Chapter 2).

RadioiodinatedMAbs are rapidly dehalogenated and the radioiodine excreted via the

kidneys or into the stomach and intestines. Free radioiodine is trapped in the thyroid

gland if there is inadequate blocking with stable iodine. Chelated radiometallonu-

clides, that is, 111In, 90Y, and 177Lu, are not as readily eliminated from normal tissues

when the radioimmunoconjugate is metabolized (24). The retention of radiometals in

the kidneys is due to the reabsorption of antibody fragments after their glomerular

filtration followed by degradation of the radioimmunoconjugates with trapping of

radioactive metabolites within the renal tubular cells (22, 24, 25). Although they are

readily eliminated from the body, radioiodines may also pose a concern for toxicity to

renal tissue, depending on the dose of radioactivity administered. An effective means

of enhancing renal excretion of the radioimmunoconjugates is the blocking of its

readsorption from the luminal fluid in the proximal tubules by administering basic

amino acids such as lysine or arginine, prior to or with the radiolabeled MAb

fragment (26, 27).

Fragments of MAb that retain immunoreactivity, however, are often difficult to

generate (22). Asmentioned, they are prepared by proteolytic digestion of intactMAb

using enzymes, a procedure thatmust be optimized for eachMAb and usually requires

threefold or more MAbs to obtain the final desired quantity of the fragment. The

process is inefficient and costly when producing the amounts necessitated by a RIT

clinical trial.

1.3 RECOMBINANT IMMUNOGLOBULIN MOLECULES

Antibodies consist of four polypeptide chains, two heavy and two light chains,

connected by disulfide bonds; the heavy chains are glycosylated (Fig. 1.1). Several

criteriamust bemet to generate andproducegenetically engineered antibodies. First, a

host cell is needed that would produce and secrete a properly assembled functional

antibody molecule with the appropriate carbohydrate side chains. Second, the DNA

must be introduced into the recipient cell in an efficient manner. Finally, expression

vectorsmust be available that permit the expression of the introduced genes as well as

the isolation of the cells expressing the introduced antibody genes (28). The vectors
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require a plasmid origin for replication, a gene encoding a selectable biochemical

phenotype in bacteria and a gene encoding a selectablemarker in eukaryotic cells. The

creation of recombinant immunoglobulin molecules also requires the transfection of

the host cell with two expression vectors, one containing the gene for the heavy chain

and the other containing the gene that encodes the light chain.

1.3.1 Chimeric Monoclonal Antibodies

ChimericMAbs are constructed by ligating the gene encoding the variable region of a

murine MAb to the gene encoding the constant region of a human Ig (Fig. 1.2). There

are a variety of vectors available into which the murine and human Ig gene sequences

can be inserted. In turn, there are a number of expression systems, prokaryotic and

eukaryotic, into which the recombinant Ig genes can be introduced and the protein

expressed (28, 29). The ability to tailor a MAb of a particular specificity for a certain

function broadens the horizon for MAb-directed therapies.

The first clinical trial involving a recombinant/chimeric MAb employed MAb 17-

1A, which recognizes the 40 kDa glycoprotein designated epithelial-specific cell

adhesion molecule (EpCAM) (30–32). The variable region of MAb 17-1Awas fused

with a human IgG1k sequence. Ten patients with metastatic colon carcinoma were

given injections of the chimeric (ch) 17-1A. Only one of the patients who received

multiple injections developed a low titer antibody response against ch17-1A that was

directed against the variable region of the chMAb and not against the human constant

domains. In addition, the pharmacokinetics of the ch17-1A was slower than the

original murine MAb by sixfold.

Several chMAbs have since been constructed, characterized in preclinical in vitro

and in vivo studies, and have been evaluated in RIT clinical trials. Direct comparisons

Murine HumanHumanizedChimeric

Murine sequences Human sequences

~30% mouse
sequences

~5–10% mouse
sequences

FIGURE 1.2 The “humanization” of the murine IgG to generate forms with increasing

percentages of human sequences.
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of the chimeric andmurine forms of aMAb (B72.3) determined that the chimeric form

was quantitatively superior in tumor targeting (33). This enhanced tumor targeting of

the chMAbwas attributed to its longer plasma half-life, approximately 4.7-fold longer

than that ofmuB72.3. Unfortunately, chMAbs have also proven to be immunogenic in

patients. Evidence suggests that the degree of immunogenicity may be dependent on

the particularMAb.ThemurineMAb17-1A elicited antibody responses in 77%of the

patients, while the chimeric 17-1A evoked a humoral response in only 5–10% of the

patients. In contrast, chB72.3 evoked an antibody response in patients with at least the

same frequency as muMAb B72.3 (13). Minimal antibody responses have been

reported for patients receiving rituximab, a chimeric anti-CD20 MAb used for

non-Hodgkin’s B-cell lymphoma; this may be attributed in part to the impaired

immune status of these patients (11, 34). The antibody responses appear not as robust

as the HAMA responses, and in some cases, more than one dose of chMAb may be

administered before an antibody response against the chMAb is elicited. Further

humanization of the murine MAb has been accomplished by grafting the comple-

mentarity-determining regions (CDRs) of themurineMAb into the variable light (VL)

and the variable heavy (VH) frameworks of a human MAb (Fig. 1.2) (35).

1.3.2 Humanized Monoclonal Antibodies

1.3.2.1 CDR Grafting X-ray crystallographic studies have shown that the

contact of antibodies with antigen is through amino acid residues within the comple-

mentarity-determining regions (36). Some of the surrounding framework amino acid

residues are also involved in interactionswith the cognate antigen (36, 37). It is crucial

to maintain the CDRs as well as the interactions of the CDRs with each other and the

rest of thevariable domains if thebinding specificityof theMAb is tobepreserved.The

proper configuration, or conformation, of the binding site requires retention of crucial

framework residues,which include those involved inVHandVLassociations and those

that affect the overall domain and combining site structure (36). The necessary

framework residues can be identified through high-resolution X-ray crystallographic

studies; otherwise, molecular modeling based on the structure of related molecules or

the ligand binding properties of site-specific mutants can facilitate identification of

required amino acids for correct conformational positioning of CDRs for antigen

binding. It is estimated that chimeric antibodies contain �30% murine sequences;

CDR grafting would reduce the nonhuman content to 5–10% (38). Selecting the

appropriate human acceptor template for the CDRs is another crucial element for the

successful humanization of a murineMAb. The strategy is usually to choose a human

template with the greatest sequence homology to the murineMAb being grafted (39).

Thepolymerase chain reaction (PCR) technologyhas enabled investigators to graft the

entirety of CDRs along with the necessary framework residues from a murine MAb

into the human frameworks of human Igs (40).

Humanized (hu) MAbs have progressed through evaluation in animal models and

into clinical trials. Trastuzumab (Herceptin�, Genentech) that targets HER2 was the

first humanizedMAb to gain FDAapproval (1998) for the treatment ofHER2-positive

metastatic breast cancer. Three other humanized MAbs have since been approved for
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the treatment of cancer patients. Two of these, bevacizumab (Avastin, Genentech) and

alemtuzumab (Campath-1H, Berlex), are administered as naked MAbs and one,

Mylotarg (gemtuzumab ozogamicin, Wyeth), is conjugated with the toxin calichea-

micin. The naming of drugs is a consensus between the United States Adopted Names

system, the inventor/discoverer of the drug, and the FDA. The American Medical

Association established theguidelines for assigning generic names ofMAbdrugs.The

foundation to the designation is the suffix “MAb” formonoclonal antibody. Letters, or

infixes, before the suffix denote the source, that is, o for mouse, xi for chimeric, zu for

humanized, and u for human.

The transition to humanized MAbs proved that empirical evaluation of each MAb

was required. CAMPATH-1H, an anti-human CD52MAb, was found to have a lower

affinity than the original ratMAb (41). Thiswas remediedwhen two amino acids in the

VH framework were mutated back to the original rat MAb sequence. In general,

preclinical studies have demonstrated that the CDR-graftedMAbs retain the ability to

react with their tumor antigen. In some instances, the huMAbs have had higher

affinities than the original murine MAb. HuM195, an anti-CD33 MAb, was found to

have a 3–8.6-fold increase in affinity and avidity (42). Other huMAbs, that is, MN-14,

an anti-CEA MAb, also proved to have improved tumor targeting over the murine

MAb (43). In contrast, the CDR grafting of otherMAbs has yielded Igmolecules with

decreased antigen affinity. For example, huCC49 has been found to have a two- to

threefold lower relative affinity compared to the murine CC49 MAb (39).

Perhaps more interesting is the plasma pharmacokinetic data collected from

clinical trials with some of the huMAbs. In general, one would anticipate that a

huMAb injected into patients would have a longer residence time in the blood than a

xenogeneic muMAb. This was in fact true for some huMAbs. The plasma half-life of

huBrE-3, aMAb that targets breast epithelial mucin, was twofold greater than that for

the murine BrE-3, 114.2� 39.2 and 56� 25.4 h, respectively (44). This prolonged

retention of the radioimmunoconjugate in the blood may result in increased myelo-

toxicity. However, if the huMAbhas reduced immunogenicity, thenmultiple cycles of

radioimmunoconjugate at lower radiation doses (dose fractionation) would be possi-

ble and still result in effectiveRIT. On the other hand, the plasma pharmacokinetics of

two other huMAbs (MN-14 and M195) proved to be similar to their parental murine

forms (43, 45). This latter phenomenonmay be reflective of theMAb interacting with

antigen and/or tumor cells present in the blood.

As mentioned previously, huMAbs possess a murine sequence content of 5–10%

and this amount of xenogenic sequence has proven to be sufficiently immunogenic in

patients to elicit humoral responses. The huMAbs of anti-TAC and anti-CD18 were

evaluated in subhuman primates and found to be immunogenic with anti-idiotypic

antibody responses detected (46, 47). Humanized anti-TNFa, when administered at

doses of 1, 2, 5, and 10mg/kg, elicited antibody (IgM) responses in normal human

volunteers (48). Antibody responses have also been detected in patients receiving

weekly 2–4mg/kg (i.v.) of trastuzumab (49). In general, the protein amounts of

radiolabeled MAbs that are injected into patients are lower; the immune responses

directed against each of these huMAbs may not be relevant to the use of radiolabeled

MAbs. No evidence of a human anti-human antibody (HAHA) response in patients
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receiving huJ591, radiolabeled with 131I, 90Y, or 177Lu, has been detected nor has a

response been detected in patients receiving asmanyas three injections of 131I-huMN-

14 (45, 50, 51).

Studies have been conducted to characterize the immune response against two

MAbs in greater detail. Schneider et al. identified specific CDRs in the huMAb anti-

Tac that were recognized by antibodies in the sera of cynomolgus monkeys that had

received these antibodies (46). The majority of the antibody responsewas found to be

directed against the heavy-chain CDRs 1 and 2 as well as the light-chain CDR3 of the

humanized anti-Tac. No detectable responsewas directed solely against any oneCDR

or to the modified framework of the human variable regions. A similar study was

performed using the serumof a patientwhohad received 177Lu-labeledmuMAbCC49

forRIT (52). In this particular study, the patient’s antibody responsewas determined to

be directed toward the heavy-chain CDR2 and the light-chain CDRs 1 and 3 (53). It

was also found that these same CDRs were required for antigen binding. The

information from such studies led to the development of huMAb using SDR

(specificity-determining residue) and abbreviated CDR grafting, with the objective

of creating a minimally immunogenic Ig molecule that retained optimal antigen

binding and affinity.

1.3.2.2 SDR Grafting The specificity-determining residues comprise only

20–33% of the CDR residues; therefore, the CDRs could be humanized by up to

80%when only the SDRs are grafted (54). The process requires identification of SDR

and non-SDR residueswithin the CDR.When a crystal structure of the antibody–anti-

gen complex is available, SDR/non-SDR residues are readily identified. Lacking the

crystal structure, the indispensability of SDR residues can be tested through genetic

engineering. Based on known antibody–antigen complexes, it appears that there is

little variation in the regions that contain SDRs; antibodies with unknown structures

will likely have SDR residues in the same positions. Therefore, only a few variants are

required to identify those SDR residues that are required for antigen binding and the

non-SDRscan thenbe replacedwith correspondinghuman residues (54).ThemuMAb

COL-1, which reacts with carcinoembryonic antigen (CEA), was humanized by SDR

grafting while huCC49 was subjected to further refinement (14, 55). Variants of both

MAbs were generated using a baculovirus expression system and tested in vitro for

antigen binding. One variant of HuCC49 exhibited superior binding and tumor

targeting properties compared to the original huCC49. As with the grafting of whole

CDRs, it is crucial in SDR grafting that an appropriate human framework is chosen as

well as retaining the framework residues that are needed for maintaining the

conformation of the antigen binding site. The evaluation of such Ig molecules in

clinical trials will determine if the objective of minimizing immunogenicity has been

achieved. The affinities of theCDR- or SDR-graftedMAbs can be furthermanipulated

with methods such as in vitro affinitymaturation using phage display techniques (56).

1.3.2.3 Abbreviated CDR Grafting To further reduce the number of murine

residuesof thehuMAb,graftingofonly theSDRs into thehuman Ig framework, coined

as “abbreviated” CDR grafting, has been proposed (54). Engineering huCOL-1 in this
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fashion resulted in a 2.7-fold decrease in affinity compared to CDR-grafted huCOL-1

and a 4.3–5-fold lower affinity compared to muCOL-1 (57). Unfortunately, these

humanized forms were not evaluated in vivo for tumor targeting, but the trend in

decreasing affinity provides an argument for retaining residues from the murine

framework to maintain the binding site conformation of the MAb.

One fact is clear, the insertion of mouse sequences into human sequences and the

further replacement of sequences in the Ig to alter properties and reduce immunoge-

nicity of the MAb is laborious, requiring remodeling and engineering MAb by MAb.

After all of these manipulations, mouse sequences remain and even though each step

has reduced the immunogenicity, the molecules still elicit an antibody response in

patients.

1.3.3 Human Monoclonal Antibodies

HumanMAbs against tumor-associated antigens are believed to be the ideal agent for

clinical applications.One of themain obstacles to administering a xenogeneic protein,

immunogenicity, would be absent, or minimal, if a syngeneic antibody was available.

The biological characteristics (metabolism and pharmacokinetics) (58) would, how-

ever, differ appreciably from muMAbs. Human MAbs have been generated that are

reactive with antigens present in human tumors by fusing lymphocytes (myeloma

cells) from cancer patients, thus creating human–human hybridomas. However, very

fewhave demonstrated the necessary specificity or affinity tomerit their use in clinical

trials (59, 60). Inherent human tolerance to human antigens along with the reality that

human subjects will not undergo the immunization regimen required to generate

antibodies has understandably limited the possibilities. RecombinantDNA technology

has hence provided the tools to create completely humanMAbs. In the early 1980s, the

race began to create a transgenic mouse for human Ig that possessed the heavy- and

light-chain repertoires that would be capable of generating a secondary immune

response that would result in high-affinity antibodies. Strategies taken to accomplish

this utilized homologous recombination in mouse embryonic cells to disrupt the

endogeneous heavy- and light-chain genes. Construction and introduction of human

unrearranged gene segment sequences is where strategies differ. One method used

fusions of yeast protoplasts to deliver yeast artificial chromosome (YAC)-based

minilocus transgenes into mouse embryonic cells (61). A second method used

pronuclear microinjection of reconstructed minilocus transgenes into the mouse

cell (62). The numbers of heavy-chain variable (V), diversity (D), and joining (J)

segments varied in each of these transgene reconstructions and were not the whole

repertoire. However, each could be shown to undergo VDJ joining and class switching

in the transgenic mice. In both studies reported, the mouse heavy-chain genes were

inactivated, the light-chain genes were not, and expression of a functional mouse light

chain was observed. Further analysis determined that the resulting subpopulation of B

cells did not interfere with the isolation of hybridoma cell lines that secreted fully

human MAbs that were reactive with the immunizing antigen. Subsequently, trans-

genic mice have been created that express complete human heavy- and light-chain

repertoires with high-affinity MAb isolated (63, 64).
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There is also the in vitro approach to generate human MAbs using phage display.

Methodswere developed for cloning expressed Ig variable region cDNArepertoires to

create phage display libraries of antibody variable fragments. Sequences can be

selected based on the desired properties and then enriched (65). The libraries are

restricted to the donor’s exposure to antigen, which dictates whether early or mature

B-cell response Igs are present for selection. The technology has been further refined

since the first description of generating antibody variable domains with affinity

maturation (66).

The first fully humanMAb that gained FDAapproval in 2002was created using the

phage display platform; adalimumab, an anti-TNFa antibody, was approved for the

treatment of inflammatory diseases (67). Panitumumab (Amgen and Abgenix),

approved in 2006 for the treatment of patients with EGFR-expressing metastatic

colorectal cancer, is the first commercially available human MAb generated using

transgenicmice (68, 69).ThehumanMAbshavebeenwell tolerated and todate appear

tobe less immunogenic than the chimericMAbs (69).High-affinityhumanMAbshave

beengeneratedwith specificities for numerous antigens that include cytokines, growth

factors, CD antigens, and nuclear factor receptors using both phage display and

transgenic technologies (67). A survey of the literature suggests that the latter

approach though may be the favored route to obtaining human MAbs. In a recent

report tabulating selected human MAbs that are in clinical development, 45 are from

transgenic mice while 16 are from phage display libraries (67). Thirty-five of these

humanMAbs were developed as cancer therapeutics with 28 derived from transgenic

mice. The favoring of the transgenic mouse platform most likely is a reflection of the

processes involved in moving from discovery to the clinical setting. In general, the

MAbs that are initially identifiedwhen generated from a transgenicmousewill go into

production and development without the need for further manipulation. In contrast, it

appears that the phage display-generatedMAbs have consistently required additional

tweaking such as affinity maturation.

1.4 NANOBODIES

Nanobodies are the smallest antigen binding regions or fragments of naturally

occurring heavy-chain antibodies (HCAbs). Lacking a light chain, these fully

functional HCAbs were identified as part of the humoral response in camels,

dromedaries, and llamas (Camelidae) (70). HCAbs have also been identified in

wobbegong and nurse shark (71). The structure of the HCAbs consists of a single

variable domain (VHH), a hinge region, and two constant domains, CH2 and CH3

(Fig. 1.3). TheVHH region contains three CDRs for antigen binding. TheHCAbs lack

the CH1 domain, which is actually contained in the genome, but is spliced out during

mRNA processing. This absence would explain the lack of light chain since it is the

CH1 domain that interacts with the CL domain of the light chain. The CDRs of HCAbs

appear to be structurally larger, those from the dromedary contain 16–18 amino acids

(a.a.), compared to human (12 a.a.) or mouse (�9 a.a.) CDRs. This structural

difference might serve as a means of providing a larger repertoire to the organism
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since the VL region and three CDRs are missing. CDR3 appears to be more exposed

and the antigen binding site of theVHHalsohas protruding loops.This has the affect of

increasing the surface of the HCAb paratope, making it as large as conventional

antibodies.

The single domain of nanobodies (Fig. 1.3) simplifies the cloning, expression, and

selection of antigen-specific molecules. Only one set of primers is needed and the

HCAb has undergone affinity maturation in vivo; therefore, the library is relatively

small (106–107 nanobody genes) from which high-affinity nanobodies are isolat-

ed (72).Thenanobodies are soluble, nonaggregatingproteinswith anMr of 15 kDaand

can easily be produced in bacterial or eukaryotic systems. High-level nanobody

production has been noted in a variety of expression systems (73). Nanobodies have

also been shown to have high thermal and conformational stability. Themelting points

of the nanobodies range from 60 to 78 �C; following incubations at 90 �C, they have
regained antigen binding/specificity (71). With such properties, nanobodies may

prove to have a long shelf-life and may be manipulated under conditions not

acceptable for other antibody forms such as radiolabeling at higher temperatures to

obtain higher labeling efficiencies.

FIGURE 1.3 Illustration of a heavy-chain antibody, nanobody, domain-deleted MAb, and a

hypervariable domain peptide.
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Radiolabeled nanobodies have been shown to efficiently target tumor xenografts in

mice bymicroSPECT/CTand biodistribution studies. For the former, images of tumor

xenograftswere obtained 1 h after i.v. injection of anti-EGFRnanobodies labeledwith
99mTc (74). For the latter,Balb/cmice bearing syngeneic tumorswere injected i.v.with
125I-labeled nanobodies that react with lysozyme. Tumor targeting was demonstrated

at 2 and 8 h post-injection. More importantly, this study was conducted in immuno-

competent mice; no antibody or T-cell responses were detected against the nanobody,

suggesting that the nanobodies may not be immunogenic or their immunogenicity is

very low, at least in this host (75). The single domain nature of nanobodies along with

their physical properties makes them particularly interesting and appealing as a

delivery vehicle for radionuclides or any other desired payload.

1.5 DOMAIN-DELETED MONOCLONAL ANTIBODIES

The recent advances in molecular cloning that led to the CDR grafting of MAbs have

also led to modifying the domains ofMAbs to alter their biological properties, that is,

pharmacokinetics, with the objective of optimizing their therapeutic potential. Gillies

andWesolowski were the first to construct a F(ab0)2 fragment using genetic engineer-

ing techniques (76). They were unable to generate a bivalent molecule, nor were the

resulting molecules reactivewith antigen. In the pursuit of determining what portions

of the Ig molecule were required for antigen binding, a construct with a CH2 domain

deletion was generated (Fig. 1.3) (77). This new MAb form, in this case a construct

from chimeric MAb 14.18, which recognizes the ganglioside GD2, demonstrated a

significantly faster elimination from the plasma compared to the intact and aglyco-

sylated form of the same MAb. The pharmacokinetics was found to be similar to

human IgG F(ab0)2 fragments. Maximal tumor targeting with radiolabeled

ch18.14DCH2 occurred at 12–16 h versus 96 h postinjection for the intact ch18.14.

In addition, the domain-deleted variant did not exhibit the renal uptake of radioactivity

that is usually associated with radiolabeled F(ab0)2 fragments (78). A similar CH2

domain-deleted chimeric antibody of MAb B72.3 was reported by Slavin-Chiorini

et al. (79). The chB72.3DCH2 differed from the ch18.14DCH2 in that a 10-amino acid

linker (gly3-ser2-gly3-ser-gly) was inserted in place of the deleted CH2 domain, which

provided stability to the molecule. Domain-deleted mutants have subsequently been

produced of chimeric and CDR-grafted humanized forms of MAb CC49 that have

been analyzed in preclinical invitro and invivo studies (80, 81).ACH1domain-deleted

mutant of chCC49 was also produced and was compared to chCC49 and the

chCC49DCH2 Ig forms (81). The chCC49DCH1 exhibited pharmacokinetics and

tumor localization that were similar to those of the intact chCC49. In contrast, the

pharmacokinetics of the chCC49DCH2 was significantly faster in nontumor bearing

athymic mice and rhesus monkeys than chCC49. Tumor targeting was also more

efficient and occurredwithin an earlier time frame than that of chCC49.When labeled

with a radiometal, that is, 177Lu, the pharmacokinetics exhibited a profile similar to
131I-chCC49DCH2. The domain-deleted huCC49 has demonstrated these same

desirable characteristics (80). The huCC49DCH2has shown efficacy in animalmodels
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for the treatment of peritoneal tumor deposits and subcutaneous tumors when

radiolabeled with 177Lu and 213Bi, respectively (82, 83).

Twoclinical trialswithHuCC49DCH2havebeenconducted (84, 85).Thefirstwas a

small pilot study of four colorectal cancer patients receiving 10mCi (370MBq) of
131I-huCC49DCH2 (84). Pharmacokinetics, biodistribution, dosimetry, and immune

responses were evaluated. Targeting of metastatic diseasewas observed in all patients

with no toxicities reported. Themean plasma elimination half-lifewas 20� 3 hwith a

mean residence time of 29� 2 h; this was a faster elimination rate than murine CC49.

One of the patients appeared to develop a detectable antibody response at 6weeks. The

second trial enrolled 21 patients with recurrent and metastatic colorectal cancer (85).

In this trial in which patients were administered 2mCi (74MBq) of
125I-huCC49DCH2, the pharmacokinetics was found to be similar to murine CC49,

tumors were detectable, and no antibody response to the injected huCC49DCH2 was

detected. Overall, the investigators performing the trials reported that the

huCC49DCH2 was well tolerated.

Productionof chCC49DCH2,huCC49DCH2, andchB72.3DCH2was found to result

in what initially appeared to be impurities by SDS-polyacrylamide gel electrophore-

sis. The impurities were subsequently identified as isoforms of the domain-deleted

molecules. Form A was proposed to contain the appropriate interchain disulfide

between the two heavy chains. Form B was thought to be a result of the heavy chains

associating through noncovalent interactions of the CH3 domains. Instead of the

disulfides forming interchain bonds, form B contained intrachain bonds. To favor

production of formAwith the interchain disulfide bonds, investigators at Biogen Idec

modified the hinge region linker sequence to stabilize the hinge region and thus favor

the correct disulfide bond formation (86). Insertion of a cysteine-rich 15-amino acid

IgG3hingemotif alongwith an additional alanine and proline resulted in a product that

was 98% formA isoform,with little or no formBdetected. This alteration of the hinge

region, unfortunately, resulted in a 1.4-fold decrease in the affinity of the

huCC49DCH2 (86).

1.6 HYPERVARIABLE DOMAIN REGION PEPTIDES

It is the CDRs in the variable domains that interact with the antigen epitope (36). As

previously mentioned, this interaction depends on the tertiary structure of the antigen

combining site. However, in some instances, the CDR sequence that interacts with the

antigen may be linear. As a result, hypervariable (HV) domain region peptides, or

molecular recognition units (MRUs),may be identified and synthesized that can target

and bind to tumor-associated antigens (Fig. 1.3). A peptide, designated aM2, was

synthesized based on the heavy-chainCDR3and some framework residues of the anti-

MUC-1 antibody, ASM2 (87). Analysis of the aM2peptide determined that it adopted

the b-strand conformation of the antigen binding structure of the intact MAb.

Radiolabeled peptide was able to bind antigen, albeit at a lower affinity. Studies with

the aM2 peptide progressed to a pilot clinical study. Twenty-six womenwith primary,

recurrent, or metastatic breast cancer were injected with 99mTc-labeled aM2 (87).
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Optimal radioimmunodetection occurred by 3 h postinjection and 77% of known

lesions were visualized.

Reducing the antigen–antibody interaction to a single CDR may increase the

potential for cross-reactivitywith other antigens. Furthermore, the use of HVpeptides

is limited to those antibody–antigen interactions that do not rely on spatial conforma-

tions. Either of these obstacles, however, may not be insurmountable. Through

molecular modeling and other sophisticated techniques, peptides may be designed

with improved binding properties. Higher affinity binding HV peptides have been

obtained by either dimerizing or constraining the conformation of the HV peptide by

introducing cysteine residues that result in looping of the peptide and restricting the

conformations it could assume as a linear peptide (88). It is also conceivable that HV

peptides will be designed and synthesized with chelates or additional amino acids to

facilitate labeling with radionuclides and/or to increase the specific activity of the

radioimmunoconjugate for RIT procedures. The rapid pharmacokinetics in conjunc-

tion with the ease of synthesizing and producing peptides are desirable characteristics

for radiopharmaceutical development.

1.7 FV FRAGMENTS

In 1988, single variable domains of amouse Igwere expressed inEscherichia coli and

shown to be functional (89, 90). Again, where enzymatic methods were limited and

greatly variable in reproducibility, recombinant technology has greatly facilitated the

generation and production of this antibody form. Fv fragments (Fig. 1.4) consist of the

VL and VH domains of the antibody molecule. The associations between the domains

areweak noncovalent interactions due to the lack of the CH1 andCL domains (91–93).

Inmany cases the VL–VH associations were found to be reproducible and resulted in a

functional binding site (92, 94). Unfortunately, the Fv fragments dissociated at low

protein concentrations and were found to be unstable at physiological temperatures.

The strategies taken to obtain stable Fv fragments were (i) chemical cross-linking, (ii)

engineering of disulfide bonds into the molecule, or (iii) the insertion of a peptide

linker between the VL and VH domains (Fig. 1.4). The employment of the peptide

linker has been the most favored strategy and the resulting Ig form has been

designated as scFv (single-chain Fv). The scFv is constructed by connecting the VL

and VH genes with an oligonucleotide that encodes 15–25 amino acids and is

expressed as a single polypeptide chain (89, 95). The variable domains can be

assembled in either order (VH–VL or VL–VH) with examples in the literature of one

orientation proving superior to the other (96, 97). The most common linker is (Gly4-

Ser)3; linkers of 18-amino acid residues, or more, have been found to favor folding of

the scFv resulting in a monomer form (98).

The scFv form has demonstrated several advantages over intact Ig MAbs, F(ab0)2,
and Fab0 fragments. The pharmacokinetics of elimination of the scFv and clearance

from normal tissues is appreciably faster (22, 99). In therapeutic applications, this

would translate to a reduction in radiation exposure to normal tissues. It has also been

shown that scFvs penetrate tumor tissue more rapidly, farther, and with a greater
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degree of homogeneity (21). With these properties, scFvs have the potential of

delivering a radiation dose more homogeneously throughout a tumor lesion (100).

However, the low%ID/g may not permit the delivery of an adequate therapeutic dose

of radioactivity if it is notmatchedwith a radionuclide of anappropriate half-life (101).

Since scFv molecules have such rapid pharmacokinetics, the overall amount that

accumulates in the tumor is low. The tumor uptake of two scFvs, both labeledwith 125I

and evaluated in the same tumor model, ranged from 0.3 to 3.4%ID/g at 24 h

postinjection with tumor-to-blood ratios ranging from 3.8 to 26.5 (22, 102). The

tumor%ID/g at 24 h for the scFv of CC49was 12.5-fold lower than that obtained with

the intact murine CC49 MAb (22). Due to the low percentage of the radioimmuno-

conjugates in the blood, the scFv was actually a more attractive candidate for RIT

especially when labeled with a short-lived radionuclide such as one of the a-emitters

that are very potent even at low amounts of radioactivity delivered to tumors (100).

In general, the scFv has a diminished affinity, which is related to the loss of the

second antigen binding site (bivalency) that would stabilize the antigen–antibody

interaction (22). In one instance, an scFv was reported to have an affinity constant

comparable to the parental IgG (99). Adams et al. (103) have been able to enhance the

affinity of the scFv of C6.5 (which recognizes HER2/neu) through site-directed

mutagenesis. Using a phage display library, C6.5 scFv mutants were isolated that

varied 320-fold in their affinity compared to the nonmutated C6.5 scFv. The mutant

with the highest affinity differed in only three amino acids in theVLCDR3. This high-

affinity mutant scFv showed a twofold increase in the ability to target tumor.

FIGURE 1.4 Schematic diagram of the various Fv forms.
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The mutant also demonstrated an improvement in the radiolocalization indices

(tumor-to-normal organ ratio).More elegant studies by the samegroup have evaluated

the effect of affinity on scFv tumor targeting, intratumoral diffusion, and tumor

retention in greater detail (104). Variants of an anti-HER2/neu scFv were produced

with affinities from 10�7 to 10�11M. Biodistribution studies comparing these scFvs

radiolabeled with 125I revealed that tumor uptake/retention did not significantly

increase beyond an affinity of 10�9M and the differences in the pharmacokinetics

of the scFvs were not a function of renal clearance. Immunohistochemical analysis of

tumor xenografts following injection of the scFv affinity variants indicated that the

scFvs with the lower affinity distributed diffusely throughout the tumor. Meanwhile,

the scFvswith the higher affinitieswere localized primarily to the perivascular regions

of the tumors.The implication is that antibody-basedmoleculeswithhigh affinities are

restricted in their ability to penetrate tumors, which is yet another consideration in

designing a targeting agent.

The ability of scFv to target tumor efficiently and to clear from normal tissues has

been investigated in the clinical setting. Single-photon emission computed tomogra-

phy (SPECT) and whole-body planar imaging were performed with CC49 scFv,

radiolabeled with 123I (105). Tumors were visualized; uptake of the radioimmuno-

conjugate by tumor tissuewas determineddirectly frombiopsy samples. The scFvwas

also determined to have a biphasic clearance with a distribution half-life (T1/2a) of
30min and elimination half-life (T1/2b) of 10.5 h. The patients did not receive any

treatment to inhibit renal sequestration of the radiolabeled scFv; thus, significant

uptakewas evident in the kidneys. Similar resultswere also reportedwith an anti-CEA

scFv radiolabeled with 123I (106). More recently, promising results were reported for

an anti-CEA scFv (MFE-23) for application in radioimmunoguided surgery (107). In

this particular study, the T1/2b of the MFE-23 scFv was twofold greater than that

reported previously.

An alternative to the peptide linker for stabilizing the orientation of the VH and VL

domains has been the use of disulfide bridging introduced through cysteine residues in

the sFv. This strategy has proven quite effective; disulfide sFvs (dsFvs) have been

produced with reactivity against the IL-2 receptor, LYM-1, Lewis Y-related carbohy-

drate, CD19, and p185HER2 (108–112). As with the sFvs, the dsFvs have shown good

tumor targeting, with rapid pharmacokinetics and excellent tumor-to-normal tissue

ratios.

The combination of the peptide linker with disulfide bridging has also been

explored as a means of providing stability and proper binding site configuration.

The purification yield of this form, a single-chain dsFv (scdsFv), is appreciably better

than that of the scFv form,with less aggregation occurring in the final product (113). In

addition, the invitro and invivoproperties of the scdsFvhaveproven tobeequivalent to

the scFv form (113, 114).

1.7.1 Multimeric Fv Forms

A variety of multimeric Fv forms have been created and assessed with the goal of

improving the affinity of Fvs with desired pharmacokinetic properties. These
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multimeric forms include Fvdimers (diabodies), Fv trimers (triabodies), Fv tetramers,

and minibodies. In addition, multimeric Fvs have been created with mono- and

bispecificity. Diabodies (55 kDa) are noncovalent dimers of scFv fragments that are

formed using short peptide linkers (3–12 amino acids) that promote cross-pairing or

association of theVHandVLdomains of twopolypeptides (Fig 1.4) (115, 116).A scFv

dimer of MAb T84.66, labeled with 125I, was reported to have a three- to fivefold

greater uptake in tumor than its scFvmonomer counterpart with reduced radioactivity

uptake observed in the kidneys (102). When labeled with the radiometal, 111In, the

T84.66 diabody again demonstrated good tumor targeting; however, renal and hepatic

accumulation of radioactivity remained a problem (117). Diabodies have also been

generated for the MAb CC49 scFv and the anti-HER2/neu scFv (C6.5) that were also

found to have improved tumor targeting over their scFvmonomer form (22, 118, 119).

The C6.5 diabody was reported to have an increase in affinity of 40-fold over the C6.5

scFv. In contrast to the aforementioned scFvdimers, adiabodyof the anti-MUC1C595

MAb, created by replacing the (Gly4-Ser)3 with (Gly6-Ser), displayed binding

reactivity to MUC-1 that was similar to the intact MAb C595 (120). Similar findings

were reported for a dimer of the anti-HER2/neu scFv that was prepared in a

comparable manner (118).

The use of diabodies for targeted radiation therapy has been pursued using the

a-emitting radionuclides, 213Bi and 211At (121, 122). The rapid pharmacokinetics of

a diabody presents itself as a good match with the half-lives of these radionuclides

(213Bi at 45.6min and 211At at 7.2 h). In a therapy study treating subcutaneous (s.c.)

ovarian carcinoma xenografts with the 213Bi-C6.5 diabody, acceptable toxicity

occurred at the lowest dose administered (121). To minimize renal exposure to the
213Bi, mice were pretreated with D-lysine. Unfortunately, the therapeutic effect was

found to be nonspecific, leading the investigators to conclude that the half-life of the
213Bi was too short to be effectively paired with a systemically administered diabody.

A subsequent study pairing 211At (t1/2¼ 7.2 h) and the C6.5 diabody proved more

successful in the therapy of HER2-positive breast cancer tumor xenografts (122). A

single i.v. injection of 211At-C6.5 diabody resulted in durable complete responses in

60% of themice; the remainingmice experienced a significant delay in tumor growth.

The C6.5 diabody has also been shown to be an effective vehicle for targeting the

b-emitter, 90Y (123). Growth inhibition of breast and ovarian cancer xenografts in

mice was reported; the maximum tolerated dose appeared dependent on the tumor

model. Renal toxicity of the 90Y-C6.5 was evaluated in nontumor bearing mice with

mixed results. One mouse showed no overt signs of renal damage, another demon-

strated early-stage renal disease, while a third had severe kidney damage. Renal

toxicity was also evaluated in the 211At study. After 1 year, histopathologic

examination of the kidneys revealed that two of the three mice exhibited regions

of fibrosis amidst healthy tissue (122). This renal damage was modest compared to

that observed in the mice that received the 90Y-C6.5, providing an argument for the

pursuit of the halogen-based radioisotopes for therapeutic applications with diabo-

dies as the targeting vector.

Noncovalent trimers (triabodies) and tetramers (tetrabodies) have also been

produced and evaluated. Initial studies with scFvs had made it apparent that several
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factors such as the length of linker sequences connecting the VH and VL domains, the

linker composition, as well as concentration of the molecules influence the formation

of multimeric Fv molecules (97, 116, 124). Several multimers of the anti-Lewis Y

antigen MAb, HuS193, were created by directly ligating the VH and VL domains by

either inserting one or two amino acid residues or removing one or two amino

acids (97). The addition of residues favored the formation of dimers while the direct

linkage of the domains, or the removal of amino acids, led to the trimeric and

tetrameric forms. The stability of the multimers was directly related to the apparent

affinity of the domains for each other. This study also illustrates the difficulty in

maintaining a homogeneous product. Over a 2-week period, the investigators found

that a solution of a givenmultimer would contain other sizes of multimers suggesting

the formation of multimers is a dynamic process. The engineering of “knobs into

holes”, that is, the introduction of amphipathic helices or leucine zippermotifs into the

scFv molecule, is one of the measures being taken to enhance the formation of the

noncovalent multimeric forms (125–127).

An alternative to the noncovalent multimeric scFv forms are those that are

covalently associated. Difficulties of diabodies arise from their inherent compactness

and inflexibility. The two binding sites in this Ig form are in an opposing orientation to

each other, which may restrict interactions with antigen at both combining sites. The

introduction of a peptide linker between the two scFv chains, tethering theVH domain

of one chain with the VL domain of the other chain, not only lends stability to the

molecule but also maintains the binding sites in an appropriate configuration for

interacting with antigen (Fig. 1.4). Recently, Beresford et al. (119) compared two

dimeric scFv forms (covalent and noncovalent) ofMAbCC49. The covalent formwas

found to target tumor and had pharmacokinetics similar to the noncovalent form. The

two forms differed in their tumor-to-normal tissue ratios, with the covalent form

yielding superior ratios. This dimericCC49 scFv utilized a helical linker, consisting of

25 amino acids, connecting theVHandVLdomains of each peptide chain aswell as the

two chains (128). In the same study, the investigators also modified the charge of the

sFv and evaluated the effect on renal retention of the scFv. Negatively charged amino

acids were added to the carboxyl terminus of the CC49 VH by including oligonucleo-

tide sequences in a polymerase chain reaction amplification. Interestingly, decreasing

the isoelectric point of the scFv molecule from pH 8.1 to pH 5.1 did not significantly

affect the accretion of the scFv in the kidney; it is believed that cationic amino acids

promote renal uptake.

Studies have progressed with the dimeric CC49 scFv with the creation and

evaluation of a tetravalent molecule designated [sc(Fv)2]2 (Fig. 1.4) (129, 130). This

molecule consists of CC49 scFv dimers that are noncovalently associated through

interactions between opposing VL and VH domains of each dimer.When compared to

the CC49 scFv dimer and the original CC49 MAb, all radioiodinated, the tetravalent

molecule was comparable to the IgG in its affinity as well as in overall tumor uptake.

Where the CC49 [sc(Fv)2]2 differed was in its clearance from the blood. The

tetravalent molecule had a residence time that was twofold longer than the dimer,

but was twofold shorter than the IgG. The same pharmacokinetic behavior was

observed when the CC49 [sc(Fv)2]2 was labeled with
177Lu. More surprising was the
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fact that high renal uptake of the radioimmunoconjugates occurred that could not be

abrogated with pretreatment of the mice with D-lysine (131). This in vivo behavior is

inconsistentwith amoleculewith amolecularweight of�120 kDa, since the threshold
for renal filtration of proteins is<50 kDa. In theory, the tetravalent form should not be

subjected tofirst-pass renal clearance.The renal uptake and faster pharmacokinetics of

the tetravalent molecule may be a result of its dissociation into its two dimer

components. In a subsequent study, both the divalent and the tetravalent molecules

were found to form higher molecular weight species in the serum but with time, lower

molecular weight species appeared, suggesting degradation, thus providing an

explanation for the results of the earlier study (130).

The introduction of cysteine residues in the C-terminus of the VH and VL domains

has also been employed to create multimeric forms via disulfide bond formation. A

divalent scFv of the anti-HER2/neu MAb 741F8 was prepared in this manner by

Adams et al. (132). Compared to the monomer scFv, an improvement in tumor

targeting was observed that was attributed to the increased avidity of the divalent

741F8 scFv molecule.

Adams et al. (133) have provided proof that improved tumor uptake is a function of

the valency rather than due to a longer retention time in the blood of the larger

molecules. Cysteinyl residues (Ser-Gly4-Cys) were introduced at the COOH-terminal

of an anti-HER2/neu scFv and an anti-digoxin scFv creating an scFv0 of each.

Monospecific (scFv0)2 with each specificity and a bispecific (scFv0)2 consisting of

anti-HER2/neu and anti-digoxin scFv0 were constructed and compared in vivo. The

monomer scFv of each was also included in their comparison. The homodimer of the

anti-HER2/neu resulted in tumoruptake thatwas threefoldhigher than theheterodimer

at 24 hpostinjectionwhile the blood levels of all three (scFv0)2moleculeswere similar.

1.8 MINIBODIES

Another route to provide a multivalent fragment with a molecular weight greater than

the 60 kDa molecular cutoff for renal elimination is to reintroduce Ig domains that

homodimerize. One such molecule is the minibody that is constructed by ligating the

gene encoding the scFv to the human IgG1 CH3 domain. Dimerization of two

polypeptide chains occurs spontaneously as a result of interactions between the two

CH3 domains. The minibody resembles a F(ab0)2 antibody fragment in size (Mr� 80

kDa for the minibody versus�100 kDa for F(ab0)2) and bivalency. Two forms of this

novel engineered Ig have been generated from MAb T84.66, an anti-CEA MAb, and

evaluated (134). One, designated LD minibody, contains a two-amino acid peptide

between the VH and CH3 domains on each of the chains. The other minibody form,

termed Flex minibody, contains the human IgG1 hinge region and a 10-amino acid

peptide linker to the CH3 domain (Fig. 1.5). The Flex minibody has the advantage of

covalent linkage via the formation of disulfide bonds in the hinge region. In vitro

analysis of the two T84.66 minibody forms indicated that both molecules maintained

bindingaffinity.TheFlexminibodywasvery slightlybetter than theLDminibodywith

affinity constants (Ka) of 2.7� 109 and 2.0� 109M�1, respectively (134). In vivo

MINIBODIES 19



studies revealed excellent tumor targeting of both molecules, as well as stability in

serum.TheFlexminibody demonstrated an overall higher%ID/g in the tumor than did

the LD minibody and as such was taken forward for further characterization. When

labeled with 111In, the minibodymaintained good tumor uptake and, in contrast to the

diabody, renal uptake was lower. Unfortunately, high hepatic uptake occurs that is

comparable toorhigher thanthatobservedinthe tumor(117).Theobserveduptakemay

be antigen driven since a lower percentage of the radioactivity accumulated in the liver

in nontumor bearing mice. The hepatic uptake may restrict the use of minibodies to

radioiodine labeling or perhaps a short-lived a-emitter such as 211At for therapeutic

applications. In fact, the T84.66minibody has progressed from preclinical studies to a

pilot clinical trial labeledwith 124I and 123I, respectively (135, 136). In theclinical trial,

10 colorectal patients were injected with 123I-labeled T84.66 minibody and imaged

over2–3days.Themeanserumresidencetimeof theminibodywas29.8 h,4.3–5.6-fold

longer than that observed in themousemodel (117, 134).Tumor imagingwasobserved

in sevenpatients. The findings of theminibody scanswere compared toCT (computed

tomography) scans and confirmed by surgery. Three patients had lesions reported as

false negativebyCT thatwere detected (positive)byminibodynuclear scans; one false

positive by CTwas found as a true negative with the minibody scans. Three patients

underwent PET imaging, the results of which agreed with the minibody scans. These

findings suggest that theminibodyhaspotential for targeted radiotherapy applications.

A minibody has since been engineered with specificity for HER2/neu with the

purpose of expanding the repertoire of these molecules (137). The pharmacokinetics

FIGURE 1.5 Schematic representation of different minibody formats and modification

strategies.
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was found to be similar to the T84.66minibody; however, the tumor uptakewas lower,

which may simply be due to differences in the animal model and the molecule being

targeted.

1.9 SELECTIVE HIGH AFFINITY LIGANDS

Monoclonal antibodies generated against “tumor antigens” have in turn been useful in

the identification, isolation, and purification of the antigens themselves. In some

instances, identification of a MAb epitope has been reported (138). As indicated

previously, the hypervariable domain of the heavy and light chains of several MAbs

has been sequenced (139). Information such as this has allowed investigators to design

and synthesize small molecules that bind to cavities within epitopic regions. These

antibody mimics, designated selective high-affinity ligands or SHALs, are attractive

targeting vehicles of radionuclides for tumor imaging or radiotherapy (140–143).

With the objective of developing a more effective therapeutic for non-Hodgkin’s

lymphoma patients, SHALs have been synthesized and tested for efficacy in animal

models and reactivity with patient tumor biopsy samples. The first-generation

molecules were bidentate, consisting of two ligands linked by polyethylene glycol

(PEG) and having a molecular weight <3 kDa (143). In order to improve affinity, a

dimerwas also synthesized. TheSHALsdemonstrated selectiveor specificbinding for

the target antigen (HLA-DR10)with nMaffinities. Unlike the parentalMAb (Lym-1),

they did not inhibit cell growth or induce the death of lymphoma cells. It was also

realized that although the dimeric SHAL was designed to dock into two cavities, that

was not the case; it was concluded that the linker was too short to permit bivalent

binding. SHALs are readily conjugated with bifunctional chelates such as DOTA and

labeled with radiometals efficiently. High radiochemical yields and high specific

activities, that is, 2.1–5.3MBq/mg, can be obtained (141). Several SHALs were

compared in vivo, and as expected a very rapid clearance from the plasma compart-

ment was observed. Surprisingly, considering the small size of these molecules, low

renal uptake was observed, much lower than that reported for scFvs (141). With the

feasibility of the SHALs confirmed, the focus of theworkwith thesemoleculeswill be

on synthesizingSHALswith higher affinities, optimizing the linkers for dimeric forms

and creating multidentate forms using additional SHALs for other antigen cavi-

ties (140). The synthetic nature of SHALs should make these molecules attractive to

pharmaceutical companies at the level of production and from a regulatory viewpoint.

Their rapid clearance from the blood, the ease of radiolabeling, and the high specific

activities that can be attained certainly make them attractive candidates for targeted

radiotherapy as well as imaging.

1.10 AFFIBODIES

By now it is apparent that evolving techniques in molecular biology have led to

targeting agents of ever decreasing size. This section entails describing small
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nonantibody affinity ligands (Mr 8.7 kDa) designated affibodies. These molecules

are based on a 58-amino acid domain derived from staphylococcal protein A that

binds Ig (144). The Z domain is a cysteine-free three-helix bundle that has been used

as a platform to generate a number of affibodies (144). The first cancer target for

which affibodies were generated and evaluated was HER2 (145). Phage display

technology was used to isolate affibody ligands specific for the extracellular domain

of HER2 (HER2-ECD). Four rounds of selection resulted in the sequencing of 49

colonies. Analysis of the sequencing indicated that there were actually seven

colonies represented, one of which appeared 33 times; the dominance of this

sequence is an indicator of the high binding affinity of this particular affibody. Four

affibodies were chosen for production, purification, and further characterization. All

bound to HER2-ECD (extracellular domain) with affinities in the nanomolar range;

one of the two that were radiolabeled with 125I demonstrated binding with HER2-

positive cells (145). The small size, stability, and high affinity of affibodies render

the molecules attractive candidates for tumor targeting applications. As a monova-

lent binding agent, the dissociation rate of the affibody from the target molecule was

too rapid. Thus, studies with affibodies have progressed with the goal of improving

affinity, which has been achieved through the head-to-tail dimerization of two

affibodies resulting in a molecule with an Mr of �15.6 kDa (146) The bivalency

resulted in a product with an affinity that was improved by �17-fold, which

approximates that of trastuzumab. The in vivo potential of the bivalent affibody

[(ZHER2:4)2] was demonstrated by biodistribution and imaging studies (147). Radi-

olabeled with 125I, tumor uptake was observed with minimal uptake in normal

organs. Renal uptake was also observed but the values were still within acceptable

levels. A second generation of affibodies has been since produced with affinity

constants in the picomolar range (148). This was achieved through affinity matura-

tion, a process in which random mutagenesis of select amino acids is introduced and

through several rounds of screening molecules with higher affinity are selected. The

in vivo tumor targeting was several times higher than the earlier affibody studied and

clear visualization was obtained with g-scintigraphy 1 h after injection (149). There

has also been success at producing a completely synthetic affibody to which a

chelating agent for complexing with radiometals was added (148). When this higher

affinity affibody was radiolabeled with 111In and administered to tumor bearing

mice for evaluation, tumor targeting was comparable to that reported earlier.

However, and not surprising, when a radiometal is used to label a molecule with

Mr< 60 kDa, the radioactivity in the kidneys was appreciably higher (24, 150).

However, this is not viewed as an insurmountable setback for affibodies in the arena

of targeted radiation therapy. An affibody labeled with a radiometal would have

potential in locoregional administration for the treatment of cancers confined to

anatomical regions, for example, ovarian cancer, urinary bladder cancer, or primary

brain tumors. Affibodies, with their very rapid pharmacokinetics and ability to

penetrate tumors, may also have potential as delivery vehicles for short-lived

radionuclides such as 212Bi (t1/2¼ 60.6min), 213Bi (t1/2¼ 45.6min), 211At

(t1/2¼ 7.2 h), or even 212Pb (t1/2¼ 10.6 h). The ability to introduce residues for

site-specific modifications, that is, conjugation with a bifunctional chelate, for
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complexing radiometals provides a well-defined radiopharmaceutical that is

homogeneous (151).

1.11 OTHER STRATEGIES

Rapid clearance from the blood along with tumor penetration has been achieved with

molecules such as the scFvs, Fabs, diabodies, and other MAb-based forms. Those

properties though, as indicated throughout this chapter, have required compromises

and have come at a cost. As indicated when discussing each of these molecules,

reducing the size of a protein to less than 60 kDa results in their elimination through

renal filtration, and when conjugated with a radionuclide, there is a concomitant

increase in the radiation doses to the kidneys. Aside from increasing the size/valency

of the engineered antibody fragments by tethering fragments together, a number of

strategies have been taken to increase the size and/or circulation time of smaller MAb

variants. The approaches have been to modify fragments, either chemically or by

genetic engineering with, for example, albumin, the Fc domain of antibodies, or

polyethylene glycol.

1.11.1 Fc Domain and the Neonatal Fc Receptor

TheFcdomainof an Ig is responsible for its retention in the blood and as suchoffers the

chance to manipulate the pharmacokinetics of an antibody. Interactions of the Fc

domain with the neonatal Fc receptor (FcRn) protect Igs (IgGs) from degradation by

lysosomes, such that the FcRn is attributed with maintaining IgG levels in the

blood (58). Igs are taken up by vascular endothelial cells by endocytosis and

transported to early endosomes where the FcRn is also located. Under slightly acidic

conditions (pH< 6.5), IgG will bind to the FcRn with high affinity; low-affinity

binding occurs under neutral conditions (152). IgGs that are bound to FcRn will be

transported back to the circulation or transported across the endothelial cell and

released into the interstitial fluids. The neutral pH of the fluids in either location

triggers the dissociation of the IgG from FcRn. Three amino acids that are con-

formationally in close proximity, an Ile and a His in the CH2 domain and a His in the

CH3 domain, are required for IgG binding with the FcRn. Mutations of any of these

three residues results in an abbreviated serum half-life of the IgG (153). Conversely,

residue mutations near the FcRn binding site can increase the binding affinity for the

receptor, resulting in an IgG with a longer retention time in the serum (154). These

studies provided the basis for Kenanova et al. (155) to engineer a single-chain Fv-Fc

fragment and five variants with the objective of modulating the serum half-life of an

scFv and tailoring molecules for specific applications (Fig. 1.5). Biodistribution

studies inmice proved that tumor targetingmolecules could be produced that varied in

serum half-lives ranging from 8 h to 12 days (155). Tumor targeting was visualized

with the anti-CEA scFv-Fc variants using a microPET scanner. Images with high

signal-to-noise background were obtained �18 h post-injection of the 124I-labeled

scFv-Fc variants; the variant with the fastest serum pharmacokinetics produced the
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earliest image. The pH sensitivity of the Fc–FcRn interaction provided the rationale

for the mutations that were inserted into the Fc domain. For example, at an acidic pH,

the His residue is positively charged; an Arg was substituted to maintain this positive

charge. What was of further consideration was that Arg would also be positively

charged in the more neutral milieu of the serum, interstitial fluids, or endosomes, thus

discouragingdissociation of the scFv-Fc from theFcRn (155).AHis substitutedwith a

glutamine resulted in the variant having the shortest residence time in the serum; Gln

remains uncharged in acidic or neutral backgrounds.When both histidines in the FcRn

binding site of the Fc were modified, the resulting variant demonstrated the greatest

reduction in serum retention of all of the variants.

Three of the anti-CEAscFv-Fc variants underwent further evaluation to assess their

potential in radioimmunotherapy regimens (156). Not surprising, in vivo studies

indicate that there is an inverse relationship between residence time in the blood and

tumor uptake of the radiolabeled scFv-Fc. However, even the variant with the fastest

clearance from the blood demonstrated good tumor targeting. Renal accretion of

radioactivity is not an issuewith thesemolecules since theywere engineered to exceed

themolecular weight threshold for clearance through the kidneys. Hepatic uptakewas

observedwhen the scFv-Fc variantswere labeledwith 111In; thiswas comparablewith

that observed for a minibody of the same MAb (T84.66) (117). Due to this hepatic

uptake in three mouse models, the investigators argued that if the fastest clearing

variant (both histidines substituted) were labeled with 90Y, dosimetry estimates

indicated that the liver would receive a similar radiation absorbed dose as the

tumor (156). The scFv-Fc would be a more appropriate agent for targeted radiation

therapy if radiolabeled with 131I, due to the catabolism and elimination of radioiodine

and the absence of its sequestration in the liver. It is also suggested that this particular

molecule would have applications in multistep approaches that employ bispecific

forms for pretargeting.

The data gathered from biodistribution studies in which micewere coinjected with

anti-CEA scFv-Fc constructs labeled with 111In and 125I have allowed investigators to

develop a physiologically based pharmacokinetic model that can simulate the in vivo

behavior of an scFv-Fc labeled with either 111In or radioiodine. This model will prove

quite useful in designing antibody-based therapeutics as well as assist in establishing

dosing schedules for patients in the clinic by translating preclinical animal data to

humans (157).

Production of recombinantMAb forms does not always go smoothly or as planned.

The scFv-Fcmolecules can self-assemble intomultimeric forms. An anti-CD20 scFv-

Fc was generated for evaluation as an immunotherapeutic and/or radioimmunother-

apeutic agent. The purified product contained not only the expected monomeric form

of 104 kDa but also discrete multiple species of incrementally higher molecular

weights based on the size of the single unit (158). This particular scFv-Fc demon-

strated a propensity for multimerization that appeared to be driven by intermolecular

pairing of variable regions of an scFv-Fc. Systematically, this group demonstrated that

in this particular case, it was not the linker they had chosen nor was it interactions due

to the hinge region of the molecule. The investigators postulated that during produc-

tion of an anti-CD20 scFv-Fc, the variable domains of the nascent polypeptides are
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juxtaposed as they are synthesized with the domains of another strand. Further

investigation of suspect residues that interact at the VL–VH interface or in the

framework that affect folding or to identify residues that become available for

chain–chain interactions is warranted. Elucidation of such factors would provide

critical information for the design and production of future scFv-Fcmolecules as well

as other recombinant MAb base molecules.

1.11.2 PEGylation

Conjugation of proteins with polyethylene glycol has been shown to minimize or

abrogate the immunogenicity of a protein and to increase its residence time in the

circulation (159–162). In addition, PEGylation of the smaller scFv provides yet

another method of increasing their size to avoid renal accumulation of radioactivity

when conjugated with radiometals.

Random conjugation of scFvs with PEG has been demonstrated to be effective.

PEGylation of CC49 scFv with increasing sizes of PEG (molecular masses ranging

from 2000 to 20,000Da) yielded conjugates with corresponding increasing half-lives

in the serum (163). The caveat to this PEGylation was that careful adjustments to the

reaction were required to ensure that the final product had a PEG:scFv ratio no greater

than 2; loss of immunoreactivity was noted at higher ratios. These studies also

illustrated the requirement for careful consideration of the chemistry employed for

the PEGylation, that is, employing carboxylic or amine moieties. Immunoreactivity

of the scFv was influenced by the chemical route chosen. Interestingly, it was

determined that the length of the PEG polymer was more effective in prolonging

the serum half-life of the conjugate than did an increase in the total mass of PEG.

In another study, an anti-CEA diabody was coupled with PEG, conjugated with

cysteinyl-DOTA and labeled with 111In (164). With an apparent molecular weight of

75,000Da, the radiolabeled PEG-diabody retained immunoreactivity. Compared to

the unmodified diabody, tumor uptake was greatly improved at early time points and

was retained at higher levels for a longer period. Renal uptake was reduced by�2.5-
fold but was still high with�50%ID/g at 24 h. An increase in hepatic uptakewas also

observed. The PEG was effective in improving the tumor uptake, a function of the

longer circulation time; however, the renal uptake still remained an obstacle to using

this MAb form for RIT, restricting its use as a delivery vehicle for the radioiodines or

a-particle emitters.

As discussed, the random conjugation of a molecule with PEG can affect its

bioactivity, which therefore requires testing. Efficiency of these reactions will vary

from batch-to-batch as will the number of PEG molecules that will be attached per

proteinmolecule. The conjugation invariably results in a heterogeneous product that is

difficult to characterize and therefore problematic to standardize for a potential

pharmaceutical product (165–167). A solution to these obstacles is the insertion of

amino acids for the purpose of performing site-specific conjugations. Recentwork has

taken the approach of introducing unpaired cysteine residues in the scFv construct to

providea specific site forPEGylationwith thegoal of preserving the immunoreactivity

of the di-scFv (168). First, a systematic investigation of the appropriate length of the
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peptide linker determined that a 20-amino acid linker resulted in the best production

yield of an anti-MUC-1 di-scFv. Again, the G4S repeat was chosen based on the

flexibility and hydrophilicity it provides to the molecule along with its low immuno-

genicity (169). A comparison of an anti-MUC-1 di-scFv with a cysteine introduced at

five locations within the molecule led to the identification of a form that retained

immunoreactivity. Although all five versions were reactive with the cognate antigen,

some differences were discernible. However, the cysteine location seemed to have a

greater effect on the efficiency of the PEGylation. The highest PEGylation efficiency

occurred when the available cysteine was located in the inter-scFv linker. It was also

reported that PEG of various sizes (up to 40 kDa) could be conjugated to the di-scFv

without loss of immunoreactivity.

1.11.3 Albumin Binding

Human serum albumin (HSA), the most abundant protein in the blood plasma, serves

as a transporter and scavenger (i.e., fatty acids, bilirubin, anions) for an assortment of

molecules. Binding with albumin (i) increases the solubility of a molecule in the

plasma, (ii) provides protection from oxidation/degradation, and (iii) lowers the

toxicity of a molecule (170). HSA interacts reversibly with a wide spectrum of drugs

with varying affinity; valproate, warfarin, ibuprofen, and indomethacin are some

examples. More importantly, with a 19-day half-life, albumin can significantly

prolong the circulating time of a drug. In fact, binding with albumin has become

a common strategy for altering the pharmacokinetics of small molecular weight drugs

such as analogues of insulin (171). Associating albumin with immunoglobulin has

been evaluated using three tactics: chemical conjugation, genetic fusion, and creation

of a bifunctional molecule with albumin and antigen binding capabilities

(Fig. 1.5) (172). All three methods are successful in generating molecules that retain

reactivity with antigen and also have an extended residence time in the plasma. A

chemical conjugation of a Fab0 with HSA exploits the exposed cysteine in the former

with the free cysteine of the latter. The proteins are subjected to reduction with

reagents, combined, and then the reducing agents removed to allow disulfide bond

formation to occur between the two proteins. Such a conjugate was created with an

anti-TNF Fab fragment and HSA. Compared to the Fab0 alone, the addition of the

HSA increased the t1/2a plasma pharmacokinetics from 1 to 4.6 h while the t1/2b
increased from 31.4 to 39.6 h. The conjugation, however, is not very efficient (a 5%

yield was reported) and even when optimized resulted in a heterogeneous mixture

requiring several purification steps and a product that would not contain a uniform

ratio of Fab to HSA (172). Fusion proteins consisting of an antibody fragment and

HSA eliminate the difficulties just mentioned and provide a uniform product that can

be well characterized. The scFv of an antibody is either fused directly to the

N-terminus of HSA, or linkers such as (Gly)4-Ser repeats are inserted between the

two as spacers, providing some flexibility to the fusion protein and avoiding steric

hindrance. The in vivo evaluation of these fusion proteins has indicated that in a

biphasic analysis, their plasma clearance is similar to that of HSA and was found to

have a considerably longer retention time in the plasma than that reported for an
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scFv (22, 172, 173). As mentioned previously, unacceptably high accretion in the

kidneys and liver is observed when sFv fragments, diabodies, and minibodies are

labeled with radiometals (24, 117). High renal and hepatic accumulation of radioac-

tivity has not been evident with an 111In-labeled fusion protein consisting of an scFv

and HSA (173).

A bifunctional molecule, produced either by chemical methods or through genetic

engineering, that would bind a target antigen and albumin represents anothermeans of

recruiting albumin. In one instance, the Fab0 of an anti-rat serum albumin (RSA)

antibody was cross-linked with the Fab0 of an anti-TNF antibody (172). The resulting
F(ab0)2 demonstrated reactivity with both TNF and RSA. More importantly, the

bispecific F(ab0)2 had a 6.6- and 2.2-fold increase in the t1/2b plasma clearance phase

compared to a control F(ab0)2 andRSA, respectively.This approachhasbeen takenone
step further with the creation of multivalent fusion proteins constructed from

nanobodies. One such fusion protein contained two nanobodies with specificity for

EGFR and a third was reactive with albumin (174). The bispecific nanobody was

radiolabeled with 177Lu and evaluated in a tumor bearing mouse model. Excellent

tumor targeting, comparable to cetuximab, was achieved while modest uptake of

radioactivity was observed in the kidneys. The fusion protein was also shown by

immunohistochemical analysis to penetrate tumor tissue.

Another interesting approach borrows from the fact that albumin contains several

domains that bind to small molecules and metal ions (171). Using phage display

techniques, a library of high-affinity albumin binding peptides was developed (175).

Peptides that bound rat, human, and rabbit albumin were synthesized and character-

ized. Based on favorable pharmacokinetics and stability, two peptides were chosen

and recombinantly fused with a Fab fragment. In an elegant set of studies, these

investigators demonstrated high-affinity binding of the Fab fusion protein with

albumin as well as binding with the cognate antigen. The half-life of the molecule

was increased �40-fold. Having demonstrated proof of concept, this tactic was then

translated to trastuzumab (Herceptin), the anti-HER2 MAb currently used for

treatment of metastatic breast cancer patients (176, 177).

Several variants of a trastuzumab Fab with the albumin binding peptide (AB.Fab)

were generated and evaluated for albumin and HER2 binding. Variations consisted of

introducing a peptide linker (Gly3Ser) or altering the length of the albumin binding

peptide (177). The variant with the linker sequence exhibited a higher affinity for

albumin, maintained its reactivity with HER2, and had a prolonged retention in the

plasma. Compared to the Herceptin Fab, the t1/2b in mice, rats, and rabbits was

extended by 15.4-, 21.0-, and 11.5-fold, respectively (176, 177). Tumor targeting was

visualized and quantitated by SPECT and CT (176). The AB.Fab resulted in a more

rapid uptake in the tumor,which at 48 hwas comparable to intact trastuzumab IgG and

�4-fold greater than theFab fragment. TheAB.Fab cleared from theblood rapidly and

did not appear to accumulate in the kidneys.Greater uniformity of distribution through

tumor tissuewas evident by histological analysis of HER2-positive tumor xenografts.

These properties of the AB.Fab indicate that these fusion proteins may be effective

vehicles for the delivery of therapeutic doses of radiation in RIT applications. The

ability to select a peptide that has relevance for humans and yet be characterized in

OTHER STRATEGIES 27



another species can facilitate its translation to clinical trialswith cancer patients.These

studies illustrate the exquisite fine-tuning that can be performed to obtain a targeting

molecule of the desired properties.

1.12 CONCLUDING REMARKS

This chapter has presented an overview of various forms ofMAb and their application

in targeted radiotherapy of cancer. RIT still offers the potential of delivering a high

radiation absorbed dose that is tumor selective with modest to tolerable, and in some

cases minimal, damage to normal tissues. The clinical RIT trials with murine

monoclonal antibodies identified a number of obstacles to effective treatment, which

included inadequate delivery of a therapeutic dose to and throughout the tumor, bone

marrow toxicity, and the development of human anti-mouse antibodies. Genetic

engineering has greatly facilitated our ability to address these challenges. The antigen

binding, specificity, affinity, and in vivo characteristics of a MAb can be optimized.

Recombinant technology has also shown us the compromises of antibody-based

therapy of cancer. There are a myriad of MAb forms and treatment strategies to

evaluate. The availability of targeted radiation therapy provides aviable alternative for

the treatment of cancer patients.
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CHAPTER 2

The Radiochemistry of Monoclonal
Antibodies and Peptides�

RAYMOND M. REILLY

2.1 INTRODUCTION

Cancer is a major health problem worldwide. It is estimated that there are more than

10 million new cases of cancer diagnosed annually around the globe and more than

4million individuals die each year from the disease (1). Intense research over the past

few decades has led to important discoveries by cancer biologists that are just now

stimulating the development of new potentially more effective and safer biologically

targeted therapies for the disease. One promising strategy for treating malignancies

that exploits their biological phenotype is targeted in situ radiotherapy (2). In this

approach,monoclonal antibodies (mAbs) that recognize tumor-associated antigens or

peptide ligands that specifically bind to cell-surface growth factor receptors, are used

as targeting vehicles to selectively deliver radionuclides to cancer cells for in situ

radiation therapy. These two approaches are known as radioimmunotherapy (RIT) or

peptide-directed radiotherapy (PDRT), respectively. An extension of RITor PDRT is

to employ radiolabeledmAbsor peptides for imagingmetastatic deposits for detection

or to noninvasively characterize their phenotype in situ, known as molecular imag-

ing (3). Phenotypic characterization of tumorswill be critical in the future to be able to

appropriately select patients for treatment with new biologically targeted anticancer

agents, including targeted radiotherapeutics. For example, it is known that breast

cancers that exhibit high levels of amplification of the human epidermal growth factor

receptor-2 (HER2/neu) gene respond best to treatment with the humanized anti-

HER2/neu mAb, trastuzumab (Herceptin; Roche Pharmaceuticals) (4). HER2/neu

gene amplification is currently evaluated in a primary breast cancer biopsy by

Monoclonal Antibody and Peptide-Targeted Radiotherapy of Cancer, Edited by Raymond M. Reilly
Copyright � 2010 John Wiley & Sons, Inc.
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Technology, John Wiley & Sons 2007: Chapter 6.7: Reilly RM. The radiopharmaceutical science of
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immunohistochemical staining for the HER2/neu protein or by fluorescence in situ

hybridization (FISH) for the gene copy number. A recent report, however, suggests

that molecular imaging of HER2/neu expression in breast tumors using indium-111

(111In)-labeled trastuzumabmay reliably predict which patients respond to Herceptin

as well as identify those who may be at risk for toxicity from the drug (5). Moreover,

imaging studies using radiolabeled forms of biopharmaceuticals could allow

a noninvasive in situ assessment of their pharmacokinetic properties and in particular,

their tumor and normal tissue uptake and elimination. This may provide insight into

their effectiveness as antitumor agents as well as their potential sites of normal organ

toxicity.There havebeenmanycomprehensive reviewson imagingand targeted in situ

radiotherapy of malignancies with radiolabeled mAbs and peptides (2, 3, 6). In this

chapter, the radiochemical science that provides the foundation for thesebiomolecules

for targeting radionuclides to tumors is discussed.

2.2 TUMOR AND NORMAL TISSUE UPTAKE OF MONOCLONAL
ANTIBODIES AND PEPTIDES

The tumor and normal tissue delivery properties of mAbs and their fragments and

peptides must to be considered when designing a radiopharmaceutical for imaging or

targeted radiotherapy of cancer. Intact IgG mAbs (Mr¼ 150 kDa) (Fig. 2.1) (also see

Chapter 1) are macromolecules that are cleared slowly from the blood with an

elimination half-life of 2–3 days for murine forms and 4 days for chimeric and

humanized mAbs (7). This slow elimination provides multiple passes through a tumor

at which extravasation and interaction with tumor cells may occur. Thus, the tumor

accumulation (percent injected dose per gram (% i.d./g)) of radiolabeled intact IgG

mAbs ismuch greater than that of smaller andmore rapidly cleared antibody fragments

(e.g., Fab or scFv) (Fig. 2.1) or that of small peptides. This property renders intact IgG

mAbs more attractive for RIT, since it maximizes the amount of radioactivity that is

delivered to the tumor and thus, the radiation-absorbed dose delivered. However, the

macromolecular properties of intact IgG mAbs severely restrict their tumor penetra-

tion. It has been shown that radiolabeled mAbs remain close to tumor blood vessels,

whereas Fab and single-chain Fv (scFv) fragments penetrate more deeply into

FIGURE 2.1 Structures and corresponding molecular weights of various antibody forms

used for imaging or targeted radiotherapy of cancer.
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tumors (8). This differential depth of penetration for intact IgGmAbs compared to their

fragmentsmaybe related in part to antigenbinding affinity andavidity, since it hasbeen

hypothesized that there is a “binding-site barrier” that restricts the penetration of

antibodies into tumors as a consequence of interaction with antigens on cancer cells

proximal to the blood vessels (9, 10). Antibody fragments (Fab and scFv) are

monovalent, a property that diminishes their avidity and affinity compared to divalent

IgG mAbs. The poor tumor penetration properties of intact IgG mAbs produce

heterogeneous distribution of radioactivity within a tumor. Moreover, the Fc-domain

of intact mAbs is recognized by asialoglycoprotein receptors on hepatocytes, which

promotes liver accumulation of radioactivity (7). Retention of radioactivity in the liver

interferes with detection of hepatic metastases, especially when radiometal-labeled

mAbs and peptides are used for imaging. This is less problematic for radioiodinated

biomolecules due to their intracellular catabolism and release of radioiodine from

hepatocytes.

For tumor imaging, antibody fragments (F(ab’)2, Fab, or scFv) or peptides (see

Chapter 3) are the most useful because they are rapidly eliminated from the blood and

most normal tissues (except the kidneys), which minimizes circulating background

radioactivity and yields high tumor/blood (T/B) and tumor/normal tissue (T/NT) ratios

that occur at early times after injection. The major challenge with radiolabeled mAb

fragments and peptides is their high accumulation in the kidneys. Kidney uptake is

thought to bedue to glomerular filtrationof the fragments or peptides followed by charge

interactions between cationic amino acid residues (e.g., lysine and arginine) in the

proteins and the negatively charged renal tubular cell membrane (11). High renal uptake

of the somatostatin octapeptide analogue, DOTATOC labeled with the b-emitter, 90Y is

associatedwithseriouskidney toxicity inpatientswhenusedforPDRTofneuroendocrine

malignancies (see Chapter 4) (2). However, renal toxicity can be avoided by coadmi-

nistering intravenous solutions of lysine or arginine that competitively inhibit the

interaction between renal tubular cells and radiolabeled mAb fragments or pep-

tides (11, 12). Furthermore, renal toxicity is not associated with the use of these

radiopharmaceuticals for tumor imaging, since they are administered at much lower

doses and labeled with low linear energy transfer (LET) g-emitting radionuclides.

2.3 SELECTION OF A RADIONUCLIDE FOR TUMOR IMAGING

Radionuclides suitable for labelingmAbs or peptides for tumor imagingmay be single

g-photon emitters (Table 2.1) or positron emitters (Table 2.2). Images using single g-
photons are usually acquired in 3-dimensionalmode, known as single photon emission

computerized tomography (SPECT) (Fig. 2.2). The single g-photons are detected by

thallium-doped sodium iodide [NaI(Tl)] scintillation crystals that are housed in two

opposing heads of a g-camera. The heads are rotated 180o around the subject to obtain

a series of images. Images of the body, organ or tissue of interest are reconstructed by

back-extrapolation of the lines of detection acquired by each camera head. This

technique allows the reconstructed images to be “sliced” to visualize a single image

plane separated from any overlying or underlying interfering planes. Optimal g-
energies for SPECT imaging are 100–300 keV. The corresponding imaging technique
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for positron emitters is called positron emission tomography (PET). Positrons are bþ-
particles that are emittedwhen a proton is converted to a neutron in the decay schemeof

certain radionuclides to stable elements.Thepositrons travel adistance (0.7–5mm) that

is directly proportional to their energy before they are annihilated through interaction

with an electron in tissues. Positron annihilation creates two 511keV g-photons that
traveloutatapproximately180ofromoneanotheratthesiteofannihilation.PETrelieson

thesimultaneousdetectionofthesetwog-photonswithinanarrowtimewindow(“timeof

flight”)byaringof lutetiumsilicate (LSO)orbismuthsubgerminate (BGO)scintillation

crystals surrounding the subject (Fig. 2.2). Back-extrapolation of the lines of detection

TABLE 2.1 Radionuclides Suitable for Labeling Biomolecules for SPECT Imaging

of Tumors

Radionuclide

Production

Method

Eg (keV)

(Abundence) T1/2phys Labeling Methods

99mTc 99Mo/99mTc

generator

140.5 (98.9%) 6.0 h Binding to thiols;

chelation by

tetradentate

complexes;

HYNIC;

interaction of

carbonyl

complex with

histidine

residues
111In 112Cd( p,2n)111In 171.3 (90.2%),

245.4 (94.0%)

2.8 days Chelation byDTPA,

SCN-Bz-DTPA,

or DOTA
67Ga 68Zn( p,2n)67Ga 93.3 (35.7%),

184.6 (19.7%),

300.2 (16.0%)

3.3 days Chelation by DFO

or DOTA

123I 124Xe( p,2n)123Cs

! 123Xe! 123I;
124Xe( p,pn)
123Xe! 123I

159 (83.4%) 13.2 h Direct

radioiodination

with chloramine-

T or Iodogen;

indirect

conjugation

using ATE,

SIPC, SGMIB;

indirect

conjugation

using

carbohydrate

adducts

such as TCB or

dextran
131I 130Te(n,g)

131Te! 131I

364 keV (81.2%) 8.0 days Same as for 123I
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FIGURE 2.2 Clinical imaging systems used in nuclear medicine to visualize the distribution

of radiopharmaceuticals labeled with single photon-emitting radionuclides or with positron-

emitting radionuclides. (a) A gamma camera used for SPECT. (b) A positron-emission

tomograph used for PET scanning.

allows accurate identification of the site of positron annihilation and yields high spatial

resolutionimages.However,it isimportanttorecognizethatthespatialresolutionofPET

is impacted by the finite distance that the positron travels before its annihilation. This

distance ranges from0.7mm for the low energy, 0.6MeVbþ-particles of 18F to 5.3mm

for the higher energy 1.7MeV bþ-particles emitted by 76Br (Table 2.2) (13).

It is important to consider the pharmacokinetic properties of the targetingvehicle in

selecting an appropriate radionuclide for tumor imaging. Intact IgG mAbs require

several days to reach maximum tumor uptake and to be cleared from the blood and

normal tissues. Therefore, single g-photon emitters such as 111In or 131I with a half-life

of 2.8 or 8 days, respectively (Table 2.1) or longer lived positron emitters such as 124I

(half-life of 4 days) (Table 2.2) are most suitable for labeling these vehicles for tumor

imaging. Antibody fragments such as Fab or scFv are cleared more rapidly from the

blood andmost normal tissues (except the kidneys), yielding highT/B andT/NTratios

within 24 h. Therefore, these vehicles may be labeled with short to intermediate half-

life singleg-photon emitters such as 99mTc, 123I, or 67Ga forSPECT (Table 2.1) orwith
64Cu or 86Y for PET (Table 2.2). The shorter half-life positron emitters such as 18F and
68Ga are reserved for labeling peptides and scFv fragments of mAbs that exhibit very

rapid tumor uptake and elimination from the blood and normal tissues. Ultrashort-

lived positron emitters, such as 15O, 13N, or 11C (half-lives of 2, 10, or 20min,

respectively) that have been used for labeling smallmolecules for PET, are not feasible

for imaging using mAbs or peptides.

2.4 SELECTION OF A RADIONUCLIDE FOR TARGETED
RADIOTHERAPY

Radionuclides suitable for targeted in situ radiotherapy of tumors (Table 2.3) emit

either a-particles, b-particles, or Auger and conversion electrons (2). The important

differences between these different forms of radiation are their range in tissues and

44 THE RADIOCHEMISTRY OF MONOCLONAL ANTIBODIES AND PEPTIDES



T
A
B
L
E
2
.3

R
a
d
io
n
u
cl
id
es

S
u
it
a
b
le

fo
r
L
a
b
el
in
g
B
io
m
o
le
cu
le
s
fo
r
T
a
rg
et
ed

In
S
it
u
R
a
d
io
th
er
a
p
y
o
f
T
u
m
o
rs

R
ad
io
n
u
cl
id
e

P
ro
d
u
ct
io
n
M
et
h
o
d

P
ar
ti
cu
la
te

E
m
is
si
o
n
s

(E
n
er
g
y
)

M
ax
im

u
m

R
an
g
e

in
T
is
su
es

T
1
/2
p
h
y
s

L
ab
el
in
g
M
et
h
o
d
s

12
5
I

12
4
X
e
(n
,g
)1
25
X
e
!

12
5
I

A
u
g
er

el
ec
tr
o
n
s
(<

3
0
k
eV

)
<
1
0
mm

5
9
.4

d
ay
s

D
ir
ec
t
ra
d
io
io
d
in
at
io
n
w
it
h

ch
lo
ra
m
in
e-
T
o
r
Io
d
o
g
en
;

in
d
ir
ec
t
co
n
ju
g
at
io
n
u
si
n
g

A
T
E
,
S
IP
C
,
S
G
M
IB

12
3
I

12
4
X
e
(
p
,2
n
)1
23
C
s
!

12
3
X
e
!

12
3
I

A
u
g
er

el
ec
tr
o
n
s

<
1
0
mm

1
3
.2
h

S
am

e
as

fo
r
12

5
I

13
1
I

N
eu
tr
o
n
ir
ra
d
ia
ti
o
n
o
f
13

0
T
e

b-
P
ar
ti
cl
es

(0
.6
M
eV

)
2
m
m

8
.0

d
ay
s

S
am

e
as

fo
r
12

5
I

21
1
A
t

20
9
B
i(
a,
2
n
)2
11
A
t

a-
P
ar
ti
cl
es

(5
.9
–
7
.4
M
eV

)
5
0
–
1
0
0
mm

7
.2
h

In
d
ir
ec
t
co
n
ju
g
at
io
n
w
it
h

A
T
E
,
S
A
B
,
S
A
P
C

18
6
R
e

18
5
R
e
(n
,g
)1
86
R
e

b-
P
ar
ti
cl
es

(1
.1
M
eV

)
3
m
m

3
.7

d
ay
s

B
in
d
in
g
to

th
io
ls
;
ch
el
at
io
n

b
y
te
tr
ad
en
ta
te

co
m
p
le
x
es
;

H
Y
N
IC
;
in
te
ra
ct
io
n
o
f

ca
rb
o
n
y
l
co
m
p
le
x
w
it
h

h
is
ti
d
in
e
re
si
d
u
es
;
tr
is
u
cc
in

18
8
R
e

18
8
W

/1
88
R
e
g
en
er
at
o
r

b-
P
ar
ti
cl
es

(1
.1
M
eV

)
8
m
m

3
.7

d
ay
s

S
am

e
as

fo
r
18

6
R
e

90
Y

90
S
r/
90
Y

g
en
er
at
o
r

b-
P
ar
ti
cl
es

(2
.3
M
eV

)
1
2
m
m

2
.7

d
ay
s

C
h
el
at
io
n
b
y
D
O
T
A

67
G
a

68
Z
n
(
p
,2
n
)6
7
G
a

A
u
g
er

el
ec
tr
o
n
s
(<

3
0
k
eV

)
<
1
0
mm

3
.3

d
ay
s

C
h
el
at
io
n
b
y
D
F
O

an
d
D
O
T
A

64
C
u

68
Z
n
(
p
,a
n
)6
4
C
u

b-
P
ar
ti
cl
es

(0
.6
M
eV

)
2
m
m

1
2
.7
h

C
h
el
at
io
n
b
y
D
O
T
A
,

B
A
T
,
o
r
T
E
T
A

67
C
u

na
t Z
n
(
p
,2
p
)6
7
C
u
o
r
68
Z
n
(p
,2
p
)6
7
C
u

b-
P
ar
ti
cl
es

(0
.4
–
0
.6
M
eV

)
2
m
m

2
.6

d
ay
s

S
am

e
as

fo
r
64
C
u

17
7
L
u

17
6
Y
b
(n
,g
)
!

17
7
Y
b
!

17
7
L
u

b-
P
ar
ti
cl
es

(0
.5
M
eV

)
2
m
m

6
.6

d
ay
s

C
h
el
at
io
n
b
y
D
O
T
A

o
r

C
H
X
-D

T
P
A

21
3
B
i

22
5
A
c
/2
13
B
i
g
en
er
at
o
r

a-
P
ar
ti
cl
es

(8
M
eV

)
5
0
–
1
0
0
mm

4
6
m
in

C
h
el
at
io
n
b
y
D
O
T
A

o
r
C
H
X
-D

T
P
A

22
5
A
c

23
3
U
!

22
5
A
c

a-
P
ar
ti
cl
es

(s
ev
er
al

d
au
g
h
te
r
ra
d
io
n
u
cl
id
es

w
it
h
d
if
fe
re
n
t
en
er
g
ie
s)

5
0
–
1
0
0
mm

1
0
d
ay
s

C
h
el
at
io
n
b
y
D
O
T
A

45



their LET. a-Particles consist of two protons and two neutrons and carry a 2þ

charge. These particles have the highest LET (100 keV/mm), are densely ionizing,

and travel 50–100 mm (5–10 cell diameters) in tissues. a-Emitters such as 211At,
212Bi, or 225Ac are most useful for eradicating small clusters of cancer cells or

micrometastases. b-Particles are high-energy electrons that have a 1� charge and

travel 2–12mm in tissues (200–1200 cell diameters). b-Particles deposit most of

their energy at the end of their track length in tissues. However, for comparison

with a-particles, the average LET of the b-particles emitted by 131I (Eb¼ 0.6

MeV) over their 2mm track length is 0.3 keV/mm. The average LET of the

b-particles emitted by 90Y (Eb¼ 2.3MeV) over their 10–12mm track length is

0.2 keV/mm. Due to the long range of the b-particles emitted by 131I, 90Y,
186Re/188Re, or 175Lu conjugated to mAbs or peptides that are targeted to tumor

cells, it is possible to irradiate and kill more distant nontargeted tumor cells

(“cross-fire” effect). This is advantageous for larger lesions (i.e., 2–10mm in

diameter) in which there is likely to be incomplete targeting of tumor cells.

Inadequate targeting could allow some cells to survive. However, the “cross-fire”

effect of the b-particles also contributes to dose-limiting bone marrow toxicity in

RIT, due to nonspecific irradiation of hematopoietic stem cells by circulating

radioactivity perfusing the bone marrow (2).

Auger electrons are very low-energy electrons emitted by radionuclides that decay

by electron capture (EC) (see Chapter 9). In EC, a proton in the nucleus captures an

electron from an inner orbital shell, creating a vacancy in the shell. This vacancy is

filled by the decay of an electron from a higher shell. The excess energy released is

transferred to an outer orbital electron, which is then ejected from the atom, creating

a 2þ atomic species. Because of their very low energy (<30 keV), Auger electrons

travel only a few nanometers to at most a few micrometers in tissues (less than one

cell diameter). Their LET approaches that of a-emitters (100 keV/mm). However, an

antibody or peptide carrying an Auger electron-emitting radionuclide such as 125I,
123I, 111In, or 67Ga must be internalized and ideally, translocated to the nucleus for

the electrons to be most damaging DNA. Biomolecules that recognize peptide

growth factor receptors (e.g., epidermal growth factor receptors (EGFRs) or so-

matostatin receptors (SMSRs)) are frequently internalized into cells and in some

cases translocated to the nucleus, which allows them to be employed for targeted

Auger electron radiotherapy of malignancies. The advantage of Auger electron-

emitting radionuclides is that it is possible to restrict killing to cells that specifically

bind and internalize radiolabeled mAbs or peptides. There is no “cross-fire” effect

from Auger electron-emitting radionuclides, which should obviate any major

nonspecific radiotoxicity to bone marrow stem cells, particularly if these cells do

not express the target epitopes/receptors. On the other hand, in contrast to the more

energetic b-emitters, the lack of a “cross-fire” effect from Auger electron-emitters

does not permit killing of nontargeted cancer cells, although a “bystander effect” and

a more local “cross-dose” effect has been reported (see Chapter 9) (14). Auger

electron-emitting radionuclides are therefore most useful for treating small tumor

deposits or micrometastases for which delivery of radiolabeled biomolecules is more

homogeneous.
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2.5 LABELING ANTIBODIES AND PEPTIDES WITH RADIOHALOGENS

2.5.1 Iodine Radionuclides

Radioiodination is one of the simplest ways to radiolabel a biomolecule. Several

radionuclides of iodine are available for SPECTorPET (123I, 124I, and 131I) (Tables 2.1

and 2.2) or for targeted radiotherapy of cancer (125I and 131I) (Table 2.3). Iodine is

present inavalence state of 1� in the alkaline solution inwhich it is supplied. It requires
oxidation to a 1þ valence state for electrophilic substitution into tyrosine amino acids

in antibodies and peptides (15). Reaction of radioiodine with histidine, cysteine,

methionine, phenylalanine, and tryptophan residues is possible, but less likely. The

most commonly used oxidizing agents are chloramine-T (N-chloro-4-methylbenzene

sulfonamide) (16) and Iodogen� (1,3,4,6-tetrachloro-3a, 6a-diphenylglycouril;
Pierce) (17). Chloramine-T provides higher radiolabeling yields than Iodogen

(70–90% versus 40–60%) but since it is a stronger oxidizing agent, it may damage

mAbs, especially if the conditions are not carefully controlled. A typical chloramine-

T-mediated radioiodination involves diluting the antibody or peptide in a slightly

alkaline buffer and incubating it with radioiodine and 10–20 mg of chloramine-T in

a glass tube for 30–60 s at room temperature (18). The radioiodination reaction is

stopped by adding 20–40 mg of the reducing agent, sodium metabisulfite.

Radioiodinated antibodies and peptides can be purified from free radioiodide by

size-exclusion chromatography (SEC); alternatively peptides may be purified by

reversed-phase chromatography. Iodogen is a water-insoluble oxidizing agent which

is dissolved in chloroform; 10–20 mg are then aliquoted into a glass tube and the

chloroform is evaporated using a gentle stream of nitrogen to leave a coating of

Iodogen on the inside surface of the tube. The antibody or peptide contained in a

suitable buffer and radioiodide are then added to the tube and incubated for 1–2min at

room temperature. The reaction is stopped simply by transferring the radioiodination

mixture to a chromatography column for purification, leaving the water-insoluble

Iodogen remaining in the tube. Iodogen is a more gentle oxidizing agent than

chloramine-T and is preferred for radioiodinating mAbs and their fragments.

The main challenge for radioiodination of mAbs and peptides is their instability

in vivo to proteolysis, deiodination and loss of radioactivity from tumor cells. It is

widely recognized that radioiodinated antibodies and peptides are proteolytically

degraded in cells to radioiodotyrosine that is efficiently exported from the cells by

membrane amino acid transporters. Released radioiodotyrosine is deiodinated by

deiodinases found in tissues and the free radioiodine redistributes and accumulates in

organs with sodium iodide symporter expression, particularly the thyroid, stomach

and salivary glands. For tumor imaging applications, these catabolic processes

diminish the tumor signal and increase normal tissue uptake of radioactivity. More-

over, in radiotherapeutic applications, these processes diminish the radiation absorbed

dose to the tumor and increase the dose to normal tissues, thus narrowing the

therapeutic index. To address this issue, several new radioiodination methods have

been developed that retain the radioactive catabolites within cells; these methods are

known as “residualizing” techniques. Zalutsky et al. (19) first reported a method for
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residualizing radioiodine in cells in 1987. His group synthesized the N-succinimidyl

ester of 3-(tri-n-butylstannyl) benzoate (ATE) (Fig. 2.3), a precursor that could be

radioiodinated in anhydrous chloroform by iododestannylation using anhydrous

t-butylhydroperoxide (TBHP) as an oxidant. Radioiodinated ATE, termed N-

succinimidyl-3-iodobenzoate (SIB), was purified on a silica gel Sep-Pak� (Waters)

andconjugated to theN-terminusor e-aminogroupsof lysine residueson IgGs through

its reactiveN-succinimidyl ester side chain. In this method, radioiodine is situated at a

position on the aromatic ring of ATE that is not ortho to a phenolic hydroxyl group (as

in the case of radioiodotyrosine); this renders the molecule resistant to in vivo

deiodination. In mice, thyroid uptake of radioactivity was substantially decreased

compared to IgGs labeled with radioiodine using Iodogen. A paired-label experiment

comparing the tumor and normal tissue uptake of an F(ab0)2 fragment of the OC125

mAb labeled with 125I using ATE or 131I using Iodogen in mice implanted with

OVCAR-3 ovarian carcinoma xenografts, revealed that thyroid uptake of radioiodine

was reduced 100-fold using ATE (20). There was also more rapid elimination of

radioactivity from normal tissues, and at 96 h postinjection (p.i.), T/NT ratios were

fourfold higher. Similar promising results were observed in mice implanted

subcutaneously (s.c.) with D-54 MG glioblastoma xenografts administered antite-

nascin mAb 81C6 labeled with 125I using ATE compared to labeling with 131I using

Iodogen (21). Zalutsky et al. (22) extended this residualizing strategy with an

FIGURE 2.3 Precursors used for residualizing radioiodination of monoclonal antibodies

and peptides. Chemically reactive groups on the precursors are shaded, and the site for

radioiodination of the precursor is indicated in black and with an asterisk. SIB: N-succinimidyl-

3-iodobenzoate; SIPC: N-succinimidyl-5-iodo-3-pyridinecarboxylate; SGMIB: N-succinimidyl-

4-guanidinomethyl-3-iodobenzoate.
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alternative radioiodination agent,N-succinimidyl 5-[131I]iodo-3-pyridinecarboxylate

(SIPC) (Fig. 2.3). SIPC was used to radioiodinate 81C6 mAb IgG and the F(ab0)2
fragment of antimelanoma mAb Mel-14. It was hypothesized that SIPC, an iodopyr-

idine would be more dissimilar than SIB to iodotyrosine, and thus more resistant in

vivo to deiodination. The normal tissue distribution in mice of the 81C6 mAb and

Mel-14F(ab0)2 fragment radioiodinated usingSIPCorATEwere similar and therewas

very low thyroid uptake of radioactivity (<0.2–0.3% i.d. at 7 days p.i.) using either

reagent. The tumor-specific anti-EGFRvIII mAb L8A4, which internalizes into

receptor-positive cells and is highly susceptible to deiodination, was radioiodinated

using SIPC resulting in improved tumor cell retention of radioactivity in vitro and

increased accumulation in EGFRvIII-positive tumor xenografts in mice providing

enhanced T/NT ratios in comparison to L8A4 antibodies radioiodinated using

Iodogen (23, 24). Radioiodination using SIPC has also been applied to two 13-mer

peptides: a-melanocyte-stimulating hormone (a-MSH) and its analogue, [Nle4,

D-Phe7]-a-MSH, resulting in preservation of receptor binding properties in vitro and

stability against deiodination in vivo in mice (25). However, conjugation of

the peptides with SIPC increased their hydrophobicity. The catabolite of mAbs and

peptides radioiodinated with SIPC was found to be lysine-iodobenzoic acid

(Lys-IBA).

One strategy that has been investigated to further enhance the retention of radio-

iodine in cells is touse labeling techniques that generate a chargedcatabolite following

intracellular proteolysis, which cannot traverse the lysosomal membrane and is

thus resistant to exocytosis. Zalutsky et al. (26) synthesized N-succinimidyl 4-

guanidinomethyl-3-[131I]iodobenzoate (SGMIB), a radioiodinating reagent that was

expected to generate a positively charged catabolite at the acidic pH in lysosomes.

Theyused this reagent to radioiodinate anti-EGFRvIIImAbL8A4.Therewas three- to

fourfold greater retention of radioactivity in receptor-positive U87MG glioblastoma

cells when these antibodies were radioiodinated using SGMIB than when Iodogen

was used. Analysis confirmed that the final catabolites were cationic. SGMIB has

advantages over SIPC as a residualizing radioiodination reagent, in that a twofold

improvement in tumor retention of radioactivitywas observed for L8A4mAbs inmice

implanted s.c. with D-256 glioblastoma xenografts expressing EGFRvIII. Again,

similar to the SIPC reagent, thyroid radioactivity was very low (<0.35% i.d.) (27). An

analogous approach was reported by Shankar et al. (28) who used N-succinimidyl

3-[131I]iodo-4-phosphonomethylbenzoate ([131I]SIPMB) (Fig. 2.3) to radioiodinate

mAb L8A4; this reagent generates an anionic catabolite that is retained within cells.

A different strategy for residualizing radioiodine in cells uses radioiodinated

diethylenetriaminepentaacetic acid (DTPA)-containing peptides composed of one

or more D-amino acids including D-tyrosine that are conjugated through a maleimide

functional group to chemically reduced IgG mAbs (29). Two such peptides R-Gly-D-

Tyr-D-Lys[1-(p-thiocarbonylaminobenzyl)DTPA], termed IMP-R1, and [R-D-Ala-D-

Tyr-D-Tyr-D-Lys]2(CA-DTPA), termed IMP-R2, were described by Govindan

et al. (29). The BOC-protected peptides were radioiodinated at the D-tyrosine amino

acid using chloramine-T and derivatized at their N-terminus with sulfo-SMCC to

introduce maleimide groups. Following deprotection, the maleimide-derivatized and
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radioiodinated peptides were conjugated to thiol groups generated by dithiothreitol

(DTT)-reduction of some disulfide linkages on the anti-CD20 mAb LL2 or the anti-

EGP-1mAbRS7. The premise of includingDTPA in the peptideswas that since it had

been previously shown that mAbs labeled with 111In through introduction of a DTPA

metal chelator were catabolized to 111In-DTPA-lysine which was retained within the

cells (30), it would be expected that radioiodinated peptides containing this group

would be trapped. The DTPA groups in the peptides are not used for radiolabeling.

D-Amino acids were included since these are more resistant to proteolysis than L-

amino acids and in particular D-iodotyrosine is more resistant to in vivo deiodination

than L-tyrosine (31). The immunoreactivity of theRS7 antibodywasmaintained using

this labeling strategy (radioiodinated LL2 was not tested for immunoreactivity) and

both antibodies exhibited greater retention of radioactivity in tumor cells in vitro than

antibodies radioiodinated using chloramine-T. A series of radioiodinated DTPA-D-

amino acid peptides (IMP-R1 to IMP-R8) that differed in their hydrophobicity and

charge was synthesized and conjugated to DTT-reduced RS7 mAb (32). These

peptides varied in their DTPA content and extent of maleimide derivatization.

Increasing the maleimide substitution in the peptides from one to two functional

groups permolecule increased the conjugation efficiencywith theR27mAb from30%

to >80%. In mice implanted s.c. with Calu-3 lung carcinoma xenografts, tumor

radioactivity was enhanced for mAb RS7 radioiodinated using any of the DTPA-D-

amino acid peptides compared to chloramine-T radioiodinated mAbs. However,

normal tissue uptake was highest for the most hydrophobic peptides. IMP-

R4: MCC-Lys(MCC)-Lys(1-(( p-CSNH)benzyl)DTPA)-D-Tyr-D-Lys(3-((p-CSNH)-

benzyl) DTPA)-OH, where MCC represents the maleimide groups, provided the

greatest retention of radioiodine in tumors and lowest normal tissue accumulation.

This approach has been optimized using a one-vial kit labeling procedure under good

manufacturing practices (GMP) conditions to yield at least 100 mCi of highly pure

(>95%) 131I-labeled humanized anti-CEA mAb hMN-14 that exhibits preserved

immunoreactivity (>95%) for targeted radiotherapy of malignancies (33). A similar

strategy was recently described by Foulon et al. (34). This group used a polycationic

peptide composedof D-aminoacids: D-Lys-D-Arg-D-Tyr-D-Arg-D-Arg to radioiodinate

anti-EGFRvIII mAb L8A4. These peptides were first radioiodinated using Iodogen

and then conjugated in 60% overall yield via amaleimide group tomAb L8A4, which

was thiolated using 2-iminothiolane. Paired-label experiments in mice implanted s.c.

withU87glioblastoma xenografts expressingEGFRvIII and administeredmAbL8A4

labeled with 125I using this approach showed up to a fivefold higher tumor accumula-

tion compared to L8A4 labeled directly with 131I using Iodogen. However, use of the

peptides for radioiodinating L8A4 increased accumulation in the kidneys, perhaps

because of binding of the positively charged catabolites to renal tubular cells (34).

Radioiodine may also be residualized in cells by substitution onto an aromatic

residue that is linked to a carbohydrate moiety attached to the biomolecule (35). A

sevenfold increase in tumor retention of radioactivitywas observed inmice implanted

withCalu-3 lung carcinomaxenografts at 7 days p.i. of radioiodinatedmAbRS7using

a dilactitol-tyramine (DLT) carbohydrate adduct compared to chloramine-T radio-

iodination (38.0 versus 5.5% i.d./g, respectively) (36). Similar results were achieved
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using tyramine cellobiose (TCB)-radioiodinated anti-EGFRvIII mAb L8A4 in mice

bearing receptor-positive tumor xenografts (37). However, a limitation of this

approach appears to be the higher liver and spleen uptake of radioactivity of mAbs

radioiodinated using TCB (38). Epidermal growth factor (EGF), a 53-amino acid

peptide ligand for theEGFRpresent onmany epithelialmalignancies has been labeled

using an analogous approach by radioiodinating a tyrosine-modified dextran and then

conjugating this dextran molecule to EGF (39). Glioblastoma cells expressing EGFR

showed significantly greater retention of radioactivity when incubated with dextran-

EGF in which the radioiodine was present on the dextran moiety compared to EGF or

dextran-EGF where the radioiodine was substituted into tyrosine amino acids on the

EGF molecule itself.

Since the advent of high-resolution PET/CT (40) and small animal PET tomo-

graphs (41) andbuildingon the success of 18F-fluorodeoxyglucose (18F-FDG) forPET

of malignancies (42), there has been a growing interest in labelingmAbs and peptides

with positron emitters. 124I is a positron emitter with a sufficiently long half-life of

4.2 days that is feasible for labelingmAbs and peptides for PET.Nevertheless, 124I has

limitations compared to 18F. These include its lower abundance of positron decay

compared to 18F (23% versus 100%); the higher bþ-energies for 124I compared to 18F

(0.8–2.1MeV versus 0.6MeV) which result in poorer spatial resolution (2.3mm

versus 0.7mm); and the emission of high-energy g-photons by 124I that degrade the

PET image and contribute along with the higher positron energy and longer half-life

to higher radiation-absorbed doses (13). Nevertheless, intact IgG mAbs (43–46),

genetically engineered antibody fragments (e.g., minibodies and diabodies) (47, 48)

and peptides (49) have been labeled with 124I, in most cases using chloramine-T or

Iodogen. It is important to add a small amount of ascorbic acid to the formulation after

labelingbiomoleculeswith 124I inorder to protect them fromradiolytic decomposition

caused by the high-energy positrons (46). 124I-labeled antibodies have been success-

fully used for PET imaging of receptor/antigen-positive tumors in mouse xenograft

models (43, 45–48) and in one study in a child with neuroblastoma (44). One

advantageofPETusing 124I-labeledantibodies, is that it allowsaccuratequantification

of radioactivity uptake in tumors and normal tissues. This could be useful for

predicting the radiation-absorbed doses for subsequent RIT using the corresponding
131I-labeled antibodies (47, 50).

2.5.2 Bromine Radionuclides

While there has been interest in labelingmAbs and peptideswith 124I for PET, another

attractive positron emitter is bromine-76 (76Br). 76Br decays with a half-life of 16.2 h,

emitting positrons in 54% abundance with energy of 3.4MeV. The almost sixfold

higher positron energy of 76Br compared to that of 18F (0.6MeV) provides poorer

spatial resolution (>5mm versus 0.7mm, respectively) and a higher radiation-

absorbed dose (13). Nevertheless, 76Br is more practical for labeling biomolecules

for PET than 124I due to its greater abundance of positron emissions, and because it can

be produced using low-energy biomedical cyclotrons by the 76Se(p,n)76Br reac-

tion (51). Chloramine-T was initially studied for radiobromination of mAbs and
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peptides using 76Br. Theweaker oxidizing agent, Iodogen does not appear to be useful

for 76Br labeling because of the greater resistance to oxidation compared with

radioiodine (52). The colon cancer mAbs A33, 3S193, and 38S1 as well as EGF

have been labeled with 76Br using chloramine-T in yields of 63–77% and with good

preservation of antigen/receptor binding characteristics (53). Nevertheless, in one

study, the immunoreactivity of 76Br-mAb 38S1 was diminished to 45% and only

radiobromination using bromoperoxidase was found to generate radiolabeled anti-

bodies with preserved immunoreactivity (52). Human colon cancer xenografts im-

planted into nude rats have been visualized by PET using 76Br-mAb 38S1 (54, 55).

Despite the ability to directly radiobrominate some antibodies using chloramine-T,

many investigators obtained inconsistent and low yields and as mentioned, in some

cases, decreased immunoreactivity using this approach. Therefore, newer strategies

were explored for labeling mAbs with 76Br using N-succinimidyl para-[76Br]bro-

mobenzoate (76Br-SPBrB) (Fig. 2.4) (56). 76Br-SPBrB was generated by bromodes-

tannylation of N-succinimidyl-para-tri-n-butylstannylbenzoate (SPMB) using

chloramine-T (56, 57). The resulting 76Br-SPBrB was purified by HPLC and

conjugated through the activatedN-succinimidyl moiety to e-amino groups of lysines

on the antibodies. Using this approach, mAb 38S1was labeled with 76Br in 49% yield

and with good preservation of immunoreactivity (69–76%) (56). Building on the

strategy described by Zalutsky et al. (26) to radioiodinate antibodies using reagents

FIGURE 2.4 Precursors used for residualizing radiobromination of monoclonal antibodies

and peptides. Chemically reactive groups on the precursors are shaded, and the site for

radiobromination of the precursor is indicated in black and with an asterisk. SPBrB: N-

succinimidyl-para-bromobenzoate; Br-HPEM: bromo-((4-hydroxyphenyl)ethyl) maleimide;

Br-DABI: bromo-(4-isothiocyanatobenzyl-ammonio)-bromo-decahydro-closo-dodecaborate.
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(e.g., SGMIB) that yield positively charged catabolites that are retained in cells,

Mume et al. (58) synthesized N-succinimidyl 5-[76Br]bromo-3-pyridinecarboxylate

(Fig. 2.4) by bromodestannylation of N-succinimidyl-5-(tributylstannyl)3-pyridine-

carboxylate and conjugated it to the HER-2/neu mAb trastuzumab (Herceptin). The

labeling yield was 45% but after purification, the immunoreactivity with HER2/

neu-positive SKOV-3 ovarian carcinoma cells was >75%. However, this method of

radiobromination did not improve cellular retention of radioactivity compared to

trastuzumab labeled with 76Br-SPBrB. A site-specific radiobromination technique

was reported for labeling the affibodymolecule (ZHER2-4)2-Cyswith
76Br at a cysteine

residue (59). (ZHER2-4)2-Cys affibodies are small recombinant proteins (Mr¼ 7 kDa

(monomer) or 15 kDa (dimer)) that bind with high specificity to HER2/neu receptors,

similar to antibody fragments but produced by phage display techniques (see

Chapter 1) (60). A bifunctional reagent, ((4-hydroxy-phenyl)ethyl)maleimide

(HPEM) (Fig. 2.4) reactive with thiols was synthesized and radiobrominated with
76Br using chloramine-T. The radiobrominated HPEM was conjugated through its

maleimide group to the free thiol on the cysteine residue of the (ZHER2-4)2-Cys

affibodies. 76Br-(ZHER2-4)2-Cys exhibited preserved binding to HER2/neu-positive

SKOV-3 cells invitro and achievedhigh tumor uptake (5% i.d./g) andT/NTratios (up to

31:1) at 4 h p.i. in vivo in mice implanted with SKOV-3 tumor xenografts.

Finally, a totally new approach to labeling antibodies with 76Br employed

derivatives of polyhedral boron clusters such as closo-dodecaborate (2�) or nido-
undecaborate (1�) anions (Fig. 2.4) (61, 62). These structures form strong boron–

bromine bonds and were labeled with 76Br using chloramine-T. Once labeled with
76Br, they were conjugated through their benzylisothiocyanato side chain to e-amino

groups of lysine residues on mAbs. The idea was that, since 76Br is attached through

a bromine–boron bond to a charged molecular structure that is completely foreign to

the body, enzymatic debromination and exocytosis of radioactivity from cells would

be substantially reduced.Bruskin et al. (61) labeled trastuzumab (Herceptin)with 76Br

in>80%yield using this approach resulting in a preparation that was immunoreactive

with HER2/neu-positive SKBR-3 human breast cancer cells. Trastuzumab has also

been labeled with 76Br using the related nido-undecaborate (1�) anion (62).

2.5.3 Fluorine Radionuclides

Fluorine-18 (18F) is the most widely used radionuclide for PET, usually in the form

of 18F-FDG (42). Due to its relatively low positron energy (0.6MeV), 18F provides

excellent spatial resolution (0.7mm); it also is associated with lower radiation-

absorbed doses compared to 124I or 76Br (13). There has been considerable interest

in labeling mAb fragments and peptides with 18F (63). The pharmacokinetics of

intact IgG mAbs, in particular their slow elimination from the blood, do not lend

themselves well to the use of 18F, due to its short half-life of 110min. In contrast,

antibody fragments (e.g., F(ab0)2, Fab, and scFv) and peptides are accumulated

rapidly in tumors and eliminated quickly from the blood and most normal tissues.

Antibody fragments and peptides labeledwith 18F could therefore be useful for PET.

The principal challenge in labeling these molecules with 18F is that nucleophilic
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FIGURE 2.5 Prosthetic precursors used for radiofluorination of monoclonal antibody

fragments and peptides. Chemically reactive groups on the precursors are shaded, and the

site for radiofluorination of the precursor is indicated in black and with an asterisk. SFBS:

4-fluorobenzylamine succinimidyl ester; SFB: N-succinimidyl-4-(fluoromethyl)benzoate;

NPFP: 4-nitrophenyl-2-fluoropropionate; FB-CHO: 4-fluorobenzaldehyde; AFP: 4-azido-

fluorophenacyl.

substitution reactions are required; direct electrophilic radiofluorination requires

carrier fluoride, which yields low specific activity that is unsuitable for imaging

tumor-associated epitopes/receptors (63). To solve this problem, antibody frag-

ments or peptides are labeled with 18F by first substituting 18F onto a prosthetic

group and then chemically linking this group through a reactive side chain to the

proteins (Fig. 2.5) (63). One of the primary considerations in designing methods for

labeling proteins and peptides with 18F is the amount of time required to complete

the labeling and conjugation procedures due to the short 110min half-life of 18F. It is

desirable that the labeling procedure including quality control testing be

completed in 1–1.5 h, to minimize losses in yield, simply due to the physical decay

of 18F.

Garg et al. (64) described an approach for labeling F(ab0)2 and Fab fragments of the

antimyosin antibody R11D10 using 4-[18F]fluorobenzylamine succinimidyl ester

([18F]SFBS) (Fig. 2.5). Although this method was rapid with a total labeling time of

1.5 h, synthesis of [18F]SFBS required three separate reactions followed by HPLC

purification of the reagent; the yield of [18F]SFBS was 25–40%. Conjugation of

[18F]SFBS to antibody fragments through reaction of the succinimidyl ester with

e-amino groups on lysines was performed in a fourth step that required

purification of the 18F-labeled fragments from excess [18F]SFBS by size-exclusion
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chromatography (SEC). The immunoreactivity of the 18F-labeled F(ab0)2 and Fab

fragments of R11D10 were relatively preserved (89% and 75%, respectively). Using

[18F]SFBS as a prosthetic group, Zalutsky et al. (65) labeled F(ab0)2 fragments of the

antigliomamAbMel-14, and obtained high T/NTratios (up to 14 : 1 at 4 h p.i.) in a s.c.

glioblastoma mouse tumor xenograft model. They also labeled Fab fragments of the

TP-3 antibody with [18F]SFBS, which permitted PET of osteosarcoma tumors in

dogs (66). An analogous approach for labeling biomolecules with 18F uses the

prosthetic group, [18F]-N-succinimidyl 4-(fluoromethyl)benzoate ([18F]SFB)

(Fig. 2.5) (67). The synthesis of [18F]SFB was optimized (68) and the reagent was

used for labeling F(ab0)2 fragments of the antiglioma mAb Mel-14. The immunore-

activity of 18F-labeled Mel-14 F(ab0)2 fragments using [18F]SFBS or [18F]SFB was

indistinguishable (65% versus 64%, respectively) and the radiolabeled fragments

demonstrated similar tissue distribution and pharmacokinetics in dogs (69). The 13-

amino acid a-MSH peptide analogue, N-acetyl-Ser-Tyr-Ser-NorLeu-Glu-His-D-Phe-

Arg-Trp-Gly-Lys-Pro-Val-NH2, has been labeled with [
18F]SFB with good preserva-

tion of receptor binding affinity (70).

Another reagent that has been used for labeling with 18F is 4-nitrophenyl 2-[18F]

fluoropropionate ([18F]NPFP) (Fig. 2.5) (71). [18F]NPFP is a smaller prosthetic group

that may have less impact on the receptor binding properties and/or physicochemical

properties of peptides than [18F]SFBSor [18F]SFB.Accordingly, [18F]NPFPwas used

for labeling the octreotide peptide analogue, SDZ 223-228 with 18F resulting in full

retention of biological activity (72). It was necessary to Boc-protect the e-amino

group on lysine-5 in SDZ 223-228 during labeling with [18F]NPFP and then deprotect

afterward, since this residue is critical for somatostatin receptor (SMSR) binding.

Nevertheless, a radiofluorination technique using 4-[18F]fluorobenzaldehyde ([18F]

FB-CHO) (Fig. 2.5) that allows site-specific labeling of aminoxyacetic acid functio-

nalized octreotide analogues without the need to protect/deprotect the e-amino group

on ysine-5 has been reported (73). This method allowed PET imaging of s.c.

transplantable AR42J rat pancreatic tumors in athymic mice at 1 h p.i. of the
18F-labeled octreotide derivatives. In another study, D-Phe1-octreotide labeled with
18F using [18F]NPFP exhibited higher liver accumulation and hepatobiliary clearance

of radioactivity than the corresponding radioiodinated derivative in Lewis rats bearing

pancreatic islet cell tumors, suggesting that [18F]NPFP may increase the hydropho-

bicity of peptides (74). Nevertheless, T/B ratios were 5.2 : 1 at 1 h p.i. and 4.2 : 1 at 2 h

p.i., due to the rapid blood clearance of the 18F-D-Phe1-octreotide. [18F]NPFP and

[18F]SFB have also been employed for 18F labeling of peptides that contain the

arginine-glycine-aspartic acid (RGD) sequence that binds to the avb3 integrin

implicated in tumor angiogenesis (75, 76). In a study comparing labeling of proteins

with [18F]NPFP, [18F]SFB, and another fluorinating reagent, 4-azidophenacyl-[18F]

AFP (Fig. 2.5), it was found that [18F]NPFP-conjugated human serum albumin was

partially unstable under slightly basic conditions (77). It was concluded that [18F]SFB

may be themost suitable radiofluorinating agent. Finally, [18F]FB-CHO (Fig. 2.5) has

been used to site-specifically label human serum albumin with 18F at hydrazine

nicotinamide (HYNIC) functional groups introduced into the protein usingHYNICN-

hydroxysuccinimide ester (78). This method has similarities with the use of HYNIC

for labeling biomolecules with 99mTc.
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2.5.4 Astatine Radionuclides

Astatine-211 (211At) (Table 2.3) is an a-particle emitter with a half-life of 7.2 h that is

useful for labeling mAbs and peptides for targeted radiotherapy of malignan-

cies (2, 79). 211At is produced in a cyclotron using the 209Bi(a,2n)211At reaction.
However, the astatine-carbon bond is unstable (80) and direct electrophilic astatina-

tion of proteins at tyrosine residues using oxidizing agents such as chloramine-T or

hydrogen peroxide results in low yield (81) and susceptibility in vivo to deastatina-

tion (82).Zalutskyet al. (83) addressed this problemby labelingN-succinimidyl 3-(tri-

n-butylstannyl) benzoate (ATE) (Fig. 2.6) with 211At. The N-succinimidyl 3-[211At]

astatobenzoate (SAB) was conjugated to e-amino groups on lysine residues in

antibodies, similar to the strategy used for radioiodination. Using SAB, intact mAb

81C6 IgG and F(ab0)2 fragments of mAb Mel-14 directed against glioblastoma were

labeled with 211At with preservation of immunoreactivity in vitro and excellent

targeting in vivo to s.c. D-54 MG human glioblastoma xenografts in mice (84). Due

to its short half-life (7.2 h) and the short range of the a-particles (50–100mm), F(ab0)2
fragments are more suitable for labeling with 211At than intact mAb IgGs since they

penetrate deeper into tumors and are clearedmore quickly from the blood (seeChapter

1) (7). Despite their more rapid blood clearance than F(ab0)2, Fab fragments are not

appropriate for labeling with 211At because they accumulate in high levels in the

kidneys, thus posing a potential radiotoxicity hazard. Paired-label experiments in

normal mice of the anti-CEAmAb C110 or its F(ab0)2 fragment labeled with 211At or
131I using the ATE method, revealed that there was greater tissue retention of 211At

than for 131I (85). In another study, mice implanted s.c. with TK-82 human renal cell

carcinoma xenografts showed similar tumor and normal tissue uptake following

administration of 211At or 125I-labeled A6H F(ab0)2 (86). Tumor uptake in this mouse

xenograftmodelwas 30% i.d./g for 211At-A6HF(ab0)2 versus 19% i.d./g for 125I-A6H

F(ab0)2 at 19 h p.i.. T/B ratios were 3 : 1 for both 211At and 125I. 211At-labeled

antitenascin mAb 81C6 has been produced using the SAB reagent in sufficient

quantities (2–10mCi) under GMP conditions for use in a Phase I clinical trial in

glioblastoma patients (87). Radiolytic decomposition of SAB due to the a-particles

FIGURE 2.6 Precursors used for residualizing radioastatination of monoclonal antibodies

and peptides. Chemically reactive groups on the precursors are shaded, and the site

for radioiodination of the precursor is indicated in black and with an asterisk. SAB: N-

succinimidyl-3-astatobenzoate; SAPC: N-succinimidyl-5-astato-3-pyridinecarboxylate.
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emitted by 211At and subsequent low radiolabeling yields are nevertheless major

challenges in producing clinical quality 211At-labeled mAbs (88, 89). It appears that

radiolytic decomposition is especially problematic when chloroform is used as a

solvent for synthesizing SAB; benzene and methanol are alternatives that are less

susceptible to the radiolytic effects of 211At.

Zalutsky et al. (90) extended their previous residualizing radioiodination approach

using N-succinimidyl 5-[131I]iodo-3-pyridinecarboxylate (SIPC) to 211At. Anti-

EGFRvIII mAb L8A4 was labeled by conjugation with N-succinimidyl 5-[211At]

astato-3-pyridinecarboxylate (SAPC) (Fig. 2.6). Again, the premise is that proteolysis

of the 211At-labeled antibodies would yield a positively charged 211At catabolite that

would be unable to traverse the lysosomal membrane or be exocytosed. Immunore-

activity wasmaintained and 211At- and 131I-labeled L18A4 showed similar tumor and

normal tissue accumulation in mice implanted s.c. with EGFRvIII-positive U87MG

glioblastoma xenografts. Other biomolecules that have been labeled with 211At

include octreotide (91) and the anti-CD20 mAb rituximab (Rituxan; Roche Pharma-

ceuticals) directed against non-Hodgkin’s B-cell lymphomas (92).

2.6 LABELING ANTIBODIES AND PEPTIDES WITH RADIOMETALS

2.6.1 Technetium Radionuclides

Technetium-99m (99mTc) (Table 2.1) is themost widely available, least expensive and

most commonly used radionuclide in nuclear medicine and is thus an attractive

candidate for labeling mAbs, their fragments as well as peptides for tumor imaging.
99mTc is a metastable form of 99Tc, which decays by internal conversion to its ground

state (99Tc)with a half-life of 6 h, emitting a g-photon of 140 keV that is easily imaged

by gammacameras available in all nuclearmedicine facilities. 99mTc is produced from

the decay of molybdenum-99 (99Mo) using a commercially available 99Mo/99mTc

generator at very low cost. Its relatively short half-life minimizes the radiation

exposure to patients undergoing imaging procedures, but necessitates rapid labeling

procedures for antibodies or peptides. There are several approaches to labeling these

molecules with 99mTc (93, 94). These include (i) direct methods that rely on the

binding of 99mTc to endogenous thiols generated by reduction of disulfide linkages in

mAbs or introduced chemically by reaction with thiolating agents such as 2-

iminothiolane and (ii) indirect methods that involve binding of 99mTc to a chelating

agent that is then conjugated to the mAb or peptide (“preformed chelator” approach)

or to a chelator already incorporated into the biomolecule. There are advantages and

disadvantages of each of these strategies with respect to ease of use, in vivo stability

and amenability to kit formulation.

Intact mAb IgG can be labeled simply and directly with 99mTc by reduction of

a small proportion (<5%) of the inter- or intrachain disulfide bonds to free thiols by

treatment with a 2000-fold molar excess of 2-mercaptoethanol (2-ME) for 30min

(Fig. 2.7) (94). The reduced IgGs are purified from excess 2-ME by SEC and labeled

to high efficiency (>90%) by transchelation of 99mTc from 99mTc-glucoheptonate
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or 99mTc-methylene diphosphonate (99mTc-MDP). 99mTc-glucoheptonate or 99mTc-

MDP are prepared from commercial kits and 99mTc pertechnetate (99mTcO�4 ) eluted
from a 99Mo/99mTc generator. This method of labeling mAbs with 99mTc was

introduced by Schwartz and Steinstrasser in 1987 (95) and later optimized byMather

and Ellison in 1990 (96). A modification of the Schwartz method employed exposure

of the anti-CD20 mAb rituximab (MabThera; Roche) to UV-light of wavelength

320 nm for 20min to photoreduce some of the disulfide linkages to thiols that were

then labeledwth 99mTc by transchelation from 99mTc-MDP (97). This photoreduction

method was originally described by Stalteri et al. in 1996 (98); it does not require

removal of any chemical reducing agents and is somewhat simpler and potentially

more controllable than chemical reductionwith 2-ME. The advantage of the Schwartz

technique is that purified reduced IgG can be dispensed into vials and stably

maintained either frozen or lyophilized until required for labeling with 99mTc, thus

generating a kit formulation (99). The major disadvantage of the method is that if too

great an amount of reducing agent is used, too many disulfides are reduced increasing

the risk for disrupting key linkages needed to maintain protein folding, integrity, and

FIGURE 2.7 Top panel: Method for direct labeling of intact monoclonal antibodies with
99mTc. Some disulfide linkages between the antibody chains are chemically reduced with

2-mercaptoethanol. The free thiols produced are sites for binding 99mTc-glucoheptonate

(99mTc-GHA). Bottom panel: Metal chelators that can be conjugated to monoclonal antibodies

or peptides for labeling with 99mTc. Chemically reactive groups on the precursors are shaded,

and complexation of 99mTc is indicated in black and with an asterisk. NHS-HYNIC: N-

hydroxysiccinimide ester of hydrazinenicotinamide; [99mTc(H2O)3(CO)3]
þ: 99mTc(I)-carbon-

yl complex; S-benzoyl-MAG3: S-benzoyl-mercaptoacetyl-glycyl-glycyl-glycine.
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immunoreactivity. This is especially a problem for mAb fragments such as F(ab0)2,
Fab, and scFv. Likewise, the method cannot be used for labeling small peptides

with 99mTc that harbor disulfide bonds required for maintaining biological activity

(e.g., somatostatin analogues). Careful control and optimization of reduction condi-

tions through measurement of the number of free thiols generated using Ellman’s

reagent (100, 101) are needed to successfully apply thismethod for labelingproteinsor

peptides with 99mTc. Another disadvantage is that IgG labeled with 99mTc through

direct binding to thiols is subject to loss of the radiolabel invivo over time by exchange

with endogenous thiol containing molecules such as cysteine and glutathione (94).

Nevertheless, the Schwartz method has been used for labeling several mAbs with
99mTc providing preserved immunoreactivity and ability to target and image human

cancers in mouse xenograft models (102, 103) and in patients (104, 105).

Due to the limitations of the Schwartz method for labeling mAb fragments (e.g.,

F(ab0)2 or Fab) and peptides with 99mTc, alternative strategies have been investigated.

One method utilizes HYNIC and coligands such as ethylenediaminodiacetic acid

(EDDA), ethlendiaminetetraacetic acid (EDTA), tricine, or glucoheptonate to form

a stable 99mTc complex with the biomolecule (Fig. 2.7) (106). This method was

described by Abrams et al. in 1990 (107). HYNIC is conjugated to the mAb (or its

fragments) or peptides using an excess of HYNIC N-hydroxysuccinimide ester (or

other chemically reactive form),which forms an amide linkagewith theN-terminus or

e-amino groups in lysines. After chromatographic purification, the HYNIC-deriva-

tized biomolecule is labeledwith 99mTc by incubationwith 99mTcO�4 in thepresenceof

SnCl2 and coligand. Coligands are needed because HYNIC occupies only one or two

of the six coordination sites of 99mTc (106). SnCl2 is included to reduce
99mTc from its

7þ valence state in 99mTcO�4 to a valence of 4þ or 5þ for complexation with HYNIC-

coligands. Our group has labeled Fab fragments of the HER2/neu mAb trastuzumab

(Herceptin) with 99mTc usingHYNIC (108). 99mTc-HYNIC-trastuzumab Fab showed

preserved binding affinity for HER2/neu receptors on SKBR-3 human breast cancer

cells invitro (Kd¼ 1.6� 10�8M�1), and demonstrated good tumor targeting invivo in

mice implanted s.c. with HER2/neu-positive BT-474 breast cancer xenografts (T/B

ratio¼ 3 : 1 at 24 h p.i.). BT-474 tumors were visualized by imaging. Others have

labeled mAb Fab fragments with 99mTc using HYNIC achieving preserved immuno-

reactivity and good tumor targeting (109, 110). Asmentioned, the Schwartzmethod is

not amenable to labeling peptides that harbor key intramolecular disulfide linkages.

However, the somatostatin analogue, D-Phe1-Tyr3-octreotide (TOC) that contains

a disulfidebond essential for SMSRbinding, has been successfully labeledwith 99mTc

by conjugation to HYNIC using a variety of coligands (111–113). Similarly, the 53-

amino acid peptide, EGFwhich harbors three disufide bonds required formaintenance

of its tertiary structure and receptor binding properties has been labeled with 99mTc

using HYNIC and tricine as coligand (114). In each case, receptor binding was

preserved in vitro allowing tumor imaging inmouse xenograft models (113, 114) or in

patients (111, 112).

An interesting finding is that the choice of coligand for HYNIC drastically affects

the plasma protein binding, elimination from the blood and tissue distribution of the
99mTc-labeled biomolecules. This effect was first reported byBabich and Fischman in
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1995 (115) who noted differences in radioactivity accumulation in the lungs, kidneys,

liver, spleen, and gastrointestinal tract of rats for the chemotactic peptide (N-For-Met-

Leu-Phe-Lys) conjugated to HYNIC and labeled with 99mTc using glucarate, gluco-

heptonate, mannitol, or glucamine as coligands. Use of EDDA as coligand instead of

tricine for 99mTc labeling of HYNIC-TOC or the somatostatin analogue RC160

produced amore hydrophilic complex that clearedmore quickly from the blood in rats

and favored renal over hepatobiliary clearance (116). However, substitution of the

backbone of EDDA with dimethyl, diethyl, or dibenzyl moieties increased the

hydrophobicity of 99mTc-HYNIC-RC160, resulting in a five- to sixfold increased

plasma protein binding in vitro and substantially increased liver uptake and hepato-

biliary elimination in rats (117). Tricine as coligand for 99mTc-HYNIC-RC160

produced liver and intestinal radioactivity uptake intermediate between that of the

EDDAand the substituted EDDAderivatives. HYNIC-TOC labeledwith 99mTc using

EDDA as coligand showed excellent tumor localization in a study of 10 patients with

SMSR-positive tumors allowing imaging of lesions at 4 h p.i. (112). Similarly, in

a study of 13 patients, 12 of whom had SMSR-positive malignancies, administered
99mTc-HYNIC-TOC labeled using tricine as coligand, tumorswere imaged as early as

10minp.i. (111).Acomparisonbetween these twostudies revealed that the circulating

blood background radioactivity was higher and urinary excretion of radioactivity was

lower in patients receiving 99mTc-tricine-HYNIC-TOC than those administered
99mTc-EDDA-HYNIC-TOC, likely due to the increased plasma protein binding of
99mTc-tricine-HYNIC-TOC (118). Almost in all cases, the 99mTc-HYNIC-labeled

analogues detected the same lesions as 111In-DTPA-D-Phe1-octreotide, the “gold

standard” for SMSR tumor imaging, but the images were clearer and lesions were

detected earlier using the 99mTc analogues. 99mTc-tricine-HYNIC-TOC missed one

liver lesion in a patient, which was detected with 111In-DTPA-D-Phe1-octreotide,

probably due to its higher liver uptake (111). The effect of coligand on plasma protein

binding and blood clearance does not appear to be restricted to small peptides such as
99mTc-HYNIC-TOC. Ono et al. (119) found that 3-benzoylpyridine (BP) ternary

complexes of 99mTc-HYNIC-conjugated Fab fragments [99mTc-HYNIC-Fab(tricine)

(BP)] exhibited lower plasma protein binding in vitro than the corresponding binary

complexes [99mTc-HYNIC-Fab(tricine)2] and were cleared more quickly from the

blood in mice (0.35 versus 0.98% i.d./g at 24 h p.i., respectively). 99mTc-HYNIC-Fab

(tricine)(BP) also exhibited lower liver uptake than 99mTc-HYNIC-Fab(tricine)2.

They concluded that the 99mTc-tricine coligand exchanges in vivo with plasma

proteins as well as lysosomal proteins in tissues causing slow blood clearance and

high liver retention of radioactivity. This loss of radioactivity was decreased using the

more stable ternary 99mHYNIC-Fab(tricine)(BP) complexes. Our group similarly

found a slower blood clearance in mice for trastuzumab Fab labeled with 99mTc

through HYNIC using glucoheptonate as coligand than for 111In-labeled trastuzumab

Fab (3.2 versus 1.4% i.d./g at 24 h p.i., respectively) (108, 120). Therewas also higher

liver uptake for 99mTc-HYNIC-trastuzumab Fab than for 111In-trastuzumab Fab at

24 h p.i. (3.8 versus 2.4% i.d./g, respectively). Since 99mTc labeling efficiencies for

antibodies andpeptides arehigh (>90%)usingHYNIC,kit formulation is possible and

indeed kits have been created for labeling HYNIC-TOC with 99mTc (111).
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A particularly useful method for labeling biomolecules with 99mTc, especially

those produced by protein engineering techniques and that contain polyhistidine

affinity tags, employs a 99mTc(I)-carbonyl complex (Fig. 2.7) (121, 122). Thismethod,

described by Waibel et al. in 1999 (122) involves a simple one-vial synthesis of the

organometallic aqua-ion complex [99mTc(H2O)3(CO)3]
þ that then efficiently com-

plexes through release of its water molecules with imidazole nitrogens in histidine-

containing biomolecules (Fig. 2.7). The [99mTc(H2O)3(CO)3]
þ complex is formed by

heating 99mTcO�4 , Na2CO3, and NaBH4 flushed with carbon monoxide (CO) at 75�C
for 30min. The yield of [99mTc(H2O)3(CO)3]

þ is >95%. A commercial kit for

producing the [99mTc(H2O)3(CO)3]
þ complex (Iso-Link; Mallinckrodt) is available.

Labelingwith 99mTc is achieved simply bymixing the [99mTc(H2O)3(CO)3]
þ complex

with the histidine-containing protein or peptide and heating for 20–30min at 37�C. A
scFv containing a polyhistidine tag was labeled with the 99mTc(I)-carbonyl complex

resulting in a stable complex in vitro in human serum and retaining 87% of its

radioactivity over 24 h at 37�C (122). It was also stable to challenge in vitro with

a 5000-fold molar excess of histidine, retaining 94% of its radioactivity (122). This

technique is attractive because recombinant antibodies and peptides often incorporate

polyhistidine affinity tags for their purification, thus allowing them to be directly and

easily labeled using the 99mTc(I)-carbonyl complex. Moreover, Re(I)-carbonyl com-

plexes have also been prepared allowing this method, allowing extension to radio-

nuclides of rhenium (e.g., 186Re or 188Re) (Table 2.3) for targeted radiotherapy of

malignancies (123). More recently, it has been shown that these 99mTc(I)-carbonyl

complexes can also be used to label peptides incorporating a novel single amino acid

chelator (SAAC) (124). SAAC are synthetic nonnatural bifunctional amino acid

derivatives that incorporate a tridentate chelate for binding [99mTc(H2O)3(CO)3]
þ,

linked through a selectable sequence to an amino group for incorporation into the

peptide during solid phase synthesis. The SAAC approach has proven extremely

versatile for labeling many different types of biomolecules with good preservation of

their receptor binding affinity, and allows site-specific introduction of the chelator for
99mTc (124).

Finally, tetradentate chelators such as N3S (triamidothiols), N2S2 (diamido-

dithiols), or N2S4 (diaminotetrathiols) have been used for labelingmAbs and peptides

with 99mTc (Fig. 2.7) (106). The advantage of these chelators is that they form stable,

well-defined 99mTc complexes, but they require introduction into antibodies or

peptides through reaction of a chemically reactive ester in a side chain with e-amine

groups on lysines. This conjugation step is nonspecific and has the potential to target

a key lysine required formaintenance of antigen or receptor binding. This problemcan

be solved in the case of small peptides by incorporating the tetradentate chelator at

a specific position into the biomolecule during its solid-phase synthesis using

sequences of amino acids such as cysteine-glycine-glycine-glycine (N3S) (125).

Moreover, there is the possibility that 99mTc will bind to low affinity endogenous

metal binding sites in antibodies in addition to the high affinity sites introduced with

the tetradentate chelator. Therefore, to avoid this possibility, a “preformed chelator”

approach was reported by Fritzberg et al. (126). In this preformed chelator approach,

a stable 99mTc-N2S2 complex is synthesized first and then conjugated to the mAbs
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through a reactive tetrafluorophenyl ester side chain. However, this strategy is

complex and time consuming; the conjugation step is inefficient; and it does not

lend itself easily to kit formulation. Despite these limitations, tetradentate chelators

have been employed for labeling variousmAbs and peptides with 99mTc (94, 106). An

interesting application of a tetradentate chelator was described for 94mTc labeling of

the somatostatin analogue, demotate (127). 94mTc is a positron emitter (bþ 72%)

(Ebþmax¼ 2.5MeV) (Table 2.2) with a half-life of 52min. Demotate incorporating

the 1,4,8,11-tetraazaundecane (N4) tetradentate chelatorwas labeledwith
94mTc in the

presence of SnCl2.
94mTc-demotate exhibited preserved receptor binding to A-427

nonsmall cell lung cancer cells infected with the AdHASSTR2 adenovirus encoding

theSMSRsubtype2.A-427xenografts infectedwithAdHASSTR2 implanted s.c. into

athymic mice were visualized by PET at 1 h p.i. of 94mTc-demotate.

2.6.2 Rhenium Radionuclides

Methods for labeling antibodies andpeptideswith radionuclides of rheniumhavebeen

developed from techniques used for labeling with 99mTc, due to the similarity in the

chemistry of technetium and rhenium (128). There are two radionuclides of rhenium

(186Re and 188Re) that are useful for targeted radiotherapy of cancer (Table 2.3). 186Re

decays with a half-life of 3.7 days emitting a b-particle with maximum energy (Emax)

of 1.07MeVas well as a low abundance (9%) g-photon of 137 keV that is useful for

imaging. 188Re decays with a 17 h half-life emitting a b-particle with Emax of

2.12MeVand a low abundance (15%) g-photon of 155 keV that can be imaged. The

twofold higher b-particle energy of 188Re compared to 186Re provides a threefold

longer range in tissues (26 versus 9mm, respectively), making it more useful for

treating larger tumors (i.e.,>1 cm in diameter) or tumors in which there is incomplete

targeting of radiolabeled mAbs or peptides to cancer cells. On the other hand, the

relatively short half-life of 188Re (17 h) may limit its feasibility for labeling intact IgG

mAbs for radiotherapeutic applications due to their slow kinetics of tumor uptake and

clearance from the blood and normal tissues.Antibody fragments and peptidesmay be

more suitable for labeling with 188Re. A major advantage of 188Re is that it can be

produced carrier-free and in high purity using a 188W/188Re generator system (129),

which would make the radionuclide available at low cost in any nuclear medicine

facility.

Both direct and indirect methods have been used for labeling antibodies with
186Re/188Re (128). Direct methods rely on the binding of reduced 186Re/188Re to free

thiols on the antibodies generated by reduction with 2-ME as described for 99mTc.

However, the chemistries of technetium and rhenium are not identical. In particular,

rhenium is more difficult to reduce from its 7þ valence state to its lower valence states
of 4þor5þ for labelingbiomolecules, and it ismore easily reoxidized (130, 131).Thus,

a greater amount of SnCl2 reducing agent is required. The optimal pH for labelingwith
186Re/188Re is also lower than that for 99mTc-labeling (pH 4.5–5.0 versus pH 7.0–7.5,

respectively) and pH values >5.0 can result in reoxidation of rhenium (130).

Moreover, radiolysis of antibodies and peptides caused by the high-energy b-particles
emitted by 186Re/188Re can be a problem, and thus radioprotectants such as ascorbic
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acid, gentisic acid, or human serum albumin are often incorporated into the formula-

tions. In one study, ascorbic acid was employed both as a radioprotectant and a

reducing agent for the disulfide bonds for labeling IgGwith 186Re (131). Much longer

incubation times (17–24 h) have been used for direct labeling of mAbs with
186Re/188Re (131, 132) than for 99mTc labeling (30min) (133). However, in one

study (134), a kit formulation was developed for labeling the anti-CD20 mAb

ritiximab (Rituxan; Roche Pharmaceuticals) with 188Re. A labeling efficiency

>97% was obtained in only 1–1.5 h following addition of 188Re perrhenate eluted

from a 188W/188Re generator to the kit.

Tetradentate chelators (e.g., N3S) (Fig. 2.7) have also been used for labeling mAbs

and their F(ab0)2 fragments (135, 136) as well as the somatostatin peptide RC-

160 (137) with 186Re/188Re. In the case of antibodies, the “preformed chelate”

approach was used, whereas for RC-160 the N3S chelator was introduced during

solid phase peptide synthesis. One method that has been used for direct labeling of

antibodies using 188Re employs the hydroxamic acid, trisuccin (Fig. 2.7). Trisuccin

differs frommost tetradentate ligands (e.g., N3S structures) in that it does not contain

a free thiol. Therefore, it canbe conjugated directly to amAbandused for labelingwith
186Re/188Re without the risk of the free thiol reacting with the disulfides on the

antibodies. Safavy et al. (138) labeled two different humanized forms of the tumor-

associated glycoprotein-72 (TAG-72) mAb CC49 with 188Re using trisuccin conju-

gated through a 6-oxoheptanoic acid linker. The labeling efficiency ranged from 80%

to 98% and the immunoreactivity ranged from 69% to 77%. High tumor uptake of

radioactivity (18–23% i.d./g) was found in mice implanted s.c. with TAG-72-positive

LS174Thumancolon cancer xenografts. Finally, bombesin, a 14-amino acid analogue

of gastrin-releasing peptide (GRP) that binds to GRP receptors on prostate, breast,

lung and pancreatic cancers, has been labeled using a 188Re(H2O)(CO)3 carbonyl

complex (Fig. 2.7) similar to that described for labeling biomolecules with
99mTc (139). Targeting of PC-3 prostate cancer xenografts in mice was achieved

with 188Re-labeled bombesin.

2.6.3 Indium Radionuclides

Indium-111 (111In) (Table 2.1) is a g-emitting radionuclide (Eg¼ 172 and 245 keV)

with a half-life of 67 h that is routinely used for labelingmAbs andpeptides for SPECT

imaging of tumors. The positron emitter, 110mIn has a half-life of 69min and is useful

for labeling peptides for PET. The bþ-energy of 110mIn (2.26MeV) provides a spatial

resolution of 3.0mm compared to 0.7mm for 18F (13). Octreotide was labeled with
110mIn and used for PET of a patient with an SMSR-positive intestinal carcinoma

metastasis (140). 114mIn and its daughter product, 114In (Table 2.3) are long-lived

radionuclide impurities in 111In, but have potential for targeted radiotherapy of

malignancies. 114mIn decays to 114In with a half-life of 49.5 days emitting an

imageable g-photon of 190 keV, as well as Auger and conversion electrons that can

kill cancer cells. 114In decays to 114Cd (0.5%) or 114Sn (99.5%) with a half-life of 72 s

emitting b�-particles (Emax¼ 1.98MeV) that are also useful for treatment of tumors.

Octreotide has been labeled with 114mIn (141). Antibodies and peptides are labeled
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with 111In by introducing the chelator, DTPA through reaction of e-amino groups on

lysine residues or the N-terminal amine of the biomolecules with reactive forms of

DTPA (Fig. 2.8) such as DTPA dianhydride (cDTPAA) (142), DTPA mixed anhy-

dride (143) or DTPA p-benzylisothiocyanate (SCN-Bz-DTPA) (144, 145). Conjuga-

tion with cDTPAA involves suspending cDTPAA in anhydrous chloroform,

dispensing an aliquot of the suspension containing a known amount of cDTPAA

into a clean, dry glass tube and evaporating the chloroform to dryness using a gentle

stream of nitrogen to leave a film of cDTPAA on the inside surface of the tube. The

antibody or peptide dissolved in 50mM sodium bicarbonate buffer, pH 7.5 is then

added to the tube. Reaction with cDTPAA occurs rapidly within 1–2min, although

15–30min are often allowed. DTPA conjugation efficiency is dependent on protein

concentration, pH and the molar ratio of cDTPAA: antibody/peptide. The DTPA-

derivatized biomolecule is separated from excess DTPA by SEC and/or by ultrafiltra-

tion. Pure DTPA-conjugated antibodies or peptides can be dispensed into unit-dose

vials to produce kits that can be labeled to high radiochemical purity (RCP >90%)

simply by adding 111In to the vial and incubating at room temperature for

15–30min (146). Radiolabeling is achieved by transchelation of 111In from acetate

or citrate complexes to DTPA. The acetate or citrate counterions are used to maintain

the solubility of 111In at pH 5–7.5 required for labeling. 111In-acetate or -citrate

complexes are formed by mixing 111InCl3 with 0.5–1M sodium acetate or citrate

buffer, pH 5.0. One critical parameter that must be considered for labeling biomo-

lecules with 111In is the presence of trace amounts of divalent or trivalent metal ions

(e.g., Fe, Al, Cd, and Zn) in the labeling reaction. These tracemetals may exist at even

higher levels than 111In itself in commercial 111InCl3 solutions (147) and can interfere

FIGURE2.8 Metal chelators that can be conjugated tomonoclonal antibodies or peptides for

labeling with 111In. cDTPAA: Bicyclic anhydride of diethylenetriaminepentaacetic acid;

p-SCN-Bz-DTPA: p-isothiocyanatobenzyl-diethylenetriaminepentaacetic acid. Chemically

reactive groups for conjugation to the antibodies or peptides are shaded.
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with labeling by occupying the small number of DTPAmetal binding sites conjugated

to the antibodies or peptides. Trace metal contamination is minimized by acid-

washing of glassware, by using trace-metal free plasticware, through storing

DTPA-conjugated proteins frozen (to avoid leaching of metals into the solution from

the container) and by purification of conjugation buffers on a cation-exchange column

(e.g., Chelex-100) (148). A method has been reported for ultrapurification of 111In

from trace metals in 111InCl3 solution by selective extraction of 111In as an iodide

complex into anhydrous diethyl ether (147).

Hnatowich et al. (142) found that the reaction between cDTPAA and IgG is

dependent on pH (optimum between pH 7.5 and 8.5) and protein concentration

(optimum >15mg/mL). There was an inverse relationship between the molar ratio

of cDTPAA:IgG and the conjugation efficiency with the greatest efficiency (>70%)

found at a 1:1 ratio using a protein concentration of 15mg/mL. However, it may not

always be possible to achieve these high protein concentrations and thus, greatermolar

ratios of cDTPAA: antibody/peptide (e.g., 5 : 1 to 20 : 1) are often used to compensate

for the lower conjugation efficiency at lower concentrations (e.g., 2–5mg/mL). One of

the limitations of the cDTPAA method is that the reagent contains two anhydride

moieties that can react with e-amino groups on lysines or the N-terminal amine of

biomolecules. Reaction of cDTPAA with lysines on two biomolecules causes inter-

molecular cross-linking leading to the fomation of dimers and highermolecularweight

polymers. Reaction of cDTPAA with two lysines on the same molecule generates

intramolecularly cross-linked species. This latter possibility is especially troublesome

because in contrast to intermolecularly linked species, intramolecularly cross-linked

biomolecules are not easily detected or measured by chromatographic techniques but

may significantly diminish immunoreactivity or receptor binding properties due to

protein misfolding (149). The proportion of intermolecularly linked molecules is

directly proportional to the molar ratio of cDTPAA:IgG and protein concentration in

the conjugation reaction, and the resulting substitution level (moles DTPA/mole

biomolecule) of the bioconjugate. Hnatowich et al. (142) reported that the proportion

of polymers increased from 0.3% when IgG was conjugated with cDTPAA at a 1 : 1

molar ratio (cDTPAA : IgG) to as much as 40% at a molar ratio of 10 : 1 when the IgG

concentration was 15mg/mL. Our group found less than 11% IgG dimers when the

HER-2/neu mAb trastuzumab (Herceptin) was modified with a fourfold molar excess

of cDTPAA using a protein concentration of 5mg/mL. In this instance, therewere two

DTPAmolecules/trastuzumab IgG (150).Another limitationof the cDTPAAmethod is

that one of the five carboxylic acid groups of DTPA is used to form an amide linkage

with the antibody or peptide. This converts DTPA to diethylentriaminetetraacetic acid

(DTTA) that forms amuch less stable heptadentate complexwith 111In. This instability

ismanifested by amoderate rate of transchelation invivo (7–10%perday) of 111In from

DTPA-conjugated antibodies to transferrin,which causes deposition of radioactivity in

the liver and bone marrow (151, 152). In contrast, the transchelation rate from the

octadentate 111In-DTPA complex to transferrin is 1–2% per day (152, 153). Despite

these limitations, cDTPAA has been used for 111In labeling of intact IgG

mAbs (18, 120, 148, 152), single-chain Fv fragments (154) and peptides (18, 155, 156).

In the case of peptides that harbor critical lysine residues necessary for receptor
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binding, these amino acids must be Boc-protected during conjugation of the N-

terminal amine with DTPA, then deprotected afterward (156).

To address the limitations of cDTPAA, other forms ofDTPA have been synthesized

thatpositiona reactivegroupon themethylenecarbonofoneof thecarboxymethylarms

instead of using one of the carboxylic acid groups to link to an antibody or pep-

tide (144,145).Oneof thesechelators is thep-benzylisothiocyanatederivativeofDTPA

(p-SCN-Bz-DTPA) (Fig. 2.8). The p-SCN-Bz-DTPA chelator reacts with e-amino

groups or theN-terminusof biomolecules to forma thiourea linkage.Since there is only

one reactivemoiety on the p-SCN-Bz-DTPA chelator, there is no possibility of inter- or

intramolecular cross-linking, which helps to preserve immunoreactivity or receptor

binding affinity (144, 145). Our group found that the immunoreactive fraction of mAb

2G3 reactivewith a 330 kDa glycoprotein found on breast and ovarian cancer was 0.52

when conjugated with 0.5–1.5mol of DTPA using cDTPAA, but was 0.77 when

conjugated with p-SCN-Bz-DTPA (152). Importantly, the retention of all five carbox-

ylic acidgroups in theDTPAmolecule forbinding 111In preserves thestableoctadentate
111In-DTPA complex, which diminishes the loss of 111In to transferrin in plasma. The

B-cell lymphoma antibody Lym-1 conjugated with p-SCN-Bz-EDTA (a chelator

similar to p-SCN-Bz-DTPA) and labeled with 111In showed a lower rate of loss of
111In in serum thanLym-1 conjugated toDTPAusing cDTPAA (<1%versus 14%over

5 days, respectively) (157). Similar resultswere obtained invitro in serumand invivo in

plasma in mice for other 111In-SCN-Bz-EDTA or SCN-Bz-DTPA immunoconju-

gates (158). However, our group did not observe increased stability of 111In-labeled

mAb 2G3 conjugated to SCN-Bz-DTPA in vitro in serum compared to 111In-DTPA-

mAb 2G3 (both had transchelation rates of 7% per day) but we did find a lower rate of

loss of 111In from 111In-SCN-Bz-DTPA-2G3 to ascites fluid from ovarian cancer

patients (5% versus 11% per day) (152). Avoidance of cross-linking and the increased

serum stability of p-SCN-Bz-DTPA modified biomolecules decreases liver uptake of

radioactivity, a common problem with 111In-labeled mAbs and peptides (159).

Methods havebeendeveloped to site-specifically conjugateDTPAto theFcdomain

of antibodies for labeling with 111In in order to better preserve their immunoreactivi-

ty (160). Site-specificconjugationofDTPAwas achievedby reactionof theN-terminal

amine of the tripeptide, glycine-tyrosine-lysine-DTPA (GTK-DTPA) with aldehydes

generated in the Fc-domain by sodium periodate oxidation (161). Stabilization of the

resulting Schiff base linkage betweenGTK-DTPAand the antibodieswas achievedby

sodium borohydride reduction. This approach positions the DTPA chelator remote

from the Fab antigen binding region. Nevertheless, the sodium periodate oxidation

step itself can diminish antibody immunoreactivity if not controlled (162). The

number of aldehydes generated by sodium periodate can be measured by a spectro-

photometric assay which relies on the reaction of the aldehyde groups with dini-

trophenylhydrazine (DNPH) generating a derivative that absorbs at 360 nm (163). In

an analogous approach, our group reported a novel strategy for site-specific labeling of

recombinant biomolecules with 111In that takes advantage of the high affinity of the

radiometal for transferrin (Ka¼ 1028 L/mole). We fused the gene for the n-lobe of

human transferrin (hn-Tf) through a DNA sequence that encoded a flexible polypep-

tide linker [(GGGGS)3] to the gene for vascular endothelial growth factor (VEGF165)
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and expressed the recombinant fusion protein in Pichia pastoris (164). The

hnTf-VEGF protein bound 111In directly through its hnTf moiety and retained its

binding affinity for VEGF receptors on human umbilical vascular endothelial cells

(HUVECs). The protein did not bind to transferrin receptors on cells, since such

binding requires both the n- and the c-lobes of transferrin. 111In-hnTf-VEGF localized

specifically in angiogenic U87MG glioblastoma xenografts implanted s.c. in athymic

mice permitting imaging at 72 h p.i.. However, 111In-hnTf-VEGF exhibited relatively

high liver uptake and therewas amoderately rapid loss of 111In invitro from theprotein

to transferrin inplasma (21%perday).This transchelationwasnot likelydue to a lower

affinity of the hnTf moiety for 111In, but rather caused by competition with the

relatively much higher concentrations of transferrin present in plasma.

Limiting themetal chelator substitution of amAb or peptide to 1-2DTPAor EDTA

groups per molecule in order to preserve its immunoreactivity or receptor binding

affinity restricts the specific activity that can be achieved for labeling with 111In. For

example,monosubstitutionofEGFwithDTPArestricts themaximumspecific activity

that can be practically achieved with 111In to 40MBq/mg (2.4� 105MBq/mmol). At

this low specific activity, only 1 in 8 EGF molecules carry an 111In atom and almost

90% of EGFR in a tumor would be targeted by nonradiolabeled EGF. In order to

address this issue, Remy et al. (165) conjugated maleimide-derivatized EGF with

a thiol-containing multibranched peptide containing 4 EDTA-like metal chelators for
111In. However, the MCP-4-EDTA-S-MB-EGF conjugate showed a 40-fold decrease

in receptor binding affinity in a competition assay with MDA-MB-468 human breast

cancer cells compared to EGF. In contrast, our group found that derivatization of EGF

directly with 1–2 DTPA metal chelators and labeling with 111In yielded a radiophar-

maceutical with receptor binding affinity identical to that of 125I-labeled EGF

(Ka¼ 7.3� 108 L/mol) (18). Greater success was achieved by our group in maximiz-

ing the specific activity of 111In-EGF by conjugating maleimide-derivatized EGF to

thiolated human serum albumin (HSA) that presents 60 lysine residues for DTPA

conjugation (166). Conjugation of EGF to HSA diminished its receptor binding

affinity 15-fold (Ka¼ 5.1� 107 L/mol) but there were no further decreases in affinity

when up to 23 DTPA chelators were preferentially substituted into the HSA moiety.

The specific activity of 111In-DTPA-HSA-EGF was increased 10-fold compared to
111In-DTPA-hEGF. 111In-DTPA-HSA-EGF retained its receptor-mediated internali-

zation and nuclear translocation properties in MDA-MB-468 cells and was fourfold

more growth inhibitory toward the cells. An analogous strategy was reported by

Manabe et al. (167) who used a polylysine peptide carrier to conjugate as many as 42

DTPAmolecules to the anti-HLAmAbH-1 with>90% retention of immunoreactivi-

ty. Similarly, starburst dendrimers that display 64 amine groups on their surface were

derivatized with up to 43 1B4M DTPA-like chelators, then conjugated through

a maleimido bond to mAb OST7 (168). The maximum specific activity achieved

for labeling these dendrimer immunoconjugates with 111In (8.4MBq/mg; 1.3� 106

MBq/mmol) was 48-fold higher than directly conjugated 1B4M-OST7. In another

study, polyethylene glycol (PEG) containing an amine functional group was used to

conjugate DTPA chelators to the anti-EGFR mAb C225 with good preservation of

immunoreactivity (169). This approach provides a method of labeling with 111In
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while minimizing retention of radioactivity in the liver due to conjugation with

PEG (170).

High retention of radioactivity in the liver with 111In-DTPA-conjugated mAbs is

thought tobedue to intracellular trappingof 111In-catabolites. 111In-DTPA-labeled intact

IgG antibodies interact with glycoprotein receptors on hepatocytes through their Fc-

domain and are internalized into endosomes. The antibodies are routed to lysosomes for

proteolytic degradation. The ultimate catabolite of proteolysis has been identified as
111In-DTPA-e-Lys (30, 171). This catabolite cannot easily cross the lysosomal mem-

brane due to its positive charges or be exocytosed due to its poor recognition by cell

membraneaminoacid transporters and thus,becomes trapped.Ananalogousmechanism

has been proposed for retention of 111In-labeled mAb fragments and peptides by renal

tubular cells. 111In-labeledmAb fragments or peptides are filtered by the glomerulus and

reabsorbed by renal tubular cells. Proteolytic catabolism within renal tubular cells of
111In-DTPA-F(ab0)2 fragments yields 111In-DTPA-e-Lys, which is trapped within the

cells (172).Proteolysis of 111In-DTPA-D-Phe1-octreotideor 111In-DTPA-L-Phe1-octreo-

tide similarly results in retention of 111In-DTPA-D-Phe1-OHor 111In-DTPA-L-Phe1-OH

catabolites, respectively, in renal tubular cells (173, 174).

The macrocyclic chelator, 1,4,7,10-tetraazacyclododecane N,N0,N00,N 000-tetraace-
tic acid (DOTA) (Fig. 2.9) has been less commonly used for labeling mAbs and

peptides with 111In because the kinetics of binding 111In by DOTA are slower than

those of DTPA. Elevated temperatures of 37–43�C for mAbs (175) and heating at

100�C for peptides (176) combined with longer incubation times (30–45min) are

required to obtain complete incorporation of 111In into DOTA-conjugated biomole-

cules. Nevertheless, intact IgG mAbs (175, 177), Fab fragments (178) and diabo-

dies (179) as well as octreotide (176) have been successfully labeled with 111In using

DOTA. The stability of 111In-DOTA-conjugated mAbs in serum is greater than that of

FIGURE2.9 Chemically reactive forms of twomacrocyclic chelators that can be conjugated

to monoclonal antibodies or peptides for labeling with radiometals. Groups for conjugation to

the antibodies or peptides are shaded. BAD: p-bromoacetamidobenzyl-DOTA complexes 90Y,
67Ga, 177Lu, 213Pb, 212Bi or 225Ac. BAT: bromoacetamidobenzyl-TETA complexes 64Cu or
67Cu.
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111In-DTPA-conjugated antibodies. Lewis et al. (175) found that there was less than

0.8% loss of 111In in serum from 111In-DOTA-cT84.66mAbover 10 days compared to

13.0% for 111In-DTPA-cT84.66. The advantage of conjugatingmAbs or peptideswith

DOTA for labeling with 111In is that it provides a close analogue of the corresponding

yttrium-90 (90Y)-DOTA-biomolecule used for targeted radiotherapy. Imaging with

the 111In-DOTA-biomolecule can thus be used to reliably predict radiation dosimetry

estimates to tissues for the 90Y-DOTA-biomolecule (180, 181).Useof an 111In-DTPA-

conjugatedmAb or peptide for this purposemay yield inaccurate dosimetry estimates

because of major differences in the stability in vivo between 111In- and 90Y-DTPA

complexes.

2.6.4 Yttrium Radionuclides

Two radionuclides of yttrium: 86Y and 90Y are available for labelingmAbs or peptides

for imaging or radiotherapeutic purposes. 86Y(Table 2.2) is a positron emitter with

a half-life of 14.7 h that is produced in a cyclotron using the 86Sr(p,n)86Y reac-

tion (182). The spatial resolution for detection of the positron annihilation from 86Y is

1.8mm compared to 0.7mm for 18F (13). 90Y (Table 2.3) is a pure b-emitter with

a half-life of 2.7 days that is produced by a strontium-90 (90Sr)/90Y generator (183).
90Y is an attractive radionuclide for targeted radiotherapy of cancer because it does not

emit g-radiation that minimizes the radiation exposure to healthcare personnel and

family members from a patient administered high doses of 90Y-labeled mAbs or

peptides. For example, patients with non-Hodgkin’s B-cell lymphoma treated with
90Y-ibritumomab tiuxetan (Zevalin; IDECPharmaceuticals) donot need tobe isolated

for radiation safety reasons and can be treated as outpatients, whereas patients

receiving 131I-labeled tositumomab (Bexxar; GlaxoSmithKline) require special radi-

ation safety precautions to be taken (184). However, since 90Y does not emit

g-radiation, the tissue distribution of 90Y-labeledmAbs and peptides cannot be easily

imaged (only poor spatial resolution Bremstrahlung images can be acquired).

Therefore, the radiation-absorbed doses to tissues in patients from 90Y-labeled mAbs

orpeptidesareoftenestimatedby imagingwith the 111In-labeledanalogues (180, 181).

However, as previously mentioned, differences in the in vivo stability of 111In- and
90Y-labeled biomolecules can produce discrepancies in their pharmacokinetics and

normal organ distribution yielding inaccuracies in the dosimetry estimates. PETusing
86Y-labeled analogues has been suggested as a means of more accurately estimating

the radiation-absorbed doses from 90Y-labeled biomolecules (185).

The macrocyclic chelator, DOTA (Fig. 2.9) is the chelating agent of choice for

labeling mAbs and peptides with yttrium-90 (90Y) due to the high stability of
90Y-DOTAcomplexes (Ka¼ 1024 L/mol) (186). Initially,DTPAwas used as a chelator

for 90Y (187), but it was discovered that 90Y-DTPA complexes were unstable in vivo

that caused bone accumulation of free 90Y released from the immunoconjugates. The

stability of 90Y-labeled biomolecules is of paramount importance because even

a small amount of free 90Y sequestered in the bone can contribute significantly to

bone marrow toxicity due to the long range (10–12mm) of the emitted b-particles
(“cross-fire” effect). This is one of the reasons that the maximum tolerated dose of
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90Y-labeled mAbs (e.g., Zevalin) is 32mCi, whereas up to 150mCi of 131I-labeled

mAbs can be safely administered (2). Bz-SCN-DTPA(Fig. 2.8) yieldsmore stable 90Y

complexes than those formed with DTPA, but the complexes are not as stable as the
90Y-DOTA complexes. In one study (188), the bone uptake of radioactivity in mice

implanted s.c. with SK-RC-52 renal cell carcinoma xenografts at 7 days p.i. of
90Y-DOTA-conjugated chimericG250mAbswas only 0.4% i.d./g, compared to 1.2%

i.d./g for Bz-SCN-DTPA- and 10.7% i.d./g for DTPA-conjugated mAbs. Similarly, a

threefold lower bone uptake of radioactivity at 10 days p.i. in mice was observed for
88Y-DOTA-hLL2 anti-CD22 mAbs compared to 88Y-Mx-DTPA-hLL2 mAbs (189).

DOTA,whichwasfirst described byMeares et al. in 1990 (190) can be conjugated to

mAbs by conversion to its reactive form, p-bromoacetamidobenzyl-DOTA (BAD)

(Fig. 2.9) followed by reaction of BAD with free thiols introduced into the mAbs by

reactionwith2-iminothiolane (2-IT) (191).2-ITalsocreatesa spacerbetween themAbs

and the DOTA chelator that allows more efficient labeling with 90Y. An alternative

approach involves reaction of anN-hydroxysuccinimidyl ester of DOTAwith e-amino

groups on lysine residues or theN-terminus of biomolecules (192). Labeling ofDOTA-

conjugated mAbs is achieved by incubation with 90Y chloride (90YCl3) mixed with

0.5M ammonium acetate buffer, pH 7.0–7.5 for 30min at 37�C (193). Similar

conditions have been employed for labeling DOTA-conjugated peptides with 90Y,

except that a temperature of 80–100�C was used to accelerate the incorporation of
90Y (194). Labeling of biomolecules with 90Y usingDOTA is highly susceptible to the

effects of divalent trace metal ion contamination, especially Ca2þ, Fe2þ and Zn2þ. In
fact, theaffinityconstant (Ka) forbindingofFe

2þbyDOTAis100,000 timeshigher than

that for binding 90Y (186). It is critical to exclude trace-metals asmuchas possible from

the 90Y-labeling step. One recent letter to the editor even suggests that minor trace-

metal contamination of pipette tips can seriously diminish the labeling efficiency of

DOTA-conjugated peptides with 90Y (195). Another important issue in labeling

biomolecules with 90Y is the potential for radiolysis. Interaction of the moderate

energy (Emax¼ 2.2MeV) b-particles emitted by 90Y with water molecules in the

buffers used to formulate the radiopharmaceuticals generates highly reactive free

radicals that degrade the metal chelator as well as the biomolecules. The radiolysis

effect is dependent on specific activity andon radioactivity concentration.For example,
90Y-BAD-2-IT-Lym-1 antibodies formulated at a specific activity of 1–2mCi/mg

remained pure and relatively immunoreactive (>75%) in storage over a 3-day peri-

od (196).However, at a specificactivityof4mCi/mg, the radiochemicalpurity (RCP)of
90Y-BAD-2-IT-Lym-1dropped to65%and the immunoreactivity decreased to28%.At

a specific activity of 9.4mCi/mg, the RCP of 90Y-BAD-2-IT-Lym-1 decreased to 21%

and the immunoreactivity was virtually abolished (3%). Radiolysis can be minimized

by inclusion of radioprotectants such as ascorbic acid, gentisic acid, or human serum

albumin in the formulation and by freezing the radiolabeled biomolecules tominimize

diffusion of free radicals in the aqueous solutions (196, 197). In one study, it was shown

that ascorbic acidmay also act as a suitable buffering agent, thereby removing the need

for the ammonium acetate buffer (198).

Acontroversial issuewith respect to theuseofDOTAasametal chelator for 90Y and

other radiometals is its potential immunogenicity in humans. In a Phase I/II clinical
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trial in which six ovarian cancer patients received 90Y-DOTA-HMFG1murine mAbs

intraperitoneally, all patients developed anti-DOTA antibodies and three patients

developed serum sickness (199). Four of eight patients who received 111In-DOTA-

conjugated mAbs intravenously developed anti-DOTA antibodies. The immune

response appears to be directed against the DOTA ring structure and not the

benzyl-containing side chain. The immune response to DOTA is also dependent on

the antigenicity of the biomolecule to which it is conjugated, since rabbit IgG

conjugated to DOTA did not induce anti-DOTA antibodies in rabbits, whereas mouse

IgG-DOTA immunoconjugates administered to rabbits stimulated an immune re-

sponse toward the chelators (200). Moreover, an immune response to DOTA has not

been found with all mAbs. Anti-DOTA antibodies were not detected in the serum of

18 lymphoma patients administered multiple doses of 111In-BAD-2-IT-Lym-1mAbs,

although these patients typically do not mount a strong immune response to radio-

immunoconjugates (201). Similarly, 90Y-DOTATOC, an octapeptide somatostatin

analogue does not appear to be immunogenic, again suggesting that the biomolecule

must be considered in assessing the immunogenicity of DOTA (202).

2.6.5 Gallium Radionuclides

Gallium-67 (67Ga) (Table 2.1) is a cyclotron-produced radionuclidewith a half-life of

78.2 h that has been used for many years in nuclear medicine as 67Ga citrate for tumor

imaging (203). Despite its history of use, the properties of 67Ga are not ideal for

imaging due to the high energy of two of its g-photons (Eg¼ 300 and 393 keV) that

make it difficult to collimate with the g-camera. Nevertheless, 67Ga has recently

received attention as a radiolabel for mAbs for targeted radiotherapy of cancer,

exploiting its abundent Auger and conversion electron emissions (see Chapter

9) (204). Most of the other recent interest in gallium radionuclides has been focused

on labeling peptides with 68Ga for PET (Table 2.2) (205). Antibodies have not been

labeledwith 68Ga forPET,because their kinetics of tumoruptake and elimination from

the blood and normal tissues is not compatible with the 68min half-life of the

radionuclide. 68Ga is conveniently produced using a germanium-68 (68Ge)/68Ga

generator system that allowsproductionof the radionuclide for up to 1year in anuclear

medicine facility from a single generator, due to the long half-life of 68Ge (270

days) (206). 68Ga decays to 68Zn. Its positron energy is 1.92MeV, which provides

a spatial resolution of 2.4mm versus 0.7mm for 18F (13). 66Ga (Table 2.2) is a longer

lived positron-emitting radionuclide of gallium (half-life 9.5 h) that has also been

studied for labeling peptides for PET (207).

Initially, desferrioxamine (DFO) was used as a chelator for labeling peptides with
68Ga (74, 208), butmore recentlyDOTAhasbeen used (Fig. 2.9) (205, 209).Most PET

studies with 68Ga-labeled peptides have focused on DOTATOC, a synthetic octapep-

tide analogue of somatostatin. Labeling DOTATOC involves adjusting the pH of
68GaCl3 that is eluted in 0.5M HCl from the 68Ge/68Ga generator to pH 4.8 with

50mM sodium acetate buffer. The required amount of 68Ga acetate complex is then

mixedwithDOTATOC (10–20 nmol) and heated at 95�Cfor 15min in a heating block.

Early studies in which DOTATOCwas labeled with 68Ga using this technique yielded

LABELING ANTIBODIES AND PEPTIDES WITH RADIOMETALS 71



labeling efficiencies thatwereonly about 50%, thus requiringpostlabeling purification

of the radiopharmaceutical on a C-18 Sep-Pak cartridge (209, 210). The final

radiochemical purity was >95%. The large volumes of 68Ga eluates eluted from the
68Ge/68Ga generator as well as contamination with trace metals were believed to be

responsible for the low labeling efficiencies for DOTATOCwith 68Ga. Improvements

in the concentration of 68Ga eluates using an ion-exchange cartridge combined with

more homogeneousmicrowave heating of the labeling reaction for 10–20min yielded

almost complete incorporation of 68Ga into extremely small quantities (<1 nmol) of

DOTATOC, thus increasing the specific activity by almost 100-fold (211).

Interestingly, DOTATOC labeled with 68Ga has a fivefold higher binding affinity

for SMSR subtype 2 (IC50¼ 2.5 nmol/L) compared to 90Y-DOTATOC

(IC50¼ 11 nmol/L) and a ninefold higher affinity than that of 111In-DTPA-octreotide

(IC50¼ 22 nmol/L) (212).Combinedwith the high spatial resolution and sensitivity of

PET, this provided greater sensitivity for imaging small meningioma lesions (100%

versus 85%) in patients compared to SPECT imaging with 111In-DTPA-octreo-

tide (210, 213). The somatostatin analogue DOTANOC that binds to SMSR subtypes

2 and5has been labeledwith 68Ga andused for PETof a patientwithmetastases froma

neuroendocrine tumor (214). Preclinical studies have been performed inmouse tumor

xenograft models using 68Ga-DOTA-a-melanocyte-stimulating hormone (a-MSH)

for imaging melanoma (215) or 68Ga-DOTA-EGF to image gliomas or epidermoid

carcinomaxenografts (216).Due to the availability of a generator system for 68Ga, it is

not necessary for a nuclear medicine facility to have access to a cyclotron, and

therefore, it is likely thatmore studies leading to clinical application ofmany different
68Ga-labeled peptides for PET imaging of tumorswill be performed in the near future.

2.6.6 Copper Radionuclides

There are several radionuclides of copper that are suitable for labeling mAbs, their

fragments or peptides for PET (e.g., 60Cu, 61Cu, or 64Cu) (Table 2.2) (217). 64Cu

decays with a half-life of 12.7 h by three different pathways: (i) electron capture

(41%) emitting Auger and conversion electrons, (ii) positron (bþ) emission (19%),

and (iii) b�-emission (40%). The b�-emissions make the radionuclide attractive for

radiotherapy of tumors in addition to its use in PET. Indeed, in one study, 64Cu-labeled

octreotide inhibited the growth of CA20948 rat pancreatic tumors in Lewis rats (218).

In another study, 64Cu-labeled 1A3mAbs were used to treat hamsters implanted s.c.

with GW39 human colon carcinoma xenografts (219). 64Cu is most commonly

produced in a biomedical cyclotron by the 64Ni(p,n)64Cu reaction using a 64Ni-en-

riched target (220, 221). The positron energy of 64Cu is almost identical to that of 18F

(0.657MeV versus 0.635MeV, respectively), and the intrinsic spatial resolution is

indistinguishable (0.73mm versus 0.70mm, respectively) (13, 222). However, due to

the lower abundance of positron emission with 64Cu compared to 18F (19% versus

97%), the sensitivity for PET with 64Cu is about fivefold lower than that with
18F (222). The short-lived positron emitter, 61Cu (half-life 3.32 h) (Table 2.2) has

a greater abundance of positron emission than 64Cu (60% versus 19%) and has been

used for labeling octreotide for PETofCA20948 tumors in rats (223). 67Cu (Table 2.3)
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can be used for labeling mAbs and peptides for targeted radiotherapy. 67Cu decays

with a half-life of 2.6 days emitting b� particles with energies of 0.395 (51%), 0.484

(28%), and 0.577MeV (20%) as well as several g-photons with energies ranging from
91 to 300 keV that are imageable (224). 67Cu is produced in a biomedical cyclotron

using the natZn(p,2p)67Cu or 68Zn(p,2p)67Cu reactions or in a nuclear reactor using

the natZn(n,p)67Cu reaction (224).

DTPA and benzyl-EDTA (Fig. 2.8) were initially examined for chelating 67Cu, but

it was soon found that the complexes formedwere unstable, releasing 70–95%of their

radiolabel in vitro in serum over 5 days (225). In contrast, the macrocyclic chelator,

1,4,8,11-tetraazacyclotetradecane-N0,N00,N 000-tetraacetic acid (TETA) (Fig. 2.9) pro-

vided amore stable 67Cu complex that lost only 2–6%of the radiolabel in serumwhen

conjugated to Lym-1 antibodies (225). This greater stability of 67Cu-TETA versus
67Cu-DTPA or Bz-EDTA complexes is not due to a higher thermodynamic stability,

but rather is believed to be due to the structural rigidity of the 67Cu-TETAcomplex that

shields the radionuclide fromattackbyendogenous copper bindingproteins.Copper is

bound in plasma by albumin and transcuprein, which transport the metal to hepato-

cytes (217). Copper internalized by hepatocytes is used to synthesizemetalloenzymes

such as superoxide dismutase (SOD), is stored bound to metallothionein (MT) or is

secreted back into the plasma complexed to ceruloplasmin. DOTA (Fig. 2.9) and its

analogues form stable complexes with copper radionuclides, but TETA is the most

widely used chelator (217).

BAT (Fig. 2.9) is a modified form of TETA that contains a bromoacetamidobenzyl

side chain that is reactive with antibodies modified with 2-minothiolane (2-IT) to

present a free thiol. The inclusionof the 2-IT spacer improves the labeling efficiencyof

the antibodieswith 67Cu and 64Cu (226).DOTAandTETAchelators canbe introduced

into peptides during solid-phase synthesis for labeling with 64Cu/67Cu (227, 228).

Labeling of TETA-conjugated mAbs or peptides is achieved by incubation with
64Cu/67Cu in 100mM ammonium citrate buffer, pH 5.5 at room temperature for

30–60min (227, 229). Disodium EDTA is added to chelate any unbound radiometal

and the 64Cu/67Cu-labeled biomolecules are purified by SEC. 64Cu/67CuCu labeled

peptides are usually purified on a C-18 Sep-Pak (Waters Associates, Inc., Milford,

MA).UsingTETA,mAb1A3 IgGand its F(ab0)2 fragmentswere labeledwith 64Cu for

PET in a Phase I/II trial of 36 patients with colorectal carcinoma (230) and Lym-1

antibodies were labeled with 67Cu for RIT of 12 patients with non-Hodgkin’s

lymphoma (229). Several different peptides have been labeledwith 64Cu usingDOTA

or TETA for PETof tumors including octreotide analogues (227, 228, 231, 232), RGD

peptides that recognize avb3 integrins (233), vasoactive intestinal polypeptide (VIP)
analogues (234) and bombesin derivatives (235).

64Cu/67Cu labeled intact IgG antibodies exhibit high accumulation in the liver,

whereas 64Cu/67Cu-labeled F(ab0)2 fragments and peptides are retained by the

kidneys. In rats administered 1A3 mAbs labeled with 67Cu using four different

chelators, including 1-[(1,4,8,11-tetraazacyclotetradec-1-yl)methyl]benzoic acid

(CPTA), a macrocycle related to TETA, it was found that there was a slow rate of

transchelation of 67Cu to SOD in the liver (236). In contrast, 67Cu-labeled F(ab0)2
fragments of mAb 1A3 were rapidly catabolized to 67Cu-CPTA-e-lysine. Similarly,
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transchelation of radiometal to SOD in the liver was observed for 64Cu-TETA-

octreotide in rats (237). However, in a clinical study, in which 10 patients received
67Cu-2IT-BAT-Lym-1 antibodies (238), only a small fraction (0.8–7.8%) of the

injected dose of 67Cu was recycled by the liver, and in this case, mostly to ceruloplas-

min.Therewas no transchelation toSODdetectable. The higher concentration ofSOD

in the liver of rats compared to humans may account for this species-dependent

catabolic route for 64Cu/67Cu-labeled biomolecules (237).

2.6.7 Lutetium Radionuclides

Lutetium-177 (177Lu) (Table 2.3) is ab-emitting radionuclide (Eb¼ 0.495MeV)with

a half-life of 6.7 days that is useful for labeling mAbs and peptides for targeted

radiotherapy. In addition, 177Lu emits g-photons of energies 113 and 208 keV that can

be imaged. 177Lu is produced in a nuclear reactor by neutron irradiation of 176Lu2O3.

Several chelators have been employed for labeling mAbs and peptides with 177Lu

including derivatives of DOTA (e.g., PA-DOTA and CA-DOTA) (Fig. 2.9) and

analogues of DTPA (e.g., CHX-A-DTPA and SCN-Bz-DTPA) (Fig. 2.8) (239). The

difference between the two DOTA chelators is that in PA-DOTA, the benzylisothio-

cyanate side chain used for conjugation is attached to one of the nitrogens in the

macrocycle, whereas in CA-DOTA, it is attached to a methylene carbon. PA-DOTA

forms a less stable complex with 177Lu than CA-DOTA or CHX-DTPA (239). The

instability of the 177Lu-PA-DOTA complex may have accounted for the prolonged

retention of radioactivity in the reticuloendothelial system (RES) including the bone

marrow of patients administered 177Lu-PA-DOTA-CC49 mAbs for RIT of TAG-72-

positive malignancies and consequently, the observed dose-limiting hematopoietic

toxicity (240). 177Lu released frommAbs or peptides is expected to be sequestered in

the skeleton since lutetium competes with calcium for bone deposition (241). It has

been shown that by adding DTPA to 177Lu-DOTA0-Tyr3]octreotate used for PDRTof

SMSR-positive tumors, the small amount (<2–5%) of free 177Lu impurity in the

radiopharmaceutical can be rapidly eliminated from the body by renal excretion as
177Lu-DTPA, thus minimizing bone uptake (242). In addition to labeling intact IgG

CC49mAbswith 177Lu (240, 243), dimeric scFv fragments of this antibody have been

labeled with 177Lu for radiotherapeutic purposes (244).

2.6.8 Lead, Bismuth, and Actinium Radionuclides

DOTA (Fig. 2.9) is a also useful bifunctional chelator for labeling mAbs with

radionuclides of lead, bismuth, and actinium for targeted radiotherapy (2). Lead-

212 (212Pb) decays to thea-emitter, bismuth-212 (212Bi). Thea-emitter, actinium-225

(225Ac) decays to a series of daughter radionuclides that are a-emitters (221Fr, 217At,
213Bi) or b-emitters (213Po, 209Tl, 209Pb, 209Bi). The use of 225Ac as a radiolabel for

mAbs has been termed an “atomic nanogenerator” since the decay of 225Ac generates

the daughter radionuclides locally in tumors that then emit several different forms of

radiation that kill cancer cells (245). The main concern for employing radionuclides

such as 212Pb or 225Ac that do not decay directly to stable elements is that the decay
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processmay decrease the stability or evendisrupt themetal chelate complex due to the

transformation of one element into another (i.e., 212Pb is converted into 212Bi) with

subsequent releaseof free daughter radionuclides. Inparticular, bismuthhas an affinity

for the kidneys, and it was shown that even low doses of 225Ac-labeled HuM195

antibodies caused severe renal toxicity and anemia in monkeys, likely due to the

release of 213Bi and redistribution of the radionuclide to the kidneys (246). Bismuth

radionuclides are also stably bound by CHX-A-DTPA and CHX-B-DTPA, two

analogues of DTPA (Fig. 2.8) (247, 248). HER2/neu mAbs AE1 and trastuzumab

(Herceptin, Roche Pharmaceuticals) have been labeled with 212Pb or 225Ac, respec-

tively, using DOTA as the metal chelator (249, 250).

2.7 CHARACTERIZATION OF RADIOLABELED mAbs AND PEPTIDES

It is important to fully characterize the properties of radiolabeled mAbs and peptides

intended for tumor imaging or targeted radiotherapy of malignancies. Characteriza-

tion includes (i) analytical tests that evaluate homogeneity and radiochemical purity,

(ii) radioligand binding assays that assess the ability to specifically bind target

antigens/receptors in vitro, (iii) stability studies that assess the loss of radiolabel

in vitro in biologically relevant media, and (iv) biodistribution, pharmacokinetic,

dosimetry, and imaging studies that reveal tumor and normal tissue uptake in vivo in

an animal model and predict radiation-absorbed doses in humans.

2.7.1 Evaluation of the Homogeneity of Radiolabeled mAbs
and Peptides

Evaluation of homogeneity is especially important formAbs or peptides conjugated to

chelators for labeling with radiometals. Substitution of these biomolecules with too

many chelatorsmay significantly decrease their immunoreactivity or receptor binding

affinity (160). The substitution level (moles of chelators/mole of biomolecule)may be

measured by spectrophotometric, fluorescence or radiochemical assays. For example,

HYNIC substitution in biomolecules intended to be labeledwith 99mTc or 186Re/188Re

can be measured by a colorimetric assay that relies on reaction of the HYNIC groups

with p-nitrobenzaldehyde to form a complex that absorbs at 385 nm (163). DTPA

substitution for labeling biomolecules with 111In can bemeasured by several different

techniques (i) radiochemical assays that rely on the binding of 111In or 57Co by

DTPA (142, 251), (ii) spectrophotometric assays that generate a colored arsenazo III

DTPA complex (252), (iii) fluorescence assays that measure the binding of europium

(III) by DTPA (253), or (iv) immunoelectrofocusing (IEF) that reveals changes in pI

associated with DTPA substitution (254). The most common method is simply to

radiolabel an aliquot of the impure DTPA conjugation mixturewith a trace amount of
111In and separate the resulting 111In-DTPA-biomolecule from free 111In-DTPA by

silica gel instant thin layer chromatography (ITLC-SG) developed in 100mM sodium

citrate, pH 5.0. The conjugation efficiency is then calculated from the ITLC-SG

results and multiplied by the molar ratio of cDTPAA: antibody/peptide used in the
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reaction to estimate the average number of moles of DTPA per mole of biomolecule.

Typically, a substitution level of 1–2 moles DTPA per mole of mAb or peptide is

desirable to minimize polymerization and/or interference in immunoreactivity or

receptor binding affinity (160). The number of DOTA chelators introduced into

antibodies or peptides for labeling with 90Y, 68Ga, 177Lu, 212Bi, or 225Ac can be

measured by a spectrophotometric assay which measures the decrease in absorbance

at 656 nm for a Pb(II)-arsenazo III complex upon transchelation of Pb2þ to

DOTA (255).

The polymerization of biomolecules as a consequence of cross-linking due to

bifunctionalmetal chelator substitutionmaybe assessed by size-exclusionHPLCwith

UV-detection (Fig. 2.10) or by sodium dodecylsulfonate polyacrylimide gel electro-

phoresis (SDS-PAGE) (Fig. 2.10). Polymerization is most commonly due to cross-

linking of mAbs or peptides by bifunctional chelators such as cDTPAA that contain

two chemically reactive groups that interact with e-amino groups on lysines on two

separate biomolecules (intermolecular linkage) or within one biomolecule (intramo-

lecular linkage) (142, 152). Such polymerization can be eliminated by using a

bifunctional chelator that contains only a single reactive group (e.g., SCN-Bz-DTPA).

FIGURE 2.10 Two analytical methods used to assess the purity and homogeneity of metal-

chelated monoclonal antibodies or peptides. (a) Size-exclusion HPLC analysis of trastuzumab

(Herceptin) IgG conjugated with the bicyclic anhydride of DTPA (cDTPAA) on a Bio-Sep-

SEC-S2000 column eluted with 150-mM sodium chloride/10-mM sodium phosphate buffer,

pH 6.8, at a flow rate of 0.6mL/min with UV-detection at 280 nm. The molar ratio of cDTPAA:

IgG was 4 : 1. Peak with a retention time (tR) of 7.81min represents a DTPA-conjugated

trastuzumab monomer. Peak with tR of 7.15min represents a DTPAA-trastuzumab dimer

caused by cross-linking of the antibody molecules through the two chemically reactive groups

on cDTPAA. Peak with tR of 13.0min represents a small amount of unconjugated DTPA

(detected through a change in refractive index). (b) SDS-PAGE analysis of trastuzumab

(Herceptin) IgG conjugated with cDTPAA on a 4–10% Tris HCl gradient minigel stained

with Coomassie Brilliant Blue. There is an increase in the proportion of dimerized (300 kDa)

and polymerized (>300 kDa) IgG species as the molar ratio of cDTPAA:IgG is increased from

1 : 1 to 50 : 1.
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The level of polymerization that is tolerable depends on the biomolecule, but less than

10% higher molecular weight species is desirable to avoid diminishing immunoreac-

tivity or receptor binding affinity, as well as to minimize sequestration by the

reticuloendothelial system (159).

2.7.2 Measurement of Radiochemical Purity

In our laboratory, we determine the radiochemical purity of radiolabeled mAbs or

peptides by size-exclusion HPLC on a BioSep SEC-S 2000 column (Phenomenex,

Canada) elutedwith 100mMsodiumphosphate buffer, pH7.4 at a flow rate of 1.0mL/

min and interfaced with a PerkinElmer diode array detector set at 280 nm and a flow

scintillation analyzer (FSA; PerkinElmer) radioactivity detector (Fig. 2.11). The RCP

of radiolabeled peptides could also be measured by reversed-phase HPLC on a C-18

FIGURE2.11 Left panel: A size-exclusionHPLC systemwith a diode arrayUV-detector and

FSA flow-through radioactivity detector for evaluating the radiochemical purity and homoge-

neity of radiolabeled monoclonal antibodies and peptides. Right panel: Typical HPLC

chromatograms obtained for analysis of 111In-DTPA-conjugated trastuzumab (Herceptin).

The radioactivity signal is offset from the UV-signal because of the distance of tubing between

the two detectors, which are in sequence. The radioactivity signal has less resolution than the

UV-signal due to its larger flow cell. 111In-DTPA-trastuzumab IgG in this example has less than

5% free 111In-DTPA impurity (indicated by the small peak on the radioactivity trace at

tR¼ 13.8min). The major peak with a tR of 7.7min in the UV-trace and 9.5min in the

radioactivity trace represents a 111In-DTPA-trastuzumab IgGmonomer. The smaller peak with

a tR of 7.1min in the UV-trace and 8.25min in the radioactivity trace represents a 111In-DTPA-

trastuzumab IgG dimer.
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column eluted with trifluoroacetic acid/methanol/water combinations. Through over-

laying the UV and radioactivity traces, these HPLC chromatograms qualitatively

confirm that the biomolecule is indeed radiolabeled. Furthermore, they identify and

quantify any radiochemical impurities, such as free radiolabeled chelators or radio-

nuclides. However, for rapid measurement of RCP, paper chromatography or ITLC

systems are most commonly used. The level of RCP purity required for radiolabeled

mAbs and peptides depends on their intended clinical application and the toxicity

associated with any impurities. A RCP >90% would be acceptable for mAbs or

peptides labeled with a single g-photon emitter (e.g., 99mTc or 111In) or a short-lived

positron emitter (e.g., 18F or 68Ga) intended for tumor imaging. On the other hand,

biomolecules labeled with a-emitters (e.g., 211At) or b-emitters (e.g., 131I or 90Y) for

targeted radiotherapy require a higher RCP (>95%) because of the larger amounts of

radioactivity administered and the inherent toxicity of the radiochemical impurities,

particularly if theyconcentrate in a radiation sensitiveorgan (e.g., boneor thyroid). For

example, free 90Y is sequestered in vivo by bone, increasing the risk for bone marrow

toxicity (256).

2.7.3 Measurement of Immunoreactivity/Receptor Binding Properties

The immunoreactivity or receptor binding characteristics of mAbs or peptides

conjugated to chelators for radiometal labeling must be assessed since these affect

tumor uptake in vivo (160). Similarly, these properties should be reevaluated for the

final radiolabeled biomolecules. There are two parameters that are measured: (i) the

antigen/receptor binding affinity and (ii) the immunoreactive fraction (IRF) or

receptor binding fraction (RBF). The affinity constant (Ka) or dissociation constant

(Kd) are measured in direct or indirect competition antigen/receptor binding assays

and compared with those of the unmodified mAbs or peptides. Direct binding assays

(previously known as Scatchard assays), are performed by incubating increasing

concentrations of radiolabeled mAbs or peptides with tumor cells that express

the target epitopes/receptors. These assays may also be performed by incubating

the radiolabeled biomolecules with purified antigens/receptors coated onto wells in

a microELISA plate. The radiopharmaceutical binding to the cells is measured in the

absence (total binding (TB)) or presence (nonspecific binding (NSB)) of an excess

(e.g., 100 nM) of nonradiolabeled biomolecules to saturate the epitopes/receptors.

Specific binding (SB) is obtained by subtracting NSB from TB and is plotted versus

the concentration of radiolabeled mAbs or peptides (Fig. 2.12). The data is fitted to

a direct antigen/receptor binding model using nonlinear curve fitting software (e.g.,

Prism�, Graphpad Software, San Diego, CA) and the Kd and maximum number of

binding sites/cell (Bmax) estimated. Competition radioligand binding assays can be

performed by measuring the binding of radiolabeled mAbs or peptides to cells

displaying the target epitopes/receptors in the presence of increasing concentrations

of unmodified biomolecules. The Kd is then estimated from the concentration of

unmodified antibodies or peptides required to displace 50% of the initial binding

of the radiolabeled biomolecules to the cells. Finally, the IRF or RBF of radiolabeled

mAbs or peptides may be measured by the Lindmo assay (257). In this assay, a small
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FIGURE 2.12 Left panel: Results for a direct binding assay for a 111In-DTPA-trastuzumab

(Herceptin) IgG incubatedwith SK-BR-3 human breast cancer cells overexpressingHER2/neu.

The Ka and Bmax in this example were 1.2� 108 L/mol and 1.0� 106 receptors/cell, respec-

tively. Right panel: Results for measurement of the IRF of a 111In-DTPA-trastuzumab IgG

incubatedwith SK-BR-3 cells using the Lindmomethod (257). In this example, the intercept on

the ordinate (1/IRF) was 1.7 and the IRF was therefore 0.59.

FIGURE 2.13 Micro-SPECT/CT imaging of an anthymic mouse bearing a subcutaneous

MDA-MB-361 human breast cancer xenograft (arrow) at 72 h postintravenous (tail vein)

injection of 111In-DTPA-pertuzumab (Omnitarg), a second-generation antibody directed

toward HER2/neu receptors. The tumor is clearly visualized using the radiopharmaceutical.

The anatomy is shown by coregistration of the CT and nuclear medicine images.
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amount of radiolabeled mAbs or peptides (e.g., 5–10 ng) is incubated with increasing

concentrations of tumor cells that display the target epitopes/receptors. The total

radioactivity counts added to the cells divided by the bound counts (T/B) is plotted

versus the inverse of the cell concentration (1/[cells]). The intercept on the ordinate of

this plot is 1/IRF or 1/RBF (Fig. 2.12). The IRF or RBF provides information that is

different than that of Ka or Kd, in that these parameters describe the fraction of

radiolabeled biomolecules that are able to bind their target epitopes or receptors, at

“infinite antigen excess,” irrespective of their binding affinity. Ideally, measurement

of Ka or Kd as well as determination of IRF or RBF should be performed to assess

immunoreactivity or receptor binding characteristics.

2.7.4 Evaluation of In Vitro and In Vivo Stability

Studies to evaluate the in vitro and in vivo stability of radiolabeled mAbs and peptides

are an integral part of their development. Kits used to prepare radiolabeled biomo-

lecules must meet specifications established for radiolabeling efficiency, immunore-

activity/receptor binding, homogeneity, sterility, and apyrogenicity and other quality

control tests over the expected storage period (see Chapter 17) (146). Similarly, the

radiolabeled biomolecule itself must maintain the specified level of RCP over the

interval from the time of labeling until it is administered. The results of these stability

studies will define the expiry times for the kits and/or radiolabeled mAbs or

peptides (146). The stability of the radiolabeled biomolecules in vitro in biologically

relevant media such as plasma or serum must also be determined. The anticipated

mechanismof loss of radiolabel invivo should be taken into account in designing these

studies. For example, studies examining the transchelation of radiometal to transferrin

in serum/plasma are necessary for 111In- or 67Ga-labeled biomolecules (152),whereas

studies that measure transchelation to albumin or other copper binding proteins are

required for 64Cu/67Cu-labeled biomolecules (225). Cysteine-challenge studies are

required for 99mTc-labeled biomolecules, especially those labeled using the Schwartz

technique (94, 258).Frequently, stability invitrodoesnot predict stability invivo, since

the radiolabeledmAbsor peptidesmaybecatabolized in tissues resulting in the release

and redistribution of radionuclides. For example, radioiodinated mAbs and peptides

are stable invitro in serum/plasma but invivomaybe internalized by tumor and normal

cells, in which they are rapidly catabolized by lysosomal proteases and deiodinases

resulting in the release and redistribution of free radioiodine. This instability in vivo

can be addressed by employing residualizing radioiodination techniques. Neverthe-

less, due to the limitations of in vitro stability studies, it is important to evaluate the

stability of radiolabeled mAbs and peptides in vivo by chromatographic analysis of

plasma/serum samples to identify any circulating radioactive catabolites, aswell as by

monitoring changes in tissue distribution of radioactivity over time by imaging or

biodistribution studies. In these studies, it is critical to sample tissues that are known to

sequester the radionuclide, should it be released from the biomolecule, that is, bone for
90Y or 177Lu and thyroid and stomach for iodine radionuclides.NoninvasiveSPECTor

PET imaging studies in humans allow these stability studies to be continued into

clinical trials of the radiolabeled biomolecules.
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2.7.5 Preclinical Biodistribution, Tumor Imaging, and Dosimetry
Studies

It is important to evaluate the tumor and normal tissue distribution of radiolabeled

biomolecules in an animal model (see Chapter 11). For radiolabeled mAbs and

peptides intended to target solid tumors, these studies are performed in athymic mice

implanted s.c. with human tumor xenografts (18, 108, 120, 133, 259). In the case of

hematological malignancies (e.g., B-cell lymphoma or leukemias), athymic or non-

obese diabetic severe combined immunodeficient (NOD-scid) mice may be engrafted

s.c. or inoculated intravenously (i.v.) with malignant cells to establish a tumor model

(260–262). Tumor-bearing mice are injected i.v. with 25–100 mCi (0.9–3.7MBq) of

radiolabeled mAbs or peptides. Control groups may consist of (i) mice bearing the

same tumors but injected with radiolabeled nonspecific (irrelevant) mAbs or peptides

that do not recognize the target epitopes/receptors, (ii) mice bearing these tumors but

injected with the radiolabeled mAbs or peptides mixed with a large excess of the

unlabeled biomolecules to saturate the epitopes/receptors, or (iii) mice implanted

with a tumor that does not express the target epitopes/receptors but receiving the

radiolabeled mAbs or peptides. Groups of 5–6mice are sacrificed at selected times p.

i. depending on the anticipated pharmacokinetics. The tumor and samples of blood

and normal tissues are obtained, weighed and the radioactivity in each measured by

g-scintillation counting. For pure b-emitters (e.g., 90Y), liquid scintillation counting

may be used tomeasure the radioactivity in tissues or alternatively, the Bremstrahlung

radiation caused by interaction of the b-particles with the tissues can bemeasured in a

g-counter. The tumor and normal tissue uptake is expressed as the percent injected

dose per gram of tissue (% i.d./g). The T/B and T/NT ratios are calculated. Tumor

uptake varies from 1–2% i.d./g for radiolabeled peptides to as high as 10–20% i.d./g

for intact IgGmAbs (18). Tumor uptake should be significantly greater than that in the

control groups of mice. The T/B ratio should be >2 : 1 and ideally, as high as 5 : 1 to

10 : 1. In addition to biodistribution studies, imaging studies of g-emitting or positron-

emitting biomolecules may be performed using dedicated high-resolution (1–2mm)

microSPECT (Fig. 2.13) or microPET small animal imaging devices (263, 264).

These images can be quantified by region-of-interest (ROI) analysis and are useful to

follow any changes in the biodistribution of radioactivity in an individual animal over

time. In addition, preclinical small animal imaging studies provide “proof-of-

principle” for radiolabeled biomolecules intended for tumor imaging applications

in humans. The results of biodistribution and imaging studies can be used to predict

the radiation-absorbed doses to organs in humans for subsequent clinical trials using

computer software such as OLINDA (see Chapter 13) (265, 266).

2.7.6 Preclinical Studies to Evaluate Antitumor Effects
and Normal Tissue Toxicity

RadiolabeledmAbsandpeptides intended forRITorPDRTofmalignancies inhumans

need tobefirst evaluatedpreclinically inmouse tumorxenograftmodels.These studies

involve administration of increasing doses of the radiolabeled mAbs or peptides to
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mice and monitoring the tumor growth or survival of the animals over time (259).

Control groups of mice receive either the formulation vehicle (e.g., normal saline) or

the nonspecific radiolabeledmAbs of the same class and isotype or peptides that do not

recognize the target epitopes/receptors. Generalized and gastrointestinal toxicity is

monitored by weighing the animals every few days to identify any significant weight

loss (>10–20%),whereas bonemarrow toxicity is assessed by determining leukocyte,

red blood cell, and platelet counts in blood samples. Liver toxicity is evaluated by

following serum transaminases, while kidney toxicity is determined by measuring

serum creatinine. Hematopoietic toxicity, if present is usually observed within 2–3

weeks following injection of the radiopharmaceuticals and normalizes within 6–8

weeks, whereas, liver and kidney toxicitymay require an extended observation period

(4–8 weeks). An ideal radiotherapeutic agent will exhibit specific antitumor effects

with minimal-moderate and manageable normal tissue toxicity (259).

2.7.7 Kit Formulation and Pharmaceutical Testing

Labeling methods for mAbs and peptides that involve the chelation of radiometals

(e.g., 99mTc, 111In, 68Ga, 90Y, 177Lu, 64Cu, and others) allow the formulation of

radiopharmaceutical kits (99, 146). These kits consist of a unit dose of a solution of the

metal chelator-biomolecule conjugates dispensed into a Type A pharmaceutical

quality glass vial sealed with a rubber septum and aluminum crimp. The kits may

be stored at 2–8�C, kept frozen at -10�C or lyophilized, depending on the particular

mAb or peptide formulation. Radiolabeling is performed simply by adding a buffered

solution of the radionuclide to the vial and incubating for a predetermined period of

time and temperature to maximize incorporation. The kits are designed such that the

labeling efficiency is>90–95%, thus requiring no postlabeling purification and only

minimal final product quality control testing (e.g., assay for total radioactivity, pH

measurement, and RCP testing). Other quality control testing procedures are per-

formedon thekit formulationprior to its use.These tests includeprotein/peptide purity

and homogeneity, evaluation of immunoreactivity or receptor binding properties,

estimation of the level of chelator substitution, measurement of protein concentration

and pH and stability studies. Key pharmaceutical tests such as the USP Sterility Test

and USP Bacterial Endotoxins Test also need to be performed on the kits, since they

produce injectable radiopharmaceuticals. The final radiolabeled biomolecules may

be tested retrospectively for sterility and apyrogenicity providing that the kits have

been previously validated using trial batches to without exception produce a sterile,

apyrogenic product.

2.8 SUMMARY

Radiolabeled mAbs and peptides offer the opportunity for molecular imaging of

tumors in order to probe their phenotypic properties. Various strategies have been

developed for labeling these biomolecules with single g-photon emitters or positron

emitters for SPECT and PET imaging, respectively. These approaches can also be
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extended for labeling the biomoleculeswitha- orb-emitters or radionuclides that emit

Auger and conversion electrons for targeted radiotherapy of malignancies. Establish-

ment of specifications for radiolabeled mAbs and peptides supported by characteri-

zation assays assures the quality of these novel agents for human evaluation in clinical

trials.
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CHAPTER 3

TheDesign ofRadiolabeledPeptides for
Targeting Malignancies

LEONARD G. LUYT

3.1 INTRODUCTION

The use of peptide-based agents for selective delivery of radionuclides, cytotoxic

entities, and other agents to malignant tumors has proven to be a highly effective

targeting approach. This chapter will explore the relationship of peptide structure and

the ability of such agents to target tumors with the necessary specificity. The practical

aspects of peptide radiotherapeutic design, synthesis, pharmacokinetics, and other

critical considerations will be discussed.

3.2 PEPTIDE TARGETS

The classical receptor targets for peptide-based radiopharmaceuticals are the

7-transmembrane (7TM) proteins. This family of receptors, often referred to as

G-protein-coupled receptors (GPCRs), is the largest class of human receptors of

pharmacological importancewith an estimated 50%of clinically relevant drugs acting

on this receptor class (1). Through recent advances in proteomics and genomics,

several hundred GPCRs have been identified and a number of these have peptides as

their endogenous ligands, providing the medicinal chemist with peptides as lead

compounds fromwhich to design targeting entities (2). Themost prominent examples

include peptide-based drugs and imaging agents for the somatostatin receptor and the

bombesin receptor family. However, many GPCRs have known peptide or protein

ligands and there is the suggestion that peptide-based agents could be designed for

many receptors in this superfamily. A review by Tyndall et al. suggests that the

commonality in this receptor class is the requirement of a turn conformation to be
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present in a ligand for affinity, proposing that ligand design using a turn scaffold could

result in many additional peptide-based targeting entities (3).

Although GPCRs remain an important receptor family for cancer targeting, many

other receptor families may also be of value. Considering the recent advances in

peptide library screening, discussed later in this chapter, screening for receptor affinity

of any protein target using large and entirely random libraries is nowpossible.While it

is not feasible to discuss all potential cancer targets within the framework of this

review, one could consider the most promising targets to be divided into two general

classifications: tumor cell-surface receptors, which includes the GPCR family, ex-

amples of which are indicated in Table 3.1, and tumor vasculature targets.

The growth of solid tumors beyond a few cubic millimeters in size is dependent on

adequate blood supply and thus angiogenesis is necessary for progression of the

disease (15). The expression of many biochemical markers is indicative of angiogen-

esis including integrins, growth factors, proteases, and others (16). Cyclic-RGD (Arg-

Gly-Asp) peptides have been shown to be effective vehicles for targeting aVb3
integrins, which are associated with tumor angiogenesis, and many imaging probe

candidates have been reported in the literature based on this RGD sequence. In

addition, a peptidomimetic radiotherapeutic based on targetingaVb3 integrin has been
reported with a DOTA (1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid)

chelator for complexing 86Y (17, 18). Other integrins have also been proposed for

tumor targeting, such as the epithelial-specific integrin aVb6 (19).

3.3 PEPTIDES AS CANCER TARGETING AGENTS

Peptides as targeting vectors for radiotherapeutics provide a number of important

advantages over other molecules, especially with respect to synthetic considerations

TABLE 3.1 Examples ofG-Protein-CoupledReceptors Expressed inHumanCancer

and of Possible Relevance for Peptide Radiotherapeutic Design

Peptide GPCR (Subtype) Possible Cancer Target(s) References

Bombesin/gastrin-

releasing peptide

GRP-R (BB2) Prostate (4)

Cholecystokinin CCK2-R Medullary thyroid,

small-cell lung

(5)

Glucagon-like peptide 1 GLP-1R Insulinomas (6)

a-Melanocyte-stimulating

hormone

MC1R Melanoma (7)

Neurotensin NTR1 Pancreatic, small-cell

lung

(8, 9)

Neuropeptide Y NPY1 Breast, Ewing sarcoma (10, 11)

Somatostatin SST2 and others Neuroendocrine (12)

Substance P NK1R Glioblastoma (13)

Vasoactive intestinal peptide VPAC1 Colorectal, breast, prostate (14)
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and diversity. The synthesis of peptides is verywell developed using automated solid-

phase methodology allowing rapid preparation of peptide analogues in good yield.

Modifying residues within a peptide sequence is also readily facilitated by this

synthetic method providing libraries of potential cancer targeting derivatives. A vast

collection of commercially available unnatural amino acids exists that can be readily

incorporated into a sequence in order to generate chemical diversity. In addition,

peptide-based compounds have low antigenicity, rapid access to tumors, good tumor

penetration, and often have fast clearance from the body.

A serious limitation that prevents thewidespread use of peptides as drugmolecules

is their poor oral bioavailability. Since peptide-based radiopharmaceuticals are

typically administered intravenously, this is not a concern for the field of radio-

therapeutics. A second significant problemwith the use of peptidemolecules in vivo is

the poor metabolic stability of most natural (L-isomer amino acid) peptides. Fortu-

nately, this can be overcome by using a variety of structuralmodifications known to be

successful in preventing enzymatic degradation. The action of exopeptidases, en-

zymes that hydrolyze from the N- or C-termini of the peptide, may be avoided by

structural modification of the termini. For example, the C-terminus may be synthe-

sized as an amide and the N-terminus may be acetylated, thereby minimizing the

action of the proteases. The action of endopeptidases, enzymes that hydrolyze amides

within the peptide, may be prevented by modification of the specific amino acids

recognized by the protease. For example, the amino acid preceding or following the

point of hydrolysis can be replaced with a D-amino acid or unnatural amino acid,

thereby rendering the site of hydrolysis unrecognizable to the protease. In thismanner,

a peptide with a very limited biological half-life can be converted into a modified

peptide with minimal amino acid substitutions and retention of function, while

significantly extending its stability in a biological environment. While conceptually

simple, the art of converting natural peptide sequences to more stable entities is

complex, as one must ensure that modifications to the structure do not render the

molecule biologically inactive.

Another concern raised when discussing the administration of a peptide agent to a

human, is the physiological response generated from the peptide if it is an agonist for

the biological target. While this is a significant concern for a pharmaceutical peptide

agent being administered in milligram quantities, it is typically less of a concern for a

radiotherapeutic. For a radiotherapeutic that has been exhaustively purified (e.g., by

HPLC), the final high specific activity product is obtained in picogram quantities. In

almost all instances this incredibly low mass is unable to generate a noticeable

physiological response. One reported exception is that of vasoactive intestinal peptide

(VIP), where the administration of less than 1 mg quantity of HPLC purified 123I

labeled VIP was reported to have a biological effect with a transient drop in blood

pressure (20). In contrast, a later report indicated no significant physiological effect for

administration of the samecompound, alsoHPLCpurified (21). In the instanceswhere

a rigorous purification is not possible, as is often the case for larger peptide molecules

where the chromatographic retention of the radiolabeled versus unlabeled material is

nearly identical, then one is only able to separate peptide (labeled and unlabeled) from

unbound radionuclides. The patient would then receive both the radiotherapeutic and
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the unlabeled starting peptide material, in most instances both of which have the

potential to elicit a physiological response. Peptide radiolabeling is routinely carried

out using between 0.05 and 0.5mg of peptide starting material. Although still a very

lowmass of peptide, a physiological response is a possibility and needs to be carefully

evaluated prior to clinical use. In the case of radiolabeled somatostatin analogues, the

administration of 50 mg depreotide (Neospect) as a mixture of labeled and unlabeled

peptide resulted in no adverse events (22). In contrast, the administration of 250 mg of
111In-labeled human epidermal growth factor resulted in flushing and nausea in all

patients (23).

In order to design effective targeting peptides, a number of features need to be

considered: biological stability, strong target (receptor) affinity, target (receptor)

specificity, and pharmacokinetic characteristics. These requirements lead to an

iterative process being the idealmethod for progressing froma “hit” peptide candidate

to that of an effective targeting entity. The iterative steps typically consist of peptide

design, synthesis, and biological evaluation. Initially, the biological evaluation should

be a screeningmechanism,whereby the rapid evaluation ofmany potential peptides is

undertaken and provides data indicating in what direction the design process should

proceed. This is often a competitive binding assay or similar, but could also be a cell-

based assay. The emphasis at this stage is to create amolecule that has high affinity and

specificity for the desired protein target, while having a construct that is likely to be

stable in vivo. Common approaches to improving peptide stability include adding

cyclic constraints and the addition of D-isomer or unnatural amino acids.

Once candidate molecules are discovered with high target affinity, in vivo evalua-

tion can be initiated. It is becoming increasingly evident that results from screening do

not necessarily translate into comparable in vivo results, although targeting ability in a

molecule is aminimumstarting point to ensure success. Evaluation of the radiolabeled

peptide using an in vivomodel then provides critical data regarding tumor uptake and

pharmacokinetics. Clearance properties of the agent often need to be further refinedby

subsequent iterations of design, resynthesis, and further in vivo evaluation. Choosing

appropriate in vivomodels for evaluating radiolabeled peptides targeting tumors is of

utmost importance for further translation to the clinical realm and is discussed in detail

in Chapter 11.

Following this iterative design, synthesis, and evaluation protocol is absolutely

necessary in order to develop a highly effective targeting agent for cancer. The

literature has many examples of noniterative design, where an endogenous peptide is

radiolabeledwith little thought given to the effect ofmodifying the peptide structure or

the anticipated biological stability.As iswell documented for the design of therapeutic

drugs, a linear, natural peptide does not typically yield an effective in vivo agent,

although there are certainly many peptides currently in clinical use (24).

3.3.1 Discovery of Novel Cancer Binding Peptides

The discovery of cancer targeting peptides can be accomplished by either a rational,

designed approach or by random, combinatorial methods (Fig. 3.1). The rational

method is often initiated by startingwith anendogenouspeptide known to interactwith
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a receptor target. This starting point is typically a large peptide, which is not

particularly suitable for in vivo use, as previously discussed. Standard peptide

chemistry approaches are then used to determine the region of the peptide that is

critical for receptor binding affinity. The first step is to carry out truncation of the

peptide from both the N- and C-termini. This will minimize the length of amino acid

sequence being used for designing the radiotherapeuticmolecule andwill determine if

either terminal region of the peptide is involved in receptor binding. Once theminimal

sequence length for biological activity is determined, then an alanine scan may be

performed. This involves the systematic replacement of a single amino acid residue

with L-alanine. Evaluation of the resultant alanine containing peptide indicates

whether the amino acid in that particular position is important for receptor binding.

A D-amino acid scanmay also be undertaken, whereby a single amino acid is replaced

by its complementaryD-amino acid. This indicates the importance of conformation for

that specific residue site. This methodology has been well described in the literature

and will not be discussed in this chapter in detail.

There aremanyexampleswhere the rational approachhasbeenused successfully to

develop an imaging probe for a peptide receptor target. The peptide hormone

somatostatin, found in the body as both a cyclic 14-mer and 28-mer, was successfully

truncated to an 8-mer (Octreotide) and even a 6-mer (MK-678) form (25). Systematic

alanine and D-amino acid scans led to the determination that having a D-Trp in the

peptide sequence actually increased its potency (26). From this fundamental knowl-

edge of peptide structure–activity relationship, the design of radiolabeled

FIGURE 3.1 Flowchart showing rational and random approaches to peptide-based imaging

probe discovery.
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somatostatin analogues became a reality leading to both diagnostic and therapeutic

derivatives (see Chapter 4).

The advantages of solid-phase peptide synthesis are of particular benefit in

proceeding through this type of rational design and synthesis. Due to the iterative

nature of this process, the synthesis of many peptides is required and this is readily

accomplished by the creation of focused libraries, where each well of an automated

synthesizer prepares a single entity of known composition. With current technology,

one can readily prepare 96 peptides or more at one time using this method.

Combinatorial peptide libraries enable the discovery of high-affinity binding

ligands due to the vast number of entities that can be prepared. These libraries can

be divided into three general classifications: focused libraries of discrete compounds,

as described in the rational approach; one-bead one-compound (OBOC) libraries as a

chemical approach; and phage-display libraries as a biological approach. The latter

two methods generate large random libraries of compounds for evaluation against a

tumor cell target (see Chapter 1). This can include receptor targets where the

endogenous peptide ligand is not known.

The synthesis and screening of OBOC libraries has emerged as one of the most

powerful techniques for exploring chemical diversity. First reported by the group of

Kit Lam in 1991 (27), OBOC libraries have been utilized for the discovery of many

cancer targeting peptides (28). Most well developed are random peptide libraries,

although small-molecule libraries have also been explored. In brief, the technique

involves the creation of an entirely random library on a polymer support using split-

mix synthesis. This method starts by dividing the resin beads into a number of equal

portions, with each portion having a single amino acid coupled to it. After reaction

completion, all of the resin is recombined, thoroughly mixed and once again divided

equally followedbycouplingof the secondaminoacid. If oneuses19aminoacids (Cys

is typically avoided due to the potential for disulfide formation) then after creating a 5-

residue peptide library there is the potential for up to 2,476,099 individual sequences.

The preferred polymer for this method is TentaGel, since this support allows for the

screening of the library in an aqueous medium, a necessity for evaluation of

protein–ligand interactions. The resin beads are typically 90 mm in diameter, which

permits visual detection and manual or automated separation if necessary (Fig. 3.2).

Each individual resin bead is coveredwith a single peptide sequence,while everyother

bead contains a different peptide sequence.

One of the particular advantages of OBOC methods is the ability to include

nonnatural amino acids or even to create libraries based on small-molecule scaffolds.

A significant limitation that exists for OBOC libraries is the ability to accurately and

cost-effectively deconvolute the “hit” beads that are isolated. The initial and most

commonly reported approach to deconvolute OBOC libraries utilizes automated

Edman degradation as the deconvolution method. Although effective, there is limited

throughput possible using this technique and if the deconvolution of hundreds of hit

beads is required, this can become an expensive venture.Mass spectrometry (MS) has

recently emerged as a cost and time effective means for determining OBOC hit

identity (29). One method of doing this is to encode the beads with a mass tag on the

interior of the resin bead,which is used to keep track of the structure being synthesized
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for subsequent deconvolution. This mass tag encodes the bead based on the sequence

that it contains and is less likely to interact during screening due to being on the interior

of the bead, while the exterior contains the actual entity being evaluated for target

interaction (30, 31).

OBOC libraries have had success in generating lead peptides for the development

of tumor targeting radiopeptides. Of course, since the library is providing only the

targeting component, it is still necessary to further modify the structure determined

from the OBOC screen in order to incorporate a radionuclide and in the case of a

radiometal, a suitable chelator. A more efficient procedure would be to create an

OBOClibrary that includes the radionuclideormore likely, a nonradioactive surrogate

atom, that is, stable isotope of the corresponding radionuclide, within the library

sequence. In this manner, onewould be effectively screening a library of radiolabeled

peptides insteadof only screening the peptide receptor targetingmoiety.Thiswouldbe

a significant step forward as hit sequences would represent the final radiolabeled

peptide, likely resulting in a reduction in the degree of furthermodification required in

FIGURE3.2 Tentagel resin beads (90mm) fromaOBOC librarywith fluorescence detection.

(See insert for color representation of the figure.)
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order to arrive at a suitable agent for tumor targeting for radiotherapeutic or imaging

applications.

Anotherway to screenOBOClibraries is to evaluate the ability of thebead tobind to

cell-surface receptors of living cells (32, 33). Tumor cells are incubated with the

OBOC beads with gentle agitation and beads that are coated with amonolayer of cells

are considered hits. These positive beads are then removed and deconvoluted. One

limitation of this approach is that the actual receptor target with which the peptide is

interactingwill need to be determined and this can be accomplished byusingnontarget

control cells or by blocking the suspected target with natural ligands.

A biological approach to creating random combinatorial peptide libraries is based

on phage display and was first reported by George Smith in 1985 (34). This method

uses a biochemical approach whereby phage, a virus that infects bacterial cells and

most commonly being the filamentous bacteriophageM13, is used to present proteins

or peptides on its surface after inserting an expression vector. A phage-display library

is created by preparing a randommixture of phage cloneswith each displaying a single

peptide on the surface. This library is then exposed to the protein target of interest,

typically presented on a solid support. Awashing step then removes anyphage that did

not bind to the target, followed by recovery of the bound phage by elution under

nonspecific (all phage is removed) or specific (removes only phages bound to the target

protein) methods. Amplification of the hit peptides allows for an adequate quantity of

phagematerial to be produced and the encoding region of the phage is then sequenced.

One limiting aspect of the phage-display method, which is particularly relevant to

the discovery of suitable in vivo tumor targeting entities, is that only natural amino

acids will be present in the hit peptides. It is generally not possible to utilize D-isomer

and unnatural amino acids, however, it is readily possible to create cysteine-cyclized

peptide libraries using phage display, thereby adding a conformational constraint to

the library (35, 36). There are currently no effective means of creating head-to-tail or

other homodectic cyclic structures. There is a report of creating an entirely D-isomer

peptide through a mirror image method (37–40), however, this does require the

chemical synthesis of the D-enantiomer target protein,which limits the applicability of

the concept. In this instance the phage library, expressing the random L-isomer

peptides, will generate L-isomer peptides that bind to the D-isomer protein target.

Thus, the enantiomer (D-isomer) peptidewill interactwith the natural L-isomer protein

target.

3.3.2 The Addition of a Radionuclide to a Peptide

Historically, the radiolabeling of peptides and proteins for targeted radiotherapy has

focused on radioiodination of available tyrosine residues. The therapeutic radionu-

clide 131I has been most widely utilized. Although proven effective for therapy,

radioiodinated peptides have limitations for both their synthesis and in vivo stability.

In terms of synthesis, more than one tyrosine residue being present in the peptide

results in a possiblemixture of products,while if there are no tyrosine residues present,

then a tyrosine residue needs to be added to the peptide structure. In addition

iodoaromatics are typically not adequately stable in vivo, often resulting in
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deiodination (see Chapter 2) (41, 42). Methods have been developed to minimize the

loss of the radioiodine, for example if an iodotyrosine is located at the C-terminus of

the peptide, then N-terminal amide formation has been demonstrated to decrease the

rate of deiodination (43). A method to avoid the synthetic issues of radioiodinated

peptides is to use a prosthetic group approach, similar in concept to methods used

for fluorine-18 peptide labeling (see Chapter 2). For example, radioiodinated N-

succinimidyl iodobenzoate has been reported for conjugation to a peptide with an

available amine, either on N-terminal or on a lysine residue (44, 45). Other indirect

labeling methods have also been reported (46).

Many of the most promising therapeutic radionuclides, as discussed in Chapter 2,

are radiometals (such as 67Cu, 90Y, 111In, 177Lu, or 188Re) and require a chelator to be

incorporated into the structure of the targeting peptide. The addition of the chelator

may be accomplished in two ways, either in a conjugate (also referred to as pendant)

design or through an integrated design. The vast majority of radiometal-labeled

peptides utilize the conjugate design, as this is far simpler in terms of design and

synthesis, but more importantly, tends to be more straightforward in creating peptide

radiometal complexes that retain target binding affinity.

In the conjugate design, a bifunctional metal chelator (capable of coupling to a

peptide and able to coordinate a radiometal) is directly incorporated into the peptide

structure in a pendant fashion and subsequently the isotope is coordinated to the

peptide–chelator entity. The intention in designing such molecules is to ensure that

the metal complex is sufficiently removed from the receptor binding portion of the

peptide, so that there is no negative effect on receptor–ligand interaction. This may

evennecessitate the additionof a spacer between the peptide-backbone and the isotope

complex, in order to remove the metal from the pharmacophore region of the peptide.

This can be especially prudent if the radiometal complex is charged. The use of a

flexible spacer permits the radiometal complex to orient away from the receptor

binding region. Many examples of adding a flexible linker exist in the literature and

only a few will be mentioned here. For gastrin-releasing peptide (GRP) receptor

peptides, Volkert and coworkers added an aliphatic chain between the bombesin

peptide and a DOTA chelator, varying the length through the use of either b-Ala
(b-alanine), 5-Ava (5-aminovaleric acid), 8-Aoc (8-aminooctanoic acid), or 11-Aun

(11-aminoundecanoic acid) and determined that the optimal spacer length is 5–8

carbons in length (47). Rogers and coworkers also explored the use of linkers for

radiolabeled bombesin, comparing various tripeptide sequences made up of Gly, Ser,

and Glu for the spacer, concluding that Gly-Ser-Ser gave a compound with the best

affinity forGRP receptors (48).Maecke and coworkers reported on avariety of spacers

for DOTA-somatostatin analogues, including short polyethylene glycol (PEG)

spacers, amino acid-based spacers, and even a sugar-modified amino acid (49).

In synthesizing a conjugated peptide, the chelator is most readily added to the

N-terminus of the peptide. This step may even be included during the automated

synthesis of the peptide, by simply having the chelator availablewith a free carboxylic

acid and following standard peptide coupling methods. To place the chelator at other

locations of the peptide, an orthogonal protecting group strategy must be employed.

For example, a lysine residue may be inserted with a very acid labile e-amine
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protecting group such as 4-methyltrityl (Mtt) or 1-(4,4-dimethyl-2,6-dioxo-cyclo-

hexylidene)-3-methyl-butyl (ivDde) that can be deprotected selectively with hydra-

zine. Upon completion of the peptide sequence, this labile group is removed (leaving

all other side-chain protecting groups intact) and the metal chelator is then coupled at

that location. Similar strategiesmay be employed for unnatural amino acidswith side-

chain amines including diaminopropanoic acid and ornithine. One may also envision

an orthogonally protected carboxylic acid as a side chain from aspartic or glutamic

acid, in order to add a chelator containing a free amine.Nonnatural amino acids such as

a-aminoadipic acid could also be used. A wide range of suitable chelators are now

available commercially for coupling to a peptide sequence and are provided in a

protected form to prevent any unwanted side reactions during the coupling procedure.

For example, the commonly used DOTA chelator may be purchased with three of the

carboxylic acids groups protected as t-butyl esters, while one carboxylic acid remains

free for coupling to the peptide. Examples of commercially available, appropriately

protected bifunctional chelators for peptide synthesis are indicated in Fig. 3.3.

In some instances a peptide sequence itself may be used as a chelation unit. This is

especially the case for Re(V)–oxo complexes, where a carefully devised combination

of amino, amido, and thiolmoieties results in a tetradentate coordination sphere for the

metal. This method was extensively developed in the instance of somatostatin

analogues where both natural and nonnatural (e.g., diaminopropanoic acid) amino

acids were inserted to create the peptide-backbone chelation unit, which upon

coordination provided either negatively charged or neutral complexes (50).

Amore convenient approach to incorporating a pendant chelator into a peptide is to

add amodifiedamino acid that contains the chelator as part of the side chain, during the

routine automated peptide synthesis. We first reported this concept as it relates to

medically important radionuclides with the preparation of a modified lysine amino

acid, where the e-aminewas functionalized with a N2S2 chelator suitable for Tc(V) or

Re(V)–oxo complexes (51). This chelator was fully protected so that the amino acid

may be incorporated at any residue position of a peptide (Fig. 3.4a). Since then, others

have further elaborated on this concept anddemonstrated its applicability for a number

of radionuclide-containing peptide derivatives, including those containing radio-

nuclides of Tc or Re, as well as a DOTA chelator for Y, In, Lu, and so on. For Tc

and Re, a Fmoc-Lys(HYNIC-Boc)-OH amino acid was reported by Blower and

coworkers for the use of the well-established hydrazinonicotinamide ligand

(Fig. 3.4b) (52). Valliant and coworkers described a modified lysine with a tridentate

FIGURE 3.3 Commercially available bifunctional chelators: (a) DOTA-tris(t-Bu ester);(b)

NODA-tris(t-Bu ester); (c) p-NH2-Bn-DTPA-penta(t-Bu ester).
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chelator appropriate for use with Tc and Re tricarbonyl species (Fig. 3.4c) (53). The

commonly utilized chelator DOTA has been modified as a lysine analogue with the

chelator attached to the e-amine (54) as well as in the form of an unnatural aromatic

amino acid (Fig. 3.4d) (55). The acronymSAAC (single amino acid chelator) has been

used to describe these unnatural amino acid chelator constructs (53).

One of the significant disadvantages of adding a metal complex to a peptide

sequence is that there is a large increase in the molecular weight of the final product.

This will likely not be a concern for proteins, but for a small peptide of 5–10 residues,

the metal complex can make up a quarter or more of the total mass. For improved

behavior in vivo it is often assumed that maintaining a low molecular weight is

advantageous. Evidence to support this includes a study comparing intact IgG versus

Fab fragments of 99m Tc-labeled anti-CEAmonoclonal antibodies,where the antibody

fragments demonstrated superior tumor imaging due to faster background clear-

ance (56) (seeChapter 1). Small peptides, on the order of 5–12 residues in length, have

repeatedly been shown to have better elimination properties than antibodies, even

though the antibodies may have superior target binding affinity (57). Thus, peptides

provide better tumor to background tissue ratios,which could potentially be of value in

limiting the toxicity of a radiotherapeutic. Smaller engineered antibody fragments,

such as diabodies and minibodies, may also achieve similar results by rapid elimina-

tion through the kidneys (58) (see Chapter 1).

An integrated design for radionuclide incorporation is one method that can

circumvent this issue of increased molecular weight of the radiopharmaceutical due

to the addition of a radionuclide–chelator complex. In this design, the metal complex

becomes an integral part of the peptide and is able to be situated within the critical

space of ligand–receptor interaction. Although an idealized concept, the integrated

designhas provenverydifficult to exploit for peptide-based targeting entities. The best

example for incorporating apotential therapeutic atom inan integrated fashion is in the

realm of estrogen receptor binding compounds. Katzenellenbogen and coworkers

reported a cyclopentadienyl-rhenium tricarbonyl complex where the metal is situated

within the ligand binding domain of the estrogen receptor, while maintaining high

estrogen receptor affinity (Fig. 3.5a) (59).Wehave recently demonstrated the ability to

FIGURE 3.4 Modified amino acids incorporating a metal chelator and suitably protected for

solid-phase peptide synthesis: (a) N2S2 chelator for Tc(V)/Re(V); (b) HYNIC; (c) bis-pyridyl

chelator for Tc(I)/Re(I); (d) DOTA.
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include the same organometallic species as part of a required lipophilic section of the

peptide ghrelin, targeting the growth hormone secretagogue receptor (60). In this

instance, the lipophilic cyclpentadienyl-rhenium tricarbonyl core is able to function

similarly to an aliphatic chain that is critical for receptor binding affinity (Fig. 3.5b).

Rhenium has also been used to form cyclic peptide entities through the use of cysteine

residues, where a thiolate-metal-thiolate bond creates the cyclic entity. Examples

include an a-MSH (a-melanocyte-stimulating hormone) analogue (61), a GnRH

(gonadotropin-releasing hormone) analogue (62), and a somatostatin derivative

depicted in Fig. 3.5c (63).Although in these instances the radiometal is not necessarily

present in the receptor bindingpocket, it does provide a clevermethod of incorporating

a metal complex into a required element of the peptide, in this instance through

coordination assisted peptide cyclization.

One additional concern when the radiopharmaceutical design requires the

addition of a metal radioisotope to a peptide is the possibility of creating isomers

due to the newly formed metal complex. This is often the case for Re(V)–oxo

complexes where an anti or syn configuration is possible with respect to the

metal–oxo bond and the pendant bioconjugate. A number of methods to limit

isomer formation have been reported. For example, we reported on a symmetrical

chelator design, which limited the number of isomers possible and further discov-

ered that under basic conditions a single isomer product was preferentially

formed (64, 65). Identification of syn/anti isomers for amino acid-based chelators

relevant for clinically used imaging agents have also been reported (66). Diaste-

reomer formation is also a concern for some Re(I) tricarbonyl complexes where

tridentate chelators upon complexation result in a mixture of isomers (67). Most

cyclen type chelators result in single isomer metal complexes and therefore avoid

this issue. However, the method used for conjugation to a peptide and the point of

attachment to the cyclen unit, must be such that a single isomer product is

maintained. It is certainly preferred if the formation of multiple isomers can be

avoided, as this will simplify product characterization and regulatory approval of a

radiotherapeutic (see Chapter 17).

FIGURE 3.5 Rhenium complexes as integrated designs: (a) cyclopentadienyl-rhenium(I)

tricarbonyl scaffold for the estrogen receptor; (b) 14-mer ghrelin analogue for the

growth hormone secretagogue receptor; (c) rhenium-cyclized peptide for the somatostatin

receptor.
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3.3.3 Improving the In Vivo Behavior of Peptides

Structure–activity studies of a peptide sequence permit the development of peptide

analogues with improved affinity and specificity for a receptor target. However, it is

well established that the ability of a peptide to target a receptor alone is not sufficient

for adequate uptake in a tumor in vivo. Modification of the peptide to improve

pharmacokinetic behavior is almost always necessary and minor changes to the

structure can have significant effects on biodistribution. A method that has proven

useful for improving pharmacokinetic behavior of a radiolabeled small peptide is to

add one or more saccharide units to the molecule. This can result in improved water

solubility and a change inhow the compound is cleared from thebody.The cyclicRGD

pentapeptide targeting various integrins is a good example of this approach, where the

addition of a modified galactose to the peptide resulted in predominately renal

excretion and low uptake in nontarget tissues (Fig. 3.6a) (68, 69). A glucosamine-

modified somatostatin analogue has also been reported to improve the tumor to kidney

ratio (Fig. 3.6b) (49). Pharmacokinetic properties can also be modified by replacing

amino acid residues within a peptide sequence, when those residues are not required

for receptor binding. The radiotherapeutic somatostatin analogue P2045, containing
188Re, was designed with the addition of serine and threonine residues at the

C-terminus (Fig. 3.6c), one factor that contributed to its optimized clearance

properties (70).

One of the most significant toxicity issues of radiotherapeutics is elevated renal

uptake and the retention of the isotope resulting in kidneydamage (seeChapter 4) (71).

The presence of lysine or other charged amines is believed to be associated with

FIGURE 3.6 Modified peptides for improved in vivo behavior: (a) cyclic RGD peptide

modified with galactose; (b) DOTA-somatostatin derivative containing N-acetyl glucosamine;

(c) Re containing P2045 with a Thr-Ser C-terminus.
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retention of the peptide in the proximal tubules of the kidneys and these residues

should be limited or nonexistent in radiotherapeutic peptides except where necessary

for receptor interactions (70, 72). Alternatively, one can acetylate or otherwise block

the free e-amine of lysine in order to reduce the effect of the lysine on kidney retention,

aswas demonstrated forDOTA-a-MSH(73). The substitutionof a lysinewith arginine

proved to be effective in the instance of a 188Re-labeled a-MSH derivative (74).

If efforts to reducekidney retention throughpeptide structuralmodifications are not

adequate, the coadministration of an agent to inhibit tubular reabsorption can be

considered. In 1993, it was reported that lysine infusion in conjunction with an
111In-somatostatin analogue was able to reduce the uptake of radioactivity in the

kidneys (75). Since then, the coadministration of D- or L-isomers of lysine, arginine,

amino-sugars, or the chemotherapy cytoprotective adjuvant amifostin have all proven

beneficial for limiting the retention of radiometal-labeled peptides in the kidneys,

resulting in a decrease in renal toxicity (74, 76).

In designing a tumor targeting peptide, the pharmacological requirements for the

peptide–receptor interactionmust be considered.While there is certainly no need for a

biological response from the peptide–receptor interaction, it has been demonstrated

that an agonist is often preferred in order to achieve the desired accumulation in

tumors.Quantitative analysis of internalizationusinggreenfluorescent protein (GFP)-

labeled receptors permits correlation of the EC50 of a ligand to its ability to internalize

the receptor (77). The internalization of the radiotherapeutic into a tumor cell, by

means of the peptide–receptor complexendocytosis and eventual receptor recycling to

the cell surface, permits prolonged cellular retention of the radionuclide at the tumor

with nonbound peptide clearing from the body (78). This was demonstrated with a

somatostatin antagonist LS172 labeled with 64Cu and with 177Lu, both of which did

not satisfactorily accumulate in tumors due to a lack of internalization (79). Radi-

olabeled somatostatin derivatives that are agonists arewell established as being able to

internalize and accumulate (80). A few exceptions have recently been reported, the

first ofwhichwas an 111In-labeled somatostatin antagonist that provided higher tumor

uptake than an agonist, even though it did not elicit significant receptor internaliza-

tion (81). Regardless, caution must be used in assuming the generality of an agonist

requirement as it is likely to be receptor dependent. For example, a possible tumor

target, the cholecystokinin receptor, was demonstrated to internalize from the binding

of an antagonist (82).

3.4 MULTIMODALITY AGENTS

Considering the amount of effort required inorder to develop apeptide targetingentity,

it is becoming increasingly apparent that understanding the detailed biological

mechanism of peptide ligand uptake in cells is of great value early in the development

stage. For this, optical agents are very useful as they enable detailed evaluation at a

much improved resolution compared to radionuclide-based imaging. One approach to

accomplish this would be to create a dual-modality probe, where the peptide is

conjugated both to a fluorescent dye and to a radionuclide or nonradioactive surrogate.
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Thepotential radiotherapeutic drugmaybe thoroughly investigated at themicroscopic

level for its interactions with the cancer target using the fluorescence properties of the

probe. However, the addition of both a dye and a radionuclide adds undesirable

molecular weight to the entity. Valliant and coworkers proposed an elegant solution to

this using a rhenium chelation system based on a diquinoline framework, whereby

upon rhenium coordination the agent absorbs maximally at 301 nm and emits with

peak fluorescence at 425 and 580 nm (83). They further demonstrated the ability to

incorporate this fluorescent metal complex into a peptide targeting the formyl peptide

receptor and showed uptake in human leukocytes using fluorescence microscopy.

3.5 FUTURE OUTLOOK

Peptide-based targeting has an excellent track record for its ability to develop entities

that specifically interact with cell-surface receptors relevant to cancer, such as

somatostatin, bombesin, and other receptor families. The tumor-specific targeting

of peptides and peptidomimetics, combined with the relatively lowmolecular weight

and therefore good pharmacokinetic properties of tissue penetration and whole body

clearance, provide a class of molecules that are very appropriate for use as radio-

therapeutics. As the interest in molecular imaging probes continues to increase, there

is the belief that what can be used to image can certainly be expected to have value as a

radiotherapeutic. This is especially the case in instances where similar radiometal–

chelator complexes are available for either imaging or targeted radiotherapy. For

example, DOTA chelators are appropriate for 111In as well as for 177Lu, and
99mTc-labeled peptides suitable for imaging may also be applicable using 186R or
188Re for radiotherapy.While this “piggy-back”notionof diagnostic-therapeutic pairs

is valid, it is even more important in designing radiotherapeutics to have adequate

tissue clearance to prevent toxicity. The application of well-established medicinal

chemistry techniques to the field of radiotherapeutic development is an important tool

to provide products of potential value in the clinic. Evenmore exciting is the ability to

use peptides, as well as engineered antibody fragments, as a means of accessing new

tumor targets. The high specificity for a receptor target that is possible through

evaluating peptide libraries and by carrying out structure–activity studies gives a

significant advantage for peptide-based radiotherapeutics.
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CHAPTER 4

Peptide Receptor Radionuclide Therapy
in Patients with Somatostatin Receptor-
Positive Neuroendocrine Tumors

MARTIJN van ESSEN, DIK J. KWEKKEBOOM, WOUTER W. de HERDER,
LISA BODEI, BOEN L. R. KAM,MARION de JONG, ROELFVALKEMA,
AND ERIC P. KRENNING

4.1 INTRODUCTION

The group of neuroendocrine gastroenteropancreatic (GEP) tumors consists of

clinically functioning or nonfunctioning endocrine pancreatic tumors and gastroin-

testinal and bronchial neuroendocrine tumors, also known as carcinoids. GEP tumors

usually are growing slowly and often are metastasized at diagnosis. These tumors can

produce a variety of bioactive substances (e.g., serotonin, gastrin, insulin). Biotherapy

with somatostatin analogues like octreotide and lanreotide can reduce hormonal

overproduction and often results in symptomatic relief in patients with metastasized

disease. However, objective regressions have seldom been achieved (1–3).

Peptide receptor radionuclide therapy (PRRT) with radiolabeled somatostatin

analogues is a promising treatment modality for patients with inoperable or

metastasized endocrine GEP tumors. The majority of endocrine GEP tumors

abundantly express somatostatin receptor (sst) and these tumors can be visualized

in patients using the radiolabeled somatostatin analogue [111In-DTPA0]octreotide

(OctreoScan�). With OctreoScan, also other sstr positive tumors, for example,

paragangliomas and differentiated thyroid carcinomas can be visualized. After

successful studies to visualize somatostatin receptor-positive tumors, studies to

determine the effects of therapies with radiolabeled somatostatin analogues were

performed. Results are discussed in this chapter, as well as future options to improve

these results.
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Radiolabeled somatostatin analogues in general consist of three major compo-

nents: a cyclic octapeptide (e.g., Tyr3-octreotide or Tyr3-octreotate), a chelator (e.g.,

DTPA or DOTA), and a radioactive element (e.g., 111In, 90Y, or 177Lu). Figure 4.1

shows the structure of [177Lu-DOTA0,Tyr3]octreotate (177Lu-octreotate). Information

on the characteristics of these radionuclides that have been used for PRRT is provided

in Chapter 2 (Table 2.3).

4.2 RADIOTHERAPY WITH 111 IN-OCTREOTIDE

Initial studies used the Auger electron emitting [111In-DTPA0]octreotide (111In-oc-

treotide) for PRRT, because somatostatin analogues labeled with beta-emitting

radionuclides were not available for clinical use (see Chapter 9). Treatment with

high doses of radioactivity of 111In-octreotide in patients with metastasized neuroen-

docrine tumors often resulted in symptomatic improvement, but tumor size reduction

was rare (4–7). In theRotterdamstudy, 5of26patientswithGEP tumors hadadecrease

in tumor size of between 25% and 50% (minor response, MR), as measured on CT

scans, but none had partial remission (PR, tumor reduction of more than 50%, but not

complete) (4). These patients received a total cumulative dose of at least 20GBq

(550mCi). In another study in 27 patientswithGEP tumors, PRwas reported in 2 of 26

patients (8%) with measurable disease (5). In both studies, many patients were in a

rather poor clinical condition and many had progressive disease (PD) at baseline. A

third study in 12 patients with carcinoid tumors, gastrinoma or glucagonoma, reported

PR in 2 patients (6). Delpassand et al. recently published their results with adminis-

tration of highdoses of 111In-octreotide (7).Thirty-twopatientswere treated.Eighteen

patients received 2 cycles of 500mCi (18.5 GBq). Fourteen patients had only 1 cycle:

four had died before a 2nd cycle, seven withdrew their consent and three were not yet

eligible for the 2nd cycle at time of analysis. One patient whowas treated with 1 cycle

had a grade 3 thrombocytopenia.Noother significant hematological toxicity occurred,

FIGURE 4.1 Structure of 177Lu-octreotate.
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nor did renal toxicity occur with a follow-up up to 24 months (average 13 months). In

the 18 patients treated with 2 cycles, 16 had stable disease (SD) and 2 had PR.Median

time to progression was not reported.

Long-term side effects of 111In-octreotide therapies were most commonly due to

bonemarrow toxicity. Serious side effects consisted of leukemia andmyelodysplastic

syndrome (MDS) in three patients who had been treated in Rotterdam with total

cumulative doses of >100GBq (2.7 Ci) and bone marrow radiation absorbed doses

were estimated to be more than 3Gy (4). One of these patients had also received

chemotherapy previously and this may have contributed to or caused this complica-

tion. One patient in the study by Anthony et al. (5) developed renal insufficiency. This

was probably due to preexistent retroperitoneal fibrosis and not treatment related.

Transient hepatic toxicity was observed in three patients with widespread liver

metastases. Other studies did not mention MDS or renal failure. The maximum

cumulative dose in these studies was 33.6GBq (908mCi) (6) or 37GBq (1Ci) (7).
111In-labeled somatostatin analogues are not ideal for PRRT because of the short

particle range ofAuger-electrons and therefore shorter tissue penetration compared to

more energetic beta-particle emitters. The decay of 111In therefore has to take place

much closer to the cell nucleus than that of 90Y or 177Lu to be tumoricidal. So it is not

unexpected that CT-assessed tumor regression was observed only in rare cases after

therapy with 111In-octreotide. Strategies to promote the nuclear uptake of 111In-la-

beled peptides may circumvent this limitation and allow effective radiotherapy with

this radionuclide (see Chapter 9).

4.3 RADIOTHERAPY WITH 90Y-DOTATOC

The modified somatostatin analogue [DOTA0,Tyr3]octreotide (DOTATOC) labeled

with the beta-emitting radionuclide 90Y was the next generation of sstr targeted

radionuclide therapy. This analogue has a higher affinity for sstr subtype-2, which is

predominantly overexpressed onGEP tumors (8) and it has DOTA instead ofDTPA as

the chelator, which allows more stable complexing of 90Y. 90Y-DOTATOC

(OctreoTher�) was used in several Phase 1 and Phase 2 PRRT trials in various

countries.

In Switzerland, investigators performed different Phase 1 and Phase 2 studies in

patients with neuroendocrine GEP tumors (9–12). Initially, they used a dose-escalat-

ing scheme of up to a cumulative radioactivity of 160mCi (6GBq)/m2 divided over 4

cycleswithout amino acid infusion as renal protection in half of the patients. Four of 29

patients developed renal insufficiency and none of these had received renal protection.

The overall response rate (CR or PR) was 24% in patients with GEP tumors whowere

either treated with 6GBq (160mCi)/m2 (10), or, in a later study, with 7.4GBq

(200mCi)/m2 in 4 cycles (11). In a study, also with a radioactivity dose of 7.4GBq

(200mCi)/m2, but administered in two cycles, one-third of 36patients had complete or

partial remissions (12). Although the latter treatment protocol seemedmore effective,

it is important to realize that this was not a randomized trial comparing these two

dosing schemes. Patient and tumor characteristics therefore were probably different.
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InMilan, Italy, the research group there performed dosimetric and dose-escalating

studies with 90Y-DOTATOC with and without the administration of renal protecting

agents (13).Theyobservednomajor acute reactionswhen administeringdoses of up to

5.6GBq (150mCi) per cycle, but reversible grade 3 hematological toxicity was found

in 43% of patients treated with 5.2GBq (140mCi). This was defined as the maximum

tolerated dose (MTD) per cycle. Acute or delayed kidney failure developed in none of

the patients, although the time of follow-upwas rather short. This included 30 patients

in the first phase of the study who received 3 cycles of up to 2.59GBq (70mCi) per

cyclewithout renal protection. Partial and complete remissions (CRs) were present in

28% of 87 patients with neuroendocrine tumors (14).

The same group (15) performed a subsequent Phase 1 study in 40 patients with sstr

positive tumors, including21withGEP tumors. Two treatment cycleswith cumulative

total radioactivities ranging from 5.9 to 11.1 GBq (160–300mCi) were administered.

Tumor regressionwas achieved in 29%ofpatients and themediandurationof response

was 9 months.
90Y-DOTATOCwas also administered in amulticenter Phase 1 trial. Sixty patients

received escalating doses up to 14.8GBq (400mCi)/m2 in 4 cycles or up to 9.3GBq

(250mCi)/m2 as a single dose, without reaching the MTD (16). In all patients, amino

acidswere administered concomitantlywith 90Y-DOTATOC for renal protection. The

cumulative radiation absorbed dose to the kidneys was limited to 27Gy. This was

based on positron emission tomography (PET) data using 86Y-DOTATOC, also with

concomitant amino acid infusion. Dose-limiting toxicity was observed in three

patients: one patient had transient hepatic toxicity, one had thrombocytopenia grade

4 (<25� 109/L), and one had MDS. Fifty-eight patients had carcinoid or other GEP

tumors: seven patients had aMR (12%) and five had PR (9%).Diseasewas stable in 29

patients (50%) and progressive in 14 (24%). Treatment outcome could not be

determined in three patients. Median time to progression was 29.3 months in the

41 patients with at least stable disease as treatment outcome. Considering all patients,

median overall survival since the start of therapy was 36.7 months.

4.4 TARGETED RADIOTHERAPY STUDIES WITH 177Lu-OCTREOTATE

[177Lu-DOTA0,Tyr3]octreotate (177Lu-octreotate, 177Lu-DOTATATE) now is the

third generation in sstr targeted radionuclide therapy and has been used in our hospital

since 2000. [DOTA0,Tyr3]octreotate shows a considerable improvement in binding to

sstr positive tissues compared with [DOTA0,Tyr3]octreotide. A nine-fold increase in

affinity for the sstr subtype 2 for [DOTA0,Tyr3]octreotatewas found in vitro compared

with [DOTA0,Tyr3]octreotide (17) and six- to sevenfold for the 90Y-labeled counter-

parts (17, 18). [DOTA0,Tyr3]octreotate, labeled with the beta- and gamma-emitting

radionuclide 177Lu, was very successful in terms of providing tumor regression and

prolonging survival in a rat carcinoma model expressing sstr (19).

In a study in patients, uptake of radioactivity, expressed as percentage of the

injected dose of 177Lu-octreotate, was comparable to that of 111In-octreotide for

kidneys, spleen, and liver, but was three- to fourfold higher for four of five
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tumors (20). Figure 4.2 provides a clear example of this difference in tumor to liver

ratio in one patient. Esser et al. (21) published the results of a comparison of the

dosimetry in a therapeutic setting using 3.7 GBq (100mCi) 177Lu-octreotate and

3.7 GBq 177Lu-DOTATOC in the same patients separated by an interval of 6–10

weeks. Themean radiation absorbed dose delivered to tumors with 177Lu-octreotate

was higher by a factor of 2.1 compared to 177Lu-DOTATOC. This meant that higher

absorbed doses could be achieved for most tumors with about equal doses to

potentially dose-limiting normal organs. Also the physical properties of 177Lu are

potentially favorable because of the lower tissue penetration range of beta-particle

emissions of 177Lu compared with those of 90Y, which results in lower radiation

FIGURE 4.2 Example of improved tumor uptake of 177Lu-octreotate compared to 111In-oc-

treotide. Upper row: Scintigraphy 24 h (anterior and posterior views) after injection of
111In-octreotide did not clearly demonstrate enhanced uptake in liver metastases relative to

normal liver parenchyma, but were clearly visible on CT (middle row). Lower row: On

scintigraphy 24 h (anterior and posterior views) after therapy with 177Lu-octreotate, liver

metastases were easily recognized.
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absorbed doses due to beta-irradiation of normal structures and organs adjacent to

tissues with high uptake (i.e., “cross-fire effect”).
177Lu-labeled analogues have an important practical advantage over their 90Y-la-

beled counterparts: 177Lu is not a pure beta-emitter but also emits low-energy gamma-

rays (113 and 208 keV, 10% abundance) and this allows post-therapy imaging and

estimation of the dosimetry. 90Y on the other hand is a pure beta-emitter and does not

emit gamma rays or positrons for imaging and thus dosimetry is not easily measured

(imaging of Bremstrahlung radiation resulting from the beta emissions is possible but

the resolution is poor).

The investigators at Bad Berka, Germany (22), the European Institute of Oncology

(IEO, Milano, Italy) (23) and Erasmus MC (Rotterdam, the Netherlands) (24)

performed dosimetry studies on 177Lu-octreotate. The data from these studies are

summarized in Fig. 4.3. On average, the kidney dose was approximately 0.6–0.9Gy/

GBq, spleen dose 0.6–2.1 Gy/GBq, and bone marrow dose 0.04–0.07Gy/GBq.

However, interpatient variability was large. The Bad Berka group reported a mean

absorbed dose in tumors of 9.7 Gy/GBq, which would result in 290Gy with a

cumulative administered activity of 30GBq. The IEO group stated that the absorbed

dose in tumors in their patients ranged from 0.6 to 56Gy/GBq. Results from the

Rotterdam group are pending.

The treatment effects of 177Lu-octreotate therapy were recently published for a

large group of patients (25), and earlier for a smaller number of patients (26, 27). The

intended cumulative radioactivity dosewas 22.2–29.6 GBq (600–800mCi); however,

if dosimetric calculations indicated that the radiation absorbed dose to the kidneys
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FIGURE 4.3 Dosimetry for 177Lu-octreotate. Radiation absorbed dose is expressed in Gy/

GBq, presented as median and range (error bars), for the Bad Berka study mean and standard

deviation, respectively. BB: Bad Berka, Germany, Wehrmann et al. (22); IEO: European

Institute of Oncology, Milano, Italy (23); Rdam: Rotterdam, Kwekkeboom et al. (24); RM: red

marrow.
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would exceed 23Gy with a dose of 29.6 GBq, the cumulative radioactivity was

reduced to 22.2–27.8GBq. Treatment intervals in general were 6–10weeks. Between

January 2000 and August 2006, 504 patients were treated (a total of 1772 adminis-

trations of 177Lu-octreotate). Side effects within the first 24 hours were nausea in 25%

of administrations, vomiting in 10% and pain in 10%. Six patients with highly

hormonally active neuroendocrine tumors developed a clinical crisis after adminis-

tration due to massive increase in the release of bioactive substances. All patients

recovered after adequate medical treatment (see Ref. 28 for details). Hematological

side effects (WHO grade 3 or 4) occurred in 3.6% of administrations, or in 9.5% of

patients. Mild and reversible alopecia was reported by 62% of patients. Serious

delayed side effects occurred in nine patients: two had a decline in kidney function.

Serumcreatinine concentrations in the first patientwere rising already in the year prior

to the therapy. Creatinine clearance was 41mL/min when starting therapy with
177Lu-octreotate. This patient developed renal insufficiency 1.5 years after receiving

her last treatment. Probably kidney failure was not related to the treatment with
177Lu-octreotate because the deterioration had started before therapy. In the second

patient, serum creatinine levels rose considerably 3 years after therapywith 177Lu-oc-

treotate. In this patient, a severely increasing tricuspid valve insufficiency with right-

heart failure requiring administration of diuretics and other medication was more

likely the cause of the renal insufficiency. Three patients with very extensive hepatic

metastases had serious liver toxicity: one patient had diffuse, rapidly growing liver

metastases from an aggressive endocrine pancreatic tumor. The patient developed

hepatorenal syndrome after the first cycle and died 5 weeks thereafter. This was more

likely to be attributable to the aggressive tumor growth. Two other patients had a

temporary worsening of liver function who required hospitalization. Both patients

recovered and therapy was resumed with a lower dose of 177Lu-octreotate per cycle

without serious side effects. Finally, four patients developed MDS. In one patient,

MDSwas more likely caused by prior chemotherapy with alkylating agents given the

very short interval (several months) between the treatment with 177Lu-octreotate and

the diagnosis ofMDS. In three other patients,MDS seemed related to the therapywith
177Lu-octreotate. So, in summary, serious delayed toxicity probably attributable to the

therapy with 177Lu-octreotate was present in five patients (approximately 1%).

Therapy outcomewas evaluated in 310 patients with GEP neuroendocrine tumors.

Progressivediseasewas found in 61 (20%)patients, SD in 107 (35%),MR in51 (16%),

PR in 86 (28%), and CR was found in 5 (2%) patients. Higher remission rates were

positively correlated with high tumor uptake during pretherapy 111In-octreotide

scintigraphy and a limited number of liver metastases, whereas a low Karnofsky

Performance Score (KPS), extensive disease and weight loss were predictive factors

for PD. Median time to progression was 40 months from the start of treatment in the

249 patients who had either SD or tumor regression (MR, PR, and CR).

This recent study reports data about survival after therapy with 177Lu-octreotate as

well. Median overall survival after beginning therapy was 46 months and median

disease related survival was >48 months. Median progression free survival was 33

months. Themost important predictive factor for survival was treatment outcome (PD

versus non-PD). Other factors were extent of liver metastases, low KPS, baseline
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weight loss and to a lesser degree, presence of bone metastases and diagnosis of

gastrinoma/insulinoma/VIPoma. Compared to other treatments and epidemiological

data (29–32), there seems to be a survival benefit of at least 3.5–6 years. The difference

in survival since diagnosis between the patients treated with 177Lu-octreotate and

those from other studies is illustrated in Fig. 4.4. It is of note that these data are not

based on randomized clinical trials.

Not only survival is important, but also the quality of life (QoL; see Chapter 16).

QoL was analyzed in 50 patients with metastatic GEP tumors treated with 177Lu-oc-

treotate (33). The patients filled out the EORTC Quality of Life Questionnaire C30

before therapy and at follow-up visit 6 weeks after the last cycle. Global health status/

QoL scale significantly improved after therapy with 177Lu-octreotate. The patients

reported a significant improvement in symptom scores for fatigue, insomnia, and pain.

Improvement of QoL domains was most frequently observed in patients with proven

tumor regression.

4.5 PRRT WITH OTHER SOMATOSTATIN ANALOGUES

Lanreotide is another somatostatin analogue. It canbe labeledwith 111In for diagnostic

purposes and with 90Y for therapeutic use. Its use has been advocated because of its

increased affinity for sstr subtypes 3 and 4 compared to 111In-octreotide (34), but this
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FIGURE 4.4 Overall survival in months since diagnosis for patients from epidemiological

and interventional studies (black bars) and in similar patients with regard to tumor type and

disease stage treated with 177Lu-octreotate (white bars). Although these data are not based on

randomized trials, there seems a survival benefit of 40–72 months in patients treated with
177Lu-octreotate. (Adapted from Ref. 24.) Dx: diagnosis, WDEC: well-differentiated endo-

crine carcinoma, PNET: pancreatic neuroendocrine tumor.
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claim is questionable (17). Although radiolabeled lanreotide has been used to treat

patientswithGEP tumors, its affinity is poorer than that of radiolabeled [DOTA0,Tyr3]

octreotide/octreotate for the sstr subtype-2 (sst2). In a studyof 154patients ofwhom39

had carcinoid or otherGEP tumors andwere treatedwith [90Y-DOTA0]lanreotide, 8 of

39 patients exhibited regressive disease (defined as >25% reduction of tumor size)

(21%), 17 had stable disease (44%), and 14 had progressive disease (36%) (34).

Recently, preliminary data have been presented using 90Y-labeled [DOTA0,Tyr3]-

octreotate (90Y-octreotate) (35, 36).However, it is hard to drawconclusions as yet: the

treatment protocols vary and the way of response evaluation was not clearly defined.

An objective response rate (PR) of 37% (28/75) was noted and stabilization of disease

occurred in 39/75 patients (52%). In the same study intra-arterial administration of
90Y-octreotate in five patients was described. However, no detailed results for this

application were provided. An important issue is that to date, reliable dosimetry of
90Y-octreotate is lacking.

4.6 COMPARISON OF DIFFERENT PRRT STUDIES

Somatostatin receptor targeted radionuclide therapy, especially with peptide analo-

gues labeled with a beta-emitter, is a promising new modality in the management of

patients with inoperable or metastasized neuroendocrine tumors. Comparing the

effects of treatment with 90Y-DOTATOC and 177Lu-octreotate is very difficult,

because a randomized trial comparing these two treatments has never been done.

The results that were obtained with both analogues nonetheless are very encouraging.

There is a clear difference in the reported tumor remission percentages between

therapy studies with 90Y-DOTATOC. The following factors may account for this. First

ofall, theadministered radioactivitiesanddosingschemesweredifferent: somepatients

received relatively low doses, because some studies used dose-escalating schemes,

whereas others used fixed doses. Also several patient and tumor characteristics that

determine treatment outcome may play a role, such as the amount of tumor uptake on
111In-octreotide scintigraphy, the total tumor burden, the extent of liver involvement,

weight loss,KPS, and the typeofneuroendocrine tumor (25, 27).Therefore, differences

in patient selection probably play an important role in determining treatment outcome.

Also methodological factors may contribute to the different results in the different

centers performing trials with the same agents, for example, differences in tumor

response criteria (e.g., includingMRor not) and the durationof follow-up.Therefore, it

is essential to develop randomized trials using detailed protocols to establish which

treatment scheme and which radiolabeled somatostatin analogues or combination of

analogues are optimal. Also long-term follow-up is mandatory.

4.7 COMPARISON WITH CHEMOTHERAPY

In the early years of PRRT, it would have been preferable to have a randomized trial

comparing PRRT to no further treatment at all. Thiswould have allowed us to evaluate
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the effects of PRRT precisely, especially with regard to quality of life and survival.

However, patients can now be treated with PRRT in several medical centers in the

European Union and the results of such treatments are encouraging. Therefore,

withholding such treatment to half of patients with symptomatic and/or progressive

disease in an experimental setting cannot be ethically justified and so this is presently

no longer possible, at least in the European Union. Treatment with nonradiolabeled

somatostatin analogues and/or interferonalpha in patientswithGEP tumorswithPDat

study entry resulted in tumor remission in 4 of 80 patients (5%) (37). This is less than

the 46% with tumor remissions (including MR) in our 310 patients treated with
177Lu-octreotate, whether they had PD at study entry or not (24). It seems highly

improbable that such a clear difference is only caused by patient selection.

Response rates of 40–60% for single agent and combination chemotherapy were

observed in well-differentiated pancreatic tumors and poorly differentiated tumors

from any origin, whereas success rates for midgut tumors rarely exceed 20% in recent

studies (see Refs 38–55 for review). Older series with “classical” chemotherapy

reported high response rates (49–51), but these studies used not only imaging studies

as a response criterion but also biochemical tests (measuring serum tumor marker

levels) and physical examination for the evaluation of hepatomegaly. Differences in

response criteria probably attribute much to the discrepancy between older and more

recent studies. Multiple novel drugs, such as bevacizumab (Avastin), sunitinib

(Sutent), sorafenib (Nexavar), vatalanib, thalidomide, and mTOR-inhibitors (ever-

olimus (Rad001), temsirolimus) are under investigation as well, but these are not

reviewed here.

Not only the proportion of patients with tumor remission and stabilization is

important but also the duration of such a response and survival. The median time to

progression for chemotherapy inmost of the studies is less than 18months, regardless

of the varying percentages of objective responses. In this respect, treatment with
90Y-DOTATOC or 177Lu-octreotate compares favorably with a median time to

progression of 30 and 40 months, respectively (16, 25).

4.8 OPTIONS FOR IMPROVING PRRT AND FUTURE DIRECTIONS

Oneway to improve the results of treatmentwith radiolabeled somatostatin analogues

could be to reduce the amount of radiation deposited in normal tissues like the kidneys

and bonemarrow and reducing its unwanted side effects. Thiswould allow an increase

of the cumulative administered radioactivity. Renal protective agents (either lysine

and arginine or a commercially available mixture of amino acids) should always be

administered in clinical practicewhenusing somatostatin analogues labeledwithbeta-

emitters (56). These amino acids cause a reduction in renal uptake of radioactivity in

the proximal tubules. Animal studies indicate that the addition of gelofusin to lysine

and arginine can further decrease the renal uptake (57). This will be studied in future

patients as well.

Another possibility to reduce the toxic effects of radiation on normal tissuesmay be

administering amifostine. Amifostine is used in patients treated with external beam
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radiation therapy and reduces side effects, probably without affecting therapeutic

results (58). In animal studies examining high doses of 177Lu-octreotate, coadminis-

tration of amifostine clearly reduced functional renal damage. From that study it was

not clear however if there were protective effects on bonemarrow (59). At present, no

studies combining 177Lu-octreotate and amifostine in patients have been performed.
90Y and 177Lu have different physical properties. The use of several different

radiolabeled somatostatin analogues in the samepatient can therefore be considered as

well. From animal experiments, it became clear that 90Y-labeled somatostatin

analogues may be more effective for larger tumors, whereas 177Lu-labeled somato-

statin analogues may bemore effective for smaller tumors. Their combinationmay be

the most effective: in animals with various tumor sizes, therapy with both 90Y- and
177Lu-labeled octreotate had better remission rates than either 90Y- or 177Lu-labeled

octreotate alone (60). Therefore, not only different radiolabeled peptides like

octreotate and octreotide, and different radionuclides like 90Y and 177Lu, should be

evaluated, but also PRRT with several combinations, preferably in a randomized

clinical trial. However, reliable dosimetry with 90Y-octreotate in humans is not

available yet.

Investigating possiblemethods to increase the sstr density on tumors can be another

interesting strategy, for example, by medication or irradiation. There are several

studies in vitro and in vivo that indicate that irradiation from external beam radiother-

apy and from PRRT might be used to upregulate receptor expression (61–64). At the

moment however, human data are not available.

So far, all studies involving PRRT in patients have been done with somatostatin

receptor agonists. Agonists are internalized by tumor cells and are therefore retained

longer. Somatostatin receptor antagonists however are not internalized in cells and

were therefore thought to be inappropriate for targeted radiotherapy. Recently

however Ginj et al. (65) demonstrated almost twice as high tumor retention of the

radiolabeled sst2 antagonist
111In-DOTA-sst2-ANT during the first 24 h after admin-

istration in a tumor xenograft mouse model compared to the agonist 111In-DTPA-

octreotate, and this despite a lower affinity for the sst2 of the antagonist.This possibly is

explained by binding of the antagonist to a larger variety of receptor conformations.

These resultswere unexpected and seempromising for trying to increase the radiation-

absorbed dose to tumors. Unfortunately, no data were shown for the amount of

radioactivity remaining in tumors later than 24 h after injection, which is a very

important factor as well for estimating the total amount of radiation dose to the tumor.

Also no data are available yet about toxicity and biodistribution in humans.

Adding radiosensitizing chemotherapeutic agents (e.g., 5-fluorouracil [5-FU] or

capecitabine)mayalsobeone future direction to improvePRRT. 90Y-labeledantibody

radioimmunotherapy in combination with 5-FU as radiosensitizer was found feasible

and safe (66). PRRT using 111In-octreotide combined with 5-FU resulted in symp-

tomatic improvement in 71% of patients with neuroendocrine tumors (67), which is

more frequent than in other studies using only 111In-octreotide as treatment (4, 5). 5-

FUwas used inmany of the numerous trials to investigate the effects of (fractionated)

external beam radiotherapy with chemotherapy.More recent trials used capecitabine,

a prodrug of 5-FU, which has the advantage of oral administration. Thymidine
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phosphorylase (TP) is one of the enzymes needed to convert the inactive form

(capecitabine) into its active form (5-FU). Many tumors have a higher amount of

TP than normal tissues and this results in a higher concentration of the active form in

cancerous cells. In addition, irradiation can induce an upregulation of TP (68). This

makes capecitabine a very interesting drug to combine with PRRT. Capecitabine in

relatively low doses (1600–2000mg/m2/day), rarely provokes grade 3 hematologic or

other toxicity such as severe hand-foot syndrome or stomatitis (68, 69). Recently, a

pilot trial using capecitabine (1650mg/m2/day) and 177Lu-octreotate was performed

to evaluate if this newcombination is safe and feasible. Sevenpatientswere treated and

26 cycles of the combinationwere administered.Hematological toxicitywas rare (one

patientwith grade 3 anemia andone patientwith grade 3 thrombocytopenia, nograde 4

toxicity) and capecitabine-related side effectswere rare aswell (one patientwith grade

1 stomatitis, nohand-foot syndrome) (70).Although itwas not the aimof the study, it is

reassuring that this new combination therapy was very effective. Figure 4.5 demon-

strates a PR in one patient. With this knowledge, a randomized, clinical, multicenter

trial comparing treatment with 177Lu-octreotate with and without capecitabine in

patients with GEP tumors was started in March 2007.

FIGURE 4.5 Imaging studies in a patient with a pancreatic tail neuroendocrine tumor with

liver metastases, treated with 4 cycles of 177Lu-octreotate of 7.4GBq and capecitabine

(1650mg/m2 per day for 2 weeks). Upper row: 111In-octreotide scintigraphy (anterior view)

and CT scan before starting therapy. Arrows indicate one of the several liver metastases. Lower

row: 111In-octreotide scintigraphy (anterior view) and CT scan 1 year after the final therapy

cycle. There is a clear decrease in pathological uptake in liver lesions and pancreatic tail tumor

on 111In-octreotide scintigraphy and a partial remission is seen on the CT scan.
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4.9 CONCLUSIONS

There are few effective therapies for patients with inoperable or metastasized

neuroendocrine tumors. PRRTwith radiolabeled somatostatin analogues is a promis-

ing treatment option for these patients, provided that pretherapy ssrt scintigraphy is

positive. Treatment with any of the various 111In, 90Y, or 177Lu-labeled somatostatin

analogues that have been used can result in symptomatic improvement, but therapy

with 111In-labeled somatostatin analogues rarely results in tumor size reduction.

Therefore, radiolabeled somatostatin analogues with beta-emitting isotopes like 90Y

and 177Lu were developed. There is a large variation in the reported antitumor effects

of 90Y-DOTATOC between various studies: objective response was achieved in

9–33%. With 177Lu-octreotate treatments, overall response (OR) was achieved in

29% of patients and MR in 16%, SD was present in 35% and progressive disease in

20%. High tumor uptake on somatostatin receptor scintigraphy and a limited amount

of liver metastases were predictive factors for tumor remission. Side effects of PRRT

are few andmostly mild, but renal protective agents are required; serious delayed side

effects likeMDS or renal failure (with appropriate renal protection) are rare (<1% for
177Lu-octreotate). The median duration of therapy response for 90Y-DOTATOC and
177Lu-octreotate is 30 and 40 months respectively. Treatment with 177Lu-octreotate

seems to result in a survival benefit of several years. Patients with PD despite therapy

with 177Lu-octreotate clearly had a shorter survival than those who had tumor

remission or stable disease. Quality of life improves significantly after treatment

with 177Lu-octreotate. These data about PRRT compare favorably with the limited

number of alternative treatment approaches, like chemotherapy. Therefore, PRRT

might become the therapy of first choice in patients with metastasized or inoperable

GEP neuroendocrine tumors if more widespread use of PRRT is possible. Although

not discussed in this chapter, the role of PRRT in somatostatin receptor expressing

non-GEP tumors, like metastasized paraganglioma/pheochromocytoma (71, 72)

and nonradioiodine-avid differentiated thyroid carcinoma (73) might also become

more important. Further studies are needed to increase the antitumor effects of

PRRTand to further reduce side effects. Also randomized clinical trials are essential

to better determine the role of PRRTin themanagement of patientswith sstr-positive

tumors.
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CHAPTER 5

Targeted Radiotherapy of Central
Nervous System Malignancies

MICHAEL R. ZALUTSKY, DAVID A. REARDON, AND DARELL D. BIGNER

5.1 MALIGNANT BRAIN TUMORS

Although significant advances have beenmade during the past decade in the treatment

of many types of cancer, primary malignant brain tumors remain a major challenge to

the oncologist. While the incidence of brain tumors is not as high as breast, prostate,

lung, or colon cancer, they account for more than 1% of all cancers diagnosed in the

United States (1). Each year, approximately 18,500 new cases of malignant glioma

are diagnosed with about 13,100 patients dying of this disease. This annual mortality

rate exceeds that of melanoma, Hodgkin’s disease, multiple myeloma, and cancers of

the uterus, esophagus, stomach, kidney, and bladder (1).

Despite aggressive multimodality treatment strategies, the outcome for most

primary central nervous system (CNS) tumors, particularly, the most common and

deadliest primary, adult malignant brain tumor, glioblastoma multiforme (GBM),

remains unacceptably poor. For example, according to a recent population-based

study, the overall survival of newly diagnosed GBM patients who received state-of-

the-art surgery, imaging, radiotherapy, andchemotherapywasonly42.4%at 6months,

17.7% at 1 year, and 3.3% at 2 years (2). Although chemotherapy has provided only

marginal therapeutic benefit at best for patients with these tumors (3, 4), a recent,

randomized, Phase III study demonstrated that temozolomide (a second-generation

imidazotetrazine derivative that methylates specific DNA sites, including the O6

position of guanine (5)) improved outcome when administered during and following

radiotherapy compared with outcome with radiotherapy alone. However, this combi-

nation therapy, while more effective than external beam radiation alone, provided a

median progression-free survival and overall survival of only 7.9 and 14.6 months,

respectively (6).

Monoclonal Antibody and Peptide-Targeted Radiotherapy of Cancer, Edited by Raymond M. Reilly
Copyright � 2010 John Wiley & Sons, Inc.

139



The prognosis for patients with recurrent malignant brain tumors is even more

dismal because salvage therapies following progression after conventional surgery,

radiotherapy, and temozolomide are ineffective. Thus, there is no uniformly accepted

standard of care for recurrent patients with the result that there is no well-defined

benchmark for evaluating new treatments in this patient population.However, a useful

comparator for this purpose are the cumulative results of eight consecutive clinical

trials performed at a single institution that indicate amedian progression-free survival

of only 9 and 12 weeks for recurrent GBM and grade III malignant glioma patients,

respectively (7). Somewhat more favorable outcomes have been reported in patients

receiving temozolomide at first recurrence (median progression-free-survival for

GBM of 12.4 weeks and 21.6 weeks for grade III patients (8, 9). Unfortunately,

toxicity to normal CNS tissues from conventional radiotherapy and chemotherapy

interventions contribute to an extremely limited quality of life among patients who

survive beyond the median (10, 11).

Recursive partitioning analysis, a statistical methodology that creates a regression

tree according to prognostic significance, has indicated some of the clinical variables

associated with poor outcome including older age, poor performance status, and lack

of resectability (12). For the purposes of developing new therapeutic strategies, it is

important to focus on the biologic factors that interfere with the effective treatment of

malignant brain tumors. Some of these are also operant in other types of cancer such as

intratumor and intertumor heterogeneity, aswell as de novo and acquiredmechanisms

of chemoresistance and DNA damage repair. Ineffective delivery of therapeutics into

the CNS and tumor microenvironment is one of the most significant barriers to brain

tumor treatment. The blood brain barrier drastically compromises delivery of drugs to

brain tumors with the exception of small, lipid-soluble, or actively transported

molecules (13). This magnifies the consequences of tumor hemodynamic parameters

such as elevated interstitial pressure within the tumor and dysfunctional tumor

vasculature (14),with the result that homogeneousdelivery of a drug at therapeutically

meaningful levels is very difficult to achieve. Finally, two characteristics ofmalignant

gliomas—their high rates of genetic abnormalities and dysfunctional cell signaling

pathways, result in very aggressive tumor cell proliferation, invasion, and

angiogenesis (15).

5.2 RATIONALE FOR LOCOREGIONAL THERAPY

Local recurrence is the bane of brain tumor therapy and nearly all malignant gliomas

recur. Despite the fact that surgery and radiotherapy are in essence localized

approaches, the majority of malignant gliomas recur at or adjacent to the primary

tumor site (16, 17), indicating that local control remains elusive. Because of the

propensity of malignant gliomas to recur locally following conventional therapy, and

the difficulties in achieving effective drug delivery following systemic administration

as described above, several innovative treatment approaches have emerged that are

focused on achieving better local control as a first step in improving overall outcome.

Clearly, locoregional administration is a key aspect of these strategies because it
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provides themeans to achieve amuch higher concentration of the drug in the tumor by

bypassing the blood–brain barrier while limiting systemic exposure and resultant

toxicity. Moreover, local administration may also be of benefit in facilitating delivery

of the therapeutic along thewhite matter tracts that are frequently followed by glioma

cells as they infiltrate normal brain (18).

Locoregional approaches currently under active investigation vary with regard to

both the nature of the local delivery method and the characteristics of the therapeutic

itself. For example, carmustine-impregnated biodegradable wafers have been im-

planted into the wall of the resection cavity (19, 20). Other groups have utilized

convection-enhanced delivery (microinfusion) to circumvent the diffusion limitation

of macromolecules to distribute immunotoxins throughout the tumor bed (21–23).

Another approach is to place an inflatable balloon device into the tumor resection

cavity, which contains a solution of sodium3-[125I]-iodo-4-hydroxybenzenesulfonate

to provide focal brachytherapy to the cavity margins (24–27).

5.3 TARGETED RADIOTHERAPY OF BRAIN TUMORS

A severe limitation of conventional radiotherapy for brain tumor treatment is its

nonspecific nature, resulting in toxicity to normal brain within the radiation field.

Because malignant glioma is a highly infiltrative disease, small clusters or single

gliomacells can be present 4–7 cm from theprimary tumor site and sometimes, even in

the contralateral hemisphere (28, 29). Thus, it is exceedingly difficult to achieve tumor

control without inducing excessive toxicity to normal brain, which is the predominant

component in regions beyond the primary tumor margin. Targeted radiotherapy is an

attractive approach to addressing this conundrum because it can increase the tumor

selectivity of radiation dose deposition through the use of a molecular vehicle to

selectively deliver a radionuclide to malignant glioma cells.

By targeting a receptor or other molecule that is overexpressed or uniquely

expressed in brain tumors, it should be possible to achieve a significantly more

favorable therapeutic index thanpossiblewith conventional external beam therapy.An

important consideration is selecting a radionuclidewith decay properties that arewell

matched to the characteristics of brain tumors (30).High energyb-emitters suchas 90Y

(2.29MeV Ebmax) have relatively long ranges in tissue, which would maximize

irradiation of receptor negative tumor cell populations through cross fire effects and

also compensate for diffusion limitations of macromolecular carriers such as mono-

clonal antibodies (mAbs). However, there is a significant disadvantage to using long

range b-emitters for treating brain tumors—the deposition of much of their decay

energy in normal brain tissue. On the other hand, a-emitters such as 211At have higher

energies (5.87–7.45MeV) yet have ranges in tissue of 55–80 mm, equivalent to only a

few cell diameters, making them particularly well suited to the treatment of small foci

of malignant glioma cells infiltrating normal brain. However, the disadvantage of

a-particles is that they lack a significant cross fire effect, making homogeneous tumor

delivery of the targeted radiotherapeutic a critical requirement. Most approaches for

brain tumor targeted radiotherapy have utilized 131I, presumably because this
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moderate-low energy b-emitter (0.606MeV Ebmax) offers a reasonable compromise

between maximizing the homogeneity of tumor radiation dose deposition and

minimizing radiation dose to normal brain.

Initial targeted radiotherapy trials on brain tumor patients involved intravenous

administration of mAbs reactive with the epidermal growth factor (EGF) recep-

tor (31, 32). A number of other molecules that are overexpressed on glioma cells

compared with normal brain have been considered as targets for brain tumor radio-

immunotherapy (RIT). These include the human transferrin receptor (33), the human

neural cell adhesion molecule (34), the L1 cellular adhesion molecule (35), the lacto-

series gangliosides 30-isoLM1 and 30,60-isoLD1 (36), the chondroitin sulfate proteo-
glycan GP240 (37), the transmembrane glycoprotein NMB (GPNMB) (38), and the

multidrug resistance protein 3 (MRP3) (39). However, the preponderance of clinical

RIT research in malignant glioma has involved radiolabeled mAbs reactive with the

tenascin-C molecule administered, for reasons discussed in the previous section,

directly into surgically created resection cavities. For this reason, this chapter

predominantly focuses on the clinical development of radiolabeled anti-tenascin-C

mAbs but also describes other targeted radiotherapeutics that have been investigated

for the treatment brain tumor patients.

5.4 RATIONALEFORTENASCIN-CASATARGETFORRADIONUCLIDE
THERAPY

Unlikemost of themolecular targets exploited in radionuclide therapy,which are cell-

surface markers, tenascin-C is found in the extracellular matrix. Although this large

six-armed glycoprotein is expressed widely in the stroma and mesenchyme of tissues

at various stages of differentiation, in normal adult tissues, it is primarily expressed in

the liver, kidney, spleen, and papillary dermis (40, 41). Two problems for targeted

radiotherapy are associatedwith tenascin-C expression in these normal organs—these

organs represent highly accessible pools of target that can compete with tumor for

uptake of the radiolabeled molecule and they could be subjected to dose-limiting

radiotoxicity. For this reason, locoregional administration of tenascin-C targeted

radiotherapeutics is recommended.

Tenascin-C expression is associated with a variety of tumors including breast,

squamous cell, lung and prostate carcinomas, melanoma, and malignant glioma but

also in other pathologic states such as inflammation and wound healing (42–44). The

tenascin-C molecule has been well characterized by biochemical and ultrastructural

analyses. The complete nucleotide and deduced amino acid sequence of full-length

tenascin-C cDNA are known (45). Tenascin-C exists as a six-armed, disulfide-linked

polymer with each arm ending in a characteristic knob, and consists of two T-shaped

junctions, each joining three arms (46, 47). A central globular core joins the two

trimers at their T-junction. Each arm contains multiple domains that can bind various

cell-surface receptors such as integrins as well as extracellular matrix components,

notably, fibronectin (FN) (48). As shown in Fig. 5.1, each 200–300 kDa arm contains

14 epidermal growth factor-like repeats, immediately adjacent to the amino terminus,

142 TARGETED RADIOTHERAPY OF CENTRAL NERVOUS SYSTEM MALIGNANCIES



followed by 8–15 FN type-III repeats, with a fibrinogen-like sequence located at the

carboxy terminus.

Different forms of tenascin-C are generated by alternate splicing and variable

transcription of up to 8 FNIII repeats that are inserted between the universally

conserved repeat numbers 5 and 6. From a targeting perspective, it is important to

note that there is variable expression of the different isoforms of tenascin-C in normal

organs and tumors (49, 50). Tenascin-C is expressed inmore than 90%of gliomaswith

the predominant isoforms in these tumors having molecular weights of 220, 230, and

320 kDa (50). The level of tenascin-C expression increaseswith degree ofmalignancy

and is predominantly located around tumor blood vessels, with this feature becoming

more striking with advancing tumor grade (51–55). Because of this perviascular

pattern of expression, tenascin-C could serve as a target for achieving focal

irradiation of tumor vasculature using short range radiation such as Auger electrons

ora-particles (56),which could lead to the destruction of tumor cells not directly in the

radiation path. Finally, numerous studies have documented that tenascin-C plays a key

role in multiple physiological processes vital to tumor progression including angio-

genesis, adhesion, migration, and proliferation (40, 41, 57–63).

5.4.1 Tenascin-C Targeting Vehicles

Tenascin-C is an attractive molecular target for the development of malignant glioma

therapeutics because it is over expressed in the vast majority of brain tumors at levels

FIGURE 5.1 Schematic diagram of a single arm of the tenascin-C hexamer. The structural

arrangement, beginning at the N-terminus, consists of the central knob attachment site

(triangle), 14 epidermal growth factor-like domains, (diamonds), 8–15 fibronectin type III

(FNIII) repeats, and a fibrinogen-like domain at the C-terminus. Multiple isoforms of tenascin-

C exist due to variations in the alternatively spliced FNIII domains. The approximate epitope

binding sites of the anti-tenascin-C mAbs discussed in the text are indicated by upward arrows

with the mAb designations given in the boxes below the arrows.
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that are considerably higher than most cell-surface targets. A number of murine mAbs

that bind to different domains of the tenascin-Cmolecule have been developedwith the

intention of using them as targeting vehicles for brain tumor radionuclide therapy. The

approximate binding epitopes for these mAbs are shown in Fig. 5.1. The BC-4 and

next-generation ST2146 mAbs both bind to an epitope within the EGF-like repeat

region that is present on all tenascin-C isoforms (63, 64). On the other hand, both the

BC-2 and the ST2485mAbs react with an epitope found on alternatively spliced FNIII

A1 and A4 repeats, which share 83% homology (63, 65). In interpreting results

obtained with these mAbs, it should be noted that following the completion of initial

clinical trials with the BC-4 mAb, it was discovered that its hybridoma clone also

generated an additional nonfunctional light chain. To circumvent this problem,ST2146

was developed as a BC-4 replacement (64). Subsequently, ST2485, which exhibits an

elevated affinity to tenascin-C compared with BC-2, was developed to combine with

ST2146 to enhance tumor targeting (65). Both ST2146 and ST2485 show promise as

vehicles for targeted radiotherapy of brain tumors; however, clinical trials with these

mAbs have yet to be reported. The anti-tenascin-CmAbdeveloped byourgroup, 81C6,

binds to an epitope within the alternatively spliced FNIII CD region (43).

Several promising alternativevehicles for targeting tenascin-Care in thepreclinical

development stage. Antibody phage display technology (see Chapter 1) has been

utilized to develop two human recombinant mAbs, F16 and P12, which bind to

epitopes within the A1 and D domains of the FNIII region, respectively (66). After

affinity maturation, small�75 kDa immunoproteins (SIP), consisting of scFv- eCH4
dimers, were constructed, radioiodinated, and their biodistribution evaluated in a

human glioma xenograft model. The SIP(F16) but not the SIP(P12) construct

exhibited rapid preferential tumor targeting, albeit at levels about an order of

magnitude lower than seen with the intact murine mAbs described above. Aptamers

that bind with high affinity to tenascin-C have also been developed (67, 68). These

oligonucleotide molecules, identified by the SELEX (systematic evolution of ligands

by exponential enrichment) technology, have molecular weights of 8–15 kDa and

affinities in the nanomolar range. In tumor bearing mice, 99mTc-labeled TTA1 anti-

tenascin-C apatamer rapidly exhibited high tumor-to-normal tissue accumulation

ratios (69). Again, the absolute magnitude tumor uptake was considerably lower than

that achievable with intact mAbs. Thus, the pharmacokinetics observed to date with

SIP and aptamers seembetter suited to diagnostic rather than therapeutic applications.

In the sections that follow, the current status of clinical brain tumor targeted

radiotherapy with these anti-tenascin-C mAbs, both directly labeled and as an

essential component of a pretargeting strategy, will be reviewed. We shall focus

primarily on the Phase I and II clinical studies at our institution performed with 81C6,

which is now being investigated in a Phase III multicenter trial.

5.4.2 BC-2 and BC-4 mAbs: The Italian Experience

Riva and colleagues have conducted several clinical trials evaluating the locoregional

administration of mAbs BC-2 and BC-4 labeled with either 131I or 90Y for the

treatment of patients with malignant glioma (70–72). Unfortunately, no distinction
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was made between the two mAbs in these protocols, making it impossible to discern

whether tenascin-C binding epitope played any role in therapeutic efficacy or normal

tissue toxicity. Differentiation of response results for newly diagnosed and recurrent

patients also was not done. On the other hand, in most of these trials, patients were

evaluated based on tumor size at the time of treatment.

In a Phase II study with 131I-labeled anti-tenascin-C BC-2 and BC-4 mAbs, a total

of 91 patients were treated, including 74 with GBM, 9 with anaplastic astrocytoma

(AA), 7 with anaplastic oligodendroglioma (AO), and 1 with oligodendroglioma

(O) (73). Of these, 52 patients were classified as having small (defined as less than

2 cm3) or undetectable residual tumor, with the remainder having larger tumors. The

patient population was nearly equally divided between those with recurrent tumors

(n¼ 44) and newly diagnosed malignancies (n¼ 47). Patients received between 3

and 10 locoregional injections of 131I-labeled mAbwith cumulative radioactivities of

up to 2035MBq. The median effective half-life for clearance of 131I from the tumor

cavity was 57.1 h and the mean radiation dose delivered to the surgically created

resection cavity (SCRC) walls was 150Gy. The median survival for patients with

GBM,AA, andAOwas19,>46, and23months, respectively; nodistinctionwasmade

between recurrent and newly diagnosed patient populations. In GBM patients, the

response rate in patientswith smaller volumedisease, 56.7%,wasmore favorable than

in those with larger tumors (17.8%).

The Italian group also performed a similar study with 90Y-labeled BC-2 and BC-4

mAbs, investigating the potential effects of utilizing a radiometal emitting b-particles
with a range greater than those emitted by 131I (73). The patient cohort consisted of 43

evaluable patients (35GBM,6AA, 2O) and16had small or undetected residual tumor

and 19 had larger lesions. Of these, 19 had recurrent tumors and 16 had newly

diagnosed disease. The treatment protocol consisted of between 3 and 5 cycles of
90Y-labeled anti-tenascin-C mAb up to a cumulative radioactivity of 3145MBq. The

median effective half-life of 90Y in the tumor cavitywas 43.2 h and themean radiation

dose delivered to the surgically created resection cavity interface was 280Gy, a value

nearly twice that observed for 131I. The median survival from the time of initial

diagnosis was 90 months for patients with AA and 20 months for patients with GBM.

In patients with smaller volume disease, the response rate for 90Y-labeled mAb

treatment, 56.3%,was nearly identical to that observedwith 131I. However, in patients

with larger tumors at the time of RIT, the response ratewith 90Y was somewhat higher

that that observed with 131I (26.3% versus 17.8%), which might reflect the longer

b-particle range of 90Y.

A more recent study was performed at hospitals in Cesna, Italy and Munich,

Germany exclusivelywith anti-tenascin-CmAbBC-4 due to the lack of availability of

the BC-2 mAb. A total of 37 patients with malignant brain tumors (13 AA, 24 GBM)

received locoregional injections of either 131I-labeled (Cesna and Munich) or 90Y-

labeled (Cesna) BC-4 (74). The treatment protocol in Cesna involved multiple cycles

(mean 3, maximum 8) of radiolabeled mAbs at intervals of 6 to 8 weeks, while that in

Munich utilized a single injection of 1100MBq 131I-labeled BC-4. The median

survival for patients at the two institutions was not differentiated and was 17 months

for those with GBM. Furthermore, survival results were not stratified according to
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radionuclide, and it was not mentioned whether the patient population consisted of

those with recurrent, newly diagnosed brain tumors, or both. The 5-year survival

probability reported for those with AA was about 85%. The low incidence of side

effects, even in patients receiving multiple injections of radiolabeled mAbs, is

encouraging.

5.4.3 Antitenascin-C mAb 81C6: The Duke Experience

5.4.3.1 Rationale for Locoregionally Administered 131I-Labeled 81C6
Targeted Radiotherapy With the goal of exploiting the overexpression of

tenascin-C on brain tumors for molecularly targeted treatment of these malignancies,

mAb 81C6 was developed (42, 43). This murine IgG2b binds to an epitope within the

alternatively spliced FNIII CD region (Fig. 5.1) (75). A potential advantage of mAbs,

like 81C6 that bind to alternatively spliced regions of the tenascin-C molecule versus

those present on all isoforms is that this should increase the relative binding to

tenascin-C in tumor compared with normal organs such as liver and spleen (76).

Notably, 81C6 does not react with normal brain tissue (50).

A series of preclinical studies performed in athymic mice and rats with subcutane-

ous and intracranial human glioma xenografts provided evidence of the specificity of

radioiodinated 81C6 for tenascin-C-expressing tumors in vivo (77–79).Many of these

were done in paired label format, which provided critical documentation that radi-

olabeled mAb uptake in intracranial xenografts was specific and not just due to

blood–brain barrier disruption. Experiments in athymic mice with subcutaneous D54

MG human glioma xenografts demonstrated the therapeutic efficacy of intravenously

administered 131I-labeled 81C6 (80) and in subsequent studies in athymic rats with

intracranial tumors, significant prolongation of median survival, and even a few

apparent cures, were observed (81).

Three diagnostic-level clinical studies performed in glioma patients with radio-

iodinated 81C6 provided critical information that influenced the design of subsequent

targeted radiotherapy protocols. In the first study, nine patients with malignant brain

tumors received paired-label intravenous injection of 131I-labeled 81C6 and 125I-la-

beled 45.6 isotype control mAb 29–77 h prior to scheduled tumor resection (82).

Tumor tissue obtained at surgery exhibited five times higher levels of 131I-labeled

81C6 comparedwith coadministered 125I-labeled 45.6 and had an average of 25 times

higher levels of 131I than in normal brain. This confirmed that 131I-labeled 81C6

accumulation inmalignant brain tumorswas both selective and specific.Next, a paired

injection protocol demonstrated that intracarotid administration offered no tumor

delivery advantage comparedwith intravenous injection (83). Finally, an 81C6protein

dose escalation protocol,monitored by single photon emission computed tomography

(SPECT) imaging, indicated that therapeutically relevant tumor radiation doses could

not be obtained after intravenous mAb injection without subjecting tenascin-C

expressing liver and spleen to excessive radiation doses (84). Based on these

observations, our clinical targeted radiotherapy protocols with radiolabeled 81C6

mAb utilized locoregional administration, most frequently into surgically created

glioma resection cavities.
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5.4.3.2 Phase I Evaluation of Locoregionally Administered 131I-Labeled
81C6 Anessential feature of all the targeted radiotherapy protocols described in the

following sections is the use of compartmental approaches for the administration of

radiolabeled 81C6mAbs, with locoregional delivery into either the SCRC, spontane-

ous tumor cysts, or the intrathecal space for treating neoplasticmeningitis. In addition

to rapidly achieving high local concentrations of the labeled mAb, regional adminis-

tration also offered the means to minimize systemic toxicity, circumvent the blood–

brain barrier, overcome potentially high tumor interstitial pressure, and minimize the

possible impact of systemic catabolismof the labeledmAbon its availability for tumor

targeting. In interpreting the results of these trials, it should be noted that inmost cases,

the treatment protocols also included standard external beam radiotherapy and

chemotherapy, which represents standard of care for these patient populations.

Our initial Phase I study included 31 patients (18 with GBM) with either

leptomeningeal neoplasms or brain tumor resection cavities with subarachnoid

communication who were treated with a single injection of 131I-labeled 81C6 into

the intrathecal space (85). The administered 131I activity levels ranged from 1480 to

3700MBq,with themaximumtolerateddose (MTD)determined tobe2960MBq.The

dose-limiting toxicity was hematologic and no nonhematologic grade 3 or 4 toxicity

was observed. A partial radiographic response was seen in one patient, and disease

stabilizationoccurred in13patients (42%).Fivepatients remainedprogression free for

more than 409 days after receiving 131I-labeled 81C6 treatment.

All subsequent trials involved compartmental delivery by direct injection of
131I-labeled 81C6 into a SCRCvia aRickham catheter inserted at the time of resection

(Fig. 5.2). Using this approach, two Phase I studies were conducted in parallel to

FIGURE 5.2 Locoregional monoclonal antibody radiotherapy following complete resection

of brain tumor, involving surgically created resection cavity. (a) Gadolinium-enhanced T1-

weightedMRI showing the SCRC following complete resection of a right parietal glioblastoma

multiforme. (b) 3D view of registered MRI and single photon emission computed tomography

images illustrating the typical distribution of 131I-labeled 81C6 in the SCRC of a patient.

RATIONALE FOR TENASCIN-C AS A TARGET FOR RADIONUCLIDE THERAPY 147



determine theMTD of 131I-labeled 81C6 administered into the SCRC of patients with

both recurrent and newly diagnosed malignant glioma. Entry criteria for these

protocols included histopathologic confirmation of diagnosis, tumor localization

within the supratentorial compartment, and amaximumof 1 cm residual enhancement

on postoperativeMRI. An important additional requirement was the demonstration of

tumor reactivity with the 81C6 mAb by immunohistochemistry. Subsequent to the

RIT procedure, most patients received systemic chemotherapy; those with newly

diagnosed tumors also underwent conventional external beam radiotherapy.

The Phase I study in the recurrent malignant brain tumor population enrolled 34

patients including 26 (77%) with GBM (86). The administered dose of 131I-labeled

81C6 ranged from 740 to 4440MBq and the MTD was determined to be 3700MBq.

Dose-limiting toxicity in this patient population was neurologic. Even with the dose

escalation design of this study, themedian survival results were highly encouraging at

56 and 60 weeks for recurrent GBM patients and all treated patients, respectively.

Figure 5.3 presents serial MRI and [18F]fluorodeoxyglucose PET images for a

representative patient receiving 131I-labeled 81C6 therapy. Following gross total

resection, the rim minimally enhances on MRI while after radiolabeled mAb

administration, the rim enhancement gradually becomes more prominent while the

SCRC retracts. The corresponding PET images show an absence ofmetabolic activity

in the region of the SCRC.

The parallel Phase I study in patients with newly diagnosed malignant glioma

involved a total of 42 patients, 32 (76%) of which were diagnosed with GBM (87). In

this trial, administered doses of 131I-labeled 81C6 ranged from 740 to 6660MBq.

Dose-limiting toxicity again was neurologic and developed in one of seven patients at

4440MBq , twoof three patients at 5180MBq, twoof sevenpatients at 5920MBq, and

the one patient treated with 6660MBq . The MTD of 131I-labeled 81C6 administered

into the SCRC for patients with newly diagnosed and previously untreated tumorswas

FIGURE5.3 SerialMRI (top andmiddle) and [18F]FDGPET scan results of a representative

patient after 131I 81C6 mAb therapy. Corresponding [18F]FDG PET scan images (bottom)

demonstrate a lack of increased metabolic activity in region of the surgically created resection

cavity. Reproduced with permission from Ref. 100.
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established to be 4440MBq, a value 20% higher than that observed in patients with

recurrent disease. Presumably, this difference reflects the fact that the recurrent

population had receiveda standard course of external beam radiation prior to receiving
131I-labeled 81C6. Noteworthy median survival results were observed in this trial as

well, with values of 69 and 79 weeks measured for patients with GBM and for all

patients, respectively. Patient-specific radiation dosimetry analysis was performed,

which indicated that the 2 cm thick annular region surrounding the SCRC interface

received an average radiation dose of 32Gy, with the individual patient doses ranging

between 2 and 59Gy (88).

5.4.3.3 Phase II Evaluation of 131I-Labeled 81C6 in Newly Diagnosed
Malignant Glioma A Phase II trial was then conducted with the same eligibility

criteria as those in the Phase I studies. Patients with newly diagnosed malignant

glioma received an administered dose of 4440MBq of 131I-labeled 81C6 into the

SCRC and subsequently were treated with external beam radiation and systemic

chemotherapy (89). Of the 33 total patients that were enrolled, 27 (82%) had GBM.

Nine patients (27%) developed reversible hematologic toxicity, consistent with

leakage of 131I from the SCRC into the systemic circulation over time, and

histologically confirmed, treatment-related neurotoxicity occurred in five (15%)

patients. Irreversible neurologic toxicity was associated with the SCRC being

immediately adjacent to or contiguous with the compromised CNS functional

center: the SCRC abutted the motor strip in all five patients who developed

irreversible neuromotor toxicity, while in the single patient who developed aphasia,

the SCRC bordered Broca’s area.

The radiation dose received by the SCRC margins was calculated based on the

SCRC volumemeasured byMRI and the clearance half time of 131I from the SCRC as

determined by serial imaging (88). The average SCRC volume in these patients was

10.45 cm3 (range, 0.5–30.5 cm3), the average biologic half-life of 131I-labeled 81C6 in

the SCRCwas 87 h (range, 26–282 h), and the average residence timewas 78 h (range,

34–169 h) (89). Based on these data, the average absorbed dose to the 2 cm SCRC rim

was calculated as 48Gywith the dose in individual patients ranging from24 to 116Gy.

The median survival achieved for all patients and those with GBMwas 86.7 and 79.4

weeks, respectively.

To better understand the survival benefit obtained with 131I-labeled 81C6 targeted

radiotherapy, we compared our results with outcomes for conventional radiotherapy

and chemotherapy predicted by a recursive partitioning model (12). This model is

designed to assess the prognostic impact of several pretreatment characteristics and

treatment-related variables among patients with newly diagnosed brain tumors. Even

though only limited comparisons could be done because of the sample size of our

Phase II study, the results suggest that 131I-labeled 81C6 treatment compares favorably

with the standard approach in similar subpopulations of patients. For example, in

patients less than 50 years oldwith a newly diagnosedGBM, the recursive partitioning

model predicted a median survival of 55 weeks for conventional treatment compared

with 87 weeks for targeted radiotherapy. Likewise, patients with a newly diagnosed

GBMwhowere over age 50butwith aKarnofskyperformance status greater than 70%
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were predicted tohave amedian survival of only 39weeks by the recursivepartitioning

model compared with a median survival of 65 weeks observed in this subpopulation

after radioimmunotherapy.

It is also important to evaluate 131I-labeled 81C6 treatment in the context of other

strategies for delivering a boost radiation dose to brain tumors such as interstitial

brachytherapy and stereotactic radiosurgery. These comparisons should be done not

solely based on survival prolongation but also need to consider minimizing side

effects, particularly those that compromise quality of life. The prolonged survival

achieved with radioimmunotherapy on our study compared favorably to those

reported with 125I-interstitial brachytherapy or stereotactic radiosurgery (90–92).

Moreover, 33–64% of patients treated with either of these latter approaches required

reoperation to debulk radiation necrosis and relieve symptomatic mass effect; in

marked contrast, only 2 of the 109 patients (1.8%) combined from our Phase I and II
131I-labeled 81C6 studies required reoperation for symptomatic radiation necrosis.

It is also important to compare the result we obtained with radiolabeled anti-

tenascin-C81C6mAbwith those associatedwithnew therapeutic strategies that donot

involve radiation. Notably, the median survival achieved on our Phase II study

exceeded that reported following the placement of carmustine-loaded polymers

(Gliadel�; MGI Pharmaceuticals, Bloomington, MN, USA) into SCRC of patients

with newly diagnosed malignant glioma (20). Finally, the results of our Phase II trial

compare favorablywith thoseobtained in patients receiving temozolomide concurrent

with their courseof external beamradiation (93),whichhas emergedas themost recent

standard of care therapy for patients with malignant glioma.

5.4.4 Strategies for Improving the Efficacy of 81C6-Based Targeted
Radiotherapy

5.4.4.1 Patient-Specific Dosing to Deliver 44 Gy to the SCRC Because

of regulatory restraints, all of the protocols described above involved administration of
131I-labeled 81C6 based on the dose of radioactivity of 131I. However, dosimetric

analyses performed on the 42 newly diagnosed malignant glioma patients treated on

our Phase I study revealed that this resulted in awide range of radiation absorbed doses

delivered to the 2 cm cavity margin due to variations in cavity volume and residence

time (88). In this group of patients, the SCRC ranged from2 to 81 cm3while the SCRC

residence time ranged from 10 to 113 h. The average absorbed dose delivered from a

fixed 4440MBq radioactivity dose of 131I-labeled 81C6 to the SCRC interface and

2 cm SCRC perimeter was 1435 and 32Gy, respectively; however, the range in values

for the interface (46–9531Gy) and 2 cm perimeter (3–59Gy) doses were extensive.

This motivated us to examine the relationship between radiation absorbed dose to

the 2 cm cavity margin and histopathology results among 16 patients in whom

progressive changes on serial MRI scans were observed following 131I-labeled

81C6 administration. Stereotactic biopsies were obtained from the SCRC interface

in 15 patients and one at autopsy, and the results were classified as either (a) tumor, (b)

radionecrosis, or (c) a mixture of tumor and radionecrosis. In the five patients with

biopsies revealing only tumor, the average absorbed dose to the 2 cm cavitymargin for
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these patients was 25Gy (range, 12–44Gy), but none of these patients developed any

type of toxicity. In contrast, in the five patients whose biopsy results demonstrated

solely radionecrosis, the average absorbed dose to the 2 cm shell was 47Gy (range,

34–55Gy); two of these patients developed delayed neurotoxicity, and one developed

both acute and delayed neurotoxicity.

Graphical analysis of these results suggested a qualitative relationship between

absorbed dose to the 2 cm cavitymargin and outcome (88): patients who received less

than 44Gy were most likely to develop tumor recurrence with no radionecrosis or

treatment-related toxicity while thosewho receivedmore than 44Gyweremost likely

to develop radionecrosis with possible signs of clinical neurotoxicity. On this basis, it

was determined that the optimal radiation boost dose to the 2 cm shell from 131I-la-

beled 81C6 for patients with newly diagnosed malignant glioma is 44Gy. Moreover,

results from our Phase II clinical study revealed a causal relationship between boost

absorbeddose andmedian survival for those patients aswell as for patients undergoing

other radiation-based treatment modalities (95). This analysis confirms the impor-

tance of tailoring the boost radiation dose to the 2 cm cavitymargin in order to achieve

an effective balance betweenmaximizing tumor control andminimizing normal brain

toxicity.

A pilot study has recently been completed to evaluate a patient-specific dosing

strategy for 131I-labeled 81C6 that was designed to achieve a 44Gy boost radiation

absorbed dose to the 2 cmSCRCmargin (96). The trialwas conducted in adult patients

whowere newly diagnosed with malignant gliomawith the objectives of determining

the feasibility, efficacy, and toxicity of administering 131I-labeled 81C6 into the SCRC

at a radioactivity dose that would deliver 44Gy boost to the 2 cm SCRC margin. In

order to determine thedose of 131I-labeled 81C6 thatwouldbe required in eachpatient,

37–111MBqof 123I-labeled 81C6was administered 3–7 days postoperatively into the

SCRC and gamma camera imaging was done immediately and 2, 24, and 48 h later.

From these, the effective half-life and biological clearance half-life of radioiodinated

81C6 was determined, and after correcting for the differences in physical half-life of
123I and 131I, the SCRC residence time of 131I-labeled 81C6 was calculated. A three-

dimensional reconstructionof the head andSCRCwasperformedbasedon2mmthick

postoperative MRI images. The calculated SCRC volume was used to estimate the

initial SCRC activity, where a uniform radioactivity concentration was assumed. The

radioactivity dose of 131I-labeled 81C6 predicted to achieve a 44Gy boost to the 2-cm

SCRCmarginwas calculated for each patient based on themeasured SCRC residence

time and cavity volume using previously described methods (88).

Subsequent to receiving the individualized radioactivity dose of 131I-labeled 81C6,

patients received conventional external beam radiotherapy and chemotherapy. A total

of 21 patients were enrolled, including 16 with GBM and 5 with anaplastic astrocyto-

ma.With the exceptionofonepatient, itwas possible to achieve the targetedboost dose

of 44Gy� 10% to the SCRC. It should be noted that in this patient, it was necessary to

deliberately decrease the amount of 131I-labeled 81C6 from the desired level because

of technical factors affecting fluid aspiration at the time of mAb administration.

Toxicities attributable to this targeted radiotherapy protocol were mild and limited to

reversible grade 3 neutropenia or thrombocytopenia (n¼ 3), CNS wound infections
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(n¼ 3), and headache (n¼ 2). Patients on this study have been followed for a median

of 151 weeks, and 87% of GBM patients were alive at one year. The median overall

survival for all patients and those with GBM were 96.6 and 90.6 weeks, respectively.

An important outcome of this pilot study is the demonstration that consistently

achieving a 44Gy boost dose to the SCRC margin is feasible with patient-specific

dosing of 131I-labeled 81C6. This protocol, which includes both a diagnostic level and

a therapeutic level dose of radiolabeledmAb, followed by conventional external beam

radiation therapy and systemic chemotherapy, was well tolerated. Furthermore,

patient-specific dosing of 131I-labeled 81C6 resulted in amedian survival that exceeds

that of historical controls treated with surgery plus carmustine-impregnated biode-

gradable wafers (20).

Based on the encouraging results of RITwith 131I-labeled 81C6, particularly with

the latest modification to deliver a targeted 44Gy boost to the 2 cm SCRC perimeter, a

multi-institutional Phase III studyhasbeen initiated.This study, knownas theGLASS-

ART trial (http://www.glassarttrial.com/), is sponsored by Bradmer Pharmaceuticals

(Toronto, ON, Canada). Patients will be randomized to a regimen of temozolomide

plus standard external beam radiation (6) versus that regimen plus patient-specific
131I-labeled 81C6, which is being commercialized as Neuradiab�.

5.4.5 Evaluation of More Stable Constructs: Human/Mouse Chimeric
81C6

The most common rationale for generating human/mouse chimeric mAbs, which

consist of murine antigen-binding domains and human immunoglobulin constant

domains, is that the presence of human constant region domains potentially decreases

immunogenicity (see Chapter 1). This is probably not as important a consideration

whenmAbs are administered into SCRCwhereHAMA titers would be expected to be

lower than in serum. However, until recently, it was difficult to produce the amount of

murine 81C6 to support amulti-institutional randomized trial, and so a chimeric 81C6

(ch81C6) construct that was able to be produced in bulk was developed (97). Because

the goal from the outset was to utilize this mAb for targeted radiotherapy rather than

immunotherapy, it was possible to select a human IgG constant region that was well

matched to this purpose. Because of the low affinity of human IgG2 for Fc receptors,

this IgG constant regionwas utilized,with the goal ofminimizing the radiation dose to

normal organs such as the liver that have high levels of Fc receptors.

Although the specificity and binding affinity of ch81C6 for tenascin-C were

virtually identical to those of murine 81C6 (mu81C6), radioiodinated ch81C6 unex-

pectedly was shown to accumulate and be retained in human glioma xenografts at

levels thatwere significantly higher than itsmurine parent (98). Subsequent invitro and

in vivo radiolabeledmAb catabolism investigations demonstrated that this unexpected

behavior was due to enhanced stability of ch81C6 compared with mu81C6, which we

hypothesized was due to the increased rigidity of the hinge region of this construct

relative to that of its murine counterpart (99). Our results indicated that not only was

ch81C6 less susceptible than mu81C6 to proteolysis but also to deiodination in vivo.

We speculated that the increased stability of 131I-labeled ch81C6 could lead to
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prolonged residence times in the SCRC, leading to higher radiation absorbed doses to

the tumor cavity margins with lower radiation doses to systemic organs.

To investigate this hypothesis, we conducted a Phase I study to determine the

maximum tolerated dose, pharmacokinetics, dosimetry, and evidence of therapeutic

benefit of 131I-labeled ch81C6 (100). Patient eligibility was the same as that described

above for 131I-labeledmu81C6and the 131I-labeled ch81C6was administered through

a Rickham catheter into the SCRC. However, in this trial, patients were classified into

three strata: Stratum A: newly diagnosed and untreated; Stratum B: newly diagnosed

but following external beam radiotherapy; or Stratum C: recurrent. Independent dose

escalation in each stratumwas performed. A total of 47 patients received radioactivity

doses of up to 4440MBq 131I-labeled ch81C6with 35 having newly diagnosed tumors

(Strata A and B) and 12 having recurrent disease (Stratum C).

Regardless of the treatment stratum, dose-limiting toxicity was hematologic and

defined the MTD as 2960MBq. Although three patients developed neurologic dose-

limiting toxicity, none required reoperation to debulk radiation necrosis. The median

survival observed for newlydiagnosed and recurrent patientswas88.6 and65.0weeks,

respectively. The survival probabilities observed for newly diagnosed patients,

stratified according to histology, are shown in Fig. 5.4. The residence time for
131I-labeled ch81C6 in the SCRC was longer than that of its murine counterpart,

consistent with the observation that therapeutic effectiveness was comparable at a

lower administered radioactivity dose of 131I-labeled mAb. However, the human IgG

constant region and enhanced stability of the chimeric construct resulted in slower

blood and whole-body elimination, which presumably accounted for its increased

dose-limiting hematologic toxicity (due to increased irradiation of the bone marrow

FIGURE 5.4 Kaplan–Meier overall survival estimates for newly diagnosed patients after

stratification by histology. AA, anaplastic astrocytoma; AO, anaplastic oligodendroglioma;

GBM, glioblastoma multiforme. Reproduced with permission from Ref. 100.
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from circulating radiolabeled mAb). Because the mu81C6 hybridoma has now been

stabilized and the amounts of mu81C6 needed for Phase III multi-institutional trials

can now be produced, no further studies with 131I-ch81C6 are planned.

5.4.6 Evaluation of More Potent Radionuclides: Astatine-211-Labeled
CH81C6

One of themost important properties of a targeted radiotherapeutic is the nature of the

radiation emitted by the radionuclide (see Chapter 2). 131I and 90Y, the radionuclides

used in all of the clinical trials described above, decay by the emission of b-particles, a
type of radiation with similar radiobiological characteristics (linear energy transfer

(LET), oxygen and cell cycle dependence of cytotoxicity) as conventional external

beam radiation. The cytotoxicity of these low linear energy transfer radiations is

highly dependent on oxygen concentration, cell cycle position and dose rate. Alpha

particles represent an intriguing alternative for targeted radiotherapy because they are

high linear energy transfer radiation and their cytotoxicity is nearly independent of

these clinically relevant variables. Furthermore, a-particles have a range in tissue

equivalent to only a few cell diameters, a characteristic that is well matched to the

treatment of small foci of tumor cells such as those found in the invasive front of

gliomas. Studies performed in cell culture have demonstrated that human glioma cell

lines could be killed as a result of only a few a-particle traversals per cell (101, 102).
These characteristics provided motivation for clinical evaluation of an 81C6

construct labeled with an a-particle-emitting radionuclide for the locoregional

treatment of patients with malignant brain tumors. Astatine-211 (211At) was selected

as the radionuclide because of its promising properties for targeted radiotherapy.

These include a 7.2 h half-life, absence of long-lived a-particle-emitting daughter

radionuclides, a-emission associated with each decay of 211At, halogen chemistry,

and an electron capture branch that provides polonium K X-rays (77–92 keV), which

can be exploited for imaging the distribution of 211At in patients. As a tenascin-C avid

construct, ch81C6 was selected because of its enhanced stability, which was particu-

larly important because of the total lack of clinical experience with 211At-labeled

targeted radiotherapeutics before initiation of this Phase I trial. Because the physical

half-life of 211At is more than 25 times shorter than that of 131I, the hematological

toxicity observed in patients receiving 131I-labeled ch81C6 (100) would not be

expected to be problematic because most of the 211At decays should occur prior to

significant egress of radioactivity from the SCRC.

We recently reported the results of this pilot study, which represents the first

investigation of an 211At-labeled radiotherapeutic in humans (103). It was designed to

evaluate the feasibility, pharmacokinetics, and toxicity of 211At-labeled ch81C6

administered into the SCRC as salvage therapy in patients with recurrent malignant

brain tumors. The 211At was produced on the Duke University Medical Center

cyclotronbybombardingnatural bismuth targetswith28MeVa-particles and labeling
was accomplished by reaction of ch81C6 withN-succinimidyl 3-[211At]astatobenzo-

ate produced via an astatodestannylation reaction (see Chapter 2) (104). In the clinical

pilot study, 18 patients received single doses of 10mg of 211At-labeled chimeric 81C6
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mAb labeled with escalating doses of 211At administered into the SCRC. Patients

received 74MBq (n¼ 5), 148MBq (n¼ 7), 248MBq (n¼ 5), and 370MBq (n¼ 1) of
211At-labeled ch81C6. The patient population consisted of 14 GBM, 3 anaplastic

astrocytoma, and 1 patient with anaplastic oligodendroglioma.

Serial gamma camera imaging and blood sampling were performed over the first

24 h after injection to determine SCRC and whole-body pharmacokinetics during the

interval over which more than 90% of administered 211At atoms would decay. Based

on gamma camera imaging, it was demonstrated that leakage of 211At from the cavity

was slow such that an average of 96.7� 3.6% of the 211At decays occurred within the

cavity. Furthermore, the maximum radioactivity found in the blood pool was

0.26� 0.43% of the injected dose. The results of these measurements suggested that
211At-labeled ch81C6was quite stable invivo, at least administered into the SCRCand

over this short time period.

Dose-limiting toxicities were not observed in any of these patients and thus, the

MTD was not identified. Toxicities were limited to six patients experiencing grade 2

neurotoxicitywithin 6weeks of receiving 211At-labeled ch81C6,which resolved fully

in all but one case; no attributable grade 3 or greater toxicities were observed. No

patient required reoperation for radionecrosis. The average radiation absorbed dose

delivered to the tumor SCRC margin was 2764Gy and ranged between 155 and

35,000Gy, reflecting the fact that cavity volumes for these patients varied from 0.2 to

37.2 cm3. Themedian survival forGBMpatients (n¼ 14) and all patients (n¼ 18)was

52 and 56.5 weeks, respectively. Particularly encouraging is the fact that two of these

recurrent GBM patients survived for 150 and 151 weeks after 211At-labeled ch81C6

treatment, which is markedly better than that obtained with conventional treatments

and biodegradable polymer imbedded chemotherapeutics (Gliadel) (20). A general-

ized ramification of this study is that it provided proof-of-concept for the use of
211At-labeled targeted radiotherapeutics in patients with cancer. More specifically, it

demonstrated that regional administration of 211At-ch81C6 is feasible, safe, and

associatedwith encouraging antitumorbenefit in patientswithmalignantCNS tumors.

5.4.7 Pretargeted Radioimmunotherapy

PretargetedRITwill be discussed extensively inChapter 8. This approach, also known

as pretargeted antibody-guided radioimmunotherapy (PAGRIT), is a multistep pro-

cedure designed to compensate for the pharmacokinetic consequences (slow elimi-

nation from the blood pool and limited diffusion within the tumor) of binding the

radiolabel to a macromolecular carrier such as an antibody (105). In this strategy, the

mAb is not directly radiolabeled and is administered first in an unlabeled form, and

after sufficient time has elapsed to allow it to bind to tumor and clear from normal

tissues, a radiolabeled, lowmolecularweight hapten is injected. The approach that has

been evaluated clinically in patients with malignant brain tumors exploits the

exceptionally high binding affinity of avidin or streptavidin for the 244Da vitamin,

biotin. In particular, a three-step protocol is utilized: patients first receive biotinylated

BC-4mAb, followed24 h later by avidin (to bind to the biotinylatedmAb), and after an

additional 18 h, a 90Y-labeled biotin conjugate (to bind to the avidin).
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In the first clinical trial evaluating this approach, the three reagents were adminis-

tered into the SCRC via a catheter to 24 recurrent malignant glioma patients (GBM,

n¼ 16; WHO grade III malignant glioma, n¼ 8) (106). The therapeutic regimen was

repeated 8–10 weeks later. A MTD of 1110MBq of 90Y-labeled 1,4,7,10-tetraaza-

cyclododecane-N,N0,N00,N000-tetraacetic acid (DOTA)-biotin was determined and the

dose-limiting toxicity was neurologic. Median survival was 19 and 11.5 months for

patients with recurrent grade III malignant glioma and GBM, respectively. In a

subsequent report, 73 patients with recurrent GBM were analyzed to determine the

effect of adding temozolomide to the treatment protocol (107). Overall and progres-

sion-free survival were compared in patients treated with the 90Y-DOTA-biotin

PAGRIT approach (n¼ 38) and those treated with 90Y-DOTA-biotin PAGRIT plus

temozolomide (n¼ 35). Patients received an average of 3 and up to 7 cycles of

treatment. The authors demonstrated that 90Y-DOTA-biotin PAGRIT could be

combinedwith temozolomide chemotherapywithout significantly increasing toxicity.

Overall survival (calculated from the time of surgical removal of tumor when newly

diagnosed, not at the time of second surgery for recurrence) was 25months in patients

who received temozolomide compared with 17.5 months for those who did not.

The PAGRIT protocol has also been evaluated in newly diagnosedmalignant brain

tumor patients as an adjuvant treatment following surgery and conventional radio-

therapy (108). An important difference from the procedures utilized in the studies in

recurrent patients described above is that all reagentswere administered intravenously

instead of directly into the SCRC. A total of 37 patients were enrolled, including 17

with grade III malignant glioma and 20 with GBM. Nineteen patients received the

PAGRIT regimen, with the 90Y-labeled biotin now administered on the basis of body

surface area (2200MBq/m2), while 18 patients were treated solely with surgery and

radiotherapy, and served as controls. In GBM patients, treatment with PAGRIT

resulted in a median overall survival of 33.5 months compared with 8 months for

the control group.

5.4.8 Receptor-Targeted Peptides

As noted in Chapters 3 and 4, due to their smaller size and more rapid diffusion,

peptides can offer significant advantages compared with mAbs for the treatment of

solid tumors including CNS malignancies. The most clinically mature approach for

peptide-based targeted radiotherapy is the treatment of tumors that over express

somatostatin type 2 receptors (see Chapter 4). Unfortunately, this receptor is not

expressed at high levels in the most malignant forms of brain tumors; however, it is

present on lower grade gliomas. TheBasel group has been evaluating the feasibility of

treating patients with progressive glioma with 90Y-DOTA0-D-Phe1-Tyr3-octreotide

(DOTATOC) (109–111).

In the most recent extended pilot study, five patients with progressive glioma (two

with WHO grade II and three with WHO grade III) and five patients with surgically

debulked WHO grade II gliomas were treated with between 1 and 5 cycles of
90Y-DOTATOCat a cumulative radioactivity of 555–7030MBq.Durationsof response

between13and45monthswereobserved in theprogressivegliomapatients anddisease
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stabilization was seen in the five newly diagnosed low-grade glioma patients that

received 90Y-DOTATOC following resection.However, it is not clearwhether targeted

radiotherapy will have a role in the treatment of lower grade gliomas because most

clinicians favor a less aggressive approach to the treatment of patients with these

malignancies.

Another molecular target that is being explored for targeted radiotherapy of brain

tumors is the neurokinin type 1 receptor that is over expressed on both high- and low-

grade gliomas (112). Themajor ligand for this receptor is substance-P, and this 11-mer

peptide has been complexed with different radiometals using the DOTA macrocycle

and these radiolabeled peptides have been evaluated in patients with malignant brain

tumors (113).A total of 20 patientswere evaluatedwith the treatment group consisting

of 14 with GBM and 6 with WHO grade II or III malignancies. The radiolabeled

peptide was administered through a catheter connected to the tumor or the SCRC. In

the majority of cases, the peptide was labeled with 90Y while 177Lu and 213Bi was

utilized in three and two patients, respectively. Median survival following targeted

radiotherapy was 11 months in patients with GBM and 16 months in patients with

lower grade malignancies. The number of patients was too small to discern the extent

to which there was a survival advantage related to the chemical stability or radiation

range characteristics of the different radiometals used in this study.

5.4.9 Chlorotoxin

Chlorotoxin is a neurotoxin that was isolated from the giant yellow Israeli scorpion

Leiurus quinquestriatus (114). This 36-amino acid peptide has been shown to bind to a

variety of human tumors including glioma but not to normal brain. A synthetic form of

chlorotoxin, TM-601, has been manufactured by TransMolecular, Inc. (Cambridge,

MA) and is being evaluated as a targeted radiotherapeutic for malignant brain tumors.

Serial SPECT imaging of nine recurrent glioma patients after receiving 131I-labeled

TM-601 (370MBq, 0.25–1.0mg) administered into the SCRC was performed to

determine the clearance of the radiolabeled peptide from the cavity and its uptake into

normal tissues (115, 116). Elimination of 131I exhibited two-exponential behavior,

with about 85% remaining after 1 h and 21% remaining after 24 h. The biological

clearance thereafter was slower, with a biological half-life for SCRC clearance of

39� 6 h being reported. Loss of radioactivity from the cavity was attributed to either

enzymatic deiodination of the peptide, release of the peptide from the tumor site, or

peptide degradation.

A three-institution Phase I study was then carried out with the recurrent patients

again treated with a single dose of 131I-labeled TM-601 (370MBq, 0.25–1.0mg)

administered into the SCRC (116).Nodose-limiting toxicitieswere observed in the 17

GBM and 1 anaplastic astrocytoma patient receiving the labeled peptide although 4

patients were described as having adverse events. For unplanned reasons, three

patients received a second dose of 131I-labeled TM-601. There was no clear relation-

ship between themass of the peptide dose (mg) and adverse events ormedian survival.

Patients were followed for 180 days with 7 deaths during this period and the median

survival for all patients was 27.0 weeks. A Phase II trial of 131I-labeled TM-601
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involving higher activity levels of 131I and multiple direct administrations of the

labeled peptide into the SCRC is currently underway (114).

5.5 PERSPECTIVE FOR THE FUTURE

Malignant brain tumors present unique challenges for targeted radiotherapy. Unlike

most other types of cancer, recurrence at or near the surgical resection site is the

leading cause of fatality. Complete surgical removal of brain tumors is frequently

exceedingly difficult due to their infiltrative nature and the need to avoid excessive

insult to invaded regions of normal brain, which could markedly compromise quality

of life. Thus, there are two challenges for brain tumor targeted radiotherapy that will

undoubtedly require different approaches—achieving local control and destruction of

tumor cells infiltrating the normal brain. Recent and ongoing clinical trials indicate

that locoregionally delivered targeted radiotherapeutics can offer promising thera-

peutic benefits in a patient population in dire need of more meaningful treatments.

Furthermore, this treatment strategy has been associated with a lower rate of radiation

necrosis and the need for reoperation than brachytherapy or radiosurgery techniques.

It is important to note that cogent evaluation of the current state of the art as a

springboard for future development is not an easy task. Although most clinical trials

express therapeutic benefit in terms of overall survival, this end point has been defined

in different ways: from initial diagnosis or surgery, from surgery to recurrence, and

from the date of administration of the targeted radiotherapeutic. In some trials, the

definitionofoverall survival is notpresented.Given the rapidprogressionofGBM,one

approach could appearmore promising than another based on a different starting point

for determining overall survival rather than improved therapeutic effectiveness.

Another complicating factor is that in some studies, results for single and varying

numbers of multiple administrations of the radiotherapeutic are pooled. Finally,

largely due to regulatory constraints, in most clinical trials, the targeted radiother-

apeutic was given at a predetermined level of radioactivity with the result that the

average radiation dose delivered to the tumor cavity margins varied considerably due

to differences in cavity size and radiopharmaceutical residence time.

It is envisioned that advances in targeted radiotherapy of brain tumors will most

likely result from the development of patient-specific treatment strategies. High

resolution anatomical imaging will be utilized to provide information about the size

and location of the tumor to guide in radionuclide selection. Genetic profiling will

indicate the molecular targets that are present on the tumor in high enough concen-

tration to be exploited for targeted therapy. Finally, quantitative PET imaging will

allow determination of patient-specific pharmacokinetic profile using a positron-

emitting analogueof the radiotherapeutic.Thesedatawill thenbeutilized todetermine

the administered radioactivity dose to achievea target radiation absorbed dose that can

be correlated with response in light of individual differences in target molecule

expression, catabolism, and delivery.

Implicit in this vision for the future is the recognition that inmost cases, this will be

best accomplished using a radiotherapeutic “cocktail” formulated from multiple
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radionuclides, molecular carriers with different biological properties (antibodies,

peptides, organic molecules), and binding to multiple tumor-associated targets. Low

energy b-emitters might be best for treating the region immediately adjacent to the

cavitymargin. One possibility under investigation is to replace 131I with 177Lu for this

purpose because of the lower b-energy and less penetrating g-ray component of the

latter (117). For treating the highly aggressive tumor cells infiltrating normal brain, the

use of short range radiation of high linear energy transfer, namely a-particles and
Auger electrons (see Chapter 9) should be considered. An intriguing possibility is to

utilize intracerebral infusion to deliver the targeted radiotherapeutic to distant tumor

cells (118), an approach that is probably limited to use with radiation of cellular or

subcellular range. We have begun to explore this possibility using multifunctional

polypeptides, known as modular recombinant transporters, which can be utilized to

deliver drugs to the nucleus of cancer cells expressing target receptors (119). An

attractive feature of themodular recombinant transporter delivery system is its flexible

nature, allowing modification of the ligand module to bind to different tumor

associated targets as well as alteration of the radionuclide or radionuclides bound

to the polypeptide.
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CHAPTER 6

Radioimmunotherapy for B-Cell
Non-Hodgkin Lymphoma

THOMAS E. WITZIG

6.1 INTRODUCTION

The ultimate goal of effective cancer therapy is to deliver treatment to malignant cells

while sparing normal cells. Although the development of therapeutic antibodies

directed at tumor cells has truly accomplished the goal of targeting tumor cells, it has

not consistently led to eradication of tumor cells. The efficacy of antibody therapy can

be improved by adding a radionuclide to the antibody to form a radioimmunoconju-

gate (RIC). The use of RICs in cancer therapy is referred to as radioimmunotherapy

(RIT), the subject of this chapter.

The first approved use of RIT was for lymphoma, the fifth most common tumor

in men and women. In 2008, there were estimated to be 66,000 new cases of

lymphoma and 19,000 deaths caused by the disease (1). Lymphoma was one of

the early success stories of chemotherapy. By the 1990s, chemotherapy agents that

had been developed, beginning in the late 1940s, were all in widespread use as

single agents and in combination for treatment of lymphoma. In 1993, a large

four-arm study comparing cyclophosphamide, doxorubicin, vincristine, and pred-

nisone (CHOP) with three other more intense regimens concluded no advantage to

the expanded regimens (2). This failure to demonstrate improvement of any of the

new regimens over CHOP was discouraging to investigators in the field and

occurred at a time when the incidence of lymphoma was steadily rising. This set

the stage for the testing of unlabeled and radiolabeled monoclonal antibodies for

lymphoma.
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6.2 RADIOIMMUNOTHERAPY

6.2.1 Historical Background of RIT

Both unlabeled and radiolabeled antibodies have been important additions to the

treatment of lymphomas and they were developed in parallel. The field of RIT began

with the use of 131Iodine (131I) or 90Yttrium (90Y) conjugated to polyclonal anti-

bodies (3–5). The antibodies were directed to carcinoembryonic antigen (CEA) or

alphafetoprotein (AFP) for treatment of solid tumors and against ferritin forHodgkin’s

disease (HD) and hepatoma. Although this initial approach did yield some antitumor

activity, especially in relapsed HD (4, 5), the initial excitement of antibody treatment

(both unlabeled and radiolabeled) waned because of the development of an immune

response (antibodies) to the polyclonal agents. These “anti-antibodies” were a

limitation because they hampered the ability to give repeated (fractionated) doses

of the RIC (6).

The development of the technology tomanufacturemonoclonal antibodies (mAbs)

revolutionized not only the field of laboratory diagnostics but also the clinical

therapeutics (7). The first trials used anti-idiotype antibodies that were personalized

to individual patients (8). The development of monoclonal antibodies to HLA-DR10

on malignant B-cells (Lym-1) (9) and later to the pan-B cell antigens such as B1

avoided the need to manufacture antibodies for each patient (10). In the 1990s, the

development of anti-CD20 mAbs produced the first FDA-approved agents—ritux-

imab (11, 12) and 131I-tositumomab and 90Y-ibritumomab tiuxetan (13, 14). 131I-to-

situmomab was originally developed by Corixa Corporation (Seattle, WA) and is

marketed under the trade name Bexxar� by GlaxoSmithKline. Bexxar is FDA-

approved and is indicated for the treatment of patients with CD20 antigen-expressing

relapsed or refractory, low-grade, follicular, or transformed non-Hodgkin’s lympho-

ma (NHL), including patients with rituximab refractory NHL. 90Y-ibritumomab

tiuxetan was developed by IDEC Pharmaceuticals (San Diego, CA) and is marketed

under the trade name Zevalin�. IDEC later merged with Biogen to form BiogenIdec

(Cambridge, MA) and Zevalin is currently marketed by Spectrum Pharmaceuticals

(Irvine, CA). Zevalin is FDA-approved for the treatment of patients with relapsed or

refractory, low-grade or follicular B-cell NHL, including patients with rituximab

refractory follicular NHL. There are no active trials with Lym-1 undergoing at

this time.

Rituximab is an unlabeled mAb that targets the CD20 antigen on benign and

malignant B-cells. After the initial phase I trials of rituximab (11, 15, 16), in a pivotal

phase II clinical trial 166 patients with relapsed B-cell NHL were treated with

rituximab 375mg/m2 weekly for 4 weeks and demonstrated an overall response rate

(ORR) of 48%with 6% complete remission (CR) and a 13-month time to progression

(TTP) (17). This led to the approval in 1997 of rituximab by theU.S. FDA for relapsed

B-cell NHL. Rituximab is comarketed in the United States by BiogenIdec and

Genentech (South San Francisco, CA). The approval of rituximab was a milestone

forNHL since it was the firstmAb to be approved for the treatment of this disease. The

use of rituximab has increased rapidly since its approval and it is now used for B-cell
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malignancies and autoimmune conditions. Rituximab monotherapy has also been

shown to be useful in previously untreated patients with follicular NHL (18, 19).

Randomized trials have demonstrated the superiority of rituximab chemotherapy

combinations (chemoimmunotherapy) in both indolent (20, 21) and aggressive

NHL (22–25).

The application of RIT to treat B-cell NHL was a logical choice because NHL is

sensitive to radiation delivered by conventional external sources (26, 27). Indeed,

external beam radiation therapy (EBRT) has been amainstay in the treatment of bulky

masses that produce normal organ compromise and is effective at relieving pain from

spinal cord compression. The difficulty in applying EBRT to most cases of indolent

NHL is related primarily to the widespread nature of these tumors even at initial

diagnosis. In addition, extensive EBRT damages normalmarrowmaking it difficult to

provide an effective chemotherapy or collect stem cells at a later date. For these

reasons, conventional EBRTis typically limited to involvedfield applications inNHL.

The addition of rituximab and RIT to the treatment of NHL has led to an

improvement in the overall survival (OS) of these patients (28–30). Despite this

progress, patients cannot be promised cure neither with single-agent rituximab nor

even with chemoimmunotherapy, and there remains room for improvement. This

chapter will focus on studies that demonstrated the safety and efficacy of RITand how

RIT is integrated into the care of patients with lymphoma.

6.2.2 Radionuclides Used in RIT

In RIT, the goal is to utilize a radionuclide with high energy, but short path length,

conjugated to an antibody to focus radiation on the target cell populationwhile sparing

the effects of radiation on the nearby normal tissues (Fig. 6.1). There are several

possible radionuclides that emit alphaorbeta particles, orgamma radiation, that canbe

attached to antibodies for therapeutic intent (Table 6.1 and reviewed in Ref. (31, 32)).

Each of these alpha or beta particles has different energies and path lengths (33).

Although many different radionuclides have undergone testing in clinical trials, the

only ones in commercial use for FDA-approved indications are 90Y or 131I. There are

several differences in the characteristics of the 131I and 90Y radionuclides that are

important for themethod of delivery to the patient; however, these differences havenot

translated into any apparent clinical advantage of one radionuclide over another. The
131I-labeled antibodies can be used for imaging and dosimetry because they are both

gamma and beta emitters. In contrast, since 90Y is a pure beta emitter, imaging is

performed with the corresponding gamma-emitting 111Indium (111In)-labeled

antibodies.

These radionuclides can be potentially attached to any antibody. The choice of

antibody depends on the antigenic profile of the tumor cell to be targeted. Ideal targets

are those antigens that are preferentially expressed on tumor cells but not expressed or

expressed at much lower density on normal cells so as to avoid toxicity to normal

organs. Cell surface antigens that are not internalized or shed from the cell surface are

often preferred. The microscopic intratumoral dosimetry of the radionuclide also

appears to be important (34). The mechanism of antitumor activity of RIT is a
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combination of the effects of the antibody itself (35) and the targeted radiation

delivered by the RIC. The antibody induces antibody-dependent cellular cytotoxicity

(ADCC) or complement-dependent cytotoxicity (CDC). Anti-CD20 antibodies are

classified as type 1 and type 2 on the basis of their ability to redistributeCD20 into lipid

rafts and their potency in vitro (36–42). Rituximab is a type 1 anti-CD20 antibody that

can produce clustering of lipid raftswhen bound toCD20 but does not typically induce

apoptosis. Tositumomab is a type 2CD20 antibody that does not induce clustering but

does induce apoptosis. In vitro studies have shown that radiation therapy increases

tumor cell death when added to tositumomab but not when added to rituximab (43).

The mechanism of this finding was dependent on mitogen-activated protein kinase

(MAPK)/extracellular signal-regulated kinase (ERK). This may explain howRIT can

kill cells that are rituximab-resistant.

FIGURE6.1 Radioimmunoconjugates in use forB-cell lymphomas. Ibritumomab tiuxetan is

the murine parent antibody from which the human chimeric antibody rituximab was engi-

neered. Tiuxetan is a linker/chelator that complexes 111In (for imaging and dosimetry) or 90Y

(for therapy). Tositumomab is a murine anti-CD20 antibody to which the 131I is directly

attached through substitution into tyrosine amino acids to form Bexxar. The resulting RIC is

used for both imaging and dosimetry. Rituximab is a human chimeric anti-CD20 antibody that is

usually used in an unlabeled form. However, it can be directly labeled with 131I for radio-

immunotherapy. Epratuzumab is a humanized anti-CD22 antibody that is in clinical trials in

both unlabeled and radiolabeled forms. The 90Y is complexed by epratuzumab through aDOTA

chelator.

172 RADIOIMMUNOTHERAPY FOR B-CELL NON-HODGKIN LYMPHOMA



RIC labeled with 131I or 90Y kills tumor cells by delivering high-energy radiation

over a several millimeter path length enabling killing of adjacent tumor cells even if

those cells are not actually bound to antibody (“cross-fire” effect). This is in contrast

to unlabeled mAbs that theoretically must target each tumor cell in order to kill by

ADCC or CDC or by inducing apoptosis. Recent studies by Jacobs et al. (44) using

autoradiography demonstrate that Zevalin does target tumors preferentially over

uninvolved tissue (such as negative bone marrow) and the RIC is localized to the

tumor cell membrane rather than stroma (44). Although the RIC does deliver

targeted radiation, the long path length can be toxic to nearby benign cells. As

discussed in the following section, this has been an important issue only with bone

marrow.

6.2.3 Administration of RIT: General Principles and Practice

The administration of RIT is a team effort (Fig. 6.2) (45, 46). There are some

differences in administration of the RIC depending on whether Zevalin or Bexxar

is used and these are discussed inmore detail in the sections devoted to each agent. The

hematologist/oncologist first identifies a potential patient and establishes eligibility.

Patients undergo routine complete blood counts (CBC) to ensure that the absolute

neutrophil count (ANC) is�1500� 106/L and the platelet count is�100,000� 106/L.

Computerized tomography (CT) scans or a PET/CT are obtained to document the

disease state at baseline so that response to RIT can be assessed (see Chapter 15). A

bone marrow aspiration and biopsy with cytogenetic analysis is performed to make

sure that marrow involvement with NHL occupies less than 25% of the cellularity and

that there is no morphologic or cytogenetic evidence of myelodysplasia (MDS). The

patient’s insurance company is contacted to precertify the RIT. The RIC must be

handled and injected by personnel certified by the U.S. Nuclear Regulatory Commis-

sion (NRC). The radiolabeled Zevalin and Bexxar are usually administered in the

Nuclear Medicine or Radiation Oncology Department. However, the unlabeled

antibody predose can be given in the oncology outpatient area and then the patient

transferred to theRIT suite or alternatively both unlabeled and radiolabeled antibodies

can be delivered in the nuclear medicine treatment area. In most academic centers,

TABLE 6.1 Characteristics of Radionuclides Used in Radioimmunotherapy for

Non-Hodgkin Lymphoma

Parameter 131Iodine 90Yttrium

Gamma emission Yes No

Beta emission Yes Yes

Beta emission path length 0.8mm 5mm

Theoretical half-life 8 days 2.4 days

Localization of free radionuclide Thyroid/stomach Bone

Administration Outpatient Outpatient

Pretreatment unlabeled antibody Yes Yes

Imaging Yes No (111In required as a surrogate)
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both unlabeled antibody and RIC are given on-site, whereas in the private practice

sector the offices of the oncologist and the nuclearmedicine sitemay be separate. This

situation still can work for both offices because the RIC needs to be administered

within 24 h of the unlabeled antibody.After theRIT has been administered, the patient

is discharged and is followed by the oncologist.Myelosuppression begins to appear by

week 4, nadirs by week 6–8, and then recovers. For clinical administration, there is no

need to perform CBC prior to week 4 or after the counts have gone through the nadir

and are in the safe range. Patients who are on anticoagulants such as heparin,

coumadin, or aspirin should have these agents discontinued ormonitored very closely

during the period of maximal thrombocytopenia. The combination of thrombocyto-

penia and a prolonged prothrombin time places the patient at high-risk for bleeding.

Prophylactic antibiotics are not needed for the typical patient. The patient is typically

restaged at week 12 with a CBC and LDH (if initially elevated), CT scans for lesion

assessment, and repeat marrow only if the pretreatment marrow was involved with

lymphoma. In general,CTs prior toweek 12 are not required unless the patient is under

a clinical trial or progression is suspected. If performed prior to week 12, they will

show responsewith the tumors becoming necrotic. It is possible that late responses not

seen on week 12 scans will occur; however, this is uncommon. After week 12, the

patient can return to routine tumor monitoring.

Eligible patient

Rebiopsy

• CD20+ tumor

Bone Marrow

• No MDS

• Tumor <25%

CBC

• ANC 1500

• Plt 100,000

CT or PET/CT

Insurance

certification

Cold antibody

131 or 90Y-

labeled

therapeutic

antibody

Imaging/dosimetry

Tracer dose for 

imaging or 

dosimetry

Cold antibodySafety/efficacy

• CBC starting at week 4 and 

continue through nadir

Assess response

• CT or PET/CT at week 12

Long-term follow-up

• Every 3 months year 1

• Every 4 months year 2

FIGURE 6.2 Administration of radioimmunotherapy is a team effort involving the hema-

tologist/oncologist who identifies the eligible patient and performs the pretherapy evaluation.

The radioimmunoconjugate is handled and administered by a nuclear medicine physician or

radiation oncologist.
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The rationale for the administration of unlabeled antibody prior to the RIC is to

deplete normal blood B-cells and block nonspecific binding sites with the presumed

net result of improved tumor targeting.This concept has been demonstrated in amouse

model to improve marrow biodistribution and to decrease nonspecific uptake of the

RIC (47). The issue of whether administration of the unlabeled antibody interferes

with RIC binding is an important one. Recent studies in a mouse xenograft model

showed that rituximab pretreatment reduced targeting and tumor control by RIT (48).

This has not been demonstrated in humans, and proving it is difficult because of

differences between patients and the requirement for repeated imaging with and

without a predose of unlabeled antibody. There have been no studies addressing this

issue for Zevalin since the initial phase 1 studies (14, 49) tested different doses of the

unlabeled antibody before the 90Y-labeledZevalin. In the studybyKnoxet al. (14), the

addition of unlabeled murine ibritumomab improved biodistribution. In the second

phase I study (49), two different levels, 125mg/m2 and 250mg/m2, of the unlabeled

antibody rituximabwere tested before Zevalin administration; smaller doses were not

studied. In order to thoroughly test whether smaller doses of unlabeled antibody or

different types of unlabeled antibodies are better than the ones used in the Bexxar and

Zevalin treatment protocols would take an inordinate number of patients and is not

practically possible. Because the response rates to both agents are so high (80%), a

large number of patients would be needed.

6.2.4 Characteristics of Radiolabeled Monoclonal Antibodies to CD20

As noted above, initial studies of RIT in lymphoma used polyclonal antibodies (4);

however,mostRICs todayaremurinemAbs(50,51).RecentstudiesofRITusingavariety

of tumor antigen targets on NHL cells have indeed demonstrated tumor regressions with

very few side effects in normal organs other than myelosuppression (13, 14, 29, 49, 52–

74). This reviewwill focus primarily onRICs that targetCD20 that are now in clinical use

for FDA-approved indications (50, 75–82) (Fig. 6.1). TheCD20 antigen has proven to be

anexcellent target forRITbecauseCD20expression is restricted tonormalBcells, almost

allB-cellNHLexpressCD20, the antigen is not internalizedor expressedonother normal

tissues (including stem cells), and depletion of normal B-cells by these antibodies has not

led to significant short or long-term side effects.

6.2.4.1 Ibritumomab Tiuxetan (Zevalin) Ibritumomab is a murine anti-

CD20 antibody from which the human chimeric antibody rituximab was engineered.

Ibritumomab is conjugated to tiuxetan, an MX-DTPA linker-chelator for 90Y that

forms Zevalin� (CTI, Seattle, WA). Tiuxetan forms a covalent, urea-type bond with

ibritumomab and chelates the radionuclide via 5-carboxyl groups. Zevalin is then

reacted with either 111In for tumor imaging and dosimetry or with 90Y for RIT. 90Y

emits pure beta radiation with a path length of approximately 5mm. The beta

irradiation emitted by Zevalin is largely dissipated within 8 days of injection due

to the short half-life of 90Y (64 h). Because there is no gamma emission, useful tumor

and normal organ images cannot be obtained with 90Y-Zevalin. 111In emits gamma

rays; therefore, 111In-Zevalin is used to produce high-quality images of the tumor and
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normal organs for dosimetry and biodistribution studies (46, 83–86). Patients are

imaged in anterior and posterior projections in awhole-body areamode between day 1

(the day of 111In-Zevalin injection) and day 7. In clinical trials of Zevalin, if the
111In-Zevalin scanspredicted that thedelivereddoseof radiation toanynontumororgan

was >2000 cGy, or if the dose to the bone marrow was >300 cGy, then no treatment

with 90Y-Zevalin was administered (87, 88). No patient in these trials failed dosimetry

using these parameters. The 111In-Zevalin images in the nontransplant setting are used

only for safety. There is no correlationwith tumor uptake of 111In-Zevalin and ultimate

tumor response to 90Y-Zevalin or with toxicity (87, 89). The 111In-Zevalin scans are

also not clinically useful for lesion identification. For example, when PET scans were

compared with 111In-Zevalin images performed at the same time, the PET scan

demonstrated more lesions with superior clarity than the 111In-Zevalin images (44).

The first phase I trial of Zevalin used unlabeled ibritumomab before 90Y-Zevalin

and stem cells were cryopreserved as a precaution for prolonged myelosuppression.

Patients were treated with single doses of 20–50mCi of Zevalin and doses 	40mCi

were not myeloablative (14). The second phase I trial used rituximab 125–250mg/m2

as the unlabeled antibody prior to Zevalin and patients were treated with one of the

three dose levels – 0.2, 0.3, or 0.4mCi/kg (49). If the patient weighed over 80 kg, the

dose was capped at 32mCi. Higher doses were not tested because stem cell cryo-

preservationwas not required as part of the protocol eligibility. Therewas no provision

for retreatment in this trial. In the third phase I trial, performed in Japan, rituximabwas

also used as the unlabeled antibody predose and two dose levels, 0.3 and 0.4mCi/

kg (90), were tested. Ten patients were enrolled and one had immediate progression

leaving nine available for safety analysis. Three patients received 0.3mCi/kg and six

received 0.4mCi/kg. This trial recommended 0.4mCi/kg for routine use in Japan.

TheU.S. FDAapproved theZevalin treatment program (Fig. 6.3) in February 2002,

involving administration of rituximab and 111In-Zevalin on day 1 followed by one

imaging session to determinebiodistribution48–72 h later (images at other timepoints

are optional). The criteria for an altered or unexpected biodistribution are diffuse

increased uptake in normal lungs, kidneys with greater intensity than the liver, and

intense areas of uptake throughout the normal bowel. If there is normal 111In-Zevalin

biodistribution, on day 8 the patient receives a second dose of rituximab followed by
90Y-Zevalin infused over 10min. The dose of 90Y is weight-based for nonmyeloa-

blative applications since only 7% of 90Y is excreted by the kidneys over 7 days.

Zevalin can be safely administered in the outpatient settingwithout radiation exposure

hazard because it does not emit gamma radiation. Patients with platelet counts

between 100–150,000 cells/mm3 are dosed at 0.3mCi/kg (capped at 32mCi) and

those with platelet counts>150,000 cells/mm3 are administered 0.4mCi/kg (capped

at 32mCi). In clinical studies of Zevalin, the dose for patients over 80 kg inweightwas

capped at 32mCi because of concern for excessive myelosuppression if larger doses

were administered. The issue of capping at 32mCi for patients over 80 kg has made

some investigators questionwhether this was underdosing these patients and resulting

in a lower overall response rate (ORR).Wiseman et al. recently investigated this issue

by reviewing the treatment results in 67 patients>80 kg (91). The ORR and CR rates

were 79% and 28% versus 70% and 34% for the <80 kg and �80 kg groups,
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respectively. The median time to progression values were also similar at 8.9 and 9.5

months, respectively. Therewere no significant differences in themeasures of efficacy

or grade 3/4 nonhematologic or hematologic adverse events. Taken together, approxi-

mately 40% of patients will have their dose of Zevalin capped; however, this does not

appear to have an impact on the ORR, duration of response (DR), or OS.

The tumor response to Zevalin typically becomes evident at week 4, and nearly all

responders will demonstrate this by week 12. Although the radiation emitted by beta

emitters such as 90Y is high energy, patients should not expect immediate shrinkage as

they often do in response to chemotherapy. This clinical observation is supported by a

recent [18F]-thymidine (FLT) PET study that demonstrated little change in tumor cell

proliferation within 48 h of Zevalin injection (92) (see Chapter 15). In this study,mice

bearing a follicularNHL xenotransplant were imagedwith FLTPETpretreatment and

48 h after treatment with Zevalin. There was minimal decrease in lymphoma cell

proliferation at 48 h inmice treatedwithZevalin compared to a substantial reduction in

those treated with cyclophosphamide.

6.2.4.2 Tositumomab (BexxarTM) Tositumomab is an IgG2a murine mAb

directed against CD20 (Fig. 6.1). It was previously referred to as anti-B1 (13, 93)

before receiving the generic name tositumomab. For RIT, tositumomab has been

radiolabeled with 131I. Because 131I emits both gamma and beta radiations,
131I-tositumomab can be used for dosimetry that requires both imaging and

treatment, that is, there is no need for 111In-labeling (94). The Bexxar treatment

regimen consists of unlabeled tositumomab and 131I-tositumomab (GlaxoSmithK-

line, NC). Thus, both the unlabeled and the radiolabeled mAbs in the Bexxar

regimen are the same and both are murine. Tositumomab is administered intrave-

nously on 2 treatment days with each day consisting of two separate infusions

(Fig. 6.4). Although both Zevalin and Bexxar require tumor imaging, for Bexxar the

FIGURE 6.3 Treatment schedule for 90Y-ibritumomab tiuxetan (Zevalin).
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dosimetry estimates are used to calculate a patient-specific therapeutic dose (95).

This is necessary because of the interpatient differences in body mass (weight),

spleen size, tumor burden, and the metabolism and renal excretion of 131I (13, 94–

97). Because of the propensity of radioiodine to concentrate in the thyroid, SSKI

solution (Lugol’s) is started 1 day before the unlabeled tositumomab and is

continued for 2 weeks after administration of the radiolabeled tositumomab. The

first treatment is referred to as the dosimetric dose. It consists of tositumomab

450mg infused over 1 h followed by 5mCi of 131I-tositumomab. Gamma camera

scans to measure whole-body counts are performed on day 1 and repeated within

2–4 days and 6–7 days after the dose. The biodistribution of 131I-tositumomab

should be assessed by determination of total body residence time and visual

examination of whole-body images from the first image taken at the time of count

1 (within an hour of the end of the infusion) and from the second image taken at the

time of count 2 (at 2–4 days after administration). An evaluation of the third image

at the time of count 3 (6–7 days after administration) is necessary and may

help resolve ambiguities. The results of the dosimetry determine the amount of

radioactivity (mCi of 131I) needed for each patient to receive a specified total body

radiation absorbed dose—75 cGy for patients who have platelet counts >150,000

cells/mm3 or 65 cGy for patients with platelets between 100,000–150,000 cells/

mm3. The therapeutic dose is given within 7–14 days of the dosimetric dose

and consists of 450mg of tositumomab followed by a 20-min infusion of the

patient-specific mCi amount of 131I-tositumomab. Bexxar can be given as an

outpatient procedure to a vast majority of patients utilizing the revised U.S.

NRC regulations 10CFR 35.75, which allow outpatient release if the total

effective dose equivalent to another person who is exposed to the treated patient

is <500mrem (0.5 cGy) (98, 99).

Bexxar™ dosing and administration regimen

* Patients are pretreated with acetaminophen 650 mg and
diphenhydramine 50 mg before unlabeled predose of tositumomab

Day 7–14Day 0Day 1

Oral iodine 
prophylaxis

Start on day 1 
and given daily 
through 14 days 
post-therapeutic
dose

Dosimetric
dose

450 mg tositumomab 
infused over 1 h*

5 mCi iodine 131I  
tositumomab (35 mg) 
infused over 20 min

1st whole-body 
gamma scan

Whole-body 
gamma scan

2nd Day 2 or 3 or 4

3rd Day 6 or 7

Therapeutic
dose

450 mg tositumomab 
infused over 1 h*

Individualized dose of 
iodine 131I  
tositumomab (35 mg) 
to deliver 75 cGy total 
body dose, infused 
over 20 min

FIGURE 6.4 Treatment schema for 131I-tositumomab (Bexxar).
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6.2.5 Clinical Results of Anti-CD20 RIT for Relapsed NHL

The clinical trials of the two anti-CD20RIC thatwere performed to assess toxicity and

efficacy have primarily been limited to patients with relapsed disease and excellent

bone marrow and normal organ function. The eligibility requirements for RIT trials

have been similar except for certain studies asmentioned in this section. Patients were

to have measurable disease, bone marrow with less than 25% involvement with

lymphoma, ANC �1500, platelet count �100,000 cells/mm3, normal renal and liver

function, and less than25%of themarrowpreviously treatedwithEBRT.Patientswere

excluded from these trials if they had CNS lymphoma, HIV infection or HIV-related

NHL, chronic lymphocytic leukemia, pleural or peritoneal fluid that was positive for

lymphoma, knownmyelodysplasia, or a history of allogeneic or autologous stem cell

transplant. Tables 6.2 and 6.3 describe the patient population included in each of these

TABLE 6.2 Summary of Clinical Trials of Ibritumomab Tiuxetan (Zevalin)

Trial n Goal Reference

Phase I 14 
 Used unlabeled ibritumomab prior to
90Y-ibritumomab

(14)


 Determine MTD


 Indolent and aggressive NHL

Phase I/II 51 
 Determine dose of rituximab prior to
111In-ibritumomab

(49)


 Determine MTD


 Indolent and aggressive NHL including

mantle cell

Phase I 9 
 Determine safety of Zevalin in Japanese

population

(90)


 Select dose for future trials

 Follicular and mantle cell NHL

Phase III 143 
 Randomized trial of rituximab versus
90Y-ibritumomab to determine if efficacy

of 90Y-ibritumomab is superior

(67)


 Indolent and transformed NHL

Phase II 30 
 Efficacy and toxicity of 0.3mCi/kg
90Y-ibritumomab for patients with platelet

count of 100,000–149,000� 106/L

(68)


 Indolent and transformed NHL

Phase II 54 
 Efficacy and toxicity of 0.4mCi/kg
90Y-ibritumomab for patients refractory

to rituximab

(122)


 Follicular NHL
Expanded safety

analysis

349 
 Evaluate the side effects experienced
by patients treated with 90Y-ibritumomab

in clinical trials

(109)


 Indolent or transformed NHL

90Y: yttrium-90; 111In: indium-111; MTD: maximum tolerated dose.
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clinical trials, Table 6.4 summarizes the efficacy results, andTable 6.5 the hematologic

toxicity. In general, bothBexxar andZevalin as single agents in relapsed indolentNHL

produced an ORR of 80% with 30% CR, and 20% of patients achieved long-term

remissions without relapse. These agents can produce impressive responses in both

nodal and extranodal disease without damage to adjacent normal structures. The only

side effect is reversible myelosuppression; there is no significant organ toxicity. In all

trials of RIT to date, response assessment was performed with CT scans. The recent

integration of PET scanning into response assessment guidelines (100) may change

the response rates seen with RIT. Recent studies have been integrating PET into RIT

trials (101, 102) (seeChapter 15). For example, in the study byUlaner et al. (102), PET

scans were performed on patients receiving RIT and demonstrated how patients

classified as a PR by CTwere PET negative and experienced long-term disease-free

survival.

6.2.5.1 Phase I 131I-Tositumomab (Bexxar) The phase I trial of 131I-tosi-

tumomab was designed to determine a dose that could be administered without stem

TABLE 6.3 Clinical Trials of 131I-Tositumomab in Patients Without the Use of Stem

Cell Support

Trial # n Goal References

Phase I 59 
 Used single or multiple doses

trace-labeled tositumomab prior

to therapeutic 131I-tositumomab

(13, 58, 103)


 Determine MTD of 131I-tositumomab


 Indolent, transformed, aggressive NHL

Phase II 86 
 Validate dose determined in phase I (70, 104)


 Indolent and transformed NHL

Pivotal 60 
 Compared response to last qualifying

chemotherapy with that obtained with
131I-tositumomab

(65)


 Indolent and transformed NHL

Unlabeled versus

radiolabeled

48 
 Establish improved efficacy of

radiolabeled tositumomab compared

to unlabeled tositumomab

(121)


 Indolent and transformed NHL

Rituximab pretreated 40 
 Evaluated response to 131I-tositumomab

in patients failing rituximab

(123)

Previously untreated 76 
 Evaluated overall and complete response

rate in patients treated with
131I-tositumomab as their first therapy

(193)


 Previously untreated follicular NHL

Expanded access 368 
 To treat patients with

relapsed NHL with standard
131I-tositumomab

(105, 106)


 Indolent and transformed
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cell support (13, 58, 103). Patients were treatedwith 15–20mg of intravenous anti-B1

(anti-CD20) mouse mAb trace-labeled with 131I (5mCi) over 30min. The first 10

patients were administered 131I-tositumomab without unlabeled tositumomab pre-

treatment. The next eight patients were given a small dose (135mg) of unlabeled

tositumomab pre-131I-tositumomab administration and another two received 685mg

pretreatment (13). After the radiotracer dose, serial quantitative gamma-camera

images and measurements of whole-body radioactivity were obtained, and with this

approach tumors >2 cm were visualized on the scans. Thirty-four patients were

included in the next phase I report (58). Seventeen (50%) had low-grade NHL, eight

(24%) were transformed, and nine (26%) were intermediate grade. Bone marrow

involvement was present in 26% and 62% were resistant to the last chemotherapy

regimen. All patients received at least one radiotracer dose and 68% (23/34) hadmore

than one radiotracer dose. It was concluded that indeed the unlabeled predose did

improve tumor/normal organ biodistribution. Of the 34 patients entering the trial, 28

(82%) received a therapeutic dose; 3 patients developed human antimouse antibodies

(HAMA) and 3 had rapid progression during the radiotracer studies that precluded

treatment. Patients were retained in radiation isolation after the therapeutic dose for

about 3 days. This trial treated patients with doses calculated to deliver 25–85 cGy to

the whole body.

TABLE 6.5 Hematologic Toxicity Experienced with Anti-CD20

Radioimmunoconjugates

Study

Neutrophils Platelets Hemoglobin

Reference
Nadir

�106/L

%

Grade 4

(<500

� 106/L)a
Nadir

�106/L

%

Grade 4

(<10,000

� 106/Lb
Nadir

(g/dL)

% Grade 4

(<6.5

g/dL)

Zevalin studies

Phase I 1100 27 49,500 10 – – (49)

Phase I – 33 – 0 – 0 (90)

Randomized trial 900 32 42,000 6 10.8 1 (67)

Phase II for patients

with thrombocytopenia

600 33 26,500 13 10.1 3 (68)

Rituximab refractory 700 35 33,000 9 9.9 4 (122)

Bexxar studies

Pivotal trial 800 18 50000 2 10.2 0 (65)

Previous rituximab

therapy

1200 18 85,000 10 11 0 (123)

Combined analysis 1060 16 70000 2 11.1 1 (107)

Previously untreated 1300 34

(grades 3/4)

83000 0 NA (193)

Phase II in early

relapse

1200 20 78000 5 11.3 0 (104)

a Grade 4 neutropenia is <500� 106/L.
b Grade 4 thrombocytopenia is <10,000� 106/L.
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The dose-limiting toxicity (DLT) was myelosuppression and occurred at 85 cGy

when two of the three patients treated at this dose experienced grades 3 and 4

neutropenia and thrombocytopenia. The maximum tolerated dose (MTD) was there-

fore determined to be 75 cGy. Three patients in the trial who had been previously

treated with a stem cell transplant had more severe myelosuppression. No opportu-

nistic infections were documented and no changes in serum Ig levels occurred. One

patient developed myelodysplastic syndrome (MDS) resulting in acute leukemia and

six patients developed HAMA. The ORR in 28 patients receiving a therapeutic dose

was 79% (22/28) with 50% CR (14/28). Six patients who had achieved a PR or minor

responsewere administered a seconddose and three had a further response, but noneof

the three patients converted to a CR. When the ORR was examined by tumor type,

100%(13/13) of the low-gradeNHLrespondedwith 77%(10/13)CR; 75%(6/8) of the

patients with transformedNHLwith 38% (3/8) CR; and 43% (3/7) of the patients with

intermediate NHL responded with 14% (1/7) CR. The DR for CR patients was 16.5þ
months; neither the DR nor the TTP was reported for PR patients. When patients

relapsed, it was in areas not previously involvedwith NHL in 75% (6/8) patients. Four

patients were retreated at relapse and all responded again (2 CR; 2 PR) (58).

The next report on this phase I/II trial concluded that a predose of 475mg of

unlabeled tositumomab produced optimal tumor/normal organ biodistribution, and

indeed that was the dose used in all other trials discussed in the following sec-

tions (103). The ORRwas 71% (42/59) with 34% (20/59) CR. The patients with low-

grade or transformed NHL had an ORR of 83% compared to 41% in those with an

intermediate-grade NHL. The median DR for all responders was 8.9 months (18.3

months for CR patients). Additional long-term follow-up of these 59 patients was

described in 2000 (73).

6.2.5.2 Phase II Trials of Bexxar Several dedicated phase II trials were

conducted to validate the high ORR to Bexxar determined in phase I/II

trials (13, 58, 103). Vose et al. (70) studied 47 patients with relapsed low-grade or

transformed NHL between December 1995 and November 1996; 45 received treat-

ment. One patient progressed rapidly and was not given the therapeutic dose and the

other did not receive the therapeutic dose at the protocol-specified time. Patients

received either 75 cGyor 65 cGydepending on baseline platelets. Themedian agewas

49 years (range, 23–74). The histologywas low grade in 79% (37/47) and transformed

in 21% (10/47); 92% (43/47) had stages III/IV disease. The patients had previously

received a median of four prior chemotherapy regimens (range, 1–8). LDH was

elevated in38%(18/47) andbonemarrowwas involved in51%(24/47).Thecalculated

dose to the normal organs for patients receiving the 75 cGy total body dose was

499 cGy to the kidneys, 383 spleen, 225 liver, 214 bladder, and 183 to the lungs. The

tumorswere calculated to receive amean dose of 795 cGy. TheORRwas 57% (27/45)

and 32% (15/45) had aCR.ThemedianDRwas 9.9months for all responders and 19.9

months for responders that were CR. The median TTP for all patients was 5.3 months

and 11.6months for responders. ThemedianOS from study entry was 36months with

no deaths due to the treatment. As of 2000, six patients remained in CRwith durations

of CR 26.9þ to 33.8þ months. The median ANC nadir was 800 cells/mm3, platelets
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43,000 cells/mm3, and hemoglobin 10.2 g/dL. There was no mention of any patient

developing MDS or acute leukemia. One patient (2%) developed HAMA. A more

recent phase II trial of single-agentBexxar restricted the patient population to only one

or two prior therapies (104). The ORR was 76% (31/41) with 49% CR/Cru (CR

unconfirmed); the median DR for all responders was 1.3 years and for CR patients

more than 2.5 years. Seven of the patients had transformed histology and theORRwas

71% (5/7) with 29% (2/7) CR/CRu. Patients with bulky disease (>5 cm) had a lower

chance of ORR but a similar DR.

6.2.5.3 Pivotal Trial of Bexxar This trial enrolled 60 patients with relapsed

low-grade (n¼ 36), transformed NHL (n¼ 23), or mantle cell (n¼ 1) lymphoma, and

compared the ORR and DR to Bexxar with that achieved by the patient’s last

qualifying chemotherapy. The patients had received a median of four prior che-

motherapies (range, 2–13) and were required to have failed to respond or progressed

within 6 months of the last chemotherapy regimen. Thirteen (22%) patients had been

previously treated with a fludarabine-containing regimen. The patients were amedian

of 54 months from initial diagnosis, 44% had an elevated LDH, and 55% had bulky

disease (�5 cm). The primary end point was DR. Nineteen patients in the trial had

equivalent responses. Of the 41 cases whereDRwas not equivalent, 32 (78%) patients

experienceda longerDRwithBexxar compared to9 (22%)patientswhoexperienced a

longer DR with chemotherapy (p< 0.001). The median DR from Bexxar was 6.5

months compared to 3.4 months with chemotherapy. The ORR was a secondary end

point in the trial; it was 65% (39/60) with Bexxar compared to 28% (17/60) with

chemotherapy (p< 0.001). Seventeen percent (10/60) had a CR with Bexxar com-

pared to three percent (2/60) with chemotherapy (p¼ 0.01). The ORR with Bexxar

differed between the low-grade and transformed patient groups: 81% (29/36) of the

low-grade patients had a tumor responsewith 19%CR (7/36) compared to 39% (9/29)

and 13% CR (3/29) in the patients with transformed NHL (65).

After the initial trials of Bexxar demonstrated a high ORR with acceptable

toxicity, an expanded access study treated patients with relapsed low-grade or

transformed NHL with standard doses of Bexxar (total body dose of 75 cGy for

patients with platelets >150,000 cells/mm3 and 65 cGy for platelets

100,000–150,000 cells/mm3) (105, 106). Three hundred sixty-eight patients were

enrolled in fifty-three community and academic sites from July 1998 to March 2000.

Bexxar was received by 98% (359/368) and 273 could be evaluated for efficacy. The

median age was 58 years (range, 32–87). These patients had received a median of

two prior therapies (range, 1–9) and 45% had failed prior rituximab. The histology at

study entry was small lymphocytic lymphoma in 10%, follicular grade I in 37%,

follicular grade II in 29%, and transformed in 21%. The patients were 90% stage III/

IV, 60% had elevated LDH, 43% had bone marrow involvement, and 44% presented

with bulky disease (>5 cm). The ORR was 58% and 27% had a CR. The ORR in

rituximab failures was 47% (55/118) with 19% CR (23/118). In patients with bulky

tumors, the ORR was 47% (57/121) with 17% (20/121) CR. The TTP for all patients

was 7.1 months, and for responders both the median TTP and the median DR have

not yet been reached.
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6.2.6 Safety of Bexxar RIT

The potential adverse events with Bexxar treatment include a transient flu-like

syndrome and bone marrow suppression. There is typically minimal infusion-related

toxicity with unlabeled tositumomab, and only 7% and 2% of patients experienced an

adverse event that required an adjustment to the rate of infusion during the dosimetric

and therapeutic doses, respectively. Themarrow toxicity has been summarized for 215

patients who received a 75 cGy total body dose (107). The median ANC nadir was

1060 cells/mm3 occurring at day 46 and recovering by day 66. Sixteen percent of

patients developed grade IV neutropenia with a median duration of 11 days. The

median time to platelet nadirwas 32 days, the platelet nadirwas 70,000/mm3, and only

2% of the patients developed grade IV thrombocytopenia. The duration of grade IV

thrombocytopeniawas 14 days and the platelets recovered in amedian time of 50 days

from the day of treatment. The median hemoglobin nadir was 11.1 g/dL on day 46.

Only 1% of the patients developed grade IV hemoglobin and the hemoglobin

recovered with amedian of 61 days following the therapeutic dose. Seventeen percent

of patients required hematologic supportive care with 8% receiving a platelet

transfusion, 9% red blood cell transfusion, and 12% growth factors (G-CSF, GM-

CSF, or erythropoietin). The hematologic nadirs varied by patient characteristics. For

example, patientswith a negativemarrowpre-Bexxar had a 12% incidence of grade IV

neutropenia compared to 21% if the marrow was positive for NHL. The presence of

marrow lymphoma likely attracts higher amounts of the radioimmunoconjugate

leading to increased normal marrow toxicity. Patients with no prior chemotherapy

had a 5% incidence of grade IV neutropenia compared to 21% if they had 1–3 prior

regimens and 23% if �4 prior regimens. The need for hematologic supportive care

ranged from 0% in previously untreated patients to 32% in patients with �3 prior

therapies. There was no difference in the incidence of grade IV toxicity by age.

The toxicity of Bexxar in the expanded access study showed similar results (106).

ThemedianANCnadirwas 1300 cells/mm3,median plateletswere 68,000 cells/mm3,

and median hemoglobin 11.2 g/dL. Grade IV neutropenia developed in 14% of

patients and 2% experienced grade IV thrombocytopenia. Hospitalization for serious

infection occurred in 4%. The HAMA rate was 8%. HAMA has not been reported to

influence OS in the trials of Bexxar and Zevalin; however, in the trials of the Lym-1

RIC, patients who developed HAMA actually had a superior OS (108).

6.2.6.1 Phase I Trials of 90Y-Zevalin Six separate clinical trials of 90Y-Ze-

valin have been conducted over the past 10 years (Table 6.2). Therewere three phase I

trials of Zevalin. The first study enrolled 14 patients with relapsed low or intermediate

CD20-positiveB-cellNHL(14).Thepatientswere imaged twicewith 111In-Zevalin—

the first imaging was performed without unlabeled ibritumomab; the second was

performed following unlabeled ibritumomab. A comparison of the two sets of
111In-Zevalin images demonstrated that predosing with unlabeled ibritumomab

improved the biodistribution of the Zevalin. Patients were then treated with 90Y-Ze-

valin with doses ranging from 13.5 to 50mCi. All patients had stem cells harvested

from peripheral blood or marrow prior to treatment with 90Y-Zevalin; however, only
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two patients (both had received 50mCi of 90Y-Zevalin) required reinfusion of stem

cells. The ORR was 79% (11/14) with 36% CR, and 43% partial remission (PR).

A second phase I study was conducted to test the use of rituximab rather than

unlabeled ibritumomab before Zevalin. It was felt that rituximab was less likely to

cause a human antimouse or chimeric antibody (HAMA or HACA) response

compared to the murine ibritumomab. Another goal of the second phase I trial was

to determine the MTD of 90Y-Zevalin that could be given to patients without using

stem cells or prophylactic growth factors. Fifty-one patients were enrolled and the

study concluded that 250mg/m2 was the optimal dose of rituximab to be used before
111In-Zevalin imaging and 90Y-Zevalin therapy (49). Dosimetry predicted that all

patients were eligible for 90Y-Zevalin; that is, all normal nontumor-bearing organs

were predicted to receive <2000 cGy and the bone marrow <300 cGy (88). The

median agewas 60 years and 24%of patientswere>70 years of age. Sixty-six per cent

of patients had low-grade NHL, 28% intermediate grade, and 6% were mantle cell

lymphoma (MCL). In the low-grade group, 6% were diffuse small lymphocytic

lymphoma, 27% follicular small cleaved, and 33% had follicular mixed lymphoma.

All patients had receivedprior chemotherapy (median of twoprior regimens) and 92%

had received an anthracycline. Thirty-seven percent had received prior external beam

radiotherapy; twenty-seven percent had �2 extranodal sites of disease; fifty-nine

percent had bulky disease (mass �5 cm); and forty-three percent were bone marrow

positive for NHL.

The doses of 90Y-Zevalin used in the phase I/II trial were 0.2mCi–0.4mCi/kg; 5

patients received 0.2mCi/kg, 15 received 0.3mCi/kg, and 30 patients received

0.4mCi/kg. All patients who received 0.4mCi/kg were able to recover bone marrow

functionwithout prophylactic growth factors or stemcells. The dosewas not increased

to more than 0.4mCi/kg because substantial myelosuppression was already being

obtained with 0.4mCi/kg and stem cells had not been collected pre-Zevalin. The

efficacy component of the phase I/II trial demonstrated a 67%ORR in all patientswith

26%CR. In patients with low-grade NHL, the ORRwas even higher at 82%with 26%

CR (49). ThemedianTTP for responderswas 15.4months; theDRwas 11.7þmonths.

The third phase 1 study was performed in Japan (90). Two doses of Zevalin were

tested—0.3mCi/kg (11.1MBq/kg) or 0.4mCi/kg (14.8MBq/kg). Rituximab was

given on day 1 and 8 at a dose of 250mg/m2. Ten patients were treated—four

at 0.3mCi/kg dose and six patients at the 0.4mCi/kg dose level with an ORR of 70%

(7/10). No patient developed HAMA/HACA. The main toxicity was myelosuppres-

sion and the recommended dose for future studies was 0.4mCi/kg.

6.2.6.2 Phase II Trial of Zevalin in Patients withMild Thrombocytopenia
Patients withmild thrombocytopenia from previous therapy are at an increased risk of

myelosuppression from RIT. A separate phase II trial using a reduced dose of
90Y-Zevalin (0.3mCi/kg) for patientswith relapsedNHLand a platelet count between

100,000–149,000 cells/mm3 was designed. Thirty patients were treated and the ORR

was 83%with 43%CR/CRu. The TTPwas 9.4 months in all patients and 12.6months

in responders (68). The median DR was 11.7 months (3.6–�23.4). Hematologic

toxicitywas the primary toxicitywith amedian nadirANCof 600� 106/L (grade IVin
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33% of patients) and the median nadir platelet count 26,500 cells/mm3 (grade IV in

13% of the patients).

6.2.6.3 Safety of Zevalin RIT The safety ofZevalinRIT in 349 patients treated

inall reported studies todatehasbeen summarized (109). Patientswere followed forup

to 4 years after therapy or until progressive disease. Infusion-related toxicities were

typicallygrade1or2andwereassociatedwith rituximabinfusion; therewerenofurther

infusion-related reactionswhen 111In- or 90Y-Zevalin was administered at the conclu-

sionof therituximab.Nosignificantnormalorgantoxicitywasnoted.Themain toxicity

notedwasmyelosuppression (Table6.5)with thenadirhemoglobin,WBC,andplatelet

counts typically occurring at 7–9 weeks and lasting approximately 1–4 weeks

depending on the method of calculation. Following the 0.4mCi/kg dose, grade 4

neutropenia, thrombocytopenia, and anemia occurred in 30%, 10%, and 3% patients,

respectively, and following the 0.3mCi/kg dose in 35%, 14%, and 8% patients.

BonemarrowinvolvementwithNHLatstudyentrywaspresent in146patients(42%).

Patientswith any degree ofmarrow involvement had a significantly greater incidence of

grade4neutropenia (p¼ 0.001), thrombocytopenia (p¼ 0.013), andanemia(p¼ 0.040)

thanpatientswithnomarrowinvolvement.Theincidenceofgrade4hematologictoxicity

increased with increasing levels of marrow involvement at baseline. Since in all these

trials prophylactic growth factorswere not prescribed, it is not yet knownwhether grade

3/4myelosuppressioncanbeprevented ifgrowth factorswere integrated into theZevalin

program. Despite the substantial myelosuppression observed with RIT, only 7% of

patientswerehospitalizedwith infection (3%withneutropenia)andonly2%hadgrade3

or 4 bleeding events. A recent case study reported skin necrosis after extravasation of

Zevalin (110); therefore, RICs should be considered vesicants.

6.2.7 Radiolabeled Rituximab

Another approach to anti-CD20 RIT is to radiolabel rituximab with 131I. Leahy

et al. (74) conducted a trial that enrolled 91 patients with relapsed CD20-positive B-

cell NHL. The entry criteria were similar to other RIT trials except there was no

restriction on the level ofmarrow involvement. TheORRwas 76%with 53%CR/CRu

and the median DR was 10 months (20 months for CR patients). Nine patients were

enrolled with >25% marrow involvement with NHL. These patients had a lower

platelet nadir but the incidence of grade 4 myelosuppression was no different from

those patients with less than 25% marrow involvement. This treatment can also be

repeated due to the humanized nature of rituximab (111).

6.3 ANTIBODIES AGAINST CD22

6.3.1 Radiolabeled Epratuzumab

Epratuzumab (Immunomedics, Inc.,MorrisPlains,NJ,U.S.A.) is ahumanizedmAbto

CD22, another cell surface antigen commonly found on B-cell lymphomas. The
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unlabeled antibody has been used in a number of clinical trials as a single-agent and

shown to provide an ORR of 10% with an excellent toxicity profile in a phase I/II

trial (112). A subsequent trial combined epratuzumab with rituximab (113) and with

standard rituximab, cyclophosphamide, vincristine, and prednisone (RCHOP) (114)

with acceptable safety.

This agent has also been developed as an RIC. Studies initiated in 1991 used
131I (115).More recently, epratuzumabhasbeenconjugated to themacrocyclic chelate

1,4,7,10-tetraazacyclododecane-N,N0,N00,N000-tetraacetic acid (DOTA) that then che-

lates 90Y to form the RIC for RIT (116). The use of the more stable DOTA chelator

results in less 90Y being deposited in bone compared to DTPA chelators used to

complex the radiometal potentially reducing myelosuppression (116). Clinical trials

of 90Y-epratuzumab have focused on fractionated therapy (117, 118). This approach

differs from Bexxar and Zevalin where the entire amount of radioactivity is given as a

single dose. Linden et al. (117) treated 16 patients with 2–4 weekly injections of
90Y-epratzumab. The two patients who received four doses had dose-limiting

myelosuppression. The ORR was 62% with 75% of indolent patients responding

compared to 50%of thosewith aggressive disease; the CR ratewas 25%.As expected,

demonstration of CD22 staining on tumor cells was a strong predictor of response.

Advantages of using a humanized antibody include the ability to give fractionated

doses; only a small amount of unlabeled antibody ismixedwith theRIC.Amore recent

report (118) focused on the use of PET to predict response. An update of this trial was

recently reported (119). Sixty-four patients have now been enrolled. Eligibility

included relapsed disease with no masses >10 cm, platelet count >100,000/mm3,

and	25%marrow involvement. The therapy was well tolerated with myelosuppres-

sion the only significant toxicity. The ORR for 17 patients treated with <10mCi/m2

total dose was 41% compared to 55% for those 29 patients treated with>20mCi/m2.

TheORRwas 50% (7/14) inmantle cell lymphoma, 30% (3/10) in diffuse largeB-cell

lymphoma (DLBCL), and 71% (22/31) in follicular NHL patients. The current

approach of 20mCi/m2 weekly� 2 doses is tolerable and effective and delivers more

mCi of 90Y than a single 32mCi dose of Zevalin.Whether the fractionated dosingwill

improve ORR and DR and be financially feasible awaits further results. It is clear that
90Y-epratuzumab represents a safe and novel approach to lymphoma RIT.

6.4 RIT VERSUS IMMUNOTHERAPY

At the conclusion of the initial phase I/II trials of RIT for NHL, it appeared that the

ORRwas higher with RIT thanwith the same corresponding unlabeledmAb. Two key

trials were designed to further address the question as to whether RITwas superior to

immunotherapy with a similarly targeted antibody. IDEC 106-04 was a prospective,

randomized trial of RIT versus rituximab in patients with relapsed CD20-positive

NHL who had never received rituximab. Patients were randomized to receive either

0.4mCi/kg (maximum of 32mCi) Zevalin or rituximab 375mg/kg weekly for 4

weeks (67). Patients were eligible for this trial if they had a biopsy-proven low-grade,

follicular, or transformed NHL, a performance status of 0–2, an absolute neutrophil
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count of �1,500� 106/L, and a platelet count of �150,000� 106/L. One-hundred

forty-three patientswere randomized in this trial—seventy-three receivedZevalin and

seventy rituximab. To achieve balance, the patients were stratified by disease type

(small lymphocytic, follicular, and transformed). The analysis of all 143 patients

found anORR (InternationalWorkshopNHL criteria (120)) of 80%with 90Y-Zevalin

compared to 56% for rituximab (p¼ 0.002). The CR rate of 30% in the Zevalin arm

was also higher than the 16% found with rituximab (p¼ 0.04). The median DR was

14.2months (0.9–28.9). The trial was not statistically powered to detect a difference in

TTP. The Kaplan–Meier estimated median TTP was 11.2þ months (range,

0.8–31.5þ) for the Zevalin group compared to 10.1þ months (range, 0.7–26.1) for

the rituximab group (p¼ 0.173). However, the estimated time to next therapy (TTNT)

for patients with nontransformed histology indicated a significantly longer TTNT for

Zevalin patients (17.8þ months; range, 2.1–21.7þ) than for rituximab patients

(11.2 months; range, 1.3–19.0þ) (p¼ 0.040).

The second key trial utilized Bexxar. Seventy-eight patients with relapsed low-

grade or transformed NHL were randomized to receive Bexxar as described above or

two doses of unlabeled tositumomab (121). The median age of the patients was 55

years (range, 28–85), they had received a median of two prior regimens (range, 1–5),

88%were stages III/IV; 40%hadelevatedLDH; and41%presentedwithbulkydisease

(size�5 cm). Seventeenpercent had transformedNHL.TheORRwas67%(28/42) for

Bexxar compared to 28% (10/36) for those who received unlabeled tositumomab

(p< 0.001). The CR rate was 33% (14/42) versus 8% (3/36) (p¼ 0.01) in the Bexxar

and tositumomab arms, respectively. TheDRwas 18months for tositumomab and has

not been reached for Bexxar. Nineteen patients crossed over to the Bexxar arm after

progression and seventeen responded (89%) with 42% (8/19) CR. Thirteen patients

did not cross over—eight because they developed HAMA, three received other

therapy, one received no further treatment, and one died. The hematologic toxicity

was higher in the RIT arm—17% (7/42) had grade IVANC and 5% (2/42) grade IV

thrombocytopenia. The HAMA rate was 17% (7/41) for the patients treated with

Bexxar; 25% (9/36) in the unlabeled tositumomab group; and 5% (1/19) of the

crossover patients.

6.5 RIT IN RITUXIMAB REFRACTORY PATIENTS

In 2009, the current treatment of new and relapsed NHL usually includes rituximab

and this agent is often used as a maintenance therapy for up to 2 years. How will

patients respond to CD20-directed RITafter extended treatment with rituximab to the

point that the patient is rituximab refractory? It should be noted that rituximab

refractory is defined as either no response to a standard course of rituximab or a

response that lasts less than 6months. Several studies have addressed this question and

demonstrated that the ORR to RIT in this patient population is high, but the TTP is

shorter than when the patient was not rituximab refractory. The trial of Zevalin in this

patient population included 54 patients meeting this definition (122). All were treated

with a single dose of 0.4mCi/kg of 90Y-Zevalin and were followed up without further
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therapy. The median age was 54 years (range, 34–73), 95% of patients had follicular

NHL, 32% had bone marrow involvement, and 74% had bulky disease (�5 cm). This

patient group was heavily pretreated with a median of four prior therapies. The

dosimetry determined by 111In-Zevalin was acceptable in all 27 cases in which it was

performed. Themedian nadir ANCwas 700� 106/L, and in 35% of the patients it was

grade IV.Themedian nadir platelet countwas 33,000� 106/L andwas grade IVin 9%.

The ORR using International Workshop criteria (120) was 74% with 15% CR. The

estimatedmedianTTPwas 6.8months (range, 1.1–25.9þ)with 30%of data censored.

Median TTP in the 40 responders was 8.7 months (range, 1.7–25.9þ), with 28% of

data censored. The estimated median DR was 6.4 months (range, 0.5–24.9þ).
In their study, Horning et al. (123) administered a standard dose of Bexxar to 40

patients who had relapsed after rituximab. This trial was slightly different from the

Zevalin trial discussed above in that although all patients previously had rituximab,

only 24 were rituximab refractory. The median age of all patients was 57 years, the

median number of prior regimenswas 4, and 30%hadmarrow involvement. TheORR

was 65% with 38% CR. In the 24 patients who were rituximab refractory (no prior

response), the ORR was 62% (15/24) and 25% (6/24) obtained a CR. The median

progression-free survival (PFS) was 10.4 months for all patients and 24.5 months for

confirmed responders. Fifty per cent of patients had grade III/IV hematologic toxicity.

The median ANC was 1200� 106/L and the median platelet count nadir was

85,000� 106/L. No patient developed HAMA.

It is apparent from these two important studies that the radiation component of RIT

is important to its efficacy. Anti-CD20 RIT can overcome resistance in rituximab

refractory tumors; however, the responses are shorter than inpatientswhoare rituxmab

na€ıve or relapsed after rituximab. It is to be noted that these studies for the most part

enrolled patients whowere rituximab refractory. This patient group is not the same as

patients today who are treated with rituximab-based chemotherapy upfront and then

relapse several years later. These patients are not considered to be rituxmab refractory

and are very likely to respond to RIT.

6.6 RIT FOR PREVIOUSLY UNTREATED PATIENTS

The high ORR to RIT in relapsed NHL patients makes it an attractive option for new,

untreated patients with advanced stage, asymptomatic indolent NHL. These patients

often discover the NHL at a timewhen they have no symptoms, yet extensive disease.

For example, many patients palpate a small node in the neck or groin, which upon

biopsy is indolent NHL. Even though the node is discovered early, they are often stage

III/IVafter formal staging. The asymptomatic patient may want to avoid chemothera-

py due to the potential side effects and the lack of curability. They are candidates for

observation, rituximab immunotherapy, or a clinical trial. There has been sporadic use

of RIT in this patient population (124) and one large, prospective, phase II trial (54).

Kaminski et al. (54) treated 76 previously untreated patients with advanced stage

(stages III or IV) follicular (70% grade 1; 29% grade 2) NHL (one patient had mantle

cellNHL)with a single dose ofBexxarRIT.Sixty-four percent of the patients hadbone
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marrow involvement, 30% had an elevated LDH, and 43% had bulky disease (defined

as�5 cm). The median age was 49 years (range, 23–69). The ORR was 95% (72/76)

with 75%(57/75)CR. Five-year PFS for all patientswas 59%with amedianPFSof 6.1

years. The five-year PFS for CR patients was 77% and 70% of the CR patients

remained inCR for 4.3–7.7 years after treatment. Patientswith only a PRhad amedian

TTP of 7 months and none became long-term responders. Patients with bulky disease

(>5 cm) and marrow involvement with NHL had a lower chance of obtaining a CR.

There are limited data on the use of Zevalin for the untreated population. In the report

on pulmonary lymphomas, there were two patients treated initially with Zevalin and

they attained aCR (124).Other studies ofZevalin in the untreated population are being

conducted at the universities of Miami (124) and Wisconsin (Brad Kahl, personal

communication, September 2008).

It is important to follow this previously untreated group for the development of

myelodysplasia andHAMA. To date, no patient in this previously untreated group has

developedmyelodysplastic syndrome; however, 63%developedHAMA.Whether the

HAMAwill wane with time and what impact this will have on the future ability to

retreat patients is unknown. In the studies of Bexxar on previously treated patients, the

HAMA rate has been about 10%. This is likely due to fact that when patients are

previously treated with chemotherapy they are more immunosuppressed and less

likely to develop HAMA. The development of HAMAwas of initial concern because

of the possibility that these antibodies might reduce the efficacy of other murine

antibodies administered later, or cause anaphylactic reactions, but it has not been a

major problem. The HAMA rate in the studies with Zevalin has been very low

(<1%) (109).

6.7 RIT FOR RELAPSED LARGE-CELL LYMPHOMA

Patientswith diffuse large-cell NHLwho relapse after RCHOPand respond to salvage

chemotherapy are typically treated with high-dose chemotherapy with stem cell

support. Therefore, the available experiencewith RIT in aggressive NHL is limited to

patients with relapsed or refractory disease that are not eligible for stem cell

transplantation. In the initial phase I/II trial of Zevalin, the ORR was 43% for the

14 patients with intermediate-grade histology (49). A recent update on the long-term

course of patients in that study demonstrated a 58% (7/12) ORR for the patients with

DLBCL with a median DR of 49.8 months (1.3–67.6þ months) (125).

Amore recent study evaluated Zevalin in the treatment of 104 elderly patients with

relapsed and primary refractory DLBCL that were not candidates for SCT (126). The

ORR in the entire groupwas 44%, but further analysis showed differences inORR and

TTP to Zevalin depending on whether the patient had previously received rituximab.

Rituximab-na€ıve patients had a 52% ORR (24% CR/CRu) compared to a 19% ORR

(12%CR/CRu) in thegroup that had previously been treatedwith rituximab.The latter

group appears to have been particularly high-risk since 37% were reported to be

refractory to RCHOP. The median TTP was 5.9 months for patients who were

refractory to non-rituximab containing treatment regimens before Zevalin. The TTP
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was only 1.9 months for those patients who had received a rituximab-containing

regimen prior to Zevalin. Although the treatment was generally well tolerated, two

patients died of cerebral hemorrhage associated with grade 4 thrombocytopenia.

This is an important study because at least 40% of patients with DLBCL die of the

disease, and many of these patients are not candidates for or relapse after SCT (23).

There is an urgent need for new treatments for the relapsed DLBCL patient, and the

excellent toxicity profile of RITmakes it an attractive option. This study indicates that

Zevalin has reasonable activity in this population as a whole, but the fact that patients

who had previously had a CD20-targeted treatment had a lowORR and a short TTP is

important since all patients with DLBCL now receive rituximab with induction

chemotherapy. Future studies need to address this by adding other agents to RIT or

use RIT as adjuvant after chemotherapy for relapsed disease.

6.8 RIT FOR TRANSFORMED LYMPHOMA

Patients who transform from low-grade to large-cell NHL are a difficult group to treat.

Eligible patients are typically recommended for SCT. However, these patients are

often elderly, lack stem cell reserve, or have other comorbidities that make SCT

impossible. The largest clinical experience of treating transformedNHLwith RIT has

been with Bexxar (127). There were 71 patients with transformed NHLwho had been

enrolled on the five studies since 1990. Themedian agewas 59 years; themedian time

fromdiagnosis to studyentrywas74months (range, 8–334); and themediannumberof

prior therapies was 4 (range, 1–11). In addition to the transformed histology, 28% of

patients had marrow involvement; 70% bulky disease (>5 cm); 57% elevated LDH;

and 52%with an International Prognostic Index (IPI) score of 3 ormore.After Bexxar,

the patients were followed for a median of 19.4 months (range, 0.5–101). The ORR

was 39%with 25%CR. The median DRwas 20months (range, 10.8–not reached) for

all responders and was 36.5 months (range, 14.7–not reached) for CR patients. The

median TTP for all patients was 4.3months (3.2–10.2) but for thosewho responded to

treatment, the median TTPwas 20.2 months (12.4–not reached). Five patients remain

in remissionbeyond40months.Bexxar is theonlyRITagent approved for transformed

NHL.

6.9 RIT FOR MANTLE CELL LYMPHOMA

There have been limited trials of single-agent RIT for relapsedMCL. In the phase I/II

trial of Zevalin, there were three patients with MCL and none responded (49). A

dedicated trial ofZevalin on 15patientswith relapsedMCLshowed a33%ORRwith a

median DR of 5.7 months (128). There has been more success in MCL when the RIT

has been delivered with SCT (129) or as adjuvant therapy (130). In their study, Smith

et al. (130) administered a standard dose of Zevalin after four cycles of standard

RCHOP to 56 patients with new, untreatedMCL. Although the follow-up is short, the

results appear superior to those seen with standard RCHOPwithout adjuvant therapy .
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6.10 LONG-TERM RESULTS OF RIT

Prolonged follow-up of the initial studies provides useful data on the long-term

prognosis of patients with relapsed indolent NHL treated with RIT (125, 131–133).

Long-term responses (LTRs) have been defined as CR or PR for at least 12 months.

Fisher et al. (131) reported results on 250 patients with relapsed or refractory low-

grade or transformed NHL who had been treated with Bexxar. Long-term responses

were achieved in 81 (32%) of 250 patients, 23%had aPFS>18months, and 21%had a

PFS >2 years. Patients who achieved LTR were more likely to have had a CR (77%

versus 8%) and low-bulk disease (51% versus 31%) than thosewithout an LTR. Other

characteristics that were predictive of an LTR with Bexxar treatment were sensitivity

to the last therapy, history of less than three previous therapies, follicular histology,

normal LDH level, and modified IPI score 	2. The LTR patient population had a

medianDRof 45.8monthswith amedian follow-up of 61months. Those patientswho

attained aCRhave done especiallywell; themedianDRhas not been reached and 47%

remain in CR ranging from >2.7 years to >10.2 years. In the previously untreated

study, the only patients with extended remissions were those who had a CR (54). A

smaller series of 18 patients treated with Bexxar also demonstrated that 6 of the 8

patients with CR/CRu remained in unmaintained remission at 46–70 months (132).

Long-term responses were seen in 37% (78/211) of the patients treated in Zevalin

trials (133). Patients with bulky disease (masses>5 cm) were less likely to become a

long-term responder; however, if they did respond, the DR was similar to those with

low bulk disease. The achievement of a CR/CRu was a strong positive predictor of an

LTR, with an odds ratio of 7.0 (95% CI, 3.4–14.5). At a median follow-up of 53.5

months (range, 12.7–88.9), the median DRwas 28.1 months and the median TTPwas

29.3 months. The findings in patients with follicular NHL (n¼ 59) were similar to

those in the overall population of long-term responders. The estimated OS at 5 years

was 53% for all patients treated with Zevalin and 81% for long-term responders. It is

now apparent that even in the relapsed indolent patient population that LTR can be

observedwith single doses ofRIT. Patientswhoare treated early in the relapse phase of

disease have a higher rate of CR and a longer TTP than those who are treated after

multiple relapses (134).

6.11 RISK OF MYELODYSPLASIA WITH RIT

The fact thatmyelosuppression is the primary toxicity of RIT raised concern about the

risk of treatment-related myelodysplasia or acute leukemia (AL). In the Bexxar

database of 995 patientswho received a single dose ofBexxar for relapsedNHL,MDS

or AL has been documented in 35 patients (3.5%). All 35 patients had also received

chemotherapy for NHL. The annualized rate of MDS/AL was 1.6%, a rate similar to

that observed in chemotherapy-alone treated patients (135). Patients with prior

treatment with the purine nucleoside fludarabine had a relative risk of 3.1 for the

development of MDS. Although follow-up is short, to date there has been no patient

withMDS in the previously untreated group of patients treatedwith Bexxar (54, 135).
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In the integrated safety analysis of Zevalin published in 2003 (109), MDS/AL was

reported in five patients (1%) 8–34 months after treatment. All five of these patients

had been previously treated with alkylating agents. A more recent analysis of 746

patients treated with Zevalin between 1996–2002 included patients in the trials

discussed above as well as the compassionate use trials. A total of 17 cases of

MDS/AL have now been identified for an incidence of 2.3% (17/746). The MDS/AL

occurred at amedian of 5.6 years (range, 1.2–13.9) after the diagnosis of NHL and 1.5

years (range, 0.1–5.8) afterRIT.The annualized rateswere 0.3%(95%CI, 0.2–0.4%)a

year after the diagnosis of NHL and 0.7% (95% CI, 0.4–1.0%) a year after RIT (136).

Those patients treatedwith prior fludarabine had a relative risk ofMDS thatwas higher

thanwithother chemotherapies (hazard ratio 3.5) as didpatientswith follicular disease

type. One patient treated with 131I-rituximab has now developed MDS followed by

AL (111).

It is especially important to follow patients who were treated with RITas adjuvant

therapy. Four cases ofMDS have now been reported in patients whowere treated with

only one prior therapy (137). Three of these patients were treated with fludarabine

followed by Bexxar (53) and one patient treated in a clinical trial was administered

cyclophosphamide, vincristine, and prednisone followed byBexxar (138). The recent

studies using Zevalin after fludarabine containing regimens (139, 140) will need to be

observed closely over the next 10 years for the risk of MDS.

At this juncture, now over 10 years after the initiation of the RIT trials, there is no

evidence yet that RIT increases the risk of MDS/AL over that of chemotherapy alone

and no cases of MDS/AL in patients treated only with RIT. This issue will need

ongoing investigation. Actually, the issue of bone marrow damagemay becomemore

relevant as RIT is used earlier in the disease course because patients will have longer

OS post-RIT with more time for MDS/AL to become apparent.

6.12 FEASIBILITY OF TREATMENT AFTER RIT FAILURE

Since the CR rate with RITwhen used for relapsed NHL is about 30%, most patients

will at some point relapse again and require additional therapy. Themyelosuppression

universally observed after RIT has raised the question of feasibility of chemotherapy

following RIT. Ansell et al. (141, 142) examined subsequent therapy administered to

58 patients who had relapsed after receiving 0.4mCi/kg of Zevalin. The median age

was 56 years (range, 26–77) and 48% (28/58) had marrow involvement. The median

number of therapies pre-Zevalin was two (range, 1–7): 93% CHOP, 60% CVP, 41%

rituximab, 34% chlorambucil, 19%fludarabine, 14%ProMACE/CytoBOM, and 22%

(13/58) received miscellaneous regimens. Twenty-eight (48%) of the patients had

transformed NHL—fourteen had the transformation before Zevalin and in fourteen

patients the transformation developed after Zevalin (eight at first relapsed after

Zevalin; six during chemotherapy that followed Zevalin). The median WBC at the

time of the next therapy after Zevalin was 4.2� 109/L (range, 0.9–8.7), the median

hemoglobin was 11.6 g/dL (range, 7.2–14.7), and the median platelet count was

163,000/mm3 (range, 14,000–292,000). Themedian number of subsequent treatments
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received was two (range, 1–7). Subsequent chemotherapy was feasible and tolerable.

Twenty-eight percent of the patients received growth factors with their next chemo-

therapy and two patients required reduced doses due to persistent myelosuppression.

Peripheral blood stem cell collection was also feasible, with one of the eight patients

requiring marrow harvest after failing peripheral blood stem cell collection. All eight

patients engrafted. One more patient received an allogeneic SCT with adequate

engraftment. The issue of treatment after RIT has also recently been addressed using

the Bexxar patient database. Sixty-eight patients who relapsed a median of 168 days

after RIT were reviewed (143). At the time of relapse, the median WBC was

4900� 106 cells/L (range, 1.1–21.4) and the median platelet count was

130,000� 106/L (range, 9000–440,000); only the platelet count was significantly

lower than the pre-RIT value. The 65% (44/68) of the patients who received further

chemotherapy were able to receive a median of two (range 1–4) additional regimens

using typical myelosuppressive agents. Thirteen patients went on to SCT, three had

stem cells harvested prior to RIT; ten after RIT. In summary, in this selected group of

patients who had met all the criteria for inclusion into an RIT trial, subsequent

chemotherapy was feasible and tolerable. Stem cells were able to be collected and

successful SCT performed. Although this data is encouraging, it should not be

interpreted that stem cells will always be able to be collected on all patients after

RIT. Patients that have received extensive chemotherapy or EBRT can be difficult to

collect even in the absence of RIT (144). If the patient is considered to be a strong

candidate for SCT, then stem cells should be collected before RIT.

6.13 COMBINATIONS OF RIT AND CHEMOTHERAPY

The effectiveness of RIT in relapsed NHL has led to studies that use RIT as adjuvant

therapy after induction chemotherapy. Leonard et al. (53) treated 35 patients with

untreated follicular NHLwith three cycles of fludarabine (25mg/m2/d� 5 days every

5weeks for 3 cycles) followed by a single dose ofBexxar. TheORR to fludarabinewas

89% (31/35) with a CR of 9% (3/35). After Bexxar was administered, the ORR was

100% with 86% CR (30/35). Five of the six patients who prefludarabine had >25%

marrowNHLwere effectively cytoreduced to less than 25% followingfludarabine and

were thus eligible for RIT. Two patients developed human antimouse antibody. In a

median follow-up of nearly 5 years, the median PFS had not been reached and will be

>48 months. Patients with a high-risk Follicular International Prognostic Index

(FLIPI) score had a median PFS of only 2 years and only 27% were estimated to

be in remission at 5 years.

Press et al. (29) have recently reported long-term results of a phase II trial of CHOP

chemotherapy for six cycles followed by a single dose of adjuvant Bexxar. Ninety

patientswere treated and91%respondedwith69%CR.After approximately5yearsof

follow-up, the estimated 5-year PFS rate was 67% and the OS rate was 87%. These

impressive results are being subjected to a randomized trial where patients with new,

untreated follicular NHL receive either CHOP/Bexxar orRCHOP.A similar approach

using rituximab-based chemoimmunotherapy followed by adjuvant RITwith Zevalin
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has been reported in an abstract form (145). Adjuvant Zevalin in patients older than 60

years with new, untreated DLBCL was recently reported (146). Twenty patients

received six cycles of CHOP followed 6–10 weeks later by a single dose of Zevalin.

TheORRwas 100% (95%CR; 5%PR)with four of the five patients in PR after CHOP

converting toCRafterZevalin. The2-year PFSwas estimated tobe75%and2-yearOS

95%with a median follow-up of 15 months. The Zevalin was well-tolerated and only

one patient required transfusion of RBC and platelets. The authors indicate that they

are now conducting a similar trial in the elderly but are using RCHOP induction rather

than CHOP and have reduced the number of cycles from six to four before Zevalin.

Zinzani et al. (139) reported excellent results with a combined chemotherapy

followed by RIT approach in 26 patients with new, untreated indolent nonfollicular

NHL. The patients were treated with six cycles of fludarabine andmitoxantrone (FM)

followed by adjuvant Zevalin 6–10 weeks later for patients who had achieved a

response (CR or PR) to FM. The dose of fludarabine was 25mg/m2 on days 1–3 and

mitoxantrone 10mg/m2 on day 1 every 28 days. It is important to note that the type of

NHL treated were 10 lymphoma of mucosa-associated lymphoid tissue (MALT), 8

lymphoplasmacytic, and 8 small lymphocytic lymphoma (SLL); there were no

follicular NHL in this study. The ORR to the FM was high (81%; 21/26) as expected.

The CR rate was 50% (13/26) and the PR rate 31% (8/26). Twenty of the twenty-six

patients (13CR; 7PR)went on to receive adjuvantZevalin and at the endof theZevalin

100% (20/20) were in CR. One of the patients with a PR did not receive Zevalin

because the marrow had >25% involvement with SLL. The treatment was well

tolerated with myelosuppression the only significant toxicity. One patient had febrile

neutropenia and required hospitalization; there have been no second malignancies.

Although the median follow-up is short at 20 months, 90% of the patients were

estimated to be progression-free. There have been two patients who progressed and

one has died. This study is important not only because of the demonstration of the

effectiveness of adjuvant RIT in converting PR to CR but also because of the

effectiveness in the more uncommon types of indolent NHL.

A similar trial was conducted in patients with new, untreated follicular NHL (140).

Sixty-one patients with stages III/IV received fludarabine 40mg/m2/day on days 1–3

with mitoxantrone 10mg/m2 on day 1 every 28 days for six cycles. Patients then

received a single dose of adjuvant Zevalin 6–10weeks after the last dose of FM if they

had responded to FM with a CR or PR and met the CBC requirements of platelets

>100� 109/L and ANC >1.5� 109/L and marrow with less than 25% involvement

withNHL.Of the original 61patients, 60 responded toFMand93%(57/61) proceeded

to Zevalin. At the time of restaging after Zevalin, 86% (12/14) of the patients in

PR after FM converted to CR after Zevalin for a total CR rate of 96% (55/57) or 90%

(55/61) of enrolled patients. With a median follow-up of 30 months, the 3-year PFS is

estimated to be 76% (95% CI, 72.3–82.4) and 3-year OS 100%. This protocol

produced substantial myelosuppression with 63% (36/57) developing grade 3 or 4

hematologic toxicity and 37% (21/57) required blood product transfusions (140).

A large randomized study of first-line indolent therapy (FIT) with Zevalin RIT has

recently been reported (147). Patients with stages III/IVuntreated follicular grade I/II

were treated with the induction regimen of the physician’s choice. After therapy was
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concluded, all patients with a CR/PR were randomized to observation versus a single

dose of 0.4mCi/kg (maximum of 32mCi) Zevalin RIT; there was no rituximab

maintenance. Four hundred fourteen patients were enrolled with two hundred eight

randomized toZevalin and twohundred six to observation. The induction regimenwas

not prescribed, but 71% (294/414) received either CHOP or CVP; only 14% (59/414)

received rituximabwith their induction treatment. At amedian follow-up of 3.5 years,

themedian PFSwas 13.3months for observation patients versus 36.5months for those

who receivedZevalin (p< 0.0001; hazard ratio (HR) 0.46). In those patientswhowere

in PR at the time of randomization to Zevalin or control, the median PFS was 29.3

months versus 6.2months (p¼ 0.0001;HR, 0.3). In those patientswho achievedCRat

the time of randomization to Zevalin or control, the median PFS was 53.9 months

versus 29.5 months (p< 0.015; HR, 0.6). In the Zevalin consolidation arm, 77%

(78/101) of the patients with a PR after induction therapy converted to CR/Cru

compared to 18% (17/97) of those in the control arm.

6.14 HIGH-DOSE RIT WITH STEM CELL SUPPORT

The use of high-dose RIT and SCT has been extensively studied but remains

investigational (148–154). The advantage of using RIT in the context of SCT is that

the risk of myelosuppression is reduced because stem cells are reinfused; rather, the

dose-limiting toxicitybecomesotherorgan toxicity. Inaphase I study,Press et al. (155)

entered 43 patients and 19 were able to receive therapeutic infusions of Bexxar. The

ORR was 95% (18/19) and 84% (16/19) had a CR. Another 25 patients were enrolled

into the phase II trial (60) and84%(21/25)were treated. Tumor responsewas observed

in 86%(18/21)with 76%CR.The stemcellswere infused12–18days afterBexxar; the

sourceofstemcellswasmarrowin19andbloodinother2.Neutrophil recovery to>500

and platelet count recovery to>20,000 occurred amedian of 23 days and 22 days after

stem cell infusion, respectively. HAMAwas documented in 16% patients. Long-term

follow-up (median 42 months) on these patients and those from the phase 1 trial

demonstrated that the projected OS and PFS was 68% and 42%, respectively (57).

These studies have been expanded to combine Bexxarwith cyclophosphamide and

etoposide with autologous stem cell support (64). Fifty-two of the fifty-five enrolled

patients received treatment. Themedian agewas 47 years (range, 34–58). All patients

were required to have a marrow that had a less than 25% involvement with NHL. The

study determined that a dose of Bexxar that delivered 25Gy to critical normal organs

such as lung, liver, or kidneys could be safely combined with chemotherapy and stem

cells. The estimated OS and PFS at 2 years was 83% and 68%, respectively. Gopal

et al. (156) recently compared the long-term results of patients with relapsed follicular

NHL treated with SCTwith or without RIT. The 27 patients conditioned with high-

doseBexxarRIT had a superiorOS (unadjustedHR for death¼ 0.4 (95%CI, 0.2–0.9),

P¼ 0.02; adjusted HR, 0.3, P¼ 0.004) and PFS (unadjusted HR¼ 0.6 (95% CI,

0.3–1.0), P¼ 0.06; adjusted HR, 0.5, P¼ 0.03) compared to the 98 patients treated

with chemotherapy and total body irradiation (TBI) or chemotherapy alone. The

estimated 5-year OS and PFS were 67% and 48%, respectively, for high-dose Bexxar
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conditioning, and 53% and 29%, respectively, for chemotherapy alone or chemother-

apy combinedwithTBI. Thegroup at theUniversity ofWashingtonhas evaluated SCT

with conditioning with high-dose RIT and found it to be well tolerated even in older

adults (129, 157). In a recent study, patients older than 60 years of age with relapsed

B-cellNHLwere treatedwithhigh-doseBexxar at adose designed todeliver25–27Gy

to the critical normal organ receiving the highest radiation dose. Stem cells were

infused approximately 2 weeks after the dose of RITwas administered. Twenty-four

patients were treated and 54% went into the protocol with chemotherapy-resistant

disease. Two patients experienced grade IV nonhematologic toxicity; otherwise, the

only toxicity was myelosuppression. There were no treatment related deaths. Sixteen

patients with mantle cell NHL have been treated with a similar protocol (129) and all

patients had a tumor response with 91% CR. The OS and PFS at 3 years were 93 and

61%, respectively.

WhenZevalin is used in the context of SCT, two approaches have been taken. Some

studies have simply added a standard dose (0.4mCi/kg) to a standard conditioning

regimen. The other approach escalates the dose of Zevalin so that liver becomes the

organof interest for potential toxicity.Dosimetry (86, 153, 158–160) is required in this

situation to calculate the doses ofZevalin thatwill deliver a specificdose of radiation to

the liver. The first phase I/II trial of high-dose Zevalin was conducted by Nademanee

et al. (161). Patientswith relapsedNHLreceivedadose ofZevalin calculated todeliver

1000 cGy to the highest normal organ followed by etoposide 40–60mg/kg on day 4

(prior to SCT) and cyclophosphamide 100mg/kg day 2. Thirty-one patients were

treated. Disease types were follicular NHL (n¼ 12), DLBCL (n¼ 14), and MCL

(n¼ 5). The median dose of Zevalin calculated to deliver 1000 cGy to the highest

normal organ was 71.6mCi (2649.2MBq; range, 36.6–105mCi; range,

1354.2–3885MBq). Engraftment was prompt with the median times to reach an

ANC greater than 500� 106/L and platelet counts more than 20,000� 106/L were 10

days and 12 days, respectively. During follow-up, there have been two deaths and five

patients have relapsed. The 2-year estimated OS is 92% and the PFS is 78%. It is to be

noted that in this trial the dose of Zevalin was not dose escalated beyond a dose

calculated to deliver 1000 cGy to the liver. There is another trial combining Zevalin

with BCNU, etoposide, cytosine arabinoside, melphalan (BEAM) conditioning

chemotherapy, and stem cells that escalates the dose of Zevalin in a typical phase

I protocol. That trial has been published in abstract form (162). Chiesa et al. are

conducting a trial of high-doseZevalinwith stem cell support (163). Theyhave treated

four patients with doses of 1.2mCi/kg (45MBq/kg) without extramedullary toxicity.

In the trial reported by Ferrucci et al. (164), patients received single-agent high-dose

Zevalin with stem cell support for relapsed NHL. Three dose levels were tested in a

total of 13 patients—30MBq/kg (0.8mCi/kg), 45MBq/kg (1.2mCi/kg), and56MBq/

kg (1.5mCi/kg). 111In-ibritumomab was delivered on day 20 and the 90Y-ibritumo-

mab on day 13; both doses were preceded by rituximab 250mg/m2. The disease types

of the 13 patients were 8 DLBCL, 3 MCL, 1 transformed, and 1 follicular. The

treatment was well tolerated withmyelosuppression being themost common toxicity.

The median time to engraftment was 12 days (range, 0–22) and 19 days (range, 0–48)

for platelets and ANC, respectively. One patient reactivated herpes zoster and one
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patient had reversible grade 3hepatotoxicity.One patient reactivated hepatitisC at day

þ50 and died in NHLCR due to hepatitis C. One patient withMCL had a CR and then

developed MDS 2 years after SCT. No patient has yet developed HAMA. The ORR

was 62%(8/13)with 6CRand2PR.This study, although small, is important because it

demonstrates the potential to use high-dose RITas a single agent alongwith stem cells

in patientswho are not eligible for SCTusinghigh-dose chemotherapy such asBEAM.

It also provides guidance on the type of doses that can be tolerated in this SCT

population.Virus reactivation is an issuewith rituximab (165) and it appears that itwill

also be a potential toxicity for patients receiving high-dose RIT.

Krishnan et al. (151) used a standard dose of Zevalin (0.4mCi/kg) 14 days before a

standard autologous SCT. Forty-one patients were treated with a median age of 60

years (range, 19–78). The median number of previous therapies was two. Twenty

patients had DLBCL, thirteen had MCL, four follicular, and four transformed. All

patients engrafted and the estimated 2-year OS and PFS were 89% and 70%,

respectively. When compared to historical controls, the adverse events were similar

to patients receiving high-dose BEAM chemotherapy alone. Patients entering the

study with a negative PET scan had a longer DFS.

In a recent study, Devizza et al. (153) took a slightly different approach. They

harvestedstemcellsafternonmyeloablativechemotherapythat includedrituximaband

then administeredZevalin at a dose of 0.8mCi/kg (n¼ 13) or 1.2mCi/kg (n¼ 17). The

stem cells were infused in two aliquots on dayþ7 and dayþ14 after Zevalin RIT. The
hematologic toxicity was manageable, and although 27% of patients had an infection

therewere no grade IV infections. The patients have been followed for a median of 30

monthsand87%arealiveand67%remaininremission.TherehasbeennocaseofMDS.

It is clear that RIT can be used in the context of SCT. The use of standard,

nonmyeloablative doses of RIT is simpler because the previously established proce-

dures and protocols can be followed. High-dose RIT with SCT requires expert

dosimetry and is costly but may provide more benefit for long-term survival and

cure. The answers to these questions will be difficult to sort out without large

randomized trials. A randomized phase 3 study of Bexxar-BEAM versus BEAM

alone is ongoing and should answer some of these questions.

6.14.1 Use of RIT After Stem Cell Transplantation

During initial RIT trials, patients with prior SCTwere excluded. There have now been

two studies that have evaluated the use of Zevalin in this patient population. The first

study was conducted by Vose et al. (166) that included 19 patients who were

administered 0.1–0.2mCi/kg as a single dose. The median time from SCT to RIT

was 28months. Themain toxicitywas hematologicwith 53%of patients experiencing

grade III/IV thrombocytopenia, 32% neutropenia, and 21% anemia. The ORR was

47% (9/19) and some of these have been durable. For example, the 1-year event-free

survival (EFS) andOS rates were 26%and 57%, respectively. The recommended dose

for future studies was 0.2mCi/kg. Peyrade et al. (167) reported the results of Zevalin

RIT in eight patients with follicular NHL who had relapsed after SCT. These

investigators followed the non-SCT guidelines of Zevalin dosage: 0.4mCi/kg for
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platelet counts>150,000/mm3 and 0.3mCi/kg for platelet counts 100,000–150,000/

mm3. The median interval from SCT was 26 months (range, 14–72 months). Four

patients hadmarrow involvement. The dosewas 0.4mCi/kg in five cases and 0.3mCi/

kg in four cases. One patient developed grade IV thrombocytopenia and grade IV

neutropenia and died of septic shock 6 months after RIT. All but two patients

responded, four patients had a CR, and two patients had a PR; one progressed and

one was stable. The median DFS was 12 months (range 0–25 months) with a median

follow-up of 17 months. The 1-year OS was 83% (7/8). There have been no cases of

MDS/AL. In general, these results are similar to those ofVose et al. (166). It is difficult

to know from these small studies what the appropriate dose of RIT is for patients with

relapsed NHL after SCT and who have marginal marrow reserve.

6.15 RIT FOR CENTRAL NERVOUS SYSTEM LYMPHOMA

Primarycentralnervoussystemlymphomas(PCNSLs)aredifficult to treat if thepatient

relapses after initial therapy.Whole-brain radiation therapy (WBRT) is useful but can

produce long-term side effects. There has been minimal use of RIT for PCNSL but

several case studies showpromise. One of the first studies used 131I-labeled antibodies

toB-cell antigens (CD19 in two patients, anti-CD10 in four, and both antibodies in one

patient) injected intrathecally for 7 children 3–16 years of agewhowere inmeningeal

relapse ofB-cell ALL (168). Six of the sevenpatients responded. The dose of radiation

delivered to the subarachnoid CSF was between 12.2 and 25.3Gy that was six times

higher than that to the surface of the brain. Shah et al. (169) reported the first successful

case of PCNSL treated with single-agent Zevalin. More recently, Pitini et al. (170)

treated two patients with relapsed PCNSLwith the standard Zevalin protocol and both

entered CR. After recovering from myelosuppression, the patients were treated with

maintenance temozolomideandremain inCR. Iwamotoetal. reported the resultsonsix

patients with relapsed PCNSL who received a single course of Zevalin (171). All

patients had relapsed after definitive treatment and two patients had receivedWBRT.

Therewerenounexpected toxicitiesand theORRwas33%(2/6);onepatientwasstable

and two progressed on therapy. Although the ORRwas reasonable, the TTP was very

short at 6.8 weeks (range, 4.7–14.3) and the median OS was also short at 14.3 weeks

(range, 11.4–94).The 111In imageswereevaluatedand itwas estimated that themedian

absorbed dose delivered to the CNS lymphoma was 701 cGy compared to 70 cGy to

normal brain. This study is important in the sense that it demonstrates that RITagents

can cross the blood–brain barrier and deliver radiation to the tumor in higher amounts

than the surrounding brain. Doolittle et al. suggest that the blood–brain barrier may

need modification at the time of RIT for better tumor penetration (172).

6.16 RETREATMENT WITH RIT

The high ORR observed with single-agent RIT in relapsed NHL and the excellent

toxicity profile has led to increased interest in retreatment. In the original phase I/II
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trials of Bexxar, 16 patients that responded to Bexxar later received a second dose of

Bexxar at the time of relapse. The ORR with the second dose was 56% with 31%

CR (73). These encouraging results led to a multicenter phase II trial that treated 32

patients (55). The ORR was again 56% (18/32) with 25% of patients attaining a CR.

Interestingly, 10 of the 18 responders had a longer DR after the second course of

Bexxar than they experienced with the first dose of Bexxar.

There has been a limited experience with treating patients with a second dose of

Zevalin(14).Wisemanetal. (173) reportedpreliminary resultsonaphase I trialwhereall

patientswere treatedwith two sequential doses ofZevalin.Thefirst dosewas0.4mCi/kg

and the phase I dose levels for the second dose delivered 3–6months after the first dose

were 0.2, 0.3, and 0.4mCi/kg. The study demonstrated that itwas safe to administer two

dosesofZevalin at0.4mCi/kg/dosewith theuseofprophylactic growth factorswhen the

dosesareadministered6–9monthsapart. Ithasyet tobedeterminedwhether thisstrategy

producesalongerTTPorOS.Inastudyof131I-rituximab,sixpatientswithresponsetothe

first dosewere retreatedat the timeof relapse and four respondedwith amedianDRof11

months (74). Peyrade et al. (174) described a single case of a patient who received two

doses of Zevalin. With the first dose a 12-month TTPwas obtained. A second dosewas

administered and the patient achieved a CR that has been durable for 6þ months.

Retreatmentwith 131I-rituximabhasalsorecentlybeenshowntobefeasible(111). In this

series, 16 patients were retreated with a second dose of 131I-rituximab and 88% (14/16)

respondedwith 56% (9/16) achieving aCR. The length of time between the first and the

seconddoseofRITranged from12 to 54months.MedianDR for all respondingpatients

was 10.5 months. Twenty-five percent (4/16) of the patients remained in an ongoing

remission and twopatients remain in anongoingPR.Someof these responses have been

durable up to25þmonths.ThemedianTTPwith the first dosewas 14months. Six of the

thirteen responders had the same or greater DR with a second dose. The toxicity was

similar and was primarily reversible myelosuppression. One patient has proceeded to

receiveathirddoseof131I-rituximabandanotherpatienthasreceivedatotaloffourdoses.

Onepatientwith previous treatmentwith alkylating agent (chlorambucil) has developed

MDS with subsequent evolution to AL.

6.17 RIT IN CHILDREN WITH RELAPSED NHL

There has been only one study of RIT in children (175). A phase 1 study was done in

five patients and reported acceptable toxicity. Patients received rituximab 250mg/m2

followed by Zevalin at 0.4mCi/kg (n¼ 3) or 0.1mCi/kg (n¼ 2) in those patients who

had previously underwent SCT. None of the five patients developed HAMA/HACA.

This study has now proceeded to a phase II to evaluate ORR and DR.

6.18 RIT IN PATIENTS WITH LUNG INVOLVEMENT

The high-energy and short path length of RIT make it an ideal treatment for patients

with extranodal disease in the lung. In all RIT trials, lung toxicity in the nontransplant
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setting has not been an issue. Stefanovic et al. (124), in their excellent review of

pulmonary marginal zone NHL arising from bronchial-associated lymphoid tissue

(BALT), mention that two of their patients were treated with Zevalin and achieved a

CR. Most lung lesions were treated without any damage to surrounding lung tissue.

There was a patient with a lung lesion that was successfully treated with Zevalin

RIT (176).An area of PETpositivitywas later observed at the site and a biopsy showed

this to be fibrosis.

6.19 RIT IN PATIENTS WITH SKIN LYMPHOMA

Maza et al. (177) treated 10 patients with primary cutaneous B-cell NHL—8 patients

had follicular NHLand 2 patients had leg-type large-cell NHL.All patients except one

had relapsed from prior treatment. The ORR was 100% and all patients attained CR

within 8 weeks. The median time to response was 2 weeks. Four patients remain in

remission; the other six patients have relapsed. Interestingly, in patientswith follicular

disease the relapses occurred in areas that were previously uninvolved. Both patients

with leg-type large-cell NHL have relapsed after a DR of 7 and 12 months,

respectively. Although these patients are a rare case, it is obvious that RIT offers a

novel and very useful approach for these patients.

6.20 RIT IN PATIENTS WITH >25% MARROW INVOLVEMENT

All initial studies of RIT excluded patients with greater than 25% involvement of the

marrowwithNHL.This eligibility requirementwas based on concern that therewould

be an excessivemarrow toxicity in those patients. This requirement effectively limited

the number of patients with small lymphocytic lymphoma because such patients often

have heavymarrow involvement. All studies with Zevalin have kept that requirement.

A recent phase 1 Bexxar study accepted patients with >25% marrow involvement if

theyhadplatelet counts greater than150,000� 106/L (178).Twodose levelsofBexxar

were tested, 45 cGy (n¼ 8) and 55 cGy (n¼ 3). All patients by definition had >25%

marrow involvement and the median percent involvement was 40 (range, 30–65%).

One of the six evaluable patients treated at 45 cGy had a DLT and one of the three

patients treated at 55 cGyexperiencedDLT.TheORRwas18%(2/11) andone of these

responses has been durable at 42þ months.

6.21 RIT IN OLDER PATIENTS

Age has never been a restriction in trials of RIT. Emmanouilides et al. (179) recently

reviewed the Zevalin database (n¼ 211) to learn whether the ORR or toxicity was

different in older patients divided into three groups: <60, 60–69, and 70 years. The

ORRwas no different between the three groups (range, 71–80%) and the DRwas also
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nodifferent (median of 9.9, 11.0, and 9.4months). The incidence ofmyelosuppression

was similar in the older group.

6.22 RIT IN HODGKIN’S DISEASE

There has been one report describing the successful treatment of a patient with

relapsed Hodgkin’s disease with Zevalin (180). The rationale for this was the high

ORR seen with rituximab in patients with lymphocyte-predominant HD (181).

6.23 VIRAL INFECTIONS AFTER RIT

Most of the trials to date have shown a low rate of infection despite the neutropenia

that accompanies RIT. This has been primarily attributed to the low rate of mucosal

damage that is induced by RIT. There have been several instances of viral

reactivation in patients who received Zevalin (182). This of course has been

observed with rituximab and it is not surprising that it is now reported in patients

receiving Zevalin. It is to be remembered that patients who receive Zevalin also

receive two doses of rituximab; therefore, it is difficult to attribute the virus

reactivation to RIT.

6.24 RADIATION THERAPY AFTER RIT

A recent study has demonstrated that patients who relapse or progress with RIT can

respond to external beam radiation therapy. Justice et al. (183) reviewed 19 patients

who received radiation therapy after Zevalin was administered and they found a 90%

(26/29 sites radiated) ORR with 12 (41%) CR, 7 (24%) clinical complete remission

(CCR), 7 (24%) PR, and 3 (10%) stable disease. Toxicities were generally transient,

reversible, and corresponded to the anatomic regions irradiated.

6.25 SUMMARY

The results of the phase I, phase II, and randomized trials demonstrate that single doses

of RITare safe and efficacious in patientswith relapsedB-cell NHL. In addition, some

RICs such as 90Y-epratuzumab can be safely administered in a fractionated dosing

schema to increase the total amount of radioactivity delivered. At present, RIT is used

worldwide primarily for patients with indolent NHL that has relapsed after conven-

tional therapy (184). RIT produces a response rate of approximately 80%, 30% of the

patients obtain a CR, and 20% have not yet relapsed after years of follow-up. The

primary toxicity ismyelosuppression and this is dose limiting if stemcell support is not

used. The advantages to the patient are an excellent quality of life and all treatment

being delivered in 1 week.
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RIT produces a higher response rate than unlabeled rituximab in rituximab-na€ıve
patients. There is also a very high (75–80%) response rate in rituximab-refractory

patients but a shorter TTP in this patient group. RIT requires a longer time to next

chemotherapy than rituximab. The rate of HAMA is variable between the two

agents—less than 2% with Zevalin and approximately 10% with Bexxar. HAMA

has not been a major issue for the RIC at present in use. Some patients who have

received RIT have developed MDS/AL following therapy. All these patients were

previously treated with chemotherapy that included alkylating agents and/or purine

nucleoside analogues. Previously untreated patients who received RIT have not

developed MDS/AL. Calculations suggest that the rate of MDS is no different in

patients who received RIT from those who were previously treated with chemothera-

py, although the time of follow-up is still relatively short.

There is a lower (approximately 40%) but significant response rate in patients with

relapsed DLBCL. The response rate in bulky disease (>5 cm) is lower than those

patients with nonbulky disease. Preliminary studies indicate that patients who relapse

after RIT can undergo SCTonce their counts have recovered from RIT. Patients who

relapse after SCT can also receive RIT after counts have recovered.

6.26 FUTURE DIRECTIONS

The field of RIT has now emerged from the initial wave of clinical trials, and two

agents have been approved by the U.S. FDA. It is clear that these agents have the

highest ORR of any single agent for relapsed NHL and they are well tolerated. The

next generation of clinical trials is focusing on moving RIT earlier in the disease

course with the goal of increasing the rate of CR and to prolong OS (Table 6.6).

For example, randomized trials are testing RIT as adjuvant therapy after induction

of rituximab-based chemotherapy for indolent and aggressive NHL. The safety and

efficacy of RIT with stem cell support have led to a randomized phase III trial

testing Bexxar-BEAM versus rituximab-BEAM with stem cell support. This large

trial will determine if RIT adds to TTP and OS in this patient population. Trials

combining agents simultaneously with RIT are somewhat more difficult because of

the issue of myelosuppression. The agents to combine must also be chosen

carefully, and the results may not be predictable (185). These combinations are

now being tested in phase I trials to maximize patient safety.

Despite the highORRand excellent toxicity profile of the anti-CD20-targetedRIC,

these agents have not been commercially successful (see Chapter 16) and this has

dampened enthusiasm for development of other RICs that target other antigens.

However, there are some RICs under development that target other antigens on the

tumor cell such as CD22mentioned above. Recent studies have also demonstrated the

effectiveness of unlabeled anti-CD30 antibodies (186) and these are now being

radiolabeled with 90Y (187). Studies combining chemotherapy with RIC have

demonstrated promise in mouse models of solid tumors and may have relevance to

future studies on lymphoma (188). CD45 is an antigen expressed on lymphomas

(T- and B-cells), leukemias, and somemyelomas (189). This is an attractive target for
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RIT in that CD45-targeted RICs would be potentially useful for all these dis-

eases (190, 191). The invitro studies are promising and trials have been initiated (192).

Although there aremany studies evaluating the role of rituximabmaintenance after

chemotherapy or after response to rituximab, to date, there have been no reported

studies providing data on rituximab maintenance following RIT. Although this is

certainly feasible, it is not known whether response can be prolonged. The results of

these exciting studies will establish the role of RIT in the overall treatment plan of

patients with B-cell NHL.
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CHAPTER 7

Radioimmunotherapy of Acute
Myeloid Leukemia

TODD L. ROSENBLAT AND JOSEPH G. JURCIC

7.1 INTRODUCTION

Although standard therapy with cytarabine and an anthracycline for patients with

acute myeloid leukemia (AML) is associated with complete response rates between

50% and 70%, long-term disease-free survival is seen in only 20–40% of patients.

Following relapse, additional chemotherapy generally produces remissions in only

20–25% of patients. While allogeneic hematopoietic stem cell transplantation

(HSCT) can produce long-term remissions in approximately 30% of patients with

relapsedAML,most patients are not appropriate candidates due to age, comorbidities,

or lack of a suitable donor. Therefore, new therapies are needed to improve overall

survival and to reduce therapy-related toxicity.

The use of unlabeled monoclonal antibodies (mAbs) in the treatment of leukemias

hasmet withmixed success.While the anti-CD20 antibody rituximab (1) and the anti-

CD52 antibody alemtuzumab (2) have displayed significant activity in chronic

lymphocytic leukemia, the lack of potency of many unconjugated mAbs has led

many investigators to use antibodies as targeting vehicles for cytotoxic agents.

Significant antileukemic effects have been observed with the anti-CD33-calichea-

micin conjugate gemtuzumab ozogamicin in acute myeloid leukemia (3) and the anti-

CD22-pseudomonas exotoxin construct BL22 in hairy cell leukemia (4). In an

alternative strategy, antibodies can be used to target radionuclides directly to tumor

cells. The leukemias are ideally suited for radioimmunotherapy (RIT) for several

reasons. First, because of their location in the blood, bone marrow, spleen, and lymph

nodes, leukemic blasts are easily accessible to circulating antibodies. Second, target

antigens on blasts and other hematopoietic cells are well known and can be charac-

terized for individual patients using flow cytometry. Finally, leukemias are radiosen-

sitive tumors. This chapter focuses on issues of target antigen and radionuclide

Monoclonal Antibody and Peptide-Targeted Radiotherapy of Cancer, Edited by Raymond M. Reilly
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selection, radiolabeling, antibody pharmacokinetics, and dosimetry. We will also

review the results of recent preclinical and clinical trials in the RIT of leukemia.

7.2 ANTIGENIC TARGETS

Immunophenotypic characterization of the lineages and stages of hematopoietic

differentiation provides the rationale for the selection of antigenic targets and

associated carrier molecules for RIT. Most of these antigens, however, are neither

lineage- nor tumor specific. For example, CD10, found on pre-B-cell acute lympho-

blastic leukemia (ALL), is also found on follicular lymphomas and T-cell ALL. AML

is characterized by the expression of the myeloid-associated antigens myeloperox-

idase,CD13,CD15,CD33, andCD117 (5).HLA-DR is typically foundonall subtypes

of AML except acute promyelocytic leukemia (APL). Monocytic leukemias

express antigens associatedwithmoremature granulocytes andmonocytes, including

CD11a/18, CD11c, CD14, and CD15.

Target antigens investigatedmost extensively forRITofmyeloid leukemias include

CD33, the pan-leukocyte antigen CD45, and CD66, which is found on granulocytes.

CD33 is a 67 kDa cell-surface glycoprotein expressed onmostmyeloid andmonocytic

leukemia cells. It is also found on committedmyelomonocytic and erythroid progeni-

tor cells, but not on the earliest pluripotent stem cells, mature granulocytes, lymphoid

cells, or nonhematopoietic cells (6, 7). Several anti-CD33 antibodies, including the

murine antibody M195, its humanized counterpart lintuzumab (HuM195), and p67

havebeenused forRITofAML.CD45 is a tyrosine phosphatase expressedbyvirtually

all leukocytes, includingmyeloid and lymphoid precursors, mature lymphocytes, and

myeloid and lymphoid blasts. It is not expressed on mature erythrocytes or platelets.

Because of the broad expression of CD45, radioimmunoconjugates directed against

this antigen should eliminate not only leukemic blasts but also normal leukocytes in

the marrow, limiting its application to HSCT. RIT using the murine anti-CD45

antibody BC8 has been studied extensively at the Fred Hutchinson Cancer Research

Center as part of transplant conditioning regimens. Finally, CD66c, also known as

nonspecific cross-reacting antigen (NCA), is a 95 kDa glycoprotein expressed on

myeloid cells but not on leukemia cells. Because of this expression pattern, any

antileukemic effect of an anti-CD66 radioimmunoconjugate must rely on the “cross

fire” of radionuclide emissions to reach untargeted blasts. As with BC8, use of BW

250/183, a murine antibody targeting CD66, has been limited to the transplant setting

because of its expression on normal cells.

7.3 RADIONUCLIDE SELECTION

The choice of a radionuclide for RIT depends on various factors, including the

emission characteristics of the radionuclide, its physical and biological half-life, the

stability of the immunoconjugate in vivo, and the clinical setting forwhich the therapy

is intended. Beta particles have a longer range in tissue (up to 12mm) with a lower
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linear energy transfer (LET) (�0.2 keV/mm) thana particles, which have a short range
(50–80 mm) and a high LET (�100 keV/mm) (8, 9). Because of the large size and high

molecular weight of most antibodies, their diffusion into sites of bulky disease can be

limited. The longer range of b-emissions, however, can overcome this limitation by

creating a field effect to destroy tumor cells to which the radioimmunoconjugates are

not directly bound. Therefore, therapywith b-emitters is likely to bemost useful in the

setting of extensive disease and HSCT, where the preparative regimen should

eliminate both malignant and nonmalignant hematopoietic cells.

Most RIT trials for leukemia have used b-emitting isotopes such as iodine-131

(131I), yttrium-90 (90Y), and rhenium-188 (188Re) (Table 7.1). 131I has a relatively long

half-life of 8.1 days and emits a low-energy b particle (�600 keV). The g emissions

from 131I penetrate the body and can be detected by a gamma camera, thereby

facilitating biodistribution and radiation dosimetry studies. Despite these benefits,

there are a number of limitations associatedwith the use of 131I. First, treatment at high

doses requires patient isolation and can result in significant exposure to hospital staff

(due to the penetrating nature of the gamma emissions). Second, because approxi-

mately one-third of the tyrosine residues, to which 131I binds, are located in the

hypervariable region of most mAbs, radioiodination at high specific activities may

impair the ability of these antibodies to bind to their target antigen (10). Finally, when

used as part of a preparative regimen for HSCT, sufficient time must separate 131I

treatment from stem cell infusion in order to prevent injury to the grafted cells from

retained 131I within the marrow. In transplantation trials with 131I-labeled M195 and

lintuzumab, these factors added up to 16 days to the preparative regimen (11).

Many of these limitations of 131I can be overcome by the use of radiometals such as
90Y and 188Re. Unlike 131I, antibody labeling with most radiometals employs

bifunctional chelators, thereby permitting facile radiolabeling at higher specific

activities and radiochemical purity using a “kit” formulation, thus simplifying

preparation and minimizing quality control testing. Since 90Y does not emit g rays,

TABLE 7.1 Characteristics of Selected Radionuclides for Radioimmunotherapy

Radionuclide

Particle(s)

Emitted Half-Life

Particulate

Energy (keV)

Mean Range of

Emission (mm)

b-Emitters

Iodine-131 b, g 8.1 days 610 0.8

Yttrium-90 b 2.5 days 2280 2.7

Copper-67 b, g 2.6 days 580 0.9

Rhenium-188 b, g 17 h 2100 2.4

a-Emitters

Bismuth-212 1 a, 1 b, 1 g 1 h 7800 0.04–0.10

Bismuth-213 1 a, 2 b, 1 g 46min 8400 0.05–0.08

Astatine-211 1 a, 1 g 7.2 days 6800 0.04–0.10

Actinium-225 4 a, 2 b, 2 g 10 days 6000–8400 0.04–0.08

Radium-223 4 a, 2 b, 3 g 11.4 days 6000–7000 0.04–0.08

Lead-212 1 a, 2 b, 1 g 10.6 h 7800 0.04–0.10
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hospitalization and patient isolation are not necessary. Imaging for biodistribution and

dosimetry studies, however, requires administration of mAbs radiolabeled with trace

amounts of a surrogate radionuclide, usually indium-111 (111In), the biodistribution of

which is not identical to that of 90Y (12). Positron emission tomography (PET) of
86Y-labeled constructs is one strategy thatmay improve radiation dosimetry estimates

for RIT with 90Y (13).

Since the range of a particles is only a few cell diameters, RITwith a-emitters may

result in more specific tumor cell kill and less damage to surrounding normal tissues.

Because of their high LET, only one to two a particles traversing through the nucleus

are needed to kill a targeted cell (9), whereas up to 10,000 traversals byb particlesmay

be required for cell death (14). In addition, injured cells have a limited capacity to

repair damage induced by a particles. These properties make a particles ideal for the

treatment of cytoreduced orminimal residual disease (MRD). The physical properties

among various a-emitters differ widely (Table 7.1) (15). Bismuth-213 (213Bi) has a

half-life of only 46min; therefore, this isotope is likely to be most useful in systems

where carrier molecules can rapidly target disease sites. Preparation for clinical use

requires agenerator consistingof its parent isotope actinium-225 (225Ac) loadedonto a

cation exchange resin fromwhich 213Bi can be eluted (16–18). 225Ac has a longer half-

life (10 days) and in its decay to stable 209Bi, 225Ac generates several a-emitting

daughters, including francium-221 (221Fr), astatine-217 (217At), and 213Bi for a total

yield of four a particles (Fig. 7.1). In this way, 225Ac bound to antibodies can serve as

an in vivo a-particle generator. 225Ac-labeled tumor-specific antibodies can kill

multiple cell lines in vitro with LD50 values that are 1000 times lower than those

of analogous 213Bi constructs. In vivo studies in nude mice bearing human prostate

carcinoma and lymphoma xenografts showed that single nanocurie doses of 225Ac-la-

beled tumor-specific antibodies significantly improved survival compared to controls

and cured a significant fraction of animals (19).Although this increased potency could

make 225Ac more effective than other a-emitters, the possibility of free daughter

radioisotopes in circulation after decay of 225Ac, with uptake of free 213Bi by the

kidney, raises concerns about the potential toxicity of this radionuclide (20, 21).

7.4 RADIOLABELING

A variety of methods are used to conjugate radionuclides to antibodies, depending

primarily on the nature of the element (see Chapter 2). Since 131I binds to tyrosine

residues, it canbe conjugated directly tomAbsusing the chloramine-Tmethod.Tumor

cell catabolism due to internalization of the antigen–antibody complex, followed by

rapid degradation of the radioimmunoconjugate and expulsion of radiolabeled

metabolites, represents a significant disadvantage to therapy with some 131I-labeled

constructs. This problem could potentially be overcome by the use of radiometals,

which are better retained within cells after catabolism than 131I (22) or by novel

radioiodination methods, such as tyramine cellobiose, resulting in more stable

radioimmunoconjugates (23) (see Chapter 2). 211At is a halogen like 131I and is

usually linked to antibodies through incorporation of an aryl carbon-astatine bond.
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Methods used to create the aryl carbon-astatine bond usually involve an astatode-

metallation reaction using a tin, silicon, ormercury precursor (24, 25). 188Re has been

directly labeled to the anti-CD66 antibody BW250/183 using tris-(2-carboxyethyl)

phosphine as a reducing agent (26).

Other radionuclides require bifunctional chelators for complexation by antibodies

(Fig. 7.2). The macrocyclic ligand 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraa-

cetic acid (DOTA) and its derivatives have been used effectively for labeling

antibodies with 90Y (27), 212Bi (28), and 225Ac (29). However, in some experimental

systems, DOTA can be immunogenic and is not suitable for conjugation of certain

radiometals, such as 213Bi. For these reasons, alternative chelators derived from

diethylenetriamine pentaacetic acid (DTPA) have been developed. Tiuxetan, or 2-(p-

isothiocyanatobenzyl)-5(6)-methyl-DTPA (Mx-DTPA), for example, is used to

complex 90Y and 111In to the anti-CD20 antibody ibritumomab for treatment of

B-cell lymphoma (30). Other derivatives of DTPA include the cyclic dianhydride

derivative (31), 2-(p-isothiocyanatobenzyl)-DTPA (SCN-Bz-DTPA) (32), and the

229Th

225Ra

213Bi 213Po

209Tl

97.84%
45.6 min

2.20 min

2.16%
45.6 min

225Ac
14.8 d

10.0 d

221Fr

4.8 min

217At

32 ms

209Bi
3.253 h

209Pb

4.2 μs

β−

β−

β− β−

α

α

α

α α

FIGURE 7.1 The 229Th decay scheme. 225Ac is isolated from 229Th sources and decays by a
emission through 221Fr, 217At, and 213Bi, each of which also emits an a particle.
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FIGURE 7.2 Chemical structures of selected chelators derived from 1,4,7,10-tetraazacy-

clododecane-1,4,7,10-tetraacetic acid (DOTA) and diethylenetriamine pentaacetic acid

(DTPA).
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cyclohexylbenzyl derivative (CHX-A-DTPA) (16, 33), which is an effective chelator

for both radionuclides of yttrium and bismuth (16, 34).

7.5 PHARMACOKINETICS AND DOSIMETRY

Factors such as variability in tumor burden and number of antibody binding sites

per malignant cell in individual patients, antibody specificity and binding avidity,

immunoreactivity, antigen–antibody internalization after binding, immunogenicity,

and radionuclide half-life all contribute to the variable and sometimes suboptimal

pharmacokinetics of radioimmunoconjugates. Careful biodistribution and dosimetry

studies have lead to greater insights regarding the pharmacology of antibodies. For

example, the influence of the number of available binding sites on antibody biodis-

tribution was observed in a dose-escalation trial of trace-labeled 131I-M195, where

superior targeting to sites of disease as determined by gamma camera imaging was

seen with a comparatively small dose of approximately 5mg (35). At higher antibody

doses, saturation of available antigen sites was demonstrated by flow cytometric

analysis, and cardiac blood pooling was seen on gamma camera imaging, indicating

excess circulatingantibody.Thismaybeexplained inpart by the relatively lownumber

of binding sites (approximately 10,000–20,000) on each leukemia cell. Furthermore,

in a Phase I study of 213Bi-lintuzumab, decreasing levels of radioactivity in the liver

and spleen were noted after multiple injections of subsaturating antibody doses

(�1–2mg), suggesting a “first-pass” binding effect with CD33 antigen saturation

within the liver after administration of several milligrams of antibody (36).

Serial gamma camera imaging and measurements of plasma, urine, bone marrow,

and tissue biopsy radioactivity are used to estimate absorbed radiation doses to

different organs and tumor sites (see Chapter 13). The validity of these predictions,

however, is limited by the accuracy in measuring radioactivity using gamma camera

imaging and by the inability to visualize all sites of disease in patients. Single photon

emission computed tomography (SPECT) may increase the accuracy of planar

scintigraphy, especially when used in conjunction with computed tomography

(CT) (37, 38). Models, based on this dosimetric data, may provide information about

radiation doses delivered to tissues not directly sampled and may also be used to

estimate total tumor burden and tumor burden in individual organs (39, 40).

RITwith short-lived a-particle emitters such as 213Bi is associated with markedly

different pharmacology than with longer lived b-emitters such as 131I or 90Y. With

these longer lived radionuclides, pharmacokinetics are dominated by the biological

clearance of the antibody. The distribution of the antibody within the first several

minutes to hours after administration yields residence times in the blood that are

negligible in proportion to the overall residence times achieved in target and normal

organs. In contrast, for 213Bi, with its 46min half-life, 20% of the total a emissions

occurwithin thefirst 15minafter injection, andafter 3 h, only6%of the total emissions

remain. In addition, the higher linear energy transfer of a particles compared with b
particles results in a relative biological effectiveness (RBE) for cell sterilization of

3–7, whichmust be considered in dosimetry estimates for a particle treatment (41). In
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contrast, beta particles have a RBE of 1. Given the high energy of a particles, which is
deposited over a very short distance (50–100mm), conventional methodologies that

estimate mean absorbed dose over a specific organ volume may not always yield

biologically meaningful information.While targeted cells may receive high absorbed

radiation doses, adjacent cells may receive no radiation at all. Therefore, microdosi-

metric or stochastic analyses that account for the spatial distribution of various cell

types and the distribution ofadecayswithin the organwill be necessary to estimate the

absorbed dose to tumor cells and normal tissues more accurately. Since the geometric

relationship between the radionuclide and the target cell is not uniform, a particle hits
cannot be assumed to be a Poisson distribution. Several distributions have been

modeled, and microdosimetric spectra, expressed as specific energy probability

densities, have been calculated. Based on this work, methods have been developed

to perform basic microdosimetric assessments that account for the probability of the

number of hits and the mean specific energy from a single hit (42).

7.5.1 Pretargeted Approaches

To improve the pharmacokinetics of RIT and tumor-to-normal tissue dose ratios,

a novel “pretargeting” strategy has been developed that takes advantage of the rapid,

high affinity, specific binding between streptavidin and biotin (43) (see Chapter 8). A

mAb or fusion protein is first conjugated to the tetravalent streptavidin molecule and

infused intravenously. Then, a biotinylated N-acetylgalactosamine-containing

“clearing agent” is given to remove excess antibody–streptavidin conjugate circulat-

ing in the blood. In this step, the biotin component of the clearing agent binds to the

streptavidin portion of the antibody construct and galactose receptors on hepatocytes

remove the complexes from the circulation. Finally, therapeutically radiolabeled

biotin is administered that binds to the “pretargeted” antibody–streptavidin conjugate

on malignant cells. Unbound radiolabeled biotin is rapidly excreted in the urine.

Such a pretargeting approach has been applied to a mouse model of adult T-cell

leukemia (ATL) (44). After administration of humanized anti-Tac (anti-CD25)-

streptavidin (SA) and the biotinylated N-acetylgalactosamine-containing clearing

agent, immunodeficient mice bearing human ATL xenografts received DOTA-biotin

labeled with the a-emitter 213Bi or the b-emitter 90Y. Treatment with 213Bi improved

survival compared with controls, whereas 90Y did not. Mice treated with 213Bi by the

pretargeting approach survived longer than those treated with 213Bi conjugated

directly to anti-Tac mAbs. This approach was also studied using an anti-Tac single

chain Fv-SA fusion protein followed by 90Y- or 213Bi-labeled biotin to treat ATL in

xenografted mice (45). Similar studies using an anti-CD45 antibody SA conjugate

followed by 111In- or 90Y-labeled biotin demonstrated high target organ to nontarget

organ radiation dose ratios and significant long-term survival in leukemic mice (46).

The pretargeting approach is particularly useful forRITwith short-lived radionuclides

such as 213Bi, because the radiolabeled biotin molecule is quickly delivered to

streptavidin-conjugated mAbs bound to leukemic cells maximizing the therapeutic

effect, while excess 213Bi-labeled biotin is rapidly eliminated, minimizing toxicity to

the bone marrow or normal organs.
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Pretargeted RIT has undergone significant improvement in the uniformity of the

antibody–streptavidin targeting molecule and in simplification of the production

process (47, 48). Using recombinant technology, an anti-CD45 tetravalent single-

chain antibody-strepavidin fusion protein (scFv4SA) has been developed. It retains

full antigen- and biotin binding capabilities of its parent molecules and demonstrated

promising results in preclinical testing for the treatment of leukemia (49). Clinical

trials using this anti-CD45 scFv4SA fusion protein for AML are planned.

7.6 RIT WITH b-PARTICLE EMITTERS

Most clinical RIT trials to date have used isotopes that emit b particles; however,

a-particleRIT has been studied in patientswithmyeloid leukemiasmore recently. The

results of selected RIT trials for leukemia are summarized in Table 7.2.

7.6.1 131I-M195 and 131I-Lintuzumab

In a series of RIT studies, the murine anti-CD33 antibody, M195, and its humanized

version, lintuzumab, were labeled with 131I. In an early Phase I trial, 24 patients with

relapsed or refractory myeloid leukemias were treated with escalating doses

(50–210mCi/m2) of 131I-M195 (50). Gamma camera images of the whole body

demonstrated rapid uptake of the 131I-M195 into areas of leukemic involvement,

including the bone marrow, liver, and spleen. The radioisotope was retained at these

sites for at least three days. Themaximum tolerated dose (MTD) was not reached, but

profound myelosuppression occurred at 131I doses above 135mCi/m2, necessitating

HSCT in eight patients. Twenty-two patients had reductions in the percentage of bone

marrow blasts, and three achieved complete remissions (CR). Over one-third of

patients developed human anti-mouse antibodies (HAMA). This study demonstrated

that 131I-M195 can deliver high radiation absorbed doses to the marrow with limited

extramedullary toxicity and significant antileukemic effects.

To address the difficulties posed by the immunogenicity and lack of intrinsic

antileukemic activity of M195 in a nonradiolabeled form, investigators developed

a humanized version of this antibody, known as lintuzumab (HuM195). Lintuzumab

maintained the binding specificity ofM195 but, unlikeM195, could induce antibody-

dependent cell-mediated cytotoxicity (ADCC) against CD33-positive target cells

using human peripheral blood mononuclear cells as effectors (51). Based on these

results, 131I-M195 and 131I-lintuzumab were added to standard conditioning in order

to intensify the preparative regimen for allogeneic HSCT (11). Thirty-one patients

with overt relapsed or refractoryAML, accelerated ormyeloblasticCML,or advanced

myelodysplastic syndrome (MDS) were treated with 131I-M195 or 131I-lintuzumab

(120–230mCi/m2) followed by busulfan (16mg/kg), cyclophosphamide (90 or

120mg/kg), and infusion of related-donor bonemarrow.Estimated absorbed radiation

doses to the marrow ranged between 272 and 1470 cGy. Toxicities beyond those

observed with the busulfan/cyclophosphamide conditioning regimen alone did not

occur, and engraftment was not delayed. Twenty-eight of 30 patients achieved
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remission, and 3 of 16 patients with refractory AML have remained in remission for

5þ to 8þ years following transplant.

7.6.2 90Y-Lintuzumab

90Y offers several potential advantages to overcome the limitations associated with
131I-labeled anti-CD33 antibodies. The higher energy and longer range b emissions of
90Y permit a lower effective dose than 131I, and the absence ofg emissions allows large

doses of 90Y to be given safely in the outpatient setting without posing a radiation

hazard to family members or health care workers. Moreover, after internalization

of antigen–antibody complexes into target cells, radiometals such as 90Y are

better retained by these cells than 131I. In a Phase I trial, 19 patients with relapsed

or refractory AML were treated with escalating doses of 90Y-lintuzumab

(0.1–0.3mCi/kg), given as a single infusion without marrow support (52). Biodis-

tribution and dosimetry studies were performed by coadministration of trace-labeled
111In-lintuzmab. Up to 560, 880, and 750 cGywere delivered to the marrow, liver, and

spleen, respectively. Myelosuppression was the dose-limiting toxicity, and the

maximum tolerated dose of 90Y-lintuzumab without stem cell rescue was

0.275mCi/kg. Transient, low-grade liver function test abnormalities were also seen

in 11 patients. Thirteen of 19 patients had reductions in bone marrow blasts. All

patients treated at the highest dose level had markedly hypocellular bone marrow

without evidence of leukemia up to 4 weeks after treatment. One of the seven patients

treated at the maximum tolerated dose achieved CR lasting 5 months.

7.6.3 131I-Labeled p67

Using an individualized dosimetry approach, investigators at the Fred Hutchinson

Caner Research Center studied another 131I-labeled murine anti-CD33 antibody, p67,

in patients with AML. In a Phase I trial, nine patients were initially treated with trace-

radiolabeled doses of 131I-p67 (53).While the radionuclide localized to themarrow in

most patients, residence times were relatively short (9–41 h), likely due to rapid

catabolismof the radioimmunoconjugate following internalization.Only four patients

had “favorable biodistribution” with greater uptake of 131I in the marrow and spleen

than in nonhematopoietic organs. Those patients subsequently received therapeutic

doses of 131I-p67 (110–330mCi), cyclophosphamide (120mg/kg), and total body

irradiation (TBI) (12Gy), followed by allogeneic bone marrow transplantation.

Although the therapy was well tolerated, three of the four patients eventually

relapsed (54). Because of the unfavorable pharmacology and biodistribution of this

radioimmunoconjugate, these investigators have since focused on the anti-CD45

antibody BC8.

7.6.4 131I-Labeled BC8

In a Phase I trial, 44 patients with advanced acute leukemia or MDS initially received

BC8 labeled with radiotracer doses of 131I (55). Favorable biodistribution occurred in
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37 patients (84%). Thirty-four of these patients then received escalating therapeutic

doses of 131I-BC8 (76–612mCi) followed by cyclophosphamide (120mg/kg), total

body irradiation (12Gy), and allogeneic or autologous transplantation. Therapeutic

doses of 131I-BC8 were calculated to deliver 3.5–12.25Gy to the liver, the normal

organ receiving the highest dose in the dosimetry studies performed using the trace-

labeled antibody. TheMTDdelivered an estimated radiation absorbed dose of 10.5Gy

to the liver when administered with cyclophosphamide and TBI. At this dose, an

average of 24 and 50Gywas delivered to themarrow and spleen, respectively (sites of

leukemic involvement). Of the 25 patients with AML or MDS, 7 remained alive and

disease-free at a median follow-up of 65months. Of the nine patients with ALL, three

remained alive and disease-free at 19, 54, and 66 months.

Based on these results, a Phase I/II trial using the preparative regimen of 131I-BC8,

busulfan, and cyclophosphamide in patients with AML in first remission was con-

ducted (56). Fifty-nine patients received a trace-radiolabeled dose of 131I-BC8 and 52

(88%) had favorable biodistribution. Forty-six patients then received a therapeutic

dose of 131I-BC8 (102–298mCi) that was estimated to deliver 3.5 to 5.25Gy to the

liver. This resulted in a mean absorbed dose of 11.3 Gy to the marrow and 29.7Gy to

the spleen. The nonrelapse mortality and long-term disease-free survival were 21%

and 61%, respectively. When compared to the outcome of 509 similar International

Bone Marrow Registry patients, RIT-treated patients had a 0.65 hazard ratio for

mortality. These results are sufficiently encouraging to warrant further study of this

approach.

7.6.5 188Re-Anti-CD66

188Re (t1/2, 17 h) is a radiometal that emits both b particles as well as g rays, which

facilitate biodistribution and dosimetry imaging studies. In a pilot dosimetry trial, 12

patientswith advanced leukemias received6.5–12.4GBq (175–335mCi)of 188Re-an-

ti-CD66 followed by a standard preparative regimen and T-cell depleted allogeneic

transplantation (26). Favorable biodistribution occurred in most patients, and a

median of 14Gy were delivered to the bone marrow (57). Subsequently, 36 patients

with high-risk AML or MDS were treated with 188Re-anti-CD66 followed by one of

three preparative regimens: total body irradiation (12Gy) plus cyclophosphamide

(120mg/kg), busulfan (12.8mg/kg) plus cyclophosphamide (120mg/kg), or TBI plus

thiotepa (10mg/kg) and cyclophosphamide (120mg/kg) (58). Thirty-one patients

received allogeneic grafts, one received a syngeneic graft, and four received autolo-

gous grafts. Favorable biodistribution occurred in all patients, and the median dose

delivered to the bone marrow was 14.9Gy (range, 8.1–28Gy). In contrast to studies

with 131I-anti-CD45, inwhich the liverwas thedose-limitingnormal organ, thenormal

organ receiving the highest dose of radiation after 188Re-anti-CD66 was the kidney

(median dose, 7.2Gy). Nephrotoxicity, likely due to the radiation, occurred in six

patients (17%) between 6 and 12 months after transplantation. At a median follow-up

of 18months, disease-free survival was 45%. In addition, both 166Re- and 90Y-labeled

anti-CD66 antibodies were shown to be safe as part of a reduced intensity preparative

regimen in older patients with AML and MDS with a 2-year survival of 52% (59).
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7.7 RIT WITH a-PARTICLE EMITTERS

Thehigh energyand short rangeofaparticles offer the possibility ofmore efficient and

selective killing of tumor cells. Therefore, to increase the antitumor activity of native

mAbs but avoid the nonspecific cytotoxicity of b-emitting radionuclides, a-particle
RIT has been investigated.

7.7.1 Preclinical Studies

In a number of different rodent xenograft models, treatment with mAbs labeled with

a-particle emitters hasprolonged survival comparedwith relevant controls (19, 31, 60–

62). In one of the first reports suggesting the feasibility of this approach, 212Bi

conjugated to the tumor-specific antibody 103A demonstrated activity against murine

erythroleukemia (33). The results of many of these studies support the hypothesis that

a-particle RITmay bemore effective in the treatment of small-volume disease than in

the treatment ofmore extensive tumors. For example, administration of 212Bi-anti-Tac

after inoculation of nude mice with a CD25-expressing lymphoma cell line led to

prolonged tumor-free survival and prevented development of leukemia in some

animals, whereas treatment of established tumors failed to produce responses (63).

Similarly, inspheroidmodels,a-particletherapyhasbeenmoreeffectiveinreducingthe

volume of smaller spheroids comparedwith larger ones (64–66). Inmost of the animal

models in which a-emitters and b-emitters have been directly compared, a-emitters

have beenmore effective in preventing tumor growth and prolonging survival (67, 68).
213Bi-labeled antibodies to CD45 (69) and the T-cell receptor (TCR)ab (70) have

been used for immunosuppression prior to nonmyeloablative bonemarrow transplan-

tation in a caninemodel.Both 213Bi-labeledmAbs,whengivenprior to transplantation

with mycophenoloate mofetil and cyclosporine, allowed for prompt engraftment of

transplanted marrow and resulted in stable mixed chimerism. The high dose of

radioactivity of 213Bi (at least 2mCi/kg) required for engraftment, however, may

limit the utility of this approach in humans.

7.7.2 213Bi-Lintuzumab

In vitro, 213Bi-lintuzumab killed cells expressing CD33 in a dose-dependent and

specific activity-dependent fashion (16). Up to 10mCi/kg of 213Bi-lintuzumab could

be injected intravenously intoBALB/cmicewithout significant toxicity (71).Basedon

these preclinical studies, a Phase I clinical trial of 213Bi-labeled lintuzumab was

performed in patients with advanced myeloid leukemias (36). Eighteen patients with

relapsed or refractory AML or chronic myelomonocytic leukemia were treated with

0.28–1.0mCi/kg of 213Bi-lintuzumab in 3–7 fractions over 2–4 days. Myelosuppres-

sion occurred in all patients, and transientminor liver function abnormalities occurred

in six patients. Gamma camera images demonstrated uptake of 213Bi in the bone

marrow, liver, and spleenwithin 10min of administrationwithout significant uptake in

any other organs, including the kidneys, which are known to be avid for free bismuth.

Because of low whole-body radiation absorbed doses, ratios between the marrow,
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liver, and spleen and the whole body were 1000-fold greater than those seen with

b-emitting lintuzumab constructs in similar patients. Fourteen patients (78%) had

reductions in the percentage of bone marrow blasts, but no complete remissions

occurred. Given that only 1 in 2700 HuM195 molecules carry the radiolabel at the

specific activities injected and up to 1016CD33binding sites in total onmalignant cells

are available in patients with overt AML, extraordinarily high injected radioactivities

of 213Bi would be required to deliver one to two 213Bi atoms per cell and produce

complete remissions. Nevertheless, this trial provides the rationale for the continued

investigation of this approach in avariety of cancerswhereminimal residual disease or

micrometastatic disease may be present.

Since a-particle immunotherapy is likely to be most useful in the treatment of

small-volume disease, a subsequent Phase I/II studywas undertaken inwhich patients

were first treated with chemotherapy to achieve partial cytoreduction of the leukemic

burden followed by 213Bi-lintuzumab (72). Thirty-one patients with newly diagnosed

(n¼ 13) or relapsed/refractory (n¼ 18) AML (median age, 67 years) were treated

with cytarabine (200mg/m2/day for 5 days) followed by 213Bi-lintuzumab

(0.5–1.25mCi/kg). Prolonged myelosuppression was dose-limiting, and the MTD

was 1mCi/kg. Significant reductions inmarrow blastswere seen at all dose levels, and

clinical responseswere observed in 6 of the 25 patients (24%)who received doses of at

least 1mCi/kg (2 CR, 2 CRp [CR with incomplete platelet recovery but transfusion-

independence], 2 PR). The median response duration was 7.7 months (range, 2–12

months). In contrast to the result of the initial Phase I trial in which 213Bi-lintuzumab

was given without cytoreduction, pharmacokinetic and biodistribution studies sug-

gested that saturation of all available CD33 sites by 213Bi-lintuzumab was possible

after treatment with cytarabine.

7.7.3 225Ac-Lintuzumab

Themajorobstacles to thewidespreaduseofRITwith 213Bi are itsshorthalf-lifeandthe

requirement of an on-site 225Ac/213Bi generator. One solution is to deliver the 225Ac

“generator” parent radionuclide to the target cell, allowing the production of atoms

in situ that yield a emissions at or within the cancer cell. 225Ac, which yields four

a-emitting isotopes, can be complexed to a variety of antibodies using DOTA and can

prolong the survival of animals in several xenograft models. In this ongoing Phase I

trial, nine patientswith relapsed/refractoryAMLwere treatedwith a single infusion of
225Ac-lintuzumabatdosesof0.5–2mCi/kg.Nodose-limiting toxicitieshavebeenseen,

and there has been no evidence of radiation nephritis with follow-up to 10 months.

Antileukemiceffectshaveincludedeliminationofperipheralbloodblasts in threeofsix

evaluable patients and dose-related reductions of at least 33%of bonemarrowblasts in

four patients. One patient had 3% bone marrow blasts after therapy (73). Dose

escalation of 225Ac, however, is likely to be limited by toxicities due to uncontrolled

release of 225Ac daughter isotopes, particularly accumulation of 213Bi in the kidney.

Renal irradiation from free, radioactive daughters of 225Ac led to a time-dependent

reduction in renal function in mice (74). Similarly, renal toxicity was seen 28 weeks

after injection of 225Ac-lintuzumab into cynomolgusmonkeys after a cumulative dose
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of 4.5mCi/kg (75). The longer serumhalf-life due to lack of target cell antigen in these

animals, however, may increase toxicity compared to human application.

To allow further dose escalation of 225Ac, several strategieswere developed to limit

the renal uptake of its daughters. Treatment with the dithiol chelators sodium 2,3-

dimercapto-1-propane sulfonate (DMPS) or meso-2,3-dimercaptosuccinic acid

(DMSA) before injection of 225Ac-lintuzumab caused significant reductions in renal
213Bi uptake in mice. Because francium, like potassium, is an alkali metal whose

elimination is enhanced by high ceiling diuretics, pretreatment with furosemide and

chlorothiazide also significantly reduced renal 221Fr activity (a decay product of
225Ac) and that of its daughter 213Bi (76). The renin-angiotensin-aldosterone system

(RAAS) has been implicated in the development of radiation nephropathy, and RAAS

antagonism by spironolactone was also shown to prevent kidney damage compared

with placebo inmice injectedwith 225Ac-lintuzumab (77). Short-rangeAuger electron

emitters (e.g., 111In) conjugated to lintuzumab are also being studied for RITof AML

(see Chapter 9).

7.8 SUMMARY

RIT for leukemia is a promising strategy designed to increase the efficacy of native

monoclonal antibodies, decrease the toxicity of therapy by targeting radiation to

specific cell types or organ systems, andultimately improve the long-termoutcome for

patientswith leukemia.Todate,most studies in leukemiahaveused theb-emitters 131I,
90Y, and 188Re labeled to anti-CD33, anti-CD45, and anti-CD66 antibodies. These

radioimmunoconjugates can eliminate large burdens of leukemia and can be given

safely in conjunction with standard preparative regimens prior to HSCT. Whether

preparative regimens that incorporate b-particle RIT improve outcomes compared

with standard preparative regimens remains to be determined by randomized clinical

trials. Alpha-emitters have promise in the treatment of small-volume disease as

demonstrated by 213Bi-labeled anti-CD33, which has been shown to have antileuke-

mic activity and can produce complete remissions following cytoreduction with

single-agent cytarabine in patients with advanced AML. Ongoing research could

potentially result in therapies using more potent radionuclides, novel pretargeted

methods of radiation delivery to improve tumor-to-normal tissue dose ratios, treat-

ment of patients with less advanced disease, and randomized trials comparing RIT to

more standard approaches alone and in combination.
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CHAPTER 8

Pretargeted Radioimmunotherapy
of Cancer

ROBERT M. SHARKEY AND DAVID M. GOLDENBERG

8.1 INTRODUCTION

For centuries, physicians have pursued effective and selective methods for treating

diseases. Over just the past two centuries, it was discovered that there are substances in

the blood that could fight infection, and by the turn of the last century, “magic bullets”

were envisioned as a new frontier in medicine, particularly microbiology. However,

it was not until the late 1940s that David Pressman, William Bale, Irving Spar, and

other contemporaries provided the first evidence that antibodies developed against

rodent tumors, and tagged with a radionuclide, could localize specifically to these

targets (1–9). Today, we continue to face many of the same challenges that these early

investigators encountered for radioconjugate targeting, such as antibody specificity,

radiolabeling, and pharmacokinetics.

Specificity is theHolyGrail for all targeted compounds.While specificity conjures

visions of uniqueness between the target and its environment, more often specificity is

derived from quantitative differences between the target and other host tissues.

Architectural separation that isolates presentation in the environment from the more

accessible presentation in the target can also produce a level of specificity. The lack of

suitably specific antibodies for targeting human tumorswas themost prominent factor

contributing to thewaning interest in radioantibody targeting in the 1960s.However, a

key realization that a human colonic tumor xenografted in a hamster cheek pouch

continued to express a newly defined human oncofetal antigen, CEA (carcinoem-

bryonic antigen), paved theway for resurgence of radioantibody targeting in the 1970s

that led to the first successful demonstration of tumor localization in patients by

external scintigraphy (10–12). Affinity-purified (monospecific) polyclonal antibodies

used in these early clinical studies were quickly replaced with murine monoclonal

antibodies, and more recently with less immunogenic humanized or fully human
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antibodies and recombinant proteins discussed in Chapter 1. Monoclonal antibodies

enhanced selectivity to a unique conformational determinant within a molecule, and

recombinant antibodies have greatly amplified the repertoire of targeting structures

with altered affinity/avidity and pharmacokinetic properties, but all base their binding

on the guiding principles of antibodies and their specificity.

Of course, tumor detection and therapy with radiolabeled antibodies could never

have advanced without the contributions of the radiochemists and chemists, who

expanded our choices from the staple radionuclide used for many years, 131I, which

has poor imaging properties, to a host of new radionuclides with diverse imaging and

therapeutic properties (13–22).

While specificity has a major role in defining the targeting utility of a given

compound, its pharmacokinetic and biodistribution properties often have a more

profound impact on tissue uptake than an agent’s specificity. This is because targeting

is a passive process, where a molecule injected into the bloodstream wanders in

the vascular or extravascular fluid, being carried along by the natural flow of body

fluids, until it encounters a cell bearing a target molecule it can bind to. Once bound,

the antibody has the potential to be held there until the radionuclide decays, it

may be released from the cell and return to extracellular fluid volume, it can be

catabolized by local peptidases or internalized by the tumor cells and catabolized by

lysosomal enzymes. From this process, the radionuclide is freed from the antibody,

where it may be released back into the circulation or retained locally by the cells.

Many free radionuclides have an affinity for certain body tissues, such as radiometals

for bone or radioiodine for the thyroid, or they can bind to serum proteins and then

can be redirected to other tissues. Only a small portion of the injected antibody

is depositedwithin a tumor,while the rest of the antibody eventually extravasates from

the blood, like all other proteins, and is catabolized by the body’s tissues, mainly

the liver, spleen, and other reticuloendothelial-rich organs. The delayed clearance

from the tumor creates a differential uptake, where there is a higher concentration in

the target than surrounding tissues, enabling visualization or potentially providing a

therapeutic window of opportunity.

The body’s blood vessels lead to well-defined regions of the body, but there are

many tributaries that divert and dilute the radioimmunoconjugatewithin the total fluid

volume of the body. This is where an agent’s properties, such as its size and

composition, determine its fate. A molecule’s size/shape chiefly determines whether

it will pass easily through the openings in the vascular channels and percolate into the

extravascular space, where most diseases (targets) reside. Size also defines how

quickly it will be sequestered from the blood by the reticuloendothelial system,

primarily in the liver, spleen, and lymph nodes, where the larger sinusoidal openings

between the endothelial cells enable more rapid extravasation, or if small enough

(e.g., <60 kDa), to be removed via glomerular filtration (23). The composition of a

molecule defines its charge and hydrophilicity, which can result in nonspecific

binding to various tissues or even serum components. Composition naturally endows

the conformational shape of the molecule that is key to binding to a target of interest,

but other regions within the molecule’s structure might bind unintentionally to other

tissues that could diminish specificity. Glycosylation also impacts tissue uptake and
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blood clearance (24–27). The high degree of homology in the basic core structure of

an IgG reduces the potential for variable tissue binding and clearance that otherwise

might be encountered with de novo targeting agents, but as molecular engineering has

revealed, changes in the core structure of an IgG primarily in the CH2 and CH3 regions

can accelerate or delay the removal of IgG from the blood (see Chapter 1) (24, 28–32).

Of course, agents can be administered in a defined compartment, such as the

peritoneal cavity, by hepatic artery perfusion into the liver, or by the intrathecal

route, or surgically resected cavity within the brain, to reduce the impact that a

molecule’s pharmacokinetic properties might have on targeting (33). Compartmental

administration for tumors that are anatomically confined allows the antibody to be

exposed first to the antigen, but often, a sizable portion of the agent escapes into the

blood or lymphatic channels, free to travel throughout the body.

This chapter will discuss largely an innovative method for circumventing many of

the pharmacokinetic challenges posed by a directly radiolabeled antibody, focusing

on the technique called pretargeting.

8.2 THE CHALLENGE OF IMPROVING TUMOR/NONTUMOR RATIOS

IgG, the most commonly used form for antibody targeting, is designed by nature to

remain in the plasma for several weeks, which gives it ample opportunity to circulate

throughout the body before encountering an antigen. Early animal studies revealed

that a radiolabeled antimouse kidney antibody could be selectively bound to the

kidney as quickly as 15min after an intravenous injection, but even in this system,

kidney/blood ratioswere<1 : 1 over the first 5 days (3). Enrichment of the specific IgG

fraction by affinity purification enhances uptake and tumor/nontumor ratios to some

degree, but still requires several days before the concentration of radioactivity in the

blood is lower than that localized in a tumor (5, 34). In many respects, this

protracted time for sufficient contrast to be developed influenced the choice of

radionuclide, requiring one with a long enough half-life so that the signal in the

tumor would be sufficiently strong by the time the ratios favored visualization.

The first clinical studies shortened visualization time to 2–3 days after the injection

of an 131I-labeled antibody through technical “background subtraction” by adminis-

tering 99mTc-albumin and 99mTc-pertechnetate prior to each imaging session to

approximate nonspecific vascular and extravascular radioactivity concentrations,

respectively (12). The 99mTc-image was subtracted from the 131I-image to show

areas of higher 131I-antibody concentration in tumors. While this subtraction tech-

nique was successfully applied to detect a number of cancers, the method could be

prone to technical artifacts generated by the subtraction method and by the operator’s

skill level.

The first clinical attempt to directly reduce excess radiolabeled antibody from the

blood employed injection of an anti-antibody to form an immune complex that could

be eliminated by the reticuloendothelial system. Preclinical and clinical testing

showed this method cleared excess 131I-IgG from the blood within 2 h, with deposi-

tion in the liver and spleen that took another 4–6 h to clear from the body (35, 36). This
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method was later re-evaluated and found to be a safe and effective means of reducing

blood pool radioactivity, but the techniquewas restricted to radioiodinated antibodies,

because when 131I-IgG was catabolized in the liver, the radioiodine was eliminated

from the body (37–41). However, with a radiometal-labeled antibody, the radiometal

remains in the liver, resulting in highly unfavorable tumor/liver ratios. Although

extracorporeal removal of radiolabeled antibodies provided an alternative way of

promoting elimination of radioactivity without concern of forming immune com-

plexes in the blood that could be deposited elsewhere in the body (42–44), other less

intrusive methods have been sought. The simple answer was to use a fragment of an

antibody. Portions of an IgG can be enzymatically removed to form F(ab0)2 fragments

that retain divalent binding to the antigen (see Chapter 1). Monovalent binding Fab0

fragments are formed by breaking the disulfide bonds holding the two heavy chains

together. Today,molecular engineering is used to createmolecules based largely on an

antibody’s heavy and light chain variable regions (Fv) that contain the framework to

hold the complementarity-determining regions (CDRs) in the proper orientation for

binding specificity. When these heavy and light chains of the Fv region are tethered

together with different length amino-acid linkers, they can form monovalent single-

chain Fv (scFv), divalent diabodies, trivalent tribodies, and so on. The scFv can be

joined with other portions of an IgG to create a diverse repertoire of molecules with

varying valency and pharmacokinetic and effector properties (45–48) (see Chapter 1).

Figure 8.1 schematically shows the structure of IgG along with its chemically and

several recombinantly produced fragments, including a general overview of the

in vivo targeting properties of some of these agents. IgG has the highest tumor uptake

and retention of all antibody forms, but it takes the longest time to achieve maximum

uptake, and it has the slowest elimination from the blood and tissues (49, 50). The slow

elimination from the blood reduces visualization and increases radiation exposure

to the highly sensitive bone marrow, resulting in dose-limiting myelosuppression

for radioimmunotherapy (RIT). With few exceptions, faster blood and tissue clear-

ance closely follows the molecular size of the antibody form, and as the molecule’s

time in the blood is reduced, a smaller fraction is available to localize in the target,

and thus tumor uptake decreases. Furthermore, monovalent fragments have a shorter

residence time in the tumor because of lower avidity. Complicating these relation-

ships is how different types of radionuclides are handled by the tissues responsible for

the antibody’s removal from the body. Radioiodinated agents prepared by most

standard methods are not retained by cells in the tissues (except the thyroid) or the

tumor, and therefore when catabolized, the radioactivity is eliminated from the body.

While there are forms of radioiodine suitable for imaging and therapy, certain aspects

of their physical properties (half-life or decay emissions) are not ideally suited for

these tasks. There are many other radiometals that have more ideal properties for

imaging and/or therapy. When a radiometal-labeled antibody is taken up by a normal

tissue, the chelated metal becomes entrapped within the cells, and thus only a small

fraction of a radiometal-labeled antibody is removed from the body, with molecules

>60 kDa being deposited in the liver, and smaller molecules in the kidneys. This

normal tissue uptake is often much higher than that targeted at the tumor, yielding

unfavorable conditions for imaging (e.g., tumors in the liver can be masked) or
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FIGURE 8.1 Schematic representation of IgG, enzymatically prepared F(ab0)2 and Fab0

fragments, and several engineered antibody fragments, with the inset table showing some of the

more important in vivo targeting characteristics of these antibody forms. The CH2-deletion was

one of the earliest forms prepared, followed by the single-chain Fv-based constructs. The scFv

is prepared by inserting the VH and VL portions of the IgG in a linear peptide structure with a

15–18 amino acid linker placed between them. Upon assembly, the protein folds to form a

monovalent antigen-binding structure. By progressively shortening the linker, the molecules

tend to form noncovalently linked constructs with 2, 3, or 4 binding sites. Single chains have

also been fused to the CH3 domain to form a minibody and placed onto the full IgG Fc portion.

One of these latter constructs was prepared by modifying key amino acids involved with the

recognition of FcRn receptor, which significantly enhances the clearance of this larger

molecular weight protein compared to constructs of similar size. (See insert for the color

representation of the figure.)
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therapy (e.g., radiation dose to kidneys would damage this organ before achieving

tumoricidal levels). Coupling the radionuclide to the antibody is nonetheless certainly

the most efficient targeting mechanism. A number of direct radioimmunoconjugates

have received the U.S. FDA approval (e.g., arcitumomab, capromab pendetide,

ibritumomab tiuxetan, and tositumomab), yet efforts continue to focus on designing

molecules that preserve the best properties of an intact IgG (high uptake and

retention), but with the fast clearance kinetics of a small antibody fragment.

8.3 PRETARGETING: UNCOUPLING THE ANTIBODY–RADIONUCLIDE
CONJUGATE

Perhaps, surprisingly, the biggest problem with most radionuclide–antibody con-

jugates is that they are highly stable in the blood, and thus, generally wherever the

antibody is distributed, the radionuclide follows. A radionuclide that dissociates from

the antibody would have very unfavorable properties. For example, cyclic DTPA

(diethylene triamine pentaacetic acid) anhydride was one of the first chelate deri-

vatives used to complex a radiometal (111In=90Y) to an antibody (13, 14), but the

radiometals, particularly 90Y, would slowly dissociate from the chelate, allowing the

unbound metal to be taken up by other tissues, such as the cortical bone. When

other chelates that bound the radiometal more tightly were developed (e.g., DOTA),

they quickly replaced cyclic DTPA anhydride (see Chapter 2) (15, 16, 51–56).

Other chemistries have been developed that allow selective cleavage of the chelate–

radiometal complex from the antibodywhen it is catabolized in the liver (57, 58). This

cleavable linkage improved tumor/liver ratios, but it did not address the high

concentration of radioantibody remaining in the blood, and thus this method was

unable to increase the radiation-absorbed dose delivered to the tumor. Molecular

engineering (see Chapter 1) has made great strides in crafting constructs that try to

strike a balance between optimal blood and tissue clearance with reasonable tumor

uptake and retention (30, 59–64), but another approach had already achieved rapid

blood clearancewith high tumor uptake/good retention in themid-1980s. Thismethod

is pretargeting, a technique that has evolved over the past 20 years to include three

different approaches based on bispecific monoclonal antibodies (bsMAb) with

radiolabeled haptens, avidin or streptavidin used for targeting radiolabeled biotin

(two methods have been evaluated) (Fig. 8.2), and antibody–oligonucleotide con-

jugates for targeting radiolabeled complementary oligonucleotides (Fig. 8.3).

8.3.1 Bispecific Antibodies and Radiolabeled Haptens

If the primary difficulty with direct conjugates is their stability, might it be possible to

separate the two components, yet still achieve selective targeting in vivo? There are a

number of multistep methods for enhancing antigen detection commonly employed

in vitro, such as radio- and enzyme-linked immunoassays, and immunohistochemis-

try, but could this process succeed in vivo? This is precisely the concept offered

by Reardan et al., who reported on the binding properties of several monoclonal
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FIGURE 8.2 The basic steps used in three pretargeting approaches for localizing a radi-

olabeled effector. In the bsMAb approach, bsMAb is allowed several days to target the tumor

and to clear from the blood. Once the level of bsMAb is low enough in the blood, a radiolabeled

hapten-peptide is administered. Two haptenmoieties on the peptide backbone allow the peptide

to bind divalently to two closely associated bsMAb on the surface of the tumor, enhancing the

binding affinity of the cross-linked pair. Avidin–biotin approaches are performed in two dif-

ferent ways. In the so-called “two-step” approach, an IgG-streptavidin conjugate is adminis-

tered, and after 1–2 days to optimize tumor uptake, a clearing agent is administered to remove

the immunoconjugate from the blood so that the radiolabeled biotin can be injected. The

clearing agent has biotin to bind the streptavidin immunoconjugate and galactose residues that

shuttle the complex rapidly to the liver. In the “three-step” approach, a biotin–IgG conjugate is

given time to localize in the tumor and then is cleared from the blood using avidin. Shortly

thereafter, streptavidin is administered, which will bind to the IgG–biotin in the tumor. After

allowing time for the streptavidin to clear from the blood and normal tissues, radiolabeled biotin

is finally administered. (See insert for the color representation of the figure.)
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antibodies (MAbs) developed to metal-loaded EDTA (ethylenediaminetetraacetic

acid) chelate derivatives coupled to a carrier protein, therebymaking themetal chelate

complex a hapten (defined as a substance that can bind to an antibody but not elicit the

formation of an antibody unless attached to a carrier protein). They speculated that a

new targeting method could be developed that employed a bsMAb made with one

arm for binding a tumor antigen and the second arm that could be directed against a

chelate loaded with a radiometal (65). Brennan et al. had published in the same year a

chemicalmethod for preparing bsMAb that could bind two different compounds (66).

Shortly thereafter, bsMAbs were being prepared by hybridization methods (quad-

romas), and later by molecular engineering (67, 68).

The antichelate antibodies prepared by Reardan et al. showed remarkable prefer-

ential binding for what seemed to be rather subtle differences in the target, namely,

simply by inserting different metals into the chelate (e.g., indium-EDTA versus

gallium-, iron-, cobalt-, zinc-EDTA). Animal studies showed that premixing the anti-

indium-EDTA antibody with 111In-complexed EDTA altered the biodistribution of

the 111In-EDTA, and later studies showed that (111In)EDTAcould be dissociated from

the antichelate antibody by adding nonradioactive (In)EDTA. Injecting (In)EDTA

to animals given premixed 111In-EDTA–anti-EDTA immune complexes could also

dissociate the 111In-EDTA from the complex, which resulted in a more rapid

clearance of the 111In-EDTA (69). These studies set the stage for the first pretargeting

studies using bsMAb, where tumor-bearing animals were first given an antichelate

FIGURE 8.3 Pretargeting using an IgG–MORF–oligomer conjugate and a radiolabeled

complementary oligomer. (See insert for the color representation of the figure.)
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antibody (70). Although the antichelate antibody was not specific for the implanted

tumor, selective uptake occurred because tumors have “leaky” blood vessels that

allowed higher amounts of IgG to localize in tumors than in normal tissues (71). One

day after the antichelate antibody was injected, a transferrin–chelate conjugate was

given to block and remove the antichelate antibody remaining in the blood before
111In-chelate was given 1 h later. The antichelate antibody in the blood could have

been blocked by simply administering unlabeled chelate, but these small complexes

would remain in the circulation where they could continue to be accessible. By

coupling the 4mol of chelate per transferrin, small lattices of the antichelate

antibody� transferrin-chelate could form, which would be filtered out by the liver.

With most of the antichelate antibody removed from the blood, when 111In-chelate

was given 1 h later, it was able to circulate and bind to the antichelate antibody present

primarily in the tumor, with the remaining free 111In-chelate being eliminated very

quickly from the blood and body by renal excretion. Administering various amounts

of antibody or clearing agent (transferrin–chelate conjugate) resulted in expected

differences in the biodistribution pattern of 111In-chelate, depending on how well the

antichelate antibody was blocked. However, under what was described as more

optimal chase conditions, tumor/blood ratios were enhanced compared to when no

chase was administered. There was also minimal uptake of radioactivity in the liver,

suggesting that the antichelate antibody that was cleared from the blood to the liver

was no longer accessible for binding to 111In-chelate, either having been processed by

the liver or blocked by the transferrin–chelate complex. The near absence of uptake in

the liver was quite an accomplishment, since 111In-labeled antibodies at that time had

a very high hepatic uptake, and thus this procedure provided a mechanism for

targeting radiometals at tumors without the high tissue uptake seen with directly

conjugated radiometal-labeled antibodies.

A pretargeting approach based on another 111In-EDTA derivative and an anti-CEA

bsMAb (anti-CEA Fab0 coupled to an antichelate antibody) was clinically tested in

patients with hepatic metastases from colorectal cancer (72). Patients were given

20–40mg of the bsMAb and 4 days later were administered the 111In-labeled chelate

that was premixed with a small amount of bsMAb. Interestingly, this was done

to increase the plasma half-life of 111In-chelate, with the idea that the preformed
111In-chelate–bsMAb complex would dissociate as it passed through the tumor,

allowing 111In-chelate to transfer to the bsMAb that was prelocalized to the tumor.

With a dissociation half-life of 8.8min (72), the antichelate–111In-chelate complex in

the blood and tissues would rapidly release 111In-chelate, which would then be very

quickly cleared by urinary excretion, reducing the blood pool radioactivity. In this

clinical study, the bsMAb was given 4 days to clear from the blood before the

radiolabeled chelate–bsMAb complex was given. Nearly all the cancer lesions in 14

patients were detected and, more impressively, this was the first 111In-labeled

antibody-based targeting system in which liver uptake was minimized to a level

where hepatic metastases were seen as positive lesions, rather than negative lesions

that do not take up radioactivity. Previous studies with an 111In-anti-CEA IgG often

failed to detect hepatic metastases or they were seen as negative defects on scans of

the liver (73–78).
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8.3.2 Pretargeting: Development of Avidin/Streptavidin
and Radiolabeled Biotin

The next most significant advance in pretargeting occurred when Hnatowich et al.

introduced a new method to bridge the antibody and radionuclide targeting steps

based on the ultrahigh affinity of biotin for avidin/streptavidin (79). Such avidin/

biotin binding methods were already in use for in vitro immunoassays and immuno-

histochemistry. These and other investigators explored several configurations, using

an antibody conjugated with avidin paired with radiolabeled biotin, or biotin-

conjugated antibodies used to capture radiolabeled avidin (79–85). This avidin–

biotin affinity was nearly 6 logs higher than most antibody–antigen interactions

(Kd¼ 10�15M), which essentially ensured an irreversible bond between biotin and

avidin. Glycosylated avidin and its nonglycosylated counterpart, streptavidin, have

four binding sites for biotin, which offers the potential that multiple radiolabeled

biotins could be captured by a single pretargeted antibody–avidin conjugate. Impor-

tantly, the radiolabeled biotin had very rapid clearance from the body (biological half-

life¼ 30min), indicating that it had rapid extravasation and minimal binding to

tissues as well as efficient renal excretion. The initial animal studies showed great

potential of this method, and 2 years later, the first clinical studies were performed

using the human milk fat globule-1 (HMFG1) IgG (anti-MUC1) coupled to strepta-

vidin followed 2–3 days later with 111In-biotin (86). In addition to establishing

important safety data, this study also showed that endogenous biotin, which is present

in the serum and tissues, did not block the streptavidin–IgG conjugate’s ability to bind

the subsequently administered 111In-biotin. This was not the case in mice, where the

concentration of endogenous biotin is much higher than in humans and requires

animals to be fed a biotin-deficient diet for several days before initiating pretargeting

studies (87, 88). Tumor targeting was observed in 8/10 patients but, disappointingly,

similar uptake was seen in at least 5 of these patients given 111In-biotin alone. This

most likely represented blood pool radioactivity with slower washout from tumors

due to their abnormal physiology. They also found that the streptavidin conjugatewas

immunogenic, with antibodies formed to both the murine IgG and the streptavidin.

However, the more important finding from this study was the very low normal tissue

and blood pool radioactivity (i.e., 111In-biotin cleared with an alpha- and beta-phase

half-life of 2.4min and 4.2 h, respectively), suggesting that this method, when

properly optimized, could greatly reduce blood and tissue background radioactivity.

This particular approach was perfected by the contributions of investigators at

NeoRx Corp. (Seattle, WA). They focused their efforts on the development of a

streptavidin conjugate prepared with the murine monoclonal antibody, NR-LU-10, as

the pretargeting agent with 111In=90Y-DOTA (1,4,7,10-tetraazacyclododecane-N,N 0,
N00,N000-tetraacetic acid)-biotin. They also introduced the use of a clearing agent,

galactose-conjugated and biotinylated human serum albumin, to remove excess

streptavidin–IgG from the blood before the radiolabeled biotin was injected.

Hepatocytes have galactose receptors that effectively remove galactosylated antibody

immune complexes from the blood (89, 90), and biotin not only serves as a specific

binding ligand for the streptavidin conjugate but also, in sufficient excess, it would
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prevent the binding of the subsequently administered radiolabeled biotin, allowing

it to flow relatively unabated through the body until it reaches the tumor. In their

procedure, the streptavidin–IgG conjugate was allowed 2–3 days to achieve maxi-

mum tumor uptake, and then the clearing agent was given. One day later, the

radiolabeled biotin was administered. Using this technique, Axworthy et al. (91)

were the first to present provocative animal data indicating not only that a pretargeting

approach could improve tumor/blood and tumor/tissue ratios, but also that the tumor

uptake could be similar to that of a directly radiolabeled IgG. In some respects, this

finding was puzzling since the pharmacokinetic behavior of directly labeled IgG and

antibody fragments predicted that the more rapidly an agent cleared from the blood,

the lower would be its tumor accumulation. The radiolabeled biotin cleared more

rapidly from the blood than any other previously reported directly conjugated

antibody fragment, but despite this, it was able to achieve IgG-like tumor uptake.

So how did this pretargeting procedure accomplish this targeting panacea? A

comparison of a typical directly radiolabeled antibody targeting procedure with

pretargeting procedures reveals some very important differences (see Section 8.3.4).

8.3.3 Pretargeting with Oligonucleotide/Complementary
Oligonucleotide Immunoconjugates

Another pretargeting approach being developed has used the complementary inter-

action of nucleic acid strands as a means of bridging the pretargeting agent with the

effector. Initial studies employed antibodies conjugated to short (14–15-mer) DNA

oligomers for pretargeting using a radiolabeled complementary oligomer effector

molecule (92, 93). The main problem with these compounds is their nonspecific

binding to serum proteins (especially for phosphorothioate oligonucleotides) and

tissues and instability to phosphodiesterases (native phosphodiester oligomers), but a

synthetic peptide nucleic acid (PNA) was found to have the stability and rapid

clearance properties required for pretargeting (94, 95). Subsequently, investigators

turned to more water-soluble morpholino oligomers (MORF) for pretargeting (96)

(Fig. 8.3). A 99mTc-complementary MORF (cMORF) quickly cleared from the blood

and most tissues, with only approximately 0.2%ID/g in the blood 1 h after injec-

tion (96). Renal uptake averaged approximately 6–7%ID/g at this time. Animals

pretargeted 48 h earlier with an anti-CEA IgG–MORF conjugate had approximately

2% ID/g uptake of the 99mTc-cMORF 3 and 24 h after injection. However, tumor/

blood ratios were no better than 3 : 1 by 24 h, most likely because a proportion of

the 99mTc-cMORF effector bound to the IgG–MORF conjugate in the blood. Low

uptake was also present in the liver, but renal retention reduced tumor/kidney ratios

to <1 : 1. Later studies showed that a cMORF lacking cytosine had twofold lower

renal uptake without affecting tumor uptake (97). Radiation-absorbed dose estimates

in nudemice bearing a human colon cancer xenograft pretargeted using the anti-CEA

IgG–MORF followed by administration of 0.38mCi of 188Re-cMORF revealed

tumor/blood and tumor/kidney dose ratios of approximately 4 : 1. Tumor weights

of treated animals necropsied 19 days after treatment were significantly lower than

tumors removed from untreated animals. Thus, while this method is not as advanced
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in its development as the bsMAb and avidin–biotin approaches, it highlights another

technique that could allow pretargeted delivery of radionuclides for radiotherapeutic

applications.

8.3.4 Core Principles Associated with Pretargeting Procedures

With a directly radiolabeled antibody, the main goal should be to administer the

smallest possible radioantibody protein dose prepared at the highest possible

specific activity, which increases the probability that each molecule reaching the

target would deliver a radioactive payload. Unfortunately, pharmacokinetic, bio-

distribution, and even specificity issues often dictate that additional unlabeled

antibody be added (coadministered or preadministered) with the radiolabeled

antibody to improve the antibody’s biodistribution or targeting. Since a number

of cells have Fc binding receptors, these cells can remove a portion of the IgG from

the blood before it has an opportunity to reach the tumor, and the smaller the protein

dose administered, themore substantial this portionwill be. For example, in the case

of the radiolabeled anti-CD20 antibodies used for lymphoma therapy, a predose of

approximately 70–90mg of the anti-CD20 MAbs can effectively reduce uptake in

normal B-cells residing primarily in the spleen and bone marrow, but investigators

ultimately elected to administer �400mg of unlabeled anti-CD20, injected in

advance of the radioimmunoconjugate, primarily because the unconjugated anti-

body was biologically active and also contributed to the antitumor effect (98–104).

Any competition for radioantibody with an unlabeled antibody runs the risk of

reducing the total amount of radioactivity delivered to the tumor, with a preinfusion

having a greater risk of blocking some of the more accessible antigen-rich regions

within the tumor before the radioantibody is given. Since uptake and tumor/blood

ratios for an IgG are already low, it is not surprising that RIT with directly

radiolabeled antibodies has had limited therapeutic impact, except for lymphomas,

which have an inherently high radiosensitivity. As mentioned earlier, smaller

antibody fragments bearing radiometals have exceptionally high renal uptake and

retention that greatly exceeds that delivered to the tumor. There have been animal

studies reporting improved therapeutic activity for antibody fragments versus IgG,

and there even have been methods that reduce renal uptake of radiometals (105–

112).While each of these has been clinically evaluated, neither provided a sufficient

therapeutic boost to spur further clinical evaluation.

Pretargeting procedures often start with the injection of relatively high doses of the

immunoconjugate (e.g., IgG-streptavidin or biotin conjugate) or bsMAb. This max-

imizes the conjugate loading in the tumor, which increases the number of binding sites

available for the radiolabeled biotin or hapten (i.e., effector). Because the pretargeting

immunoconjugate/bsMAb is not radiolabeled, there are no inherent radiotoxicity

limitations to the amount administered. However, optimal pretargeting conditions do

not demand administration of excessively high protein doses at levels that might

saturate antigen binding sites in the tumor. Instead, optimal conditions will occur as

long as the amount of conjugate or bsMAb prelocalized to the tumor is sufficient to

capture the highest fraction of the effector that will ultimately reach the tumor. If an
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effector is radiolabeled at 2 mCi (74MBq)/nmole, then often only 100 nmoles would

be given. With such rapid elimination, only a small fraction of the effector will every

pass through the tumor. Therefore, the administered amount of pretargeting agent

needs only to be sufficient to optimize the capture of this small quantity of effector. In

our experience, the optimal bsMAb dose can be reasonably approximated from the

amount of hapten administered (which in our case is conjugated to a peptide) and is

expressed as the mole ratio of the bsMAb to peptide-hapten.

Pagel et al. (113) provided additional insight into this point by showing in a human

lymphoma xenograft model that the uptake of radiolabeled biotin (effector) could not

be improved by pretargeting with immunoconjugates directed against multiple

antigens, as compared to the best single antigen (e.g., CD20, CD22, or HLA-DR).

By combining one immunoconjugate that had the highest uptake in the tumor with

others that had lower uptake, they effectively reduced the number of moles of

individual immunoconjugates in the tumor, thereby reducing the effector-capturing

efficiency. To better understand this principle, envision the individual targeting of

90mol of three antibodies to a tumor, where Ab1 delivered a maximum of 30mol

(30% uptake), Ab2 delivered only 20mol (22.2% uptake), and Ab3 delivered 10mol

(11.1% uptake). Assuming the proportion of each antibody captured by the tumor

would not be affected if its dose were changed, if we mixed these three antibodies in

equal portions (30mol each) and administered the same 90mol, the amount of Ab1

delivered to the tumor would be only 10mol (i.e., 30% of 30 nmol), of Ab2 there

would be only approximately 7mol (22%of 30mol), and approximately 3mol ofAb3

(11.1% of 30mol) for a total of approximately 20mol of Ab1Aþ b2Aþ b3. Thus,

when given at the same dose, an antibody mixture would never be able to exceed the

uptake achieved by the one antibody that has the highest uptake. Hence, under these

conditions, mixtures of immunoconjugates or bsMAbwould not load the tumorwith a

higher capacity for binding the radiolabeled effector. Had each antibody been given at

its “saturating” dose, there would of course be more moles of antibody in the tumor;

but, “overloading” a tumor with antibody will not necessarily lead to a higher uptake

of the radiolabeled effector. Antibody mixtures could have a different benefit if they

were directed against antigens on different cells within the tumor, providing a more

uniform distribution to more cells within the population. However, it is important to

remember that there will always be a finite capturing efficiency that cannot be

significantly improved by simply loading more capturing agent in the tumor, unless

there is a way to improve the delivery and percolation of the radiolabeled effector

through the tumor.

In order to give the radiolabeled effector the best chance of binding to the

prelocalized immunoconjugate in the tumor, the residual immunoconjugates in the

body need to be blocked/cleared. The blood is the primary concern since any

radiolabeled effector introduced by intravenous injection will encounter circulating

immunoconjugates there first. However, other tissues also need to be considered, such

as the liver that is the primary organ for removing IgG from the blood. Since most

bsMAb studied to date have been F(ab0)2 fragments, investigators simply waited

for the concentration of the bsMAb in the blood to be reduced to a level where

interaction with the radiolabeled hapten-peptide was minimized. The molar ratios of
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immunoconjugate to hapten and degree of blood clearance required to minimize

hapten–bsMAb interaction will vary depending on the binding affinity of the

antihapten portion of bsMAb. Avidin–biotin approaches have relied on clearing

agents that block and clear the immunoconjugates from the blood following a 1–3 day

period during which the immunoconjugate has an opportunity to reach peak levels in

the tumor. This is particularly important for these procedures, because the ultrahigh

affinity of biotin for avidin will ensure stable binding, even if very small amounts of

the immunoconjugates remain in the blood and tissues.

The timing requirements for a pretargeting procedure impose a restriction on

the types of antigens that can be targeted; they must remain accessible (i.e., not

internalized or catabolized) in sufficient quantity to bind the radiolabeled effector.

For example, anti-CD20 and anti-CD45 antibodies are better pretargeting agents for

lymphoma than anti-CD22, in part because CD22 will internalize when bound by an

antibody, but CD20 and CD45 are also more plentiful on the cell surface, which will

yield higher uptake than for a CD22-targeted agent (113, 114). A pretargeting agent

that is internalized might require a clearing agent to shorten the interval in an effort to

localize the effector to the pretargeting agent while it is still largely accessible. Once

bound, the effector might then be internalized. Thus, an antibody that is internalized

should not be dismissed, but it might not produce the best effector localization if other

targets are available. Internalization of the pretargeted agent in normal tissues via

nonspecific but receptor-targeted processes (e.g., binding to Fc receptors in the liver)

is, however, desired since this would ensure it was not accessible when the radi-

olabeled effector was given, thus reducing unwanted radioactivity localization.

A key component in a pretargeting system is the specific activity of the radi-

olabeled effector. The effectors used for most pretargeting procedures are much

less susceptible to damage to their epitope recognition properties during the radi-

olabeling procedure than an antibody, and therefore they can be prepared under

conditions that favor higher incorporation of the radionuclide into the chelate bound

to the hapten thanwhen it is directly bound to an antibody. For example, antibodies are

often radiolabeled at 5mCi 90Y/mg IgG. This represents a specific activity of

0.3mCi/nmole. Very often, additional unlabeled antibody is given with radioimmu-

noconjugates, further reducing the effective specific activity. We typically prepare

a 90Y-hapten-peptide at specific activities >2mCi/nmol or at least 6.5 times higher

than a similarly radiolabeled IgG. Radiolabeling conditions are optimized to yield

�97% binding to hapten-chelate, eliminating the need for postlabeling purification.

Under these conditions, 1 in every 5 to 15 hapten-peptides harbors a radioactive

element (depending on the radionuclide), with even higher yields limited only by

residual competing trace metals in the radionuclide itself. For example, we have been

able to achieve a specific activity of 48mCi/nmol for a 68Ga-hapten-peptide

(unpublished data). At high specific activities, the amount of the pretargeting agent

administered can be reduced. One alternatively could consider the opportunity of

loading additional effector into the tumor by keeping the dose of the pretargeting

agent high and giving multiple injections of a high-specific activity effector. We have

shown that this is possible, but it is difficult to take advantage of this situation with

radiolabeled effectors, since the total amount of radioactivity that can be administered
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is limited (115). However, one could envision the sequential use of a radiotracer and

another nonisotopic labeled effector for dual-targeting purposes (e.g., combined

SPECT/PET and optical imaging).

Another advantage of the pretargeting approach compared to the use of directly

radiolabeled antibodies is how rapid the process of tumor targeting takes place, which

is related to the small size of the radiolabeled effector molecule that has exceptionally

fast extravasation, so that it can reach the pretargeted immunoconjugate/bsMAb

in few minutes. Dynamic imaging of mice bearing a human colon cancer xenografts

pretargeted with bsMAb followed by a 99mTc-labeled hapten-peptide showed
99mTc-uptake within 10min, with imageable tumor/heart ratios in 20min and even

high tumor/kidney ratios within 40min (116). Maximum uptakewas achieved within

60min, compared to 1–2 days for a radiolabeled IgG. Even the smallest antibody

fragments can take several hours before they achieve maximum tumor uptake, and

they clear much slower from the blood and normal tissues than the radiolabeled

effector in a pretargeting approach. For example, the bladder begins to fill with

radioactivity in just 5min following injection of the radiolabeled hapten, with

approximately 60% of the injected dose present in the bladder within 1 h. Radio-

labeled biotin has minimal uptake and retention in the kidneys, and the peptide

backbone of a peptide-conjugated hapten can be modified to favor renal elimination

(as compared to hepatobiliary/gastrointestinal elimination) but still has minimal

kidney retention (117). Some earlier studies attempted to localize radiolabeled avidin

or streptavidin to pretargeted biotinylated antibodies (118), but streptavidin’s phy-

siochemical properties caused it to be trapped in the kidneys and avidin’s glycosyla-

tion results in high hepatic uptake (119, 120). Thus, the ability of the radiolabeled

hapten to be cleared quickly from the blood/body with minimal tissue retention is a

key element for an effective pretargeting system.

However, the real strength of a pretargeting system is its ability to very efficiently

trap the radiolabeled effector in the tumor. As with any injected agent, only a small

fraction will percolate the vasculature of the tumor, so it is important to have the

pretargeted immunoconjugates accumulate and be retained in the tumor in sufficient

amounts to maximize the capture of the effector molecules. At least for the radi-

olabeled effectors commonly used in pretargeting, those leaving the vascular space

will quickly encounter the pretargeted immunoconjugates bound to the surface of

tumor cells. Binding to the effector-capturing agent, whether it is streptavidin or a

bsMAb, will retain the effector in the tumor, while within minutes, the unbound

effector molecules are rapidly eliminated from the body, creating almost immediate

and exceptionally high tumor/blood ratios. The radiolabeled effector will persist in

the tumor as long as it remains bound to the bsMAb’s antieffector arm or to

streptavidin, and as long as the immunoconjugate remains fixed to the tumor antigen.

Unlike the initial bsMAb pretargeting configuration, where the effector was a single

chelate–radiometal complex (i.e., a hapten), LeDoussal et al. found that tethering two

haptens together with a small peptide linker enhanced uptake and retention of the

effector—this was referred to as an affinity enhancement system (AES) (121). The

principle was based on the fact that a divalent hapten would be retained longer by

higher concentrations of a bsMAb bound to tumor cells than to lower concentrations
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of bsMAb in the circulation.With low bsMAb concentrations in the blood, less stable

monovalent binding of the divalent hapten would be favored, and as the radiolabeled

hapten-peptide is dissociated from bsMAb in the blood, it would allow the dissociated

hapten to quickly clear and provide enhanced tumor/blood ratios. In the presence of

locally higher concentrations of bsMAb in the tumor, more stable divalent binding

would be favored. This initial finding was confirmed by this group in another

model (122), and by two other groups using different antibodies and hap-

tens (123, 124). Thus, today all bsMAb pretargeting procedures make use of a

radiolabeled divalent hapten-peptide to enhance tumor localization. While the

binding affinity of this enhancement cannot compete with the 10�15M strength of

a streptavidin–biotin bond, one has to keep in mind that the retention in the tumor for

both of these cross-linking methods is limited by the weakest link (e.g., affinity/

avidity of the pretargeted immunoconjugate for the target antigen on tumor cells).

Contrast this to an antibody or even a fragment, whose larger size impedes its

transvascular movement into tumors, and rather than being easily eliminated, it

continues to circulate in the body, awaiting catabolism for excretion of the radioac-

tivity. While this might provide the potential for multiple tumor passes, the concen-

tration of the antibody in the blood eventually decreases over time, being sequestered

by other tissues in the body, thereby making it less available for tumor uptake.

In addition, the longer the tumor uptake is delayed, the more of the radionuclide

will be released by catabolism and be redistributed to other parts of the body,

contributing to toxicity. Thus, pretargeting procedures are more highly adept at

achieving exceptionally rapid tumor uptake and blood clearance than direct targeting

of radioimmunoconjugates. The end result is that tumor radionuclide delivery is

maximized, with possible higher radiation dose rates and often increased radiation-

absorbed doses, while most normal tissues are spared prolonged radiation expo-

sure (125, 126) (Fig. 8.4). As a consequence, significantly improved antitumor

responses have been observed in a variety of animal models with pretargeting

procedures compared to direct RIT (125, 127–140).

One of the more striking pretargeting results ever reported was achieved in a renal

cell carcinoma model, where tumor uptake measured as high as 87.9� 36% injected

dose per gram (%ID/g) 1 day after the injection of a divalent-111In-DTPA(hapten)-

peptide pretargeted with an anti-G250 (anticarbonic anhydrase IX)� anti-(In)DTPA

bsMAb IgG, with tumor/blood ratios approximately 150 : 1 (123). Uptake of a

monovalent 111In-DTPA-peptide peaked 1 h after its injection at only 7.6� 1.5%

ID/g, and continued to decrease over time to 1.3% at 24 h, with tumor/blood ratios of

only 4 : 1. These results clearly illustrated the affinity enhancement advantage of

a divalent hapten over a monovalent one. While tumor uptake of the pretargeted

radiolabeled divalent hapten-peptide was higher than in other model systems, anti-

G250 and other directly radiolabeled IgGs targeting renal cell carcinomas have also

been reported to have much higher uptake than most other solid tumors (141–147).

For example, in this tumor model, 111In-G250 IgG uptake measured remarkably

approximately 100% ID/g by 48 h, but tumor/blood ratios were only 8 : 1. Sands

et al. (147) previously compared physiological properties of a renal cell carcinoma

and a breast cancer xenograft in nude mice, showing that in the former unique
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FIGURE 8.4 The pretargeting advantage over directly labeled immunoconjugates in

localizing radionuclides to tumors. Radiolabeled IgG takes 1–2 days before achieving

maximum tumor uptake, but it has a plasma clearance half-life of nearly 2 days (or longer).

Thus, over the first 2–3 days, the bone marrow is exposed to more radiation than the tumor.

The IgG is gradually removed from the blood, primarily by the liver, where some radio-

nuclides, particularly radiometals, will accumulate. In pretargeting approaches, the radi-

olabeled effector is administered only after the antibody has been deposited in the tumor and

cleared from the blood. The small-sized effector efficiently traverses the blood vessels, where

it can bind to the pretargeted antibody. As quickly as it escapes the bloodstream, it is filtered

from the body and removed by urinary excretion. The radiolabeled effectors are designed in a

manner to reduce renal retention of the radionuclide. (See insert for the color representation

of the figure.)
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physiology (much higher blood flow and much greater vascular permeability)

likely explained the enhanced uptake. The unique physiology of this model likely

explains the exceptional uptake of radioimmunoconjugates despite a very low antigen

density of just 4000 epitopes/cell. Using an anti-G250� anti-DTPA bsMAb IgG

(quadroma-based), Van Schaijk et al. (148) compared pretargeting of the divalent
111In-DTPA-peptide hapten in three different renal cell cancer xenograft models that

varied in antigen density from 4000 to 600,000 epitopes per cell. They found that the

highest uptake occurred in the tumor xenograft with the lowest antigen density but

with the highest vascular permeability, peaking at 278� 130%ID/g at 1 h, while the

xenograft with the highest antigen density but with the lowest permeability yielded

the lowest uptake (54� 9%/g), peaking at 4 h. Since permeability in each tumor

FIGURE 8.4 (Continued )
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xenograft was based on measurements with an irrelevant IgG, permeability issues

speak more directly of the ease of movement of the pretargeted bsMAb in and out of

the tumor, and are not predictive of the radiolabeled hapten-peptide, which would be

expected to extravasate and flow through the tumor interstitium easily. Enhanced

radiolabeled hapten-peptide uptakewas also observed in a renal xenograftmodelwith

an intermediate antigen density (80,000 epitopes/cell) and exhibiting similar perme-

ability as the xenograft with the lowest uptake, but the kinetics of uptake and retention

in this tumorwere the slowest but highest of the three xenografts, increasing from50%

to 95%ID/g over 72 h. Because 125I- and 111In-anti-G250 IgG were retained similarly

in this xenograft, they surmised that the bsMAbmight have been retained better on the

surface of tumor cells in this xenograft compared to the other two xenografts that had

lower retention with the 125I-IgG. These results clearly illustrate how tumor physiol-

ogy is the main controlling factor for any form of immunotargeting, pretargeting

included. Indeed, while the radiolabeled hapten molecule is very small and expected

to penetrate more easily through tumors than an IgG, the molecular size of the

pretargeted immunoconjugate and antigen binding-site barrier issues (149–152) will

affect or restrict distribution of radioactivity within a tumor. However, since the

pretargeted immunoconjugate is often given at higher protein doses than a directly

radiolabeled IgG, this might foster a more uniform distribution within the tu-

mor (153, 154). While one might think that this could potentially allow the radi-

olabeled effector to similarly distribute in a more uniform manner, the radiolabeled

effector will then face its own binding-site barrier that would impede its migration

through the tumor, particularly because, as noted earlier, the dose should be kept to the

smallest possible amount to maximize specific activity and thus radioactivity deliv-

ered to each tumor cell, given a limited number of binding sites. Therefore, with such

rapid distribution and elimination from the body, the radiolabeled effector will likely

be deposited principally in a perivascular location, much like the microdistribution of

a directly radiolabeled antibody. Saga et al. (118) showed that 125I-streptavidin

(�53 kD) could distribute uniformly inmicrometastatic tumor nodules in the lungs of

animals pretargeted 3 days earlier with a biotinylated antitumor IgG immunoconju-

gate. Small tumor nodules would not have the same physiological outward pressure

gradients as largermasses that might otherwise act alongwith a binding-site barrier to

impede protein penetration (155). Nevertheless, with preclinical and clinical studies

increasinglymoving toward RITas a treatment for either small-volume disease or in a

compartmental setting (156), the potential to distribute in a more uniform manner in

these situations could only improve tumor responses.

Pretargeting methods have their greatest advantagewhen the radiolabeled effector

is systemically administered, but they could offer certain advantages in a com-

partmental approach as well. For example, a streptavidin-conjugated antibody

could be directly injected into a brain lesion or the surgical cavity left after the

lesion has been excised, and then the radiolabeled biotin could be administered and

held tightly, but an advantage over a direct radioimmunoconjugate in this situation

would be difficult to envision. However, if the compartment were “leaky,” perhaps

in the case of peritoneal carcinomatosis, intraperitoneally injected radioactivity

escaping from the peritoneal cavity into the blood would remain much longer in
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the blood using a directly labeled radioimmunoconjugate than if radiolabeled biotin

were used and released.

8.4 CLINICAL STUDIES OF PRETARGETING

Three different pretargeting procedures have been evaluated in patients; two utilized

different types of streptavidin/radiolabeled biotin approaches and the other employed

a bsMAb/radiolabeled hapten-peptide (157).

8.4.1 “Two-Step” Pretargeting with Streptavidin Immunoconjugates
and 90Y-Biotin

This method was developed by the former NeoRxCorp. (Seattle,WA), and was based

on preclinical testing showing improved therapeutic responses in comparison to

directly radiolabeled IgG MAbs (125). The procedure involved the injection of an

unlabeled streptavidin immunoconjugate of the murine NR-LU-10 antibody, which

was later determined to bind to Ep-CAM (epithelial cell adhesion molecule; also

known as EGP-2 and gp40), followed by a clearing step using galactosylated and

biotinylated human serum albumin, and finally 111In or 90Y-labeled DOTA-

biotin (158).

The optimization and radiation dose estimates for this procedure were described

in two separate reports (158, 159). The initial studies showed the NR-LU-10

IgG-streptavidin immunoconjugates cleared at a slightly slower rate from the blood

in humans than the unconjugated IgG, but it had similar tissue and tumor distribu-

tion (158). In contrast, 111In-biotin alone cleared very quickly, with just 19% of

the injected product remaining in the serum within 10min of its injection, and 97%

cleared from the bodywithin 24 h, illustrating the lack of any specific tissue uptake for

this agent (158). Optimization studies were conducted in 43 patients with diverseNR-

LU-10-positive tumors given 168–600mg of NR-LU-10-streptavidin immunocon-

jugate, and then between 24 and 72 h later, the galactosylated, biotinylated albumin-

clearing agent was administered. The mass dose of the clearing agent was varied

(110–600mg), as well as the interval leading to the 111In-biotin injection (4–24 h) and

its mass dose (0.5–2mg). Unfortunately, NR-LU-10 also bound to the gastrointestinal

tract and kidneys (160), and investigators found increased renal uptake of 111In-biotin

when 600mg of the NR-LU-10 immunoconjugate was given, which led to the

selection of 400mg as the optimal dose (the actual dosage was based on a target

concentration of 125 mg/mL in the plasma). Attempts to block normal tissue uptake

with excess unconjugated NR-LU-10 IgG in advance of the streptavidin immuno-

conjugate injection reduced tumor uptake, and thus a blocking stepwas not used (158).

With peak tumor uptake of the NR-LU-10 immunoconjugate occurring at 24–48 h,

this group elected to use a 48-h interval before administering the clearing agent to

promote its elimination from the blood. Administering the clearing agent by

continuous infusion, bolus, or split into two fractions over 24 h did not have a

significant impact on its effectiveness, and thus a bolus injection was ultimately used.
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The clearing agent was best given at 10-foldmole excess compared to the streptavidin

immunoconjugate in the blood (�350–400mg). Higher doses of the clearing agent

compromised the tumor uptake of 111In-biotin. Under these conditions, approximate-

ly 93%of the immunoconjugatewas cleared from the bloodwithin 12 h, being limited

apparently by the capacity of the liver to remove the formed complexes, as determined

by monitoring the clearance of 186Re-labeled immunoconjugate. When 111In-biotin

was injected 4 h after the clearing agent, about 12%was taken up by the liver, whereas

if the interval was increased to 24 h, liver uptake was reduced to approximately 3%.

Not surprisingly, theminimummass of 0.5mg of 111In-biotin provided the best uptake

of radioactivity in the tumor. Under optimal pretargeting conditions, the elimination

rate of 111In-biotin was slightly altered so that only about 75% of the injected dose

was cleared from the blood within 1 day, whereas, as mentioned earlier, if given in

the absence of the streptavidin immunoconjugate, more than 99% of 111In-biotin

was cleared by this time. Thus, it was not necessary to adjust the conditions such

that 111In-biotin following pretargeting clears at the same rate as 111In-biotin alone,

since the elimination rate was still significantly faster than that for a directly

radiolabeled IgG.

A review of the radiation-absorbed doses predicted for 90Y-biotin, based on

imaging studies performed in patients given 0.5mg of the 111In-labeled biotin

showed tumors, averaged 12.7� 9.5 cGy/mCi, with red marrow doses of only

0.37� 0.21 cGy/mCi (tumor/blood dose average of �35 : 1). These results were

promising since radiation-absorbed doses to the red marrow of 200 cGy would likely

be tolerated (depending on the method used for red marrow dose approximation),

which would have allowed approximately 500mCi of 90Y-biotin to be injected with

the corresponding delivery of approximately 6800 cGy to tumors. However, kidney

doses were 13.3 cGy/mCi, resulting in tumor/kidney dose ratios of only about 1 : 1.

If maximally tolerated renal doses were considered to be 2000 cGy, only 150mCi

would have been tolerated, which would have provided tumor doses of only

approximately 2000 cGy. Clinical trials with an 131I-labeled CC49 anti-TAG-72 IgG

in colorectal cancer had achieved similar radiation-absorbed doses to colon cancer,

but required administered activities as high as 300mCi/m2 with peripheral blood

stem cell support (161). No significant antitumor responses were reported in that trial,

and thus it was not surprising that no significant antitumor responses were reported

in a phase II NR-LU-10-pretargeted 90Y-biotin trial that was conducted in advanced

colorectal cancer patients using the maximum tolerated dose of 100mCi/m2 of
90Y-biotin (162). The phase I studies with the NR-LU-10-pretargeted 90Y-biotin

ultimately found doses were limited not by hematopoietic or renal toxicity but by

severe (grade 3–4) gastrointestinal (GI) toxicity (diarrhea) due to cross-reactivity of

the antibody with the GI tract, but there was late evidence of renal toxicity occurring

at doses exceeding 100mCi/m2 (159). Radiation-absorbed doses to the GI tract

(�10 cGy/mCi) were elevated in the NR-LU-10-pretargeted 90Y-biotin protocol

because of the selective uptake of NR-LU-10-streptavidin conjugate in this tissue,

which subsequently led to an elevated uptake of 90Y-biotin in the intestines.

Subsequently, clinical studies were initiated using a similar pretargeting proce-

dure, but replacing the chemically linked streptavidin immunoconjugate with a
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streptavidin-anti-TAG-72 fusion protein (�170 kDa) (Fig. 8.5) and a newly designed
galactosylated and biotinylated synthetic clearing agent in patients with colorectal

cancer (163). Under the conditions tested in this pilot study, 90% of the 111In-biotin

was cleared from the blood within 8 h, somewhat better than that achieved with

the previous pretargeting system, perhaps because of the faster clearance kinetics of

the fusion protein or more efficient removal by the newly designed clearing agent, or

both. The most important findings in this study were the tumor/normal tissue

dosimetry estimates for 90Y-biotin, which were based on imaging studies performed

with the 111In-labeled biotin. These calculations showed that in three of the seven

patients, tumor/kidney dose ratios exceeded 3 : 1, with five patients having tumor/

kidney radiation-absorbed dose ratios ranging from 4.5 : 1 to 12 : 1 (e.g., average

renal dose was 7 cGy/mCi, but tumor doses were highly variable, ranging from �4
to 120 cGy/mCi). Again, if the assumption is that the kidneys could tolerate a

radiation-absorbed dose of 2000 cGy, tumors in these selected patients would have

received well over 6000 cGy, which should be capable of eliciting a measurable

response. Two other patients had a tumor/kidney dose ratio of approximately 2 : 1,

which would deliver approximately 4000 cGy to the tumor and might also elicit a

significant response. Toxicity and therapeutic benefit were not reported in this study,

because patients received only 10mCi/m2 of 90Y-biotin following pretargeting for

dosimetry purposes.

This pretargeting procedurewas also adapted for use in non-Hodgkin’s lymphoma,

first using a chemically synthesized rituximab anti-CD20 IgG-streptavidin immmu-

noconjugate and later a similar type of fusion protein as mentioned above, based on

themurine B9E9 anti-CD20 antibody (164, 165). Earlier animal studies showed these

procedures easily outperformed treatmentwith a directly labeled 90Y-anti-CD20 IgG,

having less toxicity and far greater antitumor effects with cures of established

FIGURE 8.5 Schematic of a streptavidin–scFv fusion protein. Streptavidin is composed of

four subunits. Linking one of these subunits to an scFv of an antibody will result in a construct

that when assembled will retain the four-subunit structures of streptavidin, but will now have

four scFvs for binding to the target antigen.
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tumors (133, 136). Although each of the previously mentioned clinical studies

administered 90Y-labeled biotin with therapeutic intent, both of these studies were

performed primarily to evaluate optimal pretargeting conditions without fully

exploring the maximum tolerated dose for the procedure. However, acceptable

toxicity was observed and 3/14 patients experienced partial or complete antitumor

responses. Interestingly, neither clinical study administered a predose of unlabeled

anti-CD20 to reduce the possibility of unwanted immunoconjugate uptake in the

normal spleen, as is routinely performed for RIT with radiolabeled anti-CD20 IgGs

(e.g., 90Y-ibritumomab tiuxetan or 131I-tositumomab; see Chapter 6), yet the images

provided did not show evidence of elevated uptake in this organ. However, since these

trialswere both limited in their scope, this issuewould likely require closer inspection.

8.4.2 “Three-Step” Pretargeting with Streptavidin Immunoconjugates
and 90Y-Biotin

A different pretargeting procedure based on streptavidin-biotin was first proposed

by Paganelli et al. (82), who compared a two-step and a three-step method for

delivering either 131I-streptavidin or 111In-biotin, respectively, to athymic mice

bearing peritoneal implants of a human colon cancer cell line (LoVo) pretargeted

with a biotinylated antibody (AUA1). Radiolabeled streptavidin was localized to

tumors pretargeted 1 day earlier with the biotinylated antibody. In the second case,

instead of using a streptavidin–IgG conjugate to localize the radiolabeled biotin, the

same antibody conjugated instead to biotin was administered. One day later, animals

were injected with a 10-fold molar excess of unlabeled avidin, and then 2 h later with
111In-biotin. 111In-biotin was used to evaluate the procedure, but it is not a therapeutic

analogue of biotin (90Y-biotin would be required for treatment). All injections were

given intraperitoneally. Tumors isolated from the peritoneal cavity 4 h after the

radiopharmaceutical injection had an uptake of approximately 24%ID/g with the

pretargeted approach and using 131I-streptavidin; this was four times higher than with

a directly radiolabeled IgG (MAb AUAI), and with improved tumor/blood ratios

(�3.5 : 1 versus <1 : 1). However, 131I-streptavidin uptake in the liver was elevated,

because streptavidin formed complexes with circulating biotinylated antibody in the

blood, which were then deposited in the liver. They found that an intraperitoneal

injection of unlabeled avidin could reduce the concentration of the biotinylated

antibody in the blood, and so they decided in the second approach to administer an

excess of unlabeled avidin 2 h before administering 111In-biotin. In this procedure, the

unlabeled avidin would bind first to the biotinylated antibody prelocalized to the

peritoneal tumors, and as the excess avidin enters the bloodstream from the peritoneal

cavity, it would bind to the circulating biotin IgG that would then be removed quickly

by the liver (avidin is glycosylated, which accelerates its clearance by hepatic

asialoglycoprotein receptors). When 111In-biotin was subsequently injected i.p.

2 h later, tumor/blood and tumor/liver ratios were improved to approximately

50 : 1 and 35 : 1 just 2 h after radiopharmaceutical administration. However,

tumor/kidney ratios were decreased to <1 : 1, reflecting the higher retention of
111In-biotion in the kidneys compared to 125I-streptavidin in the former approach.
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This method was quickly examined in patients, but with all injections given

intravenously (i.v.) (81). In this first clinical study, patients with a variety of

CEA-producing tumors received 1mg of a biotinylated anti-CEA IgG (murine

MAb FO23C5), followed 3 days later by 4–6mg of avidin, and finally 2 days later

by 111In-biotin. Tumor visualization was apparent on gamma camera scans with

tumor/blood and tumor/liver ratios exceeding 5 : 1within 20min (tumor/kidney ratios

were �1 : 1). Two patients were imaged 1 month later without the benefit of

pretargeting with the biotinylated antibody; one was administered 111In-biotin alone,

the other given the same dose of avidin followed by 111In-biotin. In these follow-up

studies, there was no obvious tumor targeting, whereas the pretargeting procedure

localized their lesions. Imaging of one patient with 111In-FO23C5 anti-CEA F(ab0)2
2 weeks prior to the pretargeting study failed to disclose metastatic deposits in the

liver because of elevated normal liver uptake, but with the pretargeting approach,

these lesionswere seen subsequently. These studies established the proof-of-principle

for this new alternative cross-linking method based on streptavidin–biotin binding,

and set the stage for future therapeutic use.

The first radiotherapeutic trial with the avidin–biotin pretargeting system was

subsequently reported using this method but with a slight modification (166, 167).

The trial, performed in patients with high-grade gliomas, involved the intravenous

injection of an antitenascin IgG-biotin immunoconjugate (35mg/m2). The clearing

step was modified to include first an injection with avidin (30mg) that was followed

30min later by streptavidin (50mg). This modification first allowed avidin to clear

the biotin conjugate from the blood by forming complexes that would be removed

by the liver (avidin’s glycosylation aids in hepatic removal of the complexes). By

administering streptavidin later, when most of the circulating biotinylated antibody

conjugate was already complexed with avidin and shuttled to the liver, it would

circulate somewhat longer in the blood, allowing it enough time to bind to the

pretargeted biotin immunoconjugate in the tumor. The next day, patients received
111In or 90Y-labeled biotin for binding to the streptavidin now prelocalized to the

tumor and bound to the biotinylated antibody. Given the potential for limited transport

across the blood–brain barrier, it was interesting to note that the investigators chose to

administer all these agents intravenously. However, imaging studies clearly showed

the tumors were localized. The maximal tolerated dose (MTD) was 80mCi/m2

(2.96GBq/m2), with hematologic toxicity being dose-limiting. Radiation-adsorbed

doses to the kidneys and liver were estimated to be 2.7 and 1.5 cGy/mCi, respectively.

Tumor doses averaged 15.2� 8.7 cGy/mCi, or a total of approximately 2100 cGy.

Twomonths after treatment, 12 of the 48 patients showed objective responses (PR and

CR), and another 52% had stable disease. Even 12months after treatment, 17% of the

patients still showed tumor reduction, and one patient was alive and without evidence

of disease after a 10-year follow-up (Fig. 8.6).

These promising results led to a follow-up pretargeted RIT trial in grade III/IV

glioma patients using the same protocol as above immediately after primary surgery

and radiotherapy, to determine time to relapse and overall survival. Thirty-seven

high-grade glioma patients (seventeen with three types of grade III glioma and

twenty grade IV with glioblastoma multiforme) were enrolled in a nonrandomized,
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two-arm study, with eight grade IV and eleven grade III glioma patients treated at a

dose of approximately 60mCi/m2 (2.2GBq/m2) of 90Y-biotin, while another twelve

and six grade IV and III glioma patients, respectively, received no further treat-

ment (168). The estimated median disease-free interval for grade III glioma patients

was more than 56 months. More remarkable were the outcomes in the treated

glioblastomamultiforme patients, in whom the disease-free interval and, consequent-

ly, life expectancy were much improved compared to the control group (P < 0.01).
Survival time in treated glioblastoma multiforme patients was 33.5 months; in the

corresponding control group, survival was not longer than 8 months.

This group has also reported a complete response for more than 1 year following a

combination of external beam radiation therapy with 70mCi (2.59GBq) of pre-

targeted 90Y-DOTA-biotin in a patient with an oropharyngeal carcinoma (169). A

feasibility study was performed additionally in advanced ovarian cancer, where

patients received an i.p. injection of a mixture of three biotinylated antibodies (anti-

CEA, anti-TAG-72, and anti-folate receptor; 10–100mg). One day later, they were

administered avidin (50–350mg) i.p. and then 12–18 h later received 90Y-biotin

either i.p. (n¼ 16) or i.v. (n¼ 22) (170). An imaging study with i.p. administered
99mTc-human albumin was performed in advance to decide which patients could

receive the i.p. versus i.v. 90Y-biotin injections, with patients having at least three-

quarters of the abdomen filled with the 99mTc-albumin radiotracer determined to be

most suitable for i.p. administration, while the others received the i.v. administered

FIGURE 8.6 MRI study of a patient with anaplastic astrocytoma (arrow) before three-step

radioimmunotherapy (a); same section of the brain (thalamic area) 1 year after therapy (b). Ten

years after treatment, the patient is still in good condition and theMRI control clearly shows the

excellent therapeutic effect of 90Y-biotin treatment (c). (Reprinted with permission from

Goldenberg DM et al. J Clin Oncol. 2006;24:823–834.)
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90Y-biotin. Most patients received 40–60mCi, but an explanation of how doses were

selected was not given, with the 90Y-biotin dose varying from 10 to 100mCi.

Bremsstrahlung imaging (a type of low spatial resolution imaging of interaction of

theb-particles from 90Ywith tissues in the body) showedmost of the radioactivitywas

localized in the peritoneal disease. The route of 90Y-biotin injection did not affect

treatment outcome, with an objective response seen in 3/38 patients overall (8%), and

stabilization in 12 patients (32%).

8.4.3 Bispecific Antibody-131I-Hapten-Peptide

In addition to the one clinical study discussed previously with an anti-CEA� anti-

chelate bsMAb followed by amonovalent radiolabeled chelate effectormolecule (72),

bsMAb-based pretargeting was advanced in human studies by the Immunotech, SA

group (Marseille, France). The group primarily investigated an anti-CEA bsMAb-

pretargeting system with the anti-hapten binding arm of the antibody specific for

indium-complexed DTPA, but their system included the innovation of a divalent (In)

DTPA hapten, with two (In)DTPAs bound to a tyrosine-lysine dipeptide, which

enhanced tumor uptake and retention as compared to the monovalent hapten (122).

Their initial preclinical studies had indicated that although tumor uptake with the

pretargeting approach was lower than that achieved with a directly radiolabeled

F(ab0)2, tumor/normal tissue ratios were more favorable for pretargeting, especially

the tumor/blood ratios (122, 171). These improved tumor/blood ratios compared to

direct targetingwith 111In-anti-CEAF(ab0)2were confirmed in the first clinical testing

in colorectal cancer patients (171, 172). Initial optimization studies in patients with

primary and recurrent colorectal cancer suggested that aminimumdose of 0.06mg/kg

was required for the bsMAb, with the optimal interval between the bsMAb and the

radiolabeled (111In)-diDTPA-peptide being 4–5 days, and with a minimum dose of

0.1 nmol/kg of the hapten-peptide (172, 173). Although these initial studies noted

appreciably reduced blood and liver radioactivity compared to a directly labeled anti-

CEA F(ab0)2, they were unable to satisfactorily localize hepatic metastases. They

suggested several possible explanations; for example, the bsMAb dose tested might

have been too low (e.g., <10mg) and its immunoreactivity was only 50%, or

circulating CEA may have interfered, and the large tumors studied may have been

necrotic (173). Indeed, this failure to image hepatic metastases, and the failure of

other antibodies directly conjugated to radiometals at the time to achieve this,

provided the opportunity for directly radiolabeled 99mTc-anti-CEA Fab0 to become

the preferred imaging agent for colorectal cancer since hepatic metastases that are

common were well visualized with this radiolabeled small antibody fragment, which

does not accumulate extensively into a normal liver (174, 175). More recently, a

pretargeting method utilizing recombinant anti-CEA bsMAb with a 99mTc- or an
124I-labeled hapten-peptide showed significantly enhanced tumor uptake and

tumor/normal tissue ratios in tumor-bearing animals, compared to the 99mTc- or
124I-anti-CEA Fab0 fragments, and less ambiguous and more sensitive visualization

than PETwith 18F-FDG, suggesting a promising potential future role for pretargeted

imaging (116, 176, 177).
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While clinical studies were optimizing the pretargeting technique, additional

preclinical studies were illustrating its therapeutic potential using the same

diDTPA-peptide, except in this case the tyrosine in the peptide backbone was

radioiodinated with 131I (128). 90Y was not used as a radiolabel for therapy studies,

presumably because the anti-(In)DTPA antibody was highly specific for the (In)

DTPA complex that included the metal, indium (122). Dosimetry estimates, based on

animals treated with 3mCi (111MBq) of the 131I-hapten-peptide following bsMAb

pretargeting or receiving direct RITwith 0.325mCi (12MBq) of 131I-anti-CEA IgG,

predicted that the tumors would receive the same total radiation absorbed dose, but

because pretargeted agents localize to their maximum level in 1 h or less, the average

dose rate would be three times higher with the pretargeting approach. The dose to the

blood (predictive of marrow toxicity) was about twofold lower for pretargeting, renal

doses were approximately twofold higher, and liver doses were about the same.

Measurement of blood counts and body weight indicated similar toxicity, but the

pretargeted animals had nearly three times longer tumor-growth delay than the
131I-IgG-treated animals. The pretargeting procedure with the 131I-hapten-peptide

was later shown to be significantly better than an 131I-anti-CEA F(ab0)2 in the same

colon cancer xenograft model (178), and improved efficacy was also determined in

animals bearing a CEA-expressing medullary thyroid cancer xenograft (179, 180).

Clinical trials using an anti-CEA bsMAb with an 131I-labeled hapten-peptide have

focused primarily on patients with small-cell lung cancer (SCLC) and medullary

thyroid carcinoma (MTC) (181–183). SCLC is radiosensitive and at least one-third of

the patients express CEA, making it a logical choice for therapy. While MTC is not

radiosensitive, MTC is well vascularized and the majority of tumors express high

levels of CEA. In addition, calcitonin is a highly sensitive and specific serum

biomarker for MTC and could be used to assess response even of occult dis-

ease (183, 184). With no effective therapies for metastatic MTC, an examination

of pretargeted therapy was pursued. Preliminary targeting studies indicated that

radiation-absorbed doses to MTC tumors might range from 4.2 to as high as

174 cGy/mCi, and from 1.7 to 8 cGy/mCi in patients with SCLC, with high tumor

uptake in small MTC tumors (0.1%ID/g at day 3 in a 0.8-g resected tumor), and

moderate tumor uptake (0.009%ID/g) in larger SCLC tumors (11� 2 g) (185). In a

phase I/II trial, 14 patients with SCLC received 1mg anti-CEA bsMAb/4 nmol of

the diDTPA-peptide followed 4 days later with the 131I-diDTPA-peptide radiolabeled

at a specific activity of 18.5MBq/nmol (0.5mCi/nmol). Doses started at 40mCi and

were escalated to 180mCi (182). Hematologic toxicity was dose-limiting, with

patients given �130mCi experiencing severe thrombocytopenia and leukopenia

2–4weeks after treatment. Peripheral blood stem cells were used in patients receiving

�130mCi to aid in recovery. Eight lesions in six patients received 79–3655 cGy

(mean� SD: 1289� 1318 cGy). Two patients had PR (one for 3 months and another

for 17þ months), and one showed disease stabilization for 2 years, while the other

patients progressed.

In a phase I/II trial, 26 MTC patients, mostly with large tumor burden, were sorted

in terms of those showing bone marrow involvement by bone scan or MRI; these

patients were started at an 131I-diDTPA-peptide dose of 24mCi/m2 that was given
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4 days after 12mg of bsMAb/m2. Patients with no evidence of bone marrow

involvement were started at 60mCi/m2 of 131I-diDTPA-peptide following 30mg of

bsMAb/m2; 131I-diDTPA-peptide escalation was in increments of 12mCi/m2 in both

groups (179). Tumor uptake ranged from 0.003% to 0.26%ID/g and tumor radiation

absorbed doses from 2.9 to 184 cGy/mCi. Severe hematological toxicity was ob-

served, which was unexpected in a number of patients who were given relatively

moderate amounts of the 131I-diDTPA-peptide. Hematological toxicity was ultimate-

ly explained by previously undetected bone marrow involvement, which was seen on

post-therapy images of the 131I-diDTPA-peptide and confirmed by MRI. In subse-

quent clinical studies, such frequent and unexpected bone/bone marrow involvement

has been confirmed in a higher number of patients (186). In terms of therapeutic

outcome, among 17 assessable patients, 4 experienced pain relief, 5 had minor

responses, and 4 demonstrated biological responses (increase in calcitonin doubling

time by at least 100%) (181).

More recent studies have focused on the use of a new chimeric bsMAb immu-

noconjugate, composed of a humanized anti-CEA Fab0 cross-linked to the murine

anti-hapten Fab0. An evaluation of various pretargeting conditions in patients bearing
diverse CEA-producing tumors concluded that 40mg/m2 of the chimeric bsMAb and

a 5-day interval before administering the 131I-diDTPA-peptide provided the best

blood clearance and tumor uptake of radioactivity (187, 188). Hematologic toxicity

again was found to be dose-limiting even under optimal pretargeting conditions, with

tumors receiving an average of 5.2 cGy/GBq or 19.2 cGy/mCi. Nine cases of tumor

stabilization for 3–12þmonths were noted (45%), six in the MTC group and three in

non-MTC patients (188). The rate of disease stabilization was significantly higher

with 75mg/m2 of bsMAb (64%) than with 40mg/m2 (22%; P¼ 0.04).

A subsequent analysis of all MTC patients treated with this pretargeted RIT

procedure indicated that overall survival (OS) was significantly longer in high-risk

patients, who were considered to have a calcitonin doubling time less than 2 years

than in high-risk, untreated patients (median overall survival 110 months versus

61 months; P < 0.030). Patients with bone/bone marrow disease had a longer survival

than patients without such involvement (10-year OS, 83% versus 14%; P < 0.023).
This latter finding suggested that pretargeted RIT might have been most effective

against disease in the bone marrow, thereby extending survival. This analysis

provided the basis on which a phase II trial in two groups of MTC patients, one

group with tumor lesions documented by imaging (group I) and the other with no

tumor lesions detected by imaging (occult disease), but with serum calcitonin levels

>100 pg/ml and a calcitonin doubling time less than 2 years (group II). Recruitment to

this trial was completed only recently, and interim results have not yet been reported.

8.5 PROSPECTS FOR COMBINATION THERAPIES

In non-Hodgkin’s lymphoma, preclinical studies have clearly documented significant

improvements in response with pretargeted approaches as compared to RIT with

directly radiolabeled antibodies (133, 135, 136, 140, 189), but there is no doubt that
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successful treatment of solid tumors ismore challenging.While studies of pretargeted

RIT have been encouraging, in most clinical experiences to date, the radiation-

absorbed dose delivered to tumors have not yet reached levels that are commonly

achieved in the treatment of solid tumors with external beam radiation. Thus, if

clinically significant objective responses are to occur, these treatments will need to be

augmented. Preclinical studies combining directly radiolabeled antibody therapy

with chemotherapy have shown that such augmentation is possible in solid tu-

mors (190–194), yet clinical studies with some of these combinations in myeloa-

blative (195, 196) and nonmyeloablative (197) settings are without evidence of

response enhancement. These combinations will likely be compromised to some

extent by the additive hematological toxicity associated with chemotherapy and RIT.

In this regard, pretargeted RIT might have an advantage if hematological toxicity can

be reduced at dose levels where radiation-absorbed doses to the tumor aremaintained.

In some cases, low doses of certain chemotherapeutic agents that are relatively

nontoxic are radiosensitizing. The addition of a radiosensitizing amount of gemci-

tabine to a pretargeting protocol involving a streptavidin–anti-TAG-72 (CC49)

immunoconjugate and 90Y-biotin improved tumor response in animals bearing

human LS174T colon cancer xenografts (198). Rather than using a suboptimal

chemotherapy dose to enhance pretargeted RIT, Kraeber-Bodere et al. (199) com-

bined a partial dose (65% of its MTD) of an 131I-diDTPA-peptide pretargeted by an

anti-CEA (MAb F6)� anti-DTPA bsMAb with a full MTD of either doxorubicin or

paclitaxel in animals bearing TT MTC xenografts. The combination with paclitaxel,

but not doxorubicin, resulted in a significant prolongation in tumor doubling time

compared to any of the treatments alone, without increasing hematological toxicity or

body weight loss.

Locoregional pretargeted RIT combined with temozolomide (TMZ) has been

studied in patients with recurrent glioblastoma multiforme (200). Seventy-three

patients treatedwith a second surgical debulking (plus catheter implantation) received

at least two cycles of treatment separated by 2 months. Thirty-five of these patients

were also treated with oral TMZ (two cycles of 200mg/m2/day for 5 days every 28

days) between each pretargeted RIT course. Doses of 2–5mg of a biotinylated

antitenascin IgG were injected into the surgical cavity, followed 18–24 h later by an

injection of 5–15mg of avidin, and then 14–16 h later by 90Y-biotin (10–25mCi,

370–925MBq, depending on the size of the cavity), all through an in-dwelling

catheter. Adding TMZ to the pretargeted therapy did not increase neurological

toxicity, and no major hematological toxicity was observed. The majority of

patients (75%) had stabilization of disease. In the group treated with pretargeted

RIT alone, the OS and the progression-free survival (PFS) were 17.5 months

(95% CI¼ 17–20 months) and 5 months (95% CI¼ 4–8 months), respectively.

Patients treated with the combination had a statistically significant improved

OS and PFS (median OS¼ 25 months; 95% CI¼ 23–30 months; and median

PFS¼ 10 months; 95% CI¼ 9–18 months; log-rank test P-values <0.01 and

<0.01). The previously described preclinical and clinical experiences indicate that

chemotherapy can be added to pretargeted RIT without any significant impact on

toxicity but with gains in therapeutic efficacy.
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8.6 FUTURE INNOVATIONS

Despite the challenges that have faced RIT (156, 201), it remains a promising

method for cancer treatment and diagnostic imaging. It is perhaps the only targeted

cancer therapy that can kill cells without necessarily having to bind directly, be

internalized, or otherwise interact with the tumor cell or the environment to exert

its activity, especially if long-range b-particle-emitting radionuclides are used

(e.g., 131I or 90Y). But this potential is limited by hematological toxicity associated

with the administration of directly radiolabeled antibodies that are eliminated only

slowly from the blood. This, combined with the poor penetration of these molecules

into tumors, often delivers sublethal amounts of radiation. While adjustments in the

antibody size and molecular composition can provide molecules with more favor-

able pharmacokinetic profiles, due to the stability of the bond between the

radionuclide and the antibody, especially using radiometal chemistry, the majority

of the radioactivity is deposited in the tissue responsible for elimination. The faster

the clearance of the radiolabeled antibody from the blood, the lower the risk of

hematological toxicity; but without equally efficient removal from the tissue

responsible for elimination, the ability to achieve the necessary therapeutic window

will continue to elude us.

In this sense, the separation of the radionuclide targeting from the antibody is

highly logical, particularly when this separation allows innovation in designing

effector molecules that can be more efficiently removed from the blood and tissues.

Indeed, even though directly radiolabeled peptides can be used to target tumors with

rapid elimination from the blood, often these peptides have undesirable uptake or

retention in other tissues, and there may be little latitude in modifying them without

reducing their receptor/antigen binding affinity. Biotin has already been shown to

have excellent clearance properties with little tissue retention, and chemistries have

been established to ensure a stable biotin conjugate. Although biotin is present in the

body, clinical studies have shown that endogenous levels are not high enough to

interfere with pretargeting using a biotin/avidin method. Radiolabeled hapten-pep-

tides used for bsMAb pretargeting approaches require two hapten components

situated on a peptide backbone that can be modified to encourage renal clearance.

The positioning of the haptens on the backbone can affect binding to bsMAb, and D-

amino acids increase the resistance to peptidase cleavage (121, 171).

Although the exceptionally fast and efficient clearance of these peptides from the

blood and tissues reduces toxicity, it also leaves little time for the peptide to

concentrate in the tumor, and thus substantially higher doses are required than with

directly labeled radioimmunoconjugates. The effective capture and retention in the

tumor of the radiolabeled hapten aids in achieving a higher concentration than in

normal tissues, but even this advantage often falls short in its ability to combat large

disease burdens thatmay be encountered, especially in clinical trial evaluation. To this

end, investigators need to persevere and seek opportunities to evaluate these targeted

therapies earlier in the treatment of the disease.

All pretargeting approaches have shown exceptional promise in preclinical testing,

and the three methods examined clinically and discussed earlier have also fulfilled
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their expectation of improving tumor/blood ratios, but there is insufficient clinical

evidence as yet to claim that these approaches can stand alone to bring about

significant clinical responses. Perhaps the major issue that has impeded these

techniques is the immunogenicity of the antibody immunoconjugates used in earlier

studies. Streptavidin and avidin have proven immunogenic in most patients in all

clinical settings, even in non-Hodgkin’s lymphoma patients with a reduced capacity

for eliciting antibody responses (164). Furthermore, the murine bsMAb used in

the first clinical studies were similarly immunogenic in most patients, but the

introduction of a humanized�murine Fab0 � Fab0 bsMab revealed only 1/12 (8%)

developing an antimouse antibody response; however, 4/12 (33%) patients devel-

oped an antibody response to the humanized component (188). More recently,

recombinant humanized bsMAb have been developed that should further reduce

immunogenicity by eliminating more of the foreign protein scaffold se-

quences (202, 203). Approaches employing foreign proteins, such as streptavidin

or avidin, will be more limited in their use than a bsMAb that can be rendered less

immunogenic though protein engineering.

A potential limitation for the bsMAbpretargetingmethod is in the selection of the

hapten and antihapten components. Most systems have used chelates that served as

haptens that were also the carriers of the radionuclide (204). In accordance with the

principles of the affinity enhancement system (121), two haptens are tethered

together using a small (e.g., two–four amino acids) peptide backbone, such as the

DTPA-tyrosine-lysine-DTPA peptide (diDTPA-peptide) used in a number of the

previously mentioned studies. The anti-DTPA antibody was actually derived by

immunization with indium-loaded DTPA, and subsequently a problem arose where

the antihapten antibody bound most tightly to the specific metal–chelate complex

(i.e., indium-DTPA), and where substituting another metallic radionuclide in the

chelate (e.g., yttrium) decreased the stability of the chelate–metal complex or the

binding to the antichelate antibody. However, the peptide backbone component

allowed investigators to use creative chemistry to couple other radionuclide-binding

sites to extend the number of radionuclides that could be used, such as incorporation

of tyrosines for radioiodination or the coupling of 99mTc=188Re-binding chelates to
(In)DTPA hapten-peptides (205). Since the diDTPA-peptide was not optimized for

carrying 90Y, one would need to create a new antibody to a chelate, such as DOTA,

that would have greater stability for 90Y. Alternatively, one could try to insert two

different chelating groups on one backbone, one serving primarily as the hapten to

bind to the antihapten antibody, while the other to provide maximum stability for

complexing the radiometal of interest. The latter approach would have considerable

risk that the radionuclide would also be bound to the weaker of the two binding

ligands. A better approach would have the hapten serve only for binding the

antihapten antibody, allowing the peptide backbone to receive any number of

binding ligands for radionuclides.

One such system was described by Janevik-Ivanovska et al. (206) for 131I and

was further developed by our group for 99mTc=188Re, 111In, 90Y, 177Lu, 68Ga, and
124I (115–117, 130, 135, 176, 177, 207, 208). The hapten, histamine-succinyl-glycine

(HSG), was first developed as a derivative to be used in an immunoassay to measure
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FIGURE 8.7 Examples of molecularly engineered bispecific antibodies. (a) A tri-Fab

construct prepared by the dock-and-lock method. The antitumor Fab is linked to a short

peptide linker that is then tethered to what is referred to as a dimerization docking domain.

This amino acid sequence was modified to strategically insert a cysteine residue (DDD2).

The antitumor Fab-DDD constructs naturally form noncovalent dimers, with the resulting

complex forming a docking domain capable of binding the AD2 sequence that is linked to the

antihapten Fab. The AD2 is a speciallymodified sequencewith two cysteine residues inserted
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histamine (209). The antibody m679 binds HSG with a nanomolar affinity, but app-

roximately 10,000-fold lower affinity for histamine. Importantly, too, we have shown

the HSG derivative does not have histamine-like pharmacologic activity in vitro or

in vivo, nor is there any evidence for tissue binding of a DOTA-di-HSG-peptide that

is planned for clinical studies (Sharkey, unpublished data). A variety of recombi-

nant, humanized bsMAb based on the anti-HSG-HSG hapten-binding system have

been constructed (202, 210) (Fig. 8.7). A novel “Dock and Lock” (DNL) procedure

has been described recently that is capable, in a modular manner, of making

humanized fusion protein constructs of anti-HSG with any tumor targeting

agent (203, 211).

Pretargeting approaches are sometimes criticized for their inherent complexity,

compared to a direct radioimmunoconjugate, since they require the optimization of

two or more steps. If a direct radioimmunoconjugate were able to provide similar

benefit as found with pretargeting approaches, the simpler techniquewould be used,

but as already highlighted, pretargeting has proven to be more effective and less

toxic for treatment of tumors, at least in preclinical models. The view that

pretargeting is too complex is also overstated. While all these methods require

somewhat more effort in their initial design, the preclinical and clinical experience

gained to date has given investigators considerable insight into how these methods

can be optimized with minimum of testing. As with the presently approved radio-

immunoconjugates for the treatment of non-Hodgkin’s lymphoma that require

cooperation between the oncologist and the nuclear medicine physician to plan and

administer a treatment that includes both unlabeled and radiolabeled anti-CD20

antibodies (see Chapter 6), in the case of pretargeting, the bsMAb can be given by

the patient’s oncologist, while the radiolabeled hapten could be administered by the

nuclear physician. However, pretargeting procedures use considerably higher doses

of radioactivity than treatment with direct radioimmunoconjugates, which would

require the procedure to be given in radiation-qualified facilities and may require

patient isolation for 131I but not for the pure b-emitter, 90Y. However, these

procedures are analogous to Na131I therapy, but since the radiolabeled haptens are

rapidly cleared from the body within a few hours, the patient in most cases could be

released from isolation the same day. Thus, there are already well-established

clinical protocols in nuclearmedicine clinics that could provide aworkingmodel for

a pretargeted RIT program.

on either end of the sequence. When the antitumor-DDD2 is mixed with the antihapten-AD2,

the molecules naturally form 157 kD complex with a specific orientation that places the

cysteine residues in a position that allows the formation of covalent disulfide bonds. (b)

Bispecific diabodies are formed by crafting a polypeptide that contains the VH and VL

sequences for both the antitumor and the antihapten Fvs. (c) A trivalent scFv-based

bispecific antibody has been formed by linking polypeptide chains that contain the two

scFvs of the antitumor antibody and one antihapten. (See insert for the color representation

of the figure.)

3
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8.7 CONCLUSIONS

Pretargeting methods excel in their ability to rapidly deliver a high concentration of

radioactivity specifically to tumors, while minimizing normal tissue uptake, and

have the potential to improve cancer management in both radiotherapy and

molecular imaging in the future. Recently developed two-step procedures that

separate tumor targeting with a bsMAb from delivering the imaging or radio-

therapeutic agent provide very high tumor/nontumor ratios within hours of injecting

the radiolabeled hapten. Further humanization of the antibody molecule will

potentially allow repeated treatment that could further enhance this approach for

the treatment of cancer. We are thus optimistic for the use of this strategy for cancer

therapy and diagnosis in the future.
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CHAPTER 9

Targeted Auger Electron
Radiotherapy of Malignancies

RAYMOND M. REILLY AND AMIN KASSIS

9.1 INTRODUCTION

In 1925, a young physicist named Pierre Victor Auger published a paper describing a

new phenomenon that later became known as the Auger effect (1). He reported that

when a cloud chamber was irradiated with low-energy X-ray photons, multiple

electron tracts were observed and concluded that this event is a consequence of the

ejection of inner-shell electrons from the irradiated atoms, the creation of primary

electron vacancies within the shells of these atoms, a complex series of vacancy

cascades, and the ejection of very low-energy electrons. It was later recognized that

such low-energy electrons are also ejected bymany radionuclides decaying by electron

capture (EC) and/or internal conversion (IC), twoprocesses that also introduce primary

vacancies in the inner electronic shells of the daughter atoms. These vacancies, upon

being filled by electrons from higher shells, move toward the outermost shell. These

transitions are accompanied by the emission of either a characteristic atomic X-ray

photon or as low-energy monoenergetic electrons (collectively known as Auger

electrons). Typically, an atom undergoing EC and/or IC emits several (e.g., from 5

to�50) electrons (Table 9.1). As a consequence of their very low energies, these light,

negatively charged particles travel in contorted paths and their range in water is very

short (a few nanometers up to �0.5mm). Furthermore, the ejection of these electrons

leaves the decaying atoms transiently with a high positive charge and leads to the

deposition of highly localized energy around the decay site. However, unlike energetic

electron emitters (e.g., 131I, 90Y), whose linear energy transfer (LET) is low (�0.2
keV/mm) alongmost of their rather long linear path (millimeter to centimeter in tissue)

with the ionizations occurring sparingly, the LET of Auger electrons is 10–100-fold

higher (from �2 to �25 keV/mm) especially at very low energies (Fig. 9.1) with the

ionizations clustered within several cubic nanometers around the point of
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decay (Table 9.2) (2, 3). The ejection of these electrons also leaves the decaying atoms

transiently with a high positive charge and leads to the deposition of highly localized

energy around the decay site (4–6). The dissipation of the potential energy associated

with the high positive charge and its neutralization may, in principle, also act

concomitantly and be responsible in part for the observed radiobiological effects.

9.2 RADIOBIOLOGICAL EFFECTS OF AUGER ELECTRONS

Throughout the first half of the twentieth century, the scientific community showed

little interest in pursuing the radiobiological effects of low-energy electrons. In the

TABLE 9.1 Properties of Auger Electron-Emitting Radionuclidesa

Radionuclide Half-Life

Auger

Electrons/

Decay

IC

Electrons/

Decay

Total

Electron

Energy/Decay

(keV)

Total g- or
X-Radiation/

Decay (keV)

Ratio of p/e

Radiation/

Decayb

125I 57 days 24.9 0.9 19.4 42.0 2.2
123I 13 h 14.9 0.2 27.6 172.8 6.3
67Ga 78 h 4.7 0.3 34.4 167.2 4.9
99mTc 6 h 4.0 1.1 16.3 126.3 7.7
111In 67 h 14.7 0.2 32.7 386.5 11.8
201Tl 73 h 36.9 1.1 45.5 93.0 2.0

a Adapted from Buchegger F et al. Eur J Nucl Med Mol Imaging 2006;33:1352–1363.
b Ratio of penetrating (g- or X-) radiation to nonpenetrating (Auger and IC electron) energy emitted per

decay.
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early 1960s, Carlson and White (7) demonstrated that the decay of the Auger

electron emitter iodine-125 (125I)—covalently bound to an ethyl or a methyl

group—leads to extensive ionization and fragmentation of these molecules. By

the late 1960s and thereafter, various groups began to report on the radiobiological

effects of this and other Auger electron emitters in prokaryotic and eukaryotic

organisms.

9.2.1 Relative Biological Effectiveness

The three-dimensional organization of chromatin within the mammalian cell nucleus

involves many structural level compactions (e.g., chromatin fibers, nucleosomes, and

double-strandedDNA). Since the dimensions of these DNA conformational states are

all within the range of the high-LET, low-energy, short-range electrons (Fig. 9.1), the

toxicity of Auger-emitting radionuclides is expected to be very high and will depend

critically on the position of the decaying atom within the cell. This expectation

has been substantiated by the results of in vitro studies showing that the decay of

Auger electron emitters 77Br, 123I, and 125I covalently bound to nuclear DNA leads to

monoexponential decreases in mammalian cell survival (5, 8, 9). While each of these

curves exhibited a unique slope, it soon became apparent (10) that a single slope is

obtained when the dose to the cell nucleus was calculated (relative biological

effectiveness (RBE)¼�7). In comparison, the decay of Auger electron emitters

(e.g., 51Cr, 67Ga, 75Se, 125I, 201Tl) within the cell cytoplasm (4, 6, 11–14), affixed to

cell plasma membranes (14, 15), or located extracellularly (4–6, 11, 12, 14, 16)

produces no extraordinary lethal effects (RBE< 2), and the survival curves

(i) resemble those observed with X-ray (have a distinct shoulder) and (ii) exhibit

shallow slopes.

Studies have also examined and compared the radiotoxicity of 125I in mammalian

cellswhen the radioelement is (i) incorporated into nuclearDNAconsequent to invitro

incubations of mammalian cells, (ii) adjacent to DNA consequent to in vitro incuba-

tions of mammalian cells with 125I-intercalators of DNA, 125I-minor/major-groove

binders of DNA, 125I-oligonucleotide that forms a triplex with double-stranded DNA,

TABLE 9.2 Electron Energies Required to Traverse Various Conformational States

of DNA in Mammalian Cells and Their Respective LET

Conformational DNA States

Diameter

(nm)

Electron

Energy (eV)

LETa

(keV/mm)

Double-stranded DNA 2 45 18

Two loops of double-stranded

DNA on nucleosome

6 140 25

Nucleosome 11 245 21

Chromatin fiber 30 550 15

a Values derived from Fig. 9.1.
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and (iii) bound to transcriptional elements via 125I-hormones. However, unlike the

consistently high-LET-like survival curves obtained when the decaying atom is

positioned within the double-stranded DNA, the prediction of radiotoxicity para-

meters (e.g., high/low-LET-like, D0) is uncertain for situations in which the Auger

electron-emitting atom is located in close proximity to nuclear DNA. For example,

while exponential decreases in clonogenic survival are observed after incubation

of mammalian cells with the DNA-intercalating 125I-acridines (17, 18), the DNA-

adduct-forming 195mPt-labeled trans-platinum (19), 123I- and 125I-labeled estro-

gens (20–29), and the DNA-minor-groove-binder 125I-Hoechst (125IH) (30, 31), or

with a triplex-forming 125I-labeled synthetic oligonucleotide (32) results in a low-

LET, linear-quadratic survival curve. In the latter case, the radiotoxicity is almost three

orders of magnitude less than that of DNA-incorporated 125I. This unpredictability

in the radiobiologic response of mammalian cells has been underscored by recent

studies showing that the incubation of Chinese hamster ovary cells (as opposed to

Chinese hamster lung fibroblasts) with 125IH produces amonoexponential decrease in

survival (33).

9.2.2 DNA Damage

Asmentioned above, internal emitters that undergo radioactive decay byEC and/or IC

result in the emission of a surge of low-energy (<1 keV) Auger electrons. Since many

of these electrons traverse a very short distance (few nanometers), the density of the

hydroxyl radicals (
OH)generatedwill beveryhigharound thedecaying atomandwill

decrease drastically as a function of length of their tortuous path. Accordingly, when

the radionuclide atoms are uniformly distributed in medium, their decay will result

in the formation of randomly dispersed “hot spots” (volumes densely traversed by

electrons and occupied by 
OHand other radicals) and “cold spots” (volumes sparsely

traversed by electrons and deficient in 
OH and other radicals). Dosimetric calcula-

tions have also shown that, for example, when 125I decays, (i) a very high dose

(�109 cGy/decaying atom) is deposited in the immediate vicinity (�2 nm3) of the

decay site (5), (ii) there is a sharp and significant drop in the energy deposited (from

�109 to �106 cGy) as a function of increasing distance (few nanometers) from the

decaying 125I atom (3, 5, 6, 34, 35), and (iii) the DSB yield per decay drops

precipitously as the 125I atom is displaced a few angstroms from the central axis of

DNA (36). Consistent with these dosimetric expectations, studies have demonstrated

that when 125I atoms are positioned in close proximity to the DNA molecules, either

by the incorporation of an 125I-labeled nucleoside analog into DNA or by the binding

of an 125I-labeled DNA groove binder or intercalator, its decay leads to the efficient

induction of single-strand breaks (SSB) and double-strand breaks (DSB) in naked

DNA (e.g., synthetic oligonucleotides, bacterial DNA, and plasmid DNA) and in

eukaryotic chromatin (reviewed in Ref. 3). In contrast, 125I is quite ineffective at

inducing DSB when its atoms decay at a distance from the DNA molecule (e.g.,
125I-antipyrine) (37, 38). In the former case, the experimental results have also

supported the mechanistic notions that (i) the bulk of SSB formed are principally

consequent to indirect, 
OH-mediated ionizations (38, 39); and (ii) DSB in naked
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DNA molecules (�0.5–1.0 per decaying 125I atom) are induced mainly by direct

ionizations (38–41). However, this was found not to be true when the Auger electron

emitter decays in eukaryotic chromatin whereby DSB has been shown to be caused

by indirect, 
OH-mediated ionizations (42–44).

Many questions concerning the biophysicalmechanisms ofDSBproduction by the

decay of Auger electron-emitting 125I remain, including the role of DNA supercoiling

(bending/compaction). Previously, Kassis et al. had proposed that chromatin structure

(highly compacted DNA) provides conditions conducive to the formation of>1 DSB

per 125I decay by indirect mechanism(s) since a cluster of 
OH produced by decay of
125I may attack a DNA site that is hundreds of nucleotides away from the decaying

atom but placed in close proximity to it by the supercoiling of DNA (42). More

recently, these authors used naked plasmid DNA to clarify further the role of DNA

compaction in the production of radiation-induced DSB (45). Surprisingly, these

studies have shown that the DSB yield consequent to the decay of 125I is markedly

reduced (approximately three times) by supercoiling of plasmid DNA, an observa-

tion that is contrary to the experimental findings in mammalian cells (42). Addi-

tionally, whereas the DSB in the supercoiled form are caused solely by direct

ionizations, those induced in relaxed circular and linear plasmid DNA forms are

consequent to direct ionizations and 
OH-mediated indirect ionizations. These

observations underscore the failure of current dosimetric methods to predict the

magnitude of DSB and the need for developing more comprehensive models that

include DNA topology for examining the biophysical mechanisms underlying DSB

produced by Auger emitters.

9.2.3 Bystander Effects

A new finding that challenges the past half-century’s central tenet (energy deposition

within a cell is necessary for radiobiologic effects) is the existence of a bystander

effect (46–51) (seeChapter 14). In this phenomenon, unirradiated cells react to signals

that originate in nearby irradiated cells. For instance, investigators have demonstrated

that mammalian cells display altered survival rates and increased genetic changes

when a- and b-particles traverse a small fraction of the cell population. Increases in

neoplastic transformation frequencies of bystander mammalian cells have also been

reported.

Theassessment of possiblebystander effects consequent to thedecayof low-energy

electrons has also been pursued (49, 51–53). For example, because of their unique

physical decay characteristics and the virtual absence of cross-fire irradiation of

adjacent cells, the bystander effect consequent to the decay of the Auger electron

emitters iodine-123 (T1/2¼ 13.3 h) and iodine-125 (T1/2¼ 60.5 days) have been

assessed (49, 51). In vivo studies have shown that the growth of subcutaneously

implanted human tumor cells was influenced by the presence of 125I- or 123I-labeled

cells within the inoculated tumor cells. Despite the fact that the electron spectra of

both radionuclides are identical, the injection of a mixture of unlabeled and 125I-la-

beled cells in mice inhibited the growth of unlabeled, unirradiated cells (49), whereas

the mixture with 123I-labeled cells enhanced the growth of unlabeled cells (51).
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Interestingly, the percentage decrease (125I-induced) and increase (123I-induced) in

tumor growth were exactly the same for both isotopes (Fig. 9.2). Similar inhibitory

(125I) and stimulatory (123I) bystander effects were also observed when the radio-

labeled cells were incubated in vitrowith unlabeled cells (51). It had been previously

reported that cell survival in a three-dimensional tissue culture model was similarly

compromised when cells were cocultured with 125I-labeled cells (52).

The bystander effect induced by radioactive decay has impacted our views on risk

assessment and therapeutic efficacy following the administration of radiopharma-

ceuticals to patients, particularly since many g-emitting radionuclides used tradition-

ally for imaging in nuclear medicine are also Auger electron emitters (e.g., 111In, 123I,
67Ga, and 99mTc). Traditionally, dose estimations are carried out by averaging the

radiation dose to cells within a tissue or tumor mass from radioactive atoms present

on or within the cells (self-dose) and that from radionuclides present in/on other cells

or in the extracellular fluids (cross-dose). Such absorbed dose estimates have played

an important role in determining the amount of radioactivity to be administered to

patients in diagnostic/therapeutic procedures (see Chapter 13). When a bystander

effect is factored in, the actual radiobiological response will obviously be greater/less

than that predicted by dosimetric estimates alone (see Chapter 14).

9.3 SELECTION OF AN AUGER ELECTRON-EMITTING
RADIONUCLIDE

Many Auger electron-emitting radionuclides are available for radiolabeling mono-

clonal antibodies (mAbs), or peptides, and small organic molecules for targeted

6.8%+ 67.9 ±

3.8%67.1 ±–

Controls

200180160140120100806040200

125I-labeled cells alone

123I-labeled cells alone

125

Tumor growth (% of control)

123I-labeled cells + unlabeled cells

I-labeled cells + unlabeled cells

FIGURE 9.2 Inhibitory (125IUdR) and stimulatory (123IUdR) bystander effects consequent

to decay of either Auger electron emitter within human tumors grown s.c. in mice. Adapted

from Refs 13, 15.
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radiotherapy of cancer and are commercially produced (Table 9.1) (54). From a

radiation physics point of view, their relative potency can be appreciated by examining

the total number of electrons emitted per decay (both Auger and IC electrons) as well

as the total energy released. 125I has the greatest electron yield (25.8 electrons/decay)

and total energy (19.4 keV). 111In and 123I have intermediate electron yield (14.9 and

15.1 electrons/decay, respectively) and total energy (32.7 and 27.6 keV, respectively).
67Ga releases energy (34.4 keV) similar to 111In or 123I, but carried by fewer electrons

(5.0 electrons/decay) thus providing a greater overall average electron energy. In

particular, 67Ga emits an abundant electron with energy of 8.4 keV that has a range in

tissue of 2.0 mm, whereas the range of 99% of the electrons emitted by 111In or 125I is

much less than 1 mm (55). It has been argued that 67Ga is potentially a more useful

Auger electron emitter than 111In or 125I for targeted radiotherapy, because these

higher energy electrons could deposit DNA-damaging energy in the nucleus from the

cytoplasmor cell surface, whereas 111In and 125I aremost effectivewhen they decay in

the nucleus (56). 99mTc provides a similar electron yield (5.1 electrons/decay) as 67Ga

but twofold lower total energy (16.3 keV).

Besides the electron yield and energy, it is important to consider the ratio of

penetrating (X- and g-) to nonpenetrating (electron or b-particle) forms of radiation

(p/e), since many Auger electron emitters also emit g-radiation—this property has

been exploited for decades in nuclear medicine for imaging. It has been proposed that

an ideal therapeutic radionuclide should have a p/e ratio of	2 (57)—this is satisfied

for 125I (p/e¼ 2.2) but not for 111In (p/e¼ 11.8) (Table 9.1). The p/e ratios are also

reflected in the percentage of total energy that is emitted as Auger or IC electrons for

the different radionuclides. Especially at highdoses, themoderate-high energybut low

LET g-emissions from 111In (Eg¼ 171 and 245 keV) can irradiate and potentially kill

nontargeted normal cells including bone marrow stem cells—this would detract from

the exquisite single cell killing that is theoretically possible for Auger electron

emitting radiotherapeutics that are specifically inserted into tumor cells, due to the

subcellular range of the electrons. Nonetheless, the g-radiation from 111In, 123I, or
99mTc is helpful in that it can be exploited to visualize the tumor and normal tissue

distribution of these radiotherapeutic agents in patients and in preclinical animal

models by single photon emission computed tomography (SPECT).

Two other key factors to consider in selecting an Auger electron emitter for

radiotherapy are (i) its physical half-life (t1/2p) (Table 9.1) and (ii) the radiochemistry

available for labeling the targeting vehicle (see Chapter 2). If the t1/2p is too long, the

radiotherapeutic agent (or a radioactive catabolite) may redistribute away from the

targeted cell before sufficient decays have occurred to cause lethal damage. Onewell-

known example of this phenomenon is the use of 125I-labeled estradiol (E2) analogues

for targeted radiotherapy of hormone-sensitive (i.e., ER-positive) tumors. The bio-

logical half-life (t1/2b) of the E2/ER complex is only 4 h, whereas the t1/2p of
125I is 57

days—less than 1% of the total radionuclide decays yielding Auger electrons would

occur in this very short time frame. This realization led to the use of shorter t1/2p Auger

electron emitters such as 80mBr or 123I for labeling the E2 analogues (t1/2p of 4.4 and

13.2 h, respectively). The maximum theoretical specific activity (SA) of a radionu-

clide is inversely proportional to its t1/2p—this is an important consideration,
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especially for targeting low abundence receptors or epitopes on cancer cells. Addi-

tionally, when the radionuclide used to label these carrier molecules has low SA, the

targetingvehicles carrying stable nuclideswill not irradiate cells butwill competewith

radiolabeled molecules for binding to limited receptors or antigens on these cells.

Finally, it is critical to consider the radiochemistry. Radioiodinated proteins and

peptides are unstable in vivo unless “residualizing chemistry” is utilized (see Chapter

2).Deiodination invivowill allow redistributionof released radionuclides to nontarget

tissues, thereby diminishing their effectiveness for killing cancer cells while poten-

tially increasing their toxicity tonormal cells. In contrast, complexationof radiometals

such as 111In, 67Ga, or 99mTc to targeting vehicles is much more stable in vivo and

moreover, allowskit formulation for simple “instant” radiolabeling just prior topatient

administration.

9.4 MICRODOSIMETRY

The radiation dosimetry of targeted radiotherapeutic agents is discussedmore broadly

and in detail in Chapter 13, but it is useful to highlight the microdosimetry of Auger

electrons and compare this to the more well-known macrodosimetry of radiophar-

maceuticals. The Medical Internal Radiation Dosimetry (MIRD) formalism states

that the radiation absorbed dose deposited in a target compartment from radioactivity

accumulated in a source compartment can be modeled and is described by the

following equation:

DT S ¼ ~AS � S

where, DT S is the radiation absorbed dose deposited in the target compartment

per unit of radioactivity in the source compartment (Gy/Bq), ~AS is the cumulated

radioactivity in the source compartment (Bq�s), and S is amodeling factor based on an

idealized phantom that takes into account the geometry of the source and target

compartments as well as the physical decay properties of the radionuclide. While in

macrodosimetry, the source and target compartments arewhole organs or tissues (e.g.,

blood), those used to estimate the microdosimetry of Auger electrons are subcellular

(i.e., the cell surface (CS), cytoplasm(C), or nucleus (N)).Svalues for phantommodels

of spherical idealized cells with different radii or having a different sized nuclei have

been reported byGoddu et al.—these allow estimates of themicrodosimetry for many

radionuclides, including Auger electron emitters to be calculated (58). Consider the

following simplified example of microdosimetry for an Auger electron-emitting

radiotherapeutic agent. Assume that a cancer cell with radius of 5 mm and having a

nucleus with radius of 3 mm expressing 1� 106 epitopes was targeted to saturation

by an 111In-labeled mAb with a SA of 740MBq/mg (1.1� 108GBq/mol). Using

Avagadro’s number, the maximum number of moles of 111In-labeled mAbs that

would bind to a single cell would be 1� 106 receptors/6.02� 1023 receptors/mol¼
1.7� 10�18mol. At an SA of 1.1� 108GBq/mol, there would be a total of 0.2 Bq
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targeted to each cell. Assuming that this total radioactivity was bound and distributed

almost instantaneously within the cell such that 20% localized to the cell surface,

70% was internalized into the cytoplasm and 10% was imported into the nucleus,

there would be 0.04, 0.14, and 0.02Bq in each of these source compartments,

respectively. If there was no biological elimination of radioactivity (i.e., elimination

was only by radioactive decay), the cumulative radioactivity in each of these source

compartments can be calculated using the decay constant of 111In (l¼ 2.87� 10�6 s)
as follows:

~ACS ¼ 0:04 Bq

2:87� 10�6 s�1
¼ 1:4� 104 Bq � s

~AC ¼ 0:14 Bq

2:87� 10�6 s�1
¼ 4:9� 104 Bq � s

~AN ¼ 0:02 Bq

2:87� 10�6 s�1
¼ 0:7� 104 Bq � s

Using the reported S values for 111In for deposition of radiation absorbed dose in the

nucleus (the critical radiosensitive target compartment) for a cell with the previously

specified dimensions, the individualmicrodosimetry estimates can be obtained (58) as

follows:

DN CS ¼ ~ACS � SN CS ¼ ð1:4� 104 Bq � sÞ ð1:8� 10�4 Gy=Bq � sÞ ¼ 2:52 Gy

DN C ¼ ~ACS � SN C ¼ ð4:9� 104 Bq � sÞ ð3:18� 10�4 Gy=Bq � sÞ ¼ 15:58 Gy

DN N ¼ ~AN � SN N ¼ ð0:7� 104 Bq � sÞ ð6:0� 10�3 Gy=Bq � sÞ ¼ 42:21 Gy

The estimated total radiation absorbed dose to the nucleus from these 111In-labeled

mAbs is 60.3Gy. For comparison, fractionated doses up to a total of 50Gy of external

radiation are used for treatment of malignancies (59). It is important to recognize,

however, that this is a simplified calculation. It is unlikely in reality that a cancer cell

would be targeted to epitopic saturation by 111In-labeled mAbs—this will substan-

tially reduce the radiation absorbed dose deposited. Similarly, the radioactivity may

take some time to accumulate in the cells or be biologically eliminated from them or

redistribute to subcellular compartments, which would similarly modify the radiation

absorbed dose. Geometric differences in the size of the cell or the intracellular

compartments will also affect the dose deposited in the nucleus. Nonetheless, this

simplified calculation provides an appreciation of the method of microdosimetry as

well as a recognition of the effect of subcellular, especially nuclear localization

on the radiation absorbed dose deposited in the nucleus (the “radiation sensitive

target”). It can be seen from the above example, that the nuclear radioactivity which

was only 10% of the total cellular radioactivity, was responsible for depositing

70% of the radiation absorbed dose in the nucleus. This clearly demonstrates that it is
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very important to achieve nuclear importation of Auger electron-emitting radio-

therapeutics in order maximize their lethal effects on tumor cells. One of the major

limitations of microdosimetry is that it is not possible to determine the subcellular

distribution of radionuclides in a patient simply from an imaging study (e.g., SPECT

or PET), whereas, such studies are commonly used to estimate macrodosimetry,

since this requires only an estimate of the total cumulative radioactivity in a source

organ (not its subcellular distribution) (60, 61). Thus, various assumptions based

on preclinical biodistribution and subcellular fractionation data may ultimately need

to be applied to estimate the radiation absorbed microdoses to cancer or normal

cells in patients from Auger electron-emitting radiotherapeutic agents—these could

yield significant errors, the magnitude of which would not be known with much

certainty.

9.4.1 The “Cross-Dose” Contribution

The “cross-fire” effect describes the irradiation and killing of nontargeted cells by the

moderate energy and long-range (2–10mm)b-particles emitted by radionuclides such

as 131I or 90Y that have been commonly conjugated to radiotherapeutic agents (62).

This effect can be beneficial for eradicating nontargeted cancer cells in a large solid

tumor mass in which there may be heterogeneous distribution of these agents.

However, it is responsible for the nonspecific and dose-limiting myelotoxicity of

radioimmunotherapy (RIT)—this is caused by the persistently high circulating levels

of 131I- or 90Y-labeled mAbs perfusing the bone marrow. Due to their ultrashort

nanometer–micrometer range, Auger electron-emitting radionuclides do not have

such a cross-fire effect, which in theory should allow exquisite single-cell killing.

Nonetheless, these radionuclides have an analogousmore localized “cross-dose” (cd)

effect,whichdescribes thedepositionof energy in thenucleusof proximal nontargeted

cells by radioactivity on targeted cells within a small tumor cell cluster <400 mm
(about 40 cells) in diameter (63). The radiation absorbed dose deposited in the nucleus

of the targeted cell itself is known as the “self-dose” (sd). The sd/cd ratio reflects

theproportionof radiationdeposited in a cell that is contributedby the cross-dose—the

smaller this ratio, the greater the proportion contributed by the cross-dose. Since the sd

is highly restricted for Auger electron emitters, the proportion of cd increases

dramatically as the tumor cluster diameter increases, and consequently, larger clusters

of cells have the lowest sd/cd ratios (i.e., most of the radiation deposited in tumor cells

is actually due to the cross-dose). The sd/cd ratios depend on the emission properties of

the radionuclides—the highest ratios are found for 67Ga; intermediate ratios for 111In

and 99mTc; and lowest ratios for 123I and 125I (63). The cross-dose effect may allow

irradiation andkillingof someveryproximal nontargeted tumor cells by cells that have

been targeted by Auger electron-emitting radiotherapeutic agents, thereby locally

enhancing the antitumor effects, but is insufficient to kill more distant, nontargeted

cells. In addition, it has been shown that Auger electron emitters have a “bystander”

effect (see Chapter 14), which describes the killing of nontargeted tumor cells by

biochemical mediators of cell death that are released by targeted and killed tumor

cells (49, 51–53).
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9.5 MOLECULAR TARGETS FOR AUGER ELECTRON
RADIOTHERAPY OF CANCER

In the following sections, various molecular targets on cancer cells that have been

exploited for Auger electron radiotherapy ofmaligancies usingmAbs or peptides will

be discussed.

9.5.1 DNA Synthesis Pathways as a Target

The very high in vitro radiotoxicity observed with DNA-incorporated Auger electron

emitters has been exploited in experimental radionuclide therapy. In most of these

in vivo studies, the thymidine analog 5-iodo-20-deoxyuridine (123IUdR/125IUdR) has
been used (64–67) and the results have been very promising. For example, the

intraperitoneal (i.p.) injection of 125IUdR (64) or 123IUdR (65) into mice with i.p.

ovarian cancer has led to a 4–5 log reduction in tumor cell survival. Similarly, the

intrathecal (i.t.) administration of therapeutic doses of 125IUdR into rats with i.t.

tumors significantly delayed the onset of paralysis, especially when the radiophar-

maceutical was coadministered with methotrexate (MTX), an antimetabolite that

enhances IUdR uptake by DNA-synthesizing cells. In the latter cases, this was

exemplified by a 5–6 log tumor cell kill and the curing of�30% of the tumor-bearing

rats (66, 67). Consequent to these promising results, Kassis et al. administered MTX

and 125IUdR (1.85GBq) to a patient with pancreatic cancer metastatic to the CNS

who had failed to respond to conventional therapy (68). A dramatic drop in spinal

fluid CA19.9 level was observed after a single treatment with the radiolabeled agent

that was accompanied by clinical improvement (Fig. 9.3). These findings suggest that

this may be an effective treatment for neoplastic meningitis.
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FIGURE 9.3 Therapeutic response of human antigen in patient with intrathecal tumor

following intrathecal administration of MTX and 125IUdR. Adapted from Ref. 68.
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9.5.2 Somatostatin Receptors

Somatostatin receptors (SSTRs) are a family of 7-helix transmembrane G-protein-

coupled receptors that specifically bind somatostatin (SMS), a naturally occurring

cyclic 14- or 28-amino acid peptide (69, 70). There are five subclasses of SSTRs (sst1,

sst2, sst3, sst4, and sst5). SMS has many physiological actions including inhibition

of exocrine and endocrine secretions, decreasing intestinal motility as well as

antiproliferative effects (71). SMS14 and SMS28 have low nanomolar affinity for all

five subclasses of SSTRs (72, 73). SSTRs are increased in most neuroendocrine

gastroenteropancreatic (GEP) tumors as well as in some othermalignancies including

breast cancer, neuroblastoma, and lymphomas (74). Native SMS is rapidly degraded

in vivo by proteases and has a very short circulation half-life of only a few minutes.

Therefore, more stable SMS analogues have been constructed both for pharmacolog-

ical treatment of SSTR-overexpressing malignancies and for radionuclide imaging

and targeted radiotherapy. Octreotide (Sandostatin�, Sandoz, Fig. 9.4) is an octapep-

tide analogue of SMS used to treat SSTR-expressing tumors that maintains the

pharmacophore required for receptor binding, but which incorporates two D-amino

acids (D-Phe1 and D-Trp4) that inhibit proteolysis (75). Pentetreotide (Octreoscan�,

Mallinckrodt Medical) is diethylenetriaminepentaacetic acid (DTPA)-derivatized

octreotide, an analogue that complexes 111In, either for SPECT imaging (76) or for

FIGURE 9.4 Amino acid sequences of somatostatin analogues. (a) Native somatostatin-14.

(b) Octreotide. (c) Pentetreotide. (d) DOTATOC. (e) NLS-DOTATOC. Phe1 and Trp4 in

octreotide and pentetreotide as well as DOTATOC are replaced with their corresponding

D-isomers. The NLS peptide sequence in NLS-DOTATOC is derived from SV-40 large

T-antigen and is linked along with DOTA to the somatostatin pharmacophore through a

lysine-aminohexyl (Ahx) linker. (See insert for color representation of the figure.)
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targeted Auger electron radiotherapy of SSTR2-expressing tumors. Other SMS

analogues (Fig. 9.4) include [Tyr3]-octreotide (TOC) in which Phe3 is substituted

by Tyr, and [Tyr3]-octreotate (TATE) that is similarly substituted, but has a terminal

threonine residue. These analogues have been derivatized with the chelator, 1,4,7,10-

tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA) to form DOTATOC and

DOTATATE, which stably bind the b-emitters, 177Lu or 90Y for targeted radiotherapy

(77), or the positron emitter, 68Ga for positron emission tomography (PET) (78).

Unlike SMS which binds with high affinity to all five SSTR subclasses, these

analogues recognizemainly sst2 and havefive- to tenfold lower affinity thanSMS (72).

Lanreotide (Somatuline�, Beaufour Ipsen) is a long-acting form of SMS that

additionally has moderate affinity for sst4—this analogue has been conjugated to

DOTA for labeling with 177Lu or 90Y (73, 79).

The majority of meningiomas, neuroblastomas, pituitary adenomas, small cell

lung cancer, lymphomas, and breast cancer have sst2mRNA(80). SSTRprotein is also

strongest in these tumors for the sst2 subclass, in agreement with the mRNA

expression (81). Carcinoid malignancies, islet cell carcinomas, medullary thyroid

cancer and ovarian tumors exhibit variable expression of sst1, sst2, or sst3 mRNA (80)

or protein (81). Prostate cancer and sarcomas display predominantly sst1 recep-

tors (81). Inbreast cancer, 21–46%of tumors are positive for sst2 and there is an inverse

correlation with expression of epidermal growth factor receptors (EGFRs) (82). Only

about 25% of breast tumors coexpress sst2 and EGFR, and interestingly, there appears

to be histological separation with tumor cells expressing sst2 but adjacent normal

breast epithelial cells expressing EGFR. Coexpression of SSTR with receptors for

vasoactive intestinal polypeptide (VIP), bombesin, cholecystokinin (CCK) or gluca-

gon-like peptide (GLP) has been noted in many neuroendocrine tumors (83). Low

levels of sst2 are found on some normal tissues such as blood vessel endothelium,

nerve cells, pancreatic islets, prostate epithelium, adrenal medulla, colonic mucosa,

spleen, and lymphoid tissues (81). Of particular relevance is the almost exclusive

expression of the sst2 subclass on human bonemarrowpluripotent stem cells aswell as

on committed progenitor cells (84)—this expression could cause myelosuppression

and may increase the risk for myelodysplastic syndrome (MDS) in targeted Auger

electron radiotherapy. SSTR have also been detected on normal lymphocytes (85).

Nonetheless, the increased levels of sst2 in tumors, especially those of neuroendocrine

origin, combined with its restricted (or at least lower) expression in normal tissues

makes it an attractive target for cancer radiotherapy and imaging. Indeed, octreotide

and DOTATOC labeled with the b-emitters, 90Y or 177Lu have proven effective for

treating SSTR-positive malignancies (62, 77) (see Chapter 4) and 111In-pentetreotide

is widely used for imaging SSTR-positive tumors, taking advantage of the two

g-photon emissions of 111In [171 (90%) and 245 keV (94%)] (76). In this section,
111In-pentetreotide will be discussed as a potential radiotherapeutic agent for tumors,

exploiting its Auger electron emissions, rather than the g-emissions used for tumor

imaging.

9.5.2.1 Internalization and Nuclear Importation of 111In-Pentetreotide
Internalization and nuclear importation of 111In-pentetreotide are required to cause

MOLECULAR TARGETS FOR AUGER ELECTRON RADIOTHERAPY OF CANCER 301



lethal DNA damage in SSTR-positive tumor cells, since 99% of the electrons emitted

by 111In have energies <3 keVand a range in tissues<1 mm (55). The higher energy

IC electrons have a range up to 12 mm, and could cause DNA damage from the cell

surface or cytoplasm,but these aremuch less abundent.Theg-emissions from111In are

very low LET radiation and are not considered significantly damaging to DNA

in comparison to the electron emissions. Internalization of native SMS and 111In-

pentetreotide likely occur through receptor-mediated endocytosis. Duncan et al.

showed that 111In-pentetreotide was rapidly internalized and delivered to lysosomes

in pancreatic tumors and normal pancreatic tissues expressing SSTR in rats (86).
111In-pentetreotide also distributes to renal tubular cell lysosomes following glomer-

ular filtration with subsequent interaction of the filtered radiopharmaceutical with the

renal brush border. Kidney uptake is dependent on the interaction of positive charges

on 111In-pentetreotide with the negatively charged membranes of renal tubular

cells (87). Accumulation in hepatic lysosomes was similarly noted, but may not be

SSTR-mediated. 111In-pentetreotide is likely proteolytically degraded in lysosomes to
111In-DTPA-(D)-Phe or 111In-DTPA-Phe-Cys, two catabolites that remain trapped in

the cells (86). This has been previously shown for other 111In-labeled receptor binding

proteins (88, 89) and is advantageous for targetedAuger electron radiotherapybecause

tumor cell retention of radioactivitywillmaximize the radiation absorbed dose and the

resulting cytotoxicity.

There appear to be differences in the internalization and intracellular trafficking of

native SMS following binding to different SSTR subclasses. Nouel et al. found that

only 20–25% of 125I-labeled SMS14 was internalized over 45min at 37�C in COS-7

cells transfectedwith the sst1 gene,whereas 75%was endocytosed by cells transfected

with the sst2 gene (90). Confocal microscopy with fluorescently labeled SMS14,

showed thatmost of the fluorescence remained just beneath the cellmembrane in cells

expressing sst1, whereas sst2-internalized ligands were endocytosed into vesicles that

clustered around the nuclear membrane (an important finding for Auger electron

radiotherapy). Cells expressing sst3 or sst5 also internalize SMSmore efficiently than

those expressing sst1 or sst4 (70). Cescato et al. showed that unlabeled pentetreotide as

well as DOTATOC and DOTATATE ligands caused SSTR internalization in human

embryonic kidney (HEK) and Chinese hamster ovary (CHO) cells expressing the sst2
subclass (91). DOTA-conjugated analogues were much more potent inducers of

endocytosis, possibly due to their higher receptor binding affinity (72). Agonist but

not antagonist activity was required for internalization. 111In-pentetreotide was

reported to internalize into carcinoid and glucagonoma cells expressing SSTR with

about a 1:10 ratio of radioactivity in the nucleus compared to the cytoplasm (92).

However, there is variability in the extent of internalization of different radiolabeled

SMSanalogues inSSTR-expressing cells.De Jong et al. found that 111In-pentetreotide

was internalized 10-fold less efficiently than 125I-Tyr3-octreotide by sst2-positive

CA20948 andAR42J rat pancreatic tumor cells (93). 111In- and 90Y-DOTATOCwere

internalized two- and fourfold, respectively,more efficiently than 111In-pentetreotide.

It was speculated that this may be due to the higher receptor binding affinity of
125I-Tyr3-octreotide and radiolabeled DOTATOC analogues compared to
111In-pentetreotide (72).

302 TARGETED AUGER ELECTRON RADIOTHERAPY OF MALIGNANCIES



Wang et al. reported that both 111In-pentetreotide and 64Cu-labeled 1,4,8,11-

tetraazacyclotetradecane-1,4,8,11-tetraacetic acid octreotide (TETA-OC) were inter-

nalized and translocated to the nucleus of AR42J tumor cells over a 24 h period at

37�C (94). However, maximum nuclear uptake was threefold higher for 64Cu-TETA-

OC than for 111In-pentetreotide (19.5% versus 6.0%, respectively). It was proposed

that nuclear importation may rely on the intracellular loss of radiometal from the

chelator, and its redistribution to the nucleus (95). This may be greater for 64Cu than
111In due to the lower stability of the TETA versus DTPA radiometal complexes.

Free 64Cu cupric acetate similarly accumulated in the nucleus of AR42J cells.
64Cu-TETA-OC was additionally taken up by mitochondria. Hornick et al. reported

increasing nuclear uptake of 111In-pentetreotide over 24 h in sst2-positive IMR-32

human neuroblastoma cells, as well as binding of nuclear radioactivity to chromo-

somal DNA (96). The explanation for DNAbinding was not clear, but we (93–99) and

others (100) have similarly detected nuclear translocation and DNA binding of 111In-

and 125I-labeled EGF in tumor cells overexpressing EGFR. Perinuclear and nuclear

localization of radioactivity has been detected by autoradiography in tumor surgical

specimens obtained from carcinoid patients receiving 111In-pentetreotide (101, 102).

Based on the results described above, it is evident that 111In-pentetreotide is

internalized by receptor-mediated endocytosis in sst2-positive tumor aswell as normal

cells and that a small proportion of the internalized radioactivity appears to be

imported into the nucleus (and may even bind directly to DNA). The mechanism

of nuclear importation however remains not well understood—factors such as the

intracellular stability of the 111In-DTPA complex may play a role (94, 95). Nonethe-

less, internalization and nuclear importation of at least a small proportion of

radioactivity in tumor cells exposed to 111In-pentetreotide have provided the rationale

for exploring its use as an Auger electron-emitting radiotherapeutic agent for SSTR-

overexpressing malignancies.

9.5.2.2 Preclinical Studies with 111In-Pentetreotide Interestingly, there

havebeen relatively fewpreclinical studies that haveexamined the cytotoxicity invitro

and tumor growth-inhibitory effects in vivo of 111In-pentetreotide in mouse tumor

xenograft models compared to the many more clinical studies that have explored this

strategy.Nonetheless, Capello et al. found that the clonogenic survival ofCA20948 rat

pancreatic cancer cells was virtually eliminated in vitro by exposing them for 5 h to

37MBq (10�7mol/L) of 111In-pentetreotide (103). Higher surviving fractions (SFs)

were found at lower amounts of radioactivity or by using shorter incubation times,

while decreased survival was associated with increasing SA of 111In-pentetreotide.

Moreover, by designing the assay in such a way that the tumor cells were separated

in culture by at least 1.2mm, it was shown that the IC electrons from 111In-DTPA

(a control treatment) had no significant effect on survival—these electrons had a

maximum range of 200–500 mm in the growth medium. Receptor-mediated binding

and internalization of 111In-pentetreotide were thus required for the cytotoxicity of

the radionuclide.

SSTR-mediated tumor growth-inhibition by 111In-pentetreotide was similarly

shown in vivo in a rat hepatic metastasis model (104). Administration of 370MBq
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(0.5 mg) of 111In-pentetreotide significantly decreased the number of hepatic metas-

tases formed following inoculation of 5� 105 SSTR-positive CA 20948 cells into the

portal vein of rats, with some animals developing no lesions and most demonstrating

<20 metastases. In contrast, all animals administered unlabeled DTPA-octreotide

(0.5 mg) developed more than 100 hepatic lesions, and there was no effect of 111In--

pentetreotide on the formation of hepatic metastases in rats inoculated with SSTR-

negative CC-531 metastatic colon cancer cells (Fig. 9.5). Moreover, the effectiveness

of 111In-pentetreotide was diminished by coadministration of 1mg of octreotide to

block SSTR. Tumor size is an important predictor of the efficacy of 111In--

pentetreotide (105). In rats bearing small (	1 cm2) subcutaneous (s.c.) CA 20948

tumors, complete remissions (CR) were achieved in up to 50% of animals following

administration of three fractionated doses of 370MBq of 111In-pentetreotide (total

1110MBq), whereas only partial remissions (PR) were obtained in rats with large

(�8 cm2) tumors.No responseswere observed in rats with large tumors that received a

lower dose, whereas even a single dose of 111MBq provided PR in 25% of thosewith

small tumors. In addition, almost a threefold increased survival was observed for rats

with small tumors compared to those with large tumors at the highest dose (Fig. 9.5).

Interestingly, 111In-pentetreotide treatment led to an increase in SSTR density

measured in the explanted tumors by autoradiography—this may provide a rationale

for repeated aswell as fractionated therapy. It is important to note that in this sameCA

20948 tumor model, 90Y-DOTATOC (370MBq) was very effective for treatment of

large tumors (3–9 cm2) providing CR in all animals but was less growth-inhibitory

toward small tumors (	1 cm2), possibly due to deposition of the long range

(10–12mm) b-particles outside the target volume (106). Thus, there is complemen-

tarity in the antitumor properties of Auger electron-emitting radiotherapeutics and

those labeled with much longer range b-emitting radionuclides, with the former more

effective for the treatment of small tumors, while the latter more useful for larger

FIGURE 9.5 (a) Effect of treatment with two doses of 370MBq (0.5mg) of 111In-pentetreo-
tide on day 1 and 8 on the formation of liver metastases from somatostatin-negative CC531

colon carcinoma cells (left) or SSTR-positive CA20948 pancreatic tumor cells (right) in rats.

Both cell linesweremetastatic to the liver in untreated animals. Reprintedwith permission from

Ref. 104. (b) Effect of treatment with different doses of 111In-pentetreotide on the survival of

rats bearing small (	1 cm2; solid line) or large (�8 cm2; broken line) subcutaneous CA20948

tumors. Reprinted with permission from Ref. 105.
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tumors. Nonetheless, 90Y-DOTATOCwas not effective for treating very large tumors

(�14 cm2), likely due to the survival of nontargeted cells thatwere beyond the reach of

“cross-fire” from the b-particles on cells that bound the radiotherapeutic agent (106).

9.5.2.3 Clinical Studies with 111In-Pentetreotide In 1994, Krenning et al.

reported the first case of treatment of a patient with ametastatic neuroendocrine tumor

with 7 doses of 111In-pentetreotide ranging from 1590 to 4810MBq (10–120 mg) over
a period of 10 months (total 20,276MBq) (107). A decrease in the size of liver

metastases on CT was observed as well as transient decreases in tumor-associated

glucagon and g-glutamyltransferase levels. This report was followed by a case report

in 1996, in which a 55-year old patient with a metastatic carcinoid tumor was treated

with three doses of3000, 3500, and3100MBq (40 mgeach) of 111In-pentetreotide over
a period of 7 months (total 9600MBq) (108). In addition, this patient received

octreotide (300 mg) for 4 weeks prior to 111In-pentetreotide therapy. Stable disease

(SD) was achieved but no radiologically evident PR or CR were noted. However,

octreotide caused a 14% decrease, and 111In-pentetreotide, a further 31% decrease

in the circulating levels of the tumor marker 5-hydroxyindoleacetic acid (HIAA).

Plasma chromogranin A decreased more than threefold with combined octreotide

and 111In-pentetreotide therapy. Adverse events included a 10–45% decrease in

leukocyte (WBC) counts and a minor reduction in platelet (Plt) counts after each
111In-pentetreotide treatment, as well as a mild flushing sensation, and the develop-

ment of severe pain over skeletal lesions. Subsequently, Tiensuu Janson et al. treated

five patients with SSTR-positive carcinoid or pancreatic tumors with higher doses

(6000MBq; 40 mg) of 111In-pentetreotide every 3 weeks for 3 cycles (109). Again,

there was no change in tumor size, but two of three evaluable patients had a decrease

in chromogranin A levels, while one patient showed an increase in this hormone.

Decreased WBC and Plt counts were observed and one patient required a

Plt transfusion. There was a slight decrease in hemoglobin (Hb) levels but no

blood transfusion was needed. Decreased Plt counts as well as lymphocytes were

similarly noted in another study by Caplin et al. in which eight patients with

neuroendocrine tumors were treated with up to five doses of 1300–4600MBq of
111In-pentetreotide over 12 months (total 3100–15,200MBq) (110). One patient

exhibited a reduction in glomerular filtration rate (GFR) but had a low GFR prior

to treatment (30mL/min).

In a much larger clinical trial, Valkema et al. treated 50 patients with mainly

carcinoid or medullary thyroid carcinomas with multiple doses of 6000–11,000MBq

(40–50 mg) of 111In-pentetreotide separated by at least 2 weeks (total 20,000–

160,000MBq) (111). Therapeutic responses were seen in 21 of 40 evaluable patients

and included one PR, 6 minor remissions (MR) and stabilization of previously

progressive disease (SD) in 14 cases. Many of these patients were previously

unresponsive to octreotide therapy. Decreased Plt and WBC counts were the main

adverse effects observed, and lymphocyte counts often reached grade

3 (0.5–0.9� 109/L) or 4 (<0.5� 109/L). Hb values decreased modestly, and in some

patients reached grade 3. Particularly concerning was the development of MDS in

three patients who received more than 100,000MBq of 111In-pentetreotide. MDS is
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a precursor to acute myelogenous leukemia (AML). However, no patients developed

MDS at doses of 111In-pentetreotide less than 100,000MBq. MDS may be due to

targeting of 111In-pentetreotide to bone marrow progenitor cells that express sst2 as

mentioned earlier (84). No renal toxicity was noted as evidenced by no change in the

serum creatinine (SCr) with follow-up evaluations for up to 3 years in some cases,

despite calculated radiation absorbeddoses to the kidneys ashigh as 30Gy.A radiation

absorbed dose of 23Gy delivered by external radiation has been shown to cause renal

failure in 5% of individuals after 5 years, and a 27Gy dose results in renal failure in

one of two patients (112). This contrasts with the serious renal toxicities reported

for patients receiving high doses of 90Y-DOTATOC without adequate renal protec-

tion (62). Decreased inhibin B levels that are associated with impaired spermatogene-

sis were noted in male patients receiving 111In-pentetreotide.

Anthony et al. treated 27 patients with rapidly progressing GEP tumors that were

unresponsive to conventional therapy with two doses of 6660MBq each of 111In-pen-

tetreotide (113). Radiological PR were obtained in 2 cases (8%) and clinical

improvement was noted in 16 (62%) patients, as well as decreased circulating levels

of pancreastatin were measured in 22 (81%) patients. Decreased WBC, Plt and Hb

reached NCI Common Toxicity Criteria grade 3 or 4 in only 1, 0, and 3 patients,

respectively. One patient exhibited a grade 3 increased SCr. Grade 4 hepatotoxicity

occurred in 3 patients who had extensive liver metastases. Increased survival relative

to that expected for this group of treatment-refractory patients was noted (median

survival 18 months versus 3–6 months). MDS was not found in 6 patients who were

followed for up to 48 months. In a recently reported subsequent trial by this same

group, 32 patients with progressive neuroendocrine malignancies were treated with

one or two higher doses (18,500MBq; 25 mg) of 111In-pentetreotide separated by an

interval of 10–12weeks (114). SDwas achieved in 16 (88%) patients and radiological

PR in 2 (11%) cases (Fig. 9.6). Decreased levels of chromogranin Awere measured

in 14 of 18 patients (77%). Hematologic toxicities were reported in 5 of 13 patients

(39%) receiving a single dose of 111In-pentetreotide with 1 patient exhibiting grade 3

thrombocytopenia, while 7 of 18 (39%) receiving 2 doses exhibited these toxicities.

There were no grade 3 hematological toxicities in patients receiving two doses of
111In-pentetreotide. Hepatotoxicity was found in 3 of 14 patients (21%) treated with

a single dose (two grade 1 and one grade 2) and in 8 of 18 patients (44%) receiving two

doses (all Grade 1). There was no evidence of kidney toxicity despite administration

of these very high doses of 111In-pentetreotide without renal protection, and with

follow-up as long as 2 years after initial treatment.

Nguyenet al. reported significantlyprolonged survival in20patientswith advanced

metastatic neuroendocrine tumors treatedwith 3monthly doses of 111In-pentetreotide

(7000MBq) or 131I-metaiodobenzylguanidine (131I-mIBG; 3700–7400MBq) com-

pared to a similar group of 12 untreated patients (115). Radiologic SDwas found in 13

of 15 (87%) patients receiving 111In-pentetreotide and in 4 of 5 (80%) patients treated

with 131I-mIBG. One patient treated with 131I-mIBG exhibited a PR and two patients

receiving 111In-pentetreotide progressed. The duration of tumor response was not

significantly different for patients receiving 111In-pentetreotide or those receiving
131I-mIBG (13.2 versus 16.6 months, respectively). Stokkel et al. treated 11 patients
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with progressive radioiodine nonresponsive nonmedullary thyroid cancer with 4

cycles of 111In-pentetreotide (7400MBq) separated by an interval of 2–4 weeks (total

14,300–33,100MBq) (116). No patients demonstrated tumor regression by CT, but

SD concurrent with stabilization of thyroglobulin (Tg) levels was achieved in four

patients (36%). Only patients with low Tg levels (<1000 mg/L) prior to treatment

(reflecting low tumor volume) responded to treatment with 111In-pentetreotide. This,

once again emphasizes that tumor size as an important predictor of the effectiveness

ofAuger electron-emitting radiotherapeutics (117). Limouris et al. administered up to

12 cycles of 111In-pentetreotide (4070–7030MBq; 40–50 mg) via hepatic catheter

separated by 4–5 weeks to 13 patients with liver metastases from neuroendocrine

malignancies (118). Ultrasound revealed decreases in the viability of the treated

tumors.

Based on the clinical studies described above, it can be concluded that 111In-pen-

tetreotide provides stabilization of disease in previously progressivemetastaticSSTR-

positive tumors, but does not yield radiologically documented remissions (119).

FIGURE 9.6 (a) Uptake of 111In-pentetreotide in a metastatic lesion in the right middle lung

(arrow) from a neuroendocrine tumor at 3 months after treatment with two doses of the

radiopharmaceutical (total amount 36,300MBq). Also seen on the images are a lesion in the left

side of the brain and one in the lower left lung. (b) Kaplan-Meier plot of the overall survival for

32 patients receiving high dose 111In-pentetreotide (18,090 or 26,300MBq). (c) Effect of

treatmentwith 111In-pentetreotide on hemoglobin levels orWBCor platelet counts in this group

of patients. Reprinted with permission from Ref. 114.
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Nonetheless, SD has been associated with decreased levels of circulating tumor-

associated hormones and clinical improvement. Improvements in the outcome from
111In-pentetreotide treatment could potentially be achieved by selecting patients with

lower tumor volumes, or by increasing its uptake into the nucleus of SSTR-positive

tumor cells, where the Auger electrons are most damaging to DNA and lethal.

9.5.2.4 Comparative Renal Toxicity of 111In-Pentetreotide and 90Y-
DOTATOC 111In-pentetreotide and 90Y-DOTATOC are both sequestered and

retained by the kidneys but paradoxically, there is inconsequential renal toxicity

resulting from administration of high doses of 111In-pentetreotide in contrast to
90Y-DOTATOC, which has been associated with severe renal impairment including

failure in some patients who did not receive adequate kidney protection (62). Renal

protection can be achieved by coinfusion of cationic D-amino acids (e.g. lysine or

arginine) that inhibit the interaction of 90Y-DOTATOC with proximal renal tubular

cells (120). Megalin, a 600 kDa transmembrane glycoprotein on renal tubular cell

membranes has been implicated in the reabsorption of 111In-pentetreotide and many

other radiopeptides (87, 121). One possible explanation for the lack of renal toxicity

from 111In-pentetreotidemay be itsmicrodistribution to regions of the kidneys that are

relatively insensitive to radiation (e.g., renal tubules) combined with the nanome-

ter–micrometer range of the emittedAuger and IC electrons—this prevents irradiation

of distant radiosensitive areas such as the glomeruli through a “cross-fire” effect. In

three patients receiving 111In-pentetreotide and proceeding to nephrectomy, autora-

diography of the excised kidneys showed that radioactivity was heterogeneously

distributed mainly within the inner cortex of the kidneys, whereas most (85%) of the

radiation sensitive glomeruli are located in the outer cortex (122). Microdosimetry

modeling revealed that for an average cortical dose of 27Gy, 60%of this regionwould

receive a dose <17Gy from 111In-pentetreotide, whereas 60% would receive a dose

>17.5Gy from 90Y-DOTATOC (123, 124). Moreover, there are steep gradients in

the radiation absorbed doses delivered to regions within the kidneys that depend on

the microdistribution of 111In-pentetreotide, whereas 90Y-DOTATOC provides a

more homogeneous dose deposition (Fig. 9.7) (124). As previously mentioned, a

radiation absorbed dose of 23–27 Gy delivered by external g-radiation is predicted

to cause renal failure in 5–50% of patients over 5 years (112). Heterogeneous dose

deposition in the kidneys (124), resulting in lower renal toxicity is similarly seen

with 177Lu-DOTATATE than with 90Y-DOTATOC, which emits b-radiation of

lower energy and shorter range than 90Y (0.5MeV and 2mm versus 2.3MeV and

12mm) (124, 125).

9.5.2.5 Novel Somatostatin Analogues for Auger Electron Radio-
therapy One approach to improving the effectiveness of Auger electron radio-

therapywith SMSanalogueswould be to promote their importation into the nucleus of

tumor cellswhere theAuger electrons aremost damaging toDNA, and lethal.Ginj and

Maecke reported several DOTATOC derivatives modified with heptapeptides

[HPKKKRKV] harboring the nuclear localizing sequence (NLS; underlined) of SV40

large T antigen (126) (Fig. 9.4). NLS are recognized by importin-b in the cytoplasm
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that interactswith importin-a; these complexes are actively shuttled across the nuclear

membrane powered by Ran GTPase (127). DOTATOC modified at the C-terminus

withNLSpeptides exhibited a 100-fold decreased sst2 binding affinity, butN-terminal

modification preserved activity (128). 111In-NLS-DOTATOC exhibited 6-fold higher

internalization and 45-fold greater nuclear localization than 111In-DOTATOCwithout

NLS peptides in rat AR42J tumor cells but internalization remained receptor-

mediated (128). Greater retention by the cells was found for 111In-NLS-DOTATOC.

The relative cytotoxicity of 111In-NLS-DOTATOC and 111In-DOTATOC unfortun-

ately was not studied, but our group has shown that themAb, trastuzumab (Herceptin;

Roche Pharmaceuticals Ltd.) modifiedwith this sameNLS sequence and labeled with
111In is at least sixfold more cytotoxic to SKBR-3 human breast cancer (BC) cells

overexpressing HER2 than 111In-trastuzumab without NLS modification (129). Sim-

ilarly increased nuclear uptake and enhanced cytotoxicity toward myeloid leukemia

cells were found for 111In-anti-CD33 HuM195 mAbs modified with NLS pep-

tides (130, 131). Graham et al., synthesized a DOTA conjugate of Tyr3-octreotate

FIGURE 9.7 Radiation absorbed microdosimetry model predictions for 111In (top right),
90Y (bottom left), or 177Lu (bottom right) in an explanted human kidney section from a patient

receiving 111In-pentetreotide. Also shown is the autoradiogram of the tissue section (top left).

The homogeneity in radiation absorbed dose microdistribution was greatest for 90Y and

much less for 111In or 177Lu. Reprinted with permission from Ref. 124. (See insert for color

representation of the figure.)
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(TATE) modified with a DNA-intercalating dye (Hoechst 33258 or 33342) in order to

similarly promote nuclear uptake but in addition provide DNA binding (132).

Although not studied for Auger electron radiotherapy, these novel SMS analogues

exhibited preserved binding to sst2 on rat cortex membranes and demonstrated

enhanced nuclear importation in AR42J cells visualized by confocal fluorescence

microscopy.

Bernard et al., synthesized conjugates of 111In-DTPA-Tyr3-octreotate and the

tripeptide Arg-Gly-Asp (RGD), which recognizes avb3 integrins (133). It was

hypothesized that the 111In-DTPA-Tyr3-octreotate moiety would mediate internali-

zation into sst2-positive tumor cells while the RGD sequenceswould activate caspase-

3 intracellularly, promoting apoptosis. Indeed, caspase-3 activitywas increased 2-fold

resulting in a 1.5-fold decreased survival of CA20948 rat pancreatic cancer cells

in vitro compared to 111In-DTPA-Tyr3-octreotate without RGD peptide modifica-

tion (134). High and sst2-specific tumor uptake was observed in vivo for 111In-RGD-

DTPA-Ty3-octreotate in rats bearing CA20948 tumors, but there was also high renal

accumulation (135). The authors concluded that this would prevent its application for

targeted radiotherapy due to the potential for kidney toxicity, however, as discussed

earlier, this may not bemanifested for the Auger electron emissions from 111In, due to

the microdosimetry of this radionuclide in the kidney.

9.5.3 Epidermal Growth Factor Receptors

The epidermal growth factor receptor is the first member of the Type 1 family of

transmembrane peptide growth factor receptors; this family also includes the HER2,

HER3, and HER4 receptors (136, 137). Binding of EGF, a 53-amino acid peptide

ligand, by the EGFR causes receptor dimerization and autophosphorylation of its

intracellular tyrosinekinasedomainwith subsequent activationofmitogenic signaling

cascades.Overexpression ofEGFRhas been detected inmanymalignancies including

cancers of the breast, ovary, head and neck, lung, bladder, and colon as well as in

glioblastomas (138). In breast cancer, EGFR overexpression with densities up to

100-fold higher on tumor cells (105–106 receptors/cell) compared to normal epithelial

tissues (103–104 receptors/cell) has been found in 30–50% of cases and is directly

correlatedwith estrogen receptor (ER)negativity, insensitivity to hormonal therapy, as

well as a poor long-term survival (139–141). EGF/EGFR complexes are rapidly

internalized following binding of EGF to its cell-surface receptors, and these are

thought to be routed to lysosomes for proteolytic degradation (142). However, a

proportion of internalized EGF/EGFR complexes escape lysosomal destruction, and

translocate to the nucleus, especially in cells highly overexpressing EGFR and with

rapid proliferation rates (143). Nuclear localization of EGFR is believed to be

mediated by a NLS [RRRHIVRKRTLRR] present in the transmembrane domain of

the receptor (144).

A nonclassical role for the EGF/EGFR complex in the nucleus as a transcription

factor for cyclin-D1 has recently been proposed to explain its nuclear importa-

tion (145). Lo et al. found nuclear EGFR in almost 40% of 130 breast cancer

specimens by immunohistochemical staining, with 7% showing intense
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reactivity (146). Nuclear EGFRwas inversely correlated with overall patient survival

and was positively correlated with increased levels of cyclin D-1 and the proliferation

marker, Ki-67. Others have similarly noted uptake of EGF in the nucleus of EGFR-

positive tumor cells in vitro as well as some rapidly proliferating normal

cells (100, 147, 148). Many other peptide growth factors and their receptors have

similarly been found in the nucleus of cancer cells (127). Most normal epithelial cells

exhibit very low levels of EGFR with the exception of hepatocytes and renal tubular

cells that displaymoderateEGFRdensity (105 receptors/cell) (149–151). Importantly,

<3% of the bone marrow stem cell population are EGFR-positive (152). This should

obviate any lethal effects on these cells from Auger electrons emitted by targeted

radiotherapeutic agents that bind EGFR on tumor cells, since receptor-mediated

internalization and nuclear importation into bone marrow progenitor cells would be

required for toxicity. Notwithstanding this restriction, it does not rule-out nonspecific

irradiation and killing of bone marrow stem cells by the low LET g-radiation emitted

by Auger electron emitters circulating in the blood and perfusing the marrow,

especially at high administered doses of radioactivity. The overexpression of EGFR

in almost all ER-negative, hormone insensitive and poor prognosis breast cancers

combined with the well-known internalization and recently reported nuclear translo-

cationofEGF/EGFRcomplexes in some tumor cellsmakes theEGFRavery attractive

target for Auger electron radiotherapy.

9.5.3.1 111In-Labeled Human Epidermal Growth Factor (111In-DTPA-
hEGF) Our group has been exploring targeted Auger electron radiotherapy of

EGFR-amplified breast cancer using human EGF complexed with 111In by substitu-

tionwithDTPA (111In-DTPA-hEGF). 111In-DTPA-hEGFwas specifically boundwith

high affinity (Ka¼ 7.5� 108 L/mol) to EGFR overexpressed on MDA-MB-468

human breast cancer cells (1.3� 106 receptors/cell) (153). The radiopharmaceutical

was rapidly bound and internalized by MDA-MB-468 cells (>70% in 15min) with

about 15% of internalized 111In deposited in the nucleus within 24 h. Two thirds of the

nuclear radioactivity was directly associated with DNA (99). Recently, we confirmed

that 111In-DTPA-hEGF was imported into the nucleus bound to EGFR and importin-

b1, and the extent of nuclear localization was proportional to the EGFR density on

breast cancer cells, withmaximal nuclear uptake at 6� 105 EGFR/cell (97). Exposure

of MDA-MB-468 cells to increasing amounts of 111In-DTPA-hEGF in vitro greatly

reduced their clonogenic survival (Fig. 9.8), with <3% viable colonies present at

111–130mBq/cell (2–3 pCi/cell) (99). The amount of 111In-DTPA-hEGF required to

reduce the SF to 37% (D0 value) was 40mBq/cell (1 pCi/cell), but when the total cell-

bound radioactivity was corrected for the small proportion (10%) of radioactivity

bound to DNA (the fraction thought to be most responsible for cell kill), theD0 value

was 4mBq/cell (0.1 pCi/cell). A comparison of the growth-inhibitory properties

in vitro of high SA 111In-DTPA-hEGF (30MBq/mg; 1.8� 105MBq/mmol) on

MDA-MB-468 cells and commonly used chemotherapeutic agents for breast cancer

revealed that the radiopharmaceutical was 85–300-fold more potent on a molar

concentration basis than paclitaxel, methotrexate, or doxorubicin and several loga-

rithms more effective than 5-fluorouracil (5-FU) (154) (Fig. 9.8). The IC50 for
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111In-DTPA-hEGFwas<70 pmol/Land the IC90was200 pmol/L. In contrast, the IC50

values for paclitaxel, methotrexate, and doxorubicin were 6, 15, and 20 nmol/L,

respectively, and were 4 mmol/L for 5-FU. The IC90 values for paclitaxel, methotrex-

ate, and doxorubicin were 20, 70, and 75 nmol/L, respectively, and for 5-FU were

>10 mmol/L. Treatment of MDA-MB-468 cells with picomolar concentrations of
111In-DTPA-hEGF provided the equivalent growth inhibition as several Gy of g--
radiation. Although MDA-MB-468 cells overexpress EGFR, they are paradoxically

growth-inhibited by EGF at concentrations greater than 1 nmol/L (155), which is due

to EGF-induced upregulated expression of the cyclin-dependent kinase inhibitor,

p21WAF-1/Cip-1. Increased p21WAF-1/Cip-1 levels cause G1/S-phase arrest and promote

apoptosis (156, 157). Nevertheless, the IC50 and IC90 values for MDA-MB-468

cells exposed to unlabeled DTPA-hEGF were at least 7–10 times greater than for

FIGURE 9.8 (a) Clonogenic survival of MDA-MB-468 overexpressing EGFR (1� 106

receptors/cell) or MCF-7 human breast cancer cells with a 100-fold lower EGFR density,

exposed to increasing amounts of 111In-DTPA-hEGF. The clonogenic survival curve forMDA-

MB-468 cells is plotted versus the amount of radioactivity per cell (circles), in the cytoplasm

(diamonds), or in the nucleus (squares). Reprinted with permission from Ref. 99. (b) Cell

growth inhibition of MDA-MB-468 cells treated with increasing concentrations of
111In-DTPA-hEGF (specific activity 30MBq/mg; 1.8� 105MBq/mmol), paclitaxel, metho-

trexate, or doxorubicin. Reprinted with permission from Ref. 154. (c) Nuclear g-H2AX foci

detected in MCF-7, MDA-MB-231, and MDA-MB-468 human breast cancer cells following

exposure to normal saline, unlabeled DTPA-hEGF (21 nmol/L), 111In-acetate (3.2MBq/mL),
111In-DTPA-hEGF (3.2MBq/mL; 21 nmol/L), or g-radiation (1Gy). The nucleus was counter-
stained blue using DAPI. Reprinted with permission from Ref. 161. (See insert for color

representation of the figure.)
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111In-DTPA-hEGF (500 pmol/L and 2 nmols/L, respectively). The antiproliferative

effects of 111In-DTPA-hEGF on breast cancer cells were dependent on EGFR density

with lower potency observed for MDA-MB-231 cells (2� 105 EGFR/cell) and no

effect found for MCF-7 cells (1� 104 EGFR/cell) (154). Greater antiproliferative

potency toward MDA-MB-468 cells can be achieved by conjugating hEGF to human

serum albumin which can then be modified with up to 23 DTPA chelators for binding
111In in order to increase its SA (158). 111In-DTPA-HSA-hEGF harboring nine DTPA

chelators and labeled to a SA 10-times greater than 111In-DTPA-hEGF, exhibited a

fourfold greater potency toward MDA-MB-468 cells (IC50 15 versus 60 pmol/L).

Conjugation of hEGFwithHSAdiminished its EGFR binding affinity 15-fold, but did

not effect its internalization or nuclear translocation properties.

Exposure of MDA-MB-468 cells to 1 mmol/L of the EGFR-selective tyrosine

kinase inhibitor, gefitinib (Iressa, Astra-Zeneca Pharmaceuticals) increased the

nuclear uptake of 111In-DTPA-hEGF twofold and diminished the survival of the cells

twofold (98). In addition, a 1.5-fold increase in foci of immunofluorescence for

phosphorylated histone-2AX (g-H2AX) that accumulates at sites of double-strand

DNA breaks was found. Compared to untreated MDA-MB-468 cells, the number of

g-H2AX foci was increased sixfold for 111In-DTPA-hEGF. The increased nuclear

localizationof 111In-DTPA-hEGF in the presence of gefitinib is speculated to be due to

inhibition of phosphorylation of Tyr-1045 in the cytoplasmic domain of the EGFR,

required for recognition by c-Cbl which ubiquitinates the receptor and directs it to

lysosomes for degradation (159). Diminished lysosomal destruction of 111In-DTPA-

hEGF/EGFR complexes may allow more of these to translocate and accumulate in

the nucleus. Increased DSBs and lethality of 111In-DTPA-hEGF in the presence of

gefitinib may thus be due to higher nuclear uptake of the radiopharmaceutical or to

inhibition of EGFR-upregulated DNA repair pathways (160). Recently we found that

the number of g-H2AX foci caused by exposure of breast cancer cells to 111In-DTPA-

hEGF was directly proportional to their EGFR expression with the highest density of

foci found in MDA-MB-468 cells, intermediate levels detected in MDA-MB-231

cells, and negligible foci noted in MCF-7 cells with 1.3� 106, 2� 105, and 1� 104

EGFR/cell, respectively (Fig. 9.8) (161). In contrast, g-radiation caused g-H2AX foci

in all three cell types, thus illustrating the principle of receptor-targetedAuger electron

radiotherapy. Moreover, a strong inverse correlation was found between the SF

of breast cancer cells and the extent of DSBs that were caused by 111In-DTPA-

hEGF (161).

9.5.3.2 Preclinical Studies with 111In-DTPA-hEGF The uptake of
111In-DTPA-hEGF in small (6–30mm3) MDA-MB-468 xenografts at 72 h postin-

travenous (tail vein) injection (p.i.) was relatively low (2–5 percent injected dose/g (%

i.d./g)) but tumor/blood ratios exceeded 12:1 (153). Tumor accumulationwas specific

as shown by coinjection of an excess of unlabeled EGF that diminished uptake

twofold (153), as well as by a threefold lower accumulation found in MCF-7 tumors

that express a 100-fold lower level of EGFR, at 24 h p.i. of 111In-DTPA-hEGF (97).

Tumor uptake was strongly dependent on lesion size with smaller tumors (<5mm3)

exhibiting >30% i.d./g and very small tumors (1–2mm3) taking up as much as
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80% i.d./g (162). 111In-DTPA-hEGF demonstrated bi-exponential rapid elimination

from the blood of nontumor bearing mice following i.v. (tail vein injection) with an

a-phase half-life (t1/2) of 3–6min and a b-phase t1/2 of 24–36mins (161). The volume

of distribution of the central compartment (V1) and at steady-state (Vss) were

340–370mL/kg and 430–685mL/kg, respectively, which were 5–10 times greater

than the estimated plasma volume, probably reflecting extensive sequestration by

some normal tissues such as the liver and kidneys. Hepatic uptake decreased fivefold

from a maximum of 50% i.d./g at 1 h p.i. of 111In-DTPA-hEGF to 12% i.d./g at

72 h (163). Kidney uptake similarly diminished sevenfold from 30% i.d./g at 1 h p.i. to

4% i.d./g at 72 h p.i. Macrodosimetry estimates predicted that the radiation absorbed

doses from 111In-DTPA-hEGF in humans would be highest to the kidneys (1.82mSv/

MBq), lower large intestine (1.12mSv/MBq) and liver (0.76mSv/MBq); the whole

body dose would be 0.19mSv/MBq (161).
111In-DTPA-hEGF is absorbed rapidly from a s.c. injection in mice providing

equivalent tumor and normal tissue distribution as from an i.v. (tail vein) injec-

tion (162). Administration of five weekly s.c. injections (on side contralateral to the

tumor) of 111In-DTPA-hEGF (18.5MBq; 3.4 mg each) to athymic mice bearing

established s.c. MDA-MB-468 xenografts provided a threefold decreased tumor

growth rate compared to untreated mice (162) (Fig. 9.9). Nonestablished tumors in

mice in which treatment was commenced 1week after tumor cell inoculation,

exhibited regression. MCF-7 tumors also appeared to be slightly growth-inhibited

by 111In-DTPA-hEGF, but the difference with untreated mice did not reach statistical

FIGURE 9.9 Inhibition of the growth of established 14–15mm3 subcutaneous MDA-

MB-468 human breast cancer xenografts (a) or nonestablished 10mm3 tumor xenografts

(b) following five weekly subcutaneous doses (at a different site than tumor implantation) of
111In-DTPA-hEGF (cumulative dose 92.5MBq; 17mg).
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significance. Unlabeled DTPA-hEGF had much weaker growth-inhibitory effects on

MDA-MB-468 tumors than 111In-DTPA-hEGF. The stronger antitumor effects of
111In-DTPA-hEGF on nonestablished MDA-MB-468 xenografts may be due to its

much higher accumulation in small tumors, perhaps combined with more complete

targeting of the tumor cells.

Our group has conducted several studies examining the toxicity of 111In-DTPA-

hEGF, particularly toward tissues such as the liver and kidneys that accumulate large

amounts of the radiopharmaceutical (99, 162, 163). These studies have consistently

shownno significant increases in serumalanine aminotransferase (ALT) thatwould be

associated with hepatotoxicity or elevated SCr associated with renal toxicity, despite

administration of high doses of 111In-DTPA-hEGF.NormalBalb/cmicewere injected

with 3.7 to 44MBq of 111In-DTPA-hEGF—only at the highest dosewas there a slight

increase in serum ALTover 72 h (99). There was also no significant increase in ALT

in mice receiving two doses of 111In-DTPA-hEGF (37 and 74MBq) separated by a

4-week interval. In tumor-bearing athymicmice, therewere no effects of 111In-DTPA-

hEGF (fivedoses of 18.5MBq; total 92.5MBq) onALT,SCr,WBC,Plt, RBC, orHbor

any changes noted in body weight that would be associated with generalized toxicity

from the radiopharmaceutical (162). Finally, in a more comprehensive study, there

were no morphologic pathological changes found by light microscopy in 19 different

tissues following administration of 44MBq of 111In-DTPA-hEGF to Balb/c mice or

85MBq to white New Zealand rabbits (a nonrodent species) (163). There were minor

clinically insignificant ultrastructural changes observed in the liver by electron

microscopy. These amounts in mice and rabbits corresponded to 42 times and 1

times the planned maximum dose of 111In-DTPA-hEGF for a Phase I clinical trial in

humans. This investigation also confirmedearlier studies that the radiopharmaceutical

exhibited no toxic effects on the liver, kidneys, or hematopoietic system. The absence

of myelosuppression from 111In-DTPA-hEGF could be explained by the absence of

EGFR on hematopoietic stem cells that is required for its internalization and nuclear

importation and consequent toxicity from theAuger electrons, combinedwith its rapid

elimination from the blood which would minimize the DNA-damaging effects of the

low LET g-radiation from 111In (Eg¼ 171 and 245 keV). However, the reason for its

paradoxical growth-inhibitory effects on EGFR-positive tumors but apparent lack of

toxicity toward the liver andkidneys, tissues that expressmoderate levels ofEGFRand

avidly sequester the agent is not known. One could speculate that there may be more

efficient nuclear uptake of 111In-DTPA-hEGF in tumors than in the liver or kidneys

providing greater toxicity from the Auger electrons, but recent work by our group has

revealed that in fact, there is greater nuclear localization in vivo in cells from the liver,

kidneys, and spleen than in tumor cells (97).Another possible explanationmay include

differences in the cellularmicrodistribution of 111In-DTPA-hEGFwithin these organs

and the resulting microdosimetry—this was previously discussed as a possible

explanation for the paradoxical absence of renal toxicity from 111In-pentetreotide

compared to that for 90Y-DOTATOC. Finally, differences in cell turnover rates,

radiosensitivity, DNA repair capacity as well as free radical scavenger concentrations

may account for the lack of toxicity of 111In-DTPA-hEGF toward these normal tissues

that accumulate the radiopharmaceutical.
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9.5.3.3 Translation of 111In-DTPA-hEGF to Phase I Clinical Trial Based

on the promising preclinical results for 111In-DTPA-hEGFdescribed above, our group

formulated a kit under good manufacturing practices (GMP) for preparation of the

radiopharmaceutical in a quality suitable for administration to patients (164). This kit

contains a unit dose of 250 mgofDTPA-hEGF in 1mol/L sodiumacetate buffer, pH6.0

and can be labeled to high (>95%) efficiency with 111InCl3. The kit is pretested for

chemical and radiochemical purity, homogeneity, receptor binding affinity, sterility,

and apyrogenicity and is stable for at least 3 months. Following approval by Health

Canada, we initiated a Phase I clinical trial of 111In-DTPA-hEGF in patients with

EGFR-positive and chemotherapy-resistant metastatic breast cancer (165). Sixteen

patients were treated with increasing single doses (355–2290MBq; 250 mg) of
111In-DTPA-hEGF. Pharmacokinetic studies revealed that the radiopharmaceutical

was rapidly eliminated from the blood with an a-phase t1/2 of 10mins and a b-phase
t1/2 of 9.4 h. The volumes of distribution were large (V1 of 460mL/kg and Vss of

2640mL/kg), likely reflecting avid sequestration of 111In-DTPA-hEGF by the liver

and kidneys.Confirming the results from the preclinical toxicity studies, therewere no

significant treatment-related changes in ALT, SCr, RBC,WBC, Plt, or Hb at any dose

administered. Some minor adverse reactions were noted that were transient and

self-limited including facial flusing, nausea, vomiting, and hypotension (one patient).

These reactions are speculated to be due to the bioactivity of theEGFcomponent of the

radiopharmaceutical and not related to the 111In radiolabel. At the very modest single

doses administered (<2290MBq), there were no tumor responses achieved in this

group of chemotherapy-refractory patients, but tumor uptake of 111In-DTPA-hEGF

was observed by g-camera imaging in several patients (Fig. 9.10). We are now

planning an extended Phase I trial of 111In-DTPA-hEGF inwhich patients will receive

multiple treatments as were previously studied in athymic mice bearing EGFR-

positive breast cancer xenografts (162). This extended Phase I studywill be supported

by Cancer Research U.K.

9.5.3.4 Auger ElectronRadioimmunotherapy ofEGFR-Positive Tumors
mAbs specific for EGFR have been studied preclinically in vitro using tumor cell

cultures, in vivo in xenograft mouse models (166–168) and clinically for Auger

electron RIT (169–171). Michel et al. showed that anti-EGFR mAb 528 labeled with
111In or 125I (1.5MBq/mL) dramatically reduced the SF of A431 squamous carcino-

ma cells overexpressing EGFR (2–3� 106 receptors/cell) in vitro by 97–100% (168).
111In wasmore potent than 125I, whichwas attributed to a greater SA for labelingmAb

528 and greater intracellular retention of 111In compared to radioiodine (172). Mattes

and Goldenberg reported that in mice bearing A431 tumor xenografts, treatment

with 111In-anti-EGFR mAb 525 significantly prolonged survival compared to 111In--

labeled control mAbs or no treatment (167). A more rapid elimination of 111In-mAb

225 than the control mAbs provided greater protection from systemic toxicity. The

maximum tolerated dose (MTD) was 68MBq in nontumor bearing NCr nude mice

but was subsequently adjusted to 2.7MBq/g of body weight, since some treated

mice died at this dose. 125I-labeled F(ab0)2 fragments of the anti-EGFR mAb
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425 (1.5MBq/mL) decreased the SF of U87MG glioblastoma cells overexpressing

EGFR in clonogenic assays to <1% (166). Two doses of 125I-mAb 425 F(ab0)2
(5.6MBq each) administered intraperitoneally (i.p.) at 4 and 11 days after s.c.

inoculation of EGFR-positive U87MG human glioblastoma cells in athymic mice

weremore effective than 131I-mAb 425 F(ab0)2 fragments in controlling the growth of

these tumors (166). There were no changes in WBC counts in mice receiving
125I-mAb 425 F(ab0)2. It was speculated that the greater potency of 125I-mAb 425

F(ab0)2 compared to the 131I-labeled analogue may be due to the emission of the

Auger electrons in close proximity to the nucleus. In a clinical trial of intact 125I-mAb

425, Quang et al. administered multiple doses (1295–3330MBq; total

1480–8288MBq) to 180 patients with glioblastoma multiforme (GBM) or astrocy-

tomas as an adjuvant treatment (171). A significant increase in the expected survival

of these patients was noted with median survival of 4–150 months for those with

GBM and 4–270 months for those with astrocytomas. Taken together, the studies

described above show that anti-EGFRmAbs labeled with 111In or 125I exhibit specific

and potent cytotoxicity toward tumor cells in vitro and prolong the survival of mice

implanted with EGFR-overexpressing tumor xenografts in vivo, and may prolong

survival in patients with EGFR-positive tumors.

FIGURE 9.10 (a) Uptake of 111In-DTPA-hEGF detected on a sagittal g-camera image of a

patient with metastases from EGFR-positive breast cancer to the lower lobe of the left lung as

well as in the apex of the lung (solidwhite arrows). (b) Uptake of 111In-DTPA-hEGF detected in

a primary breast cancer on a sagittal image as well as in axillary lymph nodes (solid white

arrows). In both patients, high uptake of 111In-DTPA-hEGF into the liver (broken white arrow)

that expresses moderate EGFR density is also visualized. (See insert for color representation of

the figure.)
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9.5.4 Targeting HER2 Receptors

The human epidermal growth factor receptor-2 (HER2) is the second member of the

EGFR family of transmembrane tyrosine kinases (137). HER2 is overexpressed up to

100-fold (�1� 106 receptors/cell) compared tomost normal epithelial tissues in 25%

of breast cancers as a consequence of gene amplification, and is the target for

immunotherapy with the humanized HER2 mAb trastuzumab (Herceptin; Roche

Pharmaceuticals) (173). TheHER2 receptor is believed to be internalization-impaired

compared to other EGFR family members, but one of the proposed mechanisms of

action of trastuzumab is promotion of HER2 downregulation (i.e., internaliza-

tion) (174, 175). In addition, analogous to the EGFR, nuclear localization of HER2

has been reported (176). HER2 overexpression is assessed in tumor biopsies by

immunohistochemistry (IHC; 0 to 3þ scale) that examines the receptor protein levels

or by probing for increased copies of the HER2 gene by fluorescence in situ

hybridization (FISH). Only patients with tumors exhibiting moderate-high (2þ to

3þ) IHC scores or having more than three copies of the HER2 gene by FISH are

predicted to respond to trastuzumab given in combination with anthracyclines or

paclitaxel (177, 178). In fact, only about half of patients with HER2-overexpressing

tumors respond to this treatment, demonstrating that some forms of breast cancer have

an innate resistance to the drug (179). Moreover, in almost all initially responding

patients, resistance to trastuzumab rapidly develops within a year (180). New

strategies are needed to enhance the potency of trastuzumab toward HER2-amplified

breast cancer in order to extend its range to tumors with low to moderate receptor

density (i.e., 1þ to 2þ) as well as to overcome these resistancemechanisms. Targeted

Auger electron radiotherapy is one promising approach that could address these

important challenges.

9.5.4.1 111In-Labeled Anti-HER2 Monoclonal Antibodies Our group has

been studying Auger electron RITof HER2-amplified breast cancer using 111In-tras-

tuzumabmodifiedwith 13-mer peptides [CGYGPKKKRKVGG] that harbor theNLS

(underlined) of SV-40 large T antigen which promotes its nuclear importation

following HER2-mediated internalization into breast cancer cells (129). Conjugation

of 3 or 6 NLS peptides resulted in only a minor decrease in HER2 binding affinity

compared to 111In-trastuzumab without NLSmodification (Ka¼ 3.1–5.9�109mol/L

versus 8.2� 109mol/L, respectively). However, NLS conjugation encouraged

internalization and substantially promoted nuclear importation in MDA-MB-231,

MDA-MB-361, andSK-BR-3 human breast cancer cells (Fig. 9.11). Internalization of
111In-NLS-trastuzumab inSK-BR-3cells couldbeblockedbycoexposure to anexcess

of unlabeled trastuzumab, demonstrating that despite NLS conjugation, uptake

remained HER2-mediated. The clonogenic survival of breast cancer cells exposed

to 111In-NLS-trastuzumab was significantly reduced compared to cells treated with
111In-trastuzumab without NLS peptides or unlabeled trastuzumab, and was depen-

dent on the level ofHER2 expression (Fig. 9.12). 111In-NLS-trastuzumab containing 6

NLS peptides was five- and sixfold more effective, respectively, than 111In-

trastuzumab or unlabeled trastuzumab at killing SK-BR-3 cells displaying the highest
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HER2 density (2� 106 receptors/cell). Importantly, 111In-NLS-trastuzumab retained

moderate toxicity toward MDA-MB-361 cells with intermediate HER2 expression

(5� 105 receptors/cell) and minor toxicity towardMDA-MB-231 cells with very low

HER2 density (5� 104 receptors/cell), whereas these cells were resistant to unlabeled

trastuzumab (i.e., Herceptin). 111In-NLS-trastuzumab exposure of breast cancer cells

caused an increase in double-strand DNA breaks measured by the g-H2AX assay

(Fig. 9.12). Tumor uptake of 111In-NLS-trastuzumab in s.c. MDA-MB-361 tumor

xenografts in vivo in athymic mice was not significantly different than for 111In-tras-

tuzumab (12–13% i.d./g at 72 h p.i.) but was more than twofold higher than that of
111In-NLS-conjugated human IgG (hIgG; 5% i.d./g), demonstrating specificity for

HER2. Nuclear uptake in tumor cells in vivo was two- to threefold higher for
111In-NLS-trastuzumab than 111In-trastuzumab and five- to sixfold higher than for
111In-NLS-hIgG.

More recently, we have found that 111In-NLS-trastuzumab is able to kill breast

cancer cells that are resistant to trastuzumab despite retaining their HER2 expression,

FIGURE 9.11 (a) Immunofluorescence confocal microscopy reveals that trastuzumab

localizes mainly to the cell membrane of HER2-overexpressing SKBR-3 human breast cancer

cells. (See insert for color representation of the figure.) (b) In contrast, trastuzumab modified

with nuclear localization sequence (NLS)-containing peptides is internalized into the cyto-

plasm of SKBR-3 cells and is imported into the nucleus which is counterstained blue with

DAPI. (See insert for color representation of the figure.) (c) NLS-conjugation significantly and

preferentially increases the nuclear uptake of 111In-labeled trastuzumab in subcutaneous

HER2-overexpressing MDA-MB-361 human breast cancer xenografts in vivo in athymic mice

compared to normal tissues. The number ofNLS per trastuzumabmolecule is shown. Reprinted

with permission from Ref. 129.
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and that the potency of the radiopharmaceutical can be enhanced by coexposing these

cells to low, noncytotoxic concentrations of methotrexate (181). The effective

concentration to reduce the SF of trastuzumab-resistant TrR1 breast cancer cells by

50% (EC50) was 8mmol/L for trastuzumab compared to 1 mmol/L for 111In-trastu-

zumab, and 0.1 mmol/L for 111In-NLS-trastuzumab.Methotrexate further reduced the

EC50 for 111In-NLS-trastuzumab against TrR1 cells to only 0.013 mmol/L. The

radiosensitizing effect of methotrexate is believed to be due to its effect on depletion

of reduced folates in tumor cells that are required for the synthesis of thymidylate and

purine nucleotides needed for repair of DNA lesions inflicted by the Auger electrons

from 111In. Dose-escalation studies in nontumor bearing Balb/c mice showed that

amounts less than 9.25MBq caused no significant decrease in WBC, RBC, or Plt

counts, or Hb levels, or increases in ALTor SCr or changes in body weight. Based on

FIGURE9.12 (a)Clonogenic survival of SKBR-3 human breast cancer cellswith highHER2

density (2� 106 receptors/cell) exposed to trastuzumab, 111In-trastuzumab, and 111In-NLS-

trastuzumab with 3 or 6 NLS peptides or 111In-NLS-hIgG nonspecific IgG. (b) Clonogenic

survival of MDA-MB-361 breast cancer cells with intermediate HER2 expression (5� 105

receptors/cell) exposed to these treatments. (c) Clonogenic survival of MDA-MB-231 breast

cancer cells with very low HER2 expression (5� 104 receptors/cell) exposed to these treat-

ments. (d) g-H2AX foci in the nucleus of SKBR-3, MDA-MB-361, or MDA-MB-231 cells

exposed to these treatments. Reprinted with permission from Ref. 129.
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these findings, athymic mice bearing s.c. MDA-MB-361 tumors were injected with

a single dose (9.25MBq; 4mg/kg) of 111In-NLS-trastuzumab, 111In-NLS-hIgG, or
111In-trastuzumab, the equivalent amount of unlabeled trastuzumab or received no

treatment. Strong antitumor effects were found for 111In-NLS-trastuzumab that were

significantly greater than those for control treatments (unpublished data). 111In-NLS-

hIgG had some minor tumor growth-inhibitory effects which may be due to the low

LET g-emissions of 111In at these doses.

Michel at al. demonstrated 100% killing of HER2-overexpressing SKBR-3 cells

in vitro by incubationwith increasing concentrations (up to 7.4MBq/mL) of amixture

of 111In-labeled anti-HER2mAbs 21.1 and 4D5 (themurine analogue of trastuzumab)

and mAbs against epithelial glycoprotein-2 (EGP-2) (168). Use of a mixture of these

mAbs increased the amount of 111In bound to the cells compared to targeting with

single mAbs. The cytotoxicity of these HER2 or EGP-2 mAbs was more than

4 logarithms greater than for 111In-labeled nonreactive control mAbs, even at

concentrations as high as 29.6MBq/mL. Cytotoxicity of the 111In-labeled HER2

mAbs was similarly observed for SK-OV-3 human ovarian carcinoma cells with high

HER2 density, but their survival could not be eliminated completely; this was

attributed to partial radioresistance of these cells since a similar level of 111In targeting

as on SK-BR-3 cells was found. In a follow-up in vivo study, Mattes and Goldenberg

reported significantly prolonged survival in mice bearing s.c. SK-OV-3 tumor

xenografts treated with 59MBq of 111In-4D5 compared to mice receiving the same

dose of an irrelevant control mAb (167). At a slightly higher and more toxic dose

(68MBq) that caused death in two of nine mice, cures were obtained in five of seven

survivingmice.Noexaminationof theeffects of treatmentwith theseor lower amounts

of 111In-labeled HER2 mAbs on bone marrow, liver, or kidney function was per-

formed. Based on the studies described above, HER2 also appears to be a very

promising target for Auger electron radiotherapy of malignancies.

9.5.5 Other Antigens/Receptors in Solid Tumors

9.5.5.1 Radiolabeled Monoclonal Antibodies MAbs labeled with 125I and

recognizing other epithelial-derived antigens, have been studied for Auger electron

radiotherapy of solid tumors including colon cancer (182–189), lung cancer (190), and

melanoma (191). Mab A33 recognizes a cell-surface epitope on human colon cancer

cells and is internalized into cytoplasmic vesicles that distribute to perinuclear regions

within 1–2 mm of the cell nucleus (182). 125I-A33 was effective in controlling the

growth of s.c. SW1222 colon cancer xenografts in athymic mice, but required a 4.5-

fold higher dose than 131I-A33 for equivalent antitumor effects. However, 125I-A33

was 10 times less toxic than 131I-A33 (MTD185MBq versus 18.5MBq, respectively)

providing an overall twofold improvement in the therapeutic index (183). In a Phase

I/II clinical trial of 21 patientswith chemotherapy-resistant colon cancer administered

increasing doses of 125I-A33 up to 12,950MBq/m2, decreased carcinoembryonic

antigen (CEA) levelswere noted in 3 patients, while one patient demonstrated amixed

radiological response on CT (184). There were no major toxicities, except in one
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patient who had prior exposure to mitomycin and developed transient grade 3

thrombocytopenia.

In a separate study, 125I-labeled CO17-1A mAbs recognizing a tumor-associated

epitope on colorectal cancer, were internalized by SW1116 colon cancer cells, which

caused chromosomal damage and decreased their clonogenic survival by 3 logarithms

at concentrations up to 1.5MBq/mL (186). Similar to 125I-A33, the MTD for 125I--

CO17-1A (111MBq)was 10-fold higher than for 131I-CO17-1A (11MBq) in athymic

mice implanted s.c. with GW-39 human colon cancer xenografts (187). The dose-

limiting toxicity was myelosuppression, but no significant changes in BUN or SCr or

hepatic transaminases were found. At the MTD, 125I-CO17-1A was much more

effective at controlling tumor growth than 131I-CO17-1A, with PR obtained in half of

the mice; CR were achieved in 30% of the mice at higher doses (185MBq) supported

by bone marrow transplant. In this same study, the MTD of 111In- and 90Y-labeled

CO17-1A were 4 and 85MBq, respectively; myelosuppression was dose-limiting

Myelosuppression was speculated to be due to the longer range IC electrons and

g-photons emitted by 125I or 111In, since theCO17-1Aantigen is not expressed onbone

marrow stemcells,which should obviate any toxicity from the nanometer-micrometer

range Auger electrons. Again, CO17-1A labeled with the Auger electron-emitter,
111In was more effective when administered at the MTD than CO17-1A labeled with

the b-emitter, 90Y, with CR achieved only with 111In-CO17-1A (Fig. 9.13). The

greater antitumor potency of 125I compared to 131I-labeled mAbs at equitoxic doses

was confirmed in a separate study that examined both CO17-1A and the anti-CEA

mAb F023C5 (188).

In a Phase I clinical trial of 125I-CO17-1A administered in escalating single or

multiple doses from740 to 9250MBq to 28 patients withmetastatic colorectal cancer,

therewere nomajor hematological toxicities, although a fewpatients exhibitedminor-

moderate decreases in Plt and WBC counts, particularly at the highest dose (185).

Unfortunately, at the doses examined, there were no objective responses observed;

10 patients had SDat 6weeks follow-up. Itwas proposed that the lack of responsemay

have been due to poor penetration of the radiolabeled mAbs into large tumor deposits

combined with the treatment refractoriness of the patient population studied.

9.5.5.2 Radiolabeled Receptor Binding Peptides The expression of glu-

cagon-like peptide-1 receptors (GLP-1R) is increased on benign and malignant

insulinomas often reaching greater density than that of SMSR (82). Lys40(Ahx-

DTPA-111In)NH2]-exendin-4 is a novel GLP-1 analogue with potential for Auger

electron radiotherapy of insulinomas (192). This agent exhibited extraordinarily high

tumor uptake (287% i.d./g) at 4 h p.i. in Rip1Tag2 transgenic mice that develop

insulinomas (193). This very high tumor uptake was believed to be due to a dense

expression of GLP-1R on the insulinoma cells (>10,000-fold greater compared to

normal pancreaticb-cells), a high affinity of Lys40(Ahx-DTPA-111In)NH2]-exendin-4

forGLP-1R (Kd¼ 2 nmol/L), slowelimination of radioactivity from tumors, aswell as

strong angiogenesis in this model providing high tumor blood flow (193). Strong

antitumor effects were observed in Rip1Tag2 mice administered doses of Lys40(Ahx-

DTPA-111In)NH2]-exendin-4 ranging from 1.1 to 28MBq of (192). At the highest
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dose, <6% of the tumor volume remained at 8 days posttreatment. Response was

associated with reduced tumor cell proliferation measured by decreased bromine

deoxyuridine (BrdU) incorporation, as well as decreased cyclin D2 and increased

apoptosis (TUNEL assay). Although these results were promising, severe radiation

damage to the kidneys was found at 6 months following treatment with the highest

dose of 28MBq of [Lys40(Ahx-DTPA-111In)NH2]-exendin-4. Kidney damage was

attributed to the very high renal uptake (209% i.d./g at 4 h decreasing to 104% i.d./g

at 48 h); kidney uptake was not GLP-1R-mediated (193). Reducing the dose to

<11.2MBq eliminated renal toxicity while still preserving therapeutic benefit,

suggesting that this approach may yet be feasible.

FIGURE 9.13 Tumor growth inhibition produced by equitoxic doses of 90Y- and 111In-la-

beled CO17-1A monoclonal antibodies (4MBq and 85MBq, respectively) in athymic mice

implanted subcutaneously with GW-39 human colon cancer xenografts compared to control

untreatedmice.At theMTD, 111In-CO17-1Awasmore effective than 90Y-CO17-1A.Reprinted

with permission from Ref. 187.
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Peptides and small molecules that recognize other receptors that are displayed on

tumor cells and are internalized following ligand binding also have potential forAuger

electron radiotherapy. These include 111In- or 99mTc-labeled bombesin analogues that

interact with gastrin-releasing peptide (GRP) receptors expressed in prostate and

breast cancer (194, 195), as well as 111In-, 99mTc-, or 67Ga-labeled folates that bind

folate receptors in ovarian cancer (196–198).The insulin-likegrowth factor-1 receptor

(IGF-1R) may represent a particularly useful target for Auger electron radiotherapy

of trastuzumab-resistant breast cancer using 111In-labeled IGF-1(E3R) an IGF-1

analogue, but very high kidney uptake and low tumor accumulation may make this

impractical (199). 111In-labeled IGF-1R mAbs may be more feasible due to their

higher tumor accumulation compared to that for small peptides and their much lower

kidney uptake (200).

9.5.6 Cell-Surface Epitopes in Lymphomas

The better access of hematological malignancies compared to solid tumors to

intravenously administered mAbs combined with their greater radiosensitivity has

yielded very encouraging results in clinical trials of RITof non-Hodgkin’s lymphoma

(NHL) as well as myeloid leukemias (AML), using b-emitting radionuclides such as
90Y and 131I (62) (see Chapter 6). This subsequently led to the regulatory approval and

marketing of two radioimmunoconjugates for treatment of NHL: 90Y-ibritumomab

tiuxetan (Zevalin, IDEC Pharmaceuticals) and 131I-tositumomab (Bexxar, Glaxo-

SmithKline). MAbs labeled with subcellular range Auger electron emitters may be

more suited to treating these amalignancies, since they achieve targeted single-cell

killing, while minimizing or eliminating the “cross-fire” effect. While this effect is

beneficial for enhancing the treatment of solid tumors, in which not all cells are

targeted by themAbs, it is responsible for dose-limiting toxicity to the bonemarrow in

RIT (62). In addition, due to the long range of the b-particles, most of the energy is

deposited outside of the cell to which the mAbs are targeted (i.e., outside the target

volume) (201); this is problematic for treating hematological malignancies inwhich it

is desirable to have all of the radiation deposited within a single targeted malignant

cell. The use of nanometer–micrometer range Auger electron emitters conjugated to

mAbs recognizing epitopes onNHL cells or leukemic cells would address these issues

and could be very promising for treatment of these malignancies.

9.5.6.1 Radiolabeled LL1 Monoclonal Antibodies MAb LL1 recognizes

the major histocompatability (MHC) antigen class-II invariant chain (CD74) present

on B-cells and macrophage-lineage cells. It is internalized by Raji B-cell lymphoma

cells at an unusually high rate (>107 molecules per day). This is not due to a high

expression level of CD74, which is only 5� 104molecules/cell, but rather to rapid

repopulation of these epitopes to the cell-surface, allowing more radiolabeled mAb

LL1 to bind and internalize (202). Griffiths et al. showed that concentrations up to

3.4MBq/mL of LL1 labeled with 125I, 111In or 99mTc killed 99-100% of Raji cells

in vitro (203). It was argued that the higher energy 22 keV Auger and 31 keV IC

electrons of 125I were most responsible for cell killing, since these mAbs were not
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imported into the nucleus. Similarly, the 19–22 keV low abundence electrons of 111In

or the 119 keV electron emitted by 99mTc may be the most relevant. Govindan et al.

compared the toxicity ofmAbLL1 conjugated to 67Ga, 125I, or 111In or the b-emitters,
131I or 90Y toward Raji cells (Fig. 9.14) (56). The concentration required for 99%

cell kill (EC99) ranged from 0.1MBq/mL for 67Ga to 0.3MBq/mL for 125I, and

0.5MBq/mL for 111In.Theb-emitters, 131I and 90Y weremorepotentwithEC99 values

of 0.08 and 0.16MBq/mL, respectively. However, the specificity ratios, which

described the killing of Raji cells by LL1 compared to that using a nonreactive

controlmAbwere inmost instancesmuch higher for theAuger electron emitters (24:1

to 95:1) than for 131I or 90Y (31:1 and8:1, respectively). 111In had the lowest specificity

ratio among the Auger electron emitters, possibly due to its energetic g-emissions

(172 and 245 keV). The greater specificity of 131I compared to 90Y-labeled LL1 may

bedue to its lowerb-particle energy, allowingmore radiation tobedepositedwithin the

target volume (i.e., a single cell). 67Ga emerged as a potent and particularly promising

Auger electron emitter conjugated to LL1; this was explained by its greater proportion

of energetic electrons compared to 125I or 111In, which may deposit more radiation in

the nucleus from the cell surface or cytoplasm (note that these antibodies were not

FIGURE 9.14 (a) Clonogenic survival of Raji B-lymphoma cells exposed to CD74-specific

monoclonal antibody LL1 (closed circles) or a control antibody (closed squares) labeled with
67Ga, 111In, 125I, or 131I. (b) Survival of mice bearing disseminated Raji xenografts treated with

8.9MBq (closed squares) or 2.8MBq of 67Ga-LL1 antibodies (closed circles) or with 67Ga-

labeled MN-14 control antibodies (open squares) or no treatment (open circles). (c) Survival of

micewithRaji xenografts treatedwith themaximum tolerateddose of 90Y-LL1 (0.9MBq; closed

circles) or receiving no treatment (open circles). Reprinted with permission from Ref. 205.
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accumulated in the nucleus). Nonetheless, it remains to be determined if this

advantage would be maintained for mAbs conjugated to NLS-containing peptides

that are able to translocate to the cell nucleus following receptor-mediated internali-

zation. In addition, 111In can be purchased in higher specific activity than 67Ga and

strong chelators for 67Ga are not currently available (172). The effectiveness of 111In

and 125I-LL1 for killing three other B-cell lymphoma cells (Ramos, RL and Daudi)

in vitro has also been demonstrated (204).

The MTD of 111In- and 67Ga-labeled LL1 were 11–15MBq and 8–11MBq,

respectively, in severe combined immunodeficiency (scid) mice whereas 90Y-LL1

was 10-fold more toxic (MTD 0.9MBq) (205). 111In-LL1 (13MBq) administered

5days after i.v. inoculationofRaji cells produced compete cure in 40%of animalswith

no loss in bodyweight, that could indicate any generalized normal organ toxicity. This

therapeutic effect was greatly diminished however, if treatment was given 9 days after

Raji cell inoculation, illustrating once again, that Auger electron emitters are most

effective for treating low-volume disease. 67Ga-labeled LL1 (9MBq) had similar

tumor growth-inhibitory effects as 111In-LL1, but 90Y-LL1 administered at the MTD

(0.9MBq) provided no benefit (Fig. 9.14). It is important to appreciate that scid mice

harbor a genetic mutation which radiosensitizes their tissues and that would have

limited the dose that could be safely administered in this study (206). Michel et al.

found that 111In-LL1 was effective at controlling the growth of s.c. B-cell lymphoma

xenografts if administered at a dose of 9MBqwithin 3 days (but not 5 days) after Raji

cell inoculation orwithin 5 days afterDaudi cell inoculation (207).Daudi tumorswere

more responsive than Raji, and treatment started as late as 24 days after inoculation

completely prevented their growth at the MTD (9MBq). Even doses one-tenth of the

MTD (1.2MBq) were effective in preventing Daudi tumor growth. These results

confirmed the strongantitumor effects ofLL1 labeledwith 111In for treatment ofB-cell

lymphoma xenografts in scid mice but highlighted that some lymphoma phenotypes

may be more responsive.

9.5.6.2 Radiolabeled 1F5 and L243 Monoclonal Antibodies Mab 1F5

recognizes CD20 while L243 reacts with more abundent MHC class II a/b chain

epitopes on normal B-cells and B-cell lymphoma cells. Michel et al. compared mAbs

1F5 and L243 labeled with 67Ga, 125I, 111In, or the b-emitter, 131I for killing Raji cells

in vitro (208). A fourfold higher concentration of 67Ga-labeled 1F5 was required than

L243 to reduce the SF of Raji cells to <0.0001% (4MBq/mL versus <1MBq/mL),

possibly reflecting the greater epitopic density. 67Ga-labeled nonreactive control

mAbswere far less effective at reducing the SF of Raji cells (<1 logarithm decrease at

4MBq/mL). In terms of cytotoxic potency, the order was 67Ga> 125I> 111In, similar

to that found for LL1. 131I was more potent than the Auger electron emitters, but was

associated with greater nonspecific toxicity than 125I or 67Ga, but not 111In, which

demonstrated some nonspecific cell killing at high concentrations. It was argued that

since at least one of these antibodies (1F5) remains on the cell surface, internalization

and nuclear importation were not absolute requirements for cytotoxicity from Auger

electron emitters such as 67Ga, 125I, or 111In.However, it is important to appreciate that

cytotoxicity from surface-bound Auger electron emitters will depend on the far less
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abundent higher energy (5–30 keV) Auger and IC electrons, limiting their potency.

Furthermore, cellular dosimetry models predict that the radiation absorbed dose

deposited in the nucleus from 111In will be increased twofold from localization in the

cytoplasmcompared to the cell surface, butmore than35-foldwhen the radionuclide is

located in the nucleus, itself (58). Also, it is not proven that 1F5 remainsmostly on the

cell surface, since confocal fluorescence microscopy of Raji cells showed internali-

zation and accumulation to a juxtanuclear region (209). 111In-1F5 (10.4MBq) was

potent at controlling the growth in vivo of s.c. RL B-cell lymphoma xenografts in scid

mice but in contrast to 111In-LL1, was unable to prevent the growth of Raji tumors in

80% of the animals (207). Rituxumab that binds CD20 and is used to treat NHL has

also been labeled with 111In and shown to kill Daudi cells in vitro, with induction of

apoptosis being the primary mechanism of cell death (210).

9.5.7 Targeting CD33 Epitopes in Acute Myeloid Leukemia

CD33 is a 67 kDa cell-surface adhesion molecule that is expressed on acute myeloid

leukemia (AML) cells as well as on committed myelomonocytic and erythroid

progenitor cells, but is not present on normal lymphoid, nonhematopoietic or mature

myeloid cells, or the earliest myeloid progenitor (stem) cells (211, 212). 131I-labeled

murine M195 or humanized HuM195 anti-CD33 mAbs have proven efficacy for

eradicating AML cells in mouse leukemia models and killing large numbers of

leukemic cells in patients (213, 214) (see Chapter 7). However, a major challenge has

been their radiotoxicity to the bone marrow, likely due to the long-range (2mm)

b-particles emitted by 131I that can nonspecifically irradiate and kill hematopoietic

stem cells (“cross-fire” effect) (62). To improve the specificity of radiolabeled anti-

CD33mAbsand enhance their potency,McDevitt et al. labeledHuM195with the short

range (50–100mm) a-emitter, 225Ac, which decays to several daughter radionuclides

that are themselves a-emitters, or b-emitters (i.e., “atomic nanogenerator”) (215).

However, one of these daughter decay products, 213Bi, was found to redistribute to the

kidneys in cynomolgus monkeys causing severe renal impairment (216). Other anti-

CD33 mAbs have been conjugated to the chemotherapeutic drug, calicheamycin

(gemtuzimab ozagamicin; Mylotarg, Wyeth Pharmaceuticals) for treatment of

AML (217, 218). Unfortunately, these chemoimmunoconjugates are eliminated from

leukemic cells by multidrug resistance (MDR) transporters, which diminishes their

effectiveness (218, 219). Unlabeled HuM195was not effective for immunotherapy of

AML in Phase III clinical trials (220); this was suspected to be due to the low

expression of CD33 epitopes on leukemic cells as well as rapid internalization that

mayhavepreventedactivationof antibody-dependent cellular cytotoxicity (ADCC)or

complement-mediated cellular toxicity (CMCC) (220, 221). One approach to im-

proving the selectivity of radiolabeled anti-CD33 mAbs for killing leukemic cells,

whileminimizing their toxicity toward normal tissues such as the bonemarrow,would

be to conjugate them to subcellular range Auger electron-emitting radionuclides

(e.g., 125I or 111In). The basis for this approachwas reportedmore than 20 years ago for
125I-T101 mAbs that bind T65, a 65 kDa epitope present on normal and malignant

T cells; these Auger electron-emitting agents could kill human malignant T-cell
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leukemia cell lines in culture (222). Such radiolabeled anti-CD33 mAbs may also be

able to overcome chemotherapy resistance in leukemia. Athough not a radiolabeled

antibody, this has been shown in principle for 5-123I-iodo-40-thio-20-deoxyuridine
(123I-ITdU), a thymidine analogue labeled with the Auger electron emitter, 123I, that

was able to kill leukemia cells that were resistant to doxorubicin (223).

9.5.7.1 111In-Labeled M195 and HuM195 Monoclonal Antibodies Our

group has been investigating targeted Auger electron radiotherapy of AML using
111In-labeled M195 or HuM195 mAbs modified with 13-mer peptides

[CGYGPKKKRKVGG] harboring the NLS of SV-40 large T-antigen (underlined)

to direct the radiolabeled mAbs to the nucleus following CD33-mediated internaliza-

tion (as previously described for 111In-trastuzumab). There was a slight increase in

the Kd value of HuM195 as the number of NLS peptides was increased from

4 (Kd¼ 4.3� 10�9mol/L) to 8 or 12 (Kd¼ 6.3–6.9� 10�9mol/L) (130). However,

there was a strong direct correlation between the number of NLS peptides introduced

into 111In-HuM195 and the proportion of radioactivity that was imported into the

nucleus of HL-60 human leukemic cells; a sixfold increase was found for
111In-HuM195 modified with 8 NLS peptides compared to 111In-HuM195 without

NLS (65.9% versus 10.5% of the cell-bound radioactivity) (Fig. 9.15). In clonogenic

assays, only 1.5–3.3mBq/cell (<0.1 pCi/cell) of 111In-NLS-HuM195 targeted to HL-

60 cells was required to reduce their SF to<5–10%. Moreover, 111In-NLS-HuM195

was more effective than 111In-HuM195 without NLS in decreasing the survival of

primary AML patient specimens in vitro, with a 2-fold decreased SF found in 7 of 9

FIGURE 9.15 (a) Effect of conjugation of NLS peptides to 111In-labeled anti-CD33

monoclonal antibody HuM195 on its nuclear uptake in HL-60 human myeloid leukemia cells.

(b) Growth-inhibition by 111In-NLS-HuM195 of HL-60 cells with high CD33 expression

compared to that for U937 human histiocytic lymphoma cells with a threefold lower CD33

density and K562 human chronic myeloid leukemia cells with negligible CD33 expression.

Reprinted with permission from Ref. 130.
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specimens and >10-fold in 2 specimens. The toxicity of 111In-NLS-HuM195 was

dependent on the level of CD33 expression with U937 human histiocytic lymphoma

cells having threefold lower CD33 expression compared to HL-60 cells that exhibited

intermediate sensitivity while K562 human chronic myeloid leukemia cells with

negligible CD33 were not sensitive (Fig. 9.15). In normal Balb/c mice administered

3.7MBq (22 mg) of 111In-NLS-HuM195, there were no changes in body weight, or

decreased WBC, Plt, RBC counts, or decreased Hb or increases in SCr or ALT that

would indicate toxicity. Although these doses were quite low, they were almost 500-

fold higher on a kilobecquerel per kilogram basis than those of 225Ac-HuM195 that

were found to cause severe anemia and renal tubular damage in monkeys, illustrating

the much greater safety margin provided by Auger electron-emitting radiotherapeu-

tics (216). Importantly, we recently showed that 111In-NLS-M195 or 111In-NLS-

HuM195 were able to kill HL-60/MX1 cells that were resistant to mitoxantrone, as

well as primary AML specimens that displayed high levels of several MDR trans-

porters including pgp-170, BCRP1 and MRP1, responsible for chemotherapy resis-

tance in leukemia (131). A key finding was that the SA of 111In-NLS-HuM195 or
111In-NLS-M195 was critically important for cytotoxicity due to the low CD33

density (4� 104 receptors/cell) on leukemic cells with a minimum SA of

2–3MBq/mg required for effective cell killing. Multidrug resistance often leads to

relapses following successful chemotherapy of leukemia; Auger electron radiothera-

py may be one strategy to overcome this challenge (224).

9.6 SMALL-MOLECULE AUGER ELECTRON RADIOTHERAPY

This chapter focuses on the application of mAbs or peptides as targeting vehicles for

Auger electron radiotherapy of malignancies, but it is useful to briefly review for

comparison the use of small molecules as delivery systems for this class of radio-

nuclides. These include estradiol analogues (20, 29, 225–228), metaiodobenzylgua-

nidine (mIBG) (27, 229–234) as well as some novel agents that are able to intercalate

directly into DNA (235–237).

9.6.1 Radiolabeled Estradiol Analogues

Estradiol diffuses into cells and specifically binds to estrogen receptors. ERs are

transcription factors that translocate from the cytoplasm to the nucleus following

binding of E2, where they interact with estrogen response elements (ERE) on DNA,

increasing gene expression (238). This direct binding of E2 to ERE provides a route

for insertion of Auger electron-emitting radionuclides into the nucleus and promotes

their interactionwithDNA, themost radiation sensitive target in the cell. Recognizing

that ERs are present in more than 50% of breast cancers, this creates an opportunity

for ER-targeted Auger electron radiotherapy. Beckmann et al. showed that DNA

strand breaks were produced in ER-positive MCF-7 breast cancer cells incubated

in vitrowith 16-a-125I-iodo-17-b-estradiol (125I-E2) (225). The SF of theMCF-7 cells

SMALL-MOLECULE AUGER ELECTRON RADIOTHERAPY 329



was decreased fivefold by exposure to<0.2MBq/mL of 125I-E2, whereas the SF of an

ER-negative MCF-7 subclone was not effected. Yasui et al. showed differential

toxicity of the estradiol analogue, E-17-a-125I-iodovinyl-11-b-methoxyestradiol

(125I-VME2) towardMCF-7 cells compared toER-negativeMDA-MB-231 cells (29).

Differential toxicity has similarly beennoted for 125I-labeled tamoxifen (a competitive

ER antagonist) towardMCF-7 cells compared to V79 Chinese hamster cells that have

a 15-fold lower ER expression (20).

The above studies are promising but a serious limitationwith the use of 125I-labeled

E2 analogues for Auger electron radiotherapy is the long physical half-life (t1/2) of
125I (57 days) relative to the short biological t1/2 (4 h) of the E2/ER complex in cells,

combined with the low expression of ER in a tumor cell (239). The difference in

thephysical kinetics of the radionuclide andbiological kinetics of the targetingvehicle

would minimize the radiation absorbed dose deposited in DNA, and thus, the

effectiveness for treatment of ER-positive tumors in vivo, despite the promising

results in vitro. One strategy that has been explored to address this issue as well as the

limitedERavailabilitywas to radiolabel theE2 analogues tomaximumachievable SA

with shorter-lived Auger electron emitters such as 80mBr or 123I (t1/2 of 4.4 and 13.2 h,

respectively). DeSombre et al. showed that 123I-ME2 and the E2 analogue, 2-
123I-iodo-1,1-bis-(4-hydroxyphenyl)-2-phenylethylene (123I-BHPE) (8.9MBq/

pmol) were toxic in vitro to CHO cells transfected with the ER gene after only a

short incubation time of 30–60min (228). The D37 (dose required to reduce the SF to

37%)was 300–600 decays per cell, which was well within the range of ER expression

(1–3� 104molecules/cell). Similarly high potencies were found for these radiola-

beled E2 analogues in ER-positiveMCF-7 cells and multicellular spheroids (27). In a

subsequent study, a 2-logarithm decrease in the tumorigenicity ofMCF-7 cells in vivo

in athymic mice was found if the cells were pretreated with 123I-VME2 (227). The

inverse correlations previously noted between EGFR and ER expressions in breast

cancer would make Auger electron radiotherapy using radiolabeled E2 analogues

a useful complementary strategy to an approach targeting EGFR (240). Moreover,

combining radiotherapeutic agents targeting EGFR and ER would address issues

of tumor cell heterogeneity as well as loss of ER expression by some malignant

cells (241, 242).

9.6.2 Radiolabeled mIBG Analogues

Metaiodobenzylguanidine is a guanethidine analogue that is actively concentrated

and stored in neuroblastoma cells via the norepinephrine transporter (NET); it also

accumulates in these cells by diffusion across the cell membrane. 131I-mIBG has been

used for treatment of neuroblastoma, but amajor limitation is its dose-limiting toxicity

to the bone marrow, likely due to the long-range (2mm) b-particles emitted by the

radionuclide that nonspecifically irradiate and kill hematopoetic stem cells (“cross-

fire” effect) (243, 244). Radioiodinated mIBG is accumulated intracellularly mainly

within mitochondria and there is some relocalization of vesicles incorporating the

radiopharmaceutical to the nuclear membrane, but these are not imported into the

nucleus itself (229). To diminish the bone marrow toxicity of 131I-mIBG as well as
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improve its ability to eradicate residual micrometastases following chemotherapy of

neuroblastoma that are not within the irradiation volume of the moderate energy

(0.6MeV) b-particles emitted by 131I, the agent has been labeled with the Auger

electron emitters, 125I (230–234) or 123I (245, 246). Sisson et al. reported almost

20 years ago 125I-mIBG given in doses of 9657–15,059MBq to three children for

treatment ofStage III neuroblastoma (233).Themain toxicitiesweredecreasedPlt and

WBC counts as well as decreased Hb. Stabilization of disease was achieved in two

patients, but one patient progressed and died. Hoefnagel et al. reported a mixed tumor

response in one patient administered 7400MBq of 125I-mIBG and a temporary

stabilization of disease progression in a second patient receiving a dose of

3700MBq (230). Sisson et al. subsequently treated 10 children with persistent or

recurrent Stage III or IV neuroblastoma with 8300–30,100MBq of 125I-mIBG (234).

Bone marrow toxicity was dose-limiting and suspected to have contributed in part to

the deaths of 2 of 5 patients who rapidly progressed. There was no radiologic tumor

response but five patients exhibited an unusually prolonged survival considering their

advanced stage of disease with 50% alive at 18 months.

Preclinically, 125I-mIBG has been found effective for killing SK-N-MC neuro-

blastoma multicell spheroids in vitro (231). We and others have similarly determined

that mIBG labeled with 125I or 123I can kill neuroblastoma cells and spheroids in

culture (245, 246). The bone marrow toxicity observed clinically with 125I-mIBG is

somewhat surprising because our group found that bone marrow stem cells were

spared from the toxicity in vitro of 123I-mIBG in vitro due to the absence of NET,

whereas SK-N-SH neuroblastoma cells were killed (246). However, Rutgers et al.

reported that 131I-mIBGwas more effective than 125I-mIBG administered at the same

doses (60–100MBq) for treatment of macroscopic s.c. SK-N-SH neuroblastoma

xenografts in athymic mice, and the theoretical advantage of 125I-mIBG over
131I-mIBG for the treatment of microscopic hepatic metastases was not real-

ized (232). However, it is likely that the doses of 125I-mIBG administered in this

study were too low for an appropriate comparison with 131I-mIBG. As discussed

previously for radiolabeled CO17-1A mAbs, Auger electron emitters have been

found more effective than b-emitting radionuclides when administered at equitoxic

doses (but not at equal doses)—the effective dose as well as the MTD of an Auger

electron-emitting agent may be up to 10-fold higher than that of the corresponding

b-emitting analogue (188).

9.6.3 DNA Intercalating Agents

Auger electron-emitting radiotherapeutic agents that can directly bind and intercalate

intoDNAwould be themost effective for killing tumor cells. Ickenstein et al. designed

several different 125I-labeled duanorubicin analogues, one of which (125I-Comp1)

translocated to thenucleus (Fig. 9.11), intercalateddirectly intoDNAandcausedDNA

DSBs (0.4 breaks per decay) (235). 125I-Comp1 at a concentration of 0.5 ng/mL

(50 kBq/mL) reduced the growth of SKBR-3 breast cancer cells in vitro more than

100-fold, whereas unlabeled daunorubicin or nonradioactive 127I-Comp1 had no

cytotoxic effect at these low mass concentrations. Anthracyclines including
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doxorubicin or daunorubicin are thought to translocate to the nucleus bound to

cytoplasmic proteosomes which harbor an endogenous NLS on the a-subunit that
interacts with the importin-a/b nuclear importation machinery (247). H€afliger et al.
showed thatDNAintercalators complexed to a 99mTc-carbonyl [99mTc(OH2)3(CO)3]

þ

complex caused DNA DSBs in fX174 double-stranded plasmid DNA in vitro due to

the emission of Auger electrons (237). This groupmodified these 99mTc-intercalating

complexeswith octapeptides harboring the SV40NLS [PKKKRKVGG] to encourage

their nuclear importation (236). These 99mTc-NLS DNA-intercalating complexes

accumulated in the nucleus of B16F1 melanoma cells, causing substantial DNA

damage (micronuclei) and reducing the SF to virtually zero at a very low molar

concentrations (17.5 nmol/L). However, these concentrations were associated with

very high radioactivity concentrations (350MBq/mL). 99mTc may not be an ideal

Auger electron-emitter for this purpose, since as previously discussed, it has a low

yield of electrons that have shorter range and deliver less total energy than either 111In

or 125I.

9.7 SUMMARY AND CONCLUSIONS

Auger electron emissions from radionuclides commonly used in nuclear medicine for

imaging studies have generally been ignored for decades, since their very low energy

and ultrashort nanometer range suggested that they would deposit inconsequential

doses of radiation in the nucleus of cells, and thus be relatively harmless. It is now

being realized that these radionuclides actually have great potential for the treatment

of cancer if they can be selectively delivered to tumor cells, internalized into the

cytoplasmand transported in close proximity to the cell nucleus, where their highLET

causes extensive and lethal DNA damage. The results of preclinical evaluations of

Auger electron emitters such as 111In, 67Ga, or 125I conjugated to mAbs and peptides

that target and exploit the overexpression of tumor-associated antigens or receptors on

malignant cells have been very encouraging, particularly for the eradication of small-

volume tumors andmicrometastases. Furthermore, clinical trials of these agents have

demonstrated that theyprovide clinical improvement in cancer patients and significant

decreases in tumor-associated biomarkers, although objective remissions have been

rare. There is clearly a considerable amount of radiopharmaceutical design innovation

that will be required to take full advantage of the exquisitely selective and highly

potent single-cell killing that can be achieved with this intriguing class of targeted

radiotherapeutics. These design aspects include selection of the most appropriate

molecular targets and targeting vehicles, enhancing the nuclear uptake and DNA

binding of the radiopharmaceuticals, aswell as amplifying the amount of radioactivity

delivered to tumor cells with each cell-surface antigen/receptor recognition event.

Clinical trials in patients with low-volume disease who are most likely to respond to

these agents, aswell as in thosewith tumors resistant to other formsof therapy thatmay

respond to targeted radiotherapy would provide great insight into the potential role

of Auger electron emitters in the treatment of cancer in the future. The story is just

unfolding now and much remains to be told.
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CHAPTER 10

Viral Introduction of Receptors
for Targeted Radiotherapy

KATHRYN OTTOLINO-PERRY AND JUDITH ANDREA McCART

10.1 INTRODUCTION

Using viruses to facilitate the introduction of receptors into tumor cells for use in

targeted radiotherapy is one type of gene therapy.Gene therapy, broadly defined, is the

introduction of foreign DNA into a cell for therapeutic gain. While generally thought

of for gene replacement, as in the case of inherited disorders such as cystic fibrosis

and replacement of the CFTR gene (1), in this chapter it will be discussed as a means

of putatively permitting one to make any tumor “receptor-of-choice” positive. The

overwhelming advantage is that this gives one the option to treat any tumor with

targeted radiotherapy, regardless of its original receptor status. Receptor-negative

tumors can be converted to a positive status. Even receptor-positive tumors can be

enhanced by receptor overexpression and a more homogenous receptor density.

While easily achieved in cell culture, delivery remains one of the most difficult

challenges to overcome in vivo. For applications that require all cells within a tumor or

organ to be transduced, this remains generally insurmountable with present technol-

ogies. However, in the case of gene therapy strategies to deliver receptors to tumor

cells for targeted radiotherapy, even a 10% transduction rate can lead to a therapeutic

benefit. This is largely due to the radiation “cross-fire” (Fig. 10.1) and bystander

(Fig. 10.2) effects. The radiation cross-fire effect occurs when emitted radiation,

originating from a cell expressing the virally encoded receptor, is deposited in a

neighboring cell. The path length and energy emitted are believed to determine the

extent of the cross-fire effect mediated by any given radionuclide. Radionuclides that

deposit the majority of their energy within the cell to which they are bound will

obviously be less effective in killing uninfected cells than those with a longer path

length. The radiation cross-fire effect is therefore particularly relevant when consid-

ering treatment with a- and b-emitting radionuclides, which have path lengths of

Monoclonal Antibody and Peptide-Targeted Radiotherapy of Cancer, Edited by Raymond M. Reilly
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50–100 mm and 2–12mm, respectively. The biological bystander effect describes the

indirect mechanism of cell death resulting from radiation- or virus-induced cell

damage (see Chapter 14). These two effects are distinct and mediated by different

factors. Distinct biological changes such as compromised genetic stability, radionu-

clide-dependent increases in cell death, or decreased clonogenic potential have been

observed in nonirradiated cells cocultured with either irradiated cells (2) or the media

from irradiated cells (3). The virus-mediated biological bystander effect is due to

transmission of proapoptotic signals and stimulation of an antitumor immune re-

sponse. It is expected that the radiation cross fire and biological bystander effects

(radiation- and virus-mediated) together will significantly contribute to the death of

noninfected receptor-negative cells.

FIGURE 10.1 Maximizing the radiation cross-fire effect using rational radionuclide selec-

tion. The maximum distance radiation travels within tissues is defined by the radionuclide path

length. Depending on the type of radiation emitted from a given radionuclide, the majority of

energy will be deposited at the end of the path length or spread out along the entire distance

of the path length. (a) The virus-encoded receptor (e.g., SSTR2, NIS, NET, D2R, and

GRPr), expressed on the surface of infected tumor cells, will be specifically bound by its

radioligand analogue. Radiation emitted from the radionuclidewill travel a given distance (x, y)

and deposit its energy in cells along its path length, including uninfected and nonirradiated

cells. While virus-mediated receptor expression is tumor-specific, radiation damage due to the

cross-fire effect has the potential to equally effect both tumor and normal cells. Therefore, a

radionuclide with a shorter path length would be more suitable for treatment of smaller tumors

(b), whereas one with a longer path length would be more effective for larger tumors (c).

Rational selection of radionuclides for radiopharmaceutical labeling based on the approximate

size of the tumor and the radionuclide path length could minimize unwanted radiation damage

to surrounding normal cells. (See insert for the color representation of the figure.)

350 VIRAL INTRODUCTION OF RECEPTORS FOR TARGETED RADIOTHERAPY



A second challenge, particularly when delivering a toxin such as a therapeutic

radionuclide, is adequate specificity of the gene delivery such that normal cells are

minimally affected. In order to facilitate the delivery of foreign DNA, such as

receptors, specifically into tumor cells, a variety of delivery vehicles or vectors have

been used. These can be divided into viral or nonviral vectors. Viruses can be either

replicatingornonreplicating.Themost commonvirusused todate forgene therapy is a

nonreplicating adenovirus. While nonreplicating viruses are safe, they can transduce

only a select number of cells. Replicating viruses can spread to surrounding cells after

replication.Theobviousconcern regarding replicatingviruses is safety, and thus tissue

targeting in this case is critical. As the majority of viral vectors have elicited an

immune response leading to eradication of the virus and failed delivery of the genetic

material, this led to the development of nonviral vectors such as liposomes that do not

trigger an immune response.While thediscussionof all gene therapyvectors is beyond

the scope of this chapter, a brief overview of the viral vectors used to deliver receptors

into cells for targeted radiotherapy will be given.

FIGURE 10.2 The biological bystander effect mediated by radiation damage or viral

infection results in the death of uninfected and/or nonirradiated cells. The biological bystander

effect, a process by which uninfected or nonirradiated cells are eliminated, can be mediated

by irradiated or virally infected cells. The radiation-mediated biological bystander effect occurs

when factors, such as cytokines or reactive oxygen species (ROS), released from cells directly

damaged by radiation, act upon nonirradiated cells to induce cell death. The virus-mediated

biological bystander effect leads to the death of uninfected cells due to (i) release of soluble

factors, such as TRAIL, or (ii) induction of an immune response. TRAIL is a signalling

molecule, which upon binding of theTRAIL receptor can lead to induction of apoptosis through

activation of effector caspases. The cell-mediated immune responses, including infiltration

of tumors by natural killer cells, neutrophils, and cytotoxic T-cells can also contribute to

bystander killing of uninfected, nonirradiated tumor cells. (See insert for the color representa-

tion of the figure.)
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10.2 VIRAL VECTORS

10.2.1 Nonreplicating Viruses

10.2.1.1 Adenovirus Oncolytic adenoviruses are large, double-stranded DNA

viruses. Adenoviruses enter cells through the coxsackie and adenovirus receptor

(CAR). Ubiquitous expression of CAR on cells leads to a widespread uptake of the

virus. Efforts to achieve tumor targeting have utilized immunologic and genetic

methods, both focused on altering the fiber knob (which binds the CAR receptor). For

example, this can be done either by using immunoconjugates that bind both the knob

and the specific receptor of choice (e.g., epidermal growth factor receptor (EGFR)) or

genetically engineering ligands into the H-loop of the knob such as EGF (4). This

permits entry only into EGFR-positive tumors. Nonreplicating adenoviruses have

been extensively used as gene therapy vectors for many indications as they are easy

to manipulate, can be produced to high titers, and do not cause major toxicity in

humans (5).

10.2.1.2 Retrovirus Retroviruses, including the HIV-derived lentivirus, are

nonreplicating, single-stranded RNA viruses. They lack many genes encoding pro-

teins required for assembly and thus must be produced from packaging cell lines that

provide the necessary proteins for production of a mature virion. They are highly

efficient at transducing dividing cells in vitro, where their RNA genomes are reverse

transcribed and the DNA is then inserted into the host genome to provide long-term

gene expression. Unfortunately, they are much less efficient in vivo. The use of

lentiviruses, which can transduce nondividing cells, has led to improvements in gene

transfer but in vivo tumor targeting remains difficult and thus they are generally used

in conjunction with cell-based therapies that are transduced in vitro (5).

Retrovirus transduction, specificity, and efficiency can be improved through

inclusion of tissue-specific promoters (6, 7). Immunoglobulin (Ig) enhancer and

promoter elements inserted into a sodium iodide symporter (NIS) expressing, self-

inactivating (SIN) lentivirus vector resulted in myeloma restricted infection in vitro

with limited infection of other normal and cancerous hematological cell lines (6).

Efficiency of transduction was further increased by the use of a vector containing

a double Ig enhancer/promoter element (6). In another study, a lentivirus vector

containing the ubiquitin C (UbC) promoter was used to increase the in vivo stability of

human NIS (hNIS) expression in a murine colon cancer cell line (8). Previous studies

indicated that cytomegalovirus (CMV) driven reporter gene expression was cell type

restricted (9) and achieved only short-term in vivo expression in the liver following

virus-mediated gene therapy due to promoter silencing (10).

10.2.2 Replicating Viruses: Mechanism of Tumor Cell Specificity

Replicating oncolytic viruses are innately tumor selective and thus an excellent

platform for the delivery of receptors specifically to tumor cells. Oncolytic viruses

selectively target, infect, and kill cancer cells leaving normal cells intact, thus toxicity
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to normal tissues is minimal. Because the viruses preferentially infect and replicate in

tumor cells, this leads to strong and highly selective expression of any transgenes

encoded within the virus. When these transgenes are sufficiently and selectively

expressed in tumor cells this can yield very high tumor to normal tissue ratios and

the protein products of expressed transgenes, such as the human somatostatin type 2

receptor (hSSTR2) gene or the NIS gene, can provide targets for imaging and

radiotherapy. Several replicating viruses have been used for receptor delivery. These

include replicating adenovirus, measles virus (MV), vesicular stomatitis virus (VSV),

and vaccinia virus (VV). Each virus possesses several unique mechanisms leading to

specific delivery of the receptor into tumors that will be briefly discussed.

10.2.2.1 Replicating Adenovirus Replicating adenoviruses have been en-

gineered to be tumor-specific agents. Similar to nonreplicating viruses, the tumor

targetingproperties of adenoviruseshavebeenengineered in threeways: (i) deletion of

critical viral genes; (ii) insertion of tumor/tissue-specific promoters; and (iii) modifi-

cation of the viral fiber knob used for cell entry as described above. The prototypical

tumor-selective replicating adenovirus is ONYX 015, which was deleted from the

E1B 55K gene (11). It was suggested that this virus could only replicate in tumors

harboring p53 mutations (12). Other adenoviruses have been deleted from genes that

similarly result in selective replication in tumors with retinoblastoma (Rb) family

gene mutations (13) and tumors with defects in interferon (IFN) signaling (14). Many

investigators have engineered essential viral genes under the control of tumor- or

tissue-specific promoters such as tyrosinase for melanoma (15) or prostate-specific

antigen (PSA) promoters for prostate cancer (16), and observed tumor/tissue-specific

adenoviral replication.

10.2.2.2 Measles Virus Measles virus is a negative strand RNAvirus (17). The

vaccine strain Edmonston B (MV-Edm) is very attenuated in normal human cells, yet

a potent oncolytic virus. The natural tumor selectivity of MV-Edm derives from its

preferred use of the cellular receptorCD46 (rather than the SLAMreceptor utilized by

wild-type MV) (18). The high levels of CD46 expression (19) in many cancer cells

compared to normal nontransformed cells, at least partially, explains the tumor

specificity observed forMV-Edm. The development of a reverse genetics system (20)

for engineering recombinant MV has enabled the creation of more potent MVs for

radiovirotherapy (21).

10.2.2.3 Vesicular Stomatitis Virus VSV is a small, negative strand, RNA

virus. While it naturally has a wide tissue tropism, it causes a very mild infection in

humans perhaps due to its unique sensitivity to IFN (22). As many cancer cells have

defects in their IFN pathways, they have been shown to be supportive of a productive

VSVinfection andhence are selectivelykilled (23).VSVhasbeenpreviously shown to

selectively replicate and kill tumors with aberrant p53, Ras, or Myc signaling (24)

accounting for up to 90% of cancers. VSV can be grown to high titers (25) and easily

engineered to express foreign genes; indeed, recently it has been engineered to express

the hNIS gene for combined imaging and radiotherapy of myeloma (26).
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10.2.2.4 Vaccinia Virus Vaccinia virus is a large double-stranded DNAvirus.

It is a close cousin of smallpox (variola virus) (27). VV is possibly a mutated or

laboratory version of the cowpox virus originally described by Jenner (28) to provide

protection against smallpox infection. In order to enhance the tumor selectivity,

the WR strain of VV was mutated by deletion of the thymidine kinase and vaccinia

growth factor genes (29) to render it dependent upon dividing cells for its replication.

It is easily grown to high titers and recombinant viruses are readily engineered (30).

Large amounts of foreign DNA can be inserted into the VV genome by homologous

recombination (31) without requiring viral deletions. A recombinant VV with a

transgene encoding the hSSTR2 receptor to enable imaging of virus delivery and

expression, and potentially tumor-targeted radiotherapy (32), has been engineered.

10.3 VIRALLY DELIVERED RECEPTORS

In the following section, the five receptors that have been investigated as potential

imaging and/or radiotherapeutic targets invirusgene therapy studieswill bediscussed.

The receptors are somatostatin receptor subtype 2 (SSTR2), sodium iodide symporter

(NIS), gastrin-releasing peptide receptor (GRPr), norepinephrine transporter (NET),

and dopamine receptor (DR-D2). Table 10.1 provides an overview of the receptors

with particular emphasis on the details one may find useful when considering which

receptor would be most suited to a given application.

10.3.1 Somatostatin Receptor

Somatostatin receptor scintigraphy using radiolabeled somatostatin analogues is a

well-established andvaluable tool for diagnosis, imaging, andmonitoringof treatment

response in SSTR-positive neuroendocrine tumors. Based on the successful track

record of somatostatin receptor-based therapies and radiotherapies (see Chapter 4),

novel viral vectors encoding theSSTRgenehavebeendeveloped to allow imaging and

treatment of a variety of SSTR-negative tumors in preclinical studies.

10.3.1.1 Receptor/Ligand Physiological Function in Normal Tissues
To date, five subtypes of the somatostatin receptor have been identified (SSTR1-5)

(33–36). SSTR expression is rather ubiquitous throughout the body; however, each

subtype has a different pattern of expression in normal and tumor tissues. One ormore

receptor subtype is expressed in the brain, pituitary, pancreas, stomach, salivary gland,

liver, kidneys, lympocytes, lungs, testes, ovaries, thyroid, immune cells, intestines,

and myocardium (37). Somatostatin (SS) is a small cyclic peptide that exists in two

active forms, somatostatin-14 or somatostatin-28, each resulting from the proteolytic

cleavage of the 116 amino acid propresomatostatin precursor (38, 39). Somatostatin

signaling has a variety of biological activities including (i) inhibiting the secretion of

numerous hormones, pancreatic enzymes, bile, and colonic fluid (40); (ii) inhibiting

gastrointestinal (GI) motility (40); (iii) modulating CNS neurotransmission (41); and

(iv) autocrine- and paracrine-mediated antiproliferative effects on normal (42) and
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tumor cells (43). Each SSTR subtype has been demonstrated to mediate unique

downstream signaling cascades.

10.3.1.2 Somatostatin and Somatostatin Receptors in Cancer SSTR

expression has been detected in numerous primary tumors and cancer cell lines.

High levels of SSTR expression are found in a majority of neuroendocrine and

nervous system tumors (44) and variable rates of expression are found in a variety of

epithelial tumors, soft tissue sarcomas, melanomas, lymphomas, and thymomas (45)

(Table 10.1). Where the receptor is overexpressed, SSTRZ is the most commonly

detected subtype (46).

Somatostatin (SS) signaling induces antiproliferative and apoptotic effects in

tumor cells by direct and indirectmechanisms (43).Modulation of signal transduction

pathways, including downregulation of themitogen-activated protein kinase (MAPK)

cascade, directly inhibits tumor cell proliferation (47). Alternatively, indirect me-

chanisms are mediated through inhibition of hormone and growth factor secretion

from normal cells that in turn limits tumor growth (48). Interestingly, it has also been

suggested that a loss of SSTR expression may be linked with a growth advantage in

some tumors (49, 50), likely due to the loss of the inhibitory effects mediated by SS

signaling.

The natural SS peptide has a short biological half-life (1 to 3min), therefore to

improve its pharmacological properties numerous SS analogues have been developed;

several ofwhich have been approved for use in humans (Table 10.1). In the early stages

of SS analogue development, clinical use centered around the imaging of receptor-

positive primary tumors and metastases using radiolabeled analogues and unlabeled

SS analogue treatment of receptor-positive tumors. More recently, peptide receptor

radiotherapy (PRRT) has been investigated using therapeutic doses of radiolabeled SS

analogues (see Chapter 4).

Traditional PRRT is effective only in tumors with endogenous SSTR expression

and is therefore significantly limited in its application as a broad-spectrum cancer

therapy. Consequently, SSTR gene therapy strategies have been investigated to

compliment PRRT and allow imaging and treatment of tumors without endogenous

SSTR expression.

10.3.1.3 SSTRAdvantages andDisadvantages SSTRhasmany attributes

thatmake it an ideal candidate for combined viral gene therapy andPRRT. First, SSTR

delivery alone has been demonstrated to result in significant reductions in tumor

growth in vitro (51) and in vivo (52, 53). Second, while natural SS binds each receptor

subtype with approximately equal affinity, analogues have been designed to prefer-

entially bind a specific receptor subtype (46). Given the ubiquitous SSTR tissue

distribution, the ability to target only the subtype being overexpressed in the tumor

(due to viral gene therapy) will significantly minimize uptake in nontarget tissues.

Third, the impressive number of available SS analogues, each with differing phar-

macokinetic properties, allows selection of ligands based on the properties best suited

to each specific indication. Furthermore, the numerous radionclides used to label SS

analogues, including 125I, 99mTc, 111In, 90Y, 64Cu, 188Re, 66Ga (54) and 225Ac (55),
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increase the number of choices regarding the desired imaging modality and the

specific type of radiation being delivered to the tumor (Table 10.1). Finally, SSTR2

mRNA is approximately 3000 bp and can be easily incorporated into most viral

backbones.

The disadvantages to selecting SSTR for gene therapy and PRRT include complex

and expensive peptide labeling procedures, a lack of good specific anti-SSTR2

antibodies for evaluation of protein expression and localization in laboratory animal

models and concerns regarding toxicity in other tissues normally expressing SSTR,

such as the kidney, spleen, and bone marrow (56).

10.3.1.4 Viral Vectors for Delivery of SSTR2 Adenoviruses are the most

widely studied vectors for delivery of the SSTR2 gene. AdCMV-SSTR2 is the most

basic adenoviral vector to be investigated for both in vitro and in vivo gene delivery.

This vector is replication incompetent due to variable deletions in E1 and/or E3 viral

genes, and contains SSTR2 cDNA under the control of a CMV promoter. This strong

viral promoter has been extensively used to achieve high levels of transgene expres-

sion in numerous gene therapy studies. Variations of the basic SSTR2 Ad vector

encoding additional genes include AdCMV-SSTR2-TK (57-60), RGDTKSSTR

(58, 60), and AdHAhSSTR2 (61). AdCMV-SSTR2-TK and RGDTKSSTR encode

the herpes simplex virus (HSV) thymidine kinase (TK) protein that can be imaged

using radioiodinated 20-deoxy-20-fluoro-b-D-arabinofuranosyl-5-iodouracil (FIAU).
TheTKgene also allowsmolecular chemotherapy usingganciclovir.While it has been

demonstrated that thepercentageof trapped 125I-FIAUis significantlygreater than that

of the 99mTc-labeled somatostatin analogue P2045 in AdCMV-SSTR2-TK-infected

A-427 lung cancer cells (57), in vitro gamma camera imaging of internalized 125I-

FIAU resulted in significantly increased background and decreased spatial resolution

compared to 99mTc-labeled P2045 in infected A-427 (57, 62) and two ovarian cancer

cell lines (SKOV3.ip1 and OVCAR3) (58, 62). This suggests that 125I-FIAU/TKmay

be less suitable for in vivo imaging. Furthermore, treatment with ganciclovir was

shown to decrease SSTR2 expression, indicating that it may not be a good marker for

measuring delivery of the TK gene (60). RGDTKSSTR also encodes a modified

adenoviral fiber knob (RGD) that enhances viral infectivity (63). AdHAhSSTR2

encodes an N-terminal hemaglutinin (HA) epitope-tagged somatostatin receptor. HA

is an influenza surface protein that, unlike SSTR2, is not naturally found in humans.

Investigators rationalized that including HAwould provide a more accurate image of

only those cells that have been infected; however, gamma camera imaging of tumor-

bearingmice infected with AdHAhSSTR2 and injected with a 99mTc-labeled anti-HA

antibody showed significant uptake in the liver, blood, lungs, and spleen (61),

indicating that this vector may have limited in vivo potential.

SSTR2 gene delivery has also been investigated using an oncolytic vaccinia

virus (32). This virus has deletions in two viral genes (TK and vaccinia growth

factor) resulting in increased tumor specificity due to decreased viral replication in

normal tissues (29). While all other vectors investigated are nonreplicating with

limited tumor specificity, this recombinant VV expressing SSTR2 has all the ad-

vantages associated with replicating viruses in addition to high tumor specificity.
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10.3.1.5 In Vitro Virus-Mediated SSTR2 Expression and Radionuclide
Uptake In vitro studies have demonstrated adenovirus-delivery of SSTR2

with specific uptake of radiolabeled SS analogues in a number of tumor cell lines

including nonsmall cell lung (57, 62, 64–67), pancreatic (51–53, 64), breast (64),

ovarian (58, 64, 67, 68), and glioma (59). Specific analogue uptake has also been

demonstrated following VV-mediated delivery of the STTR2 gene to monkey fibro-

blasts (32). Significant decreases in radiolabeled SS analogue uptake in the presence

of competing unlabeled SS analogue or in cells infected with a receptor-negative

control virus demonstrated specific binding between the radiolabeled SS analogue

and somatostatin receptor, and confirmed internalization was due to the virally

delivered receptor as opposed to an endogenous receptor (32, 57, 59, 62, 64–69).

Uptake of radiolabeled SS analogues inAd-infected cells depends onviral dose and

exhibits a maximum uptake at different multiplicities of infection (MOI) in different

cell lines (59, 64, 68). Glioma cell lines infected with AdCMV-SSTR2-TK showed an

increase in 111In-DOTA-Tyr3-octreotide uptake at increasing MOIs with a maximum

uptake at MOI 100 (59). Zinn et al. demonstrated that cell lines less susceptible to

adenovirus infection (SKOV3.ip1 and BxPC-3) require an MOI of 100 to achieve

maximal uptake (64, 68),while those that aremore susceptible (A-427 andMDA-MB-

468) achieve maximal uptake at an MOI of 10. Interestingly, 99mTc-P2045 internali-

zation in SKOV3.ip1 cells infected with the infectivity-enhanced RGDTKSSTR

vector was significantly increased compared to those infected with the Ad-CMV-

SSTR2-TK vector at the sameMOI (58). This suggests that modification of virus cell

surface proteins to increase infectivity in less susceptible cells may allow a reduction

in the viral dose required to achieve maximal SSTR2 expression in vivo.

The percentage of internalization also depends on the length of incubation.Gamma

camera imaging and gamma counter analysis of A-427 and SKOV3.ip1 cells infected

with SSTR2 expressing Ad vectors and incubated with 99mTc-P2045, 94mTc-Demo-

tate, or 188Re-P829 for varying durations demonstrated internalization of the radi-

oligands increased with increasing times of incubation (62, 64, 65, 68, 69). This

implies that in vivo tumors expressing virally encoded SSTR2 will continue to

accumulate radioactivity for a significant period of time given continued radiolabeled

SS analogue bioavailability.

Themajority of in vitro studies have used gamma-emitting 99mTc or 111In, although

other radionuclides including 90Y (66, 70, 71), 125I (72), 64Cu (67), 94mTc (69), and
188Re (65) have been investigated. Gamma emitting radionuclides have traditionally

been used due to the availability of technologies that can detect and quantify their

uptake invitro and invivo. Comparison of gammacamera andgammacounter analysis

demonstrated no significant difference in the percent uptake of 99mTc-P2045 follow-

ing viral delivery of SSTR2 (58, 62, 64). The concordance of these twomeasurements

serves to validate the accuracy and rationale of gamma camera analyses for in vivo

imaging.

10.3.1.6 In Vivo Virus-Mediated SSTR2 Expression and Radionuclide
Uptake The critical in vivo experiments for evaluating the potential efficacy of

combination receptor gene therapy and targeted PRRT are (i) assessment of
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radioligand and virus biodistribution, (ii) noninvasive imaging demonstrating tumor-

specific localization of the radioligand, (iii) evaluation of tumor burden and response,

and (iv) survival studies. Biodistribution studies are important for validating specific

tumor uptake and assessing the potential for toxicity to normal tissues due to untoward

accumulation of the virus and/or radionuclide. Tumor-specific targeting of radiola-

beled analogues relies on virus delivery of the receptor specifically to cancerous cells.

Since the adenoviral vectors used for SSTR2 receptor gene delivery are nonreplicat-

ing, it is not possible to assay for liveviral particles as is typically done in studies using

replicating viruses. Therefore, evaluation of radionuclide biodistribution by measur-

ing radioactivity in a gamma counter is an indirect assessment of virus biodistribution.

In an intraperitoneal (i.p.) tumor xenograft model, mice receiving i.p. Ad-CMV-

hSSTR2 showed an increased concentration of the SS analogue, 99mTc-P2045, in the

liver, spleen, large intestine, small intestine, and blood compared to animals receiving

no virus injection (68). Similar increases in nontarget tissue uptake after Ad-CMV-

hSSTr2 versus Ad-CMV-LacZ treatment were observed in mice bearing i.p. SKOV3.

ip1 tumors receiving 64Cu-TETA-octreotide (67). These data suggest that these

vectors may be limited to intratumoral (i.t.) administration thereby significantly

limiting their clinical applications. Gamma camera imaging with region-of-interest

(ROI) analysis as well as gamma counter measurements consistently demonstrate

significantly increased levels of radionuclide uptake in tumors injected with Ad

vectors expressingSSTR2 relative to receptor-negativeAdcontrol vectors (57, 60, 65–

67, 72).However, there are several organs that often showsignificantly higher levels of

radionuclide uptake relative to the tumor, including the kidneys, liver, spleen, lungs,

pancreas, large intestines, and cecum (60, 65, 66, 68, 69, 72). 99mTc-P829 binding in

the kidneys was found to depend on radiopharmaceutical dose whereas there was no

significant difference in liver, spleen, or lung uptake at different doses (65). Interest-

ingly, uptake in the liver, spleen, and lungs, but not in the tumor or kidneys, was

decreased when 188Re-P829 was used instead of 99mTc-P829, possibly indicating

differences in the in vivo stability of these two radiolabeled analogues. Figure 10.3

shows the biodistribution of somatostatin radioligands in an i.p. xenograft model of

human ovarian cancer. [111In]-DTPA-D-Phe1-octreotide resulted in higher tumor-

specific localization compared to [125I]-Tyr1-somatostatin following i.p. injection

with Ad-CMV-hSSTR2, again demonstrating improved in vivo stability of the

former (72). Furthermore, 64Cu-TETA-octreotide localization following i.p. Ad-

CMV-hSSTR2 treatment was significantly lower in all nontarget tissues relative to

tumor (67). These studies indicate that different radionuclides and analogues may

exhibit different biodistribution patterns in the same animal models infected with

virus. Tumor uptake has also been demonstrated to correlate positively with virus

dose (57, 65). However, a higher virus dose was also associated with significantly

increased uptake in the kidneys (65). In several studies, treatment with D- or L-lysine

has been demonstrated to significantly decrease the levels of kidney uptake of

radiolabeled somatostatin analogues without impacting tumor uptake (70, 72).

When replicating vectors are used for receptor delivery, it is possible to directly

determine virus biodistribution by assaying for viable infectious particles. In contrast

to adenovirus studies where kidney uptake appears to be mediated at least in part by
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viral transduction, nontarget kidney uptake of 111In-pentetreotide occurred following

i.p. treatment with either the SSTR2-expressing or the receptor-negative vaccinia

virus, indicating that this was not a result of virus-mediated gene expression (32). In

addition, ROI analysis demonstrated tumor uptakewas significantly increased inmice

infected with the SSTR2 expressing virus compared to the control virus lacking the

SSTR2gene (Fig. 10.4). Similar toother studies, theuptake in thekidneyswas found to

be much higher than tumor uptake following treatment with the SSTR2 expressing

virus and administration of a radiolabeled somatostatin analogue. Ex vivo virus

biodistribution demonstrated significantly increased viral titers in the tumors relative

to nontarget organs.Whilemoderate viral titers were detected in the liver and kidneys,

SSTR2 gene expressionwas below the limit of detection byRT-PCR.The intrinsic and

FIGURE 10.3 Radioligand biodistribution following treatment with an SSTR2-expressing

adenovirus and different radiolabeled somatostatin analogues. Immune-compromised (athymic

nude) mice bearing intraperitoneal (i.p.) ovarian cancer tumors were injected i.p. with

1� 109 pfu of Ad-CMV-hSSTR2 or a receptor-negative control virus Ad-CMV-GRPr. Two

days postinfection, mice were administered 2mCi of either [125I]-Tyr1-somatostatin or

[111In]-DTPA-D-Phe1-octreotide. Organs were harvested 4 h or 24 h later and the percentage

of the injected dose absorbed in each organ was determined using a gamma counter. [111In]-

DTPA-D-Phe1-octreotide resulted in significantly greater tumor uptake (60.4%ID/g) compared

to [125I]-Tyr1-somatostatin (3.5%ID/g) at 4 h (p¼ 0.008) and [111In]-DTPA-D-Phe1-octreotide

uptake remained high at 24 h (18.6%ID/g). Tumor uptake inmice administeredAd-CMV-GRPr

(1.6%ID/g) was significantly decreased compared to those receiving Ad-CMV-hSSTR2

(p¼ 0.016) while uptake in the kidneys was similar in both groups (35.3%ID/g and 31.2%

ID/g, respectively). BL: blood; LU: lung; LI: liver; SI: small intestine; SP: spleen; KI: kidney;

MS: muscle; TU: tumor; AL: abdominal lining; UT: uterus; PA: pancreas. Columns, median

tissue concentration from a group of five animals; bars, range from the 25th percentile to the

75th percentile. (Reprinted with permission from Rogers, BE et al. Clin Cancer Res

1999;5:383–393. Fig. 2.)
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genetically engineered tumor specificity of this VV makes it an ideal candidate for

regional and systemic administration.

The timing of virus and radiopharmaceutical deliverymay be critical to therapeutic

success as it is expected that the levels of receptor expression will peak at a particular

time point and eventually diminish below the limits of detection (and targeting).

Radiopharmaceutical delivery should therefore coincide with maximal viral gene

expression.The timingofmaximal viral gene expressionwill dependboth on themode

of delivery and on the kinetics of infection and gene expression for the given vector.

No significant difference in [111In]-DTPA-D-Phe1-octreotide uptake was observed

in subcutaneous (s.c.) A427 or i.p. SKOV3.ip1 tumors when the timing of radiophar-

maceutical delivery was varied between 1 and 4 days after AdCMVSSTR2 infec-

tion (66, 72). Similarly, no significant difference in tumor uptake was observed when
64Cu-TETA-octreotide was delivered 2 or 4 days postinfection (p.i.) (67).

One of the disadvantages of using a nonreplicating virus is its poor ability to spread

throughout the tumor, thus limiting subsequent targeting by the radiopharmaceutical.

There is only one round of infectionwithout the benefit of dose amplification that may

be achieved when using replicating viruses. As a result, higher viral doses or multiple

injections may be required to achievemaximal levels of infection. This limitation has

been clearly demonstrated in several in vivo studies that, by using immunohistological

staining of virus-infected tumors, have observed that SSTR2-positive cells are limited

to the needle track of the virus injection (58, 66). Unfortunately, the use of multiple

adenovirus doses has had little effect on improving radioligand uptake. Successful

imaging of s.c. SKOV3.ip1 tumors administered two i.t. injections of the adenovirus

RGDTKSSTR was achieved at 8 days p.i. and up to 15 days p.i. in some mice (60). In

FIGURE 10.4 Comparison of vvDD-GFP and vvDD-SSTR2 imaging after 111In-pentetreo-

tide injection in tumor-bearing mice. Posterior whole-body images of tumor-bearing athymic

mice 1 week after i.p. injection with vaccinia virus and 24 h after i.v. (tail vein) injection of
111In-pentetreotide. Tumor (T) is visible on the right flank of vvDD-SSTR2-injected mouse

(right) but not in the control vvDD-GFP-injectedmouse (left). Visualization of both kidneys (K)

is noted as well as the tail (site of injection). The right (R) and left (L) sides of themouse as well

as the head (H) are indicated. (Reprinted with permission from Ref. 32.)
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the s.c. A427 model, mice receiving two AdCMVSSTR2 doses, administered 1 week

apart, showed no significant difference in tumor or nontumor tissue uptake of

[111In]-DTPA-D-Phe1-octreotide by gamma counting compared to mice receiving

one injection of virus (66). In the i.p. SKOV3ip.1 model, administration of a second

virus dose 2 or 3 days after the first resulted in significantly increased tumor uptake

compared to delivery of the two viral doses on consecutive days (72). However, even

though the timing of the virus doses was important, the highest level of tumor uptake

following two virus injections was not significantly different from that following a

single injection.

To date, only one study has examined the use of virus-mediated SSTR2 gene

therapy combined with PRRT (66). In this study, BALB/c nude mice bearing s.c.

A-427 tumorswere injected intratumorallywithAd-CMV-SSTR2 followedby a retro-

ocular injection of 400mCi or 500 mCi of [90Y]-SMT-487 at 2 and 4 days p.i. This

combined treatment was repeated at 7 days after the initial virus injection. Mice

receiving the combined therapy showed a significant decrease in tumor volume and

time to tumor quadrupling compared to controls (no treatment or targeted radiotherapy

alone). This study serves as proof-of-principle that following successful imaging

of tumor-specific virus-mediated SSTR2 delivery, administration of a therapeutic

radiolabeled somatostatin analogue (90Y is a b-emitter) at sufficient doses can inhibit

tumor progression. Nonetheless, in addition to the effects on overall survival, details

regarding the relationship between tumor size, location, type, and ideal radiophar-

maceutical–virus combinations remain to be elucidated.

10.3.2 Sodium Iodide Symporter

Well before the sodium iodide symporter was identified, it was noted that the thyroid

was capableof actively concentrating iodide.Theseobservations led to thewidespread

use of radioiodine (123I, 124I, and 131I) and other radioactive NIS substrates (e.g.,
99mTcO4

�) for the diagnosis, treatment, and monitoring of residual or metastatic

disease in a variety of thyroidmalignancies. Since the cloning and characterization of

the NIS gene in 1996 (73), it has been possible to target tumors lacking endogenous

NIS expression for radioiodine imaging and therapy through viral delivery of the NIS

gene. It is important to note that NIS is not a peptide-targeted receptor; however,

it remains an important and relevant topic for discussion in the context of receptor

gene therapy and targeted radiotherapy because it illustrates the principles involved.

Extensive research has been undertaken to determine the feasibility and efficacy

of using virally delivered NIS for radionuclide-mediated imaging and therapy in

numerous tumor models. Preclinical studies using replication-deficient adenovirus or

oncolytic adenovirus,measles virus, and vesicular stomatitis virus have demonstrated

the great potential of this therapeutic approach and have led to clinical trials.

10.3.2.1 Symporter/Substrate Physiological Function NIS is a trans-

membrane cell-surface glycoprotein responsible for active transport of iodide into

thyroid follicular cells and several extrathyroidal tissues. In the thyroid, influx of

iodide is a precursor to thyroid hormone biosynthesis and is therefore a critical
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component of normal thyroid function. Through a process known as organification,

iodide is oxidized and incorporated into the thyroglobulin protein that is the precursor

to the thyroid hormones triiodothyronine (T3) and thyroxine (T4). This process is

responsible for the thyroid’s ability to store large quantities of iodide. Nonthyroidal

tissues also known to accumulate radioiodine during whole-body scans include the

salivary gland, stomach, lactating mammary glands, nasal mucosa, placenta, thymus,

and hair follicles. Following the cloning of the humanNIS gene (74), mRNA analysis

confirmed previous tissue distribution findings in addition to identifying expression

in tissues such as the prostate and ovaries that are thought not to concentrate

radioiodine in vivo (75). NIS expression in the lactating mammary gland enriches

thebreastmilkwith iodide that is essential forproperdevelopmentof thenewborn.The

role of NIS in other extrathyroidal tissues is not clear; however, studies of individuals

lacking functional NIS expression indicate that it has little physiological significance

in these tissues.

10.3.2.2 NIS and Radioiodine Therapy in Cancer Radioiodine (131I) ther-

apy was first employed in 1942 for patients with Graves’ disease (76). Successful

imaging and elimination of the thyroid gland led to the use of radioiodine therapy for

other thyroid disorders and malignancies. Today, radioiodine is used in the treatment

of differentiated thyroid cancers to destroy residual thyroid tissue following thyroid-

ectomy, to monitor for metastasis using full-body scans and to treat primary and

metastatic tumors (77–79). 131I is typically administered as an adjuvant therapy

following surgical removal of thyroid tumors and complete thyroidectomy. In a

retrospective study of 382 patients with differentiated thyroid cancers, postoperative

radioiodine therapy was associated with a significantly improved 10-year local

relapse-free rate (80). 131I therapywas also found to significantly improve the 10-year

survival rate of a select group of patients with highly differentiated metastatic tumors

that accumulated radioiodine (79).

Apart from thyroid cancer, breast cancers are the only other malignancies known

to express significant levels of NIS. Upon immunohistochemical analysis of human

breast cancer specimens, more than 80% of patients were positive for NIS expression

whereas only 0–13% of normal breast tissue stained positive (81, 82). However, less

than 25% of NIS-positive tumors, as determined by reverse transcriptase (RT)

PCR (83) or immunohistochemistry (84), demonstrated accumulation of iodide

in vivo. While radioiodine is not used for imaging or treatment of human breast

cancers, recent data fromanimalmodels andhumanbreast cancerpatients suggests that

strategies designed to upregulate endogenous NIS expression and membrane traffick-

ing could make radioiodine a useful diagnostic and therapeutic tool in the future.

Understanding the factors that regulate NIS expression has important clinical

implications for radioiodine-based diagnostics and therapy. Pretreatment of patients

withdrugs that downregulateNISexpression innormal tissuesminimizes their uptake,

potentially improving diagnostic sensitivity by nuclear medicine imaging and mini-

mizing radiation-associated toxicity to normal organs. Iodide uptake is decreased by

iodine, T3 and T4, through feedback-decreased NIS expression, while the inhibitor

perchlorate binds NIS to prevent iodide transport (85). In thyroid cancer patients with
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low levels of iodide uptake, drugs that increase tumor NIS expression could make

radioiodine therapy significantly more successful. Retinoic acid (86) and histone

deacetylase inhibitors (87–89) have been shown to induce endogenousNIS expression

in vitro and in vivo. Many other hormones, cytokines, growth factors, and drugs may

affectNIS expression (78) and therefore could be clinically relevantwhen considering

NIS gene therapy and radioiodine therapy.

10.3.2.3 NIS Advantages and Disadvantages In order to harness the

significant benefits of radioiodine therapy, viral vectors encoding the hNIS gene have

been used to drive protein expression in tumor cells lacking endogenous NIS.

Although issues with NIS cellular localization and function are sometimes a barrier

to treatment of endogenously positiveNIS breast (90) and thyroid cancers (91), virally

encoded NIS appears to be properly trafficked to the cell membrane in most

studies (92–95). The complete hNIS mRNA is 3594 bp long encoding a 643 amino

acid protein (91). Transduction of cells with a partial cDNA fragment (1929 bp)

corresponding to amino acids 1-612 is sufficient to induce significant increases in

Na125I accumulation (74). Given the moderate size of the NIS gene, it can be easily

inserted into most viral vectors. Iodide is the main physiological ligand of NIS;

however, NIS can also bind and accumulate, with decreasing affinity, ClO4
�, ReO4

�,
SCN�, ClO3

�, and Br� (96). 123I, 124I, 125I, 131I, and 99mTcO4
� (similar in charge to

perchlorate and transported by NIS) are the most commonly used radionuclides, both

in laboratory studies and in clinical practice.Recently,NIShas alsobeendemonstrated

to result in specific accumulation of 211At, an a-emitter (97). The specific energies,

type of radiation emitted, and path lengths of these radionuclides dictate their utility

for different applications (Table 10.2) including imaging by different modalities

(SPECT or PET) or treatment of different tumor sizes (Fig. 10.2). An advantage of

using NIS over other receptors for targeted radiotherapy is that NIS binds directly to

the radionuclidewithout the need to conjugate it to a targeting vehicle (i.e., peptide or

monoclonal antibody), thereby significantly decreasing the cost and simplifying the

approach. In addition, NIS is an active transport protein that should provide greater

tumor accumulation of radioiodine than receptor proteins that bind and slowly

internalize radiopharmaceutical ligands.

10.3.2.4 Tumor-Targeted Viral Delivery of NIS Delivery of NIS to tumor

cells has been investigated using a variety of recombinant viral vectors including

replication-deficient and oncolytic adenoviruses, retrovirus, measles virus, and

vesicular stomatitis virus. In vitro and in vivo investigations of these vectors in

numerous cancer cell lines and animal models have provided significant evidence

to support the use of virally delivered NIS for both imaging of gene delivery and

targeted radiotherapy. As is true for all receptors discussed in this chapter, non-

replicating adenoviruses are the most commonly investigated gene delivery vector.

Themain strategy for increasing the specificity ofNIS encoding viral vectors has been

to subclone the NIS gene under the control of a tumor-specific promoter, thereby

limiting NIS expression to cells where the promoter is highly active. While the early

vectors used the ubiquitous CMV promoter (92, 94, 98–101), newer vectors utilize
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mucin 1 (MUC1) (92, 99, 100), ARP2PB (95), carcinoembryonic antigen (CEA) (93),

and UbC (8) promoters.

MUC1 is a glycoprotein that is overexpressed in a number of epithelial malignan-

cies including breast (103), ovarian (104, 105), pancreatic (106, 107), and gastroin-

testinal (106, 108) cancers. Specific fragments at the 30 end of theMUC1promoter can

drive transcription of exogenous genes specifically in cancer cells with high levels of

endogenous MUC1 protein (100, 109–112). Radioiodide uptake in Ad-MUC1-hNIS

infected cells was high in MUC1-positive pancreatic cell lines whereas uptake was

significantly lower in a MUC1-negative cervical cancer cell line (92). While the

specificity of the Ad-MUC1-hNIS vector was increased relative to Ad-CMV-hNIS,

the latter vector consistently resulted in higher levels of radioiodide uptake

in vitro (92, 99, 100). The decreased activity of the MUC1 vector may be due to

improvedmembrane trafficking ofNIS under control of theCMVpromoter (100) or to

the intrinsic strength of the CMV promoter. Similar results were observed in vivo.

Gamma camera imaging of infected tumor-bearing mice following injection of 123I�

showed higher radioactivity uptake in Ad-CMV-hNIS relative to Ad-MUC1-hNIS

infected tumors (92, 99, 100). Not surprisingly, in a study of an ovarian cancer model

with i.t. virus injections, Ad-CMV-hNISþ 131I was more effective than Ad-MUC1-

hNISþ 131I (100).

Probasin is a prostate-specific protein predominately expressed in the dorsolateral

lobes of rodent prostates. ARP2PB is a fragment of the prostate-specific probasin

promoter that is activated in response to androgen. Ad-ARP2PB-hNIS resulted in high

radioiodide uptake in prostate cancer cells in the presence of androgen and low uptake

in cancer cell lines of other origins (95). Furthermore, the prostate-specific, androgen-

dependent uptake following infection with Ad-ARP2PB-hNIS was significantly

greater than that induced by Ad-CMV-hNIS. Interestingly, prostate cancer cells

showed 90% membrane localization of NIS when infected with Ad-ARP2PB-hNIS

and less than 10% when infected with Ad-CMV-hNIS. In other cancer cell lines,

Ad-ARP2PB-hNIS showed less than 5% immunoreactivity reaffirming the specificity

of this vector for androgen-dependent prostate cancer cells in vitro.

Carcinoembryonic antigen is a protein expressed in numerous human tumors as

a result of upregulation of the CEA promoter (pCEA). Investigation of the Ad-pCEA-

hNIS virus demonstrated decreased 123I uptake and biological half-life in Ad-pCEA-

hNIS-infected meduallary thyroid cancer xenografts relative to Ad-CMV-hNIS (93).

When combined with 131I therapy (3mCi i.p.), mice receiving Ad-pCEA-hNIS

showed a significant reduction in tumor growth and significantly improved survival

compared to either therapy alone.

The CMV promoter is highly efficient in vitro; however, promoter silencing and

loss of transgene expression in many tissues in vivo have prompted investigation of

other ubiquitously expressed promoters, such asUbC,with activity in awider range of

tissues. A lentivirus vector with hNIS under control of the UbC promoter resulted in

stable in vivo NIS expression in ex vivo transduced tumors for up to 27 days (8). 131I

(1mCi) therapy inmice bearing i.p. ovarian cancer tumors transduced with this vector

resulted in a significant reduction in tumor growth compared to that in the absence

of radiotherapy.
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To improve tumor-targeted expression of NIS by oncolytic VSV, residue 51 of the

matrix protein was deleted, thereby preventing inhibition of type 1 IFN production in

normal cells and limiting viral replication to cancer cells with impaired IFN signaling

pathways. In vitro infection with VSV(D51)-NIS resulted in a significantly decreased
cell viability in myeloma cell lines and primary cells relative to normal cell lines and

primary bone marrow progenitors (26). While virus-induced cell death was tumor

specific, 125I uptake relative tomock infected cells was higher in monkey kidney cells

compared tomyeloma cells indicating that VSV(D51)-NIS is still capable of infecting
and expressing NIS in normal cells. The toxicity of VSV(D51)-NIS was significantly

decreased compared to wild-type VSV in immunocompromised mice bearing s.c.

myeloma tumors (26). VSV(D51)-NIS infection in this model resulted in significant

tumor-specific 123I accumulation determined by SPECT imaging 4 days p.i. Compar-

ison of i.t. and i.v. injection of 0.5mCi of 123I demonstrated no significant difference

in tumor uptake (8.1� 2.4 versus 5.5� 0.9% injected dose/g).

10.3.2.5 Strategies to Improve Tumor Cell Killing Improving or overcom-

ing low transduction efficiency is one of the major challenges facing gene therapy.

This is a particular challenge for nonreplicating viruses as is illustrated in Fig. 10.5.

FIGURE 10.5 Comparison of 99mTcO�4 uptake following intraprostatic injection of a

replication-defective or replication-competent adenovirus vector expressing hNIS (sodium

iodide transporter). Nontumor-bearing dogs received intraprostatic injections of replication-

competent Ad-yCD/mutTKSR39rep-hNIS (5� 1011 viral particles) and replication-defective

(RD) Ad-CMV-FLhNIS (5� 1011 viral particles) in opposite lobes. Postinfection (D1, D2, D3,

and D5) dogs received 20–40mCi Na99mTcO4 via a femoral catheter and were subjected to

nuclear imaging 4 h later. The area and intensity of the signal are significantly greater in the lobe

receiving Ad-yCD/mutTKSR39rep-hNIS and uptake persists for up to 5 days postinfection. The

gray scale indicates the level of gene expression in counts/pixel. (Reprinted by permission from

Macmillan Publishers: Molecular Therapy, Ref. 114.)
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123I scintigraphy following treatment with replication-deficient Ad-rNIS showed the

highest tumor uptake along the needle track of the injection site (101). Infection of a

small fraction of the total tumor limits the number of cells capable of accumulating

radioiodine. However, through the radiation cross-fire effect, as previously discussed,

uninfected cellsmay be killed by direct radiation damage from the b-particles emitted

by 131I in targeted cells (Fig. 10.1). Prostate cancer cells showed significantly

increased cell death following 131I exposure when retrovirus-transduced cells ex-

pressing rNISwere cultured as three-dimensional sphereswhere the cross-fire effect is

more prominent, as opposed to monolayers (113). The efficacy of the radiation cross-

fire effect was demonstrated in vivo using myeloma tumor cells transduced with an

hNIS encoding lentivirus (6). Groups of mice received increasing percentages of

transduced cells followedby treatmentwith 131I (1mCi). Tumors grew rapidly inmice

with nontransduced cells, while those with 50 or 100% transduced cells achieved

complete tumor regression, indicating that the 50% of cells lacking NIS expression

were alsokilled, probably through across-fire effect fromcells accumulating 131I.This

illustrates how the radiation cross-fire effect is a means by which a low transduction

efficiency may be overcome to result in successful cancer therapy.

NIS-expressing adenovirus vectors have also been engineered to include other

therapeutic genes such as yeast cytosine deaminase (yCD) and herpes simplex virus

thymidine kinase (HSV-1 TK). Ad5-yCD/mutTKSR39rep-hNIS is a replication-com-

petent (RC) virus encoding a yCD and mutant HSV-1 TK fusion protein. The TK

gene allows prodrug therapy with ganciclovir and PET imaging with radiopharma-

ceutical substrates of TK (18F-FHBG: 9-(4-[18F]fluoro-3-hydroxymethylbutyl)),

while the yCD enzyme facilitates prodrug therapy with 5-fluorocytosine (5-FC).

Ad5-yCD/mutTKSR39rep-hNIS has recently been investigated in murine and canine

models for treatment of prostate cancer (114–116) and is being developed for testing

in a phase I clinical trial. While this vector has been demonstrated to facilitate tumor-

or prostate-specific Na99mTcO4 accumulation in vitro and in vivo, no data exist

demonstrating the feasibility or efficacy of combined targeted radiotherapy and

prodrug therapy.

Several commonly used anticancer chemotherapeutics have demonstrated signifi-

cant potential for (i) improving the efficacy of viral delivery of the NIS gene in vitro

or in vivo or (ii) increasing radioiodine uptake. Retinoic acid (RA) has been found to

increase endogenous NIS expression and radioiodine uptake in thyroid cancer

patients (117), and it was later discovered that it could increase endogenous NIS

expression in MCF-7 breast cancer cells in vitro (118). MCF-7 cells infected with

Ad-CMV-NIS and treated with at least 10�7M all-trans retinoic acid (ATRA) showed

a significant increase in NIS mRNA compared to either mock-infected cells

(118.5-fold) or Ad-CMV-NIS in the absence of ATRA (97.5-fold). Furthermore,

ATRA was found to significantly increase radioiodine uptake in Ad-CMV-NIS-

infected cells compared to those treated with ATRA alone (119).

Doxorubicin is an anthracycline antibiotic that both intercalates into DNA and

activates the transcription factor NF-kB (120) for which there are binding sites in

the CMV promoter (121). ARO anaplastic thyroid cancer cells infected with

Ad-CMV-hNIS or Ad-CMV-Luc (incorporating the luciferase gene) and treated with
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doxorubicin showed significant increases in radioiodine uptake and bioluminescence,

respectively, compared to untreated controls (122). Western blot analysis showed a

dose-dependent decrease in IkB (an inhibitor of NF-kB), and electrophoreticmobility

shift assays demonstrated an increase in specific NF-kB binding in ARO cells

expressing hNIS. In s.c. ARO tumor xenograft models infected with Ad-CMV-hNIS,

cotreatment with doxorubicin resulted in a significant increase in tumor uptake of
99mTcO�4 detected by gamma camera imaging and gamma counter analysis compared

to virus alone.

Cyclophosphamide (CP) is an alkylating agent that acts to both inhibit cell growth

and depress immune system responses. In the context of replicating viral therapy, CP

may be used to slow the host’s antiviral immune response, thereby allowing sufficient

time for viral replication and gene expression to occur. CP pretreatment of mice

infected with an NIS expressing measles virus (MV-NIS) was found to increase acute

viremia and increase the rate of viral clearance from organs by an unknown mecha-

nism (123). However, pretreatment also resulted in sporadic positive results in

RT-PCR tests for virus mRNA in the brain. Interestingly, in immune-competent

squirrel monkeys, CP pretreatment resulted in higher levels of viral mRNA and

increased persistence compared to untreated controls.

Variations in the NIS gene inserted into the viral backbone have also been

investigated as ameans of improving radionuclide accumulation. Avirus containing

a C-terminal truncated human NIS gene (Ad-CMV-hNIS#9) resulted in significant-

ly decreased in vitro radioiodine uptake and protein expression over time compared

to a virus encoding the full-length NIS gene (Ad-CMV-FLhNIS) (124). Ad-CMV-

hNIS#9 was able to induce hNIS expression and 125I uptake in s.c. glioma tumors in

mice; however, its in vivo efficacy was not compared to the Ad-CMV-FlhNIS virus.

While the majority of studies have examined the use of hNIS, evidence exists to

suggest that the rat NIS (rNIS) gene may be more effective in achieving higher

transduction efficiency and radioiodine uptake. Retroviral transduction of either

hNIS or rNIS into a panel of human or rat tumor cell lines resulted in a higher

increase in 123I uptake in rNIS-transduced cells (8–67-fold over nontransduced)

compared to hNIS-transduced cells (3–22-fold over nontransduced) (125). Northern

blot analysis demonstrated rNIS mRNAwas significantly higher than hNIS mRNA

in two of the six cell lines tested; however, results could not be confirmed byWestern

blot due to low hNIS antibody sensitivity. Despite these findings, no significant

difference in clonogenic survival was observed between cells expressing rNIS or

hNIS and treatedwith 131I. Later studies examined the efficacy of Ad-CMV-rNIS for

in vivo delivery of the NIS gene and radioiodine-mediated imaging and therapy. In a

s.c. model of human prostate cancer, tumor volume was significantly decreased in

mice receiving three i.t. injections of 108 pfu Ad-CMV-rNIS followed by 1 or 3mCi
131I compared to either therapy alone (101). However, no significant difference was

observed between the mice receiving the lower and higher 131I doses. In a study of

rat hepatocellular carcinoma, a dose of 18mCi of 131I following i.t. Ad-CMV-rNIS

(5� 109 infectious particles) resulted in a 30% decrease in nodule size, significant

reduction in new nodule formation, and a significant increase in long-term survival

(up to 200 days) (94).
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10.3.2.6 Effect of Targeted Radiation on Viral Replication In principle,

targeted radiation may either enhance or suppress viral replication depending on

how the radionuclide affects both the cell and the virus. There are very few studies that

have examined the effect of targeted radiation onviral replication.Understanding how

different replicating viruses respond to radiation exposure is critical when selecting

a suitable viral vector for gene delivery. External beam radiation has been shown to

potentiate HSV-1 replication through induction of a cellular radiation-resistance

protein with significant homology to a viral protein involved in virus replica-

tion (126, 127). Alternatively, viral replication can be inhibited by ultraviolet (UV)

radiation through induction of changes in host cell conditions that do not favor viral

replication (128). In a study using MV-NICE, a virus expressing NIS and CEA,

investigators explored the possibility of combining viral therapy with Auger electron

emitting 125I as a safety measure to halt virus replication (129). CEA-production was

analyzed as a marker of viral replication. Myeloma cells infected with MV-NICE

and treated with 125I showed a perchlorate-sensitive decrease in CEA production and

a complete absence of viable virus particles in vitro. Despite these results, 125I had no

significant effect on CEA production in MV-CEA or MV-NICE infected s.c. models

of myeloma in vivo (129).

10.3.2.7 Imaging NIS Expression Gamma camera imaging is the most

commonly utilized imaging modality for monitoring viral NIS expression; however,

other important imaging techniques have been investigated, either for their ability to

provide complementary data or as potentially superior alternatives. Positron emission

tomography (PET) imaging has been used to quantify 76Br� uptake in vitro (130) and
124I uptake in vivo following Ad-CMV-hNIS (131, 132), MV-NIS infection (7), or

lentiviral transduction (7). An in vivo ROI analysis of PET images showed a good

linear fit with gamma counter analysis (131, 132). Tumor and stomach uptake were

similar using PET (124I) or gamma camera (123I) imaging; however, PET/CT images

provided improved anatomical resolution (7). In a canine model receiving intrapro-

static injections of Ad5-yCD/mutTKSR39rep-hNIS or rAd-CMV-FLhNIS, the resolu-

tion of tomographic SPECT imaging of resected prostates was not better than

whole-body planar scintigraphy (114). SPECT/CT scans allow the radionuclide-

based imaging of SPECT combined with the high spatial resolution of CT scans. This

type of imaging has been successfully used tomonitor NIS expression inmice bearing

s.c. colon tumors infected with AdAM6 or AdIPI following 99mTcO�4 administra-

tion (133). An interesting technique, which could have relevance in preclinical gene

therapy studies, was used to estimate the volume and amount of viral gene expres-

sion (114, 115). Following 125I administration, digitized autoradiographs of prostate

sections were made into three-dimensional isodose diagrams demonstrating that the

replication-competent Ad5-yCD/mutTKSR39rep-hNIS had a twofold increase in

the level of gene expression and a threefold increase in the volume of gene expression

compared to the replication-deficient rAd-CMV-FLhNIS (114). These results indicate

that Ad5-yCD/mutTKSR39rep-hNIS is capable of disseminating over a larger volume

and inducing a higher overall level of transgene expression. While this method of

ex vivo tissue imaging provides more specific three-dimensional information, similar
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results were achieved by scintigraphy using 99mTc (Fig. 10.5) without requiring

animal sacrifice and tissue removal (114). Figures 10.5 and 10.6 (1) also illustrate the

long-term persistence of virus-mediated receptor expression that can be achieved by

using a replication-competent virus.

As an alternative to imaging, viral delivery of the CEA protein has been investi-

gated, as a secondary viralmarker that can be detected through simple blood sampling,

since CEA is secreted by tumors into the circulation. This approach is designed

to decrease treatment costs and radiation exposure by potentially eliminating the

FIGURE 10.6 123I uptake in myeloma xenografts following intravenous administration of a

measles virus expressing NIS (MV-NIS). (1) Immune-deficient CB17-SCID mice bearing

different subcutaneous myeloma xenografts (ARH-77, a and c; MM1, b; KAS-6/1, d–f) were

injected intravenously with 2� 106 pfu of MV-NIS (b–f) or MV-Edm (a), a receptor-negative

control virus. Mice received i.p. injections of 123I (500 mCi) 3 days (d) postinfection (p.i.) (d), 9
days p.i. (a–c, e), and 17 days p.i. (f), and were imaged 1 h after radioligand injection using a

gamma camera. No 123I uptake was observed in the tumors of mice receiving the negative

control virus (a) while tumor uptake was observed in all mice receiving MV-NIS. Maximum

uptake in KAS-6/1 tumors was observed 9 days p.i. (e), likely corresponding to the timing of

maximum virus-mediated NIS expression. (2) Immune-deficient CB17-SCID mice bearing

subcutaneous MM1 xenografts were injected i.p. with 123I (500 mCi) 9 days postintravenous

MV-NIS infection (2� 106 pfu). Gamma camera imaging was performed at 1 (a), 3 (b), 5 (c),

7 (d), 15, and 24 h after radioligand injection. Tumor uptake as a percentage of the injected dose

was highest at 1 h (12–17%) and dissipated over a 24 h period (e). Error bars, SD; magnifica-

tion, 0.55mm per pixel. (This work was originally published in Blood. Dingli D et al. 2004;

103:1641–1646�American Society of Hematology.) (See insert for the color representation of

the figure.)
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required imaging step. This has been achieved either through delivery ofMV-NIS and

MV-CEA together (134) or through construction of a novel MV-NICE virus expres-

sing both CEA and NIS (129). Combined MV-NIS and MV-CEA therapy resulted in

consistently lower levels of CEA production over time compared to MV-CEA alone

in i.p. models of ovarian cancer (134). Despite lower CEA levels, significant tumor-

specific 99mTc uptakewas observedby gammacamera imaging in combinedMV-NIS-

and MV-CEA-infected mice. These mice also exhibited significantly increased

survival rates compared to MV-CEA alone, although this may be due to the fact that

they received double the overall virus dose of mice receivingMV-CEA alone. Plasma

CEA levels were a relatively good marker of viral replication in mice receiving

MV-CEA alone; however, the relationship was weaker in mice receiving both

MV-CEA andMV-NIS. It is important to note, however, that mice are not susceptible

to MV infection and therefore in this model CEA levels can be definitively attributed

to virus replication in human tumors. Alternatively, humans are susceptible to MV

infection; therefore, monitoring serum levels of a virally encodedmarker protein will

not necessarily represent tumor-specific replication and an imaging step may still be

required.

Tumor uptake and retention of the radionuclide are required both for imaging and

for treatment. Numerous studies have demonstrated that radionuclide uptake depends

on virus and radionuclide dose. Viral dose dependency has been demonstrated using

gamma counter analysis (124, 131, 132), gamma camera imaging (130), PET (130),

and autoradiography (130) of transduced cells cultured in vitro. This relationship has

been confirmed in vivo using gamma camera imaging (93, 114, 135), PET imag-

ing (131, 132), SPECT/CT (133), and autoradiography (114). Ex vivo gamma counter

analysis of organs following treatment with increasing doses (107–108green fluores-

cent units, GFU) of i.v. Ad-CMV-hNIS showed dose-dependent uptake in the liver,

adrenal glands, lungs, and pancreas while uptake in the spleen plateaued at doses

higher then 5� 107GFU (132). It has also been demonstrated that uptake is not

detectable below certain viral doses and the linearity of the relationship is lost at high

viral doses (114, 130, 135). Viral dose also shows a positive correlation with hNIS

expression by quantitative RT-PCR; that in turn shows a positive correlation with

gamma counter analysis and gamma camera imaging (131, 135). One study demon-

strated that in addition to increasing 123I uptake, doubling theviral dose also resulted in

a more than threefold increase in its biological half-life (93). Increasing the radioac-

tivity dose also results in increased uptake in vitro using gamma camera imaging,

PET, and autoradiography (130); however, there is no study that compares the in vivo

tumor uptake in animals receiving different doses of radioactivity.

Retention times vary considerably between cell lines (98); however, a significant

percentage (40–90%) of the radiopharmaceutical is typically lost during the first

5–10min (8, 94, 99, 124, 136). In vivo, long-term retention in tumors may depend on

the radiopharmaceutical. Figure 10.6 shows an example of the short-lived 123I uptake

inMV-NIS but not inMV-Edm-infected tumors. Themajority of data suggest that 123I

tumor uptake is reduced to close to background levels within 48 h (6, 21, 99, 136);

however, little imaging data exist past 48 h due to the short physical half-life of the

radionuclide (13 h).However, there are alsominimal data on the long-termpersistence
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of 131I that has a longer physical half-life of 8 days. One study has demonstrated that
131I can persist formore than 11 days in tumors, and to a lesser extent in other tissues of

rats infected with Ad-CMV-rNIS (94). Given that in vitro data suggest a rapid efflux

of radioiodine from cells yet in vivo data show potential for long-term retention, it is

possible that radioiodine is maintained within the cells through a dynamic reuptake

process, possibly mediated by the NIS (94).

10.3.2.8 Optimizing Therapy The optimal radionuclide dose and timing of

radionuclide delivery was investigated in an orthotopic rat glioma model (137). The

glioma cells stably expressed NIS due to retrovirus transduction prior to stereotactic

implantation. The survival benefit of escalating doses of 131I (4, 5.6, 8, and 16mCi)

was evaluated and there was a significant increase in the life span of rats receiving the

highest (16mCi) dose. Furthermore, rats treated early during tumor development had

significantly improved survival compared to rats treated when tumor volume was

approximately 2mm3 (137). Comparison of the effects of different radionuclides on

survival showed that 125I (16mCi) had no therapeutic benefit while a combination of
125I and 131I (8mCi each) was not significantly better than 131I (16mCi) alone (137).

10.3.2.9 Biodistribution and Dosimetry The biodistribution of the radionu-

clide is an important consideration following gene delivery by either replicating

or nonreplicating viruses given concerns about radiation-associated normal tissue

toxicity. Nuclear imaging of mice and canines invariably demonstrates nontarget

radionuclide uptake in the thyroid, stomach, urinary bladder, and occasionally in the

salivary gland and intestines in the presence or absence of viral NIS delivery (6–8, 92–

94, 99–102, 131–135, 138). Uptake is either due to endogenous NIS expression

(thyroid, stomach and salivary glands) or elimination of the radionuclide from the

body (bladder and intestines). Different approaches have been used to attempt to

decrease nontarget organuptake.Thyroxine (T4) supplementeddiets, administered for

11 days prior to imaging, resulted in decreased 99mTcO�4 uptake in the thyroid on

scintigraphic images (102). This was complemented by a Western blot analysis

showing a decrease in NIS protein expression in animals receiving the supplemented

diet. Tri-iodothyronine (T3) supplementedor iodine-deficient diets are also commonly

used tominimize thyroid uptake. Thyroid cancer-bearingmice pretreatedwith lithium

chloride showed a significant decrease in 131I uptake in the stomach relative to sodium

chloride-pretreated mice, based on scintigraphy and ROI analysis (54).

Given that nontarget uptake of the radionuclide is so common, dosimetric

calculations to estimate the radiation-absorbed dose to nontarget tissues is critical

to minimize or at least predict radiation-associated toxicity. Before proceeding with

therapy, it must be demonstrated that the desired therapeutic dose of radiation can be

safely delivered to the target tissue without risk to other tissues. Generally, for

radioiodine therapy of thyroid cancers, where dosimetric calculations are done, the

maximum tolerated dose (MTD) is defined as less than 2Gy to the blood and

24–27Gy to the lungs (140). In a preclinical canine model, estimated radiation-

absorbed doses to numerous tissues were calculated following intraprostatic injection
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of Ad5-vCD/mutTKSR39rep-hNIS and i.v. Na99mTcO4 (32mCi) (115). All tissues

were found to receive less than 2% of the prostate dose of 0.23Gy, with the urinary

bladder wall being a dose-limiting tissue. In a similar model, 123I (3mCi) scintigra-

phy and ROI analysis following intraprostatic injections of Ad-CMV-hNISwere used

to estimate the absorbed 131I dose in various tissues per mCi 131I (139). The thyroid

was the dose-limiting tissue receiving a mean dose of 12.4� 2.8Gy/mCi 131I while

the prostate received only 0.2� 0.02Gy/mCi. In retrovirus-transduced thyroid

cancer-bearing mice, dosimetric calculations following scintigraphy with diagnostic

level 131I (400 mCi, corresponding to 1650MBq/m2) estimated a tumor radiation-

absorbed dose of 5.2–5.4Gy (136). In a mouse myeloma tumor model, 123I (0.5mCi)

for scintigraphy estimated a tumor radiation-absorbed dose of 11.6 and 18.4Gy/mCi

of 131I following i.v. and i.t. injection of VSV(D51)-NIS, respectively (26). In a

different mouse myeloma model, 123I (0.5mCi) for scintigraphy following MV-NIS

infection estimated a tumor-absorbed dose of 0.4Gy/mCi 131I (21). For effective

ablation of thyroid cancer metastases in patients, 131I treatment resulting in radiation-

absorbed doses of at least 80Gy to the metastases is required (215). Based on the

results presented here, relatively high doses of 131I would have to be given to achieve

a dose of 80Gy in the tumor.

10.3.3 Other Receptors

Historically, development of radiolabeled peptide analogues for cancer imaging and

therapy has been precipitated by observations of receptor overexpression in specific

tumor types. The increasing availability of peptide analogues suitable for radionuclide

labeling has driven the exploration of strategies that aim to expand the range of

susceptible tumor types beyond those with endogenous receptor overexpression.

Peptide targeting has been investigated in combination with other virally delivered

receptors including gastrin-releasing peptide receptor (GRPr), norepinephrine trans-

porter (NET; also known as noradrenalin transporter, NAT), dopamine receptor

subtype 2 (D2R), and dopamine transporter (DAT). While virally delivered GRPr and

NETare used in tumor imaging or treatment studies, delivery of the D2R receptor has

been studied exclusively as a marker of gene therapy for neurodegenerative disorders.

10.3.3.1 Gastrin-Releasing Peptide Receptor Human GRPr (also known

as bombesin receptor 2, BB2) is a glycosylated 384 amino acid protein with seven

transmembrane domains consistent with that of G-protein-coupled receptors (141).

In humans, GRPr mRNA expression is highest in the pancreas, stomach, brain, and

adrenal glands (142),whilemousemRNAis foundmostly in areas of thedigestive tract

and regions of the brain (143). Protein expression is widespread in mouse brains and

has been found in specific cell types within the gastrointestinal and urogenital

tracts (144). The normal physiological function of GRPr is complex and not fully

understood. GRPr activation is linked to many gastrointestinal (145) and

CNS (146, 147) processes, and it seems to play an important role in immune

responses (148, 149) and lung development (150). Receptor activation has been
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demonstrated to induce tissue (151) and tumor growth (152, 153) as well as tumor cell

invasion (154) and migration (155). GRPr expression has been reported in primary

human ovarian (156), lung (157), prostate (158, 159), breast (160), cervical (161),

pancreatic (162), colorectal (163), and gastrointestinal carcinoid (164) tumors. The

role of GRPr in tumor development and progression is still under investigation;

however, its overexpression has not been linked to changes in survival outcomes in

colon cancer (165) and gastric adenocarcinoma patients (166). Encouraged by the

success of somatostatin receptor-based imaging and therapy,GRPr analogues coupled

to many different radionuclides have been developed and used to successfully image

GRPr-positive tumors in numerous preclinical models (167–170) and in several

preliminary human clinical trials (171–173). The desire to use these high-affinity

radiopharmaceuticals for imaging and treating receptor-negative tumors (by intro-

ducing the target receptor using gene transduction) has led investigators to develop

novel gene therapy vectors that result in tumor-specific expression of GRPr.

Delivery of GRPr by replication-deficient adenoviruses has been investigated in

cervical carcinoma (174), ovarian adenocarcinoma (174–176), glioma (175), non-

small cell lung cancer (174, 175), colon cancer (175), pancreatic cancer (177), and

cholangiocarcinoma (177) cell lines, as well as in in vivo human ovarian carcinoma

models (174–176). Ad-CMV-GRPr is the most commonly used vector (174–177),

although vectors with different tumor-specific promoters have also been investi-

gated (177). MUC1 and erb promoters were used to restrict GRPr expression to

MUC1- and erbB2-positive tumors, respectively (177). Ad-erb-GRPr infection

resulted in specific uptake of [125I]-Tyr4-bombesin in erbB2-positive, but not

erbB2-negative, breast cancer cell lines. Ad-DF3-GRPr (DF3 ¼ MUC1) infection

resulted in specific uptake of [125I]-Tyr4-bombesin in a cholangiocarcinoma cell line

expressing high levels of MUC1 protein, but not in those expressing low levels of the

protein. However, Ad-DF3-GRPr also resulted in specific uptake in a pancreatic

cancer cell line that expressed only low levels of MUC1, indicating that this type of

tumor targetingmaynot be effective for all cell types.Uptake at anyMOI for eitherAd-

MUC1-GRPr or Ad-erb-GRPr was significantly lower than that following infection

with Ad-CMV-GRPr demonstrating that increased specificity typically comes with a

decreased virus-mediated receptor gene expression.

The efficacy of the GRPr ligands [125I]-Tyr4-bombesin and [125I]-mIP-bombesin

has been compared in vitro and in vivo (174). In GRPr-positive cells, [125I]-mIP-

bombesin resulted in more surface-bound ligands after 1 h (48.8% versus 21.8%) and

more retention of internalized radioligand at 4 h (32.0% versus 9%) relative to

[125I]-Tyr4-bombesin. In vivo [125I]-mIP-bombesin had a significantly increased

tumor to blood ratio in mice with i.p. tumors infected with Ad-CMV-GRPr i.p. and

administered the radioligand i.v. 2 days postinfection. Uptake in nontarget tissues of

healthymicewasmuch higher in the small intestine and kidneys ofmice injected with

[125I]-mIP-bombesin and significantly higher in the stomach and thyroids of mice

receiving [125I]-Tyr4-bombesin. All later investigations used [125I]-mIP-bombesin

for in vivo studies due to its better in vivo tumor localization. [125I]-mIP-bombesin

has also been compared with a radiolabeled anti-erbB2monoclonal antibody that was

previously reported to induce tumor-specific cell death when its receptor gene was
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delivered by an adenovirus vector (178). When the anti-erbB2 antibody was labeled

with 131I and delivered i.v. in mice with erbB2-positive i.p. human ovarian cancer

tumors, it had significantly higher blood and tumor half-lives but a lower tumor to

blood ratio compared to [125I]-mIP-bombesin following Ad-CMV-GRPr treat-

ment (175). In the absence of virus treatment, [125I]-mIP-bombesin (2mCi, i.p.)

showed significant uptake %ID/g in the small intestine (46.0%ID/g), kidney (20.8%

ID/g), liver (8.3%ID/g), and spleen (4.9%ID/g). Interestingly, [125I]-mIP-bombesin

biodistribution in some nontarget tissues was significantly increased after treatment

with Ad-CMV-GRPr compared to infection with a control vector, Ad-CMV-LacZ.

Uptake in the liver (174, 176), small intestine (174, 176), spleen (176), uter-

us (174, 176), kidney (177), and abdominal cavity lining (174, 176) was significantly

increased due to virus-mediated GRPr expression. Given that tumor cells were

administered i.p., likely metastasis to the abdominal organs may partially account

for the increased uptake in these tissues. No significant difference in [125I]- and

[131I]-mIP-bombesin biodistribution was observed in mice with i.p. human ovarian

tumors treated with Ad-CMV-GRPr (176) indicating that imaging with the [125I]-la-

beled ligand could be used for dosimetric calculations before treatment with

[131I]-mIP-bombesin. Historically, radiolabeled ligand development has focused on

GRPr agonists (such as bombesin); however, recent evidence suggests that receptor

antagonists may have increased tumor specificity and may therefore show superior

biodistribution profiles (179).

10.3.3.2 Norepinephrine Transporter The norepinephrine transporter is an

important protein in the CNS, facilitating neurotransmitter reuptake in noradrenergic

neurons. NET has 12 transmembrane domains and belongs to a family of Naþ/Cl�-
dependent monoamine transporters (180). The human NET (hNET) cDNAwas first

cloned in 1991 (181) and subsequent studies demonstrated hNETmRNA and protein

expression in numerous regions of the CNS (182, 183), peripheral sympathetic nerve

endings (of the heart and blood vessels) (184), lung endothelial cells (185), and the

placenta (186). Norepinephrine (NE) plays a critical role in regulating mood, sleep,

behavior, and sympathetic homeostasis (187). Abnormalities in hNET expression or

function have been associated with dysautonomia (disorder of the autonomic nervous

system), essential hypertension, variable risks and outcomes following myocardial

ischemia, anorexia nervosa, attention-deficit hyperactivity disorder, depression,

addiction, and pain (187). Considerable knowledge of the biochemistry of transpor-

ter–ligand interactions and functional transport has spurred the development of a

wide range ofNETsynthetic ligands.NETbinds its natural catecholamine ligandsNE,

dopamine (DA), and epinephrine (EPI) with differing affinities and efficacies of

transport (DA>NE>EPI) (187, 188).

Similar to SSTR, NET expression is upregulated in neuroendocrine tumors (189);

however, increased receptor expression appears to be variable and likely confined to a

more specific subset of tumors relative to SSTR (190). Interestingly, in vitro treatment

of neuroendocrine gastrointestinal tumor cell lines with the NET-specific ligand

metaiodobenzylguanidine (MIBG) resulted in NET-dependent apoptosis and growth

inhibition (191) and, when combined with interferon-g, an additive antiproliferative
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effect was observed (192). Given the relatively localized distribution of NET

expression to the brain and neuronal tissues and the availability of radioligands, NET

may hold promise for viral-mediated gene delivery coupledwith radiopharmaceutical

targeting for imaging and treatment of NET-negative tumors.

Viral delivery of NET has been investigated as a reporter for gene therapy using

retroviral and adenoviral vectors. Fibrosarcoma (193), epitheloid carcinoma (193),

murine sarcoma (193), rat glioma (194), T-cell leukemia (194), and human neuro-

blastoma (194) cells stably transduced with retroviral vectors expressing NET

demonstrate significantly increased uptake of [123I]- or [131I]-MIBG compared to

matched parental cells (193, 194). The level of NET expression and overall uptake

varied significantly between the different transduced cells. MIBG retention over time

was markedly high compared to that observed for the other receptors previously

discussed. At 2 h post-treatment, 71–87% of baseline [131I]-MIBG was retained with

variability between cell lines (193). NET-transduced human epitheloid carcino-

ma (193) and rat glioma (194) were used in in vivo mouse tumor xenograft models

to evaluate the efficacy of 123I-MIBG or 124I-MIBG for imaging NET-positive tumors

by SPECT or PET, respectively. Figure 10.7 shows a SPECT image demonstrating

uptake of 123I-MIBG in tumor cells transduced with a NET-expressing retrovirus but

not in cells transduced with a control vector. Serial imaging of s.c. tumors demon-

strated that the best tumor to background contrast was at 24 h post-123I-MIBG

injection by SPECT imaging, while the ideal window for 124I-MIBG imaging

by PET extended from 4–48 h postinjection (194). The maximum tumor to muscle

(%ID/g) ratiowas 25 : 1 for transduced epitheloid carcinomaxenografts as determined

by gamma counting of harvested tissues (193) and 130 : 1 for transduced glioma

xenografts as determined by PET imaging and ROI analysis (194). In the case of

epitheloid carcinoma tumors, gamma camera imaging revealed only a threefold

increase in tumor uptake relative to background radioactivity, indicating that imaging

may underestimate the true increase in receptor gene expression due to circulating

blood pool. In bothmodels, the transduced tumor uptakewas significantly higher than

that in parental cell tumors.

AdTrack-hNET, a replication-deficient adenovirus expressing NET and enhanced

green fluorescent protein (eGFP) under the control of CMV promoters, has been used

in combination with 11C-m-hydroxyephedrine (11C-mHED), a radioligand with

structural homology to norepinephrine. AdTrack-hNET resulted in viral dose-depen-

dent increase in 11C-mHED accumulation in green monkey kidney, human glioma,

and human ovarian adenocarcinoma cell lines in vitro (195). Maximum uptake was

highest in the glioma cells followed by the kidney and ovarian adenocarcinoma cells.

In vivo PET imaging of rats bearing s.c. glioma tumors using 11C-mHED (1mCi) was

unable to demonstrate any significant difference between tumors that had previously

been injected with AdTrack-hNET and those injected with AdTrack-Luc. Ex vivo

gamma counting of harvested tissues, however, revealed a 14–27% increase in

radioactivity in AdTrack-hNET relative to AdTrack-Luc-infected tumors.

Imaging and ex vivo gamma counting of both retrovirus-transduced (194) and

adenovirus-infected (195) athymic mice bearing s.c. glioma xenografts showed
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significant radioliganduptake in thebladder,kidney, intestine, liver, thyroid(194,195),

and heart (195). This nontarget uptake likely reflects endogenous NET expression or

radioligand excretion given that retroviral transduction was performed in vitro and

infectionwith thenonreplicating adenoviruswasdemonstrated tooccur only in a small

proportion of tumors. 123I-MIBGwas retained longer in retrovirus-transduced tumors

relative to nontarget tissues indicating that it may be possible to achieve sufficient

radiation doses to tumors without toxicity to other tissues (194).

10.3.3.3 Dopamine Receptor andDopamine Transporter The dopamine

receptor (DR) family is comprised of five subtypes (D1–D5) belonging to the larger

family of rhodopsin-like G-protein-coupled receptors (196). Particular attention will

be paid to theD2 subtype given that the gene therapy strategies discussed belowutilize

only this receptor subtype. DR–D2 (D2R) is expressed mainly in the CNS, and under

FIGURE 10.7 [123I]MIBG uptake in epithelial carcinoma tumors retrovirally transduced

to express NET. Immune-compromised mice (CD1 nu/nu) bearing subcutaneous A431 or

A431NET tumors (transduced in vitrowith a retrovirus containing the NET gene) were injected

intravenously with 12MBq of [123I]MIBG. Gamma camera imaging performed 24 h after

radioligand injection showed uptake in the mice bearing A431NET but not A431 tumors

(closed arrows). Uptake was also observed in the thyroid (arrowheads) and bladder (open

arrows) due to renal excretion. (Reprinted with permission from Ref. 193.) (See insert for the

color representation of the figure.)
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normal physiological conditions DR signaling plays an important role in locomotion.

Models of decreased receptor activation have implicated D2R in motor disorders

similar to Parkinson’s disease (197). D2R expression has also been reported in the

pulmonary arteries (198), kidney nephrons, and renal cortex (199).

Delivery of DR has been investigated using several adenovirus and two vaccinia

virus vectors. To date, these studies have mainly focused on D2R gene therapy as a

reporter gene for tumor imaging. In the context of malignant disease, viral delivery of

the rat D2R gene has been studied in combination with delivery of the mutant HSV-1

TK gene, sr39tk (200, 201). The mutant sr39tk protein serves as an improved PET

reporter resulting from its ability to use positron-emitting acycloguanosine substrates

more efficiently than the wild-type protein (202). Furthermore, TK can be used in

therapeutic strategies using ganciclovir, as discussed in previous sections. D2R

and HSV1-sr39TK have been delivered in combination as two separate vectors

(Ad-CMV-D2R and Ad-CMV-HSV1-sr39TK) (201) or as one vector with the two

genes separated by an internal ribosome entry site (IRES) (Ad.DTm) (200). In vitro

infection of rat glioma and monkey kidney cells with Ad-CMV-D2R or Ad-CMV-

HSV1-sr39TK resulted in a viral dose-dependent increase in binding of 3H-spiperone,

a D2R radioligand or 3H-pencilovir (PCV) phosphorylation by the TK enzyme (201).

In addition, cells coinfected with both viruses showed a good positive correlation

between the levels of 3H-spiperone D2R binding and TK phosphorylation of 3H-

PCV (201). In vivo, systemic infection with Ad.DTm resulted in significantly

decreased liver uptake of the D2R ligand [18F]-FESP and TK ligand [18F]-FHBG

relative to uptake of these respective ligands following infection with Ad-CMV- D2R

or Ad-CMV- HSV1-sr39TK alone (200). Nevertheless, uptake following Ad.DTm

infection was sufficient for quantification using microPET and was found to depend

on viral dose with HSV1-sr39TK detection only at doses higher than 5� 106 pfu.

MicroPET and ex vivo autoradiography of rat brains microperfused with Ad-CMV-

D2R showed increased uptake of radiolabeled D2R ligands relative to those infected

with a receptor-negative control virus (203–206). Examination of brain sections by

ex vivo autoradiography suggests viral spread of only about 1mm from the injection

site reflecting a relatively low transduction efficiency (205). Histological analysis of

brain sections demonstrated no significant pathological features in virus-injected

brains (203), providing preliminary evidence of the safety of thevirus for intrastriatum

administration. These studies suggest D2R gene therapy may have potential for

imaging and treatment of brain tumors.

The dopamine transporter, a related receptor that also binds dopamine, has been

investigated as a superior alternative to D2R for dopamine radiopharmaceutical

targeting (207). DAT, unlike D2R, is not associated with any intracellular signaling

pathways and is therefore less likely to have unwanted physiological responses to

peptide binding. Delivery of DAT has been investigated using an adeno-associated

virus (AAV2/5-CMV-DAT) injected intramuscularly into contralateral hind limbs

of tumor-free immunocompromised mice. SPECT imaging performed at 4 weeks

p.i. with [99mTc]TRODAT-1 (20mCi), a radiolabeled DAT ligand, showed a

150–270% increased signal in AAV2/5-CMV-DAT compared to Ad-CMV-LacZ-

treated limbs. Aviral dose-dependent increase in the SPECT signal was observed for
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AAV2/5-CMV-DATwith a minimum limit of detection greater than 108 pfu. Similar

results were obtained in immune-competent rabbits.

These studies support the use of D2R or DATas a reporter for noninvasive imaging

of gene therapy and highlight the potential for targeted radiotherapy if combinedwith

therapeutic radioligands.

10.4 COMBINED ONCOLYTIC AND TARGETED RADIOTHERAPY

While the therapeutic potential of receptor delivery by nonreplicating viruses is solely

due to the receptor-targeted radionuclide, employing oncolytic viruses as the gene

therapy vector has the added benefit of virus-mediated cell death. Furthermore, it is

postulated that the combinedvirotherapyand targeted radionuclide therapywill have a

synergistic antitumor effect. The hypothesized mechanism of this synergistic antitu-

mor effect is twofoldmediated byboth the radiation cross-fire effect (Fig. 10.1) and the

biological bystander effect (Fig. 10.2), as discussed previously.

Nonreplicating viruses administered intratumorally can only achieve gene transfer

in the primary tumor,while systemically deliveredoncolytic viruses have the potential

to infect both the primary tumor and the distant metastases for subsequent targeting

by radioligands. Given that distant metastases are typically less likely to be treated by

surgical resection compared to the primary tumor, targeting themetastases could have

a significant impact on improving patient survival for a number of solidmalignancies.

In addition, systemically delivered oncolytic viruses could also prove effective in

nonsolid tumors.

One of the interesting and not very well-studied aspects of combined oncolytic

virotherapy and targeted radiotherapy is the potential interactions between the

particulate radiation (i.e., a- or b-particles or Auger electrons) and the virus.

Numerous studies have demonstrated the synergistic relationship between oncolytic

viruses and external ionizing radiation (126, 127, 208–213). Ionizing radiation has

been demonstrated to potentiate in vitro and in vivo herpes virus infection of lung

cancer and mesothelioma cells through induction of the radiation resistance protein,

growth arrest, and DNA damage inducible protein-34 (GADD34) (126, 213).

GADD34 shows structural homology to ICP34.5, a herpes virus protein involved in

translation of viral proteins and associated with neurotoxicity. Vectors with

deletions of ICP34.5 have improved toxicity profiles but show attenuated replication

in many tumor cell lines. In tumors infected with a ICP34.5-deleted virus, radiation-

mediated induction of GADD34 functionally replaces ICP34.5 thereby enhancing

viral replication. The synergism of this combination therapy allows dose reductions

(2- to 6000-fold) of both agents without compromising the therapeutic effects.

A similar synergistic antitumor effect was demonstrated using replication competent

Ad-5D24RGD in irradiated glioma cells in vitro (208, 214); however, in vivo success

has varied.

Despite the considerable knowledge gaps, the fact that oncolytic viruses combined

with targeted radioligands have been successfully applied in both noninvasive tumor

imaging (21, 26, 114, 116, 133, 134) and therapy (21, 26) suggests this appears to be a
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viable approach. As discussed above, radiovirotherapy has been investigated in

different in vivo models of multiple myeloma using VSV(D51)-NIS or MV-NIS

combined with 131I. Immune-competent mice bearing s.c. or orthotopic myeloma

tumors were treated i.v. or i.t. with VSV(D51)-NIS followed by i.p. 131I (1mCi) 1 day

p.i. (26). Treatment with 131I resulted in additional tumor growth suppression up to 15

days p.i. compared to virus alone. A significant increase in the survival benefit was

observed for mice receiving both 131I and oncolytic virus therapy. No significant

difference was observed between animals receiving i.t. or i.v. virus injections

indicating high tumor localization after systemic administration. Similar improved

survival following radiovirotherapy was observed in the orthotopic model.

In the second study, immunodeficient mice bearing s.c. myeloma tumors were

injected i.v. with 2� 106 pfu MV-NIS or a receptor-negative control virus (21). 131I

(1mCi) was administered i.p. 6 days postinfection. Tumor regressionwas observed in

response to virus alone; however, the speed of regression was significantly increased

in the combination therapy group. When MV-resistant myeloma cells were tested,

neither 131I nor MV-NIS treatment alone had any significant impact on tumor growth

relative to untreated controls. However, the combination therapy resulted in complete

tumor regression in four of the fivemice. The promising results of this study has led to

evaluation of the MV-NIS virus in a phase I clinical trial (Mayo Clinic, MC038C,

http://clinicaltrials.mayo.edu) for treatment of multiple myeloma.

10.5 SUMMARY

The use of viral vectors to deliver receptors for targeted radiotherapy is very

promising. While it is still not feasible to deliver a receptor to every cell within a

tumor, the radiation cross-fire and bystander effects render this unnecessary, and

effective therapy is still possible. A number of viruses have been used and viral

selection clearly depends on several factors including the cell type to be targeted and

the required duration of gene expression.

One of the most promising developments is the combination of oncolytic viral

therapy and targeted radiotherapy for tumors, in which not only does the virus deliver

the receptor of choice to the cancerous cell but also has antitumor effects of its own,

leading to enhanced responses. While this topic is still in its infancy, over time the

benefits of combination therapy will likely become apparent. Future studies addres-

sing the biological interactions between replicating viruses and targeted radiotherapy

are needed to further our understanding of these synergistic, tumor-targeting

modalities.
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CHAPTER 11

Preclinical Cell and Tumor Models
for Evaluating Radiopharmaceuticals
in Oncology

ANN F. CHAMBERS, EVA A. TURLEY, JOHN LEWIS, AND LEONARD G. LUYT

11.1 INTRODUCTION

In the United States in 2008, it was estimated that 1.4 million new cases of cancer

would be diagnosed, and there would be nearly 600,000 deaths due to the disease (1).

For many cancer types, the majority of these deaths will be due to metastases—the

spread of cancer to distant, vital organs—rather than to the effects of the primary

tumor. Patients whose cancers are detected early, when the tumor is localized, have

amuchbetter prognosis than patientswhose cancers are detectedwith regional spread,

and both do much better than patients whose cancers are diagnosed with distant

metastases (1). For example, womenwith invasive breast cancer that has not spread to

the lymph nodes have a 5-year relative survival rate of 98%. However, if the cancer

has spread to regional lymph nodes, this rate drops to 84%, and if the disease has

metastasized to distant sites the 5-year survival rate is only 27% (1). Similar trends are

seen in other cancer types. Thus, early detection must be a key component of

improving survival from cancer.

Fortunately, recent advances in cancer detection, coupled with increased avail-

ability of cancer screening, are leading to a shift toward earlier detection for many

cancer types. For example, recent improvements in survival from breast cancer are

thought to be attributable to a combination of detection of earlier, smaller tumors,

through organized breast screening programs, coupled with improvements in treat-

ment (2). However, many tumors are still detected only after metastasis has occurred,

when survivability is poor, and these rates vary among tumor types (1).As an example,

while only �6% of breast cancers are diagnosed after metastatic spread, diagnosis

after the tumor has already spread to distant organs occurs much more frequently for
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cancers of the lung, ovary, and pancreas (41%, 68%, and 52%, respectively) (1). In

order to improve cancer survival rates, there continues to be a pressing clinical need for

early detection of smaller primary tumors for many cancer types, to enable increas-

ingly effective treatments to be used on more treatable cancers. For patients whose

tumors havemetastasized to distant organs, improved treatment options that are more

effective (as well as less toxic) are urgently needed.

Considerable experimental work has clarified many aspects of the process of

metastasis (3–7). Some of this work has led to an understanding that cancer cells in

secondary sites may coexist in different physiological states: actively growing,

vascularizedmetastases, preangiogenicmicrometastases that are activebut “dormant”

due to a balance between cell division and apoptosis (8), and dormant cells that are

resistant to chemotherapy that targets actively dividing cells (3, 4). These distinct

cellular states represent therapeutic targets (3, 9–12). For many cancer patients,

metastases can arise years (or even decades) after apparently successful treatment of

the primary cancer (10, 13). Clinical trials are suggesting that long-term therapy, for

example in hormone-responsive breast cancer, may have clinical benefit (14), consis-

tent with the presence of persistent subclinical cancer capable of leading to late

recurrences. Minimal residual disease can be monitored by detection of microme-

tastases present in bone marrow, which may represent a poor prognostic indicator,

although the clinical significance of cancer cells detected in bone marrow is still

controversial (15, 16). Similarly, while lymph node positivity is a known prognostic

indicator, the clinical significance ofmicrometastatic disease detected in lymph nodes

at cancer surgery remains uncertain (17, 18). In addition, these assessments require

invasive procedures. Targeted radiopharmaceuticals may offer a less invasive way to

detect and potentially treat micrometastatic tumor burden. Once micrometastatic

disease is detected, treatment dilemmas may arise in that the significance of the

presence of minimal disease may not be known, and if it is deemed to signify poor

prognosis, there may be relatively few effective treatment options. Detection of

metastases at increasingly earlier stages, when tumors are very small, thus must be

accompanied by improvements in understanding the clinical significance of this

disease, coupled with improvements in treatment options for early stage metastatic

disease. Development of targeted radiopharmaceuticals for the detection of small,

hidden lesions, coupled with targeted treatment including targeted radiotherapy, will

provide the tools necessary for the clinical assessment of the significance of these

lesions.

One key component required for the development of effective targeted diagnostic

or therapeutic radiopharmaceutical agents is the need for preclinical testing. In clinical

drug development, compounds are often tested against primary tumors established in

mice, by for example subcutaneous (ectopic andperhaps inappropriate, formost tumor

types) or orthotopic tumor cell inoculation (e.g., mammary fat pad for breast

tumors) (19). However, the location in which a tumor grows has been shown to

dramatically affect its behavior, malignancy, and even drug responsiveness (20–23).

Thus, for therapies to be effective in targetingmetastases, it is appropriate that they be

assessed preclinically in metastasis models (3, 5, 11, 24). Here wewill consider some

current approaches to the development and use of targeted radiotherapies in oncology
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and discuss a variety of approaches using mouse models, which may be useful in the

preclinical assessment of therapeutic radiopharmaceuticals.

11.2 TRADITIONAL APPROACHES TO PRECLINICAL EVALUATION
OF RADIOTHERAPEUTICS

The primary specification in creating a radiotherapeutic entity is the ability to

selectively deliver the radionuclide to the tumor cell. Of nearly equal importance

is limiting the uptake of the radionuclide in normal tissues, thereby minimizing

toxicity. The preclinical criteria used to evaluate the effectiveness of a novel radio-

therapeutic include high tumor uptake, clearance from the blood and minimal uptake

in other organs. Of significant concern is the radiation dose to bone marrow, where

the tolerated dose is the least among normal tissues, and marrow toxicity is typically

dose-limiting for radiolabeled antibodies (25, 26). For smaller peptide derived

radiotherapeutics, the radiosensitive kidney is often dose limiting due to tubular

reabsorption of peptides that contain positively charged residues (27).

In this chapter, we will be focusing on preclinical animal models for evaluating

cancer radiotherapeutics following optimal radiochemical design. Prior to preclinical

testing however, there are a number of other biological evaluation criteria that need to

be met. The designed peptide or antibody-based radiotherapeutic must demonstrate

specificity for the intended target, whether that be an epitope, growth factor receptor,

metabolic target, or other. A new radiotherapeutic entity should also be tested for

stability in serum to demonstrate that it will have a sufficient biological half-life to

allow the intact molecule to reach the tumor target in vivo. It is also crucial to ensure

that the radionuclide remains stably attached to the targeting molecule and this

mandates thewise choice of strong chelatorswhenusing radiometals (28–31) or stable

radioiodination chemistry (32) (see Chapter 2). Should the radionuclide be released

from the targetingmolecule invivo, then rapid clearance from thebody is imperative to

prevent redistribution and toxicity to normal tissues.

Another useful approach to evaluate a radiotherapeutic is to determine the effect of

the agent at the cellular level, which is especially prudent if using a radiopharmaceu-

tical that emits ultrashort range radiation such as Auger electrons and therefore

requires delivery of the therapeutic to the cell nucleus in order to be effective (see

Chapter 9). For example, Reilly and coworkers investigated the cytotoxicity of
111In-DTPA-hEGF (human epidermal growth factor) for a number of breast cancer

cell lines and correlated the radiation sensitivity of the cells to their EGF receptor

expression (33). Once the capability of the radiotherapeutic to destroy tumor cells is

demonstrated, one can thenproceedwith confidence to invivo evaluation in preclinical

models for determination of normal tissue distribution and pharmacokinetics.

When 111In-DTPA-hEGF was evaluated in such models, it was discovered that

blood clearance was fast and although initial liver uptake was high at 41% ID after

1 h, clearance did occur over 72 h. Itwas also noted that red andwhite blood cell counts

as well as other cells remained within the normal range at high administered

doses (34). Further preclinical evaluation was then carried out in mice with breast
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cancer xenografts, demonstrating strong antitumor effects (35). Determining the

toxicology profile of a radiotherapeutic is critical prior to proceeding to humanclinical

trials and is a requirement for regulatory approval for these trials.

For the treatment of metastasis, there is currently no effective targeted therapeutic

with generalized applicability, which is in contrast to diagnostic oncological imaging,

where for example 18F-FDG is a generalized approach. Targeted radiotherapeutics in

theory have the capacity to reach sites of metastasis and could be especially effective

for small tumor sizes. The development of radiotherapeutics for metastatic disease

howeverwill likely be dependent upon the location of themetastatic disease aswell as

upon the specific antigen/receptors present on the tumor cells. For effective preclinical

evaluation of radiotherapeutics, itwould therefore be best to utilize animalmodels that

properly mimic metastatic disease. This is in contrast to many published preclinical

evaluations, where subcutaneous tumor models are used. Exceptions include a report

by Breeman et al. who evaluated 177Lu-DOTA-octreotate in a rat model of micro-

metastaticCA20948 liver cancer and found a significant increase in survival compared

to untreated animals (36).

A standard approach to evaluating the selectivity of a radiopharmaceutical for

tumor versus normal tissues is using biodistribution analysis. In this manner, the

percent injected dose of the agent per gram of tissue is calculated and a comparison

between uptake in the tumor and normal tissues can be made. Although this may be

accomplished for an a- or b-particle-emitting radionuclide by liquid scintillation

counting, it is often more convenient to evaluate a new radiotherapeutic by preparing

a surrogate compound. For in vitro evaluation, the surrogate could be the identical

compound labeledwith a nonradioactivemetal, for example, using natural 185/187Re in

place of 188Re or using stable 89Y in place of 90Y. These nonradioactive entities are

most useful for evaluation of target binding affinity, but are not typically relevant for in

vivo evaluation.For invivo evaluation, the surrogate compoundcouldbemadewith the

particle-emitting isotope being replaced by the corresponding g-emitter, in order to

facilitate invivomeasurement by g-scintillation counting or by external imaging (e.g.,

SPECTor if using a positron-emitting radionuclide, PET). For example, the g-emitter,
99mTc could be used in place of the b-emitter, 188Re. Although this is replacing the

rhenium with a technetium element, it is documented that the in vivo behavior of

these coordinated metals is quite similar (37, 38). Another example is to use the

g-emitter, 111In in place of the therapeutic radionuclides 90Y or 177Lu (29, 39–41),

although differences in the stability of the 111In and 90Y analogues may

confound results (see Chapter 2). Imaging with the corresponding g-emitter allows

estimation of dosimetry data prior to administration of the therapeutic analogue and is

also useful for preclinical evaluation of biodistribution by means of small animal

imaging.

To allow for evaluation of targeted radiotherapy of both primary and metastatic

disease, the survival of treated versus untreated tumor-bearing animals can be

compared. Dramatic increases in survival for animals with subcutaneous tumors

have been well documented in preclinical studies (42–45). Also notable is that some

reports indicate a maximal tolerated dose (MTD), after which animal survival for

the treatedgroup is actually lower than that of the control. For example, inone study, an
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90Y-labeled ChL6 antibody targeting prostate cancer was evaluated in mice bearing

PC-3 xenografts (46). A radiotherapeutic dose of 150 mCi gave 100% survival over the

84 day study period,while the untreated animals had only 18% survival over this same

period. In contrast, a higher dose of the radioimmunotherapeutic (250 mCi) resulted in
early toxicitywith40%of the animals survivingonlyup today21,while 100%of those

in all other groups still remained alive at that time point.

For ametastaticmodelwhere themetastases are localized to a specific organ, one is

able to dissect the tissue and quantify the number of metastases. For example, in the

instance of the previously described 177Lu-DOTA octreotide, a significantly reduced

number of metastases was found in the liver of rats treated with the radiotherapeu-

tic (36). As depicted in Table 11.1, the untreated control animals all had greater than

100 tumor colonies with over half of the liver affected. In contrast, the treated animals

showed less than 100 colonies at both 185 and 370MBq administered doses.

While extending the life span of a tumor-bearing animal demonstrates the potential

of a novel radiotherapeutic, one shouldquestionhowwell suchdatawill translate to the

human clinical situation. A number of direct preclinical–clinical comparisons of

radiation dose estimates have been reported. The 90Y-labeled antibody, ibritumomab

tiuxetan (Zevalin) was evaluated in athymic mice bearing CD20þ human tumors and

from the biodistribution data, the expected human radiation absorbed dose to key

organs was estimated (47). When compared to human clinical trial data, it was

determined that the dose estimated based on the preclinical study was equal or less

than that determined clinically. However, the mouse biodistribution data resulted in

a significant overestimation of the red marrow and kidney dose determined clinically.

Another issue with translating preclinical dosimetry calculations to the clinical

situation is that the influence of the emitted g-photons will be different in a human

than in experimental animal models, depending on the energy. Calculations have

indicated that the absorbed dose rate between different species will be similar for the

pure b-emitter, 90Y and the b- and g-emitter, 177Lu, while large differences in photon

irradiation are expected between species for 111In, 125I, and 67Ga (48). The range of

the emitted particles will influence the deposition of radiation in organs and tissues,

TABLE11.1 TheEffect of 177Lu-DOTA-Octreotate on theEstablishment of

CA20948 Liver Metastases Indicating the Number of Animals Having the

Given Range of Tumor Lesions

No. of Tumor Colonies

0 1–50 51–100 >100

Untreated 0 0 0 6

185MBqa 1 2 3 0

370MBq 2 4 0 0

From Ref. (36).
a 177Lu-DOTA-Octreotate administered i.v. as a single dose 8 days after direct injection of

CA20948 tumor cells into the portal vein; each group consists of six rats with tumor colonies

counted postsacrifice at day 21.
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hence using a small animal for evaluating a relatively long range b-particle emission

(e.g., from 90Y or 188Re) will be less likely to extrapolate accurately to humans than

radionuclides emitting shorter range particles (e.g., 177Lu or 131I) (see Chapter 13).

Recently, several clinical trials have evaluated the efficacy of simultaneous

chemotherapy combined with a targeted radiotherapeutic. For example, Zinzani

et al. reported on combined fludarabine and mitoxantrone in conjunction with
90Y-labeled ibritumomab tiuxetan for treatment of patients with non-Hodgkin

lymphoma achieving complete remission in all 20 patients evaluated (49). This

combination of nontargeted chemotherapy with the tumor targeting radiotherapeutic

appears to be a very promising treatment approach. As researchers move forward in

evaluating novel peptide and antibody-based radiotherapeutics, it may prove

valuable to utilize a preclinical model that is appropriate for this comparison.

O’Donnell et al. reported on a preclinical evaluation of 90Y-DOTA-ChL6 antibody

targeting prostate cancer combined with taxanes and demonstrated a decrease in

palpable tumors compared to the control animals (50). A 177Lu-labeled bombesin

derivative was investigated by Johnson and coworkers alone or in combination with

docetaxel and/or estramustine in PC-3 xenograft bearing mice, with the combined

treatment providing the greatest tumor growth suppression in this prostate cancer

model (51). The synergistic effects and toxicity of such combination therapy,

requires evaluation in animal models prior to clinical trials. A more effective

measure of tumor response and associated normal tissue toxicity from combined

therapy at the preclinical stage would be of great benefit to those engaged in the

development of radiotherapeutic agents. While the literature describes preclinical

evaluation of radiotherapeutics and demonstrates encouraging results, there still

remains a need for more accurate animal testing methodology.

11.3 MODELS OF CANCER

Akey factor inpreclinical screening for effective imaging and therapeutic agents in the

treatment of cancer, including metastases, is the selection of an appropriate model.

Currently, models include the use of human tumor cell lines maintained in two-

dimensional (2D) culture (i.e., cells grown in monolayer in tissue culture), 3D culture

(i.e., cells grown as spheroids in suspension or embedded in extracellular matrix

(ECM) such as collagen type I gels or more complex matrix gels including

Matrigel�), or in vivo as orthotopic xenografts (52–56). In addition, a large number

of genetically modified mouse models are available that are susceptible to neoplastic

transformation (52, 57, 58). None of these cell lines or transgenic mouse models

replicates all aspects of human cancers. Nonetheless and as noted above, both cell

culture models and animal models have been valuable for initial high throughput

screening to identify potential therapeutic or imaging agents for further development

and for testing the effectiveness of these agents in vivo. In the following discussion,

breast cancer will be used as an example of a complex and diverse neoplastic process,

to examine the availability of cell and animalmodels that reflect the heterogeneity and

subtype complexity of the disease.
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11.3.1 Cancer as a Complex Collection of Neoplastic Diseases

Pathologists have long used histological criteria to sort breast tumors and other tumors

into grades ranging from benign to aggressive disease. More recently, research has

permitted further sorting of cancers based upon identifiedmarkers that predict disease

outcome and response to targeted therapy. For example, in breast cancer, estrogen/

progesterone (ER/PR) and Her2/neu receptor status are not only associated with

clinical outcome but also predict response to treatment, for example, estrogen agonists

(tamoxifen) and Her2/neu antagonists (Herceptin) (59, 60). Microarray-based analy-

sis of gene expression (61) has more recently provided a molecular blueprint for the

complexity of breast cancer as a group of diseases. This and other transcriptome

analyses (for reviews see Refs 62–65) confirm that breast cancer can be divided into

two broad groups of estrogen receptor positive and estrogen receptor negative tumors.

However, these analyses reveal an additional complexity, permitting these two broad

groups to be further subdivided into six major molecular subtypes: basal-like (Basal

A), Basal B, luminal A, luminal B, Her2þ/ER� and normal breast-like (Table 11.2).

Themolecular differences in thesegroups are associated not onlywith distinct clinical

outcomes but are also differentially responsive to treatment. In addition to the

classification of breast tumors into the above molecular subtypes, there is some

evidence to suggest that breast cancers can arise fromprogenitor cells characterized by

a specific phenotype (CD44þ/CD24�/ESAþ) (66–69). The origin of these “tumor

progenitor” cells within breast tissue has not yet been identified, but a gene signature

expressed by a subset of CD44þ/CD24� primary breast tumor cells separated from

other primary tumor cells by fluorescence activated cell sorting predicts poor clinical

outcome (68, 70).

Clearly breast cancer is a complex grouping of neoplastic diseases. Identifying and

treating these subtypes is a major challenge facing clinicians today while identifying

or developing experimental models that replicate this complexity is a significant

challenge for scientists to resolve. Since early diagnosis optimizes treatment outcome,

developing imaging and therapeutic agents that are specific to transcriptome subtypes

or to breast tumor initiating/progenitor cells would be an enormous step forward in the

TABLE 11.2 Human Breast Cancer Cell Lines and Transgenic Mice Grouped

According to Tumor Molecular Subtypes

Tumor Subtype (Gene Cluster) Tumor Cell Linea Transgenic Mice

Nontumorigenic BaB S1, MCF10A –

Lu MCF7; MDA-MB-361

ERBB2 SKBR3; HCC1569 neu/her2

BaA HCC1569; SUM190PT neu/her2b

BaB MDA-MB-231; HCC38 –

BaA: basal subtype A; BaB: basal subtype B; Lu: luminal subtype A; ERBB2: ERBB2 overexpressing;

NB: normal breast like.
a Ref. 71.
b Ref. 114.
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treatment of breast cancer as well as in other malignancies. In this section, the extent

to which available models capture the diversity of breast cancer subtypes will be

discussed.

11.3.2 Human Breast Cancer Cell Culture Models

A bank of human breast cancer cell lines are available that can be classified into each

of the different subtypes of clinical disease based upon their resemblance to

the aggressiveness, chemoresistance or molecular signatures of these subtypes

(Table 11.2) (58, 71–74). To date, most studies using human breast cancer cell lines

rely upon two-dimensional cell culture. Several recent reports have attempted to

compare the molecular phenotype of these cell lines with those of primary breast

tumors usinggenomic, transcriptome, andproteomicprofiling (71, 72, 74, 75).Most of

the commonly used human breast cancer cell lines can be grouped into the six

molecular subtypes based upon the similarity of their transcriptome to primary human

breast tumor subtypes (58, 71). Furthermore, genomic changes including amplifica-

tion, high frequency of low level gains and losses observed in specific primary breast

tumor subtypes are also retained in these breast cancer cell lines (74). Perhaps most

importantly, in one study, the molecular signature of these cell lines can be used to

successfully predict a response to targeted therapies for breast cancer such as

trastuzumab (Herceptin) (71).

Breast cancer cell lines have also been characterized with progenitor properties

and progenitor signatures. For example, recently developed MCF-15, HMT348, and

EM-G3 breast epithelial cells possess bipotential characteristics since they are able to

differentiate into myoepithelial and luminal phenotypes (58). Breast cancer cell lines

characterized by molecular profiling, such as MDA-MB-231 cells, also exhibit

a progenitor-like status based both on surface phenotyping and the ability to undergo

differentiation into a luminal-like epithelium (76–79). Emerging studies also suggest

that the transcriptome of the peritumor stroma also affects tumor progression (80–86).

Currently, there are no therapeutic or imaging agents developed to target this tumor

compartment but this may be an important therapeutic target for the future and

will require development of peritumor stromal cell line banks (87). Collectively,

these results indicate that currently available human breast cancer cell lines largely

mirror the complexity of the clinical disease and that standard culture of these

reasonably recapitulates subtype primary tumors both in their genetic makeup and

their susceptibility to targeted therapy. However, virtually all of these studies noted

that the transcriptomes of tumor cell lines do not perfectly match their primary

breast tumor subtype counterpart. These differences are in part due to the restriction

of tissue architecture that can be achieved in 2D cultures since the transcriptomes

of tumor cells maintained in 3D culture more closely resemble those of primary

tumors (54, 88, 89).

A number of studies have demonstrated that signals from the extracellular matrix

and 3D architecture of tissues are necessary for the ability of mammary epithelial and

other cell types to undergo morphogenesis. Since ECM and tissue architecture cues

also affect cell transformation, development of 3D culture assays in matrices such as
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basement membranes may provide a more faithful replication of cellular responses in

vivo than is observed in 2D culture (54, 89–92).

3D culture affects cellular responses to signaling inhibitors (93). For example,

MDA-MB-231 cells grown in 3D reconstituted basement membrane extracellular

matrix undergo phenotypic reversion when treated with b1-integrin and PI3kinase or
ERK1/2 kinase inhibitors in this 3Dbut not in 2Dcultures (79). Expressionmicroarray

analyses of such tumor cell lines maintained in 3D versus 2D culture have shown that

signal transduction pathways are also integrated in a different manner. This was

recently confirmed in large scale analysis of gene expression patterns in 25 breast

cancer cell lines (94). Since targeted therapies are often directed at specific signaling

pathways including peptide growth factor receptors, these results suggest that

screening for targeted radiotherapeutics using 3D culture assays may be useful.

Consistent with this, studies have shown that radiotherapeutics cause cell stress or

death by different mechanisms in monolayer versus spheroid cultures (95, 96).

Although most studies have not documented differential targeting in monolayer and

spheroid cultures, in somecases (97–99) differential kill by radiotherapeutics has been

noted (100). For example, 131I-meta-iodobenzylguanidine (131I-mIBG) more effec-

tivelykills noradrenaline transporter expressingglioblastomacells grownas spheroids

than as monolayers. This effect was attributed to more effective radiation cross fire

(radiological bystander effect) in the3Dspheroidcultures (99).However, other studies

have not observed a differential effect of radiotherapeutics on cell death in 2D versus

3D cultures (101). Even if kill rates are similar in these two culturemodalities, cellular

responses to radiotherapeutics are clearly different. Future studies using spheroid and

other 3D culture methods will allow investigation of the more fundamental questions

of how tissue architecture affects radiation-induced apoptotic cell death, cell-cycle

events, cell–cell interactions, and cell adhesionphenomena (97). In addition, theuseof

spheroid cultures may more closely reproduce some of the delivery barriers imposed

by tumors in vivo for the effective use of targeted radiotherapeutics (e.g., tumor

penetration aswell as thefinite rangeof the emitteda- orb-particles in irradiatingmore

distant cells).

11.3.3 Animal Models

Two broad groups of animal tumor models are currently used for preclinical assess-

ment of imaging or radiotherapeutic agents: xenograft models and transgenic mouse

models of disease susceptibility.Xenograftmodels offer the advantageofusinghuman

cell lines that have been well characterized with respect to their invasive/metastatic

properties, subtype andmolecular/signaling phenotype (58, 91), and are amenable for

use in screening for both radiotherapeutics or imaging agents (53, 56, 102). Most

importantly, as noted above, cell lines that resemble each of the molecularly defined

subtypes of breast tumors are available for xenograft assays. Indeed several studies

have identified gene signatures using human cancer cell lines (e.g., MDA-MB-231)

grown as xenografts that predict poor outcome in the human disease (103–105).

Furthermore, methods for growing primary tumor xenografts are now available (70).

Xenografts can be either grown at subcutaneous or orthotopic sites depending on
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requirements (19). Subcutaneous tumors are most often the easiest to image with

radiopharmaceuticals and are easily measured for quantifying therapeutic response.

However, orthotopic xenografts (e.g., breast tumor cells implanted into the mammary

fat pads of mice) are more representative of primary tumors since they are growing in

the appropriate tissue microenvironment (58). In addition, xenograft models have

been developed that are able to metastasize thus offering the opportunity to study this

processwithhumancells aswell as evaluate theeffectivenessof new targeted therapies

including radiotherapeutics (Fig. 11.1). Furthermore, assays designed to quantify

tissue colonization, which mimic (but are not an exact replica of) the metastatic

process are possible using xenograft models (3, 19, 54, 106–108). However, human

cells must be grown in immune-compromised mice and convincing evidence that

immune cells affect tumor progression should be considered when using these

models (86, 109, 110). In addition, the use of immune-compromised mice does not

allow an examination of the immune response to targeted radiotherapeutics (i.e., to

murine or humanized monoclonal antibodies; see Chapter 1) or to novel targeting

vectors such as cytolytic viruses (see Chapter 10).

The development of transgenicmice that exhibit susceptibility to breast cancer and

that resemble important aspects of the human disease (e.g., oncogenic mutations,

tumor invasion, and metastasis) have become an important part of preclinical

assessments of imaging and therapeutic agents (52, 58, 111–114). In particular,

genetic engineering techniques permitting the induction/targeting of genetic mod-

ifications to specific tissues have greatly advanced the development of animal models

FIGURE11.1 Preclinical mousemodels of breast cancer. Commonly used preclinicalmodels

of breast cancer in mice include xenografts of human breast cancer cells grown as subcutaneous

implants or orthotopically in immune-compromised mice. With subcutaneous and orthotopic

xenografts, primary tumors may be produced, and cells may spontaneously metastasize to

internal organs. With experimental metastasis assays, cells are delivered via the bloodstream to

internal organs, where metastases may form in various organs. In contrast, in GEMs, primary

tumors (often multifocal) arise spontaneously, and may (or may not) metastasize to various

distant organs. Various GEMmodels of breast cancer susceptibility are also available, which can

be chosen to match breast cancer molecular subtypes. See Refs 3 and 9 for further details. Open

circles depict primary tumors while closed circles depict metastatic lesions.
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of cancer susceptibility. A large number of transgenic mice now exist and many of

these include on the one hand loss of tumor suppressor genes that are known to have

significant roles in human breast cancer (e.g., Brca1, Trp53, Pten) and gain of function

oncogenes such as Erbb2, Myc, Ccnd1, PyMT, and Hras (115).

Comparative analysis of mammary cancer in transgenic mice with human breast

cancer reveals a number of differences. Overall, the histology of most tumors from

mice does not resemble the common types of human breast cancers and most mouse

tumors metastasize only to the lungs, contain less fibrosis and inflammation and are

nearly all hormone independent in comparison to human breast tumors inwhich about

half are hormone-dependent (54, 58). Nonetheless, some transgenic models demon-

strate features of the human neoplastic disease, such as metastasis (116). However, in

general most tumors from genetically modified mice do not resemble the subtypes of

breast cancer. Despite these properties, genetically modified mice have provided a

wealth of data about the molecular pathways that are involved in breast cancer. In

particular the development of breast cancer in neu/erbb2 transgenic mice closely

resembles neoplasticdisease of thehumanERBB2subtype (114). In the last 20years, a

great deal of effort has been directed toward characterizing the similarities and

differences between geneticallymodifiedmousemodels of cancer and human cancers

in which the oncogenic event is common to human breast cancers (e.g., BRCA1 loss,

TP53 mutations, ERBB2 amplification). Analyses of gene expression suggests

a significant number of genes are commonly de-regulated when these genetic

modifications are present in mouse models or in human breast cancers. Indeed, recent

transcriptome analyses of a number of transgenicmousemodelswere compared to the

molecular profiles of human breast cancer subtypes (57, 58). Results from these

studies confirmed earlier analyses that mouse tumors are more similar to each other

than to human tumors. However, severalmodels shared similaritieswith human breast

cancer including representations of luminal (e.g., MMTV-Neu, MMTV-PyMT,Wap-

mYc, and Wap-Int-3) and basal tumors (Wap-Tag and Brca1-deficient) (57, 58, 117).

The combination of the histological profiling of transgenic mouse mammary tumors

with the growing molecular characterization of the transcriptomes of these mice will

provide a basis for choosing the best transgenic mouse model to match the subtype of

human tumor to which the imaging or radiotherapeutic agents are targeted.

A general conclusion is that no single animal model of breast cancer susceptibility

or human breast cancer cell line matches the complexity of breast cancer as a disease.

This is also true for other cancers and therefore a number of models should ideally be

used when screening or testing new imaging or radiotherapeutic agents.

11.4 ANIMAL MODELS FOR EVALUATING
RADIOPHARMACEUTICALS: UNRESOLVED ISSUES
AND CHALLENGES FOR TRANSLATION

Animalmodels used for the preclinical evaluation of radiopharmaceuticals, including

their effectiveness in targeting and treating tumors as well as toxicity, have consisted

of a variety of species such asmice, rats, rabbits, dogs, andmonkeys. In addition to the

ANIMAL MODELS FOR EVALUATING RADIOPHARMACEUTICALS 407



experimental factors outlined above, practical factors must be considered when

choosing an appropriate animal model. In order to obtain regulatory approval, the

determination of efficacy is only part of the scientific workup that must be completed

ahead of human clinical trials. In the case of a therapeutic radiopharmaceutical, the

agent may be given several times to a patient, sometimes at high radioactivity doses.

The efficacy and toxicity of the agent, with and without incorporation of

the radionuclide, must be evaluated comprehensively at the preclinical stage (see

Chapter 17). In a first step, the subacute toxicity of the unlabeledmolecule should be

determined, and the duration of treatment in these animal studies needs to be taken

into account in relation to the expected maximum duration of treatment in humans.

For a single administration of the radiopharmaceutical in humans, only an acute

toxicity study with a 2-week follow up is usually needed, but this often needs to be

done in a rodent as well as a nonrodent species. In a second step, the toxicological

properties using the radiolabeled molecule should be performed, using a scheduled

program of treatment adapted from the program of treatment proposed in humans to

study potential normal organ radiation toxicity.

An area of increasing concern is being raised by reports that describe differences in

radiopharmaceutical bioavailability between the various animal models described

above, and more importantly, between these animal models and humans (118–121).

For example, the extent to which a radiotherapeutic binds to serum proteins is a key

factor, since protein binding may directly limit the rate, and magnitude, of radiophar-

maceutical extravasation from blood into the tissues of interest. Interspecies variation

in plasma protein binding may impact the reliability of animal models to predict

radiopharmaceutical performance in humans. Protein binding issues aremost likely to

affect small radiolabeled molecules and peptides, rather than antibodies. It was

recently reported that copper bis(thiosemicarbazone) complexes can exhibit signifi-

cant, species-dependent, binding to serum albumin (118, 119). This phenomenon

highlights the need both for evaluation and confirmation of similarity in biodistribu-

tion between several animalmodels and for establishing a rigorous andwell-informed

approach to translating animal data to human clinical trials.

In addition to carefully selecting one or more animal species for preclinical

evaluation, the choice between xenograft or genetically engineered models (GEM)

of cancer is an important one.With subcutaneous xenografts, the progression of a large

number of synchronized, easily observable, and measurable tumors can be followed,

such that initiation of treatment can beginwhen the tumors are of an optimal or desired

size. Furthermore, xenografts have a relatively high degree of predictability and

rapidity of tumor formation, and this translates to smaller standard errors and group

sizes when performing efficacy studies (122). As detailed above, the primary

shortcoming of xenografts is the absence of an immune system and the extent to

which the tumorcell lines represent the tumoroforigin (Table11.2).This ismanifested

by qualitative differences in the resultant physical characteristics, genetics, and

histology (123). GEMs often more closely resemble the genetic characteristics of

the corresponding human cancer. From a practical standpoint, however, they have

the disadvantages of heterogeneity with regard to frequency of initiation, latency, and

growth rate (124, 125) that impacts the design and implementation of preclinical
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studies. To accommodate these challenges, new anatomic and molecular in vivo

imaging techniques such as micro-CT, ultrasound (126–128), optical (129),

MRI (107, 130, 131), and bioluminescence imaging (132) are being utilized to enable

tumorgrowth to be followed over time.Given thatGEMsprovide some characteristics

that are arguably more accurate models of cancer, they may be better suited to make

correlations between the effectiveness of targeted radiotherapeutics and tumor

biology, and are a promising alternative to traditional preclinical tumor xenograft

models. However, mixed results have slowed the acceptance of these models as

preclinical tools (124, 125). There are someadditional factors that have the potential to

impedeclinical translationusingGEMmodels. In1988, the “OncoMouse”became the

first animal approved for patent protection when a US patent was granted to Harvard

University geneticist Philip Leder and Timothy Stewart of the University of

California, San Francisco. The ruling was sufficiently broad in scope to include “not

simply a transgenic mousewith an activatedMYC gene; it is any transgenic mammal,

excluding human beings, that contains in all its cells an activated oncogene that had

been introduced into it or an ancestor at an embryonic stage” (133). DuPont

subsequently licensed this patent and a sublicense must be obtained from DuPont

in order to use transgenic mice in biomedical research. The European Patent Office

restricted the DuPont patent to “transgenic mice” only, while the Supreme Court of

Canada ruled that the OncoMouse cannot be patented. The NIH has reached an

agreement with DuPont permitting use of transgenic mice for nonprofit research.

Nonetheless, these patents have the potential to impede collaborative studies with

industry (134–136).

Ultimately, a successful preclinical strategy for evaluating targeted radiother-

apeutics and other radiopharmaceuticals will come down to its predictive utility.

How effective is a particular model at selecting efficacious agents? Can it reliably

predict on-target and off-target toxicities? What is the probability of failure or

unpredictable toxicity when administered to humans for those agents that succeed in

preclinical assays? A broad analysis of in vitromodels and tumor xenografts done at

the US National Cancer Institute found poor overall correlations between preclinical

testing and therapeutic activity in Phase II clinical trials and generally concluded

that only compounds that are successful in a large number of different animal

models are likely to be effective in the clinic (125). In 1999, the US NIH Breast

Cancer Think Tank prepared a report comparing the pathology of 39 mammary

cancer GEMs and human breast cancers. The principle conclusion was that the

histology of most GEM tumors did not resemble the histology of the common types

of human breast cancer (58). Nevertheless, certain commonalities were identified by

the think tank including evidence that tumor formation resulted from multiple

genetic mutations, and that genes associated with human cancer similarly cause

cancer in mice. These observations and the development of more sophisticated

genetically engineered animal models suggest that correlations between GEM and

human disease should improve. For the moment, however, an inescapable conclu-

sion is that the use of multiple cell culture and animal models during the preclinical

phase increases the probability of successful translation of radiopharmaceuticals to

the clinic.
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CHAPTER 12

Radiation Biology of Targeted
Radiotherapy

DAVID MURRAY AND MICHAELWEINFELD

12.1 INTRODUCTION

In this chapter, the radiation biology of targeted radiotherapy (TRT) will be

discussed. In particular, the chapter will focus on how our improved understanding

of the cellular DNA damage surveillance–response network, especially with regards

to the response to DNA double-strand breaks, and cell-death mechanisms, has

changed our thinking about the various biological effects of the low dose rate (LDR)

exposures typically administered in TRT in comparison to the effectiveness of

locally-focused radiotherapy with external irradiation. Radiobiological modeling

of TRT has largely depended on extrapolation of data obtained using homogeneous

exposures to single or fractionated doses of radiation delivered at high dose rate

(HDR). The underlying assumption is that such exposures have biological equiva-

lence to the declining LDR exposures. In recent years, it has become apparent that the

cellular and molecular mechanisms by which mammalian cells respond to low dose

and/or LDR radiation exposures can be quite different from those occurring at HDR.

Many of these low dose/LDR findings were controversial on their initial appearance,

often because such effects were not universal. Understanding the mechanisms of

these various effects will enable us to move forward to the point wherewewill be able

to better use this information to guide translational and clinical advances. Of major

importance in this regard are the phenomena of low-dose hyperradiosensitivity-

increased radioresistance, inverse dose-rate effects, adaptive responses, and the

bystander effect (which is quite distinct from the “cross-fire” effect that is also

operative in TRT). Each of these areas requires a major reconsideration of existing

models for radiation action and an understanding of how this knowledge will

integrate into the evolution of clinical TRT practice. Validation of a role in vivo
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for any or all of these effects in TRTwould greatly impact the way we would assess

therapeutic response to TRT, the design of clinical trials of novel TRT radio-

pharmaceuticals, and risk estimates for both therapeutic and diagnostic radiophar-

maceuticals. The current state of research in LDR effects therefore offers a major

opportunity to critically address the basic science behind clinical TRT practice, to use

this new knowledge to expand the use and roles of TRT, and to facilitate the

introduction of new radiopharmaceuticals.

12.2 TARGETED RADIONUCLIDE THERAPY: CONCEPTS

Thebiological principles that underlie the use of ionizing radiation to treat cancer have

largely derived from studies using doses and dose rates typical of those employed

in external-beam radiotherapy (XRT). In XRT, the dose is typically delivered at

a constant high dose rate, usually between 1 and 5Gy/min. A typical XRT schedule

would involve giving a total tumor dose of between 60 and 70Gy in daily fractions of

�2Gy, five fractions per week. The overall treatment time would thus be 6–8 weeks.

The therapeutic index of XRT is largely achieved by the use of sophisticated

computational treatment planning algorithms that result in the locoregional delivery

of a relatively homogeneous dose to the tumor while minimizing the dose delivered to

critical normal-tissue structures.

In targeted radiotherapy, the objective is the systemic delivery of radiation dose to

the tumor using radiolabeled receptor-directed metabolic precursors or other ligands,

or by monoclonal antibodies such as anti-CD20 antibodies for lymphoma, including

Bexxar and Zevalin (1, 2), that is, the so-called “radioimmunotherapy” approach (see

Chapter 6). TRTmay also be achievedusing radiolabeled peptides (seeChapters 3 and

4). The therapeutic index in TRT derives from the expectation that the targeted

moleculewill preferentially localize at the tumor site where it will deposit most of the

dose,while depositing little dose in normal tissues (3). In contrast toXRT, the radiation

dose in TRT is delivered at a continuous but exponentially declining low dose rate that

will depend on the localization of the therapeutic agent and the half-life of the

radionuclide. The typical average dose rate to the tumor for TRT is 2–8Gy/day

(�10–40 cGy/h), with the maximum absorbed dose being up to 50Gy delivered over

a period of many days (4).

In addition to the fundamental differences in the way that XRT and TRT are

administered, there are also important radiobiological differences between these

approaches that could impact on treatment outcome. Indeed, emerging evidence

suggests that the mechanisms by which cells respond to LDR versus HDR radiation

exposures are quite different. Clinically, it is also apparent that the patterns of

therapeutic response to TRT are not always consistent with classical XRT-derived

radiobiological models. In particular, TRT is sometimes effective in palliation and

tumor control even when calculated absorbed doses to the tumor are lower than those

delivered by XRT (5–11). Despite such caveats, biological models of TRT have been

mainly derived by extrapolation of data obtained following homogeneous acute
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exposures to single or fractionated doses of radiation and have assumed that the doses

delivered by XRT and TRT are biologically equivalent (12, 13). This chapter

will review several recent research findings that may help to explain some of the

discrepancies in the TRT literature and guide future translational studies and clinical

practice in TRT.

12.3 RADIATION-INDUCED DNA DAMAGE

Early models of radiation effects assumed that a cell must be directly “hit” by an

ionizing-particle track for a biological effect to be manifested in that cell. It was

generally held that genomic DNAwas the critical intracellular “target” that must be

ionized by the passage of the particle in order for a cell to be killed. Exposing

mammalian cells to a 1-Gy dose of a low linear energy transfer (LET) beam such asX-

rays or g-rays results in the induction of several thousand DNA lesions of several

distinct types (Table 12.1). Isolated lesions such as damaged bases and sugars and

single-strand breaks (SSBs) involve only one strand of the DNA duplex, and are

therefore relatively easy for a cell to repair by using the undamaged complementary

strand as a template for the repair DNA-polymerase activity. In addition to these

individual lesions, a “hallmark” of ionizing radiation is the production of complex

“clustered lesions” or “multiply damaged sites” that arise because of the microheter-

ogeneity of ionizing-particle tracks; along such tracks, large amounts of energy are

occasionally deposited in discrete regions, and when these events coincide with the

cellular DNA they can cause multiple ionizations within a short span of the DNA

molecule (14, 15). Such clustered lesions, which include frank double-strand breaks

(DSBs), are widely thought to be the main cause of radiation-induced cell death,

probably because they can give rise to additional DSBs during the course of repair or

replication (16, 17). For the remainder of this chapter, the term “DSB” will be used to

refer to all types of clustered lesions regardless of their complexity. Because DSBs

involve both strands of the DNA duplex they are considered to be more difficult to

repair than isolated lesions.

TABLE 12.1 Approximate Initial Yields of the Various Classes of

Cellular DNA Lesions for a 1Gy X-Ray or gg-Ray Exposurea

Lesion Class Lesions Induced/Cell/Gy

DSB �40
SSB 500–1000

Base damage 1000–2000

Sugar damage 800–1600

DNA–DNA cross-link �30
DNA–protein cross-link �150
a After Murray et al. (18).
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12.4 CELLULAR DNA DAMAGE SURVEILLANCE–RESPONSE
NETWORKS

Radiation-induced DNA lesions such as DSBs must be rapidly detected and repaired

if a cell is to retain its genomic integrity and survive. Mammalian cells respond to

a radiation insult by activating a highly orchestrated network of signaling events that

results in alteration of the expression or activity of numerous genes/proteins involved

in processes such as DNA repair, cell-cycle arrest, and cell death (mechanismswill be

discussed later) (19, 20). The purpose of the DNAdamage surveillance–response is to

(a) detect and remove DNA lesions and stabilize the genome, (b) suppress mutagene-

sis and promote the survival of cells that have properly processed such DNA lesions,

and (c) eliminate heavily damaged cells from the population/tissue. Objectives (a)

and (b) are achieved in part by transiently interrupting the progression of damaged

cells through the cell cycle via the activation of cell-cycle checkpoints that operate in

G1, S, and G2 phases, thereby allowing DNA repair to proceed without the compli-

cation of ongoing critical DNA transactions such as DNA replication and mitosis.

The cellular response toDNAdamage, which is summarized in Fig. 12.1, is carried

out by four classes of proteins: sensors, mediators, transducers, and effectors. Sensor

(damage-recognition) proteins recognize and bind to DNA lesions and in turn recruit

and/or activate the mediator and transducer proteins. Mediator (also known as

“adaptor”) proteins are important for signaling-complex assembly.Themajor proteins

that transduce DNA damage signals are members of a family of serine/threonine

kinases known as the phosphatidylinositol 3-kinase-related kinases (PIKKs). These

include ATM (mutated in ataxia telangiectasia), ATR (ATM and RAD3 related), and

DNA-PKcs (DNA-dependent protein kinase, catalytic subunit) (20–22). Other serine/

threonine kinase transducers transmit and amplify signals from the activated PIKKs to

downstream effectors (e.g., p53) that implement the various functional outcomes of

the damage surveillance–response network.

Because of their prominent status, the cellular response toDSBs has been studied in

some detail. Following a radiation insult, several proteins rapidly relocalize to the site

of a DSB, generating a “repair focus.” These include MRE11, RAD50, and NBS1,

which together constitute the “MRN” complex, as well as mediators such as BRCA1

and BRCA2 (both of which are commonly mutated in human cancers such as those

of the breast), 53BP1 (p53-binding protein 1), MDC1 (mediator of DNA damage

checkpoint 1), and SMC1 (structural maintenance of chromosomes 1). The MRN

complex exhibits a number of distinct damage sensor and mediator activities (20, 23)

that indicate roles in cell-cycle checkpoint activation, signal transduction and DNA

repair (e.g., removal of excess DNA at 30-flaps, endonuclease, exonuclease, and
helicase activities and possibly resection of 50-DNA ends). Another complex involv-

ing the RAD9, HUS1, and RAD1 proteins (the so-called “9-1-1” complex) appears to

be involved in sensing some types of bulky DNA lesions, although its role in sensing

radiation-induced DSBs remains to be defined.

The major PIKK involved in the DNA damage-sensing and -signaling response to

a radiation-induced DSB is the ATM protein (24). Activation of the ATM kinase
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function by a DSB depends on autophosphorylation and relocation of ATM to protein

complexes at the site of theDSB, these events possibly being stimulated by changes in

the chromatin structure of the cell (25). The ability of non-DSB lesions to activate

ATM remains uncertain (20). ATM relocation/activation probably involves the MRN

complex and perhaps MDC1 (20, 26, 27). Once recruited, activated ATM can
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FIGURE 12.1 Cellular DNA damage surveillance–response networks activated by ionizing

radiation. This response involves four classes of proteins: sensors, mediators, transducers, and

effectors. Sensors sense and bind to thevarious types ofDNAdamage, illustrated here for aDSB

induced by ionizing radiation, and activate transducers such as the ATM (mutated in ataxia

telangiectasia) serine/threonine kinase that amplify and transmit these signals to the effector

proteins, such as p53, which execute the various functional outcomes of the damage-response

network, such as the activation of cell-cycle checkpoints, DNA repair, and apoptosis. In

response to DNA damage p53 can undergo various posttranslational modifications—phos-

phorylation, acetylation, and sumoylation—which in turn can increase the level of p53 by

disrupting the normal regulation of p53, mediated by ubiquitin ligases such as MDM2, PirH2,

and COP1. Upregulation of p53 can lead to several consequences including DNA repair or cell

death, depending on the level of DNA damage. The result of this response is the triggering of

a cascade of signaling events that modifies the expression or posttranslational modification/

activity of many downstream genes and proteins which are involved in prosurvival or prodeath

mechanisms. Modified from Ref. 35.
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phosphorylate its various substrates, which are currently known to number many

hundreds and include sensors, mediators, cell-cycle checkpoint activators and DNA

repair-related proteins such as the CHK2 checkpoint kinase, BRCA1, BLM (the

helicase associated with Bloom’s syndrome), NBS1, RAD9, MDC1, 53BP1, SMC1,

and c-ABL (which can phosphorylate RAD51, a critical DSB-repair factor) (20, 28–

30). ATM phosphorylates its targets either directly or indirectly via CHK2 (24, 31).

The variant histone, H2AX, is another important downstream target of activated

ATM.PhosphorylationofH2AXbyATMpostirradiation precedesDSBrejoining, and

may serve to recruit other mediators and repair factors to the DSB. Typically, there

are �2000 phosphorylated H2AX (g-H2AX) molecules per DSB, which results in

a number of discrete and readily observable “repair foci” when the cells are stained

with an anti-g-H2AX antibody (32). This observation has provided an important

reagent for the study of low-dose/LDR radiation effects on cells because it provides

a very sensitive, albeit indirect, biomarker for DSBs.

Important from the perspectiveof low-dose/LDRexposures is the finding thatATM

activation (specifically, the step involving autophosphorylation of ATM on serine-

1981) in human fibroblasts occurs very rapidly. Indeed, this response was apparent

immediately after a 0.5Gy exposure (25). This phosphorylation event was apparent

after relatively lowdoses (�0.1Gy), andpersisted for at least 24 hpostirradiation (25).
Another key ATM-kinase target is the p53 tumor-suppressor protein, which is

commonly mutated in human cancers (33). p53 is a critical effector of several steps in

the DNA damage surveillance–response network (34, 35), a role that earned it the

title of “guardian of the genome” (36). Following a radiation exposure, the wild-type

p53 protein undergoes a complex pattern of posttranslational modification (including

phosphorylation, acetylation, and sumoylation) by enzymes such as activated ATM

and CHK2 (37, 38) that leads to stabilization and increased levels of p53 as well as to

p53 activation. Activated p53 can mediate downstream responses either through

direct interactions with other effector proteins or indirectly through the transcrip-

tional regulation of target genes. In general, the former events are rapid and transient,

whereas the slower events that require transcription relate to response

“maintenance.” A large number of target genes are transcriptionally regulated by

p53 (e.g., (39–41)). Examples of genes that are transactivated by p53 include the

cyclin-dependent kinase inhibitor, p21WAF1 (see below), proapoptotic genes, 14-3-3s
(whose encoded protein is important for maintaining the G2/M arrest), and several

DNA-repair genes (35, 42). Genes trans-repressed by p53 include antiapoptotic genes

such as BCL-2. In addition, a negative feedback loop leading to down-regulation of

ATM by p53 through activation of the p53-regulated WIP1 phosphatase has recently

been described (43, 44).

Many critical cellular decisions that follow a low-dose radiation exposure are

coordinated by p53, including prosurvival responses (e.g., activation of cell-cycle

checkpoints, DNA-repair) and prodeath responses (e.g., apoptosis). The p53 protein

appears to regulate DNA repair by interacting with either DNA-repair proteins or

DNA lesions themselves, as well as through transcription-dependent mechanisms

(for reviews, see Refs 35 and 42). Regulation of the G1 checkpoint by p53 mainly

involves the transcriptional transactivation of the p21WAF1 gene that encodes the
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p21WAF1 (CDKN1A) cyclin-dependent kinase inhibitor. Activation of the

“conventional” G2 checkpoint involves both p53-dependent and -independent me-

chanisms; transcriptional transactivation by p53 seems to be required to maintain the

initially p53-independent G2/M arrest (45). A second G2/M phase checkpoint, which

may be especially relevant for LDR radiation exposures, was described by Xu and

colleagues (46);althoughactivationof thischeckpoint isdependentonATM, theroleof

p53 therein is uncertain.

An anticipated feature of the DNA damage surveillance–response network is the

existence of feedback mechanisms at the level of mediators/transducers such that the

initiating signal will not be amplified until the DNA damage exceeds some preset

threshold level.Sucha threshold is expected in order to ensure that a cellwill not “over-

react” to a low-level injury, such as that caused by a lowdose/LDR radiation exposure.

Signals and mechanisms are also necessary to reset the machinery following success-

ful repair and to deactivate the checkpoints so the cell can resume proliferation (47). If

repair is ongoing, feedback signals from the sensors presumably direct the mainte-

nance of the checkpoint, such that amoderately damaged cellwill optimize its chances

of repair and survival. Alternatively, in heavily or persistently damaged cells, genes

will be activated that evoke cell-death responses such that, in a multicellular system/

tissue, these cellswill be eliminated from thepopulation.Todiscriminate thesevarious

biological outcomes, a cell populationmust exhibit a gradedor steppeddose–response

to radiation injury.

Another important early event in the cellular response toDSBs is the remodeling of

chromatin structure, first to permit the proper access and assembly of repair com-

plexes, then for chromatin restoration when repair is completed. Posttranslational

histonemodifications such as acetylation, involving proteins such as theNuA4histone

acetyltransferase (HAT) complex, play an important role in both the early and the late

stagesofDSBrepair (48, 49).TheacetylationofATMin response toDNAdamagealso

depends on another HAT, Tip60 (50).

Although most of the literature concerning the generation of signals in response to

a radiation insult have focused on the genome, other cellular structures such as the cell

membrane could also be important in this regard (51). Indeed, membrane-derived

signals can be a major contributor to the activation of apoptotic pathways.

12.5 MAMMALIAN DNA-REPAIR PATHWAYS

Mammalian cells repair damage to their genome by mobilizing one or more of the

error-free or error-prone enzymatic DNA-repair pathways to which they have

access (52). In the specific case of an ionizing radiation exposure, the major pathways

invoked are base excision repair (BER), which removes oxidized or missing bases,

single-strand break repair (SSBR), which processes and rejoins strand-break termini

and can be considered a subpathway of BER, nonhomologous end joining (NHEJ)

which removes DSBs, and homology-directed recombination repair (HRR) which

removes DSBs as well as some types of DNA cross-links. Although cells are endowed

with other repair pathways, including nucleotide excision repair (NER), mismatch
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repair (MMR), and lesion bypass, these mechanisms are not commonly associated

with the repair of radiation-induced lesions and will not be considered further in this

chapter.

12.5.1 The BER Pathway

BER removes many types of radiation-induced DNA lesions, including a broad range

of base damages, base loss and SSBs, from the genome (28, 53). BER is a coordinated

sequential multiprotein pathway initiated by a damage-specificDNAglycosylase that

removes a damaged base by cutting the N-glycosidic bond to generate an apurinic/

apyrimidinic (AP) site. Important human glycosylases include NEIL1, NEIL2, and

NEIL3 (the homologs of E. coli endonuclease VIII), hNTH1 (endonuclease III

homolog), and OGG1 (8-oxoguanine glycosylase 1). There is some degeneracy

among the glycosylases; for example, another 8-oxoguanine glycosylase, OGG2,

can also act on 8-oxopurine lesions (54). Either an AP lyase or AP endonuclease

cleaves the ribose-phosphate chain 30 or 50, respectively, to theAP site generated by the
glycosylase activity. In fact, some glycosylases have an associated AP-lyase activity.

The main human AP endonuclease is HAP1 (also called APE1). DNA synthesis to

replace missing nucleotides requires clean 30-OH termini, and sealing of the break by

DNA ligases also requires clean 30-OH/50-phosphate termini. Thus, aberrant termini

must first be processed by various exonuclease or deoxyribophosphodiesterase

activities. An important enzyme in this regard is polynucleotide kinasephosphatase

(PNKP), which has both 50-DNA kinase and 30-DNA phosphatase activities (55, 56).

The HAP1 enzyme displays both diesterase and weak phosphatase activities (57).

Recently another enzyme, aprataxin, has been shown to be capable of removing 30-
phosphate and 30-phosphoglycolate termini (58).

CleavedAP sites are processed by either the short- or the long-patch subpathway of

BER (59). Short-patch BER involves DNA polymerase b (POLb) replacing a single
nucleotide, with DNA ligase III (LIG3) sealing the gap. In long-patch BER, POLb is

displaced from the lesion, followed by the removal and resynthesis of up to 15

nucleotides in a process involving proliferating cell nuclear antigen (PCNA), replica-

tion factor C (RFC), flap endonuclease 1 (FEN1), and POLd or POLe. LIG1, which
interacts with both PCNA and POLb, seals the resulting gap. Not surprisingly,

considering the many coordinated/sequential activities involved in BER, a number

of interactions among thevariousBERproteins have been characterized. For example,

LIG3 interacts with POLb, poly(ADP-ribose) polymerase 1 (PARP-1), and XRCC1.

Indeed, complex formation during BER is required for protein stability as noncom-

plexed proteins are targeted for ubiquitylation and degradation by the 26-S proteo-

some (60). The XRCC1 protein exhibits no intrinsic catalytic activity in BER but

seems to play a role in the detection and coordination of SSB processing by acting as

a scaffold for the assembly of these multiprotein complexes (61, 62). XRCC1 also

interactswith PNKPand stimulates its end-processing activity (63, 64). Disagreement

remains as to the exact role of PARP-1. In one model, it recruits repair proteins to

strand-break termini at the site of damage (65), while others have argued that its main

function is to protect the termini from nuclease digestion (66). More recently,
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Woodhouse et al. (67) have provided evidence that PARP-1 inhibits nuclease-

mediated conversion of SSB toDSB, thus allowingmore time for completion of BER.

12.5.2 DSB-Repair Pathways

In view of the considerable evidence implicating DSBs as the most cytotoxic class of

radiation-induced damage, there has been much interest in how these lesions are

repaired bymammalian cells. DSBs in fact are substrates for several pathways, two of

which, NHEJ and HRR, are particularly important. These pathways, which may

represent either competing or sequential processes (68, 69), appear to share some

components. For example, the early recognition and signaling of a DSB by the MRN

complex seems to be common to both pathways (70, 71). How pathway choice is

dictated is a key question. Cell-cycle phase is clearly a major factor in this respect.

HRR, unlike NHEJ, depends on extensive DNA sequence homology, and is therefore

preferred in late-S andG2-phase cells, presumably because of efficient recombination

between the sister chromatids; axiomatically, NHEJ is preferred in G1/G0-phase

cells (71–79).MRNand p53 interfacewithNHEJ andHRR at various points, andmay

be important regulators ofDSB-processing pathway selection (35, 42). The consensus

is that NHEJ is the preferred option for repairing radiation-induced DSBs in

mammalian cells but that the coordinated activity of NHEJ and HRRmay be required

for correct repair (19, 71, 80–82).Adetailed discussionof thesepathways canbe found

in the excellent volume by Friedberg and colleagues (52).

12.5.2.1 The NHEJ Pathway NHEJ proteins promote the direct rejoining of

DSB ends using mechanisms that do not involve strand exchanges and that require no

or as little as one base pair of sequence homology (83–85). Consequently, error-prone

or “illegitimate” rejoining events can occur by deletion of nucleotides. Somedeletions

may be tolerated because they occur in noncoding regions of the genome. NHEJ is

mediated by the DNA-PK holoenzyme complex that consists of three proteins:

a catalytic PIKK serine/threonine kinase subunit,DNA-PKcs (also known asXRCC7),

and a regulatory subunit, Ku, which is a heterodimer of the Ku70 (or XRCC6) and

Ku80 (or XRCC5) proteins. NHEJ is initiated by Ku binding to a DSB. Ku binding

serves as a scaffolding/alignment factor to tether the brokenDNAends together and to

protect these ends from degradation or further reaction. The Ku complex can then

translocate from the DNA end in an ATP-independent manner, such that several Ku

molecules can bind to eachDSB.Ku then recruitsDNA-PKcs to theDSB, activating its

kinase function. ActivatedDNA-PKcs can then phosphorylate its various targets, such

as p53. DNA-PKcs is also inhibited by autophosphorylation (86). Other proteins

involved inNHEJ are LIG4 andXRCC4, which carry out tail-removal and gap-filling/

ligation reactions (80), and possibly POLm and POLl (52). As with BER, ligation

requires the cleaning up of “dirty” termini by proteins such as PNKP (87), FEN1,

MRN, and Artemis (88). PARP-1 may also be involved in this process (89).

In view of the scaffold/structural roles of some of these proteins, it is perhaps not

surprising that several interactions have been reported among the various NHEJ

proteins. For example, Ku interacts with MRE11 and LIG4 (90), while XRCC4
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interacts with DNA-PKcs (91, 92) and LIG4, increasing the ability of the latter to bind

to and ligate broken DNA ends (93, 94).

12.5.2.2 The HRRPathway HRR, in distinction to NHEJ, involves the pairing

and exchange of homologous DNA sequences to rejoin a DSB by taking advantage of

the undamaged homologous sequence as a template for repairing the damaged duplex,

so it is a relatively error-free transaction (95). TheMRNcomplex is probably involved

in the early steps of HRR, such as end processing and single-strand degradation. A

critical enzyme for HRR is RAD51, a DNA-dependent ATPase that promotes

exchanges between homologous DNA strands in the presence of replication protein

A (RPA) and forms helical polymeric filaments with single- and double-stranded

DNA. RAD51 also interacts with and is regulated by several other proteins, including

p53, BRCA2, RAD52, andRAD54. RAD52 enhances homologous pairing and strand

exchange by promoting RAD51 polymerization. Phosphorylation of RAD52 postir-

radiation, which appears to require both the ATM and the c-ABL kinase activities, is

important for the formation of DSB-repair foci and for RAD51-RAD52 interac-

tion (96). RAD54, a SNF2/SWI2 DNA-dependent helicase-ATPase family member,

can bind to RAD51 andmay stabilize protein–DNA complexes, promoting homology

searching and strand invasion. It may also cooperate with RAD51 in chromatin

remodeling. HRR is completed by DNA polymerases that resynthesize the deleted

DNA sequences using the intact homologous sequence for a template, and by DNA

ligases that join the newly synthesized fragments. Endonucleases called “resolvases”

resolve the resulting Holliday junctions. BRCA1 and BRCA2 are also involved

directly or indirectly in theHRR response toDSBs, as is FEN1, whichmay remove 50-
flaps from HRR intermediates (e.g., see Refs 20, 71, 97, and 98). Five paralogs of

RAD51, named RAD51B, RAD51C, RAD51D, XRCC2, and XRCC3, facilitate

assembly of the RAD51 nucleoprotein filament. RAD51 and its five paralogs may

collectively mediate homology searching and strand pairing/exchanges.

12.6 MODES OF CELL DEATH FOLLOWING RADIATION EXPOSURE

Following exposure to ionizing radiation and other DNA-damaging agents, a cell can

lose its reproductive potential through one of several mechanisms depending on

factors such as the type of cell, its genotype and local environment (e.g., extent of

cell–cell and/or cell–matrix interactions), and the nature and dose of the genotoxic

agent (e.g., see Refs 11 and 99–101). From the current perspective, it is important to

recognize that these various modes of cell death will probably have their own unique

dependency on dose and time, and potentially on dose rate, in different genetic

backgrounds. Five such mechanisms will be considered here.

12.6.1 Apoptosis

Apoptosis is a genetically regulated, energy dependent, form of “programmed” cell

death that has been reported by some authors to occur preferentially after lower doses

428 RADIATION BIOLOGY OF TARGETED RADIOTHERAPY



of ionizing radiation in some model systems. It involves the activation of proteolytic

enzymes called caspases that function as cell executioners, and is characterized by

shrinkage of the cytoplasm, condensation of the chromatin and nucleus, nonrandom

degradation (“laddering”) of DNA, membrane blebbing, and fragmentation of the

cell, generating “apoptotic bodies.” These apoptotic bodies are phagocytosed by

macrophages in vivo, so apoptosis of tumor cells postirradiation is generally believed

to avoid the triggering of strong inflammatory responses, although this may not be

a universal principle (102). All types of mammalian cells, both normal and malig-

nant, appear to include the inherent machinery required for activating the apoptotic

program.

Radiation-induced apoptosis can be mediated by either of two pathways: intrinsic

or extrinsic. Activation of the cascade of caspases is common to both pathways.

Targets for cleavage by caspases include proteins involved in DNA repair, DNA

replication and cytoskeleton regulation, as well as the nuclease that causes DNA

fragmentation. The intrinsic pathway is triggered by signals derived in the nucleus

(e.g., via the activated ATM-kinase) or cell membrane (e.g., via ceramide) (103) that

activates the proapoptotic protein, Bax. This event causes the mitochondria to release

cytochrome c into the cytosol, where it can bind to apoptotic protease-activating

factor-1 (APAF-1) to form an “apoptosome.” The apoptosome in turn activates

caspase 9, which then activates caspases 3, 6, 7, and 8, leading to apoptosis. Whereas

proapoptotic proteins such as Bax permit cytochrome c to exit the mitochondrion,

antiapoptotic proteins such asBcl-2 andBcl-xL block this exit. The extrinsic apoptosis

pathway is triggeredbydeath receptors that are activated by ligands such asFas ligand,

tumornecrosis factor-a (TNF-a) and tumornecrosis factor-relatedapoptosis-inducing

ligand (TRAIL) (104, 105). Following exposure of some cell types to ionizing

radiation, TRAIL can trigger apoptosis by promoting the clustering of DR4 and DR5

death receptors in the cell membrane, leading to the formation of the death-inducing

signaling complex (DISC). Recruitment of the Fas-associated protein with death

domain (FADD) causes the activation of caspases 8 and 10, which leads to caspase

3-mediated activation of death-effector proteins. It is important to note that apoptosis

is regulated both positively and negatively by a number of genes/gene products,

many of which (e.g., p53, Bcl-2) are commonly altered in human tumors (e.g., see

Ref. 106). The role of p53 in activating apoptosis involves both transcriptional

transactivation-dependent and -independent mechanisms (e.g., see Ref. 107).

12.6.2 Necrosis

Necrosis is triggered in cells that enter mitosis with heavily damaged genomes. It is

usually described as a generalized, nonspecific, or passive response to injury, and is

typically not a genetically regulated process. Necrotic death is characterized by

progressive cell swelling, random fragmentation of DNA, denaturation and coagula-

tion of cytoplasmic proteins, disintegration of subcellular organelles and the cell

membrane, swelling of mitochondria, and the release of cytotoxic cell components.

Unlike apoptosis, necrosis generally occurs after higher doses of radiation and does

invoke inflammatory responses in vivo (108).
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12.6.3 Accelerated Senescence

Accelerated senescence has been variously referred to in the earlier literature as

permanent, terminal, or irreversible growth arrest (e.g., see Refs 109 and 110) but is

now recognized as a genetically regulated active response to DNA injury (111, 112).

The cellular phenotype of accelerated senescence is characterized by enlarged

and flattened morphology, granularity, positive staining for senescence-associated

b-galactosidase activity, and a long-term hiatus from the cell division cycle even

though the cells retain viability. Radiation-induced accelerated senescence was

originally described in fibroblasts, where it was apparent after acute exposure to

doses as low as 0.1 Gy and seen to exhibit features in common with cells undergoing

telomere erosion-driven “replicative” senescence (e.g., see Refs 113 and 114).

However, it has now been reported to occur in many cell types, including some

human tumor cell lines (115, 116).An importantmolecularmediator of the accelerated

senescence program postirradiation is the p53-regulated radiation-inducible p21WAF1

(CDKN1A)protein,whichnot only inhibits various cyclin-dependent kinases (CDKs)

(see above) but also is a major transcriptional regulator (110, 111). Other potential

contributors are the p16INK4a CDK inhibitor and the p105Rb retinoblastoma pro-

tein (111).Accelerated senescence is generally regardedasbeingp53-dependent, such

that tumor cells that either lack or have mutant p53 do not strongly activate this

response following irradiation (101, 110). However, exposing cultures of a p53-

knockout derivative of the HCT116 colon carcinoma cell line to g-rays did cause

manifestations of accelerated senescence, including upregulation of p21WAF1, in

a subset of the cells, so we presume that there is also a (minor) p53-independent

mechanism for this response (R. Mirzayans and D. Murray, unpublished data).

12.6.4 Autophagy

Autophagy is another genetically regulated form of programmed cell death in which

the cell essentially undergoes self-digestion. It is best defined as a conserved response

to nutrient deprivation where the cell exits the cell division cycle, autodigests proteins

and damaged organelles, shrinks, and recycles fatty acids and amino acids for

synthesis or ATP production (117). The cellular phenotype includes the formation

of prominent vacuoles in the cytoplasm that sequester organelles such asmitochondria

and ribosomes. Autophagy is regulated by pathways that signal through another PIKK

family member, the mammalian target of rapamycin (mTOR) protein, and occurs in a

variety of human tumor cell lines following exposure to ionizing radiation, at least in

the dose range 2–10Gy (e.g., see Refs 118–120), although the effect of lower doses

remains to be determined. Autophagy is independent of both p53 and caspases (101).

12.6.5 Mitotic Catastrophe

Mitotic catastrophe is usually defined as the failure of a cell to undergo proper mitosis

after DNA injury. It is probably caused by chromosome missegregation and cell

fusion. The cells often fuse, enlarge, and formmultinucleated/polyploid or giant cells

containing decondensed chromatin, spindle abnormalities, andmicronuclei.Whether

430 RADIATION BIOLOGY OF TARGETED RADIOTHERAPY



mitotic catastrophe is amode of cell death or represents a step on theway toward death

is unclear. Some reports suggest that cell death may occur secondarily to mitotic

catastrophe through an apoptotic or accelerated senescence response (112, 121), and

such eventsmay contribute significantly to the loss of clonogenic potential following a

radiation insult (122–124). Mitotic catastrophe could, under some circumstances,

represent a survival mechanism for tumor cells, and clonogenic malignant cells might

emerge fromirradiatedcultures that couldcontribute to resistance to therapy (125,126).

12.7 CONVENTIONAL MODELS FOR CELL SURVIVAL CURVES,
FRACTIONATION, AND DOSE-RATE EFFECTS

Based on a number of publications that employed clonogenic (colony-forming) assays

for assessing cell death following acute single exposures to low-LETradiations, it was

apparent that survival curves for cultured mammalian cell lines often display a low-

dose “shoulder” that reflects their relative radioresistance at doses below�0.5Gy. For
many years, such survival curves were modeled and interpreted on the basis of “target

theory” in which a number of cellular targets had to be “hit” by an ionizing event in

order for the cell to be reproductively inactivated. This observation led to the

widespread use of the multitarget model and an adaptation thereof, the “multitarget

with initial slope” model, which accounted for the nonzero initial slope of most

survival curves (127). Subsequently, the linear quadraticmodel found increasing favor

for fitting clonogenic cell survival data and for predicting the effect of different dose-

fractionation protocols or dose rates on biological/clinical effects (12). In this model,

the surviving fraction (SF) of cells and the dose (D) are related by the equation:

�ln [SF]¼ aDþ bD2. The basic principles of this model are illustrated in Fig. 12.2a.

In the linear quadratic model there are two components of cell killing. The linear (aD)
component represents single-hit lethal events that are induced in direct proportion to

D. The quadratic (bD2) component represents two-hit lethal events that result from an

interaction between two sublesions, each of which is produced in proportion to D.

Because it requires an interaction in space and time between two separate

sublesions, the b-component of cytotoxicity reflects underlying types of damage

whose contribution to cell killing can beminimized by fractionating the dose. In other

words, the contribution of b-type events to cell killing depends on the time taken to

administer the dose. The resulting sparing effect presumably reflects repair of the

individual b-type “sublethal” lesions that can occur in the interval between the dose

fractions; if repaired, then these sublesions can no longer contribute to b-type cell

killing, and the overall extent of cell killing decreases as the dose is fractionated over

time (Fig. 12.2b). The half-time for the repair of the individual sublethal lesions is

generally reported to be on the order of 1 h for cultured human cells. The linear a-type
lethal events, on the other hand, do not depend on time and fractionation. For large

numbers of small fractions, the survival curveswill approximate the initial slope (a) of
the HDR curve (Fig. 12.2b).

The dose rates typically used in clinical XRTand in laboratory investigations are in

the range of 1–5Gy/min. Delivery of a dose of 2Gy therefore takes less than 2min,

which means that biological responses to DNA damage do not occur to a significant
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degree during the irradiation period. At lower dose rates, however, the time required to

deliver the dose will be longer, thus enabling biological responses to occur during the

irradiation and thus to modify the observed response (128). As with fractionation,

the conventional linear quadratic model predicts that lowering the dose rate from

1Gy/min down to 1 cGy/min should be associated with a gradual decrease in

radiosensitivity, with the LDR survival curve becoming progressively straighter and

eventually extrapolating the initial slope (a) of the HDR curve at low dose rates

FIGURE 12.2 (a) The solid line represents the idealized linear quadratic survival curve for

a hypothetical human tumor cell line following exposure to g- or X-rays. The individual curves
representing the a (single-hit: ——) and b (two-hit: - - -) components of the linear quadratic

model are shown by the dashed lines. (b) Effect of fractionation on cell survival for this

hypothetical cell line, based on the linear quadratic equation, for either 2� 4Gy fractions or

4� 2Gy fractions, assuming complete repair. Dashed line; a-component, redrawn from (a).

Reproduced with permission from Ref. 11. (c) Dose-rate effect for the killing of a human

melanoma cell line as the dose rate is lowered from 150 to 1.6 cGy/min. The dashed curves

represent the best fit to the data set obtained using the lethal-potentially lethal model assuming

either full repair (A) or no repair (B), respectively. The estimated half-time for repair was

�10min. Reproduced with permission from Ref. 129.
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(Fig. 12.2c). By analogy to dose fractionation, this sparing effect is ascribed to the

effective repair of sublethal/b-type lesions by the cells during the protracted exposure.
Even lower dose rates below�1 cGy/min allow cell proliferation to occur during the

irradiation period, and this will lead to the repopulation of clonogenic cells and to a

further, albeit “artifactual,” increase in radioresistance (128).

The conventional wisdom is therefore that a given dose of TRT (i.e., a protracted

LDR exposure) will be less clinically effective than the same dose of XRT (i.e., an

acute HDR exposure). However, as was noted previously, this prediction is inconsis-

tent with some clinical observations, suggesting that there may be some biological

differences in the cellular response toLDRversusHDRexposures, a point towhichwe

will return below. Of additional interest in the context of the potential therapeutic

application of TRT, it has been noted that the LDR survival curves tend to exaggerate

differences in the intrinsic radiosensitivity of human tumor cells (128).

Given that repair processes mediate this sparing effect, it is perhaps not surprising

that the dose rate effect for cell killing is highly dependent on the cellular DNA-repair

status; thus, DSB repair/Ku-deficient cells such as xrs5 and xrs6 (130), DNA-PKcs-

deficient irs-20 cells (131), and fibroblasts from AT patients (132) show a much

reduced or absent dose-rate effect for cell killing.

12.8 LOW-DOSE HYPERRADIOSENSITIVITY-INCREASED
RADIORESISTANCE

In recent years there have been several unexpected findings in fundamental cellular

radiobiology that have raised major questions concerning the use of conventional

models to describe the biological and clinical effects of low dose/LDR ionizing

radiation exposures. These include the identification and mechanistic description

of low-dose hyperradiosensitivity (HRS)-increased radioresistance (IRR), inverse

dose-rate effects, the radiobiological bystander effect, and the adaptive response. The

following sections will summarize the current understanding of these effects. The

potential implications for these and other recently identified low dose/LDR radiobio-

logical phenomena will be discussed later in this chapter.

12.8.1 Phenomenology of HRS-IRR

Early radiobiological models of cell killing relied on measuring the surviving

subpopulation of cells within an irradiated culture, rather than identifying those cells

that have lost their reproductive potential, and were therefore relatively insensitive to

changes occurring at low doses where the surviving fraction of cells is high. With the

emergence of computerized imaging or flow-cytometric methods for discriminating

clonogenically “dead”cellswithin an invitro-irradiatedpopulation,manymammalian

cell lineswere found to display an intriguing structure in their survival curves after low

single/acutedoses.Thisbehavior hasnowbeendesignatedHRS-IRR, and is illustrated

in Fig. 12.3a and b for human fibroblasts and for three human tumor cell lines,

respectively.Most of the survival curves are characterized by an initial hypersensitive
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response at low doses (typically below�0.25Gy), followed by a region (typically up
to �0.5Gy) in which the cells display increasing resistance to a single-dose expo-

sure (133, 134); an exception is theMCF7breast cancer cell line, which did not exhibit

anHRS-IRRresponse.At doses above�1Gy the survival curve again turns downward
and closely follows the typical linear quadratic response. For cell types and conditions

where an HRS-IRR response is in evidence, the conventional linear quadratic model

underestimates the level of cell killing occurring after an acute low-dose exposure.

Accordingly, a modified linear quadratic model incorporating the concept of an

“induced repair threshold” was developed that has two parameters for single-hit/

a-type cell killing: as (sensitive) defines the low-dose response, whereas ar (resistant)
defines the high-dose response (134, 135). For tumor cell lines, as/ar is typically
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FIGURE 12.3 g-Ray survival curves for (a) the normal human fibroblast strains GM38 (
)
and GM10 (*) (reproduced from Ref. 18) and (b) the human A549 lung adenocarcinoma (&),

T98Gglioma (*), andMCF7breast carcinoma (&) tumor cell lines (data taken fromRef. 162).

Note the lack of a significant low-dose HRS response in MCF7 cells.
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greater than 1, that is, HRS responses are relatively commonplace. Malignant cells

also appear to exhibit more pronounced HRS responses than normal cells (136).

12.8.2 Mechanistic Basis of HRS-IRR

The HRS-IRR response presumably reflects alterations in the way that cells process

DNA-damaging events as the dose increases. The overall pattern of cellular responses

to radiation-induced DNA injury was outlined above and is summarized in Fig. 12.1.

Clearly, alterations in damage processing could occur at many steps within this DNA

damage surveillance–response network, including at the levels characterized by the

four major classes of damage-response proteins, that is, the sensors, mediators,

transducers, and effectors. Based on this model, cells would exhibit hypersensitivity

to low doses of radiation that do not produce sufficient DNAdamage to trigger critical

cytoprotective processes; rather, these processes would only be activated by higher

doses. Some possible scenarios will now be discussed.

12.8.2.1 Is There a Cellular Dose Threshold for Sensing and Respond-
ing to DNA Damage? The suspicion here is that cells might be hypersensitive to

low doses below�0.3Gy because such doses do not activate the cytoprotective DNA
damage surveillance–response network as efficiently as higher doses. A number of

experimental studies have directly addressed this question. As was noted earlier, the

activation of ATM (the major protein kinase responsible for p53 and H2AX phos-

phorylation) is an important early step in the response to radiation-inducedDSBs. The

dose–response for the autophosphorylation of ATM at serine-1981, which is believed

to be important for activation of the ATM kinase activity postirradiation, was

examined in human fibroblasts and found to exhibit a graded increase over the dose

range0.1 to0.5Gy; autophosphorylation at 15minpostirradiationwasdetectable after

only 0.1Gy and increased thereafter, becoming maximal at �0.4Gy and being

relatively insensitive to further increases in dose above this point (25). Clearly the

dose–response curve for ATM autophosphorylation in this cell type exhibits some

similarity to theHRS-IRRresponse insofar asATMisnot fully activateduntil the same

general range of doses that cellular cytoprotectivemechanisms appear to fully engage.

These widely cited data have been interpreted to suggest that activated ATM may

regulate the induction of at least some of the cytoprotective responses that mediate the

IRR process, and axiomatically that HRS is a result of the suboptimal activation of the

damage-response network at lower doses (137). However, in another study, 10B635

human fibroblasts showed a quite different pattern, with a slight decrease in ATM

serine-1981 phosphorylation at 15min postirradiation for doses below 0.2Gy, fol-

lowed by a progressive increase in activity at doses above 0.5Gy (138). In contrast,

T98G human glioma cells showed a response similar to that seen for fibroblasts in the

Bakkenist and Kastan (25) study, with serine-1981 phosphorylation increasing

progressively between 0.1 and 0.4Gy and being relatively nonresponsive above this

dose (138).MR4 and 3.7 rat fibroblasts showed a different response again,with serine-

1981 phosphorylation increasing at doses between�0.3 and 0.6Gy before declining
again at doses up to 1Gy (138). In EBV-immortalized LCL-N human lymphoblastoid
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cells,ATMphosphorylation at serine-1981 aswell as invitrokinase activity,measured

at 30min after g-irradiation, increased progressively with dose over the range

0.25–2Gy (139). Interestingly, both the increased ATM autophosphorylation and

kinase activitywere transient after doses below0.5Gybutwere longer livedabove this

dose (139).

A key question arises as to the nature of the dose-dependency for the phosphoryla-

tion of downstream targets ofATM.With respect toH2AXphosphorylation, the initial

yield of g-H2AX foci in primary humanfibroblastswas found to be a linear function of

dose all the way from 1mGy to 100Gy (140). This is obviously a very different

scenario from the above-mentioned dose–responses for ATM autophosphorylation in

human fibroblasts. While these collective observations suggest that ATM phosphory-

lation at serine-1981may not be rate limiting for H2AX phosphorylation, it should be

noted that the phosphorylation of H2AX in irradiated cells is not totally dependent on

ATM.BothDNA-PKcs andATRhave been shown to phosphorylateH2AX (141–143).

A linear no-threshold dose–response curve was also seen for g-H2AX, measured

30min after exposure to doses of 0.05–2Gy, in twohumangliomacell lines, T98Gand

U373, that do and do not exhibit an HRS response, respectively (144). A linear

responsewith no threshold was also seen for phosphorylation of the CHK1 andCHK2

checkpoint kinases in that study over the range 0.2–2Gy (144). In LCL-N lympho-

blastoid cells the initial phosphorylation of CHK2 at threonine-68 was readily

apparent after 0.25Gy and further increased with dose, indicating no threshold;

however, in spite of this low-dose phosphorylation at threonine-68, the full activation

of CHK2 kinase (indicated by in vitro enzyme protein mobility shift and autopho-

sphorylation at threonine-387) exhibited a pronounced threshold, requiring doses in

excess of �1Gy (139). The authors note that these observations underscore the

complex multistep nature of the activation of CHK2, which undergoes a cascade of

phosphorylation events (145), and suggest that the later phosphorylation steps may

involve kinases such as the polo-like kinases 1 and2 thatmay require higher doses than

ATM for activation (139).

Anoteworthy recent addition to the literaturemonitored responses toDNAdamage

in live proliferating cell cultures and confirmed that the cellular response to g-ray-
inducedDSBs inHT1080 human fibrosarcoma cells was a linear function of dose over

the extended rangeof5mGy to1Gy (146); this study lookedat the formationof 53BP1

foci (in addition to the g-H2AX foci measured in primary human fibroblasts in the

above-mentioned earlier study by Rothkamm and L€obrich (140)), a response that

depends on the phosphorylation of 53BP1 by PIKKs such as ATM (147).

Another important downstream target of the ATM kinase activity is p53. Defining

the shape of the dose–response for p53 activation at lowdoses is, however, confounded

by the fact that both the stability and the activity of p53 are impacted by a variety of

concomitant posttranslational modifications, and many of these combinations of

modifications are of unknown significance at the present time. One of the most

extensive studies of this type was performed by Offer and colleagues (148) using

selected cell types, including the p53wild-type 70Z/3murine pre-B-cell leukemia cell

line. Their findings, summarized in Fig. 12.4, show that p53 protein accumulation in

this cell linewas already significant after a 0.5 Gyg-ray exposure and further increased
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at higher doses. In contrast, dephosphorylation of p53 at serine-376 (which appears to

be related to theBERactivity of the cells; see below) did not occur until a dose of 1Gy,

and there was no further change above this dose. Phosphorylation of p53 at serine-15

was evident only after doses in excess of 1.5 Gy and again was not dose-dependent

above this point. Furthermore, the ability of p53 from these cells to specifically bind to

its DNA consensus sequence was only apparent after doses of 1.5 Gy and higher. If

generally applicable, such dose-dependent effects on the cellular levels, pattern of

posttranslational modification and functional activity of p53 would be expected to

impact on its ability to crosstalk with the various downstream events in the DNA

damage surveillance–response network. Indeed, depending on how it is posttransla-

tionallymodified, p53appears to selectivelybind todifferent promoters (38, 149, 150).

Phosphorylation of p53 at serine-15 at 30min postexposure in the T98G (HRS-

positive) glioma cell line indicated a linear dose–response with no threshold over the

range 0.05–2Gy; a similar responsewas seen for theU373 (HRS-negative)gliomacell

line (144). InLCL-N lymphoblastoid cells the phosphorylation of p53at serine-15was

modest after doses of 0.25 and 0.5Gy, but increased strongly above 1Gy (139). In

amore complexmodel—organ cultured human skin—the dose–response for total p53

and for p53 serine-15 phosphorylation in epidermal cells at 4 h postirradiation showed

linear to logarithmic increases over the dose ranges 0.05–1.0 Gy and 0.10–1.0Gy,

respectively (151). This response was presumed to reflect primarily keratinocytes. In

the same study, dermal cells exhibited a weak p53 phosphorylation at serine-15 that

was more transient and, at 4 h after irradiation, exhibited little dose responsiveness;

this result may reflect differing responses in different cell types, but may also have

been an artifact of the stress caused by the tissue processing procedures (151).

FIGURE 12.4 p53 protein levels and posttranslational modifications in p53 wild-type 70Z/3

murine pre-B-cell leukemia cells exposed to various doses of g-rays.Data are fromWestern blot

analyses illustrating the relative levels of (i) total p53 protein (gray bars), (ii) dephosphorylation

of p53 at serine-376 (open bars), and (iii) phosphorylation of p53 at serine-15 (dark bars).

Reproduced with permission from (148).
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A number of studies have addressed the question of whether there is a threshold

dose for the transcriptional transactivation of specific genes following exposure to

ionizing radiation. Not surprisingly, many of these responses are mediated by p53. In

ML-1 human myeloid tumor cells there was an approximately linear dose–response

for the induction of p21WAF1 andGADD45 transcripts by g rays up to 0.5Gy,measured

at 2–3 h postirradiation; both genes were significantly induced by as little as

0.2Gy (152). At doses above �2Gy a saturation of induction was apparent. For

three other genes—MDM2, ATF3, and BAX—the dose–response was linear below

�0.1Gy and then began to flatten out. Thus, none of the fivegenes studied showed any
threshold for transactivation. However, this may not be a general response in all cell

types as the accumulation of p21WAF1 protein in LCL-N lymphoblastoid cells at 3 h

postirradiation, as well as inhibition of DNA replication, was only seen after doses

above 1Gy (139).

In summary, it is apparent that many of the published studies for various cell types

do not support the existence of a low-dose threshold for the activation of aspects of the

cellular DNA damage surveillance–response network. Most of the existing dose–

response data are either linear or linear at low doses and then reach a plateau at higher

doses, indicating that there is either an equal response per induced DSB or an optimal

response per DSB at lower doses. However, there are some notable exceptions to this

behavior. For example, in the study of Buscemi et al. (139) the CHK2 protein, unlike

ATM, was enzymatically activated only by doses in excess of �1Gy even though

doses below this threshold did cause significant ATM-dependent phosphorylation of

CHK2 at threonine-68. This study highlights the importance of assaying the protein

kinase activity per se in addition to individual posttranslational events such as the

phosphorylation of specific serine and threonine residues. Indeed, for proteins that are

multiply posttranslationallymodified, such as CHK2 and p53, it may bemisleading to

study a single posttranslational modification of uncertain biological significance.

12.8.2.2 IsThereaCellularDoseThreshold forRepairingDNADamage?
It has been widely proposed that, for those cell types that exhibit an HRS-IRR

response, the transition from HRS to IRR may be a consequence of the triggering of

some type of DNA-repair activity once a critical threshold level of DNA damage is

exceeded. Thus, for the specific fibroblast lines shown in Fig. 12.3a, doses below

�0.4Gywould be predicted to be below the activation threshold. Either the relatively

low levels of DNA lesions in these cells would escape detection by the sensor proteins

and thus evade repair, or they might be detected properly but the signal does not fully

trigger a repair response. In contrast, doses exceeding the IRR threshold (i.e., above

�0.4Gy) would be anticipated to fully activate these DNA-repair pathways.

That DNA-repair mechanismsmay be involved in the IRR responsewas suggested

byobservations such as the attenuated IRRresponse of some repair-deficient cell lines,

especially thosewith defects inNHEJ (e.g., see Refs 153 and 154), and of cells treated

with inhibitors of various DNA-repair pathways (133, 155, 156). Human tumor lines

with a pronounced HRS response were also reported to exhibit decreased DNA-PK

activity when assayed 2 h after a 0.2 Gy g-ray exposure, whereas cell lines lacking an
HRS response displayed increased DNA-PK activity (157).

438 RADIATION BIOLOGY OF TARGETED RADIOTHERAPY



Because of their presumed critical role in initiating cell-death responses following

radiationexposure,DSBsand their repair area logical startingpoint for thisdiscussion.

The expectation thatDSB-repair efficiencymight be dose-dependent (at least for some

cell types) is already implied from the observations, discussed above, that (i) there

appears to be a nadir for ATM activation at �0.4Gy in human fibroblasts, (ii) p53

accumulation and activation occurs at relatively low doses, (iii) posttranslational

modifications of p53 changewith dose, (iv) bothATMand p53 positively influence the

rate of DSB rejoining in mammalian cells (158, 159), and (v) p53 in general plays

multiple direct and indirect roles in cellular DSB-repair pathways (35, 42).

So are there differences in the repair response to DSBs at different dose ranges? In

one study, the extent of DSB rejoining in confluent primary human fibroblast cultures

following a single acute X-ray exposure was seen to decrease with decreasing

dose (140). These authors actually monitored the disappearance of DSB-related

g-H2AX foci as a surrogate biomarker for DSB rejoining and found that, after doses

between 0.5 cGy and 2Gy, extensive repair of DSBs occurred. However, after doses

below 0.5 cGy, DSB repair was considerably slower, and after 1.2mGy, essentially no

removal of DSB-related foci was apparent even after 24 h. Although these observa-

tions could have important consequences for LDR effects and for TRT in general, the

suggestion that they are consistent with a role for activation of DNA repair at the HRS

to IRR transition (137, 140) is questionable considering that the doses at which the

major changes occurred were not in the same range that HRS-IRR responses are

typically observed.

In our laboratory, we addressed this question using the GM38 normal human

fibroblast cell line that we had found (Fig. 12.3a) to exhibit significant HRS and IRR

responses(18).Because theg-H2AXassayrepresentsanindirectbiomarkerforcellular

DSBs that are detectable by the damage sensors, and because there has been some

suggestion that lesions other than DSBsmay contribute to the output of this assay, our

study also assessed DSB rejoining using the neutral (pH 7) comet assay. Whereas

exposing proliferating GM38 cultures to 2Gy of g rays was followed by extensive

rejoining of DSBs as indicated by either the g-H2AX assay (Fig. 12.5) or the comet

assay (Fig. 12.6), minimal repair of DSBs was apparent in these cells after a low-dose

(e.g., 0.2 Gy) exposure, suggesting that repair in this cell type is indeed accelerated at

doses above the IRR threshold. Recent unpublished data from theWeinfeld laboratory

similarly indicate that, for the human A549 nonsmall cell lung adenocarcinoma

(Fig. 12.7) and HCT116 colon cancer cell lines (data not shown), the rate of

removal of g-H2AX foci was more rapid after a dose of 25 cGy than after a 10 cGy

exposure.

In contrast, Wykes et al. (161) did not observe a dose dependency of the kinetics

of g-H2AX foci removal in two pairs of isogenic human cell lines with differing

DNA repair status: M059K/M059J (DNA-PKcs
þ/DNA-PKcs

�) and EBS7/EBSYZ5

(ATM�/ATMþ). In general, there was no major difference in the rate of removal of

g-H2AX foci up to 4 h after exposure to doses of 0.2Gy versus 2Gy. The rate of

removal of g-H2AX foci between 30min and 4 h postirradiation in the T98G (HRS-

positive) and U373 (HRS-negative) human glioma cell lines was also equivalent

following exposures in the dose range 0–0.5Gy versus 0.5–2Gy, although
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measurements of RAD51 foci suggest that DSB rejoining may shift toward the HR-

dependent pathway at lower doses (144).

Offer and colleagues (148) examined whether there might be a radiation dose–

response for the activation of BER activity using an assay in which nuclear extracts

from selected cell types were incubated with plasmids containing an AP site, and

repair resynthesis was quantified based on 32P-dGTP incorporation. Whereas low

FIGURE 12.5 Kinetics of the formation and removal of radiation-induced g-H2AX (the

phosphorylated form of the variant histone, H2AX) after exposure of human cells to doses

above and below the threshold for IRR. GM38 fibroblasts were exposed to either 0.2 or 2Gy of

g-rays, and g-H2AXwas determined at various times thereafter. The data are normalized to the

g-H2AX levels for the corresponding nonirradiated control samples. Reproduced with permis-

sion from Ref. 18.
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FIGURE 12.6 Effect of dose on the extent of repair of radiation-induced DSBs in GM38

human normal fibroblasts. DSBs were evaluated by the neutral comet assay either immediately

after (
) or 4 h after (*) exposure to different doses of g-rays. Reproduced with permission

from Ref. 18.
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doses of g-rays resulted in increased p53-dependent BER activity in M1/2 mouse

myeloid cells expressing wild-type p53, with a peak enhancement at�0.5Gy, higher
doses caused a rapid inhibition of BERactivity. A similar behaviorwas seen in the p53

wild-type 70Z/3 pre-B-cell line and in normal human NL 5J3 lymphoblastoid cells.

These changes in BER paralleled the observed posttranslationalmodifications of p53;

specifically, the enhancement of BER activity after low doses was associated with

dephosphorylation of p53 at serine-376 and was ATM-dependent, whereas the

decrease in BER after higher doses correlated with p53 serine-15 phosphorylation.

It is of obvious interest in the present context that the dose-dependency of p53-

dependent BER activation and inhibition in that study (148) exhibits some resem-

blance to the dose–response for HRS-IRR. Note also that the BER activity of p53-

deficient cells did not show this biphasic pattern, but rather continuously increased

with dose.

There is clearly a need for rigorous comparative studies in several different cell

types and genetic backgrounds before it will be possible to make any general

conclusions with respect to the existence (or not) of cellular thresholds for the repair

ofDNAdamage and their actual relationship to theHRS-IRRphenotype. Technically,

we should also note that the question of whether IRR requires efficient DNA repair or

whether the signal to induce IRRmight initiate efficient repair cannot be discriminated

at the present time.

Finally, a recent report examined the removal of 53BP1 foci (rather than g-H2AX
foci) in living cells using 53BP1 fused to yellow fluorescent protein (YFP-53BP1) as

a surrogate marker for DSBs, rather than incubating the cells with labeled antibodies

after fixation (146). These authors observed that the half-time for the repair of DSBs
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FIGURE 12.7 Induction and removal of radiation-induced g-H2AX in human A549 non-

small cell lung adenocarcinoma cells following either a 10 or a 25 cGy exposure to 137Cs g-rays.
Phosphorylated histone H2AX (g-H2AX) was measured by flow cytometry following the

method of Kurose et al. (160).
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was very similar (about 3 h) following exposure to doses of g-radiation all the way

from 5mGy to 1Gy. These observations suggest that the rate of repair of DSBs is

essentially independent of dose and are therefore quite different from the data reported

for g-H2AX foci removal at low doses by Rothkamm and L€obrich (140). The

authors (146) suggest that the main difference between these studies lies in the use

of live-cell imaging, which improves the background signal-to-noise ratio. As in

the earlier study (140), this later study (146) is not particularly informative for events in

the dose region of the HRS to IRR transition, although these findings may prove to be

especially relevant to the TRT community, even if they appear at this point in time to

confuseour current knowledge relating to thedosedependencyof cellular responses to

DSBs.

12.8.2.3 A Possible Role for P53 in the Dose-Dependency of the Acti-
vation of the DNA Damage Surveillance–Response Network? Given the

dose–responsive nature of the accumulation and activation of the wild-type p53

protein in irradiated cells, andgiven the extensive crosstalk betweenp53 and theDNA-

repair machinery of cells and indeed with other effector responses, it is somewhat

intuitive to suspect that p53 will be an important determinant of how different aspects

of theDNAdamage surveillance–response network are engaged as a function of dose.

Sengupta and Harris (35) coined the term “cellular rheostat” to describe the role of

wild-type p53 in the context of how cells respond to different radiation dose levels.

They hypothesized that, after a low-dose exposure, p53 may interact with the DNA-

repair machinery and facilitate repair; in contrast, after a high-dose exposure (when

DNAdamage cannot easily bemanaged by p53 alone), p53may undergo stabilization

and activation as a transcription factor.

The modest literature relating to the impact of p53 on the BER pathway does

support this model. Specifically, the shape of the dose–response for the stimulation of

BER by radiation in both mouse and human cells in the above-mentioned studies by

Offer and colleagues (148) was greatly dependent on p53. As noted above, in the p53-

wild-type background, doses below�0.5Gy stimulated BER activity, whereas higher

doses inhibitedBER and invoked p53-dependent apoptosis (148). In contrast, for p53-

deficient cells, BER activity increased progressively with dose. In that study, it was

also apparent from using the apoptosis inhibitor z-VAD-fmk that the decision of p53-

proficient cells to disable their BER activity at higher doses was independent of their

decision to activate the apoptotic cascade.

As regards the impact of p53 status onDSB rejoining inmammalian cells, we (158)

showed that wild-type p53 in both the human fibroblast and the HCT116 human colon

carcinoma background positively influenced the rate of DSB rejoining after doses

below 10Gy; given that both the stabilization and the activation (by posttranslational

modification) of p53 is highly dose dependent (e.g., see Ref. 148), such changes

could easily be anticipated to contribute to the differences in the rate of DSB rejoining

with dose observed in some studies and cell types. It is perhaps also not too surprising

to find that some studies indicate that the HRS-IRR phenotype is itself highly

dependent on cellular p53 status. Thus, some cell lines with abrogated p53 (notably

A549 lung cancer and T98G glioma cells treated with the p53 inhibitor pifithrin, the
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HCT116-p53 knockout line 379.2, and the p53-insufficient Li-Fraumeni Syndrome

human fibroblast strain 2800T) did not display an HRS-IRR response, in marked

contrast to their p53-proficient counterparts (162). Interestingly the T98G tumor line,

which has a p53 mutation at methionine-237 that causes a severe deficit in transcrip-

tional transactivation, showed a normal HRS-IRR response; thus, p53-dependent

transcription is probably not important for this activity. A recent study byKrueger and

colleagues also indicated a role for p53-dependent apoptosis in HRS; however, these

authors noted that the role of p53 in HRS-IRR is complex and remains incompletely

understood (163). As noted elsewhere (164), it would be of great interest to define the

p53 response after low doses of radiation in cell lines with differing HRS-IRR

phenotypes.

12.8.2.4 Is There a Threshold for Activating the Critical Cell-Cycle
Checkpoint? As was discussed earlier, the key checkpoint implicated in the

HRS-IRR transition is an early G2 checkpoint initially described by Xu et al. (46).

Unlike the “classical” G2/M checkpoint (165), this early G2 checkpoint, although

ATM dependent, is dose independent at doses above�1Gy, but is activated progres-
sively at lower doses (138). In some cell lines, for example, MR4 rat fibroblasts, there

appears to be a threshold at �0.3Gy for activation of this early checkpoint, while in
others, for example, 3.7 rat fibroblasts, there is no evidence for such a threshold

dose (138). The dose-dependency range for the induction of the checkpoint is similar

to that for activationofATMvia serine-1981 autophosphorylation (138). Furthermore,

AT cells, which by definition lack active ATM, show an HRS response, but no IRR

response (138). On the other hand, ATM-expressing cells in which ATM has been

activated by treatment with chloroquine prior to irradiation no longer display an HRS

response (138), suggesting that the IRR response may override HRS.

The phase of the cell cycle in which cells are irradiated is also a critical

factor (138, 166). Whereas irradiation of an asynchronous cell population typically

leads to10–15%cell death at theoptimalHRSdose, enrichment of the cells inG2phase

by flow cytometry prior to irradiation greatly increased the percentage of cells

displaying the HRS response (30–40%), but did not completely abolish the IRR

response, in comparison to an asynchronous population.

Based on these and other observations, Marples and coworkers have put forward

a dose and cell-cycle dependent model to explain the HRS-IRR phenomenon

(summarized in Refs 136 and 164). In cell lines that exhibit HRS, a fraction of cells

exposed to doses below �0.3Gy fail to activate the ATM-dependent early G2

checkpoint, and the cells enter mitosis with unrepaired DNA damage and die by

apoptosis (138). Because activation of the checkpoint increases with dose, a balance

point is reached above which a greater number of cells survive, thus giving rise to the

observed IRR response.

12.8.2.5 Are There Different Thresholds for Activating Various Cell-
Death Mechanisms? Several investigators have suggested that low doses of

ionizing radiation tend to trigger cell death in some cell types by activating apoptosis,

whereas high doses invoke necrosis (e.g., see Refs 7 and 167). Indeed, low doses of
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XRTwere found to induce extensive apoptosis in tumor cells, with the dose–response

curve for apoptosis reaching a plateau at �7.5Gy (168). In the same study, multiple

small fractions of XRT produced a higher level of apoptosis than a large single

dose (168).

Based on such observations, it was logical to ask whether the HRS-IRR phenome-

non might reflect the shape of the underlying dose–response curve for radiation-

inducedapoptosis.However, no clear relationshipwasapparent between theas/ar ratio
and apoptosis (134, 136). Similarly, no apoptosis was seen in BMG-1 human glioma

cells at low doses where these cells exhibited pronounced HRS (169), nor was HRS

obviously related to p53 status. In contrast, a significant correlation was apparent

between the HRS-IRR and the extent of low-dose apoptosis (as measured by Annexin

V binding or caspase 3 activation) in a panel of human cell lines (162); the caspase

3 activation data from that study are shown in Fig. 12.8. The corresponding survival

curve data for these cell lines are shown in Fig. 12.3b; consideration of these data

indicates an essentially mirror image relationship between the HRS-IRR response

and the extent of apoptosis over the 0–1Gy dose range (162). In the study by Enns

et al. (162), both Annexin V binding and HRS in irradiated p53 wild-type cells were

blocked by the p53 inhibitor pifithrin, as were these responses in p53-deficient cell

lines, suggesting a relationship between p53-dependent apoptosis and HRS. A recent

report by Krueger et al. (163) also suggested a correlation between the apoptosis

(caspase 3 activation) and the incidence of HRS in a panel of mammalian cell lines.

Although the balance of data support a role for apoptosis in the HRS-IRR

phenotype, there are clearly some disparate findings in this area, the reasons for

which need to be established if such information is to be useful in the development of

FIGURE12.8 g-Ray dose–response curves for apoptosis in human tumor cell lines that either

do (A549 (&) and T98G (*)) or do not (MCF7 (&)) exhibit a low-dose HRS-IRR response.

Apoptosis was measured by caspase 3 activation at 24 h postirradiation. The dose rate was

22 cGy/min. Reproduced with permission from Ref. 162.
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TRT. Enns and colleagues (162) note that the timing at which apoptosis assays are

performed relative to irradiation may contribute to interstudy variations and suggest

that these discrepant observations on the role of apoptosis in HRS-IRR might be

reconcilable if the above-mentioned early G2 checkpoint hypothesized to mediate the

transition fromHRS to IRR(137)was to regulatep53-dependent apoptosis.The roleof

p53 in the HRS-IRR response is also in need of clarification.

Although a number of other mechanisms of cell death, such as autophagy, mitotic

catastrophe and accelerated senescence, were outlined earlier, it is unfortunate that

little is knownabout the activationof these other cytotoxic responses at lowdoses/dose

rates which may be common in TRT. This is clearly a major void in the literature,

especially considering that different types of cells preferentially followdifferent death

pathways. Such effects could have a major impact on the role of HRS-IRR in the

human body andmay also help to explain some of the above-mentioned discrepancies

in the existing literature.

12.8.3 Ultrafractionation

One strategy for cancer therapy thatmight exploitHRSby avoiding triggering the IRR

response is the use of “ultrafractionation” by delivering multiple acute low-dose

fractions of radiation of a size that should not trigger an IRR response. Several groups

have reported that human tumormodel systems that are known to displayHRS exhibit

significant hyperradiosensitive responses after ultrafractionated XRT regimens (e.g.,

see Refs 170–172). In the first such study, three radioresistant human glioma cell

lines—T98G, A7, and U87—that exhibited HRS were found to display a greater

radiosensitivity following exposure to three consecutive 0.4Gy fractions given at

2–4 h intervals comparedwith a single 1.2Gy exposure (170). The data for T98G cells

are reproduced in Fig. 12.9. The T98G cell line also exhibited greater radiosensitivity

following fifteen 0.4Gy fractions given three times a day for 5 days than following

exposure tofive1.2Gy fractions once aday for 5 days (170). This effectwas not seen in

a radioresistant astrocytoma cell line, U373, which does not show HRS. These

authors (170) suggested that the lack of a positive ultrafractionation response in an

earlier study (173) could indicate that the rodent cell lines used in that study may not

exhibit an HRS response. Dey and colleagues (171) also reported a hyperradiosensi-

tive ultrafractionation response with two human cell lines—SCC-61 and SQ-20B—

derived from moderately differentiated squamous cell carcinomas of the head and

neck. For both lines, giving two fractions of 1Gyor a single fraction of 2Gy resulted in

a similar level of cell survival; however, for four fractions of 0.5Gy there was a slight

increase in cytotoxicity. Recent reports are beginning to suggest that ultrafractionated

irradiation protocolsmight indeed be clinically effective in tumor control or palliation

in some cases (e.g., see Refs. 174 and 175).

Hypersensitivity or “reverse fractionation” effects have also been reported in

normal human skin (176–178) and salivary gland (P. Lambin, personal communica-

tion cited by Joiner and colleagues (134)). A pattern consistent with an HRS response

was also reported for the persistence of g-H2AX foci in epidermal skin cells in patient

biopsy samples whenmeasured at 30min after exposure to doses below 0.3Gy (179).
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Clinical studies onmetastatic tumor nodules in skin are also consistentwith a low-dose

HRS response (180). These studies raise the possibility that there may be a potential

use for ultrafractionatedXRTin the clinic.Althoughnot all studies suggest an increase

in cell killing after ultrafractionation (e.g., see Ref. 181), it should be noted that the

doses used in such studies are not always consistent.

An interesting feature of the study byDey et al. (171) is the effect of these different

fractionation schemes on the activity of the NF-kB transcription factor, which is

involved in cellular responses to various stress stimuli, and on various pro- and

antiapoptotic mediators. Whereas exposing SCC-61 tumor cells to 2Gy of X-rays

caused an increase in their NF-kB activity as well as induction of the NF-kB-
dependent antiapoptotic Bcl-2 protein, repeated low doses of radiation (0.5Gy) in

the HRS region of the survival curve did not activate NF-kB but instead induced the

proapoptoticBaxprotein.On this basis, the authors suggested that this dose-dependent

apoptosis/survival signaling may underlie the HRS-IRR phenotype.

Whereas the ultrafractionation approach is an attempt to exploit HRS in tumors for

therapeutic advantage, there has also been some concern expressed that the operation

of HRS (as well as bystander effects discussed later in this chapter) in some normal

tissues may be a problem in intensity-modulated radiation therapy (IMRT), where

FIGURE 12.9 Survival data for T98G human glioma cells receiving three consecutive 0.4-

Gy fractions of X-rays at various interfraction intervals between 1 and 6 h. The solid line and

associated shading represents cell survival following a single 1.2Gy exposure; the dashed line

and associated shading represents the maximum low-dose HRS response predicted on the basis

of the single-dose survival curve. Reproduced with permission from Ref. 170.
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a large volume of normal tissue can receive a significant “low” dose of radia-

tion (182, 183). An obvious question is “might such effects also play a role in the

normal-tissue toxicity of TRT?” If so, then it might be cogent to reconsider the use of

radioprotective agents such as amifostine, especially during the early delivery phase

of TRT (184), as a means of ameliorating such effects. Whether such effects might

contribute to the antitumor efficacy of TRT delivered as multiple doses will be

considered later in this chapter.

12.9 INVERSE DOSE-RATE EFFECTS

From the perspective of the biology of TRT, how cells respond to radiation delivered at

low dose rates is of greater relevance than their response to acute low doses. As

outlined earlier, the conventional description of the dose-rate effect predicts a

progressive increase in cell survival as the dose rate is reduced, until the point

is reached where there is no further sparing and the survival is defined by e–aD. This

“sparing” of cells is equated to the repair of the individual “sublethal” DNA lesions

that contribute to the 2-hit/b-/quadratic-type cell death in the linear quadratic model.

The range of dose rates typically spanned in such studies is between 1 and 5Gy/min

(acute exposures) all the way down to 1 cGy/h, under which conditions it would take

200 h (and thus several cell-cycle times) todelivera2Gydose.However, not all studies

have observed such “conventional” behavior over the entire range of dose rates. Thus,

R-1 rat rhabdomyosarcoma cells in vitro and tumors in vivo exhibited atypical

responses to decreasing dose rates; for example, the survival of cells irradiated in

vivo showed no obvious dependency on the dose rate between 150 and 75 cGy/h (185).

In some cell lines under specific conditions, the extent of cell killing has actually been

seen to increase as the dose rate is reduced over a particular range. Jim Mitchell and

his colleagues (186, 187) originally observed such “inverse dose-rate effects” with

a number of mammalian cell lines, including HeLa human cervix carcinoma cells,

L-P69 mouse fibroblasts and PK-15 pig kidney cells. For example, HeLa cells

irradiated at a dose rate of 37 cGy/h showed a lower survival for a given total dose

than following a 154 cGy/h exposure. These authors suggested that such inverse dose-

rate effects were caused by certain continuous low dose rates having the ability to hold

the cells in G2 (which is generally a radiosensitive phase of the cell cycle) by

persistently activating the G2/M checkpoint (186, 187). Several other laboratories

subsequently reported similar inverse dose-rate effects and associated G2-synchroni-

zation in a variety of cell types, including human cervix carcinoma cells at dose rates

less than 86 cGy/h (188), human glioma cells below 49 cGy/h (189), and astrocytic

tumor lines at�37 cGy/h (190). It is well established that LDR exposures in the range

of 10–300 cGy/h can partially synchronize some tumor cell lines in G2/M phase (10).

In addition to rendering LDR radiation exposures more biologically effective,

a prolonged G2/M checkpoint arrest could also positively impact on LDR therapies

by abrogating the effects of tumor-cell proliferation (191) and by activating apoptotic

pathways (192). Although the literature with respect to this mechanism is somewhat

contradictory, G2 synchronization may be an important factor in the cellular response
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to LDR exposures such as those typical of TRT, and has been suggested to underlie

the good tumor control achieved with protracted LDR radioimmunotherapy in the

treatment of patients with lymphoma and other cancers (192).

A correlation between sensitivity to LDR radiation exposures (assessed by the

regrowth delay assay) and the extent of G2/M arrest was also seen in five human tumor

cell lines—HeLa, HeLa S3, and NHIK-3025 (adenocarcinoma of the uterine cervix),

Me180 (squamous cell carcinoma of the cervix) and A431 (squamous cell carcinoma

of the vulva)—growing and irradiated in vivo as xenografts (193). In vivo studies by

Knox and colleagues using 38C13murineB-cell lymphoma cells aswell as xenografts

of the human HT29 colon cancer and the SNB75 glioblastoma also support the idea

that the arrest of cells in G2 plays amajor role in tumor radioresponsiveness following

LDR exposures (194).

As noted above, the generality of this G2-synchronizationmechanism is uncertain.

For example, Cao et al. (195) suggested that the inverse dose-rate effect exhibited by

mouse Bp8 ascites sarcoma cells in vivowas probably not caused by G2/M-synchro-

nization but rather might be related to a failure to induce repair processes at the lower

dose rates. An inverse dose-rate effect was also seen in several human prostate cancer

cell lines even though these cells did not accumulate appreciably in G2 (196). One

mechanism other than G2 synchronization that could contribute to such inverse dose-

rate effects is the HRS-IRR phenomenon described earlier (197, 198). In this case, an

inverse dose-rate effect would be anticipated if a particular LDR exposure failed to

trigger the cytoprotective IRR response, analogous to the situation for single HDR

exposures below�0.3Gy. If so, then it would be expected that cell types that exhibit a
pronounced HRS response would be the most likely to exhibit an inverse dose-rate

effect. Indeed, asynchronous cultures of three human tumor cell lines—T98G

(glioma), A7 (glioma), and PC-3 (prostate cancer)—that exhibited a clear HRS

response after acute low-dose exposures were also found to exhibit an inverse

dose-rate effect for LDR exposures at dose rates below 100 cGy/h, with radiosensi-

tivity increasing by�4 fold when the dose rate was lowered from 100 cGy/h down to

2–5 cGy/h (197, 198). AnHRS-negativeglioma cell line, U373MG, did not show such

an effect.At 5 cGy/h therewas no accumulation of either T98GorU373MGcells inG2

at anydose, suggesting that the inverse dose-rate effect observed inT98Gcellswas not

due to a synchrony effect. As shown in Fig. 12.10, a marked inverse dose-rate effect

was also apparent with confluent T98G cultures for which cell-cycle progression/

synchrony effects should be further minimized (from Ref. 198). These collective

observations are consistent with the idea that inverse dose-rate effects are somehow

related to the HRS phenomenon (137).

The next obvious question is whether chronic LDR exposures that invoke inverse

dose-rate effects might fail to induce the typical cytoprotective DNA damage-

response pathways seen after acute doses of ionizing radiation and described earlier.

As noted previously, DNA damage caused by a low single HDR exposure (i.e., a dose

below the threshold for inducing the IRR response) does appear to be relatively

inefficient for triggering some aspects of the early damage-sensing/signaling re-

sponses. So what occurs with LDR exposures that would be more typical of TRT;

might low levels of DSBs associated with such exposures similarly evade these
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responses? The autophosphorylation of ATM at serine-1981 in human tumor cell lines

was indeed reported by Collis and colleagues (199) to be greatly reduced following

an LDR exposure compared with an HDR exposure. These authors compared the

response of cells to an equivalent dose of radiation delivered at either acute HDR

(45Gy/h, which produces �1800DSBs/h and takes �3min to deliver 2Gy) or

continuous LDR (9.4 cGy/h, which produces only �4DSB/h and takes �20 h to

deliver 2Gy). Their findings can be summarized as follows: (i) all four human tumor

cell lines studied—HCT116 and RKO (colon cancer), DU145 and PC-3 (prostate

cancer)—exhibited an unusually dramatic inverse dose-rate effect for cell killing

insofar as cytotoxicitywas actuallygreater forLDR thanHDRexposures per unit dose,

although this only reached statistical significance for the RKO and DU145 lines; (ii)

activation of the DNA damage surveillance–response network was diminished at LDR

as evidenced by greatly attenuated levels of phosphorylated ATM (serine-1981) and

NBS1 (serine-343) after LDR versus HDR exposures; and (iii) the phosphorylation of

g-H2AX (an important downstream target of the ATM kinase and a signal of detected

DSBs) was diminished after exposure at LDR compared with HDR exposures.

This study therefore suggests that low levels of DSBs produced at LDR can evade

detection to some degree, with the increased cytotoxicity possibly representing

a protective mechanism for a multicellular organism after sustaining low-level DNA

damage (199). These authors also stress the fact that inverse dose-rate effects and

abrogated activation of the DNAdamage surveillance–response network do not occur

FIGURE 12.10 Survival curves for confluent cultures of the T98G cell line exposed to

g-radiation at different dose rates. At higher doses, an inverse dose-rate effect was apparent at
dose rates between 30 and 5 cGy/h. Data reproduced with permission from Ref. 198.
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in all cell types. Findings similar to those of Collis and coworkers (199) have been

reported for human fibroblasts immortalized with the human telomerase reverse

transcriptase (hTERT) gene (200). Thus, acute irradiation of confluent cultures of

these cells atHDR (1.8Gy/min) resulted in significant levels of g-H2AX foci, whereas

exposure at chronicLDR(0.3mGy/min) induced fewof these foci. Phosphorylationof

p53 at serine-15 (which is largely mediated by ATM) was also much less pronounced

for LDR versus HDR exposures (200). Sugihara and colleagues (201) used mouse

NIH/PG13Luc cells stably transfected with a p53-dependent luciferase reporter

plasmid to study the transcriptional activity of p53 in response to g-radiation at dose
rates between 0.1 and 10 cGy/h. At the lowest dose rate studied, 0.1 cGy/h, p53

responses were detected after doses as low as 0.2 cGy. There appeared to be an inverse

dose-rate effect for transactivation between 1 and 0.1 cGy/h. These authors (202)

subsequently examined the phosphorylation of p53 in these mouse cells after LDR

exposures. p53 phosphoserine-15/18 levels did not increase after continuous LDR

exposures at 1.5 or 9 cGy/h, presumably because the activated protein is rapidly

degraded during the protracted (72 h) irradiation period. In contrast, levels of the p53-

dependent p21WAF1 protein were significantly elevated at dose rates above 1.5 cGy/h,

as was p21WAF1mRNA expression, possibly reflecting differences in stability of these

species; however, it should also be noted that the sustained induction of p21WAF1

mRNA/p21WAF1 protein is characteristic of the activation of the accelerated senes-

cence phenotype, as discussed previously.

In view of the critical role attributed to gene induction in the cellular and tissue

response to ionizing radiation, a number of investigators have attempted to define

relationships between such events and dose/dose rate. In one such study, a number of

genes were evaluated for their inducibility in ML-1 human myeloid tumor cells (p53

wild type) after protracted LDR exposures spanning three orders of magnitude

between 0.28 and 290 cGy/min (203). These included the p21WAF1, GADD45, and

MDM2 genes that had been shown earlier (152) to be dose-responsive over the low

dose range. All transcripts were quantified at 2 h after the completion of the irradiation

(total dose 2–50 cGy). Whereas p21WAF1 and GADD45 displayed a “conventional”

dose-rate effect, that is, induction generally decreased with decreasing dose rate,

MDM2 expression was independent of dose rate. A subsequent microarray/hierarchi-

cal clustering analysis of a broader group of genes after a 50 cGy exposure indicated

three basic types of behavior: (i) MDM2-like, where induction was strong but

independent of dose rate, (ii) p21WAF1-likewhere induction decreasedwith decreasing

dose rate, and (iii) genes that only appeared to be strongly induced at HDR.

Interestingly, these studies ofML-1 cells suggested a possible functional consequence

for these differing patterns of gene induction insofar as many of the dose rate-

dependent genes were involved in apoptosis, and for ML-1 cells there was a clear

dose-rate effect on the induction of apoptosis, the extent of apoptosis at 48 h

postexposure being much less at the lowest dose rate; in contrast, many dose rate-

independent genes were involved in regulation of the cell cycle, and for ML-1 cells

there was no significant dose-rate effect on cell-cycle progression. An exception to

this correspondence between gene function and dose-rate effect was apparent for the

cell-cycle regulator p21WAF1, which showed a clear dose-rate protective effect;
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however, the p21WAF1 protein is involved in many activities in addition to its CDK-

inhibitory function, including being a major transcriptional regulator with a potential

role in mediating radiation-induced accelerated senescence. It would be of obvious

interest in the present context to know if theML-1 cell line exhibits an HRS-IRR and/

or inverse dose-rate effect for cell survival.

The overwhelming conclusion from the study ofAmundson et al. (203) is thatmost

genes are either “conventionally” dose responsive or not responsive to changes in dose

rate; there was only a hint that the induction of some genes, for example, PHLDA3,

might exhibit an inverse dose-rate effect for specific dose rates, although this was not

statistically significant. Although these data suggest that inverse dose-rate effects for

gene induction are unlikely to be amajor determinant of the above-mentioned inverse

dose-rate effects for cell killing seen in some cell types, it is important to consider that

little is known about the stability of the transcripts and the potential effect of different

doses/dose rates on their degradation, which could obscure the true nature of these

obviously highly dynamic molecular responses. Indeed, any study of the mechanisms

underlyingLDR/inversedose-rate effectswill encounter considerable logistical issues

because of the protracted periods during which the cells are being irradiated, a time

duringwhich the cells can respond to DNA injury aswell as divide to differing extents

(depending in part on the magnitude of the radiation-induced cell-cycle arrest) before

they are subjected to molecular or clonogenic-survival assay. Thus, mechanistic

interpretation of such studies is enormously complicated. This quandary was clearly

in evidence in studies by Sugihara and colleagues (201, 202) who did observe an

apparent inverse dose-rate effect for the activation of some genes, notably those

encoding extracellular matrix-related proteins such as collagen-2, tenascin-C, and

fibulin-5, in mouse cells. However, detailed studies by this group (202) revealed that

this inverse dose-rate effect was actually a result of the fact that these genes exhibit a

delayed induction response, such that they are not strongly activated soon after acute/

HDRexposures.Thus, the nature of thedose-rate effect dependsgreatlyon the kinetics

of induction of the particular gene, and presumably of its reversal. This problem is

compoundedby the fact that inversedose-rate effects are notuniversal, being restricted

to certain cell types forwhich theymayoccurwithin a narrowwindowof dose-rates. In

fact, for this reason theywould be quite difficult to exploit for clinical advantage (191).

A major unanswered question is how inverse dose-rate effects might depend on

cellular p53 status, which is critically important to cancer-therapeutic applications

such as TRT. Furthermore, as noted above, some studies indicate a requirement for an

HRS phenotype for cell lines to exhibit an inverse dose-rate effect (197, 198). Another

interesting question is therefore whether there is any relationship between inverse

dose-rate effects and activation of the early G2 checkpoint, which might be addressed

through the use of specific inhibitors of ATM.

12.10 CROSS FIRE

The “cross-fire” effect refers to the fact that an ionizing particle originating from

a radionuclide localized in one cell can deposit much of its energy in a neighboring or
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distant cell by virtue of its long range in tissue (which is typically on the order of

millimeters for b-particles) relative to cellular dimensions (10). Cross fire is therefore

inherent to andplays amajor role in the efficacyof anyTRTprotocol using a long range

b-emitting isotope such as 131I. For example, in a study of UVW glioblastoma cells

transfectedwith the noradrenaline transporter, 131I-labeledmetaiodobenzylguanidine

(131I-mIBG) was considerably more cytotoxic to multicellular spheroids than to

monolayer cultures, supporting the idea that cross fire from the b-particles contributes
additional cell killing in the three-dimensional system (204, 205). Cross-fire effects

withb-emittersshouldcontributepositivelytoTRT/radioimmunotherapyoutcomesby

overcoming limitations caused by the heterogeneous distribution of the radiopharma-

ceutical, especially in larger solid tumors, but this also has the downside of increasing

the dose to adjacent normal tissues, a point towhichwewill return later in this chapter.

12.11 THE RADIOBIOLOGICAL BYSTANDER EFFECT

The radiobiological “bystander” effect and its possible role in TRT responses are

discussed by Mothersill and Seymour in Chapter 14, and will not be covered in any

detail in this chapter. Bystander effects are invoked to explain experimental observa-

tions inwhichmanifestations of injury, such asDNAdamage,mutation, or cytotoxici-

ty, can be detected in cells within irradiated cultures but which have not themselves

been traversed or “hit” by an ionizing-particle track. However, the terminology is also

used to describe the similar events that are observed when cell-free medium from

irradiated cultures is transferred to cultures of nonirradiated cells. It should be

emphasized that the bystander effect in the context ofTRTusing radiopharmaceuticals

is quite distinct from the cross-fire effect in that the former does not involve cross-

irradiation of cells; rather, it appears to reflect the generation of a “damage signal” by

an irradiated cell that is communicated to a nonirradiated cell through a variety of

signaling mechanisms, some of which clearly involve secreted diffusible factors (see

Chapter 14). The importance of this phenomenon from the TRT perspective is that, at

low doses/dose rates, a cytotoxic response inwhich a bystander effect is operativewill

be greater than that predicted on the basis of dosimetric estimates and conventional

models (see Chapter 13).

Some investigators (206) have remarked that the bystander effect is, by definition,

a low dose and/or LDR phenomenon because, at higher doses, every cell in the target

population will be “hit” by an ionizing-particle track. Based on this thinking, an

increased efficiency of cell killing with respect to absorbed dose should only be

observedwith lowerdoses.Axiomatically, it has been suggested that theHRSresponse

could be caused by a bystander effect occurring in the low-dose region of the survival

curve, although data showing an inverse relationship between the bystander effect and

the HRS suggest otherwise (206).

Considering the suggestion that PIKKs other than ATM may contribute to the

ionizing radiation-induced phosphorylation of H2AX described earlier, it is interest-

ing to note that ATR appears to be the kinase primarily responsible for the phosphory-

lation of H2AX observed in cells that are subject to bystander effects (207).
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12.12 THE ADAPTIVE RESPONSE

Exposing cells to a low “priming” dose of radiation can sometimes result in resistance

to a subsequent high-dose exposure delivered some time later. Such “adaptive

responses” were originally observed with human lymphocytes that had been radi-

olabeled with tritiated thymidine, and which were found to be more resistant than

nonlabeled cells to the induction of chromosome aberrations following a subsequent

exposure to X-rays (208). Adaptive responses in several human cell types, but most

notably in lymphocytes, were then described for various combinations of priming

treatments andbiological end points (e.g., seeRefs 209–211). Somediscrepancies and

controversies in the literature are possibly caused in part by the fact that adaptive

responses may not be universal and occur over a narrow dose range of priming doses

(�0.5–20 cGy) (212).
Adaptive responses, like the HRS-IRR response, could be mediated in part or

whole by inducible cytoprotectivemechanisms such asDNA-repair pathways that are

activated by exposure to the priming dose. Naturally, the question of whether cellular

DNA-repair processes are stimulated following a low-dose priming exposure has been

the subject of some interest. Priming treatments have indeed been found to stimulate

the repair of some types of radiation-induced DNA lesions. Thus, exposure of A549

human lung cancer cells to a priming dose of g radiation (25 cGy) stimulated the repair

of thymineglycol lesions, a simple type of base damage thatwould be processedby the

BERpathway,when thecultureswere exposed4 h later to ahigher “test” dose (2Gy)of

g rays (213). In contrast, no induction of the genes encoding the BER enzymesNTH1,

OGG1, APE1, POLb, and NEIL1/2/3, or the accessory factors XPG, LIG3, and

XRCC1, was apparent in TK6 human lymphoblastoid cells within 24 h after exposure

to g-ray doses between 1 cGy and 2Gy, nor was there an increase in BER enzyme

activity or in the levels of the APE1 or NTH1 proteins in extracts of these cells after

doses of 0.5–2.0 Gy (214).

The literature regarding adaptation and DSBs is also perplexing insofar as priming

exposures have been reported to accelerate the repair of DSBs in some studies but

not others. In V79 cultures, priming with 5 cGy of g-rays resulted in the more rapid

rejoining of DSBs (as measured using the neutral comet assay) following exposure to

a higher “test” dose of radiation delivered 4 h later (215). Similarly, an enhancement

ofDSB-repair rate bya lowdose (2 cGy) exposure toX-rayswasapparent in extracts of

mouse m5S cells that were subsequently exposed to 3Gy of X-rays 5 h later and

incubatedwith aDSB-containing plasmid substrate (216).Other studies have failed to

demonstrate an adaptive response for DSB repair. For example, we saw no significant

change in the rate of removal of DSB-related g-H2AX foci when human fibroblasts

were given a priming dose of 10 cGy of g rays 4 h prior to a “test” dose of 2Gy

(Fig. 12.11) (18). It should be noted, however, that as inmany of themolecular studies

cited in this section, the presence or absence of an adaptive response for cell killing

under these same conditions was not established.

Amongother possible explanations for thesedifferingfindings are the ranges of cell

types, DNA-damage assays, priming treatments and times of observation used in

different studies. The fact that adaptive responses occur only within a narrow dose
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window may also be an issue. Understanding the roles of such variables will require

a controlled evaluation of each of these factors in defined cell types and after multiple

time point and dose combinations.

At least some adaptive responses to radiation, such as the formation of chromo-

somal abnormalities, requirewild-typep53,whichmaychannelDSBs into an adaptive

“legitimate” repair pathway (217). However, at the level of BER activity, we

(M. Weinfeld et al., unpublished data) have observed that, in the human fibroblast

background, the repair of thymine glycol was stimulated in both p53-wild-type and

p53-deficient cells receiving aprimingdose (25 cGy)ofg-rays, although the total level
of thymine glycol removed was much lower in the p53-deficient than wild-type cells.

Both the HRS-IRR and the adaptive responses have been suggested to involve the

activation of cellular DNA repair mechanisms following stress. It is therefore of

interest to note that, at least in some cases, priming cells with DNA-damaging agents

such as low-dose X-rays or 3H-thymidine can eliminate the HRS response by

preinducing IRR (133). Another interesting observation is that there can be a

significant adaptive response in the bystander effect; thus, in mouse C3H 10T(1/2)

cells, a low-dose exposure to 2 cGyof g-rayswas cytoprotectivewhen given6 h before
exposure to microbeam-delivered a-particles (218). Short and colleagues (170) have
also suggested that adaptive responses might play a protective role in ultrafractiona-

tion responses if the interfraction interval is too short (1–2 h) to permit an HRS

response to develop.

One protein linked to both the bystander and the adaptive responses is cluster-

in (219). This protein exists in two forms: secreted (sCLU) and nuclear (nCLU). sCLU

is an extracellular chaperone that binds to hydrophobic regions of partially unfolded

proteins, thereby inhibiting their stress-induced precipitation, and is considered to be

cytoprotective. It is transcriptionally upregulated in a p53-dependent manner at

relatively low doses (0.5 Gy) (220) and is secreted into the medium of cultured cells

FIGURE 12.11 Kinetics of the disappearance of g-H2AX (the phosphorylated form of the

variant histone, H2AX) from human GM38 fibroblasts following a 2Gy exposure to g-rays
either without (a) or with (b) a 10 cGy priming dose of g-rays given 4 h prior to the “test” dose of
2Gy. Data are normalized to the relative g-H2AX levels in nonirradiated controls. Reproduced

with permission from Ref. 18.
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following a dose as low as 2 cGy (unpublished data cited in Ref. 219). nCLU is

activated by posttranslational modification and binds to the Ku70 NHEJ protein,

possibly inhibiting DNA repair, and is considered to be a prodeath protein. It remains

unclear if both forms of the protein are involved in the bystander effect and adaptive

response andhoweither formofCLUexerts its effect in response to low-dose radiation

exposures.

12.13 A POSSIBLE CONTRIBUTION FROM LOW-DOSE
RADIOBIOLOGICAL MECHANISMS TO TRT TUMOR RESPONSES?

As was noted earlier in this chapter, TRT can sometimes be clinically effective even

when calculated absorbed doses to the tumor are lower than those delivered by XRT.

Similar observations have been reported in a variety of in vivo animal model systems

(e.g., seeRef. 194 and references cited therein).Whether the observedclinical efficacy

of TRT might, at least in part, be related to the above-mentioned “nonconventional”

effects of ionizing radiation that are now fairly well established for low dose/LDR

exposures remains to be answered. An obvious question that needs to be addressed

here is, does the HRS-IRR phenomenon have any relevance to LDR therapeutics?

Specifically, might the efficacy of LDR therapies such as TRT be related to their

avoidance of triggering the cytoprotective IRR response in tumor cells?

A similar question may be posed about the role of apoptosis in tumor responses to

protracted LDR exposures/TRT. Data obtained with cultured cells, summarized

earlier, indicate that some cell lines are extremely prone to apoptosis after an acute

low-dose radiation exposure.That apoptosismay similarly contribute to the efficacyof

LDR therapies, that is, to TRT, has been previously proposed in the litera-

ture (7, 10, 168, 191). Indeed, it has been noted that TRTappears to kill cells primarily

through apoptosis, whereas responses to conventional XRT are characterized by cell

necrosis (7). Several studies suggest that LDR exposures do induce apoptosis as their

primary mechanism of cytotoxicity. For example, LDR exposure of human adeno-

carcinoma cells to g-rays at doses as low as 2Gy efficiently induced apoptosis;

furthermore, apoptosis exhibited an inverse dose-rate effect (8). In another study, LDR

exposure of HL60 human leukemia cells to 10Gy of b radiation (188Re) over a period
of 24 h caused more apoptosis than when the same dose was delivered at HDR over

0.5, 1, or 3 h (221). Again, therefore, apoptosis exhibited an inverse dose-rate effect in

this model. Inevitably, such behavior is not seen in all cell types. Thus, ML-1 human

myeloid tumor cells displayed a “conventional” dose-rate effect for apoptosis, the

extent of apoptosis measured at 48 h postirradiation decreasing progressively as the

dose rate was lowered from 290 to 0.28 cGy/min (203).

It therefore appears that apoptosis may indeed be the preferred mode of cell death

following LDR radiation exposures for some cell types. Some types of tumor cells

(e.g., lymphomas) also appear to have greater propensity than normal cells to undergo

radiation-induced apoptosis (7). As noted earlier, for single acute low-dose exposures,

there is virtually no information about the dose–response for accelerated senescence

at the low dose rates typical of TRT even in vitro, and this is clearly one area in need
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of further investigation in animal models. There is, however, some indirect clinical

evidence thatmight support a role for accelerated senescencewithLDR therapies. The

fact that mIBG and radiopeptide treatments often result in stable disease over a period

of many months and cycles of treatment (222) and that delayed reductions in tumor

volumemaybeseen evenafter severalmonthsmight suggest that alternativecell-death

mechanisms such as accelerated senescence are occurring (11).

The potential role of adaptive responses in TRT is uncertain. However, any LDR

irradiation protocol such as TRTmight be regarded as a series of priming doses briefly

separated in time (191), in which case adaptive responses (if they are activated under

these conditions) could exert a negative influence on the efficacy of LDR therapies.

Furthermore, adaptive responses could potentially be invoked in some cases when

a low diagnostic dose of a radiopharmaceutical is administered at some time prior to

the subsequent delivery of the higher therapeutic dose of a TRT agent, for example,

as is done in some centers with Zevalin where 111In-labeled antibody is given first

for dosimetry, followed by 90Y-labeled antibody for therapy (e.g., see Ref. 223);

however, there is no definitive information in this regard.

The implications of the bystander effect for TRT,while considerable, have not been

considered here as they are discussed in Chapter 14. However, we should note that

the operation of bystander effects in vivo would have implications for patient risk

estimates for diagnostic radiopharmaceuticals and for assessing therapeutic responses

toTRT (224). Several observations suggest that bystander effects do occur invivowith

radiopharmaceuticals (e.g., see Refs 224 and 225) but there is no available clinical

information in this regard. As noted above for the cross-fire effect, bystander effects

generated in TRT may be advantageous because they may minimize the negative

impact on clinical outcome related to the expected heterogeneous tumor distribution

of the radiopharmaceutical.

12.14 USEOFRADIONUCLIDESOTHERTHAN b-PARTICLE EMITTERS

Although radionuclides such as the b-particle emitting 131I or 90Y are themost widely

used in current TRT protocols, another b-emitting isotope, 177Lu, has attracted some

interest (226). Because these b-particles typically have a maximum range of several

millimeters in tissuewithmostof the energydepositedat the endof theb-particle track,
much of the dose deposited in the tumor is through cross-fire events, rather than

targeting individual cells.This scenariomightbeadvantageous insofaras itmayhelp to

overcome any disadvantages caused by the heterogeneity of radiopharmaceutical

distribution (and thusofdose) in large tumors.Unfortunately, cross-fireevents can also

deliverconsiderabledose to theadjacentnormal tissues.Partly for this reason, theuseof

a-particle emitters such as 212Bi and 211At in TRT is an area of active research. Unlike

b-particles,a-particles have a short path length in tissue of only several cell diameters,

so they could be useful for treating microscopic/disseminated cancers (227–229). Of

interest in this context is theobservation that thea-emitting radiopharmaceuticalmeta-

[211At]-astatobenzylguanidine was�103 fold more toxic toward human neuroblasto-

ma cells than its b-emitting counterpart, [131I]-mIBG (227).
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Auger electron-emitting isotopes such as 125I and 111In (see Chapter 9) are also of

interest inTRTbecause these lowenergy (�1 keV) electrons have avery short range in
tissue of only several nanometers to at most a few micrometers. Auger-emitting

radiopharmaceuticals therefore deposit most of their dose close to their site of

localization, which may be exploited by intracellular targeting using, for example,

internalizing antibodies for radioimmunotherapy in some casesmodifiedwith nuclear

localizing peptide sequences (see Chapter 9) or 125I-deoxyuridinewhich incorporates

into cellular DNA (230, 231). These radionuclides exhibit relatively little nonspecific

toxicity, presumably because of the short range (and thus minimal contribution to

absorbed dose in normal tissue from cross-fire events) of the Auger electrons (230).

Auger electrons may, however, generate significant bystander effects that might

contribute to their therapeutic activity (224, 225).

12.15 ROLE OF TUMOR HYPOXIA AND FRACTIONATION EFFECTS

It has been known formanydecades that tumorsmaydevelop regions of hypoxia (cells

with low oxygenation status) within their mass. It is also apparent that hypoxia

represents a significant barrier to tumor control by XRT. For one thing, transiently

hypoxic cells are highly resistant to singleHDR radiation exposures. This resistance is

quantitated by the parameter “oxygen enhancement ratio” (OER). TheOER is usually

in the range of 2.5–3 for culturedmammalian cells (232). Chronically hypoxic tumors

may also become more clinically aggressive or metastatic (233), so the early

elimination of hypoxic cells may be critical for therapeutic success.

Conventional dose fractionation of XRT partially overcomes the negative effect of

tumor-cell hypoxia by allowing for the reoxygenation of some hypoxic cells in the

�24 h interval between consecutive dose fractions (234). It is not unreasonable to

assume that the same would be true for protracted LDR therapies such as TRT (10).

There are also some experimental reports to suggest that theOER is decreased at lower

dose rates (235). Unfortunately, there is no clinical experience to draw on in this

regard, although if the radiobiology of TRTreduces the importance of hypoxia in poor

therapeutic outcomes there are significant implications for the role of TRT in cancer

therapy.

In general, for acute high-dose exposures, the OER also decreases with increasing

LET, such that the negative impact of hypoxia on tumor control probability with

conventional XRT might be less important for high-LET beams (232). On this basis,

there is some expectation that the use of radiopharmaceuticals that emit high-LET

a-particles or Auger electrons should be more effective than b-emitters for treating

hypoxic solid tumors (10). This effect of diminished OER appears to bemost relevant

for Auger electron emitters that incorporate directly into DNA, such as 125I-deox-

yuridine, as opposed to those located at extranuclear sites (236, 237).

Fractionated TRT is designed mostly to compensate for the anticipated heteroge-

neity of TRT dose distribution, especially for large poorly vascularized tumors that

contain regions of hypoxia (7). Tumor control is therefore compromised because of

regions within the tumor to which the radionuclide has limited or no access. Under
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some conditions, fractionated delivery of radiolabeled antibodies and peptides has

shownefficacywhile also causing less toxicity than a single administration. In general,

both preclinical and clinical evidence suggest that TRT fractionation can provide

a beneficial effect and amore uniform radiation dose distribution (7). This has proven

to be an effective clinical strategy with 131I-mIBG, and fractionated treatment with

radiopeptides may also be more efficacious (238). Whether or not effects analogous

to the “ultrafractionation” phenomenon seen with multiple small doses of radiation

could contribute to TRT tumor responses in general, or to the relative efficacy of TRT

delivered as multiple fractionated doses versus a single large maximally tolerated

dose, is not known at this time.

12.16 SUMMARY AND FUTURE DIRECTIONS

In this chapter, the current knowledge relating to low-dose/LDR radiobiological

mechanisms that might impact on the efficacy of TRT has been summarized. These

include the increasingly characterized phenomena of HRS-IRR, inverse dose-rate

effects, bystander effects and adaptive responses.Where possible, speculation as to the

possible relevance of these findings to the clinical practice of TRT has been provided.

Although our understanding of these low-dose/LDR phenomena has increased

dramatically in the last few years, especially in the context of activation of the

cellular DNA damage surveillance–response networks, it is important to recognize

that many of these phenomena need to be validated in the clinical setting as not all of

these findings will extrapolate directly to more complex models, let alone cancer

patients. For example, cell-contact effects (which are largely ignored in most in vitro

studies) are clearly important in the bystander effect, and may also be relevant to the

HRS response, which seems to be suppressed in some three-dimensional model

systems that invoke cell–cell contact (169). This is clearly a time where improved

technologies are enabling major research advances into low-dose/LDR effects on

biological systems, and these advances represent ahugeopportunity for understanding

the basic science underlying clinical TRT practice.

ACKNOWLEDGMENTS

This work was supported by a grant from the Canadian Breast Cancer Foundation,

Alberta Chapter (to David Murray) and by grant MOP 15385 from the Canadian

Institutes for Health Research (toMichaelWeinfeld).We are grateful to Dr. Raymond

Reilly for his insightful comments and suggestions.

REFERENCES

1. WahlRL. Tositumomab and 131I therapy in non-Hodgkin’s lymphoma. JNuclMed 2005;

46(Suppl 1):128S–140S.

458 RADIATION BIOLOGY OF TARGETED RADIOTHERAPY



2. Borghaei H, Wallace SG, Schilder RJ. Factors associated with toxicity and response to

yttrium 90-labeled ibritumomab tiuxetan in patients with indolent non-Hodgkin’s

lymphoma. Clin Lymphoma 2004;5(Suppl 1):S16–S21.

3. Larson SM, Krenning EP. A pragmatic perspective on molecular targeted radionuclide

therapy. J Nucl Med 2005;46(Suppl 1):1S–3S.

4. Flower MA, Fielding SL. Radiation dosimetry for 131I-mIBG therapy of neuroblastoma.

Phys Med Biol 1996;41:1933–1940.

5. Blake GM, Zivanovic MA, Blaquiere RM, et al. Strontium-89 therapy: measurement

of absorbed dose to skeletal metastases. J Nucl Med 1988;29:549–557.

6. Goldenberg DM. Radioimmunotherapy. In: Freeman LM, editor. Nuclear Medicine

Annual. Lippincott Williams & Wilkins, Philadelphia, PA, 2001, pp. 169–206.

7. DeNardo GL, Schlom J, Buchsbaum DJ, et al. Rationales, evidence, and design

considerations for fractionated radioimmunotherapy. Cancer 2002;94(Suppl 4):

1332–1348.

8. Mirzaie-Joniani H, Eriksson D, Sheikholvaezin A, et al. Apoptosis induced by low-dose

and low-dose-rate radiation. Cancer 2002;94(Suppl 4):1210–1214.

9. Koral KF, Francis IR, Kroll S, et al. Volume reduction versus radiation dose for tumors in

previously untreated lymphoma patients who received iodine-131 tositumomab therapy.

Conjugate views compared with a hybrid method. Cancer 2002;94(Suppl 4):1258–1263.

10. Dixon KL. The radiation biology of radioimmunotherapy. Nucl Med Commun 2003;

24:951–957.

11. Murray D, McEwan AJ. Radiobiology of systemic radiation therapy. Cancer Biother

Radiopharm 2007;22:1–23.

12. Dale R, Carabe-Fernandez A. The radiobiology of conventional radiotherapy and its

application to radionuclide therapy. Cancer Biother Radiopharm 2005;20:47–51.

13. Kassis AI, Adelstein SJ. Radiobiologic principles in radionuclide therapy. J Nucl Med

2005;46(Suppl 1):4S–12S.

14. Ward JF. Complexity of damage produced by ionizing radiation.Cold Spring Harb Symp

Quant Biol 2000;65:377–382.

15. Goodhead DT. Initial events in the cellular effects of ionizing radiations: clustered

damage in DNA. Int J Radiat Biol 1994;65:7–17.

16. WeinfeldM,Rasouli-NiaA,ChaudhryMA,BrittenRA. Response of base excision repair

enzymes to complex DNA lesions. Radiat Res 2001;156:584–589.

17. Georgakilas AG. Processing of DNA damage clusters in human cells: current status of

knowledge. Mol Biosyst 2008;4:30–35.

18. Murray D,Wang JYJ, Mirzayans R. DNA repair after low doses of ionizing radiation. Int

J Low Radiat 2006;3:255–272.

19. Jackson SP. Sensing and repairing DNA double-strand breaks. Carcinogenesis

2002;23:687–696.

20. Kurz EU, Lees-Miller SP. DNA damage induced activation of ATMandATM-dependent

signaling pathways. DNA Repair 2004;3:889–900.

21. Kastan MB, Lim DS. The many substrates and functions of ATM. Nat RevMol Cell Biol

2000;1:179–186.

22. Shiloh Y. ATM and related protein kinases: safeguarding genome integrity. Nat Rev

Cancer 2003;3:155–168.

REFERENCES 459



23. Petrini JH, Stracker TH. The cellular response toDNAdouble-strand breaks: defining the

sensors and mediators. Trends Cell Biol. 2003;13:458–462.

24. Shiloh Y. ATM: ready, set, go. Cell Cycle 2003;2:116–117.

25. Bakkenist CJ, Kastan MB. DNA damage activates ATM through intermolecular

autophosphorylation and dimer dissociation. Nature 2003;421:499–506.

26. Uziel T, Lerenthal Y, Moyal L, et al. Requirement of the MRN complex for ATM

activation by DNA damage. EMBO J 2003;22:5612–5621.

27. Lee JH, Paull TT. Direct activation of the ATMprotein kinase by theMre11/Rad50/Nbs1

complex. Science 2004;304:93–96.

28. Christmann M, Tomicic MT, Roos WP, Kaina B. Mechanisms of human DNA repair: an

update. Toxicology 2003;193:3–34.

29. Niida H, Nakanishi M. DNA damage checkpoints in mammals. Mutagenesis 2006;

21:3–9.

30. Matsuoka S, Ballif BA, Smogorzewska A, et al. ATM andATR substrate analysis reveals

extensive protein networks responsive to DNA damage. Science 2007;316(5828):

1160–1166.

31. Bartek J, Lukas J. Chk1 and Chk2 kinases in checkpoint control and cancer. Cancer Cell

2003;3:421–429.

32. PilchDR, SedelnikovaOA,RedonC, et al. Characteristics of gamma-H2AX foci at DNA

double-strand breaks sites. Biochem Cell Biol 2003;81:123–129.

33. Olivier M, Hussain SP, Caron de Fromentel C, et al. TP53 mutation spectra and load:

a tool for generating hypotheses on the etiology of cancer. IARC Sci Publ 2004;

157:247–270.

34. Kastan MB, Lim DS, Kim ST, Yang D. ATM: a key determinant of multiple cellular

responses to irradiation. Acta Oncol 2001;40:686–688.

35. Sengupta S, Harris CC. p53: traffic cop at the crossroads of DNA repair and recombina-

tion. Nat Rev Mol Cell Biol 2005;6:44–55.

36. Lane DP. p53, guardian of the genome. Nature 1992;358:15–16.

37. Appella E, Anderson CW. Post-translational modifications and activation of p53 by

genotoxic stresses. Eur J Biochem 2001;268:2764–2772.

38. Brooks CL, GuW. Ubiquitination, phosphorylation and acetylation: the molecular basis

for p53 regulation. Curr Opin Cell Biol 2003;15:164–171.

39. Zhao R, Gish K, Murphy M, et al. Analysis of p53-regulated gene expression patterns

using oligonucleotide arrays. Genes Dev 2000;14:981–993.

40. Vogelstein B, Lane D, Levine AJ. Surfing the p53 network. Nature 2000;408:307–310.

41. Mirza A,WuQ,Wang L, et al. Global transcriptional program of p53 target genes during

the process of apoptosis and cell cycle progression. Oncogene 2003;22:3645–3654.

42. Murray D, Mirzayans R. Role of p53 in the repair of ionizing radiation-induced DNA

damage. In: Landseer BR, editor. New Research on DNA Repair, Nova Science

Publishers, Hauppauge, NY, 2007, pp. 325–373.

43. Batchelor E,MockCS, Bhan I, et al. Recurrent initiation: amechanism for triggering p53

pulses in response to DNA damage. Mol Cell 2008;30:277–289.

44. Lu X, Nguyen TA, Moon SH, et al. The type 2C phosphatase Wip1: an oncogenic

regulator of tumor suppressor and DNA damage response pathways. Cancer Metastasis

Rev 2008;27:123–135.

460 RADIATION BIOLOGY OF TARGETED RADIOTHERAPY



45. Taylor WR, Stark GR. Regulation of the G2/M transition by p53. Oncogene 2001;

20:1803–1815.

46. Xu B, Kim ST, Lim DS, Kastan MB. Two molecularly distinct G(2)/M checkpoints are

induced by ionizing irradiation. Mol Cell Biol 2002;22:1049–1059.

47. Wang JYJ, Cho SK. Coordination of repair, checkpoint, and cell death responses to DNA

damage. Adv Protein Chem 2004;69:101–135.

48. Downs JA, Allard S, Jobin-Robitaille O, et al. Binding of chromatin-modifying

activities to phosphorylated histone H2A at DNA damage sites. Mol Cell 2004;

16:979–990.

49. Utley RT, Lacoste N, Jobin-Robitaille O, et al. Regulation of NuA4 histone acetyl-

transferase activity in transcription and DNA repair by phosphorylation of histone H4.

Mol Cell Biol 2005;25:8179–8190.

50. Sun Y, Jiang X, Chen S, et al. A role for the Tip60 histone acetyltransferase in the

acetylation and activation of ATM. Proc Natl Acad Sci USA 2005;102:13182–13187.

51. AverbeckD,Testard I, BoucherD. Changing views on ionising radiation-induced cellular

effects. Int J Low Radiat 2006;3:117–134.

52. Friedberg EC, Walker GC, Siede W, et al. DNA Repair and Mutagenesis, 2nd edition.

ASM Press, Washington, DC, 2006.

53. AlmeidaKH, Sobol RW. A unified view of base excision repair: lesion-dependent protein

complexes regulated by post-translational modification. DNA Repair (Amst) 2007;

6:695–711.

54. Boiteux S, Le Page F. Repair of 8-oxoguanine and Ogg1-incised apurinic sites in a CHO

cell line. Progr Nucleic Acid Res Mol Biol 2001;68:95–105.

55. Jilani A, Ramotar D, Slack C, et al. Molecular cloning of the human gene, PNKP,

encoding a polynucleotide kinase 30-phosphatase and evidence for its role in repair

of DNA strand breaks caused by oxidative damage. J Biol Chem 1999;274:

24176–24186.

56. Karimi-Busheri F, Daly G, Robins P, et al. Molecular characterization of a human DNA

kinase. J Biol Chem 1999;274:24187–24194.

57. IzumiT,Hazra TK,Boldogh I, et al. Requirement for humanAPendonuclease 1 for repair

of 30-blocking damage at DNA single-strand breaks induced by reactive oxygen species.

Carcinogenesis 2000;21:1329–1334.

58. Takahashi T, Tada M, Igarashi S, et al. Aprataxin, causative gene product for EAOH/

AOA1, repairs DNA single-strand breaks with damaged 30-phosphate and 30-phospho-
glycolate ends. Nucleic Acids Res 2007;35:3797–3809.

59. Dianov GL, Sleeth KM, Dianova II, Allinson SL. Repair of abasic sites in DNA.Mutat

Res 2003;531:157–163.

60. Parsons JL, Tait PS, Finch D, et al. CHIP-mediated degradation and DNA damage-

dependent stabilization regulate base excision repair proteins. Mol Cell 2008;

29:477–487.

61. MassonM, Niedergang C, Schreiber V, et al. XRCC1 is specifically associated with poly

(ADP-ribose) polymerase and negatively regulates its activity following DNA damage.

Mol Cell Biol 1998;18:3563–3571.

62. TomkinsonAE,ChenL,DongZ, et al. Completion of base excision repair bymammalian

DNA ligases. Progr Nucleic Acid Res Mol Biol 2001;68:151–164.

REFERENCES 461



63. Whitehouse CJ, Taylor RM, Thistlethwaite A, et al. XRCC1 stimulates human polynu-

cleotide kinase activity at damaged DNA termini and accelerates DNA single-strand

break repair. Cell 2001;104:107–117.

64. Mani RS, Fanta M, Karimi-Busheri F, et al. XRCC1 stimulates polynucleotide kinase

by enhancing its damage discrimination and displacement from DNA repair intermedi-

ates. J Biol Chem 2007;282:28004–28013.

65. Okano S, Lan L, Caldecott KW, et al. Spatial and temporal cellular responses to single-

strand breaks in human cells. Mol Cell Biol 2003;23:3974–3981.

66. Satoh MS, Lindahl T. Role of poly(ADP-ribose) formation in DNA repair. Nature

1992;356:356–358.

67. Woodhouse BC, Dianova II, Parsons JL, Dianov GL. Poly(ADP-ribose) polymerase-1

modulates DNA repair capacity and prevents formation of DNA double strand breaks.

DNA Repair (Amst) 2008;7:932–940.

68. PierceAJ,HuP,HanM, et al. KuDNAend-binding proteinmodulates homologous repair

of double-strand breaks in mammalian cells. Genes Dev 2001;15:3237–3242.

69. Delacote F, Han M, Stamato TD, et al. An xrcc4 defect or Wortmannin stimulates

homologous recombination specifically induced by double-strand breaks in mammalian

cells. Nucleic Acids Res 2002;30:3454–3463.

70. Kuschel B, Auranen A, McBride S, et al. Variants in DNA double-strand break repair

genes and breast cancer susceptibility. Hum Mol Genet 2002;11:1399–1407.

71. Valerie K, Povirk LF. Regulation and mechanisms of mammalian double-strand break

repair. Oncogene 2003;22:5792–5812.

72. RichardsonC,MoynahanME, JasinM. Double-strand break repair by interchromosomal

recombination: suppression of chromosomal translocations. Genes Dev 1998;

12:3831–3842.

73. TakataM, SasakiMS, Sonoda E, et al. Homologous recombination and non-homologous

end-joining pathways of DNA double-strand break repair have overlapping roles in the

maintenance of chromosomal integrity in vertebrate cells. EMBO J 1998;17:5497–5508.

74. Johnson RD, Jasin M. Sister chromatid gene conversion is a prominent double-strand

break repair pathway in mammalian cells. EMBO J 2000;19:3398–3407.

75. Thompson LH, Schild D. Homologous recombinational repair of DNA ensures mam-

malian chromosome stability. Mutat Res 2001;477:131–153.

76. Rothkamm K, Kruger I, Thompson LH, L€obrich M. Pathways of DNA double-strand

break repair during the mammalian cell cycle. Mol Cell Biol 2003;23:5706–5715.

77. Hinz JM, Yamada NA, Salazar EP, et al. Influence of double-strand-break repair

pathways on radiosensitivity throughout the cell cycle in CHO cells.DNA Repair (Amst)

2005;4:782–792.

78. Cann KL, Hicks GG. Regulation of the cellular DNA double-strand break response.

Biochem Cell Biol 2007;85:663–674.

79. ShrivastavM, De Haro LP, Nickoloff JA. Regulation of DNA double-strand break repair

pathway choice. Cell Res 2008;18:134–147.

80. Jeggo PA. Identification of genes involved in repair of DNA double-strand breaks in

mammalian cells. Radiat Res 1998;150(Suppl 5):S80–S91.

81. Haber JE. Partners and pathways repairing a double-strand break. Trends Genet

2000;16:259–264.

462 RADIATION BIOLOGY OF TARGETED RADIOTHERAPY



82. Cromie GA, Connelly JC, Leach DR. Recombination at double-strand breaks and DNA

ends: conserved mechanisms from phage to humans. Mol Cell 2001;8:1163–1174.

83. Liang F, Han M, Romanienko PJ, Jasin M. Homology-directed repair is a major double-

strand break repair pathway in mammalian cells. Proc Natl Acad Sci USA 1998;

95:5172–5177.

84. Lieber MR. The mechanism of human nonhomologous DNA end joining. J Biol Chem

2008;283:1–5.

85. Weterings E, Chen DJ. The endless tale of non-homologous end-joining. Cell Res

2008;18:114–124.

86. Chan DW, Lees-Miller SP. The DNA-dependent protein kinase is inactivated by

autophosphorylation of the catalytic subunit. J Biol Chem 1996;271:8936–8941.

87. Koch CA, Agyei R, Galicia S, et al. Xrcc4 physically links DNA end processing by

polynucleotide kinase to DNA ligation by DNA ligase IV. EMBO J 2004;23:3874–3885.

88. Jeggo PA, Lobrich M. Artemis links ATM to double strand break rejoining. Cell Cycle

2005;4:359–362.

89. Ruscetti T, Lehnert BE, Halbrook J, et al. Stimulation of the DNA-dependent protein

kinase by poly(ADP-ribose) polymerase. J Biol Chem 1998;273:14461–14467.

90. GoedeckeW,EijpeM,OffenbergHH, et al. Mre11 andKu70 interact in somatic cells, but

are differentially expressed in early meiosis. Nature Genet 1999;23:194–198.

91. Hsu HL, Yannone SM, Chen DJ. Defining interactions between DNA-PK and ligase IV/

XRCC4. DNA Repair (Amst) 2002;1:225–235.

92. Calsou P, Delteil C, Frit P, et al. Coordinated assembly of Ku and p460 subunits of the

DNA-dependent protein kinase on DNA ends is necessary for XRCC4-ligase IV

recruitment. J Mol Biol 2003;326:93–103.

93. Critchlow SE, Bowater RP, Jackson SP. Mammalian DNA double-strand break repair

protein XRCC4 interacts with DNA ligase IV. Curr Biol 1997;7:588–598.

94. LeeKJ, JovanovicM,UdayakumarD, et al. Identification ofDNA-PKcs phosphorylation

sites in XRCC4 and effects of mutations at these sites on DNA end joining in a cell-free

system. DNA Repair (Amst) 2004;3:267–276.

95. LiX,HeyerWD. Homologous recombination inDNArepair andDNAdamage tolerance.

Cell Res 2008;18:99–113.

96. Chen G, Yuan SS, Liu W, et al. Radiation-induced assembly of Rad51 and

Rad52 recombination complex requires ATM and c-Abl. J Biol Chem 1999;

274:12748–12752.

97. Zhang J, Powell SN. The role of the BRCA1 tumor suppressor in DNA double-strand

break repair. Mol Cancer Res 2005;3:531–539.

98. Zhuang J, Zhang J, Willers H, et al. Checkpoint kinase 2-mediated phosphorylation of

BRCA1 regulates the fidelity of nonhomologous end-joining. Cancer Res 2006;

66:1401–1408.

99. Abend M. Reasons to reconsider the significance of apoptosis for cancer therapy. Int J

Radiat Biol 2003;79:927–941.

100. Okada H, Mak TW. Pathways of apoptotic and non-apoptotic death in tumour cells. Nat

Rev Cancer 2004;4:592–603.

101. Brown JM, Attardi LD. The role of apoptosis in cancer development and treatment

response. Nat Rev Cancer 2005;5:231–237.

REFERENCES 463



102. McBride WH, Chiang CS, Olson JL, et al. A sense of danger from radiation. Radiat Res

2004;162:1–19.

103. Kolesnick R, Fuks Z. Radiation and ceramide-induced apoptosis. Oncogene 2003;

22:5897–5906.

104. Lawen A. Apoptosis-an introduction. Bioessays 2003;25:888–896.

105. Shankar S, Singh TR, Srivastava RK. Ionizing radiation enhances the therapeutic

potential of TRAIL in prostate cancer in vitro and in vivo: intracellular mechanisms.

Prostate 2004;61:35–49.

106. McGill G, Fisher DE. Apoptosis in tumorigenesis and cancer therapy. Front Biosci

1997;2:d353–d379.

107. Sionov RV, Haupt Y. The cellular response to p53: the decision between life and death.

Oncogene 1999;18:6145–6157.

108. Hatfield P, Merrick A, Harrington K, et al. Radiation-induced cell death and dendritic

cells: potential for cancer immunotherapy?. Clin Oncol (R Coll Radiol) 2005;17:1–11.

109. Waldman T, Zhang Y, Dillehay L, et al. Cell-cycle arrest versus cell death in cancer

therapy. Nat Med 1997;3:1034–1036.

110. MirzayansR,MurrayD.Cellular Senescence: implications for cancer therapy. In:Garvey

RB, editor.NewResearch onCell Aging. Nova Science Publishers, Hauppauge,NY, 2007,

pp. 1–64.

111. Roninson IB. Tumor cell senescence in cancer treatment. Cancer Res 2003;

63:2705–2715.

112. Shay JW, Roninson IB. Hallmarks of senescence in carcinogenesis and cancer therapy.

Oncogene 2004;23:2919–2933.

113. Di Leonardo A, Linke SP, Clarkin K,Wahl GM. DNA damage triggers a prolonged p53-

dependent G1 arrest and long-term induction of Cip1 in normal human fibroblasts.Genes

Dev. 1994;8:2540–2551.

114. Linke SP, ClarkinKC,WahlGM. p53mediates permanent arrest overmultiple cell cycles

in response to gamma-irradiation. Cancer Res 1996;57:1171–1179.

115. ChangBD, Broude EV,DokmanovicM, et al. A senescence-like phenotype distinguishes

tumor cells that undergo terminal proliferation arrest after exposure to anticancer agents.

Cancer Res 1999;59:3761–3767.

116. Mirzayans R, Scott A, Cameron M, Murray D. Induction of accelerated senescence by

gamma radiation in human solid tumor-derived cell lines expressing wild-type TP53.

Radiat Res 2005;163:53–62.

117. HaitWN, Jin S, Yang JM. Amatter of life or death (or both): understanding autophagy in

cancer. Clin Cancer Res 2006;12:1961–1965.

118. Ito H, Daido S, Kanzawa T, et al. Radiation-induced autophagy is associated with LC3

and its inhibition sensitizes malignant glioma cells. Int J Oncol 2005;26:1401–1410.

119. Daido S, YamamotoA, FujiwaraK, et al. Inhibition of theDNA-dependent protein kinase

catalytic subunit radiosensitizes malignant glioma cells by inducing autophagy. Cancer

Res. 2005;65:4368–4375.

120. Paglin S, Yahalom J. Pathways that regulate autophagy and their role in mediating tumor

response to treatment. Autophagy 2006;2:291–293.

121. Chu K, Teele N, Dewey MW, et al. Computerized video time lapse study of cell

cycle delay and arrest, mitotic catastrophe, apoptosis and clonogenic survival in

464 RADIATION BIOLOGY OF TARGETED RADIOTHERAPY



irradiated 14-3-3sigma and CDKN1A (p21) knockout cell lines. Radiat Res

2004;162:270–286.

122. Jonathan EC, Bernhard EJ, McKenna WG. How does radiation kill cells? Curr Opin

Chem Biol 1999;3:77–83.

123. Brown JM, Wouters BG. Apoptosis: mediator or mode of cell killing by anticancer

agents? Drug Resist Updat 2001;4:135–135.

124. Ianzini F, Bertoldo A, Kosmacek EA, et al. Lack of p53 function promotes radiation-

induced mitotic catastrophe in mouse embryonic fibroblast cells. Cancer Cell Int 2006;

6:11.

125. Erenpreisa J, Cragg MS. Mitotic death: a mechanism of survival? A review. Cancer Cell

Int 2001;1:1.

126. Sundaram M, Guernsey DL, Rajaraman MM, Rajaraman R. Neosis: a novel type of cell

division in cancer. Cancer Biol Ther 2004;3:207–218.

127. Alper T, Cellular Radiobiology. Cambridge University Press, Cambridge, UK, 1979.

128. Steel GG. The dose rate effect: brachytherapy and targeted radiotherapy. In: Steel GG,

editor. Basic Clinical Radiobiology, 3rd edition. Hodder Arnold, London, UK, 2002, pp.

192–204.

129. Steel GG, Deacon JM, Duchesne GM, et al. The dose-rate effect in human tumour cells.

Radiother Oncol 1987;9:299–310.

130. Nagasawa H, Chen DJ, Strniste GF. Response of X-ray-sensitive CHO mutant cells to

gamma radiation. I. Effects of low dose rates and the process of repair of potentially lethal

damage in G1 phase. Radiat Res 1989;118:559–567.

131. Stackhouse MA, Bedford JS. An ionizing radiation-sensitive mutant of CHO cells: irs-

20. II. Dose-rate effects and cellular recovery processes. Radiat Res 1993;

136:250–254.

132. Nagasawa H, Little JB, Tsang NM, et al. Effect of dose rate on the survival of irradiated

human skin fibroblasts. Radiat Res 1992;132:375–379.

133. Marples B, Lambin P, Skov KA, Joiner MC. Low dose hyper-radiosensitivity and

increased radioresistance in mammalian cells. Int J Radiat Biol 1997;71:

721–735.

134. Joiner MC, Marples B, Lambin P, et al. Low-dose hypersensitivity: current status and

possible mechanisms. Int J Radiat Oncol Biol Phys 2001;49:379–389.

135. Marples B, JoinerMC. The response of Chinese hamsterV79 cells to low radiation doses:

evidence of enhanced sensitivity of the whole cell population. Radiat Res 1993;

133:41–51.

136. Marples B,Wouters BG, Collis SJ, et al. Low-dose hyper-radiosensitivity: a consequence

of ineffective cell cycle arrest of radiation-damaged G2-phase cells. Radiat Res

2004;161:247–255.

137. Marples B. Is low-dose hyper-radiosensitivity a measure of G2-phase cell radiosensit-

ivity? Cancer Met Rev 2004;23:197–207.

138. Krueger SA, Collis SJ, Joiner MC, et al. Transition in survival from low-dose hyper-

radiosensitivity to increased radioresistance is independent of activation ofATMSer1981

activity. Int J Radiat Oncol Biol Phys 2007;69:1262–1271.

139. BuscemiG, PeregoP,Carenini N, et al. Activation ofATMandChk2 kinases in relation to

the amount of DNA strand breaks. Oncogene. 2004;23:7691–7700.

REFERENCES 465



140. Rothkamm K, L€obrich M. Evidence for a lack of DNA double-strand break repair in

human cells exposed to very low x-ray doses. Proc Natl Acad Sci USA 2003;

100:5057–5062.

141. Stiff T, O’Driscoll M, Rief N, et al. ATM and DNA-PK function redundantly to

phosphorylate H2AX after exposure to ionizing radiation. Cancer Res 2004;

64:2390–2396.

142. Wang H, Wang M, Bocker W, Iliakis G. Complex H2AX phosphorylation patterns

by multiple kinases including ATM and DNA-PK in human cells exposed to

ionizing radiation and treated with kinase inhibitors. J Cell Physiol 2005;

202:492–502.

143. Ward IM, Chen J. Histone H2AX is phosphorylated in an ATR-dependent manner in

response to replicational stress. J Biol Chem 2001;276:47759–47762.

144. Short SC, Bourne S, Martindale C, et al. DNA damage responses at low radiation doses.

Radiat Res 2005;164:292–302.

145. Schwarz JK, Lovly CM, Piwnica-Worms H. Regulation of the Chk2 protein kinase by

oligomerization-mediated cis- and trans-phosphorylation. Mol Cancer Res 2003;

1:598–609.

146. AsaithambyA, Chen DJ. Cellular responses to DNA double-strand breaks after low-dose

g-irradiation. Nucleic Acids Res 2009;37: 3912–3923.

147. LeeH,KwakHJ, Cho IT, et al. S1219 residue of 53BP1 is phosphorylated byATMkinase

uponDNAdamage and required for proper execution of DNAdamage response.Biochem

Biophys Res Commun 2009;378:32–36.

148. Offer H, Erez N, Zurer I, et al. The onset of p53-dependent DNA repair or apoptosis is

determined by the level of accumulated damaged DNA. Carcinogenesis 2002;

23:1025–1032.

149. Giaccia AJ, Kastan MB. The complexity of p53 modulation: emerging patterns from

divergent signals. Genes Dev 1998;12:2973–2983.

150. Oren M. Decision making by p53: life, death and cancer. Cell Death Differ 2003;

10:431–442.

151. Pond CD, Leachman SA, Warters RL. Accumulation, activation and interindividual

variation of the epidermal TP53 protein in response to ionizing radiation in organ cultured

human skin. Radiat Res 2004;161:739–745.

152. Amundson SA, Do KT, Fornace AJ, Jr. Induction of stress genes by low doses of gamma

rays. Radiat Res 1999;152:225–231.

153. Skov K, Marples B, Matthews JB, et al. A preliminary investigation into the extent of

increased radioresistance or hyper-radiosensitivity in cells of hamster cell lines known to

be deficient in DNA repair. Radiat Res 1994;138:S126–S129.

154. Marples B, Cann NE, Mitchell CR, et al. Evidence for the involvement of DNA-

dependent protein kinase in the phenomena of low dose hyper-radiosensitivity and

increased radioresistance. Int J Radiat Biol 2002;78:1139–1147.

155. Marples B, Joiner MC. Modification of survival by DNA repair modifiers: a probable

explanation for the phenomenon of increased radioresistance. Int J Radiat Biol

2000;76:305–312.

156. Chalmers A, Johnston P,WoodcockM, et al. PARP-1, PARP-2, and the cellular response

to low doses of ionizing radiation. Int J Radiat Oncol Biol Phys 2004;58:410–419.

466 RADIATION BIOLOGY OF TARGETED RADIOTHERAPY



157. Vaganay-Juery S, Muller C, Marangoni E, et al. Decreased DNA-PK activity in human

cancer cells exhibiting hypersensitivity to low-dose irradiation. Br J Cancer 2000;

83:514–518.

158. Mirzayans R, Severin D, Murray D. Relationship between DNA double strand break

rejoining and cell survival following exposure to ionizing radiation in human fibroblast

strains with differing ATM/p53 status: implications for the evaluation of clinical

radiosensitivity. Int J Radiat Oncol Biol Phys 2006;66:1498–1505.

159. Kato TA, Nagasawa H, Weil MM, et al. Gamma-H2AX foci after low-dose-rate

irradiation reveal ATM haploinsufficiency in mice. Radiat Res 2006; 166:47–54.

160. Kurose A, Tanaka T, Huang X, et al. Assessment of ATM phosphorylation on Ser-1981

induced by DNA topoisomerase I and II inhibitors in relation to Ser-139-histone H2AX

phosphorylation, cell cycle phase, and apoptosis. Cytometry A 2005;68:1–9.

161. Wykes SM, Piasentin E, Joiner MC, et al. Low-dose hyper-radiosensitivity is not

caused by a failure to recognize DNA double-strand breaks. Radiat Res 2006;165:

516–524.

162. Enns L, Bogen KT, Wizniak J, et al. Low-dose radiation hypersensitivity is associated

with p53-dependent apoptosis. Mol Cancer Res 2004;2:557–566.

163. Krueger SA, Joiner MC, Weinfeld M, et al. Role of apoptosis in low-dose hyper-

radiosensitivity. Radiat Res 2007;167:260–267.

164. Marples B, Collis SJ. Low-dose hyper-radiosensitivity: past, present, and future. Int J

Radiat Oncol Biol Phys 2008;70:1310–1318.

165. Sinclair WK. Cyclic X-ray responses in mammalian cells in vitro. Radiat Res 1968;

33:620–643.

166. Short SC, Woodcock M, Marples B, Joiner MC. Effects of cell cycle phase on low-dose

hyper-radiosensitivity. Int J Radiat Biol 2003;79:99–105.

167. Lennon SV, Martin SJ, Cotter TG. Dose-dependent induction of apoptosis in human

tumour cell lines by widely diverging stimuli. Cell Prolif 1991;24:203–214.

168. Meyn RE. Apoptosis and response to radiation: implications for radiation therapy.

Oncology (Williston Park) 1997;11:349–356.

169. Chandna S, Dwarakanath BS, Khaitan D, et al. Low-dose radiation hypersensitivity in

human tumor cell lines: effects of cell–cell contact and nutritional deprivation.Radiat Res

2002;157:516–525.

170. Short SC,Kelly J,MayesCR, et al. Low-dose hypersensitivity after fractionated low-dose

irradiation in vitro. Int J Radiat Biol 2001;77:655–664.

171. Dey S, Spring PM,Arnold S, et al. Low-dose fractionated radiation potentiates the effects

of Paclitaxel inwild-type andmutant p53 head and neck tumor cell lines.Clin Cancer Res

2003;9:1557–1565.

172. Spring PM,Arnold SM, Shajahan S, et al. Low dose fractionated radiation potentiates the

effects of taxotere in nude mice xenografts of squamous cell carcinoma of head and neck.

Cell Cycle 2004;3:479–485.

173. Smith LG, Miller RC, Richards M, et al. Investigation of hypersensitivity to fractionated

low-dose radiation exposure. Int J Radiat Oncol Biol Phys 1999;45:187–191.

174. Pulkkanen K, Lahtinen T, Lehtim€aki A, et al. Effective palliation without normal tissue

toxicity using low-dose ultrafractionated re-irradiation for tumor recurrence after radical

or adjuvant radiotherapy. Acta Oncol 2007;46:1037–1041.

REFERENCES 467



175. Arnold SM, Regine WF, Ahmed MM, et al. Low-dose fractionated radiation as a

chemopotentiator of neoadjuvant paclitaxel and carboplatin for locally advanced squa-

mous cell carcinoma of the head and neck: results of a new treatment paradigm. Int J

Radiat Oncol Biol Phys 2004;58:1411–1417.

176. Turesson I, JoinerMC. Clinical evidence of hypersensitivity to low doses in radiotherapy.

Radiother Oncol 1996;40:1–3.

177. Hamilton CS, Denham JW, O’Brien M, et al. Underprediction of human skin erythema

at low doses per fraction by the linear quadratic model. Radiother Oncol 1996;

40:23–30.

178. Harney J, Shah N, Short S, et al. The evaluation of low dose hyper-radiosensitivity in

normal human skin. Radiother Oncol 2004;70:319–329.

179. Simonsson M, Qvarnstr€om F, Nyman J, et al. Low-dose hypersensitive gammaH2AX

response and infrequent apoptosis in epidermis from radiotherapy patients. Radiother

Oncol 2008;88:388–397.

180. Harney J, Short SC, Shah N, et al. Low dose hyper-radiosensitivity in metastatic tumors.

Int J Radiat Oncol Biol Phys 2004;59:1190–1195.

181. Krause M, Prager J, Wohlfarth J, et al. Low-dose hyperradiosensitivity of human

glioblastoma cell lines in vitro does not translate into improved outcome of ultrafractio-

nated radiotherapy in vivo. Int J Radiat Biol 2005;81:751–758.

182. Honor�e HB, Bentzen SM. A modelling study of the potential influence of low dose

hypersensitivity on radiation treatment planning. Radiother Oncol 2006;79:115–121.

183. Welsh JS, Limmer JP, Howard SP, et al. Precautions in the use of intensity-modulated

radiation therapy. Technol Cancer Res Treat 2005;4:203–210.

184. BadgerCC,Rasey J,NourigatC, et al. WR2721protection of bonemarrow in 131I-labeled

antibody therapy. Radiat Res 1991;128:320–324.

185. Kal HB, Barendsen GW, Hauwe RB, Roelse H. Increased radiosensitivity of rat

rhabdomyosarcoma cells induced by protracted irradiation. Radiat Res 1975;63:

521–530.

186. Mitchell JB, Bedford JS, Bailey SM. Dose-rate effects on the cell cycle and survival of S3

HeLa and V79 cells. Radiat Res 1979;79:520–536.

187. Mitchell JB, Bedford JS, Bailey SM. Dose-rate effects in mammalian cells in culture. III.

Comparison of cell killing and cell proliferation during continuous irradiation for six

different cell lines. Radiat Res 1979;79:537–551.

188. Furre T, Koritzinsky M, Olsen DR, Pettersen EO. Inverse dose-rate effect due to pre-

mitotic accumulation during continuous low dose-rate irradiation of cervix carcinoma

cells. Int J Radiat Biol 1999;75:699–707.

189. Marin LA, Smith CE, LangstonMY, et al. Response of glioblastoma cell lines to low dose

rate irradiation. Int J Radiat Oncol Biol Phys 1991;21:397–402.

190. Schultz CJ, Geard CR. Radioresponse of human astrocytic tumors across grade as a

function of acute and chronic irradiation. Int J Radiat Oncol Biol Phys 1990;

19:1397–1403.

191. Murtha AD. Review of low-dose-rate radiobiology for clinicians. Semin Radiat Oncol

2000;10:133–138.

192. Ning S, Knox SJ. G2/M-phase arrest and death by apoptosis of HL60 cells irradiated with

exponentially decreasing low-dose-rate gamma radiation.Radiat Res 1999;151:659–669.

468 RADIATION BIOLOGY OF TARGETED RADIOTHERAPY



193. van Oostrum IE, Erkens-Schulze S, Petterson M, et al. The relationship between

radiosensitivity and cell kinetic effects after low- and high-dose-rate irradiation in five

human tumors in nude mice. Radiat Res 1990;122:252–261.

194. Knox SJ, Sutherland W, Goris ML. Correlation of tumor sensitivity to low-dose-rate

irradiation with G2/M-phase block and other radiobiological parameters. Radiat Res

1993;135:24–31.

195. Cao S, Skog S, Tribukait B. Comparison between protracted and conventional dose rates

of irradiation on the growth of the Bp8 mouse ascites sarcoma. Acta Radiol Oncol

1983;22:35–47.

196. DeWeese TL, Shipman JM, Dillehay LE, Nelson WG. Sensitivity of human prostatic

carcinoma cell lines to low dose rate radiation exposure. J Urol 1998;159:591–598.

197. Mitchell CR, Joiner MC. Effect of subsequent acute-dose irradiation on cell survival in

vitro following low dose-rate exposures. Int J Radiat Biol. 2002;78:981–990.

198. Mitchell CR, Folkard M, Joiner MC. Effects of exposure to low-dose-rate 60Co gamma

rays on human tumor cells in vitro. Radiat Res 2002;158:311–318.

199. Collis SJ, Schwaninger JM, Ntambi AJ, et al. Evasion of early cellular response

mechanisms following low level radiation-induced DNA damage. J Biol Chem 2004;

279:49624–49632.

200. Ishizaki K, Hayashi Y, Nakamura H, et al. No induction of p53 phosphorylation and few

focus formation of phosphorylated H2AX suggest efficient repair of DNA damage during

chronic low-dose-rate irradiation in human cells. J Radiat Res (Tokyo) 2004;45:521–525.

201. Sugihara T, Magae J, Wadhwa R, et al. Dose and dose-rate effects of low-dose ionizing

radiation on activation of Trp53 in immortalized murine cells. Radiat Res 2004;

162:296–307.

202. Sugihara T, Murano H, Tanaka K, Oghiso Y. Inverse dose-rate-effects on the expressions

of extra-cellular matrix-related genes in low-dose-rate gamma-ray irradiated murine

cells. J Radiat Res (Tokyo) 2008;49:231–240.

203. Amundson SA,LeeRA,Koch-PaizCA, et al. Differential responses of stress genes to low

dose-rate gamma irradiation. Mol Cancer Res 2003;1:445–452.

204. BoydM, Cunningham SH, BrownMM, et al. Noradrenaline transporter gene transfer for

radiation cell kill by 131I meta-iodobenzylguanidine. Gene Ther 1999;6:1147–1152.

205. BoydM,Mairs RJ, Cunningham SH, et al. A gene therapy/targeted radiotherapy strategy

for radiation cell kill by [131I]meta-iodobenzylguanidine. J Gene Med 2001;3:

165–172.

206. Mothersill C, Seymour CB, Joiner MC. Relationship between radiation-induced low-

dose hypersensitivity and the bystander effect. Radiat Res 2002;157:526–532.

207. Burdak-Rothkamm S, Short SC, Folkard M, et al. ATR-dependent radiation-induced

gamma H2AX foci in bystander primary human astrocytes and glioma cells. Oncogene

2007;26:993–1002.

208. Olivieri G, Bodycote J, Wolff S. Adaptive response of human lymphocytes to low

concentrations of radioactive thymidine. Science 1984;223:594–597.

209. Ikushima T. Chromosomal responses to ionizing radiation reminiscent of an adaptive

response in cultured Chinese hamster cells. Mutat Res 1987;180:215–221.

210. Wolff S. The adaptive response in radiobiology: evolving insights and implications.

Environ Health Perspect 1998;106(Suppl 1):277–283.

REFERENCES 469



211. Upton AC. Radiation hormesis: data and interpretations. Crit Rev Toxicol 2001;

31:681–695.

212. Preston RJ. Radiation biology: concepts for radiation protection. Health Phys 2004;

87:3–14.

213. Le XC, Xing JZ, Lee J, et al. Inducible repair of thymine glycol detected by an

ultrasensitive assay for DNA damage. Science 1998;280:1066–1069.

214. Inoue M, Shen GP, Chaudhry MA, et al. Expression of the oxidative base excision repair

enzymes is not induced in TK6 human lymphoblastoid cells after low doses of ionizing

radiation. Radiat Res 2004;161:409–417.

215. Ikushima T, Aritomi H, Morisita J. Radioadaptive response: efficient repair of radiation-

induced DNA damage in adapted cells. Mutat Res 1996;358:193–198.

216. Tachibana A. Genetic and physiological regulation of non-homologous end-joining in

mammalian cells. Adv Biophys 2004;38:21–44.

217. SasakiMS, EjimaY, TachibanaA, et al. DNAdamage response pathway in radioadaptive

response. Mutat Res 2002;504:101–118.

218. Sawant SG, Randers-Pehrson G, Metting NF, Hall EJ. Adaptive response and the

bystander effect induced by radiation in C3H 10T(1/2) cells in culture. Radiat Res

2001;156:177–180.

219. Klokov D, Criswell T, Leskov KS, et al. IR-inducible clusterin gene expression: a protein

with potential roles in ionizing radiation-induced adaptive responses, genomic instability,

and bystander effects. Mutat Res 2004;568:97–110.

220. Criswell T,KlokovD,BemanM, et al. Repression of IR-inducible clusterin expression by

the p53 tumor suppressor protein. Cancer Biol Ther 2003;2:372–380.

221. Friesen C, Lubatschofski A, Kotzerke J, et al. Beta-irradiation used for systemic

radioimmunotherapy induces apoptosis and activates apoptosis pathways in leukaemia

cells. Eur J Nucl Med Mol Imaging 2003;30:1251–1261.

222. Buscombe JR, Cwikla JB, Caplin ME, Hilson AJ. Long-term efficacy of low activity

meta-[131I]iodobenzylguanidine therapy in patients with disseminated neuroendocrine

tumours depends on initial response. Nucl Med Commun 2005;26:969–976.

223. Otte A. Diagnostic imaging prior to 90Y-ibritumomab tiuxetan (Zevalin) treatment in

follicular non-Hodgkin’s lymphoma. Hell J Nucl Med 2008;11:12–15.

224. Xue LY, Butler NJ, Makrigiorgos GM, et al. Bystander effect produced by radiolabeled

tumor cells in vivo. Proc Natl Acad Sci USA 2002;99:13765–13770.

225. BoydM,Ross SC,Dorrens J, et al. Radiation-induced biologic bystander effect elicited in

vitro by targeted radiopharmaceuticals labeled with alpha-, beta-, and auger electron-

emitting radionuclides. J Nucl Med 2006;47:1007–1015.

226. Kwekkeboom DJ, Bakker WH, Kooij PP, et al. [177Lu-DOTAOTyr3]octreotate:

comparison with [111In-DTPA0]octreotide in patients. Eur J Nucl Med 2001;

28:1319–1325.

227. Vaidyanathan G, Zalutsky MR. Targeted therapy using alpha emitters. Phys Med Biol

1996;41:1915–1931.

228. Zalutsky MR, Bigner DD. Radioimmunotherapy with alpha-particle emitting radio-

immunoconjugates. Acta Oncol 1996;35:373–379.

229. ZalutskyMR. Targeted alpha-particle therapy ofmicroscopic disease: providing a further

rationale for clinical investigation. J Nucl Med 2006;47:1238–1240.

470 RADIATION BIOLOGY OF TARGETED RADIOTHERAPY



230. Behr TM, Behe M, Lohr M, et al. Therapeutic advantages of Auger electron- over beta-

emitting radiometals or radioiodine when conjugated to internalizing antibodies. Eur J

Nucl Med 2000;27:753–765.

231. Capello A, Krenning EP, Breeman WA, et al. Peptide receptor radionuclide therapy in

vitro using [111In-DTPA0]octreotide. J Nucl Med 2003;44:98–104.

232. Hall EJ, Radiobiology for the Radiologist, 5th edition. Lippincott, Williams & Wilkins,

Philadelphia, PA, 2000.

233. Chan DA, Giaccia AJ. Hypoxia, gene expression, andmetastasis.Cancer Metastasis Rev

2007;26:333–339.

234. Cooper RA, Carrington BM, Loncaster JA, et al. Tumour oxygenation levels correlate

with dynamic contrast-enhancedmagnetic resonance imaging parameters in carcinomaof

the cervix. Radiother Oncol 2000;57:53–59.

235. LingCC, Spiro IJ,Mitchell J, Stickler R. Thevariation ofOERwith dose rate. Int J Radiat

Oncol Biol Phys 1985;11:1367–1373.

236. Hofer KG. Biophysical aspects of Auger processes. Acta Oncol 2000;39:651–657.

237. KochCJ, Burki HJ. The oxygen-enhancement ratio for reproductive death induced by 3H

or 125I damage in mammalian cells. Int J Radiat Biol Relat Stud Phys Chem Med

1975;28:417–425.

238. Teunissen JJ, Kwekkeboom DJ, de Jong M, et al. Endocrine tumours of the gastrointes-

tinal tract. Peptide receptor radionuclide therapy. Best Pract Res Clin Gastroenterol

2005;19:595–616.

REFERENCES 471





CHAPTER 13

Dosimetry for Targeted Radiotherapy

SUI SHEN AND JOHN B. FIVEASH

13.1 INTRODUCTION

Information on radiation doses from radiolabeled antibodies or peptides distributed

in the patient body are important to clinical studies for radionuclide therapy. For

example, radiation dose estimates (cGyor rads) obtained froman imaging study can in

theory be used to determine the therapeutic injection dose (mCi or GBq) (Fig. 13.1)

based on critical organ dose and target tumor dose estimates. This chapter provides

an introductory description of the recent developments in radiation dosimetry for

radionuclide cancer therapy with antibodies and peptides. In the brief descriptions of

the recent developments, it is not possible to cover all literature on radiation dosimetry

of radiolabeled antibodies or peptides. Nonetheless, a preparatory description on

practical aspects of the methodologies and clarification on specific roles of radiation

dosimetry in some preclinical or clinical applications are provided. Depending on the

context, radiation dosimetry can have different levels of desirable “accuracy.”

There are two different roles for internal radiation dosimetry: (1) its role in

radiation safety protection for patients receiving radiolabeled-antibodies/peptides

for diagnostic procedures; (2) its role in treatment planning for patients receiving

these radiolabeled molecules for therapy, especially for the treatment of cancer.

For diagnostic procedures, radiation dose estimates are used to assess the risk of

radiation-induced genetic effects or cancer development versus the benefit of diag-

nostic information. Because the benefit of diagnostic information may not be directly

related to life-threatening disease at the time of the diagnostic procedure, the amount

of radiation dose from these diagnostic procedures is typically limited to a level not

significantly greater than natural background radiation, or a minimal radiation

absorbed dose acceptable for the procedure. At these low radiation dose levels, the

responses (possible hazards) are usually extrapolated, and the required accuracy in

dose estimation is not high. Therefore, a population-averaged dose estimation is

usually adequate for the purpose of radiation safety protection.
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For therapeutic procedures, especially for the treatment of terminal cancers, the

radiation dose estimates are often used to assess the risk of radiation-induced normal

tissue toxicity and predict the benefit of tumor control and increased time of survival.

In these potentially life-saving therapeutic procedures, the primary concern is the risk

of radiation-induced normal tissue toxicity. The risk of radiation-induced genetic

effects or secondary cancer development should also be considered, especially if

the cancer is likely to be controlled and patient survival time is expected to be long.

Although, there is a known uncertainty in tissue dose–response relationship among

patients, the magnitude of uncertainty in tissue dose–response is much smaller

compared to those uncertainties in dose–response in radiation-induced genetic

effects. Therefore, population-averaged dose estimates are usually not adequate for

the purpose of assessing the risk of radiation-induced normal tissue toxicity or for the

prediction of a benefit of tumor control. Both patient-specific information on the

kinetics of biodistribution of the administered radiolabeled antibody/peptide and

reliable anatomic data are needed to generate patient-specific dosimetry.

Radiation dosimetry generally has three roles in radionuclide therapy using

peptides or monoclonal antibodies. Radiation dosimetry data are used (1) to provide

feedback information for developing improved radiolabeled antibody/peptide-based

agents for preclinical and clinical trials; (2) to design a dosing scheme for clinical

trials; and (3) to maximize the injected dose of radioactivity for individual patients

without causing significant normal tissue toxicity.

In preclinical studies, radiation dosimetry for small animals provides critical

information on the newly developed radiolabeled antibody/peptide, and this

Data collection

(sequential planar, 

SPECT/PET imaging, 

blood sample 

counting)

Determine tissue & blood time–

activity curve (correction 

for attenuation, background, 

scatter; image restoration, etc., 
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FIGURE 13.1 Imaging and dosimetry in clinical trials of targeted radionuclide therapy.

Radiation dosimetry from a tracer dose study can be used to assess the dose to the critical organs

(such as redmarrow) and determine the therapy radioactivity dose for individual patients. Doses

can be escalated in cGy for critical organs, instead of mCi/m2 for body surface or mCi/kg for

body weight.
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information is used to evaluate the therapeutic advantages or disadvantages of

radiopharmaceuticals. Although, these dosimetric advantages or disadvantages of

a radiolabeled antibody/peptide should be eventually confirmed by an efficacy/toxicity

study, radiation doses to tumors and normal tissues from a biodistribution/dosimetry

study are often used as surrogates to predict potential efficacy and toxicity. In clinical

trials, dosimetry data are required for all phases of studies. Preclinical dosimetry data

are often requiredby regulatory agencies (seeChapter 18) todesignphase I therapeutic

or imaging/dosimetry studies. Clinical dosimetry data are required for designing a

dosing scheme (including radioactivity dose escalation) and to anticipate anyexpected

normal tissue toxicity. For each patient treatment, radiation dosimetry can be helpful

to maximize tumor dose by prescribing the injected radioactivity dose at maximum

tolerable level for the dose-limiting organ.

13.2 BASIC CONCEPTS OF MIRD DOSIMETRY

13.2.1 MIRD Equations

Living tissues can be damaged by ionization radiation emitted from radionuclides in

the body. When living tissues are exposed to ionizing radiation, the effects of

biological damage are often related to the amount of energy absorbed in the tissue.

Themean absorbed dose, or simply dose, is defined as the mean energy, dE, imparted

by ionizing radiation to material of mass dm,

Dose ¼ dE

dm
ð13:1Þ

The standard international (SI) unit of radiation dose is gray (Gy), defined as 1 J of

energy absorbed per kg mass. The traditional unit for radiation dose is rad, defined as

100 ergs energy absorbed per g mass. 1 rad¼ 1 cGy.

At present, themost commonmethod for absorbed dose calculationwas developed

from a formalism, MIRD (medical internal radiation dose) schema, proposed by

Loevinger andBerman (1, 2). TheMIRD schema provides a convenient and simplified

method to calculate absorbed radiation dose for radiopharmaceuticals distributed

inside the body. The basic equation for absorbed dose to the target region t for

radioactivity in the source region s is

Dðt sÞ ¼ ~AðsÞ Sðt sÞ ¼ ~AðsÞ
X
i

Difiðt sÞ=m ð13:2Þ

where, Ã(s) is the time integral of radioactivity in the source volume; Di is the

“equilibrium dose constant,” representing mean energy emitted per unit cumulated

activity for i-type radiation; fi(t s) is the absorbed fraction for i-type energy from

radioactivity located in source region s deposited in target region t; andm is the mass

of the target volume. While Ã(s) includes the biological parameters for the dose

BASIC CONCEPTS OF MIRD DOSIMETRY 475



estimation, S(t s) includes radiation energy transport and anatomic parameters for

dose estimation:

Sðt sÞ ¼
X
i

Difiðt sÞ=m ð13:3Þ

Based on Equation (13.2), the MIRD schema for dose calculation is a three-step

process:

(1) Determine the time integral of radioactivity or cumulated radioactivity in the

source volume. This involves a quantitative imaging or biodistribution study

based on tissue counting (the former is more commonly used in patients while

the latter is often used in preclinical studies in animals).

(2) Obtain mean energy emitted per unit cumulated activity for i-type radiation,

Di. This usually involves the use of look-up tables of published data for various

radionuclides or use of specific dosimetry software.

(3) Determine the fraction of energy absorbed within the target region. This

depends on the specific type of radiation (penetrating or nonpenetrating), and

the anatomic/geometric relationship between source and target region. More

detailed discussion on basic concepts and examples of basic dosimetry

calculations can be found in an excellent introductory book entitled “MIRD

Primer for Absorbed Dose Calculation” (3).

13.2.2 Cumulated Radioactivity and Residence Time

The amount of radioactivity and time duration that this remains in the source region

depend on a unique interaction between the tissue of interest and the radiopharma-

ceuticals. The time integral of radioactivity in the source region is often referred to as

the cumulated radioactivity or activity Ã in the MIRD schema. For convenience in

MIRD dose computation, the residence time t is defined as the average time that the

administered radioactivity spends in the source region. By definition, Ã¼A0� t,
where A0 is the administered activity. It is convenient to determine radiation dose per

unit administered radioactivity (rads/mCi or Gy/MBq) using the residence time t.
In practice, the exact analytical form of activity as a function of time is unknown and

can only be estimated. Cumulated activity is thus commonly determined by curve

fitting and extrapolating several activity measurements at certain predefined time

intervals.

13.2.3 Radionuclide Data

The radionuclide properties related to radiation dose estimates are T1/2 (half-life),

radiation type (a,b, g, . . .), ni (particles/transition), Ei (energy/particle), and Di

(energy/transition). This information can be found in decay tables inMIRD Pamphlet

No. 10 (4) and in a recent update of the book entitled “MIRD: Radionuclide Data and
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Decay Schemes” (5, 6). The decay tables can also be found online, such as on the

RADAR (RAdiation Dose Assessment Resource) web site (7). In practice,D (energy/

transition) is directly used in radiation dose calculation (Eq. 13.2).

13.2.4 Penetrating and Nonpenetrating Radiation and the
Absorbed Fraction

Another simplification for dose calculation is to classify radiation into two types:

penetrating and nonpenetrating radiation. When radiation is nearly fully absorbed

within a source volume or energies that escape from the source volume can be

neglected in estimating radiation dose to that source volume, that type of radiation is

considered nonpenetrating. The classification of nonpenetrating radiation depends on

the energy absorption and definition of volume of interest. For nonpenetrating

radiation, dose computation is simplified because, by definition, Fnp¼ 1/m, where

m¼mass, and Dnp can be easily calculated by simple summation. This can be very

helpful if it is desired to have a quick, rough approximation of the radiation dose. The

calculation of nonpenetrating dose can provide a convenient way to estimate the total

radiation dose, as the penetrating radiation for therapeutic radionuclides, such as the

b-emitter, 131I, is typically less than 10% of the total radiation as uptake in normal

organs or tumor is higher than their surrounding tissues. Computation of the exact

absorbed fraction for penetrating radiation can bevery challenging for a user in a small

clinic. Typically, simplification is needed to select a phantom model to represent the

subject: adult, female, 15 years old, and soon (8, 9).Thevalues of absorbed fraction for

penetrating radiation from source organ to target organ invarious body phantoms have

been calculated and stored in dosimetry software programs.Readers are encouraged to

read an excellent chapter by Stabin in a recent book entitled “Radionuclide Peptide

Cancer Therapy” (10). In addition to clear explanations on importantMIRD concepts,

literature and software resources for performing radiation dose calculations have been

described in detail.

13.3 PRECLINICAL DOSIMETRY

In preclinical studies, the three-step process for dose estimation often involves

determination of cumulated activity from biodistribution studies based on tissue

sample counting and determination of the fraction of energy absorbed in the target

organ based on existing data using population-averaged animal anatomic models or

animal-specific computations based on imaging of individual animals.

13.3.1 Data Collection

Tumor xenografts are often implanted subcutaneously or orthotopically inside the

organ in which the human tumor arises (e.g., implantation of breast cancer xenografts

in the mammary fat pad of mice; see Chapter 11). Subcutaneous implantation has the

advantages of easy implantation and measurement of tumor size for monitoring
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therapeutic response. Sometime, subcutaneous implantation may not be adequate,

however, to represent a true tumor environment. For example, to evaluate uptake of a

radiolabeled-antibody/peptide in glioma, tumor xenografts may need to be implanted

in the brain, not subcutaneously, as the extent of blood–brain barrier transport is

important (11). Animals in each study group are sacrificed at several hours and days

postinjection of the radiopharmaceuticals. Selecting the appropriate time points

postinjection at which to sample tissues is important for determining accurate

time–activity curves. This can be difficult for the first-time investigation of a newly

developed radiolabeled-antibody/peptide as the pharmacokinetics are not known.

A first-order estimation of the total body elimination rate could be helpful. Total body

elimination of a radiolabeled-antibody/peptide in a mouse can be determined by

measuring whole-body radioactivity by placing the animal in a radioisotope dose

calibrator or positioning a thyroid uptake probe at a consistent distance from the

animal. Since there is minimal photon attenuation by the mass of a small animal, the

changes in photon attenuation can generally be neglected in estimating the amounts

of radioactivity in the animal body over hours and days.

To obtain a more accurate estimate of the radioactivity distribution in various

tissues over time, immediately after the animal is sacrificed, organs such as the heart,

stomach, small intestine, spleen, kidneys, liver, and thyroid are dissected andweighed.

Blood samples are also collected. The amount of radioactivity in each tissue is

determined by g-counting using a NaI(Tl) well counter. The background-corrected

counts for tissue samples are converted to radioactivity amounts by comparing them

with the counts from a calibrated counting standard of the radionuclide. Concentra-

tions of radiolabeled-antibody/peptide in the tumor and organs at each time point are

expressed as the percentage of injected dose per gram of sample weight (%ID/g). It

should be noted that error bars for %ID/g are often quite large in many studies

published in the literature. These large variations are partly due to large variations in

tissue uptake among different animals from pooled data sets. These large variations

could also be due to uncertainties in sample handling and counting as these experi-

mental results are often error sensitive because of the smallmass of tissue samples. It is

very important that the investigator understands the experimental procedures and is

aware of pitfalls in handling and counting samples. Some of the common pitfalls

include aliquoting of nonhomogeneous sample solutions, evaporation of 131I into the

air column inside a sealed test tube, and tissue contamination. These errors, however,

are generally small compared to interanimal variability in biodistribution of the

radiopharmaceutical, thus emphasizing the importance of sufficient numbers of

animals within each group (at least n¼ 5).

Recently, with the development of dedicated high-resolution and high-sensitivity

small animal imaging (12–15), large academic centers can now determine cumulated

radioactivity in tumors and organs using microSPECTor microPET tomographs. The

counts in volumes of interest can be converted to radioactivity by imaging a calibrated

source phantom with the identical scan and reconstruction parameters. Accuracy of

image quantification can be further improved when microSPECT or microPET are

coregistered with microCT images that aids in the delineation of the volumes of

interest (i.e. organs). A significant advantage in the image-based approach is that the
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time–activity curve can be determined for an individual mouse, in contrast to pooled

data from different mice in traditional biodistribution studies.

13.3.2 Preclinical Macrodosimetry

13.3.2.1 Mouse Dose Computation Using Nonpenetrating Radiation
The purpose of dose estimation for preclinical studies can be generally divided into

two categories: (1) to obtain preliminary information for projecting dosimetry in

human studies; and (2) to explain tumor response and normal tissue toxicities

observed in animals. For the purpose of the second category, radiation dose estimates

for each tissue of the mouse need to be as accurate as reasonably achievable. For most

studies, the purpose falls into the first category and accurate dosimetry considering

cross-radiation from adjacent organs may not be helpful for projecting dosimetry for

human study due to substantial differences in distances between organs inmice versus

humans that affect the absorbed fraction estimates. For example, in a 90Y-antibody/

peptide study, the high-energy beta particles of 90Y (Eb¼ 2.2MeV) that travel for up

to 10mm in tissues should be considered as penetrating radiation for the mouse, but

not in a human. The total radiation dose to the mouse kidneys would be contributed

from 90Y in the kidneys, aswell as in the spleen, stomach, pancreas, and liver (16). It is

therefore important to include cross-organ radiation dose for evaluating kidney

toxicity in the mouse because only 46% of the beta energy from 90Y in the mouse

kidney will be absorbed within the kidney. However, this complete radiation dose

estimate for mouse kidneys is not helpful for projecting the radiation dose to patient

kidneys because cross-organ 90Y radiation from the spleen or stomach is negligible in

the humanmodel because of the much greater distances between these organs and the

kidneys (17). When a novice reader evaluates a dosimetry report from a preclinical

study using a novel radiolabeled antibody/peptide, he or she often quickly divides

the tumor dose by the normal organ dose to obtain a ball park “therapeutic ratio” for

patients. In the previous example of a 90Y-labeled antibody/peptide, it would bemore

appropriate to compare cumulated activity in the mouse tumor and kidneys, instead

of radiation dose to the mouse tumor and kidneys, which avoids the problem of the

different anatomies affecting the absorbed fractions.

For the above reason, radiation dose calculations can be quite simple for some

therapeutic radionuclides. For example, 131I is predominated by nonpenetrating

radiation and the contribution from penetrating radiation is fairly small because of

the high photon energy of 131I and the relative small size of a mouse. Ninety-nine

percent of the photon (or penetrating) radiation will escape from the liver and 97%

of the photon radiation will escape from the mouse body (18). For the purpose of

projecting dosimetry for humans, penetrating radiation from 131I in the target organs

themselves can be ignored and the radiation dose can be calculated by

Dose ¼
X

Dnp
~A=m ð13:4Þ

The 90-percentile distance (x90) for nonpenetrating radiation from
131I is 0.8mm.

Although, nonpenetrating radiation of 131I may not be technically 100% absorbed in
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a mouse organ or tumor, complete absorption can be used in the dose calculation for

nonpenetrating emissions in the mouse if the purpose is simply projecting dosimetry

in patients.

13.3.2.2 3-D Mouse Dose Computations Although tissue responses to

radiation in mice are quite different from those in patients, accurate radiation dose

estimation is required when there is a need to explain tumor response and organ

toxicities observed in mice. In order to calculate the absorbed fraction for a mouse,

mouse geometry needs to be modeled. Geometric models initially used are mathe-

matical equations to describe organs in the form of simple geometries. Based on organ

sizesmeasured from10nude (athymic)miceof approximately25 g,Hui et al.modeled

the organs as ellipsoids, except for bone and marrow (16). To further refine the mouse

bone marrowmodel, Muthuswamy et al. used slab, cylinder, and spheres to represent

marrow at various bone regions (19). To address heterogeneous uptake of radio-

pharmaceuticals in the kidney, Flynn et al. modeled the cortex and medulla region

using ellipsoids and noted differences in radioluminograph measurements (using

phosphorplates) of kidneysections for 131I and 90Y (20).Hindorf et al.modeledorgans

as ellipsoids partly based on images in anatomic atlases of mice (21) to assess the

impact of mass and the shape of organs and their relative locations on mouse

S-values (22).More realistic geometricmodels have been obtained by digital imaging.

While Kolbert et al. delineated left and right kidneys, liver, and spleen usingmagnetic

resonance imaging (23), Stabin et al. delineated skeleton, lungs, heart, liver, kidneys,

stomach small intestine, spleen, and testes using micro-CT images (24). Using the

Moby phantom developed by Segars et al. (25) for 35 delineated regions of C57BL/6

mouse, Larsson et al. calculated the absorbed fractions and S-values with EGS4

and MCNPX 2.6a Monte Carlo method (Monte Carlo method refers to a class of

computational algorithms that rely on repeated random sampling to compute their

results) (26). Bitar et al. delineated 13 source organs and 25 target regions based on

high-resolution digital photographs of frozen thin slices of a nudemouse (27). In these

studies, 3D doses were computed using either dose point kernels from Monte Carlo

code or fullMonte Carlo simulations (dose point kernel refers to a function describing

energy deposited in concentric spherical shells around a point source). Dose estimates

calculated using a single-dose point kernel can overestimate or underestimate the

dose in the lung and bone region when tissue density is not considered. Even if tissue

densities are considered, it might be still less accurate at heterogeneous tissue

boundaries (such as the bone-to-soft tissue and lung-to-soft tissue boundary) com-

pared to full Monte Carlo simulations. However, the variations in mass and the shape

of organs and their relative locations among the mice introduce larger uncertainty in

dose estimates compared to these uncertainties at heterogeneous tissue boundaries

for a mouse.

13.3.3 Nonuniform Distribution and Multicellular Dosimetry

It has been long recognized that radiolabeled antibodies/peptides are distributed

nonuniformly in tissues at the organ, suborgan,multicellular, cellular, and subcellular
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levels.While conventional clinical radiation dosimetry is performed at the organ level,

the MIRD schema has no limitation in target/source size. When time–activity curves

are determined at the organ level, organ dosimetry is performed. When the time–

activity curve can be determined at themulticellular or single cellular level, theMIRD

schema can also be applied for multicellular dosimetry calculation. Research studies

may sometime utilize autoradiography to quantify the distribution of radioactivity in

histological sections of tissues of interest in small animals (28–32) or in patients

(if surgical samples can be obtained) (33). In the case of tumors, because malignant

cells are nonuniformly distributed within the gross tumor volume and radiolabeled

antibodies/peptides are nonuniformly distributed to and within malignant cells, the

actual radiationdose to the cell nuclei can be substantially higher or lower compared to

dose estimations that assume uniform distribution (31, 34). Depending on the spatial

distribution of radioactivity relative to the cell nuclei, substantial overestimation or

underestimation can occur, especially for short-range emitters such as a-emitters or

Auger electron-emitting radionuclides (see Chapter 9).

13.4 CLINICAL DOSIMETRY METHODS

In clinical studies, cumulated radioactivity in the source volume is most typically

obtained by sequential quantitative imaging and in some cases by tissue sample

counting. Methods for image and sample data collection have been summarized in

several reports including MIRD Pamphlet No. 16 (35–37). Imaging methods can

generally be categorized into 2D planar methods and 3D SPECT/planar hybrid

methods.

For a radiolabeled antibody/peptide to be approved by a regulatory agency, such as

the Food and Drug Administration (FDA) in the United States of America, relatively

large numbers of patients need to be enrolled in clinical trials, especially in phase 2

and 3 trials. The imaging and dosimetry substudy of these trials can often be a

bottleneck for patient recruitment. Sequential imaging over 1 week requires a patient

to havemultiple trips to hospital and live/stay not too far from the hospital. Sometimes

a clinical trial site that has a relatively high patient recruitment may not have a

corresponding high level of expertise and resources in nuclear medicine imaging to

accommodate this recruitment. Therefore, for a large-scalemulticenter clinical study,

a complicated image acquisition protocol may not always yield high-quality imaging

data. For these reasons, most clinical dosimetry data have been derived from simpler

2D planar imaging methods.

13.4.1 Planar Conjugate View Imaging

The most widely used method for planar gamma camera image quantification was

developedbyThomasetal.andcorrectsforsourcethicknessandattenuation(38).While

the original method providedmathematical formulae forg(a) and k(g) as function of a
and g (activity ratios for various regions), for correcting radioactivity in overlapping

structures and background radioactivity (38), the widely used geometric-mean
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equation isa simplifiedversion(Eq.13.5) (39,40),whichcorresponds tonobackground

radioactivity in the original report (38).

A ¼ ðIA IPÞ1=2 eðmeT=2Þ f
c

ð13:5Þ

This form is widely used because the radioactivity concentration and the size of

the overlapping structure or background volume are unknown in practice, without

obtaining additional 3D imaging, such as SPECTor PET. Anterior and posterior view

count rates (IA and IP) in Equation (13.5) should represent count rates from source

volume only and counts from background volumes should be subtracted. The self-

attenuation correction factor equals (mt/2)/sinh(mt/2), for the source region attenuation
coefficientmand source thickness t. The attenuation factor exp(meT/2)maybeobtained

directly from the patient by taking transmission measurements across the region of

interest (ROS) (38). It should be noted that this geometric-mean quantification was

derived from point source geometry and experimental data were collected using a 5%

energy window to minimize scatter effects (38). In clinical imaging for radiolabeled

antibodies/peptides, energy windows are typically 15–20% and transmission images

are acquired using a large flood/sheet source of radioactivity with a broad-beam

geometry.

The difference in the estimation of me determined by measuring the transmission

fraction with a small hot source and with a cold source using a flood/sheet source

can be quite substantial. Eary et al. suggested that to reduce the large fraction of

scattered photons, the flood source should be collimated and an asymmetric energy

window should be used (40). While that report has been widely referenced in many

studies using geometric-mean image quantification, most investigators have used

Equation (13.5) without collimating the flood/sheet source. One method for reducing

the broad beam from a rectangular sheet source is the use of a rod source for the

transmission scan as described byDeNardo et al. andMacey et al. (41, 42). In order to

incorporate the transmission scan and conjugate static and whole-body image

quantification, Macey et al. and Erwin et al. developed one of the earliest treatment

planning systems that employs the Siemens MicroDelta computer platform (42–44).

The attenuation corrections derived from rod source transmission scans have been

used only for large organs such as the liver or lungs, and attenuation corrections for

kidneys and normal-size spleens are determined by measuring the transmission

fraction using a 150ml phantom to avoid underestimation (45, 46). In our experience,

the difference in transmission fraction data using a 10mL source or 150mL source is

small, but the difference using a 150mL source versus a 1500–1800mL source can be

substantial (47).Oftena long-lived 57Co source is used for transmissionmeasurements

and corrected using a calibration factor for the energy difference between this source

and the radionuclide administered to the patient. This difference in transmission

fraction due to energy differences between the 57Co sheet source and the administered

radionuclide should be measured for each g-camera model used especially when the

crystal thickness and collimator are different (47). A simple liver phantom measure-

ment can reveal difficulties in usingEquation (13.5).One solution is to experimentally
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determine the values for mCo-57,liver and mIn-111,liver using the large-volume phantom;

experimentally determine the value of f (instead of calculation using mst/sinh(mst/2))
and then adjust the volume effect if the calibration factor c is determined from a small

vial source (48). Similarly, we found that the error in estimating the liver background

count ratewas substantial if conventional integration of the transmission is performed

using a narrow beam me value:

CBGC ¼
ðdþt

d

ðCbg=TÞ expð�mexÞdx ð13:6Þ

where CBGC is the apparent background concentration.

One great advantage of the geometric mean is the ability to quantify source

radioactivity without depth information. This was important in the 1970s and

1980s when CT/MRI images were not readily available. This advantage has become

less important now as CT/MRI images are typically available for source depth

information. The geometric-mean method should not be used for a source organ that

cannot be clearly visualized on both conjugate views. Typically, when a source is not

clearly visualized, more than 95% of the counts are contributed from the background

noise. Therefore, net counts (background subtracted) will be small and statistically

unreliable. If these counts are included in a geometric-mean calculation, more error

would be introduced.

13.4.2 Accounting for Scatter Effects in SPECT and
Planar Quantification

There are many methods that have been developed to account for scatter effects.

Althoughmanyof the followingmethodswere originally developed for single-photon

emission computed tomography (SPECT) quantification, they can also be applied to

planar images.

One may use a narrower or asymmetric energy window to exclude scattered

photons. However, the narrow energy window methods often suffer from inadequate

counting statistics in clinical dosimetry images of radiolabeled antibodies/peptides

because of the limited injection dose of radioactivity used for safety considerations.

Asymmetric energywindow imaging can suffer from a similar problem of inadequate

counting statistics. In addition, asymmetric energy window imaging can be very

sensitive to error in daily energy window setup and possible window drift during

acquisition.

One widely used scatter correction method is subtraction of counts collected in a

subphotopeak energy window. Assuming a spatial correlation between scatter counts

in the photopeak window and its subphotopeak energy window, Jaszczak et al.

proposed to subtract a k fraction of counts collected in the subphotopeak energy

window from the counts in photopeak window for SPECT images (49). The scaling

factor k can be estimated experimentally for line sources and cold spheres/cylinders
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inside a phantomwithmoderate background radioactivity and subtraction can then be

performed in projection images or reconstructed SPECT images (49, 50). The scaling

factor k-value can vary with the object being imaged, and a single k-value may not be

applied to every source in the field of view (51). Koral et al. developed a scatter

correction method by analyzing the energy spectrum (52). In this method, 32 energy

channels were used to acquire the g-photon energy spectrum and the scatter spectrum

at each energy bin was determined by least squares fitting (52). Based on the

observation that scatter counts contribute more to the lower side of the photopeak

than the higher side,King et al. developed a dual-photopeakwindowscatter correction

method by determining a regression relationship for the counts ratio between the two

windows and scatter fraction (53). This method allows the estimation of the scatter

distribution within the photopeak window without using a k scaling factor (53).

Assuming a linear “spill down” distribution of scattered photons from high-energy

photons, Ogawa et al. developed a triple-energy window method without using a k

scaling factor (54). Because the method is relatively simple to implement, it has been

used in many clinical studies. A more rigorous triple-energy window method for
131I was developed byMacey et al. using 137Cs and 51Cr sources to estimate k scaling

factors for the fraction of scattered photons in three windows for septal penetrating

637/723 keV photons and primary 364 keV photons of 131I.

One common limitation of these scatter subtraction methods is poor image

counting statistics after subtraction, and these techniques are often sensitive to the

quality of daily energy window set up by the imaging technologists. We have applied

subphotopeak energywindow subtraction techniques (49, 50, 54) for 67Cu (55), 111In,
166Ho (56, 57), and 131I in ongoing clinical trials (58–60). We noticed that the counts

in the upper part of the subphotopeak energy window are more likely to be “bad”

counts, that is, “spill down” from higher energy photons far from the photopeak being

imaged for 166Ho or 131I (56, 57, 59, 60). However, the image counts collected at the

lower part of the subphotopeak energy window (just below the photopeak) are likely

to have some “good” counts for 67Cu, 111In, 166Ho, or 131I, thus subtracting these

counts degrades the image quality and even could introduce additional errors for
166Ho (56, 57). For relatively good imaging radionuclides such as 67Cu and 111In, the

impact of scatter subtraction on planar image quantification seems not very clear

using standard subtraction techniques. This could be due to the fact that point source

geometry may still not be applicable to the images after subtraction. The impact

become less clear when the source size-dependent attenuation and calibration are

applied to images after subtraction. In addition, radiolabeled antibody images often

have significant radioactivity in the background volume, which contributes more

uncertainty to image quantification compared to scattered photons for 111In and 67Cu.

In our ongoing clinical trials using 131I (58–60), we noticed that Ogawa’s scatter

subtraction technique is sensitive to the accuracy in daily energy window setup for

patient image acquisition.

Some investigators believe that scattered photons are “good counts gone bad,” and

that scattered photons should be repositioned, instead of being permanently sub-

tracted (61). Assuming SPECT projection images to be a convolution of the original

photon component with an averaged scatter response function, deconvolution is
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performed using a digital filter during image reconstruction (62). The scatter response

or energy-response function is usually Gaussian in shape (62, 63). When the scatter

effect and resolution degradation are estimated by measuring the modulation transfer

function (64), the deconvolution filter can be formulated as a modified inverse filter to

achieve a practical balance between restoration of image degradation and noise

suppression (65–67). Deconvolution methods require accurate estimation of scatter

distribution, and an averaged scatter response or modulation transfer function can be

optimized only for one selected source geometry, thus undercorrecting or over-

correcting for other source geometries. The basic problem is that the scatter response

function varies as function of both depth inside the scatter medium and distance from

the edge of the scatter medium (68, 69).

One effectivemethod for planar image quantification based on detailed calibration

was developed byWuet al. using depth-dependant buildup factors (70). Subsequently,

Siegel et al. introducedavariation, depth-independent, buildup factormethod (71, 72).

The effectiveness of the depth-independent buildup factormethod has beenverifiedby

Van Rensburg et al. for 111In and Kojima et al. for 99mTc (73, 74). Kojima et al. used a

thin rectangular source of 7.5� 6.0� 0.03 cm to determine transmission fraction data

andverified themethod for 2 cmand4 cm thick sources simulating the kidney (74).We

also verified the depth-independent buildup factor method for 14–65mL 131I sources

in an abdominal phantom filled with background concentrations of 131I. The source

depths were varied from 4 to 17.5 cm and images were acquired using a 20% energy

window centered at 364 keV. A buildup factor B(¥) of 1.225� 0.084 was determined

and the quantification error was 0.4–3.6%. These results illustrate that a better

quantification accuracy can be achieved based on a detailed calibration process.

Similarly, a simpleversionof the calibrationprocess canbeapplied togeometric-mean

quantification to achieve reasonable accuracywhenappropriate attenuation correction

and camera sensitivity are determined experimentally (47, 48, 75), considering the

image quantification as a process of detailed calibration.

In external beam radiotherapy, detailed calibration has been a standard method for

radiationdose calculation for treatment planning formanyyears. Scatter effects versus

field sizes are measured in field size ranging from 5� 5, 10� 10, 15� 15, . . . to
40� 40 cm for various depths and beam energies. All theoretical calculations used for

dose calculations are calibrated based on a large measured data set for each machine.

Similar processes can be applied to gamma camera image quantification to provide

improved confidence in the radioactivity measurements.

13.4.3 3D CT/Spect/Planar Hybrid Methods

Planar images are intrinsically limited when sources are overlapped. SPECT imaging

provides information on 3D radioactivity distribution, thus making it possible to

determine patient-specific 3D dose distribution. The disadvantages of obtaining

SPECT information are (1) lengthy image acquisition times; (2) poor spatial resolu-

tion compared to planar images; (3) and more significant impact from scattered

photons. The scattered counts after reconstruction typically account for 20–40% of

the recorded counts in a SPECT image (37, 69).
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A patient-specific 3D treatment planning system for radiolabeled antibodies/

peptides was first described by Sgouros et al. (76, 77), and followed by reports from

Giap et al. and Akabani et al. (78, 79). In these 3D planning systems, 3D radioactivity

distributions were determined by quantitative SPECT and 3D radioactivity distribu-

tions were converted to a 3D dose rate distribution, using convolution of a point dose

kernel. Dose volume histograms can be determined at the SPECT voxel level. In the

comprehensive treatment planning system developed by Sgouros et al., image

registration of CT/MRI/SPECTwas built user-friendly into the planning system and

structure segmentation on CT/MRI images and 3D contour display were all menu

driven and semi-automatic (76, 77, 80). Koral et al. have reported CT-SPECT fusion

using fiducial markers on the patient skin (81). Restricted by image acquisition time,

Koral et al. have advocated a 3D-SPECT/planar hybrid method to determine cumu-

lated radioactivity (81). In their protocol, planar conjugate view imageswere acquired

atmultiple time points and SPECTwas acquired at a single time point. It was assumed

that the daily planar conjugate views provided the shape of the time-activity curve

and the amplitude of the curve was normalized by the quantitative SPECT measure-

ment (81).AlthoughCTwas used for structure segmentation, uniformdistributionwas

assumed for organ and tumor dose estimation. In some clinical studies, five sequential

SPECT images over 1 week must be performed because radioactivity accumulation

can be determined only by 3D imaging. For example, in a recent 131I-TM601 study for

glioma, 131I-TM601 was injected into a surgically created cavity to treat residual

tumor or microscopic tumor cells outside the surgically created cavity (82, 83). It is

desirable to determine 131I concentration in 2-cm margins outside the cavity because

most residual tumor cells reside in the 2-cm margin. Planar imaging is incapable

of determining 131I concentration in the 2-cmmargins given the high concentration of
131I inside the cavity.

One recent advance toward amore accurate SPECT quantification has beenMonte

Carlo simulation for photon scatter, attenuation, and depth-dependent image degra-

dation (84–89). Some of the results (image quality after correction) were quite

impressive. Because Monte Carlo simulation provides a more accurate estimation

of the image degradation process, it may provide a better solution in the future for

routine image processing for individual patients.

One significant development in planar image quantification is CT-assisted quanti-

fication developed by Liu et al. (90). Liu coregistered CT image data to planar

conjugate views to provide depth information on structures overlapped in the anterior

and posterior direction. Assuming uniform distribution along a line of pixels inside

the volume of interest, radioactivity distribution in the body was determined using a

matrix inversion method (90). Based on this technique, Liu et al. have developed a

treatment planning system that performs semiautomatic planar image quantification

anddosevolumehistogram(DVH)computation after organs and tumors are contoured

onCTimages. Tang et al. developed a similarmethod to project 3Dorgans obtained by

segmentation of CT images to the planar images (91). Attenuation and collimator–

detector response function were modeled in the projection process. Subsequently,

Sjogreen et al. have applied a registered CT scan and a 57Co transmission scan to the

planar conjugate view images (92). The scatter-penetration was compensated with
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Wiener filtering, and attenuation was determined from the transmission scan and

CT in a narrow beam geometry, and correction for background and overlapping

organs (92). Recently, He and Frey have developed a QSPECT method based on

maximum likelihood estimation of organ radioactivities using 3D organ volumes of

interest and a model-based projector that models image-degrading effects including

attenuation, scatter, and the full collimator–detector response (93). They have shown

improved accuracy using this method with both simulated and physical phantom

experiments.

13.4.4 3D PET

PET provides a better quantitative accuracy compared to SPECTwith better spatial

resolution andmore accurate attenuation. 124I-PEThas been used to guide 131I therapy

in patients with differentiated thyroid carcinoma (94–97). These 124I-PET studies

were mainly focused on tumor dosimetry. The dose-limiting factor is determined

based on radiation dose to the red marrow from 131I in the circulation blood.

Dosimetric analysis of the 124I-PET data could identify those patients likely to benefit

from radioiodine therapy. 90Y has been used in many radionuclide therapy studies

because its long-range beta energy provides a uniform dose coverage for tumor.While

its lack of photon emission is considered an advantage for radiation safety to the

public, a surrogate is required for the biodistribution and dosimetry study. 86Y, a

positron emitter with a 14.7 h half-life, is naturally a better surrogate (isotope)

compared to 111In. The biodistribution and dosimetry of 90Y-pharmaceuticals have

been evaluated using 86Y-pharmaceuticals and PET imaging for citrate (98),

EDTMP (99), and SMT487 (100). Although 67Cu, a beta emitter with a 61.9 h

half-life, showed a 50% higher tumor to marrow dose ratio compared to 64Cu, a

positron emitter with a 12.7 h half-life, when used to radiolabel the Lym-1 anti-

body (101), production of 67Cu has been challenging. 64Cu can be producedwith high

specific activity and 64Cu can be used for PETwith good image quality.Anderson et al.

have developed method for radiolabeling with 64Cu with high specific activity and

good stability and 64Cu has been used for various clinical/preclinical studies including

labeling 1A3 antibodies for colon cancer (102), octreotide for neuroendocrine

tumors (103), and cetuximab for cervical cancer (104). The limitation of PET

imaging-based dosimetry for a large clinical trial will be the supply of the posi-

tron-emitter as most of the radionuclides mentioned above have short half-lives,

except for 124I.

13.5 DOSIMETRY FOR DOSE-LIMITING ORGANS AND TUMORS

In principle, there is no difference in the methodology for dosimetry applied to

antibodies or peptides. In this section, discussions on clinical dosimetry are therefore

mainly focused on methodologies. Clinical dosimetry data for normal organs and

tumors for various individual radiolabeled antibodies are not discussed. Clinical

dosimetry data and relevant methods for peptide radionuclide receptor therapy have
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been summarized in an excellent chapter by Cremonesi in a recent book entitled

“Radionuclide Peptide Cancer Therapy” (105).

13.5.1 Marrow Dosimetry

13.5.1.1 Without Bone Marrow Reconstitution Radiation-induced mye-

lotoxicity is dose limiting for most radionuclide therapies that do not involve bone

marrow reconstitution. For radiolabeled antibodies/peptides that do not bind to

marrow cells or bone, the radiation dose to the marrow can be considered solely

from circulating radioactivity in the blood as described by Siegel et al. (106), who

suggested a red marrow to blood ratio (RMBLR) of 0.2–0.4. By assuming rapid

equilibration of radiolabeled antibodies in the plasma and extracellular fluid of the red

marrow, Sgouros developed a method to estimate RMBLR using patient-specific

hematocrit values (107), and his method has been widely used. In murine studies, a

range of 0.3–0.4 for RMBLR has been confirmed experimentally for intact, 150-kDa

antibodies but not for lower molecular weight fragments that yield a red marrow to

blood concentration ratio closer to 1.0 as reported by Behr et al. (108). For marrow

dosimetry based on radioactivity per gram of blood, an explicit estimate of marrow

mass may not be required since the majority of therapeutic radiation (i.e., nonpene-

trating) dose is directly related to the radioactivity pergramof tissue (109). In addition,

the fraction of electron energy absorbed in themarrowcavity depends primarily on the

size and distribution ofmarrow cavity in the trabecular bone andmuch less on the total

grams of the redmarrow (110–113). Ideally, patient-specific doses to themarrow from

penetrating radiation in other source organs in the body other than the blood should be

determined using 3D data sets (114) incorporating multiple imaging time points.

Because these data are typically unavailable, there have been efforts to estimate the

photon dose contribution from all source organs in the body without using a 3D data

set (109, 115–118). These practical calculations used various assumptions and the

magnitudes of errors associatedwith these assumptions are expected to be determined

soon (119–121).

For radiolabeled antibodies/peptides where the marrow or skeleton are clearly

visualized in sequential gamma camera images, an imaging-based method is recom-

mended because the antibodies/peptides may directly bind to marrow or bone

components as noted by Sgouros et al. (122). Sacral (123, 124) and lumbar verte-

bral (125–127) regions have been used to represent the whole skeleton. While the

radioactivity in the bladder can affect radioactivity quantification in the sacral region,

radioactivity in the major blood vessels (aorta and vena cava) can also affect

quantification in lumbar vertebral region. The background radioactivity in the major

blood vessels can be corrected using blood concentrations measured in a gamma

counter and vessel dimensions from CT as described by Meredith et al. (128). The

marrow mass in the region of interest is required to calculate a patient-specific dose.

Although high-resolution MRI or MRI combined with spectroscopy (MRS) has

potential to determine marrow mass, this method is difficult to use routinely. One

practical approach is to use trabecular bonevolume in theROI to scale froma reference

marrow mass (127, 129). One of the underlying assumptions of using any regional
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imaging method is that regional radioactivity concentrations represent the mean

radioactivity concentration in the total marrow. This assumption can be invalid if

marrow heterogeneity is compounded by marrow involvement with cancer or is

altered by prior radiation (122). Substantial regional variation in marrow uptake has

been observed in patients with leukemia (130). Further research is needed to resolve

this problem as quantification of all marrow regions in the body is impractical and

inaccurate when patient data are acquired by whole-body planar imaging or a single-

field SPECT image.

13.5.1.2 With Bone Marrow Reconstitution Myelosuppresion can be ame-

liorated with autologous bone marrow transplantation or peripheral blood stem cell

(PBSC) infusion, as illustrated first by Press et al. for radioimmunotherapy of

lymphoma (131) and later by others in the treatment of breast cancer (132–138),

colon cancer (139), and lymphoma (140). These studies suggested that a higher tumor

response rate was correlated with a higher radioactivity injection dose followed by

bone marrow reconstitution.

In treatments incorporating PBSC support, the time interval between the radioac-

tivity dose injection and PBSC infusion is an important parameter for optimal patient

management. While PBSCs can be harmed by irradiation from radiopharmaceuticals

in the body if they are transfused too early, patients can also develop serious health

complications from low neutrophils or platelets if PBSCs are transfused too late (i.e.,

infections or bleeding episodes). Initially, the time interval for PBSC infusion was

based on the residual 131I concentration level in the blood (below 1 mCi/mL) in breast

cancer patients treated with 131I-chimeric L6 antibody (132). In limited observations

of patients receiving high-dose 131I-chimeric L6, this PBSC infusion time based on
131I concentrations in the blood worked reasonably well. However, in patients

receiving high-dose 90Y-2IT-BAD-m170, results were unsatisfactory when the time

forPBSC infusionwasbasedon 90Y concentration in theblood.The 90Y concentration

threshold level was determined for PBSC in vitro. Recovery of blood counts was

delayed even when the 90Y concentration in the blood was well below this activity

concentration threshold.
90Y concentrations in the bone and marrow can be directly determined from bone

marrow biopsy. Wong et al. used bone marrow biopsy to estimate the 90Y radiation

dose to autologous stem cells (136). Initially, they transfused 25% of stem cells at

5 days post-90Y injection (0.56GBq/m2 (15.1mCi/m2)) regardless of the variation in
90Y distribution among the patients. The remaining 75%of stem cells were transfused

at the time point at which the estimated remaining marrow dose was 	5 cGy, as
determined by patient-specific bone marrow biopsy. Their protocol was subsequently

modified for a dose level of 0.83GBq/m2 (22.4mCi/m2), at which 25% of the stem

cellswere transfusedwhen the remainingmarrowdosewas	5 cGy, and the remaining

75%were transfusedwhen the absolute granulocyte countwas<1000/mL.All patients
demonstrated hematopoietic recovery after stem cell infusion (136).

Radioactivity concentrations in the liver, spleen, and kidneys can be much higher

than those in the blood, so that PBSCs can be damaged during their circulation through

these organs. PBSCs can be further damaged after homing (a process that describes the
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migration of PBSCs from the peripheral blood to the bone marrow) if the marrow or

bonehas radioactivityuptake (141).Therefore, the radiationdose fromradioactivity in

the blood is only one part of the total radiation dose PBSCs are exposed to. Shen et al.

proposed to determine the optimal PBSC infusion time based on time-varying

radiation dose rates to PBSCs from radioactivity in the blood and other source organs;

time-varying PBSC distribution in the body during the homing process, and radiation

dose toPBSCs from radioactivity in the bone andmarrowafter PBSChoming (141). In

that analysis, it was found that the remainder of the blood (excluding blood volume in

the liver, spleen, lungs, kidneys, bones, and marrow), which has 74% of the blood

volume, contributes 12%of the total dose toPBSCs. Themajority of the radiation dose

toPBSCswas from 90Y in themarrowandbonematrix as the PBSCs accumulate in the

marrow over time (141). As 111In was used as a surrogate for 90Y for dosimetry

imaging, the difference between calculated 111In amounts in the marrow and 90Y

amounts in the bonewas considered usingdata reported for patient core biopsies; these

studies showed that the mean difference between 90Y and 111In concentration in bone

and marrow was 0.003%ID/g with the MX-DTPA chelator conjugated to the anti-

bodies (142) (see Chapter 2). This infusion time interval worked well as all three

patients demonstrated evidence of hematological recovery for a single-dose injection

of 38–62mCi 90Y (137, 141).

Based on quantitative planar and SPECT/CT scans for 111In-labeled antibodies

specific for non-Hodgkin’s lymphoma (NHL), Flinn et al. determined that the time for

stem cell infusion based on the estimated marrow dose rate was <1 cGy/h (143).

Despite the fact that the liver is the organ that receives the highest absorbed dose

of radiation, no significant hepatotoxicity has been seen. They found that the most

common treatment-related toxicities were hematologic requiring stem cell

support (143).

13.5.1.3 Correlation with Myelotoxicity The ability to predict the hemato-

logic toxicity after radionuclide therapy is essential for planning the tolerable

radioactivity injection dose and for maximizing the radiation dose to tumors.

Conceptually, the marrow radiation dose should be a natural choice for planning the

radioactivity injection dose for individual patients. However, in practice, the marrow

radiation dose has not been commonly used for planning the injection dose. The most

widely used methods for dose planning are based on patient body surface area

(mCi/m2) or bodyweight (mCi/kg), similar to the approach taken for dose prescription

of chemotherapy.Recently, patient-specific lean body dose has been used for planning

the injection dose for one radiolabeled antibody, assuming lean body dose can serve as

an indicator for marrow dose (144).

The usefulness of any radiation dose estimate relies on the establishment of a

dose–response correlation. While Wiseman et al. and Erwin et al. found poor or no

correlation between marrow dose and myelotoxicity for 90Y-anti-CD20 monoclonal

antibody forNHL (145, 146), other investigators found positivemarrowdose–toxicity

correlations for various antibodies.Correlationswithmyelotoxicity include bodydose

of 131I-antibody for treatment of gastrointestinal (GI) cancer (147),marrowdosebased

on sacral imaging with 131I-antibody for NHL (124), a better correlation with lumbar
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imaging with 131I-antibody for NHL (126), marrow dose better than body dose with
131I-antibody forGI cancer (148); similar correlationwithmarrowdose, body dose, or

mCi administered with 186Re-antibody for solid tumor (149); better correlation using

marrow dose with pretargeted 90Y-antibody (150); better correlation using lumbar

imaging and patient-specific trabecular bone volume with 90Y-antibody for lung

cancer (127); better correlation usingmarrow dosewith 131I-antibodies/fragments for

various cancers (151); better correlation using marrow dose with 131I-antibody for

prostate cancer (152); and better correlation using marrow dose for 177Lu-antibody

compared to 90Y-antibody for prostate cancer (153). In these reports, toxicity was

most often expressed as the percentage decrease in blood cell counts from their

baseline values.

Marrow dosimetry for treatment planning may be practical for patients without

prior myelosuppressive chemotherapy or radiation. For such a patient population,

marrow-based radiation dose escalation may be used in clinical trials instead of mCi

dose escalation. In patients with prior myelosuppressive chemotherapies, prediction

of myelotoxicity solely based on radiation dosimetry of the radiotherapeutic agent

becomes inadequate. Even with precise radiation dosimetry, it would not predict

toxicity since biological factors influence toxicity. For chemotherapies with short-

term myelosuppression, prediction of myelotoxicity can be relatively simple. How-

ever, many myelosuppressive chemotherapies induce long-term damage leading to

poor self-renewal capability of the progenitor cells (154). This long-term damage is

considered a result of damage to the stromal microenvironment (155–157). In these

patients, the recovery of peripheral blood cell counts after radionuclide therapy

depends on the condition of the stromal cell population and their production of

cytokines in regulating homeostasis. Direct assessment of the condition of the stromal

microenvironment is difficult. However, high levels of stimulatory cytokines may be

indicative of “excess toxicity” (158). In patientswith solid tumors treatedwith various

chemotherapy drugs (doxorubicin, methotrexate, topotecan, lomustine, and mitomy-

cin), Blumenthal et al. showed that the plasma FLT3-L (FMS-related tyrosine kinase

3 ligand) level predicted excess platelet toxicity in 13 of the 16 patients and resulted

in a false-positive prediction in only 3 of the 27 other patients (158). Subsequently, in

patients without marrow or bone involvement, Siegel et al. demonstrated a signifi-

cantly improved correlation of red marrow dosewith 1/(platelet nadir) (from r¼ 0.20

to r¼ 0.86) with FLT3-L adjustment (159). These results suggest that combined

patient-specific marrow dosimetry and plasma cytokine levels may become useful in

future treatment planning and further investigations are desirable.

13.5.2 Other Normal Organ Toxicity

Radiation-associated renal toxicity has been observed in several clinical studies using

radiolabeled peptides (e.g., 90Y-DOTATOC; see Chapter 4). Often, these renal

toxicities in the early studies were unexpected because radiation dose estimates for

kidneys derived from the traditional MIRD calculation method, without accounting

for high dose-rate effect or nonuniform distribution, were significantly lower than

23Gy, a reported tolerateddosewith5%riskof complicationwithin 5years of external
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beam radiotherapy (160). To address the nonuniform uptake in the kidney, Bouchet

et al. developed a multiregion kidney model incorporating the outer shape of the

kidney, medullary pyramid, medullary papillae, and renal pelvis in MIRD 19 (161).

Depending on the subregion and radionuclide used, the traditional uniform distribu-

tion model calculations can overestimate doses by 50% or underestimate them by

80% (161). The significant variation in the dose in subregions has been illustrated by

Konijnenberg et al. using autoradiogram data of kidney section samples from three

patients (33). Using the Lea-Catcheside time–dose factorG as a function of the repair

constant m and the dose rate D(t), Konijnenberg addressed the dose rate effect by

incorporating the linear-quadratic model in determining the biologically effective

dose to the kidney for peptide receptor radionuclide therapy with 90Y-DOTA�Tyr3-
octreotide (90Y-DOTATOC) (162). These findings have been summarized and

expanded in a recent MIRD Pamphlet by Wessels et al. (163). The MIRD Pamphlet

20 also provided many examples illustrating how to apply dose rate effects and the

multiregion model in clinical settings (163).

In high dose 131I-labeled antibody therapy for B cell lymphoma with autologous

bone marrow support, Press et al. escalated the injected dose of radioactivity until a

single, grade 3or 4, nonhematopoietic toxicitywas observed (131, 164). In 17of the 19

cases, lung was the normal organ receiving dose-limiting radiation exposure (164).

Pulmonary grade 3 toxicity was found in one patient, and cardiac grade 3 toxicity

was found in another. Gastrointestinal, renal, and hepatic grade 2 toxicity was also

observed (164).

As mentioned previously, the liver would be predicted to be a dose-limiting organ

because it receives the highest 90Y dose per injected amount of radioactivity in

lymphoma studies with bone marrow reconstitution (143). The results suggesting

that the liver radiation dose was not radioactivity dose limiting were also found with

high dose 90Y-labeled antibodies for treatment of breast cancer and prostate can-

cer (132, 134, 137, 138). As the TD5/5 (tolerance dose with the probability of 5%

complication within 5 years) for external beam radiotherapy is 30Gy (160) and the

projected 90Y radiation dose to the liver was expected to reach hepatic toxicity, these

protocols were designed for dose escalation assuming liver as the dose-limiting

organ (138, 143). While no significant hepatic toxicity was observed, significant

hematologic toxicities were found with single high-dose injections of 20–143mCi of
90Y-Zevalin for NHL (143) and 12–22mCi/m290Y-mAb 170 for breast and prostate

cancers (137, 138). These hematologic toxicities were not expected at the level of

the calculated radiation dose to the marrow microenvironment based on experience

from total body irradiation. This may reflect a more significant long-term damage to

the marrow microenvironment from 90Y compared to that from external beam total

body irradiation (for a discussion of the differences in radiobiological effects of

radionuclide versus external radiation therapy, see Chapter 12).

13.5.3 Tumor Dosimetry

13.5.3.1 Clinical Tumor Dosimetry The MIRD three-step process also ap-

plies to tumor dose estimation. Nevertheless, because the tumor has a nonstandard
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volume and is located in a nonstandard geometry, it creates a problem for dose

calculation using MIRD pamphlet tables or MIRDOSE/OLINDA software based on

the reference man phantom (165). However, for the dose contribution from radioac-

tivity in the tumor itself (i.e., where the tumor is both the source and the target), tumor

penetrating and nonpenetrating radiation dose can be obtained using OLINDA

software or MIRD Pamphlets. OLINDA has a sphere model to calculate these dose

estimates assuming that the tumor is a sphere composed of unit density material for a

chosen radionuclidewith spheremasses ranging from0.01 to 6000 g (9). UsingMIRD

Pamphlets, photon-absorbed fraction data can be obtained fromMIRDPamphletsNo.

3 and No. 8 for spheres and ellipsoids (18, 166). Nonpenetrating radiation absorbed

fractions are considered to be 1.0 formost therapeutic radionuclides in patient tumors,

except for high-energy beta emitters in small-sized tumors. For example, the absorbed

fraction for 90Y is less than 0.89 for tumor mass less than 20 g (167). The OLINDA

software or MIRD data tables list only estimates for selected discrete masses. Linear

interpolation between spheremassesmay not produce a correct result for intermediate

sphere sizes as the absorbed fractions do not change linearly with mass. Stabin

suggested to fit a simple function through the results as a function of mass and use this

function to estimate any intermediate values (9).

Tumor dose contribution from other source organs in the body cannot be simply

obtained from MIRD Pamphlets or OLINDA software. Johnson has developed a

Monte Carlo computer code to address this shortcoming by simulating photon

transport in all source organs identified in the body (168, 169). Tumors are approxi-

mated as spheres with their centers identified by means of a mouse-driven cursor on a

graphical representation of the Reference Man (a model of the human body used for

dosimetry calculations). Patient-specific tumor dose can be determined using a 3D

approach based on SPECT imaging (77–79). The penetrating radiation dose from

radioactivity distributed in 3D voxels outside the tumor can be determined by dose

pointkernel orvoxelS-values (77–79,170,171).UsingCTimagedata andwhole-body

planar images, radioactivity distribution in the body can be determined using amatrix

inversion method, assuming uniform distribution along a pixel line inside the volume

of interest (90). The radioactivity distribution in voxels can then be used to compute

penetrating radiation to tumor using the voxel kernel (172). Typical dose contribution

to the tumor from penetrating radiation outside the tumor is less than 10% for 90Y,
131I, and 67Cu, except for a tumor in a host organ with high radioactivity uptake.

For a clinical site that does not have the tools mentioned above, penetrating

radiation from other source organs may be estimated on the basis of simple assump-

tions. For example,when the tumor is not close to sourceorganswithhighuptake (such

as the liver), the photondose of the total bodydose (OLINDAoutput lists contributions

fromalpha, beta, photon)maybeusedas afirst-order estimate for penetrating radiation

fromother sourceorgans.Usingcumulated radioactivities assigned to the liver, spleen,

whole body, and tumor in Table I of Johnson and Colby (168), the calculated photon

dose from the total body dose represented 8% of the tumor to tumor self-dose. When

added to the tumor to tumor self-dose, the estimated tumor doses were 0–11%

underestimated compared to the results obtained using MABDOSE that does not

take this into account (168).
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13.5.3.2 Tumor Response with Calculated Tumor Dose Ideally, tumor

and normal organ dosimetry should be used in treatment planning. Radioactivity

dose can be prescribed to deliver a tumor dose at a level expected to achieve

significant tumor growth control while further tumor dose increases would not

significantly improve control. Furthermore, the prescribed radioactivity dose is

expected to have a tolerable normal tissue toxicity before reaching a steep dose-

toxicity response region in the curve. However, in clinical practice, tumor dosimetry

has not been used for treatment planning in antibody- or peptide-targeted radiother-

apy. This is somewhat against our natural instincts, or the “principles of radionuclide

therapy,” to predict the therapeutic dose to the tumor by detailed dosimetry (173). In

theory, failure to demonstrate uptake of the radiotherapeutic agent in a tumor in

gamma camera images should help exclude from unnecessary radiation treatment for

those patients whose tumors are without avidity for the agent, although the spatial

resolution limitations of the gamma camera in revealing such uptake must also be

considered (173).

With autologous bone marrow support, Press et al. achieved impressive remission

rates of 84% complete response (CR), 11% partial response (PR), and 5% minor

response using high-dose radiolabeled antibody therapy (131), demonstrating that

higher response rates were associated with higher injection doses of radioactivity.

Using 131I- and 67Cu-labeled antibody (Lym-1), Lamborn et al., however, found no

correlation between response and tumor radiation dose, and a weak correlation

(p¼ 0.09) between CR and peak tumor uptake (%ID/g) for tumors receiving the

maximum tumor dose (174). Using 131I-labeled antibody (tositumomab), Kaminski

et al. found higher response rates and more durable CRs were seen with increasing

total body radiation dose (175). The response rate to a total body dose under 65 cGy

was 57% compared to 86% to doses of 65 cGy or higher. Using 90Y-labeled antibody

(Zevalin), Wiseman et al. found no correlation between tumor response and blood

clearance T1/2 or blood cumulated activity (176). Subsequently, Wiseman et al. found

an overall response rate of 80% for Zevalin compared to 44% for rituximab

(nonradiolabeled CD20 antibody) (177). The most positive correlations between

tumor dose and responsewere reported byKoral et al. (178, 179). For a selected subset

of data (tumors with an initial mass less than or equal to 10 g, tumors from patients

only having PR, excluding axillary tumors, using hybrid SPECT/planar imaging),

Koral et al. found a statistically significant correlation between tumor dose and

response in a patient population in which many were previously untreated (178, 179).

It was noted that while the excluded axillary tumor doses were substantially lower

than tumors at other locations, all patients with axillary tumor had a CR (178, 179).

For the same 131I-labeled antibody (tositumomab), Sgouros et al. did not find a

statistically significant correlation between tumor response and tumor dose mean,

maximum, minimum, or uniformity for tumors in 15 patients using hybrid SPECT/

planar imaging (180). Using 90Y-epratuzumab, Sharkey et al. found no correlation

between response and tumor dose or tumor visibility on images (181). In a

considerable number of instances, tumors could not be discerned by either planar

or SPECT imaging but could be discerned by CT, and were nonetheless found to
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respond to the treatment (181). Similar findings were reported in a study by Iagaru

et al. in which a higher rate of complete response after 90Y Zevalin treatment was seen

in patients with negative pretherapy imaging findings, whereas a higher rate of

disease progression despite therapy was noted in patients with positive pretherapy

imaging findings (182).

Various explanationshavebeendiscussed for the aboveparadoxical clinical results.

One possible explanation that has not been receiving much attention is that a tumor

uptake identified by planar or SPECT imaging may not reflect the concentration of

radioactivity uptake per number of active clonogenic tumor cells. Because only a

proportion of cells in a gross tumor volume (identified by planar, SPECT, CT, orMRI)

are active clonogenic cells, poor image identification (by planar/SPECT) could be due

to lower activeclonogenic cell population in thegross tumorvolume.Althoughabulky

tumor usually will be clearly visualized by planar/SPECT images, it may not have a

true high radiation dose per number of active clonogenic tumor cells. As discussed

earlier, depending on the location of the target (cell surface versus internalized) and

radiation type, the actual radiation dose to the cell nucleus can substantially vary.

In addition, biological response is much more complicated than a single parameter of

tumor radiation dose, even if we have an accurate tumor dosimetry to account for

various problems. It is common to find aweak or no statistically significant correlation

between tumor local control and tumor dose in studies of external beam therapy (183)

where accuracy of tumor dose is typically within �5% error (routine verification

standard for each patient prior treatment is within �3%). Furthermore, in targeted

radiotherapy, the targeting molecule itself often has growth inhibitory properties.

For example, in theZevalin protocol, the rituximab componentmay produce objective

tumor response, in addition to the 90Y-ibritumomab that may have antiproliferative

effects from both the radionuclide and the antibody. The same would be the case

for 90Y-DOTATOC, as octreotide is a therapeutic agent in its own right without

the radionuclide. Therefore, in these circumstances it may be difficult to obtain a

correlation with radiation-absorbed dose alone.

13.6 CONCLUSIONS

Great progress has been made in the past decade in radiation dosimetry for targeted

radionuclide cancer therapy with antibodies and peptides. In the dose computation

aspect, more and more accurate dosimetry models and realistic anthropomorphic

phantoms have been developed. These developments in models and phantoms have

provided the desirable level of accuracy for dose computation in clinical studies. In the

quantification of radioactivity distribution aspect, substantial progress has been

achieved in clinical studies mainly because 3D anatomic information (CT/MRI) is

now routinely available. Standardizing planar image quantification techniques with

detailed calibration procedures for individual imaging systems can improve quantifi-

cation accuracy in large-scale clinical trials. More accurate 3D SPECT imaging

methods have been developed and these can also play amore important role in clinical
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trials. Nonetheless some critically important challenges (such as nonuniform radio-

activity distribution) have been identified preclinically using autoradiography or

microSPECT/PET studies and these challenges remain for the foreseeable future in

clinical studies because the poor spatial resolution of planar gamma camera imaging

or SPECT/PET has not yet been sufficiently improved to aid in accurate dosimetry

calculations.
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CHAPTER 14

The Bystander Effect in Targeted
Radiotherapy

CARMEL MOTHERSILL AND COLIN SEYMOUR

14.1 INTRODUCTION

The bystander effect in the context of cancer therapy describes the cytotoxicity

experienced by otherwise viable, nontargeted neighboring cancer cells from media-

tors released by cells that have been targeted and killed by cancer therapeutics (see

schematic in Fig. 14.1). The net effect of the bystander phenomenon can be to enhance

the effectiveness of cancer treatments beyond that would normally be expected based

on the delivery of the agent to tumor cells. It is a complex effect, however, and can

affect distant or proximal normal cells causing tissue damage and systemic radiation

effects. The bystander effect has been studied previously for tumors treated with

cytotoxic agents and external radiation, but has only very rarely been investigated in

the case of targeted radiotherapy. This chapter will deal with the historical emergence

and general characteristics of bystander effects as a new phenomenon that is actually

leading to a paradigm shift in radiobiology impacting our understanding of both low-

and high-dose radiobiology.Whilewe usually think of radiotherapy as requiring high

doses, the bystander effectmeans that low, scatter doses and systemic effects including

doses to normal tissues in the vicinity of targeted tumors can result in significant

triggering of bystander responses. It is essential therefore that we understand the

mechanisms involved in these “collateral” effects so we can build them in to models

seeking to determine optimal outcome in therapeutic situations. This is particularly

relevant for targeted therapy approaches because these seek to deliver a cytotoxic dose

to precise locations in the body where the tumor or metastatic cells reside. Following

this discussion, this chapter will focus on the mechanisms that could be harnessed to

provide better therapeutic targeting of tumors for radiotherapy. Finally, some of the

many possible directions forward in the field will be discussed.

Monoclonal Antibody and Peptide-Targeted Radiotherapy of Cancer, Edited by Raymond M. Reilly
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14.2 HISTORICAL REVIEW OF BYSTANDER EFFECTS IN THE
CONTEXT OF RADIATION DAMAGE TO CELLS

Historically, radiationhas been thought of in twodifferentways.Radiativeenergymay

be transferred either through a wave-like diffusion or through discrete units of energy

(quanta). This is known as the Copenhagen paradox, or the dual particle theory of

matter. This paradox is still unresolved, but has been thought to be irrelevant to

radiotherapy. In radiotherapy, target theory has always been conceptually impor-

tant (1–3). The aim of radiotherapy has been to target the radiation to the tumor area,

while sparing the adjacent or proximal normal tissue to give an optimal therapeutic

ratio, and within the tumor each cell had a radiation-sensitive target (thought to be

DNA) that had to be inactivated. Targeted radiation therapy and radiation target theory

were conceptually linked in a common goal (2, 4). The bystander effect, which has

become thought of as a nontargeted effect, has challenged cellular target theory (5–8).

Through analogy, it could be argued that it also provides both opportunities and

potential problems in the targeted radiotherapy field. The bystander effect works

through cell-to-cell communication (Fig. 14.1). This may be through direct gap

junction communication between cells (9, 10), ormay be through a liquid (or gaseous)

intermediary (11, 12). The importance of the liquid intermediary is that signals will

travel around the entire bodyvery rapidly.Theoldparadigmof radiation biology that is

still widely held and underpins radiotherapy basically holds that there is a linear or log

linear relationship between radiation dose and biological effect. It holds that DNA is

the critical “target” for radiation damage and that the DNA double strand break is the

critical lesion. The number of double strand breaks can be directly related to the dose.

Arising from this DNA damage, chromosome aberrations can occur due to changes in

the sequence ofDNAbases (code sequences). It should be noted that the old paradigm

held that low-dose chronic irradiation does not necessarily have as great an impact as

a brief higher dose exposure—a division factor of 2 was applied to the “dose” if this

FIGURE 14.1 Schematic showing the radiation-induced bystander effect operating through

a gap junction intercellular communication mechanism or by diffusible factors.
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was accumulated over a long period (13) but critically, the concept of adaptive or

epigenetic influences (i.e., effects due to processes or mechanisms not involving

mutation or direct DNA damage) were not considered and are still not integrated into

fractionated radiotherapymodels (14). The direct relationship between dose andDNA

damage lent weight to the linear nonthreshold (LNT) model that was supported by

high-dose epidemiological data from the Japanese atomic bomb survivors who had

an increasing rate of cancer incidence (biological effect) as the dose received

increased (15–18). To determine effects at low doses, the high-dose data were

extrapolated to zero dose where there was assumed to be a zero effect. Of course,

in the low-dose region, it was not easy to assign causation to radiation exposure due to

the high background incidence of cancer and other diseases associated with radiation

but the model is used even though flawed to relate dose and effect both in radiation

protection and in radiotherapy (19, 20).

14.3 NEW KNOWLEDGE AND THE PILLARS OF THE DEVELOPING
NEW PARADIGM

Within conventional radiobiology as accepted in the 1950s continuing through to the

late 1990s, therewas no room for epigenetic effects because the traditional concept of

radiobiology was based on target theory. In order to work, radiation had to hit defined

targets within the cell, assumed to be DNA. Assumptions about the number of targets

hit could then be made from measurements of dose and dose rate. The evolution of

nontargeted radiobiology meant that the previous assumptions could no longer hold

particularly in the low-dose region or where targeted radiotherapy meant that the

whole fieldwas not equally exposed. Thismeant that radiation effects no longer had to

be genome based (due to DNA mutation or reproductive death), but that radiation

could cause or acerbate systemic disease and could kill tumor cellswithout necessarily

depositing lethal amounts of energy in the cell itself (for reviews, see Refs (21–24)).

These concepts, although largely accepted theoretically by the radiobiology commu-

nity, have been difficult to prove in the population or clinic because of enormous

confounding variables (smoking, drinking, age, sex, concurrent, past, or future

exposures to the same or a different toxic agent). It has also been argued that the

radiation might actually boost the immune system and be good for you—and there is

a history of using radium baths in Europe and theUnited States as health spas. The key

point, however, is that there will be huge individual variation due to involvement of

epigenetic factors in the response. At any one time, we are as unique epigenetically as

we are genetically. Epigenetic differences are linked to sex and lifestyle. In theory,

therefore adose of radiation could cause anynumber of effects at anyhierarchical level

ranging from beneficial to death-inducing damage. Understanding the underlying

mechanismsandharnessing thesevariables is essential ifweare tooptimize treatments

using targeted radiotherapy approaches.

Another key pillar of the changing paradigm is that we now realize that radiation

effects even at the level of the cell are not simply due to DNA double strand breaks.

Cell communication, microenvironment, tissue infrastructure, and a whole host of
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systemicvariables influenceoutcome fromacellular trackof ionizing radiation.These

points are discussed in the various reviews cited above. The key milestones in the

development of this new paradigm are listed in the following time line.

14.3.1 Key Points and Historical Time Line

1954: First report of persistent “clastogenic activity” in the plasma of children

who received irradiation to the spleen. Clastogenic activity refers to the

presence of factors in the blood that could cause chromosome damage (25).

1962: Souto reported that plasma of irradiated rats could induce tumors in

unirradiated rats at a greater rate than plasma form unexposed rats. This was

published in Nature (26). They also called this “clastogenic activity.”

1967–1972: Several experimental studies using animals and human radiotherapy,

patients or victims of radiation exposure in the Marshall Islands and in

Hiroshima show the presence of chromosome damaging agents circulating in

the blood many years after exposure. Papers highlighted in a review by

Mothersill and Seymour 2001 (27).

1972–1985: During this period, no major work reported in this area. The data on

clastogenic factors were forgotten or shelved because there was no mechanism

known bywhich these factors could act and because therewas no epidemiologi-

cal link to increased tumors at the population level.

1986: Report of “lethal mutations” in the distant progeny of irradiated surviving

cells (28) started a renewed interest in the persistence of radiation damage and

the mechanisms by which it could be perpetuated.

1986–1991: Several reports in the radiobiology literature of delayed effects both

mutagenic and lethal in “normal progeny” cells surviving radiation (29–32).

1992: Kadhim et al. (33) publish a paper in Nature showing chromosomal

aberrations in the progeny of bone marrow cells exposed to low-fluence alpha

particles. This paper was very widely cited as it suggested a mechanism for

radiation-induced leukemia. It also led to the term “genomic instability” being

widely known and defined as “nonclonal aberrations appearing in clonal

progeny of irradiated cells.” Definitive proof that the cells were unstable was

facilitated because bone marrow cell lineages were very well worked out and

descendants were known to be clonal. Therefore, finding a high rate of new

chromosome defects in descendants of irradiated stem cells meant a process

was occurring upstream that made the occurrence of genetic mutations more

probable in the clonal descendants. This was demonstrated in human bone

marrow by the same group in 1994 (34) and also showed big differences

between patients, a clear indication that individual variation was occurring.

Implicit in these chromosomal studies and the lethal mutation studies was the

concept that more cells were demonstrating damage than could have been

directly targeted by the radiation.
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1992: Little et al. (35) report that more cells than could have been hit by a low

fluence of alpha particles, show chromosome damage. This report could not be

accommodated by target theory because a cell did not need to be hit by radiation

to show an effect. This together with the earlier discoveries of genomic

instability and lethal mutations set the scene for the “paradigm shift” in

radiobiology.

These papers were very controversial at the time and were regarded as

“artifacts,” “irrelevant to radiation protection,” and “just plain wrong” by the

International Commission on Radiological Protection (ICRP) and the U.K.

National Radiological Protection Board (NRPB). European Union funding was

denied to groups proposing to work in this area and there was much bitterness

continuing into the late 90s despite mounting evidence of a real effect, in terms

of chromosomal aberrations.

1996: A paper by Clutton et al. (36) links genomic instability to oxidative stress in

the cell population. Papers reported later on by Limoli (37), Murphy (38),

Prise, (39), Hei (40), and others confirm the link and suggest that cell and organ

stress leads to production of bystander factors that in turn drive the persistent

instability and thus increase the probability of mutations.

1996: First report in recent times of a soluble factor produced by irradiated cells

that can reduce the survival of distant unirradiated cells (41).

1997: Genotype dependence of genomic instability outcomes reported in awidely

read and cited paper by Ponniaya et al. (42). The experiments demonstrated

clearly inmice that depending on the genetic strain, the cells would favor a “cell

death pathway” or a “survival carrying genetic damage” pathway. The latter

strain developed cancers as a late effect of radiation exposure while the former

did not. Watson et al. (43) in the same year injected gender mismatch normal

bonemarrowcells intomice that had their bonemarrowablated by awhole body

radiation dose. The group showed strain-dependent induction of genomic

instability in the normal injected marrow cells. This had to be due to soluble

factors from the host affecting the newly injected cells.

1997–2001: Many reports in the literature (reviewed in Ref. (27)) suggesting so

called “bystander effects,” that is, chromosome damage, death, DNA damage,

and an assortment of other effects in cells receiving signals from irradiated cells.

The key papers that were considered relevant to human carcinogenesis and

cancer therapy were by the group at Columbia University in New York, who

showed mutagenic and carcinogenic effects in cells receiving signals from

irradiated cells (reviewed in Ref. (44)) and a paper by Weber et al., (45)

confirming that intercellular signals could induce transformation (an in vitro

state where cells acquire characteristics similar to those seen in malignant cells

and if injected into animals, formmetastatic tumors). Another key paper was by

Seymour and Mothersill in 1997 (46) showing in human skin cells that both

lethal mutations and genomic instability were induced by bystander signals.

Lorimore et al. in 1998 (47) then showed using alpha particle irradiation that the

population of cells that received the signals but were not actually targeted were
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in fact the population that went on to develop genomic instability. This led to

suggestions of wider targets for radiation effects than DNA and the field of

“nontargeted effects of radiation” was born.

2001: First report (48) written in Russian of an allelopathic (i.e., a communicated

signal inducing a damaging response in another organism) effect of urine from

irradiated mice (4Gy) on the bone marrow and immune response of unexposed

animals sharing the same cage. Allelopathic effects are those communicated by

chemicals from one organism to another. They are well known in plants, less so

in animals.

2006: First report (49) of communicated effects of radiation exposure from

irradiated fish (0.5Gy) to unirradiated fish.

2007: Demonstration bySmith et al. (50) of a unique protein profile induced in fish

receiving signals from irradiated fish. The significance of this and Surinov’s

earlier finding in mice is that they demonstrated the in vivo relevance of

nontargeted effects and revealed in two widely different vertebrate ani-

mals—fish and mice—in which signals transmitted from one animal that has

been irradiated can cause induction of proteins in another animal (unirradiated)

that received the signal. This is unequivocal proof that bystander effects/

responses occur in vivo and provides a way of dissecting signal production

from bystander response that is not possible in models using shielding or

microbeam approaches because of the confounding problems of scatter dose

and blood circulation. While it may be argued that the latter models are more

relevant to the therapeutic situation, because the reality is that the dose is

delivered to part of a whole organism and thus “bystander effects” are going to

be a result of direct effects due to the actual dose, the scatter dose and the dose

to circulating blood, the communicated signal model is essential if we are to

understand the uniquemechanisms involved in bystander responses and harness

them for the benefit of patients.

2007: Wide acceptance that the “bystander effect” is actually akin to a stress

response inducible in susceptible individuals, which due to the link between

cellular stress, oxidative stress, and DNA damage, provides a mechanism by

which low or nonuniform doses of radiation can have profound and unexpect-

edly widespread effects in susceptible individuals. While repair mechanisms

may take care of the actual damage, these can be compromised by immune

deficiency due to infectious disease and other illnesses, nutritional insufficien-

cy, age, and a host of other factors including emotional “stress.”

2007: Demonstration by Liu et al. (51) and Prise et al. (52) of bystander effects

occurring in cells at doses in the region of 2–3mGy. Prise’s group also showed

a “binary response” at very low doses where some cells responded to bystander

signals but others did not. They regarded the effect as a stochastic or random

event. Demonstration of adaptive responses has been documented also at doses

as little as 10 mGy. The point here is not whether the effect is “good” or “bad,”
but that an effect occurs at all. Given what we know about individual variation,

due to both genetic and epigenetic factors, it is likely that the same dose of

512 THE BYSTANDER EFFECT IN TARGETED RADIOTHERAPY



radiation could have beneficial effects in one person and adverse effects in

another. Averaged out over the population, this would not be apparent in the

epidemiology but is clearly important to understand when planning radiothera-

py, especially if this is targeted because this aims to leave large areas of the body

untargeted and thus available for bystander mechanisms to dominate.

2008: Reports of the demonstration of a “radiation signature” in the form of a

discriminatory biomarker that can be induced by radiation but not by a toxic

heavy metal by Nakamori et al. (53). This offers the possibility to test for

radiation-induced effects as opposed to chemotherapy or chemical carrier

effects in targeted therapy and is a “holy grail” of radiobiology.

14.4 CONCEPT OF HIERARCHICAL LEVELS OF ASSESSMENT
OF TARGETED RADIATION EFFECTS

Enormous confusion in the radiobiology field arises from a lack of consideration of

this concept. Most of the arguments about whether radiation is “good” or “bad ” in

a given situation fail due to lack of consideration of the level at which the effect is

takingplace.Forexample, cell death is seen as a“bad” effect in radiationprotectionbut

if it removes a cancer cell or a metastatic cell from the population of cells in a tissue it

could prevent the cancer from spreading or a metastatic focus from starting and could

be seen as “good.” Similarly, in nonhuman populations, for example, a competing

rodent species—death of radiosensitive population members that cannot adapt to the

changed (now radioactive) environment, could be “good” for the population although

“bad” for the individual. It is only by considering responses in context that any

conclusions can be drawn about risk or benefit of a proposed targeted therapy.

14.5 THE NEW MEANING OF THE LNT MODEL

Given all the new uncertainties and the emerging mechanistic understanding of

bystander effects, the LNT model cannot be called an LNT hypothesis anymore. It

is clearly not correct to say a linear extrapolation describes low or nonuniform

radiation dose effects. The new paradigm contains complexity and unpredictability.

There are arguments and data to support any relationship between dose and effect after

low and nonuniform doses but the reality is that any outcome can happen to an

individual and there are ample data showing effects in these situations. The purpose of

the LNT model that plots a linear relationship between dose of radiation and

carcinogenic risk basedon theA-bomb survivors is now toprovidea tool for regulation

in an environment of uncertainty.Theproblemwith theLNTmodel is the lackof actual

data at low doses—the model used extrapolation to make a relationship showing

zero risk at zero dose and without any threshold. This is hugely controversial with

both pro- and antiradiation groups arguing that the relationship is either hypo or

hyper linear. On scientific analysis, the LNT dose effect relationship that has been

used for regulation of human exposure has been rejected by various radiological
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organizations or committees asked to consider the evidence, such as the CERRIE

(Committee Examining Radiation Risks of Internal Emitters) minority andmajority

reports of 2003/2004 and the FrenchAcademy of Sciences (54–56). The cause of the

uncertainty is simply that the simple DNA damage paradigm does not hold at low

doses such as those experienced in nontargeted regions of the body and therefore

dose and effect cannot always be linearly related. Which way the curve will go

depends on other factors—including genetic background and environmental

conditions.

14.5.1 Relating Dose to Effect, Harm, and Risk

This is the key issue. It is always controversial and in dose range senarios or dose

distributions where epidemiology is a weak tool, it is usually difficult to assess

whether a dose produced a specific consequence in an individual. The reverse

relationship (that, for example, an adverse health effect is caused by a dose) is also

difficult to assess. The gold standard is, of course, chromosome aberrations as these

are evidence of fixed genetic change in dividing cells and are relevant to both cancer

and hereditary effects but induction of cancer associated proteomes, stress pro-

teomes, or genomic changes in cancer associated genes are also important espe-

cially for monitoring therapeutic outcomes even though these are not necessarily

fixed and transmissible.

14.6 TECHNIQUES FOR STUDYING BYSTANDER EFFECTS

The new paradigm emerged initially as a result of reexamination of firmly held beliefs

and some odd results in the laboratory that did not fit the existing theory. Proof of the

new hypotheses required the application of techniques such as cellular molecular

imaging, M-FISH (multiple fluorescence in situ hybridization), SKY (spectral

karyotyping) as well as the development of culture techniques for human normal

and tumor tissues which permitted functional studies to be done (57). Older studies

tended to be performed on a limited number of cell lines that grew well in the

laboratory butwere radioresistant and very unrepresentative of either normal or tumor

tissues in the body. However, the major driver was the entry into radiobiology of

biologists with cell andmolecular biology approaches, experience in tissue and organ

physiology and no preconceived ideas.

14.6.1 Emerging Biomarkers of Nontargeted Radiation Effects

The new techniques are of great power in the study of disease processes or therapeutic

outcomes where frank changes in tissues have occurred and where normal tissue

samples alongwith the tumor biopsies are available for comparative purposes.Most of

the new techniques other than those based on live cell imaging and cytogenetics are

collectively grouped as “omics” technologies, for example, genomics, proteomics,

and so on. All “omics” studies rely on comparison of altered patterns against normal
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patterns preferably from the same patient ormouse strain, or at least from a large bank

of normal or diseased tissues. The question posed in this chapter is not whether the

techniques are useful but whether they can address the specific issue of nonuniform

dose effects in targeted radiotherapy situations.

14.7 BYSTANDER PHENOMENA IN TARGETED AND CONVENTIONAL
RADIOTHERAPY

These may be considered from several aspects—What is the difference in the type of

signal produced by normal versus tumor cells?What is the impact of signals produced

by targeted cells on surrounding or systemically affected normal cells? Do different

tissues (normal or malignant) give rise to different bystander signals? Does one tissue

respond to signals sent by another tissue whether normal or malignant? What is the

impact of imaging techniques and treatment planning? Traditional radiotherapy used

two or three fields to cover the tumor area. Doses to the tumorwere limited by damage

to the normal surrounding tissue. Recently, several articles have appeared exploiting

bystander effects to increase tumor cell kill. These studies have shown that indirect

effects of ionizing radiation may contribute significantly to the effectiveness of

radiotherapy by sterilizing malignant cells that are not directly hit by the radiation.

Reports by Kassis (58), Bodei et al. (59), Marples et al. (60), andMothersill et al. (14)

defineor discuss the importanceof bystander effects invivo in clinical situations.More

recently, GRID using a lead grid placed over the field to be irradiated and synchrotron

beam approaches (synchrotrons can be used to generate parallel microbeams of high-

energy electrons) both aim to increase the total dose to the irradiated region by sparing

areas of the tumor target and appear to involve bystander processes operating in areas

where mimimized dose (i.e., valley dose) occurs (61, 62). Themechanism underlying

the clinical success of these techniques has not been elucidated but the techniques

raise very important questions about bystander signal effects occurring in targeted

cells as well as in nontargeted cells—a concept that is only now beginning to be

considered (63).

Targeted radionuclide therapy aims to increase accuracy, rangeof deliveryanddose

by increasing the number of fields, specifically targeting the dose to tumor cells

wherever they may be in the body (64–66). This should decrease damage to the near

surrounding tissue and increase dose to the targeted tumor cells, but also increases the

whole body scatter dose—that is, the dose reaching areas not in the planned radiation

field. The bystander effect is the dominant effect at these low scatter doses, but is

thought to saturate at higher doses; however, this is not to say it is irrelevant at high

doses and Fig. 14.2 shows that it contributes about 60% of the cell kill after a 2Gy

conventional radiotherapy dose. If it is important in targeted therapy, logic would

suggest therewould be a difference between conventional and targeted radiotherapy in

effects on targeted and nontargeted tissues that may be attributable to the bystander

effect. This may explain the effectiveness of targeted approaches such as those

employed by Boyd et al. (64–70). Boyd et al. have optimized several aspects of

targeted radiotherapy/gene therapy strategies using noradrenaline transporter (NAT)
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gene-transfected tumor cells to achieve tumor-specific transcriptional regulation of

therapeutic genes and to maximize collateral cell damage via cross-fire irradiation

between cells, thereby overcoming the problem of heterogeneity of transgene

expression. The efficacy of these ploys has been demonstrated in their unique

transfectant mosaic spheroid model. Recognizing that, in addition to the physical

bystander effect (cross fire), there is amore subtle biologic bystander effect associated

with targeted radionuclide therapy, they embarked on a study of the characterization

of this phenomenon. They employ an adaptation of the media transfer procedure

FIGURE 14.2 Clonogenic survival of cells treated with bystander signals derived from cells

exposed to radiation (left panel) and cells directly irradiated (right panel) where the bystander

contribution to the total result has been subtracted leaving the effect attributable to the direct

irradiation only.
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developed by Mothersill and Seymour (12) to compare the induction of bystander

effects by external beam cobalt 60 gamma radiation with those generated by

radiolabeled metaiodobenzylguanidine (MIBG), a radiotherapeutic agent for neuro-

blastoma, incorporating radionuclides (131I, 211At, or 123I) emitting b-particles,
a-particles, or Auger electrons, respectively. This is a good example of the use of

gene transfection to construct a radiotherapy model, inasmuch as it allowed the

creation of an excellent control—that is, non-(noradrenaline transporter (NAT) gene)

transfected cells that were incapable of active uptake of radiolabeled MIBG. For

a more detailed discussion of gene-transfection approaches for targeted radiotherapy,

see Chapter 10. Boyd et al. (64–70) refrain from commenting on the relationship

between absorbed dose to the cell and radioactivity concentration. To do so, they

would needmore complete information concerning uptake andwashout dynamics and

transfer constants betweenmedia, cell surface, and intracellular and nuclear compart-

ments. Instead, the investigators estimated effectivedose bycomparing the clonogenic

cell kill achieved by external beam radiation or radiopharmaceutical treatment. The

results of this study indicated that intracellularly accumulated radionuclides power-

fully stimulated the production of bystander effects. Active cellular accumulation

was necessary for the induction of bystander effects. Those cells that had not been

transfected with the NAT gene produced no toxin. Ultimately, however, serious dose

modeling will be needed to carry these techniques forward.

In terms of treatment planning techniques and the use of IMRT (intensity

modulated radiotherapy) to target tumors, bystander effects are theoretically relevant

but difficult to quantify. There is as yet little evidence for or against IMRT being

advantageous. This is because it is a relatively new technology and is expensive in

terms of time and machine utilization. Large-scale comparative studies have not yet

been done.

If the only important bystander effect in determining outcome is that produced by

the tumor, then the shift from conventional to IMRT treatment will have no detectable

effect. If the bystander factor(s) produced by the normal tissue is(are) important, then

the shift fromconventional to IMRT treatmentsmayhave significant effects. If all cells

produce bystander factor, then the total volume of irradiated cells will be important

(especially with a threshold as there will be effectively no dose-dependent gradients).

If tumor cells and normal cells produce different bystander factors then respective

volumes of irradiated tissuewill also be important. In both of these instances, it can be

predicted that the increase in whole body scatter dose produced by IMRT will be

beneficial in tumor suppression. This makes the assumption that the bystander effect

we observe in vitro happens in vivo, and there is some evidence for this.While it is not

possible to predict exact effects, the argument can be made that the bystander effect

would be different between conventional and IMRT treatments, andmay be sufficient

to produce different treatment outcomes. These questions are only beginning to be

addressed.

In relation to the specific topic of this book that is about targeted radiotherapy using

molecular tools rather than physical techniques to focus the dose to the tumor

numerous clinical trials of radioimmunotherapy have shown positive treatment out-

comes (partial and complete remissions) in some but not all patients, and these have
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occurred at very modest radiation absorbed doses, that is, less than 2000 cGy,

sometimes at only a few hundred centigray units (see Chapter 13). This suggests

that there could be a substantial bystander effect at play. In addition, in the area of

Auger electron radiotherapy, the dogma has been that these subcellular types of

radiations are only effective if the radionuclides are targeted and internalized into

tumor cells; however, Kassis et al. have shown that there is a bystander effect from

these types of radiations that can kill nontargeted cells, thus potentially greatly

amplifying their effects (see Chapter 9).

14.8 MECHANISMS UNDERLYING BYSTANDER EFFECTS AND
DETECTION TECHNIQUES

The mechanisms underlying the bystander effect have been extensively reviewed

(21–24, 27, 71–73). Basically the consensus now is that bystander signals are products

of stress pathways in cells responding to environmental insults. As such, roles for ROS

(reactive oxygen species), NOS (reactive nitrogen species), p53, cytokine, andMAPK

(mitogen-activated protein kinase) damaging sensing pathways have all been impli-

cated. At the more “macro” level, immune and inflammatory pathways have been

implicated (74). Ion channels are thought to mediate the transformation of radiative

energy into chemical signals (75, 76).Themajority of papers in this fieldare concerned

with carcinogenesis rather than therapy for cancer but this is changing. Recent

advances in the fields of targeted radiotherapy and synchrotron therapy, suggest that

bystander mechanisms if harnessed properly, could be a major therapeutic tool in the

fight against cancer. This raises the important question of how to measure bystander

effects in a clinical or preclinical setting. Our group developed an explant assay to

experimentally examine the bystander effect that can be done if surgery precedes

therapy (77–79). The assay involves culturing small tissue fragments from an

irradiated host (either an animal or a human patient undergoing radiotherapy)

in vitro and harvesting medium from the culture (Fig. 14.3). The medium is added

to reporter cells known to produce a response if bystander signals are present.

Extensive controls including sham irradiated samples and unhandled samples ensure

the signals are due to actual irradiation of the tissues. For the purposes of radiotherapy

related bystander assays, the end point is a change in the cloning efficiency of the cell

line using the Puck andMarcus assay (80). Decreased cloning efficiency is indicative

of a reduced reproductive survival due to the cells receiving bystander signals while

increased cloning efficiency is indicative of increased reproductive survival—all

relative to the control cloning efficiency.The assaywasvalidated usingmice irradiated

in vivo that were already known to known to produce (C57 BlJ6) or not produce

bystander CBA H) signals. The big advantage of the explant assay is that normal and

tumor tissue from the same organ can be sampled—thus addressing the question of

therapeutic ratio. Because tissue biopsies are not always available, our laboratory also

tried to develop a blood assay. Samples were obtained before, during and after

conventional radiotherapy courses. Serum was harvested by centrifugation and the

serum samples were used in lieu of the fetal calf serum normally added to culture

518 THE BYSTANDER EFFECT IN TARGETED RADIOTHERAPY



medium. The assay results were published as a pilot study (81) but sufficient patients

and clinical follow-upwere not obtained in the study to validate this method. Perhaps,

it is now timely to revisit this approach especially in the case of targeted radiotherapy

patients because it would indicate a systemic bystander response (or not) in patients

undergoing treatment and could perhaps be used to monitor response. There are very

fewdata concerning tumor versus normal tissue bystander signals. In our hands, tumor

cells per se do not produce toxic (apoptosis inducing) bystander signals. We suspect

that the apoptotic signals are coming from normal cells in the tumor and that the

beneficial effects of protocols such as targeted radiotherapy may be due to bystander

signals resulting from low collateral doses to normal tissues in the tumor such as

vascular or stromal elements. This are needs considerable research. One of the

limitations of our own reporter assay is that it is limited to detection of toxic signals.

There is no reason to believe that there are not other types of signals that could do other

things. To date, virtually all bystander research has focused on low-dose radiation

protection issues as discussed previously but the major benefits of bystander research

are most likely to come form studies in the therapy field. To our knowledge at the time

of writing, no clinical or preclinical studies have been published which actually

harness bystander responses for radiotherapy.

Apart from the practical clinical need tomeasure bystander responses, there is also

a major need to answer mechanistic questions of specific relevance to radiotherapy.

As mentioned earlier, most bystander research is concerned with the relevance to

FIGURE 14.3 The protocol for assessing bystander signal production by tissues from

exposed organisms or tissues.
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low-dose radiogenic cancers. In the specific case of targeted radiotherapy, the key

mechanistic questions include differences in response between normal (e.g., tumor

stromal bed and vasculature) and tumor cells, tumor death evasionmechanisms, long-

term transmission of genomic instability and clastogenic effects due to systemic

signaling effects. One of the long-term effects of targeted radiotherapy, for example,

treatment of lymphoma with Zevalin, or treatment of neuroendocrine malignancies

with 90Y-DOTATOC and 111In-pentetreotide has been the induction of myelodys-

plastic syndrome (MDS), a precursor to acutemyeloid leukemia (AML) (seeChapters

7 and 9). Presumably, this is due to direct effects of the radiation on bonemarrow stem

cells leading to genomic instability, but it could also be due to bystander effects at low-

radiation fluxes. In fact, the current ideas in low-dose radiobiology suggest that the

genomic instability is in fact “driven” by bystander mechanisms although how is far

from clear.

The mechanisms of “scatter” and abscopal effects (82–85) also are very relevant

because a key mechanistic question in targeted radiotherapy is actually: Does the

estimated radiation absorbed dose correlate with the therapeutic outcome, or is it

possible to have a greater therapeutic outcome than expected because of the bystander

effect? These questions should be central for funding agencies in the cancer radio-

therapyfieldbecause the evidencenow(mainly anecdotal) cannot be ignored anymore

and strongly suggests major therapeutic benefits of whole body or targeted low-dose

exposure with consequent induction of apoptotic bystander signals that optimize

tumor response. The specific role of biogenic amines and cytokines in targeted

radiotherapy approaches, which offer adjuvant therapeutics is also important to

study (86–88) because these signaling agents can interfere with the planned radio-

therapeutic outcome and if inhibited or stimulated using inhibitors or activators could

optimize the desired outcome.

14.9 THE FUTURE

The possible exploitation of bystander mechanisms as novel targets for targeted

radiotherapy needs to be explored. In particular, there is a case for manipulating the

differences between normal and tumor tissue and the differences in response between

different individuals to create “designer therapies,” which in the case of targeted

radiotherapy, could optimize the cell killing effect using inhibitors or activators of

bystander signals. Several drugs are also now known to interfere with or enhance

bystander signaling cascades. Among these are L-deprenyl and ondansetron—already

used in external radiotherapy for other reasons (86, 87). Ondansetron is an inhibitor of

serotonin known to be important in the bystander mechanism (86, 87) and it is already

known to improve tolerance of radiotherapy but the link to the bystander mechanism

was not known. Clearly, in a targeted therapy situation where bystander mechanisms

maybe evenmore important—this drug or in fact its antagonist could bevery valuable.

Similarly, L-deprenyl, used to treat Parkinson’s disease, is a potent inhibitor of

bystander effects by inducing the antiapoptotic protein—bcl 2—in normal tissues

(it is usually already induced in tumors), thus optimizing the therapeutic ratio. The
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rational inclusion of these and other drugs in targeted radiotherapy situations needs to

be explored. Also the idea of preconditioning patients with low-dose radiation to turn

on the bystander signal cascades prior to targeted radiotherapy needs to be critically

evaluated.
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CHAPTER 15

The Role of Molecular Imaging
in Evaluating Tumor Response
to Targeted Radiotherapy

NORBERT AVRIL

15.1 INTRODUCTION

Molecular imaging combines molecular biology and in vivo imaging and enables the

visualization of cellular processes and functions. It is different from traditional

anatomical imaging as specific biomarkers are used for particular targets or defined

cellular pathways. Using radiolabelled ligands to noninvasively derive functional

information in vivo has been established in nuclear medicine over several decades.

Positron emission tomography (PET)has becomeoneof themost importantmolecular

imagingmodalities in clinical oncology. This success is primarily based on the ability

of PET to measure and to visualize the increased glucose metabolism of cancer tissue

by using the radiolabeled glucose analogue 18F-fluorodeoxyglucose (FDG). Numer-

ous studies have shown that FDG-PET is useful in a variety of clinical situations (1).

These include the characterization of suspicious lesions, such as pulmonary nodules,

for example, distinguishing between radiation necrosis and tumor recurrence, and

determining the extent and resectability of recurrent tumor. Staging of cancer patients

has evolved as the most important clinical application by providing an accurate

assessment of the localization, extent and spread of disease. FDG-PET can assess

tissue glucose utilizationwith high reproducibility. Following therapy, the decrease of

tumor glucose utilization correlates with the reduction of viable tumor cells. Thus,

FDG-PET allows for assessment of therapy response by determining the viability of

residual masses after completion of treatment.
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15.2 POSITRON EMISSION TOMOGRAPHY

15.2.1 Background and Basic Principles

Positron emission tomography is a functional imaging technology that enables the

visualization, characterization, and quantification of biological processes in vivo. By

using positron-emitting radiotracers, PET provides unique information about the

molecular and metabolic changes associated with disease. The technology was

developed more than 50 years ago and after its use as a research tool, primarily in

neurology and cardiology, it has gained clinical acceptance over the last 10–15 years,

particularly in oncology. PET measures the distribution of positron-emitting radio-

tracers in the body and converts the data into cross-sectional images. Dedicated PET

scanners have been developed and refined over the past decade, which now enable

rapid, reliable, and reproducible imaging in humans (Fig. 15.1). These devices

generally comprise an array of scintillation crystals forming a ring around the patient.

The crystals convert the two 511 keV gamma rays created when the positrons emitted

byPETradionuclides are annihilated by interactionwith electrons in tissues, into light,

and attached photomultipliers subsequently produce electrical signals, which are

further processed in a proportional manner. PET is highly sensitive, with the capacity

to detect subnanomolar concentrations of radiotracer and provides superior image

resolution to conventional gamma camera imaging (i.e., single photon emission

computerized tomography (SPECT)).

The first application of positron emitters in humans took place in 1951 by

employing a simple probe system with coincidence detectors to localize tumors in

the brain (2). Almost 25 years later, the first images were acquired using a ring

tomograph for studying oxygen metabolism with 15O-oxygen, glucose metabolism

FIGURE 15.1 A GEMINI time-of-flight PET/CT. The PET/CT scanner consists of two

devices; the first is a 64-slice CT and then the scanner table with the patient is moved to the

second device, a time-of-flight PET.
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with 11C-glucose, bone metabolism with 18F-fluoride as well as blood pool and

perfusion of the heart and brain with 13NH3 and
11CO-hemoglobin (carboxyhemo-

globin) (3, 4). Significant advances in PET technology were the introduction of

bismuth–germanium–oxide (BGO) as a scintillator material for PET scanners (5) and

the successful synthesis of 18F-2-fluoro-2-deoxyglucose (FDG) byWolf andFowler in

1978 (6).

The accomplishments ofPETinoncology canbeprimarily attributed to the fact that

depending on the radiopharmaceutical used, PET has the capability and potential to

visualize various biological processes of tumors, such as glucose metabolism, cell

proliferation, receptor expression, angiogenesis, and hypoxia. The amounts of PET

radiotracers administered are extremely small, generally in the pico- and nanomolar

range and have essentially no pharmacologic effect.

15.2.2 PET Radiotracers

Glucose metabolism is often upregulated in malignant tumors resulting in increased

cellular uptake of the glucose analogue FDG.The uptakemechanism and biochemical

pathway of FDG have been extensively studied in vitro and in vivo (Fig. 15.2). Active

transport of the radiotracer through the cell membrane via glucose transport proteins

(GLUT) and subsequent intracellular phosphorylation byhexokinase (HK) are the key

steps for cellular accumulation (7). As FDG-6-phosphate is a poor substrate for

glucose-6-phosphate isomerase, and levels of glucose-6-phosphatase are generally

low in tumors, FDG-6-phosphate accumulates within cells proportional to the level of

exogenous glucose consumption and can be visualized by PET.
18F-fluoro-30-deoxy-30-L-fluorothymidine (FLT) (Fig. 15.3) has been developed as

a cell proliferation tracer for PET (8). Cell proliferation as a biological target is

particularly attractive in cancer imaging. Knowledge of tumor cell proliferation could

be used in the evaluation of tumor growth and may provide a prognostic indicator of

IntracellularIntravascular

K1 k3

FDG FDG FDG-6-PO4

4k2k

Glucose Glucose Glucose-6-PO4
Glycolytic

pathway

FIGURE 15.2 Tumor uptake mechanism of FDG. FDG crosses the cell membrane via

glucose transport proteins (GLUT) followed by intracellular phosphorylation to FDG-6-

phosphate. As FDG-6-phosphate is a poor substrate for glucose-6-phosphate isomerase, and

levels of glucose-6-phosphatase are generally low in tumors, FDG-6-phosphate accumulates

within cells proportional to the level of exogenous glucose consumption. Glucose 6-phosphate

continues in the glycolytic pathway.
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tumor aggressiveness. Recent developments in the introduction of anticancer drugs

that inhibit cell proliferation could possibly be monitored specifically by noninvasive

imaging of proliferation.Cell proliferation is required for tumorgrowth and thymidine

is utilized by proliferating cells for DNA replication. Therefore, thymidine and its

analogues have been radiolabeled to prove cellular proliferation rates by PET (8). The

cellular uptake of FLT is mainly not only via equilibrative nucleoside transporters but

also viaNaþ-dependent active nucleoside transporters. The concentrative transporters
are mostly located in normal tissues while the equilibrative transporters have been

found in tumor cells (9).

FLT is phosphorylated by thymidine kinase 1 (TK1), a principal enzyme in the

salvage pathway of DNA synthesis, to form FLT-monophosphate (10). FLT is a

selective substrate for TK1; in contrast, thymidine also reacts with TK2, the unregu-

lated isozyme, which is used for mitochondrial DNA replication and repair. In

quiescent cells, TK1 activity is virtually absent but in proliferating and malignant

cells it is increased particularly in the S-phase of the cell cycle. FLT-monophosphate

maycontinue to bephosphorylated intoFLT-diphosphate andFLT-triphosphate. It is at

this point in the pathway to DNA synthesis that the FLT phosphorylation process

differs from thymidine. Due to the 30-fluorine substitution, FLT-triphosphate is not

incorporated into DNA and is trapped in the cytosol (10). The rate-limiting step for

cellular FLT retention is the initial phosphorylation by TK1. The phosphorylated FLT

canbedephosphorylatedby50-deoxynucleotidase but this occurs at a slow rate relative

to TK1 activity (8). Since TK1 is a control point in the salvage pathway of DNA

synthesis, assessing the uptake and retention of FLT through TK1 enzyme activity

provides a direct assessment of cellular proliferation. The protein Ki-67 identified by

MIB-1 antibody staining is a histopathological measure of proliferation that can be

correlated to FLT uptake measured by PET (11, 12).

15.2.3 PET and PET/CT Imaging of Biologic Features of Cancer

15.2.3.1 Glucose Consumption Imaging the metabolic activity of tumors

provides bothmore sensitive andmore specific information about the extent of disease

FIGURE 15.3 Chemical structure of FLT. FLT is phosphorylated by TK1 to form FLT-

monophosphate. FLT-monphosphate may continue to be phosphorylated into FLT-diphosphate

and FLT-triphosphate; however, it is not incorporated into DNA and is trapped in the cytosol.
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compared with anatomical (e.g., CT or MRI) imaging alone (13). FDG-PET has

become a standard imaging procedure for stagingmany types of cancer. An important

limitationofFDG-PETalone, however, is the precise localization of abnormalities due

to the lack of reliable anatomical landmarks and the limited spatial resolution of

current PET tomographs (4–5mm). Clinical interpretation of metabolic FDG-PET

imaging is particularly challenging in the neck, abdomen and pelvis due to variable

physiologic FDG uptake in lymphatic, bowel, and muscle tissue as well as by renal

excretion of the radiotracer, which can confound image interpretation. Combined

positron emission tomography and computed tomography (PET/CT) is a new imaging

technology, which acquires PETand CT images that are concurrent and coregistered,

merging the functional information from PETwith the anatomical information from

CT (14). PET/CT is unique because it provides tissue characterization as well as

assessment of the exact location and the extent of tumor tissue. The use of FDG-

PET/CT has been shown to improve diagnostic accuracy compared to either imaging

procedure alone by localizing areas of increased FDGuptakewith improved anatomic

specificity and by providing better characterization of suspicious morphological

abnormalities (15).

15.2.3.2 FDG-PET Procedures and Image Analysis To ensure a standard-

ized metabolic state, especially low plasma glucose and insulin levels, it is necessary

that patients for oncologic PET imaging have fasted for at least 4 to 6 h prior to

administration of FDG. The blood glucose level should be tested prior to tracer

injection and should not exceed 8.5mmol/L (150mg/100mL) (16). It is important to

note that most published studies have excluded diabetic patients and the diagnostic

performance of FDG-PET is generally lower in patients with elevated blood glucose

levels. Intravenous administration of about 300–400MBq (�10mCi) of 18F-FDG is

used inmost centers, although some injectmore than800MBq(�20mCi) particularly

in larger patients. Most FDG is taken up by tissues within 1 h after injection and PET

data acquisition is initiated after 60–90min. Some studies found increasing target-to-

background ratios over time suggesting benefits to longer waiting periods between

radiotracer injection and data acquisition (17). However, lower image quality, due to

radionuclide decay (18F has a half-life of 2 h), has to be taken into account.

Correction for photon attenuation is required for quantification of FDGuptake; this

can be determined by measuring tissue attenuation using longer-lived radioactive

positron rod sources (e.g., germanium-68) that are rotated around the patient or by

coregistered CT data (automatically adjusted for the differences in attenuation of the

energies of the low energy X-ray CT beam and that of the higher energy 511 keV

gamma photons). Calculating standardized uptake values (SUVs) by normalization of

tissue FDG uptake to the dose of injected radioactivity and body weight is the most

common method for tumor uptake quantification (18). Dynamic data acquisition

allows calculation of the radiotracer influx constant, although, this procedure is more

complex and has not been shown to significantly increase the diagnostic accuracy of

PET imaging. Quantification of tumor radiotracer uptake allows for comparison

between PET studies performed in the same patient at different times but also among

different patients. In the clinical setting, the maximum SUV within the region of
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interest (ROI), which represents the highest radioactivity concentration in one voxel

within the tumor, is often used. Previous studies have demonstrated that SUVs provide

highly reproducible parameters of tumor glucose utilization in patients studied twice

without any cancer treatment in between (19, 20).AlthoughSUVs have been shown to

be important for monitoring treatment effects, visual image analysis is generally

sufficient for staging and restaging purposes.

Visual PET interpretation should include analysis of transaxial, coronal, and

sagittal views. Cancer typically presents with focally increased FDG uptake, whereas

most benign tumors are negative in FDG-PET. Normal increased FDG uptake or FDG

retention is found within the brain cortex, the myocardium, and the urinary tract. Low

to moderate normal uptake is often seen in the base of the tongue, the salivary glands,

thyroid, liver, spleen, gastrointestinal tract, bone marrow, musculature, and reproduc-

tive organs. There are inherent limitations of metabolic FDG-PET imaging that can

result in false-negative as well as false-positive findings. The most common normal

cause of misinterpretation is related to muscle activity. Muscle tension may lead to

increased FDG uptake and physical activity immediately before or after tracer

injection can lead to spurious muscle activity. False-positive findings are most

commonly associated with uptake of FDG in infectious or inflammatory tissue. In

different situations, FDG-PET can actually be helpful in imaging infections by

visualizing the increased metabolic activity of activated granulocytes and mononu-

clear cells that accumulate the radiotracer. Another cause of false-positive results is

related to cancer treatment. FDG uptake can be seen in tissue after radiation therapy

and it is therefore recommended to wait at least 8 weeks after external beam radiation

to evaluate the irradiated area for residual disease (21). For chemotherapy, a waiting

period of at least 4 weeks after the last cycle is recommended to avoid false-negative

PET results due to metabolic stunning of potential residual tumor tissue (22). In

addition, the bone marrow frequently exhibits increased metabolic activity following

chemotherapy, which makes it more difficult to identify bone metastases. False-

positive findings can occur in benign conditions such as Paget’s and Graves disease,

thyroid, adrenal and villous adenomas, healing fractures, and a few benign tumors.

Other pitfalls include increased FDG uptake in normal ovaries, for example, during

ovulation as well as normal physiologic activity in bowel, endometrium, and blood

vessels and focal retained activity in ureters, bladder diverticula, and pelvic kid-

neys (23). Whole-body imaging can be improved by intravenous injection of furose-

mide (20–40mg) to reduce radiotracer retention in the urinary system and by

administration of n-butyl-scopolamine (20–40mg) to reduce FDG uptake in the

bowel (24). Weaknesses of FDG-PET for cancer imaging include its limited spatial

resolution of 4–5mm currently achievable in commercial systems as previously

mentioned. Thus, it is important to note that a negative FDG-PET scan cannot exclude

the presence of small tumor deposits or microscopic tissue involvement.

15.2.3.3 Cellular Proliferation 18F-FLT uptake has been shown in feasibility

studies in a variety of tumors including breast cancer, gliomas, lymphoma, esophageal

cancer, lung cancer, and sarcomas (25–29). Physiological uptake of FLToccurs in the

bone marrow and liver, which may hamper assessment of liver and bone metastases.
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There is generally low background radioactivity distributed throughout the body,

particularly in fat, skeletal muscle and myocardium. FLT is excreted via the kidneys

and the urinary tract and a significant portion of the injecteddose is found in the urinary

bladder within the first hour after radiotracer injection. The uptake of FLT in the brain

is very lowsinceFLTdoes not cross thebloodbrain barrierwhich suggests that FLTis a

promising radiotracer for imaging brain tumors by providing a low background signal

(in contrast to FDG that is normally accumulated in the brain).

In general, FLT tumor uptake tends to be lower compared to FDG that limits its

sensitivity for cancer staging.The lowFLTuptakemaybe due to thymidine competing

withFLT for the active site of the trapping enzymeTK1andahigher affinity ofTK1 for

thymidine leading to its preferential phosphorylation. In addition, a study utilizing

compartmental pharmacokinetic analysis to assess FLT uptake in nonsmall cell lung

cancer patients demonstrated that the dephosphorylation step (k4) is significant (30).

This is important as it may lead to errors in response estimation if FLT uptake is

evaluated using semiquantitative measures such as SUV depending on the time

interval between radiotracer injection and PET imaging. Nonetheless, several groups

have reported that FLT uptake reflects tumor proliferation as defined by correlative

histopathologic evaluation of Ki-67 expression in nonsmall cell lung cancer, colorec-

tal cancer, lymphoma and gliomas. Buck and coworkers in a prospective study of 26

patients with solitary pulmonary nodules demonstrated FLT to be specific for

malignancy and to correlate with Ki-67 (11). They suggested that FLT-PET may be

able to differentiate between benign and malignant pulmonary nodules; however,

there were three false-negative cases in slowly proliferating tumors.

A prospective study in 34 lymphoma patients demonstrated that FLT uptake was

significantly higher in aggressive compared to indolent lymphomas (31). This led to a

suggestion that the progression of indolent to aggressive lymphomamight be assessed

by FLT-PET. Of note, no correlation between FLT uptake and cell proliferation

measured by Ki-67 was identified in breast cancer and esophageal cancer. The reason

for a lack of correlation in some tumors is unclear but may be related to differences

in tumor growth patterns and biological heterogeneity between different tumor types.

15.3 RESPONSE TO CANCER TREATMENT INCLUDING
TARGETED RADIOTHERAPY

15.3.1 Conventional Methods Used to Evaluate Treatment Response

Patient cure is the ultimate goal of cancer treatment. However,with solid tumors this is

generally only possible at an early stage, mainly by surgical resection followed, if

applicable, by adjuvant chemotherapy and/or radiotherapy. In some tumors, primary

radiotherapy or chemoradiotherapy has also been shown to be effective. In the

metastatic setting, cure is generally not possible. However, there is an array of cancer

treatment options available, which result in various degrees of tumor response

documented by the disappearance of macroscopic tumor or significant shrinkage of

the tumor burden. Nevertheless, in solid tumors, there is a verywide range of response
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(10–80%) to standard cancer treatments depending on the type of tumor, stage of

disease, and patient-specific factors, and therefore, a significant number of patients

undergo toxic therapywithout benefit. The current endpoints for assessing response to

therapy in solid tumors should be disease-free and overall survival. The most

frequently used surrogate end point for these effects is change in tumor size (32).

Anatomical imaging modalities, predominantly computed tomography (CT), mag-

netic resonance imaging (MRI), and ultrasound (US) are used to obtain unidimen-

sional or bidimensional measurements of reference tumor lesions from pretreatment

scans relative to follow-up. Several criteria to define tumor response have been

developed. Based on the WHO-criteria, a tumor is classified as responding when the

product of two perpendicular diameters of a mass has decreased by at least 50%. In

cases with multiple lesions, the summation of the products should decrease by more

than 50% (33). The Response Evaluation Criteria in Solid Tumors (RECISTs) define

tumor response as a decrease of the maximum tumor diameter by at least 30% (32).

Despite wide acceptance of these criteria, it is important to note that a 50% or 30%

decrease of tumor size is a more or less arbitrary convention, which is not based on

outcome studies. Therefore, tumor response as defined by morphological imaging

techniques may be less relevant as a surrogate end point in the evaluation of new

anticancer drugs, particularly those that interferewith biological processes andmaybe

cytostatic (34). Furthermore, full or partial resolutionof a tumormass is thefinal step in

a complex cascade of cellular and sub-cellular changes in response to treatment.

Frequently, several cycles of treatment need to be given before treatment response can

be reliably assessed by current anatomical imagingmodalities. Even the evaluation of

response after completion of treatment can pose a challenge. If a residual mass is

present, it is difficult to differentiate viable tumor tissue from posttreatment changes

such as scarring and fibrosis.

15.3.2 Molecular Imaging for Monitoring Treatment Response

15.3.2.1 Assessment of Treatment Response to Conventional Thera-
pies Restaging after completion of a course of treatment is essential to verify

response and determine the need for subsequent additional therapy. Conventional

anatomical imaging modalities frequently reveal residual masses where cancer was

present and it is often difficult to determine whether this represents viable tumor or

fibrotic scar tissue. Even biopsies can be misleading, because residual masses may

contain amixture of viable tumor cells and scar tissue,which can lead to false-negative

results. The ability to accurately monitor response to treatment is crucial in order to

select patients who need more intensive or salvage treatment. Many studies have

shown that the metabolic information from FDG-PET is important for assessment of

treatment response.

Several studies in Hodgkin’s or high-grade non-Hodgkin’s lymphoma have shown

that if both, CTand FDG-PETare negative at the end of treatment, patients have a low

likelihood of relapse. In contrast, patients with residual masses where FDG uptake is

increased have a high likelihood to relapse. In an early study of 44 patients with

Hodgkin’s disease or aggressive non-Hodgkin’s lymphoma, the 2-year relapse-free
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survival rate was 95% for thosewith negative FDG-PET compared with 0% for FDG-

PET positive patients (35). In another study of 54 lymphoma patients, a positive FDG-

PET scan was highly predictive of residual disease and predicted early disease

progression (36). Others have reported similar results (37–39). In 93 patients with

non-Hodgkin’s lymphoma, persistent abnormal FDG uptake was observed in 26

patients, all of whom relapsedwith amedian progression-free survival of only 73 days

compared to amedian progression-free survival of 404 days for patients with negative

FDG-PET scans (40). In a recent study, 90 patients with newly diagnosed aggressive

and mainly diffuse large B-cell lymphoma underwent FDG-PET before and after

chemotherapy (41). After completion of treatment, 83% of FDG-PET negative

patients achieved complete remission compared with only 58% of FDG-PET positive

patients. Outcome differed significantly between FDG-PET negative and FDG-PET

positive groups; the 2-year estimates of disease-free survival were 82% and 43%,

respectively (p < 0.001), and the 2-year estimates of overall survival were 90% and

61%, respectively (p¼ 0.006).

A systematic literature review of FDG-PET in evaluating first-line therapy in

Hodgkin’s disease and (aggressive) non-Hodgkin’s lymphoma included 15 studies

and a total of 705 patients (42). Pooled sensitivity and specificity for detecting residual

disease inHodgkin’s lymphomawere 84%and 90%, respectively. For non-Hodgkin’s

lymphoma, sensitivity and specificitywere 72%and100%, respectively. In 54patients

with aggressive non-Hodgkin’s lymphoma, integration of FDG-PET into the Interna-

tional Workshop Criteria (IWC) provided a more accurate response assessment than

IWC alone (43). Only the IWC combined with FDG-PET were a statistically

significant independent predictor for progression-free survival. There is nowsufficient

evidence in the literature that persistent increased FDGuptake in residualmasses after

treatment of lymphoma is highly predictive for residual disease.

Comparable results were observed in solid tumors. In patients with esophageal and

gastric cancer, residual FDG-uptake after completion of chemoradiotherapy was a

specific marker for viable residual tumor tissue and was associated with a poor

prognosis (44). In 27 patients with locally advanced esophageal squamous cell

carcinoma, therapy induced reduction of tumor FDG uptake was 72% for histopatho-

logic responders compared to 42% for nonresponders. Other studies found similar

results, although differing criteria were used to definemetabolic response (45). These

included patientswith osteosarcoma or Ewing sarcoma (46, 47), rectal cancer (48, 49)

and germ cell tumors (50, 51). In 73 lung cancer patients, prospectively evaluated for

response to chemoradiotherapy by CTand FDG-PET, metabolic FDG-PET responses

predicted survival more accurately than CT responses (52).

There have been some concerns regarding the diagnostic value of FDG-PET due to

inflammatory changes after external radiotherapy. A recent study evaluated FDG-

PET/CTin detecting residual disease after definitive radiochemotherapy in 28patients

withheadandneck cancer (21).Regarding thedetectionof residual disease, theoverall

accuracy of FDG-PET/CTwas 85.7%, compared with 67.9% for CT alone. All three

false-negative and one false-positive FDG-PET/CT results occurred between 4 and 8

weeks after treatment. At 8 weeks or later after treatment, the specificity of CT was

28%, compared with 100% for FDG-PET/CT. The authors concluded that the
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metabolic–anatomic information from FDG-PET/CT provided the most accurate

assessment for treatment response when performed later than 8 weeks after the

conclusion of radiation therapy.

The clinical data on the assessment of treatment response with FLT-PET to date is

limited. Several studies have reported an early reduction in cellular 18F-FLT uptake

after treatment with external radiotherapy (53, 54) or chemotherapy (55–57). Several

groups have demonstrated a significant correlation between the reduction in tumor

FLT accumulation posttherapy and histopathological expression of proliferating cell

nuclear antigen (PCNA) a nuclear polypeptide marker of cell proliferation, thus

implying the reduction in tumor FLTuptake is due to a reduction in cell proliferation.

Wieder and coworkers assessed response to adjuvant chemoradiotherapy in 10

patients with locally advanced rectal cancer (51). There was a significant reduction

in tumor FLT uptake 4–6 weeks postchemoradiotherapy in both responders and

nonresponders. They concluded FLT-PET does not seem to be a promisingmethod for

assessment of tumor response to neoadjuvant chemoradiotherapy in rectal cancer.

15.3.2.2 Monitoring Response to Targeted Radiotherapy Radioimmu-

notherapy (RIT) and peptide-directed radiotherapy (PDRT) describe an approach in

which radiation from radionuclides is delivered more selectively to tumor cells by

using antibodies or peptides recognizing tumor-associated antigens or receptors. RIT

has been used with success clinically in lymphoma patients employing nonmyeloa-

blative doses of 131I-labeled murine anti-CD20 tositumomab antibodies (Bexxar�,

GlaxoSmithKline, Philadelphia, PA,USA) (seeChapter 7), which is FDAapproved in

theUnitedStates. Alternatively, 90Y-labeled ibritumomab tiuxetan (Zevalin�, Biogen

IDEC Pharmaceuticals, San Diego, CA, USA) (see Chapter 7) antibodies can be

administered, which is approved in Europe and in the United States for treatment of

patients with relapsed or refractory follicular lymphoma. Zevalin consists of the anti-

CD20 monoclonal antibody ibritumomab covalently linked to the chelator, tiuxetan

for complexing 90Y. RIT combines the benefits of both external radiotherapy and

biologically targeted immunotherapy, enablingmultiple sites of disseminated disease

to be treated simultaneously and effectively, with the goal of minimizing toxicity to

normal tissues.

To date, there is only very limited data published regarding the use of FDG-PET to

monitor response toRIT (Figs. 15.4 and15.5).A small pilot trial includedfivemen and

five women with relapsed or refractory non-Hodgkin’s lymphoma who underwent

FDG-PET/CT 14–27 days before treatment with Zevalin and 4–6 months after

treatment (58). Response after treatment was measured with CT imaging defined as

complete response (CR), partial response (PR), stable disease (SD), or progressive

disease (PD), according to published criteria from a National Cancer Institute-

sponsored international workshop. Response after treatment was similarly measured

with FDG-PETas CR, PR, SD or PD, as defined according to published criteria of the

European Organization for Research and Treatment of Cancer (EORTC). Interpreta-

tion of CT images alone resulted in classification of eight of ten patients as responders,

with two patients classified as having a CR. Analyzing fused FDG-PET/CT images,

two patients had residual lesions at CT that did not show increased FDGuptake. These
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two patients, classified as PR according to CT criteria alone, were classified as CR by

FDG-PET/CT.Both of thesepatientswere free of evident disease at 18ormoremonths

of follow-up and therefore the FDG-PET/CT results were true negative.

In a recent study, 27 patients with relapsed non-Hodgkin Lymphoma underwent

FDG-PET after fractionated RIT using anti-CD22 90Y-labeled epratuzumab anti-

bodies (see Chapter 7) (59). Patients received one or two courses of fractionated

RIT. Each course consisted of two or three infusions of 92.5–370MBq/m2

FIGURE 15.4 (a) Coronal FDG-PET images of a 58-year-old male patient presenting with

increased FDG uptake in right axillary lymph nodes as well as right neck lymph nodes at

baseline butmuch reduced uptake at 6weeks following radioimmunotherapywith 90Y-Zevalin.

(See insert for color representation of the figure.) (b) Axial FDG-PET, CT, and fused FDG-

PET/CT images of lymphoma involved axillary lymph nodes in this patient. There is still mild

residual metabolic activity noted consistent with a partial response. (See insert for color

representation of the figure.)
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(2.5–10mCi/m2) of 90Y-epratuzumab, resulting in a cumulative administered activity

of 185–1110MBq/m2 (5–30mCi/m2). The radiolabeled antibody infusions were

administered one week apart. FDG-PET was performed at baseline and at 6 weeks

after each course of RIT. Treatment response was compared with conventional

imaging (CT and MRI) using the International Workshop Response Criteria; CR,

unconfirmed CR, PR, SD, or PD. FDG-PET was classified as CR, PR, or PD with

histology and follow-up as the reference standard. Sensitivity, specificity, positive

predictive value, negative predictive value, and accuracy of FDG-PET 6 weeks after

RITwere 86%, 62%, 80%, 71%, and77%respectively (p < 0.01), comparedwith 36%,

87%, 83%, 44%, and 55% respectively, for conventional imaging. Positive FDG

uptake predicted earlier relapse compared to negative FDG-PET results. The mean

time-to-progression was 15.6 months when FDG-PETwas negative compared to 5.4

monthswhenFDG-PETwas positive (p¼ 0.008). There are some theoretical concerns

regarding the influence of inflammatory changes following RIT, which could result in

false-positive FDG-PET results as mentioned earlier. Nevertheless, in more than 90%

of cases, metabolic response could be accurately defined as soon as six weeks after

treatment. The results of this pilot study indicate that responders to RIT may be

identified with FDG-PET more accurately than with CT. In addition, a benefit was

found using FDG-PET to detect residual disease as soon as six weeks post-RIT.

Although the results of FDG-PET for assessment of treatment response to RITare

promising, they rely on small series and there is currently no generally accepted

consensus regarding its use. This includes the optimal timing of FDG-PETor PET/CT

after treatment as well as defined criteria for PET image analysis. The most important

benefit of metabolic imaging to date is likely the identification of treatment failure by

persistent markedly increased FDG uptake in lymphoma. In cases with a significant

FIGURE 15.5 Patient with lymphoma demonstrating increased FDG uptake in a right

inguinal lymph node at baseline that completely resolved 8 weeks after radioimmunotherapy

with 90Y-Zevalin. Axial FDG-PET, CT, and fused FDG-PET/CT. (See insert for color

representation of the figure.)
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reduction in FDG uptake between baseline and posttreatment FDG-PET, careful and

close follow-up is recommended as residual viable tumor cannot be excluded.

Finally, it is important to note that as a result of the increasing evidence regarding

the use of FDG-PETin response assessment, revised response criteria developed by an

International Harmonization Project (IHP) have just been published together with

guidelines for performing and interpreting FDG-PET imaging (22, 60). These guide-

lines support the use of FDG-PET for end of therapy response assessment in diffuse

large B-cell lymphoma (DLBCL) andHodgkin’s lymphoma. However, they state that

the use ofFDG-PET for response assessment of “aggressive”NHLsubtypes other than

DLBCL and “indolent” lymphomas is less clear, and FDG-PET should be used only if

overall response rate and complete remission rate are important endpoints of the study.
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CHAPTER 16

The Economic Attractiveness
of Targeted Radiotherapy: Value
for Money?

JEFFREY S. HOCH

Waiter: What can I bring you?

Customer: I would like a pizza.

Waiter: Can I cut that into 8 slices for you?

Customer: No, I’m feeling hungry today. Cut it into 16 slices.

16.1 INTRODUCTION

Health economics is the art of applying economics principles to healthcare. These

principles include the following: (a) scarcity exists in healthcare; (b) scarcity forces

choice; and (c) smart choices involving not paying more for something than it is

worth. While these simple ideas seem trivial, they have profound consequences,

especially in cancer control.Often, health economics is viewed in a less than favorable

light by patients and physicians. This may be an inevitable consequence of the tension

between economic reasoning designed to maximize society’s welfare and medical

techniques designed to maximize an individual’s health outcome. The controversy

about how limited resources should be spent (or not spent) is captured frequently by

the media.

A recent example from the Canadian press was an article entitled “Ontario won’t

cover all costs of new cancer drugs” (1). The article juxtaposed views expressed by

cancer patients and views expressed by the health minister of Ontario.1 One anecdote

1Although there is a focus on the Canadian health care system and Ontario in particular, the resource

allocation concepts apply to most publicly and privately funded healthcare systems where scarce health

resources force difficult choices.
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was about a woman who was diagnosed with late-stage cancer and wanted to know

“why the government felt her life was not worth the $18,000 she was billed [for her

cancer drug].”

It became clear to me that early on the drugs I needed to fight my cancer were not being

provided by a universal healthcare system that I, as a Canadian, have been taught to be

so proud of . . . I’m a Canadian first and foremost—I happen to live in Ontario. Who

would have thought that this would affect the type of treatment that would be available

to me? . . . How does the government of Ontario have the audacity to make the choices

that deny their citizens the recommended standard of care that is offered in other G8

countries?

These concerns—“what is a life worth?”, “what are needed cancer drugs?”, and

“why all healthcare payers do not cover the same cancer drugs?”—we consider later

in this chapter. The response from Ontario’s health minister was also reported:

. . . there’s no public or private health insurance plan in the country that could afford to
pay for all of the latest cancer drugs . . .Ontario has more than doubled spending on new

cancer drugs, but it would be impossible to cover every newmedication that’s developed

. . . I can’t imagine an environment, and I can’t imagine leadership under any political

party . . . that could . . . offer a solution that said ‘every time there’s a new cancer drug

available on the market that a public system could pay for it.’

This response introduces themes like “increased spending on drugs” and “scarcity”

(e.g., not being able to pay for all cancer drugs) thatwe touch upon later in this chapter.

Throughout this chapter, it is important that the reader not lose sight of the fact

that cancer is a devastating disease that costs a lot to treat.Cancer is the leading cause of

death inmost developed countries, causingmore than25%of all deaths (2), and cancer

care accounts for 2.9% of all healthcare direct costs and 8.9% of indirect costs in

Canada (3). While the consequence of the application of economics to cancer

healthcare may be the denial of treatment, this is not the purpose. Economics offers

a framework for an organized consideration of treatment options aswe seek to balance

the imperatives of treating a very bad disease and not paying more than we can (or

should) to do it. The next section lays out the case for applying economic thinking

to healthcare. After rehearsing the arguments for why this makes sense in theory, the

chapter next explores how economic evaluation is used in practice. Finally, comments

on the example of Zevalin� are provided and concluding remarks offered.

16.2 APPLYING ECONOMICS IN THEORY

Mostmicroeconomicproblemsare constrainedoptimizationproblems.These typesof

problems, in their simplest forms, have two parts: a constraint and an objective. An

example of a constraint is a fixed budget (i.e., the amount ofmoney that can be spent is

limited). An example of an objective is to maximize how long people live, and
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in oncology, perhaps maximizing their “quality adjusted” years of life. When

considering which healthcare treatments to reimburse, a healthcare payer might face

the following problem. Assume a decision maker’s (e.g., the government’s) objective

is to maximize quality-adjusted life years (QALYs) for its population. At the same

time, a fixed budget constrains the government’s spending. What should the govern-

ment pay for (and what should it not pay for) to get the most QALYs given its limited

budget? Economic evaluation techniques are designed to answer questions like these.

Next, we offer a detailed example based on thework of Karlsson and Johannesson (4)

to illustrate this claim.

16.2.1 A Simple Constrained Optimization Problem

Assume the Ministry of Health (MOH) must decide which treatments to fund. To

simplifymatters, assume there are only three types of diseases: breast cancer, prostate

cancer, and lymphoma, and there are 1000 patients suffering from each disease. The

costs and health effects (QALYs) per patient treated by different cancer treatments are

presented inTable 16.1with costs reported in theC column andQALYs reported in the

E column.Tomake themath easier, often it is assumed that the average costs andhealth

effects are independent of the number of patients treated (this is sometimes referred to

as constant returns to scale). The constant returns to scale assumption is usually

coupled with the idea that treatments are perfectly divisible, so that if 50% of people

were treatedwith treatment F and 50%were treatedwith treatmentG, the average cost

would be $300 (i.e., 50%� $200þ 50%� $400¼ $100þ $200¼ $300) and the

average effect would be 14 QALYs (i.e., 50%� 12 QALYsþ 50%� 16 QALYs¼
6 QALYsþ 8 QALYs¼ 14 QALYs). Finally, assume if no money is spent on the

patients in a disease group, Cost¼ $0 and Effect¼ 0 QALYs.

Given the information in Table 16.1, which of the mutually exclusive treatments

should be funded if theMOH has a budget of $900,000? This question is identical to

TABLE16.1 AverageCost andAverageEffect (QALYs) ofNewTreatments forThree

Conditions

Breast Cancer Prostate Cancer Lymphoma

TX C E C/E TX C E C/E TX C E C/E

O 0 0 – O 0 0 – O 0 0 –

Z1 110 4 27.5 F 200 12 17 Z5 100 1 100

Z2 100 5 20 G 400 16 25 Z6 200 4 50

A 100 10 10 Z4 700 17 41.18 K 100 5 20

B 200 14 14 H 550 18 31 L 200 8 25

C 300 16 19 Z3 600 18 33.3 M 300 12 25

D 400 19 21

E 500 20 25

Note: TX is the treatment option;C is the cost per person; E is the QALY per person; andC/E is the ratio of

average cost to average effect. Treatment O is a treatment that has no cost and no effect. Since 0/0 is not

defined, the C/E column has a “–” for TX¼O.
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the constrained optimization problem introduced above, “What should the govern-

ment pay for to get the most QALYs given its limited budget (in this case,

$900,000)?”

16.2.1.1 Funding the Most Effective Treatments If one were to focus

solely onmaximizingQALYs, onewould recommend funding treatmentsE,H (orZ3),

and M. This would produce 50,000 total QALYs:

1000 people� 20 QALYsþ1000 people� 18 QALYs

þ1000 people� 12 QALYs ¼
20; 000QALYsþ18; 000 QALYsþ12; 000 QALYs
¼ 50; 000 total QALYs:

However, thiswouldbean impossible thing todobecausewithonly$900,000 to spend,

the MOH could not spend the necessary amount:

1000 people� $500þ1000 people� $550þ1000 people� $300

¼ $500; 000þ$550; 000þ$300; 000 ¼ $1; 350; 000:

If two-thirds of the patients received the new treatments (E, H, and M) and one-third

received no treatment, then it would cost $900,000 (i.e., 2/3� $1,350,000) to produce

33,333.33QALYs(i.e.,2/3� 50,000QALYs).Whileitmaynotbepoliticallyfeasibleto

give two-thirds of the patients cutting-edge treatment while giving one-third of the

patients no treatment at all, the key consideration in constrained optimization is

maximizing the objectivewithout usingmore of the constrained resource than one has.

In contrast to this proposed solution of funding only the most effective treatments, the

potential ofusingeconomics in this setting is that itwill suggest a solution that cannot be

bettered; that is, no other use of resourceswill producemoreQALYs for a given budget.

16.2.1.2 Funding Treatments with the Highest E/C Ratios (and Most
Effect) It is a commonmisperception that “using economics”means examining the

health outcome per unit cost. In other words, if onewere to compute the ratio of effect

to cost (or E/C), one could simply choose the treatments that have the highest ratio

(most bang for the buck) until the budget was exhausted. Table 16.2 shows the results

of sorting the treatment options by E/C from highest to lowest.

Based on this logic, the first treatment that should be funded is treatment A since

it has the highest E/C ratio at 0.100 QALYs per dollar spent. The next treatment to

be funded should be treatment B (replacing treatment A) because it has the next

highest E/C ratio at 0.070. At this point, $200,000 has been spent (i.e., 1000

people� $200¼ $200,000). Note that since all treatments for the same disease are

mutually exclusive, once B is covered for breast cancer, there is no need to pay for A

(this is why the total cost is $200,000 and not $300,000). The next treatments that

are considered for funding are F, C, K, Z2, and D. At this point, the MOH is covering
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treatment D for breast cancer, F for prostate cancer, and K for lymphoma at a cost of

$700,000 since

1000 people� $400þ1000 people� $200þ1000 people� $100

¼ $400; 000þ$200; 000þ$100; 000 ¼ $700; 000:

There is $200,000 more to spend (since the full budget is $900,000) and four

treatments E, G, L, and M have the next highest value for E/C of 0.040. Following

the theme that treatments with “bigger effects (E) are better investments,” one might

argue that the MOH should fund treatments E (with an effect of 20 QALYs) and

then G (with an effect of 16 QALYs). A decision by the MOH to fund treatments

E for breast cancer, G for prostate cancer, and K for lymphoma will provide

41,000 QALYs, as

1000 people� 20 QALYsþ1000 people� 16 QALYsþ1000 people
�5 QALYs ¼ 20; 000QALYsþ16; 000 QALYsþ5000 QALYs

¼ 41; 000 total QALYs:

However, this treatment combination will cost $1,000,000 because

1000 people� $500þ1000 people� $400þ1000 people� $100

¼ $500; 000þ$400; 000þ$100; 000 ¼ $1; 000; 000:

To reduce the $1,000,000 expenditure to fit the $900,000 budget, half the patients

receiving treatment G will need to receive treatment F. Thus, the cost for prostate

cancer treatment will be $300,000 since

500 people� $200þ500 people� $400 ¼ $100; 000þ$200; 000 ¼ $300; 000

TABLE 16.2 Table 16.1 Sorted by the Ratio of Average Effect (E) to Average Cost (C)

for New Treatments of Three Conditions

Breast Cancer Prostate Cancer Lymphoma

TX C E E/C TX C E E/C TX C E E/C

O 0 0 – O 0 0 – O 0 0 –

A 100 10 0.100 F 200 12 0.060 K 100 5 0.050

B 200 14 0.070 G 400 16 0.040 L 200 8 0.040

C 300 16 0.053 H 550 18 0.033 M 300 12 0.040

Z2 100 5 0.050 Z3 600 18 0.030 Z5 100 1 0.020

D 400 19 0.048 Z4 700 17 0.024 Z6 200 4 0.010

E 500 20 0.040

Z1 110 4 0.036

Note: TX is the treatment option; C is the cost per person; E is the QALY per person; and E/C is the ratio of

average effect to average cost. Treatment O is a treatment that has no cost and no effect. Since 0/0 is not

defined, the E/C column has a “–” for TX¼O.
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which is $100,000 less thanbefore, and theQALYsgained from this treatment strategy

for prostate cancer will be 14,000 QALYs since

500 people� 12 QALYsþ500 people� 16 people

¼ 6000 QALYsþ8000 QALYs ¼ 14; 000 QALYs

which is 2000 QALYs less than before. Therefore, this E/C treatment selection

strategy yields 39,000 QALYs for the $900,000 that was spent.

The two strategies that we have reviewed—“fund the most effective treatments”

and “fund treatments with the highest E/C ratios”—spend $900,000 to produce

33,333.33 and 39,000 QALYs, respectively. The reason economic evaluation tech-

niques are recommended is that they can identify treatment strategies that produce the

most QALYs given a fixed budget. We now explain how economic evaluation

techniques can be used to produce 43,000 QALYs for $900,000. The main tool for

identifying good investments using economic evaluation is not the ratio of effect to

cost (or as it is sometimes reported C/E), but rather the ratio of extra cost to extra

effect (5, 6). This ratio estimates the trade-off of what one spends for what one gets.

16.2.1.3 Using Economic Evaluation The concept of the trade-off is at the

heart of economic evaluation: what is the extra cost for the extra patient benefit? The

cost-effectiveness trade-off is calculated as the ratio of the extra cost (DC) to the extra
effect (DE) and is called the incremental cost-effectiveness ratio (ICER). A

treatment’s extra cost and extra effect are calculated relative to an alternative treatment

for that disease (often the treatment options are sorted from least effective to most

effective and ICERs are calculated between one treatment and the next most effective

optionas in the example that follows).Before the ICER is calculated for each treatment

strategy under consideration, (a) mutually exclusive treatments must be sorted from

least tomost effective and (b) inefficient (“dominated”) treatment strategies should be

removed. Table 16.1 presents the treatment strategies sorted from least to most

effective. Table 16.3 reproduces Table 16.1 with dominated strategies crossed out.

A strongly dominated treatment costs more and provides less health outcome (a bad

DC and a bad DE trade-off). A weakly dominated treatment either costs more and

provides the same health outcomes (a bad DC with DE¼ 0) or costs the same and

provides less health outcome (a bad DE with DC¼ 0).

For example, in breast cancer treatment Z1 is strongly dominated by treatment A; it

costs $10more andprovides six lessQALYs (i.e.,DC> 0andDE< 0).TreatmentZ2 is

weakly dominated by treatmentA; it costs the same andprovides five lessQALYs (i.e.,

DC¼ 0 and DE< 0). In prostate cancer, Z4 is strongly dominated by H, and Z3 is

weakly dominated by H (same effectiveness but Z3 costs more). In lymphoma, Z5 is

weakly dominated by K, and Z6 is strongly dominated by K. The next treatments to

weed out are those that are dominated by combinations of other treatments. This

situation is called extended dominance.

If treatment provision can be “resized” without affecting the relationship between

costs and effects, it is essential to check for treatments that could be ruled out because

of extended dominance. Extended dominance can be detected by using the DC/DE
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ratios, after removing strongly and weakly dominated treatments. If a less effective

treatment has a larger DC/DE ratio than the next more effective treatment, this

indicates extended dominance in a set of mutually exclusive treatments. For example,

in Table 16.3, the DC/DE ratio for treatment C is 50 and the next DC/DE ratio (for

treatmentD) is 33.There is extendeddominance since the less effective treatment has a

higher ICER ($50 per QALY) than the nextmore effective treatment ($33 per QALY).

This means that a combination of treatment B and treatment D (e.g., some patients

would get B and some would get D) would be better than treating all patients using

treatment C. Specifically, if D were used to treat 50% of breast cancer patients and B

to treat the other 50%, this combination would have an average cost of $300

(i.e., $400� 1/2þ $200� 1/2¼ $300) and would yield on average 16.5 QALYs

(i.e., 19 QALYs� 1/2þ 14 QALYs� 1/2¼ 16.5 QALYs). Hence, the average cost

is $300 for both the combined strategy (usingB andD) and for treatment strategyC, so

DC¼ 0. However, the combined strategy option of treating the breast cancer popula-

tion with B or D is more effective than the current treatment of C (DE¼ 16.5� 16¼
0.50> 0). A similar extended dominance argument could be made for the removal of

treatment option L from additional consideration.

All treatments that are dominated—whether strongly, weakly, or by extension—

should be removed because they represent inefficient spending (we can get more

health for each dollar spent by not investing in dominated treatments). After removing

the inefficient dominated treatments, theDC/DE ratios then must be recalculated (see

Table 16.4). The recalculation is necessary since removal of dominated treatments has

the potential to change the DC and DE for those that remain. In this case, the DC/DE
ratios for treatments D andMhave both increased; theywere 33 and 25, and afterward

they are 40 and 29, respectively. This is because now treatments D and M are being

compared to more efficient treatments; consequently, D and M do not appear as

economically attractive.

TABLE 16.3 Table 16.1 with Strongly and Weakly Dominated Strategies Crossed

Out for New Treatments of Three Conditions

Breast Cancer Prostate Cancer Lymphoma

TX C E DC/DE TX C E DC/DE TX C E DC/DE
O 0 0 – O 0 0 – O 0 0 –

Z1 110 4 – F 200 12 17 Z5 100 1 –

Z2 100 5 – G 400 16 50 Z6 200 4 –

A 100 10 10 Z4 700 17 – K 100 5 20

B 200 14 25 H 550 18 75 L 200 8 33

C 300 16 50 Z3 600 18 – M 300 12 25

D 400 19 33

E 500 20 100

Note: TX is the treatment option;C is the cost per person;E is the QALY per person; andDC/DE is the extra

cost per extra effect also known as the incremental cost-effectiveness ratio. Treatment O is a treatment that

has no comparator that is less effective, so DC/DE is not defined and the DC/DE column has a “–” for

TX¼O.
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At this point, treatments should be considered for funding in order of their DC/DE
ratio. Treatments are selected in order of least to most expensive in terms of the extra

cost per additional unit of effect. First, treatment A instead of no treatment for breast

cancer is selected (ICER¼ 10), then F instead of no treatment for prostate cancer

(ICER¼ 17), then K instead of no treatment for lymphoma (ICER¼ 20), then B

instead ofA (ICER¼ 25), thenM instead ofK (ICER¼ 29), and finallyD instead of B

(ICER¼ 40). The ICER estimates (DC/DE) indicate the order in which to fund

treatments; theMOH should purchase treatments that produceQALYs at the cheapest

rate (lowest cost per additional unit of health outcome). In the end, this strategy

recommends paying for treatments D, F, and M. This option costs $900,000 as

1000 people� $400þ1000 people� $200þ1000 people� $300

¼ $400; 000þ$200; 000þ$300; 000 ¼ $900; 000

and produces 43,000 QALYs since

1000 people� 19 QALYsþ1000 people� 12 QALYsþ1000 people
�12 QALYs ¼ 19; 000QALYsþ12; 000 QALYsþ12; 000 QALYs

¼ 43; 000 total QALYs:

Using the ICER, itwas possible to recommend to theMOHwhich treatments to fund in

such a way that no other treatment funding strategy would produce more QALYs.

Using the DC/DE ratio suggested funding D, F, and M producing at least 4000 more

QALYs than funding only themost effective treatments or funding the treatmentswith

the highest E/C. For our hypothetical population of 3000 people, it is as if we have

given each person at least 16 additional months of good health, simply by allocating

our resources in an efficient manner. Funding any other set of treatments incurs an

opportunity cost equal to the number ofQALYswe losewhile pursuing this alternative

arrangement. Funding the treatments using the ICER produces the most QALYs with

TABLE16.4 Table 16.3withAll Dominated Strategies Removed forNewTreatments

of Three Conditions

Breast Cancer Prostate Cancer Lymphoma

TX C E DC/DE TX C E DC/DE TX C E DC/DE
O 0 0 – O 0 0 – O 0 0 –

A 100 10 10 F 200 12 17 K 100 5 20

B 200 14 25 G 400 16 50 M 300 12 29

D 400 19 40 H 550 18 75

E 500 20 100

Note: TX is the treatment option;C is the cost per person;E is the QALY per person; andDC/DE is the extra

cost per extra effect also known as the incremental cost-effectiveness ratio. Treatment O is a treatment that

has no comparator that is less effective, so DC/DE is not defined and the DC/DE column has a “–” for

TX¼O.
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the fixed budget. When researchers report the ICER for a treatment (e.g., Zevalin for

the treatment of lymphoma), they show the value of spending on that treatment in the

context of other ways the money could be used to purchase health.

The techniques used have been known to health economists for over 35 years (7),

but their application can lead to stories in the media of the type reviewed earlier.

Furthermore, there is still some debate between economists about how healthcare

decision makers should use the ICER (8–12). Recognizing how the ICER should be

used to solve resource allocation problems in theory helps one appreciate the

consequences of deviations in practice. Before discussing how economics is applied

in practice, the theoretical role of the ICER will be reviewed.

16.2.1.4 The Theoretical Role of the Incremental Cost-Effectiveness
ratio The ICER is crucial to selecting treatments using economic thinking. It

helps identify treatments that yield themost health outcome for a fixed budget inmany

ways. Parts of the ICER are used to determine strong andweak dominance (i.e., strong

dominance is DC> 0 and DE< 0; weak dominance is DC¼ 0 and DE< 0 or DC> 0

and DE¼ 0). The DC/DE ratio is used to detect extended dominance, signalling the

need to remove certain “inefficient” treatments from further consideration.Afterward,

the ICER is recalculated for the remaining treatment options. These subsequent

ICER calculations indicate the order in which treatments should be funded (until

funding runs out).

Because the ICER is not introduced to clinical audiences as the workhorse of a

constrained optimization problem, many clinicians are unaware that the healthcare

budget affects which is the last treatment funded, and therefore, the ICER of the last

treatment chosen for reimbursement. In this case, the last treatment funded is treatment

D with an ICER of $40 per additional QALY. Some may see this as a clear indication

that theMOH is willing to pay $40 per QALY, and any treatment with an ICER of $40

per QALY should be funded. The problem with this thinking is that it fails to

acknowledge the fact that either the healthcare budget affects the ICER of the last

treatment funded or the ICER of the last treatment funded affects the healthcare

budget.

For example, if drug I for Lung Cancer is submitted for reimbursement consider-

ation, and it has an ICERof $40perQALY, advocatesmight argue that drug I should be

covered by theMOHsince it is as cost-effective as treatmentD (with an ICERof 40). If

the healthcare budget is still $900,000, theMOHmay be able to afford treatmentDor I

but not both. To stay within budget, the MOH must take funding from one treatment

and then direct it toward another treatment. From an economics perspective, the key

issue is the fixed healthcare budget and not whether drug I is standard of care

somewhere else. The political cost of saying “No” to cancer patients may be greater

than the political cost of overspending the healthcare budget. In this case, the

healthcare budget may continue to expand to cover the necessary spending. For

example, in 1999/2000 the province of Ontario’s MOH had experienced annual rates

of increase for total drug expenditures during the previous 3 years of 10.6%, 9.9%, and

10.1%; in 2000/01, the increase in expenditure was 15% (13). The money

being allocated to new treatments is coming from other government programs
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(e.g., education, social services, or other areas of healthcare).Money spent in one area

cannot be spent in another area. Governmentsmust try to invest in areas that the public

feels will provide the most value.

Sometimes it is argued that society should bewilling to pay (WTP) a fixed amount

for an additional year of life (e.g., $50,000 per QALY). Theway that the ICER is used

in this paradigm is quite simple. If the ICER is less than theWTP, theMOHshould pay

for the new treatment. Along these lines, there has beenmuch interest and speculation

in inferring from past decisions what a decision maker’s WTP is or should be.

Early research suggested that ICERs between CDN$20,000 (US$15,300) and

CDN$100,000 (US$76,300) were economically attractive price tags for an additional

QALY (in 1992 monetary units) (14); however, later studies and different methods

suggested other potential WTP values (US$24,777–161,305) (13, 15). Outside of

North America, there is some evidence ofWTP thresholds for a QALYof US$10,000

inDenmark (16),US$40,400 inAustralia (17), and£30,000 (US$55,000) in theUnited

Kingdom (18). In 2008, a US study inferred lower and upper bounds for WTP of

US$183,000 and US$264,000 per life year, respectively, and concluded that it was

“very unlikely that $50,000 per QALY is consistent with societal preferences in the

United States” (19).

In the example above, if the MOH followed a rule that society’s WTP was $50 per

QALY, all treatments with an ICER< $50 should be funded. The MOH would cover

treatments D, G, and K, spending $1,100,000 to produce 47,000 QALYs. A different

WTP would lead to a different amount spent (e.g., if society’s WTP were $40, the

MOHwould spend $900,000 as discussed earlier). Likewise, a different budget leads

to a different threshold ICER (or WTP). With a healthcare budget of $900,000, the

MOHappearswilling to pay $40 perQALY.With aWTPof $50, the healthcare budget

must be $1,100,000. Either the budget determines theWTPor viceversa. In theory, the

process can happen in either direction, but what happens in practice?

16.3 APPLYING ECONOMICS IN PRACTICE

16.3.1 How are Economic Evaluations Used to Make Decisions
in Practice?

A simple test to ascertain if it is the WTP determining the healthcare budget or vice

versa is to look at funding decisions in comparison to a drug’s ICER. If drugs with

ICERs below a certain threshold are usually funded and drugs with ICERs above a

certain threshold are not, this is evidence of a fixedWTP.However, such a strict pattern

is at odds with the evidence provided by funding decisions throughout the world. A

distinct possibility is that there is not an exact cost-effectiveness threshold to which

decision makers subscribe. Reviews of decisions made in Australia, Canada, and the

United Kingdom suggest that the ICER is not the only factor associated with the

reimbursement determination (17, 20, 21). In addition to the ICER estimate, the

burden of the disease and uncertainty about the ICER estimate are important

contributors in their own right, and together all three factors suggest a threshold
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range in the United Kingdom somewhat higher than the commonly accepted

£20,000–30,000 range (US$35,700–53,600) (20). In sum, the evidence seems con-

sistent with treatments having a better chance of being funded if they have lower

ICERs; however, frequently there are extenuating circumstances such that treatments

with higher ICERs are funded (e.g., the United Kingdom’s decision to fund sunitinib

for advanced kidney cancer).

Basically, these findings refute the idea that the healthcare budget strictly deter-

mines the threshold ICER or WTP since some treatments with higher ICERs get

funded while other treatments with lower ICERs do not. In fact, some suggest that

decision makers are able to determine what WTP they feel is reasonable (say l) and
then fund treatmentsbasedon this (e.g., if the ICER<l for that particulardisease) (22).
This idea has been sharply contested on theoretical grounds (23):

Hoch, Briggs, andWillan (2002) note the crucial role of l in determining solutions to the

constrained maximization problem facing decision-makers but suggest that this may be

overcome ‘if the decisionmaker can be assumed to knowl.’ But howdo decision-makers

determine l? Have they developed or discovered a scientific approach that does not

require information on the incremental costs and benefits of all programs?Do they have a

solution to the problems of indivisibilities and nonconstant returns to scale in programs?

Or is this simply a convenient (albeit invalid) way for analysts to deal with the problem

they are unable to solve for themselves?

While decision makers may not be blindly adhering to the solution algorithm

proposed for constrained optimization problems when deciding whether to fund new

drugs, it is indisputable that many are (a) requiring economic evaluations to support

funding decisions (24–26) and (b) deciding whether new treatments will be funded. It

is possible that the ICERs required for (a) play some part in (b), regardless of howwell

the theory fits practice or vice versa.

Economistsmay argue aboutwhether ICERs are being used correctly (according to

theory), but there is no argument that ICERs are being used. Some cancer drugs are not

funded by healthcare payers because of poor evidence, but some cancer drugs are not

funded because healthcare payers are not willing to buy the drug’s benefits (i.e., the

extra patient outcomes are not worth the extra cost). Tomake this decision, healthcare

payers must know what they are willing to pay (e.g., what represents good value for

money). It may be unknown how decisionmakers come upwith theirWTP values, but

however this happens, decisionmakers use them tomake decisions. The exact amount

decisionmakers are usingwhendecidingwhether a newdrug represents goodvalue for

money may never be known in theory; however, decision makers’ actual decisions

reveal their preferences about which treatments seem to be good uses of scarce

resources. Decisionmakers know theirWTP, l, or threshold ICER, even if academics

do not; however, the WTP value does appear to vary.

There does not appear to be a universally endorsed WTP value and the ICER

threshold appears to be context specific,with different decisionmakers using different

values in different contexts. The inevitable consequence is heterogeneous drug

coverage policies throughout the world. Those seeking a drug to be covered may
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use examples of other countries where the drug is covered. It is an open question

whether the same drugs should be covered in all first-world countries given that the

context andWTP valuesmay be different due to societal differences. Somewhatmore

awkward is when funding decisions for the same treatment vary within a country. For

example, for a time in Canada, bevacizumab (Avastin�) for colon cancer was covered

by public payers in British Columbia, Quebec, Newfoundland, and Labrador but not

by public payers in Alberta, Saskatchewan, Manitoba, or Ontario. In 2007, Ontario’s

MOH changed policies and decided to cover Avastin, while the National Institute for

Health and Clinical Excellence (NICE) in the United Kingdom did not find Avastin to

be a cost-effective use of resources (27). In theory, reasonable people should be able to

agree on an estimate for DC/DE. Whether the ICER estimate is below society’s WTP

and represents a good value is a matter of opinion. An economic evaluation can only

provide the DC/DE estimate; value judgements are necessary to decide whether the

drug is cost-effective (so acost-effectiveness analysis based oncost and effect datawill

not generally be able to conclude if a treatment is cost-effective).

It is important to remember that a cost-effective new treatment that is more costly

andmore effective is not cost saving from the healthcare payer’s point of view. Paying

$45,000 per extra year of life, when extra years are “worth” $50,000, costs the

healthcare payer $45,000 per extra life year. This must be kept in mind when

considering previous funding decisions. Caution is needed when applying reasoning

like “if decision makers usually fund new treatments that are approximately $30,000

per additional lifeyear thenperhaps theyshould funddrugXwhichalsohas an ICERof

$30,000.” While this type of reasoning may help provide context, some have argued

that decisions made in this way will lead to an uncontrolled growth in expendi-

tures (28, 29). Ultimately, healthcare decision makers do not have enough money to

purchase every treatment that is cost-effective (i.e., the selected WTP may require a

budget that cannot be met). This is an especially important point if decision makers

decide to use the ICERwithout regard for the budget.Anyway the ICER is used, either

as a guide for maximizing health outcomes while staying within budget or as a way of

identifying efficiently produced health outcomes, the ICER plays a central role in

applying economics in healthcare. However, there are some challenges and concerns

about how cost-effectiveness is assessed in practice.

16.3.2 Challenges and Concerns

Naturally, there are some challenges that accompany trying to estimate an ICER in

practice for cancer treatments.A recent reviewof cancer-specific issues focused on the

difficulty of calculating the relevant costs and health effects (30). All economic

evaluations face the twin challenges of which cost perspective to use (e.g., only the

costs accruing to the MOH or all costs accruing to society) and which time horizon to

choose (e.g., 1 year versus a patient lifetime). Even once these issues have been

settled—perhaps looking at an MOH perspective over a patient’s lifetime—other

challenges remain. For example, the appropriate representation of costs and health

outcomes associated with unplanned treatments for metastatic disease administered

beyond disease progression, the appropriate extrapolation of long-term outcomes and
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resources from clinical trials, modeling assumptions concerning survival beyond the

duration of the trial, and relationships between surrogate outcomes and final out-

comes (30). Because clinical trials can provide cost (e.g., units of service times unit

costs) and health outcome data for a short time period (e.g., 6 months to 2 years) on a

special population (e.g., those who fit the study entrance criteria), mathematical

modeling is almost always required. In fact, none of the economic evaluations of

cancer treatments undertaken by the NICE has relied solely on direct trial-based

economic evidence; rather, all these economic assessments have been augmentedwith

some element of mathematical modeling (30). Some of the challenges that this

introduces are described next.

An initial challenge one faces when modeling is determining which treatment

regimen tomodel. Tappenden et al. (30) report an examplewhereUKandFrench trials

of a cancer treatment were considered for use in an economic model to estimate an

ICER:

The French trial . . . observed a substantially better overall survival rate than the UK . . .
trial, yet a statistically significant improvement between treatment groups was not

observed within either study. Consequently, it was unclear whether these survival

differences, which led to a clear cost-effectiveness advantage for the trial arms included

in the French trial, were due to the more intensive use of the cytotoxic agents under

consideration (i.e. the effectiveness of the treatment sequence), differences between UK

and French healthcare systems, inherent differences in the patient groups, some other

bias, or a combination of all of the above.

Clearly, the ICER estimated from the economic model will depend on “potential

heterogeneities in terms of patient populations specified within the inclusion criteria

and observed across clinical trials, inconsistencies in the administration of the current

standard treatment, as well as other potential differences between health service

delivery systems” (30). Sensitivity analysis can illustrate the ICER estimate’s

sensitivity to various assumptions. When a model’s output differs depending on

which assumption is made, and when it is not clear what the right assumption is,

sensitivity analysis can be used to illustrate the uncertainty. In addition to uncertainty

about what number to use (e.g., for the probability of recurrence at 15 years), there is

often uncertainty about what is the right health outcome to use in an economic

evaluation.

This is of critical importance because the defining aspect of an economic evaluation

has nothing to do with costs; it is how patient outcomes are treated that makes all the

difference, distinguishing one economic evaluation method from another. There are

many different types of economic evaluations, among them cost–benefit analysis,

cost-effectiveness analysis, cost–utility analysis, and cost-minimization analysis (31).

An easy way to distinguish one from the other is by examining the analyst’s choice of

patient outcome and asking “How is it measured?” In cost–benefit analyses, there are

typicallymanyoutcomes and all outcomes arevalued in dollars; this type of analysis is

not very prevalent in healthcare. In cost-effectiveness analysis (CEA), a single

outcome is analyzed. Commonly the outcome is measured in clinical units such as
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adverse events avoided or progression-free survival (PFS). A second form of cost-

effectiveness analysis is cost–utility analysis,whichvaluesoutcomes inQALYs, equal

to the number of life years remainingmultiplied by a factor reflecting quality of life. In

cost-minimization analysis, only costs are compared since patient outcomes are

assumed to be identical. It is clear from the names of the different types of economic

evaluations that “cost” plays a prominent role; however, it is the choice of outcome that

defines the type of economic analysis. Butwhichoutcome should beused in aCEAof a

cancer treatment?

Typically, health outcome measures employed within economic evaluations of

cancer therapies include overall survival, quality-adjusted survival, progression-free

survival, tumor response, and adverse events avoided. Intermediate outcomes such as

tumor response and adverse events avoided are considered less informative in

economic evaluations of cancer treatments (30). There are important advantages and

disadvantages for each “survival” measure. The “overall survival” outcome is clearly

understood and easily measured. However, when the majority of patients live longer

than the study period, their survival times are “censored.” Patients alive at the end of a

6-month clinical trial have lived at least 6 months, but it is unknown howmuch longer

they will live without making some assumptions. This means to estimate the exact

average survival timeonanewtreatment, the analystmustmakeassumptions about the

survival function (e.g., exponential, Weibull, Gompertz, etc.). Another limitation of

using overall survival as the health outcome in economic evaluations of cancer

treatments is that it does not adjust for quality of life.

Quality-adjusted life years are a popular way to incorporate important facets of

health that are not captured in a measure such as length of life. Another advantage is

that an ICERfor ibritumomab tiuxetan (Zevalin) versus standardcare using aQALYas

the outcome measure can be compared to an ICER for a treatment for another type of

cancer and to ICERs for treatments for entirely different diseases (e.g., heart disease,

diabetes, mental illness, etc.). In the example presented earlier in the chapter, QALYs

gained from the treatment of breast cancer were compared to QALYs gained from the

treatment of prostate cancer and lymphoma. If the health outcomes in Table 16.1 had

differed for each of the three diseases, it would be difficult to use the ICER to make

decisions. Drug B (for breast cancer) might have an ICER of $30,000 for an extra year

of life, drugG (for prostate cancer)might have an ICERof $10,000 for an extra year of

progression-free survival, and drugM(for lymphoma)might have an ICERof $40,000

for an extra QALY. It is difficult to determine the drug providing the best value when

what one is buying is not comparable. Typically, healthcare payers must make

decisions about drugs for a variety of diseases, so a QALY potentially can serve as

a universal currency.

However, some feel the benefits of using the QALY are outweighed by its

limitations (32). There are various methods of calculating QALYs, and there is

evidence showing important differences in estimates depending on the methods

used (33–35). Furthermore, one can get different QALY estimates using the same

method depending upon the population that is asked about their values (36, 37). Thus,

the advantageof doing aCEAusingQALYs (i.e., a cost–utility analysis) is that the cost

per QALY for a new treatment can be compared with other healthcare interventions’
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cost perQALYprice tags.However, somehaveargued that to enjoy this advantage, one

must risk using an erroneous measure to elicit incorrect values from the wrong

people (38, 39), and others have argued that while quality adjustment has the potential

in cancer to make an important difference, it usually does not change decisions based

on the ICER (40). Regardless, since QALYs are the product of a quality of life weight

and a length of life estimate, they share a limitation with the “overall survival”

measure; many patients’ length of life estimates have to be guessed at since many

patients are not dead when the study ends.

Progression-free survival is a commonly reported event that is likely to occur

during a clinical trial. In addition, if a clinical trial allows patients to crossover to a

different treatment following disease progression, PFS will be an uncontaminated

outcome incontrast tooverall survival or quality-adjusted survival (30).However,PFS

values are recorded at checkups; therefore, PFS may be related to checkup sche-

dules (30). In addition, PFS may not be related to longer life. A treatment could alter

the distribution of time in various stages of disease without affecting a patient’s years

of life. Finally, ICERs made using PFS as the outcome may not be easy for decision

makers to use. For example, it may be difficult for decision makers to determine an

acceptable range of cost-effectiveness for cancer treatments valued in termsof cost per

progression-free life year avoided (30).

There are additional areas of uncertainty related to the stochastic nature of sample

data (41) or the desire to blend themodel’s results with the analyst’s prior beliefs (42).

While these important issues are beyond the scope of this introductory chapter,

detailed treatments are given in more advanced texts about economic evalua-

tion (43, 44). Before concluding this section, some contentious challenges related

to the source of the economic analysis are reviewed.

16.3.3 How Does the Model Affect the Results?

Most of the time, an economic evaluation designed to inform a funding decision for a

cancer treatmentwill need to fill in thevariables in the following statement: InAyears,

itwill cost $B toget onemoreunit ofCwhenusingD insteadofE inpatients of typeF in

contextG. Frequently, pharmaceuticalmanufacturers choose different values forA–G

when creating economicmodels for their product compared to independent reviewers

constructing independent models. Different choices for A–G create different cost-

effectiveness estimates. An early evaluation of conflict of interest in economic

analyses of new drugs used in oncology found that “pharmaceutical company

sponsorship of economic analyses is associated with reduced likelihood of reporting

unfavorable results” (45). This finding does not appear unique to cancer as a review of

economic studies of antidepressants found that “among industry studies, modelling

studies are more favourable to the sponsor than administrative studies, and . . . studies
sponsored by industry are significantly more favourable to industry” (46). In fact, in

their analysis of English language studies measuring health outcomes in QALYs, Bell

and colleagues found that about half the published ICERs were below $20,000 per

QALY, and studies funded by industry were more likely to report lower ICER

estimates (47). They also found that studies of higher quality and those conducted
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in Europe or the United States were less likely to report ICERs below $20,000 per

QALY (47).

Sowhat if manufacturers publish economic evaluationswith lower ICERs?Maybe

they are studying drugswith greater potential than those studied by others. A reviewof

the literature published in Current Oncology Reports (48) found that

. . . there are some causes for concern, given the fact that most pharmacoeconomic

studies report positive findings for the sponsor’s drug. However, amore detailed analysis

suggests that, although themethodologic quality of some published studies may be poor,

the main reason for positive results is that companies only sponsor economic studies

where a positive outcome is likely.

A better comparison would be to look at pharmacoeconomic analyses of the same

drug conducted by different analysts. Recently, studies have done just that (49, 50)

finding, in general, that ICER estimates by drug manufacturers were lower than

those submitted by independent assessment groups. Moreover, in one study over

80% of manufacturers’ estimates (21 of 25) were less than the independent

assessment groups’ estimates (p< 0.001). A crucial consideration to keep in mind

is that no one knows what the true ICER is. Often, the ICER is being estimated over

a time period for which there are no data available (e.g., 30 years after the clinical

trial ended). It may be more productive to avoid ascribing labels such as “right” or

“wrong” to the different ICER estimates and instead explore the reasons for the

different estimates.

A fascinating study by Chauhan and coworkers (51) examined economic

models presented to NICE by pharmaceutical manufacturers and independent

academic groups and found independent groups tended to estimate larger

differences in cost (DC) and smaller differences in effectiveness (DE) compared

to manufacturers. Since, DCacademics>DCmanufacturers, and DEacademics<
DEmanufacturers, this explains why DC/DE estimated by independent academic

groups is a larger number than DC/DE estimated by pharmaceutical manufac-

turers. There were two factors driving the results. Academic groups appeared to

use higher estimates for the average cost of a new cancer treatment and higher

estimates for the average effectiveness of usual care (p	 0.010) (51). Using the

hypothetical scenario from earlier in the chapter, a manufacturer’s analysis might

compare treatment K (cost¼ $100 and effect¼ 5 QALYs) for lymphoma to no

treatment at all (cost¼ $0 and effect¼ 0 QALYs). The ICER estimate would

equal DC/DE¼ ($100� 0)/(5� 0)¼ $20 per QALY. An academic group might

feel the real average cost of the new drug would be $150 and that standard care

would provide at least 2 QALYs. With a higher average cost for the new drug and

a higher average effectiveness for standard care, the academic ICER would be

($150� 0)/(5� 2)¼ $50 per QALY.

If Chauhan et al.’s findings hold in other jurisdictions where ICERs submitted by

pharmaceutical manufacturers are independently assessed, these findings suggest a

way forward for getting the various and sundry parties to agree on a single ICER

estimate. Decision makers and pharmaceutical manufacturers could work together
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either to use the data that exist or collect new data (e.g., coverage with evidence

development) to get estimates of the average cost of the new cancer treatment and the

average effectiveness of standard care. Even if such an arrangement is impractical, it

seems possible that data could be collected on patients currently receiving standard

care, and these data could be used to inform estimates on how the average patient does

on standard care. In this setting, at least in theory, both decision makers and

pharmaceutical manufacturers could agree on three of the four parts of the ICER.

With some additional negotiation, it seems possible to fashion a mutually agreeable

DC/DE estimate.

Using the concepts developed throughout this chapter, the cost-effectiveness of

ibritumomab tiuxetan (Zevalin) as a new targeted radiotherapeutic agent for lympho-

ma is discussed next.

16.4 THE ECONOMIC ATTRACTIVENESS OF TARGETED
RADIOTHERAPY: THE CASE OF 90Y-IBRITUMOMAB TIUXETAN
(ZEVALIN)

The use of monoclonal antibodies or peptides conjugated to radionuclides for

treatment of malignancies is an exciting development. One of the most well-known

and commercially available examples at the moment is Zevalin, a 90Y-conjugated

monoclonal antibody against CD20 that has received approval for treatment of

non-Hodgkin’s B-cell lymphomas. Zevalin, used as a targeted radiotherapeutic agent,

has been demonstrated to be more effective for treatment of lymphoma than

rituximab (52, 53):

80% of the patients receiving radiolabelled Zevalin responded, compared with 56% for

rituximab. However, the time taken for the disease to get worse after treatment was the

same in both groups (about 10 months). In the additional study, radiolabelled Zevalin

brought about a response in about half of the patients.

Next we consider the reasons for Zevalin’s relatively poor adoption by the

oncologic community, despite its therapeutic efficacy. These thoughts offer a per-

spective on the application of health economics analyses to the introduction of other

targeted radiotherapeutics that may be developed in the future.

16.4.1 What has Been Published about the Cost-Effectiveness
of Zevalin?

In 2008, searching PubMed (www.pubmed.gov) using the search terms cost effec-

tiveness of ibritumomab tiuxetan produced two “hits.”Onewas an articlewritten in the

Czech language (54) and the other (55)was a letter to the editor in the quarterly journal

of A�A, an honourmedical society, taking issuewith an editorial in a previous edition

of the same journal (56). From the Czech article’s translated title and abstract, the

article appears to be a reviewof the therapeutic results of rituximab andother approved
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monoclonal antibodies (e.g., ibritumomab tiuxetan 90Y) with a discussion of cost-

effectiveness. The debate in the honour medical society’s quarterly journal is about

whether Zevalin is a good use of money. The initial editorial claimed that when

Americans develop cancer they want “as much surgery, as much radiation, as much

chemotherapy as possible” since they are “unlikely to ever accept less than the most

advancedmedical care” (56). The editorial goes on to claim that “the case for arbitrary

rationing of medical care has gained little traction in the United States. Quite the

opposite. Look at recent examples of the standard of care: Zevalin and Bexxar, new

radioimmunotherapy anti-cancer drugs, at the cost of $25,000 per treatment” (56).

This drew a response from Dr. Singer, chief medical officer of Cell Therapeutics Inc.,

which was in the process of purchasing the rights to market and further develop

Zevalin. He wrote,

I strongly take issue with the appropriateness of one of the examples used to argue that

the cost of new therapies is too high—that of Zevalin and Bexxar for relapsed or

refractory indolent lymphoma. Although the cost of a single administration of these

radio-immunotherapeutics is approximately $25,000, that single dose frequently

produces durable multiyear remissions in patients with relapsed or refractory indolent

lymphomas, whose other options are at least equally costly, more toxic, and probably

less effective . . . Although cost must be part of the overall health care equation, benefit

must be considered as well, particularly for therapies for which there is compelling

evidence of clinical benefit. It is of note, that both Bexxar and Zevalin are approved for

use in the European Union despite their review process which includes a cost/benefit

analysis.

It is not uncommon for countries around theworld to approve for use adrug (as safe)

that subsequently is not reimbursed by healthcare payers (since it is not deemed to

provide good value for money). Is Zevalin a good example? What are the results of

economic evaluations published in the scientific literature?

In 2008, the Scopus� database had 25 hits related to cost effectiveness of

ibritumomab tiuxetan. Among them was an editorial in Nuclear Medicine Commu-

nications by A. Otte (who received a consultancy grant from Schering AG) and S.L.

Thompson (whoworks for Schering AG) about how the practical and clinical benefits

of radioimmunotherapy lead to advantages in cost-effectiveness in the treatment of

patients with non-Hodgkin’s lymphoma (57). The article covers topics including

radiation exposure risk, hospitalization, and time commitments for medical staff and

patients, practical safety, interdisciplinary cooperation, reimbursement, and cost-

effectiveness. With regard to cost-effectiveness, Otte and Thompson make the

interesting claim that

. . . it is unacceptable that an approved and efficacious radioimmunotherapy in follicular

non-Hodgkin’s lymphoma is sometimes reimbursed at only a small fraction of the

treatment cost, as is currently the case in . . . Germany and Italy. Growing pressures on

health care budgets worldwide have led to an increasing interest in the use of health

economics data to support the added value of new therapies in terms of both outcomes

and cost and such data is [sic] available for 90Y-ibritumomab tiuxetan demonstrating

cost-effectiveness relative to rituximab.
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It is ironic that the concern that a drug’s reimbursement cost is too low ismentioned in

the same paragraph as the concern about growing pressures on healthcare budgets.

What are the studies being marshalled as evidence of cost-effectiveness of Zevalin?

Both studies are poster abstracts published in 2005 (58, 59). Three years later,

neither studyhas beenpublished in the scientific literature.The abstract byGabriel and

coauthors (58) estimated the cost-effectiveness of 90Y ibritumomab tiuxetan versus

rituximab (four-dose scheme) for outpatient treatment in Germany (based on costs

from 2004) in patients with relapsed or refractory follicular non-Hodgkin’s lympho-

ma. Otte and Thompson summarize that

. . . cost-effectiveness was determined as cost per year in remission by relating costs to

the overall response rate and duration of response; cost per disease-free year was based

on complete response rate and duration of response of complete response patients. The

conclusion of the analysis was that although the total cost of the 90Y-ibritumomab

tiuxetan regimen was higher (e19,567 vs. e9,756), the cost per year in remission

(e14,862 vs. e16,967) and in particular cost per disease-free year (e22,235 vs.

e80,077) were clearly in favour of 90Y-ibritumomab tiuxetan. This conclusion was

driven largely by the superior response rates and in particular complete response rates for
90Y-ibritumomab tiuxetan over rituximab monotherapy.

The results are reported in the form of less useful average cost-effectiveness ratios

(i.e.,C/E) and notmore useful ICERs (i.e.,DC/DE); as noted previously (5, 6), theC/E
ratio providesmisleading information. To calculate the appropriate cost-effectiveness

estimate, the ICER, for Zevalin, one needs an estimate for DC and DE. Based on the
results, DC¼e9811 (i.e., e19,567�e9756¼e9811). Using the numbers reported

in the abstract, Zevalin is likely to produce 0.74more years in remission and 0.76more

disease-free years. Therefore, the ICER estimates for Zevalin based on these numbers

are e13,258 per additional year in remission (e9811/0.74 more years in remission

¼e13,258) ande12,909 per additional disease-free year (e9811/0.76 more disease-

free years¼e12,909). This is approximately US$18,694 per additional year in

remission and US$18,202 per additional disease-free year (using an exchange rate

of e1¼US$1.41). Although these preliminary results are encouraging, Gabriel

et al. note that “due to the relatively short follow-up time (median 44 months),

survival could not be evaluated yet. Further research is needed to compare both

clinical efficacyand actual costs, especiallywithprolonged rituximab immunotherapy

(‘maintenance’)” (58).

The poster abstract by Thompson and van Agthoven (59) compared 90Y-

ibritumomab tiuxetanwith four-dose or eight-dose schemes of rituximab for treatment

in the Netherlands (based on costs from 2001). Otte and Thompson report that

. . . the mean total costs were estimated as follows: 90Y-ibritumomab tiuxetan e16,345,
rituximab 4-dose scheme e9,510 and rituximab 8-dose scheme e19,020. The expected
number of months in remission per patient treated were 14.4 months for 90Y-ibritu-

momab tiuxetan, 11.4 months for the rituximab 8-dose scheme and 6.2 months for the

rituximab 4-dose scheme, resulting in a mean cost per month in remission for 90Y-ibri-

tumomab tiuxetan of e1,138, followed by e1,544 for the rituximab 4-dose scheme and

e1,674 for the rituximab 8-dose scheme.
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Again it appears that the ICERs have not been calculated. From a theoretical

perspective, the interesting trade-off is between Zevalin and the four-dose scheme for

rituximab (since the eight-dose scheme can be ruled out on the basis of extended

dominance). In their conclusion, Thompson and Agthoven (59) emphasize this,

“where 90Y-Zevalin is used rather than four doses of rituximab, the additional cost

to the payer would be, on average, e6,835. For this additional cost, the benefit to the
patient would be an average 8.2 additional disease-free months, over and above what

would have been gainedwith 4-dose rituximab therapy . . .when the costs and benefits
of 90Y-Zevalin are compared with the 8-dose rituximab regimen, 90Y-Zevalin is the

more cost-effective strategy.” This interpretation is consistent with an ICER of

e10,002 per extra additional disease-free year (e6,835/8.2 extra months/

12months/1 year¼e10,002). This is approximately US$14,103 per additional

disease-free year (using an exchange rate of e1¼US$1.41). Thus, both poster

abstracts provide similar ICER estimates for the extra cost of an additional dis-

ease-free year. Whether the extra cost is worth it involves a value judgment.

Based on the two poster abstracts, Otte and Thompson conclude that “the cost-

effectiveness data for 90Y-ibritumomab tiuxetan . . . provide convincing evidence in

favour of the added value of 90Y-ibritumomab tiuxetan in terms of cost per month in

remission or cost per disease-free month despite higher initial product acquisition

costs.” This assessment is repeated by Otte in a recent letter to the editor (60):

“Cost-effectiveness data for Zevalin already provide convincing evidence in favor of

the added value of Zevalin in terms of cost per month in remission or cost per

disease-free month despite higher initial product acquisition costs.” Otte supports

this claim by referencing his prior work with Thompson (57), and then concludes

that it is

. . . unacceptable that radiolabeled immunotherapy with Zevalin is sometimes reim-

bursed at only a small fraction of the treatment cost. In fact, there is no definitive

reimbursement system in many European countries. Germany, for example, is still

awaiting a specific radiolabeled immunotherapy DRG code, and here Zevalin is paid out

of the hospital budgets or by privately insured patients. The situation is similar in many

other European countries. So far, only Portugal has achieved a DRG code for radi-

olabeled immunotherapy (60).

Other claims about the cost-effectiveness of Zevalin (61) have been supported by

referring to clinically exciting findings (e.g., Zevalin is well tolerated by the older

patients and does not require age-related dose adjustments and delays, or patients with

relapsed non-Hodgkin’s lymphoma are more likely to respond to Zevalin). Sowhy do

healthcare payers not cover Zevalin?As a brief case study,we examine the reasons put

forward by the Scottish Medicines Consortium (SMC) (62).

In April 2005, following a full submission, the Scottish Medicines Consortium

advised that “ibritumomab tiuxetan (Zevalin) is not recommended for usewithinNHS

Scotland for the preparation of a radiopharmaceutical incorporating Yttrium 90 [90Y]

for the treatment of adult patients with rituximab-relapsed or refractory CD20þ
follicular B-cell non-Hodgkin’s lymphoma” (62). The reason, “No economic
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information was submitted to allow an assessment of its cost effectiveness” (62).

Before 2005, there were no cost-effectiveness data comparing the use of 90Y-Zevalin

with rituximab in follicular lymphoma (59). This initial rejection by the SMC is a

classic example of why submissions for reimbursement must be accompanied by

economic evidence: if they are not, they are likely to be rejected. Perhaps the CEA

abstracts published in 2005 were then used to support the resubmission in 2007. In

2007, the SMC published its reassessment (62): “. . . ibritumomab tiuxetan (Zevalin)

is not recommended for use within NHS Scotland for the preparation of a

radiopharmaceutical incorporating Yttrium 90 [90Y] for the treatment of adult

patients with rituximab relapsed or refractory CD20þ follicular B-cell non-

Hodgkin’s lymphoma . . .” The reason this time? “The manufacturer did not present

a sufficiently robust economic analysis to gain acceptance by SMC” (61). How

could one set of experts conclude that the cost-effectiveness of Zevalin is convincing

and another set of experts conclude that the economic analysis is not sufficient? This

is explored in the next section.

16.4.2 Why the Scottish Medicines Consortium Said “No” (Again)

The SMC’s concerns about the economic model for Zevalin are related to the

assumptions made to get data inputs for the model. The model time horizon was

15 years. Individual patient-level data were used where possible, and a model was

constructed for patients whose data were censored. Zevalin was compared with a

conventional care arm composed of a range of other treatments including chemother-

apy, radiotherapy, and stem cell transplant. The model took data from the licensing

trial, but since the trial was a phase II single-arm trial, no comparative data on active

comparatives were available (62). For this Scottish analysis, the manufacturer used

data from a case review of 46 Canadian patients, of whom 17 matched the inclusion

criteria of the licensing trial and were used as the basis for the comparison (the

proportion of patients receiving comparator treatments was drawn from the Canadian

data), and quality-of-lifeweights were drawn from a survey of 24medical consultants

and specialist oncology nurses (62).

As for the results, themanufacturer estimated that Zevalin on averagewould cost an

additional £8535 per patient over the 15 year time horizon and would result in an

additional 0.38 QALYs to give an ICER of £22,445 per QALY; curtailing the time

horizon to 5 years slightly raised the estimate of cost effectiveness to £25,589 per

QALY (62). The reason the SMC said “No”was not based primarily on whether these

ICERs were felt to represent good value for money. The main concern appears to be

whether the estimates were made using the right data:

Limited data were presented . . . regarding the clinical parameters of the model.

Clarification by the manufacturer indicated that the . . . model . . . derived the transition
probabilities from the case note review, and extrapolated using these. This differentiated

transition probabilities by treatment arm, the likelihood for moving from progressive

disease to palliation being assumed to be considerably worse for the conventional care

arm than for the ibritumomab tiuxetan arm. Equalising the transition probabilities
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between the two arms of the model increased the cost per QALY to £31000. The quality

of life value derived for progressive disease was also very low and additional sensitivity

analysis provided by the manufacturer indicated that adjusting this value caused further

increases in the cost per QALY. The effect on the QALYof the combined effect of these

two weaknesses is not known. Therefore, the manufacturer has not presented a

sufficiently robust economic analysis to gain acceptance by SMC.

No one seems to have collected the data that the people who might pay for the cancer

treatment wanted to know. This is not an unusual occurrence.

Earlier in the chapter,we discussed the choices ofA–G in the statement “InAyears,

itwill cost $B toget onemoreunit ofCwhenusingDinsteadofE inpatients of typeF in

context G.” It is wrong to believe that all ICERs produced (or funded) by pharmaceu-

tical companies are bad and all ICERs produced (or funded) independently are good.

However, pharmaceutical manufacturers do seem to choose different values for A–G

when creating economicmodels for their product compared to independent reviewers

making independent models. If there is not more discussion earlier between pharma-

ceutical manufacturers submitting their economic models and decision makers

reviewing the models about choices for A–G, we may always remain in the current

state of affairs where a promising new cancer treatment is being rejected on cost-

effectiveness grounds while at the same time the most current review articles are

trumpeting the convincing cost-effectiveness of these products (63). However, even

once a convincing economic argument has been made for these new products, other

economic aspects (e.g., incentives) may play an important role (64) in treatment

acceptance.

16.5 CONCLUSIONS

Scientific journals and popular media teemwith the results of clinical trials proclaim-

ing evidence of more effective new treatments or interventions.Without the resources

to be able to provide all new treatments that are more effective, how should decision

makers choose? Often, clinical enthusiasm is tempered with economic discipline, in

the form of an economic evaluation. In many decision-making contexts, this involves

estimating the extra cost of an extra unit of a health outcome. Do healthcare decision

makers reject paying for new cancer treatments because they are unaware of the

clinical evidence? No. In the process of not recommending Zevalin, the Scottish

Medicines Consortium referenced key clinical findings (65–67). A recurring theme is

that the economic analysis is not answering the question that healthcare decision

makers want answered. This problem has a relatively simple solution (e.g., asking

healthcare decision makers what they want to see in the economic analysis and then

providing it). It is a waste of everyone’s resources bringing a cancer treatment to

market just to discover it will not be covered because the economic evaluation was an

afterthought.

New cancer treatments appear to be getting more expensive. Consequently,

healthcare decision makers will continue to use economic evaluation to inform their
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decisions about how to spend scarce resources. While new cancer treatments have

faired well in comparison to other treatments for other diseases (68–70), this may not

alwaysbe the case (71).Now is the right time tomakeacommitment to justify thevalue

of new cancer treatments. Economic evaluation offers a framework for an organized

consideration of treatment options as we seek to balance the imperatives of treating a

verybaddiseasewith not spendingmore thanwe should.The discussion in this chapter

of the concepts andmethods usedbyhealth economists provide the tools for evaluating

these new therapies, and the resulting analyses can form the basis for decisions by

healthcare payers and providers.
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CHAPTER 17

Selected Regulatory Elements in the
Development of Protein and Peptide
Targeted Radiotherapeutic Agents

THOMAS R. SYKES AND CONNIE J. SYKES

17.1 INTRODUCTION

Theuseof radiopharmaceuticals for cancer therapyhas a longhistory.At present, there

are a number of approved drugs that are simple radioactive compounds that display

enhanced tumor accumulation and continue to be a treatment of choice in many

patients (e.g., 89Sr Chloride, 32P Phosphate, and 131I metaiodobenzylguanadine).

Recent research has focused on utilizing more biologically based targetingmolecules

with hopefully higher tumor specificity that should enhance their therapeutic poten-

tial. With the advent of recombinant genetic engineering capabilities (that have

superseded hybridoma technology; see Chapter 1) and large-scale cell culture

feasibilities, the reliable supply of significant quantities of large proteins including

antibodies as well as recombinant peptides is currently achievable. This has led to

a considerable variety of protein-based tumor targeting agents (of which monoclonal

antibodies (MAbs) and their derivatives are a main group) that can be prepared with

variation in, for example, their size (small single-chain fragments to large extended

multimeric constructs and natural immunoglobulins), their species-specific content

(murine antibodies to chimeric antibodies to humanized antibodies to human anti-

bodies), their pharmacokinetic (PK) behavior (blood clearance half-lives fromweeks

to hours), and immunogenicity (high to negligible) (see Chapter 1). The screening of

exceptionally large random peptide sequence libraries using cell and receptor-based

systems has invigorated the selection of suitable peptides with high affinities that are

potentially suitable for radiotherapeutic applications (see Chapter 3). The refinement

of peptide synthesis has enabled their large-scale preparation in cost-effective yields

withminimal impurities and longer chain length. The incorporation of D-amino acids,
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selective side-chain, and end-chain modifications has increased the variety of avail-

able synthetic peptides. A number of commercially feasible radionuclide production

systems have also recently been reported that should be capable of supplying more

optimized radionuclides for radiotherapeutic purposes (see Chapter 2). As yet, these

advances have not been reflected in the number of regulatory agency-approved

therapeutic radiopharmaceuticals of this type from the current two (131I-tositumomab

and 90Y-ibritumomab tiuxetan) but there are a number of promising agents in clinical

trials that have potential to achieve this milestone in the near future.

Radioprotein and radiopeptide therapy has been evaluated in numerous formats

designed to match the (radio)pharmacological behavior of the agent and the clinical

therapeutic riskmanagement profile.Thegreatmajority of agents use the simple direct

approach involving tumor targeting conjugate radiopharmaceutical administration

(usually via intravenous or intracavity injection) as single ormultiple doses. Alternate

approaches utilize administration of the unlabeled tumor targeting conjugate followed

at a specified interval by a unique radioligand (with affinity for the conjugate)

administration termed two-step targeting or pretargeting (see Chapter 8). Other

pretargeting approaches incorporate specific agent administration (in two or three

steps) designed to remove the circulating tumor targeting agent after tumor accumu-

lation (secondary antibody), to clear circulating uncomplexed radioisotope after

tumor targeting radiopharmaceutical tumor accumulation (clearing agent) or to

minimize nonspecific and undesirable tumor targeting radiopharmaceutical (such as

minimizing renal accumulation) or other approaches. This chapter focuses on the

simple direct approach butmention is alsomade of other approaches in some sections.

The use of protein and peptide-based radiopharmaceuticals as therapeutic agents may

resemble diagnostic radiopharmaceuticals in many ways but the former also have

potential for a larger total protein or peptidemass dose, a larger radioactivity dose and

different radionuclide radiation emission characteristics that implies some unique

regulatory implications regarding their pharmaceutical, nonclinical, and clinical

evaluation. While radiolabeled MAb may function by multiple mechanisms, this

chapter assumes their primary effect is due to selective tumor targeting with localized

tumor radionuclide induced radiotherapy and therefore they are grouped with other

protein radiotherapeutic agents (protein RA) and peptide radiotherapeutic agents

(peptide RA) within the overall group of protein and peptide radiotherapeutic agents

(PPRA). This chapter will also focus on the types of studies and information required

by the regulatory agencies in Canada, the European Union, and the United States for

the development and eventual approval of these agents. As new science and techno-

logy is incorporated into the drug development process so will the regulatory

requirements be updated to reflect these realities; thus, it is imperative to be aware

of applicable advance notices that are often circulated from regulatory agencies as

draft guidance, concept, or policy documents. The exact requirements for any given

drug product are best discussed with the specific regulatory agency by appropriate

means prior to critical development decisions that involve regulatory compliance

expectations. The enormous volumeof information applicable to this task dictates that

only a limited summary of the selected elements can be presented butwith appropriate

references to more authoritative documents.
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17.2 ADMINISTRATIVE AND ORGANIZATIONAL ELEMENTS

Theoperational regulation of PPRAdevelopment inCanada, theEuropeanUnion, and

the United States is the responsibility of government administrative departments

(regulatory agencies) with the necessary expertise to evaluate the scientific and

clinical information provided by the sponsor to enable appropriate decisions of

product quality and patient risk/benefit for clinical testing and/or approved use. The

sponsor’s clinical trial application (CTA); (Canada and European Union) or investi-

gational newdrug (IND) application (UnitedStates)must befiled and approved before

the trial can proceed for progressive phases of the clinical assessment of PPRA (with

some exceptions). Sponsors are encouraged to have pre-CTA meetings (Canada and

European Union) or pre-INDmeetings (United States) with the respective regulatory

agencies to inform them of the new drug under development and to obtain valuable

guidance on the contents of the CTA/IND and on the design and conduct of the

associated clinical trial.

A summaryoverviewof the departmentswithin the regulatory agencies thatmaybe

involved in the approval of PPRA clinical trials and PPRA new drug submissions for

Canada, the European Union, and the United States are presented in Fig. 17.1. In

Canada, the CTA and NewDrug Submission (NDS) approval process for PPRA is the

responsibility of the Centre for Evaluation of Radiopharmaceuticals and Biother-

apeutics in the Biologics and Genetic Therapies Directorate with expertise from the

other divisions depending upon whether it is a peptide RA (Clinical Trials Division,

Cytokines Division or Hormones and Enzymes Division, Therapeutic Products
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FIGURE 17.1 Overview of selected regulatory agency organizations with potential rele-

vance to protein and peptide radiotherapeutic agents.
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Directorate) or protein RA (Clinical Trials Division, Monoclonal Antibodies Divi-

sion) or from the Oncology Division (Bureau of Metabolism, Oncology and Repro-

ductive Sciences) as required. In the European Union, PPRA CTA are approved by

each member state’s competent authority (such as the Medicines and Healthcare

Products Regulatory Agency (MHRA) in the United Kingdom) but the applications

and trial conduct follow the centralized guidance provided by the Committee for

Human Medicinal Products of the European Medicines Agency (EMEA, currently

unofficially designated as EMA). Marketing authorization (MA) submissions and

approval for PPRAmust follow the centralized procedure established byEMA (which

allows simultaneous adoption by all member states) because PPRA are classified as

cancer therapeutics and/or as biotechnology-derived products. In the United States,

the clinical trial and New Drug Application (NDA) approval processes for PPRA are

under the auspices of the Center for Drug Evaluation and Research (CDER) and

dependinguponwhether it is a proteinRAor peptideRAwill be evaluated either by the

Office of Pharmaceutical Sciences and its Office of Biotechnology Products or by the

Office of New Drugs and its Office of Oncology Drug Products.

CTA in Canada (1) follow the Common Technical Document (CTD) format but

need only include Modules 1–3. Currently, paper submissions supported by certain

electronic documents are the only submission formats being accepted. Module 1

contains the administrative information required (application form, clinical trial

protocol, investigator brochure (IB), informed consent form, clinical trial site infor-

mation, and so on). It is encouraged that the clinical trial protocol, IB and informed

consent form are formatted as described by good clinical practice (GCP) guidance (2).

Module 2 contains the quality information summary-radiopharmaceuticals (QIS-R)

and if the agent is of biological/biotechnological origin, then the appropriate quality

information summary-biologicals (QIS-B) Part 1 to Part 4 are also included here.

Summary nonclinical and clinical data are included in the IB and are not required in

Module 2. Full reports of nonclinical or clinical testing are also not required to be filed

in Canada to support the CTA but must be available upon request. Module 3 contains

the detailed information on the quality (Chemistry and Manufacturing) of the

investigational PPRA to support the summary information supplied in Module 2 but

full process validation and full assay validation data is not expected in early phase

submissions. For imported PPRA, the receiving site/responsible person must ensure

that local radiation safety requirements are met and a copy of the CTA approval (no

objection) letter must accompany all shipments of the material into Canada. CTA are

reviewed and approved/rejected within 30 days of submission.

In the European Union, CTA also follow the CTD format (3), with each member

state’s requirements for forms and supporting information to be supplied in addition to

theEMArequirements for clinical trial applications, including specifications for paper

or electronic submissions. The investigational medicinal product (IMP) dossier is

constructed using the CTD Module 2 headings and it is recognized that not all

information will be available depending upon the stage of development (particularly

full process validation and full assay validation data). An IB cross-reference to the

nonclinical and clinical data can be supplied for the appropriate sections of the IMP

dossier. For imported PPRA, the qualified person (4) ensures that local radiation safety
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requirements aremet andmust ascertain appropriate product quality includingproduct

release. Eachmember state’s competent authority sets the review period for approval/

rejection of the CTA (e.g., 30 days for the MHRA).

In the United States, clinical trial applications are covered under the IND regula-

tions (5) and are currently not required to be submitted in the CTD format, except for

electronic submissions. As PPRA are handled by CDER, electronic submissions are

encouraged for IND but paper submissions are also currently still acceptable. Under

the current regulations, the IND is divided into 11 sections. Sections 1–6 encompass

Form FDA 1571, the table of contents, introductory statement and general investiga-

tional plan, the IBand the clinical protocol. Section 7presents the relevant information

regarding the chemistry, manufacturing, and controls (CMC) of the clinical trial

material PPRAwith specific guidance provided for content requirements for Phase 1

studies (6) and Phase 2 and 3 studies (7). Section 8 requires detailed information

regarding the pharmacology and toxicology information available for the PPRA

(along with the full draft or final reports of each study) in addition to the information

supplied in the IB. Section 9 requires a summation of the previous human experience

(again, in addition to that provided in the IB) along with the full (draft or final) reports

for each study. Section 10 covers additional information such as radiation dosimetry

studies and any other information the sponsor wishes to provide to aid in the review of

the IND. Section 11will provide any other information specifically requested by FDA

to be included in the document. Foreign sponsors are also required to have an agent

located in theUnited States to file and communicate officiallywith FDA. For imported

PPRA, the receiving site/responsible person (United States agent) must ensure that

local radiation safety requirements are met and the IND number must be clearly

marked on all shipments of the material into the United States. INDs are not approved

by the FDA but are in force 30 days after receipt by FDA unless a clinical hold

notification is issued.

Regardless of the jurisdiction, nonclinical (8, 9) and clinical trial data (10) must be

documented in the appropriate report format. Marketing applications (NDS,MA, and

NDA) for PPRAapproval for sale in all three regions are to bemade in theCTD format

with all jurisdictionsmoving to electronic submissions tomake review faster andmore

efficient. Approval times will vary depending upon the type of application and can

range from 6–9 months (e.g., priority review for Canada, accelerated assessment for

the European Union, fast track review for the United States) to several years.

17.3 PHARMACEUTICAL QUALITY ELEMENTS

The basic requirements for single-step molecularly targeted oncologic radiotherapy

agents include a well defined chemobiological (for this chapter, a protein or peptide)

entity that is capable of highly specific association or binding to a particular target

biomolecule in vivo, the target having an established pattern of preferential localiza-

tion in or on a cancer cell; and a natural or synthetic appendage or inclusion structure

capable of appropriately strong and facile attachment to a radionuclide with appro-

priate therapeutic properties. For this chapter, protein tumor targeting entities can
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be MAb or other protein molecules derived from recombinant cells engineered

specifically for this purpose (rather than from MAb hybridoma approaches) and

characterized for safety and quality to meet regulatory requirements. Proteins from

this source enable robustmanufactureusing large-scale cell culturebioreactor systems

(rather than invivo ascites production approaches) specifically designed for optimized

cell growth and product generation that, along with primarily chromatographic

techniques for high-level purification, must be characterized to demonstrate process

control, cell-based impurityminimization and product reproducibility using a number

of analytical methods. For this chapter, the source of peptide targeting component is

via wholly synthetic procedures such that they can be reliably obtained from large-

scale solid phase, solution phase, or combination production techniques for chain

lengths typically up to 40–60 amino acids with a similar range of chromatographic

purification techniques and more traditional chemical-based analysis for quality and

purity. Larger peptides may be produced by recombinant DNA (rDNA) technology

similar to MAb. The radionuclide binding component is typically specifically

designed for easy, controlled incorporation in or on the tumor targeting component

with fast, reliable radiolabeling and optimum stability. These will be either complex-

ing/chelating structures or, less frequently, agents incorporating structures for radio-

halogenation (see Chapter 2). The selection of therapeutic radionuclide has many

criteria (11) but the control of production regarding the radionuclidic, radiochemical,

chemical, and safety profiles must be established to meet regulatory requirements

preferably by the supplier but definitely in relation to final product quality. Additional

components may be present in molecularly targeted oncologic radiotherapy agent

products (in the product container or an ancillary container) that address selected

aspects of pharmaceutical quality (e.g., lyoprotectants, tonicity and pH adjusters,

stabilizers), (radio)chemical stability (antioxidants), radiolabeling efficiency (pH,

counter ion and other adjusters), and safety (scavenging chelating agents) while

several on-site procedures may also be part of the final radiolabeled product prepara-

tion, both of which require regulatory scrutiny and approval to assure control of all

ingredients, adequate instructions for use and ultimately safe and efficacious use in

patients. For all pharmaceuticals, the quality of thefinal product is critically dependent

on the documented quality of the personnel, facilities/equipment, raw materials, and

containers/labels in conjunction with control of the manufacturing and related

processes that is supported by acceptable individual batch quality analytical data

and an overall quality assurance program. Regulatory agency approval for all these

elements is evaluated on a case-by-case basis in each submission butmust be sufficient

to assure the high regulatory expectations of a safe product prior to any human use.

Standards for this good manufacturing practice (GMP) requirement are available for

clinical trial material (12–15), for active pharmaceutical ingredients (16) and for final

stage/approved products (17–22), and compliancewith these regulatory concepts and

guidance is critical to a successful PPRA pharmaceutical development strategy.

It should be appreciated that GMP extends beyond consideration of the facilities/

equipment required for production to all drug components and their quality

ranging from raw materials to intermediates to the final product and its packaging.

Knowledge of various pharmaceutical quality elements including a high degree of
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physicobiochemical characterization and a sound potency assay with human rele-

vance are important in overall quality control and in determining whether a high-risk

designation is warranted that would impact the development strategy (23).

17.3.1 Tumor Targeting Component

17.3.1.1 Recombinant Protein
Cell Line and Production Bank StartingMaterials The large molecular size and

complexity of biological proteins (e.g., MAb), possessing secondary and tertiary

structures as well as glycosylation and other posttranslational alterations, make

chemical synthesis virtually impossible and therefore the use of biosynthetic

processes within living cells are the only realistic source (see Chapter 1). Recom-

binant DNA technology has enabled genetic alteration of a variety of host cell lines

that, as a result, acquire specific protein expression capabilities and become the

originating cell source. The research-based, well-established procedures for iden-

tification of the DNA sequence of interest need only be described in general with

appropriate references but newer approaches such as the use of transgenic mice may

require a more detailed safety assessment (24). Typically an expression vector that

carries the DNA sequence of the protein of interest (and perhaps other beneficial

cellular DNA signals such as enhancer/promoter/antibiotic resistance/purification

aid sequences) is constructed and transfected into a suitable host cell line. Several

suitable host cell lines include those from bacteria (e.g., Escherichia coli), fungi

(e.g., Pichia stipitis), insect (e.g., Spodoptera frugiperda), and mammalian (e.g.,

Chinese hamster ovary) sources, which possess the necessary genetic, biochemical,

and regulatory quality attributes preferred for this purpose. The exact nucleic acid

sequence of the chosen construct and the vector (if appropriate) must be verified by

established sequencing procedures to assure that the synthesized and final coding

sequences match the intended theoretical sequence. The entire vector sequence

should be provided showing the appropriate function of each DNA segment. The

detailed procedure for transfection and subsequent selection of the final recombi-

nant cell line (including materials, biologicals, and cell lines as well as the

procedures and controls) must be described in detail even for wholly research-

based generation. For transient expression systems, master vector seed stocks must

be established and their quality and stability documented (25, 26). This basic cell

line origin information must be provided in the initial regulatory submission for

approval prior to any human use of the cell-derived protein.

The origin cell line is cultured under high-quality-controlled conditions until

a sufficient quantity of cells is available as a homogeneous culture from which

a predetermined number of identical vials (typically 200vials at 1–10� 106 cells/vial)

can be prepared and subsequently stored frozen in liquid nitrogen under defined and

secure conditions that result in the master cell bank (MCB). A similar scale culture is

then prepared froma singleMCBvial to generate aworking cell bank (WCB), a single

vial of which is typically used as the seed stock for each production lot maximizing

the probability of (recombinant) protein biological source continuity/homogeneity.

The critical importance of cell bank quality for all future production and safety
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assurance strongly suggests their generation under GMP conditions. Procedures,

materials and controls regarding each cell bank preparation should be thoroughly

described in appropriate regulatory submissions. In keeping with the general require-

ments of GMP formaterial identity verification andmore specifically for the potential

of originating cell safety considerations, the MCB, WCB, and end of production cell

bank (EOPCB) should be extensively characterized. Avariety of tests are required to

provide evidence of cell bank quality depending on the bank origin (bacteria,

mammal), history, genetic alteration and intended utilization including cell identity

and genetic integrity (morphology on selected media, DNA sequencing, plasmid

retention, copy number and restriction endonuclease mapping, and isoenzyme

analysis), product identity (biochemical testing), appropriate contaminants (sterility,

bacteriophage, and mycoplasma), culture stability (viability), and virus content. The

latter is of particular regulatory concern as the potential presence of virus particles in

the cell banks may enable (trans-species) infection of human recipients. The extent of

virus testing depends primarily on the type of host cells for evaluating endogenous

viruses and animal-derived component exposure during generation and cultivation to

evaluate adventitious (unintentionally introduced) viruses that may indicate potential

for infectious and/or pathogenic virus content risk. Virus tests cover a range of

methodologies including electron microscopy, susceptible cell line infectivity, anti-

body production, specific enzyme determination and virus nucleic acid determination

and these specialized assays are normally contracted to analytical service groups

operating under good laboratory practice (GLP)/GMP standards (26, 27). Documen-

tation of cell bank virus status and safety assessment as evidenced by the results of all

virus (including virus removal/inactivation validation studies) and other quality

testing will be an important part of initial regulatory submissions.

Production Activities The expansion of a vial ofWCBcells is conducted in scaled-

up stages as required to provide the necessary cell numbers under the appropriate

growth/protein expression conditions for a suitable time period to obtain the targeted

amount of desired protein in the unprocessed bulk fluid. Numerous process technolo-

gies may be used to achieve this goal including many variations of batch culture

bioreactor and hollow-fiber systems. Early development lots should be used to

characterize and optimize significant process parameters (media/supplement feed

rate, pH control, oxygenation control, etc.). Control of allmaterials used in the clinical

production lots is particularly important including all media, supplements and

sparginggases aspotential sources ofviral andmicrobial contaminationwith chemical

quality typically in line with pharmacopeial requirements. At an appropriate stage of

development (typically prior to Phase 3 regulatory submission) at the completion

of cell culture production for a representative production run, a sample of cells is

removed just prior to batch termination from which an EOPCB is generated. Specific

testing needs to be conducted on the EOPCB and unprocessed bulk fluid to verify viral

load consistency in theWCBwith no aberrant virus presence from large-scale culture

induction or contamination, and absence of microbial contamination. The terminal

unprocessed bulk fluid is harvested and typically subjected to cell disruption (for

intracellular protein products) or cell removal (for secreted protein products) prior to
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undergoing a variety of sequential downstream processing steps intended to purify the

product from the rest of the bulk harvest. Techniques such as centrifugation, ultra/dia/

nanofiltration, affinity/ion exchange/hydrophobic interaction/size exclusion chroma-

tography (and specialized viral inactivation/removal steps such as lowpHor detergent

treatment) are typically employed with precise operating conditions designed to

maximize protein product recovery and purity. At the final production scale, all

physical downstream processes (e.g., ultrafiltration, centrifugation) and all chro-

matographic column processes should be validated (such as cleaning, reuse, etc.) and

acceptable ranges for all critical operational parameters (such as pressure differen-

tials, loading and elution fluids, pH, ionic strength, capacity, flow rate, etc.) with

respect to purity, endotoxin removal, and so on should be determined. Chemical

materials must be of pharmacopeial or equivalent quality and attention should be paid

to the final formulation solution contents regarding material stability and compati-

bility with further manufacturing operations (concentration, buffer counter ions, pH,

metal ions, etc.) that may be involved to produce the final radiolabeled protein RA. A

critical element of downstream process validation is its capability for virus inactiva-

tion and removal. Prior to any human use, a risk assessment of the potential for virus

presence in the protein product should be conducted taking into consideration the

MCB/WCB/unprocessed bulk fluid virus testing results, the use of animal source

materials for bank preparation and production (if any), and the scientific literature and

any proprietary data for supporting viral inactivation/removal for justifiably compa-

rable downstream platform processes. In general, MCB/WCB/unprocessed bulk fluid

containing known pathogenic or unidentified viruses should not be used for human

studies. Especially for cell lines of mammalian origin for MAb production, viral

validation studies consisting of spiking each evaluable downstream process interme-

diate input material (such as preultrafiltrates or chromatographic purification loading

solutions) with known titers of endogenous or model viruses followed by the

downstream process conduct with assessment of (intermediate) output material

model virus titer is required, enabling calculation of each downstream process viral

clearance/inactivation value (log reduction value) (LRV)). These studies are con-

ducted on appropriately scaled-down versions of each evaluable downstream process

for practical reasons. Typically LRV data from 2model viruses are required for Phase

1 submissions and a further 2 model viruses are required for later development. The

properties of the acceptable model viruses available for this testing (27, 28) cover

a range of features including genomic constituents (RNA or DNA), encapsulation

(enveloped or nonenveloped), size (from�10 to�200 nm), families (retrovirus, etc.),

and resistance level (to pHor solvent extremes) and thus demonstration of an adequate

LRV (typically>6 units higher than the initial virus load log value of the bulk harvest

for the overall downstream process) provide sufficient regulatory assurance of virus

absence (and/or risk minimization) in the protein product. Viral validation studies

must be summarized for regulatory agency review and may require provision of

all virus validation study reports. It is a regulatory expectation that all materials

that contact the cells are obtained from transmissible spongiform encephalitis (TSE)-

free sources or if not, that a TSE risk minimization evaluation document can be

provided (29).
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Quality The final purified tumor targeting protein component must be adequately

analyzed to establish basic and unique physicochemical, biochemical, and biological

properties (24). A summary of some useful characterization and testing studies that

may be expected by regulatory agencies is shown in Table 17.1 (and can also be

selectively applicable to suitable peptide tumor targeting components).

As development progresses, an increasing degree of characterization should be

documented leading to an in-depth understanding of the structural and functional

properties that complement the requirements of scale-up manufacturing operations

TABLE 17.1 Summary of Potential Regulatory Requirements for Characterization

and Testing Studies of the Protein Tumor Targeting Component of Protein

Radiotherapeutic Agents

Type Characterization/Test Method Examples

Physico

biochemical

Peptide map Enzymatic/chemical degradation with

HPLC analysis

Amino acid composition Chemical hydrolysis with HPLC

analysis

Amino acid sequence (total,

N-terminal, C-terminal)

Selective chemical degradation with

HPLC analysis, HPLC-MS/MS

Disulfide bridge location Selective chemical degradation with

HPLC analysis

Molecular weight MS, LC-dynamic light scattering

detection, ultracentrifugation,

SE-HPLC

Charge isoform profile IEF, CIEF

Electrophoretic molecular

weight analysis

SDS-PAGE (R/NR) with silver stain,

CGE

Liquid chromatographic analysis IE, HI, SE, RP, affinity chromatography

Spectroscopic analysis UV, NMR, CD spectroscopy

Crystalline structure X-ray diffraction

Solution properties (pH,

solubility, etc.)

Chemical assays

Oligosaccharide content,

sequence, and attachment site

Selective chemical and biochemical

degradation with HPLC analysis

Biological

(potency)

Target receptor/binding site

specificity, affinity/response

In vitro cell binding, ELISA, inhibition

RIA, Western blot

Target tissue binding specificity/

intensity

Semiquantitative

immunohistochemistry

Biological response Animal or isolated organ

pharmacological response

CD: circular dichroism; CGE: capillary gel electrophoresis; CIEF: capillary isoelectric focusing; ELISA:

enzyme-linked immunosorbent assay; HI: hydrophobic interaction; HPLC: high-performance liquid

chromatography; IE: ion exchange; IEF: isoelectric focusing; LC: liquid chromatography; MS: mass

spectrometry; NMR: nuclear magnetic resonance; R/NR: reducing/nonreducing; RIA: radioimmunoassay;

RP: reverse phase; SDS-PAGE: sodium dodecyl sulfate polyacrylamide gel electrophoresis; SE: size

exclusion; UV: ultraviolet

580 SELECTED REGULATORY ELEMENTS IN THE DEVELOPMENT



and batch heterogeneity, quality control, and stability data interpretation. Several of

these characterization studies should lead to scientifically sound (progressing to

validated) assay methods capable of verifying critical protein attributes on a lot-to-

lot analysis basis as routine quality control tests. In addition, the quality of the

overall protein product formulation must be established with regards to the extent

and nature of impurities. These include residual bioprocess additives (media, media

components, reagents, etc.), those from downstream processing (column matrix

leachables, elution reagents, refolding agents, organic solvents, etc.), cellular

materials (DNA and host cell proteins) and product related materials (aggregated,

truncated, degraded forms, etc.). Given its susceptibility to microbial contamina-

tion, specific pharmaceutical testing (sterility and endotoxin) should also be

conducted. A summary of typical quality control tests as potential batch analysis

release tests is shown in Table 17.2 (and can also be selectively applied to suitable

peptide tumor targeting components). It is noteworthy that a reference material lot

should be prepared early in development (and updated thereafter) and be well

characterized to serve as a baseline for test method development, for subsequent lot

results and for associated specification delineation. Stability studies should be

initiated at an early stage for the bulk material under conditions that approximate

anticipated routine storage conditions (concentration, formulation, container, tem-

perature, etc.) and analyzed for real time degradation with special attention to

physical changes such as visible and subvisible particle/covalent and noncovalent

aggregate formation (30) as well as potency.

17.3.1.2 Synthetic Peptides
Chemical Starting Materials The initial building blocks for peptide synthesis are

specially derivatized amino acids that incorporate the necessary activating and

protecting groups to facilitate traditional carboxy to amino group coupling (see

Chapter 3). These compounds must be obtained from reliable suppliers with certi-

ficates of analysis that include testing results of optical rotation, chemical purity (by

HPLC and/or thin layer chromatography (TLC)), melting point, chiral purity, and

potentially other characterization tests (NMR, infrared (IR) spectroscopy, and MS)

depending on their complexity and criticality. For solid-phase peptide synthesis

(SPPS), high-quality resins characterized by their backbone chemical composition,

functionalization type and amount (molar ratio), solvent swelling ratios, and general

appropriateness should be described (31).

Production Activities For SPPS, sequential processing stages of the synthesis

should be described by a schematic flow diagram indicating the initial amino acid

derivative coupling to the resin, peptide elongation involving a cycle of deprotection,

washing, (neutralization and washing, if required), coupling, washing followed by

terminal peptide coupling (and capping, if required). In general the solution composi-

tions (e.g., amino acids, coupling reagents, neutralization reagents, and solvents

volumes) and the timing of each reaction type should be reported. The process for

peptide cleavage from the resin should be described including all timing and reagent

conditions (e.g., cleavage/deprotection, scavenger agent amounts, and solvents), and
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TABLE 17.2 Summary of Potential Regulatory Requirements for Batch Analysis

Release Tests of Protein Tumor Targeting Component of Protein Radiotherapeutic

Agent

Test Primary Quality

Typical Quality Attribute

Acceptance Criteria

Appearance Description Color, solid-particle

characteristics or solution

clarity acceptable

Peptide map Identity/purity–impurity Profile comparable to reference

Amino acid composition Identity Composition comparable to

theoretical

Amino acid sequencing

(total, N-terminal,

C-terminal)

Identity/purity–impurity Sequence identical to theoretical

Molecular weight Identity/purity–impurity Molecular weight comparable to

theoretical

Charge isoform analysis Identity/purity–impurity Profile comparable to reference,

pI values comparable to

reference, purity–impurity

levels acceptable

Electrophoretic

molecular weight

analysis

Identity/purity–impurity Molecular weight comparable to

reference, purity–impurity

levels acceptable

Liquid chromatographic

analysis

Identity/purity–impurity Profile comparable to reference,

purity–impurity levels

acceptable

Protein determination Quantity Protein concentration value

acceptable

Residual water (dry or

lyophilized form)

Additional pharmacopeial Water content value (%)

acceptable

pH (liquid form) General Solution pH value acceptable

Bioassay Potency Potencyvalue (activity/mass unit)

or Reference ratio value

acceptable

Bioprocess additives Purity–impurity Impurity levels acceptable

Downstream process

additives

Purity–impurity Impurity levels acceptable

Residual solvents Additional pharmacopeial Impurity levels acceptable

Host cell proteins Purity–impurity Impurity levels acceptable

Host cell DNA Purity–impurity Impurity levels acceptable

Sterility Additional pharmacopeial Passes test

Pyrogen or endotoxin Additional pharmacopeial Pyrogen test result or endotoxin

content value acceptable

DNA: deoxyribonucleic acid

582 SELECTED REGULATORY ELEMENTS IN THE DEVELOPMENT



isolation/recovery steps. For solution phase synthesis, all reaction conditions, inter-

mediate processing or purification steps and final deprotection steps should be

described. For bothmethods, results of in-processmonitoring for reaction completion

should be provided (ninhydrin test, TLC, or Ellman’s test as appropriate). A key

component of peptide synthesismanufacturing involves final purification typically by

single or multiple reverse-phase chromatography steps and therefore adequate

descriptions of all physical (e.g., column packing type, particle size, and column

dimensions) and operational (e.g., column loading and elution solvent composition,

solvent flow rates and gradients, temperature, fraction collection method, etc.)

parameters are required. Intermediate fraction collection and final product lyophili-

zation or drying procedures should be described (31).

Quality As chemical entities, peptide quality may be ascertained by a number of

traditional analyticalmethods in addition to those specific for their amino acid content

and peptidic nature. Evidence of the chemical structure should be obtained from

chemical methods (e.g., elemental analysis), spectroscopic methods (e.g., IR, UV,

NMR, CD) or other methods (e.g., MS, X-ray crystallography). Other properties such

as solubility (e.g., pH, solvent variations) and physical characteristics (e.g., melting

point, pKa, particle size, crystalline structure) may also provide useful information.

Characterization of product-related impurities should progress with development to

ascertain the identity and quantity of truncated, deleted, oxidized, deaminated,

racemized, and partially deprotected residues as well as other process-related pro-

ducts, residual solvents, and reagents (31). If the radionuclide binding component is

added as part of the peptide synthesis to create the tumor targeting conjugate (see

Chapter 3), some analytical testing to provide full characterization may be delayed

until a later stage or be performed at both stages. Table 17.3 contains a typical list of

tests that may be required for routine batch release testing. Potency tests for in vitro

confirmation of tumor targeting function such as receptor binding assays are usually

recommended especially if peptide configuration or formulation is critical to biologi-

cal activity. If sterility is not required at this stage due to subsequent drug formulation,

bulk peptidemicrobial limit testingmaybe substituted for the sterility testing. Specific

additional pharmacopeial testing may be required on early lots (e.g., heavy metals,

residue on ignition) to provide basic impurity information. Stability study data of dry

and solubilized peptide should be provided under various conditions (as for protein

RA)with special attention to degradation products associatedwith specific amino acid

content, sequence and conformation. A supply of well-characterized reference

material should be prepared for ongoing use.

17.3.2 Radionuclide Binding Component

The radionuclide binding portion of a PPRA may take several forms. They may be

natural endogenous constituents (e.g., available aromatic or metal complexing amino

acids), modified endogenous structures (e.g., thiols from reduction of disulfides),

attached ligands (e.g., metal or halogen binding structures) or combinations thereof

(e.g., attached ligands using thiols) (see Chapter 2). Tumor targeting componentswith
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any of the cited radionuclide binding components will be termed tumor targeting

conjugates (TTC) as they are essentially ready for radionuclide binding. Based on the

desirable properties of many metallic radionuclides, chelating structures are com-

monly attached via bifunctional ligands (i.e., those ligands that incorporate two

functional groups, a chelate for radionuclide binding and a linker moiety for attach-

ment to the tumor targeting component) hence the term bifunctional chelate (BFC) is

oftenused.TheseBFCmaycontain a rangeof chelatinggroups (tailored to themetallic

radionuclide) and attachment chemistries (tailored to the tumor targeting component)

and may include spacer or other groups that optimize subsequent radiolabeling

procedures,maintainpotencyand/or influencebiological function (e.g., pHor enzyme

sensitivities). For BFC, the characterization of the metal binding (complexation) site

with regards to endogenous metal content, metal ion specificity, oxidation state

requirements, kinetic and thermodynamic binding properties, and compatibility with

proposed radiolabeling procedures (such as the use of intermediate radionuclide

binding agents) should be provided in the initial regulatory submission. This is

especially important if these attributes may be altered from the unmodified chelate

by the presence of the linker functionality or from its proximity to the tumor targeting

component in the final conjugated form.Other bifunctional ligandsmay be attached to

alter the pharmacological behavior of the tumor targeting component such as selective

glycosylation or polyethylene glycol attachment and their pharmaceutical quality and

process use must be similarly documented. All ligands must possess high chemical

quality and stability that translates into reproducible conjugation to the tumor

targeting component with minimal undesirable side reactions. For manufacturer

synthesized ligands, both the physicochemical characterization and the specific

quality attributes should be reported (similar to the nonpeptide-specific chemical

structure, characterization, andbatch release testingdescribed earlier).When supplied

as raw materials from qualified suppliers, certificates of analysis containing this type

of quality testing results and ideally certification of their manufacture under GMP

would be required depending on the development stage. Reagents used in the creation

of radionuclide binding sites (such as chemical reduction of disulfides to thiols) should

be of similar quality.

17.3.3 Radionuclide Component

The radionuclide component provides the primary therapeutic action of the PPRA by

virtue of particulate emissions associated with its radioactive decay (see Chapter 2).

There are a limited number of regulatory agency-approved therapeutic radionuclides

suitable for use with PPRA (e.g., 32P, 131I, and 90Y) and given their less than ideal

characteristics; numerous other radionuclides may be preferable. Therefore, for most

PPRA, codevelopment of the radionuclide component is desirable as evidenced by the

large number of radionuclides that have been used for clinical trials in conjunction

with PPRA approval. The following regulatory expectations for the radionuclide

component may differ slightly depending on the intended PPRA development

strategy, as a Kit PPRA format requires provision of the separate radionuclide in

radiolabeling formwhereas for a ready-to-use (RTU) PPRA format the radionuclide is
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incorporated into the PPRA during manufacturing (see Chapter 2). Radionuclide

generator systemswill not be specifically discussed but similar considerations for both

parent and daughter radionuclide production and quality would apply. In general, the

regulatory expectations for radionuclide quality are based on the radionuclidic,

radiochemical, chemical, and pharmaceutical attributes as it impacts these parameters

in the final product. The manufacture of the radionuclide must demonstrate that the

radionuclide is consistently generated to control the potentially undesirable impurities

to an acceptable level. In early development, reproducibility of production at

a specified level of radioactivity (a least that proposed for clinical use) by a well-

defined process is critical to evaluating the radionuclide quality as process deviations

significantly impact quality and influence PPRA development. For example, signifi-

cant amounts of radioisotopic radiochemical impurities (due to a specific radionuclide

production process) that are present during radiolabeling would be expected to be

incorporated into the product in proportion to the desired radiochemical and may

contribute to radiodosimetry and/or radioassay differences when alternate radionu-

clide production processes are utilized (e.g., 124I produced from the various tellurium

isotope targets and nuclear reactions). Unwanted radiochemical forms may not

participate in the intended binding reactions to the TTC, thus reducing the (apparent)

radiolabeling yield and potentially requiring postlabeling purification (both of which

may be acceptable during early development but complicate later stage development/

commercialization). Both radionuclidic and radiochemical impurities may alter the

stability of the final drug product if they contribute to excessive radiolysis. The

presence of chemical impurities such as trace complexing agents andmetal or halogen

ions may complicate radiolabeling development and, in a worst case, present toxicity

concerns. Depending on the final format, a low level of endotoxin and sterility of the

radionuclide source solution may be required. A description of the radionuclide

production systems consisting of accelerator/reactor design, targetry design and

fabrication, irradiation system and control, irradiated target processing, and, if

applicable, generator fabrication/characterization with summary flowcharts would

be required to be submitted for new radionuclides. Of particular interest to regulators

are target material quality testing, especially for enriched nuclide targets where

verification of critical stable nuclide composition is normally required, and postirra-

diation target handling/purification systems where contact material quality and

operational conditions directly impact both radiochemical quality and production

reproducibility. Unusual radionuclides may require development of a specific dose

calibrator assay to quantitate the level of radioactivity and assay development reports

including calibration standards, and so on may be required to be submitted to support

this activity as assurance of adherence to patient radioactivity dose limitations.

Data on radionuclidic impurities (typically evaluated by high-resolution gamma-

ray or beta-spectroscopy), radiochemical impurities (typically by TLC or other

chromatographic methods), chemical impurities (typically by inorganic and organic

analysis with special emphasis on carrier or potentially interfering substances), and

pharmaceutical quality (pH, endotoxin, and bioburden or sterility) should be provided

on several lots of radionuclide unless justified and adequate specifications are required

to support its clinical use. Stability studies on the radionuclide source solution under
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actual storage conditions with respect to impurity levels (radionuclidic in-growth of

longer lived radionuclides, and radiochemical decomposition due to radiolysis) and

radiolabeling efficiency using standardized conditions with reference product should

be conducted with special consideration for the time of manufacture rather than the

time of receipt or on-site calibration. When supplied as raw materials from qualified

suppliers, certificates of analysis containing this type of quality testing results and

ideally certification of their manufacture under GMP would be required depending

on the development stage. Similar studies of other potential radionuclide source forms

(e.g., dilute liquid, concentrated liquid, and dry) and differing radioactivity concen-

trations would be required when these issues are part of scale-up or later stage

radionuclide component development.

17.3.4 Drug Product

The components described earlier (tumor targeting component, radionuclide binding

component, and radionuclide component, respectively) constitute the startingmateri-

als for the assembly of the PPRA. Protein RAwith a tumor targeting component that

are produced from biotechnological processes or peptide RA produced from complex

peptide synthesis procedures require complete documentation of this component’s

production and quality using regulatory submission drug substance (DS) content

descriptors regardless of further ligand conjugation (e.g., BFC) and radiolabeling. The

format of the PPRA dictates how the manufacturing is conducted and there are

regulatory implications to each format. A ready-to-use (RTU) PPRA format consists

of the components assembled by the manufacturer as a radiolabeled PPRA and

supplied to the end user in this final functional form without further processing. A Kit

PPRA format has two constituents, one of which is the TTC and the other of which is

the radionuclide component, each provided in separate containers for radiolabeling

onsite by the end user. Manufacturing and quality regulatory documents distinguish

betweenDS and drug product (DP) that differ from each other where theDP could, for

example, have additional formulation ingredients and be subjected to further proces-

sing (such as dilution) and a final sterilizing grade filtration into the final DP container

(and still further processing such as lyophilization).While the DSmay be sufficiently

isolated in the manufacturing process and could be subject to specific quality testing,

especially for the nonradioactive TTC in the Kit format, we will consider only DP

manufacturing and quality in this review. For the RTU format the final dosage form

(solution) in its final container/closure is theDP (RTU-DP) and for theKit format there

are twoDP, one for theTTC (TTC-DP) and one for the radionuclide (RNC-DP) each in

final dosage form in its final container/closure. The final radiolabeled Kit PPRA (KIT-

DP) prepared from the TTC-DP and the RNC-DP must be fully characterized by

the manufacturer as part of the regulatory submission documentation, even though it

will not be supplied to the end user in this format. Additional separate component

vials containing, for example, pH adjustment, intermediate radionuclide binding and

other reagents may also be required in the Kit format to facilitate on-site step-

wise preparation of the KIT-DP but only the optimum two vial kit format will be

considered here.Manyother formats can be envisioned thatwould be feasible for early
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development, such as those necessitating on-site postradiolabeling purification lead-

ing to thefinalDP, but thesegenerallywouldpresentmore complexcommercialization

expectations and will not be specifically discussed. Further consideration of the

physical forms of the TTC-DP (solution or lyophilized) andRNC-DP (solution or dry)

enables specific manufacturing process development for each form.

17.3.4.1 Manufacturing Activities The unique requirements for this type of

DP manufacturing process utilizing biological, chemical, and radiochemical compo-

nents requires, even during early development, the manufacturing process to be

sufficiently characterized to enable a reasonable understanding of all the critical

reactionparameters andcriticalprocessingsteps.While earlystageDPmaybeprepared

using defined reproducible conditions and described as such in regulatory submissions,

it is advisable that studies using variations of the reaction parameters be conducted

(with the help of design-of-experiment statistical methods) to elucidate critical para-

meters and appropriate specification ranges that establish minimum manufacturing

control and assist in future process scale-up and more complete process validation for

later stage submissions. While manufacturing changes are anticipated as development

proceeds, their potential impact on product quality must always be reviewed and, in

concertwith actual product data, enable a legitimate product comparability assessment.

All manufacturing operations should be completely described stating all materials,

equipment, operational conditions as well as in-process testing involved including

synthetic pathways and flow diagrams. Demonstrated control of all raw materials and

quality of the final container closure system must be provided.

For the conjugation of the radionuclide binding component (e.g., a BFC) to the

protein tumor targeting component, numerous reaction parameters should be consid-

ered for process characterization such as variations in the reactant mass, concentra-

tions (and ratio), duration, pH, temperature, and organic solvent requirements.

Conditions may be limited by the radionuclide binding component or tumor targeting

component compatibility/stability/reactivity (such as optimum pH and organic sol-

vents) that limit reaction yield optimization. However, a balance between final

conjugation level to preserve tumor targeting function (often presented as a final

conjugation ratio versus biological activity graph) and other quality attributes as well

as adequate radionuclide radiolabeling yield (purity)/conditions (often presented as

final conjugation ratio versus radiolabeling yield graph) must be established. The

conjugation sitemayalsobe affected by the conjugation reactionconditions as specific

peptides and/or side-chain sites can be preferentially activated especially in large

proteins with multiple accessible reactive groups and a description of the known or

most probable ligand attachment site should be provided (if not defined by structural

analysis). For protein RA development, final conjugation ratios (e.g., average number

of chelating groups per protein molecule) are often determined by HPLC-MS,

colorimetric or radiometric assays (see Chapter 2) and the TTC may consist of

a pool of unconjugated, single and multiply conjugated protein species. Purification

processes (typically chromatographic and/or ultrafiltration-based) that are employed

for the removal of residual (such as unreacted or degraded) ligands and undesirable

conjugate types (such as those with excess or limited ligand attachment or polymeric
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forms) must be well documented and characterized in light of their critical role in

preparing a reproducible TTC-DP. Residual chelating ligands and trace metal ions

from all reaction constituents can have a significant impact on subsequent metallic

radionuclide radiolabeling yield and stability. Thus, careful attention to material and

process details for the conjugation reaction as defined by the process characterization

is required to achieve acceptable results.

For radionuclide attachment to the TTC, limits on total radioactivity, radiolabeling

yield, postradiolabeling stability, andclinical utility (massdose) require balancing.The

RTU-DP format should assure high radiochemical purity by virtue of a postradiolabel-

ing purification process conducted by themanufacturer while any use of the Kit format

must ensure a similarly high radiolabeling yield (purity) on-site, both of which are

designed to minimize unwanted radiation dose from small amounts of radiochemical

impurities at therapeuticDP radioactivity levels. This requirement for high radiochem-

ical purity (>95%) is unique to PPRA relative to agents incorporating imaging

radionuclides (>90%) where the tolerance for impurities is normally higher. Even

simple reaction parameter (e.g., duration, temperature, TTC mass/concentration,

reactant radionuclide and carrier concentration/volume, pH, age, formulation, etc.),

variation can alter the radiolabeling reaction rate and yield. Thus multivariable studies

lead to characterization of the radiolabeling process and critical parameter identifica-

tion. Similar to the conjugation reaction, parameter variation may also influence the

radiolabeling site especially for (multiplepotential) endogenousbinding sites on aTTC

and in this case may in turn affect biological activity as well as overall radiolabeling

efficiency and stability. It is also essential that the radiolabeling conditions are

demonstrated to be robust enough to account for foreseeable on-site variations and

that explicit instructions for use are providedwith the Kit format for regulatory review.

For both the conjugation of the radionuclide binding component and the radionu-

clide attachment to the TTC, other pharmaceutical manufacturing steps may also be

required depending on the format, materials and conditions. Procedures for solution

degassing, component endotoxin reduction, headspace gas, lyophilization, final

sterilization, and other operational activities need evaluation and control at the

appropriate stagesofdevelopment.At the latedevelopmentstage,allof theseprocesses

and parameters can befine-tuned to supply the basis for final process validation studies

that provide an adequate design space for these parts of the manufacturing process.

Similar to the staged development of components, the early regulatory submissions

typically require data from minimal lots of acceptable materials, manufactured at

a clinically relevant scale using a suitably defined and controlled operational system.

ToevaluateDPacceptability, at least three independent batches ofRTU-DPand for the

Kit format TTC-DP and RNC-DP should be manufactured, taking into consideration

the available number, mass (and radioactivity) quantity, and quality of available

component batches. More complete delineation of component batch and DP batch

relationship to establish a sufficiently characterized and robustmanufacturing process

should be established as development progresses as should various manufacturing

scale and operational issues. These three lots provide DP to enable evidence of

manufacturing consistency through product quality testing results, DP for other

studies as well as nonclinical and clinical studies. Each stage may be supported by
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a number of separate DP batches and associated quality testing depending on the

manufacturing and clinical development strategy. The development of PPRA analo-

gues incorporating suitable imaging radionuclides whereby a radioisotope (e.g., 123I

for 131I) or radionuclide of the same basic radiolabeling chemistry (e.g., 111In for 90Y)

is substituted for the radiotherapeutic radionuclide to be used for biodistribution/

radiation dosimetry evaluation or other uses, should be considered during develop-

ment with all the necessary radionuclide and radiolabeling studies, manufacturing,

and quality implications.

17.3.4.2 Quality The final complement of individual component characteriza-

tion/quality assessments and process control is the evaluation of manufactured DP

quality, incorporating many of the same analytical tests used for the components. In

addition, the DP needs to be characterized for specific pharmaceutical development

requirements that demonstrate adequate control of various content and container/

closure features. These development studies (Table 17.4) need to be considered for

their jurisdictional applicability, relevance to the specific PPRA in terms of its

ingredients and packaging and, unless otherwise justified, completed prior to regula-

tory approval (32, 33). Aswith all quality control tests, their use (or omission)must be

justified and a potential panel of batch release tests for a PPRA is provided in

Table 17.5. Individual PPRA specifications must be initially established and

TABLE 17.4 Summary of Potential Regulatory Requirements for Pharmaceutical

Development Studies for Protein and Peptide Radiotherapeutic Agents

Study Typea Description

Container adsorption Verification of nature and extent of product loss to contact

materials (vial and closure)

Container closure

leachables and extractables

Verification of identity and amount of leached and extracted

materials from contact materials (vial and closure) under

specified conditions in final dosage form

Antioxidant stability Verification of identity, amount and stability of

pharmaceutical anti oxidant in final dosage form

Container closure integrity Sterility assurance of vial closure system

Critical excipient content Verification of critical excipients(s) identity and amount in

final dosage form

Buffering capacity Verification of buffer capacity in final dosage form

Nonaqueous solvent

content

Verification of pharmaceutical solvent(s) identity and

amount in final dosage form

Compatibility Verification of nature and extent of active/excipients

interactions in final dosage form

Administration system

compatibility

Verification of nature and extent of radiopharmaceutical

interactionwith patient administration systemcomponents

under typical use conditions

a Assumes simple nonviscous (reconstituted) solutions, nonplastic containers, no antimicrobial preserva-

tives, no unusual excipients, nonparticulate formulation, and no modified release components are present.
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progressively tuned based on historical PPRA batch results, manufacturing capabili-

ties, nonclinical (and previous clinical study, if any) results as well as regulatory/

pharmaceutical requirements and other considerations. The unique radioactive nature

of PPRA necessitates specific quality tests related to this attribute (Table 17.5) but for

some pharmaceutical development and quality testing, DP that are nonradioactive but

maintain all other features can be employed. A simulated (or mock) radiolabeled DP

may be useful as a substitute for the radiolabeled DP when the radioactivity is not

central to the test conduct and when the presence of an isotopic (radiolabel) substitute

and the radiolabeling process effects should be accounted for in the test for the DP

quality attribute. Simulated radiolabeled DP is prepared by substituting comparable

levels of stable isotope for the radionuclide component in the samechemical form in an

identical formulation for use in the (radio)labeling (and purification) process, or the

use of decayed radiolabeled DP may be justified. In addition to previous characteri-

zation studiesof the radiolabelingprocess, themanufacturermust also ensure that each

batch of TTC-DP is tested (up to the shelf-life limit of the KIT-DP) prior to release

using typical radiolabeling procedures to produce the KIT-DP. Additional stress

radiolabeling studies using a selected range of critical parameters (e.g., high radioac-

tivity levels, volume or pH extremes) that have been shown during development to

have a potential for significant impact on selected KIT-DP quality attributes (e.g.,

radiochemical yield/purity, biochemical quality, or potency) may also be valuable.

Also unique to PPRA is the general requirement for on-site quality testing on an

individual container basis for radioactivity assay and radiochemical identity/purity,

especially for KIT-DP. Thus, dose calibrator assay methods and simple instant TLC

methods are recommended to be developed for use as facile on-site preadministration

tests for product quality. The panel of potential tests for batch release (Table 17.5)

reflects all necessaryDP quality attributes involving identity, purity, potency, quantity

and general (parenteral) pharmaceutical tests. Some batch release tests may be

conducted retrospectively depending upon the format of theDPand process validation

data.Quality control analyticalmethods, evenat the early development stages,must be

scientifically sound, conducted with a standardized method using appropriate refer-

encematerials, positive andnegativecontrols,where appropriate aswell as possess the

necessary precision, sensitivity, specificity and accuracy to demonstrate fitness for the

measurement purpose. Full analytical method validation data is normally not required

until late stage regulatory submissions but initial assay quality and improvement

should be a cornerstone ofDPdevelopment. For synthetic peptideRADPnearing final

development all impurities greater than 0.1% need to be identified but a somewhat

greater flexibility in this limit is usually extended to rDNA protein PPRA when

appropriate (34). Of particular regulatory concern are potency assays, for which well-

defined in vitro antigen (for MAbs) or (cellular) receptor binding assays should be

developed (rather than in vivo potency studies). These assays should be readily

amenable to relatively rapid RTU-DP, KIT-DP, or nonradioactive content testing

(TTC, TTC-DP) and can be based on specific biointeraction (e.g., affinity or reactive

fraction) parameters (see Chapter 2). For small peptide RA that are structurally well

characterized and have adequate antigen/receptor binding studies included in radio-

pharmacological development, the routine application of potency assays may be
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negated. Radiochemical purity assays should be developed with an important regula-

tory consideration of complete test sample recovery such that all radioactivity can be

accounted for as either the DP or an impurity category.

As part of the assessment of the quality of the PPRA, it is strongly recommended

that early in development, a well-characterized reference lot of an appropriate form

of the TTC should be prepared and appropriately maintained as they constitute the

critical targeting function of the PPRA, and be replaced at the Phase 3 manufactur-

ing stage with a final reference lot prepared for each as representative of final

manufactured product. These reference materials serve a critical function in

establishing a baseline for early and late product quality testing specifications (and

the comparability between the two), and can provide early indications of storage

instability.

Stability studies should be conducted on the nonradioactiveTTC (RTU format) and

TTC-DP (Kit format) in relation to the maintenance of appropriate quality attribute

specifications under normal storage conditions supported by intermediate, accelerated

and/or stress studies as appropriatewith emphasis on biochemical purity, aggregation,

potency, and radiolabeling efficiency (consistency). The duration of the real time

stability studies is initially dictated by the intended duration of the clinical trial

progressing to an achievable and commercially viable period. For the radioactive

RNC-DP, theKIT-DP (Kit format) and theRTU-DP (RTU format), stability in relation

to themaintenance of appropriate quality attribute specifications under normal storage

conditions supported by intermediate, accelerated and/or stress studies as

appropriate should also be conducted with special consideration to radiolytic degra-

dation causing radiochemical impurities and nonradiochemical effects (such as

aggregation and potency reduction), which necessitates upper limit radioactivity

amount/concentration studies. Stability study duration for radioactive DP is dictated

by the initial radioactivity level and half-life of the radionuclide in relation to a

minimal useable clinical dose. For all shippedDP, transportation stabilitymay need to

be demonstrated, especially for sensitive DP solution forms that may under go

significant temperature variations (freeze/thaw/heat) and/or with unstabilized for-

mulations and/or agitation sensitivematerials (e.g., proteins).Maintenanceof sterility,

nonpyrogenicity and acceptable particulate level status in all cases should be

confirmed. Appropriate liquid formulations should be tested in the upright and

inverted positions. Stability indicating assays may need to be developed depending

on the extent and nature of the impurities potentially present or observed during stress/

accelerated studies (35).

17.4 NONCLINICAL STUDY ELEMENTS

Aswith all drugs under development, PPRAmust undergo varying levels of nonclini-

cal testing to ensure the safety and potential efficacy of the drug both prior to initiating

human clinical trials (preclinical) and in later development stages. For drugs devel-

oped to treat life-threatening diseases, such as cancer, some relief in the development

process is available in order to accelerate the access to market of these potentially
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life-saving therapeutics and the specific test relevance to this patient population,

especially patients with late stage or advanced disease and short life expectancy. Due

to the variability of PPRA composition, targets and application, nonclinical testing

plans should be reviewedwith and approved by the appropriate regulatory jurisdiction

prior to execution as some flexibility in the traditional testing plan may be justified.

PPRA can generally be classified as wholly synthetic or as predominantly

biological (including the synthetic radionuclide binding component) and overall as

therapeutic radiopharmaceuticals (including the radionuclide component) based on

their composition and origin for nonclinical regulatory purposes. The synthetic

classification (peptide RA) is characteristic of virtually all small-molecule drugs

while the biological classification is indicative of large complex proteinaceous

biotechnology-derivedmolecules (protein RA). These two types of PPRA are subject

to a set of normally independent nonclinical regulatory guidance in contrast to the

overall therapeutic radiopharmaceutical classification that carries some relevance to

diagnostic radiopharmaceuticals but there is no encompassing therapeutic radiophar-

maceutical category regulatory guidance. Both classifications need to address the

types of (additional) studies that are needed to assess the safety/toxicity and supporting

(radio)pharmacological properties of the radiotherapeutic form. Thus the regulations

governing the development and approval of these agents must consider all facets of

each classification that apply, often necessitating the involvement of multiple sets of

regulatory agency groups and multiple sets of regulatory guidelines that must be

interpreted for compliance. For all safety pharmacology, radiopharmacology and

toxicology testing, justification of the species chosen, animal gender, the number of

animals, size and the use of negative and/or positive control groups, route of

administration,mass (and radioactivity) doses, statistical analysis, themethodological

details, and appropriate tabulation of findings/results must be adequately described

and discussed in appropriate regulatory submissions. Starting mass doses should be

based on pilot studies and all other relevant information, or be based on multiples

(typically 10–100) of the scaled (typically viamilligramper kilogramormilligramper

square meters) human dose estimate. In general, traditional safety pharmacology and

toxicology nonclinical studies can be conductedwith simulated radiolabeled PPRA to

establish these effects independent of the radionuclide and simplify study operations.

The requirement for the use of scaled therapeutic radioactivity levels with the

(development) DP for these studies should be evaluated on an individual case basis,

beingmore likely for a PPRAwith a new radionuclide (and its impurities), for a PPRA

where there is significant unusual tissue accumulation, or other situations where the

relationship between local radioactivity and biological consequences have not been

previously established or cannot be soundly projected fromcellular and/orwhole body

radiodosimetry studies. It is important that the formulation used is as relevant as

possible to that of the intended final DP (especially when novel excipients, radi-

olabeling additives, and so on are used) and for most PPRA where meaningful

radiolytic decomposition of the mass dose may occur over the useful life, the

application of decayed radiolabeled (development) DP may be suitable as a worst-

case composition. These studies are also required to be conducted according to GLP

standards (8, 9),whichassure thequality and integrityof the safety data used to support
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a clinical trial or marketing application. It is recognized that all material used for

nonclinical testing must be appropriately manufactured and characterized to ensure

both an acceptable quality, especially purity and potency, and stability) and verifiable

continuity between the material tested in the nonclinical setting with that used in the

clinical trial and for marketing approval. The selection of studies is essentially the

same in Canada, the European Union or the United States.

17.4.1 (Radio)pharmacology Studies

In general, for either peptides or proteins, regardless of their origin, certain supporting

studies are required to be completed in addition to the safety pharmacology and

toxicity testingmandated by the regulatory agencies prior to any human clinical trials.

Depending on the nature of the components and the proposed pharmacological

handling of the PPRA, several studies should be undertaken to characterize specific

aspects of its biological behavior as indicators of suitability andquality. Invitro studies

of stability of the PPRA in normal whole blood and in normal plasma at expected

physiological concentrations at various incubation times with appropriate analysis

serve to determine potential circulating (radio)pharmaceutical associations, degrada-

tion andmetabolism.Thus, uptake/binding to (normal) circulating cells couldhavePK

implications leading to altered tissue uptake, metabolism by dehalogenases, endoge-

nous peptidases, or transchelation by certain plasma fraction elements, and could

generate significant amounts of radionuclide that are no longer associated with the

tumor targeting component. Cell culture studies using receptor (binding site) bearing

target cells arevaluable to confirm the internalizationor exterior retention of thePPRA

and/or radionuclide under anticipated conditions that are especially relevant if these

features were designed into the structure to confer a radiobiological advantage, for

example, intracellular pH or enzyme sensitive conjugate component cleavage.

Evaluation of the saturation of the target cell receptors in culture by the native (or

reference) ligand in competitionwith the PPRAhas value for clinical dose and specific

radioactivity estimation especially in conjunction with biodistribution findings and

may serve to reinforce the receptor up/down regulation or nonpharmacological

activity under conditions that have a degree of physiological relevance. Various other

studies of the tumor targeting capacity may be important from cell culture (or isolated

receptor/binding site) studies prior to clinical evaluation such as association/dissocia-

tion constant (affinity) determination and estimates of radiopharmaceutical (immuno)

reactive fractions (see Chapter 2). Many of these types of studies are useful during

development to determine appropriate type, site and levels of conjugation, radiolabel-

ing procedure effects, and so on, that may impact the tumor targeting component

activity. It is expected that from at least one of these types of studies a reliable assay of

the overall biological functionwill be developed to serve as the quality control test for

potency.

An important regulatory characterization study for large protein conjugates

(typically MAb) that has a significant potential for numerous cellular interactions

by specific and nonspecific mechanisms is immunohistochemical staining (cross-

reactivity testing) of (normal and cancerous) human tissue sections exposed to the
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protein RA. Binding of the protein RA to the tissue is detected with reagent

combinations (typically biotin conjugated secondary reagent/antibodies reactivewith

an unbound portion of the protein RA and subsequent addition of streptavidin bound

dye), which permits a visual semiquantitative indication of a wide panel of potential

human tissue interactions. For protein RA for which no suitable secondary reagent is

available conduct of this type of study may be interpretable, with an understanding of

its limitations, by using a specially prepared biotinylated form of the primary protein

or peptide. The results of these in vitro immunohistochemical staining studies are

particularly relevant to the evaluation of potential pharmacological side effects/

toxicity of nonspecific and low level receptor/binding site prevalence tissue interac-

tions as well as confirming specific reactivity of the protein RA with tumor target

tissues.

Once the basic invitro characterization has been completed, further studies using in

vivo systems are required to establish potential efficacy and biodistribution/metabo-

lism/radiodosimetry elements that are used to justify an acceptable risk/benefit profile

for human use. Of primary concern to the regulatory agencies is the evidence from in

vivo animal models that the PPRA shows tumor targeting capability and tumor

volume/mass stabilizing or reducing effects at radioactivity (and total PPRA mass)

doses that produce acceptable toxicity profiles and are likely scalable to the anticipated

human dose and exposure. The total PPRA mass administered affects the specific

activity of the radiopharmaceutical as well as the potential for receptor/binding site

saturation (and in vivo up-/downregulation), for dose-dependent PK evaluation and

toxicity implications.Where at all possible, models used for these assessments should

consist of tumors that express the specific tumor targetingcomponent receptor/binding

site. Animal models that utilize human tumors with this property (often adapted to

grow in immunocompromised rodents, such as athymic nu/nu or severe combined

immunodeficiency (SCID) mice) provide the most realistic scenario and are to be

recommended (seeChapter 11). Each PPRA should be evaluated for the best approach

to provide the appropriate scientific evidence of in vivo efficacy to support the clinical

trial application.Of equal importance to efficacy evaluation is the determination of the

biodistribution of the PPRA with subsequent analysis of metabolism, PK, and

radiation dosimetry (see Chapter 13). Animal biodistribution studies are typically

first carried out in normal or tumor-bearing rodents with analysis of blood, organs/

tissues, and excreta to determine how rapidly the PPRA radionuclide is cleared and

which tissues have the highest accumulation as a function of time after administration

(seeChapter 2).Metabolic andPK studiesmay also be completed at the time of normal

rodent biodistribution or be completed as special studies in larger animals especially if

metabolism is expected to be significant within the radionuclide lifetime and the

assays (and sampling periods) required to assess these parameters are not conducive to

the use of small animals. Analysis of blood/plasma PPRA content with time after

administration using appropriate software enables estimates of useful PK parameters

such as area under the curve (AUC), half-life(s), clearance (CL), and volume of

distribution (Vd). Analysis of both the tumor targeting component (using a suitable

bioanalytical method such as ELISA) and the radionuclide (using a suitable radiation

detection instrument such as a g-counter or liquid scintillation counter) serves to
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highlight radionuclide dissociation. PK results may also be obtained from toxicoki-

netic (TK) analysis or as part of other nonclinical studies. From the animal biodis-

tribution (and radionuclide emission) data, estimates of the radiation dose exposure

for standardized organs/tissues can be tabulated using well-established software

programs (see Chapter 13). The animal radiation dosimetry estimates must be scaled

for overall human exposure and specific identification of critical organ(s) that provide

a critical basis for regulatory acceptability for clinical use.

Other specialized studies to evaluate the use of accessory reagents (amount/timing)

to enhance clearance/reduce uptake in specified organs and thus reduce nonspecific

exposure to the PPRA, may be required to support their application with the PPRA in

human clinical trials. For two and three-step pretargeting approaches (see Chapter 8),

studies of the dosing levels/ratios of all components and various timing intervals in

animal models should be provided with biodistribution/radiodosimetry estimates and

toxicity implications that suggest a reasonable starting point for these parameters for

proposed human use. The use of PPRA radioisotope/radionuclide analogues to

facilitate biodistribution or other radiopharmacological studies, must provide ade-

quate evidence of analogue PPRA quality and behavioral comparability especially if

this approach will also be employed clinically. All in vivo nonclinical (radio)

pharmacology studies should be described in the initial regulatory filing including

species/model justification, methodology (including all basic data, calculations, and

dosimetry assumptions), results, anddiscussionof relevantfindings. Ideally, all (radio)

pharmacological animal studies, but particularly large animal studies, should be

conducted according to GLP (8, 9) regulations.

17.4.2 Safety Pharmacology Studies

Safety pharmacology studies are carried out to evaluate effects of the drug on critical

organ systems. Cardiovascular studies consist of the measurement of blood pressure,

heart rate, and an evaluation of the electrocardiogram. In vivo, in vitro, and/or ex vivo

evaluations, including methods for repolarization and conductance abnormalities

should also be considered. Central nervous system studies can include motor activity,

behavioral changes, coordination, sensory/motor reflex responses, and body temper-

ature and this ismost often accomplishedbyusing a functional observational batteryor

other tests. Respiratory studies can include respiratory rate and other measures of

respiratory function (e.g., tidal volume or hemoglobin oxygen saturation) with

quantification by appropriate methodologies. Evaluation of these three systems (the

cardiovascular, central nervous, and respiratory) constitute the core battery studies

with studies of other functions (renal, gastrointestinal, immune, etc.) added as

necessary (36, 37). These studies are normally conducted in two relevant species,

usually rats and dogs (although justification can be made for other species) and are

normally required to be completed prior to initial human use. If concerns with the

PPRA are generated during core battery testing, follow-up studies are required to

further delineate these effects (38). Safety pharmacology studies may not be required

for highly specific tumor targeting protein RA (based on supporting (radio)pharma-

cology and toxicological evaluation/results) and usually not at all for PPRA that are
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solely intended for clinical testing and approval in end stage cancer patients. However,

on a case-by-case basis for some protein RA, it may be necessary to conduct these

studies using ex vivo or in vitromodels, depending upon their cellular targets and the

appropriateness of available models for performing these studies. Further, the safety

pharmacology testing may be incorporated into toxicity testing whichmay negate the

necessity of doing stand-alone studies, but these combination studies must satisfy the

intent and outcome of both types of studies (37). All studies associated with safety

pharmacology testingmust be conducted according to GLP standards (8, 9), however,

it is recognized that some studies employing specialized test systems which are often

needed for protein RA may not be able to comply fully with GLP and in this case

documentation of the GLP shortfalls is required.

Special considerationswould be applied to PPRA safety pharmacology studies that

would be used to support pre-Phase 1 and early Phase 1 clinical investigations. In the

EuropeanUnion, applications formicrodose exploratory investigations do not require

the conduct of safety pharmacology studies unless toxicological or other information

warrants but for subtherapeutic or therapeutic doses in exploratory clinical trials, core

battery safety pharmacology is required (36). For the United States exploratory IND

submissions, core battery safety pharmacology studies are not required for microdose

PK or imaging studies but are required for submissions using dosing at pharmacolog-

ical levels (39).

17.4.3 Toxicology Studies

Synthetic peptide RA toxicity testing should be comparable to standard small-

molecule drug candidates and thus will include acute and repeat dose toxicity,

TK/PK analysis, local tolerance, genotoxicity analysis, immunotoxicity analysis,

phototoxicity potential, carcinogenicity analysis, and reproductive toxicity analysis

and are relatively regulatory jurisdiction independent. A notable exception is the

planned requirement by the FDA for late radiation toxicity studies applicable to

peptideRAtocapture acute anddelayed radiationeffects in long termstudies (40).The

studies required to proceed with a first in human safety study (Phase 1) will generally

include acute and repeat dose toxicity, TK/PK analysis, local tolerance and geno-

toxicity analysiswith other appropriate studies to be completed prior to drug approval.

It is generally recommended that two species (one rodent and the other nonrodent) are

used for acute and repeat dose toxicity testing studies. Acute (single administration)

and repeat dose (up to 14 daily administrations) toxicity studies are typically designed

to incorporate multidose levels using the intended route of administration with an aim

to provide justifiable evidence of the maximum tolerated dose (MTD) level or no

observable adverse effect level (NOAEL) that serve as a basis for estimating a safe

starting human dose (typically 1/50 to 1/100 of the scaled NOAEL), provide indica-

tions of specific organ toxicity, toxicity reversibility, and potential clinical monitoring

parameters. Assessment usually consists of mortality, clinical hematology and

biochemistry, clinical observations, weight changes, and postmortem gross and

microscopic evaluation on all major organ systems. Toxicology study options for

peptide RA (and protein RA) prior to clinical trials in late stage cancer patients place
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less emphasis onNOAELandMTDdeterminations andmoreonestablishing safetyby

mimicking the proposed clinical administration schedule. TK/PK analysis (to verify

peptide RA exposure in the toxicity studies) is generally conducted from blood

sampling after the first and last administration in the repeat dose toxicity study and

involves assay of the tumor targeting conjugate only (using a suitably validated

bioanalytical assay) if supplemented with radiopharmacology (plasma PK) study

support. Small peptide RA may have very short plasma half-lives due to fast

translocation from the plasma and extensive intravascular metabolism or organ

sequestration (e.g., liver or kidneys) that necessitates an appropriate sampling plan

and requires very high bioanalytical assay sensitivity for low mass dose administra-

tion. Local tolerance effects can be incorporated into acute and repeat dose studies

with macroscopic and microscopic histological evaluation of the injection site/

surrounding area and if a deliberate extravasation/misadministration tolerance study

is indicated based on product-/formulation-specific characteristics then the radiola-

beled peptide RA (and protein RA) should be employed. Genotoxicity studies assess

the potential for DNA damage that could result in the permanent mutation of genes

(that may play a role in the multistep process of malignancy). Two testing approaches

are available to meet regulatory requirements consisting of a test for gene mutation in

bacteria, a cytogenetic test formammalian chromosomal damage and an in vivo test of

rodent hematopoietic cell chromosomal damage or a test for genemutation in bacteria

with two in vivo tests for chromosomal damage (41). Analogous to traditional drug

impurities risk analysis, peptide RA that consist of a relatively small mass dose

(<1.5 mg) should normally be excluded from genotoxicity testing (42, 43). As

discussed previously, since radioactivity (ionizing radiation) is genotoxic and this

effect/risk can usually be reliably estimated from radionuclidic data, genotoxicity

using radiolabeled PPRA is generally not required. Phototoxicity studies can be

excluded if it can be demonstrated that no skin or ocular uptake and retention is evident

(from supporting (radio)pharmacology studies) and that in vitro photochemical

properties are negligible. Immunotoxicity studies include evaluation of direct effects

on the immune system (stimulation/inhibition) and need only be performed when

a cause for concern is derived from other toxicity studies, relevant pharmacological

properties, or structural features of the peptide RA. Immunogenicity studies to

evaluate the consequences of antiproduct antibody generation are required as part

of repeat dose toxicity studies (36, 44). The extent and nature of nonclinical

immunogenicity studies should be evaluated on a risk-based analysis in light of their

generally poor predictability to humans. Factors that should be taken into account

include the cross-species expectation (e.g., human proteins in animals and other

combinations); animal model suitability (immunocompetent versus immunocompro-

mised), peptide RA composition, impurity profile, andmolecular size, the peptide RA

mechanism of action, peptide RA comparability to native (if any) analog, potential

seriousness of clinical response, dose, dose frequency, and interval of peptideRA (and

route of administration if not intravenous) as well as potential immunocompromised

status of the animals and the intended oncology patient population. Nonclinical

immunogenicity study design should include peptide RA PK/pharmacodynamic

assessment in the presence of an antigenic response (antipeptide RA antibodies) as
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well as overall toxicological implications (inhibition, enhancement, or undetermined)

that adds to the understanding of peptide RA behavior. Carcinogenicity studies can be

postponed or eliminated for cancer therapeutics if genotoxicity is unremarkable and

justification based on exposure/frequency of use and lack of implications on the

specific cancer population can be substantiated. Reproductive toxicity studies involv-

ing preconception, preimplantation, and peripostnatal elements are also generally not

required prior to early clinical trials if onlymen, women not of child-bearing potential

andwomen of child-bearing potential with adequate pregnancy testing and pregnancy

prevention are eligible but could be required prior to late stage trials and approval if the

intended population is expanded beyond these restrictions.

Protein RA toxicity testing should be comparable to other biological drug

candidates and thus could include acute and repeat dose toxicity, TK/PK analysis,

local tolerance, genotoxicity analysis, immunotoxicity analysis, carcinogenicity, and

reproductive toxicity analysis and are more regulatory jurisdiction dependent. How-

ever, the diversity of structure, mechanism of action, and biological properties that

typically translates into exaggerated pharmacological actions rather than overt

toxicity allows greater flexibility in study selection and conduct in comparison to

traditional small-molecule toxicological analysis. The studies that are required to

proceed with a first in human traditional Phase 1 clinical trials will generally include

acute and repeat dose toxicity, TK/PK analysis, and local tolerance with other

appropriate studies to be completed prior to approval. It is generally acceptable that

only one relevant species (usually nonrodent) is used for acute toxicity studies. Repeat

dose toxicity testing studies are typically of shorter duration covering at least one cycle

of the intended clinical dosing schedule. TK analysis is required as for peptideRA, but

the bioanalytical method for protein PPRA in plasma determination may be more

complex (e.g., an immunoassay to differentiate between the protein RA and endoge-

nous proteins and other interfering substances) and generally less specific (reactive

with fragments and intact proteinRA) requiringmoremethod development to confirm

suitability. Local tolerance testing must be conducted with similar considerations as

those for peptide RA.Genotoxicity studies are generally not required for proteinRA if

no cell nucleus association of the tumor targeting component is supportable and the

mutagenic potential of the radionuclide binding component is rationally excluded.

Immunotoxicity studies are generally not applicable for protein RAbut unlike peptide

RA, immunogenicity in humans is expected to be more prevalent for large molecular

weight proteins and therefore a review of the evidence available for the immunogenic

potential of the protein RA (as for peptide RA) should be conducted to determine

whether specific immunogenicity studies are required to be conducted prior to

initiating clinical trials. Carcinogenicity and reproductive toxicity testing can be

handled in the same fashion as for peptide RA.

Special considerations would be applied to PPRA toxicity studies that would be

used to support pre-Phase 1 and early Phase 1 clinical investigations. In the

European Union and the United States, applications for microdose PPRA clinical

trials require the filing of information from an extended acute single dose level study

in one justifiable mammalian species with TK profiles and no other toxicology

studies. For an exploratory clinical trial using a single subtherapeutic or therapeutic
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dose, the European Union requires the conduct of an extended single dose acute

toxicity study in both a rodent and nonrodent species with TK profiles. If the clinical

trial is designed to use a single dose or if it is a repeat dose (up to 14 days)

exploratory therapeutic clinical trial and is not intended to evaluate MTD, a 2-week

repeated dose toxicity study in a rodent and nonrodent species are required using

appropriate dosing criteria. These clinical investigations also require the conduct of

an appropriate genotoxicity study unless it can be otherwise justified as previously

discussed. For an exploratory clinical trial on subtherapeutic or therapeutic dose(s),

the United States requires the conduct of a repeated dose 14-day toxicity study in a

single rodent species with TK (and confirming or dose escalation study in a

nonrodent species) and the appropriate genotoxicity study. For mechanism of

action-based exploratory clinical trials, the United States will also accept modified

pharmacological and toxicological study plans to select clinical starting doses and

dose escalation schemes (36, 39).

17.5 CLINICAL STUDY ELEMENTS

Humanclinical trials are themost critical element of the regulatory approval process to

obtainmarketing authorizations inCanada, theEuropeanUnion, and theUnitedStates

and generally require the most resources and time to complete. Adherence to GCP (2)

is required for all clinical trials that are used to support marketing applications (NDS,

MA, and NDA). This multijurisdictional standard, established by the International

Conference on Harmonization (ICH) for the design, conduct, monitoring, and

reporting of human clinical trials, ensures that subjects’ rights and safety are

maintained and that the data generated in the trial is reliable. GCP also encompasses

specific responsibilities for independent ethics committees (Research Ethics Board

(REB), Canada; Ethics Committee (EC), European Union; and Institutional Review

Board (IRB), United States), investigators (including medical care of subjects,

compliance with protocol, informed consent of subjects, and various reports, in

particular, safety reports), and sponsors (including trial quality assurance, trial design,

financing, regulatory authority notification/submission, in particular, adverse event

reports, and product quality). GCP also provides format and content for the most

important clinical trial documents, the clinical protocol, the IB and the informed

consent form with cross-jurisdictional acceptance of these documents if constructed

according to GCP standards. A further complication for PPRA clinical investigations

is the need to adhere to international radiation safety principles (e.g., as low as

reasonably achievable (ALARA)) and nuclear safety regulatory agency guidelines for

minimization of radiation exposure for all personnel from radioactive dose adminis-

tration, treated patients and their by-products by providing, for example, specialized

radioactivity containment suites and a system of operational control of all radioactive

patients and radioactive material handling activities.

Consideration for first in human studies should carefully evaluate the perceived

risks associated with the potential PPRA. These would include the mechanism of

action (e.g., targets that are ubiquitously expressed in the immune systemor biological
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cascade cytokine release systems such as the blood coagulation system), nature of the

human target (e.g., structure, tissue distribution, etc.), and the relevance of any animal

species to be used for nonclinical safety evaluation (e.g., comparison of animal to

human target through structure, homology, natureof pharmacologic effect, etc.)where

the questionable relevance of available species will add to the perceived risk and may

directly impact study design, dosing, andmonitoring intensity (23). If the PPRA lacks

significant detectable mass dose pharmacologic action (as the mechanism of action is

tumor-targeted radioactivity and assuming that immunogenic responses are negligi-

ble), nonpharmacological levels can be estimated from animal toxicity study results

(NOAEL or other parameter) appropriately scaled to humans with the human starting

(safe) dose established using a 50–100 reduction factor. The radioactivity dose levels

should be based on critical organvalues (derived from animal dosimetry studies) with

the aim of minimizing patient radiation exposure. In both cases, radiolabeling

considerations and the intended study goals such as sufficient radioactivity for an

imaging biodistribution study or increasing mass dose for saturation analysis studies

must also be considered. The importance of early clinical investigation has led to

several regulatorymechanisms thatwould allow the evaluation of PPRAoutside of the

traditional Phase 1 development approach. Evaluation at this early stage allows for

fine-tuningof certain aspects of the clinical developmentof thePPRAprior topursuing

and/or complementing traditional Phase 1 testing. Further efficacy and safety studies

via the traditional approach (Phase 1/2/3) will normally be required prior to drug

approval.

17.5.1 Pre-Phase 1 and Exploratory Phase 1 Clinical Investigations

Canada and the United States have programs for clinical investigation prior to Phase

1 studies that do not require a regulatory submission and are confined to subpharma-

cologic dose level investigations only. In Canada, the positron-emitting radiophar-

maceuticals (PER) basic research program is applicable to nonbiologic (nonprotein

RA) PER, where their study for research purposes is allowed without the filing of a

CTA (45). Limitations on this use of PER in research include the requirement of an

established product safety profile, the use of subpharmacologic doses, whole body

radiation dose limits, adult nonpregnant subjects, documented evidence of PER

quality and oversight by an REB. These research studies are intended to determine

the pharmacokinetics ormetabolism of a drug, to obtain information related to normal

human biochemistry or physiology, or to assess changes caused by aging, disease or

treatment interventions. However, these studies cannot be used to study pharmaco-

dynamics, look specifically for adverse events (although any adverse events occurring

during the investigation must be documented), provide immediate diagnostic or

therapeutic feedback or assess the safety or efficacy of the drug. This approach would

be limited to PER radiolabeled (e.g., 124I or 64Cu) peptide RA studies that meet all the

necessary criteria (46). This Health Canada policy is currently under review (March

2010) and regulations based on the policy may be codified with changes that are

contradictory to the above discussion and information in Table 17.6. In the United

States, radiolabeled drugs (both diagnostic and therapeutic) can be assessed on
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a research basis in humans at licensed facilities by qualified investigators under an

FDA-approved Radioactive Drug Research Committee (RDRC) without filing an

IND (47). These types of studies may be applicable when the PPRA tumor targeting

component is based on approved or endogenous peptides or proteins (e.g., a radio-

labeled form of an antibody already approved for treatment of cancer). The non-

radiolabeled drugmust be generally recognized as safe and administered at doses that

are known to have no clinically detectable pharmacologic effect in humans (immune

responses to PPRA component can be considered a pharmacological response), while

the radioactive formmust meet acceptable radiopharmaceutical quality standards and

its use must meet the prescribed radiation dose limits; all based on valid scientific

evidence. These studies can be designed to evaluate metabolism (including kinetics,

distribution, dosimetry, and localization), determine information regarding human

physiology, pathophysiology, or biochemistry but cannot provide immediate thera-

peutic, diagnostic or similar feedback (e.g., preventive benefit to the study subject

from the research). They must also not determine the safety (other than recording

adverse events) and effectiveness of a radioactive drug in humans. A scientifically

justifiable protocol with limits on subject enrollment number and on selection criteria

that is approved by the local IRB is required. Individual jurisdictions in the European

Union may have other mechanisms for the clinical evaluation of research PPRA, but

those details are beyond the scope of this chapter.

In theUnited States and theEuropeanUnion, the use of exploratory studies (36, 39)

is being encouraged to assist sponsors in determining, for example, which one of

multiple drug candidates tomove forward into full clinical testing. These studies cover

microdosing, subtherapeutic dosing, and therapeutic dosing components requiring the

filing of an INDorCTAbut importantly there is some regulatory relief for the type and

quantity of nonclinical studies required to proceed as well as a further potential

limitation on European Union Investigational Medicinal Product (IMP) GMP ex-

pectations governing manufacturing quality systems, especially for nonbiologic

drugs. Exploratory studies are generally defined as those clinical studies that are

conducted early in Phase 1, involve limited human exposure (subject number, dose

number, and time), are not intended to produce a therapeutic or diagnostic outcome

and are not intended to assess maximum tolerated dose. Microdose is defined, in

general, as less than one-hundredth of the dose calculated to provide a pharmacologic

effect (up to a maximum of 100 mg for drugs and up to 30 nmol for proteins).

Other features of these early andpre-Phase 1 studies are presented inTable 17.6with

a summary of potential applications to PPRA development. While PPRA radiation

dose (and mass dose) limitations could restrict the use of therapeutic radionuclides in

these studies, the useof imaging radionuclide analogue replacementsmaybeespecially

valuable for these initial human studies. Theuse of pre-Phase 1 and exploratoryPhase 1

studies in selecting a PPRA candidate by verifying adequate biodistribution (PK)/

radiation dosimetry and tumor localization (with limited regulatory involvement)

provides a basis for further clinical investigation that addresses PPRA safety (and

efficacy) at therapeutic dose levels in thecontext of a traditional Phase1 study. Potential

limitations of the microdosing study data to higher mass doses (e.g., dose-dependent

PK) that may be desirable for traditional Phase 1 studies should be considered.
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17.5.2 Traditional Phase 1 to Phase 3 Clinical Trials

Clinical studies beyond pre-Phase 1 and exploratory Phase 1 studies tend to follow the

traditional Phases 1–3 route with all of the associated regulatory documentation

(including any nonclinical studies not conducted previously) required to be filed and

approved prior to conduct. Traditional Phase 1 drug studies are usually carried out in

healthy volunteers, however, for PPRA used in cancer therapeutic trials this is

generally considered unethical based on the subjects unwarranted exposure to

therapeutic doses of radioactivity. In addition, healthy volunteers may have altered

biodistribution due to the lack of an appropriate tumor target and an obvious inability

to assess tumor uptake/response. Therefore, regulatory agencies will allow the study

of these agents at the Phase 1 stage in cancer patients. The usual cohort size is

10–50 patients. As discussed previously, it is important that a suitable starting dose for

both PPRA mass and radioactivity is determined based on the (appropriately scaled)

data from nonclinical animal studies with an acceptable safety tolerance and intended

studygoal considerations. Traditional Phase 1 studies for PPRAgenerally examine the

safety, dose escalation, PK, metabolism, distribution, major side effects, and human

radiation dosimetry (see Chapter 13). Bioanalytical assays for PPRA mass determi-

nation in biological fluids may need cross-validation studies from those used for

animal PK/TK and provide value in the estimation of PPRA mass PK versus PPRA

radiolabel PK that may highlight the nature and extent of radionuclide dissociation in

humans.Although determination of individual patient (biodistribution and) dosimetry

prior to administration of the PPRA at therapeutic radioactivity levels would be

optimal to potentially maximize the radiation dose to the tumor while sparing other

sensitive organs, this is rarely practiced due to the potential for induction of PPRA

mass dose and radiation dose consequences (such as immunogenic response that alters

the biodistribution of subsequent doses), the operational/practical hindrances, the

general variability of such estimate values, and issues related to the correlation of

tumor radiation dose to effective tumor response (see Chapter 13). Nonetheless,

suitable imaging is often required for currently approvedPPRA toverify an acceptable

biodistribution pattern (48, 49) and to acquire total body counts over several days that

enable therapeutic radioactivity dose calculations, based on a set safe total body

radiationdose (49).Therefore, dosimetry inPhase 1clinical trials should aim for target

population-based estimates that would be useful for radiation dose estimates in (at

least) critical normal organs/tissues as a basis for verifying maximum safe (radioac-

tivity) total dose estimate as clinical development progresses and include tumor-

specific dosimetry where possible. The radiation dosimetry estimates would be

expected to include contributions from radionuclidic impurities if relevant. The

critical organ system is often the bone marrow that may also be compromised by

cancer involvement and concurrent myelosuppressive therapy suggesting careful

patient inclusion criteria for these studies. The conduct of dosimetry studies requires

the detection of whole body radionuclide emissions using external devices (gamma-

cameras) at various times after radiolabeled PPRA injection and to bemeaningful this

data must be regionally quantitative; thus, PET and SPECT imaging techniques are

preferred (if possible) but attenuation corrected data from any relevant radionuclide is
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acceptable (see Chapter 13). It is recommended that well-established software

developed specifically for this purpose can be used to convert the time/radioactivity

data to organ-specific cumulative uptake and further calculations (using phantom

model data) to the final dosimetry estimates (such as MIRDOSE or OLINDA) as this

simplifies regulatory agency acceptability. Complete documentation of the instru-

mental parameters, raw data, calculations, and assumptions as well as complete

tabulated input and output results will be required to be submitted to support Phase

2 clinical trials.

As stated earlier, immunogenicity is of regulatory concern for PPRA, especially

protein RA. The considerations for the nature and extent of immunogenicity testing as

part of a Phase 1 clinical trial are similar to that outlined for nonclinical immunoge-

nicity testing for a risk-based approach but regardless of even minimal risk (i.e., for

humanized antibodies), its evaluation in human clinical trials is required. The primary

assaymethodology should be developed to enable reliable overall anti-PPRA reactive

responses and further refinements should test for ability to neutralize the pharmaco-

logical effects of the PPRA using in vitro receptor/binding site cell assays or the

presenceof anti-idiotype antibodies andnonspecificanti-isotype antibodies in the case

of MAb protein RA and there may be a regulatory expectation to extrapolate the

observed titers to a proportion of the mass dose affected. Since immunogenicity may

be late developing, clinical trial protocols need to assure sample availability for at least

six months. Results should be evaluated for their potential effects on PPRA immune

complex mediated adverse events and diminished therapeutic response and full

disclosure of methods, findings and implications reported to regulatory agencies

prior to further clinical development (44).

Phase 2 studies continue with safety determination as well as looking at efficacy

outcomes in a narrower range of cancer types andPPRAdose level/frequency that help

define these parameters in usual cohort sizes from50 to 200 patients. It should be noted

that because some Phase 1 PPRA clinical trials involve cancer patients, some facets of

efficacy evaluation can be included earlier thanPhase 2 thatmayprovide a commercial

designation as Phase 1/2 clinical trials. At this stage, efficacy outcome determination

for cytotoxic PPRA generally requires determination of objective patient response

rates based on well-documented criteria and/or time to tumor progression improve-

ment with or without comparison to the current standard of care. Surrogatemarkers of

efficacy such as an approveddiagnostic radiopharmaceutical imagingprocedure in the

specified indication to estimate tumor size and/or functional aspects (e.g., molecular

imaging) would be useful as an adjunct evaluation (see Chapter 15). An unapproved

diagnostic radiopharmaceutical should only be used for this purpose when it is

approved as part of the PPRA clinical trial submission, or as a separate clinical trial

submission with overlapping patient inclusion criteria, and assurance of scientific and

clinical validity is provided. In both cases, objective responses will be required to

confirm efficacy.

When the PPRA reaches the Phase 3 stage, the intended cancer indication is fully

evaluated for final safety and efficacy (usually overall survival or progression/disease

free survival) in a clinical trial population in the order of 200–1000 cancer patients to

provide statistically valid evidence of a therapeutic advantage with an acceptable
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safety profile against an appropriate control group. These are typically multicenter

trials and while treatment blinding may be difficult due to the radiological aspects,

outcome evaluation should maintain blinded status. In general, regulatory agencies

require at least two well-controlled studies (usually Phase 3) for approval but on rare

occasions a PPRA completing extended Phase 2 clinical trials and demonstrating

outstanding efficacymay be eligible for approval as would the completion of onewell

controlled Phase 3 study but both of these require extensive discussion with the

regulatory agency and may come with conditions to be fulfilled after approval.

17.6 SUMMARY

The development of PPRA leading to an approved drug product requires extensive

knowledge of both the scientific/technical/clinical operational requirements and the

national and international regulatory requirements if efficient commercialization is to

be achieved. Government regulatory agencies and various departments are responsi-

ble for PPRAsubmission review inCanada, theUnitedStates, and theEuropeanUnion

with requirements for submission contents specific for each jurisdiction. The research

involving the design and initial manufacture of the recombinant cell culture-derived

protein or synthetic chemistry-derived peptide as the TTC must consider appropriate

production controls (stage-specific GMP) and a variety of analytical/safety testing

requirements for the starting materials (cell lines and chemicals). Further progressive

biochemical and physicochemical characterization and quality considerations that

meet regulatory expectations must demonstrate an adequate safety profile as this

component is the main constituent of the final drug product. The enablement for

radiolabeling resides with the creation of (or endogenous) suitable radionuclide

component binding site typically by bifunctional ligand (chelate) attachment to form

a TTC via a process that requires considerable operational and reaction parameter

understanding to demonstrate adequate scientific and regulatory control as a key

manufacturing process. Radionuclide component development requires attention to

the method of production and on the required testing of radionuclidic purity,

radiochemical purity and assay that continues after attachment to the tumor targeting

conjugate. Depending on various factors, the TTC can be directly radiolabeled by the

manufacturer as a RTU drug product format, or may be formatted as a TTCKit DP for

on-site radiolabeling with separate radionuclide Kit DP component that, for com-

mercialization in either format, requires all elements of GMP regulatory compliance

and pharmaceutical and radiopharmaceutical batch quality testing. The developmen-

tal DP should be evaluated for a variety of radiopharmacological activities including

tumor localization/reduction capabilities and biodistribution (or radiation dosimetry)

studies in suitable animal models and a regulatory mandated nonclinical testing

scheme in animals to assess potential safety and toxicity. The extent of safety and

toxicological testing studies is primarily dependent on the tumor targeting component

origin (recombinant or synthetic), the stage of the clinical investigation (i.e., Phase 1,

2, or 3)with some jurisdictional-specific requirements butnormally involves acute and

repeat dose toxicity studies in two species (rodent and nonrodent), core battery safety
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pharmacology studies, and a genotoxicity study. Approval to conduct a traditional

clinical trial requires a regulatory agency submission (CTA/IND) containing a

compilation of all DP manufacturing and quality information, all safety and toxico-

logical testing study results (and previous clinical testing data/results) as well as

proposed clinical testing details and commitment of trial conduct according to GCP

regulatory requirements to enable regulatory agency evaluation of safety and potential

risk/benefit of the proposed trial. For PPRA, determination of radiation dosimetry and

immunogenicity potential should be evaluated early on in clinical development. The

drug development regulatory framework enables all applicable jurisdictions to have

input into the appropriate development pathway that is based on sponsor basic and

clinical research science and tailored to an individual PPRAwith the outcome of an

NDS/NDA/MA submission/application that has sufficient nature, quality, and quan-

tity of adequately documented data/results to justify agency approval for commer-

cialization of a PPRA DP that advances patient treatment benefit.

DEDICATION

This chapter is dedicated to the memory of Antoine A. Noujaim, Ph.D., D.Sc.(Hon),

(1937–2006), a learned professor, respected business entrepreneur, and gracious

gentleman to all as well as an inspirational mentor, colleague, and friend to the

authors.
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chemotherapy, 184

Radioimmunotherapy following

chemotherapy, 195

Rationale for administration of unlabeled

antibody pre-dose, 175

Response in indolent non-Hodgkin’s

lymphoma, 190

Response in non-Hodgkin’s lymphoma,

180

Response in rituximab refractory

patients, 190

Response in transformed lymphoma, 192

Response to retreatment, 200

Side-effects, 185

Treatment in patients with >25% marrow

involvement, 202

Bismuth-212

Use for treatment of leukemia, 232

Bismuth-213

Use for treatment of leukemia, 232

Bombesin receptor 2 (BB2). See Gastrin

releasing peptide receptor (GRPr)

Brain tumors, 139

Combination of radioimmunotherapy,

external radiotherapy and

chemotherapy, 151

Loco-regional therapy, 140

Outcome following 131I-81C6

treatment, 149

Phase II trial of 131I-81C6, 149

Pre-targeted radioimmunotherapy using

the avidin-biotin system, 156

Prognosis, 139

Targeted radiotherapy, 141

Targets for radiotherapy, 142

Treatment with 125I-mAb 425,

417

Treatment with 131I-ch81C6, 153

Treatment with 131I-labeled BC-2 and

BC-4 antibodies, 144

Treatment with 90Y-DOTATOC,

156

Treatment with 90Y-labeled BC-2 and

BC-4 antibodies, 145

Treatment with locoregional 131I-labeled

81C6, 147

Use of 211At-81C6 for treatment, 154

Breast cancer

Cell culture models, 404

Expression of sodium iodide symporter

(NIS), 364

Molecular phenotypic properties, 403

Transgenic mouse models, 407

Bromine-76

Properties, 51

Bystander effects

Definition, 452, 507

Drug induced inhibition or enhancement,

520

History, 510

In Intensity Modulated Radiotherapy

(IMRT), 517

In targeted and conventional radiotherapy,

515

Mechanisms, 518

Techniques for studying bystander effects,

514, 518
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Caspases. See Radiation: Induced apoptosis

CD20

Rationale for targeting in non-Hodgkin’s

lymphoma, 175

CD22. See Epratuzumab

CD33. See Acute myeloid leukemia (AML):

Targets for radioimmunotherapy

CD45. See Acute myeloid leukemia: Targets

for radioimmunotherapy

CD66c. SeeAcutemyeloid leukemia: Targets

for radioimmunotherapy

CD74.SeeNon-Hodgkin’s lymphoma:Auger

electron radiotherapy with LL1

antibodies

Characterization of radiolabeled antibodies

and peptides, 75

DTPA substitution level, 75

Evaluation of homogeneity, 75

Measurement of immunoreactivity, 78

Measurement of radiochemical

purity, 77

Preclinical biodistribution, tumor imaging

and dosimetry studies, 81

Preclinical studies of anti-tumor effects

and normal tissue toxicity, 81

Stability testing, 80

Chimeric monoclonal antibodies, 5

ch17-1A, 5

ch81C6, 152

chB72.3, 5

Percent murine sequences, 6

Rituximab, 6

Chlorotoxin

Use for targeted radiotherapy of brain

tumors, 157

Clinical Trial Application (CTA), 573

Common Technical Document

(CTD), 574

Investigational Medicinal Product (IMP)

dossier (EU), 574

Pre-CTA meetings, 573

Regulatory organizational structure in

Canada, 573

Regulatory organizational structure in the

EU, 574

Clinical trials

Immunogenicity testing, 606

Phase 1 to Phase 3, 605

Pre-Phase I and exploratory, 602

Clusterin. See Radiation: Adaptive response

Co-ligands.SeeRadiometal labeling:HYNIC

for 99mTc labeling

Copper radionuclides

Properties, 72

Copper-61. See Copper radionuclides:

Properties

Copper-64. See Copper radionuclides:

Properties

Comparison with 18F, 72

Copper-67. See Copper radionuclides:

Properties

Cross-fire effect, 324, 451

Enhancement of combination gene therapy

and radiotherapy, 368

Desferrioxamine (DFO)

Use for 68Ga labeling, 71

Diabodies. See Fv fragments - Multimeric

forms

Diethylenetriaminepentaacetic acid (DTPA)

Cross-linking of proteins, 65

Dianhydride form, 64

Instability of dianhydride form, 65

Measurement of substitution level, 72

p-benzylisothiocyanate form, 64, 66

Radioiodinated DTPA-containing

peptides, 49

Site-specific conjugation to the Fc domain

of antibodies, 66

DNA strand breaks

ATM protein, 422

Base excision repair (BER), 426

Cellular DNA damage surveillance

response networks, 422

Cellular threshold for DNA damage

response, 435, 438

Double strand break repair pathways, 427

From 111In-NLS-trastuzumab in breast

cancer cells, 319

g-H2AX foci, 424

Homology directed recombination repair

(HRR), 428

Induced by radiation, 421

Mammalian DNA repair pathways, 425

Non-homologous end-joining (NHEJ)

repair pathway, 427

p21WAF-1 response, 421

p53 response, 424
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DNA strand breaks (Continued )

Role of adaptive response, 453

Threshold for activating cell cycle

checkpoints, 443

Threshold for activating cell death

mechanisms, 443

Domain-deleted monoclonal antibodies, 12

ch18.14DCH2, 12
chB72.3DCH2, 12
chCC49DCH2, 12
Isoforms, 13

Pharmacokinetics in humans, 13

Dopamine receptor (DR)

Viral gene delivery, 380

DOTA

Immunogenicity, 70

Use for labeling with 111In, 68

Use for labeling with 212Pb or 225Ac,

75

Use for labeling with 90Y, 69

DOTATATE

Amifostine to reduce toxic effects labeled

with 177Lu, 130

Combined with capecitabine labeled with

177Lu, 132

Comparson with chemotherapy labeled

with 177Lu, 129

Labeled with 177Lu for radiotherapy, 124

Labeled with 90Y for radiotherapy, 129

Radiation dosimetry labeled with 177Lu,

126

Side effects labeled with 177Lu, 127

Therapeutic outcome labeled with 177Lu,

127

DOTATOC

Comparison of renal toxicity with 111In-

pentetreotide when labeled with

90Y, 308

Comparison with 111In-pentetreotide

labeled with 90Y, 304

Conjugation with nuclear localization

sequences (NLS), 308

Differences in binding affinity of

radiometal labeled analogues, 72

Labeled with 90Y for radiotherapy, 123

Labeled with 90Y for treatment of brain

tumors, 156

Labeling with 68Ga, 71

Labeling with 99mTc, 59

Radiation absorbed dose to the kidneys,

124, 491

Uptake in cells infected with adenovirus

harbouring somatostatin receptor

gene labeled with 111In, 359

Epidermal growth factor (EGF)

Conjugation to human serum albumin for

labeling with 111In, 67, 313

Conjugation to metal chelating peptide for

111In-labeling, 67

Kit for labeling with 111In, 316

Labeling with 111In, 311

Labeling with 99mTc, 59

Nuclear importation, 310

Epidermal growth factor receptors (EGFR)

111In or 125I-labeled monoclonal

antibodies for radiotherapy, 316

Biology and expression, 310

Epratuzumab, 187

Response in non-Hodgkin’s lymphoma

labeled with 90Y, 188

Estrogen receptors (ER)

Targeted Auger electron radiotherapy, 320

F(ab0)2 fragments, 3

Imaging properties, 41

Monoclonal antibody 425 labeled with

125I for radiotherapy, 316

Fab fragments, 3

Imaging properties, 41

FDG. See Positron emission tomography

(PET): 18F-2-fluorodeoxyglucose

(18F-FDG)

FLT. See Positron emission tomography

(PET): 18F-fluoro-30-deoxy-30

L-fluorothymidine (FLT)

FLT3-L (FMS-related tyrosine kinase 3

ligand)

Use for predicting myelotoxicity from

targeted radiotherapy, 491

Fv fragments, 14

Dimeric CC49 scFv, 18

Disulfide sFv (dsFv), 16

Fv dimers (diabodies), 17

Imaging properties, 41

Linker, 14

Multimeric Fv forms, 16

Radiotherapy, 17
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scFv, 14

Triabodies and tetrabodies, 17

Gallium radionuclides

Properties, 71

Gallium-67. See Gallium radionuclides:

Properties

Gallium-68. See Gallium radionuclides:

Properties

Gamma (g)-H2AX
Accumulation at sites of DNA double-

strand breaks, 424

Gastrin releasing peptide receptor (GRPr)

Biology and expression, 375

Viral gene delivery, 376

Gene therapy. See Viral gene delivery

GEP tumors. See Neuroendocrine

malignancies

Glioblastoma multiforme (GBM). See Brain

tumors

Glucagon-like peptide-1 receptors

(GLP-1R). See Auger electrons:

111In-labeled exendin-4

Good Clinical Practices (GCP), 601

Good Manufacturing Practices (GMP), 576

Bifunctional chelators for binding

radiometals, 583

Cell banks for recombinant protein

production, 577

Kit formulation, 587

Manufacturing process controls, 588

Purification of recombinant proteins, 578

Quality of radionuclides, 585

Quality of recombinant proteins, 580

Quality of synthetic peptides, 581, 583

Stability testing, 593

Validation of virus inactivation and

removal, 579

GPCR. See Peptides: Molecular targets

Health economics

Challenges and concerns, 554

Constrained optimization problems, 545

Evaluation of cost-effectiveness of

Zevalin, 559

Funding the most effective treatments,

546

Funding treatments with the highest

effectiveness/cost (E/C) ratios, 546

ICER (Incremental cost-effectiveness

ratio), 548

ICER estimates for Zevalin vs. Rituxan,

561

Principles, 543

QUALY (Quality adjusted life year), 545

Using economic analysis to make

healthcare decisions, 552

WTP (Willing to pay) vs ICER, 552

Heavy chain antibodies (HCAbs). See

Nanobodies

HER2

Biology and expression, 318

Internalization and nuclear localization,

318

Transgenic mouse tumor models, 407

HRS-IRR response. SeeRadiation: Low dose

hyper-radiosensitivity-increased

radioresistance response

(HRS-IRR)

Human anti-human antibodies (HAHA), 7

Human anti-mouse antibodies (HAMA), 2

Bexxar, 183, 185

Chimeric antibodies, 6

From bispecific antibodies, 270

Zevalin, 191

Human monoclonal antibodies, 9

Adalimumab, 10

Panitumumab, 10

Humanized monoclonal antibodies, 6

Abbreviated CDR grafting, 8

Alemtuzumab (Campath-1H), 7

Bevacizumab (Avastin), 7

CDR grafting, 6

Gemtuzumab ozogamicin (Mylotarg), 7

huCC49, 7

HuM195, 7

Immune response, 7

MN-14, 7

Percent murine sequences, 6

Pharmacokinetics, 7

SDR grafting, 8

Trastuzumab (Herceptin), 6

HYNIC. See Radiometal labeling: HYNIC

for 99mTc labeling

Hypervariable domain region

peptides, 13

Hypoxia. SeeRadiation: Role of hypoxia and

fractionation effects
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Ibritumomab tiuxetan. See Zevalin

Image of the year, xvii

Immunoreactivity. See Characterization of

radiolabeled antibodies and peptides:

Measurement of immunoreactivity

Immunoreactive fraction (IRF), 78

Measurement of Ka and Bmax, 78

Indium radionuclides

Properties, 63

Indium-111

Kidney uptake, 68

Liver uptake, 68

Indium-111 EGF

Clinical pharmacokinetics, 316

Comparison of cytotoxicity with

chemotherapeutic agents, 311

Cytotoxicity against breast cancer

cells, 311

Effect of IressaTM on nuclear uptake and

cytotoxicity, 313

Internalization and nuclear importation,

311

Preclinical biodistribution and

pharmacokinetic studies, 313

Preclinical dosimetry studies, 314

Preclinical toxicology studies, 315

Response to treatment in breast

cancer, 316

Side-effects when used for therapy, 316

Indium-111 pentetreotide

Comparison of renal toxicity with

90Y-DOTATOC, 308

Comparison with 131I-mIBG for

radiotherapy, 306

Comparison with 90Y-DOTATOC for

radiotherapy, 304

Internalization and nuclear importation,

301

Radiotherapy, 122, 303, 305

Side effects when used for therapy, 123,

305, 306

Indium-111 Trastuzumab

Cytotoxicity towards breast cancer cells,

318

Radiosensitization by methotrexate, 319

Indium-114m. See Indium radionuclides:

Properties

Investigational New Drug Application

(IND), 793

Documentation components, 575

Pre-IND meetings, 573

Regulatory organizational structure in the

USA, 574

Iodine-131

Use for treatment of brain tumors, 141

Iodine-125 Iododeoxyuridine (125I-IUdR).

SeeAuger electrons: 125I/123I-IUdR

Iso-Linkkit.SeeRadiometal labeling: 99mTc

(I)-tricarbonyl complex

Lanreotide

Labeled with 90Y, 128

Lindmo assay. See Immunoreactivity:

Immunoreactive fraction (IRF)

Linear energy transfer (LET)

Auger electrons compared to beta

radiation, 289

Linear-quadratic model. See Radiation: Cell

survival models.

Lintuzumab. See Acute myeloid leukemia

(AML)

Lutetium-177

Properties, 74

DOTATATE, 124

Maximum tolerated dose (MTD)

111In- or 67Ga-LL1 antibodies, 236

125I-A33, 321

125I-CO17-1A, 322

131I-ch81C6, 153

131I-labeled 81C6 for treatment of brain

tumors, 148

Bexxar, 183

No Observable Adverse Effect Level

(NOAEL), 598

Pre-clinical studies for determination,

598

Pre-targeted radioimmunotherapy of brain

tumors, 156, 264

Pre-targeted radioimmunotherapy of small

cell lung cancer, 267

Zevalin, 186

Metaiodobenzylguanidine (mIBG)

Bystander effects labeled with 131I, 211At

or 123I, 517

Uptake in virally-infected cells and tumors

expressing NET labeled with 131I/

123I, 378
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Microdosing. See Clinical trials: Pre-Phase 1

and exploratory

Minibodies, 19

Flex minibody, 19

Molecular imaging

Definition, 527

Evaluating radiation dosimetry, 481

Evaluating viral gene delivery, 371

Molecular recognition units (MRUs). See

Hypervariable domain region

peptides

Monoclonal antibodies

1C6. See Tenascin-C: Monoclonal

antibody 81C6

4D5 Labeled with 111In, 421

528 Labeled with 111In, 316

Anti-CEA-anti-EDTA bispecific antibody,

249

Anti-EDTA antibodies, 248

Anti-tenascin monoclonal antibody

81C6

Labeling with 211At, 56

Good Manufacturing Practices (GMP),

580

HuM195. See Acute myeloid leukemia

(AML): lintuzumab

Kit formulation, 82, 587

Nomenclature, 7

NR-LU-10 - Toxicity to GI tract from

pre-targeted radioimmunotherapy,

261

Pharmacokinetics - effect on tumor

targeting, 242

Tenascin-C, 144

Tumor and normal tissue uptake, 40, 400,

596

Type 1 vs. type 2 CD20 antibodies, 171

Monoclonal antibody C225

Labeling with 111In, 67

Murine monoclonal antibodies, 2

90Y-ibritumomab tiuxetan

(Zevalin), 2

Myelodysplastic syndrome (MDS)

From treatment with 111In-pentetreotide,

124, 305

From treatment with 177Lu-DOTATATE,

127

From treatment with Bexxar, 183,

193

From treatment with Zevalin, 194

Possible role of bystander effects, 520

Nanobodies, 10

Neonatal Fc receptors (FcRn), 23

Anti-CD20 scFv-Fc, 24

Anti-CEA scFv-Fc, 23

Neuradiab J. See Tenascin-C: Monoclonal

antibody 81C6

Neuroblastoma

Auger electron radiotherapy with 123I/

125I-mIBG, 330

Neuroendocrine malignancies, 121

Non-Hodgkin’s lymphoma

131I-tositumomab (Bexxar), xvii

90Y-ibritumomab tiuxetan

(Zevalin), xvii

Auger electron radiotherapy using 1F5

(anti-CD20) antibodies, 326

Auger electron radiotherapy with LL1

(anti-CD74) antibodies, 324

Economic analysis of cost-effectiveness of

Zevalin, 559

Long-term outcome following

radioimmunotherapy, 193

Molecular imaging, xvii, 535, 536

Pre-targeted radioimmunotherapy, 262

Response to Bexxar or Zevalin, 180

Norepinephrine transporter (NET)

Biology and expression, 377

Viral gene delivery, 378

Nuclear localization sequences (NLS)

Conjugated to HuM195 (lintuzumab), 328

Conjugated to trastuzumab (Herceptin),

318

Conjugation to 111In-DOTATOC, 308

Conjugation to DNA intercalators, 332

Present in the EGFR, 310

OBOC (One Bead One Compound). See

Peptides: Combinatorial libraries

Octreotide. See Indium-111 pentetreotide

p21WAF1

Response to DNA damage, 424

p53

Response to DNA damage, 424

Role in dose-dependency of DNA damage

response, 442
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PEGylation, 25

Effect on immunoreactivity, 25

Peptides

111In-DTPA-peptide for pre-targeting

with bispecific antibodies, 256

111In-labeled exendin-4, 322

125I-labeled bombesin targeting of

GRPr, 524

Advantages, 102

Altering their pharmacokinetic behaviour,

113

Combinatorial libraries, 106

Design for multimodality imaging, 114

Good Manufacturing Practices (GMP),

581

Internalization of agonists and antagonists,

114

Inter-species differences in protein

binding, 408

Isomers due to incorporation of radiometal

complexes, 112

Molecular targets, 101

Phage display libraries, 108

Physiological response, 103

Radionuclide labeling, 108, See

Radiohalogenation and Radiometal

labeling

Rational vs. random approach to discovery

for targeting cancer, 104

Single amino acid chelator (SAAC) for

labeling with 99mTc, 110

Site-specific conjugation of metal

chelators, 109

Strategies to diminish renal uptake, 113

Structural modifications to increase

stability, 103

Use of antagonists for radiotherapy, 131

Phage display

Anti-Tenascin-C antibodies, 144

For establishing peptide libraries, 108

Positron emission tomography (PET), xvii

18F-2-fluorodeoxyglucose (18F-FDG),

xvii, 529

18F-fluoro-30-deoxy-30-
L-fluorothymidine (FLT), 530,

532, 536

Combination with computed tomography

(CT), 530

Evaluation of viral gene delivery, 371

False positive and false negative

studies, 532

Principles, 41, 528

Procedures and image analysis, 531

Standardized uptake value (SUV), 531

Use for evaluating radiation

dosimetry, 487

Use for evaluating response in non-

Hodgkin’s lymphoma, 535

Use for evaluating response to 90Y-

epratuzumab in non-Hodgkin’s

lymphoma, 537

Use for evaluation of response in solid

tumors, 535

Use in evaluating response to Zevalin in

non-Hodgkin’s lymphoma, 536

Pre-clinical studies

Genotoxicity, 599

Immunogenicity, 598

Pharmacokinetics and metabolism, 596

Safety pharmacology, 597

Toxicology, 598

Pre-clinical testing

Biodistribution studies, 596

Immunohistochemical assessment of

normal tissue cross-reactivity, 595

Radiopharmacology studies, 595

Pre-formed chelator. See Radiometal

labeling: N2S2 and N3S chelators for

99mTc labeling

Pre-targeted radioimmunotherapy

Anti-CEA x anti-(In)DTPA bispecific

antibodies, 266

Anti-G250 x anti-(In)DTPA bispecific

antibodies in renal cell carcinoma,

256

Avidin-biotin system, 250

Basic concepts, 252

Bispecific antibodies and radiolabeled

haptens, 247

Combination with chemotherapy, 269

Galactosylated biotinylated albumin

clearing agent, 260

Radiation absorbed doses to tumor and

normal tissues, 261, 262, 264, 267

Radiolabeled morpholino oligomers

(MORFs), 251

Streptavidin-conjugated HMFG1

antibodies, 250

620 INDEX



Streptavidin-conjugated NR-LU-10

antibodies, 250, 260

Treatment of brain tumors, 155,

264, 269

Treatment of leukemias, 226

Treatment ofmedullary thyroid carcinoma,

267

Treatment of non-Hodgkin’s lymphoma,

262

Treatment of small cell lung cancer

and medullary thyroid carcinoma,

267

Two and three-step targeting using the

avidin-biotin system, 263

QUALY. See Health economics: QUALY

(Quality adjusted life year)

RAD51. See DNA strand breaks: Homology

directed recombination repair

(HRR)

Radiation

Adaptive response, 453, 456

Bystander effect from targeted

radiotherapy, 452, 456

Cell survival models, 431

Induced accelerated senescence, 430

Induced apoptosis, 428, 455

Induced autophagy, 430

Induced mitotic catastrophe, 430

Induced necrosis, 429

Inverse dose rate effects, 447

Linear non-threshold (LNT)

model, 513

Lowdose hyper-radiosensitivity-increased

radioresistance response (HRS-IRR),

433

Role of hypoxia and fractionation effects,

457

Ultra-fractionation strategies, 445

Radiation dosimetry

131I-81C6 for treatment of brain tumors,

149, 150

211At-81C6 for treatment of brain tumors,

155

3D dose planning system for targeted

radiotherapy, 485, 487

Ã: Cumulated radioactivity and

residence time, 650

Absorbed doses and hepatic

toxicity, 492

Absorbed doses and renal toxicity, 491

Absorbed doses to the bone marrow from

targeted radiotherapy, 488

Absorbed fraction for penetrating and

non-penetrating radiation, 477

Attenuation corrections in quantitative

imaging, 482

Auger electrons, 296

Correlation with myelotoxicity from

targeted radiotherapy, 490

Cross-dose effect, 298

Cross-fire effect, 324

Definition of Gray (Gy) and rad, 475

Dose rates to tumors from targeted

radiotherapy, 431

Effects of radioactivity on viability of

peripheral blood stem cell (PBSC)

infusion, 489

Estimation of tumor doses using MIRD or

OLINDA, 492

Evaluation in humans, 481

Evaluation using preclinical animal

models, 401, 477

Medical Internal Radiation Dosimetry

(MIRD), 475

Microdosimetry of Auger electrons and

implications for renal toxicity, 308

Monte Carlo methods, 480, 486, 493

Mouse S-values, 480

Phase I trial estimates, 605

Planar conjugate view imaging, 481

Projection of human doses frompreclinical

animal studies, 479

Scatter corrections in quantitative imaging,

483

Tumor dose rates from targeted

radiotherapy, 420

Tumor responses to targeted radiotherapy

despite low absorbed doses, 455,

494, 517

Radiochemical purity. See Characterization

of radiolabeled antibodies and

peptides: Measurement of

radiochemical purity

Radiofluorination

Prosthetic groups. See Radiohalogen

labeling: fluorine radionuclides
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Radiohalogen labeling, 47

18F-NPFP, 55

18F-SFB, 55

18F-SFBS, 54

211At-SAB, 56

211At-SAPC, 57

76Br-SPBrB, 52

Astatine radionuclides, 56

ATE, 48

Bromine radionuclides, 51

Chloramine-T, 47

Fluorine radionuclides, 53

In vivo instability, 47

Iodine radionuclides, 47

Iodine-124, 51

Iodogen, 47

Polyhedral boron clusters, 53

Radioiodinated tyramine cellobiose

(TCB), 51

SGMIB, 49

SIPC, 49

Radiolysis

Due to 90Y labeling, 70

Radioprotectants, 70

Radiometal labeling

99mTc(I)-tricarbonyl complex, 61

Copper radionuclides, 72

DOTA for labeling with 90Y, 69

DTPA conjugation for 111In

labeling, 64

Gallium radionuclides, 71

GoodManufacturing Practices (GMP), 583

HYNIC for 99mTc labeling, 59

Indium radionuclides, 63

Lead, bismuth and actinium radionuclides,

74

N2S2 chelators for 99mTc labeling, 61

N3S chelators for 99mTc labeling, 61

Reduction of thiols for 99mTc labeling, 57

Rhenium radionuclides, 62

Single amino acid chelator (SAAC) for

99mTc labeling, 61

Site-specific labeling with 111In, 66

Starburst dendrimers, 67

Technetium radionuclides, 57

Yttrium radionuclides, 69

Radionuclide

Good Manufacturing Practices (GMP),

585

Selection for targeted radiotherapy, 44,

295, 456

Selection for targeted radiotherapy of brain

tumors, 141

Selection for tumor imaging, 41

Radiosensitivity

Phase of cell cycle, 443

Radiosensitizers

Combined with peptide directed

radiotherapy, 131

Combined with radioimmunotherapy, 402

RECIST (Response Evaluation Criteria in

Solid Tumors), 534

Renal cell carcinoma

Pre-targeted radioimmunotherapy, 256

Residualizing radioiodination. See

Radiohalogen labeling: ATE

Rhenium radionuclides

Properties, 62

Rituximab (Rituxan)

Labeling with 131I for treatment

of non-Hodgkin’s lymphoma, 187

Labeling with 188Re, 63

Response in non-Hodgkin’s lymphoma,

170

Rituximab (Tituxan)

Economic analysis compared to Zevalin,

561

Scatchard assay. See Immunoreactivity:

Measurement of Ka and Bmax

Schwartz method. See Radiometal labeling:

Reduction of thiols for 99mTc-

labeling

Selective high-affinity ligands (SHALS), 21

SIB. See Radiohalogen labeling - ATE

Single photon emission computed

tomography (SPECT)

Attenuation corrections in quantitative

imaging, 482

Evaluation of viral gene delivery, 371

Principles, 4

Scatter corrections in quantitative

imaging, 483

Sodium iodide symporter (NIS). See Viral

gene delivery: Sodium iodide

symporter (NIS)

Somatostatin receptors

Adenoviral gene delivery, 358
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Biology and subtypes, 300, 354

Radioligands, 300

Targets for combined viral gene therapy

and targeted radiotherapy, 357

Streptavidin

Use in pre-targeting. See Pre-targeted

radioimmunotherapy: Avidin-biotin

system

Substance P

Use for targeted radiotherapy of brain

tumors, 157

SUV. See Positron emission tomography

(PET): Standardized uptake value

(SUV)

Targeted radionuclide therapy

Prediction of myelotoxicity, 490

Radiobiological concepts, 420

Technetium labeling. See Radiometal

labeling: Technetium radionuclides

Technetium-94m

Labeling methods, 62

Technetium-99m

Properties, 57

Tenascin-C

Aptamers, 144

BC-2 and BC-4 antibodies, 144

Monoclonal antibodies, 144

Monoclonal antibody 81C6, 146

Structure, 142

Target for radiotherapy of brain tumors,

142

TETA

Use for labeling with 67Cu, 73

TM-601. See Chlorotoxin: Use for targeted

radiotherapy of brain tumors

Tositumomab, 131I-labeled. See Bexxar

Trastuzumab (Herceptin)

Labeling F(ab0)2 fragments with 99mTc,

59

Labeling with 111In, 318

Labeling with 212Pb or 225Ac, 75

Labeling with 76Br, 53

Tricine. SeeRadiometal labeling: HYNIC for

labeling with 99mTc

Vascular endothelial growth factor (VEGF)

Transferrin fusion protein for labeling with

111In, 66

Viral gene delivery

Adenoviruses, 352, 353

CEA promotor for selective tumor

expression, 367

Combined with chemotherapeutic

agents, 369

Combinedwith targeted radiotherapy, 363,

381

Deleted Vesicular Stomatitis Virus (VSV)

for selective tumor expression, 368

Dopamine receptor (DR), 380

Dopamine transporter (DAT), 380

Effect of radiation onviral replication, 371,

381

Evaluation using radiopharmaceutical

probes, 359

Gastrin releasing peptide receptor

(GRPr), 376

Herpes simplex virus thymidine kinase
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