
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

templatewith 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).

RECOMBINANT IMMUNOGLOBULIN MOLECULES 9



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, a diabodyof 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
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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

comparabletoorhigher 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 radiotherapyapplications.

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 thesemolecules will 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 andas 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-Fcvariants 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
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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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