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Preface

The first description of bispecific antibodies dates back 50 years, when Nisonoff

and Rivers described the recombination of a mixture of univalent antibody frag-

ments of different specificity. However, it took another 20 years before bispecific

antibodies were proposed for therapeutic applications, mainly for the retargeting of

effector T cells to tumor cells. These early studies implied already the use of

bispecific antibodies to extend the functions beyond that normally executed by

antibodies. Limited by the availability of monoclonal antibodies obtained from

animal sources, bispecific antibodies of this early phase were generated by somatic

hybridization of two hybridomas or by chemical conjugation of two IgG molecules.

The high expectations on these bispecific antibodies were, however, not fulfilled,

mainly because of low efficacy, immunogenicity, and severe adverse effects seen in

clinical trials. This resulted in a loss of interest in this kind of molecules during the

last decade of the last century. However, with advancements in antibody engineer-

ing and the establishment of novel applications, bispecific antibodies experienced

a revival at the beginning of this century. Besides effector cell retargeting for cancer

immunotherapy, applications include, among others, pre-targeting strategies in

radioimmunotherapy and more recently dual-targeting strategies simultaneously

attacking two disease-relevant targets. Genetic engineering allows nowadays to

generate recombinant bispecific antibodies of defined composition, as well as with

improved stability and producibility. Hence, bispecific antibodies have regained

interest by the pharmaceutical industry, and many companies have meanwhile

established their own bispecific antibody program. The first bispecific antibody

for the retargeting of effector cells to EpCAM-positive tumor cells was approved in

2009 for the treatment of malignant ascites, and an increasing number of bispecific

antibodies is currently in preclinical and clinical development.

Today, approaches to generate bispecific antibodies cover a broad spectrum

including chemical conjugation, somatic hybridization, and genetic engineering.

The latter has resulted in a multitude of recombinant IgG-like but also small-size

bispecific antibody formats. Importantly, applications have been extended in the

same manner. With many bispecific antibodies, especially of the second generation,
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in development, this class of molecules is rapidly advancing. This book is intended

to provide a comprehensive overview of the various techniques and formats to

generate bispecific antibodies and to give insights into the various applications

which have emerged during the last two decades and which are actively explored

for therapeutic and diagnostic purposes.

Stuttgart, Germany Roland E. Kontermann

vi Preface



Foreword

The development of monoclonal antibodies (mAbs) as therapeutics is an evolving

discipline that relies heavily on innovation in biological engineering for its advance-

ment. Therapeutic mAbs first entered clinical study in the early 1980s, soon after

the hybridoma technology used to generate them was first described. Substantial

improvements in the safety and efficacy of mAbs were a direct result of the

advances in biological engineering that led to production of chimeric, humanized,

and human antibody therapeutics. Advancement of technologies to design, engi-

neer, and manufacture antibodies in the 1990s, as well as increases in the global

sales of therapeutic mAbs, led to substantial commercial interest and investment in

the 2000s. One measure of this investment is the number of novel mAbs that

entered clinical study each year, which averaged approximately 20 candidates per

year during the late 1990s and early 2000s but rose to nearly 50 per year in 2009.

As of 2010, over 30 mAbs have been approved for marketing. Limitations inherent

in the canonical monospecific IgG antibody prompted exploration of alternative

molecular formats, including numerous bispecific versions of antibodies. This

avenue of research recently yielded the first bispecific antibody to be approved,

catumaxomab (Removab®), which is marketed in Europe for treatment of malig-

nant ascites in epithelial cell adhesion molecule (EpCAM)-positive cancer patients.

The development of bispecific antibodies is a microcosm that has mimicked

the past trends observed for overall antibody development and seems likely to

share in a bright future. Historically, about half of all antibodies that entered clinical

study sponsored by commercial firms were developed for cancer indications.

Bispecific antibodies, with their inherent ability to bring two different targets into

proximity, have been clinically studied almost exclusively in cancer patients. In

order of frequency (first to fourth), the tumor-associated antigens most frequently

targeted by anticancer antibodies evaluated in clinical studies sponsored by

commercial firms to date are EpCAM, CD20, epithelial growth factor receptor

(EGFR), and HER2/neu. Following these, insulin-like growth factor-1 receptor and

carcinoembryonic antigen (CEA) were tied for fifth; CD30 and MUC1 were sixth;

vii



and CD33, prostate-specific membrane antigen, tumor-related apoptosis-inducing

ligand-receptor 2, and CD19 were seventh in frequency.

The tumor-associated antigens targeted by bispecific antibodies have mirrored

these selections, with HER2/neu as the most frequent target followed by EpCAM,

CEA, and CD30. A design challenge of the bispecific antibodies has been in the

selection of the second specificity, which enables the cell-killing functionality of

the anticancer molecules. Bispecific antibodies began entering clinical study in the

early 1990s; the focus then was on CD64 (also known as FcgR1; found on macro-

phages and monocytes) and CD16 (T-cell co-receptor) as the second target of the

molecules. At that time, Medarex had a robust bispecific antibody development

program that focused on antigen-binding fragments (Fab) targeting CD64 that

could be combined with Fab molecules targeting tumor-associated antigens such

as HER2/neu, CD30, EGFR, or TAG72. However, all the bispecific molecules that

entered clinical study in that period were ultimately terminated. The complexity of

the biology, production issues, and competition from full-size IgG1 antibodies

targeting the same tumor-associated antigens that were also in development at the

same time were contributing factors in the decisions to discontinue development of

these early bispecific candidates. The competitive IgG1 molecules proved to be

superior in two cases – the humanized anti-HER2/neu trastuzumab (Herceptin®)

was first approved in 1998 and the chimeric anti-EGFR cetuximab (Erbitux®) was

first approved in 2003.

Although no therapeutic products resulted from the early work on bispecific

antibodies, the ideas underlying it were sound and the research provided a founda-

tion for advancement of the technology and improvement of the candidates. The

combination of past experience with the recent increase in investments in antibody

development has led to a notable revival of interest in bispecific formats. A path to

approval for therapeutic bispecific antibodies has already been established by the

work of Fresenius, the commercial sponsor of the approved bispecific antibody,

catumaxomab. Numerous targets have now been clinically validated and bispecific

molecules that might show enhanced efficacy compared with canonical full-size

therapeutic antibodies are now entering clinical study in increasing numbers. The

bispecific T-cell engager (BiTE) antibodies from Micromet are an excellent exam-

ple of the potential of bispecific therapeutics. These molecules target CD3 on

T cells, as well as tumor-associated antigens. Encouraging Phase 2 clinical results

have been reported for blinatumomab, which targets CD3 and CD19 and is under-

going evaluation in patients with B-precursor acute lymphoblastic leukemia.

Considering the recent advances in bispecific antibody engineering and the

obvious promise of the molecules as therapeutics, the publication of “Bispecific

Antibodies,” edited by Roland Kontermann, is timely. The book provides compre-

hensive coverage of the past, present, and probable future of bispecific antibody

research and development. The available formats of these molecules have expanded

rapidly and many of these, e.g., diabodies, dual variable domains, two-in-one

antibodies, BiTEs, are discussed in detail. The potential of bispecific antibodies

in gene therapy and their use as diagnostics is also explained. “Bispecific
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Antibodies” contains a vast trove of in-depth knowledge about these versatile

molecules and will thus be an invaluable resource for both experts and those new

to the field.

Janice M. Reichert

Research Assistant Professor

Tufts Center for the Study of Drug Development

Tufts University School of Medicine

and

Editor-in-Chief, mAbs

janice.reichert@tufts.edu

janice.reichert@landesbioscience.com
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Chapter 1

Bispecific Antibodies: Developments

and Current Perspectives

Roland E. Kontermann

1.1 Introduction

All naturally occurring antibodies are multifunctional molecules, combining

antigen-binding activity and Fc-mediated effector functions within a single mole-

cule (Schroeder and Cavacini 2010). Antigen binding can lead to direct neutraliza-

tion of the antigen, i.e., being antagonistic, but can also have agonistic activities,

e.g., through activation of receptors (Fig. 1.1). The Fc region is capable of

mediating further effector functions, which include antibody-dependent cellular

cytotoxicity (ADCC), complement-dependent cytolysis (CDC) and opsonization,

antibody-dependent cellular phagocytosis (ADCP), degranulation, antigen presen-

tation, plasma recycling processes, and regulation of cell activation and prolifera-

tion (Fig. 1.1). Consequently, natural antibodies are well suited for a variety of

therapeutic applications utilizing one or more of these effector functions. These

effector functions can be further improved by protein and/or glyco-engineering

(Carter 2006; Kubota et al. 2009). However, natural antibodies also face certain

limitations. For example, antibodies are not capable of recruiting T cells because

these cells do not express Fc receptors. Also, monoclonal antibodies are monospe-

cific, thus, cannot address different target. Hence, strategies have been developed to

extend the effector functions to novel activities normally not associated with

antibodies, for example, by direct conjugation or fusion of therapeutic compounds

or by indirect means using bispecific antibodies.
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1.2 The Applications of Bispecific Antibodies

Bispecific antibodies are molecules with the ability to bind to two different epitopes

on the same or on different antigens. Hence, bispecific antibodies are capable of

bridging two different molecules, thus allowing a recruitment of effector molecules,

effector cells, viruses, and drug carrier systems to target structures (Fig. 1.2). Recent

approaches also utilize bispecific molecules binding with one site to a plasma

protein such as albumin in order to prolong the half-life of a therapeutic antibody

molecule. Furthermore, the simultaneous recognition of two different molecules,

e.g., two growth factors or two different receptors on a target cell, allows for dual

targeting strategies, thereby increasing selectivity and functional affinity, which

can also lead to improved antagonistic or agonistic activities (Fanger et al. 1992;

Fig. 1.1 The natural functions of antibodies. The structure of a mouse monoclonal IgG1 antibody

(MAB61.1.3 directed against phenobarbital; pdb entry 1IGY) with the heavy chain shown in light
red and the light chain shown in light orange. The variable heavy chain domain (VH) is shown in

red and the variable light chain domain (VL) in orange. Carbohydrates are depicted in green and

cysteine residues in yellow

Fig. 1.2 Applications of bispecific antibodies (adapted from M€uller and Kontermann 2007)

2 R.E. Kontermann



Cao and Suresh 1998; van Spriel et al. 2000; Cao and Lam 2003; Thakur and

Lum 2010). Applications of bispecific antibodies cover therefore a wide spectrum,

for example, cancer therapy through improved binding, cellular cancer therapy

through retargeting of effector cells, cancer radioimmunotherapy (RIT) through

delivery of radionuclides, treatment of inflammatory diseases by targeting different

proinflammatory cytokines, and many more including also diagnostic applications.

1.3 Developments

Bispecific antibodies with defined specificities are artificial molecules, i.e., are not

produced by normal B cells. Hence, bispecific antibodies have to be produced

by chemical or biological means, for example, by chemical conjugation of two

antibodies, fusion of two antibody-producing cell lines, or genetic approaches

resulting in recombinant bispecific antibody molecules. Genetic engineering has

the advantage that the molecular design can be adapted to the desired activity, e.g.,

through modulation of valency and size. The first bispecific antibodies were

described in the early sixties, produced by oxidative recombination of two univalent

antibody preparations (Nisonoff and Rivers 1961). However, this was rather of

academic interest and it took another two decades before bispecific antibodies with

potential therapeutic use were described. An important step was the establishment

of the hybridoma technology in 1975 by K€ohler and Milstein, which allows the

generation of monoclonal antibodies with predefined specificity (K€ohler and

Milstein 1975). In the early eighties, the group of Milstein also demonstrated that

the fusion (somatic hybridization) of two different hybridomas results in hybrid

hybridoma (quadroma) producing, amongst others, bispecific molecules (Fig. 1.3)

Fig. 1.3 Generation of bispecific antibodies by somatic hybridization or chemical conjugation

1 Bispecific Antibodies: Developments and Current Perspectives 3



(Milstein and Cuello 1983). Several antibodies generated by somatic hybridization

were developed for cancer immunotherapy, e.g., for the retargeting of effector

T cells to tumor cells (Fanger et al. 1991; van Spriel et al. 2000). However, the

high expectations were not fulfilled, mainly because of low antitumor activities,

severe side effects caused by the presence of an Fc region, and immunogenicity of

the murine bispecific antibodies leading to the production of neutralizing human

antimouse antibodies (HAMA). Subsequent strategies focussed on the use of

bispecific antibody fragments, e.g., F(ab0)2 molecules, and the implementation of

recombinant antibodies employing humanized and fully human antibodies for

the generation of bispecific antibodies by chemical conjugation but also genetic

engineering. Using the latter approach, a multitude of recombinant bispecific

antibody formats were established during the past two decades including small

bispecific antibody molecules lacking any constant domains as well as IgG-like

bispecific antibodies comprising also immunoglobulin constant domains (Fig. 1.4).

Several of these genetically engineered recombinant bispecific antibodies have

meanwhile entered clinical trials (see Table 1.1, see also Chap. 15) and have

opened the path to new and improved applications. Interestingly, however, the

Fig. 1.4 Examples of recombinant bispecific antibody formats according to valency

4 R.E. Kontermann
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first bispecific antibody, which was approved by the EMEA in 2009, is a bispecific

IgG molecule generated by somatic hybridization of a rat and a mouse hybridoma

(Fig. 1.5). This antibody, developed by Trion Pharma and Fresenius Biotech,

belongs to a family of trifunctional molecules (Triomabs) designed to retarget

effector T cells to tumor cells (see Chap. 16).

1.4 Generation of Bispecific Antibodies by Somatic

Hybridization

Hybridomas are generated by fusion of B cells with myeloma cells resulting in

immortal cell lines producing monoclonal antibodies with predefined specificity.

Further somatic hybridization of two hybridoma cells results in a quadroma cell line

(hybrid hybridoma) producing within the same cell two different heavy and

light chains (Milstein and Cuello 1983) (Fig. 1.3) (see also Chap. 2). Within in

the cell, the heavy and light chains will randomly associate leading to a mixture of

nonfunctional, monospecific but also bispecific molecules. On average only one in

ten antibodies will be bispecific (De Lau et al. 1991; Smith et al. 1992). Therefore,

in order to obtain homogenous bispecific antibodies, elaborate purification steps are

normally required, e.g., employing two subsequent affinity chromatography

columns. Interestingly, a species-restricted pairing was observed between heavy

and light chains but not between heavy chains of different isotype or from different

species (Corvalan and Smith 1987; Koolwijk et al. 1989; Link and Weiner 1993;

Lindhofer et al. 1995). Importantly, bispecific antibodies composed of heavy chains

with different isotypes are still able to exert Fc-mediated effector functions such as

Fig. 1.5 The long path of bispecific antibodies
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ADCC and CMC (Koolwijk et al. 1991). However, this might be an undesirable

feature for certain applications leading to Fc-mediated side effects such as cytokine-

release syndrome, thrombocytopenia, and leukopenia. This can be avoided by

proteolytical cleavage of bispecific antibodies into bispecific F(ab0)2 molecules,

e.g., by pepsin digestion (Warnaar et al. 1994; Tutt et al. 1995) (Fig. 1.3). Interest-

ingly, and as described in more detail in Chap. 16, bispecific antibodies produced

from mouse/rat hybrid hybridoma and directed against a tumor antigen and CD3

have shown improved therapeutic activity. This has been attributed to Fc-mediated

activation of immune cells of these trifunctional antibodies possessing a chimeric

Fc region (Ruf and Lindhofer 2001).

1.5 Chemically Conjugated Bispecific Antibodies

An alternative way for the production of bispecific antibodies is provided by

chemical coupling of two antibodies or antibody fragments obtained, e.g., from

two hybridomas or using recombinant immunoglobulins (Fig. 1.3) (see also

Chaps. 3 and 14). While initially oxidative reassociation strategies were used,

current protocols utilize homo- or heterobifunctional cross-linking reagents

(Graziano and Guptill 2004). Heterobifunctional cross-linkers exhibit reactivity

toward two different reactive groups, e.g., amino and thiol-groups. For example,

SPDP (N-succinimidyl-3-(2-pyridyldithio)propionate) reacts first with an amino

group of the first molecule and introduces a thiol-reactive group, which then can

react with a free thiol group in the second molecule. Similarly, EDC first reacts

with a carboxyl group and subsequently with an amino group. Problems in the use

of these heterobifunctional cross-linkers arise from the fact that antibodies or

antibody fragments possess a large number of free amino or carboxyl groups,

which leads to heterogeneous populations of cross-linked antibodies (Paulus

1985). Thiol-reactive homobifunctional cross-linking reagents can circumvent

these obstacles. Two such reagents, 5,50-dithiobis(2-nitrobenzoic acid) (DTNB)

and o-phenylenedimaleimide (o-PDM), have been extensively applied for the

generation of bispecific antibodies to crosslink two Fab0 fragments derived from

different antibodies (Fig. 1.3). Fab0 molecules are produced by pepsin cleavage of

intact antibodies and subsequent mild reduction of disulfide bonds of the remaining

hinge region (Brennan et al. 1985; Glennie et al. 1987). The Fab0 fragments are

then incubated with the cross-linking reagents in a two-step process leading to

covalently linked bispecific F(ab0)2 molecules. Differences exist in the nature of

crosslinking produced by these two reagents. DTNB produces disulfide bonds,

while o-PDM results in highly stable thioether bonds, however, leaving an

o-PDM moiety attached to the bispecific molecule (Graziano and Guptill 2004).

Several bispecific antibodies generated by chemical crosslinking have entered

clinical trials (Table 1.1) (Thakur and Lum 2010).
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1.6 Recombinant Bispecific Antibody Molecules

Bispecific antibodies can be also produced by genetic means. Recombinant

bispecific antibody formats allow for the production of structurally and functionally

defined molecules. Furthermore, the implementation of humanized or fully human

antibody molecules reduces immunogenicity (Shalaby et al. 1992), although the

benefit of humanized and human antibodies has recently been questioned (Getts

et al. 2010). A multitude of different antibody molecules have been developed over

the past one to two decades (Fig. 1.4). These formats can be classified according to

their structural properties. One classification can be made according to the valency

of the bispecific molecules, i.e., whether they possess one antigen-binding site

per antigen (bivalent) or more (tri-/tetravalent, multivalent). Furthermore, these

molecules can be divided into (1) those based solely on the variable domains of

two antibodies and (2) those using in addition constant immunoglobulin domains

or nonimmunoglobulin domains for the assembly and formation of bispecific

molecules (Fig. 1.4) (Kriangkum et al. 2001; Marvin and Zhu 2005; Pl€uckthun
and Pack 1997; Kontermann 2010; Chan and Carter 2010). Principally, all these

strategies can also be utilized with single-domain antibodies and alternative

scaffolds (antibodymimetics) (Saerens et al. 2008; Kontermann 2010; Skerra 2007).

Small recombinant bispecific antibodies, devoid of all constant immunoglobulin

parts, are assembled from the variable light and heavy chain domains of two

antibodies. The variable domains of an antibody can be obtained from existing

hybridomas or isolated from antibody libraries, e.g., using phage display techno-

logy or transgenic animals. Usually, these antibodies are isolated in the form of

single-chain Fv (scFv) or Fab fragments. ScFv fragments of different specificity can

be easily converted into a bispecific molecule by genetically joining the two scFv

moieties with a more or less flexible peptide linker. In these tandem scFv (taFv or

scFv2) molecules, each antigen-binding site forms a separate folding unit (see also

Chap. 5). Consequently, tandem scFv molecules can be expressed in different

configurations with scFv A and B having either the VH–VL or VL–VH arrangement

of the variable domains. In a taFv molecule, the flanking linkers joining the variable

domains of one folding unit have a length of approximately 15 amino acid residues,

while the length of the middle linker connecting the two scFv molecules can be of

varying length and composition. Thus, tandem scFv molecules were constructed

possessing short Ala-Ala-Ala or Gly-Gly-Gly-Gly-Ser linkers (Brandão et al. 2003;

Kufer et al. 1997; McCall et al. 2001), or longer linkers, which can adopt secondary

structures (Hayden et al. 1994; Grosse-Hovest et al. 2004; Ren-Heidenreich et al.

2004; for an overview see: Kontermann 2005) (see also Chaps. 4 and 15). This

strategy was extended for the generation of trivalent molecules, triple bodies, which

can be either bispecific or trispecific (Kellner et al. 2008) (see also Chap. 4).

In contrast to tandem scFvmolecules, bispecific diabodies Db are composed of two

polypeptide chains VHA–VLB and VHB–VLA (VH–VL conformation), or VLA–VHB

and VLB–VHA (VL–VH conformation) (Holliger et al. 1993) (see also Chap. 5).

Reducing the linker sequence connecting the two variable domains within one chain
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from 15 residues usually used to produce scFv molecules to five residues forces

heterodimerization of the two polypeptide chains within one cell. The head-to-tail

pairing of the two chains produces a rigid molecule with two intact antigen-binding

sites. Bispecific diabodies have been successfully expressed in different systems,

including bacteria, yeast, or mammalian cells (overview in Kontermann 2005).

However, the expression of the two different polypeptide chains leads also to the

formation of nonfunctional homodimers possessing antigen-binding sites composed

of VH and VL from two different antibodies. Attempts to improve formation of

heterodimers include the introduction of disulfide bonds and knobs-into-holes

structures between two adjacent variable domains, respectively (FitzGerald et al.

1997; Zhu et al. 1997) or adding cysteine residues at C-terminal extensions (DART,

“dual affinity re-targeting”; Johnson et al. 2010). Another strategy is the introduction

of an additional middle linker connecting the two polypeptide chains, thus, generating

a single-chain diabody molecule scDb (Fig. 1.4). In scDb molecules, all four variable

domains are present on this polypeptide chain. These molecules assemble into a

diabody-like structure (Br€usselbach et al. 1999). Themiddle linker must have a length

usually used for the generation of scFv fragments, i.e., approximately 15 residues

(V€olkel et al. 2001). This middle linker facilitates correct assembly of monomeric,

bispecific molecules producing homogeneous preparations and improves stability

compared to bispecific diabodies (Chap. 5). Reduction of the middle linker was

shown to result in dimeric tetravalent and bispecific molecules, so-called tandAbs

(Kipriyanov et al. 1999; V€olkel et al. 2001).
ScFv or Fab fragments have been combined into bivalent and bispecific

molecules using heterodimerizing peptides, such as jun-fos leucine zippers, fused

to the C-terminus of the antibody molecules (Fig. 1.4). These heterodimers can

be further stabilized by disulfide bond formation introducing additional cysteine

residues or a natural hinge region (de Kruif and Logtenberg 1996; Kostelny et al.

1992; Pack and Pl€uckthun 1992; M€uller et al. 1998a).
A variety of additional formats are available using immunoglobulin constant

regions for heterodimerization and the formation of bi- or multivalent, bispecific

antibodies (Fig. 1.4) (see also Chap. 9). One strategy utilizes knobs-into-holes

structures introduced into the CH3 domain. This results in the heterodimerization

of two CH3 domains, which can be part of a complete heavy chain (Carter 2001;

Shahied et al. 2004; Xie et al. 2005). CH3 domains with knobs-into-holes are

generated by replacing large amino acid side chains by small ones in one domain

and introducing large side chain residues in the other domain (Ridgeway et al. 1996;

Atwell et al. 1997). Problems arising from the fact that the light chains have no

preference for one of the two knobs-into-holes heavy chains were solved by applying

antibodies using the same light chain sequence (Merchant et al. 1998; Jackman et al.

2010). Alternatively, CH3 knobs-into-holes domains can be part of an scFv-Fc

fusion protein or can be directly fused to scFv or Fab fragments (Fig. 1.4). As an

alternative to the knobs-into-holes approach, the Fc region was engineered to allow

for a heterodimerization through an electrostatic steering effect (Gunasekaran et al.

2010). A further strategy to use constant immunoglobulin domains for heterodi-

merization is based on the natural occurring heterodimerization between the
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CL and CH1 domain (Fig. 1.5). Thus, scFv fragments have been fused C-terminal of

either the CL or CH1 domain of a Fab molecule (Schoonjans et al. 2000; Lu et al.

2002) or were fused N-terminal of both domains (Fig. 1.4) (M€uller et al. 1998b)
(see also Chap. 8).

Several bispecific antibody formats have been generated that possess more than

one antigen-binding site for each antigen. Most of these formats are tetravalent, i.e.,

possess two antigen-binding sites for each antigen. Some of these formats contain

an intact Fc region capable of mediating Fc effector functions. Recently developed

dual-variable-domain antibodies DVD-Ig look like normal IgG antibodies with the

exception that a second VH and VL domain is fused N-terminal of the VH and VL

domain of the heavy and light chain, respectively (Fig. 1.4) (Wu et al. 2007, 2009)

(see also Chap. 10). Thus, two variable domains are arranged in tandem on each

chain. These molecules have the advantage that expression can be performed by

established methods producing molecules of defined structure and function with

the constant regions identical to natural antibodies. Another approach is the fusion

of an scFv fragment (or a single domain antibody) to the N-terminus or C-terminus

of either the heavy or light chain, respectively (Fig. 1.4) (Orcutt et al. 2010;

Michaelson et al. 2009; Dimasi et al. 2009). More recently, the variable domains

of an IgG were genetically modified to recognize two different antigens (Bostrom

et al. 2009) (see also Chap. 11). These two-in-one antibodies are structurally

indistinguishable form normal IgG molecules. Similarly, fusion of two different

single-domain antibodies to the heavy or light chain, respectively, results in IgG-

like bispecific molecules. A totally different approach is developed by f-star,

engineering antigen-binding sites into the bottom loops of an Fc fragment

(Wozniak-Knopp et al. 2010), which can then be used to generate bispecific IgG

molecules (mAb2).

Other approaches utilize fusion of a tandem scFv or a scDb to the Fc region of an

antibody. The bispecific taFv-Fc and scDb-Fc fusion proteins are encoded by

a single polypeptide and possess a similar molecular mass as IgG molecules

(Fig. 1.4) (Connelly et al. 1998; Schneider et al. 2005; Lu et al. 2003, 2005; Alt

et al. 1999; Zuo et al. 2000). For example, bispecific IgG-like molecules have been

generated by fusing one chain of a bispecific diabody to the Fc part or two scFv

molecules to the constant heavy and light chain region, respectively (Lu et al. 2005;

Asano et al. 2007) (Chap. 9). The expression of two separate polypeptide chains is

required for the production of these molecules. Other approaches employed fusion

of an scFv fragment to the C-terminus of an intact heavy chain or a scFv-Fc fusion

protein (Coloma and Morrison 1997). A trivalent molecule was produced fusing an

scFv fragment C-terminal of an scFv-CH3 fusion protein with a knobs-into-holes

CH3 domain coexpressed with a second scFv-CH3 fusion protein. The dock-

and-lock (DNL) method applies homo- and heterodimerizing domains obtained

from cAMP-dependent protein kinase A and A-kinase anchor protein, to which two

different Fab fragments are fused, for the generation of bispecific, trivalent

molecules (Rossi et al. 2006) (see also Chap. 12). A tetravalent, bispecific molecule

comprising the Fc region was generated by fusion of two different scFv molecules

to the N- and C-terminus of an Fc region, combining bispecificity with Fc-mediated
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activities. Bispecific and tri- or tetravalent molecules have also been produced that

lack an intact Fc region, thus are not able to exert Fc-mediated effector functions,

for example, by fusing a bispecific scDb to a CH3 domain. In another approach, an

scFv fragment was fused C-terminal of the hinge region generating a F(ab0)2-scFv
fusion protein. Bispecific and tetravalent molecules were also generated avoiding

any immunoglobulin constant regions, e.g., fusing two scFv molecules to a homo-

dimerizing helix-loop-helix peptide (M€uller et al. 1998a). Furthermore, the scDb

format was modified to generate tetravalent bispecific molecules, for example,

by reducing the middle linker to less than 12 amino acid residues, which leads

to homodimerization of two scDb chains (Fig. 1.4) (Kipriyanov et al. 1999;

V€olkel et al. 2001).

1.7 Therapeutic Applications of Bispecific Antibodies

Certain classes and subclasses of natural antibodies (e.g., IgG1, IgG3, IgA) are

capable of activating cellular effector functions of the immune system, e.g., ADCC

and phagocytosis, through binding of their Fc region to Fc receptors on effector

cells (Brekke and Sandlie 2003). These effector cells include macrophages

expressing the high-affinity Fcg receptor I (CD64) and natural killer cells (NK

cells) expressing the medium affinity Fcg receptor III (CD16). Both receptors

preferentially bind to human IgG1 and IgG3. However, the induction of ADCC

by therapeutic antibodies is often limited by binding to other nonactivating or

inhibitory Fcg receptors (e.g., FcgRIIb, FcgRIIIb) expressed by macrophages,

platelets, and B cells (Peipp and Valerius 2002). Furthermore, therapeutic

antibodies have to compete for binding to the high-affinity receptor with serum

IgG resulting in a poor recruitment of monocytes and macrophages (Valerius et al.

1997). Finally, cytotoxic T lymphocytes (CTL), the most potent effector cells of the

immune system, do not express Fc receptors and cannot be recruited and activated

by therapeutic antibodies. Hence, bispecific antibodies have been developed to

selectively retarget certain effectors cells of the immune system by binding and

triggering one of the Fc receptors or through binding to the T cell receptor (TCR)

complex (de Gast et al. 1997; van Spriel et al. 2000; M€uller and Kontermann 2010)

(see Chap. 13).

One of the applications of bispecific antibodies is the retargeting of CTL for

cellular cancer therapy (Fig. 1.6) (see also Chaps. 13–16). Under normal

conditions, naive T cells are activated by binding of their TCR to MHC-displayed

peptides (MHC class I on CD8+ T cells, MHC class II on CD4+ T cells) on antigen-

presenting cells. However, proper activation of T cells requires a second signal

through a costimulatory molecule, e.g., binding of B7 on antigen-presenting cells to

CD28 on T cells. These activated CD8+ T cells differentiate into CTLs capable of

killing cells displaying the same antigenic peptide in the context of MHC class I.

Killing is caused by release of cytotoxic molecules (perforin/granzyme pathway)

and by death-receptor-mediated induction of apoptosis (FasL/CD95 pathway)
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(Russell and Ley 2002). Unfortunately, tumor cells are able to downregulate or lose

MHC molecules, thus become invisible for T cells (Bubenik 2003).

Bispecific antibodies can bypass MHC-restricted target cell killing by T cells

through binding to a trigger molecule that is part of the TCR complex and a cell

surface-displayed antigen on the target cell, e.g., a tumor-associated antigen (TAA)

(Lum and Davol 2005). Several trigger molecules (CD3, CD2, TCR) have been

analyzed over the past two decades (Fanger et al. 1992). The most commonly

trigger molecule used nowadays is CD3, a transmembrane protein involved in

signal transduction by the TCR. Initial clinical studies employed bispecific

antibodies [whole IgG, F(ab0)2] directed against a trigger molecule and a TAA

that were generated by somatic hybridization, i.e., were of mouse or rat origin.

These molecules demonstrated potent tumor cell killing in vitro and in animal

studies. However, despite some reported responses, clinical trials faced several

problems. Amongst them was a severe toxicity due to release of inflammatory

cytokines (cytokine storm), especially after i.v. administration, which was attributed

to the presence of the Fc region in the bispecific IgGmolecules. Furthermore, HAMA

responses were observed in these studies. This led to the postulation of the following

criteria of an ideal bispecific antibody for retargeting of effector cells: (1) strong

selectivity for the target cell, (2) retargeting of relevant effector cells, (3) monovalent

binding to the effector cells and activation only upon binding to target cells, (4)

lack of an Fc region to avoid Fc-mediated side effects, (5) human or humanized to

avoid a neutralizing antibody response, and (6) a size that allows penetration into

tumor tissues and sufficiently long circulation (Segal et al. 1999).

Several new recombinant bispecific antibody formats developed in the past

10–15 years meet all or most of these criteria. These novel formats include

tandem scFv molecules, diabodies, and single-chain diabodies. With these formats,

bispecific antibodies of defined composition can be produced, which lack the Fc

region. Furthermore, the implementation of humanized, deimmunized or fully

human antibodies, e.g., isolated from human antibody phage libraries or transgenic

animals, allows for the production of antibodies with reduced or absent immunoge-

nicity in humans. Bispecific tandem scFv, diabodies, and single-chain diabodies

Fig. 1.6 Effector cell retargeting with bispecific IgG molecules (a) or bispecific F(ab0)2
molecules (b)
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with specificity for CD3 and TAA (CD19, CD20, EpCAM, erbB2, CEA) have

shown efficacy in vitro as well as in animal studies (Kontermann 2005, M€uller
and Kontermann 2007). In these studies, preactivated T cells were used and in some

cases included costimulatory signals provided by co-injection of anti-CD28 mono-

clonal antibodies (Cochlovius et al. 2000; Holliger et al. 1999). Several studies

confirmed that costimulatory signals are necessary to obtain full activation of T cells

and potent tumor cell killing (Reusch et al. 2004). Targeted delivery of such

costimulatory signals was, for instance, achieved fusing the extracellular region of

B7 or parts of it to scFv fragments, bivalent diabodies, or other antibody fragments

directed against a TAA (Gerstmayer et al. 1997; Holliger et al. 1999; Rohrbach et al.

2000; Biburger et al. 2005; M€uller et al. 2007). Several studies, especially those

testing tandem scFv molecules of the BiTE (bispecific T cell engager) format,

demonstrated potent tumor cell killing and antitumor activities using freshly

isolated PBMCs from healthy donors without the need for preactivation (L€offler
et al. 2000). Several BiTEs directed against different TAAs including CD19 and

EpCAM have been developed and evaluated in vitro and in animal experiments

(Dreier et al. 2003; Schlereth et al. 2005). A strictly target cell-dependent activation

of T cells was demonstrated for these monomeric BiTE molecules possessing only

one binding site for CD3, in contrast to molecules possessing two CD3 binding sites

capable of activating T cells target cell-independent (Brischwein et al. 2007). BiTEs

have been shown to mediate lysis of target cells at low antibody concentrations

(pM–nM range) and low effector to target cell ratios (<10) (Wolf et al. 2005;

Hoffmann et al. 2005). It was postulated that these molecules work costimulation

independent and are highly efficient in recruiting and activating T cells (Wolf et al.

2005). One BiTE (MT103, MEDI-538, blinatumomab) directed against CD19 and

CD3 has been investigated in a phase I dose-escalating trial for the treatment of

non-Hodgkin’s lymphoma (NHL). These patients received doses of 0.5–60 mg/m2

per day over a period of 4–8 weeks. Dose-dependent complete and partial responses

were observed in MCL, FL, and CLL patients. In addition, a complete removal or

reduction of tumor load in bone marrow and other infiltrated organs was reported.

The most common adverse effects were leukopenia, lymphopenia, and pyrexia, with

the majority of adverse effects fully reversible in many cases. These are encouraging

results obtained for this recombinant bispecific antibody molecule, which has been

put forward for further clinical testing (see also Chap. 15).

Interestingly, several bispecific antibodies derived from mouse/rat hybrid-

hybridomas are currently at various stages of clinical trials, despite the reported

limitations of other whole bispecific IgG molecules found in early clinical trials.

These bispecific antibodies are directed against CD3 and TAA and possess a

hybrid Fc region composed of a mouse IgG2a and a rat IgG2b heavy chain that

preferentially binds to the activating Fcg receptors I and III but not to inhibitory

FcgRII (Zeidler et al. 2000; Ruf and Lindhofer 2001). It was postulated that

these trifunctional bispecific antibodies are capable of simultaneously activating

T cells via binding to CD3 and accessory cells (NK cells, mononuclear blood cells)

through interactions with their Fc region (Fig. 1.5). These activated accessory cells

deliver necessary costimulatory signals to the T cells and further increase the
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immune response through phagocytosis of tumor material leading to long-lasting

antitumor immunity (Zeidler et al. 2000, 2001). One of these trifunctional bispecific

antibodies, removab (catumaxomab) directed against EpCAM and CD3 has been

approved in 2009 by the EMEA for the treatment of malignant ascites and is further

tested in clinical trials for treatment of other cancers, demonstrating that even whole

bispecific antibodies can be safely applied i.p. and i.v. providing close monitoring

of the patients (see also Chap. 16).

Bispecific antibodies have also been developed for retargeting other effector

cells of the immune system (NK cells, macrophages, neutrophils) by binding to

Fc receptors on these cells. These receptors include the medium-affinity FcgRIII
(CD16) constitutively expressed by NK cells but also by monocytes and macro-

phages. Binding to FcgRIII triggers release of cytotoxic molecules (perforin,

granzymes) and cell killing similar to T cell-mediated killing. The high-affinity

IgG receptor FcgRI (CD64) is constitutively expressed by monocytes and macro-

phages. These cells also express FcgRIII and to some extent FcaRI (CD89). FcaRI
is the main immunoglobulin receptor expressed by polymorphonuclear cells

(PMNs), e.g., neutrophils, which represent the largest effector cell population in

the blood (50–60% of all leukocytes). These cells also express FcgRI upon stimu-

lation with IFN-g and G-CSF (van Spriel et al. 2000). In contrast to T cells, these

effector cells are constitutively active and do not require a second stimulus for

efficient target cell killing and/or phagocytosis. Furthermore, because some of these

receptors (e.g., FcgRI) are present on antigen-presenting cells, they are involved in

antigen presentation and can therefore indirectly enhance antitumor activities. The

first clinical trials with bispecific antibodies retargeting NK cells through binding

to the CD16 revealed rather limited antitumor responses and were mainly

characterized by toxicity (Weiner et al. 1995; Hartmann et al. 1997, 2001). As

discussed before, this had been attributed to the presence of an intact Fc region

leading to systemic leukocyte activation and massive cytokine release. Further-

more, most of the anti-CD16 used for construction of the bispecific antibodies did

not discriminate between the activating FcgRIIIA on NK cells and the

nonactivating FcgRIIIB on PMNs leading to a reduced activity of the bispecific

antibodies unless a large excess is provided (Hombach et al. 1993; Amoroso et al.

1999). Subsequent studies were performed with bispecific F(ab0)2 molecules, e.g.,

MDX-H210 (directed against erbB2 and CD64) and MDX-447 (directed against

EGFR and CD64). These studies included application of growth factors and

cytokines (e.g., GM-CSF, G-CSF, IFN-g) in order to induce upregulation of Fc

receptors and to increase the effector cell population. Although biological effects

such as changes in circulating leukocyte subpopulation cell number and receptor

expression, binding of the bispecific antibody to effector cells, enhanced ADCC/

phagocytic capacity in vitro, cytokine release and local infiltration of effector cells

at the tumor site was observed, no objective tumor responses were achieved (Lewis

et al. 2001; Wallace et al. 2001; Pullarkat et al. 1999; Repp et al. 2003; Curnow

1997; James et al. 2001; Fury et al. 2008). Nevertheless, these studies showed that

bispecific F(ab0)2 molecules directed against Fc receptors are well tolerated even at
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high doses, e.g., 30 mg/m2 determined as recommended dose for further studies

with MDX-447 (Fury et al. 2008).

Several studies also investigated FcaRI (CD89) as trigger molecule, because this

receptor is constitutively expressed on neutrophils and the main trigger molecule to

induce tumor cytolysis by these cells (Valerius et al. 1997; Deo et al. 1998). Direct

comparison of various bispecific F(ab0)2 molecules targeting CD20 or HER-2/neu

and Fc receptors CD64, CD16, or CD89 in combination with G-CSF or GM-CSF

revealed differences in the retargeting of effector cell cytotoxicity. This was

dependent on Fc receptor expression, but also influenced by the growth factors

and the tumor antigen involved (Stockmeyer et al. 2001).

The approach of retargeting effector cells through binding to Fcg receptors was

also extended to recombinant bispecific molecules. For example, bispecific tandem

scFv molecules directed against CD16 and various TAAs (CD19, HER2/neu, HLA

class II) have been developed for the retargeting of NK cells to tumor cells (McCall

et al. 1999; Bruenke et al. 2004, 2005). Interestingly, in vitro cytotoxicity was

enhanced by employing bispecific antibodies exhibiting increased binding to the

TAA, either by increasing affinity or the number of TAA binding sites (McCall

et al. 2001; Xie et al. 2003; Shahied et al. 2004). Furthermore, a synergistic

antitumor activity in animal experiments of NHL was found using a combination

of bispecific diabodies directed against CD19 � CD3 and CD19 � CD16

(Kipriyanov et al. 2002). These findings support the observation that retargeting

and triggering of different effector cells to the same target cells results in increased

cytotoxicity. In summary, these findings underline the complexity of this still

challenging approach, but also highlight potentials and perspectives of bispecific

and bifunctional antibodies for cellular cancer therapy.

1.8 Bispecific Antibodies and Retargeting of Effector Molecules

Bispecific antibodies have been extensively investigated for the recruitment of a

large number of different effector molecules, including radionuclides, drugs, toxins,

enzymes, cytokines, complement components, and immunoglobulins (Cao and

Lam 2003). The use of bispecific antibodies circumvents chemical coupling of

effector molecules, which is especially advantageous in cases where chemical

modifications may lead to inactivation of the effector molecules or the antibody.

Furthermore, the use of bispecific antibodies allows for an uncoupling of antibody-

mediated targeting from delivery of effector molecules (Gruaz-Guyon et al. 2005).

In this pretargeting strategy, the bispecific antibody is injected first and allowed

to accumulate at the target site. After clearance of unbound antibodies from

circulation and healthy tissues, the effector molecule is injected and is recovered

by the second binding site of the bispecific antibody at the target site, while

unbound effector molecules are rapidly eliminated. This approach reduces side

effects associated with the effector molecule by reducing the exposure time to

a minimum.
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RIT is the main application of this pretargeting strategy combining antibodies

and radionuclides of clinical interest, i.e., beta-emitters (131I, 90Y, 188Rh) or alpha-

emitters (211At, 225Ac) (Chang et al. 2002; Goldenberg 2003; Goldenberg et al.

2007; Goldenberg and Sharkey 2010). The efficacy of RIT is influenced by several

factors including tumor location, size, morphology, physiology and radiosen-

sitivity, physical/chemical properties of the radionuclides, and the nature of its

radiation (low or high energy transfer), but also pharmacokinetic properties of the

antibody (Goldenberg 2003). Clinical use of antibodies directly conjugated or

complexes with radionuclides is often associated with toxicity in healthy tissues

caused by an inappropriate tumor-to-normal tissue ratio, which limits the applicable

dose and thus efficacy (Reilly 2006). This obstacle can be circumvented using

a bispecific antibody-based pretargeting approach. Here, the bispecific antibody

binds with one arm to a TAA and with the second arm to a radionuclide complexed

with a chelating agent such as DTPA or DOTA. Alternatively, the radionuclide is

complexed or conjugated with a molecule containing a short peptide sequence as

hapten recognized by the bispecific antibody (Fig. 1.7). A widely used peptide

sequence is HSG (histamine-succinyl-glycine), which has also been employed to

generate bivalent molecules containing two HSG molecules exhibiting increased

functional affinity. Similarly, an affinity enhancement system was developed by

implementing two chelating molecules with the ability to bind two radionuclides

per molecule (Le Doussal et al. 1990). Thus, these molecules exhibit an increased

functional affinity for bispecific antibodies bound to target cells (Morandeau et al.

2005). Animal studies have shown that the use of the pretargeting approach in RIT

results in reduced toxicity and allows for the administration of higher doses with

enhanced antitumor effects (Sharkey et al. 2005a). The applied bispecific antibodies

(bispecific F(ab0)2 molecules, bispecific diabodies) were directed against CEA,

CD20, or the renal cell carcinoma marker G250 (Gautherot et al. 1997; Sharkey

et al. 2005b; Kranenborg et al. 1998). One bispecific F(ab0)2 molecule (hMN14 �
m734) directed against carcinoembryonic antigen (CEA) and a 131I-labeled

di-DTPA molecule was investigated in a phase I optimization clinical trial for the

treatment of patients with various CEA-positive tumors (Kraeber-Bodéré et al.

2006). This bispecific antibody fragment is derived from a humanized anti-CEA

antibody and a murine antihapten-chelate antibody and was generated by chemical

Fig. 1.7 Bispecific antibodies for radioimmunotherapy. (a) Monovalent radionuclide and

radionuclide–peptide complexes. (b) Affinity enhancement systems using bivalent radionuclide

complexes or bivalent peptide complexes
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cross-linking with o-PDM. Patients suffering from nonmedullary thyroid carci-

noma (non-MTC) or medullary thyroid carcinoma (MTC) received doses of

40 mg/m2 and 75 mg/m2 doses of the bispecific antibody and escalating activities

of 131I-di-DTPA-indium hapten 5 days later. A stabilization of disease was

observed in 64% of patients receiving the 75 mg/m2 of antibody. However, also

higher toxicity was seen in these patients. Maximal tolerated activity was 3 GBq in

MTC patients. The conclusion of this study was that a bispecific antibody dose of

40 mg/m2 and a 5-day interval appeared to be a better dose/schedule regiment, with

acceptable toxicity.

1.9 Dual Targeting Strategies

Like any other antibodies, bispecific antibodies are capable of acting as agonists

or antagonists through binding to epitopes involved in activation or inhibition of

a target molecule. The therapeutic use of antagonistic antibodies is best exemplified

with antibodies directed against inflammatory cytokines, such as tumor necrosis

factor (TNF). Inhibition of TNF binding to its two receptors (TNFR1, TNFR2)

with antibodies (adalimumab, infliximab) or by soluble receptor-Fc fusion proteins

(etanercept) has shown remarkable therapeutic efficacy in chronic inflammatory

disease, e.g., rheumatoid arthritis (Kontermann et al. 2009). Conceptually,

bispecific antibodies might be used to simultaneously bind to two different epitopes

of the same cytokine or receptor, thus improving neutralization of one cytokine, or

to simultaneously bind and neutralize two different cytokines or receptors, thus

attacking the disease from two sites (Fig. 1.8). Several studies have demonstrated

superiority of such bispecific antibodies as antagonists or agonists. For example,

a bispecific diabody directed against two epitopes on vascular endothelial growth

Fig. 1.8 Bispecific antibodies (exemplified by a bispecific IgG molecule) for dual targeting

strategies. (a) Bispecific antibodies directed against different epitopes on one ligand (L1) inhibit

binding of the ligand to its receptor (R1). (b) Bispecific antibodies directed against different epitopes

on one receptor (R1) inhibit binding of the ligand (L1) to its receptor. (c) A bispecific antibody

directed against two different ligands (L1, L2) simultaneously inhibits binding of the two ligands to

its two receptors (R1, R2). (d) A bispecific antibody directed against two different receptors (R1, R2)

simultaneously inhibits binding of two ligands (L1, L2). (e) Simultaneous antigen binding on

a target cell can also lead to improved antibody-mediated activities such as ADCC

1 Bispecific Antibodies: Developments and Current Perspectives 17



factor receptor 2 (VEGFR2) efficiently blocked binding of VEGF to its receptor and

inhibited VEGF-induced activation of the receptor and mitogenesis of endothelial

cells, while neither of the parental scFv fragments showed any inhibitory activity

(Lu et al. 1999). An enhanced mitogenic activity was observed for a bispecific

tandem scFv-Fc fusion protein directed against two epitopes of the T cell antigen

CD2, compared to a combination of the two monoclonal antibodies (Connelly et al.

1998). A bispecific tandem scFv molecule directed against two epitopes on

CTLA-4 was even able to convert CTLA-4 from an inhibitor to an activator of T

cells (Madrenas et al. 2004). These T cell-activating bispecific antibodies may find

clinical applications, e.g., in vaccination or cancer immunotherapy, by boosting

immunity.

Enhanced inhibitory activity was observed for bispecific antibodies directed

against two different target molecules (Marvin and Zhu 2006). For example,

bispecific antibodies (diabody, diabody-Fc fusion protein) recognizing VEGF

receptor 2 and 3 efficiently inhibited binding of VEGF and ligand-induced migra-

tion of endothelial cells (Lu et al. 2001, 2003; Jimenez et al. 2005). Similarly,

IgG-like tetravalent and bispecific antibodies (diabody-Fc, scFv2-H/L chain fusion

proteins) with specificity for the EGF receptor and IGF receptor blocked binding of

EGF and IGF and inhibited activation of signal transduction (Lu et al. 2004). These

molecules were also capable of mediating ADCC through their Fc region. Animal

experiments already demonstrated decreased growth of two different human tumor

xenografts (Lu et al. 2005).

Recently, a novel bispecific, tetravalent IgG-like molecule [dual-variable-

domain immunoglobulin (DVD-Ig)] was described for the neutralization of

multiple disease mediators (Wu et al. 2007). These molecules were produced in

mammalian cell lines (e.g., CHO) with similar yields as observed for normal IgG

molecules. DVD-Ig directed against IL-12 and IL-18 was capable of binding both

cytokines simultaneously and efficiently neutralized cytokine activity similar to the

parental monoclonal antibodies. In a preclinical disease model of autoimmunity,

this DVD-Ig was as potent as a mixture of the two parental antibodies and more

potent than the two parental antibodies alone. Similar effects were observed for

a DVD-Ig directed against IL-1a and IL-1b in a mouse collagen-induced arthritis

model of rheumatoid arthritis. Besides improved activity, these and other types

of bispecific molecules were described to facilitate production of drugs targeting

two different disease-related factors while maintaining pharmacokinetic properties

of whole IgG molecules.

Much work has also been done on dual targeting of immunotoxins. Here, two

antibody moieties, e.g., in the form of tandem scFvs, are fused to a toxin. For

example, fusion of two scFvs directed against CD19 and CD22 to the catalytic and

translocation domains of Diptheria toxin resulted in an immunotoxin showing

higher levels of binding to patient leukemia cells and efficient tumor cell killing

in vitro and in vivo (Vallera et al. 2009). Similar results were obtained with

a bispecific immunotoxin utilizing a fragment (P38) of Pseudomonas exotoxin

(Vallera et al. 2010). Problems of immunogenicity of the bacterial toxin were

overcome by engineering of a deimmunized version showing an approximately
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80% reduction of neutralizing antitoxin antibodies, which will now allow multiple

drug treatments (Vallera et al. 2010).

1.10 Bispecific Antibodies and Half-Life Extension

For most therapeutic applications, a long circulation time is desirable in order to

maintain a therapeutically effective dose over an extended period of time

(Mahmood and Green 2005). In humans, IgG molecules of the IgG1, IgG2, and

IgG4 subclass exhibit a circulation half-life of approximately 3–4 weeks (Ternant

and Paintaud 2005; Lobo et al. 2004). Thus, immunoglobulins have the longest

half-life observed for plasma proteins. The only other plasma protein with a similar

half-life of approximately 19 days in man is albumin. Responsible for the long

circulation time of IgG antibodies and albumin is a reduced renal clearance and

recycling processes mediated by the neonatal Fc receptor (FcRn, Brambell

receptor) (Roopenian and Akilesh 2007).

Engineered small antibody molecules and molecules lacking an Fc region are

rapidly cleared from circulation. For example, scFv fragments possess an initial

half-life of a few minutes and a terminal half-life of only 1–4 h. Also, many of the

small recombinant bispecific antibody molecules exhibit a fast clearance. Several

strategies have therefore been developed to prolong circulation time of these

molecules. These strategies can be divided into (1) those aiming to reduce renal

clearance by increasing the apparent molecular mass and the hydrodynamic radius,

e.g., through PEGylation and (2) those that in addition implement FcRn-mediated

recycling processes (for review, see Kontermann 2009). The latter can be achieved

through binding to long-circulating plasma proteins, such as albumin and immuno-

globulins. Thus, small bispecific antibodies have been generated binding with one

site to a therapeutic target, e.g., a cytokine or a cell surface receptor, and with the

second binding site to albumin (Smith et al. 2001; Roovers et al. 2007).

1.11 Conclusion

Initial clinical trials with bispecific antibodies, developed mainly for cellular cancer

immunotherapy, were not successful, which led to a declining interest in this type of

molecules. However, during the past one to two decades, bispecific antibodies have

experienced many new developments resulting from an increasing understanding

of the molecular mechanisms of action as well as new developments in the field of

antibody engineering. Thus, new bispecific formats were developed and new

therapeutic approaches were established. While bispecific antibodies for cellular

immunotherapy of cancer are still at the forefront of the developments, with one

bispecific antibody approved for the treatment of malignant ascites and several

small bispecific antibody molecules in clinical trials, new approaches especially in
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the field of dual targeting have emerged. Here, not only many new bispecific

antibody formats have been established, but also new indications such as treatment

of inflammatory diseases have been implemented. Therefore, one can expect that

further bispecific antibodies will enter clinical trials in the near future.
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Chapter 2

Bispecific Antibodies from Hybrid Hybridoma

Gerhard Moldenhauer

2.1 Introduction

Hybrid hybridomas (also termed quadromas or tetradomas) are man-made cell lines

that secrete bispecific antibodies (bsAb) with two different specificities being able

to crosslink two distinct molecules. Such antibodies do not occur in nature and have

been originally developed to improve immunohistochemical staining procedures

and immunoassays (Milstein and Cuello 1983; Suresh et al. 1986). Interestingly, the

fusion of two immunoglobulin-producing myeloma cells (Cotton and Milstein

1973) was described even before the seminal publication of monoclonal antibody

technology (K€ohler and Milstein 1975). This early experiment showing expression

of both parental immunoglobulin genes in the hybrid cell was performed to better

understand allelic exclusion, whereby under normal conditions each B lymphocyte

produces antibodies encoded by only one of two possible alleles.

In the following years it became obvious that bsAb can be used to redirect

immunological effector cells or molecules toward tumor cells. Targeting an immune

response to the tumor site has evolved as an attractive concept since it recruits

many effector cells and obviates several drawbacks connected with classical anti-

tumor responses (reviewed by Fanger et al. 1992; Renner and Pfreundschuh 1995;

van Spriel et al. 2000; M€uller and Kontermann 2007a).

Basically, there are three methods by which bsAbs can be obtained. The first

generation of bsAb was produced either by chemical coupling of different immu-

noglobulin Fab0 fragments at the hinge region (Glenie et al. 1987) or by cell fusion

of two hybridoma cell lines, resulting in a quadroma cell which secretes among

other immunoglobulin combinations also bsAb (Milstein and Cuello 1983).
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Although some of these early reagents showed remarkable efficacy in the treatment

of certain malignancies, the vast majority of them did not met the high initial

expectations because of toxicity and low therapeutic potency. Advance in genetic

engineering has facilitated the creation of second-generation bispecific molecules

of different sizes and binding strengths. These recombinant bispecific constructs

paved the way for a revival of bsAb and renewed the interest in this novel type of

modified antibodies (Little et al. 2000; Kufer et al. 2004; Weiner 2007; M€uller and
Kontermann 2007b, 2010; Chames and Baty 2009a, b; Beck et al. 2010; Chan and

Carter 2010).

In this chapter, I describe the principles of hybrid hybridoma creation, give an

overview on screening and purification procedures of bsAb, and finally outline the

mechanisms by which this special class of antibodies exerts its effector functions.

For the sake of clarity, I have restricted my viewpoint mainly to the field of cancer

research and oncology/hematology.

2.2 Production of Hybrid Hybridoma by Cell Fusion

The major goal of fusing two permanently growing hybridoma lines is the selection

of resulting hybrids and the exclusion of non-fused parental cells and intra-

hybridoma fused cells. This can essentially be achieved by chemical selection

procedures or by cell sorting techniques (Segal and Bast 2001).

2.2.1 Introduction of Selection Markers

In case of chemical selection, a mutation of the gene coding for the enzyme

hypoxanthine guanine phosphoribosyl transferase (HGPRT) can be induced in one

hybridoma line (Chervonsky et al. 1988). HGPRT-negative mutants can be selected

by culturing the cells in the presence of toxic purine analogs like 8-azaguanine or

6-thioguanine. Cells harboring the enzyme are killed after incorporation of the toxic

nucleotide. Spontaneously arising mutants can simply be established because the

enzyme is encoded on the X chromosome and only one gene locus has to be targeted.

Proliferation of the other parental line can be irreversibly inhibited by treatment

with iodoacetamide just before hybridization (Gilliland et al. 1988). If the fusion

mixture is cultured in medium containing hypoxanthine, aminopterin, and thymidine

(HAT medium) only hybrid hybridomas can actively grow. This is schematically

depicted in Fig. 2.1. The combination of HAT sensitivity and resistance to the drug

ouabain was also successfully applied (Link and Weiner 1993).

Alternatively, one hybridoma line is selected for two mutations, e.g., HAT

sensitivity and resistance to neomycin (neor). For this, a HGPRT-deficient hybrid-

oma is subsequently transfected by electroporation with a vector containing the neor
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gene (De Lau et al. 1989). The advantage of such a double-mutant hybridoma line

is that it can be fused with any unmodified second hybridoma line. As above,

only hybrids can survive selection in medium supplemented with HAT and the

neomycin analog G418.

2.2.2 Selection by Flow Cytometry

Fluorescence-activated cell sorting (FACS) offers another possibility to select

hybrid hybridomas (Karawajew et al. 1987; Koolwijk et al. 1988). In this setting,

one hybridoma cell line is labeled for instance with a green fluorochrome and the

other with a red fluorescent marker. After cell fusion, double-labeled hybrid

hybridomas are sorted and immediately cloned using a single-cell deposition

device. Although this method is fast since it circumvents lengthy insertion of

selectable markers there is a certain risk of contamination with parental cells.

Hybridoma BHybridoma A

Hybrid hybridoma

X

Culture in
8-azaguanine

Treat with
iodoacetamide

PEG fusionHAT selection

mAb A mAb BbsAb

HAT sensitive

AB

Fig. 2.1 Principle of hybrid hybridoma production by cell fusion. Sensitivity to HAT is induced in

one hybridoma by selection with 8-azaguanine. Proliferation of the other hybridoma is inhibited by

iodoacetamide treatment. After PEG fusion only hybrid hybridoma cells can actively grow in HAT

medium
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2.2.3 Cell Fusion Procedures

For a long time polyethylene glycol is the fusion agent of choice (Pontecorvo 1975).

It renders the membrane of cells to be fused gluey so that they will adhere together.

Subsequently, plasma membrane fusion occurs giving rise to a cell with two

(or more) nuclei. During cell division the nuclear membranes are degraded and

the chromosomes are distributed into the daughter cell. These hybrid cells contain

only one nucleus but the genetic material of both parents. Since hybridomas usually

are hyperploid, a fusion of those will harbor a large excess of chromosomes that

causes genetic instability during further mitoses leading to improper segregation or

loss of chromosomes. To stabilize the chromosomal inventory of hybrid hybridoma

repeated cloning by limiting dilution is inevitable. This also allows the selection

of subclones producing high amounts of the desired bsAb.

As an alternative to the polyethylene glycol method, electrically induced cell

fusion has been developed. It is based on the delivery of high-voltage electrical field

pulses to physically fuse hybridoma cells (Cao et al. 1995; Kreutz et al. 1998).

2.2.4 Screening Hybrid Hybridoma Cultures
for Specific Antibody

Establishment of a reliable, sensitive, and fast screening assay for the detection of

desired bispecific antibody is the most important prerequisite for successful

quadroma production. It is not recommended to start a fusion experiment before

an appropriate screening assay has been set up. There are different test types

available for the initial screening that all are based on the measurement of

antigen–antibody binding. Enzyme-linked immunosorbent assay (ELISA), flow

cytometry, and cytotoxicity are the most commonly used methods (Moldenhauer

2007). Choosing parental hybridoma cell lines of distinct isotype will facilitate the

screening procedure tremendously.

Solid-phase ELISA (Engvall and Perlman 1971) where the antigen is

immobilized on the well of a microtiter plate represents a universal test system

that can easily be customized and allows rapid analysis of many samples in parallel.

By ELISA one can simply detect bsAb with two different heavy chains. For this, the

assay plate is coated with a catcher antibody specific for one isotype (e.g., mouse

IgG1). Binding of bsAb is recognized by a detector antibody specific for the other

isotype (e.g., mouse IgG2a). If one or both target antigens are available as proteins,

they can be immobilized onto the assay plate. Again, reactivity with isotype-

specific second step reagents is indicative for bsAb.

Bispecific antibodies developed for cancer therapy are usually directed against

cell surface molecules on tumor and effector cells. Fluorescence-activated cell

analyzer and cell sorter provide extremely valuable tools for the rapid, reliable,

and quantitative screening of antibodies interacting with cell surface receptors.
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Binding of bsAb to cells is monitored by isotype-specific fluorescently labeled

secondary antibody. Thereby, the mean fluorescence intensity reflects the binding

strengths of the respective antibody arm to its cellular target.

To test for bsAb-induced redirected cytotoxicity is a straight forward but techni-

cally demanding approach (Clark and Waldmann 1987). Target and effector cells

are incubated in the presence of bsAb (and appropriate controls) leading to specific

lysis of antigen-bearing targets. For the quantitative evaluation either the classical

chromium release test (that requires initial labeling of target cells with radioactive

chromium-51) or non-radioactive methods measuring the release of the endogenous

cytosolic enzymes as for instance lactate dehydrogenase (Decker and Lohmann-

Matthes 1988) or glyceraldehyde-3-phosphate dehydrogenase (Corey et al. 1997)

may be applied. During the initial screening of culture supernatants (containing

all immunoglobulin combinations) the signals obtained by flow cytometry and

cytotoxicity test may be relatively weak which is caused by competition of parental

monoclonal antibodies with bsAb for antigen binding.

2.2.5 Cloning

Rapid cloning of hybrid hybridoma cultures is mandatory to select for stable

bsAb-secreting cell lines. The method of choice for single-cell cloning is limiting

dilution. In principle, quadroma cells are distributed in 96-well plates so that

one well will contain theoretically 0.5 or 1 cell. Usually the cloning efficiency of

hybrid hybridomas is quite high and feeder cells are not required. Due to the genetic

instability of hybrids it is possible to use repeated cloning steps to identify

subclones with enhanced production of bsAb that can be verified by quantitative

ELISA.

2.2.6 Purification of Bispecific Antibody

Once a stable hybrid hybridoma line is established, large quantities of antibody can

be produced employing modern cell culture devices for long-term propagation.

At least two systems are on the market meeting the demands of laboratory-scale

production because they can simply be installed in a normal CO2 incubator and do

not require complicated pumping and other sophisticated equipment. Both, the

miniPERM modular minifermenter (Falkenberg et al. 1995) and the two-chamber

cell culture device CELLine 1000 (Trebak et al. 1999) are easy to handle and allow

culturing of antibody-producing cells at high density (above 107 cells per ml).

Harvest of the antibody-enriched product can be performed several times until

productivity ceases.

Due to the huge variability in physicochemical properties of quadroma-derived

IgG that largely depends (among other traits) from the chain composition no
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standard procedure for purification can be recommended. In fact, the method has

to be established for every individual bsAb. Only in rare cases the respective target

antigens are available as (recombinant) proteins which can be employed for affinity

purification (Gupta and Suresh 2002). Anti-idiotypic antibodies specifically

interacting with the parental antibody were also employed but are very difficult to

obtain (Bruynck et al. 1993). In retrospect, most investigators have used sophisti-

cated two-step methods to purify bsAb from a mixture of mono- and bispecific

immunoglobulin species. Often protein A or protein G affinity chromatography

was combined with ion-exchange or size-exclusion chromatography (Tarditi et al.

1992). More recently, a hydrophobic interaction chromatographic technique was

described that resolves bsAb, monospecific immunoglobulins, and culture medium

supplements in one single step from bioreactor harvest (Manzke et al. 1997). The

purity of bsAb can be assessed by SDS-PAGE, isoelectric focusing, Western

blotting, isotype-specific ELISA or functional assays like T-cell proliferation.

2.2.7 Molecular Composition of Bispecific Antibody

So far, mostly mouse–mouse, rat–rat, and mouse–rat hybrid hybridomas have been

created. Besides fusion of two IgG-secreting hybridomas also IgA-producing cell

lines and hybrids between IgA and IgM were successfully established (Urnovitz

et al. 1988). One major drawback connected with the production of bsAb by hybrid

hybridoma is the co-dominant expression of immunoglobulin genes of both parents.

This leads to random association of both parental heavy and light chains resulting in

ten different antibody species only one of which constitutes the desired bsAb

(Fig. 2.2). When assuming that the rate of synthesis is the same for all four chains

and pairing happens randomly one would expect 12.5% of the total immunoglo-

bulin to be bispecific (Staerz and Bevan 1986). Ideally, for a high yield of bsAb

heterologous H–H chain pairing together with homologous H–L chain association

Hybridoma cell B

Hybridoma cell A

Hybrid-hybridoma

X

Bispecific

Presumably no
function

Bivalent

Monovalent 

Monospecific

AB

Fig. 2.2 Antibody species secreted by hybrid hybridoma. Immunoglobulin genes of both parental

hybridomas are codominantly expressed in hybrid hybridoma leading to random association of

heavy and light chains. Only one among the ten different antibody species is the desired bsAb
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should occur. Unfortunately, this is not always achieved and preferential heterolo-

gous H–L chain association giving rise to antibodies with unknown specificity has

been described (De Lau et al. 1991). The use of identical IgG isotype appears to

favor mixed H–H chain combinations, whereas different isotypes lead to a reduced

yield of bsAb (Milstein and Cuello 1984). Preferential species-restricted H–L chain

pairing was observed in certain rat/mouse quadromas (Lindhofer et al. 1995).

However, parental hybridomas of different IgG isotype offer great advantages

with regard to purification since the resulting bsAb are bi-isotypic and can therefore

be separated from parental immunoglobulins.

2.3 Functional Features of Bispecific Antibody

The key function of a bsAb for tumor therapy is of course the recruitment of

immune effector cells to the tumor site. Depending on the type of effector cell,

additional functional requirements have to be fulfilled. Under optimal conditions,

the tumor cell will be finally destroyed by the common mechanisms of necrosis

or apoptosis. A schematic representation of bsAb-mediated retargeting of various

effector cells is given in Fig. 2.3.

BsAb from hybrid hybridoma display the same size (MW approximately

150 kDa) and high stability as conventional IgG antibodies. Thus, their serum

half life and tissue penetration is comparable. To avoid interaction with Fc receptor-

bearing cells and to increase tumor accessibility F(ab0)2 fragments were produced

by enzymatic digestion (Warnaar et al. 1994). Fragmentation of bsAb is not an easy

task and the protocol has to be adapted for each individual candidate to prevent

complete degradation.

The avidity of both binding arms usually reflects the binding strengths of

the parental antibodies at least under monovalent binding conditions in vitro.

Tumor-associated
antigen (TAA)

Tumor cell Cytotoxic T lymphocyte

Kill

Anti-CD3Anti-TAA

TCR / CD3  CD16 

NK cell

CD64 

Monocyte
Macrophage
Dendritic cell

Fig. 2.3 BsAb-mediated retargeting of effector cells. BsAb binds with one arm to a triggering

molecule on the effector cell and with the other arm to a tumor-associated antigen on the malignant

cell. Conjugate formation of both cells results in lysis of the target cell. The main trigger molecules

on cytotoxic T lymphocytes, NK cells, and myeloid cells are depicted
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The actual avidity can be estimated by a flow cytometric binding competition

assay. For this, increasing amounts of bsAb compete for binding to the antigen-

bearing target cell with the fluorescently labeled parental antibody of known

affinity. More accurate affinity measurements by surface plasmon resonance

(BIACORE technology) are possible if the target antigens are available as (fusion)

proteins (van Regenmortel 2003).

The innate and adaptive immune system contains distinct effector cell popu-

lations that can elicit cytotoxicity; they comprise T lymphocytes, natural killer

cells, monocytes/macrophages, and polymorphonuclear neutrophils (PMN). These

cell types carry specific trigger molecules on their cell surface that interact with

natural ligands on the target cell. Binding of bsAb to the trigger molecule replaces

the interaction with the ligand and leads to activation.

2.3.1 Recruitment of Cytotoxic T Lymphocytes

From the beginning, cytotoxic T lymphocytes were mostly used as effector cells

for tumor attack as they represent the professional killers of the immune system

(Liu et al. 1985; Perez et al. 1985; Staerz et al. 1985; Lanzavecchia and Scheidegger

1987). Under physiological conditions T cell specificity is determined by the T cell

receptor (TCR) that recognizes peptides in conjunction with major histocompati-

bility complex (MHC) molecules. T cells need a second signal to become fully

activated. This is delivered by the CD28 receptor on T cells that interact with

costimulatory molecules of the B7 family exposed on antigen-presenting cells.

Injected into the circulation, a bsAb binds only with one arm to a T lymphocyte

that is not sufficient for triggering. Subsequently, if the bsAb-coated T cell finds and

interacts with the target antigen expressing tumor cell functional crosslinking of

the CD3/TCR complex occurs leading to a first step of activation. If costimulation

is also provided at the tumor site either by CD28 ligation on the same T cell or

secretion of lymphokines and cytokines by neighboring cells than cytotoxicity is

fully established. This mechanism has been denoted as target cell-induced T cell

activation (Jung et al. 1987; Jung and M€uller-Eberhard 1988).

Retargeting of cytotoxic T cells versus tumor cells offers two fundamental

advances. First, in contrast to conventional mono- or oligoclonal T cell activation

by tumor-associated antigens bsAb containing an anti-CD3moiety are able to induce

a polyclonal T cell proliferation. Thus, a huge number of effector T cells are

recruited to the tumor site. Secondly, bsAb-guided T cells also attackMHC-negative

target cells because the specificity of the reaction is dictated by the antibody and not

by the genetically determined TCR. This feature is of special importance in light

of the fact that many tumors show reduced or even absent MHC expression as

a consequence of dedifferentiation in the course of progression (Garrido and Algarra

2001). MHC loss represents an important tumor escape mechanism that potentially

can be overcome by bsAb therapy. Antitumor cytotoxicity is mainly achieved by

CD8+ lymphocytes but in the human system also CD4+ cells have the capacity to kill.
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Tumor cell lysis following retargeting of T cells by bsAb engages the granule

exocytosis system that relies on the directed release of granules containing perforin

and granzymes from activated lymphocytes after specific recognition and conjugate

formation with the target cell (Renner et al. 1997).

As mentioned above, full activation of effector T lymphocytes is an important

prerequisite for the establishment of a robust cytotoxic reaction. This can be achieved

via stimulation of the TCR/CD3 complex in combination with CD28 costimulation.

Commonly, tumor cells are not able to provide costimulatory signals since they lack

expression of members of the B7 family that interact with CD28 on the effector cell.

Consequently, in many preclinical and clinical studies costimulation was made

available by the additional application of conventional bivalent anti-CD28 mono-

clonal antibody (Manzke et al. 2001a; Manzke et al. 2001b) or by the use of two bsAb

one of which is directed against CD28 (Bohlen et al. 1993; Pohl et al. 1993; Kroesen

et al. 1995). In this setting both bsAb recognize the same target antigen but one reacts

with CD3 and the other with CD28 to ensure activation (via CD3) and costimulation

(via CD28) of T cells in a target cell restricted manner.

Depending on the epitope they bind on the CD3 coreceptor, some bsAb do not

require further costimulation in order to induce a vigorous T cell activation.

Although this strengthens the potency of therapeutic bsAb, at the same time it

enhances the risk of adverse side effects caused by the release of lymphokines and

cytokines. In the worst case a global T cell activation can cause a cytokine-release

syndrome (“cytokine storm”) that represents a life-threatening adverse event. Based

on an incidence in 2006 following the application of a superagonistic anti-CD28

antibody in six human healthy volunteers with the development of unexpected

severe adverse events including multiorgan failure (Suntharalingam et al. 2006)

the German Paul-Ehrlich-Institut (regulatory authority for the approval of mAb)

is classifying bsAb as high-risk drugs (Schneider et al. 2006).

To avoid unwanted side effects caused by excessive cytokine release, some

investigators have administered bsAb in a locoregional fashion, e.g., by direct

intratumoral or intralymphatic injection in case of low-grade B cell lymphomas

(Manzke et al. 2001a; Manzke et al. 2001b). In a previous study we found that

tumor-associated lymphocytes present in malignant ascites and pleural effusion

from patients with ovarian and breast cancer are already in a preactivated state and

able to efficiently lyse tumor cells in the presence of a bsAb of EpCAM � CD3

specificity without further costimulation (Strauss et al. 1999). These data provided

the rationale for a pilot study of intraperitoneal bsAb therapy in patients with

advanced ovarian cancer and malignant ascites (Marmé et al. 2002). Another

possibility to minimize adverse reactions is to expand and to preload T lymphocytes

from peripheral blood ex vivo with bsAb and to re-infuse them into the patient.

This strategy representing a special form of adoptive immunotherapy was pursued

in several studies of epithelial tumors leading to malignant effusions. BsAb-coated

preactivated T lymphocytes were injected either alone or with additional soluble

bsAb in the pleural or abdominal cavity of the patient (Bolhuis et al. 1992; Kroesen

et al. 1993; Canevari et al. 1995). Lastly, the most demanding procedure is the

systemic application of bsAb. A phase I study was conducted in patients with renal
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cell cancer receiving increasing doses of F(ab0)2 fragments of an EpCAM � CD3

bsAb together with subcutaneous IL-2 (Kroesen et al. 1994). Although high serum

levels of pro-inflammatory cytokines were noted in the patients, the feasibility of

this approach could be demonstrated. Further clinical experience was reported in a

dose escalation study applying a CD19 � CD3 bsAb in non-Hodgkin’s lymphoma

patients (de Gast et al. 1995). Noteworthy, only limited toxicity (WHO grade II)

occurred which was mainly attributed to tumor necrosis factor alpha release.

Intact bsAb carry a Fc portion that potentially can bind to Fc-receptors on a

variety of accessory cells. Mouse bsAb composed solely of IgG1 or a combination

of IgG1 and IgG2a heavy chains are poor mediators of ADCC in human effector

cells due to their weak interaction with activating Fcg receptors like CD16 and

CD64. To improve binding to Fc-receptors, so-called trifunctional bsAb consisting

of mouse IgG2a and rat IgG2b and directed against CD3 and a tumor-associated

antigen were created. In addition to their dual specificity via the two binding

domains, these reagents are able to efficiently recruit and activate accessory cells

as macrophages, NK cells, and dendritic cells by their Fc region leading to secretion

of various cytokines. This third function is able to provide the essential

costimulatory signals to cytotoxic T-lymphocytes (Zeidler et al. 1999). Importantly,

most likely by phagocytes ingesting tumor material a long-lasting anti-tumor

immunity is achieved (Zeidler et al. 2000; Ruf and Lindhofer 2001). One

trifunctional bsAb named catumaxomab (Removab®) with specificity for the epi-

thelial cell adhesion molecule (EpCAM) and CD3 has proven to be especially

effective for the intraperitoneal treatment of malignant ascites which develops

during advanced stages of a variety of intra-abdominal malignancies as ovarian

and stomach cancer (Burges et al. 2007; Heiss et al. 2010). As first bsAb worldwide

catumaxomab was approved in April 2009 in the European Union (Seimetz et al.

2010) and will be discussed in a separate chapter of this book.

In addition to the TCR-associated CD3 molecule other T cell antigens as CD2

(Wild et al. 1999), CD5, and the TCR itself (Ferrini et al. 1989) have been engaged

as trigger molecules of bsAb. Our group has recently reported on a new quadroma-

derived bsAb of the specificity CD19 � CD5 that was employed to target an

ex vivo expanded and activated T cell subset called cytokine-induced killer (CIK)

cells expressing CD5 (Tita-Nwa et al. 2007). Importantly, CD5 targeting bsAb

may be particularly useful in combination with adoptive T cell transfer, e.g., in the

setting of allogeneic stem cell transplantation, as it neither activates nor induces

proliferation of naı̈ve T cells potentially directed against host antigens. Thus, the

danger of a graft versus host reaction in the recipient might be diminished.

But what actually happens when a target cell and an effector cell encounter each

other in the presence of bsAb? We have addressed this question for a bsAb with

EpCAM � CD3 specificity in two experimental systems. In the first setting

a collagen gel three-dimensional tumor reconstruct was used which closely resem-

bled the tumor microenvironment. Dynamic tumor cell–lymphocyte interactions

were recorded by time-lapse video microscopy. Contact duration was about three

times longer in the presence of bsAb compared with control Ab, whereas lympho-

cyte velocity was not influenced (Salnikov et al. 2009). This finding indicates that
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bsAb facilitates and prolongs interactions between tumor cells and lymphocytes

regardless of TCR specificity. In a second set of experiments the molecular binding

characteristics of the EpCAM � CD3 bsAb were analyzed by Single Cell Force

Spectroscopy using an atomic force microscope. The investigation reveals that

bsAb-induced conjugate formation between T cells and tumor cells occurs in

a biphasic process that finally leads to the development of a complete immune

synapse. The early phase of cell adhesion is specific and reversible and consecu-

tively adhesive forces increase in a time and contact force-dependent manner

(Hoffmann et al. 2011). It appears likely that extended contact time and increasing

binding forces between effector and target cell will ultimately initiate T cell activa-

tion and signaling as indicated by the formation of a mature synapse.

2.3.2 Recruitment of Fc Receptor-Bearing Effector Cells

Besides T lymphocytes, Fc receptor-carrying cells of the innate immune system

have been extensively exploited as effectors. Natural killer cells, monocytes,

macrophages, dendritic cells, and neutrophils expose (either constitutively or

upon induction with cytokines) Fc receptors on the surface that can be engaged

by bsAb. In general, two classes of Fc receptors can be distinguished according

to their function: activating and inhibitory receptors that differ with respect to their

cytosolic signal transduction pathway. For bsAb-mediated targeting strategies

especially the activating receptors FcgRIA (CD64), FcgRIIA (CD32), FcgRIIIA
(CD16), and FcaRI (CD89) are of interest. Nevertheless, one important character-

istic of the Fc receptor system is the coexpression of activating and inhibitory Fc

receptors on the same cell whereby inhibitory signaling dominates activation in

order to prevent unspecific stimulation of the immune system (Nimmerjahn and

Ravetch 2006; Nimmerjahn and Ravetch 2007). Natural killer cells represent an

exception from this rule since they carry only the activating FcgRIIIA (CD16).

Functionally, they are cytotoxic lymphocytes which without prior stimulation

can kill a variety of target cells in a non-MHC-restricted fashion. They belong to

the first line of cellular defense of the innate immune system. Ligation of CD16 by

bsAb is able to activate resting NK cells and induce lysis of tumor cells. Under

certain conditions additional application of IL-2 can even enhance the efficacy

(Ferrini et al. 1992; Hombach et al. 1993). First clinical studies evaluating NK

targeting via CD16-specific bsAb showed some minor responses that were achieved

at the expense of severe adverse reactions.

Cells of the myeloid lineage constitutively express activating Fc receptors that

have been employed as exquisite trigger molecules for the induction of cytotoxi-

city. Especially the high affinity receptor for IgG, termed FcgRIA or CD64, was

identified as a well-suited target molecule for bsAb-based immunotherapy of cancer

(Deo et al. 1997; van Spriel et al. 2000; Schweizer et al. 2002). CD64 constitutes an

activating Fc receptor on monocytes, macrophages, and dendritic cells, whereas its

expression can be induced on neutrophils and eosinophils by IFN-g or G-CSF
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treatment. This is of special relevance since polymorphonuclear neutrophils

(PMNs) are the most abundant circulating white blood cells and able to elicit strong

cytolytic and phagocytic activities. They release soluble chemotactic factors that

recruit further nonspecific and specific immune effector cells. Importantly, induc-

tion of FcgRIA on granulocytes and substantial upregulation on macrophages can

be easily achieved in patients by systemic application of the respective cytokine or

growth factor (Repp et al. 1995).

Several bsAb recognizing the CD64 molecule in conjunction with an epithelial

tumor-associated antigen were established during the past years. The tyrosine

kinase receptor HER2/neu, the EGF receptor, the EpCAM cell adhesion molecule,

and the MUC1 antigen are prominent examples for the second binding specificity

for those bsAb being prepared or having already entered clinical testing. So

far, most bsAb trials taking advantage of FcgRIA targeting have demonstrated

moderate to low toxicity but a sustained tumor regression was achieved only in few

patients (Curnow 1997; James et al. 2001). Dendritic cells that also express Fc

receptors were shown to efficiently take up dying antibody-coated tumor cells. This

might lead to an enhanced cross presentation and generation of tumor-specific

T cell responses and ultimately boost antitumor immunity (Weiner et al. 2009).

Finally, in recent studies the Fc receptor for IgA, CD89, has attracted much

attention for bsAb-guided therapy. Comparison of different trigger molecules

expressed on neutrophils revealed that CD89 is the most potent Fc receptor for

tumor cytolysis (Valerius et al. 1997).

2.3.3 Human Anti-Rodent Immunoglobulin Response
Following Bispecific Antibody Therapy

One of the problems related to the therapeutic application of a murine or rat bsAb

is the occurrence of a human anti-mouse antibody (HAMA) or human anti-rat

antibody (HARA) response. It has been shown that HAMA/HARA production

may lead to allergic reactions ranging from mild cutaneous eczema to anaphylactic

shock (Khazaeli et al. 1994). Apart from inducing adverse events, HAMA was

described to block the binding of bsAb to its targets and thereby inhibit cytotoxicity

toward the tumor cells (Lamers et al. 1995). Whether HAMA directed against

the constant part of the mouse immunoglobulin molecule or merely anti-idiotype

antibodies is responsible for such an inhibitory effect in patients has to be further

investigated. In a retrospective study data from three different clinical trials

employing F(ab0)2 fragments of mouse bsAb of the specificity CD3 � folate

receptor for the intraperitoneal treatment of ovarian cancer were analyzed. As one

parameter, the influence of HAMA response on the therapeutic efficacy of the

murine bispecific antibody was evaluated. Surprisingly, patients with high

HAMA levels had a significantly longer median survival probability than patients

with a minor HAMA response (Miotti et al. 1999). Similar results were reported
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from a study using conventional bivalent mouse monoclonal antibodies to treat B

cell lymphoma patients (Azinovic et al. 2006).

There are at least two explanations for this unexpected phenomenon. It is well

established that mouse antibodies can induce a significant anti-idiotypic response in

humans especially after multiple applications. According to the network hypothesis,

the anti-idiotype antibody is immunogenic itself and induces a humoral immune

response by the formation of anti-anti-idiotypic antibodies. Since it is believed that

the anti-idiotype mimics an epitope of the antigen the initial antibody binds to (the

anti-idiotype represents an internal image of the antigen) this immune response is

not only directed against the anti-idiotypic antibody but at the same time against the

primary target. In addition, complexes containing the murine therapeutic antibody

and the human anti-idiotype are internalized and presented by professional antigen

presenting cells. Through the presentation of internal image peptides on MHC

molecules T cells might be stimulated which subsequently elicit an anti-tumor

response. A second possible mechanism may be the direct induction of a cellular

immune response by the murine antibody through its MHC-complexed presentation

by antigen presenting cells. In this case, the processed mouse antibody presented

on the tumor cell would serve as a new artificial tumor-associated antigen that

could be recognized by cytotoxic T cells. In a previous investigation we found that

tumor patients treated with mouse mAb develop T cells that recognize processed

murine immunoglobulin on autologous antigen presenting cells in a MHC class

II-restricted fashion. Mouse mAb directed against various cell surface molecules

can thus be used as antigens to focus these T cells against an MHC class II positive

target of choice (Lanzavecchia et al. 1988). A cellular immune response would

certainly explain the efficacy of an antibody therapy even after formation of

neutralizing HAMA.

2.4 Conclusion and Outlook

The past 25 years of bsAb development have seen several excitements and

drawbacks. Nevertheless, the idea to use redesigned antibody molecules for the

recruitment and retargeting of immunological effector cells to the tumor site has

retained its attraction. One recent milestone was the approval of the first bsAb

catumaxomab in Europe for treatment of malignant ascites arising from EpCAM-

expressing carcinomas (Heiss et al. 2010; Seimetz et al. 2010). Another highlight

was the impressive clinical results obtained with the recombinant CD19 � CD3

bispecific T cell engaging (BiTE) construct blinatumomab in patients suffering

from non-Hodgkin’s lymphoma (Bargou et al. 2008; Baeuerle and Reinhardt 2009).

A multitude of bispecific therapeutics is currently under clinical evaluation. New

applications of bsAb will be further investigated as targeting of two independent

receptors on the surface of one cell or pre-targeting strategies to improve chemo-

and radiotherapy (M€uller and Kontermann 2010). The induction of specific and

long-lasting antitumor T cell responses seems to be feasible by enhancing the
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capacity of bsAb to engage professional antigen-presenting cells via Fc receptors

(Weiner et al. 2009). Moreover, bsAb hold great promise to guide gene-modified

effector cell populations (e.g., TCR-modified T lymphocytes) in order to increase

specificity and affinity in adoptive cellular therapies. After all, there are many good

reasons to believe that now we shall see the light at the end of the tunnel of bsAb-

based cancer therapy in near future (Chames and Baty 2009a).
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Chapter 3

Generation of Bispecific Antibodies

by Chemical Conjugation

Diego Ellerman and Justin M. Scheer

3.1 Introduction

Originally reported as an academic achievement and later envisioned as diagnostic

tools, bispecific antibodies (bsAbs) have now drawn substantial attention as thera-

peutic agents. Interestingly, the first bispecific polyclonal antibodies were produced

by chemically coupling two different polyclonal antibody mixtures (Nisonoff and

Rivers 1961). This pioneering work involved the dissociation of the two different

antibodies and re-association of the two halves. A fraction of the resulting dimeric

antibody was shown to be bispecific by immunoprecipitation. The advent of mono-

clonal antibody technology in 1975 (K€ohler and Milstein 1975) allowed working

with more defined antibody reagents and thus represented a significant advance

toward the goal of producing a homogenous bispecific antibody preparation.

Another breakthrough in the field was the development of recombinant DNA

technology in the 1990s, which was soon adopted for the expression of antibodies.

Since the first report of recombinant antibody expression (Songsivilai et al. 1989),

a plethora of Ab fragments and whole Ab formats have been created. Although

domain fusion by DNA engineering is the prevalent methodology for producing

bsAbs, a significant number of studies are being performed with chemically

crosslinked Abs derived from either hybridoma or recombinant methods. One

longstanding limitation for the introduction of bsAbs into the clinic has been the

difficulty in producing large quantities of homogenous material. In this chapter, we

review the methods currently used for the generation of bsAbs by chemical

conjugation and we discuss recent advances in the field that will likely improve

the yields and quality of the final product as well as open new paths for bispecific

antibodies.
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3.2 Current Methodologies

3.2.1 Overview of bsAbs Generated by Chemical Conjugation

Different antibody structures, or formats, can be produced by chemical conjugation

(Fig. 3.1). By using different starting material and various conjugation strategies,

bispecific fragments, full-length Abs, or combinations thereof can be generated. For

example, two different full-length Abs can be crosslinked to generate a ~300 kDa

bispecific molecule which is bivalent for each antigen (Fig. 3.1a). Alternatively,

a full-length Ab (~150 kDa) can be made bispecific and bivalent for each antigen

by the “chemical programming” approach (Fig. 3.1b). However, most cases of

chemical conjugation utilize F(ab0)2 fragments generated by enzymatic digestion

of parent antibodies, followed by crosslinking of the reduced Fab0 to produce

a monovalent bispecific F(ab0)2 (Fig. 3.1c) or a bispecific F(ab0)3 bivalent for one
of the two antigens (Fig. 3.1d).

The synthesis of bsAb with different formats is often associated with distinct

chemistries: while the crosslinking of intact Igs usually utilizes amino-reactive

reagents targeting lysine side-chains, the production of a bispecific F(ab0)2 generally
relies on sulfhydryl-reactive crosslinkers. In addition to the differences in primary

chemical reactivity, crosslinkers can also be hetero- or homo-bifunctional. Homo-

bifunctional compounds contain the same reactive group at both ends of the mole-

cule, whereas hetero-bifunctional reagents posses two different reactive groups.

The amino-reactive crosslinkers used for producing bsAbs are in general hetero-

bifunctional whereas the sulfhydryl-reactive crosslinkers are homo-bifunctional.

The pros and cons of each method are described in the following sections.

Fig. 3.1 Formats can create different valencies. Two full-length antibodies can be conjugated to

produce a ~300 kDa construct bivalent for each antigen (a). “Chemical programming” covalently

modifies an Ab incorporating a small molecule module targeting two different proteins (b).

Crosslinking of Fab0s can generate bsAbs monovalent for each antigen (c) or bivalent for one of

the two antigens (d)
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3.2.2 Hetero-bifunctional Reagents

3.2.2.1 SPDP

Most of the hetero-bifunctional reagents used for producing bsAbs react with amino

groups. An amino-reactive crosslinker, which has been extensively used for the

conjugation of different proteins, including antibodies, is SPDP (succinimidyl-3

(2-pyridylthiol)propionate). The different steps involved in crosslinking Abs with

SPDP are shown in Fig. 3.2a. First, both antibodies are incubated separately with

SPDP to react the activated succinimidyl ester end of SPDP with the e-amino

groups on lysine residues, forming an amide linkage. The amount of SPDP

used in the reaction influences the degree of crosslinking of the Ab, so higher

concentrations of SPDP produce increased crosslinking rates. This, however, risks

inactivation of the Ab due to reaction with residues involved in binding the antigen.

Fig. 3.2 Hetero-bifunctional crosslinkers. (a) Antibody conjugation using SPDP. Each antibody

is incubated separately with SPDP (1) (R ¼ CH2CH2). The e-amino group of lysine react with the

succinimidyl group of the crosslinker, generating the pyridyldithiol activated protein (2). Treat-

ment with DTT at low pH cleaves the crosslinker’s internal disulfide producing the sulfhydryl-

activated protein (3). The sulfhydryl group in the first antibody reduces the disulfide present in the

modified second antibody, generating the heteroconjugate linked by a reducible disulfide bond

(highlighted in gray). (b) Crosslinking using Traut’s reagent and sulpho SMCC. One antibody is

treated with Traut’s reagent (1) while the other is treated with sulpho-SMCC (2)

(R¼cyclohexane). Co-incubation of the two modified antibodies leads to the reaction of the

sulfhydryl group introduced by the Traut’s reagent with the maleimido group introduced by

sulpho-SMCC (3) generating the bsAb linked by a non-reducible thioether bond (4)
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A four molar excess of SPDP has been found to provide adequate crosslinking

while modifying less than 10% of the total lysine residues in an Ig molecule (Segal

and Bast 1995). After modification with SPDP, one of the two Abs is treated with

DTT at low pH to reduce the antibody-bound pyridylthiol propionate (PDP) groups

in preference to the intrinsic disulfide bonds of the antibody. Upon co-incubation

with the other SPDP-modified Ab, the SH introduced in the first Ab reacts with the

2-pyridil thiol group generating the bispecific heteroconjugate linked by a disulfide

bond. The resulting bsAb is a heterogenous sample conjugated at random sites. In

addition to the bsAb, crosslinking produces a significant percentage of aggregates

of antibodies of varying sizes from which the bsAb needs to be purified by methods

such as gel filtration. Yields of the dimeric bsAb have been reported to be in the

30–40% range (Karpovsky et al. 1984).

3.2.2.2 Traut’s Reagent/SMCC

Although used widely in protein conjugation, bsAbs crosslinked with SPDP have

a reducible disulfide bond that may be unstable in the presence of reducing agents.

A way to generate a more stable link is to use two different amino-reactive hetero-

bifunctional crosslinkers for the two parental Abs. One of the crosslinkers introduces

a SH group (like SPDP) while the other incorporates a maleimide group, which reacts

with a free-thiol (SH) to generate a non-reducible thioether crosslink. A strategy

that has been widely employed for generating bsAbs is to use Traut’s reagent

(2-iminothiolane) to introduce a SH in one of the antibodies and Sulpho-SMCC

(sulpho-[succinimidyl-4-(N-maleimidomethyl)-4-cyclohexane-1-carboxylate]) as the

maleimido-containing crosslinker used to modify the second Ab (Fig. 3.2b). The

resulting product is a bsAb that is bivalent for each antigen, as well as some unwanted

multimeric product. One of the major caveats of this method is that the reported

yields for the dimeric product are low (~10–29%) (Reusch et al. 2006; Lee et al.

2007).

Hetero-bifunctional crosslinkers can be used on intact Abs or on Ab fragments

generated by enzymatic digestion. However, the crosslinking of intact Abs is

reported more frequently, probably because of the associated simplicity. One of

the main advantages of the use of hetero-bifunctional reagents is that they rely on

amino groups present in any Ig molecule, making it amenable to all Ig subclasses

and Igs from different species. Thus the use of hetero-bifunctional crosslinkers

provides a fairly quick and easy way of preparing bsAbs. On the other hand,

one noted disadvantage is that because there is no control on the attachment site,

reaction of residues involved in antigen binding could inactivate the Ab. In addi-

tion, because of the multiple reactive sites per molecule, a trade off between

maximizing the crosslinker incorporation and reducing the formation of multimers

reduces yields. Therefore, the main drawback of these methods is the heterogeneity

of the bsAb and the consequent batch-to-batch variation. In spite of these

limitations, bsAbs obtained by these approaches have been used for a variety of

applications such as directing cytotoxic T cells to cancer cells (Reusch et al. 2006),
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targeting endothelial cells with adenoviruses for gene therapy (Miller et al. 2005),

delivering toxins to target cells (Raso et al. 1997), immunosuppressive therapies

(Vasu et al. 2003), in vivo imaging (Khaw et al. 2006), immunoassay development

(Khaw et al. 2005), and now recently for directing the migration of stem cells to

injured tissues (Lee et al. 2007; Langer et al. 2010).

3.2.3 Homo-bifunctional Reagents

As mentioned above, the abundance of amine groups in an Ig molecule capable

of reacting with hetero-bifunctional reagents is the main source of the heterogeneity

of the final bsAb product. In contrast, the frequency of free sulfhydryl occurrence

in antibodies is usually low or nonexistent compared to amine groups. The use of

sulfhydryl-reactive chemistries thus can restrict modification to only a limited

number of sites in an antibody. Homo-bifunctional reagents used for producing

bsAbs react with sulfhydryl residues, either generated by reduction of the hinge

disulfide or by using engineered cysteines. While crosslinking using amino-reactive

reagents has been more often carried out on intact antibodies, Ab conjugation based

on SH groups is generally applied to F(ab0)2 fragments.

One shortcoming of the original method described by Nisonoff was the poor

yields of the bispecific product because of the formation of homodimers and the

formation of intra-chain disulfide bonds. Later on Brennan et al. (1985) reported

the use of sodium arsenite to prevent the formation of intrachain disulfide bonds in

one of the Abs and the activation of the thiol groups in the other Ab by reaction

with DTNB [5,50-dithiobis-(2-nitrobenzoic acid)]. The methods currently used are

variations of the original method using the crosslinker o-phenylenedimaleimide

(o-PDM) (Glennie et al. 1987). The first step consists in reducing the cysteine

residues in the hinge region of the F(ab0)2 to generate Fab0 fragments. Then one of

the Fab0 species is selected for alkylation with o-PDM, a reagent that contains two

maleimide groups capable of reacting with vicinal thiol to form a cycle. In order

to crosslink the two Fab0 species, one of the two maleimide groups needs to be

available to react with the second Fab0, therefore this method is useful only for Ig

molecules containing an odd number of cysteine residues in the hinge region (i.e.,

mouse IgG1, IgG3, IgG2a, rabbit IgG, rat IgG1). In Fig. 3.3a mouse IgG1 Fab0 with
three cysteines in the hinge is illustrated: two of the cysteine residues react with

a single o-PDM while the third is linked to a o-PDM molecule containing a

nonreacted maleimide. The modified Fab0 (Fab-A-mal) is then reacted with the

other reduced Fab0 (Fab-B). When equal amounts of the two parental Fabs are used,

the major product is a bispecific F(ab0)2, resulting from the reaction of Fab-A-mal

with the SH in Fab-B. Increasing the proportion of Fab-A-mal in the reaction

produces a significant amount of F(ab0)3 generated by the reaction of two molecules

of Fab-A-mal with two free SH groups in a single Fab-B molecule. The remaining

SH groups in the Fab-B can be alkylated to prevent the formation of multimers and

finally the different products are separated by size exclusion chromatography.
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As mentioned above, the application of this methodology is restricted to IgGs

with an even number of Cys residues in the hinge. This is a limitation for human

or humanized antibodies often used for human therapy to avoid eliciting an anti-

antibody immune response. A way to circumvent this problem is to express

humanized Fab0 recombinantly with only one of the cysteines in the hinge region

of the antibody (Shalaby et al. 1992). An alternative strategy we have developed

uses N-ethylmaleimide (NEM) to partially block the SH groups. F(ab0)2 fragments

generated by enzymatic digestion are reduced and then reacted with one equivalent

of NEM so three different products are formed (a) unreacted Fab0, (b) Fab0 with one
sulfhydryl alkylated, and (c) Fab0 with all two sulfhydryl groups alkylated. Only the
first two products, containing either two or one free thiols respectively, are reactive

in the subsequent incubation with a bis-maleimide crosslinker. This reaction

generates a Fab0 with its two Cys linked to a single bis-malemide molecule, and

a Fab0 with one NEM and one crosslinker molecule. This last species is the only one

capable of reacting with a second Fab0.

Fig. 3.3 Homo-bifunctional crosslinker o-PDM. (a) Generation of a bsAb monovalent for each

antigen. Incubation of the Fab0 containing an odd number of cysteines in the hinge region (Fab-A)

with o-PDM produces the crosslinker-mediated cyclization of two cysteines (R¼o-PDM), while

the third cysteine is conjugated to a crosslinker molecule containing an unreacted maleimide

group. One of the SH groups in the second Fab0 (Fab-B) reacts with the maleimide group to

generate the monovalent bsAb. (b) If Fab-A is present in excess, it reacts with free SH groups in

the conjugated Fab-B generating a bsAb bivalent for Fab-A and monovalent for Fab-B
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Although aggregates are not significantly formed when homo-bifunctional

crosslinkers are used, a measurable amount of heterotrimers is formed if the anti-

bodies contain more than one cysteine residue in the hinge region. Typical yields

are 65–75% of F(ab0)2 heterodimer, and 25–35% F(ab0)3 heterotrimer. Besides the

improved yields compared to methods based on hetero-bifunctional reagents,

methods using homo-bifunctional reagents are directed to specific sites (such as

cysteines in the hinge region) and thus do not cause antibody inactivation.

3.2.4 Chemically Programmed Antibodies

This approach uses a specific antibody (Ab 38C2) as a scaffold onto which small

drugs or peptides targeting a specific protein are covalently linked. The Ab 38C2 is

a catalytic Ab with aldolase activity. The active site contains a lysine residue with

an exceptional nucleophilic property, which can be selectively and covalently

labeled with small molecules or peptides containing a diketone or a b lactam

functional group. The chemical programming of Abs potentially combines the

structural diversity and simple manufacturing features of small drugs with the

tunable half-life and valencies of antibodies (Rader et al. 2003). As a proof of

concept for this approach, mAb 38C2 was reprogrammed to target the endothelin

receptor with a small molecule (Doppalapudi et al. 2007) and integrins avb3 and
avb5 with a peptide (Rader et al. 2003). More recently, conjugation of RNA

aptamers to the same antibody scaffold has been shown to significantly increase

the half-life of the aptamer while retaining its biological activity (Wuellner et al.

2010). The chemical programming of antibodies can also be carried out in vivo.

Mice actively immunized with KLH conjugated to a small molecule containing a

diketone raise an immune response producing Abs that can covalently bind to the

diketone-containing molecule (Popkov et al. 2009). Subsequent administration of

a chemical module containing a diketone leads to the covalent modification of the

Abs in vivo and can redirect the antibody toward the specified targets. Antibodies

programmed in vivo by this approach showed the ability to reduce the growth of

syngeneic tumors in mouse models (Popkov et al. 2009). If the diketone-containing

module targets two proteins instead of one, a bivalent, bispecific, chemically

programmed antibody can be generated. Using this approach, a bsAb targeting

integrins avb3, avb5 and the luteinizing hormone releasing hormone receptor

(LHRHR) was created (Gavrilyuk et al. 2009). The resulting bsAb was able to

specifically bind the targeted proteins expressed on cancer cells as well as the

isolated proteins (Gavrilyuk et al. 2009). Clinical trials using chemically

programmed Abs are underway (http://www.clinicaltrials.gov).

3.2.5 Clinical Applications

Starting in the early 1990s, a number of bsAbs have been tested in clinical trials.

The first bsAbs that were tested for their safety and efficacy in patients were
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generated either by the quadroma technique or by chemical crosslinking. Chemi-

cally conjugated bsAbs have been used mainly in oncologic clinical studies. Within

the oncologic applications, different bsAbs have exploited distinct therapeutic

strategies, which are briefly described below.

3.2.5.1 Retargeting Immune Effector Cells

The first bsAbs tested in clinical trails were a series of F(ab0)2s generated by cross-

linking with o-PDM and were directed against the Fc receptor FcgRI (CD64) and
a tumor antigen with the goal of recruiting effector cells to the tumor. The FcgRI
receptor is constitutively present on monocytes, macrophages, and on activated

polymorphonuclear granulocytes (PMN) and mediates cellular responses such as

cytotoxicity, phagocytosis, and respiratory burst. Two of these bsAbs generated

by chemical conjugation have been tested in the clinic: MDX-210 and MDX-447.

BsAbs MDX-210 and its derivative, a partially humanized version, MDX-H210,

targeted HER2, which is overexpressed in a variety of human carcinomas, whereas

MDX-447 targeted the epidermal growth factor receptor (EGFR) overexpressed in

some neck, kidney, bladder, and prostate cancers. Initial in vitro studies showed

that MDX-210 and MDX-H210 could induce high cytotoxic effect on cell lines

overexpressing HER2 in the presence of activated PMN cells (Repp et al. 2003).

Similarly, MDX-447 effectively induced cytolysis in vitro of cells expressing high

levels of EGFR. When administrated to patients the bsAbs were well tolerated, but

in spite of the encouraging preclinical data, they did not produce consistent

antitumor results (Pullarkat et al. 1999; Repp et al. 2003; Fury et al. 2008). This

result was thought to be due in part to the suboptimal concentration of the bsAbs

achieved within the tumor, the short half-life of the therapeutic proteins (2–8 h), and

the high effector to target ratios required for lysis (Valone et al. 1995).

3.2.5.2 In Vitro Arming T Cells

An approach related to the recruitment of cells expressing Fc-receptors is the

recruitment of cytotoxic T cells. Cytotoxic T cells are the most efficient cell-lysing

effector cells of the body, but unlike macrophages, PMN and NK, they do not

express Fcg receptors. Thus, bsAbs aimed at recruiting cytotoxic T cells target

instead the T-cell receptor (TCR) component CD3. However, for full activation

of T cells, a secondary signal is required in addition to engaging the TCR. This

limitation applies to most bsAb formats in the published literature to date with the

exception of bispecific T-cell engagers (BiTE®), which are discussed in Chap. 15.

One way to overcome the requirement for the administration of multiple drugs to

achieve full T-cell activation in vivo is to activate and expand autologous T-cell

in vitro, “arm” them with the bsAb and then transfer the cells back to the patient to

redirect the lysis of tumor cells. Expansion and activation is achieved by using

the anti-CD3 Ab OKT3 together with low doses of IL-2. One advantage of this
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ex vivo strategy over the in vivo redirecting of T cells is that the bsAbs are not

administrated systemically, reducing the chances for toxic side effects. Three

crosslinked intact antibodies are being tested for in vitro T-cell arming: CD20-Bi

(OKT3 � Rituximab) for the treatment of multiple myeloma, HER2-Bi (OKT3 �
Trastuzumab) for the treatment of metastatic breast cancer and hormone-refractory

prostate cancer, and EGFR-Bi (OKT3 � Cetuximab). Ongoing phase I/II studies

with HER2-Bi-armed T cells have shown the treatment is well-tolerated (with

occasional chills and fever) and improved survival rates (Lum et al. 2007). Preclin-

ical studies showed T cells armed in vitro with EGFR-Bi can delay the growth

of tumors in animal models for pancreatic cancer (Reusch et al. 2006). Two Phase I

clinical studies for this bsAb in advanced nonsmall cell lung cancer patients and in

patients with advanced solid tumors are ongoing (http://www.clinicaltrials.gov).

Application of this method is further described in Chap. 14.

3.2.5.3 Pretargeting

Radioimmunotherapy has long been used for the treatment of cancer. One problem

originally associated with this technique was the high toxicity due to the presence

in circulation of the radiolabeled antibody. To overcome this problem, a strategy

called “pretargeting” was developed in the 1990s. A bsAb specific for a tumor

antigen and for a short peptide is administered and allowed to bind to the tumor.

After some time all the unbound Ab is cleared from circulation and the radionuclide

complexed to the peptide is then injected. A fraction of the peptide binds to the

tumor-bound antibody and the free radionuclide is cleared very rapidly from the

body resulting in concentrations in the tumor ten times higher than in the blood or

normal tissue after 1 h of the radionuclide injection. The separate delivery of

antibody and radionuclide significantly reduces the radionuclide residence time in

the blood, thus reducing dose-limiting toxicities. In preclinical studies, pretargeting

showed reduced toxicity and improved efficacy in animal models. A crosslinked

F(ab0)2 bsAb binding both the carcinoembryonic antigen (CEA) and a short peptide

has been evaluated for the treatment of medullary thyroid cancer. Initial phase I/II

studies showed that the dose-limiting toxicity was hematological and a tumor

stabilization rate of 45% in a 1-year assessment was observed (Kraeber-Bodere

et al. 1999, 2006). A retrospective study comparing the treated patients vs. the

nontreated patients indicated that the treated patients had a longer survival than

nontreated patients (10-year overall survival of 83% vs. 14%) (Chatal et al. 2006).

More recently, a study aimed at evaluating the clinical response was carried out,

and the preliminary analysis of the results showed efficacy rates, assessed by

positron emission tomography and biomarker levels, ranging between 50 and

60% (Kraeber-Bodere et al. 2010).

The use of bsAbs for pretargeting has been improved recently by using Abs

generated by the “dock and lock” method, discussed in Chap. 12. The Abs

generated by this method are trifunctional molecules made of three Fab fragments,

one targeting the peptide and two able to bind the tumor-specific antigen.
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The presence of more than one arm targeting the tumor confers a higher avidity

which leads to a superior accumulation and retention in the tumor.

3.3 Future Possibilities

The main hurdle for the transfer of chemically conjugated bsAbs to clinical

applications has been the low yield and heterogeneity of the products. Several

incipient technologies in the area of bioconjugation chemistry may help to improve

both the yield and the homogeneity of bsAbs as well as the pharmacokinetics

properties.

3.3.1 Bis-Fabs

Antibody-drug conjugation is a current therapeutic approach that also produces

heterogeneous products due to the presence of multiple reactive sites. In an effort to

improve yields and product quality, a recent study aimed at achieving site-specific

conjugations scanned different positions in an antibody for the introduction of

cysteine residues having high reactivity and without interfering with protein folding

or antigen binding. Using Trastuzumab Fab as a model, serine, alanine and valine

residues with high solvent accessibility were selected for mutagenesis and the

proteins expressed in a phage-display-based assay for reactive cysteines (Junutula

et al. 2008a). The assay revealed some positions that had high reactivities and no

interference with protein folding or antigen binding. The identified high-reacting

sites were used in full-length antibodies to create engineered molecules with single-

site reactivity which were coined Thio-mAbs. Some of the engineered variants

showed greater than 90% conjugation efficiencies along with near-equivalent

stoichiometry. In addition, using several drug-conjugated Abs targeting tumor

antigens, Thio-mAbs showed improved safety without loss of efficacy compared

to Ab-drug conjugates generated by standard methods (Junutula et al. 2008b). The

high conjugation rates and product homogeneity achieved with Thiomabs made

them a very attractive platform to develop a more efficient process to produce

bsAbs by chemical conjugation. Thus we adapted the Thiomab technology to

develop a bsAb production process. We refer to the resulting bsAbs as “bis-Fabs”

to include the name of the crosslinker employed, bis-maleimide (Fig. 3.4a).

The two-step production method is a variation of the strategy using a SH reactive

homo-bifunctional crosslinker.

After designing two Thio-Fabs with engineered cysteines, the first synthesis step

converts more than 90% of the thio-Fab into the desired product. This product can

be separated from the non-reacted crosslinker by gel filtration. In the second

step, the modified Fab (thio-Fab-mal) is incubated with the unmodified Thio-Fab

generating the bispecific bis-Fab. Usually the Thio-Fab present in limiting amounts
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reacts completely, while a fraction of the Thio-Fab in excess remains unreacted. Thus

bis-Fab technology allows the production of bsAbs with rates of conversion greater

than 90%, which is a significant improvement over the traditional crosslinking

methods. Moreover, it generates conjugates with an exquisitely defined composition

and batch-to-batch reproducibility.

To characterize the bis-Fab production process, we initially generated a series of

monospecific bis-Fabs using Trastuzumab as a model. Different Trastuzumab Fabs

Fig. 3.4 Prospective developments. (a) Bis-Fabs production for engineering structural variants.

Thiomabs are mAbs containing engineered cysteine residues at varying positions (1). ThioFabs are

the Fabs derived from Thiomabs (2). Sulfhydryl crosslinking of ThioFabs generate bis-Fabs.

Because the site of attachment is an engineered cysteine, the location of the covalent attachment

can be moved to nearly any position in the heavy chain or light chain. Thus, structural variants of

the bis-Fab can be generated by altering the engineered cysteine. Note the different positions of the

crosslinking and the orientation of the binding sites with respect to each other (3). (b) Non-natural

amino acids and click reactions. Non-natural amino acids are incorporated into proteins during

in vivo translation using engineered tRNAs (1). Various non-natural amino acids can be added

using different recombinant strains of E. coli (2). The non-natural amino acids allow using

different chemistries such as the click reaction azide-alkyne [3+2] cycloaddition catalyzed by

copper (I) (3). (c) Addition of other functionalities into the crosslinker. Fabs can be modified using

a crosslinker carrying a third reactive group. This reactive group can be used to site-specifically

conjugate other molecules, such as siRNA, peptides, PEG, toxic drugs, or fluorophores
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with engineered cysteine residues at varying positions in either the light or

heavy chain were conjugated to each other according to a matrix arrangement.

Trastuzumab binds to HER2, inhibiting its tyrosine kinase activity that is required

for cellular replication. Therefore, the functional tests consisted in assaying the

effect of the bis-Fabs on the replication of HER2-positive cells. Although most of

the conjugates showed an inhibitory effect on cell proliferation, unexpectedly

other bis-Fab variants showed a stimulatory effect (unpublished observations).

Additional analysis of the bis-Fabs promoting cell proliferation indicated they caused

an increase in the tyrosine kinase activity of HER2 (unpublished observations). The

agonist-like bis-Fabs differ from the parent antibody only in the spatial orientation

of the two antigen binding sites with respect to each other. It is remarkable that by

solely changing the three-dimensional configuration, an antibody can acquire the

opposite biological effect to the parent Ab. However, this technology provides

increases in (1) efficiency, (2) reproducibility, and (3) novel strategies for engineering

activity. This observation opens important opportunities for antibody development.

3.3.2 Non-natural Amino Acids/Click Chemistry

As mentioned, the presence of multiple reactive sites in a protein leads to heterogene-

ity in the conjugation products. A way to overcome this problem is to incorporate into

proteins non-natural amino acids with different functional groups. These non-natural

amino acids have a wide range of structures and functions not present in the natural

amino acid repertoire, and thus provide the opportunity to use other chemistry. In

protein therapeutics, the incorporation of non-natural amino acids containing orthog-

onal reactive functional groups allows site-specific modification with many additional

conjugates. The potential modifications include conjugation of toxins, radioisotopes,

polyethylene glycol, and siRNA. Different strategies are being explored for the

incorporation of non-natural amino acids. A semi-synthetic approach involves two

steps: a short peptide (<50 aa) containing the non-natural amino acid is generated

in vitro by solid phase synthesis, while the rest of the protein is produced by

recombinant expression. The two pieces are modified at their termini with mutually

reactive groups and linked to each other (de Graaf et al. 2009). An in vivo strategy for

the incorporation of non-natural amino acids, which may be more versatile, is to use

engineered or foreign pairs of tRNA and aminoacyl-tRNA synthetases (Fig. 3.4b).

Using this approach, over 70 non-natural amino acids have been added to the genome

of bacteria, yeasts, and mammalian cells (Liu and Schultz 2010).

An in vitro enzymatic approach to introduce non-natural amino acids into

a protein is based on the activity of the formylglycine generating enzyme (FGE)

(Wu et al. 2009). The enzyme recognizes a 12 aa sequence (LCTPSRAALLTGR)

present in the active site of Type 1 sulfatases, and catalyzes the conversion of cysteine

into formylglycine which possesses an aldehyde group. Heterologous proteins

containing a minimized target sequence (6 aa) can be expressed in Escherichia coli
and efficiently modified by a co-expressed FGE (Carrico et al. 2007). In addition
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to modifing proteins expressed in E. coli, the system has been shown to work also

for the expression of recombinant proteins, including IgG, in mammalian cells.

Unlike expression in bacteria, the initial rates of conversion of cysteine to

formylglycine in mammalian cells are variable, but they can be increased to

~90% with some optimization (Wu et al. 2009). The aldehyde tag can be then

reacted with hidrazides or aminooxy-functionalized molecules, thus allowing the

site-specific modification of the protein.

The main advantage of non-natural amino acids is that they offer reactivities not

found in natural amino acids, some of them pertaining to the “click chemistry.” This

term refers to chemical reactions with high rates and selectivity, requiring simple

reaction conditions (Kolb et al. 2001). One such reaction that has been successfully

used for the conjugation of biomolecules is the copper (I) catalyzed azide-alkyne

[3+2] cycloaddition (CuAAC) (Fig. 3.3b). This reaction can be carried out at

biologically compatible conditions (physiological pH and temperature) and in a

variety of solvents achieving high conjugation efficiencies. A particularly relevant

example of non-natural amino acids used for site-specific modification emerged in a

study describing protein–protein crosslinking. Bundy and Swartz (2010) described

the site-specific, linker-less, one-step crosslinking of two proteins containing non-

natural amino acids and using a CuAAC reaction, showing that the strategy could

also be used to improve the production of bsAbs. Given the robustness of click

reactions and the fact that bio-orthogonal conjugation reactions can be carried out in

the presence of other proteins that contain only natural amino acids, it is possible to

envision the future development of a technology to crosslink antibodies in a crude

extract, requiring only the downstream purification of the crosslinked product. This

“one-pot” approach for the generation of chemically crosslinked bsAbs would

translate in to reduced costs and complexity of the process. Because copper is toxic

to cells, a disadvantage of copper-catalyzed reactions for the production of therapeu-

tics is the potential presence of residual copper in the product. A series of compounds

have been recently developed for the fast and selective cycloaddition reaction with

azide-containing biomolecules in a copper-free manner (Jewett and Bertozzi 2010).

Since copper-free cycloaddition reactions do not interfere with normal metabolism,

they can be used without interfering with cell viability. The application of these

reactions to the production of bsAbs would not only eliminate the risk of copper

contamination, but in systems supporting the co-expression of both Ab arms, it could

also allow integrating the crosslinking step to the protein expression process.

3.3.3 Addition of New Functionalities

The use of crosslinkers to produce bsAbs provides an opportunity to incorporate

more functionality into the protein. In addition to the two reactive groups, some

crosslinkers contain a third reactive group that can be used to incorporate other

molecules such as siRNA, fluorophores, cytotoxic drugs, stimulating peptides,

PEG, or a third protein (Fig. 3.4c). The addition of other molecules into the
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crosslinker has the advantage of being site-specific and thus reducing both the risk

of inactivating the Ab and the heterogeneity of the product.

An area where this strategy is already being used is the PEGylation of proteins.

Most of the bsAbs produced by chemical crosslinking are in the F(ab0)2 format. The

smaller size of F(ab0)2 bsAbs with respect to an IgG endow them with some

advantages, i.e., a better tumor penetrance. However, they have a significantly shorter

half-life in serum, which could reduce the therapeutic potential for some applications.

PEGylation is a well-established modification that extends the protein half-life and

has been clinically proven in marketed products. Current PEGylation methods are

inefficient because they yield heterogeneous products of varying potency. Although

several methods have been recently developed to PEGylate proteins in a more

controlled fashion (Deiters et al. 2004; Brocchini et al. 2008; Maullu et al. 2009),

the use of a new generation of crosslinkers carrying PEG of various MWmake easier

the production of Ab fragments with half lives that can be adjusted to the needs of the

intended application. In a similar way, the ability to design new crosslinkers already

loaded with cytotoxic drugs or fluorophores will likely simplify the production of

bsAbs for antibody-directed chemotherapy and imaging purposes.

3.4 Concluding Remarks

The concept of bispecific antibodies originated more than 40 years ago. However,

only in recent years, have they been considered as viable therapeutic tools. A

number of crosslinked bsAbs are at present being tested in clinical trials (Hollander

2009; Gu and Ghayur 2010). Although the treatment of cancer is probably the

area where most of the efforts are currently made, other therapeutic areas include

the treatment of infectious diseases, regenerative medicine, neuromedicine and

immune diseases. Besides therapeutics, bsAbs are also used in fundamental

research, imaging, and diagnostics. These diverse applications of bsAbs have

specific and distinct requirements (i.e., protein size, pharmacokinetic properties,

valency, presence or absence of the Fc). Thus there is the need for a wide variety of

formats with different properties. Chemical conjugation is a versatile tool that

allows the production in a modular fashion of several different bsAb formats.

Although the main limitation of bsAbs produced by chemical conjugations for

clinical applications has been the heterogeneity of the products and low yield of

the process, the adoption of technologies discussed in this chapter will allow a more

efficient and site-specific crosslinking, contributing to improve the yields and

product quality. Moreover, the development of bis-Fabs technology with its unique

ability of modifying the relative geometry of the two antigen binding sites further

expands the general capabilities of bsAbs. In summary, advances in the field

of bioconjugation will help make chemically conjugated bsAbs an affordable,

attractive way of generating new biotherapeutics.
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Chapter 4

Trivalent and Trispecific Antibody Derivatives

for Cancer Therapy

Christoph Stein, Ingo Schubert, and Georg H. Fey

4.1 Introduction

Antibodies carry two main functional domains, the antigen binding site and the Fc

region, which recruit effector functions. The Fc-domain can be bound by a number

of different types of Fc-receptors (FcRs) present on effector cells. This diversity has

the advantage that multiple populations of effector cells can be recruited to carry

out various effector functions, which overall benefit the host defense against

infectious agents. However, the diversity carries a price, which becomes apparent

when antibodies are used for cancer therapy. Here, a sizeable fraction of the

injected dose never reaches the cancer cells, because it is absorbed by FcRs on

a number of healthy cells. This often results not only in a net reduction of the

effective dose, but also causes undesired side-effects, because some of the cells

carrying FcRs modulate immune-responses. An example is FcgRIIb (CD32b), a

low-affinity receptor for polymeric and aggregated immunoglobulin (Ig). Binding

of antibodies by CD32b leads to a dampening of the B-cell response, and this can be

one of the mentioned unfavorable effects. Therefore, investigators have tried to

replace or to modify the Fc-domain, which permit them to address only the desired

type of FcR on the effector cells, and thereby to reduce side effects. With this intent,

bispecific antibody derivatives have been produced for the last two decades

(Chames and Baty 2009; Hartmann et al. 1997; Muller and Kontermann 2007).

However, the production of bispecific conjugates between full-length Igs or their

Fab fragments presented major manufacturing problems, and therefore, this format

has been abandoned. As a consequence, interest in bispecific antibodies was low for

many years, and bispecific agents have only become more attractive again with the

arrival of recombinant formats, which circumvent these manufacturing problems.
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In the past 5 years, the interest in bispecific and trispecific agents has seen a great

revival.

The renewed interest was largely spurred by the first successful application of

a recombinant bispecific agent, BlinatumomabTM, in clinical trials. This fusion

protein between scFvs specific for CD19 on B-lymphoid cells and CD3 on

T lymphocytes, respectively, was highly successful in clinical trials for B-cell

lymphomas of adults (Bargou et al. 2008) and ongoing clinical studies

for acute lymphoblastic leukemia (ALL) in children (Handgretinger et al. 2010;

Topp et al. 2009).

Although bispecific agents of the BlinatumomabTM format present clear

advantages, they still leave room for improvement. One of their shortcomings is

a short plasma half-life, which in humans is on the order of 1 h. This requires

application in multiple-repeat doses or continuous delivery, which can be inconve-

nient for the patient. The short plasma half-life of bsscFvs probably is due to a large

extent to the excretion of the agents on first pass through the kidney. To improve the

plasma half-life of bsscFvs, our team has designed sctbs, by extending bsscFvs

through the addition of a third scFv, carried in the same polypeptide chain.

This addition raised the mass to about 90 kDa, well above the kidney threshold,

which should result in a prolonged plasma half-life. The expectation was born

out, at least in mice, and the sctb format showed other favorable features. The main

additional advantages were an increased avidity for the cancer cell, resulting

in greatly reduced concentrations for cytotoxic activity, and the ability to design

dual-targeting sctbs, carrying binding sites for two different antigens on the tumor

cell. This latter feature generated attractive new applications of the format, which

cannot be reached by bsscFvs, due to their monovalent binding to cancer cells.

These new features have not yet been fully explored, and a rigorous proof of the

benefit of dual targeting for cancer therapy is still missing. However, the initial

results are encouraging and are therefore restated here.

4.2 The Single-Chain Triplebody Format

4.2.1 General Structure of Single-Chain Triplebodies

Sctbs (Fig. 4.1a) carry two specific binding sites for antigens on the cancer cell, and

one for a trigger molecule on an effector cell, permitting to recruit them for the

elimination of the cancer cell. In strict terminology, this cytotoxic effect is called

“redirected lysis,” although many authors also refer to it as antibody-dependent

cellular cytotoxicity (ADCC). The linkers connecting the three scFvs are multiples

of the (Gly4Ser) building blocks, mostly 20 amino acids in length. Computer-

assisted modeling of the sctb with two linkers of 20 amino acids each predicted

the distance between the two distal binding sites to be 20 nm in the fully extended

configuration (Singer et al. 2010; Fig. 4.1b). However, we have also used linkers of
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10, 30 and 50 amino acids in length, and sctbs carrying these linkers were also

stable and functionally active. Through the design we hoped to maximize the

probability that one sctb molecule would simultaneously bind with both distal

binding sites to the cancer cell, and at the same time to the effector cell and activate

it for ADCC. In this manner, the central binding domain for the trigger molecule

serves as a spacer between the two binding sites for tumor antigens. This arrange-

ment should increase the probability for bivalent binding to the cancer cell, even

for low-density tumor antigens. If the effector cell is a macrophage, we anticipate

that sctbs will bind with their central binding site to a trigger molecule on the

macrophage surface and activate it for phagocytosis, although this effect has not yet

been directly studied. We have built sctbs carrying a scFv binding domain specific

for CD64 (FcgRI), present on macrophages and cytokine-activated neutrophilic

granulocytes. Using neutrophilic granulocytes from donors treated in vivo with

cytokines to activate the granulocytes and to upregulate CD64, ADCC was

observed in a small number of experiments. Similarly, one may try to place an

scFv specific for CD89, the receptor for IgA (FcaR), which is constitutively

expressed on neutrophilic granulocytes, and thus to recruit these cells as effectors.

This has not yet been attempted, although we have worked with a bsscFv HLAII-

CD89, carrying scFvs specific for HLA class II on malignant B-lymphoid cells and

for CD89, and have observed strong ADCC effects using human granulocytes as

effectors (Guettinger et al. 2010).

Fig. 4.1 Design of a recombinant single-chain triplebody. (a) Block-structure of the expression

vector for sctbs. CMV, cytomegalovirus early promotor; Igk secretion leader sequence from the

murine Ig kappa L chain; VL,VH, cDNA sequences coding for the V regions of Ig L- or H-chains;

L, cDNA coding for a 20 amino acid flexible linker (Gly4Ser)4; Strep, c-myc, 6� His, cDNA

coding for a strep, c-myc or a hexahistidine tag. (b) Graphic representation of the sctb 33-16-33

geometries as space-filling models. ScFv domains are geometry optimized homology models

based on existing X-ray structures
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4.2.2 All Three Binding Sites of a Single-Chain Triplebody
are Functional

The evidence supporting the claim that all three binding sites of a sctb are func-

tional active is threefold. The first type of evidence comes from comparative

measurements of the affinities and avidities of bsscFvs and sctbs for equilibrium

binding to antigen-positive cells. The second comes from binding studies to all

three antigens, in which one of the antigens was cell-bound, the other two in the

fluid phase. The third type comes from ADCC experiments showing enhanced

cytotoxic function of a sctb over the corresponding bsscFv controls. Examples of

the first type of experiments were published for the sctbs 19-16-19 (Kellner et al.

2008), 33-16-33 (Singer et al. 2010), 33-16-19 (Schubert et al. 2011), and

123-16-33 (Kugler et al. 2010). For the prototype 19-16-19, the avidity of the sctb

for CD19-positive cells was compared to the affinity of bsscFv 19-16. As a result,

the affinity (KD) of the sctb 19-16-19 for CD19-positive cells was 13.0 � 1.2 nM,

and the affinity of the bsscFv 19-16 for the same cell line was 42.4 � 5.7 nM

(P ¼ 0.0048; Kellner et al. 2008). Thus, the sctb reached equilibrium binding to

this cell line at approximately threefold lower molar concentrations than the

bsscFv, and this is only possible, if both CD19 binding sites contributed to the

overall binding. Similar data were obtained from a comparison between the sctb

33-16-33 and the bsscFv 33-16 (Singer et al. 2010). Here the difference in affinities

was 3.5-fold, with KD values for the sctb and the bsscFv for CD33 of 7.9 � 1.1 nM

and 28.9 � 1.9 nM, respectively. This gain in avidity due to addition of the second

binding site was not numerically large, but clearly existed and was of similar order

of magnitude, approximately threefold, for both the sctbs 19-16-19 and 33-16-33

on different leukemia-derived cell lines. These data sets are consistent with each

other and mutually reinforce confidence in the validity of the conclusion. From

these data we conclude that, averaged over time, both distal binding sites of a sctb

can simultaneously be engaged in binding to the same target cell. Similar data

suggest that the same is also true for sctbs 123-16-33 (Kugler et al. 2010) and

33-16-19 (Schubert et al. 2011).

For the second type of experiment, recombinant fusion proteins were generated

consisting of the extracellular domain of CD16 fused to a green fluorescent protein

(CD16ex-GFP) and the extracellular domain of CD33, fused to a red-fluorescent

protein (CD33ex-RFP). The CD19-positive and CD33-negative subclone of the

SEM leukemia cell line was then incubated with the sctb 33-16-19 and subse-

quently with the two fluorescent reagents. Strong cell-bound red and green fluores-

cent signals were observed in a double-positive population of cells (Schubert et al.

2011). Similar data were obtained for the sctb 123-16-33 (Kugler et al. 2010).

Here the fluorescent fusion protein CD123ex-RFP was used, consisting of the

extracellular domain of CD123 fused to RFP. In this case, CD33-positive U937

leukemia cells were incubated with the sctb first, and then with CD123ex-RFP and

CD16ex-GFP. Again a single population carrying both red and green fluorescent
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labels was observed. This result indicates that the sctb mediated binding of both

CD123ex-RFP and CD16ex-GFP to the same target cell.

In cytotoxicity studies, the third type of experiments, the addition of a second

scFv specific for the target cell resulted in a shift of the dose–response curves

toward lower concentrations in the low picomolar range. All investigated sctbs

display not only an increase in avidity compared to the corresponding bsscFv but

also a strong increase in cytotoxic activity. Currently, we are not able to explain

this far greater-than-proportional gain in anti-tumor activity. From the aggregate

of these data, we propose that all three binding sites of a single sctb can be

simultaneously engaged and thereby contribute to increased ADCC function of the

sctbs over the corresponding bsscFvs.

4.3 Trivalent, Bispecific Triplebodies: Mono-targeting Agents

4.3.1 Prototype 19-16-19 for the Treatment of B-Cell
Malignancies

The best characterized mono-targeting sctb is the prototype 19-16-19, with two

distal binding sites for CD19 and a central site for CD16 (Kellner et al. 2008),

designed for use against CD19-positive B-lymphoid malignancies.

4.3.1.1 CD19 Is an Attractive Target for Antibody Therapy

CD19 is an attractive target for antibody therapy, because the antigen is present on

a wide range of B-cell maturation stages, from early pro-B-cells to late mature

B-cells, but is absent from plasma cells and hematopoietic stem cells (HSCs), and is

restricted in its expression to the hematopoietic system. This latter point is impor-

tant, because agents specific for CD19 would therefore spare HSCs and allow

for hematopoietic reconstitution of the patients from their HSCs or from a stem

cell transplant after the end of therapy. CD19 is expressed on a broad range of

malignancies corresponding to different B-cell maturation stages, from early acute

B-cell precursor leukemias (BCP-ALL), mostly of infants, children and young adults,

over chronic B-cell leukemias (B-CLL) to B-cell lymphomas (NHL) of adults.

It is not yet clear whether leukemia stem cells (LSCs) of different types of B cell

and BCP leukemias are CD19-positive, because LSCs for lymphoid leukemias

are not yet as well defined as those for myeloid leukemias (Dick 2008). For some

of these B-lineage malignancies the LSCs carry CD19 (le Viseur et al. 2008), in

which case agents targeting CD19 would be very valuable. Elimination of the LSC

compartment is an important objective in order to reach long-lasting therapeutic

effects by eliminating minimal residual disease, which is probably due at least in

part to LSCs. CD19 is a particularly useful target for the treatment of childhood
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BCP-ALL, because for ~3/4 of these patients the blasts lack CD20 but are highly

positive for CD19. These patients therefore cannot benefit from CD20 antibodies,

but may benefit from CD19-specific agents (Handgretinger et al. 2010). In addition,

expression of CD19 on the surface of tumor cells is robust. The antigen is not shed

from the surface and is also not down-modulated extensively after the cells are

bound by CD19 antibodies.

4.3.1.2 Properties of CD16

CD16 is the low-affinity receptor for IgG, present on NK cells, macrophages, mast

cells, neutrophilic granulocytes, and cytokine-stimulated dendritic cells (DCs,

Nimmerjahn and Ravetch 2005). On human leukocytes, two forms of CD16 are

present, CD16a and CD16b, products of two separate genes, which differ in their

C-terminal portions. CD16a has a transmembrane domain and a cytoplasmic tail

and can associate with either the g chain of the FceRI receptor or the T-cell antigen
receptor z chain, or both (Nimmerjahn and Ravetch 2006). On human mast cells,

CD16 is also associated with the FceR b chain. These subunits carry cytoplasmic

signaling domains and transmit the signals resulting from receptor occupation.

CD16b carries no transmembrane domain and no cytoplasmic tail, but is attached

to the membrane through a glycosyl-phosphatidylinositol (GPI) linker, this form

does not assemble with the g and z chains. The human b-form is expressed mainly

on neutrophilic granulocytes. As granulocytes are approximately tenfold more

abundant in human blood and tissues than NK cells and macrophages, they repre-

sent a sink for CD16 antibodies cross-reacting with both variants. Therefore, for

therapeutic purposes, it would probably be an advantage, to use CD16a-specific

agents only, as in the case of the tandem diabodies developed by the company

Affimed, which are based on proprietary CD16a-specific scFvs. The scFvs used in

our triplebodies are derived from the murine hybridoma 3G8 (Fleit 1991), and react

with CD16a and b.

On human NK cells, the expression of CD16 is not constitutive but regulated. It

is downregulated on aging NK cells and NK cells having exhausted their cytotoxic

capacity by sequential degranulation events. Conversely, the CD16 density can be

increased ex vivo by expansion of NK cells under optimized conditions (Sutlu and

Alici 2009), and in vivo presumably by periods of recovery, cell division and by

stimulation with appropriate cytokines and other signals.

4.3.1.3 Cytotoxic Effects Mediated by the Single-Chain Triplebody

19-16-19 for Leukemia-Derived Cell Lines

Sctb 19-16-19 was extensively tested in ADCC reactions in cell culture. The

effector cells were mononuclear cells (MNCs), freshly prepared from unrelated

healthy donors. Three different CD19-positive leukemia-derived cell lines were

used as targets: SEM, BV-173, and ARH-77 (Fig. 4.2). SEM cells are derived from
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a pediatric BCP-ALL with translocation t(4;11) to the MLL gene (Marschalek et al.

1995), BV-173 from a Philadelphia-positive, aggressive BCP-ALL with mixed-

lineage phenotype, and ARH-77 is an Epstein–Barr virus positive B-lymphoblastoid

cell line. These lines represent different disease entities and different maturation

stages of B-lymphoid cells, the first two an immature pro-B-cell stage, the latter

a mature B-cell stage. The effects of the sctb 19-16-19 were compared to those of the

bsscFv 19-16 (Bruenke et al. 2005). On a mole-per-mole base, the sctb was far more

effective than the bsscFv (Fig. 4.2a–c). The EC50 values for the sctb for the three lines

derived from these curves were 4, 29 and 29 pM for SEM, BV-173 and ARH-77 cells,

respectively. The corresponding values for the bsscFv were 113, 753 and 1,277 pM,

respectively. Therefore, the sctb produced half-maximum cytotoxicity in these

experiments at 28-, 26- and 44-fold lower concentrations than the bsscFv for

these three target lines, respectively. These lines carry different densities of CD19

and probably differ in their spectrum of mutations contributing to the malignant

phenotype, as well as in their cellular properties, reflecting their independent

origin from different diseases. The fact that for all three targets the sctb achieved

similar effectiveness as the bsscFv at 26- to 44-fold lower concentrations permits the

expectation that the sctb may be generally more effective than the bsscFv for a broad

range of B-cell malignancies.

4.3.1.4 Cytotoxic Effects of the Single-Chain Triplebody 19-16-19

for Primary Leukemic Cells

Sctb 19-16-19 was also tested for cytotoxic activity in similar experiments with

primary cells from leukemia patients as targets (Fig. 4.3). Cells from peripheral

blood and bone marrow of seven B-CLL patients, one patient with a mantle cell

Fig. 4.2 Dose-dependent induction of ADCC of different tumor cell lines by the single-chain

triplebody 19-16-19 and the bsscFv 19-16. The CD19-positive tumor cell lines SEM (a), BV-173

(b), and ARH-77 (c) were used as targets to compare efficacy of both antibody derivatives at a

constant E:T cell ratio of 40:1. The sctb (filled black square) and the bsscFv (open gray triangle)
triggered ADCC in a dose-dependent manner. Neither the nonrelevant control sctb (filled black
circle) nor the nonrelevant control bsscFv (open gray circle) induced significant killing. Data

points represent mean percentage of lysis � SEM obtained with isolated MNCs from at least six

different healthy donors. *Statistically significant differences in ADCC compared to the control

without added protein. #Statistically significant differences between killing induced by sctb and

bsscFv
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Fig. 4.3 Potent lysis of CD19-positive primary leukemia blasts and lymphoma cells by the single-

chain triplebody 19-16-19 and the bsscFv 19-16. (a) Malignant cells from peripheral blood (PB) or

bone marrow (BM) from nine B-CLL patients, and from one MCL and one B-ALL patient, were

lysed by the sctb (black bars) and the bsscFv (white bars) at the concentration of 1 nM, using

MNCs from a healthy donor at an E:T ratio of 40:1. No lysis was induced by a nonrelevant sctb

(dark gray bars) or by MNCs alone (light gray bars). Data points are presented as mean values

from triplicate determinations, error bars represent SEM. (b) Dose–response curves using cells

from B-CLL patients 1–4 as targets, at an E:T ratio of 40:1. The sctb (filled black square) induced
lysis with 10- to 20-fold lower EC50 values than the bsscFv (open gray triangle). No significant

lysis was observed with a nonrelevant control sctb (open circle). Data points represent mean

percentage of lysis � SEM obtained with isolated MNCs from at least three different healthy

donors. *Statistically significant differences in ADCC compared to the control without added

protein. #Statistically significant differences between killing induced by the sctb and the bsscFv
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lymphoma (MCL) and one B-ALL patient, were used. ADCC experiments were

performed in comparison with the bsscFv 19-16. In all 11 samples tested, the sctb

achieved a greater maximum lysis than the bsscFv (Fig. 4.3a). Dose–response

curves were recorded for four B-CLL patients (Fig. 4.3b). For all four patients

the dose–response curves were shifted toward lower effective concentrations by

approximately one order of magnitude, and the EC50 values were about 11-fold

lower for the sctb than for the bsscFv for one patient, and about 20-fold lower for

the other three. These differentials are remarkably close to the values derived for

leukemia-derived cell lines (Fig. 4.2), although those were monoclonal cell lines,

whereas the patient cells used here were MNCs, including both healthy and

malignant cells. The observation that the sctb scored so well for primary cells

from B-CLL patients suggests that it may be useful to develop this agent for clinical

use against both acute B-cell leukemias and chronic B-CLL.

4.3.1.5 Plasma Half-Life and Surface Retention of the Single-Chain

Triplebody 19-16-19

One of the reasons to develop the triplebody format was the expectation that an

improved plasma half-life may be reached by the addition of the extra scFv domain.

Indeed, the bsscFv 19-16 had a plasma half-life in mice of 2 h, the sctb of 4 h

(Fig. 4.4). The prolonged time is probably mainly due to the increased mass, with

the mass of the bsscFv below and that of the sctb above the kidney exclusion limit.

Surface retention of the sctb and the bsscFv on CD19-positive leukemic

cells in vitro were directly measured in separate experiments, and the sctb

showed a sixfold increased surface retention relative to the bsscFv, but no

difference was observed for retention of both molecules on CD16 transfected

Fig. 4.4 In vivo plasma retention times. The sctb 19-16-19 (filled black square) and the bsscFv

19-16 (open gray triangle) were separately injected i.v. into NOD-SCID mice. The mice were bled

at several time points and serum was analyzed for the presence of immunoreactive antibody

derivatives by FACS using CD19-positive SEM (a) and CD16-transfected CHO cells (b). *Statis-

tically significant differences between residual binding of both antibody derivatives
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cells (Kellner et al. 2008). Analog results were obtained for sctbs with other

specificity, independently if it was a mono- or dual-targeting sctb.

4.4 Dual-Targeting Single-Chain Triplebodies

4.4.1 Anticipated Benefits of Dual-Targeting:
The Working Hypothesis

Our working hypothesis is that by virtue of dual-targeting, a preferential elimina-

tion of antigen double-positive cells over cells single-positive for only one of the

two target antigens should be possible. In other words, dual-targeting is claimed to

be able to produce a degree of selectivity for the elimination of double-positive

cells. This would be important for cancer therapy, if it were possible to identify

a pair of target antigens that is either uniquely present on the cancer cell, and

only one of the pair is present on healthy normal cells of the patient, or for a pair,

which is present in far greater surface density on the cancer cells than on normal

cells. The first prototype of a dual-targeting sctb, 33-16-19, illustrates the principle.

This agent is directed against the tumor antigens CD33 and CD19. Normal

human hematopoietic cells carry only one of these antigens, not both simulta-

neously. By contrast, in a certain type of acute leukemias, the so-called “mixed

lineage” or “biphenotypic leukemias,” the blasts have both myeloid and lymphoid

characteristics and simultaneously carry CD19 and CD33 on their surface.

According to our hypothesis, a sctb 33-16-19 should therefore bind with higher

avidity to the double-positive blasts than to single-positive healthy cells, to which it

will only bind with monovalent affinity. It should therefore achieve a preferential

elimination of the blasts over healthy cells. This claim sounds obvious, but this

claimed selectivity is new. If the hypotheses were true, then dual-targeting would

constitute important progress, because the cancer therapeutics currently available

have no inbuilt preference for cancer cells over normal cells. The same is true for

CD20 antibody Rituximab and BlinatumomabTM. However, for many cancer cells

it is often possible to identify a pair of antigens, which is either uniquely present

on the cancer cells, such as CD19 and CD33 on mixed lineage leukemia blasts, or

which is expressed on cancer cells in a greater combined density than on healthy

normal cells. The probability of simultaneous binding of a sctb to such a pair is

proportional to their combined densities, and the second prototype tries to take

advantage of this property. This is the sctb 123-16-33. The target antigens CD123

and CD33 are both simultaneously present in normal myeloid cells and their

progenitors, but CD123 is present in AML leukemia stem cells in five- to tenfold

greater density than in normal human HSCs, normal myeloid cells, and the bulk of

AML blasts (Jin et al. 2009; Jordan et al. 2000). Therefore, if the hypotheses were

true, this sctb should permit a preferential elimination of AML leukemic stem cells

(LSCs), an important objective for leukemia therapy. We have begun to test this
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hypothesis about the benefit of dual targeting, but the work is still in progress, and

definitive proof of the hypothesis has still not been achieved. However, the initial

data are encouraging and are summarized below.

4.4.2 Prototype 123-16-33 Directed Against AML Cells

One prototype of a dual-targeting sctb is 123-16-33 (Kugler et al. 2010), which was

generated with the intent to preferentially target acute myeloid leukemia LSCs.

4.4.2.1 AML Stem Cells Are a Defined Subgroup with Distinct

Immunophenotype

The intention underlying this design was to find a combination of two target

antigens, which would be expressed on the bulk of AML cells, but which would

be present in greater combined density on AML-LSCs than on the bulk and normal

HSCs. If the working hypotheses were true, then a sctb directed against such a pair

of target antigens should achieve a preferential elimination of the AML-LSCs, and

possibly spare a few normal HSCs for hematopoietic reconstitution after the end of

therapy. A number of antigens were considered for this purpose, including CD123,

which is overexpressed on AML-LSCs (Jin et al. 2009; Jordan et al. 2000), CD96,

which is exclusively expressed on the LSCs of a number of AML subtypes (Hosen

et al. 2007), CLL-1, which was reported to be expressed exclusively on AML-LSCs

but not on normal HSCs (van Rhenen et al. 2007), and CD33, which is present on

a subset of AML-LSCs and a subset of normal HSCs (Taussig et al. 2005). The

combination of CD33 and CD123 was chosen, because both of these antigens are

clinically validated target antigens for the treatment of AML, and because we

anticipated that due to this validation they presented the highest probability for

the generation of a clinically useful agent. The glycoprotein CD33 is a member

of the immunoglobulin superfamily and a useful target for antibody-derived thera-

peutics against AML (Sievers et al. 1999; Silla et al. 1995). CD33 is validated by

the clinical results obtained with Mylotarg for AML (Zwaan et al. 2010). CD123 as

a component of the interleukin-3 receptor is also a validated target, because a fusion

protein between IL-3 and a fragment of diphtheria toxin (DT388) was successful

in a phase I clinical study for AML and is currently tested in a phase II study

(Feuring-Buske et al. 2002; Frankel et al. 2008). In addition, a CD123 antibody is

currently tested in a phase I study for AML (Roberts et al. 2008).

4.4.2.2 Cytotoxic Effects of Single-Chain Triplebody 123-16-33

on Antigen Double-Positive Cell Lines

Sctb 123-16-33 was tested in ADCC assays in cell culture similar to those described

above for sctb 19-16-19, except with CD123 and CD33 double-positive AML cells
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as targets. The target cells were labeled with 51Cr, and MNCs from unrelated

healthy human donors were used as effectors. First, two established AML-derived

cell lines were tested: MOLM-13 and THP-1 (Fig. 4.5). For both cell lines, the sctb

produced strong ADCC. As a control, a sctb of identical format, but specific for

CD7, was carried along in the same experiments in parallel. The EC50 values of the

sctb were 21 and 118 pM for MOLM-13 (Fig. 4.5a) and THP-1 (Fig. 4.5b),

respectively, and in the same range of other sctbs with similar format but different

specificity. The data demonstrate that CD16-positive MNCs and purified NK cells

can be used as effectors in vitro to combat AML cells by ADCC, and that the sctb

was a highly effective molecule to mediate this effect (Kugler et al. 2010).

4.4.2.3 Cytotoxic Effects of Single-Chain Triplebody 123-16-33

on Primary Leukemic Cells

The sctb 123-16-33 has also been tested on primary cells from AML patients. Cells

were prepared by density gradient centrifugation from primary material obtained

from bone marrow and peripheral blood of seven untreated AML patients. The

patients had different subtypes of AML according to FAB and WHO classification.

MNCs from unrelated healthy donors were used as effectors at an E:T ratio of 40:1.

No deliberate effort was made to avoid a histocompatibility match between effector

and target cells. For direct comparison of the potencies of dual-targeting and mono-

targeting sctbs in ADCC of primary leukemia cells, sctbs 123-16-123 and 33-16-33

were carried along. All three sctbs showed potent lysis of primary AML cells in

a concentration-dependent manner (Fig. 4.6). Four representative ADCC reactions

of samples from patients 1 and 2 (peripheral blood; Fig. 4.6a, b) and patients 7 and 6

(bone marrow; Fig. 4.6c, d) are depicted. At a concentration of 5 nM, all three

Fig. 4.5 Single-chain triplebody 123-16-33 induces ADCC of double-positive AML cell lines.

Sctbs 123-16-33 (closed triangle) mediated dose-dependent ADCC of double-positive MOLM-13

(a) and THP-1 (b) cells, whereas a control sctb (closed square) did not induce cell lysis. Data

points represent mean percentage of specific lysis obtained with isolated MNCs from six different

healthy donors at an E:T ratio of 40:1. *Statistically significant differences (P < 0.05) in ADCC

relative to the control sctb
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recombinant proteins produced potent specific lysis (Fig. 4.6e). In four of eight

samples, the dual-targeting sctb 123-16-33 reached the highest extent of lysis. This

finding was confirmed when ADCC data from all six peripheral blood samples were

Fig. 4.6 Lysis of primary AML cells by single-chain triplebodies 123-16-33, 123-16-123, and

33-16-33. Sctbs 123-16-33 (closed triangle), 123-16-123 (open circle), and 33-16-33 (open
triangle) mediated dose-dependent ADCC of primary AML cells, whereas a control sctb (closed
square) failed to induce cellular lysis. (a and b) Induction of ADCC by sctbs of purified primary

AML cells isolated from peripheral blood (patient 1 and 2). (c and d) Induction of ADCC by sctbs

of purified primary AML cells isolated from bone marrow (patient 6 and 7). Data points represent

percentage of specific lysis obtained with isolated MNCs from one healthy donor at an E:T ratio of

40:1. (e) Induction of ADCC by sctbs at a concentration of 5 nM for all eight samples. For patients

1–6, the cells analyzed were MNCs isolated from peripheral blood. For patients 6 and 7, bone

marrow-derived cells were studied.White bars: control sctb; black bars: sctb 123-16-33; light gray
bars: sctb 123-16-123; dark gray bars: sctb 33-16-33. (f) Induction of ADCC by sctbs of purified

AML cells from peripheral blood of six different patients (patient 1–6), combined data. Data points

represent mean percentage of specific lysis averaged over the six patients obtained with isolated

MNCs from one healthy donor per patient sample at an E:T ratio of 40:1
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combined (Fig. 4.6f). The EC50 values derived from this data set were ~250, ~130,

and ~250 pM for the sctbs 123-16-33, 123-16-123 and 33-16-33, respectively.

Maximum specific lysis was ~25%, ~19% and ~19% of input cells, respectively.

Although the differences in maximum specific lysis between the dual-targeting sctb

123-16-33 and the mono-targeting sctbs 123-16-123 and 33-16-33 did not yet reach

statistical significance, the dual-targeting molecule showed a remarkable tendency

to mediate higher specific lysis of primary AML cells than its mono-targeting

relatives. These results clearly demonstrate that the sctbs can induce potent

ADCC of primary AML cells of different AML types in vitro, and point to small

but distinct advantages for the dual-targeting agent over the corresponding mono-

targeting agents.

It is not yet clear whether these agents will also be useful for applications against

AML in vivo, because they have not yet been tested in experimental animals and

humans. However, agents recruiting NK cells for the elimination of AML cells

may be clinically attractive, because in a post-remission stage after a first round of

chemotherapy, NK cells are present again in the periphery and the bone marrow,

where most of the AML cells reside. It is considered unlikely that these agents

would be useful for a front-line therapy, unless combined with other agents,

because the numbers of AML blasts in an untreated patient by far exceed the

number of available NK cells, and the NK cells will also be affected by the frontline

chemotherapy. Therefore, if such agents ever reached clinical applications, they

would most likely be used in a post-remission setting as adjuvant agents for

consolidation therapy. In this setting they are attractive, because they may eliminate

a fraction of MRD cells.

4.4.3 The Actual Benefits of Dual-Targeting Remain
to Be Investigated

So far, our experiments have demonstrated that dual-targeting sctbs can be produced

for a number of target antigens, that the three prototypes studied most extensively,

123-16-33, 33-16-19 and HLAII-16-19 (Schubert, unpublished data) all were able

to bind to both antigens, and that both binding sites contributed to ADCC mediated

by CD16-positive effector cells, mainly NK cells. This is a gratifying result, which

was better than expected. We did not know before these experiments were

performed, whether these antigens were in sufficient proximity on the surface of

the cancer cells to be connected by a single sctb molecule. The distance between the

two distal binding sites in our triplebodies is�20 nm (Singer et al. 2010), and it was

not clear whether CD33 and CD19 on the surface of an MLL cell would come close

to each other within 20 nm often enough, to permit simultaneous binding by a single

sctb molecule and a measurable cytotoxic effect in an ADCC experiment with NK

cells. The arrangement of these antigens on the surface of the leukemia cells is still

unknown, but because an ADCC effect was observed, we must assume that the
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distribution was not random, but that these molecules must be clustered. There are

currently three models for the arrangement of membrane proteins on the surface of

human leukocytes. One is the fluid membrane model positing that proteins are

arranged in a random fashion, but the membrane has sufficient fluidity to permit

rapid lateral diffusion of all proteins. The second model is the lipid raft model

positing that the membrane is a mosaic of rafts with distinct lipid composition, and

that proteins are clustered in rafts, and that there are distinct marker proteins for

different types of raft. This model is largely based on indirect evidence (density

gradient centrifugation of membrane fractions) but not on direct visual analysis

of intact membranes, and therefore it is not clear whether it provides a good

description of an actual membrane. The leading model for human leukocytes is

the “protein island model” (Lillemeier et al. 2010). It states that proteins are

clustered in islands of 30–300 nm diameter, which have a distinct lipid composi-

tion, and that the islands are interspersed by large protein-free regions of different

lipid composition. Within an island, the proteins can freely move by lateral diffu-

sion, and entire islands can move in the membrane. Certain proteins home to

distinct islands, and the raft-markers described above are found in distinct islands

from the rest. Occasionally islands can come close to each other, and proteins can

hop from one island to the next. Upon activation of lymphocytes, for example

human T cells, proteins are redistributed and proteins located in separate islands

in the nonactivated state can co-localize in the same island in the active state

(Lillemeier et al. 2010). Therefore, it was not clear whether the target antigens

listed above would co-localize in the same islands or segregate to different islands.

The fact that all three dual-targeting sctbs were functional was therefore surprising,

based on the protein island model. It suggests that these proteins are either located

in the same islands, or that they may be located in different islands which come

close to each other sufficiently often to permit their connection by one sctb, or that

they hop from one island to the other. Alternatively, the protein island model may

not be applicable at all to the membranes of leukemic cells, because these are likely

to differ significantly from the membranes of normal cells. Viewed against this

background, it was surprising and gratifying that the first three dual-targeting

triplebodies constructed all were functionally active.

We have not yet achieved the objective to demonstrate the anticipated benefit of

dual targeting, namely a preferential elimination of antigen double-positive cancer

cells over single-positive normal cells or normal cells carrying the same pair of

antigens in a lower combined density, but current efforts in our group are directed

toward a rigorous test of this important claim.

4.5 Conclusion

Dual-targeting sctbs generated with the design shown in Fig. 4.1 are functional in

ADCC tests with CD16-positive effector cells. They are capable of connecting two

different target antigens on the same cell to a variable degree. The degree depends
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on the surface densities of the respective molecules, and probably also on their

distribution in islands on the target cell, on their ability to co-localize in the same

island or to hop from one island to the next. Adjustment of the linker length may be

able to compensate for effects of surface density, although this has not yet been

demonstrated directly. In the future, it may be possible to apply this design to

a number of pairwise combinations of target antigens, not only on hematologic

cancer cells, but possibly also on solid tumor cells. The format can accommodate

binding sites for trigger molecules on other effector cells, and it will be interesting

in the future to try recruiting macrophages, granulocytes, and T cells by molecules

in this format. For different types of cancers, different effector cells may be suited

best. Finally, sctbs may become useful not only for the treatment of malignant

disorders, but possibly also for the treatment of chronic inflammatory and auto-

immune disorders, as it has been the case for CD20 antibodies. The concept of

dual-targeting is a major deviation from the mono-specific targeting of antibodies

in current use for cancer therapy, and it may provide a qualitatively new means

to selectively or preferentially target cancer stem cells, an important goal in

tumor therapy.

References

Bargou R, Leo E, Zugmaier G, Klinger M, Goebeler M, Knop S, Noppeney R, Viardot A, Hess G,

Schuler M, Einsele H, Brandl C, Wolf A, Kirchinger P, Klappers P, Schmidt M, Riethmuller G,

Reinhardt C, Baeuerle PA, Kufer P (2008) Tumor regression in cancer patients by very low

doses of a T cell-engaging antibody. Science 321(5891):974–977

Bruenke J, Barbin K, Kunert S, Lang P, Pfeiffer M, Stieglmaier K, Niethammer D, Stockmeyer B,

Peipp M, Repp R, Valerius T, Fey GH (2005) Effective lysis of lymphoma cells with

a stabilised bispecific single-chain Fv antibody against CD19 and FcgammaRIII (CD16).

Br J Haematol 130(2):218–228

Chames P, Baty D (2009) Bispecific antibodies for cancer therapy: the light at the end of the

tunnel? MAbs 1(6):539–547

Dick JE (2008) Stem cell concepts renew cancer research. Blood 112(13):4793–4807

Feuring-Buske M, Frankel AE, Alexander RL, Gerhard B, Hogge DE (2002) A diphtheria toxin-

interleukin 3 fusion protein is cytotoxic to primitive acute myeloid leukemia progenitors but

spares normal progenitors. Cancer Res 62(6):1730–1736

Fleit HB (1991) Monoclonal antibodies to human neutrophil Fc gamma RIII (CD16) identify

polypeptide epitopes. Clin Immunol Immunopathol 59(2):222–235

Frankel A, Liu JS, Rizzieri D, Hogge D (2008) Phase I clinical study of diphtheria toxin-

interleukin 3 fusion protein in patients with acute myeloid leukemia and myelodysplasia.

Leuk Lymphoma 49(3):543–553

Guettinger Y, Barbin K, Peipp M, Bruenke J, Dechant M, Horner H, Thierschmidt D, Valerius T,

Repp R, Fey GH, Stockmeyer B (2010) A recombinant bispecific single-chain fragment

variable specific for HLA class II and Fc alpha RI (CD89) recruits polymorphonuclear

neutrophils for efficient lysis of malignant B lymphoid cells. J Immunol 184(3):1210–1217

Handgretinger R, Zugmaier G, Henze G, Kreyenberg H, Lang P, von Stackelberg A (2010)

Complete remission after blinatumomab-induced donor T-cell activation in three pediatric

patients with post-transplant relapsed acute lymphoblastic leukemia. Leukemia 25:181–184

80 C. Stein et al.



Hartmann F, Renner C, Jung W, Deisting C, Juwana M, Eichentopf B, Kloft M, Pfreundschuh M

(1997) Treatment of refractory Hodgkin’s disease with an anti-CD16/CD30 bispecific

antibody. Blood 89(6):2042–2047

Hosen N, Park CY, Tatsumi N, Oji Y, Sugiyama H, Gramatzki M, Krensky AM, Weissman IL

(2007) CD96 is a leukemic stem cell-specific marker in human acute myeloid leukemia. Proc

Natl Acad Sci USA 104(26):11008–11013

Jin L, Lee EM, Ramshaw HS, Busfield SJ, Peoppl AG, Wilkinson L, Guthridge MA, Thomas D,

Barry EF, Boyd A, Gearing DP, Vairo G, Lopez AF, Dick JE, Lock RB (2009) Monoclonal

antibody-mediated targeting of CD123, IL-3 receptor alpha chain, eliminates human acute

myeloid leukemic stem cells. Cell Stem Cell 5(1):31–42

Jordan CT, Upchurch D, Szilvassy SJ, Guzman ML, Howard DS, Pettigrew AL, Meyerrose T,

Rossi R, Grimes B, Rizzieri DA, Luger SM, Phillips GL (2000) The interleukin-3 receptor

alpha chain is a unique marker for human acute myelogenous leukemia stem cells. Leukemia

14(10):1777–1784

Kellner C, Bruenke J, Stieglmaier J, Schwemmlein M, Schwenkert M, Singer H, Mentz K, Peipp M,

Lang P, Oduncu F, Stockmeyer B, Fey GH (2008) A novel CD19-directed recombinant

bispecific antibody derivative with enhanced immune effector functions for human leukemic

cells. J Immunother 31(9):871–884

Kugler M, Stein C, Kellner C, Mentz K, Saul D, Schwenkert M, Schubert I, Singer H, Oduncu F,

Stockmeyer B, Mackensen A, Fey GH (2010) A recombinant trispecific single-chain Fv

derivative directed against CD123 and CD33 mediates effective elimination of acute myeloid

leukaemia cells by dual targeting. Br J Haematol 150(5):574–586

le Viseur C, Hotfilder M, Bomken S, Wilson K, Rottgers S, Schrauder A, Rosemann A, Irving J,

Stam RW, Shultz LD, Harbott J, Jurgens H, Schrappe M, Pieters R, Vormoor J (2008) In

childhood acute lymphoblastic leukemia, blasts at different stages of immunophenotypic

maturation have stem cell properties. Cancer Cell 14(1):47–58

Lillemeier BF, Mortelmaier MA, Forstner MB, Huppa JB, Groves JT, Davis MM (2010) TCR and

Lat are expressed on separate protein islands on T cell membranes and concatenate during

activation. Nat Immunol 11(1):90–96

Marschalek R, Greil J, Lochner K, Nilson I, Siegler G, Zweckbronner I, Beck JD, Fey GH (1995)

Molecular analysis of the chromosomal breakpoint and fusion transcripts in the acute lympho-

blastic SEM cell line with chromosomal translocation t(4;11). Br J Haematol 90(2):308–320

Muller D, Kontermann RE (2007) Recombinant bispecific antibodies for cellular cancer immuno-

therapy. Curr Opin Mol Ther 9(4):319–326

Nimmerjahn F, Ravetch JV (2005) Divergent immunoglobulin g subclass activity through selec-

tive Fc receptor binding. Science 310(5753):1510–1512

Nimmerjahn F, Ravetch JV (2006) Fcgamma receptors: old friends and new family members.

Immunity 24(1):19–28

Roberts AW, He S, Bradstock KF, Hertzberg MS, Durrant STS, Ritchie D, Lewis ID, Marlton P,

McLachlan AJ, Yeadon TM, Busfield SJ, Barnden MJ, Davis R, Hosback S, Mirosa D,

Biondo M, Bamford S, DeWitte M, Basser R (2008) A phase 1 and correlative biological

study of CSL360 (anti-CD123mAb) in AML. ASH annual meeting abstracts, 112, pp 2956–2964

Schubert I, Kellner C, Stein C, Kugler M, SchwenkertM, Saul D,Mentz K, Singer H, Stockmeyer B,

HillenW,Mackensen A, Fey GH (2011) A single-chain triplebody with specificity for CD19 and

CD33 mediates effective lysis of mixed lineage leukemia cells by dual targeting. MAbs 3

(1):21–30

Sievers EL, Appelbaum FR, Spielberger RT, Forman SJ, Flowers D, Smith FO, Shannon-Dorcy K,

Berger MS, Bernstein ID (1999) Selective ablation of acute myeloid leukemia using antibody-

targeted chemotherapy: a phase I study of an anti-CD33 calicheamicin immunoconjugate.

Blood 93(11):3678–3684

Silla LM, Chen J, Zhong RK, Whiteside TL, Ball ED (1995) Potentiation of lysis of leukaemia

cells by a bispecific antibody to CD33 and CD16 (Fc gamma RIII) expressed by human natural

killer (NK) cells. Br J Haematol 89(4):712–718

4 Trivalent and Trispecific Antibody Derivatives for Cancer Therapy 81



Singer H, Kellner C, Lanig H, Aigner M, Stockmeyer B, Oduncu F, Schwemmlein M, Stein C,

Mentz K, Mackensen A, Fey GH (2010) Effective elimination of acute myeloid leukemic

cells by recombinant bispecific antibody derivatives directed against CD33 and CD16.

J Immunother 33(6):599–608

Sutlu T, Alici E (2009) Natural killer cell-based immunotherapy in cancer: current insights and

future prospects. J Intern Med 266(2):154–181

Taussig DC, Pearce DJ, Simpson C, Rohatiner AZ, Lister TA, Kelly G, Luongo JL,

Danet-Desnoyers GA, Bonnet D (2005) Hematopoietic stem cells express multiple myeloid

markers: implications for the origin and targeted therapy of acute myeloid leukemia. Blood 106

(13):4086–4092

Topp MS, Goekbuget N, Kufer P, Zugmaier G, Klinger M, Degenhard E, Neumann S, Horst HA,

Viardot A, Schmid M, Ottmann OG, Schmidt M, Reinhardt C, Baeuerle PA, Nagorsen D,

Hoelzer D, Bargou R (2009) Blinatumomab (anti-CD19 bite) for targeted therapy of minimal

residual disease (MRD) in patients with B precursor acute lymphoblastic leukemia (ALL):

update of an ongoing phase II study. Hematologica 94:54–59

van Rhenen A, van Dongen GA, Kelder A, Rombouts EJ, Feller N, Moshaver B, Stigter-van

Walsum M, Zweegman S, Ossenkoppele GJ, Jan Schuurhuis G (2007) The novel AML stem

cell associated antigen CLL-1 aids in discrimination between normal and leukemic stem cells.

Blood 110(7):2659–2666

Zwaan CM, Reinhardt D, Zimmerman M, Hasle H, Stary J, Stark B, Dworzak M, Creutzig U,

Kaspers GJ (2010) Salvage treatment for children with refractory first or second relapse

of acute myeloid leukaemia with gemtuzumab ozogamicin: results of a phase II study.

Br J Haematol 148(5):768–776

82 C. Stein et al.



Chapter 5

Diabodies, Single-Chain Diabodies,

and Their Derivatives

Dafne M€uller and Roland E. Kontermann

5.1 Introduction

The fragment variable (Fv) represents the smallest part of an antibody containing

the entire antigen binding site formed by the variable heavy and light chain domains

(VH and VL) (Filpula and McGuire 1999; Chames et al. 2009; Kontermann 2010).

Because of the noncovalent interaction between the VH and VL domain, Fv

molecules suffer from instability, which can be improved by connecting the two

domains with a flexible peptide linker. These single-chain Fv (scFv) fragments can

be easily produced in prokaryotic and eukaryotic systems and represent the proto-

type recombinant antibody format. The linker within scFv molecules must be long

enough to span the distance between the C-terminus of the first domain and the

N-terminus of the second domain. In the VH–VL arrangement this distance is

~3.5 nm, while in the VL–VH arrangement the distance is slightly larger (~4 nm).

Thus, the standard linker is composed of 15 amino acid residues comprising three

repeats of the sequence Gly-Gly-Gly-Gly-Ser [(G4S)3], allowing the formation of

monomeric molecules through pairing of the VH and VL domain formed by one

polypeptide chain. Size exclusion chromatography analyses of purified scFv

molecules revealed that scFv molecules, e.g., produced in Escherichia coli, not
only form monomeric, i.e., monovalent molecules but also assemble into dimeric

molecules composed of two identical polypeptide chains leading to bivalent

molecules (Essig et al. 1993; Whitlow et al. 1994; Arndt et al. 1998). In the early

nineties, it was found that the formation of such bivalent molecules can be forced

by reducing the linker length to approximately five residues, thus, preventing the

pairing of the VH and VL domain within one chain (Holliger et al. 1993). These

so-called diabodies (Db) possess a size of ~50 kDa and a rather compact structure as
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revealed by crystallographic studies (Perisic et al. 1994; Carmichael et al. 2003).

Importantly, these studies showed that the two binding sites of a diabody are located

at opposite sites facing away from each other (see also Fig. 5.1). Additional studies

revealed that further reduction or complete removal of the linker results in the for-

mation of homotrimeric and homotetrameric molecules (triabodies and tetrabodies)

possessing a further increased size and valency (Iliades et al. 1997; Hudson and

Kortt 1999; Todorovska et al. 2001; Kortt et al. 2001) (Fig. 5.1).

The standard linker connecting the VH and VL domain of a diabody has the

sequence -GGGGS-, i.e., has a length of five residues (Holliger et al. 1993).

However, also longer linkers comprising up to nine residues have been used for

the generation of diabodies (Alfthan et al. 1995; Arndt et al. 1999; Wu et al. 1999).

A detailed study employing libraries of single-chain diabodies (see below)

containing linkers varying in sequence and size revealed that linkers of two to six

residues and a preference for hydrophilic amino acids are applicable to generate

functional molecules (V€olkel et al. 2001).

Fig. 5.1 (a) Generation of bivalent, monospecific diabodies as well as trivalent and tetravalent

derivatives by the variation of the linker length. The signal sequence is shown in light yellow. (b)
Structure of a bivalent diabody (Perisic et al. 1994; PDB entry 1LMK), (c) Structure of a trivalent

triabody (Pei et al. 1997; PDB entry 1NQB)
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5.2 Bispecific Diabodies and Single-Chain Diabodies

Besides the generation of bivalent, monospecific molecules, the diabody format can

also be applied for the generation of bispecific molecules (Holliger et al. 1993).

Because diabodies form by cross-over pairing of two chains in a head-to-tail

orientation, the production of bispecific diabodies requires the expression of

two polypeptide chains with either the arrangement VHA–VLB and VHB–VLA (HL

configuration) or VLA–VHB and VLB–VHA (LH configuration), respectively,

within the same cell (Fig. 5.2). However, although many bispecific diabodies

have been successfully produced (see Table 5.1) (Kontermann 2005), the expres-

sion of two different chains within one cell results not only in heterodimeric and

thus active molecules but also in the formation of inactive homodimeric molecules

generated by the pairing of two identical chains, where the VHA is paired with VLB

or the VHB with VLA. A strategy to facilitate correct pairing of the variable

domains is provided by the genetic fusion of the two chains into a single-chain

diabody (scDb) (Br€usselbach et al. 1999; Alt et al. 1999). The linker connecting the
two chains has the same length as used for the generation of scFv molecules, i.e.,

~15 residues. These scDb molecules have a similar size as tandem scFv molecules

(taFv) generated by fusion of two scFv entities (see Chaps. 4 and 15), but differ by

the arrangement of the variable domains and the length of the three linkers

connecting the domains (Fig. 5.2). Thus, in a taFv, the two scFv represent separate

building units linked by the middle linker, while in an scDb a compact structure is

build by the four variable domains.

Fig. 5.2 Formation of bispecific antibodies from the variable domains of two antibodies, e.g.,

obtained from single-chain Fv molecules (scFv A and scFv B). Fusion of two different scFvs

results in bispecific tandem scFv molecules (taFv). Bispecific diabodies (Db) are formed by the

expression of two chains with the structure VHA–VLB and VHB–VLA (HL configuration) resulting

in a heterodimeric molecule. Joining the two chains by an additional middle linker of 15 residues

generates bispecific single-chain diabodies (scDb). The signal sequence is shown in blue
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5.3 Bispecific Diabody and Single-Chain Diabody Derivatives

The stability of bispecific diabodies was enhanced by introducing disulfide bonds

covalently joining the two chains, which also helps to drive the correct pairing of

the two different chains in bispecific diabodies (Fitzgerald et al. 1997) (Fig. 5.3).

Table 5.1 Examples of diabodies, single-chain diabodies, and their derivatives for effector cell

retargeting

Format Specificity Expression system Application References

Db BCL-1 � CD3 E. coli (p) In vitro Holliger et al. (1996)

Db Pgp � CD3 E. coli (p) In vitro/in vivo Gao et al. (2004)

Guo et al. (2008)

dsDb Pgp � CD3 E. coli (p) In vitro/in vivo Liu et al. (2009)

Db EGP2 � CD3 E. coli (p) In vitro Helfrich et al. (1998)

Db PSMA � CD3 E. coli (p) In vitro/in vivo B€uhler et al. (2009)

B€uhler et al. (2008)

Db CEA � CD3 E. coli (r) In vitro Asano et al. (2002)

Db CEA � CD3 E. coli (p) 293T,
PBL, MSC,

HUVEC

(s, in situ)

In vitro/in vivo Holliger et al. (1999)

Blanco et al. (2003)

Compte et al. (2007,

2009, 2010)

scDb CEA � CD3 E. coli (p)
HEK293 (s)

In vitro M€uller et al. (2007)

scDb EDG � CD3 E. coli (p) In vitro Korn et al. (2004b)

Db erbB2 � CD3 E. coli (p) In vitro Zhu et al. (1996)

Db EGFR � CD3 E. coli (r) In vitro/in vivo Hayashi et al. (2004)

Db-Fc scDb-Fc EGFR � CD3 CHO (s) In vitro Asano et al. (2008)

Db MUC1 � CD3 E. coli (r) In vitro Takemura et al. (2000)

SEA D227A-Db MUC1 � CD3 E. coli (r) In vitro/in vivo Takemura et al. (2002)

Db CD20 � CD3 E. coli (p) In vitro/in vivo Xiong et al. (2002)

Liu et al. (2010)

Db CD19 � CD3 E. coli (p) In vitro/in vivo Kipriyanov et al. (1998)

Kipriyanov et al. (2002)

Cochlovius et al. (2000b)

Tandem Db CD19 � CD3 E. coli (p) In vitro/in vivo Kipriyanov et al. (1999)

Cochlovius et al. (2000a),

Reusch et al. (2004)

Le Gall et al. (2004)

Db CD30 � CD16 E. coli (p) In vitro/in vivo Arndt et al. (1999)

Db CD19 � CD16 E. coli (p) In vitro/in vivo Kipriyanov et al. (2002)

Schlenzka et al. (2004)

DART CD32B � CD16 CHO (s) In vitro/in vivo Johnson et al. (2010)

Db CD40 � CD28 E. coli (p) In vitro Houtenbos et al. (2008)

BCL-1 surface idiotype of the mouse lymphoma line BCL-1; CEA carcinoembryonic antigen;

CHO Chinese hamster ovary cell line;DART dual-affinity retargeting;Db diabody; dsDb disulfide-
stabilized diabody; EDG endoglin; EGFR epidermal growth factor receptor; EGP2 epithelial

glycoprotein 2; erbB2 human epidermal growth factor receptor 2; HUVEC human umbilical

venous cord endothelial cells; MSC mesenchymal stem cells; MUC1 Mucin-1; PBL peripheral

blood lymphocytes; Pgp P-glycoprotein; PSMA prostate-specific membrane antigen; scDb single-
chain diabody; SEA D227A, staphylococcal enterotoxin A D227A mutant; p periplasmatic;

r refolding; s secretion
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The positions converted into cysteine residues are identical to those used to

generate disulfide-stabilized Fv fragments (dsFv) (Reiter et al. 1996). For example,

this strategy was applied to a bispecific diabody directed against p185HER2 and CD3

(Zhu et al. 1997). Cysteines were introduced at positions VL L46C and VH D101C

and the diabody produced in E. coli. The purified protein consisted of >96%

functional heterodimer compared with 83% of the parental diabody. Recently,

Macrogenics presented a diabody derivative in which a short peptide tail containing

a cysteine residue was added to the C-termini of the two different chains expressed

in the LH configuration. The extensions had either the sequence LGGC or where

derived from the IgG1 upper hinge (VEPKSC) and the kappa light chain (FNRGEC)

(Johnson et al. 2010). These covalently linked structures were termed “dual-affinity

re-targeting” (DART). Correct assembly into functional molecules was demon-

strated, for example, for an anti-CD16 � anti-CD32 DART, which was stable

under physiological conditions and highly potent in retargeting PBMCs to

B-lymphoma cells. Diabodies were also stabilized applying the knobs-into-holes

strategy targeting residues at the center of the VL/VH interface (Zhu et al. 1997)

(Fig. 5.3). However, only some of the generated mutations exhibited an increased

heterodimer assembly. In a similar approach, the VL/VH interface of a single-chain

diabody format was engineered exchanging the hydrogen bonding between VH39

and VL38 with electrostatic interaction (Igawa et al. 2010).

Both the N- and C-termini of diabodies and single-chain diabodies are

accessible for fusion of proteins and peptides. Monospecific diabodies have

been fused, for example, to costimulatory molecules such as B7, resulting in

homodimeric molecules possessing two identical binding sites and two fusion

Fig. 5.3 Derivatives of bispecific diabodies and single-chain diabodies. (a) Derivatives of

bispecific diabodies generated by introducing cysteine residues at the VH–VL interface (disul-

fide-stabilized diabodies, dsDb) or at the C-termini (dual-affinity retargeting, DART), or applying

a knobs-into-holes strategy (kihDb). Bispecific diabodies have also been used to generate tetrava-

lent molecules, e.g., by fusion to an Fc region. (b) Derivatives of bispecific single-chain diabodies.

Tandab molecules are generated by reducing the length of the middle linker. Tetravalent scDb

fusion proteins were generated by fusion of a CH3 or Fc region to the C-terminus. Alternatively,

other molecules, e.g., serum albumin, have been fused to scDb
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partners (Holliger et al. 1999; Blanco et al. 2003; M€uller et al. 2007). Tetravalent
and bispecific molecules were generated by fusion either bispecific Db or scDb to

the IgG1 CH3 domain or the Fc region. Db–CH3 or Db–Fc fusion proteins are

obtained by fusing the CH3 domain or the Fc region (including the hinge region) to

one of the two different chains (Lu et al. 2003; Lu et al. 2005) (Fig. 5.3). These

fusion proteins are also termed “di-diabodies.” However, as seen for diabodies, this

approach also suffers from potential homodimerization of the two identical chains

leading to inactive binding sites. This is avoided by employing single-chain

diabodies fused at the C-terminus to the CH3 domain or Fc region (Alt et al.

1999) (Fig. 5.3). In further studies, bispecific single-chain diabodies were also

fused to other plasma proteins, e.g., serum albumin, resulting in molecules with

strongly increased half-life (M€uller et al. 2007).
Tetravalent bispecific molecules have been generated by varying the linker

lengths of single-chain diabodies. Reducing the middle linker (see Fig. 5.2)

connecting the VHA–VLB and VHB–VLA fragments from 15 residues to ~5 residues

impedes assembly of the domains from one polypeptide chain and leads to the pairing

of two chains into a dimeric single-chain diabody molecule in an antiparallel

orientation (TandAbs) (Kipriyanov et al. 1999; Cochlovius et al. 2000a) (Fig. 5.3).

Further experiments established that this dimerization takes place when the middle

linker is reduced in length below nine residues and using flanking linkers composed

of two to six residues (V€olkel et al. 2001), although in another study tandAbs were

also formed using a middle linker of 12 residues and flanking linkers of six or ten

residues (Le Gall et al. 2004). Interestingly, it was found that dimers are also formed

by chains possessing a middle linker of 13 or more residues but very short flanking

linkers (zero or one residue), probably by assembly into a tetrabody-like circular

structure (V€olkel et al. 2001).
Diabodies have been mainly expressed in bacteria (E. coli). Production was

conducted by secretion into the periplasmatic space, taking advantage of the oxidative

environment that allows disulfide bound formation and therefore correct antibody

folding. Alternatively, diabodies have been expressed cytoplasmatically as inclusion

bodies, requiring a subsequent refolding step to generate functional molecules. In

addition, diabodies have been produced in mammalian cells and secreted into the cell

culture supernatant. To obtain purified recombinant protein, diabodies are usually

equipped with tags (e.g., histidine-tag) and purified via respective affinity chroma-

tography. Nevertheless, in the case of diabody transduced mammalian cells also in

situ production has been reported. Originally, the periplasmatic bacterial production

has been the method of choice for most of the diabody variants (ds-Db, scDb and

tandem Db), but lately mammalian production is becoming more and more important

as well (scDb, DARTs and Db/scDb–Fc) (see Tables 5.1 and 5.2).

5.4 Half-Life Extension Strategies

Several studies have shown that diabodies and single-chain diabodies are rapidly

cleared from circulation owing to their small size and lack of FcRn-mediated

recycling (Holliger et al. 1997; M€uller et al. 2007). Therapeutic applications
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require, therefore, infusions or repeated injections to maintain an effective dose

over a prolonged period of time. Consequently, these molecules will benefit from

strategies that extend the half-life and thus improve application and most likely also

efficacy (Kontermann 2009). We have recently applied several half-life extension

Table 5.2 Examples of diabodies, single-chain diabodies, and their derivatives for effector

molecule retargeting, dual targeting, gene therapy, and radioimmunotherapy

Format Specificity

Expression

system Application References

Retargeting of effector molecules

Db HEL � C1q E. coli (p) In vitro Kontermann et al.

(1997)

Db HEL � LAM E. coli (p) In vitro Holliger et al. (1997)

scDb CEA � Gal HEK293 (s) In vitro Br€usselbach et al.

(1999)

scDb-CH3

scDb-Fc

CEA � Gal HEK293 (s) In vitro Alt et al. (1999)

Db TAFI � PAI-1 E. coli (p) In vitro Develter et al. (2008)

Dual targeting

Db VEGFR2 E. coli (p) In vitro Lu et al. (1999)

Db VEGFR2 � VEGFR3 E. coli (p) In vitro Jimenez et al. (2005)

Db VEGFR1 � VEGFR2 E. coli (p) In vitro Lu et al. (2001)

Db–CH3 VEGFR1 � VEGFR2 E. coli (p) COS
(s)

In vitro Lu et al. (2003)

Db EGFR � IGFR E. coli (p) In vitro Lu et al. (2004)

Db–Fc EGFR � IGFR NS0 (s) In vitro/

in vivo

Lu et al. (2005)

DART CD32B � CD79B CHO (s) In vitro/

in vivo

Veri et al. (2010)

Gene therapy (virus retargeting)

scDb EDG � Ad E. coli (p) In vitro Nettelbeck et al.

(2001)

scDb CEA � Ad E. coli (p) In vitro Korn et al. (2004a)

scDb HMWMAA � Ad E. coli (p) In vitro Nettelbeck et al.

(2004)

scDb erbB2 � Ad HeLa (s) In vitro Kashentseva et al.

(2009)

Radioimmunotherapy

Db HLA-DR � DOTA E. coli (p) In vitro DeNardo et al. (2001)

Db CEA � HSG E. coli (p) In vivo Griffiths et al. (2004)

Ad Adenovirus fiber domain; C1q complement C1q; CEA carcinoembryonic antigen; DART dual-

affinity retargeting; Db diabody; scDb single-chain diabody; DOTA 1,4,7,10-tetraazacyclo-

dodecane-N,N0, N00,N00 0-tetraacetic acid; EDG endoglin; EGFR epidermal growth factor receptor;

erbB2 human epidermal growth factor receptor 2; Gal b-galactosidase; HEL hen egg lysozyme;

HLA human leukocyte antigen; HMWMAA high molecular weight melanoma-associated antigen;

HSG histaminyl-succinyl-glycine; IGFR insulin-like growth factor receptor; LAM mouse IgMl,
IgG2al; PAI-1 plasminogen activator inhibitor-1; TAFI thrombin activatable fibrinolysis inhibitor;

VEGFR vascular endothelial growth factor receptor; p periplasmatic; r refolding; s secretion
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strategies to a bispecific single-chain diabody directed against carcinoembryonic

antigen and CD3. These strategies included PEGylation, N-glycosylation, fusion to
human serum albumin, and fusion to an albumin-binding domain (ABD) from

streptococcal protein G (M€uller et al. 2007; Stork et al. 2007; Stork et al. 2008).

PEGylation was achieved by introducing an additional cysteine residue either in

one of the flanking linkers or at the C-terminus of the scDb. This allowed for a side-

directed and defined conjugation of a maleimide-functionalized 40 kDa branched

PEG chain (Stork et al. 2008). Conjugation resulted in a strong increase of

the hydrodynamic radius from 2.7 nm for the unmodified scDb to 7.9 nm for the

PEGylated scDb. N-glycosylated derivatives were produced by introducing

N-glycosylation sites (Asn-X-Thr) in the two flanking linkers as well as C-terminal

tails containing 1, 4, or 7 N-glycosylation sites, respectively (Stork et al. 2008).

Production in 293 cells resulted in N-glycosylated scDb molecules with an

increased molecular mass, although SDS-PAGE and MALDI-MS analysis of the

carbohydrates revealed a pronounced heterogeneity in respect to size and composi-

tion. Fusion to serum albumin increased the molecular mass from ~55 to 125 kDa

resulting in an increase of the hydrodynamic radius to 3.9 nm. Fusion of an ABD

possessing a molecular mass of 6 kDa enabled non-covalent binding of the scDb-

ABD fusion protein to serum albumin, including human and mouse serum albumin

(HSA, MSA), which increased the hydrodynamic radius to 4.8 nm. A comparative

analysis of half-lives in mice showed that all modifications prolonged circulation

time. Thus, the unmodified scDb exhibited a terminal half-life of 5–6 h, while that

of PEGylated scDb, scDb-HSA, and scDb-ABD was increased two- to fourfold

which resulted in an approximately 11-fold increased AUC0–24. In contrast, the

N-glycosylated derivatives showed only a moderate increase in half-life (6–9 h) and

AUC (two- to threefold). The prolonged half-life also resulted in an increased

accumulation in CEA-positive tumors, especially of the scDb-ABD fusion protein

(Stork et al. 2009). Further studies with scDb-ABD derivatives exhibiting an

increased or decreased affinity for albumin, or possessing two ABD fused to scDb,

showed that affinity and valency have only a minor effect on half-life in mice (Hopp

et al. 2010). In vitro studies with this particular scDb revealed for the modified

molecules a reduced capacity to mediate target cell-dependent T-cell stimulation

and cytotoxicity, indicating that the modifications and the interaction with albumin

have negative effects on the interaction between target and effector cells.

5.5 Effector Cell Retargeting

Initially, the application of bispecific diabodies focused on effector cell retargeting

in the context of cancer immunotherapy. According to this concept, simultaneous

binding of the bispecific antibody to a tumor-associated antigen on the tumor cell

and a trigger molecule on the immune effector cell leads to effector cell activation

and consecutive tumor cell killing. The diabody format was designed to present the

advantages of a small recombinant antibody molecule, lacking the Fc part, thus
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allowing better tumor penetration and more selective retargeting of immune cells,

as well as avoiding side effects induced by the effector functions inherent of the Fc

part (Segal et al. 1999). In addition, the recombinant expression offered a defined,

more homogeneous production system than that provided by the hybridoma tech-

nology or chemically linkage strategy, facilitating purification and retrieval of

higher yields of bispecific antibody molecules. Primarily, retargeting of T cells

was attempted via the trigger molecule CD3 and tumor targeting was achieved by

binding to diverse tumor-associated antigens, e.g., CEA, EGFR, PSMA, CD19, and

CD20 (Table 5.1). For all of these constructs, diabody-mediated retargeting of

activated T cells and tumor cell killing was demonstrated in vitro, confirming the

feasibility of the strategy. Furthermore in several xenograft tumor mouse models, the

application of the bispecific diabody together with preactivated human PBLs led to

tumor growth inhibition and/or increased survival, thus indicating also in vivo

efficacy. For example, a bispecific diabody DbCD3 � CD19 was reported to mediate

in a concentration-dependent manner tumor cell lysis from a CLL patient by

redirecting autologous T cell-mediated cytotoxicity in vitro. Thus at a E:T cell ratio

of 10:1 more than 50% tumor cell lysis was achieved with a diabody concentration of

50 mg/ml. Furthermore, in a subcutaneous Raji Burkitt’s lymphoma xenograft tumor

mouse model, repeated administration of preactivated human PBLs followed by

treatment with 50 mg bispecific diabody delayed tumor growth by approximately

20 days and increased the survival by around 5 weeks (Cochlovius et al. 2000a). In

another case, bispecific diabody DbEGFR � CD3, retargeting preactivated T cells to

EGFR-expressing TFK-1 cells, achieved 90% specific tumor cell killing at a concen-

tration of 1 mg/ml and an E:T of 100:1. Also, in a subcutaneous TFK-1 xenograft

tumor mouse model, repetitive treatment with 20 mg of this diabody, previously

mixed with preactivated T cells, was started when tumor size reached 5 mm in

diameter. Here, tumor growth could be suppressed up to 10 weeks at which in

three of six mice complete tumor disappearance was observed (Hayashi et al. 2004).

Considering that under physiological conditions T-cell activation is dependent on

appropriate costimulation, in several approaches the bispecific antibody in

the diabody or single-chain diabody format was combined with a costimulatory

signal. Therefore, a monoclonal antibody targeting the costimulatory receptor

CD28 (Cochlovius et al. 2000b) or different antibody-ligand fusion proteins targeting

costimulatory ligands such as B7 (Blanco et al. 2003; M€uller et al. 2007) and 4-1BBL
(M€uller et al. 2008; Liu et al. 2010) to the tumor site were applied. Thus, enhanced

T-cell activation was achieved as shown by increased cytokine release and cytotoxi-

city in vitro and delayed tumor growth in xenograft tumor mouse models in vivo. In

another attempt to reinforce the antitumor response by T cells, a bispecific diabody

(DbMUC1 � CD3) was fused to a mutated form of the superantigen staphylococcal

enterotoxin A (SEA D227A). Also in this case, the antibody-mediated antitumor

effects in a xenograft tumor mouse model were enhanced significantly in comparison

to the bispecific diabody alone (Takemura et al. 2002).

Furthermore, retargeting immune effector cells other than T cells, e.g., NK

cells, was achieved, generating bispecific diabodies with specificity for a leukemia-

associated antigen (CD30, CD19) and the trigger molecule CD16 (Arndt et al. 1999;
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Kipriyanov et al. 2002). Tumor growth inhibition and increased survival was

reported in xenograft tumor mouse models. In addition, synergism in the antitumor

response was observed for the combined application of DbCD19 � CD3 and

DbCD19 � CD16 (Kipriyanov et al. 2002).

To improve the stability of the bispecific diabody, additional cysteine residues

have been introduced either inside the variable regions themselves or at the end of

the polypeptide chains to induce the covalent linkage of the dimer via disulphide

bond formation. Thus, ds-Db (Pgp � CD3) was created introducing an additional

cysteine residue in the variable regions of the CD3-specific antibody, respectively

(Liu et al. 2009). Retaining full binding capacity and retargeting potential, highly

improved serum stability was demonstrated in vitro. Furthermore, stabilization led

to enhanced tumor targeting and twofold greater tumor growth inhibition in

a xenograft tumor mouse model in vivo. According to the DART (dual-affinity

re-targeting) design, dimerization takes place due to the cysteine residues localized

at the C-terminus of the polypeptide chains. DART diabody CD16 � CD32B was

generated, retargeting PBMCs to B-cell lymphoma cell lines (Johnson et al. 2010).

High serum stability was demonstrated over several weeks. Also, in antibody-

dependent cellular cytotoxicity (ADCC) assays, the cytotoxic potential of this

diabody in comparison to an Fc-engineered CD32B-specific monoclonal antibody

(increased CD16 binding) was shown to be far superior. In vivo, activity was further

confirmed by B-cell depletion in transgenic mice expressing the respective human

antigens CD16 and CD32B. Furthermore, antitumor response was analyzed in

a Burkitt’s lymphoma xenograft mouse model, monitoring survival. Here a single

dose of 25 mg/mouse administrated weekly for 4 weeks led to complete protection

by the Fc-enhanced monoclonal antibody and 87% protection by the DART anti-

body. Nevertheless, higher dose and treatment frequency of the DART antibody led

also to complete tumor-free survival, indicating that the pharmacokinetic properties

of these potent, small molecules have to be considered.

Other strategies aim to improve the potency of bispecific diabodies focusing on

the generation of diabody forms with increased avidity. For example by modifying

the expression conditions, non-covalent homodimerization of bispecific single-

chain diabody chains can be induced, retrieving tetravalent tandem diabodies.

Thus, tandem diabodies with CD3 � CD19 specificity were produced, which in

compliance with the higher valency, showed stronger binding properties, leading

in vitro to increased T cell retargeting in terms of proliferation and cytotoxicity

of preactivated T cells. In vivo, due to the larger size longer blood retention

was achieved (Kipriyanov et al. 1999). Nevertheless, in a Burkitt’s lymphoma

xenograft mouse model, the diabody and the tandem diabody (CD3 � CD19)

achieved similar effects in terms of tumor regression and survival and only by

coadministration of the costimulatory CD28-specific monoclonal antibody, a stronger

antitumor response related to the tandem diabody could be observed (Cochlovius

et al. 2000a). Ex vivo analysis with PBMCs from patients with B cell chronic

lymphocytic leukemia, expressing high levels of costimulatory ligands (CD80 and

CD86), showed tandem diabody (CD3 � CD19)-mediated T-cell proliferation and

B-cell depletion, while the diabody and single-chain diabody (CD3 � CD19)
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showed no effect (Reusch et al. 2004). Interestingly, site-by-site comparison of

the dimeric, tandem diabody (CD3 � CD19) and the monomeric BiTE, tandem

scFv (CD3 � CD19), analyzing the antibody-mediated cellular cytotoxicity of

unstimulated and preactivated PBMCs of healthy donors directed to several

CD19+ tumor cell lines, revealed an by several orders of magnitude stronger

biological activity of the BiTE molecule (Mølhøj et al. 2007). Thus, highly efficient

tumor cell killing by a monovalent bispecific antibody format is also feasible.

Nevertheless, only the comparative evaluation of the antitumoral efficacy in vivo

will, in the end, reveal which format might be more advantageous.

5.6 Effector Molecule Recruitment

Bispecific diabodies have also been applied in strategies for effector molecule

recruitment. First approaches were inspired by the natural effector functions of

monoclonal antibodies, seeking for alternative options to exploit these effector

mechanisms by the upcoming recombinant antibody formats. Thus, for proof of

principle, bispecific diabodies were generated with one binding side for hen egg

lysozyme (HEL) as a model antigen and a second binding site for serum immuno-

globulin (Ig) (Holliger et al. 1997) or complement C1 (Kontermann et al. 1997).

In vitro, diabody-mediated retargeting of serum immunoglobulin to HEL-coated

red blood cells induced complement recruitment, mononuclear phagocyte respira-

tory burst and phagocytosis. Similarly, diabody-mediated complement activation

was achieved retargeting complement C1q to HEL-coated red blood cells.

Other strategy consisted in retargeting an enzyme to the tumor site to enable

a localized enzyme-mediated prodrug conversion. Here, an scDb specific for the

tumor associated carcinoembryonic antigen (CEA) and the enzyme b-galactosidase
(Gal) were reported (Br€usselbach et al. 1999). In vitro, scDb-mediated recruitment

of b-galactosidase to CEA-expressing tumor cells was shown, followed by the

enzymatically activation of the prodrug into daunomycin and consecutive tumor

cell killing.

Also implicating a two-step approach, but intended for radioimaging, a bispecific

diabody binding to the CEA and a histaminyl-succinyl-glycine (HSG) hapten was

generated (Griffiths et al. 2004). Here, first the bispecific antibody was injected into

human colon tumor xenograft bearing athymic mice. Fifteen hours later, after

unbound antibodies had been cleared, the peptide IMP 241 [DOTA-Phe-Lys(HSG)-

D-Tyr-Lys(HSG)-NH2] radiolabeled with
67Ga was administered and tumor imaging

performed by positron emission tomography (PET). Biodistribution of the radionu-

clide 3 h after the peptide IMP 241 injection retrieved a tumor-to-blood ratio of 137:1

and low background signal with a tumor-to-normal tissue ratio over 40:1 with the

exception of the kidney (2,3:1). Thus, due to the rapid clearance from the blood, the

bispecific diabody showed a considerably better performance than the corresponding

F(ab0)2 molecule, in which case the maximal tumor-to-blood ratio determined was

12:1, while tumor-to-liver and tumor-to-lung ratios were 16:1 and 20:1, respectively.
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5.7 Dual Targeting

The avidity of the bispecific diabody can be increased generating diabody– or

single-chain diabody–Fc fusion proteins. Here, dimer formation occurs by covalent

linkage of the Fc part in the hinge region, generating tetravalent, bispecific IgG-like

antibody constructs (Fig. 5.3). Besides increased valency, improved pharmacoki-

netic properties and Fc-mediated effector functions come along with this format.

Db–Fc and scDb–Fc with EGFR � CD3 specificity have been described in vitro

(Asano et al. 2008). In comparison with the Db and scDb alone, they showed

enhanced cancer cell growth inhibition retargeting preactivated T cells (10 fold)

and PBMCs (100 fold). Thus, bispecific Db and scDb-mediated cytotoxicity can be

enhanced significantly by increasing the avidity and introducing the additional

antibody-dependent cellular cytotoxicity (ADCC) effector mechanism into this

format. Nevertheless tumor target-dependent activation of the effector cells cannot

be assured any more, as cross-linking of CD3 by the tetravalent antibody construct

in solution might already be sufficient to activate T cells non-specifically and

induce ADCC by Fc-receptor bearing cells in the absence of tumor target cells.

Therefore, these formats are more likely to be applied to the dual targeting

approach, where tumor growth inhibition is caused by enhanced antagonistic

binding to two different tumor growth-related receptors. In vitro, bispecific

diabodies targeting VEGFR1 and 2 have shown to be able to block the interaction

of these receptors with the corresponding ligands VEGF and PlGF, inhibiting

stronger than the parental antibodies the chemotactic and mitogenic activity of

these ligands (Lu et al. 2001). Converting this diabody into a Db–CH3 fusion

protein resulted in a tetravalent bispecific molecule with stronger binding and

blocking properties than the divalent bispecific diabody counterpart (Lu et al.

2003). Following the same principle, a Db–Fc fusion protein was reported,

targeting EGFR and IGFR (Lu et al. 2005). Here, besides blocking receptor–ligand

binding, ADCC and tumor growth inhibition in two xenograft mouse models

was accomplished. Dual receptor targeting was clearly advantageous over single

receptor targeting, as shown by the combination of the parental monoclonal

antibodies. The capacity of the di-diabody to retain largely the functional properties

of the individual parental antibodies and combine them into a single molecule

confers it high potential for versatile applications, whereas the combinatorial effect

is strongly influenced by the respective target constellation.

5.8 Viral Vector Retargeting and Generation of In Situ

Producer Cells

Bispecific single-chain diabodies (scDb) have also been included in gene therapeutic

approaches. By bridging adenoviral vector particles and target cells, scDb-mediated

transduction showed improved selectivity and efficiency. This was observed for a
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bispecific scDbEDGxAd5 directed against the tumor vascular target endoglin

(EDG) and the adenoviral (Ad5) capsid fiber knob domain that could selectively

enhance (>sixfold) the adenovirus transduction in endoglin expressing HUVEC

cells (Nettelbeck et al. 2001). The feasibility of this approach was also successfully

confirmed in vitro, retargeting adenoviral vectors, e.g., to tumor cells expressing

CEA, high molecular weight melanoma-associated antigen (HMWMAA) or erbB2

(Korn et al. 2004a; Nettelbeck et al. 2004; Kashentseva et al. 2009) (See also

Chap. 18).

Another gene therapeutic approach proposes the generation and subsequent

implantation of antibody producer cells into the patient, thus providing sustained

concentrations of bispecific antibodies in the organism over an extended time

period. Initially, 293T cells were genetically modified to secrete the bispecific

diabody DbCEA � CD3, capable of retargeting T cells to CEA-expressing tumor

cells. In vivo, irradiated producer cells were mixed with CEA-expressing human

colon carcinoma cells and implanted in athymic nude mice. Once tumors became

palpable, preactivated human T cells were injected intratumorally. In situ expres-

sion of the diabodies strongly inhibited the tumor growth (Blanco et al. 2003). In

a similar mouse model, implantation of a mixture of tumor cells and activated

human PBLs previously transduced to express DbCEA � CD3, led also to tumor

growth inhibition (Compte et al. 2007). Other producer cells employed were human

mesenchymal stem cells (MSCs) transduced with a lentiviral vector encoding

DbCEA � CD3 that were seeded in a synthetic extracellular matrix scaffold and

injected subcutaneously in immunodeficient mice at a distant location from the

xenograft tumor implant. Next, preactivated human T cells were injected intrave-

nously and tumor growth monitored. Plasma levels of the diabody were detectable

for 6 weeks and therapeutic efficiency shown by tumor growth inhibition (Compte

et al. 2009). Further development of this model used HUVECs as diabody producer

cells embedded in matrigel together with MSCs, generating subcutaneous “vascular

implants.” Also here, significant plasma levels of the DbCEAxCD3 were measured

over several weeks and tumor growth inhibition and enhanced survival were

achieved (Compte et al. 2010). Nevertheless, inherent properties of the producer

cells employed so far such as, e.g., short life span and low transduction efficiency

(lymphocytes) or potential influence on tumor growth and metastasis at the tumor

site (MSC) still constitute together with safety issues important restrictions for this

approach in cancer therapy.

5.9 Conclusion

In vitro and in vivo studies have revealed the large and versatile application

potential of diabodies, single-chain diabodies, and their derivatives, especially for

cancer therapy. Although the proof of concept of these strategies are limited to

preclinical studies so far, the advance of two BiTE (bispecific T cell engager)

molecules of the tandem scFv format (taFv), into first clinical studies encourage
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further development in this direction. In fact, several companies, e.g., MacroGenics

(DART), ImClone Systems (Db–Fc), and Affimed Therapeutics (tandAbs) focus on

diabody derivatives in their product development. Thus, in the future, more

bispecific diabody-related molecules are expected to find their way into the clinic.
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a trimeric antibody fragment with noncognate VH-VL domain paris shows a rearrangement of

VH CDR3. Proc Natl Acad Sci USA 94:9637–9642

Perisic O, Webb PA, Holliger P, Winter G, Williams RL (1994) Crystal structure of a diabody,

a bivalent antibody fragment. Structure 2:1217–1226

Reiter Y, Brinkmann U, Lee B, Pastan I (1996) Engineering antibody Fv fragments for cancer

detection and therapy: disulfide-stabilized Fv fragments. Nat Biotechnol 14:1239–1245

Reusch U, Le Gall F, Hensel M, Moldenhauer G, Ho AD, Little M, Kipriyanov SM (2004) Effect

of tetravalent bispecific CD19xCD3 recombinant antibody construct and CD28 costimulation

on lysis of malignant B cells from patients with chronic lymphocytic leukemia by autologous

T cells. Int J Cancer 112(3):509–518

Schlenzka J, Moehler TM, Kipriyanov SM, Kornacker M, Benner A, B€ahre A, Stassar MJ,

Sch€afer HJ, Little M, Goldschmidt H, Cochlovius B (2004) Combined effect of recombinant

CD19 x CD16 diabody and thalidomide in a preclinical model of human B cell lymphoma.

Anticancer Drugs 15(9):915–919

5 Diabodies, Single-Chain Diabodies, and Their Derivatives 99



Segal DM, Weiner GJ, Weiner LM (1999) Bispecific antibodies in cancer therapy. Curr Opin

Immunol 11:558–562

Stork R, M€uller D, Kontermann RE (2007) A novel tri-functional antibody fusion protein with

improved pharmacokinetic properties generated by fusing a bispecific single-chain diabody

with an albumin-binding domain from streptococcal protein G. Protein Eng Des Sel 20(11):

569–576

Stork R, Zettlitz KA, M€uller D, Rether M, Hanisch FG, Kontermann RE (2008) N-glycosylation
as novel strategy to improve pharmacokinetic properties of bispecific single-chain diabodies.

J Biol Chem 283(12):7804–7812

Stork R, Campigna E, Robert B, M€uller D, Kontermann RE (2009) Biodistribution of a bispecific

single-chain diabody and its half-life extended derivatives. J Biol Chem 284(38):25612–25619

Takemura S, Asano R, Tsumoto K, Ebara S, Sakurai N, Katayose Y, Kodama H, Yoshida H,

Suzuki M, Imai K, Matsuno S, Kudo T, Kumagai I (2000) Construction of a diabody (small

recombinant bispecific antibody) using a refolding system. Protein Eng 13(8):583–588

Takemura S, Kudo T, Asano R, Suzuki M, Tsumoto K, Sakurai N, Katayose Y, Kodama H,

Yoshida H, Ebara S, Saeki H, Imai K, Matsuno S, Kumagai I (2002) A mutated superantigen

SEA D227A fusion diabody specific to MUC1 and CD3 in targeted cancer immunotherapy for

bile duct carcinoma. Cancer Immunol Immunother 51(1):33–44

Todorovska A, Roovers RC, Dolezal O, Kortt AA, Hoogenboom HR, Hudson RJ (2001) Design

and application of diabodies, triabodies and tetrabodies for cancer targeting. J Immunol Meth

248:47–66

Veri MC, Burke S, Huang L, Li H, Gorlatov S, Tuaillon N, Rainey GJ, Ciccarone V, Zhang T,

Shah K, Jin L, Ning L, Minor T, Moore PA, Koenig S, Johnson S, Bonvini E (2010)

Therapeutic control of B cell activation via recruitment of Fcgamma receptor IIb (CD32B)

inhibitory function with a novel bispecific antibody scaffold. Arthritis Rheum 62(7):

1933–1943

V€olkel T, Korn T, Bach M, M€uller R, Kontermann RE (2001) Optimized linker sequences for the

expression of monomeric and dimeric bispecific single-chain diabodies. Protein Eng

14:815–823

WhitlowM, Filpula D, Rollence ML, Feng S-L, Wood JF (1994) Multivalent Fvs: characterization

of single-chain Fv oligomers and preparation of a bispecific Fv. Protein Eng 7:1017–1026

Wu AM, Williams LE, Zieran L, Padma A, Sherman M, Bebb GG, Odom-MAryon T, Wong JYC,

Shively JE, Raubitschek AA (1999) Anti-carcinoembryonic antigen (CEA) diabody for rapid

tumor targeting and imaging. Tumor Target 4:47–58

Xiong D, Xu Y, Liu H, Peng H, Shao X, Lai Z, Fan D, Yang M, Han J, Xie Y, Yang C, Zhu Z

(2002) Efficient inhibition of human B-cell lymphoma xenografts with an anti-CD20 x

anti-CD3 bispecific diabody. Cancer Lett 177(1):29–39

Zhu Z, Zapata G, Shalaby R, Snedecor B, Chen H, Carter P (1996) High level secretion of

a humanized bispecific diabody from Escherichia coli. Biotechnology 14(2):192–196

Zhu Z, Presta LG, Zapata G, Carter P (1997) Remodeling domain interfaces to enhance

heterodimer formation. Protein Sci 6:781–788

100 D. M€uller and R.E. Kontermann



Chapter 6

Bispecific Single Domain Antibodies

Patrick Chames and Daniel Baty

6.1 Introduction

Monoclonal antibodies are now widely recognized as therapeutic molecules and

more than 25 molecules have been approved in the United States and other

countries (Reichert 2010). These therapeutic achievements are the results of years

of antibody engineering efforts aiming at decreasing the immunogenicity of these

molecules and increasing their possibility to recruit the human effector cells of the

immune systems. Despite very significant progresses, especially in cancer therapy,

the clinical activity of these molecules is still far from optimal and new solutions

have to be found. The creation of bispecific antibodies (bsAbs), capable of simulta-

neous binding to two different targets and thus capable of retargeting a large variety

of payloads to cancer cells might be one the most promising solution to this issue

(Chames and Baty 2009a, b). The potential of this approach has been demonstrated

by several studies over the years but the difficulty to produce large amounts of

homogenous preparation of bsAb using the available techniques (hybrid

hybridomas, chemical cross-linking) has hindered a wider development of this

approach. With the development of antibody engineering, several new recombinant

formats have been designed and validated to a certain extent. These formats include

tandem scFv, diabodies, tandem diabodies, dual variable domain antibodies, or

heterodimerization using a motif such as the Dock and Lock motif. While most of

these formats are characterized by various advantages, none of them has met so far

all the requirements to become a standard format for clinical applications. Single

domain antibodies, being the smallest fully functional antibody fragments, and

characterized by many outstanding physical properties, might accelerate the way

toward this goal.
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6.2 Single Domain Antibodies: Ideal Building Blocks

In a rather visionary work published in 1989, Sally Ward and collaborators

demonstrated the possibility to reach affinities in the 20 nM range for an antigen

using single variable domains isolated by phage display from small immune

libraries of murine IgG heavy chain variable domains (VH) (Ward et al. 1989).

The authors coined the name dAb for single domain antibodies for these molecules.

In this paper, they already mention that such fragments could penetrate tissues more

readily and could block “canyon” sites on some proteins. This discovery remained

anecdotical until 1993, when Hamers and collaborators discovered the presence of

antibodies devoid of light chain and first heavy constant domain in the blood of

camels (Hamers-Casterman et al. 1993). These antibodies, named heavy chain

antibodies (HcAb), also found in other camelids (dromedaries, llamas, and alpacas),

bind their epitopes using a single variable domain from the heavy chain, called

VHH (Fig. 6.1). Interestingly, these variable domains can be very efficiently

produced in E. coli or in yeast. They are then named single domain antibodies

(sdAb) or nanobodies. These sdAbs were subsequently shown to be endowed with

outstanding physical properties making them very attractive as binding unit in

antibody engineering for immunotherapy. First of all, despite their reduced

paratope, these antibody fragments reach affinities typical for regular mAbs and

are also capable of binding small molecules and haptens (Spinelli et al. 2000;

Alvarez-Rueda et al. 2007; Behar et al. 2008). To do so, they often use a longer

hypervariable loop (CDR3 for complementarity determining region 3) compared to

regular mAbs, which also allow them to bind to buried cavities at the surface of

their antigens (De Genst et al. 2006). Consequently, sdAbs are a good source of

enzyme inhibitors and can yield antibodies against antigens which are invisible to

conventional antibodies (Lauwereys et al. 1998). The single domain nature of

these fragments permits the amplification and subsequent straightforward cloning

of their genes, without requiring the use of artificial linker peptide (for single chain

Fv fragments) or bi-cistronic constructs (for Fab fragments). This feature further

allows direct cloning of immunized repertoire without being concerned by the usual

disruption of VH/VL pairing faced by scFv and Fab fragments. It is also probably

responsible for the high production yield reached by these fragments when

expressed in E. coli. Moreover, sdAbs show extreme refolding capabilities and

physical stability (Dumoulin et al. 2002; Dolk et al. 2005), which make them very

attractive as detecting or targeting reagents. In fact, their high intrinsic stability

allows them to fold properly in reducing environments that do not allow disulfide

bond formation such as cell cytoplasm or nucleus. Consequently, and unlike

conventional antibody fragments, most sdAbs can efficiently be used as intracellu-

lar antibodies (intrabodies) to probe or block a specific epitope of an intracellular

protein (Muyldermans 2001; Gueorguieva et al. 2006; Rothbauer et al. 2006;

Verheesen et al. 2006; Groot et al. 2008; Serruys et al. 2009).

Last but not least, the genes of these fragments show a large degree of homology

with the VH3 subset of human VH genes (Ewert et al. 2002; Su et al. 2002), which
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confer them a low antigenicity in humans, a very attractive feature for immuno-

therapy approaches. If needed, they can also be humanized (Vincke et al. 2009).

The immunization of llamas with recombinant proteins, intact cells, or cell lysates

offers the possibility to take advantage of the very efficient in vivo affinity matura-

tion to enrich the animal antibody repertoire with high affinity antibodies (in the

nanomolar range) before the creation of the antibody gene library. The cloning of

the resulting repertoires gives access to a panel of antigen-specific easy-to-produce

and stable antibody fragments that can directly be used as targeting agents.

Camelids are not the only species producing antibodies devoid of light chain.

Greenberg et al. (1995) described the presence of heavy chain antibodies in

nurse shark, called IgNAR. Such antibodies were also found in wobbegong sharks

Single chain Fv (scFv)

Camelid HcAb

Camelid
nanobodies

Human VH (dAb)

Shark IgNAR

Shark VNAR

Human IgG

Fig. 6.1 Sources of single domain antibodies. Schematic structures of conventional human IgG,

shark IgNAR, camelid heavy chain antibodies and their corresponding single domain antibodies

[domain antibodies (dAb), VNAR and nanobodies (Nb), respectively], circled. A single chain Fv

fragment is depicted for comparison
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(Nuttall et al. 2001). The variable domain of IgNAR, called VNAR (Fig. 6.1) shares

many properties with camelid VHH, including their high stability, their long CDR3,

and their tendency to bind cavities (Stanfield et al. 2004; Simmons et al. 2008).

The hope to confer these attractive features to fully human variable domains has

been the goal of many antibody engineering team. Human VH domains (Fig. 6.1)

have a propensity to aggregate when expressed in the absence of matching VL. To

obtain human VH with favorable properties, Jespers et al. have selected a synthetic

library of human VH based on a single scaffold with diversification of the binding

loops. Once expressed at the surface of phage particles, these human VH were

heat-denaturated, cooled, and non-aggregated VH domains were selected for their

ability to bind protein A. This approach could select clones that were resistant to

aggregation, soluble and that could be purified in good yields (Jespers et al. 2004).

Because only 1 clone out of 1,000 survived this process, the authors restored a high

diversity by combinatorial assembly of CDR building blocks from the repertoire of

aggregation-resistant antibody domains, leading to a large library of VH containing

around 80% of aggregation-resistant VH domains (Christ et al. 2007). The process of

selection for resistant human VH was further refined by including selections at 37�C
in acidic pH (3.2) for 2 h as the aggregation-promoting condition. This process was

shown to select domains that were thermodynamically stable as well as aggregation-

resistant, unlike the first method that was selecting aggregation-resistant clones but

with melting temperatures similar to the parental clones (Famm et al. 2008).

Thus, single domain antibodies can be generated by immunization of animals

naturally producing antibodies devoid of light chain, or from large human synthetic

libraries. Immunization favors the direct selection of high affinity clones that have

undergone in vivo affinity maturation, whereas the use of large synthetic libraries

allows the selection of fully human domains with comparable properties. Because

these domains are small, very efficiently produced, and highly stable, they represent

ideal building tools to create more elaborate molecules such as bispecific antibodies

(see Saerens et al. 2008 for a complete review on single domain antibodies).

6.3 Bispecific Antibodies

Single domain antibodies have been used to create various formats of bispecific

antibodies. This chapter describes the main proposed formats.

6.3.1 Tandem and Linear Repeats of sdAbs

6.3.1.1 Proof of Concept

The most obvious way to create bispecific antibodies using single domain

antibodies is to link two domains via a peptidic linker, thereby creating a tandem

sdAb (Fig. 6.2). In 2001, a proof of concept was published by Muyldermans and
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BsFab

VH x Vκ

Bispecific tandem 
nanobodies

Decabody

Bispecific trivalent
tandem nanobodies

VH-IgG IgG-VH

Fig. 6.2 Formats of bispecific antibodies relying on the use of single domain antibodies. Sche-
matic structure of the various bispecific fragments discussed in this chapter. Human domains are

colored in dark and light for heavy and light chain respectively. Camelid domains of different

specificities are colored differently. The verotoxin B subunit part in the decabody construct is

depicted as cylinders. The locations of hypervariable loops constituting the antigen binding sites

near the N-terminus of Ig domains are shaded in black
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coworkers who produced bispecific tandem camelid nanobodies by fusing them via

a 29 amino acids peptide corresponding to the structural upper hinge of the llama

IgG2a isotype (Els Conrath et al. 2001). BsAbs binding to hen egg lysozyme

and porcine pancreatic a-amylase were produced in the periplasm of E. coli as
efficiently as monomeric VHHs and remained fully active after 44 h of incubation

in murine serum at 37�C. Simultaneous binding of these bsAbs to the two antigens

was demonstrated by gel filtration and by biosensor experiments. This work clearly

demonstrated the advantages of tandem nanobodies for the production of bsAbs.

6.3.1.2 aTNF � aTNF � aAlb

This concept was further developed a few years later in a more relevant setting for

cancer therapy by Coppieters and co-workers (2006) who isolated an anti-tumor

necrosis factor a (TNF) nanobody. This nanobody was expressed as a tandem

to display avid binding to the trimeric antigen, yielding a 30 kDa bivalent mono-

specific molecule. The purpose of this molecule was to block TNF for the treatment

of rheumatoid arthritis (RA). Unfortunately, small molecules with molecular

weight under 60 kDa and devoid of Fc portion allowing binding to FcRn receptor

are characterized by very short serum half-life. To solve this issues, the authors

isolated a new nanobody binding to human and murine serum albumin and fused

this domain via a flexible Gly-ser linker to the previous molecule yielding a

trivalent bispecific tandem nanobody anti-TNF � Albumin (Fig. 6.2). The serum

half-life of the tandem nanobody was substantially extended from 54 min to 2.2

days, most likely correlating with the murine albumin half-life. Interestingly,

in vitro, the antagonistic potency of this molecule exceeded that of anti-TNF

antibodies infliximab and adalimumab that are clinically used in RA. In a murine

model of RA (murine collagen-induced arthritis), a murine surrogate of this con-

struct capable of blocking murine TNF led to excellent therapeutic efficiency

exceeding the one of etanercept, a Fc fusion with human TNF receptor cross-

reacting with murine TNF.

6.3.1.3 aEGFR � aEGFR � aAlb

A very similar approach was developed by Roovers and collaborators. The authors

isolated by phage display antagonistic anti-epidermal growth factor receptor

(EGFR) nanobodies and dimerized them via the llama IgG3 hinge (12 amino

acids). A bispecific trivalent molecule was also generated by fusion to a serum

albumin binding domain to extend its serum half-life from less than 1 to 44 h

(Roovers et al. 2007). In vitro, bsAbs could completely block the EGF-induced

proliferation of A431 human tumor cells when added in excess. In an in vivo

murine xenograft model, the bsAb injected twice a week for 4 weeks could

effectively delay the growth of EGFR+ solid tumor until the end of the treatment.

The tumor targeting properties of the same bsAb were further studied in a following
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work (Tijink et al. 2008). Here, the authors compared the biodistribution of the

bivalent and trivalent nanobody with the well-described and FDA-approved

cetuximab in a xenograft murine model. The bivalent anti-EGFR nanobody achieved

an impressive tumor to blood ratio of 80 and a low tumor level of 5% ID/g, 6 h after

injection. By contrast, and thanks to its binding activity for albumin, the bispecific

trivalent construct yielded a very high tumor level (35% of ID/g), outperforming

cetuximab (27%). Moreover, tumor sections demonstrated a uniform staining for

the nanobody construct whereas only 60% of the tumor could be stained with

cetuximab, reflecting a better tumor penetration of the 50 kDa nanobody construct

vs. 150 kDa IgG.

6.3.1.4 aFMDV � aFMDV � apIg

A similar approach was described by Harmsen and collaborators who designed

a bispecific nanobody targeting the foot and mouth disease virus (FMDV) and

porcine IgG to protect pigs by passive immunization. The authors showed that the

addition of the anti-porcine IgG specificity yielded a 100-fold increase in serum

half-life compared to the anti-FMDVmonospecific nanobody (Harmsen et al. 2005,

2008). In a subsequent work, the team demonstrated that a mixture of two trivalent

aFMDV � aFMDV � apIg nanobody constructs injected 24 h before FMD

challenge infection of pigs could reduce and delay the development of clinical

disease, viremia, viral shedding, and FMD transmission (Harmsen et al. 2009).

Such efficiency was clearly correlated with the long serum half-life conferred by the

antiporcine Ig moiety of the construct.

6.3.1.5 aAahI0 � aAahII

Envenoming following scorpion sting is currently treated using a Fab02 preparation
of horse plasma antivenom serum (PAS). However, the beneficial effect of this

serotherapy remains controversial. One of its main limitation might be the size of

the antibody fragments (100 kDa) exceeding 14-fold the size of the main toxins

named AahI0 and AahII. It is indeed demonstrated that, unlike the large Fab02
fragments, these small toxic peptides distribute rapidly in blood and tissues. In

an effort to propose a smaller and more active antivenom molecules, Hmila and

collaborators (2010) have selected dromedary nanobodies against these two toxins

and could isolate nanobodies able to fully protected mice against 100 LD50 of AahI
0

administered intracerebroventricularly. To maximize the efficiency of nanobodies,

the authors designed a bispecific tandem anti-AahI0 � AahII nanobody and com-

pared its efficiency with PAS in a more relevant subcutaneous setting. Interestingly,

the bispecific nanobody could successfully neutralize 5 LD50 where PAS failed

at neutralizing 2 LD50, and was still fully protective when mice with severe signs

of envenoming were treated a few minutes before the untreated mice died
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(Hmila et al. 2010). The dual targeting properties and the small molecular weight of

this bispecific nanobody are probably to be accounted for its high efficiency.

6.3.1.6 aMP65 � aSAP2

Fully human variable domains have also been used as tandem domain antibodies.

De Bernardis and collaborators (2007) have isolated by phage display human

variable domains (VH and Vk) binding to the 62 kDa mannoprotein (MP65) or

the secretory aspartyl proteinase (SAP2), two defined virulence traits of Candida
albicans, an organism responsible of vaginal cadidiasis. Monovalent domain

antibodies could inhibit fungus adherence to epithelial cells of rat vagina and

accelerate the clearance of vaginal infection. When a tandem construct using

a flexible 25-aa polypeptide linker (Fig. 6.2) and binding both antigens was tested

in their in vivo model, they could achieve therapeutic efficiencies equivalent to

treatment with the antifungal fluconazole, both in pre- and postchallenge treatment

schedules and with fluconazole-sensitive and -resistant strains. Interestingly, the

authors could demonstrate a synergy due to the simultaneous targeting of two

different virulence factors afforded by the use of a bispecific construct.

6.3.2 IgG–sdAb Fusions

Because sdAbs are very small, they can also be easily fused to other molecules

to add a new specificity. This concept was demonstrated with the description of full-

length IgG whose heavy chains were N- or C-terminally fused to a single domain

antibody of different specificity. The resulting IgG-like molecules are bispecific

and still benefit from the presence of a Fc portion in terms of long half-life and

effector functions.

6.3.2.1 amPDGFRa � amVEGFR2

This approach was first demonstrated by Shen and collaborators (2006) who

produced a bispecific tetravalent molecule by fusing an antimouse platelet-derived

growth factor receptor alpha to the N-terminus of the light chain of a conventional

IgG binding to mouse vascular endothelial growth factor receptor 2 (Fig. 6.2). The

authors first isolated a truncated clone from a large library of human Fab fragment

panned against mPDGFRa. This clone was deleted from its VL domain but could

still bind the antigen with high affinity (0.42 nM) and could block the interaction

with the ligand PDGF-AA with an IC50 of 12 nM. The same library was used

to select a regular high affinity (6.7 nM) blocking (IC50 of 3.5 nM) human Fab

fragment against mVEGFR2 and was converted to the IgG format. The isolated VH

of the truncated clone was subsequently fused to the N-terminus of the full-length
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IgG light chains, yielding the bispecific IgG-like construct that could be efficiently

produced in mammalian cells and retained the antigen binding specificity and

the receptor neutralizing activity of the parent antibodies. Interestingly, on cells

expressing both receptors, the bsAb displayed a better binding activity that the

parent antibodies thereby demonstrating dual receptor-targeting.

6.3.2.2 amPDGFRa � amPDGFRb

The same team constructed a similar bsAb by fusing the same anti-mPDGFRa VH

to a human anti-mPDGFRb IgG isolated by phage display (Shen et al. 2007). Two

molecules were generated by fusing the isolated VH to the N terminus of the IgG

light chain (VH-IgG) or the C terminus of the IgG heavy chain (IgG-VH) via short

linkers (5 or 6 aa respectively) (Fig. 6.2). These constructs were purified from the

supernatant of COS-7 cells with moderate yields of 0.5 and 3 mg/L for VH-IgG

and IgG-VH, respectively. Both constructs could inhibit the ligand/receptors

interactions (PDGF-AA with mPDGFRa, and PDGFR-BB with mPDGFRa and

b) at nanomolar concentrations and importantly, both molecules could block

the activation of PDGF receptors a and b on tumor cells stimulated by both

platelet-derived factor AA and BB. On the down side, both constructs experienced

a rather quick loss of mPDGFRa binding activity in 10% mouse serum in PBS

at 37�C (49 and 56% of residual binding activity for PDGFRa for the N- and

C-terminal fusion, respectively).

6.3.3 Multimerization Motives

6.3.3.1 Special Case of Variable Domains from Shark IgNAR

Other studies have relied on the use of dimerization motives to create bivalent or

bispecific single domain antibody-based molecules. A work done using variable

domains derived from shark IgNAR antibodies yielded surprising results (Simmons

et al. 2006). The authors tried various ways to dimerize a VNAR domain directed

against the malarial vaccine candidate protein apical membrane antigen-1 (AMA1)

from Plasmodium falciparum, including the use of C-terminal fusion with the first

constant domain, the addition of a helix-turn-helix motif or of a hinge ending with

a free cystein. They also produced a tandem VNAR construct consisting of a first

VNAR C-terminally linked to another one via a 13-aa peptidic linker. Unfortunately,

the authors demonstrated on several examples that in this configuration, the second

VNAR is not functional, possibly because of some steric hindrance between the

linker and its paratope. Thus unlike the seemingly related camelid nanobodies,

tandem constructs of shark VNAR do not appear to lead to functional bsAbs.
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6.3.3.2 Verotoxin B Subunit

Another multimerization motif proved more successful, this time using llama-

derived nanobodies. Zhang et al. (2004) published a way to improve the apparent

affinity of sdAbs of modest affinity selected from nonimmune library by means of

avidity. To do so, they used the multimerization properties of verotoxin B subunit

produced by E. coli. This toxin has a doughnut-shaped structure with N and C

termini exposed at the periphery and on opposite sides of the molecules. The

authors fused an antipeptide sdAb to the C-terminus via a 5-aa linker. The resulting

115 kDa pentameric molecules could be produced as soluble product in good yield

in E. coli (5 mg/L). Interestingly, the so-called “pentabody” bound the immobilized

antigen three to four orders of magnitude more strongly than the monomer sdAbs.

The pentabody was also characterized by a good thermostability (Tm 59.7�C) and
a high resistance to digestion by trypsin, chymotrypsin, and serum proteases. The

logical sequel to this work was to use the same framework to create decavalent

bispecific molecules by fusing two different sdAbs both at the N-terminus and the

C-terminus of the toxin, thereby creating a 175 kDa molecule named decabody

(Fig. 6.2) (Stone et al. 2007). By optimizing the nature of linkers between the sdAbs

and the verotoxin B subunit, the authors could produce in E. coli with good yields

(around 5 mg/L) a model bsAb showing no obvious aggregation or degradation

during the production and purification process, despite the complexity of such

a molecule. The performance of these constructs remains to be established

in vivo. It should be stressed that the high avidity of decabodies might be an

advantage for tumor targeting purposes when antigen densities on normal tissues

are below the threshold level required for multivalent binding, leading to the

exclusive targeting of tumor tissues expressing high densities of the antigen.

However, a major concern with this type of bsAb might be their immunogenicity.

Indeed the verotoxin part of this construct is predicted to be highly immunogenic,

which might be a clear limitation of this construct for therapeutic approaches.

6.3.3.3 COMbodies

A similar approach has recently been published by Zhu et al. (2010), using this time

a human motif to decrease the immunogenicity of the resulting molecules. The

author chose the coiled-coil domain (Asp29-Gln76) of human cartilage oligomeric

matrix protein (COMP) as pentameric scaffold. This unusually stable structure

(Guo et al. 2000) is further stabilized by the formation of disulfide bonds between

the five a-helices. A low-affinity (mM) single domain antibody targeting a MART-1/

HLA-A2 peptide–MHC complex was pentamerized using this strategy. Strikingly,

the resulting pentamer, named COMbody, yielded a strong and specific signal by

flow cytometry whereas the parental low affinity monomer was negative. Surface

plasmon resonance demonstrated that the functional affinity of the COMbody was

increased by more than 105 fold compared to the monomer. More interestingly, the
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authors demonstrated the possibility to create bispecific molecules by fusing the scFv

fragment of antihuman CD3 clone OKT3 at the C-terminus of the coiled coil domain.

The resulting molecule was rather large (around 260 KDa) and was difficult to

produce in eukaryotic cells but could be efficiently used to lyse target cells in vivo

using preactivated human PBMCs. These results clearly demonstrate the possibility

to use this 48 amino acid COMP fragment as pentamerization motif. Therefore, the

fusion of different sdAbs at its N- and C-termini might be a straightforward approach

to create high-avidity bispecific molecules of reasonable size (around 170 kDa).

6.3.3.4 CH1/Ck Heterodimerization Motif

Most recombinant bispecific formats rely on the use of flexible peptidic linkers.

Although these linkers have obvious advantages in terms of antibody engineering,

their hydrophilic nature makes them prone to proteolytic cleavage, potentially

leading to production issues, poor antibody stability, aggregation, and increased

immunogenicity (Fischer and Leger 2007). Thus, an ideal domain antibody-based

bispecific format for antibody therapy would use a heterodimerization motif of

human nature devoid of linker and leading to relatively small molecules still able to

diffuse efficiently into tumor tissues. The CH1 and Ck domains are responsible

for the interaction between the heavy and the light chains of human IgGs. This

interaction is further stabilized by the formation of a covalent disulfide bond. Thus

these two domains constitute an attractive heterodimerization motif. Our team is

developing nanobody-based bispecific antibodies relying on this motif (Baty et al.

2006). One of the most exciting applications of bispecific antibodies is the

retargeting and activation of effector cells of the patient’s immune system against

tumor cells. A large proportion of approved antitumor antibodies rely on the lysis of

tumor cells by natural killer (NK) cells for their mode of action, i.e. antibody-

dependent cell-mediated cytotoxicity (ADCC) (Chames et al. 2009). However, the

efficiency of this process is limited by several factors, including the polymorphism

of the main activating receptor FcgRIIIA expressed by human NK cells, variations

in the glycosylation patterns of IgG Fc portions, the activation of inhibitory

receptors such as FcgRIIB, and the competition between the therapeutic antibody

and the high concentration of endogenous IgGs in patient sera. Bispecific antibodies

capable of binding specific epitopes on FcgRIIIA can circumvent all these issues.

Our aim is to develop bispecific antibodies retargeting NK cells to tumor cells via

an interaction with a tumor marker and FcgRIIIA. We have recently isolated

nanobodies binding to the well characterized tumor marker CEACAM5 (CEA)

devoid of cross-reaction for the highly related CEACAM6 (NCA) (Behar et al.

2009) as well as anti-FcgRIII nanobodies capable of activating NK cells without

being concerned by the above cited limitations (Behar et al. 2008). By directly

fusing the C-terminus of these sdAbs to the N-terminus of human CH1 and Ck
domains, we have produced bispecific Fab-like antibody fragments (bsFabs) that

can be efficiently produced in the cytoplasm of E. coli (yields in the 1–3 mg/L

range) (Fig. 6.2). Interestingly, bsFabs remain fully active after 1 week of
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incubation at 37�C in 90% human serum and are capable of triggering the lysis of

tumor cells by fresh NK cells in vitro at picomolar concentrations (Cornillon et al.,

in preparation). The in vivo activity of these very promising bispecific nanobodies

is currently being evaluated in xenografted murine models.

6.4 Conclusion

Single domain antibodies are the smallest antibody fragment capable of

recapitulating the binding activities of antibodies. Many of their characteristics

including their small size, production yields, and very high stability qualifies them

as ideal building blocks. These past few years have seen the emergence of innova-

tive bispecific antibody formats integrating such domains. The next few years

should confirm the rise of bispecific sdAb-based molecules. The first clinical

studies involving such molecules are expected for soon and should tell if in vitro

efficiencies demonstrated so far can be translated into therapeutic potential.
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Chapter 7

Alternative Scaffolds as Bispecific Antibody

Mimetics

John L€ofblom and Fredrik Y. Frejd

7.1 Introduction

Alternative scaffold proteins are a class of antibody mimetics that share a number of

essential properties with antibodies (Gebauer and Skerra 2009; Nygren and Skerra

2004), the most important being the ability to recognize molecular structures with

high affinity and selectivity. In addition, alternative scaffolds often have improved

properties in terms of stability, efficient recombinant production features, reduced

size, few or no cysteines and an uncomplicated IP-situation. Due to their small size

and ease of recombinant manipulation, they are well suited for generation of

bispecific proteins. In fact, a number of alternative scaffolds are derived from

natural precursors that are formatted as repeated domains, suggesting ability for

function in a multimeric format, e.g., Affibody molecules (L€ofblom et al. 2010;

Nord et al. 1997), Adnectins (Koide et al. 1998), DARPins (Binz et al. 2004;

Stumpp et al. 2008), and Avimers (Silverman et al. 2005).

7.2 Alternative Scaffolds as Antibody Mimetics

In combinatorial protein engineering, the term scaffold commonly defines a stable

protein framework, harboring flexible loops or solvent accessible residues, which

are randomized in order to construct a molecular library. Antibodies were the first,

J. L€ofblom
Department of Molecular Biotechnology, School of Biotechnology, Royal Institute of Technology

(KTH), AlbaNova University Center, 106 91 Stockholm, Sweden

F.Y. Frejd (*)

Affibody AB, Lindhagensgatan 133, 112 51 Stockholm, Sweden

Unit of Biomedical Radiations Sciences, Rudbeck Laboratory, Uppsala University, 751 85

Uppsala, Sweden

e-mail: fredrik.frejd@affibody.se

R.E. Kontermann (ed.), Bispecific Antibodies,
DOI 10.1007/978-3-642-20910-9_7, # Springer-Verlag Berlin Heidelberg 2011

115

mailto:fredrik.frejd@affibody.se


and are today still the most widely used, biomolecular scaffold for generation of

affinity reagents. However, specific molecular recognition is not a unique property

of immunoglobulins, and challenges associated with the antibody format have

inspired researchers to investigate the possibilities of engineering specific affinity

into other protein structures. In addition, in vitro display technologies (e.g., phage

display) used for recombinant antibody generation, are readily modified for isola-

tion of affinity proteins from non-Ig-based libraries, making isolation and identifi-

cation of alternative affinity proteins relatively easy.

Alternative scaffolds can be designed to overcome several of the limitations

associated with antibodies. The scaffold should preferably be small and composed

of a single polypeptide chain in a fold that has an intrinsic biochemical and biophysi-

cal stability independent on post-translational modifications such as glycosylations.

The small size and low complexity facilitates production using efficient prokaryotic

systems and even chemical synthesis for the smallest scaffolds. To enable use in

intracellular milieus and improve recombinant expression flexibility, the stability of

the fold should if possible not be dependent on disulfide bonds. In addition, absence

of natural cysteines allows for engineering of a cysteine into a suitable position

for directed chemical modifications. It is also important that the protein scaffold

demonstrates a high tolerance to randomizations in order to maintain high func-

tionality of the resulting combinatorial library.

Non-antibody scaffolds can be classified in several different ways, e.g., based

on origin, based on secondary structure composition, based on size, etc. One

commonly used classification system is based on the site of diversification. The

different types of scaffolds can be roughly divided into classes with a stable

framework with one or several randomized loops (the immunoglobulin fold belongs

to this class) and scaffolds in which randomizations are directed against surface-

exposed residues on secondary structure elements. The antibody fold, with diversified

loops displayed on a rigid framework, has been successfully employed for evolution

of molecular recognition both in nature and in vitro. Several different alternative
scaffolds are logically hence mimicking this molecular architecture. Diversifying

loops generally require less information about the overall structure and the structure

integrity and functionality might be less affected on average by the mutations.

In addition, randomizing loops might result in additional diversity through the

flexibility in the loops, i.e., one clone can adopt several structural forms and recognize

several distinct target molecules. This may impact the specificity, something that

has been demonstrated for antibodies where unmatured IgGs with relatively more

flexible loops generally are more unspecific (James et al. 2003; Mouquet et al. 2010).

In addition to scaffolds mimicking the antibody architecture, approaches in which

randomizations are focused directly on secondary structure elements have also been

described. Compared to flexible loops in antibodies and similar scaffolds, secondary

structure surfaces are typically much more constrained, which might lead to less

entropy losses upon binding and potentially a higher specificity.

A few examples of scaffolds from each group are listed in Table 7.1 and a more

detailed description of the scaffolds that have been reported as bispecific agents is

provided in the following section and in Table 7.2. Alternative scaffolds in general
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have been extensively reviewed elsewhere, where more comprehensive listings are

found (Gebauer and Skerra 2009; Nygren and Skerra 2004). Below, we will focus

on the relatively few cases described where alternative scaffolds have been used in

bispecific formats to enhance the property of the resulting molecule.

7.3 Bispecific Antibody Mimetics

The concept of bispecific antibodies was postulated already in the beginning of the

1980s (Milstein and Cuello 1983), but the multi-chain structure of antibodies

resulted in sample heterogeneity that hampered development of clinical products.

Even though elaborate strategies for constructing defined homogenous antibody-

based bispecific agents now exist, the task is still challenging.

Alternative scaffolds, however, are generally comprised of a short and single

peptide chain, and can therefore be readily adapted into bispecific and multispecific

formats. The possibility of facile construction of multispecific alternative scaffolds

might potentially become a differentiating factor compared to traditional antibodies

in the future. Applications of bispecific alternative scaffold proteins include

increased binding selectivity, enhanced receptor blocking capacity, provision of

one biomolecule that can block two different receptors and development toward

recruitment of effector functions. Another general application for bispecific affinity

molecules is to have one binding partner for prolonging serum half-life of the

molecule, while the other partner is having a biological activity.

7.3.1 Bispecific Antibody Mimetics with Enhanced
Biological Function

Biological function can be enhanced in many different ways. One example is to

increase the selectivity of a targeting moiety by the simultaneous targeting of two

receptors using fine-tuned affinities. The idea is that targeted cells, expressing both

receptors, will be recognized with higher functional affinity due to the avidity effect

compared to normal cells expressing only one of the receptors, hence improving

the selectivity. Another strategy is to block two receptors involved in the same

signaling pathway. Here, simultaneous binding is not a requirement, as long as both

receptors are blocked by either part of the bispecific molecule. The main advantage

is instead two functions in one molecule, facilitating preclinical development,

clinical practice, and potentially lowering treatment costs if blocking of two path-

ways is needed for full treatment effect. Yet another approach is to use bispecific

molecules to increase the functional affinity and ability to block one single receptor.

Here it is important to have molecules binding to epitopes adjacent to each other for

a favorable effect. Another example is bispecific molecules where one moiety is
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used to attract an effector function. Below, case studies using Adnectins, Affibody

molecules, Anticalins, and DARPins are highlighted.

7.3.1.1 Adnectins

An example of an immunoglobulin-like alternative scaffold is the tenth human

fibronectin type III domain (10Fn3, also called monobody or Adnectin) (Koide et al.

1998). 10Fn3 is a monomeric, 94 residue protein, based on a stable b-sandwich fold
with seven strands connected by six loops (Fig. 7.1a). Similar to antibodies and

antibody derivatives, Adnectins interact with the target molecule through the loops

on the tip of the molecule. However, in contrast to antibodies and most antibody

derivatives, 10Fn3 is not dependent on disulfide bonds for stable structure. Using

phage display (Koide et al. 1998), mRNA display (Xu et al. 2002), and yeast display

(Lipovsek et al. 2007), specific 10Fn3 molecules have been selected against a number

of different targets including, ubiquitin, TNF-alpha, lysozyme, and Abelson (Abl)

kinase SH2 domain. One of the most advanced Adnectins binds with high affinity and

specificity to VEGFR2. It is currently in phase II clinical trials in patients with solid

tumors or non-Hodgkin’s lymphoma (by former Adnexus, now part of Bristol-Myers

Fig. 7.1 Structures of alternative scaffolds that have been reported as bispecific constructs with

enhanced biological function. Scaffold proteins are visualized as orange cartoon representations

and respective target as gray surface representation. (a) Engineered 10Fn3 in complex with

human estrogen receptor alpha ligand-binding domain (PDB: 2OCF). (b) Affibody molecule in

complex with HER2 extracelluar region (PDB: 3MZW). (c) Anticalin in complex with extra-

cellular domain of human CTLA-4 (PDB: 3BX7). (d) DARPin in complex with aminoglycoside

phosphotransferase (PDB: 2BKK)
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Squibb). In addition to the commercial interest for this scaffold, the 10Fn3 domain

has been studied extensively in academia. An example is the work by Koide and

coworkers, in which 10Fn3 libraries have been constructed using a restricted

diversity, in extreme cases using only serine and tyrosine in randomized positions

(Koide et al. 2007), yielding high-affinity binders.

Recently, a bispecific Adnectin format targeting epidermal growth factor recep-

tor (EGFR) and insulin-like growth factor receptor 1 (IGFR) has been presented

(Emanuel et al. 2011). The rational is that both EGFR and IGFR play important

roles in tumorigenesis of several human cancers. Blocking of either receptor

reduces tumor growth in mouse models and human clinical studies. However,

blocking of one receptor can induce compensatory activation of the other to drive

tumor growth as seen in preclinical models. It would therefore be attractive to

develop one therapeutic molecule with the capacity to block both receptors. After

several rounds of selection and optimization using mRNA-display and a cell-based

receptor activation assay, Adnectins that could bind and block either the EGF- or

IGF1-receptor were isolated. Next, several different EGFR-binders were fused to

one IGFR-binder and all constructs were PEGylated, resulting in EI-tandem

Adnectins. The best construct inhibited phosphorylation of either receptor equally

well as the reference blocking antibody. There was also a synergistic inhibition

on phosphorylation of AKT, which is a shared downstream signaling node. The

bispecific Adnectin was furthermore shown to induce degradation of both the EGF-

and IGF-receptor in cell cultures within 7 h after administration of the EI-tandem

molecule. When tested in mice, the plasma half-life of the PEGylated EI-tandem

was 19.5 h, suggesting suitable exposure of the drug in vivo. Indeed, plasma

levels of the receptor ligands IGF1 and TGFa increased due to blockade of their

receptors and the kinetics of the increase correlated with the pharmacokinetics

of EI-tandem in plasma. When tested in EGFR-driven tumor-bearing mice, the

EI-tandem Adnectin showed equal efficacy in tumor growth retardation as the

registered anti-EGFR drug cetuximab, and in addition decreased the tumor growth

rate of an IGFR-driven cetuximab-insensitive tumor. Although the molar ratios of

EI-tandem were 10- to 20-fold higher compared to the antibody, this clearly shows

that alternative scaffolds potently can inhibit a receptor–ligand interaction and the

benefit of providing two receptor-blocking ligands in one molecule. It still remains

to be seen if the receptor blocking is simultaneous or if the bispecific molecule uses

either the EGFR blocking or the IGFR blocking capacity. Since the EGFR binding

part of the EI-tandem does not compete with cetuximab or several other EGFR-

specific antibodies, this drug could in principle be administered as an add-on

therapy to existing a-EGFR-mab therapies.

7.3.1.2 Affibody Molecules

Affibody molecules are based on small engineered three-helical proteins (Fig. 7.1b)

(L€ofblom et al. 2010). The basic scaffold was originally derived from the domain Z,

a stabilized version of the B-domain of staphylococcal protein A, but has been
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subjected to protein engineering to further improve its scaffold properties (Ahlgren

et al. 2010; Feldwisch et al. 2010). The small size of the proteins allows for

inexpensive production in prokaryotic hosts. However, due to the small size and

rapid folding kinetics, most Affibody molecules are also efficiently produced by

peptide synthesis, providing means for addition of non-biological groups in order to

modify and enhance functionality (Engfeldt et al. 2005; Nord et al. 2001).

Diversity is created by randomization of 13 solvent accessible residues [nine of

which also participate in the native interaction with Fc (Deisenhofer 1981)] in helix

one and two of the Z domain in order to build a combinatorial Affibody library

(Nord et al. 1995). In a pioneering article from 1997, Nygren and coworkers

describe the isolation of several specific Affibody molecules from such a library

displayed on phage (Nord et al. 1997). Additional Affibody molecules have later

been selected against various targets, such as EGFR (Friedman et al. 2007), HER2

(Wikman et al. 2004), amyloid beta (Gr€onwall et al. 2007), HIV gp-120 (Wikman

et al. 2006), and CD28 (Sandstr€om et al. 2003) and detailed biophysical characteri-

zation of several isolated clones have demonstrated intact three-helical structure

and typically maintained stability and folding properties compared to the parental

Z domain (Dincbas-Renqvist et al. 2004; Dogan et al. 2006; Eigenbrot et al. 2010;

Hogbom et al. 2003; Lendel et al. 2004, 2006; Wahlberg et al. 2003).

A high-affinity (20 pM) Affibody molecule (Eigenbrot et al. 2010; Orlova et al.

2006) directed against HER2, has been investigated thoroughly in several preclini-

cal and pilot clinical studies and is an interesting candidate for development of

diagnostic and perhaps even therapeutic agents (Engfeldt et al. 2007; Orlova et al.

2007a, b; Steffen et al. 2006; Tolmachev et al. 2006, 2007a, b). In one therapy study

by Nilsson and coworkers (Tolmachev et al. 2007a, b), the HER2-specific Affibody

binder was fused to another small and robust protein, an albumin binding domain

(ABD), to increase the half-life and avoid uptake of the radiolabeled bispecific

construct in the kidneys. The kidney had indeed a 25-fold decreased uptake, and

in addition the total tumor uptake was increased by a factor 3. Another example

of bispecific Affibody molecules is the engineering of HER2–EGFR-binding

molecules to increase the selectivity in tumor targeting. Expression of both HER2

and EGFR has been reported in several studies of cancers of the bladder, colon, and

prostate, and in several cases the prognosis is worse for patients with cancer that

co-express the receptors, as opposed to tumors expressing either HER2 or EGFR

(Osaki et al. 1992; Tsutsui et al. 2003). Therefore, Ståhl and colleagues set out

to create a bispecific molecule that would bind better, or preferably only, at

co-expression of the receptors on the cell surface. Such a binder could present

a new tool for increased tumor selectivity in diagnostic and therapeutic tumor

targeting. Binders for HER2 and EGFR were isolated and affinity maturated

(Friedman et al. 2008; Orlova et al. 2006). In a subsequent study, they were

dimerized and fused to each other via a (G4S)3 linker (Friedman et al. 2009). The

binding ability of the bispecific construct was tested against the parental binders.

Whereas the HER2-binding moiety showed no difference in binding, the C-terminal

EGFR-binding moiety had a lower association rate than the parental binders. The

dissociation rate was however comparable. In cell studies, fluorescently labeled
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bispecific construct was shown to bind to both HER2-expressing SKOV-3 cells and

to EGFR-expressing A431 cells. By using a device for real-time kinetics measure-

ment of binding to live cells, it could be demonstrated that the bispecific

HER2–EGFR-binder could mediate association of 14C-labeled A431 cells in solu-

tion to immobilized SKOV-3 cells, thereby suggesting ability to bind simulta-

neously with both moieties. Recently, a new set of bispecific constructs was

presented, where Affibody molecules with different affinities to EGFR or HER2

have been combined to further investigate the possibility for synergistic and

therefore more selective binding (Wållberg et al. 2010). In vitro, on a mixed

Biacore surface containing both receptors, the apparent KD for the high-affinity

bispecific construct was at least 30-fold higher compared to binding to surfaces

containing only one of the two receptors. In real-time cell-binding experiments,

using a lower affinity variant of the HER2-binding moiety, binding to HER2 high,

EGFR low expressing SKBR-3 cells was blocked by addition of either monovalent

HER2- or EGFR-binder. In addition, on A431 cells, the KD of the bispecific

construct was increased 30-fold when the high-affinity HER2-binding variant

(KD 22 pM) was used instead of the low affinity one (KD 50 nM), likely reflecting

the very small but still present expression of HER2 molecules on the EGFR high

expressing A431 cells (Kong et al. 2008). Although the results are promising in the

in vitro setting, it still remains to be seen if an increased selectivity will indeed be

possible to achieve also in vivo in suitable animal models.

7.3.1.3 Anticalins

Anticalins are based on the protein architecture of natural lipocalins, demonstrating

a rigid b-barrel fold displaying four loops targeted for diversification (Schlehuber

and Skerra 2005; Skerra 2008) and specific binders have been isolated against

both small molecules and proteins (Schlehuber and Skerra 2005; Skerra 2008)

(Fig. 7.1c). Although structurally similar to antibodies in terms of displaying loops

stabilized by a beta-sheet structure, Anticalins are smaller (around 180 amino

acids), composed of only one polypeptide chain, are generally non-glycosylated

and can be efficiently expressed in prokaryotic production systems. Natural

lipocalins are generally secreted and often contain disulfide bridges. However,

there are natural lipocalins lacking disulfide bonds and even examples where the

disulfide bonds have been removed with retained functionality (Skerra 2008).

Generally, the four loops of the lipocalin fold form a relatively deep pocket

and specific Anticalins against small haptens and peptides have been successfully

selected. However, as for antibodies, the loops demonstrate a relatively high

flexibility, resulting in the ability to also interact with larger targets, such as

proteins. An example is an anti-VEGF Anticalin with picomolar affinity to both

the human and murine form of the growth factor. A pegylated variant (PRS-050) is

currently in clinical trials for inhibition of angiogenesis in solid tumors by neutrali-

zation of VEGF (http://www.pieris-ag.com). The high stability of the lipocalin fold

has motivated evaluation of Anticalins for local administration through alternative
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routes, such as pulmonary delivery. An Anticalin, specific for IL-4 receptor alpha (IL-

4Ra), is in preclinical development for severe asthma. IL-4Ra plays a central role in

chronic inflammation through interaction with both IL-4 and IL-13 in the lungs and

pulmonary delivery of the IL-4Ra-specific Anticalin offers an appealing alternative to

invasive routes with potentially improved patient compliance as well as directed local

administration to the inflamed tissue (http://www.pieris-ag.com). Another Anticalin

has been generated against mesenchymal-epithelial transition factor (cMET), a

tumor-associated growth factor receptor. An advantage of the Anticalin protein in

this setting, compared to many antibodies targeting this receptor is the monovalent

nature of Anticalins. Bivalent antibodies tend to crosslink the receptor, causing an

undesired agonistic response, which is avoided with the monovalent Anticalin.

In a relatively early publication, a bispecific Anticalin was described and

denoted “duocalin” (Schlehuber and Skerra 2001). Here, an anti-digoxin and an

anti-fluorescein Anticalin were fused by a peptidic linker and shown to be func-

tionally expressed in bacteria, although with a somewhat lower yield. The binders

were shown to retain the binding activity of each molecule in a sandwich ELISA

and in a fluorescence titration experiment, demonstrating that Anticalins in princi-

ple can be formatted for bispecific binding. This concept is currently exploited for

several therapeutic applications (www.pieris-ag.com). In particular, it appears

attractive for a bispecific pre-targeting approach using a recently described

Me•DTPA-binding Anticalin (Kim et al. 2009) together with tumor targeting

molecules, for example, by fusion to the cMet-binding Anticalin (Skerra personal

communication). Here, the affinity matured Anticalin binding DTPA with 400 pM

affinity could be targeted to cMet expressing tumors to yield high tumor uptake.

After the non-bound fusion protein is cleared from the blood-stream, a DTPA-

complexed radiometal such as 90Y or 177Lu could be administered, and would be

trapped by the DTPA-binding Anticalin at the tumor site, thus resulting in high

tumor to non-tumor ratio of therapeutic activity.

7.3.1.4 DARPins

The DARPin scaffold is based on a class of proteins called ankyrin repeat proteins

(Binz et al. 2004; Stumpp et al. 2008). Ankyrin repeat proteins are natural human

proteins with a modular architecture, composed of repeats of a 33-residue domain.

In protein engineering applications, the repeat approach has been kept and libraries

are based on a protein composed of several randomized domains, hence denoted

“designed ankyrin repeat proteins” (DARPins). Each domain is composed of a

beta turn and two anti-parallel alpha helices. Two or three such domains generally

constitute the binding surface with one capping domain on each side of the interacting

domains, thus ranging in size from around 14 to 21 kDa (Fig. 7.1d). Randomizations

are, as for Affibody molecules, to a large extent focused on secondary structure

elements. Due to poor display level of DARPins on phages, specific binders were

originally selected using ribosome display (Binz et al. 2004). However, in a recent

study (Steiner et al. 2006), a modified phage display system was developed, in which
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recombinant proteins were exported via the signal recognition particle (SRP)

translocation pathway instead of the typical Sec pathway, increasing the display

level of fast-folding proteins such as DARPins considerably. Specific DARPins

have been selected to numerous different targets and the engineered variants

typically display favorable properties, such as high stability, efficient production

in microbial hosts as well as high affinity. The most advanced DARPin is currently

in phase I clinical trials: An anti-Vascular Endothelial Growth Factor-A (VEGF-A)

DARPin (MP01112) that is being developed as an anti-angiogenic compound for

treatment of wet age-related macular degeneration and diabetic macular edema

(www.molecularpartners.com).

An interesting bispecific application of DARPins was recently described by

Eggel et al. (2009), addressing a shortcoming of antibodies, which is the difficulty

to block a receptor without crosslinking it with another one, often activating the

resulting receptor pair. Several attempts using antibodies to block the interaction of

immunoglobulin E (IgE) with its high affinity receptor (FceRI) have been made.

Upon allergen-induced crosslinking of IgE, FceRI is aggregated on sensitized mast

cells or basophils, and proinflammatory mediators that induce allergy symptoms are

released. Antibodies binding to FceRI and blocking IgE-binding have been isolated,
but due to their bivalent nature, they cross-link the receptor and activate cell

degranulation, leading to anaphylactic symptoms. Thus, the antibody format is

not suitable for blocking IgE-mediated allergic symptoms. Instead, the DARPin

technology was explored for this purpose. Since two binding sites have been

mapped to the extracellular part of FceRI, it has been suggested that it is necessary

to block both IgE-binding sites to obtain an efficient antagonist. Hence, Eggel and

co-workers set out to explore if a bispecific combination of two DARPins binding to

different sites of the FceRI could constitute a potent inhibitor of allergic syndromes.

First, a set of binders was generated against recombinant FceRIa. After initial

ELISA screening, two DARPin binders, B-A4-85 (85) and C-A3-30 (30), were

selected and produced for further characterization. They were shown not to com-

pete for the same binding surface on the IgE-receptor, and were therefore subse-

quently tested for binding in monovalent, bivalent or bispecific formats, including

both N- or C-terminal position of the respective binder in the bispecific format.

The highest affinity was obtained for the bispecific construct with the DARPin 30 in

N-terminal position (30/85), suggesting that this orientation was favorable, in

contrast to DARPin 85 at the N-terminus (85/30), where the affinity was no better

than for either monomeric binder alone. In a competition study using surface

plasmon resonance, the bispecific constructs or a mixture of the bivalent (mono-

specific) molecules inhibited binding of IgE to its receptor much better than either

of the bivalent monospecific molecules, suggesting that blocking of both epitopes is

necessary for efficient inhibition of the receptor. In an HPLC aggregation analysis,

it was shown that bispecific binder 30/85 was the only one that did not induce

aggregation, suggesting that this binder could bind the two adjacent epitopes on the

same receptor domain simultaneously. Indeed, in a rat basophilic cell granulation

assay measuring inhibition of mediator release, the DARPin 30/85 showed best

effect, with an inhibitory effect similar to the registered IgE-blocking drug
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Omalizumab. Finally, it was confirmed that the 30/85 DARPin did not trigger cell

degranulation, in contrast to two receptor-binding antibodies or crosslinked IgE.

This study clearly shows that alternative scaffolds can provide a viable and some-

times superior bispecific alternative compared to antibodies.

7.3.1.5 Single-Domain Bispecific Protein Scaffolds

Most bispecific alternative scaffold molecules described to date are based on the use

of several fused domains, each adding a binding specificity to the resulting fusion

protein. A different approach is to engineer an additional binding specificity

directly into a binding molecule. One example is the bispecific ABD molecule

described below, taking advantage of the long half-life of ABD and adding onto

it new specificities.

Another approach has been described by Cochran and co-workers at Stanford

University, with their development of a bispecific agent antagonizing both the

VEGFR-2 and avb3 integrin (Cochran, personal communication). Interaction

between the VEGFR-2 and the avb3 integrin has been reported to increase

VEGFR-2 phosphorylation and promote angiogenesis. In order to generate a

molecule that would be able to target both of these receptors, a mutated single-

chain format of VEGF (scVEGFmut), previously demonstrated to block

VEGFR-2 signaling, was engineered for binding to avb3 integrin. A library of

the mutated scVEGF protein was constructed by incorporating into one of the loops

a peptide library containing the natural integrin binding RGD motif, flanked by

randomized sequences. The library was displayed on yeast and integrin-binding

variants were isolated using FACS. Several selected binders demonstrated retained

affinity for VEGFR-2 as well as binding to avb3 integrin on cells, demonstrating a

bispecific molecule. Using SPR technology and a sequential injection of the

bispecific candidate followed by avb3 integrin over VEGFR-2 immobilized on

the sensor chip surface, simultaneous binding to both receptors was verified. The

bispecific variants were also able to inhibit VEGF-mediated VEGFR phosphoryla-

tion, cell proliferation as well as adhesion on vibronectin-coated surfaces.

In a relatively early study, Hufton et al. showed the suitability of the CTLA-4

protein for use as protein scaffold for engineering of new specificities (Hufton et al.

2000). As in the work described above, the authors first used the RGDmotif flanked

by a library of randomized amino acid residues to isolate the first binding specific-

ity. They inserted the library in a CDR3 like loop on the CTLA-4 molecule, and

then selected binders specific for the avb3 integrin. Using flow cytometry, it was

showed that phage particles carrying the selected clone RGD-7B could bind to

human umbilical vein endothelial cells. To investigate if the CTLA-4 protein

scaffold could be developed toward bispecific applications, a short peptidic

sequence was inserted in the loop formed by the A’B b-strands in the CTLA-4

framework opposite to the natural CDR-loops. Indeed, structural integrity was

retained, and the CTLA-4 molecule could still bind its natural ligands B7-1 and

B7-2, suggesting suitability for further development of bispecific ligands.
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7.3.2 Bispecific Antibody Mimetics with Enhanced Half-Life

The small size of most alternative scaffolds results in good tissue penetration and

rapid blood clearance, which in combination with strong and specific interaction

enables high-contrast imaging of tumors for e.g., cancer diagnostics (Nilsson and

Tolmachev 2007; Weissleder 2006) or therapeutic protocols where short exposure

is key. In most therapeutic applications however, the short in vivo half-life may

limit the therapeutic efficacy due to too low exposure, and if payloads are used, the

high kidney uptake may result in toxic side effects. While a number of biologicals

have been modified with PEG, or fused to a Fc-portion of Ig-molecules or to serum

albumin for increased half-life, alternative scaffolds proteins can in addition be

raised against proteins such as albumin or Fc to take advantage of the long

circulation half-life of those serum proteins (Bertschinger et al. 2007; Jonsson

et al. 2008; Tolmachev et al. 2007a, b). By fusing such a binder to another binder

having a therapeutic function, a biotherapeutic with extended plasma half-life is

created.

7.3.2.1 Avimers

The Avimer scaffold is based on a family of small protein domains called A-domains

(Silverman et al. 2005). A-domains are typically expressed as multimers with

a short linker region between each domain and are reported to be involved in

interactions with several different types of targets, such as haptens, proteins, and

viruses (Silverman et al. 2005). The A-domain is approximately 35 residues long

and is rapidly folded into a stable structure stabilized by disulfide bridges and

a calcium ion. In a study by Silverman and colleagues, the natural multimeric

architecture of A-domains was exploited using a sequential selection strategy. The

selection process was started using a randomized monomeric library from which

binders were isolated by phage display. In following steps, additional randomized

domains were fused to the first binder and the panning was repeated, thereby

constructing multimeric Avimers with potentially growing interaction surfaces.

Using this approach, a multidomain Avimer protein with subnanomolar affinity

was selected against interleukin-6 (IL-6). To render the IL-6 binding Avimer

a kinetic profile suitable for development into a pharmaceutical drug, the half-life

needed to be increased. Therefore, a monomeric Avimer with low affinity binding

for human IgG was developed. After fusion to the trimeric IL-6 binding Avimer, the

resulting heterotetrameric construct had a terminal phase of the profile of 89 � 15 h

in cynomolgus monkeys and an expected human serum half-life of 178 � 30 h,

based on allometric scaling. The IgG-binding domain was also fused to Avimers

binding to BAFF and to CD40L to enhance their half-life, showing that the

approach is general.
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7.3.2.2 Albumin-Binding Domain

Another approach to increase serum half-life is to use binding to serum albumin

to confer the long half-life of albumin to the associated fusion protein of interest. This

was recently used to increase the half-life of a radiolabeled HER2-binding Affibody

molecule for therapeutic use in a murine xenograft model (Tolmachev et al. 2007a, b).

It has also been used in conjunction with tandem scFvs, rendering a aCD3-aCEA-
ABD bispecific antibody fragments a long half-life (Hopp et al. 2010; Stork et al.

2009). Although the ABD scaffold used for albumin binding originally bound to

albumin, and as such is not a general alternative scaffold protein, it has been subject to

extensive engineering, with an improved affinity to mid femtomolar KD (Jonsson

et al. 2008), as well as a complete removal of T-cell epitopes. As described below, it

has also been used as a single domain scaffold into which another target binding

property has been engineered while preserving the original specificity.

7.3.2.3 Bispecific Single-Domain ABD Molecules

As mentioned above, in vivo half-life extension by adding serum protein-binding

capacity holds promise to offer an efficient and viable approach for non-Ig-based

scaffolds to boost potency. A new strategy is to directly engineer the target-binding

specificity into a serum protein-binding domain, hence reducing the overall size

of the affinity protein even further. Hober and colleagues analyzed the albumin-

binding properties of a natural albumin-binding domain (ABD) in order to identify

positions suitable for such randomization (Alm et al. 2010). The ABD scaffold

is merely 46 amino acids long and the task of engineering two high-affinity

interactions, preferably onto two distinct surfaces on this domain, was indeed

challenging. In a first proof-of-principle study, a phage-displayed library of

randomized ABD molecules was constructed. Diversification was focused on

residues on the opposite side of the albumin-binding site in the three-helical bundle

in order to increase the probability of finding dual binding molecules. As a first step,

the molecule was engineered into a small bispecific affinity handle for protein

purification purposes. An engineered B-domain (the Z-domain) from staphylococ-

cal protein A was used as target in the selections and ABDmolecules demonstrating

affinity for the Z-domain as well as having retained affinity for human serum

albumin were isolated. By fusing the new bispecific ABD handle to different target

proteins, excellent purification capacity could be demonstrated by affinity capture

on a serially coupled protein A-based matrix column followed by an albumin-

coupled column (Alm et al. 2010). The successful results inspired the group to

investigate the approach for potential serum half-life extension of affinity proteins

intended for therapy (JL, Sophia Hober personal communications). Using the

same library, binders were selected against human tumor necrosis factor-alpha
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(TNF-alpha). First-generation binders were isolated and identified, but although

several were bispecific, a relatively high affinity for TNF-alpha seemed to limit the

affinity for albumin and vice versa. To increase the affinity and to engineer binders

with high affinity for both targets, a new library was designed based on the

sequences from the first selection and the display format was changed from phage

display technology to a bacterial-based cell display system. Since cell display

enables the use of fluorescence-activated cell sorting (FACS), selections could be

performed against both targets simultaneously by labeling TNF-alpha and HSA

with different fluorophores followed by multiparameter sorting. The selection was

successful and bispecific binders with high-affinity against both targets were

isolated. Although challenging, the approach should be generally applicable, e.g.,

in selections against tumor-associated targets where a small overall size of the

affinity protein is beneficial.

7.4 Conclusion

In this book chapter, the use of non-immunoglobulin-based protein scaffolds for

engineering of bispecific recognition has been described. The use of alternative

protein scaffolds as therapeutic antibody mimetics with improved properties over

antibodies is now entering clinical validation. The promise of bispecific binding

has initially been explored using the bivalent antibody format, but is increasingly

expanded by adding new protein formats, both from immunoglobulin derivatives

and completely unrelated scaffolds. Different problems can be addressed using

bispecific alternative scaffolds, including half-life extension strategies, more effi-

cient blocking of a receptor, better specificity for tumor cell targeting or blocking of

two different receptors using only one biomolecule. A number of the alternative

scaffolds in development holds promise for bispecific applications based on their

ability to bind in the context of a multidomain format, the possibility to express

them recombinantly as a single-chain polypeptide and their small size, allowing for

multiepitope binding of surfaces too close to each other to be eligible for bispecific

antibodies to access. An extension of engineering a scaffold protein for certain

specificity and then to fuse it with another domain for e.g., half-life extension is to

move the engineering of new specificity directly into an existing natural ligand, thus

adding bispecificity to an already functional binding property. Alternative scaffolds

are clearly useful and holds promise to further increase engineering possibilities

to create new and optimized bispecific molecules. Many more examples of

bispecific alternative scaffolds will likely be available in a near future, exploiting

advantages scaffold proteins may hold over antibodies, and hopefully presenting

new candidates for biotherapeutic drugs.
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affinity binding protein to human serum albumin. Protein Eng Des Sel 21:515–527

Kim HJ, Eichinger A, Skerra A (2009) High-affinity recognition of lanthanide(III) chelate

complexes by a reprogrammed human lipocalin 2. J Am Chem Soc 131:3565–3576

Koide A, Bailey CW, Huang X, Koide S (1998) The fibronectin type III domain as a scaffold for

novel binding proteins. J Mol Biol 284:1141–1151

Koide A, Gilbreth RN, Esaki K, Tereshko V, Koide S (2007) High-affinity single-domain binding

proteins with a binary-code interface. Proc Natl Acad Sci USA 104:6632–6637

Kolmar H (2009) Biological diversity and therapeutic potential of natural and engineered cystine

knot miniproteins. Curr Opin Pharmacol 9:608–614

Kong A, Calleja V, Leboucher P, Harris A, Parker PJ, Larijani B (2008) HER2 oncogenic function

escapes EGFR tyrosine kinase inhibitors via activation of alternative HER receptors in breast

cancer cells. PLoS One 3. doi:10.1371/journal.pone.0002881

Lehmann A (2008) Ecallantide (DX-88), a plasma kallikrein inhibitor for the treatment of

hereditary angioedema and the prevention of blood loss in on-pump cardiothoracic surgery.

Expert Opin Biol Ther 8:1187–1199

Lendel C, Dincbas-Renqvist V, Flores A, Wahlberg E, Dogan J, Nygren PA, H€ard T (2004)

Biophysical characterization of Z(SPA-1)–a phage-display selected binder to protein A.

Protein Sci 13:2078–2088

Lendel C, Dogan J, H€ard T (2006) Structural basis for molecular recognition in an affibody:

affibody complex. J Mol Biol 359:1293–1304

Lipovsek D, Lippow SM, Hackel BJ, Gregson MW, Cheng P, Kapila A, Wittrup KD (2007)

Evolution of an interloop disulfide bond in high-affinity antibody mimics based on fibronectin

type III domain and selected by yeast surface display: molecular convergence with single-

domain camelid and shark antibodies. J Mol Biol 368:1024–1041

L€ofblom J, Feldwisch J, Tolmachev V, Carlsson J, Ståhl S, Frejd FY (2010) Affibody molecules:
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helical bacterial receptor domain. Protein Eng 8:601–608
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Chapter 8

Tribodies: Fab–scFv Fusion Proteins

as a Platform to Create Multifunctional

Pharmaceuticals

Nico Mertens

8.1 Introduction

Our proper immune system is a powerful but highly complex regulated system.

Powerful since it is capable of specifically repel bulky cell masses (think of

transplantation) and defend us quiet successfully against a pleitropy of invaders,

and this with minimal damage to healthy tissue. This is due to a high specificity

and self-regulation build into a complex system, i.e., a system with a multitude of

redundancies and feed-back loops. Antibodies are one way in which the system

incorporates specificity. The main function of antibodies is to opsonize bacteria and

deliver them to neutrophils and macrophages. They also have a natural function

of clearing toxic compounds or circulating viruses out of the blood and target them

for clearance. Cellular malignancies such as viral infected cells are more effectively

halted by the cellular arm of the system, mainly by the action of T-cells and

NK-cells. Only the latter carry a receptor for opsonizing antibodies.

Due to the high specificity and high affinity, we can find in antibodies and the

ease of developing recombinant proteins and adapt them to our needs antibodies

became a first means for specific immunotherapy, with a special interest in trying to

specifically target cancer cells. Through their Fc part, antibodies are able to induce

antibody-induced cell death (ADCC) and complement-depended cytotoxicity

(CDC). Target-cell bound antibodies are recognized through Fc-receptors on

effector cells, such as the high-affinity Fc-receptor FcgRIII on macrophages and

activated neutrophils, and also to inhibiting receptors such as FcgRIIb and on

FcgRIIa complexes on non-cytotoxic cells such as platelets and B-cells. However,

experience with antitumor antibodies has shown that effective antibodies also have

an influence on the target cell by the nature of the receptor (or even epitope) they

target. Ways this can be done is by growth inhibition (e.g., by downregulation of
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growth factor receptors), rendering the cancer cells more susceptible to apoptosis,

or even induce cell lysis.

Receptors without such a function have been targeted with antibodies with much

less clinical antitumor effectiveness. This created a possibility to develop molecules

with a comparable affinity and specificity for these receptors as antibodies can

develop, but with a different effector mechanism. Effective routes under investiga-

tion are to couple toxic payloads or functions to the targeting molecules (such as the

antibodies) that either need to be internalized or stay at the cell surface. The toxins

can be of variable nature, such as protein toxins with enzymatic activity, chemical

drugs or radionucleotides. Although such fusions are effective one problem is to

target enough into the tumor. The percentage of injected dose (%ID) that actually

reaches the tumor is often very low in human patients (can be in the order of less

than 1%) (Steffens et al. 1997). As long as these “armed” antibodies or antibody

derivatives are not bound to the tumor or excreted they remain circulating and can

cause toxic effects elsewhere. Since monoclonal antibodies have a special rescue

mechanism by the FcRn binding in liver cell endosomes, they can have half lives

of up to 3 weeks (Borvak et al. 1998). This eventually allows good tumor targeting

but results in a bad ratio of targeted versus nontargeted (circulating or deposited)

antibody.

So there is a clear need to develop targeting reagents which have a good tumor

binding but are cleared more rapidly from the rest of the body. Smaller fragments

still containing the antigen binding properties of the antibody have been used as

carrying vehicles of toxic functions. However, when these proteins are below

60–80 kDa in size they will be cleared rapidly by the kidneys. Kidneys work

as an ultrafiltration device with a 6–10 nm cut-off value. As a comparison: a Fab

molecules is about 8 � 5 nm, so it can pass readily through the pores. With a

glomerular filtration rate in humans of about 7 L/h, a short half life can be predicted

for these small fragments. This is indeed experimentally noticed using a variety of

small antibody fragments. In most cases, half lives were determined to be less than

1 h, with disappointing tumor accumulation as a result (Smith et al. 2001).

An intermediate-sized molecule should avoid kidney clearance and ideally

provide a half life sufficient for improved tumor accumulation while also avoiding

a body detainment which would hamper targeting toxic function to the tumor.

One way of combating tumor cells different from the normal monoclonal

antibody functions is by using antibody functions to cross-link cytotoxic T-cells

with tumor cells. This is done using bispecific antibodies (BsAb) targeting both

the tumor and the T-cell receptor (TCR). Such a strategy involves T-cells in the

induced immunotherapy. T-cells are naturally involved in combating cellular

targets but are left inactive when invoicing a cure with monoclonal antibodies

(moAb). T-cell engaging bispecific antibodies are thus a complementary approach

to moAb therapy. In this strategy, it is important to have a monovalent binding

toward the T-cell since bivalent binding will lead to initial T-cell activation but

then induces T-cell death or anergy. This is why Orthoclone (OKT3 moAb anti-

TCR) or its (Fab)2 fragments are used with the aim to tolerize tissue transplants

(Todd and Brogden 1989). On the other hand, a bivalent binding toward the tumor
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cell can be more advantageous since the avidity will increase the functional binding

and targeting toward the tumor.

We have created a manifold that combines two scFv fragments with a Fab

fragment. The Fab fragment serves as a specific heterodimerization signal, and the

two scFv fragments are each fused to a different Fab chain. In this way, we obtain

a molecule of intermediate molecular weight (100 kDa) which allows incorporating

three different antibody fragments (Schoonjans et al. 2000a, b). This manifold, which

we baptized “tribody,” can be used to create trivalent molecules as well as bispecific

molecules with bivalent binding to only one target, as trispecific molecules.

8.2 Tribody Structure, Production, and Stability

8.2.1 What is a Tribody?

Tribodies are multifunctional recombinant antibody derivatives, which utilize the

natural in vivo heterodimerization of the heavy chain (Fd fragment) and light chain

(L) of a Fab fragment, to form a scaffold, upon which additional functions can be

incorporated, such as additional binders – e.g., scFv binding domains.

Each chain can be extended preferably at the C terminus with an additional scFv

binder. This leads to a very specific heterodimerization, using molecules abun-

dantly present in serum (and hence non-immunogenic and non-antigenic). The only

nonnatural sequences in the molecule are the peptide linkers connecting the VH and

VL domains in the scFv moiety and the linkers connecting the Fab chains and the

scFv (Schoonjans et al. 2000a, b, 2001). These sequences can, however, be chosen

to resemble natural human linker sequences or be composed of glycin-polymers

which are considered to be neither antigenic (recognized by antibodies) nor

immunogenic (recognized by T-cells when presented by antigen-presenting cells),

probably due to the lack of amino acid side chains.

This design allows easy engineering of multispecificity in a single molecule.

The Fab chains (Fd and L chain) can be extended at both the N- and C-terminal

side. However, N-terminal extension at the Fab chains often leads to a hampered

binding function of the Fab fragment (unpublished observations), so our preferred

model will have the extensions made at the C-terminal side of the Fd and L-chain

(Fig. 8.1).

The genetic structure of these fusion protein encoding genes thus starts with

the coding sequence of either the Fd or the L chain, extended with a linker sequence

separating the Fab from the scFv and the scFv molecule. Of course, the scFv

molecule can be substituted by other binding structures. New developments are

producing single domain binders (human, camel, or shark derived) that can substi-

tute for the two-domain scFv molecule. Furthermore, non-antibody domains often

selected from more stable proteins allow the insertion of randomized loops and thus

can be used for selecting an antibody-like type of binding to any desired target
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(Table 8.1). Also other domains or proteins can be included into the scaffold,

depending whether the total fusion product can be produced. Examples here are

natural protein ligands, cytokines, receptor domains, tags, or enzymes.

Table 8.1 Examples of alternative binding domains in development

Domain for targeting Derived from

Platform trade

name Company

Antibody derived

scFv Human antibody VH + VL domains SCA Micromet/Enzon

Human VH or VL Stable human V domains dAbs Domantis GSK

Camel/Llama VHH Camel or Llama heavy chain mAbs Nanobodies Ablynx

Non-antibody derived

Ankyrin repeats Synthetic human ankyrin repeats DARPins Molecular

Partners

Fibronectin Trimeric human plasminogen

binding protein

Tetranectins Borean Pharma

Fibronectin 10th fibronectin type III domain

(human)

AdNectins Adnexus

Therapeutics

Transferrin Non-glycosylated form of human

transferrin

Trans-bodies BioRexis (Pfizer)

Lipocalins Derived from P. brassicae butterfly Anticallins Pieris Proteolab

g-Crystallin Stable human protein from eye lens Affilins Scil Proteins

Cystein knots E. elaterium trypsin inhibitor II –

cyclotide EETI-II

Microbodies NascaCell

Technologies

Synthetic coiled coil De novo design Alphabodies Complix

Protein A domains S. aureus protein A domain Affibodies Affibody

Fig. 8.1 (a) Tribodies are genetically constructed by fusing entities (i.e., to the Fd and L chain of a

Fab molecule. As a Fab is a natural disulphide stabilized heterodimer, the position of each function

is exactly determined and a single homogeneous product is produced. (b) Schematic representation

of a Tribody Structure. (c) Models of the molecule predict no sterical hindrance between the

subunits. (d) Even as the scFv are N-terminally linked, their binding site is facing outside.

(e) Tribodies can lead to 3 � 1 (trispecific), 2 + 1 (bispecific) or trivalent molecules, as well as

immunotoxins, immunocytokines, enzyme fusions, etc. (f) The model easily allows trispecific,

bispecific, and trivalent antibody derivatives to be produced
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A molecular model of a tribody molecule is shown in Fig. 8.1. Noteworthy is

the orientation of the binding planes as present in the scFv molecules, which are

oriented toward the outside (as opposed to orientation toward the Fab fragment),

predicting the possibility to cross-link cells and large molecules. Through the choice

of flexible linkers of a reasonable size (e.g., 15 amino acids), a large span of the

molecule can be predicted, comparable to the span range of a monoclonal antibody.

We observed, however, no difference in expression or functionality when using

shorter five amino acid linkers (Schoonjans et al. 2000a, b).

8.2.2 Tribody Expression

The two fusion genes Fd-scFv and L-scFv can be produced in a variety of host cells.

Production in Escherichia coli, however, resulted in a large fraction of precipitated

protein as inclusion bodies. Also, a significant fraction of the produced material was

degraded. In one attempt, a final purified batch of E. coli produced tribody yielded

only 0.1 mg/L and had a lower specific activity when compared with the same

protein produced in mammalian cell culture.

Mammalian cell culture is becoming more and more advanced for high-level

production of antibodies (especially IgG formats). We found that tribodies are

easily expressed in a range of mammalian cells, including HEK293, NS0, SP2/0,

and CHO cells. Mammalian cells all posses the BiP protein, an HSP70 class of

chaperone present in the endoplasmic reticulum. This chaperone is involved in

guiding the correct assembly of the antibody Fab fragment. It mainly binds to the

CH1 domain of the Fd chain and is only displaced after displacement by correct Fd:

L chain pairing (Lee et al. 1999). As a consequence, no free Fd chains are found in

the culture medium. This quality control mechanism does not appear to be inhibited

by the C-terminal extensions to the Fab chains. L:L dimers can be secreted by

normal and malignant B-cells and also L-scFv:L:scFv dimers are found in the

supernatant of transfected cells. We never found them to interfere with overall

production since they are easily removed by simple ion exchange chromatography.

It is, however, a good strategy to select a final cell line which produces less fee

light chain and base a purification strategy on the Fd-chain properties. For ease

of evaluation, we often incorporate a hexa-histidine tag at the C terminus of

Fd-containing fusion protein (e.g., Fd-scFv-H6).

Typical transient expression levels in either adherent or suspension HEK239

cells growing in T-flasks or shake flasks are in the tens of mg/L range. These values

are obtained using a vector with an actin promoter, a Kozak-optimized mRNA,

and a standard IgG kappa chain signal sequence. Expression yields using stable

transformed cells are of course highly dependent on the cell selection procedure and

thereafter from the bioreactor conditions. Without putting effort in the selection

of high-level producing cells and using laboratory shake flask conditions, we have

examples where yields higher than 100 mg/L were obtained. This leads us to
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assume that high-level yielding bioreactor runs can be obtained with a>1 g/L yield

as is the case for most IgG productions.

Tribodies can also be expressed in yeast cells (Schoonooghe et al. 2009). We

have demonstrated more or less similar overall yields using the yeast Pichia
pastoris with an AOX promoter and the a-mating type prepro sequence. We

constructed bicistronic expression plasmids to be used for integration since double

integration events occur with very low yield. Also in Pichia, no free Fd chains

were observed in the medium. This indicates that the yeast chaperone system can

substitute for the quality control mechanisms as seen in mammalian cells. Even

when using defined medium for growing both host cells, the resulting cleared

medium from a Pichia fermentation contained considerably more contaminants

than cleared medium from serum-free growing mammalian cells. This resulted

in a lower overall recovery yield after purification (20% in Pichia pastoris when
compared with 70% from mammalian culture supernatants). The tribodies pro-

duced in Pichia showed the same functionality as those derived from mammalian

cells. The a-mating prepro sequence is highly efficient in guiding recombinant

proteins to the medium (as opposed to a major route to the vacuoles, which is the

natural deposit for most yeast-secreted proteins). This prepro-sequence is removed

by KEX-2 protease. This protease prefers a Gln-Ala-Gln-Ala repeat after the

cleavage site. These four amino acids can be removed by the di-aminopeptidase

STE-13. We found that the N terminus of antibody fragments produced with this

strategy to be heterogeneous as a result of partial or no removal of the extra amino

acids. Also, when producing glycosylated tribodies in yeast cells, it must be taken

into account that yeast glycosylation differs from mammalian type of glycosylation

which can lead to severe effects on half live in vivo and antigenicity.

8.2.3 Purification and Stability

Since most tribodies have a pI value of 7–8, we found a cation exchange fast flow

column at pH 5.5 resolved with discrete step elutions an ideal and practical capture

step. Further purification was dependent on the antibody. As mentioned, the inclusion

of a hexahistidine tag simplifies this by using a common IMAC column. In this way,

a simple purification step based on immobilized metal chromatography can already

lead to a highly enriched protein and produces only Fd-scFv:L-scFv heterodimers.

Other purification strategies, however, could also be designed, e.g., based on

protein-L, MEP-hypercel, or a combination of ion exchange steps (Willems et al.

2003). As a polishing step, gel filtration has the advantage to be able to separate

dimers and possible aggregates that might have been copurifying. Typical,

a purified and concentrated sample of tribody shows a small fraction of dimer.

The amount of dimerized or even multimerized protein is highly dependent on the

nature of the scFv proteins used. This is a behavior known to be associated with

scFv molecules (Arndt et al. 1998). It is possibly a result of the inherent domain

swapping property of the scFv molecules, which leads to a diabody type of
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dimerization. We have noticed that this behavior to be even more pronounced when

making sc(Fv)2 constructs. Using the same scFv sequences in a tribody structure

(i.e., fusing them to the Fab) reduces the dimers and multimers already consider-

ably. The dependency on the nature of the scFv used thus stresses the importance

of proper selection of lead candidate scFv molecules, which should not only be

characterized for binding and epitope selection but hence also for its lack of

tendency to multimerize when incorporated in a more complex manifold [such as

even a sc(Fv)2]. Remarkably, for many tribodies, we could purify the monomeric

fraction and this fraction remained monomeric upon concentration and storage.

Tribody preparations were stored at 4�C in PBS at 1 mg/ml concentration and as

such stable for at least 3 months. However, an even higher stability can be achieved

in a storage buffer with a pH of 5–6, well away of the pI of 7–8 of most molecules.

Freeze–thawing stress testing again revealed large differences in behavior depending

on the antibody V-domain sequences used and even on the position of these domains

(Fig. 8.2), again indicating the need for extensive characterization and monitoring

starting with building block selection, but even extending to selecting the optimal

configuration within the manifold. Some tribodies could be repeatedly frozen and

thawed in PBS buffer lacking any cryoprotectant or stabilizing additive without any

sign of aggregation, while others were very prone to aggregate upon such treatment.

Fig. 8.2 Production and stability. (a) Gene and protein structure of an sc(Fv)2 (BiTE), Fab–scFv

(bibody), and Fab–(scFv)2 (tribody) format. (b) Coomassie brilliant blue stained gel of 10 mg of

purified fractions. (c) Tribody (squares) and bibody (diamonds) residual activity in T-cell activa-

tion assay after 24 h incubation at 37�C in PBS (dotted lines) and freshly prepared mouse serum

(solid lines) (d) Preparative gel filtration of bibody and tribody structures and column calibration.

(e) Two different tribody structure analyzed on analytical size exclusion before (solid line) and
after one (dashed line) or two (dotted line) freeze–thaw cycles (�80 to 37�C)
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8.3 Tribody Activity

8.3.1 In Vitro Binding and T-Cell Activation

To study the use of these tribodies in a natural immune environment, we

constructed BsAbs to target BCL1 (an IgM/l idiotypic determinant expressed

on the murine myeloma cell line BCL1) and murine TCR determinant CD3e
(Fig. 8.3). The BCL1 system has been well characterized and is a model for NHL

in a syngeneic immunocompetent Balb/c mouse model (Brissinck et al. 1991). As a

comparison, we used the “gold standard” for small bispecific antibody formats: the

bispecific scFv (BsscFv or BiTE) format. This is the smallest BsAb (50 kDa) used

Fig. 8.3 Binding and T-cell activation. (a) A tribody was constructed having specificity for two

different TAA: mouse BCL1 and human placental alkaline phosphatase (hPLAP). The functional-

ity of each of the indicated axes is demonstrated by binding to one antigen and detecting with the

second. (b) binding of the hPLAPxCD3xBCL1 Tribody to mouse T cells and detecting with

hPLAP (which has alkaline phosphatase activity). (c) Binding of the tribody to MO4I4 hPLAP-

transfected cells and detected with fluorescent BCL1 antigen, and the same detection after binding

the tribody to mouse T-cells. (d) Tribodies (T) and Bibodies (B) bound to T-cells via the anti-CD3

can be detected with the hPLAP antigen. (e) The hPLAPxCD3xBCL1-trispecific antibody acts as a

bispecific antibody in a mouse T-cell proliferation assay primed both with hPLAP-positive cells

and with BCL1 cells (f)
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and was composed of two scFv linked together by a peptide linker. This BsscFv

(BCL1xCD3) was previously reported to be successful in treating BCL1 lymphoma

bearing mice. We engineered BsAbs of intermediate size (75–100 kDa) in the

tribody format by fusing single-chain variable fragments (scFv) to the C terminus

of one or both of the Fd and L chains of a Fab fragment. Starting from the anti-

BCL1 scFv, a chimeric anti-BCL1 Fab-fragment was constructed by grafting the

variable domains onto murine CL and CH1 constant domains of a Fab fragment,

We then fused an anti-mouse CD3 2C11 scFv to the C terminus of the heavy chain

of the chimeric Fab-fragment and an anti-BCL1 scFv to the C terminus of the light

chain of the chimeric Fab-fragment. Coexpression of the heavy chain Fab–scFv

fusion gene with, respectively, the light-chain Fab gene or the light-chain Fab–scFv

fusion gene, lead to the production of an (BCL1 � CD3) Fab–scFv bibody, or a

(BCL1 � BCL1 � CD3) Fab–(scFv)2 tribody (Fig. 8.4). The tumor binding mode

(anti-BCL1) is different in all three BsAbs: In the BsscFv the tumor is recognized

via a scFv, in the bibody via a Fab-fragment, and in the tribody via both a Fab-

fragment and a scFv. An ELISA experiment determined whether these differences

resulted in a different functional affinity for the tumor antigen BCL1. To this end,

the BCL1 tumor antigen was coated and subsequently incubated with a serial

dilution of the respective BsAbs, using equimolar amounts. The bound Bs-Abs

were then detected via the C-terminal His-tag, with a His-tag-specific mAb. The B50

value of the bivalent binding Fab–(scFv)2 tribody was 3 nM, while the monovalent

binding Fab-fragment in the bibody had a ten times higher B50 (30 nM). Binding

through the scFv alone in the BsscFv lead to a further decrease in apparent binding

affinity.

Fig. 8.4 (a) In vitro comparison of bispecific antibodies crosslinking BCL1-cells to T-cells in an

sc(Fv)2 (BiTE) format, a Fab–scFv (bibody), and Fab–(scFv)2 (tribody) format. (b) Apparent

affinity of the BsscFv (BCL1xCD3), bibody (BCL1xCD3), and tribody (BCL1xBCL1xCD3). An

ELISA plate was coated with the BCL1 IgM tumor antigen and subsequently incubated with,

respectively, the BsscFv (filled dashed triangle), the bibody (dashed bullet), the tribody (filled
dashed square), and an irrelevant bibody (open dashed square). The bound BsAbs were detected

via their His-tag, with an anti-Histag Ab and a secondary alkaline phosphatase-conjugated anti-

mouse-IgG1. Data are representative for three independent experiments. (c) In vitro T-cell

activating potential of the BsscFv, bibody, and tribody. Mitomycin C-treated BCL1 cells were

coincubated with syngeneic Balb/c spleen cells in the presence of decreasing concentrations of the

indicated BsAb. Each condition was tested in triplicate
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In a T-cell proliferation assay, it was determined whether these differences

in tumor binding affinity had an effect on the T-cell activating potential of the

different BsAbs in vitro. A serial dilution of the different BsAbs, starting from

equimolar amounts, was incubated with mitomycine-inactivated BCL1 tumor cells

and syngeneic spleen cells. All three BsAbs were found to be capable of activating

T-cells in the presence of tumor cells. Despite the difference in affinity seen with

ELISA, no difference in T-cell activating potential could be observed using both

the monovalent binding bibody and the BsscFv. However, the bivalent binding

tribody exerted a clearly improved T-cell activating potential. The maximum T-cell

proliferation reached with the bivalent tribody was twofold higher than with the

monovalent bibody or BsscFv (Fig. 8.4). Moreover, the bivalent tribody remained

capable of inducing T-cell proliferation at fourfold lower concentration compared

with the monovalent bibody and the BsscFv. Also in targeting other tumor markers,

the increase in valency lead to better tumor binding (Schoonooghe et al. 2010).

8.3.2 In Vivo Model: Mouse Bcl1 Lymphoma

In a next step, it was investigated whether the differences in molecular weight and

tumor avidity would also lead to a different therapeutic potential of the BsAbs.

Groups of mice (n ¼ 13) were inoculated i.p. with 5000 BCL1 cells on day 0 and

i.v. (in the tail vein) treated with four daily injections on days 2–5. Treatment was

performed with different equimolar amounts (200, 100, or 50 pmol per injection) of

the BsscFv, the bibody, or the tribody. In addition, a group of six mice were injected

with PBS or 200 pmol per injection of anti-Id mAb that targets bivalently to the

BCL1 tumor surface. All the animals in the control group receiving PBS or anti-Id

mAb treatment developed terminal illness and were euthanized by day 60 or 140,

respectively (Fig. 8.5). After dissection the spleen was found to be enormously

Fig. 8.5 Balb/C mice were inoculated with 5000 BCL1 lymphoma cells i.p. in 100 ml sterile and
endotoxin-free PBS on day 1 of each experiment. During treatment, the BsAbs (aggregate and

endotoxin free) were injected i.v. in the tail vein on days 2–5 in a volume of 200 ml sterile PBS.
Animals were followed until a swollen abdomen could be observed, and then euthanized by

cervical dislocation. Results are presented as a Kaplan–Meyer plot
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enlarged by the massive presence of tumor cells. In contrast, the mice treated with

200 pmol per injection of each of the BsAbs demonstrated significant (P < 0.0001)

protection against tumor formation in the spleen: after treatment with the BsscFv

or the Fab–scFv bibody, 60% survival was observed, while treatment with the

Fab–(scFv)2 tribody even resulted in 100% protection of the mice. Lowering the

dose of BsscFv treatment to 100 pmol per injection and 50 pmol per injection

resulted in the loss of protection. The Fab–scFv bibody treatment, however,

remained active at 100 pmol per injection resulting in 45% survival, which

was found to be statistically significant (P < 0.0001). At 50 pmol per injection,

the Fab–scFv bibody protected only 20% of the mice. However, the bivalent

Fab–(scFv)2 tribody manifold was able to protect mice at concentrations were

other manifolds were ineffective (70%, 85%, and 100% survival at 50, 100, or

200 pmol injected four times, respectively) (P ¼ 0.0190, P ¼ 0.0371, and

P ¼ 0.0059). Mice surviving after tribody treatment at the 200 pmol per dose

treatment were 100% cured and did not develop tumors during a follow-up of

200 days. This argues for a effective tumor elimination and against the antibody

induced dormancy of lymphoma cells.

8.3.3 PK Measurements

We also determined whether the size of the different BsAbs significantly influences

the in vivo blood clearance rate. Mice were i.v. injected in the tail vein with

800 pmol of either the BsscFv, the bibody, or the tribody. At different time points

after injection, mice were bled and the remaining biological activity in the serum

was determined by a T-cell proliferation assay. A typical biphasic blood clearance

was observed for all three antibody derivatives (Fig. 8.5). The initial blood distri-

bution phase half-life (T1/2a) was found to be comparable for both the bibody and

tribody, i.e., 56 and 72 min, respectively, but was considerably lower for the BsscFv

(13 min). The terminal blood elimination phase half-life (T1/2b) was found to

correlate directly with the molecular weight of the antibody derivatives. The

BsscFv was cleared fast (T1/2b ¼ 1.5 h), while the bibody and tribody remained

longer in circulation (T1/2b ¼ 2.9 and 5.7 h, respectively).

As a test for biodistribution, we radiolabeled the anti-BCL1 IgG1, BsscFv,

and tribody with 123I and analyzed six mice 1 h after injection. The distribution in

selected tissues is shown in Fig. 8.6b. It can be concluded that the BsscFv format is

rapidly accumulating in the kidneys while the IgG1 as well as the tribody is not.

We also compared serum clearance and tumor accumulation of these radio-

labeled proteins (Fig. 8.6c). As expected the IgG1 clears very slowly. The BsscFv,

however, is quickly eliminated while the tribody has an intermediate clearing time.

The accumulation in a limb-injected tumor nodule was followed over a period of

24 h and shows low accumulation of the BsscFv in contrast to an increased

accumulation of the IgG1 and the tribody.
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These data indicate that introducing bivalency and increasing half life can

increase the potency of a reagent in vivo. The tribody manifold already does this

by incorporating a third binding function.

8.4 Tribody Use and Potential

As mentioned, there are a lot of molecules that can be recombinantly fused to be

heterodimerized by the Fab chains. I will discuss one example where we engineered

a cross-interacting pretargeting system using this scaffold. Bispecific antibodies

binding when crosslinking a T-cell via CD3 to the tumor cell do activate the T-cell

both for proliferation and cytolytic response. This has been shown as well in vitro as

in clinical trails (Baeuerle et al. 2009). However, T-cells are more readily activated

when a costimulatory signal is present (Gimmi et al. 1993). The CD28 coreceptor is

one of the first costimulatory signals identified and is probably the most potent one.

Most antibodies targeting CD28 alone do not activate T-cells and are as such not

toxic, although superagonistic CD28 binders have been described and found to be

dangerous. In general, the activation trigger for a T-cell comes from CD3 engage-

ment. Without a proper environment (co-stimulus), T-cells can go into anergy or

cell death. These costimulatory signals are given by activated antigen presenting

cells, another control loop to avoid accidental activation of the immune system.

A single bispecific or trispecific antibody crosslinking both the CD3 TCR and the

CD28 costimulatory receptor does activate T-cells even without crosslinking to

a tumor cell. This might induce systemic T-cell activation with associated cytokines

storms and be potentially life-threatening (Stebbings et al. 2007).

Fig. 8.6 (a) Healthy Balb/c mice were i.v. injected with 800 pmol of the Ab-fragments into the

tail vein. At various time points, mice were bled and serum was frozen. The remaining biological

activity of the Bs-Abs in the serum was analyzed by a T-cell proliferation assay. The activity

present 5 min after injection (i.e., time required for anesthetic to take effect) was used as zero time

point activity. (b) 123I labeled tribody, IgG1, and BsscFv were injected in the tail vein and a group

of six mice was sacrificed after 1 h. Selected tissues were counted and compared. (c) Comparison

of 123I labeled IgG1 (triangles), tribody (squares), and BsscFv (diamonds) serum clearance (dotted
lines) and accumulation into a limb tumor nodule (solid lines) over a 24 h period, plotted on

a logarithmic scale
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We have created a couple of tribodies that had a build-in cross-reactivity (cross-

reactive bispecific antibodies, CriBs). This was done by including a small peptide

in the first and an anti-peptide scFv in the second. One of both targeted tumor

and CD28 and was completely harmless, unable to activate T-cells on its own.

Fig. 8.7 (a) A couple of cross-interacting bispecific antibodies (CRIBs) was constructed where a

nonactivating tribody is pretargeted to crosslink the tumor cell with the T-cell CD28 co-stimulus.

This tribody contains a unique peptide P. A second tribody bind tumor, CD3 on the T-cell and the

P-peptide and can crosslink with the first upon binding by the P–aP interaction. (b) Mitomycine-

treated tumor cells were preincubated for 1 h with a fixed amount (20 nM) of anti-(TAAxCD28)

BsAb (open dashed square) or anti-(TAAxCD28)P CriBs-Ab (open dashed triangle) followed by

a 1 h incubation with a serial dilution (0–20 nM) of anti-(TAAxCD3) BsAb (open dashed square),
or anti-(TAAxCD3xP) CriBs-Ab (open dashed triangle). Preincubated tumor cells were then

coincubated with T cells. T-cell activation was measured by proliferation, IL-2 production, and

IFNg production. Each condition was tested in triplicate. (c) Dose-dependent activation of T-cells
in the presence (squares) and absence (triangles) of tumor cells in a range from 0.1 to 100 nM
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The second could bind the tumor and CD3 and also the P-peptide includes in the

first. This allowed us to pretarget the anti-CD28 activity on the tumor cell, and

then give the TAAxCD3xP tribody to activate the T-cell. We found that using

this CriBs system, efficient T-cell activation could be achieved at 30-fold lower

concentrations of the anti-CD3-containing bispecific when compared with a pair

of non-cross interacting bispecific antibodies (Willems et al. 2005). Also, an

optimized stoichiometry of co-stimulus versus TCR engagement could be achieved

with a large window between effective concentrations and start of marginal non-

tumor cell-induced T-cell activation (Fig. 8.7). This might illustrate the potential

and flexibility of tribody molecules.

8.5 Conclusion

Clearly, above mentioned data illustrate that the tribody manifold has the potential

to generate more active and potent molecules, by possibilities to create better

binding (through multivalency) as well as through more binding (by targeting

more antigens). The molecule also has more favorable properties for toxic payload

delivery. It can be argued that delivering a T-cell activating activity can be regarded

as a toxic function. Antibodies with such a function remaining in the body for

a longer time have the potency to accumulate aspecifically or form deposits in

healthy tissue.

To be eligible for drug development, the tribody needs to be able to be produced

to high titers (g/L) and remain stable under standard manufacturing conditions.

The tendency to form dimers or multimers can be a problem both in manufacturing

and hamper several applications, tumor cell-dependent T-cell activation being one

example.

Surprising differences can be seen with distinct building blocks (scFv as well as

Fab moieties). This can be situated on the expression level, binding performance as

well as on the level of tendency to form multimers. Moreover, permutations within

the scaffold of the same moieties can induce the same differences. In our experi-

ence, a well integrated and professionally run technology platform which closely

monitors these factors can produce drug development ready tribody lead candidates

in relative short-time frames.
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Chapter 9

The Design and Engineering of IgG-Like

Bispecific Antibodies

Pei Jin and Zhenping Zhu

9.1 Introduction

Therapeutic monoclonal antibodies (mAb) have become an increasingly important

asset for clinicians to fight cancer, inflammation, and infectious diseases (Chan and

Carter 2010; Beck et al. 2010; Weiner et al. 2010). mAb as therapeutics exploit one

of several mechanisms of action for their biologic effects: (1) Sequester antigens

including growth factors and cytokines; (2) Act as receptor antagonists or agonists;

(3) Act as activators of effector functions such as antibody-dependent cellular

cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC); (4) Act as

carriers for targeted delivery of cytotoxic agents, in the forms of immunoconjugates

or immunotoxins to diseased tissues; and (5) Act as chemotherapy or radiotherapy

adjuncts (Chan and Carter 2010; Beck et al. 2010; Weiner et al. 2010; Muller and

Kontermann 2010). Despite recent success in commercial development of antibody

therapeutics, current single-targeted mAb have demonstrated limited efficacy in

clinic. This is because cells are evolved with multiple and redundant signaling

pathways and are capable of escape from monotherapy. Although small molecule

drugs can be developed to impact multiple signaling pathways, they often cause

serious off-target toxicities. Therefore, therapeutics are needed that are capable of

modifying multiple signaling pathways without augmented side effects. Solutions

to circumvent limitations of current mAb therapies include antibody combination

and the creation of dual-targeting bispecific antibodies (BsAb). In this chapter,

we review the current status and future perspectives of IgG-like BsAb and their
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potential therapeutic applications. Advantages and limitations of the various

approaches will be reviewed in the context of each BsAb format.

9.2 Antibody Combination Strategies and Drawbacks

Evidences are accumulating that the combination of mAb to impact multiple targets

in disease pathways provides improved efficacy while limiting systemic toxicity.

A clinical example is the combination of the anti-epidermal growth factor receptor

(anti-EGFR, Erbitux®) and the anti-vascular endothelial growth factor (anti-VEGF,

Avastin®) antibodies, both of which have been approved for colorectal cancer

(CRC). A Phase II study among the irinotecan-refractory CRC patients receiving

Erbitux®, Avastin®, and irinotecan showed a 37% response rate (Saltz et al. 2007) as

compared to a 23% response among patients receiving Erbitux® and irinotecan only.

Currently, multiple clinical trials of antibody combinations, e.g., the combination of

anti-HER2 antibody Herceptin® and Avastin®, and the combination of Erbitux® and

Avastin® are being conducted in breast cancer and CRC patients, respectively.

Most available data supporting the antibody combination therapies are from pre-

clinical studies, such as the combination of anti-EGFR and anti-vascular endothelial

growth factor receptor-2 (anti-VEGFR2) (Ahmad et al. 2001; Jung et al. 2002; Tonra

et al. 2009; Lamszus et al. 2005; Penar et al. 1997; Kunkel et al. 2001), the combination

of anti-EGFR with anti-insulin-like growth factor receptor (IGFR) (Chakravarti et al.

2002; Krane et al. 1991; Kobari et al. 1998; Burtrum et al. 2003; Lu et al. 2005), and the

combination of anti-EGFR with anti-HER2 (Ye et al. 1999), to treat a variety of

xenograft tumors and other disease models. In each of the reported cases, the combi-

nation treatment achieved improved efficacy with additive or synergistic inhibitory

activities. Antibody combination therapy has also been applied to target two distinct

non-overlapping epitopes on the same molecule such as EGFR (Dechant et al. 2008;

Pedersen et al. 2010) and HER2 (Nahta et al. 2004) to achieve synergistic therapeutic

efficacy. However, therapeutic development of antibody combination encounters

limitations, such as high cost, development delay, and regulatory hurdles. An alterna-

tive to antibody combination is the creation of dual-targeting BsAb capable of

delivering biological activities of two mAb in the form of one molecule (see below).

If combination of mAb is therapeutically more effective than monotherapy, then

the question is if more is better. Bulk of evidence in favor of oligoclonal antibodies

(defined mixtures of mAb) comes from clinical indications such as neurotoxin

poisoning in which escape from therapy can be instantly life threatening. In one

case, the oligoclonal antibody cocktails were 200-fold more potent at neutralizing

tetanus toxin in vivo than the monoclonal treatment (Volk et al. 1984). In another

case, a cocktail of three antibodies was about 20,000-fold more potent against

botulinum toxin than the monotherapy (Nowakowski et al. 2002). An alternative

to defined mixtures of mAb is the use of polyclonal antibodies. Often regarded

as primitive reagents best suited for molecular biology applications, polyclonal

antibodies are regaining favor as potential therapeutic agents (Williams and

Sharon 2002; Williams et al. 2002). While the concept of oligoclonal or polyclonal

antibodies is appealing, therapeutic development of such mixtures might encounter

huge regulatory challenges. Characterization of individual components in the
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mixtures are prohibitively expensive (oligoclonal cocktails) or nearly impossible

(polyclonal antibodies). An undefined or under-defined mixture of recombinant

IgGs is both a safety and an efficacy concern. Also, batch consistency in the manu-

facturing process would be difficult to control from the regulatory perspective.

9.3 Engineering IgG-Like Bispecific Antibodies

BsAb are antibodies or antibody-like molecules specific for two distinctive epitopes

or antigens. Initially, they were generated by fusing two antibody-producing hybrid-

oma cell lines, each with a different specificity (Cotton andMilstein 1973). However,

due to random pairing between the heavy chains (HC) and light chains (LC), the

resulting hybrid hybridoma can produce only a minor population of heterodimeric

BsAb among a pool of randomly formed active or inactive monomers and dimers.

Purification of the BsAb out of such a pool is difficult and expensive. Chemical

crosslinking can also be used to covalently link two mAb of different specificities to

form BsAb (Nisonoff and Rivers 1961). However, chemical conjugation tends to

inactivate the molecules. Further, the resulting antibody conjugates are heterogenous,

and extensive purification is required to obtain limited amounts of BsAb.

Approaches to generating BsAb by recombinant technology have been more

fruitful (Marvin and Zhu 2006; Coloma and Morrison 1997; Muller and Kontermann

2010). Recombinant BsAb are generated by protein design and genetic engineering.

The resulting cDNA constructs are expressed in bacteria or mammalian cells.

The expressed active BsAb are easily purified to homogeneity. While BsAb have

been studied for over 2 decades, their development into clinically useful therapeutics

has been hampered by limitations such as low expression, poor stability, heavy

aggregation, and insufficient safety and efficacy profiles. However, recent progress

in the field of antibody engineering and expression has resulted in new approaches

to address these issues (Miller et al. 2009, 2010; Ewert et al. 2004; He et al. 2010;

Michaelson et al. 2009). This has led to a renewed enthusiasm in engineering and

therapeutic application of novel BsAb.

Recombinant BsAb can be broadly categorized into two classes: (1) the small

bispecific formats derived from Fv or Fab that do not have an IgG Fc domain; and

(2) the Fc-containing IgG-like bispecific formats. While small bispecific formats

have the advantages of improved penetration into disease tissues or cells, they have

significantly shorter half-life in vivo and thus require repeated dosing, or further

genetic or chemical modification to extend their circulating half-life in vivo. This

review focuses on the Fc-containing IgG-like bispecific formats and their potential

therapeutic applications.

9.3.1 Heterodimeric IgG-Like Bispecific Antibody

Since one of the major barriers in the production of BsAb in a single cell system,

e.g., hybrid hydridoma, is the undesired formation of HC homodimers, therefore
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a first and obvious solution is to re-engineer the CH3 domain of the Fc, so as to

favor the formation of HC heterodimers versus homodimers.

9.3.1.1 “Knobs-Into-Holes” BsAb IgG

An elegant experiment was designed by Carter and colleagues 15 years ago

(Ridgway et al. 1996; Merchant et al. 1998) to facilitate the heterodimer pairing

of two different IgG HC. In the experiment, single amino acid substitutions were

introduced into the CH3 domains of the opposite Fc chain, so that the steric

complementarity required for CH3/CH3 association obligates the CH3 domain

with mutations to pair with a CH3 domain that has different accommodating

mutations (Fig. 9.1b). Co-expression of the pair of HC mutants resulted in the

formation of a mostly (92%) heterodimeric product, but with a stability that is

significantly lower than that of the wild-type (knob:T366W þ hole:Y407A mutant,

Tm ¼ 65.4�C; wild-type, Tm ¼ 80.4�C). Further optimization using a phage dis-

play library resulted in a variant (knob: T366W; hole: T366S, L368A, Y407V),

which had an improved Tm of 69.4�C (Atwell et al. 1997). These results demon-

strate the utility of the knobs-into-holes approach. It is possible that other residue

sets in the CH3 domain could also be optimized, to further improve stability and the

heterodimer to homodimer ratio.

While this approach solves the HC homodimerization problem, it did not address

the equally problematic mispairing between the LC and HC from two different

antibodies (e.g., LCA-HCB and LCB-HCA mispairing, instead of the correct

LCA-HCA and LCB-HCB pairing). This can be resolved by similarly redesigning

the LC-HC interaction to incorporate knobs and holes at the VL-VH interface

(Zhu et al. 1997). Based on inspection of the VL-VH interface of the anti-HER2

Fab fragment, 4D5 Fab (Eigenbrot et al. 1993), knob mutations, and the complemen-

tary hole mutations were designed for a diabody fragment containing the Fvs of 4D5

and an anti-CD3 antibody (Zhu et al. 1996). For one of the variants (termed “v5”;

knob: VH-V37F, L45W; hole: VL-Y87A, F98M), 92% of the products were

heterodimers, and near wild-type affinity for antigens was retained (Zhu et al.

1997). Although these mutations were used to promote heterodimerization in

a bispecific diabody, the principle is applicable to a full length IgG format.

9.3.1.2 Common Light Chain “Knobs-Into-Holes” BsAb IgG

An alternative approach to solve the problem of LC-HC mispairing is to construct

BsAb using two antibodies of different specificities that can share the same LC

(Merchant et al. 1998) (Fig. 9.1c). In a proof-of-concept study, a large single chain

Fv (scFv) phage library was used to screen for a variety of antigen specificities. The

VL regions of the selected scFv were compared. Those with identical amino acid

sequences, but paired with the VH regions of different antigen-binding specificities,

were selected to create the BsAb. Functional IgG-like BsAb were produced at
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Fig. 9.1 Schematic drawings of the IgG-like bi- and tri-specific antibodies. (a), Components as

building blocks to construct bi- and tri-specific antibodies; (b–q), Engineered IgG-like bi- and tri-

specific antibodies that are discussed in this chapter
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a high percentage (>95% of total IgGs produced), after a single LC was co-

transfected into a host with two HC of different specificity that were engineered

to incorporate the original knobs and holes mutations (knob: T366W, hole: T366S,

L368A, Y407V), together with a heterodimer stabilizing disulfide bond (S354C,

Y349’C). However, it is quite a challenge in practice to identify antibodies that can

share common LC. This is particularly true for high affinity antibodies.

9.3.1.3 scFv-Fc “Knobs-Into-Holes” BsAb

The LC-HC mispairing problem may also be circumvented by fusing the VL and

VH in a scFv format (Xie et al. 2005). In this construct, an anti-HER2 scFv is fused

to an Fc with the “knob” mutation T366Y, and an anti-CD16 scFv is fused to an

Fc with the “hole” mutation Y407T (Fig. 9.1d). Efficient pairing of the two chains,

via the knobs-into-holes mechanism, was demonstrated, and specificity for both

antigens was confirmed by cell surface binding analysis. The scFv-Fc “knobs-

into-holes” molecule is also able to crosslink the two target antigens, as shown

by its ability to induce higher NK cell-mediated cytotoxicity than a monospecific

anti-HER2 antibody alone. This format, which is smaller (120 kDa) than a normal

IgG (150 kDa), might have slight gains in tumor penetration, while maintaining the

longer half-life and effector functions provided by the intact Fc region.

9.3.1.4 Other Novel Fc-Heterodimer Formats

In addition to the knobs-into-holes technology, other approaches have been devel-

oped to achieve Fc heterodimerization. For example, heterodimeric IgG-like

pairing can be made by charge polarity engineering of the opposite Fc chains within

the CH3 domain (Fig. 9.1e) (Gunasekaran et al. 2010). It was demonstrated that

mutations of a few charged residues along the interface of the opposite chains of the

CH3 domains can promote Fc heterodimer formation, while effectively suppressing

formation of homodimers (see Chap. 11 for a detailed description). If the knobs-

into-holes technology is combined with the charge polarity engineering, a higher

ratio of heterodimer formation may be achieved. However, a drawback of these

methods is the inclusion of multiple mutations in the CH3 domains, which may

pose an immunogenic risk in therapeutic settings.

In another approach, a SEED technology (the Strand-Exchange Engineered

Domain) was developed, in which a pair of asymmetric fusion proteins were created

based on structure modeling between the CH3 domains of the IgG and the IgA

(Davis et al. 2010) (Fig. 9.1f). This approach resulted in the complementary AG

and GA SEED CH3 domain-containing Fc chains, which preferentially form

heterodimers with few or no homodimers when the opposite SEED chains were

co-expressed in mammalian cells. Since the natural IgA Fc region does not bind

FcRn and Protein A, the relevant surface residues of the AG SEED CH3 domain

were mutated back to the IgG sequences to restore these binding activities.
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The SEED CH3 domain-containing heterodimer scaffold can be genetically linked

to one or more antigen-binding domains, resulting in the bi- or multi-specific

antibodies. This novel scaffold was expressed at high levels, purified on recombi-

nant Protein A resin, and had a long serum half-life comparable to that of the IgG1

controls.

9.3.2 N-Terminal IgG-Like Fusion

The fact that scFv can often retain the antigen binding affinity and specificity of

their parent antibodies, coupled with their small size, makes them the ideal building

blocks for construction of BsAb. The scFv can be covalently linked to the N-termini

of IgGs resulting in the tetravalent BsAb.

9.3.2.1 scFv-IgG Fusion

In one such format, two scFv, each with a different specificity, were fused,

respectively, to the N-termini of the constant light (CL) and the first constant

heavy chain (CH1) domains of an IgG: (scFvA)-CL and (scFvB)-CH1-CH2-CH3.

Co-expression of the two recombinant chains in a single host resulted in a tetrava-

lent BsAb, Bs(scFv)4-IgG (Zuo et al. 2000) (Fig. 9.1g). Only homogenous BsAb

were generated due to the natural heterodimerization between the CL and the CH1

domains.

Two similar Bs(scFv)4-IgG molecules were constructed using two scFv fragments

specific for EGFR and IGFR, respectively (Lu et al. 2004b). The two constructs were

in different fusion orientations: i.e., scFvanti-EGFR-CL plus scFvanti-IGFR-CH1-CH2-

CH3, or scFvanti-IGFR-CL plus scFvanti-EGFR-CH1-CH2-CH3. Both constructs were

expressed in mammalian cells and purified via one-step Protein-A chromatography.

The BsAb prevented the binding of EGF and IGF to their respective receptors and

blocked the ligand-induced receptor activation, whereas a parent mAb only inhibited

receptor activation induced by an individual ligand, but not both. Further, both Bs

(scFv)4-IgGs inhibited proliferation of cultured tumor cell at levels similar to that of

the combination of the two parental IgG antibodies. Both molecules demonstrated

excellent stability when incubated in mouse serum in vitro at 37�C for up to 7 days.

This Bs(scFv)4-IgG format can be widely applied for construction of other BsAb.

In a more recent report (Dimasi et al. 2009), a scFv of different specificity

was linked to the N terminus of either a full-length IgG LC (scFv-VL-CL), or a full-

length IgG HC (scFv-VH-CH1-CH2-CH3), or both the LC and HC (scFv-VL-CL

plus scFv-VH-CH1-CH2-CH3). Co-expression of the scFv-VL-CL fusion and the

HC, or the scFv-VH-CH1-CH2-CH3 fusion with the LC, or both scFv-VL-CL and

scFv-VH-CH1-CH2-CH3 fusions, led to the production of homogenous molecules

that are either bispecific or trispecific (see Sect. 9.3.5 for more discussion).
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9.3.2.2 Tandem scFv-Fc Fusion

As an alternative to the N-terminal scFv-IgG fusion, tandem scFv [scFv(A)-scFv

(B)] was fused to the Fc domain of an IgG to form a tetravalent BsAb (Fig. 9.1h)

(Natsume et al. 2006). For example, a scFv specific for TAG-72 was fused to

a second scFv specific for MUC1 and then to an Fc. The resulting scFv(A)-scFv(B)-

Fc or tandem scFv-Fc was expressed efficiently in CHO cells, recognized both

target antigens, and was able to mediate ADCC to tumor cells expressing either

TAG-72 or MUC-1.

9.3.2.3 Dual-Variable-Domain Immunoglobulin

In this format, the VL and VH domains of a mAb specific for one antigen

are covalently linked, via short linkers, to the N terminus of the respective VL

and VH of a second mAb, which is specific for a different antigen, resulting in

the dual-variable-domain immunoglobulin (DVD-Ig). Several different DVD-Ig

constructs were produced and showed activities similar to that of the parental

antibodies (Wu et al. 2007) (Fig. 9.1i). The DVD-Igs can be efficiently produced

and exhibits good in vivo stability, suggesting that the approach may be widely

applicable (see Chap. 12 for more details).

9.3.2.4 Diabody-Fc Fusions

Another method for homogenous production of an IgG-like BsAb is to replace the

Fab fragment with a bispecific diabody. Diabodies are a derivative of the scFv

fragment (Holliger et al. 1993). A scFv is composed of a VH and a VL domain,

connected by a flexible linker of approximately 15 amino acids, e.g., [(Glycine)

4-Serine] � 3, that permits self assembly into an antigen-binding competent form.

If the linker is shortened to 5 amino acids, e.g., (Glycine)4-Serine, self assembly

between VL and VH becomes impossible. This allows the two scFv to interact

with each other to form a bivalent molecule of two interlinked polypeptides, the VL

of one chain associating with the VH of the other. If VL and VH of different

specificities comprise the diabody, i.e., VHA-VLB and VHB-VLA (the two so-called

“cross-over” scFv), bispecific bivalent diabodies are formed with one binding site

for each antigen. In addition to assembling into functional heterodimers, the cross-

over scFv can also assemble into non-functional homodimers. Fortunately, purifi-

cation of properly heterodimerized molecules can easily be achieved by a single

round affinity chromatography. Further, as discussed earlier, the “knobs-into-holes”

technique can be used to re-engineer the Fv interface to promote the correct

heterodimeric VH-VL pairing (Zhu et al. 1997). Diabodies have shown to be useful

for antigen cross-linking (Zhu et al. 1996; Holliger et al. 1993) and their small size

is ideal for tumor penetration (Colcher et al. 1990). Diabodies can be fused to the Fc

domain of an IgG to create tetravalent IgG-like BsAb, or so-called di-diabody

(Lu et al. 2005) (Fig. 9.1j). A similar but smaller di-diabody construct can also be
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created by using the CH3 domain for dimerization, i.e., VLB-VHA plus VLA-VHB-

CH3 (Lu et al. 2003). As a precautionary measure to avoid potential immuno-

genicity in human therapy, the unstructured first five amino acids of the human IgG

CL(Kappa) domain, instead of a “standard” (Glycine)4-Serine linker, can be used

as the linker between the variable domains to create the cross-over scFv (Zhu et al.

1996). A di-diabody that binds both EGFR and IGFR was constructed using

the variable domains of an anti-EGFR and an anti-IGFR antibody as the building

blocks. The di-diabody bound both EGFR and IGFR with affinity similar to that of

their parent antibodies. It blocked binding of both EGF and IGF to their respective

receptors and prevented the ligand-induced receptor activation. In addition, the

di-diabody could efficiently induce ADCC activity against tumor cells that

express EGFR and/or IGFR, indicating that the di-diabody possesses an intact

and unhindered Fc domain. It also had an in vivo half-life that is equivalent to

that of an intact human IgG. Lastly, the di-diabody effectively inhibited the growth

of two different human tumor xenografts in nude mice. The di-diabody construct

was transiently expressed in mammalian cells with excellent yield (>400 mg/L

in non-optimized conditions), which could greatly facilitate the transition from

“proof-of-concept” to therapeutic application. Unfortunately, the di-diabody con-

struct has a tendency to form inactive molecules in vivo that lack the smaller cross-

over scFv chain, a likely result of dissociation between the two cross-over chains.

This shortcoming may be surmounted by introduction of the disulfide bonds

(Zhu et al. 1997; Jung et al. 1994; FitzGerald et al. 1997) or packing improvement

(Worn and Pluckthun 2001) to stabilize the VL-VH interfaces in the diabody.

9.3.2.5 Single Chain Diabody-Fc Fusion

In this approach, a single chain diabody (scDb) is first constructed by fusing

both “cross-over” scFv of a bispecific diabody with a flexible linker (Kipriyanov

et al. 1999; Alt et al. 1999; Kontermann and Muller 1999). The resulting fragment is

fused to an Fc fragment (or just a CH3 domain) to create a tetravalent bispecific

IgG-like molecule (Fig. 9.1k). In this format, one polypeptide with six domains is

produced: VHA-VLB-VHBVLA-CH2-CH3, which assembled into IgG-like dimers

via the Fc domains. The scDb-Fc is bispecific and bivalent for both antigens, and

has a full Fc. However, the stability of the scDb-Fc was not reported and the

expression level was also low (~5 mg/L).

9.3.3 C-Terminal IgG-scFv Fusion

scFv can be fused to the C terminus of IgGs to create tetravalent BsAb with one

antigen-binding specificity at the N-terminal and the other at the C-terminal scFv of

the antibodies (Fig. 9.1l). In one such a BsAb, the specificity at the N terminus was

for dextran and the specificity at the C-terminal scFv was for dansyl (Coloma and

Morrison 1997). The C-terminal scFv in this BsAb showed a tenfold lower affinity
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for dansyl than that of the parent IgG owing to a slower on-rate. This may result

from steric hindrance of the scFv upon fusing to the IgG C-terminal end or from the

conversion of the anti-dansyl IgG to a scFv. Regardless, the IgG-scFv construct is

bispecific. Furthermore, it is capable of binding C1q, apparently through its intact

Fc fragment, and triggering a partial complement cascade. This format has the

potential to allow the creation of tetravalent molecules with effector function, but

the full potential of the latter remains to be investigated.

A similar IgG-scFv antibody was constructed (Mabry et al. 2010) by fusing

a scFv specific for IL-23 to the C terminus of a full-length anti-17A IgG. Before the

construction of the bispecific molecule, a stability assessment was performed using

a small group of phage library-derived scFv to select the most thermostable binder

as the building blocks. The resulting anti-IL-17A/IL-23 BsAb showed an identical

N-terminal affinity for IL-17A, and an eightfold lower C-terminal affinity of the

scFv for IL-23, compared to their parental IgGs. The decrease in the C-terminal

affinity of scFv for IL-23, however, did not affect its bioactivity.

While a BsAb may be functionally equivalent to the simple combination of their

parental mAbs, in certain cases, BsAb can achieve significantly better efficacy. For

example, an IgG specific for the TNF-Related Apoptosis Inducing Ligand Recep-

tor-2 (TRAIL-R2) was linked at C terminus to a scFv specific for the Lymphotoxin-

beta Receptor (LTbR). The BsAb was further engineered for improved thermal

stability and reduced aggregation. The resulting anti-TRAIL-R2/LTbR BsAb

demonstrated a much potent effect (IC50 ¼ 46 pM) in inhibiting the growth of

tumor cells e.g., MDA-MB-231, Me180, and WiDr, while the individual parental

mAb or the combination of them achieved only negligible or lower inhibitory

activity (Michaelson et al. 2009). In a mouse MDA-MB-231-derived tumor xeno-

graft model, the bispecific IgG-scFv demonstrated significant anti-tumor activity

achieving up to 50% tumor inhibition, whereas the individual or combination

of the mAb showed no efficacy. Interestingly, in the same xenograft model no

tumor inhibition was observed when a differently formatted bispecific anti-LTbR/
TRAIL-R2 antibody was administrated. In the atter format, the scFv specific for

LTbRwas linked to the N terminus of the anti- TRAIL-R2 IgG. The lack of efficacy

in the xenograft model correlated well to the in vitro cell-based results. Both

bispecific formats are capable of dual binding to the soluble TRAIL-R2 and

LTbR. The difference in inhibitory activity between the IgG-scFv and the scFv-IgG
formats in this case may be related to the proximity of the cell surface TRAIL-R2

and LTbR, which favor the IgG-scFv configuration for effective antibody-antigen

interaction (Michaelson et al. 2009).

9.3.4 Other Novel IgG-Like BsAb Constructs

9.3.4.1 Single Domain Antibodies as Building Blocks

Some camel or shark antibodies are composed of only HCs (Muyldermans et al.

1994; Els et al. 2001). This observation has led to the development of human single
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variable domain (sVD) antibody fragments, in which a VL or a VH alone comprises

the binding unit (Ward et al. 1989; Riechmann and Muyldermans 1999; Jespers

et al. 2004). These fragments can then be used to construct the IgG-like BsAb by

fusing a sVD to the CL, and a second sVD of a different specificity to the CH1 of an

IgG. Preferably, one sVD would be derived from a VL and the other from a VH to

provide increased stability via a VL-VH interface, in addition to that of the CL-CH1

interface, i.e., VLA-CL plus VHB-CH1-CH2-CH3). sVD binders can also be

directly fused to the N or C terminus of an IgG of a different specificity

(Fig. 9.1m). In one such report, a single VH domain binder to the platelet-derived

growth factor receptor-alpha (PDGFR-a) was isolated from a phage library, and

fused to the N terminus of VL of an IgG antibody specific for PDGFR-b (Shen et al.

2006), or to either the N terminus of VH or the C terminus of the CH3 of an IgG

antibody specific for mouse VEGFR-2 (Shen et al. 2007). All three BsAb constructs

were expressed well in mammalian cells, and demonstrated the binding ability to

both targets with affinity comparable with that of their parent antibodies. Further,

the BsAb constructs were able to cross-link both target antigens in solution and also

inhibited the function of both targets in cell-based assays.

In theory, sVD antibodies have the potential to satisfy the production criteria

essential for drug development. In practice, however, while sVD binders are

effective binding modules in isolation, their reconstitution into full IgG-like

bispecific molecules often requires further engineering for improved product

expression, stability, and retention of biological activity. This may be due to global

instability resulting from the incompatible pairing of variable domains identified in

isolation or local steric conflicts among the antigen-binding loops. In addition to VL

and VH single domain scaffolds, other novel scaffold binders, such as fibronectin,

ankyrin repeats, and lipocalin can be developed as building blocks for the construc-

tion of IgG-like BsAb molecules. For reviews, see Holt et al. (2003), Holliger and

Hudson (2005), Saerens et al. (2008), and Wesolowski et al. (2009).

9.3.4.2 Two-in-One Antibodies

The first two-in-one antibody was developed by phage display of the anti-HER2

antibody Herceptin® with random mutations introduced into the CDRs of the VL

domain. The phage library was screening for binding to both HER2 and VEGF

(Bostrom et al. 2009). A variant with high affinity for both VEGF (Kd ¼ 3 nM) and

HER2 (Kd ¼ 0.2 nM) was generated. The binding surface on the antibody for each

antigen overlapped, with VEGF binding primarily mediated by the VL residues and

HER2 binding by the VH residuals (see Chap. 13 for details).

9.3.4.3 Tandemabs

Another interesting bispecific format is the tandem Fab-Fc antibodies (tandemab;

Fig. 9.1n). In such a format, a tetravalent IgG-like antibody was constructed (Zapata
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et al. 1995; Miller et al. 2003), where two VH-CH1 units with distinct specificities

were linked in tandem, which was then fused to the Fc. Each of the VH-CH1 units

in this construct retained the binding affinity of the parent antibody when a common

light chain (VL-CK) was co-expressed to produce the tetravalent tandemab. While

tetravalent BsAb can be constructed into this format using Fab fragments of

different specificities, the challenge remains to identify a common light chain that

can be shared by both of the VH-CH1 unites used, so that the high affinity and dual

specificities of the tandemabs for the targets can be retained.

9.3.4.4 IgG Light Chain C-Terminal-scFv Fusion

In this format, a scFv is fused to the C terminus of the LC of an IgG via a [(Glycine)

4-Serine] � 2 linker resulting in a tetravalent BsAb (Orcutt et al. 2010) (Fig. 9.1o).

The fusion of a scFv to the LC C terminus partially blocks formation of the disulfide

bond between the LC and the HC, and thus requires engineering an additional

disulfide bond between the IgG VL and VH domain to stabilize the LC-HC

association. Two BsAb constructed in this format demonstrated their dual binding

ability with the affinity of their parent IgGs and scFv. However, their expression

levels was low (5–7 mg/L) in a transient 293 expression system.

9.3.5 Triple Specific IgG-Like Antibodies

Two trispecific IgG-like antibodies were recently constructed (Dimasi et al. 2009).

In the first trispecific antibody (Ts1Ab), two scFv of different specificities were

linked each other via a (Glycine)4-Serine linker. The tandem scFv was then fused

to the CH3 domain of an IgG (Fig. 9.1p). In the second trispecific antibody

(Ts2Ab), one scFv was linked via (Glycine)4-Serine linker to the N terminus of

the VL domain of an IgG mAb, and the second scFv to the N terminus of the VH

domain of the same IgG (Fig. 9.1q). The Ts1Ab and Ts2Ab were expressed at

120–150 mg/L, compared to 130–200 mg/L of the three parent mAb in a transient

HEK293T expression system. Both Ts1Ab and Ts2Ab bound to their respective

antigens simultaneously with reduced affinity (5- to 97-fold lower for Ts1Ab

antigens and 2- to 4-fold lower for Ts2Ab antigens) as compared to that of their

respective parent mAb. Further study showed that Ts2Ab bound to the FcRn

and Fcg receptors with the affinity of a classic IgG. Pharmacokinetic analysis in

tumor-bearing nude mice confirmed an in vivo half-life that is comparable to

that of their parent mAb. It is reasonable to expect that such a trispecific antibody,

impacting multiple signal pathways, can provide additive or synergistic effect

in therapy.
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9.3.6 Novel Application of BsAb

9.3.6.1 Binding Avidity Enhancement

One of the valuable benefits of BsAb is the enhanced avidity for their antigens

(Lu et al. 1999). High binding affinity (or avidity) is usually beneficial and, in some

cases, required for the biological activity of a therapeutic antibody. In addition to

the intrinsic high affinity for their antigens, normal IgG antibodies also exploit the

avidity effect to increase their association with antigens because of their bivalent

binding towards the targets. Thus, a BsAb directed against two separate (non-

overlapping) epitopes on the same target molecule may most likely possess an

increased avidity due to its bivalent paratopic (bi-paratopic) binding. Similarly,

a tetravalent IgG-like BsAb, with bivalent binding for each antigen, are expected

to have a very slow dissociation rate because two dissociation events must occur

simultaneously for the BsAb to be free from the cell. In addition, bivalent binding

to a target, particularly a cell-surface receptor, is under many circumstances

a prerequisite for antibody function, e.g., cross-linking the receptors in order to

stimulate activation, to induce apoptosis, or to promote receptor internalization.

9.3.6.2 Epitope Cross-linking for Acquired Antagonistic Activity

In addition to avidity enhancement, a BsAb directed against two non-overlapping

epitopes on the same antigen molecule may also acquire novel properties that are

not associated with either of the parent antibodies. For example, a bispecific

diabody that binds two distinct epitopes on VEGFR-2 cross-linked the epitopes

and effectively blocks the binding of VEGF to the receptor, whereas the parent scFv

from which the bispecific diabody was derived did not, on their own or in combi-

nation, block VEGF binding (Lu et al. 1999). Cross-linking two separate epitopes

on the same receptor molecule may introduce new steric hindrance for ligand

binding, and/or induce conformation changes in the receptor, preventing it from

binding ligand. It will be interesting to see if this principle is applicable to other

molecules for which ligand-blocking antibodies are difficult to identify.

9.3.6.3 Fine-Tuning Antibody Specificity Towards Tumor Cells

An emerging and intriguing concept is the use of BsAb to further fine-tune

the specificity of anti-tumor antibodies to target cells. In this context, a BsAb is

constructed from two antibodies specific for two different tumor antigens, each with

low to moderate binding affinity. Only simultaneous bivalent binding (or cross-

linking) of the two target antigens on the same tumor cell surface by the BsAb

would result in strong association that is required for initiating biological processes,

such as down-regulation of signaling pathways, internalization of BsAb-conjugated
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toxins, ADCC, and CMC. In contrast, monovalent binding of the BsAb to cells that

only express one of the target antigens would only result in weak association, which

may not be sufficient for induction of any meaningful cellular activity, thus would

preserve the cells from the side effects of antibody mediated activities. This is

significant since most of the targets currently being used as tumor cell identifiers

are, in fact, not truly “tumor-specific,” but rather “tumor-associated,” i.e., they are

also expressed in certain normal tissues/cells, albeit at lower density than in tumor

cells. By identifying and constructing BsAb to pairs of targets simultaneously

expressed on a given type of tumor, one could expect the enhanced antibody

specificity towards the targeted cells, while sparing normal cells of unwanted side

effects. This concept was elegantly demonstrated in a recent report using an

ant-HER2 � anti-HER3 BsAb (Robinson et al. 2008). In this report, the authors

constructed an anti-ErbB3 � anti-ErbB2 bispecific scFv dimer, and demonstrated

that the BsAb selectively targeted tumor cells in vitro and in vivo that co-expressed

the two target antigens over tumor cells that express only one target antigen or

normal cells that express low levels of both antigens. Further, the bispecific

scFv also exhibited significantly greater in vivo targeting of ErbB2/ErbB3 double

positive tumors than the derivative molecules that contain one functional arm

only targeting either ErbB2 or ErbB3, but not both. Together, these results clearly

suggest that BsAb selected to co-target critical functional pairs of tumor-associated

antigens could enhance the targeting specificity of antibody-based cancer

therapeutics.

9.3.7 Stability Optimization of Bispecific Antibodies

scFv and it derivatives are commonly used as the building blocks for construction

of BsAb. However, in the absence of the stabilizing CH1 and CL domains and the

disulfide bond that covalently joins these two constant domains, scFv are usually

less stable than the Fab fragment of an IgG. The insufficient stability of scFv in the

BsAb constructs often leads to their poor expression, multimeric aggregation, and

short serum half-life, limiting their manufacturability and therapeutic applications.

Attempts have been made to improve the stability of scFv molecules, for example,

by interface engineering to improve packing (Worn and Pluckthun 2001), by

introducing new disulfide bonds between the VL-VH (Zhu et al. 1997; Jung et al.

1994; FitzGerald et al. 1997; Michaelson et al. 2009), by CDR-grafting to the

proven stable frameworks, and/or further structure-based framework engineering

(Ewert et al. 2004; Michaelson et al. 2009; Jordan et al. 2009). Further, it has been

shown that the orientation of the VH and VL could also affect the expression and

antigen-binding activity of the final scFv constructs (Lu et al. 2004a). A new

technology was recently reported to improve the stability of IgG-like BsAb using

a combination of the sequence-based analyses of residue co-variations in IgG

variable domains, as well as other structure-, and knowledge-based methods (Miller

et al. 2010). Thermally stable scFv were identified using this technology that not
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only retained full antigen-binding affinity, but also were much less prone to

aggregation. For example, a mutant with the substitutions of S16E in the VH and

S46L in the VL were identified that increased the thermal stability as much as 26�C,
and decrease the soluble aggregation from ~40% of the parent scFv to ~7%. These

results demonstrate that by applying appropriate strategies, scFv-based BsAb can

be developed with satisfying stability and manufacturability.

9.4 Conclusions

BsAb equip two disease-targeting/modifying capabilities within one molecule,

and thus may be able to circumvent certain limitations encountered by current

mAb therapeutics, such as insufficient efficacy, and challenges associated with

antibody combinations. BsAb development may open up new target space for

the development of mAb therapeutics. For example, there are individual targets

(pathways) that may not provide sufficient therapeutic benefit when being modified

alone. However, significant therapeutic benefits of these targets may be achieved,

due to additive and/or synergy effects, if they are combined with other targets/

pathways. These targets thus represent excellent candidates for the development

of dual-targeting BsAb therapeutics. Recent progress in the field of antibody engi-

neering has led to novel approaches to optimizing the formatting, the expression, the

stability, and the manufacturability of IgG-like BsAb. Many issues, however, remain

to be carefully addressed, e.g., manufacturing and downstream process development

(purification and formulation), analytical and quality control, preclinical toxicology

and pharmacology studies, regulatory and clinical development pathways, etc.,

before we see that BsAb become bonafide mainstream therapeutics.
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bsAb Bispecific antibody

CHO Chinese hamster ovary cell line

CL Clearance

Cmax Observed maximum plasma concentration

DLL4 Delta-like protein 4

DSC Differential scanning calorimetry

DVD-Ig™ Dual-variable domain immunoglobulin

EGFR Epidermal growth factor receptor

F Bioavailability

HEK293 Human embryonic kidney 293

hIL Human interleukin

IC50 Half maximal inhibitory concentration

IEC Ion exchange chromatography

IL Interleukin

IV Intravenous

KD Equilibrium dissociation constant

E. Tarcsa

Department of Drug Metabolism and Pharmacokinetics, Abbott Bioresearch Center, 100 Research

Drive, Worcester, MA 01605, USA

W. Fraunhofer

Global Pharmaceutical Sciences, Abbott Laboratories, Abbott Park, IL 60064, USA

T. Ghayur • J. Salfeld • J. Gu (*)

Department of Biologics, Abbott Bioresearch Center, 100 Research Drive, Worcester, MA 01605,

USA

e-mail: jijie.gu@abbott.com

R.E. Kontermann (ed.), Bispecific Antibodies,
DOI 10.1007/978-3-642-20910-9_10, # Springer-Verlag Berlin Heidelberg 2011

171

mailto:jijie.gu@abbott.com


mAb Monoclonal antibody

MS Mass spectrometry

MTX Methotrexate

PEG Polyethylene glycol

PGE2 Prostaglandin E2

SC Subcutaneous

scFv Single-chain variable fragment

SDS-PAGE Sodium dodecyl sulfate polyacrylamide gel electrophoresis

SEC Size-exclusion chromatography

T½ Half-life

Tm Thermal unfolding

Tmax Time to reach Cmax

TNF Tumor necrosis factor

VEGF Vascular endothelial growth factor

VH/VL Heavy/light chain variable domain

Vss Volume of distribution at steady state

10.1 Introduction

Monospecific monoclonal antibodies (mAbs) have been remarkably successful in

providing clinical benefits across a vast array of diseases, including immunologic

diseases (e.g., autoimmunity, transplantation), cancer, neurologic disorders, infec-

tious diseases, cardiovascular diseases, and bone metabolic abnormalities (Reichert

2008; Chan and Carter 2010; Weiner et al. 2010; Reichert 2011). In addition, mAbs

represent one of the fastest growing segments of the pharmaceutical business, with

hundreds of mAbs in various stages of development for many other indications.

However, with emerging clinical data, it is becoming increasingly apparent

that mAbs show either partial efficacy or benefit only a subset of patients with

a given disease. These data likely reflect the limitations of targeting a single disease

mechanism (i.e., monospecificity of mAbs) and the mechanistic complexity/hetero

geneity of human diseases where redundant and distinct mechanisms may determine

the disease outcome.

The bispecific antibody (bsAb) field has evolved over the past two decades,

mainly for applications that cannot be achieved by monospecific mAbs, including

redirected toxicity and the ability to target two or more disease mechanisms with a

single agent to enhance efficacy and provide benefits to a larger number of patients.

Several formats for generating bsAbs have been reported recently (Morrison 2007;

Presta 2008; Chan and Carter 2010). The first bsAb, catumaxomab, received

approval in Europe for the treatment of malignant ascites in 2009 (Sebastian et al.

2009), and several other bsAbs are in various stages of clinical development. The

success of the bsAb field will depend upon identification of the right target or target

pair for a given disease indication. The bsAb field will continue to grow as we learn

more about the advantages and limitations of the various bsAb formats and as
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clinical data from mAbs identify the contribution(s) of individual targets to the

given disease pathology and the correct epitope(s) on a given target. Collectively,

these developments will enable us to make better bi- and multispecific biologic

therapeutics.

Several of the bsAb formats reported to date have encountered technical

challenges. Recently, Chan and Carter (2010) outlined the requirements for an

ideal bsAb platform. These requirements include (a) broad applicability, without

a need for extensive customization for individual antibody pairs or for different

combinations of target antigens; (b) high level of expression (~1 g/L); (c) retention

of biologic activities of the parental mAbs; (d) simultaneous binding of both

antigens (essential for certain applications such as redirected toxicity); (e) ease of

purification to homogeneity and recovery in high yield; (f) favorable physico-

chemical properties (e.g., high solubility, in vitro and in vivo stability, low propen-

sity to aggregate); and (g) appropriate pharmacokinetic properties (e.g., long serum

half-life). In this chapter we will describe the properties of DVD-Ig™ molecules,

with particular emphasis on how the DVD-Ig™ format compares with the require-

ment for an ideal bsAb platform.

10.2 bsAb Formats

In general, three different approaches have been used to generate bsAbs: cell fusion,

chemical conjugation, and recombinant DNA techniques (Gu and Ghayur 2010).

10.2.1 Cell Fusion

An initial approach for generating bsAbs was based on the somatic fusion of two

different hybridoma cell lines expressing murine mAbs (Milstein and Cuello 1983).

This approach generates up to ten different antibodies because of the random

pairing of two different Ig heavy and light chains within the resulting hybrid

hybridoma (or quadroma) cell line. Extensive, sophisticated purification procedures

are required to isolate the bsAb of interest from the mispaired by-products of the

cell fusion approach.

10.2.2 Chemical Conjugation

Chemical conjugation of two different mAbs (Staerz et al. 1985) or smaller

antibody fragments (Brennan et al. 1985) has also been used as an approach for

generating bsAbs. Another method is the coupling of two parent antibodies with

a heterobifunctional crosslinker. However, molecular heterogeneity is a problem
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with these approaches. To obtain more homogeneous preparations of bsAbs, two

different Fab fragments may be chemically crosslinked at their hinge cysteine

residues in a site-directed manner (Glennie et al. 1987), but this method results in

Fab02 fragments rather than a full IgG molecule.

10.2.3 Recombinant DNA Techniques

More recently, a wide variety of recombinant bsAb formats have been developed.

Tandem single-chain variable fragment (scFv) bsAbs and diabodies are the most

common recombinant bsAb constructs (Kriangkum et al. 2001).

10.2.3.1 scFv bsAbs

Generation of scFv bsAbs have been described using a peptide linker to connect two

scFv fragments that recognize different antigens (Kriangkum et al. 2001). Various

linkers can be optimized to connect the two scFv fragments (V€olkel et al. 2001).
Although the parental scFv fragments can normally be expressed in soluble form

in bacteria, the two tandem scFv molecules form separate folding entities and thus

are often insoluble in bacteria. Hence, refolding protocols or the use of mammalian

expression systems are routinely applied to produce soluble tandem scFv molecules.

For example, one study reported in vivo expression (serum concentrations of up to

100 mg/L) by transgenic rabbits and cattle of a tandem scFv directed against CD28

and a melanoma-associated proteoglycan connected by a CH1 linker (Gracie et al.

1999). Variations of the domain order and the use of linkers with varying length or

flexibility allowed soluble expression in bacteria (V€olkel et al. 2001). Other studies
reporting expression of soluble tandem scFv molecules in bacteria used either a very

short Ala3 linker or long glycine/serine-rich linkers (Korn et al. 2004). Phage display

of tandem scFv molecules in combination with directed mutagenesis has been used

to enrich for molecules that are produced in soluble and active form in bacteria

(Arndt and Krauss 2003).

10.2.3.2 Bispecific Diabodies

Bispecific diabodies are generated from scFv fragments by reducing the length

of the linker connecting the heavy chain variable (VH) and light chain variable

(VL) domains to approximately five residues (Holliger et al. 1993). Thus, the linker

is too short to allow pairing between domains on the same polypeptide chain and

instead facilitates dimerization of two polypeptide chains by crossover pairing

of the VH and VL domains, resulting in bispecific diabodies with either a

VH–VL or VL–VH configuration. A large variety of different bispecific diabodies

have been generated, most of which can be expressed in soluble form in bacteria.
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However, a comparative study demonstrated that the orientation of the variable

domains influenced expression and formation of active binding sites (Mack et al.

1995). Nevertheless, soluble expression in bacteria represents an important advan-

tage over tandem scFv molecules.

Knob-into-hole diabodies limit the production of inactive homodimeric by-

products and maximize the generation of active heterodimers (Zhu et al. 1997).

For example, they were used to generate a bispecific diabody directed against HER2

and CD3. A large knob was introduced in the VH domain by exchanging Val37 with

Phe and Leu45 with Trp and a complementary hole was produced in the VL domain

by mutating Phe98 to Met and Tyr87 to Ala, either in the anti-HER2 or anti-CD3

variable domains. This approach increased the production of bispecific diabodies

from 72% by the parental diabody to more than 90% by the knob-into-hole diabody.

However, concerns with the knob-into-hole approach include the possibility

of reduced antigen-binding activity, increased immunogenicity, and poor in vivo

stability as a result of mutational modification of the Ig sequence at the constant

region.

Single-chain diabodies represent an alternative strategy to improve the genera-

tion of bispecific diabody-like molecules (Holliger and Winter 1997; Wu et al.

1996). Bispecific single-chain diabodies are produced by connecting the two

diabody-forming polypeptide chains with an additional middle linker with a length

of approximately 15 amino acid residues. Thus, all molecules with a molecular

weight corresponding to monomeric single-chain diabodies (50–60 kDa) are

bispecific. Several studies have demonstrated that bispecific single-chain diabodies

are expressed in bacteria in soluble and active form, with the majority of purified

molecules present as monomers (Holliger and Winter 1997; Wu et al. 1996;

Pl€uckthun and Pack 1997; Ridgway et al. 1996). Thus, single-chain diabodies com-

bine the advantages both of tandem scFv bsAbs (all monomers are bispecific) and

diabodies (soluble expression in bacteria).

More recently, diabodies have been fused to Fc to generate more Ig-like

molecules, referred to as di-diabodies (Lu et al. 2004). In addition, multivalent

antibody constructs comprising two Fab repeats in the heavy chain of an IgG and

capable of binding four antigen molecules have been described (Miller et al. 2003).

10.3 DVD-Ig™ Format

We have recently reported a novel bsAb format: the DVD-Ig™ design (Wu et al.

2007) (Fig. 10.1). The DVD-Ig™ design differs from other bispecific Ig formats in

that each DVD-Ig™ Fab binds two targets. A DVD-Ig™molecule can be generated

from any two mAbs and is designed such that variable domains from the two parent

mAbs are linked in tandem via a peptide linker by recombinant DNA techniques,

followed by the constant domain of the heavy and light chains, respectively. The

resulting DVD-Ig™ molecule retains the features (affinity and potency) of both

parental mAbs. In addition, and unlike several previously described bsAb formats,
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a well-designed DVD-Ig™ construct is highly stable in vivo, displays good, IgG-

like physicochemical and pharmacokinetic properties, and is amenable to large-

scale manufacturing.

The key challenges for any bi- or multispecific antibody format are general

applicability, manufacturability, and drug-like physicochemical and pharmaco-

kinetic properties. We have now made several hundred DVD-Ig™ molecules and

have subjected >20 molecules to thorough characterization to understand these

features of the DVD-Ig™ format. We describe the properties of the DVD-Ig™
format in the context of the various challenges for the bsAb field. As examples, we

provide details from our previously published study of the DVD-Ig™ molecule

directed against interleukin-12 (IL-12) and interleukin-18 (IL-18) (Wu et al. 2007)

and a brief summary of our experience with more than 100 DVD-Ig™ molecules

(Ghayur et al. 2009a, b; 2010; Wu et al. 2009b).

10.4 General Applicability of the DVD-Ig™ Format

10.4.1 Source of Parent mAbs

We examined the construction of DVD-Ig™ molecules using the variable domains

of antibodies derived from various sources and murine and human Fc (Table 10.1)

(Ghayur et al. 2009a, b; 2010;Wu et al. 2009b). DVD-Ig™moleculeswere generated

by placing two variable domains linked in tandem in each heavy and light chain,

such that each variable domain was placed in both the outer (VD1) and inner (VD2)

positions. The fully human mAbs can be derived from either phage/yeast display

libraries or transgenicmice with human Ig genes. In this instance, the linkers between

the two variable domains were the short peptides derived from the N-termini of the

constant domains CH1 (for heavy chain) or CL (for light chain) otherwise naturally

connected to the VH1 or VL1 of the variable domain at the outer position.

Fig. 10.1 DVD-Ig™ design.

A DVD-Ig™ molecule is

generated from two parent

mAbs, with the two variable

domains from the parent

antibodies linked in tandem in

each heavy and light chain.

The DVD-Ig™ molecule

retains the activities of both

parent antibodies
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Other DVD-Ig™ molecules with different IgG light chain combinations (i.e.,

k/l or l/k hybrid light chains) were also generated (Wu et al. 2007). In this

instance, the linker chosen was consistent with the isotype of the variable domain

at the outer position and the constant region was consistent with the isotype of the

variable domain at the inner position (i.e., Vk-TVAAP [derived from the first

several amino acid residues of Ck]-Vl-Cl and Vl-QPKAAP [derived from first

several amino acid residues of Cl]-Vk-Ck) (Wu et al. 2007). In general, DVD-Ig™
proteins expressed well in mammalian cells (COS and human embryonic kidney

293 [HEK293], described below).

10.4.2 Nature of Target Molecules

We also examined the applicability of the DVD-Ig™ format to a variety of target

pair combinations (e.g., soluble/soluble targets, cell surface/cell surface targets,

soluble/cell surface targets) (Table 10.2). In addition, DVD-Ig™ constructs against

target molecules of different sizes were also generated (Table 10.2). In general, the

DVD-Ig™ format allows the two targeting binding domains to bind their respective

targets. (For further details about functional properties of DVD-Ig™molecules, see

the discussion and references.)

Table 10.1 Source of

antibodies for selected

variable domain pairing

combinations tested in

the DVD-Ig™ format

Source of antibodies for selected variable domain pairs

VD1 VD2

Mouse Mouse

Rat Mouse

Mouse Human

Humanized Humanized

Humanized Fully human

Fully human (k light chain) Fully human (k light chain)

Fully human (k light chain) Fully human (l light chain)

Fully human (l light chain) Fully human (k light chain)

Table 10.2 Examples of DVD-Ig™ constructs with various target pair combinations

Variable domain pairing

Selected examplesVD1 VD2

Soluble Soluble IL-12/IL-18, IL-1a/IL-1b, TNFa/PGE2

Membrane Membrane CD3/CD19, CD3/EGFR

Membrane Soluble DLL4/VEGF

Soluble Membrane VEGF/DLL4

Smaller size Larger size IL-18/IL-12

Larger size Smaller size IL-12/IL-18

DLL4 delta-like protein 4; EGFR epidermal growth factor receptor; IL interleukin; PGE2 prostag-

landin E2; TNF tumor necrosis factor; VEGF vascular endothelial growth factor
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10.5 Expression and Purification of DVD-Ig™ Molecules

Poor expression, inadequate manufacturability (scalable expression), and protein

homogeneity after simple purification steps are major hurdles for some of the bsAb

formats. We have now transiently expressed hundreds of DVD-Ig™ constructs in

COS cells and/or HEK293 cells and have also investigated the manufacturing

feasibility of >20 DVD-Ig™ constructs in Chinese hamster ovary (CHO) cells.

The current understanding of DVD-Ig™ expression in mammalian cells is briefly

outlined later.

10.5.1 Expression, Purification, and Manufacturing
Feasibility of DVD-Ig™ Molecules

The heavy and light chains of hundreds of DVD-Ig™ constructs have been subcloned

into mammalian expression vectors and cotransfected into COS or HEK293 cells.

In general, expression levels of well-designed DVD-Ig™ molecules are comparable

to those of the parent mAbs. For example, expression profiles of a DVD-Ig™
molecule against IL-12 and IL-18 from transfected COS and HEK293 cells

were similar to that of the parent IL-18 mAb (Wu et al. 2007). Certain aspects of

DVD-Ig™ architecture appear to be important in determining the level of expression,

including (a) variable domain combinations (i.e., sequences and canonical structures);

(b) variable domain orientation (i.e., which domain is placed on the inside or outside

position); and (c) the length of linkers connecting the VH1–VH2 and VL1–VL2.

Based on these considerations, unoptimized DVD-Ig™ molecules can be broadly

classified into three groups: (1) those that express well regardless of variable domain

combination/orientation; (2) those that express well in only one specific variable

domain orientation; and (3) those that have low expression regardless of variable

domain combination/orientation.

Although transient expression in HEK293 cells is a good initial indicator of the

expression level of individual DVD-Ig™molecules in mammalian cells, it may not

always translate to the expression level in manufacturing CHO cell lines. Therefore,

we selected 25 DVD-Ig™ constructs and further evaluated their initial expression

and amplification potential with increasing concentrations of methotrexate (MTX)

in CHO cells. Four DVD-Ig™ molecules have now gone through initial MTX

amplification (at 100 nM of MTX) and achieved expression levels similar to

those of the parent mAbs. The IL-12/IL-18 DVD-Ig™ molecule, for example,

was similar to its parent IL-18 mAb with regard to the number of positive clones

generated from one single transfection at various stages of CHO cell line generation

and the distribution pattern of protein expression level (Wu et al. 2007). Yield of

this DVD-Ig™ molecule achieved >1 g/L in a 25-L wave-bag cell culture system

with limited downstream CHO line development.
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Because DVD-Ig™ molecules have intact Fc domains, they can easily be

purified to homogeneity by protein A chromatography, with high post-purification

yields (70–90%) from HEK293 and CHO cell supernatants. Most DVD-Ig™
molecules behave just as mAbs during purification, although some have a slightly

greater aggregation propensity. After the standard three-step purification process

(protein A, Q column, and ceramic hydroxyapatite chromatography) for generating

good laboratory practice-grade materials, the recovery of DVD-Ig™ molecules in

general is approximately 40–70%. Details regarding the IL-12/IL-18 DVD-Ig™
molecule (Wu et al. 2007) and the IL-1a/IL-1b DVD-Ig™ molecule (Wu et al.

2009a) have been reported previously.

10.6 Physicochemical Properties of DVD-Ig™ Molecules

Good drug-like physiochemical properties are essential for drug substance and

drug product formulation, storage and shipment, applicability of delivery devices,

and ultimately clinical use of any biologic therapeutic. An extensive array of

methodologies has been applied for assessing physicochemical and drug-like

properties of therapeutic mAbs (Table 10.3). To date, we have extensively char-

acterized more than 30 DVD-Ig™ molecules using a battery of approaches to

determine DVD-Ig™ protein identity, purity (levels of monomer, aggregate and

fragments, and charge heterogeneity), stability (intrinsic unfolding temperature,

propensity for aggregation/fragmentation over broad ranges of pH, temperature,

protein concentration, and ice–water and air–water interfaces), and solubility. This

investigation demonstrated that DVD-Ig™ molecules with desired physicochemi-

cal and drug-like properties can be generated. The IL-12/IL-18 DVD-Ig™molecule

is an example of a DVD-Ig™ molecule with physicochemical properties similar to

a stable therapeutic mAb (Table 10.3) (Wu et al. 2007). The IL-12/IL-18 DVD-Ig™
molecule demonstrated an appropriate profile in terms of molecular weight,

primary sequence, disulfide bonds, glycosylation profile, and charge heterogeneity.

In addition, the purity, solubility, and stability of the IL-12/IL-18 DVD-Ig™
molecule are similar to those of stable mAbs. These physicochemical and drug-

like properties suggest that well-designed DVD-Ig™ molecules are suitable for

therapeutic applications.

10.7 Functional Activities of the Two Variable Domains

of the DVD-Ig™ Molecule

The antigen-binding properties of ~50 DVD-Ig™ molecules have been determined

using enzyme-linked immunosorbent assay (direct-binding or sandwich), surface

plasmon resonance-based measurements with a Biacore 3000 instrument (Biacore

AB, Uppsala, Sweden), flow cytometry (for cell surface molecules), and cell-based
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bioassays for both targets. Some of DVD-Ig™ molecules were further tested in

acute in vivo pharmacodynamic models and relevant disease models.

In general, the two target-binding domains (or variable domains) are functional

in a DVD-Ig™ molecule. In some instances, the inner variable domain may lose

some target binding relative to the parent mAb. However, through appropriate

selection of antibody variable domains and adjusting variable domain orientation

and linker length, a DVD-Ig™ molecule can be generated that preserves the

Table 10.3 Protein analytics and physicochemical characterization of the IL-12/IL-18 DVD-Ig™
molecule

Parameters Methodology Findings

Molecular weight MS Matches with theoretical molecule weight

Primary sequence Sequencing–MS All matched

Disulfide bonds Peptide mapping All 20 disulfide bonds are matched

Glycosylation profile NGA2F and NGA1F glycans observed as the

major forms (similar to human antibodies)

Charge heterogeneity Cation exchange

(Dionex ProPac®

WCX-10)

Homogeneity profile similar to mAbs)

Purity SDS-PAGE Homogeneity on both reducing (~64 kDa heavy

chain and ~36 kDa light chain bands) and

nonreducing (~200 kDa) gels

SEC >99% single peak monomer after protein

A purification

Solubility PEG precipitation

assay

Predicted good solubility

(at least 100 mg/mL in pH6, 10-mM

phosphate, 10-mM citrate buffer)

Stability

Intrinsic (Tm) DSC DSC thermogram of DVD-Ig™ protein at

pH4, 6, and 8 is similar to that of mAbs

Freeze/thaw SEC Monomer, aggregate, and fragmentation

formed at 2 mg/mL of DVD-Ig™ protein

in pH6, 10-mM phosphate, 10-mM citrate

buffer after up to 4 cycles of freeze (–80˚C)

and thaw (room temperature) resemble that

of mAbs

pH SEC and IEC Monomer, aggregate, and fragmentation

formed at 2 mg/mL of DVD-Ig™ protein

in 10-mM phosphate, 10-mM citrate buffer

at pH4, 6, or 8 resemble that of mAbs

Storage SEC and IEC Monomer, aggregate, and fragmentation

formed at 2 mg/mL in 10-mM phosphate,

10-mM citrate buffer at 5�C, 40�C, and
50�C for up to 3 weeks resemble those

of mAbs

DSC differential scanning calorimetry; IEC ion exchange chromatography; MS mass spectrome-

try; PEG polyethylene glycol; SDS-PAGE sodium dodecyl sulfate polyacrylamide gel electropho-

resis; SEC size-exclusion chromatography; Tm thermal unfolding
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antigen-binding specificity, affinity, and biologic activities of both parent

antibodies.

10.7.1 In Vitro Characterization of DVD-Ig™ Molecules

The binding affinities and in vitro potencies of three optimized DVD-Ig™
molecules reported in previous publications (Wu et al. 2007, 2009a) are

summarized in Table 10.4. A list of affinity and in vitro potency results for hundreds

of newly constructed DVD-Ig™ molecules can be found in recent US patent

publications (Ghayur et al. 2009a, b; 2010; Wu et al. 2009a).

10.7.2 In Vivo Characterization of DVD-Ig™ Molecules

We have also assessed the in vivo therapeutic efficacy of several DVD-Ig™
proteins in preclinical animal models. As previously reported (Wu et al. 2007),

both IL-12/IL-18 DVD-Ig™ constructs were as potent as anti-IL-12 and anti-IL-18

mAbs in combination and almost completely abrogated Staphylococcus aureus
dried cell-induced interferon-g production in a severe combined immunodeficient

mouse model engrafted with human peripheral blood mononuclear cells. In addi-

tion, a mouse IL-1a/IL-1b DVD-Ig™molecule potently prevented disease progres-

sion in collagen-induced arthritis in mice (Wu et al. 2007). Several DVD-Ig™
molecules have been tested in relevant preclinical animal models, and each showed

efficacy similar to the parental mAb combination; moreover, the efficacy/potency

profiles were in alignment with the molecules’ in vitro antigen-binding affinities

and potencies (data not shown).

Table 10.4 Affinity and potency of optimized DVD-Ig™ molecules

DVD-Ig™
molecule Linker

Affinity, KD (pM): DVD-
Ig™ Molecule/Parent mAb

Potency, IC50 (pM): DVD-

Ig™ Molecule/Parent mAb

hIL-12/hIL-18

DVD-Ig™
molecule 1a

VH: short hIL-12: 130/120 hIL-12: 220/420

VL: short hIL-18: 160/140 hIL-18: 120/220

hIL-12/hIL-18

DVD-Ig™
molecule 2b

VH: short hIL-12: 38/65 hIL-12: 7/5

VL: short hIL-18: 622/137 hIL-18: 180/200

hIL-1a/hIL-1b
DVD-Ig™
moleculec

VH: long hIL-1a: 560/600 hIL-1a: 350/330

VL: long hIL-1b: 130/260 hIL-1b: 500/600

KD equilibrium dissociation constant; hIL human interleukin; IC50 half maximal inhibitory

concentrationaHumanized anti-IL-12 antibody and fully human anti-IL-18 antibodybFully

human anti-IL-12 antibody and fully human anti-IL-18 antibodycDVD4b-Ig construct derived

from 18F4.2C8 (anti-IL-1a) and 1Β12.4H4 (anti-IL-1b)
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10.8 Pharmacokinetic Properties of DVD-Ig™ Molecules

To gain an understanding of the pharmacokinetic properties of DVD-Ig™ mole-

cules, we have assessed the pharmacokinetic profiles of more than 20 DVD-Ig™
molecules in rats. Following intravenous administration, the DVD-Ig™ proteins

exhibited biphasic elimination profiles similar to mAbs. Clearance and volumes of

distribution were low, with half-lives ranging from 3 to 15 days. The pharmaco-

kinetic parameters of most DVD-Ig™ molecules examined were within the range

of those observed for normal human mAbs (unpublished data). For example, as

reported previously (Wu et al. 2007), the hIL-12/hIL-18 DVD-Ig™ molecule –

upon either intravenous or subcutaneous dosing at 4 mg/kg in rats – exhibited low

clearance (0.26 mL/h/kg) with an average terminal half-life of 11 days, and good

bioavailability ranging from 85 to 92%.

Recently, we have also evaluated the pharmacokinetic properties of hIL-12/

hIL-18 DVD-Ig™ molecule in male and female cynomolgus monkeys upon either

intravenous or subcutaneous administration at 5 mg/kg. The serum concentration-

time profiles of the DVD-Ig™ protein was very similar when determined by either

hIL-12 or hIL-18 (data not shown) capture-based enzyme-linked immunosorbent

assay methods, indicating that the DVD-Ig™ molecule was intact and capable

of binding both antigens. The pharmacokinetic profile shown in Fig. 10.2 and the

pharmacokinetic parameters summarized in Table 10.5 are similar to those

observed for human mAbs in cynomolgus monkeys. Overall, the pharmacokinetic

parameters observed for DVD-Ig™ proteins in rats and now in monkeys are

sufficient to support toxicology studies in monkeys and potential clinical studies.
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Fig. 10.2 Pharmacokinetic profile of a hIL-12/hIL-18 DVD-Ig™ protein in cynomolgus

monkeys. Serum concentration (�standard deviation) time profile of hIL-12/hIL-18 DVD-Ig™
protein after a 5-mg/kg intravenous or subcutaneous dose in cynomolgus monkeys (n ¼ 4; time

points with likely anti-drug antibody response [t � 21 days; n ¼ 2 monkeys] were not included in

the mean calculations). IV intravenous; SC subcutaneous
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10.9 Discussion

bsAbs and bsAb fragments offer therapeutic opportunities and advancements not

possible with monospecific mAbs. Some unique applications described for bsAbs

include (a) enhancing the efficacy of clinically validated mAbs; (b) recruiting

immune effector cells to eliminate cancer; (c) providing functionalities unattainable

by a combination of two mAbs (e.g., enhancing affinity/specificity through avidity);

(iv) site-specific targeting of therapeutic agents (e.g., small molecules, growth

factors, stem cells); and advances in imaging and diagnostics (Ford et al. 2001;

Goldenberg et al. 2006; Morrison, 2007; Goldenberg et al. 2008; Chan and Carter,

2010). Over the past two decades, tremendous effort has been expended in devel-

oping bsAbs and their fragments. Several promising formats have been developed,

and some are moving into clinical development. With the recent approval of

catumaxomab in Europe for the treatment of malignant ascites (Sebastian et al.

2009) and the very exciting results in Phase I/II clinical trials of the bispecific T-cell

engager format (Brischwein et al. 2007; Baeuerle et al. 2009), the bsAb field is

witnessing a new revival.

In general, bsAb formats are complex owing to the architectural requirements

of putting together two target-binding domains with linkers of various lengths.

The ideal bispecific platform will successfully address issues related to (a)

manufacturability; (b) drug-like properties and physical stability; (c) pharmaco-

kinetics; and (d) high throughput potential (Chan and Carter 2010). The DVD-Ig™
format appears to be robust and versatile. We have now converted the DVD-Ig™
format into a higher throughput platform wherein we can make and characterize

hundreds of these molecules in a short period of time. Our current experience

suggests that a DVD-Ig™ molecule can be generated against a variety of target

pairs (e.g., two soluble targets, two cell surface targets, or one soluble and one cell

surface target). The DVD-Ig™ architecture can also accommodate two targets of

various sizes. DVD-Ig™ molecules have been shown to display good functional,

physicochemical, drug-like, and pharmacokinetic properties (in rats, mice, and

cynomolgus monkeys) and good manufacturing feasibility. The key to the future

success of bsAbs will depend upon identifying appropriate target pairs that will

enhance efficacy without affecting safety (Morrison 2007; Chan and Carter 2010).

In this regard, clinical data from >100 mAbs now in various stages of clinical

(and preclinical) development will be crucial. Such information will enhance our

Table 10.5 Pharmacokinetic parameters of a hIL-12/hIL-18 DVD-Ig™ protein in cynomolgus

monkeys

Route of administration Intravenous Subcutaneous

Parameter T½, d Vss, mL/kg CL, mL/h/kg T½, d Tmax, d Cmax, mg/mL F, %

IL-12 capture ELISA (n ¼ 4a) 6.7 47.2 0.25 6.9 1.9 82.0 85.1

CL clearance; Cmax observed maximum plasma concentration; F bioavailability; T½ half-life; Tmax

time to reach Cmax; Vss volumes of distribution at steady stateaFour monkeys at start of study; data

from two animals were omitted for time points at which anti-drug antibody response was likely

(t � 21 days)
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understanding of not only the target biology but also of the role of specific targets in

particular diseases. The enhanced understanding of disease biology should allow

for selection of preferred pairs to be incorporated in multispecific biologics, includ-

ing DVD-Ig™ proteins.
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Chapter 11

Two-in-One Antibodies

Patrick Koenig and Germaine Fuh

11.1 Background

Natural monoclonal antibodies as IgGs have two equivalent antigen-binding

fragments or Fab arms (bivalency) and typically recognize a single target antigen

(monospecificity). Engineered antibodies by assembling two antigen-binding

domains of different binding specificity into one molecule creates bi-specificity.

Bi-specific therapeutic antibodies are thought to offer several advantages over

monospecific antibody drugs (Beck et al. 2010; Chames and Baty 2009a; Cochran

2010). These advantages include greater efficacy as two instead of one molecules

are targeted and novel modes of action as the two targeted antigens are brought

together close in space (Johnson et al. 2010; Lindhofer et al. 1995; Mack et al.

1995). The standard approach to generate bi-specific antibodies is by linking up two

or more antigen-binding domains, each of which contains a monospecific high

affinity binding site. Monospecific binding sites are those that exhibit high affinity

towards one distinct epitope, while the affinity for other proteins is so low that it is

beyond the detection limit and/or physiologically inconsequential. Many bi-specific

antibody formats that assemble antigen-binding domains in various configurations

have been generated. Several of these formats are discussed in detail in different

chapters of this book. However, one disadvantage of all these approaches is that

they require either modification of or deviation from the standard IgG format,

which often results in difficulties in the production of these antibodies and/or

undesired pharmacokinetic properties (Chames and Baty 2009b). This hurdle has

contributed to the long interval between the first description of bi-specific

antibodies (Staerz et al. 1985) and the first regulatory approval of a bi-specific

antibody for use in humans (Seimetz et al. 2010). To overcome these limitations
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a new approach was developed to generate antibodies, which exhibit specific high

affinity binding towards two different epitopes – termed dual-specificity – in each

Fab arm (Bostrom et al. 2009). These antibodies are called two-in-one antibodies.

In contrast to bi-specific antibodies, the two-in-one (dual-specific) antibodies are

natural IgG antibodies in format, wherein the two antigen-binding arms are identi-

cal in amino acid sequence. But, different from a typical monospecific antibody,

each Fab arm is capable of recognizing two antigens. Dual-specificity allows the

antibodies to interact with high affinity with two different antigens as a single Fab

or IgG molecule and may provide a good option to satisfy the increasing demand

for dual targeting therapeutics.

The dual-specificity of the two-in-one antibody can be seen as multispecificity

limited to two distinct antigens. Multispecificity can result from the recognition

of chemically and structurally conserved epitopes on different proteins; examples

are species cross-reactive antibodies. This type of multispecificity is essentially

monospecificity towards one epitope present on different proteins (Fuh et al. 2006;

Kramer et al. 1997; Lee et al. 2006; Mohan et al. 2009; Trinh et al. 1997). More

relevant for the concept of multispecificity is a single binding site being able

to recognize multiple epitopes that are chemically and structurally distinct. An

example of such a well-characterized multispecific binding site is the complement-

binding fragment (Fc) of IgG (DeLano et al. 2000). This site has been reported

to interact with protein A, protein G, rheumatoid factor, and the FcRn (neonatal Fc

receptor). Another interesting example is one region of human growth hormone

receptor being able to bind two completely different areas of its cognate ligand,

thereby assembling the two-receptor-to-one-hormone complex required for the acti-

vation of signaling cascade (de Vos et al. 1992). In contrast, the role of antibodies

exhibiting multispecific antigen binding in immune response has been appreciated

only recently. Multispecific antigen binding has been originally thought to be

limited to germline antibodies as many immature B-cells express multispecific

(or polyreactive) antibodies, which are removed from the B-cell repertoire during

B-cell maturation (Wardemann et al. 2003). However, some multispecific antibodies

are preferably selected in the development of neutralizing multispecific antibodies

as demonstrated for antibodies against the human immune deficiency virus (HIV)

protein (Mouquet et al. 2010). In addition, IgG+ memory B-cells have been shown to

acquire multispecificity through somatic hypermutations (Tiller et al. 2007).

Structural studies revealed some of the mechanisms that may lead to antibody

multispecificity. One study of antibody multispecificity showed that an antigen-

binding site may contain two separate paratopes. A human antibody against the

CD4-gp120 complex binds the gp120 portion of the complex using it’s heavy

chain (HC) CDRs, while binding the CD4 portion using the light chain (LC)

CDRs (Diskin et al. 2010). Interestingly this antibody binds CD4 even in the

absence of gp120, confirming that the CD4 paratope on the light chain can function

independently from the gp120 paratope on the heavy chain. Another way to allow

multispecific antigen binding is structural plasticity of the antigen-binding site.

A study on an IgE antibody against the hapten, 2,4-dinitrophenyl, demonstrated that

distinct conformations of the antigen-binding site exist in equilibrium before

188 P. Koenig and G. Fuh



encountering its antigen (James et al. 2003). These different conformations are then

selectively used to bind two structurally unrelated antigens: the hapten

2,4-dinitrophenyl and a repertoire selected protein. However, overt structural plas-

ticity is not a strict requirement for multispecificity. Rearrangement of paratope

side chain residues allows a given paratope conformation to bind a number of

unreleated antigens as demonstrated for a germline antibody (Sethi et al. 2006).

These structural studies suggest that antibodies can carry a well-defined dual-

specific binding site and bind tightly to two distinct antigens which lack recogniz-

able structural or chemical homology.We therefore developed a strategy to generate

these dual-specific antibodies based on the observation that the antigen-binding site

of antibodies is often asymmetric: many antibodies use on one hand mainly the

heavy chain to interact with the antigen, likely due to its greater combinatorial

natural diversity (Janeway 2001). One the other hand there are examples where the

light chain locus can contribute to specificity of the antigen binding (Nemazee 2006;

Senn et al. 2003). Thus the chosen approach to produce a dual-specific antibody was

to first obtain an antibody with a paratope that primarily uses heavy chain CDRs for

binding the first antigen. The next step is to evolve the antibody by limited mutation

and repertoire selection for clones that also bind another antigen. The two paratopes

might overlap in binding function to some extent. However, studies on protein-

protein interfaces showed that they exhibit a degree of robustness in tolerating

mutation (Pal et al. 2006). It should be thus possible to select for a paratope that

consists of residues compatible with the binding of either of the two antigens.

11.2 Her2/VEGF Dual Specific Antibody Derived

from Herceptin

A proof-of-concept study was initiated to select a dual-specific antibody from a

library based on Herceptin (trastuzumab), an antibody against the human epidermal

growth factor receptor 2 (Her2). Herceptin was chosen because the antibody is an

approved therapeutic against Her2 positive breast cancer (Baselga et al. 1998), and

an excellent example of an antibody that binds its antigen mainly using the heavy

chain residues (Cho et al. 2003). The library was subjected to selection and

screening, and the antibody bH1 dual-specific toward vascular endothelial growth

factor (VEGF) and Her2 was isolated. In the rest of the chapter we will focus on

details of bH1 generation and will discuss the structural and biophysical basis for

the antibody’s dual-specificity focusing mainly on data published by the original

proof-of-concept study (Bostrom et al. 2009). We will also give an outlook on the

future role of dual-specific antibodies as therapeutic molecules.

The first step in generating bH1 was the diversification of the light chain of

Herceptin and the display of the resulting library in a bivalent single chain Fv format

on phage. Note that bivalent Fab phage display format has been used in all

subsequent studies. Randomized light chain positions include CDR-L1 positions
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28, 29, 30, 31 and 32, CDR-L2 positions 50, 51, 53, and CDR-L3 91, 92, 93 and 94.

While most residues were randomized based on natural amino acid diversity, the L3

positions 91 and 94–96 were biased to retain Herceptin sequence, because these are

important for Her2 binding; L1 positions 30, 31, and L3 positions 92 and 93 were

randomized to allow all twenty amino acids. Length variations (inserting 0–5 amino

acids between positions 30 and 31 as well as 0–2 amino acids between positions

93 and 94) were introduced to mimic natural CDR length variation. Screening the

resulting phage library showed that 25% of the functionally displayed clones kept the

ability to bind Her2. The library was panned against three proteins clearly different

from Her2 in structure: the VEGF, the death receptor 5 (DR5), and Fc of immuno-

globulin G (human IgG). After four rounds of panning on the three secondary

antigens individually, randomly picked clones were screened for their ability to

bind the respective secondary antigen and Her2-ECD (extracellular domain).

We observed that most of the clones bound to the secondary antigen indicating

that the libraries were functionally productive, yielding a high hit rate of binding

clones against the new antigen. From approximately 100 clones, 29 dual-specific

Her2/VEGF, two dual-specific Her2/DR5 and one Her2/Fc specific binders were

identified. The dual-specific clones were enriched upon an additional panning on

Her2. Most clones retained a high binding affinity for Her2 (low nano-molar affinity)

and showed somewhat lower affinity for the second antigen (affinity in the high

nanomolar to the low micromolar range) by phage ELISA. The dual-specific binder

bH1 exhibited the highest affinity against its two antigens. A Kd of 26 nM for Her2

binding and a Kd of 300 nM for VEGF binding has been measured using surface

plasmon resonance. bH1 was subsequently selected for affinity maturation, which

lead to the dual-specific high affinity bH1-44 (Fab Kd ¼ 0.2/3 nM for Her2/VEGF).

11.3 Molecular Details of HER2/VEGF Dual Interaction

Protein crystal structures of bH1 in complex with the extracellular domain of Her2

and with VEGF reveal the molecular basis for the dual-specificity of bH1. They

give insight how the paratope of bH1 adapts to bind VEGF on the existing Her2

binding site. Here it is important to distinguish between the structural paratope,

which consists of the amino acids, which are in direct contact with the antigen as

shown by the X-ray crystal structures and the functional paratope, which consists of

the amino acids, which are important for antigen binding in vitro as determined by

mutagenesis screening (Cunningham et al. 1989).

The structure of bH1 in complex Her2-ECD at a resolution of 2.9 Å shows that

the mode of Her2 binding is structurally conserved between bH1 and Herceptin

(Cho et al. 2003) (Fig. 11.1). The main chain Ca’s root mean square deviation

between Her2-ECD:Herceptin and Her2-ECD:bH1 is only 0.8 Å2. Both antibodies,

bH1 and Herceptin, recognize the same epitope on domain IV of Her2, suggesting

that the biological activity of Herceptin on Her2-expressing cells should remain

intact in bH1. The structural paratopes for Her2 binding on Herceptin as well as on
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bH1 include all six CDRs. CDR H1-H3 residues in bH1 and Herceptin are identical,

as these loops remained unchanged in the library used to generate bH1 (Fig. 11.2).

Although the amino acids of CDR loops L1 and L2 differ in both antibodies, several

residues are similarly part of the structural paratopes for Her2. Moreover, the CDR-

loops H1, H2, H3, L2, and L3 in Herceptin and bH1 adopt the same conformation.

The CDR-L1 loop conformation is clearly different in the two bH1 complex

structures. However, consistent with this, CDR-L1 carries a four amino acid insertion

in bH1, when compared to Herceptin. In a direct comparison of the functional

paratope comprised primarily of residues that result in significantly reduced antigen

binding uponmutation to alanine, i.e., hot spot residues, it is evident that there is some

modification in the use of paratope residues for interaction with Her2 (Fig. 11.3).

While hotspot residues important for Her2 binding of Herceptin include the heavy

chain residues Arg50, Trp95, and Tyr100a, but also covers the light chain residue

His91 (Kelley and O’Connell 1993), in bH1 the functional important residues are

located solely on the heavy chain: Tyr33, Tyr56, Arg50, Arg58, Trp95, Gly99,

Phe100, and Tyr100a. Thus while the structural paratope for Her2 binding of bH1

and Herceptin are very similar and include both heavy and light chain residues, the

distribution of functional important residues differ between both antibodies: the

functional epitope of Herceptin involves both heavy and light chain residues, while

bH1 functional eptiope is mainly located on the heavy chain.

VEGF

bH1 bH1

Her2 ECD

Fig. 11.1 Overview of bH1 bound to VEGF or the ECD of Her2. The figure shows the dual

specific bH1 Fab (Bostrom et al. 2009) (PDB codes: 3BDY, 3BE1) in surface representation apart

from the CDRs, which are shown in black in cartoon representation. Both complexes are shown

from the same perspective. The two antigens VEGF and Her2 are shown in cartoon representation

in gray. Note the different L1 loop conformation in the two different antigen–antibody complexes.

The figure has been generated using Pymol http://www.pymol.org)
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The structure of bH1 in complex with VEGF (at 2.6 Å resolution) reveals that

bH1 binds an epitope on VEGF similar to that recognized by the VEGF receptor

(Wiesmann et al. 1997) and many VEGF neutralizing antibodies (e.g., Avastin Fab,

G6 or B20-4 Fab) (Fuh et al. 2006) (Fig. 11.1). VEGF blocking activity of bH1 was

confirmed in ELISA assays using VEGFR1 and VEGFR2 Fc fusion proteins. Alike

the bH1 structural paratope for Her2, the structural paratope for VEGF includes all

six CDR loops. However, while in bH1-Her2, binding the contribution of the heavy

and light chain to the structural paratope area is nearly equal (HC: 47%, LC: 53%),

two-thirds of the buried surface area of the VEGF binding paratope consists of light

chain residues (HC: 32% LC: 68%). The contribution of the light chain becomes

even more evident in the functional paratope determined by alanine scanning

mutagenesis. Only 3 out of 13 hotspot residues are located on the heavy chain.

All three residues (Try95, Phe100, Tyr100a) are located on the CDR-H3 and thus

lie directly adjacent to the light chain. The rest of the residues comprising the

functional paratope site on all three light chain CDR loops (CDR-L1: Ser30b,

Ile30c, Gly31, Ile29 and Tyr32, CDR-L2: Try50, and Tyr53, CDR-L3L: His91

and Tyr92). Hence, in contrast to the bH1-Her2 paratope, the structural and especially

the functional paratope for bH1-VEGF binding is mainly made up by light chain

residues, consistent with the fact that VEGF binding is recruited from light chain

diversity library.

VEGF bound bH1 Her2ECD bound bH1

Q27

I29I30c

Y32

Y92

H91

R50

W95

Y100a

R58Y56

H2

H1

H3

L1L2

L3

H2

H1
H3

L1

L2

L3

Fig. 11.2 Distinct conformations of the CDR loops in the bH1:VEGF and the bH1:Her2ECD

complex. The figure shows the antigen binding region of the bH1 Fab in the VEGF-bound state

(left) and the Her2-bound state (right) (Bostrom et al. 2009) (PDB codes: 3BDY, 3BE1). The

CDRs are shown in black in cartoon representation, while the rest of the Fab is in surface

representation. Some selected residues are shown as sticks. While the CDR-L1 adopts a different

conformation in the two complexes, conformational change in the other CDR loops is limited to

side chains. The figure has been generated using Pymol (http://www.pymol.org)
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A comparison of the epitopes recognized by bH1 on Her2ECD and VEGF shows

that they share no structural similarity beyond an elongated rod like shape, and

a similar size: 800 Å2 for the Her2 epitope and 760 Å2 for the VEGF eptiope. The

Her2 epitope is made up largely by three loops of domain IV: a loop of mostly

hydrophobic residues is found between two polar loops, which give the epitope an

overall negatively charged electrostatic character (Cho et al. 2003). The bH1

epitope on the VEGF dimer is made up by residues located on a loop and a helix,

and is positively charged. Interestingly, the ability of bH1 to bind the negative Her2

epitope and the positive VEGF epitope is apparent in the surface charge distribution

of the bH1 antigen-binding site and the way it is different from Herceptin. The

Herceptin binding site exhibits a high charge complementarity to the Her2 epitope;

it contains two positively charged patches, which bind the negatively charged Her2-

ECD loops. One patch is located on the heavy chain whereas the second patch is on

the light chain. bH1 maintained the heavy chain patch, while the positively charged

patch on the light chain is converted to a slightly negatively charged patch. This

patch binds the positively charged VEGF epitope.

bH1-VEGF bound bH1-Her2ECD bound

Functional paratope

Structural paratope

HC

LC

Herceptin-Her2ECD bound

Fig. 11.3 Comparison of the structural paratope with the functional paratope. The figure shows

the antigen binding region of bH1 Fab in the VEGF-bound state (left) and the Her2-bound state

(middle) (Bostrom et al. 2009) (PDB codes: 3BDY, 3BE1) as wells as the antigen binding region of

Herceptin in the Her2-bound state (right) (Cho et al. 2003) (PDB code 1N8Z). Both Fabs are

shown in surface representation. The area surrounded by the dotted line represents the structural
paratope – the area that is in contact with the antigen as determent by the crystal structures, while

the shaded area is the functional paratope consisting of the amino acids essential for binding as

determined by alanine scanning mutagensis (Bostrom et al. 2009). The figure has been generated

using Pymol (http://www.pymol.org)
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The shape complementarity (sc) (Lawrence and Colman 1993) between the

respective bH1 paratope conformation and the epitope on Her2 and VEGF (bH1:

Her2 sc ¼ 0.72 and bH1:VEGF sc ¼ 0.68) is only slightly lower than between

Herceptin and Her2 (sc ¼ 0.75), or the anti-VEGF antibody G6, which binds to

a similar epitope on VEGF as bH1 (sc ¼ 0.72) (Fuh et al. 2006). The extent to which

the paratope of bH1 adapts to each antigen is demonstrated by the low shape

complementary between bH1 in the Her2 bound conformation and the bH1 VEGF

epitope, and between bH1 in the VEGF bound conformation and the Her2 epitope

(sc ¼ 0.40 and sc ¼ 0.44, respectively). The great structural plasticity of the bH1

antigen-binding site is exhibited in two ways. The first is the CDR-L1 loop confor-

mation (Fig. 11.2). L1 is the only CDR-loop, which requires large main chain

rearrangements between the two different bound states of bH1; LC-Ile30c and

LC-Tyr32 appear to be involved. In the Her2 bound conformation, LC-Tyr32 is

flipped “out” and involved in the interaction with the main chain of Her2-Cys601,

while LC-Ile30c is folded back into a hydrophobic pocket. The flipped out confor-

mation of Tyr32 is not compatible with VEGF binding, as it would cause a severe

clash with main chain of VEGF residue His90. In the VEGF bound conformation

LC-Tyr32 is flipped back in to the very same hydrophobic pocket that is occupied by

LC-Ile30c in the Her2 bound L1-conformation. Ile30c on the other hand is involved in

VEGF binding, being part of the short beta-sheet like hydrogen-bond network

between LC residues 28–30 and VEGF residues 91–93. The importance of the

LC-lle30c/LC-Tyr32-flip for VEGF binding is demonstrated by the alanine mutagen-

esis scanning. Mutating Ile30c and Tyr32 abolished VEGF binding in ELISA, pre-

sumably because the L1-loop conformation for VEGF binding is less likely to form.

The second facet of the great adaptability of the bH1 antigen-binding site is the

adaptation of side chains. Side chain movement allows the formation of different

interactions with the two different antigens and avoids steric clashes. One example

of side chain rearrangement involves the CDR-H2 residues HC-Arg50 and

HC-Arg58. While the H2-loop back bone conformation is the same in the bH1:

Her2 complex and the bH1:VEGF complex, the position of HC-Arg50 and

HC-Arg58 side chains differ significantly in both complexes (Fig. 11.2). The two

arginine residues are part of the positively charged patch of the bH1:Her2 paratope

and are important for bH1 Her2 binding. Mutation of both residues in the alanine

and the homolog scan drastically reduced Her2 binding. The bH1 HC-Arg50Ala/

HC-Arg58Ala mutant for example shows no Her2 binding in ELISA. In the bH1:

Her2 complex the arginine side chains are positioned in the vicinity of negatively

charged Her2 side chains (Asp560 and Glu558). HC-Arg50 seems to form a salt

bridge with Asp560. However, the side chain conformation of both residues as

observed in the bH1:Her2 complex would cause clashes in the bH1:VEGF com-

plex. Therefore, both side chains adapt to a different conformation in the bH1:

VEGF complex. Another example is the CDR-H2 Tyr56 residue, which is impor-

tant for both Her2 and VEGF binding and its side chain is significantly different in

conformation in the two bH1 complex structures. The adaptation of this residue is

important, since the unique side chain conformation in the VEGF-bound bH1 is not

compatible for both bH1 and Herceptin to bind HER2.
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An extensive investigation on the biophysical properties of bH1/bH1-44

revealed further differences in antigen binding between bH1-44 and Herceptin.

While the kinetics of antigen binding are similar for both antibodies, the thermo-

dynamic properties are different: the bH1-44 interaction with Her2 and VEGF

is largely entropy driven, while the Herceptin Her2 interaction is based on large

enthalpy changes. Further, the data suggest that both paratope conformations of

bH1 are of equivalent energetic states as no significant entropic penalty restricting

conformational freedom could be measured (Bostrom et al. 2011).

In summery the structural and biophysical investigation of the dual-specific bH1

shows that the binding sites for the two antigens overlap structurally. However, the

large L1-loop rearrangements as well as smaller conformational changes of various

CDR-residue side chains, i.e. structural plasticity, allows and tolerates the paratope

overlap. These factors together with the small overlap of the functional paratope

and equivalent conformational energies result in a high affinity antibody-binding

site specific against two structurally and chemically unrelated antigens.

11.4 Validation of HER2/VEGF Dual Binding with the

Antibody’s Dual Action In Vitro and In Vivo

The characterization of the dual-specific Her2-VEGF antibody bH1 was comple-

mented by demonstrating the dual action of bH1 affinity improved variant bH1-44

to inhibit Her2- and VEGF-mediated cell proliferation in vitro and tumor growth

in vivo (Bostrom et al. 2009). The human umbilical vein endothelial cells (HUVEC)

and the human breast cancer cell line BT474 were used to examine the VEGF- and

the Her2-mediated proliferation, respectively. The affinity improved variant of

bH1-44 (human IgG form) inhibited cell growth in a concentration depended

manner to the same extent as the respective positive controls Avastin

(bevacizumab) (a FDA approved anti-VEGF antibody) and Herceptin

(trastuzumab). To examine the two biological activities of bH1-44 in vivo, two
xenograph mouse models were used. The human colorectal cancer cell line

Colo205 that responds to anti-VEGF, but not to Herceptin treatment was used to

examine the anti-VEGF activity of bH1-44, whereas the human breast cancer cell

line BT474M1 that responds to Herceptin, but not to anti-VEGF treatment was

utilized to test the anti-Her2 Herceptin-like action of bH1-44. In both models, bH1-

44 exhibited equivalent efficacy as Avastin, Herceptin or the combination of both.

The results are consistent to the fact that the affinity-improved variant of bH1 has a

similar binding affinity and in vitro potency as Avastin and Herceptin. Current

clinical trials of the combination of Avastin and Herceptin have to answer the

question whether targeting Her2 and VEGF simultaneously brings an improvement

in anti-cancer treatment (see identification numbers NCT00625898, NCT00364611

and NCT00670982 on http://clinicaltrials.gov).
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11.5 Conclusion

The dual-specific two-in-one antibody offers several advantages over other

bi-specific antibody formats. The dual-specific antibody is in a naturally occurring

IgG format and therefore does not require new expression and purification/

manufacturing/quality control protocols. Furthermore, the in vivo properties, such

as pharmacokinetics, stability, and effector function, the dual- specific antibodies

are expected to more closely resemble those of the standard monoclonal antibodies,

when compared to other bi-specific formats. In addition, the dual-specific antibody

could be combined with a knob-in-whole bi-specific technology (Ridgway et al.

1996) to create tri- and tetra-specific antibodies, in an IgG-like format. A single

two-in-one antibody as IgG can engage either antigen bi-valently using its two Fab

arms, which may counter the desired mode of action. In fact, the actual complex,

the two-in-one antibody forms in vivo will not only depend on the affinity towards

the two antigens, but also on the local antigen concentration, which is hard to

predict. One should certainly look out for unexpected effects due to the various

possible binding configurations, but this is normal for antibody development. For

cell surface antigens or when the antigens are dimeric molecules, two-in-one

antibody may present advantages over two monospecific antibodies in combination

as it can harness avidity to enhance binding activity in many different settings with

varying presence and density of its two antigens.

The ease of production and characterization of two-in-one antibodies as conven-

tional IgGs is indeed a significant advantage to speed up development of therapeu-

tics. Since, the report of the proof-of-concept two-in-one antibody bH1 in 2009,

the first such dual action antibody aiming for therapeutic development generated

by the strategy described in this chapter co-targeting human epidermal growth

factor receptor 3 and 1 has entered clinical trial in 2010 (see identification number

NCT01207323 on http://clinicaltrials.gov).
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Chapter 12

The Dock-and-Lock (DNL) Approach

to Novel Bispecific Antibodies

Chien-Hsing Chang, Edmund A. Rossi, Robert M. Sharkey,

and David M. Goldenberg

12.1 Introduction

The basic format of a divalent, bispecific antibody (bsAb) comprises two half

molecules of IgG, each with a different antigen-binding specificity. Although

such bsAbs may form in nature as a result of dynamic Fab-arm exchange involving

two different IgG4 molecules (van der Neut Kolfschoten et al. 2007; Burton and

Wilson 2007; Labrijn et al. 2009), they were at first generated for potential

applications either from quadromas (Milstein and Cuello 1983; Staerz and Bevan

1986) via fusing two hybridomas, or through chemical crosslinking of IgG (Perez

et al. 1985) or Fab‘ (Brennan et al. 1985; Glennie et al. 1987). Subsequent efforts

were directed primarily toward recombinant engineering of Fc-lacking (Kriangkum

et al. 2001; Muller and Kontermann 2007), as well as Fc-containing, bsAbs

(Hollander 2009), with a more recent interest in the construction of tetravalent,

IgG-like bsAbs (Marvin and Zhu 2005) that vary in design, structure, and antigen-

binding constituents (Coloma and Morrison 1997; Lu et al. 2004, 2005; Shen et al.

2006, 2007; Asano et al. 2007; Wu et al. 2007).

We have advanced an alternative approach of constructing bsAbs using the

Dock-and-Lock (DNL) method (Rossi et al. 2006; Chang et al. 2007), which

enables site-specific self-assembly of two modular components only with each

other, resulting, after combining under mild redox conditions, in a covalent struc-

ture of defined composition with retained bioactivity. The initial validation of DNL

was provided by linking a stabilized dimer of Fab specific for one antigen to a

monomeric Fab with specificity for a different antigen, resulting in a trivalent bsAb
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composed of three stably tethered Fab-arms (Rossi et al. 2006). Since then, we have

applied the DNL method successfully to generate hexavalent bsAbs by derivatizing

a divalent IgG to contain two stabilized dimers of Fab with a different specificity

from the IgG (Chang et al. 2007; Rossi et al. 2009). In this chapter, we present select

examples of these new classes of bsAbs made by DNL, and discuss the advantages

of DNL as a tool to build multivalent, multifunctional, and multi-specific com-

plexes that are bioactive.

12.2 DDD/AD Modules Based on PKA and A-kinase

Anchoring Protein

The essence of the DNL method relies on the specific protein/protein interactions

occurring in nature between the regulatory (R) subunits of cAMP-dependent protein

kinaseA (PKA) and the anchoring domain (AD) of an interactive A-kinase anchoring

protein (AKAP) (Baillie et al. 2005; Wong and Scott 2004). Two types of R subunits

(RI and RII) are found in PKA and each has a and b isoforms. The R subunits have

been isolated only as stable dimers with the dimerization domain shown to consist

of the first 44 amino-terminal residues (Newlon et al. 1999). The AD of AKAPs for

PKA is an amphipathic helix of 14–18 residues (Carr et al. 1991), which binds only to

dimeric R subunits. For human RIIa, the AD binds to a hydrophobic surface formed

by the 23 amino-terminal residues (Colledge and Scott 1999). Thus, the dimerization

domain and AKAP-binding domain of human RIIa are both located within the same

N-terminal 44 amino acid sequence (Newlon et al. 1999, 2001), and are herein

referred to as the dimerization and docking domain (DDD).

We recognized the prospect of exploring a DDD and its cognate AD as an

attractive pair of linkers and envisioned the feasibility of specifically docking a

module containing the DDD of human RIIa, referred to as DDD1, with a module

containing AKAP-IS (Alto et al. 2003), a synthetic peptide optimized for RII-

selective binding with a reported KD of 4 � 10�10 M, referred to as AD1, to form

a noncovalent complex. This could be locked into a covalently tethered structure

to improve in vivo stability by introducing cysteine residues into DDD1 and AD1,

resulting in DDD2 and AD2, respectively, to facilitate the formation of disulfide

bonds. The amino acid sequences of DDD1, DDD2, AD1, and AD2, as well as

a schematic of a basic DNL complex, are shown in Fig. 12.1.

12.3 Trivalent BsAbs Composed of Three Fab-Arms

For proof-of-concept (Rossi et al. 2006), we engineered three DDD-Fab modules of

hMN-14 (Sharkey et al. 1995), a humanized antibody targeting CEACAM5, and

two AD-Fab modules of h679 (Rossi et al. 2003), a humanized antibody specific for
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histamine-succinyl-glycine (HSG). Schematics of these fivemodules, CH1-DDD1-Fab-

hMN-14, CH1-DDD2-Fab-hMN-14, DDD2-VH-Fab-hMN-14, CH1-AD1-Fab-h679,

and CH1-AD2-Fab-h679, are shown in Fig. 12.2a. As expected, CH1-DDD1-Fab-

hMN-14 and CH1-AD1-Fab-h679 were purified from culture media exclusively as a

homodimer of Fab and a monomer of Fab, respectively. When CH1-DDD1-Fab-hMN-

14 was combined with CH1-AD1-Fab-h679, the formation of a trimeric complex was

demonstrated readily by size-exclusion high performance liquid chromatography (SE-

HPLC) with the apparent dissociation constant determined by equilibrium gel filtration

analysis (Gegner and Dahlquist 1991) to be about 8 nM, which is presumably too weak

of an affinity to keep the noncovalent complex intact at concentrations typical (<1 mg/
ml) for in vivo applications.

Our subsequent experiments with the Fab-DDD2 and Fab-AD2modules produced,

in nearly quantitative yields, two stably tethered trivalent bsAbs (Fig. 12.2b), referred

to as TF1 for the conjugate of DDD2-VH-Fab-hMN-14 and CH1-AD2-Fab-h679, and
TF2 for the conjugate of CH1-DDD2-Fab-hMN-14 and CH1-AD2-Fab-h679. TF1 and
TF2 were each shown by SE-HPLC to be a single peak of the expected molecular

size (~150 kDa), by BIAcore to be bispecific, and by competition enzyme-linked

immunosorbent assay (ELISA) to be equivalent to hMN-14 IgG and h679 Fab,

reflecting the full retention of valency and binding affinity. Furthermore, TF1 and

Fig. 12.1 Amino acid sequences (AD1, AD2, DDD1, and DDD2) and a drawing of a basic DNL

conjugate comprising a dimer of A-DDD2 (triangle) linked to a monomer of B-AD2 (sphere)
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TF2 were stable for at least 7 days when incubated at 37�C in human or mouse

serum, and the superiority of TF2 as a pretargeting agent was demonstrated in several

imaging studies with nude mice bearing CEACAM5-expressing, human colonic

cancer xenografts, using di-HSG peptides labeled with 99mTc (Rossi et al. 2006;

Sharkey et al. 2008), 124I (Sharkey et al. 2008), 68Ga (Schoffelen et al. 2010), and 18F

(McBride et al. 2009).

Since the generation of TF1 and TF2, we have applied the DNL method to

produce additional trivalent antibodies that are either monospecific or bispecific

(Table 12.1) with similar results and expected properties. Among these T-Fabs,

TF4, TF10, and TF12 also show promise as pretargeting agents in preclinical

Fig. 12.2 (a) Drawings of expression cassettes and DNL modules used to make bispecific T-Fabs

that bind divalently to CEACAM5 via hMN-14 Fab (purple variable domains) and monovalently

to HSG via h679 Fab (green variable domains). The GS-linker (L) comprises 14–16 amino acid

residues. (b) Drawings of TF1 and TF2 made by DNL conjugation of CH1-AD2-Fab-h679 with

DDD2-VH-Fab-hMN-14 and CH1-DDD2-Fab-hMN-14, respectively
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human xenograft models of B-cell lymphoma (Sharkey et al. 2009), pancreatic

cancer (Gold et al. 2008), and prostate cancer (van Rij et al. 2010), respectively. We

also found that TF3, the trivalent bsAb that simultaneously targets both CD20

and CD22, displayed direct toxicity in vitro against several B-cell non-Hodgkin

lymphoma (NHL) lines without the need for further crosslinking with a secondary

antibody (Qu et al. 2008).

TF2 is currently in clinical trials (Sharkey et al. 2010) at the University of Radboud

Medical Center, Nijmegen, The Netherlands, using 111In-labeled di-HSG peptide for

imaging and the same di-HSG peptide labeled with either 90Y or 177Lu for therapy.

The first patient, who had a history of metastatic colorectal cancer, and presented with

several metastases in the lungs and a large liver lesion, was given 75 mg of TF2

(~35 mg/m2) by intravenous infusion over 2 h, and 5 days later received 111In-labeled

di-HSG peptide (185 MBg, 100 mg) by a 2-min IV push. All sites of known disease

were visualized and there was no adverse effect observed. Importantly, no anti-TF2

responses have been detected, but more studies are required to assess the immuno-

genicity of the T-Fabs. The pretargeting protocol is being optimized.

12.4 IgG-Like BsAbs Composed of Six Fab-Arms

Another application of the DNL platform is the generation of hexavalent antibodies

(HexAbs) that can be either monospecific (Rossi et al. 2008) or bispecific (Rossi

et al. 2009). All such HexAbs comprise a pair of Fab-DDD2 dimers linked to a full

IgG at the carboxyl termini of the two heavy chains, thus having six Fab-arms and

a common Fc domain, as illustrated in Fig. 12.3. To identify these HexAbs, we

presently assign each of them a code of X-(Y)-(Y), where X and Y are specific

numbers given to differentiate the antibodies, and a designated number enclosed in

parentheses represents that antibody is in the Fab format. For example, the code of

20-(22)-(22) designates the bispecific HexAb comprising a divalent anti-CD20

Table 12.1 Modules, targets, and codes of the T-Fabs made by DNL

Code

AD-module DDD-module

Format Target Format Target

TF18 CH1-AD2-Fab-h679 HSG CH1-DDD2-Fab-hAFP AFP

TF16 CH1-AD2-Fab-h679 HSG CH1-DDD2-Fab-hA19 CD19

TF14 CH1-AD2-Fab-h679 HSG CH1-DDD2-Fab-hMN-15 CEACAM6

TF12 CH1-AD2-Fab-h679 HSG CH1-DDD2-Fab-hRS7 TROP-2

TF10 CH1-AD2-Fab-h679 HSG CH1-DDD2-Fab-hPAM4 MUC1

TF8 CH1-AD2-Fab-h679 HSG CH1-DDD2-Fab-hMN-3 CEACAM6

TF6 CH1-AD2-Fab-h679 HSG CH1-DDD2-Fab-hLL2 CD22

TF4 CH1-AD2-Fab-h679 HSG CH1-DDD2-Fab-hA20 CD20

TF2 CH1-AD2-Fab-h679 HSG CH1-DDD2-Fab-hMN-14 CEACAM5

TF1 CH1-AD2-Fab-h679 HSG DDD2-VH-Fab-hMN-14 CEACAM5

TF3 CH1-AD2-Fab-hLL2 CD22 CH1-DDD2-Fab-hA20 CD20

TF5 CH1-AD2-Fab-hA20 CD20 CH1-DDD2-Fab-hLL2 CD22
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humanized IgG (veltuzumab or hA20) and a pair of dimeric anti-CD22 humanized

Fab (epratuzumab or hLL2); 22-(20)-(20) specifies the bispecific HexAb compris-

ing a divalent hLL2 IgG and a pair of dimeric hA20 Fab; and 20-(20)-(20) denotes

the monospecific HexAb comprising a divalent hA20 IgG and a pair of dimeric

hA20 Fab. The various designations of the antibodies that are pertinent to the

HexAbs described here are provided in Table 12.2.

12.4.1 Generation and Study Design

For the initial validation, we made seven different HexAbs, namely, 20-(22)-(22),

22-(20)-(20), 20-(20)-(20), 22-(22)-(22), 20-(14)-(14), 22-(14)-(14), and 734-(20)-(20),

by combining a CH3-AD2-IgG module with a CH1-DDD2-Fab module as indicated

in Table 12.3 under mild redox conditions followed by purification with Protein A

Fig. 12.3 Schematic of a HexAbmade byDNL conjugation of CH3-AD2-IgGwith CH1-DDD2-Fab

Table 12.2 Various designations of select antibodies used in DNL

Antigen

Antibody

Trivial name USAN DNL code

CD20 hA20 Veltuzumab 20

CD22 hLL2 Epratuzumab 22

CEACAM5 hMN-14 Labetuzumab 14

Indium-DTPA h734 – 734
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affinity chromatography. The individual modules used to assemble these HexAbs

were produced in mammalian cell cultures and the ensuing DNL reaction typically

proceeded uneventfully, resulting in each final conjugate shown by SE-HPLC to

consist of predominantly a single peak of the expected molecular size (~365 kDa)

and by SDS-PAGE to be of high purity with the IgG and the two dimeric Fab

covalently linked.

Apart from assessing the feasibility of using the DNL approach to create novel

IgG-like bsAbs, this panel of HexAbs was also designed to evaluate the effect of

increased valency of the anti-CD20 or anti-CD22 component on binding avidity.

A further aim was to investigate the signal transduction pathways induced with the

bispecific 20-(22)-(22) and 22-(20)-(20) upon simultaneous engagement of both

CD20 and CD22 on target cells, which may or may not be the same as those induced

by the monospecific 20-(20)-(20) or by crosslinking the bound parental hA20 IgG

with a secondary antibody. In addition, various studies were performed to define

the in vitro and in vivo properties of 20-(22)-(22) and 22-(20)-(20), which include

direct toxicity, antibody-dependent cellular cytotoxicity (ADCC), complement-

dependent cytotoxicity (CDC), serum stability, pharmacokinetics (PK), and

antitumor efficacy in animals bearing human B-cell lymphoma xenografts. The

results presented below for the HexAbs in Sects. 12.4.2 and 12.4.3 are based on the

published reports of Rossi et al. (2008, 2009), and Gupta et al. (2010).

12.4.2 In Vitro Characterizations

12.4.2.1 Binding Avidity, Off-Rates, Bispecificity, and Internalization

Using an antiidiotype antibody to hA20 as the surrogate antigen, we determined by

competition ELISA the binding avidity of the hexavalent 20-(20)-(20) to be 1.4 nM,

Table 12.3 Modules, targets, and codes of HexAbs made by DNL

Code

Previous

designationa
AD-module DDD-module

Format Target Format Target

20-(22)-(22) 20-22 CH3-AD2-IgG-hA20 CD20

CH1-DDD2-Fab-

hLL2 CD22

22-(20)-(20) 22-20 CH3-AD2-IgG-hLL2 CD22

CH1-DDD2-Fab-

hA20 CD20

20-(20)-(20) Hex-hA20 CH3-AD2-IgG-hA20 CD20

CH1-DDD2-Fab-

hLL1 CD20

22-(22)-(22) Hex-hLL2 CH3-AD2-IgG-hLL2 CD22

CH1-DDD2-Fab-

hLL2 CD22

20-(14)-(14) 20-14 CH3-AD2-IgG-hA20 CD20

CH1-DDD2-Fab-

hMN-14 CEACAM5

22-(14)-(14) 22-14 CH3-AD2-IgG-hLL2 CD22

CH1-DDD2-Fab-

hMN-14 CEACAM5

734-(20)-(20) 734-20 CH3-AD2-IgG-h734

Indium-

DTPA

CH1-DDD2-Fab-

hA20 CD20
aRossi et al. (2008, 2009)
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compared to 2.2 nM and 4.8 nM of the tetravalent 22-(20)-(20) and the divalent

20-(22)-(22), respectively. Similarly, with an antiidiotype to hLL2 as the surrogate

antigen, we found the hexavalent 22-(22)-(22) to display the highest binding avidity

(0.30 nM), compared to 0.43 nM and 0.66 nM of the tetravalent 20-(22)-(22) and

the divalent 22-(20)-(20), respectively. In addition, 20-(22)-(22) and 22-(20)-(20)

showed nearly the same binding avidity as the divalent hA20 (4.8 vs. 4.9 nM) and

hLL2 (0.66 vs. 0.81 nM), respectively. These results indicate that each Fab-arm in

a HexAb retains its binding activity and the avidity of a divalent IgG can be

conveniently enhanced by increasing the valency with the DNL method.

The enhanced binding avidity of a HexAb due to multiple valencies should slow

its dissociation from the surface of bound cells, which can be measured by flow

cytometry. Using Raji cells as the CD20/CD22 target, the off-rates of 20-(20)-(20),

22-(20)-(20), 20-(22)-(22), and hA20 IgG were determined to be 322, 268, 152, and

145 min, respectively. The difference between the hexavalent 20-(20)-(20) and

the tetravalent 22-(20)-(20) was statistically significant (P ¼ 0.0042), as was the

difference between the tetravalent 22-(20)-(20) and the divalent hA20 IgG

(P < 0.0001). However, the difference between 20-(22)-(22) and hA20 IgG was

not significant (P ¼ 0.3810). Thus, the relative off-rates appear to correlate well

with the number of CD20-binding arms, but not the number of CD22-binding arms,

which may be due to the tenfold higher expression of CD20 than CD22 in Raji cells.

The bispecificity of 20-(22)-(22) and 22-(20)-(20) was demonstrated by

performing cell-binding analysis with flow cytometry. Raji cells were preincubated

with excess CH1-DDD2-Fab-hA20, CH1-DDD2-Fab-hLL2, or both, to block CD20,

CD22, and CD20/CD22 binding, respectively. Cells were then stained with

a saturating amount of PE (phycoerythrin)-conjugated 22-(20)-(20), 20-(22)-(22),

hA20 IgG, or hLL2 IgG, and the resulting fluorescence intensity was measured and

compared to that of unblocked control. Without blocking, the median fluorescence

intensity (MFI) of cells stained with hA20 IgG was approximately tenfold higher than

that observed with hLL2 IgG, indicating that CD20 is expressed at a considerably

higher level than CD22 on Raji cells. Whereas CH1-DDD2-Fab-hA20, CH1-DDD2-

Fab-hLL2, and the combination completely inhibited hA20, hLL2, and all PE-labeled

antibodies, respectively, either DDD2-Fab module alone could only partially

block 20-(22)-(22) or 22-(20)-(20) from binding to Raji cells, providing evidence

that 20-(22)-(22) and 22-(20)-(20) can bind to both CD20 and CD22 on the target.

We made an intriguing observation when investigating the extent of internaliza-

tion of 20-(22)-(22) and 20-(22)-(22) into Raji cells by flow cytometry. Live cells

were incubated with PE-conjugated antibodies at 37�C for 1 h before trypsin diges-

tion to remove noninternalized antibodies. The MFI of cells stained with PE-hA20

and PE-22-(20)-(20) was reduced by 90% and 85%, respectively, indicating that

22-(20)-(20) behaves like hA20 with a slow internalization rate. On the other hand,

we found approximately 50% of the 20-(22)-(22) internalized, similar to the results

obtained for hLL2 IgG. We tentatively concluded that the internalization property of

a bsAb composed of a rapid internalizing antibody, such as hLL2, and a slowly or not

internalizing antibody, such as hA20, would depend on the relative valency of the two

antibodies with different internalization characteristics.
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12.4.2.2 Direct and Indirect Cytotoxicity

As shown by a cell counting assay, 22-(20)-(20) and 20-(22)-(22) effectively

inhibited the growth of three Burkitt lymphoma cell lines, Ramos, Raji, and Daudi,

at 15 nM or lower, whereas under the same conditions the individual parental

antibodies alone, or together, were either ineffective (hLL2) or not as effective

(hA20 or combined with hLL2). Based on the EC50 values determined from the

dose-response curves, 22-(20)-(20) was more potent than 20-(22)-(22) in the three

lymphoma cell lines examined, and the observed direct toxicity was not appreciably

affected for either 22-(20)-(20) or 20-(22)-(22) upon the addition of a crosslinking

antihuman Fc antibody which, however, markedly increased the inhibitory activity

of hA20.

To assess only the effect of divalent, tetravalent, and no binding to CD20 on

cell proliferation, we evaluated the potency of 20-(14)-(14), 734-(20)-(20), and

22-(22)-(22), which have the molecular structure of the HexAbs, to inhibit the

growth of Ramos cells by the MTS assay. Our finding that the effect of 20-(14)-

(14) was similar to that of hA20 IgG suggests that the formation of a heterocomplex

of CD20 and CD22 on the cell surface is essential for the direct toxicity of 20-(22)-

(22). We also confirmed the capability of a tetravalent CD20-binding molecule,

such as 734-(20)-(20), to display direct toxicity and observed no statistical differ-

ence between the dose-response curves obtained for 734-(20)-(20) and 22-(20)-(20).

Unlike 20-(20)-(20), the monospecific 22-(22)-(22) showed no direct toxicity

against NHL cell lines in vitro. Direct toxicity of 20-(20)-(20), 20-(22)-(22), and

22-(20)-(20) was also evaluated on eight CLL patient specimens, which varied in

their CD20 expression. The three specimens expressing moderate to high CD20

showed 30–60% inhibition by the three HexAbs, whereas no significant inhibition

was observed in the other five specimens with low CD20 expression. Interestingly,

neither rituximab nor hA20 IgG, with or without hypercrosslinking, produced

measurable inhibition.

As an IgG1, hA20, but not hLL2, exhibited potent CDC. Similarly, CH3-AD2-

IgG-hA20, but not CH3-AD2-IgG-hLL2, induced CDC. However, the addition of

four Fab-arms to CH3-AD2-IgG-hA20, as exemplified by 20-(20)-(20), 20-(22)-(22),

and 20-(14)-(14), abolished CDC, which also occurs for 22-(20)-(20). Nevertheless,

we could show that 20-(22)-(22), 20-(14)-(14), and 20-(20)-(20) preserved the

potent ADCC of hA20 IgG; and 734-(20)-(20) and 22-(20)-(20) had similar

ADCC, either of which was statistically higher (P ¼ 0.004) than hLL2 IgG. These

findings support the notion that ADCC is governed primarily by CD20, which has

a higher antigen density than CD22, and thus HexAbs based on hA20 IgG mediate

ADCC more efficiently.

12.4.2.3 Type I vs. Type II Anti-CD20 Antibodies

Based on their efficacy in certain in vitro assays (Cragg et al. 2003; Cragg and

Glennie 2004), monoclonal antibodies (mAbs) targeting CD20 have been classified
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(Cragg and Glennie 2004) as either Type I, represented by rituximab, or Type II,

represented by tositumomab (Cardarelli et al 2002). Type I anti-CD20 mAbs are

characterized by potent CDC, rapid calcium mobilization upon the addition of

a second antibody (Hofmeister et al. 2000; Unruh et al. 2005), weak induction of

homotypic adhesion (Deans and Polyak 2002), enhanced association of CD20 with

lipid rafts (Li et al. 2004), and a general requirement of crosslinking with a second

antibody for efficient antiproliferation or apoptosis (Deans and Polyak 2002). In

contrast, Type II anti-CD20 mAbs lack CDC (Cragg and Glennie 2004), do not

stimulate calcium mobilization upon further crosslinking (Unruh et al. 2005),

trigger a high level of homotypic adhesion (Deans and Polyak 2002), fail to bring

CD20 into lipid rafts (Teeling et al. 2004; M€ossner et al. 2010), and induce

significant apoptosis via direct toxicity (Cardarelli et al. 2002). A further different-

iation is that apoptotic cell death mediated by Type I mAbs involves both caspase-

dependent and -independent pathways, but only caspase-independent pathways

appear to be associated with Type II mAbs (M€ossner et al. 2010). However, both
Type I and Type II anti-CD20 mAbs are effective in ADCC and those of mouse

origin apparently bind to overlapping epitopes in the large extracellular loop of

CD20 (Polyak and Deans 2002; Ernst et al. 2005; Teeling et al. 2006; Du et al.

2007). Interestingly, at saturation the number of a Type II mAb that binds to each

CD20-positive B cell only approaches half of that observed with a Type I mAb

(Teeling et al. 2004; M€ossner et al. 2010), suggesting that a Type II mAb may act

virtually as a tetravalent antibody by engaging two adjacent extracellular loops of

CD20 with each antigen-binding arm.

The three hA20-containing HexAbs, namely, 20-(20)-(20), 22-(20)-(20), and

20-(22)-(22), share properties of both Type I and Type II anti-CD20 mAbs.

Consistent with Type II, 20-(20)-(20), 22-(20)-(20), and 20-(22)-(22) are negative

for CDC and calcium mobilization, do not require crosslinking for growth inhibi-

tion or apoptosis, and induce strong homotypic adhesion; yet they translocate CD20

to lipid rafts as Type I. Thus, one effective approach to convert a Type I anti-CD20

mAb to a Type II can be achieved by making the Type I mAb multivalent, such as

20-(20)-(20) or 22-(20)-(20), or part of a bispecific HexAb, such as 20-(22)-(22).

It is noted that the cell-counting assay showed that 20-(20)-(20) was considerably

more potent than the Type II tositumomab (EC50 ¼ 0.17 nM vs. 4.65 nM) when

evaluated in Ramos cells for 3 days.

12.4.2.4 Signal Transduction

We have explored the signaling pathways that are involved in evoking direct

toxicity of 20-(20)-(20), 22-(20)-(20), and 20-(22)-(22) in Daudi cells. For compari-

son, selective studies included cells treated with anti-IgM antibodies to activate the

B-cell receptor, or with hA20 or rituximab in the presence of a crosslinking antibody

to enhance the apoptotic potency. Our key findings are summarized as follows.

(a) The signaling events triggered by 20-(20)-(20), 22-(20)-(20), or 20-(22)-(22) are

quantitatively and qualitatively similar in Daudi cells, but distinct from those
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induced by anti-IgM. (b) Although hA20 and rituximab modify the signaling events

in Daudi cells similar to the three CD20-targeting HexAbs, as observed for the ERK

and NF-kB pathways, both require a higher concentration to be effective and are

less efficient in modulating the cell cycle regulators that promote growth arrest (e.g.,

upregulation of p21, p27, and Kip2 and downregulation of cyclin D1 and

phosphorylated Rb). In addition, the divalent hA20 IgG and rituximab fail to alter

the levels of phosphorylated p38 and PTEN from untreated control, whereas all

three HexAbs increase phosphorylated p38 and PTEN levels significantly. Similar

results were obtained in Raji cells for the decrease in phosphorylated ERKs and the

increase in phosphorylated p38. No appreciable change in the basal expression

of signaling molecules was observed in Daudi cells upon ligation of CD22 by

hLL2. (c) The apoptosis and inhibition of cell proliferation resulting from

crosslinking hA20 or rituximab with a secondary antibody involves signaling events

that are distinguishable from those associated with the HexAbs, as manifested in

phosphorylated ERK (increase vs. decrease), intracellular calcium (increase vs. no

change), and mitochondrial membrane potential (loss vs. no change).

Collectively, our findings are consistent with the view that the potent direct

toxicity of the three CD20-targeting HexAbs is due to their multivalent binding

ability, which lowers the threshold for modifying multiple signaling pathways,

resulting in a new distribution of pro- and antiapoptotic proteins that promotes

growth arrest, apoptosis, and eventually cell death. Intriguingly, these effects

translated to notable differences with regard to their relative potency for killing

normal human B cells vs. human Burkitt lymphoma cells ex-vivo, as the bispecific

22-(20)-(20) and 20-(22)-(22) showed a higher toxicity to malignant than normal

B cells, compared to hA20 and rituximab. Noting also the potential advantages of

lacking CDC and the moderate but significant enhancement of ADCC observed for

22-(20)-(20) as compared to hLL2, we speculate that a bispecific anti-CD20/CD22

HexAb may be a more potent class of antilymphoma therapeutic antibodies for

clinical use.

12.4.3 PK and In Vivo Antitumor Efficacy

We used a bispecific ELISA to quantify the amount of 20-(22)-(22) and 22-(20)-(20)

in serum samples collected from PK studies in BALB/c mice and found that the two

HexAbs display a shorter circulating half-life than their parental antibodies (24–37 h

vs. 46–52 h). Because both HexAbs are stable in serum when assessed in vitro, their

faster blood clearance is likely due to intracellular breakdown of the modular

components, which presumably occurs after their uptake into the vascular endothe-

lium of mice. Evidence for the slow dissociation of the HexAbs in vivo was provided

by SE-HPLC analysis of the PK samples obtained 72 h after injecting radiolabeled

20-(22)-(22), which identified the presence of a new peak with a size of an IgG shown

to be derived from hA20, not hLL2, as it failed to bind the antiidiotype antibody to

hLL2. A parallel study using radiolabeled 22-(20)-(20) also revealed the presence in
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the 72-h PK samples of a new peak with a size of an IgG shown to be derived from

hLL2, not hA20, using an antiidiotype antibody to hA20.

The in vivo antitumor efficacy of 22-(20)-(20) and 20-(22)-(22) was evaluated

in SCID mice with a disseminated Daudi model in three studies. In the first study,

22-(20)-(20) and 20-(22)-(22) were each administered i.v. in a single dose of

10 pmol (~3.7 mg) and compared with various controls including 22-(14)-(14),

20-(14)-(14), 22-(22)-(22), and hA20 IgG, giving the equimolar dose. With therapy

starting 1 day after inoculating Daudi cells i.v., the group treated with 22-(20)-(20)

had a significantly extended median survival time (MST) compared to the saline

control (36 vs. 29 days, P ¼ 0.005), whereas the two groups treated with 22-(22)-

(22) or 22-(14)-(14) did not improve survival over saline (29 days, P ¼ 1.0).

The MST of mice treated with 20-(22)-(22) was significantly longer than the saline

control (50 vs. 29 days, P ¼ 0.005), but there was no statistically significant

difference in the MST of 20-(22)-(22), 20-(14)-(14), and hA20 IgG.

In the second study, we compared the efficacy of 22-(20)-(20) to hLL2 IgG,

22-(14)-(14), 734-(20)-(20), and a mixture of 22-(14)-(14) and 734-(20)-(20).

Groups of mice (ten in each) were administered 10 mg doses of 22-(20)-(20), 734-

(20)-(20), 22-(14)-(14), or 10 mg of both 734-(20)-(20) and 22-(14)-(14) on days 1,

4, and 7. Additional groups received an equimolar dose of hLL2 (4 mg) or saline.
All mice in the saline-treated group died within 4 weeks (MST ¼ 25 days).

The MSTs for mice treated with 22-(20)-(20), 734-(20)-(20), 22-(14)-(14), the

combination, and hLL2 IgG were 66.5 days, 42 days, 32 days, 68.5 days, and

32 days, respectively. A statistically significant difference (P < 0.001) in the

MST was found between 22-(20)-(20) and each of 734-(20)-(20), 22-(14)-(14),

and hA20. Notably, the MST of 22-(20)-(20) was about the same as the

combination of 734-(20)-(20) and 22-(14)-(14); despite that, the latter provides

the same number of CD20- and CD22-binding arms with twice the number of Fc

groups.

In the third study, we examined the role of effector cells in the ability of 22-(20)-

(20) or 20-(22)-(22) to inhibit tumor growth. Groups of mice (five in each) that had

been depleted of NK cells and neutrophils were administered i.v. with 230 mg of

22-(20)-(20) or 20-(22)-(22) on days 1, 3, 5, and 9. As controls, four groups of mice

without depletion of NK cells and neutrophils were each treated with saline, hLL2

(100 mg), or the two bispecific HexAbs at the same dose and schedule as the

depleted groups. Treatments with 22-(20)-(20) or 20-(22)-(22) resulted in no

survival benefit to animals in the depleted groups, as there was insignificant

difference in the MST from the saline control (18 days vs. 21 days). In contrast,

treatments of animals in the nondepleted groups with either 22-(20)-(20) or 20-(22)-

(22) significantly (P < 0.002) increased their survival, with MST of 63 and 91

days, respectively, compared to 21 days of the saline control and 28 days of the

hLL2 control. However, the observed difference in the MSTs between the 22-(20)-

(20) and 20-(22)-(22) was not statistically significant, perhaps because of the

relatively small number of animals included in these groups. These initial results

underscore the importance of ADCC as the major mechanism of action in retarding

tumor growth in animal models by antibodies that target CD20, CD22, or both.
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12.5 The Advantages of DNL

Besides the unique feature that a module derivatized with the DDD is always

presented in two copies, there are additional advantages of the DNL method as

discussed below.

DNL is modular. Each DDD- or AD-containing entity serves as a module and

any DDD module can be paired with any AD module. Such modules can be

produced independently, stored separately “on shelf,” and combined “on demand.”

There is essentially no limit on the types of precursors that can be converted into

a DDD- or AD-module, so long as the resulting modules do not interfere with

the dimerization of DDD or the binding of DDD to AD. In addition to the DDD

sequence of human RIIa, other DDD sequences may be selected from human RIa,
human RIb, or human RIIb. The DDD sequence of choice will be matched with

a highly interactive AD sequence, which can be deduced from the literature (Burns-

Hamuro et al. 2003) or determined experimentally.

DNL is versatile. Modules can be made recombinantly or chemically. Recombi-

nant modules, which may be produced in mammalian or microbial systems, may

include fusions of antibodies or antibody fragments, cytokines, enzymes, carrier

proteins (such as human serum albumin and human transferrin), or a variety of

natural or artificial nonantibody binding or scaffold proteins (Binz et al. 2005;

Binz and Pluckthun 2005; Hey et al. 2005; Hosse et al. 2006). Although each

recombinant module would usually be produced in a separate expression system,

certain pairs of DDD- and AD-modules may be co-expressed in the same host cell

without affecting the formation of the DNL conjugates. Furthermore, DDD or AD

can be coupled to the amino terminal or carboxyl terminal end or even positioned

internally within the fusion protein, preferably with a spacer containing an appro-

priate length and composition of amino acid residues, provided that the binding

activity of the DDD or AD and the desired activity of the polypeptide fusion

partners are not compromised.

Modules may also be made synthetically, as demonstrated with linking AD2 to

either polyethylene glycol or peptides (Chang et al. 2009), and it should be feasible

to develop chemistries for preparing modules that contain peptide mimetics, oligo-

or polynucleotides, small interfering RNA, chelators with or without radioactive

or nonradioactive metals, drugs, dyes, oligosaccharides, natural or synthetic poly-

meric substances, nanoparticles, dendrimers, fluorescent molecules, or quantum

dots, depending on the intended applications.

DNL manufacture is easy. The DNL method is basically a one-pot preparation

and requires three simple steps to recover the product from the starting materials:

(a) combine DDD- and AD-modules in stoichiometric amounts; (b) add redox

agents to facilitate the self-assembly of the DNL conjugate; and (c) purify by an

appropriate affinity chromatography.

DNL results in quantitative yields of a homogeneous product with a defined
composition and retained bioactivities. The facile binding between the DDD and

AD modules effects nearly 100% conversion of each into the desired DNL product.
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The site-specific conjugation also assures that the full activity of each module

is preserved, the molecular size is homogeneous, the composition is defined, and

in vivo integrity is largely sustained.

12.6 Outlook

The DNL method utilizes both recombinant engineering and site-specific conjuga-

tion chemistry to provide a facile, efficient, and modular platform technology

for the production of multivalent antibodies that can be monospecific, bispecific,

Fc-lacking, or Fc-containing, as demonstrated here for the T-Fabs and the HexAbs.

The imaging data obtained from tumor-bearing mice with select T-Fabs and

from cancer patients with TF2 indicate these bsAbs of ~150 kDa are able to localize

at their primary tumor and subsequently capture the HSG-containing haptens. The

in vivo therapeutic efficacy observed for 20-(22)-(22), 22-(20)-(20), and 20-(20)-

(20) in lymphoma models also led us to believe these HexAbs of ~365 kDa are

capable of penetrating and accumulating at the target sites. We have more recently

determined by dynamic light scattering that the diameter of a HexAb is between

15 and 16 nm. Noting that the average diameter of a Y-shaped monomeric IgG as

measured by electrospray differential mobility analysis is between 9 and 10 nm

(Pease et al. 2008) and that 10–100 nm is considered the optimal range of the

diameter for nanoparticle drug carriers in cancer therapy (Davis et al. 2008), the

concern that a HexAb made by DNL would be too large to penetrate into tumor may

be overstated, but nevertheless needs to be addressed in further studies. Indeed, it is

far more likely that the penetration of the DNL constructs will be impeded by the

so-called “binding site barrier” (Fujimori et al. 1989; Weinstein and van Osdol

1992; Saga et al. 1995), since this natural phenomenon will have a larger impact

on the movement of agents that bind to surface proteins, particularly agents with

multivalent binding capabilities.

Whether a HexAb can be made by DNL to retain CDC and show more potent

antitumor effect in vivo is worthy of pursuit. On the other hand, because CDC has

been suggested to be a major factor in infusion-related toxicity for rituximab, it is

tempting to speculate that a HexAb lacking CDC may be a viable alternative where

reduced side-effects are desired.

Although all of the DNL complexes that have been generated to date are highly

stable in vitro, the Fc-bearing HexAbs lose the appended Fab-arms in experimental

animals with time, resulting in a less favorable PK than a monomeric IgG as well

as a concurrent disappearance of the multivalent advantages. Thus, a key goal for

future development is to enhance the integrity of the HexAbs in vivo.

In an effort to minimize immunogenicity, the DDD and AD used for the DNL

method consist of the smallest functional peptides derived from human protein

sequences. However, the DDD2 and AD2 peptides possess additional cysteine

residues, which are not part of the natural domains, and both are fused to a modular

component via flexible Gly-Ser linker peptides, which are foreign but generally

212 C.-H. Chang et al.



considered to be largely nonimmunogenic. Whether the DNL complexes in general,

and a particular T-Fab or HexAb would be immunogenic in humans can be best

assessed in clinical testing.
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Chapter 13

Effector Cell Recruitment by Bispecific

Antibodies

Christian Kellner, Matthias Peipp, and Thomas Valerius

13.1 Introduction

In recent years, therapeutic antibodies have been included in the standard treatment

for a variety of malignant diseases (Oldham and Dillman 2008). Antibodies such

as rituximab and trastuzumab, which are approved for the treatment of B-cell

lymphomas and breast cancer, respectively, are generally well tolerated and have

clearly improved the treatment outcome of respective patients. Based on these

success stories, other antibodies have entered the clinic or are in various stages

of development. However, despite these encouraging results, the success rate of

antibody therapy is still unsatisfactory: antibodies do rarely cure as single agents,

responses are often restricted to subgroups of patients, and chances of relapse or

progress remain serious issues. In addition, antibody therapy often dramatically

increases treatment costs while the clinical benefit remains limited (Reichert et al.

2005). Therefore, it is widely agreed that antibody therapy requires further improve-

ment. A possibility to achieve this aim relies on understanding clinically important

effector mechanism of therapeutic antibodies, and translating these insights into

rational approaches to specifically enhance these mechanisms. Several observations

indicated that recruitment of effector cells by engagement of Fcg receptors (FcgR)
critically determined the clinical efficacy of monoclonal antibodies – suggesting

that enhancing the interaction of the antibody with FcR may improve effector cell

recruitment and antibody therapy (Carter 2006; Presta 2008).

Bispecific antibodies have long been recognized as an elegant way to improve

effector cell recruitment for antibody therapy (Staerz et al. 1985; Fanger et al. 1991;

Segal et al. 1999). For tumor therapy, bispecific antibodies typically recognize a

target antigen on tumor cells, whereas the second site engages a stimulatory trigger
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molecule on effector cells. Bispecific antibodies are attractive as they may improve

recruitment of FcR-expressing cells or allow redirection of T lymphocytes which

lack FcR and therefore are not available as effector cells for conventional

antibodies. Recently, promising clinical results were obtained with T cell-engaging

bispecific antibodies. Thus, the trifunctional bispecific antibody catumaxumab

targeting EpCAM was the first bispecific antibody receiving approval by the

European Medicines Agency (EMEA) in 2009 (Zeidler et al. 1999). Blinatumumab

targeting CD19 on B-cell lymphomas and leukemias is expected to follow soon

(Loffler et al. 2000).

In this chapter, the scientific rationale for the use of bispecific antibodies in cancer

immunotherapy will be outlined and different formats for their generation will be

presented. Then different lymphocytic and myeloid effector cells and their candidate

trigger molecules for bispecific approaches will be described, and pre-clinical and

clinical experiences with individual bispecific antibodies will be summarized.

13.2 Rationale for Bispecific Antibodies

Clinical responses to therapeutic antibodies led to a renewed interest in the effector

mechanisms of monoclonal antibodies, assuming that a better understanding of

antibody function would lead to the development of improved antibody-based thera-

peutics. Different modes of action for monoclonal antibodies have been identified

in vitro which are conceptually divided into direct and indirect mechanisms (Cragg

et al. 1999). Direct mechanisms are mediated by binding of the “fragment variable”

(Fv) to its target antigen and include blocking of receptor–ligand interactions

and induction of apoptosis and growth arrest or tumor dormancy. In contrast, indirect

mechanisms involve recruitment of immune effector functions which are mediated by

the “fragment crystallizable” (Fc). Thus, the Fc portion interacts with components of

the complement system resulting in induction of complement-dependent cytotoxicity

(CDC) or induces effector cell-mediated functions such as antibody-dependent cell-

mediated cytotoxicity (ADCC) or antibody-dependent cell-mediated phagocytosis

(ADCP) by engagement of FcR. Furthermore, uptake of antibody-coated tumor cells

by antigen-presenting cells such as dendritic cells may result in induction of adaptive

immune responses and T cell immunity (Abes et al. 2010; Park et al. 2010). However,

this differentiation into direct and indirect mechanisms is not absolute because direct

antibody-induced apoptosis was enhanced in the presence of FcgR-expressing cells,

which may serve as physiological cross-linkers (Shan et al. 1998).

The contribution of individual effector mechanisms to the clinical efficacy of

different antibodies is still under intensive investigation, and may, for example,

depend on the specific epitope recognized by individual CD20 antibodies (Glennie

et al. 2007). Furthermore, also the anatomical site may significantly impact on

the contribution of individual effector mechanisms (Gong et al. 2005). Nevertheless,

several findings suggested a relevant role for interactions between therapeutic

antibodies and FcgR (Nimmerjahn and Ravetch 2007). FcgR are grouped
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into activating and inhibitory receptors. Activating receptors mediate ADCC, ADCP,

degranulation, cytokine release, and enhanced antigen presentation, whereas inhibi-

tory receptors function as negative regulators. For IgG, three classes of FcgR exist in

humans comprising FcgRI (CD64), FcgRII (CD32), and FcgRIII (CD16), which
differ, for example, in their affinities for monomeric IgG and immune complexes

(Bruhns et al. 2009). Various isoforms and genetic polymorphisms introduce further

complexicity into this system (van deWinkel and Capel 1993; Kimberly et al. 2002).

The importance of the interaction between the Fc portion and FcgRwas demonstrated

in several in vivo experiments. Thus, antibodies lost therapeutic activity in common

g-chain knock-out mice lacking expression of activating FcgR (Clynes et al. 2000).

Furthermore, studies with class-switched antibody variants suggested that their thera-

peutic activities were determined by the ratio between the Fc-binding affinities for

activating and inhibitory FcgR (A/I ratio; Nimmerjahn and Ravetch 2005). The

impact of FcgR-signaling was further investigated in NoTAM mice which are defi-

cient for the murine common FcRg-chain but carry an ITAM-mutated human g-chain
as transgene (de Haij et al. 2010). The mutation prevents FcgR-signaling but allows

cell surface FcgR expression comparable to that of wild type mice. Interestingly,

CD20 antibodies lost therapeutic efficacy in these mice – supporting a substantial role

for ADCC rather than antibody-induced apoptosis via FcgR-mediated crosslinking

in vivo. Further evidence for the clinical importance of efficient FcgR-mediated

effector cell recruitment was derived from analyses of FcgR polymorphisms

in patients treated with rituximab, trastuzumab, or cetuximab. Expression of the

CD16a-V158 allelic variant – binding IgG1 with greater affinity than the CD16a-

F158 variant (van deWinkel and Capel 1993; Kimberly et al. 2002) – correlated with

improved response rates to antibody therapy (Weng and Levy 2003; Musolino et al.

2008; Bibeau et al. 2009).

In conclusion, interactions between antibodies’ Fc portion and FcgR on effector

cells are important for monoclonal antibodies to elicit therapeutic effects –

suggesting a major role for cell-mediated cytotoxicity. However, these interactions

are often insufficient in vivo (Fanger et al. 1991). First antibodies will react with

FcgR expressed on non-cytotoxic cells (e.g., CD32 on platelets and B cells) and

with FcgR not triggering cytotoxicity (e.g., CD16b on granulocytes). Moreover,

certain isoforms – such as CD32b on monocytes and macrophages – produce

inhibitory signals in otherwise cytotoxic cells. Engagement of CD32b reduces

the therapeutic efficacy of antibodies in vivo as revealed by the critical role for

the A/I ratio and by elevated ADCC levels observed in CD32b-deficient mice in

comparison to wildtype mice (Clynes et al. 2000; Nimmerjahn and Ravetch 2005).

Second, therapeutic antibodies compete with large amounts of endogenous plasma

immunoglobulins for binding to FcgR. This is especially crucial for CD64 which

binds monomeric IgG with high affinity and which is blocked by endogenous

immunoglobulins (Deo et al. 1997). Third, ADCC by monoclonal antibodies

appeared to be compromised in the presence of components of the complement

system (Wang et al. 2009). Moreover, polymorphisms of FcgR critically determine

the efficacy of antibody therapy (Nimmerjahn and Ravetch 2007). All these

factors may hamper therapeutic effects of monoclonal antibodies in vivo and thus
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strategies were developed to overcome these shortcomings. These include Fc

engineering approaches to achieve higher affinities for activating FcgR (Carter

2006; Presta 2008), and the generation of bispecific antibodies (Fanger et al. 1991).

Bispecific antibodies allow recruitment of a more defined pool of effector

cells by selectively engaging distinct trigger molecules and avoid binding to non-

signaling or inhibitory FcR – thereby achieving optimal A/I ratios. Furthermore,

FcR can be triggered by antigen-combining domains recognizing epitopes outside

the Fc-binding site and avoiding competition with endogenous immunoglobulins.

Therefore, bispecific antibodies may function in vivo when FcR are occupied.

Additionally, the efficacy of bispecific antibodies should not be compromised

by FcR-allelic variants – suggesting that especially patients homozygous for the

CD16a-F158 allele may benefit from bispecific antibody therapy. Certain bispecific

antibodies demonstrated higher cytotoxic activities in vitro than their corresponding

parental monoclonal antibodies and were shown to operate at lower concentrations,

which at least in part may be explained by their high affinities for the respective

trigger antigens (Shahied et al. 2004). Accordingly, bispecific antibodies targeting

activating FcgR may circumvent certain limitations of monoclonal antibodies –

resulting in improved effector functions such as ADCC, ADCP, and induction of

tumor-specific immune responses. Another appealing feature of bispecific antibodies

is that their activities are not limited to FcR and FcR-expressing cells. The inclusion

of binding sites for other trigger molecules into bispecific molecules also allows to

attract cytotoxic cells lacking FcR such as T lymphocytes, which constitute attractive

effector cells due to their high cytotoxic potential (M€uller and Kontermann 2007).

13.3 Formats of Bispecific Antibodies

Bispecific antibodies have been designed by a variety of methods in different

formats (Fig. 13.1; M€uller and Kontermann 2007). Traditionally, bispecific

antibodies were generated as quadroma antibodies or by chemical conjugation of

antibodies or Fab-fragments. However, these first-generation bispecific antibodies

were difficult to produce in sufficient quantity and quality, and many of them failed

in clinical studies. Especially quadroma antibodies often could not be administered

in sufficient doses to reach therapeutic efficacy because the agents induced severe

side effects. Probably Fc-mediated interaction with FcR resulted in systemic

activation of effector cells and triggering of cytokine release syndromes. Moreover,

murine sequences were immunogenic and induced human anti-mouse antibody

(HAMA) responses in patients (Segal et al. 1999).

Some of these shortcomings were addressed through development of new

formats for bispecific IgG antibodies and the generation of recombinant bispecific

molecules using single-chain fragments variable (scFv), Fabs, or domain antibodies

as binding sites (M€uller and Kontermann 2007). Production of bispecific IgG

antibodies was improved by the generation of mouse IgG2a and rat IgG2b

hybrid antibodies (triomabs) or by introducing knob-into-hole mutations into CH3
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domains to force the formation of bispecific heterodimers (Merchant et al. 1998).

The knob-into-hole technology was also employed to generate heterodimeric

bispecific mini-antibodies and minibodies – fusion proteins of scFvs and Fc or

Fig. 13.1 Examples for the design of bispecific antibodies for recruitment of effector cells. VH,

VL, antibody variable heavy and light domains (deep and light colored, respectively) from

antibodies with different specificities as indicated in blue and green; CH1-3, antibody constant

regions 1–3; CL antibody constant light chain region; Fc fragment crystalizable; Fab fragment

antigen binding; scFv single-chain fragment variable
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CH3 domains, respectively (Shahied et al. 2004; Xie et al. 2005). Bispecific scFv

antibodies (bsscFvs) consist only of V-regions and lack antibody Fc portions.

Formats include single-chain molecules such as tandem scFvs and single-chain

diabodies as well as heterodimeric proteins such as diabodies or disulfide-stabilized

variants called dual-affinity re-targeting proteins (DART; M€uller and Kontermann

2007; Johnson et al. 2010). Due to their small size of approx. 50 kDa and the lack of

Fc portions, they potentially exhibit higher tissue penetration, avoid uptake by

various FcR and are supposed to be less immunogenic. However, bsscFvs do not

interact with the neonatal FcR (FcRn) and are rapidly cleared from the bloodstream

due to their small size – resulting in half-lifes of only a few hours. Therefore, plasma

retention times were prolonged by increasing the size, modifying the glycosylation

pattern, or introducing protein domains such as human serum albumin interacting

with FcRn (Kontermann 2009). Also bispecific mini-antibodies containing an Fc

domain may have more favorable pharmacokinetic properties (Xie et al. 2005).

Another possibility to achieve sufficient steady-state plasma levels of bsscFvs is to

apply them by continuous intravenous infusion (Bargou et al. 2008).

An important finding was the observation that the avidity and affinity of binding

to the target antigen critically determined the cytotoxic potential of bispecific

antibodies. Studies with a series of bsscFv variants binding the same target antigen

with different affinity revealed that an increase in affinity was associated with

enhanced cytotoxicity (McCall et al. 2001). Likewise, the cytotoxic potential of

bispecific antibodies was enhanced by increasing the avidity for the tumor antigen

(Shahied et al. 2004; Kellner et al. 2008). Meanwhile, several formats for bispecific

proteins with increased valency have been reported (Fig. 13.1). However, according

to studies in mice, an affinity optimum appears to exist for agents targeting solid

tumors: scFvs with affinities beyond this optimum exhibited restricted tumor

penetration (Adams et al. 2001). The impact of binding affinity to trigger molecules

on the cytotoxic capacity of bispecific antibodies has not been addressed in detail.

For CD3-directed molecules, strong cytotoxic effects were demonstrated even

when affinities for CD3 were low with equilibrium binding constants in high

nanomolar ranges (Dreier et al. 2002). Because improved CD3 binding sometimes

led to lower cytotoxic abilities, it was argued that lower CD3 binders may favor

serial killing by T cells (Bortoletto et al. 2002). Despite extensive studies performed

with different formats, direct comparisons between them are rare and the ideal

format appears not to be identified so far.

13.4 Effector Cells and Trigger Molecules

for Bispecific Antibodies

13.4.1 Effector Cells for Bispecific Antibody Approaches

Bispecific approaches in cancer treatment involve five classes of effector cells

selected from cell populations mediating tumor surveillance or participating in
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antibody-dependent destruction of tumors (de Gast et al. 1997). Appropriate cells

which have been recruited to kill cancer cells besides T lymphocytes include

natural killer (NK) cells, monocytes, macrophages, and granulocytes, each of

which were able to eliminate malignant cells through cell-mediated cytotoxicity

and/or phagocytosis (Fig. 13.2).

T and NK cells play key roles in the host defense against emerging tumor cells

(Smyth et al. 2002). The infiltration of tumors by cytotoxic T cells correlated with

good prognosis and overall survival. Cytotoxic T cells with specific T cell receptors

(TCR) recognize tumor peptides presented by the malignant cells on MHC class I

molecules. For full activation, an additional stimulus is necessary, which is usually

provided by the interaction between CD28 on T cells with B7 molecules on the

surface of antigen-presenting cells or tumor cells (Alegre et al. 2001). To escapeT-cell

recognition, some tumor cells down-regulate the expression of MHC class I, which

renders them more sensitive for attack by NK cells (Smyth et al. 2002). NK cells

express several stimulatory and inhibitory receptors which enable them

to discriminate between normal and malignant cells. Inhibitory killer cell

Fig. 13.2 Effector cell populations for bispecific antibodies. Each effector cell population

expresses a defined pool of trigger molecules which is selected from the group of activating

FcRs with CD16a being expressed on NK cells and macrophages, CD64 on monocytes,

macrophages and granulocytes upon activation with G-CSF, and CD89 being displayed on

monocytes, macrophages, and granulocytes. CD32a is not considered as an optimal trigger as

CD32 is expressed also on non-cytotoxic cells. Granulocytes express CD16b, which is the non-

signaling membrane-anchored isoform lacking any signaling domain and being unable to induce

cytotoxic activities. CD32b is an inhibitory FcR on macrophages and monocytes with regulatory

function. CD32b may be expressed by granulocytes from certain individuals. Cytotoxicity by FcR-

negative T cells can be triggered through engagement of the TCR, CD28, and CD3. The functional

state of different effector cell populations, but also the numbers of effector cells can be increased

by immuno-stimulatory cytokines
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immunoglobulin-like receptors recognize MHC class I molecules and block cytolytic

activities against healthy host cells. Cytotoxicity is triggered when these inhibitory

signals are lowered and/or stimulatory receptors are engaged by ligands expressed on

malignant cells as danger signals. Moreover, the vast majority of NK cells express

CD16a and are capable of killing tumor cells by ADCC. Importantly, recent findings

suggested a major role for CD56-positive cells, mainly NK cells, in cetuximab-treated

patients (Marechal et al. 2010). Killing mechanisms of T and NK cells are similar and

include expression of ligands engaging death receptors on tumor cells and exocytosis

of perforins and granzymes, which form pores into the outer target cell membrane and

induce apoptosis through caspase cleavage (Trapani and Smyth 2002).

Myeloid effector cells lack specific tumor recognition receptors and therefore

are unable to kill tumor cells in vitro unless sensitizing antibodies are present.

Antibody opsonized tumor cells can be eliminated by ADCP and ADCC. Killing

involves the expression of death receptor ligands, oxidative burst, and the

release of cytotoxic mediators including nitric oxide, proteases, membrane-

perforating agents (Di Carlo et al. 2001; Dale et al. 2008). Monocytes are

circulating effector cells constitutively expressing CD64 and CD32a, but only

a minor fraction displays surface CD16a (Gordon and Taylor 2005). For CD20

antibodies mouse models demonstrated monocytes to strongly contribute to

antibody-induced B cell depletion (Uchida et al. 2004; Gong et al. 2005), and

monocytes are considered to represent important effector cells also in humans.

Macrophages are resident phagocytic cells which express three activating FcgR
(CD64, CD32 and CD16a). Classically activated M1 macrophages exhibit anti-

tumor activities and have been implicated in the immune surveillance of leuke-

mic cells (Allavena et al. 2008; Jaiswal et al. 2010). Interestingly, high numbers

of tumor infiltrating macrophages were associated with favorable outcome in

follicular lymphoma patients treated with rituximab and chemotherapy

(Taskinen et al. 2007). However, alternatively activated M2 macrophages are

well known to play tumor-promoting roles. Granulocytes represent the most

abundant cytotoxic cell population in the blood and have been suggested to

contribute to tumor destruction (Di Carlo et al. 2001). They constitutively

express the stimulatory receptors CD32a and FcaRI (CD89), and expression of

CD64 can be induced by either interferon-g or G-CSF. Although all these

effector cells were demonstrated to mediate tumor cell killing with bispecific

antibodies, it is still unclear which effector cell population will be most effective

in eliminating tumor cells in patients. Eventually, their respective activities may

depend on tumor localization and types as these factors may affect tumors’

accessibility for different effector cells.

13.4.2 Trigger Molecules for Bispecific Antibodies

Different effector populations are characterized by a unique expression pattern

of distinct sets of activating receptors which may serve as triggers for bispecific
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antibodies (Fig. 13.2). Ideally, trigger molecules should (1) be constitutively

expressed on a defined pool of resting effector cells, (2) be capable of eliciting

cellular cytotoxicity and/or phagocytosis without requirement for prior stimulation,

and (3) induce the secretion of immunostimulatory cytokines attracting other

effector cells.

Engaging T cells as effector cells for antibody-based therapy was one of the

earliest applications for bispecific antibodies (Staerz et al. 1985). Several receptors

(e.g., CD2, CD3, CD5 and CD28) expressed by T cells have been identified, which

were demonstrated to induce cytokine release, proliferation, and cytotoxicity when

triggered by bispecific antibodies (M€uller and Kontermann 2007). Most experience

is available with bispecific agents targeting CD3. CD3 is part of the T cell

receptor (TCR) complex which signals through immunoreceptor tyrosine-based

activation motifs (ITAMs) contained in the CD3 subunits and the associated

TCR z chain (Samelson 2002). Most bispecific antibodies targeting CD3

required co-stimulatory signals to achieve full T cell activation, which were,

for example, provided by CD28 antibodies (Bohlen et al. 1993). CD28 contains

phosphorylated tyrosines and proline-rich signaling motifs and delivers

co-stimulatory signals. However, CD28-specific superagonistic bispecific

antibodies were shown to induce T-cell activation without ligation of the TCR/

CD3 complex (Grosse-Hovest et al. 2003).

For recruitment of FcgR-expressing cells, all activating FcgR (CD64, CD32a

and CD16a) can be considered as trigger molecules. FcR engagement can mediate

multiple biological responses, including ADCP, ADCC, antigen presentation, oxi-

dative burst, and cytokine release. Like CD3 on T cells, FcgR are associated with

ITAMs (Nimmerjahn and Ravetch 2007). While CD32a itself contains an ITAM,

CD16a and CD64 molecules associate with ITAM-bearing adapter proteins such

as the common FcRg and the TCR z chains. CD32a is not considered as a valuable

trigger molecule since it is also expressed by non-cytotoxic platelets, which may

initiate unwanted thrombotic complications after activation by antibodies. CD32b,

an immunoreceptor tyrosine-based inhibition motif-associated FcgR on B cells,

monocytes, and macrophages, even has inhibitory functions. CD16b, a GPI-linked

FcgR on granulocytes, is incapable of transducing cytotoxic signals and is also

shedded into the blood. Therefore, interactions with FcgRIIb or FcgRIIIb may

reduce the therapeutic efficacy of bispecific antibodies.

In addition to FcgR, also the myeloid IgA Fc receptor (FcaRI, CD89) has been
identified as an attractive trigger molecule for bispecific antibodies (van de Winkel

and Capel 1993; Valerius et al. 1997; Monteiro and Van De Winkel 2003). Similar

to activating FcgR, signaling through CD89 is coupled to the common FcR g chain,
and stimulation of CD89 has been shown to initiate ADCP and ADCC. Ligation of

CD89 is expected to trigger a different pattern of immune responses compared to

FcgR due to the antigen’s unique expression on myeloid effector cells. CD89 does

not bind IgG antibodies – the only class of antibodies that to date has been

approved for clinical use. Bispecific molecules addressing CD89 are of therapeutic

interest, but the full potential of this trigger molecule still remains to be

determined.
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13.5 Preclinical Data with Bispecific Antibodies

Initial results demonstrating biological activity of bispecific antibodies were obtained

with quadroma antibodies or (Fab’)2 fragments. According to experiencewith conven-

tionalmonoclonal antibodies, target antigenswere chosen (1) to be absent fromhealthy

stem cells, (2) to be abundantly expressed on tumor cells, and/or (3) to be essential for

tumor cell survival. In contrast to IgG antibodies, which react with murine FcR and

therefore are able to recruit murine effector cells, mouse models with bispecific

antibodies have been more complicated. For example, most bispecific antibodies

were specific for human target and trigger antigens and did not recognize murine

homologues. To test the therapeutic efficacy of bispecific antibodies, immune-defi-

cient mice were xenotransplanted with human tumor cells and the bispecific anti-

body was applied together with human effector cells. Mice transgenic for different

human trigger molecules (CD3, CD16, CD64, and CD89) may offer more elegant

systems to test bispecific antibodies in vivo (de la Hera et al. 1991; Heijnen and Van

de Winkel 1995; Li et al. 1996; van Egmond et al. 1999). Furthermore, human cord

blood cell-transplanted mice (“humanized mice”) offer additional opportunities to

establish more relevant animal models (Traggiai et al. 2004; Glorius et al. 2010).

The next paragraph summarizes results from cell culture and animal experiments

with bispecific antibodies addressing the most commonly used trigger molecules.

13.5.1 Bispecific Antibodies Recruiting T Cells by Engagement
of CD3 or CD28

CD3-addressing bispecific antibodies have been developed targeting various

tumor-associated antigens on different tumor types. These include molecules

against the idiotype, HLA-DR, CD19, CD20, and CD30 on lymphomas and

leukemias. Solid tumors were targeted by bispecific antibodies against, for exam-

ple, Her-2, the epidermal growth factor receptor (EGFR), EpCAM, or EGP-2

(M€uller and Kontermann 2007). Bispecific antibodies exhibited potent cytotoxic

activity and demonstrated striking efficacy in animal models. For example,

[CD19 � CD3] diabodies prolonged survival in mice xenotransplanted with

human lymphoma cells when pre-activated human mononuclear cells (MNC)

were co-transplanted (Cochlovius et al. 2000).

One particular class of bispecific antibodies was named “bispecific T cell engager”

(BiTE), since these tandem scFvs were able to achieve full activation of T cells

independent of other co-stimuli (see Chap. 15). Such BiTE molecules were highly

efficacious in vitro and in vivo. For example, the [CD19 � CD3] bsscFv

blinatumumab eliminated established human leukemic cells in mice and was capable

of mediating B cell-depletion in chimpanzees (Dreier et al. 2003; Schlereth et al.

2006). Moreover, EGFR-specific BiTEs prevented growth of human colorectal cancer
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xenograftswithmutatedKRASandBRAFproto-oncogenes inmice (Lutterbuese et al.

2010). These results were remarkable because recent analyses have demonstrated that

colorectal cancer patientswithmutations in these proto-oncogenes did not benefit from

therapy with conventional EGFR antibodies (Karapetis et al. 2008), although KRAS-

mutated tumor cells were susceptible to ADCC (Schlaeth et al. 2010).

Triomabs, which are generated through somatic hybridization of a CD3-specific

rat IgG2b antibody with a tumor cell-directed mouse IgG2a antibody, represent

another attractive class of T cell-recruiting bispecific antibodies (Lindhofer et al.

1995). Triomabs bind to tumor and T cells with their two Fv moieties, but are

additionally capable of recruiting FcR-expressing cells such as NK cells,

monocytes, macrophages, granulocytes, and dendritic cells through their Fc

portions (Zeidler et al. 1999). Triomabs have been demonstrated to actually act

as trifunctional molecules – inducing complexes of tumor cells, T lymphocytes,

and accessory cells which provide co-stimulatory signals for T cells by secretion

of cytokines or which directly eliminate tumor cells. Triomabs were produced

against several tumor cell targets including EpCAM (prostate carcinomas, malignant

ascites) and CD20 (Buhmann et al. 2009; Seimetz et al. 2010).

Promising results were also obtained with superagonistic bispecific antibodies

addressing CD28. The tandem scFv rM28 targeting MCSP on malignant melanoma

cells was shown to induce effective killing of tumor cells without stimulation of the

TCR/CD3 complex in vitro and in vivo (Grosse-Hovest et al. 2003) and another

similar molecule against CD20 mediated potent lysis of B-lymphoid tumor cells

(Otz et al. 2009).

13.5.2 Bispecific Antibodies Recruiting CD16a-Positive
NK Cells and Macrophages

Bispecific antibodies addressing CD16 eliminate tumor cells by recruitment of NK

cells andmacrophages both expressing theCD16a isoformand demonstrated promising

cytotoxic activities. For treatment of solid tumors, bispecific (Fab’)2 conjugates

targeting the EGFR mediated potent lysis of renal cancer cells and bispecific [Her2 �
CD16] antibodies effectively killed ovarian and breast cancer cells (Stockmeyer et al.

1997; Elsasser et al. 1999). Furthermore, the bispecific Her2-targeting quadroma

antibody 2B1 and a recombinant Her2-specific tribody proved therapeutic efficacy in

tumor xenograft mouse models (Weiner et al. 1993a, b; Lu et al. 2008).

Tandem scFvs and scFv triple-bodies targetingHLA class II or CD19 onB-lineage

lymphomas/leukemias as well as CD33 and CD123 on acute myeloid leukemias

efficiently mediated killing of tumor cells in the presence of MNC effector cells

(Bruenke et al. 2004; Kellner et al. 2008; Kugler et al. 2010). The DART molecule

[CD32b � CD16] was highly potent in the elimination of xenotransplanted lym-

phoma cells in human CD16a transgenic mice (Johnson et al. 2010). Recently, a

[CD20 � CD16] tribody efficiently depleted B cells in immune-deficient mice with a
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reconstituted human hematopoietic system by transplantation of hematopoietic pro-

genitor cells from cord blood (Glorius et al. 2010). Interestingly, [CD19 � CD16] and

[CD19 � CD3] diabodies acted synergistically in lymphoma mouse models

indicating cooperation between NK and T cells (Kipriyanov et al. 2002). Moreover,

[CD30 � CD16] diabodies induced regression of tumor growth in vivo in

xenotransplanted Hodgkin lymphoma mouse models (Arndt et al. 1999).

13.5.3 Bispecific Antibodies Recruiting CD64-Positive
Myeloid Effector Cells

Bispecific antibodies against CD64 recruit monocytes, macrophages as well as IFN-g
or G-CSF activated granulocytes. A [CD64 � Her2] bispecific antibody triggered

killing of breast, ovarian, and lung cancer cells through ADCP and ADCC with

monocytes, macrophages, and activated granulocytes (Keler et al. 1997; Stockmeyer

et al. 1997). Interestingly, CD64-addressing molecules were more efficacious than

respective [Her2 � CD16] and [Her2 � CD32] bispecific antibodies when whole

blood from G-CSF treated patients was compared with blood from healthy donors as

effector cell source. This difference was explained by higher monocyte and granulo-

cyte counts, increased effector cell activation and higher expression levels of CD64 in

G-CSF primed blood (Stockmeyer et al. 1997). Bispecific [CD64 � CD30] (Fab’)2
and diabodies induced ADCC and ADCP of Hodgkin lymphoma cells by monocytes

and macrophages, respectively (Sundarapandiyan et al. 2001; Ranft et al. 2009). In a

human CD64-transgenic mice model a set of bispecific (Fab’)2 antibodies against

different lymphoma-associated antigens were tested for redirecting G-CSF-activated

granulocytes (Honeychurch et al. 2000). The bispecific construct targeting the idio-

type had the highest efficacy and provided long-term T cell tumor immunity. Interest-

ingly, an unexpected antigen restriction for granulocyte-mediated lysis of B-lymphoid

tumor cells was observed. Whereas monoclonal and CD64-addressing bispecific

antibodies with specificities for HLA class II, the associated invariant chain CD74,

or HLA class II variants effectively triggered granulocytes to kill tumor cells,

molecules targeting other B cell differentiation antigens (e.g., CD19 and CD20)

remained ineffective (Elsasser et al. 1996; Wurflein et al. 1998). This antigen restric-

tion was not observed when monocytes or macrophages were used as effector cells,

which efficiently phagocytosed and killed malignant B cells, for example, in the

presence of [CD64 � CD19] bispecific (Fab’)2 fragments (Ely et al. 1996).

13.5.4 Bispecific Antibodies Triggering CD89 on Monocytes,
Macrophages, and Granulocytes

CD89 is constitutively expressed on monocytes, macrophages, and granulocytes. The

potency of CD89 as cytotoxic trigger molecule was demonstrated with bispecific
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(Fab’)2 conjugates against Her2, which efficiently induced granulocyte-mediated

killing of breast cancer and renal cell carcinoma cells (Valerius et al. 1997; Deo

et al. 1998; Elsasser et al. 1999). An [EGFR � CD89] bispecific antibody was

developed for potential treatment of renal cell carcinoma (Stadick et al. 2002). By

comparing several bispecific antibodies addressing CD89, but targeting different

tumor-associated antigens on lymphoma cells, HLA class II was not only identified

as the target with the highest potency, but also a bispecific [CD20 � CD89] mole-

cule-induced granulocyte-mediated killing. This was not observed with IgG1 or

bispecific antibodies engaging FcgR (Stockmeyer et al. 1997). In whole blood

assays, target cell lysis was increased when blood from patients during G-CSF or

GM-CSF therapy was investigated. These growth factors dramatically increased the

absolute numbers of CD89-positive effector cells in the blood by increasing total

leukocyte counts, and at the same time activated individual cells, which both may

account for the observed increased efficacy (Stockmeyer et al. 2001). Recently, a

bispecific tandem scFv [HLAclassII � CD89] has been demonstrated to efficiently

eliminate lymphoma cells with higher potency than a chimeric HLA class II

antibody derived from the same hybridoma (Guettinger et al. 2010). Moreover, a

bispecific [CD89 � CD30] (Fab’)2 conjugate was able to induce granulocyte- and

monocyte-mediated killing of Hodgkin lymphoma cells (Sundarapandiyan et al.

2001). To the best of our knowledge, the in vivo potency of CD89-directed

bispecific molecules in killing tumor cells has not been investigated up to now,

but mice transgenic for human CD89 are available and may be attractive for testing

such molecules in animal studies (van Egmond et al. 1999).

13.6 Clinical Experience with Bispecific Antibodies

Due to encouraging results from preclinical studies, several bispecific antibodies in

different formats have entered clinical trials. To date, bispecific antibodies

engaging CD3, CD28, CD16, or CD64 have been tested or are under current clinical

evaluation (Table 13.1). The bispecific antibodies were either given alone or were

combined with cytokines or chemotherapy. Whereas results with some bispecific

antibodies were encouraging, others generated disappointing results – including

unacceptable toxicity, or inconsistent tumor responses (M€uller and Kontermann

2007). Results from selected clinical studies with bispecific antibodies are

summarized in the next paragraphs.

13.6.1 Clinical Trials with Bispecific Antibodies
Recruiting T Cells

Several clinical studies were performed with bispecific antibodies recruiting T cells

with most of them targeting CD3. In initial clinical studies with bispecific
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quadroma antibodies or (Fab’)2 fragments, some clinical responses were reported,

but problems occurred due to cytokine release and HAMA responses. Furthermore,

antibody production problems prevented more extensive studies (M€uller and

Kontermann 2007). Meanwhile, different bispecific formats have been tested in

patients with B-lymphoid malignancies or solid tumors (Table 13.1).

More recently, remarkable results were obtained with the BiTE molecule

blinatumumab and the triomab trifunctional antibody catumaxumab targeting

CD19 and EpCAM, respectively. Blinatumumab was tested in a phase I trial in

patients with relapsed non-Hodgkin’s lymphomas (Bargou et al. 2008). Thirty-eight

patients received blinatumomab at daily doses from 0.0005 to 0.06 mg/m2 by

continuous intravenous infusions over periods from 4 to 8 weeks. Serum levels of

Table 13.1 Clinical trials with bispecific antibodies for cellular immunotherapya

Bispecific antibody Format Indication Stage

Reference or clinical trials.

gov identifier

CD20Bi/

[CD20 � CD3]

Cross-linked

IgG Plasma cell neoplasms; NHL Phase I

(NCT00938626;

NCT00521261)

SHR-1/

[CD19 � CD3] IgG NHL Phase I de Gast et al. (1995)

OKT3x herceptin/

[CD3 � Her2] IgG Breast cancer Phase I/II

(NCT00027807);

Lum et al. (2003)

OKT3x 6A4/

[CD19 � CD3] IgG NHL Phase I Manzke et al. (2001)

OC/TR/[FR � CD3] F(ab0)2 Ovarian cancer Phase I/II Canevari et al. (1995)

Bis-1/[EGP-2xCD3] F(ab0)2 Renal carcinoma Phase I Kroesen et al. (1994)

Ertumaxumab/

[Her2 � CD3] Triomab Breast cancer Phase II (NCT00522457)

Bi20 (fBTA05)/

[CD20 � CD3] Triomab NHL Phase I Buhmann et al. (2009)

catumaxumab/

[EpCAM � CD3] Triomab

EpCAM-positive tumors;

malignant ascites Approved Seimetz et al. (2010)

blinatumumab/

[CD19 � CD3] Tandem scFv NHL; B ALL

Phase I

and

II

Bargou et al. (2008),

Topp et al. (2009)

MT110/

[EpCAM � CD3] Tandem scFv EpCAM-positive tumors Phase I Fiedler et al. (2010)

rM28/

[MCSP � CD28] Tandem scFv Malignant melanoma Phase I/II (NCT00204594)

2B1/[Her2 � CD16] IgG Her2-positive tumors

Phase

Ib/II Borghaei et al. (2007)

HRS-3/A9/

[CD30 � CD16] IgG Hodgkin’s lymphoma Phase I/II Hartmann et al. (1998)

H22xKi-4/

[CD30 � CD64] F(ab0)2 Hodgkin’s lymphoma Phase I Borchmann et al. (2002)

MDX-H210/

[Her2 � CD64] F(ab0)2 Her2-positive tumors Phase II

Posey et al. (1999),

James et al. (2001)

MDX-447/

[EGFR � CD64] F(ab0)2
EGFR-positive tumors and

glioblastoma Phase I

Fury et al. (2008);

(NCT00014560)

[CD64 � CD33]

Cross-linked

IgG AML Phase I Chen et al. (1999)

[4g7xh22]/

[CD19 � CD64] F(ab0)2 NHL; CLL Phase I (NCT00014560)

aNHL non-Hodgkin lymphoma; B ALL acute B-lymphoblastcic leukemia; AML acute myeloid

leukemia; CLL chronic lymphocytic leukemia
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blinatumumab were below 1 ng/ml. Common side effects included leukopenia/

lymphopenia, chills, fever, pyrexia, and increase of C-reactive protein, which

often normalized during continued treatment. Impressively, 11 major responses

were observed, which included four complete and seven partial responses. Initial

results from a phase II study in patients with minimal residual disease (MRD) of

B-precursor acute lymphoblastic leukemia suggested that blinatumumab is capable

of eliminating rare bone marrow-located MRD cells (Topp et al. 2009). Complete

molecular responses were achieved in 13 of 16 evaluable patients during the first

4-week cycle at a dose of 0.015 mg/m2 blinatumomab per day (see also Chap. 15).

The trifunctional bispecific triomab antibody catumaxumab targeting EpCAM

received drug approval by the European Union in 2009 for the treatment of

malignant ascites in patients with EpCAM-expressing carcinomas for whom no

standard therapy is available (Seimetz et al. 2010). Catumaxumab treatment

reduced ascites production accompanied by a robust elimination of EpCAM-

positive tumor cells. As the majority of patients developed human anti-bispecific

antibody responses (HABA), the possibility of repeated applications of catumaxomab

in HABA-positive patients is currently investigated. Catumaxumab has also been

tested in clinical trials in other indications including ovarian and gastric cancer.

With ertumaxumab and Bi20 targeting Her2 and CD20, respectively, two other

triomabs are under clinical investigation (Kiewe et al. 2006; Buhmann et al. 2009;

see Chap. 16).

With the bispecific tandem scFv rM28 targeting MCSP, a CD28-addressing

molecule has entered clinical trials and is currently tested in a phase I/II clinical

study in patients with metastatic malignant melanoma (Grosse-Hovest et al. 2003).

As a superagonistic CD28 antibody induced severe cytokine release in healthy

volunteers (Suntharalingam et al. 2006), this approach requires particularly careful

evaluation. However, rM28 triggered T cells in a strictly target cell-dependent

manner – suggesting that similarly severe side effects may be prevented (Grosse-

Hovest et al. 2005).

13.6.2 Clinical Experiences with Bispecific Antibodies
Redirecting CD16a-Positive NK Cells and Macrophages

Clinical experiences with bispecific antibodies recruiting CD16a-positive effector

cell populations are more limited, and up to now no recombinant formats have

been clinically evaluated. HRS/A9, a bispecific IgG antibody targeting CD30 was

analyzed in patients with refractory Hodgkin’s disease (Hartmann et al. 1998).

Fifteen patients received up to 64 mg/m2 of HRS/A9 without dose-limiting toxicity

in a multiple-dose phase I study. Responses to HRS/A9 included one complete, one

partial, and three minor responses. After treatment, biological activity was

evidenced by increased NK cell activity in most patients. Side effects occurred

rarely and consisted of fever, pain in involved lymph nodes, and a maculopapulous
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rash. However, further treatment with this bispecific antibody was not possible due

to the development of HAMA-responses in nine patients.

2B1 is a bispecific [Her2 � CD16] quadroma antibody (Weiner et al. 1993a, b).

In a multiple-dose phase 1 clinical trial, 15 patients with Her2-expressing solid

tumors (e.g., colon, kidney and breast carcinomas) received 2B1 at doses of up to

5 mg/m2. 2B1 had a mean serum half life of 20 h. Patients experienced several non-

dose-limiting toxicities such as fevers, chills, nausea, vomiting, and transient

leukopenia, while thrombocytopenia was dose-limiting at 5 mg/m2. HAMA

responses developed in 14 patients. Strongly increased plasma levels of secondary

cytokines such as TNFa, IL-6 and IL-8, and smaller increases in levels of GM-CSF

and IFN-g were reported. Only minor clinical responses in individual patients were

observed. In a phase 1b/2 clinical trial, 20 women with metastatic breast cancer

were treated with 2B1 (Borghaei et al. 2007). Due to dose-limiting systemic

toxicities, which were observed in 3/8 patients, the dose was reduced from 2.5 to

1 mg/m2. The toxicities were attributed to cross-linking of FcR by 2B1 – resulting

in activation of leukocytes and cytokine induction. Although objective responses

were not observed, patients who received maximum doses developed antibodies

against both intracellular and extracellular domains of Her-2, indicating that 2B1

elicited humoral immune responses. Furthermore, increased infiltration of total

leukocytes and NK cells into the tumor were reported.

13.6.3 Clinical Studies with Bispecific Antibodies Engaging
CD64-Positive Myeloid Effector Cells

Clinical studies with CD64-targeting bispecific antibodies have been conducted

with chemically linked (Fab’)2 or IgG conjugates, which were directed against

EGFR or Her2 on solid tumors, or CD30 and CD33 on hematological malignancies

(Curnow 1997 and Table 13.1). H22 � Ki-4, a (Fab’)2 conjugate against CD30,

was analyzed in a phase 1 clinical study in 10 refractory Hodgkin’s lymphoma

patients (Borchmann et al. 2002). Patients intravenously received escalating doses

of H22 � Ki-4 between 1 and 20 mg/m2 on days 1, 3, 5, and 7. Side effects were

transient and included hypotension, tachycardia, fatigue, and fever. The elimination

half-life of H22 � Ki-4 was 11.1 h. After the second course, low levels of HABA

were observed, that did neither affect serum concentrations of H22 � Ki-4 nor

result in allergic responses. However, high HABA titers developed in one patient

receiving four treatments. Remarkably, one complete and three partial remissions

were reported, and additional four patients had stable disease.

The bispecific (Fab’)2 antibody MDX-447 targeting EGFR was tested in a two-

armed phase I study in 64 patients with EGFR-positive solid tumors, mainly kidney

and head and neck cancer (Fury et al. 2008). Patients received weekly infusions of

increasing doses between 1 and 40 mg/m2 of MDX-447 alone or in combination

with G-CSF (3 mg/kg). Half-lives for MDX-447 ranged between 1.9 and 8.4 h.
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MDX-447 alone was generally well tolerated with a maximum tolerated dose of

30 mg/m2. In comparison, the combination of MDX-447 and G-CSF was less well

tolerated, and dose escalation of MDX-447 beyond 3.5 mg/m2 was not possible. In

both arms hypotension was the dose-limiting toxicity. Among 58 patients evaluable

for response from both groups, 35 had stable disease, while 23 patients experienced

progression. No objective responses were observed in this study.

Several studies were performed with bispecific (Fab’)2 conjugates directed against

Her2, MDX-210, and its partially humanized variant MDX-H210. MDX-210 was

evaluated in a single-dose phase I study in 15 patients with advanced breast or

ovarian cancer. Patients received infusions of increasing doses of MDX-210

between 0.35 and 10 mg/m2, which were well tolerated with grade 1 and 2 fevers,

malaise, and transient monocytopenia/lymphocytopenia being the most common

side effects (Valone et al. 1995). The maximal tolerated dose was defined at

7.5 mg/m2. Application of MDX-210 was accompanied by elevated plasma levels

of TNF-a, IL-6, G-CSF, and neopterin. Among ten assessable patients, one partial

and one mixed tumor response were reported. MDX-H210 was evaluated in com-

bination with G-CSF in a single-dose phase I study (Repp et al. 2003). Thirty women

with breast cancer received subcutaneous injections of G-CSF (5 mg/kg/day) for

8 days and a single infusion of MDX-210 at doses of 0.35–200 mg/m2 on day 4 of the

G-CSF cycle. Dose-limiting toxicity was not reached. Fever/chills and nausea/

vomiting were the main side effects – being timely related to elevated plasma levels

of TNF-a and IL-6 and responding to symptomatic therapy with anti-pyretics and

anti-emetics. In patients treated with doses of 100 and 200 mg/m2, MDX-H210

plasma levels exceeded 1 mg/ml – accompanied by 50% saturation of CD64 on

peripherial blood myeloid cells until day 4 after the infusion. Tumor infiltration by

monocytes and granulocytes was confirmed by immunohistochemistry. Although no

clinical responses were observed, 11 patients had stable disease and many patients

demonstrated a sustained decline in soluble HER-2 plasma levels. In a subsequent

multiple-dose phase I study of MDX-210 plus G-CSF, 23 patients with metastatic

breast cancer received weekly intravenous MDX-H210 infusions for three doses,

followed by a 2-week break and another three doses (Pullarkat et al. 1999). Doses of

MDX-210 ranged from 1 to 40 mg/m2 per application without reaching dose-limiting

toxicity, and were followed by subcutaneous G-CSF (5 mg/kg/day) for 3–5 days.

Cytokine-release and side effects were similar to previous studies. The b-elimination

half-life of MDX-210 varied from 4 to 9 h. By the third infusion, most patients

developed significant HABA, and no objective clinical responses were observed in

this group. Based on the capacity of CD64 to increase antigen presentation (Heijnen

et al. 1996; van Vugt et al. 1999), MDX-H210 was combined with GM-CSF, which

had demonstrated potent adjuvant functions in vaccine studies. In a pilot phase II

trial, 13 patients with advanced HER-2-expressing tumors received once weekly

infusions of MDX-210 at increasing doses (from 1 to 20 mg/m2 per infusion) for 4

weeks after 4 days of priming with GM-CSF (250 mg/m2) (Posey et al. 1999). Dose-

limiting toxicity was not reached with similar side effects to other MDX-H210 trials.

Notably, one patient had a 48% size reduction in an index tumor lesion, and six

patients showed stable disease during treatment, while three had progressive disease.
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To date, the most promising data with MDX-H210 were obtained in a clinical phase

II study in prostate cancer patients (James et al. 2001). Twenty-four patients with

hormone-refractory prostate cancer were treated with GM-CSF (5 mg/kg/day for 4

days) followed by 6 weekly infusions of MDX-H210 (15 mg/m2). Side effects were

as reported for other studies and generally mild. Among 20 assessable patients, seven

had PSA declines exceeding 50% with a median duration of 128 days, and the

relative PSA velocity decreased in 16 out of 18 evaluable patients. Importantly, 6

out of 12 patients with evaluable pain had improvements in their pain scores.

However, an independent phase II trial showed that GM-CSF alone was efficacious

in reducing PSA levels in prostate cancer patients rendering the results with MDXH-

210 difficult to interpret (Small et al. 1999).

13.7 Conclusion

Recent clinical results with catumaxumab and blinatumumab have demonstrated

the therapeutic potential of bispecific antibodies for tumor immunotherapy.

Whereas these T-cell recruiting bispecific antibodies produced substantial clinical

effects, no convincing clinical benefits have been described for bispecific

antibodies engaging CD16 or CD64 on NK or myeloid effector cells, respectively.

However, clinical experiences with these later constructs were limited to studies

with first-generation bispecific IgG antibodies or F(ab)2 fragments, which both

may not represent ideal formats. Recombinant bispecific molecules targeting

FcR demonstrated potent in vitro activity, but have not been clinically evaluated.

As outlined above, these include formats with enhanced cytotoxic functions and

improved pharmacokinetic characteristics, which are expected to translate also into

improved clinical efficacy. Further studies with these novel molecules appear

warranted.
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Chapter 14

Bispecific Antibodies for Arming Activated

T Cells and Other Effector Cells

for Tumor Therapy

Lawrence G. Lum and Archana Thakur

14.1 Introduction

The advances in molecular biology, hybridoma technology, and protein engineer-

ing associated with effective methods for screening and identifying specific target

antigens provide a unique opportunity for developing new strategies for producing

bispecific antibodies (BiAb) to redirect T cells to cancer cells. This chapter focuses

on the use of BiAbs to retarget T cells in vivo as a therapeutic platform. A bispecific

antibody is a protein construct that binds to two different specificities. The common

approach to produce BiAbs is to combine the variable domains of the selected

monoclonal antibodies (mAbs) into a single construct with the desired structure

and function. BiAbs were developed in preclinical murine models and the first

clinical trials were performed nearly 20 years ago. The construct provides a unique

opportunity to bring together an effector with a target (or tumor cells). There are

numerous formats of BiAbs that include chemical heteroconjugation of two com-

plete mAbs or fragments of mAbs, quadroma F(ab)2, diabodies, tandem diabodies,

single-chain variable fragment antibodies (scFv), and multi-valent-multifunctional

dock and lock (DNL) (Dreier et al. 2002; Asano et al. 2007, 2010; Rossi et al. 2006).

The formats and design are limited only by the engineer’s imagination and

specificity requirements. Engineering BiAbs range from using simple chemistry

to elegant recombinant technology to produce BiAbs that target effector cells,
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drugs, prodrugs, toxins, DNA, enzymes, anti-vascular agents, vectors, or radion-

uclides to tumor-associated antigens (TAA) on cancer cells. Unfortunately, early

clinical studies using BiAbs were disappointing because of dose-limiting side

effects and immunogenicity of the constructs. Fortunately, persistence of those

working in protein engineering, molecular biology, and cell-based immunotherapy

has led to the resurrection of BiAbs for clinical applications.

This chapter focuses on approaches that use BiAbs to redirect T cells, activated

T cells (ATC), NK cells, or macrophages to target hematologic malignancies or

solid tumors. We highlight concepts and technologies and their clinical translation

involving BiAb binding and the redirection of non-MHC restricted cytotoxicity of

T cells. The pros and cons of the BiAb redirection of T cells and ex vivo activated

T cells are discussed. The advantages and disadvantages of a specific format for

arming activated T cells will be incorporated into the discussion where apropos.

In the process of juxtaposing effector cells with tumor cells, selected BiAbs

induce the upregulation of key activation molecules and/or bind to co-activation

receptors. The binding and activating signals created by cross-linking the T cell

receptor (CD3) induce cytotoxic and proliferative responses in T cells. The

characteristics engineered into a BiAb construct depend upon the desired in vivo

mechanism of action, pharmacokinetics, and clinical endpoint. BiAbs have the

design flexibility that enables them for tissue penetration, serum stability, enhanced

specificity for targeting and the desired high or low affinity for targeting effector

cells to tumor cells. Specific BiAb engineering technologies and strategies have

been extensively reviewed by others (Cao and Lam 2003; Segal et al. 2001) and are

not reviewed in this chapter.

14.1.1 The Challenge and Principles of Adoptive Cellular
Immune Therapy

Manipulating the patient’s immune system in a non-toxic manner to breach tumor-

induced tolerance by altering the cytokine balance toward a Th1 cytokine pattern

and to enhance anti-tumor effects is a challenging task. Although adoptively

transferred lymphokine activated killer cells (LAK) (Grimm et al. 1982; Anderson

et al. 1988), tumor infiltrating lymphocytes (TIL) (Rosenberg et al. 1986), anti-CD3

ATC (Uberti et al. 1994; Ueda et al. 1993), and anti-CD3/anti-CD28 co-activated

T cells (COACTS) (Lum et al. 2001; Fowler et al. 2006; Garlie et al. 1999) have

been successful in eliminating or reducing lethal tumor burden in preclinical murine

models, translating these principles to the clinical setting have been problematic.

These approaches were met with enthusiasm when there were dramatic clinical

responses observed in patients with malignant melanoma (MM) or renal cell

carcinoma (RCC) using TIL infusions (Rosenberg et al. 1986, 1988). However,

no subsequent study has unequivocally shown improved clinical remission rates

or overall survival. Since 1986, investigators have sought to develop methods or

approaches to dissect the mechanisms and identify the key components of immune
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circuitry that would enhance Th1 anti-tumor responses in hematologic malignancies

and solid tumors. It has been a challenge to show that effector cell therapy per se

provides a sustained memory anti-tumor or anti-leukemia effect. Furthermore, the

strategies involving ex vivo expansion of TIL, ATC, or COACTS are limited by the

numbers of functional cytotoxic T lymphocytes (CTL) that can be grown ex vivo.

One major limitation of autologous T cell-based products is their impaired func-

tional capacity due to intrinsic T cell defects caused by malignancy (Whiteside

1999), chemotherapy effects, or a combination of both. It is clear that patients

who have cancer and/or have undergone chemotherapy for their cancer have

impaired T cell and other immune components.

A prime example of successful T cell adoptive immunotherapy has been the

allogeneic stem cell transplant (SCT) paradigm wherein donor T cells in the stem

cell graft or donor lymphocyte infusions (DLIs) provide a graft-vs-leukemia or

lymphoma (GVL) effect. In allogeneic stem cell transplantation, there is a clear

anti-leukemia effect when DLIs are infused after relapse of chronic myelogenous

leukemia (CML), acute myelogenous leukemia (AML), acute lymphocytic leukemia

(ALL), and other hematologic malignancies (Deol 2010; Kolb et al. 1990). CML is so

sensitive to immunotherapy that DLI can induce both cytogenetic (disappearance of

the Philadelphia chromosome) and molecular (disappearance of bcr-abl) remissions

(Kolb et al. 1990; Kolb and Holler 1997) whereas acute myelogenous leukemia, and

acute lymphocyte leukemia are not as responsive to DLI.

Clinical responses were reported in patients with advanced stage malignant

melanoma (MM) (Dudley et al. 2002). Cloned specific CTL were given to patients

with MM during the nadir of their lymphocyte and neutrophil counts (<20/mm3)

7 days after non-myeloablative chemotherapy consisting of cyclophosphamide

(60 mg/kg � 2 days) and fludarabine (25 mg/m2 � 5 days) (Dudley et al. 2002).

A mean of 7.8 � 1010 (2.3–13.7 � 1010) anti-melanoma CTL were infused into

MM patients with concomitant 720,000 IU of IL-2/kg bolus given every 8 h. Six of

13 (46%) patients had objective clinical responses, while 4 of 13 (30%) had mixed

responses.

A GVL effect was seen in patients who developed EBV-driven lymphoproli-

ferative disorders (LPD) after T cell-depleted allogeneic SCT (Liu et al. 2002).

In patients with LPD, infusion of EBV-specific CTL induced clinical remissions in

patients who had developed LPD after allogeneic SCT (Rooney et al. 1998). On the

other hand, objective clinical responses were minimal or absent in patients with

most solid tumors. The use of DLI was recently reviewed (Deol 2010). Poor clinical

responses to immunotherapy in solid tumor patients pose a major clinical challenge

for successful targeted immunotherapies for cancer.

14.1.2 Mechanisms of Tumor Resistance and Escape

Mechanisms that tumors use to escape immune surveillance include low expression

of tumor or HLA antigens, low or no expression of co-stimulatory molecules, or

defects (zeta chain defects) in patient T cell signal transduction pathways. All these
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immune mechanisms may confer “resistance” to T cell-based immunotherapies

(Whiteside 1999). Tumors may also induce tolerance via secretion of suppressive

cytokines that can induce myeloid and lymphoid regulatory cells. Potent T regu-

latory cells (Tregs), myeloid derived suppressor cells (MDSC), and suppressor

monocytes can inhibit the development of anti-tumor CTL as well as specific

antibody responses to tumor vaccines. Preclinical in vitro and in vivo studies

suggest that strategies which take advantage of non-MHC restricted T cell cytotoxi-

city as an approach of targeting T cells to tumors may circumvent tumor escape

mechanisms.

14.1.2.1 HLA-Mediated Tumor Resistance

Several studies show that decreased or altered levels of HLA antigen expression on

tumors allow them to become resistant to lysis by Class I restricted antigen specific

CTL (Rivoltini et al. 1995; Cohen et al. 1994). The phenomenon of altering HLA

antigen expression has been reported in carcinomas of the breast (Concha et al.

1991), prostate (Blades et al. 1995), colon (Browning et al. 1996), lung (Redondo

et al. 1991), pancreas (Torres et al. 1996), and in malignant melanoma (Ferrone and

Marincola 1995).

14.1.2.2 Immunosuppressive Cytokines

Tumor cells subvert immune responses by secreting suppressive cytokines that

inhibit T cell proliferation and function. TGF-b secreted by tumors down-regulate

anti-tumor cytokines such as IL-2 and IFN-g by secretion of IL-10 and IL-6.

The suppression of IL-2 and IFN-g not only inhibits T cell proliferation, but also

inhibits production of perforin granules and granzyme B responsible for mediating

T cell cytotoxicity (Smyth et al. 1991). Immunosuppressive cytokines have been

reported to decrease clinical responses to treatment with IL-2 or IFN-a (Blay et al.

1992; Tartour et al. 1996).

Preclinical studies show that BiAb-armed activated T cells can lyse tumor

targets not only in the presence, but also in the absence of IL-2 (Zeidler et al.

1999). TNF-a, IFN-g, GM-CSF, IL-4, IL-6, and IL-10 are released during the

process of BiAb-armed T cell mediated tumor lysis in the absence of IL-2 (Klein

et al. 1997). Furthermore, analysis of serum cytokine levels in patients treated

with BiAb-armed T cells showed increased levels of TNF-a and IFN-g and no IL-4
(Klein et al. 1997). TNF-a and IFN-g secreted during BiAb engagement of the TCR

shift the in vivo tumor milieu towards a Th1 anti-tumor environment. Furthermore,

repeated reactivation of T cells armed with anti-CD3 � anti-CD19 or anti-CD3 �
anti-Her2 may increase survival and enhance in vivo cytotoxicity (Klein et al. 1997;

Grabert et al. 2006). Recent studies using anti-CD3 � anti-Her2/neu BiAb armed

ATC showed not only induction of Th1 cytokine secretion but also induction of

GM-CSF, RANTES, and MIP1a (Grabert et al. 2006); which may enhance killing
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and provide an environment for immunizing the patient’s endogenous immune

system against the tumor antigens released from the cytotoxic event.

In addition to tumor escape and sabotage of immune responses, physical barriers

of tumor architecture and vasculature provide a formidable if not impenetrable

fortress that blocks the infiltration of immune effectors and antibodies. Effector

cells and molecules are required to “swim upstream” against pressure gradients, or

insinuate their way through a multi-layer defense perimeter created by the tumor to

prevent contact with effector cells.

14.1.2.3 Armed T Cells with BiAb May Avoid Fratricide of Effector T Cells

Cytotoxic T cells bearing Fas ligand (FasL) are known to induce apoptosis in tumor

cells that express Fas receptors (CD95). Antigen-dependent binding of T cells

to tumors releases IFNg which upregulates Fas on tumor targets (Mullbacher and

Lobigs 2002). The FasL–Fas interaction between the T cells and tumor cells

induces caspase proteolytic activity leading to apoptosis of tumor cells. Unfortu-

nately, the tumor cells mount a counterattack inducing apoptosis in the effector

T cells (Zeytun et al. 1997; Zaks et al. 1999; Walker et al. 1997). Colon, prostate,

liver, lung, pancreatic, and malignant melanoma tumor cells have all been reported

to express FasL. This FasL counterattack mechanism may eliminate effector T cells

and sabotage the specific immune response before it begins (O’Connell et al. 1996).

Furthermore, if there is no co-stimulation with CD28 during engagement of

the TCR, activation-induced cell death (AICD) may occur (Daniel et al. 1997).

The FasL on T cells can also react with Fas-sensitive T cells and induce effector cell

apoptosis if co-stimulatory signals are insufficient to induce enough IL-2 secretion

to protect T cells from AICD. It is noteworthy that TCR stimulation can protect

CD8+ T cells from CD95-mediated apoptosis (Karas et al. 2001). BiAb-armed

T cells that restimulate their TCRs upon binding with a target may be resistant

to AICD since cross linking of the TCR and juxtapositioning of other signaling

receptors via the BiAb complex may mimic or substitute for second signals,

thereby preventing apoptosis (Grabert et al. 2003). In our recent study, we showed

that armed ATC can repeatedly mediate cytotoxicity as well as proliferate after

killing (Grabert et al. 2003). Therefore, targeting ATC with BiAbs may not only

re-stimulate the armed ATC to proliferate and secrete Th1 cytokines, but also

enhance in vivo T cell survival by preventing apoptosis and/or self-induced AICD.

14.1.3 BiAb Retargeting of Effector Cells

14.1.3.1 Redirecting T Cells and NK Cells with BiAbs

It has been nearly three decades since the construction of the first BiAbs created by

joining two mAbs (Raso and Griffin 1981; Titus et al. 1987; Perez et al. 1986; Segal

et al. 1988). A critical element for BiAbs used to target effector cells is the ability of
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the anti-effector binding portion of the BiAb to trigger the desired effector cell

function. In other words, simultaneous binding of BiAb to receptors on the effector

cells and the targets would trigger functionality associated with activation of that

particular cell type. For example, anti-CD3 binding of anti-CD3 � anti-Her2

bispecific antibody to T cell and Her2/neu on the breast cancer cell lines, respec-

tively, triggers activation leading to cytotoxicity, cytokine secretion, and prolifera-

tion of the T cells only upon binding to tumor target.

The most pragmatic and straightforward approach for the use of BiAbs would be

to design a BiAb that could be administered to the patient in vivo. In this situation,

the infused BiAbs would activate and target effectors to the selected tumor target.

The conventional approach for clinical application has been to administer the BiAb

intravenously at concentrations that would optimize binding to both the effector

and tumor cells. The majority of the clinical trials using BiAbs have infused BiAbs

as “drugs”. Details for engineering, clinical applications, side effects and clinical

limitation, and clinical results are discussed and reviewed in the other chapters.

14.1.3.2 Retargeting of Ex Vivo Expanded T and NK Cells

Arming of ex vivo expanded ATC with anti-CD3 � anti-TAA -BiAb transforms

non-specific cytotoxic T cells into tumor antigen specific CTL conferred by the

mAb directed at the TAA (Renner et al. 1997a). This approach creates an antibody

receptor on all T cells that target a TAA and kill tumor cells using the perforin/

granzyme system.

There was a lot of excitement in the early 1990s for ex vivo activated T cells

armed with BiAbs. This strategy would theoretically take advantage of multiple-

fold short-term (10–14 days) ex vivo expansion of patient T cells and arming with

BiAb. Multiple infusions of large numbers of armed ATC would significantly

increase the precursor frequency of specific CTL in patients. Treatment with BiAb

armed ATC should lead to binding and enrichment of T cells at tumor sites leading

to augmented anti-tumor activity. Figure 14.1 shows a model of in situ cytotoxicity

leading to local and systemic vaccination. Table 14.1 summarizes the preclinical

studies involving arming of effector T and NK-T cells with BiAbs that contain

anti-CD3 as one parent mAb and a second mAb directed at TAA. Table 14.2

summarizes the clinical trials that involve ex vivo or in vivo arming of effector

cells. BiAbs that contain anti-CD3 can be infused to arm T cells in vivo and engage

T cells and tumor cells simultaneously. On the other hand, ex vivo arming has the

advantages and disadvantages of ex vivo expansion of ATC.

14.1.4 BiAbs for In Vivo Retargeting

A total of 22 mAbs are clinically approved. Their therapeutic applications include

organ graft rejection, anti-platelet therapy, rheumatoid arthritis, respiratory syncytial

virus infections, Crohn’s disease, breast cancer, colon cancer, asthma, and
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Anti-CD3 Anti-TAA

Chemokine Release

IL-12

Tumor

Monocyte
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Armed T cell

Th1  Cytokine
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Effector Memory T cell

Tumor Antigens

Endogenous 
T cells
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Fig. 14.1 BiAb targeting of T cells to tumor leads to in situ immunization of the endogenous

immune system. Activated T cells armed with BiAb engage the tumor by targeting TAAs on the

tumor. The process of targeting induces Th1 cytokine release from the T cells and TAA release from

tumor lysis that are processed by dendritic cells (DCs) induced by IL-12 (produced by monocytes).

The DCs process and present antigens to endogenous naı̈ve T cells recruited to the tumor site by

chemokine release leading to in situ vaccination and systemic immunization to the TAAs

Table 14.1 Anti-CD3 � anti-TAA combinations for preclinical studies

Target antigen BiAb Tumor target References

Tenascin

Anti-CD3 � anti-

tenascin Human glioma Davico et al. (1995)

Glioma

Anti-CD3 � anti-

glioma Human glioma Nitta et al. (1990b)

CD13

Anti-CD3 � anti-

CD13

CD13+ acute myeloid

leukemia Kaneko et al. (1993)

MUC1

Anti-CD3 � anti-

MUC1 Bile duct carcinoma Katayose et al. (1996)

EpCAM

Anti-CD3 � anti-

EpCAM

Epithelial cell adhesion

molecule on

adenocarcinomas Riesenberg et al. (2001)

kDal K29

Anti-CD3 � anti-

kDalK29 Renal cell carcinoma Zhu et al. (1994)

G250

Anti-CD3 � anti-

G250 Renal cell carcinoma Luiten et al. (1996)

Transferrin

receptors

Anti-CD3 � anti-

transferrin

receptor transferrin receptors Jost et al. (1996)

(continued)

14 Bispecific Antibodies for Arming Activated T Cells and Other Effector Cells 249



Table 14.1 (continued)

Target antigen BiAb Tumor target References

AMOC-31

Anti-CD3 � anti-

AMOC-31

40-kDa membrane-

bound glycoprotein

expressed by

carcinomas Kroesen et al. (1993)

B cell idiotype

Anti-CD3 � anti-

idiotype

Idiotype on BCL1

lymphoma in Balb/c

mice Demanet et al. (1996)

CD19

Anti-CD3 � anti-

CD19 Leukemic B cells

Bohlen et al. (1993a) and

Bohlen et al. (1993b)

CD19

Anti-CD3 � anti-

CD19 Malignant B cells

Klein et al. (1997), Bohlen

et al. (1993a), Anderson

et al. (1992), Bejeck et al.

(1995), de Gast et al.

(1995b)

CD20

Anti-CD3 � anti-

CD20 NHL Gall et al. (2005)

CD20

Anti-CD3 � anti-

CD20 Multiple myeloma Gall et al. (2005)

tumor (Fab0)2
Anti-CD3 � anti-

tumor (Fab0)2 For retargeting TIL Chapoval et al. (1995)

CEA

Anti-CD3 � anti-

CEA

Human

carcinoembryonic Ag

expressing cells Kuwahara et al. (1997)

Her-2/neu
Anti-CD3 � anti-

Her2/neu

HER2/neu receptor

expressed by renal

cell, colon, and

breast, prostate

carcinomas

Shalaby et al. (1992), Shalaby

et al. (1995), Brossart

et al. (1998), Sen et al.

(2001), Lum et al. (2005),

Davol et al. (2004a), Zhu

et al. (1995)

CD30

Anti-CD3 � anti-

CD30 Hodgkin’s lymphoma

Renner et al. (1994), Renner

et al. (1996), Pohl et al.

(1993)

PSA

Anti-CD3 � anti-

PSA

Prostate specific antigen

expressed by prostate

carcinomas Katzenwadel et al. (2000)

CA19-9

Anti-CD3 � anti-

CA19-9 CA 19-9 Hombach et al. (1997b)

HLA-DR beta

chains

Anti-CD3 � anti-

HLA-DR beta

chains Malignant B cells Kostelny et al. (2001)

EGFR

Anti-CD3 � anti-

EGFR

Glioma, neoplastic

keratinocytes Negri et al. (1995)

CA125

Anti-CD3 � anti-

CA125 Ovarian carcinomas Chan et al. (2006)

EGFR

Anti-CD3 � anti-

EGFR

Colon, head and neck,

and lung Reusch et al. (2006)
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Table 14.2 Clinical trials using bispecific antibodies

Targets

BiAb INNs/Trade names
(company) Effector cells References

Human glioma Anti-CD3 � anti-glioma LAK Nitta et al. (1990a)

Ovarian carcinoma

Anti-OCAA � anti-CD3

OC/TR T-cells Bolhuis et al. (1992)

Non-Hodgkin’s

lymphoma

Anti-CD3 � anti-CD19

SHR-1 T-cells de Gast et al. (1995a)

Human

carcinoembryonic

Ag expressing cells Anti-CD3 � anti-CEA T-cells Kuwahara et al. (1996)

Lung cancer, renal cell

cancer

Anti-CD3 � Anti-EGP2

BIS-1 T-cells Kroesen et al. (1997)

AML CD64 � CD33 251-22

Monocyte/

macrophage Chen et al. (1999)

CA19-9+ tumors

Anti-CD3 � anti-CA19-9

OKT3/NSI19-9 T-cells

Hombach et al.

(1997b)

Ovarian, gastric,

colon, breast

(malignant ascites)

Anti-CD3 � anti-EpCAM

Removab®

(Trion Pharma) T-cells

Burges et al. (2007)

(Market Approved

2009)

Ovarian carcinoma Anti-CD3 � anti-CEA T-cells Compte et al. (2007)

Gastric, lung, colorectal

Anti-CD3 � anti-EpCAM

Removab®

(Trion Pharma) T-cells Sebastian et al. (2007)

Her2+ tumors

Anti-CD16 � anti-HER2

(2B1) NK

Borghaei et al. (2007),

Weiner et al.

(1995)

Hodgkin’s disease

Anti-CD16 � anti-CD30

HRS-3/A9 NK Hartmann et al. (1997)

Breast and prostate

cancer

Anti-CD64 � anti-Her2

(MDX-210;
MDX-H210)

Monocyte/

macrophage

James et al. (2001),

Valone et al.

(1995)

Solid tumors

Anti-CD64 � anti-EGFR

(MDX-447)
Monocyte/

macrophage Fury et al. (2008)

NHL

Anti-CD3 � anti-CD20

CD20BiAb T-cells ClinicalTrials (2010e)

Metastatic breast cancer

Anti-CD3 � anti-Her2

Her2BiAb T-cells

ClinicalTrials (2010g)

Phase II

Ovarian carcinoma

Anti-CD3 � anti-EpCAM

Removab
(Trion Pharma) T-cells

ClinicalTrials (2010b)

Phase II

Metastatic breast cancer

Anti-CD3 � anti-Her2

Ertumaxomab
(Trion Pharma) T-cells

ClinicalTrials (2010d)

Phase 1/II

Metastatic melonoma

Anti-CD28 � MAPG

rM28 T-cells

ClinicalTrials (2010a)

Phase 1/II

NHL

Anti-CD3 � anti-CD19

Blinatumomab
(Micromet) T-cells

ClinicalTrials (2010c)

Phase 1/II

B-precursor acute

lymphoblastic

leukemia

Anti-CD3 � anti-CD19

Blinatumomab
(Micromet) T-cells

ClinicalTrials (2010f)

Phase 1/II
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hematologic malignancies. Furthermore, new unconjugated, radioimmunoconjugated,

and chemoimmunoconjugate mAbs have been approved based upon clinical

efficacy and impact through specific targeting of CD20+ lymphomas, EGFR,

and Her2/neu+ solid tumors. Table 14.2 summarizes the clinical trials using

BiAbs for treatment of cancer. The ready availability of FDA-approved mAbs

provides a unique opportunity to use any one of the clinically approved mAbs for

heteroconjugation to create BiAbs against various tumor targets.

14.1.4.1 Clinical Trials Using BiAbs to Activate and Target T Cells In Vivo

Soon after the first BiAbs were produced in the early 1980s by hybridoma technology,

the impact of clinical applications for targeting cancer was quickly recognized

(Raso and Griffin 1981; Titus et al. 1987; Perez et al. 1985). The first phase I

clinical trial using a BiAb infusion was conducted in non-Hodgkin’s lymphoma

(NHL) patients expressing CD19 using anti-CD3 � anti-CD19 (SHR-1) BiAb

produced from a quadroma (de Gast et al. 1995a). The clinical strategy was to

determine if SHR-1 infusions could arm endogenous T cells and retarget the T cells

to lymphomas. Except for thrombocytopenia, doses of SHR-1 ranging from 5 to

10 mg were not toxic. Unfortunately, the favorable toxicity profile was not

accompanied by clinical efficacy in chronic lymphocytic leukemia (CLL) patients.

Failure to induce clinical responses in the phase I trials was thought to be related

to rapid clearance of SHR-1. Since the pharmacokinetics of each BiAb construct

can vary dramatically, customizing the engineering of each BiAb to improve

persistence in the circulation, affinity to optimize T cell activation, and/or affinity

to optimize tumor targeting to improve clinical efficacy is important.

BIS-1 (anti-CD3 � anti-EGP-2) was constructed to target T cells to carcinoma

cells expressing the 38-kDa epithelial carcinoma-associated transmembrane glyco-

protein, EGP-2 (clustered with CO17-1A, KS1/4, AUA-1, and MOC-31) (de Gast

et al. 1995a). BIS was engineered to persist in vivo. The anti-EGP-2 mAb compo-

nent of BIS was clinically effective for imaging tumors (Kosterink et al. 1995). In

a Phase I clinical trial in renal cell cancer patients, intravenous infusions of BIS-1 in

combination with IL-2 induced high levels of specific cytotoxicity associated with

elevated serum levels of TNF-a and IFN-g (de Gast et al. 1995a). The maximum

tolerated dose (MTD) of 5 mg/kg was reached with dose limiting toxicities (DLTs)

that included dyspnea, vasoconstriction, and fever without anti-tumor responses.

This study illustrated that clinical toxicities in patients could not be predicted by

lack of toxicity in the preclinical toxicology studies in rats.

In contrast to systemic injection, injection of autologous ATC and BIS-1 into

carcinomatous ascites or pleural effusions did not cause systemic toxicities

(Kroesen et al. 1997). The ex vivo ATC were produced by stimulating peripheral

blood mononuclear cells (PBMC) for 2 days with IL-2. Seventy percent of the CD3+

cells were CD8+ cells and specific cytotoxicity directed at EGP-2 targets was

60–80% at an effector/target ratio (E/T) of 9. There was a strong anti-inflammatory

response and anti-tumor activity only when both BIS-1 and ATC were infused
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together. Samples of ascites or pleural exudates showed aggregates of T cells and

tumor cells with subsequent clearance of tumor cells from the ascites or pleural

exudates. There was a decrease in local CEA levels, a marked granulocytosis, and

an increase in TNF-a levels 24 h after starting the treatment. The expression of

ICAM-1 increased on leukocytes and tumor cells, within 4 h after the infusion.

There were no DLTs other than mild fever. The anti-tumor efficacy observed under

local administration suggests that DLTs resulting from systemic administration of

BIS-1 was a critical factor that limited efficacy. Injection of BIS-1 into ascites

armed the injected ATC but would not arm circulating T cells thereby avoiding

cytokine storm. On the other hand, systemic administration of BIS-1 could poten-

tially activate as many as a trillion T cells via FcgR binding leading to cytokine

storm as illustrated in Fig. 14.2. Therefore, if the anti-CD3 F(ab0) were highly

effective at activating T cells, then it would not be surprising for systemic intrave-

nous infusion of BIS-1 to cause cytokine storm similar to that reported for OKT3.

Therefore, even if ex vivo ATC were armed with 100 ng/106 ATC and washed

prior to infusion, the dose of BiAb that would be infused on ATC would be many

logs less than the dose infused as free BIS-1. Figure 14.1 shows how anti-CD3 �
anti-TAA armed T cells would target tumor, release cytokines, lyse tumor, and

create tumor fragments that antigen presenting cells could process and present to

endogenous T cells. Figure 14.2 shows how the free Fc portions of BiAbs can

interact with FcgR on monocytes, NK cells, or mast cells leading to cytokine storm.

Furthermore, FcgR-bearing cells may bind to the armed T cells triggering T cells to

secrete cytokines. Anti-CD16 (anti-FcgRIII) � anti-TAA binding can be used to

Mast
Cell

Tumor
TAA

Monocyte

NK Cell
Activation

FcγR

Mast Cell
Activation

Cytokine Storm

BiAb Binding to FcγR on
Immune Cells

FcγR Binding Bridging
between Effector Cells

Monocyte
Activation

T Cell

NK Cell 

Fig. 14.2 Mechanism leading to cytokine storm. Left Panel shows how infusions of BiAbs alone

can bind to FcgR on NK, mast, and monocytes and induce the release of cytokines/chemokines

leading to the cytokine storm. Right Panel shows how the interaction between armed ATC can

occur via available Fc portions of the BiAb on ATC
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target NK cells and neutrophils whereas monocytes can be redirected with anti-

CD64 (anti-FCgRI) to target TAA.

FcgRIII (CD16) � anti-HER2/neu (2B1) created from a quadroma targets NK

cells to lyse HER2/neu + tumors. In a phase I clinical trial involving 15 patients, the

non-dose limiting toxicities were fever, chills, nausea, vomiting, and leucopenia.

The major DLT was thrombocytopenia at the 5 mg/m2/dose. Unfortunately, only

minor clinical responses were obtained. Intense cytokine storm was induced by

cross linking of FcgRIII receptors on circulating leukocytes (Weiner et al. 1995).

Treatment induced a 100-fold increase in circulating levels of TNFa, IL-2, and
IL-8; with a slight increase in GM-CSF and IFNg. The maximum tolerated dose

(MTD) was 2.5 mg/m2 and 14 of 15 patients developed human antibody to mouse

antibody (HAMA) responses.

In a phase I/II trial using HRS-3/A9 (FcgRIII � anti-CD30) to treat patients

with refractory Hodgkin’s disease, there were encouraging clinical results with mild

fevers as a side effect (Hartmann et al. 1997). In 15 patients, there were 1 complete

response (CR), 1 partial response (PR), 3 minor responses, and 1 mixed response.

The MTD was not reached at a dose of 64 mg/m2. In a subsequent study involving

16 patients, there was 1 CR, 3 SD, and 3 PR. The most clinical experience was

obtained with anti-CD64 (FCgRI) � anti-Her-2/neu (MDX-H210). MDX-H210

consists of chemically linked bsFab0 fragments of a humanized anti-CD64 Fab0

and a murine anti-HER2/neu Fab0. This second generation construct was

engineered by deleting the Fc domains in an effort to decrease cytokine storm. In

a phase I trial, patients with refractory breast and ovarian cancer were given

intravenous MDX-H210 doses ranging from 0.35 to 18 mg/m2 without DLTs

(Valone et al. 1995). In the phase I trial, patients developed grade I and II “flu-

like” symptoms, grade I/II chest pain, dyspnea, increased serum creatinine, tran-

sient grade IV thrombocytopenia, and grade III hypotension (Valone et al. 1995).

One partial and one mixed tumor response was observed in ten patients. In a

subsequent phase II study in prostate cancer patients, MDX-H210 was well

tolerated at doses between 1 and 8 mg/m2 with side effects of fever, chills,

myalgias, and fatigue (Schwaab et al. 2001). No DLTs were observed. In five of

six patients, prostate-specific antigen (PSA) levels over the 40-day course of

therapy were stable while circulating HER-2/neu levels decreased by 80% at days

12 and 29 (p ¼ 0.03 and 0.06).

In an encouraging phase II study, 25 patients with HER2/neu+ advanced prostate

cancer were treated with MDX-H210 (5 mg/kg/day for 4 days/week every 6 weeks)
and GM-CSF. In the 20 evaluable patients, 35% (7/20) had >50% decrease in their

PSA levels with a median duration of 128 days (71–184). The PSA relative velocity

decreased in 83% (15/18) of the evaluable patients (James et al. 2001). Pain scores

decreased in 58% (7/12) of the patients who were evaluable for pain. Therapy was

stopped in two patients who developed heart failure, dyspnea, and an allergic

reaction and therapy was continued in nine who developed grade III events.

There were no treatment-related deaths.
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In a multi-dose trial, MDX-H210 (given day 4 weekly) and GM-CSF (250 mg/m2

on days 1–4) were given for four consecutive weeks. In 13 patients treated at doses

from 1 to 20 mg/m2, there were no DLTs. Fever and chills developed up to 2 h post-

infusion were associated with peak serum levels of TNF-a (median 88.2 pg/ml) and

IL-6 (median 371 pg/ml). The patients became tachyphylactic to the infusions with

decreased side effects by the fourth week. Five of 11 patients developed human

anti-BiAb (HABA) levels that were 200–500� above baseline after 3 weeks of

treatment. Ten patients completed treatment resulting in one patient having a 48%

reduction in index lesions, six patients with SD, and three patients with PD before

the fourth week (Posey et al. 1999).

MDX-447 (anti-CD64 � anti-EGFR) was tested in a phase I study in 64 patients

to target renal cell carcinoma or head and neck cancer. MDX-447 was produced by

cross linking F(ab0) fragments of H22 directed at FcgR and H425 directed at EGFR.

Groups of three to six patients received MDX-447 (dose levels ranging from 1 to

40 mg/m2/week) alone or in combination with G-CSF (3 mg/kg/day SC on days �3

to 1, days 4–8, and days 11–15). Hypotension was the DLT with grade III toxicities

including fever, hypertension, arrhythmia, allergic reaction, dyspnea, and tumor

pain (Fury et al. 2008).

A construct consisting of conjugated F(ab0) fragments (anti-CD64 � anti-CD30

[H22 � Ki-4]) was given IV to ten patients with refractory Hodgkin’s disease in a

phase I dose escalation study. Doses ranging from 1 to 20 mg/m2/day on days 1, 5,

and 7 were given with transient and mild side effects that included hypotension

(4 of 10), tachycardia (6 of 10), fatigue (10 of 10), and fever (2 of 10). There was

one patient with a CR, three patients with PR, and four patients with SD

(Borchmann et al. 2002).

Recent studies using single chain scFv-based bispecific T-cell engager (BiTE)

format (Micromet) have produced promising clinical results. BiTE antibodies have

induced potent lysis of target antigen-expressing cells at pico- to femto-molar

concentrations while associated with conditional T cell activation (Baeuerle et al.

2003; Brischwein et al. 2007). Details of this approach and clinical results are in

Chap. 15 (Baeuerle). Phase I/II clinical trials are being performed with MT103

(anti-CD19 � anti-CD3, blintumomab) and MT110 (anti-EpCAM � anti-CD3)

BiTE antibodies (Dreier et al. 2002, 2003; Loffler et al. 2000). Clinical results

with MT103 from ongoing phase 1/2 studies strongly suggest that T cells can

be engaged and redirected to lyse tumors by MT103 (Bargou et al. 2008). In 38

non-Hodgkin’s lymphoma (NHL) patients with follicular lymphoma, mantle cell

lymphoma, and CLL who received MT103 at doses from 0.0005 to 0.06 mg/m2 per

day, 11 patients had objective clinical responses. Four had a CR and seven had PR

at doses of 0.015 mg/m2 per day and higher. Seven of these patients who received

0.06 mg/m2 per day had objective responses. MT103 at doses of 0.015 mg/m2 per day

and higher eliminated tumor cells in the blood, lymph nodes, spleen, and bone

marrow. In 9 of 11 cases with bone marrow involvement, immunohistochemical

staining and flow cytometry show complete (6/11) or partial (3/11) elimination of
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tumor cells (Bargou et al. 2008). In an ongoing phase II trial in patients with

precursor B cell acute lymphoblastic leukemia (B-ALL), MT103 eradicated rare

tumor cells in bone marrow that can only be detected by sensitive quantitative

PCR methods (Topp 2008). These data suggest that MT103 recruits and redirects

T cells against both bulky and minimal residual hematological malignancy

(Baeuerle and Reinhardt 2009).

Another promising approach is the use of trifunctional antibodies (TriAb) to

improve the clinical effectiveness of BiAb (Zeidler et al. 1999, 2000). Chapter 16 by

Horst Lindhofer provides specific details on TriAbs. A phase I/II study using TriAb

Removab® (anti-CD3 � anti-EpCAM, catumaxomab, Trion Pharma) was done by

giving intraperitoneal injections of Removab® to 23 patients with malignant ascites

from pretreated refractory ovarian cancer resulting in a 5 log reduction of EpCAM

positive tumor cells in the ascites fluid with acceptable safety profiles (Burges et al.

2007). In 2009, Removab® received European Union approval for IP treatment of

ascites in patients with EpCAM-positive carcinomas. Removab® is not only the first

drug approved for malignant ascites, but also the first BiAb approved for clinical use.

Kiewe et al. (2006) reported a recent phase I trial in women with metastatic

breast cancer using the TriFab ertumaxomab (anti-CD3 � anti-Her2/neu designed

with a Fcg type I/III receptor, ertumaxomab, Fresenius Biotech GmbH).

Ertumaxomab establishes a tri-cell complex between T cells, Fc-receptor positive

cells, and tumor cells (Kiewe et al. 2006) (Fig. 14.2). Fifteen of 17 patients

completed the study with a MTD of 100 mg with mild and transient side effects

with objective tumor responses in 5 out of 15 patients (1 CR, 2 PR, and 2 SD). There

was a Th1 cytokine pattern in the serum of patients.

In a phase I trial using Removab® for non-small cell lung cancer, Removab®was

infused intravenously in combination with dexamethasone to reduce cytokine side

effects. The MTD was 5 mg catumaxomab given after 50 mg of dexamethasone

(Sebastian et al. 2007). The key observation is that steroids can be given to prevent

DLT and still maintain clinical responses.

A potentially highly innovative and novel future application of Removab®

would be to target T cells to solid tumors in patients undergoing allogeneic stem

cell transplant [US Patent 2000601154810 entitled “Treating tumor Growth and

metastasis by using TriFab antibodies to reduce the risk for GVHD in allogeneic

anti-tumor cell therapy”]. If Removab® could induce a specific anti-tumor effect

after allogeneic stem cell transplantation while preventing the development of

acute graft-vs-host disease, it would be an extraordinary clinical advance for the

treatment of solid tumors and hematologic malignancies.

In the past 15 years, there have been significant advances in the design and

application of BiAbs for intravenous and local injections for the treatment of

tumors. The toxicity and clinical efficacy profiles have progressed from BiAbs

that caused cytokine storm limiting their clinical effectiveness to the more recent

constructs that have improved clinical efficacy without inducing DLTs. The lessons

learned from the series of BiAb trials can be summarized as follows: (1) design of

the anti-effector activating/engaging portion (anti-CD3 or anti-FcgRIII or anti-

FcgRI) is critical to the activating function of the BiAb; (2) deletion or modification
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of the Fc portions may decrease the side effects of cytokine storm; and (3) the

concomitant use with immunomodulating drugs or chemotherapy may alter or

improve the tolerability of BiAb infusions.

14.1.5 Clinical Trials Using Activated T Cells or Effector
Cells Armed with BiAbs

The first clinical trial using ex vivo armed autologous LAK was reported in 1990

(Nitta et al. 1990a). LAK were co-injected with chemically heteroconjugated anti-

CD3 � anti-glioma BiAb into ten patients. Both armed and unarmed LAK were

given locally into the brain tumors. Of the ten patients who received armed LAK,

four patients had tumor regression and four patients had improved overall survival

(OS). OS and progression-free survival (PFS) appeared better than that seen for

patients who received unarmed LAK.

In a subsequent phase I trial for glioma patients, anti-CD3 activated T cells

(ATC) were co-injected into the surgical cavity of glioma patients in combination

with two BiAbs (anti-CD3 � anti-EGFR and anti-CD28 � anti-EGFR) via an

Ommaya reservoir. Two of ten patients with clinical responses received 70 and

250 � 106 ATC. It is quite remarkable that such a small number of cells led to

clinical responses with only transient fever, nausea, headache, and aggravation

of pre-existing neurologic deficits (Jung et al. 2001).

In 1992, 5 � 109 phytohemagglutinin (PHA)- or anti-CD3-activated T cells

armed with anti-CD3 � anti-Mov28 (ovarian carcinoma-associated antigen) were

injected intraperitoneally to treat five patients with ovarian carcinoma (Lamers

et al. 1992). T cells were cultured for 14 and 16 days in media contaning

78% RPMI 1640, 20% AIM-V, and 2% human plasma. Both CD4 and CD8 T

cells expanded, but the predominant population was CD8. Immunomodulation and

anti-tumor effects were also noted in patients who received locally injected anti-

CD3 � anti- folate receptor (OC/TR) armed T cells (Lamers et al. 1997).

In a phase II study in 28 advanced ovarian carcinoma patients who had undergone

debulking laparatomies, intraperitoneal injections of ATC armed with OC/TR

induced regressions of advanced ovarian carcinoma (Canevari et al. 1995). The

patients were treated with two cycles of five daily IP doses consisting of OC/TR

armed ATC and 0.6 � 106 IU of IL-2. Transient side effects from the IL-2 were mild

to moderate. ATC were armed with 1 mg/109 BiAb (~1,000 ng/106 cells). There were

no differences between the 17 patients who received armed T cells after removal of

excess OC/TR and the 11 patients who received additional daily infusions of OC/TR

and IL-2. The T cells were cultured in polyolefin gas permeable bags in RPMI,

AIM-V, and a serum mix containing 600 IU of IL-2/ml with >50-fold expansion of

lymphocytes over 2–3 weeks of culture. Ten patients received between 4 and 9 � 109

armed ATC (target dose was 1010). Despite poor prognostic features, 27% (7 of 26) of

the patients showed complete (4) or partial (3) responses. The most frequent side

14 Bispecific Antibodies for Arming Activated T Cells and Other Effector Cells 257



effects weremild to moderate fever, nausea, and emesis. HAMA responses developed

in 84% (21 of 25) of patients between 4 and 5 weeks after therapy. Multiple

metastatic lesions that were >2 cm in diameter disappeared after therapy.

In a pilot phase I dose escalation clinical trial in patients with squamous cell

carcinoma of the head and neck, PBMC were collected by leukopheresis, incubated

with Removab® for 24 h, washed free of the IFN-g and TNF-a cytokines that were

released after arming, and infused into four patients (Riechelmann et al. 2007). This

strategy decreased the side effects of cytokine storm.

14.1.6 Evidence for In Situ Vaccination Using Armed
Targeted T Cells

In our own preclinical and clinical studies, ATC armed with chemically hetero-

conjugated anti-CD3 � anti-HER2/neu BiAb (OKT3 � Herceptin®) [Her2Bi] was

used. In clinical trials, our overall approach was to use polyclonal expansion of

T cells (up to 320 � 109) and arming the ATC with BiAb to create a large population

of TAA-specific CTL. Our preclinical studies show that Her2Bi armed ATC (1) bind

to tumor cells and kill Her2/neu breast (Sen et al. 2001), prostate (Lum et al. 2005),

and pancreatic (Lum et al. 2002) cancer cell lines; (2) secrete IFNg, TNFa, GM-CSF,

RANTES, and MIP-1a (Grabert et al. 2003); (3) can prevent the development of

tumors in SCID/Beige mice or induce remissions when directly injected into

established prostate PC-3 xenografts (Davol et al. 2004a); (4) traffic to PC-3 tumors

in SCID/Beige mice and inhibit tumor growth (Davol et al. 2004a); and (5) kill tumor

cells multiple times and proliferate after tumor cell killing without undergoing

apoptosis (Grabert et al. 2003).

Our phase I clinical trials involve multiple infusions of Her2Bi-armed ATC for

the treatment of patients with high risk stage II–III breast cancer (�4 positive

nodes), stage IV breast cancer, stage IV hormone refractory prostate cancer,

and locally advanced pancreatic cancer. ATC are expanded for 14 days in culture

containing RPMI 1640 supplemented with 2% human serum and 100 IU of IL-2/ml.

At the end of the culture, the ATC are harvested, armed with 50 ng Her2Bi/106

ATC, washed, aliquoted, and cryopreserved.

Our phase I dose escalation trials revealed no DLT at total dose levels ranging

from 80 to 160 � 109 per patient. The patients received two infusions per

week for 4 weeks for a total of eight infusions. The patients were also given low-

dose IL-2 (300,000 IU/m2 daily) and low-dose GM-CSF (250 mg/m2 twice per

week) starting 3 days prior to the first infusion and ending 1 week after the last

infusion. Infusions up to 320 � 109 armed ATC were well tolerated and the toxicity

profile, which included chills, fever, hypotension, and fatigue were not dose

limiting. The chills and fever were easily managed with prophylactic antihistamines

and antipyretics. The hypotension was managed with vigorous hydration.

None of the patients developed dose-limiting allergic, cardiac, pulmonary, renal,
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or GI toxicities. A total of 19 women with metastatic breast cancer, 9 women with

an adjuvant protocol for women with high risk (�4 positive nodes) breast cancer,

6 men with hormone refractory prostate cancer, and 1 patient with metastatic

pancreatic cancer received Her2Bi-armed ATC. One patient died of cardiac toxicity

mostly likely due to toxic digoxin levels and not due to immunotherapy. Decreased

pain levels occurred in women with breast cancer and men with prostate cancer

(Davol et al. 2004b). ATC bearing Her2Bi could be detected by flow cytometry up

to several weeks after infusion (Lum et al. 2003). There were high circulating serum

levels of Th1 cytokines (GM-CSF, IFN-g, TNF-a, IL-2), IL-12, RANTES, and
MIP-1a and low levels of Th2 cytokines (IL-10, IL-4). Targeting and lysis of tumor

cells with local release of cytokines and chemokines may, in turn, recruit naive

T cells and antigen-presenting cells to induce a local vaccine response developing

into a robust systemic response (Fig. 14.1).

In a phase I clinical trial, up to 80 � 109 anti-CD3 � anti-C20 (OKT3 �
Rituxan®, CD20Bi) armed autologous ATC were infused in two different infusion

schedules after high-dose chemotherapy and peripheral blood stem cell transplan-

tation. Both schedules were well tolerated and there were no DLTs (Lum et al.

2010). Infusions of 20 � 109 armed ATC as early as 4 days after peripheral blood

stem cell transplant were well tolerated.

14.1.7 Co-activation and Targeting T Cell Strategies

Preclinical strategies that combine co-stimulation with anti-CD3/anti-CD28 and

arming with BiAb have been reported using a combination of BiAbs. Co-stimulation

with anti-CD28 alone or anti-CD28 � anti-TAA results in enhanced signaling

(Alvarez-Vallina and Hawkins 1996; Renner et al. 1995), cytokine production

(Mazzoni et al. 1996), enhanced cytotoxicity in lymphoma and leukemia models

(Demanet et al. 1996; Renner et al. 1994; Bohlen et al. 1993a), and cytotoxicity of

colon carcinoma cell lines (Hombach et al. 1997a). It has been reported that BiAb

and CD28 co-stimulation induced Th1 differentiation (Hombach et al. 1997a).

14.1.8 T Cells Expressing Chimeric Antibody Receptors
to Target TAA

Transducing ATC with a gene for the expression of a chimeric single chain Fv

domain receptor on their surface creates a “T body” or T cells with chimeric

antibody receptors (CARs). Similar to ATC armed with BiAbs, this approach to

deliver a lethal hit to tumor cells bypasses HLA restrictions for targeting tumor

antigens (Fitzer-Attas and Eshhar 1998; Eshhar et al. 1993; Hwu et al. 1993, 1995;

Altenschmidt et al. 1997). However, it remains a challenge to transduce enough

14 Bispecific Antibodies for Arming Activated T Cells and Other Effector Cells 259



T cells with enough potency, under appropriate conditions to mount maximal anti-

tumor effects. Recent studies clearly show that lentiviral vectors have been more

effective than the earlier retroviral vectors in increasing the number of T cells that

would express CARs. Without reviewing T-bodies, the construction and function of

most CARs can be summarized to include heavy and light chain derived variable

regions connected by peptide linkers and activating signaling chains that consist of

a gamma chain and CD28 signaling chains (Sadelain et al. 2003). Early constructs

involved a CAR containing an scFv directed at HER2/neu and the human zeta

signaling chain where engagement of the anti-HER2 receptor with HER2/neu
induced IL-2 secretion and specific lysis (Moritz et al. 1994). T-bodies homed to

tumors and inhibited the growth of HER2/neu transformed tumors in athymic nude

mice (Moritz et al. 1994). Studies were done using ovarian cancer TIL transduced

with a T body receptor directed at a folate binding protein on most ovarian

carcinomas with a FcR signaling chain (Hwu et al. 1993, 1995). Unfortunately,

despite promising preclinical data, the phase I clinical trial did not induce clinical

responses (Kershaw et al. 2006). Another strategy was the transduction of

hematopoietic stem cells so that T cells and other progeny would express CARs

after high-dose chemotherapy and stem cell infusions (Wang et al. 1998). T body

immunotherapy remains a challenge because gene-transduced T cells are known to

down-regulate expression of their transgenes (Plavec et al. 1997; Quinn et al. 1998).

This obstacle has been recently overcome by adding a CD28 signaling chain to the

gamma chain or zeta chain. Recent strategies using such a construct delivered by

vectors include anti-CD19 (Cooper et al. 2005), anti-CEA (Emtage et al. 2008), and

anti-PSMA (Ma et al. 2004). Preclinical studies were also done to provide proof of

principle that IL-1b gene transduced T cells would secrete IL-1b. The transduced T
cells armed with anti-CD3 � anti-carcinoembryonic antigen (CEA) would secrete

high levels of IL-1b as a result of engagement of CEA on the colon carcinoma cell

line LS174T (Trevor et al. 2000).

14.1.9 Why Use BiAb Armed T Cells?

The major advantage of this approach is that large numbers of T cells can be

produced from a single leukopheresis product by polyclonal expansion in 2 weeks

and that arming of the ATC can be done with any BiAb that contains an anti-CD3

component. Different T cell subsets may be selected based on the desired function.

The key versatility is that any TAA can be targeted as long as the anti-TAA

monoclonal antibody is available and the BiAb and ATC are produced under

cGMP conditions. Although armed ATC kill repeatedly in vitro, long-term

in vivo expansion of the infused armed ATC may not continue to mediate cytotoxi-

city because the BiAb would be diluted on the cell surface by cell division or shed

from the T cells. In contrast, smaller numbers of T bodies could be stimulated to

proliferate and expand in vivo to establish a long memory pool of antigen-specific

effector memory T cells without the need for multiple infusions. It is relatively

260 L.G. Lum and A. Thakur



inexpensive to produce ATC and arm them with cGMP grade BiAbs. This simple

approach may override the need for producing large expensive batches of vectors

that need to be qualified for the transduction of T cells with the T body constructs,

which may be oncogenic.

14.1.9.1 Immunologic Space

A number of recent studies show that the depletion of Treg cells or creating

immunologic space using cyclophosphamide leads to improved anti-tumor activity

(Wang et al. 2005; Gattinoni et al. 2005; Grinshtein et al. 2009; Salem 2009). Other

studies clearly indicate that timing and dose of the vaccine can be critical to the

success of the vaccine. Vaccines have been successful before or after chemotherapy

in contrast to the original paradigm that suggested immune recovery must occur

before vaccination. Although it is counterintuitive, it may be theorized that specifi-

cally differentiated T effector memory cells and antigen-specific B cells may be

relatively resistant to chemotherapy and will be the first to expand into the space

created by chemotherapy or lymphodepletion. In a preclinical murine model, admin-

istration of purified activated CD4+ cells inhibited tumor growth or prolonged

disease-free survival when the cells were infused after creating immunologic space

with cyclophosphamide (Saxton et al. 1997). A clinical study using this strategy

showed that purified anti-CD3 activated CD4+ cells induced remissions in patients

with solid tumors using doses of cyclophosphamide ranging from 500 to 1,000/m

(Asano et al. 2010; Curti et al. 1993). The injection of cyclophosphamide 4 days prior

to cell infusions appeared to be critical to the success of the immunotherapy.

14.1.9.2 Binding Sites and Affinity

All anti-CD3 mAbs are not equivalent for inducing a variety of T cell functions.

Anti-CD3 engagement of the TCR is a critical element in BiAbs that target T cells

while simultaneously restimulating T cell functions. The affinity, isotype, targeted

epitope on CD3, and arming concentration may impact on the ability of anti-CD3

mAbs to signal and induce proliferation, cytokine synthesis, and cytotoxicity.

Decreasing valency from two binding sites to a single binding site can markedly

decrease the ability of the anti-CD3 based BiAb to induce specific T cell functions. In

a recombinant BiAb (E3Bi) directed at the EpCAM antigen on tumor cells and CD3

on T cells, the E3Bi produced from clones of the scFv of OKT3 and scFv of GA733.2

connected via a 63 amino acid linker (CD8a Ig hinge-like domain) enhanced specific

cytotoxicity of ATC directed at EpCAM tumor targets when E3Bi was added to

co-cultures (Ren-Heidenreich et al. 2004), but E3Bi could not be detected on ATC

by flow cytometry. On the other hand, increasing the affinity for the TAA can

enhance cytotoxicity (McCall et al. 2001). In a series of anti-HER2/neu extracellular
domain-directed scFvs with affinities ranging from 10�11 to 10�7, increasing affinity

resulted in increasing cytotoxicity at the same E/T (McCall et al. 2001).
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14.1.9.3 Types of Activation, Coactivation, Time in Culture,

and T Cell Subsets

The time in culture after activation of T cells does not affect the ability of BiAbs

to bind to the effector ATC. Co-activation of resting T cells with anti-CD28

in combination with anti-CD3 � anti-CA19-9 induced a Th1 cytokine pattern

consisting of high amounts of IL-2 and IFNg, no IL-4, and low amounts of IL-10

(Hombach et al. 1997a). Highly specific CTLwere obtained 4–14 days after activation

and expansion in low doses of IL-2 (ranging from 100 to 500 IU/ml). In ATC, purified

CD4 and CD8 cells were cytotoxic with CD8 cells being more cytotoxic than T cells

and CD4 cells being less cytotoxic than T cells (Sen et al. 2001). Others have

demonstrated that CD8+CD45RO+ cells exhibit the highest levels of cytotoxicity

and those levels correlate with high levels of mRNA for perforin and granzyme B

(Renner et al. 1997a, b). Unactivated PBMC can be redirected by arming with BiAb

to mediate lower and less consistent levels of cytotoxicity (Sen et al. 2001).

14.1.9.4 Arming of Ex Vivo Activated T Cells vs. In Vivo Arming of T Cells

In vitro activated and unactivated circulating T cells can be armedwithBiAbs to target

non-MHC restricted cytotoxicity to tumor targets (Haagen et al. 1994). Fresh T cells

can be armed with BiAb, leading to proliferation and cytotoxicity (Haagen et al.

1994). The vast majority of investigators choose this strategy to induce anti-tumor

cytotoxicity. The approach we have taken is to avoid in vivo activation of a very large

number of T cells by using ex vivo arming of ATC prior to infusions (Sen et al. 2001).

Strategies that use ex vivo expanded T cells differ substantially from approaches

that infuse BiAb. Considerably more BiAb (micrograms to milligrams per kg body

weight) is infused into patients when the BiAbs are infused directly as opposed to

arming (ng/million) ex vivo expanded ATC. The disadvantage of infusing BiAb is

that the BiAb will bind to all circulating T cells, tumor targets, and Fc-receptor

bearing cells shortly after infusion leading to activation of all cells binding enough

BiAb to trigger activation. The cytokine storm observed in BiAb infusions are due

in large measure to the binding and activation of large numbers of endogenous

T cells as well as FcgR-related activation on Fc-bearing cells. The bridging and

aggregation of effector cells and tumor cells will be dependent upon the affinity of

each arm of the BiAb constructs. The presence of free BiAbs that bind to tumors

prior to the arrival of armed T cells may block TAA binding sites on the tumor

leading to diminished tumor cell lysis.

Another consideration for using armed effector cells is that the immobilized BiAb

on the surface of T cells, NK cells, monocytes, or neutrophils may resist clearance

from circulation better than circulating free BiAbs. BiAbs composed of single

chains, diabodies, single chain diabodies, minibodies, leucine zippered, or knob

into holes are cleared more rapidly than effector cells (Cao and Lam 2003). Smaller

molecules have better tumor penetration but are cleared rapidly, whereas antibody

molecules (large or small) immobilized on the surface of cells are more likely to
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persist. The concentration of BiAb on the T cell surface will be a function of the

arming BiAb dose and the affinity of the anti-CD3 partner. Other important factors

such as the optimal arming concentration of the BiAb and the behavior of the BiAb to

re-activate T cells upon tumor engagement are critical. Overloading ATC with BiAb

may trigger or induce AICD. It goes without saying that arming normal and patient

ATC may markedly differ and, therefore, before clinical trials are performed with a

specific BiAb construct, it would be important to perform in vitro testing as well as

in vivo preclinical animal testing to characterize the armed T cell product.

14.2 Summary

The use of BiAbs for cancer therapy shows great promise. As the understanding

of interactions between cancer stem cells and their immunologic environment

improves, various types of customized BiAb constructs for optimal targeting will

be engineered for in vivo or ex vivo retargeting of T cells to various tumors. The

critical variables that need to be considered for successful manipulation of the

immune system include the type and state of activation of the effector cells,

the affinity of the anti-effector cell and the anti-TAA construct, the presence and

type of regulator or suppressor cells, the type of BiAb (species, number of binding

sites), the presence of decoy antigens, whether the TAA modulates after being

engaged by antibody, the amount and type of tumor, and the “immunologic” state of

the patient prior to the adoptive transfer of T cells.
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Chapter 15

Bispecific T Cell Engager for Cancer Therapy

Patrick A. Baeuerle, Gerhard Zugmaier, and Dominik R€uttinger

15.1 Introduction

Treatment with monoclonal antibodies of the human IgG1 and IgG2 isotypes have

become a mainstay in cancer therapy, particularly, in hematological malignancies

(Ball and Broome 2010). Engagement of Fcg receptor-bearing immune effector

cells, complement fixation, induction of apoptosis, and neutralization of growth

factors are major modes of action of conventional monoclonal antibodies. A limited

efficacy of such antibodies in oncology as monotherapy has prompted intense

efforts in academia and industry to improve their clinical activity. One approach

is defucosylation or the introduction of point mutations in the Fcg1 domain of

antibodies, which significantly improves antibody-dependent cellular cytotoxicity

(ADCC) (Kubota et al. 2009). Several new antibodies with improved Fcg receptor-
binding properties are now in early-stage clinical development. Another technology

to boost antibody efficacy is coupling of toxic payloads, such as chemotherapeutics

or bacterial toxins (Alley et al. 2010). While the US market approval for the anti-

CD33/calicheamycin conjugate Mylotarg®, the first marketed drug of this kind,

has been retracted in 2010, a novel generation of antibody drug conjugates (ADC) is

well advanced in development using new technologies for more stably conjugating

payloads. For instance, an anti-CD30 for treatment of Hodgkin’s lymphoma called

SGN-35, and an anti-Her-2/neu ADC called T-DM1 for treatment of metastatic

breast cancer are in pivotal trials and have shown high response rates in patients

exceeding those of the parental unconjugated antibodies.

A yet different approach for increasing antibody efficacy is bispecific antibodies

capable of engaging cytotoxic T cells (M€uller and Kontermann 2010). T cells lack
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antibody-binding Fcg receptor which is why they cannot be engaged by regular

IgG1 monoclonal antibodies. Combining in one antibody molecule the binding

specificity for a tumor-associated surface antigen with that for a T cell receptor

component holds the promise of not only temporarily connecting a cytotoxic T cell

with a tumor cell but of activating the inherent killing potential most T cells have.

If this is properly achieved by a bispecific antibody, the T cell will adopt a serial

lysis mode and is induced to proliferate at the site where it has been activated by the

bispecific antibody.

Many parameters apparently need to be optimized in order to achieve a proper

T cell engagement by a bispecific antibody. These relate to (a) the selection of an

appropriate surface antigen on cancer cells that is frequently and highly expressed

but ideally absent or inaccessible on normal cells; and (b) the selection of an

appropriate triggering molecule on the surface of T cells that potently activates

T cells but only when a target cell is bound to the T cell. (c) Quite a number of

structural requirements have to be met by a bispecific antibody including but not

limited to fine-tuned binding affinities, selection of appropriate binding epitopes

on the two antigens it is binding to, and the optimal distance and arrangement

of the two distinct binding arms. (d) Finally, bispecific antibodies have to fulfil

the high standards for a pharmaceutical drug candidate such as, for example, good

productivity, high stability and homogeneity, high specificity, well-defined mecha-

nism of action, and features allowing for its toxicological assessment in relevant

animal species.

15.2 Diverse Approaches for T-Cell Engagement

T cells seem to be uniquely suited to fight cancer cells. A large number of non-

clinical studies have shown that induction of T cell responses in animal models can

lead to tumor rejection and long-term protection from recurrence (e.g., Renner et al.

1994; Altenschmidt et al. 1997; Schlereth et al. 2005; Carpenito et al. 2009).

Adoptive transfer of tumor-derived T cells to melanoma patients has been effective

in treating metastatic disease (Rosenberg et al. 2008), and many cancer vaccine

trials have reported partial or complete responses albeit at rather low rates. There is

an astounding correlation found between the presence of cytotoxic effector T cells

inside tumors and the survival of colorectal (Pagès et al. 2005), ovarian (Zhang

et al. 2003), and non-Hodgkin’s lymphoma patients (Wahlin et al. 2007). If tumors

contain many of such T cells, patients live with high statistical significance longer

than those patients whose tumors are not populated by this particular T cell subtype.

This indicates that cytotoxic T cells can control survival of cancer patients even

if tumors are not eliminated.

We are currently seeing an increasing number of pharmaceuticals entering the

market place that work by engaging T cells. Two examples are the prostate cancer

vaccine sipuleucel-T (Provenge®), which is inducing a prostatic acidic phosphatase

(PAP)-specific T cell response (Morse and Whelan 2010), and ipilimumab, an
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anti-CTLA-4-blocking human antibody, which can globally boost natural T cell

responses against cancer cells (Weber 2009). Another example is an EpCAM/CD3-

bispecific trifunctional antibody called catumaxomab (Removab®) (for structure,

see Fig. 15.1), which gained market approval in Europe in 2009 for treatment

of malignant ascites in cancer patients with EpCAM-expressing tumors (Shen and

Zhu 2008; Linke et al. 2010). This antibody not only introduced EpCAM as a novel

target antigen for treatment of cancer to the market, but is the first T cell-engaging

antibody that achieved registration.

Several other T cell-engaging antibodies are under clinical (Fig. 15.1) and pre-

clinical development (Fig. 15.2). Apart from “bispecific T cell engager” (BiTE),

which is the subject of this review article, several bispecific trifunctional antibodies,

a bacterial superantigen/Fab fusion protein, and two kinds of chemically cross-

linked monoclonal antibodies are currently in clinical development. The bacterial

superantigen/anti-5T4 Fab fusion protein called naptumomab estafenatox (Anyara®)

has completed a large phase 3 trial in renal cell cancer that is awaiting efficacy

assessment (Robinson et al. 2010). By chemically crosslinking commercial

antibodies anti-Her-2/neu Herceptin® or anti-CD20 Rituxan® with anti-CD3 murine

antibody Orthoclone® (OKT-3), conjugates can be produced for ex-vivo “arming”

of T cells followed by their adoptive transfer to patients (Lum et al. 2006). Several

phase 1 and 2 studies with this approach are ongoing. In preclinical development are

BiTE
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Anti-CD3

Trifunctional MAb Superantigen
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Rat IgG2b / Mouse IgG2a
Chemical
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Anti-CD3 
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Anti-CD20 Engineered

Bacterial
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In Clinical Development

Fab

scFv 1
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Fig. 15.1 T-cell engaging antibodies under current clinical development. The design of various

antibodies and antibody-derived constructs is shown. Colored boxes correspond to immunoglobu-

lin domains. Red: T-cell engaging part; green: target antigen-binding part. Details can be found in
references in the text. Companies and academic institutions pursuing the respective approaches are

listed. MAb monoclonal antibody

15 Bispecific T Cell Engager for Cancer Therapy 275



so-called tandem diabodies (TandAbs) (Reusch et al. 2004), disulfide-stabilized dual

affinity re-targeting diabodies (DARTs) (Moore et al. 2010 AACR), single-chain

diabodies (Stork et al. 2009), dual variable domain (DVD) antibodies (Wu et al.

2009), and bispecific constructs based on Fab fragments (Willems et al. 2005), each

one using a different structural principle for engaging T cells, as depicted in Fig. 15.2.

A yet different approach is targeting cancer cells by single-chain T-cell receptors or

single-chain antibodies recognizing MHC class I/peptide antigens, both in combina-

tion with an anti-CD3 antibody (Fig. 15.2). One such molecule, called IMCgp100

by Immunocore, has begun clinical phase 1 testing in late 2010 (see Fig. 15.1).

Like vaccines, this class of bispecific antibodies is still restricted by specific MHC

class I complexes presenting tumor-associated peptide antigens. Several companies

and academic groups are pursuing these approaches (Denkberg and Reiter 2006).

Very few studies have attempted to side-by-side compare different bispecific

antibody formats (Molhoj et al. 2007). A great variety of parameters can obviously

influence the activity of bispecific antibodies in cell culture assays including source
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Fig. 15.2 T-cell engaging antibodies under current pre-clinical development. For BiTE antibodies

under pre-clinical development, see Table 15.1. The design of various antibodies and antibody-

derived constructs is shown. This is only selection. Many more antibodies may be under pre-

clinical development but are not disclosed. Colored boxes correspond to immunoglobulin

domains. Red: T-cell engaging part; green: target antigen-binding part. Details can be found in

references in the text, and in respective web pages of listed companies and institutions. The TCR-

based approach uses either soluble single-chain T cell receptors (TCRs; Immunocore, Receptor

Logics) or single-chain antibodies with specificity for peptide/MHC I complexes (Applied

Immune Technologies). TandAb tandem diabody; DART dual affinity re-targeting; DVD dual

variable domain
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of donor T cells, T cell pre-conditioning, cell culture conditions, assay duration,

effector-to-target ratio, and target cell properties. Likewise, many parameters

can impact the activity of bispecific antibodies in mouse xenograft studies. It is

therefore very difficult to draw firm conclusions about the potency and other

properties of bispecific antibodies solely from comparing published data.

There are two obvious advantages of engaging T cells with bispecific antibodies.

One is that any cytotoxic T cell – regardless of its T cell receptor specificity – can be

engaged for tumor cell lysis. This obviates the need of a specific T cell response,

the generation of which is frequently hampered by a variety of immune escape

mechanisms (Rabinovich et al. 2007). The other is that certain kinds of bispecific

antibodies allow T cells to recognize complete surface antigens as have been

validated by monoclonal antibody therapies in clinical settings.

15.3 Bispecific T Cell Engager

A well-characterized class of bispecific T cell-engaging antibodies are “bispecific

T cell engaging” or BiTE antibodies (Baeuerle et al. 2009). Their structure is based

on two single-chain antibodies that are covalently linked by a peptide linker. This

way, a total of four variable domains encoded by four distinct genes are aligned on a

single polypeptide chain encoded by just one gene. BiTE antibodies can use a great

variety of tumor-associated surface antigens for engagement of T cells (Table 15.1).

Best studied are BiTE antibodies binding to CD19, as expressed by most human

B cell malignancies (Dreier et al. 2002, 2003), and to EpCAM (Brischwein et al.

2006a), which is expressed on the surface of many solid tumors (Munz et al. 2009),

and has recently been validated by Removab® (Linke et al. 2010), as described

above. Pre-clinical studies have shown that BiTE antibodies can also specifically

target tumor cells expressing carcinoembryonal antigen (CEA) (Lutterbuese et al.

2009), tyrosine kinase EphA2 (Hammond et al. 2007), epidermal growth factor

receptor (EGFR) (Lutterbuese et al. 2010), and a large melanoma-associated proteo-

glycan called MCSP (Bluemel et al. 2010). Presentations at annual meetings of the

American Association for Cancer Research have reported on novel BiTE antibodies

that mediate redirected specific lysis of cancer cells expressing CD33, insulin-like

growth factor receptor type 1, c-Met, fibroblast-activating protein alpha, prostate

stem cell antigen, and Her-2/neu (Kischel et al. 2008; Raum et al. 2010). The

investigated target antigens for BiTE antibodies compiled in Table 15.1 allow the

conclusion that BiTE antibodies are able to use most if not all surface target antigens

that have been pursued by conventional monoclonal antibody therapies. Further

BiTE programs are in joint development with three large biopharmaceutical

companies, which have not disclosed their respective target antigens.

In the case of the EGFR target, a very recent study has shown that the variable

domains of commercial antibodies cetuximab (Erbitux®) and panitumumab

(Vectibix®) can be used to generate highly potent BiTE antibodies that lyse

tumor cells at very low pg/ml (i.e., sub-picomolar) concentrations using either
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unstimulated or pre-stimulated T cells (Lutterbuese et al. 2010). Unlike the parental

monoclonal antibodies, the BiTE antibodies were highly active against cancer

cell lines harboring mutations in K-RAS and B-RAF genes. This relates to the

fact that BiTE antibodies do not rely for their activity on receptor inhibition as the

monoclonal antibodies but do solely work by engagement of T cells via the EGFR

surface receptor, a mode of action not affected by activating mutations in down-

stream signaling proteins K-RAS and B-RAF. Therefore, BiTE antibodies have the

potential to overcome limitations of conventional antibodies while still using their

well-defined target-binding specificities.

15.4 Properties and Mode of Action of BiTE Antibodies

BiTE antibodies have been studied in great detail for their in-vitro and in-vivo

activities, and for their mode of action (Kufer et al. 2004; Baeuerle et al. 2008,

2009; Baeuerle and Reinhardt 2009). Because BiTE characteristics have been

regularly reviewed, we will here only briefly summarize their properties. Key

features of BiTE antibodies include (a) high potency of redirected target cell

Table 15.1 Surface target antigens thus far tested for BiTE antibodies

BiTE target

(development partner) Indication/target tissue Development status

CD19

B cell malignancies

and disorders

Pivotal, phase 2 and phase 1

clinical studies

EpCAM EpCAM+ solid tumors Clinical phase 1

CEA (MedImmune) CEA+ solid tumors Pre-clinical

N.d. (Bayer Schering Pharma) Solid tumors Pre-clinical

N.d. (Sanofi-aventis) Solid tumors Pre-clinical

N.d. (Boehringer Ingelheim) Multiple myeloma Pre-clinical

EGFR EGFR+ solid tumors In-vivo PoC (monkey, mouse)

CD33 AML, CML, MDS In-vivo PoC (monkey, mouse)

MCSP Melanoma In-vivo PoC (monkey, mouse)

EphA2 EphA2+ solid tumors In-vivo efficacy (mouse)

PSCA Prostate cancer In-vitro activity

FAP-alpha Sarcoma, stromal fibroblasts In-vitro activity

IGF-1R IGF-1R+ solid tumors In-vitro activity

Her-2/neu Breast and gastric cancer In-vitro activity

Endoslialin Neovasculature In-vitro activity

Carboanhydrase IX Renal cancer In-vitro activity

cMet cMet+ solid tumors In-vitro activity

Abbrevations used are: EpCAM epithelial cell adhesion molecule; CEA carcinoembryonal antigen

(also called CD66e; CEACAM5); N.d. not disclosed; EGFR epidermal growth factor receptor

(also called HER-1); MCSP melanoma-associated chondroitin sulfate proteoglycan (also called

HMW-MAA, CSPG4, NG2); EphA2 ephrin type-A receptor tyrosine kinase; PSCA prostate stem

cell antigen; FAP-alpha fibroblast-activating protease-alpha; IGF-1R insulin-like growth factor 1

receptor; Her-2/neu epidermal growth factor receptor 2; cMet hepatocyte growth factor receptor

tyrosine kinase; PoC proof of concept. For references, see text
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lysis, (b) strictly target cell-dependent polyclonal activation of CD8+ and CD4+

T cells, (c) induction of serial lysis mode by T cells, and (d) the induction of T-cell

proliferation. The high potency of redirected target cell lysis of most BiTE

antibodies in the pico- to femtomolar range may relate to a highly efficient activa-

tion of the T-cell receptor (TCR) complex (Brandl et al. 2007; Brischwein et al.

2007a). Activation of only a single digit number of receptors of a specific cytotoxic

T cell by MHC I/peptide complexes is sufficient for a full-blown cytotoxic reaction

against an appropriate target cell (Purbhoo et al. 2004), showing a high degree of

signal amplification. A few BiTE antibodies bound to the surface of a target cell

therefore appear as efficient as a few MHC class I/peptide complexes for fully

activating a transiently connected T cell. Both stimuli lead to formation of a

cytolytic synapse (Offner et al. 2006). Triggering of the TCR by either MHC

class I/peptide complexes or an anti-CD3 antibody requires clustering of a finite

small number of receptors (Minguet and Schamel 2008), This may explain why

single-armed binding of BiTE antibodies to CD3 does not fully activate T cells

unless BiTE antibodies are presented to the T cell as an “activation matrix” on the

surface of a target cell (Brischwein et al. 2007a).

Once activated by a BiTE antibody, T cells can adopt a serial lysis mode through

which they can sequentially eliminate target cells (Hoffmann et al. 2005). This is

accompanied by upregulation of granzyme and perforin expression (Haas et al.

2009), as needed for re-loading secretory granules of cytotoxic T cells. Experimen-

tally, serial lysis can be demonstrated by complete target cell lysis at low effector-

to-target cell ratios or by following the activity of individual T cells in cell culture

using video-assisted microscopy. BiTE stimulation induces proliferation of T cells

with one cell cycle occurring approximately every 24 h (Brischwein et al. 2006).

This reaction will increase available T cells in target tissue, which may greatly

contribute to the velocity of tumor eradication.

The mode of BiTE action involves formation of a cytolytic synapse (Offner et al.

2006), and critically relies on the pore-forming activity of the protein perforin

(Haas et al. 2009). When pore formation is blocked by chelation of extracellular

calcium, no target cell lysis is observed. Perforin is therefore important for

both perforation of the target cell membrane as well as for delivery of granzymes

into the cytoplasm of target cells (Kurschus et al. 2008). Among the various

granzymes stored in secretory granules of cytotoxic T cells, granzyme B appears

most potent in activating pro-caspases and inducing programmed cell death (apo-

ptosis) in target cells (Kurschus and Jenne 2010). A pan-caspase inhibitor can,

however, not prevent target cell lysis by BiTE antibodies, indicating that perforin

and perhaps other granzymes, which have different protease substrate specificities,

are sufficient for lysis. Following synapse formation with BiTE-activated T cells,

the cytoplasmic enzyme adenylate kinase is leaking from damaged target cells into

the culture medium and, in parallel, target cells show various hallmarks of apoptosis,

including pro-caspase activation, cleavage of poly-ADP ribose polymerase and DNA

fragmentation (Haas et al. 2009). Therefore, it appears that multiple mechanisms

simultaneously contribute to target cell lysis by BiTE-activated T cells such that there

is very little opportunity for target cells to evade T cell-mediated damages.
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BiTE antibodies can engage various T cell subpopulations for redirected lysis

(Kischel et al. 2009). Most effective are so-called effector memory T cells of either

CD4 or CD8 phenotype. Effector memory T cells were also found to most strongly

expand in peripheral blood of NHL patients in response to BiTE treatment (Bargou

et al. 2008). Centralmemory, effectormemory T cells expressingCD45RA, and naı̈ve

and regulatory T cells in peripheral blood did not show a comparable expansion.

CD19-, EpCAM-, and CEA-specific BiTE antibodies have also been found to engage

T cells present in patient-derived mononuclear cell preparations for lysis of autolo-

gous cancer cells (L€offler et al. 2003;Wimberger et al. 2003; Osada et al. 2010). These

in-vitro experiments also demonstrated that the T cells left after chemotherapy in

patients can still lyse cancer cells from the same patient.

15.5 Clinical Experience with BiTE Antibodies

Clinical experience has been obtained in patients with CD19/CD3- and EpCAM/

CD3-bispecific BiTE antibodies (Nagorsen et al. 2009a). The CD19/CD3-bispecific

BiTE antibody blinatumomab (MT103) has completed a phase 2 clinical trial in

patients with minimal residual disease (MRD) of B-lineage acute lymphoblastic

leukemia (ALL) and is evaluated in an ongoing phase 1 study in patients with

various forms of non-Hodgkin lymphoma (NHL), mostly of the follicular and

mantle cell type. The EpCAM/CD3-bispecific antibody MT110 is currently being

tested in a dose-escalating phase 1 study in patients with gastrointestinal (colorectal,

gastric, and gastro-esophageal junction), lung (adenocarcinoma and small cell),

breast, ovarian, or prostate cancer. Extensive immunopharmacological analyses

have been performed in all studies to date in order to investigate the influence of

BiTE antibodies on T cell counts, subpopulations, distribution, adhesiveness,

and activation state. Due to their short serum half life of several hours, BiTE

antibodies are being administered by continuous i.v. (c.i.v.) infusion using portable

minipumps and port systems. C.i.v. administration has the advantage of achieving

very predictable serum levels, which can be maintained for prolonged periods

of time. Initial treatment lengths of 4–8 weeks are currently used. Efficacious

serum levels of blinatumomab for treatment of ALL and NHL were found in the

range of 1–3 ng/ml, corresponding to 18–53 pM.

Blinatumomab has shown astounding objective response rates in patients

with both NHL and ALL. At constant dosing with 60 mg/m2/day, eight out of

eight evaluable NHL patients with relapsed or refractory follicular or mantle cell

lymphoma showed either partial or complete remission, including response dura-

tion of �2 years in four patients and ongoing beyond 30 months in the patient with

longest follow-up (Goebeler et al. 2010). Anti-tumor activity of blinatumomab was

evident in blood, lymph nodes, spleen, liver, and bone marrow of patients with NHL

(Bargou et al. 2008). In patients with ALL having persistent or re-appearing tumor

cell presence in the bone marrow despite high dose chemotherapy, a dose level of

15 mg blinatumomab/m2/day was sufficient to elicit in 16 out of 20 evaluable
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patients (80%) a complete MRD response as determined by PCR-based assays of

bone marrow biopsies (Topp et al. 2009). The median relapse free survival has not

been reached after 480 days indicative for long-lasting responses of ALL patients to

blinatumomab treatment (Bargou et al. 2010).

Objective responses in patients with lymphoma were not seen before a dose level

of 15 mg/m2/day was reached (Bargou et al. 2008). It is interesting to note that

clinical activity of the bispecific antibody required serum levels of blinatumomab in

patients that closely matched EC90 values for redirected lysis in cell culture assays.

This close correlation is not evident for conventional monoclonal antibodies where

efficacious serum levels in patients (mg/ml) typically exceed in-vitro EC90 values

(ng/ml) by several orders of magnitude.

Upon infusion of BiTE antibodies, T cells disappear within 1 h from peripheral

blood and reappear within 1–2 days. The initial disappearance correlates with an

increase in their affinity for soluble ICAM-1, indicating that T cells enhance their

adhesiveness to vessel walls in response to BiTE stimulation. Although BiTE

antibodies have the potential to activate any T cell by virtue of binding to the

invariant CD3 component of the TCR, no overt or sustained release of pro-inflam-

matory cytokine in serum from activated T cells has been noted (Bargou et al. 2008,

2010). In fact, only transient and minute cytokine peaks are measured at the start

of BiTE infusion with interleukin-10 being the most prominent cytokine. This

observation is consistent with cell culture experiments where target antigen-

expressing cells are needed to fully activate T cells and cause a transient release

of cytokines, including IL-10 (Brandl et al. 2007). Many of the adverse events

occurring within the first few days following start of BiTE infusion, such as fever,

chills, headache, C reactive protein increase, and lymphopenia can be explained by

an initial inflammatory response of BiTE-activated T cells.

T cells have the intrinsic property of quickly adapting to an initial stimulation.

Despite continued presence of an activating stimulus, T cells will cease to release

cytokines while they continue to conduct target cell lysis. This has been verified in

mouse models with a murine EpCAM/ murine CD3-specific BiTE antibody, called

muS110 (Amann et al. 2008; 2009a, b). The adaptive behavior of T cells would well

explain why adverse events upon BiTE infusion cumulate within the first days and

drop in number and intensity during continued treatment.

A peculiar adverse event of the CD19-specific BiTE antibody blinatumomab

are transient dysfunctions of the central nervous system (CNS), such as apraxia,

aphasia/dysarthria, tremor, encephalopathy, cerebellar syndrome, and seizure.

These events can occur within the first days of after start of infusion, or upon

intra-patient dose escalation, and may therefore result from a first T-cell activation

in the CNS. With a low peripheral ratio of B to T cells, a biomarker has been

identified in patients with NHL, which seems to identify patients at risk of devel-

oping CNS adverse events leading to treatment discontinuation (Nagorsen et al.

2009b). Either patients with a low B:T ratio can be excluded from treatment until

their B cell counts have recovered, or they can be treated with a step-dosing

regimen. The latter involves an intra-patient dose escalation from a low starting

to the target dose for a certain time period that allows for adaptation of T cells even
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in the presence of low numbers of peripheral target cells (Goebeler et al. 2010).

Blinatumomab is now advancing into the clinical development phase aiming at

registration/marketing authorization for patients with B-lineage ALL.

The ongoing phase 1 trial with the EpCAM-/CD3-bispecific BiTE antibody

MT110 in patients with solid tumors has reached a dose level of 24 mg/day,
which translates into a constant serum level of ca. 1 ng/ml (18 pM) (Fiedler et al.

2010). In cell culture experiments, 1 ng/ml MT110 would result in half-maximal

lysis of target cancer cells (Brischwein et al. 2006a). Thus far, cytotoxic T-cell

infiltration into tumor tissue has been observed in biopsies after therapy, but apart

from disease stabilization, no responses according to RECIST criteria were yet

apparent. The situation in solid tumors is known to be different from that of blood-

bourne tumors in that limited penetration by drugs, immunosuppressive microenvi-

ronment, and aberrant vasculature pose extra barriers to treatment. Of note, CNS

adverse events have so far not been observed in 28 patients treated with MT110

(Fiedler et al. 2010). A noteworthy biochemical adverse event of MT110 was

an initial, sharp increase of liver enzymes at the start of infusion or upon intra-

patient dose escalation, which in the majority of patients normalized under

continued therapy or after treatment stop. A localized release of cytokines from

newly activated T cells in liver tissue is being discussed as a possible cause.

From mouse models it is known that TNF-alpha and interferon-gamma released

by lectin-activated T cells in the liver is toxic to hepatocytes (K€usters et al. 1996,
1997). Otherwise, from a clinical perspective, MT110 at doses explored to date has

shown a very benign safety profile with low-grade pyrexia, nausea, vomiting,

diarrhea, and fatigue being observed most frequently.

The CEA/CD3-bispecific BiTE antibody MT111/MEDI-565 has entered clinical

phase 1 testing patients with gastrointestinal cancers in the beginning of 2011.

15.6 Outlook

The BiTE technology is being intensely evaluated in ongoing clinical trials and

by non-clinical experiments. Apart from two clinical stage BiTE antibodies, a total

of three more BiTE antibodies currently are in pre-clinical development, two of

which target surface antigens on solid tumors, and one on multiple myeloma cells

(see Table 15.1). Development of BiTE antibodies targeting distinct antigens will

mitigate risks associated with a particular solid tumor target related, for instance, to

therapeutic window, limited expression, or potential loss from cancer cells under

therapeutic pressure.

The challenges for blinatumomab are to now optimally prepare the way

to registration, and to leverage the large potential it may have in treating human B

cell malignancies. In fact, CD19 is expressed on the majority of B cell-derived

hematological malignancies with the sole exception of multiple myeloma.

Blinatumomab has already shown outstanding efficacy in several indications and

a manageable safety profile.
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The BiTE platform has matured into a robust technology, which has thus far

attracted four biopharmaceutical companies as development partners. Considerable

knowhow has been accumulated regarding BiTE lead candidate generation and

selection, cell clone generation and process development, safety and efficacy

assessment in diverse animal models, bioassay development, and clinical develop-

ment of BiTE antibodies. Existing monoclonal antibody therapies can be converted

into highly active BiTE antibodies (Lutterbuese et al. 2010) and more than a dozen

target antigens have to date been shown suitable for potent T cell engagement by

BiTE antibodies. It therefore appears that BiTE antibodies can be generated for

treatment of a large variety of cancer indications.
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Chapter 16

Trifunctional Triomab® Antibodies

for Cancer Therapy

Horst Lindhofer, Juergen Hess, and Peter Ruf

16.1 History of Bispecific Antibodies

In the 1980s, two groups described in parallel and for the first time T-cell-redirecting

bispecific antibodies (bsAbs) for the elimination of tumor cells (Perez et al. 1985;

Staerz et al. 1985). In vitro, this approach was extremely potent, highlighting the

superiority of T-cell-induced compared to accessory cell-mediated killing. But two

major drawbacks hampered the rapid transition of this new approach from preclinical

investigations to successful clinical trials and market approval.

First, at the beginning of the 1990s, production and purification of bsAbs was a

real challenge. Bispecific antibodies were produced using quadroma technology,

i.e., the fusion of two different hybridoma cell lines. However, quadroma cells

derived from two different mouse hybridomas produced mainly nonfunctional

mismatched heavy (H)/light (L) chain variants (De Lau et al. 1991). Purification

of the functional bsAbs from among the many mismatch variants was difficult and

hardly manageable for clinical application. Second, regulation of T cells is com-

plex, requiring two independent stimulation signals for physiological activation.

Obviously, this outcome could hardly be accomplished using a single bispecific

molecule delivering only one signal, e.g., via CD3 binding to the T cell (Jung et al.

1991).
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To address this situation, we developed rat/mouse bsAbs with species-restricted

H/L chain pairing, reducing the mismatch variants from about 70% to <10%

(Lindhofer et al. 1995). Moreover, because of the different binding affinities

of rat and mouse IgG isotypes for protein A matrices, we found a solution to the

production and purification problem. Of importance, we also discovered a prefer-

ential binding of the hybrid Fc portion to human-activating Fc-gamma (g) receptors
(R) I/IIa and III when we used the isotype combination of rat IgG2b and mouse

IgG2a (see Sect. 16.3.1). This characteristic led to a solution for the second

drawback of T-cell-redirecting bsAbs, the lack of a co-stimulatory signal. With

activation of FcgR-positive cells such as macrophages, dendritic cells (DCs), or

natural killer (NK) cells, co-stimulatory molecules such as CD40 or CD80/CD86

are upregulated on the surface, allowing delivery of the important second stimula-

tion signal to the T cell (see Sect. 16.3).

Others suggested a different approach, such as Weiner et al. (1994), who

presented pre-clinical data demonstrating strong release of cytokines with whole

IgG T-cell-engaging bsAbs. In their conclusion, they recommended removal of

the Fc region to reduce the risk of cytokine-mediated negative side effects. Various

groups adopted this approach, which was promoted by the advent of recombinant

antibody technology. As a result, a plethora of different bsAb formats lacking

the Fc region have been developed (M€uller and Kontermann 2010). In contrast,

our group pursued the whole-IgG approach, developing the concept of trifunctional

Triomab® antibodies as outlined in detail in the following sections.

16.2 Purification of Quadroma Supernatants

The quadroma technology, i.e., the somatic hybridization of two different

hybridomas to hybrid-hybridoma (quadroma) cells, represents one of the first

techniques for the production of bsAbs. However, single-species quadroma cell

lines such as mouse/mouse or human/human hybrid-hybridomas often showed

random H/L chain pairing with up to ten possible assembling variants (Smith

et al. 1992; Tiebout et al. 1987). As a result, the output of functional bsAbs was

low and the purification process complex. In contrast, Triomab® antibodies are

produced using hybrid mouse/rat quadroma cell lines. Here, we present an overview

of the manufacturing and purification processes, identifying three essential features

in the biology of rat/mouse quadromas and in the structural nature of produced

Triomab® antibodies.

First, stable mouse/rat quadroma cell lines secrete Triomab® antibodies into

the culture supernatant. Cells can be grown in defined protein-free medium with

sufficient post-production stability using cell factory systems and batch fermenta-

tion. Then, antibodies are purified from the cell-free culture supernatant by means

of protein A affinity and ion-exchange chromatography, followed by diafiltration,

nanofiltration, and final formulation (Fig. 16.1). Structural and functional charac-

terization achieved by applying liquid chromatography, mass spectrometry and
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various immunological methods and bioassays confirmed that Triomab® antibodies

of high integrity, purity, and quality result from this downstream processing

technology (Chelius et al. 2010).

The high yield of functional Triomab® antibodies and the simple purification

process are based on special characteristics of mouse IgG2a/rat IgG2b quadroma

cell lines distinct from conventional single-species hybrid-hybridomas.

16.2.1 Preferential Intra-species H/L Chain Pairing

In a comprehensive study, De Lau et al. (1991) investigated H and L chain pairing

in eight different mouse/mouse quadromas. Surprisingly, in only 4 of 16 combinations

did the L chains associate preferentially with their homologous H chain partners.

In other words, the majority of mouse/mouse quadromas displayed a random

association of H and L chains with the consequence of a low yield of functional

bsAbs. Theoretically, only 12.5% of produced antibodies are of a bispecific

nature if all H and L chains combine stochastically (Milstein and Cuello 1983).

In contrast, Triomab® antibodies produced by mouse/rat quadromas show a

preferential pairing of the mouse H with the mouse L chain on the one side and

of the rat H with the rat L chain on the other side. With this strategy, the amount of

correctly paired bsAbs is significantly increased, as we have demonstrated

Fermentation of mouse/rat quadroma cells

Cell-free culture supernatant

Removal of cells

Removal of parental and
mismatched antibodies

Removal of final impurities

Protein A affinity chromatography

Ion exchange chromatography

Diafiltration
Nanofiltration

Final formulation

Fig. 16.1 Overview of the

manufacturing and

purification process of

Triomab® antibodies
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(Lindhofer et al. 1995). In three different mouse IgG2a/rat IgG2b and in one mouse

IgG2a/rat IgG2a quadromas analyzed, the bsAbs fractions accounted for 30–49% of

whole produced IgG. The major impurities detected were parental mouse and

parental rat IgG, whereas H/L mismatch variants generally occurred to a minor

degree (4–10%).

16.2.2 Efficient Heterologous H/H Chain Pairing

Because of an approximately 25% difference in the amino acid sequence of the Fc

region between mouse IgG2a and rat IgG2b (http://imgt.cines.fr), a preferential

homologous H/H chain pairing might be expected; however, this pairing has not

been observed. In contrast to H/L chain pairing, H/H chain assembly is apparently

not species restricted. Otherwise, the high yield of up to 49% heterologous bsAbs,

which approaches the theoretically expected proportion of 50%, cannot be explained.

However, a closer look at the hinge region of mouse IgG2a and rat IgG2b reveals

a crucial homology. This flexible inter-domain region located between CH1 and CH2

is considered most important for H chain assembly because of the formation of inter-

chain disulfide bonds. Interestingly, the hinge regions of mouse IgG2a and rat IgG2b

are of comparable lengths, and three matched cysteine residues easily allow the

covalent interaction of the H chains. In this way, inter-species H chain pairing

between mouse IgG2a and rat IgG2b may not be hindered but instead be equally

effective.

16.2.3 Different Affinities of Mouse and Rat IgG for Protein A

Whole IgG antibodies can be simply purified by affinity chromatography using

protein A, which binds to the CH2–CH3 interface of the Fc region (Deisenhofer

1981). However, different IgG isotypes bind with different affinities. In contrast

to mouse IgG2a, which is a strong binder, rat IgG2b shows only a weak affinity for

protein A (Burton 1985). This fact was exploited for the efficient separation

of heterologous mouse IgG2a/rat IgG2b from homologous parental IgG antibody

variants: With application of a decreasing pH gradient, the IgG produced by

a mouse/rat quadroma cell line was eluted in three main peaks, as demonstrated

in Fig. 16.2. In accordance with the increasing binding affinity for protein A, the

peak analysis revealed mainly parental rat IgG2b in the first fraction, rat/mouse

bispecific IgG in the second fraction, and parental mouse IgG2a in the third

fraction. Peak integration indicated about 35% bsAbs produced. Because some

bsAbs had already co-eluted with parental rat IgG in the first peak, the real

production rate was even higher.

In summary, the combination of mouse IgG2a and rat IgG2b is characterized

by intra-species restricted H/L chain pairing and by non-restricted H/H chain
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assembly, resulting in a high yield of 30–50% of correctly paired functional

Triomab® antibodies. The main impurities consist of parental rat and mouse IgG,

which can be efficiently removed by sequential pH elution/protein A affinity

chromatography. Based on these features, TRION Pharma (Munich, Germany)

developed a global unique platform technology for the cost-effective and cGMP-

compliant production of Triomab® antibodies, a prerequisite for clinical develop-

ment and commercialization.

16.3 The Mode of Action of Triomab® Antibodies

in Tumor Therapy

Triomab® antibodies are bispecific and trifunctional, consisting of a tumor-associated

antigen (TAA)-specific binding arm, a second binding arm specific for CD3 expressed

on T cells, and a chimeric mouse IgG2a � rat IgG2b Fc region that preferentially

binds to activating Fcg receptors present on accessory cells such as macrophages,

DCs, or NK cells. More than 12 years of intensive work has led to the proposed mode

1800 2000 2200 2400 2600 ml

31%
35%

34%

0

100

200

300

400

mAU

Fig. 16.2 Purification of Triomab® antibody by protein A affinity chromatography. A total of

500 ml of cell-free culture supernatant were loaded onto a 19.7-ml protein A column

(MabSelectSure, GE Healthcare), and bound antibodies were eluted by decreasing the pH gradient

(pH 8.5 to 3.5 in 75 column volumes), indicated by the dotted line. The UV280nm elution profile

showed three main peaks with 34%, 35%, and 31% area under the curve distribution. The first

fraction contained mainly parental rat IgG, the second one bispecific rat/mouse IgG, and the third

parental mouse IgG as analyzed by isoelectric focusing, mass spectrometry, and flow cytometry

(data not shown). The first sharp peak was excluded from peak integration because it contained no

protein but was the result of an absorbing media component

16 Trifunctional Triomab® Antibodies for Cancer Therapy 293



of action of Triomab® antibodies in tumor therapy. The first crucial step in this mode

of action is thought to be redirection of T cells to the tumor via the bispecific

Triomab® antibody-mediated crosslink of a TAA with CD3 (Fig. 16.3, upper).

Antibody-mediated engagement of CD3 as a component of the T-cell receptor

complex is a powerful first stimulus to activate T cells in a major histocompatibility

complex (MHC)-independent manner, accompanied by TNF-a and IFN-g secretion

(Jacobs et al. 1997). However, the physiological activation of T cells requires a second

signal. Attracted by opsonized T cells and tumor cells as well as proinflammatory

cytokines, FcgR-positive immune cells are additionally engaged via the Fc region

of Triomab® antibodies. A cluster of different immune cell types is formed at the

tumor cell (Fig. 16.3, upper). This tri-cell complex formation consisting of tumor

cells, T cells, and FcgR-positive accessory immune cells suggests several important

consequences: First, there is mutual stimulation of accessory immune cells and

T cells. Triomab® antibody-triggered interaction of T cells and CD14-positive

monocytes results in the upregulation of CD83, CD86, and CD40 (Riechelmann

et al. 2007; Stanglmaier et al. 2008; Zeidler et al. 2000). Thus, T cells receive

a second co-stimulatory signal in the form of CD40/CD40L or CD80-CD86/CD28

interaction. As a consequence, they are profoundly and physiologically activated, as

characterized by high secretion of IL-2 and strong proliferation with detection of the

proliferation marker Ki-67 (Riesenberg et al. 2001; Ruf et al. 2004; Zeidler et al.

1999). Additionally, the T-cell activation markers CD25 and CD69 are upregulated

(Riechelmann et al. 2007). Conversely, accessory immune cells are stimulated by

interaction with T cells and the FcgR crosslink. This stimulation is manifested as high

levels of proinflammatory cytokines such as IL-6 and IL-12 are measured, which are

mainly secreted by accessory cells (Hirschhaeuser et al. 2009; J€ager et al. 2009b;
Zeidler et al. 1999). Furthermore, the cross-talk between accessory and T cells

is indicated by the release of Th1-biased cytokines, especially IL-2 and IFN-g
(Hirschhaeuser et al. 2009; J€ager et al. 2009b; Zeidler et al. 1999). Finally, the

targeted tumor cells are efficiently destroyed by the concerted attack of different

types of immune effector cells, as shown in allogeneic settings as well as in autolo-

gous human ex vivo systems (Gronau et al. 2005). Necrotic and apoptotic tumor cells

and particles are phagocytosed (Riesenberg et al. 2001; Zeidler et al. 2000) and may

be processed and presented by professional antigen-presenting cells in a stimulatory

context, the ideal prerequisite for anti-tumor immunization (Fig. 16.3, bottom). In
this regard, the elevated expression of the DC-specific cytokine DC-CK1 in the

presence of DCs, targeted tumor cells, and Triomab® antibodies was an important

finding that indicated the specific activation of professional antigen-presenting cells

(Zeidler et al. 1999).

The observed Fc-mediated nonspecific activation of immune cells off-site of the

tumor was regarded as a major obstacle to previous clinical approaches with intact

bispecific antibodies. Uncontrolled systemic release of cytokines that causes severe

adverse events is a serious concern (Weiner et al. 1994). Therefore, it was an

important finding that Triomab® antibodies reach their full activating efficacy

only at the tumor cell when all three binding partners are present (Ruf et al. 2004).

The relevance of this feature holds especially true for the production of IL-2, the most
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Fig. 16.3 Stepwise mode of action of Triomab® antibodies. In a first step for this process, (1)

T cells are redirected to and activated at the tumor cells in an MHC-independent manner

by Triomab® antibody-mediated crosslink of TAA with CD3 (Fig. 16.3, upper; signal 1).

Simultaneously or subsequently, accessory cells can be additionally bound via the Fc region

of the trifunctional antibody (Fig. 16.3, upper). A process of mutual cross-talk between T cells

and accessory immune cells (macrophages, DCs and NK cells) is initiated. T cells are strongly

activated in a physiological manner, receiving a second co-stimulatory signal (signal 2),

while accessory immune cells are stimulated via FcgR crosslinking leading to the release of

proinflammatory cytokines. As a result, tumor cells are effectively destroyed by a concerted attack

of T cells and accessory immune cells applying different killer mechanisms like antibody-

dependent cellular cytotoxicity (ADCC), phagocytosis, or perforin/granzyme-mediated lysis and

apoptosis induction. Finally, T cell proliferation occurs as well as necrotic or apoptotic tumor

particles are phagocytosed, processed, and presented by stimulated professional antigen-

presenting cells (macrophages, DCs), a prerequisite for the induction of long-term anti-tumor

immunization (2) (Fig. 16.3, bottom)
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important autocrine growth factor for T cells. Significant amounts of IL-2 are induced

only when trifunctional binding is enabled (Stanglmaier et al. 2008; Zeidler et al.

1999; Ruf et al. 2004). It should be emphasized that IL-2 is absolutely needed for self-

supporting proliferation of T cells upon activation (Robb et al. 1981).

Triomab® antibodies cannot be substituted by a combination of both parental,

monospecific antibodies because the antigen-binding functions must be closely

linked to achieve the immunostimulatory capacity required. In different in vitro

and in vivo models, cytokine secretion and tumor cell elimination are significantly

less efficient with an equimolar combination of both parental antibodies (Ruf and

Lindhofer 2001; Zeidler et al. 1999). Thus, the excellent efficacy of Triomab®

antibodies in the destruction of tumor cells allows the identification of a therapeutic

window with very low (microgram range) but effective drug concentrations and

an acceptable safety profile. This possibility has been impressively demonstrated

in 2009 by the first approval of a trifunctional Triomab® antibody (catumaxomab,

Removab®) for the intraperitoneal (i.p.) treatment of malignant ascites (MA) in the

European Union (Heiss et al. 2010; Linke et al. 2010). Several clinical studies

involving different Triomab® candidates and showing promising results indicate

that both locoregional (Heiss et al. 2010; Sebastian et al. 2009a) and systemic

Triomab® antibody administration are feasible (Buhmann et al. 2009; Kiewe et al.

2006; Sebastian et al. 2007; Stemmler et al. 2005).

16.3.1 The Role of the Fc Region

The Fc region is of exceptional importance for the therapeutic concept and mode of

action of Triomab® antibodies. Cross-talk between and activation of different types

of immune effector cells in close proximity to the tumor cells can be accomplished

only by intact Fc-containing bsAbs. Recent findings have recalled the important

role of the Fc region of conventional monospecific antibodies in tumor therapy.

Fc-mediated killing mechanisms such as ADCC, antibody-dependent cellular

phagocytosis (ADCP), and complement-dependent cytotoxicity (CDC) are essential

in tumor models and in the clinic. Prominent examples are trastuzumab (Herceptin®)

and rituximab (Rituxan®) (Clynes et al. 2000; Racila et al. 2008; Weng and Levy

2003). Consequently, much effort has focused on improving therapeutic monoclonal

antibodies (mAbs) by means of Fc engineering (Desjarlais et al. 2007; Moore et al.

2010). The selectively enhanced binding of mAbs to the activating isoform CD32a

but not to its inhibitory counterpart CD32b of FcgRII (CD32) turned out to be of

special interest: An improved CD32a/CD32b binding ratio strongly increases ADCP

(Richards et al. 2008) and favors activation and maturation of DCs with a positive

effect on the induction of tumor immunity (Boruchov et al. 2005; Kalergis and

Ravetch 2002).

The Fc region of Triomab® antibodies consists of mouse IgG2a and rat

IgG2b half antibodies, each mediating strong effector functions such as ADCC

as homodimers (Chassoux et al. 1988; Larson et al. 1988). Moreover, it is worth
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mentioning that the constant Fc regions of mouse and rat H chain isotypes IgG2a

and IgG2b have an amino acid homology of only approximately 75%, giving rise

to the truly complex FcgR-binding behavior of this heterodimeric entity with

its underlying immunostimulatory features. Interestingly, the IgG2a and IgG2b

isotypes of mouse and rat also demonstrate efficacious activation of human effector

cells such as monocytes via FcgRI and IIa interaction (Haagen et al. 1995; Koolwijk
et al. 1991). Thus, a chimeric mouse IgG2a � rat IgG2b Fc region might interact

equally well with human FcgR expressed on different immune effector cells. This

idea has been investigated in detail, as follows. First, the binding of Triomab®

antibodies to purified NK cells (CD56a+/CD3�) verified recognition of FcgRIII
(CD16), the only FcgR expressed on NK cells (Zeidler et al. 2000). Moreover,

interaction with the high-affinity FcgRI (CD64) was analyzed by surface plasmon

resonance. With this approach, the Triomab® antibody catumaxomab showed

binding kinetics comparable to the humanized alemtuzumab (hIgG1) with Ka

values of 2.46 � 107 and 3.18 � 107 [1/M], respectively (Table 16.1).

Finally, preferential binding to the activating FcgRIIa (R131) in comparison to

the inhibitory FcgRIIb has been observed (Table 16.2). Monomeric catumaxomab

bound about 2.1 times more strongly to FcgRIIa than to FcgRIIb. However, when
pre-aggregated catumaxomab was used instead of the monomeric form, the FcgRIIa/
IIb binding ratio increased up to 19 times (Fig. 16.4). This increase resulted from

Table 16.1 Characterization of the binding of Triomab® antibody catumaxomab to human FcgRI
by surface plasmon resonance

Antibody Fc kaa [1/Ms] kdb [1/s] Kaa [1/M] Kdb [M]

Catumaxomab

mIgG2a � rIgG2b

chimeric

2.35 � 0.096

� 104
9.59 � 0.936

� 10�4
2.46 � 0.146

� 107
4.08 � 0.252

� 10�8

Alemtuzumab Human IgG1 3.5 � 104 1.08 � 10�3 3.18 � 107 3.26 � 10�8

The experiments were performed by BioAnaLab (Oxford, UK) Abbreviations: m mouse; r rat
aAssociation rates (ka) and constants (Ka) as well as bdissociation rates (kd) and constants (Kd) (�
standard deviation), respectively, were determined by Biacore analysis using Langmuir 1:1

binding model fits. Mean values of three individual catumaxomab and two alemtuzumab batch

runs are shown. F(ab0)2 fragment controls of catumaxomab displayed no specific binding

Table 16.2 Binding of monomeric and aggregated catumaxomab to human FcgRI, FcgRIIa, and
FcgRIIb
Catumaxomab status FcgRIa FcgRIIaa R131 FcgRIIba IIa/IIbb Ratio

Monomeric 0.34 � 0.01 26.56 � 1.48 54.45 � 5.22 2.1

Aggregated – 1.66 � 0.04 31.79 � 1.66 19.2

Fold – 16 1.7 –

Abbreviation: EC50 effective concentration at half maximal binding signals
aEC50 values indicated in mg/ml (� standard error) were obtained from GraphPadPrism one site

specific binding with Hill slope fit of ELISA data. Mean data of two independent experiments are

shown
bIIa/IIb ratio ¼ EC50 (FcgRIIb)/EC50 (FcgRIIa)
cFold equals EC50 (FcgRII, catumaxomab monomeric)/EC50 (FcgRII, catumaxomab aggregated)

16 Trifunctional Triomab® Antibodies for Cancer Therapy 297



the fact that the avidity of aggregated catumaxomab for FcgRIIa increased greatly

in comparison to the binding to FcgRIIb (Table 16.2). Of importance, the use of

aggregated antibodies clearly better resembles the physiological situation of an

immune-complexed or cell-bound antibody while monomeric antibodies will hardly

bind to the low-affinity FcgRII at therapeutic concentrations. In summary, the

chimeric mouse IgG2a � rat IgG2b Fc region of Triomab® antibodies preferentially

binds to activating FcgRI, IIa, and III. Thus, different immune effector cells are

involved and activated by trifunctional Triomab® antibodies. Taken together, these

findings indicate that by chance, the heterodimeric structure of Triomab® antibodies

may already fulfill the balanced interplay with activating Fcg receptors that is

considered to be the next important step in optimizing therapeutic antibody properties

by means of Fc engineering.

Fig. 16.4 Binding of

monomeric catumaxomab to

FcgRI, IIa (R131), and IIb

(upper), and of aggregated

catumaxomab to FcgRIIa
(R131) and IIb (bottom).
Binding was measured by

ELISA, coating the

corresponding FcgRs on the

plate and detecting bound

catumaxomab using a mixture

of biotinylated F(ab0)
2-fragments of goat

anti-mouse and anti-rat IgG,

both F(ab0)2-fragment

specific. For complex

formation, catumaxomab was

cross-linked by equimolar

amounts of biotin-labeled

anti-mouse and anti-rat IgG

beforehand. Nonspecific

binding of the F(ab0)2
fragment of catumaxomab

was subtracted
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16.3.2 The Different Killer Mechanisms of Involved
Immune Cells

According to the postulated mode of action, Triomab® antibodies induce a con-

certed attack of different types of immune effector cells against the tumor. Based on

this orchestrated tumor defense, Triomab® antibodies are superior to conventional

therapeutic antibodies. This superiority also holds true for recognition of tumor

cells showing only low surface expression of the relevant target antigen, such as

CD20 or HER2/neu ( J€ager et al. 2009b; Stanglmaier et al. 2008). This important

hallmark of Triomab® antibodies has been shown, for instance, by the capacity

of anti-HER2/neu � anti-CD3 ertumaxomab to mediate in vitro killing of tumor

target cells that express only low HER2/neu levels (scored 1+) (J€ager et al. 2009b).
In contrast, trastuzumab absolutely failed to eliminate low HER2/neu-expressing

tumor cell lines in the presence of peripheral blood mononuclear cells (PBMCs),

reflecting the disadvantage of the monospecific recognition mode in the case of rare

surface antigen expression. Below, the different cytotoxic mechanisms of recruited

immune cells are described.

16.3.2.1 T Lymphocytes

T cells are the most potent effector cells of the immune system with regard to tumor

therapy. Bispecific antibodies that crosslink TAA with the trigger molecule CD3

recruit cytotoxic T cells while bypassing natural T cell receptor specificity. In this

way, all mature CD3-positive T cells are in principle available for an anti-tumor

attack, although different T-cell subpopulations demonstrate unequal cytotoxic

potential: CD8 T cells of the memory phenotype (RO+) expand rapidly and are

most efficacious with a combination of anti-CD3/CD30 and anti-CD28/CD30

bispecific antibodies for T cell stimulation (Renner et al. 1997). In this context,

it should be noted that cytotoxic CD4 T effector cells may also contribute to tumor

cell cytotoxicity mediated by bispecific antibodies with anti-CD3 stimulation

function, as others have shown (Porakishvili et al. 2004).

T cells targeted by Triomab® antibodies are physiologically stimulated within

the tri-cell complex, receiving anti-CD3 and additional co-stimulatory signals from

accessory immune cells. Along this stimulation pathway, the activation markers

CD25 and CD69 are upregulated, and cytokines such as IFN-g and TNF-a that

indicate T-cell activation are secreted in vitro (Riechelmann et al. 2007; Ruf et al.

2004) and in vivo (Heiss et al. 2005). Especially, significant IL-2 production

combined with increased expression of the IL-2R a-chain (CD25) exemplifies

a kind of self-supporting system characterized by strong T-cell proliferation and

most efficacious eradication of targeted tumor cells (Stanglmaier et al. 2008;

Zeidler et al. 1999). Remarkably, Triomab® antibody-mediated tumor cell killing

requires no additional co-stimulation of immune effector cells, as other bispecific

antibodies do. Once bound, T cells are induced to secrete pore-forming perforin at
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the membrane contact side to the targeted tumor cells, resulting in the osmotic lysis

of the target (Riesenberg et al. 2001, Fig. 16.5). In vitro, tumor cells burst 9–17 h

after incubation initiation, as monitored by computerized sequential video micros-

copy. Interestingly, increased granzyme B secretion by PBMCs indicates an addi-

tional contribution of apoptotic processes to Triomab®-mediated cytotoxic efficacy

(Riechelmann et al. 2007). Thus, along with necrosis for tumor cell killing, the

induction of apoptosis is likely another T-cell-mediated killer mechanism that

occurs in the context of Triomab® antibody therapies.

16.3.2.2 Monocytes/Macrophages and DCs

As Zeidler et al. (1999) have shown, monocytes and macrophages clearly contrib-

ute to Triomab® antibody-mediated tumor cell elimination. Further studies have

revealed enhanced phagocytosis of tumor cells by CD14-positive monocytes after

addition of Triomab® antibodies (Zeidler et al. 2000). The profound activation of

monocytes is indicated by high IL-6 secretion and by the upregulation of CD25 and

CD40 (Stanglmaier et al. 2008). Thus, the interaction of monocytes with T cells is

essential. Cross-talk of T cells and monocytes at the tumor cell results in mutual

effector cell stimulation and enhanced tumor destruction. Accordingly, Triomab®

antibody-induced tumor cell killing is much greater when the whole PBMC popu-

lation is used instead of purified T cells (Zeidler et al. 1999). The preferential

binding of the chimeric mouse IgG2a � rat IgG2b Fc region of Triomab®

antibodies to activating FcgRI, IIa, and III on monocytes/macrophages and DCs

may be the key to understanding this strong stimulation effect. As other groups

have shown, selective blockade of the inhibitory FcgRIIb (Dhodapkar et al. 2007)

or selective binding to the activating FcgRIIa by Fc engineering (Moore et al. 2010)

leads to activation of DCs and monocytes and enhanced ADCP. The essential role

of monocytes and macrophages in the destruction of tumor cells by Triomab®

antibodies is further confirmed by experiments using multicellular tumor spheroids

(MCTS) as a model for micrometastases. This work showed that co-cultures of

Fig. 16.5 Triomab®
antibody-induced pore-

forming perforin attack

against a targeted tumor

cell. PBMC (blue) partly
expressing pore-forming

perforin proteins (brown)
concentrated toward the

targeted tumor cell

(LNCaP, black).
Bar ¼ 10 mm. Reproduced

with permission from

Riesenberg et al. (2001)
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PBMC effector cells and Triomab® antibody-treated MCTS of about 0.9–1.8 mm

diameter completely disintegrated into single cells and debris within 11 days

(Hirschhaeuser et al. 2009). Further, at 6 days after therapy, clonogenic survival

assays showed that around 98% of tumor cells were destroyed. Of importance,

destruction of MCTS was accompanied by massive infiltration of CD45-positive

leukocytes. So far, FcgRI-positive accessory immune cells have been identified as

the major infiltrating cell population (Walz et al. 2004). Thus, reciprocal cross-talk

and stimulation between T cells and monocytes/macrophages potentiates anti-

tumor efficacy, resulting in the destruction of both the tumor cell monolayer and

the three-dimensional tumor spheroids. Therefore, not only single disseminated

tumor cells but also micrometastases or even solid tumors of patients might be

attacked by Triomab® antibody-directed immune cells. Partial and complete

remissions of metastases observed in clinical studies with Triomab® antibodies

confirm this conclusion (Kiewe et al. 2006; Riechelmann et al. 2007).

16.3.2.3 NK Cells

Classical ADCC is mainly executed by NK cells that express the low affinity but

activating FcgRIIIa. The binding of Triomab® antibodies to this receptor has been

shown using CD56+CD3� purified NK cells. Antibody binding was followed

by increased expression of the NK cell-activation marker CD95 (APO-1, Fas)

(Zeidler et al. 2000). Finally, high tumor cell lysis was observed, demonstrating

that Triomab® antibodies can recruit cytotoxic NK cells. Thus, it is evident that NK

cells can contribute to Triomab® antibody-mediated tumor cell killing. However, in

consideration of their low frequency in regard to lymphocytes (2–13%), NK cells

may add to a lesser extent to direct tumor cell killing in comparison to T cells and

monocytes or macrophages.

16.4 The Tumor Cell Is a Smart Immunologist

Cancer cells can develop a number of resistance- and tolerance-inducing

mechanisms during their evolution in the patient’s body. These mechanisms are

based on mutations in single tumor cells at different timepoints and are responsible

for the heterogeneity of tumor cells or, for example, differences between the

primary tumor and metastases. Thus, the patient’s immune system must confront

not only a single phenotype of tumor but a variety that can in total contribute

different tumorigenic factors. Thus, tumor cells can, for example, secret immune

modulators such as vascular endothelial growth factor (VEGF) (improving tumor

vasculature) or IL-6 (a growth factor for lymphomas) and immunosuppressing factors

such as IL-10 or TGF-b (Del Prete et al. 1993; de Souza and Bonorino 2009).

Moreover, tumor cells obviously can raise peripheral tolerance against themselves
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by inducing regulatory T cells (Onishi et al. 2010). Curiel et al. (2004) demonstrated

that in MA, about 10–17% of T cells have a regulatory CD4+ CD25+ FOXP3+ T cell

phenotype that can inhibit cytotoxic T cells and the release of proinflammatory

cytokines. In this context, it was of interest to determinewhether Triomab® antibodies

can overcome this highly immunosuppressive environment after locoregional appli-

cation. Lindhofer et al. (2009) and J€ager et al. (2009a) showed that this is indeed

possible: Analysis of ascites samples before, during, and after i.p. therapy with the

therapeutic Triomab® antibody catumaxomab (anti-EpCAM � anti-CD3)

demonstrated (a) elimination of EpCAM+ tumor cells and CD133+/EpCAM+ dou-

ble-positive putative cancer stem cells (CSCs) (Lindhofer et al. 2009) and (b) the

in vivo activation of CD4+ and CD8+ T cells as well as a significant decrease in VEGF

levels (Burges et al. 2007; J€ager et al. 2009a, 2010; Heiss et al. 2005).

16.5 From In Vitro to In Vivo

The important features of the Triomab® antibody treatment concept have already

been demonstrated in preclinical and clinical settings using anti-EpCAM

catumaxomab or anti-HER2/neu ertumaxomab or surrogate antibodies such as

BiLu (Burges et al. 2007; Heiss et al. 2005, 2010; Kiewe et al. 2006; Ruf and

Lindhofer 2001). Table 16.3 summarizes the important hallmarks for the clinical

development program of these antibodies.

The efficient dose–response profile of the Triomab® antibody format [e.g.,

catumaxomab and ertumaxomab given intravenously (i.v.) up to a 7.5 mg per single
dose (Sebastian et al. 2007) or at a triple dosing of 10–200–200 mg at weekly

intervals, respectively (Kiewe et al. 2006), is characterized by its fine-tuned balance

among (a) the binding affinity for the tumor target antigen (e.g., EpCAM or HER2/

neu); (b) the FcgR binding capacity of the constant Fc region (e.g., on NK cells,

monocytes/macrophages, DCs) without considerable engagement of the inhibitory

FcgRIIb; (c) the additional polyclonal CD3-specific T cell recruitment and

Table 16.3 Clinical studies with Triomab® antibodies

Name Target Cancer type Trial stage References

Catumaxomab EpCAM � CD3 Malignant ascites Phase I/II Burges et al. (2007)

Catumaxomab EpCAM � CD3 Malignant ascites Phase II/III Heiss et al. (2010)

Catumaxomab EpCAM � CD3

Peritoneal

carcinomatosis Phase I

Str€ohlein et al.

(2009)

Catumaxomab EpCAM � CD3 Pleural effusion Phase I/II

Sebastian et al.

(2009a, b)

Catumaxomab EpCAM � CD3

Non-small cell lung

cancer Phase I

Sebastian et al.

(2007)

Ertumaxomab

HER2/

neu � CD3

Metastatic breast

cancer Phase I Kiewe et al. (2006)

FBTA05 CD20 � CD3 CLL and NHL Proof-of-concept

Buhmann et al.

(2009)
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activation; (d) the IL-2-mediated self-supporting maintenance of the immune

response without co- or restimulation (e.g., w/o additional administration of IL-

2); (e) the scientifically tenable pharmacokinetic and toxicological features (e.g.,

slow renal clearance rate and avoidance of severe adverse events such as “cytokine

storm”); and (f) a convenient treatment window prior to the occurrence of anti-

antibody-based immune responses.

16.5.1 Clinical Studies with Triomab® Antibodies

16.5.1.1 Catumaxomab

Based on these structural and underlying therapeutic properties, the Triomab®

family member catumaxomab (Removab®) represents the first bispecific

anti-tumor antibody worldwide (Sebastian et al. 2009a, b; Shen and Zhu 2008)

that has clearly met its expected clinical endpoints in a pivotal phase II/III study and

was therefore approved for the treatment of MA in 2009 in European Union (Heiss

et al. 2010). Malignant ascites is a manifestation of an advanced disease in a variety

of indications including ovarian, breast, or gastric cancer, and is characterized

by strong fluid influx and tumor growth into the peritoneal cavity. The onset and

progression of MA is associated with significant morbidity and deterioration in

quality of life. The prognosis of MA patients is generally poor, with a median

survival following diagnosis of ascites that varies from 75 days (non-ovarian) up to

7–12 months (ovarian) (Parsons et al. 1996).

Briefly, 258 patients suffering from epithelial ovarian cancer or non-ovarian

cancer with confirmed EpCAM+ MA were enrolled and randomized to

catumaxomab treatment (one paracentesis plus four subsequent intraperitoneal

(i.p.) catumaxomab infusions of 10, 20, 50, and 150 mg within 11 days) or to the

control intervention (paracentesis alone as the best supportive care). Here, it should

be noted that the unusual i.p. route of antibody administration represents the best

delivery mode for attacking tumor cells that reside within the peritoneum. More-

over, in a pharmacokinetic analysis with ten MA patients, it was determined that

catumaxomab became increasingly concentrated in ascites during the course of

treatment, attaining effective concentrations in the ng/ml range (Ruf et al. 2010).

Median antibody concentrations in the ascites arose from 552 to over 1,721 and

then to 6,121 pg/ml, in proportion to the dosing scheme of 10, 20, and 50 mg.
However, due to the established peritoneal carcinomatosis, the catumaxomab

transfer from the peritoneal cavity into the systemic circulation was low (<1%);

a median plasma concentration of 403 pg/ml was achieved with an antibody half-

life of 2.13 days using the i.p. infusion route for MA treatment. Interestingly,

catumaxomab showed a high in vivo stability, thus retaining its cytotoxic potential

even after several days in the systemic circulation (Ruf et al. 2010).

By means of i.p. application, catumaxomab therapy reached a statistically

significant puncture-free survival of 46 compared to 11 days for control treatment

(P < 0.0001), respectively, underlining the potency of the catumaxomab treatment
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even in MA patients with such a poor prognosis. Moreover, median puncture-free

time was 77 versus 13 days (P < 0.0001), indicating a clear gain in life quality.

Although treatment benefits with regard to overall survival (OS) are unlikely in

such advanced disease, the Kaplan–Meier curves indicate that catumaxomab

prolonged OS in ~50% of patients (Heiss et al. 2010). In particular, a prospectively

planned subgroup analysis of gastric cancer patients, demonstrated a statistically

significant prolongation of OS (n ¼ 66; 71 versus 44 days; p ¼ 0.0313). One

reason for this observation could be that nonovarian cancer patients (including

gastric cancer) had fewer previous chemotherapies (median of one) compared

to ovarian cancer patients (median of three) resulting in a less impaired immune

system (see also Sect. 16.5.4).

Of greatest importance, tumor cells were almost completely eliminated from ascites

fluid, suggesting the induction of prominent catumaxomab-mediated anti-tumor

responses. Pyrexia, nausea, vomiting, and a transient elevation of liver enzymes as

the most frequent adverse events were generally mild to moderate and reversible.

Interestingly, in a preliminary monitoring study, putative CD133+/EpCAM+

CSCs were present in peritoneal fluids of 62% of analyzed MA patients with

different underlying primary tumor entities (Lindhofer et al. 2009) before thera-

peutic intervention. After four i.p. catumaxomab infusions, these presumed CSCs

were completely eliminated from the peritoneal fluids of all tested MA patients.

Thus, even under enhanced immunosuppressive conditions (Curiel et al. 2004,

see also Sect. 16.4), catumaxomab efficiently destroyed CD133+/EpCAM+ CSCs

within the peritoneal fluids of MA patients. Therefore, catumaxomab-based thera-

peutic measures may offer an additional treatment opportunity to eliminate CSCs in

EpCAM+ malignancies.

Taken together, results suggest that patients with EpCAM+ MA do benefit

from catumaxomab therapy by the prolongation of puncture-free survival and the

reduction of ascites symptoms in comparison with MA patients receiving palliative

paracentesis only. Of note, two further studies targeting treatment of peritoneal

carcinomatosis (phase I) and pleural effusion (phase I/II) have been performed with

acceptable safety and promising efficacy results (Sebastian et al. 2009a, b; Str€ohlein
and Heiss 2009). Moreover, because EpCAM is frequently over-expressed, as in

prostate, breast, lung, colon, ovarian, or gastric carcinomas, catumaxomab may

offer novel future treatment opportunities for a variety of cancers provided that the

trifunctional antibody will be administered via the systemic route, which will be

investigated in future trials.

16.5.1.2 Ertumaxomab

Ertumaxomab is a Triomab® antibody targeting CD3 and HER2/neu, the latter

representing a well-characterized breast tumor marker that is also central to

trastuzumab (Herceptin®) therapy. In vitro ertumaxomab has been compared

to trastuzumab for its ability to kill tumor cells expressing various levels of

HER2/neu. Exposure to ertumaxomab led to the efficient lysis of cells expressing
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high or very low amounts of tumor antigen, whereas trastuzumab was completely

ineffective even at high concentrations at low HER2/neu expression (J€ager et al.
2009b). As already outlined in Sect. 16.3.2, this difference can be probably

explained by the mode of action of these antibodies; trastuzumab triggers NK-

mediated ADCC, while ertumaxomab mainly relies on T-cell-mediated killing and

the interaction between T cells and accessory cells, as demonstrated in a phase I trial

by the release of proinflammatory Th1-biased cytokines such as IFN-g. To summa-

rize the study briefly, 15 metastatic breast cancer patients who completed the study

received i.v. three ascending doses of ertumaxomab (10–200 mg) on days 1, 7, and

14. Adverse events (e.g., fever, rigors, headache, nausea, and vomiting) related to

ertumaxomab were generally mild, transient, and fully reversible. An anti-tumor

response was seen in 5 out of 15 evaluable patients (one with a complete response,

two with a partial response, and two with stable disease) (Kiewe et al. 2006).

16.5.2 Autologous In Situ Immunization Mediated
by Triomab® Antibodies

The world’s first therapeutic cancer vaccine, which was recently approved by the U.

S. Food and Drug Administration, represents a major breakthrough in harnessing

the immune system to fight tumors. Moreover, this therapeutic vaccine approval

symbolizes a “proof-of-concept” development in cancer immunotherapy in general.

The novel vaccine, Provenge (sipuleucel-T) from Dendreon (USA), will be used to

treat men for advanced prostate cancer in an individual-targeted manner. In view of

this successful cancer vaccine development, it should be noted that trifunctional

IgG-shaped antibodies with anti-CD3 recognition of T cells can mediate vaccine-

like adaptive immune responses against tumors. As already outlined, Triomab®

antibodies have the potential to target and activate DCs in situ while initiating

phagocytosis of tumor cells via opsonization (see also Sect. 16.3.1). After the

destruction of tumor cells phagocytosed by DCs, subsequent antigen trafficking

along MHC class I and class II processing and presentation pathways leads to the

stimulation of tumor-specific CD8 or CD4 T cells, respectively. Data taken from

preclinical experiments and preliminary clinical observations have indicated the

induction of long-lasting CD4 and CD8 T cell responses (Ruf and Lindhofer 2001).

If comprehensive immunomonitoring programs confirm these interesting findings

(e.g., long-term immune and memory responses against tumors) in parallel with a

beneficial therapeutic outcome, Triomab® antibodies may give rise to the induction

of adaptive immunity, bridging the gap between active and passive immunization.

Chames and Baty (2009) have described this mode of action as the “Holy Grail”

of antibody-based cancer therapy.

In fact, in the A20 mouse lymphoma model, it has been demonstrated that

the trifunctional antibody BiLu (anti-human EpCAM � anti-mouse CD3) could

be used as an immunizing agent for anti-tumor vaccination. The immunization
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efficacy was dependent on the presence of the chimeric mouse/rat Fc-region, as the

F(ab0)2 fragment of the same trifunctional antibody did not elicit long-term protec-

tion (Ruf and Lindhofer 2001). Furthermore, a strong correlation has been observed

between the induction of a humoral immune response with tumor-reactive

antibodies and mouse survival.

Moreover, case observations with patients suffering from progressive peritoneal

carcinomatosis from gastric and ovarian cancer were immunomonitored for long-

lasting cell-mediated immune responses as a consequence of Triomab® therapy

(Str€ohlein et al. 2009). Briefly, after chemotherapy, the patient received three

escalating doses of catumaxomab (10 mg–20 mg–40 mg) given i.p. The already

primed immune responses were restimulated 30 days later after the end of

catumaxomab therapy by means of an intradermal antigenic boost immunization

via PBMCs loaded with 100-Gy irradiated autologous tumor cells and Triomab®

antibody. As demonstrated by IFN-g secretion assays, activation of tumor-reactive

T cells was measured from day 39 up to day 110 at least after restimulation

(Str€ohlein et al. 2009). For these reasons, we have initiated for the next 2 years

a clinical immunomonitoring program addressing the detection of memory responses.

We are confident that important immunological parameters will be identified that will

clearly mark the beginning of a new era in antibody therapy when the Triomab®

concept will become a part of vaccinology.

16.5.3 Avoiding Graft-Versus-Host Disease While Redirecting
Graft Versus Leukemia After Allogeneic Transplantation
by Means of Triomab® FBTA05

With an annual incidence of four new cases per 100,000 population, chronic

lymphocytic leukemia (CLL) represents the most frequent leukemia in the western

world. In addition, about 19 new non-Hodgkin’s lymphoma (NHL) cases per

100,000 population annually are currently diagnosed in Europe or the USA. CLL

is not curable by means of the usual chemotherapeutic regimes even in combination

with antibody application (e.g., anti-CD52 alemtuzumab and/or anti-CD20

rituximab). Although evidence for a graft-versus-lymphoma (GVL) effect of allo-

geneic stem cell transplantation (SCT) in highly malignant lymphoma is limited

and controversial, allogeneic SCT represents the only curative option for CLL

patients (Grigg and Ritchie 2004). However, several studies and observations

report a GVL effect by donor lymphocyte infusions (DLI) following allogeneic

hematopoietic SCT (Porter et al. 2006). Nevertheless, the use of allogeneic cell

therapy in clinical practice can be frequently accompanied by life-threatening graft-

versus-host disease (GVHD), which is difficult to control effectively with current

treatment protocols. Thus, more sophisticated treatment regimes are required

that allow optimal GVL effects while reducing the frequency and severity of

devastating GVHD. Monoclonal antibodies such as rituximab have been used
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with increasing success in the treatment of patients with indolent and aggressive

lymphoma as well as with CLL. The application of rituximab has improved anti-

tumor response and survival of patients, but the mechanism of action is not entirely

clear; ADCC, CDC, and induction of apoptosis have been demonstrated in in vitro

experiments (Cartron et al. 2004).

Bispecific antibodies may represent a highly attractive therapeutic option for

directing T cells efficiently toward tumor cells. In this context, the trifunctional

anti-CD20 � anti-CD3 Triomab® antibody FBTA05 may improve the targeting of

tumor cells by immune allogeneic effector cells while simultaneously reducing

the risk of undesirable reactivity against normal host cells. In other words, FBTA05

may maximize GVL effects by simultaneously decreasing the incidence and sever-

ity of GVHD. Morecki and co-workers (2006, 2008) provided the first evidence that

the hallmark of autologous vaccination also holds true for the concerted interaction

of allogeneic lymphocytes and a trifunctional BiLu antibody (anti-EpCAM �
anti-murine CD3) in an experimental B16-EpCAM tumor model. By means of

this BiLu antibody-targeted DLI, long-lasting anti-tumor responses were induced

that protected treated mice against a second B16-EpCAM tumor challenge

(Morecki et al. 2008). Of importance, the use of this trifunctional antibody

BiLu prevented mice from GVHD induced by the application of allogeneic

haplo-identical lymphocytes. These preclinical findings represent the basic princi-

ple for the combination of DLI and trifunctional antibodies for CLL or NHL

treatment. Based on the preclinical success described, a proof-of-concept clinical

study was performed with a combination of the trifunctional anti-CD20 � anti-

CD3 Triomab® antibody FBTA05 and DLI as therapeutic measures against

B cell malignancies (Buhmann et al. 2009). This therapeutic setting showed

FBTA05-induced anti-tumor responses in extensively pre-treated, p53-mutated,

alemtuzumab- and rituximab-refractory patients, indicating the therapeutic capacity

of this biopharmaceutical. It should be noted that FBTA05 antibodies can mediate

effective killing of lymphoma cells even at very low surface expression levels of

CD20 in vitro (Stanglmaier et al. 2008). Taken together, these findings suggest that

the trifunctional antibody FBTA05 may offer novel treatment options, such as SCT

followed by DLI plus FBTA05 antibodies, for therapy-resistant low-grade lymphoma

(including CLL) and NHL patients in relapse.

16.5.4 HAMA Response as a Predictive Marker

Because Triomab® antibodies are considered “foreign” to the human immune system,

it is not surprising that human anti-mouse (HAMA) and anti-rat antibodies (HARA)

are induced in patients with preceding antibody applications. Nevertheless, results

from clinical studies have demonstrated that Triomab® antibodies administered

within a given treatment window, e.g., prior to the induction of neutralizing

HAMA/HARA responses, may be sufficient for the therapeutic benefit in many

cancer indications (Heiss et al. 2005, 2010; Kiewe et al. 2006; Ruf et al. 2010).
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On the other hand, HAMA responses could be a predictive measure for the early

onset of antigen-specific immune responses. In fact, these HAMA responses have

been monitored through a pivotal phase II/III study with catumaxomab against MA

and represented a predictive measure in that study. Briefly, 76% of the tested MA

patients in the pivotal phase II/III trial were HAMA positive 8 days after completion

of catumaxomab treatment (Ott et al. 2010). In contrast to HAMA-negative patients,

they showed a significantly longer puncture-free survival, time to puncture, and

especially overall survival. In fact, median overall survival in HAMA-positive

patients was more than twofold increased compared to patients in the control group

or HAMA-negative patients in the pivotal trial (129 days versus 64 days [HAMA

neg.], p ¼ 0.0003; Ott et al. 2010). Catumaxomab therapy was also beneficial for

HAMA-negative patients in terms of time to first puncture; however, catumaxomab

failed to improve overall survival in HAMA-negative patients. In summary, only

early positive HAMA responses were strongly correlated with increased overall

survival data with catumaxomab treatment. Thus, the beneficial clinical outcome

may also be attributed to the contribution of acquired anti-tumor effector mechanisms

mediated by catumaxomab, especially distinguished through its T-cell-recruiting

capacity. Moreover, HAMA data may additionally reflect immunological fitness

and antigen responsiveness with emphasis on acquired immunity. Therefore, the

development of HAMA may represent an early biomarker and predictor for benefi-

cial tumor therapy with Triomab® antibodies.

16.6 Future Perspectives

After the first approval in Europe for the treatment of MA, catumaxomab will be

intensely developed against EpCAM+ carcinomas including cancer stem cells

and for alternative routes of administration. Moreover, ertumaxomab treatment of

HER2/neu-expressing breast cancer patients, FBTA05 against B cell malignancies,

and novel target antigens such as GD2-gangliosides will be further investigated and

implemented into the Triomab® technology platform. Another interesting focus of

research will be the aspect of active immunization. Therefore, immunomonitoring

will be intensified to analyze possibly induced tumor-specific T cells as well as

humoral anti-tumor responses.
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Chapter 17

Bispecific Antibodies for the Retargeting

of Cytokines

Bruno Robert, Christel Larbouret, David Azria, Jean-Pierre Mach,

and André Pèlegrin

17.1 Introduction

The use of cytokines as adjuvant for different forms of cancer therapy represents

one of the most promising areas of applied cancer research (Seruga et al. 2008). As

examples, Interleukin-2 is now been a classical treatment for renal cell carcinoma

(FDA approved in 1992) and always evaluated for other cancer immunotherapy,

interferon a for melanoma therapy (FDA approved in 1995) and others, such as IL-15

emerged as good candidate since IL-15 was ranked 1st/124 immunomodulatory drugs

in clinical and preclinical trials to treat cancer by an NCI consortium (Cheever 2008).

Despite some success, the usually narrow window between toxicity and efficacy

has limited the use of cytokines as cancer treatment.

Among cytokines, the pleiotropic TNFa has focused a lot of interest since it has

been shown in experimental animal models to have a potent antitumor activity,

through its proapoptotic activity on certain tumors, as well as on the endothelial

cells of the tumor vasculature (Brouckaert et al. 1986; Carswell et al. 1975; Balkwill

et al. 1986; Asher et al. 1991; Creasey et al. 1986; Havell et al. 1988; Lejeune and

Eggermont 2007). Thanks to the latter property, this cytokine has gained the name of

“Tumor Necrosis Factor.” However, it was rapidly found that TNF is a central

immunomodulator of inflammation and, when produced in excess by macrophages

during acute infection, a key factor responsible for septic shock (Tracey et al. 1987).

That is the reason why cancer therapy clinical trials using systemic injection of TNFa
were disappointing since patients were found to have significantly lower maximum
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tolerated dose [about 10 mg/kg; (Moritz et al. 1989; Abbruzzese et al. 1989)] than

mice [400 mg/kg; (Asher et al. 1991; Havell et al. 1988)] and the low doses injectable

to patients had no antitumor effect. Thus, toxicity induced by TNFa prevented its

systemic use in cancer patients.

To overcome these problems, a strategy involving isolated limb perfusion (ILP)

(Lienard et al. 1992) of TNFa has demonstrated its potential for cancer therapy, but

only when a high enough therapeutic concentration of TNFa was obtained in the

tumor with a nontoxic systemic concentration. To date, TNFa is only used by ILP in

sarcoma therapy in association with Melphalan and Hyperthermia with a good rate

of success for the treatment of tumors limited to the perfused limb (Lejeune and

Eggermont 2007). Interestingly, in the course of these attempts of cancer therapy by

TNF injection, a relatively new vasoactive property of TNF was discovered, that is

the capacity of small doses of this cytokine to increase the tumor blood flow as well

as the permeability of tumor neovascularization, before the potential subsequent

collapse of these vessels (Folli et al. 1993; Ten Hagen et al. 2000). Furthermore,

the antitumor efficiency of TNF injection through ILP was in great part attributed to

these new vasoactive properties of TNF, leading to a better accessibility to the

tumor cells of the chemotherapeutic drug, always coinjected with TNF (de Wilt

et al. 2000; Lejeune 2002). As we will see in this chapter, these TNF properties of

increasing tumor blood flow and vascular permeability are likely to be responsible

for the enhancement of the efficiency of external beam radiotherapy by TNF that we

have demonstrated (Azria et al. 2003a, and b; Larbouret et al. 2007).

17.2 Different Way to Target Cytokine

In this context, different other strategies have been proposed to target specifically

cytokines in tumors. One obvious approach was to directly couple cytokines

with antitumor antibody using either chemical linkage (LeBerthon et al. 1991;

Khawli et al. 1994; Rosenblum et al. 1991) or genetic fusion proteins between the

antibody or its fragment directed against tumor-associated antigen (TAA) and

the cytokines (Yang et al. 1995; Hoogenboom et al. 1991; Dela Cruz et al. 2004).

These conjugates or fusion proteins were called immunocytokine (ICK). Different

studies have shown the ability of some ICK to target tumor and to induce a tumor

regression in mice (Kaspar et al. 2007; Dela Cruz et al. 2000). These promising

results led to different phase I, II clinical trials (King et al. 2004; Ribas et al. 2009).

Another reported approach was to use gene therapy to transfect plasmids coding

for different cytokines into tumor cells (Asher et al. 1991; Mullen et al. 1992),

which involve invasive protocol and the known present limitations associated with

gene therapy. Recently, new idea emerged with the design of mutated cytokines,

such as TNFa with increased affinity to theirs receptors or mutant cytokines fused

to vasculature localization peptide (Curnis et al. 2000).

In our group, we developed an original strategy consisting in the design of

a bispecific antibody with one arm directed against a TAA and the other against
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a cytokine, in particular, TNFa (Robert et al. 1996). We hypothesized that this

bispecific antibody could first target the cytokine specifically into tumors, and

second increase the otherwise rapid circulating half-life of the cytokine, while, as

a third property, the bispecific antibody could decrease the systemic toxicity

observed following the intravenous injection of free cytokine. Results obtained

with this last strategy is discussed in this chapter.

17.3 Bispecific Antibody to Target TNF

Based on previous reports, using bispecific antibody to target vinca alkaloides or

saporin to tumor cells (Corvalan et al. 1987; French et al. 1995), as well as on the

demonstration that bispecific antibody could target at the tumor site a radiolabeled

hapten (Chatal et al. 1995), we developed a bispecific antibody conjugate having

the capacity to target the CEA expressing tumor cells and to bind the human TNFa
cytokine. Thus, this bispecific antibody could have the combined properties to

target and concentrate TNFa at the tumor site, thus increasing the local availability

of the cytokine and to decrease the cytokine systemic toxicity.

To produce this bispecific antibody, we used anti-carcinoembryonic antigen

(CEA) monoclonal antibody 35A7 which already demonstrated efficient tumor

targeting capacity both in xenografted mice model and in colon carcinoma

patients in the form of F(ab0)2 or Fab fragments (Delaloye et al. 1986). Anti-

CEA/anti-human TNFa bispecific antibody conjugates were produced using a

chemical thioether link between Fab’ fragments from anti-CEA 35A7 (Girardet

et al. 1986) and the anti-human TNFa tnf18 mAb (provided by Dr. M. Brockhaus,

Hoffmann-La Roche AG, Basel) using the bismaleimide method (Glennie et al.

1987). Figure 17.1, show a schematic diagram of the proposed mechanism of TNF

tumor targeting through the bispecific antibody and its potential release to the local

tumor or endothelial cells.

In contrast to immunocytokine in which cytokine is classically fused at the

C-terminal of the Fc part of the mAb or chemically linked to mAbs, we hypothesized

in a bispecific antibody tumor targeting strategy that when the TNF-loaded bispecific

antibody reaches the tumor site the cytokines molecules can “jump” to their specific

receptors present on tumor cells and endothelial cells from the tumor neovasculature.

The “jump” of the cytokine to TNF receptor could be due to the higher affinity of the

TNF receptor for its ligand, when compared with that of the mAb binding paratope.

The increased concentration of free TNFa at the tumor site should generate all

the pleiotropic proprieties of this cytokine, such as increased local blood flow

and vascular permeability and in some cases apoptosis/necrosis of tumor cells.

Furthermore, the increased tumor vasoactivity and, the oxidative damage produced

by TNFa can enhance cellular damage produced by ionizing radiation. Our group

and others observed a synergistical antitumor effect of the combination of TNFa
with ionizing radiation in vitro and demonstrated an enhancement of external beam

irradiation antitumor effect in association with TNFa in some murine tumors and

human tumor xenografts in vivo.
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One of the critical and limiting point for developing bispecific antibody using

chemical linker as described here, is the selection of a parental mAbs showing high

enough affinity to their targets even in the Fab monovalent form. Different anti-

TNFa mAbs were tested and showed a massive loss of affinity after being reduced

in Fab’ fragments by pepsin digestion and mild reduction. Our final choice was the

tnf18 mAb which present high affinity for TNFa in the monovalent Fab’ format.

The same point was verified with the evaluation of different anti-CEA mAbs,

leading to the selection of hybridoma 35A7. The use of thioether chemical linkage

between the two Fab’ generated a good flexibility between the two Fab’ fragments

and has allowed to obtain a bispecific antibody with high affinity to both CEA

tumor target and TNFa cytokine, as determined by BIAcore measurement, in

comparison with intact parental F(ab0)2 (Table 17.1).
Biodistribution of the bispecific antibody is one of the most crucial characteristic

to be taken in account for cytokine targeting. Thank to the high affinity of monova-

lent anti-CEA 35A7 Fab’ used, the tumor localization and the biodistribution of the

bispecific antibody was similar, at different time after injection, to those obtained

with the dimeric parental anti-CEA 35A7 F(ab0)2, in a model of nude mice

xenografted by a CEA expressing human colon carcinoma (Fig. 17.2). Furthermore,

we observed relatively high amounts, 17% of the injected dose of the bispecific

antibody per gram of tumor remaining at 48 h, which were similar to those obtained

with the parental antitumor F(ab0)2 (Robert et al. 1996).
As previously described for other cytokines, TNFa showed a rapid blood and

tissue elimination after i.v. injection in mice (Fig. 17.3).

The blood disappearance curves of TNFa fitted a biexponential model with

values of 10 min and 5 h for the a and b half-lives, respectively. This rapid blood

Fig. 17.1 Scheme representing membrane anchored carcinoembryonic antigen (CEA) and tumor

necrosis factor receptor (TNFR). Bispecific antibody bind CEA and concentrate tumor necrosis

factor a (TNFa) in the tumor at the vicinity of TNFR which attract (“JUMP”) TNFa due to its

higher affinity for the cytokine
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Table 17.1 Affinity constants of different soluble proteins for a CEA or TNFa sensor chip

Soluble proteins

Protein immobilized on sensor chips

CEA TNFa

BAb 1.7 � l09a 9.4 � 108

TNFa on BAbb 6.6 � 108 ND

CEA on BAbb ND 2.5 � l08

35A7 9.7 � 108 ND

35A7 F(ab’)2 2.2 � 108 No fixation

tnf18 No fixation 1.8 � 108

tnf18F(ab’)2 ND 2.5 � 108

CEA ND No fixation

TNFa No fixation ND

ND not doneaThe Ka (kon/koff) values (M
�1) for the interaction of different soluble proteins with

CEA or TNFa immobilized on different sensor chips were determined using BlAcore and

BlAevaluation (Pharmacia)bFor the determination of the Ka values of CEA or TNFa on BAb,

BAb was first exposed to a TNFa- or CEA-bearing sensor chip, and when equilibrium was

reached, CEA or TNFa was then injected

Fig. 17.2 Biodistribution of bispecific antibody and parental F(ab’)2 fragments in nude mice

bearing human colon carcinoma. Iodine-125 radiolabeled bispecific antibody (black bar) was

intravenously injected with iodine-131 parental F(ab’)2 (anti-TNF; white bar or anti-CEA; hatched
bar) in mice which were dissected 6, 24, or 48 later. Results are expressed as the mean of

percentages of injected dose per gram of tissue. Tu tumor; Li liver; Ki kidneys; Lu lung; Sp spleen;
Mu muscle; Bo bone; Sk skin; St stomach; In intestine; Ca carcass; Bl blood (adapted from Robert

et al. 1996)
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elimination is due to a renal clearance since high-radiolabeled TNFa was recovered

in this organ already 10 min after i.v. injection. As expected, we observed an

increase of systemic half-life of TNFa when it was preincubated with the bispecific

antibody before intravenous injection.

Near than twofold increase of blood concentration of TNFa was measured 6 h

postinjection (Fig. 17.4), but the biodistribution of TNFa mixed with bispecific

antibody was not the same as that of the bispecific antibody. At such time specified,

the bispecific antibody showed between 10 and 15% ID/g in blood, in contrast to

4% ID/g of TNFa, also in blood when injected with bispecific antibody (Figs. 17.2

and 17.3). This observation strengthen the hypothesis of a possible “jump” of

cytokine from the bispecific antibody to its high-affinity TNF receptor.

Furthermore, when injected i.v. alone, TNFa did not show any preferential

tumor retention (Fig. 17.2). In contrast, when radiolabeled TNFa was injected

with the bispecific antibody a high increase of the cytokine tumor localization

was observed over time with a limited increase in other organs. The tumor uptake

enhancement of TNFa, injected with the bispecific antibody, when compared with

TNFa alone, was 3.25-fold, at 6 h and 8.15-fold at 14 h, after injection (Fig. 17.4).

By using radiolabeled TNFa, we also confirmed that the bispecific antibody is

able to increase the retention of TNFa in the mice whole body. Indeed, 14 h after

injection two times more TNFa was recovered from mice injected with bispecific

antibody and TNFa than in mice injected with TNFa alone. Interestingly, this

increased amounts of TNFa was in great part specifically localized in the tumor

by bispecific antibody, since a 3.2% increase of tumor concentration was observed,

between 6 and 14 h, when compared with the tumor concentration observed in

control mice injected with TNFa alone between.

Fig. 17.3 Biodistribution of intravenous injection iodine-125 radiolabeled TNFa in nude mice

bearing human colon carcinoma. Mice were dissected at different time and results are expressed as

percentages of injected dose per gram of tissue (adapted from Robert et al. 1996)
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17.4 Tumor Therapy Using Cytokine Targeting and External

Beam Radiotherapy

In vitro and in vivo results have reported an additive or supra-additive effect of

TNFa, when associated with external beam radiation (Hallahan et al. 1990; Azria

et al. 2003a, 2004). In view of the tumor targeting properties of the bispecific

antibody strategy, we explored the therapeutic effect of TNFa targeted by bispecific

antibody, in association with external beam radiotherapy in colon and pancreatic

carcinomas models.

Fig. 17.4 Tumor targeting of TNFawhen premixed with bispecific antibody in nude mice bearing

human colon carcinoma. Mice were intravenously injected with iodine-131-labeled TNFa (white
bar) alone or with bispecific antibody (black bar). Mice are dissected 6 (A) or 14 h (B) and results

are expressed as percentages of injected dose per gram of tissue. Tu tumor; Li liver; Ki kidneys; Lu
lung; Sp spleen; Mu muscle; Bo bone; Sk skin; St stomach; In intestine; Ca carcass; Bl blood
(adapted from Robert et al. Cancer Res. 1996)
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In a model of human colon carcinoma, relatively resistant to radiotherapy,

xenografted in nude mice (Azria et al. 2003b), we demonstrated that TNFa targeted

to the tumor by the anti-CEA/anti-TNF bispecific antibody in association with

external radiotherapy enhanced significantly the tumor growth delay and the mice

survival in comparison with radiotherapy alone or radiotherapy in combination with

free TNFa (Figs. 17.5 and 17.6).

This association of tumor-targeted TNFa with external radiotherapy was also

successful in another type of human carcinoma xenograft, the human pancreatic

carcinoma BX-PC3 which express CEA (Azria et al. 2003a). As shown in Fig. 17.7,

mice bearing well-established BX-PC3 xenografts, treated with TNF/bispecific

antibody in association with irradiation showed better survival (time for tumors to

reach 1,500 mm3) than mice receiving each treatment modality alone (Fig. 17.7).

In terms of toxicity, at the end of all treatment, no significant differences were

found in mouse body weight between control and treated group. No diarrhea was

observed in any group, suggesting the absence of digestive toxicity. No other signs

of toxicity (fluid retention, respiratory distress, etc.) were observed in any of the

animals during the course of the therapeutic study.

However, the effect of TNFa on the immune system must also be taken into

consideration, thus our results needed to be confirmed in an immunocompetent

model in which the tumoricidal action of TNFa could be evaluated mainly by

the immunologic and nonimmunologic mechanisms, such as damage to the tumor

vasculature. We used the model of syngenic murine colon carcinoma MC-38

transfected with human CEA (Clarke et al. 1998) and transplanted in CEA transgenic
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Fig. 17.5 Tumor volume as a function of time after LS174T cell transplantation and treatment

with TNFa and/or bispecific antibody (BAb) and/or irradiation. Mice are randomly divided into

seven groups as follows: Group 1, i.v. injection of NaCl; Group 2, i.v. injection of TNFa; Group 3,
i.v. injection of BAb; Group 4, i.v. injection of BAb + TNFa; Group 5, local radiation; Group 6,

local radiation + i.v. injection of TNFa 3 h before irradiation; Group 7, local radiation + i.v.

injection of BAb + TNFa. n ¼ 5 mice per group (adapted from Azria et al. 2003b)
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C57/Bl6 mice). In these immunocompetent mice, we confirmed the advantage of our

combination therapy strategy and observed a significantly longer tumor growth delay

when TNFa/bispecific antibody conjugates were injected in association with radio-

therapy, when compared with radiotherapy alone or radiotherapy combined with free

TNFa (Fig. 17.8).

Fig. 17.7 Kaplan–Meier survival curves obtained as a function of time for all groups: Group 1,

dotted line (circle) no treatment; Group 2, dotted line (diamond) TNFa; Group 3, dotted line
(cross) bispecific antibody (BAb) alone; Group 4, dotted line (triangle) BAb + TNFa; Group 5,

solid line (cross) local irradiation (RT) alone; Group 6, solid line (diamond) RT + TNFa; Group 7,
solid line (square) RT + BAb + TNFa (adapted from Azria et al. 2003a)

Fig. 17.6 Kaplan–Meier survival curves obtained as a function of time for all groups: Group 1,

dotted line (X) no treatment; Group 2, dotted line (open diamond) TNFa alone; Group 3, dotted
line (open circle) bispecific antibody (BAb) alone; Group 4, dotted line (open square) BAb +

TNFa; Group 5, solid line (open triangle) local irradiation (RT) alone; Group 6, solid line (open
diamond) RT + TNFa; Group 7, solid line (open square) RT + TNFa + BAb (adapted from

Azria et al. 2003b)
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Indeed, in this model of aggressive murine colon carcinoma in syngenic

and immunocompetent C57/Bl6 mice, we demonstrated a radiocurability of 50%

of mice in two different experiences in the group injected with TNFa/bispecific
antibody in association with radiotherapy, when compared with 18 and 20% cured

mice in the groups receiving radiotherapy alone or i.v. injection of free TNFa in

association with radiotherapy, respectively.

As shown in Fig. 17.8, the injection of TNFa/bispecific antibody conjugates

with radiotherapy induced an increase in the median delay to reach a tumor volume

of 1,000 mm3, with a gain of 22 and 40 days, when compared with the groups

receiving radiotherapy alone or radiotherapy + TNFa, respectively (Larbouret

et al. 2007). Histologically, we could observed a dramatic increase in tumor

necrosis when TNF was tumor targeted (Fig. 17.9).

The key in vivo results presented in this study are the correlation between the

high number of complete tumor responses and the increase of tumor growth delay.

To these two factors can be added, the observation of the subsequent detection of

a high level of endogenous TNFa mRNA and a high percentage of necrosis by

histopathologic examination (Fig. 17.9) in the tumor from the mice treated by

radiotherapy in combination with bispecific antibody/TNFa complex. The increase

of endogenous TNFa mRNA could be explained by cellular exposure to ionizing

radiation (Hallahan et al. 1989).

17.5 Conclusion

All these preclinical in vivo data illustrate the therapeutic potential of the use of

bispecific antibody to redirect and concentrate a cytokine such as TNFa at the

tumor site. Furthermore, the results demonstrate that the association of external

Fig. 17.8 Tumor volume as function of time of syngeneic MC38-CEA+ murine colon carcinoma

growth in CEA-transgenic mice. Seven groups of mice were treated. All groups detailed on graphs

after removing all cured mice from each group. Values represent mean tumor size of two

consecutive experiments. BsAb bispecific antibody; TNFa tumor necrosis factor a; RT radiother-

apy (adapted from Larbouret et al. 2007)
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beam irradiation with bispecific antibody-targeted TNFa can significantly increase

the curability of tumor in immunocompetent mice.

Based on these results, it is tempting to speculate that this association of

bispecific antibody-targeted TNFa and radiotherapy could be directly applied to

the clinic for the improvement of the radiotherapy of CEA expressing carcinomas.

However, two practical problems should be resolved before planning a clinical trial.

The first point concerns the bispecific antibody. Although some clinical trials

have been performed with bispecific antibody conjugates generated by chemical

linkage (Curnow 1997) as used in our studies, the majority of clinical studies have

used recombinant bispecific antibodies obtained by gene fusion which can be

produced in large amounts under GMP conditions. Thus, we will have to produce

our own recombinant anti-TNF/anti-CEA fusion protein (M€uller et al. 2007; Osada
et al. 2010). The second problem is that the toxicity of TNF is known to be much

higher in human than in mice, thus very careful toxicity studies will be required,

taking advantage of the fact that the anti-TNF binding site of our bispecific antibody

will decrease its toxicity.

Fig. 17.9 Effect of local radiotherapy (RT) and tumor necrosis factor (TNF)-a combination on

histologic parameters of explanted MC38-CEA+ tumors. Female transgenic mice with established

tumor treated with (a) vehicle, (b) RT, (c) bispecific antibody (BsAb) plus TNFa, and (d)

BsAb + TNFa + RT. After first week of treatment, tumors were removed and sections of fixed

samples embedded in paraffin were stained with hematoxylin and eosin. We then performed two

dedicated experiments to histologic analyses with one mouse per treatment group (adapted from

Larbouret et al. 2007)
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Chapter 18

Bispecific Antibodies and Gene Therapy

Dirk M. Nettelbeck

18.1 Introduction

18.1.1 Gene Therapy

Gene therapy is the transfer of genes into patients’ cells for therapeutic purposes

(Fig. 18.1). Gene therapy was originally envisioned as a cure for inherited (mono-

genetic) diseases by gene correction, i.e., by replacing or complementing the

causative mutated gene with a functional copy. In recent decades, however, gene

therapy has been intensively investigated for treatment of many diseases by transfer

of diverse classes of therapeutic genes from various species (Table 18.1). Examples

are genes encoding pathogen antigens for prevention or treatment of infectious

diseases (genetic vaccination); genes encoding agonists or antagonists of vascular

growth factors for treatment of cardiovascular diseases; or genes that directly or

indirectly mediate tumor cell killing for cancer treatment. Gene therapy drugs

consist of the therapeutic gene, which defines the mode of therapeutic action, and

the gene transfer vector, which needs to facilitate appropriate stability, delivery,

and expression of the therapeutic gene (Fig. 18.1). Indeed, major efforts in gene

therapy research focus on vector development, since the delivery of therapeutic

genes is complex and critically determines treatment efficacy. Since the 1990s

a multitude of gene therapy clinical trials have been performed with thousands of

patients and therapeutic efficacy was demonstrated recently. Examples are the

restoration of immunity in SCID patients, restoration of some degree of vision in

childhood blindness or inhibition of neurodegeneration (Kohn 2010; Roy et al.

2010; Cartier et al. 2009). However, most gene therapy approaches necessitate
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improved efficacy or selectivity of gene transfer in order to facilitate successful

applications in patients.

18.1.2 Gene Therapy Vectors

To ensure proper expression of the therapeutic gene in the patients’ cells, a gene

therapy vector contains a promoter and a transcription termination/polyadenylation

signal (Fig. 18.1). Further regulatory elements can be exploited, for example, to

achieve enhanced (introns) or bicistronic (internal ribosome entry sites, IRES)

gene expression. Importantly, regulatory elements can be exploited for spatial or

temporal control of gene expression. Examples are inducible or cell type-specific

promoters or sequences differentially regulating mRNA stability or translation

efficiency (Goverdhana et al. 2005; Dorer and Nettelbeck 2009; Brown and Naldini

2009). To improve stability of the therapeutic DNA, these eukaryotic expression
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Fig. 18.1 Bispecific antibodies and gene therapy. Left panel: For gene therapy, a therapeutic gene
is delivered into the patient’s cell, where the gene product is expressed and mediates therapeutic

activity. Examples are the complementation of the patient’s genetic defects or the killing of cancer

cells. For delivery and expression, the therapeutic gene is incorporated into a gene transfer vector

containing regulatory sequences (e.g., for transcription start and termination). Frequently, the

vector is also a means for efficient gene delivery into the patient’s cells (e.g., replication-deficient

viruses). Right panels: Bispecific antibodies can be either a tool for targeting gene transfer vectors
to specific cell types (1) or gene transfer can be exploited as a tool for antibody therapy by antibody

gene transfer and subsequent synthesis of the antibody in the patient (2)
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Table 18.1 Therapeutic genes used in gene therapy

Therapeutic gene Disease Activity References

Correct copy of

mutated gene

encoding

– Cytokine receptor

– Retinal pigment

epithelium

protein

– Blood coagulation

factor

– Transporter

ABCD1

Monogenetic disease

– Immunodeficiency

– Childhood blindness

– Hemophilia

– Neurodegenerative

disease

Gene correction Kohn (2010), Roy

et al. (2010),

Margaritis and

High (2010),

Cartier et al.

(2009)

Vascular growth

factor gene;

soluble vascular

growth factor

receptor gene

Vascular diseases,

cancer

Angiogenesis, anti-

angiogenesis

Karvinen and

Yla-Herttuala

(2010), Brandwijk

et al. (2007)

Cytokine gene,

co-stimulatory

genes, gene

encoding T cell

receptor

Infectious diseases,

cancer

Immunostimulation Liu et al. (2010),

Dotti et al. (2009)

Antibody-encoding

gene

Infectious diseases,

cancer

Antibody-dependent

immune activation,

neutralization of

pathogens, receptor

agonism or

antagonism

Watanabe et al. (2010)

Gene encoding

antigen

– Pathogen-derived

– Tumor-associated

– Infectious diseases

– Cancer

Genetic vaccination Smits et al. (2009),

Rice et al. (2008)

Pro-apoptotic gene

– Fas, TRAIL

Cancer Cytotoxic; para- and

autokrine apoptosis

induction

Griffith et al. (2009)

Suicide gene

(encodes

prodrug-

activating

enzyme)

– HSV thymidine

kinase

– Yeast cytosine

deaminase

Cancer Cytocidal in combination

with prodrug

– Ganciclovir

– 5-FC

Portsmouth et al.

(2007)

Gene encoding

shRNA, miRNA,

ribozyme

Various Inhibition of target gene

expression

Singer and Verma

(2008)

18 Bispecific Antibodies and Gene Therapy 329



cassettes are inserted either into circular plasmids, which might be further packaged

by non-viral vectors, or into genomes of replication-deficient viral vectors

(Table 18.2). Delivery of the resulting gene drug can be achieved by physical

methods, for example, plasmid delivery into the skin by a gene gun for genetic

vaccination. Alternatively, delivery can be mediated by the vector, for example, by

penetration of virus vectors into the target tissue, uptake into cells and transfer of

the recombinant virus genome containing the therapeutic gene into the nucleus

(viral transduction). To ensure safety, viruses used as gene transfer vectors have

been crippled by gene deletions in order to prevent virus replication. Gene transfer

vectors determine the fate of the therapeutic gene: retroviral vectors insert their

genome and thus the therapeutic gene into the host cell chromosome, whereas

plasmids or adenoviral vectors result in episomal gene transfer. Thus, retroviruses

facilitate stable gene transfer of transduced cells and their progeny. This is required

for corrective treatment of inherited diseases, for example, by ex vivo gene transfer

Table 18.2 Gene transfer vectors used in gene therapy

Gene transfer vector Delivery Features References

Naked plasmid Injection, pressure-

perfusion, gene

gun, ultrasound,

electroporation,

Regulatory DNA sequences,

easy to produce,

episomal gene transfer,

often inefficient gene

transfer

Wells (2004)

Plasmid + non-viral

vectors (cationic

lipids, liposomes,

cationic polymers)

Non-specific uptake

or ligand-

mediated

cell entry

See plasmid, varying

efficiency, specific gene

transfer possible

Wolff and Rozema

(2008)

Retrovirus Viral transduction,

targeting ligand-

mediated cell

entry possible

Regulatory DNA sequences,

stable gene transfer

(chromosomal

integration, problem of

insertional mutagenesis),

genetic vector

engineering for

improved gene transfer

Baum et al. (2006)

Adeno-associated

virus (AAV)

Viral transduction,

targeting ligand-

mediated cell

entry possible

Regulatory DNA sequences,

episomal gene transfer,

long-term gene transfer

in postmitotic cells,

genetic vector

engineering for

improved gene transfer

Buning et al. (2008)

Adenovirus Viral transduction,

targeting ligand-

mediated cell

entry possible

Regulatory DNA sequences,

episomal gene transfer,

high capacity for foreign

DNA, genetic vector

engineering for

improved gene transfer

McConnell and

Imperiale (2004)
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into hematopoietic stem cells for treatment of inherited immunodeficiencies (Kohn

2010). In contrast, transient gene transfer is usually sufficient for genetic vaccina-

tion or cytoablative cancer therapy. For the latter, however, efficient gene transfer

is pivotal and thus vector choice is determined by transduction efficiency. In

this regard, conditionally replication-competent viral vectors have been recently

engineered allowing for vector spread in tumors and thus amplified gene transfer

(Parato et al. 2005; Cody and Douglas 2009). Such replication-competent vectors

also mediate tumor cell lysis by virus replication, termed oncolysis or virotherapy.

Hence, from the perspective of the virotherapist, insertion of therapeutic genes into

the genome of oncolytic viruses is a strategy to complement oncolysis with gene

therapy (“arming” of oncolytic viruses).

18.1.3 Targeting Gene Transfer

Many gene therapy applications require the restriction of gene transfer to specific

cells. This is obvious for cytoablative gene therapy and for replication-competent

vectors. Also effective genetic vaccination can depend on gene transfer into appro-

priate immune cells, as antigen expression in the wrong cells can trigger tolerance

rather than immunity. Consequently, vector targeting is a major challenge for gene

therapy research. Targeted gene therapy (or viral replication) can be achieved

by inserting cell-binding ligands into the gene transfer vector for targeted cell

entry, or by post-entry regulation of therapeutic gene expression using appropriate

regulatory sequences, as mentioned above.

18.1.4 Bispecific Antibodies and Gene Therapy

Bispecific antibodies and gene therapy are connected in two ways. First, bispecific

antibodies have been developed as promising tools for targeting cell entry of

gene transfer vectors: as adapter molecules they link the vector to a marker molecule

(specifically) expressed on the target cell surface (Fig. 18.1). Second, gene therapy

can be an alternative means for delivery of therapeutic antibodies to patients, i.e.,

by antibody production in the patients’ cells (genetic antibody therapy, Fig. 18.1).

Besides genetic delivery of (established) soluble antibodies, such antibody gene

transfer can also facilitate new applications for (bispecific) antibody therapy, for

example by expression of membrane-bound or intracellular derivatives. Certainly

combination therapies of bispecific antibodies and gene therapy can also be

envisioned.
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18.2 Bispecific Antibodies Are Tools for Gene Therapy

18.2.1 Adapters for Targeting Cell Entry of Viral Gene Therapy
Vectors

Bispecific antibodies have been exploited in gene therapy as tools to direct viral

gene transfer vectors to diseased cells. Therefore, an antibody with specificity for

a viral surface protein is linked to a second antibody that binds to a cell surface

molecule of interest, thus implementing an adapter molecule that binds the gene

transfer vector to the target cell (Figs. 18.1 and 18.2). Such modification of virus

tropism is required when virus receptor expression is lacking on target cells,

preventing gene transfer, or when widespread expression of the native virus recep-

tor on healthy cells leads to adverse side effects and vector sequestration. For the

latter, either the viral attachment proteins have been mutated without losing their

affinity for the adapter, or the receptor-binding domain of the virus attachment

protein is shielded by the adapter. The resulting loss of virus tropism for healthy

cells is termed de-targeting. Binding of and entry into target cells in both cases

is mediated by the target of the cell-binding moiety of the adapter (re-targeting).

Important advantages of the adapter strategy are (a) it does not require modi-

fications to the virus structure, which might well turn out to be detrimental for

target cell

target molecule

viral vector

receptor-binding domain

targeting adapter

vector-binding domain:
- soluble virus receptor
- Fab fragment
- scFv

cell-binding domain:
- mAb
- Fab fragment
- scFv
- ligand peptide or protein

Linkage:
- chemical conjugation
- genetic fusion

BISPECIFIC ADAPTERS FOR TARGETING GENE THERAPY

therapeutic
gene

Fig. 18.2 Bispecific antibodies as tools for targeting gene therapy. Bispecific adapters binding to

the gene transfer vector via one specificity and to a cell surface molecule with the other are used for

delivering therapeutic genes to specific cell types. This strategy is of interest to gene therapy in

order to ensure targeted therapy and avoid side effects. These bispecific adapters might contain one

antibody or antibody fragment (for either vector or cell binding). Alternatively, they can be

bispecific antibodies: chemical conjugate, diabody or tandem scFv
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vector assembly, stability, or activity; (b) it is flexible as vector binding to any

target molecule, to which an antibody can be raised, is possible by exchange of

the adapter’s cell-binding moiety and (c) once an effective adapter for a specific

vector has been generated, it can be used for transfer of any therapeutic gene by

corresponding derivatives of this vector.

18.2.2 Gene Therapy with Adenoviral Gene Transfer Vectors

Bispecific antibodies as adapters for targeting gene transfer have been most inten-

sively investigated with adenoviral vectors. Adenoviruses (Ads, McConnell and

Imperiale 2004) possess a double-stranded linear DNA genome covered by a

protein capsid, but not a lipid envelope. The receptor-binding spike of the adenovi-

ral capsid, made of the trimeric fiber protein, is responsible for attachment to host

cells by binding to the virus receptor, which is the coxsackie-adenovirus receptor

(CAR) for the mostly used human Ad serotype 5 (HAdV-5). Virus internalization

into the host cell is then mediated by a secondary interaction of a different virus

capsid protein, the penton base, with cellular integrins. By separating cell binding

from entry, this two-step mechanism facilitates a high degree of flexibility for the

nature of initial attachment of Ad vectors to cells. After entry of the vector into the

cell, the virus genome is transferred to the nucleus, where viral genes are expressed

from the episomal genome. Likewise, therapeutic genes are expressed after transfer

of Ad vector genomes into patients’ cells. Therefore, essential viral genes are

replaced with the therapeutic gene, rendering the vector replication-deficient.

More recently, therapeutic genes have been inserted into replication-competent

Ads (McConnell and Imperiale 2004). Ads represent prominent gene therapy

vectors, as they are stable, can be produced at high titers, possess an effective

gene transfer machinery, and are only mildly pathogenic (HAdV-5 causes common

cold symptoms) (McConnell and Imperiale 2004). They have been the most

frequently used viral vectors in clinical gene therapy trials (Journal of Gene

Medicine Clinical Trials Database). These trials have revealed a favorable safety

profile of Ad vectors in patients. Cancer gene therapy and genetic vaccination are

the regimens where Ad vectors are widely used. One therapeutic approach in cancer

gene therapy is molecular chemotherapy, also termed gene-dependent enzyme

prodrug therapy (GDEPT). This strategy is based on transfer of a gene encoding

a prodrug-activating enzyme, which activates a harmless prodrug into an effective

chemotherapeutic drug (Portsmouth et al. 2007). The rationale for this strategy is

that tumor-restricted prodrug activation should facilitate effective concentrations of

the chemotherapeutic drug in the tumor, which cannot be achieved by conventional

systemic infusion of the drug due to dose-limiting side effects. GDEPT and other

cytoablative cancer gene therapies depend on tumor-selective gene transfer which

is not provided by unmodified HAdV-5 or other Ad serotypes due to widespread

expression of Ad receptors also on healthy cells. Ads are also frequently used

as vectors for genetic vaccination, which is most efficient when the antigen gene is

transduced into professional antigen-presenting cells (APCs), which provide the

18 Bispecific Antibodies and Gene Therapy 333



proper signals for activation of immune effector cells. Dendritic cells (DCs) are

the most effective APCs, but are difficult to transduce. Though Ads are the most

effective gene transfer vectors for DCs, high vector titers are required for efficient

DC transduction because of low expression of CAR.

18.2.3 Antibodies for Targeting Adenoviral Gene Transfer

Antibodies are attractive binding molecules for targeting gene transfer vectors

based on their high affinity, specificity, and the opportunity to generate antibodies

with specificity for virtually any cell surface target molecule. Three strategies have

been pursued for insertion of targeting ligands into viral gene transfer vectors:

genetic fusion to viral capsid or envelope proteins, complexing with bispecific

adapters, or chemical linkage. Major drawbacks of the genetic and chemical

strategies are that they are tedious and often interfere with viral functions. More-

over, genetic insertion of antibodies into the adenoviral capsid is hampered by the

incompatibility of biosynthesis of capsid and antibody molecules. Ad capsid

proteins are synthesized in the cytosol and transferred to the nucleus where viral

particle assembly takes place, whereas antibodies are produced via the secretory

pathway, which ensures their proper folding. Consequently, genetic fusion of

antibodies to Ad capsid proteins has been inefficient and limited to a few

cytosolically stable antibody fragments (Hedley et al. 2006; Vellinga et al. 2007;

Poulin et al. 2010). In contrast, synthesis of adapter molecules can be separated

from virus production. Moreover, the insertion of cell-binding antibodies into

adapter molecules is less tedious than the engineering of a complete new virus

genome and resulting adapters can be linked to any Ad vector, allowing for better

flexibility. For production of adapters, antibody fragments binding to Ad capsid

proteins, mostly the fiber, and antibodies or antibody fragments binding to cell

surface target molecules of interest have been used (Fig. 18.2). They have been

linked by chemical conjugation (see also: Chap. 3) or by genetic fusion, the latter

generating tandem scFvs or scDbs (see also: Chap. 5). As an alternative to

bispecific antibodies, adapters have been generated by linking virus-binding anti-

body fragments to cell-binding proteins or peptides, or by linking cell-binding

antibody fragments to the soluble adenovirus receptor CAR.

18.2.4 Antibody-Derived Chemical Conjugates as Bispecific
Adapter Molecules for Targeting Adenoviral Gene
Transfer

The adapter strategy for targeting cell entry of Ad vectors has been pioneered by

Douglas and co-workers for targeting of folate receptor overexpressing tumor

cells (Douglas et al. 1996). To this end, they chemically conjugated folate to the
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Fab fragment of a neutralizing anti-Ad fiber monoclonal antibody (MAb). A Fab

fragment was used to avoid agglutination of Ad vectors by bivalent antibodies.

After complexation to the respective Ad vector, the adapter mediated folate-

dependent transfer of a reporter gene or of cytoablative genetic prodrug activation

to target cells. The Fab fragment alone inhibited adenoviral transduction, which

was expected as it was derived from a neutralizing antibody. Thus the Fab-folate

adapter realized targeted gene transfer by both ablating virus binding to the native

virus receptor and directing virus attachment to a novel cell surface molecule

(Fig. 18.1). Wickham et al. described a bispecific antibody for directing Ad cell

binding to integrins. This adapter consisted of the integrin-binding Mab chemically

linked to a second MAb with specificity for a peptide tag, which was engineered

into the Ad penton base (Wickham et al. 1996). The conjugate mediated enhanced

adenoviral transduction of human smooth muscle and endothelial cells, which were

only modestly tranduced by unmodified HAdV5 vectors. Subsequently, various

bispecific antibody conjugates were reported, that consist of a fiber-binding Fab

fragment covalently linked to a cell-binding antibody or antibody fragment. Such

bispecific antibody conjugates have been reported to re-direct Ad gene transfer to

various cell types via binding to different cell surface molecules, including CD40,

EpCAM, Tag72, CD70, and ACE (Tillman et al. 1999, 2000; De Gruijl et al. 2002;

Brandao et al. 2003; Miller et al. 1998; Haisma et al. 1999; Israel et al. 2001;

Reynolds et al. 2000, 2001). These reports confirm the high flexibility of the adapter

approach. For example, DCs, as professional antigen-presenting cells, represent

targets of interest for gene transfer aiming at genetic vaccination for infectious or

malignant diseases. Conjugates of a-fiber Fab and MAbs binding to the DC surface

molecule CD40 allowed for efficient Ad gene transfer into mouse and human DCs

(Tillman et al. 1999, 2000). With this adapter, improved efficiency and selectivity

of Ad gene transfer to DCs was also achieved in situ using human skin explants

(De Gruijl et al. 2002). In addition to targeting Ad entry, the a-fiber Fab/aCD40
mAb adapter triggered DC activation, as required for efficient induction of immune

responses, via its CD40-binding activity. Accordingly, the adapter increased

the efficiency of tumor vaccination with Ad vector transduced DCs in an animal

model (Tillman et al. 2000). Adapter targeting of Ad vectors to cancer cells was

demonstrated in cell culture studies with an EGFR-binding a-fiber Fab/MAb

conjugate for squamous cell carcinoma, glioblastoma, and osteosarcoma (Miller

et al. 1998; Blackwell et al. 1999; Barnett et al. 2002); with an EpCAM-binding

Fab/Fab conjugate for various adenocarcinomas (Haisma et al. 1999; Heideman

et al. 2001); with a TAG-72-binding a-fiber Fab/MAb conjugate for ovarian cancer

(Kelly et al. 2000); and with a CD70-binding a-fiber Fab/MAb conjugate for B cell

lymphomas (Israel et al. 2001). As CAR-expression varies on cancer cells, adapters

frequently mediated markedly enhanced transduction of cancer cells. Yet another

type of antibody-based adapter conjugate has been generated by linking a-fiber Fab
fragments to basic fibroblast growth factor for targeting of various cancer cells

(FGF2, Goldman et al. 1997; Rogers et al. 1997; Rancourt et al. 1998) to a synthetic

lung-homing peptide (Trepel et al. 2000), or to the Hc-fragment of tetanus toxin for

targeting neuronal cells (Schneider et al. 2000).
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18.2.5 Recombinant Antibody-Derived Bispecific Adapter
Molecules for Targeting Adenoviral Gene Transfer

Recombinant bispecific adapter molecules possess attributes that are advantageous

for application in vector targeting when compared with chemical conjugates.

Foremost, they can be produced by standardized procedures of prokaryotic or

eukaryotic expression yielding well-defined molecules. Both tandem single

chain variable fragments (tandem scFvs, see also: Chap. 5) and single chain

diabodies (scDbs, see also: Chap. 5) have been used for targeting Ad gene transfer.

Haisma and co-workers demonstrated that Ad transduction of glioblastoma and

carcinoma cells can be increased by complexing the virus with a recombinant

tandem a-fiber/a-EGFR scFv (Haisma et al. 2000). Our group reported in 2001

that a scDb with specificities for the Ad fiber and Endoglin, which is expressed on

proliferative endothelium, facilitated targeted transduction of endothelial cells

(Nettelbeck et al. 2001). In contrast to the tandem scFv, which was expressed in

eukaryotic cells, the scDb was produced in bacteria. Ad transduction was also

targeted to gastric cancer cells with a tandem scFv adapter binding to EpCAM

(Heideman et al. 2002), to DCs with a CD40-binding tandem scFv adapter

(Brandao et al. 2003), to melanoma cells using a scDb adapter binding the mela-

noma surface antigen HMWMAA (Nettelbeck et al. 2004), or to breast cancer cells

with either a tandem scFv or a scDb binding to CEA (Korn et al. 2004). For

improved de-targeting, “receptor-blind” Ad mutants were combined with tandem

scFv or scDb adapters that were derived from a-fiber scFvs that retained binding to
mutant fibers (van Beusechem et al. 2002; Nettelbeck et al. 2004; Carette et al.

2007). These Ad vectors could not bind CAR, even when individual fiber molecules

were not protected after complexation with adapters. In consequence, this strategy

of combined genetic/immunological tropism-modification implements a further

increase in selectivity of gene transfer. Recombinant antibody-derived adapters

for targeting adenoviral transduction were also obtained by fusion of a-fiber scFv
to ligand proteins (EGF or uPAR, Watkins et al. 1997; Harvey et al. 2010) or to

ligand peptides (Nicklin et al. 2000). Alternatively, cell-binding scFvs (a-c-erbB2,
a-CD40 or a-FcgRI) were fused to monomeric or trimeric soluble CAR

(Kashentseva et al. 2002; Pereboev et al. 2002; Kim et al. 2002; Sapinoro et al.

2007). Such sCAR-derived adapters offer the advantage of improving affinity to

fiber by sCAR trimerization; however, they naturally cannot bind to “receptor-

blind” fiber-mutant viruses. These strategies also demonstrated that the adapter,

besides targeting gene transfer, might also influence the outcome of gene therapy in

different ways: adenoviral gene transfer to DCs by CD40-binding adapters, but not

by the FcgRI-binding adapter resulted in DC activation, thus influencing the type of

immune response (immunization versus tolerization, Tillman et al. 1999; Sapinoro

et al. 2007).
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18.2.6 Toward Applications of Bispecific Adapter Molecules
in Gene Therapy

In vitro studies with adapter molecules, including various bispecific antibodies,

have clearly proven that viral cell entry can be re-directed via novel cell surface

receptors, thus reprogramming virus tropism. This has been demonstrated in

established cell cultures, freshly purified normal and tumor cells and in tissue

explants, as for the demonstration of DC-targeted gene transfer in skin explants

(de Gruijl et al. 2002). What are possible applications of bispecific antibodies

and other antibody-derived gene transfer adapters? First, due to their modular

composition and the opportunity to rapidly (in comparison with genetically

engineered viruses) produce new adapters by chemical or genetic means, they

facilitate the analysis, comparison, and screening of cell surface molecules for

their feasibility as targets for viral gene transfer. Second, applications of adapters

for ex vivo gene therapy are of interest. An example is genetic vaccination of

cancer or infectious diseases by ex vivo gene transfer into DCs isolated from

patients. Gene therapy of inherited diseases by ex vivo gene transfer into

hematopoietic (stem) cells is a further application. Here, however, retroviral

vectors are preferred over Ad vectors, as they facilitate stable gene transfer and

thus prolonged gene correction or replacement (Table 18.2). Of note, adapter-

targeting of retroviral gene transfer has been demonstrated recently (see below).

Most gene therapy applications, however, require in vivo gene transfer. For

establishing adapters for targeting gene transfer, in vivo extensive studies on

the stability, efficiency, and selectivity of adapter-vector complexes after

in vivo application are needed. Whereas rigorous studies for the evaluation of

pharmacologic and therapeutic parameters of adapter-targeted gene transfer are

still to be done, initial studies have shown efficacy of adapter-targeting in vivo. In

an effort to facilitate gene therapy of pulmonary vascular disease, Reynolds and

colleagues investigated a Fab-mAb conjugate adapter that binds angiotensin-

converting enzyme (ACE) for targeting of Ad gene transfer to the lung endothelium

in rats (Reynolds et al. 2000, 2001). By systemic application of adapter-bound or

uncomplexed Ad vector, it was shown that this adapter increased gene transfer to

the lung by more than 20-fold. Importantly, gene transfer was directed to endothe-

lial cells. Moreover, gene transfer to the liver, the organ responsible for most Ad-

induced side effects, was reduced more than 80%. Hence, this study demonstrated

both systemic stability of the adapter-vector complex and adapter-dependent vector

de- and re-targeting in vivo. For the Fab-FGF2 adapter, several studies in mice

showed adapter-dependent reduction of liver transgene expression after systemic

injection of Ad vectors and reduced toxicity of Ad-mediated genetic prodrug

activation therapy. Furthermore, this adapter increased therapeutic activity of

Ad-mediated genetic prodrug activation of peritoneal malignancies, when the

Ad vectors were injected intraperitoneally (Rancourt et al. 1998; Gu et al. 1999;
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Printz et al. 2000). In vivo stability of adaptor-vector complexes has also been

demonstrated for recombinant proteins. Trimeric, but not monomeric sCAR signif-

icantly blocked liver gene transfer by Ads after systemic application of the sCAR-

Ad vector complex into mice (Kim et al. 2002). However, in a different study, a

sCAR-scFv adapter targeting CEA also reduced liver transduction by Ad vectors

after systemic injection of adapter-virus complexes into mice (Li et al. 2007). After

systemic injection, this adapter also increased adenoviral transduction of CEA-

positive, but reduced transduction of CEA-negative tumors that were grafted to

mouse livers. Furthermore, a trimeric derivative of the sCAR-CEA adapter

mediated improved targeting of adenoviral gene transfer in vitro and in vivo. In

combination with transcriptional targeting using the cox-2 promoter, this trimeric

adapter increased therapeutic activity and at the same time reduced liver toxicity of

genetic prodrug activation therapy with HSV-tk/GCV (Li et al. 2009). Studies with

sCAR-EGF and trimeric sCAR-mCD40L confirm the re-targeting properties of

sCAR-derived adapters in vivo (Liang et al. 2004; Huang et al. 2007). In addition

to facilitating selective gene transfer, targeting adenoviral cell binding and entry is

of interest also for improving oncolytic Ads. Toward this end, adapter molecules

are of interest to re-direct the injected virus to target tumors. To also allow for

targeting of progeny viruses of oncolytic Ads produced in patients’ tumors, genes

encoding recombinant bispecific adapters have been inserted into the genome of

these viruses. Using a tandem scFv with specificity for the Ad fiber and EGFR, van

Beusechem and co-workers demonstrated increased viral spread and oncolysis in

two- and three-dimensional tumor cell cultures (van Beusechem et al. 2003; Carette

et al. 2007).

18.2.7 Adapter Targeting is Feasible for Several
Viral Gene Transfer Vectors

Although most widely investigated for Ad vectors, adapters have been also shown

to facilitate targeted cell entry of other viruses. Adeno-associated viruses (AAV)

are small non-enveloped viruses that are frequently used for diverse gene therapy

applications (Buning et al. 2008). Tropism-modification of AAV vectors was

achieved with a bispecific Fab/Fab antibody conjugate. The adapter with specific-

ity for the virus capsid and for integrins facilitated gene transfer into

megakaryocytes, which are not permissive to unmodified AAV vectors (Bartlett

et al. 1999). For non-human coronaviruses, enveloped RNA viruses that naturally

do not enter human cells, infectivity for human cancer cells was established with a

bispecific tandem scFv with specificities for a coronavirus surface glycoprotein

and EGFR (Wurdinger et al. 2005a, b). The idea of this approach was to selec-

tively kill tumor cells by lytic virus infection rather than viral gene transfer.

Similar results were obtained using a recombinant adapter built of soluble
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coronavirus receptor fused to the EGFR-binding scFv (Wurdinger et al. 2005a, b).

Newcastle disease virus, which is in development for viral oncolysis and gene

therapy, has been re-targeted using a recombinant adapter built of a virus-binding

scFv and IL-2 (Bian et al. 2005, 2006). Retroviruses are enveloped RNA viruses,

which insert their genome after reverse transcription into the chromosome of

infected cells. Therefore, retroviral vectors facilitate long-term gene transfer

which is especially suitable for gene correction therapy of monogenetic diseases.

Adapter targeting of retrovirus cell entry was reported for recombinant proteins

built of the virus receptor extracellular domain fused to EGF, VEGF, or an EGFR-

specific scFv (Snitkovsky and Young 1998; Boerger et al. 1999; Snitkovsky et al.

2000, 2001).

18.3 Gene Transfer as a Tool for Antibody Therapy:

Genetic Antibody Delivery

18.3.1 Genetic Antibody Delivery

Gene therapy can be exploited for expressing antibodies in patients, which might be

advantageous for achieving sustained and/or efficient antibody concentrations and/

or a favorable antibody biodistribution by local expression. Thus, gene therapy is a

tool of interest to overcome rapid antibody clearance or poor access to tumors as

reported for antibodies that are injected as proteins. Genetic antibody therapy can

be implemented by in vivo or ex vivo gene transfer (Fig. 18.3), i.e., by direct

injection of the gene transfer vector into patients or by gene transfer in cultures of

previously isolated cells followed by injection of the resulting genetically

engineered cells, respectively. Dependent on the design of the gene transfer vector,

genetic antibody application can be transient or permanent, constitutive or induc-

ible, targeted or ubiquitous. For example, retroviral vectors allow for stable gene

transfer, inducible promoters facilitate control of antibody expression, and targeted

vectors can direct gene transfer to specific cell types (see Sects. 18.1.2 and 18.1.3).

Therefore, gene therapy possesses high potential and flexibility for implementing

improved antibody delivery for specific applications. However, this area of research

is still in its infancy and more widespread investigations are warranted.

With the advent of recombinant DNA technology it became possible to establish

novel strategies for antibody production and to engineer antibody properties (for

example affinity maturation and humanization), formats (single chain fragments),

and fusion proteins (immunotoxins). Recombinant antibodies have been frequently

produced in bacteria, but gene transfer into eukaryotic cells has also been utilized

for in vitro production of immunoglobulins, antibody fragments or antibody fusion

proteins. Having established the engineering of recombinant gene constructs for

eukaryotic antibody expression, also the in vivo production of antibodies became

feasible. Examples are the expression of functional recombinant MAbs in mice
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after transfer of genetically engineered cells (Noel et al. 1997) or after in vivo gene

transfer with an adenoviral or AAV vector (Noel et al. 2002; Jiang et al. 2006;

Watanabe et al. 2009; Lewis et al. 2002; Fang et al. 2005, 2007; Skaricic et al. 2008;

De et al. 2008; Ho et al. 2009). Toward this end, Fang and coworkers optimized

antibody production: they expressed the heavy and light chains of the MAb at equal

amounts from a single open reading frame using a “ribosomal skip” sequence.

Thereby, serum levels of >1 mg/ml antibody for extended time periods were

obtained in mice after injection of a single dose of AAV vector. In a subsequent

study, the same group demonstrated that by using an inducible promoter, serum

antibody levels after in vivo gene transfer can be repeatedly shut off and on

(Fang et al. 2007). This represents a promising strategy to increase safety and/or

facilitate dose adaptation in potential future clinical applications of genetic

GENETIC ANTIBODY THERAPY

ex vivo

in vivo

gene transfer:

gene
transfer
vector

antibody gene

genetic
engineering

of the
antibody

antibody
production

in vivo

engineering
of the vector

Fig. 18.3 Gene therapy as a tool for antibody delivery: Genetic antibody therapy. For genetic

antibody delivery antibody genes, which can be engineered to match specific purposes, are

incorporated into gene transfer vectors. These vectors are either directly injected into patients

(in vivo gene therapy) or are used for gene transfer into cells previously purified from a patient

followed by re-injection of the engineered cells into the patient (ex vivo gene therapy). The

antibodies are produced in the patient from cells genetically modified by in vivo or ex vivo gene

transfer. Dependent on the vector design, antibody production can be transient or prolonged,

constitutive or inducible and show local or systemic activity
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antibody delivery. De and co-workers combined genetic delivery of a MAb gene by

AAV and Ad vectors to achieve both rapid (Ad) and persistent (AAV) antibody

production (De et al. 2008).

Functional expression in vivo was also demonstrated for recombinant antibody

fragments or fusion proteins that contain such fragments after adenoviral gene

transfer (Whittington et al. 1998; Arafat et al. 2002; Afanasieva et al. 2003; Kasuya

et al. 2005; Liu et al. 2010). The expression of chimeric antigen receptors by T cells

and subsequent adoptive T cell therapy is another important application of genetic

antibody delivery.

18.3.2 In Vivo Expression of Bispecific Antibodies

Álvarez-Vallina and team have developed genetic delivery of bispecific antibodies

by engineered cells. In 2003, they reported anti-tumor activity for a bispecific

diabody expressed in vivo from irradiated, genetically engineered 293T cells

(Blanco et al. 2003). They produced stably transfected 293T cells secreting a diabody

with specificity for both CEA and CD3. A second cell line additionally secreted

a bivalent CEA-specific diabody fused to the extracellular domain of B7-1. After

co-injection with CEA-positive tumor cells into mice, these genetically engineered

cells showed anti-tumor activity compared with co-injection of control 293T cells.

Subsequent to this proof-of-principle study, the same group engineered a lentiviral

gene transfer vector encoding the CEA-CD3 diabody (Compte et al. 2007). This

vector facilitated the transduction of different types of hematopoietic cells that

showed prolonged secretion of active diabody in vitro and antitumor activity

in vivo. In a follow-up study, the group demonstrated that also the implantation of

lentivirally transduced endothelial cells into mice resulted in prolonged production of

the CEA/CD3 diabody with therapeutic activity (Compte et al. 2010). This study

aims at a therapeutic regimen that allows for the production of therapeutic antibodies

from neovessels that have incorporated ex vivo engineered endothelial cells.

Genetic delivery of bispecific antibodies has also been reported for intracellular

applications: cell surface localization of two membrane proteins, VEGFR2 and

Tie-2, could be blocked by expression of a corresponding bispecific, tetravalent

antibody targeted to the endoplasmic reticulum (Jendreyko et al. 2003). This

intracellular bispecific antibody showed anti-angiogenic activity in vitro, which

was superior to monovalent control antibodies. A similar construct with specificity

for VEGFR2 and Tie-2 mediated anti-angiogenic and anti-tumor activity in vivo

after adenoviral gene transfer (Jendreyko et al. 2005).

18.4 Conclusions

Proof of principle has been demonstrated in several cell culture studies and animal

models for both the utility of bispecific antibodies for targeting gene therapies and

the feasibility of gene transfer for delivering recombinant bispecific antibodies.
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Based on this fundamental work, bispecific antibody adapters and gene transfer

technologies should now be considered for improving therapeutic regimens in gene

therapy and antibody therapy, respectively. Cooperation between antibody

engineers and gene therapists are warranted to further develop bispecific antibodies

and gene transfer vectors for this purpose.
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Chapter 19

Bispecific Antibodies for Diagnostic Applications

Archana Parashar, Susmita Sarkar, Advaita Ganguly, Sai Kiran Sharma,

and Mavanur R. Suresh

19.1 Introduction

Bispecific monoclonal antibodies (BsMAb) are uniquely engineered hetero-

bifunctional macromolecules with two distinct binding specificities within a

single molecule (Cao and Suresh 1998; Suresh et al. 1986b). They represent the

second generation of monoclonal antibodies, and although structurally bivalent,

they are functionally univalent for binding each molecule. Typically, BsMAb have

one paratope specific for a particular protein or an antigen and another paratope

specific for a detection moiety such as an enzyme (Fig. 19.1). BsMAb can therefore

function as versatile hetero-bifunctional cross-linkers. The binding of BsMAb to

both molecules is dependent on the affinity of epitope–paratope interaction and is

highly specific. BsMAb can be produced by three methods: (a) chemical conjuga-

tion involving chemical cross-linking (the original method for BsMAb production);

(b) somatic hybridization involving hybridoma technology; and (c) genetic engi-

neering involving recombinant DNA technology (Das and Suresh 2005). Produc-

tion of BsMAb by hybridoma technology involving bifunctional fusion (Fig. 19.2)

of two different hybridomas that produce distinct monoclonal antibodies is more

common compared to the other BsMAb production methods (Kohler and Milstein

1975). BsMAb have been exploited for a variety of in vivo and in vitro applications

ranging from diagnostics to therapeutics (Cao and Suresh 1998). The use of BsMAb

for different therapeutic applications and gene therapy is described in detail in

earlier chapters. This chapter focuses only on the diagnostic applications of

BsMAb.

BsMAb function as excellent diagnostic immunoprobes due to their intrinsic

binding sites to any two molecules in a pre-determined order. They offer distinct
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advantages over other conventional probes used in diagnostic assays due to their

monovalency for one antigen and simultaneous binding to a marker enzyme. One

epitope of BsMAb is usually directed against a marker enzyme such as horse radish

peroxidase (HRPO), alkaline phosphatase, or b-galactosidase, which enables signal
generation in immunodiagnostic assays. BsMAb have been used in a number of

diagnostic applications such as immunoassays, immunohistochemistry, and radio-

immunodiagnosis (Kreutz and Suresh 1997; Suresh 1991; Suresh et al. 1986a).

Their use in diagnostic assays has revolutionized the field of immunodiagnostics

due to the higher sensitivity and reproducibility that can be achieved in the assays.

Fig. 19.1 Diagrammatic representation of a bispecific antibody. One paratope of the Bispecific

antibody is directed against a specific target antigen of a tumor, virus, bacteria, or a parasite. The

second paratope of the Bispecific antibody is directed against an effector molecule, which may be a

detection moiety (such as an enzyme), toxin, drug, liposome, radioisotope, cytokines or immune

cells. The diagram is adapted from Cao and Suresh, Bioconjugate Chemistry, 1998

MAb1 MAb1 BsMAb

Fig. 19.2 Schematic representation of bifunctional fusion. Two different monoclonal antibodies

(MAb1 and MAb2) each directed against a specific epitope are fused to generate a bispecific

monoclonal antibody (BsMAb)
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19.2 Advantages of Using BsMAb in Diagnostics

The main advantage of using BsMAb in immunodiagnostics is that maximum

specific activity and functional efficiency can be achieved since every antibody

molecule is associated with a signal generating molecule (Kreutz and Suresh 1997).

In addition to making the diagnostic assays rapid, BsMAb enhance sensitivity and

specificity of detection. They significantly reduce or even eliminate false positive

reactions especially in assays such as ELISA. In the case of immunohistochemistry,

the use of BsMAb leads to decreased background, fine and sharp morphological

information, clear and distinct identification of immune reactive sides, and good

resolution of ultrastructural details (Milstein and Cuello 1983; Suresh et al. 1986a).

Other advantages of using BsMAb in immunodiagnostic assays include improve-

ment in signal to noise ratio and simplification of the assay procedure. They can

easily be used as nanoprobes making ultrasensitive detection possible especially

in the case of competitive immunoassays. In contrast to BsMAb, chemically

conjugated monoclonal and polyclonal antibodies often exhibit higher background

(Liu et al. 2003).

Traditionally monoclonal antibodies have been employed in many immunodiag-

nostic assays. Typically, the use of monoclonal antibodies in diagnostic applications

requires chemical manipulation of the antibody such as chemical cross-linking in

order to conjugate the detection moiety (such as an enzyme or biotin) onto the

antibody. Chemical cross-linking of detection moieties to antibodies has many

disadvantages as outlined below (Kricka 1994; Milstein and Cuello 1983). (a) It is

a random process where the combination ratio of the antibody and the conjugating

chemical is not fixed, generally resulting in batch to batch variations in the detection

reagent produced. (b) The size of the resultant conjugated antibodies is not uniform

influencing their ability to penetrate, which is especially critical for immunohisto-

chemical applications. (c) Inactivation of active site or binding site of the detection

moiety or the antibody and/or aggregation may occur during chemical conjugation.

(d) Covalent linkages occur between the detection moiety and the antibody, which is

not very preferable for in vivo diagnostic applications. (e) The antibodies produced

often have low specific activity and decreased shelf life. The above factors have a

significant impact on the performance of the conjugated monoclonal antibodies and

therefore the reproducibility of the immunodiagnostic assay method. In contrast, the

use of BsMAb completely eliminates the need for chemical conjugation of the

antibody with the detection moiety. The bispecific nature of BsMAb ensures that

the combination ratio of the antibody and the detectionmoiety is always 1:1. Further,

since BsMAb are generally already tagged with the detection enzyme during the

purification step, extra steps of enzyme addition and subsequent washing can be

avoided during the immunoassay. BsMAb function as uniform, homogenous

immunoconjugates with reproducible high specific activity and therefore serve as

an excellent alternative to chemically conjugated monoclonal antibodies.

BsMAb are extremely versatile and function as robust immunoconjugates in the

assay. They can be used in a variety of immunodiagnostic assays that are designed
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in multiple formats including the conventional format such as the microtitre plate

assay and as well newer formats such as swab, strip, or filter disk assays. In the

newer formats the end point of the assay can be read out visually without the need

of any instrument, which makes the immunoassay extremely convenient for use as

a point of care detection test in diverse health care settings.

19.3 BsMAb for Diagnosis of Infectious Diseases

One of the major challenges for the global health care system is to control

the spread of infectious diseases, which cause 9.5 million deaths annually (WHO

(2010), World Health Organization report). Diagnosis of a disease at its early stage

is of paramount importance in combating both its progression and spread in the

community. In order to develop effective diagnostic immunoassays for various

infectious diseases, the high specificity of antigen–antibody interaction can be

exploited. Due to their unique characteristics, BsMAb are extremely useful for

developing simple, rapid, and point of care immunodiagnostic assays for detection

of infective particles (specific antigen of the infective agent). The following

sections describe some examples for the use of BsMAb in the diagnosis of infec-

tious diseases caused by both bacteria and viruses.

19.3.1 Diagnosis of Bacterial Infections

19.3.1.1 Mycobacterium tuberculosis

According to the World Health Organization (WHO) about 1.3 million deaths were

due to tuberculosis (TB) alone in the year 2008 (WHO-TB (2010), World health

organization report on TB). Lack of early detection of infected individuals has

resulted in the rapid spread of this disease to different parts of the world. The

problem is further compounded due to co-infection with human immunodeficiency

virus (HIV) that has led to a steep increase in morbidity and mortality. In fact, TB

has now become the leading cause of death for HIV-infected patients (WHO-TB

(2010), World Health Organisation report on TB). TB is caused by the bacterium

Mycobacterium tuberculosis, which is highly resilient and rampant worldwide. The

current diagnosis for M. tuberculosis mainly relies on the result of sputum smear

microscopy (SSM) and bacterial culture method, both of which are not useful for

early stage detection. SSM is not very sensitive and can only detect if the bacterial

load is above 104/ml of sputum. Moreover, it is often difficult to collect sputum

samples from elderly and pediatric populations who are especially vulnerable to

M. tuberculosis infection due to their weak immune system. Bacterial culture

method, which is still regarded as the gold standard for detecting M. tuberculosis
takes about 7–10 days to provide results and also requires dedicated culture
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facilities. In the majority of TB cases, due to the above problems, detection is often

performed based on clinical symptoms and results of chest radiograms. However,

none of the above methods are specific because many other pulmonary diseases also

show similar symptoms and chest radiograms. As a result of this delayed and faulty

diagnosis system, patients are often treated incorrectly and in most cases this partly

contributes to bacterial evolution towards multi-drug resistant (MDR) and

extremely drug resistant (XDR) strains of M. tuberculosis.
Recently, sophisticated molecular assays such as interferon gamma release assay

(IGRA) and nucleic acid amplification (NAA) assay have become available; how-

ever, their performance is also questionable (Campos et al. 2008; Lalvani and

Millington 2008; Madariaga et al. 2007). These molecular assays are moreover

difficult to perform in resource-constrained countries due to their high cost and

requirement of technical sophistication. Currently there is no simple, rapid, and

inexpensive point of care immunodiagnostic assay available for the detection of

M. tuberculosis. Our laboratory therefore has developed a novel and highly sensi-

tive immunodiagnostic assay for the detection of M. tuberculosis using BsMAb

(Sarkar and Suresh 2010, University of Alberta, Unpublished data). Only a general

outline of the developed BsMAb-based immunodiagnostic assay is described here.

To design the immunoassay in either strip or swab format, any specificM. tuberculosis
antigen can be used to generate BsMAb. The unraveling of the complete genome

sequence ofM. tuberculosis (Cole et al. 1998) has made it easier to identify antigens

that are highly specific to the bacteria and not other related members of myco-

bacteria. Some of the important M. tuberculosis antigens (Palma-Nicolas and

Bocanegra-Garcia 2007) that could be possible candidates for BsMAb generation

are mentioned in Table 19.1.

The chosen M. tuberculosis antigen is used to first generate a monoclonal

antibody and in the subsequent step the hybridoma secreting the monoclonal

antibody is fused with another hybridoma secreting monoclonal antibody against

any of the detection enzymes like HRPO or alkaline phosphatase to obtain a hybrid-

hybridoma or quadroma producing the desirable BsMAb (Kreutz et al. 1998;

Suresh et al. 1986b). After isolating a stable clone expressing the BsMAb, it is

expanded in a bioreactor and subsequently the BsMAb is purified using affinity

chromatography. Our laboratory has designed a novel purification process to isolate

BsMAb in which one of the fusion monoclonal antibody partners is directed against

HRPO (Bhatnagar et al. 2008). The process allows high efficiency purification of

the BsMAb using m-aminophenylboronic acid agarose column along with HRPO

tagging. The general format of the immunoassay involves coating a solid phase

(swab or strip) with the M. tuberculosis antigen-specific monoclonal antibody and

Table 19.1 Important M. tuberculosis antigens

Protein antigens

ESAT6, CFP10, Mtb48, Mtb81, and 16 kDa-, 30 kDa- and 38 kDa-Protein

antigens

Lipid antigens Diacyl trehalose, triacyl trehalose, trehalose dimycolate and sulfolipids

Polysaccharide

antigens Lipoarabinomannan and arabinomannan
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then blocking any unbound sites using a suitable buffer. The coated and blocked

swab/strip is incubated with the clinical specimen collected from the patient. The

M. tuberculosis antigen present in the sample would then specifically bind to the

monoclonal antibody and other non-specific unbound materials are washed off,

after which, the purified BsMAb is used as the detection antibody. As one arm of

BsMAb can recognize the antigen, it would bind to the antigen forming a sandwich.

Given that BsMAb is already tagged with HRPO, addition of the enzyme substrate

3, 30, 5, 50-tetramethylbenzidine (TMB) results in the formation of blue color that

can easily be identified. A schematic of the general assay format is shown in

Fig. 19.3.

The BsMAb-based immunodiagnostic assay for the detection ofM. tuberculosis
infection has several distinct advantages. The assay is highly specific, sensitive and

at the same time easy to perform since it does not require any technical expertise. In

addition, results of the assay can be obtained within few hours of sample collection

and also the end point can be read out visually. Furthermore, the design of the assay

makes it inexpensive so that the test can easily be performed in resource-

constrained settings.

19.3.1.2 Escherichia coli O157:H7

E. coli O157:H7 belongs to the group of Verocytotoxin or Shiga toxin producing

E. coli that has surfaced as an important food- and water-borne pathogen worldwide

Solid phase

TMB Blue color

bs MAb

Antigen from the
sample

Capture MAb

HRPO (tagged with
bsMAb)

Fig. 19.3 General assay format for BsMAb-based immunoassay. The capture monoclonal anti-

body (MAb) is first immobilized onto a solid phase. This antibody binds to the respective specific

antigen present in the test sample. Upon addition of the corresponding Bispecific monoclonal

antibody (bsMAb), one arm of the bsMAb binds to the specific antigen while the other arm bound

to HRPO converts the subsequently added TMB substrate to a blue colored product that can be

easily detected
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(Fraser et al. 2004; Law 2000). It causes non-bloody or bloody diarrhea (hemor-

rhagic colitis) and hemolytic uremic syndrome characterized by hemolytic anemia,

thrombocytopenia, and acute renal failure (Griffin and Tauxe 1991). E. coli O157:
H7 is therefore classified as enterohemorrhagic E. coli (EHEC); it is reported to

cause about 73,000 cases of infections per year in the United States alone (Mead

et al. 1999). Several outbreaks of E. coli O157:H7 infection have been associated

with recreational and municipal drinking water in North America, United Kingdom,

and Japan (Bopp et al. 2003; Hrudey et al. 2003). Current methods to detect E. coli
O157:H7 in water and food are traditional enrichment and plating on Sorbitol

MacConkey agar and Rainbow agar selective media, Polymerase chain reaction

(PCR), and other immunological methods (Bennett et al. 1996; Manafi and

Kremsmaier 2001). The main drawbacks of these methods include time require-

ment (24–48 h for culture), difficulty in isolating DNA from sample (for PCR)

and low sensitivity. It is important to note that low colony forming units (CFU) of

E. coli O157:H7 present in contaminated food and water is generally sufficient to

cause a severe infection, therefore having a sensitive method for detection during

investigations of outbreaks is vital.

A highly sensitive BsMAb-based immunodetection assay was developed by our

laboratory for the detection of E. coli O157:H7 in water samples (Guttikonda et al.

2007). E. coli O157:H7 whole bacteria and E. coli O157:H7 lipopolysaccharide

(LPS) were used to first generate a monoclonal antibody, the hybridoma of which,

was fused with anti-HRPO secreting monoclonal antibody hybridoma (Kreutz et al.

1998; Suresh et al. 1986b) to generate a quadroma producing BsMAb specific for

both E. coli O157 and HRPO. The BsMAb was subsequently purified using

benzhydroxamicacid agarose column (Husereau and Suresh 2001) and used in

sandwich ELISA immunoassay. The anti-E. coli O157:H7 monoclonal antibody

was used as the capture antibody to bind the bacteria from samples and the BsMAb

was used as the detection antibody (Guttikonda et al. 2007). Refer to Fig. 19.3 for

the general assay format. The detection limits of the assay were found to be 100 and

750 CFU/ml of sample for tap water and lake water, respectively. The immunoas-

say was further adapted to an immunofilter assay format to suit public health

applications such as in water testing laboratories (Guttikonda et al. 2007). As low

as 50 CFU of E. coli O157:H7/100 ml water were detected indicating that the assay

is highly sensitive. Moreover the assay is highly specific since it did not detect

a 500-fold excess of other bacterial strains such as Salmonella, Pseudomonas,
and as well non-O157:H7 and non-pathogenic E. coli. A higher signal to noise

ratio and a clean background was achieved in the assay since BsMAb served as

a high specific activity probe. The BsMAb-based immunodetection assay there-

fore functions as a robust, ultrasensitive, and quick method for the detection of

E. coli O157:H7. It has distinct advantages as it eliminates the amplification step

required by other current assays and could easily be developed as a routine

screening assay for detection of E. coli O157:H7 in water bodies especially in

developing countries.
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19.3.1.3 Bordetella pertussis

Whooping cough or pertussis caused by the bacterium Bordetella pertussis has

become a major health concern in recent years especially among the adolescent age

group (CDCP 2002, Centers for Disease Control and Prevention). Early and

accurate diagnosis is critical in order to prevent the spread of infection and

also ensure proper treatment of the affected individual. Conventional diagnosis of

B. pertussis infection involves identification of the bacterium from culture of clinical

nasopharyngeal aspirate samples, which generally takes about 3–7 days (Josephs

2000). Moreover, successful isolation and characterization is in turn dependent on

several other factors such as proper specimen collection from the respiratory tract,

storage, and culture conditions (Gustafsson et al. 1988). Another method for detection

of B. pertussis involves the use of direct fluorescent-antibody assay that employs

a fluorescence-labeled monoclonal antibody directed against a predominant antigenic

LPS molecule present on the outer membrane of the bacterium (McNicol et al. 1995;

Peppler 1984). Although detection of LPS is a good strategy, the assay is not sensitive

and is also not easy to perform (Tilley et al. 2000).

Our laboratory therefore developed a highly sensitive and simple BsMAb-based

immunodiagnostic assay for the detection of whole B. pertussis and soluble

B. pertussis LPS (Tang et al. 2004). The assay is useful not only for analyzing

clinical samples but also for immunochemical structural studies and serological

characterization of B. pertussis LPS. The anti-B. pertussis LPS monoclonal anti-

body secreting hybridoma and the anti-HRPO monoclonal antibody secreting

hybridoma were fused to generate a quadroma that produces BsMAb specific to

both B. pertussis LPS and HRPO. BsMAb was subsequently purified by affinity

chromatography using benzhydroxamicacid agarose column (Husereau and Suresh

2001) and used in a homosandwich ELISA immunoassay. Heat-killed B. pertussis
BP347 by itself or spiked into nasopharyngeal aspirates was first bound by the anti-

LPS specific monoclonal antibody, and then the BsMAb was added as the detection

antibody (Tang et al. 2004). Refer to Fig. 19.3 for the general assay format. The

assay showed high sensitivity with a practical lower limit of detection of ~5 CFU;

the extrapolated theoretical lower limit of detection was found to be one bacterium

by using the mean + 2 standard deviations of 20 control assays without B. pertussis.
Interestingly, binding of B. pertussis to the anti-B. pertussis LPS monoclonal

antibody-coated solid phase was found to be irreversible despite extensive washing

suggesting a unique molecular velcro effect (Tang et al. 2004). The use of BsMAb

in the immunoassay allowed ultrasensitive detection of B. pertussis since it avidly
captured multiple exposed LPS molecules on the bacterial surface.

The BsMAb-based immunodiagnostic assay was adapted to an immunoswab

format to facilitate easy, rapid, and point of care detection of B. pertussis in

a primary health care setting. The sensitivity of detection was high since as

few as ten bacteria could be detected compared to the controls (Tang et al. 2004).

The BsMAb-based assay has unique advantages in being highly sensitive and easy

to perform. It therefore facilitates early detection of B. pertussis infection and

accurate monitoring of outbreaks of whooping cough.
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19.3.2 Diagnosis of Viral Infections

19.3.2.1 Severe Acute Respiratory Syndrome Coronavirus

Severe acute respiratory syndrome (SARS) epidemic affected more than 8,000 people

worldwide spreading over 30 countries across 5 continents in the 2002–2003 outbreak

(Drosten et al. 2003; Peiris et al. 2003; Poon et al. 2004b). This highly contagious

infection claimed over 900 lives in a short period of time with a fatality rate of 9.6%,

emerging as a huge global threat to human health. SARSCoronavirus (SARS-CoV) is

the etiological agent of SARS, which is believed to have transmitted from wild

animals to the human population (Guan et al. 2003; Wang et al. 2006). According

to WHO, the absence of a rapid screening test delayed the diagnosis of suspected

cases of SARS and resulted in the spread of the disease worldwide. Current methods

for the confirmation of SARS infection include detection of viral RNA by reverse

transcription-PCR (Jiang et al. 2004; Poon et al. 2004a; Yam et al. 2003), detection

of SARS-CoV antibodies in body fluids using indirect fluorescence assay (Chan et al.

2004), and isolation of SARS-CoV from clinical samples (Keyaerts et al. 2005;

Yamashita et al. 2005). Since viral culture is a time consuming, tedious, and insensi-

tive method, PCR and antibody detection methods are widely used; however, these

two methods are expensive, laborious, and require technical expertise (Wu et al.

2004). A simple, rapid and inexpensive diagnostic test for the specific and early

detection of SARS-CoV is therefore extremely important to limit the spread of

infection and for proper risk management in the case of a future global outbreak

especially since SARS has high rates of transmission and mortality.

Our laboratory has developed a highly sensitive, rapid, and simple BsMAb-

based immunoswab assay for early detection of SARS-CoV (Kammila et al. 2008).

The assay is designed to detect the most abundant and conserved viral antigen

nucleocapsid protein NP (Di et al. 2005; Hiscox et al. 1995; Lau et al. 2004; Rota

et al. 2003; Suresh et al. 2008) because its presence in different body fluids (serum,

urine, nasopharyngeal aspirate, throat wash samples, and saliva) is suggestive of

current infection. Three different monoclonal antibodies that recognize different

epitopes on NP antigen and the anti-HRPO monoclonal antibody were employed

to generate the BsMAb using hybrid-hybridoma technology. The obtained anti-

SARS-CoV � anti-HRPO BsMAb was then purified by a novel, dual sequential

affinity chromatography method (Protein-G column followed by m-aminopheny-

leboronic acid agarose column), which was developed by our laboratory (Bhatnagar

et al. 2008). In the immunoswab assay, easy-to-use swabs were first coated with

anti-SARS-CoV monoclonal antibody to capture NP in the test sample followed

by detection with BsMAb (Kammila et al. 2008). Refer to Fig. 19.3 for the general

assay format. The assay successfully detected SARS-CoV NP antigen spiked in

different matrices such as saline, serum, and pig nasopharyngeal aspirate with

high sensitivity. Pig nasopharyngeal aspirate was used as surrogate to human

samples to test the ability of the immunoswab assay to detect low concentrations

of NP antigen. The immunoswab assay showed NP detection limits of 10 pg/mL
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(1 pg/swab) in saline, 20–200 pg/mL (1–10 pg/swab) in pig nasopharyngeal aspi-

rate and 500 pg/mL (25 pg/swab) in rabbit serum. Further, the sensitivity of NP

detection was high in BsMAb-based assay compared to a parallel MAb-based assay

(20 pg/mL vs. 200 pg/mL in saline; 20–200 pg/mL vs. 200 pg/mL in pig nasopha-

ryngeal aspirate) indicating that the BsMAb-based immunoassay works better than

its MAb-based counterpart. Furthermore to determine the robustness of the assay,

swabs pre-coated with capture antibody were tested after storage for 2-, 6-, 10-,

and 14-week time periods under different conditions (Kammila et al. 2008). The

BsMAb-based immunoswabs showed good sensitivity for NP detection even on

week 14 at 200 pg/mL (4�C storage) and 500 pg/mL (RT and �20�C storage)

indicating a good shelf-life for the immunoswabs.

The immunoswab format has potential advantages particularly in clinical, rural,

and primary healthcare settings such as ease of use, early phase detection, and in

limiting the spread of infection. It is also extremely useful for SARS screening at all

ports of mass human entry (airports, seaports, bus, train, and border stations).

Interestingly, the time required to perform the assay was approximately 45 min,

which make it a rapid test for SARS diagnosis (Kammila et al. 2008). The assay can

easily be used to screen numerous suspected individuals within a short period of

time during a future SARS outbreak given the relative ease of accessing nasopha-

ryngeal aspirate with no invasive procedures. The BsMAb-based immunoswab

detection of SARS-CoV NP antigen therefore serves as a simple point of care

diagnostic test compared to other current methods (Di et al. 2005) and is also highly

sensitive, inexpensive, and requires minimally trained personnel.

19.3.2.2 Dengue Virus

Dengue fever caused by Dengue virus is the most prevalent mosquito-borne viral

infection in the world as more than 100 million cases are reported each year

predominantly in the tropical and sub-tropical regions (Hemungkorn et al. 2007).

Dengue virus belongs to the Flaviviridae family and four different serotypes

(DENV1, DENV2, DENV3, and DENV4) have been identified so far. In humans,

dengue viral infection causes a spectrum of diseases ranging from asymptomatic

infection to severe hemorrhagic fever ultimately resulting in death (Hemungkorn

et al. 2007). Diagnosis of dengue infection based on clinical symptoms cannot

be deemed reliable, and therefore detection of the specific virus, viral antigen,

genomic sequence, and/or antibodies is absolutely essential to confirm infection.

Current methods to diagnose dengue infection include virus isolation, and other

serological and molecular techniques that employ monoclonal or polyclonal

antibodies labeled with an enzymatic or fluorometric marker (Shu and Huang

2004). These methods are less reliable, and moreover those that identify the virus

or the viral genome are expensive and require specialized laboratories. It is impor-

tant to diagnose an on-going or recent infection during the acute or early convales-

cent stages in order to facilitate better treatment, and ensure effective etiological

investigation and disease control (Halstead 2007). Currently there is no sensitive,
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simple, and inexpensive diagnostic assay available for the detection of dengue virus

infection at the acute or early stages.

Our laboratory has developed a novel, highly sensitive immunodiagnostic assay

for the detection of Dengue virus using BsMAb (Ganguly and Suresh 2010,

University of Alberta, Unpublished data). Only a general outline of the developed

BsMAb-based immunodiagnostic assay is described here. To design the immuno-

assay, any specific Dengue virus antigen can be used to generate BsMAb that could

be employed in a simple strip or swab assay format. The selected Dengue virus

antigen is used to first generate a monoclonal antibody and in the subsequent step,

the hybridoma secreting the monoclonal antibody is fused with another hybridoma

secreting monoclonal antibody specific for HRPO to produce a quadroma produc-

ing the desired BsMAb. The BsMAb is subsequently purified by affinity chroma-

tography using m-aminophenylboronic acid agarose column (Bhatnagar et al.

2008). The general format of the immunodiagnostic assay involves coating Dengue

virus antigen-specific monoclonal antibody as the capture antibody on calcium

alginate tipped swabs with aluminum/or plastic shafts as per previously published

protocol (Tang et al. 2004). The swab is then blocked and later incubated with the

specific antigen spiked in serum, after which, the purified BsMAb is used as the

detection antibody. Addition of the HRPO substrate, TMB, results in the formation

of blue color that can be identified visually (Refer to Fig. 19.3 for the general assay

format).

The BsMAb-based immunodiagnostic assay for Dengue virus detection has

several advantages. The assay is highly specific and easy to perform since it does

not require any technical expertise or sophisticated instruments. In addition, the

design of the assay makes it rapid and convenient as a point of care detection tool

apt for use in primary health care settings and remote villages. These features make

the assay very suitable for early detection of dengue infection and thereby control

its spread in the community.

19.4 BsMAb for Diagnosis of Cancer

In addition to their un-controlled growth and aberrant cellular physiology, cancer-

ous cells are often characterized by the presence of over-expressed biochemical

molecules such as glycoproteins that are present on the cell surface and later shed

into body fluids. Such over-expressed tumor-specific antigens have been exploited

as markers to enable diagnosis, and in conjunction with a battery of clinical

methods can also be of prognostic relevance. Based on specific tumor-associated

antigens (TAA), BsMAb can be generated for use in cancer diagnostics (Songsivilai

and Lachmann 1990; Souriau and Hudson 2003). Such BsMAb would bind to

the corresponding cancer-specific antigen in the test sample and provide an easy

read-out regarding the presence of a specific type of cancer. It is becoming more

and more apparent that early and confirmative diagnosis of cancer is critical for the

control and cure of the disease. Due to their distinct characteristics of being
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powerful immunoprobes, BsMAb are extremely valuable in developing simple,

rapid, and highly sensitive immunodiagnostic assays that can be used for the

detection of various types of cancer. The following sections describe the use of

BsMAb in detection and diagnostic imaging of cancer.

19.4.1 Prostate Cancer

Prostate cancer is most common in men and is responsible for more deaths than any

other cancer, except for lung cancer (NCI 2010, National Cancer Institute Statis-

tics). About 218,890 new cases of prostate cancer were diagnosed in the United

States alone during 2007. It is expected that 1 out of 6 men will be diagnosed with

prostate cancer during their lifetime; a little over 1.8 million men in the United States

are survivors of prostate cancer (NCI 2010, National Cancer Institute Statistics).

Prostate-specific antigen (PSA) is a useful tumor-associated marker present in

the serum that is widely used for screening and monitoring progression of prostate

cancer (Caplan and Kratz 2002). There are several different assays currently

available for the measurement of PSA, most of which involve the use of labeled

monoclonal or polyclonal antibodies (Armbruster 1993; Cattini et al. 1993; Khosravi

et al. 1995; Klee et al. 1994; Leinonen et al. 1993; Oesterling et al. 1995; Vihko et al.

1990; Yu and Diamandis 1993). These assays are technically complex, time consum-

ing, and have lower sensitivity.

Our laboratory therefore developed a novel, highly sensitive, and rapid BsMAb-

based immunoassay for the measurement of PSA (Kreutz and Suresh 1997). The

anti-PSA monoclonal antibody secreting hybridoma was fused with anti-HRPO

secreting hybridoma using the hybrid-hybridoma technology to generate a quadroma

producing the anti-PSA � anti-HRPO BsMAb. The BsMAb was then purified by

ammonium sulfate precipitation, anion exchange, and affinity chromatography, after

which, it was used in the PSA immunoassay. The anti-PSAmonoclonal antibody was

used as the capture antibody and the BsMAb was used as the detection antibody to

measure PSA levels in the test samples in a 20-min single-step assay (Fig. 19.4). The

assay had high analytical sensitivity even with a short substrate incubation time; the

detection limit was comparable to most commercially available assays requiring

longer incubation times (Kreutz and Suresh 1997). With TMB as the enzyme

substrate, a sensitivity of 0.028 mg/L was achieved for 5-min substrate incubation

in comparison to the commercially available Hybritech Tandem-EIAR PSA assay

that had a detection limit of 0.1 mg/L for 30-min substrate incubation. The developed

assay was further evaluated using 138 clinical samples and results were found to

correlate with those obtained by an automated Hybritech enzyme PSA immunoassay

(Kreutz and Suresh 1997). Overall, the BsMAb-based immunoassay for PSA mea-

surement has rapid kinetics and an excellent detection limit, which makes it a good

candidate for use in the development of next-generation automated immunoassays

and for rapid screening in health clinics.
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19.4.2 Cancer Diagnostic Imaging

Molecular imaging has transformed the field of cancer diagnosis with its superior

ability to identify and localize cancer based on distinct molecular and functional

characteristics of cancerous tissue. 18F-flurodeoxyglucose (18F-FDG)-based imag-

ing using positron emission tomography (PET) or computed tomography (CT) has

become popular for the detection and assessment of different types of tumors.

Various specific monoclonal antibodies directed against different cancer antigens

have also been employed; however, the sensitivity of these techniques is low

compared to 18F-FDG-PET/CT. In theory, monoclonal antibodies should have been

more ideal imaging candidates owing to their higher degree of specificity for tumor

antigens and their ability to discriminate between tumor and inflammation. However,

the high molecular weight of the radiolabeled monoclonal antibodies limits tumor

uptake and causes insufficient clearance from surrounding tissues resulting in low

contrast during imaging. The size also interferes with the ability of these molecules

to extravasate from the vascular channels into the extravascular space thus leading

to slow accretion of radiolabeled antibodies in tumors (typically 1–3 days to achieve

maximum tumor uptake). While tumor uptake of radiolabeled monoclonal antibodies

may reach between 10 and 30% of injected dose per gram of tumor in mouse

xenograft models, there may only be an accretion of <0.1% injected dose per gram

of tumor in humans owing to a larger vascular and extravascular volume of distribu-

tion. Although several antibody modifications have been made along with changes

to the radionuclide moiety in order to obtain better signal to noise ratios and avoid

non-specific tissue uptake by liver, kidneys, and bone marrow, none of them have

yielded expected results.

In recent times, BsMAb have proven to be more useful in cancer diagnostic

imaging especially using the “pre-targeting” strategy (Cardillo et al. 2004; Gold

et al. 2008; Goldenberg et al. 2006, 2007; Rearden et al. 1983, 1985; Sharkey et al.

2007). This strategy aims to deliver high tumor accretion, eliminate background

noise due to untargeted radioactivity from blood and normal tissues, and reduce

Fig. 19.4 Schematic

representation of antibody

complex formed during

BsMAb-based immunoassay

for PSA detection. PSA in the

test sample is bound first by

the capture monoclonal

antibody and then by BsMAb

detection antibody tagged to

peroxidase (HRPO) to form an

antibody sandwich complex.

The diagram is adapted from

Kreutz and Suresh, Clinical

Chemistry, 1997
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unintended toxicity. It relies on BsMAb’s ability to effect tumor localization of the

subsequently administered radiolabeled effector molecule. Targeting is achieved

with BsMAb that binds to a target antigen with one arm and to a radiometal-chelate

or hapten peptide complex (effector molecule) with the other arm. Animal model

experiments have revealed an equivalent tumor uptake of BsMAb compared to

radiolabeled antibodies and maximum accretion within minutes rather than several

hours or days. Even the radionuclide was cleared very rapidly from the body, with

more than 80% of the product eliminated in the urine within a few hours, allowing

tumor/blood and tissue ratios to often be �10:1 within 1 h of the radionuclide

administration. Tissue retention of the radiolabeled effector molecule was also

found to be very low, even in the kidneys and liver that very often show elevated

uptake of directly radiolabeled antibodies unless radioiodine is used. The use of

BsMAb has significantly enhanced the imaging utility of pre-targeting procedures

as compared to using directly radiolabeled antibodies. The de-coupling of the

effector molecule from the pre-targeting agent is central to all the variations on

this theme that has resulted in enhanced imaging of tumors.

BsMAb can be used in a simple two-step pre-targeting approach without the

need for any clearing step or additional agents. Two-step procedures generally

involve injection of the pre-targeting agent such as BsMAb and waiting for a day or

two before all of the unbound fractions are drained off from the body’s circulation

by excretion through liver or kidneys (BsMAb are easily cleared from the blood

within a day). This is followed by administration of the radiolabeled effector

molecule, which would only bind to a specific arm on the pre-targeted BsMAb at

the tumor site. Patients would therefore be able to receive BsMAb injection by their

oncologist, return a few days later and receive the radiolabeled product in a nuclear

medicine facility such that imaging can be accomplished on the same day. Although

it may take a few days before an image can be achieved using a pre-targeting

approach, experienced investigators and preclinical data have suggested that

the images would be superior in terms of specificity, sensitivity, signal intensity,

and have minimal background compared to those obtained using radiolabeled

monoclonal antibodies. In many cases, BsMAb-based pre-targeting approach

has out-performed the results generated by clinically approved radiolabeled mono-

clonal antibodies, especially in imaging small tumors in colorectal and colonic cancer

(Sharkey et al. 2005). In addition to giving better tumor/blood ratios, superior tumor

uptake, enhanced tumor/non tumor ratios, the pre-targeted strategy retained tumor-

specific signal intensity even 1 day post-injection of the radioactive effector molecule

thus providing a 15-fold increase in signal strength at the tumor site. BsMAb

are currently being exploited for imaging many CEA-expressing tumors, MUC-1-

expressing pancreatic cancer, and CD20-expressing non-Hodgkin’s lymphoma

(Peltier et al. 1993; Schuhmacher et al. 2001a, b).

BsMAb-based pre-targeting techniques for diagnostic imaging of cancers have

taken nuclear imaging to a whole new level and are beginning to complement the

present-day gold standard of 18F-FDG-PET. BsMAb are being further engineered to

achieve optimal molecular weight and charge for better tumor uptake, rapid blood

clearance, higher valency, improved affinity to TAA, enhanced signal intensity, and
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greater flexibility for binding to a variety of hapten-peptides carrying different

radio-isotopes. Improvements in the methods used for the production of BsMAb

by “Dock and Lock” molecular engineering strategies and their application in

furthering pre-targeting applications in tumor imaging and therapy is described in

Chap. 12. Given that highly specific and sensitive images are possible with BsMAb

pre-targeting in both the experimental and clinical set up, it is evident that BsMAb-

based cancer diagnostic imaging is very promising.

19.5 Conclusion

The use of BsMAb in immunodiagnostic assays has resulted in the development

of next generation immunoassays that are highly sensitive, rapid, simple, and

cost-effective. The specificity of the assays approaches the theoretical limit of

immunodetection making them ultrasensitive. Importantly, these assays are invalu-

able as a point of care diagnostic tool. Such assays are of immense value especially

in some resource-constrained countries to combat the spread of diseases. Rapid

detection of communicable diseases has huge impact on the current global health

scenario where an infectious disease can make quick transition from an epidemic to

a pandemic like the recent outbreak of swine flu. Most of the current diagnostic

assays measure specific antibodies to bacterial or viral antigens and therefore may

report a previous infection since antibodies circulate in the blood 6 months post-

infection. Such assays rarely detect infection at initial stages making early inter-

vention almost impossible. In contrast, BsMAb-based diagnostics measure specific

bacterial or viral antigens rather than the antibodies and therefore accurately reflect

active diseased state and make early-stage detection possible.

In the coming years, BsMAb will prove valuable for use in diagnosis of different

types of cancer. Since BsMAb-based cancer diagnosis has many advantages and

is highly sensitive it will be useful not only for early detection of cancer but also

convenient for monitoring the progression of the diseased state and assessing

response to treatment. Given the immense potential of BsMAb as excellent

immunoprobes, there are efforts to engineer newer forms of these antibodies with

significantly improved binding specificity and avidity. BsMAb await a plethora of

novel applications in the field of diagnostics.
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