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I.  

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-IiER2 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 etal. 1991; Kobari et al. 1998; Burtrum et al. 2003; Lu etal. 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 (Yolk et al. 1984). In another 
case, a cocktail of three antibodies was about 20,000-fold more potent against 
botu!inum 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 o!igoclonal 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 and Milstein 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 Fe domain; and 
(2) the Fe-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 Fe-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 Fe, 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 Fe 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 + hole:Y407A mutant, 
Tm = 65.4°C; wild-type, Tm = 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, 4135 Fab (Eigenbrot et al. 1993), knob mutations, and the complemen-
tary hole mutations were designed for a diabody fragment containing the Fvs of 4135 
and an anti-CD3 antibody (Thu 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.lc). 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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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 Pc with the "knob" mutation T366Y, and an anti-CD16 scFv is fused to an 
Fc with the "hole" mutation Y407T (Fig. 9. id). 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.le) (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.lf). 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 Fe region does not bind 
FeRn 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 IgGi 
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.lg). Only homogenous BsAb 
were generated due to the natural heterodimerization between the CL and the CH 1 
domains. 
Two similar Bs(scFv)4-IgG molecules were constructed using two scFv fragments 

specific for EGF'R and IGFR, respectively (Lu et al. 2004b). The two constructs were 
in different fusion orientations: i.e., SCFvanEGFR-CL plus scFv JG -CH1-CH2-
CH3, or scFvantjJG -CL plus scFvantjEG -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-CHI-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 Fe domain of an IgG to form a tetravalent BsAb (Fig. 9.lh) 
(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 Fe. The resulting scFv(A)-scFv(B)-
Fe 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. 9.11). 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] x 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 VII 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 VII 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 Fe 
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. 9.11). 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 (LTI3R). The BsAb was further engineered for improved thermal 
stability and reduced aggregation. The resulting anti-TRAIL-R2/LT13R BsAb 

demonstrated a much potent effect (IC50 = 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-23 1-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-LTR/ 

TRAIL-R2 antibody was administrated. In the atter format, the scFv specific for 

LT3R was 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 

LTI3R. 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 LTI3R, 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 CH 1 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-CII2-CH3). sVD binders can also be 
directly fused to the N or C terminus of an IgG of a different specificity 
(Fig. 9. im). In one such report, a single VII domain binder to the platelet-derived 
growth factor receptor-alpha (PDGFR-x) was isolated from a phage library, and 
fused to the N terminus of VL of an IgG antibody specific for PDGFR-f3 (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 VII 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 = 3 nM) and 
HER2 (Kd = 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.ln). 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] x 2 linker resulting in a tetravalent BsAb (Orcutt et al. 2010) (Fig. 9.lo). 
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 YL 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 (Ts lAb), 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.lq). 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 Fcy 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 

163 

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 x anti-HER3 BsAb (Robinson et al. 2008). In this report, the authors 
constructed an anti-ErbB3 x 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 CHI 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 S 16E 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 -4O% 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. 

References 

Ahmad SA, Liu W, Jung YD, Fan F, Wilson M, Reinmuth N, Shaheen RM, Bucana CD, Ellis LM 
(2001) The effects of angiopoietin-1 and -2 on tumor growth and angiogenesis in human colon 
cancer. Cancer Res 61:1255-1259 

Alt M, Muller R, Kontermann RE (1999) Novel tetravalent and bispecific IgG-like antibody 

molecules combining single-chain diabodies with the immunoglobulin gammal Fc or CH3 
region. FEBS Lett 454:90-94 

Atwell S, Ridgway JB, Wells JA, Carter P (1997) Stable heterodimers from remodeling the 

domain interface of a homodimer using a phage display library. J Mol Biol 270:26-35 
Beck A, Wurch T, Bailly C, Corvaia N (2010) Strategies and challenges for the next generation of 

therapeutic antibodies. Nat Rev Immunol 10:345-352 

Bostrom J, Yu SF, Kan D, Appleton BA, Lee CV, Billeci K, Man W, Peale F, Ross 5, 
Wiesmann C, Fuh G (2009) Variants of the antibody herceptin that interact with HER2 and 
VEGF at the antigen binding site. Science 323:1610-1614 

Burtrum D, Zhu Z, Lu D, Anderson DM, Prewett M, Pereira DS, Bassi R, Abdullah R, Hooper AT, 
Koo H, Jimenez X, Johnson D, Apblett R, Kussie P, Bohlen P, Witte L, Hicklin DJ, Ludwig DL 

IPR2025-00604
Patent Owner’s Exhibit 2014

Page 000015



166 P. Jin and Z. Zhu 

(2003) A fully human monoclonal antibody to the insulin-like growth factor I receptor 
blocks ligand-dependent signaling and inhibits human tumor growth in vivo. Cancer Res 

63:8912-8921 
Chakravarti A, Loeffler JS, Dyson NJ (2002) Insulin-like growth factor receptor I mediates 

resistance to anti-epidermal growth factor receptor therapy in primary human glioblastoma 
cells through continued activation of phosphoinositide 3-kinase signaling. Cancer Res 

62:200-207 
Chan AC, Carter PJ (2010) Therapeutic antibodies for autoimmunity and inflammation. Nat Rev 

Immunol 10:301-316 
Colcher D, Bird R, Roselli M, Hardman KD, Johnson S, Pope S, Dodd SW, Pantoliano MW, 

Milenic DE, Schlom I (1990) In vivo tumor targeting of a recombinant single-chain antigen-
binding protein. J Natl Cancer Inst 82:1191-1197 

Coloma MJ, Morrison SL (1997) Design and production of novel tetravalent bispecific antibodies. 

Nat Biotechnol 15:159-163 
Cotton RG, Milstein C (1973) Letter: fusion of two immunoglobulin-producing myeloma cells. 

Nature 244:42-43 
Davis JH, Aperlo C, Li Y, Kurosawa E, Lan Y, Lo KM, Huston JS (2010) SEEDbodies: fusion 

proteins based on strand-exchange engineered domain (SEED) CH3 heterodimers in an Fc 
analogue platform for asymmetric binders or immunofusions and bispecific antibodies. Protein 
Eng Des Sel 23:195-202 

Dechant M, Weisner W, Berger S, Peipp M, Beyer T, Schneider-Merck T, Lammerts van Bueren 

JJ, Bleeker WK, Parren PW, van de Winkel JG, Valerius 1 (2008) Complement-dependent 
tumor cell lysis triggered by combinations of epidermal growth factor receptor antibodies. 
Cancer Res 68:4998-5003 

Dimasi N, Gao C, Fleming R, Woods RM, Yao XT, Shirinian L, Kiener PA, Wu H (2009) 
The design and characterization of oligospecific antibodies for simultaneous targeting of 

multiple disease mediators. J Mol Biol 393:672-692 
Eigenbrot C, Randal M, Presta L, Carter P, Kossiakoff AA (1993) X-ray structures of the antigen-

binding domains from three variants of humanized anti-p185HER2 antibody 4D5 and 

comparison with molecular modeling. J Mol Biol 229:969-995 
Els CK, Lauwereys M, Wyns L, Muyldermans S (2001) Camel single-domain antibodies as 

modular building units in bispecific and bivalent antibody constructs. J Biol Chem 

276:7346-7350 
Ewert S, Honegger A, Pluckthun A (2004) Stability improvement of antibodies for extracellular 

and intracellular applications: CDR grafting to stable frameworks and structure-based frame-
work engineering. Methods 34:184-199 

FitzGerald K, Holliger P, Winter G (1997) Improved tumour targeting by disulphide stabilized 
diabodies expressed in Pichia pastoris. Protein Eng 10:1221-1225 

Gunasekaran K, Pentony M, Shen M, Garrett L, Forte C, Woodward A, Ng SB, Born T, Retter M, 
Manchulenko K, Sweet H, Foltz IN, Wittekind M (2010) and Yan, W. Applications to 

bispecific molecules and monovalent IgG. J. Biol. Chem, Enhancing antibody Fc heterodimer 
formation through electrostatic steering effects 

He F, Hogan S, Latypov RF, Narhi LO, Razinkov VI (2010) High throughput thermostability 

screening of monoclonal antibody formulations. J Pharm Sci 99:1707-1720 
Holliger P, Hudson PJ (2005) Engineered antibody fragments and the rise of single domains. 

Nat Biotechnol 23:1126-1136 
Holliger P, Prospero T, Winter G (1993) "Diabodies": small bivalent and bispecific antibody 

fragments. Proc Natl Acad Sci USA 90:6444-6448 
Holt U, Herring C, Jespers LS, Woolven BP, Tomlinson IM (2003) Domain antibodies: proteins 

for therapy. Trends Biotechnol 21:484-490 
Jespers L, Schon U, James LC, Veprintsev D, Winter G (2004) Crystal structure of HEL4, 
a soluble, refoldable human V(H) single domain with a germ-line scaffold. J Mol Biol 337: 

893-903 

IPR2025-00604
Patent Owner’s Exhibit 2014

Page 000016



9 The Design and Engineering of IgG-Like Bispecific Antibodies 167 

Jordan JL, Arndt JW, Hanf K, Li G, Hall J, Demarest S. Huang F, Wu X, Miller B, Glaser S, 
Fernandez EJ, Wang D, Lugovskoy A (2009) Structural understanding of stabilization patterns 
in engineered bispecific Ig-like antibody molecules. Proteins 77:832-841 

Jung SH, Pastan I, Lee B (1994) Design of interchain disulfide bonds in the framework region of 
the Fv fragment of the monoclonal antibody B3. Proteins 19:35-47 

Jung YD, Mansfield PF, Akagi M, Takeda A, Liu W, Bucana CD, Hicklin DJ, Ellis LM (2002) 
Effects of combination anti-vascular endothelial growth factor receptor and anti-epidermal 
growth factor receptor therapies on the growth of gastric cancer in a nude mouse model. Eur 
J Cancer 38:1133-1140 

Kipriyanov SM, Moldenhauer G, Schuhmacher J, Cochlovius B, Von der Lieth CW, Matys ER, 
Little M (1999) Bispecific tandem diabody for tumor therapy with improved antigen binding 
and pharmacokinetics. J Mol Biol 293:41-56 

Kobari M, Kullenberg B, Bjorkman A, Matsuno 5, Ihse I, Axelson J (1998) The inhibitory effect of 
an EGF receptor-specific tyrosine kinase inhibitor on pancreatic cancer cell lines was more 
potent than inhibitory antibodies against the receptors for EGF and IGF I. Tnt J Pancreatol 
24:85-95 

Kontermann RE, Muller R (1999) Intracellular and cell surface displayed single-chain diabodies. 
J Immunol Methods 226:179-188 

Krane JF, Murphy DP, Carter DM, Krueger JG (1991) Synergistic effects of epidermal 
growth factor (EGF) and insulin-like growth factor 1/somatomedin C (IGF-I) on keratinocyte 
proliferation may be mediated by IGF-I transmodulation of the EGF receptor. J Invest 
Dermatol 96:419-424 

Kunkel P, Ulbricht U, Bohlen P. Brockmann MA, Fillbrandt R, Stavrou D, Westphal M, 
Lamszus K (2001) Inhibition of glioma angiogenesis and growth in vivo by systemic treatment 
with a monoclonal antibody against vascular endothelial growth factor receptor-2. Cancer Res 
61:6624-6628 

Lamszus K, Brockmann MA, Eckerich C, Bohlen P, May C, Mangold U, Fillbrandt R, Westphal M 
(2005) Inhibition of glioblastoma angiogenesis and invasion by combined treatments directed 
against vascular endothelial growth factor receptor-2, epidermal growth factor receptor, and 
vascular endothelial-cadherin. Clin Cancer Res 11:4934-4940 

Lu D, Kotanides H, Jimenez X, Zhou Q, Persaud K, Bohlen P, Witte L, Zhu Z (1999) Acquired 
antagonistic activity of a bispecific diabody directed against two different epitopes on vascular 
endothelial growth factor receptor 2. J Immunol Methods 230:159-171 

Lu D, Jimenez X, Zhang H, Atkins A, Brennan L, Balderes P, Bohlen P, Witte L, Zhu Z (2003) 
Di-diabody: a novel tetravalent bispecific antibody molecule by design. J Immunol Methods 
279:219-232 

Lu D, Jimenez X, Witte L, Zhu Z (2004a) The effect of variable domain orientation and 
arrangement on the antigen-binding activity of a recombinant human bispecific diabody. 
Biochem Biophys Res Commun 318:507-513 

Lu D, Zhang H, Ludwig D, Persaud A, Jimenez X, Burtrum D, Balderes P. Liu M, Bohlen P, 
Witte L, Zhu Z (2004b) Simultaneous blockade of both the epidermal growth factor receptor 
and the insulin-like growth factor receptor signaling pathways in cancer cells with a fully 
human recombinant bispecific antibody. J Biol Chem 279:2856-2865 

Lu D, Zhang H, Koo H, Tonra J, Balderes P, Prewett M. Corcoran E, Mangalampalli V, Bassi R, 
Anselma D, Patel D, Kang X, Ludwig DL, Hicklin DJ, Bohlen P, Witte L, Zhu Z (2005) A fully 
human recombinant IgG-like bispecific antibody to both the epidermal growth factor receptor 
and the insulin-like growth factor receptor for enhanced antitumor activity. J Biol Chem 
280:19665-19672 

Mabry R, Lewis KE, Moore M, McKernan PA, Bukowski TR, Bontadelli K, Brender T, Okada S. 
Lum K, West J, Kuijper JL, Ardourel D, Franke 5, Lockwood L, Vu T, Frank A, Appleby MW, 
Wolf A, Reardon B, Hamacher NB, Stevens B, Lewis P, Lewis KB, Gilbertson DG, Lantry M, 
Julien SH, Ostrander C, Chan C, Byrnes-Blake K, Brody J, Presnell 5, Meengs B, Levin SD, 
Snavely M (2010) Engineering of stable bispecific antibodies targeting IL-17A and IL-23. 
Protein Eng Des Sel 23:115-127 

IPR2025-00604
Patent Owner’s Exhibit 2014

Page 000017



168 P. Jin and Z. Zhu 

Marvin JS, Zhu Z (2006) Bispecific antibodies for dual-modality cancer therapy: killing two 
signaling cascades with one stone. Curr Opin Drug Discov Devel 9:184-193 

Merchant AM, Zhu Z, Yuan JQ, Goddard A, Adams CW, Presta LG, Carter P (1998) An efficient 
route to human bispecific IgG. Nat Biotechnol 16:677-681 

Michaelson JS, Demarest SJ, Miller B, Amatucci A, Snyder WB, Wu X, Huang F, Phan S, Gao S, 
Doern A, Farrington GK, Lugovskoy A, Joseph I, Bailly V, Wang X, Garber E, Browning J, 
Glaser SM (2009) Anti-tumor activity of stability-engineered IgG-like bispecific antibodies 
targeting TRAIL-R2 and LTbetaR. MAbs 1:128-141 

Miller K, Meng G, Liu J, Hurst A, Hsei V, Wong WL, Ekert R, Lawrence D, Sherwood 5, DeForge 
L, Gaudreault J, Keller G, Sliwkowski M, Ashkenazi A, Presta L (2003) Design, construction, 
and in vitro analyses of multivalent antibodies. J Immunol 170:4854-4861 

Miller BR, Glaser SM, Demarest SJ (2009) Rapid screening platform for stabilization of scFvs in 
Escherichia coli. Methods Mol Biol 525:279-289, xiv 

Miller BR, Demarest SJ, Lugovskoy A, Huang F, Wu X, Snyder WB, Croner U, Wang N, 
Amatucci A, Michaelson JS, Glaser SM (2010) Stability engineering of scFvs for the develop-
ment of bispecific and multivalent antibodies. Protein Eng Des Sel 23(7):549-557 

Muller D, Kontermann RE (2010) Bispecific antibodies for cancer immunotherapy: current 
perspectives. BioDrugs 24:89-98 

Muyldermans 5, Atarhouch T, Saldanha J, Barbosa JA, Hamers R (1994) Sequence and structure 
of VH domain from naturally occurring camel heavy chain immunoglobulins lacking light 
chains. Protein Eng 7:1129-1135 

Nahta R, Hung MC, Esteva FT (2004) The HER-2-targeting antibodies trastuzumab and pertuzumab 
synergistically inhibit the survival of breast cancer cells. Cancer Res 64:2343-2346 

Natsume A, Wakitani M, Yamane-Ohnuki N, Shoji-Hosaka B, Niwa R, Uchida K, Satoh M, 
Shitara K (2006) Fucose removal from complex-type oligosaccharide enhances the antibody-
dependent cellular cytotoxicity of single-gene-encoded bispecific antibody comprising of two 
single-chain antibodies linked to the antibody constant region. J Biochem 140:359-368 

Nisonoff A, Rivers MM (1961) Recombination of a mixture of univalent antibody fragments of 
different specificity. Arch Biochem Biophys 93:460-462 

Nowakowski A, Wang C, Powers DB, Amersdorfer P, Smith TJ, Montgomery VA, Sheridan R, 
Blake R, Smith LA, Marks JD (2002) Potent neutralization of botulinum neurotoxin by 
recombinant oligoclonal antibody. Proc Natl Acad Sci USA 99:11346-11350 

Orcutt KD, Ackerman ME, Cieslewicz M, Quiroz E, Slusarczyk AL, Frangioni JV, 
Wittrup KD (2010) A modular IgG-scFv bispecific antibody topology. Protein Eng Des Sel 
23:221-228 

Pedersen MW, Jacobsen HJ, Koefoed K, Hey A, Pyke C, Haurum JS, Kragh M (2010) 5ym004: 
a novel synergistic anti-epidermal growth factor receptor antibody mixture with superior 
anticancer efficacy. Cancer Res 70:588-597 

Penar PL, Khoshyomn 5, Bhushan A, Tritton TR (1997) Inhibition of epidermal growth factor 
receptor-associated tyrosine kinase blocks glioblastoma invasion of the brain. Neurosurgery 
40:141-151 

Ridgway JB, Presta LG, Carter P (1996) 'Knobs-into-holes' engineering of antibody CH3 domains 
for heavy chain heterodimerization. Protein Eng 9:617-621 

Riechmann L, Muyldermans S (1999) Single domain antibodies: comparison of camel VH and 
camelised human VH domains. J Immunol Methods 231:25-38 

Robinson MK, Hodge KM, Horak E, Sundberg AL, Russeva M, Shaller CC, von MM, 
Shchaveleva I, Simmons HH, Marks JD, Adams GP (2008) Targeting ErbB2 and ErbB3 
with a bispecific single-chain Fv enhances targeting selectivity and induces a therapeutic effect 
in vitro. Br J Cancer 99:1415-1425 

Saerens D, Ghassabeh GH, Muyldermans S (2008) Single-domain antibodies as building blocks 
for novel therapeutics. Curr Opin Pharmacol 8:600-608 

Saltz LB, Lenz HJ, Kindler HL, Hochster HS, Wadler 5, Hoff PM, Kemeny NE, Hollywood EM, 
Gonen M, Quinones M, Morse M, Chen HX (2007) Randomized phase II trial of cetuximab, 

IPR2025-00604
Patent Owner’s Exhibit 2014

Page 000018



9 The Design and Engineering of IgG-Like Bispecific Antibodies 169 

bevacizumab, and irinotecan compared with cetuximab and bevacizumab alone in irinotecan-
refractory colorectal cancer: the BOND-2 study. J Clin Oncol 25:4557-4561 

Shen J, Vii MD, Jimenez X, lacolma M, Zhang H, Zhu Z (2006) Single variable domain-IgG 
fusion. A novel recombinant approach to Fc domain-containing bispecific antibodies. J Biol 
Chem 281:10706-10714 

Shen J, Vii MD, Jimenez X, Zhang H, Jacolina M, Mangalampalli V, Baideres P, Ludwig DL, 
Zhu Z (2007) Single variable domain antibody as a versatile building block for the construction 
of IgG-like bispecific antibodies. J Immunol Methods 318:65-74 

Tonra IR, Corcoran E, Deevi DS, Steiner P, Kearney J, Li H, Ludwig DL, Zhu Z, Witte L, 

Surguladze D, Hicklin DJ (2009) Prioritization of EGFR/JGF-IR/VEGFR2 combination 
targeted therapies utilizing cancer models. Anticancer Res 29:1999-2007 

Volk WA, Bizzini B, Snyder RM, Bernhard E, Wagner RR (1984) Neutralization of tetanus toxin 
by distinct monoclonal antibodies binding to multiple epitopes on the toxin molecule. Infect 
Immun 45:604-609 

Ward ES, Gussow D, Griffiths AD, Jones PT, Winter G (1989) Binding activities of a repertoire of 
single immunoglobulin variable domains secreted from Escherichia coli. Nature 341:544-546 

Weiner LM, Surana R, Wang 5 (2010) Monoclonal antibodies: versatile platforms for cancer 
immunotherapy. Nat Rev Immunol 10:317-327 

Wesolowski J, Alzogaray V, Reyelt J, Unger M, Juarez K, Urrutia M, Cauerhff A, Danquah W, 
Rissiek B, Scheuplein F, Schwarz N, Adriouch 5, Boyer 0, Seman M, Licea A, Serreze DV, 
Goldbaum FA, Haag F, Koch-Nolte F (2009) Single domain antibodies: promising experimen-
tal and therapeutic tools in infection and immunity. Med Microbiol Immunol 198:157-174 

Williams BR, Sharon J (2002) Polyclonal anti-colorectal cancer Fab phage display library selected 

in one round using density gradient centrifugation to separate antigen-bound and free phage. 
Immunol Lett 81:141-148 

Williams BR, Sompuram SR, Sharon J (2002) Generation of anti-colorectal cancer fab phage 
display libraries with a high percentage of diverse antigen-reactive clones. Comb Chem High 
Throughput Screen 5:489-499 

Worn A, Pluckthun A (2001) Stability engineering of antibody single-chain Fv fragments. J Mol 
Biol 305:989-1010 

Wu C, Ying H, Grinnell C, Bryant 5, Miller R, Clabbers A, Bose 5, McCarthy D, Zhu RR, 
Santora L, Davis-Taber R, Kunes Y, Fung E, Schwartz A, Sakorafas P, Gu J, Tarcsa E, 
Murtaza A, Ghayur T (2007) Simultaneous targeting of multiple disease mediators by a 
dual-variable-domain immunoglobulin. Nat Biotechnol 25:1290-1297 

Xie Z, Guo N, Yu M, Hu M, Shen B (2005) A new format of bispecific antibody: highly efficient 
heterodimerization, expression and tumor cell lysis. J Immunol Methods 296:95-101 

Ye D, Mendelsohn J, Fan Z (1999) Augmentation of a humanized anti-HER2 mAb 4135 induced 
growth inhibition by a human-mouse chimeric anti-EGF receptor mAb C225. Oncogene 
18:731-738 

Zapata G, Ridgway JB, Mordenti J, Osaka G, Wong WL, Bennett GL, Carter P (1995) Engineering 
linear F(ab')2 fragments for efficient production in Escherichia coli and enhanced antiproii-
ferative activity. Protein Eng 8:1057-1062 

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 (N Y) 14:192-196 

Zhu Z, Presta LG, Zapata G, Carter P (1997) Remodeling domain interfaces to enhance 
heterodimer formation. Protein Sci 6:781-788 

Zuo Z, Jimenez X, Witte L, Zhu Z (2000) An efficient route to the production of an IgG-like 
bispecific antibody. Protein Eng 13:361-367 

IPR2025-00604
Patent Owner’s Exhibit 2014

Page 000019


