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Bispecific antibodies can serve as mediators to retarget effector mechanisms
to disease-associated sites. Studies over the past two decades have revealed the

potentials but also the limitations of conventional bispecific antibodies. The de-
velopment of recombinant antibody formats has opened up the possibility of
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Introduction

The concept of using bispecific molecules in therapy is
based on the selective recruitment of an effector mechanism
to a defined disease-related target structure. Thus, bispecific
molecules serve as mediators (adaptors) between an effec-
tor and a target. A plethora of effector mechanisms can be
envisaged for therapeutic applications and a large number
have already been evaluated. These include the recruitment
of effector molecules (e.g. toxins, drugs, prodrugs, cytokines,
radionuclides), the retargeting of effector cells (e.g. cyto-
toxic T lymphocytes, NK cells, macrophages, granulocytes)
and the retargeting of carrier systems (e.g. viral vectors for
gene therapy)'.

Antibodies are ideally suited as starting material for the
construction of bispecific molecules as they normally bind
specifically and with high affinity to antigens. Using differ-
ent technologies, for instance hybridoma or phage display
technology, antibodies can be generated against virtually
any given antigen. Smaller portions of an antibody retaining
antigen-binding activity can be produced by proteolytic
cleavage or in recombinant form. Several methods have been
developed for the generation of bispecific antibodies. Be-
sides chemical cross-linking of two IgG molecules or two
Fab or Fab’ fragments, bispecific antibodies can also be pro-
duced by fusion of two hybridomas. This hybrid-hybridoma
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generating bispecific molecules with improved properties. This review summa-
rizes recent developments in the field of recombinant bispecific antibodies and
discusses further requirements for clinical development.

technology results in cell lines (quadroma) that produce
bispecific IgG molecules. However, the production and ran-
dom association of two different heavy chains and two dif-
ferent light chains within one cell leads to the assembly of a
substantial proportion of non-functional molecules. Thus,
the hybrid-hybridoma technology and also chemical meth-
ods produce poorly defined products and require elaborate
purification steps to obtain defined and clinically useful
material. Nevertheless, several clinical studies have been
performed to analyze the therapeutic potentials of bispecific
antibodies. Most of these studies were focused on the re-
targeting of effector cells (cytotoxic T lymphocytes, NK
cells) of the immune system to tumor cells. Mostly disap-
pointing findings were obtained from these studies'-?. The
main reasons were the induction of neutralizing antibodies
against the murine bispecific antibodies and Fc-mediated
side effects, including cytokine-release syndrome, thrombo-
cytopenia and leukopenia, which limited the maximal appli-
cable dose. Further studies indicate that the induction of
inflammation within the tumor, for example, the co-applica-
tion of inflammatory cytokines, is essential to achieve an
effective treatment. It was concluded that besides strong
and selective binding to a disease-related antigen clinically
useful bispecific antibodies should fulfill several require-
ments®?: They should be non-immunogenic to avoid a neu-
tralizing immune response. They should have a defined struc-
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ture and should bind monovalently to the effector cells to
induce activation of the effector cells only after binding to
the target cells. They should not contain an Fc-region to
avoid Fc-mediated side effects. They should have a size
which allows penetration into the tumor tissue but should
circulate sufficiently long to induce therapeutic effects.

Recombinant bispecific antibodies

Recombinant bispecific antibodies offer several advan-
tages over conventional bispecific antibodies made by chemi-
cal cross-linking or fusion of two hybridoma clones and can
be designed to meet the requirements described above. By
using only the variable domains as building blocks, recom-
binant antibodies lack the Fc-region of an antibody, and
thus do not induce Fc-mediated effects. Recombinant anti-
bodies are constructed by genetic means allowing for the
generation of human molecules in order to reduce or even
avoid the induction of a neutralizing antibody response.
Human antibody molecules used as starting blocks can be
isolated, for instance, from human antibody libraries by
means of phage display” or by using transgenic mice ex-
pressing human antibodies'. Recent studies have shown,
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however, that even fully human antibodies can be immuno-
genic leading to the generation of human anti-human anti-
bodies (HAHA)®. By identification and removal of the re-
sponsible T cell epitopes (“deimmunization”) the immuno-
genicity risk associated with human antibodies can be fur-
ther reduced®. These developments in the generation of
recombinant antibody molecules have led to a revival in the
use of bispecific antibodies for therapeutic applications!”.

A wide variety of different recombinant bispecific anti-
body formats have been developed over the past years!®.,
Amongst them tandem single-chain Fv molecules and
diabodies and various derivatives there of are the most widely
used formats for the construction of recombinant bispecific
antibodies (Figure 1). Routinely, construction of these mol-
ecules starts from two single-chain Fv (scFv) fragments that
recognize different antigens®.

Tandem scFv molecules (taFv) represent a straightfor-
ward format simply connecting the two scFv molecules with
an additional peptide linker (Figure 1). The two scFv frag-
ments present in these tandem scFv molecules form sepa-
rate folding entities. Thus various linkers can be used to
connect the two scFv fragments and linkers with a length of
up to 63 residues have been reported'”. Although the pa-
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Figure 1. A) Structures of various recombinant bispecific antibody formats derived from single-chain Fv (scFv) fragments.

B) Domain and

linker arrangements in single-chain Fv fragments (scFv), diabodies (Db), single-chain diabodies (scDb), and tandem scFv molecules (taFv).

Linker L in scFv consists of approximately 15 amino acid residues.

In Db and scDb linkers A and B have a length of approximately 5 amino

acids. Linker M in scDb is approximately 15 amino acids long. In taFv linkers A and B have a length of approximately 15 amino acids and

linker M can be of varying length (e.g. from 0 to >25 amino acids). SP=signal peptide.
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rental scFv fragments can normally be expressed in soluble
form in bacteria, it is, however, often observed that tandem
scFvmolecules form insoluble aggregates in bacteria. Hence,
refolding protocols or the use of mammalian expression sys-
tems are routinely applied to produce soluble tandem scFv
molecules. In a recent study, in vivo expression by transgenic
rabbits and cattle of a tandem scFv directed against CD28
and a melanoma-assocated proteoglycan was reported™. In
this construct the two scFv molecules were connected by a
Cyl linker and serum concentrations of up to 100 mg/L of
the bispecific antibody were found. Various strategies in-
cluding variations of the domain order or using middle link-
ers with varying length or flexibility were employed to al-
low soluble expression in bacteria. A few studies have now
reported expression of soluble tandem scFv molecules in
bacterial*'* using either a very short Ala, linker or long
glycine/serine-rich linkers. In a recent study, we employed
phage display of a tandem scFv repertoire containing ran-
domized middle linkers with a length of 3 or 6 residues to
enrich for those molecules which are produced in soluble
and active form in bacteria. This approach resulted in the
isolation of a preferred tandem scFv molecule with a 6 amino
acid residue linker'"™. At present it is unclear if this linker
sequence represents a general solution to the soluble ex-
pression of tandem scFv molecules. Nevertheless, this study
demonstrate that phage display of tandem scFv molecules
in combination with directed mutagenesis is a powerful tool
to enrich for those molecules which can be expressed in bac-
teria in active form.

Bispecific diabodies (Db) utilize the diabody format for
expression. Diabodies are produced from scFv fragments
by reducing the length of the linker connecting the V; and
V. domain to approximately 5 residues®. This reduction
forces dimerization of two polypeptide chains by crossover
pairing of the Vy; and V| domains (Figure 1). Bispecific
diabodies are produced by expressing two polypeptide chains
with either the structure V A-V, B and Vi B-V, A (V,4-V,
configuration) or V,A-VyB and V;B-V A (V. -Vy
configuration) within the same cell. A large variety of dif-
ferent bispecific diabodies have been produced in the past
and most of them could be expressed in soluble form in bac-
teria (Table 1). A recent comparative study demonstrate,
however, that the orientation of the variable domains can
influence expression and formation of active binding sites"”).
Nevertheless, the soluble expression in bacteria represents
an important advantage over tandem scFv molecules.
However, since two different polypeptide chains are ex-
pressed within a single cell inactive homodimers can be pro-
duced together with active heterodimers. This puts some

obstacles towards the use as therapeutic molecules as it
necessitates the implementation of additional purification
steps in order to obtain homogenous preparations of
bispecific diabodies.

One approach to force the generation of bispecific
diabodies is the production of knob-into-hole diabodies!®..
This was demonstrated for a bispecific diabody directed
against HER2 and CD3. A large knob was introduced in the
Vy, domain by exchanging Val,; with Phe and Leu,; with Trp
and a complementary hole was produced in the V; domain
by mutating Phey to Met and Tyrg, to Ala, either in the anti-
HER?2 or the anti-CD3 variable domains. By using this ap-
proach the production of bispecific diabodies could be in-
creased from 72% by the parental diabody to over 90% by
the knob-into-hole diabody. Importantly, production yields
did only slightly decrease by these mutations. However, a
reduction in antigen-binding activity was observed for sev-
eral analyzed constructs. Thus, this rather elaborate ap-
proach requires the analysis of various constructs in order
to identify those mutations which produce heterodimeric
molecule with unaltered binding activity.

Single-chain diabodies (scDb) represent an alternative
strategy to improve the formation of bispecific diabody-like
molecules!*?, Bispecific single-chain diabodies are pro-
duced by connecting the two diabody-forming polypeptide
chains with an additional middle linker with a length of ap-
proximately 15 amino acid residues (Figure 1). Consequently,
all molecules with a molecular weight corresponding to mo-
nomeric single-chain diabodies (50-60 kDa) are bispecific.
Several studies have demonstrated that bispecific single-
chain diabodies are expressed in bacteria in soluble and ac-
tive form (Table 1) with the majority of purified molecules
present as monomers!'*?. Thus, single-chain diabodies
combine the advantages of tandem scFvs (all monomers are
bispecific) and diabodies (soluble expression in bacteria).

Stability improvements

Stability of the recombinant bispecific antibodies under
storage conditions as well as after in vivo application is a
critical parameter with strong impact for clinical application.
The antibody has to be sufficiently stable to allow the mol-
ecules to induce a therapeutic benefit before being degrad-
ed®. Unfortunately, several studies showed that tandem
scFv molecules as well as diabodies were inactivated under
physiological conditions, with varying half-lives depending
on the antibody construct tested"*",

One approach to improve the stability of antibody mol-
ecules is the generation of disulfide-stabilized molecules



Kontermann RE

Acta Pharmacologica Sinica ISSN 1671-4083

Table 1. Applications of recombinant bispecific antibodies for cancer therapy.

Format Antibody Target Effector Expression Reference
taFv CD19 x CD3 CD19 CTL mammalian cells [45.47.48.51.52]
CD19 x CD3 CD19 CTL E. coli (53]
EpCAM x CD3 EpCAM CTL mammalian cells (10.54-56]
HER2 x CD3 ErbB2 CTL mammalian cells (53]
LeY x CD3 Lewis Y CTL mammalian cells (53]
BCL-1 x CD3 IgG idiotpye CTL mammalian cells 143
FAP x CD3 FAP CTL mammalian cells 1
OKT9 x CD3 TR CTL mammalian cells 1571
E. coli (refolding)
L6 x CD3 tumor Ag CTL mammalian cells (581
Wue x CD3 Wue CTL mammalian cells (59
M x CD28 melanoma proteoglycan CTL rabbits, cattle (
HLA-II x CD16 MHC complex NK cells mammalian cells L60J
HER2 x CD16 ErbB2 NK cells E. coli (261l
EGFR x Ad EGFR adenovirus mammalian cells L62-67]
EpCAM x Ad EpCAM adenovirus mammalian cells 67
CD40 x Ad CD40 adenovirus E. coli 131
CEA x Ad CEA adenovirus E. coli 5]
3E10 x p53 cell penetration apoptosis mammalian cells 381
Db BCL-1 x CD3 IgG idiotype CTL E. coli (€8]
CEA x CD3 CEA CTL E. coli, Pichia (24:46]
HER2 x CD3 ErbB2 CTL E. coli (]
EpCAM x CD3 EpCAM CTL E. coli (70l
IL-6 x CD3 IL-6 CTL E. coli 71
CD19 x CD3 CD19 CTL E. coli (449
CD20 x CD3 CD20 CTL E. coli 7
EGFR x CD3 EGFR CTL E. coli (refolding) (73]
MUC-1 x CD3 MUC-1 CTL E. coli (refolding) (74
Pgp x CD3 P glycoprotein CTL E. coli (73]
CD19 x CD16 CD19 NK cells E. coli (501
CD30 x CD16 CD30 NK cells E. coli 76}
Lys x Clq lysozyme complement E. coli n
Lym-1 x DOTA HLA-DR Yy E coli (78791
scDb CEA x CD3 CEA CTL E. coli unpublished
CD19 x CD3 CD19 CTL E. coli (4
EDG x CD3 endoglin CTL E. coli 22
EDG x Ad endoglin adenovirus E. coli (40}
HMW-MAA x Ad HMW-MAA adenovirus E. coli (80}
CEAx Ad CEA adenovirus E. coli 1)
CEA x b-Gal CEA prodrug E. coli 1)
tanDb CD19 x CD3 CD19 CTL E. coli (20.81)
scFv-C,3 HER2 x CD16 ErbB2 CTL mammalian cells (29

Abbreviations: Ad, adenovirus knob domain; B-Gal, B-galactosidase; CEA, carcinoembryonic antigen; CTL, cytotoxic T lymphocytes; Db,
diabody; DOTA, 1,4,7,10-tetraazacyclododecane-N,N',N",N'"-tetraacetic acid; EGFR, epidermal growth factor receptor; EpCAM, epithelial
cell adhesion molecule; FAP, fibroblast activation protein; HMW-MAA, high molecular weight melanoma-associated antigen; NK cells,
natural killer cells; scDb, single-chain diabody; taFv, tandem scFv; tanDb, tandem diabody; TR, transferrin receptor.
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introducing cysteine bridges between the V-V interfaces
to inhibit dissociation of the V; and V| domains. That this
results in an increased thermal stability has been shown for
a bivalent anti-CEA diabody”". A subsequent study with a
disulfide-stabilized bispecific diabody demonstrated that this
approach also resulted in an increase in the formation of
heterodimers similar to the knob-into-hole approach!®!.
However, a marked reduction in production yield was re-
ported for this disulfide-stabilized bispecific diabody in £
coli. Principally, this approach to improve stability by intro-
ducing disulfide-bonds between the V,; and V; domains is
applicable for any recombinant bispecific format including
tandem scFv molecules.

Several comparative studies have revealed that single-
chain diabodies are more stable than diabodies and tandem
scFv molecules!*'>'*2% " This is probably a result of the
physical linkage of the four variable domains, similar to the
improved stability of single-chain Fv fragments compared to
Fv fragments™. A recent study demonstrated that the length
and composition of the three linkers present in a single-chain
diabody molecule and its dimeric tandem form had a strong
influence on stability and functional activity™. In this study
tandem diabodies composed of 10 residue long flanking link-
ers and a long middle linker (27 residues) showed highest
stability and activity. These results emphasize the fact that
modest variations in the composition of recombinant
bispecific antibodies have strong impacts on their biological
properties.

Improvement of pharmacokinetics

One of the drawbacks of small recombinant bispecific
antibodies for therapeutic applications is the short circula-
tion time in the body. Diabodies, single-chain diabodies and
tandem-scFv molecules have a molecular weight of 50-60
kDa. This causes rapid clearance from circulation by ex-
travasation and renal elimination with an initial half-life (¢,,,,)
below 30 min®”. This is much shorter than the half-life of
whole antibody molecules, which can be in the range of sev-
eral weeks, due to its larger size and Fn receptor mediated
recycling.

Several approaches have been undertaken to improve the
pharmacokinetics of recombinant antibodies. One approach
is to increase the size of these molecules. For example, this
was achieved by fusion of a bispecific single-chain diabody
to the IgG Cy3 or Fc region via an IgG hinge®®”. A similar
approach was also applied for bispecific diabodies fusing
one of the two diabody chains to a Cy3 domain (di-
diabody)®. These fusions result in the formation of dimeric

molecules with molecular weights of 150-180 kDa containing
four functional antigen-binding sites, two for each antigen.
The advantage of using single-chain diabodies for this ap-
proach is that a single polypeptide chain is expressed result-
ing in the assembly of defined molecules with identical size
and binding activity. In contrast, the usage of two different
polypeptide chains for the expression of di-diabody may
cause formation of a mixture of non-functional diabody
molecules produced by homodimeric assembly of two iden-
tical polypeptide chains and functional diabody-C,3 fusion
proteins. Interestingly, Lu and co-workers™ could not de-
tect such non-functional diabody molecules in their prepa-
rations indicating that heterodimeric assembly of the two
polypeptide chains is favored, at least for the described
construct. Heterodimer-forming C,;3 domains containing
knob-into-hole structures were also used to generate
bispecific antibodies by fusion of two different scFv frag-
ments directed against HER2 and CD16 to these domains®.
Although not tested in vivo this bispecific minibody was
stable in mouse and human serum at 37 °C for several days
and biologically active.

Dimeric single-chain diabody molecules with a molecu-
lar weight of 100-115 kDa can also be generated by varying
the length of the linkers connecting the variable domain.
Reducing the middle linker of a single-chain diabody to less
than 13 amino acid residues results in the formation of dimeric
single-chain diabody (tandem diabodies, tanDb) most likely
with a linear arrangement of the two polypeptide chains
(Figure 1)?Y, Similarly, reduction of the flanking linkers to
0-1 amino acid residue results also in dimeric molecules, pre-
sumably in a tetrabody-like arrangement!. For tandem
diabodies it has been shown that this dimerization results in
a four- to eight fold increase in circulation time compared to
diabodies and an improved therapeutic efficacy™*".

The covalent attachment of polyethylene glycol (PEG)
chains mayrepresent another possibility to improve the phar-
macokinetics of recombinant bispecific antibodies. Several
PEGylated protein therapeutics which exhibit increased half-
lives and improved therapeutic efficacy compared to their
non-PEGylated forms have been clinically approved®™'. Al-
though as yet not applied for recombinant bispecific
antibodies, it was shown for single-chain Fv fragments that
PEGylation could prolong serum half-life up to 200-fold™?.
In this study single reactive cysteine residues were intro-
duced into the scFv molecules at defined positions, e.g. at
the C-terminus or in the linker region. This additional cys-
teine residue allowed for a site-specific coupling of a single
PE.G. chain without impairing binding activity of the scFv
fragment.
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A rather new approach is the combination of recombi-
nant bispecific antibodies with gene-therapeutic protocols
aiming at a direct in vivo expression of the antibody mol-
ecules™. This should result in high and constant levels of
antibody molecules over an extended period of time.
Furthermore, this approach obviates the need for extensive
purification and characterization of the therapeutic proteins.
However, one has to keep in mind that for therapeutic appli-
cations it is essential that expression is tightly controlled in
order to stall expression in the event of severe side effects.
In 1999 we postulated that this approach should be appli-
cable for the in vivo production of recombinant bispecific
antibody molecules!™. In this study we show that bispecific
single-chain diabodies are secreted in an active form from
mammalian producer cells in vitro and are able to selectively
recruit a prodrug-converting enzyme to tumor cells.
Subsequently, we developed an adenoviral system contain-
ing the gene for an anti-CD3 x anti-CEA bispecific single-
chain diabody. Injection of these recombinant adenoviruses
into mice resulted in high-level expression of the antibody
molecule over a period of several weeks™*. The therapeutic
effects of in vivo produced proteins were recently demon-
strated with an anti-CEA x anti-CD3 bispecific diabody in
combination with a B7-anti-CEA scFv fusion protein®, In
vivo expression was achieved by implanting near the tumor
site 293 producer cells stably transfected with the DNA en-
coding these proteins. After injection of human T cells, anti-
tumor effects were observed in a colon carcinoma tumor model
demonstrating the feasibility of this approach. Further stud-
ies are, however, needed to establish the most effective and
safe protocol, including an evaluation of in vivo and ex vivo
gene transfer, a comparison of local versus systemic
production, identification of suitable transcriptional control
elements and safe gene transfer vehicles.

Therapeutic applications

Recombinant bispecific antibodies have already been
developed for a variety of different applications with poten-
tial use in cancer therapy. These applications include the
retargeting of effector molecules (prodrug-converting
enzymes, radio-isotopes, complement components), effec-
tor cells (CTLs, NK cells) and adenoviral vectors (Table 1),
covering various therapeutic strategies, e.g. radiotherapy,
chemotherapy, immunotherapy and gene therapy. In
addition, recent work explored their use as intracellular
bispecific antibodies (intrabodies)*”. In one study an intra-
cellularly expressed diabody was used to induce a functional
knockout of two cell surface receptors®™. In another study

a bispecific tandem scFv with cell-penetrating abilities was
applied to restore p53 wild-type function by intracellular bind-
ing to p53°¥.

Most applications of recombinant bispecific antibodies
for cancer therapy focus on the retargeting of effector cells
of the immune system to tumor cells (Table 1). Extensive
work has been done on the retargeting of cytotoxic T lym-
phocytes (CTLs) through binding to the T cell co-receptor
molecule CD3. In addition, natural killer cells (NK) were
retargeted with recombinant bispecific antibodies directed
against Fey receptor III (CD16). A large variety of different
target antigens have been evaluated. Most of them repre-
sent tumor-associated antigens (TAA) over-expressed by
tumor cells, including CD19, CD20, epithelial cell adhesion
molecule (EpCAM), epidermal growth factor receptor (EGFR),
HER2, MUC-1, and carcinoembryonic antigen (CEA) (Table
1). In addition, recent focus has switched to tumor vascula-
ture as a target structure. Targeting tumor vasculature of
solid tumors has several advantages compared to direct tar-
geting of tumor cells®”. Tumor endothelial cells are directly
accessible for circulating agents, ie extravasation of effector
molecules and cells is not necessary. All solid tumors de-
pend on neovascularization to grow beyond a few millime-
ters in diameter. Thus, this approach is broadly applicable.
Endothelial cells are genetically stable and do not become
resistant to therapy. A few studies have demonstrated that
recombinant bispecific antibodies can be employed to retar-
get effector cells (CTLs) or adenoviral vectors to endothelial
cells in vitro. These studies used endoglin (CD105) or fibro-
blast activation protein (FAP) as vascular targeting struc-
tures™***!1 Other suitable antigens are described, e.g. vas-
cular endothelial growth factor (VEGF) receptor, a.-integrins
and the ED-B domain of a tumor-associated fibronectin splice
variant™*?, which allows these studies to be extended to other
targets but also to other effector mechanisms.

Several animal studies have been performed with recom-
binant bispecific antibodies and curative effects have been
demonstrated!"****>#*1  Most studies with anti-CD3
bispecific antibody molecules have shown that T cells need
a second stimulus to efficiently lyse target cells. This sec-
ond stimulus can be provided by pre-activation of isolated T
lymphocytes, e g with IL-2 and anti-CD28 antibodies. Sev-
eral studies developed approaches to provide this co-stimu-
lus in vivo by co-administering anti-CD28 antibodies or B7-
scFv fusion proteins®®*!. Interestingly, one anti-CD3 anti-
body used for the construction of bispecific tandem scFv
molecules was shown to induce a co-stimulation indepen-
dent T cell response!*”**,

Other studies evaluated various combinations of recom-
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binant bispecific antibodies with other compounds to fur-
ther improve anti-tumor responses. These approaches in-
clude the co-application of anti-CD19 x anti-CD3 diabodies,
anti-CD28 antibodies and anti-CD19 x anti-CD16 bispecific
diabodies targeting and activating two different effector cell
types and the co-application of an anti-CD19 x anti-CD16
bispecific diabody together with thalidomide as chemothera-
peutic drug*. Interestingly, these studies described syn-
ergistic effects between the different compounds indicating
that further dramatic improvements of the systems are
possible.

Currently there is one bispecific tandem scFv molecule
(MT103) directed against CD19 and CD3 in a clinical phase
I safety trial for the treatment of Non-Hodgkin’s Lymphoma
(NHL). This antibody was shown to be very potent in de-
stroying CD19-expressing tumor cells in vitro and in vivo in
a T cell costimulation-independent way“*®!. A final report of
the outcome is currently not available.

Conclusions

The past decade has led to enormous improvements in
the generation and application of recombinant bispecific
antibodies. These molecules combine the potentials of
bispecific molecules for therapeutic applications with the ad-
vantages provided by antibody engineering technologies.
Although further improvements are necessary, recent stud-
ies have shown that recombinant bispecific antibodies can
find their way into the clinic.
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