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Abstract

Bispecific antibodies are emerging as novel approach for immunotherapies by combining two antigen-recognizing
elements into a single construct that is able to simultaneously bind to two distinct targets. Bispecific antibodies can
be applied to recruit immunological effector cells for killing of tumor cells or to simultaneously block two signaling
pathways or cytokines. Subsequently, they have prompted significant interest for a number of therapeutic
applications, both in cancer and in other indications. The growing interest in therapeutic antibodies along with the
rapid progress in antibody engineering have yield a multitude of bispecific antibodies formats and derived molecules
that differ in size, shape and function. Presently, two major classes of bispecific antibodies are most widely studied:
immunoglobulin-like and small single chain Fv (scFv)-based bispecific antibodies. This review summarizes selected
key methods used to generate bispecific antibodies, reports new concepts developed for immunotherapy and
discusses their potential development and therapeutic benefits.
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Introduction
Monoclonal antibodies (mAbs) have significantly improved the

treatment of a variety of human diseases, in particular neoplastic and
inflammatory diseases. The best described mechanisms of action of
therapeutic monoclonal antibodies include antibody-dependent cell-
mediated cytotoxicity (ADCC), complement-dependent cytotoxicity
(CDC), antibody-dependent cellular phagocytosis (ADCP),
(apoptotic) cell death induction, and engagement of cell surface
receptors to either activate or inhibit signaling pathways (Figure 1).
Currently, the vast majority of antibodies approved for therapy are
monospecific, with a defined specificity for a particular molecular part
of an antigen, known as an epitope [1]. However, despite being one of
the most widely used forms of passive cancer immunotherapy,
monoclonal antibodies have not been as successful as expected.
Clinical studies have shown that many patients do not adequately
respond to monospecific therapy, and resistance to treatment or tumor
recurrence is often observed [2,3]. This is perhaps not so surprising
considering the fact that cancer is often a multifactorial disease, where
tumors acquire a series of mutations. Furthermore, many tumors rely
on multiple and often redundant pathways of survival and
proliferation, as well as cross-talk between signaling cascades. Aiming
a single target therefore does not appear to be sufficient to destroy
cancer cells.

Figure 1: Overview of the natural functions of antibodies. The
figure shows the main functions of therapeutic antibodies. The
structure of monoclonal IgG antibody is represented, with the
colors indicating heavy chains in rose and the light chains in green.
The constant domain is represented in red and the variable domain
in green. Abbreviations: VL: Variable domain of the Light chain;
VH: Variable domain of the Heavy chain; CL: Constant domain of
the Light chain; CH: Constant domain of the Heavy chain; Fc:
Constant Fragment; Fab: Antigen Binding Fragment.. Tumor cells
are represented in orange, and effector cells of the immune system
in blue.
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The need to improve the clinical efficacy of antibodies has led to an
increased interest in bispecific antibodies (bsAbs). Bispecific
antibodies are proteins capable of simultaneously binding two
different epitopes, on the same or on different antigens. By
simultaneous recognition of two different targets, bsAbs can inhibit
two signaling pathways by targeting two different receptors on the
same cell or by targeting two different ligands simultaneously; and
thus induce modifications of cell signaling, including the inactivation
of proliferation or inflammatory pathways. By recognizing two cell
surface molecules expressed on different cells bsAbs can also serve as
mediators to redirect immune effector cells, such as Natural Killer
(NK) cells or T-cells, to tumor cells, in order to enhance the
destruction of the latter.

Even though bispecific antibodies have properties similar to those
of monoclonal antibodies, they cannot be produced by normal B-cells.
Bispecific antibodies can be obtained by different biochemical
methods such as chemical conjugation of two antibodies, fusion of two
antibody-producing cell lines, or genetic engineering approaches
resulting in recombinant bispecific antibody molecules. Currently, two
major classes of bispecific antibodies are widely studied:
immunoglobulin-G (IgG)-like bsAbs and small single chain Fv (scFv)-
based bsAbs.

The IgG-like bispecific antibodies have a conserved
immunoglobulin constant domain, thus they can exhibit Fc-mediated
effector activities and IgG-like pharmacokinetic properties through
binding to the neonatal FcRn receptor. Although these antibodies
share the same properties as conventional IgG antibodies, a plethora of
formats differing in size and geometry have recently been described
[4]. Notably, a significant effort has been made to produce bsAbs with
an IgG design that is as close to the natural immunoglobulin
equivalent as possible. On the other hand, small scFv-based or diabody
based bsAbs are genetically engineered recombinant antibodies
lacking a constant domain that can be easily engineered and produced,
but exhibit short half-life. They have been primarily designed for use
as effector cell recruiters, in particular as T-cell engagers. Indeed, scFv-
based have been demonstrated to induce lytic immunological synapses
identical to those induced by regular T-cell stimuli, and thus provide
promising results for immunotherapeutic applications. Currently, over
twenty bispecific antibodies have entered clinical trials, and have
opened the path to new and improved applications.

This review summarizes a selected number of key techniques and
methods to generate bispecific antibodies, reports new concepts
developed for cancer immunotherapy, and discusses the perspectives
for bispecific antibodies.

The Design and Engineering of IgG-like Heterodimeric
Bispecific Antibodies

Several approaches to generate IgG-like heterodimeric bispecific
antibodies have been developed [5].

Quadroma (Hybrid Hybridoma) approach
The quadroma or hybrid hybridomas was the first approach used to

create bispecific antibodies, when the idea for bispecific antibodies
arose in the 1980s. The quadroma technology is based on the
production of bispecific antibodies by somatic fusion of two
hybridoma cells (each being obtained by the somatic fusion of an
antibody-producing lymphocyte and a myeloma cell). Each type of
hybridoma cells expresses monoclonal antibodies with different

specificities. The quadroma cell line from the two fused hybridomas
secretes the two antibodies including the bispecific antibody with two
distinct arms [6,7] (Figure 2A). However, this method has not been
adequate to produce bispecific antibodies in amounts required for
therapeutic use, nor in terms of purity because of random chain
association.

The random pairing of the light and heavy Ig chains resulted in less
than 1/10 of functional bsAbs, with a cumbersome bsAbs purification
step. To overcome this chain association issue a chimeric quadroma
has been created from a murine and a rat hybridoma cell lines [8]. This
chimeric quadroma expressing mouse IgG2a and rat IgG2b chimeric
antibodies brought three major technical improvements: (I)
enrichment of functional bsAbs because of preferential intra-species
heavy/light chain association; (II) efficient heterologous inter-species
heavy chain association; (III) simple purification of the desired bsAbs
with a specific affinity for a protein A and ion exchange
chromatography.

The bispecific antibodies obtained by this method conserve the
structure of conventional IgG antibodies, but have a mouse/rat
chimeric Fc part with retained effector function. Therefore these
antibodies have also been described as trifunctional or Triomabs®. In
2009, catumaxomab (Removab®) became the first bispecific antibody
approved for therapeutic usage in Europe. Catumaxomab is a hybrid
murine/rat trifunctional bispecific antibody recognizing EpCAM
(epithelial cell adhesion molecule) and CD3 (T-cell cluster of
differentiation). It is currently used for intra-peritoneal treatment of
malignant ascites in patients with EpCAM-positive carcinomas [9,10].

Treatment with catumaxomab resulted in a significantly prolonged
puncture-free and overall survival in comparison to the control group
or to paracentesis. Moreover, catumaxomab patients had reduced
signs and symptoms of ascites than control patients undergoing
paracentesis [11]. Nonetheless, adverse events associated with
catumaxomab treatment were frequent, and involved both a cytokine
release syndrome and potent immunogenicity since catumaxomab is a
murine/rat construct.

“Knobs into Holes” and common light chain approach
The progress in genetic engineering and in DNA recombinant

technology has led to a new strategy to facilitate the heavy chain
association in a human antibody backbone – the “knobs-into-holes”
(KiH) approach. The “knobs-into-holes” approach is based on the
introduction of specific mutations in the Fc part of the two antibody
heavy chains enforcing heterodimerization of the two different heavy
chains. In one of the heavy chain CH3 domains referred as the “knob”
variant a small amino acid has been replaced with a bulky tryptophan
residue whereas in the other heavy chain a hole is formed by mutating
three residues permitting the interaction with the “knobs” variant
miming a key-lock concept [12,13] (Figure 2B).

Moreover, the heterodimeric Fc part can be further stabilized by
introduction of a disulfide bridge. The co-expression of the two
variants of the heavy chains is sufficient to allow efficient production
of defined bsAbs, with >90-95% correct chain association. While
homodimerization between the “hole” variants can still occur,
homodimerization between the “knobs” variants is typically not
observed. Recently, alternative technologies to enforce correct heavy
chain heterodimerization by electrostatic steering have been described
[14-16].
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Figure 2: Schematic illustration of different formats of IgG-like
bispecific antibodies.The parental monoclonal antibodies are
represented above. (A) Heterodimeric functional bispecific
antibody obtained with the Quadroma approach. (B) Bispecific
antibody designed with the “Knobs-into-holes approach. (C)
Bispecific antibody obtained with the CrossMAb approach. The
three possible formats are represented with different light chain
domains crossover. (D) Dual-Variable-Domain immunoglobulin
(DVD-Ig) bispecific antibody with two variable domains.

While the heavy chain association is addressed by the methods
discussed previously, it is also essential to impose correct light chain
association due to the fact that the light chains have no preference for
one or the other of the two heavy chains. One way to solve this
problem is to select for antibodies that use a common light chain
sequence for antigen recognition [17].

Recently, a bispecific antibody based on the common light chain
approach has been described that binds to factors IXa and X and
restores factor VIII hemostatic activity in a hemophilia A model [18].
The bispecific antibody is superior to factor VIII in that it does not
require thrombin for its activation or von Willebrand factor for
stabilization, nor it is affected by factor VIII inhibitors. An optimized
version of this antibody is currently in clinical trials for the treatment
of hemophilia [15].

Similar to the KiH approach, an approach based on a set of
orthogonal mutations in the Fab domain has recently been described
fostering correct light chain assembly [19].

An alternative and elegant strategy for the production of bispecific
antibodies without the use of a common light chain is the assembly of

two separate antibodies through in vitro processes. This process can be
based on two separate antibodies based on the KiH approach [20] as
well as on mutations derived from IgG4 antibodies that foster the
annealing of IgG bispecific antibodies [21,22]. Alternatively, a single
chain Fab can be used on one arm of the antibody avoiding
inappropriate light chain assembly [23].

CrossMAb approach
The common light chain approach cannot be applied to pre-

existing antibodies and in many cases no common light chain fulfilling
the required properties can be identified at all. Recently, the
CrossMAb approach has been described as an option to ensure correct
light chain association in bispecific IgG-like antibodies when
combined with the “knobs-into-holes” approach. In this structure, one
of the antibody's arms is untouched, whereas in the opposite arm both
the heavy and the light chain are modified. Three different
modifications are possible involving: (I) the entire Fab region; (II) the
VL-VH region; (III) the CL-CH1 region [24] (Figure 2C).
Consequently, the modified light chain can no longer associate with
the unmodified heavy chain; hence, the correct chain association is
enforced. Among the three possible models, the CL-CH1 CrossMAb
showed the best profile and purity. Importantly, with the CrossMAb
method, there is no modification of the antigen-binding specificity,
since the only difference with a conventional antibody is the
connection to the Fc portion or within the Fab portion [25].

Using this approach, a bispecific antibody CrossMAb CL-CH1
targeting VEGF-A and Ang-2, A2V, was designed [26]. This bsAb is
intended to block the ligand–receptor interactions VEGF-A/VEGF
receptor 2 and Ang-2/Tunica internal endothelial cell kinase 2 (TIE-2)
respectively, and exhibits potent antitumor, antiangiogenic and
antimetastatic effects, making it a promising bsAbs for therapeutic
applications in cancer therapy and anti-angiogenesis. In preclinical
studies, the dual blockade of Ang-2 and VEGF-A by A2V CrossMAb
showed anti-tumor effects superior to those observed with either of
these factors alone. A2V CrossMAb treatment reduced tumor vessel
density, stabilized vessel architecture, and abrogated hypoxia.
Consequently, the combination of A2V CrossMAb with chemotherapy
led to an improved antitumor efficacy compared to single agent
therapies with complete tumor regression in mice. Following these
encouraging preclinical data, Ang-2 -VEGF-A CrossMAb is currently
in phase 1 clinical trial in patients with solid tumors [27].

Dual-Variable-Domain Immunoglobulin Approach
The dual-variable-domain Immunoglobulin (DVD-Ig) approach

has recently been developed to produce bispecific antibodies. The
DVD-Ig bispecific antibodies are generated by combining the variable
domains of two pre-existing monoclonal antibodies with different
specificities. The variable domains of the two mAbs are fused in
tandem via naturally occurring linkers, allowing to create a dual
specific IgG-like molecule [28,29] (Figure 2D). The DVD-Ig bsAbs
preserve the affinities of both monoclonal antibodies, indicating that
each antigen-binding site can function independently without
significant steric hindrance. In addition, besides cell surface molecules,
the DVD-Ig bsAbs can target soluble molecules, such as interferons,
interleukins and chemokines. An optimized DVD-Ig bispecific
antibody has many desirable properties such as easy purification to
homogeneity using standard approaches, good pharmacokinetic
properties, and amenability to large-scale manufacturing [28].
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Using this approach, the bispecific antibody SAR156597 was
generated to target specifically IL-4 and IL-13 in patients with
idiopathic pulmonary fibrosis [30]. With a phase 1 of clinical trial
recently completed, SAR156597 has recently entered phase 2 trials.

Two other DVD-IgG have also entered clinical trials: ABT-981
simultaneously blocking both IL-1αand IL-1β functions is being
studied in phase 1 for osteoarthritis treatment and ABT-122
simultaneously blocking TNFα and IL-17 is being studied in phase 2
for rheumatoid arthritis treatment [31].

The design and Engineering of Small Single Chain Fv -
based Bispecific Antibodies

Bispecific diabodies
Antibody genetic engineering has led to a production of various

antibody fragments differing in size, design and pharmacokinetics,
and yet retaining the antigen-binding properties of full-length
molecules [32]. Diabodies are a group of small bispecific antibodies
generated with DNA recombinant technology, which consist of two
VH and VL domains of two different antibodies. In this design, each
VL domain is cross-linked via short peptide linkers with the VH
domain of the other antibody (Figure 3A). Since chains from the same
antibody tend to dimerize when co-expressed in the same cell, the
production of bispecific diabodies requires the following
arrangements: VHA-VLB and VHB-VLA (VH-VL configuration) or
VLA-VHB and VLB-VHA (VL-VH configuration). Moreover, the
linker should be of small size (five amino acids), positioned between
the VH and VL domains in a way that these domains will be forced to
associate with the complementary domains of the second antibody.
Thus, a diabody is created with two antigen-binding sites [33]. By
overexpression of VH-VL fused domains in bacteria (E.coli), soluble
diabodies can be produced [34].

Bispecific CD19 x CD16 diabodies were designed to redirect NK
cells (CD16+) towards malignant B-cells (CD19+), and thus inducing
a specific lysis of tumor cells [35]. Besides NK cells, CD19 × CD16
bispecific diabodies can recruit other subpopulations of CD16+
effector cells, such as monocytes and macrophages. The CD19 x CD16
diabodies in combination with CD19 x CD3 bispecific diabodies have
demonstrated a synergistic antitumor effect in a preclinical model of
non-Hodgkin's lymphoma [36]. Furthermore, CD19 x CD16 diabodies
were tested in combination with the angiogenesis inhibitor
thalidomide, resulting in significant reduction of tumor size in
established human B non-Hodgkin's lymphoma in severe immune
deficient mice [37]. Unfortunately, so far no bispecific diabodies have
been tested in clinical trials.

Additionally, a new and improved format of diabody was
developed, a tetravalent tandem diabody (TandAb) with two binding
domains for each target molecule. TandAbs exhibit a superior
cytotoxicity and potency relative to diabodies. Two classes of TandAbs
have been developed for the recruitment of either T-cells or NK cells,
with one antibody of each class in clinical trials: AMF13, a tetravalent
CD30 x CD16A NK cell TandAbs currently being tested in phase 2
study for the treatment of Hodgkin's lymphoma [38] and AMF11, a
CD19xCD3 T-cell TandAbs in phase 1 clinical trials for non-
Hodgkin's lymphoma [39].

Figure 3: Schematic illustration of different formats of small
bispecific antibodies, containing only the variable domains.The
parental monoclonal antibodies are represented above. (A)
Bispecific diabody with the VH-VL configuration and illustration
of the short linker. (B) Bispecific T-cell engager antibodies (BiTEs),
with the two different antigen-binging sites binding to CD3 and to
a tumor-related antigen.

Bispecific scFv-based T-cell Engager Antibodies
An important advantage of bsAbs is the ability of engaging T-cells

for tumor cell elimination. Bispecific T-cell engager antibodies (BiTEs)
are single chain antibodies designed for polyclonal activation and
redirection of cytotoxic T-cells to tumor cells. BiTEs combine the
minimal antigen-binding domains of two monoclonal antibodies,
fused with a short flexible linker. One of the antibody's arms
recognizes CD3, a cluster of differentiation for T-cells, and the other
one detects tumor cells [40] (Figure 3B). The BiTEs antibodies have a
high potential to activate T-cells. However, in order to fully activate
the T-cell, an interaction between the T-cell and a cluster of BiTEs on
the surface of the target cell is necessary. The small design of BiTE
antibodies is optimal to enable an interaction between both cells,
ensuring the formation of a lytic immunological synapse [41].

Using this approach, blinatumomab (MT103), CD19-specific BiTE
antibody has been developed for the treatment of B cell malignancies
[42]. Blinatumomab simultaneously binds CD19-positive malignant B
cells and cytotoxic T cells expressing CD3, resulting in efficient T-cell-
mediated lysis of neoplastic cells. Blinatumomab has shown
outstanding results for the treatment of patients with non-Hodgkin's
lymphoma and in patients with relapsed or refractory B-precursor
acute lymphoblastic leukemia (ALL) [43,44]. Active at very low
concentrations, which are easily achievable in the bone marrow
microenvironment, blinatumomab treatment demonstrates
antileukemic activity in B cell malignancies. In addition, the
elimination of the normal CD19 positive B cells is tolerable. The
current standard of care in relapsed or refractory ALL is combination
chemotherapy which yields complete remission (CR) in 30–45% of
patients [45]. In a phase 2 study, blinatumomab as a single agent in
patients with very advanced disease resulted in more than 70% CR in
the evaluable patients, within two cycles of treatment [46].
Furthermore, with a median follow-up of 8·9 months, 43% of CR
patients remained in remission. The safety profile from the phase 2
trial has shown fever, headache and tremor as the most common
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adverse effects, and a cytokine release syndrome was observed in
patients with high tumor burden [46]. Occasional progression of ALL
at extramedullary sites (meninges, testes) was also observed, mainly
due to insufficient drug penetration. However, with less than 50%
adult ALL patients cured under the best of circumstances and with a
high burden of toxicity may contribute to significantly improvement
over current therapies. While a phase 3 randomized trial is planned to
evaluate chemotherapy with or without blinatumomab in adults with
newly diagnosed ALL. (NCT02143414), the US Food and Drug
Administration has approved blinatumomab for acute B-cell
lymphoblastic leukemia treatment, making it the first bispecific
antibody approved in the US [47].

AMG 330, a novel BiTE antibody with characteristics very similar
to those previously described for blinatumomab, was developed for the
treatment of acute myelogenous leukemia (AML) [48]. AMG 330 has a
dual specificity for CD3 and the sialic acid–binding lectin CD33 which
is frequently expressed on the surface of AML blasts and leukemic
stem cells. Currently in preclinical studies, AMG 330 demonstrated an
efficient activation of T-cells along with a potent CD33-dependent
cytolytic activity [49,50]. AMG 330 is highly promising for clinical
exploration as it may overcome some limitations of previous CD33-
targeted therapeutics.

MEDI-565 (MT111) is another promising bispecific T-cell engager
antibody in development for the treatment of patients with cancers
expressing carcino-embryonic antigen (CEA) [51]. A recent study has
shown that MEDI-565 may broadly target CEA-positive tumors
regardless of the expression of the short splice variant of CEA or SNPs
[52]. MEDI-565 has entered phase 1 clinical trials for the treatment of
gastrointestinal adenocarcinomas.

The MT110 BiTE antibody recognizes EpCAM, a cell adhesion
molecule often expressed in diverse human carcinomas, which was
recently shown to promote tumor growth through engagement of
elements of the Wnt pathway [53]. In preclinical studies MT110 has
demonstrated a highly efficient elimination of colorectal and
pancreatic tumor-initiating cells [54,55]. It is currently in phase 1 for
diverse human carcinomas including lung cancer, gastric cancer,
colorectal cancer, breast cancer, prostate and ovarian cancers.

Immunocore has developed a similar approach comprising an
affinity-enhanced soluble T cell receptor (TCR) specific for the HLA-
A2 restricted melanoma-associated antigen gp100 fused to a CD3 scFv

moiety (IMCgp100). Targeting MHC-peptide complexes offers the
unique possibility to target not only membrane proteins, but also the
intracellular proteome of cancer cells. IMCgp100 is currently being
tested in phase 1 clinical trials in melanoma patients [56,57].

Future Perspectives, Limitations and Therapeutic
Benefits

The concept of using bispecific antibodies for cancer
immunotherapy was conceived more than 20 years ago, when it
became apparent that single targeting is often insufficient to enhance
tumor cell destruction. However, the initial clinical studies with
bispecific antibodies were rather disappointing due to the low efficacy,
stability and immunogenicity. A better understanding of cell biology
and immunology and the concomitant development of antibody
engineering have led to the production of new classes of bispecific
antibodies with better pharmacokinetic properties. The major issue
that has been overcome in these past few years has been the ability to
produce a pure product on a large scale sufficient for clinical testing,
and with satisfactory drug-like properties and stability.
Immunogenicity remains a potential issue to be resolved. As is the case
for monoclonal antibodies, the immunogenicity of bispecific
antibodies depends on the species of origin of antibodies, route of
administration, nature of impurities and dosing.

In the case of IgG-like bispecific antibodies, it is important to have
an arrangement that is as close as possible to conventional IgG
antibodies with fewer linkers or additional domains. Obtaining a
closer traditional IgG format should also decrease any possible
secondary adverse effects. Although IgG-like bsAbs exhibit
appropriate stability, pharmacokinetics and effector functions, their
large size may affect tissue penetration. Conversely, small bispecific
antibodies may display more efficient penetration, due to their small
size. This advantage can be applied in the treatment of solid tumors.
However, the small specific antibodies exhibit short half-life and
require continuous infusion, and therefore further work needs to be
done to increase their serum half-life [58].

With the advances in genetic engineering, bispecific antibodies have
experienced a revival and regained the attention of the
biopharmaceutical industry. The current engineering methods have
yielded over twenty bispecific antibodies currently in clinical trials
(Table 1) [59].

INN or code Name Company Targets Type Conditions Clinical

status

RO5520985 Roche Ang2 x VEGF CrossMAb Solid tumors phase 1

AMG212 Bayer PSMA x CD3 BiTE ProstaticNeoplasms phase 1

MT110 Amgen EpCAM x CD3 BiTE Solid Tumors phase 1

MT111 Amgen CEA x CD3 BiTE MetastaticBreast Cancer phase 1

IMCgp100 Immunocore gp100 x CD3 ImmTAC MalignantMelanoma phase 1

IMP-288 Immunomedics CEA x hapten IgG1 HER2 NegativeBreastCarcinoma phase 1

ABT-165 AbbVie Undisclosed DVD-Ig Solid Tumors phase 1

ABT-981 AbbVie DVD-Ig Osteoarthritis phase 1
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ACE910 Chugai IgG Hemophilia phase 1

AFM11 Affimed CD19 x CD3 TandAb NonHodgkin'slymphoma phase 1

MGD006 Macrogenics CD123 x CD3 DART Acute myelogenousleukemia phase 1

COVA322 Covagen TNFa x IL17 FynomAb RheumatoidArthritis/PsoriaticArthritis phase 1

AFM13 Affimed CD30 x CD16 TandAb Hodgkin'slymphoma phase 2

FBTA05 Fresenius, Trion CD20 x CD3 Triomab B celllymphoma phase 2

MM-111 Merrimack HER2 x HER3 scFv HER2 Amplified Breast Cancer phase 2

Sanofi Il-4 x IL-13 DVD-Ig Pulmonaryfibrosis. phase 2

ABT-122 AbbVie TNF x IL-12 DVD-Ig RheumatoidArthritis phase 2

Blinatumomab Micromet C19 x CD3 BiTE Acute lymphoblastic leukemia Phase 3

Table 1: Selected bispecific antibodies in most advanced phases of clinical studies.

A major benefit from immunotherapies with bispecific antibodies
in comparison to conventional therapies is the ability to engage a
selective response to the tumor with potent T cytotoxic cells while
limiting off-target toxicity. Targeting T-cells is attractive as they play a
key role in immunosurveillance and antitumor immunity, with a
remarkable destructive potential. Their engagement is thus essential in
cancer immunotherapies. This is an important advantage of bispecific
antibodies over classical IgG antibodies, since T-cells do not possess Fc
receptors and they cannot be recruited by conventional mAbs [60,61].
Indeed, bispecific antibodies engaging T-cell are the most promising
candidates, currently representing the majority of bispecific antibodies
in clinical trials. The confirmed efficacy of bispecific antibodies
engaging effector T-cells has enhanced the development of new
constructs for bsAbs redirecting immune cells to tumor
microenvironment. For instance, bsAbs engaging NK cells by targeting
CD16 have demonstrated potent tumor cell destruction. The
important role of NK cells in tumor microenvironment has been
underscored as they significantly contribute to antibody cancer
treatment through the ADCC mechanism. Furthermore a
combination of T-cell engaging and NK engaging bispecific antibodies
resulted in a synergistic effect and an amplified anti-tumor response
[36]. The encouraging results obtained by bsAbs engaging T-cells and
NK cells are likely to open the path for new designs targeting other
immune cells (for example, eosinophils) or tumor microenvironment
cells with intrinsic anti-tumor efficacy.

An additional advantage of bispecific antibodies is their ability to
block two pathways simultaneously, thereby reducing the risk of
resistance (for example, tyrosine kinase receptors and angiogenic
ligands). The acquisition of resistance to single agent therapy against
one receptor is often associated with pathway switching between two
receptors, with a compensatory upregulation and activation of the
reciprocal receptor (for example, EGFR and IGFR). Therefore, dual
targeting of two receptors simultaneously leads to an improved
therapeutic efficacy over combination of monotherapies with mAbs or
other therapeutic compounds. In a similar approach, bsAbs have been
developed for targeting and neutralizing two soluble factors such as
interleukins, interferons and growth factors.

In addition to the use of bispecific antibodies for cancer
immunotherapy, bispecific antibodies can be used for virus
neutralization (HIV), and as a treatment for inflammatory diseases

[62,63]. Recently, new applications for bispecific antibodies have been
demonstrated, such as gene-mediated therapy and immunodiagnostic
applications [64–66]. Given the encouraging clinical data,
improvements in the design and the efficacy of therapeutic bispecific
antibodies are likely to continue rapidly.

Conclusion
This review shows the significant progress that has been made in

bispecific antibody engineering and their therapeutic potential. While
many challenges remain, these antibodies have promising clinical
applications, especially for cancer immunotherapy. Retargeting
immune effector cells to tumor cells is an attractive approach with
impressive results. Targeting two antigens simultaneously is a
promising method in blocking latent tumor escape pathways.
However, to completely seize the therapeutic potential of bispecific
antibodies, a considerable amount of work is still required to manage
the increased complexity involved in their design.
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