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Abstract 

Bispecific antibodies (BsAbs) combine two or more epitope-recognizing sequences into a single 

protein molecule. The first therapeutic applications of BsAbs were focused on cancer therapy. 

However, these antibodies have grown to cover a wider spectrum, including imaging, diagnosis, 

prophylaxis, and therapy of inflammatory and autoimmune diseases. BsAbs can be categorized 

into IgG-like formats and non-IgG-like formats. Different technologies have been used for the 

construction of BsAbs including “CrossMAb”, “Quadroma”, “knobs-into-holes” and molecular 

cloning. The mechanism of action for BsAbs includes the induction of antibody-dependent 

cellular phagocytosis (ADCP), complement-dependent cytotoxicity (CDC), antibody-dependent 

cell-mediated cytotoxicity (ADCC), apoptosis, recruitment of cell surface receptors, as well as 

activation or inhibition of various signaling pathways. The first clinical trials included mainly 

leukemia and lymphoma, but solid tumors are now being investigated. The BsAbs bind to a 

tumor-specific antigen using one epitope, while the second epitope binds to immune cell 

receptors such as CD3, CD16, CD64, and CD89, with the goal of stimulating the immune 

response against cancer cells. Currently, over 20 different commercial methods have been 

developed for the construction of BsAbs. Three different BsAbs are currently clinically approved 

and marketed, and more than 85 clinical trials are in progress. In this review, we discuss recent 

trends in the design, engineering, clinical applications, and clinical trials of BsAbs for the 

treatment of solid tumors. 

 

Keywords:  Bispecific antibodies, Solid tumor, Immunotherapy, Bispecific T cell engagers, 

clinical trials 
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1. Introduction 

Monoclonal antibodies (MAbs) are monovalent antibodies capable of specific binding to unique 

epitopes, which were first generated from a single B-cell clone. In 1975, Köhler and Milstein 

were the first to produce anti-sheep red cell monoclonal antibodies. They developed a method to 

produce monoclonal antibodies via a method called the hybridoma technique 1. In recent years, 

MAbs have remarkably improved the treatment outcomes for a wide variety of human diseases, 

including inflammatory and neoplastic diseases 2. Nevertheless, despite being widely employed 

for cancer immunotherapy, MAbs have not been as effective as they were first expected to be. 

Clinical cancer treatment strategies using monospecific therapy suffer from disadvantages, 

including a large number of patients with poor response, and individuals who develop resistance 

to the therapy and suffer tumor relapse 3. Given these problems, MAb-based bispecific 

antibodies (BsAbs) have been developed to overcome some drawbacks of MAb-based therapy 4. 

BsAbs can simultaneously bind to two different antigens (Figure 1). This advantage has led to a 

wide range of applications, and to a multitude of technologies to produce them. Technologies 

such as “Quadroma”, “CrossMAb”, “knobs-into-holes”, molecular cloning and short peptide 

linkers have been widely used for the production of BsAbs 5. Therapeutic antibodies have been 

reported to utilize different mechanisms of action to combat various diseases, such as cancer, 

autoimmune diseases, infections, transplantation rejection, and inflammatory disorders.  These 

mechanisms include the induction of antibody-dependent cellular phagocytosis (ADCP), 

complement-dependent cytotoxicity (CDC), antibody-dependent cell-mediated cytotoxicity 

(ADCC), induction of cell death (apoptosis), and engagement of cell surface receptors leading to 

inhibition or activation of signaling pathways 2. Two different receptors or ligands on the surface 

of the same cell could be simultaneously targeted by BsAbs, which could lead to inhibition or 
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stimulation of two different signaling pathways. The consequences of these changes in cell 

signaling could include the inactivation of inflammatory-related pathways or proliferation 

pathways. Moreover, BsAbs can engage immune effector cells to target cancer cells, via binding 

to one surface antigen expressed on cancer cells, and a second antigen expressed on specific 

immune cells, including natural killer (NK) cells or effector T cells 6. The fusing of the antitumor 

binding domain with the Fc receptor (FcR) or the anti-CD3 binding domain, is one popular 

strategy to produce BsAbs capable of recruiting immune cells. There are two major formats of 

BsAbs: a non-IgG-like format and an IgG-like format. The IgG-like BsAb format triggers Fc 

domain-mediated functions, such as ADCC, CDC, and ADCP. The IgG-like BsAb format also 

preserves the physical properties imparted by the FcR, including the use of standardized 

purification methods and maintains serum stability. On the other hand, non-IgG-like formats, 

such as “TandAbs”, “BiTE”, “Nanobodies”, and “Diabody” lack the entire Fc region. These 

BsAb formats enhance efficient tissue penetration, reduce the activation of non-specific immune 

cells, and show higher tumor specificity due to the smaller size. However, the lack of the Fc 

region results in a shorter circulation half-life for this BsAb format 7. Among the clinically 

approved BsAbs, Catumaxomab and Hemlibra (emicizumab-kxwh) are in the IgG-like format, 

while Blinatumomab is in non-IgG-like format. Catumaxomab can simultaneously bind to two 

different antigens (anti-CD3 and anti-EpCAM) via its antigen-binding domains. It can also 

interact with dendritic cells, NK cells, and macrophages through its Fc domain 8. Catumaxomab 

was reported to have a prolonged serum half-life. However, the Fc domain of Catumaxomab 

could trigger immunogenicity against the BsAb and compromise the effectiveness in patients 9. 

Catumaxomab was approved as the first anti-EpCAM antibody in 2009 to combat malignant 

ascites in patients who suffer from EpCAM-positive cancer. Catumaxomab was voluntarily 
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withdrawn from the US market in 2013 and from the European market in 2017 for commercial 

reasons. The product had not been marketed in Europe since 2014 10. Blinatumomab is a non-

IgG-like molecule and lacks the Fc region. The US Food and Drug Administration (FDA) 

approved Blinatumomab in 2014 for the treatment of relapsed B-precursor acute lymphoblastic 

leukemia (ALL) 11. Emicizumab-kxwh (HEMLIBRA), is a humanized modified bispecific 

monoclonal IgG4 antibody. It lacks any homology to factor VIII, binds to factor X and factor 

IXa, and mimics the function of the coagulation factor VIII. On 4  October 2018, the FDA 

approved emicizumab-kxwh administration for routine prophylaxis in patients with hemophilia 

A (with or without factor VIII inhibitors) 12. Currently, more than 85 BsAbs are in preclinical 

studies or clinical trial phases. About two-thirds of these BsAbs have been designated for cancer 

therapy (Table 1) 13. Autoimmune, infectious, hemophilia, and Alzheimer’s diseases are among 

the conditions for which BsAbs are being developed as therapeutics 14. In this review, we discuss 

recent advances in the therapeutic application of BsAbs for cancer therapy and the most recent 

clinical trials. 

 

 

Figure 1. The differences between a standard antibody against bispecific antibody and Fab, scFv, and 

Nanobody structure. 

 



6 
 

2. The design and engineering of BsAbs 

The first study on the production of antibodies with mixed specificities was initiated in the 1960s 

by Alfred Nisonoff 15. In 1985, Staerz and Bevan used the hybridoma technology to produce the 

first BsAb, capable of T-cell recruitment 16. The advent of hybridoma technology was the 

starting point for the growing use of BsAbs, between 1985-1995, that was called the “bispecific 

explosion” 17. Three methods have been generally used for the production of BsAbs, including: 

(1) quadroma technology; (2) chemical conjugation; and (3) genetic approaches (recombinant 

DNA) 18. 

 

2.1. Quadroma technology 

Quadroma technology employs the somatic fusion of two different hybridoma cell lines for the 

production of BsAb. Each type of hybridoma cell expresses a murine monoclonal antibody with 

its own specificity. The quadroma cell lines, obtained from the fusion of the two hybridoma cell 

lines, produce IgG-like BsAbs with two different arms and, therefore, two specificities 19. BsAbs 

produced by quadroma are similar to normal antibodies with the same Fc-mediated effector 

function. BsAbs with IgG-like formats have a longer circulation half-life, which is a 

consequence of FcRn-mediated recycling and their larger size. Moreover, the Fc region of BsAbs 

can be employed for their purification, and also increases their solubility and stability 20. Non-

functional antibodies are also produced by this method, due to the random pairing of the light 

chains and heavy chains from two distinct antibodies within the resulting quadroma cell line. The 

mispaired by-products of the quadroma cell line severely reduce the production yields 21. To 

solve the random chain association problem, a chimeric quadroma cell line was constructed 

combining both rat hybridoma and murine hybridoma cell lines 22. This chimeric quadroma 
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expressed both the rat IgG2b and mouse IgG2a chimeric antibodies. Catumaxomab was the first 

approved BsAb produced by this approach for the treatment of ascites 23. Similar quadroma 

techniques have been used for the development of other BsAbs. For example, ertumaxomab 

(anti-CD3 and anti-HER2) and FBTA05 (anti-CD3 and anti-CD20) 24 have been produced by 

this method, and now are in various phases of clinical trials for solid tumors and B-cell 

lymphoma (Figure 2) 25. 
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Figure 2. Catumaxomab is a trifunctional BsAb that has an affinity for accessory immune cells, T-cells, 
and tumor cells. It binds to EpCAM on the tumor cells, the Fc receptor on accessory immune cells, and 

CD3 on T lymphocytes. Catumaxomab kills the tumor cells by inducing ADCC, CDC, and ADCP.  
 

2.2. Knobs-into-holes (KiH) technology 

The production of IgG-like BsAbs is associated with problems such as the production of 

undesirable entities, including the mispaired molecules. These challenges could be overcome 

using the KiH technology that employs an engineered CH3 domain for heterodimerization.  The 

“Knobs” are constructed by substitution of small amino acids with bigger ones at the interface 

across the CH3 domain of one heavy chain, while the “holes” are created by substituting large 

amino acids with smaller ones in the other heavy chain 26. Although this approach enables the 

correct heavy chain heterodimerization, it cannot prevent the random pairing of the two different 

heavy chains with light chains. Some alternative approaches have been devised to deal with this 

problem. One of these methods produces BsAbs with common light chains. Several antibodies, 

which bind to different antigens while sharing identical variable light chains, have been 

engineered to form BsAbs without the mispairing problem involving light chains. However, this 

strategy is limited to antibodies that share common light chains with the ability to bind different 

antigens 4. An alternative strategy to prevents the mispairing problem of light chains is the 

separate expression of the knob and hole as half proteins in different bacteria (Figure 3) 27. 

However, the lack of mammalian glycosylation modifications may affect the functions of the 

produced antibody 28.  
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Figure 3: Alternative strategies to prevent the mispairing problem of light chains. (A) In the co-culture 
method for mammalian cell lines, two stable cell lines are grown in the same production flask. Half-antibodies 

are secreted and recombine to form homodimers and heterodimers. The addition of reduced glutathione helps 

disulfide formation and correct pairing. The correct BsAbs are then purified from the media 29. (B) Using 
transient transfection, the plasmids for each heavy chain and light chain fragment are transfected into two 

mammalian cell lines and cultured separately. Two independent half-antibody molecules are secreted into the 

media. Antibody folding and assembly is accomplished by in vitro combination followed by treatment with 

reduced glutathione to catalyze disulfide bond formation. (C) In mammalian cells, light and heavy chains of 
one half-antibody are designed with complementary mutations in the CH1-CL and VH-VL interfaces that 

result in better pairing between two desired chains 30. (D): Co-culture of E. coli bacterial cells that have been 

transfected with half-antibody plasmids. During cell lysis, the heavy and light arm fragments dimerize and 
inter-chain disulfide bonds are formed. After cell lysis, the assembled BsAbs can be purified from the 

supernatant. 
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 2.3. CrossMAb technology  

CrossMAb technology, when used in combination with the KiH technology, offers an approach 

to ensure accurate light chain association in IgG-like BsAbs. The BsAbs consist of one modified 

arm (both light chains and heavy chains), and the other is an unmodified arm. The modifications 

can be confined to the CL-CH1 domain, the VL-VH (light and heavy chain) domain, or the entire 

Fab region 31. As a result of these alterations, the unmodified heavy chain can no longer associate 

with the modified light chain; therefore, the desired chain association is enforced. Among the 

three possible modifications, the CL-CH1 CrossMAb showed the best composition and purity 

(Figure 4) 32. Generation of different BsAbs formats such as trivalent, tetravalent, and 

multispecific antibodies can be achieved using the CrossMAb technology. Several BsAbs have 

been created by CrossMAb technology and are currently being evaluated in clinical trials 33. The 

BsAbs that have been generated with CrossMAb technology so far are CC-93269 (CD3, BCMA) 

for relapsed and refractory multiple myeloma; RO7082859 (CD3, CD20) for relapsed/refractory 

B-Cell Non-Hodgkin's lymphoma; RO6958688 (CD3, CEA) for carcinoembryonic antigen 

(CEA)-positive solid tumors; RG7221 (Ang2, VEGF), RO5520985 (ANG2, VEGF) and 

RO7121661 (PD-1, TIM3) all for solid tumors 34. 
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Figure 4. CrossMAb technology. Light colors indicate light-chain  domains, and dark colors indicate 

heavy-chain domains. (A) Both arms of the intended bispecific antibody. (B) Design of the four chains of 

the bispecific antibody. KiH technology is applied for heavy-chain hetero-dimerization. (C) The VL-CL 

and VH-CH1 domains are cross-associated with each other. (D and E) Only the VL and VH domains are 

cross-associated (D), or the CL and CH1 domains (E) within the Fab region of one half of the bispecific 

antibody.  

 

2.4. Dual Variable Domain immunoglobulin (DVD-Ig) 

A BsAb format composed of two different light and heavy chains has recently been produced by 

the DVD-Ig approach. Both light and heavy chains of the DVD-Ig possess an additional variable 

domain. A linker sequence is used to connect the extra variable domain to the VL and VH 
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domains of the existing MAb. DVD-Ig possesses four antigen recognition sites; therefore, each 

single Fab of the DVD-Ig molecule can bind to two targets 35. A DVD-Ig molecule could be 

produced by using a pair of different MAbs. Therefore, to construct molecules with high 

specificity and variable valence, the specific antibodies could be further modified. This approach 

improves the production yield, homogeneity, and stability through avoiding the mispairing of 

different light or heavy chains 36. ABT-165 and OMP-305B83 are BsAbs that were generated 

using the DVD-Ig approach. Both of these BsAbs have been designed to target vascular 

endothelial growth factor A (VEGFA) plus angiopoietin 2 (ANG-2) in the vasculature of solid 

tumors. Currently, a phase I clinical study of ABT-165 in patients with solid tumors is ongoing, 

while the phase I clinical study of OMP-305B83 was completed (Figure 5) 37. 

 

Figure 5: Production of ABT-165 BsAb with dual binding activity to VEGF and DLL4. ABT-165 DVD-

Ig with an anti-VEGF and an anti-DLL4 variable domain are connected in tandem using light and heavy 
chains. 
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2.5. Dual action Fab (DAF) BsAbs 

The two-in-one or dual-action Fab (DAF) is an alternative approach for de novo generation of 

BsAbs against two distinct antigens 38. Each antigen-binding region in DAF BsAbs is able to 

detect two different antigens. The pattern of antibody binding to each intended antigen should be 

fully understood. To recognize a second antigen in addition to the first, a mutation must be 

introduced into the antigen-binding region, and further engineering within the variable domain 

is required to achieve maximum dual affinity 39. The DAF platform employs the advantage of 

differential yet overlapping complementarity-determining regions as the recognition motif for 

each antigen 40. 

3. Non-IgG-like formats 

Progress in recombinant DNA technology has made it possible to produce small recombinant 

BsAbs composed of two different variable fragments, such as variable fragments (Fv) and single-

chain Fv (scFv). Small BsAbs can be constructed using quadroma technology or chemical 

conjugation. These BsAbs are endowed with high target affinity and a smaller size for rapid 

tissue penetration 41. A short peptide linker sequence is currently employed for the fusion of the 

two different scFvs (in either the VL-VH or VH-VL orientation) to construct small BsAbs  42. 

Recombinant DNA technology allows researchers to generate diverse formats of BsAbs with a 

high degree of flexibility. Several formats of BsAbs have already been constructed using this 

approach. These small BsAb formats include TandAbs, BiTE, Nanobodies, dual-affinity-

retargeting format (DART), and Diabody 43. 
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3.1. ScFv-based BsAbs 

ScFvs are a very useful recombinant antibody format. For various clinical applications, this 

antibody format has been engineered as larger, multivalent, bispecific, and conjugated forms. 

ScFv molecules have the antigen-binding site comprised of the VL and VH domains of an 

antibody, without the FC region. The VL domain is attached to the VH domain via a polypeptide 

linker. These domains can be associated with each other using non-covalent interactions, 

disulfide bonds, or both to form monovalent antibody fragments 44. A short circulation half-life 

and poor binding affinity are the limitations of these monovalent recombinant antibodies, 

including scFvs. To overcome these limitations, multi-specific and multivalent molecules have 

been designed based on ScFv domains as their fundamental antigen-binding units. The ScFvs 

and ScFv-based bispecific molecules have been fused to a wide range of cargo molecules, 

including toxins, radionuclides, drugs, liposomes, viruses for gene therapy, and biosensors 45. 

ScFv molecules are produced by the genes of mouse hybridoma spleen cells. The ScFv molecule 

has the ability to bind to its antigen with the same affinity as the parental mouse MAb 46. In 

comparison with normal IgGs, scFvs display more efficient tissue penetration and higher 

specificity for tumor cells; Given these facts, in comparison to other BsAbs, scFv-based BsAbs 

could be more generally applicable and have many clinical applications 47. For instance, the 

bispecific T-cell engager (BiTE) is a class of artificial BsAb, which acts as a bridge between 

tumor cells and T cells. Its administration could lead to stimulation of the cytotoxic activity of T 

cells against tumor cells by secretion of enzymes like granzyme and perforin in the absence of 

MHC I recognition or expression of co-stimulatory molecules. Each BiTE molecule contains two 

ScFvs (with different amino acid sequences) or sequences from four different genes, which are 

linked by a glycine-serine rich 5-amino-acid linker peptide. One of the arms in ScFvs binds to T 
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cells via the CD3 receptor, and the other arm binds to a specific epitope on the surface of the 

tumor cell. Different BiTE antibodies can be engineered to target different types of cancers by 

altering the tumor-binding arm. These types of antibodies are among the most popular BsAb 

formats, and are currently in pre-clinical studies and clinical trials 48.  

Tandem ScFvs are another class of bispecific antibody fragments, which are created by a fusion 

between two ScFv fragments. These fragments are joined together by a flexible peptide linker in 

tandem orientation. ScFvs can also be fused together by a helical linker or a flexible linker. The 

format of tandem ScFvs can be distinguished from each other by the direction of the VL and VH 

domains in the ScFvs, and the connecting linker sequence. The lack of the Fc fragment endows 

the tandem ScFv with a smaller size and a shorter half-life. Unlike MAbs, which are mostly 

expressed in mammalian cells, ScFv molecules are more often expressed in bacterial cells such 

as Escherichia coli.  However, tandem ScFvs are also expressed by mammalian cells, which 

confers appropriate flexibility to each of the scFv fragments. BiTE technology is based on the 

tandem ScFvs format 49. 

Decreasing the size of the peptide linker (to about five amino acids) between the variable 

domains could help the correct pairing of the domains from two different polypeptides. This 

approach can lead to the construction of compact BsAbs, called bispecific Diabody 50. To favor 

heterodimerization over homodimerization, mutations can be introduced into the VL–VH 

interface to improve the yield of the desired format. To improve the stability of the produced 

Diabody, an interdomain disulfide bond could be engineered into the Diabody structure. The 

molecular weight of a Diabody is approximately ~50 kDa, and it can be expressed in bacterial 

cells, like the tandem ScFv fragments, Diabodies have short circulation half-lives, small size, 

better tissue penetrations and high specificity against the target antigen 51. 
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The correct chain pairing of the Diabodies can be ensured by fusing the two variable chain 

domains within a single-chain Diabody molecule (scDb). The scDbs are constructed by the 

expression of a single molecule, either in the opposite light-heavy chain configuration or in the 

format of VHA-linkerA-VLB-linkerM-VHB-linkerB-VHA (heavy-light configuration). To 

assemble the functional Abs, the A and B linkers should be five amino acids in length, and the M 

linker should be 15–20 amino acids.  These scDbs have the same size as a tandem scFv 

constructed via the fusion of two scFvs. However, they differ in the length of the linkers and the 

arrangement of the domains. Therefore, a tandem scFv could be considered as two separate 

scFvs connected by a linker, whereas the scDb is a dense structure that is constructed from four 

variable domains.  The scDb has a more compact and less flexible structure compared to the 

tandem scFv. To restore the Fc-mediated biological activity and/or to extend the half-life, the 

scDb can also be fused with additional Fc or CH3 domains 52. 

Dual-affinity retargeting molecules (DARTs) are Diabody-like molecules created via the 

association of a VL region from one chain, with a VH region from a second chain in a VLB-

VHA plus VLA-VHB configuration. After the introduction of disulfide bonds, the DARTs can 

be further stabilized 14. The small size and the lack of the Fc fragment in DART molecules make 

them subject to rapid elimination. DART molecules can be tailored to incorporate an Fc 

fragment to enhance the half-life by FcRn-dependent recycling 53. 
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Figure 6.  Formation of BsAbs from the variable chain domains of two antibodies. 

 

3.2. Nanobodies 

Nanobodies are another type of antibody-based platform, with the smallest (12–15 kDa) 

molecular weight (Figure 1). These proteins are considered to be a new class of antibody 

molecule, originating from single-domain antibody (sdAb) fragments. They possess unique 

functional and structural properties. A sdAb is an antibody fragment containing a single 

monomeric variable antibody domain 54.  The first sdAbs were composed of the variable region 

of heavy chain antibodies (12–15 kDa) found in camelids (also known as VHH fragments). 

Nanobodies are fully functional antibodies, which lack light chains and hence include only heavy 

chains. These heavy-chain-only antibodies possess two constant domains and a single variable 

domain. Owing to the constant domains, nanobodies have a relatively long half-life 55. 

Nanobodies with various binding specificities (isolated from camels and llamas) have been fused 

to each other using short linker sequences, to construct BsAbs. They can be used to target hidden 

antigens or employed as primary building blocks to create multi-specific molecules 56. 
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3.3. Dock and lock method (DNL) 

The DNL method combines site-specific conjugation with recombinant engineering. This 

method has the capability to generate bioactive molecules displaying multi-functionality and 

multi-valency. DNL is a new technique to develop targeting molecules for advanced cancer 

therapy and imaging 57. The DNL technology platform exploits the human-specific 

protein/protein interactions normally occurring between the anchoring domain of A-kinase 

anchoring proteins and the regulatory subunits of cAMP-dependent protein kinase A.   Protein 

kinase A was isolated from lapin skeletal muscle for the first time in 1968 58. It has an important 

role in signal transduction pathways via binding the secondary messenger cAMP to the 

regulatory subunits. The DNL method is a powerful tool to develop diagnostic agents and novel 

therapeutics for unmet medical needs 59. 



19 
 

 

Figure 7. Formats for BsAbs subdivided into five main classes. BsAb fragments, BsIgG (bispecific IgG), 

appended IgG, BsAb conjugates, and bispecific fusion proteins. Adapted from ref 42. 
 

4. BsAb mechanism of action  

The main justification for the therapeutic application of BsAbs in diseases such as cancer, 

autoimmune and inflammatory disorders is their ability to allow selective engagement of effector 

immune cells against a specified disease-related antigen. BsAbs serve as adaptors or linkers 

between the target and the effector cell. Many effector mechanisms can be envisaged for clinical 

application, and many of these have already been evaluated. The mechanisms of action for a 

BsAb can include the induction of CDC, ADCC, ADCP, apoptosis, and the engagement of cell 
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surface receptors to either inhibit or activate signaling pathways (Figure 8) 60. BsAbs can block 

two signaling pathways by simultaneous binding to two different targets. This could occur via 

simultaneous targeting of two different ligands or two different receptors on the same cell; thus 

induce changes in cell signaling 6. 

 

Figure 8. Mechanism of action for Fc domain of IgG-like BsAbs. BsAbs can induce ADCC, CDC, and 

ADCP in tumor cells. BsAbs can simultaneously bind to two different antigens or receptors and induce 

cytotoxicity or block two signaling ligands. 
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4.1. Immune cell engagement by BsAbs 

A cytotoxic T cell (CTL) is a type of T lymphocyte cell that is able to kill cancer cells, virus-

infected cells, or other damaged cells that require elimination. The CTLs express T-cell receptors 

(TCRs) containing CD3 subunits that can bind to a unique specific antigen. Since the CD3 

binding domain can bind to cancer-specific antigens and redirect CTL response against cancer 

cells, CD3 was engineered into the structure of BsAb 61. Due to the immune escape mechanisms 

employed by tumor cells during the immunoediting process, naturally-occurring tumor-specific T 

lymphocyte responses are often limited in cancer patients. Some of the recent advances in 

immunotherapy approaches have the possibility to overcome this problem, and the use of BsAbs 

is a good example. Multiple BsAb molecules have been designed and produced to redirect 

immune cells to attack cancer cells. Aside from T cells, the other effector cells of the immune 

system, such as monocytes, NK cells, macrophages, and granulocytes, have also been harnessed 

for tumor-killing effects 62. 

 

4.2. BiTE 

BiTEs are single-chain antibodies that engage T cells against cancer cells. The BiTE format has 

been used as an improvement on tandem scFv BsAbs. BiTEs are fusion proteins consisting of 

two scFvs from different antibodies, or the amino acid sequences from four different genes, 

expressed in a single peptide chain of about 55 kDa. One of the scFv arms of the BiTE binds to T 

cells via the CD3 receptor, while the other binds to a tumor cell via a tumor-specific antigen 63. 

Blinatumomab links T-cells to normal and malignant B lymphocytes via simultaneous binding to 

the invariant CD19 molecule on B-cells and the CD3ε T cell receptor subunit. These interactions 

lead to the stimulation of T-cell activation, the formation of cytolytic synapses, and subsequently 
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target cell lysis. T-cell activation up-regulates the expression of CD25, HLA-DR, CD69, and cell 

adhesion molecules; it also causes the transient release of inflammatory cytokines. Memory T-

cells appear to contribute to the redirected cell lysis. The lysis by activated the T-cell-

Blinatumomab complex requires granzyme, perforin, and activation of cell death signaling 

pathways in the target cells 64. BiTEs have great potential to activate T lymphocytes. It should be 

noted that effective interactions between BiTEs, T cells, and the target cells are essential. The 

small size of BiTE antibodies is optimal for effective interaction between both cell types 65. 

Blinatumomab is a first-in-class BiTE antibody against CD19/CD3, which was developed 

against B cell malignancies. At only picomolar concentrations, Blinatumomab is able to retarget 

the T lymphocytes against the CD19+ve lymphoma cells  66. Blinatumomab leads to an 

expansion of CD8+ T cells, dominated by the cytotoxic CD8+ T effector memory sub-type 67. 

Malignant B cells mostly express CD19, and therefore they are suitable targets for non-

Hodgkin's lymphoma (NHL), chronic lymphocytic leukemia (CLL) and acute lymphoid 

leukemia (ALL). The high specificity and sensitivity of Blinatumomab against CD19 have been 

demonstrated by in vitro studies. It has been shown that cells lacking the CD19 antigen were not 

killed in the presence of Blinatumomab and T cells 68. Activated T cells increase the expression 

of CD69 and CD25 antigens, inflammatory cytokines such as IL-2, IL-4, IL-6, IL-10, IFN-γ, 

TNFα, and show increased T cell proliferation. Inflammatory cytokines play a pivotal role in the 

innate immune response by promoting inflammation 69. Blinatumomab was approved by the 

FDA in December 2014 and is administered as a continuous infusion for the treatment of Ph-

chromosome negative relapsed or refractory B-cell precursor ALL, because it has a short half-

life (only around 2 h). Patients receive Blinatumomab by an implanted venous access port 

system 70.  Administration of Blinatumomab in recurrent ALL led to complete positive responses 
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in 72% of patients, minimal residual disease (MRD) in 88% of patients and lengthened the 

average life expectancy to 9 months 71. Therapy with Blinatumomab in patients with refractory 

and recurrent ALL, which are characterized by loss of CD19 expression on B lymphocytes due 

to extramedullary hematopoiesis (EH), is ineffectual 72. Treatment of non-Hodgkin’s lymphoma 

with Blinatumomab showed good effect in monotherapy clinical trials at much lower blood 

concentrations. The results of Blinatumomab therapy remarkably exceeded the results of 

conventional anti-CD19 MAb therapy 73. 

AMG 330 is a novel BiTE, which was developed for the treatment of acute myelogenous 

leukemia (AML). AMG 330 has dual specificity for CD33 plus CD3, which are mostly 

expressed on the leukemic blasts and AML stem cells 74. MEDI-565 (MT111) is another BiTE, 

which is in clinical trials against tumors expressing carcinoembryonic antigen (CEA) 75. The 

MT110 BiTE binds to CD3/EpCAM, and directs T cells to kill EpCAM expressing tumor cells 

76. 

 

4.3. Diabody BsAbs engaging immune cells 

The Diabody format appears to be more efficient than quadroma technology-derived BsAbs for 

the in vitro engagement of T-cells and NK-cell cytotoxicity against cancer cells. However, even 

though BsAbs had a much longer serum half-life, they showed comparable in vivo antitumor 

activities. A synergistic antitumor effect was indicated for some diabodies both, in vitro and in 

vivo studies, by engaging both NK cells and T cells. Diabodies can also be used to enhance the 

activity of dendritic cell-induced T-cells. Tandem diabodies (TandAbs) contain four antigen-

binding regions without a Fc domain. The molecular weight of TandAbs is about 115 kDa, and 
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therefore they are larger than BiTEs. TandAbs are twice as the size of Diabodies, and bind 

bivalently to both target and effector cells, with improved pharmacological characteristics 77 . 

AFM13 is a tetravalent TandAb against CD16A plus CD30. CD16 is a receptor for the IgG Fc 

domain and is involved in ADCC. CD16 has two isoforms, CD16A and CD16B. The CD16A 

isoform is one of the most highly expressed receptors on macrophages and NK cells. Patients 

with Hodgkin’s lymphoma (HL) over-express CD30 mostly on Hodgkin’s and Reed-Sternberg 

cells. The AFM13 molecule has four binding sites, two of which bind to immune cells, and the 

other two bind to tumor cell antigens 78. AFM13 activates NK cells to attack CD30+ve cancer 

cells. Reusch et al. demonstrated that AFM13 showed strong cytotoxicity against CD30+ tumor 

cells, while no NK cell cytotoxicity was observed in the absence of CD30+ cells 79. 

 

4.4. Triomab BsAbs for immune cell recruitment 

Triomab molecules are a class of BsAbs composed of two half antibodies of the rat IgG2b and 

the mouse IgG2a chain. Triomab BsAbs have three different binding sites, including a specific 

binding site for CD3 expressed on the surface of T cells, a specific binding site for a tumor-

associated antigen, and a chimeric rat IgG2b × mouse IgG2a Fc region. The Fc region binds to 

the existing Fcγ receptors (including subtypes I, IIa, and III) on human immune cells such as 

dendritic cells, macrophages, and NK cells 22. A well-known rat-mouse trifunctional hybrid 

monoclonal antibody was named Catumaxomab (anti-EpCAM/anti-CD3). It contains an Fc 

fragment to bind to FcRs on immune cells, such as macrophages, dendritic cells, and NK cells, 

one arm to bind to EpCAM on tumor cells, and a second arm to bind to CD3 on T cells.  

Catumaxomab was the first BsAb to receive regulatory approval in Europe on 20 April 2009 80. 

EpCAM or CD326 (epithelial cell adhesion molecule) is a single-span transmembrane 
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glycoprotein (39–42 kDa) expressed on healthy epithelial cells. Over-expression of EpCAM is 

related to cancer progression and poor outcomes in several tumor types, including pancreatic and 

gastric cancer 81. The specific cancer cell killing is due to the activation of T cells and other 

immune cells, and their reciprocal stimulation 82. This activation could also induce killing of 

tumor cells in ovarian carcinoma, and reduce or prevent the accumulation of ascites. 

Catumaxomab has been used to treat malignant ascites 83. Catumaxomab is a potent BsAb with a 

good safety record, which is administered intraperitoneally in small doses four to five times 84. 

Some other BsAbs have also been constructed using the quadroma technology. One of them is a 

BsAb molecule that targets human epidermal growth factor receptor 2 (HER2) as well as the 

CD3 and CD20 antigens.  Ertumaxomab (anti-HER2 /anti-CD3) is a trifunctional BsAb that 

binds to HER2, Fcγ, and CD3. It creates a ternary complex between accessory cells, tumor cells, 

and T cells. The cellular and humoral immune responses induced by this BsAb lead to the killing 

of HER2 expressing tumor cells 85. Bi20 (FBTA05, anti‐CD20 × anti‐CD3), is a triomab BsAb 

that targets CD20 on B cells and CD3 on T cells by its two arms and also engages FcγRI+ve 

accessory immune cells by its Fc domain. Bi20 has been reported to trigger specific and effective 

lysis of B cells derived from CLL patients even with low levels of CD20 expression 86. 

 

4.5. BsAb interactions with signaling receptors 

Signaling pathways control the fundamental processes of cells and regulate the functions of most 

different cell types. Disturbances in cellular information processing and signaling interactions are 

the reason behind many diseases such as autoimmunity, cancer, and diabetes. Multiple signaling 

pathways have been recognized as being genetically changed in cancer, including the PI3K/Akt 

signaling pathway, RTK/RAS/MAP-kinase pathway, and others. Analysis of these pathways has 
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demonstrated how they are dysregulated in cancer, and govern many properties of malignant 

cells 87. Signaling pathways are not only involved in cancer but have also been found to be 

important therapeutic targets in inflammatory disorders, such as rheumatoid arthritis (RA). 

ABT122 is a dual-variable domain BsAb that binds to interleukin 17 (IL-17) and human tumor 

necrosis factor- (TNF). Both IL-17 and TNF contribute to inflammatory disorders, such as RA 

88. TNF is produced by immune cells as a cytokine capable of inhibiting tumor cell proliferation 

and inducing tumor regression 89. IL-17A induces the secretion of a wide range of other 

chemokines and proinflammatory cytokines and is involved in cartilage destruction 90. In a 

phase-II multicenter trial using ABT122 in RA, 150 patients completed the 6-month treatment. 

In this study, ABT122 showed passable tolerability and a sustained therapeutic effect in patients 

with RA 91.  
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Table 1. Bispecific antibodies in clinical trials (ClinicalTrials.gov). 

Code 
Development 

stages 
Diseases Targets Format Sponsor Names 

Bispecific antibodies in clinical trials for hematological cancer 

NCT01138579 Phase I/II B-cell Lymphoma CD20 × CD3 TrioMab 
Technische Universität 

München 
FBTA05 

 Approved 
Acute lymphoblastic 

leukaemia 
CD3 × CD19 BiTE Amgen Research Blinatumomab 

NCT02520427 Phase I Acute myeloid Leukemia CD33 × CD3 BiTE Amgen Research AMG 330 

NCT03836053 Phase I Multiple myeloma BCMA × CD3 BiTE Amgen AMG420 

NCT03287908 Phase I Multiple myeloma CD3 × BCMA BiTE Amgen AMG 701 

NCT03486067 Phase I Multiple myeloma CD3 × BCMA BiTE Celgene CC-93269 

NCT03571828 Phase I 
Haematological 

malignancies 
CD3 × CD19 BiTE Amgen AMG562 

NCT03224819 Phase I Acute myeloid leukemia CD3 × CD33 
half-life 

extended BiTE 
Amgen AMG 673 

NCT00204594 Phase I/II Malignant melanoma CD28 × HMVMAA Tandem scFv 
University Hospital 

Tuebingen 
rM28 

NCT02152956 Phase I Acute myeloid leukemia CD123 × CD3 DART MacroGenics MGD006 

NCT02376036 Phase I Healthy subjects CD32B × CD79B DART MacroGenics MGD010 

NCT02628535 Phase I B7-H3 expressing tumor 
CD3 × B7-H3 DART Macrogenics MGD009 

NCT03406949 Phase I Relapsed/Refractory Cancer 

https://www.clinicaltrials.gov/
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NCT00889408 Phase I Leukemia- lymphoma CD19 × CD22 
2 scFv linked to 

diphtheria toxin 
Masonic Cancer Center DT2219ARL 

NCT02290951 Phase I CD20+ B cell malignancies CD20 × CD3 unclear Regeneron Pharmaceuticals REGN1979 

NCT03677141 Phase I/II 
B-Cell non-Hodgkin 

lymphoma 

CD3 × CD20 CrossMAb Roche BTCT4465A 

NCT03677154 Phase I/II 
Diffuse large B-cell 

lymphoma 

NCT03671018 Phase I 
B-Cell non-Hodgkin 

lymphoma 

NCT02500407 Phase I 
Non-Hodgkin lymphoma; 

chronic lymphocytic leukemia 

NCT03467373 Phase I 
B-cell non-Hodgkin 

lymphoma 
CD20 × CD3 

F(ab)3 

CrossMab 
Roche RO7082859 NCT03533283 Phase I 

NCT03075696 Phase I 

NCT03309111 Phase I Multiple myeloma CD3 × CD38 scFv-IgG 
Glenmark 

Pharmaceuticals 
GBR1342 

NCT02321592 Phase II 

Relapsed or refractory 

Hodgkin 

lymphoma 

CD30 × CD16A TandAb University of Cologne AFM13 

NCT02106091 Phase I 

Relapsed and/or refractory 

CD19- 

positive B cell NHL 

CD30 × CD19 TandAb Affimed GmbH AFM11 

NCT03516591 Phase I 
High-risk myelodysplastic 

syndromes CD3 × CD33 
Tandem 

diabodies 

Amphivena 

Therapeutics 
AMV564 

NCT03144245 Phase I Acute myeloid leukemia 

NCT03541369 Phase I Hematological CD3 × FLT3 Tandem scFv-Amgen AMG427 
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malignancies scFc 

NCT03275103 Phase I 
Relapsed or refractory 

multiple myeloma 
CD3 × CD307 Tandem scFv Genentech RO7187797 

NCT03214666 Phase I/II 
Hematological 

malignancies 
CD16 × CD33 

Tandem scFv 

fusion protein 
GT Biopharma GTB-3550 

NCT02924402 Phase I 
CD20-expressing hematologic 

malignancies 
CD3 × CD20 XmAb Xencor XmAb-13676 

NCT02730312 Phase I 
CD123-expressing 

hematologic malignancies 
CD3 × CD123 XmAb Xencor XmAb-14045 

NCT03445663 Phase I Multiple myeloma CD3 × CD38 XmAb Amgen AMG424 

NCT03594955 Phase I/II 
Acute myeloid leukemia; 

myelodysplastic syndrome 
CD3 × CD123 DVD-Ig Sanofi SAR440234 

NCT03145181 Phase I Multiple myeloma CD3 × BCMA DuoBody Janssen JNJ-64007957 

NCT02715011 Phase I 
Hematological 

malignancies 
CD3 × CD123 DuoBody Janssen JNJ-63709178 

NCT03625037 Phase I/II 
Hematological 

malignancies 
CD3 × CD20 DuoBody Janssen GEN3013 

NCT03399799 Phase I 
Hematological 

malignancies 
CD3 × GPRC5D DuoBody Janssen JNJ-64407564 

NCT03516760 Phase I Acute myeloid leukemia CD3 × CD33 Diabody 
GEMoaB 

Monoclonals 
GEM333 

NCT03038230 Phase I Acute myeloid leukemia CD3 × CLEC12A Biclonics Merus MCL A-117 

Bispecific antibodies in clinical trials for solid tumors 

NCT00635596 Phase I Solid tumors CD3  × EpCAM BiTE Amgen Research MT110 
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NCT01723475 Phase I Prostate cancer CD3  × PSMA BiTE Bayer BAY2010112 

NCT01815528 Phase II Ovarian cancer 

CD3   ×EpCAM Triomab Neovii Biotech Catumaxomab 
NCT01065246 Phase II Malignant ascites 

NCT00464893 Phase II Gastric cancer 

NCT01504256 Phase II Gastric adenocarcinomas 

NCT01569412 Phase I/II Solid tumors 

CD3  × HER2 Triomab Krankenhaus Nordwest Ertumaxomab 
NCT00452140 Phase II 

Breast cancer NCT00522457 Phase II 

NCT00351858 Phase II 

NCT02665416 Phase I 

Solid tumors Ang2 × VEGF CrossMab Hoffmann-La Roche 
RG7221 

(Vanucizumab) 

NCT02715531 Phase I 

NCT01688206 Phase I 

NCT02141295 Phase I 

NCT02304393 Phase I 

NCT02650713 Phase I 
(CEA)-positive solid tumors 

CEA × CD3 CrossMab Hoffmann-La Roche RO6958688 NCT02324257 Phase I 

NCT03337698 Phase I/II Non-Small Cell lung cancer 

NCT03035253 Phase I Colorectal cancer 

DLL4  × VEGF DVD-Ig 
OncoMed Pharmaceuticals, 

Inc. 
OMP-305B83 NCT03030287 Phase I Ovarian cancer 

NCT02298387 Phase I Solid tumors 

NCT00467506 Phase II Medullary thyroid carcinoma CEA × DTPA scFv-IgG Nantes University Hospital 
Anti-CEA × anti– 

(DTPA) 

NCT01284231 Phase I 
Gastrointestinal 

adenocarcinomas 
CEA × CD3 scFv-IgG Med Immune LLC MT111 

NCT02538627 Phase I 
Solid tumors IGF1R  × Her3 scFv-IgG Merrimack Pharmaceuticals MM141 

NCT01733004 Phase I 
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NCT02399137 Phase II Pancreatic cancer 

NCT02262910 Phase I Prostate cancer CD3 × PSMA scFv-IgG 

Emergent Product 

Development 

Seattle LLC 

ES414 

NCT01097460 Phase I Breast cancer 

CEA × CD3 scFv2-HSA Merrimack Pharmaceuticals MM111 NCT00911898 Phase I Heregulin positive cancers 

NCT01304784 Phase II HER2 positive cancer 

NCT01273402 Phase I 
Colorectal cancer 

CEA × HSG Dock and lock 

Garden State Cancer Center 

at the 

Center for Molecular 

Medicine and 

Immunology 

TF2 

NCT00860860 Phase I 

NCT01730612 Phase I/II 
HER2 negative breast 

carcinoma 

NCT01730638 Phase I/II Medullary thyroid carcinoma 

NCT01221675 Phase I/II Small cell lung cancer 

NCT03640195 Phase I Head and Neck Cancer 

NCT02659631 Phase I Solid tumors P-cadherin × CD3 DART MacroGenics, Pfizer PF06671008 

NCT0018508 Phase I Colorectal cancer 
CEA × in-labeled 

Peptide 
unclear Radboud University 

Indium-labeled IMP- 

205xm734 

NCT03448042 Phase I 

Locally advanced or 

metastatic HER2-expressing 

cancers 

CD3 × HER2 unclear Genentech BTRC4017A 

NCT02609776 Phase I Non-Small Cell lung cancer EGFR × cMet Duobody Genmab JNJ-61186372 

NCT03448042 Phase I Solid tumors FAP × DR5 CrossMAb Roche RG7386 

NCT02248805 Phase I 
Colorectal cancer GPA33 × CD3 DART-Fc MacroGenics MGD007 

NCT03531632 Phase I/II 

NCT02221882 Phase I Neoplasm metastasis MET × EGFR OrthoFab-IgG Eli Lilly and Company LY3164530 
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NCT02004106 Phase I 
Advanced and/or metastatic 

solid CEA+ tumors 
CEA × IL2 ScFv-IgG Hoffmann-La Roche RG7813 

NCT02829372 Phase I HER2 positive cancers 

CD3 × HER2 scFv-Fab IgG 
Glenmark 

Pharmaceuticals 
GBR1302 

NCT03983395 Phase I/II 
HER2-positive Mmetastatic 

breast cancer 

NCT00005813 Phase I Glioblastoma multiforme CD64 × EGFR 
2 (Fab’) 

crosslinked 
Medarex MDX-447 

NCT03541369 Phase I Small cell Lung cancer CD3 × DLL3 
Tandem scFv-

scFc 
Amgen AMG757 

NCT03296696 Phase I EGFRvIII + glioblastoma CD3 × EGFRvIII Tandem scFv Amgen AMG596 

NCT02369198 Phase I Recurrent MPM and NSCLC EGFR × EDV unclear University of Sydney TargomiRs 

NCT02609776 Phase I 
Solid malignancies 

(NSCLC) 
EGFR × MET DuoBody Janssen JNJ-61186372 

NCT02912949 Phase I Solid tumors 
HER2 × HER3 Biclonics Merus MCLA-128 

NCT03321981 Phase I/II Breast cancer 

NCT03526835 Phase I Solid tumors Lgr5 × EGFR Biclonics Merus MCLA-158 

- Pre-Clinical Solid tumors EGFR × c-MET Biclonics Merus MCLA-129 

NCT03922204 Phase I Solid tumors PD-L1× CD137 Biclonics Merus MCLA-145 

NCT02748837 Phase I Solid tumors CD3 × GPC3 ART-Ig Chugai ERY974 

NCT01946074 Phase I Solid tumors 
DLL4 × VEGF DVD-Ig AbbVie ABT165 

NCT03368859 Phase II Metastatic colorectal cancer 

NCT01986166 Phase I Neoplasms 

EGFR × HER3 DAF Genentech MEHD7945A 
NCT01207323 Phase I Malignant epithelial tumors 

NCT01911598 Phase I 
Head and neck cancer 

NCT01577173 Phase II 
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NCT01652482 Phase II Colorectal cancer 

Bispecific antibodies in clinical trials for other diseases 

NCT02696902 Phase II Pneumonia PsI × PcrV ScFv-IgG MedImmune MEDI3902 

NCT02618967 Phase I Systemic lupus erythematosus  

BAFF × B7RP1 

 

ScFv-IgG 

 

MedImmune 

 

AMG 570 NCT03156023 Phase I Rheumatoid arthritis 

NCT03755934 Phase II Painful diabetic neuropathy 
 

NGF × TNF 

 

ScFv-IgG 

 

MedImmune 

 

MEDI7352 NCT02508155 Phase I 
Painful osteoarthritis of the 

knee 

NCT02156466 Phase I Psoriasis IL-17A/F × HSA Nanobody Merck KGaA MSB0010841 

NCT01284569 Phase I/II Rheumatoid arthritis IL-6R × HSA Nanobody Ablynx ALX-0061 

NCT01063803 Phase II Rheumatoid arthritis TNF × HSA Nanobody Ablynx 
Ozoralizumab (ATN- 

103) 

NCT01958060 Phase I Alzheimer’s disease Aβ40 × Aβ42 Nanobody Boehringer Ingelheim BI1034020 

NCT02433340 Phase II Rheumatoid arthritis  

 

 

 

IL1α × IL1β 

 

 

 

 

DVD-Ig 

 

 

 

 

AbbVie 

 

 

 

 

ABT122 

NCT01853033 Phase I Rheumatoid arthritis 

NCT02349451 Phase II Psoriatic arthritis 

NCT02141997 Phase II Active rheumatoid arthritis 

NCT02429895 Phase II Active psoriatic arthritis 

NCT02384538 Phase II 
Erosive osteoarthritis of the 

hand  

TNF × IL17A 

 

DVD-Ig 

 

AbbVie 

 

ABT-981 NCT01668511 Phase I Osteoarthritis of the knee 

NCT02087904 Phase II Knee osteoarthritis 

NCT02921971 Phase II Systemic scleroderma  

IL4 × IL13 

 

 

DVD-Ig 

 

Sanofi 

 

SAR156597 
NCT01529853 Phase II Idiopathic pulmonary fibrosis 

NCT02345070 Phase II Idiopathic pulmonary fibrosis 

NCT01563042 Phase I Asthma IL13 × IL4 DVD-Ig GlaxoSmithKline GSK2434735 
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NCT02484690 

 
Phase II Wet AMD 

VEGF × Ang-2 CrossMAb Hoffmann-La Roche RG7716 

NCT03038880 Phase II 
Neovascular age-related 

macular degeneration 

NCT02699450 Phase II 
Central diabetic macular 

edema 

NCT03622593 Phase III Diabetic macular edema 

NCT03823300 Phase III 
Age-related macular 

degeneration 

NCT03823287 Phase III 
Age-related macular 

degeneration 

NCT03622580 Phase III Diabetic macular edema 

NCT02243787 Phase I/II Plaque psoriasis TNF-α × IL17A IgG-fynomer Covagen COVA322 
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5. BsAbs for solid tumor treatment 

A solid tumor is a malignant mass of proliferating cancer cells, which are organized in an organ-

like structure, usually without cysts or liquid areas. The tumor cells can spread to various parts of 

the body, including the liver, brain, lungs, or bones. The population of cells in the tumor mass 

can interfere with surrounding healthy cells and prevent the organ from carrying out its normal 

function. Common types of solid tumors include carcinoma, sarcoma, neuroblastoma, and Wilms 

tumor 92. A solid tumor is a complex tissue consist of stromal cells (such as mesenchymal 

stromal cells, fibroblasts, occasionally adipocytes, pericytes, blood, and lymphatic vascular 

networks), inflammatory cells, and extracellular matrices (ECM) that all of them create tumor 

microenvironment (TME) 93. The TME prevents effective lymphocyte priming, suppresses 

infiltrating effector cells, and reduces lymphocyte infiltration, which leads to a defeat of the host 

to effective attack tumors. There are various mechanisms for the resistance to immunotherapy 

which consist of 1) biological impediments around tumor tissues that lead to low numbers of 

immune cells have ability to migrating into tumor sites; 2)  an inhibitory microenvironment or 

absence of antigen stimulation for immune cells, mainly T cells, within the TME which promote 

tumor growth and increase immune escape; 3)  short-lived activation or exhausted of antigen-

specific T cells via restricted repertoires which fail to suppress tumor growth; 4) indirect or weak 

direct antigens presentation in lymphoid tissues which lead to a lack of lymphocytes priming due 

to inadequate release of tumor-specific antigens to the draining lymph gland by the TME 94.  

The most important function of BsAbs in cancer treatment is the recruitment of immune system 

effector cells to trigger tumor cell lysis. Most of BsAbs have been designed to bind to the CD3 

receptor for T-cell recruitment. However, there are other BsAb constructs designed to bind to 

CD16, CD64, and CD89. BsAbs can also simultaneously bind to two different antigens and 
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activate or neutralize other receptors or their ligands. Moreover, BsAbs can restrict tumor growth 

by blocking signaling pathways, targeting tumor angiogenesis, and blocking the effects of 

cytokines 95. Currently, a large number of antibodies are undergoing clinical trials for therapeutic 

applications in various types of solid tumors (Table 1). Some of these therapeutic BsAbs will be 

discussed in the following sections.  

 

5.1. RO6958688 (RG7802) 

RO6958688 BsAb (anti-CEA/CD3) is produced by CrossMAb technology. It is an IgG1-based 

heterodimeric antibody that has two Fab domains and an Fc region. One of the Fab domains 

binds to CEA expressing tumor cells, while the other Fab domain binds to CD3 expressed on T 

cells, 96. CEA is a family of highly related glycoproteins, which are associated with cell 

adhesion. These glycoproteins are naturally produced in certain tissues during fetal development. 

However, the production of CEA naturally decreases postnatally and is reduced to a very low 

level in the blood of healthy adults 97. It serves as a functional E-selectin and L-selectin ligand in 

the colon and may play a pivotal role in the metastasis of colorectal cancer. CEA is over-

expressed in many tumors, including head and neck carcinoma, non–small cell lung cancer 

(NSCLC), breast cancer, gastric cancer, colorectal cancer, and pancreatic adenocarcinoma. 

Given its widespread expression, it can be used as a tumor marker. RO6958688 induces a potent 

CTL reaction against CEA-expressing cancer cells. This BsAb caused the regression of human 

colorectal cancer xenografts in the NOG immunodeficient mouse model 98. A phase I clinical 

study (non-randomized, multicenter, open-label, dose-escalation, parallel assignment) using 

RO6958688 in patients with metastatic and locally advanced CEA-positive solid tumors has been 

completed. In this study, patients were divided into two groups (S1 and S2). In the S1 group, 80 
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patients were treated with RO6958688 doses ranging from 0.05 mg to 600 mg. In the S2 group, 

38 patients were treated with RO6958688 doses ranging from 5 mg to 160 mg in combination 

with atezolizumab (1200 mg). Two patients in the S1 and S2 groups had a partial response. 

Preliminary tumor size reduction was observed in 4 additional patients in the S1 group and 5 

patients in the S2 group. When monotherapy with RO6958688 was used, improved antitumor 

activity was observed with increasing doses. Moreover, the activity of RO6958688 increased 

when used in combination with atezolizumab (another monoclonal antibody) with a manageable 

safety profile (NCT02324257) 99.   

 

5.2. MT111 (MEDI-565) 

MT111 is an anti-CEA/CD3 bispecific scFv antibody. MT111 activates T cells, inhibits the 

growth of CEA-expressing tumor cells in various cancer models, and induces cell lysis in CEA 

expressing tumor cells. Preclinical trials have shown that the expression of CEA is essential for 

MT111 binding and for effective T cell-mediated lysis. Phase I trials using MT111 (non-

randomized, open-label, dose-escalation, single group assignment) have been completed in 

patients with advanced gastrointestinal adenocarcinoma 100. None of the 39 patients that received 

intravenous MT111 on day 1–5 ± dexamethasone (in a 28-day cycle) showed any objective 

responses. Five patients were reported to show symptoms of grade 3 therapy-related adverse 

events, such as increased alanine aminotransferase, hypertension, hypoxia, diarrhea, and 

cytokine release syndrome (CRS). Moreover, four patients showed dose-limiting toxicity (DLT), 

diarrhea, and CRS. Six patients were observed to experience therapy-related serious adverse 

events, such as vomiting, diarrhea, pyrexia, CRS, and hypoxia. Stable disease was reported as the 

best therapy response for 11 patients (28%) (NCT01284231) 101.  

https://www.clinicaltrials.gov/ct2/show/NCT02324257?term=RO6958688&draw=2&rank=2
https://www.clinicaltrials.gov/ct2/show/NCT01284231?term=MEDI-565&draw=2&rank=1
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5.3. TF2 

Dock-and-lock technology was applied to produce the TF2 BsAb as a humanized tri-Fab. This 

BsAb contains a third Fab fragment and two anti-CEA Fab fragments, which bind to the 

histamine-succinyl-glycine (HSG) peptide epitope. This antibody lacks any Fc domain, and 

therefore it has a short serum half-life 102. Radioimmunotherapy (RIT) is a promising new 

therapeutic method, which employs radiolabeled antibodies against specific tumor antigens.  The 

MAbs bind to tumor cells and deliver the radiation directly to the tumor. MAbs have the 

advantage of specificity against both unique tumor-specific antigens and tumor-associated 

antigens 103. TF2 is one of the new BsAb designs which is currently undergoing phase I/II trials 

in radioimmunotherapy of colorectal and lung cancer. In a phase I study of CEA-pre-targeted 

radionuclide therapy against advanced colorectal cancer (open-label, single-group assignment), it 

was observed that pre-targeting with TF2 BsAb and radiolabelled peptide IMP288 was 

practicable and safe in patients with CEA-expressing colorectal cancer. Using this approach, 

tumor cells could be specifically and rapidly targeted by TF2. In this study, 21 patients were 

enrolled and divided into 4 cohorts. Patients first underwent diagnostic medical imaging with 

111In-labelled IMP288 and TF2; the following week, they have received a therapeutic dose cycle 

of 111In-labelled IMP288 and TF2. Images of 111In-IMP288 showed accurate and selective 

targeting of the tumors in all patients. Selective and rapid tumor targeting with radiolabelled 

peptides could be visualized within 1 h, giving a high tumor-to-tissue ratio at 20h-24 h. 

Progressive disease was observed in all patients eight weeks after the initial treatment cycle, and 

hence none of the patients qualified to receive the next treatment cycle (NCT00860860) 104. 

 

https://www.clinicaltrials.gov/ct2/show/NCT00860860?term=NCT00860860&draw=2&rank=1
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5.4. Anti-CEA × anti–diethylenetriaminepentaacetic acid (DTPA)  

Medullary thyroid cancer (MTC) accounts for 5-10% of all thyroid cancers and arises from 

calcitonin-producing parafollicular cells (C cells). The CEA antigen has been described to be a 

tumor marker for MTC 105. The RIT approach has shown promising results in MTC using anti-

CEA MAbs. To deliver enhanced tumor-absorbed doses to solid tumors and to improve the 

therapeutic index, pre-targeted RIT (pRIT) was developed. In patients with metastatic MTC, 

promising therapeutic results have been shown in clinical trials employing anti-CEA × anti-

DTPA-indium BsAb labeled with 131I-di-DTPA-indium. Phase II studies of anti-CEA pRIT (non-

randomized, factorial assignment, open-label) have been completed in patients with progressive 

metastatic MTC. In these studies, 54.7% of patients showed grade 3–4 hematologic toxicity. The 

overall disease control rate was 76.2%. After pRIT, 56.7% of assessed patients showed a 

significant impact on tumor doubling time. The pre-pRIT doubling time and the post pRIT 

doubling time were good predictors for overall survival after pRIT. pRIT showed anticancer 

activity with controllable hematologic toxicity in MTC. Increased overall survival was correlated 

with increased biomarker doubling time after treatment (NCT00467506) 106. 

 

5.5. RG7221 (vanucizumab) 

RG7221 is an IgG1-like CrossMAb that inhibits the receptor-ligand interaction between vascular 

endothelial growth factor A (VEGFA) and angiopoietin 2 (ANG-2); two key pro-angiogenic 

factors 107. One promising approach in cancer therapy is the depletion of angiogenesis factors, 

because tumor neovascularization is essential for tumor growth, and is stimulated by various 

angiogenic factors. 108. ANG-2 is a central regulator of angiogenesis with a context-dependent 

https://www.clinicaltrials.gov/ct2/show/NCT00467506?term=NCT00467506&draw=2&rank=1
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effect on endothelial cells. ANG-2 acts as an autocrine endothelial cell-derived antagonistic 

receptor for blood vessel maturation, and signals via the ANG-1/tyrosine kinase 2 (TIE2) 

signaling axis 109. VEGF was initially described to be an endothelial cell-specific mitogen that 

stimulates the formation of blood vessels. It is a signaling protein produced by various types of 

cells, including macrophages, tumor cells, keratinocytes, renal mesangial cells, and platelets. The 

functions of VEGF are not exclusive to the vascular system; it has an important role in normal 

physiological functions such as hematopoiesis, bone formation, wound healing, and fetal 

development 110. In preclinical trials, RG7221 was shown to potently inhibit tumor growth and 

angiogenesis, with a higher efficiency compared to mono-specific VEGFA- or ANG-2 binding 

antibodies. A phase I study using vanucizumab in adults with advanced solid tumors has been 

completed (non-randomized, parallel assignment, multi-center, dose Escalation, open-label), and 

it is now being evaluated in a phase II study. In the phase I study, 42 patients were treated. 

Headache (31%), arterial hypertension (59.5%), and asthenia (42.9%) were the most common 

toxicities. Two patients achieved confirmed partial responses. Ten patients showed stable disease 

for more than six months (NCT01688206) 111. 

 

5.6. OMP-305B83 (Navicixizumab) 

OMP-305B83 is an IgG2 humanized BsAb, which was designed to bind to both VEGF and 

Notch ligand delta-like 4 (DLL4). This BsAb was designed to increase the antitumor activity, 

and avoid any cardiac toxicity caused by inhibition of VEGF or DLL4 alone 112. In most 

multicellular organisms, Notch is an evolutionarily conserved cell signaling system. It has an 

important role in the determination of cell fate and differentiation during embryogenesis and 

postnatal development. Mammals possess four different Notch receptors (NOTCH1, NOTCH2, 

https://www.clinicaltrials.gov/ct2/show/NCT01688206?term=RG7221&draw=2&rank=1
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NOTCH3, and NOTCH4), which can bind five different ligands, including Jagged1 (JAG1), 

Jagged-2 (Jag2), and Delta-like 1, 3, 4 113. The expression pattern and activity of DLL4 suggests 

there is a pro-angiogenic role for this ligand; it regulates endothelial cell migration and 

proliferation, and angiogenic sprouting. Therefore, DLL4 is a possible target in cancer therapy 

114. A phase I study using OMP-305B83 (single group assignment, open-label, dose-escalation) 

in patients with solid tumors that had failed previous treatment was completed. In this study, 71 

patients were enrolled, and 66 were treated with OMP-305B83. The most common tumor types 

were colorectal, ovarian, pancreatic, breast, endometrial, and uterine cancers.  Among the 

participating individuals, 17 patients showed stable disease, four patients (1 uterine, 3 ovarian) 

showed a partial response, 38 patients had progressive disease, and seven patients were not 

evaluable. The most promising outcomes were seen in ovarian cancer. In view of these results, 

the OMP-305B83 was suggested to have antitumor activity in numerous tumor types. These 

results were confirmed by a phase 1b clinical trial to further evaluate OMP-305B83 

(NCT02298387) 112. 

 

5.7. AMG 212 (BAY2010112) 

AMG 212 is a single-chain (T cell-engaging) BsAb construct, which contains an anti-prostate 

specific membrane antigen (PSMA) scFv and an anti-CD3 scFv. Both of the scFv arms can bind 

to their targets in cynomolgus monkeys and in humans. This BsAb was developed to treat 

prostate cancer 115. The PSMA is a transmembrane glycoprotein with an extensive extracellular 

domain, a transmembrane domain, and an intracellular segment. It was originally characterized 

using a murine monoclonal antibody that is expressed in prostate tissue, including prostate 

cancer. PSMA has been shown to be a compelling target in cancer therapy due to its high rate of 

https://www.clinicaltrials.gov/ct2/show/NCT02298387?term=OMP-305B83&draw=2&rank=3
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expression in almost all prostate cancers 116. AMG 212 induces cytokine release from T cells, 

targets T-cell-dependent activation, and efficiently engages T cells for the lysis of prostate cancer 

cells. Different PSMA expressing cell lines, such as PCa 22Rv1, VCaP, C4-2, MDA PCa 2b, 

LNCaP, and  PC3-PSMA were all lysed by human T cells which were engaged by AMG 212 at 

EC50 values (half-maximal effective concentration) between 0.1- 4 ng/mL. The degree of lysis 

was correlated with cell surface expression levels of PSMA. No cell lysis was observed in the 

PSMA-negative PCa, PC3, and DU145 cell lines. These results showed the antigen-specific 

activity of AMG 212. In patients with prostate cancer, a phase I clinical study of AMG 212 was 

completed (NCT01723475) 117. 

 

5.8. ES414 

ES414 is another BsAb for the treatment of metastatic prostate cancer, designed to target PSMA 

and CD3Ɛ. The ES414 sequence was derived from the variable regions of two distinct murine 

antibodies specifically against CD3Ɛ and PSMA. ES414 contains an anti-PSMA scFv connected 

to the CH3 and CH2 domains of human IgG1, and an anti-CD3 scFv joined together via a 

flexible linker.  This BsAb was constructed using the ADAPTIR platform. The presence of an Fc 

region increases the ES414 half-life and induces target-dependent effects by engaging in vitro 

and in vivo T-cell cytotoxicity against cancer cells expressing the PSMA antigen. A reduced 

cytokine release profile was observed with ES414 compared to other bispecific antibody formats. 

ES414 can redirect T-cell cytotoxicity and drives multiple rounds of T-cell proliferation. 

Administration of ES414 reduced the levels of PSMA in serum and produced remarkable 

inhibition of tumor growth and increased survival in mouse xenograft models of prostate cancer. 

https://www.clinicaltrials.gov/ct2/show/NCT01723475?term=BAY2010112&draw=2&rank=1
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A phase I clinical trial of ES414 in metastatic castration-resistant prostate cancer is currently 

ongoing (NCT02262910) 118. 

 

5.9. MM-141 (Istiratumab) 

The MM-141 is a BsAb, which contains two stable scFvs linked to the Fc fragment of an IgG. It 

can simultaneously bind to the insulin-like growth factor I receptor (IGF-IR) and human 

epidermal growth factor receptor 3 (HER3). HER3 is a member of the HER superfamily of 

tyrosine kinase receptors, consisting of EGFR (HER1), HER2, HER3, and HER4. They are type 

I transmembrane growth factor receptors that activate intracellular signaling pathways in 

response to extracellular signals. The HER family is widely expressed in numerous cell types, 

such as neuronal, epithelial, mesenchymal cells, as well as tumor cells. Over-expression of 

HER3 is associated with several cancers, including breast, gastric, ovarian, prostate, melanoma, 

bladder, colorectal, lung, and squamous cell carcinoma 119. IGF1R is a transmembrane protein 

that exists on the surface of human cells and is a tyrosine kinase receptor. Over-expression of 

IGF1R induces cancer cell growth, tumorigenesis, and neoplastic transformation 120. In various 

tumor types, increased IGF1R signaling may provide a pathway for the tumor to escape from 

signaling blockades. Hence, a BsAb that inhibits both IGF1R and HER3 signaling could block 

downstream mechanisms and limit the development of resistance 121. A phase I clinical trial of 

MM141 has been completed in patients with advanced solid tumors (non-randomized, parallel 

assignment, open-label). A phase II trial is ongoing in patients with metastatic pancreatic cancer 

122. The phase I study enrolled 15 patients with advanced solid tumors. Adverse events, 

regardless of causality, that were reported with a frequency >15% included, nausea, vomiting, 

abdominal pain, fatigue, increased AP, diarrhea, dyspnea, increased AST, anemia, and rash. 

https://www.clinicaltrials.gov/ct2/show/NCT02262910?term=ES414&draw=2&rank=1
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Disease stabilization was observed in patients with parotid gland carcinoma (1 patient) and 

Ewing’s Sarcoma (1 patient) (NCT02399137) 123. 

 

5.10. Duligotuzumab (MEHD7945A/ RG7597)  

Duligotuzumab is a phage-derived humanized DAF BsAb. This BsAb blocks ligand binding to 

HER3 and EGFR, and inhibits downstream signaling pathways of the HER-family receptors 124. 

Duligotuzumab has been suggested to bind to Fc receptors and activate the ADCC pathway in 

vitro models 38. The EGFR (HER1) has been implicated in both head and neck and colorectal 

tumorigenesis and tumor progression, and its over-expression is associated with advanced 

disease 125. Patients who are treated with Cetuximab (EGFR inhibitor) alone, usually develop 

anti-EGFR resistance. Duligotuzumab is able to bind to the EGFR/HER receptors and block their 

ligand binding 126. A phase Ib study of Duligotuzumab in combination with irinotecan 

(FOLFIRI) and 5-fluorouracil was completed (non-randomized, parallel assignment, open-label). 

In patients with KRAS exon two wild-type metastatic colorectal cancer, no improvements in 

progression, overall survival or disease-free survival of patients were observed compared with 

second-line treatment with FOLFIRI plus Cetuximab 127. As first-line therapy for recurrent or 

metastatic head and neck squamous cell carcinoma, Duligotuzumab demonstrated encouraging 

activity in a phase I b trial (NCT01911598) 128. 

 

5.11 MM111 

MM111 is a BsAb (anti HER2/HER3), which contains two scFvs fused to human serum albumin 

(HSA). This BsAb inhibited the signaling in HER2-amplified tumors and HER3-ligand binding 

via preventing the formation of HER2/HER3 heterodimers. HER2 over-expression has been 

https://www.clinicaltrials.gov/ct2/show/NCT02399137?term=MM141&draw=2&rank=3
https://www.clinicaltrials.gov/ct2/show/NCT01911598?term=Duligotuzumab&draw=2&rank=1
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found in several tumor types, such as gastroesophageal (GOC) and breast cancer. HER3 is 

activated via its ligand, called Heregulin (HRG). HRG is a growth factor that is involved in cell 

survival, differentiation, invasion, and proliferation of both malignant and normal tissue 129. A 

phase II study of paclitaxel and trastuzumab without MM-111 (Arm B), or plus MM-111 (Arm 

A) has been completed (randomized, parallel assignment, open-label) in patients with HER2 

positive GOC cancer. In this clinical trial, 88 patients were randomized, 71 patients had received 

prior trastuzumab, 57 patients showed HRG mRNA expression, and 54 patients had HER2+ 

status confirmed. Progression-free survival (PFS) in an intent-to-treat analysis was 9.6 weeks for 

arm A, and 23.3 weeks for arm B. The median overall survival of intent-to-treat analyses was 

32.1 and 56.1 weeks for arm A and arm B, respectively. MM-111 did not improve PFS or overall 

survival in HER2+ GOC in combination with paclitaxel /trastuzumab (NCT01774851) 130. 

 

5.12. Ertumaxomab 

Ertumaxomab is an anti-Her2/CD3 trifunctional BsAb. It also can bind to some Fcγ receptor-

positive antigen-presenting cells (macrophages, dendritic cells, and NK cells) and form a ternary-

cell complex between accessory cells, tumor cells, and T cells. Ertumaxomab destroys tumor 

cells that only display low-level HER2 expression 131. A phase I/II clinical trial of ertumaxomab 

(single group assignment, open-label, dose-escalating) was completed in patients with advanced 

solid tumors (breast, gastric, rectal cancer). A total of 14 heavily pretreated patients were 

enrolled in 4 groups. Amongst them, three patients had to be withdrawn, and two patients 

showed serious adverse events, both reversible. No DLT was detected in any of the subjects; 

therefore, the maximum tolerated dose could not be determined. Adverse events were transient 

https://www.clinicaltrials.gov/ct2/show/NCT01774851?term=MM111&draw=2&rank=4
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and completely reversible. This study demonstrated that therapy with ertumaxomab was possible 

and could be studied further (NCT01569412) 85. 

 

5.13. MDX-447 

MDX-447 is a BsAb, which is directed against the Fc receptor (FcγRI /CD64) and EGFR. This 

BsAb can enhance immune-mediated cytotoxicity against cancer cells 132. Four major classes of 

FcRs have been defined in mammalian species, namely FcγRI, FcγRII, FcγRIII, and FcγRIV. 

FcγRI has a high affinity for the constant region of the antibody and is expressed on activated 

neutrophils, hematopoietic cells, immature dendritic cells, monocytes, and macrophages. MDX-

447 BsAb was tested in a study to improve the clinical effects of the H425 antibody. In vitro 

trials demonstrated that MDX-447 could simultaneously bind to both FcγRI and EGFR, and 

triggered ADCC to kill EGFR over-expressing cells. MDX-447 was constructed via cross-

linking of the anti-EGFR monoclonal antibody (H425) F(ab′) fragment with the anti-FcγRI 

monoclonal antibody (H22) F(ab′) fragment 133. A phase-I trial of MDX-447 was completed in 

patients with advanced solid tumors. Sixty-four patients were enrolled; 23 patients in group two 

received granulocyte-colony stimulating factor (G-CSF) + MDX-447, while 51 patients in group 

one received MDX-447 alone. Hypotension was the dominant DLT experienced by 7 patients in 

each group. The maximum tolerated dose for MDX-447 BsAb was 30 mg/m2. Co-administration 

of MDX-447 and G-CSF was not well-tolerated, despite the good tolerability of MDX-447 as a 

single agent, and there were no objective tumor responses (NCT00005813) 134. 

 

 

 

https://www.clinicaltrials.gov/ct2/show/NCT01569412?term=Ertumaxomab&draw=2&rank=1
https://www.clinicaltrials.gov/ct2/show/NCT00005813?term=MDX-447&draw=2&rank=1
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5.14. LY3164530 

LY3164530 is a BsAb that binds to both EGFR and MET. This antibody contains two heavy 

chains and two light chains. LY3164530 is composed of a scFv fragment against EGFR and an 

IgG4 antibody against MET (mesenchymal-epithelial transition or hepatocyte growth factor), 

which is fused to the N- terminal of each heavy chain. LY3164530 inhibits signaling via both 

EGFR and MET receptors by blocking ligand binding, inhibiting internalization, and stimulating 

degradation 135. MET signaling is the inverse process of EMT (epithelial-mesenchymal 

transition), whereby mesenchymal cells are transformed into polarized epithelial cells. Epithelial 

cells are characterized by expression of adhesion molecules such as epithelial cadherin (E-

cadherin), apical-basal polarity, and occluding cell-cell junctions, while mesenchymal cells lack 

mature cell-cell contacts. They can exceed through the extracellular matrix, and they also express 

different markers such as zinc finger protein SNAI1 (Snail), Twist-related protein 1 (TWIST1), 

neural cadherin (NCAD), and fibronectin. The MET process occurs in normal development, 

induced cell potency reprogramming, and cancer metastasis. Therefore, in order to prevent 

cancer metastases,  MET could be considered as an important therapeutic target 136. A phase I 

clinical trial of LY3164530 in patients with metastatic or advanced cancer (colorectal cancer or 

squamous cell cancer) was completed (single group assignment, open-label). Most treatment-

related adverse events were due to EGFR inhibition. These adverse events included 

hypomagnesemia, maculopapular rash/dermatitis acneiform, paronychia, fatigue, skin fissures, 

and hypokalemia. Partial responses were achieved in 3 patients with squamous cell cancer or 

colorectal cancer. The disease control rate was 51.7%, the overall response rate was 10.3%, and 

17.2% of patients had stable disease for more than four months (NCT02221882) 137. 

 

https://www.clinicaltrials.gov/ct2/show/NCT02221882?term=LY3164530&draw=2&rank=1
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5.15. JNJ-61186372 

JNJ-61186372 is an anti- EGFR /c-MET IgG-like BsAb. Both EGFR and c-MET play significant 

roles in the proliferation of tumor cells. A Chinese hamster ovary (CHO) cell line was used to 

produce this BsAb, which lacked the protein fucosylation ability. The human FcγRIIIa (CD16a) 

is essential for ADCC, and antibodies with low-levels of core fucosylation, show increased 

efficiency of ADCC and lead to the better killing of tumor cells 138. The tyrosine-protein kinase 

Met (c-MET) is a single pass tyrosine kinase receptor. A wide range of cellular signaling 

pathways involved in proliferation, angiogenesis, invasion, motility, and migration are activated 

by the interaction of hepatocyte growth factor/scatter factor (HGF/SF) with c-MET.  HGF/SF is 

the specific ligand of c-MET. One of the most important roles of MET is the control of tissue 

homeostasis under normal physiological conditions. Moreover, c-MET has been found to be 

abnormally activated in human cancers, caused by mutation, over-expression, or amplification 

139. EGFR and c-Met are often co-expressed in tumors, and the two receptor pathways converge 

at the PI3K/AKT/mTOR and Ras-Raf-MEK-ERK signaling pathways. Cross-talk between EGFR 

and c-Met has been widely reported in lung cancer 140. NSCLC is the most common type of 

epithelial lung cancer and accounts for about 85% of all lung cancer. The most common types of 

NSCLC are adenocarcinoma, squamous cell carcinoma, and large cell carcinoma. The NSCLC 

usually becomes resistant against tyrosine kinase inhibitors drugs (TKI) by activation of EGFR 

mutations, mostly via second-site resistance mutations in EGFR (Thr790Met). The results of 

preclinical studies have shown that the combination of one of the several available third-

generation EGFR TKI drugs with JNJ-61186372 BsAb could lead to complete and stable 

regression in human lung cancer xenografts. Significant toxicity was observed in cynomolgus 
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monkeys (Macaca fascicularis) treated with JNJ-61186372 BsAb. A phase I clinical trial of JNJ-

61186372 BsAb is currently in progress in patients with advanced NSCLC (NCT02609776) 138.  

 

5.16. MT110 (Solitomab/AMG 110) 

MT110 is a BiTE with dual specificity for EpCAM and CD3 141. This BiTE molecule activates T 

cells and redirects the lysis of target cells showing over-expression of EpCAM 142. MT110 has 

shown potent anti-tumor activity in various animal models 143. Tumor-initiating cells (TICs) are a 

serious limitation for the effective therapy of cancer using conventional therapies. TICs have 

now been recognized and characterized in numerous human malignancies, such as colorectal and 

pancreatic tumors. EpCAM is frequently over-expressed on most primary and metastatic human 

adenocarcinomas 144. MT110 showed a powerful effect to mediate redirected lysis of colorectal 

TICs. In vitro sensitivity assays and in vivo testing of survival and tumor progression in 

xenograft mouse models, demonstrated highly efficient elimination of TICs using MT110 145.  A 

phase I clinical trial of Solitomab (MT110/AMG 110) was completed in patients with refractory 

solid tumors (single group assignment, Open-Label, multi-center dose escalation). Some patients 

showed a partial response, but dose-limiting toxicity was observed that prevented the dose being 

sufficiently raised to therapeutic levels. Solitomab did show primary signs of antitumor activity 

in the 65 patients enrolled in this trial. According to the response evaluation criteria in solid 

tumors (RECIST), 55 patients underwent a response assessment. Eight patients were not 

evaluable due to a lack of measurable target lesions. Eighteen patients had stable disease (SD) 

with an average duration of 84 days, and 11 patients had no follow-up tumor assessment 

(NCT00635596) 146.  

 

https://www.clinicaltrials.gov/ct2/show/NCT02609776?term=JNJ-61186372&draw=2&rank=2
https://www.clinicaltrials.gov/ct2/show/NCT00635596?term=MT110&draw=2&rank=1
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5.17. Catumaxomab 

Catumaxomab used in clinical trials for breast cancer, non-small cell lung cancer, gastrointestinal 

cancer, ovarian cancer, and peritoneal carcinomatosis. A phase II trial of catumaxomab in 35 

patients with gastric cancer was completed. Since Catumaxomab had ceased being marketed in 

the European Union since 2014, patient recruitment was ended prematurely. 4 patients were 

excluded from analysis, and 31 patients were evaluable for the final analysis. 15 patients (arm A) 

were allocated to Catumaxomab plus chemotherapy with FLOT (leucovorin, 5-fluorouracil, 

docetaxel, oxaliplatin) and 16 patients (arm B) to FLOT only. After systemic treatment, three 

patients (19%) in the chemotherapy alone arm B, and four patients (27%) in arm A showed 

complete remission. A partial response rate of 46% was achieved in both arms. Three patients 

(23%) in arm A and two patients (15%) in arm B showed stable disease, and progressive disease 

was observed in five patients (38%) from arm B and three patients (23%) from arm A 147. 

 

5.18. MGD007 

MGD007 is a DART protein (anti-glycoprotein A33/anti-CD3) designed to engage T cells to 

specifically target gpA33, which is over-expressed on colon tumor cells. The attachment of the 

Fc region to the DART molecule prolongs the serum residence time 148. The A33 antigen is a 

surface protein expressed in > 95% of normal intestinal tissue, and also in human colon tumors, 

but does not exist in other organs. The A33 antigen is encoded by the GPA33 gene. It is a surface 

glycoprotein of colonic epithelium and small intestine. It has homology to tight junction-

associated proteins (TJAP) of the immunoglobulin superfamily, containing the Coxsackie 

adenovirus receptor (CAR) and junction adhesion molecules (JAM) 149. MGD007 is currently in 



51 
 

a phase I trial in patients with relapsed/refractory metastatic colorectal cancer (NCT02248805) 

150.  

 

6. Conclusions  

Despite some success with immunotherapy of cancers, many patients remain non-responsive to 

therapy due to various mechanisms of intrinsic or acquired tumor resistance. Blocking of 

angiogenesis is an important mechanism for inhibition of cancer progression. Parallel pathways 

of angiogenesis or inherent bypass might be responsible for tumor resistance against anti-

angiogenic drugs. It can be hypothesized that the blockade of tumor resistance pathways by 

combinations of various drugs may inhibit resistance. Currently, an essential question facing 

cancer therapy is the extent to which combination drug therapies could simultaneously block 

tumor resistance pathways. BsAbs have shown high potential for the treatment of different 

diseases, such as cancer, autoimmune, and inflammatory diseases. Although BsAbs showed 

potent efficacy against various cancers in preclinical trials, most results did not achieve the 

expectations. The employed BsAbs can be cleared from both outside and inside the tumor. 

Plasma clearance and endocytic clearance decrease the concentration of antibody. In this regard, 

the non-IgG-like formats of BsAbs have been designed, which lack the Fc region and have the 

ability to efficiently penetrate the tissue and show higher tumor specificity due to their small 

size. Different factors are involved in tumor resistance against immunotherapy, and various 

biological parameters are still unclear in the understanding of the TME and its biology. More 

detailed information about the interactions between the TME and immunotherapy can provide 

new approaches to ameliorate the response rates of common immunotherapies. Increasing both 

the specificity and sensitivity of BsAb is very important in the design of novel BsAbs, and the 
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production yield compared to traditional hybridomas, and minimizing the cost of the production 

are other important factors in the design and preparation of new BsAbs. Further engineering of 

BsAbs would circumvent these therapeutic barriers and make them more efficient in the fight 

against various cancers. Demands to develop new and innovative therapeutic BsAbs are ever-

growing. The number of BsAbs in development has grown significantly over the past few years. 

Up to now, three BsAbs have been approved, and two BsAbs (Emicizumab-kxwh and 

Blinatumomab) are commercially available in the market. Overall sales of these antibodies have 

reached approximately 1 Billion US$ in 2018. Currently, more than 85 BsAbs are in clinical 

trials, and it is clear that BsAbs-based therapeutics will continue to be of high interest. A further 

range of approved BsAbs seems to be around the corner. The market of BsAbs has been 

estimated to surpass 8 Billion US$ by 2025. The future for the development of BsAbs remains 

highly promising and profitable, and this novel immunotherapy strategy has great potential for 

the therapy of different diseases. 

 

Conflicts of interest 

MRH declares the following potential conflicts of interest. Scientific Advisory Boards: 

Transdermal Cap Inc, Cleveland, OH; BeWell Global Inc, Wan Chai, Hong Kong; Hologenix 

Inc. Santa Monica, CA; LumiThera Inc, Poulsbo, WA; Vielight, Toronto, Canada; Bright 

Photomedicine, Sao Paulo, Brazil; Quantum Dynamics LLC, Cambridge, MA; Global Photon 

Inc, Bee Cave, TX; Medical Coherence, Boston MA; NeuroThera, Newark DE; JOOVV Inc, 

Minneapolis-St. Paul MN; AIRx Medical, Pleasanton CA; FIR Industries, Inc. Ramsey, NJ; 

UVLRx Therapeutics, Oldsmar, FL; Ultralux UV Inc, Lansing MI; Illumiheal & Petthera, 

Shoreline, WA; MB Lasertherapy, Houston, TX; ARRC LED, San Clemente, CA; Varuna 



53 
 

Biomedical Corp. Incline Village, NV; Niraxx Light Therapeutics, Inc, Boston, MA. Consulting; 

Lexington Int, Boca Raton, FL; USHIO Corp, Japan; Merck KGaA, Darmstadt, Germany; 

Philips Electronics Nederland B.V. Eindhoven, Netherlands; Johnson & Johnson Inc, 

Philadelphia, PA; Sanofi-Aventis Deutschland GmbH, Frankfurt am Main, Germany. 

Stockholdings: Global Photon Inc, Bee Cave, TX; Mitonix, Newark, DE. 

 

Acknowledgments  

M.-A. Shahbazi acknowledges the financial support from the Academy of Finland (grant no. 

317316). M.R. Hamblin was supported by US NIH Grants R01AI050875 and R21AI121700. H. 

A. Santos acknowledges the financial support from the HiLIFE Research Funds and the Sigrid 

Jusélius Foundation. 

  



54 
 

Reference 

1. Yan X., Zhao Y., Zhang Y., Qu H. Monoclonal antibodies and immunoassay for medical plant-

derived natural products: A review. Molecules 2017;22(3). Doi: 10.3390/molecules22030355. 

2. Bhutani D., Vaishampayan UN. Monoclonal antibodies in oncology therapeutics: present and 

future indications. Expert Opin Biol Ther 2013;13(2):269. 

3. Chen LF., Cohen EEW., Grandis JR. New strategies in head and neck cancer: understanding 

resistance to epidermal growth factor receptor inhibitors. Clin Cancer Res 2010;16(9):2489–95. 

4. Merchant AM., Zhu Z., Yuan JQ., Goddard A., Adams CW., Presta LG., et al. An efficient route 

to human bispecific IgG. Nat Biotechnol 1998;16(7):677. 

5. Yang F., Wen W., Qin W. Bispecific antibodies as a development platform for new concepts and 

treatment strategies. Int J Mol Sci 2016;18(1):48. Doi: 10.3390/ijms18010048. 

6. Minh Ngoc Duong IS. Advances in Bispecific Antibodies Engineering: Novel Concepts for 

Immunotherapies. J Blood Disord Transfus 2015;06(01):1–8. Doi: 10.4172/2155-9864.1000243. 

7. Thakur A., Huang M., Lum LG. Bispecific antibody based therapeutics: Strengths and challenges. 

Blood Rev 2018;32(4):339–47. Doi: 10.1016/j.blre.2018.02.004. 

8. May C., Sapra P., Gerber H-P. Advances in bispecific biotherapeutics for the treatment of cancer. 

Biochem Pharmacol 2012;84(9):1105–12. 

9. Morecki S., Lindhofer H., Yacovlev E., Gelfand Y., Slavin S. Use of trifunctional bispecific 

antibodies to prevent graft versus host disease induced by allogeneic lymphocytes. Blood 

2006;107(4):1564–9. 

10. Goéré D., Flament C., Rusakiewicz S., Poirier-Colame V., Kepp O., Martins I., et al. Potent 

immunomodulatory effects of the trifunctional antibody catumaxomab. Cancer Res 2013. 

11. Wu J., Fu J., Zhang M., Liu D. Blinatumomab: a bispecific T cell engager (BiTE) antibody against 

CD19/CD3 for refractory acute lymphoid leukemia. J Hematol Oncol 2015;8(1):104. 

12. Scott LJ., Kim ES. Emicizumab-kxwh: first global approval. Drugs 2018;78(2):269–74. 

13. Thakur A., Lum LG. “NextGen” biologics: bispecific antibodies and emerging clinical results. 

Expert Opin Biol Ther 2016;16(5):675–88. 

14. Brinkmann U., Kontermann RE. The making of bispecific antibodies. MAbs, vol. 9, 2017, p. 182–

212. 

15. Nisonoff A., Wissler FC., Lipman LN. Properties of the major component of a peptic digest of 

rabbit antibody. Science (80- ) 1960;132(3441):1770–1. 

16. Staerz UD., Kanagawa O., Bevan MJ. Hybrid antibodies can target sites for attack by T cells. 

Nature 1985;314(6012):628. 

17. Riethmüller G. Symmetry breaking: bispecific antibodies, the beginnings, and 50 years on. Cancer 

Immun Arch 2012;12(1):12. 

18. Chames P., Baty D. Bispecific antibodies for cancer therapy: the light at the end of the tunnel? 

MAbs, vol. 1, 2009, p. 539–47. 

19. Menard S., Canevari S., Colnaghi MI. Hybrid antibodies in cancer diagnosis and therapy. Int J 



55 
 

Biol Markers 1989;4(3):131–4. 

20. Kontermann RE., Brinkmann U. Bispecific antibodies. Drug Discov Today 2015;20(7):838–47. 

21. Morrison SL. Two heads are better than one. Nat Biotechnol 2007;25(11):1233. 

22. Lindhofer H., Mocikat R., Steipe B., Thierfelder S. Preferential species-restricted heavy/light 

chain pairing in rat/mouse quadromas. Implications for a single-step purification of bispecific 

antibodies. J Immunol 1995;155(1):219–25. 

23. Zeidler R., Mysliwietz J., Csanady M., Walz A., Ziegler I., Schmitt B., et al. The Fc-region of a 

new class of intact bispecific antibody mediates activation of accessory cells and NK cells and 

induces direct phagocytosis of tumour cells. Br J Cancer 2000;83(2):261. 

24. Jäger M., Schoberth A., Ruf P., Hess J., Lindhofer H. The trifunctional antibody ertumaxomab 
destroys tumor cells that express low levels of human epidermal growth factor receptor 2. Cancer 

Res 2009;69(10):4270–6. 

25. Buhmann R., Michael S., Juergen H., Horst L., Peschel C., Kolb H-J. Immunotherapy with 

FBTA05 (Bi20), a trifunctional bispecific anti-CD3 x anti-CD20 antibody and donor lymphocyte 

infusion (DLI) in relapsed or refractory B-cell lymphoma after allogeneic stem cell 

transplantation: study protocol of an investigator-driven, . J Transl Med 2013;11(1):160. 

26. Ridgway JBB., Presta LG., Carter P. ‘Knobs-into-holes’ engineering of antibody CH3 domains for 

heavy chain heterodimerization. Protein Eng Des Sel 1996;9(7):617–21. 

27. Dhimolea E., Reichert JM. World bispecific antibody summit, September 27--28, 2011, Boston, 

MA. MAbs, vol. 4, 2012, p. 4–13. 

28. Onitsuka M., Kawaguchi A., Asano R., Kumagai I., Honda K., Ohtake H., et al. Glycosylation 
analysis of an aggregated antibody produced by Chinese hamster ovary cells in bioreactor culture. 

J Biosci Bioeng 2014;117(5):639–44. 

29. Shatz W., Ng D., Dutina G., Wong AW., Dunshee DR., Sonoda J., et al. An efficient route to 

bispecific antibody production using single-reactor mammalian co-culture. MAbs, vol. 8, 2016, p. 

1487–97. 

30. Rouet R., Christ D. Bispecific antibodies with native chain structure. Nat Biotechnol 

2014;32(2):136. 

31. Schaefer W., Regula JT., Bähner M., Schanzer J., Croasdale R., Dürr H., et al. Immunoglobulin 

domain crossover as a generic approach for the production of bispecific IgG antibodies. Proc Natl 

Acad Sci 2011;108(27):11187–92. 

32. Fenn S., Schiller CB., Griese JJ., Duerr H., Imhof-Jung S., Gassner C., et al. Crystal structure of 

an anti-Ang2 CrossFab demonstrates complete structural and functional integrity of the variable 

domain. PLoS One 2013;8(4):e61953. 

33. Klein C., Schaefer W., Regula JT. The use of CrossMAb technology for the generation of bi- and 

multispecific antibodies. MAbs 2016:1010–20. Doi: 10.1080/19420862.2016.1197457. 

34. Labrijn AF., Janmaat ML., Reichert JM., Parren PWHI. Bispecific antibodies: a mechanistic 

review of the pipeline. Nat Rev Drug Discov 2019:1. 

35. Jakob CG., Edalji R., Judge RA., DiGiammarino E., Li Y., Gu J., et al. Structure reveals function 
of the dual variable domain immunoglobulin (DVD-IgTM) molecule. MAbs, vol. 5, 2013, p. 358–

63. 



56 
 

36. Tarcsa E., Fraunhofer W., Ghayur T., Salfeld J., Gu J. Dual-Variable Domain Immunoglobulin 
(DVD-IgTM) Technology: A Versatile, Novel Format for the Next Generation of Dual-Targeting 

Biologics. Bispecific Antibodies, Springer; 2011, p. 171–85. 

37. Li Y., Hickson JA., Ambrosi DJ., Haasch DL., Foster-Duke KD., Eaton LJ., et al. ABT-165, a 

dual variable domain immunoglobulin (DVD-Ig) targeting DLL4 and VEGF, demonstrates 

superior efficacy and favorable safety profiles in preclinical models. Mol Cancer Ther 

2018;17(5):1039–50. 

38. Schaefer G., Haber L., Crocker LM., Shia S., Shao L., Dowbenko D., et al. A two-in-one antibody 

against HER3 and EGFR has superior inhibitory activity compared with monospecific antibodies. 

Cancer Cell 2011;20(4):472–86. 

39. Eigenbrot C., Fuh G. Two-in-One antibodies with dual action Fabs. Curr Opin Chem Biol 

2013;17(3):400–5. 

40. Chen S., Li J., Li Q., Wang Z. Bispecific antibodies in cancer immunotherapy. Hum Vaccin 

Immunother 2016;12(10):2491–500. 

41. Asano R., Ikoma K., Shimomura I., Taki S., Nakanishi T., Umetsu M., et al. Cytotoxic 

enhancement of a bispecific diabody by format conversion to tandem single-chain variable 

fragment (taFv) the case of the hEx3 diabody. J Biol Chem 2011;286(3):1812–8. 

42. Spiess C., Zhai Q., Carter PJ. Alternative molecular formats and therapeutic applications for 

bispecific antibodies. Mol Immunol 2015;67(2):95–106. 

43. Johnson S., Burke S., Huang L., Gorlatov S., Li H., Wang W., et al. Effector cell recruitment with 

novel Fv-based dual-affinity re-targeting protein leads to potent tumor cytolysis and in vivo B-cell 

depletion. J Mol Biol 2010;399(3):436–49. 

44. Wörn A., PluÈckthun A. Stability engineering of antibody single-chain Fv fragments. J Mol Biol 

2001;305(5):989–1010. 

45. Holliger P., Hudson PJ. Engineered antibody fragments and the rise of single domains. Nat 

Biotechnol 2005;23(9):1126. 

46. Bird RE., Hardman KD., Jacobson JW., Johnson S., Kaufman BM., Lee S-M., et al. Single-chain 

antigen-binding proteins. Science (80- ) 1988;242(4877):423–6. 

47. Le Gall F., Kipriyanov SM., Moldenhauer G., Little M. Di-, tri-and tetrameric single chain Fv 

antibody fragments against human CD19: effect of valency on cell binding. FEBS Lett 

1999;453(1–2):164–8. 

48. Baeuerle PA., Kufer P., Bargou R. BiTE: Teaching antibodies to engage T-cells for cancer 

therapy. Curr Opin Mol Ther 2009;11(1):22–30. 

49. Hayden MS., Linsley PS., Gayle MA., Bajorath J., Brady WA., Norris NA., et al. Single-chain 

mono-and bispecific antibody derivatives with novel biological properties and antitumour activity 

from a COS cell transient expression system. Ther Immunol 1994;1(1):3–15. 

50. Chames P., Baty D. Bispecific antibodies for cancer therapy: The light at the end of the tunnel? 

MAbs 2009:539–47. Doi: 10.4161/mabs.1.6.10015. 

51. Igawa T., Tsunoda H., Kikuchi Y., Yoshida M., Tanaka M., Koga A., et al. VH/VL interface 

engineering to promote selective expression and inhibit conformational isomerization of 

thrombopoietin receptor agonist single-chain diabody. Protein Eng Des Sel 2010;23(8):667–77. 



57 
 

52. Müller D., Kontermann RE. Diabodies, single-chain diabodies, and their derivatives. Bispecific 

Antibodies, Springer; 2011, p. 83–100. 

53. Liu L., Lam A., Alderson R., Yang Y., Li H., Long V., et al. MGD011, humanized CD19 x CD3 

DART®protein with enhanced pharmacokinetic properties, demonstrates potent T-Cell mediated 

anti-Tumor activity in preclinical models and durable B-Cell depletion in cynomolgus monkeys 

following once-a-Week dosing 2014. 

54. Revets H., De Baetselier P., Muyldermans S. Nanobodies as novel agents for cancer therapy. 

Expert Opin Biol Ther 2005;5(1):111–24. 

55. Harmsen MM., De Haard HJ. Properties, production, and applications of camelid single-domain 

antibody fragments. Appl Microbiol Biotechnol 2007;77(1):13–22. 

56. Muyldermans S. Nanobodies: natural single-domain antibodies. Annu Rev Biochem 2013;82:775–

97. 

57. Goldenberg DM., Rossi EA., Sharkey RM., McBride WJ., Chang C-H. Multifunctional antibodies 

by the Dock-and-Lock method for improved cancer imaging and therapy by pretargeting. J Nucl 

Med 2008;49(1):158–63. 

58. Chang C-H., Rossi EA., Goldenberg DM. The dock and lock method: a novel platform technology 

for building multivalent, multifunctional structures of defined composition with retained 

bioactivity. Clin Cancer Res 2007;13(18):5586s--5591s. 

59. Rossi EA., Goldenberg DM., Chang C-H. Complex and defined biostructures with the dock-and-

lock method. Trends Pharmacol Sci 2012;33(9):474–81. 

60. Kontermann RE. Recombinant bispecific antibodies for cancer therapy. Acta Pharmacol Sin 

2005;26(1):1–9. Doi: 10.1111/j.1745-7254.2005.00008.x. 

61. Perez P., Hoffman RW., Shaw S., Bluestone JA., Segal DM. Specific targeting of cytotoxic T cells 

by anti-T3 linked to anti-target cell antibody. Nature 1985;316(6026):354. 

62. Baeuerle PA., Reinhardt C. Bispecific T-cell engaging antibodies for cancer therapy. Cancer Res 

2009;69(12):4941–4. 

63. Mack M., Riethmüller G., Kufer P. A small bispecific antibody construct expressed as a functional 

single-chain molecule with high tumor cell cytotoxicity. Proc Natl Acad Sci 1995;92(15):7021–5. 

64. Aldoss I., Bargou RC., Nagorsen D., Friberg GR., Baeuerle PA., Forman SJ. Redirecting T cells to 

eradicate B-cell acute lymphoblastic leukemia: bispecific T-cell engagers and chimeric antigen 

receptors. Leukemia 2017;31(4):777. 

65. Wolf E., Hofmeister R., Kufer P., Schlereth B., Baeuerle PA. BiTEs: bispecific antibody 

constructs with unique anti-tumor activity. Drug Discov Today 2005;10(18):1237–44. 

66. Gökbuget N., Stanze D., Beck J., Diedrich H., Horst H-A., Hüttmann A., et al. Outcome of 
relapsed adult lymphoblastic leukemia depends on response to salvage chemotherapy, prognostic 

factors and realization of stem cell transplantation. Blood 2012:blood--2011. 

67. Topp MS., Kufer P., Gökbuget N., Goebeler M., Klinger M., Neumann S., et al. Targeted therapy 

with the T-cell--engaging antibody blinatumomab of chemotherapy-refractory minimal residual 
disease in B-lineage acute lymphoblastic leukemia patients results in high response rate and 

prolonged leukemia-free survival. J Clin Oncol 2011;29(18):2493–8. 

68. Dreier T., Lorenczewski G., Brandl C., Hoffmann P., Syring U., Hanakam F., et al. Extremely 



58 
 

potent, rapid and costimulation-independent cytotoxic T-cell response against lymphoma cells 

catalyzed by a single-chain bispecific antibody. Int J Cancer 2002;100(6):690–7. 

69. Brandl C., Haas C., d’Argouges S., Fisch T., Kufer P., Brischwein K., et al. The effect of 

dexamethasone on polyclonal T cell activation and redirected target cell lysis as induced by a 

CD19/CD3-bispecific single-chain antibody construct. Cancer Immunol Immunother 

2007;56(10):1551–63. 

70. Garber K. Bispecific antibodies rise again 2014. 

71. Topp MS., Gökbuget N., Zugmaier G., Degenhardt E., Goebeler M-E., Klinger M., et al. Long-
term follow-up of hematological relapse-free survival in a phase 2 study of blinatumomab in 

patients with minimal residual disease (MRD) of B-precursor acute lymphoblastic leukemia 

(ALL). Blood 2012:blood--2012. 

72. Aldoss I., Song J., Stiller T., Nguyen T., Palmer J., O’donnell M., et al. Correlates of resistance 
and relapse during blinatumomab therapy for relapsed/refractory acute lymphoblastic leukemia. 

Am J Hematol 2017;92(9):858–65. 

73. Topp MS., Gökbuget N., Zugmaier G., Klappers P., Stelljes M., Neumann S., et al. Phase II trial 

of the anti-CD19 bispecific T cell--engager blinatumomab shows hematologic and molecular 

remissions in patients with relapsed or refractory B-precursor acute lymphoblastic leukemia. J 

Clin Oncol 2014;32(36):4134–40. 

74. Friedrich M., Henn A., Raum T., Bajtus M., Matthes K., Hendrich L., et al. Preclinical 

characterization of AMG 330, a CD3/CD33-bispecific t-cell--engaging antibody with potential for 

treatment of acute myelogenous leukemia. Mol Cancer Ther 2014. 

75. Osada T., Hsu D., Hammond S., Hobeika A., Devi G., Clay TM., et al. Metastatic colorectal 

cancer cells from patients previously treated with chemotherapy are sensitive to T-cell killing 

mediated by CEA/CD3-bispecific T-cell-engaging BiTE antibody. Br J Cancer 2010;102(1):124. 

76. Cioffi M., Dorado J., Baeuerle PA., Heeschen C. EpCAM/CD3-Bispecific T-cell engaging 

antibody MT110 eliminates primary human pancreatic cancer stem cells. Clin Cancer Res 

2012;18(2):465–74. 

77. Kipriyanov SM. Generation of bispecific and tandem diabodies. Antibody Phage Display, vol. 

562, Springer; 2009, p. 177–93. 

78. Wu J., Fu J., Zhang M., Liu D. AFM13: a first-in-class tetravalent bispecific anti-CD30/CD16A 

antibody for NK cell-mediated immunotherapy. J Hematol Oncol 2015;8(1):96. Doi: 

10.1186/s13045-015-0188-3. 

79. Reusch U., Burkhardt C., Fucek I., Le Gall F., Le Gall M., Hoffmann K., et al. A novel tetravalent 

bispecific TandAb (CD30/CD16A) efficiently recruits NK cells for the lysis of CD30+ tumor 

cells. MAbs, vol. 6, 2014, p. 727–38. 

80. Krishnamurthy A., Jimeno A. Bispecific antibodies for cancer therapy: a review. Pharmacol Ther 

2017;185(December 2017):122–34. Doi: 10.1016/j.pharmthera.2017.12.002. 

81. Boesch M., Spizzo G., Seeber A. Concise Review: Aggressive Colorectal Cancer: Role of 

Epithelial Cell Adhesion Molecule in Cancer Stem Cells and Epithelial-to-Mesenchymal 

Transition. Stem Cells Transl Med 2018;7(6):495–501. 

82. Sebastian M. Review of catumaxomab in the treatment of malignant ascites. Cancer Manag Res 

2010;2:283–6. 



59 
 

83. Heiss MM., Murawa P., Koralewski P., Kutarska E., Kolesnik OO., Ivanchenko V V., et al. the 
trifunctional antibody catumaxomab for the treatment of malignant ascites due to epithelial cancer: 

Results of a prospective randomized phase Ii/iii trial. Int J Cancer 2010;127(9):2209–21. 

84. Burges A., Wimberger P., Kümper C., Gorbounova V., Sommer H., Schmalfeldt B., et al. 

Effective relief of malignant ascites in patients with advanced ovarian cancer by a trifunctional 

anti-EpCAM$\times$ anti-CD3 antibody: a phase I/II study. Clin Cancer Res 2007;13(13):3899–

905. 

85. Haense N., Atmaca A., Pauligk C., Steinmetz K., Marmé F., Haag G-M., et al. A phase I trial of 

the trifunctional anti Her2$\times$ anti CD3 antibody ertumaxomab in patients with advanced 

solid tumors. BMC Cancer 2016;16(1):420. 

86. Stanglmaier M., Faltin M., Ruf P., Bodenhausen A., Schröder P., Lindhofer H. Bi20 (fBTA05), a 
novel trifunctional bispecific antibody (anti-CD20$\times$ anti-CD3), mediates efficient killing of 

B-cell lymphoma cells even with very low CD20 expression levels. Int J Cancer 

2008;123(5):1181–9. 

87. Vogelstein B., Kinzler KW. Cancer genes and the pathways they control. Nat Med 

2004;10(8):789. 

88. Kontermann RE. Strategies to extend plasma half-lives of recombinant antibodies. BioDrugs 

2009;23(2):93–109. 

89. Wang X., Lin Y. Tumor necrosis factor and cancer, buddies or foes? 1. Acta Pharmacol Sin 

2008;29(11):1275–88. 

90. Furst DE., Emery P. Rheumatoid arthritis pathophysiology: update on emerging cytokine and 

cytokine-associated cell targets. Rheumatology 2014;53(9):1560–9. 

91. Genovese MC., Weinblatt ME., Mease PJ., Aelion JA., Peloso PM., Chen K., et al. Dual inhibition 

of tumour necrosis factor and interleukin-17A with ABT-122: open-label long-term extension 
studies in rheumatoid arthritis or psoriatic arthritis. Rheumatology 2018;(July):1–10. Doi: 

10.1093/rheumatology/key173. 

92. Gavhane YN., Shete AS., Bhagat AK., Shinde VR., Bhong KK., Khairnar GA., et al. Solid 

Tumors: Facts, Challenges and Solutions. Int J Pharma Sci Res 2011;2(1):1–12. 

93. Klemm F., Joyce JA. Microenvironmental regulation of therapeutic response in cancer. Trends 

Cell Biol 2015;25(4):198–213. 

94. Tang H., Qiao J., Fu Y-X. Immunotherapy and tumor microenvironment. Cancer Lett 

2016;370(1):85–90. 

95. Zhang X., Yang Y., Fan D., Xiong D. The development of bispecific antibodies and their 

applications in tumor immune escape. Exp Hematol Oncol 2017;6(1):12. 

96. Klein C., Schaefer W., Regula JT. The use of CrossMAb technology for the generation of bi-and 

multispecific antibodies. MAbs, vol. 8, 2016, p. 1010–20. 

97. Grunnet M., Sorensen JB. Carcinoembryonic antigen (CEA) as tumor marker in lung cancer. Lung 

Cancer 2012;76(2):138–43. Doi: 10.1016/j.lungcan.2011.11.012. 

98. Bacac M., Fauti T., Sam J., Colombetti S., Weinzierl T., Ouaret D., et al. A novel 

carcinoembryonic antigen T cell bispecific antibody (CEA TCB) for the treatment of solid tumors. 

Clin Cancer Res 2016:clincanres--1696. 



60 
 

99. Tabernero J., Melero I., Ros W., Argiles G., Marabelle A., Rodriguez-Ruiz ME., et al. Phase Ia 
and Ib studies of the novel carcinoembryonic antigen (CEA) T-cell bispecific (CEA CD3 TCB) 

antibody as a single agent and in combination with atezolizumab: Preliminary efficacy and safety 

in patients with metastatic colorectal cancer (mCRC). 2017. 

100. Zhou S., Wei J., Su S., Chen F., Qiu Y., Liu B. Strategies for Bispecific Single Chain Antibody in 

Cancer Immunotherapy. J Cancer 2017;8(18):3689. 

101. Pishvaian M., Morse MA., McDevitt J., Norton JD., Ren S., Robbie GJ., et al. Phase 1 dose 
escalation study of MEDI-565, a bispecific T-cell engager that targets human carcinoembryonic 

antigen, in patients with advanced gastrointestinal adenocarcinomas. Clin Colorectal Cancer 

2016;15(4):345–51. 

102. Rossi EA., Goldenberg DM., Cardillo TM., McBride WJ., Sharkey RM., Chang C-H. Stably 
tethered multifunctional structures of defined composition made by the dock and lock method for 

use in cancer targeting. Proceedings of the National Academy of Science, vol. 103, 2006, p. 6841–

6. 

103. Illidge TM., Brock S. Radioimmunotherapy of Cancer Using Monoclonal Antibodies to Target 

Radiotherapy. Curr Pharm Des 2000;6(14):1399–418. 

104. Schoffelen R., Boerman OC., Goldenberg DM., Sharkey RM., Herpen CML Van., Franssen GM. 
Development of an imaging-guided CEA-pretargeted radionuclide treatment of advanced 

colorectal cancer : first clinical results. Br J Cancer 2013;109(4):934–42. Doi: 

10.1038/bjc.2013.376. 

105. Leboulleux S., Baudin E., Travagli J-P., Schlumberger M. Medullary thyroid carcinoma. Clin 

Endocrinol (Oxf) 2004;61(3):299–310. 

106. Campion LL., Bournaud C., Hospitalier C., Lyon U De., Faivre-Chauvet A., Salaun P-Y., et al. 
Phase II trial of anticarcinoembryonic antigen pretargeted radioimmunotherapy in progressive 

metastatic medullary thyroid carcinoma: biomarker response and survival improvement. J Nucl 

Med 2012;53(8):1185. Doi: 10.2967/jnumed.111.101865. 

107. Biel NM., Siemann DW. Targeting the Angiopoietin-2/Tie-2 axis in conjunction with VEGF 

signal interference. Cancer Lett 2016;380(2):525–33. 

108. Kerbel RS. Tumor angiogenesis. N Engl J Med 2008;358(19):2039–49. 

109. Felcht M., Luck R., Schering A., Seidel P., Srivastava K., Hu J., et al. Angiopoietin-2 

differentially regulates angiogenesis through TIE2 and integrin signaling. J Clin Invest 

2012;122(6):1991–2005. 

110. Duffy AM., Bouchier-Hayes DJ., Harmey JH. Vascular endothelial growth factor (VEGF) and its 

role in non-endothelial cells: autocrine signalling by VEGF. VEGF Cancer 2004:133–44. 

111. Hidalgo M., Martinez-Garcia M., Le Tourneau C., Massard C., Garralda E., Boni V., et al. First-
in-human phase i study of single-agent vanucizumab, a first-in-class bispecific anti-angiopoietin-

2/anti-vegf-a antibody, in adult patients with advanced solid tumors. Clin Cancer Res 

2018;24(7):1536–45. Doi: 10.1158/1078-0432.CCR-17-1588. 

112. Jimeno A., Moore KN., Gordon M., Chugh R., Diamond JR., Aljumaily R., et al. A first-in-human 
phase 1a study of the bispecific anti-DLL4/anti-VEGF antibody navicixizumab (OMP-305B83) in 

patients with previously treated solid tumors. Invest New Drugs 2018;69:1–12. 

113. Brzozowa M., Wojnicz R., Kowalczyk-Ziomek G., Helewski K. The Notch ligand Delta-like 4 



61 
 

(DLL4) as a target in angiogenesis-based cancer therapy? Contemp Oncol 2013;17(3):234. 

114. Sainson RCA., Harris AL. Anti-Dll4 therapy: can we block tumour growth by increasing 

angiogenesis? Trends Mol Med 2007;13(9):389–95. 

115. Baumann A., Fischmann S., Blaich G., Friedrich M. Leverage nonclinical development of 

bispecifics by translational science. Drug Discov Today Technol 2016;21:95–102. 

116. Bouchelouche K., Choyke PL., Capala J. Prostate specific membrane antigen—a target for 

imaging and therapy with radionuclides. Discov Med 2010;9(44):55. 

117. Friedrich M., Raum T., Lutterbuese R., Voelkel M., Deegen P., Rau D., et al. Regression of human 

prostate cancer xenografts in mice by AMG 212/BAY2010112, a novel PSMA/CD3-Bispecific 

BiTE antibody cross-reactive with non-human primate antigens. Mol Cancer Ther 2012. 

118. Hernandez-Hoyos G., Sewell T., Bader R., Bannink J., Chenault RA., Daugherty M., et al. 

MOR209/ES414, a novel bispecific antibody targeting PSMA for the treatment of metastatic 

castration-resistant prostate cancer. Mol Cancer Ther 2016. 

119. Mishra R., Patel H., Alanazi S., Yuan L., Garrett JT. HER3 signaling and targeted therapy in 

cancer. Oncol Rev 2018;12(1). 

120. Hellawell GO., Turner GDH., Davies DR., Poulsom R., Brewster SF., Macaulay VM. Expression 
of the type 1 insulin-like growth factor receptor is up-regulated in primary prostate cancer and 

commonly persists in metastatic disease. Cancer Res 2002;62(10):2942–50. 

121. Fitzgerald JB., Johnson BW., Baum J., Adams S., Iadevaia S., Tang J., et al. MM-141, an IGF-IR-

-and ErbB3-directed bispecific antibody, overcomes network adaptations that limit activity of 

IGF-IR inhibitors. Mol Cancer Ther 2014;13(2):410–25. 

122. Karachaliou N., Lazzari C., Verlicchi A., Sosa AE., Rosell R. HER3 as a Therapeutic Target in 

Cancer. BioDrugs 2017;31(1):63–73. 

123. Isakoff SJ., Saleh MN., Lugovskoy A., Manoli S., Czibere AG., LoRusso P., et al. First-in-human 

study of MM-141: A novel tetravalent monoclonal antibody targeting IGF-1R and ErbB3. 2014. 

124. Cole P. Duligotuzumab. Human anti-EGFR/anti-HER3 MAb, colorectal cancer therapy, head and 

neck cancer therapy. Drugs Futur 2015;40(3):167. 

125. Lockhart C., Berlin JD. The epidermal growth factor receptor as a target for colorectal cancer 

therapy. Seminars in oncology, vol. 32, 2005, p. 52–60. 

126. Hill AG., Findlay M., Burge M., Jackson C., Alfonso PG., Samuel L., et al. Phase II study of the 

dual EGFR/HER3 inhibitor duligotuzumab (MEHD7945A) vs. cetuximab in combination with 

FOLFIRI in RAS wild-type metastatic colorectal cancer. Clin Cancer Res 2018:clincanres--0646. 

127. Lee JJX., Choo SP., Chua C. Novel Targets in Advanced Colorectal Cancer. Curr Colorectal 

Cancer Rep 2018:1–7. 

128. Jimeno A., Machiels J-P., Wirth L., Specenier P., Seiwert TY., Mardjuadi F., et al. Phase Ib study 
of duligotuzumab (MEHD7945A) plus cisplatin/5-fluorouracil or carboplatin/paclitaxel for first-

line treatment of recurrent/metastatic squamous cell carcinoma of the head and neck. Cancer 

2016;122(24):3803–11. 

129. Lote H., Valeri N., Chau I. HER2 inhibition in gastro-oesophageal cancer: A review drawing on 

lessons learned from breast cancer. World J Gastrointest Oncol 2018;10(7):159. 



62 
 

130. Denlinger CS., Alsina Maqueda M., Watkins DJ., Sym SJ., Bendell JC., Park SH., et al. 
Randomized phase 2 study of paclitaxel (PTX), trastuzumab (T) with or without MM-111 in 

HER2 expressing gastroesophageal cancers (GEC). 2016. 

131. Moradi-Kalbolandi S., Hosseinzade A., Salehi M., Merikhian P., Farahmand L. Monoclonal 

antibody-based therapeutics, targeting the epidermal growth factor receptor family: from herceptin 

to Pan HER. J Pharm Pharmacol 2018. 

132. Curnow RT. Clinical experience with CD64-directed immunotherapy. An overview. Cancer 

Immunol Immunother 1997;45(3–4):210–5. 

133. Nimmerjahn F., Ravetch J V. Fc$γ$ receptors: old friends and new family members. Immunity 

2006;24(1):19–28. 

134. Fury MG., Lipton A., Smith KM., Winston CB., David GPW., Pfister DG. A phase-I trial of the 

epidermal growth factor receptor directed bispecific antibody MDX-447 without and with 
recombinant human granulocyte-colony stimulating factor in patients with advanced solid tumors. 

Cancer Immunol Immunother 2008;57(2):155–63. Doi: 10.1007/s00262-007-0357-5. 

135. Rosen LS., Goldman JW., Algazi AP., Turner PK., Moser B., Hu T., et al. A first-in-human phase 

I study of a bivalent MET antibody, emibetuzumab (LY2875358), as monotherapy and in 

combination with erlotinib in advanced cancer. Clin Cancer Res 2017;23(8):1910–9. 

136. Baum B., Settleman J., Quinlan MP. Transitions between epithelial and mesenchymal states in 
development and disease. Semin Cell Dev Biol 2008;19(3):294–308. Doi: 

10.1016/j.semcdb.2008.02.001. 

137. Patnaik A., Gordon M., Tsai F., Papadopoulous K., Rasco D., Beeram SM., et al. A phase I study 

of LY3164530, a bispecific antibody targeting MET and EGFR, in patients with advanced or 

metastatic cancer. Cancer Chemother Pharmacol 2018:1–12. 

138. Moores SL., Chiu ML., Bushey BS., Chevalier K., Luistro L., Dorn K., et al. A novel bispecific 
antibody targeting EGFR and cMet is effective against EGFR inhibitor--resistant lung tumors. 

Cancer Res 2016;76(13):3942–53. 

139. Organ SL., Tsao M-S. An overview of the c-MET signaling pathway. Ther Adv Med Oncol 

2011;3(1_suppl):S7--S19. 

140. Lai AZ., Abella J V., Park M. Crosstalk in Met receptor oncogenesis. Trends Cell Biol 

2009;19(10):542–51. 

141. Brischwein K., Schlereth B., Guller B., Steiger C., Wolf A., Lutterbuese R., et al. MT110: a novel 

bispecific single-chain antibody construct with high efficacy in eradicating established tumors. 

Mol Immunol 2006;43(8):1129–43. 

142. Haas C., Krinner E., Brischwein K., Hoffmann P., Lutterbüse R., Schlereth B., et al. Mode of 

cytotoxic action of T cell-engaging BiTE antibody MT110. Immunobiology 2009;214(6):441–53. 

143. Amann M., Brischwein K., Lutterbuese P., Parr L., Petersen L., Lorenczewski G., et al. 
Therapeutic window of MuS110, a single-chain antibody construct bispecific for murine EpCAM 

and murine CD3. Cancer Res 2008;68(1):143–51. 

144. Baeuerle PA., Gires O. EpCAM (CD326) finding its role in cancer. Br J Cancer 2007;96(3):417. 

145. Herrmann I., Baeuerle PA., Friedrich M., Murr A., Filusch S., Rüttinger D., et al. Highly efficient 

elimination of colorectal tumor-initiating cells by an EpCAM/CD3-bispecific antibody engaging 



63 
 

human T cells. PLoS One 2010;5(10):e13474. 

146. Kebenko M., Goebeler M-E., Wolf M., Hasenburg A., Seggewiss-Bernhardt R., Ritter B., et al. A 
multicenter phase 1 study of solitomab (MT110, AMG 110), a bispecific EpCAM/CD3 T-cell 

engager (BiTE®) antibody construct, in patients with refractory solid tumors. Oncoimmunology 

2018:e1450710. 

147. Knödler M., Körfer J., Kunzmann V., Trojan J., Daum S., Schenk M., et al. Randomised phase II 

trial to investigate catumaxomab (anti-EpCAM$\times$ anti-CD3) for treatment of peritoneal 

carcinomatosis in patients with gastric cancer. Br J Cancer 2018;119(3):296. 

148. Moore PA., Shah K., Yang Y., Alderson R., Roberts P., Long V., et al. Development of MGD007, 

a gpA33 x CD3-Bispecific DART Protein for T-Cell Immunotherapy of Metastatic Colorectal 

Cancer. Mol Cancer Ther 2018:molcanther--1086. 

149. Ackerman ME., Chalouni C., Schmidt MM., Raman V V., Ritter G., Old LJ., et al. A33 antigen 
displays persistent surface expression. Cancer Immunol Immunother 2008;57(7):1017–27. Doi: 

10.1007/s00262-007-0433-x. 

150. Moore PA., Alderson R., Shah K., Yang Y., Burke S., Li H., et al. Development of MGD007, a 

gpA33 x CD3 bi-specific DART for T-cell immunotherapy of metastatic colorectal cancer 2014. 

 


