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Abstract

Cancer immunotherapy has made remarkable progress in the past decade. Bispecific antibodies (BsAbs) have
acquired much attention as the next generation strategy of antibody-target cancer immunotherapy, which over-
whelmingly focus on T cell recruitment and dual receptors blockade. So far, BsAb drugs have been proved clinically
effective and approved for the treatment of hematologic malignancies, but no BsAb have been approved in solid
tumors. Numerous designed BsAb drugs for solid tumors are now undergoing evaluation in clinical trials. In this
review, we will introduce the formats of bispecific antibodies, and then update the latest preclinical studies and clini-
cal trials in solid tumors of BsAbs targeting EpCAM, CEA, PMSA, ErbB family, and so on. Finally, we discuss the BsAb-
related adverse effects and the alternative strategy for future study.
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Background

Cancer remains one of the leading contributors to
death worldwide [1]. For advanced or metastatic can-
cers, chemotherapy and radiotherapy are used to be the
most effective treatment strategies [2]. Inmunotherapy,
which moblizes immune system to fight tumor cells [2],
has entered the central stage of cancer therapy in recent
years. The remarkable triumph of immune checkpoint
inhibitors firmly confirmed cancer immunotherapy as
the fourth therapeutic option for multiple cancers, such
as metastatic melanoma, refractory lung cancer, and
advanced breast cancer [3, 4].

Monoclonal antibodies targeting Her2 or EGFR have
brought significant response and long-term benefit for
the therapy of breast and lung cancer, respectively [5, 6].
Those successes stimulate the development of bispecific
antibody [7]. Bispecific antibodies are a rapidly a growing
and expanding area of cancer immunotherapy. Initially,
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blinatumomab was authorized by FDA as a treatment for
Philadelphia chromosome-negative acute lymphoblastic
leukemia (ALL) in 2014 and recently granted approval for
the treatment of minimal residual disease in ALL patients
[8, 9]. Although BsAbs have yielded excellent clinical effi-
cacy in hematological malignancies, their therapeutic
effect on solid malignancies, which accounted for 90%
of all cancers, remains to be established in clinical prac-
tice [10]. A major hindering factor for BsAbs in advanced
solid tumors is the suppressive tumor microenviron-
ment (TME), which impedes T cell activity and results in
immune deficiency [11]. Over the past 10 years, a myriad
of BsAbs have been developed, some of which are already
in clinical development and many of which are under
preclinical testing.

Thus far, BsAbs in cancer immunotherapy have been
dominated by T-cell engaging bispecific antibodies
(T-BsAbs) [10], which simultaneously binds to tumor-
associated antigens (TAA) predominantly expressed
on tumor cells and CD3 on T cells, resulting in T-cell
activation and triggering target-dependent tumor cell
killing. T-BsAbs bridges the interaction of T cells and
tumor cells, triggering the activation of the signaling cas-
cade of the T cell receptor (TCR) complex and inducing
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a transient immunologic synapse between T cells and
the tumor cells. Subsequently, perforin and granzymes
released from T cells cause the lysis of tumor cells [12].
Notably, the immunologic synapses are not limited by the
formation of T cell receptor (TCR) and major histocom-
patibility complex (MHC) [13]. In comparison to check-
point inhibitors, T-BsAbs perfectly circumvent the MHC
restriction of the TCR to overcome immune escape [14].
This unique approach is a major breakthrough and has
been validated in the clinic with the regulatory approval
of blinatumomab and catumaxomab [15].

Besides T-BsAbs, the second most widely investigated
bispecific antibodies by scientists are those concur-
rently targeting two epitopes on tumor cells or in the
tumor microenvironment (TME) [16]. Unlike the action
mechanism of T-BsAbs, BsAbs that target two epitopes
on tumor cells function by blocking two mutually related
signaling pathways to generate synergistic anti-cancer
effect or minimize the drug resistance. For example,
MM-111 targets both HER2 and HER3 and has signifi-
cant clinical effects in patients with non-small cell lung
cancer (NSCLC) [17].

The formats of BsAbs

The IgG immunoglobulin molecule is composed of two
identical heavy chains and light chains, linked together
by inter-chain disulfide bonds (Fig. 1a) [18]. IgG anti-
body can be further subdivided into two distinguished
functional segments: fragment of antigen binding (Fab)
and the constant fragment (Fc). The Fab unit is the anti-
gen-binding site, determining the antigen specificity.
Meanwhile, the Fc fragment is competent to trigger anti-
body-dependent cell-mediated cytotoxicity (ADCC) as
well as complement-dependent cytotoxicity (CDC) [19].
However, nature IgG antibodies cannot simultaneously
target the cytotoxic T lymphocytes and the tumor cells,
antibodies need to be modified in a variety of approaches
to satisfy such a functionality.

Now, the three most commonly used methods to man-
ufacture bispecific antibodies are chemical conjugation,
quadroma, and genetic/protein engineering [20]. Over
the past decades, the tremendous advances in gene engi-
neering and pharmaceutical techniques have led to an
development of BsAbs in varied forms [21]. According to
the existence of an Fc region, BsAbs generally can be clas-
sified into two major classes: IgG-like molecules (with an
Fc domain) and fragment-based molecules (without an
Fc domain) (Fig. 1b, c) [22].

IgG-like BsAbs, which mainly contain DVD-Ig, Qua-
dromas and CrossMab, retain antibody-dependent cell-
mediated cytotoxicity (ADCC), complement-dependent
cytotoxicity (CDC), and antibody-dependent cellular
phagocytosis (ADCP) functions mentioned above owing
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to possessing an Fc unit [23]. In addition, the Fc region of
BsAbs can contribute to a longer half-life time for binding
the salvage receptor FcRn that plays a key role in reduc-
ing the renal clearance rate [24]. Moreover, the Fc region
is beneficial to the purification of the bsAbs, as well as
improved solubility and stability of BsAbs [25]. In terms
of construction, DVD-Ig is manufactured by binding two
existing antibodies through a short peptide junction [26].
IgG-scFv is produced through the fusion of scFv with the
C-terminus of the IgG light or heavy chain.

Fragment-based bispecific antibodies generally contain
BiTE, Tandem diabodies, DART, diabody [25], consisting
of the variable light domains and variable heavy domains
of two antibodies or are based on the Fab units of two
antibodies, thereby circumventing the chain-association
issue [27]. They are smaller size, resulting in enhanced
tissue penetration [28]. Thus, it is easier for them to bind
to epitopes that are difficult to reach for IgG-like bispe-
cific antibodies. However, the small size of these mol-
ecules with the lack of the Fc region causes a particularly
rapid renal clearance in vivo. To meet the intended clini-
cal application, fusion to the IgG Fc region or albumin-
binding moieties has emerged as a half-life extension
strategy [29]. Structurally speaking, diabody is generated
by covalently linking two polypeptide chains. Afterwards,
Tandem diabodies are constructed by connecting two
diabodies with a peptide junction [16].

More specifically, TrioMabs and BiTEs are formats
at the frontier of clinical trials [30]. Two BsAbs—catu-
maxomab (TrioMab) and blinatumomab (BiTE)—have
been approved for the treatment of cancer patients [31].
TrioMab is designed to eliminate tumor cells by its tri-
functional mode of action [32]. Taking as an example,
catumaxomab is an intact trifunctional BsAb with one
arm targeting human epithelial cell adhesion molecule
(EpCAM) on tumor cells, one arm targeting CD3 on T
cells and the Fc region binding to Fcy receptor type I,
IIa and III on effector cells such as macrophages, nature
killer cells and dendritic cells [32]. Once the Fc region of
BsAb binds to Fcy receptor or complement component
1q, these effector cells are activated and release perfor-
ins and granzymes from their granules [33], accelerating
the destruction of tumor cells through ADCC, ADCP,
and CDC, respectively [24]. Additionally, activated T
cells release abundant amounts of TNF-a and IFN-y
cytokines, accompanied by high levels of cytokines such
as IL-6, IL-12, GM-CSF, and DC-CK1 [34, 35] (Fig. 2).
Due to this triangular binding capability, TrioMabs can
stimulate not only the innate immune system but also the
adaptive immune system [36]. The format of BiTE con-
tains the variable light chains and variable heavy chains
of two antibodies linked by a flexible linker [28]. It is
reported that BiTE was far superior to other conventional
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Fig. 2 The killing mechanism of TrioMabs (taking Catumaxomab as an example). TrioMabs is a trifunctional BsAb with one arm targeting TAA on
tumor cells, another arm targeting CD3 on T cells and the Fc domain binding to Fcy receptor type |, lla and Il on effector cells such as macrophages,
dendritic cells, and NK cells. Once the Fc region of BsAb binds to Fcy receptor expressed by effector cells or complement component 1q (C1q),
these effector cells are activated and release perforins and granzymes from its granules, potentially supporting the destruction of target cells
through ADCC, ADCP and CDC, respectively [24]. Additionally, T cells are activated, accompanied by the release of T cell cytokines such as TNF-a and
IFN-y with high levels of proinflammatory cytokines such as IL-6, IL-12, GM-CSF, and DC-CK1 [34, 35]

bispecific antibody formats because BiTE exhibited bet-
ter anti-tumor activity, less dosage, and lower production
costs [37].

To date, more than 180 BsAbs are in preclinical devel-
opment and over 50 BsAbs have been investigated in
clinical trials. Global clinical trials of BsAbs are focused
on Phase I, Phase I/II and Phase II, while Phase III clini-
cal trials are still rare [38]. In this review, we will mainly
summarize the relevant clinical studies of BsAb in solid
tumors with various targeting antigens (Table 1) and dis-
cuss the BsAb-related side effects in clinical application.

Targeting antigens

Targets that are frequently pursued by multiple com-
mercial companies include EpCAM in NSCLC, HER2
in advanced breast cancers, prostate-specific membrane
antigen (PSMA) in castration-resistant prostate cancers,
and carcinoembryonic antigen (CEA) in colorectal can-
cers [10]. Other notable targets that have recently been
in preclinical development is glypican 3 (GPC3) in liver

cancers, as well as GPA33 in colorectal cancers Table 1
[39].

EpCAM

EpCAM is a conserved type I transmembrane protein,
the extracellular domain of which contains a signal pep-
tide, an EGF-like, cysteine-rich domain, and a thyroglob-
ulin-like domain followed by a cysteine-poor region [40].
EpCAM is related to several signaling pathways including
the intramembrane protein hydrolysis (RIP)-mediated
signaling and the activation of Wnt signaling to impact
on tumor cell proliferation [41]. Today, EpCAM is reck-
oned as a marker highly expressed in carcinomas and
extremely correlated with poor prognosis [42]. A large
retrospective study using tissue microarrays showed
that high level of EpCAM expression was found in
94.1% of patients with lung, colon, and prostate cancers
and observed a significant reverse correlation between
EpCAM expression and survival time [43]. Therefore,
EpCAM represents an attractive therapeutic target for
bispecific antibodies.
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Targets BsAb Status Phase NCT Number Conditions
EpCAM/CD3  Catumaxomab Completed I NCT01065246 Malignant Ascites Due to Epithelial Carcinoma
Completed Il NCT00377429 Ovarian Cancer
Completed Il NCT00464893 Gastric Cancer, Gastric Adenocarcinoma
Completed I NCT01246440 Ovarian Cancer
Completed Il NCT01504256 Gastric Adenocarcinoma With Peritoneal Carcinoma-
tosis
Completed Il NCT00326885 Malignant Ascites
Completed Il NCT01815528 Recurrent Epithelial Ovarian Cancer
Completed Il NCT00822809 Cancer, Neoplasms
Completed Il NCT00563836 Ovarian Cancer, Epithelial Ovarian Cancer
Completed 111 NCT00836654 EpCAM Positive Cancer
Completed Il NCT00352833  Gastric Cancer, Gastric Adenocarcinoma
Completed Il NCT00189345 Ovarian Cancer, Fallopian Tube Neoplasms, Peritoneal
Neoplasms
Not recruiting il NCT04799847 Bladder Cancer

CEA/CD3

CEA/HSG

PSMA/CD3

EGFR/MET

MT110 (AMG110)
MT111/AMG211/MEDI-565

RO6958688 (RG7802)

TF2 (IMP288)

Pasotuxizumab (BAY 2010112,
MT112, AMG 212)

Acapatamab (AMG160)

HPN424
MOR209/ES414
CCA

Amivantamab (JNJ-61186372)

Recruiting

Recruiting

Terminated
Terminated
Completed
Completed
Terminated
Completed
Completed
Recruiting

Completed
Withdrawn
Completed
Completed
Unknown

Completed

Recruiting
Recruiting
Recruiting
Recruiting
Completed
Recruiting

Not yet recruiting
Approved for marketing
Recruiting
Recruiting
Recruiting

Not recruiting
Recruiting
Recruiting
Recruiting
Recruiting

NCT04819399
NCT04222114
NCT01320020
NCT01784900
NCT00635596
NCT01284231
NCT02291614
NCT02650713
NCT02324257
NCT03337698
NCT01221675
NCT01273402
NCT02587247
NCT00860860
NCT02300922
NCT01723475

NCT04822298
NCT03792841
NCT04631601
NCT03577028
NCT02262910
NCT04104607
NCT04496674
NCT04599712
NCT04945733
NCT04965090
NCT04538664
NCT04988295
NCT04606381
NCT04487080
NCT02609776
NCT04077463

Urinary Bladder Neoplasms
Stomach Neoplasms

Epithelial Cancer

Gastric Peritoneal Carcinomatosis
Solid Tumors

Gastrointestinal Adenocarcinomas
Gastrointestinal Cancer

Solid Tumors

Solid Tumors

NSCLC

SCLC, CEA-expressing NSCLC
Metastatic Colorectal Cancer
Metastatic Colorectal Cancer
Colorectal Neoplasms

Metastatic Colorectal Cancer

Prostatic Neoplasms

Non-Small Cell Lung Cancer

Metastatic Castration-resistant Prostate Cancer
Metastatic Castration-resistant Prostate Cancer
Advanced Prostate Cancer

Metastatic Castration-resistant Prostate Cancer
Metastatic Castration-resistant Prostate Cancer
Lung Cancer Squamous Cell

Metastatic NSCLC

Stomach Neoplasms, Esophageal Neoplasm
Metastatic NSCLC

Metastatic NSCLC

NSCLC

Advanced Solid Malignancies

NSCLC

NSCLC

NSCLC
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Targets BsAb Status Phase NCT Number Conditions
HER2/CD3  Ertumaxomab Terminated Ml NCT01569412 HER2/Neu Positive Advanced Solid Tumors
Terminated Il NCT00351858 Metastatic Breast Cancer
Terminated Il NCT00522457 Metastatic Breast Cancer
Terminated Il NCT00452140 Metastatic Breast Cancer
HER2/HER3  MM111 Completed I NCT01097460 Breast Neoplasms
Completed | NCT00911898 HER2 Amplified Solid Tumors
Completed | NCT01304784 HER2 Amplified Solid Tumors
Terminated Il NCT01774851 HER2 Positive Carcinomas of the Distal Esophagus,
Gastroesophageal Junction and Stomach
HER2/HER3  Zenocutuzumab (MCLA-128)  Recruiting Il NCT02912949 Solid Tumors Harboring NRG1 Fusion
GPC3/CD3  ERY974 Completed I NCT02748837 Solid Tumors
Recruiting I NCT05022927 Hepatocellular Carcinoma
PD1/PDL1 1Y3434172 Completed I NCT03936959 Advanced Cancer
PDL1/TIM3  LY3415244 Terminated I NCT03752177 Advanced Cancer
PD-1/CTLA4 MEDI5752 Active | NCT03819465 Metastatic NSCLC
Recruiting \ NCT03530397 Advanced Renal Cell Carcinoma
Recruiting \ NCT04522323  Advanced Solid Tumors
DLL4/VEGF  Navicixizumab (OMP-305B83)  Not recruiting Il NCT05043402 Ovarian Cancer, Fallopian Tube Cancer, Primary Perito-
neal Carcinoma
Completed \ NCT02298387 Advanced Solid Tumor Malignancies
Completed I NCT03030287 Ovarian, Peritoneal or Fallopian Tube Cancer
Terminated \ NCT03035253 Metastatic Colorectal Cancer
DLL4/VEGF  ABLOO1 (NOV1501) Recruiting I NCT04492033 Advanced Solid Tumors
Completed | NCT03292783 Advanced Solid Tumors
CD3/GPA33  MGD007 Completed | NCT02248805 Colorectal Carcinoma
Active Il NCT03531632 Metastatic Colorectal Cancer
CD64/EGFR  MDX447 Completed | NCT00005813 Brain and Central Nervous System Tumors

EpCAM epithelial cell adhesion molecule, CEA carcinoembryonic antigen, HSG human serum albumin, SCLC small cell lung cancer, NSCLC non-small cell lung cancer,
PSMA prostate-specific membrane antigen, NRG1 neuregulin 1, GPC3 glypican 3, HCC hepatocellular carcinoma, PD-1 programmed cell death protein 1, PD-L1
programmed cell death ligand 1, TIM3 T cell immunoglobulin and mucin domain-containing protein 3, CTLA4 cytotoxic T lymphocyte associate protein-4, DLL4 delta-
like ligand 4, VEGF vascular endothelial growth factor, EGFR epidermal growth factor receptor

Catumaxomab (TrioMabs) was authorized by the Euro-
pean Union for the intraperitoneal treatment of patients
with malignant ascites produced by epithelial carcinomas
[44]. Preclinical trials have demonstrated lysis of tumor
cells with catumaxomab in vitro and in vivo [45]. Based
on the results of clinical trials below, the intraperitoneal
administration of catumaxomab has an extraordinary
clinical efficacy [44]. A prospective study enrolled eight
patients with malignant ascites because of peritoneal car-
cinomas treated with catumaxomab. The accumulation of
ascites disappeared in all patients and no severe AEs were
observed [46]. A phasellstudy included 45 patients with
refractory epithelial ovarian cancer demonstrated that
the escalating dose regimen of catumaxomab was safer
and higher efficacy index than the constant low dose
regimen [47]. In another two-arm phase II/I1I trial, inves-
tigators randomly assigned 258 patients with malignant
ascites to two groups: catumaxomab plus paracentesis

and paracentesis alone. Patients who received catumax-
omab treatment had reduced ascites, as well as longer
puncture-free survival than control patients did. More-
over, adverse events were manageable and generally
reversible [48]. To assess the safety and acceptability of
intravenous administration with catumaxomab, a phase I
study was conducted in patients with NSCLC. The maxi-
mum tolerated dose (MTD) was demonstrated to be 5 pg
[49]. Another phase I study enrolled 16 patients who had
known EpCAM expression. The study results showed the
MTD of intravenously injected catumaxomab was 7 pg.
The most common adverse events (AEs) were chills and
pyrexias and the major toxicities were cytokine release-
related symptoms and hepatotoxicity. As the first patient
who took 10 pg developed a fatal liver failure, the study
was forced to terminate [50]. More recently, a phase II
study demonstrated that the combination of catumax-
omab and chemotherapy was feasible and bearable in
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patients with gastric cancer [51]. However, catumaxomab
is not being manufactured anymore on account of toxic-
ity issues.

MT110 (solitomab, AMG110) is a BiTE construct tar-
geting EpCAM. MT110 has been shown to induce syner-
gistic stimulation of CD4- and CD8-positive T cells and
to reactivate tumor-resident T cells to eradicate tumor
cells [52, 53]. Then, an in vitro study indicated existence
of a significant therapeutic window for MT110 in mice
[54]. In a phase I dose-escalation clinical trial, 65 patients
with recurrent solid cancers who could not receive
standard therapy were given serial intravenous infusion
of MT110. The study demonstrated that the MTD was
24 pg. Diarrhea, increased liver parameters, and elevated
lipase were observed as common AEs [55].

CEA

CEA is also known as carcinoembryonic antigen-asso-
ciated cell adhesion molecule 5 (CEACAMS5), which
anchors to the cell surface by glycosylphosphatidylino-
sitol [56]. CEA is overexpressed in many cancers and
associated with adhesion and invasion [57]. Therefore,
CEA has been served as a prognostic factor for colorectal
carcinoma [58]. Then, several studies have reported that
circulating CEA levels are a valuable supportive diagnos-
tic tool for both non-small cell lung cancer (NSCLC) and
SCLC [59, 60]. Indeed, CEACAMS5 is now considered
as clinically effective biomarker and prospective target
in various solid malignancies, the majority of which are
colorectal cancers.

MEDI-565 (MT111, AMG211), a bispecific T-cell
engager antibody, concurrently targets human CEA and
the CD3 [61]. A preclinical study proved that MEDI-565
activated T cells to eliminate cancer cells not only in vivo
but also in vitro [62]. To explore MEDI-565 biodistribu-
tion, a viability study was performed in 9 patients with
terminal gastrointestinal adenocarcinomas. This study
clearly showed the drug highly accumulated in CD3-rich
lymphoid tissues and significantly taken up by tumor
tissues [63]. NCT01284231 is a phase I dose-escalation
study that included 39 patients with gastric or intestinal
tumors. Like other BiTEs, MEDI-565 is cleared with a
much shorter half-life due to the absence of the Fc seg-
ment. The MTD of MEDI-565, as the primary objec-
tive, was 5 mg. Median overall survival (OS) time was
5.5 months and 11 patients exhibited stable disease (SD).
Nausea, abdominal pain, vomiting and fatigue were con-
sidered as the most common AEs [64].

RO6958688 (RG7802) is a new IgG-based T-BsAb
constructed by CrossMab technology, containing two
CEA-binding sites, one CD3-binding site and a silenced
Fc region. In preclinical models, RO6958688 increased
T-cell infiltration within the tumor and created a highly
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inflammatory tumor microenvironment, exhibiting
extremely strong anti-tumor capacity [65]. Study by
Lehmann et al. suggested that RO6958688 speeded up
cancer cell lysis by enabling the linkage of more than one
T cells with a single tumor cell [66]. A dose-escalation
Phase I clinical study of RO6958688 in participants with
advanced or metastatic CEA positive solid malignancies
(NCTO02324257) was completed. 80 patients received
dosage levels ranging from 0.05 mg to 600 mg. The study
observed reliable antitumor efficacy of RO6958688 mon-
otherapy. Pyrexia, infusion-related reaction and diarrhea
were regarded as the most common AEs. Subsequently,
NCT02650713, an extended Phase Ib clinical study of
RO6958688 in addition with anti-PD-L1 antibody, was
initiated on 38 patients. Two patients experienced partial
responses (PR) to treatment whereas five patients devel-
oped stable disease. More importantly, the anti-PD-L1
antibody, atezolizumab, appeared to enhance the anti-
tumor activity of RO6958688, with a manageable safety
profile [67].

PMSA

PSMA, also known as glutamate carboxypeptidase II, is
a type II transmembrane protein with folate hydrolase
activity produced by prostatic epithelium cells [68]. It
is significantly overexpressed in androgen-independent
prostate cancers while highly restricted in extrapros-
tatic tissues [69]. Immunohistochemistry study revealed
that the degree of PSMA expression correlated with the
pathological grade, disease progression and recurrence
[70-73]. Those characteristics make PMSA an excellent
target for bispecific antibodies.

Pasotuxizumab (BAY 2010112) is a T-BsAb target-
ing PSMA. In a multicenter, dose-escalation study
(NCTO01723475), 16 patients with metastatic castration-
resistance prostate cancer (nCRPC) who received con-
tinuous intravenous infusion of Pasotuxizumab were
enrolled into five dosing cohorts. There were two long-
term responders in the dose-escalation and one of them
showed a CR. Fever, chills, and fatigue were reported as
major AEs [74, 75].

HPN424, derived from the TriTAC platform, functions
through three binding domains: two arms binding PSMA
and CD3 separately and an attached albumin for half-life
extension. An open-label, Phase 1/2a study of HPN424
monotherapy in patients with advanced prostate cancer
refractory to androgen therapy (NCT03577028) is ongo-
ing. 27 patients were dosed in eight cohorts. 11 out of
19 participants observed reduction in circulating tumor
cells (CTCs). Six patients were found to have a decline in
PSA from baseline. No dose-limiting toxicity (DLTs) had
been observed and all AEs were transient and manage-
able [76].
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Similarly, AMG 160 is PSMA-targeted T-BsAb with a
prolonged half-life [77]. A preclinical model of mCRPC
highlighted its potent anti-tumor efficacy both in vitro
and in vivo and its acceptable safety profile in nonhu-
man primates [78]. Those data supported the upcoming
clinical assessment of AMG 160 in patients with mCRPC
(NCT03792841). More recently, preliminary results from
the dose exploration section of the ongoing phase I study
were reported. 32 patients were administered AMG160.
MTD has not been reached. Among 18 patients,
responses included one confirmed partial response (PR),
five stable disease (SD) and five progressive disease (PD).
In addition, Six participants received the combination
of AMG 160 and pembrolizumab and no DLTs were
reported [79].

ErbB family

ErbB family includes four closely relate transmembrane
tyrosine kinase receptors named EGFR (HER1), HER2,
HER3, and HER4, which share a highly conserved extra-
cellular ligand-binding domain, a transmembrane junc-
tion, and an intracellular segment with a tyrosine kinase
domain (except for HER3) [80]. Several ligands that bind
HER1, HER3 and HER4 have been identified, such as
transforming growth factor a (TGFa), epidermal growth
factor (EGF), and neuregulins (NRG) [81]. Unlike other
members, no natural ligand has been identified for HER2.
It functions by forming homodimers or heterodimers
with EGFR, HER3 [82]. Notably, the intracellular compo-
nent of HER3, rather than tyrosine kinase domain, con-
tains a plurality of binding sites for phosphatidylinositol
3-kinase (PI3K) signal pathway [17].

HER2 is a transmembrane glycoprotein overexpressed
in breast cancer, bladder cancers, cervix cancers, gall-
bladder cancers, endometrium cancers and ovarian
cancers. Overexpression of HER2 receptors has been
reported to be highly associated with poor prognosis and
related to reduced PFS and OS as well [83].

Ertumaxomab is a trifunctional bispecific antibody tar-
geting HER2 and CD3 with a third binding to activating
accessory cells such as macrophages and dendritic cells
[84]. Ertumaxomab was reported to be capable of medi-
ating the elimination of cancer cells with overexpressed
HER2 even at low levels, which was accompanied by a
Thl-based cytokine release [85]. In a multicenter phase
I clinical trial, 15 out of 17 enrolled patients with HER2-
positive metastatic breast cancer completed the study.
MTD was demonstrated to be 100 pg/kg. Among 11 eval-
uable patients, 5 participants displayed anti-tumor activ-
ity including two PR, one CR, and two SD [86]. Moreover,
in order to evaluate the safety and effectiveness of Ertu-
maxomab, another phase I clinical trials was performed
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in patients with metastatic breast cancer and HER2-pos-
itive advanced solid tumors. MTD was not reached. DLT
was not detected. Three patients were seen to have clini-
cal response to Ertumaxomab with one PR and two SD
[87, 88].

EGEFR is a transmembrane glycoprotein consisting of an
extracellular ligand-binding domain and an intracellular
protein tyrosine kinase domain that is linked by a small
transmembrane anchoring region [89]. EGFR activates
multiple intracellular signaling pathways, such as PLC-y-
PKC, Ras-Raf-MEK, PI3K-Akt-mTOR, and JAK2-STAT3
[90], which ultimately affect cell proliferation, survival,
motility, and adhesion. Excessive activation of EGFR
signaling pathway is detected in various advanced solid
tumors, including NSCLC, breast cancer, colorectal can-
cer, and ovarian cancer. Therefore, targeting ErbB sign-
aling by tyrosine kinase inhibitors (TKIs) is extensively
developed.

In the past two decades, treatment of NSCLC harbor-
ing EGFR mutation with TKIs has achieved great success
[91]. Unfortunately, the majority of patients eventually
relapse or become drug resistant [81], because there is
considerable heterodimerization and crosstalk between
all four members of the ErbB family [82]. Therefore,
BsAbs that simultaneously block two or more RTK sign-
aling pathways can diminish the probability of this eva-
sion mechanism and thus augment efficacy. Previous
preclinical and clinical studies have suggested that MET
gene amplification is an important mechanism underly-
ing acquired resistance to three generations of EGFR-
TKIs [92]. Accordingly, simultaneous blockade of MET
and EGEFR theoretically should be considered for patients
with resistant NSCLC carrying MET amplification.

Amivantamab (JNJ-61186372) is an anti-EGFR and
anti-MET bispecific antibody with enhanced Fc func-
tion [93]. In multiple preclinical models, potent in vivo
antitumor efficacy of Amivantamab was observed [94].
Further analysis demonstrated monocytes and/or mac-
rophages were required for EGFR/MET down-modula-
tion and in vivo antitumor efficacy [95]. Amivantamab
was demonstrated to employ three mechanisms to inhibit
tumors with diverse EGFR mutations and complete and
durable tumor regression was noticed in the combina-
tion treatment of amivantamab and a third-generation
EGFR-TKI (AZD9291) [96]. An ongoing phase 1 study of
amivantamab consists of two phases, dose-escalation and
dose-expansion, enrolling patients with EGFR and MET
mutations. Amivantamab was intravenously injected
to participants. This therapeutic schedule exhibited a
controlled safety profile without DLTs observed. Rash,
infusion-related reaction and paronychia were consid-
ered as the most common AEs [97]. More recently, 50
enrolled patients with exon20ins mutations were treated
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with amivantamab. Among the 39 assessable patients,
the overall response rate was 36%. The clinical benefit
rate was 67% and the median PFS was 8.3 months [98].
Therefore, The FDA granted accelerated approval to
amivantamab, the first agent directed against two tumor
antigens [93, 99].

MM-111, a novel anti-HER2 and anti-HER3 BsAb with
modified human serum albumin (HSA), specifically tar-
gets the HER2/HER3 heterodimer and effectively inhib-
its HER3 corresponding downstream signaling pathways
[100]. A previous study demonstrated that MM-111 plus
trastuzumab would synergistically inhibit tumor growth
achieving 25% greater cell growth inhibition than the
effects of the individual treatments [101]. NCT00911898
was a completed Phaselclinical trial of MM-111 mono-
therapy in patients with HER2 amplified solid tumors.
20 enrolled participants were administered of MM-111
weekly via IV. MTD was not attained as no patients
experienced a dose-limiting toxicity. In another Pha-
selclinical trial of MM-111 in addition with herceptin
(NCT01097460), two of 16 participants with breast neo-
plasms had serious adverse events. Furthermore, a dose
ascending study of MM-111 with five different com-
bined remedies (NCT01304784) was conducted to deter-
mine the safety of MM-111 with diverse combination
regimens. In addition, a Phasellstudy of MM-111 and
paclitaxel with trastuzumab (NCT01774851) enrolled
approximately 120 patients who were randomly assigned
to the experimental or control groups. PFS were reported
as 30 months. However, this study was early terminated
due to lack of efficacy.

Zenocutuzumab (MCLA-128), an IgG-like bispecific
antibody, concurrently targets HER2 and HER3. Served
as the ligand of the receptor HER3, NRG1 binding to
HER3 results in heterodimerization of the HER3 and
HER2 and activation of downstream signaling includ-
ing the ERK and PI3K-AKT pathways, which play a
significant role in tumor cell multiplication and tumor
expansion. Thus, MCLA-128 could be a potent drug for
NRG1-fused tumors. Preclinical testing of MCLA-128
demonstrated its effectiveness in ovarian and breast
cancer models harboring various NRG1 fusions [102].
Another preclinical study had evaluated pharmacokinet-
ics and pharmacodynamics of MCLA-128 to predict a
safe starting dose for the following clinical study [103]. In
order to evaluate the security, tolerability and anti-tumor
efficacy of MCLA-128, a Phase I/II dose-escalating clini-
cal trial in patients with solid cancers carrying an NRG1
fusion is initiated (NCT02912949).

GPC3
GPC3 belongs to the glypican family of heparan-sulfate
proteoglycans and is attached to the cell membrane via
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a glycosylphosphatidylinositol (GPI) anchor [104]. GPC
family comprises six members, GPC1 to GPC6, and the
abnormal expression of GPC stimulates cancer cell pro-
liferation and tumor progression by modulating Wnt,
hedgehog and bone morphogenetic proteins. Impor-
tantly, GPC3 is highly represented in over 70% of hepa-
tocellular carcinoma (HCC), which is one of the most
prevalent cancers worldwide [105]. Moreover, previous
studies have demonstrated a strong correlation between
high levels of GPC3 expression and poor prognosis of
HCC [106, 107]. Therefore, GPC3 becomes a promising
target for antibody-based immunotherapies for HCC.

ERY974, a completely humanized IgG structured anti-
body, directs T cells to non-immunogenic tumors using
expression of GPC3 to confer tumor specificity [108].
A study in 2020 indicated that ERY974 was effective in
suppressing GPC3-expressing tumor growth [109]. In
a reconstituted mouse model, ERY974 was found to
have excellent antitumor activity against diverse types
of GPC3-expressing tumor cells. More importantly,
ERY974 greatly increased the number of inflammatory
cells in the tumor microenvironment, turning it into a
highly inflamed microenvironment [39]. These preclini-
cal results facilitated the initiation of clinical trials of
ERY974 for solid tumors. A multicenter Phase 1 study
of ERY974, consisting of a dose escalation and a cohort
expansion, was recently completed. However, there is no
results posted in ClinicalTrials.gov so far.

Immune checkpoint
Immune checkpoints have immunosuppressive regula-
tory effects, including programmed cell death protein
1 (PD-1) and its ligand programmed cell death protein
ligand 1 (PD-L1), and cytotoxic T lymphocyte-associ-
ated protein 4 (CTLA-4). When immune checkpoints
are overexpressed, the immune homeostasis is disrupted
and T-cell immune responses were suppressed, leading
to immune evasion of tumor cells [110]. When compared
to PD-1 and/or PD-L1 monotherapy, previous preclini-
cal studies have described that BsAbs simultaneously
targeting PD-1 and PD-L1 had significant activation of T
cells, thus supporting the evaluation of BsAbs targeting
immune checkpoints.

LY3434172, a human IgG-like bispecific antibody with
a silent Fc region targeting PD-1 and PD-L1. One arm
of LY3434172 blocks the binding of PD-1 to PD-L1 and
PD-L2, while the other arm blocks the binding of PD-L1
to PD-1 and the agonist receptor, CD80. It has been dem-
onstrated that LY3434172 resulted in robust antitumor
activity at doses substantially lower than either parent
antibody or their combination in established human xen-
ograft models [110]. A phase 1 study (NCT03936959) of



Wau et al. Experimental Hematology & Oncology (2021) 10:56

LY3434172 monotherapy in metastatic solid cancers was
completed. So far, there was no results posted.

LY3415244 is a bispecific antibody simultaneously
targeting TIM-3 and PD-L1. In a phase I clinical trial
conducted in patients with advanced solid tumors,
LY3415244 was administered intravenously to 12 patients
with advanced solid tumors. However, treatment-emer-
gent antidrug antibodies (ADA) were detected in every
participant and the study had to be terminated [111].

In addition, there are multiple rationally designed dual-
targeted immune checkpoint bispecific molecules aim-
ing to provide superior activity. Clinical trials are testing
a number of immune checkpoint bispecific antibodies,
including PD-1xCTLA-4, PD-1xLAG3 (lymphocyte acti-
vation gene-3) and PD-L1xTGFb [112-114].

DLL4 and VEGF

Delta-like ligand 4 (DLL4) is a member of Notch recep-
tor ligand family, which plays a central role both in the
formation of the vasculature and neo-vascular forma-
tion. During neovascularization, DLL4 coordinates with
vascular endothelial growth factor (VEGF) to regulate
the formation of new tip cells, which ultimately pro-
mote vascular branching through various cell migration
steps [115]. However, previous studies have shown that
blocking DLL4 signaling pathway in the blood vessels
resulted in upregulation of VEGF and overproliferation
of endothelial cells. Therefore, simultaneously target-
ing DLL4 and VEGF would possibly bypass this resist-
ance mechanism and augment the anti-tumor effects of
DLL4 inhibitors. The biologic effects of double inhibition
DLL4 and VEGF were assessed in ovarian cancer mod-
els. The results indicated simultaneously targeting VEGF
and DLL4 displayed a superior antitumor efficiency com-
pared with either monotherapy [116].

Navicixizumab (OMP-305B83) is an IgG-like BsAb
that suppresses tumor vascularization by blocking both
DLL4 and VEGE. It was examined in several preclinical
human tumor xenograft models, including colon, ovar-
ian and other cancers and all studies demonstrated sig-
nificant anti-tumor activity. A phase I dose-escalation
study (NCT02298387) enrolled 66 patients with relapsed
solid cancers. Among them, four patients had PR and
17 patients had SD. Of note, nine participants had a
decrease in the size of tumor lesions. The MTD was not
determined. The most frequent navicixizumab-related
AEs were hypertension, fatigue, headache and pulmonary
hypertension [117]. Then, navicixizumab had been fur-
ther investigated in combination with paclitaxel in plati-
num-resistant ovarian cancer patients in a Phase 1b study
(NCT03030287). By 2020, 44 patients had been included
and the overall response rate (ORR) of this combination
was 43% including 1 CR and 18 PR [118].
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Others

Apart from those targets mentioned above undergoing
clinical trials, multiple targets in preclinical development
have shown very encouraging and impressive effective-
ness in anti-tumor activity. Tebentafusp is a bispecific
protein that can redirect T cells to specific glycoprotein
100-positive cells. In a phase III clinical trial, 378 patients
with metastatic uveal melanoma were randomized to the
tebentafusp group or the control group. OS at 1 year and
PES were significantly higher in the tebentafusp group
than in the control group. Rash, pyrexia, and pruritus
were considered as the most common AEs. No treat-
ment-related deaths were reported [119]. In addition,
GPA33 was a selected cancer antigen as it is commonly
found in both primary and metastatic colorectal carci-
nomas. MGDO007, a fragment-based BsAb aimed at redi-
recting T cells to GPA33-positive tumor cells, displayed
the ability to inhibit tumor proliferation at low doses in a
xenograft model [120].

Adverse effects of BsAb treatment
In 2014, FDA approved Blinatumomab for relapsed or
refractory ALL. Along with the remarkable efficacy of
antibody-based immunotherapies in clinical applications,
there is a growing awareness of their inherent and poten-
tially life-threatening adverse effects. In a phase I/II study
of Blinatumomab in patients with ALL, 3 patients and 1
patient had cytokine release syndrome (CRS) of grade
3 and 4, respectively [121]. Similarly, another phasells-
tudy reported three patients had grade 3 cytokine release
syndrome [122]. Previous studies on Blinatumomab sug-
gested that the CRS is the most noteworthy AEs [123].
CRS is an overshooting systemic inflammatory
response with a wild range of symptoms varying from
mild, flu-like symptoms to severe anaphylactic shock with
a life-threatening presentation. CRS-related laboratory
abnormalities include cytopenia, elevated liver enzymes,
dysregulation of coagulation parameters and elevated
ferritin, etc. When patients receive T-BsAb treatment,
multiple activated T cells release large amounts of IFN-
Y, inducing the activation of other immune cells (mac-
rophages). Then, activated macrophages subsequently
produce excessive amounts of inflammatory cytokines
such as IL-6, TNF-a, and IL-10, which eventually develop
into CRS. Elevations of IL-6, IL-10, and IFN-y are most
frequently found in the serum of patients with CRS [124].
Pretreatment with corticosteroids is the golden stand-
ard to reduce CRS.A recent study demonstrated that an
optimized dosing regimen could significantly alleviate
CRS [125]. At present, the most efficient approach for
controlling CRS is a combination of dose escalation and
pretreatment with corticosteroid. Apart from the above,
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there are still many approaches to reduce CRS being
tested.

Emerging evidence indicates that IL-6 is at the core
of inflammatory cytokines in CRS [126]. IL-6, mainly
released by macrophages, is a multivariable cytokine
with an essential function in the modulation of immune
response and inflammation [127]. Theoretically, blocking
IL-6 actions could attenuate CRS toxicity without com-
promising T cell-mediated antitumor activity. Therefore,
a patient who was prospectively monitored during Blina-
tumomab treatment period developed CRS with fever,
respiratory failure and circulatory failure. Fortunately, the
participant rapidly recovered after injected tolimumab,
an anti-IL-6 receptor antagonist [128]. This case report
provides a new insight into mitigating the adverse effect,
CRS, causing by BsAbs retaining Fc domain.

Conclusion

With the biotechnology advance and new target identi-
fication, therapeutic bispecific antibodies are a hot field
for drug development. So far, two bispecific antibody
drugs have gained regulatory permission and are cur-
rently on the market. Although no bispecific antibody for
solid tumors has been licensed for clinical application,
over 100 BsAbs for a wide variety of solid malignancies
have achieved promising preclinical results and are in the
stages of prospective clinical trial.

BsAbs come in various formats, which influence manu-
facturing, valency, Fc-mediated effector functions, and
in vivo half-life. Selecting right two targets to achieve
synergistically therapeutic effect than monoclonal anti-
body is challenging. Obviously, choosing the right format
of BsAbs and selecting the rational combination of tar-
geting antigens is the key to successful BsAbs.

In conclusion, multiple BsAbs provide exciting pre-
clinical response and promising clinical outcomes. We
anticipate that the continuing optimization of antibody
structure and rational combination of targeting molecule
will eventually produce BsAbs for the cancer immuno-
therapy of solid cancers.
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