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Abstract

In recent years, bispecific antibodies (BsAbs) have emerged as a promising therapeutic strategy against tumors. BsAbs can
recruit and activate immune cells, block multiple signaling pathways, and deliver therapeutic payloads directly to tumor
sites. This review provides a comprehensive overview of the recent advances in the development and clinical application of
BsAbs for the treatment of solid tumors. We discuss the different formats, the unique mechanisms of action, and the clinical
outcomes of the most advanced BsAbs in solid tumor therapy. Several studies have also analyzed the clinical progress of
bispecific antibodies. However, this review distinguishes itself by exploring the challenges associated with bispecific antibod-
ies and proposing potential solutions. As the field progresses, BsAbs hold promise to redefine cancer treatment paradigms

and offer new hope to patients with solid tumors.

Key Points

Bispecific antibodies (BsAbs) can enhance the specific-
ity and efficacy of cancer treatments by combining dif-
ferent mechanisms of action in a single molecule.

Currently, over 100 types of BsAbs for solid tumors are
in clinical trials.

In treating solid tumors, BsAbs face significant chal-
lenges, such as the inhibitory nature of the tumor micro-
environment.
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1 Background

Cancer ranks as a primary cause of mortality globally,
affecting countries across the entire economic spectrum
[1]. Surgery, radiotherapy, and chemotherapy represent the
traditional pillars in cancer treatment [2]. Recently, immu-
notherapy has revolutionized both the therapeutic landscape
and the outlook for various cancers. It encompasses both
passive strategies—such as monoclonal antibodies, adoptive
cell transfer, and cytokines, and active strategies—including
cancer vaccines, oncolytic viruses, and checkpoint inhibi-
tors. The effectiveness of immunotherapies varies widely,
influenced by factors related to the patient, the tumor, or the
specific treatment modalities employed [3, 4]. In this review,
we turn our attention to BsAbs, the next-generation strategy
of antibody-target cancer immunotherapy, particularly in the
context of solid tumors.

Natural human antibodies are bivalent monospecific anti-
bodies, i.e., they have two identical binding sites [5]. Since
the 1980s, researchers have generated bispecific antibodies
and gradually introduced them into clinical trials for tumor
therapy [6, 7]. BsAbs are capable of simultaneously binding
to two distinct antigens, which are often used in the mecha-
nism of engaging immune cells such as T cells and natural
killer (NK) cells to kill cancer cells. In addition to this, it
can also be used to shield immune checkpoints, or to deliver
payloads to tumors [8].
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While BsAbs have demonstrated remarkable clinical
success in treating hematological cancers, their impact
on solid tumors—which constitute 90% of all cancer
cases—has yet to be fully realized in clinical settings
[9]. A significant obstacle to the efficacy of BsAbs in
advanced solid tumors is the inhibitory nature of the
tumor microenvironment (TME). This environment
severely restricts T-cell function, leading to compromised
immune responses [10].

Currently, 14 BsAbs have received global approval,
with 12 endorsed by the US Food and Drug Administra-
tion (FDA). Specifically, five BsAbs—cadonilimab for
cervical cancer, amivantamab for non-small-cell lung
cancer (NSCLC), tarlatamab for extensive-stage small-
cell lung cancer (ES-SCLC), tebentafusp for unresect-
able or metastatic uveal melanoma, and catumaxomab
(withdrawn) for malignant ascites—are tailored for
solid tumors. Seven BsAbs, including blinatumomab,
mosunetuzumab, glofitamab, epcoritamab, teclistamab,
talquetamab, and elranatamab, target hematologic malig-
nancies, addressing various leukemias and lymphomas.
The other two approved BsAbs, faricimab and ozorali-
zumab, have not been developed for cancer treatment
[11].

2 Bispecific Antibodies
2.1 Bispecific Antibody Format

The basic structure of a natural antibody consists of four
polypeptide chains divided into two identical heavy chains
and two light chains. These four chains form a Y-shaped
molecular structure through disulfide bonds and non-
covalent interactions. Antibodies can be categorized into
fragment crystallizable (Fc) and fragment antigen-bind-
ing (Fab) regions based on regional functionality. The Fc
region can be recognized by the Fc receptor to mediate
the killing response of immune cells or the complement
effect [12]. The Fab region contains one antibody-binding
variable region and one constant region. The single-chain
variable fragments (scFvs) are obtained when connecting
the heavy chain variable region to the light chain variable
region with a linker [13].

Bispecific antibodies, which are engineered antibodies
with two different binding sites, are a new strategy for
treating tumors [5]. The formats of bispecific antibodies
can be broadly categorized into fragment-based types and
Fc-based types. Brinkmann et al. provide a comprehen-
sive and detailed catalog of over 100 different forms of
bispecific antibodies [14]. Figure 1 illustrates several rep-
resentative formats of bsAbs.
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2.1.1 Fragment-Based Bispecific Antibodies

Fragment-based bispecific antibodies represent a minimal-
istic approach to designing bispecific molecules that com-
bine multiple antigen-binding moieties, such as antibody
fragments, within a single molecule. These fragments are
designed without an Fc region, circumventing the chain-
association issues commonly encountered with traditional
antibody formats [15]. This design allows for relatively
simple production through the co-expression of one or two
polypeptide chains in lower eukaryotic and prokaryotic
expression systems. The lack of an Fc region simplifies the
structure and reduces production costs while maintaining
high yields [16]. The modular nature of this approach allows
for the customization of valency and specificity, supporting
diverse therapeutic applications. However, the lack of an Fc
region means these antibodies do not benefit from the neo-
natal Fc receptor’s (FcRn) protective mechanisms, leading
to a shorter circulation time in the body [17].

The fragment-based bispecific antibodies mainly include
bispecific T-cell engagers (BiTE), dual-affinity re-targeting
(DART) proteins, tandem diabodies (TandAbs), and so on
[18]. BiTEs (Fig. 1a) consist of two scFvs linked together:
one targets a tumor-associated antigen, and the other binds to
CD3 on T cells. This design enables BiTEs to bridge the gap
between T cells and cancer cells, facilitating the direct kill-
ing of tumor cells by the immune system. DARTSs (Fig. 1b)
are characterized as a disulfide-linked diabody, meaning
that it consists of two polypeptide chains arranged in a VH-
linker-VL configuration that form a heterodimer. These
chains are covalently connected to each other by a disulfide
bond at their opposing C-termini. This complex structure
enhances molecular stability [19]. TandAbs (Fig. 1c) com-
prise two diabodies for simultaneous targeting of two anti-
gens, promoting clustering and potent signaling. There are
also other formats such as tandem VHHs, F(ab)2 (Fig. 1d),
scFv-Fabs (Fig.le), etc.

2.1.2 Fc-Based Bispecific Antibodies

Fc-based bispecific antibodies are engineered to include the
Fc region of immunoglobulins, which confers several ben-
eficial properties, such as an extended serum half-life and
improved stability [20]. For therapeutic purposes, incorpo-
rating an Fc region into antibodies is often advantageous,
except in cases where a smaller size and shorter half-life are
required. To enhance their biological and physicochemical
characteristics, numerous engineering techniques have been
employed on the Fc region [21]. Fc-based bispecific antibod-
ies can be divided into two main categories: symmetric and
asymmetric.

Symmetric BsAbs are designed to closely resemble native
antibodies but vary in size and architecture. In the design of
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Fig.1 Several representative formats of bispecific antibodies
(BsAbs). The formats of BsAbs are categorized according to the pres-
ence or absence of the Fc region. /gG Immunoglobulin G, scFv sin-
gle-chain variable fragment, VH the variable region of a heavy chain,
VL the variable region of a light chain, BiTE bispecific t-cell engag-

symmetric Fc-based bispecific antibodies, additional anti-
gen-binding fragments are integrated into immunoglobulin
G (IgG)’s heavy or light chains, either at the N- or C-termini
(Fig. 1f, g). These fragments can be scFv [22] or directly
fused Fv without linkers, as seen in dual-variable domain-
IgGs (DVD-Ig) (Fig. 1h) [23]. Alternatively, domain anti-
bodies or other scaffold molecules may replace the scFv for
antigen binding [24-26]. Adding these binding elements
to traditional IgGs can significantly impact the molecule’s
physicochemical characteristics, influenced by the properties
of the added Fvs and their attachment sites [27].

The creation of asymmetric BsAbs often involves sophis-
ticated engineering techniques to ensure the preferential
formation of the desired Fc heterodimers. This can include
modifications at various domains of the antibody molecule,
such as the CH3 domain, to promote specific heavy chain
pairing [28] or the use of common light chains to address
issues with light chain mispairing [29].

The knobs-into-holes (KiH) strategy (Fig. 1k) is a CH3-
engineering strategy widely used for formation of Fc heter-
odimer. One heavy chain (the “knob” side) is engineered to
have a small amino acid protrusion, while the corresponding
area on the other heavy chain (the “hole” side) is engineered
to have a complementary cavity. When the two halves of

ers, DART dual affinity re-targeting proteins, TandAb tandem diabod-
ies, Fab fragment antigen-binding, Fc fragment crystallizable, DVD-
Ig the dual variable domain immunoglobulin, KiH knobs-into-holes,
Common LC common light chain

the bispecific antibody are mixed, the knob of one heavy
chain fits into the hole of the other heavy chain [30]. This
interaction helps to ensure that the correct heavy chains pair
with each other, promoting the assembly of the intended
bispecific antibody rather than mispaired antibody forms.
From Atwell et al.’s study, altering Thr366 to the bulkier Tyr
(T366Y) in one CH3 domain and Tyr407 to the smaller Thr
(Y407T) in the other CH3 domain resulted in 92% heterodi-
mer formation. A similar efficiency in heterodimer produc-
tion was also observed with the T366W/Y407A mutation
pair [31]. Fusing scFv or scFab to the N-terminus of an Fc
heterodimer is a good way to avoid mismatches [32, 33].

The common light chain (common LC) approach (Fig. 11)
involves using a single light chain that pairs with two dif-
ferent heavy chains to form the functional regions of the
antibody. The approach can reduce the complexity and
potential for mispairing of chains and enhance the stability
and solubility of the bispecific antibody. In antibodies of
common LC design, the heavy chain plays a more crucial
role in antigen binding compared to the light chain. The light
chain can be replaced without losing the antibody’s ability
to bind to its target [34].

The CrossMab format (Fig. 1m) presents a sophisti-
cated solution to the issue of light chain mispairing often

A\ Adis



Y. Gy, Q. Zhao

encountered in the production of asymmetric IgG bispecific
antibodies. This approach involves swapping the CH1 and
CL domains within one of the Fab arms of the asymmetric
IgG, enabling distinct Fab regions to be produced without
the traditional Fd-LC pairing [35].

An early method for producing such asymmetric BsAbs
involved the creation of quadromas through the fusion of
two hybridomas, leading to the production of what is known
as hybrid-IgG antibodies (Fig. 1j). This process leads to the
production of cells that express two different heavy and light
chains, which can randomly assemble into 16 possible com-
binations, only one of which will have the desired bispeci-
ficity [36].

2.2 Mechanisms of Bispecific Antibodies in Tumor
Therapy

Bispecific antibodies have great potential in tumor therapy.
There are several working mechanisms of BsAbs that can be
categorized into immune cell engagement, tumor-associated
antigen (TAA) targeting, immune checkpoint blockade, and
payload delivery (Fig. 2).

2.2.1 Immune Cell Engagement

Immune cell engagement is the most used mechanism for
bispecific antibodies. The application of bispecific antibod-
ies that engage immune cells has been under investigation
for over three decades [37]. The heightened interest in can-
cer immunotherapy is propelling the advancement of bispe-
cific antibodies that engage immune cells [38]. The immune
cells engaging BsAbs work by binding to a TAA on cancer
cells with one arm and an effector cell, often a T cell or NK
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Fig.2 Mechanisms of bispecific antibodies (BsAbs) in tumor ther-
apy. a BsAbs engage immune cells (such as T cells or NK cells) with
tumor cells by binding to CD3 or CD16 on immune cells and target-
ing tumor-associated antigens (TAAs) on tumor cells, mediating the
release of cytokines by immune cells and triggers antibody-depend-
ent cellular cytotoxicity (ADCC). b An example of TAAs targeting
BsAbs: a BsAb targets HER2 and HER3, blocking the downstream
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cell, with the other, bridging the immune cell to the tumor
for targeted attack.

Engagement of CD3+ T cells represents the most com-
mon approach in the utilization of bispecific antibodies for
immune cell engagement. Additionally, targeting CD16 to
engage NK cells and CD64 for the activation of phagocytic
cells presents viable strategies [39].

2.2.2 Tumor-Associated Antigen Targeting

These BsAbs focus on inhibiting cancer cell growth by
targeting specific tumor-associated antigens (TAAs). By
binding to different epitopes or receptors on the tumor cell
surface, they can block critical signaling pathways neces-
sary for tumor growth and survival, such as the HER2/HER3
pathway.

MCLA-128, a BsAb targeting HER2 and HER3, acts
by inhibiting the interaction between HER3 and its ligand,
NRGI. This ligand, NRG1, facilitates the heterodimeriza-
tion of HER3 with HER2, triggering downstream signaling
pathways such as PI3K-AKT and ERK, which are crucial
for tumor growth. By blocking NRG1 binding, MCLA-128
interrupts the heterodimerization and these signaling path-
ways [40].

2.2.3 Immune Checkpoint Blockade

Immune checkpoints are crucial inhibitory pathways within
the immune system, essential for preserving self-tolerance
and adjusting the strength and duration of immune responses
in peripheral tissues [41].

BsAbs in this category aim to modulate the immune
system’s response to cancer by blocking inhibitory signals

fealh |
QY Bispecific Antibody-drug conjugates

CTLA-4

signaling pathway. ¢ BsAbs inhibit immune checkpoints like PD-L1
on cancer cells or PD-L1 and CTLA-4 on T cells, blocking inhibitory
signals that prevent T cells from attacking tumor cells, thereby modu-
lating the immune responses. d BsAbs can serve as precision delivery
vehicles for therapeutic payloads, directly conveying drugs to tumor
cells and thus aiding in their treatment



Clinical Progresses and Challenges of Bispecific Antibodies

that prevent T cells from attacking tumor cells. They target
checkpoint proteins such as PD-1 or CTLA-4, enhancing the
immune system’s ability to fight cancer.

MEDI5752 is a monovalent bispecific antibody targeting
PD-1 and CTLA-4. In preclinical studies, MEDI5752 prefer-
entially saturated CTLA-4 on PD-1+ tumor-infiltrating lym-
phocytes (TILs) at significantly lower concentrations than
required for PD-1- cells, indicating a targeted mechanism
that may reduce toxicity. The results suggest that MEDI5752
could offer an improved therapeutic index over the combi-
nation of bivalent aPD-1 and «CTLA-4 mAbs, potentially
benefiting cancer treatment with a more favorable safety
profile [42].

2.2.4 Payload Delivery

The delivery of therapeutic agents through antibodies has
been clinically implemented [43]. Leveraging BsAbs for
payload delivery represents an innovative strategy. The pay-
loads can be drugs or radioactive payloads.

ZW-49 is an innovative bispecific antibody-drug conju-
gate, built on the BsAb zanidatamab, and is coupled with
an auristatin toxin via a protease-sensitive linker. ZW-49
has shown promising results in its first-in-human trial [44].

[225Ac]-FPI-2068 is a bispecific IgG-based targeted
alpha therapy (TAT) designed to deliver actinium-225 to
various solid tumors that co-express EGFR-cMET [45].

TF2 is a tri-Fab BsAb that targets the carcinoembryonic
antigen (CEA) with two of its binding sites and the hista-
mine-succinyl-glycine (HSG) with the third. HSG is a syn-
thetic hapten that can be labelled with various radionuclides
[46]. Therefore, the BsAbs combined with HSG labelled
with radionuclides are suitable for diagnostic imaging.

2.3 Clinical Trials of Bispecific Antibodies for Solid
Tumors

Bispecific antibodies have emerged as a promising thera-
peutic approach in the treatment of solid tumors due to their
ability to simultaneously engage two different targets. This
dual-targeting strategy can enhance the specificity and effi-
cacy of cancer treatment by combining different mechanisms
of action in a single molecule.

To date, over 100 kinds of BsAbs for solid tumors are in
clinical trials. In this review, we will systematically examine
the current state of these clinical trials (Table 1), organizing
our discussion based on the sequence of targets.

2.3.1 HER2
Human epidermal growth factor receptor 2 (HER2) is a

transmembrane tyrosine kinase receptor belonging to the
epidermal growth factor receptor (EGFR/ErbB) family.

HER?2 plays a key role in the regulation of cell growth, dif-
ferentiation, and survival [47]. In many cancer types, espe-
cially breast cancer, HER?2 is activated by gene amplification
or overexpression, which is closely associated with cancer
progression and prognosis [48]. HER2 is a very popular tar-
get in bispecific antibody research for tumor therapy.

2.3.1.1 TAA Targeting Zanidatamab (ZW25), KNO026,
KM257, MBS301 and TQB2930 are bispecific antibodies
designed to target two non-overlapping epitopes of HER2.
This kind of BsAb shows better binding and an enhanced
ADCC effect to kill tumor cells than the HER2 monoclonal
antibodies trastuzumab and pertuzumab.

NCT02892123 was a Phase 1 dose-escalation and expan-
sion clinical trial evaluating zanidatamab in patients with
locally advanced or metastatic HER2-expressing or HER2-
amplified solid tumors. Parts 1 (to identify the maximum
tolerated dose, optimal biological dose, or recommended
dose) and 2 (to evaluate safety and tolerability) have been
completed. Part 1 followed a 3 + 3 dose-escalation design,
with intravenous doses ranging from 5 mg/kg to 30 mg/kg
administered every 1, 2, or 3 weeks. In Part 1 (n = 46),
no dose-limiting toxicities were detected and the maximum
tolerated dose was not reached. In Part 2, among the 83
patients evaluated, 31 (37%) achieved a confirmed objec-
tive response. Part 3 of the study, focusing on zanidatamab
in combination with chemotherapy, is ongoing [49]. In a
Phase 2 clinical trial (NCT04466891), zanidatamab has
shown a meaningful clinical benefit and a manageable safety
profile in patients with treatment-refractory, HER2-positive
biliary tract cancer. Eighty-seven patients across 32 sites in
nine countries were enrolled from 15 September 2020 to 16
March 2022. Among 80 patients in cohort 1 (HER2-postive),
33 (41.3%) achieved a confirmed objective response. Grade
3 treatment-related adverse events (TRAEs) occurred in 16
(18%) patients, with diarrhea and decreased ejection fraction
being the most common. No grade 4 TRAEs or treatment-
related deaths were reported [50].

KNO26 is currently undergoing a number of clinical
trials in China and the USA in various phases, with indica-
tions that include breast cancer and gastric/gastro-esopha-
geal junction cancer, among others. In a completed Phase
2 clinical trial (NCT03925974), a total of 45 patients were
enrolled from 17 June 2019 to 23 August 2021, including
27 patients classified within the high-level HER2 expres-
sion cohort, 14 patients within the low-level HER2 expres-
sion cohort, and four patients who exhibited no HER2
expression. Patients received KN026 at varying dosages.
The results showed an ORR of 56% in the high-level HER2
cohort, with a median DOR of 9.7 months. The low-level
HER?2 cohort had a 14% ORR. The most common grade
3 treatment-emergent adverse events were gastrointesti-
nal disorders. KN026 demonstrated promising antitumor
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Table 1 Clinical trials of bispecific antibodies (BsAbs) in solid tumors

BsAb Target Format Clinical trial Conditions

KM257 HER?2 (domain IT) x HER2 Undisclosed Phase I (NCT05320874, Advanced HER2-positive or
(domain IV) not yet recruiting) expressing solid tumors

TQB2930 HER?2 (domain II) x HER2 Undisclosed Phase I (NCT05380882, Advanced cancers
(domain IV) recruiting) Metastatic breast cancer

Phase I/II (NCT06202261, Recurrent breast cancer
recruiting)

MBS301 HER?2 (domain II) x HER2 IgG-like Phase I (NCT03842085, HER2-positive recurrent or

(domain IV) recruiting) metastatic malignant solid
tumor
Zanidatamab, ZW25 HER?2 (domain II) x HER2 IgG-like Phase II (NCT04513665,  Endometrial cancer

KNO026

MS802

GBR1302

IMM2902

(domain IV)

HER?2 (domain IT) x HER2
(domain IV)

HER?2 x CD3

HER?2 x CD3

HER?2 x CD47-SIRPa

Common LC

KiH, anti-HER2 mono-
valent unit + anti-CD3
single chain unit + Fc

Anti CD3 Fab + anti
HER?2 scFv + Fc

1gG-like

active, not recruiting)

Phase I (NCT02892123,
active, not recruiting)

Phase II (NCT03929666,
recruiting)

Phase II (NCT04224272,
active, not recruiting)

Phase I/I1 (NCT04276493,
active, not recruiting)

Phase II (NCT04466891,
active, not recruiting)

Phase IT (NCT05035836,
active, not recruiting)

Phase I/II (NCT05027139,
recruiting)

Phase III (NCT05152147,
recruiting)

Phase II (NCT05270889,
not yet recruiting)

Phase IT (NCT04165993,
active, not recruiting)
Phase IT (NCT06023758,
not yet recruiting)

Phase II (NCT04881929,
recruiting)

Phase IT (NCT04521179,
completed)

Phase II (NCT03925974,
completed)

Phase II (NCT05985707,
not yet recruiting)

Phase I (NCT04040699,
active, not recruiting)

Phase II/I1T
(NCTO05427383, recruit-
ing)

Phase III (NCT05838066,
not yet recruiting)

Phase I (NCT04501770,
not yet recruiting)

Phase I (NCT02829372,
terminated)

Phase I/IT (NCT03983395,
terminated)

Phase I (NCT05076591,
recruiting)

Phase I/I1 (NCT05805956,
recruiting)

Carcinosarcoma
Breast cancer
Gastric cancer
Biliary tract cancer

HER?2 positive solid tumor
Metastatic breast cancer
Gastric cancer

Biliary tract cancer
Colorectal cancer

HER2-positive solid tumor

HER?2 expressing solid
tumors
Breast Cancer

Advanced breast cancer

Advanced gastric cancer

Advanced cholangiocarci-
noma

Advanced lung cancer
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Table 1 (continued)

BsAb Target Format Clinical trial Conditions
MM-111 HER2 x HER3 Undisclosed Phase I (NCT01097460, Breast cancer
completed) Esophagus cancer
Phase I1 (NCT01774851,  Gastroesophageal junction
terminated) cancer
Phase I (NCT01304784, Stomach cancer
completed)
Phase I (NCT00911898,
completed)
Zenocutuzumab, MCLA-  HER2 x HER3 Common LC Phase I/I1 (NCT02912949, Solid tumors harboring
128 recruiting) NRG1 fusion
Phase II (NCT03321981,
active, not recruiting)
Phase II (NCT05588609,
recruiting)
YH32367, ABL105 HER?2 x 4-1BB IgG-scFv Phase I/II (NCT05523947, HER2-positive solid tumor
recruiting)
IBI315 HER2 x PD-1 1gG-like Phase I/I1 (NCT05608785, Gastric cancer
not yet recruiting) Gastroesophageal-junction
cancer
Amivantamab EGFR x c-MET IgG-like, Fab-arm Approved for marketing NSCLC
exchange (NCT04599712) Advanced solid malignan-
Phase I (NCT02609776, cies
active, not recruiting)
Phase I (NCT05663866,
recruiting)
Phase I/II (NCT05845671,
recruiting)
Phase I (NCT04606381,
recruiting)
Phase IIT (NCT05388669,
active, not recruiting)
Phase IT (NCT06116682,
not yet recruiting)
Phase I (NCT04077463,
recruiting)
Phase II (NCT05299125,
recruiting)
MCLA-129 EGFR x c-MET IgG-like Phase I/II (NCT04868877, NSCLC
recruiting) Gastric cancer
Phase I/II (NCT04930432, Esophageal squamous cell
recruiting) carcinoma
Phase I (NCT06015568, Head and neck squamous
not yet recruiting) cell carcinoma
Colorectal cancer
Bafisontamab, EMB-01 EGFR x c-MET FIT-Ig® Phase I/II (NCT05498389, EGFR mutation-related
not yet recruiting) tumors
Phase I/II (NCT05176665, NSCLC
recruiting) Metastatic gastrointestinal
Phase I/Il (NCT03797391,  carcinoid tumor
recruiting) Neoplasm metastasis
HS-20117 EGFR x c-MET IgG-like Phase I (NCT05940116, NSCLC
not yet recruiting)
[225Ac]-FPI-2068 EGFR x c-MET Bispecfic IgG delivering Phase I (NCT06147037, Advanced solid tumor

actinium-225

recruiting)

Metastatic colorectal car-
cinoma

Head and neck squamous
cell carcinoma

NSCLC

Pancreatic ductal adenocar-
cinoma
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Table 1 (continued)

BsAb Target Format Clinical trial Conditions
Petosemtamab, MCLA- EGFR x LGRS IgG-like Phase I/I1 (NCT03526835, Advanced/metastatic solid
158 recruiting) tumors
Colorectal cancer
Gastric cancer
Gastroesophageal-junction
cancer
NSCLC
HNSCC
HLX35, BNAO35 EGFR x 4-1BB IgG(H) + scFv Phase I (NCT05360381, Locally advanced or meta-
active, not recruiting) static solid tumors
Phase I (NCT05442996, NSCLC
not yet recruiting) Refractory solid tumors
Phase I (NCT05150457,
recruiting)
AFM24 EGFR x CD16a IgG(H) + scFv Phase I/II (NCT05099549, Head and neck squamous
active, not recruiting) cell carcinoma
NSCLC
Colorectal neoplasms
SI-B001 EGFR x HER3 1gG-like, 2+2 Phase I (NCT04603287, Locally advanced or meta-
recruiting) static epithelial tumor
Phase II (NCT05044897,  Head and neck squamous
recruiting) cell carcinoma
Phase IT (NCT05020457, NSCLC
recruiting)
Phase IT (NCT05054439,
recruiting)
REGN7075 EGFR x CD28 Undisclosed Phase I/II (NCT04626635, Advanced solid tumors
recruiting)
M1231 EGFR x MUCI1 Bispecific ADC Phase I (NCT04695847, Metastatic solid tumors
MUCI scFv + EGFR Fab completed) Esophageal cancer
+ Fc + hemiasterlin- NSCLC
related microtubule
inhibitor payload
BA1202 CEA x CD3 Asymmetric, 142 Phase I (NCT05909241, Advanced solid tumor
not yet recruiting)
Cibisatamab, RO6958688 CEA x CD3 KiH, 1+2 Phase I (NCT02324257, Solid tumors
completed) NSCLC
Phase I (NCT02650713,
completed)
Phase I/II (NCT03337698,
recruiting)
MEDI-565, AMG211 CEA x CD3 BiTE Phase I (NCT01284231, Gastrointestinal Adenocar-
completed) cinomas
Phase I (NCT02291614,
terminated)
TF2 CEA x HSG Tri-Fab Phase I/II (NCT01730612, HER2-negative breast carci-

completed)

Phase IT (NCT02587247,
completed)

Phase I/II (NCT01730638,
completed)

Phase I (NCT00860860,
completed)

Phase I/Il (NCT01221675,
completed)

noma expressing CEA
Metastatic colorectal cancer
Medullary thyroid carci-
noma
Small cell lung cancer
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Table 1 (continued)

BsAb Target

Format

Clinical trial

Conditions

Catumaxomab, Removab ~ EpCAM x CD3

BA3182 EpCAM x CD3

M701 EpCAM x CD3

MT110 EpCAM x CD3

Nivatrotamab, Hu3F8-
BsAb

GD2 x CD3

ERY974 GPC3 x CD3

ALG.APV-527 5T4 x 4-1BB

Hybrid-IgG

IgG(L)-scFv

Undisclosed

BiTE

IgG(L)-scFv.

1gG-like

ADAPTIR™

Phase IT (NCT00464893,
completed)

Phase IT (NCT01815528,
completed)

Phase I (NCT04819399,
recruiting)

Phase I (NCT00377429,
completed)

Phase I/II (NCT04799847,
recruiting)

Phase IT (NCT01246440,
completed)

Phase I (NCT00326885,
completed)

Phase I (NCT01065246,
completed)

Phase I (NCT01320020,
terminated)

Phase II (NCT00563836,
completed)

Phase IT (NCT01504256,
completed)

Phase II (NCT01784900,
terminated)

Phase II (NCT00352833,
completed)

Phase III (NCT00822809,
completed)

Phase II/111
(NCT00836654, com-
pleted)

Phase III (NCT04222114,
recruiting)

Phase IT (NCT00189345,
completed)

Phase I (NCT05808634,
not yet recruiting)

Phase II (NCT06266091,
active, not recruiting)

Phase I (NCT04501744,
completed)

Phase I/II (NCT05543330,
not yet recruiting)

Phase I (NCT00635596,
completed)

Phase I/IT (NCT04750239,
terminated)

Phase I/II (NCT03860207,
terminated)

Phase I/II (NCT02173093,
completed)

Phase I (NCT02748837,
completed)

Phase I/IT (NCT05934539,
recruiting)

Gastric cancer

Gastric adenocarcinoma
Ovarian cancer

Urinary bladder neoplasms
Malignant ascites
Fallopian tube neoplasms
Peritoneal neoplasms

Advanced adenocarcinoma

Malignant ascites
Malignant pleural effusions
NSCLC stage IV

Solid tumors

SCLC
Neuroblastoma
Osteosarcoma

Solid Tumors

Solid Tumors
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Table 1 (continued)

BsAb Target Format Clinical trial Conditions
GEN1044 5T4 x CD3 DuoBody™ Phase I/II (NCT04424641, Locally advanced or meta-
terminated) static solid tumor(s)
Prostate cancer
Esophageal cancer
Triple negative breast cancer
(TNBC)
Squamous cell carcinoma of
head and neck (SCCHN)
NSCLC
Bladder Cancer
Uterine Cancer
INJ-78306358 HLA-G x CD3 Zymeworks’ Azymetric™  Phase I (NCT04991740, Neoplasms
and EFECT™ completed)
Navixizumab, OMP- DLL4 x VEGF IgG-like Phase I (NCT03035253, Colorectal cancer
305B83 terminated) Ovarian cancer
Phase I (NCT02298387, Peritoneal cancer
completed) Fallopian tube cancer
Phase I (NCT03030287,
completed)
ABLO001 (CTX-009, DLL4 x VEGF Undisclosed Phase I (NCT03292783, Advanced solid tumors
NOV1501) completed) Biliary tract cancer
Phase I/II (NCT04492033,
active, not recruiting)
Tarlatamab DLL3 x CD3 Half-life extended (HLE)  Phase I (NCT04702737, SCLC
BiTE active, not recruiting) Neuroendocrine prostate
Phase I (NCT04885998, cancer
active, not recruiting)
Phase I (NCT03319940,
recruiting)
Phase I (NCT05361395,
recruiting)
Phase IT (NCT05060016,
active, not recruiting)
Phase III (NCT06117774,
recruiting)
Phase III (NCT06211036,
recruiting)
Phase III (NCT05740566,
recruiting)
Acapatamab, AMG160 PSMA x CD3 BiTE-Fc Phase I (NCT03792841, Prostate cancer
completed) NSCLC
Phase I/II (NCT03577028,
terminated)
Phase I (NCT04822298,
terminated)
Pasotuxizumab, PSMA x CD3 BiTE Phase I (NCT01723475, Prostatic neoplasms
BAY2010112 completed)
CC-1 PSMA x CD3 1gG-like Phase I (NCT05646550, Prostate cancer
recruiting) Lung cancer squamous cell
Phase I (NCT04104607,
recruiting)
Phase I/I1 (NCT04496674,
terminated)
ES414, APVO414 PSMA x CD3 ADAPTIR™ Phase I (NCT02262910, Prostate cancer
completed)
HPN424 PSMA x CD3 Tri-specific T cell-Activat- Phase I/II (NCT03577028, Advanced prostate cancer
ing Construct (TriTAC) terminated)
INJ-63898081 PSMA x CD3 DuoBody™ Phase I (NCT03926013,  Neoplasms
completed)
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Table 1 (continued)

BsAb Target Format Clinical trial Conditions
XmAb23104 PD-1 x ICOS Anti-ICOS Fab + Anti- Phase I (NCT03752398, Melanoma
PD-1 scFv + Fc active, not recruiting) Cervical carcinoma
Pancreatic carcinoma
HER2-negative breast
carcinoma
MEDI5752 PD-1 x CTLA-4 KiH Phase I (NCT05821231, Soft tissue sarcoma
recruiting) Hepatocellular carcinoma
Phase I (NCT05775159,  Biliary tract cancer
recruiting)
SI-B003 PD-1 x CTLA-4 Tetravalent Phase I (NCT04606472, Solid tumor
recruiting)
Cadonilimab, AK104 PD-1 x CTLA-4 IgG-like Phase I/II (NCT04172454, Advanced solid tumors
completed) Melanoma
Phase IT (NCT04220307,  Nasopharyngeal carcinoma
completed) Hepatocellular carcinoma
Phase IT (NCT04728321,  Pancreatic cancer
active, not recruiting) Recurrent or metastatic
Phase II (NCT05859750, cervical cancer
not yet recruiting) Gastric adenocarcinoma
Phase IT (NCT04868708,  Gastroesophageal junction

active, not recruiting)

Phase I/II (NCT04444167,
completed)

Phase I/II (NCT03852251,
active, not recruiting)

Phase II (NCT04547101,
terminated)

Phase I/II (NCT05559541,
recruiting)

Phase II (NCT04380805,
completed)

Phase II (NCT05430906,
recruiting)

Phase I/II (NCT05235542,
recruiting)

Phase II (NCT05377658,
recruiting)

Phase II (NCT06035224,
recruiting)

Phase II (NCT06196775,
not yet recruiting)

Phase II (NCT05522894,
not yet recruiting)

Phase I/II (NCT05505825,
recruiting)

Phase I (NCT05930665,
recruiting)

Phase I/II (NCT05898256,
not yet recruiting)

Phase I/II (NCT05816499,
recruiting)

Phase II (NCT06310473,
not yet recruiting)

Phase IT (NCT05792735,
recruiting)

Phase III (NCT05587374,
recruiting)

adenocarcinoma

Microsatellite instability-
high (MSI-H) or mismatch
repair deficient (DMMR)
solid tumors

Ovarian cancer

NSCLC

Clear cell renal cell carci-
noma

Esophageal squamous cell
carcinoma

SCLC

Pleural mesothelioma

Locally advanced rectal
carcinoma
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Table 1 (continued)

BsAb Target Format Clinical trial Conditions
Lorigerlimab, PD-1 x CTLA-4 DART-Fc Phase I (NCT03761017, Squamous cell NSCLC
MGDO019 recruiting) Prostate Cancer Metastatic
Phase I (NCT05293496, Cutaneous Melanoma
recruiting) Colorectal Cancer
Advanced Cancer
Solid Tumor
Pancreatic Ductal Carci-
noma
Hepatocellular Cancer
Epithelial Ovarian Cancer
Renal Cell Carcinoma
Vudalimab, XmAb20717  PD-1 x CTLA-4 XmADb® Bispecific Fc Phase II (NCT05297903,  Biliary tract cancer
Domain active, not recruiting) Breast carcinoma
Phase I (NCT03517488, Hepatocellular carcinoma
completed) Urothelial carcinoma
Phase I (NCT05032040,  Squamous cell carcinoma of
recruiting) the head and neck
Phase I (NCT05733351, Renal cell carcinoma
recruiting) Colorectal carcinoma
Phase I (NCT05453799,  Ovarian cancer
recruiting) Clear cell carcinoma
Endometrial cancer
Cervical carcinoma
Prostate carcinoma
Thyroid gland anaplastic
carcinoma
Ivonescimab, AK112 PD-1 x VEGF 1gG-like Phase I/II (NCT06196814, NSCLC
not yet recruiting) Neoplasms malignant
Phase I/II (NCT04900363, OC
recruiting) HCC
Phase I (NCT04047290, Advanced malignant tumors
recruiting) SCLC
Phase I/II (NCT04999605,
terminated)
Phase I/II (NCT04597541,
active, not recruiting)
Phase II (NCT06196775,
not yet recruiting)
Phase I/II (NCT05214482,
recruiting)
Phase IT (NCT05247684,
not yet recruiting)
Phase I/II (NCT05689853,
recruiting)
Phase I/II (NCT05229497,
recruiting)
Phase I (NCT05116007,
not yet recruiting)
Phase I (NCT04736823,
recruiting)
RC148 PD-1 x VEGF Undisclosed Phase I (NCT06016062, Solid tumor
recruiting)
AK131 PD-1 x CD73 Undisclosed Phase I (NCT06166888, Solid tumor
recruiting)
HX009 PD-1 x CD47 Anti-PD-1 IgG-SIRPa Phase I (NCT05731752, Advanced solid tumor
domain for CD47 bind- active, not recruiting)
ing
LB1410 PD-1 x TIM-3 Undisclosed Phase I (NCT05357651, Solid tumor
recruiting)
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Table 1 (continued)

BsAb Target Format Clinical trial Conditions
AZD7789 PD-1 x TIM-3 IgG-like Phase I/Il (NCT04931654, Nsclc
recruiting) Gastric cancer
Gastroesophageal junction
cancer
RO7121661 PD-1 x TIM-3 Undisclosed Phase I (NCT03708328, Solid tumors
recruiting) Metastatic melanoma
NSCLC
SCLC
Esophageal squamous cell
carcinoma
EMB-02 PD-1 x LAG-3 FIT-Ig® Phase I/II (NCT04618393, Advanced solid tumor
recruiting)
RO7247669 PD-1 x LAG-3 Undisclosed Phase I/II (NCT04140500, Solid tumors
recruiting) Metastatic melanoma
Phase I (NCT04785820, NSCLC
active, not recruiting) Esophageal squamous cell
carcinoma
AZD2936 PD-1 x TIGIT IgG-like Phase I/II (NCT04995523, NSCLC
recruiting)
CDX-585 PD-1 x ILT4 IgG-like Phase I (NCT05788484, NSCLC
recruiting) Gastric cancer
Head and neck cancer
Ovarian cancer
LY3415244 PD-L1 x TIM-3 Undisclosed Phase I (NCT03752177, Solid tumor
terminated)
ABLS501 PD-L1 x LAG-3 I1gG-scFv Phase I (NCT05101109, Advanced solid tumor
recruiting)
PMS8002 PD-L1 x VEGF IgG-VHH Phase I/II (NCT05918445, Malignant neoplasm
recruiting)
B1962 PD-L1 x VEGF Undisclosed Phase I (NCT05650385, Neoplasms malignant
not yet recruiting)
1BI1322 PDL1 x CD47 KiH, 142, anti-CD47 Fab  Phase I (NCT04338659, SCLC
+ 2 anti-PDL1 VHH completed)
+ Fc Phase II (NCT05296603,
recruiting)
Phase I (NCT04328831,
completed)
Phase I (NCT04912466,
completed)
BAT7104 PDL1 x CD47 Undisclosed Phase I (NCT05200013, Advanced solid tumors
not yet recruiting)
IMM2520 PDL1 x CD47 mAb-Trap Phase I (NCT05780307, Advanced solid tumor
recruiting) NSCLC
SCLC
Breast cancer
Squamous cell cancer of
head and neck
Colorectal cancer
PF-07257876 PDL1 x CD47 IgG-like Phase I (NCT04881045, NSCLC
recruiting) Squamous cell carcinoma of
the head and neck
Ovarian cancer
MCLA-145 PD-L1 x 4-1BB 1gG-like Phase I (NCT03922204, Advanced cancer
recruiting) Solid tumor
FS222 PD-L1 x 4-1BB IgG-like, tetravalent Phase I (NCT04740424, Advanced cancer

recruiting)

Metastatic cancer
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Table 1 (continued)

BsAb Target Format Clinical trial Conditions
ES101, INBRX-105 PD-L1 x 4-1BB IgG-like Phase I (NCT04009460, Solid tumors
terminated) Neoplasms
Phase I/II (NCT04841538, Malignant tumor
withdrawn) Thoracic tumors
Phase II (NCT03809624, NSCLC
recruiting) SCLC
ATG-101 PD-L1 x 4-1BB Tetravalent Phase I (NCT04740424, Advanced solid tumor
recruiting) Metastatic solid tumor
ABL-503 PD-L1 x 4-1BB IgG-scFv Phase I (NCT04762641, Advanced solid tumor
recruiting)
PRS-344, S095012 PD-L1 x 4-1BB IgG-anticalin fusion Phase I/I1 (NCT05159388, Solid Tumor
recruiting)
EMB-09 PD-L1 x OX40 FIT-Ig® Phase I (NCT05263180, Advanced solid tumor
recruiting)
Y101D PD-L1 x TGF-p CHECKBODY™ Phase I (NCT05028556, Metastatic or locally
active, not recruiting) advanced solid tumors
KNO046 PD-L1 x CTLA-4 Anti PD-L1 sdAb + anti Phase I (NCT04040699, Advanced/metastatic solid
CTLA-4 sdAb + Fc active, not recruiting) tumors
Phase I (NCT03838848, NSCLC
terminated) Thymic carcinoma
Phase I/II (NCT05425602, Digestive system cancers
not yet recruiting) Advanced pancreatic ductal
Phase II (NCT04469725, adenocarcinoma
recruiting)
Phase I (NCT05985707,
not yet recruiting)
Phase I (NCT06099821,
recruiting)
Phase I (NCT05985109,
recruiting)
Phase IT (NCT05420220,
recruiting)
Phase III (NCT05149326,
active, not recruiting)
Phase III (NCT04474119,
unknown)
SPX-303 PD-L1 x LILRB2 Undisclosed Phase I (NCT06259552, Solid tumor
recruiting) HNSCC
RCC
CRC
HLX301 PD-L1 x TIGIT IgG-scFv Phase I/IT (NCT05390528, Advanced/metastatic solid
recruiting) tumors
Phase I/II (NCT05102214,
recruiting)
CDX-527 PD-L1 x CD27 IgG-scFv Phase I (NCT04440943, NSCLC
completed) Breast cancer
Gastric cancer
Ovarian cancer
IBI318 PD-1 x PD-L1 IgG-like Phase I (NCT04777084, NSCLC
recruiting)
LY3434172 PD-1 x PD-L1 IgG-like Phase I (NCT03936959, Advanced cancer
completed)
XmAb22841 CTLA-4 x LAG-3 XmADb® bispecific Fc Phase I (NCT03849469, Melanoma
domain completed) Cervical carcinoma
Pancreatic carcinoma
Triple negative breast cancer
JNJ-87890387 ENPP3 x CD3 Undisclosed Phase I (NCT06178614, Advanced solid tumors
recruiting)
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Table 1 (continued)

BsAb Target Format Clinical trial Conditions
ABL-103 B7-H4 x 4-1BB 1gG-scFv Phase I (NCT06178614, Advanced solid tumor
recruiting)
GEN1047 B7-H4 x CD3 DuoBody™ Phase I/II (NCT05180474, Breast cancer
recruiting) Endometrial cancer
Ovarian cancer
Squamous NSCLC
XmADb808 B7-H3 x CD28 XmAb® 2+1 Phase I (NCT05585034, NSCLC, squamous or non-
recruiting) squamous
Castration-resistant prostate
cancer
Ovarian cancer, epithelial
Triple-negative breast
cancer
Colorectal cancer
CC-3 B7-H3 x CD3 IgG-like Phase I (NCT05999396, Colorectal cancer
recruiting)
MGD009 B7-H3 x CD3 DART Phase I (NCT02628535, Bladder cancer
terminated) Breast cancer
Phase I (NCT03406949, Clear cell renal cell carci-
completed) noma
Colon cancer
Advanced solid tumors
XmAb541 CLDNG6 x CD3 XmAb® 2+1 Phase I (NCT06276491, Ovarian cancer
not yet recruiting) Endometrial cancer
Germ cell tumor
Testicular germ cell tumor
Ovarian germ cell tumor
AK132 CLDN18.2 x CD47 Undisclosed Phase I (NCT06166472, Advanced malignant solid
not yet recruiting) tumor
AZD5863 CLDN18.2 x CD3 scFv fusion Phase I/II (NCT06005493, Gastric cancer
recruiting) Gastro-esophageal junction
cancer
Pancreatic ductal adenocar-
cinoma
Esophageal adenocarcinoma
VP301 CD38 x ICAM-1 KiH, 1+1 Phase I (NCT05698888, Solid tumors
terminated)
EMB-07 ROR1 x CD3 FIT-Ig® Phase I (NCT06178614, Advanced/metastatic solid
recruiting) tumors
NI-1801 Mesothelin x CD47 1gG-like Phase I (NCT05403554, Epithelial ovarian cancer
recruiting) Triple negative breast cancer

Non-squamous NSCLC
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Table 1 (continued)

BsAb Target Format

Clinical trial Conditions

Tebentafusp, ImmTAC

IMCgp100

Gp-100 x CD3

AMGS509 STEAP1 x CD3 XmAb® 2+1

Phase I (NCT01211262, Uveal melanoma
completed)

Phase I/IT (NCT02570308,
completed)

Phase I/II (NCT02535078,
completed)

Phase I/II (NCT05415072,
recruiting)

Phase I/II (NCT04262466,
recruiting)

Phase IT (NCT05282901,
recruiting)

Phase II (NCT03070392,
active, not recruiting)

Phase II (NCT06414590,
not yet recruiting)

Phase IT (NCT05315258,
not yet recruiting)

Phase II (NCT06070012,
not yet recruiting)

Phase II/I1I
(NCT05549297, recruit-
ing)

Phase III (NCT06246149,
not yet recruiting)

Phase I (NCT04221542,
recruiting)

Prostate cancer

HER?2 human epidermal growth factor receptor 2, EGFR epidermal growth factor receptor, LGRS leucine rich repeat containing G protein-cou-
pled receptor 5, CEA carcinoembryonic antigen, HSG human serum albumin, EpCAM epithelial cell adhesion molecule, GPC3 glypican 3, HLA-
G human leukocyte antigen G, DLL4 delta like canonical Notch ligand 4, DLL3 delta like canonical Notch ligand 3, VEGF vascular endothelial
growth factor, PSMA prostate-specific membrane antigen, PD-1 programmed cell death protein 1, PD-L1 programmed cell death ligand 1, TIM-
3 T-cell immunoglobulin and mucin domain-containing protein 3, CTLA4 cytotoxic T-lymphocyte associate protein-4, TIGIT T-cell immuno-
receptor with Ig and ITIM domains, LAG-3 lymphocyte-activation gene 3, TGF-f transforming growth factor beta, /LT4 immunoglobulin like
transcript 4, ENPP3 ectonucleotide pyrophosphatase/phosphodiesterase family member 3, CLDN Claudin, ICAM-1 intercellular adhesion mol-
ecule 1, NRGI neuregulin 1, GP100 glycoprotein 100, STEAP] six transmembrane epithelial antigen of the prostate 1, NSCLC non-small-cell
lung cancer, SCLC small-cell lung cancer, HNSCC head and neck squamous cell carcinoma, RCC renal cell carcinoma, CRC colorectal cancer

activity and a favorable safety profile, particularly in
patients with high-level HER2 expression [51]. In another
completed Phase 2 clinical trial (NCT04521179), KN026
was combined with another anti-PD-L1 X CTLA-4 BsAb
KNO046 in the treatment of HER2-positive solid tumors.
This combination aims to enhance antitumor activity by
simultaneously inhibiting key pathways in tumor growth
and immune evasion. Twenty-six patients with HER2-pos-
itive tumors were enrolled. Patients received KN026 at a
dose of 30 mg/kg every 3 weeks, with an initial loading
dose on days 1 and 8 of cycle 1, and KN046 at a dose of 5
mg/kg every 3 weeks. The combination treatment showed
promising efficacy, particularly in CRC patients, with a
confirmed ORR of 53.8% across all patients and an ORR
of 53.3% in CRC patients specifically. The mDOR and
mPFS were also notable, especially in CRC patients, indi-
cating a significant therapeutic impact. The treatment was
generally well tolerated, with most TRAE being grade 1
or 2. The most common TRAEs included infusion-related
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reactions and increases in liver enzymes. Severe TRAEs
were rare, and there were no treatment-related deaths [52].

MM-111 is a BsAb targeting the HER2/HER3 het-
erodimer. A preclinical trial showed that MM-111 with
trastuzumab synergistically inhibits tumor growth by
blocking heregulin (HRG)-mediated activation of HER3
and subsequent signaling through the AKT and ERK path-
ways [53]. In a completed dose-escalation Phase 1 clini-
cal trial (NCT00911898), 20 patients were enrolled and
treated with MM-111. Maximum tolerated dose (MTD)
was not attained as no patients experienced a dose-lim-
iting toxicity. Another completed Phase 1 clinical trial
(NCTO01304784) investigated the safety of combining
MM-111 with standard-of-care HER2-targeting regimens
in patients with advanced HER2-positive cancer. Testing
various drug combinations across five arms, the study
involved 86 patients and identified dose-limiting toxicities,
without reaching a maximum tolerated dose in most arms
[54]. A Phase 2 clinical trial (NCT01774851) assessed
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MM-111 combined with paclitaxel and trastuzumab for
advanced HER2+ gastric/esophageal cancer. However, the
trial was halted early due to lack of efficacy [55].

Zenocutuzumab (MCLA-128) is a novel engineered
anti-HER2 X HER3 BsAb with modified CH3 and
common light chain design [56]. In a Phase 1/2 study
(NCT02912949), 116 patients with various kinds of solid
tumors (breast, colorectal, endometrium, gastric, lung,
ovarian, and others) were enrolled. The study developed
a pharmacokinetic model which described MCLA-128
kinetics with a two-compartment model featuring lin-
ear and non-linear clearance. Fat-free mass significantly
influenced linear clearance and distribution, accounting for
variability in pharmacokinetics. Tumor burden impacted
non-linear clearance. Simulations supported flat dosing
of 750 mg bi-weekly as it provided consistent exposure
across patients, affirming its suitability for treating solid
tumors with minimal impact from body size parameters on
drug disposition [56].

YH32367 (ABL105) is a BsAb targeting HER2 x 4-1BB.
4-1BB, also known as CD137 or TNFSF9, is a member of
the tumor necrosis factor receptor (TNFR) superfamily
that is expressed on activated T cells, NK cells, and other
immune cells. It acts as a potent co-stimulatory molecule,
enhancing the survival, proliferation, and effector func-
tions of T cells upon activation. 4-1BB binds to its ligand,
4-1BBL, present on antigen-presenting cells, facilitat-
ing powerful immune activation and potential antitumor
effects. Agonistic antibodies targeting 4-1BB have shown
potential in enhancing tumor-specific immunity by bias-
ing signals towards CD8+ T cells, thereby promoting their
survival and acquisition of potent cytolytic properties [57].
The BsAb is designed to overcome HER?2 resistance. In the
preclinical study, in vitro YH32367 stimulated IFN-vy secre-
tion and tumor cell lysis. In vivo, it demonstrated superior
tumor eradication and long-term immunity in mouse models
compared to trastuzumab and a 4-1BB agonistic antibody.
A 4-week toxicity study in monkeys revealed no adverse
effects, indicating a favorable safety profile [58]. A Phase
1/2 clinical trial (NCT05523947) in HER2-positive solid
tumors is in the recruiting stage.

2.3.1.2 Immune Cell Engagement M802 and GBR1302
are novel bispecific antibodies targeting HER2 and CD3,
designed to engage T-cells against HER2-expressing tumor
cells.

MS802 was produced by a KiH strategy. It has an anti-
HER?2 monovalent unit and an anti-CD3 single chain unit
bound to the Fc region. In a preclinical trial, M802 demon-
strated enhanced cytotoxicity compared to Herceptin against
HER?2-positive tumor cells, including those with low HER2
expression or Herceptin resistance [59]. M802 is undergoing
a Phase 1 clinical trial NCT04501770.

GBR1302 has an anti-HER2 Fab arm and an anti-CD3
scFv arm bound to the Fc region. A Phase 1 clinical trial
(NCT02829372) was performed to assess the safety, toler-
ability, and preliminary efficacy of GBR1302 for treating
patients with HER2-postive cancers. Clinical and PD data
suggest T-cell activation at higher GBR1302 dosages [60].

2.3.1.3 Immune Checkpoint Blockade IMM2902 is a novel
recombinant anti-HER2 X CD47-SIRPa bispecific mAb-
Trap fusion protein [61]. CD47, often termed the “don’t eat
me” signal, is a transmembrane protein that plays a critical
role in the immune system’s ability to distinguish between
self and foreign cells [62]. It is ubiquitously expressed on
the surface of healthy cells and delivers a signal that inhibits
phagocytosis through its interaction with signal-regulatory
protein alpha (SIRPa) on the surface of macrophages and
dendritic cells. CD47 is overexpressed in many types of can-
cer cells to avoid immune surveillance and destruction [63],
including HER2-postive cancer cells. The co-expression of
HER2 and CD47 has been notably observed in recurrent
BC patients with poor prognoses compared to their primary
tumors [61]. With its high affinity to HER2 and CD47 on
tumor cell membrane, IMM2902 is capable of targeting
HER2-positive cancer cells and reactivating the tumor-
engulfing ability of macrophages by interrupting the CD47-
SIRPa interaction simultaneously [64]. At present the clini-
cal trials of IMM2902, NCT05076591 and NCT05805956
are in the recruiting stage.

2.3.1.4 Payload Delivery ZW-49 is a bispecific antibody
drug conjugate based on zanidatamab. In a Phase 1 clini-
cal trial (NCT03821233), 76 patients with a median age of
59 years, primarily suffering from gastric (28%) and breast
(22%) cancers, were included. Most of them (70%) had pre-
viously received HER2-targeted therapy. Adverse events
were mostly mild to moderate, with keratitis, alopecia, and
diarrhea being the most common. A confirmed objective
response rate (ORR) of 28% and a disease control rate of
72% among the 29 patients evaluated for response at the 2.5
mg/kg tri-weekly dose were reported, indicating the poten-
tial of ZW-49 as an effective treatment for various cancer
types [44].

2.3.2 EGFR

EGFR, also known as HER1 or ErbB1, was the first mem-
ber of the ErbB family [65]. It is a transmembrane tyrosine
kinase receptor, crucial for cell growth, differentiation, and
survival. Upon binding with its ligands, such as epidermal
growth factor (EGF) and transforming growth factor-alpha
(TGF-a), EGFR dimerizes and activates its tyrosine kinase
domain, leading to autophosphorylation and triggering vari-
ous downstream signaling pathways, including the MAPK,
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AKT, and JNK pathways [66]. EGFR is overexpressed in
many cancers, such as NSCLC, colorectal cancer, and head
and neck squamous cell carcinoma.

2.3.2.1 TAA Targeting Amivantamab, MCLA-129, EMB-
01 (bafisontamab) and HS-20117 are BsAbs targeting EGFR
and c-MET. c-MET, also known as hepatocyte growth fac-
tor receptor (HGFR), is a tyrosine kinase receptor involved
in cell growth, motility, and morphogenesis, particularly
in cancer progression and metastasis [67]. A preclinical
study demonstrated that amivantamab showed significant
antitumor activity against EGFR Exon 20 insertion muta-
tions in NSCLC across various models [68]. Amivantamab
effectively blocks ligand-induced phosphorylation of EGFR
and c-MET, surpassing the inhibition achieved by antibod-
ies targeting a single receptor. In NSCLC models driven by
EGFR or c-MET, amivantamab induces tumor regression
by inhibiting signaling, downmodulating receptors, and lev-
eraging Fc-driven effector functions. Combination with a
third-generation EGFR tyrosine kinase inhibitor (TKI) leads
to complete, durable regression of lung xenograft tumors
[69]. In a Phase 1 clinical trial (NCT02609776) in NSCLC
patients, it achieved a 40% overall response rate, including
three complete responses, and a median progression-free
survival (PFS) of 8.3 months. The most common adverse
events were rash, infusion-related reactions, and paronychia
[70]. Recently, NCT02609776 evaluated the combination
of amivantamab and lazertinib (laz) in treatment-naive
NSCLC patients. After a median follow-up of 33.6 months,
50% remained progression-free on treatment. Median dura-
tions of response (DORs), PFS, and overall survival (OS)
were not reached, showcasing the combination’s durabil-
ity [71]. The findings highlight amivantamab’s efficacy for
EGFR-mutant NSCLC patients, leading to the FDA grant-
ing it breakthrough therapy designation on 10 March 2020
[72]. Amivantamab received accelerated approval from the
FDA on 21 May 2021 for the treatment of adult patients
with locally advanced or metastatic NSCLC with EGFR
exon 20 insertion mutations whose disease has progressed
on or after platinum-based chemotherapy.

MCLA-158 (petosemtamab) is a BsAb targeting EGFR
and LGRS. LGRS, also known as GPR49, is a member of the
class A Rhodopsin-like family of G-protein coupled recep-
tors (GPCRs) [73]. It plays a critical role in regulating Wnt
signaling, which is vital for cell proliferation, differentia-
tion, and embryonic development. In a Phase 1 dose-esca-
lation clinical trial (NCT03526835), 33 CRC patients were
enrolled and treated with MCLA-158 at over 11 dose levels
(5-1,500 mg, flat dose). It was well tolerated with a recom-
mended Phase 2 dose (RP2D) of 1,500 mg intravenously
(IV) every 2 weeks. No dose-limiting toxicities occurred,
with infusion-related reactions being the most common
adverse event [74].
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SI-B001 is a tetravalent BsAb targeting EGFR and HER3.
In a preclinical study, SI-BO01 demonstrated antitumor effi-
cacy in various xenograft models. Through pharmacokinetic
(PK) and PK/pharmacodynamic (PD) modeling and simula-
tion, effective doses were estimated for different cancers (16
mg/kg per week for colon cancer, 5-7 mg/kg per week for
head and neck cancer, and 5-6 mg/kg per week for esopha-
geal cancer), utilizing data from animal studies [75]. In a
clinical trial NCT05044897 patients who progressed after
anti-PD-1/L1 and platinum-based chemotherapy received
SI-B001 at 16 mg/kg IV weekly. Another clinical trial
NCT05054439 involved patients with similar progression
criteria, treated with SI-BOO1 at 12 mg/kg IV weekly plus
chemotherapy, differentiated by prior paclitaxel exposure.
The results revealed an ORR of 22.2% in NCT05044897,
while NCT05054439 showed an ORR of 45.5%, with higher
responses in the paclitaxel-naive group. Median PFS varied
across groups, with manageable and tolerable toxicity pro-
files. These findings suggest SI-B001 plus chemotherapy,
particularly with paclitaxel, might offer improvements in
ORR and DCR for this patient population [76].

2.3.2.2 Immune Cell Engagement AFM-24 is a novel anti
EGFR x CD16a BsAb. It features a tetravalent IgG(H)-
scFv format, with the anti-EGFR scFv attached to the
C-termini of the silenced Fc region of the anti-CD16a IgG
[77]. In a preclinical study, AFM24 was effective in induc-
ing antibody-dependent cellular cytotoxicity and phago-
cytosis in vitro, showing potency across a range of EGFR
expression levels and mutational statuses. In cynomolgus
monkeys, AFM24 was well tolerated, with no significant
adverse effects observed [77]. In a Phase 1 dose-escalation
clinical trial (NCT05099549), six patients (five microsatel-
lite stable colorectal and one head and neck cancer) were
enrolled and received treatment with AFM24 in combina-
tion with SNKO1 cell therapy. Preliminary results from this
study indicate no dose-limiting toxicities, with most adverse
events being grade 1/2 infusion reactions. Early findings
suggest stable disease in some patients, supporting further
investigation of this combination therapy’s tolerability and
potential efficacy [78].

REGN7075, an IgG4-based co-stimulatory EGFR X
CD28 BsAb, is designed to bridge EGFR-positive tumor
cells with CD28-positive T cells and to provide amplified
T-cell receptor-CD3 complex-mediated T-cell activation
within the tumor by leveraging the CD28 co-stimulation
pathway [79]. In genetically humanized immunocompetent
mouse models, REGN7075, when used in combination with
an anti-PD-1 antibody, demonstrated enhanced antitumor
activity compared to the use of either agent alone [80].
A Phase 1/2 clinical trial (NCT04626635) evaluating the
safety, tolerability, pharmacokinetics, and preliminary anti-
tumor activity of REGN7075 alone and in combination with
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cemiplimab in solid tumor patients is ongoing. As of Sep-
tember 2022, 30 patients have been treated, with the study
continuing to enroll participants [81].

2.3.2.3 Payload Delivery M1231 is a pioneering bispecific
antibody-drug conjugate (ADC) targeting EGFR and MUC-
1, fused with a novel hemiasterlin-related microtubule
inhibitor payload. The bispecific antibody structure com-
prises an anti-MUC-1 scFv and an anti-EGFR Fab attached
to an Fc region [82]. MUC-1, also known as mucin-1, is a
glycoprotein found on the epithelial cell surface. It plays a
crucial role in forming a protective mucous barrier and is
involved in cellular signaling. MUC-1 is overexpressed in
various kinds of cancer cells [83]. A Multi-scale Systems
Pharmacology model was developed to address how the
ADC’s behavior and interaction with physiological sys-
tems lead to the release of its payload inside tumor cells,
effectively inhibiting tumor growth. The M1231 internali-
zation and lysosomal trafficking in the MUC1 and EGFR-
expressing cancer cell lines MDA-MB-468 and OVCAR-3
was quantified through an in vitro model. Preclinical studies
in mice and pharmacokinetics in monkeys helped predict an
effective human dose range of 2.4-4.3 mg/kg every 3 weeks,
guiding the first-in-human trial’s design (NCT04695847)
[84]. The trial has been completed, but currently there are
no posted results. M1231 was discontinued in June 2023.

[225Ac]-FPI-2068 is a bispecific IgG-based TAT
designed to deliver actinium-225 to various solid tumors
that co-express EGFR-cMET [45]. A Phase 1 clinical trial
(NCT06147037) is at the recruiting stage.

23.3 CEA

CEA, also known as carcinoembryonic antigen-associated
cell adhesion molecule 5 (CEACAMS), is a glycoprotein
involved in cell adhesion [85]. It is typically present at very
low levels in the blood of healthy adults. However, CEA
levels can increase significantly in certain types of cancers,
making it a valuable tumor marker, especially for colorec-
tal cancer. Elevated CEA levels may also be found in other
malignancies such as breast, lung, gastric, pancreatic, and
ovarian cancers [86].

2.3.3.1 Immune Cell Engagement BA1202, RO6958688
(cibisatamab), and MEDI-565 (AMG211) are anti-CEA X
CD3 BsAbs of different designs.

BA1202 adopts a novel butterfly-shaped asymmetric
Fc-based antibody structure, with one end binding biva-
lently with high affinity to CEA, and the other end binding
monovalently with relatively low affinity to CD3. BA1202
effectively eradicates CEA-positive tumors in preclinical
models, showing efficacy at low doses and good safety in

toxicity studies [87]. A clinical trial (NCT05909241) has
been initiated.

RO6958688 is a BsAb utilizing “knobs-in-holes” technol-
ogy for its asymmetric Fc structure, where one arm consists
of a CEA-binding Fab, and the other arm combines a CEA-
binding Fab and a CD3-binding Fab in a unique “head-to-
tail” configuration. This allows it to bivalently bind to CEA
on tumor cells and monovalently to CD3 on T cells. In vitro
and in vivo efficacy experiments, complemented by histol-
ogy, confocal, and intravital imaging studies, have shown
that RO6958688 effectively mediates T-cell-dependent
tumor cell lysis by facilitating stable crosslinking of multiple
T cells to individual tumor cells [88]. In two dose-escalation
Phase 1 clinical trials (NCT02324257 and NCT02650713),
RO6958688 was given as monotherapy or in combination
with atezolizumab 1,200 mg in adult patients with advanced
CEA+ solid tumors. A 5% partial response in NCT02324257
and a 20% response in NCT02324257 were observed. Com-
mon adverse events included pyrexia, infusion-related reac-
tions, and diarrhea. Grade > 3 events were primarily infu-
sion-related reactions and diarrhea. There were five DLTs in
NCT02324257 and one DLT in NCT02650713, which were
likely linked to tumor inflammation [89].

MEDI-565 (AMG211) is a single-chain BsAb of BiTE
structure [90]. In a preclinical study, it was tested both
in vitro and in vivo, showing specific binding to CEA-posi-
tive cells and efficient T-cell-mediated tumor cell lysis. The
potency of MEDI-565 was independent of mutations com-
mon in colorectal adenocarcinomas, such as KRAS, BRAF,
PI3KCA, and TP53 [91]. A completed Phase 1 clinical trial
(NCTO01284231) evaluated MEDI-565 in gastrointestinal
adenocarcinomas. Administered intravenously in 28-day
cycles, the study aimed to determine the MTD, assessing
pharmacokinetics, antidrug antibodies, and antitumor activ-
ity in 39 patients. Dose-limiting toxicities included hypoxia
and cytokine-release syndrome, with the MTD established at
5 mg with dexamethasone. Although no objective responses
were observed, 28% of patients had stable disease [92].
MEDI-565 was discontinued in 2019.

2.3.3.2 Payload Delivery TF2 is a tri-Fab BsAb targeting
CEA and HSG. In a Phase 2 clinical trial (NCT02587247),
11 CRC patients with no reported adverse effects from
BsAb and peptide injections were enrolled. The patients
received treatment with 120 nmol of 150 MBq of TF2 fol-
lowed by 68Ga-IMP-288. Immuno-PET was positive in nine
out of 11 patients [93]. The feasibility of the BsAb was also
investigated in breast cancer patients with 68 Ga-IMP-288
(NCTO01730612) [94], medullary thyroid carcinoma patients
with 68 Ga-IMP-288 (NCT01730638), and SCLC patients
with 177Lu-IMP-288(NCT01221675). These studies sug-
gested that immuno-PET using TF2 and IMP288 was a safe
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and feasible approach, offering promising diagnostic perfor-
mance for several cancers.

2.3.4 EpCAM

EpCAM is a transmembrane glycoprotein involved in
cell signaling, adhesion, and proliferation. Predominantly
expressed on the surface of epithelial tissues, EpCAM plays
a crucial role in cell growth and differentiation [95]. EpCAM
is involved in several signaling pathways that relate to can-
cer cell growth, including the regulation of intramembrane
proteolysis (RIP)-mediated signaling and activation of Wnt
signaling [96]. Its overexpression is often observed in vari-
ous cancers, including colorectal, breast, gastric, prostate,
ovarian, and lung cancer, making it a target for cancer diag-
nostics and therapy [97].

Catumaxomab is a trifunctional bispecific antibody pro-
duced using quadroma technology, combining mouse IgG2a
and rat IgG2b antibodies. It has two antigen-binding sites:
one that targets CD3 on T cells and another that binds to the
EpCAM antigen on tumor cells. Additionally, its Fc region
has the capability of selectively engaging and activating
accessory cells expressing Fcy receptors I, Ila, or IIT [98].
In preclinical studies, catumaxomab has shown anti-tumor
activity in vitro [99-103] and in vivo [104]. A Phase 1/2
clinical trial was conducted to assess the safety and effec-
tiveness of treating ovarian cancer patients with malignant
ascites [105]. In a Phase 2 clinical trial, the pharmacokinet-
ics of catumaxomab were explored in patients suffering from
malignant ascites [106]. In a pivotal Phase 2/3 clinical trial
(NCT00836654), 258 patients with malignant ascites due to
epithelial cancer, including ovarian and non-ovarian cancers,
were involved. Patients were randomized into two groups:
one receiving catumaxomab treatment alongside paracente-
sis (170 patients) and a control group receiving paracentesis
alone (88 patients). Catumaxomab was administered through
four intraperitoneal infusions at doses of 10, 20, 50, and 150
pg within 11 days. The results demonstrated that median
puncture-free survival was markedly longer in the catumax-
omab group, indicating effective management of malignant
ascites. The treatment was also associated with a reduction
in ascites symptoms, offering a quality-of-life improvement
for patients. Additionally, the adverse events were manage-
able [107]. A Phase 1 study was conducted to assess the
safety and tolerability of intravenous catumaxomab treat-
ment in NSCLC patients. Including stage IB-IV NSCLC
patients with at least one prior therapy, the study identified
dose-limiting toxicities related to liver enzyme elevation,
determining the maximum tolerated dose. The findings
suggest that a starting dose of 5 pug of catumaxomab, pre-
ceded by 40 mg dexamethasone and antihistamines, is viable
for further treatments in NSCLC patients [108]. A Phase
1 study evaluated catumaxomab’s efficacy for peritoneal
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carcinomatosis from gastrointestinal cancer via intraperito-
neal infusions in 24 patients. The maximum tolerated dose
was identified, with fever, vomiting, abdominal pain, skin
toxicity, and nausea being the most common adverse events.
A post hoc analysis revealed significantly longer median
survival for study participants compared to those receiving
conventional chemotherapy [109]. In a Phase 2 clinical trial
(NCTO01504256), combining catumaxomab with chemother-
apy for treating peritoneal carcinomatosis in gastric cancer
patients proved to be a viable and well-tolerated strategy
[110]. Catumaxomab received European Medicines Agency
(EMA) approval in 2009 as the first bispecific antibody or
trifunctional antibody to be approved [111]. Its journey in
the EU market concluded in 2017 following discontinuation
of sales in 2014, attributed to its lackluster market perfor-
mance [112]. Despite its withdrawal, catumaxomab remains
the subject of ongoing clinical trials aiming to further unlock
its therapeutic potential.

MT110 (solitomab) is a novel anti EpCAM x CD3 BsAb
of BiTE structure. MT110 has been shown to trigger a broad
activation of both CD4- and CD8-positive T cells, with CD8
cells primarily driving tumor cell lysis. The antibody dem-
onstrated strong efficacy in preclinical models, completely
preventing tumor growth with early treatment and eradicat-
ing established tumors with later dosing [113]. In a Phase
1 dose-escalation study (NCT00635596), 65 patients with
solid tumors (colorectal, ovarian, gastric, lung, and pros-
tate) received MT110 via continuous IV infusion across
various doses. The study encountered dose-limiting toxici-
ties, including severe diarrhea and increased liver enzymes,
leading to a maximum tolerated dose of 24 mg/day. One
unconfirmed partial response was observed [114]. MT110
was discontinued in 2015.

Two further EpCAM X CD3 BsAbs are BA3182 and
M701, for which clinical studies have been initiated. A
Phase 1 trial (NCT05808634) is going to evaluate BA3182
in adenocarcinoma and a Phase 2 trial NCT06266091) is
going to evaluate M701 for treating malignant ascites caused
by gastrointestinal or ovarian cancer.

2.3.5 GD2

GD2 is a disialoganglioside, a type of glycolipid found on
the surface of cells, particularly in the nervous system and
on tumors of neuroectodermal origin, such as neuroblas-
toma, and melanoma [115]. GD2’s presence on the neu-
roblastoma cell membrane is universal across all primary
tumors, without relation to the tumor’s stage. It is highly
abundant, with an estimated count ranging up to 10° mol-
ecules per cell [116]. Due to its limited expression in normal
tissues and high expression on certain tumor cells, GD2 has
become a target for cancer immunotherapy.
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Nivatrotamab is a novel GD2-targeted bispecific antibody
that combines a humanized anti-CD3 component (huOKT3
scFv) with a humanized anti-GD2 part (hu3F8), linked at the
carboxyl end of the IgG1 light chain. In a Phase 1/2 clinical
trial (NCT02173093), the potential of GD2-targeted bispe-
cific antibody armed T cells (GD2BATs) was explored in
treating patients with GD2-positive tumors, including neu-
roblastoma, osteosarcoma, and desmoplastic small round
cell tumor. Twelve patients were enrolled. They received bi-
weekly infusions of GD2BATs alongside IL-2 and GM-CSF.
The trial demonstrated that such treatment is feasible and
safe, with some patients showing signs of tumor response
or stable disease [117]. Nivatrotamab was also involved in
two clinical trials, NCT04750239 and NCT03860207, which
progressed to the stage of patient recruitment and prelimi-
nary data collection. However, both trials were ultimately
terminated due to shifts in business priorities.

2.3.6 GPC3

Glypican-3 (GPC3) is a cell surface oncofetal protein highly
expressed in various pediatric solid embryonal tumors,
including hepatoblastomas, Wilms’ tumors, rhabdoid
tumors, certain germ cell tumor subtypes, and some rhab-
domyosarcomas. GPC3 plays a crucial role in cell growth
and differentiation by interacting with growth factors and
activating the canonical Wnt/p-catenin pathway, which is
often overexpressed in these malignancies [118].

ERY974 is an anti-GPC3 X CD3 BsAb. The combined
effect of ERY974 with chemotherapy has been confirmed on
non-inflamed tumors in a xenograft model. While ERY974
alone showed limited antitumor effects due to restricted
T-cell infiltration to the tumor-stromal boundary, combina-
tion therapy enhanced efficacy by promoting deeper T-cell
infiltration into the tumor and increasing ERY974 distribu-
tion within the tumor. Additionally, ERY974 boosted the
cytotoxicity of capecitabine by inducing thymidine phos-
phorylase expression in tumors, aiding in the drug’s acti-
vation [119]. A Phase 1 study (NCT02748837) explored
ERY974 in patients with advanced solid tumors expressing
GPC3, aiming to determine the maximum tolerated dose of
ERY974. The study enrolled 29 patients across dose levels
up to 0.81 pg/kg, identifying TRAEs including cytokine-
release syndrome (CRS) and pyrexia. The study observed
biologic activity with one partial response in esophageal
cancer and stable disease in four patients [120]. No further
developments have been made since 2019.

2.3.7 5T4
The 5T4 oncofetal antigen, also known as trophoblast gly-

coprotein (TBPG), is a target for cancer immunotherapy
due to its restricted expression in normal tissues but broad

expression across many cancers. It is a 72 kD, heavily N-gly-
cosylated protein with several leucine-rich repeats, often
associated with protein-protein interactions. The expression
of 5T4 is linked with processes like epithelial mesenchymal
transition, enhancing chemotaxis and affecting Wnt signal-
ing pathways, which facilitate cancer cell spread [121].

2.3.7.1 TAA Targeting ALG.APV-527, designed using the
ADAPTIR bispecific platform, targets both 5T4 and 4-1BB.
It combines two distinct scFvs, one targeting 5T4 and the
other targeting 4-1BB, both linked to the hinge and Fc-
domain of an IgG1 molecule. In preclinical models, ALG.
APV-527 demonstrated potent antitumor activity without
significant systemic toxicity. This effect was observed across
various cancer types expressing the 5T4 antigen. The treat-
ment effectively activated T cells within the tumor micro-
environment, leading to tumor regression [122]. The Phase
1/2 clinical trial (NCT05934539) is at the recruiting stage.

2.3.7.2 Immune Cell Engagement GEN1044 is a bispecific
antibody targeting CD3 on T cells and 5T4 on tumor cells.
In vitro, the antibody demonstrated dose-dependent cyto-
toxicity, dependent on the interaction between T cells and
5T4-expressing tumor cells, with robust T-cell activation
and cytokine release. In vivo, it showed antitumor activity
in humanized mouse models of breast, prostate, and lung
cancers, alongside biomarkers indicative of T-cell activation
[123]. A Phase 1/2 clinical trial (NCT04424641) evaluating
GEN1044 in patients with malignant solid tumors was ter-
minated after reaching the MTD.

2.3.8 HLA-G

HLA-G is a non-classical HLA class I molecule known for
its immunomodulatory properties, initially identified at the
maternal-fetal interface, indicating its role in maintaining
fetal-maternal immune tolerance. It is also found in specific
immune-privileged tissues and plays a crucial role in various
processes including organ transplantation, viral infections,
cancer progression, and autoimmunity. HLA-G can inhibit
immune system cells through its tolerogenic function, aid-
ing in tumor escape. Polymorphisms in the HLA-G gene,
particularly in the 3’UTR region, affect its expression and
have been linked with different tumor types and autoim-
mune diseases [124]. HLA-G, typically exhibiting restricted
expression in normal tissues, is found across a diverse range
of human cancers [125].

JNJ-78306358 is a BsAb developed using Zymeworks’
Azymetric™ and EFECT™ therapeutic platforms [126].
It targets HLA-G and CD3, redirecting T cells to kill
HLA-G-expressing tumor cells. JNJ-78306358 combines
high-affinity binding to HLA-G with weaker affinity to
CD3e, facilitating specific tumor cell destruction while
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minimizing interaction with Fcy receptors. Its efficacy
and T-cell activation capabilities have been demonstrated
in vitro and in humanized mouse models [127]. A Phase
1 study (NCT04991740) explored JNJ-78306358 treatment
in patients with solid tumors expressing HLA-G, including
renal cell carcinoma, ovarian cancer, and colorectal can-
cer. The study, involving 39 participants, evaluated safety,
pharmacokinetics, pharmacodynamics, and preliminary effi-
cacy. Common adverse events included CRS, liver enzyme
elevation, and injection site reactions. Dose escalation was
hindered by CRS-related toxicities, leading to a decision to
halt further escalation without establishing a recommended
Phase 2 dose [125].

2.3.9 DLL4 x VEGF

DLLA4 (delta-like ligand 4) and VEGF (vascular endothe-
lial growth factor) are crucial in angiogenesis, the process
of new blood vessel formation [128]. DLL4 is part of the
Notch signaling pathway, playing a pivotal role in vascu-
lar development and tumor angiogenesis by regulating the
sprouting and branching of blood vessels. VEGF, on the
other hand, is a key regulator of vascular permeability and
angiogenesis, promoting the growth of blood vessels, par-
ticularly in the context of cancer, where it supports tumor
growth by enhancing blood supply. As shown in previous
studies, blocking the DLL4 signaling pathway in blood ves-
sels leads to increased VEGF levels and endothelial cell
overproliferation. Consequently, targeting both DLL4 and
VEGF simultaneously could overcome resistance to DLL4
inhibitors and enhance antitumor effects [129]. Research in
ovarian cancer models has demonstrated that the combined
inhibition of VEGF and DLLA4 offers significantly greater
antitumor efficacy compared to using either agent alone.
This approach suggests a promising strategy for improving
cancer treatment outcomes by simultaneously disrupting
these key angiogenic pathways [130]. Currently, two bispe-
cific antibodies targeting both DLL4 and VEGF, navicixi-
zumab (OMP-305B83) and ABLO00O1 (CTX-009, NOV1501),
are undergoing clinical trials.

Navicixizumab is an IgG-like BsAb. In a Phase 1a clinical
trial (NCT02298387), 66 patients received various doses in
a 3 + 3 dose-escalation format, leading to the selection of
7.5 mg/kg for the expansion cohort, with a focus on ovar-
ian cancer for further trials. Most common TRAEs were
hypertension and headache, with preliminary signs of anti-
tumor activity observed, particularly in ovarian cancer. The
maximum tolerated dose was not reached, but doses up to
7.5 mg/kg were manageable with acceptable safety profiles
[131]. Navicixizumab was further explored in a Phase 1b
study (NCT03030287), assessing its combination with pacli-
taxel for treating patients with platinum-resistant ovarian
cancer. Enrolling 44 patients, it tested navicixizumab doses
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alongside paclitaxel, finding no dose-limiting toxicities and
identifying common adverse events. The study reported an
overall ORR of 43.2%, with promising results especially in
patients previously untreated with bevacizumab [132].

A Phase la study (NCT03292783) explored the safety
and efficacy of ABLOO1 in patients with advanced cancers.
Conducted with a classic 3 + 3 dose-escalation design,
ABLO0O1 showed no dose-limiting toxicities up to 7.5 mg/
kg, with common adverse events including hypertension
and anemia. Preliminary results indicate promising antitu-
mor activity, particularly in a gastric cancer patient, without
identifying a MTD [133]. A Phase 2 study (NCT04492033)
further evaluated the efficacy and safety of ABLOO1 com-
bined with paclitaxel or irinotecan in advanced solid tumor
patients, focusing on biliary tract cancer. With 24 patients
enrolled, the study reported a promising ORR, especially in
second- and third-line (2L/3L) settings, despite a high rate
of TRAEs [134].

2.3.10 DLL3

DLL3 (delta-like ligand 3) is an inhibitory ligand in the
Notch signaling pathway [135]. It is highly expressed on the
surface of SCLC cells, while its expression in normal tissues
is minimal [136]. This makes DLL3 a promising therapeutic
target for SCLC.

Tarlatamab, also known as AMG 757, is a first-in-class
anti DLL3 X CD3 bispecific antibody featuring a half-life
extended bispecific T-cell engager (HLE BiTE) molecule
[137]. In preclinical SCLC models, tarlatamab promotes
tumor regression [138]. In a Phase 1 study (NCT03319940),
107 patients were recruited and received tarlatamab in dose-
exploration (0.003—100 mg; n = 73) and expansion (100 mg;
n = 34) cohorts. The ORR was 23.4%, with two complete
responses and 23 partial responses. The median duration
of response was 12.3 months. The disease control rate was
51.4%. The median PFS was 3.7 months, and the median OS
was 13.2 months. The MTD was not reached. Treatment-
related adverse events of any grade occurred in 90.7% of
patients, with 30.8% experiencing grade 3 or higher events.
Grade 5 pneumonitis was reported in 1% of patients. The
most common TRAE was CRS [137]. Tarlatamab showed
manageable safety and encouraging response durability. In
May 2024, tarlatamab was approved by the FDA for the
treatment of SCLC patients [139].

2.3.11 PSMA

PSMA, also known as glutamate carboxypeptidase II, is a
type II transmembrane protein associated with folate hydro-
lase activity, primarily produced by cells in the prostatic
epithelium [140]. Its expression significantly increases in
androgen-independent prostate cancers, making it a distinct
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target for cancer therapy due to its limited expression in non-
prostatic tissues [141].

Several BsAbs targeting PSMA and CD3, including aca-
patamab, pasotuxizumab, CC-1, ES414, HPN424, and JNJ-
63898081, are currently being explored in clinical trials.

Acapatamab, also known as AMG 160, incorporates a
BiTE (bispecific T-cell engager) structure attached to an
Fc region, enhancing its half-life [142]. In preclinical stud-
ies, it showed potent and specific activity against PSMA-
expressing prostate cancer cells and exhibited significant
tumor regression in mCRPC xenograft models [143]. A
Phase 1 study assessed acapatamab in patients with mCRPC
who were refractory to standard therapies. Administered IV
every 2 weeks across various dosages, acapatamab primar-
ily caused CRS, with the most severe cases observed in the
first treatment cycle. Despite this, CRS became less frequent
and severe in subsequent cycles. The study found promis-
ing preliminary efficacy, including prostate-specific antigen
responses and radiographic partial responses, alongside
notable T-cell activation and increased cytokine production
post-treatment initiation. However, treatment-emergent
antidrug antibodies were detected in a significant number
of patients, affecting serum exposures in some cases [144].
Acapatamab was discontinued in 2023.

Pasotuxizumab, or BAY2010112, is constructed in the
BiTE format. A Phase 1 study (NCT01723475) explored
pasotuxizumab for mCRPC refractory to standard thera-
pies. Involving 16 patients across five dosing cohorts, the
trial aimed to determine safety, MTD, and observe antitu-
mor activity. Despite all participants experiencing adverse
events, the therapy showed dose-dependent clinical activity,
including PSA declines and significant tumor regressions in
some cases [145]. No developments have been made since
2021.

ES414, or APVO414, is constructed in the ADAPTIR™
format, which consists of an Fc part and two scFv fragments
for each specificity [146]. While the preclinical research
showed promise for APVO414 in treating mCRPC, the
clinical trial was halted due to significant immunogenicity
concerns. This was evidenced by the development of anti-
drug antibodies (ADAs) in a notable proportion of patients,
even after adjusting the administration method to continuous
infusion [147]. Consequently, the development of APVO414
was discontinued.

2.3.12 PD-1, PD-L1, and CTLA-4

Immune checkpoint blockade refers to a cancer treatment
strategy using therapeutic antibodies to block regulatory
checkpoints that typically inhibit immune responses [148].
This approach aims to activate the immune system’s ability
to fight cancer by disrupting the mechanisms cancer cells use
to evade immune detection. Particularly, inhibitors targeting

PD-1/PD-L1 and CTLA-4 have shown promising results,
leading to their approval for treating specific cancers [149].
Merging monoclonal antibodies that inhibit immune check-
points into bispecific antibodies via antibody engineering
represents a cutting-edge and potent strategy.

LY3434172 and IBI318 are both IgG-like BsAbs target-
ing PD-1 and PD-L1. LY3434172 has shown significant
antitumor effectiveness in human xenograft models at doses
much lower than those required by either of its parent anti-
bodies or their combination [150]. The Phase 1 clinical trial
for LY3434172 in advanced solid tumors (NCT03936959)
has concluded, although the results have yet to be published
and there is no reported further development. The clinical
trial for IBI318 in NSCLC (NCT04777084) is at the recruit-
ing stage.

LY3415244 is an anti-PD-L1 x TIM-3 BsAb. TIM-3,
or T-cell immunoglobulin and mucin domain—containing
molecule 3, functions as a negative regulator of T cells that
secrete interferon-gamma. A Phase 1 multicenter open-label
study (NCT03752177) enrolled 12 patients with advanced
solid tumors across four cohorts, with doses escalating from
3 mg to 70 mg every 2 weeks. The study encountered sig-
nificant immunogenicity issues, leading to an early termi-
nation. All patients developed treatment-emergent antidrug
antibodies (TE-ADAs), with some experiencing clinically
significant anaphylactic infusion-related reactions [151], no
further development has been undertaken.

ABL501 is a BsAb targeting PD-L1 and LAG-3, designed
with an anti-PD-L1 scFv attached to the C-terminus of an
anti-LAG-3 IgG heavy chain. LAG-3, or lymphocyte-acti-
vation gene 3, is a protein functioning as an immune check-
point receptor. ABL501 effectively inhibits both LAG-3 and
PD-L1 pathways, enhancing effector CD4+ and CD8+ T
cell activation. In a humanized mouse model, ABL501, com-
pared to its parental antibodies, significantly reduced tumor
growth and enhanced tumor infiltration by CD8+ T cells. It
also increased the production of key effector molecules like
IL-2, IFN-g, and granzyme B in CD8+ T cells within the
tumor [152]. A Phase 1 clinical trial (NCT05101109) for
ABLS501 is at the recruiting stage.

IBI322, designed from the “knobs-into-holes” strategy, is
a BsAb that simultaneously targets PD-L1 and CD47, adopt-
ing a “1 + 2” format. IBI322 demonstrated effective tumor
cell binding and potentiation of immune responses in vitro,
with significant tumor growth inhibition observed in vivo.
The treatment was well tolerated in non-human primates,
indicating a favorable safety profile [153]. In Phase 1 stud-
ies (NCT04328831, NCT04912466), 58 patients with solid
tumors were enrolled, and were administered IBI322. A sin-
gle dose-limiting toxicity was observed; common TRAEs
were anemia and thrombocytopenia. Among patients treated
with active doses, 20% achieved partial response and 35%
stable disease [154]. A Phase 2 clinical trial (NCT05296603)
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is currently underway to investigate the combined effective-
ness of IBI322 and lenvatinib in treating patients with exten-
sive stage SCLC.

MCLA-145, FS222, ES101, ATG-101, ABL-503, and
PRS-344 are anti PDL1 X 4-1BB BsAbs. MCLA-145
shows high affinity for both 4-1BB and PD-L1. It activates
T cells, even under suppressive conditions, enhances T-cell
memory, and overcomes immunosuppression. The treat-
ment was well tolerated in non-human primates [155]. A
Phase 1 clinical trial (NCT03922204) explores MCLA-145
for treating advanced or metastatic solid tumors. Thirty-four
patients have been enrolled, experiencing mostly fatigue and
neutropenia as TRAESs. Preliminary evidence of antitumor
activity and dose-dependent exposure were observed, with
pharmacodynamic and clinical activity noted at doses of 25
mg and above [156].

FS222 is a tetravalent IgG-like BsAb. In vitro and in vivo
experiments demonstrated that FS222 effectively activates
T cells and exhibits potent antitumor activity in colorectal
cancer models without significant toxicity. The antibody was
shown to have mAb-like pharmacokinetics and was effective
in syngeneic mouse tumor models [157]. A Phase 1 clinical
trial (NCTO05159388) for FS222 is enrolling patients with
specific solid tumor types who have progressed on stand-
ard-of-care therapy [158]. There have been no updates since
2022.

PRS-344 utilizes a novel antibody-Anticalin fusion
design. The anti-4-1BB Anticalin protein is fused to the
C-terminus of the anti-PD-L1 IgG heavy chain. In the pre-
clinical study, PRS-344 demonstrated high affinity for its
targets, blocking the PD-1/PD-L1 interaction effectively and
inducing T-cell activation dependent on PD-L1 presence.
PRS-344 showed dose-dependent efficacy in non-clinical
mouse models, including those resistant to anti-PD-L1
therapy [159]. A Phase 1 clinical trial (NCT05159388) for
PRS-344 is at the recruiting stage.

XmAb23104 is an innovative BsAb featuring an anti-
ICOS Fab linked to an anti-PD-1 scFv, along with an Fc
region [160]. ICOS, a co-stimulatory molecule, becomes
rapidly upregulated on activated CD4 and CD8 T cells,
indicating its potential role in regulating adaptive T-cell
responses [161]. A Phase 1 study (NCT03752398) evalu-
ated XmAb23104 in patients with advanced solid tumors.
The dose-escalation phase did not identify an MTD but
selected a dose of 10 mg/kg for expansion based on safety,
pharmacokinetics, and clinical activity. The drug was gen-
erally well tolerated, with manageable TRAEs. Preliminary
efficacy included partial responses and stable disease [162].
A Phase 2 clinical trial (NCT05695898) planned to inves-
tigate the combination of XmAb23104 with XmAb22841,
a CTLA-4 x LAG-3 BsAb, in patients with melanoma who
have not responded to standard immune checkpoint inhibi-
tors [163]. XmAb23104 was discontinued in 2023.
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Ivonescimab, or AK112, is a first-in-class BsAb target-
ing PD-1 and VEGF. A Phase 2 study evaluated AK112 in
combination with chemotherapy in patients with advanced
NSCLC across three cohorts based on prior treatments and
genetic mutations. The study showed promising antitumor
efficacy and a manageable safety profile across all cohorts,
with significant improvements in ORR and PFS, suggesting
AK112 plus chemotherapy as a potential superior treatment
option for advanced NSCLC [164].

Anti-PD-1 X CTLA-4 BsAbs include MEDI5752 as dis-
cussed above, SI-B003, AK104 (cadonilimab), MGD-019
(lorigerlimab), and XmAb20717 (vudalimab).

SI-B003 is a tetravalent BsAb. A Phase 1 clinical trial
(NCT04606472) evaluated SI-B003 in patients with solid
tumors who had failed standard therapy. Administered every
other week, it showed a median PFS of 3.7 months across 60
patients. Among 56 evaluable patients, the ORR was 16.1%,
with a disease control rate of 50.0%. Notably, the treatment
demonstrated activity in patients previously treated with
PD-1/L1 inhibitors, with a manageable safety profile [165].

As mentioned in Sect. 1 (Background), AK104 (cadon-
ilimab) has been approved for cervical cancer. In the pre-
liminary study, AK104 shows promising antitumor effects
in specific cancers and has a more favorable safety pro-
file compared to separate treatments with anti-PD-1 and
anti-CTLA-4 antibodies [166]. A Phase 2 clinical trial
(NCT04868708) investigated AK104 combined with stand-
ard chemotherapy as first-line treatment for recurrent/meta-
static cervical cancer, involving three cohorts with different
doses and combinations. The trial highlighted promising
efficacy and manageable toxicity of AK104 [167]. Investi-
gation with AK104 extends to combination treatments with
various agents across different clinical trials, including len-
vatinib (NCT04728321), chiauranib (NCT05505825), beva-
cizumab (NCT05930665), AK119 (NCT05559541), AK117
(NCT05235542), AK112 (NCT06196775), and chemother-
apy or chemoradiotherapy (NCT05430906, NCT05377658,
NCT05522894, NCT06310473, NCT05587374).

MGDO19 is a tetravalent bispecific Fc-bearing DART
molecule [168]. MGDO019 was evaluated in a Phase 1 study
(NCTO03761017) for its safety, pharmacokinetics, and anti-
tumor effects in four tumor-specific cohorts. Administered
at 6 mg/kg intravenously every 3 weeks, preliminary results
from the mCRPC cohort highlight its manageable safety
profile and encouraging antitumor activity, with an ORR
of 25.7% [169]. There is also an ongoing Phase 1 study
(NCT05293496) exploring the combination of MGDO019
with anti-B7-H3 MGCO18 in patients with advanced solid
tumors [170].

XmAb20717 utilizes Xencor’s XmAb® Bispecific Fc
Domain as the framework, featuring two antigen-binding
sites attached to a Fc region [171]. In a Phase 1 study
(NCTO03517488), 34 patients across six dose cohorts
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received XmAb20717, showing generally tolerable safety
profiles and signs of pharmacodynamic activity indicative
of dual PD-1/CTLA-4 blockade. Among treated patients,
there was one reported complete response in melanoma pre-
viously unresponsive to pembrolizumab [172]. A Phase 2
study aims to explore the potential benefits of combining
vudalimab with chemotherapy or targeted agents in enhanc-
ing antitumor immunity across different mCRPC subgroups,
with enrollment already underway [173].

CDX-527 is a BsAb combining anti-PD-L1 and CD27
targeting domains in an IgG-scFv format. CD27 is a key
immunostimulatory molecule that enhances T-cell activa-
tion, effector function, and survival. In preclinical studies,
CDX-527 was found to enhance antigen-specific T-cell
responses significantly more than the combination of its
parental antibodies in human CD27 transgenic mice [174].
CDX-527 was evaluated in a Phase 1 trial for safety, phar-
macokinetics, pharmacodynamics, and clinical activity in
patients with advanced solid tumors. Doses up to 1 mg/kg
have been well tolerated, with no severe adverse events or
discontinuations due to adverse effects [175]. CDX-527 was
discontinued in 2022.

KNO046 (erfonrilimab) is a first-in-class humanized
PD-L1/CTLA-4 BsAb. It combines an anti-PD-L1 single
domain antibody and an anti-CTLA-4 single domain anti-
body, integrated with a Fc region [176]. In a Phase 1 clini-
cal trial (NCT03529526), including various solid tumors,
patients were enrolled across multiple dosing regimens.
The majority experienced TRAEs, mostly mild or moder-
ate, with some grade > 3 events reported. Among 25 evalu-
able patients, objective responses were observed [177].
A Phase 2 clinical trial (NCT04324307) explores KN046
combined with nab-paclitaxel/gemcitabine for advanced
pancreatic ductal adenocarcinoma (PDAC). Early results
from 17 patients show a 55.6% ORR and 88.9% disease
control rate, with manageable side effects [178]. As men-
tioned earlier, KN046 was combined with KN026 for treat-
ment of HER2-postive solid tumors in a Phase 2 clinical
trial (NCT04521179). The trial achieved a notable outcome,
with a confirmed ORR of 53.8% [52]. KN046 is undergoing
Phase 3 trials for NSCLC (NCT04474119) and pancreatic
cancers (NCT05149326).

2.3.13 B7-H3(CD276)

B7-H3, also known as CD276, is a member of the B7 family,
identified as a promising target for antibody-based immuno-
therapy due to its overexpression in various cancers, limited
heterogeneity, and high frequency across different cancer
types. It plays a dual role in the immune system and tumori-
genesis, including inhibiting tumor antigen-specific immune
responses and promoting tumor growth and invasion through
non-immunological functions. Despite its potential, the

development of B7-H3 blocking antibodies has been limited,
mainly because the B7-H3 receptor remains unknown [179].

For T cells to be fully activated within the tumor envi-
ronment, they must receive stimulation through their T-cell
receptor (TCR, Signal 1) and also engage with co-stimu-
latory receptors such as CD28 (Signal 2). XmAbS80S is a
tumor-selective XmAb® 2 + 1 BsAb targeting B7-H3 on
tumor cells and the CD28 co-receptor on T cells [180].
By delivering “Signal 2” within the tumor microenviron-
ment, XmAb808 is expected to boost antitumor responses
when combined with other treatments such as CD3-tar-
geting bispecific T-cell engagers and immune checkpoint
blockers [181]. A Phase 1 first-in-human clinical trial
(NCT05585034) aims to study the safety, tolerability, and
pharmacokinetics of XmAbS808, as well as its initial efficacy
and pharmacodynamic effects in combination with pem-
brolizumab in patients with specific advanced solid tumors.

CC-3 is a B7-H3xCD3 BsAb leveraging an IgG format
with a UCHT-1-derived low-affinity anti-CD3 sequence to
minimize side effects. It has shown promising in vitro effi-
cacy, activating T cells, fostering proliferation and mem-
ory, and efficiently lysing tumor cells [182]. In vivo, CC-3
exhibited strong therapeutic effectiveness, both in a lung
metastasis model and in eliminating established tumors in
immunocompromised mice, without toxicity in the absence
of target cells [183]. A Phase 1 first-in-human clinical trial
(NCT05999396) is designed to assess the safety and effec-
tiveness of CC-3 in treating patients with colorectal cancer.

MGDO009 is a B7-H3xCD3 BsAb in the DART format. A
Phase 1 clinical trial (NCT03406949) explores the combi-
nation of MGDOO09 and an anti-PD-1 MGAO12 in patients
with B7-H3-expressing unresectable, locally advanced, or
metastatic solid tumors [184]. MGDO009 was discontinued
in April 2022.

2.3.14 GP100

Glycoprotein 100 (Gp-100) is a protein that is highly
expressed in both melanocytes and melanoma [185].
Tebentafusp, also known as IMCgp100, is a first-in-
class anti gp-100 x CD3 bispecific antibody featuring the
immune-mobilizing monoclonal T-cell receptors against
cancer (ImmTAC) [186]. In preclinical studies, tebentafusp
demonstrated a high affinity for the pHLA target, allowing
it to detect cells with low levels of HLA-A-gp100,5,_»g5 ON
their surface [187]. In a Phase 1 study (NCT01211262), 31
patients received tebentafusp ranging from 5 ng/kg to 900
ng/kg. The MTD was determined to be 600 ng/kg weekly.
Confirmed partial responses were seen in four patients (two
with uveal melanoma and two with cutaneous melanoma,
including patients refractory to checkpoint inhibitors), and
12 patients had stable disease. Common adverse events of
any grade included rash (100%), pruritus (64%), pyrexia
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(50%), and periorbital edema (46%). Grade 3 or 4 related
adverse events were rash (23%), hypotension (6%), and lym-
phopenia (8%). Tebentafusp demonstrated a favorable safety
profile and durable responses in both cutaneous and uveal
melanoma [188]. In January 2022, tebenfafusp received
approval by the FDA for the treatment of unresectable or
metastatic uveal melanoma patients [189].

2.3.15 Other Targets

In addition to the targets reviewed above, numerous other
promising targets for solid tumor BsAbs are currently being
explored in clinical trials. These include B7-H4 (ABL-103,
GEN1047), ENPP3 (JNJ-87890387), CLDN6 (XmAb541),
CLDN18.2 (AK132, AZD5863), STEAP1 (AMG509),
ICAM-1, CD38 (VP301), ROR-1 (EMB-07), mesothelin
(NI-8001), OX40 (EMB-09), TGF-p (Y101D), LILRB2
(SPX-303), TIGIT (HLX301, AZD2936), and ITL4 (CDX-
585). Each of these targets represents a unique approach
to cancer therapy, with BsAbs designed to engage various
mechanisms of action.

There are also some valuable targets being explored at
the preclinical development stage. For example, GPA33, a
type II transmembrane protein, is particularly notable for its
significant overexpression in androgen-independent prostate
cancers. MGDO0O07, an anti-GPA33 x CD3 BsAb in DART
format, demonstrated promising antitumor activity in pre-
clinical studies [190].

2.4 Challenges and Prospects for Solid Tumor
Bispecific Antibodies

Bispecific antibodies have revolutionized cancer therapy,
especially through their ability to redirect the immune sys-
tem to combat cancer cells. However, their clinical applica-
tion faces multiple challenges that necessitate comprehen-
sive research and technological innovation to overcome.

2.4.1 Safety and Tolerability Issues

While BsAbs can activate T cells to fight tumors, this may
also cause overactivation of the immune system, leading to
severe immune-related adverse events such as CRS and auto-
immune reactions. These adverse events are serious and can
significantly impact patient safety. Therefore, it is crucial
to develop strategies that optimize treatment regimens to
minimize these risks while maintaining therapeutic efficacy.

2.4.1.1 Cytokine-Release Syndrome Cytokine-release syn-
drome (CRS) is a potentially life-threatening condition char-
acterized by the rapid release of large amounts of cytokines
into the bloodstream [191]. Symptoms can range from mild,
flu-like symptoms to severe reactions, including high fever,
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hypotension, and multi-organ failure. Managing CRS often
requires immediate medical intervention and may involve
the use of immunosuppressive agents like corticosteroids or
tocilizumab, an IL-6 receptor antagonist.

2.4.1.2 Autoimmune Reactions Autoimmune reactions
occur when the immune system mistakenly attacks the
body’s own tissues. In the context of BsAb therapy, this can
lead to a range of complications, depending on the tissues or
organs affected. These reactions can be challenging to pre-
dict and manage, necessitating close monitoring and poten-
tially requiring long-term immunosuppressive treatment.

2.4.1.3 Catumaxomab Case Catumaxomab, the pioneer-
ing bispecific or trifunctional antibody to receive approval,
encountered a critical safety issue due to its unmodified
Fc region. This Fc region engaged off-target with FcyR-
expressing Kupffer cells in the liver, initiating immune
responses even in the absence of TAA, which led to severe
hepatotoxicity. Tragically, this adverse effect resulted in a
patient’s death [15, 192]. In response to this incident, con-
temporary CD3-targeting BsAbs either completely lack the
Fc region or incorporate mutations within the Fc domains
to eliminate interactions with Fcy receptors and the com-
plement component C1q, aiming to reduce off-target effects
and mitigate the risk of severe immune-related adverse
events [10, 15].

2.4.2 Selectivity and Specificity

Although BsAbs aim to improve therapy selectivity by tar-
geting specific tumor markers, tumor heterogeneity and low-
level expression of markers in normal tissues may lead to
nonspecific binding and toxicity issues. Tumor heterogene-
ity refers to the existence of diverse cancer cell populations
within the same tumor. This diversity can occur at multiple
levels, including genetic, phenotypic, and functional vari-
ations among cells [193]. This means that not all cancer
cells within a tumor express the target antigens uniformly.
Consequently, some tumor cells may escape recognition and
destruction by BsAbs, leading to incomplete therapeutic effi-
cacy. Additionally, if the targeted markers are also present,
albeit at lower levels, in normal tissues BsAbs may bind
nonspecifically, resulting in off-target effects and toxicity.
Designing BsAbs with greater selectivity and specificity is
a current research focus.

One promising approach to overcoming these challenges
is the development of simultaneous multiple interaction
t-cell Engagers (SMITEs). SMITEs represent an innova-
tive subclass of bispecific antibodies designed to aug-
ment the performance of traditional BiTEs. Structurally,
SMITEsSs consist of two distinct BiTE molecules, each tar-
geting specific epitopes. One BiTE is engineered to target
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a tumor-associated antigen (TAA) alongside CD3, while
the other is focused on engaging CD28, which may target
the same or a different antigen [194]. This multi-targeting
approach can increase the specificity of BsAbs and mitigate
the risk of immune evasion by tumors.

Additionally, combining BsAbs with other therapies, such
as checkpoint inhibitors, chemotherapy, or targeted thera-
pies, can address the challenge posed by tumor heterogeneity
and enhance treatment efficacy. This combination strategy
ensures more comprehensive tumor cell clearance.

2.4.3 Immunogenicity

Immunogenicity is a significant concern in the development
of bispecific antibodies (BsAbs) due to their heterogene-
ous nature. Patients may develop immune responses against
these therapies, leading to reduced therapeutic efficacy and
potential adverse reactions. The immune system can rec-
ognize the foreign elements of BsAbs, such as non-human
sequences or novel structural configurations, triggering the
production of anti-drug antibodies (ADAs) [195]. These
ADAs can neutralize the therapeutic antibodies or acceler-
ate their clearance from the body, thereby diminishing their
clinical benefits.

Reducing immunogenicity is crucial for the clinical suc-
cess of BsAbs and other alternative high-affinity protein-
binding scaffolds that incorporate non-human sequences.
Several strategies have been developed to minimize the
immunogenic potential of these therapies.

2.4.3.1 Humanization of Antibodies By modifying the
antibody sequences to more closely resemble human pro-
teins, the risk of immunogenicity can be reduced [196].
This involves grafting the antigen-binding regions of a non-
human antibody onto a human antibody framework, result-
ing in chimeric or humanized antibodies that are less likely
to be recognized as foreign by the patient’s immune system.

2.4.3.2 Use of “Inert” IgG Isotypes Selecting IgG isotypes
that are less likely to provoke an immune response can help
mitigate immunogenicity. These “inert” isotypes are engi-
neered to avoid interaction with immune cells that could
trigger adverse reactions, thereby enhancing the safety pro-
file of the BsAbs [197].

2.4.3.3 Screening for Low Immunogenic Potential Meticu-
lously screening monoclonal antibody (mAb) candidates to
ensure they have lower immunogenic potential is another
effective approach [197]. This involves using advanced
computational tools and in vitro assays to predict and evalu-
ate the immunogenicity of antibody candidates before clini-
cal development.

2.4.3.4 Deimmunization Techniques Employing deimmu-
nization techniques, such as epitope removal or modifica-
tion, can further reduce the immunogenicity of BsAbs. By
identifying and modifying specific amino acid sequences
that are recognized by the immune system, the overall
immunogenic profile of the antibody can be improved [198].

2.4.4 Tissue Penetration

For solid tumors, the efficacy of BsAbs significantly hinges
on their ability to navigate and penetrate the complex tumor
microenvironment (TME). An inflamed TME, characterized
by interferon-y signaling, is associated with favorable clini-
cal responses to immunotherapies. However, the TME of
solid tumors presents considerable barriers that can impede
the effectiveness of therapeutic agents, including BsAbs.
These barriers are often categorized into two primary types:
“immune-excluded” and “immune desert” environments
[199].

The “immune-excluded” TME is characterized by the
presence of immune cells that are unable to effectively infil-
trate the tumor mass. Instead, these immune cells, such as
T cells and other lymphocytes, are often found surrounding
the tumor or trapped within the stroma (the connective tis-
sue component of the tumor) [200]. Factors such as trans-
forming growth factor-beta (TGF-f) and other cytokines can
create an immunosuppressive environment that discourages
immune cell infiltration. TGF-f, in particular, is known
to inhibit T-cell function and promote the differentiation
of immunosuppressive cell types like regulatory T cells
(Tregs). Increased angiogenesis, or the formation of new
blood vessels, is another hallmark of the immune-excluded
TME. While angiogenesis supplies the tumor with neces-
sary nutrients, it also creates a dense and disorganized vas-
cular network that can act as a physical barrier, preventing
immune cells and therapeutic agents from effectively reach-
ing the tumor cells.

On the other hand, the “immune desert” TME is charac-
terized by a complete or near-complete absence of immune
cells within the tumor [200]. These tumors may exhibit
traits such as enhanced fatty acid metabolism, which can
provide energy for rapid tumor growth and survival in a
nutrient-deprived environment. Additionally, neuroendo-
crine characteristics may be present, further contributing to
an immunosuppressive and resistant phenotype [201]. These
adaptations make it challenging for immune cells to recog-
nize and attack the tumor, thereby limiting the efficacy of
immunotherapies, including BsAbs.

To enhance the therapeutic impact of BsAbs in such chal-
lenging environments, current research explores the poten-
tial of combination therapies. These include the integration
of TME-modulating agents or other immunotherapeutic
approaches aimed at altering the TME to be more conducive
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to effective BsAb intervention [46]. For instance, targeting
TGF-f signaling pathways can potentially reduce the immu-
nosuppressive barrier [202], allowing for better penetration
and function of BsAbs.

2.4.5 Resistance

As therapy progresses, tumor cells can develop resistance
to BsAbs through various mechanisms, thereby reducing
the effectiveness of the treatment. Understanding and over-
coming these resistance mechanisms is critical for the sus-
tained efficacy of BsAb therapies. Resistance mechanisms to
immune-based therapies arise from multiple factors, includ-
ing tumor-intrinsic factors, the TME, and prior treatment-
related immune suppression [203].

Tumor-intrinsic factors contributing to resistance include
genetic mutations, loss of tumor antigen expression, changes
in the major histocompatibility complex (MHC) molecules,
and the expression of immune checkpoints [204, 205].
Tumor cells may downregulate the expression of TAAs that
BsAbs target, reducing their visibility to the immune system.
Alterations in MHC molecules, which present antigens on
the surface of tumor cells, can impair T-cell recognition.
These changes can result from genetic mutations or epige-
netic modifications that affect MHC expression or function.
Additionally, tumor cells can evade the immune system by
expressing immune checkpoint proteins, such as PD-L1,
which inhibit T-cell activity.

The TME-induced resistance may involve both cellu-
lar components (Tregs, myeloid-derived suppressor cells
(MDSCs), tumor-associated macrophages (TAMs), particu-
larly the M2 phenotype) and secreted factors (IL-10, TGF-,
COX2, and PGE2) [206, 207]. These elements collectively
create an immunosuppressive environment that hampers the
effectiveness of BsAb therapies.

To counteract these resistance mechanisms, advanced
combinatorial treatments are being explored [208].

2.4.6 Production and Cost

The production of BsAbs presents challenges due to their
complex structure, which often requires sophisticated manu-
facturing processes. BsAbs are typically composed of two
different antibody fragments, which need to be correctly
assembled and maintained in a stable configuration. This
complexity not only makes the production process more
intricate but also increases the risk of manufacturing errors
and product inconsistencies.

Developing more efficient and cost-effective produc-
tion methods is crucial for making BsAb therapies more
widely available. Strategies to achieve this can be explored,
including optimizing cell lines and expression systems,
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streamlining purification processes, and exploring alterna-
tive production platforms such as microbial fermentation.
The future of solid tumors BsAbs lies in the development
of more specific, effective, and adaptable therapeutic strate-
gies that can overcome the challenges posed by tumor com-
plexity and heterogeneity. Numerous innovative strategies
are being explored to enhance the application and effective-
ness of BsAbs in treating solid tumors, including bispecific
T-cell engaging receptors (TCERs), BiTE-armed oncolytic
viruses, BsAb-armed CAR-T cells, etc. Through continued
research and innovation, BsAbs have the potential to sig-
nificantly improve outcomes for patients with solid tumors.

2.5 Conclusion

The landscape of cancer treatment has been notably
enhanced by the development and clinical integration of
BsAbs, particularly in the realm of solid tumors. These
innovative therapeutic agents, characterized by their ability
to simultaneously target two distinct antigens, have demon-
strated significant potential to overcome the limitations of
traditional therapies and improve patient outcomes. The clin-
ical success of BsAbs in hematologic malignancies has set
a promising precedent for their application in solid tumors,
despite the intrinsic challenges posed by the tumor micro-
environment and the heterogeneity of solid malignancies.

The current generation of BsAbs targeting solid tumors,
including those directed against EGFR, HER2, and PD-L1,
among others, exemplifies the strides made in precision
medicine. These treatments not only provide a more targeted
attack on cancer cells but also engage the immune system in
a more effective and regulated manner. However, the journey
from bench to bedside is fraught with challenges, including
overcoming the immunosuppressive tumor microenviron-
ment, ensuring selective targeting to minimize off-target
effects, and managing the unique toxicity profiles associ-
ated with dual targeting.

Emerging strategies, such as combining BsAbs with other
therapeutic modalities, optimizing BsAb formats for better
tissue penetration and reduced immunogenicity, and leverag-
ing novel targets within the tumor microenvironment, hold
promise for enhancing the efficacy and safety of BsAbs in
solid tumors. Furthermore, the exploration of personalized
medicine approaches, including the use of biomarkers to
predict response and tailor therapy, is critical for maximizing
the therapeutic potential of BsAbs.

As we advance, the continuous evolution of BsAbs will
necessitate a multidisciplinary effort encompassing inno-
vative drug design, comprehensive preclinical testing, and
adaptive clinical trial designs. The ultimate goal is to fully
realize the potential of BsAbs in providing durable, effective,
and safe treatments for patients with solid tumors. The pro-
gress made thus far underscores the transformative potential
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of BsAbs, heralding a new era in cancer therapy where preci-
sion, efficacy, and patient safety are paramount.
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