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Bispecific immunotherapy based
on antibodies, T-cell receptors,
and aptamers: mechanisms of
action, adverse effects, and
future perspectives
Julia A. Lopatnikova and Sergey V. Sennikov*

Laboratory of Molecular Immunology, Research Institute of Fundamental and Clinical Immunology,
Novosibirsk, Russia
Over the past decade, bispecific immunotherapeutic platforms have progressed

from laboratory prototypes to multicenter clinical trials, inaugurating a new

trajectory for precision oncology. This review synthesizes original studies that

address the design principles, mechanisms of action, therapeutic efficacy, and

limitations of three principal classes of bispecific molecules: (i) IgG-like

antibodies, (ii) modified T-cell-receptor-based constructs (TCR-like and

ImmTAC), and (iii) bispecific aptamers. IgG formats—including blinatumomab,

teclistamab, mosunetuzumab, and tarlatamab—achieve high objective-response

rates in hematologic malignancies and are increasingly demonstrating clinical

activity in solid tumors. TCR-based constructs broaden the repertoire of

actionable targets by recognizing intracellular antigens presented on MHC

molecules, as exemplified by the approval of tebentafusp for uveal melanoma.

Aptameric molecules exhibit minimal immunogenicity, rapid tissue penetration,

and considerable promise as carriers for therapeutic payloads. We provide an in-

depth analysis of the signaling cascades activated during T- and NK-cell

redirection, immune checkpoint blockade, and direct inhibition of oncogenic

receptors. Comparative evaluation of completed and ongoing clinical studies

highlights recurring challenges and adverse events associated with bispecific

platforms, including cytokine-release syndrome, neurotoxicity, antigenic drift,

limited infiltration of densely fibrotic solid tumors, and the emergence of anti-

drug antibodies. Engineering solutions under development encompass

protease-activatable “masked” constructs, step-up dosing regimens, enzymatic

remodeling of the extracellular matrix, and local expression of engager

molecules via oncolytic viruses or adeno-associated viral vectors. Special

emphasis is placed on combinatorial strategies in which bispecific agents are

paired with CAR-T or gd-T cells, PD-(L)1 inhibitors, or oncolytic viruses, thereby

enhancing effector-cell infiltration and curtailing resistance. The integrated

evidence indicates that continued progress in bispecific immunotherapy will
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depend on the incorporation of predictive molecular biomarkers, dynamic

monitoring of the evolving antigenic landscape, and the standardization of

biomanufacturing processes. These advances are expected to accelerate the

clinical deployment of next-generation, multipurpose bispecific constructs.
KEYWORDS

bispecific antibodies, T-cell receptor, TCR-based therapeutics, aptamers,
immunotherapy, cytokine release syndrome, hematologic malignancies, solid tumor
1 Introduction

Immunotherapy occupies a central position in contemporary

oncology and represents a cornerstone of personalized medicine.

One of the most rapidly evolving approaches in this field is

bispecific immunotherapy, which relies on molecules capable of

simultaneously recognizing two distinct targets. These constructs

create new opportunities for redirecting and activating immune

cells by enabling the concurrent engagement of tumor and effector

components, blocking key signaling pathways, and overcoming

mechanisms of immune evasion (1–3). To date, multiple formats

of bispecific molecules have been developed, including IgG-like

antibodies, BiTE constructs, TCR-based designs, and aptamer

hybrids (4, 5).

Bispecific immunotherapy has demonstrated its greatest

therapeutic impact in hematologic malignancies; agents such as

blinatumomab, mosunetuzumab, and teclistamab have already been

incorporated into standard-of-care regimens for relapsed and

refractory disease (1, 5). In recent years, the application of

bispecific antibodies has expanded to solid tumors, with approvals

now granted for non-small-cell lung cancer, neuroendocrine

tumors, uveal melanoma, and cholangiocarcinoma (6, 7).

The principal advantage of bispecific constructs lies in their

multimodal activity, which permits the simultaneous activation of

immune cells and inhibition of oncogenic signaling cascades (4, 8).
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Nevertheless, the clinical use of these agents faces several obstacles,

including the risk of cytokine-release syndrome, limited penetration

into tumor tissue, antigenic drift, and engineering challenges (9, 10).

Promising avenues include the development of activatable formats,

multifunctional platforms, and combination regimens with

immune-checkpoint inhibitors (5).

This review aims to systematize current approaches to bispecific

immunotherapy, encompassing antibody-, TCR-, and aptamer-

based constructs, their mechanisms of action, clinical potential,

limitations, and future directions.
2 Biological basis and mechanisms of
action of bispecific antibodies

2.1 Structure and principal formats of
bispecific antibodies

Bispecific antibodies (BsAbs) constitute a rapidly advancing

class of immunotherapeutic agents that can engage two different

epitopes simultaneously. This dual specificity not only directs

cytotoxic effector cells—such as T and NK lymphocytes—toward

tumor targets but also blocks critical signaling pathways sustaining

malignant growth and survival (2, 5). In contrast to monoclonal

antibodies, which recognize a single epitope, bispecific constructs

deliver multi-targeted activity, a property of particular value in the

context of highly heterogeneous tumors (9).

BsAbs can be divided into two broad classes: (i) molecules that

lack an Fc domain and (ii) full-length antibodies that retain the Fc

region (Figure 1). The first category includes BiTE, DART, and

TandAb constructs, which exhibit rapid tissue diffusion and potent

cytotoxicity (11–13). However, their short serum half-life—

attributable to the absence of neonatal Fc-receptor (FcRn)

recycling—necessitates continuous infusion or engineering

modifications to extend exposure (14).

Full-length BsAbs, such as DuoBody, CrossMab, and kl-body,
adopt an IgG-like architecture. The presence of an Fc fragment

confers improved pharmacokinetics and enables Fc-mediated

effector functions, including antibody-dependent cellular

cytotoxicity (ADCC) and complement-dependent cytotoxicity

(CDC) (15, 16). Nevertheless, their larger size restricts
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penetration into solid tumors, particularly in hypoxic niches with

extensive stromal remodeling (17, 18). Hybrid formats that

combine a compact size with prolonged circulation—e.g., by

incorporating albumin-binding domains—are under development

to overcome this limitation (12, 19) (Figure 2).

Contemporary platforms focus on streamlining chain pairing

and enhancing product homogeneity: CrossMab employs domain

exchange, whereas DuoBody relies on controlled Fab-arm exchange

(2, 20, 21). Multifunctional constructs such as TriKEs and

tetraspecific antibodies, which concomitantly activate T and NK

cells and deliver immunomodulators like IL-15, are also gaining

traction (22, 23). A key priority remains the fine-tuning of antigen

affinity to minimize binding to healthy tissues (24, 25). Moreover,

conditionally active formats that become functional only within the

tumor microenvironment—triggered by low pH or protease activity

—are being investigated to enhance selectivity and reduce systemic

toxicity (8, 26).

Despite significant engineering advances, challenges related to

stability, aggregation, and product heterogeneity persist. Strategies

to address these issues include Fc modifications, nanotechnology-

based delivery systems, and sequence optimizations that facilitate

expression and correct assembly (27, 28).

The diversity of formats and structural solutions not only

defines the pharmacological profile of bispecific antibodies but
Frontiers in Immunology 03
also determines the nature of their interactions with the immune

system, which underlies their distinct mechanisms of action.
2.2 Principal mechanisms of action of
bispecific antibodies

The immunotherapeutic potential of bispecific antibodies

(BsAbs) derives from their capacity to redirect cytotoxic effector

cells, block immune checkpoints, and disrupt the signaling

networks that sustain tumor growth and survival (Figure 3).

The clinically most consequential mechanism is T-cell

redirection. BiTE constructs such as blinatumomab bring CD3+

T-lymphocytes into contact with tumor cells, forming an immune

synapse that triggers perforin- and granzyme-mediated apoptosis of

the target cell (5, 29). Because their activity is independent of MHC

presentation and co-stimulation, these molecules have a broad

therapeutic range; tuning CD3 affinity can mitigate cytokine-

release syndrome (CRS) (30). Analogously, NK-cell engagers—for

example AFM13 (CD30/CD16A)—activate NK cells via FcgRIIIa,
inducing antibody-dependent cellular cytotoxicity (ADCC) (31).

Incorporating IL-15 into trispecific formats (TriKEs) further

promotes NK-cell proliferation and persistence (32). At the

signaling level, BsAbs trigger phosphorylation of ZAP-70, LAT,
FIGURE 1

Comparison of structural, pharmacokinetic, and functional characteristics of antibodies with and without an Fc fragment: impact on therapeutic
applications. Created with Biorender.com.
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and PLCg1 in T cells, leading to Ca²+ mobilization, NFAT

activation, and engagement of the MAPK/ERK pathway (33, 34);

in NK cells they activate SYK and PI3K, driving granule exocytosis

and synthesis of IFN-g and TNF-a (35).

BsAbs that co-target immune checkpoints (e.g., PD-1/CTLA-4,

PD-1/LAG-3, PD-1/TIGIT) enable more localized immune

activation while limiting systemic hyper-stimulation. IBI318,

which binds PD-1 and PD-L1, augments T-cell reactivation (36),

whereas MGD019 (PD-1/CTLA-4) lowers expression of exhaustion

markers such as LAG-3 and TIM-3 (37).

A further mode of action involves direct blockade of oncogenic

signaling. Zenocutuzumab (HER2/HER3) inhibits the PI3K/AKT

cascade in tumors harboring NRG1 fusions (38). Amivantamab

(EGFR/MET) combines receptor inhibition with ADCC and has

shown efficacy in non-small-cell lung cancer with EGFR exon-20

insertions (39).

BsAbs directed against soluble cytokines are also attracting

interest. M7824 (bintrafusp alfa), which simultaneously blocks

PD-L1 and neutralizes TGF-b, exerts synergistic modulation of

the tumor microenvironment and restores T-cell activity (40). In

autoimmune and inflammatory diseases, BsAbs that co-neutralize

TNF-a and IL-17 are effective in psoriasis and Crohn’s disease (41).

Concurrent inhibition of IL-4 and IL-13 offers a promising strategy
Frontiers in Immunology 04
for asthma, providing more comprehensive Th2 suppression than

dupilumab (42, 43).

Collectively, bispecific antibodies deliver a versatile palette of

immunomodulatory and antitumor effects by uniting cellular

cytotoxicity, immune activation, and targeted interference with

pivotal signaling pathways, thereby establishing themselves as a

flexible platform in modern immunotherapy. The realization of

such a broad range of effects relies on interactions with specific

populations of immune and tumor cells, which determine both the

strength of the therapeutic response and the risk of adverse events.
2.3 Target cells for bispecific antibodies

The primary cellular targets of current bispecific antibodies

(BsAbs) are T lymphocytes and natural killer (NK) cells. Their

potent cytotoxicity and functional heterogeneity enable the

induction of a multifaceted antitumor immune response.

T cells remain the central focus of BsAb-based therapies,

particularly in the form of T-cell engagers that simultaneously

bind CD3 and tumor-associated antigens. These constructs form

artificial immunological synapses, activate MHC-independent

signaling cascades, and induce the secretion of IFN-g, TNF-a,
FIGURE 2

Comparative analysis of modern bispecific and multispecific antibody formats: structural design, functional properties, and therapeutic applications.
Created with Biorender.com.
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perforin, and granzymes. BiTE molecules have demonstrated

clinical efficacy in B-cell leukemia (29). Next-generation full-

length bispecific antibodies—such as teclistamab, glofitamab, and

tarlatamab—exhibit improved pharmacokinetics and have shown

promising results in multiple myeloma, lymphomas, and lung

cancer (1, 9). However, this approach carries risks including

cytokine release syndrome (CRS), neurotoxicity, and reduced

activity in “cold” tumor microenvironments. Current

optimization strategies focus on two key aspects: first, the precise

tuning of CD3-binding affinity to balance antitumor activity with

minimal systemic toxicity; and second, the spatial engineering of the

molecule to ensure optimal interdomain distance between antigen-

binding sites, which is critical for effective synapse formation and

selective T-cell activation within the tumor microenvironment.

NK cells are capable of MHC-independent killing of tumor

cells. BsAbs targeting CD16A and tumor antigens initiate activation

cascades involving SYK and PI3K and trigger the release of IFN-g
and TNF-a (44). AFM13 (CD30×CD16A) has shown efficacy in

Hodgkin lymphoma (45), while AFM24 (EGFR×CD16A) is under

investigation for the treatment of solid tumors (46). Trispecific

molecules such as GTB-3550 (CD33×CD16A×IL-15) not only

activate NK cells but also stimulate their proliferation (47).
Frontiers in Immunology 05
Critical parameters for development include tuning CD16A

affinity to prevent NK-cell exhaustion and tailoring Fc domains

depending on therapeutic goals. Despite advantages such as low risk

of autoimmune complications, NK-cell–based approaches are

limited by the short lifespan of effector cells and potential

functional exhaustion.

gd T cells are an MHC-independent T-cell subset activated via

Vg9Vd2-TCR and NKG2D receptors (48). They recognize stress-

induced ligands such as MICA and MICB and actively secrete

proinflammatory cytokines. gd T-cell engagers (GABs) that bridge

gd-TCRs and tumor antigens have demonstrated efficacy in

preclinical models (49). However, in immunosuppressive

microenvironments, gd T cells may acquire regulatory properties

and express inhibitory receptors such as PD-1 and LAG-3, limiting

their antitumor function (50).

Macrophages and dendritic cells are gaining prominence as

emerging targets in BsAb development. Tumor-associated

macrophages (TAMs) frequently adopt an immunosuppressive

M2 phenotype that promotes tumor progression. The CD47–

SIRPa axis is a key therapeutic target; its blockade restores

phagocytic activity (51, 52). BsAbs that co-target CD47 and

tumor antigens (e.g., HER2) enable selective activation of
FIGURE 3

Mechanisms of action of bispecific antibodies: cytotoxicity, immune synapse formation, checkpoint blockade, and tumor microenvironment
reprogramming. Created with Biorender.com.
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http://www.Biorender.com
https://doi.org/10.3389/fimmu.2025.1679092
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lopatnikova and Sennikov 10.3389/fimmu.2025.1679092
macrophages while minimizing off-target effects on healthy cells

(53). Alternative approaches include CSF1R inhibition, which

promotes repolarization of TAMs toward an antitumor M1-like

phenotype (54).

Dendritic cells, particularly the cDC1 subset, are essential

initiators of adaptive immune responses. Targeting receptors such

as CLEC9A and DEC-205 enables precise antigen delivery to cross-

presentation compartments (55). Bispecific constructs

incorporating CD40 specificity enhance DC maturation and

promote IL-12 production, which is critical for the activation of

Th1 cells and CD8+ cytotoxic T lymphocytes (56). These strategies

offer a route to effective immune priming, even in tumors resistant

to conventional therapies.

In summary, bispecific antibodies can be directed toward a wide

range of immune cell types—from classical T and NK cells to less-

characterized gd T cells, macrophages, and dendritic cells. This

versatility supports the design of multi-component therapeutic

strategies that not only facilitate direct tumor eradication but also

remodel the tumor immune microenvironment, thereby enhancing

the overall efficacy of immunotherapeutic interventions. It is

precisely the interplay between architecture, mechanisms of

action, and cellular targets that determines the clinical efficacy of

bispecific antibodies, as reflected in current examples of their

application and in the prospects for further development.
2.4 Clinical applications and future
perspectives of bispecific antibodies

Since their emergence in the late 20th century, bispecific T-cell

engagers (BiTEs) have become a key therapeutic modality in

hematologic malignancies. The original concept, proposed by

Staerz and Bevan, demonstrated that hybrid antibodies capable of

simultaneously binding CD3 and a tumor-associated antigen could

induce apoptosis independently of MHC presentation (57).

Blinatumomab (CD19×CD3) was the first FDA-approved agent

in this class—initially in 2014 for minimal residual disease and later,

in 2017, for relapsed or refractory acute lymphoblastic leukemia

(ALL), achieving high rates of complete remission and improved

survival outcomes (58, 59). Subsequently, full-length bispecific IgG

molecules incorporating an Fc domain were developed to improve

pharmacokinetics. Mosunetuzumab (CD20×CD3) was approved

for follicular lymphoma after at least two prior lines of therapy,

with overall response rates (ORR) reaching 80% (60). Teclistamab

(BCMA×CD3) became the first bispecific antibody approved for

relapsed/refractory multiple myeloma, with an ORR of

approximately 63% (61). Similar agents include epcoritamab

(CD20×CD3) and e l rana tamab (BCMA×CD3) , bo th

demonstrating significant activity in B-cell lymphomas and

multiple myeloma (62, 63). Talquetamab (CD3×GPRC5D), the

first therapeutic targeting GPRC5D, achieved an ORR of ~73%

(64). Glofitamab (CD20×CD3), notable for its enhanced T-cell

activation and finite treatment regimen (12 cycles), reported an
Frontiers in Immunology 06
ORR of 52% and complete remission rate (CR) of 39% in relapsed/

refractory diffuse large B-cell lymphoma (DLBCL) (65).

In solid tumors, a milestone was the approval of tarlatamab

(DLL3×CD3) for small-cell lung cancer. This agent, targeting DLL3,

demonstrated an ORR of 40% and median overall survival of 14

months (66). Amivantamab (EGFR×MET), approved for non-

small-cell lung cancer (NSCLC) with EGFR exon 20 insertions,

combines dual receptor blockade with Fc-mediated cytotoxicity

(39, 67).

Beyond oncology, BsAbs have therapeutic roles in other

diseases. Emicizumab (FIXa×FX) was approved for prophylaxis in

hemophilia A and represents the first subcutaneous, non-enzymatic

agent capable of mimicking factor VIII activity (68).

To date, several bispecific antibodies have received FDA

approval for clinical use, underscoring their therapeutic relevance

and safety. These agents span both hematologic and solid

malignancies, reflecting the diversity of targetable platforms. An

overview of approved BsAbs is presented in Table 1.

Development in bispecific immuno-oncology continues at a

rapid pace. Zanidatamab (HER2×CD3) has demonstrated

promising efficacy in HER2-positive gastrointestinal and breast

cancers (69). Pasotuxizumab (PSMA×CD3) showed an ORR of

up to 19% in castration-resistant prostate cancer (70), while

zolbetuximab-CD3 (Claudin18.2×CD3) achieved an ORR of 28%

in gastrointestinal malignancies (71). Zenocutuzumab

(HER2×HER3) is showing encouraging activity in patients with

NRG1 gene fusions (72). Advancements in multispecific platforms

include the development of tri- and tetraspecific constructs with

integrated cytokine modules to enhance antitumor responses. A

recent example is the tetraspecific engager IPH6501, which

combines CD20 targeting, NK cell activation (NKCE), and the

delivery of a modified IL-2 variant. This construct demonstrates

selective NK cell activation and robust antitumor activity in

preclinical models of B-cell non-Hodgkin lymphomas,

underscoring the promise of integrating cytokine signaling into

multispecific platforms (73).

Numerous constructs are in late-stage clinical development,

including CD20×CD3, BCMA×CD3, GPRC5D×CD3, and

CD123×CD3, primarily for hematologic indications. In solid

tumors, emerging agents are targeting HER2×HER3, PD-1/PD-

L1, and CTLA-4. Several candidates exhibit favorable safety profiles

(e.g., CRS ≤ grade 3) and convenient dosing schedules, including

subcutaneous administration every 2–3 weeks (74).

In summary, bispecific antibodies have evolved from

experimental prototypes into an established therapeutic class with

broad clinical applicability. By enabling targeted cytotoxicity

independent of MHC expression, they offer promising new

avenues for the treatment of tumors resistant to conventional

therapies. The evolution of antibody formats has laid the

foundation for the emergence of new directions in bispecific

immunotherapy that extend beyond classical architectures,

thereby overcoming the limitations of conventional antibodies,

broadening the range of therapeutic targets, and creating the
frontiersin.org
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prerequisites for the development of more universal and adaptive

immunotherapeutic strategies.
3 Bispecific T-cell receptor-based
constructs

3.1 Design principles and mechanisms of
action

Bispecific antibodies based on T-cell receptors (TCR-like and

TCR-engineered) represent an innovative class of molecules capable

of recognizing intracellular tumor antigens presented in the context

of peptide–MHC complexes. These constructs overcome the

limitations of conventional antibodies, which are restricted to

targeting surface antigens, by mimicking the specificity of native

TCRs. Their binding domains are typically composed of scFv or Fab

fragments that have been engineered to enhance affinity and

specificity (75, 76). The development of such molecules relies on

phage display, directed evolution, and CDR optimization, with

careful attention to cross-reactivity, which remains a critical

concern (77, 78).

Their mechanism of action involves selective binding to tumor-

specific peptide–MHC complexes, leading to the formation of an

immune synapse and subsequent T-cell activation. Engagement of
Frontiers in Immunology 07
intracellular signaling cascades (ZAP70, LAT, PLCg1) culminates in

the expression of transcription factors such as NFAT and secretion

of cytotoxic effectors (79–81). This approach is particularly effective

for targeting tumor-specific peptides—such as WT1, MAGE-A3,

and NY-ESO-1—when presented in the context of HLA-A*02:01

(82–84).

TCR-like constructs require rigorous validation to confirm

allele specificity and ensure safety. Variations in peptide sequence

or MHC allele can significantly affect binding, necessitating the use

of immunopeptidomics and normal tissue screening to identify

potential off-target interactions (85–87). While enhanced affinity

facilitates the detection of low-abundance targets, excessive affinity

may increase the risk of off-tumor toxicity (88, 89).

Stability and pharmacologic performance can be improved

through site-directed mutagenesis and rational design, including

the replacement of hydrophobic residues, modification of CDR

loops, and the development of prodrug formats that are selectively

activated in the tumor microenvironment (90–92). The applicability

of TCR-like antibodies is constrained by their reliance on specific

HLA alleles, which has prompted the development of broadly

applicable constructs focused on frequent alleles—especially HLA-

A*02:01 (93, 94).

The most advanced clinical platform is ImmTAC, which

employs engineered TCRs fused to an anti-CD3 effector domain

for T-cell engagement (95, 96). ImmTAC molecules are
TABLE 1 FDA-approved bispecific antibodies (as of July 2025).

Drug
(trade name)

Targets FDA-approved indications
Year
approved

Disease type Molecular format

Blinatumomab
(Blincyto®)

CD19 ×
CD3

Acute lymphoblastic leukemia (MRD+,
relapsed/refractory)

2014/2017
Hematologic
malignancies

BiTE, Fc-free, intravenous
administration

Teclistamab

(Tecvayli™)

BCMA ×
CD3

Multiple myeloma (≥4 prior lines of therapy) 2022
Hematologic
malignancies

IgG-like, DuoBody®

Mosunetuzumab

(Lunsumio™)

CD20 ×
CD3

Follicular lymphoma (≥2 prior lines of
therapy)

2022
Hematologic
malignancies

IgG-like, DuoBody®

Epcoritamab

(Epkinly™)

CD20 ×
CD3

Diffuse large B-cell lymphoma (relapsed/
refractory)

2023
Hematologic
malignancies

IgG1, subcutaneous
administration

Elranatamab

(Elrexfio™)

BCMA ×
CD3

Multiple myeloma (≥4 prior lines of therapy) 2023
Hematologic
malignancies

IgG-like

Talquetamab (Talvey™)
GPRC5D ×
CD3

Multiple myeloma (≥4 prior lines of therapy) 2023
Hematologic
malignancies

IgG-like

Glofitamab (Columvi®)
CD20 ×
CD3

Diffuse large B-cell lymphoma (fixed 12-cycle
regimen)

2023
Hematologic
malignancies

IgG-like, bivalent (2:1 CD20:
CD3)

Tarlatamab

(Imdelltra™)
DLL3 × CD3 Small cell lung cancer (relapsed/refractory) 2024 Solid tumors IgG-like, T-cell engager

Amivantamab
(Rybrevant®)

EGFR ×
MET

NSCLC (EGFR exon 20 insertion, post-
chemotherapy)

2021 Solid tumors IgG1, Fc-active, intravenous

Emicizumab
(Hemlibra®)

FIXa × FX
Hemophilia A (with or without factor VIII
inhibitors)

2017
Non-oncologic
diseases

IgG-like, FVIIIa mimetic
• DLBCL, Diffuse large B-cell lymphoma
• ALL, Acute lymphoblastic leukemia
• BCMA, B-cell maturation antigen
• GPRC5D, Receptor overexpressed in myeloma
• DLL3, Notch ligand, specific to small cell lung cancer (SCLC)
• BiTE, Bispecific T-cell Engager (Fc-free format)
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characterized by high sensitivity to peptide–MHC complexes and

have demonstrated activity against targets with low expression. A

landmark example is tebentafusp, which received FDA approval for

metastatic uveal melanoma and significantly improved overall

survival in a Phase III clinical trial (97–99).

In conclusion, TCR-based bispecific antibodies offer a unique

therapeutic modality by targeting intracellular tumor antigens

restricted by defined MHC alleles. The application of advanced

protein engineering strategies to enhance affinity, stability,

selectivity, and pharmacokinetics enables the generation of potent

and safe therapeutic agents. In the context of personalized oncology,

these constructs hold great promise as integral components of next-

generation combination immunotherapies.
3.2 Preclinical and clinical examples

The development of TCR-like and TCR-engineered bispecific

antibodies has opened new avenues for cancer immunotherapy by

enabling the recognition of intracellular antigens presented in

complex with MHC molecules. These constructs significantly

broaden the therapeutic landscape compared to conventional

BsAbs, which are limited to surface antigens. One of the earliest

examples was ESK1, a TCR-like antibody specific for WT1 in the

context of HLA-A*02:01. In preclinical models, ESK1 demonstrated

selective cytotoxicity and a favorable safety profile, while clinical

studies confirmed its capacity for specific tumor targeting in vivo

(82, 100).

The most clinically advanced and successful example to date is

tebentafusp, an ImmTAC molecule directed against gp100/HLA-

A*02:01. By combining an affinity-enhanced TCR domain with an

anti-CD3 effector arm, tebentafusp enables potent T-cell

recruitment and tumor control. In a pivotal Phase III trial,

tebentafusp significantly improved overall survival in patients

with metastatic uveal melanoma, marking the first effective

therapy for this disease (97–99).

High efficacy has also been demonstrated in preclinical systems

for TCR-based bispecific antibodies targeting cancer-testis antigens

such as NY-ESO-1 and MAGE-A1. These antigens, which exhibit

restricted expression in normal tissues, were shown to be

immunogenic and safe targets; specific constructs elicited robust

T-cell responses with minimal toxicity (101–103). Similar results

were obtained with molecules targeting PRAME—an oncogenic

antigen broadly expressed in solid tumors. PRAME/HLA-A*02:01-

specific constructs demonstrated selective cytotoxicity and

promising clinical activity (104, 105).

Targeting MART-1 has served as a benchmark for

demonstrating fine-tuned TCR engineering. Mutagenesis of CDR

loops and optimization of framework regions significantly enhanced

binding selectivity for tumor-associated epitopes while minimizing

recognition of normal melanocytes (106, 107). Comparable

engineering strategies are being employed to develop constructs

against AFP, mutant p53, and viral epitopes such as HPV E6,

enabling applications in virus-associated cancers (75, 108, 109).
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The accumulated preclinical and clinical data strongly support

the potential of TCR-based bispecific platforms as a next-generation

modality in personalized immunotherapy. By accessing previously

undruggable intracellular targets, these constructs offer the

opportunity to significantly expand the therapeutic arsenal in

oncology. At the same time, progress in the field of TCR-

bispecific constructs is accompanied by the need to address

practical challenges related to their production, stability, and

reproducibility, which directly determine the successful

implementation of these molecules in clinical practice.
3.3 Manufacturing and stability challenges
of TCR-based bispecific constructs

The development of bispecific antibodies based on T-cell

receptors (TCR-like and TCR-engineered) is accompanied by a

set of unique bioengineering and manufacturing challenges. A

primary hurdle is achieving high specificity for peptide–MHC

complexes while minimizing cross-reactivity. This necessitates

multi-step optimization workflows that often employ phage or

yeast display platforms for candidate selection. Nevertheless, even

well-characterized molecules require extensive preclinical

validation using panels of normal tissues and immunopeptidome

libraries to assess potential off-target interactions (95, 110).

Another major challenge lies in the intrinsic instability of TCR

domains, which are prone to aggregation and misfolding. To

mitigate these issues, structural engineering is employed,

including the introduction of stabilizing mutations and disulfide

bridges, as well as careful selection of molecular formats—such as

scFv, Fab, or IgG scaffolds—that support native folding and thermal

stability (111–113). Aggregation remains a particularly critical issue,

as it reduces bioavailability, increases immunogenicity, and

complicates biomanufacturing. Solutions include rational

mutagenesis and optimization of buffer composition for long-

term storage (114, 115).

Immunogenicity represents an additional obstacle. Modified

TCR domains may elicit anti-drug antibody (ADA) responses,

thereby reducing therapeutic efficacy. The use of humanized

sequences and minimization of non-human epitopes are key

strategies to reduce immunogenic potential (90, 113, 116).

At the manufacturing scale-up stage, particular attention must be

given to molecular stability at high protein concentrations required

for therapeutic dosing. TCR-based platforms are prone to aggregation

at concentrations above 50 mg/mL due to surface hydrophobicity.

This necessitates customized buffer systems, stabilizing excipients,

and optimized concentration protocols (117, 118).

For transportation and storage, resistance to physicochemical

and mechanical stress is essential. Strategies such as formulation

with arginine hydrochloride and amino acid-based stabilizers, the

use of silicone-free syringes, and lyophilization techniques help

maintain molecular integrity during long-term storage (109).

In summary, the successful clinical implementation of TCR-like

and TCR-engineered bispecific antibodies requires the integration of
frontiersin.org

https://doi.org/10.3389/fimmu.2025.1679092
https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org


Lopatnikova and Sennikov 10.3389/fimmu.2025.1679092
structural biology, pharmaceutical formulation science, and rigorous

quality control at every stage. Overcoming challenges related to

stability, immunogenicity, and manufacturing will be essential for

the widespread adoption of these novel immunotherapeutic agents.

Alongside manufacturing and pharmaceutical aspects, the clinical

specificity of applying TCR-like and TCR-engineered constructs is of

fundamental importance, as it markedly distinguishes them from

classical bispecific antibodies and defines both the opportunities and

the limitations of this approach.
3.4 Clinical differences between TCR-like/
TCR-engineered and conventional
bispecific antibodies

Clinical distinctions between TCR-like or TCR-engineered

bispecific antibodies and conventional BsAbs become particularly

evident when comparing their mechanisms of action, efficacy

profiles, and safety characteristics. Traditional BsAbs, such as

blinatumomab, exhibit strong activity against tumors expressing

high-density surface antigens—an attribute exemplified by their

success in B-cell acute lymphoblastic leukemia (B-ALL) (28, 57, 58).

However, their therapeutic effect is highly dependent on the

stability and density of antigen expression, rendering them less

effective in the context of antigen loss or downregulation. In

contrast, TCR-like and TCR-engineered antibodies are capable of

recognizing intracellular tumor-derived peptides presented by

MHC molecules. This enables targeting of non-surface antigens,

including neoantigens and viral proteins, expanding their

applicability to tumors with low surface antigen expression or

concealed immunogenic profiles—such as sarcomas, melanoma,

and select hematologic malignancies (109, 119). A prime example is

tebentafusp, which has demonstrated a statistically significant

survival benefit in patients with metastatic uveal melanoma (97,

99). IMA203, a TCR-engineered T-cell therapy targeting PRAME in

HLA-A*02+ patients with relapsed or refractory solid tumors,

demonstrated a favorable safety profile in a phase I study

(NCT03686124), with no dose-limiting toxicity, a low incidence

of severe CRS, and absence of neurotoxicity. Among 41 enrolled

patients, the overall response rate was 52.5% and the confirmed

objective response rate was 28.9%, indicating the promise of this

approach for the treatment of melanoma and sarcomas (120).

The safety profiles of these platforms also differ markedly.

Conventional BsAbs—especially BiTEs—are associated with high

rates of cytokine release syndrome (CRS) and neurotoxicity due to

broad polyclonal T-cell activation. For instance, CRS has been

observed in up to 70% of blinatumomab-treated patients, with

neurotoxic events occurring in 15–20% of cases (121). In contrast,

TCR-like constructs typically do not induce systemic T-cell

activation but carry distinct risks related to cross-reactivity with

peptides derived from normal tissues. Severe toxicities, including

myositis and cardiotoxicity, have been reported for TCR domains

targeting MAGE-A3 (77, 122).

Modern engineering approaches help mitigate these risks

through fine-tuning of affinity, optimization of CDR regions, and
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multilayered specificity validation. Constructs targeting WT1,

PRAME, and NY-ESO-1 have demonstrated that careful

molecular design can achieve high selectivity with acceptable

safety profiles (82, 103, 123).

Despite their technical complexity, cost of production, and the

requirement for HLA-matched patient populations, TCR-like

agents represent a critical addition to the immunotherapy arsenal.

The future of both BsAb strategies lies in the development of

multispecific formats, improved antigen selectivity, and the

refinement of predictive markers for toxicity and immunogenicity.

Together, conventional and TCR-based bispecific antibodies form a

complementary toolkit for precision immuno-oncology, adaptable to

the molecular profile of individual tumors and tailored to patient-

specific therapeutic needs.
4 Bispecific aptamers: design
principles and therapeutic potential

4.1 Structure and advantages of aptamers

Aptamers are short, single-stranded DNA or RNA molecules

capable of folding into stable three-dimensional structures—such as

hairpins, pseudoknots, and G-quadruplexes—that enable high-

affinity and highly specific binding to molecular targets, including

proteins, peptides, nucleic acids, and small molecules. Owing to

their compact architecture and structural flexibility, aptamers are

emerging as attractive alternatives to antibodies for applications in

targeted delivery and molecular recognition (124–126).

A key advantage of aptamers lies in their selection method—

SELEX (Systematic Evolution of Ligands by EXponential

enrichment)—which allows for the in vitro identification of high-

affinity binders from vast nucleotide libraries. Unlike antibodies,

aptamers do not require expression in living cells, simplifying

production, improving purity, minimizing batch-to-batch

variability, and facilitating scalability at lower cost (127). With

low molecular weights (5–15 kDa), aptamers exhibit rapid tissue

penetration—including into tumors—and are well-suited for

diagnostic and therapeutic applications. However, their small size

also leads to rapid renal clearance and short circulation half-lives.

Strategies such as PEGylation, albumin-binding, and nanoparticle

encapsulation are employed to extend systemic persistence (128).

Additionally, chemical modifications—such as 2′-fluoro
substitutions or phosphorothioate linkages—enhance nuclease

resistance and reduce immunogenicity (129, 130).

Although aptamers are not traditionally bispecific agents, they

can be engineered to perform bispecific functions. Bispecific

aptamers (bsApts) are synthetic oligonucleotides designed to bind

two distinct targets simultaneously—typically a tumor-associated

antigen and an immune-cell receptor (e.g., CD3, CD28, 4-1BB).

They represent a promising alternative to antibodies, particularly

where small size and low immunogenicity are advantageous. Recent

advances in molecular engineering have enabled the conversion of

monospecific aptamers into bispecific constructs, thereby

expanding their utility in immunotherapy.
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Key engineering strategies include bivalent aptamer formats

and hybrid aptamer–antibody fusions. For example, bivalent bsApts

targeting immune checkpoints such as PD-1 and CTLA-4 have

demonstrated synergistic effects in reactivating T-cell responses.

These constructs retain core aptamer advantages—small size and

low immunogenicity—while acquiring bispecific antibody-like

functionality (131, 132). In hybrid designs, aptamer modules

specific to tumor antigens are fused to antibody fragments (e.g.,

anti-CD3 scFv), enabling the recruitment of T cells in a manner

analogous to BiTEs. Preclinical models have validated their tumor-

directed cytotoxic potential (133).

The valency of bsApts is often denoted as [m + n], where [m] is

the number of tumor-targeting modules and [n] denotes immune-

cell engagement domains. For example, [1 + 1] constructs (e.g., c-

Met/CD16A) are monovalent on both ends, while [1 + 2] (PSMA/4-

1BB) and [2 + 2] (MUC1/CD16A) designs exhibit enhanced avidity.

Linker length is critical: optimal spacers range from 7 to 22

nucleotides (~49–152 Å), aligning with physiological immune

synapse dimensions. Longer linkers (>29 nucleotides) reduce

efficacy, and linker rigidity matters—double-stranded segments

provide synaptic stability superior to flexible single-stranded

linkers (134).

Compared with antibodies, bispecific aptamers (bsApts) offer

several advantages: extremely low immunogenicity, no Fc-mediated

effects (such as ADCC or cytokine-release syndrome), cell-free

chemical synthesis, and straightforward chemical modification.

Each of the three platforms—classical bispecific antibodies, TCR-

based bispecific constructs, and bispecific aptamers—has its own

strengths and limitations. Antibodies provide well-characterized

pharmacokinetics and standardized manufacturing, yet they are

prone to CRS and limited tissue penetration. TCR-based constructs

grant access to intracellular neoantigens but remain HLA-restricted

and more immunogenic. Aptamers exhibit excellent tissue diffusion
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and chemical flexibility, although they have not yet achieved clinical

validation. A side-by-side comparison of all three platforms is

presented in Table 2.

Despite their substantial preclinical promise, clinical translation

of bsApts remains limited, mainly due to the need for more

comprehensive studies on their pharmacokinetics, biodistribution,

and long-term safety. Nonetheless, their potential as a flexible, non-

immunogenic platform for bispecific agent development positions

them as a compelling alternative to traditional antibody therapies.

These unique properties of aptamers are reflected in the specific

mechanisms of action of bispecific constructs, which define their

therapeutic potential and distinguish them from antibody-

based platforms.
4.2 Mechanisms of action of bispecific
aptamer constructs

Bispecific aptamers (bsApts) exert antitumor activity primarily

through the formation of artificial immune synapses between tumor

and immune cells (135, 136). Upon simultaneous binding to a

tumor-associated antigen (e.g., PSMA, c-Met, or MUC1) and a

receptor on an immune effector cell (e.g., CD3, CD16, or 4-1BB),

bsApt molecules bring the cells into close proximity, mimicking a

natural immune synapse (137, 138). This induces cytotoxic

responses through perforin and granzyme release, and the

activation of apoptosis via FasL/Fas and TNFa/TNFR

signaling pathways.

BsApts bypass the need for MHC–peptide interaction, which is

particularly advantageous in tumors with low or absent MHC class I

expression (139). Aptamers targeting co-stimulatory receptors such

as CD28 (140), 4-1BB (141), or OX40 (142) further enhance T-cell

activation by providing secondary activation signals. Constructs like
TABLE 2 Comparison of Therapeutic Bispecific Platforms.

Criterion
Classical bispecific
antibodies

TCR-like/TCR-engineered
bispecific antibodies

Bispecific aptamers

Typical targets Surface antigens (CD19, HER2, BCMA)
Peptide–MHC complexes (WT1, PRAME,
MAGE-A3)

Surface/soluble antigens (PSMA, c-Met) + immune
receptors (CD3, CD16, 4-1BB)

MHC dependency No Yes No

Antigen type Extracellular Intracellular peptides Extracellular (SELEX-adaptable)

Molecular size ≈150 kDa (IgG)/≈55 kDa (BiTE) 55–110 kDa (format-dependent) 5–40 kDa

Clinical status
Several FDA approvals; hematologic and
some solid tumors

One FDA approval (tebentafusp); HLA-
restricted trials

Preclinical/early clinical; no approvals

Immunogenicity Moderate Variable Very low

Pharmacokinetics Half-life days–weeks (Fc-bearing) Hours–days; less stable Minutes–hours; extendable via PEG/albumin

Tissue penetration Moderate; limited by stroma Moderate; stroma-limited High due to small size

Manufacturing Established CHO/HEK platforms Complex engineering, aggregation issues Solid-phase chemical synthesis

Manufacturing Cost High Extremely high Low

Key toxicity risks
CRS, neurotoxicity, on-target/off-tumor
effects

Cross-reactivity, organ toxicity
Minimal Fc-associated effects; potential off-target
binding
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c-Met/CD16a can also engage NK cells and gd T lymphocytes,

triggering ADCC (135, 143). The efficacy of these constructs

depends on spatial parameters: linkers of 7–22 nucleotides (~150

Å) allow for optimal intercellular distances and synapse formation

(135). Multivalent formats such as [2 + 2] MUC1/CD16a exhibit

enhanced avidity and interaction stability (144).

A separate class of bsApts functions as immune checkpoint

antagonists. Constructs targeting PD-1 (145, 146), CTLA-4 (147),

and TIM-3 (148) have shown the ability to reactivate exhausted T

cells. Combining bsApts with complementary mechanisms—such

as co-stimulation and checkpoint blockade—can yield synergistic

effects (149). Another promising direction involves the design of

multispecific constructs that target multiple tumor antigens

simultaneously (150, 151), potentially improving selectivity and

therapeutic efficacy.

Additionally, bsApt platforms can serve in targeted drug

delivery, where one domain ensures selective cell binding and the

other captures and transports therapeutic agents or nanoparticles

(125). The mechanisms discussed find both confirmation and

practical implementation in a number of preclinical and clinical

studies, demonstrating the potential of bispecific aptamers as next-

generation therapeutic agents.
4.3 Preclinical and clinical development of
bispecific aptamers

Over recent years, several bispecific aptamer constructs have

demonstrated notable efficacy in preclinical studies. One of the

earliest and most studied examples is the c-Met/CD16a construct,

composed of DNA aptamers targeting c-Met on tumor cells and

FcgRIII (CD16a) on NK cells. In vitro, this bsApt induced ADCC-

mediated lysis of gastric and lung cancer cells, comparable to

cetuximab (135). Optimization of the linker length (7–22

nucleotides) proved essential for effective synapse formation.

Another important example is the PSMA/4-1BB bsApt, which

combines a 2′-fluoro RNA aptamer against PSMA with a dimeric

aptamer targeting 4-1BB. In colorectal and melanoma models, it

suppressed tumor growth and metastasis at doses tenfold lower

than corresponding monospecific agents (140). A construct

targeting MRP1/CD28 was developed to activate T cells against

chemoresistant melanoma stem-like cells and enhanced the efficacy

of GVAX vaccination when combined with Foxp3 suppression

(152). A tetravalent MUC1/CD16a bsApt showed high avidity

and selectively lysed MUC1-positive A549 cells, sparing MUC1-

negative HepG2 cells (144).

Among the clinically advanced aptamers, most target cytokines.

These include NOX-E36 (anti-CCL2) and NOX-A12 (anti-

CXCL12), both explored in immunomodulatory contexts (153). A

novel bsApt, Ap3-7c, was developed to simultaneously block PD-1/

PD-L1 interactions and facilitate physical contact between T cells

and tumor cells. Ap3-7c employs a “recognition-then-conjugation”

mechanism in which the aptamer covalently anchors to its target,

prolonging residence time in the tumor microenvironment and

enhancing therapeutic efficacy (9).
Frontiers in Immunology 11
AYA227 is a newly developed bifunctional aptamer targeting

both CTLA-4 and NKG2A. Designed with machine learning

algorithms, it activates both T and NK cells and demonstrates the

potential to overcome immune suppression in solid tumors (154).

Another approach involves a bsApt targeting pancreatic

tumors, conjugated with the cytotoxic agent monomethyl

auristatin E (MMAE). The addition of a universal antibody

fragment for delivery extended the in vivo half-life and reduced

systemic toxicity (155).

In clinical settings, the aptamer AS1411, targeting nucleolin,

completed a Phase II trial for metastatic renal cell carcinoma (156).

Although it demonstrated safety and moderate efficacy, its

therapeutic window was limited by insufficient specificity in

heterogeneous tumors. Ongoing studies, such as the Phase I/II

GLORIA trial, are exploring the combination of aptamers with

radiotherapy for glioblastoma, highlighting the potential of bsApts

in multimodal regimens (157).

Despite significant progress, key challenges remain—

particularly in optimizing in vivo stability and overcoming

antigenic heterogeneity. Nevertheless, the modularity and

adaptability of bispecific aptamers offer strong potential for the

development of personalized therapeutic strategies, especially when

integrated with artificial intelligence approaches for structure

prediction and optimization. The accumulated preclinical and

clinical data not only confirm the therapeutic validity of bispecific

aptamers but also reveal a number of limitations, the understanding

of which is key to defining the future prospects of this platform.
4.4 Limitations and future prospects of
bispecific aptamers

Despite the considerable potential of bispecific aptamers

(bsApts) in cancer therapy, several major limitations currently

hinder their clinical translation. The foremost challenge is their

short in vivo half-life, primarily due to rapid degradation by

nucleases and renal clearance associated with their small size and

polyanionic nature (125, 158, 159). This necessitates frequent

dosing, which reduces therapeutic convenience and increases

patient burden. While bsApts exhibit lower immunogenicity

compared to antibodies (160), their long-term immunological

impact remains insufficiently characterized.

Another critical challenge is achieving an optimal balance

between binding specificity and affinity (161, 162). In highly

heterogeneous tumor microenvironments, multivalent aptamers

may exhibit undesired cross-reactivity, leading to off-target effects

(163). For targets such as PSMA, rapid internalization after ligand

binding complicates the formation of a stable immune synapse

(164). Furthermore, large multivalent constructs often face poor

tissue penetration, particularly in dense solid tumors (165). The

inherent susceptibility of nucleic acids to nuclease degradation

poses additional obstacles, particularly in indications such as

glioblastoma, where traversal of the blood–brain barrier is

required (166, 167). Moreover, the complexity of large-scale
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manufacturing and quality control of multivalent aptamer

constructs continues to limit their clinical development.

Nonetheless, bsApts possess unique advantages—including ease

of chemical modification, low immunogenicity, and precise tumor

targeting—that underpin their future therapeutic potential. Several

promising directions are currently being pursued. One is the

development of conditionally activated constructs responsive to

tumor microenvironment cues such as pH, redox status, or protease

activity, which could enhance tumor specificity (168). Aptamers

targeting emerging immune checkpoints (e.g., TIGIT, VISTA, B7-

H3, CD73) are being explored to overcome resistance to current

immunotherapies (169). Multispecific aptamers capable of binding

multiple tumor antigens (e.g., EpCAM and CD44) offer increased

specificity and reduced toxicity (170).

Combining bsApts with other therapeutic modalities—such as

photosensitizers, chemotherapeutics, or gene-editing tools—opens

avenues for multimodal platforms (171). Pharmacokinetic

properties may be improved through nucleotide modifications

(e.g., 2′-fluoro, 2′-O-methyl, PEGylation) (159) and the

incorporation of delivery systems including liposomes, exosomes,

and metal–organic frameworks (172).

Particularly promising is the integration of artificial intelligence

for aptamer structure prediction and design optimization (173),

alongside multi-omics approaches for precise target identification.

The development of universal platforms for bsApt construction

(155) and their potential combination with CAR T cells (174) could

accelerate the adoption of personalized therapeutic regimens.

Furthermore, the use of bsApts for targeted delivery of

therapeutic agents—such as siRNAs or cytotoxic drugs—offers

additional opportunities for cancer treatment (150).

Realizing the full therapeutic potential of bsApts will require

multidisciplinary collaboration across structural biology, medicinal

chemistry, pharmacology, and clinical oncology to overcome

current barriers and translate these promising molecules into

effective, patient-specific therapies.

Thus, the development of bispecific formats—from classical

antibody constructs to TCR molecules and aptamer-based

platforms—demonstrates significant progress in expanding the

arsenal of immunotherapeutic agents. Each of these approaches

possesses its own advantages and limitations. However, the

broadening of the immunotherapy toolkit is inevitably

accompanied by new challenges, including adverse effects,

toxicities, and manufacturing constraints, which become key

considerations in assessing the true clinical potential of

bispecific agents.
5 Adverse effects and limitations of
bispecific therapy

5.1 Off-tumor toxicity

Bispecific antibodies (BsAbs), TCR-based constructs, and

b i spec ific ap tamers repre sen t promis ing c l a s s e s o f

immunotherapeutic agents designed to enhance antitumor
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immune responses (2). The dual specificity underlying these

constructs allows for the simultaneous recognition of a tumor

antigen and an activating receptor on an immune effector cell.

However, when the target antigen is also expressed—albeit at low

levels—on normal tissues, this can result in “on-target/off-tumor”

toxicity. Such effects may include cytokine release syndrome (CRS),

organ damage, neurologic complications, and other serious adverse

reactions that not only reduce therapeutic efficacy but may also pose

life-threatening risks.

BsAbs, particularly bispecific T-cell engagers (BiTEs), function

by linking tumor antigens with CD3 on T lymphocytes, triggering

immune activation (28, 175). While these molecules have shown

remarkable efficacy in hematologic malignancies, they are also

associated with significant off-tumor toxicity. For example,

blinatumomab—a CD19×CD3 BsAb—induces CRS in the

majority of patients with acute lymphoblastic leukemia (ALL).

Clinical studies report that 90% of patients experience fever, 60%

develop hypotension, and 20% present with severe respiratory

distress requiring intensive care (57). Moreover, neurological

adverse events—including encephalopathy, seizures, and speech

disturbances—occur in over 50% of treated patients and are

thought to result from CD19 expression on certain neuronal

subpopulations (174, 176).

In the context of solid tumors, CD3-directed BsAbs targeting

antigens such as CEA, EpCAM, and HLA-A*02:01:gp100 have

produced dose-dependent toxicity (177–180). Observed toxicities

included hepatotoxicity, intestinal inflammation, systemic cytokine

responses, gastrointestinal and respiratory dysfunctions, and

cardiovascular abnormalities. Although some of these effects may

be linked to localized tumor inflammation, most were reversible

upon treatment discontinuation. One effective mitigation strategy

has been reducing the affinity of the CD3-binding domain to limit

activation in normal tissues.

A notable example of successful toxicity optimization is

amivantamab (EGFR×MET), a BsAb designed to simultaneously

target two tumor-specific receptors. This dual-targeting approach

reduced off-tumor side effects by over 40% without compromising

antitumor activity (181). The rationale lies in the fact that co-

expression of both antigens is more common in malignant cells

than in healthy tissues, enhancing selectivity.

Spatial configuration of antigen-binding domains also plays a

role in minimizing toxicity. Rational positioning of Fab fragments

within the BsAb structure has been shown to significantly reduce

cross-reactivity with normal tissues by improving selective cell

engagement (182).

A particularly innovative approach involves the development of

“masked” BsAbs, which remain inactive in circulation and are only

activated by tumor-specific proteases within the tumor

microenvironment. This platform, described in detail in (183,

184), offers dual protection: first, by preventing interaction with

healthy tissue, and second, by ensuring localized activation in

neoplastic zones where protease concentrations are elevated.

CRS mitigation strategies include step-up dosing regimens and

subcutaneous administration, as demonstrated in trials of

glofitamab and teclistamab (both CD20×CD3). These approaches
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significantly reduced the incidence of severe CRS from 45% to less

than 15% (185, 186), enabling more controlled immune activation

and avoiding massive cytokine surges.

TCR-based soluble constructs, unlike BsAbs, recognize peptides

presented by HLA molecules rather than surface antigens. While

this expands the repertoire of intracellular tumor targets, it also

increases the risk of cross-reactivity with normal tissues. A critical

example is a clinical trial targeting MAGE-A3, where 33% of

patients developed fatal myocarditis due to cross-recognition of

titin in cardiac muscle (76). Similarly, a TCR targeting CEA led to

severe colitis in 70% of colorectal cancer patients due to antigen

expression in intestinal epithelium (187).

Comparative analysis of toxicity profiles reveals fundamental

differences between BsAbs and TCR-based molecules. BsAbs are

primarily associated with systemic effects (e.g., CRS, hematologic

toxicity), whereas TCR constructs more commonly cause organ-

specific damage aligned with tissue antigen expression. Current

strategies to reduce TCR-related toxicity include in silico modeling

of cross-reactivity (188, 189) and selection of antigens with highly

restricted expression in healthy tissues (190, 191).

Immune effector cell-associated neurotoxicity syndrome

(ICANS), although less well understood, is a serious complication

linked to blood–brain barrier (BBB) disruption. Experimental

evidence indicates that TCR-mediated activation of cerebral

microvascular endothelium increases BBB permeability,

facilitating infiltration of both cytokines (e.g., IL-1b, IFN-g) and

activated T cells into the CNS (192). Clinicopathologic studies

confirm the presence of perivascular lymphocytic infiltration in

patients with severe neurologic symptoms (193).

In summary, while bispecific constructs hold significant

therapeutic promise, off-tumor toxicity remains a major

limitation to their clinical use. Addressing this challenge will

require a multifaceted approach encompassing rational molecule

design, dose optimization, targeted activation strategies, and robust

management protocols for adverse events.
5.2 Physicochemical barriers to tumor
penetration

The therapeutic efficacy of bispecific constructs in solid tumors

is substantially limited by a series of fundamental physicochemical

barriers that impair their intratumoral penetration. The first and

most critical obstacle is the abnormal tumor vasculature, which is

characterized by disorganized architecture, elevated permeability,

and irregular blood flow. Dynamic contrast-enhanced MRI (DCE-

MRI) studies have shown that only 0.001–0.01% of the

administered antibody dose reaches tumor tissue, a phenomenon

referred to as the “perfusion effect” (194). This limitation is

particularly pronounced for large molecules, such as IgG-like

bispecific antibodies (~150 kDa), which demonstrate significantly

poorer tissue penetration compared to small-molecule agents (195).

The transport of bispecific constructs to tumor niches is influenced
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not only by molecular weight but also by conformational flexibility.

Neutron scattering experiments have shown that tetravalent IgG/

scFv formats exhibit an effective hydrodynamic radius of 8–10 nm,

whereas more compact diabody constructs achieve 4.5 nm, resulting

in a twofold increase in diffusion coefficients through type I collagen

matrices (196).

A second major limitation is elevated interstitial fluid pressure

(IFP), which can reach 40–60 mmHg in the core of large tumors,

creating a pressure gradient that impedes the diffusion of

macromolecules (197). The dense extracellular matrix (ECM)—

rich in type I collagen, hyaluronic acid, and fibronectin—acts as an

additional diffusion barrier, restricting the intratumoral spread of

bispecific agents. Immunohistochemical analysis of biopsy samples

from patients treated with bispecific antibodies has revealed strong

perivascular accumulation with minimal penetration into the tumor

parenchyma (198). Blockade of VEGF using anti-VEGF or anti-

VEGFR2 antibodies has been shown to enhance both BsAb

infiltration and CD8+ TIL accumulation in preclinical models,

thereby increasing antitumor efficacy (199). This challenge is

particularly severe in desmoplastic tumors such as pancreatic

ductal adenocarcinoma, where ECM density can reduce antibody

diffusion by an order of magnitude compared to less

fibrotic tumors.

Penetration through the blood–brain barrier (BBB) represents

another major challenge in treating CNS metastases.

Pharmacokinetic studies show that bispecific antibody

concentrations in cerebrospinal fluid are typically <0.1% of

plasma levels, severely limiting therapeutic impact in brain lesions

(200). Preclinical evaluation of the anti-EGFRvIII BsAb AMG 596

in glioblastoma models confirmed minimal brain tumor

penetration, prompting the development of BBB-crossing

strategies (201).

To address these barriers, several strategies have been developed

to improve tumor penetration. One approach involves reducing

molecular size via monovalent or fragmented constructs. Studies

using F(ab’)2 fragments of bispecific antibodies have shown 5–10-

fold increases in tissue persistence (202). Another promising

method involves enzymatic modulation of the ECM using agents

such as hyaluronidase or collagenase. In clinical trials, PEGPH20 (a

pegylated hyaluronidase) combined with anti–PD-L1 antibodies

s i gn ificant ly enhanced in t ra tumora l d i s t r ibu t ion of

immunotherapeutic agents (203).

Protease-activatable BsAbs represent an additional innovative

solution, remaining inert in circulation and becoming activated

only within the protease-rich tumor microenvironment (204).

In summary, optimizing the design and delivery of bispecific

constructs— through molecular s ize reduction, tumor

microenvironment modulation, and conditional activation

strategies—offers a path to part ia l ly overcome these

physicochemical barriers. However, achieving clinically

meaningful improvements in penetration, particularly in fibrotic

or immune-privileged tumor niches, will require further refinement

of molecular architecture informed by tumor-specific biology.
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5.3 Antigenic drift

Bispecific antibodies (BsAbs), TCR-like constructs, and

aptamer-based platforms offer significant therapeutic promise in

cancer immunotherapy. However, their clinical efficacy is often

undermined by antigenic drift—a dynamic process wherein the

expression or structure of the target antigen evolves under

therapeutic selective pressure. Analogous to mechanisms observed

in infectious diseases, antigenic drift enables tumor cells to escape

immune surveillance and develop resistance. Key mechanisms

include epigenetic silencing, genomic deletions, alternative

splicing, and post-translational modifications (205), all of which

reduce the effectiveness of monospecific or narrowly targeted

bispecific agents.

Positron emission tomography (PET) studies using ^89Zr-

labeled trastuzumab revealed that, even in HER2-overexpressing

breast tumors, antibody distribution is markedly heterogeneous,

with the formation of “pharmacological sanctuaries” nearly devoid

of drug accumulation (206, 207). In hematologic malignancies, up

to 30–50% of patients treated with blinatumomab (CD19×CD3)

re lapse due to CD19 ant igen loss , as confirmed by

immunohistochemistry and flow cytometry (208). A similar

phenomenon has been observed with AMG 330 (CD33×CD3) in

acute myeloid leukemia, where CD33-low/negative clones were

detected in ~60% of patients who initially responded but later

relapsed (209).

In solid tumors, spatial heterogeneity of antigen expression

further exacerbates this issue. Analyses of biopsies before and after

treatment with BsAbs targeting EGFR (amivantamab) or HER2

(zintokalimab) have demonstrated substantial intercellular

variation in antigen density within single tumor niches (210–212).

Antigenic drift poses a particular challenge when targeting

neoantigens such as EGFRvIII in glioblastoma or KRAS G12D in

pancreatic adenocarcinoma. Clinical studies of the EGFRvIII-

targeting BsAb AMG 596 showed that within 12 weeks of

treatment, 70% of patients had downregulated the target epitope

via selective expansion of EGFRvIII-negative subclones (201).

Similar immune escape has been reported with TCR-like

constructs directed against mutant p53 peptides, where loss of

HLA alleles or defects in antigen processing machinery (e.g.,

TAP, b2-microglobulin) allowed tumor evasion (213).

Several strategies have been proposed to counteract antigenic

drift. One involves dual targeting of tumor antigens—such as in

amivantamab (EGFR×MET)—which reduced antigen-loss–

associated relapse from 45% to 15% compared to monospecific

agents (214). An alternative is targeting constitutively expressed

tumor-maintenance antigens, such as B7-H3 or Claudin 6, which

are less prone to downregulation (215). Targeting components of

the tumor stroma (e.g., FAP, PDGFRb), which exhibit lower

antigenic variability, is also under investigation (216). Still, none

of these approaches fully eliminate the risk of immune escape,

highlighting the need for real-time monitoring of the tumor

antigenic landscape and adaptive therapeutic adjustment.
Frontiers in Immunology 14
5.4 Immunogenicity and anti-drug
antibodies

The induction of anti-drug antibodies (ADAs) represents a

significant limitation for the clinical application of bispecific

constructs, adversely affecting pharmacokinetics, efficacy, and

safety. In addition to neutralizing therapeutic activity, ADA

formation can lead to hypersensitivity reactions and immune

complex–mediated toxicity (217, 218).

Immunogenicity arises from the presence of non-self elements,

such as murine or chimeric antibody sequences, artificial peptide

linkers, and non-natural spatial arrangements of antigen-binding

domains. ADA incidence varies by platform: 5–15% for full-length

IgG-like BsAbs and up to 30–60% for small formats like BiTEs and

DARTs (2).

Due to the relatively recent clinical adoption of BsAbs, long-

term immunogenicity data are limited. For blinatumomab, ADA

formation occurs in less than 1% of patients (219). Similar findings

apply to BsAbs targeting B-cell markers—such as mosunetuzumab

(IgG 1 + 1, CD20×CD3) and glofitamab (IgG 2 + 1, CD20×CD3)—

where ADA development has not been observed regardless of

format (217). This may be attributed to B-cell depletion, which

prevents the generation of a humoral immune response against the

therapeutic antibody.

Indeed, 6 of 9 FDA-approved BsAbs—blinatumomab,

amivantamab, teclistamab, mosunetuzumab, epcoritamab, and

glofitamab—show low ADA incidence (<3%) (220). However,

tebentafusp (gp100×CD3), based on an engineered TCR, exhibits

significantly higher immunogenicity, with ADA detected in 29–33%

of treated patients.

Other platforms activating T cells demonstrate even greater

variability. PRS-343 (HER2×4-1BB, Anticalin-based) induced ADA

in 27.8% of patients at doses ≥2.5 mg/kg (221). APVO-414

(PSMA×CD3, ADAPTIR platform) showed ADA in more than

50% of patients, leading to discontinuation of clinical

development (222).

AFM13 (CD30×CD16A), the first tetravalent TandAb, also

raised immunogenicity concerns. Among 28 patients, 15

developed ADAs—50% of which were neutralizing. This effect

was likely linked to the chimeric nature of the CD25-specific scFv

domain (223). The impact of TandAb’s tetravalent structure on

immunogenicity remains an open question.

Strategies to reduce immunogenicity include antibody

humanization, linker optimization, and immunosuppressive

premedication. However, none of these fully eliminate ADA risk,

underscoring the need for personalized immunogenicity

monitoring and management to ensure safe and durable

bispecific immunotherapies.

Further progress in bispecific immunotherapy hinges on a

comprehensive assessment of both its therapeutic advantages and

the full spectrum of potential complications. Contemporary

engineering strategies already demonstrate an ability to balance

efficacy with safety (Figure 4). Nevertheless, the ultimate selection of
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platform and treatment regimen must be guided by the tumor’s

molecular characteristics, the patient’s immune status, and the

specific risk profile of each agent.

The set of described limitations underscores that the

development of bispecific therapy is inevitably associated with a

number of biological and technological barriers. Off-target toxicity,

physicochemical obstacles to tumor tissue penetration, antigenic

drift, and immunogenicity with the formation of anti-drug

antibodies constitute an interconnected set of challenges that

restrict the therapeutic window and reduce the predictability of

clinical responses. Overcoming these hurdles requires the

integration of engineering, pharmacological, and clinical

approaches and will be a defining prerequisite for the further

evolution of bispecific constructs and their incorporation into

durable and personalized immunotherapy regimens.

6 Combinatorial potential of bispecific
constructs with other
immunotherapeutic approaches

6.1 Combinations with cellular therapies

Modern immunotherapeutic strategies increasingly aim to

integrate bispecific constructs with genetically modified cell-based

therapies to overcome key limitations of each platform—most

notably, antigen-negative relapse and effector cell exhaustion. One

prominent mechanism of escape in CD19-directed therapy is epitope
Frontiers in Immunology 15
loss via mutation or alternative splicing of CD19 exon 2 (224). To

address this, multispecific constructs have been developed. For

example, a trispecific antibody (CD19×CD22×CD3) restored

cytotoxicity against CD19^-/low clones in vitro and prevented

emergence of antigen-negative subpopulations in preclinical B-ALL

models (225). Bicistronic CD19/CD22 CAR-T cells achieved durable

remissions in 74% of relapsed/refractory DLBCL patients, validating

the clinical value of dual targeting (226).

Sequential combinations of BsAbs and autologous CAR-T cells

have also proven effective. In an observational series of seven

children with relapsed/refractory B-ALL, administration of

blinatumomab before leukapheresis reduced tumor burden and

achieved complete morphological response in all patients. Post-

CAR-T infusion, all remained in remission on day 28, and 57%

maintained MRD negativity for ~16 months, underscoring the

safety and potential of bridging strategies (227). In multiple

myeloma, prior administration of the BCMA×CD3 BsAb

teclistamab was shown to bind residual T cells and obscure CAR

detection markers without impairing clinical efficacy, highlighting

the need for refined monitoring methods (228). In another case, a

multi-step regimen for KMT2A-rearranged ALL—including

palbociclib, chemotherapy, blinatumomab consolidation, and

CD19 CAR-T infusion—led to deep molecular remission without

added toxicity (229), suggesting that sequential regimens can extend

therapeutic benefit even in poor-risk cytogenetics.

Further support comes from salvage therapy studies following

BCMA CAR-T failure. In these sett ings, talquetamab

(GPRC5D×CD3) achieved an overall response rate (ORR) of 79%
FIGURE 4

Bispecific antibodies in cancer therapy: side effects, resistance mechanisms and approaches to minimizing complications. Created with
Biorender.com.
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with complete responses in 39%, while teclistamab (BCMA×CD3)

yielded 64% ORR and 32% complete responses—outperforming

conventional IMiD/PI/anti-CD38 regimens (230). Multivariate

analysis confirmed talquetamab and teclistamab as independent

predictors of improved overall survival, including in patients with

extramedullary relapse.

Another emerging area is BsAb priming of TCR-T cells.

Tebentafusp (gp100-ImmTAC) extended median overall survival

in metastatic uveal melanoma to 73 months (119). Single-cell

sequencing revealed that tebentafusp reprograms M2

macrophages toward a proinflammatory phenotype, and co-

administration of IL-2 further enhanced this effect (231). These

findings support the development of TCR-based products targeting

antigens like MAGE-A4 and NY-ESO-1, with myeloid cell

modulation seen as essential for durable tumor eradication. A

highly promising avenue involves NK cell precomplexing with

bispecific antibodies, exemplified by AFM13 (CD30×CD16A). In

preclinical models, “NK–AFM13” complexes exhibited CAR-like

activity and outperformed both unarmed NK cells and AFM13

monotherapy (232). Subsequent studies confirmed this strategy’s

potential in CD30-positive hematologic malignancies and justified

further clinical testing (233).

Nevertheless, expanding the cytotoxic arsenal raises cumulative

toxicity concerns. Talquetamab induced CRS in 74.5–79% of

patients, although most events were grade 1 or 2, and grade ≥3

occurred in only 0.7–2.1% of cases; ICANS remained rare (64, 234).

These insights underscore the rationale for introducing BsAbs

earlier in treatment, when T-cell fitness is still preserved (235, 236).

Future improvements focus on tri- and tetraspecific formats. An

optimized CD19/CD22/CD3 “sigma-molecule” provided

synergistic T-cell activation at low antigen densities, and reduced

CD3 affinity helped lower CRS rates without compromising

cytotoxicity (237). Similar dual-targeting constructs (e.g., BCMA

+ FcRH5, or BCMA + GPRC5D) are in development to overcome

BCMA-negative relapse (238). Despite encouraging outcomes, the

optimal sequencing of immunomodulatory approaches remains to

be fully defined (239). However, pharmacoeconomic models

indicate that survival benefits associated with BsAb–cell therapy

combinations justify their cost-effectiveness (230).

Going forward, clinical implementation of hybrid strategies

should be accompanied by standardized monitoring of cytokine

profiles and immune cell subsets, as well as prophylactic use of IL-1/

IL-6 inhibitors and early dose escalation protocols. Collectively, the

growing body of evidence suggests that rationally designed

combinations of bispecific formats with cellular products can

significantly expand the therapeutic window of T-cell redirection,

offering a pathway toward durable remissions—even in patients

with the most treatment-refractory disease.
6.2 Combinations with immune checkpoint
inhibitors

Bispecific antibodies (BsAbs) form high-affinity immunological

synapses between T cells and tumor cells. However, within hours of
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activation, T cells upregulate inhibitory receptors such as PD-1,

TIM-3, LAG-3, and KLRG1, which promotes early functional

exhaustion and stimulates immunosuppressive signaling within

the tumor microenvironment (240, 241). While checkpoint

inhibitors (CPIs) have revolutionized treatment of metastatic

melanoma, non-small cell lung cancer (NSCLC), and renal cell

carcinoma, their clinical efficacy is limited by the lack of predictive

biomarkers, the emergence of both primary and acquired resistance,

and high treatment costs (242, 243).

Combining BsAbs with PD-(L)1 inhibitors is therefore being

explored as a strategy to both activate and “unblock” T-cell

responses. Classical xenograft and 3D tumor spheroid studies

have shown that CD3-engaging BsAbs in combination with PD-1

blockade double cytotoxicity and prolong survival compared to

monotherapies, while also promoting long-termmemory formation

(240). Clinical proof-of-concept was demonstrated by complete

leukemic eradication in a patient with CD19+ leukemia treated

with blinatumomab and nivolumab (244).

This principle also underlies triplet-targeting strategies.

Preclinical data combining amivantamab (EGFR×c-MET BsAb)

with pembrolizumab (anti–PD-1) in NSCLC showed increased

infiltration of granzyme B–positive CD8+ T cells, expansion of

central memory populations, and reduced tumor burden relative to

either agent alone (245). These findings supported the launch of the

ongoing Phase I/II PolyDamas trial (NCT05908734), evaluating

amivantamab plus cetrelimab in metastatic NSCLC. The evolution

from bispecific to trispecific and tetraspecific constructs further

deepens this concept. For example, the IgTT-4E1-S antibody,

targeting PD-L1, EGFR, and 4-1BB, enables selective PD-L1

blockade and conditional 4-1BB activation in EGFR+ tumor cells.

This induces robust T and NK cell activation without systemic

toxicity (246).

Dual targeting of PD-(L)1 and co-stimulatory receptors such as

4-1BB is now moving toward trispecific constructs that integrate

checkpoint blockade with localized immune cell activation. The

tetraspecific antibody ATG-101 (PD-L1×4-1BB) activates 4-1BB

only in PD-L1+ cells, converting CPI-refractory tumors to an

inflamed phenotype in non-human primates without

hepatotoxicity (247). A similar mechanism is seen with PRS-344/

S095012, in which an Anticalin module delivers a 4-1BB signal

specifically to PD-L1+ tumors, eliciting more potent T-cell

activation than separate anti–PD-L1 and anti–4-1BB antibodies

(248). The scMATCH3 platform is a logical extension of this design.

Its lead trispecific molecule, NM21-1480 (PD-L1/4-1BB/albumin),

allows conditional 4-1BB co-stimulation, eliminates hepatotoxicity

seen with prior agents, and induces tumor regression in xenografts

(249). When combined with NM28-2746, a highly selective T-cell

engager targeting mesothelin, NM21–1480 enhances T-cell

infiltration and suppresses pancreatic tumor growth (250). A

further step has been the development of trispecific nanobodies

targeting PD-L1, 4-1BB, and NKG2A/TIGIT, which simultaneously

activate NK and CD8+ T cells, suppressing tumor organoids and

xenografts in humanized mouse models (251).

In summary, accumulating preclinical and early clinical

evidence indicates that integrating checkpoint inhibitors with bi-
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and trispecific platforms—particularly those combining PD-(L)1

blockade with targeted 4-1BB agonism—can overcome immune

resistance, expand the therapeutic window, and maintain a

favorable safety profile. These benefits depend on cytokine

monitoring and prompt management of adverse events,

underscoring the need for precision immunotherapy design.
6.3 Combination with oncolytic viruses

The combination of bispecific constructs with oncolytic viruses

(OVs) is emerging as one of the most promising strategies in

antitumor immunotherapy. This approach offers several

advantages: it bypasses the need for cell-based manufacturing,

enables pharmacological delivery of active agents, and has the

potential to convert “cold” tumors into immunologically active

lesions—an essential step in improving the efficacy of

immunotherapy. OVs are a unique platform for modulating the

tumor microenvironment. By inducing immunogenic tumor cell

lysis and releasing damage-associated molecular patterns (DAMPs),

type I interferons, and chemokines (CXCL9/10), they enhance the

recruitment of CD8+ T cells into the tumor milieu (252). Bispecific

T-cell engagers (BsAbs/BiTEs), in turn, potentiate this effect by

redirecting activated T cells to tumor antigens, thereby overcoming

barriers imposed by heterogeneous antigen expression (253).

Preclinical models have shown that OVs can sensitize tumors to

subsequent bispecific antibody therapy. For instance, intratumoral

injection of type 3 reovirus into immunocompetent KPC3

pancreatic cancer models triggered IFN responses and CD8+ T-

cell infiltration. Systemic administration of CD3-specific BsAbs

thereafter induced tumor regression and controlled metastases,

highlighting the value of OVs as preconditioning agents (252).

Additional data come from ICOVIR-15K, an oncolytic adenovirus

engineered to express an EGFR-targeted BiTE (cBiTE). The virus

retained oncolytic activity and induced sustained T-cell activation

and infiltration. Compared to the unmodified virus, ICOVIR-15K-

cBiTE significantly enhanced antitumor responses in xenograft

models (253).

The adenovirus TILT-321 (Ad5/3-E2F-d24-aMUC1aCD3),

expressing a MUC1×CD3 engager, replicated selectively in tumor

cells and enabled local engager expression. When combined with

allogeneic T cells in ovarian cancer models, TILT-321 increased

CD3+ infiltration and elicited potent antitumor activity, effectively

bypassing the limitations of systemic BiTE delivery in solid

tumors (254).

Another example is EnAdenotucirev (EnAd), an adenovirus

armed with an EpCAM×CD3 BiTE. Use of a late viral promoter

restricted engager expression to replicating tumor cells, enhancing

specificity. In patient-derived ascites and pleural fluid, this

construct triggered localized activation of CD4+ and CD8+ T cells

and tumor lysis in immunosuppressed environments (255).

A creative approach to overcoming stromal barriers involved an

ICOVIR-15K variant expressing a BiTE against CD3 and fibroblast

activation protein (FAP). This induced T-cell proliferation and

specific cytotoxicity against FAP+ cells in vitro and in vivo,
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leading to FAP depletion, improved T-cell infiltration, and

enhanced antitumor efficacy. In hematologic malignancies such as

CD19+ lymphomas and acute leukemias, blinatumomab’s short

half-life necessitates continuous infusion. To address this, vectors

that stably express BiTEs in vivo have been developed. An AAV8

vector encoding CD19×CD3 under a liver-specific TBG promoter

enabled durable BiTE expression, CD8+ T-cell activation, and

complete remission with minimal toxicity in B-ALL and DLBCL

models (256).

A similar strategy was applied using adenoviral delivery of a B7-

H3×CD3 BiTE, targeting a broadly expressed antigen in solid

tumors. Local BiTE expression in tumor tissue promoted

polyclonal T-cell activation, proliferation, cytokine production,

and tumor regression without systemic toxicity (257).

However, the clinical application of viral vectors faces several

challenges, including neutralization by pre-existing antibodies and

the risk of cytokine release syndrome (CRS). Engineering solutions

include PEGylation to reduce phagocytosis, immunogenicity, and

extend circulation time (258–260). Local expression of bispecific

molecules within the tumor is gaining favor as it achieves high local

concentrations of the therapeutic agent with minimal systemic

exposure, thus reducing risks such as CRS and cytopenia.

Preclinical models using vectors encoding B7-H3×CD3 and

EGFR×CD3 BiTEs demonstrated robust CD4+/CD8+ T-cell

activation and localized immune responses without systemic

toxicity (257). These findings are reinforced by review articles

emphasizing the importance of local engager generation in

infected tumors to enhance efficacy while minimizing adverse

effects (261). Compared to T-cell–based platforms such as CAR-T

or TCR-T, OV-BiTE technologies offer several advantages: they

allow off-the-shelf manufacturing, flexible dosing, and multiple

routes of administration. Moreover, their ability to inflame cold

tumors makes them especially promising for immunologically inert

solid tumors. In conclusion, the combination of oncolytic viruses

with bispecific constructs represents a synergistic and highly

adaptable platform capable of overcoming key barriers in current

immunotherapy and expanding the armamentarium for treating

resistant and difficult-to-treat cancers.

Thus, integrating bispecific therapies with complementary

immunotherapeutic strategies sets the course toward more

durable and personalized cancer control (Figure 5). Ongoing

refinements—from multispecific architectures and locally

activatable formats to virus-encoded engagers—continue to widen

the therapeutic window while reducing systemic toxicity.

Nevertheless, bringing these advances into everyday practice will

require harmonized manufacturing standards, predictive

biomarkers for efficacy and safety, and adaptive clinical

algorithms that account for tumor heterogeneity and

immune fitness.

Comparative analysis and examples of combined strategies

demonstrate that bispecific constructs hold strong potential for

integration with other modern immunotherapeutic approaches.

Their combination with cellular technologies helps to overcome

antigen-negative relapses and functional exhaustion of effector cells;

pairing with immune checkpoint inhibitors enhances antitumor
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responses by alleviating suppressive mechanisms; and co-

application with oncolytic viruses promotes remodeling of the

tumor microenvironment and increases its immunogenicity.

Taken together, these findings indicate that bispecific

immunotherapy may serve as a crucial component of multimodal

treatment regimens, providing synergistic effects.

7 Promising strategies for the
development of multispecific
immunotherapy technologies

Modern strategies for the development of multispecific

therapeutic agents are aimed at overcoming key limitations

related to efficacy and safety through comprehensive optimization

of their molecular properties and delivery platforms. A central

direction is the refinement of design and engineering, including

fine-tuning of binding affinity and the development of tri-, tetra-,

and multispecific formats. The efficacy and safety of BsAbs are

tightly dependent on the appropriateness of their molecular design.

Proper adjustment of affinity for both binding sites can reduce on-

target/off-tumor effects while maintaining sufficient cytotoxicity. It

has been demonstrated that affinity for CD3 determines the balance

between efficacy and safety of anti-HER2/CD3 T-cell–dependent
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bispecific antibodies: high CD3 affinity increased cytokine release

and toxicity, whereas reduced affinity improved tolerability while

preserving antitumor activity (262).

Recent studies have shown that the therapeutic window of T-

cell–redirecting bispecific antibodies (T-BsAbs) can be expanded by

using novel variants of anti-CD3 domains. Using a sequence-based

screening platform, humanized anti-CD3 antibodies with distinct

epitope specificities and varying levels of T-cell activation were

identified; one of these candidates induced sustained tumor cell lysis

with minimal cytokine release both in vitro and in murine xenograft

models, highlighting the promise of next-generation T-BsAbs with

improved safety profiles (263). For the bispecific antibody TNB-585

(CD3×PSMA), incorporation of a modified low-affinity anti-CD3

domain resulted in efficient T-cell activation and PSMA-positive

tumor eradication in vitro and in vivo, with reduced cytokine release

syndrome compared to high-affinity anti-CD3–based analogues

(264). In parallel, engineering approaches targeting Fc domains

with partial “knob-into-hole” mutations are being explored to

generate alternative constructs (265).

Although available data remain limited, the first clinical trials of

low-affinity multispecific constructs, particularly in hematology,

have shown encouraging results (266), and definitive conclusions

regarding their advantages are expected as more advanced studies

are completed. Optimization requires an integrated consideration of
FIGURE 5

Optimizing cancer immunotherapy: combining bispecific antibodies with cellular, viral, and targeted approaches. Created with Biorender.com.
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CD3 affinity, construct format and geometry, and the choice of

appropriate preclinical models. This comprehensive approach will

enable the achievement of an optimal balance between efficacy and

safety and broaden the therapeutic use of these agents beyond

oncology (267).

Tetra- and multispecific formats represent another promising

avenue of optimization, allowing the simultaneous blockade of

multiple signaling axes and thereby reducing the risk of adaptive

resistance. Costimulatory trispecific antibodies, combining binding

to a tumor antigen, CD3, and additional receptors (4-1BB, OX40, or

CD28), enhance T-cell activation and proliferation, increase

metabolic activity, and decrease exhaustion markers. These

constructs have demonstrated potent antitumor efficacy in

preclinical solid tumor models, supporting their potential for

overcoming the limitations of classical bispecific antibodies (268).

Tetraspecific antibodies such as FL518 and CRTB6, simultaneously

targeting EGFR, HER2, HER3, and VEGF, effectively suppress their

respective signaling pathways in vitro and in vivo, disrupt HER–

MET cross-talk, and outperform “two-in-one” and several bispecific

constructs across multiple tumor models (269).

At present, several tetraspecific antibodies are undergoing

clinical evaluation: a multicenter, open-label phase 1/2 study of

GNC-038 (anti-CD19/CD3E/TNFRSF9/PD-L1) in patients with

relapsed or refractory diffuse large B-cel l lymphoma

(NCT05192486); a phase 1/2 study of MDX2001 (anti-c-Met/

TROP2/CD3/CD28) in patients with advanced solid tumors

(NCT06239194); and a phase 1/2 study of IPH6501 (anti-CD20,

4-1BB, and IL-2Rb) in patients with relapsed/refractory B-cell non-

Hodgkin lymphoma (NCT06088654) (270–272).

Another promising direction in the development of bi- and

multispecific constructs is the concept of masked bispecific

antibodies that function as prodrugs. The principle of these

constructs lies in shielding the binding domains (for example, the

CD3-binding scFv) with peptide “masks” or structural elements

that block interaction with T cells in the systemic circulation.

Ant ibody ac t i va t ion occurs on ly wi th in the tumor

microenvironment through protease-mediated cleavage, removal

of steric hindrance via proteolytic processing, or activation by

soluble factors (273). Experimental studies have demonstrated

that the toxicity of bispecific constructs can be reduced using

prodrug formats in which the anti-CD3 moiety is masked by an

autoinhibitory motif and activated exclusively by tumor-associated

proteases such as MMP-2, thereby inducing selective T-cell

antitumor activity in vitro (92). One such construct, Prot-FOLR1-

TCB—a protease-activated bispecific antibody with an anti-

idiotypic mask on the anti-CD3 domain—regains activity upon

linker cleavage by tumor-specific proteases and provides an

antitumor effect comparable to its unmasked counterpart. This

strategy prevents damage to normal tissues with low FOLR1

expression and has also been validated in mesothelin models,

demonstrating enhanced specificity and safety of modified

bispecific constructs (8). Similarly, masked scFv T-BsAbs cleaved

by collagenase with tumor-specific protease activity showed efficient

release of agonistic scFv without undesirable fragmentation, thereby

restoring the ability of the masked scFv BsAbs to bind T cells (274).
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Although no clinical trials of prodrug-BsAbs per se have yet

been registered, the Probody platform (CytomX) has already

advanced several masked prodrug antibodies into the clinic (275).

These findings support the feasibility of locally activatable antibody

strategies, and it is anticipated that similar approaches will soon be

adapted for bispecific formats.

An unconventional engineering approach involves the

introduction of pH-dependent mutations to improve therapeutic

efficacy and safety. The range of pH values in the human body

provides a window for designing antibodies sensitive to pH. In the

study by Sulea T, Her2-binding antibodies with pH-dependent

affinity were tested: binding selectivity and growth inhibition of

spheroids were significantly higher in acidic environments

compared to physiological pH (276). Although this strategy has

thus far been applied primarily to monospecific antibodies (277), its

promise suggests that it may also be explored in engineering

solutions for multispecific constructs.

Thus, the concept of prodrug-BsAbs is currently at the stage of

active preclinical and clinical development, with convincing

evidence of reduced systemic toxicity while preserving antitumor

activity, making the transition into clinical practice a logical

next step.

An important direction with the potential to increase the

efficacy and specificity of bispecific construct delivery is the

development of novel delivery platforms. Over the past decades,

lipid nanoparticles (LNPs) have been actively investigated as a

delivery vehicle for immunomodulators, providing protection

through encapsulation, surface modification for targeting,

stimulus-responsive activation, and reduced nonspecific toxicity

(278). This area is highly promising, although the majority of

studies remain at the preclinical stage. Two main approaches are

being developed: (1) creating a platform for endogenous antibody

expression using in vitro transcription to generate nucleoside-

modified mRNA subsequently encapsulated in LNPs, thereby

transforming the body’s own cells into a production factory; and

(2) using bispecific antibodies as targeting moieties to guide the

delivery of LNP-encapsulated mRNA encoding tumor-specific

proteins directly to tumors.

As an example of the first approach, an mRNA–LNP platform

has been developed for in vivo expression of a bispecific antibody

(XA-1) that simultaneously blocks the immune checkpoints PD-1

and PD-L1. This strategy demonstrated superior efficacy compared

with direct administration of XA-1 protein, providing improved

pharmacokinetics and more pronounced antitumor activity in

murine models (279). Another example involves delivery of

mRNA encoding the bispecific antibody B7H3×CD3 (BiTE)

encapsulated in ionizable LNPs, which enabled high in vivo

protein expression and significantly extended its half-life. LNPs

showed high transfection efficiency and tropism for the liver and

spleen, leading to the production of high concentrations of BiTE. A

single injection of this construct produced sustained antitumor

efficacy against hematological malignancies and melanoma in

experimental settings, underscoring the clinical potential of this

approach (280). Based on preclinical data showing that BNT142—

an mRNA–LNP encoding a bispecific antibody targeting CD3 and
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the tumor antigen CLDN6—achieved durable production of

functional antibody in animals and complete regression of

CLDN6-positive tumors, a phase 1/2 clinical program evaluating

BNT142 in patients with advanced solid tumors has been initiated

(NCT05262530) (281). Similarly, the standard HER2-CD3-Fc

structure has been delivered as an mRNA–LNP, demonstrating

high binding affinity and the ability to induce potent, specific T-cell

cytotoxicity against HER2-positive tumor cells in vitro and in vivo

(282). An mRNA–LNP platform for hepatic expression of a

bispecific IFN-a/anti-GPC3 protein showed significant antitumor

activity against GPC3-positive hepatocellular carcinoma by

enhancing CD8+ T-cell infiltration and synergizing with anti-PD-

1 therapy. Importantly, this strategy provided a broad therapeutic

window, with a maximum tolerated dose 40-fold higher than the

minimal effective dose (283). A further step has been the

combination of two bispecific antibodies encoded by separate

mRNAs in LNPs, with complementary functions: anti-

EGFR×CD3 for T-cell activation and anti-PD-L1×4-1BB with

extended half-life for co-stimulation. This approach achieved

su s t a ined an t ibody exp re s s ion wi th p rogrammab l e

pharmacokinetics, resulting in significant regression of EGFR-

positive tumors without associated toxicity in preclinical

models (284).

As an example of the second approach, a strategy was developed

in which bispecific antibodies were used for targeted delivery of

nucleic acid–based therapeutics to the surface of tumor cells with

high expression of glucose-regulated protein 78 (GRP78).

Functional analysis demonstrated the advantages of this approach

in terms of high antigen-binding affinity, tumor selectivity,

improved cellular uptake, and efficient gene expression (285). An

innovative method of nonchemical conjugation of LNPs with

bispecific antibodies was also developed, in which one antibody

domain binds an epitope of hemagglutinin embedded in the LNP,

while the other targets membrane proteins such as PD-L1, CD4, or

CD5. This strategy significantly enhanced specificity and
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transfection efficiency both in vivo and ex vivo, providing a

simple and universal method for targeted mRNA delivery (286).

Another technology enables rapid development of targeted mRNA-

based therapeutics by replacing the targeting domain in a BsAb.

This strategy demonstrated efficient delivery of mRNA–LNPs

beyond the liver, targeting cells positive for epidermal growth

factor receptor (EGFR) and folate hydrolase 1 (PSMA) in vitro

and in vivo (287).

A summarized scheme of strategies for the development of

multimer-based technologies is presented in Figure 6.

Thus, the integration of molecular engineering strategies with

delivery platforms establishes a new paradigmatic approach in

multispecific immunotherapy, in which the simultaneous

optimization of affinity, valency, activation potential, and

targeting enables the overcoming of fundamental limitations of

traditional modalities. The body of preclinical evidence together

with initial clinical results indicates that the synergistic combination

of these technologies will open the way to the development of

personalized therapeutic regimens with controllable activation and

improved safety profiles, which in the future may substantially

transform approaches to cancer treatment.
8 Conclusion

Bispecific immunotherapy represents one of the most rapidly

advancing and promising approaches in modern oncology. Its

foundation lies in the ability to simultaneously recognize two

molecular targets, thereby substantially expanding the functional

capabilities of immune agents through enhanced specificity,

efficacy, and resistance to tumor immune evasion. This review

demonstrates that over the past two decades, bispecific constructs

have evolved from experimental, unstable, and often toxic

molecules into clinically validated therapeutics with controlled

pharmacokinetics and high therapeutic indices.
FIGURE 6

Strategies for the development of multispecific immunotherapy technologies. Created with Biorender.com.
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The analysis of current trends in the development of

multispecific immunotherapy suggests that the era of

monospecific therapeutic solutions in oncoimmunology is coming

to an end. The future of the field lies not in the creation of a single

“miracle drug,” but in the development of complex, adaptive, and

personalized therapeutic ecosystems in which multispecific

antibodies and receptors (TCRs) will play a central, though not

exclusive, role. The key paradigmatic shift is likely to be the

transition from simple combination of approaches to their deep

integration into unified, logically structured therapeutic

frameworks. This integration should unfold at several

interconnected levels.

The first and fundamental level is target selection. Current

practice in antigen choice for targeted therapy still largely resembles

“shooting sparrows with a cannon”: a limited set of targets (such as

CD19, HER2, EGFR) is applied to highly heterogeneous patient

populations. However, it is becoming increasingly evident that each

patient’s tumor possesses a unique antigenic landscape, shaped both

by genomic instability and the tumor microenvironment.

Accumulating data highlight the necessity of introducing high-

throughput methods for comprehensive tumor antigen profiling

into clinical practice. Such in-depth analysis will allow the transition

from a “one antigen fits all” strategy to an “optimal antigen for

each” approach. This, in turn, will pave the way for personalized

selection of bispecific antibodies or TCR-containing constructs,

thereby increasing therapeutic specificity and minimizing the risk

of on-target/off-tumor toxicity. Nevertheless, target selection alone,

without accurate prediction of its consequences, demands a

rigorous safety evaluation system. Here, the second critical

element of the future ecosystem comes into focus—the

integration of in silico toxicity prediction methods.

It is reasonable to assume that the development of each new

multispecific agent should be accompanied by comprehensive

computational modeling. This entails the creation of advanced

phys io log ica l l y based pharmacok ine t i c (PBPK) and

pharmacodynamic (PBPK-PD) models that account not only for

drug distribution in the body but also for its interactions with the

immune system. Modern machine learning algorithms, trained on

extensive datasets of antigen expression in normal tissues, are

already showing the capacity to predict potential cross-reactivity

and related organ-specific toxicities with high accuracy. This will

not only save substantial resources but also prevent failures in late-

stage clinical trials caused by unforeseen toxicities.

The third strategic level of integration is the synergy of

multispecific constructs with cellular immunotherapy, particularly

CAR-T and TCR-T cells. At present, these modalities are often

perceived as competing; however, growing evidence points toward

their complementary nature. Circulating multispecific antibodies

could potentially act as “pathfinders,” preparing the tumor niche for

subsequent cellular attack. Designing the conditions for such

combinations is a systems biology challenge that requires precise

dosing, sequencing of administrat ion, and rea l- t ime

biomarker monitoring.

A fourth essential component of the emerging paradigm is the

“priming step”—the transformation of immunologically “cold”
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tumors into “hot” ones. Multispecific therapy demonstrates

maximal efficacy against tumors with immune infiltration,

necessitating microenvironmental reprogramming. The use of

immune checkpoint inhibitors (anti-PD-1, anti-CTLA-4) prior to

or in parallel with bispecific antibody administration represents a

rat ional therapeut ic s trategy , as these drugs re l ieve

immunosuppressive signals from tumor-infiltrating lymphocytes,

creating favorable conditions for subsequent activation by bispecific

constructs. Equally promising are oncolytic viruses, which serve a

dual function: direct lysis of tumor cells and generation of strong

inflammatory signals that attract immune cells to the tumor niche.

The release of tumor antigens upon viral lysis, combined with an

inflammatory microenvironment, establishes optimal conditions

for bispecific therapy.

In the context of preclinical research, the rapidly expanding

number of promising molecules underscores the need for more

advanced preclinical models. Traditional 2D cell cultures and

xenograft models in immunodeficient mice have limited

predictive capacity for complex immune interactions and the

influence of three-dimensional tumor architecture. In this regard,

advances in 3D culture systems, particularly organoids and

organotypic tumor slices, are of great interest. These models

preserve tumor heterogeneity and its microenvironment and

enable the study of immune cell infiltration and activity under

conditions closely resembling in vivo. The use of such 3D models in

high-throughput formats creates opportunities for large-scale

screening of combinations involving multispecific antibodies,

cellular therapies, and immunomodulators on patient-derived

material. This represents a practical implementation of

personalized medicine principles at the preclinical stage.

In conclusion, the future of multispecific immunotherapy lies in

the synergistic convergence of diverse technological platforms. The

optimal therapeutic strategy will likely involve a sequential process:

deep multi-omic profiling of the patient’s tumor, computational

design of therapeutic agents with predicted minimal toxicity,

validation in authentic 3D models, and the administration of a

cascade of complementary interventions. Such an approach,

requiring interdisciplinary collaboration among bioinformaticians,

immunologists, engineers, and clinicians, opens the way to

achieving a qualitatively new level of control over cancer.
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