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Challenges and strategies for next-generation bispecific
antibody-based antitumor therapeutics

Heliang Li'?, Phei Er Saw' and Erwei Song'*3*

Bispecific antibodies (bsAbs) refer to a large family of molecules that recognize two different epitopes or antigens. Although a series
of challenges, especially immunogenicity and chain mispairing issues, once hindered the development of bsAbs, they have been
gradually overcome with the help of rapidly developing technologies in the past 5 decades. In the meantime, an increasing number
of bsAb platforms have been designed to satisfy different clinical demands. Currently, numerous preclinical and clinical trials are
underway, portraying a promising future for bsAb-based cancer treatment. Nevertheless, bsAb drugs still face enormous challenges
in their application as cancer therapeutics, including tumor heterogeneity and mutational burden, intractable tumor
microenvironment (TME), insufficient costimulatory signals to activate T cells, the necessity for continuous injection, fatal systemic
side effects, and off-target toxicities to adjacent normal cells. Therefore, we provide several strategies as solutions to these issues,
which comprise generating multispecific bsAbs, discovering neoantigens, combining bsAbs with other anticancer therapies,
exploiting natural killer (NK)-cell-based bsAbs and producing bsAbs in situ. In this review, we mainly discuss previous and current
challenges in bsAb development and underscore corresponding strategies, with a brief introduction of several typical bsAb formats.
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INTRODUCTION

To date, in comparison with conventional anticancer strategies,
immunotherapy is considered the most promising systemic cancer
treatment, playing an indispensable role in enhancing therapeutic
efficacy, especially against refractory cancer types. Emerging
cancer immunotherapies comprise cancer vaccines, adoptive
transfer of chimeric antigen receptor-armed T cells (CAR-T cells),
cytokine administration, immune checkpoint inhibitors, and
tumor-targeting monoclonal antibodies (mAbs)." In general, mAbs
are synthetic biotherapeutics generally used to treat or prevent
diseases such as infection, cancer, and autoimmune disorders.
They are produced based on hybridomas, genetic engineering,
phage display, and transgenic mouse technologies to mimic the
specificity and functionality of natural antibodies (Abs).” As such,
mAbs have emerged as a crucial and efficacious therapeutic
modality in cancer therapeutics due to their ability to specifically
target a molecule.® However, in the sophisticated pathogenesis of
a disease, multiple mediators contribute to stimulating different
signaling pathways or facilitate overlapping signaling cascades,
thus limiting the therapeutic effect of targeting a single molecule.*
In addition, the development of two separate Abs for combination
immunotherapy encounters regulatory hurdles, high expense, and
inadequate tests for safety or efficacy, thus making this strategy
relatively unattainable.” Therefore, since Nisonoff introduced the
revolutionary idea of “recombination of a mixture of univalent Ab
fragments of different specificities” in the 1960s, the development

of bispecific Abs (bsAbs) has transformed the field of cancer
immunotherapy. Later, as genetic engineering techniques pro-
gressed rapidly, the generation of versatile bsAb formats received
significant attention and has yielded therapeutic potential, making
bsAbs readily transferrable into clinical practice, where they may
demonstrate better clinical efficacy than mAbs or other conven-
tional antitumor therapies. This is exemplified by some large-scale,
multicenter clinical studies of blinatumomab (Amgen Inc, a
bispecific T-cell engager (BIiTE) Ab with specificity for both CD19
on malignant B cells and CD3 on cytotoxic T cells), which
demonstrated increased overall survival rates in patients suffering
from relapsed or refractory B-cell precursor acute lymphoblastic
leukemia compared with standard combination chemotherapy.®”’

With the ability to concurrently target two epitopes on tumor
cells or in the tumor microenvironment (TME), bsAbs are
progressively interpreted as a prospective and significant compo-
nent of next-generation therapeutic Abs.2 The majority of bsAbs
currently under development are being devised to form an
artificial immunological synapse by bringing immune cells,
especially cytotoxic T cells, into close proximity with tumor cells,
which eventually leads to selective attack and lysis of target tumor
cells.”"" Although various bsAb formats exist, they can be roughly
divided into two categories based on the presence or absence of
the fragment crystallizable domain (Fc): IgG-like and non-lgG-like.
The existence of the Fc fragment notably exerts additional effector
functions.'® In this review, we mainly focus on the challenges that
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hinder more extensive adhibition of bsAbs and strategies to
circumvent these problems, including but not limited to produ-
cing multispecific Abs, investigating neoantigens, applying bsAbs
in combination with other immune strategies, exploiting natural
killer (NK)-cell-based bsAbs and generating bsAbs in situ. In
addition, we also elaborate on the architecture of different bsAb
formats with their respective pros and cons, as well as the history
of bsAbs in technical development and their clinical applications.

THE DESIGN STRATEGIES FOR BSABS

Immunoglobulin (Ig), a classical Ab that is well conserved in
mammals, is made up of polypeptide tetramers that contain two
identical heavy-light-chain pairs connected via interchain dis-
ulfide bonds and noncovalent bonds. The architecture of the Ab
resembles the shape of a “Y,” with a total molecular weight of
~150 kDa. Hence, typical Abs are bivalent but monospecific, with
two fragments of antigen-binding (Fab) arms binding the same
epitope. More specifically, the heavy chain of the Ab consists
of one variable region (VH) and three constant regions (CH1,
CH2, and CH3), while the light chain encompasses one variable
region (VL) and one constant region (CL). Both VH and VL contain
three complementarity-determining regions (CDRs), collectively
constituting the antigen-binding site of 1gG, which shoulders
the responsibility of recognizing antigens and determining
the binding affinity and specificity. Therefore, two pairs of
heavy-light-chain pairs in an Ab molecule contain two Fab arms
and one Fc domain, the latter of which binds to complement
peptides or Fc receptors (FcRs) on cytotoxic cells such as NK cells,
mononuclear phagocytes (especially macrophages), and neutro-
phils. In addition, the flexible hinge region, which determines
different Ig subtgpes, is the location where two pairs connect
(Fig. 1, left).’*">!

In contrast, bsAbs represent dual specificities through the
simultaneous combination of different antigens or epitopes, thus
standing on the cusp of Ab-based cancer treatment. They have
received significant attention in the field of cancer treatment and
mainly function in four ways: (a) redirect specific immune effector
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cells to selectively destroy cancer cells; (b) target more than one
cell surface antigen, thus increasing target specificity; (c) deliver
drugs to tumors; and (d) improve the therapeutic potency and
persistence via blockade of two biological pathways.'> Among
these functions, the most commonly employed one involves
engaging immune effector cells in close proximity to cancer cells
and thus reducing systemic toxicity, circumventing drug resis-
tance, and improving therapeutic efficacy.® As mentioned above,
bsAbs are roughly divided into two groups: (a) IgG-like (with an Fc
region) and (b) non-lgG-like (without an Fc region).

IgG-like bsAbs (with an Fc region)

Owing to its larger size and FcRn-mediated recycling processes,
the full-length bsAb with an Fc region has a longer half-life in
circulation than bsAbs without an Fc region. It is more convenient
to purify and displays increased solubility and stability. More
importantly, it may have greater clinical therapeutic potential for
retaining a diverse range of Fc-mediated effector functions,
including Ab-dependent cellular cytotoxicity, complement-
dependent cytotoxicity, and Ab-dependent cellular phagocytosis.

Non-IgG-like bsAb fragments (without an Fc region)
By contrast, the shorter-length non-lgG-like format is made up of
Ab moieties, thereby showing relatively low circulation kinetics
but better tissue-penetrating capacity, less immunogenicity, and
lower nonspecific activation of the innate immune system. This
format of bsAb mainly depends on its antigen-binding ability to
exert versatile functions.''*7'®

To extend the half-life of non-lgG-like formats while retaining
their original bioactivity, safety, and low immunogenicity, several
strategies are available to increase their molecular weight and
prolong their half-life in serum: (a) multimerization of Ab
fragments with peptide linkers; and (b) attachment to other
molecules such as human serum albumin, polyethylene glycol
(PEG), carbohydrates, N-(2-hydroxypropyl) methacrylamide
(HPMA), and dextran. Multimerization of Ab fragments, exempli-
fied by multimeric scFvs, is the core strategy of non-lgG-like
formats and will be discussed in detail below. Covalent linkage of
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scFv-based bsAbs to albumin presents prolonged recycling of
bsAbs, which is evidenced by a bispecific scFv-aloumin fusion
protein MM-111 targeting human epidermal growth factor
receptor-2 (HER2) and HER3. PEGylation, introduced 2 decades
ago, is conjugating one or more highly flexible, hydrophilic PEG
molecules in a random or site-directed manner to enhance the
hydrodynamic property of bsAbs. Recombinant PEG mimetics,
glycosylated HPMA copolymer and dextran have also been
developed to extend Ab circulating time while balancing
the need for high bioactivity and safety.'”™'® Interestingly,
although it is considered that increased size leads to lower tissue
penetration, in a study analyzing the biodistribution of an anti-
carcinoembryonic antigen (CEA) xCD3 single-chain diabody
(scDb), two derivatives (namely, PEGylated scDb and scDb fused
to an albumin-binding domain) showed elevated accumulation in
CEA™ tumors, implying an overall application advantage.”®

THE DEVELOPMENTAL HISTORY OF MULTIPLE PLATFORMS OF
BSABS

The history of bsAbs can be traced back to 1961, when Nisonoff
and Rivers first put forward the concept of producing multispecific
Abs by mixing different Ab fragments.?' In the early phases when
hybridoma technology and chemical recombination methods
were established in 1975 and 1985, respectively,?>?* the produc-
tion of bsAbs was dependent on somatic fusion of hybridomas to
generate a quadroma or chemical heteroconjugation of F(ab’)2
molecules from two different mAbs.>> However, further develop-
ment of bsAbs was hampered, as chemical conjugation may
inactivate, unfold, or aggregate bsAbs. Meanwhile, the quadroma
technique often misassembles the heavy and light chains, which
consequently leads to low yields of the desired pair and
unexpected immune responses like those seen in human anti-
mouse Ab and/or anti-rat Ab responses. The correct pairing of
heavy-light chains, in essence, often encompasses two aspects: (a)
the correct pairing of two different heavy chains and (b) the light
chain combining with the correct corresponding heavy chain.'?
These issues imposed an urgent necessity for modified meth-
odologies to produce correctly paired bsAbs. Initially, the
mispairing problem of heavy/light chains was approached by
creating a chimeric rat/mouse-derived quadroma in 1995, which
guaranteed the correct pairing of cognate heavy chains.?* For
instance, the clinically approved catumaxomab was made up of a
murine 1gG2a anti-CD3 hapten paired with a rat IgG2b anti-
epithelial cell adhesion molecule (EpCAM) hapten.”® Soon after
that in 1998, the application of identical light chains to pair both
heavy chains also showed efficacy.?® However, the challenges of
heavy chain mispairing and nonhuman-related immunogenicity
still existed and limited broader clinical applications, calling for the
need for better solutions.

The second wave of bsAb production appeared when rapidly
developing genetic engineering technologies provided a promis-
ing alternative to obviate the aforementioned drawbacks. The
production of these newly developed bsAbs mainly depended on
recombinant DNA technology, enabling the generation of chimeric
or humanized Abs while controlling bsAb attributes such as size,
affinity, bispecificity, half-life, stability, solubility, and biodistribution
to fulfill the varying demands of desired target products.'>'*'> As a
result, more stable and homogeneous bsAb platforms with less
immunogenicity were utilized to produce commercially viable
biopharmaceuticals.?” In 1996, Ridgway et al. described the “knobs-
into-holes” (KiH) methodology utilizing mutations in the CH3
domain to generate a humanized anti-CD3 x CD4-IgG hybrid. This
method was realized by replacing a large amino acid with a small
one in one heavy chain of the bsAb (the “hole”) and vice versa in
another heavy chain of the bsAb (the “knob”), ultimately directing
the formation toward being heterodimeric rather than homo-
dimeric on the basis of the electrostatic steering theory. Phage
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display technology was exploited to select CH3 mutants that
formed stable heterodimers.?® To minimize monomer or homo-
dimer contaminants, some researchers further engineered the CH3
domain of heavy chains to add interchain disulfide bonds, further
elevating heterodimerization and providing the possibility of
purification. This technique was also harnessed to produce various
types of heterodimer proteins by fusing peptides, protein ligands,
or Ab fragments to two ends of the Fc chains (Fig. 1a).2%2°" Later,
the advent of a new technique referred to as CrossMab further
decreased the unwanted side products of heavy/light-chain
pairing. This was achieved through swapping heavy- and light-
chain domains within one Fab of Abs, resulting in varying
molecular structures of the interfaces between VH-VL and CH1-
CL. In accordance with these mechanistic insights, a CrossMab
bsAb against angiopoietin-2 and vascular endothelial growth
factor A was generated with intact Fc and antigen-binding
domains that presented higher stability and affinity than its
parental Ab. The CrossMab format can be further divided into three
subtypes based on the interchange of CH1 with CL (CrossMabCH1-
CL), VH with VL (CrossMabVH-VL), or VL-CL with VH-CH1 (Cross-
MabFab). With no requirements for sequence optimization or
additional linkers, CrossMab became an appealing method for the
design of new bsAbs. In addition, it could be combined with KiH to
ensure the correct pairing of heavy chains (Fig. 1b).>

Gradually, with the advancement of genetic engineering
technology as well as the emergence of numerous methods,
such as phage display, protein engineering, and transgenic mice,
over 100 bsAb formats have been produced at present, providing
versatility in clinical applications.®>®> These newly developed
formats circumvent previous manufacturing problems such as
instability, low yield rates, and immunogenicity, thus accelerating
the leap from bench to bedside. As mentioned above, versatile
bsAb formats can be briefly divided into two groups. On the one
hand, in addition to quadromas, KiHs and CrossMab, IgG-like
formats also encompass dual-variable-domain Ig (DVD-Ig), 1gG-
single-chain Fv (IgG-scFv), two-in-one or dual action Fab (DAF) Ab,
and kA-body formats, among others. DVD-lg, a dual-specific,
tetravalent IgG-like molecule, is a powerful method to combine
two existing Abs via a short peptide linker. This is achieved when
four variable domains from one Ab are connected to the N
terminus of the heavy and light chains of the second Ab without
substantial steric hindrance between the four antigen-binding
domains. Consisting of two identical light-heavy-chain pairs, DVD-
Ig avoids the possibility of undesired pairing of chains and largely
simplifies manufacturing and purification procedures while
retaining the optimized antigen-binding activity of the two
parental mAbs (Fig. 1¢).3* IgG-scFv is a novel format of bsAb
generated by fusing a scFv to the C terminus of the light or heavy
chain of an IgG. It is regarded as prospective and clinically feasible
because it not only shows high expression levels, thermostability,
and protease resistance but also retains a similar half-life and
similar Fc-mediated functions to its parental IgG (Fig. 1e).3> With a
similar appearance to IgG, the DAF Ab has the capacity to
recognize two distinct antigens with high affinity. This is achieved
by two steps: first, identify a template Ab with specificity to one of
the targeted antigens; then, introduce mutation to antigen-
binding sites and screen out a modified Ab with dual avidity.
Although the DAF Ab cannot bind two distinct antigens
concurrently, its dual specificity expands the effective repertoire
of traditional Abs with well-established manufacturing procedures
(Fig. 1.2 The k\-body is constructed by two identical heavy
chains paired with different light chains, one k and one A. In this
way, an unmodified human-derived bsAb is created with the
advantages of a mature purifying process and industrial-scale
manufacturing (Fig. 1g).>” On the other hand, non-lgG-like formats
include scFv-based formats, nanobodies, the dock-and-lock (DNL)
method, and other multivalent molecules® ScFv refers to the
combination of two variable domains from light and heavy chains
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of the parental Ab, namely, VH and VL. They are connected by a
short linker, usually a (G4S)3 sequence (VL1-VH1, 25 kDa) (Fig. 1d).
With outstanding antigen specificity and tissue permeability, scFv-
based bsAb formats are deemed prospective in further clinical
applications.® Generally, scFv-based formats contain scFvs, single-
domain Abs (sdAbs), tandem scFv molecules (ta-scFvs), diabodies,
tandem diabodies (TandAbs), and dual-affinity retargeting mole-
cules (DARTs).>® Unlike scFvs, sdAbs only consists of a single
variable domain from the heavy chains, such as a variable domain
of the heavy chain or a nanobody (12-14 kDa), which is derived
from naturally occurring camelid heavy chain Abs with high
stability and solubility (Fig. 1h).*® Ta-scFvs comprise two scFvs
connected by a peptide linker. Within this format, BiTE is the
most typical and widely applied one.*® BITE, devised to recognize
CD3 and target cell-specific antigen simultaneously, brings
tumor cells closer to T cells and breaks the restriction of traditional
major histocompatibility complex (MHC)-dependent cross-
presentation.”’ Owing to these advantageous properties, the
anti-CD19 x CD3  BIiTE blinatumomab (Blincyto; Amgen, Inc.)
received accelerated approval by the US Food and Drug
Administration (FDA) in December 2014 and the European
Medicines Agency (EMA) in December 2015 for treating Philadel-
phia chromosome-negative relapsed or refractory precursor B-cell
acute lymphoblastic leukemia (B-ALLs) (R/R ALL) (Fig. 1i).** A
diabody is composed of two covalently linked polypeptide chains.
One chain contains VH from the first Ab and VL from the second
Ab, and another chain contains VH from the second Ab and VL
from the first Ab (VL1-VH2/VL2-VH1) (Fig. 1j).>° However, since
this structure leads to instability, other formats have been
developed, although the basis of the diabody is still applied.>
To substantially improve stability, a tetravalent TandAb is
constructed by linking two diabodies with peptide linkers."
Compared with a diabody, a TandAb exhibits higher affinity with a
lower dissociation rate from target cells and longer blood
retention, thus showing good prospects for clinical application
(Fig. 1k).*”® Based on the concept of a diabody, a DART is designed
to obtain a disulfide bond between two peptide chains. As
anticipated, a DART better simulates the spatial position of a
natural Ab while sustaining a relatively high degree of stability. In
terms of functionality, it also displays a vigorous ability to redirect
T cells to target cells and then mediate their lysis (Fig. 11).** To
date, a wide spectrum of bsAb formats have been elegantly
summarized in other comprehensive reviews.>***

CLINICAL APPLICATIONS OF BSABS

The first clinical trial of bsAbs was conducted in 1990 when Nitta
et al. utilized the chemically conjugated anti-CD3 mAb OKT3 and
the anti-glioma mAb NE150 to treat patients with malignant
glioma.*® In 1995, bsAbs were first applied to hematological
tumors through intravenous administration of anti-CD3 x CD19
bsAbs in patients with chemotherapy-resistant non-Hodgkin
lymphoma (NHL). Disappointingly, although limited systemic
toxicity was observed, this trial demonstrated no clinical response
but an increase in tumor necrosis factor (TNF)-a and CD8™" T cells
in the serum.*” In the same year, the first BiTE against CD3 and 17-
1A, also the precursor of the anti-CD19 x CD3 BiTE blinatumomab,
was constructed by linking two scFvs.*® In 1997, an NK-cell-
activating bsAb directed at FcyR Il (CD16) and the Hodgkin's-
associated antigen CD30 to address refractory Hodgkin’s disease
showed encouraging antitumor activity in a clinical phase I/l
study.*® Taking advantage of recombinant DNA technology, the
first description of blinatumomab was published by Loffler et al.,
which circumvented the previous issues of low yield, undefined
side products, and complicated purification procedures.®® One
year later, blinatumomab entered a first-in-human study in
Germany and Sweden, where 21 patients with relapsed or
refractory NHL were given short-term intravenous infusions.”' It
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was not until 2004 that the first meaningful clinical response to
blinatumomab was observed in NHL patients at a dose of 15 ug/
m? per day.>® Several years later, blinatumomab was used in
extensive clinical trials until its final authentication by the FDA and
EMA.>" Between 2007 and 2009, several phase I/l clinical trials of
catumaxomab, the anti-EpCAM x CD3 trifunctional IgG-like bsAb
generated from a rat/mouse quadroma cell, were concurrently
carried out in ovarian tumors, gastrointestinal tumors, and other
epithelial tumors.>® Finally, in 2009, catumaxomab (Removab®)
became the first bsAb drug approved by the EMA for the
treatment of malignant ascites in solid tumors.>* Later, in 2014,
based on the relatively high complete remission (CR) rate of 30%
and moderate side effects, the FDA granted approval of
blinatumomab (Blincyto”) for the treatment of patients with R/R
ALL.*? Blinatumomab (BIincytow) also received approval from the
EMA in December 2015.2 In the following years, the treatment
spectrum of blinatumomab was further broadened, with FDA
approval obtained in 2018 for its application in B-ALL at first or
second CR with minimal residual disease > 0.1%.%° Since then, the
field of bsAbs has experienced explosive growth, vyielding
tremendous prospects for future clinical development (Fig. 2).

THE SOLUTION TO ANTIGEN ESCAPE VARIANTS

To address two targets simultaneously while retaining their
potency, the first step of generating bsAbs is to determine the
appropriate target antigens. Akin to those of conventional Abs,
targets of bsAbs should satisfy the following standards: (a) they
are distinctively or at least predominantly expressed in target cells
rather than adjacent normal cells to avoid nonspecific toxicity
(also referred to as “on-target off-tumor” toxicity); and (b) they are
intimately related to malignant phenotypes or signal pathways to
prevent immune tolerance caused by antigen mutation.'®
Currently, it is frustrating to recognize that only a small proportion
of tumor-associated antigens (TAAs) have been recognized and
strictly meet the above criteria,*® among which CD19 is the most
representative. CD19, expressed on most B-ALLs, is indispensable
for B-cell development and function, thus serving as a crucial
target in CAR-T cell or bsAb-based immunotherapy.’” However,
failures of CD19-specific CAR-T cells or anti-CD19 x CD3 BiTEs in B-
ALL treatment have been reported to be attributed to the genetic
mutation of CD19 resulting in loss of the extracellular domain,®
conformational change,*® impaired trafficking to the cell surface,®
or phenotype transformation from ALL to acute myeloid leukemia
(AML).®" Therefore, it is speculated that if only one TAA is targeted
on cancer cells, the genetic alteration of the chosen TAA may pose
a threat to the efficacy of immunotherapy and culminate in drug
resistance.>® This presents us with a formidable challenge.

Strategy 1: Development of multispecific Abs

To obviate single-target-related immune anergy, some researchers
proposed the idea of a multitargeted Ab to concurrently recognize
multiple antigens on the surface of target cancer cells with
improved avidity. For instance, three members of the
erythropoietin-producing hepatocellular (Eph) receptor family,
EphA2, EphA4, and EphB4, participate in the progression and
metastasis of numerous malignant tumors, all serving as appealing
antitumor therapeutic targets. Based on that, a trispecific Ab was
designed by joining an anti-EphB4/EphA4 diabody to the C
terminus of an intact anti-EphA2 Ab, which largely showed
improved agonistic activity over its parental Ab without effects on
its pharmacokinetic properties.®? Another example of this strategy
is the dual-targeting single-chain Fv triple body that simulta-
neously recognizes CD123 and CD33 on AML cancer cells. It
displays evidently stronger antitumor activity than monotargeted
agents.%> Moreover, tetraspecific Abs targeting endothelial growth
factor receptor (EGFR), HER2, HER3, and VEGF also demonstrate
more potent antitumor efficacy than the monotargeted versions
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Fig.2 Timeline of historical bispecific antibody developments and clinical trials. This timeline demonstrates key points in the development of
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both in vitro and in vivo and the ability to disrupt the drug
resistance induced by their parental bsAbs.%*

Strategy 2: Discovery of neoantigens
Due to the high mutational burden and apparent tropism of
resistance to current immune treatment for oncology, it is
challenging but also urgent to identify neoantigens and
determine the related intrinsic mechanisms to pave the way for
improved antitumor strategies.65 In brief, neoantigens, also
referred to as tumor-specific antigens (TSAs), are derived from
nonsynonymous somatic mutations with exclusive expression in
tumor cells and complete absence in normal cells.%*"® Previously,
the majority of immunotherapies targeted TAAs because they are
commonly overexpressed in a group of tumor types and thus
cover a broader patient population, such as CD19 and HER2.%”
However, accumulating investigations of TAA-based therapy have
reported potential collateral damage to normal tissues accom-
panied by unsatisfactory clinical efficacy. In contrast, TSAs are
selectively expressed in tumor cells and differ among different
individuals, thus opening up the opportunity to personalize TSA-
dependent immunotherapy.®®

Generally, the selection of Ab targets is roughly classified into
three generations: (a) the first generation consists of “validated
antigens,” which have been verified by extensive experiments and
clinical trials; (b) the second generation encompasses modified
peptides, which mean either different epitopes from “validated
antigens” or identical epitopes with improved attributes; and (c)
the third generation includes those newly discovered antigens
screened out based on genomics, proteomics or cell-based
functional strategies.®®> Obviously, the identification of TSAs is
closely related to the third generation of Ab targets. Technically,
whole-exome sequencing in conjunction with rapidly developing
software algorithms represents the most intriguing and promising
method to identify neoantigens at present.®” The procedures of
whole-exome sequencing, one of the most important genomic-
related techniques, include acquiring DNA samples, breaking
them into fragments, picking out the coding fraction, amplifying
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the fragments, sequencing the fragments, and eventually analyz-
ing the results with a reference genome. Based on the DNA codon
pairing principle, the mutant DNA sequences are then trans-
formed into amino acid alternations in antigens.®® Later, a variety
of algorithms can be applied to predict neoantigens with high
binding affinity for MHC molecules. The average scores of multiple
algorithms can be further acquired to increase accuracy.’”7%7”
Cell-based approaches exploit the entire cancer cell as a platform
to selectively generate corresponding mAbs. Those that are able
to combine with cancer cell surface antigens at high bioactivity
will be screened out. This is based on the theory that Ab targets
display specific contexts only in intact and live cancer cells,
including conformation, posttranslational modifications, and
subcellular locations.”> Since neoantigens show considerable
prospects for realizing individualized immunotherapy, further
study is required, as reliable and cost-effective techniques are
still lacking in predicting practical and clinically acceptable Ab
targets.%”

COMBINATIONAL STRATEGIES TO AVOID T-CELL ANERGY-
MEDIATED IMMUNOTHERAPY

In the process of host immune surveillance, T cells work as an
essential sentinel after antigen-presenting cells present MHC-
antigenic peptide complexes to T-cell receptors (TCRs), provide
secondary costimulatory signals to activate naive T cells and
promote the proliferation of effector T cells. In contrast, if
costimulatory molecules are absent or substituted by coinhibitory
molecules, namely, immune checkpoints, T cells are functionally
inactivated or anergic, and they do not mediate tumor cell-specific
eradication.”®> Among a wide range of immune checkpoints,
programmed death 1 (PD-1, also known as CD279) is one of the
most significant and extensively investigated molecules at
present. It is expressed on T cells in the TME and interacts with
its ligand PD-L1 on tumor cells or tumor-infiltrating lymphatic cells
to mediate cancer immunosuppression.”* Meanwhile, it has been
observed that the insufficient clinical efficacy of bsAb-dependent
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treatment may be partially attributed to immunosuppression in
the TME, especially regulation by the PD-1/PD-L1 pathway. For
instance, a study of anti-AC133 x mCD3 bsAbs in the diabody
format reported apoptosis of tumor-infiltrating lymphocytes (TILs)
induced by hypofractionated radiotherapy and subsequent out-
growth of tumors, which was mediated by the PD-1 pathway.””
Thus, additional PD-1 blockade is considerably beneficial for
increasing the number of TILs, regaining the efficacy of antitumor
immunity and improving survival rates. Collectively, combinational
strategies mainly include immune checkpoint blockades, CAR-T
cells, and other strategies thus far.

Strategy 1: Simultaneous application of bsAbs and immune
checkpoint inhibitory mAbs

The renaissance of immune checkpoint inhibitors has fueled the
development of T-cell-orchestrated antitumor immune therapy,
especially combinational applications to recruit and mobilize
T cells against cancer.”® In one study, the application of an anti-
CD33 xCD3 BIiTE (AMG330) in mouse models led to PD-1
upregulation in tumor cells and displayed significantly impaired
T-cell-mediated tumor cell lysis.””””® By contrast, blocking the PD-
1/PD-L1 interaction demonstrated resensitization to AMG330 and
enhanced AMG330-mediated cell lysis.”” In another study, dual
administration of anti-PD-1 and anti-PD-L1 mAbs prior to anti-
CEA x CD3 BiTEs effectively disrupted immunosuppression in the
TME and maximized the cytotoxicity of effector T cells.”® In clinical
trials, combinational administration of bsAbs and immune
checkpoint inhibitors also work synergistically to improve
antitumor effects and patient survival. Moreover, in a previous
study of drug-resistant HER2" breast cancer treatment, antitumor
benefits were observed when using HER2-TDB, a trastuzumab-
based T-cell-recruiting bsAb, along with PD-L1 inhibitors. These
benefits included augmented tumor growth inhibition and
increased response durability.®® More recently, the construction
of novel trivalent T-cell-redirecting bsAbs via the DNL method,
namely, (E1)-3s and (14)-3s, which target Trop-2 and CEACAMS,
respectively, has displayed enhanced antitumor potency both
in vitro and in vivo when combined with PD-L1 blockade.®’

Strategy 2: BsAbs that target immune checkpoints

Another attractive option to concurrently utilize immune
checkpoint blockade and bsAb technology turns out to be
designing bsAbs targeting both immune checkpoints and tumor
antigens, which is strategically superior to the combination of
immune checkpoint inhibitors and bsAbs.® Mechanistically, this
is achieved through enga%ement of the PD-1/PD-L1 blockade in
TAA-positive cancer cells.®> For example, an anti-PD-L1 x EGFR
bsAb was designed to activate the PD-L1 blockade in EGFR-
overexpressing tumor cells. It possesses the architecture of the
symmetric tetravalent taFv-Fc format with an Fc domain to
mediate related functions. As evidenced in this study, anti-PD-
L1 x EGFR bsAbs may enhance Ab accumulation at the tumor site
and simultaneously prevent severe systemic autoimmune-related
adverse events in several epithelial malignancies, such as
colorectal cancer and non-small cell lung cancer.®® Similarly,
some researchers generated two novel bsAbs: anti-PD-1 x c-Met
DVD-lg and IgG-scFv, both of which showed effective antitumor
immune activity in vitro and in vivo.®? Likewise, another bsAb
targeting PD-L1 and chondroitin sulfate proteoglycan 4 (CSPG4)
also contributes to antitumor efficacy and selectivity while
maintaining the safety of PD-1/PD-L1 checkpoint blockade when
it is used to treat melanomas and other CSPG4 " malignancies.®
To be more direct and convenient, an anti-CD33 x CD3 BiTE was
utilized as a scaffold, and an extracellular domain of PD-1 (PD-1,)
was fused to this scaffold to produce a trispecific checkpoint
inhibitory T-cell-engaging Ab that combines T-cell recruitment to
CD33" AML cells with locally restricted blockade of the PD-1
pathway.®
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Although the majority of present combinational studies on
bsAbs and immune checkpoint blockade focus on the PD-1/PD-L1
pathway, other immune checkpoints, such as cytotoxic T
lymphocyte-associated protein 4 (CTLA-4, CD152) and T-cell Ig
mucin 3 (TIM-3), also play indispensable roles in the immunosup-
pressive TME.”® To further reverse the peripheral tolerance and
localize the immune checkpoint blockade to the tumor area, a
new group of bsAbs is being creatively designed either to
concurrently target two different immune checkpoints, such as
the anti-PD-1/TIM-3 bsAbs in the CrossMab format, or to target a
checkpoint inhibitor as well as a T-cell costimulatory receptor,
exemplified by the anti-CTLA-4 X OX40 bsAbs in the IgG1 format
(named ATOR 1015).8”

Strategy 3: Combination with CAR-T cell therapy to provide
costimulatory signals

In addition to the abovementioned immunosuppressive signals of
T cells, sustained stimulation of TCR-CD3 signals in the absence of
costimulatory signals via CD28 or 4-1BB (CD137) molecules serves
as another pivotal explanation for bsAb-induced effector T-cell
anergy or apoptosis.®® Initially, this problem was addressed by the
administration of anti-4-1BB mAbs with an extra domain of 4-1BBL
or anti-CD28 mAb as adjuvants to assist in bsAb therapy, which
demonstrated prolonged activation of effector T cells®® In
addition, Fellermeier-Kopf et al. generated novel dual-acting,
homotrimeric duokines by fusing two members of the TNF
superfamily (including CD40L, CD27L, OX40L, and 4-1BBL) to a T-
cell-retargeting diabody, ultimately enhancing T-cell stimulation
and improving antitumor activity.”® However, these solutions
demonstrated relatively short persistence of effector T cells. To
tackle this issue, a group of researchers put forward a novel T-cell-
retargeting complex to eradicate AML cells, which comprises an
anti-CD3 x peptide epitope (E5B9) bsAb, namely, a universal
effector module and a target module, which is composed of an
anti-CD33 scFv fused with a peptide epitope (E5B9) and an
extracellular domain of 4-1BBL. In comparison with conventional
anti-CD33 x CD3 bsAbs, this complex shows higher efficacy not
only in activating T cells and inducing CD33" tumor cell lysis but
also in potentiating the killing of CD33'% cells through an
additional costimulatory signal. More importantly, this novel,
flexible modular system enables long-lasting and strengthened
antitumor function with application potential in a wide range of
tumors.”’ In addition, to provide long-lasting effector T-cell
function, an optimized strategy has been established by other
researchers to combine the strategies of bsAbs with CAR-T cells,
resulting in a novel group of bsAbs. This novel bsAb, designated
frBsAb, is constructed by chemical heteroconjugation of two
mAbs, fusing the folate receptor (FR) and a chosen TAA.
Correspondingly, the transduced T cell, referred to as BsAb-IR-
28z, is engineered as follows: its extracellular FR domain is joined
to a CD8 alpha hinge and transmembrane region; and the
intracellular CD3z moiety is fused with CD28. Therefore, when
frBsAbs cross-link tumor cells (via recognition of the TAA) to
transduced T cells, they not only induce transient T-cell activation
but also prevent anergy or antigen-induced cell death through
concurrent stimulation of the costimulatory molecule CD28,
eventually exerting enhanced antitumor capacity.”® In addition
to the provision of costimulatory molecules, the combination of
CAR-T cells and bsAbs also offers a variety of advantages and is
gaining momentum as a promising treatment modality for
malignancies. Recently, Choi et al. designed a single-gene-
modified T-cell product for the treatment of glioblastoma multi-
forme (GBM), namely, CAR-T-EGFRvIIl. BiTE-EGFR cells which
secrete additional anti-EGFR x CD3 BiTEs while maintaining the
conventional CAR-T cell backbone with EGFRvIIl expression on
T-cell surfaces. As both EGFR and EGFRVvIII are critical targets of
GBM tumor cells, this innovative creation outperforms CAR-T cells
and bsAbs as monotherapies because it not only corroborates
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efficacious antitumor responses in antigen-positive tumor sub-
types with relative safety to healthy tissues but also obviates the
drawbacks of their parental technologies, such as tumor antigen
heterogeneity, systemic application-related nonspecific toxicity,
necessity for continuous injection, appearance of immunosup-
pression, and T-cell exhaustion.”

In essence, to date, an innovative group of universal or modular
CAR- (modCAR-) T cells along with their respective adapter
molecules (CAR-adapters) have been utilized to circumvent several
fatal side effects of conventional CAR-T cells. This strategy splits
TAA recognition and T-cell activation into two parts and depends
on CAR-adapters to act as a bridge, thus entailing the possibility of
titratable regulation of effector T-cell function without the need to
eliminate them, retargeting modCAR-T cells against multiple TAAs
and using the same modCAR-T cells to target versatile tumor
types.®® Currently, CAR-adapters can be divided into several
subtypes based on their structure, including small molecules (such
as folate and fluorescein isothiocyanate), monovalent and bivalent
nanobodies, scFvs, Fabs, and Abs. A detailed description of
modCAR-T cells and CAR-adapters has been summarized by
Darowski et al. and Minutolo et al. in their reviews.”**

BISPECIFIC STRATEGIES AND NK CELLS

To date, most attempts to enhance antitumor immunity have
focused on boosting T-cell responses via CAR-T cells or bsAbs,
especially after the success of blinatumomab and catumaxomab.
However, it is noteworthy that both T-cell-retargeting therapies
are limited by several toxic side effects, and the most challenging
one turns out to be the deadly cytokine release syndrome (CRS).
Although great efforts have been made to revert CRS by blocking
IL-6 or inhibiting monocyte/macrophage activation, it remains a
challenge to achieve optimal toxicity management while main-
taining full therapeutic potential.®® Furthermore, as most T-cell-
retargeting bsAbs are designed to fight against hematological
malignancies, bsAb-mediated control of solid tumors demands
further investigation. As the first line warriors of innate immunity
against tumors, NK cells have also garnered abundant interest in
the past several decades. In humans, various studies have shown
that impaired or deficient NK-cell function is closely correlated
with a higher risk of tumor occurrence, progression, and
metastasis. Notably, a higher proportion of NK-cell infiltration in
solid tumors is related to better clinical outcome, which has been
established in colorectal carcinoma, breast cancer, clear cell renal
cancer, head and neck cancer, and pharyngeal cancer”” As a
result, targeting NK cells by immunotherapy serves as an attractive
antitumor strategy.

Mechanistically, activated NK cells can eliminate tumor cells
through three direct or indirect strategies: (a) release granules,
such as secretory lysosomes that contain perforin and granzymes
to induce cell membrane lysis or apoptosis; (b) evoke target cell
caspase activation via the interaction of TNF-related apoptosis-
inducing ligand and Fas ligand on tumor cells; and (c) secrete
versatile factors to modulate other immune cell functions to
indirectly kill tumor cells.®® Based on these theories, NK-cell
engagers (NKCEs) and CAR-NKs are designed to utilize NK-cell-
mediated cytotoxicity to fight against tumors. NKCEs are
constructed by joining scFvs against an NK-cell receptor (mainly
CD16) and a TAA (bispecific killer engagers, BiKEs) or two TAAs
(trispecific killer engagers, TriKEs). To date, anti-CD16 BiKEs have
been effectively employed to target a wide spectrum of TAAs,
including CD19, CD20, CD30, CD33, CD133, and EPCAM.*9997102
Phase I/1l clinical trials of an anti-CD30 x CD16A BiKE (AFM13) have
been published on the Clinicaltrials.gov website for the treatment
of relapsed or refractory CD30" Hodgkin or NHL. Interestingly, in a
study of myelodysplastic syndrome (MDS), anti-CD16 x CD33 BiKEs
not only eradicated CD33" MDS cells but also targeted CD33™"
myeloid-derived suppressor cells to reverse immunosuppression
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in the TME and enhance antitumor efficacy.”® In contrast, with an
additional scFv, TriKEs acquire increased therapeutic benefits by
targeting more TAAs or coengaging more NK-cell-activating
receptors. Recently, Gauthier et al. introduced a remarkable
trifunctional NKCE that cotargets CD16 and NKp46 (a natural
cytotoxicity receptor (NCR)) on NK cells as well as a TAA on tumor
cells. This ingeniously designed TriKE leads to full activation of NK
cells and strengthened cytotoxicity against tumor cells and
demonstrates more potent antitumor function than BiKEs activat-
ing CD16 and NKp46 separately in mouse models of invasive and
solid B-cell lymphoma.'®® In addition, Vallera et al. added an IL-15
cross-linker to upgrade an anti-CD16 x CD33 BiKE to a TriKE with
increased tumor cell killing efficacy due to self-sustained NK-cell
proliferation.'® It is noteworthy that a single-center phase I/l
clinical trial of an anti-CD16 x IL-15 x CD33 TriKE (GTB-3550) is
already underway for the treatment of CD33" high-risk MDS,
refractory/relapsed AML, or advanced systemic mastocytosis. In
addition to superior antitumor effects, BiKEs and TriKEs also
demonstrate lower toxicity and higher safety than T-cell engagers,
which means a lower risk of CRS or off-target cytotoxicity and
broader application prospects in solid tumors.'®® Akin to NKCEs,
mature NK cells also serve as an intriguing candidate to express
CARs against abundant TAAs such as CD19, CD20, CD244, and
HER2. This has been comprehensively summarized in other
reviews, so we will not discuss it here in detail.*®'%>'%

BSAB PRODUCTION IN SITU TO CIRCUMVENT THE NECESSITY
FOR CONTINUOUS INJECTION

Despite the great success achieved by bsAbs, the therapeutic
potential of exogenously administered bsAbs is hampered by the
short circulation kinetics along with on-target off-tumor toxicities.
Thus, researchers have proposed the concept of generating bsAbs
in situ to overcome the immunosuppressive TME and avoid the
continuous necessity for drug infusion. Until now, methods to
produce bsAbs in patient tumor tissues mainly include engineered
oncolytic viruses (OVs), transferred T cells, and transfected
mesenchymal stem cells (MSCs) (Table 1)."

Engineered OVs

In 2015, the FDA approved Imlygic, the genetically engineered
oncolytic HSV therapy talimogene laherparepvec (T-VEC) with the
expression of GM-CSF, for the treatment of advanced mela-
noma.'” This represented a milestone for OVs and led to
numerous preclinical studies and clinical trials.'® With the
advantages of tumor-specific expression and virus-mediated T-
cell recruitment, OVs are an appealing platform for bsAb delivery.
Currently, these OVs that are armed with BiTEs are undergoing
preclinical evaluation: EphA2 T-cell engager-armed vaccine virus,
which generates an anti-CD3 x EphA2 BiTE;'% an anti-EGFR x CD3
BiTE-armed adenovirus, ICOVIR-15K;'"® an anti-CD3 x CEA/CD20
BiTE-armed measles virus (MV-BiTE);'"" and the engineered
oncolytic group B adenovirus EnAdenotucirev (EnAd) armed with
an anti-EpCAM x CD3 BiTE.""? The first OV armed with a BiTE was a
double-deleted vaccinia virus (western reverse strain) engineered
to encode an EphA2-targeted BiTE, which increased T-cell
activation and proliferation in vitro and improved survival in an
A549 lung cancer xenograft model with additional exogenous IL-
2.'% Later, researchers modified the adenovirus ICOVIR-15K to
generate an anti-EGFR x CD3 BiTE, successfully achieving the
promotion of T-cell proliferation without additional IL-2.""°
Another similar construct, MV-BITE, provides persistent immune
protection for immunocompetent mice and solid tumor xenograft
models and promotes long-term tumor regression without
relapse.''’ The anti-EpCAM x CD3 BiTE-armed EnAd further dis-
plays the ability to kill target cells while overcoming the
immunosuppressive  TME within primary human samples of
malignant peritoneal ascites and pleural exudates.'’? In general,
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engineered BiTE-producing OVs can attack and kill carcinoma cells
through either nonspecific direct oncolysis or infecting antigen-
positive cancer cells, followed by replication-dependent expres-
sion of BiTEs, activation of endogenous CD4" and CD8" T cells,
and consequently immune-mediated cytotoxicity toward those
cancer cells. This modified oncolytic virotherapy holds a bright
future due to its several advantages over conventional OVs or
bsAbs: (a) BiTEs derived from modified OVs selectively target
antigen-positive cancer cells while staying independent of MHC/
TCR molecule presentation or other costimulatory signals, thus
increasing the potency of antitumor T-cell responses and evoking
immunity even when cancer cells have lost MHC expression. (b) By
restricting continuous BiTE production in virus-infected cancer
cells under the control of late viral promoters, not only are
systemic toxicities minimized while the concentration of BiTEs in
the TME is largely elevated, but the problem of BiTEs' short half-life
is also solved simultaneously. (c) OVs mainly infect and replicate in
cancer cells and spread from cell to cell, alleviating the collateral
damage of adjacent healthy tissues.''>'™® (d) BiTEs can target
both virus-infected cancer cells and noninfected antigen-positive
cancer cells, indicative of bystander killing. (€) Modified OVs can
stimulate both CD4" and CD8™ T cells to mediate immunity while
circumventing immunosuppression. (f) This approach has a
relatively high level of safety, mild toxicity or side effects, and
convenient application.'%%9"'2 Moreover, analogous to modified
OVs targeting tumor antigens, OVs armed with BiTEs targeting
stromal cell antigens yield an integrated and more efficacious
therapeutic to intransigent, stromal-rich tumors. The engineered
EnAds encoding BiTEs that target fibroblast activation protein
(FAP) not only kill the tumor cells that they infect and replicate in
but also utilize the subsequent production of anti-FAP BiTEs to
activate T cells and selectively deplete FAP* cancer-associated
fibroblasts (CAFs). They ultimately reverse CAF-mediated immu-
nosuppression, break stromal barriers for the penetration of OVs
into tumor sites and synergistically repolarize the TME toward an
immunoreactive state.''>''°

Transferred autologous tumor-specific T cells

Currently, transferred autologous tumor-specific T cells also garner
particular interest because they realize the theoretical combina-
tion of CAR-T cells with bsAbs and circumvent the limitations of
both. Lymphocytes were first recognized as bsAb vehicles nearly a
decade ago when primary human peripheral blood lymphocytes,
especially CD3™" T cells, were transduced by engineered HIV-1-
based lentiviral vectors to generate an anti-CEA x CD3 diabody
in vivo.""” More recently, this can be exemplified by CD123-ENG
T cells, which are transduced by a retroviral vector encoding a
bispecific engager molecule that targets CD123" tumor cells of
AML and CD3" T cells. Mechanistically, ENG T cells not only
recognize and kill CD123" tumor cells but also redirect and
activate unmodified bystander T cells to tumor sites via the
secretion of BiTEs in an antigen-dependent manner, synergistically
leading to potent antitumor immune responses. Furthermore, to
avoid undesired and excessive killing of normal hematopoietic
stem and progenitor cells, CD20.CD123-ENG T cells are designed
to include a suicide gene, CD20, which allows selective depletion
in the presence of rituximab and complement.''® Other similar
examples of ENG T cells include EphA2-ENG T cells'"® and CD19-
ENG T cells.'® In addition, some researchers constructed CD19-
BiTE-transferred T cells through mRNA electroporation technology
and the rapid T-cell expansion protocol, which also show
enhanced antitumor immunity both in vitro and in aggressive
Nalmé6 leukemia mouse models compared with CAR-RNA-
transferred T cells.'”' The genetically transduced T cells demon-
strate obvious superiority over CAR-T cells and bsAbs because
once activated, enhanced BiTEs are produced to redirect resident
T cells to tumor sites, resulting in continuous and self-amplifying
antitumor T-cell responses.''® To further improve antitumor
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efficiency, costimulatory molecules CD28 and/or 4-1BBL are
introduced to the surface of ENG T cells, namely, CD19-ENG.4-
1BBL/CD80 T cells, which substantially increase the production of
antigen-dependent cytokines (IL-2 and IFNy) and boost T-cell
expansion, ultimately demonstrating optimal responses in vitro
and in vivo.'*

Mesenchymal stem cells (MSCs)

In addition to cancer cells and T cells, MSCs also serve as an
appealing cellular vehicle for constant bsAb production in situ.
MSCs demonstrate the unique strengths of less immunogenicity, a
tendency to migrate to tumor sites and an ability to track
microscopic metastasis, as well as easy transduction by viral
vectors."*® In one study, an immortalized human MSC line (SCP-1)
was genetically modified via a lentiviral vector to produce fully
humanized anti-CD33 x CD3 bsAbs and improve the expression of
the costimulatory molecule 4-1BBL. The augmented antigen-
specific T-cell responses establish MSCs as a potent conveyor of
bsAbs to tumors, with consequently prolonged tumor regres-
sion.'** Another study using transduced human umbilical cord-
derived MSCs to secrete anti-CD19 x CD3 TandAbs in combination
with administration of an indoleamine 2,3-dioxygenase (IDO)
pathway inhibitor, D-TMT, demonstrated that this combination
was a promising therapeutic strategy.'® In addition, E1A-modified
MSCs can also be designed as virus transporters and amplifiers to
release engineered adenovirus and reinfect tumor cells after
arriving at tumor sites or metastatic niches, where they secrete
bsAbs and activate T-cell responses toward tumors. This is
exemplified by one dual-virus-loaded MSC (named MSC.CD3-
HAC.E1A) that carries a bifunctional fusion protein, CD3-HAC,
composed of the anti-CD3 scFv and high-affinity consensus (HAC)
PD-1 and ultimately promotes tumor elimination as well as
reverses immune tolerance in the TME.'*

Minicircle (MC)

MC is another promising alternative to produce bsAbs in vivo. It is
a group of nonviral DNA vectors that expresses a high and
sustained level of transgene products after being delivered to
mouse liver via the hydrodynamic process.'?”"'?® Some research-
ers took advantage of MC by designing MC bsAb to generate anti-
CD20 x CD3 bsAbs, which mediate T-cell killing of human B-cell
lymphoma cells both in vitro and in a xenograft mouse model.
This method is quite appealing because it is relatively stable,
inexpensive, and able to maintain a therapeutic concentration of
bsAbs in blood circulation for weeks or even longer after
delivery.'?®

CONCLUSION AND FUTURE PROSPECTS

The past 3 decades have witnessed a dramatic shift from merely
developing and modifying basic Abs with no additional engineering
to more sophisticated forms of Ab derivatives in a broad variety of
shapes and sizes, especially bsAbs."*® With extraordinary prospects
in clinical applications, bsAb technology has attracted the attention
of researchers and has extensively evolved into abundant formats,
establishing a solid foundation for bsAb-based cancer immunother-
apy. Up to September 20, 2019, a total of 183 clinical trials of bsAbs
(the majority in the field of cancer) had been published on the
official website of the United States National Library of Medicine.
However, despite the wide range of aforementioned strategies, the
process of commercially producing bsAb-dependent drugs is still
hampered by various hurdles. To be more specific, the manufactur-
ing of bsAbs is time consuming and costly. It demands appropriate,
safe, and cost-effective cell line production, procedures, and
analytical and purifying methods to acquire the desired products.""
In addition, a series of issues after Ab production, including but not
limited to the degradation, aggregation, denaturation, fragmenta-
tion, and oxidation of Abs, must be solved before patients can enjoy
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the benefits of this strategy.’®' In the meantime, more clinical trials
are required to explore the best route and optimum dosage for
administration that can lead to higher concentrations in target
tissues, as well as decreased systemic side effects and even
controlled release formulations.""

On the whole, it is estimated that the majority of bsAbs (67%)
under clinical trials currently aim to fight against hematological
malignancies.>® In comparison, bsAbs targeting solid tumors merit
further investigation because of the inevitable adverse effects on
normal tissues or other complicated factors, including an
immunotolerant cancer stroma, disordered neovasculature, and
inadequate penetration of bsAb drugs>® Thus, there is real
enthusiasm for the ongoing studies of bsAbs in solid tumors,
which are supposed to yield promising results in the near future,
although translating bsAbs into clinically applicable drugs may be
time consuming and requires tremendous effort.

In conclusion, we have mainly focused on the current
challenges and strategies of bsAbs, with a brief recapitulation of
their varying formats and the history of their development. The
results of bsAb studies demonstrate the promise of these
molecules in novel drug designs and subsequent clinical
applications for cancer treatment.
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