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ABSTRACT

In the era of immunotherapeutic control of cancers, many advances in biotechnology,
especially in Ab engineering, have provided multiple new candidates as therapeutic immuno-
oncology modalities. Bispecific Abs (BsAbs) that recognize 2 different antigens in one
molecule are promising drug candidates and have inspired an upsurge in research in both
academia and the pharmaceutical industry. Among several BsAbs, T cell engaging BsAb
(TCEB), a new class of therapeutic agents designed to simultaneously bind to T cells and
tumor cells via tumor cell specific antigens in immunotherapy, is the most promising BsAb.
Herein, we are providing an overview of the current status of the development of TCEBs. The
diverse formats and characteristics of TCEBs, in addition to the functional mechanisms of
BsAbs are discussed. Several aspects of a new TCEB-Blinatumomab-are reviewed, including
the current clinical data, challenges of patient treatment, drawbacks regarding toxicities, and
resistance of TCEB therapy. Development of the next generation of TCEBs is also discussed in
addition to the comparison of TCEB with current chimeric antigen receptor-T therapy.

Bispecific antibodies; Cancer immunotherapy; T cell engager; Blinatumomab;
Chimeric antigen receptor T cell therapy; Adverse effects

DEFINITION OF BISPECIFIC ANTIBODY (BsAb):
HISTORICAL PERSPECTIVES

The original concept of BsAbs was first proposed by Alfred Nisonoffin the 1960s. He
combined 2 different antigen binding sites in one molecule and obtained a F(ab’), molecule
with dual specificity under mild reoxidation from a mixture of anti-bovine gamma globulin)
and anti-ovalbumin monovalent fragments (1). He also proved the bispecificity through
microscopy (2). In 1975, hybridoma technology was invented by Kéhler and Milstein (3),
which finally solved the problem of producing pure monoclonal Abs (mAbs) and opened a
new era of mAb therapy. In 1983, hybrid-hybridoma (quadroma) technology was pioneered
by Milstein and Cuello (4), which is based on the somatic fusion of 2 different hybridoma cell
lines secreting a mixture of Abs, including a murine IgG-form BsAbs with dual specificities.
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However, the low yield of BsAbs (12.5% from random pairing of heavy and light chains) and
the difficulty in purifying the desired Ab from the closely related mispaired by-products were
significant problems (5). A major improvement to the conventional quadroma approach
was the somatic fusion of a murine and a rat hybridoma cell line expressing mAbs with 2
IgG subclasses selected for their preferential pairing (6). Because this BsAb from ‘murine-
rat’ quadroma cells contains a Fragment crystallizable (Fc) section, it can be considered
‘trispecific’ due to an additional interaction with Fcy receptors. Bispecific (Fab’), fragments
were prepared by removing Fc part through enzymatic digestion (7). Other approaches

used chemical conjugation of 2 different mAbs or smaller Ab fragments (8). However, these
chemical methods suffered from significant heterogeneity issues because the crosslinking
reaction with the parental Abs was not site-specific.

In 1988, James Huston and his colleagues invented the single-chain variable fragment

(scFv), which minimized the refolding problems, such as incorrect domain pairing or
aggregation of 2-chain species (9). In 1996, knobs-into-holes technology was invented using
recombinant DNA technology by scientists at Genentech, overcoming the limitations of
quadroma technology; the mispairing of IgG heavy chains was reduced by mutating selected
amino acids at the interface between CH3 domains of human IgG. This technology involves
positions within the CH3 domain interface: an amino acid with a small side chain (threonine)
is introduced, replacing a bulky amino acid to form the ‘hole,” and an amino acid with a large
side chain (tyrosine) is introduced on to the other chain to form the ‘knob.’ Thus, the more
favorable protein interaction between ‘knob and hole’ chains leads to the formation of up

to 90% of the correct bispecific heavy chain pairing from the transfected mammalian cells
(10). Subsequently, with the progress in Ab engineering and biology, the diverse concept and
constructs of BsAbs are evolving.

CLINICAL APPLICATIONS OF BsAb

Numerous BsAbs have been developed as therapeutics for solid and hematologic cancers. As
of December 2021, 3 types of the Food and Drug Administration (FDA)-approved BsAbs are
used in clinics to treat cancer (Fig. 1).

Catumaxomab (Removab) was developed by Fresenius Biotech and Trion Pharma and approved
by the European Medicines Agency (EMA) in 2009. Catumaxomab is a murine asymmetric full-
length Ab that simultaneously targets epithelial cell adhesion molecule (EpCAM) and CD3 and
treats malignant ascites with ovarian cancer. Catumaxomab engages EpCAM' tumor cells and
T cells, inducing T cell-mediated tumor cell killing. The Fc region of Catumaxomab binds to Fc
receptors (FcRs) on macrophages, dendritic cells (DCs), or NK cells, inducing Ab-dependent
cell cytotoxicity (ADCC) or Ab-dependent cell phagocytosis (ADCP) of tumor cells. However,
catumaxomab generated anti-drug Abs, as it is a murine Ab form (11).

Blinatumomab (Blincyto) was developed by Amgen and was approved by the FDA in 2014 for
the treatment of relapsed/refractory B-acute lymphoblastic leukemia (B-ALL) or Philadelphia
chromosome-negative B-ALL. Blinatumomab was also approved to treat persistent minimal
residual disease (MRD) of hematologic malignancies in 2018. Unlike Catumaxomab,
blinatumomab is a bispecific T cell engager (BiTE) consisting of conjugated scFv targeting
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Figure 1. Mode of actions of BsAbs used in clinics. (A) Catumaxomab binds to EpCAM-positive tumor cells and

T cells, inducing T cell-mediated cytotoxicity. Fc region of Catumaxomab could bind to macrophages, DCs, and
NK cells, resulting in ADCC or ADCP. (B) Blinatumomab engages CD19-positive tumor cells and T cells, inducing T
cell-mediated tumor cell killing. (C) Amivantamab simultaneously targets EGFR and c-MET to downregulate the
oncogenic signals by internalizing receptors.

MET, mesenchymal-epithelial transition factor.

CD3 and CD19. Therefore, blinatumomab conjugates CD19-expressing tumor cells and T
cells, resulting in tumor lysis. Blinatumomab treatment induced a complete response in 78%
of adult patients with MRD-positive ALL who received chemotherapy. Also, blinatumomab
therapy showed enhanced overall survival compared to that with standard chemotherapy (7.7
vs. 4.0 months) (12-14).

Amivantamab (Rybrevant) was developed by Janssen and approved by the FDA in May

2021. Amivantamab is used to treat adult patients with locally advanced or metastatic
non-small cell lung cancer (NSCLC) with epithelial growth factor (EGFR) exon 20 insertion
mutations. Unlike other BsAbs that engage tumor-associated antigen (TAA) and T cells,
amivantamab is an asymmetric IgG that simultaneously binds to EGFR and mesenchymal-
epithelial transition factor on tumor cells. Binding of Abs induces heterodimerization

and internalization of the 2 proteins, resulting downregulation of oncogenic signaling in
tumor cells. Moreover, the Fc region binds to FcRs on NK cells to mediate ADCC, or on
macrophages to mediate trogocytosis, a process which extracts receptor molecules from
the tumor cell surfaces to the immune cell surfaces. In a clinical trial involving 81 patients
with NSCLC, the overall response was 40%, with 3 complete and 29 partial responses. Total
clinical benefit was 74%, with a median progression-free duration of 8.3 months and overall
survival of 22.8 months, although longer follow-up data is required (15-17).

FUNCTIONAL MECHANISMS OF BsAb

BsAb can be categorized into 4 groups based on their functional mechanism: two epitope
bindings with one antigen, cell-cell engagers, dual functional modulators, and BsAbs in cell
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therapy. Among these, the cell-cell engager is the most developed form in clinics and has
been shown to induce tumor-specific immune cell activation. Therefore, optimal selection of
the TAA is necessary for treatment efficacy and avoidance of adverse effects.

A biparatopic Ab that simultaneously targets 2 different epitopes within the same target
antigen was developed (18,19). For example, BsAbs targeting carcinoembryonic antigen
(CEA) or VEGF2 were developed to target cancer (20,21). Several BsAbs were also developed
to neutralize viral antigens. For example, BsAbs targeting surface antigen of hepatitis B virus
and HIV-1 envelop protein showed neutralizing activity against cognate antigens (22,23).

Cell-cell engagers link 2 different types of cells, mainly tumors and T/NK cells, to induce
tumor cell lysis. Cell-cell engagers consist of a TAA targeting moiety and an effector cell
recognizing moiety and are further divided into T cell engagers and NK cell engagers.

T cell engager

BiTEs, also known as BiTEs, employ TAA and TCR components (mainly CD3), which link
tumor cells and T cells, bypassing TCR-MHC I interactions. Thus, BiTEs trigger T cell
activation to produce cytotoxic molecules including perforin and granzyme, regardless of
antigen specificity. BiTEs are further divided into conventional BiTEs and subset specific
BiTEs (24,25).

1) Conventional BiTEs

Conventional BiTEs are a form of TAAxCD3, engaging tumor and T cells for T cell-mediated
tumor cell killing. CD19-targeting blinatumomab is a typical example of BiTEs in clinics.
More than 60 BiTEs are currently in phase I/II clinical trials. Pasotuxizumab (prostate-specific
membrane antigen [PSMA]xCD3) simultaneously binds to PSMA expressed in prostate
cancer and CD3. Pasotuxizumab treatment showed antitumor activity against metastatic
castration-resistant prostate cancer. Also, pasotuxizumab induced complete regression of
soft-tissue metastases and marked regression in bone metastases in a phase I trial. This was
the first clinical study suggesting that BiTE immunotherapy could be effective in solid tumors
(26,27). AMG 596 (EGFRVIIIxCD3) engages EGFRvVIII-positive tumor cells and T cells and
exerts antitumor activity against glioblastoma. In a preclinical study, AMG 596 treatment
effectively enhanced overall survival in EGFRVIII-expressing orthotopic tumors (28,29).

92) Subset specific BiTEs

A recent study revealed that yd T cells, not only CD8" cells, are involved in antitumor immune
responses in glioblastoma. This study highlighted the importance of minor T cell subsets

in cancer immunotherapy (30). yd T cells can induce MHC-non-restricted tumor cell killing
via recognition of pyrophosphate, which is overproduced in various tumors. Due to these
advantages, vd T cell-redirecting approaches are currently under development. Human
epidermal growth factor receptor 2 (HER2),xVy9 tribody redirects Vy9 T cells to HER2-
expressing tumor cells, inducing y3 T cell-mediated tumor cell killing (31). Anti-TRGV9/anti-
CD123 simultaneously binds to the Vy9 chain of Vy9V52*yd TCR and acute myeloid leukemia
(AML) target antigen CD123, recruiting Vy9* yd T cells to AML blast cells. Recruited yd T cells
induce effective tumor cell killing via cell cytotoxicity, without inducing a cytokine storm,
unlike pan-T cell redirection (32).
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NK cell engager

NK cell engagers redirect CD16A* NK cells to tumor cells, inducing NK cell activation. NK
cell engagers show fewer adverse effects, such as cytokine release syndrome (CRS) and
neurotoxicity, than BiTEs (33). Multiple cytotoxic receptors can activate NK cells: CD16
(FcyRIII), natural cytotoxicity receptors (NCRs; NKp30, NKp44, NKp46), C-type lectin-like
receptors NKG2D (CD314), and CD94/NKG2C. Among these, CD16A is an activating receptor
expressed on NK cells and macrophages, and binding of the Fc region induces ADCC of
target cells (34). NK cell engagers are divided into tandem scFv-based bispecific killer cell
engagers (BiKEs) and TAA-specific scFv fused to anti-CD16A, also referred to as trispecific
killer cell engager (TriKE).

1) BiKE

BiKE activates NK cells by linking TAA and NK cells. CD16xCD133 is a fully humanized
scFv-based BsAb, recognizing CD16 on NK cells and CD133 on cancer stem cell (CSC) of
colorectal carcinoma. CD16xCD133 showed cytotoxicity against the NK-resistant human
Burkitt’s lymphoma Daudi cell line (35). CD16xCD33 simultaneously binds to CD16 and CD33
expressed on pediatric AML and biphenotypic ALL. CD16xCD33 could induce the effector
function in the CD33P cell line, increasing the production of cytotoxic receptor CD107a and
cytokines IFN-y and TNF-a in a dose-dependent manner (36).

9) TriKE

TriKE is a BiKE molecule, which is crosslinked with IL-15. IL-15 moiety improves the
proliferation and survival of NK cells by inducing superior NK cell cytotoxicity and
degranulation (37). The 161519 (CD16xIL-15xCD19) TriKE recruits CD19* tumor cells to
NK cells, promoting tumor cell killing. “Armed” NK cells show stronger cytolytic activity
than unarmed NK cells. In a preclinical B-cell ymphoma model of human peripheral blood
mononuclear cell-reconstituted xenograft mice, 161519 TriKE treatment increased tumor
growth inhibition and overall survival compared to CD16xCD19 BiKE treatment (38).
Moreover, 1615133 (CD16xIL-15xCD133) TriKE provides IL-15 signaling, which supports the
proliferation and survival of NK cells, inducing selective elimination of CSC 0f 16133 BiKE
(39). HER2 TriKE showed antitumor efficacy against human ovarian cancer in a mouse
xenograft model (40).

Dual functional modulators simultaneously bind to 2 different immune co-stimulatory or co-
inhibitory molecules, inducing functional changes in target cells. Functional mechanisms are
further divided into 3 types based on the binding molecule.

Double functional inhibition

Double functional inhibitors induce inhibition in target cells by binding to 2 different
immune checkpoint molecules. Most of them target PD-1 or PD-L1 proteins and other
immune inhibitory molecules, such as CTLA-4 (CD152), T cell immunoglobulin, mucin
domain-containing protein 3 (TIM-3), lymphocyte activation gene-3 (LAG-3), or TGF-p.
MEDI5752 (PD-1xCTLA-4) inhibits the function of CTLA-4 in PD-1" activated T cells, inducing
rapid internalization and degradation of PD-1. Also, MEDI5752 showed enhanced activity
compared to that of the combination of PD-1 and CTLA-4 mAD treatment (41,42). Functional
inhibitors targeting other checkpoint molecules, including LAG-3 and TIM-3, are under
development (43,44).
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Double functional stimulation

Double functional stimulators provide immune co-stimulation signals in target cells by
simultaneously binding to different co-stimulatory molecules. FS120 (CD137x0X40) targets
CD137 (4-1BB) and OX40 (CD134), which belong to the tumor-necrosis factor receptor
superfamily. Moreover, FS120 initiates CD4* and CD8" T cell activation by FcyR in an
independent manner. FS120 treatment showed antitumor efficacy in a syngeneic mouse tumor
model with low liver T cell infiltration compared to that of CD137 agonistic mAb treatment (45).
GEN1042 (Duobody®-CD40x4-1BB) simultaneously binds to CD40 and 4-1BB, enhancing the
priming and (re)activation of tumor-specific immune cells. Thus, GEN1042 treatment resulted
in disease control in 51% (25/49) patients with advanced solid tumors and showed a favorable
safety profile in phase I/II clinical trials. A clinical trial of combination therapy of GEN1042 and
PD-1 blockade is in progress (46), in addition to various other dual co-stimulators.

Dual inhibition and stimulation

BsAbs that simultaneously target co-stimulation and co-inhibition pathways are also under
development. ATOR-1015 (CTLA-4x0X40) is an agonistic IgG1 Ab of OX40 with an Ig-like
V-type domain of CD86. ATOR-1015 showed T cell activation and Treg-depleting activity in
vitro. In a syngeneic model of bladder, colon, and pancreatic cancer, ATOR-1015 treatment
reduced tumor growth and increased survival rate by increasing CD8" T cell activation

and number with reduced frequency of Tregs (47). ABL503 (PD-L1x4-1BB) binds to 4-1BB
and PD-L1, inducing 4-1BB signaling in the context of PD-L1. ABL503 invigorates tumor-
infiltrated CD8" T cells by blocking PD-1/PD-L1 signaling and showed antitumor responses in
humanized PD-L1/4-1BB transgenic mice model without liver toxicity (48).

While chimeric antigen receptor (CAR)-T cell therapy shows efficacy in hematological
malignancies, side effects, including CRS, neurotoxicity, and on-target off-tumor effects,
are also observed. To minimize adverse effects, studies to prime T cells ex vivo with BsAbs
are in progress. Therapy with T cells armed (primed) ex vivo by BsAbs induced robust
antitumor responses with effective infiltration into tumor site and reduced cytokine release
compared to that by separate BsAb and T cell infusion, thereby minimizing systemic
adverse effects (49). OKT3xhu3F8 BsAb armed T cells (GD2BATs) induced specific killing of
GD2-positive neuroblastoma and osteosarcoma cell line in vitro. In phase I trials for GD2-
positive tumor patients, GD2BATs showed responses in some patients without significant
side effects (50). Recent studies focused on combining the BsAb arming strategy to induce
non-MHC-restricted cytotoxicity in headless CAR-T (hCART) cells, which only contain

the transmembrane, intracellular domain of co-stimulatory receptors, in addition to TCR
signaling CD3( domains, without extracellular scFv CAR domains. Targeting ability of
hCART cells is determined by arming them with BsAbs, and they could be armed with one or
more BsAbs to target multiple tumor antigens (51).

DIVERSE FORMATS OF BsAb

Available formats of BsAbs are shown in Fig. 2. BsAbs are grouped into 3 categories based on
the components.
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Figure 2. Available formats of BsAbs. Conventional IgG consists of 2 heavy chains and 2 light chains linked by 4 disulfide bonds. Heavy chain Ab is only
comprised of heavy chains. Most bsAbs consist of Ab-based fragments, such as scFv, sdAb (nanobody), Fv, Fab, and Fc. Some non-Ab-based proteins, such as
TCR, receptor, and ligand can be components of bsAbs. (A) Examples of tandem scFv-based bsAbs. (B) Examples of asymmetric IgG-based bsAbs. These bsAbs
are constructed by paring 2 different heavy chains and lights chains (heterodimeric bsAbs). (C) Examples of multiple domains assembled with Fc. Fc domain is
conjugated with scFvs, BiTE, or DART.

DART, dual affinity retargeting.

Tandem scFv-based BsAbs consist of 2 or more scFvs to form tandem scFv. scFvs could be
fused with another scFv to form immunological synapses. BiTE, DART, and Diabody belong
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to this class. Because molecular weight of tandem-scFv-based BsAbs is low, serum half-life is
generally short. Single domain Abs (sdAbs) of heavy chain Abs could be engineered to form
tandem sdAbs.

Asymmetrical IgG-based Abs mainly have a full-length Ab structure, which have a longer
half-life than tandem scFv-based BsAbs. Each Ab binding fragment of asymmetrical IgG
simultaneously targets 2 different epitopes. For generation of heterodimeric Abs, proper
paring of different Ab chains is necessary. Knobs-into-holes technology significantly
enhanced the development of asymmetric BsAbs (52). Other heterodimerization
technologies, such as Charge Repulsion Improved Bispecific (CRIB™) platform enables
correct paring of the Ab chains (53).

Fc domain of the Ab binds to FcyR and induces effector function, such as ADCC or ADCP
(54). Fc domain assembly could provide additional effector function or increase the short
half-life of scFv-based Abs (55). The Fc domain of an Ab not only binds to scFv-based
BsAbs, but also conjugates with other proteins. B7-H3x4-1BB BsAb has a 4-1BB binding scFv
conjugated with Fc region of B7-H3 targeting Ab. Because B7-H3 is overexpressed on various
tumor cells, it induces tumor antigen-dependent 4-1BB crosslinking, reducing severe liver
toxicity due to 4-1BB mAbs (50).

T CELL ENGAGING BsAb (TCEB) IN CLINICAL
DEVELOPMENT

One of the major applications of BsAbs has been the redirection of cytotoxic immune cells
toward disease-related target cells that have a key function in disease processes. Virus-
infected cells or cancer cells are the major targets during the development of BsAbs, wherein
one Ab component recognizes cancer-associated surface antigens, such as CD19, CD20,
HER2, CEA, and EpCAM, or viral antigens, and the other recognizes the surface protein

of immune cells. With respect to cytotoxic immune cells, a variety of Abs against specific
molecules on cytotoxic effector cells, such as CD64, CD89, CD16 and CD3, have been tested
for the development of immune cell engaging BsAbs, of which TCEB has been the most
successful application.

CD3 is a key component of the TCR complex and consists of 3 chains (CD3g, CD38, CD3y)
which trigger T cell activation signals when TCR binds to MHC-peptide complex on the
surface of antigen-presenting cells. Moreover, it is well-known that tumor-specific T cells
represent a crucial element of the body’s immune surveillance against cancer (57). Significant
positive correlations between the presence and number of CD8" T cells in tumors and long-
term survival have been observed for non-Hodgkin lymphoma (NHL), ovarian cancer, and
colorectal cancer patients (58-60). Therefore, CD3 has been chosen as the key triggering
molecule in most BsAb-related approaches aimed at redirecting cytotoxic T cell activity
toward tumor cells. CD3-engaging BsAbs were able to mediate TCR activation without specific
clonotypic interaction between TCR and tumor antigens, but they needed the activation of
other costimulatory molecules, such as CD28, to achieve full T cell activation. Indeed, most
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CD3-directed BsAbs require co-stimulation or pre-stimulation of T cells to elicit cytotoxic
activity against target (tumor) cells in in vitro and in vivo models. This dependency applies to
various BsAb formats from the conventional bispecific F(ab’), format to various recombinant
diabodies (61-67). Further, most T cell-engaging BsAbs require a high number of effector
cells for significant tumor cell lysis (E:T ratio of at least 2:1), and a broad range of BsAb
concentrations is reported for efficient induction of redirected T cell cytotoxicity (68-70).

BiTEs are recombinant bispecific single-chain Abs consisting of 2 sequential scFv Ab
fragments directed against a surface target antigen on disease cells (cancers) and CD3 on

T cells. BiTEs can be efficiently produced recombinantly as fully functional molecules by
mammalian cells with high productivity. In contrast to other CD3-directed BsAbs, BiTEs can
efficiently induce the cytotoxic activities of T cells against different target cells without any
requirement for pre- or co-stimulation of effector T cells (71-74); this can be explained by the
fact that BiTEs can induce immunological cytolytic synapses between target and cytotoxic

T cells that are indistinguishable from synapses induced by conventional T cell activation

in terms of composition, subdomain arrangement, and size. The engagement of only a few
TCR molecules per T cell is sufficient to form an immune synapse to induce efficient T cell
cytotoxicity (75), similarly only a few BiTE molecules binding to target and T cells are sufficient
to kill the target cells. This is in line with the observation that BiTE concentrations as low as
10-100 pg/ml (up to 0.2-2 pM) are usually sufficient for half-maximal target-cell lysis.

Blinatumomab, a bispecific CD19-directed CD3 T-cell engager (BiTE) mAb, was originally
developed from German biotech, Micromet, Inc. in late 1990s, which was acquired by Amgen
in 2012 when blinatumomab was in phase 2 trial on B-ALL.

It consists of 2 scFvs that target CD3 and CD19 which are covalently connected by small
linker peptides (GGGGS). Its small size (up to 55kDa) and highly flexible linker allowed

the close interaction between immune effector and cancer cells, resulting the formation

of a lytic immune synapse between them. The omission of Fc domains of Ab in BiTEs has
pharmacokinetic implications, which might hamper the advantages of long half-life in serum
but avoid the FcR-mediated toxicities (72).

Because of its small size and the omission of Fc domain, blinatumomab is given as an
intravenous (IV) infusion through a central venous catheter or implantable port using bags
with mixed solution of the medication containing tiny amounts of the drug (28 pg/day or less)
and usually given continuously (24 h a day) for 4 wk followed by 2-wk break without infusion.
It may be given at home using a portable infusion pump too. Total number of treatment cycle
(4 wk IV + 2 wk off) is determined through reviewing the tumor responses (76). Despite of
such inconvenience on the patient treatment, blinatumomab has demonstrated remarkable
clinical efficacies and approved by FDA for the treatment of both children and adults with R/R
B-ALL in 2014 and 2017. In 2018, blinatumomab gained accelerated approval to treat B-ALL
patients with MRD, the status of persistent leukemia cell detection after complete remission
by anti-cancer treatment, which has been the most important risk factor for hematologic
relapse in T- and B-ALL.

In a phase II study for R/R B-ALL patients, the common adverse events during blinatumomab
treatment included infection, pyrexia, fatigue, headache, tremor, and leukopenia,
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neurological adverse events and CRS. Most of the adverse events occurred during the first
cycle of administration (77). However, a comparison of the adverse effects observed in
blinatumomab group with those in the chemotherapy group in a clinical trial for advanced
ALL patients revealed that although the blinatumomab-treated patients suffered from more
adverse effects, the incidence of severe adverse effects in the blinatumomab group was lower
than that in the chemotherapy group (78).

Severe CRS and neurological adverse events are the main reasons for the interruption of
blinatumomab therapy. CRS is caused by the release of large amounts of cytokines and
the subsequent systemic inflammation, with clinical manifestations that include high
fever, skin rash, vomiting, and nausea (79). These problems are considered to originate
as a result of abnormal activation of effector T cells and macrophages by blinatumomab
treatment, wherein the activated T cells release high levels of IFN-y and other cytokines,
and induce macrophages to release high levels of IL-6 and IL-10. Patients with severe CRS
even suffer from hemophagocytic lymphohistiocytosis (HLH) (80). IL-6 is at the center of
this pathological process. Other cytokines, including TNF, IL-2, GM-CSF, and IL-5, also
participate in this process (81,82). Severe CRS can be prevented by the administration

of dexamethasone prior to blinatumomab treatment and stepwise dosing (77,83,84).
Tocilizumab, an anti-IL-6 receptor mAb, is effective in patients with HLH (80).

A neurotoxicity syndrome, now termed immune effector cell-associated neurotoxicity
syndrome (ICANS), is another major adverse effect associated with T cell-engaging therapies.
ICANS presents with a broad variety of symptoms. Serious neurological adverse events occur
in 9%-26% of patients treated with blinatumomab (13,85-90) in a dose-dependent manner
(91). The neurological adverse events associated with BiTE treatment are attributed to the
redistribution of activated T cells across the blood-brain barrier. However, the underlying
mechanism of ICANS is not well understood. Activated T cells are hypothesized to interact
with the blood-brain barrier, consequently disrupting the protective barrier to induce local
inflammation in the CNS and finally leading to a clinically apparent toxic encephalopathy-like
syndrome (92). Patients with diminished B/T cell ratios are more likely to suffer neurological
adverse events (77). Although neurological adverse events can occur in patients with CRS,
there is still no evidence for their association with the release of cytokines. (90). The
neurological symptoms can be controlled after the withdrawal of blinatumomab treatment
(93). Severe neurological events can be prevented by the administration of steroids in advance
and close clinical monitoring (94).

Some patients receiving blinatumomab have a mild to severe allergic reaction to the
medicine. Signs of mild allergic response include skin rashes and itching, high temperature,
shivering, redness of the face, dizziness, or headache and those of a severe response include
any of the above as well as shortness of breath.

CAR-T CELL THERAPY vs. BiTE THERAPY

Both BiTEs and CARs can manifest T cell-mediated killing of malignant cells by redirecting
autologous T lymphocytes to surface antigens on cancer cells and have demonstrated
dramatic cancer-killing effects in patients with hematologic cancers. A CAR is a synthetic
receptor comprising an extracellular tumor antigen targeting the scFv, which is fused

to the CD3( chain for intracellular signaling and contains one or more costimulatory
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domains from CD28 or 4-1BB. Binding of CAR to tumor antigens triggers the activation of
TCR intracellular domains and leads to T cell responses against antigen-expressing cells.
Various molecular formats of CAR, such as the diverse formats for BiTEs, differing in their
extracellular transmembrane and cytoplasmic domains have been developed. Five CAR-T
therapies have been approved by the FDA: Kymriah for ALL and B-cell lymphoma, Yescarta
for B-cell lymphoma and follicular lymphoma, Tecartus for mantle cell lymphoma, Abecma
for myeloma, and Breyanzi for B-cell lymphoma. Recent advances and positive clinical
results of BiTE and CAR-T therapies have generated new hope. However, both therapies are
facing similar dilemmas, such as toxicity concerns in hematologic cancers and insufficient
responses in solid cancers. Characteristics of both therapies are summarized in Table 1.

Even though CAR-T and BiTE therapies showed profound anti-tumor activities in several
cancers, their efficacies are limited and need further improvements for broader applications.
There are several factors that hamper the activities of CAR-T- and BiTE-mediated interactions
of activated T cells with tumors and tumor microenvironments (TMEs).

Major adverse effect of CAR-T and BITE therapies

Two main toxicities associated with CAR-T therapy, CRS and neurological adverse effects,
are similar to those observed in BiTE therapy. However, their clinical aspects showed slight
incidence dissimilarity, the detailed mechanisms of which are not fully understood. In
general, CAR-T therapy shows higher level of CRS events. In the clinical trials for patients
with ALL or NHL, the incidence of grade >3 CRS with T cell engager, blinatumomab, ranges
from 0% to 6% across various settings (13,77,85,89-91), while the incidence with CD19-
directed CAR-T therapy is relatively high, ranging from as low as 2% in R/R large B-cell
lymphoma studies with JCARO17 from Juno Therapeutics to approximately 47% in R/R ALL
studies with Kymriah from Novartis (95-99).

Table 1. Comparison of characteristics between CAR-T cells and BiTE therapy

Characteristics CAR-T cell BIiTE
Structure - A synthetic gene construct encoding an scFv against tumor antigen linked - A recombinant protein composed of 2 linked scFvs; one binds
to activation and costimulatory motifs. to CD3 on T cells and the other to target a tumor antigen on
tumor cells.
Effector cell types - Engineered CD8* and CD4" T cells. Less-differentiated subsets displaying - Endogenous CD8* and CD4" T cells. Antigen-experienced Tgy
better antitumor activity in vivo (Tsew and Tew). but not T, effective.
Immune synapse - Atypical. - Typical.
Serial killing - Yes. - Yes.
Killing mechanisms - Perforin and granzyme B, Fas/Fas-L, or TNF/TNF-R. - Perforin and granzyme B.
Trafficking - Active. Trafficking of CAR-T cells involves comprehensive interactions - Passive. Biodistribution depends on factors related to rates of
between various molecules and cell-cell interactions. diffusion through vascular endothelium, fluid flow rates, and
interaction with target.
Toxicity - CRS, neurotoxicity, B-cell aplasia. - CRS, neurotoxicity, B-cell aplasia.
Clinical applications - Pretreatment lymphodepleting regime using cyclophosphamide and - No lymphodepletion regime required. Premedicate with
fludarabine. dexamethasone. Repeat administration necessary, including

- Premedicate with acetaminophen and an H1-antihistamine. One infusion. ~continuous IV infusion regimens.
FDA approval - Yescarta was approved to treat adult patents with relapsed/refractory - Blinatumomab was approved to treat relapsed/refractory
large B-cell lymphoma in 2017. B-ALL in 2014 and 2017.
- Kymriah was approved to treat patients up to 25 years of age with
refractory/relapsed B-ALL in 2017.
- Tecartus was approved for the treatment of adult patients diagnosed with

MCL in 2020.

- Abecma was approved to treat multiple myeloma targeting BCMA in 2021.

- Breyanzi was approved for the treatment of adult patients with relapsed
or refractory LBCL in 2021.

Other characteristics - Individually produced for each patient. - “Off the shelf” reagents.

MCL, mantle cell lymphoma; BCMA, B-cell maturation antigen; LBCL, large B-cell lymphoma.
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With respect to the rates of grade >3 neurological adverse events in clinical trials,
blinatumomab showed higher rates of grade >3 neurological adverse events with a dose-
dependent increase in adverse events from 22% to 26% in the NHL trials when administered
at much higher doses (up to 112 pg/day), whereas the rate of grade >3 NE was only 9% in the
TOWER trial for ALL patients, in which the patients received up to 28 pg/day blinatumomab
(85,89,91). In the clinical trials for CAR-T therapy, the rates of grade >3 NE were 5%-13% for
ALL patients and 10%-28% for NHL (13,100-103).

On-target/off-tumor-related toxicities

A primary requirement for successful BiTE therapy is the identification of appropriate TAAs
expressed on target cells other than those expressed on normal cells to avoid on-target/oft-
tumor toxicity. However, many tumor antigens found in solid tumors lack perfect specificity
and often show low level expression on normal tissues, for which BiTEs can bind and deliver
cytotoxic T cells with off-tumor toxicity (104). Such limitations have been seen with BiTEs

such as solitomab (MT110, AMG 110), a BsAb targeting EpCAM, an antigen frequently
overexpressed in solid tumors but also expressed at lower levels in normal tissue, particularly
the gastrointestinal tract. The phase 1 study for solitomab could not determine an adequate
dose due to the occurrence of dose-limiting toxicities, such as transaminitis and diarrhea (105).

Sporadic efficacy in solid tumor indications

Unfortunately, the potent killing activities of BiTEs against hematologic cancers have not
been replicated in the clinical studies for solid tumors, and this remains a challenge (106).
The first evidence for the clinical activity of BiTEs in solid tumors came with the approval of
catumaxomab for the intraperitoneal treatment of malignant ascites in adult patients with
EpCAM' carcinoma by the EMA in 2009, where large phase II/III studies showed positive results
in terms of time to next paracentesis and signs and symptoms of ascites (107,108). However,
when catumaxomab was tested for systemic administration, the results were not encouraging.
A phase I study revealed dose-dependent hepatotoxicity of different grades, in which one
patient experienced fatal acute liver failure due to the off-target binding of catumaxomab

to FcR expressed by Kupffer cells in the liver, inducing local cytokine release and T cell-
mediated hepatotoxicity (109). Ertumaxomab, an HER2xCD3 BsAb produced by quadroma,
showed encouraging phase I study results for patients with HER2-positive metastatic breast
cancer, and strong immunogenic response to tumors were induced in a third of patients

(110). Pasotuxizumab (PSMAxCD3; AMG 212) showed an acceptable safety profile and dose-
dependent clinical activity in a phase I study involving patients with metastatic castration-
resistant prostate cancer, which was the first clinical study to show that BiTEs therapy can be
efficacious in solid tumors. However, no subsequent clinical trials have been done (111).

Stimulation of immunosuppressive cells in TME

Upregulation of inhibitory immune checkpoint molecules, such as PD-1/PD-L1, CTLA-4,
LAG-3, TIM-3, T cell immunoglobulin and ITIM domain, and V-domain Ig suppressor of T
cell activation, on tumor and immune suppressor cells represents another hurdle for T cell
engagers. These immune suppressor cells include Tregs, myeloid-derived suppressor cells
(MDSCs), and tumor-associated macrophages (TAMs), whose immune inhibitory functions
are attributed to either direct interaction with activated T effectors or the release of inhibitory
factors, such as TGF-f3, IL-10 (112), IL-35 (113), PGE2 (114), ARG1 (115), inducible nitric oxide
synthase (116), and cyclooxygenase 2 (117). TAMs also release tumor-supporting factors (e.g.,
EGF, IL-6, and TNF), extracellular matrix-degrading enzymes (e.g., matrix metalloproteinases
and cysteine cathepsins), and proangiogenic molecules that enable nutrient and oxygen
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delivery to tumors (e.g., vascular endothelial growth factor A, a chemotactic factor that guides
macrophages to avascular tumor sites) (118). Therefore, the combination of BiTE therapy with
either inhibition of immune checkpoint signals or direct attack of TME immunosuppressive
cells, such as MDSCs (e.g., targeting CD33 overexpressed on MDSCs), was shown to enhance
the antitumor efficacy of BiTEs in preclinical models (119,120).

DEVELOPMENT OF NEXT GENERATION T CELL ENGAGERS

Because most T cell engagers are constructed based on historical mouse-derived CD3 Abs,
such as OKT3, SP34, and UCHT1, they might exhibit similar T cell activation patterns and
detrimental effects, such as CRS and neurological adverse events. However, sophisticated Ab
binding on CD3g, CD38, and CD3y can modulate T cell activation (121). Using a sequence-
based discovery platform, 12 different anti-CD3 Abs were developed; these showed equivalent
levels of tumor cell lysis by primary T cells but with a thousand-fold difference in potency
levels. Of these, F2B binds preferentially to CD3ed heterodimer with intermediate affinity but
does not bind to CD3ey dimer. Moreover, it showed very low levels of cytokine release but
drove robust tumor antigen-specific killing in vitro and in a mouse xenograft model; thus, it
may provide a unique CD3-binding T cell engager platform without serious CRS toxicity in
vivo. Such novel CD3 Ab-based therapeutics were under preclinical development at the US
biotech company, Teneobio Inc., which was acquired by Amgen Inc. in October 2021.

Recent studies by Zuch de Zafra et al. (122) and Li et al. (123) demonstrated that T cell-
mediated cytotoxicity can be decoupled from cytokine release during T cell activation by T
cell engagers. Li et al. (123) further showed that T cell-generated TNF-a is the primary agent
mediating monocyte activation and systemic cytokine release after CD3-based T cell engager
treatment, which generally appears post initial treatment with CD3-targeting BiTEs but not
after subsequent doses. Therefore, the prevention of TNF-a release after the first infusion of
T cell engager is sufficient to decouple the systemic release of toxic cytokines from beneficial
anti-tumor T cell activities.

Bortoletto et al. (124) reported the effect of modulating the CD3 binding affinity of an
EpCAMxCD3 BsAb, wherein decreasing the affinity still resulted in efficient T cell activation
and cytotoxicity, even at low Ab concentrations. Similarly, Bonvini et al. (125) reported the
characterization of a series of CD123xCD3 DART molecules with varied CD3 binding affinities
and showed that the low affinity variants required higher treatment concentration to induce
T cell proliferation in vitro. In a mouse efficacy model, higher doses of DART molecules were
required to achieve efficacious tumor growth inhibition, but reduced cytokine release was
observed irrespective of the dose level. In a study on cynomolgus monkey, the lower-affinity
CD3 variant showed much improved safety profile, which was well tolerated up to 20 mg/

kg with a higher and longer duration of exposure, compared to that of the higher-affinity
CD3 variant that demonstrated cytokine release and poor tolerability at 3 mg/kg. Haber et al.
(126) reported another aspect of T cell engager with affinity tuning, where low-affinity CD3-
binding molecules were less potent (higher EC50 values) than the high-affinity CD3 binders.
In contrast, in vivo tumor models showed that CD3-based BsAbs with different CD3 affinities
exhibited similar potencies and that the levels of T cell-induced cytokine accumulation in
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serum were lower for the weaker CD3-binding molecules. These reports provide several
approaches to develop less toxic BiTEs by modulating the affinity of the CD3 binding Ab.

As blinatumomab has a very short half-life in the blood stream of patients, it is administered

as a continuous infusion for several weeks to extend its serum half-life, which will potentially
improve patient compliance and broaden its clinical usage. Accordingly, HLE BiTEs (a
canonical BiTE fused to an Fc domain) have been developed at Amgen. Comparative studies

in nonhuman primates indicate that HLE BiTEs exhibit in vivo and in vitro activity similar to
those of standard BiTEs (127,128) and have a longer serum half-life of 210 h after a single IV
dose, potentially allowing a single weekly dosing (129). There are several HLE BiTEs under
development, including AMG 160 (anti-PSMA), AMG 199 (anti-mucinl7), AMG 562 (anti-
CD19), AMG 673 (anti-CD33), AMG 701 (anti-BCMA), AMG 910 (anti-CLDN18.2), and AMG 757
(anti-DLL3) (129). However, there are concerns that prolonged retention in circulation at high
concentration may be associated with increased toxicity compared to that of canonical BiTEs. In
fact, a few BiTE clinical pipeline programs, which include AMG 701 (anti-BCMA) and AMG 427
(anti-FLT3), have been terminated or placed on hold because of increased toxicity.

CONCLUSION

T cell-engaging BsAbs have shown unprecedented anti-tumor activities in hematologic
malignant tumors along with CAR-T therapy and have been approved in several major
countries with a breakthrough therapy designation. Together with the well-proven immune
checkpoint inhibitory drugs, such as pembrolizumab and nivolumab, T cell-engaging BsAbs
can modulate our intrinsic immune activities via the interaction between effector T cells
and tumors. Despite the toxicity issues associated with BiTE treatment, such as CRS and
neurological adverse events, as well as patient compliance issues, further advances in the
development of novel immune-cell binders, dosing strategies, and combination therapies,
through continuous innovation and trials, will improve the efficacy and safety of BiTEs for
cancer patients. Currently, glimpses of results from such innovative approaches employed
in several preclinical studies show positive outcomes. Furthermore, application of BsAbs in
targeting other immune cells, such as NK cells or DCs, may open new avenues for boosting
the immune surveillance functions of the human body. We believe that the application of
BiTEs will further broaden in the future, even for solid tumors, and thus provide highly
efficacious anti-tumor strategies in clinical settings.
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