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ABSTRACT
◥

The recent advances in the field of immuno-oncology have
dramatically changed the therapeutic strategy against advanced
malignancies. Bispecific antibody-based immunotherapies have
gainedmomentum in preclinical and clinical investigations following
the regulatory approval of the T cell–redirecting antibody blinatu-
momab. In this review, we focus on emerging and novel mechanisms
of actionof bispecific antibodies interactingwith immune cells with at
least one of their arms to regulate the activity of the immune systemby
redirecting and/or reactivating effector cells toward tumorcells. These

molecules, here referred to as bispecific immunomodulatory anti-
bodies, have the potential to improve clinical efficacy and safety
profile and are envisioned as a second wave of cancer immunothera-
pies. Currently, there are more than 50 bispecific antibodies under
clinical development for a range of indications, with promising signs
of therapeutic activity. We also discuss two approaches for in vivo
secretion, direct gene delivery, and infusion of ex vivo gene-modified
cells, which may become instrumental for the clinical application of
next-generation bispecific immunomodulatory antibodies.

Introduction
The past decade has witnessed a number of cancer immunotherapy

breakthroughs, all of which involve themodulation of T cell–mediated
immunity. Three major categories of cancer immunotherapies are
currently approved for clinical use: (i) immune-checkpoint blockers
(ICB), (ii) genetically engineered T cells expressing chimeric antigen
receptors (CAR), and (iii) bispecific antibodies (bsAb). Naturally
occurring antibodies are bivalent monospecific molecules. The excep-
tion are IgG4molecules which, due to a single amino acid change in the
hinge region, are able to exchange a heavy chain–light chain unit (half-
antibody exchange) to formnew IgG4hybridmoleculeswith specificity
towards two different antigens (1–3). The seminal design of a man-
made bsAb was proposed 60 years ago when antigen-binding frag-
ments (Fabs) from two different polyclonal antibodies raised in rabbits
were re-associated into bispecific F(ab’)2 molecules (4). This review
does not address the expansive topic of antibody engineering, which
has produced over 100 bsAb formats described to date; this has
recently been covered by several excellent reviews (5, 6). Three
building blocks are required for the construction of an effective
bsAb: (i) the antigen-binding domains; (ii) the multimerization core
that forms a homo- or hetero-multimer; and (iii) the linkers
connecting the other blocks (Fig. 1A). The antigen-binding domain
can be an antibody fragment, such as a Fab, single-chain fragment
variable (scFv), or single-domain antibody (sdAb), or alternatively,
an antibody mimetic. Another approach is the use of extracellular
domains of natural receptors or ligands for the design of bsAbs

(Fig. 1A). Several methods have been used for the multimerization
of antibodies, such as linear gene fusions, domain-swapping strat-
egies, and self-associating peptides and protein domains (Fig. 1B).
Multiple technology platforms are available for the design of bsAbs,
allowing fine-tuning of binding valence, stoichiometry, size, flexi-
bility, and pharmacokinetic properties according to the intended
use (Fig. 1A and B; ref. 5).

The multitargeting concept that bsAbs make possible is particularly
appealing from a therapeutic point of view because many diseases are
multifactorial, involving multiple receptors, ligands, and signaling
cascades. Consequently, blockade or modulation of several different
pathologic factors and pathways may result in improved therapeutic
efficacy. An interesting feature of bsAbs is their potential to display
obligate activities, which are emergent functionalities that require two
binding specificities to be connected in the samemolecule. This can be
exploited for innovative therapeutic concepts, for instance, bridging
two cell types (trans co-engagement) or engaging twomolecules on the
same cell membrane (cis co-engagement). In this review, we describe
the emerging applications of “bispecific immunomodulatory antibo-
dies,” defined as those obligate bsAbs interacting with at least one of
their arms, with innate immune cells and/or adaptive immune cells, to
promote recruitment, redirection, derepression and/or reinvigoration
of exhausted immune cells. We also review important issues related to
the delivery of therapeutic bsAbs in oncology, which may ultimately
determine their clinical fate.

BsAbs Redirecting Immune Effector
Cells
Strategies for redirecting cells of the adaptative immune system
Polyclonal T-cell redirection: pan-T-cell engagers

The first application of bsAbs in cancer immunotherapy focused on
the redirection of T cells towards tumor cells. T-cell engaging bsAbs
(TCE) are designed to simultaneously bind to a selected tumor-
associated antigen (TAA) on the tumor cell surface and one of the
extracellular CD3 subunits (most commonly CD3e) on the T-cell
surface (Fig. 2A). TCEs mediate a major histocompatibility complex
(MHC)-unrestricted tumor killing by recognizing a predefined TAA,
and are applicable to all patients regardless of their MHC haplotype.
This also circumvents some of the evasion strategies used by tumors to
escape recognition by the immune system, such as loss of MHC
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expression or defects in antigen-presenting machinery (7). Proof of
concept was published in the mid-1980s (8).

The first TCE approved for clinical use was catumaxomab in 2009, a
hybrid mouse–rat bispecific IgG targeting the epithelial cell adhesion
molecule (EpCAM) and CD3e, for the intraperitoneal treatment of
malignant ascites (9, 10). However, intravenous administration of
catumaxomab was associated with severe adverse events that were
attributed to off-target binding of the active Fc domain to other
immune cells expressing FcgRs, resulting in cytokine release syndrome
(CRS) and T cell–mediated liver toxicity (11, 12). In 2014, blinatu-
momab, an anti-CD19� anti-CD3 “bispecific T-cell engager” (BiTE),
was approved for the treatment of acute lymphoblastic leukemia
(ALL). The BiTE format, also known as a tandem scFv or (scFv)2,
is a small-sized Fc-freemolecule composed of two scFvs connected by a
flexible linker on a single polypeptide (Fig. 1B; ref. 13). Fc-free formats
lack the half-life extension ofmAbs that is conveyed by the neonatal Fc
receptor (FcRn), and as result, blinatumomab has a short serum half-
life compared with IgG antibodies, necessitating continuous intrave-
nous infusion to achieve therapeutic serum levels (14). However, the
small and flexible BiTE structure, with its closely positioned binding
sites, allows the formation of a compact immunologic synapse, similar
to that which occurs under physiologic conditions through T-cell
receptor (TCR)/MHC interactions (15). The clinical success of blina-
tumomab has driven the generation of an evolving array of bsAbs,
such as the “dual-affinity retargeting” (DART) format (16), and
several other TCEs with multivalent TAA binding and monovalent

CD3 binding, that is, 2 þ 1 (17) and 3 þ 1 (18) binding stoichio-
metries (Fig. 1B). A monovalent interaction with CD3 is preferred,
since bivalent CD3 binding (i.e., 2þ2 designs) may crosslink the
TCR/CD3 complex even without simultaneous binding to TAA-
expressing cells (Fig. 1B), leading to a systemic T-cell activation and
CRS (19). These multivalent antibodies may enable new strategies to
restrict their activity towards tumors, such as the use of low-affinity
binding domains to require multivalent engagement of overex-
pressed TAAs for stable binding (17), or the combined targeting
of two different TAAs which are not co-expressed outside the tumor.

The majority of clinical-stage anti-CD3–based pan-T-cell engagers
are being developed for the treatment of hematologic malignancies,
targeting CD20 for non–Hodgkin lymphoma, B-cell maturation anti-
gen for multiple myeloma, and CD33, CD123 and C-type lectin-like
molecule-1 for acute myeloid leukemia (AML; ref. 20). Those targets
are also commonly expressed on normal blood cells, but depletion of
these cells can be tolerated without inducing severe adverse events. In
solid tumors, clinical studies have been initiated using TCEs targeting
carcinoembryonic antigen (CEA; ref. 20) and gpA33 (21) for colorectal
cancer; EGFR variant III for gliomas (22); prostate-specific membrane
antigen for prostate cancer (23); and MUC-1 (20), glypican-3 (24), P-
cadherin (25), and B7-H3 (26) for multiple indications (20). For a
deeper analysis of TCEs in clinical development, the reader is referred
to several recent reviews (20, 27, 28). However, most of these TAAs are
also expressed at low levels in normal cells, and their targeting may
therefore induce on-target/off-tumor toxicities, complicating the
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Figure 1.

Schematic overview of the basic building blocks of a bispecific molecule and some of the leading strategies used for its generation. Three different components are
required for the generation of a bsAb: the binding domains, the “multimerization core” that allows homo- or hetero-multimer formation, and the linkers connecting
the other blocks (A). The binding domains can be derived from antibodies, such as Fabs, scFvs, or sdAbs, or from natural receptors or ligands. There are multiple
technology platforms allowing fine-tuning of binding valence, size, and stoichiometry (A and B). In the simplest setting a bsAb contains one binding site for each
antigen (1 þ 1), but other formats with 1 þ 2, 1 þ 3, 2 þ 2, or 3þ3 stoichiometries have been generated (A and B). Symmetric IgG-based bsAbs contain unmodified
heavy chain (HC) constant regions, whereas asymmetric IgG-based bsAbs contain modified HC to force heterodimerization, such as the knobs-into-holes (kih)
strategy. Two antigen-binding domains can be directly fused, resulting in small-sized variable (V) domain-onlymolecules. Alternatively, two binding domains can be
fused to a non-immunoglobulin protein, such as human serum albumin (HSA), or human collagen homotrimerization domains, among others. ATTACK, asymmetric
tandem trimerbody for T-cell activation and cancer killing; DART, dual affinity retargeting; DNL, dock-and-Lock; DVD-Ig, dual variable domain immunoglobulin; LiTE,
bispecific light T-cell engager; tandAb, tandem diabody.
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Figure 2.

Schematic diagram illustrating the mechanism
of action of bispecific immunomodulatory
antibodies in cancer immunotherapy strate-
gies. BsAbs redirecting immune effector cells
(top box). Redirection of T cells towards extra-
cellular TAA or intracellular neoantigens via
pan-T-cell engagers (A) or subset-specific
T-cell engagers (B). Redirection of NK cells
via bispecific killer-cell engagers (C). BsAbs for
the restoration and enhancement of antitumor
activity (middle box). Enhancement of phago-
cytic activity by blocking innate immune
checkpoints (“don’t eat me”) via anti-TAA x
anti-CD47 bsAbs (D). Enhancement of T-cell
activity by blocking co-inhibitory immune
checkpoint receptors in-trans or in-cis binding
(E), activating costimulatory immune check-
point receptors by TAA-targeted 4-1BB–
agonistic bsAbs (F), or a combinational
approach using anti–PD-L1 (x anti–4-1BB or
anti–OX-40) bsAbs (G). BsAbs combining
T-cell redirection and immune checkpoint
blockade (bottom box, H).
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development of TCEs for solid tumors. Hence, it is imperative to
develop new strategies to modulate the reactivity, affinity, and/or
increasing tumor specificity of bsAbs (29, 30).

TCEs may also target intracellular antigens (Fig. 2A). Neoantigen
peptides presented by MHCmolecules on cancer cells can be targeted
by antibodies known as TCR mimics (TCRm; ref. 31). TCRms
recognizing oncoprotein WT1 and PRAME epitopes in the context
of HLA-A�0201, fused with an anti-CD3 scFv, were able to selectively
activate human T cells to kill cancer cells in vitro and in vivo in ALL,
AML, andmesotheliomamousemodels (31, 32). Anotherway to target
MHC-presented peptides from intracellular antigens is through the
use of engineered TCR peptides fused to an anti-CD3 scFv, which is
called the immune-mobilizing monoclonal TCRs against cancer
(ImmTAC) format (Fig. 1B; ref. 33). ImmTAC molecules have been
reported to effectively redirect T cells to kill cancer cells expressing
extremely low surface epitope densities, and to significantly delay the
in vivo growth of human multiple myeloma cells (33). An ImmTAC
targeting gp100 was well tolerated and showed signs of efficacy in a
phase I/II clinical trial in melanoma (34).

Redirection of selected T-cell subpopulations: subset-specific T-cell
engagers

An important disadvantage of anti-CD3 TCEs is that a large
proportion of the T-cell pool is activated. Most mature T cells use a
CD3-associated abTCR as their antigen recognition structure. Con-
ventional ab T cells can be subdivided into three major subtypes:
CD4þ helper T cells, CD8þ cytotoxic T lymphocytes (CTL), and
regulatory T (Treg) cells. It has recently been reported that human
primary Tregs activated by blinatumomab inhibit both the prolifer-
ation and cytolytic activity of CD8þ CTLs in vitro (35). Therefore, the
design of TCEs that can selectively engage individual T-cell subsets
would provide an advantage over current anti-CD3 pan-T-cell enga-
gers. Because expression of the co-receptor CD8 is the distinctive
feature of CTLs, the selective redirection of primary human CD8þ ab
T cells against human cell lines by anti-CD8 TCEs has recently been
explored, but with only limited success (36).

T cells expressing the alternative gdTCR are a minor subset (1–5%)
of the T-cell population in peripheral blood, but constitute a major
population among intestinal intraepithelial lymphocytes. TheVg9Vd2
subtype is the predominant type of circulating gd T cells in healthy
individuals. The successful redirection of the cytotoxic activity of gd T
cells was initially demonstrated in vitro with a bsAb targeting the
gdTCR and a human ovarian cancer antigen (Fig. 2B; ref. 37). More
recently, a bsAb targeting the Vg9 chain of the Vg9Vd2 TCR and
HER-2 in a xenograft tumor model has been reported (38). A VHH-
based bispecific construct (Fig. 1B) targeting both Vg9Vd2 T cells and
EGFR induced potent gd T-cell activation and tumor cell lysis both
in vitro and in a mouse xenograft model (39). An anti-Vg9 � anti-
CD123 bsAb selectively activated Vg9þ gd T cells and induced gd
T cell–mediated cytotoxicity against AML cells in vitro and in vivo in a
xenograft mouse model (40).

Strategies for redirecting cells of the innate immune system
Natural killer (NK)-cell redirection

NK cells are cytotoxic lymphocytes of the innate immune system
that play an important role in tumor immunosurveillance (41). One
strategy to redirect NK cells to cancer cells is based on tandem scFvs,
called “bispecific killer cell engager” (BiKE) or “trispecific killer cell
engager” (TriKE), which have one or two TAA-specific scFv fused to
an anti-CD16A (FcgRIIIA) scFv (Fig. 2C; refs. 42–44). Alternatively,

the two scFvs can be connected by amodified human IL15 crosslinker,
producing a “TRiKE”-like construct that promotes in vivo persistence
and activation of NK and T cells in a xenograft mouse tumor
model (45). An anti-CD30 � anti-CD16A TandAb (46) has reached
phase II clinical development for treatment of Hodgkin’s lymphoma
and cutaneous T-cell lymphoma (47), and a TriKE consisting of anti-
CD33 � anti-CD16A and a modified IL15 linker is currently being
studied in phase I for CD33-expressing hematologic tumors (45).

BsAbs for the Restoration and
Enhancement of Antitumor Immunity
Strategies for enhancement phagocytic activity
Blocking innate immune checkpoints

It is well established that tumors can escape macrophage-mediated
phagocytosis through expression of antiphagocytic (“don’t eat me”)
signals. CD47 binds to the signal regulatory protein-a (SIRPa) on
macrophages to negatively regulate phagocytosis of healthy cells (48).
On tumor cells, CD47 is upregulated and functions as an immune
checkpoint that modulates macrophage phagocytosis (49). Therefore,
strategies aiming to disrupt the CD47–SIRPa axis are being actively
investigated for the treatment of several cancer types (50). BsAbs
cotargeting CD47 and a TAA such as CD20, CD19, ormesothelin have
demonstrated enhanced phagocytosis induction and antitumor activ-
ity in vitro and in vivo in murine xenograft models of human non–
Hodgkin lymphoma (51) and leukemia (Fig. 2D; ref. 52).

Strategies for enhancement of T-cell activity
Blocking co-inhibitory immune checkpoint receptors

ICBs are mAbs blocking negative regulators of T-cell activation,
such as cytotoxic T lymphocyte antigen 4 (CTLA-4), programmed cell
death 1 (PD-1), or programmed cell death 1 ligand 1 (PD-L1). The
therapeutic efficacy of ICBs depends on preexisting TCR-dependent
responses to tumor-specific neoantigens presented byMHCmolecules
on cancer cells (53). The blockade of inhibitory checkpoints can restore
effector functions to exhausted tumor-infiltrating T cells and have
shown remarkable efficacy in a wide range of cancers, but their efficacy
is limited to 10% to 30% of patients (54).

The success of conventional ICBs, and the improved clinical
benefit observed in combination therapies with ICBs (55) has
prompted the development of innovative dual therapeutic concepts
blocking two inhibitory checkpoints by bridging two cell types or
binding two molecules on the surface of the same cell (Fig. 2E).
Most of these bsAbs block the PD-1/PD-L1 axis with one arm, and
CTLA-4, lymphocyte activation gene 3 (LAG3), or T-cell immu-
noglobulin mucin 3 (TIM3) with the other arm (56). Currently, the
safety and early efficacy of anti–PD-1 � (anti–CTLA-4, anti-LAG3,
or anti-TIM3) and anti–PD-L1 � anti–CTLA-4 bsAbs are being
evaluated in early clinical trials, whereas many others are in
preclinical development (56).

Activating costimulatory immune checkpoint receptors
Costimulatory receptors of the TNF receptor superfamily

(TNFRSF), such as CD27, OX40 (CD134), 4-1BB (CD137), and
glucocorticoid-induced TNFR-related protein (GITR) are particularly
interesting targets, as they are transiently expressed byT cells following
their activation through the TCR (57). The most clinically advanced
agonist antibodies against costimulatory checkpoint molecules have
reached phase II trials (58). However, off-tumor toxicity has been a
major impediment to the clinical development of anti–4-1BB mAbs,
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and studies in murine models suggest that toxicity involves engage-
ment of antibody Fc with FcgRs (59). Fc-free (60, 61) or Fc-
silenced (62, 63) bsAbs, which cross-link 4-1BB in a manner that is
dependent on simultaneousTAAengagement,may alleviate off-tumor
toxicities that are associatedwith Fc engagement by FcgRs, as shown in
mouse (60, 62, 63) and nonhuman primate models (Fig. 2F; ref. 63).
These TAA-targeted 4-1BB–agonistic bsAbs exhibited robust antitu-
mor activity without toxicity, and some of them are in clinical
development.

Targeting costimulatory and co-inhibitory immune checkpoint
receptors

A combinational approach using both immune checkpoint blockade
and T-cell costimulation strategies can be enacted using anti–PD-L1 (�
anti–4-1BB or anti-OX40) bsAbs (Fig. 2G). Conditional T-cell costi-
mulation in parallel with PD-L1 checkpoint inhibition elicited potent
antitumor immune responses inmultiple in vivo tumormodels (64), and
showed a favorable safety profile in nonhuman primates (65).

BsAbs combining T-cell redirection and immune checkpoint
blockade

The upregulation of inhibitory checkpoint receptors represents a
resistance mechanism to antitumor immunity that is well established
in different T cell–redirecting strategies (66, 67). Sustained inhibitory
signaling correlates with a dysfunctional or exhausted state, charac-
terized by a reduced T-cell effector function, proliferative potential,
and cytotoxicity (68). Several studies have demonstrated that combi-
nation of ICBs and TCEs maximized T-cell killing of tumor cells
in vitro (69) and enhanced antitumor activity in a patient-derived
xenograft model of leukemia (70). Such evidence has fostered the
development of bsAbs aiming to provide locally restricted ICB to T
cells redirected by tumor-specific pan-T-cell engagers (Fig. 2H).
Therefore, the efficacy of the T-cell engagement is increased while
avoiding the immune-related adverse events (irAE) associated with
systemic exposure to ICBs. An anti-CD33 � anti-CD3 BiTE fused to

the extracellular domain of PD-1, termed “checkpoint inhibitoryT-cell
engager” (CiTE), resulted in enhanced T cell–mediated cytotoxicity
against CD33þPD-L1þ cell lines and strong antitumor effect in
preclinical models of AML (Fig. 2H; ref. 71).

Delivery Strategies
Clinical-grade bsAbs

In oncology, approved bsAbs are administered as recombinant
proteins (Fig. 3). However, clinical-grade antibodies are extremely
expensive and suffer from manufacturing challenges, including poor
stability during long-term storage, and a tendency to aggregate over
time (72). Purified antibodies requiring higher doses need to be
administered through slow intravenous infusions to limit infusion
reactions. Furthermore, systemic administration entails some limita-
tions, especially in the case of small-sized bsAb formats, such as BiTEs,
where an infusion pump is required for continuous delivery. BiTEs and
DARTs have been fused to silenced Fc domains in an attempt to extend
their circulatory half-life (73).

In vivo secretion of bsAbs
The in vivo production of bsAbs can compensate for the rapid renal

clearance of Fc-free formats, resulting in a sustained effective antibody
concentration and circumventing concerns regarding the formulation
and long-term storage of recombinant proteins (74). The two main
genetic strategies are based on either direct gene delivery or inoculation
of ex vivo genetically modified cells (Fig. 3). The in vivo transfer of
bsAb-encoding genetic information might be performed using viral
and nonviral vectors. Direct in vivo delivery of synthetic nucleic acid-
encoded bsAbs employing messenger RNA and plasmid DNA repre-
sents new approaches for the in vivo secretion of bsAbs. Systemic
administration of engineeredmRNAs encoding Fc-free tumor-specific
pan-T-cell engagers resulted in sustained levels of therapeutic TCEs
and strong antitumor effect in different mouse models (75). Similarly,
the systemic administration of a nonviral DNA vector minicircle
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Figure 3.

Delivery strategies for bsAb-based
therapies. Intravenous administration
of recombinant purified bsAb (left) by
repeated high-dose bolus injections
or continuous infusion. The in vivo
secretion of bsAbs (right) can be
achieved following direct injection of
genetic material using viral vectors of
synthetic nucleic acids (RNA or DNA),
or by infusion or implantation of auto-
logous or allogenic genetically modi-
fied bsAb-secreting cells.
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encoding an anti-CD3� anti-CD20 bsAb resulted in the expression of
therapeutic levels and an effective antitumor activity in a B-cell
lymphoma xenograft mouse model (76). In another study, a single
intramuscular injection of synthetic plasmid DNA induced secretion
of Fc-free TCEs for 4 months and delayed cancer progression in
mice (77). Synthetic nucleic acid platforms have advantages such as
rapid product development and simpler manufacturing processes.
Several types of oncolytic viruses have been armed with expression
cassettes encoding TCEs, demonstrating that the combination of both,
direct oncolysis and T cell–mediated killing, enhanced antitumor
efficacy compared with the parental counterpart in syngenic and
xenograft tumor models (78–80).

Alternatively, genetic material can be delivered into patient-derived
cells ex vivo, at which point the bsAb-secreting cells are introduced into
the patient. This has some potential advantages over direct gene
delivery strategies. For instance, the tumor homing of infused cells
and subsequent intratumoral secretion might circumvent issues of
tumor penetration and systemic on-target/off-tumor toxicity (81).
Indeed, strategies based on the endogenous secretion of TCEs by
engineered cells (STAb cells) are currently emerging (81). T cells
represent ideal vehicles for STAb therapy due to their capacity to
migrate to tumor sites and their ability to act simultaneously as
antibody factories and effectors, but other cell types, such as mesen-
chymal stem cells and endothelial cells, are suitable candidates to be
engineered for STAb therapies (81). The potent anti-tumor activity of
different types of STAb cells has been demonstrated inmultiple in vitro
and in vivo models (82).

Conclusions
BsAbs have come to prominence over the past decade, following

the FDA’s approval of the Fc-free TCE blinatumomab in ALL. The

bsAb field has been continually expanding since then, with the
constant emergence of novel formats and the development of
innovative multitargeting concepts aiming to improve therapeutic
efficacy and safety. In this review, we focus on bispecific immu-
nomodulatory antibodies able to regulate the response of the
immune system through the specific interaction or interactions
with cell surface receptors expressed on immune cells and cancer
cells. A multitude of bispecific immunomodulatory antibodies are
in clinical trials with promising therapeutic results. We anticipate
that through continued innovation and optimization of antibody
formats, targets, and delivery systems, treatment strategies using
bispecific immunomodulatory antibodies may soon form the lead-
ing edge of cancer immunotherapy.
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