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Multiple myeloma (MM) is a plasma cell malignancy and the second most common

hematological neoplasm in adults, comprising 1.8% of all cancers. With an annual

incidence of∼30,770 cases in the United States, MM has a high mortality rate, leading to

12,770 deaths per year. MM is a genetically complex, highly heterogeneous malignancy,

with significant inter- and intra-patient clonal variability. Recent years have witnessed

dramatic improvements in the diagnostics, classification, and treatment of MM. However,

patients with high-risk disease have not yet benefited from therapeutic advances. High-

risk patients are often primary refractory to treatment or relapse early, ultimately resulting

in progression toward aggressive end-stage MM, with associated extramedullary disease

or plasma cell leukemia. Therefore, novel treatment modalities are needed to improve

the outcomes of these patients. Bispecific antibodies (BsAbs) are immunotherapeutics

that simultaneously target and thereby redirect effector immune cells to tumor cells.

BsAbs have shown high efficacy in B cell malignancies, including refractory/relapsed

acute lymphoblastic leukemia. Various BsAbs targeting MM-specific antigens such as

B cell maturation antigen (BCMA), CD38, and CD138 are currently in pre-clinical and

clinical development, with promising results. In this review, we outline these advances,

focusing on BsAb drugs, their targets, and their potential to improve survival, especially

for high-risk MM patients. In combination with current treatment strategies, BsAbs may

pave the way toward a cure for MM.
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INTRODUCTION

Multiple myeloma (MM) is the second most common hematologic malignancy in adults (1). In
the United States in 2018, ∼30,770 patients were diagnosed with MM and 12,770 died from their
disease, representing 2.9% of all cancer deaths (2). MM is characterized by a clonal expansion of
malignantly transformed plasma cells in the bone marrow (BM). These cells produce an excess of
monoclonal immunoglobulins, which are secreted into the blood and urine. Major complications
in MM patients include tumor-induced bone lesions and associated pathological fractures, anemia,
renal failure, and immunodeficiency, leading to impaired quality of life and decreased overall
survival (3, 4).
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Over the last few decades, novel drug classes such as
immunomodulators (e.g., lenalidomide), proteasome inhibitors
(e.g., bortezomib), histone deacetylase inhibitors (e.g.,
panobinostat), and monoclonal antibodies (mAbs) (e.g.,
daratumumab [anti-CD38]) have significantly improved the
response rates and overall survival for MM patients (5, 6).
Currently, the median overall survival for MM patients is 5
years (7). However, stratification by disease risk, according to the
Revised International Staging System (R-ISS), reveals significant
variability: 82% of low-risk, stage I patients survive 5 years,
compared to only 40% of high-risk, stage III patients (7). While
high-risk MM patients only account for 15 to 20% of newly
diagnosed cases, these patients are often primary refractory
to treatment or relapse early (8). Additionally, the majority of
low-risk MM patients ultimately develop drug-resistant clones,
become refractory to treatment and transition to high-risk
disease (8–10). These findings underscore the need to identify
MM patients who have active high-risk disease, as well as those
who are likely to progress, and develop novel treatment strategies
targeted at this population.

Bispecific antibodies (BsAbs) offer a promising
immunotherapeutic approach for numerous malignancies
including MM. Immune effector cell redirecting BsAbs
commonly bind to a tumor cell antigen and CD3 on a T cell,
resulting in T cell binding to the tumor cell, activation, and
tumor cell lysis (11, 12). Since BsAbs directly stimulate CD3 and
thus bypass the T cell receptor, they activate T cells independently
from antigen presentation on major histocompatibility complex
(MHC) class I. In addition, they have the ability to activate T
cells in the absence of co-stimulation, bypassing the normal
dependence on antigen presenting cells or cytokines and
reducing the risk of anergy that accompanies TCR stimulation in
the absence of a costimulatory signal (12–20).

Here, we review the potential of BsAbs in MM, with an
emphasis on high-risk patients, although the benefits of BsAbs
can extend to all MM patients. A brief introduction into MM is
followed by an overview of current BsAb strategies. Next, novel
BsAb developments and clinical trials for different MM targets
are discussed. Finally, the future direction of BsAbs as a MM
treatment modality is addressed, along with obstacles that need
to be overcome.

ORIGINS OF MM AND FEATURES OF
HIGH-RISK DISEASE

MM is a cancer of plasma cells, which are terminally
differentiated B cells. Numerous hematologic malignancies result
from the malignant transformation of B cells at different stages
in their lifecycle. For instance, B cell leukemias usually arise from
BM-residing pre-B cells; B cell lymphomas, from mature B cells
that have migrated to lymph nodes; and MM, from long-lived,
BM-residing plasma cells (Figure 1A). Malignant B cells and
malignant plasma cells have key differences in their molecular
architecture. Unlike malignant B cells, malignant plasma cells
generally do not express the widely targeted cell-surface proteins
CD19 and CD20, although up to 20% of patients have CD20+

MM clones (23). As such, most MM patients cannot be treated
with many of the newly-approved targeted therapies for B cell
leukemias and lymphomas. This is in part reflected by the
number of new drug approvals/indications, which was 56 for B
cell leukemias/lymphomas and only 10 forMM in the past 4 years
[(21, 22); Figure 1B].

MM develops from a pre-malignant condition known
as monoclonal gammopathy of undetermined significance
(MGUS), which progresses to smoldering MM (SMM) and
MM at a rate of 1% per year (24). Virtually all known MM
cases are preceded by MGUS, but the vast majority of MGUS
cases never develop into MM. MGUS is characterized by low
levels of serum M-protein (<3 g/dL) and <10% clonal BM
plasma cells, whereas these levels are >3 g/dL and >10%
for SMM, respectively (24). Importantly, the proliferation of
malignant plasma cells in patients with MGUS and SMM is
asymptomatic and these patients do not exhibit end-organ
damage. MM patients are further staged into risk categories,
which predict prognosis and treatment response. The most
commonly used risk stratification model is the R-ISS, but several
models exist (Table 1). With ongoing disease progression, MM
patients ultimately develop aggressive, end-stageMM in the form
of extramedullary disease or plasma cell leukemia. Table 2 details
emerging factors associated with high-risk MM.

Genetic and epigenetic events that initiate MM include
chromosomal hyperdiploidy, translocations of chromosome 14
(bringing the strong immunoglobulin heavy-chain enhancer
into the proximity of oncogenes), the dysregulation of cell
cycle genes, abnormalities in signaling pathways, and alteration
of DNA methylation (36–38). Further aberrations, including
MYC overexpression and mutations in RAS oncogenes, amongst
others, are associated with disease progression (34, 36). In
contrast to the evolving genetic heterogeneity associated with
disease progression, the immune phenotype of MM cells is
relatively conserved. For example, the malignant plasma cells in
MGUS, SMM, and MM all express the key surface markers B cell
maturation antigen (BCMA), CD38, and CD138. While BCMA
expression significantly increases with disease progression,
changes in CD38 and CD138 levels are less well-characterized
(38, 39). In addition to these molecular features, MM cells
rely on their BM microenvironment for growth, survival, and
the development of therapy-resistant clones. Through cell-cell
interactions and the secretion of cytokines, chemokines, and
other factors, MM cells proliferate and impair the effector
function of neighboring immune cells (38). For instance, in
the BM of MM patients, key immunosuppressive cytokines are
expressed at high levels (40, 41). These include interleukin-
6 (IL-6), which mediates autocrine and paracrine growth of
MM cells and inhibits tumor cell apoptosis, as well as TGF-β,
which is an immune inhibitory factor that induces IL-6 secretion.
Additionally, regulatory T cell (Treg) numbers are increased
in MM patients, further suppressing the immune BM milieu
(42, 43). The immunosuppressive characteristics of the molecular
and cellular constituents of the BM microenvironment aid in
disease progression and lead to poor clinical outcomes (37).

Given the immunosuppressive microenvironment of MM,
successful therapies must simultaneously destroy malignant
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FIGURE 1 | Differences in molecular architecture and therapeutic success for hematologic malignancy subtypes. (A) B cell leukemia, B cell lymphoma, and multiple

myeloma occur at different stages of the B cell lifecycle. Unlike pre- and mature B-cells, which express CD19 and CD20, plasma cells uniquely express BCMA and

CD138. CD38 is expressed at all stages of the B cell lifecycle but is more highly expressed on malignant plasma cells. (B) New drug approvals for leukemia,

lymphoma, and multiple myeloma between 2016 and December 2019 (21, 22). The pace of drug development for multiple myeloma has failed to keep pace with that

of leukemia and lymphoma.

plasma cells and restore an effective anti-tumoral immune
response (44). Such immunotherapies should (1) target surface
molecules that are ideally expressed exclusively or at higher
levels in MM cells than normal plasma or other immune
cells and (2) bring effector immune cells into contact with

MM cells, thereby enhancing effector cell-directed anti-
tumor immunity. BsAbs meet these criteria, and therefore
represent a next-generation immunotherapy with the potential
to provide sustained clinical responses and even a cure for
MM patients.
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TABLE 1 | MM classification systems and definitions of high-risk disease.

Classification

system

Features Model Year

introduced

References

Durie-Salmon Stage III

One or more of the following: hemoglobin <8.5 g/dL; serum calcium >12

mg/dL; Advanced lytic bone lesions; high M-component production rates IgG

value>7 g/dL, IgA >5 g/dL; urine light chain M-component >12 g/24 h

Tumor

Burden/Stage

1975 Durie-Salmon

Staging System

(25)

International

Staging System

(ISS)

Stage III

Serum β2-microglobulin ≥ 5.5 mg/L

(other stages consider serum albumin levels as well)

Tumor Burden/

Stage

2005 Greipp et al.

(26)

University of

Arkansas for

Medical

Sciences

(UAMS)

17-gene model

High Risk

Deregulated expression of 17 genes (1q32.1, 21q22.3, 1q21.2, 8q23.1,

10q23.31, 12q22, 1p36.21, 3p21.3, 7p14-p13, 1q22, 1q43, 1q31, 1p13.2,

1p22, 1p13.3, 2p22-p21, 6p21)

Cytogenetics 2007 Shaughnessy

et al.

(27)

Medical

Research

Council (MRC)

Myeloma IX Trial

Adverse lesions defined as +1q21, del(17p13), del(13q14), or adverse IGH

translocations t(4;14), t(14;16), or t(14;20)

High Risk

Presence of >1 adverse lesion

Ultra-high Risk

Presence of >1 adverse genetic lesions and ISS II or III

Combined

Cytogenetics-ISS

2012 Boyd et al.

(28)

mSMART High Risk

Genetic abnormalities on t(14;16), t(14;20), del(17p); GEP high risk signature

Cytogenetics 2013 Mikhael et al.

(29)

International

Myeloma

Working Group

(IMWG)

High Risk

ISS II/III and t(4;14) or del(17p13)

Combined

Cytogenetics-ISS

2014 Chng et al. (30)

Revised

International

Staging System

(R-ISS)

Stage III

ISS stage III (Serum β2-microglobulin 5.5 mg/L) and either: high risk CA by

iFISH (presence of del(17p) and/or translocation t(4;14) and/or translocation

t(14;16), or high lactate dehydrogenase (LDH) (serum LDH > the upper limit

of normal)

Combined

Cytogenetics-ISS

2015 Palumbo et al.

(7)

mSMART 3.0 High Risk

Genetic abnormalities: t(4;14), t(14;16), t(14;20), del(17p), p53 mutation, +1q;

RISS stage III; High plasma cell s-phase; high GEP risk signature

Combined

Genetics-ISS

2018 Treatment

Guidelines

(31)

CA, cytogenetic abnormality; GEP, gene expression profiling; iFISH, interphase fluorescence in situ hybridization; IGH, immunoglobulin heavy; ISS, International Staging System; LDH,

lactate dehydrogenase; mSMART, Mayo stratification of myeloma and risk-adapted therapy; R-ISS, Revised International Staging System.

BISPECIFIC ANTIBODIES: OVERVIEW,
DESIGNS, AND POTENTIAL FOR MM

The idea of using BsAbs to redirect immune cells to tumor cells
was first demonstrated in the 1980s and led to several clinical
trials (45, 46). Catumaxomab (anti-EpCAM× anti-CD3) was the
first BsAb to meet clinical approval by the European Union in
2009 (47). Blinatumomab (anti-CD19 × anti-CD3) was the first
BsAb approved by the US Food and Drug Administration (FDA)
in 2014 (48–50). Since then, one more BsAb—emicizumab, used
to treat hemophilia A—has obtained FDA approval, and there
are currently more than 60 BsAbs in various stages of preclinical
and clinical development (51, 52). To date, no BsAb has been
approved for use in MM patients, although there are 13 currently
in clinical trials, and a pilot study evaluating the effects of
blinatumomab in relapsed/refractory (R/R) MM patients was
initiated in May 2017 (Table 3).

The majority of BsAbs are effector cell redirecting and most
commonly involve αβ T cells via an anti-CD3 arm connected to
a tumor antigen binding site. Anti-NKp30 BsAbs, which bind

to natural killer (NK) cells, as well as BsAbs engaging CD16A
and NKG2D, which bind to NK cells and γδ T cells, also exist
in various stages of development (12, 15, 19). Two other types
of BsAbs include tumor-targeted immunomodulators and dual
immunomodulators. Tumor-targeted immunomodulators direct
immune co-stimulation to pre-activated, tumor-infiltrating
immune cells (e.g., tumor-specific effector T cells) by binding
to a tumor antigen and a costimulatory molecule (e.g., 4-
1BB on T cells). By activating a pool of many different
tumor-specific T cell clones, rather than harnessing non-
specific effector cells to one pre-determined tumor antigen,
tumor-targeted immunomodulators may recognize tumor cells
with antigen heterogeneity and build immunological memory.
Dual immunomodulators bind two separate immunomodulating
targets (usually T cell checkpoint pathways such as PD-1, LAG-3,
or TIM-3) to block the mechanisms of the immunosuppressive
tumor microenvironment (12). Importantly, BsAbs are effective
in directing lysis of malignant cells with low antigen expression
levels, a significant advantage when targeting surface molecules
that are down-regulated as a mode of tumor evasion. Since no
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TABLE 2 | Emerging high-risk MM factors.

Type Factors Year References

Cytogenetic t(14;16) (q32;q23); t(14;20) (q32;q23); Del(17p) 2016 Rajkumar

(32)

Cytogenetic FISH: t(4;14), t(14;16), t(14;20), del(17/17p), gain(1q); Non-hyperdiploid karyotype; Karyotype del(13);

high-risk GEP70 signature

2016 Sonneveld et al.

(33)

Cytogenetic Primary translocations: t(4;14), t(14;16), t(14;20)

Secondary translocations: MYC, jumping translocation 1q

Copy change number: Isochromosome formation, hyperhaploidy, gain(1q), del(1p), del(17p)

Homozygous inactivation of TSGs: Mutation +/- copy number change

Genetic changes associated with DNA repair deficiency: genome-wide loss of heterozygosity

2017 Pawlyn and Morgan

(34)

Epigenetic Epigenetic modifier mutations; histone methylation and acetylation; DNA methylation, measured via

mutations in DNA methylation modifiers, e.g., IDH1; microRNA

2017 Pawlyn and Morgan

(34)

Bone Lesions Presence of 3 large focal lesions, with a product of the perpendicular diameters > 5 cm2 2018 Rasche et al.

(35)

IDH1, isocitrate dehydrogenase 1; EZH2, enhancer-of-zeste 2 polycomb repressive complex 2 subunit; FISH, fluorescence in situ hybridization; GEP70, 70-gene expression profiling;

MM, multiple myeloma; TSG, tumor suppressor gene.

TABLE 3 | Clinical trials of BsAbs targeting MM.

Targets Drug name Design Trial type Estimated enrollment Estimated completion References

BCMA × CD3 PF-06863135 IgG2a Fc region Phase 1 80 Early 2022 NCT03269136

BCMA × CD3 TNB-383B IgG4 Fc region Phase 1 72 Late 2021 NCT03933735

BCMA × CD3 REGN5458 Fc region, Fab arms Phase 1/2 56 Late 2022 NCT03761108

BCMA × CD3 REGN5459 Fc region, Fab arms Phase 1/2 56 Late 2023 NCT04083534

BCMA × CD3 CC-93269 Trivalent, Fc region Phase 1 19 Mid 2022 NCT03486067

BCMA × CD3 JNJ-64007957 IgG1 Fc region Phase 1 120 Mid 2020 NCT03145181

BCMA × CD3 AMG420 BiTE Phase 1 120 Early 2025 NCT02514239

BCMA × CD3 AMG701 Half-life extended BiTE

(scFvs plus Fc region)

Phase 1 135 Mid 2025 NCT03287908

CD38 × CD3 AMG424 Fc region, scFv x Fab

arms

Phase 1 20 Late 2022 NCT03445663

CD38 × CD3 GBR1342 Fc region, scFv x Fab

arms

Phase 1 125 Early 2021 NCT03309111

CD19 × CD3 Blinatumomab BiTE Phase 1 20 Mid 2020 NCT03173430

FcRL5 × CD3 BFCR4350A IgG1

Fc region

Phase 1 80 Mid 2021 NCT03275103

GPRC5D × CD3 JNJ-64407564 IgG1

Fc region

Phase 1 185 Mid 2021 NCT03399799

immunomodulatory BsAbs are currently in clinical trials forMM,
this review will focus on immune cell redirecting BsAbs.

BsAbs can combine multiple functions of individual
mAbs (such as direct cancer cell lysis, blocking malignant
signaling pathways, independent T cell activation), entailing a

comparatively simpler treatment regimen than one requiring the
combination of multiple separate agents (12).

BsAbs are classed into ∼100 different formats, which fall
roughly into two categories: BsAbs that include a fragment
crystallizable (Fc) region, and BsAbs that consist of only fragment

Frontiers in Immunology | www.frontiersin.org 5 April 2020 | Volume 11 | Article 501

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Caraccio et al. Bispecific Antibodies for Multiple Myeloma

FIGURE 2 | Examples of BsAb constructs and designs. (A) (1) Fc domain and peptide linker, which connect antigen-binding sites in IgG-like BsAbs and Fc-less

BsAbs, respectively. The Fc domain confers a number of additional features. (2) Effector cell binding sites, usually anti-CD3e for T cells or anti-CD16A for NK cells:

single-chain fragment variable (scFv), bivalent binding site (tumor antigen and effector cell binding site), monovalent binding site. (3) Tumor antigen binding sites: scFv,

bivalent binding site, monovalent binding site. (B) Simplified BsAb constructs. (1) Bispecific T cell Engager (BiTE) design, comprised of two scFvs and a peptide

linker—e.g., blinatumomab. (2) Bivalent IgG-like BsAb design, with an Fc domain and two monovalent binding arms. (3) Trivalent IgG-like 2+1 BsAb design, with an Fc

domain, a bivalent anti-tumor antigen and anti-CD3 or CD16A arm, and a monovalent anti-tumor antigen arm. Tetravalent BsAbs have a similar construction, but with

two bivalent arms.

antigen-binding (Fab) variable regions and linkers. Both designs
are being tested inMM. Some BsAbs with an Fc region (especially
those that target NK cells rather than T cells) exhibit Fc-mediated
effector functions, including antibody-dependent cell-mediated
cytotoxicity (ADCC) via Fc receptor (FcR) binding, as well as
added stability and a longer half-life (48, 53, 54). Anti-CD3
BsAbs often have an engineered, effector-silenced Fc region that
mainly imparts a longer half-life and added stability (55). Fc-
containing BsAbs are structurally similar to IgG molecules, with
variations on the symmetry of their molecular composition and
the number of binding sites (Figure 2A) (54). Increasing the
number of binding sites on a BsAb (multivalency) can increase
target affinity, especially for targets with low expression on
tumor cells.

BsAbs that lack an Fc region merely consist of the antigen-
binding sites of two antibodies, and most commonly follow
the single-chain variable fragment (scFv) design. ScFvs only
contain the variable regions of the heavy and light chains and
are therefore the simplest iterations of the antigen binding site:
They are relatively small and commonly connected by a peptide
linker (56, 57). The scFv and linker format is utilized in the
construction of bispecific T cell engager molecules (BiTEs), of
which blinatumomab and AMG420 are examples (Figure 2B).

The simplicity and small size of BiTEs and other scFv BsAbs
confer both benefits (e.g., relative ease of adding additional
scFvs to create trispecific or trivalent molecules) and drawbacks
(e.g., short serum half-lives, decreased efficacy and increased
cost by requiring repetitive dosing) (58, 59). Independent T
cell activation (inducing cytotoxicity without requiring co-
stimulation with CD28 or IL-2) has been observed in BsAbs
with and without Fc region (12–19). Proposed mechanisms for
this include clustering of the TCR-CD3 complexes to induce
signaling in the absence of co-stimulation and the predominance
of acting on memory T cells that require less stimulation to
become activated (13). The wide array of BsAb structural designs
and their advantages and disadvantages have been extensively
reviewed by Brinkmann and Kontermann (54).

An alternative to exploiting the cytotoxic potential of T cells
for tumor destruction is to redirect and activate NK cells. NK cell
redirecting BsAb designs, such as Bispecific NK Engagers (BiKEs)
(comprised of two scFvs) and BsAbs with modified Fc regions,
are currently in clinical trials for hematologic malignancies; their
use for MM is a promising future avenue (60, 61). Since NK
cells are the first lymphocyte population to reappear after high-
dose chemotherapy, NK cell redirecting BsAbs may be used to
eradicate minimal residual disease (MRD) after first-line MM
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treatment (62). Additionally, NK cell redirecting BsAbs have
the potential to be used in combination with other treatments,
such as adoptive NK cell transfer after autologous stem cell
transplantation (autoSCT).

Their mechanism of action makes BsAbs unique candidates
for high-risk MM therapy. High-risk MM patients often display
a great degree of intra-tumoral genetic heterogeneity (63);
therefore, activating the immune system for broad tumor
recognition may be more promising than targeting single genetic
lesions. The few studies that have investigated the treatment
of patients with high-risk disease failed to conclude that
intensification of personalized targeted therapy was significantly
beneficial (64, 65). Even therapy regimens containing two
autoSCTs (“tandem transplants”) only delay disease progression
in high-risk patients rather than cure it (66). The need for
new therapies that effectively target high-risk and R/R MM is
therefore great, and BsAbs have the potential to fulfill this need.

Several novel treatment approaches like chimeric antigen
receptor (CAR) T cell therapies, targeted therapies, and
combining mAbs are being implemented for high-risk and R/R
MM patients, but BsAb therapies offer numerous advantages.
Unlike CAR T cell therapies that have to be individualized by ex
vivo manipulation of patient-derived T cells, BsAb therapies are
“one size fits all” therapies that can be started immediately. BsAbs
can be given in incremental doses and interrupted if necessary,
so treatment-related toxicities are easier to manage than in CAR
T cell therapies. This simplifies treatment regimens and study
design/infrastructure and reduces costs (48, 67, 68). Notably,
a recent report by Maruta et al. provides a direct comparison
between target-reactivity and cross-reactivity of BsAb and CAR
T cell models in MM, which showed similar tumor-killing
activity, but a delay in CAR T cells relative to BsAbs (69).
Additionally, targeted therapies directed at a particular genetic
lesion (e.g., bortezomib, palbociclib, encorafenib, etc.) may only
eradicate a certain subclone containing that lesion (e.g., the clone
present in the diagnostic random iliac crest biopsy), whereas
other clones (including disease-driving clones present in focal
lesions) are spared (63). In contrast, BsAbs target antigens
that are broadly expressed in all malignant plasma cells, such
as BCMA, CD38, and CD138, and increase the chances of
thoroughly eradicating all malignant clones. mAbs can similarly
target tumor antigens, but are unable to directly harness the
potent lytic power of T cells to aid in tumor destruction (70).
The ADCC functions of mAbs are dependent on Fc functionality,
which can be inhibited by alternative Fc glycosylation or Fc
receptor polymorphisms, activation of inhibitory receptors, and
competition with circulating IgG. BsAbs ensure effector cell
involvement via their specific binding arm, guaranteeing the
retargeting of effector cells against the malignant cell (47, 71).
Thus, BsAbs present an unprecedented opportunity for all MM
patients, and particularly those with high-risk and R/R MM for
whom standard and targeted therapies have failed.

Despite the novel and promising features of BsAbs, these
immunotherapeutics have faced considerable roadblocks on
the path to commercial approval and widespread use. For
T cell redirecting BsAbs, the activation of large proportions
of non-specific T cells can lead to significant toxicity and

treatment-related adverse events (AEs) (12). Cytokine release
syndrome (CRS) is among the most important AEs of BsAb
treatment, with multiple instances recorded in clinical trials
of blinatumomab, PF-0683135, CC-93269, and AMG420 (68,
72–74). CRS can present as a variety of symptoms, ranging
from influenza-like symptoms to neurotoxicity and multi-organ
failure; the recommended treatment depends on its grade of
severity (68, 75). Low-grade CRS can be treated symptomatically
with antihistamines, antipyretics, and fluids, while high-grade
CRS is treated with corticosteroids. Notably, a prophylactic
protocol (consisting of dose adjustment and premedication
with dexamethasone) for severe CRS was successfully devised
to limit severe CRS during blinatumomab trials (68, 76). An
additional study with dexamethasone and tocilizumab (anti-IL-6)
has reduced CC-93269-induced CRS (77, 78).

NK cell redirecting BsAbs, which operate via FcR mediated
cytotoxicity, present an alternative immunotherapy that may
result in reduced general toxicity (12, 79, 80). However, to be
successful in MM, NK cell redirecting BsAbs must find antigen
epitopes that are not subject to competitive interference by serum
IgGs (such as the high levels of M-paraprotein displayed in
many MM patients) (79). CD16A, a type III FcγR, may be
such an antigen (62). Hallmarks of tumor immune evasion,
such as heterogenous expression and down-regulation of antigen
levels, present obstacles to both T cell and NK cell redirecting
BsAbs (79). New constructs, such as multivalent and tri-specific
BsAbs, are under investigation as possible responses to these
concerns (81–83). These new designs may also be pivotal in
reducing toxicity.

MM DRUG TARGETS FOR BSABS

Ideally, BsAb therapeutic targets should be highly expressed on
malignant cells and absent or at low levels on other cell types
to avoid dose-limiting toxicities (84). Additionally, ideal BsAb
targets play an important role in the survival and proliferation
of malignant cells, preventing their down-regulation as a
mechanism of tumor immune evasion (48). Antigen distribution
and content vary both between patients and within a given
patient, emphasizing that the success of each drug depends not
only on construct but on target expression. So far, there are
24 BsAbs in development against eight MM targets (Table 3).
Each MM target and its associated drugs will be discussed below,
including ongoing clinical trials and preclinical developments.

BCMA (B Cell Maturation Antigen)
The most important MM drug target for BsAbs is BCMA (also
known as TNFRSF17), which currently has eight BsAbs in clinical
development (Table 3) and four in preclinical studies (Table 4).
BCMA is a type III transmembrane glycoprotein belonging to
the tumor necrosis factor receptor (TNFR) superfamily (90–
93). BCMA is expressed primarily on B lineage cells and plays
an important role in B cell proliferation (90). It is also widely
expressed on all plasma cells, up-regulated during plasma cell
differentiation, critical for long-term plasma cell survival, and
overexpressed on malignant plasma cells and MM cell lines
(90, 94–96) (Figure 3). BCMA is absent on most other cell types,
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TABLE 4 | Preclinical models of BsAbs targeting MM.

Targets Drug Design Model References

BCMA

× CD3

EM801 IgG1 Fc region MM cell and effector cell co-cultures

BMAs of MM patients (autologous T cells)

NOG mice with human myeloma allogeneic xenograft

Cynomolgus monkeys

Seckinger et al.

(85)

BCMA

× CD16A

AFM26 Tetravalent,

Fc region

NK cell cultures, serum IgG

MM cell and primary human NK cell co-cultures

MM cell and PBMC co-cultures

Gantke et al.

(62)

BCMA

× NKp30

CTX-8573 IgG1 Fc region MM and NK cell co-cultures, in the presence of sBCMA, sBAFF

and sAPRIL

Humanized mice models engrafted with MM tumors

Cynomolgus monkeys

Watkins-Yoon

et al.

(15)

BCMA

× CD3

AP163 Information not available MM and effector cell co-cultures

NSG mice models with human PBMCs and MM or Burkitt

lymphoma tumor cells

Li et al.

(16)

CD138

× CD3

STL001 or BiTE-hIgFc scFvs and IgG1 Fc region MM cell and PBMC co-cultures

T cell activation assay

NSG mice with human myeloma xenograft

Zou et al.

(17)

CD138

× CD3

H-STL002 & M-STL002 scFvs and IgG1 Fc region MM cell and PBMC co-cultures Chen et al.

(86)

CD38

× CD3

Sorrento CD38/CD3 scFv-Fc region fusion

chain and Fab arm

MM cell and PBMC co-cultures

NSG mice models with implanted MM or Burkitt lymphoma tumor

cells and unstimulated PBMCs

He

(87)

CD319

× NKG2D

CS1-NKG2D BiKE IL-2 primed NK cultures

IL-2 primed PBMC with high, intermediate, low CS1 expression

MM cell line co-cultures

NSG mice engrafted with human PBMCs and high- and

intermediate-CS1 expressing MM cell line xenografts

Chan et al.

(19)

GPRC5D

× CD3

GPRC5D TRAB IgG region MM cell and unstimulated PBMC co-cultures

NSG mice model inoculated with human T cells and MM

tumor cells

NOG mice model engrafted with CD34+ hematopoietic stem cells

and MM tumor cells

Kodama et al.

(88)

NY-ESO-1

× CD3

ImmTAC-NYE TCR-like HLA-A2/NY-

ESO-1157−165arm, scFv,

peptide linker

MM cell and CD8+ cell co-cultures McCormack et al.

(89)

NY-ESO-1

× CD3

A2/NY-ESO-1157
–specific BsAb

anti-HLA-A2/NY-ESO-

1157−165 scFv, scFv,

peptide linker

Peripheral blood T cells and T2 cells loaded with NY-ESO-1157
peptide co-cultures

MM cell and peripheral blood T cell co-cultures

Peripheral blood T cells and cells presenting the NY-ESO-1157−165

peptide by HLA-A*02:06 co-cultures

NOG mice model engrafted with MM cells and activated T cells

Maruta et al. (69)

except for low expression on plasmacytoid dendritic cells (pDCs)
(90, 97). Importantly, and in contrast to other MM targets such
as CD38, BCMA is not expressed on CD34+ hematopoietic
stem/progenitor cells (90).

BCMA has two cognate ligands: (1) B cell activating factor
(BAFF, also known as TNFSF13B), which is necessary for B
cell development and homeostasis, and (2) a proliferation-
inducing ligand (APRIL or TNFSF13A). BAFF and APRIL,
either as membranous ligands or in the cleaved, soluble form,
bind to BCMA to promote plasma cell growth and survival.
Upon ligation by BAFF or APRIL, BCMA activates downstream
signaling pathways including the NF-κB, ETS-1 like protein 1
(Elk-1), JNK, ERK, and MAPK pathways (Figure 3) (98–101).
This induces pronounced up-regulation of the MCL-1 and BCL-
2 anti-apoptotic proteins, preventing dexamethasone-induced

cell death. MM patients have up to five times higher soluble
BAFF and APRIL serum levels than healthy individuals (102).
BCMA also associates with three known TNFR-associated
factors (TRAFs)—TRAF1, TRAF2, and TRAF3—which are
signal transducers that bind to several members of the TNFR
superfamily and facilitate activation of NF-κB, Elk-1, and JNK
signaling pathways (101).

Membranous (m)BCMA expression levels per cell increase
as healthy plasma cells transform from normal into malignant
cells through the disease progression of MGUS to MM (90,
103). Similarly, soluble (s)BCMA levels increase with disease
progression, and are found at increased serum levels in MM
patients (104). sBCMA levels are also inversely proportional
to overall and progression free survival rates (105). sBCMA,
which is released from themembrane by spontaneous γ-secretase
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FIGURE 3 | Schematic of key tumor targets and the mechanism of action of BsAbs in multiple myeloma. The superior aspect of the figure highlights the importance of

the BCMA/BAFF/APRIL axis and the associated BCMA signaling pathways for malignant plasma cell survival. The inferior aspect of the figure provides a schematic of

how BsAbs induce effective T cell-directed MM cell death. A T cell redirecting BsAb binds to BCMA on a MM cell and CD3e on a T cell, coupling these two cells.

(Continued)
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FIGURE 3 | NK cell redirecting BsAbs bind to CD16A rather than CD3e. Alternative BsAb targets on MM cells include CD38, CD138, FcLR5, CD19, CD319,

GPRC5D, and NY-ESO-1. TCR-CD3e cross-linking leads to the activation and proliferation of CD4+ and CD8+ T cells. Cytokines (i.e., IFN-g, IL-2, IL-6, TNF-a) and

cytolytic enzymes (i.e., granzyme B and perforin) are released, resulting in MM cell death.

activity, negatively regulates mBCMA signaling and its associated
pathways by competing with mBCMA for BAFF and APRIL
(105, 106). Studies suggest that the sequestering of BAFF
by sBCMA prevents BAFF from binding to mBCMA and
BAFF-R on both healthy and cancer cells. In MM, this
blocks the stimulation of normal antibody production, thus
contributing to the immunosuppressive MM phenotype by
inducing hypogammaglobulinemia (105). Additional studies
have shown that high levels of sBCMA may weaken the
effectiveness of anti-BCMA type therapies, including BsAbs (104,
107). Additionally, the accumulation of sBCMA in the BM may
inhibit BsAb recognition of tumor cells, and reduced mBCMA
levels on malignant cells (due to their release as sBCMA by γ-
secretase) may further facilitate tumor evasion. These effects may
be mitigated by γ-secretase inhibitors (104, 107).

MM patients also display elevated BCMA expression levels on
pDCs, which are often in close proximity to MM cells in the
BM, and are present in higher numbers in MM patients than
in healthy controls (97). pDCs were shown to promote MM
progression by secreting factors that enhance MM cell growth
(i.e., IL-6),MMchemotaxis (i.e., CXCL-12), and BM angiogenesis
(i.e., VEGF), and induce local immunosuppression (i.e., IL-
10) (90, 97, 108). Furthermore, pDCs can be resistant to MM
therapies, such as bortezomib, lenalidomide, and dexamethasone
(97). Given the expression of BCMA on pDCs and their role in
MM progression, BCMA-targeting BsAbs have the potential to
co-eradicate a key pro-tumorigenic immune cell subset in the
BMmicroenvironment.

Importantly, BCMA seems to be of relatively limited
importance to other cell types and tissues. BCMA is not involved
in early B cell development or B cell homeostasis, which is
in contrast to BAFF receptor (BAFF-R) and Transmembrane
Activator and CAML (calcium modulating cyclophilin ligand)
Interactor (TACI), which are key to these processes (Figure 3)
(102, 109). BCMA-deficient mice develop normally and display
healthy physical appearances (110), and only the survival of
long-lived BM plasma cells is impaired when compared to wild-
type mice (90, 94). In contrast to BCMA, the importance of
which to MM is clearly documented, BAFF-R is absent on
malignant plasma cells and TACI is expressed at lower levels
compared to BCMA (103). Because BCMA’s crucial functions
in the maintenance and survival of MM cells make its down-
regulation unlikely, the likelihood of tumor evasion and drug
resistance during treatment is low (85). Collectively, BCMA’s
plasma cell-specific expression pattern, its overexpression on
MM cells and its active involvement in the malignant phenotype
make it an ideal BsAb therapeutic target.

Clinical Trials of BCMA-Targeting BsAbs

PF-06863135 (PF-3135)
PF-06863135 is an anti-BCMA x anti-CD3 BsAb that consists
of targeting arms within an IgG2a Fc backbone. It has a half-
life of 4–6 days in cynomolgus monkeys (111). PF-06863135

is currently under investigation in a dose-escalation phase 1
trial (ClinicalTrials.gov identifier NCT03269136). The study
population includes adult patients with R/RMM, who previously
received a proteasome inhibitor, an immunomodulatory drug,
and/or an anti-CD38 mAb. Patients received escalating doses
of PF-06863135 intravenously once a week to determine the
maximum tolerated dose (MTD) and recommended phase 2 dose
(RP2D). Results from 23 patients treated weekly over a median
duration of 4 weeks showed one complete response, two minimal
responses, and nine stable disease cases. Every patient developed
more than one AE; most events were grade 1–2, with 5 patients
developing grade 3 events. CRSwas themost common treatment-
related AE, affecting six patients. CRS primarily occurred after
the first dose, was dose-dependent and resolved in all patients
in less than 4 days. Dose escalation is ongoing as of early 2020,
with plans to continue until the maximum tolerated dose is
reached (73).

TNB-383B
TNB-383B is a trivalent anti-BCMA x anti-CD3 BsAb, with a
bivalent anti-BCMA arm (112). The BsAb has a silenced human
IgG4 Fc region, with a 10-day half-life in cynomolgus monkeys
(113). Preclinical studies testing the drug in BM samples from
seven R/R MM patients showed that TNB-383B induced MM
cell death, dose-dependent T cell activation, and less cytokine
secretion than other BsAbs. NOD/SCID/IL-2Rγ-deficient (NSG)
xenograft mouse models showed that TNB-383B reduced tumor
growth in vivo (114). In June 2019, a phase 1 dose-escalation and
expansion trial (NCT03933735) of TNB-383B in patients with
R/R MM, who have received at least 3 prior lines of therapy,
was initiated. Study arm A will investigate escalating doses of
single-agent TNB-383B (25 µg to 40mg per dose) once every
3 weeks, and arm B will involve an expansion cohort after the
recommended dose is established. As of 2019, 12 patients have
been enrolled in arm A, with no grade 3 or higher treatment-
related AEs (115).

REGN5458
REGN5458 is an anti-BCMA x anti-CD3 BsAb, with an
Fc domain and anti-BCMA/anti-CD3 Fab domains (116).
In preclinical studies, REGN5458 increased surface levels of
BCMA on MM cell lines, in addition to inducing T cell
killing of MM cells and cytotoxicity in primary human plasma
cells (117). In NSG mice, REGN5458 inhibited xenografted
tumor growth at doses of 0.4 mg/kg, and at ten times
lower doses in immunocompetent mouse models (117). In
cynomolgus monkey studies, REGN5458 depleted BCMA+

plasma cells in the BM (117). The REGN5458 treatment induced
a mild inflammatory response in the cynomolgus monkeys
characterized by transiently increased C-reactive protein and
serum cytokines, but was otherwise well-tolerated (117). In
a comparative study with CAR T cells, REGN5458 displayed
targeted cytotoxicity of MM cells lines and primary plasmablasts.
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Additionally, administration of REGN5458 to NSG mice led to
clearance of systemic OPM-2 myeloma tumors within 4 days
(compared with CAR T cells, which required 10–14 days for
tumor clearance) (117). A clinical trial (NCT03761108) of a first-
in-human study of the drug was initiated in January 2019, in
patients with R/R MM. The study involves cohorts of multiple
REGN5845 dose levels administered intravenously. Results from
seven patients after 4 weeks of treatment showed four responses,
of which two were MRD negative. Three responders have
ongoing responses after a duration of follow-up ranging from 1
to 5.2 months. Every patient had at least one treatment-related
AE, five of which were grade 3 or higher (116).

REGN5459
REGN5459 is an anti-BCMA x anti-CD3 CD3 BsAb, with
an Fc domain and with different binding characteristics from
REGN5458 (118). A first-in-human clinical trial (NCT04083534)
was initiated in September 2019, in patients with R/R MM.
The study involves cohorts of multiple REG5845 dose levels
administered intravenously and is expected to end in 2023.

CC-93269 (formerly EM901)
CC-93269 is an anti-BCMA × anti-CD3 trivalent BsAb with
a bivalent anti-BCMA arm for increased avidity and an IgG1
based Fc region (85, 119, 120). A phase 1 trial (NCT03486067)
of a dose-escalation and expansion study of the drug in
patients with R/R MM started in April 2018, consisting of
intravenous infusion on 28-day cycles (78). As of October 2019,
30 patients had received the drug, with doses ranging from
0.15 to 10mg. Preliminary results suggest that higher doses
(≥3mg) of CC-93269 result in improved clinical outcomes:
overall response rates were 36% in patients treated with 3–
6mg and 89% in patients treated with >6mg. None of the
patients receiving <3mg responded. The complete response rate
was 17% overall, and 44% among the 9 patients treated with
10mg. The median response rate was 4.1 weeks (range 4.0–13.1),
and 92% of responders achieved MRD negativity, often by the
end of the first cycle. During follow-up, 29 of the 30 patients
experienced at least one treatment-related AE, and 22 patients
(73%) experienced a grade 3 or higher AE. The most common
treatment-related AEs were neutropenia (43%), anemia (37%),
infections (30%), and thrombocytopenia (17%). Twenty-three
patients (77%) developed any-grade CRS, including one grade 5
(i.e., death). Most CRS events were successfully managed using
dexamethasone and tocilizumab (78).

JNJ-64007957
JNJ-64007957 is an anti-BCMA × anti-CD3 BsAb with an
IgG1 Fc region (121, 122). In preclinical pharmacokinetic
and tolerability studies conducted on cynomolgus monkeys,
JNJ-64007957 was well-tolerated at doses up to 10 mg/kg
per week. No toxicologically significant effects were found
when administered once a week for a 5-week period. The
pharmacokinetic report suggested a low anti-drug antibody
response, indicating that this drug can be safely administered
multiple times per week (123). A phase 1 trial (NCT03145181)
of a dose-escalation and expansion study of JNJ-64007957 in

patients with R/R MM started in May 2017. The study is being
conducted in two parts: one for intravenous administration and
one for subcutaneous administration. Additionally, a phase 1 trial
(NCT04108195) of subcutaneous daratumumab in combination
with intravenous JNJ-64007957 or JNJ-64407564 (i.e., an anti-
GPRC5D BsAb) in patients with MM started in January 2020.
This study is being conducted in two parts, beginning with a dose
escalation phase consisting of 28-day cycles, followed by a dose
expansion part. It is expected to end in 2020.

AMG420 (formerly BI 836909)
AMG420 is an anti-BCMA × anti-CD3 human BiTE antibody
comprised of two scFvs (124). In preclinical studies with co-
cultures of unstimulated peripheral blood mononuclear cells
(PBMCs) and MM cell lines, AMG420 induced redirected lysis
of MM cells and target-dependent release of cytokines by T
cells. Anti-tumor activity was further examined in two NSG
mouse models reconstituted with human T cells and either
subcutaneous or intravenous MM cell line xenotransplantations
(125). Comparable dose-dependent anti-tumoral activity was
observed in both subcutaneous and intravenous administration
regimens of AMG420. Toxicity studies in cynomolgus monkeys
showed a dose-dependent decrease of healthy plasma cells in
the BM (126). A phase 1 first-in-human dose-escalation and
expansion study (NCT02514239) of the drug in patients with
R/R MM started in July 2015. Results from this study, which
enrolled 42 patients, showed 13 responses, including 6 MRD-
negative complete responses, 3 complete responses, and 4 partial
responses (127). The median response time was 1 month, and
11 patients responded within the first treatment cycle. Of the
7 patients dosed at 400 µg/d, 5 had complete response with
no presence of MRD, and 2 had partial responses. No major
toxicities were observed. Thus, 400 µg/d was set as the MTD
(128). Of the 42 patients enrolled in this trial, 7 discontinued
treatment due to AEs, of which 6 were considered serious,
including CRS (3 instances), peripheral polyneuropathy (1
instance), edema (1 instance), and pyrexia (1 instance) (128, 129).
Nineteen patients (45%) experienced SAEs, of which infection
(14 instances) was most commonly reported (74, 127).

AMG701
AMG701 is an anti-BCMA × anti-CD3 human BiTE comprised
of two scFvs and an Fc region for extended half-life (∼5
days in non-human primates) (14, 130). Preclinical studies of
AMG701 inMM cell lines and patient samples showed significant
induction of T cell-mediated lysis of MM cells, even at low
concentrations and low effector:target cell (E:T) ratios (2:1 and
1:2). This finding was also confirmed in drug-resistant MM
cell lines or in the presence of MM-supporting osteoclasts.
AMG701 also induced lysis of tumor cells from R/RMM patients
in tumor and effector cell co-cultures. Analysis of AMG701-
treated MM and effector cell co-cultures revealed that AMG701
induced CD8+ and CD4+ T cell proliferation (47.5 and 16.7%
at 10 ng/ml, respectively) and T cell activation (up-regulation of
CD25 and CD69). AMG701 also increased the differentiation of
naive CD4+ and CD8+ T cells toward the central and effector
memory phenotype. Additionally, it was postulated that the
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proliferating T cells potently lysed even those MM cells with
reduced BCMA expression. In xenograft MM mouse models,
AMG701 blocked tumor growth after 5 days and completely
eradicated growth after three injections at all dose levels (0.02,
0.2, and 2 mg/kg); however, with AMG701 treatment alone, mice
experienced tumor regrowth by the end of the study.Mice treated
with a combination of AMG701 and the immunomodulator and
anti-MM agent lenalidomide experienced significant anti-tumor
activity 2 days after their first injection, and their tumor volume
remained low even after 45+ days of the study. In in vitro
MM cell and effector cell co-cultures, the AMG701 lenalidomide
combination treatment enhanced MM cell-killing as compared
to AMG701 treatment alone, including in the presence of
MM-supporting cells from the BM microenvironment [such as
osteoclasts and bone marrow stromal cells (14, 131)]. A phase 1
trial (NCT03287908) of a dose-escalation and expansion study of
the drug in patients with R/R MM started in November 2017 and
is expected to end in 2026.

Preclinical Models of BCMA-Targeting BsAbs

EM801
EM801 is an anti-BCMA × anti-CD3 trivalent BsAb with a
bivalent anti-BCMA arm for increased avidity and an IgG1
based Fc region (85). Preclinical studies in human MM cell
lines showed that EM801 binds T cells and MM cells, leading
to TCR/CD3 cross-linking and activating the CD3 downstream
signaling pathways. In BM aspirates from MM patients, EM801
induced significant primary myeloma cell death by autologous T
cells, reaching 90% reduction in 48 h (85). To further evaluate the
anti-tumor activity of EM801, studies were performed in human
MM xenografted immunodeficient mice and in cynomolgus
monkeys. In mice, EM801 was potent against highly proliferating
MM cells. In monkeys, a reduction in BCMA+ plasma cells was
observed in the BM and peripheral blood (85).

AFM26
AFM26 is an anti-BCMA × anti-CD16A tetravalent BsAb,
consisting of a bivalent anti-CD16A arm for increased NK cell
avidity connected to a bivalent anti-BCMA arm by an IgG-like
backbone (62, 79). AFM26 binds to an epitope of CD16A that is
not blocked by serum IgG (e.g., M-protein) binding. A preclinical
study conducted on NK cell cultures found that AFM26 exhibits
prolonged retention on the surface of NK cells, with receptor
retention levels of AFM26 remaining above 60% after 1 h, even in
the presence of serum IgG. This is particularly significant forMM
because high M-protein levels are characteristic of the disease.
In the same preclinical study, AFM26 was applied to primary
human NK and MM cell co-cultures (E:T, 5:1), and induced
MM cell-specific lysis. In an experiment conducted on multiple
MM cell lines with varying BCMA expression levels, AFM26
was found to retain potency even on cells with low BCMA
expression. Additionally, unlike mAbs such as daratumumab and
elotuzumab (anti-SLAMF7), AFM26 did not induce NK cell lysis.
Furthermore, when compared with BiTE incubation on MM and
PBMC co-cultures, AFM26 displayed comparable efficacy and
markedly reduced cytokine production, suggesting a superior
safety profile (62, 132).

CTX-8573
CTX-8573 is an anti-BCMA × anti-NKp30 BsAb, with an IgG1-
like afucosylated Fc region to additionally engage CD16A on
NK cells and γδ T cells (15). It displays a 16-day half-life in
cynomolgus monkeys (133). CTX-8573 was tested on human
NK and MM cell co-cultures and displayed potent cytotoxicity
toward BCMA+ tumor cells, including on low BCMA-expressing
cell lines. Significantly, this cytotoxic activity was maintained in
the presence of sBCMA, sBAFF, and sAPRIL, all of which are
displayed at higher levels in high-risk MM patients. A model of
the BsAb with an aglycosylated Fc region (to preclude CD16A
engagement) retained ADCC, showing that NKp30 engagement
alone can promote innate cell activation and cytotoxicity,
although CD16A involvement enhances such activity. A
preclinical study conducted on multiple humanized mouse
models engrafted with MM tumors showed potent anti-tumor
activity. Pharmacokinetic and safety profiling in cynomolgus
monkeys showed standard biphasic pharmacokinetics and no
evidence of systemic immune activation as measured by C-
reactive protein levels (133).

AP163
AP163 is an anti-BCMA × anti-CD3 BsAb with a 9 h half-
life in cynomolgus monkeys (16). Preclinical testing on MM
cell lines and effector cell co-cultures showed that AP163
induces cross-linking, T cell activation, cytokine production,
proliferation, and redirected target cell killing, eradicating tumor
cells. AP163 was studied in multiple NSG mice models injected
with human PBMCs and subcutaneous MM cell xenografts or
BCMA-expressing Burkitt’s lymphoma cell xenografts. In all
models, AP163 resulted in T cell activation, cytokine production,
and cancer cell killing. In the two MM xenografts tested, AP163
eradicated or significantly delayed tumor growth at doses as low
as 0.04 mg/kg. Toxicity testing was carried out on cynomolgus
monkeys and non-human primates, in which the drug was
well-tolerated at doses up to 5 mg/kg. Significantly, AP163
induced minimal cytokine release as compared to conventional
BsAbs (16).

CD138 (Syndecan-1)
CD138 is a type I transmembrane protein of the syndecan
proteoglycan family (134). CD138 has a wide variety of
functions, including cell signaling, cell-cell adhesion, cytoskeletal
organization, and tumorigenesis (i.e., proliferation, angiogenesis,
and metastasis) (135). It is expressed primarily on epithelial cells,
transiently on developing mesenchymal cells and at the terminal
plasmacytic differentiation stage of B cells (136, 137). Viable
MM cells have high expression of membranous (m)CD138; when
cells undergo apoptosis, shedding of mCD138 is triggered (138,
139). Studies have found that CD138 suppresses apoptosis in
MM cells by activating the insulin-like growth factor-1 receptor;
high mCD138 expression can thus indicate non-apoptotic cells,
making it an efficient antigen for targeting viable MM cells
(140, 141). CD138 also acts as a co-receptor for TACI and
APRIL, promoting the APRIL/TACI-associated pathways that
induce survival and proliferation ofMM cells (142). Additionally,
soluble (s)CD138, which is proteolytically shed by matrix
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metalloproteases and sheddases, is present at high levels in the
serum of MM patients and is heavily implicated in disease
progression: it acts as a key mediator between MM cells and the
BM microenvironment on which they rely, promoting signaling
pathways that lead to tumor cell proliferation, angiogenesis, and
metastasis. As such, sCD138 is an independent predictor of poor
prognosis in MM (143–145).

Various anti-CD138 mAb and T cell engaging MM therapies
have taken advantage of the high expression levels of CD138
on MM cells. One mechanism involves coating tumor cells
with anti-CD138 mAbs as a method of enhancing dendritic cell
cross-presentation of the tumor antigen and the generation of
myeloma specific killer T cells (146). CD138’s elevated expression
on MM cells and its active role in the disease phenotype make
it a promising MM BsAb target. Additionally, mCD138’s role
in preventing apoptosis likely makes tumor cells addicted to
this molecule, although a significant proportion of patients were
shown to have CD138-negative MM clones (141, 147). Potential
drawbacks of CD138 include its high expression on epithelial
cells and the accumulation of sCD138 in the BM. In a first-
in-human phase 1 trial of an anti-CD138 DM4 (a derivative
of the cytotoxic agent maytansine)-antibody conjugate in R/R
MM patients, patients suffered from common epithelial-related
AEs (e.g., hand-foot syndrome, xerophthalmia, stomatitis, and
blurred vision) (148). Furthermore, the characteristic, accelerated
shedding of sCD138 and its accumulation in the BM of MM
patients may inhibit BsAb recognition of tumor cells. As of
February 2020, CD138-targeting MM BsAbs have not yet entered
clinical trials.

Preclinical Models of CD138-Targeting BsAbs

STL001 (also known as BiTE-hIgFc)
STL001 is an anti-CD138 × anti-CD3 BsAb with two scFv arms
and an IgG1 Fc region to allow for FcR-mediated NK binding.
A preclinical study tested the effects of STL001 on PBMC and
MM cell co-cultures (E:T 7:1) and compared the cytotoxicity to
that of an anti-CD138 mAb and an anti-CD3 mAb combination
and various controls (17). STL001 induced lysis of 90.1% of MM
cells after 48 h, compared to 70.5% in the mAb combination and
13.8% and 12.3% in the controls. STL001 was also incubated in a
T cell activation assay consisting of PBMCs from healthy donors
and IL-2, whereby T cell activation was measured by CD25 and
CD69 expression levels. After 24 h, STL001 showed 78.12–85.45%
T cell activation efficiency. After 2 weeks of PBMC stimulation
and activation, STL001 bound over 96% of the total NK cells.
STL001 was also tested at an intravenous dose of 3 mg/kg in
an NSG xenograft MM tumor mouse model that had also been
injected with unstimulated healthy human PBMCs (E:T, 3:1).
Compared to the isotype control, STL001 significantly impaired
MM tumor growth, resulting in an ∼75% decrease in the mean
tumor volume relative to the control (17).

H-STL002 and M-STL002
H-STL002 and M-STL002 are anti-CD138 × anti-CD3 BsAbs
with two scFv arms and an IgG1 Fc region. A preclinical study
tested the effects of these BsAbs on PBMC and MM cell co-
cultures (86). After 20 h of incubation, 74–80% of T cells were

activated (measured by CD69 expression), and significant MM
cell lysis was observed at E:T ratios as low as 7:1. Furthermore,
cytotoxicity activity of 98.4% and 98.3% was measured for M-
STL002 and H-STL002, respectively (86).

CD38 (Cyclic ADP Ribose Hydrolase)
CD38 is a type II glycoprotein of the ADP-ribosyl cyclase family,
with ectoenzymatic and receptor functionality (149, 150). CD38
plays a regulatory role in calcium homeostasis, nicotinamide
adenine dinucleotide (NAD) signaling, and weak adhesion events
(151). Originally thought to be a lymphocyte-specific antigen,
CD38 was shown to be expressed in nearly every type of tissue,
but with elevated expression on hematopoietic cells (151). CD38
is expressed at varying stages of B cell development (i.e., in
BM precursor B cells and in terminally differentiated plasma
cells) and serves as a marker of T lymphocyte development
(149). Additionally, CD38 is uniformly and highly expressed
in MM, making it attractive for BsAb targeting. In its role
as a receptor, CD38 binds to CD31 (PECAM-1), which is
expressed on endothelial cells, lymphoid cells and in the lungs
and kidney (152). Interactions between CD38 and CD31 regulate
adhesion events between CD38+ cells and human umbilical vein
endothelial cells. These interactions are also involved in the
binding and migration of leukocytes through the endothelial
wall, the activation and proliferation of leukocytes, and in B cell
development (152, 153). The role of CD38-CD31 interactions is
important for MM cell survival in the BM by mediating adhesion
to BM endothelial and stromal cells. Clinical studies examining
mAb agents that target CD38—such as daratumumab—often
lead to down-regulation of CD38 surface expression. Although
down-regulation of a target antigen is usually undesirable, in
this case it may be beneficial, leading to reduced interaction and
support of MM cells by the BM microenvironment (154, 155). A
potential obstacle to CD38’s use as an MM target is its expression
on T cells; however, a preclinical study has shown that T cell
fratricide does not preclude the efficacy of anti-CD38 BsAbs as
long as tumor cells are lysed at a higher or equal rate to T
cells (18).

Clinical Trials of CD38-Targeting BsAbs

AMG424
AMG424 is an anti-CD38× anti-CD3 BsAb, with an Fc domain,
an anti-CD38 scFv, and an anti-CD3 Fab domain (18). In a
preclinical study using MM target cells co-cultured with purified
human T cells (E:T 10:1), AMG424 induced complete target
cell lysis and limited cytokine release, compared to other BsAbs
with higher CD3 affinities. In human PBMC and MM cell
line co-cultures (E:T 1:1), AMG424 triggered a pronounced
depletion of MM cells and normal B cells, induced a 2-fold
increase in T cell numbers and triggered robust T cell activation
as measured by induction of CD25. Likewise, in cynomolgus
monkeys, intravenous injection of AMG424 triggered T cell
activation. However, it also triggered depletion of T cells, B cells,
lymphocytes, and monocytes. In an orthotopic tumor model
in NSG mice reconstituted with human T cells, intravenous
injection of AMG424 induced tumor regression and T cell
activation (18). While AMG424 also depleted T cell numbers,
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the E:T ratio remained stable. A phase 1 first-in-human trial
(NCT03445663) of the drug in patients with R/R MM started
in July 2018. Part 1 of the study aims to assess the safety
and tolerability of AMG424 and determine the MTD and/or
biologically active dose. Part 2 will further evaluate the safety and
tolerability of the MTD. The trial is expected to end in 2022.

GBR1342
GBR1342 is an anti-CD38× anti-CD3 BsAb, with an Fc domain,
an anti-CD38 scFv and an anti-CD3 Fab domain; it has a
half-life of ∼5 days in rats (156, 157). In human PBMC and
MM cell co-cultures (E:T 10:1), GBR1342 demonstrated potent
killing of MM cells (157). Additionally, in redirected lysis assays,
it demonstrated greater potency than commercial anti-CD38
antibodies, such as daratumumab (157). A phase 1 first-in-
human dose-escalation and expansion study (NCT03309111)
in patients with previously treated MM began in 2017, with
GBR1342 administered by intravenous infusion at an initial dose
of 1 ng/kg, with varying dose escalations by cohort (up to 1,000
ng/kg) in 28 day cycles (157). Part 1 of the study is dose evaluating
and aimed to assess the safety and tolerability of GBR1342. Part
2 will focus on efficacy exploration. Preliminary results from 19
patients revealed 28 treatment-related AEs in 14 patients, two
of which were treatment-related and reversible (i.e., a creatine
phosphokinase elevation and an infusion-related reaction, with
no neurotoxicity observed to date). Of the 19 patients, 4 were
still undergoing treatment with GBR1342 in 2018; as of 2020,
the longest duration on the drug has been five cycles, with one
patient entering his sixth cycle of dosing at 400 ng/kg (158). In
September 2019, GBR1342 was granted orphan drug designation
by the FDA (159).

Preclinical Models of CD38-Targeting BsAbs

Sorrento anti-CD38/CD3 BsAb
Sorrento Therapeutics’ anti-CD38/CD3 BsAb has an anti-CD38
Fab arm and an anti-CD3 scFv-Fc region fusion chain. The fusion
chain has hinge mutations for reduced Fc region affinity/effector
function, to decrease antigen-independent T cell toxicity (87). A
preclinical study showed that the BsAb induced potent lysing of
CD38+ MM cell lines, with antigen density positively correlating
with cytotoxic potency. In an in vivo follow up, the BsAb
construct with the most prolonged anti-tumor activity and best
T cell stimulation was the one with a balanced CD38 and CD3
affinity. In a cytotoxicity assay using human PBMCs and MM
cell lines, the BsAb showed more potent tumor cell killing than
the daratumumab control. In NSG mice models with implanted
CD38-expressing Burkitt’s lymphoma tumor cells and previously
unstimulated human PBMCs, BsAb treatment inhibited tumor
growth and prolonged survival. An investigational new drug
application is projected to be filed for the BsAb in the first half
of 2020 (160).

CD19
CD19 is a type I transmembrane glycoprotein member of the
immunoglobulin superfamily (161). CD19 is primarily involved
in the immune response, by modulating B cell receptor (BCR)-
dependent and independent signaling to establish B cell signaling

thresholds (162–164). It works as the lead receptor in a complex
with CD21, CD81, and CD225 to decrease the threshold for
receptor-dependent signaling, acting as a co-receptor for BCR
signal transduction and interacting with various down-stream
protein kinases (including the Src family, Ras family, Abl,
Bruton’s tyrosine kinase, adapter molecules, and PI3K) (161,
165–169). CD19 is expressed on B cells, from the pre-B cell
stage and throughout development, with expression decreasing
during terminal plasma cell differentiation (161, 162, 168). CD19
expression is further reduced as plasma cells transform into
MM cells. It has been proposed that CD19 loss aids MM cell
proliferation (170), and this loss precludes MM patients from
benefitting from anti-CD19 therapies. However, there have been
reports of R/R MM patients responding to anti-CD19 CAR T
cell therapies in combination with other treatments (171, 172).
Additionally, super-resolution microscopy has shown very low
CD19 expression on MM cells, which was undetectable by flow
cytometry but may be accessible to antibodies and modified
effector cells (173). These findings make CD19 a potentially
interesting BsAb target for MM, despite its unconventional
expression pattern and unclear role in the disease phenotype.

Clinical Trials of CD19-Targeting BsAbs

Blinatumomab
Blinatumomab is an anti-CD19 × anti-CD3 BiTE made of two
scFvs, with a half-life of ∼2 h in humans (174). In July 2017, it
was approved by the FDA for treatment of R/R B cell precursor
acute lymphoblastic leukemia (B-ALL) in adults and children
(175). Importantly, blinatumomab is the first FDA-approved
BsAb. In the phase III trial, which confirmed the clinical benefit
of blinatumomab in B-ALL, the drug increased median survival
rate from 4 to 7.7 months and resulted in a higher rate of event-
free survival than chemotherapy (31% vs. 12%) (TOWER trial,
NCT02013167) (176). SAEs including neurologic events, CRS,
administration-site reactions, and procedural complications,
were reported in 62% of patients treated with blinatumomab as
compared to 45% in the chemotherapy group. Results from a
phase II study (BLAST, NCT01207388) evaluating blinatumomab
in B-ALL found a median OS of 36.5 months after treatment, and
more than 50% of patients who achieved MRD after their first
cycle were alive at 5 years (72).

Given the success of blinatumomab in B-ALL, it is currently in
clinical trials for numerous other B cell malignancies, including
R/R MM (177). A phase 1 clinical trial of blinatumomab
in combination with salvage autoSCT for patients with R/R
MM began in May 2017 (NCT03173430). The study consists
of administering up to two 28-day cycles of blinatumomab
to patients who previously received high-dose melphalan and
autoSCT for MM, with results pending. A case study of
blinatumomab-induced response of R/R MM in the context of
a secondary pre-B cell ALL emerged in 2017 (172). The patient,
a 70-year-old female, developed pre-B-ALL while undergoing
lenalidomide therapy for MM, for which she was in partial
remission. She underwent cytoreductive therapy and began
blinatumomab induction, which resulted in a complete remission
of her ALL and a very good partial response of her MM by
International Myeloma Working Group criteria (172). Although
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this case is promising for the application of blinatumomab to
other MM patients, it is important to point out that this patient’s
MM cells stained positive for CD19, which is atypical for MM
tumors (172).

CD319 (SLAMF7 or CS1)
CD319 is a homophilic (self-ligand) surface glycoprotein
receptor of the signaling lymphocyte activation molecule
(SLAM) family (178). CD319 is a regulatory receptor, with a key
role in immune cell function and immune signaling mediation
(178, 179). CD319’s cytoplasmic tail includes an immunoreceptor
tyrosine switch-motif (180). The immunoreceptor tyrosine
switch-motif mediates binding to Ewing sarcoma/Friend
leukemia integration 1 transcription factor-activated transcript 2
(EAT-2), a member of the SLAM-associated protein (SAP) family
of adaptors. CD319/EAT-2 binding determines whether CD319
stimulation will activate or inhibit immune cell functions; in
the presence of EAT-2, CD319 plays an activating role, while
in the absence of EAT-2, it mediates inhibitory effects (178).
CD319 is expressed predominately on NK cells, but also CD8+

T cells and B cells, with marked up-regulation during terminal
B cell differentiation into plasmablasts and plasma cells (181).
It is absent on hematopoietic stem/progenitor cells and blood
cancers, except for malignant plasma cells (182, 183). CD319
mRNA has been detected on over 97% of CD138+ MM cells,
with protein expression confirmed by flow cytometry (184). The
function of CD319 in plasma cells and MM cells is not certain:
both seemingly lack EAT-2, theoretically suggesting an inhibitory
role for CD319 mediation, as is the case in EAT-2-negative NK
cells (178, 185). However, a study testing isolated and activated B
cells found that stimulation with anti-CD319 mAbs (along with
an anti-CD40 mAb and IL-4) increased cell proliferation and
induced the expression of growth-supporting cytokines (179).
This suggests the possibility of an activating role for CD319 on
MM cells, despite their lack of EAT-2. CD319 may also aid in
the communication and adhesion between MM cells and the
BM microenvironment. A study investigating the effects of an
anti-CD319 mAb found that CD319 is localized to the uropod
membrane domains of MM cells, regions promoting cell-cell
adhesion (183). When CD319 was blocked by the mAb, MM cell
adhesion to BM stromal cells was reduced in a dose-dependent
manner (183). By supporting adhesion of MM and BM stromal
cells, CD319 may promote MM cell proliferation and survival.
The ubiquitous and elevated expression of CD319 on MM cells
and its possible involvement in disease progression make it a
promising BsAb target. As of February 2020, CD319-targeting
MM BsAbs have not yet entered clinical trials.

Preclinical Models of CD319-Targeting BsAbs

CS1-NKG2D BsAb
CS1-NKG2D BsAb is an anti-CD319 × anti-NKG2D bispecific
T/NK cell engager made of two scFvs (19). NKG2D is expressed
on cytolytic immune cells such as NK cells, CD8+ T cells,
γδ T cells, and NKT cells (with no expression on CD34+

hematopoietic stem/progenitor cells). It is one of the major
activating NK cell receptors and a co-stimulatory molecule on
cytotoxic CD8+ T cells and NKT cells (186). A preclinical study

incubated IL-2-primed NK cell cultures with NKG2D and found
that the CS1-NKG2D BsAb binds to and triggers the activation
of NK cells (19). The study then tested the effects of the BsAb
on three different co-cultures consisting of IL-2-primed PBMCs
with MM cell lines with high, intermediate, and low CD319
expression. Dose-dependent increases in MM cell lysis were
observed in the high and intermediate expression co-cultures.
The BsAb was then tested in primary MM patient peripheral
blood samples treated with allogeneic PBMCs (E:T, 10:1), which
reduced MM cells with high CD319 expression. No specific lysis
against T, NKT, or NK cells was found. NSG mice engrafted with
human PBMCs and CD319 high- and intermediate-expressing
MM cell lines were also administered subcutaneous doses of the
BsAb. In this context, only mice engrafted with CD319 high-
expressing MM cell lines experienced a significant prolonged
survival in response to the BsAb (i.e.,∼40 days compared to∼30
days in the control group) (19).

FcRL5 (Fc Receptor-Like 5)
FcRL5 (CD307) is a membrane protein that is closely related
to the Fc receptor family. FcRL5 regulates BCR signaling and
binds aggregated IgG (84, 187). It is restricted to B lineage cells,
with high expression on mature B cells and plasma cells (187).
FcRL5 mRNA is overexpressed in MM cells, and one study
found FcRL5 protein expression to be three times higher on
MGUS and MM cells than on normal plasma cells (84). Another
study found comparable expression levels between normal and
malignant plasma cells, but higher expression on plasma cells
than on normal B cells (188). Significantly, the FcRL5 gene is
located at the chromosomal breakpoint in 1q21, the amplification
of which is associated with aggressive MM (189). A study
analyzing primary MM biopsies found a significant correlation
between FcRL5 mRNA expression and 1q21 gain, suggesting
that the 1q21 gain can lead to FcRL5 overexpression in high-
risk MM patients (188, 190). Therefore, the development of
FcRL5-targeting BsAbs may be especially valuable for high-risk
MM patients. One concern about FcRL5 as a BsAb target is its
large extra-cellular region: large antigen size (in particular large
extracellular regions) and increased distance from the epitope
to the target cell membrane can interfere with efficient T cell
synapse formation (191). However, constructing an anti-FcRL5
BsAb that targets an epitope on the most membrane-proximal
domain of FcRL5’s extracellular region is an effective solution to
this issue; such a BsAb has displayed promising preclinical results
at picomolar concentrations (188).

Clinical Trials of FcRL5-Targeting BsAbs

BFCR4350A (formerly RO7187797)
BFCR4350A is an anti-FcRL5 × anti-CD3 BsAb with an
IgG1 Fc region (188, 192). BFCR4350A’s anti-FcRL5 arm is
constructed to bind to an epitope chosen for its location on the
most membrane-proximal extracellular domain, and its ability
to achieve efficient synapse formation. In preclinical studies,
BFCR4350A was applied to MM cell and CD8+ or CD4+ T
cell co-cultures, resulting in dose-dependent T cell activation
and killing of the MM cells. It also induced robust T cell
proliferation, with 95% of the CD8+ T cells undergoing up to six

Frontiers in Immunology | www.frontiersin.org 15 April 2020 | Volume 11 | Article 501

https://www.frontiersin.org/journals/immunology
https://www.frontiersin.org
https://www.frontiersin.org/journals/immunology#articles


Caraccio et al. Bispecific Antibodies for Multiple Myeloma

cell divisions in 5 days (188). BFCR4350A was then tested on co-
cultures of patient-derived BMmononuclear cells (BMMCs) with
healthy-donor CD8+ T cells and healthy BMMCs. BFCR4350A
displayed similarly cytotoxic dose-dependent killing of myeloma
BMMCs and of normal plasma cells. The preclinical study also
examined the activity of BFCR4350A in humanized NSG mice
with transplanted CD34+-purified human hematopoietic stem
cells. The mice were subcutaneously inoculated with MM cells
and later given weekly IV doses of 0.5 mg/kg of BFCR4350A,
which resulted in tumor regression in all mice. A study consisting
of a single intravenous dose with slow infusion of 1–4 mg/kg
of BFCR4350A was conducted in cynomolgus monkeys (188).
The treatment resulted in T cell activation, transient T cell
decrease, complete depletion of B cells in the spleen and BM,
robust dose-dependent depletion of B cells in the lymph nodes,
a dose-dependent reduction of IgG levels, and mild cytokine
release (188). Collectively, plasma cell and IgG depletion suggest
effective BFCR4350A activity in the BM. A second preclinical
study, testing the efficacy of single host cell construction of
BFCR4350A (i.e., in vivo as opposed to in vitro assembly), found
comparable results between these construction methods (193). A
phase 1 dose escalation and expansion trial (NCT03275103) of
the drug in patients with R/R MM started in September 2017
(Table 3). The drug is being administered intravenously in 21-
day cycles, up to amaximumof 17 cycles or unacceptable toxicity,
and the expected primary completion date is 2021.

GPRC5D (G Protein-Coupled Receptor
Class C Group 5 Member D)
GPRC5D is a transmembrane orphan receptor of the G
protein-coupled receptor family, whose functions are poorly
characterized (194–196). MM patients have high GPRC5D
mRNA expression in their BM, with low expression in normal
tissues (194). GPRC5D is also highly expressed on the surface
of MM cells, with lower expression on B and plasma cells and
no expression on other hematopoietic cells (88). Due to this
expression pattern, GPRC5D is thought to play a key role in
MM tumor cell proliferation (197). GPRC5D mRNA expression
has also been associated with the high-risk cytogenetic events
del(13q14) and t(4;14), suggesting its possible role as a prognostic
marker (194). Therefore, GPRC5D is an interesting and novel
target for MM.

Clinical Trials of GPRC5D-Targeting BsAbs

JNJ-64407564
JNJ-64407564 is an anti-GPRC5D × anti-CD3 BsAb with an
IgG1 Fc region (198, 199). A preclinical study tested JNJ-
64407564 in a co-culture of MM cell lines and healthy human
T cells (E:T, 5:1), a co-culture of healthy human whole blood and
MM cell lines, and a co-culture of BMMCs from MM patients
and exogenous healthy human T cells (200). JNJ-64407564
induced MM cell directed cytotoxicity in all co-cultures and
dose-dependent T cell proliferation in the MM cell line and
healthy human T cell co-culture. T cell activation was observed
in both healthy human T cell co-cultures but not in the blood
co-culture. JNJ-64407564 was then tested in two NSG mice
models with human MM xenografts and human PBMCs; the

drug led to significant anti-tumor activity and 100% complete
responses in both groups. Testing of the drug in cynomolgus
monkeys showed no adverse effects (200). A phase 1 dose-
escalation and expansion trial (NCT03399799) in patients with
R/R MM began in 2017, with JNJ-64407564 administered by
intravenous or subcutaneous injection. Additionally, a phase
1 trial (NCT04108195) testing combinations of daratumumab
with JNJ-64407564 (anti-GPRC5D BsAb) or JNJ-64007957 (anti-
BCMA BsAb) in MM patients started in January 2020. This study
is being conducted in two parts, beginning with a dose escalation
phase consisting of 28-day cycles, followed by a dose expansion
part, and is expected to end in 2021.

Preclinical Models of GPRC5D-Targeting BsAbs

GPRC5D TRAB
GPRC5D TRAB (T-cell redirecting antibody) is an anti-GPRC5D
× anti-CD3 BsAb with an IgG base. A preclinical study
testing four prototypes examined their anti-tumor activity (88).
Two prototypes were added to a co-culture of unstimulated
human PBMCs and GPRC5D-expressing MM cell lines and to a
control of unstimulated human PBMCs and GPRC5D-negative
lung cancer cell lines, respectively. Both prototypes induced
cytotoxicity against the MM cells but not the lung cancer cells;
GPRC5D expression levels on MM cells did not strongly impact
cytotoxicity. The effects of two BsAbs were also tested in an NSG
mouse model xenografted with human T cells and GPRC5D-
expressing MM cell lines and in a NOG mouse model engrafted
with human CD34+ hematopoietic stem/progenitor cells and
xenotransplanted with a MM cell line.

Importantly, these mouse models used MM cell lines that
possess t(4;14), a translocation associated with high-risk MM
(88, 201). In the NSG model, treatment with 10 mg/kg of the
BsAb prototypes led to significant reduction in volume of both
tumors as compared to the non-tumor specific control BsAb,
curing up to 50% of the mice. In the NOG model, IV treatment
with 10 mg/kg of the BsAb prototypes induced tumor regression
in 60% of mice. The cytotoxicity of GPRC5D TRAB against
these MM models suggest that this molecule may represent a
promising treatment candidate for high-risk MM patients.

NY-ESO-1 (New York Esophageal
Squamous Cell Carcinoma 1)
NY-ESO-1 (also known as cancer/testis antigen 1B, CTAG1B) is
an immunogenic member of the cancer/testis antigen family—a
protein family with germ and cancer cell expression patterns—
showing nuclear localization in mesenchymal stem cells and
predominately cytoplasmic expression in tumor cells (202, 203).
Little is known about the biological function of NY-ESO-
1, but its structural features and expression patterns have
suggested a role in cell cycle progression and growth, apoptosis,
germ cell self-renewal and differentiation, and stem and cancer
cell proliferation (203–207). Its expression in healthy tissue
is limited to testis and placental cells, but it is expressed
in a wide range of tumor types, including MM. NY-ESO-1
expression is particularly high in relapsed patients and patients
with cytogenetic abnormalities as defined by gene expression
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profiling (208). In 335 newly diagnosed MM patients, NY-ESO-
1 expression was present in 60% of cases in patients with
cytogenetic abnormalities vs. 31% of cases with no abnormalities;
this number increased to 100% and 61% at relapse, respectively
(208). These findings suggest that NY-ESO-1 expression may
correlate with MM clonal evolution.

NY-ESO-1 is highly immunogenic, with the ability to elicit
simultaneous humoral and cellular immune responses (208, 209).
In MM, antibody responses to NY-ESO-1 have been found to
correlate with tumor load and disease progression (208, 210). NY-
ESO-1-derived peptides are presented onMHC class I molecules,
allowing for T cell recognition (69). Spontaneous CD8+ T cell
responses (recognizing NY-ESO-1 peptides 157–165 presented
on HLA-A2) have been exhibited in MM patients, and laboratory
expansion of these T cells has resulted in efficient MM cell
killing (208). The HLA-A2/NY-ESO-1157−165 peptide complex
is therefore being used as a target antigen in the development
of NY-ESO-1-targeting BsAbs for MM (69, 89). The tumor-
specific expression of NY-ESO-1 and its elevated prevalence in
high-risk patients makes it a promising BsAb target; however, its
MHC machinery-dependent presentation may result in loss of
expression as a means of immune escape. The combination of
HLA-A2/NY-ESO-1157−165-targeting BsAb therapy with agents
that increase the expression of MHC-machinery proteins, such as
interferon (IFN)-γ, may be an avenue worth exploring, to reduce
the chances of immune escape via HLA-A2 down regulation
(211–214). As of February 2020, NYE-ESO-1-targeting MM
BsAbs have not yet entered clinical trials.

Preclinical Models of NY-ESO-1-Targeting BsAbs

ImmTAC-NYE
ImmTAC-NYE (immune-mobilizing monoclonal TCR against
cancer) is an anti-NY-ESO-1 × anti-CD3 BsAb, consisting of a
TCR-like, anti-HLA-A2/NY-ESO-1157−165 arm fused to an anti-
CD3 scFv arm via a peptide linker (89, 215). A preclinical study
of the BsAb in a co-culture of MM cells and CD8+ effector
T cells (E:T, 10:1) showed dose-dependent tumor lysis at 0.1–
10 nM (89). ImmTAC-NYE was able to bind to cells with a low-
density of HLA-A2/peptide complexes, suggesting maintained
functionality despite MHC down-regulation. The study also
found that ImmTAC-NYE-activated T cells release cytokines
IFN-γ, IL-2, and TNF-α, which, in addition to attracting effector
immune cells to the tumor site, may spur long-term anti-tumor
activity by promoting components of the death receptor pathway
in tumor cells, providing an additional mechanism of tumor cell
killing even after the BsAb is metabolized (89, 216).

A2/NY-ESO-1157-specific BsAb
A2/NY-ESO-1157-specific BsAb is an anti-NY-ESO-1 × anti-
CD3 BsAb consisting of an anti-HLA-A2/NY-ESO-1157−165 scFv
connected to an anti-CD3 scFv via a peptide linker (69). A
preclinical study testing the BsAb on a co-culture of peripheral
blood T cells and antigen presentation-deficient T2 cells loaded
with NY-ESO-1157 peptide showed that the BsAb triggered T
cell production of IFN-γ, IL-2, and TNF-α. The BsAb only
released cytokines in the presence of the NY-ESO-1157-loaded
cells and did not appear to be activated by CD3 binding alone,

indicating reduced general toxicity. The BsAb was also tested in a
peripheral blood T cell andMM cell co-culture, where it triggered
cytokine production and killing of MM cells. A NOG mouse
model engrafted with MM cells and activated T cells showed
that 10-µg doses of the BsAb significantly suppressed tumor
growth. The cross-reactivity of the BsAb with different HLA-A2
alleles was then tested by incubating it in peripheral blood T cell
co-cultures with cells presenting the NY-ESO-1157−165 peptide
by HLA-A∗02:06 instead of HLA-A∗02:01. Levels of reactivity
between the two different alleles were comparable, suggesting
that the BsAb would be successful in patients with either type
of HLA-A2. The study, which also directly compared the BsAb
to a CAR T cell construct with the same anti-HLA-A2/NY-ESO-
1157−165 scFv, found that the anti-tumor effects of the BsAb were
seen earlier than those of the CAR T cell therapy. This may be
explained by the fact that the cytolytic synapses induced by the
BsAb were more similar to those formed by TCR binding to
HLA/peptide complexes than the synapses induced by the CAR
T cells were (69).

FUTURE DIRECTIONS AND
CONCLUSIONS

The development of BsAb treatments for MM has great potential.
Preclinical findings in in vitro and in vivo models have shown
effective tumor eradication. Additionally, preliminary clinical
results of BCMA-targeting BsAbs PF-06863135 and AMG420
have been promising, with an absence of dose-limiting toxicity
in PF-06863135 and six MRD-negative complete responses in
AMG420 (73, 74). As more study results materialize, BsAbs will
continue to be refined to increase efficacy and safety.

Multiple areas of further development are already emerging,
with a focus on reducing treatment-related adverse events and
on conquering tumor evasion.

Down-regulation of the target antigen is a classic mechanism
of tumor resistance, and multivalent BsAb constructs that
increase target avidity, as well as trispecific antibodies that target
more than one tumor antigen, may be methods to overcome this
obstacle (82). Targeting multiple tumor antigens in one antibody
may also prove useful in addressing the heterogeneity of target
expression on malignant cells. The increased specificity provided
by trispecific antibodies may lead to new combinations of MM
targets or to novel targets altogether.

Multi-target specificity may also be a crucial development
for avoiding B cell aplasia, leukopenia, and the accompanying
increased risk of infection, by ensuring that only the cells that
express a particular antigen combination are directly targeted,
reducing the chance that healthy cells are lysed. Because many
target antigens are also expressed on non-transformed B cells
and plasma cells (and are thus targeted by effector T cells),
the depletion of B and plasma cell compartments poses a
risk of AEs like infection. Febrile neutropenia occurs in up
to 40% of B-ALL patients treated with blinatumomab (48,
217). In most patients receiving higher doses of blinatumomab,
hypogammaglobulinemia has been observed, but there has
been no evidence for an increase in long-term infectious
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complications. A study examining the long-term effects of
CD20-expressing B cell depletion in lymphoma and rheumatoid
arthritis patients undergoing rituximab therapy was conducted in
2011. It found that multiple courses of drug exposure may result
in IgG and IgM levels below the lower limit of normal serum
levels, halted plasma cell formation, and higher serious infection
risks (218). B cell aplasia resulting from CAR T cell therapy has
been addressed by intravenous or subcutaneous immunoglobulin
replacement therapy, and it has been suggested that the same
response can be used during BsAb treatment until B cells have
recovered (48, 219). Emerging BsAb technologies may prevent
against unnecessary B and plasma cell depletion by increasing
their specificity. A promising example of such technology is
the “split” trispecific antibody, which is divided into two scFv
halves, both connected to the same anti-CD3 antibody (83).
The CD3-binding site only becomes functional when both scFvs
have attached to their target antigen, ensuring that effector cell
lysis is only directed at cells expressing both antigens. Thus,
antigen combinations uniquely expressed by the cancer cells
can be targeted, without accompanying B cell and plasma cell
depletion (83).

Multi-target specificity is likely to also reduce BsAbs’ toxicity
profile by limiting the instances of T cell activation. Increasing
target avidity may be another way to decrease unwanted cell lysis
and the associated risks of aplasia and cytotoxicity. Asymmetric
BsAb constructs with bivalent sites for the tumor antigen may
not only increase the strength of binding to tumor cells, but also
avoid CD3 activation in the absence of sufficient target antigens
(e.g., in the case of low antigen expression on healthy cells) (81).

Independent T cell activation, a feature displayed by some
but not all BsAbs, is an important area of further development.
In some MM cases, inhibition of co-stimulation in the tumor
microenvironment via expression of co-inhibitory molecules
aids tumor evasion by neutralizing T cell activity (82). BsAb
designs that induce biological synergies, resulting in independent
T cell activation without the need for costimulatory molecules
(e.g., the designs of anti-BCMA BsAb AMG420, anti-CD38
BsAb AMG424, and anti-FcRL5 BsAb BFCR4350A), are thus
important for further development (18, 125, 188). Trispecific
antibody models designed to stimulate two T cell antigens
(rather than only CD3) aim to increase and prolong T cell
activation without the need of external co-stimulatory models.
One such MM-specific model targets CD38 on the tumor cell,
and stimulates both CD3 and CD28 on the T cell (220). CD28, the
most important “second signal” on T cells, is also expressed on
MM cells at low levels (221, 222). A preclinical study testing the
effects of the trispecific antibody was conducted on co-cultures
of human PBMCs and MM cell lines and in NSG mouse models
xenografted with human CD8+ T cells and MM cell lines. The
study found that the inclusion of the CD28-binding site not
only eliminated the need for external co-stimulation, but also
prolonged T cell survival, improved recognition of MM cells,
reduced non-specific toxicity, and contributed significantly to
anti-tumor efficacy. In the NSG mouse model, tumor growth
was completely suppressed in the presence of antibody doses
as low as 1 µg/kg (220). These results encourage the further
development of trispecific anti-CD28 arm-including antibodies

and are particularly promising for MM antibodies, given their
increased specificity resulting fromMM cell CD28 expression.

Combining BsAbs with immune checkpoint inhibitors (ICIs)
may play a key role in the advancement of MM-targeting BsAb
therapy by preventing against T cell exhaustion. T cell exhaustion
is a feature of MM that may be exacerbated by treatment
with BsAbs (223, 224). PD-1/PD-L1 signaling is a hallmark of
tumor immunosuppression and T cell exhaustion. Increased PD-
1 and PD-L1 expression has been observed in MM patients
throughout the course of disease progression, resulting in T cell
deactivation and allowing for tumor growth (225). Clinical cases
of BsAb-induced T cell exhaustion have been recorded, with
a blinatumomab-resistant ALL patient displaying an increase
of PD-L1-expressing B-precursor ALL cells (224). Significantly,
preclinical findings in MM-targeting BsAbs have also suggested
induced T cell exhaustion: increased PD-1 expression in T cells
after stimulation by anti-FcRH5/CD3 BsAb in the presence
of target-expressing MM cells was observed in cynomolgus
monkeys and led to reduced lysis of PD-L1 expressing target-
cells (188). However, such mechanisms of T cell exhaustion
can be therapeutically countered using ICIs (81). Combinations
of anti-PD-1/PD-L1 mAbs with BsAbs have enhanced T cell
activation and proliferation and increased cancer cell lysis in vitro
inmultiple studies (226, 227). InMM, the addition of an anti-PD-
L1mAb to anti-FcRH5/CD3 BsAb therapy significantly increased
the efficiency of MM cell killing in vitro and in vivo, restoring
T cell activity (188). Such combinations of ICIs with BsAbs
may be pivotal in developing treatments that are responsive
to immunosuppression.

Combinations of BsAbs with therapeutic Treg depletion may
also assist in fighting against immunosuppression. A potential
concern about BsAb treatment is that independent T cell
activation may also activate unwanted Tregs (82). In MM, Treg
numbers are abnormally high, aiding immunosuppression of
effector cells in the BM microenvironment (42). Combinations
of BsAbs with therapeutic Treg depletion may be helpful or
necessary. A preclinical study examining Treg levels in the blood
of 42 blinatumomab-treated R/R B-ALL patients confirmed
a negative correlation between Treg levels and response to
blinatumomab therapy. Importantly, depleting Tregs in vitro
restored the blinatumomab-triggered proliferation activity of
patient T cells. Therapeutic Treg depletion may be achieved in
vivo by treating patients with cyclophosphamide or fludarabine
before blinatumomab therapy (228). Co-infusion of ICIs and
manipulation of BsAb design to recruit additional cell types
may also prove valuable in overcoming immunosuppression
(82). An interesting model of BsAb design ingenuity can be
seen in “TriKEs,” which are trispecific killer cell engagers.
TriKEs are like NK cell redirecting BsAbs (e.g., BiKEs), with
the added integration of IL-15 to drive expansion of NK cells
for increased anti-tumoral activity. Preclinical studies in AML
have shown TriKE activity to be more efficient than BiKE activity
(229). Similarly, innovative BsAb designs such as BsAb-armed
T cells are also being applied to MM (230). A clinical study
(NCT00938626) targeting myeloma precursor cells in standard
and high-risk MM patients administered the patients with anti-
CD3 × anti-CD2 BsAb-armed activated T cell infusions prior
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to autoSCT (230). The infusions induced anti-myeloma IFN-
γ and anti-SOX-2 IgG responses, which were then boosted in
every patient post-autoSCT. Such responses have been shown
to be associated with reduced risk of progression from MGUS
to MM (231). This finding suggests that BsAb-armed activated
T cell infusions can induce cellular and humoral anti-myeloma
immunity that can be detected and boosted after autoSCT (230).

Bispecific immunoconjugates, which consist of two tumor-
targeting arms linked to a cytotoxic agent, are another frontier
of BsAb innovation with the potential to benefit MM patients.
A BsAb-cytokine conjugate−20-C2-2b, which targets tumor
antigens CD20 and HLA-DR and is fused to two copies of IFN-
α2b—has shown potent inhibition of MM cell lines. A preclinical
study found that this compound showed potent cytotoxicity
againstMMcell lines, even those with limited expression of CD20
or HLA-DR individually (232). As the BsAb field continues to
grow and the clinical data accumulates, ongoing innovations will
be implemented to improve the immunotherapeutic options for
patients with MM and numerous other cancers.

Despite recent therapeutic advances, existing treatments
remain largely ineffective for high-risk and R/R MM. Novel
immunotherapies, especially BsAbs, provide a new treatment
approach for these patients. With numerous phase 1 clinical
trials of MM-targeting BsAbs currently underway, the prospect

of this new immunotherapeutic treatment for MM patients is on
the horizon.
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