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Abstract

Multiple myeloma (MM) is a plasma cell malignancy that affects an increasing number of patients worldwide. Despite
all the efforts to understand its pathogenesis and develop new treatment modalities, MM remains an incurable
disease. Novel immunotherapies, such as CART cell therapy (CAR) and bispecific T cell engagers (BiTE), are intensively
targeting different surface antigens, such as BMCA, SLAMF7 (CS1), GPRC5D, FCRH5 or CD38. However, stem cell trans-
plantation is still indispensable in transplant-eligible patients. Studies suggest that the early use of immunotherapy
may improve outcomes significantly. In this review, we summarize the currently available clinical literature on CAR and
BiTE in MM. Furthermore, we will compare these two T cell-based immunotherapies and discuss potential therapeutic

therapies to a transplant.

approaches to promote development of new clinical trials, using T cell-based immunotherapies, even as bridging
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Background on current therapies in multiple
myeloma (MM)

MM is a common hematologic malignancy and an
aggressive plasma cell dyscrasia, causing the death of
approximately 106,000 people worldwide each year. [1]
Due to the aging population, its global burden is con-
stantly rising, with the highest incidence reported in Aus-
tralia, Western Europe, and the USA. As a multifactorial
disorder, MM is characterized by clinical and molecu-
lar heterogeneity. Its symptomatic phase is preceded by
a premalignant monoclonal gammopathy of undeter-
mined significance (MGUS) followed by a malignant
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but asymptomatic phase, called smoldering multiple
myeloma. These precursor stages are defined by clear
diagnostic criteria. [1] Genetic alterations, mostly trans-
locations and hyperdiploidy, play the most significant
role in its pathogenesis [2]. Genetic aberrations dysregu-
late the cancer-immunity cycle, resulting in hampered
immune surveillance and uncontrolled cell proliferation
[3]. Regarding therapeutic options, as shown in Fig. 1, the
last two decades have refashioned MM treatment dra-
matically. Novel standard of care regimens were imple-
mented that include proteasome inhibitors (PI) (e.g.,
bortezomib, carfilzomib, ixazomib), immunomodulatory
drugs (IMiDs) (e.g., thalidomide, lenalidomide, poma-
lidomide), histone deacetylase inhibitors (HDACI) (e.g.,
panobinostat), monoclonal antibodies (mABs) (e.g., anti-
CD38 mAbs daratumumab and isatuximab, anti-CS1
mAb elotuzumab), antibody—drug conjugates (ADC)
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(e.g., belantamab mafodotin) and selective inhibitors of
nuclear export (SINEs) (e.g., selinexor) [4, 5].

Even in the era of new agents, autologous stem cell
transplantation (SCT) after high-dose melphalan remains
a key element in treating newly diagnosed MM [6]. SCT
is preceded by induction therapy, in which combinations
of PI and IMIDs are typically used. Despite the large
number of drug combinations, drug resistance is a well-
known phenomenon in MM [7]. The immunosuppressive
tumor microenvironment plays a crucial role not only in
disease biology but also in drug resistance mechanisms
[8]. To overcome both pathophysiological and pharma-
ceutical challenges, T cell-based immunotherapies, such
as CAR T (CAR) or bispecific T cell engager (BiTE), were
developed. CAR and BiTE are mostly studied in relapsed/
refractory (R/R) disease. Nevertheless, it is suggested
that early use of CAR increases treatment efficacy and
improves outcomes [9]. In this context, we review and
evaluate present data on CAR and BiTE clinical studies
in MM to encourage the initiation of future clinical trials,
employing T cell-based immunotherapies as a bridging
therapy to transplantation.

CAR

The first CAR structure was engineered in 1989 [10]. Chi-
meric antigen receptors (CARs) are recombinant mem-
brane proteins, generally transduced ex vivo in T cells,
using retroviral vectors [11]. Other ways of generating
CAR T cells include the use of non-viral methods such
as CRISPR/Cas9 [12] or transposon systems [13, 14], or
more recently, in vitro-transcribed mRNA was used to
reprogram T cells in vivo [15]. With the help of mRNA,
T cells can be created differently than traditional CARs,
which use viral vectors to transduce them. Through
mRNA transfection, mRNA CARs are engineered to
express a protein that can target a specific antigen-bind-
ing domain for a defined period of time. It has the advan-
tage of the prevention of uncontrolled cell proliferation.
In fact, CD8 + anti-BCMA mRNA CARs are being tested

in the DESCARTES 08 trial for RRMM (NCT034488978)
[16]. A study by Foster et al. reported that mRNA CARs
are a safer alternative to classical CARs that retain the
benefits of CARs without the severe side effects; however,
there is still a need to find ways to enhance their potency
[17].

CARs have two main functions: antigen-binding and
MHC-independent T-lymphocyte activation. Structur-
ally (Fig. 2A), CARs are characterized by an extracellular
and intracellular region connected via a transmembrane
domain. The extracellular region consists of an antigen
recognition domain and a hinge region (spacer).

The antigen recognition domain confers target antigen
specificity. There are four main antigen-binding counter-
parts (Fig. 2B) with single-chain variable fragments (scFv)
the most common. They consist of a variable heavy (V},)
and a variable light (V;) chain derived from antibodies
and connected via a linker. Second antigen-binding coun-
terparts are antigen-binding fragments (F,,), antigen-
binding regions of natural immunoglobulin structures
that consist of V}, V;, and two interconnected constant
regions (Cy, C;). In the third place, nanobodies, the
smallest antibody fragments, retain a full antigen-bind-
ing capacity. They are formed by a variable heavy-chain
domain (VHH) and are derived from heavy-chain-only
antibodies coming from Camelidae or sharks. They are
the smallest functional antibody fragments [18]. Last, but
not least are natural receptors or ligands, found normally
on cell surfaces [19]. Such a potent natural receptor in
MM is NKG2D. Its role in treating MM will be discussed
later.

The hinge (spacer) region connects the antigen-binding
and transmembrane domains. It provides flexibility to the
CARs and determines the intercellular distance, crucial
for epitope recognition and the creation of a functional
immunological synapse. It is suggested that the length
and structure of the hinge affects expression, mem-
brane transport, and the signaling thresholds of CARs
[20]. Thus, by modulating signaling threshold, the hinge
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region is important to modulate on-target off-tumor
toxicities too. A spacer is not always required: Its neces-
sity depends on the distance of target epitopes from the
cell membrane [21-24]. The majority of CARs targeted
against MM cells contain a hinge region derived from
short amino acid sequences of CD8 or CD28.

The structure of the transmembrane domain is also
clinically relevant, not only because it anchors CARs to
the T lymphocytes but also because it participates in the
transduction of ligand recognition signals to the intracel-
lular domain. Its structure influences CARs” membrane
expression levels and stability, therefore modulating sign-
aling responses [20]. Transmembrane domains in CARs
are mostly derived from CD28, CD3zeta, CD8, and CD4
[25].

The intracellular signaling domain can be divided
into principal stimulatory and secondary costimulatory
domains. CD3zeta intracellular stimulatory domain,
containing immunoreceptor tyrosine activation motifs
(ITAMs) that provide “signal 1” is routinely used in CARs
targeting MM antigens. CAR T cells are divided into
several categories based on the number of costimula-
tory domains. First-generation CARs, without costimu-
latory domains, were not sufficiently effective to be
used in clinical practice. The natural ligands, such as the
NKG2D CARs, are an exception. They usually have an
endogenous, natural costimulatory domain that does not
require transduction of another costimulatory domain.
The majority of CARs used in MM are second-genera-
tion constructs, which contain either a CD28 or a 4-1BB

(CD137) costimulatory domain. Although CD28-har-
boring cells are more potent and have higher expansion
capacities, 4-1BB CARs present a memory stem cell-like
phenotype, resulting in longer persistence [26]. Accord-
ing to these findings, CARs predominantly carry 4-1BB.
Other costimulatory domains, such as OX40 (CD134),
CD27, inducible T cell costimulator (ICOS), CD40 or
MYDS88, were also engineered. In their review, Weinkove
et al. [27] outlined key information about the aforemen-
tioned costimulation domains, but these have only been
studied in preclinical stages. Third-generation CARs
contain two or more costimulatory domains, which are
intended to improve the effectiveness and persistence of
CARs. There is a big difference between dual targeting:
a T cell that targets a myeloma cell by having to antigen-
binding sites that can both activate the T cells. The true
costimulatory CAR T approaches implicate the bind-
ing of both antigens for T cell activation. In this case,
there is a mild activation that is further enhanced by the
costimulatory activation. The disadvantages are that they
have a more complex design and development, and it is
too early in their development to show a better efficacy
compared to single-ag targeting. Also, if tumor cells loose
one of the antigens, the costimulatory CAR is no longer
activated [28]. Fourth- and fifth-generation MM antigen-
targeted CARs have also been generated, which release
immunomodulatory molecules (IL-7, CCL19) following
antigen stimulation [29].

The interplay of these components leads to the forma-
tion of an immunological synapse between tumoral cells
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and CARs. This process results in killing target cells by
multiple pathways and includes the release of cytotoxic
molecules (perforins, granzymes), the induction of apop-
tosis by Fas—Fas ligand molecular pathway and cytokine
production, leading to both lymphocyte proliferation and
the activation of other immune cells [30].

BIiTE

Bispecific antibodies (BsAbs) are small, dual-targeting
antibodies. Two main structural, antigen-binding forms
of BsAbs are distinguished: immunoglobulin G (IgG)- like
(Fig. 3A) and non-IgG-like [31]. BiTEs were synthetized
for the first time in 1995, six years after the generation
of the first CAR structure [32]. BiTEs are non-IgG-like
subtypes of BsAbs, consisting of two antigen recognition
domains (single-chain variable fragments—scFv) con-
nected via a linker (Fig. 3B). While BiTEs are a particular
form of BsAbs, there are more than 100 other formats,
each of which has its own advantages and disadvantages.

A review of some of these new generation T cell
recruiting antibodies was published by Zheng et al. [33].
The potency of T cell engagers is influenced by multi-
ple factors, including the molecular target selected, the
valency of the antibody or the spacing and spatial con-
figuration of the antigen-binding domain. Studies have
demonstrated that IgG-[L]-scFv-based T cell engagers
exhibit a higher potency than those based on BiTEs or
IgG heterodimer structure [34].

BiTEs activate anti-tumor cytotoxic and cytolytic
mechanisms by indirectly linking MM cells with the T
cells of patients. CD3, a T cell receptor (TCR) subunit,
is the main antigen targeting T host cells. All BiTE tri-
als for MM are based on CD3-mediated, MHC-inde-
pendent T cell activation. Through these antibodies, an
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indirect immunological synapse is formed, leading to the
same killing mechanisms described in the introduction of
CARs.

CAR and BiTE targets against MM cells in clinical trial phase
A selection of adequate targets represents a challenge for
scientists as it requires identification of epitopes present
at high concentrations on MM cells, but not expressed in
non-malignant hematopoietic cells or other tissues. We
identified 3257 MM trials, of which 130 are CAR trials
and 36 BiTE trials. The CAR and BiTE trials are detailed
in Tables 1 and 2, respectively. Figure 4 illustrates all sur-
face antigens currently being studied in these adoptive T
cell therapy clinical trials.

Potential therapeutic targets for MM

BCMA CAR

A B cell maturation antigen (BCMA) (CD269 or
TNEFRSF17) is a non-tyrosine kinase receptor surface gly-
coprotein, belonging to the tumor necrosis factor (TNF)
receptor superfamily. It is expressed in plasma cells, but
not memory B and naive B cells, nor in hematopoietic
stem cells or T lymphocytes. Rare BCMA-positive cells
can be identified in normal tissue cells such as lymph
nodes, the spleen, the lungs and the stomach [35], but
with limited expression. BCMA is highly expressed on
the surface of MM cells [36].

The first BCMA-targeted CAR trial was developed in
2016 (NCT02215967). The therapy has shown great suc-
cess with an overall response rate (ORR) of 81% in this
phase 1 trial [37]. Furthermore, a meta-analysis includ-
ing 22 CAR trials demonstrated an ORR of 85.2% with a
median progression-free survival (PFS) of 14 months and
an overall survival (OS) of 24 months [38]. Consequently,

I9G Fe

Fig. 3 Bispecific antibody types. A IgG-like, formed by a crystallizable effector region and two variables, antigen-binding regions. IgG—
immunoglobulin G, F,—crystallizable region, F,,—antigen-binding region, V,—variable light chain, V,,—variable heavy chain, C;,—constant heavy
chain; B BiTEs structure. scFv—single-chain variable fragments, AbT—antibody 1, Ab2—antibody 2
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novel BCMA CARs were engineered, and old CARs were
fine-tuned to improve safety and efficacy. Currently, 107
out of 130 CAR trials in MM target BCMA. Novel manu-
facturing techniques for CARs are currently available.
BCMA-targeting mRNA CARs were generated and are
now clinically evaluated (NCT 03994705, NCT04436029)
[39].

Safety and efficacy of BCMA CARs manufactured by a
transposon-based system is also tested (NCT04960579,
NCT03288493) [40-42]. These products favor the devel-
opment of memory stem cells. Thus, the persistence of
CARs and treatment efficacy could be increased. Three
possible hypotheses were found to play a role in the
development of memory stem cell phenotypes when
using a transposon-based expression of CARs: (1) the
effects of the 4-1BB domain, which promotes outgrowth
of memory stem cells; (2) different cytokines added to
the medium could also play a role in the outgrowth of
different subpopulations; and (3) the vector itself, used
for gene transfer, could influence the ratio of subpopula-
tions. In spite of the lack of clarity regarding its mecha-
nism, studies have demonstrated that transposon-based
CARs are superior to lentiviral-transduced ones regard-
ing memory stem cell phenotype development [43].

It is also assumed that T cell subpopulation ratios
should be adjusted during the manufacturing process
to enhance memory stem cell persistency [44]. Thus,
the CD4 +/CD8 +ratio is adjusted to 1:1 before CARs’
gene transfer in case of JCARH125 (NCT03430011)
or after gene transfer in case of FCARH143 product
(NCT03338972) [45].

Current debate exists regarding the questions of
whether a BCMA expression threshold should be defined
as an inclusion criterion in BCMA CAR studies because
contradictory results have been published regarding
this aspect. Cohen et al. showed no correlation between
BCMA expression and response rate (NCT02546167)
[46] as opposed to the FCARH143 trial (NCT03338972)
[47]. Van de Donk et al. reviewed hypotheses regarding
this controversy. Possible determinants could be dif-
ferences in assays (flow cytometry versus immunohis-
tochemistry) used to quantify BCMA expression or the
effects of soluble BCMA (sBCMA) formed by shedding
of MM cell membranes [48]. Furthermore, some authors
relate that sSBCMA plasma levels could be a valid bio-
marker in response assessment in the future [49].

CAR trials mostly enroll relapsed/refractory MM
patients. However, a few trials for newly diagnosed
patients were launched (NCT04196491, NCT04816526,
NCT04436029). The majority of BCMA CAR trials
study BCMA alone, but dual CAR products are also
available, combining BCMA and CD19 (NCT04236011,
NCT04162353) [50-52], BCMA and SLAME7

Page 15 of 27

(NCT04662099, NCT04156269) or BCMA and CD38
(NCT03767751). Administering dual CARs can be
achieved by two approaches: either by coinfusion of
two distinct CARs or by infusion of a single CAR prod-
uct, expressing both antigens [53]. A trial of a multi-
CAR product, which expresses several antigen-binding
domains directed toward BCMA, CD38, CD138 and
CD56, was launched recently (NCT03271632).

Other ways of improving efficacy of CARs are evalu-
ated, such as associating BCMA CARs with tyrosine
kinase inhibitors (NCT04603872), immune modulators
(NCT04287660, NCT03070327) or other non-specified
immune inhibitors (NCT03943472), as well as by asso-
ciating BCMA CARs with tyrosine kinase inhibitors
(NCT04603872), immune modulators (NCT04287660,
NCT03070327) or other non-specified immune inhibi-
tors (NCTO03943472) or the concomitant secretion
of inhibitory binders for PD-1. Clinical data show
that BCMA is directly cleaved by gamma-secretase, a
membrane-bound protease. Furthermore, it is assumed
that the administration of gamma-secretase inhibitors
increases BCMA expression [54]. Thus, BCMA CARs
coadministered with gamma-secretase inhibitors are
now being clinically evaluated (NCT03502577) [55].

Third-generation CARs, with two costimulatory moie-
ties, have been shown to be clinically efficient with high
response rates (NCT03196414) [56]. Clinical trials eval-
uating safety and efficacy of fourth-generation BCMA
CARs secreting IL7/CCL9 (NCT03778346) or a mutant
PD-1 ligand (NCT04162119) are ongoing as well.

Currently, one clinical trial is investigating the efficacy
of BCMA CAR cells for MM patients refractory to pre-
vious CAR treatment (NCT03672253). CAR trials use
preponderantly autologous T lymphocytes. However, one
allogeneic healthy donor-derived BCMA CAR product,
PBCAR269A, is also being evaluated, intending to gener-
ate an off-the-shelf drug (NCT04171843). An additional
risk associated with the administration of allogeneic
CARs is the development of a graft versus host disease
(GvHD). In order to confer lymphodepletion resistance
and reduced GvHD potential, Sommer et al. developed
transcription activator-like effector nuclease (TALEN)
gene-edited CAR T cells. A mimotope-based CD20
CAR off-switch was integrated into the construct. Con-
sequently, effective CAR elimination was made possible
when rituximab is administered [57]. BCMA CARs with
nanobody antigen-binding domains are tested in Phase
I trials (NCT03664661, NCT03602612, NCT03661554)
[58]. Chemokine receptor CXCR4-modified BCMA
CARs are being investigated as a new treatment option
(NCT04727008) [59].

In order to reduce toxicities, trials evaluating BCMA
CAR engineered with a truncated epidermal growth
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Fig. 4 Surface antigens found on MM cells, studied in clinical trials. A CAR clinical trials; B BiTE clinical trials

factor receptor (EGFRt) suicide gene system [60] have
been launched (NCT03070327, NCT03093168). Some
MM patients develop complications, such as amyloid
light chain (AL) amyloidosis. A BCMA CAR clinical trial
suggests that these patients could be treated with CAR
(NCT04309981).

The first FDA-approved BCMA CAR product for MM
is idecabtagene vicleucel (bb2121, ide-cel). The phase
IT clinical trial coordinated by San-Miguel et al. on 140
enrolled patients, out of which 128 received idecabtagene
vicleucel, showed a 73% response rate and a 30% com-
plete response. Cell kinetics analysis confirmed the pres-
ence of CARs in 69% of patients after 6 months and 36%
after one year following infusion [61].

Ciltacabtagene autoleucel (cilta-cel), known as LCAR-
B38M in China and JNJ 68,284,528 (JNJ 4528) in the
USA, targets double epitopes of BCMA using two tan-
dem VHH sequences. Double targeting makes pos-
sible the efficient depletion of low BCMA-expressing
MM cells. Cilta-cel is an autologous therapy and one
of the most studied BCMA CAR products. It has
and is now being studied in the phase 1/2 CARTI-
TUDE-1 (NCT03548207), LEGEND-2 (NCT03090659),
phase 2 CARTITUDE-2 (NCTO04133636), CARTI-
FAN-1 (NCTO03758417), phase 3 CARTITUDE-4
(NCT04181827) and CARTITUDE-5 (NCT04923893).
The efficacy of cilta-cel was compared to the stand-
ard PVd (pomalidomide, bortezomib, dexamethasone)
regime in the CARTITUDE-4 trial. VRd (bortezomib,
lenalidomide and dexamethasone) induction followed by
cilta-cel was assessed in CARTITUDE-5. Based on the
results of CARTITUDE-1, the FDA-approved cilta-cel

in 28th February of 2022. A Phase 4 study is also ongo-
ing, aiming to evaluate the long-term effects of cilta-cel
(NCT05201781).

Several studies are testing its efficacy and safety
profile in phase I CRB-401 (NCT02658929) and
KarMMa-4 (NCT04196491); in phase 1/2 KarMMA-7
(NCT04855136); in phase 2 KarMMa (NCT03361748),
KarMMa-2 (NCT03601078) and NCT05032820; and
in phase 3 KarMMa-3 (NCT03651128). Derived from
ide-cel, bb21217 uses the same CARs construct as
bb2121; but a PI3K inhibitor (bb007) is added during
ex vivo culturing, aiming both to enrich the memory-
like T cell subpopulation and reduce T cell senescence
(NCT03274219).

BCMA BiTE

Similar to CAR trials, BiTE studies target predominantly
BCMA as an MM cell antigen, representing 26 out of 35
current BiTE studies. All BiTEs currently investigated
in MM clinical trials bind to T lymphocytes by a CD3
ligand. The first BiTE trial for MM investigated the safety
and efficacy of AMG420 (pacanalotamab, BI 836,909).
Currently, this trial (NCT02514239) is the first and only
completed clinical BiTE study for MM. There were 42
patients enrolled. 70% responded to treatment with a
median PFS of 23.5 months. Another ongoing phase 1
AMG420 study is evaluating intermittent dosing of the
drug (NCT03836053). Based on AMG420, a novel BiTE,
AMG701 (NCTO04998747) was developed. AMG701
has been supplemented by an additional single-chain
crystallizable fragment (scFv), which allows delayed
renal clearance and extended half-life. Thus, while
AMG420 requires daily administering, AMG701 allows
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once-weekly dosing. The AMG701 trial enrollment was
apparently halted by adverse events. No information has
been found indicating that the trial has been restarted.

BiTEs originally contained tscFv antigen-binding
domains. However, IgG-like BiTEs and BiTEs with what
and are now clinically evaluated. With the advance in
technologies for bispecific antibodies and antibody dis-
covery, additional formats, including IgG—alnuctamab
(NCT03486067) or heavy-chain-only anti-BCMA moie-
ties such as TNB-383B (NCT03933735), have also been
engineered and appear to be entering the clinic at an
accelerated rate. It is unique to BiTEs that they allow an
immune synapse to form more quickly and effectively
than other formats requiring an even more strict require-
ment of epitopes for high potency.

Similar to CAR, combining BiTE with anticancer drugs
such as lenalidomide, pomalidomide, daratumumab or
bortezomib is being investigated (NCT04722146). The
MagnetisMM-5 (NCT05020236) study combines elra-
natamab with the monoclonal antibody daratumumab.
Teclistamab is also tested as associated with daratu-
mumab (NCT04108195) with the aim of improving treat-
ment efficacy.

Soluble BCMA released by the action of gamma-
secretase can hinder BiTE pharmacological effects [62]].
Thus, the concomitant administration of elranatamab
with gamma-secretase inhibitors is being investigated
(NCT05090566). Thus, to prevent antigen escape, BiTEs
targeting two different antigens—BCMA and GPRC5D—
can be concomitantly administered (NCT04586426).

Elranatamab (PF-06863135) is currently being exam-
ined in 7 trials (MagnetisMM 1, 2, 4, 5, 8 and 9), both as
a single agent and in combination. Teclistamab is another
extensively studied T cell receptor, presenting an IgG for-
mat. It is being investigated in 7 trials under the names
MajesTEC-1, RedirecTT-1, TRIMM-2, MajesTEC-3.
Teclistamab could be the first BCMA-targeted T cell
engager approved by the FDA.

NON-BCMA antigen targets

Apart from BCMA, the non-BCMA antigen targets, nor-
mal tissue distribution, constructions and potential criti-
cal aspects are presented in Table 3.

APRIL/TACI

Transmembrane activator, calcium modulator and cyclo-
philin ligand interactor (TACI) is a kinase receptor,
closely related to BCMA. Both receptors play a role in
B cell survival, but their expression levels are different at
distinct stages of differentiation. BCMA and TACI have
two main natural ligands: B cell activating factor (BAFF)
and a proliferation-inducing ligand (APRIL). While
BCMA is widely expressed in MM cells, TACI is usually
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present at lower levels and less frequently [63]. APRIL
binds both BCMA and TACI with a high, nanomolar
affinity. To circumvent the loss of BCMA antigen expres-
sion, a novel APRIL-based binding moiety was generated,
in which a truncated form of APRIL was engineered as
a tumor-targeting domain [64]. Novel, trimeric APRIL-
based (TRIPRIL) CARs were also generated, aiming to
enhance binding capacity [65]. These BCMA x TACI-
targeting APRIL/TRIPRIL CAR products are now being
clinically investigated (NCT04657861, NCT05020444,
NCT03287804). We identified no APRIL/TACI-targeting
BiTE products in the clinical trial phase.

CD38

CD38 is a general lymphocyte receptor, highly expressed
in MM cells. Anti-CD38 CARs induce the death of other
immune cells (natural killer cells, monocytes, other B
and T lymphocytes) as well; but progenitor cells are not
killed, and their proliferation is not inhibited. To guar-
antee the safety of CD38-targeted cellular therapies, sui-
cide genes can be inserted into the CAR construct [66].
Anti-CD38 CARs are currently under investigation in
monotherapy (NCT03464916), in BCMAxCD38 com-
bination (NCT03767751) or multitarget CAR settings,
targeting several antigens (CD38, CD19, CD56, BCMA,
CD138, NY-ESO1) at the same time (NCT03638206,
NCTO03271632). The efficacy of a fourth-generation
anti-CD38 CAR is also being explored (NCT03778346).
CD38 is a promising target in T cell engager constructs
as well. AMG424 is the first-in-human CD38 antibody
product, consisting of a hetero-Fc domain lacking the
Fc3 receptor, an anti-CD3 scFv domain and an anti-
CD38 Fab fragment [67]. Although the phase 1 AMG424
trial (NCT03445663) was terminated, two other prod-
ucts, Y150 and GBR1342 [68], are currently being tested
(NCT05011097, NCT03309111). Another novel product
is Bi38-3, which proved effective in preclinical mice stud-
ies [69].

SLAMF7

The signaling lymphocyte activation molecule (SLAM)
family of receptors is exclusively found in hematopoietic
cells. SLAMF7 (CS1—CND3 subset 1, CRACC, CD269)
is a cell surface glycoprotein, whose enzymatic cleavage
generates a soluble form [70]. Studies suggest that solu-
ble SLAME?7 acts like a growth factor, causing MM cell
proliferation [71]. CARAMBA-1 (NCTO04499339) was
the first-in-human clinical CAR trial targeting SLAMEF?7.
CARAMBA-1 investigates CARs generated by the Sleep-
ing Beauty transposon gene transfer system [72]. To
enhance its safety profile, SLAMF7-CARs transduced
with the iCasp9 suicide gene (activated by rimiducid)
were also evaluated (NCT03958656), with no published
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results to date. Currently, 5 trials are studying SLAMF7-

targeting CAR in monotherapy (NCT03710421,
NCT04142619, NCT04541368, NCT03958656,
NCT04499339). Trials with CARs targeting both

BCMA and SLAMF?7 are also ongoing (NCT04795882,
NCT04156269). Fourth-generation anti-SLAMF7-CARs
have been engineered and are now being clinically tested
(NCT03778346). Of note, no SLAMF7-targeted BiTE is
currently being investigated.

GPRC5D

The G protein-coupled receptor, class C group 5 member
D (GPRC5D), is a surface receptor expressed predomi-
nantly in hair follicles but can also be detected in MM
cells. In preclinical studies, anti-GPRC5D CARs gener-
ated no alopecia or any skin damage and were deemed
safe and efficient [73]. Currently, 3 GPRC5D-CAR T
trials are ongoing (NCT05219721, NCT05016778,
NCT04555551). MCARH109 is a promising CAR T
product, obtaining an ORR of 83%, with an adequate
safety profile. Increased GPRC5D expression is associ-
ated with poor prognosis [74]. In a phase 1 trial, Talquet-
amab (JNJ-64407564), a bispecific GPRC5D x CD3 IgG4
antibody, showed great potency with an ORR of 63% [75].
Currently, the effects of talquetamab are being studied in
monotherapy (phase 1—NCT03399799, NCT04773522,
phase 2—NCT04634552) or are associated with other
anticancer drugs, such as carfilzomib, lenalidomide or
daratumumab (NCT05050097). BCMA-targeting BiTE
teclistamab concomitantly given with talquetamab is
evaluated in the RedirecTT-1 (NCT04586426) and
TRIMM-2 (NCT04108195) trials.

FcRH5 (FcRL5, IRTA2, CD307)

The Fc receptor-like 5 (FcRL5/FcRH5/IRTA2/CD307) is
a member of a receptor family known under a variety of
names: immunoglobulin superfamily receptor translo-
cation associated (IRTA), Fc receptor homolog (FcRH)
or immunoglobulin superfamily-Fc receptor-gp42. The
expression of FcRH5 starts in pre-B cells but reaches
its peak only in mature B cells. Compared with nor-
mal plasma cells, MM and MGUS cells showed > three-
fold higher expression levels [76]. The development of
CARs targeting FcRH5 is not yet underway. In contrast,
the FcRH5-targeting BiTEs cevostamab (BFCR4350A,
RG6160) has demonstrated promising results in the
GO39775 trial (NCT03275103), achieving an ORR of
roughly 52% in RRMM patients with only one (2%)
patient presenting the grade 3 cytokine release syn-
drome. The efficiency of cevostamab plus pomalidomide
and dexamethasone or cevostamab plus daratumumab
and dexamethasone combinations is also being investi-
gated in the CAMMA 1 study (NCT04910568).

Page 18 of 27

CD138

Syndecan-1 (CD138), a transmembrane proteoglycan, is
a major extracellular matrix receptor that plays an impor-
tant role in cell-cell and cell-matrix adhesion. Synde-
can-1 is primarily expressed on the surface of mature
epithelial cells but is also expressed by normal and
malignant hematopoietic cells. The presence of a higher
soluble CD138 concentration represents a negative prog-
nostic factor in MM. O’Connell et al. found CD138 pos-
itivity in all 43 of the MM cases examined [77]. A total
of 5 CAR trials targeting CD138 have been identified,
mostly as a single target (NCT03196414, NCT01886976,
NCT03672318, NCT03778346) but also as a multitar-
get construct (NCT03271632). Current data sustain
the safety of anti-CD138 CARs therapy, as no cytokine
release syndrome or neurotoxicity has been reported.
The ORR is also promising, with 4 out of 5 patients (80%)
achieving a significant reduction in tumor burden [78].

CcD19
The CD19 antigen is a cell surface glycoprotein expressed
in B lymphocytes. Earlier studies assumed that MM cells
were CD19 negative [79], while new studies suggest that
some resistant MM progenitor cells are CD19 positive
[80]. Thus, targeting CD19 could be a potential therapeu-
tical approach to relapsed/refractory MM. For example,
the use of anti-CD19 CARs, CTL019 (NCT02135406)
in association with autologous hematopoietic stem cell
transplantation in RRMM, was associated with an ORR
of 80% and an improved duration of response as com-
pared to previous transplantation in 2/10 patients [81].
Currently, only BCMA x CD19 double-targeting
CAR trials are ongoing. Some of these products have
reached impressive (94.7%/95%) overall response rates
(NCT04182581, NCT04162353) [82, 83]. A CD19-tar-
geting BiTE product, blinatumomab, has also been inves-
tigated, but the trial was terminated due to slow accrual
(NCT03173430).

NKG2D

NKG2D (natural-killer group 2, member D) is a cell
surface receptor predominantly expressed in cytotoxic
immune cells, such as NK cells or some T cell subsets,
while playing a major role in tumor immunosurveil-
lance. NKG2D is neither expressed in mature B cells nor
B cell precursors. Tumoral cells usually upregulate stress-
induced ligands, such as MIC-A, MIC-B and UL-16.
Binding these ligands to NKG2D leads to the secretion
of proinflammatory cytokines and to the activation/
proliferation of cytotoxic cells, resulting in the elimina-
tion of tumoral cells [84]. The antigen-binding domain
of NKG2D CARs is natural ligands, expressing the
aforementioned immunoreceptor. Due to the presence
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of NKG2D’s natural costimulatory domain, DAPI0,
NKG2D CARs do not require the addition of costimula-
tory regions in their construct. A disadvantage of these
CARs is decreased T cell persistence. Therefore, multiple
infusions and higher doses are required. Higher doses,
however, have the same safety profile, with no reports
of CRS or neurotoxicity [85]. Currently, the THINK
trial (NCT03018405) is recruiting patients to test the
efficacy of NKG2D CAR administration without prior
chemotherapy or lymphodepletion. Based on the results
received to date, anti-tumor effects on acute myeloid leu-
kemia and myelodysplastic syndrome have been demon-
strated. As of now, the results have not been reported for
MM [86].

CD56

The neural cell adhesion molecule (NCAM), known as
CD56, is a membrane glycoprotein and member of the
immunoglobulin superfamily. CD56 is an NK-cell surface
marker not expressed in normal plasma cells, but 78% of
MM cells showed CD56 positivity [87]. To counter anti-
gen escape, a multitarget CAR was developed, targeting
CD56 among others (NCT03271632).

Integrin-Beta7

The integrin-beta7 receptor subfamily is primarily
expressed by leukocytes. High levels of expression in
MM contribute to adhesion, migration, homing, inva-
sion, drug resistance, as well as poor survival outcomes
[88]. New generation CARs targeting MMG49, an
epitope found in the beta7 chain’s N-terminal region,
were also developed. MMG49 is inaccessible in the rest-
ing integrin conformation but exposed in the active con-
formation. MMG49 reactivity was strong in MM cells
due to increased expression and the constitutive activa-
tion of integrin-beta7, whereas MMG49 binding was
barely detectable in other, normal cell types [89]. There
is a full-length integrin-beta7 targeting CAR study
(NCTO03778346) currently underway, evaluating the
receptor both in a monotarget and multitarget setting.
Another study is investigating the safety and efficacy of
MMG@G4- targeting CARs (NCT04649073).

CD44v6

CD44 is a ubiquitously expressed glycoprotein, cut-
ting away the possibility of clinically significant anti-
CD44 CARs. However, some CD44 isoforms, such as
CD44v6, are absent in hematopoietic stem cells and
barely found in normal cells, yet are highly expressed on
the surface of MM cells [90]. We identified only one ter-
minated CD44v6-targeted CAR trial for acute myeloid
leukemia and MM (NCT04097301). In order to increase
CAR safety, several suicide gene systems (thymidine
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kinase or inducible caspase 9) were evaluated, using
CD44v6 CARs. No currently ongoing clinical trial was
found.

NY-ESO-1

Cancer testis antigens (CTAs) are a set of tumor-associ-
ated antigens with limited expression in normal somatic
tissues. However, they have been identified in a wide
range of malignancies, including MM [91]. Such antigens
are members of the GAGE family and NY-ESO-1, both
expressed in one-third of MM patients; CTAG2, detected
in half of MM patients; or the members of the MAGE
family found in two-thirds of MM patients. Despite the
fact that NY-ESO-1 is only detected in one-third of MM
patients, it is the most immunogenic CTA. Because of
the diverse expression of CTAs within MM cells, includ-
ing many CTAs in a vaccine would be desirable. However,
targeting NY-ESO-1 could have various negative conse-
quences because it is also expressed in stem cells [92]. To
increase its safety, only multitarget-CARs are now being
clinically evaluated (NCT03638206).

TnMUC1

Membrane mucin 1 (MUC1) is a glycoprotein found in
the majority of glandular epithelial cells as well as leu-
kocytes. In some tumoral cells, aberrantly glycosylated
proteins are present. An example is the Tn glycoform of
MUCI, a tumor-associated neoantigen [93]. Therefore,
TnMUCI-targeting CARs were engineered and are now
clinically evaluated in a phase 1 study (NCT04025216).
According to preliminary evidence, this CAR product
can be safely provided to cancer patients [94].

PD-1

The expression of PD-L1 in tumor cells constitutes a
major mechanism of immune escape by inhibition of T
cell activation. In MM cells, PD-L1 expression was linked
to higher proliferative potential and resistance to anti-
myeloma drugs [95]. Secretion of a PD-L1 blocker along
with CARs expression is one strategy to improve CAR
efficacy. We have identified one PD-L1-secreting CAR
study in MM (NCT04191941).

CAR versus BiTE

Both CAR and BiTE offer benefits and drawbacks,
which physicians should consider while deciding on the
best treatment option. The high cost of CAR treatment
is a key disadvantage to its widespread use. The over-
all cost of a CAR therapy can potentially reach 450.000
USD, depending upon numerous criteria (presence and
severity of adverse effects, academic or non-academic
location, pharmaceutical company) [96]. BiTE is antici-
pated to cost 72,000 USD, making it far more affordable
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to a public healthcare system [97]. Still, this price may
be underestimated, as shown by Thielen et al., who
demonstrated that in the case of relapsed/refractory
acute lymphoblastic leukemia, the discounted costs
for CAR were almost 150,000 EUR higher from a soci-
ety point of view as compared with a healthcare point
of view (552,679 EUR versus 409,553 EUR) and much
higher than BiTE, estimated at 267,259 EUR [98].

Regarding the US Food and Drug Administration
(FDA) approval, idecabtagene vicleucel is the only
BCMA-targeting CAR currently approved. The first
BiTE will most likely be approved by the FDA in 2022.
When analyzing availability, the median period from
leukapheresis to infusion for idecabtagene vicleucel
was 40 days (range 33 to 79 days). Of the 140 patients
included in a phase II trial, 12 (8.6%) patients could
not receive the CAR T product because of progressive
disease, patient withdrawal, manufacturing issues or a
decision of the treating physician [61]. New methods to
produce cells are currently being developed to shorten
delay [99]. BiTE, on the other hand, has the distinct
benefit of being readily available (off-the-shelf).

Manufacturing may be troublesome because CARs
are transduced in living cells, with a failure rate of
around 10% [100], while BiTEs are recombinant soluble
proteins with no risk of therapy failure due to manufac-
turing issues. Another factor to consider is drug vari-
ability. Different T cell subset compositions can lead to
product variability; CAR CD4/CD8 cell ratio normali-
zation is frequently conducted before or after transduc-
tion to reduce variability.

The composition and phenotype of T cells affect the
persistence and exhaustion of CAR T cells. Effector T
cells may have an increased cytotoxic capacity, but their
sole infusion does not induce lasting effects in patients.
To increase their longevity, CD4+T cells need to be
coadministered [101]. In contrast to effector T cells,
central memory and stem cell memory T cells show a
prolonged expansion and persistence in adoptive cell
therapies. The group of Riddell in Seattle showed that
their combination with CD4+ T helper cells is still of
utmost importance to ensure their long-term persis-
tence [102].

Pharmacokinetics are also different, as BiTEs have
a short lifetime, one of their biggest drawbacks. As a
result, several infusions are required. CAR is typically
a one-time administration drug, and CAR T cells can
persist for more than 10 years in some patients [103].
Before administration, CAR frequently necessitates
cyclophosphamide and fludarabine lymphodepletion.
Furthermore, clinicians report occasional relapses
soon after lymphodepletion, which is a fairly difficult
scenario to handle.
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When referring to the effector cell, both treatments
rely on endogenous T cells to function. While T cells in
BiTE should be intact during infusion, CAR T cells must
be functional during leukapheresis. T cell exhaustion and
anergy are of key importance, as T cell exhaustion is a
reversible side effect of both therapies. T cells regener-
ate during treatment-free periods (2—8 weeks) in the case
of BiTE. In the case of CAR, a significantly longer period
may be required (months).

Cytokine release syndrome (CRS) and immune effec-
tor cell-associated neurotoxicity syndrome (ICANS) are
the two most common general side effects of BiTE and
CAR T cell treatments. Because of the persistence of
CAR T cells, it is challenging to “stop” or “pause” CAR if
they cause toxicity. To address these side effects, immu-
nosuppressors, such as tocilizumab and/or corticoster-
oids, are required. New generation CARs counteract
these effects by coexpressing suicide genes or having
ON/OFF switch-like properties, although other methods
have also been proposed [104]. BiTE, on the other hand,
can be halted without causing long-term effects due to
its short half-life. Another typical side effect of CAR is
prolonged and severe cytopenia, which can lead to seri-
ous infections. Because BiTE does not need lymphode-
pletion, infections are usually acute and mild. Depending
upon the targeted antigen, other specific adverse effects
can occur, either as off-target or as on-target, off-tumor
responses.

BsAbs armed T cell therapy (BAT)

A third novel T cell-based immunotherapy is BAT. With
this technique, leukocytes ex vivo are coated with BsAbs
after being collected through leukapheresis. As a result,
cytotoxic T cells can be specifically activated and targeted
against tumor-associated antigens. In RRMM, SLAMF7-
targeted BATs (NCT04864522) are being studied to
determine clinical their safety and efficacy. In preclinical
models, BATs combined the advantages of both CAR and
BiTE, showing positive anti-tumor effects, while adverse
effects, such as CRS, are avoided. The use of BATs allows
for more precise potency control since several factors can
be controlled, including (1) the amount of BiAb used to
arm the ATC, (2) the cell dose per infusion and (3) the
number of infusions [105].

Patient selection for CAR versus BiTE

Given their different toxicity profiles, expected response
rates and administration modalities, patient selection for
either CAR or BITE may differ. In general, patients for
CAR are younger (some centers propose an age limit of
75 years) because of the required conditioning regimen
and possible serious complications of infections, CRS
and neurotoxicity that might necessitate hemodynamic
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Table 4 CAR versus BiTE in MM
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Car

BiTE Bat

Advantages Strong and rapid anti-tumor effects

Efficient in different subgroups
Autologous or allogeneic products

Disadvantages Delay in production
Side effects

costs+ + +

Off-the-shelf available Strong and rapid

anti-tumor effects
Good anti-tumor control Potency control

Dosing can be stopped in case of adverse
effects

Continuous treatment
Costs+ +

Delay in production
costs (7)

support. Cytokine release syndrome and neurotoxicity
can also be seen after BITE treatment, but it tends to be
milder and can often be controlled with corticosteroids.

The anti-tumor effects obtained with CAR are impres-
sive and have never been seen before in the context of
relapsed/refractory MM. These rapid and deep responses
are beneficial for patients presenting with an aggressive
disease (resulting from underlying genetic aberrations) or
an aggressive relapse. Moreover, they allow a treatment-
free interval once treatment and an early observation for
toxicities are realized. In contrast, BITE therapy requires
recurrent administrations given on a weekly or biweekly
basis. Probably, the intervals between two administra-
tions can be prolonged after obtaining an excellent anti-
tumor effect. But currently, no data support a delay in
administration. Although the response rates seen with
BiTE are not as great as with CAR, they have the advan-
tage of being immediately available, easy to administer,
and can be used in frail patients.

For lymphoma patients, a high disease burden prior to
CAR is an important risk factor that may be correlated
with a worse prognosis—both in terms of toxicity and
clinical response [106]. Patients with a substantial disease
burden, a rapidly progressive disease, and/or a bulky dis-
ease, are at risk of severe CRS. In both the KarMMa and
CARTITUDE-1 studies, a bridging therapy was given to
the majority of patients. These bridging therapies should
be personalized to each patient, according to previous
lines of treatment, disease characteristics and preexisting
toxicities. Of note, the presence of extramedullary dis-
ease, high-risk cytogenetics or advanced disease (ISS=3)
was no longer associated with decreased response rates
in the CARTITUDE-1 study; but disease progression was
observed earlier (13 months for EMD or ISS3, 20 months
for high-risk cytogenetics), and not reached for the over-
all study population [107].

Results of the CARTITUDE-1 trials showed that for
a single cilta-cel infusion of 0.75 x 106 CARs pe kg, the
anti-tumor effect is significant. Thus, the OS was 97%,
with 67% achieving CR. The anti-tumor effect was fast as

the median time to first response was one month follow-
ing infusion, while the median time to best response was
2.6 months. The median PFS was not reached, and the
overall 12-month PFS was 77%. 41% of patients were not
evaluable for MRD due to the lack of an identifiable clone
in the baseline bone marrow sample, suggesting a deep
anti-tumor response.

Conclusion and take-home messages
This manuscript focuses on the clinical features of CAR
and BiTE in MM. We depict MM antigens now being
clinically studied in MM. However, it is worth noting
that clinical studies on a variety of additional possible
antigens may be conducted in the future (cancer testis
antigens, CD70, CD126, CD229). In fact, in the future,
CARs and BiTEs might be optimized to improve toxic-
ity management, lengthen half-life or persistence and
boost specificity and effectiveness. New clinical studies
should be conducted to see if combining BiTE with CAR
can improve ORR. If this is the case, the optimal time-
point for BiTEs administration following CAR should be
evaluated. Using NK cells instead of T helper cells might
improve the efficacy of CARs [108]. These T cell-engag-
ing therapies have unseen response rates in relapsed and
end-stage MM and may induce prolonged progression-
free survival. Future studies that focus on their use in ear-
lier treatment lines or in different patient populations will
try to define their optimal use, especially whether these
constructs could be optimized to a point that a transplant
might no longer be required in the future.

Table 4 summarizes the advantages versus the disad-
vantages of both strategies.
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