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In the era of highly promising novel targeted-immunotherapy strategies for multiple

myeloma (MM), the first series of clinical trials with CAR T-cells targeting the plasma

cell-specific B-cell maturation antigen (BCMA) have shown excellent response rates.

In the long-term, however, MM appears to escape the therapy likely due to initial low

and heterogeneous expression or downregulation of BCMA expression. Several other

molecules targeted by CAR T-cells in MM are expressed at high levels on MM cells,

but many of these attractive targets are also expressed on various, sometimes vital

non-malignant cells, posing major risks for on-target, off-tumor side effects. CAR T-cell

therapy for MM therefore faces two urgent challenges: (i) improving the efficacy of BCMA

CAR T-cells and (ii) establishing a MM-selectivity even when CAR T-cells are directed

against not entirely MM-specific target antigens. In this review, we will outline the current

attempts to tackle these challenges, with a specific focus on how dual CAR targeting

might be applied to tackle both issues.

Keywords: chimeric antigen receptor T-cells, multiple myeloma, dual targeting, antigen escape, target choice,

split signaling

THE CURATIVE POTENTIAL OF IMMUNOTHERAPY IN MM

Multiple myeloma (MM) is a progressive hematological malignancy resulting from the malignant
outgrowth of monoclonal plasma cells in the bone marrow. As the second most common
hematological malignancy, MM accounts for 2% of all cancer deaths in the U.S., as of 2019 (1).
While the therapy of MM was for decades based on a number of alkylating agents, with melphalan
being the prime choice, since the beginning of the century, treatment options for MM patients have
been significantly improved by successful applications of immunomodulatory drugs, proteasome
inhibitors, histone deacetylases, and by monoclonal antibodies (2). Although each of these novel
therapies significantly improved the outcome of patients, MM still remains an incurable disease for
the majority of patients. Most, if not all patients develop resistance, even to triple combination
therapies. The life expectancy of multi-drug resistant patients is very short, urging for more
powerful, potentially curative approaches.

For many decades, it has consistently been observed that anti-MM activity can be achieved due
to the donor T-cell mediated graft-versus-myeloma effect after allogeneic stem cell transplantation.
Long-term survival in a proportion of patients, thanks to allogeneic stem cell transplantation,
clearly illustrates that the powerful cytotoxic machinery of T-cells is capable of eradicating
multi-drug resistant MM cells. Therefore, T-cell based therapies, provided that they are broadly
applicable, affordable, and can be made selective for targeting MM cells, could be highly beneficial
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to achieve the ultimate goal of cure in MM. Over the past decade,
autologous chimeric antigen receptor engineered T-cells (CAR
T-cells) targeting tumor-associated lineage antigens, such as the
B-cell specific CD19 antigen, emerged as a successful therapeutic
modality, with very high success rates in B-cell malignancies
(3). Clinical trials executed with CD19 CAR T-cells resulted
in the effective elimination of malignant as well as healthy
B-cells (4–6). The striking remissions were not compromised
with extreme unmanageable side effects due to elimination of
healthy B-cells. Consequently, today two CD19-based CAR T-cell
therapies have been approved by FDA as a therapeutic modality
for B-cell acute lymphoblastic leukemia and diffuse large B-cell
lymphoma patients.

BCMA: THE IDEAL MM CAR TARGET?

Prompted by the success of CD19 CAR T-cells, several CAR T-
cell therapies are also being developed for MM, among which,
major efforts have been devoted to CAR T-cells targeting the B-
cell maturation antigen, BCMA (7–11). The choice for BCMA,
already discovered in 1992 as a translocation counterpart with
the IL2 gene in a patient with T-cell lymphoma, as a prime
target for CAR T-cells was obvious, because BCMA is normally
expressed solely on a subset of mature B-cells and on antibody-
producing plasma cells, including their malignant counterparts,
theMM cells. BCMA is therefore a safe target, because other than
plasma cell aplasia, no risk of adverse events resulting from on
target, off tumor effects are expected when BCMA is targeted by
CAR T-cells. Furthermore, BCMA was shown to be important
in proliferation and survival of MM cells, another important
feature, substantiating the value of BCMA as a suitable target for
immunotherapy (12).

On the other hand, several studies found the expression of
BCMA in MM cells to be heterogeneous, with extremely low
expression levels in some patients (13). Furthermore, in a recent
genome-wide CRISPR gene-editing study, BCMA was not found
among more than 90 genes essential for MM (14). These are
properties which do not fit with the description of the “ideal”
target for immunotherapy (15, 16).

The first in man study with BCMA-targeted CAR T-cells was
performed by the National Cancer Institute (NCI) in heavily
pretreated patients. At the highest dose-level tested, the overall
response rate [≥partial response (PR)] was 81% in patients with
a median of 10 prior lines of therapy (17). At this moment
there are two CAR T-cell products that are very advanced in
terms of clinical testing and both are currently being reviewed
by regulatory authorities for their application in patients with
advanced MM. This includes idecabtagene vicleucel (ide-cel;
bb2121), which expresses a murine BCMA-targeting single-
chain variable fragment with 4-1BB costimulatory motif. In
the phase 1 study with ide-cel, at least PR was achieved in
85% [including complete response (CR) in 45%] of heavily
pretreated patients with a median 7 prior lines of therapy. The
median PFS in patients who received ≥150 × 106 CAR T-cells
was 11.8 months (8). The second CAR T-cell product, that is
submitted to regulatory authorities, is JNJ-4528 (LCAR-B38M),

which is a 4-1BB-based CAR T-cell therapy with 2 BCMA-
targeting domains, which confers high avidity binding. JNJ-
4528 was evaluated in the CARTITUDE-1 study in patients
exposed to immunomodulatory drugs, proteasome inhibitors
and CD38 antibodies (18). Preliminary results of the first 29
patients treated with JNJ-4528 (target dose: 0.75 × 106 CAR T-
cells/kg) demonstrated a 100% response rate with CR in 69%.
With a short median follow-up of 6 months, 27 of 29 patients
remained progression-free. The same product was also evaluated
in the LEGEND-2 study in a less heavily pretreated patient
population in China. Results from one site showed that at least
PR was obtained in 88% of patients (CR in 74%) with a median
of 3 prior lines of therapy (10, 19). The median PFS was 19.9
months (28.2 months for patients with CR) (10). In these studies
toxicity consisted of cytokine-release syndrome, cytopenias, and
infections, while neurological toxicity was less frequent than
observed in studies with CD19 CAR T-cells.

Altogether, these studies demonstrate that independent of
which CAR T-cell construct has been used, the early clinical
responses to BCMA CAR T-cells are extremely well, but, in
studies with sufficient follow-up, many patients have short
remission duration, and show relapse after BCMA-targeted CAR
T therapy (8, 10, 20). Relapsed patients show a lack of CAR
T-cell in vivo persistence and BCMA-low, or in some cases
BCMA-negative, disease which may be due to the low, and
heterogeneous expression or downregulation of BCMA from the
cell surface (17, 21–24). Therefore, preventing the escape of MM
cells from BCMA CAR T-cell therapy is currently an important
challenge. For instance, improving CAR design to prevent T-cell
exhaustion, preventing rapid development of effector memory
T-cell phenotype by introducing CARs into naïve or central
memory T-cells or avoiding tonic CAR signaling could further
improve patient outcome (25, 26). As an alternative, there are
also several other potential targetmolecules expressed at high and
homogenous levels on the surface of MM cells. As outlined in the
next section, CAR T-cells against these molecules are also being
developed and tested in preclinical settings or even in clinical
trials. Nonetheless, all of these “alternative” targets are also
expressed on some various non-malignant cells, posing potential
risks for on-target, off-tumor side effects. Hence, establishing a
MM-specific effect by targeting MM-associated but not entirely
MM-specific target antigens is another potentially important
challenge of CAR T-cell therapy in MM. Below we will first
outline the advantages and possible disadvantages of several
alternative target antigens for CAR T-cells in MM and will focus
on how except GPR5Cection g also developed and testedapym for
CAR-T cells and specific modalities of dual-CAR targeting can
exploit these alternative targets to offer solutions for the current
challenges of CAR T-cell therapy in MM.

MM TARGETS OTHER THAN BCMA

G-Protein Coupled Receptor 5D (GPRC5D) has recently been
identified as another potential MM target, because this antigen
is expressed on malignant MM cells at high levels, independent
of BCMA distribution, and only in low levels on B cells,
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healthy plasma cells and hair follicles (27, 28). Its function,
ligand and its role in MM development is not yet known, but
the enhanced expression on MM cells compared to healthy
plasma cells indicates a role in malignancy. Targeting this largely
MM-specific molecule with CD3/GPRC5D bispecific antibodies
and CAR T-cells in preclinical settings has already shown
promising results and ongoing clinical studies will expose its
suitability as a MM-target (27, 29). Except BCMA, and perhaps
GPRC5D, no other plasma cell or MM cell-specific surface
antigens have been discovered so far. Though, MM cells express
many other attractive target antigens, of which CD138, CD38,
and SLAMF7/CS1 are the most prominent ones. All these
antigens are highly expressed on MM cells. While SLAMF7
expression might be slightly reduced upon disease progression,
CD38 expression is generally unaffected at different disease
stages and CD138 displays an even higher expression on MM
cells from patients with refractory and progressive disease (30–
33). All these antigens are however also expressed on other
tissues. The high expression of CD138 on normal tissues (i.e.,
squamous epithelium, hepatocytes, goblet, and columnar cells
of gastrointestinal tract) suggests that its sole targeting can
be associated with on target, off tumor side effects. Indeed,
targeting CD138 with an antibody drug conjugate (BT062)
induced skin and mucosal toxicity, although such side effects
have not been seen in a small pilot trial with CD138 CAR T-
cells (34, 35). The expression of CD38 and SLAMF7 on non-
malignant hematopoietic cells, such as T-cells, B-cells, NK-cells,
macrophages, dendritic cells is lower as compared to MM cells
(30, 36). CD38 is also expressed in other tissues, such as in
lung smooth muscle cells and in Purkinje cells but at most at
intermediate levels, thus generating a clear differential expression
window that can be exploited by carefully designed targeted
therapies. This has been shown with antibody targeting of
CD38 with daratumumab and isatixumab, and of SLAMF7 with
elotuzumab, which were well-tolerated in patients with newly
diagnosed and relapsed/refractory MM (37–39). Encouraged by
these results, thesemolecules were also targeted with CART-cells.
In preclinical studies, CAR T-cells generated against SLAMF7
using the antibody elotuzumab as a binding domain are highly
effective but they cause lysis of SLAMF7+ fractions of T-, B-
, and NK-cells, requiring precautions such as the inclusion of
suicide genes, in the design of ongoing clinical studies (40)
(NCT03958656, NCT03710421). Similarly, CD38 CAR T-cells
generated from high affinity antibodies effectively eliminate MM
cells but also kill CD38+ non-malignant cells. Fortunately, it is
possible to generate CD38 CAR T-cells with optimized lower-
affinities to efficiently eliminate MM cells without any undesired
cytotoxic activity against normal hematopoietic cells (41). The
safety profile and efficacy of CD38 CAR T-cells (CAR2 Anti-
CD38 A2 CAR T-Cells) generated from an apparently similar
low-affinity antibody is currently being tested in a clinical trial
(NCT03464916), with no reported interim results yet. Besides
the above mentioned targets, many other MM-associated, but
not entirely plasma cell, or MM-specific targets, such as NKG2D,
CD56, Lewis-x, CD44v6 are evaluated for CAR T-cell therapy
(42–44), with currently no reported outcomes of the latter three
(NCT04097301, NCT03473496, NCT01716364). NKG2D CAR

T-cells obtained no clinical response or side effects, which may
be because CAR T-cells were infused without prior lympho-
depletion, or, as found in preclinical work, NKG2D CAR NK-
cells rather than T-cells were effective in eliminating MM cells
(NCT02203825) (42, 45).

DUAL CAR T-CELL TARGETING TO
IMPROVE EFFICACY

As illustrated above for CD38 CAR T-cells, clinical translation
of strategies targeting MM-associated, but not entirely MM-
specific antigens, may require various adjustments to increase
their MM cell selectivity. These alternative target antigens may
also be carefully combined with BCMA CAR T-cells in dual
CAR T-cell targeting strategies to prevent MM escape and
improve the overall efficacy of CAR T-cells (Figure 1) or even to
establish MM-specificity by applying split signaling approaches
(Figure 2). The most interesting approaches that are aiming
at improving the efficacy of CAR T-cells are combination of
BCMA CARs with CD19, CD38, SLAMF7, and GPRC5D CARs
either by co-infusion of two pools of T-cells that express distinct
CARs (Figure 1A) or by infusion of a single T-cell pool in
which each T-cell expresses two distinct CARs (Figure 1B).
All these strategies have specific advantages and disadvantages.
For instance, dual-targeting by distinct CAR T-cells has the
advantage that CAR expression in both CAR T-cell products
can be separately controlled. Moreover, this strategy allows the
sequential administration of CAR T-cells, which may decrease
the risk of severe cytokine release syndrome (CRS). With this
idea, in two recently published clinical trials BCMA/CD19 dual
CAR T-cell targeting was achieved using two pools of single
CAR transduced T-cells in newly diagnosed as well as in relapsed
refractory patients (NCT03706547, NCT03767725). Patients
received sequential administration of CAR T-cells in order to
decrease the risk of aggravated cytokine release syndrome (CRS).
In both studies the patients developed manageable CRS but no
neurological toxicity. The clinical responses of evaluable patients
suggested that BCMA-CD19 CAR T-cell sequential combination
could improve the clinical response. Nonetheless, since these
studies lacked a control group (i.e., single arm) it will be
highly important to evaluate the results of a recently initiated
study (NCT03549442) which addresses whether dual targeting
of BCMA/CD19 is more effective and equally safe as compared
to BCMA targeting only, besides comparing co-infusion and
sequential infusion of BCMA and CD19 CAR T-cells.

Since generation of two different batches of CAR T-cells may
have important negative impacts on the feasibility and the costs
of CAR T-cell production several other attempts are done with T-
cells that are simultaneously transduced with two different, fully
functional second-generation CARs (Figure 1B). Technically,
the dual CAR specificity of a single T-cell can be obtained either
by simultaneous transduction of two separate CAR constructs
into T-cells or using a single bicistronic vector containing
two separate CAR constructs. Achieving high transduction
efficiencies for dual CARs through a bicistronic vector might be
more challenging because of the size of the construct (46, 47),
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FIGURE 1 | Dual CAR strategies to improve efficacy of CAR T-cell MM therapy. (A) Mixture of two pools of single CAR T-cells in which each pool targets a different

antigen. These can be co-infused or sequentially infused into a patient. (B) Two CARs targeting distinct antigens expressed on one T-cell through the use of

co-transduction (B1) or a bicistronic vector (B2). Binding of either one of the CARs is sufficient to activate the T-cell. (C) Tandem CAR T-cells, which contain two

distinct binding domains linked to one receptor. Binding of either one of the domains is sufficient to activate the T-cell. (D) Ligand-based CAR T-cells, containing a

ligand as binding domain that can recognize more than one antigen. Binding of either one of the antigens is sufficient to activate the T-cell.

FIGURE 2 | Dual CAR strategies to improve specificity of CAR T-cell MM therapy. (A) Split CAR T-cells, in which activation through CD3ζ and co-stimulation are split

over a first generation CAR and a chimeric co-stimulatory CAR (CCR), each targeting distinct tumor antigens. Binding of both CARs is required for full T-cell activation.

Split CAR T-cells can be generated using a bicistronic vector (A1) or two separate CAR and CCR vectors (A2). (B) An inhibitory CAR (iCAR) binding a self-antigen

inhibits T-cell activation of a second CAR targeting a tumor-associated antigen (TAA). In the absence of a self-antigen it functions as a conventional single CAR T-cell.

CAR/iCAR combinations can also be made using a bicistronic vector (B1) or two separate CAR and iCAR vectors (B2).
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but this assures that both CARs are expressed in all transduced
cells, and at the same density level. This is challenging in a
dual transduction strategy using two separate CAR constructs.
Dual transduction usually results in a mixture of cells expressing
single as well as dual transduced CAR T cells, requiring further
sorting to obtain a pure product. Furthermore it is difficult to
express both CARs expressed at similar density levels with the
dual transduction strategy.

Dual CAR T-cells targeting the combinations of
BCMA/CD19, BCMA/SLAMF7 constructed with bicistronic
vectors are now being evaluated in clinical trials (48)
(NCT04156269, NCT04162353). Several other clinical trials
with unspecified dual targeting approaches test combinations
that include BCMA/CD38, BCMA/NY-ESO1, and CD38/CD19
(NCT03125577, NCT03767751, NCT03473496, NCT03271632,
NCT03638206). As presented at ASH2019, BCMA/GPRC5D
dual CAR T-cells are being evaluated pre-clinically, either
co-infused, co-transduced or made with a bicistronic vector (49).

Alternatively, dual target specificity can be achieved by
insertion of bispecific tandem CAR constructs (Figure 1C).
Tandem CAR T-cells comprise a single second, or higher,
generation CAR with two distinct scFv’s. Several tandem CARs
have been studied for the treatment of B-cell malignancies,
targeting the combinations of CD19/CD20 and CD19/CD22 (50,
51). So far, for MM no results on tandem CARs targeting two
distinct antigens have been published. However, the LCAR B38M
trial uses a CAR that targets two distinct epitopes of BCMA,
claiming increased recognition and efficacy (10, 20).

The generation of ligand-based CARs that can target two
separate antigens is yet another way to achieve dual target
specificity (Figure 1D). The APRIL-CAR is a typical example of
a ligand-based CAR. In this strategy, the extracellular domain
of APRIL, the natural ligand of BCMA, is constructed in a
CAR, instead of using an antibody derived scFv. The major
advantage of using APRIL as binding moiety is that, besides
BCMA, it also recognizes transmembrane activator, and calcium-
modulator and cyclophilin ligand (TACI). Therefore, this CAR
can target two MM-associated antigens simultaneously. After
successful preclinical evaluation, APRIL CAR T-cells were being
tested in a clinical trial, but the trial was recently terminated
because of disappointing results (52) (NCT03287804). Therefore,
although the idea is attractive, APRIL-based CAR T-cells will
need further optimization. Schmidts et al. (53) showed such an
optimization, by changing the monomeric structure of APRIL
to a trimeric structure, which increased efficacy of APRIL-based
CAR T-cells in a pre-clinical study.

DUAL CAR T-CELLS TO IMPROVE
MM-SPECIFICITY

Alternatively, and perhaps more appealing, dual antigen
targeting by CAR T-cells can be exploited to establish MM-
specificity of CAR T-cell therapy by the application of split dual
CAR T-cell strategy. This concept, for the first time shown by
Kloss et al. (54), is based on the fundamental concept that T-
cells require two distinct signals to become fully activated. In

the split-dual CAR technology, the primary activation, and the
co-stimulation signals for T-cells are split into two separately
expressed CARs that are directed against two carefully selected
antigens, which are individually not tumor-specific, but in
combination display tumor-specific expression. Splitting the first
and co-stimulatory T-cell activation signals will thus enable
tumor specificity, because dual CAR-transduced T-cells can only
be fully activated if both CARs simultaneously engage their
targets on the tumor cells but not if they recognize only one of
the antigens on the normal tissues (Figure 2A). Important was
to lower the affinity of the CAR linked to CD3ζ to diminish
the possibility of activation through this CAR alone. Until now,
four groups have shown the feasibility of using split signaling
CAR T-cells in different types of solid tumors and AML (55–
58). While the main purpose of split-dual CAR T-cells is to
increase specificity, split-dual CARs can also improve the avidity
of CAR T-cell to the tumor target. Since BCMA expression is
not expressed on healthy cells other than plasma cells, it may
not be necessary to use split signaling to increase specificity of
BCMA CAR T-cells. However, it may be beneficial and open
new possibilities of using MM antigens that are not restricted to
plasma cells andmyeloma cells, especially antigens that are highly
expressed onMMcells, but lower on healthy cells, such as CD138,
CD38, and SLAMF7.

Finally, another form of a dual CAR design to improve
specificity uses inhibitory CARs (Figure 2B). This approach was
first described by Fedorov et al. (59). A conventional second
generation CAR is combined with an inhibitory CAR (iCAR),
containing an scFv binding domain linked to an inhibitory
cytoplasmic domain, such as PD-1. Combining a non-specific
MM target with an iCAR targeting a self-antigen may improve
specificity and therefore safety of MM CAR therapy. Both
split-signaling CAR T-cells and dual CAR/iCAR T-cells can be
generated through co-transduction of two separate vectors or the
use of a bicistronic vector, with accompanying advantages and
disadvantages as discussed previously.

CONCLUSION

Dual or multi-targeting is a promising tool both to tackle target
antigen loss or downregulation and to allow the use of MM-
associated, but not specific, target antigens. There are several
options in producing dual CAR T-cells and obtaining dual CAR
targeting, of which most are being explored in the MM setting.
Importantly, at present, there is only little research done on
comparing different dual CAR targeting approaches in efficacy
and persistence. In pre-clinical work, Hamieh et al. (22) found
that co-infused CD19 and CD22 CAR T-cells were superior in
preventing relapse due to low target antigen presence, to the
same CAR T-cells sequentially infused. Fernandez De Larrea
et al. (49) compared a 1:1 mix of BCMA and GPCR5D CAR
T-cells, to a single bicistronic BCMA/GPCR5D construct and
a single CAR with BCMA and GPCR5D scFv’s in tandem and
found the bicistronic construct to be superior when tested in a
sub-therapeutic dose. Similarly, Ruella et al. (60) found that a
dual CD19/CD123 CAR T-cells created with a bicistronic vector
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outperformed pooled CD19 and CD123 CAR T-cells. However,
using different target antigens and CARs may very well change
this outcome and more research is needed to determine which
approach is best suited in a specific situation.

As briefly discussed earlier, besides relapse related to down-
regulation, there are likely other mechanism of resistance in
MM CAR T-cell treatment. Lack of CAR T-cell persistence
despite target antigen presence and suppression of CAR T-cells
by inhibitory molecules, such as PD-L1, or immunosuppressive
cells, such as myeloid-derived suppressor cells (MDSCs), may
also play a role. Persistency may be augmented by using optimal
co-stimulatory domains and preventing tonic signaling (25, 61).
Moreover, the phenotype of the T-cells appears to be important
for persistence and several studies are exploring how to optimize
this (26, 62). Split signaling strategies may open possibilities of
using less specific MM target antigens, but by requiring two

target antigens, antigen escape may increase since loss of one
of the antigens is already sufficient to abrogate CAR T-cell
activation. It is therefore important to target antigens that are
implicated in disease progression and are expressed at high levels,
as this may reduce the likelihood that MM cells decrease or
lose antigen expression and to exploit the differential expression
of target antigens on healthy and malignant tissues optimizing
CAR affinity.

AUTHOR CONTRIBUTIONS

JS and TM reviewed the literature, participated in the design
of the manuscript, and wrote the paper. ND revised the
manuscript substantially for important intellectual content.
All authors contributed to the article and approved the
submitted version.

REFERENCES

1. Myeloma - Cancer stat facts. (2019). Available online at: https://seer.cancer.

gov/statfacts/html/mulmy.html (accessed February 11, 2020).

2. D’Agostino M, Bertamini L, Oliva S, Boccadoro M, Gay F. Pursuing a

curative approach inmultiplemyeloma: a review of new therapeutic strategies.

Cancers. (2019) 11:2015. doi: 10.3390/cancers11122015

3. Park JH, Geyer MB, Brentjens RJ. CD19-targeted CAR T-cell therapeutics

for hematologic malignancies: interpreting clinical outcomes to date. Blood.

(2016) 127:3312–20. doi: 10.1182/blood-2016-02-629063

4. Brudno JN, Kochenderfer JN. Chimeric antigen receptor T-cell

therapies for lymphoma. Nat Rev Clin Oncol. (2018) 15:31–46.

doi: 10.1038/nrclinonc.2017.128

5. Schuster SJ, Svoboda J, Chong EA, Nasta SD,Mato AR, AnakO, et al. Chimeric

antigen receptor T cells in refractory B-cell lymphomas. N Engl J Med. (2017)

377:2545–54. doi: 10.1056/NEJMoa1708566

6. Kochenderfer JN, Dudley ME, Kassim SH, Somerville RP, Carpenter RO,

Stetler-Stevenson M, et al. Chemotherapy-refractory diffuse large B-cell

lymphoma and indolent B-cell malignancies can be effectively treated with

autologous T cells expressing an anti-CD19 chimeric antigen receptor. J Clin

Oncol. (2015) 33:540–9. doi: 10.1200/JCO.2014.56.2025

7. Quintas-Cardama A. Anti-BCMA CAR T-cell therapy in multiple myeloma.

N Engl J Med. (2019) 381:e6. doi: 10.1056/NEJMc1907520

8. Raje N, Berdeja J, Lin Y, Siegel D, Jagannath S, Madduri D, et al. Anti-BCMA

CART-cell therapy bb2121 in relapsed or refractorymultiplemyeloma.NEngl

J Med. (2019) 380:1726–37. doi: 10.1056/NEJMoa1817226

9. Sidaway P. Haematological cancer: anti-BCMA CAR T cells show promise

in MM. Nat Rev Clin Oncol. (2016) 13:530. doi: 10.1038/nrclinonc.

2016.125

10. Zhao WH, Liu J, Wang BY, Chen YX, Cao XM, Yang Y, et al. A

phase 1, open-label study of LCAR-B38M, a chimeric antigen receptor T

cell therapy directed against B cell maturation antigen, in patients with

relapsed or refractory multiple myeloma. J Hematol Oncol. (2018) 11:141.

doi: 10.1186/s13045-018-0681-6

11. Lin Q, Zhao J, Song Y, Liu D. Recent updates on CAR T

clinical trials for multiple myeloma. Mol Cancer. (2019) 18:154.

doi: 10.1186/s12943-019-1092-1

12. Cho SF, Anderson KC, Tai YT. Targeting B cell maturation antigen (BCMA)

in multiple myeloma: potential uses of BCMA-based immunotherapy. Front

Immunol. (2018) 9:1821. doi: 10.3389/fimmu.2018.01821

13. Frigyesi I, Adolfsson J, Ali M, Christophersen MK, Johnsson E, Turesson I,

et al. Robust isolation of malignant plasma cells in multiple myeloma. Blood.

(2014) 123:1336–40. doi: 10.1182/blood-2013-09-529800

14. De Matos Simoes R, Shirasaki R, Downey-Kopyscinski SL, Matthews

G, Yiguo H, Sheffer M, et al. Systematic characterization of genes

representing preferential molecular vulnerabilities for myeloma cells

compared to other neoplasias - implications for the biology and therapeutic

targeting of myeloma. Blood. (2019) 134:4407. doi: 10.1182/blood-2019-

130901

15. Wei J, Han X, Bo J, Han W. Target selection for CAR-T therapy. J Hematol

Oncol. (2019) 12:62. doi: 10.1186/s13045-019-0758-x

16. Rafiq S, Hackett CS, Brentjens RJ. Engineering strategies to overcome the

current roadblocks in CAR T cell therapy. Nat Rev Clin Oncol. (2019) 17:147–

67. doi: 10.1038/s41571-019-0297-y

17. Brudno JN, Maric I, Hartman SD, Rose JJ, Wang M, Lam N, et al. T cells

genetically modified to express an anti-B-cell maturation antigen chimeric

antigen receptor cause remissions of poor-prognosis relapsed multiple

myeloma. J Clin Oncol. (2018) 36:2267–80. doi: 10.1200/JCO.2018.77.8084

18. Madduri D, Usmani SZ, Jagannath S, Singh I, Zudaire E, Yeh TM, et al. Results

from CARTITUDE-1: a phase 1b/2 study of JNJ-4528, a CAR-T cell therapy

directed against B-cell maturation antigen (BCMA), in patients with relapsed

and/or refractory multiple myeloma (R/R MM). Blood. (2019) 134(Suppl.

1):577. doi: 10.1182/blood-2019-121731

19. Wang BY, Zhao WH, Liu J, Chen YX, Cao XM, Yang Y, et al. Long-

term follow-up of a phase 1, first-in-human open-label study of LCAR-

B38M, a structurally differentiated chimeric antigen receptor T (CAR-T) cell

therapy targeting B-cell maturation antigen (BCMA), in patients (pts) with

relapsed/refractory multiple myeloma (RRMM). Blood. (2019) 134(Suppl.

1):579. doi: 10.1182/blood-2019-124953

20. Xu J, Chen LJ, Yang SS, Sun Y, Wu W, Liu YF, et al. Exploratory

trial of a biepitopic CAR T-targeting B cell maturation antigen in

relapsed/refractory multiple myeloma. Proc Natl Acad Sci USA. (2019)

116:9543–51. doi: 10.1073/pnas.1819745116

21. Timmers M, Roex G, Wang Y, Campillo-Davo D, Van Tendeloo VFI, Chu

Y, et al. Chimeric antigen receptor-modified T cell therapy in multiple

myeloma: beyond B cell maturation antigen. Front Immunol. (2019) 10:1613.

doi: 10.3389/fimmu.2019.01613

22. Hamieh M, Dobrin A, Cabriolu A, van der Stegen SJC, Giavridis T, Mansilla-

Soto J, et al. CAR T cell trogocytosis and cooperative killing regulate tumour

antigen escape. Nature. (2019) 568:112–6. doi: 10.1038/s41586-019-1054-1

23. Cohen AD, Garfall AL, Stadtmauer EA, Melenhorst JJ, Lacey SF, Lancaster

E, et al. B cell maturation antigen-specific CAR T cells are clinically active

in multiple myeloma. J Clin Invest. (2019) 129:2210–21. doi: 10.1172/JCI

126397

24. Green DJ, Pont M, Sather BD, Cowan AJ, Turtle CJ, Till BG, et al. Fully

human Bcma targeted chimeric antigen receptor T cells administered in

a defined composition demonstrate potency at low doses in advanced

stage high risk multiple myeloma. Blood. (2018) 132(Suppl. 1):1011.

doi: 10.1182/blood-2018-99-117729

25. Ajina A, Maher J. Strategies to address chimeric antigen

receptor tonic signaling. Mol Cancer Ther. (2018) 17:1795–815.

doi: 10.1158/1535-7163.MCT-17-1097

Frontiers in Oncology | www.frontiersin.org 6 August 2020 | Volume 10 | Article 1362

https://seer.cancer.gov/statfacts/html/mulmy.html
https://seer.cancer.gov/statfacts/html/mulmy.html
https://doi.org/10.3390/cancers11122015
https://doi.org/10.1182/blood-2016-02-629063
https://doi.org/10.1038/nrclinonc.2017.128
https://doi.org/10.1056/NEJMoa1708566
https://doi.org/10.1200/JCO.2014.56.2025
https://doi.org/10.1056/NEJMc1907520
https://doi.org/10.1056/NEJMoa1817226
https://doi.org/10.1038/nrclinonc.2016.125
https://doi.org/10.1186/s13045-018-0681-6
https://doi.org/10.1186/s12943-019-1092-1
https://doi.org/10.3389/fimmu.2018.01821
https://doi.org/10.1182/blood-2013-09-529800
https://doi.org/10.1182/blood-2019-130901
https://doi.org/10.1186/s13045-019-0758-x
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.1200/JCO.2018.77.8084
https://doi.org/10.1182/blood-2019-121731
https://doi.org/10.1182/blood-2019-124953
https://doi.org/10.1073/pnas.1819745116
https://doi.org/10.3389/fimmu.2019.01613
https://doi.org/10.1038/s41586-019-1054-1
https://doi.org/10.1172/JCI126397
https://doi.org/10.1182/blood-2018-99-117729
https://doi.org/10.1158/1535-7163.MCT-17-1097
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


van der Schans et al. Dual-CAR Targeting for MM

26. McLellan AD, Ali Hosseini Rad SM. Chimeric antigen receptor T cell

persistence and memory cell formation. Immunol Cell Biol. (2019) 97:664–74.

doi: 10.1111/imcb.12254

27. Kodama T, Kochi Y, Nakai W, Mizuno H, Baba T, Habu K, et al.

Anti-GPRC5D/CD3 bispecific T-cell-redirecting antibody for the

treatment of multiple myeloma. Mol Cancer Ther. (2019) 18:1555–64.

doi: 10.1158/1535-7163.MCT-18-1216

28. Inoue S, Nambu T, Shimomura T. The RAIG family member, GPRC5D,

is associated with hard-keratinized structures. J Invest Dermatol. (2004)

122:565–73. doi: 10.1046/j.0022-202X.2004.12628.x

29. Smith EL, Harrington K, Staehr M, Masakayan R, Jones J, Long TJ, et al.

GPRC5D CAR T-cell therapy has antitumor activity in multiple myeloma.

Cancer Discov. (2019) 9:690. doi: 10.1158/2159-8290.CD-RW2019-051

30. Hsi ED, Steinle R, Balasa B, Szmania S, Draksharapu A, Shum

BP, et al. CS1, a potential new therapeutic antibody target for the

treatment of multiple myeloma. Clin Cancer Res. (2008) 14:2775–84.

doi: 10.1158/1078-0432.CCR-07-4246

31. Kawano Y, Fujiwara S, Wada N, Izaki M, Yuki H, Okuno Y, et al. Multiple

myeloma cells expressing low levels of CD138 have an immature phenotype

and reduced sensitivity to lenalidomide. Int J Oncol. (2012) 41:876–84.

doi: 10.3892/ijo.2012.1545

32. Nijhof IS, Groen RW, Lokhorst HM, van Kessel B, Bloem AC, van Velzen

J, et al. Upregulation of CD38 expression on multiple myeloma cells by all-

trans retinoic acid improves the efficacy of daratumumab. Leukemia. (2015)

29:2039–49. doi: 10.1038/leu.2015.123

33. Lisenko K, Schonland S, Hegenbart U, Wallenwein K, Braun U, Mai EK, et al.

Potential therapeutic targets in plasma cell disorders: a flow cytometry study.

Cytometry Clin Cytom. (2017) 92:145–52. doi: 10.1002/cyto.b.21351

34. Tian C, Yang H, Zhu L, Zhang Q, Cao Z, Zhang Y. Anti-CD138

chimeric antigen receptor-modified T cell therapy for multiple myeloma

with extensive extramedullary involvement.AnnHematol. (2017) 96:1407–10.

doi: 10.1007/s00277-017-3029-3

35. Jagannath S, Chanan-Khan A, Heffner LT, Avigan D, Zimmerman TM, Lonial

S, et al. BT062, an antibody-drug conjugate directed against CD138, shows

clinical activity in patients with relapsed or relapsed/refractory multiple

myeloma. Blood. (2011) 118:305. doi: 10.1182/blood.V118.21.305.305

36. Krejcik J, Casneuf T, Nijhof IS, Verbist B, Bald J, Plesner T, et al. Daratumumab

depletes CD38+ immune regulatory cells, promotes T-cell expansion, and

skews T-cell repertoire in multiple myeloma. Blood. (2016) 128:384–94.

doi: 10.1182/blood-2015-12-687749

37. de Weers M, Tai YT, van der Veer MS, Bakker JM, Vink T, Jacobs DC,

et al. Daratumumab, a novel therapeutic human CD38 monoclonal antibody,

induces killing of multiple myeloma and other hematological tumors. J

Immunol. (2011) 186:1840–8. doi: 10.4049/jimmunol.1003032

38. Deckert J, Wetzel MC, Bartle LM, Skaletskaya A, Goldmacher VS, Vallee F,

et al. SAR650984, a novel humanized CD38-targeting antibody, demonstrates

potent antitumor activity in models of multiple myeloma and other

CD38+ hematologic malignancies. Clin Cancer Res. (2014) 20:4574–83.

doi: 10.1158/1078-0432.CCR-14-0695

39. Lonial S, Dimopoulos M, Palumbo A, White D, Grosicki S, Spicka I, et al.

Elotuzumab therapy for relapsed or refractory multiple myeloma. N Engl J

Med. (2015) 373:621–31. doi: 10.1056/NEJMoa1505654

40. Gogishvili T, Danhof S, Prommersberger S, Rydzek J, Schreder M, Brede

C, et al. SLAMF7-CAR T cells eliminate myeloma and confer selective

fratricide of SLAMF7+ normal lymphocytes. Blood. (2017) 130:2838–47.

doi: 10.1182/blood-2017-04-778423

41. Drent E, Themeli M, Poels R, de Jong-Korlaar R, Yuan H, de Bruijn J, et al. A

rational strategy for reducing on-target off-tumor effects of CD38-chimeric

antigen receptors by affinity optimization. Mol Ther. (2017) 25:1946–58.

doi: 10.1016/j.ymthe.2017.04.024

42. Baumeister SH, Murad J, Werner L, Daley H, Trebeden-Negre H, Gicobi JK,

et al. Phase I trial of autologous CAR T cells targeting NKG2D ligands in

patients with AML/MDS and multiple myeloma. Cancer Immunol Res. (2019)

7:100–12. doi: 10.1158/2326-6066.CIR-18-0307

43. Casucci M, Nicolis di Robilant B, Falcone L, Camisa B, Norelli M, Genovese

P, et al. CD44v6-targeted T cells mediate potent antitumor effects against

acute myeloid leukemia and multiple myeloma. Blood. (2013) 122:3461–72.

doi: 10.1182/blood-2013-04-493361

44. Westwood JA, Smyth MJ, Teng MW, Moeller M, Trapani JA, Scott

AM, et al. Adoptive transfer of T cells modified with a humanized

chimeric receptor gene inhibits growth of Lewis-Y-expressing tumors in

mice. Proc Natl Acad Sci USA. (2005) 102:19051–6. doi: 10.1073/pnas.0504

312102

45. Leivas A, Rio P, Mateos R, Paciello ML, Garcia-Ortiz A, Fernandez L,

et al. NKG2D-CAR transduced primary natural killer cells efficiently

target multiple myeloma cells. Blood. (2018) 132(Suppl. 1):590.

doi: 10.1182/blood-2018-99-114522

46. Gelinas C, Temin HM. Nondefective spleen necrosis virus-derived vectors

define the upper size limit for packaging reticuloendotheliosis viruses. Proc

Natl Acad Sci USA. (1986) 83:9211–5. doi: 10.1073/pnas.83.23.9211

47. Kumar M, Keller B, Makalou N, Sutton RE. Systematic determination of the

packaging limit of lentiviral vectors. Hum Gene Ther. (2001) 12:1893–905.

doi: 10.1089/104303401753153947

48. Chen KH, Wada M, Pinz KG, Liu H, Shuai X, Chen X, et al. A compound

chimeric antigen receptor strategy for targeting multiple myeloma. Leukemia.

(2018) 32:402–12. doi: 10.1038/leu.2017.302

49. Fernandez de Larrea C, Staehr M, Lopez A, Chen Y, Purdon TJ, Ng KY, et al.

Optimal dual-targeted CAR construct simultaneously targeting Bcma and

GPRC5D prevents Bcma-escape driven relapse in multiple myeloma. Blood.

(2019) 134(Suppl. 1):136. doi: 10.1182/blood-2019-126145

50. Schneider D, Xiong Y, Wu D, Nlle V, Schmitz S, Haso W, et al. A

tandem CD19/CD20 CAR lentiviral vector drives on-target and off-target

antigen modulation in leukemia cell lines. J Immunother Cancer. (2017) 5:42.

doi: 10.1186/s40425-017-0246-1

51. Hossain N, Sahaf B, Abramian M, Spiegel JY, Kong K, Kim S, et al.

Phase I experience with a bi-specific CAR targeting CD19 and CD22

in adults with B-cell malignancies. Blood. (2018) 132(Suppl. 1):490.

doi: 10.1182/blood-2018-99-110142

52. Lee L, Draper B, Chaplin N, Philip B, Chin M, Galas-Filipowicz D,

et al. An APRIL-based chimeric antigen receptor for dual targeting

of BCMA and TACI in multiple myeloma. Blood. (2018) 131:746–58.

doi: 10.1182/blood-2017-05-781351

53. Schmidts A, Ormhoj M, Choi BD, Taylor AO, Bouffard AA, Scarfo I,

et al. Rational design of a trimeric APRIL-based CAR-binding domain

enables efficient targeting of multiple myeloma. Blood Adv. (2019) 3:3248–60.

doi: 10.1182/bloodadvances.2019000703

54. Kloss CC, Condomines M, Cartellieri M, Bachmann M, Sadelain M.

Combinatorial antigen recognition with balanced signaling promotes selective

tumor eradication by engineered T cells. Nat Biotechnol. (2013) 31:71–5.

doi: 10.1038/nbt.2459

55. Chen C, Li K, Jiang H, Song F, Gao H, Pan X, et al. Development

of T cells carrying two complementary chimeric antigen receptors

against glypican-3 and asialoglycoprotein receptor 1 for the treatment of

hepatocellular carcinoma. Cancer Immunol Immunother. (2017) 66:475–89.

doi: 10.1007/s00262-016-1949-8

56. Lanitis E, Poussin M, Klattenhoff AW, Song D, Sandaltzopoulos R, June CH,

et al. Chimeric antigen receptor T Cells with dissociated signaling domains

exhibit focused antitumor activity with reduced potential for toxicity in vivo.

Cancer Immunol Res. (2013) 1:43–53. doi: 10.1158/2326-6066.CIR-13-0008

57. Wilkie S, van Schalkwyk MC, Hobbs S, Davies DM, van der Stegen SJ, Pereira

AC, et al. Dual targeting of ErbB2 and MUC1 in breast cancer using chimeric

antigen receptors engineered to provide complementary signaling. J Clin

Immunol. (2012) 32:1059–70. doi: 10.1007/s10875-012-9689-9

58. He X, Feng Z, Ma J, Ling S, Cao Y, Gurung B, et al. Bi-specific and split CAR

T cells targeting CD13 and TIM3 eradicate acute myeloid leukemia. Blood.

(2020) 135:713–23. doi: 10.1182/blood.2019002779

59. Fedorov VD, Themeli M, Sadelain M. PD-1- and CTLA-4-based

inhibitory chimeric antigen receptors (iCARs) divert off-target

immunotherapy responses. Sci Transl Med. (2013) 5:215ra172.

doi: 10.1126/scitranslmed.3006597

60. Ruella M, Barrett DM, Kenderian SS, Shestova O, Hofmann TJ, Perazzelli

J, et al. Dual CD19 and CD123 targeting prevents antigen-loss relapses

after CD19-directed immunotherapies. J Clin Invest. (2016) 126:3814–26.

doi: 10.1172/JCI87366

61. Salter AI, Ivey RG, Kennedy JJ, Voillet V, Rajan A, Alderman EJ, et al.

Phosphoproteomic analysis of chimeric antigen receptor signaling reveals

Frontiers in Oncology | www.frontiersin.org 7 August 2020 | Volume 10 | Article 1362

https://doi.org/10.1111/imcb.12254
https://doi.org/10.1158/1535-7163.MCT-18-1216
https://doi.org/10.1046/j.0022-202X.2004.12628.x
https://doi.org/10.1158/2159-8290.CD-RW2019-051
https://doi.org/10.1158/1078-0432.CCR-07-4246
https://doi.org/10.3892/ijo.2012.1545
https://doi.org/10.1038/leu.2015.123
https://doi.org/10.1002/cyto.b.21351
https://doi.org/10.1007/s00277-017-3029-3
https://doi.org/10.1182/blood.V118.21.305.305
https://doi.org/10.1182/blood-2015-12-687749
https://doi.org/10.4049/jimmunol.1003032
https://doi.org/10.1158/1078-0432.CCR-14-0695
https://doi.org/10.1056/NEJMoa1505654
https://doi.org/10.1182/blood-2017-04-778423
https://doi.org/10.1016/j.ymthe.2017.04.024
https://doi.org/10.1158/2326-6066.CIR-18-0307
https://doi.org/10.1182/blood-2013-04-493361
https://doi.org/10.1073/pnas.0504312102
https://doi.org/10.1182/blood-2018-99-114522
https://doi.org/10.1073/pnas.83.23.9211
https://doi.org/10.1089/104303401753153947
https://doi.org/10.1038/leu.2017.302
https://doi.org/10.1182/blood-2019-126145
https://doi.org/10.1186/s40425-017-0246-1
https://doi.org/10.1182/blood-2018-99-110142
https://doi.org/10.1182/blood-2017-05-781351
https://doi.org/10.1182/bloodadvances.2019000703
https://doi.org/10.1038/nbt.2459
https://doi.org/10.1007/s00262-016-1949-8
https://doi.org/10.1158/2326-6066.CIR-13-0008
https://doi.org/10.1007/s10875-012-9689-9
https://doi.org/10.1182/blood.2019002779
https://doi.org/10.1126/scitranslmed.3006597
https://doi.org/10.1172/JCI87366
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles


van der Schans et al. Dual-CAR Targeting for MM

kinetic and quantitative differences that affect cell function. Sci Signal. (2018)

11:eaat6753. doi: 10.1126/scisignal.aat6753

62. Wei J, Long L, Zheng W, Dhungana Y, Lim SA, Guy C, et al. Targeting

REGNASE-1 programs long-lived effector T cells for cancer therapy. Nature.

(2019) 576:471–6. doi: 10.1038/s41586-019-1821-z

Conflict of Interest: TM has received research support from Janssen

Pharmaceuticals, Genmab, Takeda, Onkimmune, and Gadeta. ND has received

research support from Janssen Pharmaceuticals, AMGEN, Celgene, Novartis,

and BMS and serves in advisory boards for Janssen Pharmaceuticals, AMGEN,

Celgene, BMS, Takeda, Roche, Novartis, Bayer, and Servier.

The remaining author declares that the research was conducted in the absence of

any commercial or financial relationships that could be construed as a potential

conflict of interest.

Copyright © 2020 van der Schans, van de Donk and Mutis. This is an open-access

article distributed under the terms of the Creative Commons Attribution License (CC

BY). The use, distribution or reproduction in other forums is permitted, provided

the original author(s) and the copyright owner(s) are credited and that the original

publication in this journal is cited, in accordance with accepted academic practice.

No use, distribution or reproduction is permitted which does not comply with these

terms.

Frontiers in Oncology | www.frontiersin.org 8 August 2020 | Volume 10 | Article 1362

https://doi.org/10.1126/scisignal.aat6753
https://doi.org/10.1038/s41586-019-1821-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org
https://www.frontiersin.org/journals/oncology#articles

	Dual Targeting to Overcome Current Challenges in Multiple Myeloma CAR T-Cell Treatment
	The Curative Potential of Immunotherapy in MM
	BCMA: The Ideal MM Car Target?
	MM Targets Other Than BCMA
	Dual Car T-Cell Targeting to Improve Efficacy
	Dual Car T-Cells to Improve MM-Specificity
	Conclusion
	Author Contributions
	References


