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Abstract: Multiple myeloma (MM) is a malignant proliferative disease of plasma cells, which leads to
suppressed hematopoietic and osteolytic diseases. Despite the use of traditional chemotherapy, hematopoietic
stem cell transplantation (HSCT) and targeted drugs, MM still cannot be completely cured. In recent
years, chimeric antigen receptor (CAR) T cells have revolutionized immunotherapy and cancer treatment.
The great success of CAR-T cells in leukemia and lymphoma has promoted its development in MM.
The primary requisite for developing clinically effective CAR-T cells suitable for MM is to identify the
appropriate targets. In early clinical trials, CAR-T cells targeting B-cell maturation antigen (BCMA) have
shown significant anti-MM activity. Currently popular targets in clinical research and preclinical research
include CD138, CD38, CS1, CD19, « light chain, CD56, CD44v6, Lewis Y, NY-ESO-1, CD229, etc.
Common toxicities such as cytokine release syndrome (CRS) and neurotoxicity also occur but controllable.
MM cells are mainly localized in bone marrow, therefore, the bone marrow microenvironment has a
significant effect on the therapeutic effect of CAR-T cells. Targeting both MM cells and the bone marrow
microenvironment is currently the most promising treatment. In this review, we provide a comprehensive
overview of CAR-T cell therapy in MM, as well as outline potential targets and methods that can overcome

local immunosuppression and improve the efficacy of CAR-T cells.

Keywords: Chimeric antigen receptor T cells (CAR-T cells); multiple myeloma (MM); target; B-cell maturation

antigen (BCMA); microenvironment

Received: 27 June 2020; Accepted: 11 December 2020; Published: 15 January 2021.
doi: 10.21037/s¢i-2020-029
View this article at: http://dx.doi.org/10.21037/s¢i-2020-029

Introduction dose chemotherapy, and autologous hematopoietic stem
cell transplantation (HSCT). With the advent of immune

Multiple myeloma (MM) is the second largest malignant modulators such as thalidomide, lenalidomide, and

tumor in the hematopoietic system, accounting for about proteasome inhibitor bortezomib in the past ten years, the

10% of hematopoietic malignancies. It is characterized by
massive proliferation of monoclonal plasma cells, which
can eventually cause renal failure, anemia, bone destruction
and repeated infections related to immunosuppression (1).
Current treatments include supportive treatment, high-
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treatment of MM has made significant progress, and the
median survival time has been extended to about 6 years (2).
However, after initial effective chemotherapy, most patients
still face fatal recurrence, which remains a major challenge
in the treatment of MM.
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Figure 1 Process of CAR-T treatment. (I) Collect lymphocyte from patients’ peripheral blood and isolate T cells; (IT) infect T cells with
CAR lentivirus; (III) before infusion, expand CAR-T cells and control the quality; (IV) infuse CAR-T cells to patients according to weight.

CAR, chimeric antigen receptor.

The Mayo Center analyzed 286 MM patients resistant
to bortezomib and immunomodulators or relapsed after
these therapies. The median event-free survival (EFS)
period was only 5 months, and the median overall survival
(OS) period was 9 months. These results suggest that the
prognosis for patients resistant to bortezomib and primary/
secondary immunomodulators is extremely poor (3). Other
new drugs include 5-type phosphodiesterase inhibitors that
target the bone marrow microenvironment, PD-1/PD-L1
signaling pathway inhibitors, histone deacetylase inhibitors,
monoclonal antibody CD38 mAb, B-cell activating factor
mADb, etc. (4,5). The emergence of the above drugs has
improved the efficacy and prognosis of MM patients, but
most of them exert antitumor effects by changing the
growth environment of tumor cells, without specifically
affect all stages of tumor cells. Therefore, it is necessary
to address more effective, more specific, and less toxic
therapies to fully realize the anti-myeloma potential of the
immune system.

Chimeric antigen receptor (CAR)-T therapy in
MM

CAR-T cells have been successfully used in the treatment
of B cell malignancies as a new method of tumor
immunotherapy. T cells are infected with lentivirus iz vitro
to manufacture CAR-T cells, which can specifically
recognize and kill target cells. The CAR construct is mainly
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composed of two parts, the extracellular antigen recognition
part and the intracellular activation part (6). The signal is
formed by the { chain of CD3 complex and costimulatory
molecule, thereby promoting T cell proliferation, releasing
cytokines, and resisting cell apoptosis. The treatment
process is as follows: (I) T cell extraction from peripheral
blood of patient or donor; (IT) T cell modification with
CAR constructs iz vitro through lentivirus infection; (III)
mass expansion of CAR-T cells and strict quality control;
(IV) CAR-T cell infusion after lymphocyte depletion
chemotherapy (Figure I).

Due to our limited knowledge about CAR-T cells,
the timing of employing CAR-T therapy is mostly the
case where patients have repeatedly failed to traditional
treatments. In fact, this situation should be changed. For
refractory patients, doctors generally increase treatment
intensity, or change treatment plan. This will lead to
two results: (I) remission again, combined with severe damage
to patients’ normal organs and serious complications; the
probability of remission is actually not great. (II) Ineffective,
also accompanied by serious complications and impaired
organ function. Therefore, for patients with refractory MM,
CAR-T cell therapy should be adopted as soon as possible
after conventional induction therapy is ineffective.

So far, the clinical trials of CAR-T cells in MM have
exceeded 120 (Tuble I). The trials are mainly carried out
in US and China. The data is continuously updated on
Clinical Trials.gov, indicating that CAR-T cells have great
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potential in MM. (Data updated to June 1, 2020).

Target selection

The key factor that determines the success of CAR-T cell
therapy is the identification of specific and ideal target
antigens. To prevent tumor cells from escaping, all tumor

Table 1 World distribution of clinical trials of CAR-T cells in MM

Country The number of registered clinical trials
USA 55
China 45
Italy 8
Germany 6
Spain 6
France 5
Japan 4
Canada 4
Australia 3

CAR, chimeric antigen receptor; MM, multiple myeloma.

Table 2 Expression of potential targets for CAR-T cell therapy in MM
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cells must express the target antigen, or the target antigen
is essential for the maintenance of tumor gene phenotype.
At the same time, the target antigen cannot be expressed on
cells of important organs or tissues (such as hematopoietic
stem cells) in case of lethal danger. MM cells express many
molecules, including CD138, CD56, CD38, CS1, BCMA,
CD19, CD70, CD44v6, immunoglobulin light chain, etc.
(1able 2). Considering the above requirements, not all of
these molecules are suitable as target antigens for CAR-T
cells.

B-cell maturation antigen (BCMA)

Recently, researchers have been focusing on BCMA as a
target for CAR-T cells in MM. BCMA, a member of tumor
necrosis family receptor (TINFR), is expressed on terminally
differentiated B cells with high restrictions. BCMA
antibodies have killing effects on both MM cell lines and
primary MM cells (23). The number of B cells in BCMA-
deficient mice is normal, but B cell function is inhibited (24).
The above results suggest that BCMA is suitable as a target
for MM treatment, and will not cause a significant impact
on the function of normal B cells. Clinical trials using

Target Expression on MM cells (% of cases) Expression on normal cells References
Targets of clinical trials
CD138 90-100% Plasma cells (7,8)
CS1 95% Plasma cells, T cells, NK cells, NK-T cells (9,10)
CD38 80-100% Monocytes, early B cells, activated T cells, (11,12)
NK cells
BCMA 60-100% Plasma cells, mature B cells (13,14)
CD19 Low expression, mostly on disease B cells 15)
propagating cells
k light chain Expression on k-restricted disease Mature B cells (16)
propagating cells
Targets of preclinical experiments
CD56 60-80% NK cells, NK-T cells (17,18)
CD44v6 43% (in advanced stage) Monocytes, activated T cells 19)
Lewis Y 52% Plasma cells (20)
NY-ESO-1 60% 21)
CD229 100% T cells, B cells, plasma cells (22)

CAR, chimeric antigen receptor; MM, multiple myeloma.
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Figure 2 Models of bone marrow microenvironment in MM. The blue arrows indicate the pathways which can be targeted in order

to achieve an immunosuppressive effect. The red signs indicate the effect of promoting or inhibiting. MM, multiple myeloma; IMiDs,

immunomodulatory drugs; MDSC, myeloid-derived suppressor cells; Treg, T regulatory cells; DC, dendritic cells; CTL, cytotoxic T
lymphocyte; NK, natural killer cell; Thl, type 1 helper T cells; PDES, phosphodiesterase type 5; 5-FU, 5-fluorouracil; TGF-B, transforming

growth factor beta; IL-35, interleukin-35; IL-10, interleukin-10.

BCMA CAR-T cells have exceeded 60 items by June 1,
2020. Ali e al. demonstrated for the first time that BCMA
CAR-T cells can recognize and kill human MM cell lines
as well as primary MM cells (14). Ali e 4/. published the
results of the first clinical trial with second-generation
BCMA CAR-T cells, in which 12 patients received four
dose gradient treatment (0.3, 1, 3, 9x10°kg CAR-T cells).
The number of BCMA CAR-T cells in the peripheral blood
changed in a dose-dependent manner. The best response
was strict complete response (CR) (n=1), which occurred
in the highest dose group. Other responses included very
good partial response (VGPR) (n=2), partial response
(PR) (n=1) and stable disease (SD) (n=8). Berdeja et al.
reported a multi-center study sponsored by Bluebird Bio
at the 2017 ASH conference (25). The study used bb2121,
which included a murine anti-BCMA scFv and a 4-1BB
costimulatory domain. Four dose levels (50, 150, 450, and
800x10° CAR-T cells) were explored in 21 patients with
relapsed/refractory multiple myeloma (RRMM), in which
17 patients (81%) responded. Ten patients achieved CR,
with a median follow-up time of 40 weeks. Only 4 patients
responded subsequently progressed and did not reach
median progression-free survival. The continuous response
time of 5 patients exceeded 1 year.

Currently, ongoing researches show that BCMA CAR-T
cells have considerable potential for anti-MM efficacy and
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do not cause uncontrollable cytokine release syndrome
(CRS) or unexpected toxicity. However, further clinical data
are still needed to determine the durability of the treatment
response, as well as the optimal CAR structure and cell
product composition to maximize the benefit for MM
patients.

CD19

CD19 CAR-T cells have been approved by the US Food
and Drug Administration (FDA) and can be used to treat
ALL and DLBCL. Most MM cells are fully differentiated
plasma cells without CD19 expression. However, a small
proportion of MM cells remain in the early stage of
differentiation, accompanied by positive expression of
CD19, and are related with drug resistance and the ability
to promote disease progression (26,27). In fact, CD19
expression seems to be more common in MM cells than
generally thought and is associated with poor survival
(15,28). Garfall er al. conducted a prospective study to
explore the use of CD19 CAR-T cells after high-dose
melphalan and salvage autologous HSCT in RRMM. Ten
patients who relapsed 1 year after first autologous HSCT
received second autologous HSCT, and were infused
with (1 to 5)x10” CD19 CAR-T cells [12-14] days after
transplantation. The team published a case report in
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which the patient achieved MRD-negative CR that lasted
12 months (15). The team is also conducting another
study, in which CD19 CAR-T cells are infused during the
maintenance period of approximately 60 days after first
autologous HSCT.

CD19 CAR-T cells have also been used in combination
with BCMA CAR-T cells. The Affiliated Hospital of
Xuzhou Medical University in China conducted a single-
center, single-arm phase II trial, in which 21 patients with
RRMM received CD19 CAR-T cells and BCMA CAR-T
cells (29). At a median follow-up time of 179 days, 20
patients (95%) had overall remission, including 9 (43%)
strict CRs, 3 (14%) CRs, 5 (24%) VGPRs, and 3 (14%)
PRs. The most common adverse reaction was CRS (19/21,
90%). The results confirmed that combination of CD19
and BCMA CAR-T cells is feasible in RRMM patients, and
the initial activity observed is worthy of further study in
randomized trials.

CD38

CD38 molecule is a single-chain type II transmembrane
glycoprotein, which is highly expressed on the surface of
myeloma cells, including MGUS, MM, extramedullary
plasmacytoma and plasma cell leukemia (30). Therefore,
CD38 targeted therapy is a potential treatment for MM.
Anti-CD38 monoclonal antibodies such as daratumumab
have a certain therapeutic effect on RRMM (5,31).
Compared with anti-CD38 monoclonal antibodies, CD38
CAR-T cells can fully improve the specificity of CD38-
targeting antibodies, and have a durable and efficient
response reaction. However, the expression distribution of
CD38 is quite extensive, including skeletal muscle, cardiac
muscle, airway smooth muscle and uterine smooth muscle.
Therefore, reducing the occurrence of adverse reactions is
particularly important. Recently, Drent et /. simulated the
human body environment in MM mouse model, and tried
to introduce the caspase-9 (iCasp9) suicide gene into CD38
CAR-T cells (11). The results suggest that CD38 CAR-T
cells have great potential for the treatment of CD38+
malignant tumors and are feasible to control adverse
reactions through iCasp9 suicide gene, which are of great
significance for future clinical trials of CD38 CAR-T cells.

CD138

CD138, also known as syndecan-1, is a heparan sulfate
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proteoglycan expressed on the surface of plasma cells and
part of epithelial cells at various stages of differentiation.
CD138 as a basic diagnostic indicator of MM is closely
related to the tumor growth and disease progression of
MM. CD138 is expressed on the surface of normal and
malignant plasma cells and is the main diagnostic marker
of MM (32). Preclinical studies using CD138 CAR-NK
cells have shown effective anti-MM activity both in vitro
and in vivo (33). Therefore, CD138 is a very attractive
target for MM. One study reported the results of CD138
CAR-T cells in 5 RRMM patients, with each patient
infused with an average of 0.76x10’ total cells/kg. The
cells expanded in all patients but no objective response was
observed. Four patients remained SD for 3 to 6 months.
Although targeting CD138 in the treatment of MM has
strong appeal, CD138 CAR-T cells have been found to be
significant in skin and/or mucosal toxicity in pre-clinical
studies of MM treatment (34). In the future, relevant
strategies may be needed to avoid targeted toxicity while
maintaining potential anti-tumor effects.

Cs1

CS1, also known as signaling lymphocytic activation molecule 7
(SLAMEFY7), is a member of the SLAM transmembrane
receptor family. CS1 is poorly expressed on NK cells, T
cells and B cells, but is widely expressed on the surface
of myeloma cells, including relapsed MM patients (10).
Chu et al. Constructed CS1 CAR-T cells and tested the
killing function using orthotopic MM xenograft mouse
model. The results proved that CS1 CAR-T cells can
effectively eliminate human myeloma cells and prolong the
survival time of mice (35). At present, several CAR-T cells
targeting CS1 have been successfully developed. Preclinical
studies show that NK cells can also be genetically edited to
be effective against MM. The advantage of CAR-NK cells is
that they can use allogenic NK cells to reduce the incidence
of graft-versus-host disease (GVHD). However, CAR-
NK cells may trigger a series of cytotoxic reactions due to
the mismatch between the killer cell immunoglobulin-like
receptor (KIR) on their surface and non-target cells (36).

Immunoglobulin kappa light chain

B cells and plasma cells can express kappa or lambda chains
on their surfaces. The defect of kappa light chain does not
lead to a significant down-regulation of humoral immunity
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and up-regulation of susceptibility to pathogens (37). In
MM patients, the positive detection rate of monoclonal
kappa light chain antigen on the surface of MM cells
expressing only kappa light chain was 70%, while no
monoclonal lambda light chain antigen was detected on
the surface of MM cells expressing lambda light chain (38).
The above research results suggest that kappa light chain
antigen can be used as a target for MM immunotherapy.
Researchers at Baylor College of Medicine in the United
States designed the first- and second-generation CAR-T
cells targeting kappa light chain, and compared the
tumoricidal effects of the two generations on kappa light
chain MM mice. The results show that the first and second
generations can specifically kill kappa-positive MM cells
and promote the massive release of cytokines such as IL.-2,
IFN-y, and TNF-o. The second-generation CAR-T cells
reduce tumor signals more significantly (39).

CD44v6

CD44 is selectively and highly expressed in hematopoietic
tumors and epithelial tumors, and is considered to be one of
the markers of tumor stem cells. The expression of CD44
isoform 6 (CD44v6) is relatively tumor-limited and has been
reported to be associated with poor prognosis in MM (19).
Pre-clinical studies have demonstrated that CD44v6 CAR-T
cells exhibit strong anti-tumor activity against MM and have
transiently reversible monocyte reduction in mouse models.
This side effect may be beneficial because monocytes
have been proved to be the main cause of CRS (40).
The safety switch in the form of suicide gene has greatly
reduced the risk of toxicity (19).

CD56

CD56 is a surface glycoprotein that mediates cell-cell and
cell-matrix interactions. CD56 is strongly expressed by
malignant plasma cells in 70% of myeloma patients and
represents a potential immunotherapy target. CD56 is also
expressed at lower levels on normal tissue types (including
neuronal cells, NK cells, and parts of activated T cells) (41).
In vitro cytotoxicity tests show that CD56 CAR-T cells
have a significant lysis effect on myeloma cell lines, and
can effectively eradicate tumor cells in MM mice at a
dose of 5x10° (18). Therefore, CD56 CAR-T therapy is a
prospective immunotherapy and should be considered for
RRMM patients.

© Stem Cell Investigation. All rights reserved.
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Lewis Y

Lewis Y antigen is a tetrasaccharide structure that binds
to the oligosaccharide chain of type II blood group, and is
significantly expressed in epithelial tumors (including breast
cancer, colon cancer, ovarian cancer, lung cancer, etc.). A
second-generation CAR test with Lewis Y as the target
antigen showed that it had a good tumor killing effect on nude
mice transplanted with ovarian cancer subcutaneously (42).
Peinert et al. found that Lewis Y antigen was expressed
in 52% of MM patients, and proved the efficacy of Lewis
Y CAR-T cells in vitro and in vivo in NOD/SCID mouse
models (20). Neeson et «/. found that Lewis Y CAR-T
cells can not only express perforin and granzyme to exert
cytotoxicity, but also be polarized to the phenotype of
central memory T cells, indicating that Lewis Y CAR-T
cells have the potential to proliferate continuously (43). At
present, CAR-T cells targeting Lewis Y antigen have been
clinically tested in the treatment of MM.

NY-ESO-1

Many malignant tumors highly express NY-ESO-1,
including melanoma, prostate cancer, lung cancer, breast
cancer, etc., while normal tissues do not express or lowly
express NY-ESO-1. About 60% of MM patients express
NY-ESO-1, and the expression level is higher in patients
with recytogenetic abnormalities and relapses, suggesting
that NY-ESO-1 is closely related to the progression of MM
disease (21). Preclinical trials have confirmed the targeted
therapeutic effect of NY-ESO-1 CAR-T cells, the ability to
secrete cytokines and induce immune memory (44).

CD229

CD229 is a molecule that is generally expressed on the
surface of myeloma cells and myeloma stem cells. It is one
of the SLAM family receptors, also known as SLAM3 (45).
The high expression on MM cells suggests that CD229
has great potential as a target for CAR-T immunotherapy.
Radhakrishnan ez a/. Designed a CAR construct targeting
CD229. Studies have shown that this newly designed CD229
CAR-T cell has high activity against MM cells, memory
B cells and MM stem cells in vitro and in vivo (22). The
elimination of MM stem cells improves the durability of the
treatment response. CD229 CAR-T cells will be pushed into
clinical trials after safety verification.
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CAR-T toxicities

The toxicities of CAR-T cells in MM are similar to those
reported for CD19 CAR-T cells in ALL and lymphoma,
with most cases being CRS and neurotoxicity (46,47).
CAR-T cells recognize tumor antigens and initial the
signaling cascade in vivo, which causes massive cytokine
release, and activates other inflammatory cells at the same
time (48). Explosive release of cytokines can trigger systemic
inflammatory reactions, resulting in organ and vascular
endothelium damage, and causing serious complications
such as heart failure, pulmonary edema, respiratory
distress, and microvascular leakage. Grade 3-4 CRS is an
indication for the use of glucocorticoids or tocilizamab (49).
Neurotoxicity can manifest as central and peripheral
nervous system symptoms such as headache, vomiting,
vision change, tremor, aphasia, lethargy, hemiplegia,
epilepsy, and myoclonus. Neurotoxicity is usually self-
limited and requires only supportive treatment. Small doses
of glucocorticoids can be used in severe cases.

Improving the efficacy of CAR-T therapy in MM

Although CAR-T cell therapy has significantly improved
the clinical outcome of MM, it fails to completely cure
MM because of the huge clonal heterogeneity and
immunosuppressive bone marrow microenvironment.
MM cells grow and expand almost completely in the bone
marrow, therefore, the microenvironment and its various
components are particularly important in supporting
the growth and survival of MM cells. Different types of
immune cells in the bone marrow microenvironment inhibit
T cell function (Figure 2). In particular, T regulatory cells
(Tregs) use multiple mechanisms to suppress effector T
cells, such as secreting inhibitory cytokines (TGF-, IL-10
and IL-35) and cytolytic granules (granzyme, perforin) (50).
According to reports, the concentration of TGF-B and
IL-10 in the bone marrow of MM patients is very high,
indicating an immunosuppressive microenvironment (51).
Cyclophosphamide can reduce the number and
function of Tregs, enhancing anti-tumor immunity (52).
Immunomodulatory drugs (IMiDs) (i.e., lenalidomide and
pomalidomide) inhibit the expansion and function of Tregs
by reducing FOXP3 mRNA expression (53). It is essential
to understand how bone marrow microenvironment
regulates the development and function of Tregs in order to
develop more specific and effective therapies.

The number of bone marrow-derived suppressor cells
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(MDSCs) in the peripheral blood and bone marrow of
MM increases. MDSCs can secrete cytokines (such as IL-
10) to induce the development of Tregs in tumor-bearing
mouse models, resulting in a more suppression immune
environment (54). Gorgiin er a/. reported the direct effect of
MDSCs on MM growth in vitro (55). Phosphodiesterase 5
(PDES5) inhibitors can reduce the inhibitory activity of
MDSCs by inhibiting the degradation of cyclic guanosine
monophosphate (cGMP), and reduce the expression of
arginase 1 (ARG1) and nitric oxide synthase 2 (NOS2) in
tumor models (56,57). The pyridine analog 5-fluorouracil
(5-FU) has an effect on MDSCs depletion and restores T
cell-specific immune responses (58). Considering that new
anti-MM drugs (such as bortezomib) target not only MM
cells, but also the bone marrow microenvironment (59), the
effects of these drugs on MDSCs were studied. However,
none of these drugs can change the inhibitory function of
MDSC:s (55). This shows that new strategies are needed for
MDSCs.

Co-suppressor molecule PD-1 is overexpressed on T cells
of MM patients, and its ligand PD-L1 is expressed on MM
cells. The interaction of PD-1/PD-L1 may play an important
role in the local immunosuppression of MM (4). Blockade
of PD-1 signaling prevents or reduces T cell tolerance and
restore tumor immunity (60). The application of anti-PD-1
antibodies has been found to accumulate CD8+ T cells with
memory precursor phenotype in breast cancer mice, which
enhanced the killing ability of T cells (61).

The above findings indicate that in addition to selecting
suitable targets, CAR-T cell therapy in MM also requires a
joint strategy targeting the bone marrow microenvironment.

Conclusions and perspectives

CAR-T cell therapy provides us with a very effective tool
and becomes part of our arsenal of cancer treatments.
Although the response rate of CAR-T cell therapy in
RRMM is exciting, the efficacy is difficult to prolong.
Most patients will relapse within a few months with disease
progression. Therefore, we must find ways to adapt this
new type of immunotherapy to the biological characteristics
of MM to improve its efficacy. We believe that two methods
are particularly promising: one is to identify more suitable
targets, and the other is to reverse local immunosuppression
in the microenvironment. In addition, whether CAR-T
cell therapy can be used in earlier disease stages and its
combined application with other medications are also worth
further exploration. CAR-T cell therapy is still in its infancy
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in MM and requires a large number of basic and clinical
studies. We hope that CAR-T cell technology will bring
revolutionary changes to the treatment of MM patients in
the near future.
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