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Although multiple myeloma is an incurable disease, the past decade has
witnessed significant improvement in patient outcomes. This was brought
about by the development of T-cell redirection therapies such as chimeric
antigen receptor (CAR) T-cells, which can leverage the natural ability of the
immune system to fight myeloma cells. The approval of the B-cell maturation
antigen (BCMA)-directed CAR T, idecabtagene vicleucel (ide-cel), and
ciltacabtagene autoleucel (cilta-cel) has resulted in a paradigm shift in the
treatment of relapsed/refractory multiple myeloma. Overall response rates
ranging from 73 to 97% are currently achievable. However, the limitations of
KarMMa-1 and CARTITUDE-1 studies spurred the generation of real-world data
to provide some insights into the effectiveness of ide-cel and cilta-cel among
patients who were excluded from clinical trials, particularly those who received
prior BCMA-targeted or other T-cell redirection therapies. Despite their
unprecedented clinical efficacy in heavily pretreated patients, responses to
CAR T remain non-durable. Although the underlying mechanisms of resistance
to these agents haven't been fully elucidated, studies have suggested that
resistance patterns could be multifaceted, implicating T-cell exhaustion and
tumor intrinsic mechanisms such as BCMA target loss, upregulation of gamma-
secretase, and others. Herein, we provide a succinct overview of the
development of CAR T-cells, manufacturing process, and associated toxicities/
complications. In this review, we also recapitulate the existing literature
pertaining MM CAR-T as well as emerging data from some of the ongoing
clinical trials designed to mitigate the shortcomings of these agents, and improve
the clinical efficacy of CAR T, especially in the relapsed/refractory setting.
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1 Introduction

Multiple Myeloma (MM), a blood cancer that originates from
plasma cells in the bone marrow, comprises about 1.8% of all new
cancer cases. In 2024, an estimated 35,780 new cases and 12,540
deaths were reported (1, 2). Despite the recent advancements in
understanding tumor biology and developing novel therapies, MM
remains incurable, characterized by cycles of remission and relapse.
With each relapse or progression, the remission period becomes
shorter until the disease becomes refractory to the currently
available or standard therapies (3).

A multicenter retrospective analysis, which included 275 MM
patients, revealed dismal outcomes, particularly in penta-refractory
patients (i.e., refractory to two proteasome inhibitors, 2
immunomodulatory agents, and 1 anti-CD38 monoclonal antibody,
n=70), where the median overall survival (OS) was about 6 months
(4). Such real-world data suggest that there is an unmet need to
develop novel agents for heavily pretreated MM patients, which have
the potential to alter the natural history of the disease.

Defects or alterations in immune surveillance that occur during
tumorigenesis have recently become a topic of extensive research.
This culminated in the development of novel therapeutic approaches
such as immunotherapies, which can harness the intrinsic power of
the immune system to treat the disease. B-cell maturation antigen
(BCMA) is a transmembrane glycoprotein belonging to the tumor
necrosis factor receptor superfamily 17 (TNFRSF17). Its high
expression on myeloma cells made it a valuable and attractive
target for MM immunotherapy, particularly in the relapsed/
refractory (RR) setting (5). Chimeric antigen receptor (CAR)
T-cells targeting BCMA are one type of immunotherapies that can
induce both tumor-directed cytotoxicity and immunological
memory; they have demonstrated unequivocal efficacy in RRMM.

This review provides a comprehensive overview of the
development of CAR T-cells, published data about the clinical
efficacy of the approved products, their limitations, and
underlying mechanisms of resistance, and some of the
investigational platforms currently in development designed to
circumvent the shortcomings of the available products.

2 Overview of CAR T-cells: CAR
structure, classification and
manufacturing, administration,
and complications

Effective eradication of cancer cells via the immune system is a
multi-step process. When cancer cells shed their antigens (including
tumor-associated antigens) into the bloodstream, these antigens are
taken up by the antigen-presenting cells, such as dendritic cells, which
process and present them to the T-cells in the context of major
histocompatibility complex (MHC) molecules (6). Of note, both
CD8+ and CD+4 T-cells recognize these antigens only when bound
to MHC I and II molecules. Upon activation, the T-cells secrete
perforins and granzymes that trigger a cascade of reactions leading
to apoptosis of the tumor cells. Tumor cells can offset this T-cell-
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mediated immune response via several mechanisms; one of them is to
intrinsically downregulate the expression of MHC molecules (7). Such
findings provided the impetus to develop new modalities or approaches
that have the potential to mitigate the need for MHC molecules to
trigger a T-cell-mediated immune response.

2.1 The general structure of CARs

CARs are hybrid receptors that can be genetically engineered/
designed and transferred to T-cells (CAR T-cells), thereby allowing
the latter to identify specific tumor-associated antigens in a manner
that is independent of MHC I and II molecules. From a structural
standpoint, the CAR can generally be divided into four main
domains or components, each of which plays an essential role in
recognizing the target antigen (8).

i. An extracellular target antigen binding domain.
iil. Hinge region (which, together with the extracellular
domain, constitutes the ectodomain.
ili. A transmembrane domain.
iv. The intracellular signaling domain is also referred to as
the endodomain.

As the name suggests, the extracellular target antigen binding
domain of the CAR confers target (antigen) specificity, given the
fact that it is usually derived from the variable heavy (Vy;) and light
(VL) chains of monoclonal antibodies of mouse origin. A flexible
linker connects the Vi and V|, chains to each other to form the so-
called single chain variable fragment (scFv) (9). This allows the
CAR to recognize extracellular antigens, which, in the case of
multiple myeloma, is mainly the B-cell maturation antigen
(BCMA); however, multiple myeloma cells express on their
surfaces a multitude of other antigens (GPCR5, CD38, FcRH5,
etc.) that can be targeted by specific CARs.

The hinge region, also known as the “spacer, “ serves as a bridge
connecting the scFv portion to the transmembrane domain. The
hinge region imparts flexibility, allowing the antigen binding
domain to readily access the targeted epitope without any steric
hindrance, forming a synapse with the antigen. The longer the hinge
region, the more flexibility the CAR has (10).

The transmembrane domain helps anchor the CAR to the cell
membrane of the T-cells through a hydrophobic o helix. Although
it is the least studied component, the transmembrane domain is
essential for the stability and function of the CAR-T cell (11).

The internal signaling domain is the most distal intracellular
portion of the CAR; it mainly consists of CD3{ sequences that
harbor the immunoreceptor tyrosine-based activation motifs
(ITAMS) which become phosphorylated when the CAR binds to
its target antigen. Hence, the internal domain is responsible for
signal transmission into the cell interior (12).

CARs that consist of the antigen binding domain (scFv) and
CD3( (intracellular domain) are often referred to as “first-
generation” CARs. These have fallen out of favor due to their
modest clinical efficacy, exemplified by their limited activation,
expansion, and persistence.
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2.2 Different generations of CAR T-cells

To overcome these shortcomings, modifications have been
made to the structure of the endodomain through the
incorporation of costimulatory molecules, which led to the
inception of several generations of CAR T-cells.

2.2.1 Second-generation CAR T-cells

In addition to CD3(, the intracellular domain contains co-
stimulatory molecules such as CD28 and 4-1BB to boost the
immune signal. The two FDA-approved CAR T-cell products for
multiple myeloma, idecabtagene vicleucel (ide-cel) and
ciltacabtagene autoleucel (cilta-cel), have 4-1BB as a co-
stimulatory molecule. The main advantages of 4-1BB over CD28
are slower expansion and longer persistence. Because of these
properties, 4-1BB containing CAR T-cells are less prone to
exhaustion (13, 14).

2.2.2 Third-generation CAR T-cells

These have 2 co-stimulatory domains, 4-1BB and CD28, to
amplify the intracellular signaling. Subsequently, third generation
CAR T-cells have better expansion and differentiation into memory
T-cells (15).

2.2.3 Fourth generation CAR T-cells

They are also referred to as “T-cells redirected for universal
cytokine killing, TRUCKSs” because they are constructed or
designed in a manner where they secrete inflammatory cytokines
such as interleukin-2 (IL-12) upon activation of antigen binding
domain. This unique characteristic further enhances the
proliferation and function of the CAR T-cells (16).

2.2.4 Fifth generation CAR T-cells

They are currently being designed for the sole purpose of
improving the safety of the product. Fifth generation CAR T-cells
contain more additional intracellular domains and drug-dependent
ON or OFF-switches to circumvent some of the “off-tumor” activity
of the product (17).

2.3 Production/manufacturing of CAR
T-cells and their administration for treating
patients with multiple myeloma

Engineering/manufacturing of CAR T-cells is complex and
involves several phases (18). This journey begins with collection
of the patient’s peripheral blood mononuclear cells through
leukapheresis. Because the patient’s own cells are utilized, the
final product is often referred to as “autologous CAR T-cell
therapy” to distinguish it from products where the T-cells are
collected from a donor. The T-cells are subsequently selected
using anti-CD4 and anti-CD8 microbeads and then activated
through various in-vitro activation methods to facilitate their in-
vitro expansion.
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Insertion of the CAR into the genome of the T-cells occurs
through either viral vectors (retroviral or lentiviral vectors) or
transposons followed by expansion in a bioreactor in a medium
with anti-CD3/CD28 monoclonal antibodies and cytokines. When
the required cell dose is reached, the CAR T-cells are isolated and
transferred to a bag, where they are resuspended in an infusion-
compatible medium. Because the manufacturing process is lengthy,
as described above (it takes about 4-5 weeks), patients with high
disease burdens may require bridging chemotherapy before
administering CAR T-cells.

Prior to CAR T-cell infusion, patients should receive a
lymphodepleting conditioning regimen, which creates a suitable
environment for the in vivo expansion of these cells. Fludarabine
(30 mg/ m?) in combination with cyclophosphamide (300 mg/mz) is
the most commonly used preparative regimen in multiple myeloma.
The regimen is administered for three consecutive days, i.e., on days
-5, -4, and -3, prior to the infusion of the CAR T-cells on day 0.

2.4 Major complications of CAR
T cells therapy

Some of the acute or early complications with CAR T-cells are
cytokine release syndrome (CRS) and neurotoxicity/immune
effector cell-associated neurotoxicity syndrome (ICANS) (19).
Although the pathophysiology of these syndromes is beyond the
scope of this paper, it has been demonstrated that tumor cell
destruction following CAR T-cell activation results in a drastic
surge in the levels of inflammatory cytokines [interferon-y, tumor
necrosis factor-oo (TNF-o), granulocyte-macrophage colony-
stimulating factor, interleukin (IL)-10, IL-6 and others]. This high
concentration of cytokines generates a systemic inflammatory
response or cytokine storm that impairs internal organ function.
The cardinal manifestations of CRS are fever, hypotension, and
hypoxia (20). The median time to onset of CRS varies with each
product as illustrated in Table 1. The underlying pathophysiology of
neurotoxicity/ICANS remains poorly understood; it has been
postulated that disruption of the blood-brain barrier, as well as
activation of the endothelial cells, results in T-cell infiltration into
the brain parenchyma. In addition, the neurologic complications
could exhibit in a biphasic pattern i.e. acute and/or delayed (20).
Early signs and symptoms of acute neurotoxicity include confusion,
disturbances in writing and language, agitation and obtundation;
severe acute events are characterized by seizures and cerebral
edema. Delayed neurotoxicity is associated with movement,
cognitive and personality changes, and its median time to onset is
about 27 days (range: 14-108 days) (25).

Because timely recognition of CRS and neurotoxicity/ICANS is
central to reducing morbidity and mortality, several guidelines were
crafted to help with grading and managing these serious
complications CAR T-cell therapy (26, 27).

Some of the long-term complications of CAR T-cells include B-
cell aplasia and hypogammaglobulinemia, both of which predispose
patients to infections, thereby warranting antibiotic prophylaxis
and intravenous immunoglobulin support.
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TABLE 1 Reported adverse effects with ide-cel and cilta-cel.

10.3389/fonc.2024.1455464

CRS, . . . . . .
Median time Median Median time Median
grades ) )
3/4 to onset duration to onset duration
Overall: Overall: Overall: Overall:
84% 5% 18% 3%
. . 5d . . 3 d
KarMMa-1 (21) D1: 50% D1 0% 1 day (range: 1-12) s D1 0% D1: 0% 2 days (range: 1-10) ays
(range: 1-63) (range: 1-26)
D2: 76% D2: 6% D2: 17% D2: 1%
D3: 95% D3: 6% D3: 20% D3: 6%
CARTITUDE-1 (22) 95% 4% 7 days (IQR: 5-8) 4 days (IQR: 3-6) 21% 9% 8 days (IQR: 6-8) 4 days (IQR: 3-7)
4d 2 d
KarMMa-3 (23) 88% 4% 1 day (range:1-14) ays 15% 3% 3 days (1-317) s
(range: 1-51) (range: 1-37)
CARTITUDE4 (24) 76% 1% 8 days (range: 1-23) (rajgjf”l'sm 21% 8% 10 days (6-15) 2 days (range: 1-6)

3 Clinical efficacy of the approved and
investigational CAR T-cells for
relapsed/refractory multiple myeloma

Ide-cel and cilta-cel are the only two FDA-approved CAR T-cells
for treating relapsed/refractory multiple myeloma (18-20). Both target
the BCMA antigen, which is heavily expressed on the surface of these
cells. From a structural standpoint, ide-cel has a single BCMA binding
domain, whereas cilta-cel has two BCMA binding domains.

Based on the pivotal KarMMa-1 and CARTITUDE-1 trials,
these products were initially reserved for heavily pretreated MM
patients who received at least 4 lines of therapy, including an
immunomodulatory agent, proteasome inhibitor and an anti-
CD38 monoclonal antibody. The key findings from these trials
are summarized in Table 2. However, the recent data from the
KarMMa-3 and CARTITUDE-4 prompted the FDA in April of
2024 to expand the indications for both ide-cel and cilta-cel and
approve them for earlier lines of treatment in patients with RRMM
(23, 24). According to the new approval, ide-cel is approved for
treating patients who received at least two prior lines of therapy,
including a proteasome inhibitor, an immunomodulatory agent,
and a CD-38 monoclonal antibody. Cilta-cel can also be considered
to treat patients who have received at least one line of therapy,
including a proteasome inhibitor and an immunomodulatory agent,
and are refractory to lenalidomide.

3.1 Real-world data for approved
CAR T-cells

The stringent inclusion criteria that were set forth in the
KarMMa-1 and CARTITUDE-1 studies (inadequate organ
function, prior exposure to BCMA-targeted therapies, cytopenias,
performance status, etc.) precluded a group of patients from
participating in these pivotal studies who resembled those in the
real world. Hence, there has been great interest in evaluating/
replicating the efficacy of ide-cel and cilta-cel in real-world

Frontiers in Oncology

settings. The study by Hansen et al. included 159 patients who
received commercial ide-cel at 11 institutions (median dose:
407.0x10° cells, range:154.1-456.4); the number of prior lines of
therapy was 7 (4-18), 21% (n=33) had prior exposure to BCMA-
targeted therapies and 46% (n=73) met 2 of the exclusion criteria in
the KarMMa-1 study (28). The clinical efficacy was in line with what
was previously noted or reported, where the overall response (OR)
and at least complete response (CR) rates were 84% and 42%,
respectively. The median progression free survival (PFS) was 8.5
months (95% CI: 6.5-NR), and OS was 12.5 months (95% CI: 11.3-
NR). In the subgroup of patients who were previously exposed to
BCMA-targeted therapies, the ORR (73%) and at least CR rate
(33%) did not differ significantly from those who had no prior
BCMA-targeted therapies (p=0.2). The PES differed significantly
based on the type of prior BCMA-targeted therapy; The PES was
significantly shorter among the patients who were previously
treated with belantamab mafodotin (n=25; 5.3 months, 95% CI:
3.0-NR, p=0.0043) or BCMA bispecific T-cell engager antibody
(n=4; 2.7 months, 95% CI: 1.9-NR, p=0.00069). Alternatively, the
difference in PFS did not reach statistical significance among those
with prior CAR-T cells (n=4, p=0.72). CRS rates occurred in 82% of
patients (grade 2: 20%) and ICANS in 18% (grade 2: 11%).

Dima et al. assessed the efficacy of ide-cel as a standard of care
(SOC) in 69 RRMM patients who did not meet the eligibility criteria
of the KarMMa-1 study at 3 US academic institutions (part of the
US Myeloma Innovations Research Collaborative, USMIRC) (29).
Compared to KarMMa-1, SOC ide-cel demonstrated improved
efficacy with and ORR and at least CR rate of 93% and 48%,
respectively. The median PFS was comparable between the two
studies, 8.5 months (95% CI, 6.2-10.9). Furthermore, there were 18
patients who were previously treated with BCMA-directed therapies
(belantamab mafodotin: 16 and BCMA-directed CAR T-cells: 2).
Interestingly, patient outcomes were not impacted by prior
treatment with BCMA-directed therapies where the ORR in this
subgroup was 90%, at least CR was 47% and median PFS was
6.2 months.

The study by Sidana et al. also provided some insights into the
real-world efficacy of ide-cel among 603 patients using the CIBMTR
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TABLE 2 Summary of the findings from clinical studies evaluating ide-cel and cilta-cel.

CARTITUDE- KarMMa-
KarMMa-1 (N=128 CARTITUDE-4
(N=128)  1N=97) 3 (N=254)
Patient age, years (range) 61 (33-78) 61 (56-68) 63 (30-81) 61.5 (27-78)
Extramedullary disease, % 39 13 24 21.2
High risk cytogenetic features, % 35 24 42 59.4
High tumor burden, % 51 22 28 204
R-ISS stage III, % 16 14 12 5.8
Bridging, % 88 75 84 100
Prior lines of therapy 6 (range: 3-16) 6 (range 4-8) 3 (range: 2-4) 1 (32.7%)
2 (39.9%)
3 (27.4%)
CAR- T cells Idecabtagene vicleucel Ciltacabtagene autoleucel Idecabtagene vicleucel Ciltacabtagene autoleucel
Target dose D1: 150x10° 0.75x10%/kg (range: 150x10°-450x10° 0.75x10°/kg
0.5x10°%-1x10°)
D2: 300x10°
D3: 450x10°
Overall response rate, % Overall: 73 97 (95% CI: 91.2-99.4) 71 (95% CI: 66-77) 84.60%
D1: 50
D2: 69
D3: 81
Complete response Overall: 33 67 39 (95% CI: 33-45) 73.1
D1: 25
D2:29
D3: 39
MRD at 107 sensitivity, % 26 (95% CI: 19-34) 27 20 (95% CI: 15.2-25) 60.6
PFS Opverall: 8.8 months (95% CI: 34.9 months (95% CIL: 25.2- 13.3 months (95% CIL: 12 months: 75.9% (95% CIL:
5.6-11.6) NE) 11.8-16.1) 69.4-81.1%)
CR
D1: 2.8 months (95% CI:
1.0- NE)
D2: 5.8 months (95% CI:
42-8.9)
D3: 12.1 months (95% CI:
8.8-12.3)
(O] 19.4 months (95% CI: 36 months: 12 months: 84.1%
18.2- NE) Overall: 62.9%
> CR: 59.8%
12-month sustained MRD
negativity: NE
12-month sustained MRD
negativity-CR: NE
Reference: (21) (22) (23) (24)
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database (30). The number of prior lines of therapy was 7 (4-21),
and 5% (n=28) had prior exposure to BCMA-directed CAR T cell
therapy. The ide-cel dose ranged from 300-460x10° cells. The ORR
was noted in 71% (n=421) of the patients; of whom 27% (n=162)
achieved a CR. The 6- month PFS and OS rates were 62% (95% CI:
58-66%) and 82% (95% CI: 79-85%), respectively.

Real-world data for cilta-cel demonstrated an ORR of 80% and a
CR rate of 40% among 139 patients with RR disease treated at 12
academic centers in the U.S. 36% (n=50) had penta-refractory and
the number of prior lines of therapy was 6 (2-18) (31). The reduced
efficacy of cilta-cel in this study could be explained by the higher
percentage of patients with extramedullary disease (35% compared
to 13% in CARTITUDE-1) and high-risk cytogenetic features (41%
vs. 24%).

3.2 Efficacy of approved CAR T-cells
following antibody-drug conjugates and
other bispecific T-cell engager antibodies

Recently, other T-cell redirection therapies or bispecific T-cell
engager antibodies (teclistamab, elranatamab, and talquetamab)
have been approved for RRMM. Despite the availability of several
options to treat patients in this setting, the proper sequencing of
these agents (CAR T-cells and bispecific T-cell engager antibodies)
has become a dilemma. This has also posed the question of whether
CAR-T cells retain their efficacy following BCMA-directed
therapies or bispecific T-cell engager antibodies.

Given this gap in our knowledge, Cohen et al. sought to
investigate the efficacy of cilta-cel in a small cohort of 20 patients
with RRMM who were enrolled in the CARTITUDE-2 study and
previously treated with noncellular BCMA-directed therapies
(either an antibody-drug conjugate or a bispecific antibody) (32).
The authors noted an ORR of 60% (95% CI: 36.1-80.9%), with 30%
achieving at least a CR. The PFS was 9.1months (95% CI: 1.5-NE),
and OS was not reached at the time of data cut-off. Further
stratification based on the type of prior BCMA therapy revealed
an ORR of 61.5% (95% CI: 31.6-861%) in the antibody drug
conjugate (ADC) exposed group and 57.1% (95% CI: 18.4-90.1%)
in the bispecific antibody exposed group. The two main factors that
predicted response to cilta-cel were the treatment duration of prior
anti-BCMA therapy (29.5 days in responders vs. 63.5 days in non-
responders) and the elapsed time between the two treatment
modalities (235 days in responders vs. 117.5 days in non-
responders). The median PFS appeared to be longer in the ADC
exposed (9.5 months, 95% CI:1-NE) relative to the bispecific
antibody exposed group (5.3 months, 95% CI: 0.6-NE). Despite
the small number of patients, 13 patients with prior BCMA-ADC
and 7 patients with prior BCMA-bispecific antibody, these findings
suggested that cilta-cel might be considered a viable option for
select heavily pretreated MM patients who received prior BCMA-
directed therapies, namely anti-BCMA ADC. In a case series of 5
heavily pretreated MM patients who received a median of 7 lines of
therapy (range: 5-8) including prior BCMA-directed CAR T-cells (3
investigational CAR T-cells and 2 ide-cel), Attar N et al. reported an
ORR rate of 80% (n=4) and a CR of 60% (n=3). The PFS rate at 6
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months was 75%. Of note, the time elapsed between the two CAR T-
cells ranged from 8 to 38 months (33).

The retrospective study by Ferreri et al, evaluated the clinical
efficacy of commercial ide-cel in 50 patients who were previously
treated with BCMA-targeted therapies (38 received belantamab
mafodotin, 7 bispecific antibody, and the rest investigational CAR
T-cells) (34). The median number of prior lines of therapy was 9
(range: 4-18), and 86% (n=43) received bridging therapy before ide-
cel infusion, where the median dose was 403.3 x10° (range: 154.1-
454). The ORR was 74%, with 29% achieving at least a CR. The
median PFS was 3.2 months, and OS has not been reached given the
short follow-up period with an estimated 6-month OS rate of 72%.
Response stratification based on the type of BCMA-targeted
therapy showed that the patients who had prior CAR T-cells had
the highest response rate (100%), whereas those who received
belantamab mafodotin had the lowest response rate (68%); the
ORR among patients treated with bispecific antibodies was 86%.
Similarly, patients previously treated with CAR T-cells had a longer
PES (NR) compared to those with prior exposure to belantamab
mafoditin (PFS: 3.2 months) or bispecific antibodies (PFS: 2.8
months) (34).

Although these studies were small, they provided evidence of
CAR T-cells’ efficacy post other T-cell redirection therapies;
nevertheless, the duration of response appeared to be modest
compared to what was described in KarMMa-1 and CARTITUDE-
1. Larger studies may be warranted to corroborate these findings to
help not only select patients who are likely to benefit from these
agents, but also guide the optimal sequencing of these therapies.

3.3 Investigational CAR T-cells for multiple
myeloma: a delve beyond BCMA

While further investigation is underway, Tables 3, 4 highlight
some of the recent advancements which are exploring additional
targets to overcome some of the current limitations of BCMA
targeted- CAR T-cells such as antigen escape, relapse, and toxicity.
Some promising candidates include GPRC5D, SLAMF7, CD38,
CD138, and CD19 Table 5 and Table 6.

GPRC5D is a transmembrane protein with limited expression
in normal tissues but selectively highly expressed in MM cells. In
2020, GPRC5D was investigated as a novel target for CAR T-cell
therapy in MM (35). The study highlights the toxicity and efficacy of
GPRC5D-targeted CAR T-cells in eliminating MM cells in 17
patients with MM. Importantly, targeting GPRC5D did not result
in notable off-tumor toxicity, underscoring the specificity and safety
of this approach. Dysgeusia is a known side effect of GPRC5D
bispecific T-cell engager antibodies. With GPRC5D-targeted CAR
T-cells, dysgeusia was seen in only 2 out of 17 patients. CRS and nail
changes were seen in 88% and 65% of patients. Overall responses
were notable in about 70% of patients, even those who had received
prior BCMA-based therapy. This study marks a promising step
forward in developing next-generation CAR T-cell therapies for
MM (35).

SLAMF7, also known as CS1, is highly expressed on myeloma
cells and natural killer (NK) cells. However, SLAMF7 is also

frontiersin.org


https://doi.org/10.3389/fonc.2024.1455464
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Hamadeh et al.

expressed on activated T-cells, which raises concerns about CAR-T
cell fratricide (54, 55).

Similarly, fratricide is a concern in CD38 CAR T-cells (56).
CD38 is another well-established target in MM, with drugs like
daratumumab and isatuximab (CD38 monoclonal antibodies).
However, CD38 is expressed in normal T/NK cells. CD38-CAR
T- cells have shown preclinical success and are being evaluated in
early-phase clinical trials (57). CD38 CAR T-cells remains in the
early phase of development.

CD138 is highly expressed on plasma cells and is another
potential target for CAR T-cell therapy. One major obstacle is
CD138 expression on other cell types, including subsets of epithelial
and endothelial cells (58). CD138-CAR T-cells have shown promise
in preclinical studies and are currently under investigation in
clinical trials (NCT03672318).

Dual-targeting CAR T-cells that simultaneously target BCMA
and another antigen (e.g., CD19, GPRC5D, CD38, or SLAMF7) are
under development. These bispecific CAR T-cells aim to prevent
antigen escape and increase durable responses by targeting multiple
pathways simultaneously. One innovative strategy to enhance the
efficacy of CAR T-cell therapy is the combination of CD19 and
BCMA, which has shown significant promise among the various
dual-targeting strategies.

CART-ddBCMA is another unique BCMA CAR-T product
with a D-binding Domain, comprising 73 amino acids, and
offering a highly stable bond with reduced immunogenicity. The
CART-ddBCMA showed an ORR of 100% in a phase 1 trial (59).
Responses were deep where 22 of the 37 patients achieved sCR/CR,
7 VGPR, and 2 PR. Of 22 patients who were evaluable for MRD, 19
were MRD negative at 10° or lower (59).

TABLE 3 Current or ongoing clinical trials with ide-cel.

Elranatamab KarMM-7

in RRMM

10.3389/fonc.2024.1455464

TABLE 4 Current or ongoing clinical trials with cilta-cel.

CARTITUDE-5 CARTITUDE-6

NDMM, transplant NDMM, transplant eligible,
deferred, treated with VRd | following DVRd followed
induction followed by by cilta-cel

Experimental arm

cilta-cel

Control arm VRd followed by DVRd followed by ASCT
Rd maintenance

Trial Phase 3 3

PFS, sustained MRD
neg CR

Primary end point | PFS

NCT 04923893 05257083

NDMM, newly diagnosed Multiple Myeloma; VRd, Bortezomib, Lenalidomide,
dexamethasone; Rd, Lenalidomide, dexamethasone; DVRd, Daratumumab, Bortezomib,
Lenalidomide, dexamethasone; PFS, progression free survival; MRD, minimal residual
disease; CR, complete response.

CD19 is a protein commonly found on B cells, and has been
successfully targeted in B-cell malignancies such as acute lymphoblastic
leukemia (ALL) and non-Hodgkin lymphoma (NHL). Although CD19
is not typically found on myeloma cells, it is present in a subset of early
B-lineage precursors and plasmablasts that can eventually develop into
myeloma cells (9, 60). This dual-targeting approach addresses the
limitations of single-target CAR T-cell therapies by targeting both
malignant plasma cells and their progenitors. Both preclinical studies
and early-phase clinical trials have investigated CAR T-cells’
effectiveness in targeting CD19 and BCMA. Early-phase clinical trials
have shown promising results. For example, a study by Zhao et al.
reported the outcomes of a phase 1/2 trial that treated 21 patients with
dual-targeting CD19 and BCMA CAR T-cells. The combination

TABLE 5 New targets for CART.

New targets for CART

Extra properties

Experimental | Elranatamab given | Arm A: Ide-cel + Ide-cel +
arm after (SOC) CC-220 (+/- low Len maintenance
Ide-cel dose dex)
Arm B: Ide-cel +
BMS-986405
Control arm NA (single NA (single Len maintenance
arm study) arm study)
Trial Phase 2 1/2 3

Prior lines of
therapy
to enroll

Primary
end point

NCT

>4 including PI,
IMID, anti-
CD38 mAb

CR or sCR post
consolidation
therapy; PFS

06138275

>3 for both Arms
except Arm A,
cohort 2 can
receive at least 1
but no >3 LOT

DLT, CRR

04855136

4-6 cycles of
induction therapy
(incl PI, IMID)
and single ASCT
80-120 days prior
to consent

PES

06045806

SOC, standard of care; NA, not applicable; PI, proteosome inhibitor; IMID,
immunomodulatory; mAb, monoclonal antibody; CR, complete response; sCR, stringent
complete response; LOT, lines of therapy; DLT, dose limiting toxicity; CRR, complete
response rate; Len, Lenalidomide; LOT, lines of therapy; PFS, progression free survival.
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incorporating on/off suicide gene | NCT03958656
and
SLAMEF7/CS1 NCT03710421
Off the shelf, UCARTCS1 NCT04142619
- NCT03464916
Cb38 dual-specificity anti-CD38/BCMA | NCT03767751
CAR T-cell
- NCT02135406
CD19 PN .
dual-specificity anti-CD19/BCMA | NCT03455972
CAR T-cell
TACI Targeting BCMA and TACI NCT03287804
x light chain Costimulating domain CD28 NCT00881920
Lewis Y Costimulating domain CD28 NCT01716364
34% of the HLA-A2 positive NCT03638206
NY-ESO-1 expressed NY-ESO-1 and/or
LAGE-1
NKG2D ligands Costimulating domain DAP10 NCT02203825
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TABLE 6 New CAR-Ts designed to offset resistance mechanisms.

New CAR-Ts designed to offset resistance mechanisms

10.3389/fonc.2024.1455464

Resistance Mechanism CAR- [\[o} Median Response Toxicity Reference
mechanism of action T properties Of patients  follow up
ORR 87%, CRS (87%), (36)
23 R/R MM 9 months sCR 52% ICANS (0%),
BCMA/CD38 PR 33% infections (22%)
bispecific CAR
T-cells ORR 88%, CRS (75%), HLH | (37)
16 RRMM 11.5 months CR 81%, (6%),
PR 6% infections (38%)
Dual-targeted
CI‘:; Ta rgete BCMA/CS1 ORR 100%, SCR  CRS (38%) (38)
bispecific CAR 16 RRMM 290 days 31% PR 13%
cell therapy
T-cells
BCMA/GPRC5D NCT05431608
bispecific CAR Na Na Na Na
T-cells
CD38 (39)
and SLAMF7 Na Na Na Na
anti BCMA and ORR 91%, CRS (100%), (40)
anti-CD38 CAR 22 RRMM 24 months CR 55% ICANS (14%),
T- cells infections (17%)
ORR 92%, CR CRS (95%), (41, 42)
anti BCMA and 60%, PR 21% ICANS (11%), B
anti-CD19 CAR 62 RRMM 21 months cell aplasia
T- cells (30%),
infections (45%)
anti BCMA and ORR 23%, CR CRS (90%), (43)
anti-CD19 CAR 10 RRMM Range: 248- 6% PR 6% ICANS (3%)
Antigen escape T- cells 20 high risk 966 days
and maintenance
Anti-BCMA and ORR 100%, sCR CRS (100%), (44)
) anti-CD19 CAR 90%, CR 10% infections (100%)
pom?med T- cells followed 10 42 months
infusion by lenalidomide
after auto-HSCT
Combined ORR 95% CRS (23%) (45)
infusion of anti'» 13 high- sCR 69%
BCMA and anti- K 5.3 months
risk NDMM
CD19 FasT CAR
T-cells
10 months. ORR 89%, CRS (94%) (46)
sBCMA levels < sCR 44% ICANS (39%)
X L (L
Combined CAR zto dzg/g(l] (low)
. y
T-cells with 18 RRMM PES of 31
gamma secretase
months vs.
(high) PFS of
5.4 months
anti-GPRC CAR ORR 100% sCR CRS(100%), (47)
T-cell 10 RRMM 238 days 60% 40% VGPR no ICANS
(OriCAR-017)
Different target o
anti-GPRC CAR ORR 70% Icg{:l\(l?((}é;/’) (33)
T-cells 17 RRMM 10 months Cerebell. e
(MCARH109) creverar

disorder (12%)
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TABLE 6 Continued

10.3389/fonc.2024.1455464

New CAR-Ts designed to offset resistance mechanisms

Resistance Mechanism CAR- [\[o} Median Response Toxicity Reference
mechanism of action T properties Of patients @ follow up
ORR (56%), with | CRS (55%), (48, 49)
dose: 320 x 106 infections (44%)
. ALLO-715 43 RRMM 10 months CAR+ T (n =
Allogeneic 24), ORR (71%),
BCMA-targeting VGPR (45.8%),
CAR T-cells CR (25%)
RR Post- RS (14%), 50, 51
P-BCMA-ALLOI = 24 RRMM - g oM AOS . ICC:IS s /"3 (50, 51)
CAR T-cell exhaustion (60%) (4%)
Enrich for ORR (69%) CRS (75%), (52)
memory-like bb21217 72 RRMM 9 months ICANS (15%)
T cells
Improve potency ORR (95%) CRS (82%), (53)
- 0y
and . BMS-986354 60 RRMM DOR ICANS (9%)
phenotypic (NEX-T process) 10.8 Months
attributes

Na, Not available.

achieved an overall response rate of 95% in infused patients, with 43%
of patients experiencing complete remissions (41).

The future of CAR T-cell therapy for MM is promising, with
ongoing research focused on identifying and validating new targets
beyond BCMA. Antigens such as GPRC5D, SLAMF7, CD38, and
CD138 represent exciting avenues for exploration, offering hope for
more effective and durable treatments. As these novel CAR T-cell
therapies advance through clinical trials, they hold the potential to
transform the landscape of MM treatment, providing new options
for patients who have exhausted current therapies.

4 Potential mechanisms of resistance
to approved CAR T-cells

The mechanisms of resistance to CAR T-cells have not been
fully elucidated. In this section, we describe some of the proposed
mechanisms. Because these patterns of resistance are multifactorial,
we divided them into the following:

4.1 Tumor intrinsic mechanisms
of resistance

4.1.1 Bi allelic loss of BCMA

It is a rare event and accounts for about 6% of the cases at the
time of relapse (61). Bi allelic loss of BCMA was first described by
Samur et al. in a patient who received ide-cel at a dose of 150x10°
CAR+ T cells following 4 prior lines of therapy (including a
proteasome inhibitor, an immunomodulatory agent, and an anti-
CD38 monoclonal antibody) (62). The patient achieved a partial
response; nonetheless, the disease relapsed at 9 months post CAR T-
cells, which necessitated a second infusion of ide-cel at a higher dose
(450x10°). Unfortunately, the patient derived no clinical benefit
from the second dose. The lack of response evoked further
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investigation to help uncover the underlying mechanisms of
resistance. Transcriptomic analysis revealed deletion of 16p in the
majority of the multiple myeloma cells; it is worth noting that the
BCMA gene (TNFRSF17) is located on 16p13.13. This finding was
further substantiated by whole exome sequencing of purified
CD138+ cells which also identified the presence of a loss of
function mutation (p.Q38*) in BCMA in 70%. The authors
attributed this lack of response to a lack of BCMA expression
secondary to the biallelic loss of BCMA (monoallelic loss of 16 p
and second copy loss-of-function mutation), which provides the
molecular basis for the lack of BCMA expression in MM cells at the
time of relapse. Da Via MC also reported a case of homozygous
(biallelic) BCMA gene loss or deletion in a 71-year-old male who
received ide-cel at a dose of 450x10°. At the time of disease
progression, BCMA expression was undetectable compared to
baseline (P<6.2x10-94) (63).

4.1.2 Gamma secretase production

BCMA can be cleaved from the surface of myeloma cells by the
protease, gamma-secretase, thereby increasing the concentration of
soluble/circulating BCMA in plasma (64). The reduced density of
surface BCMA may in fact compromise the activity of BCMA
targeting therapies such as ide-cel and cilta-cel. Indeed, the study by
Chen et al. demonstrated that circulating BCMA levels exceeding
156 ng/mL in samples obtained from 379 patients with RRMM were
associated with reduced binding of anti-BCMA antibodies to
myeloma cells (65). Hence, inhibition of y-secretase activity could
increase the efficacy of anti-BCMA CAR T-cell therapy via
upregulation of BCMA density on plasma cells (66). The
combination of a gamma-secretase (crenigacestat) with BCMA
targeting CAR T-cells was evaluated in the phase I study of
Cowan et al. (46) Of the 18 patients included in the study, 7 had
prior exposure to BCMA-targeted therapy. Administration of 3
doses of crenigacestat of 25 mg every other day prior to
lymphodepleting chemotherapy resulted in an increase in the
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BCMA binding sites in all patients, including those with prior
BCMA-targeted therapies. The ORR in this subgroup of patients
(prior to BCMA-targeted therapy) was 71%, with 43% achieving at
least a very good partial response. However, the PFS was shorter
(2.6 months) compared to 28.8 months among those with no prior
BCMA-targeted targeted therapies. Given the small number of
patients, larger studies are needed to validate the efficacy of
this approach.

4.2 T-cell exhaustion mechanisms

The expansion kinetics of CAR T-cells are crucial for effectively
eliminating tumor cells. The success of CAR T-cell therapy is closely
linked to the fitness and memory-like characteristics of the cells
(67). Less-differentiated T-cells exhibit robust proliferative potential
and resistance to exhaustion, with decreased expression of
inhibitory receptors such as checkpoint inhibitors, leading to
enhanced CAR T-cell expansion. Achieving optimal CAR T-cell
expansion by day +7 was an independent and dynamic indicator of
treatment response (68). In the early phase 1 clinical trial of cilta-
cel, the CAR T-cells were undetectable in the peripheral blood of
most patients at four months; the CAR T-cells persisted up to 10
months in merely 16% of the patients (69). CAR T-cell persistence
at 3 and 12 months was noted in 86% and 20% of the patients
treated with ide-cel respectively (70).

Myeloma cells can evade elimination by CAR T-cells, even if
they still have the BCMA target antigen. This is due to CART-cell
exhaustion or alteration of the internal apoptotic machinery in
plasma cells (71). CAR T-cell exhaustion can happen because
plasma cells interact with inhibitory ligands on T-cells (like
TIGIT, TIM3, and/or LAG3), or over express PDLI or lack the
expression of costimulatory ligands like CD58 on plasma cells (67).
Additionally, using CAR T-cell therapies in earlier lines of therapy
was associated with impressive overall response rates and
progression-free survival (KarMMa-3 and CARTITUDE4).

Several patient-related factors could impact CAR T-cell efficacy.
For instance, using alkylating agents prior to lymphocyte collection
may hinder CAR T-cell fitness and decrease the CD4+/CD8+ ratio,
while using selinexor might improve lymphocyte fitness (72-74).
Even after lymphocyte collection, bridging chemotherapy might
affect the absolute lymphocyte count (ALC) before
lymphodepletion chemotherapy and modulate CAR T-cell
efficacy. The response after CAR T-cell therapy was significantly
higher in patients with a high pre-lymphodepletion ALC, which was
defined as 0.75 > 10A9/L (76% versus 41%; P = .002). Patients with a
low pre-lymphodepletion ALC had a significantly inferior OS (15.4
months) and PFS (8.4 months) compared with those with a high
pre-lymphodepletion ALC (OS: not reached, p<0.001; PFS: 27.3
months, <0.001). Notably, higher pre-lymphodepletion ALC was
not correlated with higher CRS rates (73). Alternatively, one study
demonstrated that a higher baseline ALC was associated with higher
CRS/ICANS rates; however, this did not translate into improved
survival rates (75). Regardless of the baseline ALC, Saldarriaga et al.
showed that the maximum ALC within 15 days after the CAR-T
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infusion at a dose of 1.0 x 10/3/uL was an independent predictor of
PES (76). These conflicting findings require validation in future
studies to better understand the contribution of ALC to patient
outcomes and complications with CAR T-cells.

Additionally, underlying comorbidities may also play a role in
determining CAR T-cell eligibility. A retrospective analysis
indicated that the presence of renal impairment was associated
with prolonged cytopenias (77). With advancing age, there is an
accumulation of antigen-experienced and dysfunctional T-cell
subsets, such as TEMRA, TEX, and TTD cells, as well as selective
retention of antigen-inexperienced T cells with memory-like
features and NK cell-like markers (67, 78). Data from the
CIBMTR registry suggested that there were no significant
differences in ORR, median OS, and treatment-related mortality
between patients aged 70 or older and younger patients who
received ide-cel (79). Regarding toxicity, the older population
exhibited higher rates of low grade (1 and 2) neurotoxicity; rates
of severe neurotoxicity (grade 3 and above) was comparable
between the two age groups. The study also looked at frail
patients with score of >2 using the simplified frailty index. Frail
patients showed similar PFS and OS, but had higher rates of
prolonged cytopenia, clinically significant infections, and
neurotoxicity of any grade without an increase in high-grade
adverse events (79).

Patient-related factors could be modifiable and significantly
impact CAR T-cell fitness. According to a prospective pilot study, a
six-month physical activity intervention led to notable reductions in
levels of T-cell exhaustion markers such as PD-1, TIGIT, TIM3, and/
or LAG3 at the end of the intervention compared to the baseline (80).

4.3 FDA warnings about CAR T-cells

The FDA utilized the Adverse Event Reporting System (FAERS)
to uncover a significant risk of T-cell malignancies linked to all
currently approved BCMA-directed and CD19-directed genetically
modified autologous CAR T- cell immunotherapies. As a result, in
January 2024, the FDA implemented safety labeling revisions across
this therapeutic class.

The analysis involved 12,394 adverse event records related to
CAR T-cell therapy in the FAERS database. Among these entries,
536 (about 4.3%) documented secondary primary malignancies
along with other adverse reactions. Axicabtagene ciloleucel was
associated with 51.7% of these cases, while tisagenlecleucel was
linked to 33%. However, -ide-cel and cilta-celcomprised 4% and 3%
of the reported cases, respectively (81).

The most frequently observed secondary cancers after CAR T-
cell therapy were leukemias, comprising 2.7% of all reported
incidents. Skin cancers emerged as the second most common,
accounting for 0.4% of the overall adverse event reports.
Additionally, seventeen instances of T-cell non-Hodgkin
lymphomas were recorded, predominantly featuring anaplastic
large T-cell lymphomas. Furthermore, two cases of large granular
T-cell leukemia were identified, bringing the total T-cell malignancy
reports within the FAERS database to 19.
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5 Discussion

The treatment landscape of RRMM is ever evolving with the
identification of new targets and the development of novel
treatment modalities. The addition of ide-cel and cilta-cel CAR
T-cells to the therapeutic armamentarium of multiple myeloma
translated into dramatically improving patient outcomes. The
LocoMMotion study demonstrated that standard therapies have
minimal activity in triple-class exposed patients (i.e. received an
immunomodulatory agent, a proteasome inhibitor, and an anti-
CD38 monoclonal antibody) where response rates were
approximately 30% (95% CI: 24.2-36.0) (82). Additionally,
median PFS and OS were 4.6 (95% CI: 3.9-5.6) and 12.4 months
(95% CI: 10.3-NE), respectively. CAR T-cells, as well as other T-cell
redirection therapies, were developed to address this urgent or
unmet demand for more potent and effective therapies for heavily
pretreated multiple myeloma patients. Although CAR T-cell
therapy has significantly increased response rates by 2 to 3-fold,
the disease will inevitably relapse as treatment-resistant clones start
to emerge. As discussed earlier, our deeper understanding of the
molecular mechanisms that confer resistance to CAR T-cells has set
the framework for some of the clinical trials listed herein. If these
investigational CAR T-cells are granted approval, this will pose
great challenges to the treating physician as treatment options for
RRMM continue to grow. Hence, further research is still needed to
not only better sequence these agents but also identify the optimal
strategy which can alter the natural history of the disease and
thereby lead to a cure.

Author contributions

SA: Writing - original draft, Writing — review & editing. IH:
Writing - original draft, Writing - review & editing. RF: Writing -

References

1. Siegel RL, Giaquinto AN, Jemal A. Cancer statistics, 2024. CA Cancer ] Clin.
(2024) 74:12-49. doi: 10.3322/caac.21820

2. Siegel RL, Giaquinto AN, Jemal A. Erratum to “Cancer statistics, 2024. CA Cancer
J Clin. (2024) 74:203. doi: 10.3322/caac.21830

3. Anderson KC, Kyle RA, Rajkumar SV, Stewart AK, Weber D, Richardson P, et al.
Clinically relevant end points and new drug approvals for myeloma. Leukemia. (2008)
22:231-9. doi: 10.1038/sj.1leu.2405016

4. Gandhi UH, Cornell RF, Lakshman A, Gahvari Z], McGehee E, Jagosky MH, et al.
Outcomes of patients with multiple myeloma refractory to CD38-targeted monoclonal
antibody therapy. Leukemia. (2019) 33:2266-75. doi: 10.1038/s41375-019-0435-7

5. 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

6. Alnefaie A, Albogami S, Asiri Y, Ahmad T, Alotaibi SS, Al-Sanea MM, et al.
Chimeric antigen receptor T-cells: an overview of concepts, applications, limitations,
and proposed solutions. Front Bioeng Biotechnol. (2022) 10:797440. doi: 10.3389/
fbioe.2022.797440

7. Garrido F, Aptsiauri N, Doorduijn EM, Garcia Lora AM, van Hall T. The urgent
need to recover MHC class I in cancers for effective immunotherapy. Curr Opin
Immunol. (2016) 39:44-51. doi: 10.1016/j.c0i.2015.12.007

8. Dagar G, Gupta A, Masoodi T, Nisar S, Merhi M, Hashem §, et al. Harnessing the
potential of CAR-T cell therapy: progress, challenges, and future directions in

Frontiers in Oncology

11

10.3389/fonc.2024.1455464

original draft, Writing - review & editing. SM: Writing — original
draft, Writing - review & editing, Conceptualization, Data curation,
Formal Analysis, Funding acquisition, Investigation, Methodology,
Project administration, Resources, Software, Supervision,
Validation, Visualization.

Funding

The author(s) declare that no financial support was received for
the research, authorship, and/or publication of this article.

Acknowledgments

The authors express their deep appreciation to the Leon Levine
Foundation and the Kerry and Simone Vickar Family Foundation
for their support.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

hematological and solid tumor treatments. J Transl Med. (2023) 21:449.
doi: 10.1186/s12967-023-04292-3

9. Sterner RC, Sterner RM. CAR-T cell therapy: current limitations and potential
strategies. Blood Cancer J. (2021) 11:69. doi: 10.1038/541408-021-00459-7

10. Guest RD, Hawkins RE, Kirillova N, Cheadle EJ, Arnold J, O’'Neill A, et al. The
role of extracellular spacer regions in the optimal design of chimeric immune receptors:
evaluation of four different scFvs and antigens. J Immunother. (2005) 28:203-11.
doi: 10.1097/01.¢ji.0000161397.96582.59

11. Bridgeman JS, Hawkins RE, Bagley S, Blaylock M, Holland M, Gilham DE. The
optimal antigen response of chimeric antigen receptors harboring the CD3zeta
transmembrane domain is dependent upon incorporation of the receptor into the
endogenous TCR/CD3 complex. J Immunol. (2010) 184:6938-49. doi: 10.4049/
jimmunol.0901766

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

roadblocks in CAR T cell therapy. Nat Rev Clin Oncol. (2020) 17:147-67. doi: 10.1038/
s41571-019-0297-y

13. Imai C, Mihara K, Andreansky M, Nicholson IC, Pui CH, Geiger TL, et al.
Chimeric receptors with 4-1BB signaling capacity provoke potent cytotoxicity against
acute lymphoblastic leukemia. Leukemia. (2004) 18:676-84. doi: 10.1038/sj.leu.2403302

14. Harding FA, McArthur JG, Gross JA, Raulet DH, Allison JP. CD28-mediated
signalling co-stimulates murine T cells and prevents induction of anergy in T-cell
clones. Nature. (1992) 356:607-9. doi: 10.1038/356607a0

frontiersin.org


https://doi.org/10.3322/caac.21820
https://doi.org/10.3322/caac.21830
https://doi.org/10.1038/sj.leu.2405016
https://doi.org/10.1038/s41375-019-0435-7
https://doi.org/10.3389/fimmu.2018.01821
https://doi.org/10.3389/fbioe.2022.797440
https://doi.org/10.3389/fbioe.2022.797440
https://doi.org/10.1016/j.coi.2015.12.007
https://doi.org/10.1186/s12967-023-04292-3
https://doi.org/10.1038/s41408-021-00459-7
https://doi.org/10.1097/01.cji.0000161397.96582.59
https://doi.org/10.4049/jimmunol.0901766
https://doi.org/10.4049/jimmunol.0901766
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.1038/s41571-019-0297-y
https://doi.org/10.1038/sj.leu.2403302
https://doi.org/10.1038/356607a0
https://doi.org/10.3389/fonc.2024.1455464
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Hamadeh et al.

15. Ramos CA, Rouce R, Robertson CS, Reyna A, Narala N, Vyas G, et al. In vivo fate
and activity of second- versus third-generation CD19-specific CAR-T cells in B cell
non-Hodgkin’s lymphomas. Mol Ther. (2018) 26:2727-37. doi: 10.1016/
jymthe.2018.09.009

16. Chmielewski M, Abken H. TRUCKS: the fourth generation of CARs. Expert Opin
Biol Ther. (2015) 15:1145-54. doi: 10.1517/14712598.2015.1046430

17. Kagoya Y, Tanaka S, Guo T, Anczurowski M, Wang CH, Saso K, et al. A novel
chimeric antigen receptor containing a JAK-STAT signaling domain mediates superior
antitumor effects. Nat Med. (2018) 24:352-9. doi: 10.1038/nm.4478

18. Vormittag P, Gunn R, Ghorashian S, Veraitch FS. A guide to manufacturing
CAR T cell therapies. Curr Opin Biotechnol. (2018) 53:164-81. doi: 10.1016/
j.copbio.2018.01.025

19. Neelapu SS, Tummala S, Kebriaei P, Wierda W, Gutierrez C, Locke FL, et al.
Chimeric antigen receptor T-cell therapy - assessment and management of toxicities.
Nat Rev Clin Oncol. (2018) 15:47-62. doi: 10.1038/nrclinonc.2017.148

20. Adkins S. CAR T-cell therapy: adverse events and management. ] Adv Pract
Oncol. (2019) 10:21-8.

21. Munshi NC, Anderson LD, Shah N, Madduri D, Berdeja J, Lonial S, et al.
Idecabtagene vicleucel in relapsed and refractory multiple myeloma. N Engl ] Med.
(2021) 384:705-16. doi: 10.1056/NEJM0a2024850

22. Martin T, Usmani SZ, Berdeja JG, Agha M, Cohen AD, Hari P, et al.
Ciltacabtagene autoleucel, an anti-B-cell maturation antigen chimeric antigen
receptor T-cell therapy, for relapsed/refractory multiple myeloma: CARTITUDE-1 2-
year follow-up. J Clin Oncol. (2023) 41:1265-74. doi: 10.1200/JCO.22.00842

23. Rodriguez-Otero P, Ailawadhi S, Arnulf B, Patel K, Cavo M, Nooka AK, et al.
Ide-cel or standard regimens in relapsed and refractory multiple myeloma. N Engl |
Med. (2023) 388:1002-14. doi: 10.1056/NEJMoa2213614

24. San-Miguel ], Dhakal B, Yong K, Spencer A, Anguille S, Mateos MV, et al. Cilta-
cel or standard care in lenalidomide-refractory multiple myeloma. N Engl ] Med. (2023)
389:335-47. doi: 10.1056/NEJM0a2303379

25. Cohen AD, Parekh S, Santomasso BD, Gallego Pérez-Larraya J, van de Donk
NWC]J, Arnulf B, et al. Incidence and management of CAR-T neurotoxicity in patients
with multiple myeloma treated with ciltacabtagene autoleucel in CARTITUDE studies.
Blood Cancer J. (2022) 12:32. doi: 10.1038/s41408-022-00629-1

26. Lee DW, Santomasso BD, Locke FL, Ghobadi A, Turtle CJ, Brudno JN, et al.
ASTCT consensus grading for cytokine release syndrome and neurologic toxicity
associated with immune effector cells. Biol Blood Marrow Transpl. (2019) 25:625-38.
doi: 10.1016/j.bbmt.2018.12.758

27. Santomasso BD, Nastoupil L], Adkins S, Lacchetti C, Schneider BJ, Anadkat M,
et al. Management of immune-related adverse events in patients treated with chimeric
antigen receptor T-cell therapy: ASCO guideline. J Clin Oncol. (2021) 39:3978-92.
doi: 10.1200/JCO.21.01992

28. Hansen DK, Sidana S, Peres LC, Colin Leitzinger C, Shune L, Shrewsbury A,
et al. Idecabtagene vicleucel for relapsed/refractory multiple myeloma: real-world
experience from the myeloma CAR T consortium. J Clin Oncol. (2023) 41:2087-97.
doi: 10.1200/JCO.22.01365

29. Dima D, Rashid A, Davis JA, Shune L, Abdallah AO, Li H, et al. Efficacy and
safety of idecabtagene vicleucel in patients with relapsed-refractory multiple myeloma
not meeting the KarMMa-1 trial eligibility criteria: A real-world multicentre study. Br J
Haematol. (2024) 204:1293-9. doi: 10.1111/bjh.19302

30. Sidana S, Ahmed N, Akhtar OS, Heim M, Brazauskas R, Hansen DK, et al. Real
world outcomes with idecabtagene vicleucel (Ide-cel) CAR-T cell therapy for relapsed/
refractory multiple myeloma. Blood. (2023) 142:1027-7. doi: 10.1182/blood-2023-181762

31. Hansen DK, Patel KK, Peres LC, Kocoglu MH, Shune L, Simmons G, et al. Safety
and efficacy of standard of care (SOC) ciltacabtagene autoleucel (Cilta-cel) for relapsed/
refractory multiple myeloma (RRMM). JCO. (2023) 41:8012-2. doi: 10.1200/
JC0O.2023.41.16_suppl.8012

32. Cohen AD, Mateos MV, Cohen YC, Rodriguez-Otero P, Paiva B, van de Donk
NWC], et al. Efficacy and safety of cilta-cel in patients with progressive MM after
exposure to other BCMA-targeting agents. Blood. (2022) 140(Supplement 1):4646-8.
doi: 10.1182/blood-2022-158563

33. Attar N, Cirstea D, Branagan AR, Yee AJ, Frigault MJ, Raje N. Use of cilta-cel
CART cells following previous use of a BCMA-directed CAR T-cell product in heavily
treated patients with relapsed/refractory multiple myeloma: A single institution case
series. Blood. (2023) 142:6924-4. doi: 10.1182/blood-2023-182212

34. Ferreri CJ, Hildebrandt MAT, Hashmi H, Shune LO, McGuirk JP, Sborov DW,
et al. Real-world experience of patients with multiple myeloma receiving ide-cel after a
prior BCMA-targeted therapy. Blood Cancer J. (2023) 13:117. doi: 10.1038/5s41408-023-
00886-8

35. Mailankody S, Devlin SM, Landa J, Nath K, Diamonte C, Carstens EJ, et al.
GPRC5D-targeted CAR T cells for myeloma. N Engl ] Med. (2022) 387:1196-206.
doi: 10.1056/NEJM0a2209900

36. Mei H, Li C, Jiang H, Zhao X, Huang Z, Jin D, et al. A bispecific CAR-T cell
therapy targeting BCMA and CD38 in relapsed or refractory multiple myeloma. J
Hematol Oncol. (2021) 14:161. doi: 10.1186/s13045-021-01170-7

37. TangY, Yin H, Zhao X, Jin D, Liang Y, Xiong T, et al. High efficacy and safety of
CD38 and BCMA bispecific CAR-T in relapsed or refractory multiple myeloma. J Exp
Clin Cancer Res. (2022) 41:2. doi: 10.1186/s13046-021-02214-z

Frontiers in Oncology

12

10.3389/fonc.2024.1455464

38. Li C, Wang X, Wu Z, Luo W, Zhang Y, Kang Y, et al. Bispecific CS1-BCMA
CAR-T cells are clinically active in relapsed or refractory multiple myeloma: an updated
clinical study. Blood. (2022) 140:4573-4. doi: 10.1182/blood-2022-170686

39. Roders N, Nakid-Cordero C, Raineri F, Fayon M, Abecassis A, Choisy C, et al.
Dual chimeric antigen receptor T cells targeting CD38 and SLAMF?7 with independent
signaling demonstrate preclinical efficacy and safety in multiple myeloma. Cancer
Immunol Res. (2024) 12:478-90. doi: 10.1158/2326-6066.CIR-23-0839

40. Zhang H, Liu M, Xiao X, Lv H, Jiang Y, Li X, et al. A combination of humanized
anti-BCMA and murine anti-CD38 CAR-T cell therapy in patients with relapsed or
refractory multiple myeloma. Leuk Lymphoma. (2022) 63:1418-27. doi: 10.1080/
10428194.2022.2030476

41. Yan Z, Cao J, Cheng H, Qiao ], Zhang H, Wang Y, et al. A combination of
humanised anti-CD19 and anti-BCMA CAR T cells in patients with relapsed or
refractory multiple myeloma: a single-arm, phase 2 trial. Lancet Haematol. (2019) 6:
€521-9. doi: 10.1016/S2352-3026(19)30115-2

42. Wang Y, Cao J, Gu W, Shi M, Lan J, Yan Z, et al. Long-term follow-up of
combination of B-cell maturation antigen and CD19 chimeric antigen receptor T cells
in multiple myeloma. J Clin Oncol. (2022) 40:2246-56. doi: 10.1200/JCO.21.01676

43. Garfall AL, Cohen AD, Susanibar-Adaniya SP, Hwang WT, Vogl DT, Waxman
AJ, et al. Anti-BCMA/CD19 CAR T cells with early immunomodulatory maintenance
for multiple myeloma responding to initial or later-line therapy. Blood Cancer
Discovery. (2023) 4:118-33. doi: 10.1158/2643-3230.BCD-22-0074

44. Shi X, Yan L, Shang J, Kang L, Yan Z, Jin S, et al. Anti-CD19 and anti-BCMA
CAR T cell therapy followed by lenalidomide maintenance after autologous stem-cell
transplantation for high-risk newly diagnosed multiple myeloma. Am ] Hematol.
(2022) 97:537-47. doi: 10.1002/ajh.26486

45. DuJ, Fu W, LuJ, Qiang W, He H, Liu ], et al. Phase I open-label single-arm study
of BCMA/CD19 dual-targeting fasTCAR-T cells (GC012F) as first-line therapy for
transplant-eligible newly diagnosed high-risk multiple myeloma. Blood. (2022)
140:889-90. doi: 10.1182/blood-2022-162295

46. Cowan AJ, Pont MJ, Sather BD, Turtle CJ, Till BG, Libby EN, et al. y-Secretase
inhibitor in combination with BCMA chimeric antigen receptor T-cell immunotherapy
for individuals with relapsed or refractory multiple myeloma: a phase 1, first-in-human
trial. Lancet Oncol. (2023) 24:811-22. doi: 10.1016/S1470-2045(23)00246-2

47. Zhang M, Wei G, Zhou L, Zhou J, Chen S, Zhang W, et al. GPRC5D CAR T cells
(OriCAR-017) in patients with relapsed or refractory multiple myeloma (POLARIS): a
first-in-human, single-centre, single-arm, phase 1 trial. Lancet Haematol. (2023) 10:
€107-16. doi: 10.1016/52352-3026(22)00372-6

48. Mailankody S, Matous JV, Chhabra S, Liedtke M, Sidana S, Oluwole OO, et al.
Publisher Correction: Allogeneic BCMA-targeting CAR T cells in relapsed/refractory
multiple myeloma: phase 1 UNIVERSAL trial interim results. Nat Med. (2023) 29:3271.
doi: 10.1038/541591-023-02306-7

49. Mailankody S, Matous JV, Chhabra S, Liedtke M, Sidana S, Oluwole OO, et al.
Allogeneic BCMA-targeting CAR T cells in relapsed/refractory multiple myeloma:
phase 1 UNIVERSAL trial interim results. Nat Med. (2023) 29:422-9. doi: 10.1038/
s41591-022-02182-7

50. Dholaria B, Shune L, Kin A, McArthur K, Eskew JD, Martin CE, et al. Abstract
CT071: Clinical activity of P-BCMA-ALLO1, a B-cell maturation antigen (BCMA)
targeted allogeneic chimeric antigen receptor T-cell (CAR-T) therapy, in relapsed
refractory multiple myeloma (RRMM) patients (pts) following progression on prior
BCMA targeting therapy. Cancer Res. (2024) 84:CT071-1. doi: 10.1158/1538-
7445.AM2024-CT071

51. Dholaria B, Kocoglu MH, Kin A, Asch AS, Ramakrishnan A, Bachier C, et al.
Early safety results of P-BCMA-ALLOI, a fully allogeneic chimeric antigen receptor T-
cell (CAR-T), in patients with relapsed / refractory multiple myeloma (RRMM). Blood.
(2023) 142:3479-9. doi: 10.1182/blood-2023-182430

52. Raje NS, Shah N, Jagannath S, Kaufman JL, Siegel DS, Munshi NC, et al. Updated
clinical and correlative results from the phase I CRB-402 study of the BCMA-targeted
CART cell therapy bb21217 in patients with relapsed and refractory multiple myeloma.
Blood. (2021) 138:548-8. doi: 10.1182/blood-2021-146518

53. Costa LJ, Kumar SK, Atrash S, Liedtke M, Kaur G, Derman BA, et al. Results
from the first phase 1 clinical study of the B-cell maturation antigen (BCMA) nex T
chimeric antigen receptor (CAR) T cell therapy CC-98633/BMS-986354 in patients
(pts) with relapsed/refractory multiple myeloma (RRMM). Blood. (2022) 140:1360-2.
doi: 10.1182/blood-2022-160038

54. Zhang X, Zhang H, Lan H, Wu J, Xiao Y. CAR-T cell therapy in multiple
myeloma: Current limitations and potential strategies. Front Immunol. (2023)
14:1101495. doi: 10.3389/fimmu.2023.1101495

55. O’Neal J, Ritchey JK, Cooper ML, Niswonger J, Sofia Gonzalez L, Street E, et al.
CS1 CAR-T targeting the distal domain of CS1 (SLAMF?7) shows efficacy in high tumor
burden myeloma model despite fratricide of CD8+CSI expressing CAR-T cells.
Leukemia. (2022) 36:1625-34. doi: 10.1038/s41375-022-01559-4

56. Liao C, Wang Y, Huang Y, Duan Y, Liang Y, Chen J, et al. CD38-specific CAR
integrated into CD38 locus driven by different promoters causes distinct antitumor
activities of T and NK cells. Adv Sci (Weinh). (2023) 10:¢2207394. doi: 10.1002/
advs.202207394

57. Mihara K, Bhattacharyya J, Kitanaka A, Yanagihara K, Kubo T, Takei Y, et al. T-
cell immunotherapy with a chimeric receptor against CD38 is effective in eliminating
myeloma cells. Leukemia. (2012) 26:365-7. doi: 10.1038/leu.2011.205

frontiersin.org


https://doi.org/10.1016/j.ymthe.2018.09.009
https://doi.org/10.1016/j.ymthe.2018.09.009
https://doi.org/10.1517/14712598.2015.1046430
https://doi.org/10.1038/nm.4478
https://doi.org/10.1016/j.copbio.2018.01.025
https://doi.org/10.1016/j.copbio.2018.01.025
https://doi.org/10.1038/nrclinonc.2017.148
https://doi.org/10.1056/NEJMoa2024850
https://doi.org/10.1200/JCO.22.00842
https://doi.org/10.1056/NEJMoa2213614
https://doi.org/10.1056/NEJMoa2303379
https://doi.org/10.1038/s41408-022-00629-1
https://doi.org/10.1016/j.bbmt.2018.12.758
https://doi.org/10.1200/JCO.21.01992
https://doi.org/10.1200/JCO.22.01365
https://doi.org/10.1111/bjh.19302
https://doi.org/10.1182/blood-2023-181762
https://doi.org/10.1200/JCO.2023.41.16_suppl.8012
https://doi.org/10.1200/JCO.2023.41.16_suppl.8012
https://doi.org/10.1182/blood-2022-158563
https://doi.org/10.1182/blood-2023-182212
https://doi.org/10.1038/s41408-023-00886-8
https://doi.org/10.1038/s41408-023-00886-8
https://doi.org/10.1056/NEJMoa2209900
https://doi.org/10.1186/s13045-021-01170-7
https://doi.org/10.1186/s13046-021-02214-z
https://doi.org/10.1182/blood-2022-170686
https://doi.org/10.1158/2326-6066.CIR-23-0839
https://doi.org/10.1080/10428194.2022.2030476
https://doi.org/10.1080/10428194.2022.2030476
https://doi.org/10.1016/S2352-3026(19)30115-2
https://doi.org/10.1200/JCO.21.01676
https://doi.org/10.1158/2643-3230.BCD-22-0074
https://doi.org/10.1002/ajh.26486
https://doi.org/10.1182/blood-2022-162295
https://doi.org/10.1016/S1470-2045(23)00246-2
https://doi.org/10.1016/S2352-3026(22)00372-6
https://doi.org/10.1038/s41591-023-02306-7
https://doi.org/10.1038/s41591-022-02182-7
https://doi.org/10.1038/s41591-022-02182-7
https://doi.org/10.1158/1538-7445.AM2024-CT071
https://doi.org/10.1158/1538-7445.AM2024-CT071
https://doi.org/10.1182/blood-2023-182430
https://doi.org/10.1182/blood-2021-146518
https://doi.org/10.1182/blood-2022-160038
https://doi.org/10.3389/fimmu.2023.1101495
https://doi.org/10.1038/s41375-022-01559-4
https://doi.org/10.1002/advs.202207394
https://doi.org/10.1002/advs.202207394
https://doi.org/10.1038/leu.2011.205
https://doi.org/10.3389/fonc.2024.1455464
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

Hamadeh et al.

58. Palaiologou M, Delladetsima I, Tiniakos D. CD138 (syndecan-1) expression in
health and disease. Histol Histopathol. (2014) 29:177-89.

59. Frigault M, Rosenblatt J, Dhakal B, Raje N, Cook D, Gaballa MR, et al. Phase 1
study of CART-ddbcma for the treatment of subjects with relapsed and /or refractory
multiple myeloma. Blood. (2022) 140:7439-40. doi: 10.1182/blood-2022-163827

60. Robillard N, Wuilleme S, Moreau P, Béné MC. Immunophenotype of normal
and myelomatous plasma-cell subsets. Front Immunol. (2014) 5:137. doi: 10.3389/
fimmu.2014.00137

61. Lee H, Ahn S, Maity R, Leblay N, Ziccheddu B, Truger M, et al. Mechanisms of
antigen escape from BCMA- or GPRC5D-targeted immunotherapies in multiple
myeloma. Nat Med. (2023) 29:2295-306. doi: 10.1038/s41591-023-02491-5

62. Samur MK, Fulciniti M, Aktas Samur A, Bazarbachi AH, Tai YT, Prabhala R, et al.
Biallelic loss of BCMA as a resistance mechanism to CAR T cell therapy in a patient with
multiple myeloma. Nat Commun. (2021) 12:868. doi: 10.1038/s41467-021-21177-5

63. Da Via MC, Dietrich O, Truger M, Arampatzi P, Duell ], Heidemeier A, et al.
Homozygous BCMA gene deletion in response to anti-BCMA CAR T cells in a patient
with multiple myeloma. Nat Med. (2021) 27:616-9. doi: 10.1038/s41591-021-01245-5

64. Laurent SA, Hoffmann FS, Kuhn PH, Cheng Q, Chu Y, Schmidt-Supprian M,
et al. y-Secretase directly sheds the survival receptor BCMA from plasma cells. Nat
Commun. (2015) 6:7333. doi: 10.1038/ncomms8333

65. Chen H, Li M, Xu N, Ng N, Sanchez E, Soof CM, et al. Serum B-cell maturation
antigen (BCMA) reduces binding of anti-BCMA antibody to multiple myeloma cells.
Leuk Res. (2019) 81:62-6. doi: 10.1016/j.leukres.2019.04.008

66. Pont MJ, Hill T, Cole GO, Abbott JJ, Kelliher J, Salter Al, et al. y-Secretase
inhibition increases efficacy of BCMA-specific chimeric antigen receptor T cells in
multiple myeloma. Blood. (2019) 134:1585-97. doi: 10.1182/blood.2019000050

67. Mehta PH, Fiorenza S, Koldej RM, Jaworowski A, Ritchie DS, Quinn KM. T cell
fitness and autologous CAR T cell therapy in haematologic Malignancy. Front
Immunol. (2021) 12:780442. doi: 10.3389/fimmu.2021.780442

68. Baur K, Buser A, Jeker LT, Khanna N, Laubli H, Heim D, et al. CD4+ CAR T-cell
expansion is associated with response and therapy related toxicities in patients with B-cell
lymphomas. Bone Marrow Transpl. (2023) 58:1048-50. doi: 10.1038/s41409-023-02016-1

69. 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

70. Raje N, Berdeja J, Lin Y, Siegel D, Jagannath S, Madduri D, et al. Anti-BCMA
CAR T-cell therapy bb2121 in relapsed or refractory multiple myeloma. N Engl | Med.
(2019) 380:1726-37. doi: 10.1056/NEJMoal817226

71. Rejeski K, Jain MD, Smith EL. Mechanisms of resistance and treatment of
relapse after CAR T-cell therapy for large B-cell lymphoma and multiple myeloma.
Transplant Cell Ther. (2023) 29:418-28. doi: 10.1016/j.jtct.2023.04.007

Frontiers in Oncology

13

10.3389/fonc.2024.1455464

72. Cooke RE, Quinn KM, Quach H, Harrison S, Prince HM, Koldej R, et al.
Conventional treatment for multiple myeloma drives premature aging phenotypes and
metabolic dysfunction in T cells. Front Immunol. (2020) 11:2153. doi: 10.3389/
fimmu.2020.02153

73. Liu Y, Chen W, Yu M, Li H, Cheng H, Cao J, et al. Absolute lymphocyte count
prior to lymphodepletion impacts outcomes in multiple myeloma patients treated with
chimeric antigen receptor T cells. Transplant Cell Ther. (2022) 28:118.el1-5.
doi: 10.1016/j.jtct.2021.11.016

74. Stadel R, Liu R, Landesman Y, Wald D, Hosahalli Vasanna S, De Lima MJG.
Sequential administration of selinexor then CD19 CAR-T cells exhibits enhanced
efficacy in a mouse model of human non-Hodgkin’s lymphoma. Blood. (2022)
140:7413-4. doi: 10.1182/blood-2022-164443

75. Pan DD, Mouhieddine TH, Fu W, Moshier E, Parekh S, Jagannath S, et al.
Inflammatory biomarkers and outcomes in multiple myeloma patients after CAR T-cell
therapy. Blood. (2023) 142:92-2. doi: 10.1182/blood-2023-188310

76. Mejia Saldarriaga M, Pan D, Unkenholz C, Mouhieddine TH, Velez-Hernandez
JE, Engles K, et al. Absolute lymphocyte count after BCMA CAR-T therapy is a
predictor of response and outcomes in relapsed multiple myeloma. Blood Adv. (2024) 8
(15):3859-69. doi: 10.1182/bloodadvances.2023012470

77. Sidana S, Peres LC, Hashmi H, Hosoya H, Ferreri C, Khouri J, et al. Idecabtagene
vicleucel chimeric antigen receptor T-cell therapy for relapsed/refractory multiple
myeloma with renal impairment. Haematologica. (2024) 109:777-86. doi: 10.3324/
haematol.2023.283940

78. Quinn KM, Fox A, Harland KL, Russ BE, Li J, Nguyen THO, et al. Age-related
decline in primary CD8+ T cell responses is associated with the development of
senescence in virtual memory CD8+ T cells. Cell Rep. (2018) 23:3512-24. doi: 10.1016/
j.celrep.2018.05.057

79. Akhtar OS, Hashmi H, Oloyede T, Brazauskas R, Bye M, Sidana S, et al. Real
world outcomes of older adults and frail patients with relapse/refractory multiple
myeloma receiving Idecabtagene vicleucel. Transplant Cell Ther. (2024) 30:S184-5.
doi: 10.1016/j.jtct.2023.12.239

80. Joseph JM, Hillengass M, Cannioto R, Tario JD, Wallace PK, Attwood K, et al. T
cell exhaustion markers in multiple myeloma patients are lower after physical activity
intervention. Clin Lymphoma Myeloma Leuk. (2024) 26:52152-2650(24)00153-8.
doi: 10.1016/j.clm1.2024.04.006

81. Elsallab M, Ellithi M, Lunning MA, D’Angelo C, Ma J, Perales MA, et al. Second
primary Malignancies after commercial CAR T-cell therapy: analysis of the FDA
Adverse Events Reporting System. Blood. (2024) 143:2099-105. doi: 10.1182/
blood.2024024166

82. Mateos MV, Weisel K, De Stefano V, Goldschmidt H, Delforge M, Mohty M,
et al. LocoMMotion: a prospective, non-interventional, multinational study of real-life
current standards of care in patients with relapsed and/or refractory multiple myeloma.
Leukemia. (2022) 36:1371-6. doi: 10.1038/s41375-022-01531-2

frontiersin.org


https://doi.org/10.1182/blood-2022-163827
https://doi.org/10.3389/fimmu.2014.00137
https://doi.org/10.3389/fimmu.2014.00137
https://doi.org/10.1038/s41591-023-02491-5
https://doi.org/10.1038/s41467-021-21177-5
https://doi.org/10.1038/s41591-021-01245-5
https://doi.org/10.1038/ncomms8333
https://doi.org/10.1016/j.leukres.2019.04.008
https://doi.org/10.1182/blood.2019000050
https://doi.org/10.3389/fimmu.2021.780442
https://doi.org/10.1038/s41409-023-02016-1
https://doi.org/10.1186/s13045-018-0681-6
https://doi.org/10.1056/NEJMoa1817226
https://doi.org/10.1016/j.jtct.2023.04.007
https://doi.org/10.3389/fimmu.2020.02153
https://doi.org/10.3389/fimmu.2020.02153
https://doi.org/10.1016/j.jtct.2021.11.016
https://doi.org/10.1182/blood-2022-164443
https://doi.org/10.1182/blood-2023-188310
https://doi.org/10.1182/bloodadvances.2023012470
https://doi.org/10.3324/haematol.2023.283940
https://doi.org/10.3324/haematol.2023.283940
https://doi.org/10.1016/j.celrep.2018.05.057
https://doi.org/10.1016/j.celrep.2018.05.057
https://doi.org/10.1016/j.jtct.2023.12.239
https://doi.org/10.1016/j.clml.2024.04.006
https://doi.org/10.1182/blood.2024024166
https://doi.org/10.1182/blood.2024024166
https://doi.org/10.1038/s41375-022-01531-2
https://doi.org/10.3389/fonc.2024.1455464
https://www.frontiersin.org/journals/oncology
https://www.frontiersin.org

	Chimeric antigen receptor T-cells: a review on current status and future directions for relapsed/refractory multiple myeloma
	1 Introduction
	2 Overview of CAR T-cells: CAR structure, classification and manufacturing, administration, and complications
	2.1 The general structure of CARs
	2.2 Different generations of CAR T-cells
	2.2.1 Second-generation CAR T-cells
	2.2.2 Third-generation CAR T-cells
	2.2.3 Fourth generation CAR T-cells
	2.2.4 Fifth generation CAR T-cells

	2.3 Production/manufacturing of CAR T-cells and their administration for treating patients with multiple myeloma
	2.4 Major complications of CAR T cells therapy

	3 Clinical efficacy of the approved and investigational CAR T-cells for relapsed/refractory multiple myeloma
	3.1 Real-world data for approved CAR T-cells
	3.2 Efficacy of approved CAR T-cells following antibody-drug conjugates and other bispecific T-cell engager antibodies
	3.3 Investigational CAR T-cells for multiple myeloma: a delve beyond BCMA

	4 Potential mechanisms of resistance to approved CAR T-cells
	4.1 Tumor intrinsic mechanisms of resistance
	4.1.1 Bi allelic loss of BCMA
	4.1.2 Gamma secretase production

	4.2 T-cell exhaustion mechanisms
	4.3 FDA warnings about CAR T-cells

	5 Discussion
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


