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Updates on CART cell therapy in multiple ===
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Abstract

Multiple myeloma (MM) is a hematological cancer characterized by the abnormal proliferation of plasma cells. Initial
treatments often include immunomodulatory drugs (IMiDs), proteasome inhibitors (Pls), and monoclonal antibodies
(mAbs). Despite salient progress in diagnosis and treatment, most MM patients typically have a median life expec-
tancy of only four to five years after starting treatment. In recent developments, the success of chimeric antigen
receptor (CAR) T-cells in treating B-cell malignancies exemplifies a new paradigm shift in advanced immunotherapy
techniques with promising therapeutic outcomes. Ide-cel and cilta-cel stand as the only two FDA-approved BCMA-
targeted CAR T-cells for MM patients, a recognition achieved despite extensive preclinical and clinical research efforts
in this domain. Challenges remain regarding certain aspects of CAR T-cell manufacturing and administration pro-
cesses, including the lack of accessibility and durability due to T-cell characteristics, along with expensive and time-
consuming processes limiting health plan coverage. Moreover, MM features, such as tumor antigen heterogeneity,
antigen presentation alterations, complex tumor microenvironments, and challenges in CAR-T trafficking, contribute
to CART-cell exhaustion and subsequent therapy relapse or refractory status. Additionally, the occurrence of adverse
events such as cytokine release syndrome, neurotoxicity, and on-target, off-tumor toxicities present obstacles to CAR
T-cell therapies. Consequently, ongoing CAR T-cell trials are diligently addressing these challenges and barriers. In
this review, we provide an overview of the effectiveness of currently available CAR T-cell treatments for MM, explore
the primary resistance mechanisms to these treatments, suggest strategies for improving long-lasting remissions,
and investigate the potential for combination therapies involving CAR T-cells.
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Introduction

Multiple myeloma (MM) is still the second most com-
mon hematological cancer globally, accounting for about
35,000 diagnoses in the United States and 590,000 world-
wide each year, despite years of research and develop-
ment into better understanding cancer mechanisms
and treatment approaches [1, 2]. This aggressive bone
marrow (BM) cancer arises from abnormal plasma cells
(PCs), which are differentiated B cells [3]. Finding inno-
vative treatments for MM patients who do not respond
to standard therapies like IMiDs, PIs, and anti-CD38
monoclonal antibodies is a significant challenge. While
the treatment of relapsed or refractory (R/R) MM is
evolving to overcome tumor immune evasion mecha-
nisms to improve patient survival, CAR T-cell therapies
have shown clinical benefits for blood cancer patients,
with six CAR-T products approved by the US FDA since
2017 [4-9]. Notably, Idecabtagene Vicleucel (ide-cel,
bb2121, ABECMA) and Ciltacabtagene autoleucel (Cilta-
cel, LCAR-B38M, JNJ-68284528, JNJ-4528, CARVYKTI),
both approved BCMA-directed CAR-Ts, have demon-
strated favorable responses in R/R MM patients. How-
ever, despite the prolonged responses of ide-cel and
cilta-cel in some patients, a significant number of them
eventually face relapse, typically with a response duration
of approximately 8.6 months and 34.9 months, respec-
tively [8-13].

This recurrence may be caused by factors such as inher-
ent limitations in T-cell availability and persistence, alter-
ations in T-cell features during treatment, and the nature
of the disease, including changes in disease characteris-
tics during treatment [14]. To tackle these issues, CAR-T
manufacturing for MM patients has evolved through
novel approaches aimed at optimizing and accelerating
CAR-T production, reducing costs, and producing cells
with a less differentiated phenotypethan conventional
CAR T-cells. Additionally, engineering allogeneic T
cells as a universal source to express CARs and utilizing
CAR expression on other immune cells, such as natural
killer (NK) cells, have been explored in various clinical
trials [14, 15]. Furthermore, addressing disease features
such as variability or shedding of antigen expression on
myeloma cells, the presence of an immunosuppressive
tumor microenvironment, and difficulties in CAR-T pen-
etration into tumor cells are important issues to improve
CAR T-cell efficacy [16, 17]. So, research has explored
new designs of CARs, such as adopting dual or multi-
specific antigen-targeting receptors, integrating diverse
costimulatory domains, and making genetic alterations to
co-express cytokines or inhibit intracellular exhaustion
signals [18, 19].

Moreover, CAR T-cell treatments often come with unde-
sirable side effects, including cytokine release syndrome
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(CRS), neurotoxicity, and cytopenia. Approaches to alle-
viate these effects include combining immunosuppressive
drugs or developing innovative direct control systems.
Additionally, there are ongoing explorations into creating
CAR T-cells utilizing fully humanized monoclonal anti-
bodies (mAbs) to minimize immunogenicity [20, 21].
Consequently, a profound understanding of the thera-
peutic potential of CAR T-cells, recognition of MM
pathogenesis, and development of supplementary thera-
peutic agents can enhance the effectiveness of trans-
planted CAR T-cell therapy for MM patients. This article
will elucidate various tactics utilized by myeloma cells to
counteract the efficacy of CAR-T therapies and delve into
advanced approaches to confront these challenges.

Efficacy and challenges of CAR T-cell therapy in MM
clinical trials

CAR T-cell trials for hematological malignancies are
more numerous than those for solid tumors [22]. MM
is the third most common target for CAR T-cell therapy
after B-NHL and ALL [22]. Most clinical trials included
both genders, with an average age of 18 and 72, focusing
on evaluating anti-tumor efficacy, persistence, and safety
profile [22].

Several factors affect the effectiveness of CAR T-cell
therapy for MM, which can be classified into three main
categories: CAR T-cell manufacturing and administra-
tion processes, disease characteristics, and clinical con-
siderations before or after CAR T-cell treatment (Fig. 1).
The subsequent sections investigate in extensive detail
the clinical trials conducted thus far on CAR T-cell ther-
apy in the realm of MM disease.

Manufacturing and administration of CAR T-cells
Autologous CAR T-cell manufacturing

The standard process of making autologous CAR T-cells
entails activating T cells from patients, genetically modi-
fying them with CARs using retroviruses or lentiviruses,
and expanding these cells ex vivo for at least two weeks
before reintroducing them into the patient [23, 24]. CARs
have an extracellular single-chain variable fragment
(ScFv) for tumor antigen recognition without relying
on major histocompatibility complex (MHC) restricted
antigen presentation. Most CAR constructs incorpo-
rate at least one intracytoplasmic costimulatory domain,
often called “second-generation,” such as CD28, 4-1BB,
ICOS, or OX40, along with CD3C(. Specific CAR designs
incorporate additional costimulatory domains, cytokine
receptors, or safety switches into the CAR structure,
commonly termed “third- or fourth-generation CARs
[25, 26]. Ide-cel and cilta-cel are both second-genera-
tion autologous CAR T-cell products. They employ the
4-1BB costimulatory domain, which has demonstrated
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Fig. 1 Overview of Effectiveness and Challenges in CAR T-cell Therapy for Multiple Myeloma. A Manufacturing and Administration of CAR
T-cells: This section highlights strategies for optimizing production and functionality, innovations in genetic modification, allogeneic CAR T-cell
development, and early therapy implementation to ease healthcare system burdens. B Multiple myeloma Characteristics in CAR T-cell Therapy:
It addresses the challenges posed by the heterogeneous nature of the disease and the immunosuppressive tumor microenvironment. Solutions
include expanding antigen targets, using gamma-secretase inhibitors, surmounting immune checkpoints, and improving CAR T-cell trafficking.
C Clinical Considerations and Safety Management: This part emphasizes the importance of managing CAR T-cell toxicity and enhancing safety
features. It suggests combining pharmacological agents and supplementary treatments to improve overall therapy outcomes

effectiveness in the proliferation and persistence of CAR-
Ts compared to other options. Both products utilize a
third-generation lentiviral vector for CAR gene transfer
and follow a similar approach to CAR T-cell expansion
[9, 10].

Enhancing CAR design and CAR T-cell production

to optimize persistence and functionality

During the initial phases of CAR T-cell therapy develop-
ment, there was a belief that the sheer quantity of CAR
T-cells administered would be a crucial factor in the ther-
apy’s effectiveness. However, it has become apparent that
beyond a certain point, the absolute number of infused
CAR-Ts doesn't directly correspond to their persistence
and therapeutic success [27]. Consequently, researchers
are exploring new methods in CAR T-cell production and
administration to improve their longevity and efficacy.

In the case of MM patients, many are older and have
lower T-cell counts and an altered CD4/CD8 ratio before
undergoing CAR T-cell therapy, which can affect their
T cells’ fitness. To address this issue, several clinical tri-
als adjusted the CD4/CD8 ratio to 1:1 in the case of

BCMA-directed CAR-Ts, such as orvacabtagene autoleu-
cel (Orva-cel; JCARH125) (NCT03430011), or after gene
transfer in the case of FCARH143 (NCT03338972) [28, 29]
(Table 1).

Furthermore, a significant limitation of CAR T-cell
therapy stems from the restricted lifespan of the trans-
planted T cells, a characteristic mainly linked to their
inherent properties and the absence of memory attrib-
utes [24]. Current research indicates that augmenting
CAR T-cell cultures with recombinant interleukins such
as IL-5, IL-7, IL-8, IL-12, IL-15, IL-21, IL-23, and IL-36y
can enhance their persistence and promote a higher
ratio of memory cells compared to effector cells [40].
In a preliminary clinical trial, a fourth-generation CAR
T-cell targeting BCMA, which expresses IL-7 and CCL19
(known as 7x 19 CAR T-cells), demonstrated superiority
over traditional second-generation CAR T-cells in terms
of expansion, accumulation of memory cells, migration,
and cytotoxicity (NCT03778346) [41].

Recently, a phase I open-label trial (NCT04136756)
investigated NKTR-255 in patients with R/R MM who
had progressed after prior CAR-T therapy. NKTR-255 is
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Table 1 Clinical trials addressing challenges in CAR-T cell manufacturing and administration in multiple myeloma

Adverse Outcomes
effect

Target/CAR-T Strategy/ Phase/Study Status No. of Patient Grade >3 ORR% Median PFS, Location NCT
Name Source Name CRS/ICANS% months
BCMA (Orva-  CD4/CD8 I/1l (EVOLVE) Completed 165 2/4 91 NA us NCT03430011
cel; JCARH125) [29]
BCMA CD4/CD8 I Completed 21 0/0 100 NA us NCT03338972
(FCARH143) [28]
BCMA CD8+, mRNA I/ Completed 67 NA NA NA us NCT03448978
(Descartes-08)
BCMA Earlier employ- I Terminated 30 NA NA NA us NCT04816526
(Descartes-08)  ment, CD8+,

mMRNA
BCMA CD8+, mRNA  I/Il Not recruiting 25 0/0 NA NA us NCT03994705
(Descartes-11)
BCMA Earlier employ- I Completed 30 NA NA NA us NCT04436029
(Descartes-11)  ment, CD8+,

mMRNA
BCMA Memory-like T, | (CRB-402) Completed 72 4/7 55 1.9 us NCT03274219
(Bb21217) PI3K inhibitor [30]
BCMA (ide-cel) Earlier employ- | (KarMMa-4) Completed 13 NA NA NA us NCT04196491

ment
NKG2D (CYAD- Earlier employ- I/1l (THINK) Unknown 146 31/NA NA NA us NCT03018405
01) ment [31]
BCMA/CD19 FasTCAR 1711 Recruiting 20 0/0 100 Not China NCT04935580
(GCO12F) yet reached [32]
BCMA/CD19 FasTCAR Early | Unknown 18 2/0 93.1 38 China NCT04182581
(GCO12F) [33]
BCMA/CD19 FasTCAR Early | Unknown 15 2/0 93.1 38 China NCT04236011
(GCO12F) [33]
BCMA/CD19 FasTCAR Early | Unknown 15 NA NA NA China NCT04617704
(GCO12F)
BCMA/CD19 FasTCAR 1711 Recruiting 68 NA NA NA us NCT05850234
(GCO12F)
BCMA T-Charge TM I Not recruiting 96 11/7 98 Not us NCT04318327
(PHES885) yet reached [34]
BCMA (CC- NEX-T CAR I Not recruiting 150 1.5/0 95.1 NA us NCT04394650
98633) [35]
BCMA Transposon, Wl Terminated 105 2/0 57 NA us NCT03288493
(P-BCMA-101)  Tscm [36]
BCMA Transposon, | Not recruiting 100 NA NA NA us NCT03741127
(P-BCMA-101)  Tscm
BCMA Transpo- | (MM) Recruiting 135 0/0 82 Not us NCT04960579
(P-BCMA- son, Tscm, yet reached [37]
ALLOT) Cas-CLOVER,

Allogeneic
BCMA (BCMA-  CRISPR/Cas9,  Early| Suspended 20 2/0 95 Not China NCT03752541
UCART) Allogeneic yet reached
BCMA ARCUS, Allo- | Terminated 48 NA NA NA us NCT04171843
(PBCAR269A)  geneic
BCMA (ALLO-  TALEN, Alloge-  I/II (IGNITE) Not recruiting 136 NA NA NA us NCT05000450
605) neic
BCMA (ALLO-  TALEN, Alloge- | (UNIVERSAL)  Not recruiting 132 2/0 61.5 Not us NCT04093596
715) neic yet reached [38]
BCMA CRISPR/Cas9, | Not recruiting 26 NA NA NA us NCT04244656
(CTX120) Allogeneic
BCMA (CB-011) CRISPR- I (CaMMou- Recruiting 50 NA NA NA us NCT05722418

Cas12a, flage)

Allogeneic
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Table 1 (continued)
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Adverse Outcomes

effect
Target/CAR-T  Strategy/ Phase/Study Status No. of Patient Grade >3 ORR% Median PFS, Location NCT
Name Source Name CRS/ICANS% months
BCMA (CYAD-  shRNA/Hair- [ (IMMU- Not recruiting 18 0/0 NA NA us NCT04613557
211) pin, Allogeneic  NICY-1) [39]
SLAMF7 (UCA  TALEN, Alloge- | (MELANI-01)  Terminated 11 NA NA NA us NCT04142619
RTCS1A) neic
BCMA (CAR-NK  NK-92 cell /1 Unknown 20 NA NA NA China NCT03940833
92)
BCMA Allogeneic NK  Early | Recruiting 19 NA NA NA China NCT05652530
BCMA CB-NK Early | Unknown 27 NA NA NA China NCT05008536
BCMA NK Early | Recruiting 18 NA NA NA China NCT06045091
BCMA (FT576) NK,iPSCs | Recruiting 168 NA NA NA us NCT05182073

B-cell maturation antigen (BCMA), Cluster of differentiation (CD), Signaling lymphocyte activation molecule family-7 (SLAMF-7), Natural-killer group 2 member D

(NKG2D), T stem cell memory (Tscm), Clustered regularly interspaced short palindromic repeat (CRISPR)-associated protein 9 (CRISPR/Cas9), Short/small hairpin RNA
(shRNA/Hairpin), Transcription activator-Llike effector nucleases (TALENSs), natural killer (NK) cells, Induced pluripotent stem cells (iPSCs), Cord blood-derived natural
killer cells (CB-NK), Cytokine release syndrome (CRS), Immune effector cell-associated neurotoxicity syndrome (ICANS), Overall response rate (ORR), and Progression-

free survival (PFS)

an experimental IL-15 receptor agonist designed to boost
Natural Killer (NK) cells and memory CD8+T cells [42].
Accordingly, some clinical trials, including anti-BCMA
CAR-Ts like Descartes-08 (NCT03448978, NCT04816526)
and Descartes-11  (NCT03994705, NCT04436029),
employed CD8+ cells, while P-BCMA-101 (NCT03288493,
NCT03741127) and P-BCMA-ALLO1 (NCT04960579)
utilized the T stem cell memory (Tscm) phenotype in
their approaches [36, 37, 43]. Bb21217 also used the same
CAR construct as ide-cel (bb2121); however, a PI3K
inhibitor (bb007) was added to the ex vivo culturing pro-
cess to enhance the memory-like T cell subpopulations
(NCT03274219) [44]. The clinical pursuit of bb21217
showed an overall response rate (ORR) of 55%, which led to
the completion of its development [30] (Table 1).

Transforming CAR T-cell production with fast-track
innovations for patients with progressive diseases

The duration required for CAR T-cell production and
the type of protocol used in ex vivo settings directly
impact T cells’ vital outcomes such as cytotoxicity,
cytokine production against target cells, persistence, and
the prevalence of more resilient phenotypes like naive,
memory, and stem cell memory in T cells [23]. Lever-
aging the unique ability of lentiviral vectors to integrate
into non-dividing cells, researchers have developed a
highly efficient method to accelerate the production of
CAR T-cells. This groundbreaking approach has slashed
the manufacturing timeline from weeks to just one to
two days, resulting in rapid CAR T-cell production with
improved growth and reduced exhaustion [45, 46].

GCO12F, a dual-targeting CAR-T product for BCMA/
CD19 enabled by FasTCAR technology, is currently undergo-
ing investigation in a Phase I trial conducted across multiple
centers for MM in China (NCT04236011, NCT04182581,
NCT04617704, NCT04935580, ChiCTR2100047061) [47].
Phase Ib/II trials for GCO12F are also underway in the US
and China (NCT05850234) [48, 49].

Additionally, CC-98633/BMS-986354, an enhanced
version of orva-cel, a lentiviral CAR T-cell product that
targets BCMA, employs the NEX-T approach to shorten
the manufacturing period to 5 to 6 days. It is presently
under evaluation in an ongoing phase I clinical trial
(NCT04394650). Clinical studies have demonstrated
that BMS-986354 is a less mature CAR T-cell product
with enhanced effectiveness compared to Orva-cel, mak-
ing CAR T-cell therapy more accessible and suitable for
patients with progressive diseases [35].

PHES885, a fully human BCMA CAR T-cell product, is
also rapidly manufactured with the T-Charge"™ platform
(<2 days). It is currently undergoing Phase I trial evalu-
ation (NCT04318327) to assess CAR T-cell expansion
within the patient’s body [34, 50] (Table 1).

Advancements in virus-free genetic modification methods:
enhancing safety and cost efficiency

Due to the complexity, extended duration, and high costs
associated with viral vectors, there is a concerted effort to
explore virus-free genetic modification methods in CAR
T-cell manufacturing. These methods include transposon
systems like PiggyBac (PB) and Sleeping Beauty (SB), as
well as zinc-finger nucleases (ZFNs), transcription activa-
tor-like effector nucleases (TALENS), short/small hairpin
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RNA (shRNA/Hairpin) vectors, and clustered regularly
interspaced short palindromic repeat (CRISPR)-associ-
ated protein 9 (CRISPR/Cas9). Additional approaches
include ARCUS, a specific variant of the CRISPR/Cas9
gene editing system that serves as a fully synthetic enzyme
derived from the natural homing endonuclease I-Crel,
and Cas-CLOVER, which utilizes a dual-guided system to
create double-strand cuts upon dimerization with nucle-
ase Clo051. All of these methods have demonstrated gene
edition efficiency in CAR T-cell manufacturing [51, 52].

In the pursuit of enhancing CAR T-cell produc-
tion quality, a novel category of CAR-Ts known as
Descartes-08, derived from anti-BCMA mRNA, has been
developed to reduce excessive in vitro proliferation time.
The therapy has been evaluated in two clinical trials,
identified as NCT03448978 and NCT04816526. The for-
mer has completed a phase I/II trial, while the latter has
terminated a recent phase II trial.. Further, Descartes-11,
an optimized and humanized version of Descartes-08, is
under clinical trials (NCT03994705, NCT04436029) [43].

Additionally, P-BCMA-101 is a fully humanized anti-
BCMA CAR T-cell employing a novel anti-BCMA VCAR
with a non-immunoglobulin Centyrin scaffold produced
using the transposon system. These VCARs, smaller
than immunoglobulin-based CARs, offer advantages
such as enhanced binding affinity, improved stability,
reduced immunogenicity, and cost-effective production.
P-BCMA-101 terminated a phase I trial (NCT03288493)
in heavily treated R/R MM patients, achieving a 57%
ORR [36]. A 15-year follow-up study (NCT03741127) has
been initiated to delve deeper into the product’s efficacy
and safety. Leveraging P-BCMA-101 data, an allogeneic
CAR-T, P-BCMA-ALLO, using a similar PB construct
was created and demonstrated excellent clinical safety and
effectiveness in a phase I trial (NCT04960579) [36, 37, 52]
(Table 1).

Innovations in allogeneic CAR T-cell development: safety
enhancements and accessible off-the-shelf solutions

A group of ongoing research is dedicated to develop-
ing allogeneic CAR T-cell products that can be read-
ily accessible “off the shelf” to patients with relapsed or
refractory conditions. Such patients often confront rapid
disease progression during the production of CAR-Ts or
have diminished T-cell counts, rendering the receipt of
autologous CAR T-cell therapy both time-consuming
and financially burdensome. These limitations may result
in missed opportunities for CAR T-cell treatment. To
mitigate the risk of graft-versus-host disease (GvHD)
and to enhance the cost-effective and expedited world-
wide production and prescription procedures, cutting-
edge genetic editing techniques are employed. These
techniques either deactivate specific genes, such as the T
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cell receptor (TCR) af or y§ chains and MHC in T cells
derived from healthy, universal donors, or introduce spe-
cific genes like CARs [51-53].

UCARTCSIA, the pioneering allogeneic CAR-T cell
therapy in clinical development for MM, has eliminated
both the SLAMEF-7 antigen and TCR from T-cell sur-
faces by utilizing TALEN technology. This process also
involved the integration of the SLAMF-7 CAR construct,
and phase I trials for this therapy have been terminated
(NCT04142619) [54]. Other treatments, ALLO-715
(NCT04093596) and ALLO-605 (NCT05000450), which
are modified allogeneic anti-BCMA CAR T-cells, use
TALEN technology to deactivate the T-cell receptor
alpha constant gene (TRAC) and CD52. They are admin-
istered with ALLO-647, an anti-CD52 mAb, allowing for
selective and temporary lymphodepletion before CAR-T
therapy [51, 55, 56].

Moreover, P-BCMA-ALLO1 utilized Cas-CLOVER to
disrupt p2 microglobulin (B2M), a component of MHC-
I, as well as the TCRP chain in T cells (NCT04960579)
[37, 52]. In a terminated trial, PBCAR269A employed
ARCUS technology to introduce TCR knock-outs and
CAR T knock-ins for allogeneic BCMA-CAR T cells
(NCT04171843).

BCMA-UCART utilized CRISPR/Cas9 (NCT03752541),
while CB-011 employs CRISPR-Casl2a (NCT05722418)
to target TRAC and MHC-I [57, 58]. In a similar vein,
CTX120 is generated using the CRISPR/Cas9 system to
remove TCR and MHC-], followed by the specific inser-
tion of the CAR at the TRAC locus using an AAV vec-
tor (NCT04244656) [59]. Furthermore, CYAD-211 is
developed using shRNA/Hairpin and is currently under
evaluation in the ongoing Phase I exploratory trial IMMU-
NICY-1 (NCT04613557) [39, 52] (Table 1).

Besides, double-negative T cells (DNT) are mature T
cells that lack the CD4 and CD8 co-receptors on their
surface. DNTs, recognized for their suppressive capa-
bilities and non-specific antigen recognition, have dem-
onstrated the ability to suppress GVHD independent of
MHC limitations, indicating their potential role in allo-
geneic transplantation scenarios [60]. These cells have
been studied in the context of allogeneic transplan-
tation and cancer therapy, and they have been shown
to persist in recipients for at least four weeks along-
side conventional T cells without eliciting cytotoxic
responses [61, 62]. Allogeneic double-negative CAR-T
cells have demonstrated robust efficacy in inhibiting
tumor growth in mouse models of blood cancers, sug-
gesting their potential as a novel source for “off-the-
shelf” CAR-T cell therapy [60].

Natural killer (NK) cells also possess inherent proper-
ties that make them suitable candidates for allogeneic
cell therapy applications. Their ability to recognize and
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eliminate stressed or transformed cells without prior
sensitization, coupled with a reduced risk of GVHD,
positions them as promising targets for developing oft-
the-shelf allogeneic immunotherapies [63]. Several clinical
trials are currently underway to evaluate BCMA-targeted
CAR-NK cells for the treatment of multiple myeloma,
such as NCT05652530, NCT05008536, NCT03940833,
NCT06045091, and NCT05182073 [64, 65] (Table 1).

Earlier employment CAR T-cell therapy in the treatment
continuum to alleviate healthcare delivery system burden
In the most recent clinical trials, CAR T-cell therapy is
typically administered after multiple rounds of prior
treatments for patients with R/R MM. However, the
efficacy of successive therapies tends to diminish, with
decreasing response rate, shallower depth of response,
and shorter times to disease progression. Several factors
contribute to this decline, including the development
of resistance mechanisms, accumulation of treatment-
related toxicities, selection of treatment-resistant cancer
cell populations, and compromised T cell function due to
prior therapies [23]. These phenomena pose challenges
for implementing CAR-T treatment in later stages.

Cilta-Cel and Ide-cel are approved for myeloma
patients undergoing disease progression after standard
treatment with PIs, IMiDs, and anti-CD38 mAb. These
approvals are based on the requirement that patients
must have been exposed to triple-class therapy and
received three or four prior lines of treatment in the EU
and US, respectively [66]. On April 4, 2024, a significant
modification to the approved Risk Evaluation and Mitiga-
tion Strategy (REMS) for Ide-cel was approved to reduce
the burden on the healthcare delivery system. This modi-
fication applies to the treatment of adult patients with
RR/MM who have undergone at least two prior therapies.

Additionally, the Phase I (THINK) study (NCT03018405)
is currently evaluating the effectiveness of CYAD-01
without prior chemotherapy or lymphodepletion in MM
patients, aiming for earlier employment of CAR T-cells
[31, 67]. Similarly, phase II clinical trials for Descartes-08
(NCT04816526) and Descartes-11 (NCT04436029), along
with completed safety assessments in the KarMMa-4 trial
for ide-cel (NCT04196491), have been undertaken to eval-
uate the effectiveness of these interventions for individuals
with newly diagnosed or high-risk multiple myeloma [65]
(Table 1).

Multiple myeloma characteristics in CAR T-cell
therapy

Heterogeneous nature and ability of BCMA to escape
Some particular antigens expressed on plasma cells
can efficiently recruit specific CAR-Ts for MM. BCMA
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(CD269/TNFRSF17), with near-universal expression in
MM, is the most intensively studied target for MM CAR
T-cell treatments. One of the barriers to the success of
CAR-T therapy is antigen heterogeneity, which interferes
with T lymphocyte recognition and reduces the efficacy of
the treatment [68]. The variable distribution of BCMA on
myeloma cells and BCMA’s ability to escape immune cells
is associated with resistance to current anti-BCMA CAR
T-cell therapies. However, the underlying mechanisms of
this phenomenon are still poorly understood [69].

Inherently, BCMA cleaved by gamma-secretase (a
membrane-bound protease) can be released into the
circulatory system or transferred spontaneously from
tumors to T cells by a process known as trogocyto-
sis, which causes T-cell fratricide (self-cytotoxicity)
[70] (Fig. 2). This phenomenon may increase the risk
of disease recurrence by making it more difficult for
anti-BCMA CAR-Ts to find malignant cells [68, 71].
Consequently, the BCMA expression thresholds are
currently being debated, and various results have been
published regarding the use of BCMA expression
thresholds as inclusion criteria for anti-BCMA CAR
trials (NCT02546167, NCT03338972) [70, 72]

Furthermore, one primary process of MM recur-
rence and refractoriness is the reduction of antigens or
their disappearance under therapeutic pressure. While
analyzing ide-cel, researchers discovered new resist-
ance mechanisms of BCMA escape. They observed the
downregulation of BCMA through non-truncating mis-
sense mutations or in-frame deletions in the extracel-
lular domain of BCMA, in addition to tumor intrinsic
resistance mechanisms that occurred at relapse after
anti-BCMA CAR T therapy [73]. While both alleles were
present before CAR T therapy, the majority of the MM
cells displayed heterozygous deletion of the BCMA locus-
containing region of chrl6p together with nonsense
mutation of the other allele, resulting in a biallelic sup-
pression of BCMA [74]. So, defining tumor phenotypes
before and after treatment may correlate with different
clinical observations in the future [73]. Upon progression,
BCMA loss might play a role in preventing the reapplica-
tion of the same CAR-Ts. Accordingly, cilta-cel’s unique
structural design, with two tandemly arranged BCMA-
targeting VHH (Variable heavy chain of heavy chain only
antibody found in camelids) domains recognizing two
different epitopes of antigens, exhibited a considerable
therapeutic impact in R/R MM patients [10, 75, 76].

In the pivotal phase 2 KarMMa trial (NCT03361748),
participants who received ide-cel infusion demonstrated
an ORR of 73%, a median PFS of 8.6 months, and a median
overall survival (OS) of 24.8 months [8, 77]. Meanwhile,
the phase I/II CARTITUDE-1 trial (NCT03548207) dem-
onstrated that cilta-cel delivered an impressive 98% ORR
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Fig. 2 BCMA Transfer Mechanism in CART Cell Therapy. A Direct Contact: CART cells engineered to target BCMA form an immunological

synapse with tumor cells, facilitating molecular exchange. B Trogocytosis: Membrane fragments containing BCMA are transferred from tumor

cells to CART cells during synapse formation via trogocytosis, enhancing T cell activation. C BCMA Recognition: Transferred BCMA molecules are
recognized by CARs on T cell surfaces, initiating T cell activation and tumor cell destruction. D Implications: While BCMA transfer boosts T cell killing,

trogocytosis may inadvertently lead to fratricide, reducing therapy efficacy

with a median PFS of 34.9 months [8, 11, 78]. In phase 3
trials, specifically CARTITUDE-4 (NCT04181827) and
KarMMa-3 (NCT03651128), updated data was used to
evaluate ide-cel and cilta-cel with a control arm, although
these trials had different designs and patient populations.
The results once again confirmed the effectiveness of ide-
cel and cilta-cel treatments, with a hazard ratio for PFS of
0.49 for ide-cel [95% CI, 0.38-0.65; P<0.001], and 0.26 for
cilta-cel [95% CI, 0.18-0.38; P<0.001] [12, 13, 79].

Expanding antigen targets to address heterogeneity

and overcome BCMA evasion

Due to the limitations associated with targeting BCMA,
numerous clinical trials are currently underway to

investigate the incorporation of various intriguing anti-
gens into CART cell therapy in MM therapy. These
include some antigens such as signaling lymphocyte
activation molecule family-7 (SLAMEF-7) (expression in
95% MM), CD138 (expression in 90-100% MM), CD38
(expression in 80-100% MM), CD56 (expression in
70-90% MM), Kappa (k) light chain (expression in 35%
MM) as well as overexpressed antigens like natural-killer
group 2 member D (NKG2D), G protein-coupled recep-
tor class C group 5 member D (GPRC5D), integrin-Beta7,
MMG49, CD44v6, CD74, NY-ESO-1, TnMUC1, APRIL,
TACI and CD19 [71, 80] (Table 2).

Moreover, the exploration of new targets, such as Fc
receptor-homolog 5 (FcRH5) (also known as FcRLS5,
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IRTA2, or CD307), can potentially expand the repertoire
of CAR-T therapies for MM [92]. The following sec-
tions provide an overview of various myeloma antigens
extensively investigated, either as single therapies or in
combination as dual or multi-target strategies. These
approaches are designed to address resistance issues
observed in BCMA-targeted CAR T-cell therapies.

Targeting SLAMF-7 SLAME-7, also known as CS1,
is found in cancer-associated fibroblasts (CAFs), the
predominant immunosuppressive components in the
tumor microenvironment that promote MM cell pro-
liferation [93]. Autologous SLAME-7 targeting CAR-Ts
(NCT04499339, NCT03958656, NCT03710421), alloge-
neic SLAMF-7 targeting CAR-Ts (NCT04142619), and
BCMA/SLAME-7 targeting CAR-Ts (NCT04662099,
NCT04156269) have been engineered for R/R MM
patients [54, 71, 84, 93].

Targeting GPRC5D GPRC5D, a largely myeloma-spe-
cific orphan receptor with limited expression in other
tissues, has been proposed as a valuable immunothera-
peutic target for managing MM. Clinical trials are under-
way (NCT04674813, NCTO05016778, NCT05739188,
NCT05749133, NCT06084962, NCT05759793,
NCT05219721) to assess autologous CAR T-cells tar-
geting GPRC5D in R/R MM patients [88, 89, 94]. Addi-
tionally, there are CAR-T therapies targeting both
BCMA and GPRC5D (NCT05431608, NCT06068400,
NCT05325801, NCT05998928, and NCT05509530) [90,
95]. Moreover, MCARHI109 (NCTO04555551) has been
administered to heavily treated MM patients, including
those who relapsed after BCMA CAR T-cell therapy [90].

It is noteworthy that recent research has linked
relapses in MM patients receiving anti-GPRC5D CAR T
to focal biallelic deletions at the GPRC5D locus, while
studies have observed the selective expansion of pre-
existing subclones with biallelic GPRC5D loss, highlight-
ing potential mechanisms of resistance to this targeted
therapy [96, 97].

Targeting integrin 57 MM expresses high levels of inte-
grin 7 receptor subfamily, contributing to adhesion,
migration, homing, invasion, and drug resistance. CARs
targeting the integrin 7 receptor are currently being
evaluated in a multitarget setting (NCT03778346) [98].

Recently, a new generation of CARs has been devel-
oped targeting MMG49, an inducible epitope located
within the N-terminal region of the integrin 7 chain in
MM. Safety and effectiveness assessments for OPC-415
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(a CART cell targeting MMG49) are also underway in
another study (NCT04649073) [65].

Targeting NKG2D Stress-induced ligands, including
MHC-I chain-related proteins (MIC) like MICA and
MICB, and structurally diverse unique long 16-binding
proteins 1 to 6 (UL16-binding proteins or ULBPs), are
typically upregulated in various hematological malignan-
cies. When these ligands bind to NKG2D receptors on
cytotoxic immune cells, such as NK or T cells, they form
a hexameric structure with the adaptor protein DAP10
(DNAX-activating protein of 10 kDa). This interaction is
crucial for eliminating tumor cells [65].

Consequently, CYAD-01, an autologous NKG2D-
CAR T cell, was developed using a full-length natural
NKG2D receptor, termed DAP10-NKG2D CAR, which
is fused to the CD3( intracellular domain without any
additional stimulation domains (NKG2D-CD3({ CAR)
[67, 91]. Encouraging outcomes observed in completed
primary investigations (CM-CS1) involving CYAD-01
(NCT02203825) paved the way for a phase I clinical trial
(THINK) (NCT03018405) [31].

Targeting TnMUCI The membrane mucin 1 (MUC1)
glycoprotein, primarily found on the luminal surface of
the simple and glandular epithelium as well as on leu-
kocytes, becomes altered in tumors. The TnMUCI1 pro-
tein, marked by abnormal glycosylation, is often over-
expressed in these tumors. CAR-TnMUCI, designed to
target the Tn glycan epitope of MUCI, incorporates a
transmembrane CD8a region along with two intracellu-
lar signaling domains, CD2 and CD3(. In a phase I study
(NCT04025216), it was observed that CD2 signaling led
to reduced exhaustion and prolonged persistence of T
cells within the tumor microenvironment [99]. However,
this trial has since been terminated.

Targeting BCMA/TACI B-cell activating factor (BAFF)
and a proliferation-inducing ligand (APRIL) are rec-
ognized as pivotal signaling molecules contributing to
MM resistance [100]. They bind to BCMA, BAFF-R,
and transmembrane activator and calcium-modulating
cyclophilin ligand interactor (TACI) receptors, trig-
gering expression of programmed cell death-ligand
1 (PD-L1) and exhausting T cells [101, 102]. The bio-
logical foundation of these molecules has spurred the
creation of APRIL-CAR, a CAR that relies on a natural
ligand instead of employing a scFv derived from an anti-
body. TACI and BCMA are targeted simultaneously in
BCMA/TACI-based CARs to address heterogeneous
antigens [101].
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Fig. 3 APRIL-based CAR T-cells. A APRIL and BAFF bind to BAFF-R, TACI, and BCMA receptors which leads to the expression of PDL-1 on the cancer
cell and induces T cell exhaustion usingof PD-1 on the T-cell surface. B APRIL-base CARs can bind to the BCMA and TACI expressing multiple
myeloma cells and inducing tumor shrinkage. The APRIL CAR should create a trimer protein to bind to the receptor, similar to APRIL binding to its
target as a trimer protein. However, in TRiPIL CAR, an APRIL trimer protein serves as the binding domain so that oligomerization is not required

to bind to receptors. TriPIL CAR is a superior choice for targeting MM cells

consequently, april car t-cells, including auto2
(nct03287804), APRIL (NCTO04657861), and TriPRIL
(NCT05020444), were developed to improve their bind-
ing capacity [103]. While AUTO2 was initially promising
in preclinical and clinical trials, it was recently termi-
nated due to concerns about durability and relapses in
many patients [85]. On the other hand, TriPRIL, with
its trimeric structure, has demonstrated superior bind-
ing capacity in initial studies compared to monomeric
APRIL-based CAR-Ts [85, 103] (Fig. 3).

Multi-antigen targeting to address heterogeneity

and overcome BCMA evasion

Prominent recent trials aiming to target dual or mul-
tiple antigens simultaneously on tumor cell surfaces
typically utilize products combining a range of anti-
gens. These combinations include BCMA, CD19, and
CD138 (NCT03196414); BCMA, CD38, CD138, and
CD56 (NCT03473496, NCT03271632); BCMA, CD38,
CD138, SLAME-7, and Integrin 7 (NCT03778346); and
CD19, CD20, CD22, CD30, CD38, CD70, and CD123
(NCT03125577). These trials employ CAR-T therapies
with bispecific targeting domains, tandem expression

of both domains, or the co-infusion of distinct CAR-Ts
targeting different antigens (Fig. 4) (Table 2). These inno-
vative approaches are designed to address the heteroge-
neity of multiple myeloma and combat BCMA evasion or
shedding by targeting a diverse array of surface antigens.
[65, 104].

After identifying a suitable target antigen, the next
major challenge lies in enabling CAR T-cells to efficiently
penetrate tumors characterized by dense barriers and a
hostile microenvironment.

Utilizing gamma-secretase inhibitor to augment
BCMA-Targeted CAR T-cell therapy

The high expression of Notch pathway receptors and
ligands in MM cells and the bone marrow environment
may explain their role in MM progression [105]. Notch
signaling promotes cell proliferation and drug resistance
through cell fate determination, a critical aspect of cell-
cell communication. It acts through both homotypic acti-
vation, where MM cells interact via their own receptors
and ligands, and heterotypic activation, involving inter-
actions with bone marrow stromal cells, osteoclasts, and
osteocytes [106].
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Fig. 4 Managing tumor heterogeneity. A VHH-based CAR targeting two epitopes of the same antigen. B CAR T-cell targeting novel antigens
like SLAMF7 C. Co-infusion of two distinct CAR T-cells targeting different antigens. D CAR T-cell expression two distinct CARs targeting different
antigens. E Bispecific CAR T-cells targeting two different antigens. Recognition of each target antigen leads to T-cell activation and tumor shrinkage

Notch signaling regulates the CXCR4/SDFla
chemokine system and facilitates MM cell migration to
the bone marrow [106]. This pathway also promotes MM
cell proliferation by upregulating cyclin D1, hairy and
enhancer of split-1 (HES1), and hairy/enhancer-of-split
related with YRPW motif protein (HEY1) [105]. Notch
receptor interacts with other pathways such as PI3K/
AKT and NF-«B, further boosting MM cell survival and
proliferation [105, 106].

Nirogacestat, a small-molecule gamma-secretase
inhibitor (GSI), primarily inhibits Notch signaling and
enhances the efficacy of BCMA-targeted therapies [107].
By blocking the proteolysis of Notch receptors, GSIs
can potentially slow tumor growth and increase the sus-
ceptibility of MM cells to other treatments [108]. GSIs
exhibit synergistic effects, enhancing the cytotoxic effects
of other MM treatments, such as bortezomib [109].

Combining GSIs with traditional chemoradiotherapies
can potentially overcome resistance mechanisms.

GSIs may induce differentiation and apoptosis in can-
cer stem-like cells, which are often responsible for treat-
ment resistance and relapse in MM [110]. Additionally,
by modulating the tumor microenvironment, GSIs can
alter the interactions between MM cells and the bone
marrow microenvironment, which is crucial for MM
progression. [111, 112].

Moreover, GSIs increase the presence of BCMA on
the cell surface and reduce the levels of soluble BCMA
(sBCMA) by preventing the cleavage and shedding of
BCMA from the surface of myeloma cells. GSIs can
maintain the increased BCMA surface density for an
extended period, potentially prolonging the effectiveness
of CAR-T cell therapy with minimal impact on T cells
[113].
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Nirogacestat’s effectiveness has been assessed in sev-
eral clinical trials involving “off-the-shelf” CAR T-cell
products, as seen in studies such as NCT04093596 and
NCTO04171843 [38]. Another clinical trial utilized Creni-
gacestat (LY3039478; JSMD194) as a gamma-secretase
inhibitor for MM patients with ide-cel in Phase I/II
(KarMMa-7) (NCT04855136) and with anti-BCMA CAR
T-cells (NCT03502577) [110]. (Table 4).

Immunosuppressive tumor microenvironment

Although multiple myeloma is often classified as blood
cancer, uncontrolled plasma cell proliferation can lead to
tumor formation, either within the bones (solitary plas-
macytoma) or outside the bones (extramedullary plasma-
cytoma) [114]. A significant characteristic of MM is the
creation of a favorable tumor microenvironment (TME),
where local immunosuppression plays a critical role in
continuously stimulating antigens [17].

The TME in MM is composed of a diverse array of cel-
lular and acellular elements that contribute to the func-
tional decline, exhaustion, senescence, and removal
of CAR T-cells [115]. These include cellular compo-
nents like regulatory T cells, bone marrow stromal cells
(BMSCs), myeloid-derived suppressor cells (MDSCs),
tumor-associated macrophages (TAMs), and tumor-
associated neutrophils (TANs), in conjunction with
various acellular elements like cytokines such as IL-6,
transforming growth factor-p (TGF-f), IL-10, tumor-
derived granulocyte—macrophage colony-stimulating
factor (GM-CSF) and vascular endothelial growth factor
(VEGEF), proteins like programmed death-ligand 1 (PD-
L1), indoleamine 2,3-dioxygenase (IDO), and CD38, and
chemicals like prostaglandin E2 (PGE2) and Adenosine
[16, 115]. Additionally, environmental conditions such
as low extracellular pH (acidosis), limited nutritional
resources, and low oxygen levels (hypoxia) further exac-
erbate the challenges faced by CAR T-cells within this
microenvironment [116].

Enhancing our understanding of tumor-induced CAR
T-cell suppression is critical for advancing immunother-
apy, and various strategies are available to bolster CAR
T-cells in this challenging microenvironment.

Surmounting immune checkpoints in CAR T-cell therapy

GM-CSF in the TME leads to MDSCs expansion, trig-
gering signal transducer and activator of transcription
3.(STAT3)-mediated programmed death-ligand 1 (PD-
L1) induction in them. PD-L1 directly interacts with
PD-1 on CAR T-cells, leading to their suppression [117].
Moreover, the hypoxic conditions in the TME induce
T cell anergy and exhaustion by increasing the expres-
sion of immune checkpoint molecules such as PD-1,
cytotoxic T-lymphocyte associated protein 4 (CTLA4),

Page 15 of 31

lymphocyte activation gene 3 (LAG3), T-cell immuno-
globulin mucin-3 (TIM-3), B and T lymphocyte attenu-
ator (BTLA), and T cell immunoreceptor with Ig and
ITIM domains (TIGIT), hindering their activation and
cytotoxicity [118]. Furthermore, a significant increase in
immunosuppressive regulatory T cells plays a pivotal role
in maintaining immune tolerance by releasing immuno-
suppressive cytokines like TGF-p and IL-10 and express-
ing immune-inhibitory molecules such as PD1, TIM3,
and CD38 [16, 118].

Approved mAbs targeting immune checkpoints can
enhance CAR T-cell therapy. These include Ipilimumab
for CTLA-4; Dostarlimab, Pembrolizumab, Cemiplimab,
and Nivolumab for PD-1; and Atezolizumab, Durvalumab,
and Avelumab for PD-L1 [119-123]. While current
research provides valuable insights into the mechanisms
and potential of these monoclonal antibodies targeting
immune checkpoints, a select few have progressed to late-
phase studies or limited clinical use in specific MM patient
populations. Integrating these agents with CAR T-cell
therapy represents a promising frontier in MM treatment,
though their optimal application remains an active area of
research. (Table 2).

However, researchers have discovered that directly
disrupting the genes encoding these checkpoints
through genomic editing technologies yields compara-
ble improvements in CAR T-cell growth and cytotoxicity
within the TME. CAR T-cells with genetic modifications,
disrupting PD-1, TGF-p, CTLA-4, LAG3, or TIGIT
genes, demonstrate an impressive ability to suppress tar-
get cells while retaining their essential T-cell character-
istics [123—126]. Likewise, by knocking out the GM-CSF
gene through techniques like TALEN or CRISPR/Cas9,
CAR T-cells not only experience an enhancement in their
cytotoxic activity but also a suppression in the secretion
of CRS related biomarkers like IL-6 and IL-8 [127, 128].

Armored CAR T-cells are also engineered to combat
the immunosuppressive TME through various innovative
strategies. Some armored CAR T-cells are designed to
express cytokines or ligands like IL-7, IL-12, IL-15, IL-18,
and CD40L, which boost T-cell proliferation, survival,
and persistence within the tumor [129]. Others express
anti-apoptotic factors from the BCL-2 family of pro-
teins, like BCLxL (BCMA-BCL2L1), to enhance T-cell
survival [130]. Additionally, some armored CAR T-cells
are engineered to express enzymes such as heparanase,
which degrades the extracellular matrix to improve
tumor infiltration, thereby protecting against oxidative
stress in the TME [131]. Specific therapeutic approaches
such as pro-survival gene modifications, including
AKT overexpression, have the potential to improve
CAR T-cell function in nutrient-poor conditions [132,
133]. Metabolic enhancements, such as overexpressing
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phosphoenolpyruvate carboxykinase 1 (PCK1) or glu-
tamine synthetase, can allow CAR T-cells to thrive in glu-
cose- or glutamine-depleted environments [134].

Additionally, some armored CAR T-cells are engi-
neered to secrete antibodies targeting PD-1 or PD-L1,
effectively preventing the activation of this immunosup-
pressive pathway [135—-137] An investigation is underway
using anti-BCMA CAR T-cells to produce mutant PD-1
Fc fusion protein in R/R MM patients (NCT04162119)
(Table 2).

Improving CAR T-cell trafficking

Recent research has explored utilizing the CXCL12-
CXCR4 chemokine axis to improve the intratumoral traf-
ficking of adoptive T cells [138]. In an effort to enhance
the homing of CAR T-cells into the CXCL12-rich bone
marrow, BCMA-targeted CAR T-cells were engineered
to co-express CXCR4. A clinical trial for multiple mye-
loma (NCT04727008) demonstrated that this approach
led to a reduction in tumor burden [139] (Table 2).
Additionally, preclinical studies showed that concurrent
CXCR4 and anti-BCMA CAR expression on NK cells
effectively inhibited MM progression in mouse models
[140].Ulocuplumab, the first mAb targeting CXCR4, has
shown promise in a phase Ib/II study focused on R/RMM
[141].

However, enhancing CAR T-cells’ effectiveness may
lead to increased inflammatory signals and associated
toxicities. Therefore, precise immunomodulation is cru-
cial for the future application of CAR T-cells in multiple
myeloma treatment, aiming to enhance control over the
tumor microenvironment while minimizing potential
adverse effects.

Clinical considerations and safety management

in CAR T-cell therapy for multiple myeloma
Addressing cytotoxicity challenges in CAR T-cell therapy
While CAR-T therapies have demonstrated remarkable
therapeutic outcomes in R/R MM, they can also lead to
significant toxicities. [142, 143]. The two main complica-
tions are cytokine release syndrome (CRS) and immune
effector cell-associated neurotoxicity syndrome (ICANS),
caused by the release of inflammatory cytokines such as
TNE-a, IEN-y, GM-CSE, IL-1, IL-2, IL-6, IL-8, and IL-10,
as well as immune responses mediated by other innate
immune cells, including immune effector cell-associated
hemophagocytic lymphohistiocytosis-like syndrome (IEC-
HS) and macrophage activation cells (MAC). These pro-
cesses often form a self-aggravating cycle [144-146].

CRS typically occurs within 1 to 7 days post-infusion
of CAR T-cells, presenting with symptoms ranging from
mild flu-like symptoms to severe organ failure, hypoten-
sion, hypoxia, and even cardiac arrest in extreme cases.
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Tumor lysis syndrome (TLS) can also develop in hema-
tological malignancies, presenting symptoms that overlap
with those of CRS [147]. The severity of CRS is typically
graded on a scale from 1 to 5. Most CRS events are clas-
sified as mild(grade 1 or 2), while severe cases are desig-
nated as grade 3 or 4. Grade 5, representing the highest
severity level, is rarely observed [148].

‘ICANS can occur concurrently with or independently
of CRS and typically occurs 3 to 8 days after CAR T-cell
infusion. Neurotoxicity can range from mild headaches
or delirium to severe confusion, apraxia, or seizures
[149].

For cilta-cel, CRS occurred in approximately 95% of
patients, but only 4.1% of these cases were severe. ICANS
was observed in about 16.5% of patients at any grade,
with severe cases reported in 2.1% of patients [150]. In
the case of ide-cel, the incidence of CRS was also about
84% of patients, with severe CRS occurring in approxi-
mately 5%. ICANS was observed in about 17% of patients
at any grade, with severe cases in 3% of patients [151].
Although currently, studies are underway to reduce the
mentioned side effects [152].

Although at lower levels, desired antigens like BCMA
are also expressed by some normal cells. Consequently,
CAR T-cell therapy targeting these antigens may lead to
the elimination of healthy cells, a phenomenon known as
“on-target off-tumor” toxicities.. This can result in com-
plications such as B-cell aplasia, cytopenia, hypogam-
maglobulinemia, and immunosuppression, which may
increase patients’ susceptibility to various types of infec-
tious diseases [153].

Researchers have identified a correlation between the
number of prior therapies, the occurrence of CRS, and
the extent of bone marrow tumor burden. These factors
were associated with prolonged hematological recov-
ery periods. Patients experiencing severe CRS had lower
neutrophil counts, hematocrit levels, and platelet nadirs,
necessitating more platelet and red cell transfusions com-
pared to those with mild CRS [20].

Additionally, in MM patients, research has shown that
soluble BCMA (sBCMA) levels correlate with laboratory
evaluations of tumor burden and prognosis. Elevated
sBCMA levels are associated with worse outcomes and
a higher incidence of adverse events, including CRS and
ICANS) [154]. Currently, the measurement of sSBCMA
is not standard practice in clinical settings. Instead,
most clinicians rely on other assessments of tumor bur-
den, including bone marrow plasma cell percentage, 32
microglobulin levels, serum protein electrophoresis
(SPEP)/M-spike, and values associated with light chain
disease. However, sSBCMA shows potential for patient
stratification in clinical trials and real-time disease pro-
gression monitoring [155].
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To enhance safety, recent studies have explored vari-
ous CAR T-cell strategies, such as reducing the number
of CAR T-cells administered to patients, combining small
molecule drugs with CAR T-cells, or mitigating toxicity
by engineering CAR T-cells with suicide genes (Table 3).

Combining pharmacological inmunosuppressive agents
Numerous studies have investigated drugs aimed at neu-
tralizing the toxicity associated with CAR T-cell therapy
in multiple myeloma. Tocilizumab, a mAb against IL-6
receptors (IL-6RA), and corticosteroids are traditionally
used to manage toxicities (NCT02215967, NCT 02546167,
NCT02658929, NCT03090659, NCT03274219,
NCT03548207, NCT03361748, NCT03287804) [142]. For
ICANS and more severe forms of CRS, corticosteroids
are beneficial since Tocilizumab does not penetrate the
blood-brain barrier effectively [170] (Table 3).

Clinical trials have revealed that while Tocilizumab
effectively mitigated cytotoxicity without compromis-
ing CAR T-cell efficacy, approximately 30% of patients
still experienced severe grade 3 or higher CRS/ICANS.
Even the early administration of steroids failed to allevi-
ate around 13% of the severe cases [171, 172]. Therefore,
Tocilizumab-refractory CRS or steroid-refractory ICANS
patients require novel treatments [173].

Anakinra, an FDA-approved recombinant IL-1 receptor
antagonist (IL-1RA) protein typically used to treat auto-
inflammatory diseases, has shown promise in managing
CAR T-cell therapy-associated toxicities [172, 174, 175].
For instance, a Phase II study assessing the efficacy of Orva-
cel (NCT03430011) included a group of patients given pro-
phylactic Anakinra treatment, which substantially reduced
CRS levels following infusion [29]. Recent consensus guide-
lines suggest Anakinra as a third-line agent for refractory
CAR T-associated toxicities [172].

Dasatinib, an inhibitor of lymphocyte-specific protein
tyrosine kinase (LCK), blocks the phosphorylation of
CD3( and ZAP70 [176]. It protects CAR-Ts from lethal
CRS by limiting cytolytic activity, cytokine production,
and expansion, potentially serving as a pharmacologic
on/off switch for CAR T-cells [18]. Dasatinib has been
shown to ameliorate the exhausted phenotype of CAR
T-cells by upregulating memory-associated genes (such
as TCF7 and CCR7) and downregulating the immune
checkpoint molecule like PD1, as well as exhaustion-
related regulators (such as NR4A1, BATF3, ATF4, and
FO) [177]. A Phase I clinical trial (NCT04603872) is
recruiting R/R MM patients for CAR T-cells targeted
at CD19/BCMA in combination with Dasatinib [80]. In
addition, Siltuximab, an anti-IL-6 mAb, has been used
in multiple myeloma CAR T-cell trials for severe cases
of CRS/ICANS (NCT04975555) (Table 3).
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The ZUMA-19 trial (NCT04314843) is investigating
the use of Lenzilumab, an anti-human GM-CSF neu-
tralizing mAb, for Large B-cell lymphoma to assess its
efficacy and safety in preventing or minimizing CRS/
ICANS in combination with CAR T-cell therapy. This
aligns with the FDA guidance on prospective registra-
tion phase 3 studies for various CAR T-cell assessments
[178].

Directly addressing CAR T-cell toxicity

Suicide genes are genetic elements that allow for the
permanent removal of introduced cells through the use
of pharmaceutical agents. This removal is achieved via
metabolic processes that transform non-toxic substances
into toxic agents, primarily when unexpected adverse
reactions arise. Prominent instances of inducible suicide
genes include herpes simplex virus thymidine kinase
(HSV-TK) and recombinant human inducible caspase 9
(iCasp9/iC9). Additionally, the expression of truncated
epidermal growth factor receptor (tEGFR/EGFRt) or
CD20 molecular proteins are utilized to selectively elimi-
nate CAR T-cells that express these genes when neces-
sary [179, 180] (Fig. 5).

HSV-TK 1In cases of severe toxicity, a non-toxic prod-
rug, ganciclovir (GCV), can be administered to selec-
tively activate the HSV-TK gene within transplanted
CAR T-cells. This is due to HSV-TK’s high affinity for
GCV, which mammalian cell thymidine kinase lacks
[181]. Upon HSV-TK phosphorylation of GCV, GCV-
monophosphate (MP) eventually converts to a toxic
GCV-trisphosphate (TP). This toxic form competitively
inhibits guanosine trisphosphate (dGTP), resulting in
the cessation of DNA chain synthesis and the demise of
specific proliferating cells [182, 183]. The HSV-TK-GCV
suicide switch system also activates caspases through
ligand-independent aggregation of CD95 and the forma-
tion of Fas-associated death domain protein (FADD) and
TNF-R-mediated apoptosis in CAR T-cells [184].

Numerous clinical trials have explored CAR-
Ts containing the HSV-TK gene for hematological
malignancies.A Phase I/II clinical trial investigated the
HSV-TK Mut2 gene in anti-CD44v6 CAR T-cells in R/R
MM patients (NCT04097301) [185]. However, this trial
has since been terminated [181] (Table 3).

iCasp9 'The other suicide gene, known as inducible cas-
pase 9 (iCasp9), consists of a sequence from the human
FK506-binding protein (modified FKBP12) with an F36V
mutation linked to the gene encoding human caspase 9
(CASP9), which lacks its endogenous caspase activation
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Fig. 5 Approaches to mitigating the toxicity linked with CAR T-cell therapy directly. A The HSV-TK safety switch and its mode of action. Ganciclovir
(GCV) administration leads to HSV-TK gene activation and its conversion to GCV-monophosphate (MP) and eventually further phosphorylated

to convert to a toxic GCV-trisphosphate (TP). GCV-TP disrupts DNA synthesis, selectively eliminating CAR T cells. B The inducible caspase 9 (iCasp9)
suicide switch and its mechanism. Dimerizing drug administration induces iCasp molecules (FK506) to form dimers, activating downstream
apoptotic cascades, and resulting in CAR T cell death. C Examples of mAb-based safety switches and their functions. Co-expression of CAR

and cell surface proteins such as EGFRt and CD20 facilitates selective CART cell elimination through pharmaceutical-grade mAbs like Cetuximab
and Rituximab, which engage immune effector cells or complement fixation cells via mechanisms such as antibody-dependent cell-mediated
cytotoxicity (ADCC) and complement-dependent cytotoxicity (CDC) upon specific mAb introduction

and recruitment domain. FK506 (FKBP12-F36V) strongly
binds to an inert small-molecule dimerizing agent, serv-
ing as a selectable marker. In the presence of this agent,
the iCasp9 pro-molecule undergoes dimerization and
activates the intrinsic apoptotic pathway, leading to the
death of CAR T-cells expressing this fusion protein [186].

P-BCMA-101 (NCT03288493, NCT03741127) and
P-BCMA-ALLO1 (NCT04960579) are autologous and
allogeneic CAR-T therapies, respectively, that target
BCMA with a second-generation CAR design (4-1BB-
iCasp9), specifically incorporating this safety switch [36,
52, 104]. Additionally, a third-generation CAR-T target-
ing SLAME-7 (CD28 or 4-1BB/CD3(-iCasp9) was inves-
tigated in a completed clinical trial (NCT03958656), and a

fourth-generation CAR-T (CD28/CD27/CD3{-iCasp9) with
multiple antigen targeting features is under evaluation in the
clinical trial (NCT03125577). In instances of severe toxicity,
the activation of inducible caspase 9 is initiated by adminis-
tering Rimiducid as a safety switch activator [71] (Table 3).

EGFRt or CD20 One approach to eliminating toxic CAR
T-cells is the selective targeting of these cells with anti-
bodies [187]. This can be achieved by co-expressing cell
surface proteins that are known to have established com-
mercial mAbs against them, providing a suitable method
for the specific reduction of CAR-Ts. This approach facil-
itates the selective elimination of CAR T-cells through
mechanisms like antibody-dependent cell-mediated
cytotoxicity (ADCC) and complement-dependent
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cytotoxicity (CDC) upon introducing a specific mAb
[187, 188].

In MM research, the clinical application of mAbs
like Cetuximab, which targets EGFRt, and Rituximab,
designed for CD20, shows promise for their integra-
tion into CAR T-cell therapy [189]. Clinical trials have
explored the use of second-generation CAR T-cells
targeting BCMA  (4-1BB-EGFRt) (NCT03070327,
NCTO03093168, NCT03502577), as well as third-gen-
eration CAR T-cells targeting both BCMA and CD19
(OX40/CD28-EGFRt) (NCT03455972), in MM patients.
These trials focused on evaluating the efficacy of these
CAR-T therapies, especially when administered alongside
supplementary adjuvant treatments [71, 110, 190, 191].
Furthermore, it has been demonstrated that NKTR-255
therapy enhances ADCC with Rituximab and Cetuximab
in patients who previously received CAR-T therapy [192].
However, the true efficacy of Cetuximab or Rituximab in
MM patients remains a subject of ongoing investigation
(Table 3).

Enhancing safety features of antibody binding domains

in CAR T-cells

Multiple clinical trials have validated CAR T-cell thera-
pies using human or humanized anti-BCMA scFv binding
domains for R/R MM. These include trials for various prod-
ucts such as NCT03093168, NCT03070327, NCT 03288493,

NCTO03741127, NCT04960579, NCT03338972,
NCT04309981, NCT02546167, NCTO04194931,
NCT05201118, NCTO03815383, NCTO06045091,
NCT04670055, NCT03975907, NCT03915184,

NCT04003168 and NCT05698303. Additionally, ddBCMA,
featuring a smaller-sized scFv consisting of 73 amino acids
(NCT04155749), anti-BCMA VHH antigen binding domain
(NCT03664661, NCT03661554), and anti-BCMA VH
(engineered human antibody fragment, consisting of the
variable domain of the heavy chain) (NCT03602612) have
demonstrated the potential to decrease immunogenicity
and achieve high response rates in patients with R/R MM
[65, 193] (Table 3).

Supplementary treatments preceding or following CAR-T
therapy in multiple myeloma

Commonly used PIs such as Bortezomib, Ixazomib, and
Carfilzomib; IMiDs including Lenalidomide, Iberdomide,
and Pomalidomide; and monoclonal antibodies such
as anti-CD38 mAbs like Daratumumab, as well as anti-
SLAMF7 mAbs like Elotuzumab, are often combined
with chemotherapeutic drugs such as fludarabine and
cyclophosphamide in MM CAR T-cell therapies [12, 194]
(Table 4).
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Isatuximab, another anti-CD38 mAb approved for
adult patients with R/R MM, can potentially enhance
CAR-T efficacy [71]. However, the decline in CD38
antigen presence and the emergence of CD38-negative
plasma cells pose a significant challenge in R/R MM clini-
cal trials. Research findings suggest that all-trans retinoic
acid (ATRA) can enhance CD38 expression, leading to
improved efficacy of CD38 monoclonal antibodies and
anti-CD38 CAR T-cell therapy [198]. This could expand
the repertoire of treatment options available for multiple
myeloma.

Mounting evidence underscores the transformative
role of various immunotherapies, such as novel mono-
clonal antibodies, bispecific T-cell engagers (BiTEs),
and antibody—drug conjugate (ADC) therapies as inno-
vative treatment modalities for R/R MM [199]. These
approaches can potentially complement CAR T-cell regi-
mens. Clinical trials are evaluating several BiTEs target-
ing BCMA, GPRC5D, and FcRH5 in heavily pretreated
MM patients. BCMA-targeted BiTEs like Teclistamab
and Elranatamab, GPRC5D-directed BiTE Talqueta-
mab, and BCMA-targeted ADC Belantamab mafodotin
have already gained approval for R/R MM [200-203].
Clinical trials are currently assessing the effectiveness of
Belantamab mafodotin (NCT05117008, NCT05789303)
and Talquetamab (NCT06066346) within the context
of MM CAR T-cell therapies (Table 4). Several BiTEs
are currently in clinical trials for MM treatment, show-
ing promise for FDA approval and potential integration
with CAR T-cell therapies. Linvoseltamab and F182112
target BCMA, while Cevostamab targets FcRH5. [204].
Early results look promising, with Linvoseltamab show-
ing a 64% response rate and F182112 showing a 43.8%
response rate [205, 206].

In a study focusing on a fully human BCMA-targeting
CAR T-cell therapy (CT103A), researchers have incor-
porated Selinexor, a selective inhibitor of nuclear export.
Selinexor functions by disrupting the activity of expor-
tin-1 (XPOL1), a protein crucial for transporting various
proteins and ribonucleoproteins from the nucleus to the
cytoplasm. This inhibition prevents the nuclear export of
tumor suppressor proteins and cell cycle regulators, lead-
ing to their accumulation in the nucleus [207, 208]. The
potential of Selinexor in combination with CAR T-cell
treatment strategies is being investigated for managing
R/R MM (NCT05201118) (Table 4).

sBuilding on this approach, additional research studies
are currently underway to further enhance the treatment
of multiple myeloma patients. These studies involve vari-
ous strategies, including autologous hematopoietic stem
cell (Auto-HSC) transplantation followed by CART-19/
BCMA infusion (NCT03455972) or in combination with
CAR T-BCMA therapy (NCT05887167, NCT05632380,



Page 22 of 31

(2024) 12:102

Nasiri et al. Biomarker Research

onnadesayy

apiuw -oway) dnnad
-eydsoydopAy sulg  -essLI0WLYD) JO)
16¥96 L ¥0LON SN VN VN VN €l pa13|dwiod (P-BWINIeN) | -Blepn|d SpIWOpIeUST]  -Bjnpowiounuiw| (192-9p1) YIND4
Qv Z4AVIS
-HUY qyw 8edD
-uy Jongiyul
2Uoseal0id
gewnz J101GIYul SWOS
-NJ0j3 geunwnieieq  -e310Id JONGIYuUl
QIWOZ|YJeD) GIUIOZeX|  SWOSes10id Jole|n
QIUWOZ3140g SPILIOPI|  -POWIOUNWIW| JO}
[118Z1159€01ON SN eel A €/S 1ge  BuminidailoN (E-BWIIBN) Il -BUST SPILIOPIEWOd  -BInpowouNww| (192-9p1) YIND4
ue|dsuel)
19D W15-01ny
3119 p=199lip
1DSV qewelsnbyep -sDddD Joke|
[961]1 8£0109€0LON SN i 8¢es 0/L¢ ¥9C Buniniay (C-eeN) |l oplwopljeusT -Npowounwiw| (192-9p1) YIND4
ueidsues|
[[9D WR1S-01NY/ 40}
0¢8ZE0SOLON SN VN VN VN oy buninialloN I1Ae3  1DSY apiuwopljeus]  -gnpowounuiw| (]92-9p1) YIND4
juedsuel] (19D
wa15-0INy ploia)
-SO2IMOD Qv 8¢dD
1DSY auoseyiawexag -uy Jolgiyul
geunuinieled qiuioz 9WOSea101d 10}
€80£5¢S01ON SN payoeas1ak 10N VN VN 059 buminiday  (9-3ANLILYYD) lll - -910g SpIWOpleus]  -gjnpowiounww|  (j92-e3D) YD
PI0J21SOD1I0D)
qv 8ed>-huy
EVNINENETg] JOMGIYUI SUIOS
gewnuinieled qiuwoz -£310Jd 01|
(621 £28181¥0LDN SN paydeas 19k 10N S8 0/1 6Ly DUMNIDAIION  (-3ANLILYYD) Il -910g 9pILOpI|ewod -npowounwiw - (j93-eY1D) VD4
P10J21SOD11I0D)
qv 8eddD-huy
EVNINENETg] J101IgIyul SWos
gewnuinieled giwoz -8910ld J01)
[S61] 9€9€€1¥OLON SN paydeai19h 10N 56 0/0 691 bunindsy  (Z-3ANLILYYD) Il -310g SpILIopl[eus] -npowounuwiwy - (]23-e313) YIND4
syjuow %’SNVDI sweN uawibay uondy swepN
1DON uoneso] ‘Sid UBIPRN  %'HHO  /SHD £<3peiD judlied Jo ‘ON smels Apms /aseyd ‘uoijeulquiod JO wsiueyssy 1-4v> /196ae)
sawodInQ 10349 9SIBAPY

ewloRAW s|dinuw ur Adesays 1-4yD buimol|oy 1o buipadaid syuswiiealy Aieyuswiajddns ¢ ajqelL



Page 23 of 31

(2024) 12:102

Nasiri et al. Biomarker Research

1uedsuel|
£91/88S0LON SN VN VN VN 0¢ Buniniday I 105V [[9D Wi=s-01ny YINDg
1uedsuel|
[£61108€CE9S01DON eUIYD  paydeal1ak1oN 001 0/0 0¢ Buniniay 1/ 105V (18D WAS-01ny  (8804VD-D) VINDY
PI0J315021110D
SUOSeYIaW  JOMGIYUl SUIOSed)
-exaQ qlwoz|yle)  -0id Jolejnpowou
Splwoplewlod ulop -NWw| 5avy
€0€68/S01ON SN VN VN VN €8 Buniniday Il -OJelN qellieluelag paiebler-yNDg VINDg
unop oav
800/ 1 1SOLON N VN VN VN St Buniniday (3DvdanI) I -OJe\ qeuleluelag paiebler-yiNDg VINDG
319
97€99090.1ON N VN VN VN Ll Buniniday Il geweianble]  pa12alIP-Q$OYdD VINDg
uodsuely
J1ejanu Jo oy
8LLLOCSOLON BUIYD  Ppaydeal1ak 10N VN VN 0¢ umoudun , loxauljeS -1glyul 9AlS9|9s (Ve0LLD) VINDE
suoseylaw PI0J21S0D1110D)
-exag upAWoIyIeD J1oIgIuY 1o}
099/8¢¥01ON eulyd VN VN VN 0¢ Bunininay Il SpIWOopleUS]  -einpowounww| VINDg
lougiyul
[0L1]££520SE01DN N VN VN VN 8l pejeululis] 1AeT  (P6LANSH) 8/F6E0EAT  SSEIDIDSS BLIWED YINDg
Jouqiyut (V6924v24dd)
eV8LLLY0LON SN VN VN VN 514 poieuluial | Je1590eB0IN  B5eI2I03s PLIWeD) VYINDg
0S¥000S0LON SN VN VN VN 9gl BumnidaiioN @ELINDD 11/ [Y9-OT11V qv ¢sdd-hue  (509-011V) YINDg
av ¢sad
(Y9 -lue Jouqiyul
[8€]1 965€60701 DN SN payoeas 194 10N §'19 0/¢ g€l BuninidalloN (IVSYIAINN) | 0Ty 1e1se0eBollN - 9selaidas ewwen  (§1/-OT1v) VIND4
onnadelayy
apIw -oway) dnnad
-eydsoydopAy aulq  -elayiowayd 10}
9085+090.LON SN payoeas19h 10N VN VN 819 Buniniay (6-BNIEY) Il -Blepniy spiwiopleus  -ejnpowounuiu| (192-9p1) VIND
Pl0J315021110D)
auoseylawexag  JONQIYUl SeIDID3S
(F6LAWSINBLY6E0EAT  BWWIRD JOUQIYUL
qIuozanog (077  2Wosea10ld Joie|n
-DD) SPIWOPISG|  -POWOUNWIW| 0}
9€155870LON SN payoeal 194 10N VN VN zle BuninidalloN (L-_INNIE) 11/ SpIUOpPleWOd  -Bjnpowounwiwi (192-3p1) YWD
syuow %’SNVDI sweN uswibay uomndy sweN
1ON uonesoq ‘Sdd UBIPAN  %'HYO  /SHD €<3peiD 1udlled JO ‘ON sneis Apns /aseyd ‘uonjeuiquo) Jo wisiueyssy 1-4vD /19buey
Saw02INQ 103)J3 9SI9APY

(panunuod) ¢ ajqey



Page 24 of 31

(2024) 12:102

Nasiri et al. Biomarker Research

(S4d) |eAIAINS 931)-UOISSAIB0Id pue ‘(YYO) D1 dsuodsal |[_IBAQ ‘(SNYDI) dWOIPUAS A11D1X010INU PalRIDOSSe-||3d

10312943 dUNWIW| ‘(SYD) dWoIpuLs aseajal supjoIkd ‘(1JSY) 3ueldsues] [|13D wSis-0iny ‘(DAY) 21ebnfuod Bnip-Apoqiuy ‘(s3114) s1abebus [|93-1 dyadsig ‘(gD) uonenualayId 40 123sn|D (YINDF) usbiuy uoneinie ||3-9

Juswi
€5CT/9E01ON euIyD VN N N 0T umousun [ 21ean-al | Yvd YWD4
[2£] £919%5201DON SN LT 8k 4vi4s Gz pareidwod [ Adeiay] uoneipey (uuadn) vINDg
£8£9€€S0LON SN VN N VN o€ Buninioay [ Adesay uoneipey YD9
Adelay |
uolelpey 10} (L LHYVDOW)
[651] £T€0L0S0LON SN paydeal 1A 10N ¥9 0/z 0z BunindaiIoN [ SpIWOpIeUST  -BINPOWOUNWIW| YWD
jueidsues|
[¢8] 2/65S7€0LON eUIYD N 001 0/0 Sl Buninioay 11/ 105V 19D Wia1s-01nYy YWD8/61aD
syjuow %’'SNVDI [weN uswibay uonpy sweN
1DN uone’ot] ‘Sdd UBIPAIN  %'YYO  /SYD £<9peID judled Jo 'ON snjelg Apms /aseyq ‘uonjeulqwo)  jJo wsiueyRdW  [-HVD /39biel
sawodnQ 12949 IsIoApY

(panunuod) ¥ ajqel



Nasiri et al. Biomarker Research (2024) 12:102

NCT05257083), radiation therapy post CAR T-BCMA
therapy (NCT05336383, NCT03070327, NCT02546167)
[209-211], and CAR T-cell re-treatment following previ-
ous CAR T-cell therapy (NCT03672253) [65] (Table 4).

Perspectives on the future of MM-CART cells

in clinical trials

For most MM patients with several previous treatments,
allogeneic leukapheresis products from healthy donors
offer more cost-effective and life-preserving opportuni-
ties [53]. Despite allogeneic CAR T-cells’ short in vivo
lifespan, patient outcomes have been encouraging, neces-
sitating further research [51]. Following the FDA’s grant
of fast-track designation to ALLO-605 (NCT05000450)
in June 2021 and its inclusion in the FDA orphan prod-
uct development program in April 2022, the decision
to advance from Phase II to Phase III is expected to be
guided by insights from global data concerning the suc-
cess rate of transitioning between these clinical trial
phases.

Furthermore, MM’s autologous CAR T-cell therapy field
has seen significant advancements, with several notable
achievements. BCMA CAR T-cell therapy NXC-201 (for-
merly HBI0101) (NCT04720313) demonstrated a 90% ORR
in relapsed/refractory MM patients and a 100% ORR in
heavily pre-treated relapsed/refractory amyloid light chain
(AL) amyloidosis in the phase Ia/Ib NEXICART-1 trial [212,
213]. Additionally, BCMA/CD19 CAR T-cell (GCO012F)
trials (NCTO04236011, NCT04182581, NCT04617704,
NCT04935580, NCTO05850234, ChiCTR2100047061)
achieved a higher 90% ORR [32, 48, 49, 214]. The autologous
GPRC5D CAR T-cell therapy OriCAR-017 showed nearly
a 100% ORR in its phase I POLARIS trial (NCT05016778)
[87, 215]. These promising results have led to orphan drug
designations from the FDA for MM treatment.

Conclusion
Although initial clinical trials demonstrated noteworthy
potential for traditional CAR T-cells in the treatment
of multiple myeloma, the limited accessibility or persis-
tence, considerable costs, and time involved in manufac-
turing, coupled with challenges such as patient relapse
or side effects following anti-BCMA CAR-T therapy,
emphasize the necessity for enhanced efficacy. This situ-
ation presents a complex and demanding challenge in
the field. Consequently, clinical and basic science have
taken on a crucial role in three key objectives: enhancing
CAR T-cell manufacturing and persistence, developing
insights into disease features, and addressing supplemen-
tary therapeutic aspects both prior to and following CAR
T-cell therapy in the context of MM.

In this article, we begin by examining strategies
employed to enhance the persistence of CAR T-cells
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through structural and administration optimization.
This entails the consideration of immunophenotype
characterization factors, including achieving a specific
CD4/CD8 ratio, utilizing CD8+or T stem cell memory
phenotype, enhancing CAR T-cell cultures, or equip-
ping them with pro-inflammatory cytokines or ligands
to promote a memory CAR T-cell-enriched phenotype
[28, 36, 42, 43]. Additionally, it involves the explora-
tion of rapid CAR-T manufacturing methods through
novel genetic modifications to reduce transplant tim-
ing and costs while maintaining lower-differentiated T
cell phenotypes [47, 48]. Initiating CAR T-cell therapy
at earlier stages of treatment and the development of
universal allogeneic CAR T-cells or even NK-CAR cells
introduce new opportunities for patients with high-risk
or relapsed/refractory multiple myeloma (R/R MM)
[51-53, 64] (Table 1).

Regarding the second aspect, the article delves into the
intricacies associated with the inherent factors of MM.
These complexities include the heterogeneous nature of
the cancer and the potential for BCMA evasion or shed-
ding, which can be tackled through innovative CAR
designs, such as dual or multitarget CAR T-cells [71, 104]
(Table 2). The use of gamma-secretase inhibitors has also
been explored to address these challenges [70, 105, 110]
(Table 4). Moreover, strategies to counteract the pres-
ence of an immunosuppressive tumor microenvironment
have been discussed. This involves inhibiting intracellu-
lar exhaustion signals through genetic modifications or
employing inhibitors as part of the treatment [135, 137,
138, 141] (Table 2).

The final category encompasses clinical aspects asso-
ciated with CAR T-cell transplantation. This involves
addressing unwanted side effects that may occur after
CAR T-cell transplantation, such as cytokine release
syndrome, neurotoxicity, or cytopenia. These side
effects can be managed by utilizing pharmacological
immunosuppressive agents in combination or suicide
genes that induce direct interactions leading to CAR
T-cell death through spatial drugs. Further, the immu-
nogenicity of CAR T-cells can be mitigated by design-
ing humanized scFv or VHH for their recognition sites
[172, 216] (Table 3). It also includes the incorporation
of additional treatments like proteasome inhibitors,
immunomodulators, monoclonal antibodies, bispecific
T-cell engagers, antibody—drug conjugates, chemo-
therapy, corticosteroid therapy, radiation therapy, and
autologous hematopoietic stem cell transplantation in
combination with CAR-T therapy to enhance its effi-
cacy [66, 194, 201, 202] (Table 4).

Abbreviations
MM Multiple myeloma
CAR Chimeric antigen receptor
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BCMA
IMID
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mAb
PCs
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R/R MM
CRS
ICANS
TME
ALL
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MIC
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BAFF
APRIL
TRIPRIL
CAF
SLAME-7
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ddBCMA
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NK
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MDSC
GM-CSF
PD-1
CTLA4
LAG3
TIM-3
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TGF-B
VEGF
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IFN-y
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GSI

TLS
GvHD
PI3K
MAS
HLH
IL-6RA
IL-1RA
HSV-TK
tEGFR/EGFRt
LCK
GCV
FADD
iCasp9
ADCC
CDC
MDS
SAMT
BITE
ADC
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B-cell maturation antigen

Immunomodulatory drugs

Proteasome inhibitor

Monoclonal antibody

Plasma cells

Bone marrow

Relapsed/ refractory multiple myeloma

Cytokine release syndrome

Immune effector cell-associated neurotoxicity syndrome
Tumor microenvironment

Acute Lymphoblastic Leukemia

Diffuse Large B cell Lymphoma

Follicular lymphoma

Single-chain variable fragment

Major histocompatibility complex class |

MHC class | chain-related protein

Natural-killer group 2 member D

G protein-coupled receptor class C group 5 member D
B-cell activating factor

A proliferation-inducing ligand

Trimeric APRIL-based CAR

Cancer-associated fibroblast

Signaling lymphocyte activation molecule family-7
Fibroblast activation protein

Unique long 16-binding protein

Tn antigen on membrane mucin 1
Cellular-mesenchymal-epithelial transition

New York Esophageal Squamous Cell Carcinoma-1
D-domain-based antigen binder B-Cell Maturation Antigen
Mesothelin

Natural Killer

Cord blood-derived natural killer

Induced Pluripotent Stem Cells

Myeloid-derived suppressor cells
Granulocyte-macrophage colony stimulating factor
Programmed death protein 1

Cytotoxic T-lymphocyte associated protein 4
Lymphocyte-activation gene 3

T-cell immunoglobulin mucin-3

B and T-lymphocyte attenuator

Transforming Growth Factor-beta

Vascular endothelial growth factor

Prostaglandin E2

Tumor Necrosis Factor-alpha

Interferon-gamma

T-cell immunoreceptor with Ig and ITIM domains
Gamma secretase inhibitor

Tumor lysis syndrome

Graft-versus-host disease

Phosphoinositide 3-kinase

Macrophage activation syndrome
Hemophagocytic lymphohistiocytosis

IL-6 receptor antagonist

IL-1 receptor antagonist

Herpes simplex virus thymidine kinase
Truncated epidermal growth factor receptor
Lymphocyte-specific protein tyrosine kinase
Ganciclovir

Fas-associated death domain protein

Inducible caspase 9

Antibody-dependent cell-mediated cytotoxicity
Complement-dependent cytotoxicity
Myelodysplastic syndrome

Subsequent anti-myeloma therapy

Bispecific T-cell engager

Antibody—-drug conjugate
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