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Abstract

B cell maturation antigen (BCMA)-targeted chimeric antigen receptor T cell (CAR-T) ther-
apy has transformed the treatment landscape for relapsed or refractory multiple myeloma
(MM), with products such as idecabtagene vicleucel and ciltacabtagene autoleucel achiev-
ing high initial response rates, and in selected patient populations, durable treatment-free
remission. However, a substantial proportion of patients still experience relapse, includ-
ing antigen-positive progression, highlighting persistent limitations in long-term disease
control across diverse clinical settings. An increasing body of evidence indicates that resis-
tance to CAR-T therapy in MM is driven not only by tumor-intrinsic factors, but also by
extrinsic pressures imposed by the bone marrow microenvironment (BMME). This review
integrates current understanding of tumor-niche interactions that impair CAR-T persis-
tence, trafficking, and effector function, including immunosuppressive cellular networks,
inhibitory cytokine signaling, metabolic constraints, stromal adhesion, antigen modulation,
and marrow remodeling. This review further examines emerging therapeutic strategies
and next-generation CAR-T platforms.

Keywords: multiple myeloma; CAR-T cell therapy; bone marrow microenvironment;
Anti-BCMA Therapy

1. Introduction
Multiple myeloma (MM) is a difficult-to-control hematologic disease driven by uncon-

trolled expansion of malignant plasma cells and the uncontrolled production of monoclonal
antibodies. It is characterized by widespread immune dysfunction and disruption of
the bone marrow microenvironment (BMME), leading to bone reabsorption, lytic lesions,
and myelosuppression. These processes drive morbidity and mortality through skeletal
fragility, increased calcium reabsorption with hypercalcemia, kidney failure, and immuno-
suppression with opportunistic infections. Despite advances in treatment, relapses and
development of treatment resistance have made lasting remission a challenge. Chimeric
antigen receptor T cell (CAR-T) therapy is a rapidly growing area of study in autoimmune
and oncologic diseases and has shown promise for directed therapies against new thera-
peutic targets, including investigations of MM and targets within the BMME to address
mechanisms of treatment resistance.

Many trials have investigated CAR-T therapies in MM, with over 70 trials spanning
diverse targets and strategies. Trials such as KarMMa, CARTITUDE-1, and CARTITUDE-4
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were groundbreaking in demonstrating CAR-T efficacy against malignant plasma cells
in MM. KarMMa evaluated idecabtagene vicleucel, a B cell maturation antigen (BCMA)-
directed CAR-T, in triple-therapy-resistant MM refractory to immunomodulatory therapy,
proteasome inhibitors, and anti-CD38 antibodies. KarMMa demonstrated efficacy in ag-
gressive treatment-resistant disease, but control was not definitive; the average response
duration was 10.7 months, and progression-free survival was 8.8 months after a single
dose. Cytokine release syndrome (CRS) and transient, but clinically significant cytopenias
with related complications occurred in almost all the treated patients, though mortality
attributed to idecabtagene vicleucel was small. KarMMa also demonstrated effective T cell
expansion and durability, but persistence did not guarantee durable disease control, as
reflected by the response duration and progression-free survival (Table 1) [1–4].

The CARTITUDE trials evaluated the safety and use of ciltacabtagene autoleucel in
relapsed or refractory multiple myeloma. Ciltacabtagene also targets BCMAs and demon-
strated significant efficacy in resistant MM in CARTITUDE-1, with an overall response rate
of 97.9% and a median time to best response of 2.6 months [5]. Compared with KarMMa,
CARTITUDE-1 reported higher response rates and improved duration of this response and
progression-free survival. These outcomes occurred despite a lack of detectable CAR-T cells
in most patients by 6 months, suggesting durability of the clinical effect without CAR-T
survival. Hematologic adverse events occurred in over 90% of the patients, with most
recovering within 1–2 months (Table 1) [6–9].

Table 1. The anti-BCMA CAR-T trial outcomes. This table outlines some of the characteristics and
results of landmark trials regarding the safety, efficacy, and adverse events regarding the use of
anti-BCMA CAR-T therapy in the treatment of MM.

Trial Product Population ORR,
% ≥3. Median

PFS, mo
Median

DoR, mo
CRS ≥ G3,

%
ICANS ≥

G3, %

KarMMa-1 [6] Idecabtagene
vicleucel

Triple therapy
RRMM 73 33 8.8 10.7 5 3

KarMMa-2 [2–4] Idecabtagene
vicleucel HR NDMM 87.1 77.4 11.4 15.7 2.7 0

KarMMa-3 [1] Idecabtagene
vicleucel

Triple therapy
RRMM 71 44 13.8 46 9 7

CARTITUDE-1
[5,9–11]

Ciltacabtagene
autoleucel

Triple therapy
RRMM 97 82.5 34.9 33.9 4 9

CARTITUDE-2
[7,8]

Ciltacabtagene
autoleucel

Triple therapy
RRMM 95 90 9.1 11.5 10 0

CARTITUDE-4
[12]

Ciltacabtagene
autoleucel

Lenalidomide
RRMM 84.6 73.1 not

reached
Not

reached 1.1 0.1

A key barrier is durability of remission, limited by waning CAR-T persistence and
CAR-T exhaustion with reduced effectiveness. While prolonged antigen exposure com-
monly drives T cell exhaustion through nuclear factor of activated T cells (NFAT) and
inhibitory immune checkpoint pathways, extrinsic BMME factors such as transforming
growth factor beta (TGF-β) and galactin-9 (GAL9) can push T cell populations toward
exhaustion. Post-infusion proliferation of an inhibitory T cell lineage (Tregs) against CAR-T
cells has been noted and is suspected to contribute to exhaustion and relapse [13]. MM
cell lines have also been observed to shed BCMA into the BMME as a soluble form that
can bind CAR-T cells and reduce binding affinity to membrane-bound BCMA, facilitating
antigen-positive escape [14].

Although the treatment options for multiple myeloma are far more extensive than they
have historically been, no therapies consistently induce complete remission due to multiple
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mechanisms, often centered on the BMME. CAR-T therapy has been a revolutionary
addition to MM treatment, but is still imperfect, and we must overcome barriers to reverse
resistant disease. As identified above, impaired CAR-T durability in MM most often reflects
intrinsic and extrinsic factors that reduce proliferation and cause exhaustion of chimeric T
cells. This review further explores the extrinsic BMME factors that drive these barriers and
summarizes the current efforts to bypass them. This review also highlights the need for
biomarker monitoring to recognize therapy failure earlier and identify foci of resistance
that can more effectively guide salvage therapy.

2. Barriers of the MM Bone Marrow Niche
2.1. Cell-Mediated Immunosuppression

As a malignant plasma cell, MM is uniquely able to insert itself into a protective
BM niche consisting of multiple cell lines and pathways. The BM niche is comprised of
hematopoietic stem cells, mesenchymal stem cells, vascular endothelial cells, osteoblasts,
and BM stromal cells, which maintain an environment conducive to appropriate prolifera-
tion and growth. Within this microenvironment, MM cells leverage Tregs, myeloid-derived
suppressor cells (MDSCs), macrophages, monocytes, and natural killer (NK) cells to pro-
mote tumor survival, often by blunting immune responses. These cells also generate a
cytokine milieu shaped by MM cells to reinforce immunosuppression and protect tumor
cells [15–17].

Within the tumor microenvironment (TME), macrophages regulate innate and adap-
tive immunity, and their polarization state shapes antitumor immune responses with a
spectrum spanning from pro-inflammatory, tumoricidal type 1 macrophages (M1) phe-
notypes to immunoregulatory, tumor-supportive M2 phenotypes. In MM, the BMME
favors M2-like polarization through soluble mediators, including transforming growth
factor-β (TGF-β), interleukin (IL)-10, and IL-13, along with tumor-derived metabolic and
mechanical cues (Figure 1) [18]. Myeloma cells recruit circulating monocytes and repro-
gram tissue-resident macrophages into tumor-associated macrophages (TAMs), which
dominate the marrow niche and reinforce immune dysfunction. TAMs sustain immuno-
suppression through inhibitory cytokines such as TGF-β and IL-10, while also producing
pro-tumor inflammatory mediators, including IL-17 and IL-23, promoting genomic insta-
bility, impairing immune surveillance, and accelerating functional exhaustion of effector
lymphocytes (Figure 1). TAMs expand in tumor niches and support functions overlapping
with type 2 macrophages (M2s), including anti-inflammatory IL-10 signaling, propaga-
tion of M2 differentiation, production of IL-6 (critical to MM development) and TGF-β,
and inhibition of IL-12 and tumor necrosis factor alpha (TNFα) signaling (Figure 1) [15].
Collectively, macrophage and monocyte-driven signaling establishes a profoundly im-
munosuppressive marrow environment that limits CAR-T persistence and durability of
response. In MM patients treated with CAR-T therapy, increased monocyte numbers and
increased TGF-β activity were associated with increased markers of T cell exhaustion and
decreased proliferation, which may reduce persistence of the chimeric T cells [19].

MDSCs are myeloid progenitor cells that are particularly contributory in malignancy.
In tumor niches, MDSCs often show increased programmed death ligand (PD-L)1 expres-
sion, in part as a response to exaggerated hypoxia. PD-L1 binding to programmed cell
death protein 1 (PD-1) on T cells is associated with MDSC-derived IL-10 and suppression
of effector T cell activity, including CAR-T cells (Figure 2) [20]. Mechanistically, PD-1 acts
as a co-inhibitor that interferes with T cell receptor (TCR) activation and CD28 signaling,
preventing effective phosphorylation of downstream pathways such as phosphoinositide
3-kinase (PI3K) and protein kinase C theta (PKCθ), suppressing nuclear factor kappa B
(NF-κB), decreasing TNFα production, and reducing cytotoxic activity [21–23]. PD-1 activa-
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tion also induces basic leucine zipper ATF-like transcription factor (BATF), a transcription
factor for membrane-associated ring-CH-type finger 5 (MARCH5), decreasing the T cell
receptor responses to cytokines, including IL-2, and promoting receptor degradation [24].
PD-1 binding can additionally impair glucose and amino acid processing by T cells, result-
ing in impaired metabolism and function (Figure 2) [25]. GAL-9 is another factor found on
MDSCs that interact with T cell immunoglobulin and mucin domain 3 (TIM-3) on CAR-T
cells, decreasing interferon gamma (IFN-γ) production and inducing T cell death (T-helper
type 1 (TH1) cells specifically) (Figure 2) [26]. This loop causes expansion of the MDSCs
with further T cell disruption and immunosuppression.

Figure 1. Cell-mediated signaling pathways interfering with CAR-T cell efficacy against MM cells.
CAR-T cells can be limited by multiple pathways from multiple cell lines within the TME and
within BM. MM cells recruit monocytes from peripheral circulation into the TME, and then promote
differentiation to M2 cells through production of TGF-β, IL-10, and IL-13. Monocytes in the TME can
also differentiate to TAMs which also produce TGF-β and IL-10. This same TGF-β and IL-10, as well
as TGF-β from CAFs, suppress CAR-T cell function. TAMs have an additional function by producing
IL-6, IL-23, and IL-17, while promoting MM cell survival and function and inhibiting IL-12 and TNFα
produced by CAR-T cells, which would otherwise inhibit MM cell function (red arrows).

Beyond ligand/receptor signaling, MDSCs suppress T cells through metabolic restric-
tion. Cytokines, including TGF-β, IL-4, IL-10, and IFN-γ, increase the quantities of cationic
amino acid transporter 2B (CAT-2B) and arginase-1 (ARG-1) on MDSCs, driving L-arginine
uptake from the microenvironment and stunting T cell proliferation (Figure 2). MDSCs can
also deplete intracellular L-arginine within T cells via methylglyoxal transfer, impairing
proteins incorporating L-arginine and crippling T cell function. MDSCs further deplete
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tryptophan and cystine required by T cells [27]. Adenosine plays a large role in these
interactions. MDSCs and hypoxic environments cause increased production of adenosine
compounds that degrade into adenosine in the microenvironment. This available adenosine
then binds to MDSCs, stromal cells, and T cells, causing increased immunosuppression
through MDSC activity and inhibition of T cell function (Figure 2) [28]. MDSCs also gener-
ate reactive oxygen species (ROS) and nitric oxygen (NO), which can impede proliferation
and promote apoptosis in cytotoxic T cells and CAR-T cells. In parallel, MDSCs promote
differentiation of Tregs, often through TGF-β signaling and ROS production [28].

Figure 2. Various anti-CAR-T immunosuppressive pathways within the MM tumor microenviron-
ment. MDSCs bind to CAR-T cells through PD-1/PD-L1 interactions, causing activation of BATF and
production of MARCH5 within the T cells. In the MDSCs, IL-10 is produced and inhibits CAR-T cell
function. MDSCs also inhibit CD8/CD28 interactions between CAR-T cells and antigen presenting
cells to impede CAR-T cell function and survival, though this is not the primary anti-tumor pathway
for anti-BCMA CAR-T cell activity. MDSCs influence Treg differentiation, leading to IL-10, TGF-β,
and adenosine production by Tregs. IL-10 and TGF-β, in addition to circulating INF-γ, increase the
ARG-1 and CAT-2B expression levels of MDSCs, leading to consumption of amino acids, preventing
metabolism in CAR-T cells. Adenosine, both from Tregs and from hypoxia, binds to the A2A recep-
tors on CAR-T cells and impedes function. MDSCs bind T cells through GAL-9/TIM-3, leading to
apoptosis, and have a particular affinity for TH1 cells. PD-1/PD-L1 binding also occurs between
CAR-T cells and myeloma cells, leading to CAR-T cell suppression.

Closely related to MDSCs and TAMs are cancer-associated fibroblasts (CAFs). CAFs
are a stromal subtype that produce fibroblast activating protein (FAP) and secrete IL-6
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and TGF-β (Figure 1). In MM, the number of CAFs is increased, and they promote tumor
growth, while also suppress CAR-T proliferation and degranulation through inhibitory
cytokine pathways [29].

Tregs represent a significant immunosuppressive pathway that is reinforced by the
cell populations above and promotes further Treg differentiation. This is mediated by IL-10
production to suppress effector T cell function and TGF-β to both suppress effector cells
and promote differentiation toward Tregs. PD-1/PD-L1 interactions on T cells, influenced
by MDSCs, also shift T cell populations toward Tregs. Once differentiated, Tregs participate
in adenosine generation and suppression of effector T cell activity (Figure 2) [30].

Some other supporting cells, including osteoclasts, produce cytokines that promote
MM survival and immunosuppression. A proliferation-inducing ligand (APRIL) produced
by osteoclasts binds BCMA on MM cells and increases PD-L1 expression, causing PD-1/PD-
L1-mediated suppression of T cells and a loop in which activated T cells drive osteoclast
activity and additional APRIL production [31,32]. APRIL binding BCMA also promotes
MM survival and growth through the protein kinase RNA-like endoplasmic reticulum ki-
nase (pERK1/2), mitogen-activated protein kinase (MAPK), protein kinase B (AKT), NF-κB,
myeloid cell leukemia 1 (MCL1) and B cell lymphoma 2 (BCL2) pathways (Figure 3) [33].
B cell activating factor (BAFF), produced by multiple cell types, including macrophages
and some MM cells, binds BCMA and transmembrane activator and cancer-associated-
macrophage-like (CAML) interactor (TACI) on MM cells to promote anti-apoptotic path-
ways, including BCL2 and MCL1, reinforcing APRIL function to bind BCMA and TACI
(Figure 3) [31,33,34]. Osteoclast-derived insulin-like growth factor-1 (IGF-1) promotes MM
growth through MAPK, AKT, and NF-κB signaling similar to APRIL [34,35]. IGF-1 can also
strengthen immunosuppression by promoting Treg proliferation (Figure 3) [31,35]. While
APRIL, BAFF, and IGF-1 do not often directly contribute to CAR-T therapy failure, they
emit strong survival signals (in part via BCMA binding) with some capacity to induce Treg
predominance. A reciprocal and self-amplifying feedback loop exists between malignant
plasma cells and osteoclasts. Myeloma cells induce osteoclast differentiation and activation,
while hyperactivated osteoclasts enhance tumor progression, promote angiogenesis, and
suppress immune surveillance. The emerging evidence demonstrates activated osteoclast
upregulation of PD-1/PD-L1 signaling, diminishing T cell proliferation and cytotoxic
activity and attenuating antitumor immune responses [15,36].

Vascular remodeling further defines the myeloma marrow ecosystem and contributes
to immune exclusion. Crosstalk between osteoclasts and myeloma cells increases the
number of angiogenic mediators, such as vascular endothelial growth factor (VEGF) and
osteopontin, driving endothelial expansion and reinforcing osteoclastogenesis. Receptor
activator of nuclear factor kappa-B ligand (RANKL)-driven osteoclast activation promotes
angiogenesis through osteoclast-derived matrix metalloproteinase-9 (MMP-9), while osteo-
protegerin inhibits both osteoclast formation and neovascular development, positioning
the RANKL/osteoprotegerin (OPG) axis as a central regulator of marrow remodeling
(Figure 3) [15,37,38]. Collectively, this osteoclast–vasculature–myeloma triad establishes
a remodeled marrow niche that protects malignant cells, suppresses immune effector
function, and limits effective CAR-T engagement within the tumor-infiltrated BM.
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Figure 3. Osteoclast and BMSC effects on MM and CAR-T cells in the bone marrow microenviron-
ment. Osteoclasts secrete APRIL, which bind to BCMA on MM cells, increasing PD-L1 expression
on MM cells. Binding BCMA also reinforces multiple pathways, including pERK, MAPK, BCL2,
AKT, NF-κB, and MCL1, which have various effects on MM cells, ultimately leading to cell growth,
expansion, and survival. MM cells also produce BAFF that binds to TACI to similarly stimulate BCL2
and MCL1 survival pathways. MM cell activation releases RANK, causing osteoclast production of
MMP-9 encouraging new angiogenesis. Osteoclast-driven production of IGF-1 promotes Treg differ-
entiation and direct CAR-T cell suppression. BMSCs can bind MM cells through VLA-4/syndecan-1
interactions, causing release of CXCL12 and IL-6. CXCL12 is a chemoattractant for CXCR4 on cir-
culating MM cells, the binding of which stimulates VLA-4/VCAM-1 binding for migration into
the bone marrow ME. IL-6 from BMSCs and RANK from MM cells further promote this migration
and homing of circulating MM cells into the bone marrow ME. IL-6 from BMSCs also promotes
Treg differentiation.

2.2. Stromal and Endothelial Adhesion Networks

Stromal features of the BMME contribute to disease progression drug resistance across
different disease states and may contribute to suppression of CAR-T activity. A major
mechanism is adhesion networks between MM cells, integrins, and fibronectin that confer
resistance to apoptosis and are observed in drug resistant MM as cell adhesion-mediated
drug resistance (CAM-DR) [39]. Adhesion to the ECM also induces growth-stimulating
and immunosuppressive cytokine production from other BM cell lines. This resistance
to apoptosis may extend to CAR-T therapy, representing an additional barrier to CAR-T
durability in MM. While these interactions have not often been studied directly in relation
to CAR-T therapy in MM, their anti-apoptotic effects are in direct competition with the
cytotoxic effects of CAR-T therapy [31,40].

Stromal and endothelial changes may contribute to CAR-T failure through mech-
anisms that intersect with cell-mediated suppression. The PD-L1 and GAL9 pathways
expand MDSCs, while sustaining immunosuppressive function, and MDSC-derived ROS
further increases stromal hostility [41]. Stromal C-X-C motif chemokine ligand (CXCL)12
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contributes to MM protection within the niche. Bone marrow stromal cells (BMSCs) are a
primary producer of CXCL12, which acts as a chemoattractant for CXCL12–C-X-C motif
chemokine receptor (CXCR)4 expressed on hematopoietic stem cells, including MM B
cells (Figure 3) [38]. This chemotaxis is aided by integrins such as very late antigen-4
(VLA-4) and vascular cell adhesion molecule 1 (VCAM-1), promoting MM adhesion and
migration into BM; CXCR4 signaling also enhances homing and cell survival through IL-6
and VEGF activity (Figure 3) [37,39]. Osteoclast activity through osteopontin (OPN) pro-
duction and RANK signaling has also been associated with CXCL12/CXCR4 in MM [42].
While CXCL12/CXCR4 does not directly prevent T cell migration into the MM niche, it
preferentially homes MM cells and macrophages that are differentiated to suppress T cell
activity [38].

Within the BM, MM cells bind BMSCs, as well as bind fibronectin via syndecan-1
and VLA-4, increasing structural coherence and inducing IL-6 production by BMSCs. IL-6
promotes MM survival and Treg differentiation and is a key driver of CAM-DR (Figure 3).
While these integrins do not directly inhibit CAR-T cells in MM, T cell activity has been
suppressed in high-density collagen environments in breast cancer. This correlates with
variable regions of T cell infiltration within the MM niche, though this appears to be
significantly mediated by dendritic cells [43,44]. These BMSC-dependent stromal networks
are key drivers of CAM-DR, and the activity of BMSCs and their anti-apoptotic effects on
MM cells have been linked to resistance to CAR-T cell activity, strengthening the connection
between these survival mechanisms and treatment failure [45]. While future research will
need to further elucidate the roles CAM-DR, fibronectin, and adhesion networks play in
CAR-T therapy failure in MM, these competing survival and anti-apoptotic pathways are
in direct opposition to CAR-T cell function and must be overcome when significant enough
to influence treatment success.

The BMME in MM also develops physical and metabolic constraints that limit CAR-
T function. MM marrow is more hypoxic than unaffected marrow due to proliferation;
hypoxia acidifies the microenvironment and increases genetic instability, promoting MM
progression. Hypoxia increases adenosine, which binds the adenosine A2A (A2A) receptors
on T cells to suppress proliferation and tumor cytotoxicity, and also impacts macrophages
and other immune lineages to further induce immunosuppression (Figure 2) [46,47].

One additional mechanism of escape is BCMA shedding into the microenvironment,
mediated by γ-secretase cleavage of membrane-bound BCMA, which reduces the effective-
ness of BCMA-targeted CAR-T therapy [48]. These barriers share overlapping pathways,
but also distinct contributions to CAR-T limitation in MM; optimizing CAR-T will require
addressing each barrier through CAR-T modification and/or adjunct therapies targeting
these inhibitory mechanisms.

3. Therapeutic Strategies for Overcoming BMME Barriers
3.1. Antigen Density and Shedding

BCMA remains the primary antigen target for the majority of the current FDA-
approved CAR-T cell therapies. Numerous studies have demonstrated that antigen density
is a critical determinant of treatment response, as insufficient target expression limits CAR-T
cell activation, persistence, and cytotoxic efficacy [14,49]. One potential approach to ad-
dressing low-level BCMA membrane expression involves targeting the γ-secretase complex.
Inhibition of γ-secretase has been shown to increase surface BCMA density, potentially
enhancing CAR-T cell engagement and therapeutic efficacy [48,50].

An alternative strategy to overcome resistance associated with low-level BCMA ex-
pression is the development of dual-targeted CAR-T cell therapies. These approaches
aim to reduce antigen escape by simultaneously targeting multiple surface antigens. One
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promising target is G protein-coupled receptor class C group 5 member D (GPRC5D), which
is regulated independently of BCMA and has been shown to retain expression even after
BCMA-directed therapy failure [51]. Although the precise biological function of GPRC5D is
not understood, its persistent expression following BCMA escape suggests potential utility
as either a dual-target or sequential immunotherapy option after relapse. However, clinical
studies evaluating GPRC5D-targeted approaches have produced variable outcomes, with
some demonstrating limited or inconsistent benefits [51].

There are many other emerging targets of interest that are being studied for the use
of multiple myeloma treatment and this remains an area of interest. The other potential
therapeutic targets that still need further research include semaphorin 4A (SEMA4A), Fc
receptor-homolog 5 (FcRH5), signaling lymphocytic activation molecule family member 7
(SLAMF7), CD229, and integrin β7 [52,53] (Table 2).

Table 2. Comparison of CAR-T therapy outcomes and adverse events. Summary table of BMME barriers
to CAR-T therapy, strategies to overcome them, and example therapies utilizing these strategies.

Resistance Mechanisms Strategy Key Examples

Antigen Density Use non-BCMA targets or dual-targeting
therapies

Anti-GPRC5D targeting
therapy (RD118)

Antigen Shedding Target γ-secretase inhibition to increase
BCMA expression γ-secretase inhibitors (Nirogacestat)

Cell Trafficking Inhibition of the CXCL12/CXCR4 axis Plerixafor, LY2510924, POL6326,
BKT-140

Immunosuppression Stimulation of pro-inflammatory signaling

TGF-β receptor 1 inhibition
(Vactosertib)
PD-1/PD-L1 inhibition (Nivolumab)
Immunomodulatory drugs
(Lenalidomide)

Adhesion Networks
Production of heparanase, collaginase, or
hyaluronidase to break down ECM,
targeting of VLA-4

Pegylated recombinant human
hyaluronidase (PEGPH20)

Bone Marrow Remodeling
Prevention of osteoclast activity,
angiogenesis, and stimulation of
osteoblast activity

Osteoclast suppression (Bortezomib,
Bisphosphonates, Denosumab)
Anti-VEGFR-2 (Sorafenib)
Anti-VEGF (Bevacizumab)
Osteoblast stimulator (Carfilzomib)

3.2. Trafficking and Retention

The CXCL12/CXCR4 receptor ligand axis is a key regulator of plasma cell trafficking,
retention, and long-term survival within the BM [54]. The BM niche itself presents a
significant barrier to effective cellular immunotherapy. To overcome niche constraints on
CAR-T cell access, CAR-T cells engineered to coexpress chemokine receptors have been
developed as homing strategies. CAR-T cells coexpressing CXCR4 leverage the same
chemokine gradients used by myeloma cells, demonstrating enhanced trafficking to the
BM, improved tumor engagement, and increased antitumor activity; early preclinical
and clinical studies suggest deeper responses and reduced disease burden compared to
conventional CAR-T cells lacking chemokine receptor coexpression [55,56].

Similar strategies employing alternative chemokine receptors, such as C-C motif
chemokine receptor (CCR)2b and C-X-C motif chemokine receptor 1 (CX3CR1), have
also demonstrated improved CAR-T cell migration and efficacy in solid and hematologic
malignancies [57]. These approaches appear to function through analogous mechanisms,
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wherein engineered receptor expression enables CAR-T cells to respond to tumor-derived
chemokine gradients, thereby enhancing access [58].

Beyond cellular engineering strategies, pharmacologic disruption of the CXCL12/CXCR4
axis has an established clinical precedent. Plerixafor, also known as AMD3100, is a
small-molecule CXCR4 antagonist that competitively binds CXCR4 and prevents CXCL12-
mediated signaling activation. Plerixafor has been FDA-approved since 2008 for hematopoi-
etic stem cell mobilization in patients undergoing autologous transplantation for non-
Hodgkin lymphoma and multiple myeloma [59–63]. Plerixafor was originally developed
and evaluated as a potential antiviral agent for HIV due to CXCR4’s role as a viral core-
ceptor [64]. By competitively inhibiting CXCL12 binding to CXCR4, plerixafor disrupts
retention signals within the BM, leading to rapid mobilization of hematopoietic stem and
progenitor cells into the peripheral circulation [65]. While this mechanism is currently used
for stem cell collection, its therapeutic application in multiple myeloma is of increasing
interest. Transient disruption of the CXCL12/CXCR4 axis may dislodge malignant plasma
cells from their protective niches, rendering them more susceptible to immune-mediated
killing or cytotoxic therapies [66]. Beyond mobilization, plerixafor has demonstrated po-
tential to sensitize tumor cells to chemotherapy and radiation. Preclinical studies further
suggest that plerixafor may inhibit tumor progression and metastasis by disrupting CXCR4-
mediated tumor–stroma interactions, although it has not received FDA approval for direct
cancer treatment [59,60].

LY2510924 is a next-generation cyclic peptide CXCR4 antagonist designed to improve
tissue penetration and pharmacokinetic stability. The preclinical and clinical data indicate
that LY2510924 may suppress tumor progression, while increasing tumor sensitivity to
chemotherapy and reducing systemic toxicities associated with broad CXCR4 inhibition.
Its peptide-based structure supports targeted molecular engineering to improve stability,
bioavailability, and pharmacokinetics. Administered as a daily subcutaneous injection,
LY2510924 demonstrates rapid plasma absorption with peak concentrations reached within
1–2 h and an elimination half-life of approximately 10–12 h. Metabolism occurs predomi-
nantly via proteolysis with minimal renal excretion, supporting use across varying degrees
of renal function. Clinical studies suggest that LY2510924 may enhance responses when
combined with immune checkpoint inhibitors, chemotherapy, and potentially radiation
therapy [59].

POL6326 is a peptide-based CXCR4 antagonist primarily studied for stem cell mobi-
lization, offering an alternative to plerixafor with reliable efficacy and a favorable safety
profile, though development has been limited by high manufacturing costs and a rela-
tively short in vivo duration of action [59]. X4P-001 (mavorixafor/Xolremdi) is an orally
bioavailable CXCR4 antagonist that competitively inhibits CXCL12 binding, remodeling
the tumor immune microenvironment to suppress tumor growth, metastasis, and angio-
genesis. Relative to older CXCR4 antagonists (e.g., plerixafor and LY2510924), mavorixafor
exhibits enhanced receptor-binding affinity, an extended half-life, reduced immunogenicity,
superior tissue penetration, and improved bioavailability; oral administration also does
not cause injection site reactions, and early clinical studies (n = 25) reported a favorable
safety profile at doses up to 50 mg/day without dose-limiting toxicities [59].

BKT-140 (BL-8040) is distinguished among the CXCR4 antagonists by its ability to
induce rapid, selective apoptosis of leukemia and myeloma cells both in vitro and in vivo
upon CXCR4 engagement. In contrast to plerixafor, which demonstrates biphasic effects on
MM cell survival and proliferation, BKT-140 exhibits direct cytotoxic activity and synergizes
with chemotherapeutic agents such as rapamycin to enhance MM cell death [32] (Table 2).
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3.3. Immunosuppression

An approach to overcoming macrophage-driven suppression includes “armored”
CAR-T cells engineered to secrete pro-inflammatory cytokines such as IL-12, IL-15, and
IL-18, which can reprogram the marrow niche toward an immune-stimulatory state. These
cytokines enhance T cell survival, promote TH1 polarization, and counteract M2 dominance
within the TME.

Preclinical studies demonstrate that pharmacologic TGF-β blockade, alone or com-
bined with stimulator of interferon genes (STING) agonists, can reprogram the myeloid com-
partment toward a pro-inflammatory state. STING ligands such as 5,6-dimethylxanthenone-
4-acetic acid (DMXAA) and cyclic guanosine monophosphate-adenosine monophosphate
(cGAMP) increase CXCL9 and CXCL10 expression, recruit CXCR3+ TH1 cells, expand
M1s, and reduce M2 and MDSC signatures, collectively enhancing CAR-T persistence and
function [15].

Early clinical translation of these strategies is encouraging. In a phase Ib study, the
TGF-β receptor I inhibitor, vactosertib, combined with pomalidomide was well tolerated
by patients with relapsed/refractory MM and demonstrated favorable progression-free
outcomes. Treatment reduced PD-1 expression on CD8+ T cells, decreased PD-L1 and
PD-L2 expression on CD138+ myeloma cells, and enhanced autologous T cell cytotoxicity,
indicating partial reversal of niche-mediated immune dysfunction [67].

Inhibitory immune checkpoint signaling through the PD-1/PD-L1 axis represents an
additional major contributor to CAR-T dysfunction in MM. Multiple engineering strate-
gies have been developed to overcome this barrier, including CAR-T cells that secrete
PD-1 or PD-L1-blocking single-chain variable fragments, express dominant-negative PD-1
receptors, or incorporate PD-1 chimeric switch receptors that convert inhibitory signals
into activation. Gene-editing approaches such as CRISPR-mediated PD-1 knockout or
shRNA-based suppression further protect CAR-T cells from exhaustion [15].

Despite these advances, PD-1/PD-L1 antibody monotherapy has demonstrated limited
efficacy in relapsed/refractory MM, as evidenced by early clinical trials of nivolumab and
pembrolizumab. In contrast, combination strategies show substantially greater activity.
In MM patient-derived co-culture systems, pairing PD-1 or PD-L1 blockade with IMiDs
enhances NK and T cell cytotoxicity, increases interferon-γ and granzyme B production,
and reduces PD-1/PD-L1 expression on both effector and tumor cells [31,34].

Engineered CAR-T cells capable of secreting checkpoint-blocking antibodies further
support this approach, demonstrating enhanced antitumor activity, increased endogenous
T cell infiltration, and reduced M2 populations in multiple preclinical models. Early clinical
testing of IFN-γ-induced anti-PD-1-secreting CAR-T cells has yielded partial responses
with acceptable toxicity profiles, supporting further development of this platform [68].

IMiDs remain central partners in combination strategies designed to overcome im-
mune suppression. By binding cereblon and redirecting the E3 ubiquitin ligase complex to
degrade ikaros zinc finger (IKZF)1 and IKZF3, IMiDs exert both direct antimyeloma effects
and potent immune-stimulatory activity. Although lenalidomide can enhance wingless
(Wnt)/β-catenin signaling in plasma cells, it also augments T cell activation and cytokine
production [34,53].

Importantly, IMiDs synergize with checkpoint inhibition. In MM patient-derived
co-culture models, combining lenalidomide with PD-1 or PD-L1 blockade enhances cyto-
toxicity by NK and T cells, increases interferon-γ and granzyme B secretion, and decreases
checkpoint expression on effector and tumor cells. Lenalidomide and pomalidomide also
enhance immune activation by stimulating CD4+ T cell IL-2 secretion, promoting NK cell
activation, and augmenting T cell proliferation, cytokine production, and TH1 polarization.
Combination strategies incorporating IMiDs with monoclonal antibodies such as daratu-
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mumab (anti-CD38) and elotuzumab (anti-SLAMF7), checkpoint inhibitors, or bispecific
T cell engagers have demonstrated synergistic effects mediated by enhanced T and NK
cell-dependent cytotoxicity and are being explored alongside CAR T cell therapy to miti-
gate resistance, reduce relapse, and improve CAR T cell persistence [69]. These findings
highlight IMiDs as critical immune modulators capable of enhancing CAR-T functional
capacity within an immunosuppressive niche [31].

Despite major therapeutic advances, immune checkpoint inhibitors alone have shown
limited benefit due to immune-related toxicities. Their optimal role likely lies in rational
combination strategies with IMiDs or engineered CAR-T constructs where synergistic
immune activation can overcome microenvironmental resistance [13,34] (Table 2).

3.4. Adhesion and Extracellular Matrix Barriers

Effective CAR-T cytotoxicity requires a coordinated sequence of events, including
chemokine-guided trafficking, endothelial transmigration, active infiltration through extra-
cellular matrix (ECM) components, and formation of stable immunologic synapses with
target cells. Tumors disrupt each of these steps through vascular remodeling, abnormal
chemokine gradients, and ECM thickening, as discussed previously. Hypoxia, nutrient
deprivation, and acidic conditions within the TME further compromise CAR-T survival
and persistence [15].

One strategy to overcome ECM density involves engineering CAR-T cells to express or
secrete ECM-modifying enzymes. Heparanase is particularly relevant, as in vitro expanded
T cells lose endogenous heparanase expression due to tumor protein p53 (TP53)-mediated
repression of the heparanase (HPSE) promoter, limiting their ability to degrade heparan
sulfate proteoglycans. Restoring heparanase expression enhances CAR-T infiltration and
antitumor activity in neuroblastoma xenograft models. Similarly, glypican-3-targeted CAR-
T cells coexpressing IL-7 and PH20 hyaluronidase demonstrate improved trafficking and
infiltration in hepatocellular carcinoma models, supporting dual-function constructs that
combine cytokine support with enzymatic ECM remodeling [15,40].

Collectively, these findings establish a strong rationale for engineering CAR-T cells
with heparanase, hyaluronidase, or integrin-modulating elements to facilitate deeper pene-
tration into stroma-rich tumor regions. Direct enzymatic degradation of ECM components
represents an additional approach to improving CAR-T infiltration. Mesothelin-targeted
CAR-T cells engineered to secrete a modified human hyaluronidase (sPH20-IgG2) exhibit
superior infiltration and antitumor activity in gastric cancer xenograft models. Clinical
studies of pegylated recombinant human hyaluronidase (PEGPH20) have shown mixed
results in pancreatic adenocarcinoma, underscoring both the promise and complexity of
stromal remodeling strategies [15] (Table 2).

Other ECM-targeting enzymes, including collagenases such as MMP-8, remain largely
preclinical, while strategies involving bacterial collagenase are limited by immunogenicity
and are not suitable for systemic CAR-T therapy [15]. Additional approaches to overcoming
ECM-mediated exclusion have been proposed, including direct intratumoral delivery
of ECM-degrading agents and localized stromal modulation strategies. While methods
such as bacterial collagenase injection can transiently reduce matrix density and improve
immune cell penetration, their clinical utility is limited by significant immunogenicity and
lack of specificity, rendering them unsuitable for systemic CAR-T-based therapies. These
approaches nonetheless underscore the importance of ECM remodeling as a determinant of
effective immune infiltration and highlight the need for safer, more targeted strategies [40].

Preclinical targeting of VLA-4 adhesion molecules reduces the tumor burden, and
clinically relevant agents such as natalizumab disrupt myeloma–stromal interactions. More
broadly, cell adhesion molecules, including CD38, SLAMF7, and integrins, contribute to
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MM progression, angiogenesis, and drug resistance. Therapeutics targeting these pathways
establish a rationale for combination strategies aimed at weakening stromal protection and
enhancing CAR-T cell access [70]. Together, these strategies aim to reduce ECM density,
enhance CAR-T motility, and promote stable tumor engagement. By facilitating deeper
infiltration into stroma-rich tumor regions and improving access to malignant cells, ECM-
targeted interventions represent critical adjuncts to adoptive cellular immunotherapy and
provide strong rationale for engineering combined approaches in CAR-T design.

3.5. Marrow Remodeling

Osteoclast-driven bone resorption and concomitant marrow vascular remodeling
constitute central features of the myeloma-supportive niche and pose significant barriers
to effective CAR-T cell trafficking, persistence, and cytotoxic function. Beyond mediating
pathological bone destruction, osteoclasts generate chemokine-enriched microdomains that
attract malignant plasma cells and promote their survival. Therapeutic strategies aimed at
suppressing osteoclast activity represent a rational approach to destabilizing the myeloma
niche and indirectly enhancing CAR-T cell efficacy. Immunomodulatory drugs, including
lenalidomide and pomalidomide, inhibit osteoclast differentiation through downregulation
of purine-rich box (PU.)1 and pERK signaling pathways and normalize the RANKL/OPG
ratio, thereby reducing the osteoclastogenic signaling driven by myeloma cells.

Bisphosphonates selectively accumulate at sites of active remodeling, inducing os-
teoclast apoptosis, inhibiting osteoclast maturation, and preserving osteoblast viability
to reduce pathological bone resorption. Denosumab, a monoclonal antibody targeting
RANKL, prevents RANKL–RANK interactions on osteoclast precursors and increases
trabecular and cortical bone masses; a phase III trial demonstrated non-inferiority versus
zoledronic acid in preventing skeletal-related events in newly diagnosed myeloma, expand-
ing the options for patients with renal dysfunction or bisphosphonate intolerance [31].

Emerging bone-anabolic strategies further complement the anti-resorptive approaches.
Targeting the Wnt signaling pathway, a key regulator of osteoblast differentiation, has
demonstrated efficacy in preclinical myeloma models. Inhibition of soluble Wnt antago-
nists, such as dickkopf-1 (DKK1) and sclerostin, combined with activation of low-density
lipoprotein receptor-related protein 6 (LRP6), prevents bone loss and markedly increases
the trabecular bone volume in murine systems, including 5TGM1-bearing models. Impor-
tantly, combined anti-LRP6/DKK1 strategies enhance bone mass by reducing osteoclast
number and surface area without promoting tumor growth, supporting their potential role
as niche-modifying adjuncts to cellular immunotherapy [71].

Given the niche dependence on angiogenesis, anti-vascular therapies may further
diminish stromal support and improve immune accessibility. Sorafenib, targeting rapidly
accelerated fibrosarcoma (RAF) and VEGFR-2, exhibits antimyeloma activity in vitro and
retains cytotoxic efficacy despite stromal interactions or exposure to pro-survival cytokines
(IL-6, VEGF, and IGF), with mechanisms including downregulation of MCL-1 and suppres-
sion of signal transducer and activator of transcription 3 (STAT3) and MEK/extracellular
signal-regulated kinase (ERK) signaling; synergy has been demonstrated with mammalian
target of rapamycin (mTOR) inhibitors, proteasome inhibitors, and corticosteroids, and
sorafenib also inhibits angiogenesis [72]. VEGF-targeting agents such as bevacizumab,
erlotinib, and apatinib are widely used in solid tumors, but have had limited application in
myeloma due to toxicity and resistance. Angiopoietin-2 (Ang2) is a mediator of neovascular
remodeling and resistance to VEGF-directed therapies; Ang2 inhibition, particularly com-
bined with chemotherapy, radiotherapy, or immunotherapy, has demonstrated enhanced
antitumor responses and may be a promising adjunct in myeloma [73].
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Restoring osteoblast activity is another anabolic strategy to reverse myeloma-induced
skeletal deterioration and disrupt niche-mediated tumor support. Carfilzomib promotes
osteoblast differentiation from mesenchymal stromal cells and suppresses osteoclast differ-
entiation through inhibition of RANKL-induced NF-κB signaling and downregulation of
alpha(v)beta(3) (αVβ3) integrin expression; these effects have been validated in healthy and
myeloma-bearing murine models [74]. Proteasome inhibitors as a class, particularly borte-
zomib, similarly inhibit RANKL-dependent osteoclastogenesis, while promoting osteoblast
differentiation and osteocyte survival, with clinical studies showing increased bone for-
mation markers, enhanced bone healing, and improved bone mineral density in myeloma
patients receiving proteasome inhibitor-based therapy [74]. Additional strategies targeting
the osteoclast–myeloma axis, including CCR2 blockade or inhibition of osteoclast-derived
growth factors such as IGF-1, offer mechanistically grounded approaches to weakening
marrow niche protection and enhancing responsiveness to immunotherapy [42] (Table 2).

4. Optimization, Safety, and Future Developments
4.1. Safety, Regulatory, and Biomarker Integration

Despite the clinical efficacy of CAR-T cell therapy in MM, treatment is frequently
accompanied by distinct toxicities that require careful safety monitoring; we require mea-
sures to regulate treatment-induced toxicity, including engineered CAR-T modification,
regulatory oversight, and biomarker-informed management.

Among acute CAR-T cell-intrinsic toxicities, CRS remains the most common and
clinically significant adverse event, typically arising within hours or days after infusion and
ranging from fever and hypotension to severe hypoxia, capillary leak, and life-threatening
multiorgan dysfunction (grade 1–4) [75]. In a cohort of 142 patients with relapsed or re-
fractory acute lymphoblastic leukemia, lymphoma, or MM who received lymphodepleting
chemotherapy, followed by CAR-T cell infusion, CRS occurred in 82%, 90%, and 90% of
these patients, respectively, with a fever observed at a median of 8.5 days post-infusion [76].
In MM, a high BM tumor burden has been identified as an independent risk factor for
CRS severity; prophylactic strategies, including premedication with tocilizumab prior to
CAR T cell or bispecific antibody administration, are under investigation, and management
remains severity-guided with supportive care and escalation to IL-6 receptor blockade
(tocilizumab) with or without corticosteroids for severe or life-threatening cases [75].

Immune effector cell-associated neurotoxicity syndrome (ICANS) is another major
acute toxicity that often occurs concurrently with or after CRS and includes manifestations
such as confusion, headache, tremor, ataxia, aphasia, seizures, coma, and cerebral edema [9].
In the CARTITUDE-1 trial, approximately 5% of patients treated with ciltacabtagene au-
toleucel experienced movement and neurocognitive treatment-emergent adverse events,
and implementation of mitigation strategies including enhanced bridging therapy to reduce
baseline tumor burden, early and aggressive treatment of CRS and ICANS, structured hand-
writing assessments for early detection, and neurotoxicity monitoring beyond 100 days
reduced the incidence from 5% to less than 1% [9].

Hematologic toxicities are common following CAR-T cell therapy. Acute cytopenias
occur early due to lymphodepleting chemotherapy and baseline marrow involvement, often
affecting multiple lineages and requiring transfusions, growth factor support, and infection
prophylaxis. Prolonged cytopenias persisting beyond 90 days are of particular concern,
have been associated with inferior outcomes, and may reflect complex inflammatory- and
immune-mediated mechanisms [77]. Delayed BM-targeted toxicities further contribute;
BCMA targeting on malignant plasma cells and normal B cells can result in prolonged
plasma cell aplasia, global immune suppression, and sustained marrow inflammation,
with humoral immune reconstitution delayed for over a year and vaccine responsiveness
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diminished, frequently necessitating immunoglobulin replacement therapy [78]. Grade 3 or
higher cytopenias lasting more than one month have been reported in 20–40% of patients,
with cytopenias beyond 90 days in approximately 33% of evaluable individuals; prolonged
neutropenia, anemia, and thrombocytopenia occur at rates of approximately 20%, 7%, and
10%, respectively [77].

Endothelial dysfunction has emerged as a unifying mechanism across early and de-
layed CAR-T cell-associated toxicities. CAR-T cell-driven inflammation can damage the
vascular endothelium and tumor stroma, contributing to CRS severity, thrombotic microan-
giopathy, and end-organ dysfunction [37]. Several early hematopoietic cell transplantation
(HCT)-related complications, including sinusoidal obstruction syndrome, engraftment
syndrome, capillary leak syndrome, transplant-associated thrombotic microangiopathy,
acute graft-versus-host disease-like manifestations, and vascular idiopathic pneumonia syn-
drome, similarly share endothelial injury as a central feature [79]. Delayed cytopenias may
present as intermittent, continuous, or de novo late-onset events from weeks to months after
apparent recovery and are strongly linked to persistent inflammation (elevated IL-6 and
TNF-α), compounded by prior lymphodepletion; these cytopenias increase risks of infec-
tion, bleeding, and transfusion dependence, and in severe or refractory cases, reinfusion of
banked autologous stem cells has facilitated hematologic recovery [80].

Additionally, CAR-T therapy, such as ciltacabtagene autoleucel, is associated with a very
significant increase in the risk of life-threatening infection. It is also associated with rare side
effects such as Parkinsonism, Guillain–Barre syndrome, secondary hematological malignan-
cies, and immune effector cell-associated enterocolitis (IEC-EC), a lymphocytic infiltration in
the GI tract that can cause fatal or significant long-term gastrointestinal symptoms.

To reduce toxicity while preserving antitumor efficacy, multiple engineering ap-
proaches have been incorporated into next-generation CAR platforms. Suicide switches
enable rapid elimination of CAR-T cells during uncontrollable toxicity, including herpes
simplex virus thymidine kinase (HSV-TK), inducible caspase 9 (iCasp9), and antibody-
mediated depletion, though these irreversibly terminate therapy and limit broader ap-
plicability [81]. Logic-gated CAR circuits offer more selective control through Boolean
logic (“AND,” “OR,” “NOT,” and “IF–THEN”) to constrain activation to defined antigen
combinations or microenvironmental conditions, thereby limiting the off-tumor effects;
computational modeling has supported rational circuit design to localize activity with
greater precision [81,82].

Transient messenger ribonucleic acid (mRNA)-based CAR-T cell platforms provide an
additional safety strategy by enabling temporary CAR expression without permanent ge-
nomic modification. In contrast to viral vector-based approaches with sustained expression
and expansion, mRNA CAR expression degrades within 7–10 days, enabling controlled,
titratable dosing to balance efficacy with toxicity mitigation; this non-viral strategy offers
improved safety, reduced CRS risk, and potential for cost-effective, off-the-shelf products.
The preclinical data and early clinical results from the Descartes-08 trial (NCT03448978)
in relapsed/refractory MM demonstrated durable responses with a favorable therapeutic
index, supporting subsequent trials of optimized constructs such as Descartes-11 in newly
diagnosed MM with residual disease after induction therapy [83,84]. Regulated cytokine-
release strategies similarly aim to address CRS by modulating CAR-T cell inflammatory
signaling; while cytokine blockade (e.g., anakinra and tocilizumab) can manage severe
CRS and ICANS, excessive suppression may attenuate efficacy, underscoring the need for
balanced immune modulation [85,86].

From a regulatory perspective, close monitoring of hematopoietic recovery after CAR-
T cell therapy is essential. Although cytopenias are common, recent studies indicate that
more than 80% of patients recover adequate hemoglobin, platelet, and absolute neutrophil
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counts by three months, with gradual normalization of approximately 15% by three months
and 60% by nine months [87]. Regulatory considerations also include documenting off-
target stromal and endothelial effects, as shared antigen expression (e.g., BCMA, CD19,
mucin 1 (MUC1), and CD38) on BM stromal or endothelial cells may contribute to tissue
injury beyond CRS-mediated mechanisms [87].

Biomarker integration is increasingly central for predicting response, monitoring
toxicity, and clarifying relapse mechanisms in MM CAR-T cell therapy. Peripheral blood
markers such as the absolute lymphocyte count at day +14 correlate with progression-free
survival, soluble BCMA provides a dynamic serum marker of tumor burden and relapse,
and cytokine profiling (IL-6, IFN-γ, and TNF-α) supports early CRS and neurotoxicity
detection and grading. Flow cytometry remains essential for assessing residual disease
and CAR persistence, with peak CAR expansion typically around day 7 post-infusion.
Serial marrow aspirates, complemented by approaches such as spatial transcriptomics,
further enable characterization of the microenvironment and identification of stromal-
driven mechanisms of CAR dysfunction and resistance [14,49].

4.2. Strategies to Broaden and Optimize CAR-T Use

Optimization of CAR design remains a major focus for improving durability and
safety. Ongoing research is underway to develop strategies to broaden and optimize CAR-T
use through earlier deployment of this therapy, ongoing engineering efforts for safety and
efficacy, and expanding accessibility.

An increasing body of evidence supports deploying CAR-T cell therapy earlier in
the MM treatment course, including as consolidation after first relapse or autologous
transplantation in high-risk populations. The CARTITUDE-4 phase 3 study demonstrated
ciltacabtagene autoleucel significantly prolonged progression-free survival compared to
standard therapies in patients with from one to three prior lines of treatment. Notably,
among standard-risk patients who received ciltacabtagene autoleucel as early as the second
line of therapy, a remarkable 80% remained progression-free and off treatment at 30 months.

Earlier line use leverages superior T cell fitness before extensive treatment-related
exhaustion, improving expansion, persistence, and measurable residual disease clearance;
these advantages are reinforced by lower tumor burden at earlier stages and translate
into more durable responses than later-line settings. Patients with high-risk cytogenetics
(e.g., t(4;14) and del(17p)) and those who relapse within 12 months of autologous trans-
plantation may be especially appropriate candidates, given associations with immune-
response-free marrow phenotypes and poor outcomes with conventional therapies [88–90].

Broader implementation also depends on scalable manufacturing and real-time safety
monitoring. Automated closed-system platforms (e.g., CliniMACS Prodigy and Lonza
Cocoon) are reducing variability and supporting decentralized production, while Gracell
Biologics boasts a 1–3 day turnaround time with their FasT-CAR platform. In parallel,
allogeneic off-the-shelf products and non-viral gene transfer systems (e.g., Sleeping Beauty
and CRISPR-Cas9) may improve accessibility and reduce costs. Real-time biomarker
monitoring remains central for toxicity management, with inflammatory cytokines (IL-6,
IL-8, and IFN-γ) and endothelial activation markers (Ang2 and von Willebrand factor)
serving as early indicators of severe CRS and neurotoxicity. Integration of high-throughput
sequencing for minimal residual disease assessment and non-invasive imaging to track
CAR biodistribution further supports individualized strategies to improve safety, scalability,
and overall therapeutic impact in MM [50,91–94].

Next-generation constructs increasingly incorporate 4-1BB (CD137) costimulatory
domains that favor long-lived stem cell memory differentiation and mitochondrial fitness,
whereas CD28-based designs drive rapid effector differentiation with shorter persistence.
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Manufacturing strategies that incorporate homeostatic cytokines such as interleukin-15
help preserve less-differentiated phenotypes by limiting mTOR complex 1 (C1) activity
and reducing exhaustion marker expression. Additional engineering approaches aim
to mitigate CRS through tuning CAR signaling strength via hinge and transmembrane
modifications or by incorporating inducible safety switches such as iCasp9. Clinically, early
IL-6 receptor blockade with tocilizumab has been effective for CRS management without
compromising long-term outcomes and supports movement toward outpatient-compatible
CAR-T cell delivery [95–98].

4.3. New Developments in T Cell Redirection and CAR-T Therapy

Emerging monoclonal antibody therapies are integrating a bispecific antigen T cell
redirection (TCR) strategy which competes in the space of CAR-T therapies. These new
agents, including Teclistamab, Talquetamab, and Elranatamab, use a dual-binding action
toward CD3 antigens on T cells and BCMA or GPRC5D antigens on MM cells to serve as a
bridge connecting native T cells with MM cells to increase proximity and enhance T cell
activation. These off-the-shelf therapies were studied in heavily treated RRMM, with ORR
as high as 73% and sCR + CR as high as 32% and with significantly reduced incidences of
grade III CRS and ICANS. During the 2025 ASH Annual Meeting, the preliminary findings
from the MagnetisMM-30 trial (n-22) showed Elranatamab plus iberdomide was announced
to have a 95.5% ORR in patients with BCMA-naive RRMM, while demonstrating no
incidence of grade ≥3 CRS or ICANS. The toxicity profile of erlanatamab plus iberdomide
demonstrated TEAEs occurred in all the patients, and 86.4% of cases were grade 3 or 4 in
severity, mostly consisting of cytopenias and two occurrences (9%) of grade 3 infections [99].
This class of drugs is promising on its own and have the capacity to be studied as an adjunct
to multiple modes of therapies in the future, including CAR-T.

Looking ahead in CAR-T therapy, there is considerable anticipation regarding ani-
tocabtagene autoleucel, which is expected to have fewer side effects, while maintaining
or exceeding the efficacy of ciltacabtagene autoleucel. Anitocabtagene is an anti-BCMA
CAR-T cell therapy that utilizes a synthetic D-domain binder. The phase 1 data showed
significant response rates with an ORR of 100% and a CRR of 76%. In addition to this
phenomenal response, the safety profile showed remarkable safety profiles with no CRS of
grade ≥3 and only one patient with grade 3 ICANS [100,101].

Furthermore, Gc012F/AzD0120, a BCMA/CD19 dual-targeted CAR-T therapy holds
promise for improved efficacy and safety, but is still in the early stages of clinical trials. The
existing data has shown a similarly astounding 100% overall response and a 62.5% rate of
complete responses or better when used as a first-line therapy for elderly patients >70 with an
Eastern Cooperative Oncology Group Performance Status (ECOG) < 3 and newly diagnosed
MM. The safety profile demonstrated great tolerability with a few grade ≥ 3 CRS patients
and only with patients with up to grade 2 ICANS. Though no large population study data is
available currently, the study introduces prospects for CAR-T treatment for elderly patients
who may have otherwise been excluded [102]. Similarly, in patients with heavily treated
RRMM, preliminary results from the DURGA-1 trial (n-25) showed an ORR of 100% and a
CR of 30–40% (dose-dependant), with an incredible safety profile with grade ≥3 AEs mostly
involving cytopenias, no cases of grade ≥ 3 CRS, and no cases of ICANS, related non-ICANS
neurotoxicity, IEC-colitis, or secondary primary malignancies reported.

As these therapies are refined in targeting and safety, future directions in myeloma
treatment may encompass allogeneic CAR-T cell therapies and in vivo CAR-T cell genera-
tion, which could further enhance the treatment options and curative outcomes (Table 3).
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Table 3. Comparison of CAR-T therapy outcomes and adverse events. Results from original phase
1/2 trials demonstrate efficacy and adverse effects of CAR-T and bispecific T cell engager(BiTE)
therapies in RRMM evaluating MOA mechanism of action and rates of ORR objective response,
≥ CR-complete remission + strict complete remission, grade ≥ 3 cytopenias, CRS-cytokine release
syndrome, ICANS-immune effector cell-associated neurotoxicity syndrome, and grade ≥ 3 infections.
‡ Pooled data from three arms of MonumenTal-1 trial including two T cell redirection-naive dose
dependent arms, and 3rd arm including patients exposed to prior T cell redirection therapy showing
minimal variability between arms.

Therapy MOA ORR,
%

≥CR,
% Cytopenias Grade ≥ 3, % CRS, % ICANS, %

Infections
Grade ≥
3, %

Anitocabtagene
autoleucel
[101,103]

CAR-T
BCMA 100 79

Neutropenia 71 Total 95 Total 18

9
Anemia 26 Grade I 47 Grade I 8

Thrombocytopenia 28
Grade II 45 Grade II 5
Grade III 3 Grade III 3

GC012F/
AZD0120
[104,105]

CAR-T
BCMA/CD19 100 30–40

Neutropenia 52 Total 64

Total 0 20
Anemia 0 Grade I 75

Thrombocytopenia 0
Grade II 0
Grade III 0

Teclistamab
[106]

Bispecific Ab
BCMA/CD3 63 39

Neutropenia 64 Total 72
Grade
I/II 3 45

Anemia 37 Grade I 50

Thrombocytopenia 21
Grade II 21
Grade III <1

Talquetamab
[107,108]

Bispecific Ab
GPRC5D/CD3

71 ‡ 38 ‡

Neutropenia 30 ‡ Total 76 ‡ Total 9 ‡

21 ‡Anemia 29 Grade I 57 Grade I 3

Thrombocytopenia 21
Grade II 17 Grade II 4

Grade III 1 Grade
III/IV 2

Elranatamab
[109]

Bispecific Ab
BCMA/CD3 64 38

Neutropenia 51 Total 66.7
Total 3

27
Anemia 49 Grade I 33

Thrombocytopenia 31
Grade II 33 Grade

III/IV <1Grade
III/IV 0

5. Conclusions
BCMA-directed CAR T Cell therapy has dramatically altered the course of multiple

myeloma for those who previously had limited options. Despite these advances, CAR
T therapy has a way to go as relapse still remains a significant challenge. This review
highlights that CAR T failure is due to multiple factors as discussed, including intrinsic T
cell limitations (exhaustion, impaired persistence, and differentiation state), along with ex-
trinsic factors (BM niche, antigen density, immunosuppression, adhesion and extracellular
network matrix barriers, etc.).

The emerging strategies are aimed at overcoming these barriers. This review demon-
strates that to overcome these challenges will require a multifaceted approach that will
need to be individualized to the patient. Advances in CAR-T design (dual-target constructs,
synthetic binders, transient MRNA platforms, and logic gated/armored CAR T designs)
have been shown to improve resilience, reduce toxicity, and allow for remodeling of the
tumor niche. Niche disruptive strategies targeting the CXCL12/CXCR4 axis enhance tumor
accessibility and homing to the BM. Additional immunotherapies reprogram the microen-
vironment by means of cytokine secreting CAR-T cells, checkpoint inhibitors, and TGF-B
or STING pathway modulation.

Equally significant is the integration of biomarker-guided monitoring to predict re-
sponses, detect early relapses, and manage toxicity. Soluble BCMA, cytokine profiling,
immune phenotyping, and spatial analyses of the marrow microenvironment provide
insight that can inform patient selection, timing of the therapy, and combination strategies.
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As CAR T therapy is started earlier in the disease course, the potential for long-term disease
control becomes more realistic.

In summary, CAR-T therapy represents a groundbreaking, but still evolving modality
for multiple myeloma treatment. Future progress will depend on a multifaceted approach in
cellular engineering, microenvironmental modulation, safety optimization, and accessibility.
By directly addressing the biological complexity of the disease process, next-generation
CAR-T strategies have the potential to allow for remission and redefine long-term outcomes
for patients with this historically incurable disease.
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BAFF B cell activating factor
BATF Basic leucine zipper ATF-like transcription factor
BCL2 B cell lymphoma 2
BCMA B cell maturation antigen
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BMME Bone marrow microenvironment
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CAF Cancer associated fibroblasts
CAM-DR Cell adhesion mediated drug resistance
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CAT-2B Cationic amino acid transporter 2B
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CR Complete response
CRS Cytokine release syndrome
CX3CR1 C-X-3C motif chemokine receptor 1
CXCL C-X-C motif chemokine ligand
CXCR C-X-C motif chemokine receptor
DKK1 Dickkopf-1
DMXAA 5,6-dimethylxanthenone-4-acetic acid
DoR Duration of response
ECM Extracellular matrix
ECOG Eastern Cooperative Oncology Group Performance Status
ERK Extracellular signal-regulated kinase
FAP Fibroblast activating protein
FcRH5 Fc receptor-homolog 5
GAL9 Galectin-9
GPRC5D G protein-coupled receptor class C group 5 member D
HCT Hematopoietic cell transplantation
HPSE Heparanase
HR High risk
HSV-TK Herpes simplex virus thymidine kinase
ICANS Immune effector cell-associated neurotoxicity syndrome
iCasp9 Inducible caspase 9
IEC-EC Immune Effector Cell-associated Enterocolitis
IFN-γ Interferon gamma
IGF-1 Insulin-like growth factor-1
IgG2 Immunoglobulin G2
IKZF Ikaros zinc finger
IL-* Interleukin
IMiD Immunomodulatory drug
LRP6 Low-density lipoprotein receptor-related protein 6
M1 Type 1 macrophage
M2 Type 2 macrophage
MAPK/MEK Mitogen-activated protein kinase
MARCH5 Membrane-associated ring-CH-type finger 5
MCL1 Myeloid cell leukemia 1
MDSC Myeloid derived suppressor cells
MM Multiple Myeloma
MMP-9 Matrix metalloproteinase-9
MOA Mechanism of action
mRNA Messenger ribonucleic acid
mTOR Mammalian target of rapamycin
MUC1 Mucin 1
NDMM Newly diagnosed multiple myeloma
NF-κB Nuclear factor kappa B
NFAT Nuclear factor of activated T cells
NK Natural killer
NO Nitric oxide
OPG Osteoprotegerin
ORR Overall response rate
PD-1 Programmed cell death protein 1
PD-L Programmed death ligand
PEGPH20 Pegylated recombinant human hyaluronidase
pERK Protein kinase RNA-like endoplasmic reticulum kinase
PFS Progression free survival
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PI3K Phosphoinositide 3-kinase
PKCθ Protein kinase C theta
PU. Purine-rich box
RAF Rapidly accelerated fibrosarcoma
RANKL Receptor activator of nuclear factor kappa-B ligand
ROS Reactive oxygen species
RRMM Relapsed and refractor multiple myeloma
SEMA4A Semaphorin 4A
SLAMF7 Signaling lymphatic activation molecule family member 7
STAT3 Signal transducer and activator of transcription 3
STING Stimulator of interferon genes
TACI transmembrane activator and CAML interactor
TAM Tumor associated macrophages
TCR T cell receptor
TGF-β Transforming growth factor beta
TH1 T-helper type 1
TIM-3 T cell immunoglobulin and mucin domain 3
TME Tumor microenvironment
TNFα Tumor necrosis factor alpha
TP53 Tumor protein p53
Treg Regulatory T cell
VCAM-1 Vascular cell adhesion molecule 1
VEGF Vascular endothelial growth factor
VLA-4 Very late antigen-4
Wnt Wingless
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