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As pioneering immunotherapy approaches, chimeric antigen receptor T cell (CAR-T) and natural killer
cell (CAR-NK) therapies have shown notable clinical effectiveness when addressing different kinds of
hematologic malignancies. For example, the application and efficacy of CAR-T cell therapy in acute
lymphocytic leukemia, large B cell lymphoma, mantle cell lymphoma, and multiple myeloma have been
widely recognized. In addition, the safety and feasibility of CAR-NK therapy when used to treat refractory/
recurrent large B cell lymphoma have been verified. In particular, CD19-targeted CAR-T cell therapy has
achieved marked efficacy and breakthrough progress in treating relapsed and refractory B cell leukemia
and lymphoma. Although CAR-T cell therapy has achieved significant effectiveness in treating these
diseases, patients still face challenges, including primary resistance and secondary recurrence after
treatment. The complex mechanisms of resistance and recurrence involve multiple factors, such as target
cells, CAR cell characteristics, and immune suppression conditions. This review examines resistance and
recurrence mechanisms in CAR-T and CAR-NK therapies while exploring current therapeutic strategies
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and future research directions.

Introduction

Chimeric antigen receptor (CAR) T cell therapy stands as a
revolutionary cancer immunotherapy approach. Through genetic
engineering techniques, T cells are modified to acquire the
unique ability to precisely recognize and target specific antigens,
thereby attacking target cells. When a CAR binds to a target
antigen, it rapidly activates immune cells that carry the receptor,
prompting them to release toxins to kill abnormal cells and
secrete signaling molecules to recruit other immune compo-
nents to participate in the response while supporting their own
proliferation [1]. While the success of CAR-T cells in hemato-
logic malignancies and solid tumors is well-established, their
application is now expanding into areas such as autoimmune
diseases (AIDs), where they enable the profound and sustained
depletion of pathogenic B cells [2]. However, CAR-T cell ther-
apy still faces challenges, including severe side effects, a long
preparation cycle, high costs, and limited efficacy for solid
tumors [3]. These limitations have spurred the development of
alternative cellular platforms, most notably chimeric antigen
receptor natural killer (CAR-NK) cells [4]. CAR-NK cells offer
anumber of advantages, including inherent antitumor activity,
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being unrestricted by the major histocompatibility complex
(MHC), a lower risk of cytokine release syndrome (CRS)
and immune effector cell-associated neurotoxicity syndrome
(ICANS), a wide range of sources, and a certain degree of toler-
ance to the tumor microenvironment (TME) [5]. They also have
the potential to be used to develop “off-the-shelf” therapies and
may have broader application prospects in treating various dis-
eases. Presently, multiple clinical investigations are underway.
In a phase III study (NCT03391466) of ZUMA-7, the median
follow-up was 47.2 months, and the event-free survival (EFS)
and overall survival (OS) rates of the axicabtagene ciloleucel
(axi-cel) group were significantly better than those of the stan-
dard salvage chemotherapy and transplantation groups [6].
Despite these advances, therapeutic durability remains a para-
mount concern. The increasing long-term follow-up data reveal
a sobering reality: A substantial proportion of patients eventu-
ally relapse with either antigen-positive or antigen-negative
disease. Consequently, understanding and overcoming the
multifaceted mechanisms of resistance has become the central
challenge in the field.

This article systematically summarizes the mechanisms and
corresponding strategies of resistance to CAR-T and CAR-NK
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cell therapies, covering 3 key aspects: target cell factors, CAR-T
cell factors, and immunosuppressive environment-related fac-
tors, aiming to chart a path toward more potent and durable
cellular immunotherapies.

Current Status of CAR-T and
CAR-NK Cell Therapy

Biological Basis of CAR-T/CAR-NK Cells

The CAR molecule is an artificially designed transmembrane
protein whose structure has undergone 5 generations of evolution
since its initial proposal (Fig. 1). The current fifth-generation
CAR structure comprises 5 key functional domains: the
single-chain variable fragment (scFv), the transmembrane
domain, a costimulatory molecule such as CD28 or 4-1BB, the
CD3( signaling domain, and the cytokine receptor signaling
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domain [7]. This synthetic construct enables MHC-independent
recognition and elimination of target cells, fundamentally dis-
tinguishing CAR-mediated killing from conventional T cell
immunity.

When translated to NK cells, this CAR-mediated specific
recognition synergizes with nonspecific recognition of the
natural receptor system in NK cells, creating a dual-targeting
system that bolsters both the efficiency and reliability of target
cell killing [8,9]. Furthermore, the inherent biology of NK cells
confers superior safety profiles for allogeneic applications. Since
NK cells do not express a functional T cell receptor (TCR) and
their activation remains MHC-independent, the risk of graft-
versus-host disease (GvHD) is substantially lower. The ongoing
refinement of CAR signaling cassettes thus remains a corner-
stone in the development of more robust and predictable cel-
lular products.
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Fig. 1. Five generations of the CAR structure. This diagram illustrates the structural progression of chimeric antigen receptors (CARs) across 5 generations, noting key
components and their functional improvements. scFv, single-chain variable fragment; DAP10/DAP12, DNAX activation protein of 10/12 kDa (signaling adaptors in NK cells);
NKG2D, natural killer group 2, member D (an activating receptor often used in CAR-NK designs); CM1/CM2, costimulatory module 1/2 (signifying different CMs). Created in

https://BioRender.com.
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Clinical data on drug resistance and relapse

The clinical success of CAR-T and CAR-NK therapies in hema-
tological malignancies is invariably shadowed by the challenges
of drug resistance and disease relapse, which manifest through
2 primary temporal and mechanistic patterns. Antigen-negative
relapse refers to the recurrence of the disease state where target
antigen expression has been lost or down-regulated. This type
of recurrence is associated with changes in target cells and is
more characteristic of late recurrence after CAR-T cell infusion.
Antigen-positive relapse usually occurs early during the initial
months following the successful establishment of remission and
is usually linked to limited CAR-T cell persistence, indicating a
lack of continuous CAR-T cell monitoring [10]. CAR-T and
CAR-NK cell therapy has shown great therapeutic potential in
various hematological tumors but is accompanied by drug resis-
tance and recurrence (Table 1). CD19, the most widely used
CAR-T cell target in B cell malignancies, has shown high remis-
sion rates in clinical trials. However, tumor cells often evade
treatment through decreased or absent CD19 expression and
subsequent relapse. Approximately 30% to 50% of patients
develop resistance to CD19-targeted treatment within 12 months
after CD19-targeted therapy, and this resistance pattern extends
to other targets, including CD22 and BCMA [11]. CAR-NK cell
therapy has demonstrated substantial efficacy in hematological
malignancies, yet relapse and resistance persist as key clinical
challenges that hinder long-term treatment success. For autoim-
mune diseases, the duration of drug-free remission following
CAR-T cell therapy remains to be determined, and longer fol-
low-up and clinical evidence are needed [12]. These observations
collectively underscore that overcoming relapse requires a multi-
pronged strategy targeting both the resilience of the target cell
and the longevity of the therapeutic cell.

Mechanism of Resistance and Recurrence

Target cell factors

Antigenic escape and target cell heterogeneity

Target cell factors are considered the most common mecha-
nisms for disease recurrence. Tumor cells down-regulate or
entirely eliminate the surface presentation of target antigens
through various mechanisms, including antigen gene mutation,
alternative splicing, epitope masking, trogocytosis, and lineage
switching, thereby preventing CAR-T cells from recognizing
and attacking them (Fig. 2) [13]. Here, we delve into a compre-
hensive analysis of pertinent factors, ranging from molecular
mechanisms and cellular interactions to population dynamics
and functional adaptations.

At the molecular level, sustained immunologic pressure from
single-target therapies drives multiple antigen escape mecha-
nisms, which is essentially a manifestation of co-evolution
between CAR cells and target cells under Darwinian selection
pressure. In CD19-targeting CAR-T cell therapy for B cell acute
lymphocytic leukemia (B-ALL), persistent single-target immu-
notherapy may induce selection pressure that triggers CD19 gene
mutations, leading to reduced or absent surface expression
[14,15]. The inherent genomic instability and alternative splicing
mechanism of tumor cells increase the frequency of antigen
mutations, which in turn leads to the down-regulation of antigens
and the appearance of neoantigens, hindering CAR-T cell recog-
nition. Beyond genetic alterations, antigen redistribution, refer-
ring to the process of antigen transfer from the cell membrane
surface to a different subcellular location, has been confirmed as
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a potential mechanism for reducing target antigen expression
[13]. In addition, tumor cells achieve epitope masking by down-
regulating or losing CD19 antigen expression, thereby protecting
themselves from CAR-T cell recognition and attack. Ruella et al.
[16] documented this epitope masking phenomenon in B-ALL
patients receiving CD19 CAR-T cell therapy. CAR genes are
transferred accidentally to leukemia cells during manufacturing
and express proteins that block CD19 epitopes, leading to
immune escape and drug resistance.

For cellular interactions, trogocytosis involves membrane frag-
mentation and bidirectional molecular interaction exchange
between CAR-T cells and target cells, leading to reversible antigen
loss and antigen transfer to CAR-T cells [17]. This membrane
transfer mechanism induces self-elimination in CAR-T cells,
reducing the activity and function of T cells [18]. Recent researches
have revealed that through trogocytosis tumor cells acquire CAR
molecules from CAR-T cells, resulting in CAR depletion, subse-
quent CAR-T cell dysfunction, short-term antigen loss, and epi-
tope masking [19]. These phenomena may similarly interfere with
autoimmune diseases [17]. While less characterized in CAR-NK
biology, trogocytosis likely represents a conserved resistance
mechanism across cellular immunotherapy platforms.

At the cellular level, tumors demonstrate remarkable phe-
notypic plasticity through lineage switching, which refers to
the transformation of tumor cells from their original lineage
to a new lineage under intense immunological selection pres-
sure. The most common transformation is from B-ALL to acute
myeloid leukemia (AML). Persistent CD19 CAR-T cell immune
pressure can induce lineage switching, leading to drug resis-
tance [20]. In addition, a retrospective study revealed that 17
patients (23%) with B-ALL transferred to mixed phenotypic
acute leukemia (MPAL)/acute leukemias of ambiguous lineage
(ALAL) and highlighted that lineage switching rapidly emerges
after immunotherapy [21]. Such transformations underscore
the limitations of therapies targeting differentiation antigens
without addressing underlying oncogenic drivers.

Owing to genetic variations, environmental differences, and
reversible changes in cellular characteristics, target cells exhibit
phenotypic and functional heterogeneity, particularly in solid
tumors [22]. This provides an “evolutionary reserve” for tumor
cells to resist CAR-T therapy under Darwinian selection pressure.
Among these target cells, there may be preexisting clones with
low or no target antigen expression, which are initially in the
minority. However, under the continuous selection pressure of
CAR cells, antigen-positive dominant clones are effectively elimi-
nated, while these antigen-negative minor clones are rapidly
amplified and become the main population of residual tumors,
ultimately leading to disease recurrence [23]. This reflects co-
evolution between target and CAR cells: Therapeutic cells reshape
tumor populations via selection, while tumors adapt through
clonal evolution to form a dynamic confrontation. In AID ther-
apy, CD19 CAR-T cells mainly target B cells but have a limited
effect on long-lived plasma cells (LLPCs) with negative or low
expression of CD19, potentially leading to disease relapse [24].
Therefore, single-target CAR-T cells cannot recognize and attack
all target cells. Excessive load can lead to the inability to clear all
target cells, but in autoimmune diseases, the B cell load is signifi-
cantly reduced compared to tumor patients, leading to the swift
clearance of antigen-positive cells [12]. Collectively, these mecha-
nisms highlight that overcoming target cell-mediated resistance
requires addressing both the dynamic adaptability of individual
cells and the complex architecture of cell populations.
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Dysregulated signaling and apoptotic pathways

Beyond antigenic escape, tumor cells develop resistance by evad-
ing the core cytotoxic mechanisms of CAR-T cells, which execute
killing primarily through the perforin/granzyme pathway, death
receptor signaling [e.g., FAS, tumor necrosis factor receptor 1
(TNF-R1), and TRAIL and/or its death receptors (TRAIL-R1/2),
and cytokine-mediated pathways like interferon-y (IFN-y) [25].
A pivotal resistance mechanism is the constitutive activation of
intrinsic pro-survival and anti-apoptotic signaling within tumor
cells. The up-regulation of proteins such as BCL-2 and MCL-1
elevates the threshold for mitochondrial apoptosis, rendering
tumor cells resistant to CAR-T cell-induced death. This is clinically
significant, as high MCL-1 expression in multiple myeloma (MM)
has been shown to directly limit the efficacy of anti-BCMA CAR
T cells [26]. Concurrently, impaired death receptor signaling can
cripple this extrinsic apoptotic pathway, leading to progressive
CAR-T cell dysfunction [25].

Emerging evidence highlights the role of cellular homeostasis
pathways like autophagy in facilitating evasion. In B cell leukemia
and lymphoma models, pharmacological inhibition of autophagy
or knockout of the key gene RB1CCI significantly sensitized
tumor cells to CD19 CAR-T cell killing [27]. This study revealed
that cancer-intrinsic autophagy mediates resistance by suppress-
ing TNF-a-TNF-R1-mediated apoptosis and modulating STAT1/
IRF1-induced chemokine signaling. Other critical pathways fur-
ther contribute to this resilient phenotype. Activation of nuclear
factor kB (NF-kB) and phosphatidylinositol 3-kinase (PI3K) sig-
naling promotes cell survival and resistance to apoptosis, while
stabilization of -catenin helps maintain a stem-like state associ-
ated with therapy resistance and tumorigenicity. Collectively, these
interconnected signaling networks, spanning apoptosis regula-
tion, metabolic adaptation, and stemness maintenance, form a
robust shield against immune attack. Therefore, co-targeting these
fundamental oncogenic pathways represents a promising strategy
to resensitize refractory tumors to CAR-T cell therapy.

CAR-T factors

Limitations rooted in the CAR-T cells are associated with the
function, persistence, and adaptability of CAR-T cells and often
trigger early antigen-positive relapse (Fig. 3). Certain aspects
of vector design may impact gene transfer efficiency, which may
also affect functional capability of the ultimately manufactured
CAR-T cell product.

Function exhaustion
A central barrier to durable efficacy is T cell exhaustion, a hypo-
functional state precipitated by chronic antigen exposure [28].
Under persistent antigen stimulation, T cells display reduced
proliferation capacity, diminished effector functions, and the
overexpression of various inhibitory receptors. Inhibitory recep-
tors, such as programmed cell death protein-1 (PD-1), mucin
domain-containing protein-3 (TIM-3), and lymphocyte-activated
gene-3 (LAG-3), are up-regulated, and the secretion of effector
cytokines (such as IFN-y, TNF-a, and IL-2) is decreased [29].
Continuous antigen stimulation causes epigenetic repro-
gramming of CAR-T cells, leading to an exhausted state that is
largely irreversible, even after antigen removal [30]. Beyond
persistent antigen exposure, the development of exhaustion in
both endogenous and CAR T cells is coordinated through
chronic inflammatory signals and microenvironmental stress-
ors. Factors including hypoxia-inducible factor-1a (HIF-1ar),
vascular endothelial growth factor (VEGEF), and transforming
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Fig. 2. Target cell factors influencing resistance and recurrence mechanisms. This diagram outlines 7 mechanisms of antigenic escape, a process through which target cells
evade immune detection. (1) Gene mutations or splicing mutations: Changes in the genetic code or mRNA processing that impact the target antigen. (2) Antigen redistribution:
The internalization or shedding of the target antigen from the cell surface. (3) Epitope masking: The physical obstruction of the antigenic epitope by other molecules.
(4) Trogocytosis: Trogocytosis involves the transfer of the target antigen from the tumor cell to the immune cell, making both the tumor cell undetectable and potentially
causing immune cell fratricide. (5) Lineage switch: A shift in the cell's differentiation state results in the loss of the original lineage-specific target antigen. (6) Target cell load:
The quantity or density of target antigens, which can affect therapeutic efficacy. (7) Variability in antigen expression, including low or absent expression among a population
of target cells. (8) Dysregulated signaling pathways: Activation of pro-survival/anti-apoptotic signals (e.g., BCL-2 and MCL-1) and autophagy confer resistance to immune

cell-induced death. Created in https://BioRender.com.

growth factor-p (TGF-p) synergistically contribute to the estab-
lishment of this dysfunctional state, further hindering treat-
ment effectiveness [31].

This convergence of signals establishes exhaustion not
merely as a transient dysfunction but as a fixed cellular fate that
severely impairs long-term disease control, necessitating strate-
gies that simultaneously target multiple signaling pathways to
achieve durable reversal.

Insufficient persistence and poor differentiation status

The transient lifespan of CAR-T cells in vivo, marked by a rapid
expansion phase followed by a precipitous decline, fundamen-
tally limits their ability to prevent relapse [32]. Patient-derived
T cells, especially after multiple therapies, exhibit shorter telo-
meres and limited proliferative potential, making them more
prone to terminal differentiation and resulting in insufficient
persistence in the body. Additionally, research has shown that
that CAR-T cell loss is attributed to CD8* T cell immunity

Wang et al. 2026 | https://doi.org/10.34133/research.1068

against CAR transgenes, while the antigenicity of mouse-derived
scFvs may reduce CAR-T cell persistence [33]. The persistence
and memory phenotype of CAR-T cells prove critical for the
immune response. The abundance of early-lineage cells, such as
naive T cells and stem memory T cells, is critical for the prolifera-
tion ability and long-term efficacy of CAR-T cells. Additionally,
different phenotypic subpopulations of CD4" and CD8" T cells
exhibit varying proliferative potentials and lifespans, and a bal-
anced CD4/CD8 CAR T cell ratio of 1:1 can enhance antitumor
activity [34]. Clinical studies have shown that exhausted CD4*
CAR-T cells are correlated with early disease recurrence and
express cytotoxic and exhaustion markers [35]. Thus, the initial
differentiation state and cellular composition of the product are
key determinants of its in vivo destiny.

Restricted cell transport and infiltration
While CAR-T cells readily access circulating tumor cells in hema-
tologic malignancies, their efficacy in solid tumors is critically
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hampered by failed delivery. In solid tumors where abnormal
blood vessel networks and extracellular matrix (ECM) barri-
ers exist, infused CAR-T cells fail to effectively migrate and
infiltrate tumor sites, thereby preventing their capacity to
recognize and eliminate cancer cells. In addition, mismatched
chemokine-chemokine receptor pairs provide another mech-
anistic explanation for the insufficient recruitment of CAR-T
cells into tumors [36]. Consequently, even potent CAR-T cells
remain ineffective if they cannot physically localize to the
tumor site.

CAR structural design and genome instability

The differentiation, metabolism, and persistence of T cells are
profoundly influenced by structural design, particularly the selec-
tion of costimulatory domains (CMs). Preclinical research indi-
cates that the CD28 CM usually endows T cells with preferential
glycolytic metabolism and enhances the expansion ability of
CAR-T cells, whereas the 4-1BB CM tends to maintain mitochon-
drial adaptability and promote memory cell differentiation and
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long-term persistence [37,38]. Vector insertion mutations are not
only problems leading to drug resistance and relapse but also
safety issues. Genome engineering strategies utilizing CRISPR/
Cas9 for CAR cell production may introduce unexpected and
irreversible genomic changes in the product cells [39]. Therefore,
the pursuit of next-generation CARs must balance optimized
signaling with ensuring genomic fidelity.

Factors related to the immunosuppressive

environment

The TME represents a major biological barrier to CAR-T cell
efficacy, particularly in solid tumors. This complex environ-
ment consists of immunosuppressive cells, inhibitory cytokines,
metabolic barriers, a dense ECM, and cancer-associated fibro-
blasts (CAFs). This severely prevents CAR-T cells from entering
tumor lesions, achieving effective activation, and maintaining
sustained functionality (Fig. 4). Consequently, this constitutes
a critical bottleneck that substantially restricts the effectiveness
of CAR-T therapies against solid malignancies [40,41].
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Immunosuppressive cells

Myeloid-derived suppressor cells (MDSCs), regulatory T cells
(Tregs), and tumor-associated macrophages (TAMs, especially
M2 macrophages) accumulate in large quantities in the TME
and directly impede the activity and effectiveness of CAR-T
cells through the secretion of inhibitory factors. Recent studies
have revealed that cholesterol efflux from M2 macrophages
suppresses CAR-T cell cytotoxicity by inducing immunosup-
pression in CD8" T cells, ultimately driving them toward func-
tional exhaustion [42]. This highlights how the metabolic
programming of stromal cells can directly dictate CAR-T cell
fitness.

Immunosuppressive cytokines and immune checkpoints

Beyond cellular interactions, the TME is saturated with immuno-
suppressive cytokines such as TGF-B, IL-10, and IL-4, which
directly impair T cell activation and effector functions. Concurrently,
tumors exploit multiple immune checkpoint pathways, including
PD-1, CTLA-4, and TIGIT, to deliver potent inhibitory signals that
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dampen the CAR-T cell response [43]. This suppression is often
mediated through ligand-receptor interactions, such as the binding
of PD-L1, which is highly expressed on tumor or stromal cells,
to PD-1 on CAR-T cells. The convergence of soluble cytokine-
mediated suppression and checkpoint signaling creates a powerful,
multi-layered inhibitory circuit.

Metabolic competition

A defining feature of the TME is its metabolic competition. In
the TME, rapidly proliferating tumor cells and immunosup-
pressive cells consume nutrients in large quantities such as
glucose and amino acids and produce metabolic wastes such
as lactic acid and adenosine. The core metabolic pathways of T
cells, namely, glycolysis, oxidative phosphorylation (OXPHOS),
and fatty acid oxidation (FAQO), are dynamically reconfigured
during activation and differentiation [44]. Upon activation via
antigen engagement, signaling through the phosphoinositide
3-kinase (PI3K)/protein kinase B (AKT)/mammalian target of
rapamycin (mTOR) pathway up-regulates glucose transporter
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GLUT1 and promotes a metabolic shift toward glycolysis to
meet the energetic demands of effector cells. However, within
the TME, they face direct competition with tumor cells for the
limited glucose supply. Furthermore, hypoxia suppresses mito-
chondrial OXPHOS, and acidosis alongside elevated reactive
oxygen species (ROS) exacerbates T cell exhaustion. Additional
suppression comes from metabolites like adenosine (via A,A
receptor signaling) and products of indoleamine 2,3-dioxygenase
(IDO) activity. Thus, the failure to execute proper metabolic
programming is a key resistance mechanism, making strategies
to counteract these pathways vital for improving outcomes.

Physical barriers

The efficacy of CAR-T cells is further limited by the physical
barriers, including the ECM and the abnormal tumor-associated
vascular system. In solid tumors, 4 key physical characteristics,
including increased solid stress, increased interstitial fluid pres-
sure, increased macroscopic stiffness, and abnormal matrix
microarchitecture, may impair the performance of infused
CAR-T cells [45]. These barriers ensure that even functionally
competent cells may never reach their intended targets, repre-
senting the first and most direct obstacle to successful therapy.

Special mechanism of CAR-NK cell therapy

While CAR-NK cells share common challenges with CAR-T
cells, including antigen escape, low persistence, low tumor-
homing efficiency, and an immunosuppressive environment
[46,47], they also face unique biological constraints rooted in
NK cell physiology. A thorough understanding of these distinct
mechanisms is critical for developing tailored strategies to
enhance CAR-NK efficacy.

The translational potential of CAR-NK therapy is fundamen-
tally constrained by the short lifespan in vivo. Without cytokine
support, their functional persistence is typically limited to 1 to
2 weeks, a timeframe often inadequate for establishing durable
disease control and predisposing to early relapse. This challenge
is further compounded by donor-specific limitations, as alloge-
neic CAR-NK cells face potential rejection by host T cells recog-
nizing non-self human leukocyte antigen (HLA) molecules,
significantly reducing their persistence in clinical settings and
necessitating the development of novel rejection-mitigation
strategies. In addition, the manufacturing process itself presents
a unique hurdle. When NK cells are expanded in vitro, the Fas/
FasL axis and NKG2D receptors may recognize self-ligands, or
CARs may recognize self-antigens, resulting in self-kill and
affecting the number of cells ultimately obtained [48].

Furthermore, recent research has identified metabolic adapta-
tion failure as a key mechanism of tumor relapse after CAR-NK
therapy, characterized by an exhausted, dysfunctional phenotype.
Single-cell transcriptomic analyses in preclinical models reveal
that this failure encompasses specific deficits in core metabolic
pathways, including diminished glycolytic capacity, impaired
OXPHOS, and dysregulated fatty acid metabolism. Highly meta-
bolically active tumor cells outcompete CAR-NK cells for nutri-
ents, leading to energy deprivation, mitochondrial dysfunction,
and consequent functional exhaustion that enables relapse [49].
CAR-NK cells are strongly inhibited by immunosuppressive fac-
tors in the TME, resulting in decreases in their cytotoxicity and
cytokine secretion ability [46]. They are highly susceptible to
TGEF-B-mediated suppression, which directly attenuates their
cytotoxicity, cytokine production, and expansion. This effect is
synergistically enhanced by IL-10 from MDSCs, which activates
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the SOCS3 pathway to inhibit perforin and granzyme B synthesis
[48]. Therefore, for CAR-NK cell therapy, maintaining the self-
cell expansion and sustained function is of utmost importance
to reduce drug resistance and recurrence.

Although NK cells naturally express a broad repertoire of che-
mokine receptors (including CXCR3, CXCR4, CCR5, and CCR?)
that theoretically provide superior homing capability compared
to T cells, this advantage is often negated in the complex solid
TME. Together with the physical barrier formed by the fibrotic
matrix, as a result, only 15% to 20% of the infused cells can pen-
etrate into the tumor core [50]. This nonuniform distribution of
infiltrating cells enables the survival of antigen-negative or low-
expression tumor clones in poorly accessed regions, ultimately
driving antigen-escape recurrence through selective pressure.
Collectively, addressing these interconnected challenges through
improved persistence engineering, enhanced homing strategies,
and immune environment modification will be essential for
unlocking the full potential of CAR-NK immunotherapy.

Response Strategies and Research Progress

The interactions among target cells, the CAR cell product, and
the immunosuppressive environment collectively affect the final
therapeutic outcome. Overcoming these challenges requires a
comprehensive strategy, which has become a key focus of current
research (Fig. 5).

Strategies for the target

Dual-target/multitarget CARs

To combat antigenic escape, researchers are developing combina-
tion strategies that target 2 or more antigens simultaneously or
sequentially. This can be achieved by combining 2 scFvs with the
same CAR or by infusing 2 CAR-T cells targeting different anti-
gens. This sequential multi-antigen targeting paradigm, clinically
implemented as cocktail therapy, translates into proven safety and
enhanced efficacy for refractory B cell lymphoma patients, with
marked improvement in long-term response maintenance
[51-53]. Breakthroughs have also emerged in treating central ner-
vous system lymphomas [54] and glioblastoma multiforme [55].
Currently, numerous new cocktail therapies targeting diverse
antigens are being explored [56]. CD19/CD22 CAR-T cell thera-
pies are commonly used to treat B-ALL and large B cell lym-
phoma (LBCL), resulting in high remission rates and preventing
antigen-negative relapse [57-59]. BCMA/GPRC5D or BCMA/
CD38 CAR-T cells have shown remarkable efficacy in treating
MM patients resistant to BCMA CAR-T cells [60,61]. The applica-
tion of this strategy is also expanding into autoimmune diseases,
where dual targeting of CD19 and BCMA has demonstrated
promising remission outcomes [62]. Future research will concen-
trate on discovering more specific antigens with stable expression
characteristics and translating these multi-targeting constructs
into broader clinical practice.

Induction of antigen re-expression

Complementary to multi-targeting, a pharmacologic strategy
seeks to reverse antigen escape by forcibly re-establishing the
target on the target cell surface. Small-molecule agents can
modulate cellular pathways to up-regulate or stabilize target
antigen density, thereby resensitizing tumor cells to CAR-
mediated killing. In MM treatment, y-secretase inhibitors pre-
vent BCMA cleavage and shedding, significantly increasing its
surface density and enhancing the activity of anti-BCMA
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CAR-T cells in preclinical models [63], with clinical trial stud-
ies now underway [64]. Combined epigenetic drugs also
increase the immunogenicity of target cells [65]. For example,
in preclinical evaluation, bryostatin 1 treatment effectively up-
regulates CD22 surface density, resulting in enhanced perfor-
mance of CAR-T cell treatments designed to recognize this
target [66]. Beyond small molecules, oncolytic viruses (OVs)
can activate immune response and modifying OV to express
specific CAR antigens and deliver them to the tumor surface
can enhance the targeting of corresponding CAR-T cells, dem-
onstrating considerable potential for solid tumor applications
[67-69]. Collectively, these approaches aim to remodel the
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tumor cell surface to make it a more visible and vulnerable
target for cellular immunotherapy.

Optimization of the CAR-T cell strategy

Optimizing the CAR structure design

The pursuit of next-generation CAR-T cells centers on function-
ality, safety, and controllability. Novel CMs, including ICOS,
CD27, and OX40, are currently undergoing evaluation, with
some demonstrating potential in enhancing persistence, regulat-
ing cellular metabolism, and improving immune tolerance
[70-73]. Chimeric autoantibody receptor-T (CAAR-T) cells are
produced to attack B cells that produce target antibodies [74],
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which have undergone increased development, with increasing
numbers of pathogenic antibodies being discovered [75]. A criti-
cal frontier in CAR design is the incorporation of built-in control
systems. On/off switch CAR and logic gate CAR (AND, OR,
NOT gates) not only help overcome drug resistance but also
increase safety and precision. Suicide genes including herpes
simplex virus-thymidine kinase (HSV-TK), inducible caspase
9 (iCasp9), and CD20 have been introduced as safety switches
[76,77]. Pharmacological agents including specific tyrosine
kinase inhibitors like dasatinib have demonstrated capacity
for precise regulation of CAR-T cell activity [78]. To transcend
the limitations of conventional CAR-T cells, armored CAR-T
cells are engineered to express various proteins, such as cyto-
kines (such as IL-12, IL-18, and IL-7), antibody-like proteins,
immune checkpoint inhibitors (ICIs) (such as PD-1, CTLA4,
and NKG2A), and bispecific T cell engagers (BiTEs), which help
induce a memory phenotype, target antigens, and remodel the
immunosuppressive microenvironment [79-81]. For example,
CAR-T cells that secrete IL-10 promoted the proliferation and
effector functions of CAR-T cells in preclinical models [82]. With
their unique ability to engage CD3 on T cells while selectively
targeting B lymphocytes, BiTEs present new opportunities for
treating autoimmune conditions [83-85]. In addition, by design-
ing “universal” CAR constructs that target different antigens and
producing corresponding universal CAR-T cells, these cells can
be implemented as “off-the-shelf” therapeutics for large-scale
clinical applications [86]. This holistic approach to receptor
design is thus creating a new generation of smarter, safer, and
more versatile cellular drugs.

Improving the cell status and functions

The functional efficacy of CAR-T cells is profoundly influenced
by their initial differentiation state and metabolic fitness, making
the optimization of the cellular product itself as important as the
design of its receptor. To improve the cell status, T cells with
stronger self-renewal and durable survival abilities like naive T
cells and stem cell memory T cells are preferred [87]. The timing
of cell collection is also critical, as clinical outcomes are superior
when T cell collection occurs at disease onset rather than after
multiple lines of therapy [23]. Pharmacologic interventions are
being leveraged to reverse or prevent functional exhaustion.
Combined epigenetic drugs increase the immunogenicity of
target cells while boosting CAR-T cell performance by prevent-
ing or reversing cellular exhaustion. Multiple clinical investiga-
tions have employed inhibitors targeting DNMT, HDAC, and
EZH2 in combined therapeutic approaches [30,88,89]. Treatment
with drugs such as dasatinib can induce resting through forced
CAR protein down-regulation, facilitating the development of
memory-like characteristics alongside comprehensive transcrip-
tomic and epigenetic remodeling in previously exhausted CAR-T
populations [90]. Recent advances have identified additional
pathways for functional enhancement, as demonstrated by the
VEGEF inhibitor axitinib, which activates canonical Wnt/f-
catenin signaling to reverse CAR-T cell differentiation and
exhaustion during manufacturing [91]. This positions the main-
tenance of stemness-associated pathways as a promising strategy
for sustaining CAR cell proliferative capacity.

Additionally, to specifically degrade the ECM in solid tumors,
an engineering approach that incorporates chemokine receptors
(including CXCR1, CXCR2, and CXCR4) into CAR-T cells
enhances their migration capacity [92]. Ultimately, by concur-
rently optimizing the intrinsic quality of the T cell product and
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its capacity to navigate physiological obstacles, these strategies
aim to generate cellular therapies that are not only potent upon
infusion but also endowed with the durability to maintain long-
term disease control.

Strategies to modify the immunosuppressive

environment

Direct disruption of inhibitory signaling pathways represents a
cornerstone strategy for restoring CAR cell efficacy. Combined
ICIs can cause significant antitumor activity. For example, mono-
clonal antibodies (mAbs) targeting PD-1 or PD-L1 demonstrate
capacity to improve the functional state of tumor-infiltrating
lymphocytes, reinvigorating their inherent capacity to identify
and eliminate cancer cells [93]. This approach extends to novel
agents such as TIM-3 palmitoylation inhibitors that strengthen
immune responses mediated by CAR-T cells and NK cells [94],
and S1PR3 antagonists that remodel the TME by promoting
macrophage activation and polarization toward the proinflam-
matory phenotype [95]. Furthermore, targeted immune check-
point inhibition can be achieved through CAR and gene editing
methods, such as BCMA CAR-T cells carrying anti-PD-1 short
hairpin RNA (shRNA) boxes [96]. However, the safety and
adverse effects of these therapies require careful monitoring [97].

Overcoming the cytokine deficiency and metabolic stress is
equally critical. Cytokines are utilized to support both persistence
and proliferation of CAR-T cells. According to various studies,
proliferative cytokines (such as IL-2 and IL-15) increase T cell
activity, while IL-7 promotes the steady-state expansion of both
native and memory T cells, and IL-23 facilitates the proliferation
and survival of T cells [80,98]. To overcome the problem of meta-
bolic competition, adenosine receptor antagonists and IDO
inhibitors can be used to improve the metabolic status of the
TME. Adenosine serves as the primary mediator of immune
suppression in hypoxic TMEs. In preclinical studies, CRISPR/
Cas9-mediated adenosine A, , receptor (A,,R) deletion has been
found to strengthen CAR-T cell effector responses [99].

To overcome the insufficient CAR-T cell infiltration and
inhibitory effects of the TME, innovative in vivo CAR-T cell
technology delivers CAR genes directly into host T cells via
in vivo delivery systems for in situ reprogramming [100]. This
strategy improves CAR-T cell adaptability to the tumor environ-
ment and avoids systemic barriers. Current research emphasizes
the development of innovative delivery strategies, including
regional perfusion and localized delivery [101]. As an emerging
and promising method, nanotechnology also offers promise by
enabling targeted delivery, remodeling the TME, and supporting
the persistence and function of CAR-T cell in solid tumors
[102,103].

Special strategies for CAR-NK cells
While CAR-NK cells benefit from established strategies such
as multi-targeting and checkpoint inhibition, their unique biol-
ogy necessitates tailored approaches that optimize their innate
advantages [104]. The design of optimized NK cell-specific
CARs, such as CD3¢, DAP10, and DAP12, is under investiga-
tion [105-107]. The use of NK cell-activatable receptors and
their downstream adapter proteins to replace T cell elements
to form NK-specific CARs can greatly improve their signal
transduction and cell activation abilities [108].

To ensure sustained functionality, cytokine engineering is the
core strategy for improving the function of CAR-NK cells. FT596
[an induced pluripotent stem cell (iPSC)-derived ready-to-use
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CD19 CAR-NK cell] expressing recombinant IL-15 and IL-15
receptor o (IL-15 RF) promotes their proliferation and enhances
persistence. Recently, evidence suggests that deleting the tran-
scription factor cyclic adenosine monophosphate (AMP) res-
ponse element modulator (CREM), a pivotal regulator of NK
cell function, enhances CAR-NK cell effector activity and resis-
tance to tumor immunosuppression, positioning it as a promis-
ing therapeutic target [109]. Another approach to prevent NK
cell depletion involves generating immune cells with a memory-
like phenotype. Studies have established that cytokine-induced
memory-like (CIML) NK cells, generated through in vitro induc-
tion via the cytokines IL-12, IL-15, and IL-18, have demonstrated
long-term tumor cell persistence and cytotoxicity in preclinical
and clinical trials [104].

For solid tumors, modifying CAR-NK cells through gene edit-
ing to continuously secrete IL-15/IL-21 or express chemokine
receptors such as CCR2 and CXCR4 significantly strengthens
their tumor-specific trafficking and infiltration potential [110].
Furthermore, the functional persistence of CAR-NK cells in vivo
is limited and may require more frequent administration to
improve survival and prolong the antitumor response [111]. The
exploration of novel targets is also yielding promising results,
with the death receptor 5 (DR5) pathway emerging as a compel-
ling candidate [112]. This approach is further enhanced by small
molecules like Bortisitan, which up-regulates DR5 to synergize
with CAR-NK cells via TRAIL-mediated apoptosis, effectively
overcoming therapy resistance [113].

To further improve the antibody-dependent cellular cyto-
toxicity (ADCC) effect of NK cells, researchers are exploring
methods of combining mAbs that can mediate ADCC with
genetically engineered NK cells to enhance anticancer activity
[114]. Finally, addressing manufacturing challenges through
advanced cryopreservation techniques ensures better cell
viability and function, thereby solidifying the foundation for
reliable “off-the-shelf” CAR-NK products [115,116]. Collect-
ively, these specialized strategies are poised to unlock the full
potential of CAR-NK cell therapy across a broad spectrum of
malignancies.

Combination treatment strategies

It is difficult to completely overcome the problems of drug resis-
tance and relapse by relying on CAR-T cell or CAR-NK cell
therapy alone. By integrating these cellular therapies with che-
motherapy, radiotherapy, targeted therapy, and other therapies,
a synergistic superimposed effect can be produced. The combina-
tion of CAR-T cells and CAR-NK cells overcomes the limitations
of single-cell therapy through functional complementarity.
Given the demonstrated efficacy of CAR-NK cells in cases where
CAR-T therapy has failed, a sequential scheme was designed for
CAR-NK cells to rapidly reduce the load before the CAR-T cells
establish long-term memory [115], which achieved a 12-month
disease-free survival rate (DFS) of 75% in relapsed or refractory
(R/R) B-ALL patients, which was significantly greater than that
of monotherapy [117]. Further innovation includes iPSC-derived
NK-T hybrid cells, which enable standardized production of dual
CAR products and combine the immediate cytotoxicity of NK
cells with the long-term memory capability of T cells while
reducing manufacturing costs by 40% [115]. The combination
of traditional treatment methods can create more favorable con-
ditions for cell therapy. Combined chemotherapy may amplify
antitumor efficacy or work synergistically with CAR-T cells
to eliminate tumors [118,119]. The combination of high-dose
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chemotherapy and autologous stem cell transplantation (HDT/
ASCT) has shown outstanding results in treating relapsed/refrac-
tory LBCL [120]. Radiotherapy locally destroys tumors, modifies
the immunosuppressive microenvironment, and enhances
CAR-T cell infiltration and function [121-123]. In autoimmune
diseases, combined chemotherapy serves as a pretreatment for
lymphocyte depletion before CAR-T cell infusion, creating opti-
mal conditions for cell implantation and expansion. When used
alongside glucocorticoids, it acts as a bridging strategy before
CAR-T cell administration [124]. Additionally, studies on vari-
ous vaccine models, including mRNA-, peptide-, viral vector-,
and dendritic cell (DC)-based vaccines, are underway. Tumor
vaccines stimulate endogenous immune responses and can
enhance CAR-T cell functionality in individuals receiving dialy-
sis therapy [125].

Challenges and Future Prospects

The core breakthrough in future development lies in empower-
ing cells with the ability to sense complex environmental cues,
make decisions based on integrated logic, communicate with
the host immune system, and adapt dynamically to the evolving
disease landscape.

Future CAR cells will be designed as “sensing” entities that
perceive complex pathological cues beyond single antigens. By
integrating synthetic biology, CAR cells can be programmed to
respond to dynamic immunosuppressive environment cues like
hypoxia, acidosis, or specific enzyme activity. This contextual
awareness ensures that potent cytotoxicity is precisely confined
to pathological niches, substantially enhancing therapeutic
safety. Advancements in “decision-making” will enable sophis-
ticated target discrimination through Boolean logic gates [126].
AND-gate CARs requiring dual antigen recognition minimize
on-target/off-tumor toxicity, while NOT-gates can deliver veto
signals upon encountering healthy tissue markers. This evolves
into complex “IF-THEN” programs where cells activate fully
only when multiple conditions are met, transforming them into
discerning therapeutic agents. Aimed at “communicating” with
the host immune system, engineering CAR cells to secrete
immunomodulators or bispecific engagers can recruit and
activate endogenous immune cells like DCs and T cells. This
remodels the immunosuppressive TME into an immunostimu-
latory one, fostering a broad, coordinated, and durable immune
response against heterogeneous tumors. The ultimate goal
involves creating “adaptive” therapies capable of co-evolving
with dynamic diseases. Strategies include designing circuits that
confer a selective proliferation advantage to CAR clones upon
successful target engagement, or infusing diverse CAR libraries
that allow the most effective clones to expand in vivo. This cre-
ates an adaptive therapeutic ecosystem capable of countering
antigen escape. Concurrently, manufacturing innovations are
paving the way for universally applicable off-the-shelf products,
significantly reducing costs and expanding accessibility [127].
As these technological advances mature, CAR-T and CAR-NK
platforms are poised to expand beyond oncology and autoim-
munity into chronic infections and probably age-related dis-
eases. The convergence of sensing, logic, communication, and
adaptation capabilities will ultimately establish cell therapies as
precise, scalable, and universal modalities for targeting patho-
logical cells while preserving healthy tissues.

Opverall, drug resistance and the recurrence of CAR-T and
CAR-NK cell therapy are severe challenges in treatment. The

12


https://doi.org/10.34133/research.1068

Research

mechanism is complex and involves target cells, CAR-T and
CAR-NK cells, the immunosuppressive environment, and many
other aspects. Current strategies are transitioning from traditional
single approaches to multidimensional, combined comprehensive
solutions. Future efforts will focus on making cell therapies
smarter, more precise, efficient, and safer. Through combination
therapies and mechanistic exploration, we aim to ultimately over-
come challenges in treating cancers and autoimmune diseases,
expand their application scope, and benefit more patients.
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