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Abstract

Chimeric antigen receptor (CAR)-T cell therapy demonstrates substantial efficacy in various hematological malig-
nancies. However, its application in solid tumors is still limited. Clinical studies report suboptimal outcomes such

as reduced cytotoxicity of CAR-T cells and tumor evasion, underscoring the need to address the challenges of slid-
ing cytotoxicity in CAR-T cells. Despite improvements from fourth and next-generation CAR-T cells, new challenges
include systemic toxicity from continuously secreted proteins, low productivity, and elevated costs. Recent research
targets genetic modifications to boost killing potential, metabolic interventions to hinder tumor progression,

and diverse combination strategies to enhance CAR-T cell therapy. Efforts to reduce the duration and cost of CAR-T
cell therapy include developing allogenic and in-vivo approaches, promising significant future advancements. Con-
currently, innovative technologies and platforms enhance the potential of CAR-T cell therapy to overcome limitations
in treating solid tumors. This review explores strategies to optimize CAR-T cell therapies for solid tumors, focusing

on enhancing cytotoxicity and overcoming application restrictions. We summarize recent advances in T cell subset
selection, CAR-T structural modifications, infiltration enhancement, genetic and metabolic interventions, production
optimization, and the integration of novel technologies, presenting therapeutic approaches that could improve CAR-T
cell therapy’s efficacy and applicability in solid tumors.
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Background

Adoptive T cell therapy, including chimeric antigen
receptor (CAR) T cells, has achieved significant suc-
cess in targeted cancer cell eradication [1, 2]. Although
the FDA has approved CAR-T cell therapies for certain
hematological malignancies, a significant proportion
of patients relapse within one year after infusion [3].
Moreover, their limited efficacy in solid tumors presents
ongoing challenges [4, 5]. Nevertheless, the majority of
patients, particularly those with solid tumors, continue
to exhibit resistance to CAR-T cell therapy. Several chal-
lenges persist in treating solid tumors with CAR-T cells,
including insufficient cytotoxicity, poor infiltration,
tumor microenvironment suppression, high costs, and
safety concerns [6]. Although some CAR-T products are
approved for use with chemotherapy or monoclonal anti-
bodies to enhance engraftment [7], none are yet approved
for treating solid tumors [8]. Key considerations in opti-
mizing CAR constructs include enhancing their fitness,
persistence, and anti-tumor efficacy [9, 10]. Like natural
cytotoxic T lymphocytes (CTLs), CAR-T cells can induce
tumor cell death via perforin/granzyme, death receptor,
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and cytokine-mediated pathways [11-13] (Fig. 1). Several
innovations in fourth and next-generation CAR-T cells
have significantly enhanced their efficacy [14] through
optimized T cell subsets, CAR structure refinement,
genetic and metabolic interventions, and combination
therapies, yielding promising results [15, 16]. Meanwhile,
ongoing efforts to develop allogeneic and in-vivo CAR-T
therapies show promise for future applications [17]. Inte-
grating advanced technologies and new platforms may
enhance the implementation of CAR-T therapies in solid
tumor management [18].

Consequently, this review thoroughly examines emerg-
ing strategies that enhance the anti-tumor efficacy of
CAR-T cells in solid tumors. These strategies include
selecting specific T cell subsets, modifying structures,
enhancing infiltration into the tumor microenvironment
(TME), and applying genetic and metabolic interven-
tions. Additionally, it covers improvements in CAR-T
cell production and the use of novel technologies and
platforms to reduce time and costs. Furthermore, we
explore the challenges of applying CAR-T cell therapy to
solid tumors by analyzing relevant preclinical studies and
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clinical trials. This review aims to propose potential strat-
egies to overcome challenges and enhance the efficacy
and applicability of CAR-T cell therapies in treating solid
malignancies.

CAR-T cell kill the targeted tumor cell through three
pathways: (1) perforin and granzymes pathway; (2) death
receptor pathway (FasL/Fas, TRAIL/TRAIL-R1/2, and
TNFa/TNFR1); (3) cytokine-mediated pathway (IFNy).

Selection of T cell subsets

The exploration of alternative cellular sources for CAR
generation is increasingly attracting interest [19]. T cells
are categorized into subsets based on specific surface
molecules they express. These phenotypic distinctions
correlate with the migratory and functional properties of
each T cell subset [20]. Studies indicate that various T cell
phenotypes in CAR-T therapy play distinct roles in cyto-
toxicity and safety [21]. Consequently, a potential strat-
egy to boost CAR-T therapy efficacy in tumor eradication
involves selectively choosing or modifying an appropriate
T cell subset during manufacturing (Fig. 2, Table 1).
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CD4" CAR-T cells exhibit heightened production of
IEN-y to enhance cytotoxicity against tumor cells, while
CD8"CD161" CAR-T cells release granzyme and per-
forin, in tumor cells, CAR-y3T cells secrete cytokines
and chemokines, CAR-NKT cells produce granzyme B
and perforin to induce tumor apoptosis, and CAR-TN/
SCM cells increase persistence and eliminated exhaus-
tion and memory phenotype.

CD4* T cells

Infusing a specific ratio of CD4" CAR-T cells enhances
cytotoxic capacity and produces a synergistic effect,
attributed to their increased bystander effect [22] and
persistence [23] compared to CD8" CAR-T cells [24, 25].
A clinical trial with patients receiving a 1:1 ratio of CD4"
to CD8* CAR-T cells demonstrated enhanced anti-tumor
efficacy [26]. Subsequent studies suggest that IFN-y up-
regulation contributes to this enhanced efficacy [22].
Lisocabtagene maraleucel (liso-cel), a CDI19-targeting
autologous CAR-T therapy, has demonstrated promis-
ing outcomes, achieving high response rates and mini-
mal severe side effects at specific CD4* and CD8* T cell
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Fig. 2 Subsets of CAR-T cells
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Table 1 Subsets of CAR-T cells
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Subset name Replace subset Function

Secreted cytokines

IFN-y
Granzyme, perforin

Increased produc-
tion of cytokines
and chemokines

Perforin and granzyme B

CD4*T CD8*T Bystander effect and stronger persistence characteristics
CD8*CD161*T  CD8*T Identify various T cell subsets and have a more robust ability to kill foreign cells
voT aBT Mitigate cancer cells and act through increased production of cytokines

and chemokines, as well as their role of antigen-presenting cells in activating o T cells
NKT Ordinary CAR-T  Increased levels of perforin and granzyme B and have an enhanced anti-tumor effect
Naive/stem Unselected T cell  Advantages of increased persistence and eliminated exhaustion and memory pheno- -
memory T (TN/ type
SCM)

doses [27]. Nevertheless, further clinical investigations
are needed to assess liso-cel’s efficacy compared to other
products, regardless of T cell subset differences, focusing
on cytotoxicity and bystander effects in vivo.

CD8*CD161* T cells

CD8*CD161" T cells have been identified as a promising
starting cell population for CAR-T cell therapy. CD161
distinguishes various T cell subsets, notably a polyclonal
subset expressing CD8 afp T cells, known for enhanced
cytotoxic and memory characteristics [28]. Konduri et al.
conducted a comprehensive study on a unique T-cell
subset within the context of CAR-T cell therapy. Their
research revealed that isolated human CD8*CD161" T
cells exhibited increased cytotoxicity against foreign cells
compared to CD8TCD161" T cells. The study indicated
that CD8*CD161*" T cells, transduced with CAR and
showing increased expression of granzyme B, perforin,
and innate-like receptors, significantly enhanced anti-
tumor protection and survival [29].

Yo T cells

To improve the effectiveness and safety of CAR-T cells,
researchers are exploring y§ T cells as substitutes for
af T cells, attributed to their lower risk of graft-versus-
host disease (GvHD) and unique major histocompatibil-
ity complex (MHC)-independent mechanisms. Studies
have shown that CAR-yd T cells can effectively target
cancer cells, including bone metastatic prostate, breast,
and gastric cancer cells, through enhanced cytokine
and chemokine production, and by acting as antigen-
presenting cells that activate afT cells [30-33]. Fur-
thermore, the combined effect of zoledronate (ZOL),
which is approved for pathological fractures in meta-
static castrate-resistant prostate cancer and found to
activate CAR-y8T cells independently of CAR, and the
endogenous Vy9V32 T cell receptor enhances y8T cell
function, with ZOL pretreatment showing significant

efficacy [32]. This observation indicates that the TCR
signaling pathway plays a significant role in enhanc-
ing the cytotoxicity of CAR-y0T cells [32]. Multiple
researchers are refining CAR-y8T cells by engineering
V81 T cells, a yOT cell subset with a 4-1BB/CD3( and
GPC-3 CAR to boost their naive memory phenotype,
resulting in increased proliferation, cytokine produc-
tion, and cytotoxic activity against hepatocellular can-
cer cells in vitro [34].

NKT cells

An additional strategy to enhance both effectiveness
and safety in CAR-T processing is to incorporate natu-
ral killer T (NKT) cells as foundational elements. NKT
cells are a specialized small population of T cells that
play a critical role in connecting the innate and adap-
tive immune system. It is known that NKT cells, despite
having a TCR, do not react with peptide loaded onto
MHC, but instead react to lipid antigens presented on
the MHC-I-like molecule CD1d. Unlike MHC mol-
ecules which present peptides bound into a groove on
their surface, CD1d has two deep pockets in which the
acyl chains of lipid antigens can bind leaving the head
group presented to the NKT cell TCR [35]. NKT cells
can be stimulated through lipid antigens presented on
CD1d and show increased cytotoxicity, better safety
profiles, and lower GvHD incidence compared to
conventional CAR-T cells [19, 36-38]. Compared to
standard CAR-T cells, CAR-NKT cells exhibit supe-
rior anti-tumor efficacy by activating apoptosis path-
ways via increased perforin and granzyme B levels [37].
IL-15, a pro-survival cytokine essential for T-cell mem-
ory [39], also plays a crucial role in the development
and homeostatic maintenance of NKT cells, protecting
them from hypoxia. Its transgenic expression in adop-
tively transferred NKTs significantly boosts their cyto-
toxic activity [40]. Consequently, co-expressing IL-15
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with any costimulatory domain can increase CAR-NKT
abundance and enhance cytotoxicity in vitro [41].

TN/SCM cells

Moreover, a study on naive/stem memory T cells (TN/
SCM) engineered with CAR demonstrated significant
antineoplastic activity in hematopoietic stem/precursor
cell-humanized mice. This approach provided increased
persistence, reduced exhaustion and memory pheno-
types compared to unselected counterparts [42]. The
application of CAR- TN/SCM cell therapy has been
shown to enhance both the efficacy and safety of CAR-T
treatments, with reduced side effects. Recent studies
have reported promising results for CD19 and CD19/20
CAR-T cells derived from TN/SCM cells, showing
enhanced activity and safety in adults with relapsed/
refractory B-ALL and NHL [43, 44].

Overall, this discussion highlights the selection of T
cell subsets as innovative platforms to enhance the anti-
tumor efficacy of CAR-T cell therapy. This is evidenced
by CD4" CAR-T cells enhancing cytotoxicity through
increased IFN-y production, CD8*CD161* CAR-T cells
targeting HER-2 with specific cytokines, CAR-y8T cells
secreting cytokines and chemokines, CAR-NKT cells
producing granzyme B and perforin to induce apoptosis,
and CAR-TN/SCM cells showing significant antineoplas-
tic activity as a novel therapeutic strategy.

CAR-T structure modification (Fig. 3)

(1) Novel targets of CAR-T cell therapies in solid tumors
LunX, CLDN6, EphA2,, VEGFR-2, tmTNF-a, B7-H3,
TAG72 and dual targets CD123/CLL1, CD19/CD22,
PRDM1/NR4A3, TAG72/CD47, CD276/FGFR4; (2) VHH
and Costimulatory modification: IL15 and IL21 co-stim-
ulation, C3aR co-stimulation, IL12 integration, 4-1BB
and optimized CD28 co-stimulation and PD1/CD28
chimeric-switch receptor (CSR); (3) overcoming immu-
nosuppressive TME: IFN-y expression, blocking PD-1/
PD-L1 immune checkpoints, overexpress chemokines,
using bispecific T-cell engagers, tTE-NGR expression; the
secretion of anti-CD40 antibodies, CAR-T cells release a
CD47-SIRPa blocker CV1, PD-1-TREM2 scFv-secreting
CAR-T cells, IL15 and IL21 co-stimulation.

Novel targets

The efficacy of CAR-T cells in solid tumors is limited by
off-target effects due to the heterogeneity of solid tumors
and the absence of specific tumor antigens [45]. To tar-
get solid tumors effectively, it is crucial to identify ideal
antigens that are exclusively expressed in tumor tissues.
Targeting various stages of tumor development, such as
proliferation, invasion, migration, angiogenesis, metas-
tasis, and apoptosis, could enhance T cell attachment to
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solid tumors and increase cytotoxicity to eradicate tumor
cells.

LunX, known to activate the Erk and JNK signaling
pathways by directly interacting with the 14-3-3 pro-
tein, has been identified as a facilitator of tumor growth,
metastasis, and invasion [46]. Hu et al. identified high lev-
els of LunX expression in NSCLC cell lines using immu-
nofluorescence techniques. Consequently, LunX-CAR T
cells were generated and co-cultured with LunX-positive
cell lines to assess if they could elicit stronger responses
than CD19-CAR-T cells. The results showed that LunX-
CAR-T cells significantly increased IFN-y, IL-2, and
TNF-« levels in the presence of LunX-positive tumor
cells (»<0.001), suppressed lung cancer cell growth, and
enhanced survival in a PDX mouse model [47].

The oncofetal antigen Claudin 6 (CLDNG®6) is highly
expressed in germ cell tumors (GCT), epithelial ovarian
cancer (EOC), and endometrial carcinoma, while being
nearly absent in healthy tissues. Adrian et al. discovered
that esophageal adenocarcinoma (EAC) and gastric ade-
nocarcinoma (GAC) with elevated CLDNG6 levels upreg-
ulate pathways related to tumor proliferation, including
cell cycle progression, DNA replication, and receptor/
extracellular matrix interactions [48]. In the recent phase
1/2 BNT211-01 trial, CLDN6 CAR-T cells demonstrated
significant efficacy in relapsed/refractory CLDN6-posi-
tive solid tumors, particularly in germ cell tumors, which
showed the highest objective response rate. Furthermore,
treatment with CLDNG6-specific CAR-T cells maintained
manageable safety profiles, even at high doses [49].

Targeting key angiogenic factors can significantly
suppress tumor growth. The receptor tyrosine kinase
(RTK) EphA2 is overexpressed in several solid tumors
but minimally in normal lung tissues [50]. Based on
this, EphA2-specific CAR-T cells were constructed, and
their anti-tumor effects evaluated in a xenograft SCID
Beige mouse model of EphA2-positive NSCLC. Ulti-
mately, tumors in mice treated with EphA2-specific
CAR-T cells showed a decreasing trend correlated with
increased IFN-y expression [51]. Vascular endothelial
growth factor 2 receptor (VEGFR-2), another RTK, is
abnormally expressed on tumor endothelial cells. Zhong
et al. reported on KDR-CAR-T cells, modified with a
CAR targeting VEGFR-2/KDR, that could inhibit tumor
angiogenesis. KDR-CAR-T cells effectively targeted and
killed lung cancer KDR-A549 xenografts, accompanied
by increased IFN-y and granzyme B secretion, highlight-
ing their potent efficacy against lung cancer and other
vascularized solid tumors [52]. Additionally, B7-H3 is
commonly present on solid tumor cells and associated
blood vessels [53]. Zang et al. developed a new genera-
tion of CAR-T cells (TOP CAR) modified with a unique
monoclonal antibody targeting B7-H3, enhancing T cell
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attachment to solid tumors and improving anti-tumor
effects [54].

Additionally, transmembrane tumor necrosis factor-
alpha (tmTNF-a), a type II membrane protein, can be
hydrolyzed into secreted tumor necrosis factor-alpha
(STNF-a), leaving a residual N-terminal fragment on the
cell surface [55]. The expression of tmTNF-a is upregu-
lated in over 60% of ductal breast cancer (BC) patients
and is positively associated with tumor size and lymph
node metastasis, primarily due to its anti-apoptotic func-
tions mediated by the tmTNF-a/NTF-ERK-GST and
tmTNF-o/NTE-NF-kB pathways [56]. Ba et al. designed
CAR-T cells specifically targeting tmTNF-o and observed
that these cells showed increased cytotoxicity against
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tmTNF-a-expressing BC cells, along with enhanced
secretion of IFN-y and IL-2 in vitro, leading to significant
tumor regression [57].

In addition to previously discussed topics, researchers
are identifying more targets that influence tumor growth.
For instance, CAR-T cells targeting TAG72 have shown
efficacy in advanced ovarian cancer preclinical animal
models [58]. These findings underscore the significant
potential of CAR-T cells that target specific antigens in
treating solid tumors.

Dual targets
Furthermore, dual-target CAR-T cells expand the cyto-
toxic range beyond that of single-target CAR-T cells
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and enhance anti-tumor efficacy in vitro experiments.
Notably, CAR-T cells co-cultured with dual-target coun-
terparts produced significantly higher levels of IFN-y
compared to those cultured with single-target CAR-T
cells [59, 60]. Of those, CAR-T cells targeting CD123/
CLL-1 outperform single-targeted counterparts in kill-
ing leukemia cells by releasing higher level of cytokines.
Similarly, bispecific CAR-T cells targeting CD19/CD22
exhibit enhanced cytotoxicity against B-cell malignan-
cies [61, 62]. Clinically, the tandem CD19/CD22 CAR-T
group showed significantly greater efficacy than the
CD19 CAR-T group [63].

Flexible design of dual-target CAR-T cells can sig-
nificantly enhance targeting accuracy of tumor cells and
reduce off-target toxicity to non-tumor tissues. Conse-
quently, dual-target CAR-T cell therapy can improve effi-
cacy against solid tumors and extend patients’ survival.
Recently, an increasing number of studies have reported
on dual-target strategies specific to solid tumors. CAR-T
cells targeting both PRDM1 and NR4A3 have been shown
to counteract exhaustion of tumor-infiltrating T cells and
enhance antitumor responses [64]. CAR-T cells targeting
both TAG72 and CD47 demonstrated enhanced cyto-
toxicity against ovarian cancer cells [65]. Dual CAR-T
cells targeting CD276 and FGFR4 effectively cleared Rh4
tumors in mouse models [66]. Overall, dual-target CAR
T cells possess promising therapeutic potential.

Costimulatory domain

The inclusion of costimulatory domains in CAR is cru-
cial for stimulating and proliferating CAR-T cells, with
ongoing research aimed at identifying the most effec-
tive costimulatory molecules. To enhance CAR-T cell
therapy efficacy in solid tumors, researchers have intro-
duced novel costimulatory domains, cytokine genes, and
cytokine receptors into T cells, improving their persis-
tence and antitumor functionality [67].

The most common costimulatory domains, CD28 and
4-1BB, are critical for CAR-T cells. CD28-costimulated
CARs release more cytokines and show superior antitu-
mor efficacy compared to 4-1BB-costimulated CARs [3,
68]. However, CD28 co-stimulation has been associated
with increased susceptibility to exhaustion and reduced
persistence, with a higher incidence of neurological
toxicities, although these effects are not solely attribut-
able to CD28 signaling. Long AH’s research suggests that
reduced persistence results from gene expression related
to exhaustion, and modifying the CD28 costimulatory
domain could alleviate this issue [69]. Consequently,
Roselli et al. developed CD19-specific CAR-T cells that
include 4-1BB and a mutant CD28 (featuring only the
PYAP signaling motif, mut06). The results revealed that
co-stimulation with both 4-1BB and optimized CD28
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significantly enhanced CAR-T cells’ antitumor activity
by improving the central memory phenotype, boosting
proliferation, and increasing recruitment of lymphocyte-
specific protein-tyrosine kinase to the CAR [70]. These
approaches have also been applied in ovarian cancer
studies [71].

The insertion of the C3aR domain into CAR and the
development of BB-{-C3aR CAR-T cells targeting CD19
or BCMA have shown significant cytolytic activity
against these tumor cells in vitro. In vivo studies in ALL
and multiple myeloma (MM) xenograft mouse models
have demonstrated that BB-(-C3aR CAR-T cells effec-
tively reduce tumor burden and enhance overall survival
(OS). Mechanistically, BB-{-C3aR CAR-T cells tend to
induce cell death and inhibit the Th17 phenotype of regu-
latory T cells (Tregs). These findings indicate that C3aR
stimulation boosts CAR-T cell efficacy by suppressing
Th17 amplification and preventing memory T cell inva-
sion of tumor cells [72].

Unlike conventional costimulatory signals, which
are activated alongside T cell receptor signals during T
cell activation, a novel costimulatory signal has been
developed to operate independently of T cell receptors,
allowing for autonomous T cell stimulation. Research-
ers screened several stimulatory receptors, including
ICOS, CD27, CD40L, and OX40, and found that OX40
offers the most significant amplification effect for CAR-T
cells. OX40, a member of the TNF superfamily, is a
critical T cell costimulatory signal. Upon binding to its
ligand OX40L (also known as CD252), three OX40 pro-
tein molecules assemble into a trimeric complex, which
then forms a hexametric structure. This complex initiates
downstream signaling pathways such as NF-«B, PI3K,
and AKT, resulting in sustained activation that enhances
cytokine production, prolongs survival, and increases the
cytotoxicity of effector T cells [73].

CD27 is expressed on CD4* and CD8* T cells, NK
cells, and B cells, while its ligand, CD70, is found on anti-
gen-presenting cells like dendritic cells and macrophages.
Activation of CD27 on T cells initiates downstream sign-
aling that activates NF-kB, leading to T cell activation,
differentiation, and clonal expansion. CD27 stimulated
CAR-T cells demonstrate enhanced antigen-stimulated
effector function and increased expression of anti-apop-
totic proteins, prolonging survival in a human ovarian
cancer cell-mouse model compared to original CAR-T
cells [74].

CD40 is present on myeloid-derived antigen-present-
ing cells such as dendritic cells, granulocytes, and mac-
rophages. Its ligand, CD40L, is predominantly found on
activated T cells and NK cells. The interaction between
CD40 and CD40L on antigen-presenting cells triggers
signals that stimulate and proliferate cytotoxic T cells. To
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enhance costimulatory signaling, CD40 CAR-T cells are
engineered with additional molecules like CD79A in the
B-cell signaling domain, activating downstream pathways
such as NF-kB, NFAT, and AP-1. Compared to CD28 or
4-1BB costimulated CAR-T cells, CD79A/CD40 CAR-T
cells showed higher NF-kB and p38 activity and greater
proliferation when co-cultured with CD19-expressing
cells in vitro. In a mouse model using Raji tumor cell vac-
cination, CD79A/CD40-stimulated CAR-T cells showed
superior antitumor activity and proliferation compared
to those stimulated by CD28 or 4-1BB [75].

HVEM and GITR have recently been incorporated
into CAR-T cell constructs. HVEM is expressed on vari-
ous immune cells, such as T cells, B cells, NK cells, and
dendritic cells. The interaction of HVEM with its ligands,
LIGHT or LTa, activates and proliferates T cells, while
its binding to BTLA inhibits T cell activation. The struc-
ture and function of HVEM in CAR-T cells have been
documented in only one report so far. HVEM G2 CAR-T
cells show greater anti-tumor activity and increased pro-
duction of proinflammatory cytokines like IL-2, TNF-q,
and IFN-y compared to CD28 or 4-1BB G2 CAR-T cells
[76]. Targeted CD19 GITR G2 CAR-T cells significantly
inhibit Raji tumor cell growth in the body. Additionally,
GITR co-stimulation in T-cell lymphoma and melanoma
models shows enhanced cytotoxicity compared to DAP-
10, CD28, 4-1BB, ICOS, and OX40 co-stimulated CAR-T
cells in vivo [77].

Additionally, several studies have shown that modify-
ing TME increases CAR-T cell efficacy in gastric can-
cer [78]. Chen et al. discovered that c-Met CAR-T cells
released higher levels of cytokines like IFN-y, TNF-a,
IL-6, and IL-10 than Mock T cells, while cMet-PD1/
CD28 CAR-T cells further increased IFN-y and TNF-a
secretion and reduced IL-6 compared to c-Met CAR-T
cells [79]. In the cMet-CAR context, the cMet-PD1/CD28
CAR incorporates a PD1/CD28 chimeric-switch recep-
tor (CSR) that converts the inhibitory PD-1 signal into an
activating CD28 signal, enhancing immunosuppression.
Consequently, the PD1/CD28 CSR enhances the long-
term antitumor effects and killing ability of cMet-CAR-T
cells [80]. Moreover, CAR-T cells targeting c-Met showed
no significant off-target toxic effects on normal organs
[81]. Another study found that CD19-PD-1/CD28-CAR-
T cells, a new anti-CD19 CAR-T cell therapy, elicit a
potent and lasting anticancer response and are effective
post-CD19-CAR-T failure in relapsed/refractory DLBCL
[82].

The efficacy of CAR-T cells’ immune attack is often
reduced by tumor-induced immunosuppressive signals,
including inhibitory cytokines such as IL-4, IL-10, and
TGE. Interleukins (ILs) are cytokines that play a criti-
cal role in CAR-T cells’ anti-tumor processes. Previous
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studies have shown that IL-12 accumulates specifically in
tumor tissues, alleviating suppression by tumor stroma
and enhancing IFN-y release [83]. Hombach et al. engi-
neered IL-12 into the outer part of the CAR, preserving
the functionality of both the CAR and IL-12. Interest-
ingly, IL-12-CAR-T cells exhibited antigen-independent
and HLA-E restricted cytotoxic abilities, capable of kill-
ing cancer cells regardless of the presence of a CAR-tar-
geted antigen [84]. Additionally, IL-4 released by tumor
cells within the TME can counteract T cell effector func-
tions, whereas IL-15 can enhance the antitumor activity
of CAR-T cells [85].

In summary, the CAR construct is central to CAR-T
cells, critically determining their cytotoxicity and anti-
tumor efficacy, particularly in treating solid tumors with
significant phenotypic diversity. By developing novel tar-
gets or optimizing costimulatory domains, CAR-T cells
can be enhanced to have higher specificity, improved
antitumor capabilities, and increased effector molecule
secretion.

Disruption of key genes in CAR-T cell (Fig. 4)

(1) AS1842856 suppress FOXO1 in tumor cell to control
tumor growth; (2) Knocking out SHP-1 increase expres-
sion of TNF-q, IL-2, IFN-y, thus increase cytotoxicity; (3)
CRISPR-Cas9 targeting cbl-b alleviates CAR-T exhaus-
tion, diminish tumor progression,upregulate TNF-a
and IFN-y, thus increase cytotoxicity. (4) The presence
PIK3R3 in CAR-T cells led to a significant enhancement
of AP-1 and NF-«B signaling pathways, interleukin-2 (IL-
2) production, and efficacy in tumor eradication; (5) The
introduction of specific mutations, such as PIK3CD, into
CAR-T cells resulted in the development of enhanced
CAR-T cells with increased anti-cancer capabilities; (6)
The CAR into the TET2 gene may possess enhanced
proliferation capacity, anti-tumor efficacy, and longev-
ity. (7) NOTCHLI signaling upregulates antigen response
and CD4" and CD8* CAR-T cells, as well as effectror
cytokines.

Modifying CAR-T cells by targeting genes and regula-
tion of gene expression involved in cellular proliferation,
differentiation, exhaustion, and cytokine production is a
growing research area. The approaches include gene edit-
ing techniques like CRISPR-Cas9 and pharmacological
agents that activate or inhibit signaling molecules [86,
87]. Several research is ongoing into disruption of key
genes in CAR-T cells.

FOXO1 acts as a transcription factor and plays a cru-
cial role in enhancing CAR-T cell activity by regulating
the expression of various genes, affecting the behavior
and functions of CAR-T cells. Recent studies have shown
that increasing of FOXO1 expression can make CAR-T
cells behave like stem cells and enhance their cytotoxicity
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in vivo [88]. It has demonstrated that FOXO1 promotes
a stem-like phenotype in CAR-T cells, enhancing their
persistence and maturation into more effective cancer-
fighting cells. Moreover, CAR-T cells with high FOXO1
expression exhibited superior cytotoxicity, maintaining
effectiveness for extended periods post-injection in mice
and improving efficacy against solid tumor [89]. Based
on the encouraging results, researchers plan to initi-
ate clinical trials to verify the efficacy and safety of high
FOXO1 CAR-T cells for cancer treatment within the next
two years. AS1842856 is an inhibitor that binds to the
transcription factor FOXO1 [90]. Suppressing FOXO1
by AS1842856 in T cells has been linked to the devel-
opment of stem cell memory characteristics, increased

PIK3CD
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proliferation and migration, and enhanced cytotoxic abil-
ities [90].

Additionally, considering the critical role of IL15 in T
cell differentiation, research shows that CAR-T cells with
elevated levels of IL-15 and FOXO1 exhibit enhanced
longevity and increased efficacy in tumor suppression.
In vivo, genetically modified CAR-T cells significantly
reduce tumor size by over 30% and increase survival rates
by 50% compared to conventional CAR-T cells. Ongoing
efforts are focused on initiating multiple clinical trials
to implement the dual regulation approach of IL-15 and
FOXOL1 in cancer treatment [91]. Moreover, the cyto-
toxicity of CAR-T cells enhanced after co-culturing with
NOTCH-specific monoclonal antibodies [92]. NOTCH1



Ai et al. Journal of Hematology & Oncology ~ (2024) 17:105

agonism directs T cells towards a phenotype with a
stronger antigen response, enhanced interaction between
CD4" and CD8* CAR-T cells, and increased the secre-
tion of effector cytokines [92, 93].

Utilizing CRISPR-Cas9 to target genes related to cbl-b,
a member of the RING family of E3 ubiquitin ligases and
a molecular adaptor, researchers created Cbl-b”'"CAR-T
cells [94, 95]. Deletion of cbl-b has been shown to reduce
exhaustion in CAR-T cells, increase levels of IFN-y and
TNF-a and enhance cytotoxicity [95]. Recent reports
have indicated that artificial intelligence has improved
the specificity of the CRISPR-Cas9 system, enhancing its
clinical therapeutic applications [96].

CAR-T cells with a memory-like phenotype and
reduced exhaustion gene expression potentially present
prolonged persistence. For example, a single CAR-T cell
clone with CAR integrated into the TET2 gene has shown
enhanced proliferation, antitumor efficacy, and longevity
[97]. Employing strategies that target T cell activation
and proliferation is also effective. Knocking out SHP-1,
a protein tyrosine phosphatase that inhibits T cell acti-
vation and proliferation, in CD133-CAR-T cells has
improved apoptosis in CD133-positive glioma cell lines.
The study also showed SHP-1 knocking out CAR-T cells
displayed enhanced cytotoxicity, with increased release
of TNF-q, IL-2, and IFN-y in vitro [98].

In addition, researchers identified variants and muta-
tions with the potential to enhance multiple indicators
of T cell activity, crucial for the eradication of cancer
cells. The team found loss-of-function mutations in spe-
cific regions of genes including PIK3CD and its regula-
tory subunits PIK3R1, LCK, SOS1, AKT1, and RHOA.
Introducing specific mutations, like those in PIK3CD
or PIK3R1, into CAR-T cells will enhance the function
of cytotoxic [99]. A separate team found that in CD4*
cutaneous T-cell lymphoma, a fusion of CARD11 and
PIK3R3, termed CARD11-PIK3R3, occurs. This mutation
in CAR-T cells significantly enhanced AP-1 and NF-«B
signaling, increased IL-2 production, and improved
tumor eradication efficacy both in vitro and in vivo [100].

In conclusion, these findings suggest new strategies for
optimizing CAR-T cell therapy by enhancing cell ther-
apy efficacy through regulation of key genes. The results
highlight promising avenues for advancing CAR-T cell
therapies. Future improvements in CAR-T cell therapy
may utilize strategies targeting pathways involved in
cellular proliferation, differentiation, exhaustion, and
cytokine production.

Variable heavy domain of heavy chain antibodies (VHH)

Recently, VHH single-domain antibody fragments, also
known as nanobodies, have been utilized to optimize
CAR-T cells [101-103]. ScFv, composed of variable heavy
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and light chains of monoclonal antibodies connected via
a flexible linker, are the conventional antigen-binding
domains of CARs. VHH exhibits similar binding affini-
ties to full-sized monoclonal antibodies and possesses
characteristics such as stability, solubility, and high-yield
expression, can be a superior alternative to scFv [104—
106]. A study demonstrated that CAR-T cells releas-
ing anti-CD47 VHH improved innate immune system
engagement, increased IFN-y secretion and enhanced
cytotoxicity [102]. Levels of IFN-y and TNF-a were
comparable to those of standard CAR-T cells in stud-
ies of VHH-CAR-T cells [103]. Based on the encourag-
ing results, several VHH-based CAR-T studies are in
clinical trials [107]. Ciltal-cel, a VHH-based BCMA-
targeting CAR-T therapy, has been approved in the USA
for patients with relapsed/refractory multiple myeloma
[108]. Therefore, VHH-based CAR-T therapies hold
promising prospects for clinical application.

Promote infiltration and correcting
immunosuppressive TME

TME in tumor is complex and characterized by changes
in extracellular matrices, hypoxic regions [109], and
immunosuppressive cells including Tregs, MDSCs, and
tumor-associated macrophages (TAMs) [10]. TME cells
respond to various stimuli from tumor cells and other
TME constituents, including growth factors, cytokines,
chemokines, and enzymes. These stimuli induce cell
polarization, leading to complex interactions within the
TME that influence both pro-tumor and anti-tumor
processes [110]. The immune-evasive and immunosup-
pressive nature of the TME significantly reduces the ther-
apeutic efficacy of CAR-T cells in treating solid tumors.
Boulch M et al. showed that IFN-y produced by CAR-T
cells can enhance their killing rate and promote tumor
regression by interacting with the TME, highlighting
the crucial role of IFN-y and IL-12 in this crosstalk for
optimal cytotoxic activity [111]. Therefore, increasing
the expression of IFN-y helps to overcome the immuno-
suppressive TME and enhance the antitumor efficacy of
CAR-T cell therapy.

Immune checkpoints, such as PD-1/PD-L1, play a cru-
cial role in inhibiting T cell proliferation and function
[112-114]. EGFR CAR-E27-CCR6 T cells, engineered to
express CCR6 and secrete the PD1-blocking single-chain
antibody fragment E27, demonstrate potent cytotoxicity
and increased secretion of IL-2 and IFN-y in NSCLC xen-
ograft model [115]. On the other hand, TGF- secreted
by tumor cells in the TME activates Tregs and suppresses
cytotoxic function of T cells [116]. Consequently, Chen
devised a strategy to boost antitumor immunity by engi-
neering CAR-T cells to release a bispecific trap pro-
tein targeting PD-1 and TGF-B concurrently, leading to
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reduced inhibitory T-cell signaling and increased effector
molecule production, thus enhancing antitumor efficacy
while avoiding systemic toxicities [117]. Moreover, Chen
et al. observed that c-Met CAR-T cells released more
cytokines like IFN-y, TNF-q, and IL-6 compared to Mock
T cells. cMet-PD1/CD28 CAR-T cells, incorporating the
PD1/CD28 CSR, further increased IFN-y and TNF-a
secretion while reducing IL-6, indicating enhanced long-
term antitumor effects [79, 80].

Nanotechnology has been applied in CAR-T therapy
and cancer vaccines [118]. The combination of immune
checkpoint inhibitors and nanoparticles has proven to
be an effective strategy for enhancing anti-tumor capa-
bilities, highlighting the significant role of nanoparticles
in advancing cancer immunotherapy and modifying the
TME. Interestingly, CAR-T cells can act as mini drug-
stores by producing a specific fusion protein, tTF-NGR,
which includes truncated tissue factor (tTF) and an NGR
motif (asparagine-glycine-arginine). This fusion protein
has pro-coagulatory effects and induces hypoxia, caus-
ing tumor cell death when vascular endothelial cells
relocate within tumor tissues. GD2-tTF-NGR CAR-T
cells specifically target GD2 and release tTF-NGR into
the TME. As a result, these CAR-T cells show enhanced
infiltration and superior therapeutic activity in human
neuroblastoma xenografts compared to control cells
expressing inactive tTF-NGR. Furthermore, experiments
in vitro validated the mechanism through which hypoxia
enhances T cell cytolytic activity [119].

CD40, a member of the TNF receptor superfam-
ily, is predominantly found in antigen-presenting cells
(APCs), notably dendritic cells (DCs) [120]. The inter-
action between CD40 and transiently expressed CD40L
on T cells post-TCR stimulation activates DCs and
cytotoxic T cells, enhances their recruitment to the
tumor, and induces apoptosis in CD40+ tumor cells
[121]. Kuhn et al. developed CD40L-expressing CAR-T
cells, which remodeled the TME, increased IFN-y and
TNF-a production, and enhanced antitumor efficacy
[122]. Using the piggyBac transposon system, Zhang
et al. developed meso3-CD40 CAR-T cells targeting
mesothelin (MSLN), which also secrete anti-CD40 anti-
bodies. Compared to meso3 CAR-T cells, meso3-CD40
CAR-T cells showed increased secretion of cytokines
such as IFN-y and a more potent cytotoxic effect on tar-
get cells [123]. CD47, a ligand frequently overexpressed
in various cancers and known for the “do not eat me”
signal via SIRPaq, plays a key role in immune evasion
[124, 125]. A potential therapeutic approach involves
using a soluble truncated SIRPa protein variant (CV1)
and a high-affinity CD47 blocker to inhibit the CD47-
SIRPa signaling pathway [126]. Based on the results,
Dacek designed OrexiCAR-T cells to locally release
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CV1 at the tumor site, treating cancers in conjunction
with a monoclonal antibody that targets orthogonally
[127].

Triggering TREM2, a member of the immunoglobu-
lin superfamily, contributes to the maturation of TAMs
by recognizing ligands like lipids and apoptotic debris in
the TME [128]. Consequently, Chen et al. developed PD-
1-TREM2 scFv-secreting CAR-T cells that inhibit PD-1/
PD-L1 interactions through autocrine signaling These
scFvs also blocked TREM2 interactions on TAMs and
MDSCs, reducing immunosuppressive cells and boosting
T-cell effector and antitumor functions. In a colorectal
cancer mouse model, these CAR-T cells showed potent
cytotoxicity, marked by increased IFN-y and TNF-a lev-
els [129].

Interleukins critically influence the proliferation, differ-
entiation, and function of engineered T cells. IL-18 mod-
ifies the TME by increasing M1 macrophages, activated
dendritic cells, and NK cells, while reducing M2 mac-
rophages and Treg levels. Avanzi et al. engineered CAR-T
cells to release IL-18, effectively modulating the TME
and significantly enhancing their in vivo expansion, per-
sistence, and survival [130]. Similarly, Glienke developed
IL-18-secreting TRUCKSs targeting GD2, which showed
increased cytokine secretion and specific cytotoxicity
towards target cells [131, 132]. IL-15 and IL-21 syner-
gistically improve CAR-T cell efficacy in the TME [133].
NKG2D-CAR-T cells with IL-4R and IL-15R domains
convert IL-4R inhibitory signals to IL-15R activation
signals, increasing cytotoxicity against IL-44 pancreatic
cell lines [134]. IL-12 accumulates in tumor tissues, alle-
viating stromal suppression and increasing IFN-y release
[83]. Hombach et al. integrated IL-12 into the CAR’s
structure, maintaining the functionality of both the CAR
and IL-12. Interestingly, IL-12-CAR-T cells showed anti-
gen-independent, HLA-E restricted cytotoxicity, effec-
tively killing cancer cells regardless of the presence of a
targeted antigen [84]. Yin identified EGFR variant III
and IL13Ra2 in glioma tissues and developed novel BiTE
molecules using conformation-specific antibodies target-
ing EGFR and IL13Ra2 [135]. These BiTE-T cells showed
enhanced activation and cytokine synthesis, displaying
potent cytotoxicity against glioma targets [136].

Researchers have explored extracellular vesicles (EVs),
including exosomes (<150 nm) and larger vesicles (150—
1000 nm), derived from the cell membrane that carry
antigens from parent cells to aid in CAR-T cell develop-
ment [137, 138]. A study on CD19EV-pretreated CAR-T
therapy showed that CD19 EVs enhance CAR-T cell cyto-
toxicity by promoting their expansion, increasing CD19
expression on their surface, and programming them into
effector-memory cells with higher IFN-y and granzyme B
secretion [139].
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In summary, optimizing the complex interactions
among modified CAR-T cells, endogenous immune cells,
tumor cells, and various effector molecules is essen-
tial to maximize the efficacy and antitumor effects of
novel CAR-T cells in treating solid tumors. Strategies to
enhance CAR-T cell therapy include improving tumor-
targeting specificity, increasing cytotoxicity, modifying
the tumor microenvironment, and preventing tumor
escape and relapse, all aimed at boosting the efficacy of
CAR-T cells against tumors and advancing their clinical
application.

Combinational strategies

How can molecular targeted drugs and CAR-T cells be
combined to exert synergistic anti-tumor effects? Stud-
ies show that combining molecular targeted drugs and
metabolic modulators with CAR-T cell therapy enhances
synergistic anti-tumor effects, reduces therapy resistance,
and improves cytotoxic efficacy [140].
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Combining with metabolic modulators (Fig. 5)
(1) PRODH2 engineering of CAR-Ts to interfere proline
metabolism; (2) Suppressing IDO1, Kynureninase and
CD38 inhibition to affect tumor glucose metabolism; (3)
Blockage of the glutamine/polyamine/hypusine axis to
interfere glutamine, a preferable energy source for tumor
cells. (4) Inhibiting S1P production by SphK1 stimulation
on Tcm cells greatly increased tumor cell damage. (5)
INO has been shown to downregulate enzymes associ-
ated with glycolysis while upregulating glutaminase and
polyamine metabolism enzymes, suggesting a potential
for metabolic reprogramming in CAR-T cells. (6) Supple-
mentation with NAD+ can notably enhance the efficacy
of T cell-based immunotherapy in combating tumors.
Metabolic processing significantly affects the persis-
tence of CAR-T cells, their ability to overcome adverse
TME, and their maintenance of immune character-
istics [141, 142]. Potential strategies include modi-
fying substrates involved in energy metabolism and
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mitochondrial respiration, such as reducing glycolysis
and enhancing glutaminolysis and polyamine synthesis.

Intracellular L-arginine metabolism is crucial for
cytotoxic and proliferation of CAR-T cell [143, 144]. A
study increased L-arginine levels by modulating proline
metabolism, involving the enzyme Prodh2 encoded by
the PRODH2 gene [145, 146]. Another gain-of-func-
tion study involving PRODH2-engineered CAR-T cells
showed that PRODH2 knock-in regulates L-arginine,
enhancing CAR-T cells’ immunomodulatory effects
against cancer [143, 146]. Meanwhile, adding sugar
nanoparticles to the culture medium allows T cells to
assimilate exogenous mitochondria, improving expan-
sion and reducing exhaustion [147].

Targeting glucose metabolism by modifying CAR-T
cells to overexpress Kynureninase enhances their abil-
ity to break down tumor-derived kynurenine (Kyn),
increasing their cytotoxicity in the TME, even at high
Kyn concentrations [148]. Kynurenine impairs CD8+ T
cell expansion and reduces their secretion of granzyme
B and IFN-y, thereby suppressing CAR-T cell cytokine
secretion and cytotoxic activity [148, 149].

Indoleamine 2,3-dioxygenase 1 (IDO1), a key enzyme
in kynurenine synthesis, plays a role in tumor immune
escape [150]. Combining IDO1 inhibitors with CAR-T
cells can improve CAR-T therapies for solid tumors
[151-153]. A recent study showed that inhibiting CD38
enzymatic activity enhances CAR-T cell efficacy by sup-
pressing glycolytic metabolism [154].

Additionally, studies have shown that blocking the
glutamine/polyamine/hypusine axis [155, 156] can
enhance the therapeutic effectiveness of treatments
[157]. Since glutamine is a preferred energy source for
tumor cells, targeting glutamine metabolism could sig-
nificantly improve CAR-T therapy [158].

Scientists have verified that inosine (INO) modu-
lates CAR-T cell metabolism by reducing glycolysis and
enhancing mitochondrial capacity, glutamine uptake,
glutaminolysis and polyamine synthesis [152]. Addi-
tionally, inosine can reprogram T cells into a more
stem-like phenotype, making it a preferable alterna-
tive to glucose-based media for cell culture. Increas-
ing inosine levels in TME can also enhance antitumor
capabilities.

Nicotinamide adenine dinucleotide (NAD+) is a
coenzyme in REDOX reactions that influences criti-
cal cellular processes such as metabolism, DNA repair,
chromatin remodeling, and cell senescence. Research has
highlighted the crucial role of the nicotinamide phos-
phoribosyl-transferase-mediated NAD+salvage path-
way in T cell activation. Lower NAD+levels in T cells
impede glycolysis and impair mitochondrial function.
Supplementing with NAD+ can significantly enhance the
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efficacy of T cell-based immunotherapies against tumors
[159].

A study investigated the role of sphingosine-1-phos-
phate (S1P), a lipid produced by sphingosine kinase 1
(SphK1), in regulating T cell differentiation. The study
found that the absence of SphK1 in T cells increased S1P
levels, promoting the maintenance of the Tcm phenotype
and inhibiting differentiation into Tregs. Researchers
used a gene knockout strategy and chemical inhibitors
to target SphK1, resulting in significant effects in a mela-
noma mouse model. Therefore, inhibiting the SphK1/S1P
signaling pathway holds clinical potential for enhancing
CAR-T cell efficacy [160].

Modifying metabolic pathways in CAR-T cells, tumor
cells, and immune cells within the tumor microenviron-
ment presents a promising strategy for enhancing CAR-T
cell therapy.

Combining with molecular targeted drugs

Resistance to CAR-T cell immunotherapy can stem from
CAR-T cells themselves, the tumor microenvironment,
or the cancer cells. Tumor cells can develop “intrinsic
resistance” to immune cell killing by CAR-T cells [161].
Strategies have been developed to sensitize tumor cells to
death receptor-mediated apoptosis. (Fig. 6).

Combination therapy inhibitors: IAP antagonist,
HDAC inhibitor, Serpin 9, SCD1 inhibitors, Qi Yin San
Liang San (SLS), Sulforaphane and BCL-2 inhibitor.

Inhibitors of apoptosis proteins (IAPs) are often
upregulated in various malignancies to block apoptosis
[162]. To address this, scientists have developed a novel
approach combining CAR-T cells with IAP antagonists,
small molecules that promote the degradation of IAPs. A
study found that the IAP antagonist Birinapant increased
tumor susceptibility to apoptosis induced by cytokines
from CAR-T cells [163].

Histone deacetylase inhibitors (HDACi) enhance the
cytotoxicity of CD20 CAR-T cells against B-cell malig-
nancies by increasing TNF-a and IFN-y secretion [164].
This effect is linked to the broad expression of CD20 in
non-Hodgkin’s lymphoma, chronic lymphocytic leuke-
mia (CLL), and roughly 40% of precursor B-cell acute
lymphoblastic leukemia cases [165]. CD20, a non-glyco-
sylated transmembrane phosphoprotein, plays a key role
in B cell development and differentiation, functioning as
a calcium channel [166]. HDACI increases CD20 expres-
sion in tumors, enhancing the effectiveness of CAR-T
cells [167].

Serpin proteinase inhibitor 9 (serpin B9) is known to
resist CAR-T cell-mediated tumor killing by binding and
neutralizing granzyme B [168, 169]. Unfortunately, serpin
B9 is uniformly expressed in B-cell lymphomas, espe-
cially in DLBCL and CLL [170]. To address this, scientists
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Fig. 6 Molecular targeted drugs in combination with CAR-T cell therapy

silenced serpin B9 expression in tumor cells and observed
enhanced CAR-T cell-mediated killing when combined
with a serpin B9 inhibitor [170].

Another strategy involves integrating stearoyl-CoA
desaturase 1 (SCD1) inhibitors with CAR-T cell therapy.
SCD1 inhibitors block the conversion of saturated fatty
acids, including palmitic and stearic acids, into mono-
unsaturated fatty acids. Studies have shown that SCD1
inhibitors synergistically enhance the antitumor effects of
CAR-T therapy in vivo [171].

Additionally, Chinese medicine formulas and sul-
foraphane (SEN) can also enhance CAR-T cell cyto-
toxicity. The formula Qi Yin San Liang San (SLS)
strengthens CD19 CAR-T cell function and enhances
their ability to target B-cell lymphomas. In vitro studies
show that SLS increases granzyme B levels in a dose-
dependent manner, partially mediated by IL-17 and

Proliferation

apoptosis signaling [172]. SFN, an isothiocyanate found
in cruciferous vegetables [173], inhibits tumor cell pro-
liferation and disrupts cell cycle progression through
multiple mechanisms [174]. SFN enhances B and T
cell abundance [175] and modulates Th1/17 effects by
regulating IL-23 and IL-12 production [176]. Research
by Shen showed that combining SEN with CAR-T cells
increases cytotoxicity and tumor cell lysis by elevating
perforin, granzyme B, and IFN-y levels while suppress-
ing PD-1 expression [177].

A team from the University of Pennsylvania found that
combining a BCL-2 inhibitor with overexpressed BCL-2
(F104L) in CAR-T therapy produced a stronger therapeu-
tic effect against B-cell lymphomas. This approach offers
a novel method for creating CAR-T cells resistant to pro-
apoptotic molecules, amplifying their antitumor efficacy
[178].
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Table 2 Novel strategies or CAR designs and combinations to enhance cytotoxic efficiency of CAR-T cells therapy in solid tumors

Cancer type Target Gene Metabolism Combined strategies Secreted design/ Study (year of
costimulatory domain  publication)
Breast cancer TmTNF-a Baetal. (2021)
Hepatocellular carcinoma IDO1 PD1/CD28 CSR Patra et al. (2023)
Soluble IL-15 Qin et al. (2023)
IL21-IL15 Makkouk et al. (2021)
Batra et al. (2020)
Pancreatic adenocarci- N-glycans L8 Greco et al. (2022)
noma Harrer et al. (2022)
Glioblastoma SHP-1 IAP antagonist BiTE-secreting bivalent  Liu et al. (2023)
Song et al. (2022)
Yin et al. (2022)
Gastric cancer CLDN6 PD1/CD28 Chen et al. (2021)
Simon et al. (2023)
Neuroblastoma CAR-M-FcRy IL15 Xu et al. (2019)
tTF-NGR-peptide Liu et al. (2022)
Altvater et al. (2023)
Ovarian cancer TAG72 IL12 Anti-CD40 antibodies Lee et al. (2023)
TAG72/CDA47 bispecific protein of anti- Hombach et al. (2022)
PD-1 fused with TGF-3 Zhang et al. (2021)
trap Chenetal. (2021)
Shu et al. (2021)
Melanoma S1P VHH-secreting Chakraborty et al. (2019)
Xie et al. (2020)
Osteosarcoma CD276/FGFR4 Inosine SCD1 inhibitor Klysz et al. (2024)
Sugi et al. (2023)
Timpanaro et al. (2023)
Prostate cancer PRDM1/NR4A3 Jung et al. (2022)
Colorectal cancer Cbl-b PD-1-TREM2 Chen et al. (2023)
Zhao et al. (2023)
Lung cancer LunX Foxo1 Sulforaphane Hu et al. (2020)
B7-H3 Marchais et al. (2023)
VEGFR2 Zhu etal. (2021)
EphA2 Zhong et al. (2023)
Shen et al. (2021)
Lietal (2018)
Lymphoma and lympho- CD19/CD22 NOTCH1  NAD+ Serpin B9 EVs Wilkens et al. (2022)
cytic leukemia TET2 PRODH?2 HDACi CD47-SIRPa Fraietta et al. (2018)
PIK3CD CD38 Qi Yin San Liang San 4-1BB and optimized Walsh et al. (2024)
PIK3R3 (SLS) CcD28 Garcia et al. (2024)
GM-CSF BCL-2 inhibitor BB-(-C3aR CAR-Ts Wang et al. (2021)

CD4oL

Aharon et al. (2021)
Kimman et al. (2023)
Xuetal. (2018)
Dong et al. (2024)
Lee et al. (2022)
Dacek et al. (2023)
Roselli et al. (2021)
Cox et al. (2022)

Ye et al. (2022)

Lai et al. (2022)
Kuhn et al. (2019)
Ma et al. (2023)
Huang et al. (2024)

We have described and summarized recent research
progress, novel CAR designs, and combination strategies
aimed at enhancing the cytotoxic efficiency of CAR-T cell
therapy in solid tumors (Table 2). Table 3 summarizes
biomarkers and associated signaling pathways related

to the activation, proliferation, cytotoxic and metastasis
of CAR-T cells. However, the combined effects of meta-
bolic modulators, molecular targeted drugs, and CAR-T
cell therapy are complex and not yet fully understood,
with current research being limited. Further studies are
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Table 3 Key biomarkers associated with signaling pathways
related to the activation, proliferation, cytotoxic and metastasis of
CAR-T cells

Effects Biomarker Signaling pathways and
metabolic mechanisms

CAR-T cell activation 1. SHP-1 1.TNF-q, IL-2, IFN-y secretion
CAR-T cell proliferation 1. PD-L1 1.PD1/PD-L1 pathway

2.1L-18 2.1L-13, IFN-y secretion
CAR-T cell cytotoxicity ~ 1.B7-H3 1.B7-H3/ B7-H3 ligand

2.tmTNF-a 2. NTF-ERK-GST, NTF-NF-kB

3.CD40L 3.CD40/CD40oL

4. MSLN 4. AKT, ERK1/2, JNK

5. TREM2 5. RAS/MEK/ERK

6.1L-4/15 6. AKT, JAK/STAT, IFN-y

7.1-12 secretion

8. PIK3C 7.1L-17, IFN-y secretion

9. PIK3R3 8. PI3K/AKT

10. NAD 9. PI3K/AKT

10. NAD + salvage pathway

CAR-T cell exhaustion 1. PRDM1/NR4A3 1. PRDM1/NR4A3/TCF7

and differentiation 2. FOXO1 2. AKT, MAPK
3.NOTCH1 3. NOTCH-FOXM1
4.Cbl-b 4. TCR/Cbl-b/STAT
5.TET2 5.c-MYC, mTORC1
6. PRODH2 6. Proline metabolism
7.5phK1 7. Lipid metabolism
Tumor cell proliferation 1. LunX 1. ERK, JNK pathway
2.CLDN6 2.STAT3
3. EphA2 3. AKT, ERK1/2
4.VEGFR-2 4.VEGF/VEGFR
5. Glutamine 5. Glutamine/polyamine/
6.INO1 hypusine

6. Glutamine/polyamine

needed to elucidate the molecular mechanisms underly-
ing combination therapies, along with larger clinical trials
to assess their efficacy and safety.

Balancing between toxicity and efficacy

Despite the remarkable efficacy of CAR-T cell therapies
in treating various malignancies, safety concerns have
emerged. Notably, Cytokine Release Syndrome (CRS)
and Immune Effector Cell-Associated Neurotoxicity Syn-
drome (ICANS) are the most frequently reported adverse
events in CAR-T cell therapies [179, 180].

Cytokine release syndrome

CRS typically begins with mild, generalized symptoms
such as fever, hypotension, rigors, tachycardia, tachyp-
nea, and hypoxemia [181]. In most cases, CRS is revers-
ible without lasting neurological damage if symptoms are
promptly recognized and treated [182]. However, delays
in diagnosis and treatment can occur due to the cur-
rent diagnostic criteria and severity grading system. Alex
et al. developed a machine learning-based method to aid
in the rapid diagnosis of CRS. They found that specific
cytokines and chemokines were consistently associated
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with CRS and used machine learning algorithms to iden-
tify CRS based on cytokine peak concentrations, achiev-
ing over 90% accuracy [183].

CRS is associated with elevated levels of several
cytokines, including IL-6, IL-8, IL-10, INF-y, granulo-
cyte—macrophage colony-stimulating factor (GM-CSF),
macrophage inflammatory protein-1p, and monocyte
chemoattractant protein-1 [184]. IL-6 is a key mediator
of CRS and is critically involved in life-threatening tox-
icity. IL-6 blockades, such as siltuximab (IL-6 antibody)
and tocilizumab (IL-6 receptor antibody), are widely used
to manage CRS [185]. Administering IL-6 receptor anti-
bodies too early can disrupt normal IL-6 levels, causing
side effects [186], while delayed administration can lead
to severe toxicity [187, 188]. Thus, it is crucial to develop
new therapies to prevent CRS before CAR-T cell infu-
sion and determine the optimal timing for IL-6 blockade
administration. Li et al. developed an IL-6 sponge (IL6S)
that selectively absorbs abnormally elevated IL-6 during
CRS without affecting the antitumor efficacy of CAR-T
cells. Additionally, the sponge can be easily removed with
a syringe, simplifying the removal of both the material
and the absorbed IL-6 [189]. This offers a promising new
solution for managing CRS in the clinic.

GM-CSF is another key cytokine associated with
CAR-T cell-related adverse events [190]. Lenzilumab, a
humanized monoclonal antibody that neutralizes GM-
CSE, has been shown to enhance CAR-T cell cytotoxicity
and prevent CRS [190]. However, safety assessments are
still ongoing [191].

Immune effector cell-associated neurotoxicity syndrome
ICANS is a form of neurotoxicity that can occur after
CAR-T therapy, manifesting as symptoms such as dif-
ficulty concentrating, confusion, delirium, aphasia, leth-
argy, tremors, and seizures [192]. Corticosteroid therapy
and tocilizumab are the first-line treatments for ICANS
[193]. However, these therapies may impact the long-
term efficacy of CAR-T cell treatments [194]. Various
preventive strategies, including early use of corticos-
teroids, tocilizumab, and the addition of ibrutinib, have
shown success in reducing systemic CAR-T cell depletion
[195]. When ICANS occurs, reducing the cumulative
corticosteroid dose may improve OS and progression-
free survival (PFS). Mikalai et al. reported a case where
a patient with grade IV ICANS was treated with intrath-
ecal chemotherapy, including methotrexate, cytarabine,
and dexamethasone, which reduced the ICANS from
grade IV to grade 0 within one day. This allowed the ces-
sation of systemic corticosteroid use, preserving the effi-
cacy of CAR-T cells. This suggests a promising method
for managing high-grade ICANS while minimizing dam-
age to CAR-T cell efficacy [196].
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Optimization of CAR-T cell production

While CAR-T cell therapies have demonstrated efficacy
in various malignancies, they are limited by high costs
and lengthy production times. Various strategies are
being explored to reduce costs, increase accessibility,
and expand the applications of CAR-T therapies. In vivo
CAR-T preparation and allogeneic CAR-T cell therapies
have emerged as key areas of interest in “next-generation”
CAR-T cell research. (Fig. 7).

The traditional in-vivo, Autologous CAR-T therapies
compared to allogenic CAR-T therapies; The ex-vivo
CAR-T therapies use vectors including LV, LNP, AAV,
and is used directly to transduce patient T cells.

In vivo CAR-T cell therapies

The in vivo generation of CAR-T cells allows direct trans-
duction of patient T cells, enabling new gene expres-
sion and CAR production within one to two days. This
method may prevent GvHD, a life-threatening toxicity
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caused by recognizing healthy tissues. As gene therapies
expand to more indications, improving vectors becomes
essential. Michaels et al. outlined various vector-based
technologies, such as lentiviral vectors (LV), adeno-asso-
ciated viruses (AAV), synthetic polymer nanocarriers
(NC), and lipid nanoparticles (LNP) [197].

Currently, LV vectors are widely used in clinical trials
to deliver transgenes into primary cells ex vivo, such as T
cells and hematopoietic stem cells, making them valua-
ble tools for treating genetic and acquired diseases [198].
However, global LV vector manufacturing capacity is lim-
ited, and costs are high, making it essential to enhance
cell lines for LV vector production [199]. Laffaldano et al.
used CRISPR library screening to identify genetic per-
turbations, creating cell lines with higher LV vector titers
and improved productivity [200].

AAVs are currently the most widely used gene deliv-
ery vectors for various disease models [201]. AAVs
demonstrate strong ability to attach to and enter target
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cells, exhibiting cytotoxicity. Cao et al. used AAVs to
deliver Vaccinia Virus (VV) B8R to tumor cells in pre-
immunized mice and observed that AAV gene therapy
slowed tumor growth. Moco et al. used AAV serotype
6 to integrate an anti-CD19 CAR into human T cells,
achieving stable CAR expression. Importantly, this
led to the knockout of the endogenous T cell recep-
tor, enabling the use of allogenic donors, support-
ing an “off-the-shelf” universal CAR-T therapy [202].
However, transduction efficiency in primary cells, par-
ticularly T lymphocytes, remains relatively low. Wang
et al. developed a method using OKT3 and genistein to
culture AAVs, increasing gene expression by sevenfold
[203].

Developing lentiviral vectors from wild-type viruses
requires evaluating the viral genome and selecting
components for safe, efficient gene transfer [204].
Lipid-based nanoparticles (LNPs) have emerged as
revolutionary carriers due to their favorable physico-
chemical properties, making them especially useful for
immunotherapeutic delivery [205]. The LNP-mRNA
delivery system offers advantages such as no host
genome integration, lower cost, reduced toxicity, and
modifiability compared to viral vectors [206]. LNPs
generally accumulate in the liver after systemic admin-
istration due to serum protein adsorption. Billingsley
MM et al. developed an antibody-conjugated LNP (Ab-
LNP) platform with extrahepatic tropism for CAR-T
cell therapies [207]. This platform enables extrahepatic
transfection, enhances delivery to the spleen, and gen-
erates functional CAR-T cells in vivo [208].

Zhou et al. developed an in vivo LNP system with
CD3 antibody modification for targeted transfection,
delivering a combinatorial gene encoding interleukin-6
short hairpin RNA (IL-6 shRNA) and CD19 CAR [209].
They successfully transformed T-cells into IL-6-down-
regulated CAR-T cells, which targeted CD19-express-
ing leukemia while reducing CRS caused by IL-6. This
demonstrated that the LNP system exhibited compa-
rable anti-tumor effects to traditional ex vivo CAR-T
cells. Furthermore, LNPs coated with antibodies tar-
geting specific cells, such as T cells, can release mRNA
and have been proven effective in producing vaccines
against SARS-CoV-2 [210]. The LNP-mRNA system has
also been shown to be effective in treating various car-
diac diseases, including myocarditis, cardiac fibrosis,
and myocardial infarction [211]. Hamilton et al. devel-
oped an mRNA/siRNA co-delivery platform for simul-
taneous gene expression and targeted gene disruption
in T cells [212]. This system enhances CAR expression
and PD-1 knockdown without affecting overall T cell
activation, showing great promise for advancing cancer
immunotherapies.
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Allogenic CAR-T therapies

Although CAR-T cell therapies have proven effective,
they face limitations, particularly the time-consum-
ing and highly personalized manufacturing of autolo-
gous CAR-T cells. Universal “off-the-shelf” allogeneic
CAR-T therapies with low alloreactivity are currently
under development [213, 214]. The most used alloge-
neic cell source for CAR-T manufacturing is peripheral
blood mononuclear cells (PBMCs) from healthy donors,
or stem cells derived from PBMCs [215]. This enables a
rapid and standardized manufacturing protocol.

Induced pluripotent stem cells (iPSCs) are a renew-
able cell source undergoing rapid development [216].
Since iPSCs can be derived from various somatic cells,
they offer the potential for tailor-made regenerative
medicine, eliminating the need for harmful immunosup-
pressive drugs used in allogeneic transplantation [213].
iPSCs derived from T cells inherit rearranged TCR genes,
allowing the regeneration of various T cell types. These
cytotoxic cells can serve as the base for CAR introduc-
tion, enabling the creation of a large cell bank for broad
application [217]. Wang et al. demonstrated that iPSCs
reprogrammed from CD62L" naive and memory T cells,
followed by CD19-CAR engineering and 3D-organoid
differentiation, produced CD8uap* CAR-T cells, pro-
viding a feasible method to generate potent, allogeneic
“off-the-shelf” CAR-T cells [218]. Jing et al. efficiently
induced iPSC-derived CD8ap™ T cells by knocking down
EZH]1, demonstrating superior antitumor efficacy in vivo
through memory-like T cells producing effector T cells
[219]. Macrophages have gained attention in immuno-
therapy for their immunomodulatory capacity, ability
to infiltrate solid tumors, and tumor cell phagocytosis
[220, 221]. Lei et al. engineered induced pluripotent stem
cell-derived macrophages (iMACs) with toll-like recep-
tor 4 intracellular toll/IL-1R (TIR) domain-containing
CARs. The TIR-containing CAR enables macrophages to
achieve antigen-dependent M1 polarization, providing
an advantage in cancer immunotherapy [222].

Despite the promise of allogeneic CAR-T therapies,
two key challenges remain: life-threatening GvHD and
host versus graft rejection (HvGR) [223]. To enhance
CAR-T cell expansion and prevent host immune rejec-
tion of allogeneic CAR-T cells, a host precondition-
ing regimen is needed [224]. Derippe et al. developed a
population-based  pharmacokinetic-pharmacodynamic
model to analyze the interplay between lymphodepletion,
the host immune system, homeostatic cytokines, and
universal CAR-T cell pharmacokinetics [225]. This model
can optimize preconditioning regimens for future clinical
applications.

One strategy to prevent GvHD involves using gene
editing techniques like CRISPR/Cas9 or zinc fingers to
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knock out the TCR [226]. However, research indicates
that TCR knockout in allogeneic CAR-T cells may reduce
long-term persistence compared to autologous CAR-T
cells [227]. Interestingly, another study found that HLA-
II deficiency improved CAR-T persistence and developed
TCR, HLA-I/II triple-edited CAR-T cells that effectively
resisted allogeneic NK rejection [228]. This provides
novel insights for improving the persistence of allogeneic
CAR-T cells and guiding future developments. Another
approach is to use T cells from compatible donors. Buflao
et al. reported treating relapsed/refractory B-cell precur-
sor acute lymphoblastic leukemia with donor-derived
CAR-T cells [229]. Only one of 13 patients developed
GvHD, which was rapidly controlled with steroids and

b @
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ruxolitinib. This demonstrated no increased toxicity
compared to autologous CAR-T cells.

Application of novel technologies (Fig. 8)

Artificial Intelligence can identify abnormal CAR-T cells
and predict adverse events like CRS; Organoids can be
analyzed to discover new targets and to assess patient
response to therapies; Gut microbiome can serve as non-
invasive prognostic markers to predict and improve ther-
apy outcome.

Artificial intelligence
Due to individual cellular differences, patients undergo-
ing CAR-T therapy may experience side effects that can
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be debilitating or even fatal. However, because CAR-T
cells exhibit heterogeneity and share similar phenotypes
with other cells, only a limited number of blood mor-
phologists can rapidly and accurately identify abnor-
mal phenotypic cells. Additionally, biochemical analysis
and training novice blood morphologists to recognize
CAR-T cells are time-consuming and costly. Deep learn-
ing (DL), a state-of-the-art computer vision technique,
has achieved significant success in medical cell image
classification [230]. Zhang et al. developed a deep learn-
ing model, RCMNet, to identify CAR-T cells, achieving
99.63% top-1 accuracy on a public dataset [18]. DL has
also demonstrated its ability to predict patient responses
to therapy based on individual characteristics, aiding in
the development of personalized treatment strategies.
Wei et al. found that Al can predict and assess adverse
events like CRS [181]. A key challenge for Al is identi-
fying potential targets for CAR-T cell therapies. Daniels
et al. developed a CAR library with over 2300 synthetic
costimulatory domains that influence T cell outcomes.
They used neural networks to filter, cluster, and interpret
data to identify the best combinations for assessing neo-
antigens or designing TCRs [231].

Although Al-based CAR-T therapy approaches are still
limited, AI holds promise for uncovering strategies to
enhance CAR-T cell therapy effectiveness.

Organoids

Organoids, which are in vitro 3D culture systems derived
from self-organizing stem cells that resemble tissues or
organs, offer an ideal platform for developing new mate-
rials and targets for CAR-T therapies. Yu et al. estab-
lished bladder cancer organoid lines representing basal
and luminal subtypes and developed second-generation
CAR-T cells targeting MUCI [232]. They subsequently
developed a sensitive in vitro platform for evaluating
CAR-T cell-mediated cytotoxicity. This demonstrated
the potential of organoids in assessing personalized
responses to CAR-T therapy.

Gut microbiome

The gut microbiota plays a crucial role in maintain-
ing intestinal barrier integrity and homeostasis [233].
Increasing evidence suggests that the gut microbiome
may influence the efficacy of cancer immunotherapy
[234]. Stein-Thoeringer et al. recently reported that
broad-spectrum antibiotic treatment prior to CD19-tar-
geted CAR-T cell therapy is linked to adverse outcomes
[235]. Smith et al. found that antibiotic exposure before
CD19 CAR-T cell infusion was associated with signifi-
cantly reduced survival and increased immune effec-
tor cell-associated neurotoxicity syndrome (ICANS)
[236]. This suggests that gut microbiota could serve as a
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biomarker for predicting outcomes in patients undergo-
ing CAR-T therapy. Additionally, Hu et al. found that in
patients with hematologic malignancies (B-ALL, B-NHL,
MM) treated with BCMA or CD19 CAR-T cells, dynamic
changes in the gut microbiome were significantly corre-
lated with therapeutic response and CRS severity [237].
This may allow for cross-cohort microbiome-based
predictions of CAR-T immunotherapy outcomes. The
gut microbiota may also contribute to immune-related
adverse events (irAEs). More studies are needed to
develop novel interventions targeting commensal bac-
teria to minimize irAEs and improve immunotherapy
safety [233]. In conclusion, while research on the role of
the gut microbiota in CAR-T therapy is still in its early
stages, current findings suggest its potential as a non-
invasive prognostic marker. Modulating the gut micro-
biota could help mitigate CAR-T-induced adverse effects
and improve therapeutic outcomes.

Cell reservoir

Previous studies have shown that directly injecting
CAR-T cells into the tumor site leads to rapid loss of
activity and cell death. Additionally, tumor cells evade
T cell recognition and inhibit their cytotoxicity through
immune checkpoint inhibition and the immunosuppres-
sive tumor microenvironment.

In response to these challenges, researchers developed
a “cell reservoir” technology for localized, sustained, and
controlled release of cells. This approach involves load-
ing CAR-T cells, anti-PD-L1 antibody-modified platelets,
and IL-15 cytokine-loaded nanoparticles into a biocom-
patible implantable hydrogel. The hydrogel’s slow-release
capability controls the release of CAR-T cells, preventing
rapid inactivation and sustaining activity through IL-15.
In the postoperative inflammatory environment, PD-
L1l-engineered platelets may activate, secreting anti-PD-
L1 antibodies that block immune checkpoint inhibition
and enhance CAR-T cell cytotoxicity, suppressing cancer
recurrence. This novel “cell reservoir” approach serves as
a localized, sustained-release system for cells [238].

The integration of CRISPR gene editing with CAR-T
therapy offers new opportunities for cancer treatment
and facilitates the translation of CAR-T research into
clinical applications [239]. However, significant chal-
lenges remain regarding the safety, efficacy, and scal-
ability of Cas9-based gene editing platforms. Specifically,
Cas9-mediated editing can induce permanent alterations
in T cell DNA, posing risks of irreversible outcomes. To
address this issue, scientists are refining and enhancing
gene editing methods. Researchers at Stanford Univer-
sity developed the MEGA RNA CRISPR editing system,
capable of modifying cell RNA to regulate immune cell
metabolism without permanently altering genes. Initial
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studies of the MEGA platform’s T cell editing showed no
significant cancer inhibition advantage compared to tra-
ditional CAR-T or normal T cells. However, over time,
these edited T cells exhibited sustained antitumor activ-
ity, with up to a tenfold increase in efficacy and prolifera-
tion, significantly slowing cancer growth [240].

Ongoing and completed clinical trials of optimizing
CAR-T cell therapy

Additionally, we emphasize the complexities of these
strategies and their potential impact on clinical out-
comes. Representative clinical trials of optimized CAR-T
therapies are listed in Table 4. The most common strat-
egy is the use of bispecific CAR-T therapies, particularly
CD19/22 bispecific CAR-T. As of this review, 205 studies
on clinicaltrials.gov are investigating allogenic/universal
CAR-T therapies, demonstrating the promising potential
of off-the-shelf treatments. Although allogenic CAR-T
therapies still carry risks of CRS and ICANS, various
strategies have been explored to optimize administration
and production, aiming to reduce toxicity and enhance
cytotoxic efficacy.

Conclusion

The phenotypic diversity of solid tumors necessitates
more precise CAR structural designs to enhance the
specificity and cytotoxicity of CAR-T cells, thereby
improving their ability to target and kill tumor cells.
Identifying novel, precise targets holds significant
research value. For example, targeting LunX and EphA2
in lung cancer, TAG72 in ovarian cancer and tmTNF-«
in breast cancer has been successfully applied in vitro
and in vivo. Moreover, dual-targeted CAR-T cells can be
precisely localized at the tumor site and can exert high
cytotoxicity against tumor cells while the adjacent tissues
are not damaged, enabling accurate application of CAR-T
cell therapy.

Optimizing the costimulatory domains and enhancing
CSR can also be promising strategies for CAR design. The
immunosuppressive nature of the TME poses a major
obstacle to CAR-T cell infiltration into solid tumors.
Targeting immunosuppressive factors in the TME, such
as blocking the PD-1/PD-L1 checkpoint and target-
ing immunosuppressive cells, could remodel the TME
and enhance CAR-T cell efficacy. However, the complex
interactions between CAR-T cells, tumor cells, the TME,
and immune factors remain poorly understood, requiring
further research. Targeting CAR-T cell metabolism can
promote a more scalable, less depleting, and more cyto-
toxic phenotype. This strategy can also modify the unfa-
vorable TME to make it more conducive to CAR-T cell
function. CAR-T cell metabolism is influenced by CAR
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structure, including costimulatory domains and key mol-
ecule expression, which requires further study.

Enhancing effector molecules can boost CAR-T cell
efficacy, but IFN-y is closely linked to CAR-T-induced
CRS. CAR-T-derived EVs offers a promising approach to
improve CAR-T efficacy while reducing CRS incidence.
The selection of T cell subsets for CAR-T production still
requires further study. Current studies suggest that T cell
subtype selection and in vivo expansion are closely linked
to tumor progression and recurrence. More research is
needed to understand the relationship between thera-
peutic outcomes and the molecular characteristics of
T cell subtypes. Combining CAR-T therapy with VHH
(nanobodies) is an emerging trend. VHHs have low
immunogenicity, stability, and high affinity, and can
serve as alternatives to scFv, reducing CAR aggregation
and depletion [241]. Currently, several CAR-T therapies
incorporating nanobodies have entered clinical trials or
reached the market. Gene modification strategies require
a deep understanding of relevant signaling pathways and
mechanisms. Additionally, artificial intelligence can help
create precise models to predict optimal T cell stimula-
tion levels for each patient, enabling flexible manufactur-
ing of more consistent and potent CAR-T cells [242].
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