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Introduction: Chimeric antigen receptor (CAR) T-cell therapy has revolutionized the treatment of refractory hematological 
malignancies, yet significant challenges persist in extending its success to solid tumors. This review aims to provide 
a comprehensive overview of the current landscape and future perspectives of CAR-T therapy in both hematological malignancies 
and solid tumors.
Methods: A thorough literature search was conducted to identify relevant preclinical and clinical studies, as well as review articles, 
focusing on CAR-T therapy in various hematological malignancies and solid tumors. The collected information was synthesized to 
discuss the current applications, challenges, and strategies for improving CAR-T therapy in these settings.
Results: CAR-T therapy has demonstrated impressive clinical outcomes in treating certain hematological malignancies, such as B-cell 
lymphoma, leukemia, and multiple myeloma. However, the efficacy of CAR-T cells in solid tumors has been limited due to various 
obstacles, including tumor heterogeneity, immunosuppressive microenvironment, and off-tumor toxicities. Strategies to overcome 
these challenges involve advanced CAR designs, combination therapies, and novel approaches to CAR-T cell manufacturing and 
engineering.
Conclusion: While CAR-T therapy has revolutionized the treatment of some hematological malignancies, significant hurdles remain 
in extending its success to solid tumors. Continued research efforts focusing on improving CAR-T cell efficacy, safety, and 
accessibility will be crucial in unlocking the full potential of this innovative immunotherapeutic approach across a broad spectrum 
of cancer types.
Keywords: CAR-T, hematological malignancies, solid tumors, translational advances, clinical challenges

Introduction
Hematological malignancies and solid tumors represent two major categories of cancer, each encompassing multiple 
specific types and treatment approaches. Hematological malignancies originate from blood-forming tissues, such as bone 
marrow or immune system cells, and include leukemia, lymphoma, and myeloma. Leukemia develops due to uncon
trolled proliferation of immature white blood cells, which impairs the production and function of normal blood cells.1 It 
is classified into acute types (such as acute lymphocytic leukemia, acute myeloid leukemia) and chronic types (such as 
chronic lymphocytic leukemia, chronic myeloid leukemia). Lymphoma and multiple myeloma originate from lymphatic 
system and plasma cells respectively, leading to tumor-mass effects, bone destruction and abnormal antibodies.

Treatment modalities include chemotherapy, targeted therapy and novel precision medicine approaches,2,3 which 
either eliminate rapidly dividing cancer cells directly or target-specific signaling pathways to kill tumor cells.4,5 While 

ImmunoTargets and Therapy 2025:14 655–680                                                                655
© 2025 Zhang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v4.0) License (http://creativecommons.org/licenses/by-nc/4.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

ImmunoTargets and Therapy                                                            

Open Access Full Text Article

Received: 5 February 2025
Accepted: 16 June 2025
Published: 27 June 2025

Im
m

un
oT

ar
ge

ts
 a

nd
 T

he
ra

py
 d

ow
nl

oa
de

d 
fr

om
 h

ttp
s:

//w
w

w
.d

ov
ep

re
ss

.c
om

/
F

or
 p

er
so

na
l u

se
 o

nl
y.

http://orcid.org/0009-0004-0501-3019
http://orcid.org/0009-0008-2978-1003
http://orcid.org/0009-0007-0309-5673
http://orcid.org/0009-0004-0699-6547
http://orcid.org/0009-0003-5292-239X
http://orcid.org/0000-0002-7436-6588
http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/4.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


immunotherapy eradicates cancer cells through terminating the inhibited immune system or importing engineered 
immune cells.

Solid tumors arise from a variety of bodily tissues including epithelial, connective, and nervous tissues, manifesting 
as abnormal growths or masses in organs. Solid tumors comprise a diverse group of cancers, including breast cancer, lung 
cancer, and various sarcomas. Treatment strategies often involve a multimodal approach, incorporating surgery, radio
therapy, chemotherapy, targeted therapy, and immunotherapy. Surgical resection is the primary means for local entity 
tumors. Radiotherapy can destroy cancer cells and is often used in combination with surgery or as a standalone 
treatment.6 Chemotherapy uses drugs to target cancer cells but has multiple side effects. Targeted therapy is more 
tolerable and has become a standard treatment regimen. Immunotherapy enhances the immune system’s ability to 
recognize and attack cancer cells, with checkpoint inhibitors demonstrating significant efficacy.7,8

Current applications of CAR-T therapy demonstrate notable efficacy in hematologic malignancies with expanding 
indications, significant potential in solid tumors and autoimmune diseases, and preliminary feasibility in HIV/AIDS 
treatment. Concurrent advancements include leveraging CRISPR technology to develop universal CAR-T (UCAR-T) 
products, aiming to reduce manufacturing costs and enhance therapeutic accessibility.

Beyond the limitations (antigen escape, tumor heterogeneity, immunosuppressive tumor microenvironment, T cell 
exhaustion and CAR-T cell associated toxicities) observed in both hematologic malignancies and solid tumors, CAR-T 
cell therapy faces critical challenges in manufacturing and safety, including inadequate standardization of production 
processes.

In summary, as a cutting-edge medical technology, CAR-T cell therapy has broad prospects and potential in the 
treatment of multiple cancers.1

The Development Journey of CAR
The concept of a chimeric T cell receptor was first introduced in 1987, which integrates the variable domains (VH/VL) 
derived from an antibody with the constant domains derived from a T cell receptor (TCR).9,10 In 1989, a chimeric T cell 
receptor (cTCR) composed of the variable heavy and light chains of the anti-2,4,6-trinitrophenyl (TNP) antibody Sp6 
was introduced, which were fused with the constant regions of the α and β TCR chains, respectively.9,11 Then, scFvR 
emerged, which is a fusion of a single-chain variable fragment (scFv) with the intracellular signaling domains of CD3ζ or 
FcεRIγ. It boasts higher vector delivery efficiency and can independently mediate cell activation signals. The double- 
chain cTLR and single-chain scFvR are recognized as the prototypes of modern chimeric antigen receptors (CARs).9,12

The first-generation CAR exhibited good anticancer activity in mouse models (Figure 1),13–15 but the therapeutic 
outcomes were not satisfactory in patients with ovarian cancer and metastatic renal cell carcinoma. The first-generation 
CAR has a relatively simple structure, leading to a short duration of action in vivo and an inability to provide sustained 
antitumor effects.16,17 Compared to the first-generation CAR, the second-generation CAR features an additional 
costimulatory domain in the intracellular signaling transduction region. The costimulatory domain is crucial for T-cell 
activation and functional regulation,18 typically consisting of CD28, CD27,19 ICOS,20 4–1BB, among others, with CD28 
and 4–1BB being the most common. The costimulatory signal enhances the proliferation of CAR-T cells and increases 
the secretion of TNF-α and IL-2.21 The third-generation CAR-T cells introduce a more complex CAR structure on the 
surface of T cells, with their intracellular signaling transduction region containing two costimulatory domains. Multiple 
costimulatory domains can activate more signaling pathways, significantly enhancing the proliferative capacity of 
T cells.22 In particular, the third-generation anti-CD30 CAR-T cells have demonstrated robust antitumor activity in 
tumor xenograft models and miner side effects or potential risks of tumorigenesis was observed.23 The fourth-generation 
CARs and the next-generation CARs adopt more sophisticated designs in their structures, incorporating molecules to 
endow CAR-T cells with additional characteristics and functions.24 These CARs can be classified into two types: cells 
utilizing secretory molecules (such as bispecific T cell engagers (BiTEs), bispecific antigens, pro-inflammatory cytokines, 
agonists, and blockers of T cell receptors) and cells utilizing membrane receptors (such as chemokine receptors and 
switch receptors). A novel bispecific CAR with a circular architecture that is capable of simultaneously targeting both 
CD19 and CD22. This design demonstrates enhanced therapeutic efficacy against B-cell malignancies.25 These advance
ments reduce the likelihood of uncontrollable inflammatory side effects and equip CAR-T cells with potent tumor-killing 
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activity and the ability to regulate the immune system, enabling them to more effectively eliminate tumor cells. 
Furthermore, these improvements can induce CAR-T cells to more efficiently enter tumor sites and enhance their ability 
to infiltrate tumors.26

CAR Structure and Anti-Tumor Mechanisms
The Specific Structure of CAR
CARs feature a modular construct comprising four essential parts: an antigen recognition and binding domain, a hinge 
region, a transmembrane domain, and an intracellular signaling domain. Each of these components serves a unique 
purpose, and achieving an optimal CAR design involves numerous variations in the arrangement and composition of 
these protein domains.27

The antigen recognition and binding domain of CAR is specifically the single-chain variable fragment (scFv),28 which 
is composed of the light chain variable region (VL) and heavy chain variable region (VH) of a monoclonal antibody, 
connected by a polypeptide linker. It is located in the extracellular portion of CAR and serves as the foundation for 
CAR’s specific binding to tumor antigens, thereby endowing T cells with the ability to specifically recognize and bind to 
target antigens. The scFv is a small molecular fragment isolated from antibodies (like anti-GXM monoclonal antibody 
from hybridoma 18B729) that retains the specific binding capacity to antigens. The interaction between the two structural 
domains of VL and VH, as well as the relative position of the complementarity-determining regions (CDRs), both 
influence the affinity of CAR molecules for their target antigens.30 Additionally, the coding sequence of scFv determines 
its amino acid composition, which in turn affects its three-dimensional structure and binding capacity to target antigens.31 

Figure 1 The development of CAR and CAR structure. scFv is Single-Chain Variable Fragment. CM is Chimeric Module. Created in BioRender. Bai, M. (2025) 
https://BioRender.com/6vdqf71.
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In the design of CAR, by selecting scFvs that exhibit sufficient affinity for tumor cell surface receptors while avoiding 
off-target effects targeting normal cells, the accuracy and safety of CAR can be ensured.

The hinge region, together with the antigen recognition and binding domain, constitutes the extracellular portion of 
CAR. Specifically, the hinge is a peptide segment that links the antigen recognition domain (typically scFv) and the 
transmembrane domain. It allows CAR to be more flexible extracellularly.32 Most hinge regions of CAR are derived from 
the hinge of IgG or the extracellular domain of CD8-α/CD28. By modifying the hinge region, there are certain benefits to 
CAR-T cells. For instance, the hinge-modified area can mitigate the cleavage of the extracellular portion of CAR, thereby 
enhancing the stability of CAR-T cells. Additionally, it can promote the expansion of CAR-T cells and improve the 
binding affinity between CAR and target antigens (such as CD70).33

The transmembrane domain (TM) is a crucial component of the structure and function of chimeric antigen receptor 
T-cells (CAR-T cells). It primarily serves as an anchoring structure that connects the extracellular domain and the 
intracellular domain, embedding the CAR into the cell membrane.34 It typically originates from transmembrane receptor 
proteins such as CD8-α, CD28, ICOS, or members of the tumor necrosis factor receptor superfamily (TNFRS). The 
primary function of the transmembrane domain is to conduct activation signals, transmitting signals received by the 
extracellular region of the CAR to the intracellular region, triggering the activation of T-cells. The choice of transmem
brane domain influences the activation signals transmitted to the intracellular domain, thereby affecting the activation and 
function of CAR-T cells.34 Compared to cells carrying the CD8 TM or the 4–1BB TM, CAR-T cells with the ICOS TM 
exhibit enhanced proliferation and persistence in vivo.35

The intracellular signaling region of CARs primarily includes the signal transduction domain (such as CD3ζ) and 
costimulatory domains (such as CD28, 4–1BB). The signal transduction domain is responsible for conducting signals 
generated after antigen binding into T cells,30 triggering their activation and function. Costimulatory molecules can 
enhance T cells’ responsiveness to activation signals, and different combinations of costimulatory domains can affect the 
selectivity and function of CAR-T cells.36,37

Killing Mechanisms of CAR-T Cells
When CAR-T cells come into contact with tumor cells, the CARs on their surface specifically recognize and bind to the 
corresponding antigens on the surface of tumor cells. Once the CAR binds to the antigen on the tumor cell surface, the 
signaling pathway within the CAR-T cell is activated, and the immunoreceptor tyrosine-based activation motifs (ITAMs) 
within CD3ζ undergo phosphorylation. This triggers downstream signaling pathways such as MAPK and NF-κB, 
converting the externally recognized signal into an intracellular activation signal. Meanwhile, the costimulatory domain 
binds to its corresponding ligand, delivering costimulatory signals into the T cell to provide the secondary signal for 
T cell activation. This promotes sustained T cell proliferation and the release of cytokines. These cytokines not only 
enhance T cell infiltration into tumor tissues but also recruit other immune cells in the body (such as macrophages and 
other innate immune cells) to collectively eliminate tumor cells. Upon binding, a non-classical immune synapse (IS) 
forms on the surface of CAR-T cells.38 After the formation of the IS, CAR-T cells employ two primary mechanisms to 
eliminate tumor cells. CAR-T cells release perforin and granzymes that rapidly disrupt the tumor cell membrane and 
intracellular organelles, leading to their rapid death.38,39 The second is an indirect immune-mediated pathway, where 
CAR-T cells release cytokines such as interferon-γ (IFN-γ), which recruit and activate other immune cells to coopera
tively attack tumor cells, resulting in the progressive destruction of tumor tissue.40 Additionally, upon IS formation, FasL 
on the surface of CAR-T cells engages with Fas receptors on the surface of tumor cells, triggering the Fas-mediated 
apoptotic pathway, which further contributes to tumor cell death.41,42

The Determinants of CAR Functionality
The affinity of the scFv for the target antigen is a fundamental determinant of CAR functionality. High-affinity scFv can 
more effectively recognize and bind to target antigens, thereby enhancing the recognition and killing ability of CAR-T 
cells towards tumor cells.43 For instance, high-affinity ROR1-CAR can more effectively recognize and bind to target 
antigens, demonstrating potent killing ability against tumor cells both in vitro and in vivo, and showing favorable safety 
and tolerability profiles in clinical trials.44 In certain situations, T cells that transiently express high-affinity CARs (such 
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as through mRNA electroporation technology) can also maintain effective antitumor activity. This method helps to 
reduce the risk of long-term myeloid toxicity while maintaining the effectiveness of the treatment.45 The results can be 
supported when the antigen density on target cells is low. However, when the antigen density on target cells is high, 
increasing the affinity of CAR does not yield any benefits, even CARs with low affinity can make T cells more easily 
activated by high-density EGFR.46 This indicates that target antigen also has a certain impact on function of CAR. 
Additional research has found that integrating different binders such as FMC63 and SJ25C1 onto CARs can regulate the 
affinity of the CARs, enabling CAR-T cells to target tumor cells with high antigen density while avoiding recognition of 
healthy cells with low antigen density. This strategy can provide new insights and methodologies for optimizing CAR-T 
cell therapy.47 In addition, the charge density of CARs, particularly the positively charged patches (PCP) on their 
antigen-binding domains, exerts a significant influence on CAR functionality. The functional adaptability of CAR-T cells 
is intimately linked to the intensity of tonic signaling, which is modulated by the PCP on the surface of the CAR antigen- 
binding domain. Insufficient tonic signaling impairs the persistence of CAR-T cells, whereas excessive tonic signaling 
leads to CAR-T cell exhaustion.48,49 The functionality of CAR-T cells is also affected by their antigen-binding domains. 
CARs with different antigen-binding domains, such as 2H1-GXMR-CAR and 18B7-GXMR-CAR, exhibit distinct 
affinities, specificities, and binding kinetics towards the same antigen (GXM). These variations subsequently influence 
the recognition efficiency and targeting ability of CAR-T cells.43 Modification in the hinge region, transmembrane 
domain, and costimulatory domain also confer certain benefits to CAR expression.50 Studies have demonstrated that 
replacing the IgG4 molecule with the CD8α molecule as the hinge/transmembrane domain can improve GXMR-CAR 
expression. Additionally, the CD8-α-hinge/transmembrane domain plays a crucial role in robust signaling conduction by 
GXMR-CAR. The use of the 4–1BB molecule as a costimulatory domain can enhance the intensity of signaling.51 

Another study has shown that CAR-T cells containing the CD8α hinge region and transmembrane domain exhibit lower 
levels of cytokine production and antigen-induced cell death (AICD) compared to CAR-T cells containing the 
CD28 hinge region and transmembrane domain.52

Comparison of CAR-T Cell Therapy and Traditional Treatments
For relapsed or refractory (R/R) large B-cell lymphoma (LBCL), the traditional second-line standard treatment (high-dose 
chemotherapy + autologous stem cell transplantation, ASCT) has limited efficacy. Studies have shown that CAR-T therapy 
demonstrates superior efficacy in patients who relapse or are refractory within 12 months, significantly improving the 
objective response rate (ORR), complete response (CR) rate, prolonging event-free survival (EFS) and progression-free 
survival (PFS), ultimately enhancing overall survival (OS), and exhibiting good safety.53 Gastric cancer has a poor 
prognosis and is prone to drug resistance with traditional therapies, while CAR-T therapy demonstrates stronger efficacy 
and manageable toxicity,54,55 and the insertion of a suicide gene can further enhance safety.56 Acute myeloid leukemia 
(AML) has high toxicity and is prone to drug resistance with traditional chemotherapy, whereas CAR-T (eg, AdCAR-T) 
offers more precise targeting.57 In multiple myeloma (MM), the high targeting specificity of CAR-T therapy against BCMA 
reduces damage to normal cells.58 Moreover, CAR-T therapy achieves long-term remission in B-cell malignancies that are 
refractory to conventional therapies.59 Traditional chemotherapy for mantle cell lymphoma (MCL) is gradually being 
replaced by targeted therapies (including CAR-T).60

Achievements of CAR-T Therapy in Hematological Malignancies
B Cell Malignancy
Currently, CD19 and B-cell maturation antigen (BCMA) are most common targets in CAR-T therapy, particularly in 
hematological malignancies. A series of studies focusing on anti-CD19 and anti-BCMA have demonstrated remarkable 
success in treating B cell malignancies.2 Anti-CD19 CAR-T cells have derived unprecedented success in patients with 
Relapsed/Refractory B cell malignancies. As a result, the FDA approved 6 kinds of CAR-T cell products on the clinical 
treatments for these patients.47,61 SJ25C1 is the first CD19 scFv proved to be feasible and efficient and it has been used to 
treat refractory acute lymphoblastic leukemia.47 To date, the anti-CD19 CAR-T cell products have derived impressive 
outcomes in treating B-ALL, a Phase I trial among children and young adult patients conducted by the NCI showed that 
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62% patients achieved a complete response (CR) and 90.3% of them were minimal residual disease (MRD)-negative. 
Furthermore, the clinical trial also demonstrated that consolidative alloHSCT after CAR-T treatment provided prolonged 
disease control, indicating CAR-T a perspective therapy before HSCT.62

Anti-CD19 CAR-T cells also achieved a rapid and durable response in the patients with non-Hodgkin’s Lymphoma 
(NHL) and it is gradually regarded as a standard treatment for R/R aggressive NHL after two or more lines of therapy.63

Except for CD19, CD20 is also a prospective target in treating B-cell lymphomas. CD20 is overexpressed in 90% 
B-cell lymphomas,64 and it is reported to be in higher phosphorylation in malignant B cells. Therefore, it is an ideal target 
in treating NHL and anti-CD20 CAR-T therapy has already achieved some results in clinical trials. However, some 
patients eventually relapsed after the therapy.65

Similar to CD19, CD22 is expressed in most B-ALL, making it a promising target for future therapies. Anti-CD22 
CAR-T cell products may serve as effective treatments following the failure of anti-CD19 CAR-T therapies. A single- 
center, dose-escalation Phase I clinical trial involving 58 participants with ALL demonstrated that 70.2% of patients 
achieved a complete response (CR), with 87.5% of those being MRD-negative after infusion. Additionally, the CAR-T 
cells exhibited strong in vivo expansion during treatment. Another trial involving 21 participants who received anti- 
CD22 CAR-T cells found that 17 of them achieved a CR, with 9 being MRD-negative. Notably, an engineered 4–1BB 
costimulatory anti-CD22 CAR-T, whose scFv is constructed with VH and VL linked by a short amino acid sequence, was 
observed to form a significantly stronger immunological synapse and demonstrated enhanced cytotoxicity in a mouse 
model of ALL. This finding suggests a promising approach to enhance the efficacy of CAR-T therapy against ALL by 
modifying the CAR structure.66–69 Anti-CD22 CAR-T cell product may become an effective therapy after the failure of 
anti-CD19 CAR-T therapy.66–68

Other targets treating B cell malignancies, such as CD137 releasing chronic lymphocytic leukemia (CLL), CD30 on 
HL,70 CD23 and ROR1 treating B cell lymphomas,69,70 are also under investigation and have achieved some results as 
well.

CD7 Targeted CAR-T and Other Targets in Treating T Cell Malignancy
T cell malignancies are aggressive hematological cancers that often result in poor prognosis.71 Nelarabine-based 
treatment is commonly used for T-ALL and T-LBL, however, many patients experience relapse following this 
therapy,72–74 so more options are in urgent need. CD7 is expressed in over 95% T-ALL and T cell lymphoma, which 
makes it a promising target for CAR-T therapy (Table 1). However, due to the expression of CD7 in normal T cell, anti- 
CD7 CAR-T cell products may induce GvHD, fratricide and allo-rejection.75,76 Fortunately, CD7 does not play a crucial 
role in T cell development and function, suggesting that strategies such as deleting the CD7 gene or blocking its 
expression on the cell surface could help mitigate these risks.77,78 Hence, deleting the gene of CD7 or blocking its 
expression on cell surface might be feasible strategies to avoid fratricide and T cell aplasia.75–78 Furthermore, Zhang’s 
research indicates that compared to autologous anti-CD7 CAR-T therapy, patients treated with allogeneic products show 
a better prognosis and lower levels of CRS, ICANS and GvHD.79

Table 1 Prospective Targets and Products for T Cell Malignancies and Clinical Trials Conducted Till Now

Clinical Trial Products Targets Diseases Responses Ref.

NCT04572308 NS7CAR CD7 T-ALL/LBL 94.12% MRD− [78]

NCT04538599 RD13-01 T-ALL, T cell lymphoma 63.6% CR [75]

NCT04984356 WU-CAR-007 T-ALL/LBL 43% ORR, when ≥DL2 [80]
NCT04594135 CD5-IL15/IL15sushi CAR CD5 T-LBL Symptoms of CNS lymphoma released [81]

NCT04136275 CART37 CD37 Cutaneous T cell lymphoma, HGBCL 3 of 4 deep responses [82]

NCT03590574 AUTO4 TRBC1 PCTL 9 of 13 response [83]
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Other observed targets, such as CD5, CD37, CCR4 and TRBC1 have also shown promising results in the treatment of 
T cell malignancies.84

Targeting BCMA as Well as Other Potential Targets in Treating Multiple 
Myeloma
Multiple myeloma (MM) is a plasma cell malignancy characterized by hypercalcemia, marrow failure and the over
expression of M-protein.85–87 Over the past few decades, proteasome inhibitors, which interfere with the intracellular 
machinery of misfolded protein disposal via inhibiting the ubiquitin-proteasome system,88 have proven effective in 
treating MM.89 Additionally, other approaches, such as immunomodulatory drugs and monoclonal antibodies, have also 
shown promise.90 Unfortunately, many patients suffer from R/R MM, highlighting the urgent need for more effective 
treatments.

BCMA, a member of tumor necrosis factor receptor (TNFR) superfamily,91,92 is highly expressed in malignant 
plasma cells compared to normal bone marrow-derived cells (BMMCs), making it an excellent target for CAR-T 
therapy.91 So far, the FDA has approved two anti-BCMA CAR-T products for treating R/R MM.87 Idecabtagene 
vicleucel (Ide-cel) is the first autologous targeted BCMA CAR-T cell products approved by FDA and EMA on the 
treatment of R/R MM.93 Ide-cel is a second-generation CAR-T cell product with 4–1BB as the costimulatory domain.94 

A clinical trial involving 128 patients who were infused with Ide-cel after at least three prior treatment regimens that 
reported that 94 patients exhibited a response, with 42 achieving a complete response. CAR-T cells were detectable 
in vivo in 36% participants 12 months after infusion. However, these T cells appear to be ineffective in preventing 
recurrence.95 In another Phase III clinical trial, patients treated Ide-cel demonstrated a higher response rate compared to 
the standard treatment group (71% versus 42%), as well as complete response rate. Additionally, the progression-free 
survival of Ide-cel group was significantly longer than standard group (13.3 months compared to 4.4 months). 
Intriguingly, while the incidence of adverse events was higher in the Ide-cel group, the rate of infections did not exceed 
that of the standard treatment group.96 Although BCMA loss is rare, elevated levels of soluble BCMA are closely 
associated with recurrence following Ide-cel treatment.94 Alternatively, adding PI3K inhibitor bb007 during the ex vivo 
culture of Ide-cel may induce an elevation of memory-like T cells, potentially enhancing clinical responses.97 Cilta-cel, 
another anti-BCMA CAR-T therapy that utilizes two BCMA-targeting single domain antibodies to form its scFv, shows 
improved avidity and persistence.98,99 A clinical trial suggested that 97% of patients responded to treatment, with 65% 
achieving a complete response.98 Additionally, CARTITUDE-1, another clinical trial of Cilta-cel, showed a similar 
result: 7 out of 20 patients were MRD negative and ORR was 60%.99 Consequently, Cilta-cel achieved remarkable 
outcomes in the treatment patients with R/R MM.

In addition to viral vector CAR-T products, non-viral vector cell therapies are also under investigation. P-BCMA-101 
is an anti-BCMA cell product using piggyBac™ (PB) DNA Modification System instead of a viral vector. This change 
brought a higher proportion of stem cell memory T phenotype, greater efficacy, and a lower incidence of CRS.100

Unfortunately, while BCMA-targeted CAR-T therapy demonstrates significant affinity and antitumor activity, some 
patients still experience relapse due to BCMA loss or down-regulated expression.101,102 G protein-coupled receptor, class 
C group 5 member D (GPRC5D) is found to be highly expressed in MM cells but shows low or no expression in normal 
B cells, T cells and NK cells through immunohistochemical analyses.101 In vivo experiment involving mice injected with 
OPM2-ffLuc cells followed by GPRC5D CAR-T cells indicated that GPRC5D CAR-T cells significantly increased 
survival. Notably, primary T cells modified with GPRC5D (109) scFv exhibited enhanced in vivo activity, providing 
a promising approach to screen CAR.102 MCARH109, which is composed of a humanized GPRC5D scFv, 4–1BB 
costimulatory domain and CD3ζ signaling domain, demonstrated superior antitumor activity in a clinical trial, with 71% 
of patients showing a response at all doses and 59% achieving a partial response or better. However, two patients 
experienced rare persistent cerebellar disorder, necessitating further research. Furthermore, the First Affiliated Hospital of 
Zhejiang University School of Medicine conducted a first-in-human, single-center, single-arm, Phase 1 trial with GRC5D 
CAR-T cells (OriCAR-017). All ten patients showed an overall response, four of whom achieved a very good partial 
response, with no neurological toxicity detected during the dose escalation stage.103
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Other potential CAR-T targets, including CD38, CD138, SLAMF7, CD229 and integrin β7, are also being investi
gated for the treatment of MM.2,103

Achievements of CAR-T Therapy in Solid Tumors
CAR-T therapy in solid tumors presents a distinct set of challenges and opportunities. The investigation of CAR-T 
therapy in solid tumors such as neuroblastoma, glioblastoma, and various carcinomas is an active area of research, with 
both preclinical and clinical studies paving the way for potential advancements in cancer treatment.104

GD2 is the most extensively targeted antigen in CAR-T cell therapy for solid tumor like neuroblastoma 
(Table 2). A third-generation CAR-T cell product has demonstrated excellent response in a phase 1 trial involving 
patients with neuroblastoma and osteosarcoma; however, all patients eventually experienced disease progression.105 

Transcriptomic analysis revealed that elevated levels of myeloid-derived suppressor cells (MDSC) may hinder CAR- 
T expansion. Furthermore, gene set enrichment analysis (GSEA) indicated that in patients with effective CAR-T 
expansion, non-classical monocytes significantly increased. These findings suggest that enhancing the effectiveness 
of anti-GD2 CAR-T cell product could be achieved through myeloid-based interventions.105 Del Bufalo et al 
developed a GD2-redirected CAR-T (GD2-CART01) utilizing CD28 and 4–1BB to treat neuroblastoma. They also 
incorporated the iCaspase9 gene as a safety switch to avoid mitigate potential toxicity. Following infusion, 9 out of 
27 patients demonstrated a response, with an overall survival rate of 66% at three years among those who 
responded.106 Notably, CD8+ CAR-T cells predominated in the peripheral blood, and no exhausting markers were 
detected.107 In another study, a fourth-generation CAR-T (4SCAR-T) exhibited significant anti-tumor activity against 
glioblastoma. MRI scans demonstrated tumor size reduction in four patients following CAR-T cell infusion. 
Researchers found that there was an increase in CD8+T cells within tumor tissue compared to pre-infusion levels. 
Interestingly, counts of CD163+ M2 macrophage decreased in tumor specimens’ post-infusion, indicating that 
4SCAR-T may be reprogramed the immunosuppressive tumor environment mediated by M2 macrophages.108 

Additionally, an epidermal growth factor receptor variant III (EGFRvIII)-directed CAR-T cell product demonstrated 
effective anti-glioblastoma activity. Following CART-EGFRvIII infusion, there was a significant increase in both the 

Table 2 Prospective Targets and Products for Solid Tumors and Clinical Trials Conducted Till Now

Tumor Target Product Clinical Trial Ref.

Neuroblastoma GD2 GD2-CAR.OX40.28.z.iC9 83.3% patients were stable disease(SD), including neuroblastoma and osteosarcoma [105]

GD2-CART01 63% overall response, 9 of 27 complete response, 8 of 27 partial response [107]

4SCAR-7 4 of 8 partial response, median overall survival is 10 months [108]

EGFRvIII CART-EGFRvIII Median overall survival of 251 days [109]

Breast cancer AXL AXL-CAR-T.C7R — [106]

MUC1 MUC28z — [110]

Gastric cancer Claudin18.2 CT041 Overall response rate is 48.6%, disease control rate is 73.0%, overall survival rate is 81.2% of 6 months [111]

Trop2 Trop2/PDL1 CAR-T — [112]

NKG2D NKG2D-CAR-T — [113]

FOLR1 FOLR1-CAR-T — [114]

Mesothelin CAR-ss-T — [115]

NSCLC GRP78 Pep42-BBZ CAR-T — [116]

CD98hc CD98hc CAR-T — [117]

ROR1 ROR1 CAR-T — [118]

EGFR EGF-CAR — [119]

SCLC DLL3 AMG-119 Cohort 1: 2 patients PD and 1 patient SD 
Cohort 2: 1 patient achieved partial response

[120]

DLL3-DT CAR-T — [121]

Liver metastases CEA CEA CAR-T Median survival time is 8 months 
Mean survival time is 11 months

[122]

GPC3 32A9 CAR-T — [123]

Colorectal 
cancer

GUCY2C GUCY2C CAR-T — [124]

TAG-72 TAG-72 CAR-T — [125]
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number and clonotypic of tumor-infiltrating T cells. The infusion product’s clone constituted a substantial proportion 
of the tumor-infiltrating T cells, as confirmed by RNAscope ISH analysis. Moreover, levels of immunosuppressive 
molecules such as PD-1 increased markedly compared to pre-infusion levels, offering new insights into the drug 
resistance mechanisms associated with CAR-T therapy.109

For breast cancer, particularly triple-negative breast cancer (TNBC), CAR-T cell therapy has achieved some outcomes 
as well. Zhao et al developed an AXL -targeted CAR-T cell that expresses IL-7 receptor (AXL-CAR-T.C7R).106 In vitro 
co-culture with AXL-positive TNBC cells demonstrated increased expression of activated molecules, enhanced cell 
proliferation, and elevated levels of cytokines release compared to AXL-CAR-T. These findings suggest that C7R can 
effectively activate CAR-T cells in vitro.106 Furthermore, researchers found that AXL-CAR-T.C7R group had a higher 
CD8:CD4 ratio, resulting in improved treatment efficacy. Additionally, the C7R group had an increased number of 
tumor-infiltrating T cells, contributing to a stronger antitumor response.106 Another study developed a MUC1-targeted 
CAR-T cell that incorporates CD28 and CD3ζ (MUC28z), demonstrating high antigen specificity and potent cytotoxicity. 
After co-culture with HCC70 cells, there was a significant increase in the release of IFN-γ and granzyme B. Notably, the 
additional of an IFN-γ antibody during co-culture and led to a decrease in tumor lysis ability, indicating that the 
cytotoxicity of MUC28z partially depended on IFN-γ.110 Moreover, in vivo xenografts models demonstrated that 
MUC28z remarkably restricted the growth of HCC70 tumors compared to the control. Researchers also observed another 
interesting phenomenon: CD11c expression was upregulated following the recognition of tMUC1 by MUC28z, suggest
ing the expansion of tMUC1-targeted CTL. Further experiments may focus on the elucidating the specific regulatory 
mechanisms involved.110

Claudin18.2 (CLDN18.2) is the most widely used targeted antigen in CAR-T therapy for gastric cancer 
(GC).111,126 Qi et al developed a second-generation CLDN18.2-targeted CAR-T therapy (CT041), which achieved 
remarkable results in clinical trials, with 83.3% of patients experiencing tumor regression after infusion.112 

Intriguingly, they found that a lower ratio of CD45RA+/CCR7− T cells among the infused CAR-T cells may be 
associated with longer progression-free survival (PFS). Furthermore, CAR-T expansion in ascites may aid in 
eliminating diffuse peritoneal metastatic lesions.111 Another study introduced a bi-specific Trop2/PD-L1 CAR-T 
cell, which demonstrated strong antitumor activity against Trop2+/PD-L1+ BGC823 cells and resulted in more 
cytokines release.112 Zhang et al. Conducted experiments using NKG2D-targeted CAR-T cells in combination 
with DKK1 inhibitors. The inhibition of DKK1 significantly enhanced the antitumor activity and persistence of 
NKG2D CAR-T cells by up-regulating the expression of NKG2DL in gastric cancer cell lines and tumor tissues, 
while also reducing the numbers of myeloid-derived suppressor cells (MDSCs) M2 macrophages. Additionally, 
DKK1 inhibition can induce a “hot” tumor microenvironment and increase the number of tumor-infiltrating 
T cells, suggesting an enhanced antitumor activity.113 In addition to claudin18.2 and HER2, FOLR1 is expressed 
in over a third of gastric cancer patients, making it a promising target in treating advanced GC. A Korean team 
firstly constructed a FOLR1-targeted CAR-T cell product. Co-culture experiment showed an improved cytotoxicity 
and higher cytokines release. Furthermore, they also concealed that FOLR CAR-T lyses GC cells through 
granzyme B mostly and apoptotic proteins in GC cells increased after co-culture.114 A recent study focused on 
a mesothelin-targeted CAR-T cell with IL-15/IL-15Rα (CAR-ss-T) inserted to the extracellular region of CAR 
showed strong killing activity and cytokines production in vitro. Interestingly, the cytotoxic effect of CAR-ss-T 
was enhanced following GLIPR1 knockdown, which also inhibited GC cell proliferation and migration. In the 
follow-up studies, inserting the gene segment of GLIPR1 antibody into the CAR structure may be a promising 
approach.115

An engineered cell-surface GRP78 targeted CAR-T cell (Pep42-BBZ CAR-T) demonstrated potent cytotoxic against 
A549 and H1299 lung cancer cell lines in vitro.116 In addition, in vivo experiment indicated that CAR-T cells effectively 
infiltrated tumors and strongly inhibited the proliferation of cancer cells.116 Moto et al constructed a CD98 heavy chain 
targeted CAR-T using mAb R8H283 to treat non-small cell lung cancer (NSCLC), resulting in a reduced tumor burden in 
xenograft model. Intriguingly, R8H283 appeared to specifically target NSCLC cells exhibiting high levels of CD98hc, 
without affecting normal monocytes and lymphocytes. Further investigation is needed to determine whether this specific 
response is associated with the change in CD98hc glycosylation on the surface of NSCLC cell.117 In a ROR1-targeted 

ImmunoTargets and Therapy 2025:14                                                                                               https://doi.org/10.2147/ITT.S519616                                                                                                                                                                                                                                                                                                                                                                                                    663

Zhang et al

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)



CAR-T experiment, researchers constructed a 3D tumor model using the SISmuc platform and reported strong cytotoxic 
activity of ROR1-targeted CAR-T cells.118 Additionally, ligand-based CAR-T cell product has been shown to be safe and 
effective against NSCLC.119 A recent study reported a ligand-based anti-EGFR CAR-T for treating NSCLC, where in 
researchers engineered two EGFR-targeted CAR-T (EGF-CAR and TGFα-CAR) with piggyBac transposon system. Both 
CARs exhibited effective expansion, with naive or stem cell-like T cells comprising over 99% of the population, 
indicating a favorable memory phenotype. The EGF-CAR displayed robust cytotoxicity in co-culture experiments, and 
further research suggested that longer spacers may enhance the efficacy of anti-EGFR ligands. Furthermore, the study 
indicated that EGF-CAR co-expressed with TIM-3 showed improved expansion and antitumor activity, positioning TIM- 
3 as a potential target for research into immunosuppressive markers.119 Small cell lung cancer (SCLC) represents an 
aggressive subtype of lung cancer, often associated with poor prognosis and limited treatment options.120,121,127 Delta- 
like ligand 3 (DLL3) is the most widely studied target for SCLC. SCLC-targeted CAR-T cells presented a high efficacy 
with a low toxicity. Engineered T cells completely killed cancer cells even with low DLL3 density in vivo.127 AMG 119 
is the first DLL3-targeted CAR-T therapy, exhibiting robust antitumor activity and low toxicity in clinical trial. 
Moreover, cyto-dynamics revealed a strong expansion and persistence of these cells in patients.120 Nie et al constructed 
a multi-chain chimeric antigen receptor targeting DLL3 (DLL3-DT CAR-T). They utilized DAP12 as the activation 
domain instead of CD3ζ and introduced TREM1 as a signaling chain linking the scFv. The DT CAR-T exhibited a larger 
proportion of Tcm and pathway analysis indicated that these cells were activated through the phosphorylation of ZAP70 
and SYK, similar to NK cells and myeloid cells, which may contribute to their strong resistance against TME and 
enhanced cytotoxicity.121

Other solid tumors, such as liver metastases and colorectal cancer, are characterized by complex microenvironments 
and antigenic heterogeneity. In response, scientists have developed CAR-T cells targeting specific antigens like CEA,122 

glypican-3,123 GUCY2C and TAG-72,124,125 each of which is demonstrated overexpressed in certain carcinoma subtypes.
In summary, the application of CAR-T therapy in solid tumors, including neuroblastoma, glioblastoma, and various 

carcinomas, is a rapidly evolving field marked by both promise and complexity. Preclinical studies have laid the ground 
for understanding of the mechanisms by which CAR-T cells can target tumor-specific antigens, providing valuable 
insights into potential therapeutic strategies. Clinical trials are critical in translating these findings to benefit patients, 
necessitating careful consideration of safety, efficacy, and the unique challenges posed by each tumor type. As research 
progresses, the adaptation and refinement of CAR-T therapy holds the potential to significantly impact the treatment 
landscape for patients with solid tumors, offering hope for improved outcomes in cancers that have traditionally been 
difficult to treat.

Limitations and Potential Strategies for Overcoming Challenges in 
Therapy for Hematological Malignancies and Solid Tumors
Despite significant advancements in cancer treatment, CAR-T therapy continues to encounter unique and formidable 
challenges, primarily due to the complex biological nature of these tumors.

Antigen Escape and Tumor Heterogeneity
Antigen escape refers to the phenomenon in which tumor cells downregulate or completely lose the expression of 
the antigens targeted by CAR-T cells. This evasion strategy enables tumor cells to survive under immune pressure 
exerted by the therapy, leading to relapse in many blood cancer patients following CAR-T infusion. A similar 
phenomenon has been observed in the treatment of solid tumors.128 For instance, downregulation of IL13Ra2 has 
been observed in CAR-T therapies targeting glioblastoma.129 To address antigen escape, one potential solution is 
to target multiple antigens simultaneously or to modify CAR-T cells to recognize more than one antigen. For 
example, a CRISPR/Cas9-engineered dual-targeted CAR-T that targets CD19 and CD22 has shown to provide 
a more robust and reliable mechanism for identifying and destroying cancer cells in the treatment of ALL.130 

Preclinical and clinical studies have demonstrated enhanced efficacy and persistence with this approach while 
effectively mitigating CD19 escape.130 Furthermore, combining CAR-T therapy with BiTEs represents another 
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promising strategy. Engineered CAR-T cells can secrete BiTEs, which enhance the anti-tumor response of CAR-T. 
CAR-T cells that secrete BiTEs exhibited superior cytotoxicity and persistence against glioblastoma. In addition, 
BiTEs selectively promote the expansion of TEM and help reverse T cell exhaustion. Given these encouraging 
outcomes, targeting multiple antigens and incorporating BiTEs not only enhances anti-tumor activity but also 
helps prevent antigen escape and relapse.131

Another significant challenge in cancer treatment is tumor heterogeneity.132 Solid tumors are composed of a diverse 
mixture of cell types, each potentially possessing different genetic and phenotypic characteristics. This heterogeneity 
extends to the expression of antigens on the surfaces of tumor cells that CAR-T therapies are designed to recognize. 
Consequently, the uniform expression of a single target antigen, which is prevalent in blood cancers, is rarely observed in 
solid tumors. The variability in antigen expression complicates the identification of a single or even a few target antigens 
that CAR-T cells can effectively target, making it one of the main factors associated with immune escape.132,133 An 
innate-like NKp30+CD8+CAR-T exhibited enhanced killing capacity against tumor heterogeneity. In experiments invol
ving tumors with HER2 heterogeneity, this engineered CAR-T demonstrated strong efficacy in killing target cells, even in 
the absence of HER2 expression. Thus, NK-like T cells expressing CARs represent a promising approach to tackle tumor 
heterogeneity by leveraging a combination of innate and adaptive immunity.132

Immunosuppressive Tumor Microenvironment
The immunosuppressive microenvironment within solid tumors poses another substantial obstacle to effective therapy. 
This environment is rich in cells and molecules that actively suppress immune responses, creating a hostile setting for 
CAR-T cells attempting to infiltrate and eradicate tumor cells. Key factors, such as regulatory T-cells, MDSCs,134 and 
secreted cytokines like TGF-β and IL-10, can inhibit T-cell activity and proliferation. Additionally, physical barriers, 
including dense stroma and abnormal vasculature, hinder the infiltration and distribution of CAR-T cells throughout the 
tumor. This combination of immunosuppression and physical obstruction diminishes the effectiveness of CAR-T cells, 
severely limiting their therapeutic potential.134,135

One promising strategy is to overcome these challenges involves combining CAR-T cell therapy with checkpoint 
inhibitors. Checkpoint inhibitors are a class of drugs designed to block proteins that cancer cells use to evade immune 
responses.136 For instance, a mesothelin-targeted CAR-T cell therapy combined with PD-1 inhibitor pembrolizumab has 
been reported to reduce tumor size and enhance efficacy in treating malignant pleural disease. Superior persistence was 
also observed in clinical trials (NCT02414269), suggesting that anti-PD-1 therapies can restore the function of exhausted 
CAR-T cells.133 Further advancements include the work by Chen et al, who developed a bi-specific scFv that blocks the 
PD-1/PD-L1 pathway while targeting TREM2 within the TME to treat colorectal cancer. By blocking the PD-1 pathway, 
they effectively inhibited immunosuppressive action, and targeting TREM2 significantly reduced the proportion of M2 
TAMs and MDSCs. This approach enhanced CAR-T cells infiltration and remodeled the immunosuppressive micro
environment, thereby strengthening the antitumor capacity.137 While immune checkpoint blockade (ICB) has shown 
effectiveness in solid tumors, it is also beneficial in hematological malignancies. For example, CRISPR-Cas9 mediated 
CTLA-4 deletion endowed potent killing capacity of CD19-CAR-T against leukemia by maintaining CAR expression on 
T cell surface, enhancing CAR-T cell proliferation, and relieving the inhibiting effect of CD28 costimulatory signaling. 
However, blocking PD-1 and CTLA-4 simultaneously did not yield the expected better efficacy which needed further 
research.138

Another promising approach involves genetically engineering of CAR-T cells to express cytokines or costimulatory 
molecules.61,139 Cytokines are small proteins that play a crucial role in cell signaling, effectively enhancing the immune 
system’s ability to mount a coordinated response against pathogens and cancer cells. By equipping CAR-T cells with the 
capacity to produce specific cytokines, we can improve their proliferation, survival, and cytotoxic functions. Likewise, the 
addition of costimulatory molecules provides extra activation signals to CAR-T cells, ensuring their sustained potency and 
persistence within the tumor microenvironment.139 For instance, interleukins such as IL-15 and IL-18 have been shown to 
boost T cell proliferation and cytotoxicity.140,141 IL-15 significantly enhances the antitumor activity and longevity of CAR-T 
cells by promoting sustained proliferation and increasing the frequency of TCM and stem-like cells. Notably, IL-15 secreted by 
engineered CAR-T cells has been reported to be more effective than soluble IL-15.140 In a study by Chmielewski et al, CAR-T 
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cells redirected against CEA were engineered to release IL-18. This secreted IL-18 induced T-BethighFoxO1low phenotype in 
the engineered T cells, leading to an acute inflammatory response. IL-18 remarkably facilitated CAR-T cells expansion, while 
also remodeling the TME through by reducing suppressor cells, such as Treg and M2 macrophage. Unexpectedly, IL-18 
significantly mitigated T cell exhaustion, suggesting enhanced persistence.141 In addition to interleukin, LIGHT, or tumor 
necrosis factor superfamily member 14 (TNFSF14) has also been shown to significantly improve antitumor activity of CAR-T 
cells. LIGHT enhances cytotoxicity not only by promoting CAR-T cells expansion but also by upregulating the expression of 
CCL19, which recruits normal DCs and NK cells, helping to reshape the immunosuppressive tumor environment. 
Furthermore, CAR-T cells expressing LIGHT demonstrated increased adhesion to vessel wall, leading to tumor vascular 
normalization and promotion of highly immune-infiltrating TLSs.142 Moreover, the combination of interleukin and chemo
kines targets the TME to reverse the immunosuppressive microenvironment. A GPC3-targeted CAR-T co-expressing IL-7 and 
CCL19 exhibited enhanced cytotoxicity and improved persistence. The GPC3-IL-7-CCL19-CAR-T remodeled TME and 
improved cytotoxicity against HCC by recruiting DCs and reducing the proportion of MDSCs, while also upregulating CD4+ 

TEM subset levels, indicating its potential for clinical application in HCC treatment.143 In addition to cytokines, the 
incorporation of co-stimulatory molecules presents a promising strategy in CAR design. CD28 is critical for early antigen 
stimulation, while 4–1BB plays more significant in T cell expansion.144 Tandem co-stimulation with ICOS and OX40 has been 
shown to regulate the expression of anti-apoptotic molecules such as Bcl-2 and Bcl-xL, resulting in a superior cytotoxicity and 
enhanced persistence. Similar effects, such as reduced exhaustion biomarkers and increased TCM/TEM ratio, have been 
observed in ICOS-OX40-CD3ζ CAR-T cells.145 Taken together, the incorporation of cytokines and co-stimulatory molecules 
has demonstrated significant potential, suggesting that these strategies will play an increasingly important role in further CAR- 
T engineering.139,144

T Cell Exhaustion
Chronic antigen exposure and persistent mitogenic stimulation can induce an exhausted phenotype of T cells, character
ized by diminished effector function, commonly referred to as T cell exhaustion.146–148 This phenomenon is a major 
contributor to cancer relapse, highlighting the urgent need for effective interventions. While targeting PD-1/PD-L1 
pathway can enhance persistence of exhausted T cells, it does not reverse the epigenetic changes with exhaustion.149 

Epigenetic reprogramming has the potential to mitigate T cell exhaustion, improve trafficking and infiltration, and 
promote a memory phenotype in T cells, ultimately leading to enhanced persistence and better prognosis.146–148,150,151 

DNA methylation has been demonstrated to promote T cell exhaustion and inhibit anti-PD-1 immunotherapy.149 For 
instance, ALL patients treated with CAR-T therapy exhibited genome-wide DNA methylation changes, including TCF7 
and LEF1, which are crucial for maintaining naïve and memory T cell state(Figure 2).150 Furthermore, DNA methyl
transferase 3a (DNMT3a) has been identified as a factor that induces exhaustion in CD8+T cells. Consequently, the 
deletion of DNMT3a may represent an effective strategy to inhibit DNA methylation and prevent T cell exhaustion.147,152

Decitabine, a DNA methyltransferase inhibitor approved for clinical use, has been shown to persistently degrade 
DNMT3a and enhance the effects of epigenetic reprogramming in CAR-T cells exposed to tumor antigen. Low-dose 
decitabine treatment leads to the downregulation of genes associated with exhaustion while promoting the upregulation 
of memory-associated transcription factors like TCF7, BCL6 and LEF1. As a result, decitabine increases the proportion 
of stem-like T cells, enhancing their tumor-homing ability and antitumor potential.153 The Demethylation of Runx3 
promoter, alongside high levels of methylation in Runx3 gene, has been identified as key factors in decitabine-induced 
anti-PD1 activity. The reprogramming of DNA methylation at Runx3 alleviates T cell exhaustion and boosts the 
population of CD8+T cells, suggesting an enhanced antitumor capacity. Consequently, the combination of decitabine 
with anti-PD-1 therapy has been shown to significantly inhibit tumor growth and increased TILs, presenting a promising 
approach for future clinical treatments.154

Despite the role of DNA methylation in T cell exhaustion, antigen-independent tonic signaling from CARs can also 
contribute to this phenomenon through spontaneous receptor clustering.149 Transient inhibition of CAR signaling has 
been shown to reduce the phenotypic hallmarks of exhaustion and promote a memory-like phenotype in T cells. For 
instance, Weber et al modified a topically signaling CAR by incorporating a C-terminal destabilizing domain (DD), 
allowing for the transient inhibition of CAR activity. In addition, rested CARs displayed enhanced accessibility at the 
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TCF7 locus, which is crucial for T cell memory. Similar results were observed in CAR-T cells combined with tyrosine 
kinase inhibitor dasatinib.155

Histone methyltransferase SUV39H1 plays a significant role in silencing genes associated with the differentiation of 
CD8+T cells into effector cells, as well as genes linked to stem cell expression programs, through the catalysis of 
H3K9me3 catalysis.149,156,157 Deletion of SUV39H1 increases chromatin accessibility of genes associated with stem/ 

Figure 2 Preventing T cell exhaustion and enhancing cytotoxicity through metabolic reprogramming. Knockout of regnase-1, overexpressing GLUT1, CARs secreting IL10 
and modifying CAR with 4–1BB strongly enhance oxidative phosphorylation, thereby leading to memory phenotype and intensive persistence to T cell exhaustion. Knockout 
of SIRT1, overexpressing GLUT1 and CD28 domain increase glycolysis and facilitating T cell differentiation. Knockout of RASA2 reinforces fatty acid oxygen, enhancing anti- 
PD-1 activity. Upregulating the expression of ADRB2 and IL10 inhibit PD-1 as well. Despite energy metabolism, T cell exhaustion can be decreased through the inhibiting 
SOCE signaling pathway and preventing endoplasmic reticulum stress. Knockout of regnase-1 and roquin-1 simultaneously activate NF-kB pathway, resulting in enhanced 
cytotoxicity. In addition, knockout of SIRT1 and knockdown of ADRB2 regulate the expression of transcription factors, increasing the level of GzmB and IFN-γ, leading to 
enhanced cytotoxicity as well. Created in BioRender. Su, S. (2025) https://BioRender.com/3s9395v.
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memory T cells and enhances mitochondrial fitness. Notably, advancements have been made in PSMA-targeted CAR-T 
therapies for treating prostate cancer.158 Moreover, SUV39H1 has been found to epigenetically regulate the reactivity of 
CD8+T cells when combined with anti-PD-1 therapy by downregulating inhibitory receptors. Further research may focus 
on the specific mechanisms by which inhibiting SUV39H1 promotes the efficacy of CAR-T cells in conjunction with ICI 
therapy.158,159 EZH1, a crucial inhibitory factor of hematopoietic multipotency in the early mammalian embryo,160 

regulates chromatin accessibility through H3K27me3 trimethylation.161 Knockout of EZH1 can induce the differentiation 
of iPSCs (human induced pluripotent stem cells)-derived T cells into mature effector and memory T cells. CAR-T cells 
with EZH1 repression (EZ-T) demonstrated enhanced cytolysis activity and prolonged persistence through epigenetic 
reprogramming in mice model. Intriguingly, this increased persistence is mainly due to the enrichment of TCRαβ 
T cells.162 MEK1/2 inhibition (MEKi) significantly enhances the metabolic fitness of CD8+T cells and induces naïve 
phenotype. MEKi promotes metabolic fitness and mitochondrial mass through inhibiting the MAPK pathway, leading to 
increased levels of PGC1α and SIRT3, and enhancing fatty acid oxidation.163 Furthermore, MEKi also suppresses cyclin 
D1, delaying the cell cycle and thereby promoting metabolic fitness. Taken together, MEKi-induced high metabolism and 
FAO create favorable conditions for the development of a memory phenotype, attenuating T cell exhaustion and 
enhancing antitumor activity.163 Additionally, Tox is overexpressed in exhausted CD8+T cells and drives transcriptional 
programs associated with exhaustion.164,165 Constitutive expression of Stat5a in Texprog cells has been shown to reverse 
the epigenetic programs of exhaustion, antagonized Tox and converted exhausted T cells to effector/NK-like phenotype. 
Stat5a appears to play a direct role in regulating chromatin accessibility and transcriptional activity, thereby collaborating 
with PD-L1 blockade to enhance cytotoxicity and persistence.166

Moreover, the engineering of CAR-T cells can be advanced by optimizing their metabolic pathways to improve their 
survival, functionality, and resistance to the immunosuppressive signals prevalent in the tumor environment. Tumor cells 
often create a hostile metabolic landscape that depletes essential nutrients and generates suppressive metabolites. By fine- 
tuning these metabolic pathways, CAR-T cells can be rendered more resilient and effective in navigating these 
challenging conditions.167

The immunosuppressive TME is typically characterized by elevated levels of lactate, lipids and hypoxia, which can 
contribute to T cell exhaustion. Naive T cells usually experience a metabolic switch mediated by PI3K-Akt-mTOR 
pathway, relying on oxidative phosphorylation for their energy needs. In contrast, mature CD8+ effector T cells are more 
dependent on aerobic glycolysis.167,168 Glucose deprivation, often instigated by cancer cells, can lead to T cell exhaustion 
and dysfunction due to decreased glucose availability.169 Moreover, diminished glucose consumption can trigger the 
upregulation of inhibitory molecules, such as PD-1 and LAG-3 on the T cell surface.170

Additionally, Arginase and indoleamine-pyrrole 2,3-dioxygenase (IDO) secreted by MDSCs and TAMs selectively 
deplete arginine and tryptophan, further compromising the metabolic fitness and tumor-infiltration capabilities of 
CD8+T cells.168–171 Furthermore, glutamine deprivation has been shown to induce mitophagy, thereby impairing the 
cytotoxic capacity of TILs in HCC.172 Hypoxia can recruit Treg through the induction of chemokine such as CCL28, 
while simultaneously reducing the proportion of TCM and TEM. This dynamic ultimately inhibits CD8+T cell activity and 
promotes terminal differentiation state.170,173

The accumulation of metabolites and hazardous substances inhibits T cell activity also contributes to T cell exhaustion 
as well. Lactate has been shown to drive the conversion of pro-inflammatory T cells to Treg by upregulating Foxp3 and 
inhibiting the secreting of IL-17A.174 Elevated cholesterol levels in TME have been shown to regulate the expression of 
immune checkpoints through endoplasmic reticulum (ER) stress. The ER stress sensor XBP1 becomes activated, leading 
to the upregulation of PD-1 and 2B4, which are indicative of an exhausted T cell phenotype.175 Furthermore, high levels 
of unbound free fatty acid (FFA) have also been reported to impair antitumor activity in breast cancer.176,177 IFN-γ 
further enhances the expression of SLC1A5, which increases tryptophan uptake in tumor-repopulating cells (TRCs).178 

IDO1 metabolizes tryptophan into kynurenine, which subsequently activates aryl hydrocarbon receptor (AhR). This 
activation leads to the upregulation of PD-1 via overexpression of Siglec-15, ultimately resulting in the exhaustion of 
CD8+T cells.179,180

Restoring T cell activity through metabolic reprogramming is an effective strategy. For instance, the 4–1BB domain 
has been shown to increase memory phenotype and promote mitochondrial aerobic metabolism, while CD28 activation 
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of the PI3K-AKT increases glycolysis, thereby facilitating T cell differentiation.168,181 The knockout of SIRT1, along 
with enhanced degradation of FOXO1 by the proteasome, promotes glycolysis and increases granzyme B levels, 
indicating a significant enhancement in cytotoxicity and persistence in CD8+ memory T cells under resting 
conditions.180 Interestingly, inhibition of glycolysis can also induce the differentiation of T cells into memory 
phenotype.181,182 For instance, miR-143 has been reported to inhibit glucose transporter 1 (GLUT-1), thereby decreasing 
glucose uptake and glycolysis, which in turn increases the proportion of memory T cells,183 but overexpression of 
GLUT1 is observed to enhance the antitumor activity of CAR-T cells.178

Moreover, elevated levels of L-arginine can reprogram metabolism, converting glycolysis to oxidative phosphoryla
tion and maintaining a higher proportion of TCM and TEM.184 As previously mentioned, abnormal lipid metabolism can 
also lead to T cell exhaustion. Fatostatin, is an inhibitor of SREBP2, not only reduces cholesterol levels in T cell, but also 
alleviates ER stress mediated by XBP1. Consequently, fatostatin effectively prevents T cell exhaustion and reduce 
Treg.185 In addition, inhibiting cholesterol esterification has been shown to enhance cytotoxic effects and increase the 
proportion of CD8+ T cells.186

Beyond cholesterol metabolism, fatty acid catabolism also plays a crucial role in regulating T cell function. Enhanced 
fatty acid oxygen in hypoglycemia and hypoxic TME is essential for maintaining normal function of CD8+ TILs. FAs can 
also be converted to acetyl-CoA, which participates in TCA cycle and glycolysis, contributing to energy production. 
Collectively, metabolic reprogramming drives increased FAO and enhances overall efficacy, including response to anti- 
PD-1 reaction.187 Moreover, an increase in extracellular potassium reprograms T cell function through autophagy 
decreases histone acetylation. These epigenetic alterations help maintain stem-like characteristics, suggesting enhanced 
persistence and antitumor activity.188 Furthermore, SOCE-inhibitor BTP-2 reduces intracellular calcium signaling via 
SOCE-Calcineurin-NFAT pathway, resulting in higher proliferation and lower exhaustion signals.189 Other promising 
strategies including targeting REGNASE-1 to improve mitochondria fitness, ablating RASA2,190 ADRB2,191 secreting 
IL10192 and briefly inhibiting mitochondrial pyruvate carrier (MPC) to promote memory phenotype have shown to be 
effective in treating various cancers.193,194 Interestingly, knockout REGNASE-1 and ROQUIN-1 simultaneously 
enhanced inflammatory potential and TCM phenotype, thereby increasing cytotoxicity.195

Taken together, targeting the epigenetic programs and metabolism of T cells represents a promising approach to 
prevent T cell exhaustion and enhance therapeutic efficacy. Further research should concentrate on elucidating the 
specific molecular mechanisms underlying reprogramming and explore the integration of epigenetic with metabolic 
strategies to overcome the immunosuppressive TME.

CAR-T Cell Associated Toxicities
Despite the remarkable achievements in CAR-T cell therapy, potential toxicities such as CRS, ICANS, cytopenia-related 
complications and on-target, off-tumor toxicities pose substantial challenges to its clinical application. These toxicities 
are often linked to factors such as high tumor burden, target antigen and CAR-T doses.196 Addressing and mitigating 
CAR-T-associated toxicities, along with enhancing the safety in CAR-T cell therapies, are urgent priorities in the field of 
immunotherapy. A comprehensive understanding of those challenges is essential for maximizing therapeutic benefits 
while minimizing adverse effects. Several strategies are being explored by researchers and clinicians to achieve these 
goals, focusing on genetic engineering advancements and optimizing treatment protocols.197

CRS is an immune inflammatory response typically characterized by extensive proliferation of CAR-T cells and 
a significant increase in serum cytokines following CAR-T cells infusion. Cytokines such as IFN-γ, TNF-α and GM-CSF 
activate monocyte/macrophage system, further exacerbating the inflammatory response(Figure 3).196,197 Clinical mani
festations of CRS can range from mild flu-like symptoms, including fever and fatigue, to severe, life-threatening 
complications such as hypotension, hypoxia, and multiple-organ dysfunction.197

Another serious adverse event is ICANS. Patients with ICANS may experience symptoms such as fever, epilepsy, 
cerebral edema and myoclonus. Notably, ICANS often occurs concurrently or after CRS, suggesting a possible correlation 
between these two conditions.198 ICANS is characterized by elevated cytokine levels in cerebrospinal fluid (CSF) and 
disruptions to the blood–brain barrier with activated myeloid cells in central nervous system contributing to its 
development.198,199 IL-6 is generally regarded as a primary cytokine responsible for inducing CRS.200 As a result, the 
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IL-6R-specific inhibitor tocilizumab has been approved by FDA for the treatment of CRS. Tocilizumab has been shown 
effectiveness in managing grade 2 CRS and gastric mucosa injury in a 72-year-old male patient with pancreatic cancer 
following anti-claudin18.2 CAR-T cells infusion.196,201 For severe cases of ICANS, intrathecal administration of tocilizu
mab may offer a viable treatment option.202 While tocilizumab has achieved excellent outcomes in the management of 
CRS, its effectiveness against ICANS is limited due to its poor penetration of the blood–brain barrier (BBB). Anakinra, 
a recombinant humanized IL-1 receptor antagonist, has been shown to effectively control fever, attenuated neurotoxicity, 

Figure 3 (A) Small molecules preventing CRS and ICANS. Unspecific medication corticosteroids strongly decrease the function and production of cytokines. Lenzimulab 
inhibits GM-CSF, avoiding the activation of macrophage. Tocilizumab along with Ruxolitinib block IL6-JAK-STAT signaling, strongly decrease inflammatory activity. Anakinra 
and etanercept inhibit IL-1 and TNF-α respectively, releasing CRS and ICANS mediated by these cytokines. (B) Modifying CAR structure to avoid adverse event. CD28 
usually leads to higher toxicity while 4–1BB is considered safer. Deletion glycine of hinge domain decrease the level of pro-inflammatory cytokines, leading to a lower risk of 
adverse events. Created in BioRender. Su, S. (2025) https://BioRender.com/w6pe2ht.
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and decrease levels of inflammatory biomarkers like C reactive protein (CRP) in a single-center clinical trial, making it 
a promising candidate for treating refractory CRS following the failure of tocilizumab and corticosteroids.203 Moreover, the 
peak level of TNF-α has been associated with the severity of CRS, leading to the consideration of the TNF-α inhibitor 
etanercept as a new option for CRS management. Etanercept has demonstrated its ability to reduce TNF-α production 
without affecting CAR-T cell activity.204 Recent studies have indicated that monocytes and macrophages promote the 
development of CRS and ICANS, presenting a novel approach to manage these toxicities through targeting GM-CSF.205 

Lenzimulab, a GM-CSF inhibitor, has been shown to nearly completely neutralize GM-CSF in vitro. Surprisingly, this 
neutralization enhanced CAR-T cell efficacy and persistence in a CART19 xenograft model. Furthermore, lenzimulab 
reduced the number of macrophages in brain, indicating a reduction in both CRS and neurotoxicity.206

Despite the availability of specific inhibitors, non-specific medication such as corticosteroids remain first-line 
treatment for ICANS and second-line options for severe CRS.207 Corticosteroids effectively inhibit the production and 
function of cytokines. Due to their potential immunosuppressive effects, corticosteroids are typically reserved for treating 
ICANS of grade 2 or higher. High dose of corticosteroids is generally believed to alleviate typical symptoms of 
associated with ICANS.207,208

Tyrosine kinase inhibitors, including ibrutinib and ruxolitinib, are promising agents for managing CAR-T cell- 
associated toxicities. IL-6 ultimately activates JAK-Stat pathway.209 Ruxolitinib, a JAK 1/2 inhibitor with broad anti- 
inflammatory activity, is commonly used to treat allergy reactions, immune responses and COVID-19. It has shown 
surprising efficacy in addressing steroid-refractory CRS without compromising the antitumor activity of CAR-T cells, 
suggesting its potential as an adjuvant therapy for CRS.210,211 Similarly, BTK inhibitor ibrutinib has demonstrated 
effectiveness against cytokine release syndrome, significantly preventing CRS in B cell malignancies following the 
infusion of CD19-targeting CAR-T cells.212 Moreover, ibrutinib has been found to enhance efficacy and the CR ratio 
among patients receiving CART-19 by promoting CAR-T cells activity. This suggests that the combination of CAR-T 
therapy and ibrutinib could be a promising approach in treating non-Hodgkin lymphoma.213,214

Another potential strategy for reducing toxicities involves modifying CAR structure to reduce toxicities. Previous 
studies have demonstrated that CD28 costimulatory domain is usually associated with higher risk of toxicity while 
4–1BB domain is considered safer. Additionally, the deletion of glycine decreased the flexibility of CD8α hinge domain, 
leading to lower levels of pro-inflammatory cytokines and promoting safety.215 Moreover, managing CAR-T cell- 
associated toxicities extend beyond genetic engineering and pre-infusion treatments; effective post-treatment monitoring 
and management strategies are equally essential. Early detecting toxicities, particularly neurotoxicity and CRS, is crucial 
for timely intervention. Using standardized grading systems for adverse events assists clinicians in promptly adjusting 
treatment protocols.196

Tumor-associated antigens (TAA) are often co-expressed on both cancer cells and non-malignant tissues, which poses 
a challenge for CAR-T cells. This co-expression makes it difficult for CAR-T cells differentiate between tumor and 
normal organs, leading to inevitable tissue damage known as “On-Target, Off-tumor Toxicity” (OTOT).215 For instance, 
CD19 is expressed on both leukemia cells and brain mural cells, increasing the risk of neurotoxicity.216 CAR-T cells 
targeting CD19 and BCMA have been observed to attack normal B cells and plasma cells, resulting in 
hypogammaglobulinaemia.217 While OTOT is particularly prevalent in the treatment of solid tumors, it is also 
a concern in blood cancers. HER2-specific CAR-T therapy has yielded significant results in advanced biliary tract and 
pancreatic cancers; however, patients experiencing reversible severe upper gastrointestinal hemorrhage were detected 
following CAR-T cell infusion.218 Claudin18.2 (CLDN18.2) is another example that is co-expressed in both gastric 
cancer and normal gastric mucosal epithelium. As a result, CLDN18.2-targeted CAR-T cell infusion led to severe gastric 
mucosal damage in a phase 1 clinical trial.111 Similarly, low-dose of CAIX-targeted CAR-T cells used to treat metastatic 
renal cell carcinoma resulted in liver enzyme disturbances due to the CAIX expression in bile duct epithelium.219 

Collectively, there is an urgent need for effective strategies to mitigate OTOT in the application of CAR-T. One potential 
strategy is to modify the affinity of scFv in the CAR structure. Reducing this affinity may decrease the likelihood of 
targeting normal cells that express physiologic levels of the antigen.43,47 Incorporating suicide gene technology into 
CAR-T represents a promising strategy for mitigating potential toxicities.2 This mechanism function as a safety switch, 
enabling clinicians to control the proliferation and activity of CAR-T cells when potentially severe side effects are 
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arising. A common approach involves the use of herpes simplex virus thymidine kinase (HSV-TK) gene, which makes 
the modified CAR-T cells susceptible to antiviral drugs such as ganciclovir (GCV). Studies have shown that CAR-T cells 
expressing GM2 can be effectively diminished by GCV.220 Additionally, iCaspase9 serves as another suicide switch, with 
previous experiments demonstrating its effectiveness in managing CAR-T related side effects.107

Split CAR systems offer another approach to managing CAR-T cell activity, specifically addressing concerns related 
to overactivation and off-target effects. In these systems, the CAR is divided into two separate components, which 
require activation by different antigens to function effectively. This dual-requirement mechanism enhances specificity, as 
both antigens must be present for the CAR to activate.221 For instance, Halliwell et al developed a dual-positive CAR 
targeting ALK and B7H3 or GD2 using an “AND” structure. In this configuration, T cells are activated and can kill target 
cells only when ALK co-expresses with B7H3 or GD2 on tumor cells. This co-CAR strategy not only addresses the 
challenge of low ALK antigen density, thereby enhancing antitumor activity, but also helps to avoid “on-target, off-tumor 
toxicity” associated with high expression of GD2 or B7H3.222 Additionally, an IF-THEN gate integrating the SynNotch 
system has been reported to mitigate off-tumor toxicity. In this system, CD19 svFv SynNotch is co-expressed with 
“PDbody”, creating a dual CAR that targets both CD19 and PD-L1, the PDbody was engineered to bind to PD-L1 with 
a preference for a slightly lower pH, which is typical in the tumor microenvironment. To prevent the activation of CD19 
SynNotch in normal B cells, pre-treatment with fludarabine and cyclophosphamide can be employed prior to infusion.223 

Overall, split CAR systems reduce the risk of inadvertently targeting healthy cells that lack the specific antigen 
combination. By refining the specificity of CAR-T cell targeting, these systems can significantly decrease the incidence 
of adverse effects caused by non-specific or unwanted interactions, thus enhancing both safety and therapeutic 
outcomes.222,223

CAR-T Cell Therapy in Other Diseases
In autoimmune diseases such as immune-mediated necrotizing myopathy (IMNM), where traditional pharmacological 
methods have limited efficacy, CAR-T cell therapy has demonstrated significant therapeutic effects. Patients treated with 
BCMA-targeted CAR-T cells exhibited favorable safety effects.224

CAR-T cell therapies are also being explored for the treatment of systemic lupus erythematosus (SLE), with a notable 
focus on anti-CD19 CAR-T cells. These CD19 CAR-T cells have been shown to induce B cell depletion, leading to 
a rapid decline in anti-dsDNA antibodies disappeared rapidly.225 In a Phase 1 clinical trial, an engineered CAR-T cell that 
expresses two CARs targeting CD19 and BCMA demonstrated the ability to alleviate symptoms of SLE and relieve lupus 
nephritis (LN). Remarkably, the humoral immunity of patients was effectively reset, with only mild CRS observed, 
indicating a favorable safety profile.226

Conclusions and Future Expectations
CAR-T therapy has achieved breakthrough efficacy in treating hematological malignancies (eg, leukemia, lymphoma), 
providing patients with durable remission. However, its application in solid tumors remains limited by challenges such as 
antigen heterogeneity, TME, and T cell exhaustion. Future directions include: Developing multi-target CAR architectures 
to mitigate antigen escape risks; Enhancing CAR-T cell recognition and cytotoxicity through CRISPR-based strategies, 
such as precise knockout of IL-4 proteins or insertion of dual-target receptors (eg, CD19+CD22); Restoration of LAT 
activity; Engineering tunable safety switches via CRISPR to control treatment-related toxicities; Optimizing manufactur
ing protocols to improve therapeutic consistency; Reverse the exhaustion by introducing PD-1-CD28 chimeric genes; 
Adopting combination strategies with existing treatments, including synergy with immune checkpoint inhibitors, 
combination with tumor-targeting antibodies, integration with small-molecule drugs, coordinated use with oncolytic 
viruses, and concurrent application with radiotherapy.

The preparation time for universal CAR-T (UCAR-T) therapy has been markedly reduced, which may also lead to 
a significant reduction in treatment costs at scale. A number of clinical trials, including those conducted by our group 
(NCT06663046), are currently underway or will soon be initiated to evaluate the safety and effectiveness of this 
approach. Moreover, CAR-T cell therapeutic products capable of treating multiple cancer patients can be manufactured 
from cells obtained from a single healthy donor. Gene editing technology enables the knockout of TCR, HLA, or CD52 
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molecules on the surface of T cells in UCAR-T therapy, thereby eliminating graft-versus-host disease (GVHD) caused by 
UCAR-T cells against patients and host-versus-graft reactions (HVG) of patients against allogeneic UCAR-T cells. This 
facilitates large-scale production and reduces costs. While overcoming barriers in solid tumors remains critical, ongoing 
technological advancements will expand CAR-T’s therapeutic indications, ultimately improving global cancer treatment 
outcomes. This rapidly evolving field holds promise for further unleashing the immune system’s anti-cancer potential.
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