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Abstract 

The application of chimeric antigen receptor T-cell therapy in central nervous system tumors has significantly 
advanced; however, challenges pertaining to the blood-brain barrier, immunosuppressive microenvironment, 
and antigenic heterogeneity continue to be encountered, unlike its success in hematological malignancies such 
as acute lymphoblastic leukemia and diffuse large B-cell lymphomas. This review examined the research progress 
of chimeric antigen receptor T-cell therapy in gliomas, medulloblastomas, and lymphohematopoietic tumors 
of the central nervous system, focusing on chimeric antigen receptor T-cells targeting antigens such as EGFRvIII, 
HER2, B7H3, GD2, and CD19 in preclinical and clinical studies. It synthesized current research findings to offer valu-
able insights for future chimeric antigen receptor T-cell therapeutic strategies for central nervous system tumors 
and advance the development and application of this therapeutic modality in this domain.

Keywords  Central nervous system tumors, Chimeric antigen receptor T-cell therapy, Glioblastoma, Medulloblastoma, 
Central nervous system lymphoma, Central nervous system acute lymphoblastic leukemia, Brain tumors

Introduction
 The principle of chimeric antigen receptor T-cell 
(CAR-T) therapy involves genetically modifying T cells 
to specifically recognize distinct targets on the tumor 
cell surface, thereby inducing cytotoxic effects. CAR-T 
therapy has become a major focus of immunotherapy 
research for malignant tumors in recent years, repre-
senting a milestone breakthrough in targeted therapy 
[1]. CAR-T therapy has shown success in treating vari-
ous refractory or recurrent hematological malignancies 
and is considered a potentially curative approach for cer-
tain oncological conditions [2, 3]. However, its applica-
tion in solid tumors, particularly central nervous system 

(CNS) tumors, remains limited owing to the complex 
tumor microenvironment (TME) of CNS tumors and the 
presence of the blood-brain barrier (BBB), introducing 
significant challenges for CAR-T therapy applications. 
Researchers are actively investigating various strategies 
to overcome these challenges, and various clinical and 
preclinical studies have established a foundation for the 
future development of CAR-T therapy for CNS tumors.

Challenges of CAR‑T therapy in CNS tumors
Blood‑brain barrier
The BBB is a highly selective, semi-permeable barrier 
separating the cerebral blood vessels and brain tissue 
(Fig. 1). The BBB comprises endothelial cells, a basement 
membrane, and astrocytic end feet. The main functions 
of the BBB include protecting brain tissue, maintaining 
CNS homeostasis, and regulating the passage of essen-
tial nutrients and oxygen while preventing the entry of 
harmful substances [4]. The tight junctions and adher-
ens junctions between brain capillary endothelial cells 
form the physical barrier, limiting paracellular transport 
into the brain. Thus, molecules in the bloodstream must 
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traverse both the apical and basolateral membranes of 
endothelial cells to access the brain. Additionally, efflux 
proteins, such as P-glycoprotein, multidrug resistance 
protein (MRP), and breast cancer resistance protein 
(BCRP), on endothelial cells form a biochemical bar-
rier by actively transporting exogenous substances back 
into the systemic circulation, limiting their accumula-
tion in the brain [5]. However, this selectivity impedes 
the delivery of drugs and therapeutic agents to the brain 
[6, 7]. Inflammation, infection, and cancer can compro-
mise BBB integrity, leading to immune cell infiltration 
and accumulation within the CNS [8]. For instance, in 
gliomas, reduced expression of tight junction proteins 
and overexpression of aquaporin-4 impair the integrity 
of endothelial cell junctions [9]. Currently, the primary 
methods for delivering CAR-T cells to the brain include 
intravenous injection, local intracerebroventricular deliv-
ery, and intracavitary tumor injection [10]. Intravenous 
injection is the most common route in treatment and 
clinical trials, yet it poses significant challenges for CNS 
tumors, as CAR-T cells often struggle to infiltrate the 

TME. Intracerebroventricular administration involves 
direct injection of CAR-T cells into the ventricular sys-
tem, facilitating their distribution into the cerebrospi-
nal fluid. Intracerebroventricular injection was first 
employed in CAR-T cell therapy for recurrent GBM. 
Intracavitary tumor injection involves direct CAR-T cell 
administration into the tumor mass [11]. In contrast to 
intravenous injections, local delivery methods can trans-
port CAR-T cells directly to the tumor site, bypassing the 
BBB. This approach enhances CAR-T cell tumor infiltra-
tion and anti-tumor activity, thereby improving thera-
peutic outcomes, especially in glioblastoma and brain 
metastases from breast cancer [12–14].

Immunosuppressive microenvironment
The tumor immunosuppressive microenvironment 
weakens the ability of immune cells to attack tumors via 
diverse mechanisms. This microenvironment comprises 
various immunosuppressive components, such as tumor-
associated macrophages (TAMs)/microglia, regulatory 
T cells (Tregs), and myeloid-derived suppressor cells 

Fig. 1  Challenges of CAR-T therapy in CNS tumors. The blood-brain barrier, immunosuppressive microenvironment, antigen expression 
heterogeneity, and CAR-T therapy-related toxicity are major challenges in CAR-T cell therapy for central nervous system tumors
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(MDSCs) (Fig.  1). These cells diminish the anti-tumor 
activity of effector T cells by releasing inhibitory factors 
or directly suppressing their function. In addition, the 
extracellular matrix (ECM) physically obstructs T-cell 
infiltration and promotes immunosuppression via signal-
ing pathways, further facilitating tumor immune escape 
[15–17].

TAMs/microglia are crucial components of the CNS 
TME and can be classified into two subtypes: M1 and 
M2. M1 represents a pro-inflammatory phenotype with 
anti-tumor effects, whereas macrophages recruited to 
the TME are usually polarised to the M2 type, produc-
ing anti-inflammatory cytokines promoting immuno-
suppression, angiogenesis, and tumor progression [18]. 
Additionally, microglia within glioblastoma (GBM) 
microenvironments frequently experience high oxida-
tive stress, triggering an imbalance in lipid metabolic 
homeostasis via the NR4A2/SQLE pathway and sub-
sequently impairing antigen-presenting capacity [19]. 
This process diminishes cytotoxic T lymphocyte (CTL) 
cell infiltration and impairs their cytotoxic function, 
further exacerbating the immunosuppressive microen-
vironment and promoting GBM tumor growth. MDSCs 
are limited in number within the CNS; nevertheless, 
they actively contribute to the initiation and regula-
tion of immunosuppressive functions [20], primarily 
through mechanisms that include promoting tumor 
angiogenesis, inhibiting M1 macrophage polarisation, 
suppressing dendritic cell (DC) antigen presentation, 
and reducing natural killer (NK) cytotoxicity and T-cell 
activation [21]. MDSCs exert their immunosuppres-
sive effects through multiple mechanisms, including 
the secretion of exosomes, the activity of pro-inflam-
matory cytokines (such as IL-13, IL-4, PGE2, IFN-γ, 
and IL-1β), and Toll-like receptor signaling pathways 
[21]. Additionally, immunosuppressive factors, includ-
ing nitric oxide (NO), reactive oxygen species (ROS), 
and peroxynitrite (PNT), play significant roles in the 
immunosuppressive mechanisms employed by MDSCs 
[22]. Tumors promote the recruitment of MDSCs by 
secreting specific chemokines. For instance, chemokine 
axes such as C-X-C chemokine receptor type 4-C-X-C 
motif chemokine ligand 12 (CXCR4-CXCL12), CXCR2-
CXCL5/8, and C-C chemokine receptor type 2- C-C 
motif chemokine ligand 2 (CCR2-CCL2) play a crucial 
role in this process [23]. Furthermore, IL-8 is regarded 
as a significant inducer of MDSC mobilization [24]. 
Studies have demonstrated that an increased number 
of MDSCs in GBM correlates with poorer patient prog-
nosis [25]. Tregs can suppress the immune response 
in the tumor microenvironment and promote tumor 
development [26]. The primary mechanisms through 
which Tregs mediate immune suppression in the tumor 

microenvironment include the following: First, Tregs 
upregulate immune checkpoint receptors, including 
cytotoxic T-lymphocyte-associated protein 4 (CTLA-
4), thereby inhibiting the interaction between CD80 and 
CD86 on antigen-presenting cells and the co-stimula-
tory receptor CD28 on effector T cells. Second, Tregs 
secrete a variety of immunosuppressive cytokines, 
including IL-10, IL-35, and transforming growth factor-
beta (TGF-β), and express the high-affinity α subunit of 
the IL-2 receptor (CD25), effectively depleting IL-2 and 
subsequently suppressing the activation and survival 
of effector T cells. Furthermore, Tregs exhibit elevated 
expression of ecto-nucleotidases CD39 and CD73 on 
their surface, which further enhances immune sup-
pression in the tumor microenvironment [27], thereby 
undermining anti-tumor immune responses.

Pervasive TGF-β expression in the immunosup-
pressive microenvironment can promote tumor cell 
proliferation and enhance their invasiveness [28]. Addi-
tionally, TGF-β can modulate the composition and 
function of immune cells, thereby facilitating tumor 
cell evasion of the host immune system [29, 30]. Mye-
loid cells promote tumor immune escape by releas-
ing interleukin-10 (IL-10), which accumulates within 
mesenchymal-like tumor regions and results in T-cell 
depletion. Studies have shown that JAK/STAT path-
way inhibition restores T-cell function, highlighting the 
critical role of IL-10 in the immunosuppressive micro-
environment of GBM [31]. Chemokines directly tar-
get non-immune cells in the tumor microenvironment 
(e.g., tumor and vascular endothelial cells) and play 
critical roles in regulating tumor cell proliferation, pre-
serving cancer stem cell characteristics, and promoting 
tumor invasion and metastasis [32]. A significant eleva-
tion in cerebrospinal fluid and serum levels of CCL2 
was observed in patients with CNS tumors undergoing 
HER2 CAR-T cell therapy. This cytokine is known for 
its role in recruiting Tregs and MDSCs and contrib-
utes to the attenuation of CAR-T cell-mediated tumor 
cell destruction [33]. Interactions between tumor cells 
and the microenvironment play a crucial role in tumor 
cell proliferation, migration, and drug resistance in 
GBM. Hypoxic regions of GBM attract and seques-
ter TAMs and CTL, resulting in immunosuppression 
[34]. Additionally, single-cell transcriptomic analysis 
revealed that specific tumor subpopulations promote 
brain-wide proliferation through synaptic connections 
with neurons. This mechanism suggests that neuronal 
activity induces tumor microtubule formation, thereby 
accelerating tumor invasion and dissemination [35]. 
These mechanisms synergistically enable tumor cells to 
evade immune surveillance, fostering their growth and 
dissemination.
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Antigen expression heterogeneity
Tumor targets can be classified into tumor-specific anti-
gens (TSAs) and tumor-associated antigens (TAAs). 
TSAs are antigens that are exclusively expressed on 
tumor cells and not on normal tissues. Although these 
antigens are deemed ideal targets for CAR-T therapy, 
their expression on the surface of tumor cells is exceed-
ingly rare, leading to significant limitations in clinical 
application. In contrast, TAAs are antigens that exhibit 
significantly higher expression levels in tumor cells than 
in normal tissues [36]. Currently, the vast majority of 
CAR-T products target TAAs, such as CD19, CD20, 
CD22, CD30, and BCMA in hematologic malignan-
cies [37–39], as well as CEA, EGFR, HER2, EPHA2, and 
IL-13Rα2 in solid tumors [40]. Specific antigens play 
important roles in CAR-T cell functioning, however, 
antigen expression heterogeneity results in a limited 
number of antigens that can be targeted by CAR-T cells 
[41]. The expression levels of targets on tumor cell sur-
faces may fluctuate between patients and different time 
points or regions in the same patient, and primary and 
recurrent tumors show significantly different characteris-
tics, demonstrating significant heterogeneity (Fig. 1) [42]. 
For instance, in a study investigating the efficacy of the 
epidermal growth factor receptor variant III (EGFRvIII) 
peptide vaccine Rindopepimut in treating GBM, it was 
observed that 21 patients (57%) experienced a loss of 
EGFRvIII expression after treatment; similarly, 23 out of 
39 patients (59%) in the control group also exhibited the 
same outcome [43]. These results underscore the signifi-
cant impact of antigen heterogeneity on targeted thera-
pies. Furthermore, there exists a similar issue regarding 
declining antigen expression in CAR-T cell therapy. A 
study indicated that among patients receiving EGFRvIII 
CAR-T therapy, 71.4% exhibited reduced levels of anti-
gen expression, while the growth of EGFRvIII-negative 
tumor cells was also observed [44]. These findings further 
emphasize the complexities of antigen heterogeneity dur-
ing the therapeutic process. Additionally, the presence of 
cancer stem cells contributes to the extensive heteroge-
neity observed in GBM [45]. Therefore, ideal antigenic 
candidates for CAR-T therapy should be highly and uni-
formly expressed in tumor cells, with low inter-tumor 
heterogeneity [46], and should have minimal or almost 
no expression in normal tissues to improve treatment 
specificity and efficacy.

CAR‑T therapy‑related toxicities
Toxic reactions of CAR-T therapy for CNS tumors pose 
significant challenges, particularly cytokine release syn-
drome (CRS) and immune effector cell-associated neu-
rotoxicity syndrome (ICANS) (Fig.  1) [47, 48]. Clinical 
manifestations of ICANS include delirium, somnolence, 

aphasia, and tremor. Severe cases can present with sei-
zures, cerebral edema, coma, or even death, with a fatality 
rate of approximately 3% [49]. The symptoms of ICANS 
are often similar to those of primary brain tumors, poten-
tially causing diagnostic challenges.

Studies have shown that ICANS onset is closely related 
to high levels of cytokines such as IL-1, IL-6, and granu-
locyte-macrophage colony-stimulating factor (GM-CSF) 
in the cerebrospinal fluid (CSF), which are primarily 
released by activated monocytes/macrophages [50]. CRS 
can be effectively controlled through monocyte depletion 
and administration of the IL-6 receptor blocker tocili-
zumab or the IL-1 receptor blocker anakinra; however, 
these measures have failed to completely prevent the 
development of fatal neurotoxicity [51]. Furthermore, 
endothelial cell activation triggered by CAR-T therapy 
results in increased vascular permeability, which is fur-
ther exacerbated by BBB disruption by CNS tumors. 
Multiple cytokines, such as IL-6 and interferon-γ (IFN-γ), 
can selectively pass through the compromised BBB and 
exacerbate ICANS outcomes [52, 53]. Therefore, man-
agement and control of toxic reactions during CAR-T 
therapy are crucial for achieving therapeutic success.

In addition to the previously mentioned challenges, 
CAR-T cell therapy encounters several obstacles related 
to technical processes in its practical application. First, 
the complexity of CAR design poses a substantial chal-
lenge, particularly regarding the selection of appropriate 
antigen targets, optimization of co-stimulatory mol-
ecule combinations, and enhancement of CAR-T cell 
specificity and persistence. Second, the complexity of 
the production process further restricts the widespread 
application of CAR-T therapy, involving in  vitro expan-
sion of CAR-T cells, the risk of insertional oncogenesis 
from genetic modification [54], and the transfection effi-
ciency of CAR-T cells [55]. Furthermore, during treat-
ment, the selection of CAR-T cell dosage, evaluation 
of therapeutic efficacy, and monitoring of side effects 
necessitate further research and standardization. These 
challenges within the technical processes not only affect 
efficacy and application but also contribute to elevated 
treatment costs, presenting another significant barrier to 
the advancement of CAR-T cell therapy [56]. To address 
these challenges, ongoing innovation and improvement 
are essential to ensure the broader application of CAR-T 
therapy.

CAR‑T therapy for CNS tumors
A wide variety of CNS tumors exist, nevertheless, 
this article focused on advances in CAR-T therapy for 
the following tumor types: GBM, diffuse midline gli-
oma (DMG), diffuse intrinsic pontine glioma (DIPG), 
and ventricular meningiocytoma among gliomas; 
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medulloblastoma among embryonal tumors; and lym-
phohematopoietic tumors involving the CNS. Table  1 
lists relevant clinical trials that enrolled patients in recent 
years, with data from https://​clini​caltr​ials.​gov/.

Gliomas
Malignant gliomas are the most common primary brain 
tumors within the CNS [57] and originate from various 
glial cell types, including astrocytes, oligodendrocytes, 
ependymal cells, and microglia [58]. Among these, GBM 
represents the most aggressive and lethal glioma, char-
acterized by a high degree of heterogeneity. Despite the 
routine use of comprehensive treatments including sur-
gical resection, radiotherapy, and chemotherapy, the 
prognosis for GBM remains dismal, with severely limited 
patient survival, and curative outcomes remain elusive 
with traditional therapies [59, 60]. Ependymomas con-
stitute another significant glioma subtype, arising from 
ependymal cells lining the ventricular system. Approxi-
mately 50% of ependymomas in adults occur in the 
spinal cord, whereas nearly 90% are intracranial in pedi-
atric patients. Notably, over half of pediatric patients with 
ependymomas experience recurrence despite standard 
treatments, and the cure rate for recurrent ependymomas 
remains low even after multiple surgeries, chemotherapy, 
and radiotherapy, resulting in poor clinical outcomes 
[61]. DMG and DIPG are common and significantly 
aggressive gliomas in children [62]. Research on CAR-T 
cell therapy for gliomas is rapidly advancing, with efforts 
focused on optimizing target selection and delivery strat-
egies to enhance therapeutic efficacy and address current 
treatment limitations. We summarized the mechanisms 
of action of clinically studied CAR-T targets in gliomas 
(Fig. 2) and briefly analyzed the strengths and weaknesses 
of these targets and other targets that have only been 
explored in preclinical studies (Table 2).

EGFRvIII and EGFR
EGFRvIII is a common tumor-specific mutation widely 
expressed in GBM and other tumors but rarely expressed 
in normal tissues [83, 84]. Its expression results from an 
801 bp in-frame deletion of exons 2 to 7, resulting in a 
new glycine residue. This leads to the absence of the 
ligand-binding domain and low-level constitutive activ-
ity of EGFRvIII. This alteration confers tumor specificity, 
immunogenicity, and oncogenicity to the extracellular 
domain of EGFRvIII [85]. EGFRvIII establishes a regu-
latory network of signaling pathways through ligand-
independent autophosphorylation and tyrosine kinase 
activity, which plays a significant role in GBM growth, 
metastasis, and angiogenesis. Specifically, EGFRvIII 
enhances the EGFRvIII-PI3K-AKT signaling pathway, the 
EGFRvIII-Ras-Raf-MEK-ERK/MAPK signaling pathway, 

and the EGFRvIII-JAK-STAT signaling pathway to pro-
mote the proliferation, survival, invasion, and angio-
genic capabilities of GBM [86]. Therefore, EGFRvIII has 
become an important target for CAR-T therapy owing to 
these characteristics.

EGFRvIII CAR-T therapy has demonstrated efficacy 
in GBM murine models; however, its effectiveness is 
frequently constrained by the tumor’s immunosup-
pressive microenvironment, limiting the ability to fully 
control large gliomas. Studies have shown that IL-12 
enhances the cytotoxicity of EGFRvIII CAR-T cells and 
remodels the immune-TME by reducing the proportion 
of Treg cells and increasing pro-inflammatory CD4 + T 
cells [87]. These findings suggest that combining IL-12 
with EGFRvIII CAR-T therapy may enhance treat-
ment efficacy for GBM. Moreover, inhibition of vascular 
endothelial growth factor (VEGF) can aid in improving 
the infiltration and distribution of EGFRvIII CAR-T cells 
within GBM’s immunosuppressive microenvironment, 
thereby suppressing tumor growth and extending the 
survival time of mice [88]. These strategies indicate that 
the efficacy of EGFRvIII CAR-T cells in treating GBM 
can be improved by combining immunomodulatory fac-
tors and anti-angiogenic agents. However, additional 
clinical studies are necessary to confirm the efficacy and 
safety of these approaches and identify the optimal thera-
peutic regimen to improve clinical outcomes.

Johnson et al. developed a humanized CAR-T cell tar-
geting EGFRvIII, demonstrating its ability to eradicate 
EGFRvIII-positive GBM in subcutaneous and ortho-
topic xenograft models [89]. Based on these results, 
their research center initiated a phase I clinical trial in 
which 10 patients with recurrent GBM (rGBM) received 
EGFRvIII CAR-T cell therapy, with a median survival of 
approximately eight months. One patient showed no dis-
ease progression for over 18 months following a single 
infusion of EGFRvIII CAR-T cells. Among these patients, 
the incidence of neurological events was 30%, with no 
cases of CRS or off-tumor toxicity targeting EGFR. Seven 
patients underwent surgery either within two weeks or 
two months post-infusion. Tumor specimens showed 
higher EGFRvIII CAR-T cell concentrations in the 
brain compared to peripheral blood at two weeks post-
infusion but lower levels in the brain than the blood at 
two months post-infusion. This indicates that EGFRvIII 
CAR-T cells effectively trafficked to active GBM regions 
and possibly proliferated in  situ, albeit transiently. The 
study also found that after EGFRvIII CAR-T cell infusion, 
the expression of immunosuppressive molecules such as 
indoleamine 2,3-dioxygenase 1 (IDO1) and FoxP3 were 
upregulated, and there was a notable increase in Tregs. 
These factors collectively initiated an adaptive immune 
escape mechanism, thereby diminishing the antitumor 

https://clinicaltrials.gov/
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effects [44]. Despite the poor prognosis of the patients, 
this study demonstrated the feasibility and safety of man-
ufacturing and infusing EGFRvIII CAR-T cells. None-
theless, the utilization of EGFRvIII CAR-T cells did not 
yield clinically significant results in patients with GBM. 
This study reported that almost all patients experienced 
transient hematologic toxicity, and two suffered from 
severe hypoxia. The median progression-free survival 
(PFS) was only 1.3 months, and the median overall sur-
vival (OS) was 6.9 months [90]. This suggests the need 
for further optimization of treatment regimens and addi-
tional research into the long-term efficacy and safety 
of EGFRvIII CAR-T cells to optimize future treatment 
strategies.

Although EGFRvIII demonstrates promising target-
ing capability and therapeutic potential in gliomas, the 
widespread expression of EGFR and its crucial role in 
tumorigenesis render it an equally significant target 
antigen. As a member of the ErbB/HER receptor fam-
ily, EGFR is a transmembrane glycoprotein consisting of 

1,186 amino acids, commonly found in various human 
cancers, including GBM, non-small cell lung cancer, and 
breast cancer, where it is frequently overexpressed and 
activated. However, the ubiquitous presence of EGFR in 
normal tissues poses a substantial challenge [91], as ther-
apies targeting EGFR may lead to significant off-tumor 
toxicity [92]. To address this challenge, Dobersberger M 
et  al. developed a CAR-T cell engineering strategy that 
specifically recognizes the conformational changes in 
EGFR following ligand activation. This approach enables 
CAR-T cells to effectively distinguish between tumor 
cells and unactivated EGFR present in normal tissues, 
thereby reducing toxicity to normal tissues and enhanc-
ing therapeutic specificity for EGFR-positive solid tumors 
[93]. In constructing a CAR targeting EGFR expression in 
CNS tumors, researchers selected the single-chain varia-
ble fragment (scFv) derived from mAb806. This choice is 
based on mAb806’s ability to bind both to EGFRvIII and 
to full-length EGFR expressed due to gene amplification 
while also exhibiting tumor specificity. This specificity 

Fig. 2  The mechanisms of action of clinically studied CAR-T targets in gliomas. EGFRvIII promotes GBM development mainly by enhancing 
the EGFRvIII-PI3K-AKT signalling pathway, EGFRvIII-Ras-Raf-MEK-ERK/MAPK signalling pathway and EGFRvIII-JAK-STAT signalling pathway; IL-13Rα2 
competitively binds to IL-13, thereby inhibiting the STAT6 signaling pathway, promoting tumor cell invasion, metastasis, and proliferation, 
and inhibiting tumor cell apoptosis; Tumor formation via MAPK/ERK and PI3K/AKT/mTOR signalling pathways when HER2 gene expression 
is aberrant or GD2 is expressed; B7H3 enhanced cancer cell invasion by regulating the JAK2/STAT3 signalling pathway and upregulated 
the expression of vascular endothelial growth factor A (VEGFA) to promote tumor angiogenesis; Overexpressed EphA2 promotes tumor progression 
through AKT/RSK/PKA-mediated phosphorylation events
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is primarily attributed to the conformational changes 
in EGFR resulting from overexpression in tumor cells, 
which expose the binding site of mAb806; conversely, the 
normal conformation of EGFR in normal cells impedes 
this binding [94].Through this strategy, EGFR806-CAR 
T cells exhibited significant anti-tumor activity in mouse 
models [95]. Moreover, CART.BiTE cell therapy employs 
a bicistronic structure to co-express both an EGFRvIII-
specific CAR and an EGFR-specific BiTE. This approach 
facilitates the direct targeting of EGFRvIII-positive 
tumor cells while also recruiting bystander T cells to 
attack EGFR-positive but EGFRvIII-negative tumor cells, 
thereby overcoming antigen heterogeneity and reducing 
toxicity to normal tissues [96].

In summary, while CAR T-cell therapies targeting 
EGFR and EGFRvIII exhibit significant potential and 
therapeutic specificity in targeting tumor cells, the wide-
spread expression of EGFR continues to pose a risk of 
unintended toxicity to normal tissues, highlighting the 
necessity for further research to optimize treatment 
strategies that balance efficacy and safety.

IL13Rα2
IL-13Rα2 is expressed in most patients with diffuse high-
grade glioma (HGG) but not in normal brain tissue [64] 
and it is associated with poor tumor prognosis [97, 98]. 
IL-13Rα2 is a decoy receptor for IL-13, with a higher 
affinity for IL-13 than IL-13Rα1. Under normal condi-
tions, the IL-13/IL-13Rα complex binds to IL-4Rα to 
form an IL-13/IL-13Rα/IL-4Rα complex, which activates 
STAT6 through its intracellular tail. STAT6 subsequently 
translocates to the nucleus to regulate gene transcription, 
promoting apoptosis. However, in GBM, IL-13Rα2 com-
petitively binds to IL-13, thereby inhibiting the STAT6 
signaling pathway, promoting tumor cell invasion, metas-
tasis, and proliferation, and inhibiting tumor cell apop-
tosis [64, 99]. Therefore, IL-13Rα2 is considered a tumor 
marker specifically expressed in various tumors owing to 
these characteristics.

Previous researchers screened and identified a scFv 
clone termed 14−1, which exhibits approximately five 
times higher binding affinity for IL-13Rα2 compared to 
the previous clone 4−1. The study demonstrated that 
these scFv-IL-13Rα2-CAR-T cells exhibited significant 
antitumor activity in vitro and in vivo, effectively killing 
IL-13Rα2-positive tumor cells while showing low toxicity 
in non-tumor-bearing mice [100]. These findings indicate 
that scFv-IL-13Rα2-CAR-T therapy is a potentially effec-
tive antitumor treatment modality, warranting further 
preclinical and clinical investigations.

IL-13Rα2 CAR-T cells were locally injected into 
resected tumor cavities of three patients with rGBM. 
Two patients showed evidence of a transient antitumor 

response. Magnetic resonance imaging (MRI) of one 
patient post-treatment showed increased necrotic tumor 
tissue volume at the injection site, and all patients toler-
ated the treatment well [101]. The largest clinical trial to 
date for CAR-T cell therapy targeting solid tumors uti-
lized a localized delivery method targeting IL-13Rα2 to 
treat rGBM and other HGGs. The results indicated that 
among the 58 patients who received the treatment, 29 
(50%) achieved stable disease (SD) or improvement. The 
median OS for all patients was eight months, with the 
rGBM subgroup achieving a median OS of 7.7 months. 
Two cases of partial remission (PR) and one of complete 
remission(CR) were observed with additional CAR-T 
treatment cycles. However, 35% of the patients experi-
enced grade 3 or higher toxicities, including one case 
of grade 3 encephalopathy and one of ataxia [102]. In 
summary, localized IL-13Rα2-targeted CAR-T therapy 
demonstrated safety and efficacy in a subset of patients, 
however, some patients experienced toxic reactions, 
underscoring the necessity for diligent monitoring and 
management of potential adverse effects in clinical 
applications.

Currently, autologous CAR-T cells are widely used; 
however, their application is limited. Therefore, research-
ers have developed allogeneic IL-13Rα2 CAR-T cell 
products for GBM treatment. They employed zinc fin-
ger nucleases (ZFN) to genetically engineer CAR-T cells, 
knocking out the glucocorticoid receptor and resulting 
in modified CAR-T cells termed GRm13Z40-2 that are 
resistant to glucocorticoids. GRm13Z40-2 and aldesleu-
kin were intracranially injected into six patients with 
GBM, in addition to systemic dexamethasone main-
tenance therapy. Among the six treated patients, four 
showed signs of transient tumor reduction and/or necro-
sis at the T-cell injection site [103]. This treatment dem-
onstrated efficacy in certain patients, suggesting that this 
therapy may constitute an effective strategy for GBM 
treatment.

HER2
Human epidermal growth factor receptor 2 (HER2) is a 
tyrosine kinase receptor membrane [104] glycoprotein 
encoded by the ErbB gene on chromosome 17q21. This 
gene is classified as a proto-oncogene and typically plays 
a role in regulating cell growth and division. However, 
HER2 gene expression dysregulation increases the sus-
ceptibility of normal cells and tissues to malignant trans-
formation, leading to tumorigenesis [105]. This process is 
primarily mediated through the MAPK/ERK and PI3K/
AKT/mTOR signaling pathways [106]. HER2 is expressed 
in approximately 80% of patients with GBM, whereas 
its expression in normal neural tissue is significantly 
restricted [107, 108]. Overexpression of the protein 
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encoded by this gene enhances tumor aggressiveness, 
resulting in poor prognosis and contributing to drug 
resistance development [65, 109]. Considering its high 
expression in GBM and its correlation with tumor pro-
gression, HER2 is regarded as a critical target for CAR-T 
therapy, potentially offering novel therapeutic strategies 
for GBM treatment.

HER2-specific CAR-T cells have been shown to exhibit 
high selectivity for HER2-positive GBM. One study co-
cultured third-generation HER2 CAR-T cells, which 
contain CD28 and CD137 costimulatory domains, with 
HER2-positive U251 GBM cells. This study demonstrated 
that HER2 CAR-T cells exhibited significant cytotoxic-
ity against the tumor cells, accompanied by a significant 
increase in the secretion levels of IL-2 and IFN-γ [65]. 
HER2 CAR-T cells exhibited significant anti-tumor activ-
ity and robust immune responses in preclinical studies, 
thereby reinforcing their potential utility for future clini-
cal applications.

A phase 1 dose-escalation clinical study used second-
generation HER2-CAR-T (FRP5.CD28.ζ) cells derived 
from virus-specific T cells (VST), reporting that 17 
patients who received CAR-T cell infusions exhibited 
good tolerability. Among them, eight patients showed 
signs of PR or SD, with a median OS of 11.1 months for 
all patients. These findings suggest that HER2-CAR VST 
infusion is both safe and feasible in clinical applications, 
demonstrating notable efficacy in treating adult GBM. 
However, although these cells remained detectable post-
infusion, no significant expansion of CAR-T cells was 
observed in peripheral blood, suggesting a limited in vivo 
response. Moreover, the assessment of CAR-T therapy 
in pediatric CNS tumors remains limited, reflecting fur-
ther constraints on in vivo responses [66]. In a previous 
study, autologous CD4 + and CD8 + T cells expressing 
HER2-specific CAR were transduced using a lentivirus 
and delivered locally via intratumoral or intraventricular 
administration. Among the three patients who received 
this treatment, no dose-limiting toxicity occurred, and 
evidence of CNS immune activation was observed, as 
indicated by elevated levels of CXCL10 and CCL2 in cer-
ebrospinal fluid and serum, indicating that the treatment 
was well tolerated [110]. This study provides preliminary 
evidence for the feasibility of repeated administration of 
HER2-specific CAR-T cells for CNS tumor treatment in 
pediatric and young adult populations.

GD2
GD2 is a disialoganglioside prominently expressed in 
several malignancies, such as neuroblastoma, GBM, and 
melanoma. GD2 expression in normal tissues is primar-
ily limited to specific cells within the central and periph-
eral nervous systems, exhibiting relatively low expression 

levels [111]. GD2 inhibits T cell proliferation, induces 
apoptosis, and suppresses human CD34 + cell differen-
tiation into mature dendritic cells [68, 112]. Furthermore, 
GD2 plays a role in tumor cell invasion, angiogenesis, and 
metastasis [113]. Therefore, GD2 has become a highly 
attractive tumor target and an excellent candidate for 
cancer immunotherapy owing to these properties.

A mouse glioma xenograft model showed that mice 
that received intravenous injections of GD2 CAR-T 
cells exhibited a longer average survival time of 47 days 
compared to control and T cell groups, indicating that 
intravenously administered GD2 CAR-T cells were 
able to penetrate the brain tumor tissue. Additionally, 
the research team developed a CAR-T cell capable of 
secreting IL-15, resulting in more comprehensive and 
sustained tumor control [111]. However, another study 
demonstrated that while intratumoral injection of GD2 
CAR-T cells was effective, intravenous administration 
was not, which can be attributed to the lack of cross-
reactivity with GD2 in mice [114]. Further studies are 
required to determine the optimal administration route 
for GD2 CAR-T cells. Additionally, studies have shown 
that radiation therapy can enhance the infiltration and 
expansion of GD2 CAR-T cells within the TME, thereby 
boosting the antitumor immune response [115]. This 
suggests that combining radiotherapy with CAR-T cell 
therapy may be a promising strategy for enhancing the 
treatment efficacy of malignant tumors, necessitating 
further investigation in subsequent studies. DMG with 
H3K27M mutations is a fatal CNS tumor in children 
[116]. Preclinical studies have demonstrated that GD2 
CAR-T cells can significantly eliminate tumors in patient-
derived H3K27M + DMG orthotopic xenograft models 
[117], offering new hope for the treatment of these deadly 
childhood cancers.

Researchers have developed and applied fourth-
generation CAR-T cells (4S CAR) incorporating CD28 
transmembrane and cytoplasmic regions, intracellu-
lar TRAF-binding domain of the co-stimulatory mol-
ecule 4-1BB, intracellular structural domain of the CD3z 
chain, and suicide-inducing caspase 9 gene. Overall, eight 
patients with GD2-positive GBM were enrolled in this 
study. All patients underwent lymphodepletion prior to 
CAR-T cell administration, with CAR-T cells delivered 
either via intravenous infusion alone or in combination 
with intracavitary injection. The results demonstrated 
that 4S CAR-T cells persisted at a low copy number in 
peripheral blood for 1–3 weeks following expansion. 
Moreover, 50% of these patients (4/8) experienced PR 
within 3–24 months post-infusion, 37.5% (3/8) exhib-
ited progressive disease (PD) within 6–23 months post-
infusion, and 12.5% (1/8) had stable disease at four 
months post-infusion. The median OS for the overall 



Page 14 of 36Zhou et al. Biomarker Research          (2024) 12:132 

patient cohort was 10 months, and no serious adverse 
events were reported [118]. These findings suggest that 
4S CAR-T cells possess a favorable safety and tolerabil-
ity profile for the treatment of patients with GD2-posi-
tive GBM. However, the OS rate remains limited and 
warrants further investigation with an expanded sample 
size. Supported by preclinical studies, GD2-CAR-T ther-
apy was administered to patients with H3K27M-mutant 
DIPG and DMG of the spinal cord. Among the four 
enrolled patients, three exhibited clinical and radio-
graphic improvements, in addition to increased levels of 
pro-inflammatory cytokines in the blood and cerebrospi-
nal fluid, suggesting effective interaction between CAR-T 
cells and tumor cells. Patients experienced CNS symp-
toms and signs related to CAR-T therapy; nevertheless, 
these toxic effects were reversible with appropriate man-
agement strategies [119]. Overall, these findings high-
light the considerable potential of GD2-CAR-T therapy 
in enhancing the clinical outcomes of patients with DIPG 
and DMG. A previous study developed C7R-GD2 CAR-T 
cells expressing the IL-7 receptor (IL-7R) to enhance 
GD2 CAR-T cell efficacy in treating CNS tumors. This 
modification enabled C7R-GD2 CAR-T cells to activate 
downstream signaling pathways independently of IL-7, 
thereby enhancing the effectiveness of CAR-T therapy. 
Among the 11 patients enrolled in the study, eight were 
diagnosed with H3K27-mutant DMG. Patients receiv-
ing GD2 CAR-T treatment exhibited neurofunctional 
improvement for less than three weeks, with no cases 
of CRS or tumor inflammation-associated neurotoxic-
ity (TIAN). TIAN represents a form of neuronal dys-
function resulting from localized inflammation and the 
consequent transient edema, which contrasts with the 
generalized and diffuse cerebral edema seen in ICANS. 
TIAN can be categorized into two types: Type 1 pri-
marily manifests as inflammatory edema, resulting in 
elevated intracranial pressure and limited mechanical 
spaces; Type 2 indicates local inflammation triggered 
by immunotherapy, subsequently leading to functional 
impairment in specific neural regions [120]. In contrast, 
patients treated with C7R-GD2 CAR-T cells experienced 
a median duration of neurofunctional improvement of 
five months, with 88% achieving PR or SD. Additionally, 
the PFS of patients who received C7R-GD2 CAR-T cells 
was significantly longer than that of those who received 
GD2 CAR-T cells [121]. These results suggest that C7R-
GD2 CAR-T therapy exhibits excellent clinical efficacy in 
patients with CNS tumors.

B7H3
B7H3, also referred to as CD276, is a highly conserved 
type I transmembrane protein encoded by human chro-
mosome 15, comprising 316 amino acids [122, 123]. 

B7H3 exists in two human isoforms owing to variations 
in its extracellular domain: 2IgB7-H3 and 4IgB7-H3 [70]. 
B7H3 is highly expressed in a variety of tumor cells and 
within TMEs, particularly during pathological angio-
genesis. B7H3 expression is markedly elevated in GBM, 
neuroblastoma, and ovarian cancer [71, 124], where it 
is strongly associated with tumor malignancy and poor 
prognosis [125]. B7H3 is expressed in certain peritumoral 
tissues; however, its expression remains low and is either 
minimally detectable or nearly absent in normal tissues 
and organs [126]. It enhances cancer cell invasiveness by 
regulating the JAK2/STAT3 signaling pathway and facili-
tates angiogenesis in the TME by upregulating vascular 
endothelial growth factor A (VEGFA) expression [70]. 
Therefore, B7H3 has been identified as a promising ther-
apeutic target for the selective disruption of tumors and 
their vascular networks.

A third-generation B7H3 CAR-T cell was engineered, 
and its potent cytotoxicity on primary GBM cells and 
GBM cell lines was demonstrated through in  vitro 
assays. The median survival in the B7H3 CAR-T cell-
treated group was significantly prolonged compared to 
the control group in xenograft models, However, tumor 
recurrence was observed in the brains of mice receiving 
CAR-T cell therapy, suggesting that this may be due to 
insufficient CAR-T cell dosing [125]. Therefore, it is cru-
cial to pay special attention to the dosing of CAR-T cells 
to optimize therapeutic outcomes. Similarly, another 
study demonstrated that B7H3 is overexpressed in GBM 
specimens, and CAR-T cells targeting B7H3 can effec-
tively inhibit tumor cell proliferation [127]. These studies 
demonstrated that B7H3 CAR-T cells exhibit significant 
anti-tumor effects in GBM treatment; nevertheless, a 
potential to further enhance therapeutic efficacy remains. 
Recent research indicates that pre-treatment with radia-
tion before B7H3 CAR-T cell infusion can significantly 
improve therapeutic efficacy in solid tumor models [128]. 
Moreover, oncolytic adenoviruses carrying CXCL11 can 
enhance the efficacy of B7H3 CAR-T cells in GBM treat-
ment by remodeling the immunosuppressive microenvi-
ronment [129]. Researchers have developed a novel B7H3 
CAR-T cell incorporating the transmembrane and immu-
noglobulin domain–containing 2 (TMIGD2) co-stimula-
tory domain, which is a co-stimulatory factor for T cells 
and NK cells, to further optimize CAR-T therapy. B7H3 
CAR-T cells with the TMIGD2 co-stimulatory domain 
exhibited superior anti-tumor activity, enhanced expan-
sion, and improved persistence compared to traditional 
CAR-T cells incorporating CD28 and/or 4-1BB co-stim-
ulatory domains. The underlying mechanisms include 
maintenance of mitochondrial metabolism, reduced 
cytokine production, decreased cell exhaustion, and an 
increased proportion of central memory and CD8 + T 
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cells [130]. This CAR-T cell type exhibits notable advan-
tages in combating solid tumors, thereby warranting fur-
ther research and development.

Intracranial administration of B7H3 CAR-T cells in 
patients with DIPG has shown good tolerance, with 
B7H3 CAR-T cells persisting in the cerebrospinal fluid, 
showing evidence of immune activation. Notably, one 
patient exhibited continuous clinical and radiological 
improvement over a 12-month follow-up period, without 
experiencing dose-limiting toxicity [131]. Vitanza et  al. 
reported data from a clinical trial involving 21 pediat-
ric patients with DMG who received B7H3 CAR-T cell 
therapy. Meanwhile, Mahdi et al. presented results from a 
clinical trial at Stanford University, in which nine patients 
with DMG were treated with B7H3 CAR-T cells. Of 
these, four (44%) experienced tumor reduction of more 
than 50%, and one achieved CR [132]. These findings 
suggest that B7H3 CAR-T cells have potential in glioma 
treatment, as evidenced by significant tumor shrinkage 
and complete remission in some patients.

EphA2
EphA2 is a tyrosine kinase receptor that binds ligands of 
the EphrinA family [133]. It is highly expressed in tumors 
such as GBM, breast cancer, lung cancer, and melanoma, 
whereas its expression is limited in healthy tissues [72]. 
Elevated EphA2 expression correlates with poor prog-
nosis, reduced survival, and increased metastasis rates 
in patients with tumors. In cancer cells, EphA2 exhibits 
a dual role: its ligand-dependent function inhibits cancer 
cell invasion and migration upon ligand binding, whereas 
its ligand-independent kinase activity involves overex-
pressed EphA2 altering downstream signaling pathways 
through dimerization with E-cadherin, EGFR, HER2, and 
integrins. Additionally, EphA2 can be activated through 
phosphorylation events mediated by AKT/RSK/PKA [72, 
134], thereby promoting tumor progression.

CAR-T cells targeting EphA2 have shown significant 
antitumor effects in preclinical studies [135]. A research 
team developed two third-generation EphA2 CAR-T 
cells: EphA2-a CAR-T and EphA2-b CAR-T. In  vitro 
experiments demonstrated that both CAR-T cells could 
be activated by EphA2-positive tumor cells, with EphA2-
a CAR-T exhibiting significantly higher tumor-killing 
efficiency compared to EphA2-b CAR-T. In vivo experi-
ments similarly demonstrated that both CAR-T cells 
significantly prolonged mouse survival, which may be 
attributed to the modulation of the CXCR-1/2 signaling 
pathways and moderate increases in IFN-γ levels. How-
ever, the reduced efficacy of EphA2-b CAR-T may attrib-
uted to excessive IFN-γ expression, which leads to PD-L1 
upregulation in GBM cells and consequently diminishes 
the antitumor effect [136]. These findings indicate that 

EphA2 CAR-T cell therapy has the potential for GBM 
treatment.

A clinical trial of three patients with rGBM showed 
that EphA2 CAR-T therapy resulted in SD in one patient 
and PD in two patients, with OS ranging from 86–181 
days. Two patients developed grade 2 CRS accompanied 
by pulmonary edema, which resolved after dexametha-
sone treatment, indicating favorable tolerability following 
EphA2 CAR-T infusion. However, the therapeutic effect 
was suboptimal, and its duration was relatively brief, with 
the occurrence of pulmonary edema suggesting potential 
on-target off-tumor toxicity [137]. Consequently, fur-
ther optimization is required to improve its safety and 
durability, as well as to broaden its potential for clinical 
application.

P32
P32, also known as gC1qR/HABP/C1qBP, is a mitochon-
drial protein that acts as a receptor for CGKPK and is 
expressed on surfaces of tumor cells and endothelial cells 
involved in tumor angiogenesis [73, 138]. Rousso Noori 
et  al. demonstrated that P32 is specifically expressed in 
GBM cells, making it a promising target for CAR-T ther-
apy. Further studies showed that P32 CAR-T cells can 
specifically recognize and eliminate P32-expressing gli-
oma cells and tumor-derived endothelial cells in vitro and 
significantly inhibit tumor growth in xenograft and syn-
geneic mouse models [57]. These findings indicate that 
P32 CAR-T cells exhibit both antitumor activity and anti-
angiogenic effects. Therefore, P32 CAR-T cells represent 
a promising therapeutic option for patients with GBM, 
although no related clinical trials have been reported to 
date.

CSPG4
Chondroitin sulfate proteoglycan 4 (CSPG4) is a type I 
transmembrane protein widely expressed across multiple 
malignant tumors, including melanoma, triple-negative 
breast cancer, mesothelioma, and sarcoma [74]. Nota-
bly, CSPG4 is expressed in up to 67% of GBM, whereas 
its expression is more limited in normal tissues, and it 
is strongly correlated with reduced patient survival [75, 
139, 140]. CSPG4 CAR-T cells exhibited potent inhibi-
tory effects on a glioblastoma neurosphere (GBM-NS) 
model in  vitro and in  vivo. In GBM-NS models with 
low CSPG4 expression, microglial cells surrounding the 
tumor induced CSPG4 upregulation on the tumor cell 
surface by releasing TNF-α, thereby enhancing the thera-
peutic efficacy of CAR-T cells [139]. Preclinical stud-
ies demonstrated significant efficacy of CSPG4 CAR-T 
in GBM treatment; however, further clinical trial data is 
required to validate its efficacy and safety.
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NKG2DL
Natural killer cell group 2 member D (NKG2D) is an 
activating cell surface receptor [76] primarily expressed 
on immune cells, including NK cells and CD8 + T cells. 
Its ligands (NKG2DLs) consist of eight distinct proteins 
in humans, including major histocompatibility complex 
(MHC) class I chain-related molecules (MICA, MICB) 
and six UL16-binding proteins (ULBPs) [141]. These 
ligands are widely expressed on the surface of GBM 
cells, cancer stem cells, and other tumor cells [77]. Pre-
clinical studies reveal that murine NKG2D CAR-T cells 
demonstrate strong cytolytic activity against glioma 
cells in  vitro, significantly prolonging survival in a gli-
oma mouse model, with additional long-term protec-
tive effects. Moreover, local radiotherapy enhanced the 
migration of NKG2D CAR-T cells to the tumor site, 
thereby enhancing their cytotoxic efficacy [142]. Meister 
et al. developed mRNA-based CAR-T cells co-expressing 
the NKG2D receptor and pro-inflammatory cytokines 
IL-12 and IFNα2, which efficiently killed mouse glioma 
cell lines in  vitro and exhibited anti-tumor activity in a 
glioma mouse model with intravenous and intratumoral 
administration [143]. Further studies demonstrated that 
human CAR-T cells expressing NKG2D could target 
GBM and cancer stem cells, efficiently lysing these cells 
[78]. NKG2D CAR-T cells have shown significant efficacy 
against gliomas in preclinical studies; however, no clinical 
trial data have been reported to date, necessitating fur-
ther clinical validation of these findings.

CD70
CD70, a member of the tumor necrosis factor superfam-
ily and ligand for CD27, is overexpressed in renal cell car-
cinoma, leukemia, non-small cell lung cancer, melanoma, 
and GBM [45, 144], where its high expression is strongly 
correlated with reduced patient survival [145]. The 
mechanisms underlying this association may involve the 
induction of apoptosis in CD8+ T cells, recruitment of 
TAMs to the GBM microenvironment resulting in immu-
nosuppression, and participation in glioma chemokine 
production [79, 145]. CD70 is transiently expressed in 
activated T cells, B cells, and mature dendritic cells, with 
very low expression levels in most normal tissues. Nota-
bly, CD70 expression is significantly elevated in samples 
from patients with recurrent GBM compared to primary 
GBM.

Human- and murine-derived CD70 CAR-T cells dem-
onstrated tumor regression in in  vitro studies, human 
xenograft models, and syngeneic in  situ glioma models. 
Researchers developed CD70 CAR-T cells modified with 
the rabies virus glycoprotein-derived RVG29 peptide 
(70R CAR-T) to address the challenge of CD70 CAR-T 
cells penetrating the BBB. In  vitro cellular experiments 

demonstrated that 70R CAR-T cells exhibited mark-
edly increased cytotoxic activity against CD70-positive 
glioma cells. Furthermore, 70R CAR-T cells in vivo dem-
onstrated improved capability in crossing the BBB and 
enhanced therapeutic potency compared to conventional 
CD70 CAR-T cells. However, it is crucial to acknowledge 
that the RVG29 peptide, being an exogenous substance, 
may be identified by the host immune system as “non-
self” potentially inducing both humoral and cellular anti-
CAR immunity, which could consequently restrict its 
overall efficacy and influence the persistence of CAR-T 
cells. Despite these concerns, the study provided pre-
liminary insights into the enhanced killing mechanisms 
of 70R CAR-T cells, which exhibited a lower apopto-
sis rate, increased proportion of central memory T cells 
(TCM), and decreased proportion of effector memory 
T cells (TEM), leading to improved phenotypic charac-
teristics [80]. Nevertheless, the generalizability of these 
research findings is constrained and necessitates further 
validation. Therefore, future research should investigate 
the immunogenicity of the RVG29 peptide more com-
prehensively and evaluate its safety and tolerability across 
diverse patient populations to ensure that the clinical 
application of 70R CAR-T cells is not impeded by immu-
nogenicity concerns.

CD133
CD133 is a transmembrane glycoprotein widely recog-
nized as a crucial marker of malignant tumor recurrence 
and poor prognosis, and it is expressed in a variety of 
malignant tumors, including hepatocellular carcinoma, 
pancreatic cancer, and gastric cancer [81]. In addition, 
CD133 is also a marker for tumor stem cells (CSCs) 
and endothelial progenitor cells (EPCs) [146]. In GBM, 
CD133 expression is significantly elevated compared to 
low-grade gliomas, and studies have shown that GBM 
patients with high CD133 expression have a poorer 
prognosis [147]. In a humanized mouse model of GBM, 
CD133 CAR-T cells demonstrated robust anti-tumor 
activity and significant therapeutic efficacy while not 
triggering acute systemic toxicity by intratumoral injec-
tion [147]. However, data from clinical trials targeting 
CD133 CAR-T cells for the treatment of GBM remain 
unpublished.

multi‑targeted CAR‑T
Given the role of TGF-β in the immunosuppressive 
microenvironment, Chang ZL, et  al. designed CAR-T 
cells to simultaneously target GBM and TGF-β within 
the TME. These CAR-T cells directly kill tumor cells by 
targeting IL-13Rα2 and convert TGF-β from an immuno-
suppressant to an immunostimulant through TGF-β tar-
geting [148]. Compared to traditional IL-13Rα2-targeting 
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CAR-T cells, the IL-13Rα2/TGF-β CAR-T cells demon-
strate enhanced efficacy against GBM in mouse models 
and possess the ability to resist and remodel the immu-
nosuppressive microenvironment [149]. What’s more, 
the research team has developed a dual-target CAR-T 
cell therapy for GBM, named CART-EGFR-IL3Rα2 cell 
therapy. This therapy administers CAR-T cells to the 
cerebrospinal fluid via intrathecal injection. Results indi-
cated that in the six patients who received the dual-tar-
get CAR-T cell therapy, MRI scans showed a reduction 
in brain tumor size, with some patients maintaining this 
reduction for several months [150]. This research offers 
new insights and methods for GBM immunotherapy, 
potentially improving patient prognosis. However, fur-
ther large-scale clinical trials are necessary to evaluate 
the long-term safety and efficacy of this therapy.

Although EGFRvIII is highly specific, it exhibits het-
erogeneous expression [89]. CAR-T cells that selectively 
target this antigen can allow antigen-negative tumor cells 
to escape [151], leading to insufficient efficacy. Some 
antigens, such as EphA2 and IL13Rα2, are uniformly 
expressed in GBM cells; however, they have specificity 
drawbacks as they are also expressed in some healthy 
tissues, such as the liver, kidneys, and esophagus [152]. 
Targeting such antigens with CAR-T cells poses the 
potential risk of attacking normal tissue cells. To address 
this challenge, researchers have designed SynNotch-CAR 
T cells that recognize multiple antigen combinations. The 
mechanism involves first activating the expression of the 
CAR through a synNotch receptor, which recognizes the 
tumor-specific but heterogeneously expressed EGFRvIII 
antigen. Upon recognition, the engaged CAR undergoes 
cleavage, leading to the transcriptional upregulation of 
a second CAR. This second CAR is responsible for kill-
ing cancer cells by recognizing antigens such as EphA2 
or IL13Rα2, which are uniformly expressed in cancer 
cells but not tumor-specific [153, 154]. In a xenogeneic 
GBM mouse model, the infusion of synNotch-CAR T 
cells demonstrated significantly higher antitumor effi-
cacy and CAR-T cell persistence compared to traditional 
constitutively expressed CAR-T cells. Additionally, a 
higher proportion of CAR-T cells remained in the naïve/
stem cell memory state, thereby reducing their exhaus-
tion levels [154]. In addition, SynNotch-CAR T cells 
have effectively addressed the limitations of traditional 
CAR-T therapy by employing a multi-antigen recognition 
strategy. They have demonstrated enhanced therapeu-
tic efficacy and improved safety profiles, offering novel 
approaches for GBM treatment. However, one poten-
tial limitation of the SynNotch-CAR strategy is the risk 
of on-target off-tumor activity. If T cells expressing the 
second CAR leave the TME, they could potentially tar-
get normal tissues expressing EphA2 or IL13Rα2, leading 

to off-target effects. This issue underscores the neces-
sity for a careful balance between antitumor efficacy and 
safety. To enhance the specificity and safety of CAR-T cell 
therapy, the research team developed two CARs that tar-
get distinct tumor antigens. This strategy’s core involves 
utilizing distinct signaling chains to transmit cytotoxic 
and proliferative signals, thereby achieving a synergistic 
effect. Notably, the activation of CAR-T cells depends 
on the simultaneous expression of both antigens by tar-
get tumor cells, effectively minimizing the risk of harm-
ing normal tissues [155]. This approach provides new 
insights for developing CAR-T therapies aimed at target-
ing malignant tumors of the CNS in the future.

In summary, we systematically reviewed the progress 
of preclinical and clinical studies of CAR-T cells in the 
treatment of gliomas, and CAR-T cell therapies for differ-
ent targets showed their respective therapeutic potentials 
and challenges in targeting gliomas. These findings have 
helped us to gain a clearer understanding of the effective-
ness and limitations of different targets in the treatment 
of gliomas. To further explore the practical clinical appli-
cation of CAR-T cell therapy in glioma treatment, we 
summarised the data from the current preclinical stud-
ies and clinical studies, which are detailed in Tables 3 and 
4. These data provide an important basis for evaluating 
the clinical efficacy of CAR-T cell therapy for gliomas and 
provide valuable guidance for future research directions 
and clinical practice.

Medulloblastoma
Medulloblastoma(MB) is one of the most prevalent 
malignant brain tumors in children and is classified into 
four distinct subtypes based on molecular characteristics: 
WNT, SHH, G3, and G4 [160]. WNT MBs are typically 
associated with mutations in the CTNNB1 gene, nuclear 
immunohistochemical staining positive for β-catenin, 
and monosomy six (deletion of one copy of chromosome 
6 in the tumor). These changes are associated with the 
aberrant activation of the WNT signaling pathway, which 
is characterized by this subtype having the most favora-
ble prognosis among all MBs. SHH MBs are strongly 
associated with the abnormal activation of the Sonic 
Hedgehog signaling pathway. Studies have demonstrated 
that individuals with mutations in the PTCH, SMO, or 
SUFU genes are predisposed to this subtype, with the 
most common histological subtypes being the classic and 
desmoplastic variants. In comparison, the tumorigenic 
molecular mechanisms of the G3 group of MBs remain 
unclear, characterized by MYC amplification, which is 
rarely observed in adults and primarily occurs in infants 
and children, representing the worst prognosis among 
all subtypes. The G4 group of MBs is the most prevalent 
molecular subtype, accounting for approximately 35% of 
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all MBs, with characteristic mutations frequently affect-
ing the KDM6A gene [161, 162]. Standard treatment 
options include surgical intervention, radiotherapy, and 
chemotherapy; however, these approaches frequently 
result in considerable neurological and endocrine dam-
age [163]. Research indicates that MB exhibits high 
expression levels of EphA2, HER2, and IL-13Rα2 [164]. 
These antigens represent promising targets for CAR-T 
cell immunotherapy, offering new avenues for the treat-
ment of MB.

HER2
Studies have demonstrated that both MB and poste-
rior fossa A(PFA) ependymoma specifically overexpress 
EphA2, HER2, and IL-13Rα2 [164]. HER2 CAR-T cells 
exhibited significant anti-tumor activity in treating MB 
and effectively cleared xenografted tumors in a mouse 

model via both regional and intravenous administra-
tion, with the dose required for regional administration 
being significantly lower than that for intravenous. Fur-
thermore, non-human primate studies confirmed that 
ventricular administration of HER2 CAR-T cells was fea-
sible and safe, with no systemic toxicity observed [156]. 
These findings provide strong support for future clinical 
trials involving direct injection of HER2 CAR-T cells into 
the CSF for patients with MB. Treatment with EphA2-
targeted CAR-T cells significantly extended the survival 
of tumor-bearing mice and effectively inhibited MB 
metastasis to the spinal cord. Repeated local administra-
tion via intraventricular injection resulted in improved 
therapeutic outcomes, with EphA2 CAR-T monother-
apy showing superior efficacy compared to the EphA2/
HER2/IL-13Rα2 trivalent CAR-T therapy. Additionally, 
the study concluded that the combination of Azacytidine 

Table 3  Preclinical study outcomes of CAR-T cell therapy for gliomas and medulloblastoma

GBM Glioblastoma, MB Medulloblastoma, scFv Single-chain variable fragment, TM Transmembrane

Target Disease type Experimental Approach Time The structure of CAR-T cells

EGFRvIII GBM in vitro and in vivo 2021 [87] EGFRvIII scFv-CD8stk-mCD28-CD3ζ

EGFRvIII GBM in vitro and in vivo 2023 [88] EGFRvIII scFv-CD8α(H/M)-CD28-CD3ζ-Myc tag

EGFRvIII GBM in vitro and in vivo 2015 [89] 3C10scFv-CD8α hinge-4-1BB-CD3ζ

IL13Rα2 GBM in vitro and in vivo 2024 [100] CD8α SP-scFv IL-13Rα2-CD8α hinge-CD28 TM-CD28cyto-4-1BB-CD3ζ

HER2 GBM in vitro 2019 [65] HER2 scFv-hinge-CD28 and CD137-CD3ζ

GD2 GBM in vitro and in vivo 2022 [111] NA

GD2 GBM in vitro and in vivo 2020 [115] GD2 scFv-hinge-CD28 -CD3ζ

GD2 glioma in vivo 2018 [117] GD2 scFv-CD8 TM-4-1BB -CD3ζ

B7H3 DIPG in vitro and in vivo 2024 [130] B7H3 scFv-CD8α(H/M)-TMIGD2 -CD3ζ-P2A-hEGFRt

B7H3 GBM in vitro and in vivo 2023 [129] B7H3 scFv-CD8α hinge-4-1BB -CD3ζ-mCherry

EphA2 GBM in vitro and in vivo 2018 [135] EphA2 scFv-CD28 TM-CD28 -CD3ζ;
EphA2 scFv-CD8 TM-4-1BB -CD3ζ;
EphA2 scFv-CD28 TM-CD28 and 4-1BB -CD3ζ

EphA2 GBM in vitro and in vivo 2021 [136] EphA2 scFv-a-CD28 TM-CD28 and 4-1BB -CD3ζ; EphA2 scFv-b-CD28 
TM-CD28 and 4-1BB -CD3ζ

P32 GBM in vitro and in vivo 2021 [57] P32 scFv-CD28-FcRγ -P2A-mCherry

CSPG4 GBM-NS in vitro and in vivo 2018 [139] CSPG4 scFv-CD8α(H/M)-CD28/4-1BB/CD28 and 4-1BB-CD3ζ

NKG2DL glioma in vitro and in vivo 2022 [143] NA

NKG2DL GBM in vitro and in vivo 2019 [78] NKG2D ECD-CD8 hinge and TM- 4-1BB -CD3ζ

CD70 GBM in vitro and in vivo 2018 [79] hCD27-4-1BB-CD3ζ-P2A-tT;
mCD27-4-1BB-CD3ζ-P2A-tT

CD70 GBM in vitro and in vivo 2021 [45] CD70 scFv-CD8α-4-1BB -CD3ζ

CD70 GBM in vitro and in vivo 2023 [80] RVG29-CD70scFv-CD8 hinge-4-1BB -CD3ζ

CD133 GBM in vitro and in vivo 2020 [147] CD133scFv-Myc tag-CD8α-CD28 -CD3ζ

IL-13Rα2
TGF-β

GBM in vitro and in vivo 2024 [149] NA

EGFRvIII EphA2
IL13Rα2

GBM in vitro and in vivo 2021 [154] EGFRvIII scFv, EphA2 scFv and IL13 mutein scFv or IL13 mutein-
G4Sx4-EphA2 scFv-CD8α hinge-4-1BB-CD3ζ

HER2 MB in vitro and in vivo 2018 [156] 4D5 anti-HER2 scFv-αCD8 hinge TM-4-1BB -CD3ζ

GD2 MB in vitro and in vivo 2024 [157] FKBP12-F36V-iCasp9-scFv(14g2a)-CD28TM-CD28 and 4-1BB -CD3ζ

B7H3 MB in vitro and in vivo 2019 [158] CD276 scFv-CD8 TM-4-1BB -CD3ζ

B7H3 MB in vitro and in vivo 2021 [159] B7H3 scFv-CD28(H/TM)-CD28 -CD3ζ
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with CAR-T cells further enhances their efficacy in tumor 
clearance in mice [164]. However, as this study did not 
comprehensively evaluate systemic toxicity, additional 
research is warranted to thoroughly investigate its long-
term safety and potential adverse effects.

GD2
GD2 is a potential antigen for MB and is expressed in 
approximately 80% of MB patient samples, despite its het-
erogeneous expression [157]. In  vitro co-culture assays 
demonstrated that GD2 CAR-T cells exhibited significant 
anti-tumour activity. In the NSG mouse model of MB, 
intravenous injection of GD2 CAR-T cells significantly 
inhibited tumor growth and prolonged the OS of mice. 
To mitigate the potential toxicities associated with GD2 
CAR-T cells, the researchers introduced a suicide gene, 
inducible caspase 9 (iC9), into the CAR-T cells as a safety 
switch [165]. The gene can be activated by the chemical 
dimeriser AP1903, which rapidly eliminates CAR-T cells 
from circulation and the brain, thereby reducing the risk 
of toxicity [157]. The results of this study provide robust 
evidence supporting the application of GD2 CAR-T cells 
in clinical trials.

B7H3
B7H3 is highly expressed in pediatric CNS tumor tis-
sues. CAR-T cells targeting B7H3 were significantly acti-
vated when co-cultured with MB cell lines in  vitro, as 
evidenced by the secretion of cytokines including TNF-
α, IL-2, and IFN-γ. Furthermore, studies demonstrated 
that tail vein-injected B7H3 CAR-T cells crossed the BBB 
and successfully infiltrated the brain of DAOY MB and 
c-MYC-amplified group 3 MB xenograft mouse models, 
resulting in tumor clearance and significantly prolonged 
survival [158]. Local administration and systemic infu-
sion of B7H3 CAR-T cells in a patient derived orthotopic 
xenograft (PDOX) MB mouse model resulted in signifi-
cantly increased mouse survival rates [159]. These find-
ings indicate that B7H3 CAR-T cells exhibit substantial 
anti-tumor efficacy and demonstrate effective BBB pene-
tration, offering robust evidence for their potential appli-
cation in treating pediatric MB. Nonetheless, additional 
clinical trials are required to confirm their long-term effi-
cacy and safety.

Tumours of the lymphohematopoietic system involving 
the CNS
Non‑hodgkin lymphoma
Central nervous system lymphoma (CNSL), comprising 
primary CNSL (PCNSL) and secondary CNSL (SCNSL), 
has a worse prognosis than extracerebral lymphoma, with 
a 5-year survival rate of only 29.9%. The overall prognosis 
remains poor, despite advances in high-dose cytarabine 

and methotrexate treatments, which have significantly 
improved survival [166]. Moreover, patients with CNSL 
are frequently excluded from key clinical trials owing to 
concerns about severe adverse events, such as ICANS, 
that may arise following CAR-T therapy [167]. These 
challenges highlight the particularly complex nature of 
CNSL treatment.

In recent years, several studies have demonstrated the 
feasibility and safety of CAR-T cell therapy in patients 
with CNS lymphoma [168–174]. A single-center ret-
rospective analysis demonstrated that 85.7% of seven 
patients with SCNSL who underwent CAR-T cell therapy 
achieved CR by day 28, whereas bridging with whole-
brain radiotherapy (WBRT) did not significantly elevate 
the risk of ICANS, indicating that CAR-T cell therapy 
remains a viable option for patients with SCNSL [175]. 
Alcantara M et  al. reported that a study involving nine 
patients with PCNSL treated with tisa-cel or axi-cel dem-
onstrated that the treatment regimen was well tolerated. 
The CR rate was 55.6% at three months of treatment, 
and the median PFS was 122 days [176]. The efficacy of 
tisagenlecleucel in patients with highly refractory PCNSL 
was evaluated in a phase 1/2 clinical trial, demonstrating 
a response rate of 58.3%, with 50% of patients achieving 
CR, along with a manageable safety profile [177]. The 
study indicated that tisagenlecleucel was well tolerated 
and effective in this highly refractory PCNSL cohort. A 
clinical trial of 21 patients with CD19 + PCNSL/SCNSL 
reported an overall response rate (ORR) of 67%, with CR 
in 29% and PR in 38% of patients at day 28 post-infusion. 
The median PFS was three months, whereas the median 
OS for patients with PCNSL reached 15 months, sig-
nificantly outperforming that of patients with SCNSL. 
Regarding adverse events, the incidence of CRS and 
ICANS was 76% and 33%, respectively. Additionally, 
the study found that CAR-T cells successfully crossed 
the BBB and were detectable in the cerebrospinal fluid. 
Enhanced cytotoxic activity in the CNS was strongly 
correlated with a higher proportion of CD8 + T cells, a 
lower proportion of Tregs, and elevated expression levels 
of IL-7 [178]. One of the largest global cohort studies on 
CAR-T cell therapy for PCNSL demonstrated substan-
tial efficacy in recurrent PCNSL, with 64% of patients 
achieving CR. Among those who attained either CR or 
PR following CAR-T cell infusion, the 1-year relapse-
free survival (RFS) rate was 79% [179]. Data from six US 
centers indicated that CD19 CAR-T therapy for patients 
with CNS involvement in diffuse large B-cell lymphoma 
(DLBCL) achieved a 92% CR rate at three months, with 
only 8% of patients experiencing PD. The incidence of 
CRS was 91.67%, with all cases classified as grade 1–2, 
whereas the incidence of ICANS was 83.33%, with 58% 
of cases classified as grade 3–4. The study demonstrated 
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a high CR rate and generally manageable adverse events; 
however, the relapse rate remained notably high [180]. 
Alsouqi et al. reported the efficacy of commercial CAR-T 
cell therapy in 113 patients with SCNSL, encompass-
ing individuals with either active SCNSL or a history of 
SCNSL. Among the 80 patients with an assessable CNS 
response, the ORR at one month was 68%, and the CR 
rate was 34%. The median PFS in the subgroup of patients 
with active SCNSL was 2.9 months, and the median OS 
was 8.6 months. CRS occurred in 75% of patients, pre-
dominantly of grades 1–2, whereas ICANS was observed 
in 56% of the cohort [181]. These adverse reactions 
underscore the necessity for a thorough evaluation of 
patient tolerability and safety in the context of CAR-T cell 
therapy for SCNSL. A multicenter retrospective analysis 
of relma-cel in Chinese patients with relapsed/refractory 
CNSL(R/R CNSL) demonstrated significant efficacy, with 
a 1-year PFS rate of 64.4% and an ORR of 90.9%, sug-
gesting the role of BTK inhibitors or PD-1 inhibitors in 
facilitating CAR-T cell re-expansion. The study empha-
sized the importance of early application of CAR-T cell 
therapy as consolidation therapy in patients sensitive to 
salvage therapy [182]. These results suggest that CAR-T 
cell therapy demonstrates significant potential in CNSL 
treatment, which is crucial for patients who do not 
respond well to conventional therapy. However, further 
optimization of treatment regimens and improved safety 
management are required to increase long-term efficacy 
and reduce the incidence of adverse events.

CD19 or CD20 CAR-T cell therapy for CNS lymphoma 
has demonstrated promising efficacy. A study adminis-
tering this therapy to seven patients with CNS lymphoma 
reported CR in four patients and PR in three patients 
[183]. A study retrospectively analyzed 15 patients with 
R/R CNSL who were treated with various CAR-T cell 
therapies, including single CD19 CAR-T, CD19 sequen-
tial CD20 CAR-T, and CD19/CD22 dual-target CAR-T. 
This study found an ORR of 73.3% (11/15), with 60% of 
patients achieving CR and 13.3% achieving PR. Regard-
ing safety, 73.3% of patients experienced grade 1–2 CRS, 
whereas 20% developed ICANS, including one case of 
grade 4 ICANS. These CAR-T cell therapies demon-
strated promising anti-tumor efficacy and acceptable side 
effects in SCNSL, highlighting their potential for treating 
this condition. Wu J et al. reported the results of a study 
evaluating sequential CD19/22 CAR-T therapy following 
ASCT in patients with CNSL. The study demonstrated an 
ORR of 81.81% and a CR rate of 54.55%, with manageable 
adverse effects. Notably, no grade 3–4 CRS occurred, and 
only one patient experienced severe ICANS, underscor-
ing the promising long-term efficacy of the treatment 
[184]. Future studies should explore the effectiveness of 
CAR-T cell therapy for CD19 and other targets in CNSL 

and evaluate its safety and tolerability in practical clini-
cal applications. This may aid in providing more effective 
treatment options for patients with CNSL.

Acute lymphoblastic leukemia
Despite the remarkable results of CD19 CAR-T cells in 
the treatment of acute B-cell lymphoblastic leukemia 
[185–187], few studies have investigated CAR-T cell ther-
apy for patients with B-ALL with CNSL, primarily owing 
to concerns regarding poor treatment response and asso-
ciated neurotoxicity risk.

A study evaluating the efficacy and safety of CD19-
targeted CAR-T cell therapy in 48 patients with R/R 
B-ALL with CNS involvement indicated a remission rate 
of 85.4% in the CNS, with a median event-free survival 
(EFS) of 8.7 months and a median OS of 16.0 months 
during a median follow-up of 11.5 months. The recur-
rence rate of CNS involvement was 11.3%. The therapy 
was generally well tolerated, with an 18.8% incidence of 
CRS and a 22.9% incidence of grade 3–4 ICANS, both 
with manageable toxicity [188]. These findings suggest 
that CD19-targeted CAR-T cell therapy exhibits a favora-
ble response rate in CNS involvement and may be an 
effective and manageable treatment option for patients 
with CNSL who were previously deemed ineligible for 
the therapy. Tan Y et al. retrospectively analyzed the out-
comes of 12 pediatric patients with low (< 20/µL blasts in 
the CSF) or high (blasts in CSF or significant intracranial 
mass) disease-burden CNS B-ALL treated with CD19 
CAR-T cells. The study reported that 91.7% of patients 
achieved CR within 30 days of treatment, with a 6-month 
leukemia-free survival (LFS) rate of 81.8%. However, four 
of the high-burden patients developed severe ICANS, 
manifesting as persistent cerebral edema and seizures, 
necessitating intensive intervention [189]. The study sug-
gests that CAR-T cells are effective in eliminating low- 
and high-burden CNS B-ALL but may result in severe 
neurotoxicity that necessitates active management in 
high-burden cases.

Despite some challenges, CAR-T cell therapy has 
shown considerable therapeutic potential in manag-
ing lymphohematopoietic tumors affecting the CNS. 
We compiled data from prominent ongoing clinical tri-
als to better understand the efficacy of this therapeutic 
approach. Table 5 presents the results of clinical trials of 
CAR-T cell therapy across various tumor types, offering a 
crucial reference for future research and clinical practice.

CAR-T cells targeting various antigens (Fig.  3) have 
demonstrated promising feasibility and safety profiles 
in CNS tumors. Certain targets such as P32, CSPG4, 
NKG2DL, CD70, and CD133 remain under investi-
gation in preclinical studies, whereas others includ-
ing EGFRvIII/EGFR, IL-13Rα2, HER2, GD2, B7H3, 
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Table 5  Clinical study outcomes of CAR-T cell therapy for tumors of the lymphohematopoietic system involving the CNS

Disease 
type

Target Product 
Types

Center Partici-
pants

Time Authors Research 
Institution

Clinical outcomes Adverse events

SCNSL CD19 tisa-cel single-
center

8 2019 Frigault 
MJ, et al 
[173]

Massa-
chusetts 
General 
Hospital 
Cancer 
Center, USA

1 month: 
CR:25%,PR:25%,PD:50%

>1 ICANS:0

SCNSL CD19 axi-cel, 
tisa-cel

single-
center

7 2021 Ahmed G, 
et al [175]

Medical 
College 
of Wiscon-
sin, USA

At day 28:
CR:85.7%,PD:14.3%;
The median PFS:83 days(28–
219);
The median OS:129 days(32–
219)

no ICANS:3 
patients;
1 or 3 ICANS:2 
patients

PCNSL CD19 investi-
gational 
product

single-
center

5 2021 Siddiqi T, 
et al [169]

City 
of Hope 
Medical 
Center, USA

CR:60%,SD:40% 1 CRS:100%;
1 ICANS:100%

PCNSL CD19 axi-cel, 
tisa-cel

multi-
center

9 2022 Alcantara 
M, et al 
[176]

PSL 
Research 
University, 
France

1 month:
ORR:66.7%,CR:33.3%;
3 months:
ORR:66.7%;CR:55.6%;
6 months: 
OS:89%,PFS:44%,DoR:67%;
The median PFS:122 days

CRS:7 patients;
ICANS:5 patients

PCNSL CD19 tisa-cel single-
center

12 2022 Frigault 
MJ, et al 
[177]

Massa-
chusetts 
General 
Hospital 
and Har-
vard Medi-
cal School, 
USA

ORR:58.3%,CR:50% CRS:58.3%;
ICANS:41.6%

SCNSL CD19 investi-
gational 
product

single-
center

10 2022 Karschnia 
P, et al 
[174]

University 
Hospital, 
LMU, Ger-
many

1 month disease response:70%;
The median PFS:7 months

ICANS:60%

PCNSL/
SCNSL

CD19 axi-cel, 
tisa-cel

single-
center

21 2023 Lacan C, 
et al [178]

PitiéSal-
pêtrière 
Hospital, 
France

Persistent response:38%(6 CR 
2 PR);
The median OS in PCNSL:15 
months;
The median PFS:3 months

CRS:16(1 grade 3);
ICANS:7(2 
grade ≥ 3)

SCNSL CD19 investi-
gational 
product

multi-
center

10 2023 Ryan CE, 
et al [170]

Dana-Far-
ber Cancer 
Institute, 
USA

ORR in the CNS:86%;
1 year PFS:47%

CRS:90%;
ICANS:70%

PCNSL/
SCNSL

CD19 tisa-cel,
axi-cel,
liso-cel

single-
center

44 2023 Karschnia 
P, et al 
[190]

Harvard 
Medical 
School, USA

ORR:68.9%;CR:40.0% ICANS:
In PCNSL:44.4%;
In SCNSL:66.7%

SCNSL CD19 axi-cel, 
tisa-cel

multi-
center

28 2023 Ayuk F, 
et al [171]

University 
Medical 
Center 
Hamburg-
Eppendorf, 
Germany

CR:32%;PR:32%;SD:11%;PD:25%
The median OS:21 months;
The median PFS:3.8 months

CRS:86%;
ICANS:46%

PCNSL CD19 axi-cel, 
tisa-cel

multi-
center

25 2024 Choquet 
S, et al 
[179]

Hôpital 
Pitié-
Salpêtrière, 
France

The best response:64%;
1 year relapse-free survival:79%;
The median OS:21.2 months;

CRS:92%;
ICANS:68%
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EphA2, and CD19 have been validated in clinical tri-
als. Notably, CAR-T cell therapies targeting CD19 have 
been commercialized and are currently being utilized 
to treat hematological malignancies, including those 

involving the CNS. These findings suggest that CAR-T 
cell therapy holds significant promise in the treatment 
of CNS tumors, warranting further in-depth research 
and exploration.

Table 5  (continued)

Disease 
type

Target Product 
Types

Center Partici-
pants

Time Authors Research 
Institution

Clinical outcomes Adverse events

MCL 
with SCNS 
involve-
ment

CD19 Brexu-cel, 
investi-
gational 
product

multi-
center

12 2024 Ahmed G, 
et al [180]

Medical 
College 
of Wiscon-
sin, USA

CNS response:
1 month: CR:92%;PR:8%;
3 months: CR:92%:PD:8%;
6 months PFS:50%;OS:75%;
12 monthsPFS:25%;OS:63%;
incidence of relapse:50%

1–2 CRS:91.67%;
ICANS:83.33%(3–4 
ICANS:58%)

SCNSL CD19 tisa-cel,
axi-cel,
liso-cel

multi-
center

113 2024 Alsouqi A, 
et al [181]

University 
of Pitts-
burgh 
Medical 
Center, USA

1 month ORR:68%,CR:34%;
subgroup of patients 
with active SCNSL:
The median PFS :2.9 months;
The median OS:8.6 months

CRS:75%;
ICANS:56%

PCNSL/
SCNSL

CD19 relma-cel multi-
center

22 2024 Yu W, et al 
[182]

Ruijin 
Hospital 
Affiliated 
to Shanghai 
Jiao Tong 
University 
School 
of Medicine, 
China

the best ORR:90.9%;
BCR rate:68.2%;
the estimated 1-year 
PFS:64.4%;DOR:71.5%;OS:79.2%

CRS:72.9%;
ICANS:36.4%

PCNSL/
SCNSL

CD19/
CD20

investi-
gational 
product

single-
center

7 2022 Shumilov 
E, et al 
[183]

The Third 
Xiangya 
Hospital 
of Central 
South 
University, 
China

CR:4 patients; PR:3 patients;
The median duration of CR:22.4 
months

1 CRS:71.43%,
2 CRS:28.57%;
None ICANS;
Hematological 
toxicities:71.43%

SCNSL CD19
CD20
CD22

investi-
gational 
product

multi-
center

15 2022 Zhang H, 
et al [191]

The 
Affiliated 
Hospital 
of Xuzhou 
Medical 
University, 
China

ORR:73.3%;CR:60%;PR:13.3%;
The median OS:9 months;
The median PFS:4 months

1–2 CRS:73.3%;
ICANS:20%

PCNSL/
SCNSL

CD19
CD22

investi-
gational 
product

single-
center

13 2021 Wu J, et al 
[184]

Tongji Hos-
pital, Tongji 
Medical 
College, 
Huazhong 
University 
of Science 
and Tech-
nology, 
China

ORR:81.81%; CR:54.55%;
1 year PFS:74.59%;
1 year OS: 82.50%

3–4 CRS:0;
ICANS:1 patients

B-ALL CD19 investi-
gational 
product

single-
center

12 2021 Tan Y, et al 
[189]

Beijing 
Boren 
Hospital, 
China

a month: CR:91.7%;
Sustained remission:75%;
6-months LFS:81.8%;

3–4 ICANS:33.3%

B-ALL CD19 investi-
gational 
product

multi-
center

48 2022 Qi Y, et al 
[188]

Xuzhou 
Medical 
University, 
China

ORR:85.8%;
The median EFS:8.7 months;
The median OS:16 months

3 CRS:18.8%;
3–4 ICANS:22.9%

SCNSL Secondary central nervous system lymphoma, PCNSL Primary central nervous system lymphoma, CR Complete response, PR Partial response, PD Progressive 
disease, CRS Cytokine release syndrome, ICANS Immune effector cell-associated neurotoxicity syndrome, PFS Progression-free survival, OS Overall survival, SD Stable 
disease, ORR Overall response rate, DoR Duration of response
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Moreover, although CAR-T cell therapy has dem-
onstrated potential efficacy in treating CNS tumors, 
several clinical trials have been discontinued for vari-
ous reasons, including safety concerns (such as severe 
or potentially fatal neurotoxicity), insufficient efficacy, 
challenges in patient recruitment, and funding dis-
ruptions (Table  6). In this context, studies focused on 
hematologic malignancies offer valuable insights. For 
instance, patients treated with CD30 CAR-T therapy 
for CD30 + lymphoma experienced rashes and pro-
longed toxicities, ultimately resulting in the premature 
termination of the trial [192]. This phenomenon raises 
concerns regarding the safety of subsequent research, 
particularly in the treatment of CNS tumors, where 
neurotoxicity may be misinterpreted as the patient’s 
underlying neurological symptoms, thereby compli-
cating assessment and management. Consequently, 
future research should prioritize optimizing CAR-T 
cell design, enhancing the specificity of target selection, 
and minimizing adverse reactions to promote the safe 
and effective application of this therapy in CNS tumors.

Strategies to enhance the efficacy of CAR‑T cell 
therapy in the CNS
When discussing strategies to enhance the efficacy of 
CAR-T cell therapy for CNS tumors, it is essential to 
address both the unique challenges of this approach 
and draw lessons from the experience with monoclonal 
antibodies (mAbs) in cancer treatment. Despite signifi-
cant mechanistic differences between mAbs and CAR-T 
cells—such as the short half-life and repeated admin-
istration required for mAbs compared to CAR-T cells, 
which as a “living drug” can proliferate and persist after 
infusion—there are shared principles [193]. First, the 
success of mAbs underscores the critical importance of 
selecting the appropriate antigen target [194], a prin-
ciple equally applicable to CAR-T cell therapy. Second, 
the development of mAbs has revealed that tumor cells 
can develop resistance through mechanisms like anti-
gen escape or alterations in the tumor microenviron-
ment [195, 196], which are crucial considerations for the 
design and optimization of CAR-T cells. Expanding upon 
the use of mAbs, antibody-drug conjugates (ADCs) have 

Fig. 3  Illustrates the common targets of CAR-T cells in CNS tumors. In glioma, these targets include EGFRvIII/EGFR, IL-13Rα2, HER2, GD2, B7H3, 
EphA2, P32, CSPG4, NKG2DL, CD70, and CD133. In medulloblastoma, the principal targets are HER2, GD2, and B7H3. In lymphohematopoietic 
tumors involving the CNS, common targets include CD19, CD20, and CD22
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significantly enhanced anti-tumor efficacy by combining 
the specificity of mAbs with potent cytotoxic drugs [197]. 
Although CAR-T cells cannot directly carry cytotoxic 
drugs, they can be combined with other therapies, such 
as PD-1 inhibitors or small-molecule targeted agents, or 
engineered to secrete cytokines, improving efficacy and 
reducing resistance. Furthermore, multispecific antibod-
ies, which target two or more tumor-associated antigens, 
have demonstrated enhanced anti-cancer effects [198]. 
This concept suggests that multi-target CAR-T cells could 
reduce tumor escape and improve therapeutic outcomes. 
Similar to mAbs, the clinical application of CAR-T ther-
apy requires robust clinical data. For instance, while bev-
acizumab, a VEGF monoclonal antibody, has been shown 
to prolong PFS in GBM, its lack of OS benefit remains 
controversial [199], and it is not approved in Europe for 
this indication [200]. This highlights the necessity for rig-
orous clinical validation of CAR-T therapies, which must 
advance beyond preclinical stages. Therefore, drawing on 
the experience of mAbs in cancer treatment can help to 
advance the clinical application of CAR-T cell therapies 
in CNS tumors and improve therapeutic outcomes.

Combination with checkpoint blockade therapy
CAR-T cell exhaustion is a key factor affecting treatment 
efficacy. CNS tumors typically exhibit high expression 
of immunosuppressive molecules such as programmed 
death ligand 1 (PD-L1) on their surface, and the bind-
ing of these molecules to programmed death 1 (PD-1) on 
CAR-T cells results in CAR-T cell exhaustion. Blocking 
these inhibitory molecules can synergistically enhance 
anti-tumor efficacy and significantly boost the killing 
capacity of CAR-T cells [201]. One study subjected T 
cells to multi-gene editing using the CRISPR-Cas9 sys-
tem, successfully knocking out the endogenous T cell 
receptor (TRAC), β2 microglobulin (B2M), and PD-1 
genes, thereby generating general-purpose EGFRvIII 
CAR-T cells that were tolerant to PD-1 inhibition. The 
results demonstrated that PD-1 knockout significantly 
enhanced CAR-T cell activity and tumor-killing capac-
ity in a preclinical model of human GBM [202]. However, 
relevant studies remain limited, and their definitive clini-
cal effects require further validation.

Secretion of cytokines
Cytokines demonstrate significant potential in enhancing 
CAR-T cell therapy for tumors. Reserach indicated that 
the transgenic expression of IL-15 can enhance CAR-T 
cell proliferation in  vitro and prolong their persistence 
in  vivo, thereby enhancing their antitumor activity. For 
instance, in a preclinical study targeting IL13Rα2-positive 
gliomas, the expression of IL-15 significantly extended 
the survival of IL13Rα2-CAR T cells and improved their 

efficacy against gliomas. However, the research also 
revealed that, despite the improved persistence of CAR-T 
cells, tumors post-treatment exhibited antigen loss. This 
suggests that while employing IL-15 to enhance CAR-T 
cell therapy, it is essential to adopt multi-target strate-
gies to address the challenges posed by antigen loss [203]. 
Currently, clinical trials combining IL-15 with CAR-T 
therapy have been initiated in hematological malignan-
cies [204]; however, in the context of glioma treatment, 
it remains at the preclinical stage, and its clinical efficacy 
has yet to be validated. Additionally, CAR-T cells engi-
neered to secrete IL-12 effectively countered regulatory 
T cell-mediated immunosuppression and eradicated 
systemic tumors, without the need for pretreatment. 
For patients who cannot tolerate traditional lymphode-
pleting preconditioning, IL-12-CAR-T cells represent a 
promising alternative strategy [205]. However, despite 
exhibiting substantial theoretical antitumor activity, 
multiple clinical studies targeting advanced tumors have 
reported limited efficacy and significant treatment-
related toxicities, indicating that the clinical application 
of IL-12 continues to face challenges [206]. In contrast, 
IL-18, a pro-inflammatory cytokine, plays a crucial role 
in enhancing CAR-T cell efficacy. It promotes CAR-T 
cell proliferation, facilitates CD4 + T cell assistance for 
CD8 + T cells, and increases the levels of IFN-γ secre-
tion. In xenograft models, CAR-T cells secreting IL-18 
demonstrate potent tumor-killing capabilities, further 
confirming their critical role in enhancing the efficacy 
of CAR-T cell therapy [207, 208]. Compared to IL-12, 
IL-18, a monomeric cytokine, presents a relatively lower 
risk of toxicity, providing certain advantages in clinical 
applications [207]. Moreover, CAR-T cells secreting IL-7 
and CCL-19 demonstrated robust in vitro expansion and 
effectively facilitated the infiltration of dendritic and T 
cells into tumor tissues [209]. These CAR-T cells exhib-
ited significant anti-tumor activity in models of hepato-
cellular carcinoma, pancreatic cancer, and ovarian cancer 
[210]. However, further validation is required regarding 
their efficacy in CNS tumors. Overall, these findings sug-
gest that cytokine-secreting CAR-T cells may hold con-
siderable potential and offer novel strategies to enhance 
therapeutic efficacy in CNS tumors. However, current 
research has several limitations. Firstly, the number of 
relevant experimental studies is relatively limited, with 
the majority still in the preclinical research phase, leading 
to clinical trial outcomes that remain unvalidated. Fur-
thermore, the operational procedures for patients have 
not been standardized, which may negatively impact the 
safety and efficacy of clinical applications. Therefore, to 
advance the application of this therapy in clinical prac-
tice, there is an urgent need for more in-depth and sys-
tematic research to elucidate its mechanisms of action, 
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optimize dosing regimens, and comprehensively assess 
its clinical efficacy.

Use of stem‑like T cells
Upon antigen stimulation, naïve T cells (TN) rapidly 
proliferate and differentiate into various subpopulations, 
including stem-like memory T cells (TSCM), TCM, 
TEM, and effector T cells (Teff), working synergistically 
to eliminate infected or cancerous cells. Among these, 
TSCM and TCM are particularly significant in CAR-T 
cell engineering owing to their extended lifespan and self-
renewal capacities [211]. CAR-T cells generated from TN 
and TSCM cells (CD62L + CD45RA+) exhibit enhanced 
expansion potential, reduced exhaustion in animal mod-
els, and prolonged tumor suppression. Furthermore, 
CAR-T cells derived from TN or TSCM cells markedly 
lower the incidence of CRS and ICANS compared to con-
ventional CAR-T cells [212], suggesting improved effi-
cacy and a better safety profile. These findings highlight 
the essential role of CAR-T cells with central memory 
or stem-like memory phenotypes in ensuring long-term 
survival and sustained anti-tumor activity, offering prom-
ising directions for optimizing CAR-T cell therapy. At the 
same time, it is essential to address the challenge of gen-
erating large quantities of memory T cells, as their scar-
city poses a significant hurdle for clinical applications. 
Sabatino M et al. developed a clinical-grade method for 
generating tumor-redirected TSCM cells. In the pres-
ence of IL-7, IL-21, and the glycogen synthase 3β inhibi-
tor TWS119, CD8 + CD62L + CD45RA + TN cells were 
enriched and activated via CD3/CD28 co-stimulation. 
The study demonstrated that TSCM-modified CD19 
CAR-T cells elicited enhanced anti-tumor responses 
relative to conventional CD19 CAR-T cells [213]. This 
clinical-grade selection method provides a basis for 
assessing the outcomes of clinical trials. However, com-
prehensive in vivo data and detailed toxicity analyses are 
still required. Moreover, due to significant variability in 
TN/SCM cell counts among patients, CAR-T cell manu-
facturing might necessitate customization based on dif-
ferent tumor types [214]. Therefore, considering both 
the potential advantages and limitations, whether this 
approach can effectively translate into clinical advance-
ments requires further validation and investigation.

Optimising targets
Heterogeneity and antigen escape in CNS tumors are 
critical factors impacting CAR-T cell efficacy, Therefore, 
target optimization is crucial for enhancing therapeu-
tic outcomes. Addressing the heterogeneity of antigen 
expression in CNS tumors necessitates the identifica-
tion and selection of novel, effective targets. Moreover, 
employing multi-target CAR-T cells can effectively 

counteract antigen escape. For example, dual-target 
CAR-T cells (e.g., targeting EGFR and IL-13Rα2 [150], 
targeting EGFRvIII and wide-type EGFR protein [215] 
) and triple-target CAR-T cells (e.g., targeting EphA2, 
IL-13Rα2, and EGFRvIII [154]) have demonstrated 
promising potential in glioma therapy. For patients with 
CNSL, CD19/CD22 dual-target CAR-T cells and CD19/
CD20 dual-target CAR-T cells exhibit significant poten-
tial [184]. However, although CNSL and gliomas belong 
to the category of CNS tumors, there are notable differ-
ences in their pathological mechanisms and antigen tar-
gets. Therefore, the application of different multi-target 
strategies in these two types of tumors needs to be dis-
tinguished. In summary, precision therapeutic strategies 
for CNS tumors require in-depth research to fully evalu-
ate the advantages and limitations of multi-target CAR-T 
cells. By optimizing target selection and designing flex-
ible multi-target CAR-T cells, there is potential to signifi-
cantly enhance therapeutic effects against various types 
of CNS tumors. This will provide more effective options 
for the clinical treatment of CNS tumors and promote 
advancements in clinical applications in this field.

Improving CAR‑T cell delivery pathways
Intravenous injection is the predominant delivery route 
in CAR-T cell therapy. However, intravenous injection 
faces efficacy limitations in CNS tumors owing to the 
presence of the BBB. In contrast, intracerebroventricu-
lar and intra-tumoral injections offer distinct advantages. 
These local delivery modalities require fewer CAR-T 
cells and mitigate the significant elevation of inflamma-
tory cytokines, such as IL-10 and IFN-γ, thereby fur-
ther reducing associated side effects. In addition, these 
approaches significantly enhance the tumor infiltration 
capacity of T cells. Locally delivered IL-13Rα2 [102] and 
HER2 CAR-T cells [110] demonstrated favorable tolera-
bility and positive clinical outcomes in glioma treatment. 
Although local delivery methods, including intracere-
broventricular and intra-tumoral injections, present dis-
tinct advantages in CAR-T cell therapy for CNS tumors, 
their generalizability requires further validation, par-
ticularly concerning their applicability across diverse 
patient populations and tumor types. Furthermore, local 
delivery involves invasive procedures that may introduce 
potential side effects, including intracranial infections or 
inflammation at the injection site. Current data on long-
term efficacy are insufficient, necessitating additional 
clinical trials to validate treatment outcomes. Therefore, 
further research is essential for a comprehensive assess-
ment of the potential benefits and risks associated with 
local delivery methods.

These strategies have significantly enhanced the overall 
efficacy of CAR-T cell therapy for CNS tumors at various 
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levels, offering valuable guidance for future clinical appli-
cations and research (Fig. 4).

Conclusion
CAR-T cell therapy has demonstrated substantial poten-
tial in treating CNS tumors but continues to encounter 
numerous challenges. Key factors influencing CAR-T 
therapeutic efficacy include the BBB, the immunosup-
pressive nature of the TME, antigen expression het-
erogeneity and toxicities. Significant progress has been 
achieved in research on gliomas, MB, and lymphohemat-
opoietic tumors involving the CNS, particularly regard-
ing the targeting of antigens such as EGFRvIII, HER2, 
B7H3, GD2, and CD19. However, additional research is 
necessary to optimize therapy design, enhance the abil-
ity to traverse the BBB, and address challenges related to 
immunosuppression and antigenic heterogeneity to facil-
itate a broader application of CAR-T therapies for CNS 
tumors. Future research should emphasize the develop-
ment of multi-targeted CAR-T therapies, localized thera-
peutic approaches, and combination therapies with other 

agents, aiming to improve efficacy, minimize side effects, 
and offer more effective solutions for CNS tumors.
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