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Abstract

Adoptive chimeric antigen receptor (CAR) T cells designed to recognize specific tumor antigens have shown promising results in cancer
therapy. While CAR T cell therapy has demonstrated notable clinical effectiveness for hematologic disease, efforts to develop therapies
for solid tumors, including glioblastoma (GBM), have been hampered by heterogeneity, an immunosuppressive tumor microenvironment,
and difficulty in trafficking. Several specific tumor antigens, such as IL13Rα2, EGFRvIII, and HER2, have been attempted in clinical
trials; however, limited efficacy has been observed. In this review, we discuss the current status of CAR T therapy for GBM in clinical
trials and highlight the potential target antigens for CAR T cells. Additionally, we summarize the mechanisms used to enhance their
efficacy and explore the challenges and future prospects of CAR T cell therapy for GBM.
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1. Introduction
Glioblastoma (GBM) is a primary malignant tumor of

the central nervous system (CNS) that is the most common
and aggressive with World Health Organization (WHO)
grade IV tumors [1,2]. Standard therapies for GBM include
microsurgical resection followed by adjuvant chemother-
apy and radiotherapy. However, despite such aggressive
therapy and intense research efforts, the overall survival
(OS) rate has remained at 15–18 months [1,2]. Therefore,
new therapeutic approaches in GBM are urgently warranted
[3].

Immunotherapy that uses natural defense mechanisms
was first attempted as adoptive cell transfer using autol-
ogous lymphocytes in patients with hematological cancer
[4] and now could revolutionize the treatment of even solid
cancers. However, these approaches lack specificity for
cancer cells, and to address this limitation, the exploration
of genetically engineered T cell receptors (TCR) to identify
specific target cancer-associated antigens ultimately gener-
ated chimeric antigen receptor (CAR) T cell therapies [5].
CAR T cell therapy has shown the potential to prolong pa-
tient survival and induce remission, even in cases where
standard treatment has failed [6]. However, since the first
CAR was reported in 1993, it has taken decades for CAR
T cells targeting CD19 to be approved by the Food and
Drug Administration (FDA) as a therapy for patients with
relapsed or refractory B cell acute lymphoblastic leukemia,
and investigators are continually seeking to extend the ther-
apeutic effects of CAR T cells [7,8]. Although recent clin-

ical and ongoing studies have yielded some promising re-
sults, the progress of CAR T cell therapy for GBM remains
challenging, with only suboptimal efficacy achieved to date
[9].

Solid tumors such as GBM display a high antigen het-
erogeneity compared to liquid tumors. This allows tumor
cells to evade recognition by CAR T cells, typically en-
code specificity toward a single antigenic target, and thus
cannot identify all cancer cells in a tumor. In addition, ex-
panding T cell specificity to multiple antigens can increase
the risk of on-target, off-tumor toxicity. Moreover, phys-
ical barriers, such as collagen-rich stroma surrounding tu-
mor cells, can prevent T cell infiltration in solid tumors.
Furthermore, the CAR T cells administered to patients with
GBM encounter significant challenges in a highly immuno-
suppressive TME with molecular, cellular, and metabolic
profiles that eventually create exhaustion and dysfunction
of T cells. In GBM therapy, CAR T cells also need to pen-
etrate the brain tissue protected by the blood-brain barrier
(BBB). Early-phase clinical studies of CAR T cell therapy
for patients with GBM have demonstrated safety but did
not achieve sufficient antitumor activity. Despite this, some
CAR T cells have shown tumor control, and complete re-
sponses have been reported [9]. In this review, we sum-
marize the targets for completed and ongoing clinical trials
in GBM therapy (Fig. 1) (Tables 1,2, Ref. [10–14]) and
discuss the challenges and prospects of CAR T application
(Fig. 2) to guide subsequent research for the treatment of
GBM.
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Table 1. Completed chimeric antigen receptor (CAR) T cell-based clinical trials in patients with glioblastoma (GBM).
Molecular target Clinical trial identifier and title Study phase CAR T cell dosage Sponsor/site Response (Median OS) Ref.
IL13Rα2 NCT00730613 I - intravenous infusion City of Hope Medical Center 11 months [10]Cellular adoptive immunotherapy using genet-

ically modified T-lymphocytes in treating pa-
tients with recurrent or refractory high-grade
malignant glioma

- up to 108 CAR T cells on days 1, 3, and 5 for 2 weeks
treatment repeated after 3 weeks

National Cancer Institute (NCI)

NCT01082926 I - intravenous infusion City of Hope Medical Center 19.7 month [11]Phase I study of cellular immunotherapy for
recurrent/refractory malignant glioma using in-
tratumoral infusions of GRm13z40-2, an allo-
geneic CD8+ cytolitic T-cell line genetically
modified to express the il 13-Zetakine and hytk
and to be resistant to glucocorticoids, in combi-
nation with interleukin-2

- 1 × 108 CAR T cells with IL-2 twice per week for 2
weeks

National Cancer Institute (NCI)

EGFRvIII NCT02209376 I - intravenous infusion University of Pennsylvania 8 months [12]Autologous T cells redirected to EGFRVIII-
with a chimeric antigen receptor in patients with
EGFRVIII + GBM

- 1.75 × 108 –5 × 108 CAR T cells University of California, San
Francisco

NCT01454596 I/II - 6.3 × 106 to 2.6 × 1010 EGFRvIII-CAR T cells National Cancer Institute (NCI) 6.9 months [13]CAR T Cell receptor immunotherapy targeting
EGFRvIII for patients with malignant gliomas
expressing EGFRvIII

HER2 NCT01109095 I - 1 × 106/m2 to 1 × 108/m2 autologousHER2-CARVSTs Baylor College of Medicine 11.1months (95%CI, 4.1–27.2months) from the first T cell infusion
[14]CMV-specific cytotoxic T lymphocytes express-

ing CAR targeting HER2 in patients with GBM
The Methodist Hospital Re-
search Institute

24.5 months (95% CI, 17.2–34.6 months) from diagnosis

Center for Cell and Gene Ther-
apy, Baylor College of Medicine

Table 2. Ongoing CAR T cell-based clinical trials in patients with GBM.
Molecular target Clinical trial identifier and title Study phase CAR T cell dosage Sponsor/site
NKG2DL NCT04270461 I - intravenous administration or hepatic portal artery injection Jiujiang University Affiliated Hospital KAEDI

NKG2D-based CAR T cells immunotherapy for patients with r/r
NKG2DL+ solid tumors

- NKG2D-CAR T cells: 1–10 × 106/kg, 70 mL/time

B7-H3 NCT04077866 I/II - three intratumoral or intracerebroventricular injections of CAR T cells
at two doses in between temozolomide cycles

Second Affiliated Hospital Zhejiang
B7-H3 CAR T for recurrent or refractory glioblastoma Ningbo Yinzhou People’s Hospital

Huizhou Municipal Central Hospital
BoYuan RunSheng Pharma Co., Ltd.

NCT04385173 I - three intratumoral or Intracerebroventricular injections of B7-H3 CAR T
with 1–2 weeks of intervals between cycles of temozolomide treatment

Second Affiliated Hospital, School of Medicine, Zhejiang University
Pilot study of B7-H3 CAR T in treating patients with recurrent and refrac-
tory GBM

BoYuan RunSheng Pharma Co., Ltd.

GD2 NCT04196413 I - rolling-6 dose escalation design test GD2-CAR T cells in subjects with
H3K27M-mutant DIPG

Crystal Mackall, MD
GD2 CAR T cells in diffuse intrinsic pontine gliomas
(DIPG) & spinal diffuse midline glioma (DMG)

California Institute for Regenerative Medicine (CIRM)
Cure Search National Institutes of Health (NIH)

CD147 NCT04045847 Early I - intracavity injection Xijing Hospital
CD147-CAR T cells in patients with recurrent malignant glioma - every 7 days for 3 weeks

MMP2 NCT04214392 I - each treatment cycle begins with one or two CAR T cell infusions (one at
each catheter site) and lasts for 1 week

City of Hope Medical Center, National Cancer Institute (NCI)
CAR T cells with a chlorotoxin tumor-targeting domain for the treatment
of MMP2+ recurrent or progressive GBM
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Fig. 1. Several targetable tumor-associated antigens for GBM
CARTcell therapy. The figurewas createdwith BioRender.com.

2. Targets of CAR T Cell Therapy in
Completed and Ongoing Clinical Trials for
GBM
2.1 IL13Rα2

GBM tumors exhibit high expression of interleukin 13
receptor alpha 2 (IL13Rα2) in >75% of tumor tissue, with
little to no expression in the surrounding normal brain tis-
sue, and was the first target of CAR T cell therapy for GBM
[15,16]. IL13Rα2 has a greater binding affinity for IL-13
than the IL13Rα1 receptor in GBM tumors, effectively se-
questering IL-13 from IL13Rα1. In healthy brain tissue,
IL-13 binds with the low-affinity monomer and then forms
a heterodimer complex with IL4Rα, followed by activation
of STAT6 to induce proapoptosis activity [17,18]. Due to
specificity and high affinity for GBM tumors, IL13Rα2 is
considered a desirable target in the first CAR T therapy for
GBM.

IL13Rα2-specific targeting CAR T cells were first de-
veloped in 2004 using an extracellular altered IL-13 domain
and CD3ζ intracellular part [19]. The first clinical trial
involving IL13Rα2 CAR T cells was conducted in 2015,
where IL13Rα2 CAR T cells were directly administered
into the post-surgical cavity of three patients with GBM
(NCT00730613) [10]. One patient from an ongoing trial re-
ported a 7.5-month regression period with 11months of me-
dian OS without severe harmfulness [10]. Consequently,
monitoring the viability and movement of cytotoxic T cells
engineered with a herpes simplex virus type 1 thymidine ki-
nase (HSV1-TK) and IL-13 zetakine CAR in glioma cells
achieved through safe noninvasive positron emission to-
mography (PET) imaging, providing potential optimization

for immunotherapies in the clinical trials (NCT01082926)
[11]. Despite the promising initial results in clinical trials,
recurrence is a challenge for IL13Rα2 CAR T cell ther-
apy, and efforts are being made to enhance their efficacy
[20]. The next second-generation CARs were developed
by adding a costimulatory 4-1BB domain, which is superior
to the first-generation CARs [21]. These improved CARs
have shown increased persistence and enhanced antitumor
activity. Additionally, further advancements, such as the
addition of activation-induced IL-15 expression to CAR T
cells, can increase the proliferation and cytokine production
in CART cells, leading to improved performance in treating
GBM [22]. Moreover, targeting IL13Rα2-single domain to
CD3ε subunit fusion, forming IL13Rα2 ε-TRuC-T cells,
induced cytokine release, and lysed tumor cells in a U251-
subcutaneous xenograft model [23]. Additionally, ongoing
clinical trials evaluate the combination of IL13Rα2-CAR T
with immune checkpoint inhibitors, such as nivolumab and
ipilimumab (NCT04003649) [24].

2.2 EGFRvIII

Epidermal growth factor receptor (EGFR) is a recep-
tor tyrosine kinase (RTK) commonly amplified and/or mu-
tated in about half of GBM patients. Among EGFR mu-
tations, the most common is the activated EGFR variant
III mutant (EGFRvIII), produced by in-frame deletion of
exons 2–7 of the coding sequence and found in approxi-
mately 45% of GBM patients [25]. EGFRvIII has been an
attractive target because of the assumed role in tumorige-
nesis and because the selective expression on tumor tissue
has been well-characterized [26]. In addition, EGFRvIII
expression is specific to GBM and is not found in healthy
tissues, so EGFRvIII has been assessed for good targets.
Although inhibitors targeting EGFRvIII have been used in
GBM patients, they have not shown significant clinical ef-
fectiveness because of signaling bypass, whereby inhibition
of the EGFRvIII pathway activates other RTKs [27]. Con-
sequently, EGFRvIII could be a viable and appealing target
for CAR T cell therapy in GBM.

The first clinical trial with EGFRvIII CAR T cells was
reported in 2017 that used a single dose of EGFRvIII CAR
T cells that was intravenously administered to 10 patients
with recurrent GBM (NCT02209376) and which exhibited
safety and a restricted antitumor response with downreg-
ulated expression of the targeted antigen [12]. In another
clinical trial, third-generation EGFRvIII CAR T cells were
administered after lymphatic regression chemotherapy and
intravenous IL-2 injections, but they did not show clinical
success and were well-tolerated without any apparent tox-
icity (NCT01454596) [13]. Additionally, EGFRvIII CAR
T cell preparation using humanized scFv has been proven
safe but failed to show clinical benefit [28].

Further analysis of patients receiving a single whole-
body dose of the second-generation EGFRvIII targeting
CAR T cell formulation was conducted on tumor tissues to
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Fig. 2. Summary of challenges and solutions for CART cell-based therapeutic in GBM. The figure was created with BioRender.com.

assess the antitumor immune response and CAR T cell ef-
fectiveness. These CART cells were shown to be present in
some patient tissues, and increased frequency of autologous
non-CAR T cells and immunosuppressive Tregs were also
found in treated tumor tissues [12]. Immunohistochemi-
cal staining showed the increased expression of other solu-
ble immunosuppressivemolecules such as programmed cell
death ligand 1 (PD-L1), indoleamine 2, 3-dioxygenase 1
(IDO1), and transforming growth factor-β (TGF-β), indi-
cating that EGFRvIII CAR T cells produced immunosup-
pressive responses in tumors [29]. Recently, more studies
focused onmodifying anti-EGFRvIII CART cells. PDIA3-
mutant EGFRvIII CAR T cells, where PDIA3 had been en-
gineered to be associated with low cell invasiveness, sur-
vival, and metastasis, were more efficient in the antigen-
specific killing of human GBM cells [30]. A CAR was de-
signed using a mAb806-based binder, recognizing tumor-
specific untethered EGFR; the mAb806 epitope is also ex-
posed in the EGFRvIII variant transcript. Treatment with
EGFR806-CAR T cells successfully showed an improve-
ment in 50% of U87 orthotopic xenografts surviving to 90
days [31]. Flow cytometry analysis of CAR T infusion
products from the first human trial also suggested that PD-1
predicted peripheral engraftment and progression-free sur-
vival in recurrent GBM (NCT02209376) [32].

2.3 HER2

Human epidermal growth factor receptor 2 (HER2),
also known as ERBB2, is a member of the EGFR fam-
ily that is overexpressed in approximately 15% of patients
with GBM contributing to poor survival rate [33]. Aberrant
HER2 signaling deregulates apoptosis and cell proliferation
and increases the degree of aplasia in the GBM [34]. Al-

though HER2 is overexpressed in numerous tumors, such
as GBM, breast, and ovarian, it can be expressed in some
healthy tissues, leading to safety issues.

The first reported use of HER2 CAR T cell ther-
apy in metastatic colon cancer resulted in respiratory dis-
tress within 15 min of administration and death five days
later [35]. In addition, analysis of serum samples af-
ter cell infusion showed elevated levels of cytokines,
including interferon-γ (IFNγ), granulocyte macrophage-
colony stimulating factor (GM-CSF), tumor necrosis factor-
α (TNF-α), IL-6, and IL-10, indicating the occurrence
of a cytokine storm [35]. Since then, efforts have been
made to address safety concerns associated with CAR T
cell therapy. Phase I clinical trials were conducted in
2017 using a second-generation HER2-directed treatment
(NCT01109095), that utilized an FRP5-based exodomain
and a CD28ζ endodomain-targeting CAR T cells. The in-
travenously injected HER2 CAR T cells showed that com-
pared with the unmodified virus-specific T cells (VSTs), the
HER2 CAR VSTs exerted a significant cytotoxic effect on
the HER2-positive glioma cell line U373 and had no sig-
nificant dose-limited toxicity and only weak side effects;
however, two patients had seizures and headaches, which
were probably related to the T cell infusion. Detection of
circulating HER2 CAR T cells in the blood via qPCR after
the final injection showed that more than half of the patient
HER2 CAR T cells lasted more than six weeks [14]. In ad-
dition to T cells, HER2-specific CAR natural killer (NK)
cells derived from the human NK cell line NK-92 specifi-
cally lysed GBM-derived cell lines and showed an in vivo
antitumor activity in xenografts. Utilizing an NK cell line
is currently under evaluation in a phase 1 clinical trial [36].
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2.4 NKG2D Ligand
The NK group 2-member D (NKG2D) receptor, a C-

type lectin-like homodimeric receptor, is expressed on var-
ious immune cells, including NK cells, CD8+ T cells, γδ
T cells, and some autoreactive CD4+ T cells [37]. The lig-
and for NKG2D (NKG2DL) is frequently upregulated in
stressed and malignant tissues and overexpressed in tumor
cells, but is absent in healthy cells, allowing the immune
system to discriminate between cancer cells and healthy tis-
sue. In GBM, patient-derived samples and, interestingly,
stem-like cells expressed NKG2DL and released NKG2DL
in a soluble form through various mechanisms [38,39]. Ad-
ditionally, cyclic EZH2, encoded by EZH2-92aa, has been
demonstrated to promote immunological escape fromGBM
by inhibiting the expression of surface NKG2D ligands
[40].

In 2015, CAR T cells targeting NKG2D were first
proposed but exhibited significant clinical toxicity in ani-
mals [41]. Since then, NKG2D CAR T cells have demon-
strated practical anticancer effects in hepatocellular carci-
noma, pancreatic, colorectal, and gastrointestinal tube ade-
nocarcinomas [42–45]. In addition, combined with ra-
diotherapy, CAR T cells that express full-length murine
NKG2D have been shown to considerably extend OS in or-
thotopic xenograft models that use murine GBM cells [46].
Moreover, human NKG2D CAR T cells eradicated human
GBM and GBM-stem-like cells in vitro and a subcutaneous
tumormodel [39]. However, a phase 1 clinical trial for solid
tumors, including GBM, aimed at evaluating the safety and
clinical effects of NKG2D CAR T cells was withdrawn due
to administrative reasons (NCT04270461).

2.5 B7-H3
B7-Homolog 3 protein (B7-H3, also known as

CD276) is a member of the B7 family of immunoregulatory
proteins that bind to receptors on lymphocytes that regulate
the immune response [47]. B7-H3 is a related cell surface
protein ligand that is overexpressed in tumor tissues, with
high expression in >70% of GBM biopsy samples [48–
50] but is not detectable in healthy brain tissue [51–53].
Knockdown of B7-H3 has been shown to decrease MYC
(MYC proto-oncogene, BHLH transcription factor) expres-
sion and inhibit tumor growth in a GBM xenograft mice
model [54].

The constructed B7-H3 CAR T cells have been ex-
amined for cytotoxic effects on GBM cells since 2019
[51,55,56]. In the enhanced B7-H3 CAR T cells, the in-
ternal stimulatory structural domains of CD28 or IL-7 re-
ceptors were fused to extracellular PD-1 to create PD-1 de-
coy receptors, which produced a more enduring anticancer
activity [55]. In 2022, the results from a human trial of B7-
H3 CAR T for multiple basal cell carcinoma demonstrated
that intratumoral injection of these cells partially controlled
tumor growth in patients with BCC with minor adverse
events. However, the capability and safety of B7-H3 CAR

T therapy require further investigation in a larger patient
cohort [57]. In addition, an ongoing randomized, phase
I/II study (NCT04077866) is currently evaluating the safety
and performance of B7-H3 CAR T cells in patients with
refractory or recurrent GBM between cycles of temozolo-
mide [58]. Another ongoing phase I study (NCT04385173)
is evaluating the safety and efficacy of B7-H3 CAR T in
patients with GBM who have relapsed on temozolomide or
have not responded to standard therapy.

2.6 GD2

Gangliosides (GD) are frequently expressed in nor-
mal tissue. However, disialoganglioside (GD2) is a spe-
cific type of GD that is mainly expressed in fetal tissue
[59] and is also highly expressed in several cancer tissues,
including melanoma, retinoblastoma, neuroblastoma, and
GBM [60,61]. In addition, GD2 has been identified as a
cancer stem cell marker in breast cancer [62] and with the
in vitro neurosphere formation capacity of GBM patient-
derived cells [63].

In preclinical studies, CAR T cells targeting GD2
have demonstrated a solid ability to kill neuroblastoma
cell lines in vitro as well as in subcutaneous xenografts
[64] and patient-derived diffuse midline glioma orthotopic
xenografts [65]. Moreover, genetically engineered CAR T
cells with a truncated form of anti-GD2 (GD2 tCAR) exhib-
ited enhanced specific targeting [60], and the bifunctional
mesenchymal stem cells (MSCs), expressing GD2 tCAR
and the proapoptotic agent tumor necrosis factor-related
apoptosis-inducing ligand, showed potent antitumor activ-
ity against GD2-positive GBM cells. Furthermore, the pre-
clinical efficacy of GD2-directed CAR T cells was recently
demonstrated against H3K27M mutant GBM cells, provid-
ing a theoretical basis for the first human phase I clinical
trial (NCT04196413) [66]. CAR T cells manufactured us-
ing a clinical retroviral vector and a GD2-specific CAR en-
coding an IL-15 transgene further improved tumor control
and achieved a striking 50% bioluminescence imaging re-
sponse rate to intracranial tumors [67].

2.7 CD147

Immunohistochemical analysis was used to evaluate
the expression pattern of CD147 in GBM samples from 206
patients and healthy brain tissue samples from 36 individ-
uals [68,69]. CD147 expression was found to be higher
in GBM samples than that in healthy tissues. Increased
CD147 expression was related to a worse OS rate in pa-
tients with GBM. These findings show that CD147 is abun-
dantly expressed in GBM [69]. CAR T cells and NK
cells were transduced with a CD147-specific CAR, which
detected the CD147 surface marker and targeted hepato-
cellular carcinoma (HCC) via a logic-gated (log) GPC3-
synNotch mechanism. CD147-CAR did not induce signif-
icant targeted/tumor removal toxicity in a human CD147
transgenic mice model but did selectively kill double anti-
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gen (GPC3+CD147+)-positive HCC cells while failing to
kill the single antigen (GPC3-CD147+)-positive HCC cells
[70]. An early phase I clinical trial tested the safety, tolera-
bility, and efficacy of CD147-specific CAR T cell therapy
in patients with recurrent GBM (NCT04045847).
2.8 Chlorotoxin

The primary chlorotoxin (CLTX) can interact with iso-
forms of matrix metalloproteinase-2 (MMP-2) that were
identified on the surface of GBM cells and are significantly
elevated in GBM and associated malignancies [71]. CLTX
peptide has the ability to bind to GBM specifically, and
when combined with CAR T cells, it results in a potent
anti-GBM activity that can target tumors that do not ex-
press other GBM-associated antigens. Importantly, CLTX
CAR T cells were observed to specifically target cells ex-
pressing MMP-2 without showing any off-target effector
activity against healthy cells or after transfer to mice [72].
A phase I study was initiated to treat MMP-2-positive re-
lapsed or progressing GBM with T cells carrying CLTX
CARs (NCT04214392).

3. Challenges and Solutions for CAR T Cell
Therapy for GBM
3.1 Effective Targeting of Tumor Cells

Identifying tumor-specific antigens is a crucial factor
in the development of CAR T cell therapy however, it is
also challenging due to the heterogeneity of tumors, lack
of tumor-specific antigens, and expression of shared target
candidates in important healthy tissue, which increases the
risk of off-target tumor toxicity.

Tumor antigens are classified into tumor-associated
antigens (TAA) and tumor-specific antigens (TSA). Both
tumor cells and healthy tissue cells have a high expression
level of TAAs, albeit at a low level. Only tumor cells ex-
press TSAs, which makes them a perfect target for antigens
[73]. As the discovery and screening of TSAs are challeng-
ing, the most used recognition target of CAR is TAA, so
the diverse expression of TAA in different kinds of tumor
cells may affect the recognition of cancer cells by CAR T
cells and reduce the effect of CAR T therapy. Numerous
potential targets have therefore been identified and yielded
encouraging results in the preclinical setting (Table 3, Ref.
[74–82]). Antigens such as carbonic anhydrase IX (CAIX)
[74,75], CSPG4 [76,77], or TRPO [78,79] that are primarily
investigated in non-CNS tumors are upregulated in GBM
and have therefore been considered as potential targets. Ex-
pression of antigens as stem-like cell surface markers, in-
cluding CD133 [83], CD70 [80,84], and EphA2 [81,82],
is enhanced by alkylating chemotherapy or radiotherapy
typically provided as first-line therapy in GBM, thus mak-
ing these antigens promising in treating recurrent disease.
Other targets that have been primarily selected because of
their relatively high expression in GBM tissue include hep-
aran sulfate proteoglycan glypican-2 (GPC2) [85,86] and
TWEAK receptor Fn14 [87].

Several approaches for overcoming the heterogene-
ity in tumor antigens highlight the complexity of devel-
oping effective CAR T cell therapies for GBM, thus in-
creasing tumor cell subpopulations while targeting a sin-
gle antigen. One is a simultaneous administration of each
CAR T cell targeting a different GBM antigen. The other
is dual-targeting, using CAR T cells expressing two scFvs
to simplify the number of injections. However, clinical
treatment with bispecific CARs or T cells expressing two
CARs, such as in CD19/CD22- and CD19/CD20-targeting
approaches, showed limited results in leukemia. Another
method is engineering CARs, whose antigen-binding struc-
tural domain consists of a ligand binding various different
antigens (called a universal CAR); the representative exam-
ple is the T1E peptide that attaches to the EGFR family of
receptors for solid tumors [88]. Furthermore, bispecific T
cell engager (BiTE) expressed in T cells provides an oppor-
tunity to target multiple antigens and redirect bystander T
cells to tumor cells. In addition to targeting various anti-
gens, efforts to activate bystander T cells to identify tumor
cells are being pursued, including the transgenic expression
of cytokines (e.g., IL-18 or IL-36γ) or CD40L [89]. Like-
wise, engineered T cells that secrete the FLT3 ligand have
been shown to promote epitope spreading [90], and intratu-
moral administration of anti-Fn14xCD3 BiTE has demon-
strated antitumor effects in mouse GBM models [87].

As a switch-controlled CAR T, the synthetic notch
(synNotch) CARs can induce the expression of a second
CAR upon activation by an antigen-specific synNotch [91].
SynNotch-GD2-B7H3 [92] and SynNotch-HER2 [93] were
designed to express the kill switch consistently. Recently,
dual administration of synNotch CARs, (1) EGFRvIII-
SynNotch CAR and EphA2 or IL13Rα2 tandem CAR [94]
and (2) ALPPL2-synNotch CAR and melanoma cell adhe-
sion molecule (MCAM), mesothelin, or HER2 CAR [95],
can conserve energy by entering standby mode when not
in direct contact with antigens. Moreover, drug-regulated
CARs using FDA-approved molecules showed controlled
effects and limited toxicity. The recent representative ex-
amples exhibit signal neutralization by an inhibitable pro-
tease CAR and versatile protease regulatable CAR [96].
Their activity levels remain stable during the entire treat-
ment process, which overcomes the challenge of T cell de-
pletion that has hampered conventional CAR T therapy.

3.2 Enhancing Tumor-Homing (Trafficking) and
Penetration

CAR T cell therapy is a promising modality for can-
cer, but its effectiveness is often limited by poor infiltration
of CAR T cells into tumors and the presence of a highly
immunosuppressive tumor microenvironment (TME). The
GBM TME consists of stromal cells, immune cells along
with enzymes, growth factors, inflammatory cytokines, and
pathogenic stimuli within the extracellular matrix (ECM),
as well as highly proliferative malignant astrocytoma cells
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Table 3. Preclinical study of CAR T therapy for GBM.
Molecular target Characteristics Research advances Ref.
CAIX - a surrogate marker for hypoxia - in GBM mice model, direct intratumoral injection of anti-CAIX

CAR T cells is effective with limiting side effects
[74,75]

- particularly upregulated in GBM
- associated with a poor patient outcome and survival rate

CSPG4 - related to cell proliferation and migration in vitro and in vivo - to prevent the emergence of antigen-negative clones, it is worth
exploring strategies that combine CSPG4-CAR T cells with CAR T cells
targeting IL13α2R, EGFRvIII, or HER2

[76,77]
- as a marker for GBM stem cells (GSCs)

TROP2 - play a role in tumor growth, invasion, and metastasis of various
solid tumors

- CD27-based TROP2 CAR T cells showed higher antitumor activity,
upregulating IL-7Rα expression while downregulating PD-1 expression

[78,79]

- highly expressed in GBM, but low expressed in normal brain
CD70 - type II transmembrane protein binding to CD27 - CD70 CAR T cells effectively induced anti-tumor responses against

CD70+ gliomas both in vitro and in vivo
[80]

- expressed on activated T cells and mature DCs
- overexpressed in primary and recurrent GBM, but not on tumor
infiltrating T cells

- no toxicity in xenograft and syngeneic models

- associated with poor survival in GBM
EphA2 - Eph family of RTKs - the third-generation of EphA2 CAR T cells obviously improved

survival rate in tumor bearing mice in vivo, showing better antitumor
activity

[81,82]
- associated with tumorigenesis, angiogenesis, invasion and metas-
tasis
- highly expressed in GBM but only at low levels in normal brain
tissue

and likely cancer stem cells [97], all of which form discrete
niches inside the tumor [98]. All these individual compo-
nents of the TME can act as a physical barrier that limits
the effectiveness of CAR T therapy. As a result, numerous
studies have focused on developing strategies to improve
the ability of infused CAR T cells to penetrate and traffic
into the TME to enhance their antitumor activity. Overall,
these approaches aim to overcome the challenges posed by
the TME and improve the therapeutic potential of CAR T
cell therapy.

In tumor evasion of immune responses, chemokine
ligands, and receptors play different roles. However, low
expression of chemokine receptors can reduce immune cell
infiltration, contributing to tumor evasion of immune re-
sponses [99]. In recent preclinical studies, a strategy to
improve the tumor-homing and antitumor efficacy of CAR
T cells has been explored by overexpressing CCR2 (lig-
and; CCL2, CCL7, CCL8, CCL13, and CCL16) [100],
CCR4 (ligand; CCL4, CCL3, CCL5, CCL17, and CCL22)
[101], and CCR6 (ligand CCL20) [102,103]. Thus, these
approaches can attract CAR T cells to tumors with high
expression of specific chemokines, leading to adequate tu-
mor clearance. In addition, in parallel to the develop-
ment of technologies to enable real-time imaging of CAR
T cells in vivo allows for non-invasive monitoring of CAR
T cell trafficking to tumor cells and facilitates the examina-
tion of novel interventions to enhance CAR T cell effects
[104]. Moreover, combined treatment of oncolytic aden-
ovirus and chemokine CXCL11 increased CAR T cell in-
filtration and reprogramed the immunosuppressive TME,
thereby improving therapeutic efficacy [105]. These ad-
vances hold promise for improving the efficacy of CAR T
cell therapy against solid tumors by enhancing their ability
to penetrate the tumor microenvironment and target cancer
cells.

In the case of GBM tumors, another physical barrier
that hampers CAR T cell trafficking is the BBB. The BBB
is a highly selective semipermeable boundary that sepa-
rates circulating blood from the extracellular fluid in the

brain and CNS. The BBB consists of endothelial cells of
the capillary wall, astrocytes that wrap around the capil-
laries, and pericytes embedded in the basement membrane
of the capillaries [105]. The BBB acts as a protective bar-
rier to prevent the entry of potentially harmful substances,
including immune cells, as well as CAR T cells. There-
fore, strategies to enhance the ability of CAR T cells to
cross the BBB and reach GBM cells are needed to im-
prove the efficacy of CAR T cell therapy against GBM.
CAR T cells can be transferred across the BBB in associ-
ation with constitutively or inducible expressed cytokines,
chemokines, or other molecules and can be actively utilized
for CAR design. In addition, using in vitro BBB models,
the iPSC-derived brain endothelial-like cell trans-well co-
culture model can be a valuable tool for deciphering the
mechanism of CAR T-induced BBB destruction, concomi-
tant toxicity, and effector functions of target cells after BBB
[106].

Furthermore, another aspect of enhancing CAR T cell
trafficking is the route of CAR T infusion. Although most
studies of CAR T cell therapy have used intravenous in-
jection, a more site-specific delivery method may be ben-
eficial in the therapy of solid tumors, including those of
breast, pleura, and liver [107] as well as brain [21,66], by
bypassing circumventing multiple barriers to CAR T cell
trafficking as well as restricting on-target, off-tumor tox-
icity. In HER2 CAR T cell treatment for breast cancer
brain metastasis, local intracranial administration demon-
strated in vivo antitumor potency using three administration
routes: intravenous, local intratumoral, and regional intra-
ventricular [108]. Similarly, another study on the delivery
route and therapeutic strength demonstrated that local in-
tracranial local delivery of IL13Rα2-targeted CAR T cells
induces improved anticancer effectiveness than intravenous
route, with intraventricular infusions showing possible ben-
efit over intracranial tumor infusions in a multifocal disease
model [21]. Clinical studies have explored the local de-
livery approaches for CAR T cell therapy in GBM. In one
study, a patient, who received CAR T cells transduced with
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anti-mesothelin mRNA by both intravenous and regional
infusions, exhibited an evoked antitumor somatic response
relating to multiple additional antigens [109]. In another
clinical study, the first four patients with diffuse intrinsic
pontine glioma/ H3K27M-mutated diffuse midline gliomas
were treated with GD2-CAR T cells; those who were sub-
sequently administered intracerebroventricularly exhibited
clinical benefit [66]. These early results suggest that the
ventricular infusion-related approach for CAR T therapy
has the potential for treating GBM.

3.3 Proliferative Activity against CAR T Cell Exhaustion

CAR T cell exhaustion is a phenomenon that arises
from prolonged exposure to antigen stimulation and an
immunosuppressive TME, including various suppressive
immune cells such as Treg cells, NK cells, myeloid-
derived suppressor cells (MDSCs), and tumor-associated
macrophages (TAMs). Maintaining CAR T cell effector
function, persistence, and overcoming exhaustion remains
a major challenge in achieving clinical potency [110]. Ex-
hausted T cells have a low proliferation rate in response
to antigenic stimuli (e.g., the response to antigenic stim-
uli), progressive loss of effector functions (e.g., reduced
cytokine production and weakened killing effects), expres-
sion of multiple inhibitory receptors (e.g., PD-1, Tim3,
and LAG3). Furthermore, altered metabolism from oxida-
tive phosphorylation to glycolysis is also a feature of T
cell exhaustion [111]. The comparison between monocyte-
derived T cells of the dysfunctional and functional remis-
sion groups revealed a significant difference in the propor-
tion of CD8+ T cells expressing PD-1 and LAG3 (lympho-
cyte activation gene 3, CD223). The findings imply that the
initial cell phenotype before infusion may strongly corre-
late with treatment failure and short-term [112]. It has been
demonstrated that introducing a dominant-negative PD-1
receptor can enhance the functional persistence of CAR T
and prevent exhaustion [113]. CART cells targeting human
CAIX and engineered to secrete human anti-PD-L1 anti-
bodies exhibited significantly enhanced activity, elevated
cytokine production, and greater uptake by immune cells,
leading to a substantial reduction in tumor growth of clear
cell renal cell carcinoma [114].

Treg cells negatively affect suppressor cytotoxic T
cells through multiple mechanisms, including the secretion
of immunosuppressive cytokines, competitively consuming
IL-2, and the inhibition of antigen-presenting cells and ob-
structing T cell activation by cytotoxic T lymphocyte anti-
gen 4 (CTLA4) [115]. To overcome the immunosuppres-
sive effects of Treg cells, one group generated a BiTE that
induced the expression of CAR targeting EGFRvIII and al-
lowed the conversion of Treg cells into cytotoxic T cells
[116]. In the GBM model, combining GD2-targeted CAR
T cells and NKG2DCARNK cells, NKG2DCARNK cells
selectively allowed MDSCs and restored impaired CAR T
cell activity [117]. In addition, targeting MDSC induced

the release of proinflammatory cytokines and chemokines,
resulting in tumor regression and increased survival, com-
pared to CAR T cell therapy alone [117]. Moreover, the in-
hibition of colony-stimulating factor 1 receptor (CSF1R) to
deplete TAM and targeted ablation of PD-1 in myeloid pro-
genitor cells revealed more potent antitumor activity and
tumor growth suppression [118]. TAMs, the most abun-
dant immune-infiltrating cells in the TME, prevent T cell-
mediated antitumor immunity by boosting the secretion and
recruitment of cytokines and enzymes, such as arginase one
or IDO1, and by increasing the recruitment of Treg cells
[119,120]. In animal models, the survival rate was notably
increased by CAR targeting CD70, presented on the puta-
tive M1 macrophages and CD4+ T cells. Therefore, target-
ing the CD70/CD27 axis could be an effective poly thera-
peutic strategy for treating both the GBM and the immune
TEM [84].

Another potential approach is redirecting or circum-
venting the endogenous response to suppressive cytokines
and inhibitory signaling pathways. Immunosuppressive cy-
tokines, such as TGF-β, VEGF, IL-4, and IL-10, are fre-
quently found in TME and can block T cell effector func-
tion directly and attract suppressor cell types. In addition,
recruited immune cells can enhance the tolerogenic nature
of the TME by producing immunosuppressive cytokines
themselves [99]. Furthermore, TGF-β directly impacts the
expression of chemokine receptors such as CXCR3 on T
cells and blocks infiltration of T cells in the colorectal
cancer model [121]. In solid tumor xenografts, knock-
ing down TGF-βRII by CRIPSR-Cas9 in CAR T cells has
been shown to enhance efficacy, reduce exhaustion, and
prevent polarization to Treg cells [122]. Recently, phase
1 trials have reported that PSMA CAR T cells were opti-
mally engineered with a TGFβRII to block TGF-β signal-
ing, led to expansion in blood and tumor trafficking and
improved antitumor immunity in patients with metastatic
castration-resistant prostate cancer [123]. In a recent study,
investigators conducted a genome-wide CRISPR knockout
screen to identify the critical role of the interferon-γ recep-
tor (IFNγR) signaling in the susceptibility of solid tumors
to CAR T cells [124]. These findings underscore the poten-
tial significance of the IFNγR signaling pathway (IFNGR1,
JAK1, or JAK2) in developing and optimizing CAR T cell
therapies for solid tumors [124].

Engineering CAR T to secrete proinflammatory solu-
ble factors can modify the TME, leading to an antitumor
response. CAR T engineered to overexpress the IL-12β
p40 subunit can stimulate the production of IL-23 by acti-
vated T cells, which promotes proliferation via STAT3 sig-
naling [125]. In addition, EGFRvIII CAR T therapy com-
bined with a single locally administered dose of IL-12 al-
lowed for a durable antitumor response by promoting in-
filtration of proinflammatory CD4+ T cells, decreasing the
number of Treg cells, and activating myeloid compartments
[126]. In two recent studies, CD19-CAR T cells engineered
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to coexpress human orthogonal IL-2 and its receptor drove
a complete response in lymphoma, even with substantially
reduced CART cell doses, by selectively expanding and ac-
tivating CAR T cells in vivo [127,128]. In addition, cancer-
derived extracellular vesicles have been investigated to in-
duce phenotypical, functional, and transcriptional dysfunc-
tion of CAR T cells [129]. A recent report described a
strategy that exploits the cooperate relationship between
the transcription factors nuclear factor of activated T cells
(NFAT) and activator protein 1 (AP-1) to improve the ef-
fector functions of T cells was reported. However, NFAT
in the absence of AP-1 can led to negative feedback on T
cell exhaustion. To address this issue, CAR T cells overex-
pressing a NEAT, basic leucine zipper ATF-like transcrip-
tion factor (BATF), promoted the survival and expansion
of tumor-infiltrating CAR T cells by interferon regulatory
factor 4 (IRF4) [130]. Collectively, these approaches could
potentially improve the efficacy of CAR T cell therapy by
preventing T cell exhaustion and enhancing the persistence
of CAR T cells within the TME.

4. Conclusions and Perspectives
CAR T cell holds a great promising therapeutic strat-

egy for GBM, however, there are still several challenges
that need to be considered. One of the major challenges is
selecting a target antigen that can selectively eliminate can-
cer cells while sparing healthy brain tissue. Another chal-
lenge is the immune escape mechanisms applied to cancer
cells, which can limit the effectiveness of CART cells. This
includes downregulating the target antigen, inhibiting T cell
function, and recruitment of immunosuppressive cells. Fur-
thermore, optimizing CAR T cell delivery to the brain is an-
other significant hurdle to overcome. Several approaches,
such as local delivery, disruption of the BBB, and modifica-
tion of CAR T cells, are being explored to improve CAR T
cell delivery to the brain. In addition, developing combina-
torial strategies for enhancing the CART cells’ efficacy and
stimulating the innate immune system is essential. Combin-
ing CAR T cells with checkpoint inhibitors, vaccines, and
other immunomodulatory agents is an approach that can en-
hance the activity of CAR T cells and solve immune escape
mechanisms.

In the latest research, UniVec-CAR is a new approach
that utilizes a single lentiviral vector that expresses acces-
sory molecules to induce the production of an immunos-
timulatory cytokine, an antibody that ameliorated cytokine
release syndrome, and regulatory T cell transcription fac-
tors [131]. Meanwhile, several recently published T cell
immunization approaches can be actively utilized in CAR
T research [9]. For example, after cisplatin chemotherapy,
the production of CCL20 and IL-1β at the tumor site in-
duced the recruitment and activation of innate lymphoid
cells (ILC3) in the tumor and enhanced antitumor immu-
nity [132]. In addition, using approved pharmacological
inhibitors of cyclin-dependent kinases 4 and 6 (CDK4/6)

promoted the phenotypic and functional acquisition of im-
mune T cell memory, which is essential for the success of
CAR T cell therapy. This approach has been incorporated
into clinical trial therapy design to prevent the depletion of
CAR T cells [133]. Accordingly, persevering and meticu-
lous investigation is imperative to optimize the potency of
CAR T cells and address the challenges associated with this
new therapeutic strategy.

Additionally, beyond the conventional CAR T cells,
CAR natural killer (CARNK) and CARmacrophage (CAR
M) are potential alternative approaches to CAR T cell ther-
apy for GBM treatment, as they address some of their lim-
itations [134]. Unlike CAR T cells, CAR NK cells do
not require prior sensitization to tumor antigens and can
identify and eliminate cancer cells without requiring ma-
jor histocompatibility complex (MHC) matching. Further-
more, they have a low risk of causing graft versus host
disease (GvHD) and CRS. A novel cytotoxic CAR NK
cells from cord blood by transducing them with an anti-
CD19 vector engineered to produce IL-15 for increased ef-
ficacy [135]. CAR M therapy involves genetically modi-
fying macrophages to express a CAR on their surface, al-
lowing them to target and kill cancer cells. Similar to
CAR NK cells, they do not require MHC matching and
are less likely to cause GvHD and CRS. The first pub-
lished CAR M, which designed antigen-specific phagocy-
tosis and activation of T cells, led to decreased tumor bur-
den in mouse models and enhanced antitumor response in
humanized mice, along with induction of a proinflamma-
tory tumor microenvironment [136]. Although CAR NK
and CAR M therapies offer several advantages over CAR
T cell therapy, they are still in the early stages of develop-
ment and clinical testing, and their effectiveness in treating
GBMand overcoming the limitations of CART cell therapy
is yet to be determined, and further research is needed.
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