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severe side effects like cytokine release syndrome remain.
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Methods: A systematic search using PubMed, Scopus, Web of Science, and Google Scholar from 2010 to 2024 has been conducted.
immunotherapy,” and “clinical trials.” Inclusion criteria were English-language studies
focusing on CAR-T applications in glioblastoma. Exclusion criteria included non-peer-reviewed articles and preclinical-only studies.
Findings: The findings suggest promising prospects for integrating CAR-T cell therapy into existing glioblastoma treatment
paradigms, emphasizing the need for continued research and innovation in genetic engineering and combination therapies to fully
realize the potential of CAR-T cells in transforming glioblastoma treatment.

Conclusions: CAR-T cell therapy offers groundbreaking potential in transforming glioblastoma treatment by harnessing the

Background: Chimeric antigen receptor T (CAR-T) therapy for glioblastoma involves critically evaluating progress, eﬁectiven&
and challenges. By examining current research, clinical trials, and emerging trends, the analysis highlights clinical outcomes and
biological insights that demonstrate the therapeutic potential of CAR-T cells, along with technological innovations aimed at
enhancing their efficacy and safety. However, significant obstacles such as overcoming the blood-brain barrier and managing

Introduction

Overview of glioblastoma as an aggressive brain tumor with
poor prognosis

Glioblastoma multiforme (GBM), also known simply as glio-
blastoma, is currently classified by the World Health
Organization (WHO) as astrocytoma, IDH-wild type, WHO
grade 4 [WHO Classification of Tumours Editorial Board,
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WHO Classification of Tumors of the Central Nervous
System, Sth ed., Lyon: International Agency for Research on
Cancer (IARC), 2021]. It represents the most prevalent, aggres-
sive, and lethal form of primary brain tumors.

These tumors are characterized by rapid growth and extensive
infiltration into surrounding brain tissue!’’. Histologically,
GBMs exhibit a high degree of cellular polymorphism, necrosis,
and microvascular proliferation?,

The peak incidence occurs between the ages of 55 and
75 years, and its occurrence in children and young adults is
relatively rarel*~!. The standard treatment protocol for GBM
involves surgical removal of the tumor, followed by radiother-
apy combined with concurrent and subsequent chemotherapy
using temozolomide!®). Despite extensive research and advance-
ments in medical science, there is still no definitive treatment for
this devastating disease. Current research primarily focuses on
prolonging survival and developing more effective strategies to
treat glioblastoma.

Introduction to CAR-T cell therapy

Recent advances in cancer immunotherapy have enabled the
development of CAR T-cell therapy!”!. During the process of
leukophoresis, T cells collected from patient’s blood are isolated,
which are then genetically modified to express a chimeric anti-
gen receptor (CAR) specific for a particular tumor antigen
(TA)®L T cells are multiplied ex vivo then administered to the
patient to target and eliminate cancer cells””. The advantage of
CAR T cells is that they do not require MHC-mediated antigen
presentation. Hence, this allows them to attack a broad set of
TAs!”l, This opens the way for the discovery of an effective
treatment for GBM. While surgical resection remains the
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cornerstone of GBM management, especially for tumor debulk-
ing and histopathological diagnosis, CAR-T therapy offers
a nonoperative, immunological approach that targets residual
infiltrative disease. Although not mutually exclusive, CAR-T is
particularly valuable for non-resectable or recurrent tumors.
Combining CAR-T with maximal safe resection may potentially
enhance survival while minimizing systemic toxicity.

Principles of CAR-T

Description of the CAR-T cell design and engineering
specific to brain tumors

CAR-T therapy based on an antigen-specific receptor can also be
modulated by designing signaling domains. CAR includes extra-
cellular, trans-membrane and intracellular domains!®!. The extra-
cellular domain consists of an antigen-binding domain and a hinge
domain. The antigen-binding domain is most often a single-chain
variable fragment (ScFv) although it can also be modified binding
scaffolds, receptors, or ligands. The hinge domain connects the
ectodomain to the transmembrane domain, which is made of
alpha-helix. It stabilizes CARs in the cell membrane and enables
proper signaling™”!. In contrast, the intracellular domain consists
of a CD3 complex with a T-cell receptor”. In addition, the CAR
endodomain consists of different activation and costimulation
domains causing CAR to divide into five generations. By looking
for new genetic modifications, we can improve T-CAR cells in
carrying out the effector function of killing cancer cells™!l.
Immunohistochemical (IHC) analysis of gliomas has revealed
potential therapeutic targets, which are the antigens epidermal
growth factor receptor variant III (EGFRVIII), human epidermal
growth factor receptor 2 (HER2), interleukin alpha 2 receptor (IL-
13Ra2), and ephrin type-A receptor 2 (EphA2). Clinical trials on
the efficacy of specific interventions are currently underway!'?.

Key components of CAR-T cells: antigen recognition,
signaling domains, and co-stimulatory molecules.

Chimeric antigen receptor T cells (CAR-T cells) have emerged as
a groundbreaking therapy in oncology, offering new hope for
patients with certain types of cancers, particularly hematologic
malignancies!'®. These genetically engineered T cells are
designed to specifically target and eliminate cancer cells. The
efficacy of CAR-T cell therapy hinges on three critical compo-
nents (Fig. 1): antigen recognition, signaling domains, and co-
stimulatory molecules. Furthermore, ongoing advancements
have introduced a variety of innovative CAR-T cell designs
and combination therapies™!.

Antigen recognition

The first step in the mechanism of CAR-T cells is antigen recog-
nition, a process that determines the specificity and efficacy of
the therapy!**. CAR-T cells are equipped with a synthetic recep-
tor, the CAR, which is designed to recognize and bind to specific
antigens on the surface of cancer cells™®!. This receptor is
a fusion of several components, including an extracellular anti-
gen-binding domain, usually derived from a monoclonal anti-
body, that provides the specificity to recognize a tumor-
associated antigen (TAA)!'71,

The choice of antigen is crucial. Ideal target antigens are those
that are abundantly expressed on cancer cells but have limited or
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HIGHLIGHTS

e Chimeric antigen receptor T (CAR-T) cell therapy shows
promising potential in treating glioblastoma.

e Advances in technology aim to improve CAR-T cell effi-
cacy and safety.

o Key challenges include the blood-brain barrier and severe
side effects.

o Integration with existing treatments offers new therapeu-
tic directions.

e Continued innovation in genetic engineering is essential
for clinical success.

no expression on normal cells to minimize off-tumor effects. For
example, CD19 is a common target in B-cell malignancies
because it is primarily expressed on B cells. The binding of the
CAR to its target antigen is the initiating event that triggers the
activation and cytotoxic functions of the CAR-T cells!®!.

Signaling domains

Once the CAR binds to the antigen, the intracellular signaling
domains of the receptor come into play. These domains are
responsible for transmitting the activation signal from the extra-
cellular domain to the T cell, prompting it to kill the cancer cell.
The signaling domain is typically derived from the CD3{ chain
of the T cell receptor, which is a key player in T cell
activation!'”),

The CD3{ domain contains immunoreceptor tyrosine-based
activation motifs that initiate a cascade of intracellular signaling
events leading to T cell activation, proliferation, and cytotoxic
activity. However, the CD3{ domain alone is often insufficient
for robust and sustained T cell activation, which is where the co-
stimulatory molecules come into play®°!,

Co-stimulatory molecules

Co-stimulatory molecules are essential for enhancing the effi-
cacy and persistence of CAR-T cells. These molecules provide
additional signals required for full T cell activation and function.
The most common co-stimulatory domains used in CAR con-
structs are derived from CD28 and 4-1BB (CD137)",

CD28: The inclusion of the CD28 co-stimulatory domain in
CAR-T cells leads to rapid and robust T cell activation. CD28
enhances the production of interleukin-2 (IL-2), a cytokine cri-
tical for T cell proliferation and survival. CAR-T cells with
CD28 domains tend to have a potent initial response but may
have shorter persistence in the body!??!,

4-1BB (CD137): The 4-1BB co-stimulatory domain promotes
T cell survival and enhances their longevity and memory pheno-
type. CAR-T cells incorporating 4-1BB typically exhibit sus-
tained activity over a more extended period, which can be
beneficial for long-term cancer control®?,

The combination of CD3{ with either CD28 or 4-1BB co-
stimulatory domains has been shown to significantly improve
the overall function of CAR-T cells’®*. Each co-stimulatory
molecule imparts distinct properties to the CAR-T cells, and
ongoing research aims to optimize these combinations for var-
ious therapeutic applications*,

5744



Czyzewski et al. Annals of Medicine & Surgery (2025)

@ Antigen Recognition

TAA
CAR
CAR-T cell

Cancer cell

@ Signaling Domains

@ Co-Stimulatory Molecules

CD28

« Rapid and robust T cell
activation
¢ IL-2 increased production
« Potent initial response but
may have shorter persistence
in the body

4-1BB
(CD127)

* Promotion of longevity and
memory phenotype

bio

Created in BioRender.com

Figure 1. The efficacy of CAR-T cell therapy hinges on three critical components.

Overview of the production and administration process of
CAR-T cells

Production of CAR-T cells occurs through viral vectors, which
use reverse transcriptase to incorporate artificial genes into the
host genome!*®!. They are then proliferated and blood-preserved
under good manufacturing practice conditions?”!. They are
delivered locoregionally: intraventricularly and intratumorally
(ICT)™%!. This is due to evidence that CAR-T cells do not work
by intravenous infusion in solid tumors, due to immune escape
of antigen'**°!, In intratumoral injections, the inflammatory
niche created enhances their anti-tumor efficacy®'!. The injec-
tion materials are hydrogels. They surround the CAR-T cells by
acting as a support, where they accumulate proliferation to then
migrate efficiently towards the tumor'®?!. In addition, they pro-
vide an opportunity to co-encapsulate other therapeutic agents,
such as cytokines, metformin or oxygen carriers. Currently in
development are special hydrogel platforms for locoregional
delivery and controlled release of CAR-T cells!*3!.

CAR-T cell therapy in glioblastoma

Through IHC analysis, various molecules have been identified as
potential targets for CAR T cell therapy against GBMs (Table 1).
Completed and ongoing clinical trials using CAR-T cells

targeting glioblastoma-specific antigens including EGFRVIII,
B7-H3, IL13Ra2, HER2, GD2, NKG2D, CARv3-TEAM-E,
CD70, and EphA2 are summarized below.

EGFRuvlll

In 2009, Bullain et al employed the sequence of the MR1 murine
scFv targeting EGFRVIII to develop a first-generation CAR.
Their findings demonstrated that T cells engineered with MR1-
{ were capable of specifically recognizing glioma cell lines
expressing EGFRVIII and effectively inhibiting intracranial
tumor growth in immunodeficient murine models>*.,

The following year, Ohno et al®*! developed a different CAR
targeting EGFRVIIL, utilizing the mouse monoclonal antibody
(mAb) 3C10. Their research revealed that T cells modified with
this CAR could successfully infiltrate intracranial gliomas and,
when administered systemically, suppress tumor growth in immu-
nodeficient mouse models. Further advancements came in 2012
when Morgan et al®® engineered an anti-EGFRVIII CAR based on
the human monoclonal antibody mAb-139. This CAR specifically
recognized glioma stem cells expressing EGFRVIII without target-
ing control or wild-type EGFR-engineered cell lines in vitro. With
a T-cell signaling domain that included CD28, 41BB, and CD3¢,
the 139-based CAR T cells were expanded to large quantities while
retaining their antitumor efficacy!>®!, Progress in the field continued
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Summary of CAR-T cell therapy in glioblastoma

Type of CAR-T + others Subject Phase Status ID

SNC-109 CAR-T The Safety and Efficacy of SNC-109 CAR-T Cells Therapy the Recurrent Glioblastoma 1 Recruiting  NCT05868083

NKG2D CAR-T Pilot Study of NKG2D CAR-T in Treating Patients With Recurrent Glioblastoma 1 Unknown  NCT04717999
status

B7-H3 CAR-T + Temozolomide

EGFRvIIl CAR T

Pilot Study of B7-H3 CAR-T in Treating Patients With Recurrent and Refractory Glioblastoma
B7-H3 CAR-T for Recurrent or Refractory Glioblastoma

EGFRvIII CAR T Cells for Newly-Diagnosed WHO Grade IV Malignant Glioma (ExCel)
Intracerebral EGFR-vIIl CAR-T Cells for Recurrent GBM (INTERCEPT)

The Efficacy and Safety of Brain-targeting Immune Cells (EGFRVIII-CAR T Cells) in Treating

1 Recruiting  NCT04385173
12 Recruiting  NCT04077866
1 Terminated NCT02664363
1 Terminated NCT03283631
1

Unknown  NCT05063682

Patients With Leptomeningeal Disease From Glioblastoma. Administering Patients EGFRII status

-CAR T Cells May Help to Recognize and Destroy Brain Tumor Cells in Patients

(CARTREMENDQUS)

A Study to Evaluate the Safety, Tolerance and Initial Efficacy of EGFRvIIl CAR-T on Glioblastoma 1 Not  yet NCT05802693
recruiting

Autologous T Cells Redirected to EGFRVII-With a Chimeric Antigen Receptor in Patients With 1

EGFRVIII+ Glioblastoma

Terminated NCT02209376

CHM-1101 CAR-T CART Cells in Patients With MMP2+ Recurrent or Progressive Glioblastoma 1 Recruiting  NCT05627323

NKG2D-based CAR T NKG2D-based CAR T-cells Immunotherapy for Patient With r/r NKG2DL+ Solid Tumors 1 Withdrawn  NCT04270461
NKG2D-based CAR T-cells Immunotherapy for Patient With r/r NKG2DL+ Solid Tumors 1 Unknown  NCT05131763

status

Truncated IL7Ra modified CAR T (Tris-CAR-  Tris-CAR-T Cell Therapy for Recurrent Glioblastoma 1 Recruiting  NCT05577091

N

Anti-EGFRvIIl CAR T + cyclophosphamide + Pilot Study of Autologous Anti-EGFRvIIl CAR T Cells in Recurrent Glioblastoma Multiforme 1 Unknown  NCT02844062

Fludarabine status

B7-H3 CAR-T Safety and Efficacy Study of Anti-B7-H3 CAR-T Cell Therapy for Recurrent Glioblastoma 1 Recruiting  NCT05241392
B7-H3 Chimeric Antigen Receptor T Cells (B7-H3CART) in Recurrent Glioblastoma Multiforme 1 Recruiting  NCT05474378
Loc3CAR: Locoregional Delivery of B7-H3-CAR T Cells for Pediatric Patients With Primary CNS 1 Recruiting  NCT05835687
Tumors
Autologous CAR-T Cells Targeting B7-H3 in Recurrent or Refractory GBM CAR.B7-H3Tc 1 Recruiting  NCT05366179

IL-8 Receptor-modified CD70 CAR T Phase | Study of IL-8 Receptor-modified CD70 CAR T Cell Therapy in CD70+ Adult 1 Recruiting  NCT05353530
Glioblastoma (IMPACT) (IMPACT)

IL13Ra 2 CAR-T + Ipilimumab + IL13Ra2-CAR T Cells With or Without Nivolumab and Ipilimumab in Treating Patients With 1 Recruiting  NCT04003649

Nivolumab GBM

Anti-EGFRVIIl synNotch Receptor Induced Anti-EGFRvIII synNotch Receptor Induced Anti-EphA2/IL-13Ralpha2 CAR (E-SYNC) T Cells 1 Recruiting  NCT06186401

Anti-EphA2/IL-13R alpha2 CAR (E-SYNC) T

Chlorotoxin  (EQ)-CD28-CD3zeta-CD19t- Chimeric Antigen Receptor (CAR) T Cells With a Chlorotoxin Tumor-Targeting Domain for the 1 Recruiting  NCT04214392

expressing CAR T Treatment of MMP2+ Recurrent or Progressive Glioblastoma

IL13R a 2 CAR-T Brain Tumor-Specific Immune Cells (IL13Ralpha2-CAR T Cells) for the Treatment of 1 Recruiting  NCT04661384

Leptomeningeal Glioblastoma, Ependymoma, or Medulloblastoma

Genetically Modified T-cells in Treating Patients With Recurrent or Refractory Malignant Glioma 1

Active, not NCT02208362

recruiting
HER2-CAR CMV-T CMV-specific Cytotoxic T Lymphocytes Expressing CAR Targeting HER2 in Patients With GBM 1 Completed NCT01109095
(HERT-GBM)
CD147-CAR T CD147-CART Cells in Patients With Recurrent Malignant Glioma 1 Unknown  NCT04045847
status
EGFRvIl CAR T transduced PBL + CART Cell Receptor Immunotherapy Targeting EGFRvIIl for Patients With Malignant Gliomas 1/2 Completed NCT01454596
Aldesleukin + Fludarabine + Expressing EGFRvIIl
Cyclophosphamide
Anti-PD-L1 CSR T + Cyclophosphamide + Pilot Study of Autologous Chimeric Switch Receptor Modified T Cells in Recurrent Glioblastoma 1 Unknown  NCT02937844
Fludarabine Multiforme status
EGFRvIIl CAR T + Pembrolizumab CART-EGFRvIII+ Pembrolizumab in GBM 1 Completed NCT03726515
CARV3-TEAM-E T CARV3-TEAM-E T Cells in Glioblastoma 1 Recruiting  NCT05660369

with a study published in 2014 by Sampson et al'®”, which
detailed the creation of an intracranial tumor model in immuno-
competent VM/Dk mice using the murine glioma parental cell
line SMA560. This work demonstrated that intracranial infusion
of EGFRvIII-specific third-generation CARs was highly effective
against brain gliomas, with success depending on lymphodeple-
tive host conditioning. Additionally, the cured mice exhibited
resistance to rechallenge with EGFRvIII-negative tumors®”.

Johnson et al®® refined the EGFRvIII-specific CAR design,
focusing on minimizing cross-reactivity with native EGFRwt
protein. Using a low-affinity scFv 2173, they ensured speci-
ficity for EGFRVIII, reducing on-target, off-tumor effects.
Their CAR, incorporating 41BB-CD3(, induced earlier
tumor regression and was chosen for clinical translation.
The antitumor efficacy, enhanced by temozolomide, was
validated both in vitro and in vivo, with specificity confirmed
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in models using EGFR-expressing keratinocytes and human
skin grafts®®],

Singh ez al discovered that lenalidomide, approved by the
FDA in 2013 for mantle lymphoma, enhances the growth and
sustained antitumor efficacy of 3C10 CAR-modified PBMCs
targeting EGFRVIII in vivol**],

A 2017 first-in-human study reported on the intravenous
administration of autologous T-cells reprogrammed to target
EGFRUVIII via a CAR in 10 patients with recurrent glioblastoma.
The study confirmed the feasibility and safety of EGFRvIII-tar-
geted CAR T-cell production and infusion, with no off-target
toxicity or cytokine release syndrome (CRS). One patient showed
stable disease for over 18 months, though overall CAR T-cell
expansion in peripheral blood was transient. The study highlighted
the need to address tumor heterogeneity and the immunosuppres-
sive tumor microenvironment (TME) to improve efficacy™!l.

Dong et al'**! demonstrated that combining EGFRvIII-direc-
ted CAR T-cells with anti-VEGF therapy enhanced their anti-
tumor effect, improving infiltration, distribution, and activation
in murine GBM models. This approach also reprogrammed the
TME, increasing endogenous effector T cells and improving
antitumor efficacy, suggesting potential benefits for other cell-
based therapies?!.

A phase 1 trial with six patients receiving intrathecal dual-target
CAR T-cells for recurrent GBM showed promising early results.
The main objectives — safety and establishing the maximum toler-
ated dose — were met, with early radiographic improvements seen
in all patients. CAR T cells were detected in cerebrospinal fluid,
along with cytokine release, supporting the initial safety and bioac-
tivity of CAR T cells targeting EGFR and IL13Ra2 in GBM!*?,

A CAR T-cell construct targeting the tumor-specific antigen
EGFRVIII demonstrated durable responses in an immunocom-
petent, orthotopic GBM mouse model, enhanced by a single
local dose of TL-12. IL-12 improved CAR T-cell cytotoxicity
by remodeling the TME, increasing infiltration of proinflamma-
tory CD4+ T cells, reducing regulatory T cells, and activating the
myeloid compartment. These findings suggest that localized IL-
12 is a promising adjuvant for CAR T-cell therapy in GBMM™],

Another study showed that the L8A4 antibody used in CAR
T-cell therapy, when combined with tyrosine kinase inhibitors
(TKIs), enhanced epitope presentation on EGFRVIII by stabiliz-
ing existing dimers without disrupting binding. Structural ana-
lysis indicated that the L8A4 antibody recognizes both
monomeric and dimeric forms of EGFRvIIL, independent of
cysteine-bridging patterns. This suggests that combining L8A4-
based CAR T-cell therapy with TKIs could improve treatment
outcomes for glioblastoma™!,

Swan et al'*®! engineered CAR T cells to secrete IL-7 and/or
FIt3L in an orthotopic tumor model, achieving increased intra-
tumoral CAR T-cell presence without lymphodepleting radia-
tion. Co-expression of IL-7 and Flt3L led to higher dendritic cell
infiltration and improved overall survival (OS), reaching 67%
and 50% for IL-7 and IL-7/FIt3L CAR T cells, respectively,
compared to 9% with standard treatment. The study concluded
that IL-7 secretion by CAR T cells enhances their efficacy and
survival in EGFRvIII-heterogeneous tumors'*!,

B7-H3

The cell surface glycoprotein B7-H3 is overexpressed in var-
ious solid tumors with limited presence in normal tissues.

Kramer et al'*”! demonstrated that compartmental radioimmu-
notherapy using the anti-B7-H3 monoclonal antibody ombur-
tamab, administered intraventricularly, effectively targeted
CNS cancers. A phase I study of intraventricular 131I-ombur-
tamab in 38 patients with metastatic neuroblastoma and B7-
H3-positive tumors showed a median progression-free survival
of 7.5 years, with minimal toxicity. Long-term survival was

observed, particularly in patients with isolated CNS
relapses!”).
Tang et all*®! reported a patient with recurrent glioblastoma,

overexpressing B7-H3, who experienced temporary tumor
reduction following intracerebral administration of B7-H3
CAR T cells. However, the tumor recurred after six infusion
cycless,

Nehama et al'*”' confirmed B7-H3 expression in glioblastoma
(GBM) through TCGA data and immunohistochemistry. B7-
H3-targeted CAR T-cells showed efficacy against GBM cell
lines and patient-derived neurospheres, both in vitro and in
xenograft models, demonstrating significant tumor inhibition.
CD28 co-stimulation increased cytokine production, but both
CD28 and 4-1BB co-stimulated CAR T cells were effectivel*”),

In a related study, B7-H3-targeted CAR T cells administered
locally and systemically led to tumor regression and improved
survival in glioma models*!,

Similarly, Tang et al'®'! found that B7-H3 was broadly
expressed in primary glioblastoma samples, correlating with
higher malignancy grades. B7-H3-specific CAR T cells exhibited
potent antitumor activity in vitro and iz vivo, leading to signifi-
cantly improved survival in treated GBM models*"’.

[49]

IL13Ra2

A first-in-human trial by Brown et al®*' evaluated
IL13Ra2-targeting CAR T cells for recurrent GBM. Three
patients received IL13(E13Y)-zetakine CD8(+) cytotoxic
T lymphocytes (CTLs) directly into the resection cavity. The
treatment was well-tolerated, with manageable brain inflamma-
tion, and two patients exhibited transient anti-glioma responses.
Tumor analysis indicated a reduction in IL13Ra2 expression,
and MRI showed necrosis in one patient>2!,

In a separate study, Brown et all**! tested allogeneic
GRm13Z40-2T cells with recombinant IL-2 in six patients
with recurrent GBM. The treatment was well-tolerated, and
four patients showed temporary tumor reduction and/or necro-
sis at the infusion site*®!,

A recent trial involving 65 patients treated with IL13Ra2
CAR T cells showed promising efficacy, with 50% achieving
stable or improved conditions. Median OS for the cohort was
7.7 months, with Arm 5 showing 10.2 months. Elevated CNS
inflammation markers corresponded with CAR T-cell activity,
and both intracranial and spinal lesions regressed following dual
administration®*!,

Gu et al”! developed three IL13Ro2-specific CARs with
different transmembrane domains. The IL13-CD28TM-28.BB.
{ CAR demonstrated the strongest antitumor activity in xeno-
graft models, with improved infiltration and gene expression
related to cell migration and adhesion*!. Xu et al**! engineered
a humanized CAR targeting IL13Ra2, showing enhanced
expansion and reduced cytokine production compared to mur-
ine-based CARs. This CAR exhibited potent antitumor activity
and presents a promising option for clinical GBM treatment'®!,
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Starr et al®”! compared IL13(E12Y)-CARs with various sig-
naling domains. Second-generation IL13-BB{ CARs demon-
strated superior antitumor efficacy and proliferative capacity
compared to first- and third-generation CARs, with selective
recognition of IL13Ra2 over IL13Ra17),

HER2

Ahmed et al®® assessed the activity of HER2-specific T cells
derived from 10 GBM patients against autologous GBM cells,
including CD133-positive stem cells, both in vitro and in an
orthotopic mouse model. HER2-positive GBM cells stimulated
T-cell proliferation and secretion of IFN-gamma and IL-2.
HER2-specific T cells effectively killed CD133-positive and
negative GBM cells but not HER2-negative cells. In vivo,
HER2-specific T cells induced sustained regression of GBM
xenografts. These findings suggest that HER2-redirected
T cells may offer a promising immunotherapy strategy for
GBMP*l,

To address antigen escape, Hedge et al®’! engineered
a bispecific CAR (TanCAR) targeting HER2 and IL13Ra2.
TanCAR T cells could bind to either antigen and lyse autologous
GBM cells, reducing antigen escape and enhancing antitumor
efficacy. In a mouse model, TanCAR T cells extended survival
and showed improved efficacy by simultaneously targeting both
antigens®’!,

In another study, HER2-CAR virus-specific T cells were admi-
nistered to 17 patients with progressive HER2-positive GBM. The
treatment was well tolerated, with one partial response lasting
over 9 months, and seven patients achieving stable disease for up
to 29 months. Median OS was 11.1 months, suggesting HER2-
CAR T cell therapy may offer clinical benefits!*"!,

A first-in-human trial of HER2-targeted CAR-NK cells in
nine patients with recurrent GBM showed that the treatment
was safe, with no major toxicities observed. Five patients
achieved stable disease, and the median OS was 31 weeks. The
study indicated that intracranial HER2-targeted CAR-NK cell
therapy is feasible and safe for GBM patients!®"’,

GD2

Liu et al'®"! evaluated GD2-specific fourth-generation safety-
engineered CAR (4SCAR) T-cell therapy in eight patients with
GD2-positive GBM. Patients received autologous GD2-specific
4SCAR-T cells either intravenously or through a combination of
intravenous and intracavitary administration. Four patients
achieved a partial response lasting 3-24 months, three had
progressive disease for 6-23 months, and one maintained stable
disease for 4 months. The median OS was 10 months. Post-
infusion tumor analysis revealed GD2 antigen loss and T cell
infiltration. The treatment was well tolerated, with no signifi-

cant adverse events'¢'l.

NKG2D

In immunocompetent orthotopic glioblastoma mouse mod-
els, a CAR based on NKG2D (chNKG2D) was tested.
chNKG2D T cells demonstrated strong IFNy production
and cytolytic activity in wvitro. Systemic administration
in vivo resulted in successful migration to brain tumors,
extended survival, and cured some glioma-bearing mice.
Surviving mice were protected against tumor rechallenge
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due to immune memory and local persistence of chNKG2D
T cells. Combining chNKG2D T cells with subtherapeutic
local radiotherapy enhanced T-cell migration and efficacy in
two glioma models. The study demonstrated the potential of
NKG2D CAR T-cell therapy, especially when combined with
radiotherapy, for treating gliomas!®?!.

CARv3-TEAM-E

In this first-in-human trial, three patients with recurrent
GBM were treated with CARv3-TEAM-E T cells, designed
to target both the EGFR variant III (EGFRvII) tumor-speci-
fic antigen and the wild-type EGFR protein through the
secretion of a T-cell-engaging antibody molecule (TEAM).
The therapy was well tolerated, with no adverse events
above grade 3 and no dose-limiting toxicities. Notably,
rapid and significant tumor regression was observed on ima-
ging within days of a single intraventricular infusion.
However, in two of the three patients, these responses were
transient!®?,

CD70

Jin et al identified CD70 as a promising target for CAR T-cell
therapy in brain tumors, including GBM. A detailed analysis of
52 normal tissues and both low-grade gliomas (LGGs) and
GBMs revealed that CD70 was absent in normal brain and
peripheral tissues but consistently overexpressed in IDH wild-
type LGGs and GBMs. Higher CD70 expression was linked to
poorer survival, likely due to its role in chemokine production
and CD8+ T-cell death. Both human and mouse CD70-specific
CAR T cells effectively targeted CD70+ GBM cells in vitro,
leading to tumor regression in xenograft and syngeneic models
without adverse effects. These findings suggest CD70 as a viable
target for CAR T-cell-based immunotherapy in gliomas.

EphA2

EphA2 is a TAA that is highly overexpressed in glioblastoma.
The first human trial of EphA2-directed CAR T-cells in patients
with recurrent, EphA2-positive glioblastoma was performed by
Lin et al Each of the three enrolled patient received a single
intravenous infusion of EphA2-directed CAR T-cells following
a lymphodepletion. Two patients experienced grade 2 CRS
accompanied by pulmonary edema, which was fully resolved
with dexamethasone treatment. No other organ toxicities,
including neurotoxicity, were observed. CAR T-cell expansion
was detected in both the peripheral blood and cerebrospinal
fluid, with persistence for over 4 weeks. One patient experienced
temporary tumor reduction, while the overall outcomes among
the three patients included one with stable disease and two with
progressive disease, with survival times ranging from 86 to
181 days. The intravenous administration of EphA2-targeted
CAR T-cells was generally well tolerated and showed temporary
clinical efficacyl®*.

Challenges and limitations

Blood-brain barrier

CAR-T cell therapy represents a significant advancement in
cancer treatment, particularly for hematological malignancies.
However, the application of CAR-T cells in treating brain
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tumors faces a major challenge: crossing the BBB!®*!. The BBB is
a selective barrier that protects the brain from harmful sub-
stances but also limits the entry of therapeutic agents.
Understanding how CAR-T cells can cross the BBB is crucial
for developing effective brain tumor treatments'®®!, The BBB
consists of endothelial cells (ECs) tightly joined by tight junc-
tions, creating a highly selective barrier. These cells are sup-
ported by astrocytes, pericytes, and the extracellular matrix,
forming a complex neurovascular unit that regulates the move-
ment of molecules between the bloodstream and the brain!®7-*%1,
There are a number of preclinical studies that undertake the task
of facilitating CAR-T Cell migration across the BBB!®*7!]. The
presence of brain tumors provides to disruption of BBB and
presents as an incomplete pericyte coverage, malfunctioning
astrocytes, and damaged basement membrane. It allows leuko-
cytes to cross the barrier. This process explains the lower num-
ber of leukocytes in the immune microenvironment of LGGs,
where the BBB remains relatively intact!”?!. Despite the extent of
BBB disruption in GBM, achieving consistent and effective drug
concentrations within the tumor tissue is still a significant chal-
lenge, and T cells encounter persistent obstacles when attempt-
ing to penetrate the brain. There are several preclinical studies
that undertake the task of facilitating CAR-T Cell migration
across the BBB!”?!. To confront the problem of BBB combination
of intravenous and intraventricular administration of
IL13Ra2-CART resulted in enhanced antitumor effects.
Findings of Brown et al”* suggested that intraventricular infu-
sion is more effective than intravenous infusion alone. The lim-
itation of the above strategy occurs in patients who have not
undergone surgery, as it could elevate intracranial pressure and
become a significant risk for patients. Moreover, CART cell-
induced inflammation in the brain stem can lead to obstructive
hydrocephalus, elevated intracranial pressure, seizures, sterile
inflammation, and fever, along with more severe complications
like CRS and immune effector cell-associated neurotoxicity syn-
drome (ICANS)7>71,

Transcellular migration

CAR-T cells can potentially cross the EC layer through a process
called transcellular migration. This involves the CAR-T cells
interacting with the ECs and creating temporary openings in
the cell membranes, allowing them to pass through. CAR-T
cells may utilize receptor-mediated mechanisms to traverse the
BBB!"®!. Specific receptors on the surface of ECs can bind to
ligands expressed by CAR-T cells, facilitating their transport
across the barrier. Before leukocyte diapedesis, an ICAM-1
cluster forms on the EC membrane surrounding the leukocytic
filopodia-like structures. Diapedesis can occur in two ways:
across ECs (transcellular) or between ECs (paracellular).
Transcellular diapedesis is thought to be preferable when cell
junctions are very tight — for example, at the BBBI”), This path-
way requires the homophilic interaction of platelet EC adhesion
molecule-1 (PECAM-1, CD31) and CD99 between leukocytes
and ECs. Junctional adhesion molecule A (JAM-A, JAM-1) is
also necessary for transcellular migration, but its role remains
controversial. As for paracellular diapedesis, the IgSF-integrin
interaction induces the loosening of the adherent junctions. In
addition to the already mentioned PECAM-1, CD99, and JAM-
A, other molecules, such as ICAM-2, VCAM-1, and JAM-C, are
involved in paracellular transmigration®!,

It is hypothesized that CAR-T cells can utilize transcellular
migration to cross the BBB. The molecular interactions between
CAR-T cells and ECs play a crucial role in this process, where
temporary openings in cell membranes are formed, allowing
CAR-T cells to pass through”!. Experimental studies demon-
strate the feasibility of transcellular migration both in vitro and
in vivo, highlighting the therapeutic potential of this mechanism
for treating brain tumors!®®!,

Inflammatory signals, often present in the TME, can increase
BBB permeability. CAR-T cells can exploit this increased perme-
ability to migrate into the brain tissue!®’. A study has shown
that severe CRS and ICANS limit the clinical applicability of
CAR-T cell therapy. Vascular endothelial activation contributes
to the development of CRS and ICANS, with tumor necrosis
factor a (TNFo) from CAR-T cells and interleukin 1B (IL1B)
from myeloid cells being the primary cytokines involved. The
study investigated the effectiveness of blocking TNFa and IL1B
signaling on endothelial activation in CAR-T therapy. The use of
adalimumab and anti-IL1p antibodies, along with a focal adhe-
sion kinase inhibitor, successfully reduced endothelial activa-
tion. Moreover, adalimumab and anti-IL1B antibody showed
a synergistic effect in preventing endothelial activation, indicat-
ing their therapeutic potential for managing CAR-T therapy-

associated CRS and neurotoxicity!®?!,

Heterogeneity and antigen loss in glioblastoma

A high mutational diversity in tumors leads to the generation of
numerous neoantigens. GBM typically has a low mutational
burden, limiting the effectiveness of therapies like CAR-T due
to the few neoantigens that T cells can recognize. Additionally,
GBM is characterized by considerable heterogeneity®®!,
Common CAR-T cell targets in GBM, like IL-13Ra2 and
EGFRVIII, show variable expression both between different
patients and within the same patient, and these expressions can
change over time and across different tumor regions. The hetero-
geneity can be observed also at the cellular level'®*. GBM tumors
contain multiple subtypes and subclones driven by clonal evolu-
tion and the plasticity of cancer stem cells!"?!. Hypoxia gradients
are a key factor in spatial heterogeneity; within central necrotic
areas, microglia and macrophages upregulate pro-inflammatory
markers, while the tumor periphery expresses more anti-inflam-
matory and pro-angiogenic markers. Notably, there is also
a difference between primary and recurrent tumors'®*l, Local
recurrences often maintain the mutational profile of the original
tumor, while distant recurrences tend to lose many of the initial
mutations, which leads to reduced drug sensitivity after recur-
rence. After the initial tumor reduction by CAR-T cells, antigen-
negative cells can survive and evade therapy, leading to tumor
relapse. This process, known as antigen escape, occurs when the
tumor evades CAR targeting by downregulating or mutating the
targeted antigen'®®!. This phenomenon has been observed in
clinical trials of CAR-T cell therapy in GBM: in one study
targeting EGFRVIIL, the tumor lost target expression and
increased immunosuppressive molecule production. In another
trial targeting IL-13Ro2, the patient developed a recurrent
tumor with reduced antigen expression. The challenges of
tumor heterogeneity and antigen escape highlight the need to
target multiple antigens or to use combination approaches in
treatment. However, combining therapies also raises the risks of
increased toxicity, drug interactions, and adverse effects!®”!.
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Suppression of CART therapy by the TME

The effectiveness of CAR-T cell therapy in treating solid tumors,
such as glioblastoma, faces significant challenges due to the
complex and suppressive TME. Unlike hematologic cancers,
solid tumors exist within a complex microenvironment, where
numerous factors — including inhibitory receptors, suppressive
cells, cytokines, physical barriers, hypoxia, and tumor metabo-
lism — dampen immune responses and support tumor growth!®*!
When CAR-T cells infiltrate these tumors, they encounter sup-
pressive cells, cytokines, and chemokines that can impair their
function. Specific mechanisms driving this dysfunction are still
being studied, but research has shown that IFNy signaling is
crucial for CAR-T cell adhesion and cytotoxicity'®!. It was
found that deleting IFNyR1 in glioblastoma cells reduces CAR-
T cell effectiveness!”). To further enhance CAR-T cell activity in
such challenging environments, various strategies have been
developed. Cytokine administration, such as IL-15, has been
employed to boost CAR-T cell proliferation, persistence, and
overall efficacy. Also enhancing IFN-y release through oncolytic
herpes simplex virus-1 has been observed”!. Additionally,
receptor-modified CAR-T cells have shown promise in overcom-
ing the inhibitory TME. For instance, CXCR2-modified CAR-T
cells have been found to improve in vivo trafficking and accu-
mulation in tumors, while other modifications like CXCR4 and
CX3CR1 have enhanced tumor infiltration and suppressed
migration of suppressive cells like MDSCs!”3!,

The hypoxic and metabolically challenging conditions within
glioblastoma further contribute to resistance against CAR-T
therapy. Elevated PHGDH expression in glioblastoma ECs, for
example, has been linked to increased tumor hypoxia and angio-
genesis, making tumors more resistant to treatment. Anti-angio-
genic therapies have shown potential in counteracting these
effects and improving CAR-T cell efficacy!*?!.

Combining CAR-T cells with immune checkpoint inhibitors
targeting PD-1, PD-L1, and CTLA-4 has also demonstrated
improved tumor control in some cancer patients, although
response rates vary due to differences in receptor expression.
The discovery of additional inhibitory receptors, such as TIM-3,
LAG-3, and B7-H3, suggests that using various combinations of
checkpoint inhibitors alongside CAR-T therapy could further
enhance treatment outcomes. Predictive biomarkers like tumor
mutation load could help identify patients who are more likely
to benefit from these combination therapies!®?!.

Overall, the solid TME is highly complex and heterogeneous,
requiring a multifaceted approach to therapy. While CAR-T
cells have the potential to directly target and eliminate tumor
cells, combining them with other strategies — such as cytokine
modifications, immune checkpoint inhibitors, anti-angiogenic
treatments, and approaches targeting hypoxia and tumor meta-
bolism - offers the best chance to overcome the numerous
obstacles present in solid tumors like glioblastoma. These com-
bined therapies significantly improve the effectiveness of CAR-T
cell therapy in solid tumors™®*.

Side effects and toxicities associated with CAR-T cell
therapies

CAR-T cell therapy besides many advantages and promising
results is also linked to serious toxicities, including CRS and
ICANSP!. Although these adverse effects are generally manage-
able and reversible with appropriate supportive care, they can be
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life-threatening, necessitating careful monitoring and rapid
intervention. Early detection and swift management of these
toxicities are crucial in minimizing both morbidity and mortal-
ity. The diagnosis and management of adverse events related to
CAR-T cell therapy are particularly challenging due to the lim-
ited understanding of many underlying mechanisms. These side
effects can vary widely in severity and presentation, potentially
affecting multiple organ systems, much like immune-related
adverse events observed with immune checkpoint inhibitors!®®!.
One common issue is the on-target off-tumor effect, where CAR-
T cells attack healthy cells expressing the target antigen. Reports
have also documented allergic reactions and metabolic distur-
bances, such as tumor lysis syndrome, following CAR-T cell
infusion!®**, However, the most prominent toxicities associated
with CAR-T cell therapy are CRS, ICANS, and hemophagocytic
lymphohistiocytosis/macrophage activation syndrome (HLH/
MAS)[97,98]‘

The incidence of CRS ranged from 49 % to 95 %, with grade >
3 CRS occurring in 1%-24% of cases. A consistent trend is that
CRS when compared to ICANS typically has an earlier median
onset, usually within the first week after CAR-T cell infusion,
while ICANS tends to have a longer average duration. CRS
impacts multiple organ systems and often begins with general
symptoms such as high fever (above 40°C), fatigue, tachycardia,
and muscle aches. In more severe cases, CRS may manifest with
hypotension, hypoxia, capillary leak syndrome, multi-organ
failure, disseminated intravascular coagulation (DIC), and even
HLH/MAS. The rise in circulating inflammatory cytokines leads
to increased vascular permeability and fluid third-spacing, creat-
ing a sepsis-like syndrome, typically accompanied by neutrope-
nia. CRS can be classified based on severity: mild CRS includes
constitutional symptoms and/or grade <2 organ toxicity, while
severe CRS is marked by grade > 3 organ toxicity, which may be
life-threatening. Tocilizumab is currently the primary treatment
for managing CRS following CAR-T cell infusion, with corti-
costeroids being added for cases that are severe or resistant. The
use of corticosteroids as a preventive measure for CRS needs
further research. Siltuximab is an alternative option to
tocilizumab!®*1%°!,

Endothelial activation and disruption of the BBB are key
factors contributing to ICANS. Angioproteins 1 and 2 (Ang-1,
Ang-2) serve as ligands for the Tie-2 receptor, playing opposite
roles in endothelial regulation. Under normal conditions, Ang-1
is more prevalent, promoting EC stability and suppressing pro-
inflammatory pathways. However, during inflammation, Ang-2
levels rise, leading to endothelial activation and increased micro-
vascular permeability. Patients who experience severe neuro-
toxicity following CAR-T cell therapy often have a higher
Ang-2 ratio, along with elevated von Willebrand Factor (VWF)
levels, both of which are markers of endothelial activation™!.
The signs of ICANS are more varied than those of CRS, includ-
ing mild symptoms like dysgraphia, attention deficits, apraxia,
headaches, sleep disturbances, anxiety, myoclonus, motor
impairments, and dyscalculia, ranging to more severe manifesta-
tions, including encephalopathy, aphasia, delirium, tremors, sei-
zures, and cerebral edema. The Immune Effector Cell-Associated
Encephalopathy score has been developed as an objective and
reliable tool to screen cognitive function in adult patients.
ICANS was reported in 12%-60% of patients, with severe
cases (grade>3) occurring in 3%-50% of patients.
Corticosteroids are the primary treatment for ICANS, while
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seizures are typically managed with levetiracetam, with or with-
out benzodiazepines!'®?. For refractory CRS or ICANS treat-
ment with anakinra proved to be safe and effective. The overall
response rate remained high at 77% following CAR-T therapy,
indicating that anakinra likely has a minimal effect on the effi-
cacy of CAR-T cells. A higher dose of anakinra may lead to
quicker resolution of CRS/ICANS and was independently linked
to reduced treatment-related mortality!%!,

Despite the frequent occurrence of these side effects, a meta-
analysis estimated the rate of treatment-related death at only
1%. A preliminary survey reported an incidence of just 3.48%
for HLH/MAS following CAR-T cell therapy between 2016 and
2018. However, more recent phase I trials involving anti-CD22
CAR-T cells indicated that 32.7% and 35.6% of patients devel-
oped HLH, respectively. These results, along with the significant
morbidity and mortality linked to this syndrome, have heigh-
tened concern over CAR-T cell-associated HLH/MAS!"*?],

Innovations and improvements

Advances in genetic engineering of CAR-T cells for
enhanced specificity and safety

CAR-T cells have been successful in treating hematological
malignancies, but their application in treating GBM remains
a challenge due to the difficulty in finding an ideal antigen on
tumor cells. Very few antigens are specific only to glioblastoma
cells. The use of lymphocytes that are not specific to cancer cells
causes side effects, as CAR T cells destroy healthy cells in the
body. On the other hand, even a highly specific TA is rarely
homogeneous, meaning it is seldom present on all glioblastoma
cells™®, The use of CAR T cells targeted against heterogeneous
antigens (not homogeneous) would result in not all tumor cells
being killed. Those that survive would lead to glioblastoma
regrowth. Therefore, it is necessary to find antigens that are
both highly specific to glioblastoma tumor cells and homoge-
neous, meaning they are present on all glioblastoma cells. The
use of CAR T cells targeted against heterogeneous antigens (not
homogeneous) would result in not all tumor cells being killed.
Those that survive would lead to glioblastoma regrowth. Thus,
ideal targets must be both specific and uniformly expressed. So
far, this has not been achieved A highly specific antigen for GBM
cells has been found: the epidermal growth factor receptor splice
variant III (EGFRVIII). Unfortunately, although it is highly spe-
cific to glioblastoma cells, it is not homogeneous, meaning not
every glioblastoma cell possesses it. The use of conventional
CAR T cells targeted against this antigen will cause that glio-
blastoma cells without this antigen will survive and the tumor
will regrowth. On the other hand, scientists have found antigens
such as ephrin type A receptor 2 (EphA2) and interleukin 13
receptor 02 (IL13Ro2), which are homogeneous on glioblas-
toma cells, but are not highly specific to them. It means, they
are also present on healthy cells in the body, such as liver,
kidney, and genital cells. The use of CAR T cells programmed
against these antigens would result in the death of all glioblas-
toma cells, but also the death of healthy cells in the body, leading
to very dangerous complications!'**!,

The solution to the problem of finding a specific and homo-
geneous antigen is the creation of SynNotch-CAR T cells. Their
action is described as “prime-and-kill” circuits. This means that
SynNotch-CAR T cells recognize the EGFRVIII antigen, which is

highly specific to glioblastoma cells but is heterogeneous. The
binding of SynNotch-CAR T cells to a highly specific antigen
stimulates them to transcribe genes (prime), which encode pro-
teins that detect EphA2 and IL13Ra2 receptors, which are
homogeneous for glioblastoma cells but not highly specific.
Recognition of EphA2 and IL13Ra2 receptors signals the killing
of the cell that possesses these antigens. As a result, CAR T cells
destroy only glioblastoma cells and are unable to kill healthy
cells in the body that possess the EphA2 and IL13Ra2 antigens.
Healthy organs, despite having the EphA2 and IL13Ra2 recep-
tors, are not damaged by SynNotch-CAR T cells because they do
not have the EGFRVIII antigen. This avoids side effects.
SynNotch-CAR T cells leverage the specificity of the
EGFRVIII antigen and the homogeneity of EphA2 and
IL13Ro2 antigens to target and kill cancer cells. Upon detection
of the EGFRVIII antigen, SynNotch-CAR T cells are primed, and
when they encounter EphA2 or IL13Ra2 antigens, they execute
cancer cell killing. This occurs in two ways: cis-killing, where the
same cancer cell presents both types of antigens, and trans-kill-
ing, where one cancer cell activates the T cell, and it then kills
a different cell with the EphA2 or IL13Ro2 antigens. The study
demonstrated that SynNotch-CAR T cells effectively target glio-
blastoma cells lacking specific antigens, provided they are first
activated by cells with the EGFRVIII antigen. Iz vivo studies on
mice with GBM showed significantly improved survival com-
pared to those treated with conventional CAR T cells!%¢,

Combination therapies involving CAR-T cells and other
treatments such as checkpoint inhibitors, tumor vaccines,
or chemotherapy

To achieve improved outcomes in the treatment of GBM, two
main strategies are being pursued for the development of CAR
T-cells. The first strategy focuses on the continuous enhance-
ment and modification of CAR T-cells to increase their effec-
tiveness in targeting and killing cancer cells. The second strategy
involves combining CAR T-cell therapy with other established
cancer treatments, such as chemotherapy, cancer vaccines, and
immune checkpoint inhibitors!°”),

Temozolomide, a chemotherapeutic agent, has been success-
fully used in the treatment of GBM for many years. There have
been attempts to combine temozolomide therapy with CAR
T-cells, but the results have been disappointing. Temozolomide
promotes hypermutation in GBM cells, which leads to the devel-
opment of resistance and antigen escape, reducing the effective-
ness of CAR T-cells. On the other hand, it is known that
temozolomide induces lymphodepletion, increases the expres-
sion of pro-inflammatory factors, and promotes the prolifera-
tion of CAR T-cells. Therefore, there are some studies which
comparing the efficacy of temozolomide alone versus temozolo-
mide in combination with CAR T-cells in the treatment of GBM.
While the results of these studies have not been published, it is
known that positive outcomes have been observed in the treat-
ment of acute lymphoblastic leukemia and lung cancer with this
combined approach!!%%],

Cancer vaccines stimulate the proliferation of lymphocytes in
lymph nodes, particularly T-cells. Theoretically, administering
CAR T-cells followed by a cancer vaccine could induce massive
proliferation of CAR T-cells, thereby enhancing their effective-
ness in destroying cancer cells compared to CAR T-cell therapy
alone. There are two types of cancer vaccines. The first type is
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peptide vaccines that contain an amphipathic CAR-T cell ligand
(amph-ligand) as a vaccine, which is transported to lymph nodes
after injection and modified antigen-presenting cell surface.
Thus, this can initiate CAR-T cells in the natural lymph node
microenvironment and trigger massive CAR-T cells expansion,
which can demonstrate stronger antitumor efficacy compared to
the single CAR-T cell treatment!'%. The second type includes
cell-based vaccines, which involve radiation-induced immuno-
genic cell death of glioma stem cells, which also stimulate CAR-
T cells to proliferation. Currently, research on these vaccines is
at the preclinical trial stage!'*l,

Emerging evidence highlights the synergy between CAR-T
cells and other immunomodulatory strategies. Immune check-
point inhibitors (e.g. anti-PD-1, anti-CTLA-4) can enhance
CAR-T efficacy by counteracting the immune suppressive
TME. Similarly, tumor vaccines can stimulate endogenous
T-cell responses and expand CAR-T cell functionality, especially
in antigen-heterogeneous tumors. CRISPR-engineered CAR-T
cells offer precise genome editing to enhance T-cell persistence,
reduce exhaustion, and prevent off-tumor toxicity. Collectively,
these combination approaches represent a future direction for
optimizing CAR-T-based glioblastoma therapy!*'=113],

Immune checkpoints are natural components of the immune
system, protecting healthy cells from destruction by immune
cells. T-cells express PD-1 proteins on their surface, while
healthy cells express PD-L1 receptors. The binding of these
molecules signals T-cells not to kill healthy cells!'"].
Unfortunately, cancer cells exploit this mechanism to avoid
destruction by overexpressing PD-L1, thereby evading T-cell-
mediated killing. The solution to this problem is the use of
checkpoint inhibitors, which are molecules that block the PD-
1/PD-L1 interaction, leading to T-cell activation and the subse-
quent destruction of cancer cells. The combination of this ther-
apy with CAR T-cells could theoretically significantly enhance
the effectiveness of GBM treatment!!'*''®]. Clinical trials inves-
tigating the combination of CAR T-cells and immune check-
point inhibitors for GBM treatment are currently underway,
but their results have not yet been published.

Role of biomarkers in predicting response to CAR-T cell
therapies

Potential wider-scale application of CART therapy would
require reliable tools for qualification and stratification of can-
didate patients and assessment of efficacy and safety of the
ongoing therapy. As of now, list of targets available for CART
in therapy of gliomas is limited to nine, therefore group of
candidate patients is narrowed by presence of specific antigen
in tumor cells"?!, Further, presence of a certain antigen may be
related to distinct and rare subtype of glioma, that is, disialo-
ganglioside GD2 specific in cells of H3K27M-mutated diffuse
midline gliomas™!”!, Despite its presence on GBM cells, trial on
GD2-targeted therapy did not conclude with unambiguously
favorable outcome!®!. GBM cells are additionally characterized
by heterogeneity of surface antigens and over the time certain
cells may present plasticity of their antigen profile. In contrast to
acute B-cell lymphoblastic leukemia, these profiles do not have
a common component (i.e. CD19) and are not easily translatable
into biomarkers obtainable from peripheral blood!''$12l, In
summary, no laboratory parameters are available yet to predict
eligibility and expect efficacy of therapy and material acquired
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only by surgical resection or biopsy allows examination of anti-
gen profile!!),

While the essence of CART therapy of glioblastoma is based
on permeation of lymphocytes through endothelium and exert-
ing its cytotoxic activity within brain parenchyma, the same
mechanism is responsible for ICANS!"?%!23], Occurrence of neu-
rotoxicity was demonstrated to correlate with several laboratory
parameters expressing endothelial activation and increased per-
meability. Among patients receiving CART therapy for acute
lymphoblastic B-cell leukemia it was associated with release of
VWEF from Weibel-Palade bodies and activation of angiopoietin
tyrosine kinase with immunoglobulin and epidermal growth
factor homology domains (ANG/Tie) pathway. This association
was followed by increased concentration and steep dynamics of
change of inflammatory biomarkers, including IL-1 beta, IL-6,
and IFN gamma. This reminds that apart from ICANS, infusion
of CART cells is more commonly associated with CRS. Its
clinical presentation may range from mild ailments to life-threa-
tening conditions and multi-organ failure. Therefore CART
infusion is required to be secured with anti-inflammatory
agent, most commonly either tocilizumab (anti-IL-6) or ana-
kinra (anti-IL-1), however in terms of GBM siltuximab may be
favored over tocilizumab due to not crossing the BBBM*!1%31,
What is worth noting here, regular protocol for administration
of CART includes co-administration of exogenic IL-2 to upsurge
cytotoxic activity and may circuitously escalate inflammatory
basis of neurotoxicity. Influx of lymphocytes, including CAR-T
cells is confirmed by their presence in CSF and their longer
retention is associated with more severe toxicity. Eventually,
hyperferritinemia concomitant to signs of ICANS may manifest
CART-induced hemophagocytic lymphohistiocytosis (HLH)
which corresponds with activation of microglia in perivascular
area in brain specimens from patients who experienced severe
ICANS!!241251 Fortunately, initial experiences with application
of CART in GBM reported CRS to be not as frequent and severe
as in treatment of acute B-cell lymphoblastic leukemial*'»'26:127],

Limitations

While this review provides an extensive overview of CAR-T
therapy for glioblastoma, several limitations must be acknowl-
edged. First, the majority of cited clinical studies are early-phase
trials with limited patient numbers, restricting generalizability.
Second, variability in antigen expression across tumors intro-
duces heterogeneity, which affects the reproducibility of treat-
ment outcomes. Additionally, most data are derived from
preclinical or murine models, and there remains a lack of
large-scale, randomized controlled trials in human subjects.
Finally, publication bias toward positive outcomes may skew
the apparent efficacy of CAR-T therapies.

Conclusion

CAR-T cell therapy offers groundbreaking potential in trans-
forming glioblastoma treatment by harnessing the immune sys-
tem to target and destroy malignant cells. The ability to
genetically engineer T cells to recognize tumor-specific antigens
such as EGFRVIIIL, IL-13R02, and HER2 has already shown
promise in early-phase clinical trials. Despite glioblastoma’s
status as one of the most aggressive primary brain tumors,
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CAR-T therapy represents a hopeful avenue for extending sur-
vival and improving patient outcomes. Advances in CAR
design — including multi-target CAR constructs and localized
delivery strategies — further underscore its potential to address
the complex challenges posed by central nervous system
malignancies.

Nonetheless, significant barriers remain to making CAR-T
therapy both effective and widely accessible. One of the primary
biological obstacles is the BBB, which impedes therapeutic cell
trafficking to the tumor site. Innovative delivery approaches
such as local or intraventricular administration are under inves-
tigation, though they carry risks including CRS and neurotoxi-
city. Moreover, glioblastoma’s intratumoral heterogeneity,
including antigen escape and an immunosuppressive microenvir-
onment, compromises sustained CAR-T efficacy. To counter
these challenges, ongoing research is focused on next-generation
CAR designs incorporating dual-targeting receptors and combi-
nation strategies with immune checkpoint inhibitors or anti-
angiogenic agents. Managing the therapy’s toxicities remains
another priority for optimization.

In developing countries, the implementation of CAR-T ther-
apy is further hindered by systemic limitations. High production
costs, inadequate infrastructure for cell engineering, shortage of
trained personnel, and regulatory hurdles significantly restrict
access. Moreover, public healthcare systems frequently lack the
capacity to support or subsidize high-cost, personalized thera-
pies. To mitigate these issues, strategic government interventions
are needed - such as funding for translational research, estab-
lishment of local manufacturing facilities, development of pub-
lic-private partnerships, and promotion of international
collaborations for technology transfer and workforce training.

The progress made in CAR-T therapy for glioblastoma under-
scores the critical need for sustained research and cross-sectoral
collaboration. Future breakthroughs in genetic engineering, pre-
cision drug delivery, and immunotherapy could transform CAR-T
into a safer, more scalable, and clinically viable treatment mod-
ality. Importantly, expanding global access will require parallel
investment in infrastructure, education, and policy reform. Only
through coordinated efforts among academia, clinical institu-
tions, biotech industries, and governmental agencies can the pro-
mise of CAR-T therapy be fully realized — ensuring that its benefits
extend beyond high-resource settings to patients worldwide.
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