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Abstract

In recent years, the development of new immunotherapy strategies has been a significant
breakthrough in cancer treatment. Among these, engineered T cell therapy with chimeric
antigen receptors (CAR-T) has produced notable clinical results, especially in hematological
malignancies. This success has sparked growing interest in extending the application of
CAR-Ts to solid tumors, including gliomas. Gliomas—in particular, glioblastoma multi-
forme (GBM)—are among the most aggressive primary brain tumors, associated with a
poor prognosis and a median survival of approximately one year after diagnosis. However,
the translation of CAR-T therapy to gliomas presents significant challenges, related to fac-
tors such as tumor heterogeneity, presence of the blood-brain barrier (BBB), and a strongly
immunosuppressive tumor environment. Despite this, in recent years, there has been an
intensification of research efforts aimed at the identification of new antigenic targets and the
development of preclinical models—both in vitro and in vivo—to evaluate the efficacy and
safety of CAR-Ts in the treatment of gliomas. Despite promising results, currently available
models still have essential limitations in faithfully reproducing the complexity of human
gliomas. This review aims to offer an exhaustive overview of the most recent preclinical
studies on CAR-T therapy in gliomas, with a focus on the identification of molecular targets,
experimental strategies aimed at overcoming immunological barriers, and translational
challenges that need to be addressed for future successful clinical implementation.

Keywords: CAR-T; CAR-T therapy; glioma; glioblastoma multiforme; molecular targets;
organoids

1. Introduction

Gliomas are a heterogeneous group of primary tumors affecting the parenchyma of
the central nervous system (CNS). They originate from glial cells and are among the most
common and aggressive tumors in humans [1]. In 2021, the World Health Organization
published the fifth edition of the classification of CNS tumors, integrating advances in un-
derstanding the molecular basis of gliomas with histopathology [2]. Despite advancements
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in treatment, a recent study by Zhang et al. (2025), which analyzed the period between
1990 and 2021, highlighted a 106% increase in cases and a 63.67% increase in mortality
rate, confirming the highly lethal nature of these tumors and the persistent difficulties in
improving therapeutic outcomes [3]. The 10% reduction in the age-standardized rate (ASR)
of Disability-Adjusted Life Year (DALYs) is a positive sign, indicating improvements in
clinical management and patient care, resulting in quality-of-life benefits; however, survival
rates remain essentially stable, reflecting ongoing challenges in early diagnosis and the
effectiveness of available treatments [3-5].

Despite the combined use of surgical resection, chemotherapy, and radiotherapy,
supported by intraoperative neurophysiological monitoring, the prognosis remains poor,
with a life expectancy of approximately 15 months [6,7]. This severe prognosis highlights
the limitations of current therapeutic protocols. Further complicating this already critical
clinical picture is the toxicity of standard glioma therapies, which is significantly influenced
by several factors, including age, gender, and ethnicity. Age is the primary limiting
factor, as elderly patients exhibit reduced tolerance to therapy and experience increased
hematological toxicity (myelosuppression) due to a physiological decline in the bone
marrow’s stem cell reserve [8,9]. Although the incidence of gliomas is higher in men, the
toxic effects of temozolomide appear to affect women more. Recent studies have shown
that women experience more severe and frequent thrombocytopenia and cytopenia than
men [10,11]. Ethnicity and related pharmacogenetics can also influence patients’ toxicity
profiles. A 2014 study by Bae et al. analyzed 300 Korean patients, suggesting that they may
be more vulnerable to the gastrointestinal consequences of temozolomide than Western
patients [12]. However, to date, data on different ethnicities remain limited, and further
research is needed to improve our understanding of glioma biology in different populations.
Indeed, a study by Dada et al., published in January 2025, highlighted that in a review
of thirty-five studies, only three reported patient ethnicities; of those available, the data
indicate that 91.1% of patients were white, 6.7% were black, and 2.2% were Hispanic [13].

In this context, a new cell therapy which has revolutionized the treatment of hema-
tological cancers—namely, chimeric antigen receptor cell therapy (CAR-T)—is gradually
gaining ground, with promising results even in the treatment of solid tumors such as
GBM [14].

However, its application in solid tumors has encountered significant difficulties, such
as crossing the BBB, which limits the passage of systemically administered CAR-T into
the CNS.

Various local delivery strategies have been tested to overcome this obstacle and
improve the intracerebral bioavailability of CAR-T. They have demonstrated promising
results both in the preclinical setting and in early clinical trials [15,16].

Another limitation is a key characteristic of gliomas: the immunosuppressive tu-
mor microenvironment (TME). Gliomas are recognized as “cold” tumors, characterized
by tumor-infiltrating lymphocytes (TILs) with lower functional capabilities and a strong
presence of immunosuppressive factors, such as transforming growth factor beta (TGF-3);
interleukins such as IL-1, IL-2, IL-6, and IL-10; tumor necrosis factor alpha (TNF-«); and
immunosuppressive cells. Liquid biopsy of the blood and cerebrospinal fluid (CSF) of
glioblastoma patients confirmed the presence of these components [17]. Furthermore, the
composition of the extracellular matrix (ECM) appears significantly altered in glioma [1].
Altogether, ECM composition within and around the tumor, immunosuppressive fac-
tors, and anatomical features such as the BBB strongly contribute to modulating CAR-T
infiltration, trafficking, activation, and cytotoxicity.

A key feature of gliomas is the heterogeneity of tumor antigens, which is advanta-
geous for immune escape. Indeed, several antigens, such as IL-13Ra2, EGFRVIII, and
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HER?2, are expressed unevenly by tumor cells. This condition inevitably leads to the gen-
eration of antigen-negative cell clones after therapy. These phenomena are referred to as
“antigen heterogeneity” and “immune escape” and are two of the main causes of tumor
recurrence [16,18,19].

A limited number of clinical trials have been conducted to date, and most trials have
investigated a small number of patients. Altogether, low enrollment in clinical trials,
heterogeneous study designs, and the limited persistence and trafficking capacity of CAR-T
cells, which are closely related to the immunosuppressive tumor microenvironment and the
BBB, remain a crucial issue for the practical application of CAR-T therapy. Therefore, the
aim of this study was to compare preclinical and clinical studies, focusing on the challenges
associated with CAR-T therapy in glioma, and to identify possible strategies to increase
clinical efficacy.

2. CAR-T Design, Cell Persistence, and Trafficking
2.1. Mechanism of Action of CAR-T Cells

CAR-T therapy involves genetically modifying a patient’s T cells to express chimeric
antigen receptors (CARs) that recognize specific tumor-associated antigens. Once reinfused
into the patient, these engineered T cells identify and eliminate tumor cells expressing the
target antigen.

2.2. Structure of the CAR
The CAR is a synthetic fusion protein composed of three primary domains [14,20]:

e  The extracellular domain, which is derived from a single-chain variable fragment
(scFv) of an antibody. This fragment binds to a specific tumor antigen (e.g., EGFRvIII
in gliomas or CD19 in lymphomas) in an MHC-independent manner [21].

e The transmembrane domain, whose purpose is to anchor the receptor to the
T-cell membrane.

e  The intracellular domain, which is responsible for transmitting the activation signal.
The composition of the intracellular domain determines the generation of the CAR.
To improve the efficacy and persistence of CAR-T cells after infusion, several modi-
fications have been made to the intracellular domain, leading to the creation of five
generations of CAR-T cells [22,23].

2.3. Activation, Cytotoxicity, and Persistence

Once the CAR binds to its target antigen, T lymphocytes are activated and trigger a
cytotoxic response. CAR-T cells release cytokines such as interferon-gamma (IFN-y) and
TNF-«, which amplify immune activation, and cytotoxic molecules such as perforin and
granzymes, which directly induce tumor cell death [24]. A distinctive feature of CAR-T cells
is their ability to persist long-term once reintroduced into the patient, thus establishing an
immunological memory that can protect against tumor recurrence. However, the duration
of persistence is variable (Figure 1).
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Figure 1. CAR-T cell recognizes the antigen on the tumor cell and activates (a). Through the
release of perforins, granzymes, IFN-y, and TNF-« (b), it induces tumor cell death (c). Following
cytotoxic activity, a portion of the CAR-T cell persists as immunological memory (d) (created using
https:/ /BioRender.com).

2.4. Production and Administration of CAR-T Cells

The production of CAR-T cells involves several steps:

o T cell isolation: T lymphocytes are collected from the patient’s peripheral blood
through a process known as leukapheresis.
L]

Genetic modification: The isolated T cells are activated and genetically modified to
express the CAR, typically through transduction with viral vectors such as lentiviruses
or retroviruses [25].

e  Expansion: Once the CAR-T cells have been genetically modified, they are expanded

to obtain a therapeutic dose of cells.

e  Reinfusion: Before CAR-T cell infusion, patients typically undergo lymphodepleting
chemotherapy to facilitate engraftment [26]. The cells are then reinfused into the
patient and begin to migrate to tumor sites (Figure 2).

]Anﬂgen-recogmnon domain

JTransmembrane domain

I
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Figure 2. CAR-T therapy is personalized for each patient. T lymphocytes are isolated via leukaphere-
sis from a peripheral blood sample from the patient. T cells are activated using magnetic beads coated
with anti-CD3/CD28, and the T receptor is induced through lentiviral vector transduction. After
transduction, CAR-T cells are expanded in vitro to obtain a therapeutic dose and then reinfused back
into the patient. (Created in https://BioRender.com).

The entire process typically takes 7-14 days from start to finish; however, next-
generation CAR-T cell manufacturing strategies take 24-72 h [27].
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2.5. Routes of Administration in Gliomas

The route of administration plays a significant role in the success rate of CAR-T ther-
apy in glioma. Several strategies have been investigated, such as intravenous (IV) infusion,
which is the most common and minimally invasive approach; intracranial locoregional
administration, such as intratumoral (IT) and intracavitary (ICA) routes that use stereo-
tactic catheters inserted directly into the tumor or resection cavity; intraventricular (ICV)
administration into the cerebrospinal fluid (CSF) via the cerebral ventricles; and intrathecal
(ITC) administration, with direct infusion into the subarachnoid space by lumbar puncture
or catheter [15,19,28-36].

3. The Dilemma of CAR-T-Cell-Based Therapy in Glioma

In glioma, the therapeutic paradigm, known as Stupp’s Protocol, involves mul-
timodal therapy combining the most extensive tumor surgery, followed by radiation
therapy (RT) + Temozolomide (TMZ) and subsequent maintenance with TMZ [37]. How-
ever, the occurrence of post-treatment relapses highlights the urgency of exploring new
therapeutic strategies such as CAR-T. The integration of novel strategies with standard
therapies presents significant challenges. Indeed, an area of growing translational interest
is the interaction of CAR-T with TMZ. The lymphotoxicity of TMZ compromises the ex-
pansion and persistence of infused CAR-T cells, making concomitant use problematic [38].
Several strategies to overcome this obstacle are being evaluated, one of which—now in
the clinical phase—involves the use of TMZ in a lymphodepletion regimen to optimize
the immunological environment before infusion [39]. Sampath et al. proposed a different
approach, which has led to the creation of CAR-T cells engineered to be resistant to TMZ
and directed against GBM IL-13Ra2+. Animals treated with combinations of resistant
CAR-T cells and TMZ showed 2.8-fold-longer survival compared to those treated with
sensitive CAR-T cells [38].

Despite encouraging progress, studies on CAR-T therapy in brain tumors are highly
heterogeneous in terms of selection criteria, duration, and clinical endpoints assessed. This
condition, combined with the limited number of patients enrolled in the studies, seriously
hampers the comparability of the results and limits the possibility of drawing generalized
conclusions [40] (Table 1).

Table 1. Classification of obstacles in CAR-T therapy of gliomas.

Category Limitations

- Early-phase, low-powered trials
Study Design - Lack of biomarker-driven patient selection
- Clinical endpoints and follow-up duration

- Single antigen CAR-T therapies can promote antigen

Target antigen selection escape, making them ineffective

- Profound immunosuppression (Tregs, MDSCs, TAMs)
Tumor Microenvironment (TME) - Hypoxia and acidic pH
- Barrier to CAR-T infiltration

- Blood-brain barrier (BBB) limits systemic CAR-T entry
- Locoregional (Ommaya/intracerebral) preferred

Delivery and Access

- Neurotoxicity

Toxicity - Potential for on-target/off-tumor effects

3.1. Study Design: Small Cohorts and Limited Experimental Design

Most studies involve a few patients, often fewer than 10; for example, the study on
anti-IL-13Ra2 CAR-T therapy included only one patient [15], while three patients were
involved in the study of anti-HER2 CAR-T therapy [41], and four patients each were
enrolled in Majzner’s and Barish’s studies [29,34]. Other studies have included slightly
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larger cohorts: those conducted by Brown and Bagley each included six patients [28,31],
while O’Rourke’s study on anti-EGFR CAR-T cells enrolled 10 patients [19]. In a recent
survey, Monje treated 11 patients with anti-GD2 CAR-T therapy [35]. An exceptional case
is the 2024 study conducted by Brown, which evaluated CAR-T cells targeting IL-13R«2
and included a larger cohort of approximately 65 patients, 58 of whom were evaluated for
clinical response [30].

In many studies, the duration of follow-up is too short to effectively evaluate robust
endpoints such as overall survival (OS) or progression-free survival (PFS). Early radiological
endpoints are often used, but the objective response rate (ORR) remains generally low,
often less than 10% [40]. Furthermore, the nature of the experimental design and phase I
studies does not allow, in most cases, for comprehensive prognostic analyses or in-depth
evaluations of individual cases [20]. In fact, many clinical studies focus mainly on the
tolerability of CAR-T therapy, evaluating its immediate toxicity [30]. The correlation
between immunological and biological responses to CAR-T therapy and patient prognosis
is therefore complex [31]. These limitations underscore the need to develop nanomedicine
platforms capable of exploiting nanoscale information, surpassing traditional imaging
methods alone. In this context, the integration of single-molecule optical microscopy, which
is capable of providing quantitative data on cellular mechanics, is a promising approach to
further investigate the dynamics and nanomechanical variations in cells [42].

The use of Atomic Force Microscopy (AFM) with Infrared (IR) spectroscopy (AFM-IR),
combined with unsupervised clustering and chemometrics, instead enables the identi-
fication of nanochemical and nanomechanical biomarkers, which are useful for disease
monitoring and tailoring personalized therapeutic strategies. Finally, the creation of open-
access data libraries containing experimental measurements and AFM settings is expected
to promote the reproducibility of results and the development of artificial intelligence
models capable of predictively interpreting mechanical and chemical variations at the
nanoscale [43]. However, several inherent limitations of these techniques remain, including
their low analytical throughput, operational complexity, and sensitivity to experimental
parameters, which can compromise the reproducibility of results. Furthermore, poor pen-
etration depth and the difficulty of analyzing heterogeneous or highly dynamic samples
represent further obstacles to the routine use of AFM in the clinical setting [43,44].

3.2. Target Antigen Selection

The selection of target antigens in CAR-T cell therapy is a key factor affecting specificity,
safety, and activation of the immune system. Preclinical and phase I clinical trials have
identified several key targets, including (Table 2) those described below.

o ]L-13Ra2: Overexpressed in over 50% of GBMs, with minimal expression in healthy
brain tissue [16].

e EGFRVIIIL: A tumor-specific mutation; however, its heterogeneous expression con-
tributes to antigen escape and tumor recurrence [19,21].

e  HER2: Expressed in a subset of gliomas and other solid tumors, offering an additional
target [18].

e  GD2: Expressed by some gliomas, including glioblastomas [34,45,46].

e  B7-H3: Expressed in a wide range of pediatric and adult solid tumors, with limited
healthy tissue expression [47].

e  ECM: A complex network composed of several multidomain macromolecules arranged
in a tissue-specific manner, present in both normal and tumor tissues but differing in
composition and function. The tumor ECM supports the aggressive biology of brain
tumors, representing a potential strategy for GBM therapy [48].
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3.2.1. IL-13Rx2: A Selective Target for Glioblastoma

The IL-13Ra2 receptor is a high-affinity monomeric receptor for IL-13 that is over-
expressed in more than 50% of GBMs and is associated with poor prognosis [32]. It is
expressed in both stem-like and differentiated tumor cells, as well as in tumor-infiltrating
macrophages and myeloid-derived suppressor cells. Notably, IL-13Ra2 is not significantly
expressed in healthy brain tissue, making it a highly selective and safe target [49].

In an early clinical study, autologous CD8+ CTLs were engineered with first-generation
IL13-zetakine CARs via DNA electroporation and ex vivo expansion. These cells demon-
strated a median overall survival (OS) of 11 months. However, the small patient cohort
(n = 3) significantly limited the clinical relevance and statistical power of the findings [32].
Subsequently, a second-generation CAR incorporating a point mutation (E12Y) and the
4-1BB costimulatory domain was developed, enabling preferential recognition of IL-13R«2
over the ubiquitously expressed IL-13R«1. In this study, 65 patients received at least one
CAR-T infusion, and 58 were evaluated for clinical response [30]. Although safety and
tolerability were confirmed, the overall survival remained comparable to previous studies,
indicating limited clinical benefit [30,50].

3.2.2. HER2: A Target for Midline and Hemispheric Pediatric Gliomas

HER? is highly expressed in pediatric diffuse midline gliomas (DMGs)/DIPGs harbor-
ing H3 mutations, as well as in K27M wild-type and G34R-mutant hemispheric gliomas,
making it a potential broad therapeutic target [51].

A recent clinical study by Vitanza et al. evaluated the locoregional delivery of balanced
CD4:CD8 HER2-CAR-T cells in pediatric brain tumors. Although safety was demonstrated,
the limited sample size (1 = 3) and lack of long-term efficacy data were obstacles to broader
clinical translation [36].

3.2.3. EGFRVIIIL: A Relevant but Challenging Target

EGFRUVIII is a constitutively active mutant of the epidermal growth factor receptor
and is frequently expressed in GBMs. Despite its tumor specificity, its expression is highly
heterogeneous and can be lost over time, severely limiting the durability and consistency of
CAR-T responses [19]. This antigenic plasticity poses a significant risk of immune escape.

3.2.4. GD2: An Emerging Target in Midline Gliomas

GD2 is a surface disialoganglioside highly expressed in DMGs, making it a promising
immunotherapy target. Initial studies using lentiviral vectors to generate permanently ex-
pressed anti-GD2 CAR-T cells showed persistent expression of the CAR but were associated
with localized inflammatory toxicity [52].

To address these safety concerns, more recent approaches have employed CAR-T
cells based on transient mRNA, which have demonstrated dose-dependent anti-tumor
efficacy and an improved safety profile in preclinical models. However, their limited
persistence and the need for repeated administration are practical challenges for clinical
application [52].

3.2.5. B7-H3: A Promising Immunoregulatory Target with Limitations

B7-H3 (CD276) is an immune checkpoint ligand initially described as a T-cell costimu-
lator but now recognized for its role in tumor progression, metastasis, and immune evasion.
It is highly overexpressed in various solid tumors, including GBM, while showing minimal
expression in healthy tissues [53,54].

Nevertheless, B7-H3 expression in GBM is heterogeneous, both between and within
tumors. In vitro and in vivo studies have shown that CAR-T cell activity depends on high
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antigen density, meaning that tumors with low or patchy expression may escape immune
targeting [55]. Furthermore, the fact that the in vivo study was conducted in a xenograft
murine model limits its clinical translatability.

Another critical limitation is the suboptimal persistence of B7-H3 CAR-T cells, es-
pecially in models with high tumor burden. Although no significant off-tumor toxicity
was reported, the presence of B7-H3 mRNA in healthy tissues raises concern for potential
off-target effects, particularly in inflammatory conditions that could upregulate protein
expression [56].

3.2.6. The Extracellular Matrix: Beyond Structural Support

Recent studies have highlighted the importance of the ECM in glioma management.
In tumors, the ECM shows profound differences in composition and architecture compared
to that in normal tissue, generating a microenvironment that promotes tumorigenesis and
metastasis [57]. ECM remodeling also plays a key role in immune targeting and drug
resistance. However, although the targeting of ECM-related molecules such as CSPG4,
BCAN, TNC, COL11A1, and GPC represents an innovative therapeutic strategy, current
applications are still in the experimental phase and face several difficulties associated
with the specificity, potential off-targets, and high heterogeneity of the ECM within the
tumor [57].

Overall, based on these studies, target antigen selection remains one of the most im-
portant determinants of CAR-T therapy in gliomas. Evidence suggests that single-antigen
approaches are insufficient to combat antigen evasion and tumor recurrence. Therefore,
while the efforts and achievements made so far with this approach are commendable,
future strategies should focus on multi-antigen therapy to overcome the limitations of
heterogeneity, limit immune escape, and improve therapeutic durability.

Table 2. CAR-T cell therapy in gliomas: summary of targets, challenges, and limitations.

Clinical/

Expression and

Challenges/

Target Function in GBM Preclinical Evidence Key Limitations Notes Refs.

Overexpressed in
>50% of GBMs - First gen CAR-T:
'F)‘g‘gicgj;:g%%s"i\;lth ggﬂﬁr;_os ~11 - Limited clinical - Development of

4 . fficac multi-target strategies

IL-13R2 - Found in stem-liki - Second gen with ethicacy . & & 30,32,49
and differentited . E12Y +41BB wrial  Antigen escape with (g, IL-13Ra2 + [ :
tumor cells showed safety but single-target CAR-T B7-H3 or GD2/HER2)
- Minimal expression  limited benefit
in healthy brain
- Highly expressed - Pediatric trial
;I;gegéi%{;?lgris L(}Cgileagrllgggl delivery Very small sample - Validation in larger
: . R size cohorts
e pressedin showed safety byt ~Lackof ongrterm - Demonstrated 1]
some GBPI)\/[S and no strong efficacy efficacy data durable clinical benefit
other solid tumors data
~ . - Strategies to
- Tumor-specific but e;ﬁ;ﬁﬁ?ﬁ?g}f :ti dies - High heterogeneity overcome antigen
EGFRvIII heterogeneously showed feasibility - Loss of antigen escape [19]

expressed and specificity over time - Combine with other

targets
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Target Function in GBM Preclinical Evidence Key Limitations Notes Refs.
- Lentiviral CAR-T:
persistent expression )
but local - Improve persistence
_Highly expressed inflammatory - Toxicity in early while maintaining
GD2 in DMGss and some toxicity studies _ safety [52]
GBMs - mRNA CAR-T: - Short persistence - Optimize
dose-dependent with mRNA CAR-T dosing/repeat
anti-tumor effect; infusion schedules
improved safety but
transient persistence
- Overexpressed in Preclinical - Heterogeneous
GBMs and many _orec mfltcat dies: expression - Enhance CAR-T
solid tumors ?Sgoogrr:u S ]rleslseii).n - Suboptimal persistence
B7-H3 (CD276) - Minimal expression with B7—I—%D CAR-T persistence - Validate antigen [55]
in healthy tissue and i 1 ajor off-tumor Potential off-target density threshold
he.ter.ogeneous toxicity observed gffects if uprggulated -Humanized models
within tumors in inflamed tissues
- Promotes tumor - In vitro studies: IR - Identify
aggressiveness, targeting ECM Sgg/[m early ts.t a%)esth tumor-specific ECM
ECM immune evasion, molecules enhances  ~ lp rezen mbo components [57]
and therapy T cell entry and Efrl;lrg? tiigue - Translate findings
resistance boosts therapy into clinical strategies

3.3. Tumor Microenvironment

The remodeling of the tumor microenvironment observed in gliomas represents one of
the major strategies through which tumor cells hijack tissue components to support rapid
cell proliferation, migration, and invasion, thus generating resistance. TME remodeling oc-
curs at different levels through the recruitment and controlled polarization of cells, such as
myeloid-derived suppressor cells (MDSCs), Tregs, TAMs, and microglia, or through the ac-
tivation of specific pathways via the release of cytokines, extracellular vesicles, and growth
factors which are able to mediate cell-to-cell interactions [58—60]. In gliomas, MDSCs are
polarized to promote tumorigenesis and immunosuppression. Similarly, Tregs—attracted
by the TME and various chemokines through cell-cell contact—exert immunosuppressive
effects, establishing a functional synergy with MDSCs [61]. Macrophages also migrate to the
tumor site, where tumor cells are responsible for a switch in macrophage phenotype, favor-
ing a pro-invasive and immunosuppressive M2 state via the release of immunosuppressive
factors, such as CSF-1, CCL2, IL-4, IL-6, IL-10, and TGF-{ [58].

Furthermore, cell interactions involve not only tumor cells and immune cells but
also endothelial cells, neurons, glia, oligodendrocytes, and ECM proteins (hyaluronic acid,
collagen, etc.) [62].

Therefore, glioma cell-guided TME reprogramming depends on complex cell—cell and
cell-matrix interactions. This scenario, further influenced by increased ECM stiffness and
chemical components such as low oxygen availability and low pH, obstructs CAR-T cell
infiltration, contributing to the exhaustion and dysfunction of CAR-T cells [33,63].

Numerous strategies have been developed to produce CAR-T cells with enhanced
anti-tumor function [64], among which the addition to culture media of specific cytokines,
metabolic modulators, antioxidants, epigenetic modifiers, and pharmacological inhibitors
targeting specific signaling pathways has shown significant improvements in the persis-
tence and long-term effectiveness of CAR-T cells in solid tumors. In recent years, tools have
been developed to recreate the complexity of the TME. These devices, known as Tumors-
on-a-Chip (ToCs), can apply controlled perfusion by mimicking the mechanical forces of
cellular flows, such as interstitial flow (IF) [65]. These forces, in addition to transporting
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nutrients and metabolites, act as mechanobiological signals that modulate intracellular
signaling pathways. The combination of spheroids/organoids with microfluidic technology
is of particular interest for understanding tumor biology and accelerating the development
of new therapies [66]. However, further research is required to ensure CAR-T cell function
in the TME.

3.4. Delivery and Access

The administration of CAR-T cells to the tumor “situ” represents a real challenge for
the treatment of gliomas. Different routes of administration have been tested in various
clinical trials, including IV, ICA, and ICV injections [19,28-30,32,35,36,47,67].

The choice of the route of administration itself represents a crucial first step. Although
the IV route is minimally invasive compared to the ICA and ICV routes, it is related to severe
side effects, including severe Immune Effector Cell-Associated Neurotoxicity Syndrome
(ICANS) and Cytokine Release Syndrome (CRS), especially at higher doses [19,35,47].

On the other hand, both the ICA and IT routes of administration are well tolerated.
However, especially when combined, they can have serious neurological consequences,
such as encephalopathy, ataxia, hemiparesis, hydrocephalus (all in dual ITC/ICV), and
cerebral edema with a g3 > 35% toxicity [15,29-32,67].

The ICV pathway offers direct access to the CSF system, bypassing the BBB. However,
its high invasiveness requires complex management of the patient and incurs a high risk of
adverse events, including encephalopathy, hypertension, ICANS, and Tumor Inflammation-
Associated Neurotoxicity (TIAN) [30,35,47].

To date, there is no agreement on which is the best route of administration, indicating
the need to evaluate each case individually.

3.5. Toxicity

Although the management of the patient post-CAR-T infusion is a well-known critical
issue due to persistent neurological or inflammatory complications, such as CRS, ICANS,
and TIAN, the analysis of demographic factors in relation to the specific toxicity of CAR-T
therapy is a recent area of research, with data yet to be consolidated. The currently available
evidence seems to suggest that gender and race are not significant predictors of the onset
and severity of CAR-T toxicity [68]. Age, however, remains a relevant factor; elderly
patients, especially those with comorbidities, are more susceptible to CRS and ICANS,
complicating the clinical management of adverse reactions [69].

3.5.1. Cytokine Release Syndrome (CRS)

Cytokine Release Syndrome is a systemic inflammatory response triggered by the
rapid and massive release of cytokines from activated immune cells, including CAR-T
cells. This syndrome is a well-documented and potentially severe side effect of CAR-
T therapy, manifesting with a wide range of constitutional and organ-specific symp-
toms [15,19,28-30,32,35,47,67,70,71]. CRS is the most frequent systemic adverse event
occurring in patients. The symptomatology of CRS typically includes fever, chills, malaise,
headaches, myalgias, arthralgias, and anorexia. Severe CRS can progress to hypoten-
sion, hypoxia, and multi-organ failure, necessitating prompt recognition and interven-
tion [15,19,28-30,32,35,47,67,70,71].

3.5.2. Immune Effector Cell-Associated Neurotoxicity Syndrome (ICANS)

Immune Effector Cell-Associated Neurotoxicity Syndrome is an acute neurotoxicity
syndrome that affects 15-30% of patients, who present with symptoms such as aphasia,
attention deficit, and seizures. The prevalence of neurological adverse events (headache,
seizures, and encephalopathy) in clinical trials of CAR-T for gliomas is not simply the result
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of general CAR-T therapy toxicity. Still, it is potentially exacerbated or occurs solely due
to the intrinsic sensitivity of the brain and the CNS-directed administration routes often
used for gliomas [72]. It results from immune hyperactivation that leads to disruption of
the BBB and cytokine infiltration into the CNS. Diagnosis is based on clinical assessment
supported by neuroimaging and CSF analysis [19,28,30,35,36,47,67,70].

3.5.3. Tumor Inflammation-Associated Neurotoxicity (TIAN)

Recently identified in patients with CNS tumors, unlike ICANS, TIAN is a neuroin-
flammatory reaction localized at the tumor site. It manifests as a transient exacerbation of
pre-existing focal neurological deficits and / or peritumoral edema visible on MRI. Treatment
typically involves corticosteroids and diuretics. TIAN has been classified into two types:

e  Type 1—mechanical effects caused by edema, such as increased intracranial pressure
or hydrocephalus, requiring urgent intervention [73];

e  Type 2—characterized by transient neural circuit dysfunction and self-limiting. No-
tably, all reported patients have fully recovered, with no TIAN-related deaths [35,47,73].

4. Future Perspectives
4.1. Multitargeting CAR-T Cells: A Strategy Against Tumor Heterogeneity

To counteract the cellular heterogeneity that contributes significantly to disease recur-
rence and therapeutic resistance in GBM, Meghan Logun et al. have developed a bivalent
CAR construct capable of targeting both the epidermal growth factor receptor (EGFR) and
IL-13Ro2 [74]. In their study, patients first underwent surgical reduction of recurrent tumor,
during which an Ommaya reservoir was implanted to enable ITC administration of CAR-T
cells. After recovery, the patients received a single dose of CAR-T cells 1 x 107 cells (n = 3)
and 2.5 x 107 cells (n = 3) of bivalent EGFR-IL-13R«2 intrathecally. An interim analysis of
the first six patients confirmed the initial feasibility and tolerability of this approach [74].
A similar study conducted by Bagley et al. confirmed tolerability and toxicity; however,
treatment was associated with early-onset neurotoxicity, consistent with immune effector
cell-associated neurotoxicity syndrome (ICANS), which was managed with high-dose
dexamethasone and anakinra (an IL-1 receptor antagonist). In particular, a patient at the
highest dosage experienced dose-limiting toxicity (grade 3 anorexia, generalized muscle
weakness, and fatigue) [28]. Both studies, from the point of view of effectiveness, highlight
an early reduction in tumor size and contrastographic enhancement on MRI, an indicator
of tumor activity and vascular permeability [28,74].

4.2. Patient-Derived Organoids

Given this complex network of local and systemic immunosuppressive mechanisms,
there is a growing need for preclinical models that accurately reflect GBM tumor biology
and its interaction with the immune system. In this context, patient-derived organoids
(PDOs) are emerging as promising tools for studying the tumor microenvironment in
a personalized manner. By preserving the genetic and phenotypic heterogeneity of the
original tumor—and, in some cases, its immune components—PDOs provide an ideal
platform for testing immuno-oncology therapies and evaluating individual treatment
responses in vitro [75].

Brain organoids are three-dimensional cultures derived from stem cells that self-
organize and differentiate to mimic key structural and functional features of the human
brain. In glioblastoma research, patient-derived tumor organoids preserve tumor het-
erogeneity and the native microenvironment, providing a more physiologically relevant
preclinical model than traditional 2D systems. These organoids offer an intermediate
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platform between in vitro and in vivo studies, supporting both biological investigation and
the development of personalized therapies [75,76].

Building upon this approach, Amanda Linkous et al. developed a sophisticated model
by co-culturing GFP-labeled glioma stem cells (GSCs) with brain organoids derived from
human embryonic stem cells (hESCs) or induced pluripotent stem cells (iPSCs). Their
cerebral organoids replicate key developmental brain structures, including ventricular
zones and neural stem cell populations marked by Nestin, Sox2, Pax6, and TBR2 [77].

Following one week of co-culture, the GSCs infiltrate and proliferate within the
organoids, accurately recapitulating the invasive growth patterns and histopathological
features of human glioblastoma tumors [75].

Brain organoids represent an advanced model to study glioblastoma in a three-
dimensional context that reflects tumor complexity. Separately, it has been shown that
chimeric antigen receptor T (CAR-T) cells can be co-cultured with patient-derived glioblas-
toma organoids (GBOs) to evaluate their efficacy and specificity. In this system, 2173 CAR-
T cells targeting EGFRvVIII+ cells specifically killed target cells while sparing EGFRvIII-
cells [78].

5. Conclusions and Future Perspectives

Current phase I clinical trials and preclinical studies of CAR-T cell therapy in gliomas
point to several critical limitations that hinder the efficacy and clinical translatability
of this therapeutic strategy. Small patient groups and heterogeneous study designs re-
duce statistical power and complicate inter-study comparisons, underlining the need for
larger, standardized studies [15,41]. The limited persistence and trafficking capacity of
CAR-T cells—mainly due to the immunosuppressive tumor microenvironment and the
BBB—reduce the duration and penetration of the therapeutic effect [19,34]. Tumor hetero-
geneity and the antigen escape phenomenon are further significant obstacles, highlighting
the need for multitarget strategies and combination therapies to overcome resistance [74,79].
Furthermore, the absence of pre-infusion lymphodepletion regimens and the uncontrolled
use of concomitant drugs may negatively influence CAR-T activity [40]. Finally, insufficient
follow-up duration limits the possibility of evaluating long-term outcomes, while low
objective response rates indicate the need for more adequate clinical endpoints [34,41].

Overcoming these limitations will require innovative preclinical models that better re-
produce the complexity of human glioma, such as patient-derived organoids and biobanks
with detailed clinical data [80], and more rigorous and harmonized clinical experimental
designs. By focusing on these improvements, future research can increase the effectiveness
of CAR-T therapy and accelerate its translation into effective treatments for glioma patients.

Based on this evidence, future research activities should address current limitations
through innovative strategies, such as

e  Multi-targeted CARs, designed to reduce antigen escape by targeting multiple tumor
antigens simultaneously;

e “Armored” CARs, designed to resist the immunosuppressive tumor microenvironment;
for example, by secreting immunostimulatory cytokines such as IL-12 [81];

e Combination therapies, encompassing the use of CAR-T cells in combination with
immune checkpoint inhibitors or radiotherapy to improve their efficacy;

o “Standard” CAR-T cells, encompassing the development of allogeneic CAR-T cells
from healthy donors to reduce production times and costs [25].
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