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Abstract: Chimeric antigen receptor (CAR) T-cell therapy has delivered unprecedented clinical benefit in hematological malignan-
cies, yet its successful translation to solid tumors remains a major unmet clinical challenge. Glioblastoma (GBM), the most aggressive
primary brain tumor, exemplifies the barriers confronting cellular immunotherapy, including profound intratumoral heterogeneity,
antigenic escape, a highly immunosuppressive tumor microenvironment, and anatomical constraints imposed by the blood-brain
barrier. Together, these features limit CAR-T cell trafficking, persistence and sustained antitumor activity in the central nervous
system.In this Review, we examine recent advances in next-generation CAR-T engineering strategies aimed at overcoming these
obstacles in GBM. Key developments include multi-antigen and logic-gated CAR designs to mitigate tumor immune evasion, armored
CAR-T cells capable of cytokine delivery or resistance to suppressive mediators such as TGF-f, and checkpoint-resistant constructs to
counteract functional exhaustion. We also highlight emerging delivery paradigms — including locoregional administration, viral
vectors and nanotechnology-enabled platforms — designed to enhance blood—brain barrier penetration and intratumoral retention.
Furthermore, we discuss combinatorial strategies integrating CAR-T therapy with immune checkpoint blockade, oncolytic virotherapy
and other immunomodulatory interventions to remodel the hostile glioblastoma microenvironment and amplify therapeutic efficacy.
Finally, we address the principal translational challenges that must be resolved for broader clinical implementation, including
neurotoxicity, manufacturing scalability and the development of predictive preclinical models.Collectively, these multidisciplinary
advances provide a roadmap for optimizing CAR-T cell therapy in glioblastoma and accelerating its translation toward durable clinical
benefit.
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Introduction

Glioblastoma multiforme (GBM) is the most aggressive and lethal primary malignancy of the central nervous system and
remains the most common form of malignant brain tumor in adults. It accounts for approximately 14.5% of all central
nervous system (CNS) tumors and nearly 48.6% of malignant CNS neoplasms. Despite continuous advances in surgical
and adjuvant treatment strategies, the prognosis of GBM patients remains extremely poor, with a median overall survival
of approximately 15 months.'* Current standard management, consisting of maximal safe surgical resection followed by
radiotherapy and temozolomide chemotherapy, provides only modest survival benefit and is rarely curative.’> The
therapeutic failure in GBM is largely attributable to its complex biological characteristics, including diffuse infiltration
into surrounding brain tissue, substantial intra- and inter-tumoral heterogeneity, and a profoundly immunosuppressive
tumor microenvironment (TME).*> These features not only promote resistance to conventional therapies but also pose
major obstacles to emerging immunotherapeutic approaches. In addition, recent studies emphasize that GBM progression
is strongly shaped by evolving clinical and translational challenges, including immune escape and treatment-associated
toxicity, highlighting the need for innovative therapeutic paradigms.® In recent years, immune-based therapies have
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transformed the treatment landscape of several solid tumors, such as melanoma and non—small cell lung carcinoma, by
enhancing endogenous immune recognition and elimination of malignant cells.” However, GBM has shown limited
responsiveness to immune checkpoint inhibitors, largely due to its immunologically “cold” phenotype, low tumor
mutational burden, and anatomical constraints such as the blood-brain barrier (BBB), which restrict immune cell
trafficking into the CNS. Although the BBB is partially disrupted in GBM, heterogeneous permeability and the presence
of a blood—tumor barrier still limit uniform immune-cell infiltration into tumor sites. Consequently, there is a critical
unmet need for alternative immune strategies capable of overcoming these barriers.® Chimeric antigen receptor (CAR)
T-cell therapy represents one of the most promising advances in cancer immunotherapy. By genetically engineering
patient-derived T lymphocytes to recognize tumor-associated antigens (TAAs) in an MHC-independent manner, CAR-T
therapy has achieved remarkable clinical success in hematological malignancies, including acute lymphoblastic leukemia
and diffuse large B-cell lymphoma, resulting in durable remissions and long-term survival benefits.”'” These achieve-
ments have stimulated growing interest in adapting CAR-T approaches to solid tumors, including GBM. Nevertheless,
CAR-T cell therapy in glioblastoma faces distinct and multifactorial challenges. Antigenic heterogeneity within GBM
promotes immune escape through antigen loss variants, while the immunosuppressive TME inhibits CAR-T activation
and persistence. Moreover, limited CAR-T trafficking into brain tumors, partly mediated by BBB-associated restrictions
and abnormal tumor vasculature, further reduces therapeutic efficacy.'' Early clinical and preclinical studies targeting
antigens such as EGFRVIII and IL-13Ra2 have demonstrated proof-of-concept activity; however, responses remain
variable and often transient, underscoring the need for improved engineering strategies.'*'?

To address these limitations, recent advances have focused on multi-antigen targeting CAR designs, armored CAR-T
cells capable of secreting immunostimulatory cytokines, checkpoint-resistant constructs, and novel delivery approaches
that enhance CNS penetration and local persistence.'* Combination strategies that integrate CAR-T therapy with immune
checkpoint blockade, oncolytic virotherapy, and nanotechnology-based delivery systems are being actively investigated
to enhance antitumor immunity and improve clinical outcomes. Nanoparticle-enabled delivery platforms, in particular,
offer potential to facilitate BBB penetration and promote locoregional persistence of CAR-T cells and immunomodula-
tory agents within the CNS tumor microenvironment.

In this review, we provide an integrative and up-to-date framework of the latest progress in CAR-T cell therapies for
GBM. We discuss the major biological and physical barriers limiting therapeutic efficacy, highlight innovative engineer-
ing and combinatorial strategies developed to overcome immune suppression and antigen escape, and address key
translational challenges such as toxicity management, manufacturing scalability, and clinical implementation. Ultimately,
a multidisciplinary approach will be essential to advance CAR-T therapies toward effective and durable treatment options
for patients with glioblastoma.

Methodology for Literature Review

A structured literature review was performed to identify recent advances in CAR-T cell therapy for glioblastoma (GBM).
Electronic databases including PubMed, Scopus, and Web of Science were systematically searched for articles published
between 2006 and 2026. The search strategy combined keywords and Medical Subject Headings (MeSH) such as “CAR-
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T cell therapy,” “glioblastoma,” “tumor microenvironment,” “blood—brain barrier,” “antigen escape,” “immune check-
point inhibitors,” and “oncolytic virotherapy.”

The initial search yielded approximately 352 publications. After removal of duplicates, titles and abstracts were
screened to exclude studies unrelated to GBM, non—CAR-based immunotherapies, conference abstracts, and articles
published prior to 2010. Full-text assessment was subsequently conducted to determine eligibility.

Studies were included if they (i) investigated CAR-T engineering strategies relevant to glioblastoma, (ii) addressed
immunosuppressive mechanisms within the GBM microenvironment, or (iii) evaluated combinatorial approaches such as
checkpoint blockade or oncolytic virotherapy. Both preclinical and clinical studies were considered. Importantly, article
selection was based on scientific relevance, originality, and translational significance, rather than journal impact factor

alone, leading to the final inclusion of 74 key studies.
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Tumor Immune Microenvironment of GBM

The tumor microenvironment (TME) of gliomas consists of a heterogeneous network of malignant cells interacting with
various non-neoplastic components, including neural, vascular, stromal, stem, and immune cells. Within this ecosystem,
the glioma tumor immune microenvironment (TIME) is a highly dynamic and complex niche that profoundly influences
tumor growth, immune escape, and therapeutic resistance. Owing to its limited immune infiltration and suppressive
characteristics, GBM 1is often classified as an “immunologically cold” or immune-hostile tumor,'” as illustrated in
Figure 1.

The glioblastoma (GBM) tumor microenvironment contains a diverse population of immune cells, primarily tumor-
associated macrophages (TAMs), microglia, myeloid-derived suppressor cells (MDSCs), dendritic cells, and various
subsets of T lymphocytes. These immune components form a substantial part of the GBM microenvironment and play
critical roles in modulating tumor behavior. Glioma cells release a range of metabolites and signaling molecules that
reshape immune cell function, promoting the infiltration of immunosuppressive regulatory T cells (Tregs) and MDSCs
into the (TIME). This remodeling process disrupts effective tumor recognition and dampens antitumor immunity.
Moreover, the overexpression of metabolic enzymes further suppresses cytotoxic immune activity by limiting the
recruitment of natural killer (NK) and cytolytic T cells, while enhancing inflammatory pathways that favor tumor
progression.'®

Characterized by invasive growth, extensive angiogenesis, chronic inflammation, hypoxic and necrotic regions, and
profound immune suppression, the (TIME) establishes a permissive niche that supports glioblastoma survival and
progression. A notable feature of GBM, considering its cold environment and low immunological immunity, is the
strong infiltration of neoplastic cells such as immune cells, endothelial cells, and fibroblasts, whose cellular interactions
with proinflammatory cytokines, chemokines, growth factors, or direct cellular interactions enhance pro -pro-tumorigenic
forces at TIME.'” The accumulation and functional activation of anti-inflammatory immune populations give rise to
a profoundly immunosuppressive (TIME), which facilitates glioma cell invasion while dampening effective antitumor
immune responses.'® Tumor progression and immune escape in glioblastoma are largely driven by the intricate network
of interactions between immune cells and signaling molecules within the (TIME). Among these regulatory components,
glioblastoma-derived exosomes (GDEs) act as pivotal mediators that reprogram tumor-associated macrophages (TAMs)
and other immune populations, thereby enhancing immunosuppression and promoting tumor growth and invasion.'
Tumor-associated macrophages (TAMs) display remarkable plasticity, adopting either proinflammatory, anti-tumor (M1-
like) or immunosuppressive, pro-tumor (M2-like) phenotypes, with the latter predominating in glioblastoma. These cells
promote tumor progression by secreting cytokines and growth factors that suppress T-cell activation, enhance
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Figure | Overview of cellular and immune interactions within the glioblastoma microenvironment. Adapted from Datsi et al.'®

Cancer Management and Research 2026:18 heeps: 3



@ Pourmasoumi et al

angiogenesis, and support tumor proliferation. TAMs originate from two major sources—bone marrow—derived mono-
cytes and resident microglial cells within the central nervous system.'® Glioblastoma-derived exosomes (GDEs) are
detected both within the tumor microenvironment and among infiltrating immune cells. They interact with classically
activated M1 macrophages, driving their phenotypic conversion toward the immunosuppressive M2 state. This repro-
gramming occurs through multiple signaling pathways, including the upregulation of Programmed Death-Ligand 1 (PD-
L1) expression, which further dampens antitumor immune activity.”® Extracellular vesicles released by glioblastoma stem
cells (GSCs) profoundly influence dendritic cell (DC) metabolism by promoting lipid accumulation and triggering
ferroptotic cell death. This metabolic reprogramming is mediated through activation of the nuclear factor erythroid 2—
related factor 2 (NRF2)/glutathione peroxidase 4 (GPX4) signaling pathway, ultimately leading to impaired DC function
and weakened antitumor immunity.'® Altering the metabolism of dendritic cells (DCs), also known as immunometabo-
lism, is a conducive area of research for improving DC-based immunotherapies, particularly in cancer treatment. By
manipulating metabolic pathways within DCs, researchers aim to enhance their ability to activate immune responses and
overcome limitations of existing therapies.'®*' This implicates targeting various metabolic processes like glycolysis,
lipid metabolism, and amino acid metabolism to collimate DC function. GDEs, as mediators in the GBM tumor
microenvironment, are strongly associated with immunosuppression and tumor growth enhancement due to components
of the signal transducer and activator of transcription 3 (STAT3) signaling pathway. These exosomes can carry arginase-1
and Intercellular Adhesion Molecule 1 (ICAM-1), both of which are involved in immunosuppression.'® Exosomes are
extracellular vesicles that act as messengers between cells, and their cargo can significantly influence the immune
response. Arginase-1 is an enzyme that degrades arginine, an amino acid crucial for T cell function, thus suppressing
immune activity. [ICAM-1, on the other hand, is an adhesion molecule that can mediate the interaction between exosomes
and immune cells, potentially facilitating immunosuppression, which macrophage migration, proliferation, and phago-
cytosis, eventually supporting tumorigenesis, particularly under hypoxic conditions.'®*' GBM cells secrete branched-
chain ketoacids (BCKAs) into the tumor microenvironment, influencing the behavior and polarization of neighboring
immune cells. Specific metabolites, such as a-ketoisocaproate (KIC) and a-keto-B-methylvalerate (KMV), have been
shown to promote a pro-tumoral macrophage phenotype, whereas o-ketoisovalerate (KIV) exerts pro-inflammatory
effects. This bidirectional metabolic communication highlights the intricate interplay between glioma cells and immune
populations within the tumor microenvironment.*?

In addition, polysialic acid (polySia)—a sialic acid homopolymer enriched in glioblastoma-derived exosomes
(GDEs), which are small extracellular vesicles that mediate intercellular communication within the tumor microenviron-
ment—interacts with sialic acid—binding immunoglobulin-like lectin 16 (Siglec-16) on tumor-associated macrophages
(TAMs), triggering pro-inflammatory signaling cascades. Conversely, BCKA uptake by TAMs attenuates their phago-
cytic function, further contributing to immune evasion. The reprogramming of the GBM microenvironment is also tightly
orchestrated by microglia, the resident immune cells of the central nervous system, which adapt their functional state in

. 23,24
response to these tumor-derived cues.*

Engineering CAR-T Cells to Overcome Immunosuppression and Enhance Therapeutic

Synergy in Glioblastoma
One of the major obstacles limiting the efficacy of CAR-T cell therapy in glioblastoma (GBM) is the profoundly
immunosuppressive tumor microenvironment (TME). Within this hostile milieu, CAR-T cells are exposed to inhibitory
cytokines such as transforming growth factor-p (TGF-B) and interleukin-10 (IL-10), metabolic stress, and suppressive
immune populations including regulatory T cells (Tregs) and myeloid-derived suppressor cells. These factors collectively
impair CAR-T cell activation, persistence, and cytotoxic function.*’

To address these challenges, recent genetic engineering strategies have focused on enhancing CAR-T resistance to
immune suppression, improving intratumoral persistence, and synergizing CAR-T activity with complementary immu-
notherapeutic approaches.”® An overall schematic summary of representative CAR-T targets, key immunological

barriers, and emerging engineering strategies in GBM is presented in Figure 2.
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Figure 2 Schematic illustration of chimeric antigen receptor (CAR) T-cell therapy in glioblastoma (GBM), highlighting key therapeutic mechanisms, representative target
antigens, and major translational barriers. Tumor-associated antigens, including epidermal growth factor receptor variant Ill (EGFRvIIl), human epidermal growth factor
receptor 2 (HER?2), disialoganglioside GD2, interleukin-13 receptor alpha 2 (IL-13R02), and matrix metalloproteinase-2 (MMP2), are recognized by CAR-T cells to induce
tumor cell killing (center). The schematic also illustrates critical challenges (right), such as limited CAR-T cell infiltration, tumor microenvironment (TME)-mediated
immunosuppression, neuronal collateral damage, tumor lysis syndrome (TLS), and blood-brain barrier (BBB) disruption. Created with BioRender.com.

Engineering CAR-T Cells to Overcome Immunosuppression and Enhance Therapeutic

Synergy in Glioblastoma

Given the profound immunosuppressive nature of the glioblastoma microenvironment, CAR-T cells rapidly become
dysfunctional after tumor entry, exhibiting impaired expansion, early exhaustion, and limited persistence. To overcome
these limitations, next-generation CAR-T engineering approaches have focused on enhancing intrinsic T-cell fitness,
resisting inhibitory cytokine signaling, and promoting sustained effector function within the CNS tumor niche.*’

Genetic Modifications to Improve CAR-T Persistence and Function in GBM

CAR-T cells are engineered T lymphocytes designed to recognize tumor-associated antigens in an MHC-independent
manner. Despite their transformative success in hematologic malignancies, CAR-T therapies in glioblastoma remain
severely limited by impaired expansion, early exhaustion, and restricted persistence within the profoundly immunosup-
pressive CNS tumor microenvironment. Consequently, next-generation strategies have increasingly focused on genetic
modifications that enhance CAR-T effector function, long-term fitness, and resistance to inhibitory signaling
pathways.?”*® One of the most established approaches to improve CAR-T efficacy in GBM involves optimizing
intracellular co-stimulatory signaling domains, including 4-1BB and OX40, which play central roles in reinforcing
T-cell activation, survival, and durability under suppressive tumor conditions. Preclinical studies have demonstrated that
incorporation of these domains significantly enhances CAR-T persistence and cytotoxic activity within hostile TME
settings, thereby reducing functional exhaustion and improving therapeutic durability.>’ In addition to tumor-intrinsic
immune suppression, CAR-T cell performance in glioblastoma is further constrained by CNS-specific anatomical barriers
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that limit effective trafficking and infiltration into tumor sites. Tight junction proteins such as claudin-5, together with
immunomodulatory signaling from astrocytes and microglia, contribute to an inhibitory cytokine milieu dominated by
mediators such as TGF- and IL-10, which collectively impair CAR-T activation and persistence after tumor entry.*”

To overcome these limitations, advanced engineering strategies have focused on enhancing CAR-T migratory
capacity through chemokine receptor reprogramming. For example, modification of CAR-T cells with receptors such
as CXCR2 or CCR2 has shown improved homing toward chemokine-enriched tumor regions, resulting in significantly
enhanced intratumoral accumulation and antitumor efficacy in preclinical solid tumor models.*' Together, these genetic
engineering approaches represent critical steps toward improving CAR-T durability and functionality in the uniquely
immunosuppressive landscape of glioblastoma.

Function of Co-Stimulatory Molecules (4-1BB, OX40)

Several co-stimulatory molecules enhance the anti-tumor activity of CAR-T cells by promoting T cell activation,
proliferation, and persistence, while also reducing exhaustion. CD28 and 4—-1BB are the most common and are included
in FDA-approved CAR-T cell therapies. Other promising candidates include OX40, CD27, GITR, and ICOS.>* These
molecules, when incorporated into CAR constructs, can improve the efficacy and longevity of CAR-T cell responses,
particularly against solid tumors. In CAR-T cell therapy for GBM, 4-1BB and OX40 are co-stimulatory molecules that
enhance the anti-tumor activity of CAR-T cells.'"® They achieve this by boosting T cell activation, survival, and
proliferation, while also potentially inhibiting regulatory T cell (Treg) function, which can suppress the immune response.
The expansion and survival of T cells, which are generated through 4-1BB costimulatory receptor signaling, leads to
a reduction in antigen-positive relapse. The 4-1BB signaling can also enhance memory T cell formation and reduce CAR
T cell depletion, while OX40, a member of the TNFR family, OX40 signaling can boost T cell activation and survival,
outstandingly improving CAR-T cell persistence and anti-tumor activity, and potentially counteract Treg-mediated
immunosuppression. To equip CAR-T cells with resistance to immunosuppressive agents like TGF-f, researchers are
exploring several strategies, including modifying CAR-T cells to express dominant-negative TGF-8 receptors, using
cytokines to counteract TGF-B’s effects, or engineering CAR- T cells that can redirect TGF-f signaling to promote anti-
tumor activity.”> Smith et al showed that by throwing into disarray or bypassing TGF-p signaling, they saw increased
stability of CAR-T cells and enhanced antitumor function in preclinical models.** They successfully engineered CAR-T
cells to evade TGF-B signaling pathways, which resulted in significantly improved antitumor responses in preclinical
GBM models. Researchers are actively investigating the use of these and other co-stimulatory domains to optimize CAR-
T cell design and improve treatment effectiveness.>* These advancements are particularly relevant in challenging tumor
microenvironments like those found in glioblastoma multiforme (GBM) and triple-negative breast cancer (TNBC).
Research is ongoing to identify and incorporate novel co-stimulatory molecules into CAR constructs.

Development in Genetic Alteration for Cytokine-Secreting CAR-T Cells (IL-12, GM-CSF)

Chimeric antigen receptor (CAR) T cells are genetically engineered lymphocytes designed to enhance cancer immu-
notherapy. These modified T cells express synthetic receptors that enable them to specifically recognize and bind antigens
on tumor cells, facilitating targeted cytotoxic activity. In addition to direct tumor recognition, CAR-T cells can be further
engineered to secrete immunostimulatory cytokines such as interleukin-12 (IL-12) and granulocyte-macrophage colony-
stimulating factor (GM-CSF), thereby amplifying local immune activation and recruiting other effector immune cells to
the tumor microenvironment. This strategy, as reported by Zhang et al, has shown encouraging outcomes in preclinical
models, highlighting its potential to overcome the immunosuppressive landscape of solid tumors,** This approach helps
mitigate the tumor microenvironment’s immunosuppressive effects (TME), thereby increasing the overall effectiveness
of CAR-T cell therapy. Interleukin-12 (IL-12), as a proinflammatory cytokine, in particular, acts as a key role by
suppressing the expression of FoxP3 and TGF-f, both of which are related to the extension of regulatory T cells (Tregs)
that facilitate immune escape. It acts as a key regulator of both innate and adaptive immunity, particularly in the context
of cell-mediated immunity.>? Additionally, IL-12 reduces the proliferation of myeloid-derived suppressor cells (MDSCs)
and promotes the infiltration of cytotoxic T lymphocytes (CTLs) into the tumor site, further strengthening antitumor
immune responses. It plays a crucial role in enhancing cellular immunity by promoting Thl cell differentiation and the
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production of IFN-y, which is vital for clearing pathogens like Mycobacterium tuberculosis (Mtb). IL-12 also activates
signaling pathways that contribute to the development and regulation of inflammatory diseases within the central nervous
system (CNS).>*

CAR-T cells engineered for constitutive interleukin-12 (IL-12) secretion have been shown to exhibit enhanced
persistence, decreased exhaustion, and greater infiltration into tumor tissues. When combined with TGF- signaling
inhibitors, these IL-12-producing CAR-T cells display synergistic antitumor effects by counteracting immunosuppressive
mechanisms within the tumor microenvironment (TME), thereby amplifying therapeutic potency.>”

Chimeric Antigen Receptor Therapies with Immune Checkpoint Inhibitors:
A Combining Approach

The integration of chimeric antigen receptor (CAR) T-cell therapy with immune checkpoint inhibitors (ICIs) has emerged
as a promising approach to overcome the individual limitations of each treatment, particularly in the context of solid
tumors. CAR-T cells are genetically modified to recognize tumor-associated antigens with high specificity, whereas ICIs
—such as anti-PD-1 and anti-PD-L1 antibodies—function by blocking inhibitory pathways that restrain T-cell activity.
The combination of these modalities is designed to enhance CAR-T cell persistence and cytotoxicity, mitigate the effects
of the immunosuppressive tumor microenvironment (TME), and ultimately improve overall therapeutic efficacy.’
Combining CAR T-cell therapy with immune checkpoint inhibitors in glioblastoma aims to dominate the tumor’s
immunosuppressive environment and enhance CAR T-cell effectiveness. This strategy involves using checkpoint
inhibitors to counteract the inhibitory signals within the GBM microenvironment that suppress CAR T-cell activity,
ultimately boosting their anti-tumor response.’® Recent advancements in immune checkpoint inhibition have expanded
beyond PD-1 and CTLA-4 (Cytotoxic T-lymphocyte Associated Protein 4) inhibitors, with promising candidates
targeting additional immune checkpoints to overcome the immunosuppressive microenvironment in GBM. These
emerging strategies aim to rejuvenate exhausted T cells and enhance anti-tumor immunity.’

CAR-T Cells and Immune Checkpoint Inhibitors (ICls)

Immune checkpoints are inhibitory receptors found on the surface of immune cells—most prominently on T lymphocytes
—that serve as essential modulators of immune activity. They play a pivotal role in preserving immune tolerance and
preventing excessive immune activation that could lead to autoimmunity.>> Under normal physiological conditions,
immune checkpoint pathways are indispensable for maintaining self-tolerance and safeguarding healthy tissues from
immune-mediated injury. Therapeutically, blockade of these pathways through immune checkpoint inhibitors (ICIs)—
particularly those targeting programmed cell death protein 1 (PD-1)—has been shown to restore the function of
exhausted CAR-T cells and enhance their antitumor efficacy. This synergistic effect was demonstrated in preclinical
studies conducted by Johnson et.*' Their findings show that merging PD-1 blockade with CAR-T cell therapy cause
greater tumor reduction and improved endurance in GBM animal models. These preclinical insights are consistent with
current clinical trials assessing the treatment potential of CAR-T and immune checkpoint inhibitor co-administration in
GBM patients. In comparison to normal brain tissues, glioblastoma is overexpressed with certain type of cytokine
receptors known as IL13Ra2 (Interleukin-13 Receptor Subunit Alpha-2) that exhibit high affinity for IL-13. By blocking
the PD-1 and PD-L1 signaling axis, the antitumor activity of CAR-T cells particularly those targeting IL13Ra2is
significantly improved, resulting in more favorable therapeutic responses, as reported by Lee et al.*® To achieve
a sustained antitumor effect in glioblastoma, it is critical to ensure that therapeutic agents remain localized within
tumor tissues. This challenge can be effectively addressed through the use of nanocarriers, particularly those that are
surface-functionalized to enhance tumor penetration and retention. Over the past few decades, nanotechnology-based
drug delivery systems have garnered significant attention for the treatment of various malignancies, including glioblas-
toma multiforme (GBM).”> Among potential molecular targets, the interleukin-13 receptor alpha 2 (IL13Ra2) has
emerged as one of the most extensively investigated due to its high expression in GBM cells and negligible presence
in normal brain tissue. The restricted distribution of IL13Ra2 in healthy tissues renders it an attractive and selective

target for glioblastoma-directed nanotherapeutic and immunotherapeutic strategies.*®

Cancer Management and Research 2026:18 heeps: 7



@ Pourmasoumi et al

Virotherapy and CAR-T Cells in Cancer Treatment

Oncolytic viruses (OVs) are viruses engineered to selectively target and destroy cancer cells, while leaving healthy cells
unharmed. Genetic engineering plays a crucial role in enhancing the efficacy and safety of OVs by modifying their ability to
replicate in tumors, express therapeutic genes, and stimulate the immune system.*® This approach, known as oncolytic
virotherapy, holds significant promise for cancer treatment. Oncolytic virotherapy, which utilizes genetically modified viruses
to preferentially infect and destroy tumor cells, has been examined as a complementary approach to CAR-T cell therapy.
Furthermore, to their direct cancer treatment effects, these viruses enable the secretion of tumor-associated antigens (TAAs)
into the tumor microenvironment (TME), thereby boosting immune activation and ameliorating CAR-T cell efficacy. This
synergistic approach has been established in animal studies by Wang et al.*’ Studies have demonstrated that oncolytic viruses
can reshape the tumor microenvironment (TME), rendering it more supportive of immune activity and thereby increasing the
proliferation and persistence of CAR-T cells. Moreover, specific viral platforms such as adenoviruses possess the capability
to traverse the blood-brain barrier (BBB), allowing direct infection of GBM cells within the CNS. This dual action
contributes to both localized immune stimulation and tumor cell lysis. These observations are consistent with the results
reported by Davis et al.*' They confirmed that the integration of oncolytic virotherapy with CAR-T cell treatment
significantly amplified antitumor responses in GBM preclinical models. Oncolytic virotherapy combined with CAR-T cell
therapy has shown promise in amplifying antitumor responses in glioblastoma (GBM). This combination approach leverages
the strengths of both therapies to overcome challenges associated with treating solid tumors like GBM.

Progresses in CAR-T Layout for Brain Tumor Immunotherapy
Receptors of chimeric antigen are synthetic fusion proteins engineered to potentiate T cell responses against malignant
cells. Progress in CAR-T cell therapy for brain tumors involves advancements in CAR-T structure, identifying suitable

tumor targets, and combining CAR-T with other immunotherapies.*!

A standard CAR structure comprises three
fundamental elements: an extracellular domain responsible for identifying tumor-associated antigens (TAAs),
a transmembrane and spacer region for structural support and flexibility, and an intracellular signaling module that
initiates T cell activation. Second-generation CARs are enhanced with co-stimulatory domains such as 4-1BB or CD28
to boost activation and longevity, while third-generation constructs incorporate multiple co-stimulatory signals for
superior functionality. CAR-T cells can be precisely engineered to distinguish and attack specific TAAs, including
IL13R02, HER2, and EGFRVIII, that are commonly upregulated in GBM and other brain cancers. Johnson et al®*' and
Brown et al** have highlighted the demonstration of the therapeutic potential of these targeted designs, which have
proved preclinical success in targeting these antigens, particularly IL13Ra2, showing promise in overcoming tumor-
associated challenges like antigen heterogeneity and immune evasion. To further counteract the effects of the immuno-
suppressive tumor microenvironment (TME), CAR-T cells have been genetically altered to yield therapeutic agents such
as cytokines like interleukin-12 (IL-12) that amplify their antitumor activity. In parallel, advances in CAR architecture
have aimed to address structural and physiological barriers, most remarkably the BBB, which presents a main problem in
treating central nervous system tumors such as GBM. Improved trafficking across the blood-brain barrier (BBB) can
significantly advance the treatment of central nervous system (CNS) disorders. By enhancing drug delivery to the brain,
researchers can develop more effective therapies for conditions like brain tumors, Alzheimer’s disease, and other
neurological diseases. They have shown that incorporating modifications for improved trafficking across the BBB can
advance the efficiency of CAR-T cells in brain cancer therapy.*® Each component of the Structure of CAR contributes to
receptor stability, structural adaptability, and the precise identification of tumor-associated antigens such as IL13Ra2,
HER2, and EGFRvVIII, which are frequently expressed in brain tumors. The intracellular domain integrates CD3(
signaling, often supplemented with co-stimulatory molecules such as CD28, 4-1BB, 0X40, CD27, or ICOS, which
collectively enhance T-cell activation, persistence, and cytotoxic efficiency. These elements are crucial for sustaining

long-term CAR-T cell responses and overcoming the immunosuppressive microenvironment in brain tumor therapy.*?
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Outlook and Challenges In Brain Tumors CAR-T Cell Therapy
The application of chimeric antigen receptor (CAR) T-cell therapy in brain tumors is hindered by several unique
challenges, including inefficient trafficking of effector cells to the tumor site and the intricate nature of the central
nervous system (CNS) tumor microenvironment. Additional obstacles, such as limited T-cell infiltration, off-target
toxicity, cytokine release syndrome (CRS), and tumor lysis syndrome (TLS), further complicate therapeutic success.
Although CAR-T cell therapy has revolutionized the treatment of hematologic malignancies, translating this success to
solid tumors—particularly glioblastoma (GBM)—remains a formidable task. Two major barriers define this difficulty:
the blood—brain barrier (BBB), which restricts the migration of CAR-T cells into the CNS, and the immunosuppressive
tumor microenvironment (TME), which severely impairs their persistence and cytotoxic function (Figure 3).***°

These challenges include limited T-cell infiltration due to the blood-brain barrier (BBB), immune evasion mechanisms
within the tumor microenvironment (TME), and antigenic heterogeneity. Novel approaches such as bispecific and trispecific
CARs, chemokine receptor-expressing CARs, and immune checkpoint blockade enhance tumor targeting, persistence, and
adaptability within the immunosuppressive TME. Bispecifics are engineered to overcome the limitations of traditional CAR
T-cell therapies. The primary function of tandem CARs is to extend the therapeutic reach of CAR T-cells by targeting
malignant cells that evade single-target therapies.*® This approach focuses on cell-to-cell interactions between cancer cells
and CAR T-cells, allowing for the targeting of multiple antigens. This strategy is particularly useful in treating cancers that
may escape initial therapies. Additionally, safety mechanisms like inhibitory CARs (iCARs) and inducible apoptosis
switches (ICASP9) mitigate off-target toxicity, ensuring controlled CAR-T activation. These improvements collectively
enhance the therapeutic ability of CAR-T cells in fighting brain tumors while addressing their inherent complexities.*®
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Figure 3 Schematic overview of key challenges and emerging strategies in CAR-T cell therapy for glioblastoma and other brain tumors. Major barriers include limited CAR-
T infiltration across the blood-brain barrier (BBB), antigenic heterogeneity, and immunosuppressive signaling within the tumor microenvironment (TME). Novel engineering
approaches such as bispecific and trispecific CAR designs, chemokine receptor-modified CAR-T cells, immune checkpoint blockade, and safety switch mechanisms aim to
enhance tumor targeting, persistence, and therapeutic control. Adapted from.*¢
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Immune Preferences in the CNS Parenchyma

The brain’s immune system is not entirely isolated; instead, it actively interacts with the body’s immune system through
specialized “niches” and pathways. These interactions are crucial for brain health, repair, and even behavior. While the
brain has protective barriers, it’s now understood that it’s not immune-privileged in the traditional sense. The brain
parenchyma’s immune system primarily consists of myeloid cells, specifically CNS-associated macrophages.
Perivascular macrophages and microglia patrol the brain parenchyma, while the meningeal spaces have a diverse immune
repertoire.”> Research is ongoing to understand how immune cells move from the parenchyma to the subarachnoid space
and then into meningeal lymphatic vessels. This complex interplay highlights the intricate immune surveillance within
the central nervous system. The CNS parenchyma exhibits immune privilege, meaning it has a reduced immune response
compared to other body tissues, due to several factors, including the blood-brain barrier (BBB) and specific immune cell
behavior. This presentation helps protect the delicate neural tissue from damaging inflammation, but also presents
challenges for treating infections and tumors within the CNS.*® Beyond the physical and immunological barriers, several
intrinsic tumor characteristics—such as hypoxia, T-cell exhaustion, and pronounced intra- and inter-tumoral heteroge-
neity—further impede the therapeutic response in gliomas. Together, these factors underlie the modest clinical efficacy
observed with current immunotherapeutic strategies for brain tumors.Importantly, the diverse population of innate and
adaptive immune cells residing within the meningeal and parenchymal compartments of the central nervous system
(CNS) should not be regarded solely as a potential source of neuroinflammation. Rather, they function as tightly
regulated partners that sustain neuroimmune communication and contribute to neural homeostasis. Advances in neu-
roimmunology have recently elucidated the pivotal roles of both microglia and meningeal immune networks in

maintaining normal brain physiology and orchestrating immune responses under pathological conditions (Figure 4).%

Penetrating the Blood-Brain Barriers

Overcoming the blood-brain barrier (BBB) is a significant challenge in CAR-T cell therapy for glioblastoma (GBM), as
the BBB restricts the delivery of therapeutic CAR-T cells to the tumor site. Several strategies are being explored to
enhance CAR-T cell delivery to GBM, including invasive and non-invasive methods, as well as targeting specific

Major Barriers to CAR-T in GBM
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Figure 4 Key challenges of CAR-T cell therapy in glioma. CAR-T cell efficacy in glioma is limited by multiple structural and immunological barriers. The blood-brain barrier
(BBB) restricts T-cell migration into the tumor site, while antigen-presenting cells in perivascular niches play a minimal role in reactivating infiltrating lymphocytes. Within the
tumor microenvironment (TME), abundant myeloid populations, immunosuppressive cytokines, and checkpoint ligands collectively inhibit CAR-T activation and persistence.
Additional constraints include hypoxia, which deprives T cells of oxygen and nutrients, chronic antigen exposure leading to exhaustion, and pronounced inter- and intra-
tumoral heterogeneity, complicating target selection and CAR design.29
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antigens and managing the BBB itself.*’ Importantly, the BBB in glioblastoma is not uniformly intact. GBM-associated
angiogenesis and tumor-driven remodeling lead to partial disruption of the BBB and formation of a heterogeneous blood—
brain tumor barrier (BBTB). While this altered vasculature may allow limited immune-cell entry in certain tumor
regions, it remains highly variable and insufficient for consistent CAR-T trafficking and intratumoral distribution.
Therefore, strategies aimed at enhancing delivery across both the intact BBB and the heterogeneous BBTB remain
essential for effective CAR-T therapy in GBM.*’

For CAR-T cell therapy to achieve clinical effectiveness in GBM, modified T cells must successfully overpass the
blood—brain barrier (BBB) to admission tumor sites. To boost this process, several strategies are under investigation,
including the improvement of CAR-T cell migratory capacity and the use of nanoparticle-assisted delivery platforms
aimed at improving central nervous system targeting and overall treatment effectiveness.?’ Recent studies have high-
lighted that functionalized nanocarriers can substantially improve drug transport and tumor targeting in glioblastoma. For
example, folic acid—conjugated exosomes co-loaded with temozolomide (TMZ) and quercetin have demonstrated
enhanced BBB penetration and selective accumulation in GBM cells, resulting in increased apoptosis and tumor growth
inhibition in preclinical models.*® These findings provide valuable insight into how nanocarrier-based platforms could be
integrated with CAR-T therapy to enhance CNS infiltration, improve T-cell persistence, and potentiate immune responses
within the tumor microenvironment. Even with the progression of the tumor, the structure and function of the BBB are
changed after the rupture of the tumor membrane and the deterioration of the tumor. Eventually, BBB is replaced by the
blood-brain tumor barrier (BBTB), which hinders the delivery of most anti-tumor drugs. Research focuses on innovative
strategies to overcome this barrier and improve CAR T-cell therapy success in GBM. This involves exploring methods to
enhance CAR T-cell penetration into the brain tissue to target the tumor effectively. Nanotechnologies that enable drug
delivery across the BBB hold great promise for the treatment of GBM. An overview of BBB and drug delivery strategies
to the CNS, examples of nanocarriers for drug delivery, such as polymeric nanoparticles, liposomes, dendrimers, Nano
capsules, and so on. CAR-T constructs capable of simultaneously targeting multiple tumor-associated antigens, thereby

reducing the risk of immune evasion and relapse.””**

Preclinical and Clinical Studies
Ongoing clinical trials targeting EGFRvVIII, IL13R02, and HER2 in GBM have further explored the potential of CAR-T
cell therapy (Table 1).°*! Some trials have demonstrated clinical benefits, with tumor regression observed in certain
patients. However, a review by Guzman G et al showed that the duration of response is often limited, and tumor
recurrence remains a significant challenge.** For example, trials using EGFRvIII-targeting CAR-T cells showed tumor
regression in a subset of patients, but the efficacy was inconsistent, and some patients experienced severe
neurotoxicity.***° > Other trials targeting alternative antigens such as B7-H3, CD133, and HER2 have faced similar
hurdles with antigen variability and difficulties in overcoming the BBB.*****% Yuan et al discussed how these trials
emphasize the critical need for improving CAR-T cell delivery methods, including direct intracerebral injection, to
achieve better penetration of the BBB. Additionally, combining CAR-T cells with ICIs has emerged as a promising
strategy to overcome the immunosuppressive TME and enhance therapeutic outcomes in brain tumor treatments.’®
The clinical and preclinical experiences summarized in Table 1 illustrate both the promise and the persistent barriers
limiting the success of CAR-T cell therapy in glioblastoma. While targeting antigens such as EGFRvVIII, IL13Ro2, and
HER2 has demonstrated feasibility and occasional tumor regression, therapeutic benefit has generally been modest,
heterogeneous, and rarely durable. A central limitation is antigen escape, driven by marked intratumoral heterogeneity
and immune-selective loss of target expression following CAR-T pressure. Moreover, restricted trafficking across the
blood-brain barrier, inadequate intratumoral persistence, and profound suppression within the glioblastoma microenvir-
onment collectively impair sustained effector activity. Importantly, neurotoxicity

Advancement for Next-Generation CAR-T Cells with Different Approaches

Advancements in next-generation CAR-T cell therapies are focused on improving efficacy and reducing relapse.
Bispecific approaches are being explored to address antigen loss, a common cause of relapse. Research in CAR-NK
cells is another promising area of study. Additionally, developments include T cell-targeted CAR generation in situ. The
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Table | Remarkable Findings from Clinical Trials and Preclinical Studies on CAR-T Therapy for Brain Tumors

Study (Year) Target Model/ Route of Key Findings Challenges Identified
Antigen | Trial Phase | Administration | (Clinical/Preclinical)

Brown et al (2016)* ILI3Ra2 | Phase | ICT Transient anti-glioma response in | Immune suppression, recurrence
2 patients

Brown et al (20|6)42 ILI3Ra2 | Phase | ICT & ICV Regression of intracranial and BBB penetration, antigen escape
spinal tumors

O’Rourke et al EGFRvIIl | Phase | I\ 1710 patients responded; Immune suppression, recurrence

(2017)*' transient CAR+ expansion

Ahmed et al (2017)* | HER2 Phase | I\ 8/16 stable disease or partial Antigen variability, limited BBB
response penetration

Goff et al (2019)*2 EGFRvIIl | Phase | I\ No objective responses Severe neurotoxicity, CAR

persistence

Brown et al (2024)*’ ILI3Ra2 | Phase | ICT Tumor necrosis pathologically No significant difference in survival

confirmed rates was observed following the
intervention

Bagley et al (2024)°® EGFRvIIl | Phase | v No objective response; increased | T-cell exhaustion, relapse
IFN-T cells at relapse

Brown et al (2024)” ILI3Ro2 | Phase ICT, ICV, dual Half of the patients experienced | Inflammatory cytokines and limited

| (Expanded) stable disease or some level of CAR-T cell activity

improvement

Pediatric DMG/DIPG B7-H3 Phase | ICV Clinical feasibility under Antigen heterogeneity,

(ongoing trials)59 investigation neurotoxicity

Zhu et al (2014)%° CDI133 Preclinical - Tumor reduction in animal Cancer stem-cell heterogeneity
xenograft models

FDA has approved several CAR-T cell therapies for hematologic malignancies, demonstrating the clinical progress in
this field. These advancements aim to enhance treatment outcomes for patients. Advances in CAR-T cell engineering
focus on improving antigen specificity, reducing off-target effects, and enhancing persistence within the tumor micro-
environment (TME). One encouraging approach is the development of dual- and multi-target CAR-T cells, which can
recognize multiple tumor antigens, thereby alleviating the problem of antigen escape.®’ Furthermore, novel CAR designs
such as TRUCKs (T cell Redirected for Universal Cytokine Killing), switchable CARs, and inhibitory CARs (iCARs)
present enhanced flexibility, ameliorated safety, and better adaptation to the complex GBM TME. Engineering CAR-T
cells with cytokine support, such as IL-12 or IL-15-secreting CAR-T cells, has shown potential in restoring their
persistence and anti-tumor efficacy.®?

Discussion
This review highlights the potential of genetic modifications to enhance CAR-T cell therapy for glioblastoma multiforme
(GBM), focusing on key strategies such as co-stimulatory signaling, TGF-f resistance, and cytokine secretion to
overcome the immunosuppressive tumor microenvironment (TME). Our findings align with growing evidence suggesting
that reprogramming CAR-T cells to counteract inhibitory signals within the TME is critical for improving therapeutic
1 and Smith et al,*?

stimulatory molecules and modifying signaling pathways can significantly enhance CAR-T cell survival and function, we

efficacy. Consistent with the work of Debinski et a which demonstrated that incorporating co-

emphasize that molecules like 4-1BB and OX40 play a key role in enhancing CAR-T cell persistence and tumor-killing
ability in the hostile GBM microenvironment.** One of the major obstacles to CAR-T therapy in solid tumors,
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particularly GBM, is the immunosuppressive nature of the TME. Our analysis further supports the idea that TGF-p
signaling is a key mechanism of immune resistance. Strategies to bypass or neutralize TGF- have shown promise in
enhancing CAR-T cell persistence and effector function. As shown by Smith et al,** genetic modifications conferring
TGF-p resistance have significantly improved antitumor activity in preclinical models. These results indicate that next-
generation CAR-T cells engineered to resist key immunosuppressive pathways could offer more durable responses in
GBM.®

We also examined the synergistic potential of combining CAR-T therapy with immune checkpoint inhibitors (ICIs),
particularly PD-1 inhibitors, to reverse T-cell exhaustion and enhance antitumor responses. The findings of Johnson
et al'” and Lee et al'” and Lee et al*® support the hypothesis that blocking the PD-1/PD-L1 axis enhances CAR-T cell
activity by preventing functional exhaustion, thereby leading to prolonged tumor regression. Our review highlights those
ongoing clinical trials are actively evaluating this combination approach in GBM, and emerging data suggest that
integrating ICIs with CAR-T therapy may offer a viable strategy to overcome the suppressive TME.

Additionally, this study explored the emerging role of oncolytic virotherapy as an adjunct to CAR-T therapy.
Preclinical investigations by Wang et al** and Davis et al*! indicate that oncolytic viruses not only directly lyse tumor
cells but also release tumor-associated antigens (TAAs), thereby amplifying the immune response and promoting CAR-T
cell expansion within the TME. Importantly, some oncolytic viruses, such as engineered adenoviruses, can cross the
blood-brain barrier (BBB) and selectively infect GBM cells, providing a dual mechanism of direct oncolysis and immune
stimulation. This combination strategy holds great promise for enhancing CAR-T cell efficacy and improving treatment
outcomes.

Despite these promising advancements, several critical challenges remain. Tumor heterogeneity continues to pose
a significant hurdle for CAR-T therapy in GBM, as antigen loss or clonal evolution can enable tumor cells to evade
immune recognition. Future research should focus on developing multi-antigen targeting CAR-T cells, as well as
biomarker-driven approaches to personalize antigen selection and improve therapeutic precision.®® Additionally, while
oncolytic virotherapy has demonstrated preclinical success, concerns regarding viral resistance, off-target effects, and
long-term safety must be addressed through rigorous clinical evaluation. More studies are needed to determine optimal
virus-CAR-T combinations and mechanisms to enhance viral persistence within the GBM microenvironment.®” Another
major challenge is the scalability and manufacturing of CAR-T therapies for GBM.®® Unlike hematologic malignancies,
where CAR-T cell production is relatively standardized, solid tumor applications require more complex engineering,
enhanced persistence, and optimized delivery mechanisms.®® Establishing standardized protocols for CAR-T manufac-
turing, expansion, and genetic modification will be essential for clinical translation and widespread adoption of this
therapy.”’

Future Directions and High-Priority Research Gaps

Despite rapid advances, several priorities remain central for achieving durable clinical benefit in GBM. First, biomarker-
guided antigen selection and spatially informed multi-target designs are needed to mitigate antigen heterogeneity and
adaptive escape. Second, strategies that sustain intratumoral persistence—through resistance to myeloid suppression,
metabolic stress, and exhaustion—should be integrated early in construct design. Third, delivery optimization (locor-
egional approaches and BBB-permissive platforms) must be paired with real-time monitoring to balance exposure and
neurotoxicity risk. Finally, scalable manufacturing workflows and clinically predictive preclinical models will be
essential to standardize product quality and de-risk translation across patient subsets.

Conclusion

Recent advancements in Chimeric Antigen Receptor (CAR) T-cell therapy, particularly when combined with immune
checkpoint inhibitors (ICIs) and oncolytic virotherapy, have shown promising potential in the treatment of glioblastoma
multiforme (GBM). These innovative therapeutic strategies aim to overcome critical barriers such as immune evasion,
limited CAR-T persistence, and the profoundly immunosuppressive tumor microenvironment (TME), which remain
central challenges in GBM therapy. Innovations in co-stimulatory signaling, cytokine modulation, and genetic strategies
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to counteract suppressive pathways such as TGF-§ are increasingly enhancing the functionality of CAR-T cells within
this uniquely hostile immunological landscape.

Despite substantial progress, major obstacles continue to limit durable clinical success, including the restrictive
influence of the blood-brain barrier (BBB), marked intratumoral antigen heterogeneity, and the scalability of CAR-T
manufacturing. However, recent preclinical developments, including dual- and multi-antigen targeting constructs (such as
EGFRUVIII and IL13Ra2), together with emerging clinical trials of CAR-T platforms such as MB-101, provide encoura-
ging evidence that these barriers may be progressively surmountable In addition, next-generation approaches incorporat-
ing gene therapy, armored CAR-T designs, and checkpoint-resistant constructs further reinforce the therapeutic potential
of engineered cellular immunotherapy for GBM.

Importantly, future progress will depend on the integration of multi-target CAR strategies to mitigate antigen escape
and better address the adaptive evolution of glioblastoma under immune pressure. Advances in armored CAR-T cells
capable of sustained cytokine delivery or resistance to inhibitory mediators represent critical steps toward maintaining
effector activity within the immunosuppressive CNS tumor niche. Moreover, improving CAR-T delivery across the BBB
remains a key translational priority. Emerging nanotechnology-enabled delivery systems and locoregional administration
approaches may offer effective solutions to enhance CAR-T trafficking, intratumoral retention, and therapeutic control
within the brain.

At the same time, careful clinical optimization will be required to balance efficacy with safety, particularly given the
risk of neurotoxicity and inflammatory complications unique to CNS-directed immunotherapies. Furthermore, broader
clinical implementation will require advances in scalable manufacturing workflows, standardized engineering protocols,
and the development of clinically predictive preclinical models.

Collectively, these multidisciplinary innovations provide a roadmap for transforming CAR-T therapy from an
experimental proof-of-concept into a clinically viable and durable treatment modality, offering renewed hope for
achieving meaningful long-term benefit for patients with glioblastoma.
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