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Abstract 
Clinical trials evaluating chimeric antigen receptor (CAR) T-cell therapy in patients with malignant gliomas have 
shown some early promise in pediatric and adult patients. However, the long-term benefits and safety for patients 
remain to be established. The ultimate success of CAR T-cell therapy for malignant glioma will require the inte-
gration of an in-depth understanding of the immunology of the central nervous system (CNS) parenchyma with 
strategies to overcome the paucity and heterogeneous expression of glioma-specific antigens. We also need to 
address the cold (immunosuppressive) microenvironment, exhaustion of the CAR T-cells, as well as local and sys-
temic immunosuppression. Here, we discuss the basics and scientific considerations for CAR T-cell therapies and 
highlight recent clinical trials. To help identify optimal CAR T-cell administration routes, we summarize our current 
understanding of CNS immunology and T-cell homing to the CNS. We also discuss challenges and opportunities 
related to clinical trial design and patient safety/monitoring. Finally, we provide our perspective on future pro-
spects in CAR T-cell therapy for malignant gliomas by discussing combinations and novel engineering strategies 
to overcome immuno-regulatory mechanisms. We hope this review will serve as a basis for advancing the field in 
a multiple discipline-based and collaborative manner.

Key Points

1.	 We summarize basics, recent clinical trials, and our current understanding of central 
nervous system immunology.

2.	We discuss issues related to clinical trial design and patient safety/monitoring.

3.	Future developments need to integrate these considerations and novel technologies.

The promising outcomes of chimeric antigen receptor (CAR) 
therapy in treating hematological malignancies1–3 have cata-
lyzed preclinical and clinical investigations into its develop-
ment for solid tumors within the central nervous system (CNS; 
Supplementary Table 1). While long-term benefits and safety 
still need to be established, recent studies have provided val-
uable insights into the challenges and potential solutions for 
enhancing the efficacy of CAR T-cell therapy for glioma in both 
pediatric and adult populations.

This review provides a comprehensive and critical examina-
tion of recent preclinical and clinical approaches utilizing CAR 

T-cell therapy for malignant glioma. We delve into inherent an-
atomical and biological challenges, advances in CAR T-cell bio-
engineering, and clinical trial design aspects. Growing interest 
from clinicians, scientists, and patients in this area is driven 
by the rapid advancements, burgeoning clinical data, and in-
novative strategies that promise improved efficacy, durable 
responses, and safety in the treatment of malignant gliomas, 
which is one of the areas of the greatest unmet need in on-
cology. This review aims to guide research and foster robust 
multidisciplinary collaboration and trial designs to enhance 
patient care and treatment outcomes.

Chimeric antigen receptor T-cell therapy in patients 
with malignant glioma—From neuroimmunology to 
clinical trial design considerations  
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CAR Definition and Structures

CARs represent synthetic receptors designed to confer 
the CAR-transduced cells with an ability to recognize cell-
surface proteins on the target cells, such as tumor cells.4 
CARs typically comprise 4 main components: (1) an extra-
cellular target antigen-binding domain, (2) a hinge region, 
(3) a transmembrane domain, and (4) one or more intracel-
lular signaling domains.

The antigen-binding domains, derived from the variable 
heavy and light (VL) chains of monoclonal antibodies, are 
linked via a flexible linker, forming a single-chain variable 
fragment (scFv). These scFvs recognize extracellular sur-
face antigens, leading to major histocompatibility complex 
(MHC)-independent T-cell activation. However, CARs with 
scFV capable of specifically recognizing intracellular tumor-
associated antigens presented in the peptide-MHC complex 
(TCR-mimic CARs) represent an active area of investigation.5

The hinge or spacer region is the extracellular structural 
region that extends the antigen-binding domains from the 
transmembrane domain to access the targeted epitope. 
Differences in the length and composition of the hinge 
region can affect CAR functionality in terms of flexibility, 
CAR expression, signaling, and epitope recognition.6 The 
most commonly used hinge regions are designed with 
amino acid sequences derived from CD8, CD28, IgG1, or 
IgG4.7 Spacer length is empirically determined for each 
specific antigen-binding domain pair, as it has been dem-
onstrated to be decisive for optimal activity.8

The transmembrane domain serves as an anchor of the 
CAR to the T-cell membrane. It can also impact CAR T-cell 
function, including expression level, stability, signaling/
synapse formation, and interaction with endogenous 
signaling molecules. Common transmembrane domains 
are obtained from natural proteins such as CD3ζ, CD4, 
CD8α, or CD28.9

Intracellular signaling domains, a crucial focus in CAR 
engineering, have evolved over time. First-generation 
CARs utilized CD3ζ or FcRγ signaling domains with lim-
ited efficacy.10 Second-generation CARs incorporated one 
co-stimulatory domain in addition to the CD3ζ intracellular 
signaling domain. The 2 most common co-stimulatory do-
mains, CD2811 and 4-1BB (CD137),12 demonstrated high 
response rates in patients with distinct functional and met-
abolic features. CARs with CD28 domains caused differenti-
ation into effector memory T-cells using aerobic glycolysis, 
while CARs with the 4-1BB domains caused differentiation 
into central memory T-cells, increasing mitochondrial bio-
genesis and oxidative metabolism.13 Second-generation 
CAR T-cells demonstrated reproducible clinical success 
in patients with B-cell malignancies.2 Third-generation 
CAR T-cells, aiming for enhanced efficacy, included 2 
co-stimulatory domains (eg, CD28 and 4-1BB) along with 
CD3ζ.14 Fourth-generation CAR T-cells (also known as T-cells 
redirected for antigen-unrestricted cytokine-initiated killing 
[TRUCKs] or armored CARs) were engineered to release 
a transgenic cytokine upon CAR signaling in the targeted 
tumor tissue, combining the direct antitumor effect of the 
CAR T-cell with the immune modulating features of the de-
livered cytokine.15,16

Regarding gene transfer systems, both viral and non-
viral methods have been evaluated.17 Viral vectors, such as 

γ-retroviruses and lentiviruses, offer efficient genomic inte-
gration and long-term expression but pose safety concerns 
due to insertional mutagenicity, complicating regulatory 
constraints.18 Non-viral methods are being explored to mit-
igate these concerns. Transposons, like the reconstructed 
sleeping beauty, allow for larger payloads but show lower 
transfection efficiencies.19 Non-integrative methods, in-
cluding episomal DNA nano vectors and mRNA, offer al-
ternatives with potentially safer profiles. Transient CAR 
expression via mRNA has shown a favorable safety profile, 
though sustained antitumor responses remain unproven.20

Novel Experimental CAR Circuits to Improve the 
Efficacy and Safety of CARs

Malignant brain tumors are characterized by genetic and 
molecular diversity, resulting in the expression of var-
ious antigens. This antigen heterogeneity challenges the 
development of CAR T-cell therapies as tumors can evade 
immune detection by downregulation or losing the expres-
sion of certain antigens.21,22

Various CAR designs have been evaluated in this con-
text to enhance the efficacy and safety of CAR T-cells 
(Figure 1). Multi-specific CAR T-cells have been designed 
to target multiple antigens using either “AND” or “OR” 
gates. The “AND” gate system requires the CAR to bind all 
target antigens to mediate the antitumor activity, thereby 
reducing the cross-reactivity against non-tumor cells ex-
pressing only one target antigens. On the other hand, “OR” 
gate28 is designed to maximize the efficacy against tumor 
cells with heterogeneous antigen expression by allowing 
the CAR signaling when at least one of the target antigens 
is present in tumor cells.18,19 To provide more versatility of 
antigen-specificity, Universal CARs (Uni-CARs) have been 
developed whose antigen-binding domains bind to exoge-
nous antigen-specific molecules, such as scFV, monoclonal 
antibodies, or tumor-specific ligands.27

To further improve safety and tumor-tissue specificity, 
antigen-dependent inducible CAR T-cells have been de-
veloped. CARs integrated with synthetic Notch Receptor 
(synNotch) receptors23,24 or Synthetic Intramembrane 
Proteolysis Receptors (SNIPRs)24 allow CNS tumor- or CNS 
tissue-specific induction of CAR. Because synNotch-or 
SNIPR-induced CAR expression is transient, another ben-
efit of these systems is they prevent tonic CAR signaling, 
which leads to exhaustion of the T-cells.23,24,29

Another on-off CAR design approach is represented by 
split CARs characterized by their capacity to target 2 inde-
pendent antigens with the co-stimulatory domains split 
by 2 CARs. In split CARs, CAR T-cell activation requires 
the presence of both antigens to assemble the functional 
co-stimulatory domain. Furthermore, split CAR constructs 
integrating drug-responsible domains (degrons) allow the 
on/off switch CAR signals to be controlled by small mole-
cule drugs.25 Alternatively, drug-induced dimerization can 
serve as an ON-switch for split CAR circuit design.26

Furthermore, split, universal, and programmable 
(SUPRA) CAR systems have been developed to allow to 
switch targets without reengineering the cells, fine-tune 
T-cell activation and strength, and respond to multiple 
antigens. Supra CARs also have a split CAR T construct, 
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Figure 1.  Novel chimeric antigen receptor (CAR) T-cell engineering concepts. Multi-specific CAR T-cells have been designed to target mul-
tiple antigens using either “AND” or “OR” gates. Tandem CAR T-cells are composed of a single CAR structure that targets 2 tumor antigens 
with a distinct antigen recognition domain (scFv) linked consecutively with a single intracellular domain. Furthermore, CARs integrated with 
synthetic Notch Receptor (synNotch) receptors23,24 or Synthetic Intramembrane Proteolysis Receptors (SNIPRs)24 allow central nervous system 
(CNS) tumor- or CNS tissue-specific induction of CAR. Another on-off CAR design approach is represented by split CARs characterized by their 
capacity to target 2 independent antigens with the co-stimulatory domains split by 2 CARs. In split CARs, CAR T-cell activation requires the pres-
ence of both antigens to assemble the functional co-stimulatory domain. Furthermore, split CAR constructs integrating drug-responsible domains 
(degrons) allow the on/off switch CAR signals to be controlled by small molecule drugs.25 Alternatively, drug-induced dimerization can serve as an 
ON-switch for split CAR circuit design.26 To provide more versatility of antigen-specificity, Universal CARs (Uni-CARs) have been developed whose 
antigen-binding domains bind to exogenous antigen-specific molecules, such as scFV, monoclonal antibodies, or tumor-specific ligands.27 Recent 
genomic engineering approaches have reported further improved CAR functionality. For example, CRISPR/Cas9 gene screening and editing have 
been used to disrupt inhibitory genes or endogenous T-cell receptor expression (TRAC-CAR).
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allowing for one co-stimulatory domain (B-zip) to bind sev-
eral targeting domains (A-zip).30

Recent genomic engineering approaches have reported 
further improved CAR functionality. For example, CRISPR/
Cas9 gene screening and editing have been used to dis-
rupt inhibitory genes, such as RASA231 or to a transgene-
derived expression of FOXO1.32

CAR T-Cell Targeting the Immune Suppressive 
TME

Immune suppression in the tumor microenvironment (TME) 
poses significant hurdles for effective cellular immuno-
therapy in both pediatric33–35 and adult gliomas.36 In partic-
ular, CNS regions controlling life-sustaining functions, such 
as midline structures37 are characterized by significantly 
lower numbers of immune cells and chemokines compared 
to other CNS parts,37,38 impacting the efficacy of immuno-
therapy.33 Understanding these variations and the underlying 
mechanism is crucial for developing efficient therapies.

Immune suppression in the TME in malignant glioma oc-
curs through various pathways. Malignant glioma samples 
have been found to express a range of immunomodulatory 
factors including, but not limited to, Indoleamine 
2,3-dioxygenase (IDO), Transforming growth factor beta 1 
(TGFβ-1), Interleukin (IL)-6, and Macrophage migration in-
hibitory factor (MIF).39–41

The overall effect of secretion of these factors is a nega-
tive cycle in which immunosuppressive cells are recruited 
and differentiated in the TME, leading to further secretion 
of immunosuppressive molecules. IL-6 secretion by endo-
thelial cells results in immunosuppressive macrophage 
differentiation,42 with tumor-associated macrophages 
(TAMs) and microglia having reduced expression of MHCII 
molecules.43,44 The secretion of TGFβ-1 by microglia acts on 
glioma cells to increase glioma invasiveness and tumor 
growth45 and also impedes migration of T-cells to the TME46 
and IDO, leading to the recruitment of immunosuppressive 
Tregs.47,48 CD8+ T-cell and NK cell-mediated cytotoxicity is 
further hampered by the expression of MIF, which leads to 
the downregulation of the NKG2D activating receptor on 
these cells.40 T-cell responses in the TME are also reduced 
through the downregulation of MHC class I molecules by 
glioma.49,50 In order to counteract these immunosuppres-
sive molecules, CAR T-cells have been engineered to ex-
press multiple T-cell stimulating cytokines such as IL-12, 
IL-15, IL-18, and IL-21.51 In an alternate approach, CAR T-cells 
can be engineered to (1) modify the immunosuppressive 
cytokine receptor to make it activating instead of suppres-
sive,52 (2) knock down immunosuppressive cytokine re-
ceptors,53 (3) have CAR receptors that are stimulated by 
immunosuppressive factors,54,55 or (4) block the cytokine 
signaling altogether,56 the latter of which has been shown 
to be both safe and feasible in patients.57

Microglia and TAMs are the largest immune 
subpopulations that infiltrate gliomas,58 and are a major 
contributor to the immunosuppressive environment, espe-
cially for T-cells.59 CARs have been engineered to overcome 
this TAM-induced immunosuppression, such as increasing 
CD47-induced phagocytosis,60 or using CAR T to target im-
munosuppressive TAMs themselves.61

Immunosuppression is not limited to the TME, and 
in fact, malignant glioma results in a great level of sys-
temic immunosuppression, similar to that found in pa-
tients diagnosed with AIDS.62 Patients with malignant 
glioma often present lymphopenia even prior to treat-
ment,62,63 and administration of dexamethasone increases 
this systemic lymphopenia.64 Although standard-of-care 
administration of temozolomide can also exacerbate 
systemic lymphopenia,62,64,65 temozolomide-induced 
lymphodepletion may enhance the antitumor efficacy of 
CAR T-cells.66,67 Although some of these cells are seques-
tered in the bone marrow,62 a reduction in T-cell prolifera-
tion occurs due to serum-associated factors.68–70 Another 
factor to be considered with immunosuppression and ma-
lignant glioma is the median age of GBM diagnosis, which 
is 65 years.71 During the natural aging process, there are 
diminished T-cell numbers and responses due to cellular 
senescence, thymic involution, and reduced cytotoxic T-cell 
functions.67,72 Furthermore, aged T-cells may have reduced 
the transduction efficiency of the CAR construct, which 
negatively impacts antitumor efficacy.67

Altogether, the high amount of immunosuppression in 
malignant gliomas is a factor that should be taken into ac-
count when designing and administering CAR T-cell therapy 
to malignant patients. Therapeutic strategies to modulate 
the TME should be combined with CAR T-cells. While CAR 
T-cells can target a small number of antigens against highly 
heterogeneous tumors,22 enhancing antigen-presentation 
may facilitate the activation of immune responses against 
other tumor-derived antigens not targeted by CARs.73,74

Clinical Trials

Clinical Trial Design

Malignant glioma clinical trials for immune and cellular 
therapeutics require special considerations beyond tradi-
tional drug therapy trials.75,76 These include establishing 
safety, optimal methods of administration with proof of 
cell delivery and biodistribution throughout the tumor, 
optimal setting in the treatment course (newly diagnosed 
versus recurrent), the role of neoadjuvant cell delivery to 
enhance immunologic effect, and determination of ideal 
drug-cell combinatorial approaches.76

The critical first step in early-phase trials is determining 
the nature, frequency, and severity of adverse reactions 
and the relationship to cell dose, and identifying the ther-
apeutic window and ideally the threshold or minimal ef-
fective dose.77 These evaluations are essential because 
preclinical data may not adequately inform an appropriate 
cell therapy starting dose. In phase I first-in-human studies, 
simultaneous treatment of more than one patient at a time 
may be risky (Figure 2A), and instead, a staggered enroll-
ment approach may be suitable with subsequent patients 
enrolled after the dose-limiting toxicity (DLT) period for 
the previous patient has lapsed (21 to 28 days minimum; 
Figure 2). The staggered approach can be utilized within 
a cohort or between cohorts to allow for a longer moni-
toring period and ensure safety before increasing the dose 
on additional patients (Figure 2B). The staggered approach 
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is particularly appropriate since infused cells may persist 
for an extended period after delivery, and induce on-target/
off-tissue toxicity.78 Systemically administered cells may 
also distribute to systemic tissues and organs, leading 
to the risk of additional and unpredictable toxicities. 
Furthermore, local intracranial administration of cells may 

require invasive procedures, which may have considerable 
risk, particularly if delivery is required to areas with crit-
ical functions. Finally, if a study is designed with multiple 
doses or combined systemic and local infusions, DLT eval-
uation should appropriately cover the period and types of 
adverse events.

BB

AA

CC

Staggered Enrollment Phase I Clinical Trial Design   Staggered Enrollment Phase I Clinical Trial Design   

3+3 Enriollment Phase I Clinical Trial Design3+3 Enriollment Phase I Clinical Trial Design

Patient 1Patient 1

DLTDLT

Patient 2Patient 2

DLTDLT

Patient 3Patient 3

DLTDLT

Patient 4Patient 4
Dose Level 2Dose Level 2

DLTDLT

Patient 5Patient 5

DLTDLT

Patient 6Patient 6

DLTDLT

Patient 7Patient 7

DLTDLT

Patient 3Patient 3
Dose Level 1Dose Level 1

Recurrent
GBM

Recurrent
GBM

Image guided
biopsy

Image guided
biopsy

CAR T-cell
target ID

CAR T-cell
target ID

R
an

d
o

m
iz

ed
 1

:1
:1

R
an

d
o

m
iz

ed
 1

:1
:1

IVIV

ITIT

IntracavitaryIntracavitary

DeliveryDelivery Definitive
surgery

Definitive
surgery 1. Primary

a. Safety and
tolerability

2. Secondary
a. Cell,

persistence,
number &
biodistribution

b. Immune and
imaging response

1. Primary
a. Safety and

tolerability
2. Secondary

a. Cell,
persistence,
number &
biodistribution

b. Immune and
imaging response

DLTDLT

Patient 6Patient 6

Patient 2Patient 2

Patient 5Patient 5

Patient 1Patient 1

Patient 4Patient 4

Dose Level 2Dose Level 2

DLTDLT

Patient 7Patient 7
Dose Level 3Dose Level 3

DLTDLT

Patient 8Patient 8

DLTDLT

Patient 9Patient 9

DLTDLT

HighHigh

DosesDoses

LowLow

HighHigh

DosesDoses

LowLow

Dose Level 3Dose Level 3

Dose Level 1Dose Level 1

20–30
Patients
20–30

Patients
Expansion CohortExpansion Cohort

20-30
Patients

20-30
Patients

Expansion
Cohort

Expansion
Cohort

Longitudinal image
guided biopsies

Longitudinal image
guided biopsies

Tc

MRI

Tissue Biopsy

Liquid Biopsy

Figure 2.  Clinical trial design. The critical first step in early-phase trials of autologous chimeric antigen receptor (CAR) T-cells for GBM is to 
determine safety, including the nature, frequency, and severity of adverse reactions and their relationship to cell dose, and to identify the ther-
apeutic window and, ideally, the threshold or minimal effective dose. (A) Traditional 3 + 3 designs are commonly used in other malignancies, 
including central nervous system (CNS) tumors but simultaneous treatment of more than one patient at a time may be risky. (B) A staggered 
approach can be utilized within or between cohorts to allow for a longer monitoring period to assess dose-limiting toxicities (DLT) and assure sys-
temic and neurologic safety prior to increasing the dose on additional patients. (C) An illustrative example of a theoretical trial design that allows 
for the evaluation of multiple delivery strategies nested within the same trial. The design also incorporates tissue collection before and after CAR 
T-cell administration along with serial longitudinal sampling to facilitate biological correlative studies.
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CAR T-cell therapies approved by the FDA for sys-
temic malignancies are all delivered via the intrave-
nous (IV) route after a lymphodepletion regimen.79,80 
Preconditioning with lymphodepletion prior to CAR T-cell 
therapy has become a critical determinant in achieving 
long-term therapeutic responses in hematologic malignan-
cies,81 however the optimal lymphodepletion method to 
assist cell survival in glioma patients is currently unknown. 
Although temozolomide is commonly used in patients 
with primary brain tumors and induces lymphopenia,82 the 
precise effects of the cytoxan plus fludarabine regimen, 
which is used for lymphodepletion in other tumor types, 
has not been determined in neuro-oncology patients who 
previously received temozolomide. Collaboration with 
cell therapy teams to oversee the safe administration and 
monitoring of these regimens is required. An additional 
complicating factor is the prevalence of corticosteroid ad-
ministration to patients with primary brain tumors to con-
trol tumor- or therapy-related vasogenic cerebral edema 
and associated symptoms. The impact of glucocorticoids 
on CAR T-cell therapy remains a topic of ongoing debate. 
Studies have reported no negative impact on the efficacy of 
CAR T-cell therapy in the context of B-cell malignancies.83–85 
However, other studies suggest that the lympholytic po-
tential of steroids could render a cell therapy product in-
effective80,86 potentially making them a contraindication in 
cell therapy trials.87 There is also the possibility that the cell 
therapy itself may induce cerebral edema, which creates a 
challenge to symptom management, although alternative 
methods, such as mannitol and hypertonic saline, can be 
used but are limited to the inpatient setting. Efforts are on-
going using genetically engineered knockout of the gluco-
corticoid receptor to render CAR-T-cells resistant to steroid 
administration.88

As extensively discussed in Overcoming the Immune 
Privilege of the CNS Parenchyma, the optimal route of cell 
delivery needs to be established. To this end, dedicated 
clinical trials are required prior to larger phase II clinical 
trials using neoadjuvant designs where cell therapy is de-
livered to recurrent glioma patients via multiple routes 
prior to surgical resection. This approach would allow for 
the intensive evaluation of CAR T-cell number and distribu-
tion throughout the tumor (Figure 2C).

A critical design component involves the selection of the 
ideal patient population. Multiple confounding variables 
create challenges unique to CAR T-cell therapies. The lo-
gistics and timeline of manufacturing cell therapies may 
influence the trial design, such as stage of disease (newly 
diagnosed vs recurrent disease), and cohort sizes. Cell 
products must be manufactured separately for each pa-
tient for autologous cell therapies. Monitoring the pheno-
type of each CAR T-cell product is important, as it may vary 
between patients and can influence their outcomes.89–91 
Manufacturing cells at the time of recurrence is chal-
lenging due to the timeline required to generate adequate 
cells for treatment, which usually takes weeks. Those pa-
tients able to tolerate a delay for this therapy may reflect a 
lower level of systemic immune suppression and may bias 
patient selection and response to treatment and outcomes. 
Additionally, a failure in product manufacturing would lead 
to an inability to treat the patient despite patient eligibility. 
Collecting, expanding, and release testing of cell products 

from patients at the time of diagnosis with the intent to use 
them at recurrence is fraught with practical challenges not 
to mention the high cost.

CAR T-cell therapy for newly diagnosed patients fol-
lowing the standard-of-care 6 weeks of chemoradiotherapy 
is more optimal. At a “healthier” disease state, lympho-
cytes may be less damaged, increasing the chances 
of manufacturing success. Although this window al-
lows for cell manufacturing, patient eligibility post-
chemoradiotherapy may adversely change. Furthermore, 
the impact of radiation on tumor sensitivity to cell 
therapy and the ability of CAR T-cells to penetrate and 
biodistribution in tumors is unknown. Feasibility is an 
important endpoint of all early-phase cell therapy trials. 
Early-phase studies should carefully collect data on the 
manufacturing failure rate and the reasons for these fail-
ures to facilitate subsequent trial design strategies for pa-
tient selection. Future approaches may include allogeneic 
stem cells as potential “off-the-shelf” therapeutic agents.88

Beyond the assessment of clinical safety, additional 
secondary objectives of early-phase trials are generally 
to assess preliminary clinical activity that could suggest 
potential efficacy. As mentioned, cell persistence in tu-
mors, cerebrospinal fluid (CSF) and blood, and tumor 
biodistribution are critical basic components of under-
standing potential efficacy. Other common measures 
include changes in immune function, tumor response, 
immune-mediated toxicity, or other physiologic responses 
should be measured. This highlights the importance of in-
tegrating intense systemic, CSF, and immune biomarker 
and imaging endpoints into studies. However, there is 
uncertainty surrounding the value of surrogate endpoint 
changes, such as PFS, cytokine level changes, and tran-
sient imaging changes in early phases I and II clinical trials, 
to predict future benefits in randomized phase III clinical 
trials. The use of concurrently enrolled or carefully selected 
external controls for all biomarker and outcome measures 
should be considered for these trials. A summary of critical 
decisions relevant to the design of a clinical trial involving 
CAR T for glioma is outlined in Figure 3.

Clinical Trials for CAR T-Cell Therapy in Adult 
Patients With Glioma

CARs targeting several glioma-associated antigens have 
been investigated in pilot or phase I clinical trials, such as 
interleukin 13 receptor subunit alpha 2 (IL13Rα2) epidermal 
growth factor receptor variant III (EGFRvIII), human epi-
dermal growth factor receptor 2 (HER2), erythropoietin-
producing hepatocellular carcinoma A2 receptor (EphA2) 
and disialoganglioside 2 (GD2; Supplementary Table 1).

Initial efforts were focused on IL13Rα2 because of its 
prevalence in malignant glioma and its correlation with ag-
gressive tumor behavior and poor prognosis.92 Following 
several case reports92–94 Brown et al. reported the results 
of the so-far largest CAR T-cell trial in glioma patients 
(NCT02208362).95 This dose-escalation phase I trial as-
sessed the safety of CAR-T therapy targeting IL-13Rα2 in 
65 patients (including 41 glioblastomas, isocitrate dehy-
drogenase gene, IDH, wild type, and a variety of grades 
3 and 4 gliomas including cases with confirmed IDH 
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mutation). Eligibility for the trial included confirmation of 
IL-13Rα2 tumor expression. Fifty-eight patients received 
at least 3 CAR T-cell infusions. Around 75% of the partici-
pants had more than one prior recurrence, and most had 
an IDH-wild-type recurrent glioblastoma (41 of the 58). 
The trial investigated 3 routes of locoregional T-cell admin-
istration (intratumoral [IT], intracerebroventricular [ICV], 
and dual [IT/ICV]) and 2 manufacturing platforms (central 
memory T-cells [Tcm] and naïve, stem cell memory, and 
central memory T-cells [Tn/mem]), with the final arm util-
izing dual intratumoral/intraventricular delivery and Tn/
mem cells. While no DLTs were observed, one-third of 
the patients experienced grade 3 toxicities that were po-
tentially or likely associated with the CAR T-cell therapy. 
Notably, there was one case each of grade 3 encephalop-
athy and grade 3 ataxia, and 2 patients developed grade 
4 cerebral edema shortly after the first cycle of CAR T-cell 

treatment. A clinical maximum feasible dose of 200 mil-
lion CAR T-cells per infusion cycle was achieved for the 
optimized (dual intratumoral/intraventricular application 
of the Tn/mem arm). The study reported 2 partial and one 
complete response, but all in patients with IDH-mutated 
tumors. The median overall survival for all patients with 
mixed diagnoses was 7.7 months, and for the optimized 
arm, it was 10.2 months. Despite half of the patients in this 
study exhibiting radiologically stable disease, the overall 
survival rates did not surpass those reported in recent clin-
ical studies of recurrent glioma.96–98

The exploratory translational endpoints in these studies 
indicate that CAR T-cells administered IT or ICV were de-
tectable in the CSF and tumor cavity fluid for more than 
7 days in some patients, and interestingly, they were also 
found in the peripheral blood. Notably, their quantity pos-
itively correlated with the application of dual delivery. 

Patient Enrollment
When?

Timing/Use of
Steroids and

Chemotherapy?

Leukapheresis 
When to Perform?

Timing and Location
for CAR T-cell Product Infusion?

Patient Monitoring

Therapeutics
Duration and Care Level

At diagnosis? At recurrence? 

•  Pre-operative?
•  Serial Delivery?

• In combination with
  adjuvant therapies 
  or sequentially?

•  Before surgery?
•  Before adjuvant therapy?

•  Timing of production critical
for maneuverability?

•  Radiographic studies
•  Circulating inflammatory and cellular biomarkers

•  Local tissue effects

Inpatient vs. Outpatient

IT? ICV? IV?

•  Withhold lymphocyte-
depleting chemotherapies?

•  Minimize steroids

Figure 3.  Outline of critical decisions relevant for the design of a clinical trial involving CAR T-cell therapy targeting glioma. Critical consider-
ations should include the timing of enrollment, leukapheresis, and T-cell administration, duration of the treatment and surveillance, the application 
route, assessment of treatment response, and combination with other treatments that may enhance or suppress the efficacy of CAR T.
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Post-treatment, inflammatory cytokines, particularly those 
associated with the interferon (IFN)γ pathway, were sig-
nificantly elevated in the CSF, suggesting the potential for 
these inflammatory cytokines as biomarkers for evaluating 
CAR T-cell activity.

Beyond that, a phase I trial examined off-the-shelf, 
healthy donor-derived, allogeneic steroid-resistant CAR 
T-cells coupled with recombinant human IL-2 and systemic 
dexamethasone in a cohort of 6 patients.88 The IL13Rα2-
targeted CAR + (IL13-zetakine+) products were generated 
from healthy-donor-derived T-cells and genetically engin-
eered using zinc finger nucleases to permanently disrupt 
the glucocorticoid receptor (GRm13Z40-2) to endow resist-
ance to glucocorticoids. The treatment was well tolerated, 
and transient tumor reduction or tumor necrosis at the site 
of T-cell infusion was observed in 4 of the 6 treated patients.

EGFRvIII, a mutated variant of the EGFR, is the predomi-
nant mutation of this receptor found in malignant gliomas. 
O’Rourke et al. evaluated a single IV delivery of CAR T-cells 
targeting EGFRvIII in 10 patients with recurrent GBM.22 
Seizures, weakness, and intratumoral hemorrhage were 
reported in 3 patients. The median overall survival was ap-
proximately 8 months, with 1 exhibiting residual stable 
disease lasting over 18 months. Notably, some IV-infused 
anti-EGFRvIII CAR T cells were observed in GBM regions, 
accompanied by antigen decrease in 5 of the 7 patients, 
while no off-tumor toxicity was reported.

Goff et al. combined post-lymphodepletion IV infusion 
of anti-EGFRvIII CAR T-cells with recombinant IL-2 in 18 pa-
tients with recurrent GBM.99 Adverse events included severe 
hypoxia in 2 patients, with 1 resulting in treatment-related 
mortality, likely due to pulmonary edema resulting from con-
gestion of the pulmonary vasculature caused by activated 
T-cells. The median overall survival stood at 6.9 months, with 
2 patients surpassing 1 year and a third patient reaching 59 
months. Most patients experienced progressive disease, with 
a median progression-free survival of 1.3 months.

Choi et al. recently reported an interim analysis of the 
first 3 patients in a first-in-human study evaluating 1 or 2 
doses of intraventricularly administered CARv3-TEAM-E 
T-cells in EGFRvIII + rGBM patients.100 The novel con-
struct targets EGFRvIII through a second-generation CAR 
while also secreting T-cell–engaging antibody molecules 
(TEAMs) against wild-type EGFR, which is not expressed in 
the normal brain but is nearly always expressed in glioblas-
toma. All patients experienced fevers requiring anakinra 
and 2 grade 3 toxicities were observed: Encephalopathy 
for 3 days in 1 patient and fatigue for 8 days in another. 
Two patients developed cyclic fevers with transient pul-
monary nodules and ground-glass opacities. None of the 
participants received glucocorticoids during the initial 
post-treatment phase or for any therapy-related indication. 
Despite the initial reduction in tumor contrast enhance-
ment, which was consistent with a radiographic response 
within days of treatment, tumor progression was observed 
in 2 of the 3 participants, which correlated with limited per-
sistence of the CARv3-TEAM-E T-cells. Interestingly, CAR 
T-cells were observed in the blood, with 2% or less of them 
showing surface-bound TEAM, while in the CSF samples 
surface bound TEAM varied between 17.6% and 56.2%, sug-
gesting that TEAM-E may facilitate safe and local targeting 
of wild-type EGFR in the CNS.

Bagley et al. reported the interim results following 
intraventricular delivery of a bivalent IL13Rα2 and EGFR 
targeting CAR T-cell in 6 patients who underwent resection 
of a recurrent IDH wild-type glioblastoma with evidence 
of EGFR amplification.101 The presence of IL13Rα2 was not 
mandatory. In all 6 patients, there was early and moderate-
severe neurotoxicity consistent with a combination of im-
mune effector T-cell-associated neurotoxicity syndrome 
(ICANS) and tumor-inflammation-associated neurotoxicity 
that required management with high dose corticosteroids 
and the IL-1R antagonist anakinra. In 1 patient with fatigue, 
anorexia, and generalized muscle weakness, these side-
effects were a DLT. CAR T-cells and cytokine release were 
observed in the CSF within the first 4 days. While early 
magnetic resonance imaging showed reductions in en-
hancement and tumor size for all patients, none met the 
mRANO response criteria.86

The HER2 tumor antigen, a receptor tyrosine kinase, is 
overexpressed in approximately 80% of GBMs. A study 
evaluated one or more IV infusions of HER2-specific CAR-
modified virus-specific T-cells in patients with progressive 
HER2-positive GBM without prior lymphodepletion102 
(17 patients, including 7 individuals under the age of 18 
years).88 Notably, these infusions exhibited no significant 
toxicities. Among the 16 patients evaluated, one patient ex-
perienced a partial response lasting more than 9 months, 
7 patients maintained stable disease for durations ranging 
from 8 weeks to 29 months, and 8 patients experienced 
disease progression. The median overall survival was 11.1 
months from initiating the first T-cell infusion and 24.5 
months from the initial diagnosis.102

Clinical Trials for CAR T-Cell Therapy in Pediatric 
Patients With Glioma

Despite genomic differences between pediatric brain tu-
mors and their adult counterparts, most clinical trials 
exploring CAR T-cells for pediatric brain tumors target sim-
ilar tumor antigens to those explored for adult gliomas, 
namely HER2, EGFR, IL13Rα2, GD2, and B7-H3103,104 
(Supplementary Table 1). The need for these immunother-
apies is arguably even greater for pediatric patients with 
diffuse midline gliomas (DMGs), as resection of these tu-
mors would result in devastating neurological deficits, and 
the low levels of MHC-I expression on non-glioma pedi-
atric brain tumors make CAR therapies a more appealing 
option than other MHC-I dependent immunotherapeutic 
strategies like checkpoint inhibition.103,105

Locoregional delivery of HER2 and EGFR CAR T-cells was 
shown to be safe for pediatric patients with non-pontine 
HGGs. However, recent preclinical studies suggested GD2 
and B7-H3 as more favorable targets for pediatric brain 
tumors, especially for DMG.106 The BrainChild-03 study 
provided the first evidence that repeated intracranial ad-
ministration of B7-H3 CAR T-cells is feasible and safe for 
pediatric HGG patients.107 For pediatric patients with 
H3K27M-mutated DMGs (eg, DIPG, spinal cord gliomas), 
researchers investigating GD2-targeted CAR T-cells re-
ported promising clinical and radiographic improvement 
following IV and subsequent ICV delivery in a subset of pa-
tients.108 Furthermore, Wang et al. recently described the 
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first experience combining lymphodepletion with ICV de-
livery of IL13Rα2-targeting CAR T-cells. This approach was 
well-tolerated and showed increased infiltration of endog-
enous T-cells into the CSF, and these CAR−CD8+ effector 
T-cells clonally expanded. These immunological changes are 
not observed in the peripheral blood. Critically, the authors 
also show that the TCRs from the tumor overlapped better 
with expanded TCRs in the CSF than the unexpanded popu-
lation, highlighting the importance of collecting correlative 
samples from multiple compartments.109 At the same time, 
this study also reported one case of grade 3 catheter-related 
infection, underscoring the need for careful consideration 
between patients’ safety and scientific gains.

Toxicities, Monitoring, and CAR-Related 
Malignancy

One major concern with CAR T-cell therapy is the potential 
for serious neurologic and systemic toxicities, highlighting 
the need for close monitoring in patients receiving this 
immunotherapeutic strategy (Figure 4).112 Although cyto-
kine release syndrome (CRS) is a common adverse event 
following the administration of anti-CD19 CAR T-cells for 
B-cell malignancies, this serious systemic complication 
is much less common in clinical trials investigating CAR 
T-cells for patients with malignant gliomas.113 Still, some 
groups advocate for locoregional administration of CAR 

SYSTEMICSYSTEMICLOCALLOCALLOCAL

- Immune effector Cell-Associated
Neurotoxicity Syndrome (ICANS)

- Tumor inflammation-associated
neurotoxicity (TIAN)

- Immune effector Cell-Associated
Neurotoxicity Syndrome (ICANS)

- Tumor inflammation-associated
neurotoxicity (TIAN)

• Cytokine Release
   Syndrome

• Pulmonary edema

• Hypotension

• Cytokine Release
   Syndrome

• Pulmonary edema

• Hypotension

• Myalgias

• Arthralgias

• Fatigue

• Myalgias

• Arthralgias

• Fatigue

*Potentially minimized following 
local delivery of CAR T-cell therapy

*Potentially minimized following 
local delivery of CAR T-cell therapy

*Variable, ranging from acute to subacute (Day 1-10),
depending on specific CAR construct and delivery route
*Variable, ranging from acute to subacute (Day 1-10),

depending on specific CAR construct and delivery route

• Tocilizumab/Siltuximab

• Corticosteroids

• Anakinra

• Tocilizumab/Siltuximab

• Corticosteroids

• Anakinra

• Supportive Care (e.g. Vasopressors,
  supplemental oxygen, acetaminophen)

• CSF diversion when indicated for
  obstructive hydrocephalus.

• Supportive Care (e.g. Vasopressors,
  supplemental oxygen, acetaminophen)

• CSF diversion when indicated for
  obstructive hydrocephalus.

• INF-γ
• Cell count

• INF-γ
• Cell count

• IHC for antigen
   and CD3 from tissue
• IHC for antigen
   and CD3 from tissue

• IL6

• Ferritin

• IL6

• Ferritin

• IL-1β
• IL-2

• IL-1β
• IL-2

• TNF-α• TNF-α

• Seizures
• Headache
• Seizures
• Headache

• Aphasia
• Encephalopathy
• Aphasia
• Encephalopathy

• Confusion• Confusion

ToxicitiesToxicities

Biomarkers of ResponseBiomarkers of Response

KineticsKinetics

TreatmentTreatment

Figure 4.  Local and systemic toxicities and biomarkers. Although systemic toxicities such as cytokine release syndrome (CRS) or pulmonary 
edema are less frequent in clinical trials for malignant gliomas, locoregional chimeric antigen receptor (CAR) T-cell administration is advocated 
by some to mitigate these risks.22 Evidence indicates that inflammatory biomarkers, such as IL-6 or ferritin, are elevated following IV CAR T-cell 
administration.95,101 Locoregional administration can still result in significant neurotoxicities, such as tumor-inflammation-associated neurotox-
icity (TIAN), which is often accompanied by cerebral edema, and capable of causing seizures, focal neurological deficits, and obstructive hy-
drocephalus depending on the location. Consequently, close patient monitoring with serial neurological examinations is essential so appropriate 
supportive therapies can be provided if needed. Pro-inflammatory cytokines, including IFN-γ, TNF, and IL-2, detected in cerebrospinal fluid (CSF) 
after ICV delivery, may serve as an additional biomarker along with radiographic assessments to monitor the local effects of the CAR T-cell 
therapy.95 Liquid biopsy (from blood or CSF) offers a great tool for real-time assessment of the presence and phenotype of CAR T-cells as well as 
tumor-derived materials and helps detect molecular changes in the tumor cells and immune environment.110 Furthermore, if CAR T-cell therapy 
is administered before surgery (eg, prior to re-resection in cases of recurrent glioblastoma) tissue sampling will allow for the most accurate as-
sessment of treatment response by analyzing the resected tumor tissue for the direct presence of activated CAR T-cells. Kinetics of local and 
systemic toxicities in glioma patients is variable depending on the specific agent and delivery strategy used.111 Treatment includes the adminis-
tration of Tocilizumab, Siltuximab, Anakinra, and corticosteroids for cytokine management and reduction of inflammation, supportive care such as 
vasopressors for hemodynamic support, supplemental oxygen, acetaminophen for fever control and if needed CSF diversion when indicated for 
obstructive hydrocephalus.
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T-cells to minimize the potential or systemic side-effects, 
although no direct head-to-head comparison of the toxicity 
profiles of locoregional versus systemic CAR T-cell delivery 
is available. There is evidence that systemic levels of cyto-
kines implicated in CRS, like IL-6, are higher following IV 
administration compared to ICV; additionally, higher in-
creases in pro-inflammatory cytokines like IFN-γ, TNF, and 
IL-2 have been found to be higher in the CSF following ICV 
delivery compared to IV delivery.108 While locoregional de-
livery may be helpful in limiting systemic adverse events, 
it remains true that patients receiving locoregional CAR 
T-cell administration still experience adverse effects and 
require close observation and management.

As discussed in earlier sections, recent studies with 
locoregional CAR administration often resulted in consid-
erable neurotoxicities.95,101 As reviewed previously, sys-
tematic administration of CAR T-cells, particularly high 
doses, has been associated with hypotension requiring 
vasopressor support and treatment with IL-6/IL-6R antagon-
ists (tocilizumab or siltuximab) and corticosteroids. These 
adverse effects have been associated with elevated serum 
levels of inflammatory markers and lactate dehydrogenase.

Interestingly, toxicities appear to develop more acutely 
following locoregional delivery of CAR T-cells (on the order 
of 1–3 days) compared to IV CAR T-cell delivery (on the 
order of 5–8 days). This difference in the onset and duration 
of toxicities should be considered when designing clinical 
trials and determining what level of care and for how long 
patients require observation after CAR T-cell administration. 
Given most of the adverse events are the result of local ef-
fects on the nervous system, systemic inflammatory or cel-
lular markers are lacking for assessing risk and response to 
treatment for these T-cell therapeutics, even in the setting of 
systemic CAR T-cell administration, highlighting the need for 
close patient monitoring during these treatments.

In November 2023, the FDA launched an investigation 
into cases of secondary T-cell malignancies, including CAR-
positive lymphoma, in patients treated with CAR T-cell 
therapy. By January 2024, the FDA required drug manu-
facturers to include a safety label warning on CAR T-cell 
products. Ghilardi et al.114 evaluated the risk of secondary 
cancers in patients treated with commercial CAR T-cell 
products by retrospectively analyzing 449 patients be-
tween January 2018 and November 2023. The study identi-
fied 16 cases of secondary cancers, 12 of which were solid 
tumors, indicating a low incidence of T-cell lymphoma after 
CAR T-cell therapy. To ensure safety, especially to minimize 
the risk of homologous recombination that increases on-
cogenesis, the number of transgene copies within a CAR 
T-cell product, known as vector copy numbers, must be 
evaluated before administering to patients.

Overcoming the Immune Privilege of 
the CNS Parenchyma

CNS Immunoanatomy and T-Cell Homing

Structures separating the CNS parenchyma and CSF.— 
Advancements in modern imaging and cellular pro-
filing technologies have enabled a more comprehensive 

understanding of the different compartments of the CNS 
and revealed a fine-tuned communication network respon-
sible for immune surveillance.115

The CNS parenchyma is surrounded by 3 meningeal 
layers: the outer dura mater containing venous sinuses, 
the arachnoid, and the pia mater. The subarachnoid space, 
between the arachnoid and pia mater, contains CSF. 
The pia mater, despite its name meaning “soft mother,” 
acts as a tight barrier for immune cells. Superficial 
cerebrovasculature branches run through the perivas-
cular space, which is continuous with the subarachnoid 
space and the intracerebral ventricles housing the choroid 
plexus, the main site of CSF production. CSF circulates 
from the ventricles to the subarachnoid space and can be 
pumped via aquaporin 4 water channels into the CNS pa-
renchyma.116 This allows it to mix with the interstitial fluid 
surrounding the parenchymal cells, which is then cleared 
through a convective flow into the venous system. This 
‘glymphatic system’ is considered an alternative drainage 
(washout) system that may functionally replace the brain’s 
lacking lymphatic system.117

Although the brain has been traditionally regarded as 
an immunologically privileged site, immune cells, no-
tably T-cells, have been found in each compartment of the 
CNS.118 The 2 most significant sites for T-cell entry are the 
choroid plexus and the meninges (Figure 5).119 Chemokines 
released from nearby stromal cells stimulate the extrava-
sation of blood T-cells circulating through the fenestrated 
endothelium of the choroid plexus vessel and the dural 
sinuses.120 Rustenhoven et al.‘s elegant research highlights 
a local interface where antigens carried by the CSF are cap-
tured by local antigen-presenting cells and presented to 
patrolling T-cells.119 Furthermore, a recent study has iden-
tified arachnoid cuff exit points that reflect discontinuities 
in the arachnoid barrier created by bridging veins and 
allow cellular trafficking between the dura mater and the 
subarachnoid space.124 Aside from these, the blood-brain 
barrier (BBB), consisting of capillary endothelial cells, the 
basement membrane, the perivascular space, and the glia 
limitans, limits circulating leukocytes from entering the 
CNS under non-inflammatory conditions.

Delivery Routes

As the efficient homing of CAR T-cells into the brain im-
pacts the efficacy of the treatment, recent clinical trials 
have been investigating various delivery routes, such as 
IV, ICV, and IT delivery (Figure 5). Local delivery, such as 
ICV and IT, have often been considered more optimal than 
IV for patients with malignant gliomas, as they may allow 
the administration of lower CAR T-cell numbers, thereby 
mitigating the risk of off-target toxicities, especially when 
the CAR targets are also expressed on non-CNS cells. 
However, recent clinical trials in adults have found CAR 
T-cells in circulation within days after ‘local’ administra-
tion, indicating that T-cells may not persist in the CNS for 
a long-term but migrate into the periphery.95,100,101 Notably, 
in pediatric trials involving ICV CAR T-cell infusion, CAR T 
cells have not been detected in the peripheral blood, de-
spite their continued presence in the CSF for several weeks 
following administration.107,125
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Figure 5.  T-cell homing and delivery strategies: Under physiological conditions, circulating T-cells migrate into CSF through vessels lo-
cated within the meninges and the choroid plexus, directed by cytokine signals and facilitated by endothelial adhesion molecules.119,120 
Subsequently, migration from the perivascular (CSF-filled) space through the glia limitans depends on T-cell reactivation. While IV-delivered 
T-cells may be trapped in the lungs or blocked by the BBB, preclinical studies suggest that T-cells can enter the CNS after residing transiently 
in the lung and associated lymphoid tissues.121 IV-infused T-cells can then follow similar migration routes into the CSF as T-cells under immune 
surveillance. To overcome natural anatomical barriers of the CNS, recent clinical trials have explored various delivery routes for CAR T-cells, in-
cluding IV,22 ICV, and IT delivery95 ICV administration, typically performed via an Ommaya reservoir, may encounter an anti-inflammatory immune 
environment with low adhesion molecule expression, hindering attachment to the pia mater, glia limitans, or choroid plexus epithelium. Therefore, 
not all of the ICV-injected T-cells may be able to migrate from the CSF into the CNS parenchyma. On the other side, cells that have successfully 
migrated into the CNS may persist within the CNS parenchyma or adjacent structures. IT delivery faces challenges in glioblastoma due to the 
tumor’s highly immunosuppressive and hypoxic environment, leading to T-cell exhaustion.21 Innovative approaches like low-intensity pulsed fo-
cused ultrasound with microbubble application (LIPU/MB) can enhance IV delivery by temporarily opening the blood–brain barrier (BBB), aiding 
drug122 and cell penetration into the CNS.123
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Although further investigations of these findings in hu-
mans are needed, preclinical studies investigating T-cell 
trafficking in experimental autoimmune encephalomyelitis 
(EAE) models may help us to understand under which con-
ditions T-cells migrate from the CSF into the CNS paren-
chyma, instead of getting washed out into the periphery. 
Schläger et al.126 provide an excellent insight: Effector 
T-cells that spontaneously detached by the flow of CSF 
from the surface of the leptomeninges displayed a signifi-
cantly lower level of activation markers. The binding of the 
integrins VLA-4 and LFA-1 to their respective ligands pro-
duced by resident macrophages, chemokine signaling via 
CCR5/CXCR3, and antigenic stimulation of T-cells counter-
acted the detachment, underlying the importance of T-cell 
activation to prevent T-cells from washed out of the CNS.126

In clinical trials, ICV administration of CAR T-cells is 
generally performed via an implanted Omaya reservoir. 
Cells infused via the reservoir likely encounter an anti-
inflammatory immune environment with low adhesion 
molecule expression, which can impede their attachment 
to the pia and glia limitans or choroid plexus epithelium. 
Consequently, not all the ICV-injected CAR T-cells may be 
able to migrate into the brain parenchyma. An exception 
to this can be tumors that are exposed to the CSF spaces 
by surgical resection, where T-cells may directly interact 
with tumor cells. On the other hand, IT delivery would by-
pass the glia limitans. However, IT delivery also presents 
challenges, particularly in glioblastoma, where the tumor 
core is characterized by a highly immunosuppressive and 
hypoxic environment, inducing T-cell exhaustion. A signif-
icant advantage of locoregional delivery over systemic 
administration is that locoregional administration does 
not necessitate lymphodepletion.95 However, a combina-
tion could have beneficial effects and needs to be further 
evaluated.109

IV-delivered T-cells may be trapped in the lungs and 
blocked by the BBB. However, an innovative study by 
Odoardi et al.121 using an EAE model demonstrated that 
T-cells acquire the ability to enter the CNS after residing 
transiently within the lung, its associated lymphoid tissue, 
and the lung-draining mediastinal lymph nodes (Figure 
5). IV-infused T-cells can then enter the CSF following sim-
ilar migration routes as T-cells under immune surveillance. 
Furthermore, preclinical BBB modeling has indicated that 
GBM-targeting activated CAR T-cells show excellent homing 
via the BBB.127 Moreover, endothelial cell activation and BBB 
disruption have been observed after the adoptive transfer of 
CD19 CAR-T-cells.128 Considering these, IV delivery may not 
be an inferior administration strategy.129

Innovative approaches, such as low-intensity pulsed fo-
cused ultrasound combined with microbubble applica-
tion (LIPU/MB), may further enhance the efficacy of the 
IV route. LIPU/MB temporarily opens the BBB, thereby 
facilitating the penetration of drugs and cells into the CNS 
parenchyma. Initial preclinical and clinical studies on ma-
lignant gliomas have demonstrated enhanced penetra-
tion of immune cells and drugs into the tumor.123 Recently, 
Sonabend et al. reported in a groundbreaking phase-1 trial 
that repeated sonication with a skull-implantable ultra-
sound device is safe and improves the delivery of albumin-
bound paclitaxel and carboplatin chemotherapies into the 
brain.122

Future Directions for CAR T Therapies in 
Malignant Glioma

The development of effective CAR T-cell therapy using autol-
ogous T-cells was revolutionary when allogeneic stem cell 
transplantation had been the standard of care for patients 
with hematopoietic malignancy. CAR T-cell engineering with 
autologous T-cells will continue to evolve robustly, as we dis-
cussed. At the same time, recognizing inherent challenges 
with the use of autologous T-cells, new paradigms are being 
developed using cutting-edge bioengineering technologies.

Off-the-Shelf Allogeneic CAR T-Cells

While active development and evaluations are ongoing 
using autologous T-cells, there are inherent challenges as-
sociated with autologous cell-based approaches. Patients 
with malignant glioma often exhibit lymphopenia, which 
may limit the ex vivo production of high-quality T-cell prod-
ucts in adequate quantity. In addition to the high costs for 
manufacturing, logistic challenges, such as the timely avail-
ability of a cell manufacturing suite and the prolonged ‘vein-
to-vein’ time, complicate the process, as discussed in Clinical 
Trials. Potential solutions involve the development of “off-the-
shelf” allogeneic CAR T-cells or CAR-NK cells and in vivo (in 
situ) gene transfer in the patient’s circulating blood. Recent 
advancements include using CRISPR to silence TRAC (T-cell 
receptor alpha constant) and beta-2 microglobulin (B2M) on 
T-cells, which can help generate more effective off-the-shelf 
CAR T-cells. Silencing TRAC reduces the risk of graft-versus-
host disease by preventing the CAR T-cells from recognizing 
the host’s tissues as foreign.130 Similarly, silencing B2M 
helps the CAR T-cells evade the host’s immune system by 
preventing the expression of class I MHC molecules on the 
surface of the CAR T-cells.131 These genetic modifications 
can make allogeneic CAR T-cells safer and more universal, 
enhancing their availability and reducing manufacturing time 
and cost. These strategies offer solutions to the logistical hur-
dles, such as the timely cell manufacturing and the prolonged 
‘vein-to-vein’ time, as discussed in Clinical Trials.

Allogeneic induced pluripotent stem cell (iPSC)-derived 
T-cells.—Allogeneic iPSCs engineered to escape allogeneic 
rejection132 and differentiated into functional T-cells are being 
developed using scalable differentiation systems.133 As ex-
pression of CAR in iPSC causes unwanted differentiation and 
antigen-nonspecific cytotoxicity,132,134 employing strategies 
to reduce the tonic signals, such as synNotch,23 may be the 
key to generating functional CD8αβ cells. The capacity of allo-
geneic iPSC cells to integrate multiple genetic edits can help 
overcome the unique challenges of CNS tumors.

Allogeneic NK-cells are also actively evaluated,135 al-
though one significant pitfall is the short persistence of 
allogeneic CAR-NK cells, requiring repeated infusions to 
sustain the presence of the therapeutic cells.

In Vivo Gene Transfer

In situ transduction may allow us to overcome the cur-
rent challenges with ex vivo manufacturing of autologous 
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CAR T-cells.136 For example, a Multifunctional Alginate 
Scaffold for T-cell Engineering and Release (MASTER) has 
been described as a way to cut CAR-T-cell manufacturing 
to 1 day. It seeds blood cells with CD19 retroviral par-
ticles, enabling gene transfer and releasing CAR-T-cells 
after implantation with cells persisting longer than con-
ventional CAR-T-cells, simplifying and accelerating CAR-T 
therapy.136

Effective delivery systems with target cell-specificity still 
need to be developed. Nevertheless, these developments 
will pave the way for translating these techniques into 
clinical settings, potentially revolutionizing the treatment 
landscape for cancer, including glioblastoma, by providing 
rapid and accessible cellular therapies.

Conclusion

In summary, multiple approaches are actively developed 
for enhancing CAR T-cell specificity and persistence. 
Developments of iPSC-derived T-cells and direct in vivo 
gene transfer techniques using novel gene vectors offer 
practical solutions to logistical hurdles and provide scal-
able and potentially more effective treatment options.

While this review focused on CAR T-cell therapy, other 
types of cellular therapy, such as CAR macrophages,137,138 
CAR-natural killer cells,139 dendritic cell vaccines, T-cell 
receptor (TCR)-transduced T-cell therapy, and tumor-
infiltrating lymphocytes, are actively being developed.

Just as monoclonal antibodies were once considered 
novel but are now mainstream in oncology, cell therapy 
has the potential to follow the same path and become 
a widely used treatment for cancer, including CNS 
malignancies.
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