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Abstract 
Cellular Immunotherapies have transformed therapeutic options for individuals with hematologic malignancies 
over the past 10 years. There are several distinct types of cellular immunotherapies, each with potential applica-
tions to CNS cancers. Here, we review cancer cellular therapeutics for cancers of the brain and spinal cord, fo-
cusing on the preclinical and clinical studies that have been done in glioblastoma, diffuse intrinsic pontine glioma/
diffuse midline glioma, medulloblastoma and lymphoma involving the central nervous system. Numerous po-
tential therapeutic targets have been identified, and several early clinical trials have demonstrated safety and 
feasibility of administering CAR T and CAR NK cells for intracranial tumors. Addressing mechanisms of treatment 
failure, while safely and effectively studying the most promising therapies will advance the treatment landscape 
for these extremely challenging diseases.

Key Points

1.	 Cellular immunotherapies for CNS cancers are beginning to show promise in clinical 
trials.

2.	Understanding and overcoming the immune-suppressive environment of the CNS will be 
necessary for cellular immunotherapies to achieve transformative progress for patients.

Background

Types of Cellular Immunotherapies

Cellular immunotherapies encompass a rapidly expanding 
therapeutic landscape with dramatic benefit in hematologic 
malignancies, emerging promise in solid tumors, and also 
across other diseases including autoimmune neurologic con-
ditions such as multiple sclerosis and myasthenia gravis. 
Chimeric Antigen Receptor T cell (CAR T cell) therapy has be-
come a transformative therapy in relapsed/refractory hema-
tologic malignancies over the past decade, with 6 CAR T cell 
therapies gaining Food and Drug Administration (FDA) ap-
proval, and numerous others under investigation.

CAR T cells are created by harvesting T lymphocytes from 
an individual patient (autologous), or a donor (allogeneic) 
via leukapheresis. The native T cells are bioengineered to in-
corporate a transmembrane protein with an antigen-binding 
domain that targets an antigen highly expressed on the cell 
surface of tumor cells and not expressed or expressed at 
low levels on other host cells. There are a variety of potential 
CAR T cell antigen-binding domains, with options increasing 
as new tumor antigens are identified. The CAR also includes 
an intracellular co-stimulatory domain, which regulates the T 
cell response and expansion after antigen-binding. The most 
common co-stimulatory molecule endodomains in clinical ap-
plications include a CD3ζ signaling domain combined with a 
second signaling domain (either 41BB or CD28). Preclinical 
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and clinical evidence (Table 1 ) supporting the promise 
of CAR T cell therapy for cancers of the central nervous 
system (CNS) are presented below.

Natural Killer (NK) cell-based immunotherapy is distinct 
from CAR T cell therapy. NK cells are a smaller population 

that differ from T lymphocytes in that they do not require 
human lymphocyte antigen (HLA) compatibility. This al-
lows NK cells to be used for allogeneic therapy in which 
donor cells may be given to an unmatched recipient. To en-
hance antigen recognition, NK cells may be bioengineered 

Table 1.  Cellular therapy targets and clinical trials

Single target Tumor Antigen 
Expression

Construct Mode of 
delivery

Number of 
subjects

refer-
ence

Notes

IL-13Rα2 Glioblastoma 50% Auto CAR T ICV, IT—RD 3 17, 18 Corticosteroid re-
ceptor knockout

Allo CAR T IT 6 19

EGFR/EGFRviii Glioblastoma 25% Auto CAR T IV—RD 7 23 Combined with 
pembrolizumab

B7H3 DMG Auto CAR T ICV—RD 3 47

HER-2 Glioblastoma 80% Auto CAR T IV—SD 10 adults; 7 
children

29

Auto CAR NK IT*—SD 9 30 *Intraoperative 
administration

Ependymoma Auto CAR T ICV or IT—RD 2 48

Anaplastic 
astrocytoma

Auto CAR T ICV or IT—RD 1 48

GD2 DMG - H3K27M >95% Auto CAR T IV, ICV 11 43, 
45 

DMG - H3K27M Auto CAR T IV 2 46

ATRT Auto CAR T IV 1 46

CD-19 CNS Lymphoma Auto CAR T IV 8 57

Combination therapies

EGFR epitope 
806**/ IL-13Rα2

Glioblastoma **50%–60% Auto CAR T ICV—SD 6 25

EGFRviii/EGFR 
BITE Ab

Glioblastoma Auto CAR 
T + BITE

ICV—SD 3 26

C7R-GD2 DMG Auto CAR 
T + C7R

IV 6 46

Medulloblastoma Auto CAR 
T + C7R

IV 2 46

Active trials/future directions

IL-13Rα2 DMG Auto CAR T ICV

Medulloblastoma Auto CAR T ICV 52, 
53, 
54

EGFR/EGFRviii Glioblastoma Auto CAR NK ICV 2

EGFRviii/
IL-13Ra2

Glioblastoma 24

B7H3 Glioblastoma 64% Auto CAR T ICV, IT—RD

Medulloblastoma 32

HER-2 DMG Auto CAR T

GD2 Glioblastoma

GPC2 Medulloblastoma 55

Embryonal Tu-
mors

EPHA2 Medulloblastoma

Abbreviations: IL-13Rα2 = interleukin-13 receptor alpha-2; auto = autologous; allo = allogeneic; IVC = intracerebroventricular;.
IV = intravenous; IT = intratumoral; RD = repeat dosing; SD = single dose; NK = natural killer; EGFR = epidermal growth factor receptor; 
HER-2 = human estrogen receptor-2; BITE = bispecific t cell engager; C7R = constitutively active interleukin-7 receptor.
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to incorporate a CAR, creating a CAR-NK cell. Tolerability of 
NK cell therapy has generally been favorable, with a lower 
incidence of cytokine release syndrome (CRS) or neuro-
toxicity than that seen with CAR T cell therapy for solid 
and hematologic malignancies.1 One early limitation of 
CAR-NK therapy is that NK cells tend to have less ability to 
expand, and have shorter persistence compared to CAR T 
cells, which may necessitate alterations in CAR-NK design 
or multiple administrations.1 A preclinical study of CAR-NK 
therapy for glioblastoma targeting epidermal growth 
factor receptor (EGFR) and EGFRvIII demonstrated inhibi-
tion of tumor growth in culture and in orthoptic xenograft 
mouse models.2

Another distinct cancer cell immunotherapy that has 
demonstrated effectiveness in the treatment of advanced 
melanoma and that hold promise for brain tumors is 
tumor-infiltrating lymphocyte (TIL) therapy. TILs are T 
lymphocytes harvested from a patient’s excised tumor and 
expanded ex vivo. Unlike other cellular immunotherapies, 
TILs are not modified or bioengineered to express specific 
tumor antigens. Following lymphodepleting (LD) chemo-
therapy, TILs are reintroduced intravenously, and a series 
of interleukin-2 injections are given to promote cellular ex-
pansion and anti-tumor activity.3

Cellular Immunotherapies in non-CNS 
Malignancies

The past decade has been characterized by rapid prog-
ress in the development and implementation of cancer 
cell immunotherapy. The earliest FDA-approved clinical 
application of cellular immunotherapy was CD-19-directed 
CAR T cell therapy for pediatric acute lymphoblastic 
leukemia (ALL), and adults with relapsed aggressive 
lymphomas.4,5 Early clinical trials testing Axicabtagene 
ciloleucel (Axi-cel) in 3rd line or later treatment-refractory 
large B cell lymphoma demonstrated objective response 
rates of over 80%, complete responses in 54% (compared 
to 7% for existing therapies), and an over 18-month me-
dian survival (compared to 6.3 months for existing ther-
apies).2,6 These dramatic results led to the approval of 
Axi-cel in 2018. Cancer cellular immunotherapies have 
also demonstrated effectiveness in ALL (tisagenlecleucel/
Kymriah, brexucabtagene autoleucel/Tecartus), follic-
ular lymphoma, mantle cell lymphoma and multiple my-
eloma (ciltacabtagene autoleucel,cilta-cel; Carvykti and 
idecabtagene vicleucel, ide-cel; Abecma). To date there are 
16 FDA approvals for 6 CAR T cell therapies to treat hema-
tologic malignancies. Notably, nearly all CAR T cell clinical 
trials for the treatment of hematologic malignancies have 
excluded known or active CNS involvement, which limits 
insights into the safety or efficacy of CAR T therapies for 
hematologic malignancies with CNS spread.

In February 2024, the first FDA approval was granted for 
cellular immunotherapy in non-hematological solid tu-
mors. Lifileucel (Amtagvi), a form of TIL (tumor infiltrating 
lymphocyte) therapy, was approved to treat unresectable 
or metastatic melanoma unresponsive to at least 1 line of 
therapy. Lifileucel demonstrated a 36% overall response 
rate and disease control in 80% of individuals with a mean 
of 3.3 prior therapies in a single-arm phase 2 study.7 This 
cohort included 11% of individuals with melanoma brain 

metastasis. In a prospective, randomized trial comparing 
TIL therapy to the checkpoint inhibitor ipilimumab (mon-
oclonal antibody to inhibit cytotoxic T lymphocyte asso-
ciated protein-4 (CTLA-4) activity) for the first or second 
line treatment of advanced melanoma, TIL therapy demon-
strated superior median overall (25.8 vs. 18.9 month) and 
progression-free (7.2 vs. 3.1 month) survival.3 Side-effects 
associated with TIL therapy are common, and either re-
lated to LD chemotherapy (nausea, vomiting, cytopenia), 
IL-2 administration (fevers, chills, capillary leak syndrome), 
or the TIL therapy itself (hypopigmentation, uveitis). Most 
occur in the immediate post-treatment period and are 
short-lived.

Cellular Immunotherapies in Primary 
CNS Tumors

Glioblastoma

The heterogeneity and proliferative potential of glio-
blastoma have made it especially difficult to target with 
molecular and immune therapies. The median OS for 
IDH-wild-type glioblastoma in the United States is 17.1 
months for methylguanine methyltransferase (MGMT) 
methylated, and 12.4 months for MGMT unmethylated 
tumors.8 Reported 5-year survival ranges from 4-17%.9 
Fractionated radiation in combination with temozolomide 
chemotherapy has been the mainstay of treatment for 
glioblastoma for the past 20 years. Bevacizumab dem-
onstrated radiographic responses in 38-46% of glioblast-
omas treated in the recurrent setting, leading to its FDA 
approval in 2009.10,11 Tumor-treating fields (TTF) are ap-
proved in the recurrent (2011) treatment of GBM, having 
demonstrated noninferiority to chemotherapy.12 TTF was 
also approved for up-front therapy (2015), with benefit 
for both progression-free and overall survival compared 
to standard chemoradiation.13 Immune checkpoint inhib-
itor therapies alone or in combination are generally well-
tolerated, but have not demonstrated survival benefit in 
glioblastoma.14,15 An urgent need for effective therapies to 
treat glioblastoma still exists. Multiple cellular immuno-
therapies are being actively investigated in the treatment 
of glioblastoma.16Currently available cellular immunother-
apies for primary CNS tumors are summarized in Figure 1 .

IL-13Rα2

CAR T cell therapy directed at the interleukin-13 receptor 
IL-13Rα2 was one of the earliest clinical CAR T-cell strat-
egies for GBM.17,18 IL-13Rα2 is expressed on ~50% of glio-
blastomas, and most associated with the mesenchymal 
GBM subtype. IL-13Rα2-CAR T therapy was shown to be 
feasible to deliver intracerebroventricularly (ICV) and 
intratumorally,17 and resulted in regression of a progres-
sive glioblastoma with leptomeningeal spread when ad-
ministered multiple times intratumorally and ICV in one 
patient, sustained for 7.5 months.17,18 There is also limited 
experience with an allogeneic IL-13Rα2-CAR T construct, 
introducing the possibility of using donor T-cells that are 
not MHC-specific.19 The IL-13Rα2-CAR T cells are designed 
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with a corticosteroid receptor knockout, allowing the use 
of corticosteroids for symptomatic management without 
impacting CAR T cell viability.17 While there has been tol-
erability and some activity demonstrated in phase 1 
trials with IL-13Rα2-CAR T cells, the limited expression of 
IL-13Rα2 in some tumors, and intratumoral heterogeneity 
may potentially limit the efficacy of this approach.20

EGFR and EGFRvIII

Epidermal Growth Factor Receptor variant III (EGFRvIII) 
mutation has been found in ~25% of glioblastomas, and 
has been the target of other immunotherapies such as 
vaccines. In transgenic EGFRvIII GBM mouse models, ad-
ministration of a murine EGFRvIII-targeting CAR T cell 
therapy resulted in tumor reduction, prolonged survival 
and selective antigen loss.21 The coadministration of inter-
leukin 12 (IL-12) with EGFRvIII-CAR T cells in an orthoptic 
GBM mouse model increased the potency of CAR T cell 
activity and prolonged survival without evidence of se-
vere systemic side-effects.22 A phase I human trial of se-
rial intravenous EGFRvIII-CAR T therapy (up to 3 infusions) 
in combination with pembrolizumab was feasible with 
minimal toxicity.23 There was some evidence of EGFRvIII 
antigen loss, but CAR T persistence and expansion were 
minimal, and the progression-free survival (5.2mo) and 
overall survival (11.8mo) were not suggestive of clinical ac-
tivity in this small exploratory cohort.

CAR NK cells targeting EGFR receptors may provide an 
alternate treatment strategy to CAR T cells. Human NK-92 
and NKL cell lines engineered to target both wild-type 
EGFR and EGFRvIII were found to cause tumor cell lysis, 
reduction in tumor size, and prolonged survival when 
injected intraventricularly into orthoptic GBM mouse 
models.2 Targeting wild-type EGFR raises the potential for 
on-target off-tumor toxicity in normal EGFR-expressing tis-
sues, though the intracranial administration appeared to 
result in limited CAR T cell migration outside the CNS, sug-
gesting it may be well-tolerated.2

Combination Strategies Targeting EGFR

One potential strategy to augment the activity of CAR 
T cell constructs with partial efficacy is to engineer mul-
tiple targets into the same CAR T cell. In preclinical mouse 
models, the use of a bivalent CAR T cell targeting EGFRvIII 
and IL-13Rα2 termed “TanCAR T” resulted in more durable 
and extensive tumor responses in heterogeneous GBM 
xenograft mouse models.24 A different combination using 
a CAR T cell that targets EGFR epitope 806 and IL-13Rα2 has 
been investigated in a phase I trial enrolling individuals 
with recurrent EGFR-amplified isocitrate dehydrogenase 
1 (IDH1) wild-type GBM, administered in a single ICV 
dose.25 EGFR epitope 806 is present on 50-60% of glioblast-
omas, and does not bind native EGFR. Brain MRI at 24-48 
hours after administration demonstrated reduced contrast 

Figure 1.  Targets for cellular immunotherapy in CNS cancers. Antigens identified for cancer cellular therapy, illustrated together with common 
sites for individual cancers of the central nervous system. Figure made with BioRender.
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enhancement and enhancing tumor volume, though none 
met the criteria for an objective response. The CAR T cell 
expansion peaked at post-treatment day 1-7, with eleva-
tions in IFNγ, IL-2, TNFα, and IL-6 that normalized within 14 
days post-treatment.25 A third approach to augment the 
activity of EGFRvIII CAR T therapy is combination of the 
EGFRvIII CAR T with EGFR bispecific T cell engager (BITE) 
antibodies. The phase I results from the first 3 subjects 
treated with this combination (CARv3-TEAM-E) as a single 
ICV infusion reported a decrease in gadolinium enhance-
ment on MRI within days of administration, a reduction in 
EGFR and EGFRvIII DNA in peripheral blood, and in CSF 
extracellular-vesicle RNA. The tumors grew within 1 month 
of infusion in 2 of 3 subjects, and for the 3rd subject re-
sponse was sustained > 5 months.26,27 Grade 3 encepha-
lopathy in one patient and grade 3 fatigue in another were 
the only severe toxicities related to the treatment.26,27 The 
marked radiographic responses with reduction or normal-
ization of contrast enhancement on brain imaging within 
days of infusion are striking, and warrant further investi-
gation. Radiographic improvement, especially with the 
subsequent observation of tumor growth within weeks 
raises the possibility that either there is rapid, transient but 
incomplete elimination of the tumor, or that the imaging 
changes are not be a result of tumor cell death, but instead 
reflect an effect on blood vessel permeability that reduces 
contrast enhancement.

HER-2

Human Epidermal Growth Factor Receptor-2 (HER-2) is 
overexpressed in up to 80% of glioblastomas. Preclinical 
work targeting HER-2 in GBM cell lines and xenograft 
mouse models has demonstrated effective tumor reduc-
tion when injected locally around the tumor.28 A phase I 
clinical trial tested single-dose IV administration of HER-
2-CAR T cell therapy in 10 adults and 7 children with glio-
blastoma.29 The treatment-related toxicities were: grade 4 
cerebral edema, grade 3 lymphopenia, headache, fatigue, 
weakness and hydrocephalus. Lymphopenia was the most 
common grade 2 toxicity. Roughly half of the subjects had 
evidence of CAR T cell persistence at 6 weeks. One subject 
had a radiographic partial response, 7 had stable disease 
and 8 had progressive disease as their best response. The 
median overall survival for the cohort was 11.1 months fol-
lowing infusion and 24.5 months after GBM diagnosis.29

Another phase I study investigated the local adminis-
tration of HER-2-targeting CAR-NK cells into the surgical 
resection bed for HER-2-expressing GBM at the time of 
recurrence, following up-front standard-of-care radiation 
therapy and temozolomide. Of the 9 subjects treated, 5 had 
stable disease and 4 had progressive disease. Two were 
determined to have pseudoprogression, and overall, the 
treatment was tolerated well, with no evidence of CRS or 
immune effector cell-associated neurotoxicity syndrome 
(ICANS). Median PFS was 7 weeks and median OS was 31 
weeks following surgery.30

B7-H3

B7-H3 (CD 276) is expressed in up to 64% of high-grade 
gliomas31 including pediatric high-grade glioma tumor 

types.32 It is an immune checkpoint molecule belonging to 
the B7-CD28 pathway, and is found at lower levels on mul-
tiple normal tissues as well, including liver, heart, prostate, 
spleen and thymus.33 B7-H3 has a suppressive effect on T 
cell activation, and may also inhibit NK cell activation.34 
B7-H3 expression promotes tumor migration, invasion, 
angiogenesis, chemoresistance, and is associated with a 
poorer prognosis.34

Clinical experience with B7H3 CAR T cell therapy is 
emerging, as there are 2 phase I clinical trials of B7H3-
CAR T cell therapy currently enrolling for adult GBM in 
the United States (NCT05474378, NCT05366179), and 3 
additional studies in China (NCT04385173, NCT05241392, 
NCT04077866). A case report describes a 56-year-old 
woman with recurrent glioblastoma who received B7-H3-
CAR T cell therapy on an intratumoral dose-escalation pro-
tocol. She experienced radiographic regression of tumor, 
and received a total of 7 CAR T infusions before coming 
off study for progressive disease. There were no grade 3 
adverse events, and headache was the main treatment-
related symptom during the first 5 cycles.35

H3K27M-Altered Diffuse Midline Gliomas

H3K27M-altered diffuse midline glioma of the pons, also 
called diffuse intrinsic pontine glioma (DIPG), and diffuse 
midline gliomas of the thalamus and spinal cord are the 
leading cause of brain-tumor-related death in children, as-
sociated with a median survival of 11 months (DIPG) and 
13 months (non-brainstem DMGs), and a 5-year survival 
of less than 1%.8,36,37 Radiation therapy remains the only 
established treatment option.38 Clinical trials of numerous 
chemotherapies have not demonstrated additional ben-
efit in the treatment of DMG/DIPG.39 Heterogeneity of the 
tumor, limited penetration of systemic chemotherapy 
across the blood-brain barrier, the critical location affecting 
vital brainstem or spinal cord structures, and the immuno-
suppressive tumor microenvironment are all factors that 
have contributed to the challenges in finding effective ther-
apies.40 However, in recent years, CAR T cell strategies for 
H3K27M-altered DMGs have begun to show promise.

GD2

The disialoganglioside GD2 is a surface glycolipid that 
is present to varying degrees on several solid tumors in-
cluding neuroblastoma, melanoma, retinoblastoma, small 
cell lung cancer, sarcomas and gliomas.41 Cell surface an-
tigen screening of patient-derived H3K27M-mutant DMG 
cells revealed GD2 as the most highly expressed cell sur-
face antigen amongst over 200 antigens screened.42 The 
H3K27M mutation results in epigenetic dysregulation of 
GD2 synthesis enzymes, and thus GD2 is highly and uni-
formly expressed on H3K27M-mutant tumor cells, but is 
not expressed highly on H3 WT DMG tumors.42 Preclinical 
studies demonstrate eradication of H3K27M-mutant tu-
mors in patient-derived orthoptic mouse xenograft models 
of DIPG, spinal cord DMG and thalamic DMG.42 Of note, 
CAR T cell therapy for thalamic DMGs led to obstructive 
hydrocephalus and consequent herniation that was lethal 
in mice, underscoring the importance of neurocritical care 
precautions and the differential risk of inducing therapeutic 
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inflammation in precarious neuroanatomical locations dif-
ferentially prone to herniation.42 Based on this foundational 
work identifying GD2 as appealing target for CAR T cell 
therapy in H3K27M-mutant tumors of the brainstem and 
spinal cord, a phase 1 clinical trial of GD2 CAR T therapy 
was initiated in 2020 for H3K27M-mutant DIPG and spinal 
cord DMG (NCT04196413). The initial arm of this study in-
vestigated intravenous (IV) administration following LD 
chemotherapy at two dose levels (1 million CAR T cells/Kg 
and 3 million CAR T cells/Kg), with subsequent infusions of 
CAR T cells administered ICV through an Ommaya catheter 
or similar device.43 Ommaya catheters were placed in all 
patients to enable measurement of intracranial pressure, 
immediate treatment of hydrocephalus, and to administer 
subsequent CAR T cell infusions ICV should patients ex-
perience imaging and/or clinical benefit from the first in-
fusion. IV administration was associated with high rates 
of CRS, which was severe (grade 4) in some cases treated 
at the second dose level (3 million CAR T cells/Kg) and 
proved to be the dose-limiting toxicity for IV administra-
tion. The subsequent ICV infusions tended to be more well-
tolerated, with minimal to no CRS. All patients experienced 
tumor inflammation-associated neurotoxicity (TIAN)44 to 
varying degrees ranging from low- to high-grade, and that 
was manageable with close monitoring and interventions 
such as CSF drainage through a butterfly needle secured in 
the Ommaya catheter.43,45 Of the 11 patients treated on the 
initial arm of the trial, 9 demonstrated neurological ben-
efit, and 4 had major (> 50%) reductions in tumor volume.45 
One patient experienced a complete response and nu-
merous clinical improvements, durable for over 30 months 
at the time of data cutoff and ongoing.45 Another patient 
with spinal cord DMG experienced a > 90% reduction in 
tumor volume and major improvements in lower extremity 
strength, bowel and bladder function and neuropathic 
pain, enabling improvement from profound paraplegia 
and wheelchair use to walking with a cane, with response 
durable for more than a year.45 An additional patient with 
H3K27M-mutant spinal cord DMG treated off-trial on a 
single patient compassionate use IND had a greater than 
90% reduction in tumor volume, with marked neurological 
improvements transiently.43 Ongoing arms of this phase 
I trial seek to test ICV-only administration and the role of 
preconditioning chemotherapy. Additional clinical trials of 
GD2-targeting CAR T cell therapy have now opened inter-
nationally, including a second US trial of GD2-CAR T cells 
modified with a constitutively active interleukin (IL)-7 re-
ceptor (NCT04099797) administered IV following standard 
LD chemotherapy46 and trials in the UK (NCT05544526) 
and Australia. In the CR7-GD2-CAR T cell trial, lower doses 
(10-30 million cells/ m2) were used compared to the trial 
discussed above. Lower grade CRS and low-grade TIAN 
were seen in the DMG patients on this trial, with two of 
seven DMG patients exhibiting transient partial responses 
by MRI imaging and most experiencing transient clinical 
improvements.46 Together, these two GD2-targeting clin-
ical trials highlight the therapeutic potential of this ap-
proach for H3K27M-mutant DIPG/DMG and encourage 
further work to optimize the dose, route, frequency, and 
preconditioning regimen, and possible combination ther-
apies. Results from the UK and Australian trials have not 
yet been reported.

B7H3

The immune checkpoint molecule B7-H3 (CD276) is highly 
expressed in atypical teratoid rhabdoid tumor, DMG, 
medulloblastoma, and high-grade gliomas.32 A study 
investigating an B7-H3 CAR T-cell therapy in children and 
young adults reported preliminary safety and feasibility 
in 3 individuals with DIPG, 2 of whom were treated at the 
time of recurrence. The study involved weekly fixed-dose 
ICV administration of CAR T-cells cells. Neither biopsy nor 
confirmation of the H3K27M mutation were required for 
enrollment. Headache, nausea/vomiting and fever were 
the most common treatment-related adverse events, 
occurring within 24 hours of infusion and lasting up to 72 
hours. The study also demonstrated persistence of CAR T 
cells throughout the course of therapy.47

HER-2

Human growth factor receptor 2 (HER-2) is highly ex-
pressed in DMG, and a HER-2 CAR T cell therapy dem-
onstrated effective anti-tumor effect in cell culture and 
patient-derived xenograft mouse models of DMG.11 An 
early report of a phase I trial (NCT03500991) of HER-2 CAR 
T cell therapy showed safety and feasibility in the treat-
ment of 3 adolescent/young adults with ependymoma 
(n = 2) and anaplastic astrocytoma (n = 1).48 The same trial 
includes eligibility for DMG, and will investigate clinical ad-
ministration of HER-2 CAR T cell therapy in this population.

IL-13Rα2

A trial (NCT04510051) is presently ongoing to test 
IL-12Ra2-targeting CAR T cell therapy delivered 
intracerebroventricularly following lymphodepleting che-
motherapy for children and young adults with recurrent 
or refractory brain tumors that express IL-12Ra2, including 
DIPG/DMG. Enrollment requires demonstration of IL-12Ra2 
expression on biopsy tissue.

Medulloblastoma

Medulloblastoma is an embryonal tumor of the cerebellum 
that is the second most common malignant CNS tumor in 
childhood after pediatric high-grade gliomas. The peak inci-
dence is in children aged 5-9 (0.62 per 100,000).8 Treatment 
involves surgical resection, with combination chemo-
therapy and craniospinal irradiation. Medulloblastoma 
is characterized from low to very high risk depending 
on: age, extent of surgical resection, the presence or ab-
sence of metastases, and molecular subtyping.49 There 
are 4 main medulloblastoma subtypes, with distinct clin-
ical, histopathological, and molecular features. Wingless/
INT1 (WNT) activated medulloblastoma occurs most fre-
quently in children age 7-14, and accounts for up to 20% of 
adult medulloblastoma. WNT-activated medulloblastoma 
is characterized by a classic histopathology, and favor-
able outcomes with overall survival close to 100%.50 The 
second main medulloblastoma subgroup is characterized 
by activation of sonic hedgehog (SHH) signaling pathway. 
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Overall, the prognosis for SHH-activated medulloblastoma 
is intermediate between WNT-activated medulloblastoma 
and groups 3&4. The non-WNT, non-SHH-activated 
medulloblastoma tumors tend to present with widely dis-
seminated disease throughout the leptomeninges and 
cerebrospinal fluid. Group 3 tumors tend to present in 
infancy and childhood, while group 4 tumors are present 
in older children and young adults. MYC overexpression 
is a poor prognostic factor in these individuals. Five-
year overall survival ranges from 45-80%.50 Recurrent 
medulloblastoma may have additional genetic alterations 
compared to the original tumor, and therefore re-biopsy 
prior to initiating targeted therapy is important.49 There are 
limited treatment options for recurrent medulloblastoma, 
as reflected in the median survival of only 19-27 months.51

Preclinical studies have identified multiple potential tar-
gets for cellular immunotherapy in medulloblastoma, in-
cluding EPHA2, HER-2, IL-13Rα2,52–54 B7-H3.,32 and GPC2.55 
Some medulloblastomas express GD2.56 CAR T cell trials 
for medulloblastoma are now beginning. The CR7-GD2 
CAR T cell trial mentioned above included DMG and also 
other GD2-expressing tumors, and two children with 
medulloblastoma were treated, both of whom exhibited 
transient clinical improvements.46

CNS Lymphoma

In most of the initial trials evaluating CAR T cell therapy for 
systemic lymphoma, individuals with active CNS disease 
were excluded. However, given the tendency for aggres-
sive lymphomas to involve the CNS, there were a small 
number of individuals who developed CNS involvement 
during bridging therapy, and were still treated. In this small 
cohort, tisagenlecleucel was administered IV, and toxicities 
were mild (grade 0-1 CRS and neurotoxicity). CNS in-
volvement was parenchymal (3), leptomeningeal (3), and 
both (2). Four of the 8 individuals had CNS complete re-
sponses.57 Pooled analyses of CAR T trials in large B-cell 
lymphoma and primary CNS lymphoma (PCNSL) similarly 
indicate that severe ICANS is not very common (~25%), 
and that complete responses are achievable in about 50% 
of individuals.58–60 PCNSL trials have demonstrated mild 
toxicities, high rates of responses, and encouraging overall 
survival outcomes.61–63

Treatment Considerations

Centers will collectively learn how to most effectively 
target CNS tumors as we gain more experience with dif-
ferent CAR T constructs and treatment regimens in primary 
CNS malignancies and other solid tumors. It is extremely 
important that phase 1 trials are designed in a way that fa-
cilitates rigorous assessment of safety, as well as obtaining 
data regarding CAR T expansion, on-tumor effects, and 
the comprehensive side-effect profile, including potential 
long-term sequelae.

Trial design elements such as route of delivery (IV or 
via intracranial), whether to require molecular analysis 
for target expression on the tumor for enrollment, and if/
how to treat with LD chemotherapy, are key considerations 
for clinical results interpretation and therapy optimization. 

Selecting the most appropriate target or targets is also ex-
tremely important. Targeting antigens that are only present 
on tumors is a way to minimize side-effects, since cells will 
not recognize non-tumor tissue. However, several prom-
ising targets are present both on normal and tumor tissue, 
albeit at different levels of antigen expression. Pursuing 
these therapeutic targets raises the potential for on-target 
off-tumor side effects. However, the importance of an-
tigen density to CAR T cell function creates a therapeutic 
window, consistent with the early experience with HER-2, 
GD2 and B7H3 for which on-target, off-tumor toxicity has 
not been seen. While many CAR T-related adverse events 
are mild, it is important to have specialized education for 
care teams to identify and preemptively manage acute 
complications such as CRS, ICANS, TIAN, hyponatremia 
and hydrocephalus. Immunotherapy-related neurotoxicity 
requires collaboration between neuro-oncology, inpatient 
neurologists and neurointensivists, bone marrow trans-
plant/cellular therapy specialists, and neurosurgical teams 
to be managed safely.

Response and toxicities of cellular therapies are distinct 
from cytotoxic chemotherapy, as efficacy and toxicity are 
determined by a complex interplay of tumor biology, the 
host-immune response, and T cell characteristics.64 In the 
solid tumor experience to date, the same principles of 
dose-finding apply (underdosing negatively impacting ef-
ficacy, and excess dosing compromising safety), though 
there may be more inherent variability based on these and 
other host-immune system factors which is not possible to 
determine in small phase I trials. It is still appropriate to de-
termine maximum tolerated dosing in a traditional dose-
escalation trial design, as has been done in cellular therapy 
for systemic hematologic malignancies.

The majority of GBM trials have only investigated cel-
lular therapies in the recurrent setting, so response and 
safety in the up-front setting is unknown. As host T cell 
populations are often diminished through administration 
of systemic chemotherapy, and tumor biology changes, 
with escalating resistance mechanisms in the setting of 
recurrent disease, it is possible that up-front treatment 
would be more effective. There is also an opportunity in 
the up-front post-surgical setting to confirm tumor antigen 
expression density, which may be altered at recurrence. In 
DMG/DIPG, however, individuals have been treated in the 
immediate post-radiation setting as well as at recurrence 
with similar safety

Treatment-related adverse events vary depending on the 
specific CAR T therapy, the dosing, whether or not the in-
dividual is immunosuppressed, and the route of delivery. 
CRS (fever +/- hypotension, +/- respiratory compromise), 
and ICANS (disorientation, psychomotor slowing, lan-
guage dysfunction, ataxia) tend to be seen more commonly 
in IV CAR T infusions. With some CD-19-CAR T therapies, 
CRS is nearly universally present, and rates of ICANS may 
vary from 10-50%, with 5-30% graded as severe (grade 
3-4).6 ICANS occurs in the setting of CRS with elevated sys-
temic inflammatory markers such as C-reactive protein, 
ferritin and cytokine levels. TIAN more commonly occurs 
with rapid onset with ICV or intratumoral CAR T infusion, 
and is characterized by headache, fevers, and onset or 
worsening of neurologic deficits referable to the location 
of the tumor in the CNS.44 Obstructive and nonobstructive 
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hydrocephalus, and hyponatremia have also been ob-
served with TIAN, and require critical care monitoring and 
interventions such as CSF diversion. The tendency for TIAN 
to decrease in severity with serial CAR T infusions has been 
observed in clinical trials.45 The exact mechanism for this 
is unknown. One possibility is that there may be less ex-
posed target due to either cytoreduction or antigen es-
cape. Another possibility is that there may be increased 
immune-suppressive mechanisms following the first treat-
ment, such as increased regulatory T cells and increased 
suppressive myeloid cells, both of which have been ob-
served following the first infusion of GD2-CAR T cells for 
DMG in patient CSF.32 Another possibility is that the host 
may develop anti-CAR antibodies, which on repeat admin-
istrations could lead to lysis of CAR T cells.65

Given their immunosuppressed status—due to LD 
chemo and to immune-suppressive effects of the CNS tu-
mors themselves—individuals must also be monitored 
closely for signs and symptoms of infection, especially 
those who receive LD chemotherapy and/or are cytopenic.

Mechanisms of Treatment Failure

While there have been some promising responses to CAR 
T therapy in tumors that have been refractory to numerous 
other lines of treatment including chemotherapy, radiation 
and other immunotherapies, these are too often insuffi-
ciently complete and insufficiently durable. There are sev-
eral potential mechanisms for CNS-directed CAR T therapy 
to be ineffective (Table 2). For example, the immunosup-
pressive tumor microenvironment that interferes with host 
immunity and promotes tumor proliferation may also in-
hibit CAR T cell activity by hindering T cell trafficking into 
the tumor, inhibiting T cell function, and promoting T cell 
exhaustion.66 This is a particularly important consideration 
for CNS immunotherapy, as the neural microenvironment 
may be uniquely immune-suppressive through neuronal-
immune-cancer cross-talk. Preconditioning regimens are 
one approach to reduce immune-suppressive effects of en-
dogenous immune cells and create a more favorable envi-
ronment for CAR T cell function. The ideal preconditioning 
regimen may be need to be developed for the unique 
immune system of the CNS and potentially immune-
modulatory effects of nervous system signaling molecules 
such as neurotransmitters and neuropeptides.

There are several other potential mechanisms of treat-
ment failure. Tumor heterogeneity, a known challenge 

especially in GBM, creates a situation in which many tumor 
cells may not express the CAR T extracellular antigen. In 
cases where the target antigen is expressed heterogene-
ously, it may be necessary to identify an additional target or 
targets. Antigen escape is a distinct phenomenon, in which 
tumors exposed to one directed therapy downregulate 
expression of the target antigen, leading to proliferation 
of tumor cells that no longer express the cellular target. 
Bispecific or multi-specific CAR T cells may be designed to 
make this less likely to occur. And finally, T cell exhaustion 
is well-described in high-grade hematologic malignancies, 
in which T cells become less able to expand and promote 
the anti-cancer immune response over time. Repeat infu-
sions lessen the impact of CAR T cell exhaustion.

Future Directions

The clinical and translational science of cancer cell ther-
apies for CNS malignancies is rapidly evolving. More 
fully understanding interactions between CAR T cells and 
the tumor as well as the tumor microenvironment will 
be critical to optimizing these therapies for brain tumors. 
Combination CAR T therapies, with multiple antigen-
binding domains may be helpful to address the resistance 
to therapy conferred by tumor heterogeneity and antigen 
loss.67 Allogeneic cellular therapies hold the potential to 
streamline the production process and make these ther-
apies less costly and more widely available.68,69 Finally, ef-
fective immunotherapy for cancers in the nervous system 
is likely to require a deeper understanding of the neurosci-
ence of cancer immunotherapies, given extensive neuron-
cancer-immune cell cross-talk (for review, see Mancusi and 
Monje, 2023 Nature70).

Drawing from the experience in hematologic malig-
nancies over the past 10 years, as we gain increased ex-
perience with the application of cellular therapies in solid 
and specifically CNS tumors, there will need to be a con-
comitant way to equip teams and hospitals to reliably 
administer and monitor cellular immunotherapies, and 
consistently identify and treat adverse events. Cancer cell 
therapy has rapidly expanded the therapeutic landscape in 
CNS tumors. With a deeper understanding of targets, im-
mune interactions between tumor, host, and treatment, 
cellular immunotherapy holds the potential to more effec-
tively treat some of the most challenging and historically 
treatment-refractory central nervous system cancers.

Table 2.  Mechanisms of cancer cell therapy treatment failure and corresponding mitigation strategies

Mechanism of treatment failure Potential mitigation strategy

Immunosuppressive tumor microenvironment LD Chemotherapy, Armored CARs, IL-2

Tumor heterogeneity Identify a more uniformly expressed target, target multiple antigens 
(e.g. bispecific CAR T cell)

Antigen escape Targeting multiple antigens, (e.g. bispecific CAR T cell)

CAR T cell exhaustion repeat infusions, optimizing cell viability, minimizing factors in the 
tumor microenvironment that promote T cell exhaustion
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