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1  | INTRODUC TION

Survival rates for many cancers have improved significantly over the 
past several decades due to progress in early detection, the advent of 
precision medicine, and advances in treatments.1 By contrast, brain 
tumors continue to be an exception to this trend with long‐term sur‐
vivorship remaining unacceptably low. Glioblastoma (GBM) is the most 

common primary brain tumor in adults and is almost uniformly lethal 
with less than 10% of patients living beyond 5 years, and a median sur‐
vival of 16‐20 months.2,3 In children and young adults, primary brain 
tumors continue to be the leading cause of cancer‐related deaths.4 
Patients who develop brain metastases also have an extremely poor 
prognosis with an average survival of typically less than 6 months after 
diagnosis.5 Current management options for local control of brain can‐
cer, both primary and metastatic, include maximal safe resection, ra‐
diotherapy, and chemotherapy.6,7 Such treatments are rarely curative 
and have a host of toxicities due to the sensitivity of this vital organ. 
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Abstract
Malignant brain tumors, including glioblastoma, represent some of the most difficult 
to treat of solid tumors. Nevertheless, recent progress in immunotherapy, across a 
broad range of tumor types, provides hope that immunological approaches will have 
the potential to improve outcomes for patients with brain tumors. Chimeric antigen 
receptors (CAR) T cells, a promising immunotherapeutic modality, utilizes the tumor 
targeting specificity of any antibody or receptor ligand to redirect the cytolytic po‐
tency of T cells. The remarkable clinical response rates of CD19‐targeted CAR T cells 
and early clinical experiences in glioblastoma demonstrating safety and evidence 
for disease modifying activity support the potential of further advancements ulti‐
mately providing clinical benefit for patients. The brain, however, is an immune spe‐
cialized organ presenting unique and specific challenges to immune‐based therapies. 
Remaining barriers to be overcome for achieving effective CAR T cell therapy in the 
central nervous system (CNS) include tumor antigenic heterogeneity, an immune‐
suppressive microenvironment, unique properties of the CNS that limit T cell entry, 
and risks of immune‐based toxicities in this highly sensitive organ. This review will 
summarize preclinical and clinical data for CAR T cell immunotherapy in glioblastoma 
and other malignant brain tumors, including present obstacles to advancement.
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The refractory nature of brain tumors to standard therapies provides 
compelling motivation for developing novel treatment interventions.

The tremendous progress in T cell immunotherapy across a 
broad range of tumor types provides hope that the immune sys‐
tem can be augmented to improve outcomes for patients with brain 
tumors. The brain, however, is an immune‐specialized organ pre‐
senting unique and specific challenges to the application of immu‐
notherapy. Immune system access to the brain is tightly controlled 
and the immunosuppressive nature of the central nervous system 
(CNS) has evolved to protect against immunologic attack.8 Toxicity 
risks are also significant and potentially life‐threatening, including 
off‐tumor targeting of normal brain tissue and CNS inflammatory re‐
actions.9 Although these challenges are considerable, emerging data 
supports the promise of the T cell immunotherapy for brain tumors.

Approaches to stimulate or enhance endogenous T cell immune re‐
sponses to treat brain tumors are showing evidence of bioactivity, includ‐
ing clinical studies of tumor neoantigen vaccines,10 oncolytic viruses,11 and 
immune checkpoint inhibitors (ICIs).12,13 The engagement of checkpoint 
receptors such as programmed cell death protein‐1 (PD‐1) and cytotoxic 
T‐lymphocyte‐associated antigen 4 (CTLA4) dampen anti‐tumor immune 
responses, and these checkpoint pathways have emerged as critical driv‐
ers of immunosuppression in solid cancers.14 In melanoma patients with 
CNS metastases, a phase II study evaluating nivolumab (anti‐PD‐1) com‐
bined with ipilimumab (anti‐CTLA‐4), reported that ICIs mediate intracra‐
nial clinical benefit in 57% of the patients with a 26% complete response 
rate.15 Remarkably, ICI clinical response rates against melanoma CNS 
metastases were durable and on par with systemic anti‐tumor responses. 
High tumor mutational burden (TMB; >20 mutations/mb) has previously 
been identified as an independent prognostic variable to response with 
ICI,16 and melanoma has some of the highest TMB of all malignancies, 
possibly contributing to the encouraging clinical results. Similar observa‐
tions have also been reported in a subset of GBMs with high mutational 
burden due to mismatch repair deficiencies, and in these cases ICIs have 
also been shown to achieve complete and durable responses.17,18 Most 
brain tumors, however, including GBM and pediatric brain tumors, have 
low TMB and have been less responsive to ICIs.19 Encouragingly, neoad‐
juvant ICI prior to surgical resection has been shown to mediate a survival 
benefit in recurrent GBM, possibly by augmenting endogenous T cell re‐
sponses.20 These studies are important as they establish that brain tumors 
are not impervious to immunological recognition and attack, and point to 
immunotherapy making inroads in brain tumor treatment.

For most patients, endogenous immune responses are not po‐
tent or abundant enough to mount sufficient anti‐tumor responses 
even with ICI treatment, and thus the engineering of new T cell 
immunity using chimeric antigen receptors (CARs) is a rapidly ad‐
vancing approach for the treatment of cancer.21 CAR T cells can 
be efficiently expanded ex vivo and delivered in large quantities to 
elicit tumor destruction. Tumor targeting by CARs is independent of 
major histocompatibility complex (MHC) antigen presentation and, 
therefore, may provide new options for tumors with low TMB or 
defects in antigen presentation. Early results with CAR T therapy 
against brain tumors have shown promise while at the same time 
illustrating multiple challenges. These include addressing tumor 

antigen heterogeneity, overcoming an immune‐suppressive tumor 
microenvironment (TME), ensuring sufficient T cell trafficking to the 
tumor, enhancing CAR T persistence, and avoiding CNS toxicity. In 
this review, we will present the most recent progress and challenges 
for CAR T cell immunotherapy in the treatment of brain tumors.

2  | ENGINEERING TUMOR IMMUNIT Y 
WITH C ARS

2.1 | The design of CARs

Chimeric antigen receptors are synthetic immune receptors that redi‐
rect T cells to eradicate tumors through specific recognition of surface 
proteins expressed on tumor cells. CARs are fusion proteins comprised 
of three main components: the extracellular domain responsible for 
antigen recognition, the intracellular domain responsible for signal 
transmission, and region that links these two components for flexibil‐
ity, stability, and dimerization potential composed of the extracellular 
spacer and transmembrane domain (Figure 1).21,22 The intracellular 
domain contains the T cell co‐receptor CD3ζ, and second‐generation 
CARs include one co‐stimulatory molecule, such as CD137 (4‐1BB) 
or CD28, to enhance expansion and persistence.23 Third‐generation 
CARs contain two costimulatory domains in series with CD3ζ. One 
of the advantages of CARs is their modular design, which provides 
the flexibility to adjust the antigen recognition and signaling domains 
based on the targeted cancer types. Further, CAR T cells can be used 
as delivery vehicles when paired with constitutively or inducibly ex‐
pressed chemokine such as IL‐12, antibody fragments, or other biomol‐
ecules.24,25 Optimal CAR design is still an empirical process and highly 
dependent on antigen‐ and tumor‐specific properties. Innovations in 
CAR design and its application to the advancement of CAR T cell ther‐
apy have been previously reviewed.26 For brain tumor therapy, we will 
discuss how CAR design is evolving to address the challenges of tumor 
antigen escape, the suppressive TME and tumor trafficking.

2.2 | CAR T cell manufacture

Chimeric antigen receptors T cell manufacturing processes vary 
widely across therapeutic platforms, and the final product phe‐
notype represents a critical variable impacting the potency of the 
therapy.27 The general workflow for autologous cell transfer begins 
with collection of patient T cells through leukapheresis followed 
by, in some protocols, the enrichment of bulk T cells or selection of 
specific T cell subsets. T cells are then stimulated by engagement 
of their TCR and costimulatory receptors, typically using anti‐CD3 
and anti‐CD28 reagents. Variations on the T cell stimulation step 
include use of coated beads, plate‐bound antibody, soluble CD3 
antibody only, and inclusion of other costimulatory or adhesion 
molecules (ie, CD2).27-29 Following activation, T cells are geneti‐
cally modified to express the CAR, most commonly through len‐
tiviral or retroviral transduction. The engineered CAR T cells are 
then ex vivo expanded in media containing common gamma chain 
(γc)‐cytokine cocktails, most commonly IL‐2 (eg, combinations of 
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IL‐2, IL‐7, IL‐15, or IL‐21) to support T cell expansion. The choice of 
γc‐cytokine and concentration greatly impact the final phenotype 
of the expanded cells. Most manufacturing platforms utilize IL‐2, 
but there is evidence for advantages of using other cytokines, in‐
cluding IL‐15, IL‐7, and IL‐21.30-35 A generalizable principle is that 
manufacturing processes yielding a less‐differentiated memory 
phenotype with greater mitochondrial fitness generates superior 
CAR T cell products.36-38 Reducing the time of ex vivo culture is 
one strategy that has been shown to yield more potent CAR T cell 
products, and most patient‐specific products are produced within 
two weeks or less.39 Ultimately this process is capable of gener‐
ating millions to billions of engineered therapeutic CAR T cells 
ready to be infused back to the patient. A detailed summary of 
CAR T manufacturing has been reviewed previously.40,41 In clinical 
manufacturing setting of brain tumors, there are many outstand‐
ing issues to be addressed, including the following: how intrinsic T 
cell product variability impacts potency; the effect of concomitant 
dexamethasone on the quality or quantity of manufactured prod‐
uct; whether certain T cell subsets traffic to the CNS more ef‐
ficiently; and whether off‐the‐shelf manufacturing platforms will 
improve the consistency, timing, and availability of CAR T therapy.

3  | ADOPTIVE T CELL THER APY: FROM 
BLOOD TO BR AIN

Clinical success with CD19‐CAR T therapies and adoptive cellular 
therapy (ACT) studies in melanoma, while not initially intended to 
treat brain tumors, have nevertheless raised optimism for the po‐
tential of ACT for the treatment of CNS disease. In trials of ACT for 

metastatic melanoma, Hong and colleagues reported on a subset of 
patients (26 of 264) who were retrospectively identified to have had 
untreated melanoma brain metastases as well as extracranial dis‐
ease.42 Remarkably, after treatment with ACT using either autolo‐
gous tumor infiltrating lymphocytes or lymphocytes transduced to 
express a T cell receptor targeting a melanocyte‐specific antigen, 
nine patients (35%) achieved a complete response in the brain and 
seven patients achieved an overall partial response.42 Clinical expe‐
rience with CD19‐CAR T therapy also serves as a roadmap for CAR 
targeting of brain tumors. CD19‐CARs have demonstrated remark‐
able clinical outcomes for patients with CD19‐positive B cell malig‐
nancies, which led to FDA approval in 2017 of the first two CAR T 
cell therapies: tisagenlecleucel (Kymriah) for relapsed/refractory (r/r) 
acute lymphoblastic leukemia (ALL),43 and axicabtagene ciloleucel 
(Yescarta) for r/r large B cell lymphoma (BCL).44 Early phase 1 testing 
of CD19‐CAR T cells excluded patients with CNS involvement, but 
evaluation of cerebrospinal fluid (CSF) post‐therapy revealed that the 
systemically administered CAR T cells often trafficked to the CNS. In 
a clinical trial of pediatric patients with r/r ALL, Lee and colleagues 
were the first to report that CD19‐CAR T cells were both detected 
in the CSF in the majority of patients evaluated, and also capable of 
eliminating CNS leukemia.45 Another case report described a patient 
with refractory BCL that had metastasized to the brain, and this pa‐
tient had a complete remission of an intraparenchymal brain metas‐
tasis after receiving CD19‐CAR T cell therapy.46 While ACT for brain 
tumors is still in early stages of investigation and clinical responses 
are often ineffective, these experiences illustrate the potential of T 
cell therapy to provide clinical benefit for patients with CNS disease, 
and have generated enthusiasm for furthering the application of this 
therapeutic approach to brain tumors. Indeed, there are currently 

F I G U R E  1   Chimeric antigen receptor (CAR) design. CARs are modular synthetic immunoreceptors that consist of a tumor targeting 
domain fused to an intracellular T cell signaling domain via the extracellular spacer and transmembrane (TM) domains. The tumor targeting 
domain has been designed and tested against multiple brain tumor antigens including IL13Rα2, HER2, and EGFRvIII (Table 2). The TM 
domain and extracellular spacer influence effector‐target cell interaction by providing flexibility, allowing dimerization to occur, and 
influencing stability. The cytoplasmic intracellular signaling domain is composed of a CD3ζ activation domain, and is most often paired with 
cognate T‐cell co‐stimulatory signaling domains (CD28, 4‐1BB, OX40, CD27, and ICOS), which improves CAR T‐cell proliferation, survival, 
and recursive killing

Tumor Targeting Domain
- Antibody single-chain variable fragment (scFv) or ligand
- MHC-independent target recognition
- Determines antigen affinity, specificity and antigen-
independent signaling

Extracellular Spacer and Trasmembrane Domain
- Non-signaling
- Determines proximity to target cell, flexibility, and
dimerization potential
- Common spacers: IgG-Fc, CD8h, CD18h

Intracellular Signaling Domain
- Costimulation improves CAR T signaling
- Common costimulatory domains: CD28, 4-1BB,
OX40, CD27, ICOS
- CD3ζ directed cytolytic killing

Tum
- A
-

CD3ζ

Co-Stim
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more clinical trials evaluating CAR T cell therapy for brain tumors 
than any other solid tumor indication (Figure 2).

CD19‐CAR T clinical experiences have also provided points of 
caution for neurotoxicity that can be associated with CAR T cells. 
The incidence of high‐grade neurotoxicity occurs in approximately 
12%‐32% of patients treated with CD19‐CARs across indications, 
and includes symptoms of delirium, confusion, and seizures.47-50 
Lethal cerebral edema has also been reported in a handful of pa‐
tients treated with CD19‐CAR T cells in B‐ALL and non‐Hodgkin's 
lymphoma,51,52 highlighting the life‐threatening risks of immune 
inflammatory reactions in the CNS. The gamut of these neuro‐
logic toxicities are referred to as CAR T‐related encephalopathy 
syndrome (CRES). Several studies have focused on the etiology of 
CD19‐CAR CRES. Gust et al evaluated 133 patients with B‐cell ma‐
lignancies treated with CD19‐CARs by interrogating pre‐ and post‐
therapy cytokine and metabolite levels in CSF and serum, and MR 
imaging changes, as well as post‐mortem brain for correlatives of 
CRES.48 This study revealed that patients with severe neurotoxic‐
ity demonstrated evidence of endothelial cell activation, including 
disseminated intravascular coagulation, capillary leakage, and in‐
creased blood‐brain barrier permeability. The permeable BBB failed 
to protect the CSF from high concentrations of systemic cytokines, 
which resulted in brain vascular pericyte stress and secretion of en‐
dothelium‐activated cytokines. This is supported by other studies 
demonstrating that CAR‐related neurotoxicity is associated with 
disease burden, high CAR T dose, and cytokine release syndrome 
(CRS).53 Norelli and colleagues simulated CAR T cell‐mediated CRES 
in a humanized mouse model with high leukemia burden.54 Human 
monocytes were the major source of IL‐6 and IL‐1 during CRS and 
CRES, and both toxicities were prevented by monocyte depletion. 
IL‐1‐receptor blockade inhibited both CRS and neurotoxicity in mice, 

whereas blocking IL‐6 decreased CRS‐like symptoms without reduc‐
ing the incidence of lethal neurotoxicity. Non‐human primate models 
also have demonstrated an association with CD19‐CAR‐mediated 
neurotoxicity, proinflammatory CSF cytokines, BBB disruption, 
and pan T cell encephalitis.55 The clinical trial experience in CD19‐
CAR will help inform future trials related to CARs for brain tumors. 
Important clinical trial correlates should include pro‐inflammatory 
CSF cytokines measurements, including IL‐1 and IL‐6, magnetic res‐
olution tomography (MRI) evaluation for BBB disruption, and neuro‐
monitoring. Whether CAR therapy applied to CNS tumors will cause 
similar problems requires further investigation, but has not been 
observed to date in initial clinical studies with CAR T cell therapy 
for GBM.

4  | INITIAL CLINIC AL E XPERIENCE WITH 
C AR T CELL THER APY FOR GBM

Initial clinical experiences with CAR T cells for brain tumors have 
focused on treating recurrent or refractory GBM in both adult and 
pediatric patients and targeting a limited set of antigens: IL13Rα2, 
EGFR variant III (EGFRvIII), and HER2 (Table 1). These lead thera‐
peutic candidates were selected based on evidence for negligible ex‐
pression on normal brain and documented expression by GBM. For 
brain tumors, restricted expression is particularly critical because 
off‐tumor targeting of normal brain can result in lethal toxicity, as 
has been unfortunately observed with MAGE‐A3 TCR‐engineered 
T cells. The therapeutic T cells recognized an off‐target epitope of 
MAGE‐A12 expressed in the brain, resulting in lethal neuronal cell 
destruction and inflammatory responses.56 Given the risks associ‐
ated with targeting normal brain tissue and neuroinflammation, 
caution is required regarding many factors influencing adoptive cell 
activity, such as cell dose and preparative regimens, as well as the 
identification of tumor‐specific targets. First‐in‐human clinical tri‐
als targeting IL13Rα2, EGFRvIII, and HER2 have elucidated impor‐
tant insights regarding safety and bioactivity that are guiding future 
translation of CARs for brain tumors.

4.1 | CAR T cells targeting IL13Rα2

The first CAR T cells developed and optimized for brain tumors 
targeted IL13Rα2, a high affinity IL‐13 receptor first discovered by 
Debinski and colleagues to be overexpressed by the majority of 
GBMs.57 IL13Rα2 expression has been shown to increase with ma‐
lignancy grade, to be a prognostic indicator of poor patient survival, 
and to be associated with gene signatures defining the mesenchymal 
subclass of GBM.58,59 IL13Rα2 is expressed by both glioma stem‐like 
cells (GSCs) and differentiated tumor populations,60 rendering both 
malignant subpopulations susceptible to CAR T cell cytotoxicity. 
Importantly, IL13Rα2 is not expressed at significant levels on normal 
brain tissue.59,61

Our group generated fully human IL13Rα2‐CARs with the human 
IL‐13 cytokine for tumor recognition, which represents a distinct 

F I G U R E  2   Chimeric antigen receptor (CAR) T cell trials for 
brain tumors vs other solid tumors. Clinical trial count in the United 
States evaluating CAR T cell therapy for solid tumors as of April 
2019. As graphically represented, the largest number of CAR T 
cell trials for solid tumors is for brain tumors, which include trials 
for glioblastoma and other malignant gliomas (n = 12), as well as 
brain metastases (n = 1). Listed trials include those that are pending 
activation, enrolling patients, and completed
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class of CARs utilizing receptor ligands vs antibody scFvs for tumor 
targeting. Drawing from work on cytotoxin‐conjugated IL‐13 that de‐
fined mutations which increased the specificity of IL‐13 for IL13Rα2 
over the more ubiquitously expressed IL13Rα1/IL‐4Rα complex, an 
E13Y site‐directed mutation was introduced in IL‐13.62,63 In vitro 
studies showed that CAR T cells were specific to glioma cells, and 
consistent with the different affinities of the IL‐13(E13Y) mutein for 
IL‐13 receptor forms, the engineered T cell activity was observed 
only against cell lines expressing IL13Rα2.63,64 First‐generation 
IL13Rα2‐targeted CARs, termed IL13‐zetakine, demonstrated anti‐
glioma activity in vitro and in vivo in mice,63 and second‐generation 
CAR designs with the inclusion of a 4‐1BB costimulatory domain and 
an optimized spacer domain improved anti‐tumor potency more than 
10‐fold against human GBM xenografts.64,65

IL13Rα2‐targeted CAR T cells were the first to be clinically 
translated for the treatment of malignant glioma in trials at City of 
Hope. First‐generation IL13‐zetakine CD8+ T cell clones were eval‐
uated in two FDA‐authorized clinical trials employing autologous 
(NCT00730613, 3 patients) and allogeneic (NCT01082926, 6 patients) 
engineered T cells for resectable and non‐resectable recurrent GBM, 
respectively.66-68 These initial clinical experiences demonstrated the 
feasibility and safety of repetitive locoregional intratumoral delivery 
(intracranial tumoral: ICT) of ≥1 × 108 CAR T cells through a reservoir/

catheter system. For all 9 patients, no dose‐limiting toxicities (DLTs) 
were observed, and a subset of patients presented clinical evidence of 
transient anti‐glioma activity.66 This included increased tumor necrotic 
volume by MRI and PET, significant reduction in IL13Rα2+ tumor cells, 
and detection of transferred T cells at tumor microfoci distal from the 
site of injection.66-68 However, first‐generation IL‐13‐zetakine CAR T 
cell therapy yielded limited T cell persistence,66-68 and improvements 
in CAR design and manufacturing were initiated with the goal of im‐
proving therapeutic potency.64,69

In 2015, our program at City of Hope initiated a phase I clinical 
trial evaluating second‐generation IL13Rα2‐targeted, 4‐1BB‐costim‐
ulatory CAR T cells for patients with r/r IL13Rα2+ malignant glioma 
(NCT02208362). Preclinical studies (reviewed below) led to our hy‐
pothesis that the CAR T cell route of administration is a key parame‐
ter for maximizing the benefit of therapy. The trial was expanded to 
evaluate not only CAR T cells administered ICT, but also by two ad‐
ditional routes of local delivery: intraventricular (intracranial ventric‐
ular: ICV) and dual intratumoral/intraventricular (ICT/ICV). Interim 
findings to date demonstrate that locoregional delivery of second‐
generation IL13Rα2‐CAR T cells is safe and well‐tolerated, with no 
observed DLTs. With the study still ongoing, we described in a New 
England Journal of Medicine case report, a patient who responded 
strongly to CAR T cell therapy.69

Antigen
Expression on brain 
tumors

Expression on normal 
tissues

Preclinical investiga-
tion of CAR targeting 
the brain TAA

B7‐H3 Highly expressed in high‐
grade gliomas and other 
brain tumors

Liver, lung, bladder, testis, 
prostate, breast, placenta, 
and lymphoid organs

118

CD133 Glioma tumor‐initiating 
cancer stem cells

Hematopoetic stem cells, 
endothelial progenitor 
cells, neuronal stem cells

123

CSPG4 Uniform in GBMs (67% 
high expression)

Chondroblasts, pericytes, 
cardiomyocytes

119

EGFRvIII Most common EGFR 
mutation in GBM; 
approximately 30% of 
GBMs

Restricted 77,82

EphA2 Uniform in high‐grade 
glioma with various 
levels

Epithelial tissue 111,261

GD2 Uniform in DIPGs; low in 
high‐grade gliomas

Central nervous system, 
peripheral nerves, and skin 
melanocytes

112

HER2 Moderate expression on 
GBM; highly expressed 
on other solid tumors 
that metastasize to the 
brain

Epithelial tissue, skin and 
muscle

93,95

IL13Rα2 Majority of GBM and 
other high‐grade 
gliomas

Testis 60,70,262

Abbreviations: CAR, chimeric antigen receptors; GBM, glioblastoma; TAA, tumor‐associated 
antigens.

TA B L E  2   Brain TAA targeted by CAR
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This patient had stable disease while undergoing ICT delivery 
of CAR T cells, and later demonstrated a complete radiographic re‐
sponse of multifocal lesions after undergoing ICV delivery of CAR T 
cells.69 During the response that lasted approximately 7.5 months, 
the patient experienced dramatic improvements in his quality of life, 
including the discontinuation of systemic glucocorticoids and a re‐
turn to normal life activities. Correlative studies of samples from this 
patient indicate a potential role of the endogenous immune system 
in anti‐tumor responses. Observed increases in endogenous im‐
mune cells and inflammatory cytokines after each intraventricular 
infusion of CAR T cells may reflect recruitment and stimulation of 
the host immune system. This may explain how a complete response 
was achieved despite non‐uniform expression of IL13Rα2 on the 
responding tumors. Unfortunately, the patient developed tumor re‐
currence at non‐adjacent areas within the brain. Recurrent tumors 
exhibited lower expression of IL13Rα2, thus evading targeted kill‐
ing by IL13Rα2‐CAR T cells. These correlative results highlight the 
potential interplay between host and CAR‐mediated immune re‐
sponses, as well as the challenge of antigen escape as a pathway of 
therapeutic resistance. Based on the safety thus far established for 
IL13Rα2‐CAR T cells, as well as the striking result of a patient who 
had a radiographic complete response,69 we aim to perform more 
robust clinical investigations of this CAR design. Other groups are 
also developing IL13Rα2‐CARs for clinical translation, using both li‐
gand‐based and antibody‐based antigen targeting domains.70-74

4.2 | CAR T cells targeting EGFRvIII

Epidermal growth factor receptor (EGFR) is a tyrosine kinase recep‐
tor that is genetically amplified and/or mutated in approximately 
50% of adult primary GBM, making it an attractive candidate for 
targeted therapy.75 EGFR variant III (EGFRvIII), the genetic mutation 
most commonly found in glioma, has a truncated extracellular do‐
main that leads to constitutive signaling activation and is associated 
with GBM development and progression.76 This truncated variant 
presents a novel, tumor‐specific immunogenic epitope for generat‐
ing scFv‐based CAR‐targeting domains, and because of its tumor‐re‐
stricted expression, EGFRvIII is one of the most actively investigated 
CAR targets for GBM.77-80

The NCI published results of a dose escalation study of EGFRvIII 
CAR T cells in recurrent EGFRvIII+ GBM utilizing a third‐generation 
human scFv‐based EGFRvIII CAR with CD28 and 4‐1BB costimula‐
tion (NCT01454596).78,81 CAR T cells were delivered intravenously 
after lymphodepleting chemotherapy, followed by systemic IL‐2 sup‐
port. At initial dose levels (107−109 cells), EGFRvIII‐CAR T cells were 
well‐tolerated, with no evidence of off‐tumor targeting of EGFR. At 
the highest dose levels of ≥1010 T cells, pulmonary toxicities were 
observed, including one treatment‐related mortality after IV infu‐
sion of 6 × 1010 cells, resulting in respiratory symptoms within hours 
of cell infusion. Post‐mortem analysis demonstrated significant pul‐
monary edema.81 In the majority of patients (14 of 18), low levels of 
CAR T cell persistence could be detected one month after infusion. 
For the 18 patients treated, the median survival was 6.9 months and 

no objective responses were observed, although one patient was re‐
ported to have progression free survival (PFS) of 12.5 months, and 
was still alive at 59 months.81 This study highlights challenges associ‐
ated with treating brain tumors with targeted therapy, including the 
need to better understand the mechanism of action of the therapeu‐
tic cells at the tumor site.

Researchers at the University of Pennsylvania have also de‐
veloped a humanized EGFRvIII‐specific CAR and showed that it 
efficiently targeted orthotopically implanted EGFRvIII+ GBM in 
preclinical models. The scFv was optimized for specificity against 
EGFRvIII over wild‐type EGFR, and showed minimal reactivity to 
primary human tissue in vitro and to human skin grafts in vivo.82 
This CAR construct was employed in an EGFRvIII‐CAR T phase I 
clinical trial in which 10 patients with EGFRvIII+ GBM received a sin‐
gle intravenous infusion prior to surgical resection with the goal of 
understanding safety and CAR activity (NCT02​209376).80 Analysis 
of the resected tumor post CAR T cell infusion showed that the IV‐
infused CAR T cells trafficked to the brain and also revealed down‐
regulation of EGFRvIII expression in the recurrent tumor suggesting 
antigen‐specific activity. This study further highlights the import‐
ant challenges to CAR T therapy, including tumor heterogeneity 
and the suppressive TME. Baseline EGFRvIII expression in patient 
GBMs was heterogeneous so the CARs targeted only a fraction of 
cancerous cells, and relapse tumors emerged that had decreased 
EGFRvIII expression levels. Further, the immunosuppressive TME 
intensified upon CAR T cell administration, including upregulation 
of IDO1, PD‐L1, and IL‐10. Non‐CAR polyclonal T cells were ob‐
served to increase the TME, and phenotypic analysis indicated the 
cells were mostly immunosuppressive regulatory T cells based on 
their expression of CD4, CD25, and FoxP3. This immunosuppressive 
response to CAR T treatment suggests that countermeasures such 
as immune checkpoint blockade might work synergistically with 
EGFRvIII‐CAR T therapy, and a combination trial of EGFRvIII‐CAR T 
cells with the anti‐PD‐1 antibody pembrolizumab is currently under‐
way (NCT03726515).

Although the tumor‐restricted expression profile of EGFRvIII 
render this receptor an attractive target, its expression is reported 
to be unstable throughout the course of disease,83 increasing the 
likelihood of antigen‐negative escape variants under targeted ther‐
apy. For this reason, wild‐type EGFR may be a more attractive target 
for CAR T targeting, given that it is over‐expressed in more than 60% 
of GBM.84 However, because EGFR is expressed on many normal tis‐
sues, including skin, bladder, and liver, there is significant risk of on‐
target off‐tumor toxicity. To address this concern, antibodies have 
been generated to target activated and over‐expressed EGFR and 
EGFRvIII. One such selective antibody, mAb806, has been shown 
to selectively bind EGFRvIII and amplified EGFR.85 A clinical study 
of the biodistribution and tumor localization of 111Indium‐EGFR806 
antibody in seven patients demonstrated no evidence of normal 
tissue uptake nor any significant toxicity.86 An EGFR806‐CAR is 
currently being evaluated in a phase I trial in pediatric solid tumors 
at Seattle Children's Hospital and will provide important safety in‐
formation regarding on‐target off‐tumor toxicity. Other groups have 

https://clinicaltrials.gov/ct2/show/NCT02209376
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affinity‐tuned antibodies to amplified EGFR and EGFRvIII, demon‐
strating that lower affinity toward endogenous EGFR can improve 
the specificity of CAR targeting.87-89

4.3 | CAR T cells targeting HER2

Human epidermal growth factor receptor 2 (HER2) is overexpressed 
in many cancers and well‐studied in breast cancer.90 The majority 
of GBMs are reported to express HER2, but the receptor is not ob‐
served in normal brain tissue (www.prote​inatl​as.org).91 Safety con‐
siderations regarding targeting HER2, however, are important to 
note due to the death of the first patient treated with HER2‐CAR T 
cell therapy. The patient received lymphodepleting chemotherapy 
prior to intravenous (IV) infusion of 1010 HER2‐CAR T cells, a com‐
paratively high dose of transferred cells.92 The death was speculated 
to be the result of off‐tumor targeting of normal lung epithelial tis‐
sue, which triggered cytokine release resulting in respiratory dis‐
tress and pulmonary edema. This finding raised questions about 
CAR design and therapeutic safety, particularly of the tumor‐target‐
ing scFv, which was based on the high‐affinity trastuzumab antibody. 
In addition, the CAR costimulatory signaling was produced by both 
CD28 and 4‐1BB in a third‐generation design. This clinical experi‐
ence has prompted the preclinical development of more selective 
CAR designs, including lower affinity mutants of the trastuzumab 
scFv,89 optimization of the trastuzumab‐CAR costimulatory domain 
for lower cytokine production and improved tumor selectivity,93 and 
the use of the lower affinity HER2‐monoclonal antibody FRP5 for 
the tumor‐targeting domain.94,95 An understanding of how HER2‐
CAR designs impact both safety and anti‐tumor potency in the clinic 
remains under investigation.

To date, the most extensive HER2‐CAR T cell clinical experience 
has been from the Baylor group evaluating the FRP5 HER2‐CAR in 
a second‐generation CD28 costimulatory format.94,95 HER2‐CAR T 
cells specifically killed HER2‐positive GBM cells and CD133‐positive 
GSCs, which have been shown to be resistant to radio‐ and chemo‐
therapies. Preclinical studies also showed that HER2‐CAR T cells do 
not target HER2‐negative cells, and primary endothelial and epithelial 
cells did not activate HER2‐CAR T cells.95 An initial safety evaluation 
of HER2‐CAR T cells (up to 1 × 108/m2) without lymphodepletion in 
patients with sarcoma demonstrated safety and indications of anti‐
tumor activity despite limited persistence of the CAR T cells.96 With 
the goal of further improving persistence of adoptively transferred 
T cells, the team engineered CARs into virus‐specific T cells97 where 
costimulation results from T cell engagement with latent virus anti‐
gens on antigen‐presenting cells. A phase 1 dose‐escalation study 
established the safety of autologous HER2‐CAR virus‐specific T 
cells in 17 patients with progressive GBM (NCT01109095). The CAR 
T cells did not expand, but they were detectable in the peripheral 
blood for up to 12 months. Of 8 patients, one had a partial response 
and seven had stable disease. The median overall survival (OS) was 
11.1 months. This HER2‐CAR T cell clinical experience provides ini‐
tial evidence of safety, but also illustrates the need for improved ex‐
pansion, function, and persistence of the HER2‐CAR T cells.

In studies of the HER2‐CAR design, our preclinical work 
demonstrated decreased cytokine production and improved anti‐
tumor efficacy of 4‐1BB vs CD28 costimulation.93 Moreover, ICV‐
delivered CAR T cells were shown to eradicate tumors implanted 
in both hemispheres. City of Hope has recently initiated two phase 
I trials using an optimized HER2‐CAR for patients with HER2+ ma‐
lignant glioma and for patients with breast metastases to the brain 
(NCT03389230 and NCT03696030, respectively). Given our clini‐
cal experience with IL13Rα2‐CAR in glioma and preclinical studies 
evaluating route of delivery,64,69,93 we surmised that locoregion‐
ally delivered HER2‐CAR may be effective for both primary brain 
tumors as well as brain metastases. These clinical studies are eval‐
uating locoregional delivery of HER2‐CAR T cells to shed light on 
whether locoregional delivery methods may reduce the potential 
for systemic toxicity. One important distinction between these 
two trials is the relatively lower expression of HER2 in glioma com‐
pared with HER2‐amplified breast cancer, as well as the distinctly 
different genetic backgrounds and TME. Only with clinical testing 
and multi‐parameter molecular correlative data analysis will we 
determine how these vastly different tumors respond to the same 
CAR T treatment.

4.4 | Lessons learned from initial clinical experience 
with CAR T cells for GBM

The clinical trial experience of IL13Rα2‐, EGFRvIII‐, and HER2‐CAR 
T cells against GBM provide initial evidence of the safety and anti‐
tumor activity of CAR T cell immunotherapy in patients with malig‐
nant brain tumors. Clinical results published from studies support 
the safety of targeting these GBM‐associated antigens in the CNS. 
Also encouraging, a subset of patients appeared to show benefit 
from treatment. After treatment with IL13Rα2‐CAR T, one patient 
had a CR lasting about 7.5 months, which was remarkable given the 
aggressive multifocal nature of his recurrent disease. After treat‐
ment with EGFRvIII‐CAR T cells on the clinical trial NCT02209376, 
one of 10 patients had extended stable disease and remained alive 
more than 18 months,80 and on the NCT01454596 trial, one patient 
also had extended PFS of 12.5 months.81 Finally, after HER2‐CAR T 
treatment, 1 of 17 patients had a partial response and seven of 17 
patients had stable disease (three extended stable disease). More 
investigation is needed to determine whether these patients were 
more responsive to therapy due to underlying differences in tumor 
biology and immune landscape.

Analysis of tumor tissue after IL13Rα2‐ or EGFRvIII‐CAR T cell 
infusions provide evidence for antigen loss as a pathway of ther‐
apeutic escape. Recurrent tumors in two patients treated with 
IL13Ra2‐CARs (NCT02208362 and NCT00730613) showed lower 
levels of the IL13Rα2, and in patients tested on NCT02209376, five 
of seven had lower levels of EGFRvIII and two of seven patients had 
undetectable antigen. Although these results may indicate tumor cell 
killing by CAR T cells, they also illustrated that antigen loss must be 
overcome in developing next‐generation CAR therapies (discussed 
in detail below). These initial clinical experiences also highlight the 

http://www.proteinatlas.org
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potential interplay between the host immune system and CAR T cells 
in the CNS. In response to IL13Rα2‐CAR T therapy, the TME had 
increased CD3+ CD14+ CD15+ immune cells in addition to inflam‐
matory cytokines after each loco‐regional CAR infusion. In response 
to EGFRvIII‐CAR T therapy, the TME had increased IDO, FOXP3, 
IL‐10, PD‐L1 markers, and TGFβ. Understanding the determinants of 
response will help us understand who will benefit most from treat‐
ment, and importantly, may help us to modify adoptive immunother‐
apies to overcome obstacles presented by the tumor and TME.

5  | OVERCOMING TUMOR 
HETEROGENEIT Y

5.1 | Understanding the heterogeneity of brain 
tumors

To expand the repertoire of antigens for CAR T cells and identify op‐
timal targets to limit antigen escape of brain tumors, an understand‐
ing of the complexity of tumor heterogeneity is essential. Tumor cell 
plasticity has been rigorously investigated as a major factor compli‐
cating cancer diagnosis and treatment, as well as mediating thera‐
peutic resistance.98 Molecular and cellular heterogeneity manifests 
as one of the most notable characteristics of brain tumors, especially 
GBMs.99 The past two decades have seen the evolution of GBM 
genetic characterization, leading to the identification of subtypes 
based on mutations in key oncogenic pathways and differences in 
gene expression profiles.100 The existence of GBM subtypes helps 
explain the different responses to therapies, and some of the genetic 
signatures (eg, IDH1/2, MGMT, H3K27) have been used to guide di‐
agnosis and treatment.3 The switch between subsets has also been 
shown to associate with tumor relapse.101 However, the complexity 
of brain tumor heterogeneity appears to go beyond the differential 
expression of certain genes and molecular subtypes.

Classifying GBMs into subtypes has focused on genetic signa‐
ture at the whole‐tumor level, thereby simplifying the substantial 
intratumoral heterogeneity of GBMs. Independent studies have 
elucidated the differential gene expression patterns in distinct an‐
atomic regions within a tumor.102,103 More specifically, the lead‐
ing‐edge of GBMs was shown to display a proneural‐like signature, 
while the tumor core appeared more mesenchymal‐like.103 The in‐
tratumoral heterogeneity of GBMs was further illustrated by cellular 
and genomic analysis at the single‐cell level. Meyer and colleagues 
profiled individual tumorigenic clones from patient‐derived GBM 
cells, identifying pre‐existing clones harboring the potential to resist 
anti‐tumor treatments such as TMZ.104 The results indicated that 
pre‐treatment tumor heterogeneity might be responsible for clonal 
selection toward recurrence. In addition to isolating and character‐
izing subclones from GBM tumors, other studies used an approach 
to directly sequence primary tumor cells with advanced single‐cell 
RNA‐sequencing (scRNAseq) technologies.105,106 All of these stud‐
ies used a subset of brain tumors categorized by well‐established 
markers such as IDH1/2 or H3K27, but a significant level of intratu‐
moral cell‐to‐cell heterogeneity was still discovered. Variation was 

observed in a diverse array of transcriptional programs regulating 
oncogenic signaling, proliferation, complement/immune response, 
and hypoxia. Furthermore, the scRNAseq data were compared 
to the original classification scheme established by The Cancer 
Genome Atlas (TCGA) to distinguish four GBM subtypes: proneu‐
ral, neural, classical, and mesenchymal. Importantly, the TCGA sub‐
types were established from bulk tumor profiles, and the scRNAseq 
phenocopied the four subtypes when similarly compared as a bulk 
tumor. However, on a single‐cell RNAseq analysis, all five evaluated 
tumors had individual cells with proneural subtype regardless of the 
dominant subtype of the tumor.105 Such molecular and cellular dy‐
namics better explained the complexity of the disease in addition to 
the population‐level classification.

Intriguingly, scRNAseq has also revealed a nonautonomous reg‐
ulatory mechanism of brain tumor heterogeneity. In a comparison 
between the single‐cell transcripts of IDH‐mutant astrocytomas and 
oligodendroglioma, no significant difference in glial lineage compo‐
sition was found, suggesting a common malignant developmental 
re‐programming; instead, the TME signatures were distinct between 
the two types of tumors.106 Further, higher grade astrocytomas and 
oligodendrogliomas were found to associate with the enrichment of 
macrophage over microglia.106 In GBMs, immunological signatures 
were found to differ between subtypes, with the mesenchymal‐
like tumors harboring an enrichment of immune‐related genes.107 
Moreover, compared with primary GBMs, recurrent GBMs demon‐
strated an altered composition of infiltrating immune cells, partic‐
ularly a noted decrease in monocytes.101 Together, these findings 
illustrate the heterogeneity in brain tumors at multiple levels includ‐
ing inter‐patient, intratumoral, and within the TME.

Tumor heterogeneity has complicated CAR T cell therapy for 
brain, as well as other tumors. Indeed, even with the success of 
CD19‐CAR T cell therapy against B cell malignancies, patients with 
complete responses often relapsed following therapy with unde‐
tectable CD19 antigen.108 Further, the loss and/or decrease in tar‐
get antigen expression has also been observed in CAR T cell clinical 
studies of GBM.66,69,80 We have reported examples of IL13Rα2 loss/
decrease in relapsed/recurrent tumors following IL13Rα2‐CAR T 
therapy.69 Likewise, in a study using EGFRvIII‐CAR T cells, 4 of 6 of 
resected tumors post CAR T cell infusion displayed significant down‐
regulation of EGFRvIII.80 Therefore, advancing CAR therapy against 
brain tumors requires strategies to minimize antigen escape caused 
by tumor heterogeneity.

5.2 | Discovering new targets

Tumor antigen heterogeneity in brain tumors leads to resistance 
against CAR T cells, pointing to the need for an expanded repertoire 
of targeted antigens. The success of CD19‐CAR T cells highlight the 
criteria that an ideal CAR target should be widely expressed across 
different tumors and intratumoral cellular subsets. However, find‐
ing such antigens in brain tumors has been challenging since brain 
tumor cells express many markers which are shared by regions of the 
normal brain (eg, CD133, CD44, Nestin, GFAP), and the off‐tumor 
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targeting consequences in the CNS are far less tolerable than most 
other parts of the human body. Therefore, the discovery of CAR T 
cell targets in brain tumors requires consideration of the breadth and 
specificity of tumor‐antigen expression.

In addition to targets mentioned in the sections above (IL13Rα2, 
EGFRvIII and HER2), other antigens are under investigation for CAR 
therapy in brain tumors (Table 2). Erythropoietin‐producing hepa‐
tocellular carcinoma A2 (EphA2) was found to be over‐expressed in 
GBMs, and to enhance tumorigenesis and migration.109 An EphA2 
inhibitor showed anti‐tumor effects in mouse models of pancreatic 
ductal adenocarcinoma.110 EphA2‐targeted CAR T cells with sec‐
ond‐ or third‐generation CAR designs were able to eradicate GBMs 
in preclinical studies, yet with limited persistence.111 EphA2‐CAR T 
cells are currently being evaluated in GBM patients, but no clinical 
results have been reported (NCT02575261).

Another antigen that has been intensively investigated as a CAR 
target is the disialoganglioside GD2. GD2 was found to be expressed 
in a class of pediatric brain tumors called diffuse midline gliomas 
(DMGs) that bear mutations in the histone H3K27. GD2‐CAR T cells 
effectively controlled tumor growth in preclinical models of DMGs, 
even with tumors diffused into the spinal cord.112 GD2‐CAR T cells 
were well tolerated and exhibited some clinical activity in neuroblas‐
toma patients,97,113 but their clinical anti‐tumor efficacy and safety 
against DMGs remain to be addressed.

B7‐H3 (CD276) is an immune‐checkpoint molecule, which neg‐
atively regulates T cell activation,114,115 and is also associated with 
tumor migration and invasion.116 An analysis on the TCGA database 
showed that B7‐H3 expression is up‐regulated particularly in high‐
grade gliomas.117 Majzner and colleagues developed a CAR‐target‐
ing B7‐H3, showing preclinical anti‐tumor activity against multiple 
types of pediatric tumors including medulloblastoma,118 indicating 
potential clinical application of B7‐H3‐CAR T cells against certain 
types of brain tumors.

Another study screened a panel of primary GBM samples rep‐
resenting various molecular subtypes, and identified Chondroitin 
sulfate proteoglycan 4 (CSPG4, also known as neuron‐glial antigen 
2, NG2) to be widely expressed across these tumors.119 Moreover, 
CSPG4 expression can be induced by the immune‐stimulatory cy‐
tokine TNFα, which is produced during CAR T cell anti‐tumor re‐
sponses thereby making tumor antigen escape less likely.119

Glioblastoma tumors contain specific subsets with the charac‐
teristics of self‐renewal and tumor regeneration, and studies have 
shown these GBM stem‐like cells (GSCs) to mediate resistance 
against radiotherapy and chemotherapy.120 The ability to eliminate 
GSCs, therefore, is essential for GBM‐targeting therapies to mini‐
mize tumor recurrence. On the one hand, using the strategy to en‐
rich and expand tumor spheres from resected GBMs,121 different 
studies have proven the CAR T cells targeting IL13Rα2, HER2 and 
EGFRvIII are able to eliminate differentiated GBM cells as well as 
GSCs,60,78,95 indicating that CAR‐mediated cytotoxicity is not de‐
pendent on the “stemness” of GBM cells. On the other hand, CAR 
T cells have been developed against CD133 which is one of the sur‐
face markers of cancer stem cells including GSCs.122 CD133‐CAR 

T cells have shown preclinical cytotoxicity against patient‐derived 
GSCs,123 as well as anti‐tumor response in patients with tumors in 
liver, pancreas, and colon.124 However, CD133 is also expressed in 
neural stem cells,125,126 thus raising the safety concerns of applying 
CD133‐CARs to GBM patients.

As an alternative to antibody‐based CAR designs, tumor‐binding 
peptides can also be exploited as the tumor‐targeting domain of a 
CAR. The utility of tumor‐binding peptides has already been demon‐
strated clinically for both diagnosis and treatment of cancers.127,128 
Recently, we have developed a GBM‐targeting CAR bearing the 
scorpion‐derived peptide chlorotoxin (CLTX).129 Studies have con‐
firmed the specificity of CTLX binding to GBM, demonstrating its 
exquisite ability to distinguish between tumor and normal brain tis‐
sues.130 A fluorescently labeled CLTX agent is currently under clin‐
ical investigation as a tumor imaging agent to enable more precise 
surgical resection.131,132 When incorporated into CARs, CLTX redi‐
rects T cells for specific tumor recognition with negligible off‐target 
effects on normal cells or tissues.129 The development of a CLTX‐
CAR has shown the potential for peptide binding to redirect CAR T 
cell cytotoxicity.

Further, the pool of brain tumor antigens amenable to CAR T 
cell targeting is expected to expand beyond membrane‐associated 
proteins. Chheda and colleagues discovered a shared neoantigen 
across DIPG patients derived from a mutation in the H3.3K27.133 
Stimulating HLA‐A2+, CD8+ T cells with the mutated peptide gener‐
ated a TCR clone which, when expressed on T cells, mediated cytox‐
icity against tumor cells harboring the same mutation.133 Moreover, 
some recent studies have developed CARs against soluble pro‐
teins,134,135 indicating the potential to target brain tumor‐specific 
secreted factors.

These efforts to expand the identification of tumor targets for 
GBM and other brain tumors provides new options for CAR T cell 
therapeutic development. Of course, the critical benchmark will be 
to establish safety for these new antigens in well‐designed clinical 
trials (see below). Once safety is established, tremendous opportu‐
nities become available to utilize CAR T cells targeting one or several 
of these antigens, against a wide‐range of brain tumors as well as 
a broader range of intratumoral cell subsets. Meanwhile, the ca‐
pability of CAR T therapy against GSCs may further reduce tumor 
recurrence.

5.3 | Addressing antigen escape by advancing 
CAR designs

Despite the emergence of new targets to direct CAR T cell therapy 
against brain tumors, recurrent tumors will likely still be able to by‐
pass monovalent CAR T cells through downregulation of the targeted 
antigen or emergence of antigen negative clones. Consequently, one 
strategy against antigen escape is to extend the conventional sin‐
gle‐targeted CAR design to encompass bispecific targeting domains, 
rendering the recognition of either of two antigens sufficient to trig‐
ger T cell activation.136 The design of these “OR‐gated” CARs may 
increase safety concerns for the potential of non‐tumor targeting. 
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Therefore, the targets for bispecific CARs are generally selected 
from the pool of well‐characterized tumor‐specific antigens or after 
safety of monovalent CAR‐targeting has been established. One of 
these examples is CD22, another cell surface marker for normal and 
malignant B cells in addition to CD19.137 With CD22 single‐targeted 
CAR T cells well tolerated in patients with B‐ALL,138 CD19/CD22 
bispecific CAR T cells are currently under investigation in multi‐
ple clinical trials (NCT03448393, NCT03233854, NCT03241940). 
Additionally, CD20, another B cell surface marker, has been com‐
bined with CD19 to generate a bispecific CAR which eradicates lym‐
phomas expressing either antigen in preclinical models.139

Likewise, designs of bispecific CARs against GBMs have focused 
on the antigens well characterized in preclinical and clinical studies, 
including IL13Rα2, HER2, and EphA2. Hedge and colleagues devel‐
oped a CAR with bispecific targeting of IL13Rα2 and HER2.140 Using 
an orthotopic GBM xenograft model expressing both antigens, the 
authors showed that bispecific CARs were able to control the tumors 
for approximately 1 month, while single‐targeted CAR treatment did 
not lead to tumor regression due to antigen escape.140 This approach 
was further extended with a third targeting domain against EphA2.70 
However, tumor relapse was found in all preclinical studies of these 
CARs, with the loss of all targeted antigens.70,140 These studies raise 
questions as to the minimal number of targets and optimal combina‐
tions to “box‐in” tumor antigen escape.

The optimal structural design of bi‐ or tri‐specific CARs is still 
an open area of investigation and highly dependent on the antigens 
being targeted and structural consideration for the antibody or ligand 
binding domains. Currently two different structural designs have been 
tested for “OR‐gate” targeting strategy. The “tandem” design puts the 
heavy and light chains of each single‐chain variable fragment (scFv) in 
a sequential order,139 while the “loop” design resembles the structure 
of bivalent antibodies.141 The comparison between different “OR‐
gate” designs was performed in the context of CD19/CD22 bispecific 
CARs, showing that the “loop” CAR outperformed “tandem” CAR in 
mediating anti‐tumor responses.142 No similar studies have been per‐
formed on bispecific CARs targeting other antigens, but the results 
from CD19/CD22 CARs indicated that different components of the 
CAR molecule (bivalent designs, linker lengths, and scFv orders) are 
critical to the potency of CAR products. Moreover, little is known 
about the potential alteration of downstream molecular events follow‐
ing dual‐antigen recognition, and the difference of effector potency 
between single‐ and dual‐targeted CARs. Selection of the optimized 
CAR design requires extensive functional evaluation recognizing sin‐
gle or dual targets by the engineered T cells and/or computational sim‐
ulation of the thermodynamic CAR‐antigen interactions.140

Multi‐antigen targeting can also be achieved by expressing 
two CAR molecules on the same T cell, or mixing different single‐
targeted CAR T cells.136 Both approaches have been investigated 
in preclinical models of relapsed B‐ALL by co‐targeting CD19 and 
CD123.143 Clinical experience with sequential infusion of CD22‐ and 
CD19‐CAR T cells into B‐ALL patients provide evidence that com‐
bining different CAR products is a feasible strategy.144 Notably, the 
safety and toxicity might be easier to monitor when using mixed CAR 

T cells given the experience with individual single‐targeted CAR T 
products. Other studies, however, suggest that bispecific CAR T 
cells are more potent than pooling single‐targeted CAR T cells both 
in vitro and in vivo, possibly due to local competition effects.139,140 
The development of “universal CARs” is also expected to signifi‐
cantly benefit the challenge of tumor heterogeneity. These designs 
use adapters to connect CAR with the targeted antigens, thus allow‐
ing for antigen switch without re‐engineering T cells.145,146

Tremendous progress has been made in the identification of 
tumor‐specific antigens and the development of novel CAR designs 
against brain tumors. While combinatorial targeting has shown 
promise in addressing tumor heterogeneity, it remains under in‐
vestigation with regard to optimizing the number and combination 
of targeted antigens. Most of the uncertainty comes from the lack 
of understanding on the dynamic changes of tumors following im‐
munological attack. Therefore, uncovering the evolution of brain 
tumors following CAR treatment, especially the alterations in intra‐
tumoral subpopulations at single‐cell resolution, will provide valu‐
able information to guide CAR T cell therapy and overcome tumor 
heterogeneity.

6  | C AR T CELL S AND THE SUPPRESSIVE 
MICROENVIRONMENT OF BR AIN TUMORS

6.1 | Unique aspects of TME of GBM

In addition to recognizing antigen‐positive tumor cells, effective im‐
mune responses mediated by CAR T cells require the therapeutic 
cells to persist and retain effective effector function in the TME. The 
unique anatomical and phenotypic features of GBM render their mi‐
croenvironment exceptionally immunosuppressive. Several factors 
have been implicated in the glioma suppressive microenvironment: 
(a) CNS‐specific anatomical characteristics, (b) genetic composition 
of glioma tumor cells, (c) metabolic competition and hypoxia, (d) up‐
regulation of immune inhibitory molecules (ie, immune checkpoints), 
(e) the presence of soluble factors, such as cytokines and growth 
factors, and (f) tumor‐associated immunosuppressive cells, such as 
tumor‐associated myeloid cells.

While the notion that the CNS is immunologically “privileged” 
has been recently challenged, the unique anatomical features of the 
CNS pose challenges that may impede the ability of T cells to recog‐
nize and respond to antigens within the brain. The molecular events 
required for immune recognition of brain tumors are still under in‐
vestigation; however, as evident in the settings of autoimmune dis‐
eases such as multiple sclerosis, T cell immunosurveillance occurs 
in the CNS. In fact, several studies have identified chemokines and 
adhesion molecules that may be critical for T cell trafficking into the 
brain.147 Identifying mechanisms that induce T cell surveillance and 
trafficking and implementing these into CAR T design or as adjuvant 
therapy could improve the systemic anti‐tumor response to brain tu‐
mors (see below).

In addition to the anatomical features that limit T cell infiltration, 
glioma intrinsic factors based on the mutational profile and gene 
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expression patterns also contribute to the suppressive TME. Gliomas 
exhibit a complex and unique mutational signature that can contrib‐
ute to the immunosuppressive landscape. A study by Kohanbash and 
colleagues has shown that mutations in isocitrate dehydrogenase 
genes IDH1 and IDH2 in glioma cells suppress STAT1 expression, 
leading to reduced accumulation of CD8 T cells, type 1‐associated 
effector molecules, and chemokines such as CXCL10, thereby shap‐
ing the tumor immune environment.148 In line with these findings, 
Berghoff and colleagues demonstrated that IDH‐mutant gliomas 
exhibited significantly lower rate of T cell infiltration compared to 
IDH‐wildtype.149 Tumor‐intrinsic mechanisms can dictate the TME 
landscape; therefore, therapeutic interventions are needed to con‐
vert gliomas into an immunologically responsive microenvironment.

The glioma TME is characterized by low nutrients and hypoxic 
regions. The lack of nutrients, especially essential amino acids such 
as tryptophan, lysine, and arginine, is responsible for autophagic 
processes and stress responses that negatively impact T cell func‐
tion.150 Enzymes such as indoleamine 2,3 dioxygenase (IDO) and 
arginase (Arg1) catabolize essential amino acids tryptophan and ar‐
ginine, respectively. These enzymes are highly expressed by tumor 
cells and/or myeloid cells within the TME and can cause T cell sup‐
pression. In fact, kynurenine—a metabolite of L‐tryptophan—has 
been shown to reduce memory CD4 T cell survival.151 Studies by 
our group and others have shown that Arg1‐expressing tumor‐asso‐
ciated myeloid cells exhibit suppressive activity against T cells.152,153 
Lactic acid, a by‐product of tumor metabolism, has been found 
to suppress T cell proliferation and production of cytokines.154 
Furthermore, immunosuppressive factors such as prostaglandin E2 
(PGE2) and adenosine, released in large quantities by tumor cells and 
macrophages in hypoxic conditions, can inhibit T lymphocyte pro‐
liferation by activating protein kinase A (PKA). A study by Newick 
and colleagues demonstrated that inhibiting PKA enhanced traf‐
ficking and efficacy of CAR T cells.155 Increased hypoxia‐inducible 
factor‐1 alpha (HIF‐1α) activity and hypoxia in tumor tissues have 
been correlated with poor prognosis of cancer patients.156 Hypoxia 
has been shown to upregulate PD‐L1 expression by tumor cells and 
to promote tumor proliferation.157 while increasing the suppressive 
activity of tumor‐associated myeloid cells,158 resulting in impaired 
CD8+ TIL‐functioning. Together, these data show that hypoxia and 
metabolic pathways may contribute to reduced immune responses.  
Therefore, targeting and altering metabolic components in the TME 
could enhance CAR T therapy.

Tumor‐associated myeloid cells represent the dominant immune 
population in the glioma TME. Tumor‐ associated myeloid cells are 
frequently polarized toward a pro‐tumoral phenotype, and in com‐
bination with regulatory T cells, produce immunosuppressive cyto‐
kines/ligands including TGFβ, IL‐4, IL‐10, Arg1, IDO and PD‐L1.159 
Strategies to limit myeloid recruitment or reprogram the myeloid 
populations have been proven beneficial.160 In preclinical studies, 
blockade of colony stimulating factor receptor (CSFR; a receptor ex‐
clusively expressed by myeloid cells) on glioma xenografts enhanced 
anti‐tumor response to radiotherapy by reducing the recruitment 
of bone marrow‐derived macrophages.161 Additionally, inhibiting 

STAT3, a key regulator in pro‐tumoral macrophages, significantly 
reduced macrophage polarization in patients with malignant gli‐
oma.162 Furthermore, treatment with tyrosine kinase inhibitors such 
as sunitinib that inhibit STAT3 signaling pathways, induced cancer 
cell apoptosis and reversed immunosuppressive cytokine profile.163 
These studies suggest that selective targeting of immunosuppres‐
sive myeloid cells in the TME may synergize with CAR T therapy.

In addition to suppressive immune cells in the glioma TME, sol‐
uble factors secreted by both tumor and tumor‐associated immune 
cells can inhibit immune‐mediated cytolytic responses.  Specifically, 
TGFβ has been found to inhibit T cell cytotoxic activity and promote 
regulatory T cell generation. TGFβ has been implicated in resistance 
to PD‐L1 therapy by contributing to T cell exclusion in the tumor 
bed.164 Targeting the TGFβ pathway has been shown to improve 
anti‐tumor activity in several tumor models including gliomas.165 
Glioma‐associated IL‐10, a potent anti‐inflammatory cytokine se‐
creted by myeloid cells and a subset of CD4+ T cells,166 has been 
shown to induce STAT3 in macrophage and dendritic cells,167 down‐
regulate MHC class II expression on monocytes and inhibit IFN‐γ 
and TNF‐α production by immune cells.168 Another immunosup‐
pressive cytokine that synergizes with IL‐10 and TGFβ is IL‐4. IL‐4 
promotes generation of Th2 cells and polarization of suppressive 
macrophages. In fact, neutralizing IL‐4 during radiotherapy resulted 
in significant improvement in anti‐tumor immunity with a decrease 
in immunosuppressive macrophages.169 Changing the tumor milieu 
by reprogramming suppressive cells and neutralizing the suppressive 
soluble factors could enhance CAR T cell function and persistence 
in the tumor.

The suppressive properties of the GBM TME known to limit anti‐
tumor immune responses are generalizable to the majority of brain 
tumors, both primary and metastatic. The key is to deconstruct the 
minimal set of pathways required to unleash effective immunologi‐
cal attack by CAR T cells. This can be accomplished by engineering 
into the T cell themselves resistance to suppression or by combining 
with other agents that promote CAR and/or endogenous T cell anti‐
tumor activity.

6.2 | Approaches to improve CAR T cell activity

6.2.1 | Engineering resistance into CAR T cells

Various approaches have been implemented to overcome the sup‐
pressive effects of cytokines in the TME. In the context of CAR T 
therapy, several studies have investigated “the reverse approach,” 
which consists of inhibiting immunosuppressive cytokines or con‐
verting their signals to pro‐inflammatory. Several groups have 
designed CAR T cells to co‐express dominant‐negative TGFβRII 
(dnTGFβRII), which blocks TGFβ signaling within the engineered T 
cells. In a murine prostate cancer model, prostate‐specific membrane 
antigen (PSMA)‐targeted CAR T cells that co‐express dnTGFβRII ex‐
hibited enhanced proliferation and persistence, reduced exhaustion, 
and superior anti‐tumor activity.170 These preclinical studies led to 
a phase 1 clinical trial of PSMA‐CAR T cell co‐expressing dnTGFβRII 
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for patients with metastatic prostate cancer (NCT03089203). 
Similarly, Epstein‐Barr virus‐specific cytotoxic T lymphocytes (CTLs) 
transduced with dnTGFβRII continued to produce cytokines and 
maintain cytolytic activity in response to antigenic stimulus in the 
presence of TGFβ.171 To protect adoptively transferred T cells from 
the immunosuppressive tumor‐milieu, T cells can also be engineered 
to recognize soluble ligands and potentially convert the immunosup‐
pressive cytokine signal to an immunostimulatory signal. Chang and 
colleagues developed a CAR consisting of scFv TGFβ neutralizing 
antibodies incorporated into a second‐generation CAR containing a 
CD28 co‐stimulatory domain. Binding to TGFβ, an immunosuppres‐
sive factor, resulted in stimulation and activation of CAR T cells.134 
Along the same line, Mohammed and colleagues, developed CAR T 
cells that express the IL‐4 receptor ectodomain fused to the IL‐7 re‐
ceptor endodomain. When the CAR T cells bound to IL‐4, typically 
an immunosuppressive cytokine, the IL‐4/IL‐7 chimera promoted cell 
proliferation while maintaining the anti‐tumor efficiency in vivo.172

6.2.2 | Engineering cytokine support into CAR 
T cells

Chimeric antigen receptors T cell persistence and survival is of ut‐
most importance especially in solid tumors. Longer persistence of 
CAR T cells posttreatment has been associated with better clinical 
response.113 Our team has modified the manufacturing to select 
for T cells with a less differentiated phenotype.69 Our group and 
others have evaluated reduced ex vivo culture duration and addi‐
tion of cytokines such as IL‐7 and/or IL‐15 to culture conditions.30,31 
Certain cytokines support survival and expansion of T cells, and 
this is crucial especially when they encounter hostile conditions 
of solid tumors. CAR T cells have been designed to secrete pro‐
inflammatory cytokines to support function and proliferation and 
to shield themselves from immunosuppressive cytokines. IL‐12− 
and IL‐18−secreting CAR T cells have thus been shown to persist 
longer and lead to enhanced tumor responses in preclinical models 
of solid cancers.173,174 Other investigators have described improved 
anti‐tumor efficiencies of CAR T cells equipped with constitutive 
IL‐7 and IL‐15 signaling, as well as by inducible delivery of an IL‐15 
super‐agonist complex by T cells upon encounter with the cognate 
antigen.175-177 Approaches involving secretion of pro‐inflammatory 
molecules may have additional paracrine effects, eg, remodeling 
the TME and activating by‐stander immune cells such as tumor‐as‐
sociated macrophages. An example of this effect was demonstrated 
by the co‐expression of the single‐chain IL‐12 by CAR T cells, which 
resulted in tumor regression through repolarization of myeloid 
cells.178  Another IL‐12 secreting CAR T cell design has advanced 
to the clinic in a phase I trial of IL‐12─secreting CAR T cells tar‐
geting MUC‐16ecto for the treatment of recurrent ovarian cancer 
(NCT02498912).179 The use of engineered CAR T cells to deliver 
a range of cytokines, and their potential to support not only the T 
cell persistence and function, but also to remodel the TME to be 
anti‐tumorigenic is of importance, especially in the context of solid 
tumor therapies.

6.3 | Combination therapies to augment CAR T 
cell function

Combination therapies designed to overcome the hostile glioma 
environment while improving CAR T cell persistence and function 
may be a promising strategy. Targeting immune inhibitory molecules 
such as PD‐1, CTLA‐4 and PD‐L1 has been the focus of many stud‐
ies as a potential therapy that could enhance CAR T cell efficacy.180 
Combining CAR T cell therapy with checkpoint blocking agents 
could overcome impediments to T cell infiltration and functionality. 
Several preclinical studies have shown benefit in blocking PD‐1181 
or CTLA‐4182 in murine glioma models. Importantly, two recent 
clinical reports have shown benefit for neoadjuvant anti‐PD‐1 im‐
munotherapy in promoting survival20 and modifying the TME183 
in glioma patients. These promising reports suggest that blocking 
PD‐1 changes the TME and could synergize with CAR T therapy in 
improving the survival of glioma patients. Genetic removal of PD‐1 
from CAR T cell products, or engineering CAR T cells to produce 
a blocking antibody against PD‐1/PD‐L1 have been considered as 
alternative strategies. A study by Ren and colleagues demonstrated 
that PSCA‐CAR T cells that had PD‐1 genetically removed exhibit 
enhanced anti‐tumor efficacy both in vitro and in vivo in a murine 
prostate cancer model.184 Currently, clinical studies are underway 
to assess combination of CAR T cell therapy with checkpoint in‐
hibitors in GBM (EGFRvII‐CAR T + Pembrolizumab; NCT03726515) 
and (IL13Rα2‐CAR T + Nivolumab). Although, the clinical impact of 
CAR‐T cells combined with checkpoint inhibitors in GBM is still un‐
known, results from these trials will provide important information 
regarding safety, feasibility, and potential anti‐tumor activity.

Oncolytic viruses are also promising agents for the treatment of 
solid tumors such as gliomas. Oncolytic viruses can specifically tar‐
get cancer cells, while sparing normal cells, and the resulting tumor 
lysis can release danger signals and stimulate immune system.185 
Furthermore, oncolytic viruses can be genetically modified to ex‐
press therapeutic transgenes to target a suppressive TME, poten‐
tially synergizing with CAR T therapy. Indeed, studies have reported 
enhanced CAR T cell efficacy by combining oncolytic viruses ex‐
pressing either cytokines, chemokines, or an anti‐PD‐L1 minibody 
against solid tumors in pre‐clinical mouse models.186 Additional 
promising combinatorial approaches include agonistic antibodies 
specific for the 4‐1BB costimulatory receptor,187 which can directly 
activate CAR T cells. Vaccines in a form of glioma‐associated anti‐
gens or dendritic cell loaded with mRNA or tumor lysate have been 
used for primary brain tumors,188 and could also synergize with CAR 
T therapy to overcome tumor heterogeneity and induce an endoge‐
nous immune response.

6.4 | Combining standard‐of‐care radiation therapy 
plus CAR T cells

Radiation therapy has long been an important component of stand‐
ard‐of‐care management of brain tumors. Evidence for potential syn‐
ergy of CAR T and radiation therapy lies in the retrospective clinical 
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series and preclinical models of ICI and stereotactic radio‐surgery 
(SRS). Retrospective meta‐analysis of patients with melanoma and 
non‐small cell lung cancer brain metastases has demonstrated 
improved outcomes of combined vs sequential ICI and SRS.189 
Preclinical orthotopic glioma models also have demonstrated effi‐
cacy of combination ICI and SRS.190 Mechanisms by which radiation 
promotes immunologic memory are under investigation. Preclinical 
studies have demonstrated that radiation alters the TME to poten‐
tiate an adaptive immune response. Tumor irradiation functions as 
an in situ vaccine because it results in the release of tumor‐asso‐
ciated antigens, which activate antigen presenting cells to migrate 
to draining lymph nodes where they prime cytotoxic CD8+ T cells 
to generate an adaptive immune response,191 including recruit‐
ment of endogenous TILs and enhanced TCR expansion.190,192,193 
Specifically, high dose tumor irradiation increases T cell priming due 
to cross‐presentation of tumor peptides via MHC class I pathway. 
Recent studies have shown hypofractionated radiation (8  Gy  ×  3 
fractions) results in a more robust systemic tumor rejection com‐
pared to high dose single fraction (20 Gy × 1 fraction) in the context 
of immune checkpoint blockade.194 Mechanistically, radiation doses 
above 12‐18  Gy induce DNA exonuclease Trex1, which enzymati‐
cally attenuates their immunogenicity by degrading DNA that ac‐
cumulates in the cytosol upon radiation. Cytosolic double‐stranded 
DNA is a potent stimulator of the cGAS/STING/IFN‐beta pathway to 
recruit Batf3+ dendritic cells that can activate CD8+ T cell‐mediated 
systemic immune responses.195

Given radiation's role in STING‐dependent recruitment of the 
adaptive immune response, radiation may also help to address 
shortcomings of CAR T cells in solid tumors, namely T cell trafficking 
and persistence. Indeed, in a preclinical pancreatic adenocarcinoma 
model, a small‐molecule STING agonist co‐delivered with CAR‐T 
cells resulted in a host immune response to eliminate tumor cells not 
recognized by the adoptively transferred lymphocytes.196 Going for‐
ward, radiation and concomitant STING activation may also address 
post‐CAR T antigen escape, as TCR expansion and dendritic cell ac‐
tivation may result in “epitope spreading” and immunologic memory 
against multiple tumor antigens.

7  | GET TING C ARS TO GO: C AR T CELL 
TR AFFICKING TO BR AIN TUMORS

7.1 | Anatomical considerations for T cell trafficking 
beyond the blood‐brain barrier (241)

Brain tumors pose unique obstacles for T cell homing due to the se‐
lective properties of the blood‐brain barrier (BBB) and the blood‐
CSF barrier (BCSFB), which strictly regulate immune cell entry to 
the brain. Much of what is known about immune cell infiltration 
into the brain is derived from models of infection or experimen‐
tal autoimmune encephalomyelitis (EAE).197 These barriers regu‐
late extravasation through postcapillary vesicles and limit immune 
entry in the brain or CSF due to the presence of endothelial cell 
layers with tight junctions and astrocyte foot process known as glia 

limitans.198,199 From circulation, T cells must first adhere to vascular 
endothelium via a multitude of integrins, adhesion molecules, and 
chemokines.198,199 Activated T cells, but not naive or resting memory 
T cells,200 can be recruited beyond the BBB in the absence of inflam‐
mation although CD8 T cells require the presentation of MHC class 
I antigens on luminal endothelium.201 Understanding how to best 
ensure optimal trafficking of CAR T cells to brain tumors remains 
an active area of investigation, and we will summarize some of the 
considerations below.

7.2 | Route of delivery of CAR T cells for brain 
tumor therapy

One key question for the advancement of CAR T cell therapy for 
brain tumors is the choice of delivery route and whether systemic 
or locoregional delivery is more advantageous, particularly because 
brain tumors are unique in that they are regionally localized and 
primary brain tumors such as GBM rarely metastasize outside the 
CNS.202 Systemic delivery, whereby CAR T cells are given intrave‐
nously (IV), is the most common delivery approach for hematological 
and solid cancers. For IV delivery, cryopreserved cells can be thawed 
at bedside and infused directly without the need for reformulation 
or a delivery device. As reviewed above, melanoma‐targeted and 
CD19‐CAR T cells delivered systemically have been shown to traf‐
fic to the brain and eliminate malignant disease.42,45,46 However, in 
both of these clinical settings, the adoptively transferred cells were 
activated in the periphery due to the presence of disease. Since acti‐
vated T cells more readily traffic to the CNS, this could significantly 
influence CNS trafficking efficiency.

Given the complexity of immune cell homing, locoregional de‐
livery strategies can be used to bypass some of the anatomical 
barriers involved in trafficking from circulation. Locoregional de‐
livery methods include intratumoral (ICT) administration whereby 
CAR T cells are delivered into the tumor bed or resection cavity, 
and intraventricular (ICV) administration whereby CAR T cells are 
delivered into the CSF via the ventricular system. ICV delivery 
bypasses all but the glia limitans in delivery to the brain paren‐
chyma. Treating patients with locoregional delivery of CAR T cells 
has been reported in GBM66,68,69,79 as well as other malignant dis‐
eases including ovarian, lung, and breast cancers.198,203 For brain 
tumors, locoregional delivery requires implantation of a reservoir/
catheter delivery device that is typically placed during surgical re‐
section or biopsy, with the reservoir accessible under the scalp 
and the catheter placed to drain into the tumor bed/cavity or CSF. 
Such devices have been used routinely for CNS delivery of che‐
motherapies or biologics.204 These devices should be monitored 
closely due to the risk of infection, but they are generally well‐tol‐
erated by patients in our experience.

Studies comparing routes of delivery for both preclinical mod‐
els of GBM and breast cancer brain metastases have shown that 
local delivery (ICT or ICV) outperforms systemic delivery (IV) of 
CAR T cells. HER2‐CAR T cells (0.5  M dose) delivered ICV was 
more effective than a 10‐fold higher dose (5 M dose) delivered IV 
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in orthotopic models of breast cancer brain metastases.93 Similarly, 
ICT administered IL13Rα2‐CAR T cells resulted in long‐term sur‐
vival in orthotopic GBM models, whereas IV delivery provided no 
significant benefit over mock transduced T cells.64 When compar‐
ing locoregional delivery routes in a multifocal GBM model where 
tumors were implanted on both hemispheres, ICV exhibited im‐
proved targeting of multifocal disease.64 In fact, preclinical stud‐
ies in which CAR T cells were labeled with the radionuclide 89Zr 
and followed by PET imaging in mice, we show that CAR T cells 
delivered into the brain parenchyma remain localized in the brain, 
whereas ICV‐delivered cells distribute throughout the CNS over 
6 days of monitoring by PET (Figure 3).205 Indeed, direct infusion 
into the CSF via intraventricular delivery achieved a complete clin‐
ical response in a patient with multifocal disease, including a dis‐
tal lesion in the spine,69 illustrating the surveillance of CAR T cells 
throughout the CNS.

Locoregional CNS delivery of CAR T cells may also reduce the 
risk of systemic toxicities associated with the therapeutic cells. For 
instance, in clinical trials of EGFRvIII‐ and HER2‐CAR T cells,81,92 
high‐dose peripheral (IV) infusion increased the risk of serious pul‐
monary toxicities, and in the most severe cases resulted in death. 
Locoregional delivery is expected to limit intravenous first‐pass 
pulmonary toxicity as well as off‐tumor targeting of other systemic 
tissues. Together these studies suggest that locoregional delivery 
may improve trafficking, infiltration, and safety of the adoptively 
transferred cells for the treatment of brain tumors. However, further 
clinical testing is required to understand how delivery route impacts 
both safety and patient outcomes.

7.3 | Engineering CAR T cells for improved 
tumor tropism

One strategy to improve T cell trafficking and infiltration is to engi‐
neer the cells to express proteins that facilitate tumor tropism. This 
requires an understanding of the mechanism of T cell extravasation 
into the brain parenchyma as well as characterization of vascular 
properties of the specific brain tumor. The interactions between 
chemokines and their corresponding chemokine receptors in T cells 
have been studied extensively,206 and research is underway to apply 
these fundamentals to CAR T cells.

Engineering T cells to express chemokine receptors have im‐
proved the tumor tropism of therapeutic lymphocytes by delivering 
more therapeutic cells to the site of the tumor. The most clinically 
advanced example to date is the expression of CCR4 in CD30‐CARs 
for treating Hodgkin's lymphoma. Di Stassi et al first recognized 
CD8+ T cells lacked CCR4 (2.5%) despite Hodgkin's lymphoma over‐
expressing the CCR4 ligands CCL17 and CCL22,207 and the forced 
expression of CCR4 enhance CAR T cell accumulation and therapeu‐
tic response in mice. This work is under further investigation in a 
phase I clinical trial (NCT03602157). Expressed on CD4+ but not 
on mature CD8+ T cells,207 CCR4 could be a versatile, albeit promis‐
cuous, strategy as it recognizes the chemokines CCL2, CCL4, CCL5, 
CCL17, and CCL21, which have all been associated with glioma.208-211 
Despite this connection, engineered chemokine receptors have not 
specifically been evaluated in CAR T cells for the treatment of brain 
tumors. CCL2 is also produced by the glioma microenvironment to 
recruit both Treg and myeloid‐derived suppressor cells.212 Through 

F I G U R E  3   Chimeric antigen 
receptor (CAR) T cell distribution 
following locoregional delivery. Primary 
glioblastoma cells (1 × 105 PBT030‐2) 
were implanted intracranially (IC) in the 
left hemisphere (2.0 mm lateral, 0.5 mm 
anterior to the bregma, 2.15‐3.0 mm 
depth from dura) of NSG mice, and 8 d 
later 89Zr‐oxine labeled IL13Rα2‐CAR T 
cells (2 × 106) were administered either IC 
in the right hemisphere, or into the right 
ventricle (ICV; 0.9 mm lateral, 0.3 mm 
caudal to the bregma, 2.5 mm depth 
from dura). Representative PET images 
are depicted at 15 min, 6 h, 1 d or 5 d 
after ICT (top) or ICV (bottom) delivery 
of 89Zr‐oxine labeled IL13Rα2‐CAR T 
cells are depicted. Color scale indicates 
percentages of injected radioactive dose 
(ID) per gram weight of voxel that were 
calculated using Vivo‐Quant (Invicro) 
analysis of the PET images205
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manipulating tumor chemokine release, we have demonstrated the 
tumor tropism of adoptively transferred T cells to GBM lines ex‐
pressing CCL2, which is a ligand for CCR4.213 Similar to CCR4, CCR2 
is a receptor for CCL2, is poorly expressed on activated T cells (<7%), 
and its addition in CAR T cells has been shown to increase efficacy 
in neuroblastoma and melanoma models.214,215 Other lymphocyte 
models have leverage chemokines to increase tumor accumulation 
with the introduction of receptors such as CXCR4,216 CXCR1,217 
CXCR2,218,219 CCR7,220 and CX3CR1.221 Additional targeting of en‐
dothelial adhesion molecules or vascular cytokines upregulated in 
brain tumors could also be a worthwhile approach to enhance CAR 
T cell accumulation at the tumor site.178,222 To improve cell localiza‐
tion, chemokine receptor‐engineered T cells should be designed for 
the chemokine signaling unique to each tumor. Such strategies to im‐
prove tumor trafficking are important, as preclinical models suggest 
that trafficking can often be highly inefficient with only a minor frac‐
tion of the adoptively transferred cells infiltrating the tumor.205,215

7.4 | Imaging of T cell trafficking

While clinical sampling of blood and CSF or invasive biopsies pro‐
vide general information about cells in circulation or in the biopsied 
tissue, respectively, incorporating imaging techniques to visualize 
the migration of CAR T cells in real‐time can provide important evi‐
dence for on‐ and off‐target localization, treatment efficiency, T cell 
persistence, and the influence of alternative delivery methods or 
combination interventions. Clinically available nuclear imaging mo‐
dalities such as positron tomography (PET), which has a higher rela‐
tive resolution in comparison to single photon emission computed 
tomography (SPECT),223 enable sensitive and non‐invasive detection 
of radionuclides when associated with cells or other biomolecules. 
When combined with computed tomography (CT) or MRI, the sen‐
sitivity of nuclear imaging is co‐registered with anatomical detail. 
MRI also enables additional diagnostic modes based on the pulse se‐
quences, especially in the context of blood perfusion and diffusion in 
brain tumors.224 Researchers have used these imaging modalities for 
tracking cells with techniques for ex vivo labeling as well as in vivo 
detection of cells using reporter genes or radiolabeled antibodies.

The first study to image CAR T cells for brain tumors evaluated 
first‐generation IL‐13‐zetakine CAR T cells that were engineered the 
co‐express the herpes simplex virus type‐1 thymidine kinase reporter 
gene (HSV1‐tk) in a patient with GBM.67,68 Cellular expression of 
HSV1‐tk enabled T cell detection based on uptake of the radiolabeled 
nucleoside analog 9‐[4‐[18F]fluoro‐3‐(hydroxymethyl)butyl]guanine 
(18F‐FHBG). HSV1‐tk and its variants have also been used preclinically 
for studying CAR T cells trafficking.225-227 However, the immunoge‐
nicity of HSV1‐tk has also been reported in the clinical setting.228,229 
To reduce the risk of immunological rejection, several reporter sys‐
tems using human genes as non‐immunogenic alternatives are being 
evaluated preclinically to study the trafficking of T cells in mice.230 In 
direct comparisons of the reporter systems in T cells,231-233 human de‐
oxycytidine kinase (dCK) mutants have shown high relative sensitivity 
and selectivity over native human dCK. This imaging strategy enables 

longitudinal imaging sessions yielding signal which correlates with the 
number of metabolically active cells present, but is limited by tissue 
permeability of the probe and background uptake of the nucleoside in 
surrounding tissue. Because these radioactive nucleoside probes have 
poor BBB penetration,234 they may not be useful for imaging dCK ex‐
pressing cells beyond intact BBB as distribution at regions other than 
disrupted tumor vasculature will be limited.

As an alternative strategy, approaches to directly label cells with 
radionuclide ex vivo are being developed which enable cell detection 
with PET imaging after infusion. 111In‐oxine has specifically been 
used to image the tumor tropism of antigen‐specific T cells in pre‐
clinical models235 and patients.236,237 This approach is the current 
clinical standard for imaging cells and platelets with SPECT, where li‐
pophilic metal complexes passively diffuse across cell membranes in 
a rapid and efficient manner.238,239 Recently adopted for PET,240 we 
imaged 89Zr‐oxine‐labeled CAR T cells in both subcutaneous prostate 
and intracranial glioma models.205 CAR T cells demonstrated tumor 
tropism and retained therapeutic potential after labeling. Since 89Zr 
(with antibodies241) and oxine (with 111In‐oxine) have already been 
used in patients, this new technique for imaging cell trafficking with 
PET may be clinically available in the near future. Ex vivo labeling 
approaches offer cell‐specific signal which correlates with the initial 
cell number. However, imaging is limited by radionuclide half‐life and 
is not proportional to the number of cells if proliferation occurs. The 
limitations of each technique should be carefully considered before 
proceeding with study design.

Other approaches for tracking cells use antibodies conjugated 
with metal chelators (ex. 1,4,7,10‐Tetraazacyclododecane‐1,4,7,10‐
tetraacetic acid [DOTA]) which bind radionuclides (ex. 64Cu) for vi‐
sualizing cell‐antigen‐specific targeting with PET. This approach has 
been most commonly used for cancer cell detection and has been 
more recently applied to the tracking of endogenous T cells242,243 
or cells with engineered antigen tags.244,245 To reduce signal back‐
ground and circumvent issues with BBB permeability, these anti‐
bodies could be used for ex vivo pre‐labeling of cells to study initial 
trafficking246 as long as the antibody stays cell‐associated and ra‐
dionuclide half‐life is permissible. In comparison to passive label‐
ing mechanisms like 89Zr‐oxine, prelabeling with antibody uses the 
antibody binding affinity while potentially reducing cell damage by 
localizing radionuclide to the cell surface prior to any receptor inter‐
nalization. Another approach utilizes the metal binding properties 
of DOTA after the introduction of a membrane‐bound single‐chain 
fragment (scFv) into T cells, which binds to DOTA‐lanthanide com‐
plexes (DAbR1).247 More studies are required to determine which of 
these methods will be most effective in imaging CAR T cell ther‐
apy for brain tumors, given the limitations of antibodies permeating 
the BBB and the sensitivity required for tumor visualization. Taken 
together, prelabeling techniques should be utilized when sensitiv‐
ity and initial trafficking is most valuable while infused antibodies 
and reporter genes are best for multiple imaging sessions and sig‐
nal which correlates with live cell numbers. Future combinations of 
these techniques could yield more comprehensive information re‐
garding T cell trafficking into the brain.



76  |     AKHAVAN et al.

8  | FROM BENCH TO BEDSIDE:  CLINIC AL 
TRIAL CONSIDER ATIONS

This is an auspicious time for the field of immunotherapy, with op‐
portunities to advance brain cancer treatment through comparing 
experiences and ideas across many adoptive cellular platforms. 
Clini​caltr​ials.gov lists more CAR T trials for brain tumors than any 
other solid tumor indication (Figure 2). The majority are for malig‐
nant glioma (12 of 13), but the extension to metastatic tumors in 
the brain has begun with the first trial targeting brain metastases 
(NCT03696030). Five of the 13 trials have been performed at City 
of Hope: two completed trials in recurrent GBM targeting IL13Rα2, 
and 3 trials currently enrolling for either IL13Rα2+ or HER2+ GBM, 
or HER2+ breast metastasis in the brain (Table 1). Our experience 
has shaped our trial designs, which are described here in the context 
of the ideas presented in this review.

8.1 | CAR T cell trials at City of Hope

For CAR T cell trials at City of Hope, patients with malignant brain 
tumors (high‐grade malignant glioma or breast metastases) are en‐
rolled following confirmation of target antigen expression (IL13Rα2 
or HER2) by histology on prior tumor specimens (most recent resec‐
tion or biopsy) and after medical assessment meeting the additional 
study‐specific eligibility criteria. Patients first undergo leukapheresis 
to collect peripheral blood mononuclear cells (PBMC) for manufac‐
turing of autologous CAR T cell product. While the CAR T cells are 
being produced (~3‐4 weeks), patients may proceed with treatment 
for management of their cancer, but specified washout periods are 
required before beginning CAR T cell treatment. Prior to the start 
CAR T cell infusion, patients undergo surgery for placement of an in‐
traventricular and/or intratumoral/intracavitary reservoir/catheter 
delivery device. During that surgical procedure, tumor resection or 
biopsy may be performed per the discretion of the neurosurgeon. 
Once the CAR T cell product has been released for clinical use, and 
there is evidence of progressive disease in the CNS, patients un‐
dergo baseline PET and MR imaging and then begin treatment with 
CAR T cells. Depending on the trial design, the treatment phase usu‐
ally consists of 3 to 4 weekly cycles of CAR T cell infusions followed 
by PET and MR imaging of the brain to assess response. After the 
treatment phase, patients can continue to receive optional CAR T 
cell infusions as long as they are tolerating the treatment well and 
continue to meet eligibility criteria. During these cycles or until pro‐
gression is established, study patients cannot be treated with any 
other anti‐cancer therapy.

Immunologic correlative studies are performed throughout the 
treatment time course to assess the persistence of the CAR T cells in 
the CSF (obtained through the delivery device) and peripheral blood, 
monitor for evidence of activation of the endogenous immune sys‐
tem, and describe changes in cytokine levels in the CSF and periph‐
eral blood. If a patient undergoes tumor resection or biopsy while 
on study treatment or afterwards, then evaluation of CAR T cell 
persistence and changes in cytokine levels in the TME, as well as 

changes in antigen expression levels in tumor tissue pre‐ and post‐
treatment is performed.

City of Hope's approach of locoregional delivery and repeat dos‐
ing is intended to prioritize for both patient safety and maximum 
therapeutic benefit. As discussed above, our preclinical studies 
suggest that locoregional delivery of CAR T cells outperform sys‐
temic IV delivery, so our trials have prioritized delivering CAR T cells 
directly into the tumor or resected tumor cavity (ICT) and/or into 
the CSF via the lateral ventricle (ICV). The dosing regimen splits the 
intended total cell dose over 3 to 4 weekly infusions. Splitting the in‐
tended total dose into smaller doses delivered weekly is anticipated 
to minimize safety risks compared with a single bolus intracranial 
dose, which may cause unintended inflammatory toxicities, including 
CRS. Multiple or split dosing regimens have been used previously 
to reduce risk of infusion‐related toxicities.248,249 Repetitive dosing 
also affords a larger total dose of cells, and is intended to introduce 
functional CAR T cells over a longer timeframe, thereby extending 
the therapeutic window in the immunosuppressive TME.

8.2 | Concomitant medicines

Concomitant medicines, such as temozolomide, dexamethasone, and 
bevacizumab, which are commonly used for brain tumor manage‐
ment and treatment, may impact CAR T cell activity either positively 
or negatively. While a detailed understanding of which concomitant 
medicines impact CAR T cell function are still unknown, their effects 
require careful monitoring. Future trials and analyses of correlative 
endpoints may shed light on how best to combine these agents with 
CAR T cells for both clinical disease management and therapeutic 
activity.

Temozolomide (Temodar [TMZ]) is a DNA alkylating chemo‐
therapy that is routinely used for standard‐of‐care management of 
GBM.250 A common side‐effect of TMZ is bone marrow suppres‐
sion and lymphopenia.251 In the context of CAR T therapy, preclin‐
ical models have demonstrated lymphodepleting pre‐conditioning 
with a dose‐intensified regimen of TMZ (TMZ‐DI), but not standard 
TMZ dose regimens. In a syngeneic mouse model of GBM, TMZ‐DI 
pretreatment prompted enhanced EGFRvIII‐CAR (IV‐administered) 
expansion and persistence in circulation, as well as tumor eradica‐
tion.252 Based on these findings, an ongoing EGFRvIII‐CAR T trial 
at Duke University (NCT02664363) is utilizing TMZ‐DI as a precon‐
ditioning lymphodepleting regimen. The dual use of TMZ for the 
treatment of GBM and for lymphodepleting pre‐conditioning is an 
attractive strategy, as lymphodepletion prior to adoptive transfer of 
T cell‐based immunotherapies has been shown to be essential for ef‐
fective TIL, TCR‐, and CAR‐engineered T cell anti‐tumor activity for 
systemic cancers when the therapeutic cells are delivered IV. While 
it is reasonable to assume that lymphodepletion will also augment 
CAR T cell clinical responses for brain tumors, particularly for IV de‐
livery, its therapeutic benefit in the context of brain tumors requires 
further clinical validation, since most clinical studies to date have 
not included lymphodepleting regimens. Additionally, for the two 
reported EGFRvIII‐CAR clinical trials, the NCI study that included 

http://Clinicaltrials.gov
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lymphodepletion pre‐conditioning (Fludarabine + Cyclophosphamid
e) and systemic IL‐2 cytokine support (NCT01454596)81 did not show 
significantly improved CAR T cell persistence, expansion, or patient 
outcomes compared with the University of Pennsylvania study that 
did not include lymphodepletion (NCT02​209376).80 While this could 
be due to many factors, such as CAR design, target selection, and 
patient enrollment, it highlights the need for further clinical assess‐
ment of the role lymphodepletion in the application of CAR T cells 
for brain tumors, particularly for locoregional delivery.

Dexamethasone (Dex) is a brain‐penetrant steroidal anti‐inflam‐
matory used often in the glioma setting to alleviate tumor‐associ‐
ated brain swelling. Dex is also highly toxic to immune cells including 
T cells, which may limit the CAR T cell efficacy. In particular, Dex 
is known to inhibit priming of T cell immune response by dendritic 
cells, and was shown to be deleterious to vaccine trials for GBM at 
very low levels.10 In preclinical mouse models, intratumorally de‐
livered CAR T cells were functional with low‐levels of Dex (1 and 
0.2 mg/kg), but were strongly suppressed by high levels (5 mg/kg).64 
Further, CD19‐CAR T cell trials report high response rates, even for 
patients who have been given steroids to manage CRS, although pro‐
longed systemic corticosteroid use has been shown to disrupt CAR 
persistence and efficacy.248 Given the importance of Dex in glioma 
symptom management, successful CAR T cell trial design must iden‐
tify allowable Dex concentrations. Most CAR T cell trials limit Dex 
levels to no more than 4‐6 mg/d, and at this concentration, we have 
successfully manufactured clinically sufficient levels of CAR T cells 
from patients, have detected increased inflammatory cytokines post 
CAR T cell infusion, and in one patient CAR T cells elicited a complete 
response.69 These findings provide initial evidence that low levels of 
Dex may be able to be used to manage tumor and/or immune inflam‐
matory reactions without significant deleterious effects on CAR T 
cell function, but more clinical experience is required to fully delin‐
eate the impact on therapeutic activity and patient outcomes.

Bevacizumab (Avastin) is FDA‐approved for the treatment of 
recurrent GBM, and acts as a ligand‐sink against the vascular en‐
dothelial growth factor receptor (VEGF). Disrupting VEGF/VEGFR2 
signaling inhibits angiogenesis, normalizes tumor vasculature and 
re‐establishes the blood‐brain barrier. The effects of bevacizumab 
on CAR T cell therapy are anticipated to be multifaceted. First, by 
normalizing the tumor vasculature, bevacizumab alters MR imaging 
features, resulting in decreased T1 contrast enhancement and FLAIR 
sequences.253 These imaging changes confound disease assessment 
when using bevacizumab in conjunction with CAR T cells therapy 
and therefore necessitate using OS vs PFS for a response endpoint. 
Second, bevacizumab can be an effective non‐steroid anti‐inflam‐
matory for managing symptoms of cerebral edema, thereby pro‐
viding an alternative to immunosuppressive corticosteroids such as 
dexamethasone.254 Additionally, bevacizumab may augment CAR T 
cell therapy by inhibiting the immune suppressive effects of VEGF, 
as well as promote tumor lymphocyte trafficking.255,256 Preclinical 
models in neuroblastoma have demonstrated enhanced efficacy of 
combination bevacizumab and GD2‐CAR‐T cells.257 Combination 
treatment resulted in high infiltration of GD2‐CAR T cells which 

resulted in increased IFNγ production. Given bevacizumab's role in 
enhancing lymphocyte trafficking and blocking VEGF immunosup‐
pressive effects, it may be a promising combination therapy with 
CARs for treatment of solid tumors. Whether there is enhanced clin‐
ical efficacy with combination CAR T cells and bevacizumab in GBM 
and other brain tumors still requires clinical validation.

8.3 | Clinical and molecular endpoints and 
correlative studies

Clinical and molecular endpoints and correlative studies col‐
lected prior, during, and after therapy are designed to gain more 
understanding of the mechanisms of response and resistance to 
treatment and can inform future combination trials. An important 
molecular endpoint is tumor antigen expression after CAR infu‐
sion. The IL13Rα2‐ and EGFRvIII‐CAR studies both observed loss 
of antigen expression in tumor tissues post treatment. In addition, 
molecular correlative data may identify predictive biomarkers of 
response and resistance. O'Rourke and colleagues incorporated 
tumor TCR‐β sequencing to identify expansion of the T cell rep‐
ertoire after EGFRvIII‐CAR delivery.80 This important molecular 
correlative can identify endogenous TCR clones responsible for 
therapeutic response and may be used to predict treatment re‐
sponse. Also, for studies that use a device for locoregional in‐
tracranial delivery (ICT of ICV), tumor fluid or CSF samples for 
this analysis can be collected relatively non‐invasively. CAR T 
cell expansion and persistence is also be an important molecu‐
lar endpoint, as it has been associated with clinical response in 
CD19‐CAR T for ALL.45,258 Additionally, persistence of CAR T cells 
of at least 1 month has been associated with overall response in 
patients with metastatic melanoma.259 Other clinically important 
correlates include an assessment of the tumor and TME, which 
require biopsy. Indeed, tumor PD‐L1 upregulation was found after 
EGFRvIII‐CAR delivery.80 PD‐L1 upregulation is clinically mean‐
ingful in the context of future combination trials with CAR T cells 
and immune‐checkpoint inhibitors. Well‐designed correlative 
studies will provide answers as well as raise new questions, such 
as what is the optimum frequency of CSF biopsy and tumor biopsy 
to evaluate for treatment response.

9  | SUMMARY AND PERSPEC TIVES

The success of immunotherapy is revolutionizing cancer therapy 
and improving outcomes for patients with a wide variety of can‐
cers. While brain tumors are considered some of the most dif‐
ficult to treat of solid tumors, progress in the immunotherapy is 
raising optimism for its potential to make inroads in their treat‐
ment. Evidence that adoptively transferred T cells, including 
CD19‐CARs and melanoma‐targeted TCR‐engineered or TILs, can 
traffic to the brain and eliminate disease supports the notion that 
CAR T cells may eventually prove effective against other primary 
and metastatic brain tumors. Advances in the understanding of 

https://clinicaltrials.gov/ct2/show/NCT02209376
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neuroimmunology alongside advances in cancer immunotherapy 
have provided a platform to create more effective treatments for 
brain tumors. CAR T cell therapy for brain tumors faces major ob‐
stacles, such CAR T cell persistence and trafficking to the CNS, 
adaptive immune resistance and other immunosuppressive ele‐
ments of the TME, and tumor heterogeneity. CAR T cell clinical 
studies have provided valuable insights that will help in shaping 
future trials, and initial indications from these trials point to the 
need for combination therapies that can address several obstacles 
simultaneously or in sequence. It is critical to ensure that future 
trial designs not only inform on safety, but also provide informa‐
tion on mechanisms underlying response and resistance, as this 
information will provide the path forward to overcoming the for‐
midable obstacles to treatment.
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