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Abstract

Glioblastoma is an aggressive malignancy with a poor
prognosis. The current standard of care for newly diagnosed
glioblastoma patients includes surgery to the extent, temozo-
lomide combined with radiotherapy, and alternating electric
fields therapy. After recurrence, there is no standard therapy
and survival is less than 9 months. Recurrent glioblastoma
offers a unique opportunity to investigate new treatment
approaches in a malignancy known for remarkable genetic
heterogeneity, an immunosuppressive microenvironment,
and a partially permissive anatomic blood–brain barrier.

Results from three first-in-man chimeric antigen receptor
(CAR) T-cell trials targeting IL13Ra2, Her2/CMV, and EGFR-
vIII have recently been reported. Each one of these trials
addresses important questions, such as T-cell trafficking to
CNS, engraftment and persistence, tumor microenvironment
remodeling, and monitoring of glioma response to CAR T
cells. Objective radiologic responses have been reported.
Here, we discuss and summarize the results of these trials and
suggest opportunities for the field. Clin Cancer Res; 24(3); 535–40.
�2017 AACR.

Introduction
Modest progress has been made in the treatment of glio-

blastoma over the past decade. The current standard of care for
newly diagnosed glioblastoma multiforme (GBM) patients
established in 2005 remains the backbone of treatment: tumor
resection to the extent safely feasible, followed by radiotherapy
with concomitant temozolomide chemotherapy (1, 2) and
subsequent maintenance treatment. The main goals of surgery
are to establish a definitive diagnosis and to alleviate symptoms
from compression/increased intracranial pressure. As gliomas
are diffusely infiltrative tumors with failure both at the margin
of initial tumor resection and also at distant structures within
the brain, additional adjuvant therapy with concomitant che-
moradiotherapy is indicated. Recently, the combination of
alternating electrical fields and maintenance temozolomide
chemotherapy has demonstrated an improved progression-free
and overall survival in a randomized prospective phase III trial
(3). These tumor-treating fields (TTField) have low intensity
and are applied through multiple transducer patches directly to
the scalp at intermediate frequency of 100 to 300 kHz. Despite
all these treatments and efforts, glioblastoma almost invariably
recurs. At recurrence, there is no accepted standard of care, and
treatment recommendations vary from patient to patient and
include repeat surgery or reirradiation in case of monofocal
relapse, second-line systemic therapies, such as antiangiogenic

drugs (bevacizumab), alkylating agents (CCNU), and platinum
salts (4, 5) or experimental protocols, including locoregional
injection of replicating viruses, novel chemotherapy agents,
EGFR-targeting compounds, or immunotherapy protocols.
Nevertheless, numerous phase III trials have failed to prolong
survival in both newly diagnosed or recurrent GBM, for exam-
ple, bevacizumab, cediranib, cilengitide, nimotuzumab, rindo-
pepimut, and most recently nivolumab. New treatments and
alternative strategies are urgently needed.

Cancer Immunotherapy: CAR T Cells Are
Different

Chimeric antigen receptor (CAR) T cells provide a new strategy
to bypass the defective immune system and counter the various
obstacles imposed by the blood–brain barrier and tumor micro-
environment (TME) associated with GBM. T-cell engineering
allows the construction of an autologous cell product harboring
a high-affinity single-chain fragment variable (scFv) specific for a
target of interest, fused to domains necessary for full activation
and costimulation (6, 7). Theprincipal advantage of this new class
of therapy is the potent antitumor effector mechanisms mediated
by the granzyme/perforin lytic pathway coupled to the specificity
of the scFv.

Adoptive T-cell transfer using anti-CD19 CAR T cells has
led to remarkable clinical activity in hematologic malignancies
(8–10) and FDA approval for pediatric acute lymphoblastic
leukemia has been granted recently and appears imminent for
various disease indications. CAR T-cell therapy in the context
of brain tumors is promising for several reasons. First, identi-
fication of highly restricted target antigens expressed on glio-
blastoma provides the starting point for development of CAR
T-cell therapy. Second, recent progress in delineating the
human glioma TME provides a deeper understanding of the
resistance mechanisms involved in immunosuppression and
evasion by the immune system. Glioma is a good example of
how specific improvements in trafficking, persistence, and
resistance to the immunosuppressive factors related to the TME
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will be especially critical for success. Thus, translational
research investments combining the preclinical optimization
of CAR constructs with innovative engineering strategies to
circumvent immunosuppression are imperative in addition to
evaluating the standard variables related to routes of admin-
istration, persistence, and cell trafficking to central nervous
system (CNS) and dose schedules. These questions have been
addressed in three phase I trials recently reported by investi-
gators from the City of Hope (Duarte, CA; ref. 11), Baylor
College of Medicine (Houston, TX; ref. 12), and the University
of Pennsylvania (Philadelphia, PA)/UCSF (San Francisco,
CA; Table 1; ref. 13).

Current Clinical Experience in Glioma
Various CAR T-cell constructs and routes of administration are

currently under investigation. We summarize here the results of
three recent reports.

IL13Ra2 CAR T
Brown and colleagues reported the case of a 50-year-old

man with recurrent multifocal IDH1 wild-type, MGMT non-
methylated GBM (11). The patient had failed standard ther-
apy, including surgery, chemoradiotherapy, TTFields, as well
as salvage investigational treatment with FGFR tyrosine kinase
inhibitor and had undergone repeat surgery with resection of 3
lesions before enrolling in the CAR T-cell trial. The patient was
enrolled on the CAR T-cell study targeting the IL13Ra2 cell
surface receptor using CAR T cells expressing an IL13 E13Y
mutein, selected for enhanced binding to IL13Ra2. Targeted
genomic analysis was performed using the primary tumor and
recurrent resected lesions and showed similar mutational
profiles with no acquisition of additional novel driver muta-
tions at the time of recurrence; in addition, heterogeneous
IL13Ra2 expression with low H-score (þ1) was documented.
Enriched central memory CD8þ T cells (Tcm) were lentiviral
transduced with a CAR comprised of an IL13R-specific cyto-
kine ectodomain, mutated IgG4-Fc linker, transmembrane
domain, 4-1BB costimulatory endodomain, and CD3zeta
endodomain construct (Fig. 1). The same group previously

reported the results of a first-generation construct and intra-
cavitary delivery showing objective radiologic responses in 2 of
3 GBM patients and significant decrease in IL13Ra2 expression
after therapy (14).

Six intracavitary infusions of CAR T cells were administered
through a Rickham catheter device weekly. The initial cell dose
(cell product #1: 74% CD4þ, 64% CARþ) was 2 � 106 CARþ T
cells, while cycles 2 to 6 were each 10 � 106 CARþ T cells.
Progressive disease was observed distant to the injection site
cavity, including the appearance of several new spinal metas-
tases. The investigators then switched to intraventricular
administration of 10 � 106 CARþ T cells weekly after a new
Rickham catheter was placed and 10 additional cycles were
administered. The dexamethasone was gradually tapered, and
after the 11th cycle, marked tumor regression of all lesions
was documented. The infusions were stopped and repeat
imaging 5 weeks later confirmed ongoing regression of all
intracranial and spinal tumors. The CAR T-cell infusions via
the intraventricular route were resumed using the second cell
product (90% CD4þ, 81% CARþ) and four additional cycles
(10� 106 CAR T cells per cycle) were administered. The patient
had been successfully weaned off dexamethasone at the time of
the cycle #16 infusion with resumption of normal daily activ-
ities. Unfortunately, recurrent disease at 4 new anatomic sites
within the CNS were noted radiographically soon thereafter.
Surgical resection of the right frontal recurrent lesion con-
firmed glioblastoma with minimal or absent expression of the
target IL13Ra2.

Clinical benefit was significant as assessed by several objec-
tive measures, including 7.5-month duration of response, abil-
ity to discontinue corticosteroids, and complete response by
RANO criteria with MRI and Fluoro-deoxy-glucose PET (FDG-
PET). Cytokine profiling in cerebrospinal fluid (CSF) showed
increases in cytokines (CXCL10, CCR2) after each infusion.
Interestingly, neither circulating CAR T cells nor stimulatory
cytokines were detected in peripheral blood; however, cyto-
pathologic analysis of CSF showed normal reactive lympho-
cytes and modest percentages of CAR T cells.

The investigators made several new and important observa-
tions. First, the route of delivery appeared decisive with complete

Table 1. Population/schedule/administration differences

City of Hope Baylor College University of Pennsylvania/UCSF

Patient
population

NCT NCT02208362 NCT01109095 NCT02209376
Patients 1 (adult) 17 (ped. and adult) 10 (adult)
Molecular profile MGMT non met., IDH1 WT Not known All MGMT non met.

Construct Target IL13Ra2 (E13Y neoepitope)
assessed by IHC

Her2 (FRP5 exodomain) assessed by
IHC, CMV pp65 antigen

Humanized EGFRvIII (neoepitope)
assessed by RNA-based NGS

Costimulatory molecules 4-1BBz CD28z 4-1BBz
Vector Lentivirus Retrovirus Lentivirus

Protocol/
schedule

Number of infusions Multiple Multiple 1
Dose 2 to 5e6 1 to 100e6 cell/m2 175 to 500e6 cells
Route ICV then IVT IV IV

Toxicity Tox No DLT, no CRS No DLT, No cardiac tox., no CRS No DLT, no skin or mucosal or lung, no
CRS, 3 non–CAR-related neurologic
events

Efficacy Radiologic responses Yes Yes 1PR, 7SD No 9SD, 1PD
Expansion Yes, 1 d (assessed in CSF) No expansion Yes (assessed by flow and qPCR in blood)
Persistence 7 d (CSF) 12 mo in 6 pat. (blood tests

by qPCR)
14 d max 2 mo (at low level) (blood,
qPCR, flow)

T-cell repertoire expansion Yes Not known Yes
Antigen loss Yes No Yes (IHC in 5/7 reoperated pat.)
Brain trafficking Not known Not known Yes, max 2 mo after infusion
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regression of multiple intracranial and spinal tumors after intra-
ventricular rather than intracavitary administration. Cells and
effect appears confined to the CNS with no detection of CARþ

T cells or elevated cytokines in the peripheral blood. Second,
glioma with heterogeneous target expression exhibited marked
response with eventual relapse consistent with tumor editing and
growth of antigen loss variants. The use of Tcm-enriched cell
product is supported by impressive preclinical data (15); how-
ever, in the context of glioblastoma treatment, more evidence is
requiredbefore any efficacy claims in favor of Tcmover bulk T cells
can be postulated.

HER2/CMV CAR T
Ahmed and colleagues reported on 10 adult and 7 pediatric

heavily pretreated patients with recurrent HER2þ GBM treated
with HER2-specific CAR T cells (12).

The construct is a second-generation CAR encoding FRP5
(anti-Her2) scFv, CD28 endodomain, and CD3zeta endodomain
(Fig. 1). Polyclonal virus-specific T cells (VST) were selected
through native T-cell receptor (TCR) priming by APCs presenting
CMV, ADV, and EBV peptides and underwent 4 rounds of stim-
ulation prior to CAR transduction. The mean transduction effi-
ciency was 39% (range, 18%–67%). The main subset was Tcm
cells, and the CAR product was tested in cytotoxicity assays
against HER2þU373GBM cell line as a test for antigen specificity.
CAR T-cell infusions were delivered intravenously and 3 patients
per dose level were treated, starting at 1 � 106 cells/m2 to 100 �
106 cells/m2. Six additional doses were given at 6- to 12-week
intervals if a response was observed. The patients were not
lymphopenic at the time of first administration, and no serious
adverse events were reported. However, the CAR T cells did not
expand in circulationbut persisted at low levels for 12months in 6
patients as assessed by qPCR. Clinical outcome was assessed with
a brainMRI at 6 weeks, and radiologic response was recorded in 1
patient. For the entire study cohort, the median PFS was
3.5 months and the median OS was 11.1 months.

The authors conclude that (i) repeated administration of
the HER2-specific CAR T cells was safe with no dose-limiting
toxicity. This finding is notable as the FRP5 scFv is distinct
from the HER2 scFv construct employed in a previous trial
that was associated with significant cardiopulmonary toxi-
city (16); (ii) peripheral intravenous infusion resulted in CAR
T-cell persistence (albeit without apparent T-cell expansion)
despite the fact that most patients were CMV seropositive. This
observation, at first glance, is disappointing, as many were
optimistic that VSTs could serve as a useful platform to provide
adequate TCR/costimulation to promote T-cell expansion for
solid tumors; (iii) clinical activity was seen including one
objective radiographic response and 5 patients with durable
disease stabilization for >24 months after treatment with CAR
T-cell therapy.

EGFRvIII CAR T
O'Rourke and colleagues reported 10 patients with recurrent

GBM (9 with multifocal disease) treated with CAR T-cell therapy
targeting EGFRvIII, which is characterized by deletion of exons 2
through 7 with insertion of a glycine residue at the junction
between exon 1 and 8 of EGFR (13). Seven of 10 patients
underwent craniotomy either at progression after CAR T-cell
therapy or a later time point, which provided biopsy material
for histopathologic and molecular analysis.

The construct was a second-generation CAR with a humanized
scFv against EGFRvIII in a lentivirus encoding 4-1BB costimula-
tion, and CD3z activation (Fig. 1); the median transduction
efficiency of bulk CD3þ T cells was 20% (range, 5%–26%). A
singleCART-cell dose (range, 1.75–5�108 cells) administered by
intravenous infusion was provided. Brain MRI was performed 4
weeks after infusion. No objective radiographic responses were
seen; however, one patient had stable disease that persisted for
>18 months and remains alive with no additional treatment.

The study investigatorsmade several importantfindings. First, a
single dose of the EGFRvIII-specific CAR T cells was safe with no

EGFR vIII-BBzIL13Ra2-BBz HER2-CD28z

MHC Bound
Virus-derived peptides 

Virus-specific
endogenous TCR

4-1BB CD28z 4-1BB

VHVH

VLVL

City of Hope Baylor Penn/UCSF

tCD19 reporter

CD3z CD3z CD3z

Mutated
IgG4 –Fc linker 

IL13 Zetakine

Figure 1.

Chimeric antigen receptor constructs.
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dose-limiting toxicity. As demonstrated previously in ani-
mal studies and confirmed in the report, there was no cross-
reactivity to wild-type EGFR and, thus, no apparent cutaneous
toxicity. Second, peripheral intravenous infusion resulted in
CAR T-cell expansion peaking 3 to 10 days postinfusion in all
subjects. One issue was the limited persistence, as no CAR T
cells could be identified by flow cytometry in peripheral blood
samples after day 30 postinfusion. Third, surgical biopsies
provided information related to CAR T-cell trafficking and
immune-mediated alterations of the glioma TME. Of the 7
patients that underwent postinfusion resection, biopsies
showed that 4 patients had detectable CAR T cells in tumor
tissue as determined by in situ RNA hybridization assay, and
interestingly, this was accompanied by a marked infiltration
of non–CAR-infiltrating T cells, albeit at various time points.
Curiously, the 2 patients (#216, #217) with the highest levels
of immune-mediated changes as reflected by CD8þ T-cell and
CAR T-cell infiltration and resulting in high PD-L1 expression
remain alive. Patient #209, who is also alive, had no discern-
ible CAR T cells in the resection specimen obtained at day 120
postinfusion. Finally, evidence of target (EGFRvIII) tumor cell
elimination was found based on diminished expression of
EGFRvIII positive cells within the resection specimen.

Discussion and Early Lessons Learned
Safety

These three trials have demonstrated safety. Neither serious AEs
nor cytokine release syndrome were observed.

The limited space in the human skull makes any inflammation
occurring in the brain potentially catastrophic (17) and renders
adoptive T-cell therapy for brain tumors more challenging than
for tumors in other parts of the body. In an effort to allow the use
of corticosteroids, which hamper the antitumor immune
response, without crippling the CAR T-cell effect, inducible sys-
tems desensitizing CAR T cells to steroids or approaches to gene-
edit the glucocorticoid receptor (18) could enable control of local
endogenous inflammation and still allowCAR T cells to attack the
tumor. Other strategies include the use of anti-IL6 antibody as
used by O'Rourke and colleagues as well as the use of bevacizu-
mab to reduce peritumoral edema (6).

Engraftment and trafficking
Amajor challenge to the treatment of gliomawith engineered T

cells is the difficulty of determining the efficiency of engraftment
and trafficking of cells to the tumor. Under ideal conditions with
direct intratumoral injection of CAR T cells, the infused cells can
be imaged at low levels by incorporating reporter genes into the
CAR T cells (19). The route of administration appears to be
important, and intraventricular delivery appears highly promis-
ing. The only confirmed radiographic complete response was
reported by Brown and colleagues, although the one patient
presented was selected as the best responder from a larger cohort
in a phase I trial. The intraventricular route enables trafficking of
CAR T cells to multiple tumor sites in the CNS, as well as
circulating tumor cells (20) and bypasses the requirements for
VLA-4 expression and CXCR10, which influence T-cell homing
from blood to the CNS (21).

The EGFRvIII trial was informative as CAR T cells adminis-
tered by a single intravenous infusion were found in tumor
samples resected in all 4 patients that underwent early repeat

craniotomy on days 6 to 13 post infusion. Comparative studies
would be most informative comparing intraventricular versus
intratumoral versus peripheral intravenous routes of adminis-
tration, alone and in combination.

Persistence
In hematologic malignancies, host lymphodepletion with

chemotherapy enhances CAR T-cell proliferation and persis-
tence (6). The three studies in recurrent GBM did not use a
preconditioning regimen; however, patients were likely some-
what lymphopenic as they all received corticosteroids and
chemoradiation at study initiation. Limited persistence of CAR
T cells in vivo suggests that preconditioning with nonmyeloa-
blative chemotherapy might be necessary or at least needs to be
investigated in the context of glioblastoma. The NCI (Rockville,
MD) currently has a clinical trial (NCT 01454596) with
EGFRvIII targeting CAR T cells for GBM, whereby the patients
undergo 5 days of fludarabine (30 mg/m2) and cyclophospha-
mide (60 mg/m2) chemotherapy before T-cell infusion and IL2
after infusion. The construct is a third-generation CAR with
4-1BB- and CD28 costimulation, unlike the second generation
as used in the three trials presented here; nevertheless, the
results of the NCI trial will assess the impact of a precondition-
ing regimen on the persistence of CAR T cells in GBM.

Another issue that should be addressed is the "vein to vein"
interval, defined as the time from initiation of T-cell
manufacturing to CAR T-cell infusion. The ex vivo manufactur-
ing and release process currently takes approximately 4 weeks,
an interval too long for many patients with recurrent GBM, a
rapidly growing and fatal disease. One opportunity for clinical
investigation would be to include CAR T-cell therapy immedi-
ately after completion of 6 weeks of standard chemoradiother-
apy. The common lymphopenia associated with chemora-
diotherapy may allow for an ideal therapeutic window for CAR
T-cell therapy earlier in the disease course in the setting of
minimal residual disease (22).

Tumor editing
Elimination of target antigen–positive glioma cells was docu-

mented inboth the case report on the IL13Ra2-treatedpatient and
the EGFRvIII CAR T-cell–treated patients that were biopsied after
treatment. This finding represents strong evidence of tumor edit-
ing due to recognition and elimination by CAR T cells supporting
the mechanisms of action and validation of each target. Observa-
tions related to radiographic response and durable disease stabi-
lization provide evidence, albeit indirect, for target validation for
Her2 antigen after CAR T-cell therapy.

Checkpoint therapies targeting the PD-1/PD-L1 axis should be
considered along with CAR T cells. O'Rourke and colleagues
demonstrated the conversion of "cold" tumors into "hot" tumors
in some of the patients on the trial in that there were increased T
cells in postinfusion samples compared with baseline biopsy
samples and an increase in TCR diversity in tumors after CAR
T-cell treatment beyond the TCRs present in the infusion product.
This suggests recruitment of endogenous, nonmodified T cells. It
is unclear whether these recruited T cells exhibit antiglioma
properties, but given the recent report of preclinical activity with
anti–PD-1 and anti–PD-L1 antibodies in glioma (23), there is a
strong rationale to combine checkpoint inhibition with EGFRvIII
CAR T cells to sustain activity of the CAR T cells and, possibly, to
promote epitope spreading. This combination therapy has been
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shown to increase antitumor responses inDLBCL after CD19CAR
T-cell therapy and pembrolizumab infusion (24).

Finally, antigen escape and tumor heterogeneity are two major
issues in the context ofmalignant glioma. Future studies targeting
multiple antigens to prevent antigen escape and increase tumor
killing should evaluate bi- and trispecific CAR T cells (25, 26).
Additional antigens for targeting glioma include glioma-initiating
cell markers, such as CD133, and erythropoietin-producing hepa-
tocellular carcinoma A2 (EphA2; refs. 27, 28).

Conclusions
Modest T-cell persistence/trafficking and adaptive immune

resistance along with the other immunosuppressive constituents
of the TME have been identified as major obstacles for evaluating
CAR T-cell therapy for recurrent glioblastoma. Despite the many
variables and differences, each study provided valuable insights
that will guide clinicians when designing future studies. Investi-
gators have come to the realization that tumor editing is a
desirable consequence of effective therapeutic intervention and,
thus, selection of multiple targets is an essential first step in
creating combinatorial therapy with curative potential. In this
regard, each target chosen (IL13Ra2, HER2, and EGFRvIII) by the
respective groups has been preliminarily validated, and each
warrants further study. Our hope is that future trials with CAR

T-cell therapy will target multiple antigens in each patient in an
attempt to address tumor antigen heterogeneity in recurrent
glioblastoma.
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