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Background: Chimeric antigen receptor (CAR) T-cell therapy is a promising treatment
option for patients with refractory hematological malignancies. However, its efficacy in
glioblastoma remains unclear. Here, we performed a systematic review to summarize the
safety and efficacy of CAR T-cell therapy in glioblastoma.

Methods: The PubMed, EMBASE, and Cochrane databases were searched to identify
articles published before June 30, 2021 describing the use of CAR T-cell therapy in
glioblastoma. Information on the toxicity of CAR T-cell therapy was summarized. The
pooled objective response rate (ORR) and overall survival (OS) of patients who underwent
CAR T-cell therapy were estimated using a random-effects model with an inverse-variance
weighting model and quantile estimation method, respectively.

Results: Of 397 articles identified, eight studies including 63 patients with recurrent
glioblastoma treated with various CAR T-cell regimens were included in the analysis. Six
(9.5%) patients developed cytokine release syndrome (grade ≤2), and 16 (25.4%)
experienced non-critical neurological events. The pooled ORR was 5.1% (95%
confidence interval [CI], 0.0–10.4; I2 = 0.05%), and the pooled median OS was 8.1
months (95% CI, 6.7–9.5; I2 = 0.00%).

Conclusion: Although CAR T-cell therapy is a relatively safe therapeutic option in patients
with glioblastoma, it shows marginal efficacy, suggesting that further research is
necessary for its translation into clinical practice for the treatment of recurrent
glioblastoma.

Keywords: chimeric antigen receptor T-cell, glioblastoma, objective response rate (ORR), overall survival (OS),
adverse effect
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INTRODUCTION

Glioblastoma is the most common primary brain malignancy in
adults, and it has a dismal prognosis (1). The current treatment
consists mainly of surgery fol lowed by concurrent
chemoradiotherapy. The results of clinical trials aimed at
optimizing combination therapies to improve survival (2, 3),
remain unsatisfactory, and the median overall survival (OS) of
patients with glioblastoma is 15–18 months (1), underscoring the
urgent need to identify effective treatment options.

Immunotherapy is a major breakthrough in the treatment of
advanced cancer, and it is associated with favorable survival
outcomes and an acceptable safety profile (4, 5). Chimeric
antigen receptor T (CAR T) lymphocytes genetically
engineered to eliminate specific tumor antigens have recently
gained attention as a promising immunotherapy in relapsed or
refractory hematological malignancies (6). Unlike the results in
hematological malignancies, CAR T-cell therapy shows limited
efficacy in patients with solid tumors, and a pooled objective
response rate (ORR) of 4–9% was reported in a recent meta-
analysis (6, 7).

The efficacy of CAR T-cell therapy in glioblastoma patients
has been investigated in several studies, and a wide range of
response rates (0–100%) has been reported (8, 9). Adverse effects
are relatively uncommon in glioblastoma compared with those in
hematological malignancies (8, 9). Although the effects of CAR
T-cell therapy on glioblastoma remain unclear, to the best of our
knowledge, no attempt has been made to generate an evidence-
based systematic summary of the overall efficacy and safety of
CAR T-cell therapy in glioblastoma. Thus, in this study, we
performed a systematic review and summarized the efficacy and
safety of CAR T-cell therapy in glioblastoma to optimize its
application. In addition, evidence-based perspectives on
challenging issues were extracted from the included studies.
MATERIALS AND METHODS

This study was conducted and reported based on the Preferred
Reporting Items for Systematic Reviews and Meta-Analysis
(PRISMA) guidelines (10).

Literature Search and Quality Assessment
A comprehensive literature search of MEDLINE, EMBASE, and
Cochrane databases was performed to identify relevant studies
analyzing the use of CAR T-cell therapy in the treatment of brain
tumors. The search terms used were “CAR T-cell therapy”,
“immunotherapy”, and “brain neoplasm”. The details of the
literature search are provided in Supplementary Table 1. The
search included studies published until June 30, 2021, without
setting a starting date, and was limited to articles published in the
English language.

Study quality was assessed using the Newcastle Ottawa Scale
(NOS) (11). Each study was evaluated on three categories: 1) the
proper selection of the study population, 2) the comparability of
the study groups, and 3) the ascertainment of the exposure or
Frontiers in Oncology | www.frontiersin.org 2
outcome of interest. Two reviewers independently assessed the
quality of each study. Studies with a score ≥7 (out of a maximum
of 9 points) were considered high quality studies. Studies that
were ambiguous or generated differences in opinion between the
two reviewers were re-evaluated at a consensus meeting that
included a third reviewer.

Study Selection
After eliminating studies that overlapped between databases, the
eligibility of each article was evaluated according to predefined
inclusion and exclusion criteria. The study inclusion criteria were
as follows: 1) inclusion of patients who underwent CAR T-cell
therapy for glioblastoma, and 2) assessment of clinical response
following CAR T-cell therapy. The exclusion criteria were as
follows: 1) studies not related to the topic of interest of this study;
2) in vitro or animal studies; and 3) review articles, editorials,
letters, conference abstracts, and proceedings.

Articles were first screened by reviewing titles and abstracts,
and studies were eliminated according to the exclusion criteria.
The full texts of the remaining articles were then reviewed to
determine their eligibility. The two reviewers selected studies
independently in two sequential review sessions.

Data Extraction
The following data were retrieved from each study: 1) study
details, including authors, year of publication, and study type and
design; 2) study patient characteristics, including age, sex, and
the number of patients; 3) glioblastoma characteristics, including
type (recurrent or naïve glioblastoma), previous treatment, and
genetic profile; 4) CAR T-cell therapy details, including target
antigen, co-stimulators, pre-treatment such as lymph depletion
or tumor resection, T-cell dose, and drug delivery methods; 5)
study outcome, including objective response based on best
overall response (BOR), OS, and CAR T-cell persistence; and
6) adverse reaction details, including maximum tolerated dose,
number of patients with CRS and/or CAR T-cell-related
encephalopathy syndrome (CRES) (12) or other neurologic
events and their grades along with consequences.

Statistical Analysis
Six studies with three or more patients (8, 13–17) were included
in the meta-analysis. The pooled ORR based on the BOR was
obtained using a random-effects model with an inverse-variance
weighting model (18). The pooled median OS was calculated
using the quantile estimation method (19). The heterogeneity of
results among the included studies was examined using
Cochrane’s Q-test and Higgins’ I2 statistic. Publication bias was
visually assessed in a funnel plot and confirmed by Begg’s test
and Egger’s test (20). In cases of publication bias, trim-and-fill
adjustment was performed to calculate the adjusted pooled ORR
and pooled median OS. All P-values were two-sided, and a P-
value < 0.05 was considered statistically significant. Statistical
analyses were performed using the “meta”, “metamedian”, and
“metafor” packages in the R version 3.6.3 (R foundation for
Statistical Computing, Vienna, Austria).
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Qualitative Review
To explore the clinically relevant issues, we addressed the
following questions:

1. Is generation of CAR technology associated with safety and
persistence?

2. Is locoregional administration of CAR T-cells associated with
clinical outcome?

3. Is CRS or CRES development significant in the treatment of
glioblastoma with CAR T-cell therapy?

4. What is the common mechanism of recurrence or
progression after CAR T-cell therapy?

5. Are conventional brain magnetic resonance imaging (MRI)
findings accurate for evaluating the treatment response?
RESULTS

Literature Search and Quality Assessment
The article screening and selection process is presented in Figure 1.
Of 397 articles identified after removal of overlapping studies
between databases, 382 articles were excluded after screening titles
and abstracts. The remaining 15 articles were evaluated for eligibility
according to full text, and eight articles with 63 patients were
finally included.

The NOS scores assigned to each study ranged from 4 to 6
points, with a median value of 5 points (Supplementary
Frontiers in Oncology | www.frontiersin.org 3
Table 2). With respect to the selection of cohorts, one study
scored 3 points and seven scored 2 points. Regarding the
comparability of cohorts, none of the studies scored any
points. Regarding outcomes, six studies scored 3 points and
two studies scored 2 points. None of the studies received a NOS
score ≥ 7.
Study Characteristics
The characteristics of the eight studies are shown in Table 1. Five
were phase 1 studies (8, 9, 14, 15, 17), whereas the nature of
others was not mentioned. All studies (n = 63) (8, 9, 13–17, 21)
used CAR T-cell therapy for recurrent glioblastoma, and 59
patients in five studies (8, 9, 14–17) had received previous
treatments consisting of surgical resection, concurrent
chemoradiotherapy, and chemotherapy using temozolomide.
There were five glioblastomas containing a O6-methylguanine-
DNA methyltransferase (MGMT) promoter hypermethylation
and 16 glioblastomas had no evidence of MGMT promoter
hypermethylation. Patient age ranged from 30 to 77 years.
CAR T Therapy
The details of CAR T-cell therapy are shown in Table 1. The
targets of CAR T-cell therapy were epidermal growth factor
receptor (EGFR) vIII in four studies with 39 patients (8, 15, 16,
21), interleukin (IL) 13Ra2 in two studies with four patients
(9, 13), human epidermal growth factor receptor (HER) 2 in one
FIGURE 1 | Flow diagram of the article selection process. An article may have been excluded for multiple reasons, but only 1 major reason per article is presented.
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study with 17 patients (14), and erythropoietin-producing
human hepatocellular carcinoma (Eph) A2 in one study with
three patients. Six studies with 59 patients (8, 14, 15, 17, 21) used
intravenous peripheral injection of CAR T-cells targeting HER2,
EGFRvIII, or EphA2, whereas two studies with four patients
(9, 13) used intracranial injection targeting IL13Ra2. The
cumulative dose of T-cells administered ranged from 1 × 106

to 6.3 × 1010 (intravenous, 1 × 106–6.3 × 1010; intracranial, 5.2 ×
Frontiers in Oncology | www.frontiersin.org 4
107–10.6 × 108). Lymphodepleting chemotherapy was used as
pre-treatment in two studies (8, 17), and tumors were resected
before administration of CAR T-cells in two studies (9, 13).
Treatment Response
Table 2 summarizes the treatment response and adverse
reactions following CAR T-cell therapy for glioblastoma. The
TABLE 1 | Characteristics of the included studies.

Study Study
phase

No. of
patients
(% male)

Type of
tumor

Previous
treatment

Genetic
profile

Pre-treatment Target Drug
delivery

T-cell dose,
/m2

Brown et al.
(13)

NA 3 (NA) Recurrent
GBM

NA NA Tumor resection IL13Ra2 Intracranial 9.6 × 108–
10.6 × 108

Brown et al. (9) I 1 (100) Recurrent
GBM

Surgery, CCRT with
TMZ

MGMT (-)
wild IDH (+)

Tumor resection IL13Ra2 Intracranial 2 × 106–10 ×
106

Ahmed et al.
(14)

I 17 (47) Recurrent
GBM

Surgery, CCRT with
TMZ

NA None HER2 Intravenous 1 × 106–1 ×
108

O’Rourke et al.
(15)

I 10 (50) Recurrent
GBM

Surgery, CCRT with
TMZ

MGMT (-) None EGFRvIII Intravenous 1 × 108–5 ×
108

Goff et al. (8) I 18 (83) Recurrent
GBM

Surgery, CCRT with
TMZ

4 MGMT (+)
14 MGMT (-)

Lymphodepleting
chemotherapy

EGFRvIII Intravenous 1 × 107–6 ×
1010

Wang et al. (16) NA 10 (50) Recurrent
GBM

Surgery, CCRT with
TMZ

NA None EGFRvIII NA NA

Durgin et al.
(21)

NA 1 (0) Recurrent
GBM

Surgery, CCRT MGMT (+),
wild IDH (+)

None EGFRvIII Intravenous 9.2 × 107

Lin et al. (17) I 3 (67) Recurrent
GBM

Surgery, CCRT with
TMZ

NA Lymphodepleting
chemotherapy

EphA2 Intravenous 1 ×106 (cells/
kg)
M
ay 2022 |
 Volume 12 |
CCRT, concurrent chemoradiotherapy; GBM, glioblastoma multiforme; IDH, isocitrate dehydrogenase; MGMT, methylated O6-methylguanine-DNA methyltransferase; NA, not available;
TMZ, temozolomide.
TABLE 2 | Treatment results following chimeric antigen receptor-T-cell therapy.

Study Treatment response Assessment
criteria

Assessment
time, months

OS after
treatment,
months

T-cell
persistence

MTD,/
m2

No. of CRS
(max.grade)

No. of neurological
events (max. grade)

No. of
patients

Best overall
response

Brown
et al. (13)

3 CR:2
PD:1

NA 2.0, 2.8, 4.3 Median 10.3
(8.6–13.9)

NA 1x108 0 2
(G3)

Brown
et al. (9)

1 CR:1 RANO 7.5 9.8 > 7 days NA 1
(G2)

1
(G2)

Ahmed
et al. (14)

16 PR:1
SD:7
PD:8

RECIST 1.1 1.5 Median 11.1
(4.1–27.2)

> 1 year 1x108 0 2
(G2)

O’Rourke
et al. (15)

6 SD:5
PD:1

RANO 1 Median 8.3
(3.3 – 14.8)

> 1 month 1x108 0 1
(G3)

Goff et al.
(8)

17 PD:17 Neuro-oncology
Working Group

guidelines

3 Median 6.9
(2.8–10)*

> 3 months 1x1010 2
(G4)

10
(G2)

Wang et al.
(16)

10 SD:3
PD:7
(PsP:1)

RANO 3 Median 8.1
(3.4–9.5)

NA NA NA NA

Durgin
et al. (21)

1 NA NA NA 34 > 29 months NA 1
(G2)

NA

Lin et al.
(17)

3 SD: 1
PD: 2

iRANO 1.4, 2.8 Median 5.4
(2.8-5.9)

> 4 weeks NA 2 (G2) 0
*Interquartile range.
The numbers in parentheses are 95% confidence intervals unless otherwise indicated.
CR, complete response; CRS, cytokine release syndrome; G, grade; iRANO, immunotherapy response assessment in neuro-oncology; MTD, maximum tolerated dose; NA, not available;
OS, overall survival; PD, progressive disease; PR, partial response; PsP, pseudoprogression; RANO, response assessment in neuro-oncology; RECIST, the response evaluation criteria in
solid tumors; SD, stable disease.
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response to CAR T-cell therapy was evaluated in 56 patients. The
median interval between the initiation of CAR T-cell therapy and
assessment was 2.9 months (range, 1–7.5 months) (8, 9, 13–17).
Four studies used Response Assessment in Neuro-Oncology (9,
15, 16), one study used Response Evaluation Criteria in Solid
Tumors 1.1 (14), and one study used criteria suggested by the
Frontiers in Oncology | www.frontiersin.org 5
Neuro-oncology Working Group guidelines (8). One study did
not explicitly mention the method used (13).

Two studies focused on tumors treated with CAR T-cells and
did not evaluate the new tumor recurrence or untreated tumors
at different sites following CAR T-cell therapy (9, 13).
Progressive disease (PD), stable disease (SD), partial response
A

B

FIGURE 2 | Forest plot for objective response rate (A) and funnel plot of publication bias in objective response rate (B).
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(PR), and complete response (CR) were reported in 36 (67.9%),
16 (28.6%), 1 (1.8%), and 3 (5.4%) patients, respectively. CR was
achieved only in patients who underwent intracranial and/
or intraventricular injection of CAR T-cells targeting
IL13Ra2 (9, 13).
Frontiers in Oncology | www.frontiersin.org 6
Adverse Effects
The maximum tolerated dose, which was reported in four studies
(8, 13–15), was 1 × 108/m2 or 1 × 1010/m2. Of 63 patients, six
(9.5%) developed CRS (grade 2, n = 4; grade 4, n = 1, not
explicitly stated, n = 1) and 16 (25.4%) experienced neurological
A

B

FIGURE 3 | Forest plot for median overall survival (A) and funnel plot of publication bias in median overall survival (B).
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TABLE 3 | Challenging issues and current evidence from the included studies.

Source Methods Results Perspective

I-1. Is CAR technology associated with safety and persistence?

Brown
et al. (13)

Origin: Autologous
Transfection method: Lentiviral

Target: IL13Ra2
Co-stimulators: CD3, CD8,
CD45RO, CD69, CD95,
NKG2d, and CD 28

Safety: Well tolerated and exhibited an acceptable safety
profile with limited transient adverse events.

Persistence: Very low level of CAR T-cells in the resected
tumor after 14 weeks of infusion.

CAR T-cell therapy generated by different T-cell designs is
relatively safe. Persistency of CAR T-cells is variable without

a noticeable trend according to the design.

Brown
et al. (9)

Origin: Autologous, specific for
cytomegalovirus

Transfection method: Lentiviral
Target: IL13Ra2

Co-stimulators: 4-1BB and
CD19

Safety: T-cell infusions were not associated with any toxic
effects grade 3 or higher.

Persistence: CAR T-cells persisted in the cerebrospinal fluid
for at least 7 days following intraventricular infusions.

Ahmed
et al. (14)

Origin: Autologous
Transfection method:

Retroviral
Target: Her2 consisting of a

murine scFv FRP5
Co-stimulators: CD28

Safety: No dose-limiting toxicity was observed. Two patients
(11.8%) had grade 2 seizures and/or headaches, which were

probably related to the T-cell infusion.
Persistence: Fifteen (88.2%) of 17 patients had the highest
frequency of T-cells 3 hours after the infusion and could

persist for 1 year at a low frequency.
O’Rourke
et al. (15)

Origin: Autologous
Transfection method: Lentiviral

Target: EGFRvIII
Co-stimulators: CD8, 4-1BB,

and CD3z signaling

Safety: Three (30%) subjects experienced clinically significant
neurologic events, which are common in this population
because of the nature of the disease but could also be

related to CAR T-cell induced immune responses.
Persistence: All subjects had detectable circulating CART-
EGFRvIII cells in the first month after infusion. The peak

expansion occurred between days 3 and 10 in all subjects.
Goff et al.

(8)
Origin: Autologous

Transfection method:
Retroviral

Target: EGFRvIII
Co-stimulators: CD28, 4-1BB,

and CD3z signaling

Safety: No dose-limiting toxicities associated with cell
infusion. Two patients (11.1%) experienced severe hypoxia,
including one treatment-related mortality at the highest dose

level. Grade 2 neurological symptoms or seizure were
observed in 10 patients (55.6%).

Persistence: T-cells at 1 month were detectable in 14
(82.4%) of 17 patients.

Lin et al.
(17)

Origin: Autologous
Transfection method: Lentiviral

Target: EphA2
Co-stimulators: CD8, 4-1BB,

and CD3z signaling

Safety: Not explicitly mentioned.
Persistence: In peripheral blood, CAR T-cells persisted for at

least 28 days.

I-2. Is locoregional administration of CAR T-cells associated with clinical outcome?

Brown
et al. (13)

Intracranial administration into
the resection cavity via the

indwelling catheter.

Two CRs (67%) in the resected and injected tumor.
However, non-resected and non-injected tumor continued to

progress.

Locoregional administration such as
intracranial and/or intraventricular could facilitate trafficking
and might be associated with better clinical outcomes.

Brown
et al. (9)

Intracranial administration into
the resection cavity and
ventricle via the indwelling
catheter for brain and
leptomeningeal GBMs.

One CR (100%) in the resected and injected tumor.
However, the non-resected and non-injected tumor

continued to progress and new metastatic lesions developed
in the spine.

All lesions were indistinct on MRI (i.e., CR) after
intraventricular infusion.

I-3. Is CRS or CRES significant in the treatment of CAR T for glioblastoma?

Brown
et al. (13)

Evaluated based on the
National Cancer Institute
Common Toxicity Criteria
version 2.0 after infusion.

Two cases (66.7%) of grade 3 headache in one subject,
which were possibly attributable to T-cell administration. Only
one (33.3%) case with a grade 3 neurologic event, which
included shuffling gait and tongue deviation, possibly

attributable to T-cell administration.

Unlike CAR T-cell therapy in hematological malignancy,
CRS is not commonly observed in GBM. Mild to moderate
neurological events are observed during CAR T-cell therapy,
although whether they are attributed to CAR T-cell therapy

or related to the tumor itself remains unclear.
Brown
et al. (9)

Evaluated based on National
Cancer Institute Common
Toxicity Criteria for Adverse
Events version 4.03. after

infusion.

Grade 1 or 2 events that were at least possibly attributable to
therapy were observed within 72 hours after the T-cell

infusions. These events included headaches, generalized
fatigue, myalgia, and olfactory auras, and mostly subsided

within 2 days.
Ahmed
et al. (14)

Monitored using the National
Cancer Institute Common

(Continued)
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events (due to either CRES or the disease itself) (grade 2, n = 13;
grade 3, n = 3). One patient died of significant pulmonary edema,
and the remaining patients with adverse events were
successfully managed.
Frontiers in Oncology | www.frontiersin.org 8
Meta-Analysis
The pooled ORR was 5.1% (95% confidence interval [CI], 0.0–
10.4) (Figure 2A). There was no significant heterogeneity in the
pooled ORR (I2 = 0.05%; P = 0.329). Visual inspection of the
TABLE 3 | Continued

Source Methods Results Perspective

Terminology Criteria for
Adverse Event after infusion.

Two patients (11.8%) had grade 2 seizures and/or
headaches, which were probably related to the T-cell

infusion.
O’Rourke
et al. (15)

Determined according to
National Cancer Institute’s

Common Terminology Criteria
for Adverse Events version

4.0. after infusion.

None of the patients experienced EGFR-directed toxicity or
systemic cytokine release syndrome. Three (30%) subjects
experienced clinically significant neurologic events, which are

common in this population because of the nature of the
disease but could also be related to CAR T EGFR vIII-
induced immune responses in the confined intracranial

space.
Goff et al.

(8)
NA No patients required high-dose steroids to ameliorate

symptoms of cytokine release syndrome.
Durgin

et al. (21)
NA Severe headaches requiring the re-initiation of

dexamethasone.
Lin et al.

(17)
Monitored according to the
National Cancer Institute

Common
Terminology Criteria for

Adverse Events version 4.X.

Two patients (66.7%) experienced grade 2 CRS and
returned to normal within 3 weeks after use of

dexamethasone. There was no obvious other organ
cytotoxicity.

I-4. What is the common mechanism of recurrence or progression after CAR T therapy?

Brown
et al. (13)

Evaluation of surgical
specimens using flow

cytometry and qPCR analysis.

Targeted IL13Ra2-expressing tumor cells and reduced
overall IL13Ra2 expression.

Antigen loss or downregulation of tumor antigens and
increased expression of immunosuppressive molecules may

be the main cause of recurrence.
O’Rourke
et al. (15)

Evaluation of blood samples
and surgical specimens using
qPCR and RNAscope ISH.

Decreased levels of EGFRvIII and increased expression of
immunosuppressive molecules such as IDO1, PD-L1, IL-10,

and FoxP3.
Durgin

et al. (21)
Evaluation of surgical
specimens using

immunohistochemistry and
RNA sequencing.

Decreased levels of EGFRvIII and increased expression of
immunosuppressive molecules such as PD-L1 and FoxP3.

I-5. Can conventional brain MRI findings evaluate the treatment response?

Brown
et al. (13)

The volume of the region
showing contrast

enhancement and necrotic
tumor tissue were evaluated
on FLAIR and CE T1 images.
Single voxel MR spectroscopy

was also used.

FLAIR: increased signal intensity for several months but
subsequently decreased.

CE T1: increased enhancement for several months but
subsequently decreased.

Necrotic tumor volume: increased for several months and
persisted.

MR spectroscopy: a significant elevation of the lactate and
lipid peaks, together with minimal elevation of the choline/

creatine ratio.

Conventional MRI might be unreliable for assessing tumor
progression post-immunotherapy, as well as the

accompanying inflammatory changes (i.e.,
pseudoprogression). Although they are still investigational,
advanced imaging modalities such as perfusion and MR

spectroscopy may be valuable in assessing the response to
CAR T-cell therapy.

O’Rourke
et al. (15)

Evaluated tumor response on
FLAIR and CE T1 images, and

correlated with surgical
specimens.

Increased extent of CE and FLAIR abnormalities, which was
interpreted pathologically as favoring treatment effects over

true GBM progression in a few patients.

Wang
et al. (16)

Volume, DTI parameters,
relative cerebral blood volume,
and choline/creatine ratio from

enhancing lesions were
evaluated and compared.

Six (75%) out of eight lesions demonstrated increased tumor
volume, and four (50%) showed decreased relative cerebral
flow at follow-up periods relative to baseline. The choline/
creatine ratio was slightly decreased compared with that at

baseline.
Durgin

et al. (21)
Volume, DTI parameters,

relative cerebral blood volume,
and choline/creatine ratio from

enhancing lesions were
evaluated.

A significant reduction in relative cerebral blood volume was
strongly associated with tumor proliferative activity.
CAR, chimeric antigen receptor; CE, contrast-enhanced; CR, complete response; CRES, CAR T-cell related encephalopathy; CRS, cytokine release syndrome; DTI, diffusion tensor
imaging; EGFR, epidermal growth factor receptor; Eph, erythropoietin-producing human hepatocellular carcinoma; FLAIR, fluid attenuated inversion recovery; GBM, glioblastoma
multiforme; IL, interleukin; ISH, in situ hybridization; MR, magnetic resonance; MRI, magnetic resonance imaging; NK, natural killer; PCR, polymerase chain reaction.
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funnel plot (Figure 2B) revealed asymmetry, and Begg’s test
detected significant publication bias (P = 0.017). After
performing trim-and-fill adjustment, the adjusted pooled ORR
was 3.95% (95% CI, 0.0–9.0).

The pooled median OS was 8.1 months (95% CI, 6.7–9.5)
(Figure 3A). There was no significant heterogeneity in the
pooled median OS (I2 = 0.00%; P = 0.545) and no publication
bias according to the funnel plot (Figure 3B) and Begg’s test
(P = 0.719).

Qualitative Review of Current Issues
The perspectives on the five challenging issues in CAR T-cell
therapy in patients with glioblastoma derived from the
included studies are summarized in Table 3. Six studies (8, 9,
13–15, 17) reported that the generation of CAR technology,
CAR T-cells with different targets, transfection methods, and
co-stimulators were associated with an acceptable safety
profile, whereas T-cell persistence varied. Seven studies with
data on the clinical outcome of CAR T-cell therapy (8, 9, 13–
17) reported that most patients who underwent intravenous
infusion showed SD or PD, whereas CR was only achieved in
patients who received locoregional administration of CAR T-
cells targeting IL13Ra2. For CRS or CRES, the results of seven
studies (8, 9, 13–15, 17) indicated that CRS is not a common or
critical issue (9.5%, 6/63) in glioblastoma patients receiving
CAR T-cell therapy. Neurological symptoms may occasionally
develop during CAR T-cell therapy (25.4%, 16/64), although
whether these are attributable to CAR T-cell therapy or related
to the tumor itself remains unclear. Histopathological
examination of surgical specimens and analysis of serum
following CAR T-cell therapy from three studies (13, 15, 21)
indicated that antigen loss or downregulation of tumor
antigens and increased expression of immunosuppressive
molecules are the main causes of recurrence or progression.
Differentiating inflammatory changes related to CAR T-cell
therapy from tumor progression was difficult by conventional
MRI, which showed an increased extent of enhancement or
FLAIR signal changes in four studies (13, 15, 16, 21).
Evaluation of cerebral blood flow or MR spectroscopy
might be helpful to differentiate tumor progression from
inflammatory changes (13, 16, 21).
DISCUSSION

The safety and efficacy of CAR T-cell therapy for glioblastoma
are currently under investigation in clinical trials using different
cell types based on the encouraging results of CAR T-cell
technology in hematologic malignancies. The results of this
meta-analysis indicated that CAR T-cell therapy is a relatively
safe therapeutic option in glioblastoma within a wide range of
cumulative T-cell doses, and that CRS/CRES development is an
uncommon and minor issue. However, CAR T-cell therapy is not
as effective in glioblastoma as in hematological malignancies,
Frontiers in Oncology | www.frontiersin.org 9
showing a pooled ORR of 5.1% and a pooled median OS of
8.1 months.

Compared with the ORR of 47.5–66.5% and CR rate of 24.4–
54.4% in hematological malignancies (6), most glioblastoma
patients (67.9%) showed PD after CAR T-cell therapy. This
result was in line with those of previous meta-analyses
focusing on solid tumors (6, 7). We hypothesized that several
factors are associated with the unfavorable response. First, unlike
CD19 in hematological malignancies, an ideal target with high
homogenous expression and stable expression is absent in
glioblastoma. In four studies targeting EGFRvIII, the
expression of EGFRvIII was positive in 20–25% of all
glioblastomas (22, 23). Although IL13Ra2 is expressed in 80%
of glioblastomas and could thus be an ideal target, it is
overexpressed in only 44–58% of glioblastomas (24). HER2 is
overexpressed in approximately 15% of glioblastomas, which
might be a suboptimal target due to lack of high homogeneity
(13). Several studies (NCT04385173, NCT04077866, and
NCT04045847) are ongoing to identify an optimal antigen
such as B7–H3 and CD147. Second, downregulation of the
targeted antigen induces an immunosuppressive environment
during CAR T-cell therapy (13, 15, 21), and this could underlie
progression or recurrence. The use of CAR T-cells targeting
multiple tumor-specific antigens may help to overcome this
issue. Bi-specific CAR T-cells targeting both HER2 and
IL13Ra2 resulted in increased tumor elimination as compared
with CAR T-cells targeting a single antigen in a murine model of
glioblastoma (25). Tri-specific CAR T-cells targeting HER2,
IL13Ra2, and EphA2 achieve a wider coverage of antigens, and
studies have shown that this strategy prolongs the survival of
mice bearing glioblastoma patient-derived xenografts (26). To
overcome the immunosuppressive environment generated
during CAR T-cell therapy, combination treatment with
immune checkpoint inhibitors could be a promising strategy.
Although monotherapy with immune checkpoint inhibitors
failed to show a considerable survival benefit in early clinical
trials, the addition of PD-1/PD-L1 and CTLA4 inhibitors
increases the activity of CAR T-cells in a murine model of
glioblastoma (27).

CR was achieved only in patients who underwent intracranial
and/or intraventricular administration of CAR T-cells targeting
IL13Ra2. There was no CR in patients used intravenous
peripheral injection of CAR T-cells targeting other antigens.
Glioblastoma was previously believed to break the blood–brain
barrier. However, a recent study suggests that the blood–brain
barrier cannot be damaged even in the presence of glioblastoma
with a significant tumor burden (28). The blood–brain barrier
may prevent successful CAR T-cell trafficking to the intracranial
tumor after intravenous administration. In a study of 10
glioblastoma patients treated by intravenous administration of
EGFRvIII-specific CAR T-cells, heterogeneous CAR T-cell
infiltration was observed in the resected tumor specimens from
seven patients who had undergone neurosurgical intervention
during the course of CAR T-cell therapy (15). Locoregional
(intracranial or intraventricular) infusion may be a more
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effective drug delivery method regarding CAR T-cell trafficking,
as demonstrated in a few ongoing clinical trials (NCT04045847
and NCT03283631) targeting two other different antigens
(CD147 and EGFRvIII).

Conventional MRI may be insufficient to evaluate the tumor
response following CAR T-cell therapy. Although tumors
showed an increased extent of signal abnormality and/or
enhancement on MRI, tumor volume did not change on
follow-up MRI, and pathological examination favored
treatment effects over true tumor progression (13, 15). This
can be considered as pseudoprogression, which is also
observed after chemotherapy or radiation therapy for brain
tumors. Perfusion MRI and MR spectroscopy may help to
differentiate pseudoprogression from true tumor progression
(29). Patients with a favorable response show a significant
reduction in relative cerebral blood volume in perfusion
MRI and a significant elevation of the lactate and lipid peaks
with minimal elevation of the choline/creatine ratio in MR
spectroscopy (13, 16, 21).

This study had several limitations. First, large-scale clinical
data were lacking, and some included studies showed
suboptimal study quality based on the NOS score. Because
the application of CAR T-cell therapy in glioblastoma is very
recent in the clinical trial setting, few case reports and a
limited number of phase I studies with small study
populations were available for review. Further reviews
including ongoing and upcoming clinical trials are necessary
to obtain comprehensive results. Second, significant
publication bias was noted in the pooled ORR. We
performed trim-and-fill adjustment and the corrected values
were presented in this report.

In conclusion, CAR T-cell therapy for glioblastoma is a
relatively safe therapeutic option within a wide range of
cumulative T-cell doses. CAR T-cell therapy shows marginal
efficacy (pooled ORR, 5.1%, and median OS, 8.1 months) and
additional investigation is necessary for its application in the
Frontiers in Oncology | www.frontiersin.org 10
treatment of recurrent glioblastoma. Updated results from
ongoing and upcoming clinical trials are needed to optimize
the application of CAR T-cell therapy in glioblastoma.
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