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BRD4 inhibition boosts the therapeutic effects
of epidermal growth factor receptor-targeted
chimeric antigen receptor T cells in glioblastoma
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Glioblastoma (GBM) is the deadliest brain malignancy without
effective treatments. Here, we reported that epidermal growth
factor receptor-targeted chimeric antigen receptor T cells
(EGFR CAR-T) were effective in suppressing the growth of
GBM cells in vitro and xenografts derived from GBM cell lines
and patients in mice. However, mice soon acquired resistance
to EGFR CAR-T cell treatment, limiting its potential use in
the clinic. To find ways to improve the efficacy of EGFR
CAR-T cells, we performed genomics and transcriptomics anal-
ysis for GBM cells incubated with EGFRCAR-T cells and found
that a large cohort of genes, including immunosuppressive
genes, as well as enhancers in vicinity are activated. BRD4, an
epigenetic modulator functioning on both promoters and en-
hancers, was required for the activation of these immunosup-
pressive genes. Accordingly, inhibition of BRD4 by JQ1
blocked the activation of these immunosuppressive genes.
Combination therapy with EGFR CAR-T cells and JQ1 sup-
pressed the growth and metastasis of GBM cells and prolonged
survival in mice. We demonstrated that transcriptional modu-
lation by targeting epigenetic regulators could improve the
efficacy of immunotherapy including CAR-T, providing a
therapeutic avenue for treating GBM in the clinic.
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INTRODUCTION
Glioblastoma (GBM) is the deadliest brain malignancy, with a mere
median survival of approximately 15 months with current therapies.1

No major improvements in the survival outcomes of patients with
GBM have been observed with conventional therapies, including sur-
gery, radiotherapy, and chemotherapy.2 Therefore, novel treatments
for GBM are urgently needed. The tremendous progress made in
immunotherapy across a broad range of tumor types suggests that
the immune system can be augmented to improve the outcomes for
patients with brain tumors. Approaches including tumor neo-antigen
vaccines,3 modified T cells,4 oncolytic viruses,5 and immune check-
point inhibitors (ICIs),6 which stimulate or enhance endogenous
T cell immune responses to treat brain tumors, show evidence of
Molecu
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bioactivity. Most brain tumors, including GBM and pediatric brain
tumors, are “cold,” such that they are less responsive to ICIs.7,8 Exog-
enous immunotherapy, such as engineering of T cell immunity using
chimeric antigen receptors (CARs), is a leading-edge approach for
treating GBM. It was reported recently that intratumoral and intra-
thecal infusion of genetically modified T cells targeting to interleukin
13 receptor subunit alpha 2 (IL13RA2) induced complete regression
of metastatic GBM in one patient.4 Clinical trials with CARs targeting
other antigens, such as EGFRvIII9 and HER2,10 provide insights into
the safety and bioactivity that could guide future use of CARs for
treating GBM. Effective immune responses mediated by CAR-T cells
require that CAR-T cells not only recognize antigen-positive tumor
cells but also persist and retain effective effector function in the tumor
microenvironment (TME). Increased expression of immunosuppres-
sive molecules such as programmed death ligand 1 (PD-L1) and in-
doleamine 2, 3-dioxygenase 1 (IDO1) is observed in the TME of
GBM patients after EGFRvIII CAR-T infusion.11 T cells infiltrating
GBM also express multiple immune checkpoints and exhibit a severe
exhaustion signature similar to that observed in chronic viral infec-
tions.12 These observations suggest that adoptive T cell therapy is
associated with compensatory adaptive resistance, which might be
overcome by agents that promote the anti-tumor activities of CAR-
T and/or endogenous T cells.

Super-enhancers (SEs) are defined as clusters of active enhancers that
regulate the expression of key genes in cancer, which are particularly
sensitive to drug intervention and therefore show great promise as
therapeutic targets.13,14 For instance, super-enhancers in GBM were
found to be associated with many well-known tumor-associated
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genes, such as RUNX1, FOSL2, and BHLHE40, which were critical for
mesenchymal transformation of brain tumors.13 BRD4 is a member
of the bromodomain and extraterminal (BET) subfamily of human
bromodomain proteins, which is associated with acetylated chro-
matin to facilitate transcriptional activation.15,16 BRD4 co-occupies
thousands of enhancers, among which a small set are super-en-
hancers.13 Transcription of super-enhancer-associated genes is highly
sensitive to BRD4 inhibition.13 Meanwhile, accumulating evidence
suggests that inhibition of BET proteins can regulate the presentation
and generation of neo-antigens and immune checkpoints, the secre-
tion of cytokine, and the activation of immune cells.17–21

Recently, we and others reported that third-generation EGFR CAR-T
cells were potent and specific in suppressing triple-negative breast
cancer (TNBC).22,23 Due to the high and specific expression of
EGFR in GBM, we tested the therapeutic effects of EGFR CAR-T cells
in treating GBM in the current study. EGFR CAR-T cells were found
to be effective in suppressing the growth of GBM cells in vitro and
tumorigenesis in vivo. However, both U87 cells- and GBM patient-
derived xenografts soon developed resistance to EGFR CAR-T cell
treatment. Upregulation of genes, including inhibitory immune
checkpoints, inflammatory cytokines, and immunosuppressive mole-
cules, was observed, which limited the effects of EGFR CAR-T cells.
The activation of these immunosuppressive genes was associated
with EGFR CAR-T cell-induced active enhancers. Inhibition of
BRD4 by JQ1 disrupted CAR-T cell-induced active enhancers and
cognate immunosuppressive genes. Accordingly, combination ther-
apy with JQ1 and EGFR CAR-T cells relieved immunosuppression
and suppressed tumor growth and metastasis in xenografts derived
from U87 cells and GBM patient.

RESULTS
EGFR is highly expressed in GBM, and EGFR CAR-T cells are

potent in suppressing GBM cells in vitro

Data from The Cancer Genome Atlas (TCGA) indicate that the
expression of EGFR is significantly higher in GBM compared to
normal brain tissues (Figure S1A). EGFR is also highly expressed in
GBM cell lines, including U87 and U251, as well as GBM patient-
derived xenograft (GBM-PDX), as examined by flow cytometry anal-
ysis (Figure S1B). The highly expressed EGFR in GBM prompted us
to test the effects of third-generation EGFR CAR-T cells we recently
reported in TNBC.23

We sought to examine whether our EGFR CAR-T cells can be acti-
vated by GBM cells. Carboxyfluorescein succinimidyl ester (CFSE)-
Figure 1. EGFR CAR-T cells are potent in killing GBM cell in vitro

(A) T cells infected with lentiviral vector encoding EGFR CAR (EGFR CAR-T) were labeled

free culture medium for 3 days followed by dilution to examine their proliferation. The exp

T (CTL T) or EGFR CAR-T cells were incubated with U87 or GBM-PDX cells and stained

followed by flow cytometry analysis. Experiments were repeated three times and represe

cells at different ratios as indicated for 3 days before measuring the secretion of cytokin

repeats. (E and F) CTL T or EGFR CAR-T cells were incubated with U87 (E) or GBM-PD

Data presented are the mean (± SEM) from three repeats.
labeled EGFR CAR-T cells incubated with U87, U251, or GBM-
PDX cells in culture medium without adding proliferative cytokines
were found to be capable of proliferating (Figure 1A). Upon tumor
cell incubation, the CD69+ (the early T cell activation marker)/
CD8+ and CD25+ (the late T cell activationmarker)/CD8+ population
increased dramatically in EGFR CAR-T cells, but not in non-trans-
duced control T cells, indicating that EGFR CAR-T cells were specif-
ically activated by tumor cells (Figures 1B and 1C). Cytokines, such as
TNFa, IL-2, and interferon gamma (IFNg), were found to be secreted
at amuchhigher level in EGFRCAR-T cells than non-transduced con-
trol T cells (Figure 1D). It is worth noting that EGFR-CAR T cells
secreted considerably high levels of IFNg, which reached to nearly
20,000 pg/mL when the highest number of EGFR CAR-T cells were
tested (Figure 1D). We then examined the cytotoxicity of our EGFR
CAR-T cells by incubating U87 cells (Figure 1E) or GBM-PDX cells
(Figure 1F) with non-transduced control T or EGFR CAR-T cells at
different ratios (T cells: tumor cells = 1:1, 3:1, 6:1, or 10:1) and dura-
tions (24, 48, 72, and 96 h). EGFRCAR-T cells were found to efficiently
kill U87 and GBM-PDX cells in a dose- and time-dependent manner
(Figures 1E and 1F).

GBMcells are responsive to EGFRCAR-T cells in vivo for a short

time but develop resistance after long-term treatment

We next sought to investigate the anti-tumor efficacy of EGFR
CAR-T cells in vivo using both U87 and GBM-PDX orthotopic
xenograft models in mice. Severe combined immunodeficiency
(SCID) mice were intracranially implanted with U87 (Figure 2A)
or GBM-PDX (Figure 2E) cells expressing a luciferase reporter, fol-
lowed by intravenous injection routinely with control T or
different doses of CAR-T cells. It was found that the group with
the medium dose showed the best inhibitory effects on tumor
growth compared to other groups for both U87-derived xenografts
(Figures 2B–2D; Figures S2A and S2B) and GBM-PDX (Figures
2F–2H; Figures S2C and S2D). As we extended the duration of
treatment with EGFR CAR-T cells, U87 (Figure 3A) or GBM
PDX (Figure 3F) cell-derived tumors grew and metastasized in a
similar fashion as those with control T cell treatment, indicating
that they might have acquired resistance to CAR-T cell treatment
(Figures 3B, 3C, 3G, and 3H; Figures S3A–S3D). Immunosuppres-
sive genes, such as PD-L1, PD-L2, IDO1, and IL6, have been shown
to account for the poor efficacy of CAR-T cells in treating tu-
mors.24–26 Immunohistochemistry (IHC) results revealed that the
expression of these genes increased gradually along with the treat-
ment in both xenograft models (Figures 3D, 3E, 3I, 3J; Figures S3E
and S3F).
with CFSE and incubated with or without U87, U251, or GBM-PDX cells in cytokine-

eriments were repeated twice, and representative data are shown. (B and C) Control

with CD8-allophycocyanin (APC) and CD69-phycoerythrin (PE) (B) or CD25-FITC (C)

ntative data are shown. (D) EGFRCAR-T cells were incubated with U87 or GBM-PDX

es including TNFa, IL-2, and IFNg. Data presented are the mean (± SEM) from three

X (F) cells at different ratios for durations as indicated followed by cytotoxicity assay.
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Figure 2. EGFR CAR-T cells are effective in suppressing tumorigenesis in GBM xenograft models in mice

(A and E) Timeline of EGFR CAR-T cell injection in both U87-cell-derived (A) and GBM-patient-derived xenograft (GBM-PDX) (E) model is depicted. SCID mice were injected

intracranially with U87 (3� 105 cells/mouse) or GBM-PDX (5� 105 cells/mouse) cells stably expressing a luciferase reporter. Seven days after inoculation, mice were treated

intravenously with CTL T or three different dosages of EGFRCAR-T cells (CAR-T a, 2.5� 106 cells/injection; CAR-T b, 5� 106 cells/injection; CAR-T c, 1� 107 cells/injection)

every other day (3 mice/group). In the U87 xenograft model, the treatment lasted for 12 days ,and observation continued until day 20. In the GBM-PDX model, the treatment

lasted for 6 days, and observation continued until day 12. i.c., intracranial injection; i.v., intravenous injection. (B and F) The tumor growth for U87 xenograft (B) and GBM-PDX

(F) models was monitored by using bioluminescence imaging. (C and G) The tumor growth curve based on bioluminescence as shown in (B) (C), and (F) (G). Data presented

are mean (±SEM). Statistical significance across multiple comparisons was determined using two-way ANOVA with Dunnett’s multiple comparisons test. (D and H) The

bioluminescence at the end of experiment as shown in (B), (D) and (F) (H). Data presented are mean (± SEM). Statistical significance across multiple comparisons was

determined using one-way ANOVA with Holm-�Sı́dák’s multiple comparisons test.

Molecular Therapy
EGFR CAR-T cell treatment induces the expression of a large

cohort of immunosuppressive genes in GBM cells

To find potential ways of improving the efficacy of EGFR CAR-T cells
in GBM, U87 cells were incubated with control T or EGFR CAR-T
cells, and then T cells in suspension were removed and the adherent
U87 cells were kept for RNA sequencing (RNA-seq) analysis. EGFR
CAR-T cell treatment altered the expression of a large cohort of genes
in U87 cells, with 2,435 and 3,107 genes being up- and downregu-
3014 Molecular Therapy Vol. 29 No 10 October 2021
lated, respectively (false discovery rate [FDR] < 0.05, fold change
[FC] > 1.5) (Figure 4A). The hallmark gene set enrichment analysis
results revealed that the most enriched hallmark in genes upregulated
by EGFR CAR-T cell treatment was IFNg response (Figure 4B). Simi-
larly, hallmark gene set enrichment analysis was performed for genes
downregulated by EGFR CAR-T cell treatment, the results of which
revealed that E2F targets, epithelial mesenchymal transition, and
mitotic spindle were the top three enriched hallmarks (Figure S4A).
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In consistent with what observed in xenografts, EGFR CAR-T cell
treatment induced a large number of immunosuppressive genes,
such as PD-L1, PD-L2, HVEM, GAL9, IL6, IL8, CSF2, BIRC3, IDO1,
and IL1B, in RNA-seq (Figure 4C). The UCSC Genome Browser
views of RNA-seq for representative genes are shown in Figure 4D.

The results from the hallmark gene set enrichment analysis suggested
that IFNg response was the primary cellular response induced by
EGFR CAR-T cells. When U87 cells were incubated with or without
IFNg followed by RNA-seq analysis, the effects of IFNg on the whole
transcriptome were well correlated with that of EGFR CAR-T cell
treatment (Pearson correlation coefficient = 0.46) (Figure 4E). The
set of immunosuppressive genes was similarly induced by EGFR
CAR-T and IFNg, as examined by quantitative RT-PCR (qRT-
PCR) analysis (Figure 4F; Figure S4B).

EGFR CAR-T cell treatment activates an enhancer program to

induce the expression of immunosuppressive genes inGBMcells

We next characterized how EGFR CAR-T cells activate the set of
immunosuppressive genes. Enhancers have been suggested to play a vi-
tal role in signaling-induced gene transcriptional activation.27–29 We
therefore performed chromatin immunoprecipitation sequencing
(ChIP-seq) for H3K27Ac (acetylated histone H3 lysine 27), a histone
marker decorating both active promoters and enhancers,30,31 in U87
cells incubated with control T or EGFR CAR-T cells to examine the
enhancer program in response to EGFR CAR-T cells. Our results re-
vealed that the majority of EGFR CAR-T cell-induced genes, particu-
larly those immunosuppressive genes, gained H3K27Ac binding in vi-
cinity. The occupancy of H3K27Ac was significantly higher compared
to the control T cell-incubated group, suggesting that they were
responsive to EGFR CAR-T cell treatment and might be involved in
the transcriptional activation of EGFR CAR-T cell-induced genes (Fig-
ure 5). The ChIP-seq results were reproducible (Figure S5). Taken
together, the EGFR CAR-T cell-activated gene program was associated
with the activation of nearby enhancers, which might be responsible
for the transcriptional activation of CAR-T-induced genes.

Transcription of immunosuppressive genes is highly sensitive to

BRD4 inhibition

Given that the large number of genes and nearby enhancers were
induced by EGFR CAR-T cells, especially those immunosuppressive
genes, we propose that blocking such gene programs might improve
Figure 3. GBM xenografts acquire resistance after long-term EGFR CAR-T cel

genes

(A and F) Timeline of EGFR CAR-T cell injection in both U87 xenograft (A) and GBM-PDX

mouse) or GBM-PDX cells (5 � 105 cells/mouse) stably expressing a luciferase reporter

EGFR CAR-T cells (5.0� 106 cells/injection) every other day (3 mice/group). In the U87 x

day 40. In the GBM-PDX model, the treatment lasted for 22 days, and brain tissues wer

The tumor growth for U87 xenograft (B) and GBM-PDX (G) models was monitored b

bioluminescence as shown in (B) (C) and (G) (H). Data presented are the mean (±SEM).

ANOVA with Dunnett’s multiple comparisons test. (D and I) Brain tumor tissues from

treatment with EGFR CAR-T cells for days as indicated were subjected to IHC staining

(small black square) to 400� magnification (large black square) for clarity. Red arrows

Quantification of the positive staining over three mice in each group as shown in (D) (E
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the efficacy of EGFR CAR-T cells. Epigenetic modifiers, such as
BRD4, P300, TIP60, MOF, and KDM5, have been shown to be
involved in the regulation of enhancers and enhancer-associated
genes.19,20,28,32–34 We therefore incubated U87 cells with or without
EGFR CAR-T cells in the presence or absence of JQ1 (BRD4 inhibi-
tor), C646 (P300 inhibitor), MG149 (TIP60 and MOF inhibitor), and
KDM5-C70 (KDM5 subfamily inhibitor) followed by qRT-PCR anal-
ysis to examine the expression of the set of immunosuppressive genes.
Among all the inhibitors tested, JQ1 displayed the most consistent
and dramatic effects in attenuating EGFR CAR-T-induced gene
expression (Figure 6A; Figure S6A). JQ1 effects on the protein levels
of representative genes, such as PD-L1 and IDO1, were also demon-
strated by immunoblotting analysis (Figure 6B).

To extend our observation that JQ1 inhibits the EGFR CAR-T cell-
induced gene program, U87 cells were incubated with or without
EGFR CAR-T cells in the presence or absence of JQ1 followed by
RNA-seq analysis. The expression of 43% of EGFR CAR-T cell-
induced genes was attenuated by JQ1 treatment (FDR < 0.05, FC >
1.5) (Figure 6C). The effects of JQ1 on the EGFR CAR-T cell-induced
gene programwas demonstrated by heatmap and boxplot (Figures 6D
and 6E). EGFR CAR-T cell-induced enhancer activation was similarly
attenuated by JQ1 treatment as seen from the occupancy of H3K27Ac
on EGFR CAR-T cell-induced enhancers (Figures 5A–5C). The
inhibitory effects of JQ1 on EGFR CAR-T cell-induced expression
of PD-L1, PD-L2, HVEM, GAL9, IL6, IL8, CSF2, BIRC3, IDO1, and
IL1B were confirmed by qRT-PCR analysis (Figure 6F; Figure S6B).
Secretion of cytokines, such as IL6, IL8, and IDO1, was inhibited by
JQ1 as measured by enzyme-linked immunosorbent assay (ELISA)
(Figure 6G). The inhibitory effects of JQ1 on EGFR CAR-T cell-
induced expression of selective immunosuppressive genes were also
demonstrated in GBM-PDX cells by qRT-PCR analysis (Figures
S6C and S6D) as well as immunoblotting analysis (Figure S6E).

We next tested directly whether BRD4, the major target of JQ1, is
required for the activation of EGFR CAR-T cell-induced immunosup-
pressive genes. The expression of the set of EGFR CAR-T cell-induced
immunosuppressive genes was significantly attenuated when BRD4
was knocked down (Figure 6H; Figure S6F). The requirement of
BRD4 for the expression of PD-L1 and IDO1was further demonstrated
by immunoblotting analysis (Figure 6I). The knockdown efficiency of
siBRD4 was examined by immunoblotting analysis (Figure 6J). The
l treatment, which is associated with upregulation of immunosuppressive

(F) models is depicted. SCIDmice were injected intracranially with U87 (3� 105 cells/

. Seven days after tumor inoculation, mice were treated intravenously with CTL T or

enograft model, the treatment lasted for 30 days, and brain tissues were dissected at

e dissected at day 32. i.c., intracranial injection; i.v., intravenous injection. (B and G)

y using bioluminescence imaging. (C and H) The tumor growth curve based on

Statistical significance across multiple comparisons was determined using two-way

U87 xenograft (D) or GBM-PDX (I) model right before treatment (baseline) or after

by using antibodies as indicated. Representative regions are enlarged from 200�
indicate representative positive staining (dark brown). Scale bar, 50 mm. (E and J)

) and (I) (J). Data presented are the mean after normalization to baseline.



Figure 4. EGFR CAR-T cell treatment alters the expression of a large number of genes including immunosuppressive genes in GBM cells

(A) U87 cells were incubated with control T or EGFR CAR-T cells, and T cells in suspension were removed. The adherent U87 cells were subjected to RNA-seq analysis. Two

biological repeats were performed. Genes up- and downregulated by EGFR CAR-T cells in U87 cells are shown by pie chart (FDR < 0.05, FC > 1.5). (B) Hallmark gene set

enrichment analysis for genes upregulated by EGFRCAR-T cells as described in (A). (C) The expression (FPKM, log2) of representative immunosuppressive genes in U87 cells

in response to EGFR CAR-T cell treatment in the two replicates is shown by heatmap. (D) UCSCGenome browser views of immunosuppressive genes detected from the two

replicates of RNA-seq. (E) U87 cells were incubatedwith or without IFNg (10 ng/mL) for 48 h followed by RNA-seq analysis. Correlation between the impact of IFNg and EGFR

CAR-T cells on expressed genes (FPKM> 0.5, n = 10,609) is shown. (F) U87 cells as described in (E) were subjected to qRT-PCR analysis. Data presented are the normalized

value to control samples after normalization to the expression of b-actin. Experiments were repeated three times, and representative data are shown.
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effects of BRD4 on EGFR CAR-T cell-induced expression of selective
immunosuppressive genes were also demonstrated in GBM-PDX cells
by qRT-PCR analysis (Figures S6G and S6H) as well as immunoblot-
ting analysis (Figure S6I). Taken together, JQ1, a BRD4 inhibitor, was
capable of suppressing EGFR CAR-T cell-induced active enhancers as
well as enhancer-associated immunosuppressive genes.

Combination treatment with JQ1 improves the efficacy of EGFR

CAR-T cells in treating GBM in mice

The ability of JQ1 to suppress EGFR CAR-T-induced immunosup-
pressive genes prompted us to examine whether combination therapy
with EGFR CAR-T cells and JQ1 will improve the efficacy of EGFR
CAR-T cells in mice. Combination treatment with CAR-T and JQ1
displayed much better inhibitory effects on tumor growth and metas-
tasis compared to CAR-T cells or JQ1 alone (Figures 7A–7D; Figures
S7A and S7B). JQ1 or CAR-T cell treatment alone resulted in
decreased tumor growth rate initially compared to the control group.
However, tumors soon grew similarly as those in control group, indi-
cating they acquired resistance (Figures 7B–7D; Figures S7A and
S7B). We further tested the anti-tumor effects of combination treat-
ment in the GBM-PDX model. Similarly, combination treatment
with EGFR CAR-T cells and JQ1 displayed much better effects in re-
pressing tumor growth and metastasis compared to EGFR CAR-T
cells or JQ1 treatment alone (Figures 7E–7H; Figures S7C and
S7D). After 80 days of follow-up, prolonged survival was observed
in mice with combination treatment with CAR-T cells and JQ1 (Fig-
ure 7I), whereas all mice treated with JQ1 or CAR-T cells alone could
not survive more than 60 days (Figure 7I).
Molecular Therapy Vol. 29 No 10 October 2021 3017
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Figure 5. EGFR CAR-T cell-induced immunosuppressive genes are associated with activated enhancers

(A) U87 cells were pre-incubated with or without JQ1 (150 nM) for 30 min, and then with CTL or EGFR CAR-T cells for 3 h. T cells in suspension were removed, and the

adherent U87 cells were subjected to H3K27Ac ChIP-seq. Tag density distribution of H3K27Ac centered on those nearest H3K27Ac sites (±3,000 bp) from EGFR CAR-T

cell-induced genes. Experiments were repeated twice, and representative data are shown. (B) Boxplot representation of H3K27Ac ChIP-seq tag density as shown in (A).

Statistical significance was determined using Student’s t test (unpaired, two-tailed). (C) Heatmap representation of H3K27Ac ChIP-seq tag density as shown in (A).
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The effects of EGFR CAR-T cells or JQ1 treatment alone or in com-
bination on tumor growth and metastasis in U87-cell-derived xeno-
grafts were also evaluated by IHC staining of the sections from tumor
tissues or mouse organs (Figures 7J–7L; Figures S7E–S7H). EGFR
staining results revealed that the expression of EGFR decreased signif-
icantly in the primary brain tumors in the group with combination
treatment but reduced slightly in the group treated with CAR-T cells
or JQ1 alone, which was consistent with the observation that tumors
that received EGFR CAR-T cells or JQ1 treatment alone relapsed
(Figure 7J). GBM has a propensity for visceral metastasis to the
lung, and lesser to the liver (Figure 7J). EGFR expression was not
seen in the lung and liver in the group with combination treatment,
indicating no metastasis in this group (Figure 7J). In contrast,
CAR-T cells or JQ1 treatment alone had minor effects on metastasis
(Figure 7J). We also evaluated the expression of immunosuppressive
molecules in response to treatment, finding that tumor specimens
with CAR-T cell treatment had markedly increased expression of
PD-L1, PD-L2, IDO1, IL6, and IL8 compared to the control group
(Figure 7K; Figures S7E–S7H). JQ1 co-treatment showed strong
inhibitory effects on the expression of these CAR-T cell-induced
immunosuppressive genes (Figure 7K; Figures S7E–S7H). Infiltration
of CAR-T cells, represented by CD8 staining, was not observed in pri-
mary tumors in control or JQ1-treated groups, whereas it was evident
in groups treated with EGFR CAR-T cells alone or EGFR CAR-T cells
and JQ1 in combination, with the latter being stronger (Figure 7L).
Similarly, no CD8 staining was seen in either lung or liver in control
or JQ1-treated groups, whereas it was seen in the EGFR CAR-T cell-
treated group due to metastasis, further strengthening the targeting
specificity of our EGFR CAR-T cells toward GBM cells. Combination
treatment with EGFR CAR-T cells and JQ1 led to the eradication of
tumor metastasis in both lung and liver, and therefore no CD8 stain-
ing was seen in these organs (Figure 7L). No notable tissue damage
3018 Molecular Therapy Vol. 29 No 10 October 2021
was observed based on H&E staining performed for sections prepared
from organs including liver, lung, and spleen in mice treated with
both EGFR CAR-T cells and JQ1 (Figures S7I and S7J).

We next sought to assess the effects of JQ1 on the expression of
immunosuppressive genes and the infiltration of CAR-T cells more
quantitatively by using flow cytometry analysis. Since isolation of
GBM xenografts in orthotopic models is technically challenging, we
therefore take advantage of the subcutaneous model for this purpose.
SCID mice were subcutaneously implanted with U87 tumor cells fol-
lowed by injection with control T or EGFR CAR-T cells in the pres-
ence or absence of JQ1 (Figure S8A). Flow cytometry analysis results
indicated that the levels of PD-L1 increased significantly in CAR-T
cell-treated tumor cells, which was attenuated by JQ1 co-treatment
(Figure S8B). Accordingly, the population of CD8+ CAR-T cells
increased significantly when mice were co-treated with EGFR CAR-
T cells and JQ1 (Figure S8C).

It has been reported that the increase of immunosuppressive mole-
cules such as IDO1 in the TME impairs the efficacy of CAR-T cells.11

These immunosuppressive molecules might come from microglial
and myeloid cells. Our IHC staining results indicated that EGFR
CAR-T cell treatment indeed led to an increased infiltration of micro-
glia (IBA1+) and myeloid cells (CD11b+), which was inhibited by JQ1
co-treatment (Figures S9A and S9B), indicating these immune cells
might also contribute to the impaired CAR-T efficacy.

To test whether JQ1 can relieve the already-established resistance, we
isolated tumor cells from EGFR CAR-T cell-resistant, U87-derived
xenografts and re-implanted them subcutaneously into SCID mice
(Figure S10A). EGFR CAR-T cell treatment exhibited no significant
effects on tumor growth, suggesting that CAR-T-resistant tumor cells



(legend on next page)
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were indeed resistant (Figures S10B and S10C). However, JQ1 co-
treatment re-sensitized the resistant tumor cells to CAR-T cell treat-
ment (Figures S10B and S10C).

DISCUSSION
Several compounds and monoclonal antibodies targeting EGFR are
approved in the clinic for a broad spectrum of diseases, but none is
suitable for GBM.35–37 When treating intracranial tumors, the
blood-brain barrier is a major obstacle for drugs with large molecular
weight to pass through the brain. In the current study, we demon-
strated that EGFR CAR-T cells can successfully cross the blood-brain
barrier to attack the tumors in the brain inmice. However, tumor cells
receiving EGFR CAR-T cell treatment soon acquired immune resis-
tance and relapsed, limiting the potential use of EGFR CAR-T in
the clinic. It has been reported that immunosuppressive molecules,
such as IDO1, PD-L1, and IL-10, were upregulated in GBM after
EGFRvIII CAR-T cell treatment, suggesting that EGFRvIII CAR-T
cells induced a compensatory and multifactorial immunosuppressive
response in situ.11 In the current study, we found that a large cohort of
immunosuppressive genes was strongly induced by long-term EGFR
CAR-T cell treatment in GBM, inhibition of which by JQ1, a BRD4
inhibitor, could improve the efficacy of EGFR CAR-T cells (Figure 8).

We observed that the medium dose of CAR-T cells exhibits the best
effects inmice, whichmight be because an optimal number of injected
CAR-T cells and therefore number of released cytokines are required
for optimal anti-tumor effects. Turtle et al.38 showed that adverse
events were closely related to amarked increase in the levels of inflam-
matory cytokines in serum produced directly by a high dosage of
CAR-T cells after encountering the tumor. More recently, it has
been shown that tumor inflammation can reduce the efficacy of
CD19 CAR-T cell therapy in lymphoma.39 Furthermore, Ying
et al.40 evaluated the differences among T cells with the variant
CAR constructs and found that treatment with CD19 CAR-T cells,
which cause severe cytokine release syndrome (CRS), induces weight
loss and eventually mortality in a substantial portion of treated mice.
They further demonstrated that the improved version of CD19
CAR-T cells, which produce lower levels of cytokines, caused no
Figure 6. BRD4 inhibition suppresses the activation of EGFR CAR-T cell-induc

(A and B) U87 cells were pre-incubated with or without DMSO, JQ1 (150 nM), C646 (20

CAR-T cells for 48 (A) or 72 (B) h. T cells in suspension were removed, and the adheren

presented are the normalized value to control samples after normalization to the expres

repeated three times, and representative data are shown. (C) U87 cells were pre-incuba

cells for 48 h. T cells in suspension were removed, and the adherent U87 cells were sub

JQ1 on EGFR CAR-T cell-induced genes is shown by pie chart (FDR < 0.05, FC > 1.5). (

log2) for genes that induced by EGFR CAR-T cells but suppressed by JQ1. Statistical sig

as described in (C) were subjected to qRT-PCR analysis. Expression data presented a

b-actin. Experiments were repeated three times, and representative data are shown. (G)

or without EGFR CAR-T for 72 h before measuring cytokine secretion including IL6, IL8, a

data are shown. (H and I) U87 cells were transfectedwith control siRNA (siCTL) or siRNA

T cells for 48 h. T cells in suspension were removed, and the adherent U87 cells were sub

the expression of representative immunosuppressive genes. Data presented are the nor

Molecular weight is indicated on the right (I). Experiments were repeated three times, a

immunoblotting analysis using antibodies as indicated.Molecular weight is indicated on t
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neurological toxicity or CRS and were muchmore effective in treating
refractory B cell lymphoma.40

As we reported previously, EGFR CAR-T cells exhibit cytotoxicity
against TNBC cells through activating multiple cellular signaling
pathways, including IFNg signaling.23 Meanwhile, a large cohort of
immunosuppressive molecules was induced after EGFR CAR-T cell
treatment in TNBC cells, which were primarily regulated by IFNg
signaling. IFNg therefore served as a double-edged sword: killer
(anti-tumor) and protector (adaptive resistance).41,42 Similar obser-
vations were made in U87 cells based on transcriptomics analysis
in the current study. We propose that the killer function of IFNg
might be dominant during short-term CAR-T cell treatment.
However, those IFNg-induced immunosuppressive molecules accu-
mulate as treatment goes on, leading to adaptive resistance (i.e., the
protector function of IFNg becomes dominant).

Targeting epigenetic modulators holds great promise as cancer ther-
apies. Recent study demonstrated the therapeutic potential of JQ1 in
treating glioblastoma.43 In our study, we found that tumors were
responsive to JQ1 treatment initially but soon acquired resistance.
Similarly, it was demonstrated that BET inhibitors, including JQ1,
suppress the expression of PD-L1 in ovarian cancer, which correlates
with an increase in the anti-tumor activity of T cells.19 Ovarian cancer
cells also developed resistance following sustained treatment with
JQ1, which was mediated by adaptive kinome reprogramming.44

We found that JQ1, among the several inhibitors of epigenetic mod-
ifiers tested, displayed the best effects on attenuating EGFR CAR-T
cell-induced immunosuppressive genes, including PD-L1. The major-
ity of these genes are enhancer-associated genes, and H3K27Ac
occupancy increased on these enhancers upon EGFR CAR-T cell
treatment. JQ1 can block BRD4 binding to acetylated lysine, and
hence disrupts enhancer activity.45,46 It is interesting to see that the
occupancy of H3K27Ac also decreased in the presence of JQ1, which
might be because BRD4’s bromodomains interact with the histone
acetyltransferase P300 and enhance P300 enzymatic activities target-
ing H3K27.47 Decreased binding of BRD4 by JQ1 treatment might
have an impact on P300 activity and therefore the occupancy of
ed enhancer and immunosuppressive genes in GBM cells

mM), MG149 (200 mM), or KDM5-C70 (5 mM) for 30 min, and then with CTL or EGFR

t U87 cells were subjected to qRT-PCR (A) or immunoblotting (IB) analysis (B). Data

sion of b-actin (A). Molecular weight is indicated on the right (B). Experiments were

ted with or without JQ1 (150 nM) for 30 min and then with or without EGFR CAR-T

jected to RNA-seq analysis. Two biological repeats were performed. The impact of

D and E) Heatmap (D) and boxplot (E) representation of the expression levels (FPKM,

nificance was determined using Student’s t tests (unpaired, two-tailed). (F) U87 cells

re the normalized value to control samples after normalization to the expression of

U87 cells were pre-incubated with or without JQ1 (150 nM) for 30 min and then with

nd IDO1 (mean ± SEM). Experiments were repeated three times, and representative

specifically targeting BRD4 (siBRD4), and then incubatedwith or without EGFRCAR-

jected to RNA extraction and qRT-PCR (H) or immunoblotting (I) analysis to examine
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nd representative data are shown. (J) Cells as described above were subjected to

he right. Experiments were repeated three times, and representative data are shown.
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K27Ac. It is worth noting that BET inhibition affects the expression of
many other genes in addition to the immunosuppressive genes we
focused on. Changes in the expression of these other genes could
also contribute to the observed anti-tumor effects.

GBM cell- and GBM patient-derived xenografts developed rapidly in
the brain, which invaded blood vessels and spread outside the central
nervous system very quickly. GBM’s rapid progression has been
attributed to its unique anatomical and phenotypic features.48,49

Combination treatment with EGFR CAR-T cells and JQ1 was able
to slow down tumor growth and metastasis and prolong mouse sur-
vival. Implementation of the knowledge gained from this study will
provide a therapeutic avenue for treating GBM in the clinic. This
strategy of combining immunotherapy and epigenetic therapy may
be applicable to other types of cancers as well.

MATERIALS AND METHODS
Cell lines and cell culture

Human GBM cell lines (U87 and U251) were obtained from the Cell
Bank of the Chinese Academy of Sciences (Shanghai, China). U87,
U251, and GBM-PDX cells (cells from GBM PDX) were maintained
in DMEM high-glucose (Biological Industries, Kibbutz Beit Haemek,
Israel) medium supplemented with 10% heat-inactivated fetal bovine
serum (FBS) (Gibco, Grand Island, NY, USA) in a humidified incu-
bator with 5% CO2 at 37�C.

Animal experiments

All animal experiments were conducted on a protocol approved by the
Animal Care andUse Committee of XiamenUniversity. For orthotopic
xenograft model, U87 and GBM-PDX cells stably expressing
firefly luciferase (U87-fluc and GBM-PDX-fluc, respectively) were
established by infecting cells with an eGFP-firefly luciferase lentiviral
vector followed by selection. U87-fluc cells (3 � 105) or GBM-PDX-
fluc cells (5 � 105) suspended in PBS were inoculated intracranially
into female SCIDmice aged 6 to 12 weeks (Shanghai SLAC Laboratory
AnimalCenter, Shanghai, China).Tumorwas allowed togrow for 7 days
until themean of thefluxof the tumor reached about 5� 107 p/s/cm2/sr.
For the subcutaneous xenograftmodel, U87 cells (5� 106) suspended in
PBSwere inoculated subcutaneously into female SCIDmice, and tumor
was allowed to grow for 10 days until the size reached 100–200 mm3.
Figure 7. Combination treatment with EGFR CAR-T cells and JQ1 exhibits pot

(A and E) The protocol for EGFR CAR-T cells and JQ1 treatment is depicted. SCID mice w

105 cells/mouse) (E) stably expressing a luciferase reporter and randomized for treatme

cells (5� 106 cells/injection) in the presence or absence of JQ1 (25 mg/kg/dose). In the

40. In the GBM-PDX model, treatment lasted 22 days, and observation continued until d

injection; i.p., intraperitoneal injection; i.v., intravenous injection. (B and F) The tumor g

nescence imaging. (C and G) The tumor growth curve based on bioluminescence as sho

across multiple comparisons was determined using two-way ANOVA with Dunnett’s mu

xenograft (D) or GBM-PDX (H) model. Data presented are the mean ± SEM. Statistical sig

Holm-�Sı́dák’s multiple comparisons test. (I) Survival curves of mice as described in (E). Su

neurological signs. The number of mice at risk at each time point is shown at the bottom

Liver, lung, and brain tumor sections from mice as described in (A) were subjected to I

bodies. Representative regions are enlarged from 200� (small black square) to 400�ma

by red arrows. Scale bar, 50 mm.
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Generation of EGFR CAR-T cells was performed as previously
described.23 Experiments were performed with the understanding
and informed written consent from T cell donors, and the study
was conducted in accordance with the Declaration of Helsinki and
approved by the Institutional Review Board and Ethics Committee
of Xiamen University.

For short-term CAR-T cell treatment, mice were randomly assigned to
four groupswith intravenous injection of control T or different dosages
of EGFR CAR-T cells. In the U87-cell-derived xenograft model, mice
were treated once every other day for 12 days and observed for a total
of 20 days. In the GBMPDXmodel, mice were treated once every other
day for 6 days and observed for a total of 12 days.

For long-term CAR-T cell treatment, mice were injected intrave-
nously with control T or CAR-T cells once every other day. In the
U87-cell-derived xenograft model, treatment lasted for 30 days, and
observation continued until day 40. In the GBM PDX model, treat-
ment lasted for 22 days, and observation continued until day 32.

For combination treatment with EGFR CAR-T cells and JQ1, mice
were randomly assigned to four groups and treated with or without
CAR-T in the presence or absence of JQ1. Mice were treated once
every other day for 28 days and observed for a total of 40 days in
the U87-cell-derived xenograft model or treated for 22 days and
observed for a total of 35 days in the GBM PDX model. Observation
ended when mice started to develop neurological signs. The tumor
growth was monitored by bioluminescence using the Xenogen IVIS
Lumina imaging system (Caliper Life Sciences, Waltham, MA,
USA) as described previously.23 Briefly, each mouse was injected
intraperitoneally with beetle luciferin (1.5 mg, Promega, Madison,
WI, USA) and then imaged 6 to 8 min later with an exposure time
of 3 min. Luminescence images were analyzed using Living Image
software (Caliper Life Sciences, Waltham, MA, USA). Survival of
the mice was monitored daily.

To obtain EGFR CAR-T cell-resistant tumor cells, mice inoculated
subcutaneously with U87 cells were treated with EGFR CAR-T cells
once every other day for 30 days. Fresh tumor tissues were isolated
from CAR-T-resistant mice and digested into single cells with
ent and specific anti-tumor activities in GBM xenograft models in mice

ere injected intracranially with U87 (3� 105 cells/mouse) (A) or GBM-PDX cells (5�
nt 7 days later (day 0; 3 mice/group). Mice were treated with CTL T or EGFR CAR-T

U87 xenograft model, treatment lasted 28 days, and observation continued until day

ay 35. Observation ended when mice developed neurological signs. i.c., intracranial

rowth for U87 xenograft (B) and GBM-PDX (F) models was monitored by biolumi-

wn in (B) (C) or (F) (G). Data are presented as the mean ± SEM. Statistical significance

ltiple comparisons test. (D and H) Bioluminescence at the end of experiment in U87

nificance across multiple comparisons was determined using one-way ANOVAwith

rvival was defined as the point whenmice were sacrificed due to the development of

. Statistical significance was determined using the log-rank (Mantel-Cox) test. (J–L)

HC analysis by using anti-EGFR- (J), anti-PD-L1- (K), or anti-CD8- (L) specific anti-

gnification (large black square) for clarity. Representative positive staining is indicated



Figure 8. A working model for combination therapy with EGFR CAR-T cells and JQ1 in GBM

Wedemonstrated that short-term EGFRCAR-T cell treatment is effective in suppressingGBM.However, GBMcells soon acquire resistance and relapse, whichmight be due

to EGFR CAR-T cell-induced expression of immunosuppressive genes in GBM, blocking the activity of CAR-T cells. BRD4, a bromodomain-containing protein, is required for

the transcriptional activation of these immunosuppressive genes. Accordingly, blocking BRD4 by using JQ1 suppresses the induction of immunosuppressive genes and

synergizes with EGFR CAR-T cells to inhibit the growth and metastasis of GBM.
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collagenase/hyaluronidase at day 40. For testing the effects of JQ1 on
CAR-T-resistant tumors, resistant tumor cells were then mixed with
Matrigel (BD Biosciences, San Jose, CA, USA) and transplanted sub-
cutaneously into SCID mice aged 6 to 12 weeks. When tumors
reached 100–200 mm3 in size, mice were randomly assigned to four
groups and treated with control T or EGFR CAR-T cells in the
presence or absence of JQ1.

IHC

Tissue samples were resected, formalin fixed, and paraffin embedded.
Four-micrometer sections were then prepared followed by antigen
retrieval using EDTA antigen retrieval solution (Maxim Biotechnol-
ogies, Fuzhou, China). IHC analysis was performed by UltraSensitive
SP (mouse/rabbit) IHC Kit (Maxim Biotechnologies, Fuzhou, China)
according to the manufacturer’s protocol. Primary antibody against
human EGFR (Abcam, Cambridge, UK), human PD-L1 (Abcam,
Cambridge, UK), human PD-L2 (Abcam, Cambridge, UK), human
IL6 (Abcam, Cambridge, UK), human IL8 (Abcam, Cambridge,
UK), human IDO1 (Abcam, Cambridge, UK), human CD8 (Abcam,
Cambridge, UK), human CD11B (Abcam, Cambridge, UK), or hu-
man IBA1 (Abcam, Cambridge, UK) were incubated at 4�C over-
night. Sections were then developed using diaminobenzidine (DAB)
kit (Maxim Biotechnologies, Fuzhou, China) for 1 min and counter-
stained with hematoxylin solution (Sigma, Burlington, MA, USA) for
10 min. Images were obtained and analyzed using Cellsens Standard
software (Olympus, Tokyo, Japan).

Small interfering RNA (siRNA) transfection, RNA isolation, and

qRT-PCR

siRNA transfections were performed using Lipofectamine 2000
Transfection Reagent (Invitrogen, Carlsbad, CA, USA) according to
the manufacturer’s protocol. Total RNA was isolated using Eastep
Super Total RNA Extraction Kit (Promega, Madison, WI, USA)
following the manufacturer’s protocol. First-strand cDNA synthesis
from total RNAwas carried out using GoScript Reverse Transcription
System (Promega, Madison, WI, USA), followed by qPCR using
AriaMx Real-Time PCR machine (Agilent Technologies, Santa Clara,
CA, USA). Data presented were the normalized values to control sam-
ples after normalization to the expression of b-actin. Standard error of
the mean (SEM) is depicted.

RNA-seq

U87 cells were pre-incubated with or without JQ1 (100 nM) for
30 min and then incubated with control T or EGFR CAR-T cells at
a ratio of 1 to 1 for 48 h. The specific ratio used was to avoid the large
number of dead cells. T cells in suspension were removed, and the
adherent tumor cells were collected. Dead tumor cells were also
removed using the Dead Cell Removal Kit (Miltenyi Biotec, Bergisch
Gladbach, Germany) before RNA-seq analysis. Eastep Super Total
RNA Extraction Kit (Promega, Madison, WI, USA) was used for
RNA isolation. DNase I in column digestion was included to ensure
the RNA quality. RNA library preparation was performed by using
NEBNext Ultra Directional RNA Library Prep Kit for Illumina
(New England BioLabs, Ipswich, MA, USA). Paired-end sequencing
was performed with Illumina HiSeq 3000. Sequencing reads were
aligned to hg19 RefSeq database by using Tophat (http://ccb.jhu.
edu/software/tophat/index.shtml). Cuffdiff was used to quantify the
expression of RefSeq annotated genes with the option -M (reads
aligned to repetitive regions were masked) and -u (multiple aligned
reads are corrected using “rescue method”). Coding genes with
FPKM (fragments per kilobase per million mapped reads) larger
than 0.5 were included in our analysis. FPKM of a gene was calculated
as mapped reads on exons divided by exonic length and the total
number of mapped reads. Two biological repeats were performed,
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and genes upregulated or downregulated were determined by both
FDR and FC (FDR < 0.05, FC > 1.5). Boxplots and heatmaps were
generated by using R software, and significance was determined using
Student’s t test. Sequencing data were deposited in the Gene Expres-
sion Omnibus database under accession GEO: GSE174617.

Chromatin immunoprecipitation coupled with ChIP-Seq

For ChIP assays, U87 cells were pre-incubated with or without JQ1
(100 nM) for 30 min and then incubated with control T or EGFR
CAR-T cells at a ratio of 5 to 1 for 3 h. T cells in suspension were
removed, and the adherent tumor cells were collected. Dead tumor cells
were also removed using the Dead Cell Removal Kit (Miltenyi Biotec,
Bergisch Gladbach, Germany). U87 cells were washed twice with PBS
and then fixed with 1% formaldehyde for 10 min at room temperature
(RT). Fixation was stopped by adding glycine (0.125M; Bio-Rad Labo-
ratories,Hercules, CA,USA) and incubated for 5min atRT, followedby
washing with PBS twice. Chromatin DNA was sheared to 300�500 bp
average in size through sonication. The resultant was immunoprecipi-
tated with H3K27Ac antibody (Abcam, Cambridge, UK) overnight at
4�C, followed by incubation with protein G magnetic beads (Bio-Rad
Laboratories, Hercules, CA, USA) for an additional 4 h. After washing,
the protein-DNA complex was reversed by heating at 65�C overnight.
Immunoprecipitated DNA was purified by using QIAquick PCR Puri-
fication Kit (QIAGEN, Dusseldorf, Germany) and subjected to high-
throughput sequencing. Two biological repeats were performed.

Immunoblotting

Immunoblotting was performed as described previously.50 Anti-
BRD4 antibody (Bethyl Laboratories, Montgomery, AL, USA), anti-
PD-L1 antibody (Abcam, Cambridge, UK), and anti-IDO1 antibody
(Abcam, Cambridge, UK) were used in this study.

Flow cytometry

Expression of membrane PD-L1 and EGFR was detected using an
APC-conjugated, mouse anti-human PD-L1 antibody (BD Biosci-
ences, San Jose, CA, USA) and a PE-conjugated, mouse anti-human
EGFR antibody (BD Biosciences, San Jose, CA, USA), respectively.
Expression of CD8 was detected using an APC-conjugated, mouse
anti-human CD8 antibody (BD Biosciences, San Jose, CA, USA).
Fluorescence was measured using a Millipore Guava easyCyte System
flow cytometer (Millipore, Billerica, MA, USA), and data were
analyzed with FlowJo v.X.0.7.

ELISA

Control T or EGFR CAR-T cells were co-cultured with GBM cells in a
24-well plate (Corning, Corning, NY, USA) for 72 h, and superna-
tants were collected to determine the presence of TNFa, IFNg, and
IL2 with the Human TNFa ELISA Kit, Human IFNg ELISA Kit,
and Human IL2 ELISA Kit (Dakewe Biotech, Beijing, China), respec-
tively, following the manufacturer’s instructions.

Cell proliferation assay

CAR-T cells labeled with CFSE by using the CellTrace CFSE Cell Pro-
liferation Kit (Invitrogen, Carlsbad, CA, USA) were incubated with or
3024 Molecular Therapy Vol. 29 No 10 October 2021
without GBM cells at the ratio of 2:1 in culture medium without add-
ing proliferative cytokines for 72 h. Proliferation was assessed by
monitoring CFSE dilution. Absolute cell counts during the expansion
of EGFR CAR-T cells were obtained using an Attune NxT Flow Cy-
tometer. The number of viable CAR-T cells was counted by using a
hemocytometer (Paul Marienfeld, Lauda-Koenigshofen, Germany).
Cytotoxicity assay

The cytotoxicity assay was performed using an xCELLigence real-
time cell analyzer (RTCA) System (ACEA Biosciences, San Diego,
CA, USA). The impedance-based RTCA was used for label-free and
real-time monitoring of cytolysis activity. The cell index (CI) based
on the detected cell-electrode impedance was used to measure cell
viability. The % cytotoxicity value was calculated via the following
formula: (CI (tumor only) – CI (tumor + T cells))/CI (tumor only)
(%). GBM cells, both U87 and GBM-PDX, were seeded and grown
in the RTCA units for 24 h before adding control T or EGFR CAR-
T cells. The impedance signals were recorded for 24 to 96 h at 5-
min intervals. I hope this message will buoy your spirits. I hope this
message will bouy
Statistical analysis

Statistical analysis was performed using GraphPad Prism8 software
(GraphPad Software). For comparisons between two groups, statisti-
cal analyses were calculated using unpaired and two-tailed Student’s t
tests. For multiple comparison with one independent variable, statis-
tical analyses were calculated using one-way analysis of variance
(ANOVA) with Holm-�Sídák’s multiple comparisons test. For multi-
ple comparison with two independent variables, two-way ANOVA
with Dunnett’s multiple comparisons test was used. Statistical ana-
lyses for survival curves were performed using the log-rank
(Mantel-Cox) test. All statistical analyses were performed with two-
tailed tests.
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