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ABSTRACT
◥

A subset of stem-like cells in glioblastoma (GBM; GSC)
underlies tumor propagation, therapeutic resistance, and tumor
recurrence. Immune evasion is critical for GSCs to carry out these
functions. However, the molecular mechanisms employed by
GSCs to escape antitumor immunity remain largely unknown.
The reprogramming transcription factors Oct4 and Sox2 func-
tion as core multipotency factors and play an essential role in the
formation and maintenance of GSCs, but the roles of these
transcription factors in GSC immune escape have not been well
explored. Here we examine how Oct4/Sox2 coexpression con-
tributes to the immunosuppressive phenotype of GSCs. Com-
bined transcription profiling and functional studies of Oct4/Sox2
coexpressing GSCs and differentiated GBM cells demonstrated
that Oct4 and Sox2 cooperatively induce an immunosuppressive
transcriptome consisting of multiple immunosuppressive check-
points (i.e., PD-L1, CD70, A2aR, TDO) and dysregulation of

cytokines and chemokines that are associated with an immuno-
suppressive tumor microenvironment. Mechanistically, induc-
tion and function of BRD/H3k27Ac-dependent immunosuppres-
sive genes played a role in the immunosuppressive phenotype of
GSCs. Pan-BET bromodomain inhibitors (e.g., JQ1) and shBRD4
constructs significantly inhibited the immunosuppressive tran-
scriptome and immunosuppressive biological responses induced
by Oct4/Sox2. Our findings identify targetable mechanisms by
which tumor-propagating GSCs contribute to the immunosup-
pressive microenvironment in GBM.

Significance: This report identifies mechanisms by which the
reprogramming transcription factors Oct4 and Sox2 function
to drive the immunomodulatory transcriptome of GSCs and
contribute to the immunosuppressive microenvironment in
GBM.

Introduction
Glioblastoma (GBM) is one of the deadliest cancers. It is well

established that GBM contains stem-like cell (GSC) subsets that
efficiently propagate tumor xenografts and contribute to therapeutic
resistance and tumor recurrence (1). More effective GBM treatment
including emerging immunotherapeutics will have to deplete these

tumor-propagating GSCs. The capacity for GSCs to efficiently carry
out these oncogenic functions suggests their endowment with special
mechanisms for escaping innate and adaptive antitumor immunity (2).

GSCs have been shown to suppress the adaptive immune system,
specifically T-cell responses (2). The higher expression of immuno-
suppressive checkpoint ligands (e.g., PD-L1, PD-L2) and immune-
inhibitory molecules including certain metabolic pathways (e.g., IDO,
A2aR) and lower levels of the costimulatory molecules (e.g., CD80/
CD86) were observed in GSCs compared with non-GSCs (3, 4). These
immunosuppressive molecules lead to the suppression of T-cell pro-
liferation and cytokine activity and thereby impair the adaptive
immune response. GSCs also have been shown to recruit immuno-
suppressive cells such as anti-inflammatory M2 macrophages, regu-
latory T cells (Tregs), and myeloid-derived suppressor cells (MDSC)
by modulating cytokine/chemokine expression, and thus suppress
innate immunity (5). However, the molecular mechanisms that reg-
ulate intrinsic innate and adaptive immunomodulatory properties of
GSCs remain elusive.

Specific transcriptional networks play an essential role in sustaining
the growth and self-renewal of embryonic stem (ES) cells and neo-
plastic stem-like cells. We and others have found that reprogramming
transcription factors (TF) Oct4 and Sox2 are overexpressed in GBM
and their expression plays an essential role in maintaining glioma cell
stemness and the tumor-propagating potential of glioma tumor
cells (6). However, the functional relationships between Oct4/Sox2
expression and the immunomodulatory pathways by which GSCs
evade antitumor immunity remain unknown. In this study, we spe-
cifically address this question using isogenic patient-derived GBM
neurospheres � transgenic Oct4/Sox2 expression, and GBM cell
differentiation conditions that downregulate endogenous Oct4/Sox2.
Comprehensive unbiased screening of immune checkpoints and
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cytokine/chemokine expression profiles shows that Oct4/Sox2 coex-
pression induces multiple inhibitory immune checkpoint molecules
(i.e., PD-L1, A2aR, CD70, TDO), and modulates cytokine/chemokine
profiles (i.e., upregulation of SPP1, IL8, CXCL5, CXCL3 CCL20 and
downregulation of CCL5, CXCL9, CXCL10) associatedwith an immu-
nosuppressive tumor microenvironment. Our in vitro and in vivo
results demonstrate that Oct4/Sox2 coexpressing GSCs inhibit the
function and tumor infiltration of CD8 T cells, and induce the
expansion of immune suppressive M2 macrophages and FOXP3þ

T-regulatory cells. Furthermore, we show that these immune suppres-
sive responses to Oct4/Sox2 coexpression are driven by BRD4/
H3K27Ac-dependent transcriptional events. Pan-BET inhibitors sig-
nificantly inhibited induction of the immunosuppressive transcrip-
tome by Oct4/Sox2 and attenuated the GSC immunosuppressive
phenotypes.

Our findings, for the first time, show that the Oct4 and Sox2 TFs can
drive GBM growth by inducing adaptive and innate immune sup-
pressive effects in addition to their capacity to induce GBM cells to
express stem-like tumor-propagating phenotypes.

Materials and Methods
Cell culture and treatment

The GBMneurosphere lines (GBM1A and GBM1B) were originally
established by Dr. Vescovi and colleagues (7) and characterized by
us (6). Low-passage GBM-derived neurospheres separately isolated
from human May0–16, 22, 39, and 59 xenografts, and JL72508 and
JL72108 xenografts (6). All other low-passage GBM patient-derived
neurospheres were isolated and characterized by Dr. Qui~nones-
Hinojosa and colleagues. GBM 1A and 1B neurospheres expressing
transgenic Oct4/Sox2 were established as described previously (8). All
neurosphere lines are cultured in serum-free neurosphere medium
containing EGF/FGF and forced differentiation was performed as
described previously (6). Human monocyte cells THP-1 (ATCC
catalog no. TIB-202) and Jurkat T (ATCC catalog no. TIB-152) were
original purchased from ATCC. Mouse GL261 luciferase positive cells
were originally purchased from Caliper Life Sciences. THP-1 and
Jurkat T were cultured in RPMI1640 medium supplemented with 10%
FBS and 1% penicillin/streptomycin. Jurkat T cells were stimulated
with 50 ng/mL phorbol 12-myristate 13-acetate (PMA; Sigma) and
2 mg/mL phytohemagglutinin (PHA; Sigma). THP-1 monocytes were
differentiated into M0 macrophages by incubation with 150 nmol/L
PMA for 24 hours (9). Mouse glioma GL261 cells were cultured in
DMEM (high glucose) medium with 10% FBS and 1% penicillin/
streptomycin. All cell lines are free from mycoplasma and all cell lines
except low-passage GBM patient-derived neuropheres are authenti-
cated with short tandem repeat profiling. DNA methylation inhibitor
(5-Aza) and EZH2 inhibitors (CPI-1205 and EPZ-6438) were pur-
chased from Sigma-Aldrich. JQ1(þ)/JQ1(�) and other epigenetic
compoundswere kindly provided by Structural Genomics Consortium
(University of Toronto). The concentration of each compound is listed
in the Supplementary Table S1.

Lentiviral vector and cell infection
Dox-inducible mOct4/mSox2 coexpression vector was constructed

from the plasmid containing mouse Oct4 and Sox2 (Addgene) by high
fidelity PCR and cloned into pTRIPZ using Agel and MluI. Lentiviral
packaging followed a second-generation lentivirus packaging protocol
using psPAX and pMD2.G vectors (Addgene). Infected cells were
selected with puromycin (1 mg/mL) for stable GL261 cells expressing
Oct4/Sox2.

Patient dataset analysis
The correlations between CCL5, CXCL10, CXCL9, CXCL11, and

CD8A or GZMB, as well as the correlations between SPP1, CCL20,
CXCL5, IL6, and CD68 were analyzed using GlioVis (https://gliovis.
bioinfo.cnio.es) and the Cancer Genome Atlas (TCGA). The datasets
were exported directly from GlioVis.

CD8 T-cell isolation, activation, and tumor cell killing assay
Peripheral blood mononuclear cells (PBMC) were prepared from

healthy donor blood (JHU) by centrifugation on a Ficoll-Hypaque
density gradient (Sigma-Aldrich). CD8T cells were purified usingCD8
negative microbeads (BioLegend) according to the manufacturer’s
direction, and stimulated with anti-CD3/anti-CD28-coated beads
(Invitrogen) in the presence of 20 IU/mL rhIL-2 following the man-
ufacturer’s instructions. For CD8 T-cell-mediated tumor cell killing
assay, Oct4/Sox2 expressing GBMneurosphere cells, or control neuro-
sphere cells were plated on laminin-coated 96-well plates overnight
prior to coculture with the activated CD8þ T cells at a 1:5 tumor cell:
CD8þ T-cell ratio for 48 hours. Dead GBM cells and nonadherent
T cells were removed by washing with PBS, the remaining viable
adherent GBM cells were photographed and then quantified by Cell
Counting Kit-8 (CCK-8) assay.

T-cell migration assays
Briefly, 1� 105 CD8þ T cells or Jurkat T cells were resuspended in

300 mL RPMI 0%FBS medium and placed in the upper chamber of the
wells. A total of 600 mL CM from Oct4/Sox2 expressing GBM neuro-
spheres or controls were placed in the lower chamber. After incubation
for 6 hours at 37�C in 5%CO2, the cells on the uppermembrane surface
were mechanically removed. Cells that had migrated to the lower side
of the membrane were fixed and stained with DAPI. Migrated cells
were photographed and then counted under a microscope in five
randomly chosen fields.

T-cell apoptosis, IL2 production assays
A total of 2 � 105 Oct4/Sox2 expressing GBM neurospheres or

control neurospheres, and GBM1A neurospheres or enforce differ-
entiated GBM1A cells were separately plated on the laminin coated
12-well plates in GBM medium for 48 hours. Cells were washed to
remove floating cells and then cocultured with 2 � 104 activated
Jurkat cells in GBM medium overnight. Jurkat cells and coculture
supernatants were collected. Jurkat cell apoptosis was measured
using the Caspase-Glo 3/7 assay (Promega). Human IL2 levels in
coculture supernatants were measured by ELISA (BioLegend). To
evaluate effects of PD-L1 inhibition and JQ1 treatment, Oct4/Sox2
expressing GBM neurospheres or control were pretreated with
20 mg/mL purified anti-PD-L1 antibody (29E.2A3; BioLegend) for
24 or 200 nmol/L JQ1 for 72 hours prior to coculture with activated
Jurkat cells.

ELISA of SPP1
GBM1A and 1B neurospheres expressing transgenic Oct4/Sox2 or

control (0.5 � 106/12 well) were cultured for 24 hours. Supernatants
were collected without any floating cells. The amount of SPP1 protein
in the supernatant was determined following the manufacturer’s
instructions using a human SPP1 ELISA (R&D systems).

Quantitative reverse transcription PCR
The quantitative reverse transcription PCR (qRT-PCR) was per-

formed as described previously (6). Forward and reverse primers are
listed in Supplementary Table S2.
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Chromatin immunoprecipitation-PCR
The putative super-enhancer was identified as a region proximal to

the gene promoter with high levels of H3K27Ac in human brain tumor
cell lines reported by the Encyclopedia ofDNAElements (ENCODE) in
theUCSCGenome Browser (http://genome.ucsc.edu/ENCODE/index.
html). Chromatin immunoprecipitation (ChIP) was performed using
the MAGnify Chromatin Immunoprecipitation System (Life Technol-
ogies Corporation; ref. 10). Briefly, DNAs from Oct4/Sox2 expressing
GBM1A neurospheres and control neurospheres (1.5 � 107) were
crosslinked using 4% paraformaldehyde, and chromatin was isolated
and fragmented by sonication. DNA fragments (�300 bp) were incu-
bated with anti-H3K27Ac (Cell Signaling Technology), anti-BRD4
(BETHYL Laboratories), or IgG antibody overnight at 4�C. Precipita-
tion of DNA fragments complexed with H3K27Ac at the immune
molecules enhancer region was quantified using qPCR. Forward and
reverse primer sequences are listed in Supplementary Table S2.

Immunoblotting, IHC, and immunofluorescence
Western blotting was performed using quantitative Western blot

system (LICOR Bioscience; ref. 6). The primary antibodies are listed in
Supplementary Table S3. For immunofluorescence staining, Oct4/Sox2
expressing GBM neurospheres or control neurospheres were collected
by cytospin onto glass slides. Cells and frozen tumor sections were
immunostained with primary antibodies against PD-L1 or SPP1 anti-
body (Cell Signaling Technology); or Iba-1 (Wako, Thermo Fisher
Scientific); Arginase-1 (Cell Signaling Technology). Secondary antibo-
dies were conjugatedwith Alexa Fluor 647. Coverslipswere treated with
Vectashield antifade solution containing406-diamidino-2-phenylindole
(Vector Laboratories). For IHC, frozen tumor sections were immunos-
tained with primary antibodies against PD-L1, CD8, FOXP3 (Cell
Signaling Technology) as described previously (11). Positive staining
cells were manually counted or quantified by ImageJ (NIH).

Xenograft and GL261 mouse models
All animal protocols were approved by the Johns Hopkins Animal

Care and Use Committee. Oct4/Sox2 expressing GBM1A and control
neurospheres (1 � 104/2 mL PBS), and dox-inducible mOct4/Sox2
expressing GL261 cells (1 � 105/2 mL PBS) were stereotactically
implanted into the 8-week-old female immunodeficient mice (NCI)
and C57BL/6j mice (The Jackson Laboratory), respectively. After
6 weeks for GBM neurospheres and 27 days for GL261, the animals
were sacrificed and the brains were removed and sectioned and used
for IHE staining.

Statistical analysis
All experiments were performed in triplicates and repeated at least

twice in each cellmodel (N≥ 6). Results are expressed asmeans� SEM.
Significance of differences was determined using GraphPad Prism
software (GraphPad Prism 7). Means were compared using analysis of
one-way ANOVA. Post hoc tests included either Student t test, Dunnet
test, or Tukey honest significant difference (HSD), as required by
experimental design. Significant difference from the corresponding
control are indicated as �, P < 0.05, ��, P < 0.01, or ���, P < 0.001,
respectively.

Results
Oct4 and Sox2 coexpression induces multiple intrinsic immune
checkpoint molecules

Immune checkpoint pathways and other immune regulatory mole-
cules play important roles in tumor immune resistance mechanisms.

To determine if Oct4 and Sox2 expression regulates GBM cell expres-
sion of these immune-inhibitory molecules, we performed a compre-
hensive screen of 21 immune checkpoint molecules using qRT-PCR.
Statistically significant expression changes >2-fold (increase or
decrease) in two biological replicate humanGBMneurosphere models
(i.e., GBM1A and GBM1B) was required to identify candidates for
further study. On the basis of these criteria, six inhibitory immune
molecules PD-L1, PD-L2, CD70, HVEM, A2aR, and TDO and one
costimulatory molecule OX40L were significantly upregulated (2- to
75-fold) in GBM neurospheres expressing transgenic Oct4/Sox2 ver-
sus control parental GBM neurospheres (Fig. 1A). We previously
showed that Oct4 and Sox2 expression is enriched in GSC subpopula-
tions (e.g., CD133þ; ref. 8). Separation of CD133þ and CD133�

neurosphere cells by flow cytometry (Supplementary Fig. S1A) fol-
lowed by qRT-PCR analysis showed that the CD133þ GSCs over-
expressed the inhibitory immune molecules found to be induced by
Oct4/Sox2 (Fig. 1B). Conversely, forcing neurosphere differentiation,
a condition that downregulates Oct4 and Sox2, resulted in the con-
current downregulation of PD-L1, A2aR, OX40L, CD70, and TDO in
both biological replicates examined (Fig. 1C). PD-L1mRNAwasmost
prominently upregulated (62- to 75-fold) by Oct4/Sox2 in our exper-
imental biological replicates and hence the focus of more detailed
study. Western blot analysis and Immune fluorescence confirmed
constitutive PD-L1 induction by Oct4/Sox2 in GBM neurospheres
(Fig. 1D and E). PD-L1 was also found to be overexpressed in 17 of 19
primary low-passage patient-derived GBM neurospheres compared
with normal neural stem cells (Fig. 1F). qRT-PCR and immunoblot
analyses showed that PD-L1 was most highly increased in response to
Oct4 and Sox2 coexpression compared with neurospheres expressing
either Oct4 or Sox2 alone, indicating that Sox2 and Oct4 cooperate to
induce PD-L1 expression (Fig. 1G). Consistent with these in vitro
findings, IHC staining showed a substantial increase in PD-L1 expres-
sion within orthotopic xenografts derived from neurospheres expres-
sing transgenic Oct4/Sox2 compared with xenografts derived from
parental controls (Supplementary Fig. S1B).

Oct4 and Sox2 coexpression regulates cytokine/chemokine
profiles that facilitate an immunosuppressive tumor
microenvironment

We also examined the effects of Oct4/Sox2 on GBM neurosphere
expression of cytokines and chemokines, which regulate effectors of
innate immunity and immune cell infiltration and functions in the
tumor microenvironment. On the basis of a comprehensive qRT-PCR
screen of 22 cytokines/chemokines, Oct4/Sox2 coexpression was
found to significantly inhibit the expression of CCL5, and the Th1-
type chemokines CXCL9, CXCL10, and CXCL11, which function to
attract effector CD8þT cells (Fig. 2A; ref. 12). Oct4/Sox2 concurrently
induced multiple chemokines and cytokines (e.g., SPP, IL8, CXCL3,
CXCL5, CCL20, IL6) known to facilitate expansion of M2 macro-
phages, MDSCs, and Tregs, and promote tumor-associated angiogen-
esis and metastasis (Fig. 2A; refs. 13, 14). Conversely, forced neuro-
sphere differentiation induced CXCL9 and CXCL10 and repressed
SPP1, IL8, CXCL3, CCL20, and CXCL5 expression (Fig. 2B).

We queried the TCGA database for associations between these
cytokine/chemokines and knownmarkers of CD8þT cells (i.e., CD8A,
GZMB) and macrophages (i.e., CD68) in clinical GBM specimens.
CCL5, CXCL10, CXCL9, CXCL11 expression levels were found to
positively correlate with CD8A and GZMB expression (R¼ 0.63, R¼
0.41,R¼ 0.39,R¼ 0.34, respectively;Fig. 2C; Supplementary Fig. S2A)
and SPP1, CCL20, CXCL5, IL6 expression levels positively correlated
with CD68 expression (R ¼ 0.74, R ¼ 0.51, R ¼ 0.5, R ¼ 0.52,
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respectively; Fig. 2D). SPP1 was one of the cytokines most highly
upregulated by Oct4/Sox2 and TCGA database analysis revealed
significantly higher SPP1 expression in clinical GBM compared
with non-neoplastic tissue (Supplementary Fig. S2B, left). ELISA of
neurosphere cell conditioned medium, Western blotting of neuro-
sphere cell protein, immunofluorescence of dissociated neurosphere
cells and neurosphere-derived orthotopic tumor xenografts further
confirmed SPP1 induction by Oct4/Sox2 (Fig. 2E). Analysis of
TCGA data revealed significant positive correlations between
SPP1 and the M2 macrophage markers CD163 and IL10 (R ¼
0.56 and R ¼ 0.6, respectively) in clinical GBM samples (Supple-
mentary Fig. S2B, right).

Collectively, these results show that Oct4/Sox2 coexpression
induces an immunosuppressive cytokine/chemokine profile in GBM
cells.

Oct4/Sox2-expressing GSCs suppress T-cell infiltration and
function

The immunosuppressive transcriptome induced by Oct4/Sox2
expressing GSCs predicted their capacity to induce T-cell dysfunction.
This was examined in vitro and in vivo. Jurkat cell apoptosis as
determined by caspase-3/7 activation was increased 2- to 4-fold when
Jurkat cells were cocultured with GBM neurospheres expressing
transgenic Oct4/Sox2 versus their control parental neurospheres

Figure 1.

Oct4/Sox2 coexpression induces multiple inhibitory immune checkpoint molecules. A, Expression quantification by qRT-PCR of 21 immune checkpoint molecules in
two GBM neurosphere lines expressing � transgenic Oct4/Sox. Red, inhibitory immune checkpoint molecules; blue, costimulatory ligand molecules. B, qRT-PCR
results showing that immune checkpoint molecules induced by Oct4/Sox2 are enriched in CD133þ cell fractions compared with CD133� cell fractions. C, qRT-PCR
showing downregulation of inhibitory immune checkpoint molecules after forcing GBM neurosphere differentiation. D, Immunoblots showing PD-L1 expression in
Oct4/Sox2-expressing GBM neurospheres compared with control neurospheres. E, Immunofluorescence staining of PD-L1 membrane distribution (red) in GBM
neurospheres expressing� transgenic Oct4/Sox2. F, qRT-PCR analysis measuring PD-L1 expression in 19 low-passage primary GBM patient-derived neurospheres
and two normal neural stem cells. G, qRT-PCR (left) and immunoblots (right) showing PD-L1 expression in neurospheres expressing control, or Oct4 alone, or Sox2
alone or Oct4/Sox2; Data, mean � SEM. � , P < 0.05; ��, P < 0.01.

Ma et al.

Cancer Res; 81(9) May 1, 2021 CANCER RESEARCH2460

D
ow

nloaded from
 http://aacrjournals.org/cancerres/article-pdf/81/9/2457/3094397/2457.pdf by guest on 19 M

ay 2023



(Fig. 3A, left). Jurkat cell activation asmeasured by IL2 productionwas
suppressed 30% to 38% in cocultures with Oct4/Sox2 expressing GBM
neurospheres versus parental controls (Fig. 3A, right). Conversely,
Jurkat cell apoptosis was decreased 34% to 75% and IL2 production
increased 1.2- to 1.4-fold when Jurkat cells were cocultured with
differentiated GBM cells versus their undifferentiated controls

(Fig. 3B), consistent with the downregulation of Oct4/Sox2 and
reversal of the immune-suppressive transcriptome in response to
forced differentiation. The Jurkat T-cell response to Oct4/Sox2-
expressing neurospheres was partially reversed by neutralizing PD-
L1 antibody (Fig. 3C). To further determine if Oct4/Sox2 coexpression
induces T-cell apoptosis and promotes GSC immune evasion,

Figure 2.

Coexpressing Oct4/Sox2 alters cytokine/chemokine profiles that facilitate an immunosuppressive tumor microenvironment. A and B, Expression quantification
by qRT-PCR of 22 cytokines and chemokines in GBM neurospheres expressing� transgenic Oct4/Sox2 (A), and GBM neurospheres vs. their differentiated cells (B).
C andD, The correlations betweenGZMB (marker of CD8þ T cells) and CCL5, CXCL10, CXCL9, and CXCL11, and CD68 (macrophagemarker) and SPP1, CCL20, CXCL5,
and IL6 were analyzed in TCGA clinical samples (http://gliovis.bioinfo.cnio.es). E, ELISA (left), immunoblot (middle), and immunofluorescence (right) showing SPP1
induction by Oct4/Sox2. Data, mean � SEM. � , P < 0.05; �� , P < 0.01.
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Figure 3.

Oct4/Sox2 coexpression suppresses T-cell function and infiltration.A,GBMneurospheres expressing� transgenic Oct4/Sox2were coculturedwith activated Jurkat
T cells. Jurkat T-cell apoptosis was detected by caspase-3/7 activity (left). IL2 production was detected by IL2 ELISA Kit (right). Oct4/Sox2 enhanced Jurkat cell
apoptosis and diminished IL2 production. B, GBM neurospheres 1A and 1B were subjected to forced differentiation for 7 days. Neurospheres and their differentiated
cells were separately cocultured with the activated Jurkat T cells. Jurkat T-cell apoptosis and IL2 production were detected. C, Pretreated GBM neurospheres
expressing� transgenicOct4/Sox2were pretreatedwith� anti-PD-L1 antibody for 2 hours prior to coculturewith activated Jurkat T cells. Jurkat T-cell apoptosis and
IL2 production were detected, and the effects of Oct4/Sox2 on Jurkat T-cell apoptosis and IL2 production were attenuated by anti-PDL1 antibody. D, GBM
neurosphere cells expressing� transgenic Oct4/Sox2 were plated as monolayers on laminin-coated substrate and then cocultured with activated CD8þ T cells for
48 hours. The remaining adherent tumor cells were quantified by CCK-8 assay. E, Migration of activated CD8þ T cells measured by transwell assay. Oct4/Sox2
expressing GBM neurospheres inhibit T-cell migration. F and G, IHC staining and quantification of PD-L1 expression and FOXP3þ Treg cells (brown) in orthotopic
GL261 tumors � Dox-induced mOct4/Sox2 expression (n ¼ 8 random fields per group). � , P < 0.05; �� , P < 0.01.
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activated human CD8þ T cells were cultured with GBM neurosphere
cells expressing transgenic Oct4/Sox2 or their parental control neuro-
spheres. CCK-8 assay showed enhanced survival of Oct4/Sox2 co-
expressing neurosphere cells compared with control cells (Fig. 3D).
Transwell migration assays were used to determine if Oct4/Sox2 co-
expressing GSCs inhibits T-cell invasion. Condition medium (CM)
fromGBMneurospheres expressing transgenicOct4/Sox2 reduced the
transwell invasion of both Jurkat cells and CD8þ human T cells
compared with CM from their control parental neurospheres
(Fig. 3E; Supplementary Fig. S3A).

Orthotopic tumors were established in immune-competent C57BL/
6j mice using murine GL261 glioma cells engineered to express dox-
inducible murine Oct4 and Sox2. Immunoblot analysis confirmed
Oct4 and Sox2 induction by doxycycline treatment with concurrent
PD-L1 induction in GL261 cells expressing transgenic Oct4/Sox2
(Supplementary Fig. S3B). Dox-induction of Oct4/Sox2 coexpression
also promoted tumor growth consistent with our previously published
results (8). We now show that tumors harvested from Dox-treated
animals have increased PD-L1 mRNA and protein expression by
qRT-PCR and Western blot analyses, respectively (Supplementary
Fig. S3C). IHC showed elevated PD-L1 expression (Fig. 3F), fewer
tumor-associated CD8þ T cells (Supplementary Fig. S3D) and in-
creased tumor-infiltrating FOXP3þ Treg cells in the Dox-treated
tumors compared with no Dox-treated control tumors (Fig. 3G).
Together, these in vitro and in vivo results reinforce T-cell dysfunction
induced by Oct4/Sox2-expressing GSCs.

Oct4/Sox2-expressing GSCs induce protumorigenic, anti-
inflammatory M2-like macrophages

The above results identify multiple cytokines and chemokines,
which are induced by Oct4/Sox2 and positively associated with
oncogenic tumor-associated M2-like macrophages. To assess more
directly the influence of Oct4/Sox2 coexpressing GSCs on tumor-
associated macrophages (TAM), THP-1 monocytes were differen-
tiated into M0 macrophages using PMA and then cocultured with
either GBM neurospheres expressing transgenic Oct4/Sox2 or their
parental GBM neurospheres as control. qRT-PCR analysis showed a
significant increase in expression of M2 markers (i.e., CD206,
CD163, IL10) and a significant decrease in expression of M1
markers (TNFa, CD80) in response to the Oct4/Sox2 expressing
cells (Fig. 4A). Conversely, a significant decrease in expression of
M2 markers (i.e., CD206, IL10) and a significant increase in M1
marker expression (TNFa) occurred when M0 macrophages were
cocultured with neurosphere cells after their forced differentiated
(Fig. 4B). Consistent with these in vitro findings, orthotopic GL261-
(Dox)-Oct4/Sox2 gliomas treated with doxycycline contained many
more M2 marker-expressing TAMs (�4.6-fold more Arg1þ/Iba1þ

cells) compared with control tumors (Fig. 4C). Similarly, orthotopic
tumor xenografts derived from GBM1A neurospheres expressing
transgenic Oct4/Sox2 contained more Arg1þM2-like macrophages
compared with tumor xenografts derived from control GBM1A
neurospheres (Fig. 4D). Together, these findings demonstrate that
Oct4/Sox2 expressing GSCs promote the formation of M2-like
macrophages within the tumor microenvironment.

Bromodomain and extra-terminal-bromodomain inhibitors
suppress the immunosuppressive transcriptome and
phenotype of Oct4/Sox2-expressing GSCs

A panel of 13 small-molecule inhibitors chosen for their capacity
to target epigenetic regulators was screened for their capacity to
inhibit PD-L1 induction by Oct4/Sox2. The bromodomain and

extra-terminal (BET) protein inhibitor JQ1 (200 nmol/L) most
potently significantly inhibited PD-L1 mRNA induction (�74%
inhibition) by Oct4/Sox2 in human GBM neurospheres (Fig. 5A).
PD-L1 expression inhibition by JQ1 was equally effective at 200,
500, and 1,000 nmol/L (Supplementary Fig. S4A). JQ1 (200 nmol/L)
also significantly inhibited the induction of additional immuno-
suppressive checkpoints (i.e., PD-L2, CD70, HVEM, A2aR; Fig. 5B;
Supplementary Fig. S4B) and chemokine/cytokines (i.e., SPP1, IL8,
IL6, CXCL3, and CXCL5; Fig. 5C; Supplementary Fig. S4C). JQ1
inhibition of PD-L1 and SPP1 protein induction by Oct4/Sox2 was
further validated by Western blotting (Fig. 5D). qRT-PCR and
Western blotting also showed that OTX-015, another potent BET
inhibitor, inhibited PD-L1 and SPP1 induction by Oct4/Sox2
(Supplementary Figs. S4D–S4F).

Consistent with JQ1’s capacity to inhibit the induction of check-
points and cytokine/chemokines, pretreating Oct4/Sox2 expressing
neurosphere cells with JQ1 significantly reversed their inhibition of
Jurkat cell apoptosis and IL2 productionwithin cocultures (Fig. 5E and
F). Similarly, treating Oct4/Sox2 expressing neurospheres with JQ1
also inhibited the capacity of Oct4/Sox2 expressing GBM neuro-
spheres to induce M2 maker expression (IL10, CD163, and CD206)
in THP-1 M0 macrophages (Fig. 5G).

Together, these results indicate that BET proteins function to
regulate Oct4/Sox2-driven immunosuppressive transcriptome and
immunosuppressive phenotypes of GSCs.

BRD-dependent H3K27AC regulates the Oct4/Sox2-driven
immunosuppressive transcriptome

The BET protein BRD4 has been implicated in regulating PD-L1
transcription in ovarian carcinoma (15). We asked if Oct4/Sox2
expression enhances BRD family member expression as a potential
mechanism for PD-L1 induction in GSCs. qRT-PCR analysis revealed
induction of BRD3 and BRD4 and either no or minimal induction of
either BRD1 or BRD2 by Oct4 and Sox2 coexpression (Supplementary
Fig. S5, left). Western blot analysis revealed an increase in BRD4
protein in two biological replicate human GBM neurosphere lines
whereas BRD3 protein increased in only one of the two replicate lines
in response to Oct4/Sox2 coexpression compared with isogenic con-
trols (Fig. 6A; Supplementary Fig. S5, right). BRD4 expression inhi-
bition using a validated shRNA-BRD4 (Fig. 6B) inhibited induction of
the immunosuppressive transcriptome by Oct4/Sox2 coexpression
determined by qRT-PCR (Fig. 6C). Western blotting further con-
firmed that PD-L1 induction by Oct4/Sox2 expression was inhibited
by BRD4 knockdown (Fig. 6B). ChIP-PCR analysis using BRD4 Ab
showed that BRD4 binding to the PD-L1 enhancer region was
enriched �5.3-fold in neurospheres expressing transgenic Oct4/
Sox2 (Fig. 6D).

Super-enhancers correlate with higher levels of occupancy of both
H3K27Ac and BRD4 (16) and BRD4 is an epigenetic reader that
enhances gene transcription by binding to histone acetylation marks
especially H3K27Ac (17). Histone H3 acetylation (e.g., H3K27Ac,
H3K56Ac, H3K9Ac, H3K18Ac) was examined and Western blot
analysis revealed a �2-fold increase in global H3K27Ac levels in
neurospheres expressing transgenic Oct4/Sox2 (Fig. 6E). We per-
formed ChIP-PCR using H3K27Ac mAb to determine if the putative
super-enhancers for select checkpoint and cytokine/chemokine genes
(i.e., PD-L1, IL8, and LGALS9) were enriched for H3K27Ac marks in
Oct4/Sox2 expressing GBM1A neurospheres compared with their
parental controls. H3K27Ac was enriched approximately 27-fold in
the PD-L1 super-enhancer region, approximately 10-fold in the IL8
super-enhancer, and approximately 7-fold in the LGALS9 in
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neurospheres expression transgenic Oct4/Sox2 (Fig. 6F). These results
combined with the JQ1 findings described earlier support a mecha-
nism by which Oct4/Sox2 coexpression induces an immune suppres-
sive transcriptome by increasing super-enhancer H3K27 acetylation
and BRD-dependent transcription.

Discussion
GBM is characterized as an immunologically “cold” tumor with loss

of effector CD8þ cells and expansion ofM2macrophages,MDSCs, and
Tregs (18). These features explain, at least in part, the poor efficacy of
immunotherapy in GBM. An increasing number of genomic,

Figure 4.

Oct4/Sox2 promotes protumorigenic M2-like macrophages. A and B, qRT-PCR measuring expression of M1 and M2 polarization markers in THP-1-derived
macrophages cultured in conditioned medium obtained from GBM neurospheres � transgenic Oct4/Sox2 (A), and GBM1A neurospheres vs. forced differentiated
neurospheres (B). C, Immunofluorescence staining and quantification of Iba1þ (green) and M2 marker Arg1þ (red) in orthotopic tumor derived from GL261 �
transgenic Oct4/Sox2-expressing cells (n¼ 8 random fields per group).D, Immunofluorescence staining and quantification of Iba1þ (red) andM2marker Arg1þ (red)
in orthotopic tumor xenograft derived from GBM neurospheres � transgenic Oct4/Sox2 (n ¼ 5 random fields per group). Data, mean � SEM. �� , P < 0.01.
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epigenomic, transcriptomic profiles, and experimental analysis have
suggested negative associations between the cancer stemness pheno-
type and cytotoxic T-cell responses and anticancer immunity (19, 20).
However, the molecular mechanisms responsible for immunomodu-
lating features of CSCs remain poorly understood. Prior work has
demonstrated that reprogramming TFs Oct4 and Sox2 function as

drivers of cancer stemness phenotype and play critical roles in CSC fate
determination (6, 21). The functional relationships betweenOct4/Sox2
expression and cytotoxic T-cell responses and anticancer immunity of
CSCs remain largely unexplored. A few recent reports have linked Sox2
alone or Oct4 alone with PD-L1 expression through transcriptional or
posttranscriptional mechanisms (22,23). For the first time, we now

Figure 5.

Pan-BET bromodomain inhibitors attenuate immunosuppressive transcriptome and immunosuppressive responses to Oct4/Sox2. A, qRT-PCR analysis measuring
PD-L1 expression in Oct4/Sox2 expressing GBM1B neurospheres treated with the indicated epigenetic inhibitors for 72 hours. B and C, qRT-PCR analysis measuring
the expressionof inhibitory immune checkpointmolecules, cytokines, and chemokines in neurospheres� transgenicOct4/Sox2expression treatedwith (þ)/(�)-JQ1
for 72 hours. D, Immunoblot showing inhibition of PD-L1 and SPP1 induction by Oct4/Sox2 in GBM neurospheres � transgenic Oct4/Sox2 expression treated with
(þ)/(�)-JQ1. E and F, GBM neurosphere lines� transgenic Oct4/Sox2 expression were pretreated with (þ)/(�)-JQ1 prior to coculture with activated Jurkat T cells.
Jurkat T-cell apoptosis and IL2 production were detected by caspase-3/7 activity and IL2 ELISA Kit, respectively. G, GBM neurospheres � transgenic Oct4/Sox2
expressionwere treated (þ)/(�)-JQ1 prior to coculture with THP-1-derivedmacrophages. Expression of M1 andM2 polarizationmarkerswasmeasured by qRT-PCR.
(�)-JQ1 represents inactive small molecule control for (þ)-JQ1; Data, mean � SEM. �� , P < 0.01; ��� , P < 0.001.
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demonstrate that Oct4 and Sox2 drive GSC immunosuppressive
phenotypes by inducing a BRD4/H3k27Ac-dependent immunosup-
pressive transcriptome consisting of multiple immunosuppressive
checkpoint molecules and cytokine and chemokine profiles that are
associatedwithT-cell apoptosis, Treg infiltration, andM2macrophage

polarization, consistent with an oncogenic, immune-suppressive
tumor microenvironment (Fig. 7). Our findings indicate that under-
standing and ultimately reversing immunosuppressive transcriptome
of GSCs will contribute to inhibit immunosuppressive microenviron-
ment of GBM.

Figure 6.

Oct4/Sox2 promotes enrichment of H3K27Ac at putative super-enhancer regions of immunosuppressive molecules. A, Immunoblotting showing higher expression
of BRD4 in GBMneurospheres expressing transgenic Oct4/Sox2 comparedwith control GBMneurospheres.B, Immunoblot and qRT-PCR analysis showing inhibition
of BRD4 and PD-L1 expression by shRNA-BRD4 vs. shRNA-control in GBM neurospheres � transgenic Oct4/Sox2. C, qRT-PCR analysis of cytokine and chemokine
expression in neurospheres � transgenic Oct4/Sox2 expression transfected with shRNA-BRD4 or shRNA-control. D, ChIP-qPCR measuring BRD4 binding at the
putative super-enhancer region of PD-L1 in neurospheres � transgenic Oct4/Sox2 expression. E, Immunoblot showing increased H3K27Ac in GBM neurospheres
expressing transgenic Oct4/Sox2 compared with control GBM neurospheres. F, ChIP-qPCR showing enrichment of H3K27Ac at the putative super-enhancer regions
of PD-L1, IL8, and LGALS9 in neurospheres expressing transgenic Oct4/Sox2 compared with control neurospheres. Data, mean � SEM. �� , P < 0.01; ��� , P < 0.001.
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Multiple immune-checkpoint molecules such as PD-L1, TDO,
A2aR, and CD70 are overexpressed in various tumor cells including
GBM. Their activities in tumor microenvironment play immuno-
suppressive roles and contribute to tumor cell immune escape and
malignancy (24–26). Several immune checkpoint inhibitors have
been developed for clinical trials and have resulted in remarkable
clinical responses in multiple cancer types (27, 28). Unfortunately,
the response to immune checkpoint blockade in GBM is low with
limited clinical efficacy (29). We found that multiple immune
inhibitory checkpoints are simultaneously induced by Oct4/Sox2
coexpression and are enriched in GSCs, indicating that targeting
any single immune checkpoint (e.g., by anti-PD1, anti-PD-L1, or
A2aR antagonist therapy) may be insufficient to overcome GSC
immune escape. These highlight the impact of identifying upstream
mediators of multiple effectors of immune resistance as revealed
here.

Tumor infiltration ofCD8þTcells is required to achievemeaningful
therapeutic responses to immunotherapy (30, 31). However, clinical
GBM contain very few T cells. The chemokines CCL5, CXCL9, and
CXCL10 are known to promote CD8þ T-cell invasion (12, 32). Oct4/
Sox2 coexpression was found to significantly downregulate CCL5 and
CXCL9/CXCL10 expression by GSCs. This finding is consistent with
the sparse number of CD8þ T cells within experimental Oct4/Sox2-
expressing orthotopic GBM. The potential to stimulate T-cell tumor
infiltration by reestablishing CCL5 andCXCL9/CXCL10 expression in
GSCs is supported by recent findings, showing that CCL5 and CXCL9
cooperatively recruit T cells into ovarian tumors and that
CCL5hiCXCL9hi tumors are immunoreactive and respond to check-
point blockade (12). Notably, it has been reported that cancer cells
negatively regulate CCL5, CXCL9, and CXCL10 expression by epige-
netic silencing mechanisms such as DNA methylation (33), which we
have reported to be induced byOct4/Sox2 andupregulated inGSCs (8).
This raises the possibility that DNMT-dependent epigenetic mechan-
isms might be involved in the downregulation of CCL5, CXCL9, and
CXCL10 by Oct4/Sox2. Contrasting the loss of tumor-infiltrating
CD8þ T cells, many more Foxp3þ T cells were observed in Oct4/
Sox2-expressing orthotopic tumors compared with control tumors.
This is consistent with a previous study showing that Sox2þ breast
cancer cells promote Treg recruitment (34) and the association
between Oct4/Sox2 expression and Treg infiltration in aggressive
glioma (35).

TAMs are promising targets for therapeutic intervention due to
their abundance in GBM and their oncogenic immunosuppressive
phenotypes (36). Glioma cells secreted multiple cytokines and che-
mokines (e.g., CSF-1, CCL-2, IL4, IL6, IL10, and periostin), which
recruit macrophages and their subsequent polarization to oncogenic
M2-like subsets (5, 37, 38). Loss of PTEN in GBM cells increase
macrophage infiltration via a YAP1–LOX-b integrin–PYK2 axis (39).
NF1 deficiency in GBM cells is associated with an increase in mac-
rophage infiltration (40). Here, we show that Oct4/Sox2 expressing
GSCs promote M2 TAM polarization and upregulate SPP1, CCL20,
CXCL5, and IL6, cytokines/chemokines that are highly expressed in
GBM and positively associated with macrophage infiltration (41, 42).
Wei and colleagues has linked high expression of SPP1 (also called
osteopontin) to macrophage M2 polarization in glioma supporting a
comparable influence on the induction of M2 macrophage polariza-
tion by Oct4/Sox2-expressing GSCs (41). Future studies employing
genetic deletion and/or antibody-mediated depletion will be necessary
to determine how each cytokine/chemokine alone or in combination
affect macrophage recruitment and polarization.

Oct4, Sox2, and BRD4 are overexpressed in glial malignancy and
correlate with tumor grade (43–45). Kaplan–Meier survival analysis
from TCGA shows that high coexpression of Oct4, Sox2, and BRD4 is
associated with a poor survival (Supplementary Fig. S6). In this study,
we found that BRD4 expression is higher in Oct4/Sox2 coexpressing
GBM neurospheres compared with control neurospheres. Several
putative Oct4/Sox2 binding sites are present within the 2,000 bps
upstream of the human BRD4 transcriptional start site (http://alggen.
lsi.upc.es/). Moreover, we previously found that miRNAs (e.g.,
miR200a, miR-29, miR-296–5p) predicated to target BRD4 are
down-regulated by Oct4/Sox2 coexpression (8). Thus, Oct4/Sox2
coexpression may upregulate BRD4 expression through both tran-
scriptional and posttranscriptional mechanisms.

BET family proteins act upon super enhancers to regulate gene
transcription including drivers of cancer initiation and progres-
sion (46). A role for BET proteins in immune escape of systemic
cancer has been described but their roles in the immune escape of
cancer stem cells and brain cancer remain largely unknown (47). We
now show that the BRD4 BET protein and super enhancer histone
mark H3K27Ac are upregulated globally and specifically at the super
enhancers of immune-suppressive genes (i.e., PD-L1, IL8, LGALS9)
induced by Oct4/Sox2 in GSCs. Although BRD4 has been shown to

Figure 7.

Pathways and cellular responses used by glioma-propagating stem cells (GSC) to escape antitumor immunity. Oct4/Sox2 coexpression drives BRD4/H3k27Ac-
dependent immunosuppressive transcriptome, leading to GSC adaptive and innate immune evasion.
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regulate PD-L1 expression in other contexts (15), we further implicate
BRD-dependent mechanisms in the immunosuppressive GSC phe-
notype by showing that the pan-BET inhibitors JQ1 and OTX-015
(BRD2, BRD3, BRD4 inhibitor) repress the immunosuppressive tran-
scriptome and biological immunosuppressive responses induced by
Oct4/Sox2, and inhibition of BRD4 partially inhibits immunosup-
pressive transcriptome induction by Oct4/Sox2. Other mechanisms
are likely to contribute to GSC immune escape. ChIP data from
squamous carcinoma revealed that CXCL5 is a direct genomic target
of Sox2 (48), and Oct4 binds to the first intron of SPP1 gene and
regulates SPP1 expression (49). Alternatively, the miR-34 family
targets PD-L1 and A2aR by binding to their 30UTR (50), and down-
regulation of miR-34 family expression was observed in Oct4/Sox2
expressing GBM neurospheres (8). Understanding how these multiple
mechanisms (i.e., transcriptional and posttranscriptional mechan-
isms) contribute to Oct4/sox2-mediated immunosuppressive tran-
scriptome should guide novel combinatorial therapies toward the goal
of enhancing immunotherapeutics.
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