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Sustained expression of programmed cell death receptor-1 (PD-1) is correlated with the exhaustion of T cells, and blockade of the
PD-1 pathway is an effective immunotherapeutic strategy for treating various cancers. However, response rates are limited, and
many patients do not achieve durable responses. Thus, it is important to seek additional strategies that can improve anticancer
immunity. Here, we report that the bromodomain and extraterminal domain (BET) inhibitor JQ1 inhibits PD-1 expression in Jurkat
T cells, primary T cells, and T-cell exhaustion models. Furthermore, JQ1 dramatically impaired the expression of PD-1 and T-cell
immunoglobulin mucin-domain-containing-3 (Tim-3) and promoted the secretion of cytokines in T cells from patients with acute
myeloid leukemia (AML). In line with that, BET inhibitor-treated CD19-CAR T and CD123-CAR T cells have enhanced anti-leukemia
potency and resistant to exhaustion. Mechanistically, BRD4 binds to the NFAT2 and PDCD1 (encoding PD-1) promoters, and NFAT2
binds to the PDCD1 and HAVCR2 (encoding Tim-3) promoters. JQ1-treated T cells showed downregulated NFAT2, PD-1, and Tim-3
expression. In addition, BET inhibitor suppressed programmed death-ligand 1 (PD-L1) expression and cell growth in AML cell lines
and in primary AML cells. We also demonstrated that JQ1 treatment led to inhibition of leukemia progression, reduced T-cell PD-1/
Tim-3 expression, and prolonged survival in MLL-AF9 AML mouse model and Nalm6 (B-cell acute lymphoblastic leukemia cell)-
bearing mouse leukemia model. Taken together, BET inhibition improved anti-leukemia immunity by regulating PD-1/PD-L1
expression, and also directly suppressed AML cells, which provides novel insights on the multiple effects of BET inhibition for cancer
therapy.
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INTRODUCTION
Cancer cells can evade T-cell immune responses by driving T-cell
exhaustion [1]. Exhausted T cells are characterized by the
excessive expression of multiple inhibitory receptors or immune
checkpoint molecules, including programmed cell death receptor-
1 (PD-1), cytotoxic T lymphocyte-associated molecule-4 (CTLA-4),
and T-cell immunoglobulin mucin-domain-containing-3 (Tim-3)
[2, 3]. Numerous studies highlight the inhibitory receptor PD-1 as a
key driver in the process of T-cell exhaustion [4, 5]. The interaction
between PD-1 and its ligands (PD-L1 and PD-L2) has been shown
to restrain T-cell activity [6, 7]. Our previous findings have shown
that the percentage of PD-1+ T cells are increased in patients
with hematologic malignancies [8, 9], and increased expression of
PD-1 in T cells was reported as an independent adverse risk factor
for treatment response and survival in acute myeloid leukemia
(AML) [10]. T cells from AML patients display a signature of T-cell
exhaustion which is more prominent in the bone marrow, similar
to exhaustion signatures of solid cancers [11]. Cancer immu-
notherapies based on reinvigorating exhausted T cells, such as PD-
1 blockade, have demonstrated therapeutic prospects in a

number of solid tumors [12–14]. Recently, several clinical trials
of PD-1, PD-L1, CTLA-4, and Tim-3 blockade have been performed
in patients with hematological malignancies [15, 16]. However,
unlike the effects of immune checkpoint blockade in solid tumors
[17, 18], a single blockade of one inhibitory pathway does not
achieve a durable response for hematological malignancies,
particularly for AML [19–21]. AML may use a variety of inhibitory
pathways to evade T-cell immune attack, and inhibition of one
inhibitory receptor may cause upregulation of others [22, 23]. It
remains a great challenge to seek additional strategies that can
induce more robust and durable T-cell immune responses.
The clinical success of PD-1 blockade highlights the importance

of further investigation of the mechanisms by which PD-1 is
regulated in T-cell activation and exhaustion. PD-1 is dynamically
regulated by multiple pathways and plays a pivotal role in
regulating T-cell exhaustion. However, some evidence has been
obtained indicating that exhausted T cells that were reinvigorated
by PD-1 blockade became “reexhausted” when the tumor antigen
concentration remains high [24]. Previous studies have also shown
that the expression of exhaustion-associated genes is reinforced,
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resulting in stable maintenance of the exhaustion-associated
characteristics of exhausted T cells [25]. These observations
suggest that PD-1/PD-L1 pathway blockade can reverse the
exhausted state but cannot fully reprogram exhausted T cells.
T-cell exhaustion epigenetic or transcriptional programs are
maintained, which might restrict cellular responses during PD-1
blockade therapy. These studies have generated substantial
interest in identifying the upstream PD-1-regulatory pathway that
may contribute to the establishment and maintenance of T-cell
exhaustion. Therefore, it is crucial to define combinatorial
approaches that reduce the expression of PD-1 and reverse
T-cell exhaustion epigenetic programs. Many transcription factors
(TFs), including Thymocyte selection-associated HMG box protein
(TOX) [26, 27], nuclear factor of activated T cells (NFAT) [28],
activator protein 1 (AP-1) [29], nuclear factor kappa-B (NF-κB) [30],
and signal transducer and activator of transcription (STAT) family
members [31, 32], have been demonstrated to regulate PD-1
expression, and these studies have implications for therapeutic
opportunities. Here, we sought to identify small-molecule
inhibitors that target PD-1 upstream regulators and improve
anticancer T-cell responses.
The bromodomain and extraterminal domain (BET) protein

family contains BRDT, BRD2, BRD3, and BRD4. BRD4 interacts with
multiple protein complexes in the active promoters and enhan-
cers, functions as a general regulator of RNA polymerase II (Pol II)-
dependent transcription, and regulates the expression of some
essential genes [33–35]. Several structure/activity-based BET
protein inhibitors have been developed, and the anticancer
activity of BET inhibitors has been demonstrated in preclinical
models and clinical trials [36–38]. Recently published studies
further show that BET inhibitors promote anticancer immunity via
suppressing PD-L1 expression by reducing the binding of BRD4 to
its promoter. BET inhibitors such as JQ1 have also improved T-cell-
mediated antitumor immunity [39, 40]. However, the effect and
mechanisms of BET inhibitors in T-cell exhaustion remain largely
unknown. In this study, we demonstrated that BET bromodomain
inhibition suppressed PD-1 and Tim-3 expression via BRD4 and
NFAT2, and augmented the cytokine production of T cells from
AML patients, as well as rescued exhausted T cells via reducing the
expression of PD-1 and Tim-3. BET inhibitors also prolonged the
survival time of leukemia mice. Besides, BET inhibition suppressed
PD-L1 expression and the growth of leukemia cell in AML. These
findings might provide evidence and rationale that BET bromo-
domain inhibition enables therapy of AML by a dual action on
exhausted T cells and AML cells.

MATERIALS AND METHODS
Clinical samples
A total of 29 bone marrow (BM) samples of newly diagnosed AML were
collected from the Department of Hematology, First Affiliated Hospital of
Jinan University, Guangzhou, Guangdong, China (Supplemental Table 1).
All healthy donors and AML patients were informed about the study and
provided consent prior to blood collection. Ethical approval for this
research (No. 20200326) was obtained from the Ethics Committee of the
First Affiliated Hospital of Jinan University.

Cultured cells and CAR T cells production
Jurkat T cells, GFP/luciferase-expressing Nalm6 (Nalm6-GL) cells, THP1 cells,
NB4 cells, HEL cells, and GFP/luciferase-expressing MV411 (MV411-GL) cells
were cultivated in RPMI 1640 (Invitrogen) supplemented with 10% fetal
calf serum (FBS, Gibco) at 37 °C in a humidified atmosphere with 5%
carbon dioxide (CO2).
Mononuclear cells were isolated from BM or umbilical cord blood of

collected samples using Ficoll density gradient. Primary T cells were
positively selected by human CD4 microbeads, CD8 microbeads, or CD3
microbeads (Miltenyi Biotec) according to the manufacturer’s instructions,
followed by stimulation with TransactTM CD3/CD28 T-cell activator (MACS)
and cultured in GT-T551 medium (Takara, Japan) supplemented with 5%

fetal calf serum (Gibco), 1×BIOMYC-3 (FDbio Science), and 10 ng/ml IL-2.
The purity of the T cells was >90% as measured by flow cytometric
analysis.
Construction of the high-affinity anti-GD2 chimeric antigen receptor

(HA-28z-CAR) plasmid was as described by Rachel C. Lynn et al. [41]. Anti-
CD19 and anti-CD123 chimeric antigen receptor (CD19-CAR and CD123-
CAR) plasmid were from Prof. Peng Li, and the construction of CD19-CAR T
cell was followed as described by Prof. Peng Li [42]. Two days after
activation with CD3/CD28 T-cell activator, primary T cells were transduced
with HA-28z-CAR or GFP or CD19-CAR or CD123-CAR lentiviral vector.
Medium was replaced with GT-T551 medium containing 5% FBS and
10 ng/ml IL-2 24 hours after infection, and T cells expanded for 5–10 days.

Flow cytometric analysis
Cells were stained for flow cytometry in staining buffer (BD PharmingenTM)
with the indicated Abs at 4 °C for 30min. Jurkat T cells were labeled with
PE mouse anti-human CD279 (560795, EH12.1, BD Biosciences), and
primary CD4+ and CD8+ T cells were stained with PE mouse anti-human
CD279 and PE-CyTM7 mouse anti-human CD69 (557745, FN50, BD
Biosciences), which were detected by Beckman Coulter CytoFLEX (Suzhou,
China). CD3+ T cells from AML patients were stained with CD4-FITC
(555346, BD Biosciences), CD8-APC/Cy7 (344714, Biolegend), CD25-APC
(555434, BD Biosciences), CD127-BV510 (563086, BD Biosciences), CD45RA-
PerCP/Cy5.5 (304122, Biolegend), CCR7-BV421 (562555, BD Biosciences),
PD-1-PE/Cy7 (561272, BD Biosciences), and Tim-3-PE (563422, BD
Biosciences). A total of 30,000 CD3+ T cells were collected with BD Verse
flow cytometer (BD, Bioscience, USA). All data analysis was performed with
Flowjo software (Flowjo LLC, USA). Murine peripheral blood cells were
stained with CD3-APC/Cy7 (100329, Biolegend), PD-1-APC (109112,
Biolegend), and Tim-3-PE (134003, Biolegend).
For intracellular cytokine analysis, CD4+ and CD8+ T cells from healthy

donors, and CD3+ T cells from AML patients were stimulated for 6 hours
with P/I (PMA: 20 ng/L, ionomycin: 0.5 μM) in the presence of brefeldin A to
allow cellular cytokine accumulation. Then, cells were fixed, permeabilized,
and stained with IL-2-FITC (500305, Biolegend), IFN-γ-PE (506507,
Biolegend), and TNF-α-APC (502913, Biolegend). Flow cytometry was used
to evaluate the secretion of intracellular cytokines.
For analysis of apoptosis of T cells and cancer cells, the Annexin V-PE/7-

AAD-PerCP/Cy5.5 apoptosis Kit (Multi science, China) and Annexin V-APC/
PI apoptosis Kit ((Multi science, China) were used following the
manufacturer’s instructions, respectively. Cells were collected by CytoFLEX,
and data were analyzed by Flowjo software.

Cell proliferation assays
The relative cell growth was quantified using Cell Counting Kit-8 (CCK-8,
Dojindo, Tokyo, Japan). Briefly, 100 μl cells from different intervention
groups were seeded onto triplicate wells of a 96-well plate at a
concentration of 10,000 cells/well (for tumor cells) or 50,000 cells/well
(for T cells), and 10 μl CCK-8 reagent was added to each well and
incubated for 4 hours in indicated time point. The optical density (OD)
was measured at 450 nm with a microplate reader (BioTek-
Synergy4, USA).

RNA extraction and quantitative real-time RT-PCR
Total RNA from Jurkat or CD8+ T cells was extracted with TRIzol reagent
(Invitrogen) according to the manufacturer’s instructions. RNA was reverse
transcribed into cDNA using the High-Capacity cDNA Reverse Transcription
Kit. Real-time PCR was performed with SYBR Green, and the qRT-PCR
cycling program was as follows: 40 cycles of 95 °C for 30 s, 60 °C for 30 s,
and 72 °C for 30 s. Relative expression levels were calculated using the
comparative ΔΔCt method, and data were normalized to β-actin mRNA
levels. The primers used for real-time PCR analysis are listed in
Supplemental Table 2a.

Immunofluorescence
Cells were fixed in 4% formaldehyde prior to cell permeabilization with
0.1% Triton X-100. After washing with PBS, cells were blocked with
Immunol Staining Blocking Buffer (Beyotime). Then, cells were incubated
with mouse anti-NFAT2 antibody (1:20, ab2796 Abcam) overnight and then
incubated with DyLight-488 conjugated secondary antibody (1:100,
A23210, Abbkine). Nuclei were stained with DAPI (1:1000, 564907, BD
PharmingenTM), and images were taken with a Leica SP8 confocal
microscope (Leica Corp, Germany).
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siRNA interference
Jurkat T cells were transfected using the Neon® Transfection System
(Invitrogen) with 100 pmol of oligonucleotides in 10 μl reactions [43–45].
Briefly, 2 × 105 cells were suspended in 100 pmol of oligonucleotides in
10 μl reactions, and each 12-well plate was transfected four times. After
electroporation, cells were cultured in 1640 medium containing 10% FBS at
37 °C with 5% CO2 for 48 hours, and were then divided into two groups:
with and without 150 ng/ml PHA treatment for 24 hours, followed by
harvested to examine the mRNA expression. siRNA sequences targeting
NFAT2 and BRD4 are listed in Supplemental Table 3.

Lentivirus transduction
A lentivirus overexpressing BRD4 (lv-BRD4) and a control lentivirus (lv-NC)
was purchased commercially from Genechem (Shanghai, China). Jurkat
T cells were transduced with lv-BRD4 or lv-NC lentivirus, and positively
transduced cells were selected by 5 μg/mL puromycin for 5 days.

Tumor-killing assay
Nalm6-GL target cells were incubated with CD19-CAR T cells at the E:T ratio
of 1:1 in the six-well plate and target cell viability was monitored 72 hours
later. Then CD19-CAR T cells were treated with DMSO or the indicated
concentration of JQ1 for 72 hours after centrifugation, and the expression
of PD-1 and Tim-3 and the proportion of CAR T cells were detected by
FACS. After centrifugation, treated CD19-CAR T cells were co-cultured with
Nalm6-GL cells at the E:T ratio of 1:1 in triplicate wells of 96-well plates.
Target cell viability was monitored 48 hours later by adding 100 µl/well of
D-luciferin (potassium salt) (Cayman Chemical, USA) at 150 µg/ml. Back-
ground luminescence was negligible (<1% of the signal from wells
containing only target cells). The viability (%) was calculated as the
experimental signal/maximal signal × 100, and the percentage of killing
was equal to 100%− percent viability. The co-cultured supernatant of
CD19-CAR T cells was collected for detecting the secretion of cytokines.
Similar to CD19-CAR T cells, CD123-CAR T cells were co-cultured with

MV411-GL cells followed by being treated with the indicated concentration
of JQ1 for 72 hours, and being co-cultured with MV411-GL cells again, the
percentages of PD-1 and Tim-3 were detected by FACS, and the viability of
MV411-GL cells was determined by a microplate reader. The co-cultured
supernatant of CD123-CAR T cells was collected for detecting the secretion
of cytokines.

Enzyme-linked immunosorbent assay (ELISA)
ELISA kits for IL-2, IFN-γ, granzyme B, and TNF-α were purchased from
DAKEWE (Shenzhen, China), and all ELISAs were performed according to
the manufacturer’s protocols. The culture supernatants were collected and
centrifuged at 500×g for 5 min, and the supernatants were subjected to
the protocols provided by the manufacturer.

Western blot analysis
Cells were harvested and lysed in RIPA buffer containing protease
inhibitors. The cell lysates were run in a 10% SDS–PAGE Criterion X-gel
(Bio-Rad) and then transferred to a polyvinylidene fluoride membrane. The
membranes were blocked with QuickBlock™ Blocking Buffer (Beyotime,
China) and probed with a primary antibody directed against NFAT2
(1:1000, Abcam, ab2796) and BRD4 (1:1000, Abcam, ab243862) overnight
at 4 °C. Anti-β-actin antibody (1:5000, Thermo Fisher Scientific) served as
control. After incubated with secondary antibody, signals from bound
antibodies were amplified with ECL (Beyotime, China), and images were
acquired in a UVITEC photo documenter. The full gel images for those
cropped in the paper figures are shown in Supplemental Fig. 1.

Chromatin immunoprecipitation (ChIP) assay
Chromatin immunoprecipitation (ChIP) assays were performed with anti-
BRD4 (Abcam, ab243682), anti-NFAT2 (Abcam, ab2796), or non-immune
mouse IgG control antibodies using EZ-ChIP™# 17-371 (Millipore, USA)
according to manufacturer’s instructions, and ChIP-qPCR primers are listed
in Supplemental Table 2b.

RNA-seq analysis
Total RNA was extracted and examined for RIN number to inspect the
RNA integrity. cDNA library construction and sequencing were
performed by Shanghai Biotechnology Corporation with VAHTS
Stranded mRNA-seq Library Prep Kit for Illumina®. Hisat2 (version:2.0.4)

was used for the alignment of high-quality reads and mapping to the
human reference genome (GRCh38). The expression value of each gene
was calculated in terms of fragments per kilobase of exon model per
million mapped reads (FPKM). The gene expression level in Jurkat T cells
treated with DMSO and 0.5 μM JQ1 in the absence or presence of PHA is
shown in Supplemental Table 4. The data of Jurkat cells treated with
different drugs are available in the Gene Expression Omnibus (GEO)
(accession code GSE205605).

In vivo experiment
Female C57BL/6J mice (6–8 weeks old) were purchased from Beijing Vital
River Laboratory Animal Technology Co. Ltd. Murine MLL-AF9 leukemia
cells were from Professor Hui Cheng, and were injected into female C57BL/
6J mice through the tail vein. The percentages of GFP+ leukemia cells in
peripheral blood were detected on 11 days after MLL-AF9 cells injection.
When the proportion of GFP+ cells reached 0.01–2%, mice were
randomized into two groups, and intraperitoneally treated with DMSO or
JQ1 (50mg/kg) for 7 consecutive days. The percentages of PD-1 and Tim-3
on CD3+ T cells and the percentage of PD-L1 on GFP+ cells in peripheral
blood were detected by FACS every 2 days after DMSO or JQ1
administration. For the T-cell depletion experiment, female C57BL/6J mice
were randomly grouped, and intraperitoneally treated with 200 μg IgG1 or
anti-CD3 monoclonal antibody 6 days after MLL-AF9 cells were intrave-
nously injected. Then mice treated with IgG1 or anti-CD3 monoclonal
antibody were again grouped into another two groups according to the
percentage of GFP+ cells and were administrated with DMSO or 50mg/kg
JQ1 for 8 consecutive days.
Female NOD-Prkdcscid IL2rgtm1/Bcgen (B-NDG) mice were purchased

from Biocytogen Pharmaceuticals (Beijing) Co., Ltd. 6–8-week-old female
B-NDG mice were intravenously injected with 1 × 105 luciferase/GFP/Nalm6
cells through the tail vein, followed by bioluminescence imaging using the
IVIS imaging system after luciferin injection 4 days after Nalm6 cells
administration, and the values were detected and analyzed by Living
Image software. Then mice were randomized into three groups (GFP-T,
DMSO-CAR19-T, and JQ1-CAR19-T) (n= 5) according to the biolumines-
cence values to ensure the equality of tumor burden among groups and
were intravenously inoculated with 5 × 106 T cells treated with DMSO or
JQ1 3 days in advance. Disease progression was measured and quantified
weekly by bioluminescence imaging.
All animal studies were approved by Jinan University Laboratory Animal

Ethics Committee (No. 20200318-17), and were performed in compliance
with institutional regulations for animal use.

Statistical analysis
Data are presented as the mean ± standard deviation (SD). The data were
analyzed by SPSS 22.0 software. All in vitro experiments consisted of three
or more biological replicates per experimental group and were repre-
sented as individual data points. In vivo studies consisted of five or six mice
per group. Statistical tests were performed on data from independent
biological replicates. For comparisons between two groups, two-tailed
unpaired Student’s t test or two-tailed paired Student’s t test was applied.
For comparing three or more groups, one-way ANOVA with Bonferroni
post hoc test was applied. One-way ANOVA with Dunnett post hoc test
was used for comparing a control group with two or more experimental
groups. For in vivo experiments, overall survival was depicted by a
Kaplan–Meier curve, and the log-rank test was used to compare survival
differences between the groups. P value < 0.05 was considered to be
significant. *P < 0.05; **P < 0.01; ***P < 0.001.

RESULTS
Identification of potential candidates for suppressing PD-1
expression by molecular compound screening
Characterizing PD-1 regulation will help elucidate the molecular
mechanisms underlying T-cell exhaustion and improve cancer
treatment. Here, we conducted a molecular compound screen
using the Jurkat immortalized human T-cell line to explore
potential molecular candidates that inhibit PD-1 expression. A
panel of 17 small-molecule compounds (Supplemental Table 5)
consisting of inhibitors and activators that target different
signaling pathways was used to identify potential molecular
compounds that suppress PD-1 expression (Fig. 1A). To limit the
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potential of apoptosis induced by the small-molecule inhibitors
and activators, a low concentration was chosen to treat the cells.
This analysis demonstrated that only BET protein inhibitors
induced PD-1 suppression, then a secondary screen using the
same panel of compounds was performed in Jurkat T cells treated
with phytohemagglutinin (PHA) which can induce PD-1 expression
(Fig. 1B). We found that inhibitors targeting BET proteins, MEK,
PI3K, and DNA methyltransferase significantly suppressed PD-1
expression (Fig. 1C). This screen revealed that JQ1 was able to
suppress PD-1 expression in the presence and absence of PHA.
Based on these observations, we focused on BET inhibitors as
promising suppressors of PD-1 expression in T cells.

Next, we demonstrated that treatment of Jurkat T cells with JQ1
results in time- and dose-dependent suppression of PD-1 cell
surface expression in the presence or absence of PHA, which
correlated well with the PD-1 mRNA level (Fig. 1D–G). Further-
more, we explored the efficiency of JQ1 in suppressing PD-1
expression on Jurkat T cells treated with different concentrations
of PHA. As shown in Supplemental Fig. 2A, JQ1 significantly
inhibited the elevated PD-1 expression induced by PHA.
We next investigated whether BRD4 inhibition had a similar

effect in primary T cells by sorting CD4+ and CD8+ T cells from
healthy donors for further experiments. As expected,
JQ1 substantially prevented the increase of PD-1 expression on
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CD8+ T cells (Fig. 1H) and CD4+ T cells treated after P/I
stimulation (Fig. 1I). Furthermore, JQ1 promoted the expression
of CD69, an important marker of lymphocyte activation, in
CD8+ and CD4+ T cells (Fig. 1J and Supplemental Fig. 2B). To
further explore whether BRD4 inhibition influences the cytokine
secretion of T cells, IL-2, IFN-γ, and TNF-α levels were detected in
CD4+ and CD8+ T cells. The ELISA results demonstrated that JQ1
enhanced the secretion of IL-2, IFN-γ, and TNF-α in CD4+ and
CD8+ T cells after P/I stimulation (Fig. 1K–M), while significant
change was only observed for IL-2 and IFN-γ by using intracellular
flow cytometry (Supplemental Fig. 2C, D). In addition, JQ1
inhibited PD-1 expression in CD4+ and CD8+ T cells without
inducing significant apoptosis and cell viability inhibition at 0.5 μM
(Supplemental Fig. 2E, F). Collectively, these data suggest that BET
inhibitor JQ1 suppresses PD-1 expression without impairing
primary T-cell function.

BRD4 inhibition suppresses PD-1 and Tim-3 expression
BRD4 is one of the major bromodomain transcription factors
targeted by JQ1. Similar JQ1 effects were observed in Jurkat T cells
(Fig. 2A, B) and CD8+ T cells (Fig. 2C) with two other BET
inhibitors, PFI-1 and ABBV-744 (a BET inhibitor which has been
used in clinical trials). Thus, the suppression of PD-1 by a BET
inhibitor may depend on BRD4. Indeed, the depletion of BRD4
participates in the downregulation of PD-1 expression (Fig. 2D, E
and Supplemental Fig. 2G). We next sought to determine whether
BRD4 overexpression increased PD-1 expression (Fig. 2F), and
found that PD-1 expression was elevated by BRD4 overexpression
(Fig. 2G). In addition to PD-1, JQ1 could also decrease the
expression of Tim-3, another key inhibitory receptor of T-cell
exhaustion (Fig. 2H). Taken together, these results further indicate
that BRD4 is involved in the regulation of PD-1 and Tim-3.

BRD4 inhibition rescues T-cell exhaustion
A recent study demonstrated that healthy T cells expressing a
CAR, which incorporates the high-affinity anti-disialoganglioside
(GD2) 14g2a-E101K scFv, CD3ζ, and CD28 signaling domains (HA-
28z), are driven to exhaustion by the clustering of surface CAR
tonic signaling in the absence of antigen (Fig. 3A) [41]. We then
exploited HA-28z CAR T cells as a model to investigate the effects
of JQ1 in revising T-cell exhaustion. Jurkat T cells and primary
CD3+ T cells were treated with JQ1 after transduction with HA-
28z CAR. We found that expression of PD-1 and TIM-3 were
markedly decreased in exhausted T cells (Fig. 3B, C and
Supplemental Fig. 2H).
T-cell exhaustion is characterized by significant upregulation of

inhibitory receptors and loss of T-cell effector function under
continuous antigen stimulation [46]. Therefore, we used the

specific recognition and killing of tumor antigen by CD19-CAR
T cells and CD123-CAR T cells to induce T-cells exhaustion and
verify the reversal effect of JQ1 on exhausted T cells (Fig. 3D). As
shown in Fig. 3E, the expression of PD-1 and TIM-3 on CD19-CAR
T cells was evidently increased after co-cultured with Nalm6-GL
(GFP/luciferase-expressing Nalm6) B-ALL cells, which indicated
T-cell exhaustion, while JQ1 could reduce the inhibitory receptor
upregulation induced by tumor antigen stimulation (Fig. 3F, G),
and enhanced cytokine secretion and the killing function of
exhausted T cells (Fig. 3H, I and Supplemental Fig. 2I). Obviously,
we found that JQ1-treated T cells exhibited high viability, as
indicated by flow cytometric analysis and CCK-8 assay (Fig. 3J, K),
which was consistent with a recent study [39]. Similarly, anti-PD-1
enhanced CAR T cell efficacy in killing model of CD19-CAR T cells
co-cultured with Nalm6-GL cells, but with less extent than JQ1
(Fig. 3L). We also employed a co-culture of MV411-GL (GFP/
luciferase-expressing MV411) AML cells with CD123-CAR T cells
which are specific targeted to AML cells. Accordingly, JQ1-treated
CD123-CAR T cells exhibited a less exhausted phenotype and
enhanced the killing function (Fig. 3M–Q). Taken together, these
data suggested that JQ1 can reverse the exhaustion of T cells by
inhibiting the expression of inhibitory receptors and restore T-cell
higher viability.

BET inhibition reverses the exhausted phenotype of T cells
from AML patients
Previous studies have demonstrated T-cell dysfunction in patients
with hematologic malignancies [8, 47], and blockade of PD-1 and
Tim-3 was able to reverse T-cell exhaustion and restore anticancer
immunity [48]. Therefore, we investigated the effects of JQ1 in
T cells from AML patients. CD3+ T cells from patients with newly
diagnosed AML were sorted and treated with JQ1 or vehicle
control (DMSO) for 24 hours, then PD-1 and Tim-3 levels were
measured at the end of drug treatment by FCM (Fig. 4A and
Supplemental Fig. 3A). As shown in Fig. 4B, a marked reduction of
PD-1 and Tim-3 on CD4+ and CD8+ T cells treated with JQ1
compared with vehicle control was observed. In addition, double-
positive PD-1+Tim-3+ T cells were significantly decreased by JQ1
treatment. Collectively, these data suggest that suppression of PD-
1 and Tim-3 expression by JQ1 may reverse T-cell exhaustion in
AML.
We hypothesized that JQ1 could restore the function of

exhausted T cells. To verify this hypothesis, we first evaluated
the IL-2, IFN-γ, and TNF-α levels in CD3+ T cells from AML patients
after JQ1 treatment. JQ1-treated CD3+ T cells from AML patients
demonstrated increased cytokine secretion although not all of the
tested cytokine show statistically significant (Fig. 4C and Supple-
mental Fig. 3B). Next, we explored the effects of JQ1 on T-cell

Fig. 1 Molecular compound screening identifies JQ1 that suppresses PD-1 expression of Jurkat cell and T cell. A Flow diagram of the
experimental design. B Plot of the ratio of PD-1 expression on Jurkat cells treated with the indicated compounds as detailed in Supplemental
Table 5 (n= 3). C Plot of the ratio of PD-1 expression on Jurkat cells stimulated with 150 ng/mL PHA and the same compounds as that shown
in Supplemental Table 5 (n= 3). D Jurkat cells were treated with 0.5 μM JQ1 with and without PHA (150 ng/mL) stimulation, and PD-1
expression was determined by FACS at the indicated time points (n= 4). E Jurkat cells were treated with 0.5 μM JQ1 with and without PHA
(150 ng/mL) stimulation, and PD-1 expression was determined by qRT-PCR at the indicated time points (n= 3). F Jurkat cells were treated with
indicated doses of JQ1 for 24 h in the presence or absence of PHA (150 ng/mL), PD-1 expression was determined by qRT-PCR (n= 5). G Jurkat
cells were treated with indicated doses of JQ1 for 24 h in the presence or absence of PHA (150 ng/mL), PD-1 expression was determined by
FACS (n= 4). H CD8+ T cells from healthy donors were treated with 0.5 μM JQ1 for 24 h with and without P/I (PMA: 20 ng/L, ionomycin:
0.5 μM) stimulation, and PD-1 expression was determined by FACS (n= 3). I CD4+ T cells from healthy donors were treated with 0.5 μM JQ1
for 24 h in the presence and absence of PHA (500 ng/ml), P/I (PMA: 20 ng/L, ionomycin: 0.5 μM), or anti-CD3/CD28 (anti-CD3: 200 ng/ml, anti-
CD28: 200 ng/ml), and PD-1 expression was determined by FACS (n= 4). J CD8+ T cells from healthy donors were treated with 0.5 μM JQ1 for
24 h with and without P/I (PMA: 20 ng/L, ionomycin: 0.5 μM) stimulation, and CD69 expression was determined by FACS (n= 3).
K CD4+ T cells and CD8+ T cells were treated with 0.5 μM JQ1 for 24 h, and the secretions of IL-2 were evaluated by ELISA (n= 4).
L CD4+ T cells and CD8+ T cells were treated with 0.5 μM JQ1 for 24 h, and the secretions of IFN-γ were evaluated by ELISA (n= 4).
M CD4+ T cells and CD8+ T cells were treated with 0.5 μM JQ1 for 24 h, and the secretions of TNF-α were evaluated by ELISA (n= 4). Data in
(B–M) were expressed as mean ± SD. n= 3 or more independent biological replicates, presented as individual points. P value < 0.05 was
considered to be significant (D–G: two-way ANOVA, B, C, H–M: one-way ANOVA with Bonferroni post hoc test).
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differentiation status. The expression of PD-1 and Tim-3 in naive,
central memory (TCM), effector memory (TEM), and the terminal
differentiated effector memory (TEMRA) subset of CD4+ and
CD8+ T cells from AML patients was analyzed (Supplemental Fig.
3C). We observed that JQ1 treatment did not increased the
frequency of the TCM, TEM, and TEMRA subsets in the CD4+ and
CD8+ T-cell populations in AML patients (Fig. 4D). Instead, we
found that the level of PD-1 and Tim-3 in the CD4+ and CD8+ T-
cell subsets was different between the two culture conditions. In
particular, the PD-1 and Tim-3 levels were substantially lower in
the JQ1-treated TEM subset (Fig. 4E, F and Supplemental Fig. 3D).
These data further support our hypothesis that BET bromodomain
inhibition partially mitigates T-cell exhaustion in AML.

BRD4 inhibition rescues T-cell exhaustion via the
NFAT2 signaling pathway
To gain mechanistic insight into the regulation of PD-1 by BET
bromodomain inhibition, we performed RNA sequencing (RNA-
seq) in DMSO or JQ1-treated Jurkat T cells. Kyoto Encyclopedia of
Genes and Genomes (KEGG) pathway analysis of differentially
expressed genes identified T-cell receptor (TCR) signaling as the
candidate pathway downstream of BET inhibition (Fig. 5A, B and
Supplemental Fig. 4A–C). Among the genes dysregulated in the
TCR signaling pathway upon JQ1 treatment, we chose NFAT2 as a
target gene because NFAT2 has been reported to control T-cell
exhaustion by regulating the expressions of key inhibitory
receptors that dampen TCR signaling. We further found that the

Fig. 2 BRD4 inhibition suppresses the expression of PD-1 and Tim-3. A Jurkat cells stimulated with or without PHA (150 ng/mL) were
treated with the BET inhibitors PFI-1 (5 μM) and ABBV-744 (2 μM) for 24 h, then PD-1 expression was determined by flow cytometry (n= 3).
B Jurkat cells stimulated with or without PHA (150 ng/mL) were treated with the BET inhibitors PFI-1 (5 μM) and ABBV-744 (2 μM) for 24 h, then
PD-1 expression was determined by qRT-PCR (n= 3). C Similar to Jurkat cells, CD8+ T cells were administrated with PFI-1 (5 μM), and ABBV-
744 (2 μM) for 24 h stimulated with or without P/I, and PD-1 expression was determined by FACS (n= 3). D After Jurkat cells were stimulated
with and without 150 ng/mL PHA after BRD4 knockdown by siRNA, BRD4 expression was examined by qRT-PCR (n= 3). E After Jurkat cells
were stimulated with and without 150 ng/mL PHA after BRD4 knockdown by siRNA, PD-1 expression was determined by FACS (n= 3). F Jurkat
cells were transfected by BRD4 overexpression lentivirus, then BRD4 expression was examined by qRT-PCR (n= 4) and western blot. G PD-1
expression of Jurkat cells was detected by FACS after BRD4 overexpression lentivirus was transfected (n= 4). H Jurkat cells were treated with
0.5 μM JQ1 for 24 h in the presence and absence of PHA (150 ng/mL), then the expression of Tim-3 was examined by FACS (n= 3). Data in
(A–H) are expressed as mean ± SD. n= 3 or more independent biological replicates, presented as individual points. For western blot, similar
results were obtained for three independent biological experiments. P value < 0.05 was considered to be significant (A–E, H: one-way ANOVA
with Bonferroni post hoc test; F, G: two-tailed unpaired Student’s t tests).
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expression of NFAT2 significantly declined in JQ1-treated Jurkat
T cells (Fig. 5C).
Based on these results, we next inhibited NFAT2 expression in

CD8+ T cells with the NFAT2 inhibitor FK506 (Fig. 5D). As
expected, the expression of PD-1 was inhibited by FK506
treatment in primary T cells (Fig. 5E, F). Similar results were
observed in Jurkat T cells (Supplemental Fig. 4D, E), and the

expression of Tim-3 was also suppressed (Supplemental Fig. 4F).
We also observed superiority of combining JQ1 and FK506 over
the single agents on PD-1 expression (Supplemental Fig. 4G). We
then assessed the expression of PD-1 upon NFAT2 deletion in
Jurkat T cells by RNA interference, and confirmed that PD-1
expression was significantly decreased in siRNA-NFAT2 treated
cells compared with negative control cells (Fig. 5G–I), which was
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consistent with the results from JQ1 treatment. Moreover, we
found that JQ1 reduced NFAT2 expression in Jurkat T cells using
immunofluorescence, western blot, and qRT-PCR analysis (Fig. 5J,
K and Supplemental Fig. 4H, I). Similar effects were obtained with
another BET inhibitor, PFI-1 (Supplemental Fig. 4J), and an
opposite trend was observed after BRD4 overexpression (Fig.
5L). Collectively, these data indicated that BRD4 inhibition may
inhibit key inhibitory receptors by suppressing NFAT2 expression.
In addition, JUN was increased by BRD4 inhibition (Fig. 5M),

which has been reported to rescue exhaustion in HA-28z CAR
T cells [41]. In contrast, overexpression of BRD4 downregulated
JUN expression, and promoted NFAT2 and PD-1 expression
(Figs. 2G and 5N, L), indicating that NFAT2 and JUN were
downstream targets of BRD4. In addition to PD-1, RNA-seq data
found that JQ1 also decreased the expression of Tim-3 in Jurkat
T cells (Supplemental Fig. 4K), which was further confirmed by
FACS analysis (Fig. 2H), suggesting that BRD4/NFAT2 may also
involve in the induction of Tim-3 expression. We then assessed
whether NFAT2 and PD-1 were direct targets of BRD4 by
chromatin immunoprecipitation (ChIP) analysis in Jurkat T cells,
and found that BRD4 bond to the NFAT2 and PDCD1 (encoding
PD-1) promoters (Fig. 5O). Moreover, NFAT2 ChIP assays showed a
significant association between NFAT2 and the promoters of
PDCD1 and HAVCR2 (encoding Tim-3) (Fig. 5P). These data
suggested that BRD4 and NFAT2 may be involved in JQ1-
mediated suppression of PD-1 and Tim-3.

BET inhibitor suppresses the PD-L1/PD-1 pathway and
enhances the elimination of AML in vitro and in vivo
Previous studies had proved that BET inhibitor could promote
anticancer immunity by suppressing PD-L1 expression in solid
tumor or lymphoma [49, 50], but have not yet been reported in
AML. Therefore, we analyzed the effects of JQ1 and ABBV-744 on
AML cell lines and primary AML cells. We observed that
JQ1 sharply diminished the IFN-γ-induced upregulation of PD-L1
in THP1, NB4 cells and HEL cells (Fig. 6A, B and Supplemental Fig.
5A). Moreover, the proliferation of THP1 cells, NB4 cells, and HEL
cells were inhibited significantly by JQ1, especially after 72 hours
treatment (Fig. 6C, D and Supplemental Fig. 5B). Further studies
revealed that JQ1 increased apoptosis in THP1 cells, NB4 cells and
HEL cells (Fig. 6E and Supplemental Fig. 5C), which was consistent
with previous studies [51, 52]. Similar results were shown in CD3-
cells from newly diagnosed AML patients treated with JQ1 or
ABBV-744 (Fig. 6F–H). Taken together, these results suggested that

in addition to suppress growth of cancer cells, BET inhibitors may
also enhance the immunity of AML patients by suppressing the
expression of PD-L1 on AML cells and the expression of PD-1 and
Tim-3 on exhausted T cells.
There have been reported that JQ1 effective against AML cells

and lengthen lifespan of AML mice [53, 54]. However, whether the
effects JQ1 involve the reversal of T-cell exhaustion in AML has not
been addressed. We then used a murine AML model driven by
MLL-AF9 to determine the effects of JQ1 treatment on anti-
leukemia immunity in vivo (Fig. 7A and Supplemental Fig. 6A). JQ1
treatment also reduced the leukemia burden (GFP+ leukemic
cells) in peripheral blood (Fig. 7B). In addition, JQ1 treatment
significantly reduced the expression of PD-1 and Tim-3 on mice
CD3+ T cells (Fig. 7C, D), while we did not see a clear upregulation
of the overall T cells in mice’s peripheral blood. Remarkably, the
survival rate was significantly higher in JQ1-treated group than in
the control mice (Fig. 7E–G). We asked whether T cell is required
for the effects of JQ1, to this end, we performed T-cell depletion in
MLL-AF9 AML mouse model. Analysis of mice overall survival
revealed that T-cell depletion by anti-CD3 treatment blocked the
therapeutic efficacy of JQ1 (Fig. 7H, I and Supplemental Fig. 6B).
Moreover, we used a luciferase/GFP/Nalm6-breaing mouse

leukemia model to test the reverse efficacy of BET inhibitor on
T-cell exhaustion (Fig. 7J), and found that in all treated mice, CAR
T cells pretreated by JQ1 produced a significantly lowed tumor
burden and longer remission, as well as prolonged survival,
compared with the control group (Fig. 7K–N). Taken together,
these data showed the anti-leukemia effects of BET inhibitor by
dual action on exhausted T cells and AML cells.

DISCUSSION
In this study, to identify targeted inhibitors that can overcome the
T-cell exhaustion mediated by PD-1, we first performed a screen of
small-molecule inhibitors to identify potential factors that are
involved in PD-1 regulation and T-cell exhaustion. We found that
JQ1 is a critical inhibitor that suppresses PD-1 expression in T cells.
JQ1 is a BET inhibitor that has been reported to exert anticancer
activity by targeting c-Myc and PD-L1 in cancer cells [55, 56]. In
this study, we reported that targeting BET proteins can
compromise PD-1-mediated suppression of T cells, and found
that BET inhibitors can suppress the expression of PD-L1 in AML
cells. Thus, BET inhibitors may regulate anti-leukemia immunity by
suppressing the expression of both PD-L1 in cancer cells and PD-1

Fig. 3 BRD4 inhibition reverses T-cell exhaustion. A Structural diagram of HA-28z CAR and HA-28z CAR-induced T-cell exhaustion. B HA-28z
CAR Jurkat cells were treated with 0.5 μM JQ1 for 24 h, and PD-1 expression was determined by FACS (n= 5). C HA-28z CAR T cells positively
selected by CD3 microbeads from peripheral blood mononuclear cells (PBMC) were treated with 0.05 μM and 0.15 μM JQ1 for 48 h, and PD-1
expression was determined by flow cytometry (n= 4). D Experimental design: CAR T cells were co-cultured with GFP/luciferase-expressing
AML or B-ALL cells for 72 h, after eradication of leukemia cells, residual CAR T cells were collected and treated with JQ1 for another 72 h, then
JQ1 was removed by centrifugation. Next, the CAR T cells in each group were counted and seeded at the same amount followed by a second
co-culture with leukemia cells or CCK-8 assay. E The percentage of PD-1 and Tim-3 on CD19-CAR T cells after co-cultured with Nalm6-GL cells
for 72 h were detected by flow cytometry (n= 4). F, G After being administrated with JQ1 for 72 h, the percentage of PD-1 and Tim-3 on
exhausted CD19-CAR T cells were detected by flow cytometry (n= 4). H After being treated with indicated doses of JQ1 for 72 h, exhausted
CD19-CAR T cells were co-cultured with Nalm6-GL cells in an E:T ratio of 1:1 for 48 h, and the remaining Nalm6-GL cells were assayed for
luminescence (n= 4). I The cytokines in the supernatant of CD19-CAR T cells co-cultured with Nalm6-GL cells after JQ1 administration were
detected by ELISA (n= 4). J FACS was used to monitor the percentage of CD19-CAR T cells after JQ1 administration for 72 h (n= 3). K CD19-
CAR T cells were sorted, and co-cultured with Nalm6-GL for 72 h, then CD19-CAR T cells were treated with 0.15 μM or 0.25 μM JQ1, and the
viability of CD19-CAR T cells was detected by CCK-8 (n= 3). L After co-cultured with Nalm6-GL cells for 72 h, CD19-CAR T cells were again co-
cultured with Nalm6-GL cells in the presence of anti-PD-1 for 48 h, or were again co-cultured with Nalm6-GL cells after the treatment of
0.25 μM JQ1 for 72 h, and the remaining Nalm6-GL cells were assayed for luminescence (n= 3). M The percentage of PD-1 and Tim-3 on
CD123-CAR T cells after co-cultured with MV411-GL cells for 72 h were detected by flow cytometry (n= 3). N, O After being administrated with
JQ1 for 72 h, the percentage of PD-1 and Tim-3 on exhausted CD123-CAR T cells were detected by flow cytometry (n= 3). P After being
treated with indicated doses of JQ1 for 72 h, exhausted CD123-CAR T cells were co-cultured with MV411-GL cells in an E:T ratio of 1:1 for 48 h,
and the remaining MV411-GL cells were assayed for luminescence (n= 3). Q The cytokines in the supernatant of CD123-CAR T cells co-
cultured with MV411-GL cells after JQ1 administration were detected by ELISA (n= 3). Data are expressed as mean ± SD. n= 3 or more
independent biological replicates, presented as individual points. P value < 0.05 was considered to be significant (B–O: one-way ANOVA with
Dunnett post hoc test; L: one-way ANOVA with Bonferroni post hoc test).
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in T cells. Given the fact that BET inhibitors have clear anticancer
activity in a variety of solid tumors and hematologic malignancies
[57–59], our findings provide evidence and a rationale for the
development of novel therapeutic strategies to improve immune
responses in AML based on targeting BRD4.
PD-1 blockade can reverse T-cell exhaustion and has prominent

therapeutic benefits in an expanding list of cancers, and co-
inhibiting Tim-3 enhances the anticancer effects of PD-1 blockade
[60]. Thus, PD-1 blockade may induce incomplete rescue of T-cell
exhaustion. We found that inhibition of BRD4 with chemical
inhibitors markedly reduced PD-1 and Tim-3 expression on Jurkat
T cells, primary T cells, HA-28z CAR T cells, and T cells from
patients with AML, and siBRD4 could suppress PD-1 expression on
Jurkat T cells. These findings highlighted that BRD4 may be
directly involved in the induction of PD-1 expression. However, a
role for other BET family proteins in PD-1 expression cannot be
excluded.
T cells express a high level of PD-1 in both the activation and

exhaustion state. However, PD-1 primarily affects functions of
repetitive antigen exposure to effector T cells but does not induce
an exhaustion program at the early stage of T-cell activation [61].

In this study, we showed that JQ1 decreased PD-1 in both T-cell
activation and exhaustion cell models, but it did not repress T-cell
activity, as evidenced by CD69 expression, cell viability, and
cytokines secretion. This finding may indicate that BET bromodo-
main inhibition compromises excessive PD-1-mediated suppres-
sion of T cells rather than repressing T-cell activation. Using a
tonically signaling CAR that can induce the hallmark character-
istics of exhaustion, we found that JQ1-treated cells exhibited low
PD-1 expression. In line with this result, JQ1 dramatically impaired
the expression of PD-1 and Tim-3 and enhanced cytokine
production in T cells from patients with AML. Through our
investigation of JQ1 effects in CD19-CAR T-cell exhaustion model,
we found that BET inhibitor-treated CAR T cells have enhanced
anti-leukemia potency and higher viability. Importantly, JQ1
increased the cytotoxicity of CD123-CAR T cells (specifically
targeted to AML cells) under the same condition. Furthermore,
we have also obtained additional data demonstrating that anti-
PD-1 enhances CD19-CAR T-cell efficacy in the CAR T-cell
exhaustion model (Fig. 3). Although PD-1 blockade by antibody
enhanced anti-leukemia function of CD19-CAR T cell, this effect
was moderate and with less extent than JQ1. This result is in

Fig. 4 BET inhibition reverses the exhausted phenotype of T cells from AML patients. A Flow diagram of the experimental design.
B CD4+ T cells (first row) and CD8+ T cells (second row) from bone marrow (BM) of newly diagnosed AML patients were treated with 0.5 μM
JQ1 for 24 h, and the percentages of PD-1-positive (first column), Tim-3-positive (second column) and PD-1 and Tim-3 double-positive (third
column) cells were determined by FACS. C CD3+ T cells from patients were treated with 0.5 μM JQ1 for 24 h, and the percentages of IL-2, IFN-
γ, and TNF-α from CD3+ T cells were evaluated by intracellular flow cytometry. D CD3+ T cells from AML patients (n= 4 samples) were
treated with 0.5 μM JQ1 for 24 h, and the percentages of the CD4+ (upper), and CD8+ (lower) subpopulations were shown with differences in
the phenotypic distribution of naive (CCR7+ CD45RA+ , second column), TCM (CCR7+ CD45RA− , third column), TEM (CCR7− CD45RA− ,
fourth column), and TEMRA (CCR7− CD45RA+ , right) T-cell subsets. E © Concatenated files representing AML samples in the DMSO group
(upper) and JQ1 (lower) groups projected in tSEN plots after gating on lymphocyte cells. Distribution of naive, TCM, TEM, and TEMRA
CD4+ T cells were shown as dark red, dark yellow, dark green, and dark purple, respectively, and the distribution of naive, TCM, TEM, and
TEMRA CD8+ T cells were shown as light red, light yellow, light green, and light purple, respectively. F CD3+ T cells from AML patients
(n= 4 samples) were treated with 0.5 μM JQ1 for 24 h, and the percentages of PD-1 positive (upper row) and Tim-3 positive (lower row) cells in
naive (left), TCM (second column), TEM (third column), and TEMRA (right) CD4+ T cells were determined by FACS. Data are expressed as
mean ± SD. P value < 0.05 was considered to be significant (two-tailed paired Student’s t tests).
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agreement with the effect of JQ1 and also suggests the
involvement of other inhibitory receptors (e.g., Tim-3) in JQ1-
mediated amelioration of CAR T-cell exhaustion. These findings
suggest the function of BET inhibitors to prevent T-cell exhaustion
partially by negatively regulating PD-1 expression. Nevertheless,
further research is needed to determine whether BET inhibitors
are capable of fully reprograming exhausted T cells.

The effects of JQ1, at least in part, result from transcriptional
modulation of NFAT (Fig. 5). Here, our data demonstrated that the
TCR signaling pathway was also involved in these effects.
Downstream targets of TCR signaling, such as NFAT and AP-1,
are responsible for the induction of PD-1 transcription during
cancer progression. A study has also reported that T-cell
exhaustion can be induced from partner-less NFAT in the absence

Fig. 5 BRD4 inhibition suppresses the expression of PD-1 and Tim-3 via NFAT2. A The top 12 enriched terms of the Kyoto Encyclopedia of
Genes and Genomes (KEGG) enrichment pathway analyses were shown in the bubble plot (DMSO+ PHA VS DMSO). The KEGG pathways was
identified by R package “clusterProfiler”, and P < 0.05 was considered statistically significant. B Scatter plot of top 15 enriched KEGG pathways
were shown in the bubble plot (DMSO+ PHA VS JQ1+ PHA). C A heatmap of the expression of genes involved in the TCR signaling pathway
in Jurkat cells was analyzed by RNA-seq. D CD8+ T cells were cultured with 100 ng/ml FK506 for 24 h in the presence and absence of P/I (PMA:
20 ng/L, ionomycin: 0.5 μM), NFAT2 expression was determined by qRT-PCR (n= 4). E PD-1 expression of CD8+ T cells treated with 100 ng/ml
FK506 for 24 h in the presence and absence of P/I was determined by FACS (n= 4). F PD-1 expression of CD8+ T cells treated with 100 ng/ml
FK506 for 24 h in the presence and absence of P/I was determined by qRT-PCR (n= 4). G Jurkat cells were stimulated with and without PHA
(150 ng/mL) after NFAT2 knockdown, then qRT-PCR was used to examine the expression of NFAT2 (n= 4). H PD-1 expression of Jurkat cells
stimulated with and without PHA (150 ng/mL) after NFAT2 knockdown was determined by FACS (n= 3). I PD-1 expression of Jurkat cells
stimulated with and without PHA (150 ng/mL) after NFAT2 knockdown was determined by qRT-PCR (n= 3). J Jurkat cells were treated with
0.5 μM JQ1 for 24 h in the presence and absence of PHA (150 ng/mL), and NFAT2 expression was detected by immunofluorescence. K Jurkat
cells were treated with 0.5 μM JQ1 for 24 h in the presence and absence of PHA (150 ng/mL), and NFAT2 expression was detected by western
blot. L NFAT2 expression was examined by western blot after overexpressing BRD4 in Jurkat cells. Shown are the representative images of
three separate experiments. M Jurkat cells were treated with 0.5 μM JQ1 for 24 h in the presence and absence of PHA (150 ng/mL), the
expression of JUN was examined by qRT-PCR (n= 3). N JUN expression was detected by qRT-PCR after BRD4 overexpression in Jurkat cells
(n= 3). O Chromatin samples from Jurkat cells stimulated with 150 ng/ml PHA for 24 h were immunoprecipitated with anti-BRD4 antibody,
and enrichment of BRD4 at the promoter regions of NFAT2 and PDCD1 was measured by qRT-PCR (n= 3). P The chromatin samples were
stimulated with 150 ng/ml PHA for 24 h and immunoprecipitated with an anti-NFAT2 antibody, enrichment of NFAT2 at the promoter regions
of PDCD1 and HAVCR2 was measured by qRT-PCR (n= 3). Data are expressed as mean ± SD. n= 3 or more independent biological replicates,
presented as individual points. P value < 0.05 was considered to be significant (D, F–I, M, O, P: one-way ANOVA with Bonferroni post hoc test;
N: two-tailed unpaired Student’s t tests).
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of AP-1 [62]. Therefore, BRD4 may upregulate PD-1 expression
through NFAT2. Indeed, ChIP assays showed that BRD4 can bind
to the NFAT2 and PDCD1 promoters, and NFAT2 can bind to the
PDCD1 and HAVCR2 promoters. In addition, it has recently been
shown that BRD4 binds to the super-enhancer region near
HAVCR2 encoding Tim-3 [34]. These results also indicate that
BRD4 may be directly involved in regulating PD-1 and Tim-3
expression. Moreover, CAR T cells engineered to overexpress the
canonical AP-1 factor JUN have demonstrated enhanced antic-
ancer potency and the ability to resist exhaustion [41]. Consistent
with this finding, our study indicates that JQ1 treatment markedly
increases JUN protein expression. However, the relationship
between an elevated JUN level and PD-1 suppression induced
by BRD4 inhibition requires further investigation. Thus, we
revealed that BRD4 inhibition exerts an anti-leukemia effect
through the PD-1-regulatory pathway in AML (Fig. 7O).

Although monoclonal antibody (mAb) blockade of PD-1/PD-L1
has demonstrated significant clinical benefit for various types of
human cancers, antibody-based immunotherapies have several
limitations such as the high production cost of antibodies,
immune-related adverse effects, and drug resistance [63, 64].
Therefore, small-molecule inhibitors may provide a promising
alternative or complementary therapeutic for mAbs to block the
PD-1/PD-L1 pathway. BET inhibitors have been demonstrated to
possess anticancer activities in a subset of patients with
hematologic malignancies in clinical trials [37, 58]. Recent data
have also supported the idea that BRD4 is directly involved in the
regulation of T-cell activity [39, 40]. Inhibition of BRD4 has also
been shown to restore anticancer immunity by reducing PD-L1
expression on cancer cells [10]. In addition, JQ1 was shown to
enhance the persistence and anticancer effects of T cells by
suppressing BATF [40]. In this study, our findings raise the

Fig. 6 BET inhibitor suppresses PD-L1 expression and cell growth and promotes cell apoptosis in AML. A THP1 cells were treated with
0.5 μM JQ1 for 24 h in the absence and presence of 20 ng/ml IFN-γ, PD-L1 expression was determined by FACS (n= 3). B NB4 cells were treated
with 0.5 μM JQ1 for 24 h in the absence and presence of 20 ng/ml IFN-γ, PD-L1 expression was determined by FACS (n= 3). C THP1 cells were
treated with 0.5 μM JQ1 for 72 h, the proliferation assay was evaluated by CCK-8 assay at the indicated time point (n= 3). D NB4 cells were
treated with 0.5 μM JQ1 for 72 h, the proliferation assay was evaluated by CCK-8 assay at the indicated time point (n= 3). E THP1 cells (upper)
and NB4 cells (lower) were treated with 0.5 μM JQ1 for 24 h, and apoptosis was determined by FACS (n= 3). F The CD3− cells isolated from the
bone marrow of newly diagnosed AML patients using human CD3 microbeads were administrated with 0.5 μM JQ1 and 2 μM ABBV-744 for
48 h, then the proliferation was assayed by CCK-8 experiment at the indicated time points (n= 13 samples). G The apoptosis of CD3− cells
isolated from the bone marrow of newly diagnosed AML patients was detected by FACS (n= 12 samples). H PD-L1 expression of CD3− cells
isolated from the bone marrow of newly diagnosed AML patients were detected by FACS (n= 13 samples). Data were expressed as mean ± SD.
n= 3 or more independent biological replicates, presented as individual points. P value < 0.05 was considered to be significant (A–D, F–H:
one-way ANOVA with Bonferroni post hoc test; E: two-tailed unpaired Student’s t tests).
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possibility of targeting the PD-1 regulatory pathway using a BET
inhibition. BRD4 inhibition prevented PD-1-mediated T-cell
exhaustion as evidenced by repressed PD-1 expression and
increased IL-2 production in primary T cells. Although there are
studies that show the importance of PD-1 in T-cell exhaustion,
there is also evidence suggesting that PD-1 might not be the
dominant driver of T-cell exhaustion [25, 65]. Apart from
inhibition of PD-1 expression, Tim-3 may also play a crucial role
in regulating genes involved in T-cell exhaustion. Indeed, the

lower Tim-3 level in JQ1-treated exhausted T cells would further
improve the T-cell functional capacity, as co-inhibiting Tim-3 has
been shown to enhance the anticancer effects of PD-1 blockade
[22]. Given the suppressed effects of JQ1 in PD-1 expression as
well as Tim-3 expression, it is possible that targeting upstream
regulators BRD4/NFAT other than PD-1 may have a better
response in rescuing exhausted T cells. A more detailed
understanding of the molecular mechanisms involving BRD4
and NFAT in T-cell exhaustion may provide opportunities to
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better understand the effects of BET inhibition in cancer
immunotherapy.
In conclusion, we showed that BET bromodomain inhibition

diminished the expression of the inhibitory receptors PD-1 and
Tim-3, which correlated with T-cell exhaustion. We demon-
strated that BET inhibitor treatment decreased BRD4 and NFAT2
expression, as well as reversed the exhaustion of T cells.
Moreover, we reported that BET inhibitors suppressed PD-L1
expression and cell growth in AML cells. Besides providing
novel insights into the molecular mechanisms of BRD4
inhibition in the regulation of PD-1 expression and PD-1-
mediated inhibition of T-cell function, this study inspires
thought on the dual effect of target inhibition BRD4 for cancer
immunotherapy.

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
author upon reasonable request.

REFERENCES
1. Wherry EJ. T cell exhaustion. Nat Immunol. 2011;12:492–9.
2. Wherry EJ, Kurachi M. Molecular and cellular insights into T cell exhaustion. Nat

Rev Immunol. 2015;15:486–99.
3. Turnis ME, Andrews LP, Vignali DAA. Inhibitory receptors as targets for cancer

immunotherapy. Eur J Immunol. 2015;45:1892–905.
4. Tan J, Chen S, Lu Y, Yao D, Xu L, Zhang Y, et al. Higher PD-1 expression concurrent

with exhausted CD8+ T cells in patients with de novo acute myeloid leukemia.
Chin J Cancer Res = Chung-kuo yen cheng yen chiu. 2017;29:463–70.

5. Ma J, Zheng B, Goswami S, Meng L, Zhang D, Cao C, et al. PD1(Hi) CD8(+) T cells
correlate with exhausted signature and poor clinical outcome in hepatocellular
carcinoma. J Immunother Cancer. 2019;7:331.

6. Yu X, Gao R, Li Y, Zeng C. Regulation of PD-1 in T cells for cancer immunotherapy.
Eur J Pharm. 2020;881:173240.

7. Chemnitz JM, Parry RV, Nichols KE, June CH, Riley JL. SHP-1 and SHP-2 associate
with immunoreceptor tyrosine-based switch motif of programmed death 1 upon
primary human T cell stimulation, but only receptor ligation prevents T cell
activation. J Immunol. 2004;173:945–54.

8. Chen C, Liang C, Wang S, Chio CL, Zhang Y, Zeng C, et al. Expression patterns of
immune checkpoints in acute myeloid leukemia. J Hematol Oncol. 2020;13:28.

9. Tan J, Yu Z, Huang J, Chen Y, Huang S, Yao D, et al. Increased PD-1+Tim-3+
exhausted T cells in bone marrow may influence the clinical outcome of patients
with AML. Biomark Res. 2020;8:6.

10. Chen C, Xu L, Gao R, Wang S, Zhang Y, Wang C, et al. Transcriptome-based co-
expression of BRD4 and PD-1/PD-L1 predicts poor overall survival in patients with
acute myeloid leukemia. Front Pharm. 2020;11:582955.

11. Knaus HA, Berglund S, Hackl H, Blackford AL, Zeidner JF, Montiel-Esparza R, et al.
Signatures of CD8+ T cell dysfunction in AML patients and their reversibility with
response to chemotherapy. JCI Insight. 2018;3:e120974.

12. Wang D, Lin J, Yang X, Long J, Bai Y, Yang X, et al. Combination regimens with
PD-1/PD-L1 immune checkpoint inhibitors for gastrointestinal malignancies. J
Hematol Oncol. 2019;12:42–42.

13. Wu K, Yi M, Qin S, Chu Q, Zheng X, Wu K. The efficacy and safety of combination
of PD-1 and CTLA-4 inhibitors: a meta-analysis. Exp Hematol Oncol. 2019;8:26.

14. Tan S, Zhang CW, Gao GF. Seeing is believing: anti-PD-1/PD-L1 monoclonal
antibodies in action for checkpoint blockade tumor immunotherapy. Signal
Transduct Target Ther. 2016;1:16029.

15. Salik B, Smyth MJ, Nakamura K. Targeting immune checkpoints in hematological
malignancies. J Hematol Oncol. 2020;13:1–19.

16. Boyiadzis MM, Aksentijevich I, Arber DA, Barrett J, Brentjens RJ, Brufsky J, et al.
The Society for Immunotherapy of Cancer (SITC) clinical practice guideline on
immunotherapy for the treatment of acute leukemia. J Immunother Cancer.
2020;8:e000810.

17. Melaiu O, Lucarini V, Giovannoni R, Fruci D, Gemignani F. News on immune
checkpoint inhibitors as immunotherapy strategies in adult and pediatric solid
tumors. Semin Cancer Biol. 2022;79:18-43.

18. Gong J, Chehrazi-Raffle A, Reddi S, Salgia R. Development of PD-1 and PD-L1
inhibitors as a form of cancer immunotherapy: a comprehensive review of
registration trials and future considerations. J Immunother Cancer. 2018;6:8.

19. Bin L, Ho Lam C, Pingping C. Immune checkpoint inhibitors: basics and chal-
lenges. Curr Medicinal Chem. 2019;26:3009–25.

20. Chen X, Pan X, Zhang W, Guo H, Cheng S, He Q, et al. Epigenetic strategies
synergize with PD-L1/PD-1 targeted cancer immunotherapies to enhance anti-
tumor responses. Acta pharmaceutica Sin B. 2020;10:723–33.

21. Rezaei M, Tan J, Zeng C, Li Y, Ganjalikhani-Hakemi M. TIM-3 in leukemia; immune
response and beyond. Front Oncol. 2021;11:753677.

22. Hobo W, Hutten TJA, Schaap NPM, Dolstra H. Immune checkpoint molecules in
acute myeloid leukaemia: managing the double-edged sword. Br J Haematol.
2018;181:38–53.

23. Anderson AC, Joller N, Kuchroo VK. Lag-3, Tim-3, and TIGIT: co-inhibitory recep-
tors with specialized functions in immune regulation. Immunity.
2016;44:989–1004.

24. Pauken KE, Sammons MA, Odorizzi PM, Manne S, Godec J, Khan O, et al. Epi-
genetic stability of exhausted T cells limits durability of reinvigoration by PD-1
blockade. Science. 2016;354:1160.

25. Ghoneim HE, Fan Y, Moustaki A, Abdelsamed HA, Dash P, Dogra P, et al. De novo
epigenetic programs inhibit PD-1 blockade-mediated T cell rejuvenation. Cell.
2017;170:142–57. e119

26. Khan O, Giles JR, McDonald S, Manne S, Ngiow SF, Patel KP, et al. TOX tran-
scriptionally and epigenetically programs CD8(+) T cell exhaustion. Nature.
2019;571:211–8.

27. Liang C, Huang S, Zhao Y, Chen S, Li Y. TOX as a potential target for immu-
notherapy in lymphocytic malignancies. Biomark Res. 2021;9:20.

28. Oestreich KJ, Yoon H, Ahmed R, Boss JM. NFATc1 regulates PD-1 expression upon
T cell activation. J Immunol. 2008;181:4832–9.

Fig. 7 BET inhibitor suppresses PD-1 and Tim-3 expression, and prolongs survival in murine AML and B-ALL leukemia model. A Structural
diagram of in vivo experiment treated with JQ1 (n= 6 mice per group in this experiment, n= 3 mice per group in the repeated experiment, n
(total)= 9 mice). B The percentages of GFP+ leukemia cells in peripheral blood were detected by FACS every 2 days after DMSO or JQ1
administration (n= 6 mice per group). C The expression of PD-1 on CD3+ T cells in peripheral blood was detected by FACS every 2 days after
DMSO or JQ1 administration (n= 6 mice per group). D The expression of Tim-3 on CD3+ T cells in peripheral blood was detected by FACS
every 2 days after DMSO or JQ1 administration (n= 6 mice per group). E The expression of PD-L1 on GFP+ T cells in peripheral blood was
detected by FACS every 2 days after DMSO or JQ1 administration (n= 6 mice per group). F Kaplan–Meier curve after MLL-AF9 leukemia cells
transplantation (n= 6 mice per group, statistical significance calculated using a log-rank test). G Weight change of each mouse in DMSO or
JQ1-treated group (n= 6 mice per group). H Structural diagram of in vivo experiment treated with anti-CD3 and JQ1 (n (total)= 5 mice per
group). I Kaplan–Meier curve after MLL-AF9 leukemia cells transplantation (n= 5 mice per group). J Treatment schedule and experimental
design. B-NDG mice were injected with 1 × l05 Nalm6 cells on day 0, followed by 5 × l06 GFP-T or DMSO-CAR19-T or JQ1-CAR19-T on day 6.
Bioluminescence imaging was performed weekly after T-cell administration (n= 5 mice per group in this experiment, n= 6 mice per group in
the repeated experiment, n (total)= 11 mice). K The dorsal BLI signal is displayed for individual mice in each treatment group (n= 5 mice per
group). L D4-28 bioluminescence imaging of tumor growth (n= 5 mice per group). M Weight change of each mouse in each treatment group
(n= 5 mice per group). N Kaplan–Meier survival plot for mice receiving GFP-T or CAR T cells pretreated with DMSO or JQ1 (n= 5 mice per
group). O Schematic representation of the mechanism underlying BRD4 inhibition leading to improve T-cell efficacy. Left: BRD4 and NFAT2
involve in the transcription of PDCD1 and HAVCR2. Right: BRD4 inhibitor JQ1 blocks the binding of BRD4 to NFAT2 promoter to prevent the
transcription of NFAT2, which inhibits the transcription of PDCD1 and HAVCR2. Besides, JQ1 blocks the binding of BRD4 to the PDCD1
promoter, thus directly inhibiting the expression of PD-1. In short, BRD4 inhibitor inhibits the expression of PD-1 and Tim-3, and increases the
secretion of cytokines may partly through NFAT2 signaling pathway. Data are expressed as mean ± SD. n= 3 or more independent biological
replicates, presented as individual points. P value < 0.05 was considered to be significant (B–D: one-way ANOVA with Bonferroni post hoc test;
G, K, M: two-way ANOVA; E: two-tailed unpaired Student’s t tests; F, I, N: log-rank teat).

M. Zhong et al.

13

Cell Death and Disease (2022)13:671



29. Xiao G, Deng A, Liu H, Ge G, Liu X. Activator protein 1 suppresses antitumor T-cell
function via the induction of programmed death 1. Proc Natl Acad Sci USA.
2012;109:15419–24.

30. Bally AP, Lu P, Tang Y, Austin JW, Scharer CD, Ahmed R, et al. NF-κB regulates PD-
1 expression in macrophages. J Immunol. 2015;194:4545–54.

31. Wang N, Wu R, Tang D, Kang R. The BET family in immunity and disease. Signal
Transduct Target Ther. 2021;6:23.

32. Austin JW, Lu P, Majumder P, Ahmed R, Boss JM. STAT3, STAT4, NFATc1, and CTCF
regulate PD-1 through multiple novel regulatory regions in murine T cells. J
Immunol. 2014;192:4876–86.

33. Yang H, Wei L, Xun Y, Yang A, You H. BRD4: an emerging prospective therapeutic
target in glioma. Mol Ther Oncolytics. 2021;21:1–14.

34. Milner JJ, Toma C, Quon S, Omilusik K, Scharping NE, Dey A, et al. Bromodomain
protein BRD4 directs and sustains CD8 T cell differentiation during infection. J
Exp Med. 2021;218:e20202512.

35. Donati B, Lorenzini E, Ciarrocchi A. BRD4 and cancer: going beyond transcrip-
tional regulation. Mol Cancer. 2018;17:164.

36. Mao W, Ghasemzadeh A, Freeman ZT, Obradovic A, Chaimowitz MG, Nirschl TR,
et al. Immunogenicity of prostate cancer is augmented by BET bromodomain
inhibition. J Immunother Cancer. 2019;7:277.

37. Berthon C, Raffoux E, Thomas X, Vey N, Gomez-Roca C, Yee K, et al. Bromodomain
inhibitor OTX015 in patients with acute leukaemia: a dose-escalation, phase
1 study. Lancet Haematol. 2016;3:e186–195.

38. Adeegbe DO, Liu S, Hattersley MM, Bowden M, Zhou CW, Li S, et al. BET bromo-
domain inhibition cooperates with PD-1 blockade to facilitate antitumor response in
Kras-mutant non-small cell lung cancer. Cancer Immunol Res. 2018;6:1234–45.

39. Kong W, Dimitri A, Wang W, Jung IY, Ott CJ, Fasolino M, et al. BET bromodomain
protein inhibition reverses chimeric antigen receptor extinction and reinvigorates
exhausted T cells in chronic lymphocytic leukemia. J Clin Investig. 2021;131:1–16.

40. Kagoya Y, Nakatsugawa M, Yamashita Y, Ochi T, Guo T, Anczurowski M, et al. BET
bromodomain inhibition enhances T cell persistence and function in adoptive
immunotherapy models. J Clin Investig. 2016;126:3479–94.

41. Lynn RC, Weber EW, Sotillo E, Gennert D, Xu P, Good Z, et al. c-Jun overexpression
in CAR T cells induces exhaustion resistance. Nature. 2019;576:293–300.

42. Jiang Z, Liao R, Lv J, Li S, Zheng D, Qin L, et al. IL-6 trans-signaling promotes the
expansion and anti-tumor activity of CAR T cells. Leukemia. 2021;35:1380–91.

43. Wu Y, Hu Y, Yu X, Zhang Y, Huang X, Chen S, et al. TAL1 mediates imatinib-
induced CML cell apoptosis via the PTEN/PI3K/AKT pathway. Biochemical bio-
physical Res Commun. 2019;519:234–9.

44. Zeng C, Liu S, Lu S, Yu X, Lai J, Wu Y, et al. The c-Myc-regulated lncRNA NEAT1
and paraspeckles modulate imatinib-induced apoptosis in CML cells. Mol Cancer.
2018;17:130.

45. Yu X, Mansouri A, Liu Z, Gao R, Li K, Chen C, et al. NRF2 activation induced by
PML-RARalpha promotes microRNA 125b-1 expression and confers resistance to
chemotherapy in acute promyelocytic leukemia. Clin Transl Med. 2021;11:e418.

46. Zhang H, Hu Y, Shao M, Teng X, Jiang P, Wang X, et al. Dasatinib enhances anti-
leukemia efficacy of chimeric antigen receptor T cells by inhibiting cell differ-
entiation and exhaustion. J Hematol Oncol. 2021;14:113.

47. Tan J, Chen S, Huang J, Chen Y, Yang L, Wang C, et al. Increased exhausted
CD8(+) T cells with programmed death-1, T-cell immunoglobulin and mucin-
domain-containing-3 phenotype in patients with multiple myeloma. Asia Pac J
Clin Oncol. 2018;14:e266–e274.

48. Sakuishi K, Apetoh L, Sullivan JM, Blazar BR, Kuchroo VK, Anderson AC. Targeting
Tim-3 and PD-1 pathways to reverse T cell exhaustion and restore anti-tumor
immunity. J Exp Med. 2010;207:2187–94.

49. Hogg SJ, Vervoort SJ, Deswal S, Ott CJ, Li J, Cluse LA, et al. BET-bromodomain
inhibitors engage the host immune system and regulate expression of the
immune checkpoint ligand PD-L1. Cell Rep. 2017;18:2162–74.

50. Zhu H, Bengsch F, Svoronos N, Rutkowski MR, Bitler BG, Allegrezza MJ, et al. BET
bromodomain inhibition promotes anti-tumor immunity by suppressing PD-L1
expression. Cell Rep. 2016;16:2829–37.

51. Luo Q, Deng W, Wang H, Fan H, Zhang J. BRD4 interacts with PML/RARα in acute
promyelocytic leukemia. Front Med. 2018;12:726–34.

52. Pericole FV, Lazarini M, de Paiva LB, Duarte ADSS, Vieira Ferro KP, Niemann FS,
et al. BRD4 inhibition enhances azacitidine efficacy in acute myeloid leukemia
and myelodysplastic syndromes. Front Oncol. 2019;9:16.

53. Zuber J, Shi J, Wang E, Rappaport AR, Herrmann H, Sison EA, et al. RNAi screen
identifies Brd4 as a therapeutic target in acute myeloid leukaemia. Nature.
2011;478:524–8.

54. Dawson MA, Prinjha RK, Dittmann A, Giotopoulos G, Bantscheff M, Chan WI, et al.
Inhibition of BET recruitment to chromatin as an effective treatment for MLL-
fusion leukaemia. Nature. 2011;478:529–33.

55. Delmore JE, Issa GC, Lemieux ME, Rahl PB, Shi J, Jacobs HM, et al. BET bromodomain
inhibition as a therapeutic strategy to target c-Myc. Cell. 2011;146:904–17.

56. Li W, Gupta SK, Han W, Kundson RA, Nelson S, Knutson D, et al. Targeting MYC
activity in double-hit lymphoma with MYC and BCL2 and/or BCL6 rearrange-
ments with epigenetic bromodomain inhibitors. J Hematol Oncol. 2019;12:73.

57. Wu X, Nelson M, Basu M, Srinivasan P, Lazarski C, Zhang P, et al. MYC oncogene is
associated with suppression of tumor immunity and targeting Myc induces
tumor cell immunogenicity for therapeutic whole cell vaccination. J Immunother
Cancer. 2021;9:e001388.

58. Amorim S, Stathis A, Gleeson M, Iyengar S, Magarotto V, Leleu X, et al. Bromo-
domain inhibitor OTX015 in patients with lymphoma or multiple myeloma: a
dose-escalation, open-label, pharmacokinetic, phase 1 study. Lancet Haematol.
2016;3:e196–204.

59. Liu X, Zhang Y, Li Y, Wang J, Ding H, Huang W, et al. Development of hedgehog
pathway inhibitors by epigenetically targeting GLI through BET bromodomain for
the treatment of medulloblastoma. Acta Pharmaceutica Sin B. 2021;11:488–504.

60. Wei SC, Duffy CR, Allison JP. Fundamental mechanisms of immune checkpoint
blockade therapy. Cancer Discov. 2018;8:1069–86.

61. Saresella M, Rainone V, Al-Daghri NM, Clerici M, Trabattoni D. The PD-1/PD-L1
pathway in human pathology. Curr Mol Med. 2012;12:259–67.

62. Martinez GJ, Pereira RM, Äijö T, Kim EY, Marangoni F, Pipkin ME, et al. The
transcription factor NFAT promotes exhaustion of activated CD8+ T cells.
Immunity. 2015;42:265–78.

63. Naidoo J, Page DB, Li BT, Connell LC, Schindler K, Lacouture ME, et al. Toxicities of
the anti-PD-1 and anti-PD-L1 immune checkpoint antibodies. Ann Oncol.
2015;26:2375–91.

64. Tartari F, Santoni M, Burattini L, Mazzanti P, Onofri A, Berardi R. Economic sus-
tainability of anti-PD-1 agents nivolumab and pembrolizumab in cancer patients:
recent insights and future challenges. Cancer Treat Rev. 2016;48:20–24.

65. Odorizzi PM, Pauken KE, Paley MA, Sharpe A, Wherry EJ. Genetic absence of PD-1
promotes accumulation of terminally differentiated exhausted CD8+ T cells. J
Exp Med. 2015;212:1125–37.

ACKNOWLEDGEMENTS
We thank Prof. Peng Li (Guangzhou Institutes of Biomedicine and Health, Chinese
Academy of Sciences, Guangzhou, China) kindly providing the CD19-CAR plasmid;
Prof. Hui Cheng (Institute of Hematology and Blood Diseases Hospital, Chinese
Academy of Medical Sciences & Peking Union Medical College, Tianjin, China) for
providing murine MLL-AF9 leukemia cells.

AUTHOR CONTRIBUTIONS
MZ, RG, and RZ performed the experiments, wrote the paper, and analyzed the data.
YH, KL, CC, XY, DN, ZC, XL, ZL, and SC helped analyze the data. YL, ZY, and LW
provided primary cells and patient information. PL provided the anti-CD19 chimeric
antigen receptor (CD19-CAR) plasmid and helped to construct CD19-CAR T cells. CZ
and YL designed the study and wrote the manuscript. All authors read and approved
the final manuscript.

FUNDING
This study was supported by grants from the National Natural Science Foundation of
China (Nos. 82070152, 81770152, and 81770158) and the Guangzhou Science and
Technology Project (Nos. 201807010004 and 201803040017).

COMPETING INTERESTS
The authors declare no competing interests.

ADDITIONAL INFORMATION
Supplementary information The online version contains supplementary material
available at https://doi.org/10.1038/s41419-022-05123-x.

Correspondence and requests for materials should be addressed to Chengwu Zeng
or Yangqiu Li.

Reprints and permission information is available at http://www.nature.com/
reprints

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims
in published maps and institutional affiliations.

M. Zhong et al.

14

Cell Death and Disease (2022)13:671

https://doi.org/10.1038/s41419-022-05123-x
http://www.nature.com/reprints
http://www.nature.com/reprints


Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,

adaptation, distribution and reproduction in anymedium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative
Commons license, and indicate if changes were made. The images or other third party
material in this article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not included in the
article’s Creative Commons license and your intended use is not permitted by statutory
regulation or exceeds the permitted use, you will need to obtain permission directly
from the copyright holder. To view a copy of this license, visit http://
creativecommons.org/licenses/by/4.0/.

© The Author(s) 2022, corrected publication 2022

M. Zhong et al.

15

Cell Death and Disease (2022)13:671

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

	BET bromodomain inhibition rescues PD-1-mediated T-nobreakcell exhaustion in acute myeloid leukemia
	Introduction
	Materials and methods
	Clinical samples
	Cultured cells and CAR T�cells production
	Flow cytometric analysis
	Cell proliferation assays
	RNA extraction and quantitative real-time RT-PCR
	Immunofluorescence
	siRNA interference
	Lentivirus transduction
	Tumor-killing assay
	Enzyme-linked immunosorbent assay (ELISA)
	Western blot analysis
	Chromatin immunoprecipitation (ChIP) assay
	RNA-seq analysis
	In vivo experiment
	Statistical analysis

	Results
	Identification of potential candidates for suppressing PD-1 expression by molecular compound screening
	BRD4 inhibition suppresses PD-1 and Tim-3 expression
	BRD4 inhibition rescues T-nobreakcell exhaustion
	BET inhibition reverses the exhausted phenotype of T�cells from AML patients
	BRD4 inhibition rescues T-nobreakcell exhaustion via the NFAT2�signaling pathway
	BET inhibitor suppresses the PD-L1/PD-1 pathway and enhances the elimination of AML in�vitro and in�vivo

	Discussion
	References
	Acknowledgements
	Author contributions
	Funding
	Competing interests
	ADDITIONAL INFORMATION




