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CD8+ T cells are major components of adaptive immunity and confer robust protective
cellular immunity, which requires adequate T-cell numbers, targeted migration, and
efficient T-cell proliferation. Altered CD8+ T-cell homeostasis and impaired proliferation
result in dysfunctional immune response to infection or tumorigenesis. However, intrinsic
factors controlling CD8+ T-cell homeostasis and immunity remain largely elusive. Here, we
demonstrate the prominent role of Brd4 on CD8+ T cell homeostasis and immune
response. By upregulating Myc and GLUT1 expression, Brd4 facilitates glucose uptake
and energy production in mitochondria, subsequently supporting naïve CD8+ T-cell
survival. Besides, Brd4 promotes the trafficking of naïve CD8+ T cells partially through
maintaining the expression of homing receptors (CD62L and LFA-1). Furthermore, Brd4 is
required for CD8+ T cell response to antigen stimulation, as Brd4 deficiency leads to a
severe defect in clonal expansion and terminal differentiation by decreasing glycolysis.
Importantly, as JQ1, a pan-BRD inhibitor, severely dampens CD8+ T-cell immune
response, its usage as an anti-tumor agent or latency-reversing agent for human
immunodeficiency virus type I (HIV-1) should be more cautious. Collectively, our study
identifies a previously-unexpected role of Brd4 in the metabolic regulation of CD8+ T cell-
mediated immune surveillance and also provides a potential immunomodulation target.

Keywords: CD8+ T cell homeostasis, CD8+ T cell proliferation, Brd4, glucose metabolism, antiviral immunity
org August 2021 | Volume 12 | Article 7280821

https://www.frontiersin.org/articles/10.3389/fimmu.2021.728082/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.728082/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.728082/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.728082/full
https://www.frontiersin.org/articles/10.3389/fimmu.2021.728082/full
https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:zhangh92@mail.sysu.edu.cn
mailto:xuhanshi@mail.sysu.edu.cn
mailto:pant8@mail.sysu.edu.cn
https://doi.org/10.3389/fimmu.2021.728082
https://www.frontiersin.org/journals/immunology#editorial-board
https://www.frontiersin.org/journals/immunology#editorial-board
https://doi.org/10.3389/fimmu.2021.728082
https://www.frontiersin.org/journals/immunology
http://crossmark.crossref.org/dialog/?doi=10.3389/fimmu.2021.728082&domain=pdf&date_stamp=2021-08-26


Peng et al. BRD4 Function in CD8+ T Cell
INTRODUCTION

T-cell homeostasis maintenance is important for protective
immunity and facilitates effective recognition of diverse
antigens. Altered T-cell homeostasis frequently results in a
dysfunctional immune response to infections and tumors, as
well as the development of autoimmunity (1). Thus, the normal
maintenance of CD8+ T-cell homeostasis is critical for the host to
execute immune surveillance and prevent autoimmune diseases.
Emerging evidence indicates that signals from TCR or
interleukin-7 receptor (IL-7R) are critical for naïve T cell
homeostasis (2–4). Besides, naïve T cells continually recirculate
between peripheral circulation and secondary lymphoid organs
to receive stimulation by homeostatic cues, which enhance T-cell
survival and homeostasis proliferation (3). Thus, homing to
secondary lymphoid organs is a prerequisite for access to IL-7
and self-peptide stimulation. Homing receptors, including
CD62L, CCR7, and LFA-1, are responsible for naïve T cells
transmigrating from circulation into lymph nodes (5).
Transcription factors Foxo1 and Klf2 maintain peripheral
naïve T-cell homeostasis by regulating migration receptor
expression, including CD62L, CCR7 and S1PR1, to license
naïve T cells for normal trafficking and survival (6–8).
Moreover, energy production in mitochondria is also required
for constant naïve T-cell migration (9).

Different metabolic pathways are employed to meet the
bioenergetic and biosynthetic requirements for fulfilling the
functions of distinct T-cell subsets. Naïve CD8+ T cells largely
depend on oxidative phosphorylation, while effector CD8+ T cells
preferentially use glycolysis (10, 11). Naïve CD8+ T cells mainly
oxidize glucose in mitochondria to generate ATP for supporting
cell migration and survival. Thus, decreased mitochondrial
oxidative phosphorylation is tightly related to impaired survival
and migration of naïve T cells. Deficiency of AIF (apoptosis
inducing factor), a mitochondria-associated protein, causes a
pronounced loss of peripheral naïve T cells through disrupting
mitochondria respiration chain complex (12). Chemokine
receptors CXCR4 and S1PR1 direct T-cell migration and
maintain mitochondrial ATP production to support migration
and survival (13, 14). Upon activation, CD8+ T cells increase
glucose uptake and initiate metabolic reprogramming. Quick
induction of glycolysis fulfils T cells’ functional demands,
including quick proliferation, cell growth, survival, and
cytokine secretion (10). Numerous reports suggest that CD8+ T
cells cultured with limited glucose impairs proliferation, survival,
and effector function (15–17). Transcription factor Myc is quickly
elevated by TCR signal to induce glycolysis, which building
blocks are generated to meet the demands of quick
proliferation and effector differentiation (18).

Epigenetic reader Brd4 is involved in many biological
processes, including gene expression, DNA damage response,
and chromatin structure (19, 20). Increasing evidence suggests
that Brd4 deficiency affects the immune response, as evidenced
by impaired B cell antibody class switching (21), defective
macrophage development, and inflammatory response (22, 23),
as well as impaired Th17 differentiation (24–26) and blocked ISP
thymocyte development (27). In addition, targeting Brd4 has
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shown great potential for tumor eradication by downregulating
Myc expression, particularly in hematopoietic malignancy (28,
29). Although the critical role of Myc in regulating glucose
metabolism in tumor and T cells (18, 30) is well-studied and
Brd4 inhibitors are broadly applied in HIV-1 latency reversal and
cancer therapy (31–36), it is unclear whether Brd4 inhibition
affects CD8+ T-cell responses. In this study, we aim to elucidate
the role of Brd4 in CD8+ T-cell function. Therefore, we
constructed mice with a specific deletion of Brd4 in T cells and
studied its. We initially examined whether Brd4 gets involved in
regulating CD8+ T-cell homeostasis in steady-state by analyzing
CD8+ T cell counts and compartments. Then the CD8+ T cells
response to antigen stimulation was investigated upon Brd4
deletion during viral infection. Finally, small molecules
targeting Brd4 were employed to explore the effect of Brd4
inhibition on CD8+ T cells function and differentiation.
Throughout this analysis, we found Brd4 is required for the
maintenance of naïve CD8+ T cell homeostasis and the efficient
proliferation and differentiation of CD8+ T cells in response to
antigen stimulation. By performing transcriptome analysis and
metabolic prolife, we uncovered the central function of Brd4 in
promoting naïve CD8+ T cells trafficking and glucose
metabolism. The loss of Brd4 impairs the glucose uptake and
homing of naïve CD8+ T cells. Impaired glucose uptake results in
elevated apoptosis of naïve CD8+ T cells by decreasing oxidative
phosphorylation, which synergizes with crippled homing to
disrupt naïve CD8+ T cell homeostasis. In addition, the
inefficiency of glucose uptake further limits CD8+ T cell
proliferation due to poor glycolysis induction upon activation.
Moreover, targeting Brd4 with inhibitors severely impairs CD8+

T cell function during viral infection. Mechanical study
demonstrated that Brd4 directly promotes glucose transporter
GLUT1 expression or the Brd4-Myc-GLUT1 axis indirectly
controls glucose transporter GLUT1 expression. Together,
these observations identified the key role of Brd4 in the
regulation of CD8+ T-cell homeostasis and immunity and had
implications for the inhibitor of Brd4 in therapeutic application.
MATERIAL AND METHODS

Animals and Cell Lines
C57BL/6 background floxed Brd4fl/fl mice were constructed
through homologous recombination using a targeting vector
containing loxP sites that flanked exon 3 of the Brd4 locus. To
achieve a specific deletion of Brd4 in T cells, we crossed Brd4fl/fl

mice with CD4cremice. CD45.1, CD45.2, Rag1, P14×Brd4+/+, and
P14×Brd4-/- transgenic mice were used in adoptive transfer
experiments. All mice used in experiments were 6 to 8 weeks
old and housed under SPF conditions in the animal center of Sun
Yet-Sun University. Littermate mice were used as controls. All
mouse experimental procedures were approved by the
Institutional Animal Care and Use Committee of Sun Yet-Sen
University. BHK21 and Vero-E6 cells were purchased from
ATCC and cultured in DMEM; they were verified to be
mycoplasma-free.
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Virus Production, Titration, Infection, and
Adoptive Transfer
The Armstrong strain of LCMV was kindly provided by Prof.
Lilin Ye (Third Military Medical University) and was grown in
BHK21 cells and harvested at 48 h post-infection. The virus titer
was determined by calculating the plaque forming units. Cognate
distinct CD45.1 and CD45.2 mice were used in adoptive transfer
experiments. Naïve P14+CD8+ T cells from Brd4+/+and Brd4-/-

mice were isolated by magnetic beads (Stemcell). Then, 5×103

CD45.2+ CD45.1+ Brd4+/+ P14+ CD8+ T cells and 5×103

CD45.2+ CD45.1- Brd4-/- P14+ CD8+ T donor cells were mixed
at a 1:1 ratio and transferred into CD45.2-CD45.1+ recipient
mice. One day later, recipient mice were infected through
intraperitoneal injections with 2 × 105 PFU LCMV-Arm.

Antibody and Flow Cytometry
The following fluorochrome-conjugated antibodies were used for
analysis: anti-CD3 (clone:145-2C11), anti-CD8a (clone:53-6.7),
anti-CD4 (clone:GK1.5), anti-CD44 (clone:IM7), anti-CD62L
(clone:MEL-14), anti-KLRG1 (clone:2F1), anti-CD127 (clone:
A7R43), anti-CD45.1 (clone:A20), anti-CD45.2 (clone:104), anti-
CD71 (clone:R17217), anti-CD27 (clone:LG.3A10), anti-IFNg
(clone:XMG1.2), anti-IL2 (clone:JES6-5H4), anti-Myc (clone:
SH1-26E7.1.3), anti-BCL-2 (clone:10C4), and LCMV-gp33
Tetramer (MBL). MHC-I tetramer staining was completed at 4°C
for 45-60 minutes according to the manufacturer’s instructions.
Dead cells were excluded before analysis with Live/Dead dye
staining (ThermoFisher). For intracellular cytokine staining,
prepared single-cell suspensions were stimulated for 4-6 hours
at 37°C with gp33 peptide in the presence of GolgiStop™ and
GlolgiPlug™ (BD Bioscience). Before intracellular staining,
surface staining was performed in 4°C for 30 minutes. Then,
cells were fixed and permeabilized by using the Intracellular
Fixation & Permeabilization Buffer Set (Invitrogen) and
intracellular cytokine staining was performed with the indicated
antibodies at room temperature for 30 minutes. For intracellular
transcription factor staining, Foxp3/Transcription Factor Staining
Buffer Set (Invitrogen) was used according to the manufacturer’s
instructions. All flow cytometry was performed with a BD
LSRFortessa and analyzed with FlowJo software.

In Vitro Stimulation, Proliferation, and Cell
Death Measurement of CD8+ T Cells
Naïve CD8+ T cells from Brd4+/+and Brd4-/- mice were activated
in vitro with plate-bound anti-CD3 (5 µg/mL) and anti-CD28
(2 µg/mL) antibodies, as well as IL-2 (100 U/mL) for 48 hours.
To determine cell proliferation, Brd4+/+and Brd4-/- naïve CD8+ T
cells were labeled with cell proliferation dye CTV (5 mM) at 37°C
for 25 minutes and activated for 3 days. For the measurement of
cell death, intracellular active caspase3/7 (ThermoFisher) and
Annexin V/PI (ThermoFisher) surface staining was performed
and evaluated through flow cytometry.

In Vivo Administration of BET Inhibitor JQ1
For the LCMV acute infection mouse model, Brd4 inhibitor JQ1
was intraperitoneally injected into 8-week-old wild-type C57BL/
Frontiers in Immunology | www.frontiersin.org 3
6 mice at 50 mg/kg before infection. One day later, the mice were
challenged with 2 × 105 PFU LCMV-arm strain and injected with
same dose of JQ1 inhibitor again. After infection, the mice
received daily JQ1 administration until day 8 post-infection. At
day 9 post-infection, all mice were sacrificed for further analysis.

RNA-Seq Analysis and Quantitative
RT-PCR
Naïve CD8+ T cells were isolated from the spleen and lymph
nodes with FACS sorting. Purified naïve CD8+ T cells were
stimulated with anti-CD3/CD28 plus with rhIL-2 for 18h. Naïve
and activated CD8+ T cells were lysed by TRIzol Reagent
(ThermoFisher) and RNA were extracted as per the
manufacturer’s instruction. Each RNA-seq sample includes
three biologic replicates. The quality and quantity of RNA was
assessed with Nanodrop 2000 (ThermoFisher) and BioAnalyzer
2100 (Aglient). RNA-seq library was generated and sequenced by
Shanghai Biotechnology Corporation. RNA-Seq reads were
trimmed, filtered, and quality-controlled by FastQC (Babraham
Institute) tool. The reads were aligned to mouse reference genome
NCBI build 38 (GRCm38) by Hisat2, followed by calculating the
reads per kilobase per million mapped reads (RPKM).
Differentially-expressed genes (FDR < 0.05, FC > 2) were
determined by EdgeR (v3.28.0). GSEA was performed with
ClusterProfiler (v3.14.0). Heat maps were plotted with the R
package ggplot2. Bigwig files were generated with STAR (v2.4.2).

Total RNA of target cells was extracted with TRIzol reagent
(ThermoFisher) and subjected to cDNA synthesis with HiScript
II 1st Strand cDNA Synthesis Kit (Vazyme). Gene expression
was evaluated by real-time qPCR with SYBR Master Mix
(Vazyme) in a CFX96 Real-time PCR Detection System
(Bio-Rad). Mouse b-actin mRNA expression was used as a
loading control.

Cleavage Under Targets and
Tagmentation (CUT&Tag)
Fifty-thousand isolated CD8+ T cells were used to generate
CUT&Tag library as a reference (37). First, CD8+ T cell was
incubated with primary antibody against Brd4 (1:50; Active
motif AB_2615059) and then with guinea pig anti-rabbit
secondary antibody (1:100; Antibodies Online ABIN101961).
This was followed by adding the prepared pA-Tn5 complex.
Next, DNA was fragmented by Mg2+ activator and the resulting
DNA segments were extracted to amplify with PCR. Finally, PCR
products were cleaned up and sequenced. Paired-end 150-bp
sequencing was performed on an Illumina HiSeq 2500. Each
DNA library for CUT&Tag was sequenced with HiSeq 2500
system (Illumina, USA) under the paired-end 150 bp mode. For
data processing, raw sequencing data were trimmed and filtered
by using Trim Galore. The paired-end reads with high quality
(Q30) were aligned to the mouse reference genome mm10 using
the Burrows Wheeler Aligner with default parameters and then
sorted using the SAMtools software. The “MarkDuplicates”
function embedded in Picard was used to mark and discard
PCR duplicates. For comparison between different samples,
mapped reads were down-sampled to equalize reads across
August 2021 | Volume 12 | Article 728082
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samples by using Samtools. MACS2 was used to quantify the
Brd4 CUT&Tag signal throughout the genome and within
gene bodies.

Chromatin Immunoprecipitation
Quantitative PCR Analysis
Chromatin immunoprecipitation (ChIP) assays were performed
according to the manufacturer’s instructions using the ChIP kit
(Cell Signaling Technology). Briefly, 4,000,000 purified CD8+ T
cells were fixed with 1% formaldehyde for 10 minutes at room
temperature, and the fixation was quenched with glycine at a
final concentration of 125 mM. Chromatin was digested with
micrococcal nuclease into 150–900-bp DNA/protein fragments.
Then, 10 mg of digested, cross-linked chromatin was used for
each ChIP experiment. Two micrograms of Abs (Active motif)
against BRD4 were used for each assay. ChIP–quantitative PCR
(qPCR) primer for Slc2a1 and Myc in this study were as follows:
Slc2a1 forward, 5′- GAACTTAATGCCACTTTACACATA -3′
and Slc2a1 reverse, 5′- TAGGACTCTGGCTTCCTCACTA
GGC-3′. Myc forward, 5′-TAAAAGGGGAAAGCTTGGGTT
TGTC-3′ and Myc reverse, 5′-GAGAATATGCCATGAATT
GGGGGGTT-3′.

Western Blotting
CD8+ T cells were lysed with RIPA buffer to prepare cell lysate
samples. Protein extracts were resolved by 4–12% SDS-PAGE
(Invitrogen), then were transferred to a polyvinylidene fluoride
membrane (Millipore) and analyzed by immunoblotting with
anti-Brd4 (EPR5150, Abcam) and anti-b-actin (20536-1-AP,
Proteintech) antibodies.

Glucose Uptake
Glucose uptake was evaluated directly by using fluorescent
glucose analog 2-NBDG(Abmole). One million naïve or
stimulated CD8+ T cells were incubated with 2-NBDG at a
final concentration of 100 mM in glucose-free culture media for
30 minutes at 37°C. After that, intracellular 2-NBDG was
assessed with flow cytometry.

Metabolic Profiling
CD8+ T-cell oxygen consumption rate (OCR) and extracellular
acidification rate (ECAR) were measured by using a Seahorse
XFe96 Extracellular Flux Analyzer. Briefly, naïve or stimulated
CD8+ T cells were plated in poly-D-lysine coated XF96 plates via
transient centrifuge in XF media (Agilent) to firmly adhere to
culture plate. OCR was measured under basal conditions and
after sequential treatment with following compounds: ATP
synthase Oligomycin (1 mM), protonophore carbonyl cyanide-
4-phenylhydrazone (FCCP) (1.5 mM) to uncouple mitochondria,
and mitochondrial complex I inhibitor rotenone (100 nM) and
mitochondrial complex III inhibitor antimycin A (2 mM) to
suppress mitochondrial respiration. Indices of mitochondrial
respiration were calculated from OCR profile: basal OXPHOS
(Basal OX), calculated as the difference of basal OCR and OCR
induced by rotenone + antimycin, and maximum respiratory
capacity (MRC), calculated as the difference of OCR induced by
Frontiers in Immunology | www.frontiersin.org 4
FCCP and OCR induced by rotenone + antimycin. ECAR was
evaluated under basal conditions and with sequential addition of
10 mM glucose, 1 mM oligomycin, and 100 mM of 2-DG. Indices
of glycolysis were calculated from the ECAR profile: glycolysis
(glyc), calculated as the difference of ECAR induced by glucose
and ECAR induced by 2-DG, and maximal glycolytic capacity
(MGC), calculated as the difference in ECAR induced by
oligomycin and that induced by 2-DG.

In Vitro Chemokine-Driven Migration
Migration assays were performed in 24-well Trans-well plates
containing polycarbonate filters (5-µm pore size, Corning),
according to a previous work with minor modifications (38).
Briefly, isolated naïve CD8+ T cells were added to the top well,
while the bottom receiver well was filled with RPMI-1640
medium supplementing with 500 ng/ml CCL21 to drive naïve
CD8+ T cells migration. After chemotaxis for 4 h, the filter plate
was removed, EDTA was added to each well (40 mM final
concentration) and the cells were transferred to 96-well
V-bottom plates, spun, resuspended in PBS/- 1% FBS, and
analyzed on a flow cytometer. The percentage of migration was
calculated by dividing the number of cells that migrated through
the filter by the total number of cells that added to each well.

shRNA-Mediated Knockdown by
Retroviral Transduction
The shRNAs targeting mouse LFA-1 were subcloned into
retroviral vectors containing GFP open reading frame (ORF)
(pMKO.1-GFP). Retrovirus particle was packaged by co-
transfecting shRNA-expressing retroviral vector and pCLeco

into Plate-E cells. After 48 h, retroviral particle was harvested
and stored at 80°C. Naïve CD8+ T cells were purified from Brd4+/+

mice and activated with 5 µg/ml plate-bound anti-CD3 and
2 µg/ml anti-CD28 plus 100 U/ml rhIL-2 for 24 h. After
activation, CD8+ T cells were infected by retrovirus particle
supplemented with 100 U/ml rhIL-2 and 8 µg/ml polybrene,
followed by centrifugation for 120 min at 800 g at 35°C. After
incubation for another 6 h at 37°C, supernatant of transduced
CD8+ T cells were replaced with fresh culture medium and
cultured for another 2-3 days for cell proliferation analysis.

In Vivo Killing Assay
In vivo killing assay was carried out as previously described (39).
Briefly, splenocytes from naïve C57BL/6J (CD45.2) mice were
labelled with CFSE (Lifetechnologies) at either 100 nM (CFSElo)
or 1 mM (CFSEhi). The labelled cells (CFSElo; specific target cells)
were then pulsed with 2 mg of LCMV-GP33-41 peptides for 1 h at
37°C and then rinsed three times in RPMI 1640 with 10% FBS.
The peptide pulsed target cells (CFSElo; specific target cells) and
non-pulsed cells (CFSEhi; non-specific target cells) were mixed at
a 1:1 ratio. Then sorted Brd4+/+ or Brd4-/- P14+CD8+ T cells from
same infection recipient mice were added into the mixed target
cells at a 1:2 effector: target ratio (E: T), followed by transferring
into naïve C57BL/6J (CD45.1) mice. Mice were euthanized for
analysis of target cell percentage 5 h later.
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Statistical Analysis
Statistical significance was calculated by using GraphPad Prism
8. Before testing the statistical difference, the normality and equal
variance were firstly checked to ensure reliability of data analysis.
P value between two independent groups was analyzed by
unpaired Student’s t-test, while paired Student’s t-test was used
when the samples being compared originated from the same
mouse. In addition, P value among multiple groups was
calculated by parametric one-way ANOVA. All results are
represented as mean ± s.e.m. In figures, asterisks denote
statistical significance (NS, not significant; *p < 0.05; **p < 0.01;
***p < 0.001; ****p < 0.0001).

Data Availability
All raw sequencing data generated in this study are available
within the paper. The RNA-seq and CUT&Tag-seq data have
been deposited in the Gene Expression Omnibus (GEO) under
accession number GSE179492. Additional information and
materials will be made available upon request.
RESULTS

Loss of Brd4 Impairs Peripheral T-Cell
Homeostasis
To determine the function of Brd4 in CD8+ T cells, we analyzed
the dynamic expression of Brd4 in CD8+ T-cell differentiation.
Data from public databases indicate that the expression of Brd4 is
differentially upregulated in the effector differentiation of CD8+

T-cell during acute or chronic infection (Supplemental
Figure 1A). Moreover, the expression of Brd4 is quickly
induced by in vitro TCR signal stimulation in CD8+ T cells
(Supplemental Figure 1B). These preliminary data suggest that
Brd4 is highly likely to regulate the function of CD8+ T cells.
Considering the prominent role of Brd4 in HIV-1 latency and
tumor therapy and the essential role of CD8+ T cells in antiviral/
antitumor immunity, it is urgent to clearly evaluate the effect of
Brd4 inhibition on CD8+ T cell function and differentiation
in vivo.

To further investigate the role of Brd4 in CD8+ T-cell
function, we generated loxP-flanked Brd4 allele mice (Brd4fl/fl)
and then crossed this strain with CD4cre mice to obtain specific
deletion of Brd4 in T cell (Supplemental Figures 1C, D),
hereafter referred to as knockout (Brd4-/-) mice, and the
littermate wild-type mice referred to as (Brd4+/+) mice.
Immunoblotting indicated that Brd4 was completely deleted in
CD8+ T cells (Supplemental Figure 1E). Thymocyte
development was firstly examined in Brd4-/- mice. Comparable
thymocyte frequency and absolute number were observed in
Brd4-/- and Brd4+/+ mice (Supplemental Figures 1F–I),
suggesting that Brd4 is not required for the development of
late thymocytes. Normal thymocytes development observed in
this study was consistent with previous work which showed that
Lckcre rather CD4cre -mediated deletion of Brd4 blocks thymus
development (27). Next, we investigated whether Brd4 deficiency
affects peripheral T-cell homeostasis by enumerating T-cell
Frontiers in Immunology | www.frontiersin.org 5
frequency and absolute number in peripheral lymphoid tissues.
A 50% reduction of absolute number and 40~50% reduction of
relative frequency of CD3+ T-cell was detected both in the spleen
and lymph nodes in Brd4-/- mice relative to Brd4+/+ mice
(Figures 1A, B). With this insight into CD3+ T-cell subsets, we
found that Brd4 deficiency caused approximately 2-fold
reduction of CD8+ T cells in both spleen and lymph nodes,
while a notable reduction of CD4+ T cells only in lymph nodes
(Figures 1C, D). In addition, a consistent reduction of CD8+ T
cells in peripheral blood was observed, even though the
reduction was much less than that in lymphoid organs
(Supplemental Figure 1J). We also noted a slight increase of
CD4+ T cells in peripheral blood (Supplemental Figure 1J).
There was no specific accumulation of T cells in non-lymphoid
organ (liver) in Brd4-/- mice compared to Brd4+/+ mice
(Supplemental Figure 1K). These observations indicate that
the peripheral lymphopenia in Brd4-/- mice barely results from
defective development of thymocytes and increased
accumulation of T cells in non-lymphoid tissues.

The overall reduction in T-cell number frequently results in
changes in the peripheral T-cell compartments. We next analyzed
T-cell populations in Brd4-/- mice in more detail by evaluating the
expression of CD44 and CD62L. Compared to Brd4+/+mice, there
was an approximately 60% reduction of CD44+CD62L- (effector/
memory) population inBrd4-/-mice, while a relative normal CD44-

CD62L+(naïve) population among conventionalCD4+T andCD8+

T cells (Figures 1E, F). Taken together, these findings suggest
that Brd4 is indispensable in the maintenance of peripheral
T-cell homeostasis. Because CD8+ T cells are more sensitive to
Brd4 deletion, determined by the ratio of CD8 to CD4
(Supplemental Figure 2A), we focused on CD8+ T cells in the
subsequent study.

Brd4 Deficiency Impairs the Survival and
Homeostatic Proliferation of Naïve CD8+

T Cells
The pool and composition of peripheral T cells are determined by
cell survival and basal steady-state homeostatic proliferation. To
examine the cell survival of peripheral T cells, surface Annexin-V
and intracellular active-caspase3/7 staining was used to evaluate
apoptosis by flow cytometry. We observed approximately a 1-fold
increase of surface Annexin-V and intracellular active-caspase3/7 in
naïve CD8+ T cells from Brd4-/- mice, indicating that Brd4 deletion
increased cell apoptosis (Figures 2A, B). In addition, the survival
capability of naïve CD8+ T cells was also determined in vivo. Equal
numbers of Brd4-/- or Brd4+/+ naïve CD8+ T cells labeled with
CellTrace™ Violet (CTV) were mixed with equal numbers of naïve
CD45.1+CD8+ T cells, which served as internal control. These
mixtures were then transferred into CD45.2+ mice to monitor the
survival of naïve CD8+ T cells (Figure 2C). In contrast to Brd4+/+

naïve CD8+ T cells, which were stably maintained in recipient mice,
Brd4-/- naïve CD8+ T cells failed to be efficiently maintained and
rapidly declined to 20% and 50% in lymph nodes and spleen after
7 days post-transfer, respectively (Figure 2C). As IL-7 signal is
crucial in the survival of naïve T cells, we next investigated whether
the increased apoptosis results from defective IL-7 signal
August 2021 | Volume 12 | Article 728082

https://www.frontiersin.org/journals/immunology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/immunology#articles


Peng et al. BRD4 Function in CD8+ T Cell
transduction. To this end, purified naïve CD8+ T cells were cultured
in the presence or absence of IL-7 for 3 days. Brd4-/- CD8+ T cells
were less responsive to the IL-7 stimulated survival signal than
Brd4+/+ CD8+ T cells (Figure 2D). However, comparable IL-7Ra
(CD127) and BCL-2 expressions were detected after Brd4 deletion,
indicating that the impaired response to IL-7 was not caused by
Frontiers in Immunology | www.frontiersin.org 6
decreased expression of its receptor (Supplemental Figures 2B, C).
Collectively, these results indicate that Brd4 is required for naïve
CD8+ T-cell survival.

We next determined homeostatic proliferation of CD8+

T cells after Brd4 deletion. Because of severe lymphopenic
microenvironment in Brd4-/- mice, which trigger abnormal
A B

C D

E F

FIGURE 1 | Brd4 is required for peripheral T cells maintenance. (A, B) Flow cytometry showing the expression of CD3 (left) and quantification of total CD3+ T cells
(right) in lymph node (A) and spleen (B). (C, D) CD4 and CD8 expression determined by flow cytometry in lymph node (C) and spleen (D) (left), the absolute number
and proportion of CD4+ T cells and CD8+ T cells in spleen and lymph node (right). (E, F) Naïve (CD44-CD62L+) and memory/activated (CD44+) T cells compartment
analysis within CD4+ T (E) and CD8+ T cells (F) from freshly prepared splenocytes. Two-tailed unpaired t-test was used to analyze two independent groups. Results
were indicated as mean ± sem (error bars). *p < 0.05; **p < 0.01; ***p < 0.001. NS, not significant. Each group includes at least 3 mice and each experiment repeats
more than 3 times.
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homeostatic proliferation, these mice could not be used to examine
Brd4 function inCD8+T-cell homeostatic proliferation. To rule out
the influence of differentmicroenvironments inBrd4+/+ andBrd4-/-

mice, we isolated naïve CD8+ T cells from congenically distinct
Brd4+/+ and Brd4-/-mice, labeled themwith CTV, andmixed them
at a 1:1 ratio. Then, mixed naïve CD8+ T cells were adoptively
transferred into Rag1 mice to evaluate homeostatic proliferation at
day 7 post-transfer (Figures 2E, F).We observed that Brd4-/-CD8+

T cells underwent limited cell divisions, while Brd4+/+CD8+ T cells
underwent 4~5 rounds division to anundetectable level in recipient
Rag1 mice (Figure 2G). Meanwhile, Brd4+/+ CD8+ T cells
outcompeted Brd4-/- CD8+ T cells in relative frequency due to
Frontiers in Immunology | www.frontiersin.org 7
limitedBrd4-/-CD8+T-cell proliferation (Figure 2H). These results
indicate that Brd4 is required for maintaining CD8+ T-cell
homeostatic proliferation.

Brd4 Supports Optimal Antigen-Specific
CD8+ T-Cell Clonal Expansion During
Infection
Brd4 deficiency not only results in a marked reduction of
peripheral CD8+ T-cell numbers, but also leads to the decrease
of CD44+CD8+ effector/memory T cells in steady-state. These
observations prompted us to explore Brd4 function in CD8+ T-
cell response to infection. To determine the role of Brd4 in
A B

C D

E F

G H

FIGURE 2 | Brd4 is essential for naïve CD8+ T cells survival and homeostasis proliferation. (A) Flow cytometry showing the frequency (left) and quantification (right) of
Annexin-V+ CD8+ T cells. (B) Flow cytometry showing the frequency (left) and quantification of active-caspase3/7+CD8+ T cells (right). (C) Purified Brd4+/+ and Brd4-/- naïve
CD45.2+CD8+ T cells were labeled with CellTrace Violet (CTV) and respectively transferred with naïve CD45.1+CD8+ T cells (spike) into CD45.2+ recipient mice to monitor the
survival capability of naïve CD8+ T cells for 7 days in vivo. Flow analysis of donor naïve CD8+ T cells in spleen and lymph node at day 7 post-transfer (left) and the relative ratio
of recovered donor cells to spike (right). (D) Sorted naïve CD8+ T cells from Brd4-/- and Brd4+/+ mice were cultured with or without IL-7 for 3 days to test IL-7 triggered
survival effect. (E) Experimental setup. Congenically marked Brd4+/+ and Brd4-/- naïve CD8+ T cells were labeled with CTV, mixed at a 1:1 ratio, and then transferred into
Rag1 mice to monitor cell proliferation at day 7 post-transfer. (F) Relative frequency of donor cells at transfer. (G) Representative flow analysis of donor cells recovered at day
7 post-transfer. (H) The quantification of donor CD8+ T cells at day 7 post transfer. Two-tailed unpaired t-test was used to analyze two independent groups, while paired
Student’s t-test was used when sample being compared from same mouse. Results were indicated as mean ± sem (error bars). **p < 0.01; ***p < 0.001. NS, not
significant. Each group includes at least 3 mice and each experiment repeats more than 3 times.
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regulation of CD8+ T cells response to viral infection, we next
established an acute viral infection mouse model to examine the
differentiation and function of CD8+ T cells upon Brd4 deletion.
Due to the decreased number of T cells in Brd4-/- mice, a co-
adoptive transfer strategy was used to overcome this imbalance.
Equal number of congenially marked Brd4-/- and Brd4+/+

P14+CD8+ T cells, which specifically recognize the LCMV-
gp33 epitope presented by H2-Db, were mixed and transferred
into same wild-type recipient mice to explore the role of Brd4 in
CD8+ T-cell clonal expansion and differentiation. One day later,
recipient mice were infected with the Armstrong strain of LCMV
to initiate an acute viral infection (Figure 3A). The number of
Frontiers in Immunology | www.frontiersin.org 8
Brd4-/- effector P14+CD8+ T cells recovered from the spleen and
lymph nodes was significantly decreased to approximately 10%
of Brd4+/+ effector P14+CD8+ T cells at day 8 (Figure 3B). In
addition to the lymphoid organs, a consistent reduction of
Brd4-/- effector P14+CD8+ T cells in peripheral blood and liver
were observed when compared to their counterpart (Figure 3B).
Moreover, there was an approximately 5-fold reduction of
memory P14+CD8+ T cells at day 35 post-infection upon Brd4
deletion (Figure 3C). The reduction of memory P14+CD8+ T
cells upon Brd4 deletion largely results from defective clonal
expansion of effector P14+CD8+ T cells, which differentiate into
memory cells after the resolution of infection.
A

B C

FIGURE 3 | Brd4 promotes the clonal expansion of CD8+ T cells during viral infection. (A) Experiment setup. (B) Brd4+/+ and Brd4-/- effector P14+ CD8+ T cells
recovered at day 8 in indicated tissues (left) and the quantification of effector P14+CD8+ T cells post-infection (right). (C) Brd4+/+ and Brd4-/- memory P14+ CD8+ T
cells recovered at day 35 in indicated tissues (left) and the quantification of memory P14+ CD8+ T cells post-infection (right). Paired Student’s t-test was used to
analyze data. Results were indicated as mean ± sem (error bars). *p < 0.05; **p < 0.01; ***p < 0.001. Each group includes at least 4 mice and each experiment
repeats more than 3 times.
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The differential expression of CD127 and KLRG1 distinguishes
the terminal differentiation subset (KLRG1+CD127-), which fades
via apoptosis, from memory precursors (KLRG1-CD127+), which
survives to develop into memory cells within effector cells. To
further examine whether Brd4 deficiency affects effector
P14+CD8+ T cells populations, the composition of effector
P14+CD8+ T cells was analyzed by the expression of CD127 and
KLRG1. When 5000 Brd4+/+ and Brd4-/- naïve P14+CD8+ T cells
were co-adoptively transferred into recipient mice, we found that
Brd4 deletion barely affected effector CD8+ T cells differentiation
(Supplemental Figure 3A). As the number of transferred P14 cells
can affect the outcome of LCMV infection (40), we checked
whether Brd4 deletion could influence the differentiation of
CD8+ T cells if a physiological number of P14 cells (~1000 cells)
were transferred into recipient. Unexpectedly, the loss of Brd4
significantly impaired the differentiation of KLRG1+CD127-

terminally differentiated subset, and enhanced the differentiation
of KLRG1-CD127+ memory precursors (Supplemental
Figure 3B). However, Brd4 deficiency barely affected the
cytotoxicity of effector P14+CD8+ T cells evidenced by equal in
vivo killing activity and production of granzyme B and CD107a
(Supplemental Figures 3C–E). In addition, cytokines secretion
including IFN-g and IL-2 by ex vivo peptide stimulation suggested
that Brd4 deletion had no effect on proinflammatory cytokine
production (Supplemental Figure 3F). Together, these findings
demonstrate that Brd4 is required for effector CD8+ T-cell clonal
expansion and terminal differentiation during viral infection.

Brd4 Regulates Glucose and Migration-
Related Genes Transcription in CD8+

T Cells
To uncover the underlying mechanism responsible for disrupted
homeostasis and defective immune response of Brd4-/- CD8+ T
cells, we performed transcriptome analysis with naïve and in-
vitro activated CD8+ T cells. Compared to Brd4+/+ naïve CD8+ T
cells, Brd4 depletion led to 956 differentially downregulated
genes and 841 differentially upregulated genes (Supplemental
Figure 4A). Moreover, the downregulated genes exceeding
upregulated genes are more evident in activated Brd4-/- CD8+

T cells, indicating that Brd4 is highly involved in CD8+ T-cell
activation (Supplemental Figure 4A). Further GSEA
enrichment analysis revealed that genes associated with glucose
metabolism were downregulated in the Brd4 -/- CD8+ T cells
(Figure 4A). Also, migration-related genes were downregulated
in the Brd4 -/- CD8+ T cells (Figure 4A).

Among these differentially downregulated genes, several
genes including Sell, Itgal, Gpr183, Gpr18, Pecam1, Slc2a1, and
Slc2a3 were selected for further confirmation. RT-qPCR analysis
showed consistent downregulation of these selected genes in
Brd4-/- CD8+ T cells in comparison to their counterparts
(Figure 4B). In addition, the expression of CD62L (Sell), LFA-
1 (Itgal), and GLUT1 (Slc2a1) was also decreased in Brd4-/- CD8+

T cells (Figures 4C–E). To determine whether the transcription
repression of these selected genes was regulated by Brd4 directly
or indirectly, we generated a CUT&Tag library to profile the
binding sites of Brd4 throughout the genome in naïve CD8+ T
Frontiers in Immunology | www.frontiersin.org 9
cells. By combining the RNA-seq signal with the CUT&Tag
signal, we observed that Brd4 seemed to regulate the
transcription of these migratory genes in an indirect fashion in
naïve CD8+ T cells, as no obvious CUT&Tag signal was detected
at these gene loci except for Gpr183 (Supplemental Figure 4B).
Whether Brd4 could directly regulate the transcription of these
migratory gene in other CD8+ T cell subsets remain to be
defined, due to the dynamic occupancy of Brd4 throughout the
genome and chromatin remodeling in the course of CD8+ T cells
differentiation. However, Brd4 directly bound to the Slc2a1 gene
locus and the transcription of Slc2a1(GLUT1) was inhibited
upon Brd4 deletion (Figure 4F). Further chromatin
immunoprecipitation, followed by qPCR analysis, confirmed
that Brd4 was highly enriched in the promotor region of
Slc2a1 (GLUT1), suggesting that Brd4 directly regulates Slc2a1
transcription in CD8+ T cells (Figure 4F).

Myc promotes tumor growth partially through increasing
glycolysis, including elevated glucose uptake, by facilitating
glucose transporter GLUT1 expression. Because targeting Brd4
slows down tumor growth partially through downregulating Myc
expression, we then investigated whether the downregulation of
glucose transporter GLUT1 resulted from the reduced Myc
expression in Brd4-/- CD8+ T cells (30, 41). The intracellular
staining for Myc measurement indicated that Myc was highly
induced when naïve Brd4+/+ CD8+ T cells received TCR
stimulation, which was consistent with TCR stimulation
quickly inducing Myc expression in T cells (18). However,
activated Brd4-/- CD8+ T cells failed to efficiently induce Myc
expression in comparison to Brd4+/+ CD8+ T cells (Figure 4G).
Moreover, we verified that Brd4 highly enriched in Myc locus
(Figure 4H). These observations indicate that Brd4 regulates
CD8+ T-cell glucose metabolism not only through directly
regulating GLUT1 expression, but also indirectly regulating
Myc expression.

Brd4 Maintains CD8+ T-Cell Homeostasis
by Promoting Homing and Glucose
Metabolism in Mitochondria
Recirculation is crucial for maintaining T-cell homeostasis. Naïve
T cells greatly rely on homing receptors (CCR7, CD62L and LFA-
1) to support their migration into lymph nodes to access to the
stimulation of homeostatic cues, which mediates naïve T-cell
survival and homeostatic proliferation. To functionally test
whether naïve CD8+ T cells from Brd4-/- mice fail to efficiently
migrate into lymph nodes due to the downregulation of CD62L
andLFA-1, equal number ofBrd4-/- andBrd4+/+naïveCD8+T cells
were mixed at a 1:1 ratio and then transferred into same recipient
mice. The ability to migrate into lymph nodes was determined at
18hpost-transfer (Figure 5A). Compared toBrd4+/+naïveCD8+T
cells, there were fewer Brd4-/- naïve CD8+ T cells capable of
migrating into lymph nodes, but more Brd4-/- naïve CD8+ T cells
were trapped in peripheral blood (Figure 5B). In addition, we
shortened the sample-harvesting time to 4 h post-transfer in the
homing assay to exclude the potential side-effect of a longer time
and observed a similar result (Supplemental Figures 5A, B).
Because homing receptors CD62L and LFA-1 are not required
August 2021 | Volume 12 | Article 728082
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for naïve T cells to traffic into spleen, a comparable recovery was
observed in spleen post-transfer (Figure 5B). In addition, marked
downregulation of CD62L and LFA-1 inBrd4-/-naïve CD8+ T cells
from peripheral blood was observed, but not for CCR7, which is
Frontiers in Immunology | www.frontiersin.org 10
consistent with defective homing (Supplemental Figures 5C–E).
These results suggest that Brd4 controls naïve CD8+ T-cell homing
by regulating CD62L and LFA-1 expression. Impaired trafficking
into lymph nodes results in an increased accumulation of T cells in
A
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F

FIGURE 4 | Brd4 regulates migration- and glucose metabolism-related gene transcription. (A) GSEA enrichment analysis of genes involved in glucose metabolism
and cell migration. (B) Heat map showing the downregulated genes in CD8+ T cells after Brd4 deletion and RT-qPCR confirmation of downregulated genes. (C) Flow
cytometry showing the expression of CD62L in naïve CD8+ T cells. (D) Flow cytometry showing the expression of LFA-1 in naïve CD8+ T cells. (E) Flow cytometry
analysis of GLUT1 expression in naïve CD8+ T cells. (F) CUT&Tag analysis showing the binding sites of BRD4 in Slc2a1 gene loci (left) and ChIP-qPCR confirmation
of the enrichment of BRD4 in Slc2a1 loci in CD8+ T cells (right). (G) Intracellular staining for Myc detection in Brd4+/+ and Brd4-/- naïve and activated CD8+ T cells.
(H) ChIP-qPCR confirmation of the enrichment of BRD4 in Myc locus in CD8+ T cells. The data was analyzed by two-tailed unpaired t-test between two independent
groups. Results were indicated as mean ± sem (error bars). **p < 0.01; ***p < 0.001; ****p < 0.0001. Each experiment repeats more than 3 times.
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FIGURE 5 | Brd4 ensures CD8+ T cells homing and mitochondrial glucose oxidation. (A) Experiment setup. Purified Brd4+/+ (CD45.1-CD45.2+) and Brd4-/-

(CD45.1+CD45.2+) naïve CD8+ T cells were mixed at a 1:1 ratio and then transferred into CD45.1+CD45.2- recipient mice. Donor cell recovery was checked in
indicated tissues to assess their homing ability after 18h post-transfer. (B) Relative recovery of donor naïve CD8+ T cells in all checked organs. (C) RT-qPCR
analysis of Slc2a1 transcription at distinct time point after CD8+ T cell receiving TCR stimulation. (D) Glucose uptake measurement in naïve and in vitro-activated
CD8+ T cells from Brd4+/+ and Brd4-/- mice. (E) Oxidative phosphorylation in Brd4+/+ and Brd4-/- naïve CD8+ T cells was determined by measuring oxygen
consuming rate after adding indicated compounds. (F) Schematic of in vitro migration assay in transwell plate (left) and the migration efficiency of Brd4+/+ and
Brd4-/- naïve CD8+ T cells in response to CCL21 chemotaxis (right). Two-tailed unpaired t-test was used to analyze two independent groups, while paired
Student’s t-test was used when sample being compared from same mouse. To compare multiple groups, we used an analysis of variance (ANOVA). Results
were indicated as mean ± sem (error bars). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. NS, not significant. Each group includes at least 3 mice and
each experiment repeats more than 2 times.
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the blood and spleen.However,Brd4-/-mice also have decreasedT-
cell numbers in spleen and peripheral blood, indicating defective
homing could not fully explain the reduction of T cells. Thus,
impaired trafficking synergizing with decreased survival capability
could simultaneously contribute to the reduced pool of CD8+

T cells.
The above observations suggest that Brd4 deficiency

downregulates glucose transporter GLUT1 expression in naïve
CD8+ T cells. As naïve CD8+ T cells largely depend on glucose
uptake to undergo oxidative phosphorylation, which supports
naïve T-cell survival, we then explored whether Brd4 deficiency
could cause impaired cell survival by decreasing glucose
metabolism (10, 13). Naïve T cells increased glucose uptake by
upregulating GLUT1 expression upon activation, while there was
an approximately 2-fold reduction of GLUT1 transcription in
Brd4-/- CD8+ T cells after TCR stimulation (Figure 5C).
Moreover, glucose uptake was directly measured by evaluating
2-NDBG (2-deoxy-2-[(7-nitro-2,1,3-benzoxadiazol-4-yl)
amino]-D-glucose) fluorescent signal after incubating CD8+ T
cells with 2-NBDG. Approximately 50% and 70% reduction of
glucose uptake in Brd4-/- naïve and activated CD8+ T cells were
observed when compared to the Brd4+/+ counterpart,
respectively (Figure 5D). We next checked whether the
decreased glucose input affected oxidative phosphorylation.
Oxidative phosphorylation analysis determined by oxygen
consuming rate indicated that Brd4-/- naïve CD8+ T cells
markedly decreased oxidative phosphorylation relative to their
counterpart (Figure 5E). Energy production in mitochondria not
only maintains naïve CD8+ T cells survival, but also supports cell
migration. Then, we examined whether Brd4-/- naïve CD8+ T
cells exhibited defective in vitro migration. Migration analysis
showed that Brd4-/- naïve CD8+ T cells had reduced capability
of migration responding to CCL21 chemotaxis (Figure 5F).
Together, these data demonstrate that Brd4 is important
for naïve CD8+ T-cell survival and migration by facilitating
adequate glucose uptake to fuel oxidative phosphorylation
in mitochondria.

Brd4 Supports CD8+ T-Cell Proliferation by
Inducing Glycolysis After Activation
Having established the critical role of Brd4 in regulation of
glucose uptake which plays an essential function in regulating
CD8+ T-cell response, we further investigated whether the
defective clonal expansion of CD8+ T cells resulted from
deregulated glucose metabolism. To this end, naïve CD8+ T
cells isolated from Brd4-/- and Brd4+/+ mice were activated by
anti-CD3 and anti-CD28 antibodies. Compared to the Brd4+/+

CD8+ T cells, activated Brd4-/- CD8+ T cells markedly
downregulated the expression of CD71, an activation marker
(Figure 6A). Moreover, activated CD8+ T cells underwent
growth to an enlarged cell size, while Brd4-/- CD8+ T cells
failed to efficiently enlarge their size after stimulation
(Figure 6B). Consistent with the impaired activation, Brd4-/-

CD8+ T cells had undergone 1~2 rounds division after
stimulation for 3 days in vitro, while almost all Brd4+/+ CD8+

T cells had undergone cell division up to five times (Figure 6C).
Frontiers in Immunology | www.frontiersin.org 12
Moreover, there was an approximately 70% reduction of Ki-
67+CD8+ T cells within activated Brd4-/- CD8+ T cells in
comparison to Brd4+/+ CD8+ T cells (Figure 6D). An elevated
level of apoptosis was observed in activated CD8+ T cells after
Brd4 deletion (Supplemental Figures 6A). The treatment of
CD8+ T cells with JQ1, a pan-BRD inhibitor that blocks Brd4
function, also led to a similar phenotype as Brd4 deletion
(Supplemental Figures 6B–E). These data indicate that Brd4
supports CD8+ T-cell activation, proliferation, and survival after
receiving TCR stimulation in vitro.

Previous studies shows that naïve CD8+ T cells induce
glycolysis to support cell growth, full activation, and
proliferation after TCR signal stimulation. Glycolysis largely
depends on the induction of transcription factor Myc
expression and elevated glucose uptake (10, 18). Our findings
suggest that Brd4-/- CD8+ T cells decrease Myc expression and
glucose uptake after TCR signal stimulation. To explore whether
an impaired Brd4-/- CD8+ T-cell response results from defective
glycolysis, we measured glycolytic capability in vitro with
activated Brd4-/- and Brd4+/+ CD8+ T cells. Firstly, the
expression of genes involved in glycolysis were checked in
activated CD8+ T cells. Transcription analysis revealed that
Brd4-/- CD8+ T cells downregulated the transcription of many
glycolytic genes in comparison to Brd4+/+ CD8+ T cells after
activation (Figure 6E). Furthermore, glycolytic flux analysis by
detecting extracellular acid rates showed that activated Brd4-/-

CD8+ T cells severely decreased glycolysis relative to activated
Brd4+/+ CD8+ T cells after sequential addition of compounds
including glucose, oligomycin, and 2-DG (2-Deoxy-D-
glucose) (Figure 6F).

Our above data indicate that Brd4 deficiency downregulates
LFA-1 expression in naïve CD8+ T cells. It has been shown that
LFA-1 also gets involved in regulating T cell activation and
proliferation (42–45). To rule out the potential possibility that
defective proliferation of Brd4-/- CD8+ T cells results from the
downregulation of LFA-1, we evaluated the effect of LFA-1
knockdown on CD8+ T proliferation and survival. Three
distinct shRNAs targeting LFA-1 were designed to
downregulate LFA-1 in CD8+ T cells and all of them could
mediate approx imate ly 50% knockdown effic iency
(Supplemental Figures 7A, B). In contrast to Brd4+/+ CD8+ T
cells, Brd4-/- CD8+ T cells undergone limited proliferation after
activation in vitro, while Brd4+/+ CD8+ T cells transduced with
shLFA-1 exhibited similar proliferation pattern to shNC control,
suggesting that LFA-1 knockdown barely decreased CD8+ T cells
proliferation after in vitro activation with soluble anti-CD3 and
CD28 antibodies (Supplemental Figures 7C, D). Also, LFA-1
knockdown seemed not to impair CD8+ T cells survival
(Supplemental Figures 7E). The bare effect of LFA-1
knockdown on CD8+ T cells proliferation after in vitro
activation with soluble anti-CD3 and CD28 antibodies
emphasizes that the mechanism of LFA-1 promoting
proliferation is through stabilizing interaction between T cells
and antigen-presenting cells, which is consistent with the
previous report (43). As LFA-1 gets involved in regulating
T cells proliferation by stabilizing the interaction between
August 2021 | Volume 12 | Article 728082
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antigen-presenting cells and T cells, we tried to examine whether
the reduced expression of LFA-1 in naïve CD8+ T cells resulted
in defective clonal expansion of effector P14+CD8+ T cells in
vivo. To this end, we firstly analyzed the dynamic expression of
LFA-1 in Brd4+/+ and Brd4-/- naïve CD8+ T cells after in vitro
activation, as TCR signal stimulation upregulates LFA-1
expression. The dynamic expression of LFA-1 showed that the
Frontiers in Immunology | www.frontiersin.org 13
TCR activation strongly induced the expression of LFA-1 in both
Brd4+/+ and Brd4-/- CD8+ T cells at indicated time points and the
gap of LFA-1 expression between naïve Brd4+/+ and Brd4-/-

CD8+ T cells was gradually narrowed down after activation
(Supplemental Figure 7F). Besides, we observed that the
shNC-transduced Brd4-/- CD8+ T cells expressed a similar level
of LFA-1 as that in shNC-transduced Brd4+/+ CD8+ T cells
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FIGURE 6 | Brd4 promotes CD8+ T cell proliferation through inducing glycolysis. (A) Purified Brd4+/+ and Brd4-/- naïve CD8+ T cells were activated with anti-CD3/28
antibody for 24 hours to assess cell activation. Flow cytometry showing the expression of CD71 after stimulation (left) and the quantification of CD71 MFI (right).
(B) Flow analysis of cell size of in vitro-activated CD8+ T cells. (C) Purified Brd4+/+ and Brd4-/- naïve CD8+ T cells were labeled with CellTrace Violet (CTV) and
activated with anti-CD3/28 antibody in the presence or absence of IL-2 for 3 days to assess cell proliferation. Flow cytometry showing CTV dilution. (D) Intracellular
staining showing the expression of Ki-67 in Brd4+/+ and Brd4-/- CD8+ T cells after activation for 24h (left) and the quantification of Ki-67+CD8+ T cells (right). (E)
qPCR analysis showing the differentially expressed glycolytic genes in Brd4+/+ and Brd4-/- CD8+ T cells. (F) Chart showing glycolysis measurement of in vitro-
activated CD8+ T cells (left) and the quantification of the basal and maximal glycolysis (right). Two-tailed unpaired t-test was used to analyze two independent
groups. Results were indicated as mean ± sem (error bars). *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001. Each group includes at least 3 mice and each
experiment repeats more than 2 times.
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(Supplemental Figure 7G). Meanwhile, the expression of LFA-1
in Brd4-/- and Brd4+/+effector P14+CD8+ T cells recovered from
same acutely infected host was firstly evaluated with flow
cytometry. Unexpectedly, although Brd4-/- P14+CD8+ T cells
exhibited impaired clonal expansion relative to their
counterparts, comparable LFA-1 expression was detected in
both P14+CD8+ T cells (Supplemental Figure 7H). Because
TCR signal stimulation increases the surface amount of LFA-1 in
CD8+ T cells, we re-analyzed the LFA-1 expression in CD44-

CD8+ and CD44+CD8+ T cells from Brd4+/+ and Brd4-/- mice.
Expression analysis indicated that Brd4 deficiency only
downregulated LFA-1 in naïve CD44-CD8+ T cells rather in
activated CD44+CD8+ T cells (Supplemental Figure 7I). As
Brd4 deletion barely downregulates LFA-1 expression in
activated CD8+ T cells, we excluded the possibility that the
impaired in vivo clonal expansion of Brd4-/- P14+CD8+ T cells
resulted from the defective immune synapse formation.
Together, these observations suggest that Brd4 promotes
proliferation through inducing Myc expression and glucose
uptake, both of which facilitate glycolysis induction in CD8+

T cells after TCR stimulation.
Brd4 Inhibition Dampens CD8+

T Cell-Mediated Adaptive Immunity
During Acute Viral Infection
As Brd4 inhibition with small molecules has attracted great
attention in cancer and viral infection therapies, we then
evaluated whether Brd4 inhibition represses the CD8+ T-cell
response to viral infection. To this end, an acute LCMV infection
mouse model was established to study the effect of Brd4
inhibition with JQ1, a pan-BRD inhibitor which blocks Brd4
proteins from binding to acetylated histones, on endogenous
antigen-specific CD8+ T-cell function and differentiation. JQ1
was administrated daily via intraperitoneal injection into acutely
infected wild-type mice (Figure 7A). We then evaluated the
function and differentiation of endogenous antigen-specific
CD8+ T cells at the peak of the immune response. There was
approximately 3-fold reduction of total and LCMVgp33-specific
CD8+ T cells from mice receiving JQ1 treatment (Figure 7B).
Furthermore, LCMVgp33-specific CD8+ T cells from JQ1-
treated mice displayed a severe defect in terminal
differentiation, as the KLRG1+CD127- population was
significantly decreased both in frequency and number
(Figure 7C). In addition, there was a functional impairment in
the effector CD8+ T cells from JQ1-treated mice that is
manifested by less IFN-g and IL-2 secretion after ex vivo
stimulation (Figures 7D, E). Although the phenotype of
antigen-specific CD8+ T cells in JQ1-treated mice is similar to
the phenotype of Brd4-/- P14+CD8+ T cells, BET inhibition has
more severe defect in terminal differentiation and cytokine
production. This discrepancy probably results from the
potential compensative effect of Brd2 or Brd3 in CD8+ T cells
after Brd4 deletion (23). Also, it is important to note that BET
inhibition impairs CD8+ T cell differentiation through directly
inhibiting the function of Brd4 in other cell types, such as DC
and Macrophage. Collectively, these results indicate that
Frontiers in Immunology | www.frontiersin.org 14
targeting Brd4 with small molecules severely dampens adaptive
immunity by restricting antigen-specific CD8+ T-cell clonal
expansion and effector differentiation.
DISCUSSION

CD8+ T cells play a central role in the containment of infectious
agents and tumor. Normal homeostasis maintenance, targeted
migration, efficient proliferation, and functional differentiation
are required to mount a robust immune response. Therefore, the
identification of regulators responsible for these processes is
critical for devising immunomodulatory or immunotherapeutic
strategies. In this study, we found that Brd4 regulated CD8+ T-
cell homeostasis and immunity via controlling glucose
metabolism and trafficking. Brd4 maintained naïve CD8+ T-
cell homeostasis by indirectly controlling the expression of
homing receptors which are required for efficient trafficking. In
addition, Brd4 promoted glucose uptake to generate adequate
ATP levels to support naïve CD8+ T-cell survival by enhancing
Myc and GLUT1 expression. Upon activation, Brd4 facilitated
glycolysis induction to support the quick proliferation and
efficient effector differentiation of activated CD8+ T cells by
enhancing glucose uptake. Furthermore, targeting Brd4 with
JQ1, a pan-BRD inhibitor, impeded CD8+ T-cell clonal
expansion and effector differentiation during acute viral
infection. Thus, our findings reveal a previously-unappreciated
role of Brd4 in the regulation of peripheral naïve CD8+ T-cell
homeostasis and immunity through controlling glucose
metabolism (Figure 8).

Importantly, in consistent with our finding, a recent study
also supports the importance of Brd4 in CD8+ T cells
differentiation, in which Brd4 bound diverse regulatory regions
of effector-related genes to enforce terminal differentiation of
CD8+ T cells in the setting of viral infection and tumorigenesis
(46). However, our study proved the indispensable role of Brd4
in CD8+ T cells from different perspectives: (1) Brd4 regulates
naïve CD8+ T cells homeostasis by controlling naïve CD8+ T cells
survival and trafficking, as Brd4 deficiency results in remarkable
loss of CD8+ T cells and altered CD8+ T cells population in the
steady-state; (2) Brd4 establishes a novel link between epigenetic
regulation and immune metabolism by controlling GLUT1
expression; (3) Brd4 inhibition raises the concern/potential risk
of immunosuppressive effect in viral infection therapy, such as
HIV-1 latency, based on the critical role of Brd4 in promoting
the clonal expansion and effector differentiation of CD8+ T cells
in vivo.

To efficiently accommodate bioenergetic and biosynthetic
demands, effector CD8+ T cells preferentially utilize glycolysis
instead of oxidative phosphorylation (10, 11, 47). Although
glycolysis produces less ATP than oxidative phosphorylation,
glycolysis provides sufficient substrate for biomacromolecule
synthesis, which is essential for CD8+ T-cell proliferation and
effector differentiation (10, 11, 18). We found that Brd4 deletion
profoundly impaired the proliferation and effector differentiation
of CD8+ T cells by limiting glucose uptake. Decreased glycolytic
flux further represses CD8+ T-cell activation, growth, survival,
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and proliferation by limiting the availability of building blocks.
In addition, constitutive glycolytic metabolism promotes
effector-memory CD8+ T-cell differentiation during viral
infection (48). Furthermore, Brd4-/- mice harbor less
CD44+CD8+ effector-memory T cells, which is partially in line
with the defective glycolytic flux. However, whether the altered
glucose metabolism in Brd4-/- CD8+ T cells influences memory
CD8+ T-cell differentiation needs to be defined in future studies.

Tumor cells could evade immune destruction by competing
with T cells for glucose in tumor microenvironment. The
glucose-poor microenvironment profoundly limits T-cell
Frontiers in Immunology | www.frontiersin.org 15
effector response to tumor through decreasing IFN-g
expression (49–51). We observed that Brd4 deletion or
inhibition profoundly impairs the clonal expansion and
effector differentiation during acute infection due to the
reduced glucose uptake. Moreover, antigen-specific CD8+ T
cells from JQ1-treated mice exhibits decreased IFN-g secretion.
Recently, emerging evidence demonstrates that targeting Brd4
with small molecules shows great potential for cancer cell
elimination (52). Baded on our findings, Brd4 inhibition could
erode antitumor immunity of CD8+ T cells by limiting
proliferation and effector differentiation. Thus, when targeting
A

B

C

D

E

FIGURE 7 | Targeting Brd4 with inhibitors dampens effector CD8+ T cells-mediated antiviral immunity. (A) Experiment design. (B) Flow cytometry showing the
expression of CD8 (left), the quantification of total CD8+ T cells (middle) and the quantification of LCMVgp33 epitope-specific CD8+ T cell numbers (right). (C) Flow
cytometry showing the expression of KLRG1 and CD127 in LCMVgp33 epitope-specific CD8+ T cells from mice treated with JQ1 or DMSO at day 8 post-infection
(left) and the frequency and number of each subset (right). (D, E) Flow cytometry analysis of indicated cytokines production after peptide stimulation in CD8+ T cells
from mice treated with JQ1 or DMSO (left) and the number and frequency (right) of cytokine-producing CD8+ T cells. The data were analyzed by two-tailed unpaired
t-test between two independent groups. Results were indicated as mean ± sem (error bars). *p < 0.05; **p < 0.01; ***p < 0.001. Each group includes at least 4 mice
and each experiment repeats more than 2 times.
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Brd4 with inhibitors, its potential inhibitory effect on CD8+ T
cells differentiation and function should be taken into
consideration. Considering the inhibitory effect of Brd4
inhibition on CD8+ T cells function and differentiation, it
could not be feasible to combine Brd4-targeting therapy with
CAR-T-/TCR-T-based immunotherapy for incurable cancer.
Also, we speculate that targeting Brd4 with inhibitors is more
likely to eliminate tumor cells in “cold tumor” defined as the lack
of immune cell infiltration, while “hot tumor,” defined as with
relative abundant immune cells infiltration may not respond well
to Brd4 inhibition, as targeting Brd4 simultaneously acts on
tumor cells and CD8+ T cells.

Although great achievements have been made in human
immunodeficiency virus type 1 (HIV-1) infection therapy,
viremia quickly rebounds after the cessation of combined
antiretroviral therapy (cART) due to HIV-1 latency infection.
Thus, HIV-1 latency infection represents a major barrier for pure
elimination of HIV-1 infection. Current approaches to HIV-1
infection therapy focus on “shock” and “kill” (53). In this therapy,
latency reverse agents are used to reactivate latent HIV-1
proviruses, and then host killer cells including but not limited to
CD8+ T-cells, destruct virus-producing target cells to purge HIV-1
reservoirs (53). The epigenetic reader Brd4 facilitates HIV-1
latency maintenance by competing against the pTEF-b complex
with viral protein Tat or recruiting repressive SWI/SNF chromatin
remodeling complex to inhibits HIV-1 transcription (33–36).
Manipulation of Brd4 with RNAi-mediated knockdown or
inhibitors awaken the latent HIV-1 proviruses (33–36, 54–57).
Thus, Brd4 is a promising candidate for latency reverse agent
development. However, the effect of Brd4 inhibition on CD8+ T
cells function and differentiation remains unclear. Deep
understanding the potential effects of Brd4 inhibition accelerates
the progress of clinical trial. Our observations demonstrate that
Frontiers in Immunology | www.frontiersin.org 16
treatment of CD8+ T cells with JQ1, a pan-BRD inhibitor, severely
restricts the clonal expansion and effector differentiation of CD8+

T cells in vivo. In addition, inhibition of Brd4 with small molecules
profoundly impairs human CD4+ and CD8+ T-cell function in
vitro (58, 59). Although small molecules targeting Brd4 could
potently reactivate HIV-1 latency, CD8+ T cells in patient with
HIV-1 would fail to execute the function of immune-destruction
due to the inhibitory effect of Brd4. Therefore, Brd4 inhibitor used
as HIV-1 latency reverse agent for antiviral therapy should be
more cautious.

Transcriptome analysis identified that Brd4 depletion led to the
downregulation of many genes associated with migration, including
but not limited to CD62L, LFA-1, CXCR6, and CD103. The
mechanism by which Brd4 deletion downregulates the expression
of these trafficking molecules remains unknown. Indeed, LFA-1,
CXCR6, and CD103(Itage) are crucial for CD8+ tissue resident
memory (Trm) T cell formation and positioning, indicating that
Brd4 potentially regulates Trm formation and function (60, 61).
Importantly, CD103+ Trm in tumors is positively correlated with a
better prognosis, and CD103 or LFA-1 engagement between
cytotoxic T cells and tumor cells augments effector function (62,
63). Currently, more attention is being paid to the effect of Brd4
inhibition on tumor cell growth, while its effect on the function and
differentiation of intratumor CD8+ T cells is spare. It is worth
exploring the role of Brd4 in the differentiation of intratumor
CD103+CD8+Trm in further study.

Recently, targeting Brd4 with inhibitors has received
considerable attraction and is broadly applied to a wide
spectrum of disease from ongoing clinical trial on cancer to
cardiovascular disease (31, 32, 64). The prominent side-effect of
Brd4 inhibition is memory loss in mice treated with pan-BRD
inhibitor JQ1 and hearing loss in mice with specific deletion of
Brd4 in hair cells so far (65, 66). However, our study established a
FIGURE 8 | Schematics showing that Brd4 regulates CD8+ T cell homeostasis and proliferation through controlling glucose metabolism. Brd4 maintains naïve CD8+

T cells homeostasis by regulating the survival and trafficking of naïve CD8+ T cells in steady-state. Brd4 promotes efficient glucose uptake by upregulating GLUT1
(glucose transporter 1) and Myc expression, which glucose oxidation in mitochondria fuels naïve CD8+ T cells survival and trafficking. Upon activation, activated
CD8+ T cells increase glucose uptake to meet the bioenergetic and biosynthetic demands, which includes quick proliferation, survival and effector differentiation.
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critical role of Brd4 in regulating CD8+ T cells antiviral
immunity. These observations hold significant clinical
implication for ongoing clinical trials. Patients receiving Brd4
inhibitors could cause attenuated antiviral immunity, due to the
potential defective CD8+ T cells response to infection.
Conversely, our data established a critical role of Brd4 in the
regulation of CD8+ T cells homeostasis and immunity. These T
cells functions mainly rely on glucose uptake supported by Brd4.
Thus, artificial manipulation of Brd4 may provide a novel
therapeutic strategy for immunomodulation.
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