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SUMMARY

BET inhibitors (BETi) target bromodomain-contain-
ing proteins and are currently being evaluated as
anti-cancer agents. We find that maximal therapeutic
effects of BETi in a Myc-driven B cell lymphoma
model required an intact host immune system.
Genome-wide analysis of the BETi-induced tran-
scriptional response identified the immune check-
point ligand Cd274 (Pd-l1) as a Myc-independent,
BETi target-gene. BETi directly repressed constitu-
tively expressed and interferon-gamma (IFN-g)
induced CD274 expression across different human
and mouse tumor cell lines and primary patient sam-
ples. Mechanistically, BETi decreased Brd4 occu-
pancy at the Cd274 locus without any change in
Myc occupancy, resulting in transcriptional pausing
and rapid loss of Cd274 mRNA production. Finally,
targeted inhibition of the PD-1/PD-L1 axis by
combining anti-PD-1 antibodies and the BETi JQ1
caused synergistic responses in mice bearing Myc-
driven lymphomas. Our data uncover an interaction
between BETi and the PD-1/PD-L1 immune-check-
point and provide mechanistic insight into the tran-
scriptional regulation of CD274.
INTRODUCTION

Small molecule inhibitors of chromatin-associated enzymes and

binding proteins not only induce direct anti-tumor effects such as
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apoptosis and cell-cycle arrest (Peedicayil, 2012; West and

Johnstone, 2014) but also alter tumor cell-immunogenicity while

modulating host immune cell activities (Falkenberg and John-

stone, 2014; West and Johnstone, 2014). For example, we

previously showed that histone deacetylase inhibitors (HDACi)

engage the host immune system to mediate therapeutic

responses in syngeneic preclinical cancer models (West et al.,

2013) and combining HDACi with immune-regulatory antibodies

(Abs) targeting CD137 and CD40 resulted in striking anti-tumor

responses (Christiansen et al., 2011). Immune checkpoints are

physiologically important T cell regulatory mechanisms required

to prevent autoimmunity and maintain self-tolerance (Pardoll,

2012). Activating (e.g., CD40L, CD137/4-1BB) and inhibitory

(e.g., CTLA4, CD279/PD1) molecules present on the surface of

T cells can be engaged by cognate ligands/receptors on anti-

gen-presenting cells and tumor cells (e.g., CD274/PD-L1) to

regulate the intensity and/or duration of T cell responses. In the

tumor microenvironment, infiltrating T lymphocytes may exhibit

an ‘‘exhausted’’ phenotype, characterized by enhanced expres-

sion of inhibitory checkpoint molecules (e.g., PD-1) and driven by

highly expressed ligands (e.g., PD-L1) on both tumor and acces-

sory cells. Immune checkpoint-targeted Abs such as ipilimu-

mab, nivolumab, and pembrolizumab have subsequently

emerged as paradigm-shifting oncology drugs (Couzin-Frankel,

2013; Pardoll, 2012; Topalian et al., 2015). Inflammatory cyto-

kines such as interferon-gamma (IFN-g) are expressed within

the tumor microenvironment and upregulate tumor cell PD-L1

expression, exerting potent immunosuppressive effects (Liu

et al., 2007). Alternatively elevated levels of PD-L1 may be a tu-

mor-intrinsic phenotype caused by genomic aberrations

including amplification of chromosome 9p23–24 (containing

the CD274 locus) in Hodgkin’s lymphoma (HL) (Green et al.,

2010) and triple negative breast cancer (Barrett et al., 2015).
hor(s).
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Figure 1. An Intact Host Immune System Is Required to Elicit Maximal Therapeutic Responses to BET Inhibitors

(A–D) Cohorts of C57BL/6mice (n = 10 per treatment group) were injected intravenously (i.v.) with 13 105 Em-Myc lymphoma cells 3 days prior to commencement

of daily dosing with JQ1 (50 mg/kg; 5 d/w), or DMSO vehicle, via i.p. injection. Kaplan-Meier survival curves representing cohorts of wild-type C57BL/6 (blue line)

mice and immune compromised strains (red line) (A) C57BL/6.Rag1�/� or (B) C57BL/6.Rag2cg�/� inoculated with Em-Myc lymphoma #1 and treated with JQ1

(solid line) or DMSO vehicle (dashed line). (C) Kaplan-Meier survival curves representing cohorts of wild-type C57BL/6 (blue line) and immune compromised

C57BL/6.Rag2cg�/� mice (red line) inoculated with Em-Myc lymphoma #2 and treated with JQ1 (solid line) or DMSO vehicle (dashed line). In all therapy ex-

periments, JQ1 conveyed a significant survival advantage to both immune-competent and immune-deficient mice bearing established Em-Myc lymphoma.

However, immune-deficient mice (C57BL/6.Rag2cg�/� and C57BL/6.Rag1�/�) succumbed to disease significantly earlier than tumor-bearing wild-type mice

despite JQ1 treatment (*p < 0.05, **p < 0.01, ***p < 0.001, Log-rank). (D) Fold-change in median survival across all immune-competent versus immune-deficient

experiments (error bars represent SEM; ***p < 0.001, Student’s t test).

(legend continued on next page)
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Alternatively, structural variations in the 30UTR of CD274 lead to

markedly elevated gene expression (Kataoka et al., 2016). A

recent report indicated that the oncogenic function of c-MYC

may be mediated, at least in part, through induction of PD-L1

and the phagocytosis-inhibitory protein CD47 on the surface of

tumor cells through direct binding of MYC to the promoter re-

gions of CD274 and CD47 (Casey et al., 2016).

The bromodomain and extra-terminal domain (BET) family of

epigenetic ‘‘reader’’ proteins bind acetylated histone lysine res-

idues to facilitate the recruitment of transcriptional elongation

complexes such as P-TEFb (Filippakopoulos and Knapp,

2014). BRD4 is associated with active promoters and enhancers

and loading of BRD4 onto ‘‘super-enhancers’’ drives oncogenic

transcription programs in lymphoma, particularly where immu-

noglobulin gene switch translocations are juxtaposed to MYC

(Lovén et al., 2013). As putative indirect ‘‘MYC inhibitors,’’ BET

inhibitors (BETi) can mediate potent in vitro and in vivo anti-

tumor effects in various pre-clinical models of MYC-driven ma-

lignancies (Dawson et al., 2011; Delmore et al., 2011; Zuber

et al., 2011). While deregulation of MYC has been the focus of

much attention when assessing the mechanisms-of-action of

BETi, other genes important for the proliferation and/or survival

of tumor cells such as BCL2 and CDK6 are also affected by

BETi treatment (Dawson et al., 2011). Indeed, we have demon-

strated that the BETi JQ1 can kill Em-Myc lymphoma cells via

modulation of BCL-2 family proteins without affecting the levels

of transgenic Myc (Hogg et al., 2016).

Herein, we demonstrated that the full therapeutic effects of

JQ1 in mice bearing Em-Myc lymphomas were dependent on

an intact host immune system. Gene expression profiling

showed that treatment with JQ1 resulted in a rapid and robust

decrease in Cd274 mRNA that preceded reduced expression

of Pd-l1 on the surface of these lymphoma cells, in the absence

of any substantial change in expression of transgenic Myc. The

effects of JQ1 on Pd-l1 protein levels were phenocopied by

RNAi-mediated knockdown of Brd4 and were insensitive to

modulation of Myc-levels, suggesting that the JQ1 response is

predominantly mediated by displacing Brd4 and is Myc-inde-

pendent. Chromatin immunoprecipitation sequencing (ChIP-

seq) studies confirmed that Brd4, but not c-Myc, occupancy at

the Cd274 transcriptional start site (TSS) was rapidly reduced

following exposure of Em-Myc lymphomas to JQ1. Importantly,

BET inhibition by JQ1 also greatly diminished IFN-g-induced

PD-L1 expression across a range of human and mouse tumor

cell lines and primary patient samples. Comprehensive ChIP-

seq and RNA sequencing (RNA-seq) analysis of the IFN-g

response revealed that Brd4 is rapidly recruited to the Cd274

locus, concurrent with increased H3K27Ac andRNAPolymerase

II (RNA Pol II) occupancy. Moreover, JQ1 selectively repressed a

subset of IFN-g-induced genes on the mRNA level that corre-

lated with loss of Brd4 occupancy and increased transcriptional

pausing at the corresponding genomic loci. Consistent with ex-

isting literature (Lu et al., 2016), further ChIP-seq studies identi-
(E) Gene Set Enrichment Analysis (GSEA) enrichment score plots showing signifi

with inflammatory and interferon gamma response signatures using RNA-seq an

(F) Overlap of inflammatory and interferon gamma response signatures identified in

false discovery rate [FDR] < 0.05, �1 > log FC > 1) and genes involved in T cell c
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fied IRF1 as a key transcription factor induced by IFN-g and re-

cruited to the CD274 locus. Interestingly, treatment with JQ1

reduced IFN-g-induced loading of Brd4 but not IRF1. Consistent

with our data showing the effects of JQ1 on cells with constitu-

tively high Pd-l1, treatment with IFN-g resulted in increased

Cd274 expression that was Myc-independent. In agreement

with this notion, MYC expression did not correlate with CD274

in the majority of human cancers assessed, whereas strong pos-

itive correlations were observed with IRF1. Finally, we showed

that sustained expression of Pd-l1 on the surface of Em-Myc lym-

phomas through retroviral transduction blunted the therapeutic

effects of JQ1 and combination therapy with JQ1 and either

anti-PD-1 or anti-4-1BB Abs was more efficacious than single

agent treatment. These findings identify BRD4 as modulator of

the PD-1/PD-L1 immune-checkpoint, which can be targeted

by BETi.
RESULTS

During studies designed to determine the therapeutic effects of

JQ1 using Em-Myc lymphomas, we observed that the anti-tumor

responses were more effective in immunocompetent syngeneic

hosts compared to when RAG1�/� (deficient in mature T and

B cells) or RAG2�/�cg�/� (deficient in mature T, B, and NK cells)

immunodeficient mice were used (Figures 1A–1D). The survival

advantage conveyed by JQ1 was significantly greater in wild-

type compared to immune-deficient recipient mice (Figure 1D)

bearing different independently derived primary lymphomas

(Figures 1B and 1C) and when comparing the same lymphoma

transplanted into different strains of immunocompromised

mice (Figures 1A and 1B).

BET proteins regulate the expression of inflammatory cyto-

kines and chemokines such as Il6, Il12a, Cxcl9, and Ccl12 (Nic-

odeme et al., 2010) and more recently genes such as IL1A,

IL1B, and IL8 that are activated as part of the senescence-

associated secretory response (Tasdemir et al., 2016). To

examine the potential for JQ1 to alter the expression of immu-

nomodulatory gene expression in tumor cells, we performed

RNA-seq using Em-Myc #1 lymphomas cultured in the presence

and absence of JQ1 for 2 hr. As shown in Figure 1E, we deter-

mined that JQ1 altered the expression of genes involved in

regulating immune and inflammatory responses with gene set

enrichment analysis (GSEA) demonstrating a significant nega-

tive correlation between the gene expression pattern observed

in JQ1-treated cells and signatures associated with both an in-

flammatory response and IFN-g signaling. Of the genes known

to play a role in tumor cell-mediated immune responses, we

found that Cd274 and Ccr7 were significantly downregulated

following JQ1 treatment (Figure 1F). Interestingly, in immuno-

competent mice bearing Em-Myc lymphomas, resident CD4+

and CD8+ T cells within the tumor microenvironment expressed

relatively high levels of cell surface Pd-1 (Figure S1A).
cant correlation between genes downregulated by JQ1 and genes associated

alysis of Em�Myc lymphoma #1 following 2 hr treatment with JQ1.

1Ewith genes downregulated by JQ1 (Em�Myc lymphoma #1.2; adjusted (adj.)

ostimulation.



Figure 2. PD-L1 Is a Direct Target of BET In-

hibition In Vitro and In Vivo

(A) Em-Myc lymphomas #1 and #2 transduced with

retrovirus to overexpress Bcl-2, and Em-Myc
#3 were incubated in vitro with 0.5 mM of JQ1 or

DMSO for 24 hr and cell surface Pd-l1 was as-

sessed by flow cytometry.

(B) Em-Myc lymphoma #3 was incubated in vitro

with 1 mM of BET inhibitor (10 mM for RVX-208) or

DMSO for 24 hr and cell surface Pd-l1 was as-

sessed by flow cytometry. For (A) and (B) repre-

sentative data from at least three independent

experiments is presented as mean MFI of

cells cultured and analyzed in triplicate ± SEM

(***p < 0.001, Student’s t test).

(C) Em-Myc lymphoma #3 was incubated in vitro

with 0.5 mM JQ1 or DMSO control for indicated

time points prior to flow cytometry analysis of

Pd-l1 expression. Grey shaded line, isotype con-

trol antibody; black line, DMSO-treated; red line,

JQ1-treated.

(D) C57BL/6 bearing established Em-Myc lym-

phoma #1 were treated with DMSO or JQ1

(50 mg/kg) i.p. and peripheral lymph node cells

were harvested 16 hr later for cell surface Pd-l1

expression by flow cytometry. Graphs show the

MFI of Pd-l1 expression gated on live GFP-posi-

tive tumor cells. Data presented asmeanMFI from

three individual mice per group ± SEM. **p < 0.01,

Student’s t test).

(E) C57BL/6 bearing established Em-Myc #1/Bcl-2

lymphoma were treated daily with JQ1 (50 mg/kg;

5 d/w), or DMSO vehicle (n = 5 per treatment

group). At day 18, peripheral blood was obtained

and tumor cells were assessed by flow cytometry

for Pd-l1 and MHC Class I (H-2Kb) expression on

tumor cells. Data presented as mean MFI ± SEM

(***p < 0.001, Student’s t test).

(F) qPCR analysis of Cd274 mRNA levels in

Em�Myc#1/Bcl-2, Em-Myc#2/Bcl-2 and Em-Myc
#3 following treatment with 1 mM JQ1 or DMSO

for indicated time points. Transcript levels are

normalized to Gapdh and presented as fold

change compared to DMSO.

(G) L540 cells were cultured in the presence and

absence of JQ1 (1 mM) for 2 hr and MYC and

CD274 mRNA levels were determined by qPCR

(normalized to DMSO). Data presented as mean

fold-change from three separate experiments ±

SEM (**p < 0.01, Student’s t test).
Em-Myc transgenic mice have germline amplification of a

segment of Chromosome 19 (Fusello et al., 2013) that is syntenic

to the human 9p24.1 region of amplification in Hodgkin’s lym-

phoma (Green et al., 2010). Accordingly, pre-malignant and

transformed B cells from Em-Myc mice exhibit high constitutive

Pd-l1 expression (Fusello et al., 2013). Treatment of three inde-

pendently derived Em-Myc lymphomas (including lymphomas

resistant to JQ1-induced apoptosis [Em-Myc/Bcl-2] to eliminate

confounding effects of cell death, with JQ1) with a range of

chemically distinct BETi resulted in a significant reduction in

cell surface expression of Pd-l1 (Figures 2A and 2B) after as little

as 14 hr (Figure 2C). Em-Myc lymphomas exposed in vivo to a sin-

gle dose of JQ1 also showed decreased expression of Pd-l1
(Figure 2D). Similarly, prolonged treatment of Em-Myc-bearing

mice with JQ1 caused decreased expression of Pd-l1 while

expression of other cell surface immune molecules such as

MHC Class I (H-2Kb) was unaltered (Figure 2E). JQ1 can rapidly

suppress expression of target genes such as Myc (Delmore

et al., 2011; Zuber et al., 2011), and Cd274 mRNA expression

was significantly reduced following exposure of Em-Myc lym-

phomas to JQ1 for as little as 2 hr (Figure 2F). JQ1-mediated

suppression of genetically amplified CD274 was further demon-

strated using the human Hodgkin’s lymphoma cell line, L540

(bearing 9p24.1 amplification) (Figure 2G).

It was recently reported that CD274 can be transcriptionally

regulated by MYC (Casey et al., 2016), raising the possibility
Cell Reports 18, 2162–2174, February 28, 2017 2165



Figure 3. PD-L1 Expression Is Not Modu-

lated by Changes in Expression of Myc

(A) Em-Myc #1 were treated in vitro for 30 min with

1 mM JQ1 or DMSO, prior to 30 min labeling of

nascent RNAwith 4-thiouridine (4sU). 4sU-labeled

RNA was then biotinylated and purified prior to

qPCR analysis of actin, endogenous or transgenic

Myc andCd274 nascent RNA levels (normalized to

DMSO).

(B) Em-Myc #1were transducedwithTRMPV.shRNAs

targetingMyc (1891 and 2105) orRenilla (REN) and

pRetroX-tet-on and selected for venus expression

and neomycin resistance. Cells were cultured in

the presence of absence of DOX for 18 hr and then

stained for Pd-l1 expression by flow cytometry.

Data are presented as mean MFI of cells normal-

ized to untreated (-DOX) and analyzed in tripli-

cate ± SEM (*p < 0.05, **p < 0.01, Student’s t test).

(C) Em-Myc lymphoma #1 was transduced with

retrovirus expressing human MYC (MYC) or empty

vector control (MSCV). TotalMYCandCd274mRNA

levels were determined by qPCR (normalized to

Em-Myc/MSCV). Em-Myc/MSCV and Em-Myc/MYC

cells were cultured for 2 hr with 1 mMJQ1 or DMSO,

and total MYC and Cd274 mRNA levels were

determined by qPCR (normalized to the DMSO-

treated condition). Data presented as mean fold-

change from three separate experiments ± SEM

(**p < 0.01, ***p < 0.001, Student’s t test). Em-Myc #1

cells were cultured in the presence and absence of

JQ1 (1 mM) for 2 hr, and ChIP-seq assays were per-

formedusingAbsagainstBrd4,Myc, andRNAPol II.

(D) Average profile of genome-wide Myc peaks in

the presence or absence of JQ1.

(E) Occupancy heatmap of genome-wide Myc

peaks in the presence or absence of JQ1.

(F) ChIP-seq reads for RNApol II andBrd4mapped

to the Myc locus, alongside Myc RNA-seq reads

(both transgenic and endogenous) in Em-Myc #1

cells treated for 2 hr with 0.25 mM JQ1 or DMSO.

(G) Correlation ofMYC andCD274 expression was

measured in publically available TCGA datasets

using Pearson’s correlation coefficient.
that our observed effects of JQ1 and other BETi on expression

of Pd-l1 was indirect and mediated through Myc downregula-

tion. 4-sU labeling analysis demonstrated a significant decrease

in nascent Cd274 mRNA following exposure of Em-Myc lym-

phomas to JQ1 while Actb (beta-actin) mRNA levels remained

unchanged (Figure 3A). We recently demonstrated that the

Em-Myc transgene was resistant to the effects of JQ1 that can

only downregulate the expression of low levels of endogenous

Myc in these lymphomas (Hogg et al., 2016). Similar differential

effects of JQ1 on transgenic versus endogenous Myc were

demonstrated by 4-sU labeling (Figure 3A), indicating high

levels of transgenic Myc are maintained despite BET inhibition.

JQ1 also downregulated CD274 independently of changes in

Myc expression in L540 cells (Figure 2G). To further confirm
2166 Cell Reports 18, 2162–2174, February 28, 2017
that changes in Myc expression were

not responsible for JQ1-mediated effects

on Pd-l1 levels, we inducibly knocked

down Myc in Em-Myc lymphomas and
observed no change in Cd274 mRNA or protein (Figure 3B). In

addition, we provided additional MYC expression by retroviral

transduction in Em-Myc lymphomas (Figure 3C). Ectopic MYC

expression was not associated with an increase in Cd274

mRNA yet JQ1 still potently suppressed transcription of

Cd274 (Figure 3C). To demonstrate that Myc was not directly

involved in the regulation of Cd274, we performed ChIP-seq

for Brd4, Myc, and RNA polymerase II (RNA Pol II) in Em-Myc

lymphomas cultured in the presence and absence of JQ1.

Genome-wide Myc occupancy was unaffected by JQ1 treat-

ment (Figures 3D and 3E), and JQ1 treatment did not signifi-

cantly alter Myc distribution, occupancy, and motif-binding (Fig-

ures S1–S1D), indicating that under these conditions JQ1 does

not directly alter Myc-dependent transcription. Consistent with



Figure 4. Pharmacological Inhibition or

Genetic Depletion of Brd4 Is Associated

with Loss of PD-L1 Expression

(A) Em-Myc lymphoma #1 was transduced with

TRMPVIR.shScrambled, TRMPVIR.shBRD4.498,

and TRMPVIR.shBRD4.500 and exposed to doxy-

cycline (DOX) to induce the DsRed-shRNA gene

cassette. Brd4 and Myc mRNA levels were deter-

mined by qPCR in the presence or absence of 1 mM

DOX for 18 hr. Venus+DsRed+ cells were sorted by

flow cytometry. Transcript levels are normalized to

Gapdh and presented as fold change compared

to -DOX. Data presented as fold-change from three

separate experiments ± SEM (*p < 0.05, **p < 0.01,

Student’s t test).

(B) Pd-l1 expression following Brd4 knockdown

was determined by flow cytometry following

exposure to 1 mM DOX for 18 hr. Representative

data are presented as mean MFI of cells cultured

and analyzed in triplicate ± SEM (*p < 0.05,

**p < 0.01, Student’s t test).

(C) Average profile of genome-wide Brd4 peaks in

the presence or absence of JQ1.

(D) Occupancy heatmap of genome-wide Brd4

peaks in the presence or absence of JQ1.

(E) Metagene analysis of RNA polymerase II oc-

cupancy across genes repressed by JQ1 as

determined by RNA-seq analysis.

(F) Magnification of the RNA polymerase II meta-

gene analysis in the gene body.

(G) Brd4, RNA Pol II, and Myc binding at the Cd274

locus was assessed.
this result, ChIP-seq analysis of the Myc locus itself demon-

strated that RNA Pol II occupancy across the Myc gene body

was unaffected by JQ1 treatment (Figure 3F). In contrast, while

Brd4 occupancy across the Myc gene was reduced following

JQ1 treatment, overall expression of Myc was not altered

Figure 3F). Suppression of Myc in a mouse model of pancre-

atic ductal adenocarcinoma (PDAC) driven by KrasG12D, loss

of Trp53, and a tetracycline-repressible Myc transgene

(Figures S2A and S2B) did not result in a decrease but rather

an increase in Pd-l1 expression, whereas JQ1 treatment

induced a significant decrease of Pd-l1 expression in PDAC
Cell Repo
cells (Figures S2C–S2I). Similar effects

were also observed in a recently pub-

lished liver cancer model (Kress et al.,

2016) (Figures S3A and S3B). Finally,

analysis of RNA-seq data provided by

the Cancer Genomic Atlas (TCGA) and

the International Cancer Genome Con-

sortium (ICGC) did not show any signifi-

cant correlation between expression of

MYC and CD274 with the exception of

ovarian cancer (Figures 3G and S1E).

We note that the TCGA data are from

whole-tumor extracts that would include

infiltrating T cells and PD-L1 expression

on immune/stromal cells could confound

this analysis, however, these findings
did not support a model of BETi-induced PD-L1 suppression

via transcriptional repression of MYC.

We next demonstrated that genetic depletion of Brd4 phe-

nocopied JQ1-mediated suppression of PD-L1 expression.

Inducible knockdown of Brd4 in Em-Myc lymphomas using two

different, validated small hairpin RNAs (shRNAs) (Fong et al.,

2015) (Figure S3C) resulted in a significant decrease in Brd4

mRNA, and consistent with our data shown in Figure 3, there

was no change in Myc expression following depletion of Brd4

(Figure 4A). Importantly, Brd4 knockdown resulted in a sig-

nificant decrease in expression of Pd-l1 (Figure 4B), formally
rts 18, 2162–2174, February 28, 2017 2167



demonstrating a functional link between Brd4 and Pd-l1. Anal-

ysis of RNA-seq data from a recently published study where

BRD4 was depleted using RNAi or inhibited using JQ1 in se-

nescent H-RasV12-transformed IMR-90 human fibroblasts

confirmed our results in Em-Myc lymphomas (Tasdemir et al.,

2016). Depletion or inhibition of BRD4 resulted in a significant

reduction in CD274 mRNA in the absence of substantive

changes in expression of MYC (Figures S3F–S3H).

We next utilized ChIP-seq to assess changes in genome-wide

Brd4 occupancy following acute BET inhibition. Exposure to JQ1

for 2 hr resulted in a global loss of Brd4 occupancy (Figures 4C

and 4D), a reduction in Brd4-bound genes (Figure S3D), and an

altered genome-wide distribution of Brd4 peaks (Figure S3E).

Analysis of RNA Pol II occupancy across JQ1-repressed genes

demonstrated increased RNA Pol II occupancy at the TSS (Fig-

ure 4E) and a reduction in the gene body (Figure 4F). Specific

analysis of theCd274 locus revealed that JQ1 treatment resulted

in a loss of Brd4 occupancy at the Cd274 TSS and increasing

loading of RNA Pol II at the TSS, while Myc binding was unaf-

fected (Figure 4G). Identification of super-enhancers (SEs) based

on H3K27Ac ChIP-seq data did not identify a SE proximal to the

Cd274 TSS (Figure S3I), however, a putative distal SE proximal

to the Pdcd1lg2 locus (encoding Pd-l2) could be identified (Fig-

ure S3J). Analysis of the chromatin conformation of the Cd274

locus as determined by Hi-C revealed that this distal SE interacts

with the Cd274 TSS through a chromatin-loop (Figure S3K).

Importantly, Brd4 occupancy at this locus was substantially

reduced following JQ1 treatment (Figure S3J) suggesting that

JQ1 mediated inhibition of Pd-l1 expression may in part be

due to disruption of this regulatory region. These findings

demonstrate that in a model of constitutive Pd-l1 expression,

BETi effectively repress Pd-l1 levels independent of Myc.

As elevated expression of PD-L1 on tumor cells can be medi-

ated by IFN-g, we next assessed whether Cd274 expression in

this context was Brd4-dependent (Liu et al., 2007). Genome-

wide expression analysis of the IFN-g response in mouse AT3

breast cancer cells (Figures 5A and S4A–S4D) and human pa-

tient-derived ALF1 (IG-cMYC translocated) plasma cell leukemia

cells (Kalff et al., 2015) (Figures 6A and S4A–S4D) by 30mRNA-

sequencing revealed that both responded to IFN-g by potently

inducing IFN-g-target genes. The overlapping IFN-g signature

in both cells included well-defined IFN-g target genes such as

Irf1 and Irf9, and also included Cd274 (Figure S4F). In contrast,

Brd4 itself was not induced by IFN-g at the transcriptional or

post-translational level in AT3 cells (Figures S4G and S4H).

Importantly, IFN-g-induced transcription of Cd274 mRNA and

cell surface Pd-l1 expressionwas significantly repressed by con-

current JQ1 treatment (Figures 5B, 5C, and S4D), whereas the

expression of distinct IFN-g targets such as Irf1 remained unaf-

fected (Figures 5A, 6A, and S4). Ectopic expression of MYC or

inducible Myc knockdown in AT3 cells did not affect IFN-

g-induced or basal PD-L1 expression (Figures S6D and S6E),

while withdrawal of Myc before or after IFN-g treatment further

increased the induction of Pd-l1 in our PDAC model (Figures

S2C–S2G).

Downstream of IFN-g receptor (IFNGR) and JAK1/2 engage-

ment, phosphorylated STAT1 (pSTAT1) is rapidly recruited to

‘‘primary’’ IFN-g-regulated genes, such as IRF1, via a highly
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conserved STAT1 binding motif (Saha et al., 2010). In turn,

IRF1 transactivates ‘‘secondary’’ IFN-g-regulated genes inde-

pendently of STAT1, as has been demonstrated for PD-L1 (Lu

et al., 2016). We utilized ChIP-seq in AT3 cells cultured in the

presence of JQ1 (1,000 nM), IFN-g (1 ng/mL), or both agents in

combination for 2 hr to assess changes in histone acetylation

(H3K27Ac), Brd4 recruitment, RNA Pol II occupancy, as well as

Irf1 and Stat1 recruitment. IFN-g stimulation was associated

with increased histone acetylation and concomitant recruitment

of Brd4 to the Cd274 TSS (Figure 5D). Importantly, co-treatment

with JQ1 resulted in a near complete block of IFN-g-induced

Brd4 recruitment to the Cd274 loci, which correlated with signif-

icantly reduced RNA Pol II occupancy (Figure 5D). IFN-g also

stimulated strong Irf1 recruitment to the Cd274 TSS in the

absence of significant Stat1 recruitment, suggesting that

Cd274 is a ‘‘secondary’’ IFN-g response gene regulated by

Irf1. In contrast, IFN-g-mediated recruitment of Stat1 to the Irf1

locus was apparent, and this is associated with increased Brd4

and RNA Pol II occupancy (Figure S7A). This model is supported

bymotif analysis of the Irf1 locus where Stat1 recruitment occurs

proximal to a Stat1 binding motif (Figure S7B). Moreover, motif

analysis of the Cd274 promoter region revealed a consensus

Irf1 binding sequence adjacent to the TSS that correlates with

the IFN-g-induced Irf1 peak and a region of open chromatin

located between two H3K27Ac peaks (Figure S7C). Finally,

further analysis of RNA-seq data provided by the Cancer

Genomic Atlas (TCGA) revealed positive and statistically signifi-

cant correlations between expression of IRF1 and CD274 in

three out of five datasets (Figure 5E).

An identical transcriptional response was observed in human

patient-derived ALF1 cells (Figures 6A–6C), where co-treatment

with JQ1 did not affect intracellular signaling mediated by IFN-g

as phosphorylation of STAT1 following IFN-g treatment was

unaffected by JQ1 (Figure S4H). The effect of JQ1 on IFN-

g-induced expression of PD-L1 was further demonstrated in a

wide variety of human and mouse tumor cell lines (Figures 6D,

S5, and S6A–S6C). Consistent with the data shown in Figure 2E,

JQ1 caused little or no change in expression of MHC class I on

the surface of different mouse tumor cell lines (Figure S5). Finally,

ex vivo culture of primary chronic myeloid leukemia (CML) stem

cells (n = 4 independent patients) with IFN-g resulted in

enhanced cell surface PD-L1 expression that was significantly

reduced following concomitant incubation with JQ1 (Figure 7F).

Overall, these data suggest that induction of PD-L1 expression in

tumor cells is downstream of canonical IFN-g signaling and re-

quires STAT1-mediated IRF1 induction prior to transactivation

of CD274 in a BRD4-dependent and BETi-sensitive manner.

To assess the potential contribution of JQ1-mediated Pd-l1

suppression to the therapeutic effects of JQ1, we expressedmu-

rine Pd-l1 from a retroviral promoter in Em-Myc lymphoma cells

(Figure S7D) and treated immunocompetent mice transplanted

with these and control Em-Myc lymphomas with JQ1. Forced

retroviral Pd-l1 expression was sustained in the presence of

JQ1whereas empty vector control Em-Myc cells showed charac-

teristic loss of Pd-l1 (Figure 7A). Importantly, mice bearing

Em-Myc lymphomas expressing ectopic PD-L1 responded infe-

riorly to JQ1 therapy compared to control mice, as evidenced

by relative tumor burden during ongoing therapy (Figure 7B)



Figure 5. JQ1 Inhibits IFN-g Induced PD-L1 Upregulation

(A) AT3 cells were treatedwith either single agent or combination of 1 ng/mL IFN-g and 1 mMJQ1 or DMSO for 2 hr prior to 30-mRNA-seq. Heatmap depicts the top

16 IFN-g induced genes from our IFN-g gene signature (Figure S4F).

(B) AT3 cells were treated as in (A) prior to qPCR analysis of Cd274 mRNA levels. Data represent mean of three independent experiments ± SEM (***p < 0.001

2-way ANOVA).

(C) Representative flow cytometry histograms showing cell surface Pd-l1 expression on AT3 cells were treated as in (A) for 24 hr prior to FACs analysis.

(D) AT3 cells were cultured as in (A) for 2 hr and ChIP-seq assays were performed using Abs against Brd4, H3K27Ac, Irf1, RNA Pol II, and Stat1. Binding of these

factors at the Cd274 locus was then visualized using Integrative Genomics Viewer (IGV).

(E) Correlation of IRF1 and CD274 expression was measured in publically available datasets using Pearson’s correlation coefficient.
and overall survival (Figure 7C). Given the ability of JQ1 to

augment the immunogenicity of tumor cells, we determined the

therapeutic efficacy of concomitantly administering JQ1 with im-

mune-stimulating therapies. We assessed that combinatorial

targeting the PD-1/PD-L1 axis in vivo by co-administering mice

bearing Em-Myc lymphomas with JQ1 and an anti-PD1 Ab, or

with an immune-stimulating anti-4-1BB (Anti-CD137) Ab. As

shown in Figures 7D and 7E, respectively, while single agent

treatment with JQ1, anti-PD1, or anti-4-1BB was partially effec-

tive, both combination strategies provided a more robust and

sustained response.
DISCUSSION

Our data provide compelling evidence for a functional interaction

between BETi and the host immune system that can be thera-

peutically exploited to mediate robust and prolonged anti-tumor

responses. In line with a recent study using ovarian cancer

models (Zhu et al., 2016), we discovered that BETi treatment of

genetically diverse tumor cell lines and primary malignant cells

triggered suppression of constitutively expressed or IFN-

g-induced CD274 and demonstrated that BRD4 was one of the

critical regulators of PD-L1 expression. We noted that in certain
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Figure 7. Sustained PD-L1 Expression Reduces the Efficacy of JQ1

(A–C) Em-Myc lymphoma #1 was transduced withmurine stem cell virus expressing murine Pd-l1 (Pd-l1) or empty vector control (MSCV). BFP+ cells were isolated

by FACS sorting and transplanted into cohorts of C57BL/6mice (1.53 105 cells/mouse), which commenced daily JQ1 therapy (50 mg/kg; 5 d/w) from day 3 post-

intravenous lymphoma inoculation. (A) Pd-l1 expression was assessed by flow cytometry on BFP-expressing Em-Myc lymphoma cells in the peripheral blood at

day 14 post-intravenous inoculation. (B) The percentage of BFP-expressing Em-Myc lymphoma cells (as % of total live cells in the blood) was assessed by flow

cytometry at day 7 post-intravenous inoculation as a surrogate marker of tumor burden. (C) Kaplan-Meier survival curve representing overall survival of mice

bearing Em-Myc lymphoma #1/MSCV or #1/Pd-l1 and treated with JQ1 or DMSO vehicle (n = 6 per treatment group). Overall dosing period is indicated by gray

shaded area.

(D) Kaplan-Meier survival curves representing cohorts of C56BL/6 (n = 6 per treatment group) bearing Em-Myc lymphoma #2 treated with JQ1 (50 mg/kg), or

DMSO vehicle, via i.p. Injection commencing day 3 post-transplant for a total of 25 doses. Mice received 100 mg of anti-PD-1 (clone RPMI-14) or Rat IgG isotype

antibody via i.p. injection on days 5, 10, 15, and 20 post-transplant.

(E) Kaplan-Meier survival curves representing cohorts of C56BL/6 (n = 6 per treatment group) bearing Em-Myc lymphoma #2 treated with JQ1 (50 mg/kg), or

DMSO vehicle, via i.p. injection commencing day 3 post-transplant for a total of 25 doses. Mice received 100 mg of anti-4-1BB (clone 3H3) or Rat IgG isotype

antibody via i.p. injection on days 5, 8, and 11 post-transplant.
cell types, such as mouse MLL-rearranged AML and in some

Em-Myc lymphomas, JQ1 did not suppress IFN-g-induced

PD-L1 expression and indeed expression was sometimes

increased (Figure S6C). The mechanistic details of this effect

have yet to be investigated but these data do demonstrate that
Figure 6. BRD4 Is Ubiquitously Required for IFN-g-Induced PD-L1

(A) Human plasma cell leukemia cell line (ALF1) cells were treated with either singl

to 30-mRNA-seq. Heatmap depicts the top 16 IFN-g induced genes from our com

(B) ALF1 cells were treated as in (A) for 24 hr prior to flow cytometry analysis for

pendent experiments is presented as mean MFI of cells cultured and analyzed in

(C) ALF1 cells were treated as in (A) prior to qPCR analysis of CD274 mRNA level

two-way ANOVA).

(D) HT29, MCF7, SET2, SKBR3, Z119, BV173, HCT116, HEL, and KG1 cells were

combination of both for 48 hr prior to analysis of cell surface PD-L1 expression by

intensity of PD-L1 relative to mean fluorescence intensity obtained with an isotyp

expression = 100%) for each cell line (*p < 0.05, **p < 0.01, ***p < 0.001; two-wa

(E) Primary CML (chronic phase) CD34+/CD38� cells were incubated in the absen

48 hr. Expression of PD-L1 was determined by FACS. Results were calculated

obtained with an isotype-matched control antibody), expressed as percent of con

donors (*p < 0.05, **p < 0.01; two-way ANOVA).
the downregulation of PD-L1 by BETi is not a universal effect

and is likely cell context-dependent.

We demonstrated that inhibitory effects of BETi on PD-L1

expression occurred in the absence of any change in Myc levels

or variation in Myc occupancy at the Cd274 locus. This was in
e agent or combination of 1 ng/mL IFN-g and 1 mM JQ1, or DMSO, for 2 hr prior

mon IFN-g gene signature (Figure S4F).

cell surface PD-L1 expression. Representative data from at least three inde-

triplicate ± SEM (***p < 0.001, Student’s t test).

s. Data represent mean of three independent experiments ± SEM (***p < 0.001

incubated in the absence or presence of IFNg (100 U/ml), JQ1 (2.5 mM), or the

flow cytometry. Results were calculated as staining index (mean fluorescence

e-matched control antibody), expressed as percent of control (control PD-L1

y ANOVA).

ce or presence of IFN-g (100 U/ml), JQ1 (2.5mM) or the combination of both for

as staining index (mean fluorescence intensity [MFI] of PD-L1 relative to MFI

trol (control PD-L1 expression = 100%) and represent the mean ± SD from four

Cell Reports 18, 2162–2174, February 28, 2017 2171



contrast to a model put forth by Casey et al. (2016) who posited

that MYC was a direct regulator of PD-L1 expression and that

the effects of JQ1 on PD-L1 expression occurred through down-

regulationofMYC.Our studiesprovideevidence for analternative

model whereby BETi trigger transcriptional downregulation of

CD274 by interrupting the direct effects of BRD4 onCD274 regu-

lation. Mechanistically, we implicate IRF1 as a key transcription

factor driving the expression of PD-L1 following IFN-g stimula-

tion. The potential role for Irf1 in driving constitutive Pd-l1 expres-

sion in Em-Myc lymphomas is supported by constitutive Irf1

expression in these tumors (data not shown), although this obser-

vation requires functional validation. We posit that regardless of

the particular transcription factors recruited to the CD274 loci,

BRD4 is a druggable dependency that is required for tethering

acetylated chromatin to RNA Pol II and driving productive

transcriptional elongation. Finally, our in vivo studies using anti-

PD-1 or anti-4-1BB Abs in combination with JQ1 demonstrated

synergistic responses inmicebearingEm-Myc lymphomas further

demonstrating an important functional interaction between BETi

and the host immune system and highlighting the therapeutic

potential of using BETi and a variety of immune modulatory

agents. We posit that our pre-clinical studies provide a strong

rationale for clinical development of thesecombination regimens.

EXPERIMENTAL PROCEDURES

Cell Lines and Reagents

Em-Myc lymphomas were derived, cultured, and transplanted as previously

described (Whitecross et al., 2009). All cell lines were cultured as per the Amer-

ican Type Culture Collection (Manassas, VA) specifications. The AT3 and

MC38 cell lines were propagated in DMEM-based medium supplemented

with 10% fetal calf serum, penicillin (100 u/mL), and streptomycin (100mg/mL).

The 4T1.2 cell line was propagated in RPMI-based medium supplemented

with 10% fetal calf serum, penicillin (100 u/mL), and streptomycin

(100 mg/mL). All human cell lines were maintained at 5% CO2 and cultured

in GIBCO RPMI-1640 supplemented with 10% fetal calf serum, penicillin

(100 u/mL), and streptomycin (100 mg/mL). Recombinant human and mouse

IFN-g was purchased from BD PharMingen. For in vitro use, JQ1, IBET-151,

IBET-762, RVX-208, and Y803 were dissolved in DMSO to a final stock con-

centration of 10 mM prior to serial dilution.

In Vitro Treatment of Cell Lines

Cell lines (5 3 105 cells) were incubated in the presence of BET inhibitor, or

DMSO vehicle, in 500 mL of the appropriate culture media in 48-well plates

(Corning, NY) for indicated time points prior to analysis of PD-L1 expression

by flow cytometry. As indicated, certain cell lines were also cultured in the

presence of recombinant mouse or human IFN-g as a single agent and in

combination with JQ1, prior to analysis of PD-L1 expression.

Flow Cytometry

Cell suspensions were washed once with ice-cold flow cytometry (fluores-

cence-activated cell sorting [FACS]) buffer (2% FCS and 0.02% NaN3 in

PBS) and resuspended in anti-mouse CD16/32 monoclonal antibody (clone

2.4G2) on ice for 30 min to block Fc receptors. Cell suspensions were washed

once with ice-cold flow cytometry buffer and stained on ice for 30 min with the

appropriate conjugated antibodies. Antibodies are listed in the Supplemental

Experimental Procedures. Cell suspensions were washed once with ice-cold

FACS buffer, resuspended in ice-cold FACS buffer containing a viability dye

(7-AAD, 1:1,000, BD Bioscience), and analyzed by flow cytometry. Unstained

and single-stained controls were used to determine background staining and

compensation in each channel. Data were collected on a LSR Fortessa flow

cytometer (BD Biosciences) and analyzed using FlowJo Software, version

10.0.7 (Tree Star).
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Quantitative Real-Time PCR

Cell lines were cultured in the presence of BETi or DMSO, as described above.

RNA was extracted from cell pellets using the Nucleospin RNA extraction kit

(Macherey-Nagel) as per the manufacturer’s instructions. cDNA was synthe-

sized according to the manufacturer’s instructions (Promega). qPCR analysis

of samples was performed on the 7900HT Fast Real-Time PCR System

(Applied Biosystems, Mulgrave) with SYBR-green ROX mix (Agilent). L32

was used as the human control gene and GAPDH or Actin were used as the

murine control genes, respectively. qPCR primer sequences are listed in the

Supplemental Experimental Procedures.

4-Thiouridine Labeling of Newly Transcribed RNA

4-Thiouridine (4sU) labeling was performed to isolate newly transcribed RNA

as previously described (Rädle et al., 2013). Briefly, Em-Myc lymphoma #1 cells

were treated with 1 mM JQ1, or DMSO vehicle, for 30 min prior to 30 min label-

ing with 200 mM 4sU. Procedures for biotinylation, purification, and detection

of 4sU-labeled nascent RNA are outlined in the Supplemental Experimental

Procedures.

Chromatin Immunoprecipitation and Sequencing Analysis

Em-Myc lymphoma #1 cells were cultured in the presence or absence of 1 mM

JQ1 for 2 hr. Cells were cross-linked with 1% formaldehyde for 20 min at room

temperature and quenched with the addition of 1.25 M glycine. Cells were

washed three times (ice-cold PBS, 1400RPM, 5 min) and lysed in ChIP lysis

buffer (20 mM Tris-HCl [pH8], 150 mM NaCl, 2 mM EDTA [pH8], 1% NP-40,

0.3% SDS in H2O). Lysates were sonicated in a Covaris ultrasonicator to

achieve a mean DNA fragment size of 300–500 bp. Immunoprecipitation was

performed in ChIP dilution buffer (20 mM Tris-HCl [pH8], 150 mM NaCl,

2 mM EDTA, 1% Triton-X, and protease inhibitors in H2O) for at least 12 hr

at 4�C. The following antibodies were using for ChIP assays: anti-BRD4

(ab128874, Abcam), anti-Stat1a (sc-345, Santa Cruz Biotechnology), anti-Irf1

(sc-497, Sana Cruz Biotechnology), anti-H3K27Ac (ab4729, Abcam), anti-RNA

polymerase II (CTD4H8, Millipore), and anti-Myc (ab32072, Abcam). An equal

volume of protein A and G magnetic beads (Life Technologies) were used to

bind the antibody and associated chromatin. Reverse crosslinking of DNA

was performed by DNA purification using QIAquick PCR purification kits

(QIAGEN). Procedures used for ChIP-seq library preparation and sequencing

are outline in the Supplemental Experimental Procedures.

30-mRNA Sequencing and Analysis

AT3 and ALF1 cells were cultured in vitro in the presence of 1 mMJQ1, 1 ng/mL

mouse or human IFN-g, the combination, or DMSO vehicle for 2 hr. Cell pellets

were then collected and RNA was extracted using the Nucleospin RNA

extraction kit (Macherey-Nagel) as per the manufacturer’s instructions. The

QuantSeq 30mRNA-seq Library Prep Kit for Illumina (Lexogen) was used to

generate libraries as per the manufacturer’s instructions, which were

sequenced on the NextSeq (Illumina; 75 bp PE). Procedure for sequencing

analysis is outlined in the Supplemental Experimental Procedures.

TCGA and IGCG Correlation Analysis

Normalized counts of RNA-seq data were downloaded from the TCGA and

IGCGwebsites for the various cancer datasets presented. Scale normalization

and log-counts per million (logCPM) were further applied and computed using

edgeR (Robinson and Oshlack, 2010). Pearson’s correlation and significance

were then computed over logCPM values between Myc and CD274/CD47

within each dataset.

In Vivo Analysis

The Peter MacCallum Cancer Centre Animal Ethics Committee approved

all in vivo procedures in this study. Female C57BL/6 mice were purchased

from the Walter and Eliza Hall Institute of Medical Research (Melbourne,

VIC). C57BL/6.Rag2cg�/� mice were bred in house (PMCC). C57BL/

6.Rag1�/� mice were purchased from the Animal Resource Centre (ARC,

Perth, WA). For transplantation of Em-Myc lymphomas in vivo, cohorts of

6- to 8-week-old syngeneic mice were inoculated via tail vein injection with

1–4 3 105 Em-Myc lymphoma cells. Mice were treated with 50 mg/kg JQ1, re-

constituted in 1 part DMSO to 9 parts 10% (w/v) hydroxypropyl-b-cyclodextrin



(HPBCD; Cyclodextrin Technologies Development) in sterile water or DMSO

vehicle control. Mice were dosed once daily (5 days/week) via intra-peritoneal

(i.p.) injection, commencing 3 days post-intravenous inoculation, for a total of

5 weeks therapy or until treatment failure.

Patient Material

All donors gavewritten informed consent, and all studieswere approved by the

ethics committees of the Medical University of Vienna.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism Software, Version

6.0c.
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