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Abstract

Blockade of programmed death-ligand 1 (PD-L1) by therapeutic antibodies has shown to be a
promising strategy in cancer therapy, yet clinical response in many types of cancer, including
prostate cancer (PCa), is limited. Tumor cells secrete PD-L1 through exosomes or splice variants,
which has been described as a new mechanism for the resistance to PD-L1 blockade therapy in
multiple cancers, including PCa. This suggests that cutting off the secretion or expression of PD-
L1 might improve the response rate of PD-L1 blockade therapy in PCa treatment. Here we report
that p300/CBP inhibition by a small molecule p300/CBP inhibitor dramatically enhanced the
efficacy of PD-L1 blockade treatment in a syngeneic model of PCa by blocking both the intrinsic
and interferon gamma (IFN-+y)-induced PD-L1 expression. Mechanistically, p300/CBP could be
recruited to the promoter of CDZ274 (encoding PD-L1) by the transcription factor IRF-1, which
induced the acetylation of Histone H3 at CD274 promoter followed by the transcription of CD274.
A485, a p300/CBP inhibitor, abrogated this process and cut off the secretion of exosomal PD-L1
by blocking the transcription of CD274, which combined with the anti-PD-L1 antibody to
reactivate T cells function for tumor attack. This finding reports a new mechanism of how cancer
cells regulate PD-L1 expression through epigenetic factors and provides a novel therapeutic
approach to enhance the efficacy of immune checkpoint inhibitors treatment.
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INTRODUCTION

Based on Cancer statistics, 2019, prostate cancer (PCa) is the most common cancer expected
to occur in American men, accounting for 20% of new diagnoses. It is the secondary leading
cause of cancer death for men, only after lung cancer [1]. The standard treatment for PCa
usually begins with local therapy, followed by androgen deprivation therapy (ADT). ADT is
effective initially, but unfortunately, most of the patients eventually become resistant and the
tumor progresses to castration-resistant prostate cancer (CRPC) [2]. Enzalutamide, the
second-generation of androgen receptor (AR) antagonist, approved by FDA in 2012 for the
treatment of metastatic CRPC (mCRPC), significantly improved the survival of patients with
mMCRPC. However, just as ADT, enzalutamide is only effective for a period of time and
cancer cells become resistant in the majority of patients [3]. So far, no effective treatment is
available for enzalutamide-resistant mCRPC. New therapeutic agents or approaches are
urgently needed for these and future patients.

Cancer immunotherapies through an immune checkpoint blockade with anti-programmed
cell death protein 1 (PD-1)/programmed death-ligand 1 (PD-L1) antibodies have shown
significant clinical benefits in multiple cancer types, including melanoma, non-small cell
lung carcinoma and renal cell carcinomas [4, 5]. Meanwhile, a large number of clinical trials
are currently underway for other cancers. It is now clear that tumor cells escape immune
attack by upregulating the expression of programmed death-ligand 1 (PD-L1), which could
bind with programmed death-1 (PD-1) receptor on T cells to block the function of T cells
and induce T cell exhaustion [6]. Antibodies against PD-1/PD-L1 inhibit the function of
immune checkpoints and lead to the reactivation of T cells to attack cancer cells. While
millions of patients with cancer would benefit from this new approach for therapy, not all
types of cancers well respond to this treatment; PCa is one of them.

It was previously reported that tumor cells could release the exosomes carrying PD-L1 in an
interferon gamma (IFN-v) dependent manner, consequently suppressing T cell function and
antagonizing anti-PD-1 response [7]. More recently, two unique tumor-secreted PD-L1
splicing variants without the transmembrane domain were identified, providing another
mechanism for resistance to anti-PD-L1 blockade therapy [8]. More interestingly, it was
found that CD274 (encoding PD-L1) mRNA was actually much higher in PCa cells, even
compared with that of melanoma cells, a well responded cancer type to PD-L1 blockade.
Surprisingly, most of the translated PD-L1 was secreted extracellularly by exosomes instead
of transporting to the cell surface, consequently inhibiting T cell function and contributing to
resistance to PD-L1 blockade treatment. And, removal of exosomal PD-L1 could overcome
the resistance of PCa to PD-L1 blockade [9]. These findings suggest that cell-to-cell
interaction is not required for PD-L1 to inhibit T cell function and cause immune evasion. A
strategy that could control exosomal PD-L1 level might enhance the efficacy of PD-L1
blockade treatment in PCa.
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Recently, epigenetics has broadened our knowledge in complex human diseases, including
cancer. At least four different DNA modifications and 16 histone modifications have been
reported [10]. These events are carefully regulated and tightly controlled in cells. It has been
well-documented that the deregulation of these epigenetic events contributes to cancer
progression, including PCa [11]. As expected, androgen receptor (AR), the well-known
driver of PCa progression, and its downstream signaling events are closely regulated by
epigenetic modifications [12, 13]. Of note, targeting the epigenetics factors like p300,
bromodomain-containing protein 4 (BRD4) and enhancer of zeste homolog 2 (EZH2) has
shown promising therapeutic avenue in PCa treatment [13—15]. Thus, we aimed to test
whether epigenetic modification could regulate PD-L1 expression in PCa, and whether this
regulation would affect the response of PCa to the immune checkpoint blockade therapy.

Class | HDAC inhibition increased PD-L1 level in metastatic PCa cells

To search for potential epigenetic modulators that are involved in the regulation of PD-L1
expression, we used multiple inhibitors that target DNA methylation or histone
modifications in metastatic PCa cell line DU145. As shown in Figure 1A, SAHA, the
inhibitor of histone deacetylases (HDACS), significantly increased the level of PD-L1. This
increase was comparable with the IFN-y treatment, a well-known cytokine inducing PD-L1
expression. To further validate this finding, we treated DU145 and PC-3, another metastatic
PCa cell line, with SAHA and another HDAC inhibitor, LBH589 (LBH), respectively. As
indicated in Figure 1B, both SAHA and LBH589 strikingly increased PD-L1 expression in
PC-3 and DU145 cells. These observations were further confirmed by the flow cytometry
analysis (Fig. 1C), indicating that inhibition of HDACSs could also increase the surface PD-
L1. SAHA and LBH589 could target both class | and 11 HDACs. Next, to exclude the off-
target of inhibitors and further explore which HDAC was responsible for the regulation of
PD-L1 expression, we used sShRNAs to deplete class | and 1l HDACs, respectively. As
shown in Figure 1D, only depletion of class | HDACs (HDAC1, 2, 3) was responsible for the
up-regulation of PD-L1, but not depletion of class Il (HDAC4 and 6, Supp. Fig. 1A).
Interestingly, knockdown of HDACG actually decreased the level of PD-L1.

Upregulated PD-L1 by class | HDACs inhibition was due to the increased CD274
transcription

It was reported that the acetylation of protein could regulate protein stability [16]. To test
whether class | HDAC inhibition induced the acetylation of PD-L1 protein, we treated
DU145 cells with SAHA and performed an IP assay for PD-L1 followed by IB with an anti-
Acetylated-Lysine antibody. As shown in Supplemental Figure 1B, no acetylated signal was
detected on PD-L1. Next, we determined the expression level of CD274 (encoding PD-L1),
after SAHA, LBH589 or IFN-y treatment. As shown in Figure 2A, HDACs inhibition
significantly increased the expression of CDZ274. Consistent with this, the protein synthesis
inhibitor cycloheximide (CHX) abrogated HDACs inhibition induced PD-L1 expression
(Fig. 2B). Moreover, overexpression of HDACs significantly reduced IFN-y-induced PD-L1
both in mRNA (Fig. 2C) and protein levels (Fig. 2D). And the deacetylase activity was
required for this process, as the deacetylase-dead mutant could not attenuate IFN-y-induced
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PD-L1 (Supp. Fig. 1C). Together, these results suggested that class | HDACs inhibition-
induced PD-L1 elevation was due to the increased transcription of CD274. It’s well known
that HDACSs suppress genetic transcription by removing the acetyl groups from the histone
of chromatin. We next determined the histone acetylation level of CD274 promoter after
cells were treated with SAHA. As indicated in Figure 2E, SAHA treatment significantly
increased Histone H3 acetylation of CD274 promoter. And, consistent with SAHA-induced
CD274transcription, RNA polymerase 11 (Pol Il) was also enriched at the CD274 promoter
after SAHA treatment (Fig. 2E). Recently, BRD4 was reported as an acetylation reader for
PD-L1 transcription [17]. As shown in Figure 2F, the inhibition of BRDA4 by its inhibitor
JQ1 or knockdown by siRNA significantly abrogated SAHA-induced PD-L1 expression as
well. And, BRD4 was enriched at the CD274 promoter upon SAHA treatment (Fig. 2G).
This further confirmed that the increase of PD-L1 by HDAC inhibition was due to the gene
transcription, not the protein stability.

p300/CBP was involved in HDACs inhibition-induced PD-L1 expression in PCa cells

Next, we asked which histone acetyltransferase (HAT) cooperated with class | HDACs to
modulate the chromatin structure of CD274 promoter and regulates its transcription. As
p300 and its highly homologous HAT CBP were critical for PCa progression [12, 18], we
first tested whether they were the HATS responsible for the PD-L1 regulation. As shown in
Figure 3A, inhibition of p300/CBP by a potent inhibitor A485 (with H3K27ac and H3K18ac
as the markers for p300/CBP activity), or knockdown by shRNA/siRNA significantly
abrogated SAHA-induced PD-L1 expression, while knockdown of other acetyltransferases
Tip60 or PCAF could not attenuate SAHA-induced PD-L1 expression (Supp. Fig. 1D). In
line with this, overexpression of p300 or CBP dramatically increased the expression of PD-
L1 both in mRNA (Fig. 3B) and protein levels (Fig. 3C), while the acetylase-deficient
mutant of p300 could not induce PD-L1 expression (Supp. Fig. 1E). Moreover, inhibition of
p300 by the inhibitor or knockdown with the sShRNA also attenuated IFN-y-induced PD-L1
expression (Fig. 3D). As mentioned above, most of the translated PD-L1 in PCa cells was
secreted extracellularly by exosomes, which inhibits T cells function and induces the
resistance to PD-L1 blockade treatment. We next asked whether the reduction of PD-L1
induced by the p300/CBP inhibition also affected the exosomal PD-L1 level. As shown in
Figure 3E, the inhibition of p300/CBP by A485 remarkably reduced both the intrinsic and
IFN-y induced PD-L1 in the exosomes (CD9 is as a marker for exosomes). These findings
indicated that p300/CBP was involved in the regulation of PD-L1 expression in PCa cells,
and the inhibition of p300/CBP could block both the cellular and exosomal PD-L1. Next, we
evaluated whether p300 could directly bind to the promoter of CD274as a HAT. As the
ChIP assay of p300 indicated, an obvious enrichment of p300 was observed on the promoter
of CD274, especially at the location from 5450650 to 5450800 (Fig. 3F and Supp. Fig. 1F).
Furthermore, SAHA or IFN-+y treatment significantly increased the enrichment of p300 and
its target H3K27ac at the CD274 promoter (Fig. 3G). Of note, consistent with our findings,
the ENCODE database [19] also showed a chromatin IP peak for p300 (EP300) at the
upstream of CD274 promoter around 5450500 (Fig. 3H), which overlaps with the binding
site of transcription factor, IRF-1 (IRF1). Moreover, in accordance with class | HDACs
downregulating PD-L1 expression, HDAC1 and HDAC? also showed enrichment at this
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location (Fig. 3H). These findings suggested that p300, as a histone acetyltransferase,
directly binds to the promoter of CD274 and regulates its expression.

IRF-1 was involved in p300-regulated PD-L1 in PCa cells

Usually, HATSs carry out their function of activating transcription by binding to transcription
factors and the transcription machinery. Recently, several studies have identified IRF-1 as an
important transcription factor for PD-L1 regulation [20, 21], and the binding peak analysis
with ENCODE database indicated a strong overlap between p300 and IRF-1 on the promoter
of CD274 (Fig. 3H). Moreover, IRF-1 showed a strong positive correlation with PD-L1
expression (Fig. 4A) in prostate cancer cells. To validate whether IRF-1 is the transcription
factor bound by p300 in the regulation of PD-L1, we depleted IRF-1 with ShRNA followed
by overexpression of p300 and CBP in DU145 cells. As shown in Figure 4B, expression of
p300 or CBP could not enhance PD-L1 expression when IRF-1 was depleted. Consistent
with this result, IRF-1 knockdown also attenuated SAHA-induced PD-L1 expression (Fig.
4C), while knockdown of other interferon regulatory transcription factors, IRF-3 or IRF-7,
could not attenuate SAHA-induced PD-L1 expression (Supp. Fig. 1G). Next, we determined
whether IRF-1 could directly bind with p300 or CBP with an IP assay. As shown in Figure
4D, both overexpressed and endogenous p300/CBP could interact with IRF-1 directly.
Moreover, knockdown of IRF-1 dramatically decreased the enrichments of p300 and CBP
on CD274 promoter and abrogated SAHA-induced enrichment of p300 and CBP on the
promoter of CD274 (Fig. 4E). Also, knockdown of IRF-1 significantly decreased the
H3K27ac level on CD274 promoter and the binding of BRD4 to CD274 promoter (Fig. 4F).
In addition, SAHA treatment could not enrich H3K27ac and BRD4 on CD274 promotor
when IRF-1 was depleted (Fig. 4F). These findings indicate that IRF-1 is required for
p300/CBP binding to CD274 promoter and their regulation on PD-L1 expression.

PD-L1 expression was correlated with p300/CBP in patients with PCa

Next, to validate the associations between PD-L1 and p300/CBP in human patients’
samples, we interrogated the 495 samples from The Cancer Genome Atlas (TCGA, https://
Ww\W.cancer.gov/tcga) provisional prostate adenocarcinoma data set by using the non-
parametric Spearman Correlation analysis. As shown in Figure 5A-C, £P300 (encoding
p300), CREBBP (encoding CBP) and their associated factor KA72B (encoding PCAF)
showed strong positive correlations with CD274 expression (p values < 0.001), which were
comparable with /RFI (Fig. 4A). Interestingly, CBP showed stronger correlation with PD-
L1 expression than p300. And, this is consistent with the previous findings in Figures 3A
and 4E, that the transcription of PD-L1 was more dependent on CBP than on p300 under
SAHA treatment. In addition, consistent with our finding, BRD4 was positively correlated
with CD274 expression (Fig. 5D, p value <0.001), while HDACI was negatively and
significantly correlated with CD274 expression (Fig. 5E) (p value < 0.001). There was no
significant correlation between HDACZ/3with CD274 (Fig. 5F and 5G) (p values > 0.05).
Moreover, HDAC1 protein level was also negatively correlated with PD-L1 level in different
cell lines (Fig. 6A), while there was no correlation showed between HDAC2/3 and PD-L1.
These findings suggest that HDAC1 might be the major histone deacetylase for PD-L1
regulation in human.
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PD-L1 was correlated with tumor progression and tumor purity in prostate
adenocarcinoma

A recent study showed that a higher level of PD-L1 mRNA was found in PCa cells but most
of the translated PD-L1 protein was secreted extracellularly by exosomes instead of
remaining on the cell surface, consequently resulting in resistance to PD-L1 blockade [9].
Consistent with this finding, we found that most patients with PCa showed negative
(163/165) or weak (<10%) (1/165) PD-L1 staining on the cell surface (Supp. Fig. 2A-C).
While intrinsic cellular or exosomal PD-L1 was observed in advanced PCa cell lines,
DU145 and PC-3 (Fig. 3E and 6A), which are AR-null cells and do not respond to the
current CRPC treatment with AR antagonists. Next, to further explore the roles of PD-L1 in
the progression of PCa, we performed a gene functional rank analysis at various Gleason
Scores with the RNA sequence database from TCGA. We found that the ranks of CD274
and its positive regulators £EP300, CREBBP, IRF1 and BRD4 were negatively correlated
with the Gleason Score (Fig. 6B), suggesting that these genes’ activity or function increased
during cancer progression. In contrast, the negative regulators for PD-L1 expression,
HDACI1, HDACZand HDAC3 seemed to pale into insignificance during the cancer
progression (Fig. 6C). Furthermore, expression levels of CD274, EP300and CREBBP were
negatively correlated with overall survival in PCa patients (Fig. 6D). Next, we evaluated
whether PD-1/PD-L1 pathway was also involved in the tumor-immune interactions in PCa
patients using the Tumor Immune Estimation Resource (TIMER), an algorithm developed to
analyze the abundance of tumor-infiltrating immune cells in a comprehensive and flexible
manner [22]. As shown in Figure 6E and Supplemental Figures 2D and 2E, the expressions
of CD274 (encoding PD-L1) and PDCD1 (encoding PD-1) were inversely correlated with
tumor purity in prostate adenocarcinoma (PRAD), which were comparable with lung
adenocarcinoma (LUAD) and skin cutaneous melanoma (SKCM), two cancer types well
responding to PD-1/PD-L1 blockade treatment. And, consistent with this, expression levels
of CD274and PDCDI were also associated with increased tumor infiltrating immune cells
in PRAD (Supp. Fig. 2D-2E). Moreover, in line with £P300and CREBBP regulating PD-
L1 expression, they also showed positive correlations with tumor infiltrating immune cells in
PRAD (Supp. Fig. 2F and 2G). These results suggest that PD-L1 also plays a critical role in
PCa progression, and targeting PD-L1 could be a promising treatment for PCa therapy if the
resistance to PD-L1 blockade was overcome.

p300/CBP inhibition enhanced the efficacy of PD-L1 blockade in PCa

Given the crucial roles of p300/CBP in the regulation of CDZ274 transcription in PCa, we
asked whether inhibition of p300/CBP could enhance the efficacy of PD-L1 blockade
treatment in PCa by cutting off the secreted exosomal PD-L1. To test this, we used a
syngeneic model of PCa, TRAMP-C2 model, which has shown resistance to anti-PD-L1
blockade by releasing exosomal PD-L1 [9]. As TRAMP-C2 cells need a long time to form
tumors, we used TRAMP-C2 cells stably expressing Ras (TRAMP-C2-Ras) instead.
Consistent with a previous study that Ras could stabilize PD-L1 mRNA [23], TRAMP-C2-
Ras cells showed a higher level of cellular PD-L1 than that of TRAMP-C2 cells (Supp. Fig.
3A), which made it more appropriate for studying the response to anti-PD-L1 treatment.
First, we confirmed that in TRAMP-C2-Ras cells, p300/CBP inhibitor A485 could also
block the cellular (Fig. 7A), surface (Fig. 7B) and especially exosomal (Fig. 7C) PD-L1
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expression, in both the intrinsic and IFN-y/HDACs inhibitor-induced levels (Fig. 7A-C and
Supp. Fig. 3B-D). Then we transplanted TRAMP-C2-Ras cells in the flank of C57BL/6J
mice followed by the treatment with A485; anti-PD-L1 Ab; A485 with anti-PD-L1 Ab;
LBH589 and LBH589 with A485 (Fig. 7D). As shown in Figure 7E-G, anti-PD-L1 Ab
treatment had little effect on the tumor growth, but anti-PD-L1 Ab combined with A485
significantly limited tumor progression. Consistent with this, the combination group
displayed lower levels of Ki-67 (Fig. 7H and 71) and PCNA (Fig. 7J), two markers for cell
proliferation. Moreover, without immune system, there was no combination effect of anti-
PD-L1 Ab and A485 /n vitro (Supp. Fig. 3E). In addition, A485 also enhanced the effects of
HDACS inhibitor, LBH589, on the reduction of tumor growth (Fig. 7E-7G). In line with the
results /n vitro, A485 significantly reduced intrinsic or induced PD-L1 level /in vivo (Fig.
7K), and increased the infiltrating CD8* T cells especially when combined with anti-PD-L1
Ab (Fig. 7L). Finally, mice in all groups showed no significant weight loss during the
treatment (Supp. Fig. 3F), suggesting no obvious toxicity with all the treatments.

DISCUSSION

p300, a coactivator of AR to regulate its transcriptional program and AR signaling axis, has
been reported to be involved in recurrent PCa and therapy resistance during PCa treatment.
More recently, A485 was identified as a new, potent, selective and drug-like catalytic
inhibitor for p300/CBP; and was shown to selectively inhibit cell proliferation of several
hematological malignancies and AR-positive PCa [13]. Here, we reported that combined
treatment of A485 with anti-PD-L1 antibody significantly inhibited androgen-independent
metastatic tumor growth in a syngeneic PCa model. Mechanistically, p300 could be recruited
to CD274 promoter by the transcription factor IRF-1, consequently inducing acetylation of
histone H3 at the promoter and elevating transcription of CD274. A485, a p300/CBP
inhibitor, abrogated this process and enhanced the efficacy of PD-L1 blockade treatment by
cutting off PD-L1 expression and reducing the secreted exosomal PD-L1 (Fig. 8). As
p300/CBP is critical for progression of many types of cancers, other caners likely also
benefit from this new combinatory treatment.

It is reported that highly expressed p300 and its highly homologous histone acetyltransferase
CBP were implicated in progression of PCa, and that deletion of p300 in mice limited PCa
progression and extended mice survival [18]. The oncogenic roles of p300 in the progression
of PCa was usually related to the regulation of AR, the key driver of PCa. p300 could
directly acetylate AR or bind with AR to enhance AR transcriptional activity, consequently
inducing the expression of oncogenes and promoting tumor growth [13, 18, 24]. In addition
to enhancing AR transcriptional activity, p300 could also regulate AR protein level by
preventing its degradation [18]. These findings highlight p300 to be a valid target for PCa
treatment. Indeed, our and other studies have shown that targeting p300/CBP inhibited both
androgen-sensitive and castration-resistant PCa cell growth (Supp. Fig. 3G) [12, 13]. Here,
we report a novel mechanism underlying how p300 is involved in PCa progression by
upregulating PD-L1 expression, thus creating an immune cell-free microenvironment for
tumor progression. Our finding suggests that p300 is not only a modifier but also a co-driver
for PCa progression, confirming that p300 could be a promising target for PCa treatment.
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Early studies hypothesized that the failure of PD-1/PD-L1 pathway blockade in PCa
treatment might be due, in part, to the lower expression of PD-L1 [5, 25]. However, to date,
a number of reports have demonstrated that PD-L1 expression was also highly prevalent in
both primary PCa and CRPC, and that PD-L1 level was associated with the Gleason Score
and aggressive tumor behavior [26-28]. Maybe due to the use of different anti-PD-L1
antibody, even we tried two different antibody clones (ELL3N and 28-8), we found
membranous PD-L1 expression in primary prostate cancer patients was weak. Whereas, our
finding is consistent with recent studies reporting the mechanisms of resistance to PD-L1
blockade in PCa that most PD-L1 was secreted to extracellular instead on cell surface [9]. Of
recent note, increasing studies showed PD-L1 level was not sufficient to predict clinical
response to PD-1/PD-L1 blockade therapy, and patients with low or no PD-L1 expression
(<1%) could also benefit from PD-1/PD-L1 blockade therapy [4, 29]. On the other hand,
with the TCGA RNA sequence database, we demonstrated that PD-L1 and PD-1 were
correlated with tumor purity and tumor infiltrating immune cells in PCa, comparable with
what has been described in lung cancer and melanoma, the two PD-1/PD-L1 blockade well-
responded cancer types. In addition, we also demonstrated that PD-L1, correlated with p300,
was involved in the progression of PCa. These findings suggest that the PD-L1/PD-1
pathway could also be a promising target for PCa treatment. More recently, studies reported
that tumor cells could release PD-L1 through exosomes or in variants manner, both directly
inhibit lymphocyte function and interrupt the reactivation of T cells by PD-L1 blockade and
could not be blocked by the current antibodies therapy [7-9, 30]. These studies suggest that
blockade of the surface PD-L1 only might not be able to reactivate the inhibited immune
functions in some cancer types, and that PD-L1 has to be cut off at the source. In this study,
we identified p300/CBP, a general driver for multiple types of cancer, to be a promising
target to address this issue, eventually enhancing the efficacy of PD-1/PD-L1 blockade
therapy.

Recently, PD-L1-mediated evasion of tumor immunity was described as adaptive resistance
[6]. INF-vy, the major driver of PD-L1 expression in cancer cells, was released by tumor
infiltrating lymphocytes (TIL) to enhance TIL effector functions by stimulating antigen
processing and increasing TIL differentiation, but was captured and used by tumor cells to
paralyze T cells [6, 31]. Therefore, a way to block this process would return the function of
IFN-y in increasing TIL effector and avoid T cell exhaustion induced by PD-L1. Here we
report that p300/CBP plays a critical role in IFN-y induced PD-L1 expression and could be
a good target to overcome the adaptive resistance induced by the PD-1/PD-L1 pathway.

Aberrant expression and activity of HDACs have been observed in various cancer types,
suggesting that HDACs could be a good target for cancer therapy [32]. Indeed, HDAC
inhibitors vorinostat (SAHA), belinostat and romidepsin have been approved for T cell
lymphoma treatment and panobinostat (LBH589) for multiple myeloma treatment [33]. In
parallel, multiple HDAC inhibitors are in clinical trials for treatment of solid malignancies,
including PCa. Specifically, it was reported that HDAC inhibition could downregulate AR
protein level, indicating that HDAC inhibitors may likely be effective for PCa treatment
[34]. Nevertheless, none of these inhibitors were able to reach Phase 11 trial due to the poor
response in clinic. In this study, we found that HDAC inhibition significantly induced PD-L1
expression by increasing the acetylation of CD274 promoter, consequently resulting in an
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immune evasive microenvironment for tumor progression. And, it might be due to the
exosomal secretion of PD-L1, p300 inhibitor but not anti-PD-L1 Ab (Supp. Fig. 3H-J)
significantly enhances the efficacy of HDAC inhibitor on limiting tumor progression by
blocking HDAC inhibition-induced PD-L1. This may explain the failure of HDAC inhibitors
in PCa clinical trial and offer a possible approach to enhance the efficacy of HDAC
inhibitors in PCa treatment.

In summary, this study provides a strategy to overcome the resistance of PCa to PD-L1
blockade through the molecular targeting of p300/CBP to cut off the PD-L1 expression at
the source. Considering the roles of p300/CBP in tumor progression and the promising
effects of PD-L1 blockade in clinical cancer therapy, this combined treatment might also
benefit patients with other types of cancer.

MATERIALS AND METHODS

Cell culture

Human PCa cell lines DU145, PC3, 22Rv1 and LNCaP were purchased from American
Type Culture Collection, culturing respectively in Dulbecco’s modified Eagle’s medium
(DMEM, DU145), Ham’s F-12K medium (PC-3) or RPMI-1640 medium (the remainder).
C4-2 cells were obtained from MD Anderson Cancer Center via an MTA and cultured in
RPMI-1640 medium. Tramp-C2-Ras, a murine origin PCa cell line and courtesy of Dr.
Marxa L. Figueiredo (Purdue University, IN, USA), was maintained in DMEM/Nutrient
F-12 Ham medium. HEK293T cells was a gift from Dr. Andrea Kasinski (Purdue University,
IN, USA) and cultured in DMEM. All medium contained 10% of fetal bovine serum
(Atlanta Biologicals, GA, USA), and cells were cultured in a humidified atmosphere at 37
°C, with 5% CO2.

Mouse tumor implantation and treatment

All animal experiments were approved by the Institutional Animal Care and Use Committee
at University of Kentucky (KY, USA). C57BL/6J mice (male, 4-6 weeks) were obtained
from Jackson Lab (MI, USA). After acclimating for one week, 2*10° TRAMP-C2-Ras cells
were transplanted in the flank of each mouse. Tumor growth was monitored every three days
by measuring the length and width of tumors. Tumor volume was evaluated using the
formula: (length*width2)/2. Once the tumor volume reached 100 mm3, the mice were
treated with the following strategies (as indicated in Fig. 7C and Fig. S4A): 200 g anti-PD-
L1 Ab per mouse (every three days) or the same amount of IgG as the control, 50 mg/kg
A485 or the solvent as the control (every day), 15 mg/kg LBH589 or the solvent as the
control (every other day). After two weeks treatment, the mice were sacrificed to harvest the
tumors for experiments.

IB and IP analyses

Cell lysates were prepared as previously described [35]. Briefly, for cultured cells, cells were
harvested and lysed with the lysis buffer (50 mM Tris, 150 mM NaCl, 1% NP-40, 0.5%
sodium deoxycholate, 0.2% SDS, protease inhibitors, and phosphatase inhibitors). For
tumors tissue, the lysates were prepared by homogenization using the above lysis buffer
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1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Liuetal. Page 10

followed by sonication with a probe sonicator. After quantification with BCA assay, the
equal amounts of protein were loaded on the SDS-PAGE gel and then transferred to PVDF
membranes, followed by 1B with the indicated antibodies. For IP analysis, 1 mg proteins
collected with the lysis buffer (50 mM Tris, 150 mM NaCl, 0.5% sodium deoxycholate,1%
NP-40, protease inhibitors) were incubated with the indicated antibodies overnight at 4°C
followed by the protein A magnetic beads for 3 h at room temperature (RT) or antibody-
conjugated beads overnight at 4 °C. The immunocomplexes were washed for three times
with the lysis buffer and analyzed by IB.

Flow cytometry

For cultured cells, the cells were detached with trypsin and washed twice with ice-cold PBS.
For tumor tissues, the tumors were homogenized with PBS and washed twice with ice-cold
PBS. The prepared cells were then subjected to staining in Zombie Violet™ dye and PE
anti-human or mouse PD-L1 antibodies for 30 min in ice-cold PBS. After staining, cells
were washed and fixed with 2.5% formaldehyde in PBS. Expression of PD-L1 was analyzed
with the BD LSRFortessa (BD Bioscience) or CytoFLEX (BECKMAN) cytometer. The
results were analyzed by FlowJo software.

Statistical analysis

Statistical analyses were performed with Student t test for single comparison or One-way
ANOVA for multiple comparisons. All data were shown as mean values £ SD (n > 3), *p <
0.05 **p<0.01.

All other methods are in Supplemental Materials.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. Class| HDACsinhibition increased PD-L 1 expression in metastatic PCa cells.
(A) 1B analysis of whole cell lysates (WCL) derived from DU145 cells treated with the

indicated inhibitors (concentrations and targets were shown in Supplemental Table 1) or 10
ng/ml IFN-y for 24 h. PD-L1 expression was determined by 1B (B) or fluorescence-
activated cell sorting (FACS) (C) after DU145/PC-3 cells were treated with 1 uM SAHA or
50 nM LBH589 or 10 ng/ml IFN-y for 24 h. The statistical data were shown as mean values
+ SD (h = 3), *p < 0.05 **p<0.01. (D) IB analysis of WCL derived from DU145 cells
infected with lentivirus expressing the indicated ShRNAs.
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Figure 2. Upregulated PD-L 1 by HDAC inhibition was due to the increased CD274 transcription.
(A) Expression of CD274 was analyzed by RT-gPCR after DU145 cells were treated with 1

UM SAHA or 50 nM LBH589 or 10 ng/ml IFN-y for 24 h. (B) IB analysis of WCL derived
from DU145 cells as indicated treated (100 pg/ml CHX or 1 uM SAHA) for 12 h. (C, D)
DU145 cells were transfected with the indicated constructs, followed with 10 ng/ml IFN-vy,
and harvested to measure mRNA levels (C) or protein levels of PD-L1 (D). (E, G) ChIP-
gPCR analysis of H3ac, BRD4 and Pol 1 binding at CD274 promotor in DU145 cells
treated with 1 pM SAHA. (F) IB analysis of WCL derived from DU145 cells treated with 1
UM SAHA and 5 uM JQ1 (left panel) or transfected with siRNA to deplete BRD4, then
treated with 1 pM SAHA (right panel). The statistical data were shown as mean values + SD
(n=3), *p < 0.05 **p<0.01.
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Figure 3. p300 was involved in PD-L 1 expression in PCa cells.
(A, C and D) IB analysis of WCL derived from DU145 cells treated with the indicated

inhibitors (1 pM SAHA, 5 uM A485) or 10 ng/ml IFN-y, or transfected with the indicated
constructs or shRNA/siRNA. (B) Expression of CD274 was analyzed by RT-gPCR after
DU145 cells transfected with the indicated constructs. (E) IB analysis of exosomal lysate
derived from DU145 cells with the indicated treatment (5 uM A485 or 10 ng/ml IFN-y. (F)
ChIP-gPCR analysis of p300 binding at CD274 promoter in DU145 cells with the indicated
primers shown on CD274 promoter (the sequences were shown in Supplemental Table 2).
(G) ChIP-gPCR analysis of p300 or H3K27ac binding at CD274 promoter with primer P4 in
DU145 cells treated with 1 pM SAHA or 10 ng/ml IFN-vy. (H) Depiction of p300, HDAC1,
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HDAC?2 and IRF-1 binding peaks at CD274 promoter from ENCODE database. All the
statistical data were shown as mean values £ SD (n = 3), *p < 0.05 **p<0.01.
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(A)Scatter plot showed the correlation between (log2-transformed) expression of CD274 and
/RF1 in prostate adenocarcinoma. IB analysis of WCL derived from DU145 cells infected
with the indicated shRNA lentivirus followed by transfected with the indicated constructs
(B) or 1 pM SAHA treatment (C). (D) IB of immunoprecipitate or WCL derived from
DU145 cells transfected with the indicated constructs or not. (E, F) ChIP-gPCR analysis of
p300, CBP, BRD4 and H3K27ac binding at CD274 promoter with primer P4 in DU145 cells
infected with the indicated sShRNA lentivirus followed by the treatment with 1 uyM SAHA.
All the statistical data were shown as mean values + SD (n = 3), *p < 0.05 **p<0.01

***p<0.001.
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Figure5. PD-L 1 expression was correlated with p300/CBP in PCa patients.
Scatter plot showed the correlations between (log2-transformed) expressions of CD274 and

EP300(A), CREBBP (B), KAT2B (C), BRD4 (D), HDAC1 (E), HDACZ2 (F) and HDAC3
(G) in prostate adenocarcinoma. A linear regression line was included for better

visualization.
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Figure 6. PD-L 1 was correlated with tumor progression and tumor purity in prostate
adenocar cinoma.

(A) IB analysis of WCL derived from the indicated prostate cancer cell lines. (B, C) The line
charts showed correlations of the indicated genes’ rank and the Gleason Score. (D) Survival
plots showed the correlations between prostate adenocarcinoma patients’ overall survival
and genes of interest. (E) The correlations of tumor purity with CDZ274 expressions in
prostate adenocarcinoma (PRAD), lung adenocarcinoma (LUAD) or skin cutaneous
melanoma (SKCM) were estimated by TIMER algorithm.
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Figure 7. p300/CBP inhibition enhanced the efficacy of anti-PD-L 1 treatment in PCa.
Expressions of cellular (A), surface (B) or exosomal PD-L1 were determined by 1B (A and

C) or FACS (B) after TRAMP-C2-Ras cells were treated with 10 uM A485 or 10 ng/ml IFN-
v for 24 h. (D-L) TRAMP-C2-Ras cells were transplanted in the flank of C57BL/6J mice
and followed by the indicated treatment (D). Tumor growth was shown (E). After tumors
were harvested and photographed at day 24 (F), tumors weight were determined (G). Ki-67
levels of tumors were determined by IF (H, scale bar= 100 pm) and quantified (I). The
protein levels of PCNA and H3K27ac within the tumors were analyzed by 1B (J). The levels
of PD-L1 expression (K) and tumor infiltrating CD8* T cells (L) were determined by FACS.
All statistic data were shown as mean values + SD (n = 5), *p < 0.05 **p<0.01.
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Figure 8. A working model of how p300/CBP inhibition enhanced the efficacy of PD-L 1
blockade.

In PCa cells, most of the translated PD-L1 was secreted extracellularly by exosomes, which
suppresses T cell function and antagonizes anti-PD-1 response. p300/CBP, as the histone
acetyltransferase, directly binds to the promoter of CD274 and thus regulating its expression.
A485, a p300/CBP inhibitor, abrogated this process and cut off the secretion of PD-L1 by
blocking the transcription of CD274, which combined with the anti-PD-L1 antibody to
reactivate T cell function for tumor attack.
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