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Simple Summary: Pancreatic cancer remains a highly lethal disease, with only ~10% of patients still
alive five years after diagnosis, as most patients already have advanced, metastatic disease at the
time of diagnosis. Therefore, new treatments are needed for these patients. We tested INCB057643,
a novel bromodomain inhibitor, in a relevant mouse model of pancreatic cancer, and this compound
improves survival and reduces metastasis. Pancreatic cancers are very dense, as the stroma within
the tumor can account for up to 90% of the tumor mass and is responsible for the failure of many
drugs. INCB057643 modulates the immune cells within the tumor so they can attack and kill tumor
cells. INCB057643 also alters immune cells within the pancreas in a mouse model of pancreatitis,
which is inflammation of the pancreas that can promote the development of pancreatic cancer.

Abstract: In pancreatic cancer the tumor microenvironment (TME) can account for up to 90% of the
tumor mass. The TME drives essential functions in disease progression, invasion and metastasis.
Tumor cells can use epigenetic modulation to evade immune recognition and shape the TME toward
an immunosuppressive phenotype. Bromodomain inhibitors are a class of drugs that target BET
(bromodomain and extra-terminal) proteins, impairing their ability to bind to acetylated lysines
and therefore interfering with transcriptional initiation and elongation. INCB057643 is a new gen-
eration, orally bioavailable BET inhibitor that was developed for treating patients with advanced
malignancies. KrasG12D/+; Trp53R172H/ *; Pdx-1-Cre (KPC) mice mimic human disease, with sim-
ilar progression and incidence of metastasis. Treatment of established tumors in KPC mice with
INCB057643 increased survival by an average of 55 days, compared to the control group. Moreover,
INCB057643 reduced metastatic burden in these mice. KPC mice treated with INCB057643, starting
at 4 weeks of age, showed beneficial changes in immune cell populations in the pancreas and liver.
Similarly, INCB057643 modified immune cell populations in the pancreas of Kras%'?P/+; Pdx-1-Cre
(KC) mice with pancreatitis, an inflammatory process known to promote pancreatic cancer progres-
sion. The data presented here suggest that the bromodomain inhibitor INCB057643 modulates the
TME, reducing disease burden in two mouse models of pancreatic cancer. Furthermore, this work
suggests that BRD4 may play a role in establishing the TME in the liver, a primary metastatic site for
pancreatic cancer.

Keywords: pancreatic cancer; bromodomain inhibitors; inflammatory tumor microenvironment

1. Introduction

Pancreatic ductal adenocarcinoma (PDA) is one of the most aggressive cancers, with
~10% survival five years after diagnosis [1]. PDA is expected to become the second leading
cause of cancer-related deaths in the United States by 2030, being surpassed only by
lung cancer [2]. Significant advances have been made in recent years with Food and
Drug Administration (FDA) approval of immunotherapies for solid cancers. However,
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no significant clinical responses to immunotherapy have been observed in patients with
PDA [3], so this disease remains one of the most difficult cancers to treat. Current standard
of care chemotherapy for PDA is FOLFIRINOX or the combination of gemcitabine/nab-
paclitaxel (Abraxane), which produce only a modest increase in long-term survival [4].

KRAS is the most frequently mutated gene in PDA, and KRAS mutations are found
in 95% of pancreatic cancers [5]. Although genetically engineered mouse (GEM) models
have convincingly demonstrated that constitutive activation of KRAS alone is sufficient
for the initiation and progression of this disease [6-8], progression is accelerated when
an inflammatory stimulus is added [9]. Other genes known to be altered in PDA include
TP53, p16 and SMAD4, with rates of modification or suppression between 50-85% [10]. The
multiple genes involved in the progression of pancreatic cancer form a complex interactive
circuit of pathways that make PDA difficult to treat [11].

Inflammation can promote pancreatic cancer, and pancreatitis, or inflammation of
the pancreas, increases the probability of developing pancreatic cancer by 2.7- to 16.5-
fold [12,13]. The expression of genes involved in inflammation, cell growth and cancer
progression are tightly regulated. This regulation can be implemented by epigenetic modi-
fications, more specifically by chromatin “readers” that detect and “read” specific modi-
fications [14-16]. The bromodomain and extra terminal domain (BET) family of protein
members read acetylated histones, thus regulating the assembly of chromatin complexes
and transcription at specific promoter sites [17]. Epigenetic mechanisms add an addi-
tional layer of complexity to the heterogeneity of pancreatic cancer, but the fact that these
mechanisms are reversible offers a unique opportunity for therapeutic intervention [18-20].
Selective inhibitors of BET proteins have been developed to occupy the binding pockets
of these proteins, leading to the release from chromatin and inhibition of downstream
signals [21-23]. JQ1 was the one of the first BET inhibitors identified [21] and remains the
most studied drug in the class. JQ1 has proven anti-inflammatory and anti-cancer activities,
even in preclinical models of pancreatic cancer [24-26]. Bromodomain inhibitors are a
class of drugs that target BET (bromodomain and extra-terminal) proteins, impairing their
ability to bind to acetylated lysines and therefore interfering with transcriptional initiation
and elongation. BET proteins regulate several genes responsible for cell growth, apoptosis
and inflammation. INCB057643 is a new generation, orally bioavailable BET inhibitor that
was tested in Phase 1 clinical trials for patients with advanced myelofibrosis [27]. Here
we report the effects of INCB057643 in extending survival in a clinically relevant mouse
model of pancreatic cancer. Moreover, we show that INCB057643 modulates immune cell
populations within the microenvironment of the pancreas.

2. Results
2.1. INCB057643 Increases Survival in a KPC Murine Model of Pancreatic Cancer

BRD4 is widely expressed in all tissues, including the pancreas [28]. Before testing
the small molecule inhibitor INCB057643 in our mouse models, we first confirmed that
BRD4 is expressed in pancreatic cancer cell lines (Figure S1A,B) and the pancreas of both
LSL-Kras©12P/+; Pdx-1-Cre (KC) and LSL-Kras®12P/*; LSL-Trp53R172H/+; Pdx-1-Cre (KPC)
mice. The cell lines were derived from pancreatic tumors from KPC mice. Both models
express BRD4 in the pancreas, with expression in early lesions (pancreatic intraepithelial
neoplasia or PanINs) and visible tumors (Figure S1A). The role of BRD4 in proliferation
of cancer cells has been exploited in recent years with several small molecule inhibitors
entering clinical trials [27]. INBC057643 was developed as a BRD inhibitor, and it reduced
cell proliferation and increased expression of p27, indicative of cell cycle arrest, in several
murine and human pancreatic cancer lines (Figure 1A,B), as has been reported for other
BRD4 inhibitors [24].
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Figure 1. INCB057643 increases survival of KPC mice with pancreas tumors. (A) Anti-proliferative effects of INCB057643 in
pancreatic cancer cells. IC5q values were determined by a MTT assay after 72 h of treatment. The values are the mean + SE
of at least three independent experiments. Pancreatic cancer cell lines: Aspc-1, PANC-1 and CAPAN-1 (human); Panc1342
and PanAsc 2159 (mouse). (B) Immunoblots for p27, a regulator of cell cycle. Aspc-1 and PanAsc 2159 were treated with
INBC057643 at the indicated concentrations for 24 h. (C) Kaplan Meir plot for LSL-Kras®12P/*; LSL-Trp53R172H/+; Pdx-1-Cre
(KPC) mice treated with vehicle (control, n = 11) or INCB057643 (n = 13). KPC mice, with pancreas tumors detected by
palpation and confirmed by ultrasound, were treated with vehicle or INCB065743 (10 mg/kg) by gavage every day for
2 months. Mice that survived longer than 2 months were then gavaged 5 days a week. (D) Ultrasound image of the pancreas
of a mouse after 35 days of treatment with INCB057643. The green contour indicates the pancreas tumor and PV refers to
portal vein; flow rates in the portal vein are listed. (E) Metastatic burden observed at the time of necropsy in KPC mice
treated with vehicle control or INCB057643 as described above. (F) Cytokeratin immunohistochemistry in the pancreas and
metastatic livers of control and INCB057643-treated KPC mice. Scale bar 30 pm. Uncropped Western Blot Images are shown
in Figures S5 and S6.
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When used to treat established tumors in the KPC mouse model of pancreatic cancer,
INCB057643 treatment suppressed tumor growth and reduced the incidence of metastasis
(Figure 1C,D). KPC mice develop pancreatic cancer around 22 weeks of age with a high
metastatic incidence, similar to the human disease [29]. In this study, KPC mice were
monitored by palpation and by ultrasound imaging for the presence of a pancreas tumor.
Once a tumor was detected and reached an approximate size of 0.2-0.4 cm, mice were
randomized and enrolled on treatment with INCB057643 or vehicle control. Treatment
with INCB057643 was done by gavage at 10 mg/kg every day for 60 days. If mice survived
longer than 60 days, INCB057643 was administered five days a week until the end of study.
INCB057643 treatment prolonged survival, when compared to the control group, from an
average of 39 days to 94 days (p = 0.031, Figure 1C). Moreover, INCB057643 decreased
tumor size when viewed non-invasively using ultrasound, but no change in tumor size
at the time of necropsy was observed. Splenic/portal vein blood flow was also lowered,
suggesting less deformation of the vessels by the tumor and/or decreased stiffness, a
common hallmark of pancreatic cancer (Figure 1D). In pancreatic cancer patients, vascular
involvement can determine the feasibility of surgical removal of the tumor [30,31].

INCB057643 also reduced the incidence of metastasis in KPC mice. In control mice
only three out of the 11 mice enrolled had no visible metastases at the time of necropsy.
In the group treated with INCB057643, eight out of the 13 enrolled mice did not have visible
metastases at time of death (Figure 1E, p = 0.122). In the control mice with metastases,
six had liver metastases, three had ascites and four had lung and/or diaphragm metastases.
In mice treated with INCB057643, four had liver metastases, four had ascites and two had
lung and/or diaphragm metastases (Figure 1E). Both control and INCB05743 treated mice
had metastatic disease in more than one site, six mice in the control group (one mouse with
metastatic disease at all sites, three with liver metastases and ascites, and two with liver
and lung metastases) and four in the INCB057643 group (one mouse with metastasis in
all sites, one mouse with lung metastases and ascites, and two mice with liver metastases
and ascites).

Tumors in vehicle treated mice showed a less differentiated architecture, with a
higher percentage of stromal cells and fewer tumor cells (cytokeratin 19 positive cells).
In contrast, tumors of mice treated with INCB057643 were more differentiated with less
stromal deposition (Figure 1F). Cytokeratin 19 staining of the liver in mice that had visible
metastatic disease at the time of necropsy showed that mice treated with INCB057643 had
lesions with more defined architecture and did not invade into the surrounding tissue
(some PanINs are still visible) when compared with vehicle treated mice (disorganized
structure and invasion into surrounding tissue).

2.2. The Bromodomain Inhibitor INCB057643 Changes Immune Populations in the Pancreas
and Liver

Immunomodulatory functions of BRD4 have been described for some cancers [28,32-34]
and BRD4 inhibitors epigenetically regulate selected immune cells, such as CD8 T cells [32].
In order to understand the immune regulation with INCB057463, KPC mice were treated
(10 mg/kg) from weeks 4-20 for 5 days/week, with a two day/week holiday. At the 20 week
end-point, pancreas, liver and spleen were collected and analyzed by flow cytometry. No
changes in the weight of pancreas, liver or spleen were observed (Figure S2).

Mice treated with INCB057643 had a significantly lower infiltration of total immune
cells (CD45 positive) and CD4 T cells (CD45*, CD3*, CD4") in the pancreas (p = 0.047
and p = 0.0038, respectively, Figure 2A). Immune cell infiltration into the pancreas is an
established hallmark of pancreatic cancer and promotes tumor growth [35]. Moreover,
a significant increase in monocytes (CD45*, CD11b", Grllow; Figure 2A) was observed.
The role of these monocytes in pancreas cancer is not well established, with some con-
tradicting reports on the impact on overall survival when the lymphocyte to monocyte
ratio in the blood of pancreatic cancer patients was evaluated [36-38]. No changes in
macrophages (CD45%, CD11b*, Gr1™) or total T cells (CD45", CD3") infiltrating into the
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pancreas were observed (Figure S2A). The changes in CD45 and CD4 were confirmed by
immunohistochemistry in pancreas sections (Figure 2B).
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Figure 2. INCB057643 changes the inflammatory microenvironment in the pancreas and liver of KPC
mice. KPC mice were treated with INCB057643 5 times a week for 16 weeks, starting at 4 weeks of
age. Blood, pancreas, liver, lung and spleen were collected. n = 10 mice/group. CD45* immune cells,
CD45%, CD11b*, Grl*low cells (monocytes), CD45%, CD3* (CD3 T cells), and CD45*, CD3*, CD4"*
(CD4 T cells) were analyzed by flow cytometry in the pancreas (A) and liver (C). Flow cytometry
results were confirmed by immunohistochemistry in both pancreas (B) and liver (D). Arrows on
panel (D) indicate positive CD3 T cells. Scale bar 30 pum.

In agreement with the changes in the immune cell populations, protein extracts of
pancreas showed a trend toward decreased expression of COX-2 (Figure S2D), although
not statistically significant, possibly due to the variation between animals. COX-2 is a
main regulator of inflammation, which contributes to disease progression and skewing
of immune cells toward a tumor-promoting phenotype [39]. A trend toward increased
E-cadherin in mice treated with INCB057643 was also observed (Figure S2D), consistent
with the more differentiated phenotype observed in the survival study. E-Cadherin is
a junction protein, required to maintain an epithelial phenotype [40], and increases in
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this marker, although not statistically significant, suggest that INCB057643 can induce
cell differentiation.

Because of the decrease in metastasis observed in the survival study with INCB057643,
livers were also analyzed by flow cytometry. The liver is the most common organ colonized
by pancreatic cancer cells and immune cells are known to contribute to this process [41,42].
Mice treated with INCB057643 had a significant decrease in the number of T cells (CD45%,
CD3*) infiltrating into the liver (p = 0.0049), with a marked reduction in total immune cells
(p = 0.078) (Figure 2C). No changes were observed in the number of CD4 and CD8 T cells
infiltrating into the liver of treated mice when compared with the controls (Figure S2C).
The changes observed by flow cytometry were confirmed by immunohistochemistry; CD45
and CD3 cells accumulate in areas where PanINs are present (Cytokeratin 19 positive,
Figure 2D).

Liver protein extracts showed a trend toward a decrease in the expression of COX-2
(p = 0.110), a regulator of inflammation, and a decrease in CD206 (p = 0.245). Macrophages
are abundant in the liver, and CD206 is a marker of tumor-promoting macrophages [41].
The percentage of macrophages infiltrating into the liver at 20 weeks did not change
in mice treated with INCB057643 (Figure S2C,E). These data suggest that INCB057643
can epigenetically change macrophages in the liver and reduce their ability to support
tumor growth.

2.3. INBC057643 Modulates Immunosuppressive Pathways in CD4 T Cells and Macrophages

Recently, immunotherapy has emerged to play a central role in treatment of sev-
eral solid cancers. However, pancreatic cancer patients have not benefited from these
efforts. Pancreatic cancer has a dense immunosuppressive tumor microenvironment where
regulatory T cells and macrophages abound [43]. Epigenetic regulation of T cells and
macrophages is an important next generation therapeutic target that could enhance re-
sponses to immunotherapy [44]. To understand the effects of INCB057643 on Tregs and
macrophages, levels of FOXP3 and PD-L1 were analyzed in 20-week old KPC mice.

FOXP3, a nuclear protein, is the main regulator of T regulatory immunosuppressive
function [45]. In cancer, increased numbers of Treg cells, and therefore high FOXP3 ex-
pression, is associated with poor prognosis [43]. Treatment with INCB057643 for 16 weeks
decreased the total number of CD4 T cells in the pancreas of KPC mice and the total
number of CD3 T cells in the liver (Figure 2A,C). These decreases were accompanied by a
decrease in the expression of FOXP3 in the pancreas, as observed by immunohistochemistry
(Figure 3A). To confirm that the decrease in FOXP3 expression is not simply a consequence
of the reduced number of T cells, an in vitro assay was established to determine the ef-
fects of INCB057643 on the expression of FOXP3 in T cells. CD4 T cells isolated from
the spleen of a wild type C57BL/6 mouse and stimulated with anti-CD3, CD28, IL-2 and
TGEF-B to induce the expression of FOXP3 were treated with INCB057643 (100 nM) for four
days. INCB057643 reduced the expression of FOXP3 by 85% (p < 0.0001) when compared
to control CD4 T cells (Figure 3B). These results suggest that INCB057643 reduces the
immunosuppressive phenotype in CD4 T cells.

BRD4 regulates PD-L1 transcription in ovarian cancer cells, leading to a decrease in
the expression of PD-L1 [46]. The PD-L1/PD-1 pathway is a T cell inhibitory pathway that
can be hijacked by cancer cells to promote an immunosuppressive microenvironment. Both
PD-L1 and PD-1 can be expressed by antigen presenting cells, such as macrophages, thereby
reducing their ability to activate T cells. Because other bromodomain inhibitors, such as
JQ1 and I-BET, modulate inflammatory properties of macrophages [47], we hypothesized
that INCB057643 can regulate the expression of PD-L1 in macrophages. In KPC mice
treated with INCB057643 for 16 weeks, PD-L1 expression was reduced in the pancreas
and liver, when compared with vehicle treated mice (Figure 3C). In order to elucidate if
the reduced expression in PD-L1 was regulated in macrophages, RAW 264.7 cells were
stimulated with conditioned media from murine PanAsc 2159 pancreatic cancer cells
and treated with INCB057643 at 500 nM for 24 h. Levels of PD-L1 were analyzed by flow
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cytometry and RT-PCR. INCB057643 reduced the expression of PD-L1 in RAW 264.7 cells
(Figures 3D,E and S3A). In both human (Aspc-1) and murine (PanAsc 2159) pancreatic cancer
cells, INCB057643 reduced the expression of PD-L1, but the reduction in MFI was smaller in
the cancer cells than in the RAW264.7 cells (Figure S3B). A significant reduction in the levels
of PD-L1 mRNA expression in PanAsc2159 cells treated with INCB057643 was confirmed by
RT-PCR (Figure S3C). Thus, INCB057643 regulates the immunosuppressive properties of the
tumor microenvironment in pancreatic cancer. INCB057643 modulates both macrophages
and CD4 T cells, by reducing expression of PD-L1 and FOXP3, respectively.
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Figure 3. INCB057643 reduces the expression of FOXP3 in CD4 T cells and PD-L1 expression in
macrophages. Immunohistochemistry for FOXP3 (A) or PD-L1 (C) in pancreas and liver of KPC mice
treated with vehicle control or INCB057643 for 16 weeks. Scale bar = 30 um. (B) CD4 T cells were
isolated from a spleen of a wild type mouse using negative magnetic bead selection. CD4 T cells
were plated with anti-CD3 (or PBS, a control for non-stimulated T cells), anti-CD28, IL-2 and TGF-3
for 24 h prior to adding INCB057643 (100 nM) for 4 days. CD4 T cells were collected and levels
of FOXP3 were determined by PCR. p < 0.001 vs. control CD4 cells in 2 independent experiments.
(D) RAW 264.7 macrophage-like cells were treated with conditioned media from PanAsc 2159 cells;
representative histograms for levels of PD-L1 analyzed by flow cytometry after treatment with 0.5 uM
INCB057643 for 24 h are shown (1 = 2) and confirmed by RT-PCR (n = 3) (E).

2.4. Bromodomain Inhibitor INCB057643 Attenuates Pancreatitis and Immune Infiltration in
KC Mice

Pancreatitis, or inflammation of the pancreas, is a painful, often recurrent, and some-
times lethal medical disorder that has increased in incidence in the past decade [12].
Pancreatitis increases the risk for pancreatic cancer by 2.7- to 16.5-fold, and patients with
hereditary pancreatitis have a 40-55% lifetime risk of developing pancreatic cancer [12,13].
In the commonly used LSL-KrasG1?2P/+; Pdx-1-Cre (KC) mouse model [48] with an activat-
ing Kras mutation targeted to the pancreas, pancreatitis accelerates the development of
pancreatic cancer [49,50]. Increased infiltration of immune cells is found in both human
and murine pancreatitis [51].
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To test if INCB057643 can be used to mitigate pancreatitis, KC mice were stimulated
with cearulein to induce acute pancreatitis (Figure 4A). INCB057643 was administered by oral
gavage (10 mg/kg), starting the day after cearulein stimulation, for 7 days. Flow cytometry
was used to analyze immune cell populations in the pancreas and spleen. INCB057643
treatment significantly reduced the weight of the pancreas (p = 0.0085), this reduction was
accompanied by a reduction in activated CD4 T cells (CD45, CD3, CD4, CD25, p = 0.011;
Figure 4B). Pancreas extracts showed a 30% and 40% reduction in the expression of p-STAT3
and COX2 proteins respectively (Figure 4C). Additionally, INCB057643 reduced by 35%
the expression of x-SMA, a marker of activated stellate cells responsible for extra-cellular
deposition of matrix and the desmoplastic reaction in pancreatic cancer. The changes in
histology and x-SMA expression were confirmed by histology and IHC (Figure S4).

9 weeks
N L
w 1ip injection e\{ery hour.for 8 hours Day 4: Start treatment
(for 2 days with overnight rest) INCBO57643 sac
Day 0 Day 2 (10 mg/kg QD) Day 7
CD45 cells
p = 0.0085 R o % 1 CD3 T cells

=g - 2 ° LY Lo ® °

£5 . ° 3T o~ 3% °

PO NP RS S

g § 1. A o® 8 é [} g = ®

a R . . T v

R e ey Control  INCB057643 Control  INCB057643
CD4,CD25T cells

. CDAT colls 2 et CD8 T cells

.8 ° ’: % 1 p=0.1

3 —_ [ ] a0 g i

o9 o_ 2 I

+, s [ ]

2% b %2 O ¢

82 as 2 ° °

o [ ] o' Qe L X ——

1o e o +

2 a<= e ﬁl °

o T . o Q L] LYY

R Control  INCB057643 s 3] * v

c é Control INCB057643 * Control INCB057643
5’5 - < <
2L 1 € £ 2
E’ 3 3?, 2. ag 2
8 g 22 22
o > w = ® =
TQ 5 > E >
° -8 58
5% 3o ! - T
ol c 8 c9
™S Q= o
- E Qg 05 o
<5 g E N E
7= Control  INCB057643 92 o 3¢
2 5= Control  INCB057643 o¢ Control  INCB057643
INCB057643  _ + INCB057643  _ + INCB057643  _ +
10 mg/Kg (QD) 10 mg/Kg (QD) R 10 mg/Kg (QD)
W= pesTAT3 ape» a-SMA — COX-2
. . : ; = == Vinculin
&= e Vinculin s s Vinculin

Figure 4. INCB057643 changes the inflammatory microenvironment in the pancreas of KC mice. LSL-KrasC12D/+: pdx-1-Cre
(KC) mice were treated with INCB057643 7 times a week, for 1 week, starting at 9 weeks of age. Blood, pancreas, and
spleen were collected. (A) Experimental design, n = 9-10 mice/cohort. (B) CD45" immune cells, CD45%, CD3" (CD3 T cells),
CD45%, CD3*, CD4* (CD4 T cells), CD45", CD3*, CD4*, CD25* (activated CD4 T cells), and CD45*, CD3", CD8* (CD8 T
cells) were analyzed by flow cytometry in the pancreas. (C) Levels of COX2, p-STAT3 and «-SMA in pancreas extracts were
determined by western blot. For quantitation of the blots, INCB057643-treated samples were normalized to controls. Graph
bar represents 6-10 mice/group. Uncropped Western Blot Images are shown in Figure S9.
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3. Discussion

Bromodomain inhibitors have shown promise in multiple preclinical mouse models of
cancer, including pancreatic cancer [24,26,52]. However, clinical trials have not reproduced
these exciting results, mostly due to pharmacokinetic/pharmacodynamic challenges with
these inhibitors [21]. In this study, a new bromodomain inhibitor, INCB057643, has growth
inhibitory and immunomodulatory properties in pancreatic cancer cells and immune cells,
respectively. These important properties of INCB057643 are reflected in the changes in
immune cells infiltrating into the pancreas and the liver and in the alterations in FOXP3
and PD-L1 expression. Most importantly, INCB057643 extends the survival of KPC mice
bearing pancreatic tumors and reduces the incidence of metastatic disease.

Immunomodulation by INCB057643 is consistent with similar findings for other bro-
modomain inhibitors [28]. In pancreatic cancer the functions of the stroma in promoting
carcinogenesis are well established and are considered a focal point for therapeutic tar-
geting [53,54]. Here we report the effects of INCB057643 in Tregs and macrophages, two
important populations for promoting and maintaining an immunosuppressive microen-
vironment. Tregs accumulate in mouse and human PanINs and PDAC; Treg frequency
correlates with tumor metastasis and poor prognosis in patients with PDAC [55]. Treg
depletion in a model of implanted PDAC led to a CD8-mediated anti-tumor immune re-
sponse [43,55]. INCB057643 reduced the expression of FOXP3 in the pancreas of KPC mice
and in an in vitro experiment. FOXP3 is a transcription factor that regulates the function
of CD4 Treg cells. The molecular mechanisms regulating FOXP3 are complex and consist
of finely tuned transcriptional and epigenetic events [56]. Although the role of BRD4 and
inhibition of FOXP3 were previously unknown, our data suggest that BRDs can regulate
the expression of FOXP3.

The PD-1/PD-L1 pathway has been heavily targeted as a treatment for cancer, with
several inhibitors approved by the FDA for the treatment of KRAS-driven cancers, in-
cluding colon and lung cancers [57]. Pancreatic cancer, however, has not benefited from
PD-1/PD-L1 blockade, mostly due to the presence of a dense stromal reaction that pre-
vents delivery of these molecules to the tumor [53]. Epigenetic modulation has been
considered a promising strategy to increase responsiveness or bypass resistance to im-
munotherapy [44,58]. We show that INCB057643 can reduce the expression of PD-L1 in
macrophages (Figure 3), a predominant immunosuppressive population in pancreatic
cancer [43]. Although no changes in the percentage of CD8 T cells were observed by flow
cytometry (data not shown), future studies will investigate if the decrease in PD-L1 is
accompanied by enhanced activity of CDS§, leading to the increase in survival and reduc-
tion in metastatic disease observed with INCB05743 treatment (Figure 1). Reports that
unique neoantigens in pancreatic cancer patients correlate with increased survival [59]
might point to a unique opportunity to modulate antigen presentation through epigenetic
regulation [44,58] with BRD inhibitors.

4. Materials and Methods
4.1. Drugs

INCB057643 (>98% purity) was provided by Incyte Corporation (Wilmington, DE, USA).

4.2. Cell Culture and Reagents

Aspc-1, PANC-1 and CAPAN-1 cells purchased from ATCC (Manassas, VA, USA)
were grown in RPMI with 10% fetal bovine serum (FBS), DMEM with 10% FBS, and Iscove’s
Modified Dulbecco’s with 20% FBS, respectively. The mouse pancreatic cancer cell lines
PanAsc 2159 and Panc 1343 were generated from KPC mice as previously described [60]
and grown in DMEM with 10% FBS. RAW 264.7 mouse macrophage-like cells (from ATCC)
were cultured in DMEM supplemented with 10% FBS. All cell lines were supplemented
with 100 units/mL penicillin/streptomycin. Cells were cultured at 37 °C in a humidified
incubator with 5% CO,.
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4.3. Cell Viability

Cells were seeded in 96-well plates at the following optimized densities: PanAsc
2159 (2500 cells/well), Panc 1343 (1500 cells/well), Aspc-1 (2000 cells/well), PANC-1
(7500 cells/well) and CAPAN-1 (12,000 cells/well). Cells were allowed to grow for 12 h
before compounds were added in a series of dilutions. After 72 h, cells were incubated with
MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium bromide; thiazolyl blue; Sigma-
Aldrich (St. Louis, MO, USA) for 4 h before the supernatant was removed and developing
solution (0.04 N HCl in isopropanol) was added. Plates were read at 630-570 nm.

4.4. Western Blotting

Treated cells were lysed in RIPA buffer (1 M Tris-Cl, pH 7.4, 0.5 M EDTA, 5 M NaCl,
1% triton-X, 25 mM deoxycholic acid, 0.1% SDS) with protease inhibitors (PMSF, aprotinin
and leupeptin). Pancreata were homogenized in EBC buffer (1M Tris pH 8, 5 M NaCl)
with the same protease inhibitors and 10% NP-40 and then incubated on ice for 30 min.
Protein concentrations were determined by the BCA assay (St. Louis, MO, USA). Proteins
were resolved by SDS-PAGE, transferred to a nitrocellulose membrane and analyzed with
the following antibodies: p27XI"1, COX-2, p-STAT3 and vinculin (all from Cell Signaling,
Danvers, MA, USA), BRD4 (Abcam, Cambridge, MA, USA) and E-Cadherin (Santa Cruz,
Dallas, TX, USA); secondary antibodies were purchased from Santa Cruz and Cell Signaling.
Image] (NIH, Bethesda, MD, USA) was used for the quantification of the immunoblots,
and results were plotted and statistically analyzed using Prism 6. All images shown are
representative of 2-3 independent experiments.

4.5. In Vivo Experiments

KC mice (LSL-Kras©!2P/+; Pdx-1-Cre) on a C57BL/6 background were obtained
by interbreeding male LSL-Kras®1?D/+: Pdx-1-Cre and female Pdx-1-Cre mice. Genomic
DNA was extracted from tail snips using the Extract-N-Amp tissue PCR kit (Sigma) and
genotyped [29,48]. Four week-old KC mice were randomized and fed powered 5002 rodent
chow. Nine week-old KC mice were treated with INCB057643 (10 mg/kg). INCB057643
was dissolved in 5% (v/v) DMSO and then added to a solution of 10% tween in saline and
administered by gavage. Cearulein were administered by intraperitoneal injection, and the
pancreas, spleen and blood were collected 24 h after the last INCB057643 administration.
Cearulein (Sigma) was administered at 75 pg/kg every hour for 8 h for 2 consecutive days,
with an overnight rest.

KPC mice (LSL-Kras©12P/+; LSL—Trp53R172H/ *; Pdx-1-Cre) on a C57BL/6 background
were obtained by interbreeding male LSL-Kras®1?P/*; Pdx-1-Cre and female Trp53R172H/+;
Pdx-1-Cre mice. Genomic DNA was extracted from tail snips using the Extract-N-Amp
tissue PCR kit (Sigma) and genotyped. Four week-old KPC mice were randomized and fed
powered 5002 rodent chow and monitored for disease. Monitoring was done by palpating
the abdominal cavity for abnormal growths twice a week after 16 weeks of age; the presence
of tumors was confirmed by ultrasound.

4.6. Flow Cytometry

One third of the pancreas and spleen removed from KC or KPC mice was minced
and incubated separately in digestion media consisting of collagenase (300 U/mL, Sigma),
dispase (1 U/mL, Worthington, Lakewood, NJ, USA), and DNAse (2 U/mL, Calbiochem,
Burlington, MA, USA) for 30 min at 37 °C with stirring. Cells were then passed through
a 40 pm cell strainer (BD Falcon, Glendale, AZ, USA), and RBC eliminated with lysing
solution (eBioscience, San Diego, CA, USA). Single cells were resuspended in a solution
of PBS/0.5% BSA/0.1% azide and stained 30 min at 4 °C with the following antibodjies:
CD45-VioGreen (30F11, Miltenyi, Bergisch Gladbach, Germany, 10:100), Gr-1-PE (RB6-8C5,
Miltenyi, 10:100), CD11b-FITC (M1/70.15.11.5, Miltenyi, 10:100), CD19-APC (1D3/CD19,
Biolegend, San Diego, CA, USA, 1:100), B220-PerCP-Cy5.5 (RA3-6B2, Biolegend, 1:100),
CD3-PE (145-2C11, Biolegend, 1:100), CD4-FITC (Gk1.5, Miltenyi, 10:100), CD8-APC (53-6.7,
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Biolegend, 1:100), CD25-PE.Cy7 (EBioscience, 1:100) and 5 pg/mL anti-mouse CD16/CD32
antibody (Biolegend) to reduce antibody binding to Fc receptors. Propidium iodide staining
was used to exclude dead cells. Cells were analyzed using an LSR II-DIVA 6,2 software
(BD) with three laser sources (488 nm, 633 nm, 407 nm) and FlowJo x.10.0.7r2 software
(Tree Star, Ashland, OR, USA).

For PD-L1 staining, RAW 264.7 cells were plated at 50,000 cells/mL in 6 well plates
for 24 h before adding conditioned media from PanAsc 2159 cells. RAW 264.7 cells were
cultured for an additional 24 h with PanAsc 2159 conditioned media and INCB057643.
PanAsc 2159 or Aspc-1 cells were seeded at 2000 cell/mL in 6 well plates for 24 h before
adding INCB057643 for 72 additional hours. RAW 264.7, PanAsc 2159 or Aspc-1 cells were
collected and resuspended in a solution of PBS/0.5% BSA/0.1% azide and stained for
30 min at 4 °C with anti-PD-L1-APC (10F.9G2, Biolegend, 1:100) and 5 pg/mL anti-mouse
CD16/CD32 antibody (Biolegend) to reduce antibody binding to Fc receptors. Cells were
analyzed using a BD Accuri C6 (BD) with two laser sources (488 nm and 640 nm) and
Flow]Jo x.10.0.7r2 software (Tree Star).

4.7. Immunohistochemistry

One third of the pancreas and spleen removed from KC or KPC mice was fixed in
10% phosphate-buffered formalin for at least 48 h, embedded in paraffin blocks and sec-
tioned (5-6 um). Hydrogen peroxide was used to quench endogenous peroxidase activity.
Sections were immunostained with antibodies raised against Cytokeratin 19 (1:400, Ab-
cam), FOXP3 (1:50, FJK-16s, EBioscience), PD-L1 (1:50, MIH6, Abcam), CD4 (1:40, Gk1.5,
Biolegend), or CD45 (1:100, 30-F11, BD Pharmingen, San Diego, CA, USA) and visualized
with biotinylated anti-rabbit or anti-rat secondary antibodies (Cell Signaling or Vector
Labs, Burlingame, CA, USA). Signal was detected using a DAB substrate (Cell Signal-
ing) following the manufacturer’s recommendations. Sections were counterstained with
hematoxylin (Vector Labs). For RT-PCR cells were collected and RNA was extracted using
TRIzol (Thermo Fisher, Grand Island, NY, USA) following the manufacturer’s instructions.
Two micrograms of RNA were reverse transcribed, and 1 puL of complementary DNA
from this reaction was added to 12.5 pL of iQ SYBRGREEN Supermix (Bio-Rad, Hercules,
CA, USA), 1 uL of validated RT2 quantitative PCR (qPCR) PD-L1 (F: 5'-TGC GGA CTA
CAA GCG AAT CAC G-3; R: 5-CTC AGC TTC TGG ATA ACC CTC G-3'), GAPDH
(F: 5-GGAGCGAGATCCCTCCAAAAT-3'; R: 5'-GGCTGTTGTCATACTTCTCATGG-3').

4.8. CD4-FOXP3 T Cell Treatment

From a single cell suspension of splenocytes from a wild type mouse, 10 cells were
incubated in 100 pL of Mojo Buffer (Biolegend) with 10 uL of pre-diluted Biotin-antibody
cocktail mix for 15 min, followed by 10 uL of pre-diluted streptavidin nanobeads for an
additional 15 min on ice (Biolegend MojoSort™ CD4 T cell isolation kit). The mixture
was then placed on the column in the magnetic separator and washed with 3 mL of
Mojo Bulffer. Isolated CD4 T cells were plated in a 24 well plate at 10° mL/well in RPMI
media supplemented with 10% FBS, anti-mouse CD28 (clone 37.51, 3 ug/mL, Biolegend),
recombinant IL-2 (5 ng/mL, Biolegend), and recombinant human TGFf (5 ng/mL, R&D).
Plates were coated with anti-mouse CD3e (clone 145-2C11, 3 ug/mL, Biolegend) over night
at 4 °C. After 24 h, INCB057643 was added at 100 nM and CD4 T cells were cultured
for an additional 4 days. On day 5 cells were collected and RNA was extracted using
TRIzol (Thermo Fisher, Grand Island, NY, USA) following the manufacturer’s instructions.
Two micrograms of RNA were reverse transcribed, and 1 pL of complementary DNA
from this reaction was added to 12.5 uL of Bio-Rad iQ SYBRGREEN Supermix, 1 pL of
validated RT2 quantitative PCR (qPCR) FOXP3 (F: 5-CTCGTCTGAAGGCAGAGTCA-3/;
R: 5-TGGCAGAGAGGTATTGAGGG-3') or RLP13A (F: 5'-GTTGCCTTCACA- GCGTA-3/;
R: 5-AGATGGCGGAGGTGCAG-3) primers and DNAse-free water for real-time qPCR.
All expression data were normalized using RLP13A as the housekeeping control.
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4.9. Ultrasound

Anesthesia was induced using 2—4% isofluorane in oxygen at 0.8-2 L /min in a chamber
and then maintained using 1.5-2% isofluorane in oxygen at 0.8 L/min using a nosecone.
Animals were kept on a heating pad or a heated platform while under anesthesia. Fur was
removed from the ventral area using a chemical depilitory (Nair, Church & Dwight Co.,
Inc., Ewing, NJ, USA) immediately prior to imaging. A Vevo 2100 (Fujifilm VisualSonics,
Toronto, ON, Canada) high-frequency ultrasound with a MS550D 40MHz transducer was
used to image pancreas tumors qualitatively in B-mode and portal vein/splenic vein flow
using pulsed-wave Doppler.

4.10. Statistical Analyses

Results are described as mean =+ standard error. Data were analyzed by one-way
analysis of variance (ANOVA) followed by a Dunnett test (Prism 6) when more than two
sets of data were compared. Paired ¢ tests were used when two data sets were compared.
All p values are two-sided; p < 0.05 was considered significant.

5. Conclusions

INCB057643 displays a multifaceted mode of action, interfering with multiple sig-
naling and transcriptional nodes in both cancer cells and the tumor microenvironment.
Drugs that target multiple cell populations are usually not considered beneficial, for the
fear of off-target effects [61]. However, in tissues with a complex environment, such as pan-
creatic cancer with multiple interactions between cells and matrix, this multifunctionality
provides important benefits [61]. These experimental results show the advantage of using
a multi-targeting /modulating drug, such as INCB057643, in pancreatic cancer, a disease
often resistant to standard treatments.
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Blots for Figure 4 .

Author Contributions: Conceptualization, A.S.L., KT.L., PL. and B.R.; Methodology, A.S.L.; Investi-
gation, A.S.L. and TK.-B.; Resources, A.S.L., TK.-B., PL. and B.R,; Data Curation, A.S.L. and T.K.-B.;
Writing—Original Draft Preparation, A.S.L.; Writing—Review & Editing, A.S.L., TK.-B. and K.T.L,;
Supervision, K.T.L. and B.R; Project Administration, A.S.L. and K.T.L.; Funding Acquisition, A.S.L.
and K.T.L. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by Incyte Corporation.

Institutional Review Board Statement: This research and the ethical use of animals were approved
by the Institutional Animal Care and Use Committee at Michigan State University on 2-20-19
(protocol 201800050).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study and not included within the Supple-
mentary Materials are available on request from the corresponding author. The data are not publicly
available due agreements with Incyte regarding the use of INCB057643.

Acknowledgments: These studies were supported by a Sponsored Research Agreement with Incyte
Corporation. All mice used in these studies were generated and genotyped at Michigan State
University, and we thank Sarah Carapellucci for assistance with breeding and genotyping the mice.

Conflicts of Interest: A.S.L., TK.-B., and K.T.L. declare no conflict of interest. PL. and B.R. were
employed by Incyte Corporation, Inc. and thus involved in the decision to test INCB057643 in
pancreatic cancer but had no role in the design, execution, interpretation, or writing of the study.


https://www.mdpi.com/2072-6694/13/1/96/s1
https://www.mdpi.com/2072-6694/13/1/96/s1

Cancers 2021, 13, 96 13 of 15

References

1.  Siegel, R.L.; Miller, K.D.; Jemal, A. Cancer Statistics, 2019. CA Cancer J. Clin. 2019, 69, 7-34. [CrossRef] [PubMed]

2. Rahib, L.; Smith, B.D.; Aizenberg, R.; Rosenzweig, A.B.; Fleshman, ].M.; Matrisian, L.M. Projecting Cancer Incidence and Deaths
to 2030: The Unexpected Burden of Thyroid, Liver, and Pancreas Cancers in the United States. Cancer Res. 2014, 74, 2913-2921.
[CrossRef] [PubMed]

3.  Garrido-Laguna, I.; Hidalgo, M. Pancreatic cancer: From state-of-the-art treatments to promising novel therapies. Nat. Rev. Clin.
Oncol. 2015, 12, 319-334. [CrossRef] [PubMed]

4. Vaccaro, V,; Sperduti, I.; Milella, M. FOLFIRINOX versus gemcitabine for metastatic pancreatic cancer. N. Engl. ]. Med. 2011, 365,
768-769. [PubMed]

5. Collins, M.; di Pasca Magliano, M. Kras as a key oncogene and therapeutic target in pancreatic cancer. Front. Physiol. 2013, 4, 407.
[CrossRef]

6. di Magliano, M.P.,; Logsdon, C.D. Roles for KRAS in pancreatic tumor development and progression. Gastroenterology 2013, 144,
1220-1229. [CrossRef]

7. Collins, M.; Yan, W.; Sebolt-Leopold, J.S.; Pasca di Magliano, M. MAPK signaling is required for dedifferentiation of acinar cells
and development of pancreatic intraepithelial neoplasia in mice. Gastroenterology 2014, 146, 822-834. [CrossRef]

8.  Collins, M.A ; Brisset, ].-C.; Zhang, Y.; Bednar, F; Pierre, J.; Heist, K.A.; Galban, C.J.; Galban, S.; di Magliano, M.P. Metastatic
pancreatic cancer is dependent on oncogenic Kras in mice. PLoS ONE 2012, 7, 49707. [CrossRef]

9. Leal, A.S.; Liby, K.T. Murine Models of Pancreatitis Leading to the Development of Pancreatic Cancer. Curr. Protoc. Pharmacol.
2018, 83. [CrossRef]

10. Bardeesy, N.; DePinho, R. Pancreatic cancer biology and genetics. Nat. Rev. Cancer 2002, 2, 897-909. [CrossRef]

11. Jomes, S.; Zhang, X.; Parsons, D.W,; Lin, ].C.-H.; Leary, R.].; Angenendt, P.; Mankoo, P.; Carter, H.; Kamiyama, H.; Jimeno, A.; et al.
Core signaling pathways in human pancreatic cancers revealed by global genomic analyses. Science 2008, 321, 1801-1806.
[CrossRef] [PubMed]

12.  Yadav, D.; Lowenfels, A.B. The epidemiology of pancreatitis and pancreatic cancer. Gastroenterology 2013, 144, 1252-1261.
[CrossRef] [PubMed]

13. Lowenfels, A.B.; Maisonneuve, P.; Cavallini, G.; Ammann, RW.; Lankisch, P.G.; Andersen, J.R.; Dimagno, E.P.; Andrén-Sandberg,
A.; Domellof, L. Pancreatitis and the risk of pancreatic cancer. International Study Group. N. Engl. ]. Med. 1993, 328, 1433-1437.
[CrossRef] [PubMed]

14. Nicodeme, E.; Jeffrey, K.L.; Schaefer, U.; Beinke, S.; Dewell, S.; Chung, C.-W.; Chandwani, R.; Marazzi, I.; Wilson, P.; Coste, H.; et al.
Suppression of inflammation by a synthetic histone mimic. Nature 2010, 468, 1119-1123. [CrossRef] [PubMed]

15. Delmore, J.E,; Issa, G.C.; Lemieux, M.E.; Rahl, P.B.; Shi, J.; Jacobs, H.M.; Kastritis, E.; Gilpatrick, T.; Paranal, RM.; Qi, J.; et al.
BET bromodomain inhibition as a therapeutic strategy to target c-Myc. Cell 2011, 146, 904-917. [CrossRef] [PubMed]

16. Belkina, A.C.; Nikolajczyk, B.S.; Denis, G. V BET protein function is required for inflammation: Brd2 genetic disruption and BET
inhibitor JQ1 impair mouse macrophage inflammatory responses. J. Immunol. 2013, 190, 3670-3678. [CrossRef] [PubMed]

17.  Dey, A.; Nishiyama, A.; Karpova, T.; Mcnally, J.; Ozato, K. Brd4 Marks Select Genes on Mitotic Chromatin and Directs Postmitotic
Transcription. Mol. Cell Biol. Cell 2009, 20, 4899-4909. [CrossRef]

18. McCleary-Wheeler, A.L.; Lomberk, G.; Weiss, FEU.; Schneider, G.; Fabbri, M.; Poshusta, T.L.; Dusetti, N.J.; Baumgart, S.; lovanna,
J.L.; Ellenrieder, V.; et al. Insights into the epigenetic mechanisms controlling pancreatic carcinogenesis. Cancer Lett. 2013, 328,
212-221. [CrossRef]

19. Lomberk, G.; Blum, Y.; Nicolle, R.; Nair, A.; Gaonkar, K.S.; Marisa, L.; Mathison, A.; Sun, Z.; Yan, H.; Elarouci, N.; et al. Distinct
epigenetic landscapes underlie the pathobiology of pancreatic cancer subtypes. Nat. Commun. 2018, 9, 1978. [CrossRef]

20. Lomberk, G.; Dusetti, N.; Iovanna, J.; Urrutia, R. Emerging epigenomic landscapes of pancreatic cancer in the era of precision
medicine. Nat. Commun. 2019, 10, 3875. [CrossRef]

21. Filippakopoulos, P; Qi, J.; Picaud, S.; Shen, Y.; Smith, W.B.; Fedorov, O.; Morse, E.M.; Keates, T.; Hickman, T.T.; Felletar, I.; et al.
Selective inhibition of BET bromodomains. Nature 2010, 468, 1067-1073. [CrossRef] [PubMed]

22. Chung, C.-W.; Coste, H.; White, ].H.; Mirguet, O.; Wilde, J.; Gosmini, R.L.; Delves, C.; Magny, S.M.; Woodward, R.; Hughes,
S.A.; et al. Discovery and characterization of small molecule inhibitors of the BET family bromodomains. J. Med. Chem. 2011, 54,
3827-3838. [CrossRef] [PubMed]

23. Mirguet, O.; Gosmini, R.; Toum, J.; Clément, C.; Barnathan, M.; Brusq, ].-M.; Mordaunt, ].E.; Grimes, R.M.; Crowe, M.; Pineau,
O.; et al. Discovery of epigenetic regulator I-BET762: Lead optimization to afford a clinical candidate inhibitor of the BET
bromodomains. J. Med. Chem. 2013, 56, 7501-7515. [CrossRef] [PubMed]

24. Leal, AS.AS,; Williams, C.R.C.R;; Royce, D.B.D.B.; Pioli, PA.P.A.; Sporn, M.B.M.B; Liby, K. T.K.T. Bromodomain inhibitors, JQ1
and I-BET 762, as potential therapies for pancreatic cancer. Cancer Lett. 2017, 394, 76-87. [CrossRef] [PubMed]

25. Garcia, PL.; Miller, A.L.; Kreitzburg, K.M.; Council, L.N.; Gamblin, T.L.; Christein, ].D.; Heslin, M.].; Arnoletti, ].P; Richardson,
J.H.; Chen, D.; et al. The BET bromodomain inhibitor JQ1 suppresses growth of pancreatic ductal adenocarcinoma in patient-
derived xenograft models. Oncogene 2015, 35, 833-845. [CrossRef]

26. Mazur, PK.; Herner, A.; Mello, S.S.; Wirth, M.; Hausmann, S.; Sanchez-Rivera, E]J.; Lofgren, S.M.; Kuschma, T.; Hahn, S.A.;

Vangala, D.; et al. Combined inhibition of BET family proteins and histone deacetylases as a potential epigenetics-based therapy
for pancreatic ductal adenocarcinoma. Nat. Med. 2015, 21, 1163-1171. [CrossRef]


http://doi.org/10.3322/caac.21551
http://www.ncbi.nlm.nih.gov/pubmed/30620402
http://doi.org/10.1158/0008-5472.CAN-14-0155
http://www.ncbi.nlm.nih.gov/pubmed/24840647
http://doi.org/10.1038/nrclinonc.2015.53
http://www.ncbi.nlm.nih.gov/pubmed/25824606
http://www.ncbi.nlm.nih.gov/pubmed/21864184
http://doi.org/10.3389/fphys.2013.00407
http://doi.org/10.1053/j.gastro.2013.01.071
http://doi.org/10.1053/j.gastro.2013.11.052
http://doi.org/10.1371/journal.pone.0049707
http://doi.org/10.1002/cpph.48
http://doi.org/10.1038/nrc949
http://doi.org/10.1126/science.1164368
http://www.ncbi.nlm.nih.gov/pubmed/18772397
http://doi.org/10.1053/j.gastro.2013.01.068
http://www.ncbi.nlm.nih.gov/pubmed/23622135
http://doi.org/10.1056/NEJM199305203282001
http://www.ncbi.nlm.nih.gov/pubmed/8479461
http://doi.org/10.1038/nature09589
http://www.ncbi.nlm.nih.gov/pubmed/21068722
http://doi.org/10.1016/j.cell.2011.08.017
http://www.ncbi.nlm.nih.gov/pubmed/21889194
http://doi.org/10.4049/jimmunol.1202838
http://www.ncbi.nlm.nih.gov/pubmed/23420887
http://doi.org/10.1091/mbc.e09-05-0380
http://doi.org/10.1016/j.canlet.2012.10.005
http://doi.org/10.1038/s41467-018-04383-6
http://doi.org/10.1038/s41467-019-11812-7
http://doi.org/10.1038/nature09504
http://www.ncbi.nlm.nih.gov/pubmed/20871596
http://doi.org/10.1021/jm200108t
http://www.ncbi.nlm.nih.gov/pubmed/21568322
http://doi.org/10.1021/jm401088k
http://www.ncbi.nlm.nih.gov/pubmed/24015967
http://doi.org/10.1016/j.canlet.2017.02.021
http://www.ncbi.nlm.nih.gov/pubmed/28254412
http://doi.org/10.1038/onc.2015.126
http://doi.org/10.1038/nm.3952

Cancers 2021, 13, 96 14 of 15

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.
45.
46.

47.

48.

49.

50.

51.

Falchook, G.; Rosen, S.; LoRusso, P.; Watts, J.; Gupta, S.; Coombs, C.C.; Talpaz, M.; Kurzrock, R.; Mita, M.; Cassaday, R.; et al.
Development of 2 bromodomain and extraterminal inhibitors with distinct pharmacokinetic and pharmacodynamic profiles for
the treatment of advanced malignancies a C. Clin. Cancer Res. 2020, 26, 1247-1257. [CrossRef]

Belkina, A.C.; Denis, G. V BET domain co-regulators in obesity, inflammation and cancer. Nat. Rev. Cancer 2012, 12, 465-477.
[CrossRef]

Hingorani, S.R.; Wang, L.; Multani, A.S.; Combs, C.; Deramaudt, T.B.; Hruban, R.H.; Rustgi, A.K.; Chang, S.; Tuveson, D.
Trp53R172H and KrasG12D cooperate to promote chromosomal instability and widely metastatic pancreatic ductal adenocarci-
noma in mice. Cancer Cell 2005, 7, 469-483. [CrossRef]

Buchs, N.C.; Chilcott, M.; Poletti, P.A.; Buhler, L.H.; Morel, P. Vascular invasion in pancreatic cancer: Imaging modalities,
preoperative diagnosis and surgical management. World ]. Gastroenterol. 2010, 16, 818-831.

Ravikumar, R; Sabin, C.; Hilal, M.A.; Brambhall, S.; White, S.; Wigmore, S.; Imber, C.J.; Fusai, G. Portal vein resection in borderline
resectable pancreatic cancer: A United Kingdom multicenter study. . Am. Coll. Surg. 2014. [CrossRef] [PubMed]

Kagoya, Y.; Nakatsugawa, M.; Yamashita, Y.; Ochi, T.; Guo, T.; Anczurowski, M.; Saso, K.; Butler, M.O.; Arrowsmith, C.H.;
Hirano, N. BET bromodomain inhibition enhances T cell persistence and function in adoptive immunotherapy models. J. Clin.
Investig. 2016, 126, 3479-3494. [CrossRef] [PubMed]

Mele, D.A.; Salmeron, A.; Ghosh, S.; Huang, H.-R.; Bryant, B.M.; Lora, ]. M. BET bromodomain inhibition suppresses TH17-
mediated pathology. J. Exp. Med. 2013, 210, 2181-2190. [CrossRef] [PubMed]

Tasdemir, N.; Banito, A.; Roe, ]J.-S.; Alonso-Curbelo, D.; Camiolo, M.; Tschaharganeh, D.F,; Huang, C.-H.; Aksoy, O.; Bolden, J.E.;
Chen, C.-C,; et al. BRD4 Connects Enhancer Remodeling to Senescence Immune Surveillance. Cancer Discov. 2016, 6, 612—-629.
[CrossRef]

Vonderheide, R.H.; Bayne, L.]. Inflammatory networks and immune surveillance of pancreatic carcinoma. Curr. Opin. Immunol.
2013, 25, 200-205. [CrossRef]

Sanford, D.E.; Belt, B.; Panni, R.Z.; Mayer, A.; Deshpande, A.D.; Carpenter, D.; Mitchem, J.B.; Plambeck-Suess, S.M.; Worley, L.;
Goetz, B.D,; et al. Inflammatory monocyte mobilization decreases patient survival in pancreatic cancer: A role for targeting the
CCL2/CCR2 axis. Clin. Cancer Res. 2013, 19, 3404-3415. [CrossRef]

Li, W,; Tao, L.; Zhang, L.; Xiu, D. Prognostic role of lymphocyte to monocyte ratio for patients with pancreatic cancer: A systematic
review and meta-analysis. Onco. Targets. Ther. 2017, 10, 3391-3397. [CrossRef]

Singh, G.; Nassri, A.; Kim, D.; Zhu, H.; Ramzan, Z. Lymphocyte-to-monocyte ratio can predict mortality in pancreatic adenocarci-
noma. World |. Gastrointest. Pharmacol. Ther. 2017. [CrossRef]

Hill, R.; Li, Y;; Tran, L.M.; Dry, S.; Calvopina, ] H.; Garcia, A.; Kim, C.; Wang, Y.; Donahue, T.R.; Herschman, H.R.; et al.
Cell intrinsic role of COX-2 in pancreatic cancer development. Mol. Cancer Ther. 2012. [CrossRef]

Li, Q.; Mattingly, R.R. Restoration of E-cadherin cell-cell junctions requires both expression of E-cadherin and suppression of ERK
MAP kinase activation in ras-transformed breast epithelial cells. Neoplasia 2008. [CrossRef]

Nielsen, S.R.; Quaranta, V.; Linford, A.; Emeagi, P,; Rainer, C.; Santos, A.; Ireland, L.; Sakai, T.; Sakai, K.; Kim, Y.; et al. Macrophage-
secreted granulin supports pancreatic cancer metastasis by inducing liver fibrosis. Nat. Cell Biol. 2016, 18, 549-560. [CrossRef]
[PubMed]

Houg, D.S.; Bijlsma, M.E. The hepatic pre-metastatic niche in pancreatic ductal adenocarcinoma. Mol. Cancer 2018, 17. [CrossRef]
[PubMed]

Jang, ].E.; Hajdu, C.H.; Liot, C.; Miller, G.; Dustin, M.L.; Bar-Sagi, D. Crosstalk between Regulatory T Cells and Tumor-Associated
Dendritic Cells Negates Anti-tumor Immunity in Pancreatic Cancer. Cell Rep. 2017, 20, 558-571. [CrossRef] [PubMed]

Dunn, J.; Rao, S. Epigenetics and immunotherapy: The current state of play. Mol. Immunol. 2017, 87, 227-239. [CrossRef] [PubMed]
Josefowicz, S.Z.; Lu, L.-EF; Rudensky, A.Y. Regulatory T Cells: Mechanisms of Differentiation and Function. Annu. Rev. Immunol.
2012, 30, 531-564. [CrossRef] [PubMed]

Zhu, H.; Bengsch, E; Svoronos, N.; Rutkowski, M.R,; Bitler, B.G.; Allegrezza, M.].; Yokoyama, Y.; Kossenkov, A.V.; Bradner,
J.E.; Conejo-Garcia, J.R.; et al. BET Bromodomain Inhibition Promotes Anti-tumor Immunity by Suppressing PD-L1 Expression.
Cell Rep. 2016, 16, 2829-2837. [CrossRef]

Tough, D.F; Tak, P.P,; Tarakhovsky, A.; Prinjha, R.K. Epigenetic drug discovery: Breaking through the immune barrier. Nat. Rev.
Drug Discov. 2016, 15, 835-853. [CrossRef]

Hingorani, S.R.; Petricoin, E.F.; Maitra, A.; Rajapakse, V.; King, C.; Jacobetz, M.; Ross, S.; Conrads, T.P.; Veenstra, T.D.;
Hitt, B.A.; et al. Preinvasive and invasive ductal pancreatic cancer and its early detection in the mouse. Cancer Cell 2003,
4,437-450. [CrossRef]

Guerra, C.; Collado, M.; Navas, C.; Schuhmacher, A.J.; Hernandez-Porras, I.; Cafiamero, M.; Rodriguez-Justo, M.; Serrano, M.;
Barbacid, M. Pancreatitis-induced inflammation contributes to pancreatic cancer by inhibiting oncogene-induced senescence.
Cancer Cell 2011, 19, 728-739. [CrossRef]

Guerra, C.; Schuhmacher, A J.; Cafiamero, M.; Grippo, PJ.; Verdaguer, L.; Pérez-Gallego, L.; Dubus, P.; Sandgren, E.P,; Barbacid,
M. Chronic pancreatitis is essential for induction of pancreatic ductal adenocarcinoma by K-Ras oncogenes in adult mice. Cancer
Cell 2007, 11,291-302. [CrossRef]

Habtezion, A. Inflammation in acute and chronic pancreatitis. Curr. Opin. Gastroenterol. 2015, 31, 395-399. [CrossRef] [PubMed]


http://doi.org/10.1158/1078-0432.CCR-18-4071
http://doi.org/10.1038/nrc3256
http://doi.org/10.1016/j.ccr.2005.04.023
http://doi.org/10.1016/j.jamcollsurg.2013.11.017
http://www.ncbi.nlm.nih.gov/pubmed/24484730
http://doi.org/10.1172/JCI86437
http://www.ncbi.nlm.nih.gov/pubmed/27548527
http://doi.org/10.1084/jem.20130376
http://www.ncbi.nlm.nih.gov/pubmed/24101376
http://doi.org/10.1158/2159-8290.CD-16-0217
http://doi.org/10.1016/j.coi.2013.01.006
http://doi.org/10.1158/1078-0432.CCR-13-0525
http://doi.org/10.2147/OTT.S142022
http://doi.org/10.4292/wjgpt.v8.i1.60
http://doi.org/10.1158/1535-7163.MCT-12-0342
http://doi.org/10.1593/neo.08968
http://doi.org/10.1038/ncb3340
http://www.ncbi.nlm.nih.gov/pubmed/27088855
http://doi.org/10.1186/s12943-018-0842-9
http://www.ncbi.nlm.nih.gov/pubmed/29903049
http://doi.org/10.1016/j.celrep.2017.06.062
http://www.ncbi.nlm.nih.gov/pubmed/28723561
http://doi.org/10.1016/j.molimm.2017.04.012
http://www.ncbi.nlm.nih.gov/pubmed/28511092
http://doi.org/10.1146/annurev.immunol.25.022106.141623
http://www.ncbi.nlm.nih.gov/pubmed/22224781
http://doi.org/10.1016/j.celrep.2016.08.032
http://doi.org/10.1038/nrd.2016.185
http://doi.org/10.1016/S1535-6108(03)00309-X
http://doi.org/10.1016/j.ccr.2011.05.011
http://doi.org/10.1016/j.ccr.2007.01.012
http://doi.org/10.1097/MOG.0000000000000195
http://www.ncbi.nlm.nih.gov/pubmed/26107390

Cancers 2021, 13, 96 15 of 15

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Shimamura, T.; Chen, Z.; Soucheray, M.; Carretero, J.; Kikuchi, E.; Tchaicha, ]. H.; Gao, Y.; Cheng, K.A.; Cohoon, T.J.; Qi, J.; et al.
Efficacy of BET Bromodomain Inhibition in Kras-Mutant Non—-Small Cell Lung Cancer. Clin. Cancer Res. 2013, 19, 6183-6192.
[CrossRef]

Hosein, A.N.; Brekken, R.A.; Maitra, A. Pancreatic cancer stroma: An update on therapeutic targeting strategies. Nat. Rev.
Gastroenterol. Hepatol. 2020. [CrossRef] [PubMed]

Neesse, A.; Krug, S.; Gress, T.M.; Tuveson, D.A.; Michl, P. Emerging concepts in pancreatic cancer medicine: Targeting the tumor
stroma. Onco. Targets. Ther. 2014, 7, 33—43. [CrossRef] [PubMed]

Hiraoka, N.; Onozato, K.; Kosuge, T.; Hirohashi, S. Prevalence of FOXP3+ regulatory T cells increases during the progression of
pancreatic ductal adenocarcinoma and its premalignant lesions. Clin. Cancer Res. 2006, 12, 5423-5434. [CrossRef] [PubMed]
Colamatteo, A.; Carbone, E; Bruzzaniti, S.; Galgani, M.; Fusco, C.; Maniscalco, G.T.; Di Rella, F; de Candia, P.; De Rosa, V.
Molecular Mechanisms Controlling Foxp3 Expression in Health and Autoimmunity: From Epigenetic to Post-translational
Regulation. Front. Immunol. 2020. [CrossRef]

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

Chen, X; Pan, X.; Zhang, W.; Guo, H.; Cheng, S.; He, Q.; Yang, B.; Ding, L. Epigenetic strategies synergize with PD-L1/PD-1
targeted cancer immunotherapies to enhance antitumor responses. Acta Pharm. Sin. B 2019, 5, 723-733. [CrossRef]
Balachandran, V.P,; Luksza, M.; Zhao, ].N.; Makarov, V.; Moral, ].A; Remark, R.; Herbst, B.; Askan, G.; Bhanot, U.; Senbabaoglu,
Y.; et al. Identification of unique neoantigen qualities in long-term survivors of pancreatic cancer. Nature 2017, 551, 512-516.
[CrossRef]

Liby, K.T.; Royce, D.B.; Risingsong, R.; Williams, C.R.; Maitra, A.; Hruban, R.H.; Sporn, M.B. Synthetic triterpenoids prolong
survival in a transgenic mouse model of pancreatic cancer. Cancer Prev. Res. 2010, 3, 1427-1434. [CrossRef]

Ramsay, R.R.; Popovic-Nikolic, M.R.; Nikolic, K.; Uliassi, E.; Bolognesi, M.L. A perspective on multi-target drug discovery and
design for complex diseases. Clin. Transl. Med. 2018, 7, 3. [CrossRef] [PubMed]


http://doi.org/10.1158/1078-0432.CCR-12-3904
http://doi.org/10.1038/s41575-020-0300-1
http://www.ncbi.nlm.nih.gov/pubmed/32393771
http://doi.org/10.2147/OTT.S38111
http://www.ncbi.nlm.nih.gov/pubmed/24379681
http://doi.org/10.1158/1078-0432.CCR-06-0369
http://www.ncbi.nlm.nih.gov/pubmed/17000676
http://doi.org/10.3389/fimmu.2019.03136
http://doi.org/10.1186/s40425-018-0316-z
http://doi.org/10.1016/j.apsb.2019.09.006
http://doi.org/10.1038/nature24462
http://doi.org/10.1158/1940-6207.CAPR-10-0197
http://doi.org/10.1186/s40169-017-0181-2
http://www.ncbi.nlm.nih.gov/pubmed/29340951

	Introduction 
	Results 
	INCB057643 Increases Survival in a KPC Murine Model of Pancreatic Cancer 
	The Bromodomain Inhibitor INCB057643 Changes Immune Populations in the Pancreas and Liver 
	INBC057643 Modulates Immunosuppressive Pathways in CD4 T Cells and Macrophages 
	Bromodomain Inhibitor INCB057643 Attenuates Pancreatitis and Immune Infiltration in KC Mice 

	Discussion 
	Materials and Methods 
	Drugs 
	Cell Culture and Reagents 
	Cell Viability 
	Western Blotting 
	In Vivo Experiments 
	Flow Cytometry 
	Immunohistochemistry 
	CD4-FOXP3 T Cell Treatment 
	Ultrasound 
	Statistical Analyses 

	Conclusions 
	References

