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SF2523: Dual PI3K/BRD4 inhibitor blocks tumor
Immunosuppression and promotes adaptive immune responses
in cancer

Shweta Joshil”, Alok R. Singhl, Kevin X. Liul, Timothy V. Pham?, Muamera Zulcicl, Dylan
Skola?, Hyun Bae Chun?, Christopher K. Glass?, Guillermo A. Morales3, Joseph R.
Garlich3, Donald L. Durdenl3*

1UCSD Department of Pediatrics, Moores UCSD Cancer Center, University of California, San
Diego, CA, USA

2Division of Biological Sciences, University of California, San Diego, CA, USA

3SignalRx Pharmaceuticals, San Diego, CA, USA

Abstract

Macrophages (M®s) are key immune infiltrates in solid tumors and serve as major drivers behind
tumor growth, immune suppression, and inhibition of adaptive immune responses in the tumor
microenvironment (TME). Bromodomain and extraterminal (BET) protein, BRD4, which binds to
acetylated lysine on histone tails has recently been reported to promote gene transcription of pro-
inflammatory cytokines, but has rarely been explored for its role in IL4-driven M® transcriptional
programming and M®-mediated immunosuppression in the TME. Herein, we report that BET
bromodomain inhibitor JQ1, blocks association of BRD4 with promoters of arginase and other
IL4-driven M® genes, which promote immunosuppression in TME. Pharmacological inhibition of
BRD4 using JQ1 and/or PI3K using dual PI3K/BRD4 inhibitor SF2523 (previously reported by
our group as a potent inhibitor to block tumor growth and metastasis in various cancer models)
suppresses tumor growth in syngeneic and spontaneous murine cancer models; reduces infiltration
of myeloid-derived suppressor cells (MDSCs); blocks polarization of immunosuppressive M®s;
restores CD8+ T-cell activity and stimulates anti-tumor immune responses. Finally, our results
suggest that BRD4 regulates the immunosuppressive myeloid tumor microenvironment and BET
inhibitors and dual PI3K/BRD4 inhibitors are therapeutic strategies for cancers driven by the M®-
dependent immunosuppressive TME.
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Introduction:

Small molecule epigenetic modulators have recently gained significant attention because of
their potential as therapeutic agents (1-3). The bromodomain and extraterminal domain
(BET) family of epigenetic “reader” proteins (BRDT, BRD2, BRD3 and BRD4) play
important roles in histone acetylation-dependent transcriptional regulation (4). Various BET
inhibitors successfully block BET protein recruitment and BET-mediated transcriptional
activity (5,6). JQ1 and analogs were the first drug developed that specifically blocked
interactions between multiple BET proteins (BRD2/3/4) and acetylated histones (7), and has
been used to treat various myelomas and NUT midline carcinomas (8). Recent studies
highlight that these BET inhibitors promote anti-tumor effects not only by inducing
apoptosis and cell cycle arrest, but also by modulating innate and adaptive immune
responses (9). The importance of BET proteins in innate macrophage (M®) inflammatory
responses is well documented and recent studies suggest that BET protein inhibitors, I-BET
and JQ1 can suppress pro-inflammatory cytokine production in M®s (10,11). In context of
adaptive immune responses, BRD4 inhibitors were recently shown to suppress expression of
immune checkpoint ligand, PDL1, and this study has opened new avenues to explore BET
inhibitors with immune modulating agents (12). In this regard, BET bromodomain inhibitors
in combination with anti-PD1 leads to synergistic responses in a murine model of non-small
lung cancer with KRAS activation (13) and in mice bearing Myc-driven lymphomas (9).
BET inhibitors can also restore an immune-active environment in malignant pleural
mesothelioma by reducing the expansion of myeloid derived suppressor cells (MDSCs) and
by increasing intratumoral CD8+ T-cells (14). Taken together, these studies illustrate the
strong role of BET bromodomain proteins in regulating innate and adaptive immune
responses. However, the roles of these proteins have not been explored within the context of
M@®-mediated immunosuppression. M®s play a crucial role in tumor progression,
immunosuppression, and inhibition of anti-tumor adaptive immunity (15). Considering the
role of BET proteins as important players in transcriptional elongation, we hypothesized that
BRD4 plays a significant role in IL4-induced M® transcriptional programming and M®-
mediated immunosuppression which leads to the inhibition of anti-tumor adaptive responses.

Another target for negative regulation of anti-tumor adaptive responses recently reported by
our and other labs is the PI3K signaling pathway in particular, p110y and p1108 in M®s and
regulatory T-cells, respectively (16-19). Our lab has reported that p110y in M®s promotes
expression of pro-tumorigenic M®s in the tumor microenvironment (TME) and our pan-
PI3K inhibitor, SF1126, suppressed tumor growth and inhibited the HIF1a-VEGF signaling
axis and other proangiogenic factors secreted by M®s (16). This finding prompted us to test
our novel dual PI3K/BRD4 inhibitor, SF2523, in the control of macrophage-mediated
immunosuppression and activation of adaptive immune responses in the TME. SF2523 is a
dual PI3K/BRD4 inhibitor generated from the TP series (20), which orthogonally hit PI3K
and BRDA4 to block expression, activation, and stabilization of Myc, leading to reduced
tumor growth and metastasis in various preclinical models (21-23). The rationale for using
this dual PI3K/BRD4 inhibitor in the present study is based on the hypothesis that targeting
two crucial signaling pathways that promote M®-mediated immunosuppression and inhibit
adaptive immune responses will provide greater benefit to patients. Our data demonstrate
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that BET bromodomain inhibitor, JQ1, and novel dual PI3K/BRD4 inhibitor, SF2523,
demonstrate great potency in suppressing 1L4 induced M® immunomodulatory responses,
myeloid cell-mediated tumor growth, and metastasis in murine syngeneic and spontaneous
tumor models. Taken together, these studies establish a role for BET proteins in M®-
mediated immunosuppression and justify testing of BET protein—targeting drugs or dual
PI13K/BRD4 drugs in cancers driven by immunosuppressive M®s.

Materials and Methods

Isolation of bone marrow-derived macrophages, inhibitor experiments

Bone marrow-derived macrophages (BMDMSs) were isolated as described previously
(16,24). For 1L4 and LPS stimulations, on day 7, BMDMSs were treated with 20 ng/ml I1L4 or
100 ng/ml LPS or 20ng/ml IFN-y for 10 hrs. For the inhibitor experiment, 7 day old M®s
were treated with 500 nM or 1 %M JQ1 or SF2523 for an hour followed by stimulation IL4
or LPS. JQ1 was provided by Dr. James Bradner.

Quantification of gene expression and RNA sequencing

Total RNA was isolated from BMDMs and sorted TAMSs using the Qiagen RNAeasy kit
(Qiagen, Hilden, Germany). cDNA (2 ¥4L) was amplified by RT-PCR reactions as described
before (24). Relative expression levels were normalized to Gapdh expression according to
the formula, < 2°(Ct gene of interest-Ct Gapdh) > (25). For RNA sequencing, RNA libraries
were prepared and sequenced on Illumina HiSeq2000 using standard Illumina protocols
described in Supplementary methods. RNA sequencing data can be accessed using GEO
accession number GSE123154.

Chromatin immunoprecipitation

Twenty four hours after LPS/IL4 stimulation and/or JQ1 treatment, BMDMSs were fixed in
1% formaldehyde at 37°C for 10 min, then subjected to ChlIP as previously published and
described in Supplementary methods (11). ChlP and input DNA were analyzed by Real
Time PCR using primers described in Supplementary Table S1. The fold difference was
calculated as 2[Ct(input) 2 Ct(ChIP)], and fold enrichment over an unrelated IgG Ab was
assessed.

In vivo tumor growth and metastasis experiments

All procedures involving animals were approved by the University of California San Diego
Animal Care Committee, which serves to ensure that all federal guidelines concerning
animal experimentation are met. Lewis lung carcinoma (LLC) cells, CT26 colon
adenocarcinomas and B16 melanomas were obtained from the American Type Culture
Collection (ATCC), no further cell line authentication was performed by authors. All cells
were cultured in DMEM media containing 10% FBS and tested for mycoplasma before
implanting in animals. LLC cells or B16 (1 x 10°) were injected subcutaneously into
syngeneic 4-6 week old C57BI/6 mice or 1 x 10° CT26 tumors were injected
subcutaneously in Balb/c or nude mice and were treated with 40 mg/kg of JQ1 or 40mg/kg
SF2523 when tumors reached a tumor volume of 100 mm3. For CD8 depletion, mice were

Mol Cancer Ther. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joshi et al.

Page 4

treated with 200%g of anti-CD8 (clone YTS 169.4) or an isotype control (LTF-2) from Bio-
X-cell administered ip on day -3, 0, 3, 6 and 10 day of tumor inoculation.

B16 F10 luciferase melanoma cells (5 x 10°) were injected intravenously and mice were
treated with 40 mg/kg SF2523 as previously described (19). For spontaneous metastasis, 1 x
108 Panc02 were implanted orthotopically into the pancreas of syngeneic mice and were
treated with 40 mg/kg SF2523 as described before (24). In some experiments, 9 week old
PyMT+ female mice (26) (with spontaneous breast tumors) were treated with 40 mg/kg
SF2523 (thrice weekly) for 4 weeks (n=10). Total tumor burden was obtained from detecting
the total mammary gland mass in PYMT+ mouse.

Isolation of single cells from tumors and flow cytometry

Results

Tumors were isolated, minced and then enzymatically dissociated in collagenase digestion
cocktail at 37°C for 30-45 min and cells were prepared for magnetic bead purification of
CD11b, Grl or CD90.2 cells for flow cytometry as reported before (24) and described in
supplementary methods. Arginase activity was measured in M®s sorted from tumors as
previously described (24). /n vitro cytotoxicity assay was performed using Cytotox non-
radioactive cytotoxicity assay kit as described in Supplementary methods.

BRD4 promotes immunosuppressive M@ polarization

BET bromodomain proteins have recently been reported to play an important role in mouse
M@ inflammatory responses (11), but their role in modulating the expression of I1L4-induced
immunosuppressive genes has never been investigated. LPS induces M® expression of Tyl
cytokines, IL1, IL6, and TNF alpha, whereas IL4 signaling stimulates T2 response
characterized by enhanced expression of arginase, scavenging molecules, and mannose and
galactose receptors (27). To determine whether BRD4 controls transcriptional changes in
M®@s, we exposed BMDMs to LPS and I1L4 and concomitantly treated them with JQ1.
Consistent with previously published reports (11), we found that JQ1 suppressed LPS-
induced expression of pro-inflammatory genes viz. //1, 116, NosZ2, and Tnfain M@®s
compared to control (Fig. 1A). Similarly, JQ1 suppressed IL4-induced expression of Arg,
Tgfb, Vegt, Mmp9, Mmr, Ym1and Fizz1 in JQ1-treated BMDMSs compared to control (Fig.
1B). Moreover, western blot analysis of IL4 stimulated JQ1-treated BMDMSs showed dose-
dependent suppression of protein expression of MMR, FIZZ1, and Arginase (Fig. 1B).
These results were also verified by inhibition of CD206 expression in JQ1 treated BMDMSs
as revealed by FACS analysis (Fig. 1C and Supplementary Fig. S1). Likewise, IL4-
stimulated BMDMs showed a two-fold increase in arginase activity as compared to non-
stimulated ones, and this increase is blocked by treating M®s with 1%M JQ1 (Fig. 1D). To
further investigate the effect of BRD4 on immunosuppressive M® polarization, RNA-seq
was performed on LPS-stimulated, or IL4-stimulated BMDMs treated with JQ1. Stimulation
of BMDMs with LPS or IL4 upregulated numerous genes involved in antigen presentation,
immune stimulation, innate immunity, and immune suppression (Supplementary Fig. S2).
Pre-treatment of BMDMs with JQ1 shortly before LPS or IL4 stimulation resulted in the
downregulation of 6484 of the 7822 significant (p <0.05) LPS-inducible genes and 7470 of

Mol Cancer Ther. Author manuscript; available in PMC 2020 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Joshi et al.

Page 5

8979 significant (p <0.05) IL4-inducible genes (Supplementary Table S2). Most genes
related to innate immunity, antigen presentation, and immune suppression upregulated by
LPS were downregulated by JQ1 (Fig. 1E). However, in BMDMs treated with JQ1 and 1L4,
the genes related to antigen presentation and innate immunity were upregulated and
immunosuppressive genes were downregulated (Fig. 1F). These results confirm that the BET
protein inhibitor, JQ1, had relatively broad anti-inflammatory and immunomodulatory
effects on M@s.

JQ1 treatment disrupts association of BRD4 with the regulatory chromatin of IL6, Arg,
YM1, and Retnla promoters

BET protein

Findings thus far corroborate that active cytokine promoters are packaged by acetylated
histone proteins, and JQ1 functions as an anti-inflammatory compound by altering BET
association with acetylated histone—packaged cytokine promoters (11), so we investigated if
BRD4 physically associates with the gene promoters of anti-inflammatory M@s. For these
studies, we used anti-BRD4 antibodies to precipitate sheared chromosomal DNA from
BMDMs stimulated with or without LPS/IL4 in the presence of JQ1. Similar to the previous
report (11), our results validate that BRD4 modestly bound the /L6 promoter in LPS-
stimulated cells and JQ1 blocked association of BRD4 with /L6 promoter (Fig. 2A).
Interestingly, BRD4 modestly bound the Arg, Chi3/3/YM1, and Retnla/Fizz1 promoters in
nonstimulated cells (Fig. 2 B-D); however, when cells were activated with 1L4, we observed
significant amounts of Arg, Chi3/3/YM1, and Retnla/Fizz1 promoter DNA precipitated with
anti-BRD4 antibodies. Importantly, JQ1 treatment prevented association of both BRD4 with
the Arg, Chi3l3/YM1, and Retnla/Fizz1 promoters (Fig. 2 B-D). These data suggest that the
IL4-inducible association of BET proteins with the Arg, Chi3/3/YM1, and Retnla/Fizz1
promoters is significantly decreased in the presence of JQ1, which explains how JQ1 directs
the association of BRD4 with IL4 driven genes and has a role in immunomodulation. Taken
together, we identify BRD4 as a novel target that controls the expression of anti-
inflammatory and immunosuppressive cytokines which promote immunosuppression.

inhibition with JQ1 blocks M@ polarization and immune suppression

Based on data in Fig. 1, which show that JQ1 reduces expression of immunosuppressive
M@s in vitro, we investigated whether JQ1 blocks immunosuppression in TME. For this
study, we injected C57BL/6 mice with LLC tumor cells, and the mice were treated with 50
mg/kg JQ1, when tumor volume reached 100 mm3. The tumor growth was suppressed in the
JQ1 treated group as revealed by increased survival of mice treated with 50mg/kg JQ1 (Fig.
3A). JQ1 has no effect on proliferation of LLC tumor cells /n vitro (Supplementary Fig. S3).
Recent reports have shown that tumor-associated myeloid cells (TAMSs), specifically CD11b
+Grl- monocytes and CD11b+Grl+ granulocytes or MDSCs, are highly infiltrated in the
TME where they inhibit innate and adaptive immune responses and promote tumor immune
escape (28). Thus, we determined if BRD4 contributes to myeloid cell trafficking in tumors.
We observed a significant reduction in the population of granulocytes or MDSCs infiltrating
in the LLC (Fig. 3B, p < 0.01) tumors treated with JQ1 with no significant decrease in the
CD11b+Grl1- monocyte population infiltrating the tumor (Fig. 3B). However, we noted a
significant increase in infiltration of MHCII+ TAMs in the JQ1-treated group (Fig. 3B). We
next investigated whether BRD4 inhibition alters expression of genes associated with
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immune suppression and tumor progression. The expression of immunosuppressive genes
were significantly lower in TAMs isolated from JQ1 treated LLC tumors (Fig. 3C). These
results were further verified by western blot analyses that displayed reduced protein
expression of MMR and arginase in M®s isolated from JQ1-treated tumors (Fig. 3C).
Moreover, arginase activity was also found to be lower in the M®s isolated from JQ1-treated
tumors (Fig. 3D). In order to validate the hypothesis that the reduction in LLC tumor size
observed in JQ1-treated mice was specifically due to its effect on IL4-driven
immunosuppressive M®s, adoptive transfer of IL4-stimulated M®s treated with or without
JQ1 was performed. The tumor growth increased in the mice injected with admix of LLC
cells and IL4-stimulated M®s compared to that of LLC alone as well as the admix of LLC
cells and IL4-stimulated M@®s treated with JQ1 (Fig. 3E). To understand the mechanisms
underlying the immunosuppression mediated by pharmacological inhibition of BRD4, we
evaluated whether JQ1 affects activation of tumor infiltrating lymphocytes (TILs), which
play an important role in anti-tumor immune response. Flow cytometric analysis of LLC
tumors demonstrate that number of CD3+ and CD8+ T-cells were significantly enhanced in
the LLC tumors treated with JQ1 (Fig. 3F, Supplementary Fig. S3). To investigate if
inhibition of JQ1 activates T-cell-mediated anti-tumor immune response /n vivo, TILs were
isolated from tumors implanted in JQ1 treated mice and tumor cell cytotoxicity assay was
performed. We found that CD90+ T-cells isolated from JQ1 treated LLC tumors
significantly lyse LLC tumor cells at 1.25:1 and 10:1 ratio of T-cells: LLC cells (Fig. 3G).
Taken together, our results demonstrate that JQ1 suppresses tumor growth by promoting
recruitment of activated T-cells and reducing expression of immunosuppressive cytokines by
MB®s.

SF2523, a dual PI3BK/BRD4 inhibitor, suppresses IL4-induced M® polarization

Recently, our and other laboratories reported that PI3K-y is one target that is a major driver
of tumor growth and immune suppression, and that inhibitors of this kinase promote
adaptive immune responses in syngeneic mouse models (16,17,29). The PI3K-y inhibitor,
IP1549, decreases IL4-induced M® polarization (Fig. 4A), and pan-PI3K/BRD4 inhibitor,
SF1126, reduces tumor growth and immunosuppressive M® polarization in the LLC tumor
model (Supplementary Fig. S4 A and B) (16). Considering the role of both PI3K and BRD4
in M@-mediated immunosuppression and inhibition of adaptive immune responses, we
examined if the dual PI3K/BRD4 inhibitor, SF2523, which showed potent /7 vivo activity in
reducing tumor growth in various /n7 vivo models (21), would have any effect on tumor
growth, immunosuppression, and activation of adaptive immune responses. The chemical
structure of SF2523 was provided before [21]. SF2523 is a dual PI3K/BRD4 inhibitor which
hits both targets, BRD4 and PI13K, with nM potency compared to JQ1 which only hits BRD4
(Fig. 4B). We first investigated if SF2523 can decrease LPS- or IL4-induced M©®
polarization. SF2523 significantly decreased the mRNA expression of IL6 and iNos in LPS
induced BMDMs and gene expression of Arg, Tgfb, Vegf, Mmr, Ym1, and Fizz1in IL4-
induced BMDMs (Fig. 4C & D). SF2523 also reduced CD206 expression in IL4-stimulated
BMDMs as revealed by FACS analysis (Fig. 4E). RNA-seq experiments suggest that SF2523
treatment decreased expression of genes related to innate immunity, antigen presentation,
and immune suppression although the cells were exposed to M1-polarizing LPS (Fig. 4F).
However, most of the genes related to antigen presentation and innate immunity were
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upregulated and immunosuppressive genes were downregulated with SF2523 treatment in
IL4-induced BMDMs (Fig. 4G). Overall, SF2523 exposure down regulated 4183 of 7822
significant (p <0.05) LPS-inducible genes and 3755 of 8979 significant (p <0.05) IL4-
inducible genes (Supplementary Table S2).

SF2523 reduces tumor growth and immunosuppression

Our published report (21) provided proof of concept that SF2523 reduced tumor growth and
metastasis in orthotopic Panc02 mouse model efficiently with less toxicity than in mice
treated with two individual inhibitors combined JQ1 and BKM120 to inhibit BRD4 and
PI13K signaling, respectively (21). The high efficacy and low toxicity of SF2523 prompted us
to test if SF2523 could decrease M®-induced immunosuppression responses /1 vivo. For
this, we injected LLC syngeneic tumor cells in C57BI/6 mice and investigated its effect on
tumor growth and immunosuppression /1 vivo. The administration of a 40 mg/kg dose of
SF2523, three times a week, significantly reduced tumor growth in WT animals implanted
with LLC (Fig. 5A), with no effect of SF2523 on the proliferation of LLC cells in vitro
(Supplementary Fig. S5A). The reduction in tumor growth is comparable to the tumor
reduction observed in mice treated with 40 mg/kg JQ1 (Fig. 5A). Next, we determined if
SF2523 treatment can block recruitment of CD11b+Gr1+ MDSCs in the tumor.
Interestingly, both JQ1 and SF2523 decreased MDSC recruitment in TME with no
significant difference in recruitment of CD11b+Gr1- monocytes (Fig. 5B). However, the
MHCII+ TAMs are highly recruited in the JQ1- and SF2523-treated group (Fig. 5C).
Moreover, the expression levels of Arg, Mmp9, Tgfb, and Vegfare significantly higher in
CD11b+ cells isolated from LLC tumors of untreated mice while usually under expressed in
cells isolated from JQ1- or SF2523-treated mice (Fig. 5D). Interestingly, the expression of
immunostimulatory genes viz., //1, 116, Ifng, and NosZ2are higher in the JQ1 and SF2523
treated group as compared to vehicle (Fig. 5D). We next determined if SF2523 treatment
increased infiltration of CD8+ T-cells in TME. Both JQ1-and SF2523-treated tumors
increased the infiltration and activation of CD8+ T-cells in the tumor as shown by increased
MRNA expression of /fngand Gzmb (Fig. 5E & F). Moreover, JQ1 and SF2523 both
suppressed tumor growth in CT26 colon adenocarcinoma and B16 melanoma model (Fig.
5G and Supplementary Fig. S5B). In order to distinguish whether JQ1 and SF2523 reduces
tumor growth due to its effect on immune cell compartment and not on tumor compartment,
we tested the effect of JQ1 and SF2523 on CT26 tumor growth in immunodeficient NSG
mice and immunocompromised Balb/c mice. JQ1 and SF2523 administration did not reduce
CT26 tumor growth in NSG mice (Supplementary Fig. S5C), but blocked CT26 tumor
growth in Balb/c mice (Fig. 5G), validating our results that JQ1 and SF2523 reduces tumor
growth due to its effect on M®s. These results were further verified in a parallel experiment
where CD8 depletion didn’t effect CT26 tumor growth in JQ1- or SF2523-treated Balb/c
mice (Fig. 5G & Supplementary Fig. S5D). There is significant increase in infiltration of
CD8+ T cells in the JQ1- and SF2523-treated CT26 tumors and simultaneous decrease in
CD4+ T cells and CD4+FoxP3+ regulatory T (Tyeg) cells in JQ1 and SF2523 treated tumors
(Fig. 5H & I). All together, these results implicate both JQ1 and SF2523 as effective
inhibitors of reducing tumor growth and activators of adaptive immune responses.
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SF2523 reduces tumor metastasis in orthotopic and spontaneous mouse models

Given we demonstrated that SF2523 reduced tumor immunosuppression and activated
adaptive immune responses (Fig. 5), we next examined if SF2523 can block metastasis in
both experimental as well as spontaneous metastasis mouse models. B16F10 is considered a
reliable method to study experimental metastasis in the C57BL/6 background (30). We
observed a marked increase in luciferase signal coming from metastasized lungs of WT mice
compared to low signal intensity in SF2523-treated mice as well as 75% reduction in
metastatic nodules seen in SF2523-treated mice injected with B16F10 luciferase melanoma
(p < 0.01; Fig. 6A and Supplementary Fig. S6). In order to study the effect of SF2523 on
spontaneous metastasis, we used orthotopic Panc02 model and PYMT breast cancer model.
SF2523 decreased tumor growth and immunosuppressive macrophage polarization in the
orthotopic Panc02 mouse model (Fig. 6B). Net tumor weight and immunosuppressive
macrophage polarization was strongly reduced in mammary tumors from the SF2523-treated
mice (Fig. 6C-D). Tumor progression was also inhibited in SF2523-treated PYMT tumor
model animals as tumors in these animals exhibited substantially less carcinoma and more
normal tissue than control-treated animals (Fig. 6E-F).

Discussion

It is well established that M®s represent the highly infiltrated leukocytes in the tumor
compartment, and play a major role in inhibition of adaptive immune responses (15).
Therapeutic strategies that are focused at blocking myeloid cell-mediated
immunosuppression have shown great efficacy in preclinical mouse models and have been
suggested as an effective strategy to suppress tumor metastasis. In the present study, we
reveal that BET bromodomain inhibitors, which have an established role in blocking
inflammation (10,11,31), can also suppress anti-inflammatory macrophage polarization in
the TME (Fig. 1-3). Furthermore, based on this data and the literature supporting the role of
P13K signaling in immunosuppressive M® polarization and tumor inflammation (16,17), we
evaluated the first-in-class dual PI3K/BRD4 inhibitor, SF2523, in IL4-induced M®
polarization, and tumor metastasis. SF2523 is a rationally designed dual inhibitor can hit
both PI3K and BRD4 signaling efficiently, with less toxicity as compared to combining
individual inhibitors of PI3K and BRD4 signaling (21-23) and has the potential to reduce the
tumor burden and increase immune effector response, which open opportunities to explore
SF2523 in the treatment of M®-driven cancers.

We used multiple approaches inclusive of RTPCR analysis, RNA-Seq, and chromatin
immunoprecipitation on primary BMDMs, to validate that JQ1 and SF2523 suppresses LPS-
and IL4-induced M@ transcriptional programming (Fig. 1 and 2). RNA-seq results suggest
that SF2523 could be more effective at preserving pro-inflammatory M@ polarization than
JQ1 because it only down regulates 53.48% (4183/7822) of LPS-associated genes versus
JQ1’s 82.89% (6484/7822). In particular, SF2523 down regulates a lower proportion of
genes related to undesirable IL4-induced M® polarization (3755/8979, 41.82%) than JQ1
(7470/8979, 83.19%), indicating that BET bromodomain inhibitors, like JQ1 and PI3K/
BRD4 dual inhibitors, use different mechanisms of action to manipulate M®s into a more
anti-tumor state.
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Our ChlP-seq data clearly suggest that BRD4 physically associates with promoters of anti-
inflammatory genes and JQ1 can disrupt this interaction (Fig. 2). Previous reports clearly
suggest that histone methylation and acetylation are important for anti-inflammatory M®
polarization (32,33). A recent study by Ishii et al. suggested that M2- M® marker genes are
regulated epigenetically by the modification of histones, H3 lysine-4 (H3K4) and H3
lysine-27 (H3K27), via methylation; and the latter methylation marks are removed by the
H3K27 demethylase Jumonji domain containing 3 (Jmjd3) (32). This study provides
evidence of IMJD3 binding at M2 genes such as Arg1, Retnla, and Chi3/3. In addition to
methylation, alternative activation is also mediated by a transcriptional program that is
influenced by histone acetylation. Recently, a study reported the effect of a BET inhibitor, I-
BET151, on human monocyte and M@ responses (34). However, this study didn’t focus on
the effect of BET bromodomain inhibition on IL4-stimulated M2 M®s nor highlight any
BRD4 binding with M2 M® promoters. Our data demonstrate direct BRD4 binding with the
promoters of Arg, Chi3I3, and Retnlain IL4-stimulated macrophages, and that this
association is blocked in the presence of JQ1.

Our results suggest that both JQ1 and SF2523 inhibit tumor growth and M®-mediated
immunosuppression, and activate adaptive immune responses (Fig. 3-6). Consistent to our
results, recent studies have shown that BET inhibitors reduce the expansion of MDSCs,
increase activation of intratumoral CD8+ T-cells and promote anti-tumor immunity (12,14).

Although, the results in Fig. 5A, shows that blocking both PI3K and BRD4 signaling has no
additive effect on tumor volume, but our data in Fig. 5 B-D shows that in comparison to
JQ1, SF2523 is more effective in reducing infiltration of MDSCs and expression of
immunosuppressive genes in macrophages infiltrated in tumor. Moreover in both LLC and
CT26 tumors, it increases infiltration of CD8+ T cells and expression of immunostimulatory
genes in macrophages compared to JQ1 (Fig. 5). Based on our previous (21) and current
report, we can suggest that SF2523 might be more efficacious in Myc driven cancers, to
suppress Myc activation and to provide sustained anti-tumor immunity. These data open new
avenues to test BET inhibitors and dual PI3K/BRD4 inhibitors to treat cancers driven by the
M®-dependent immunosuppressive TME.
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Fig. 1. BET inhibitor JQ1 suppresses|L 4 induced macrophage transcriptional programming:
A & B, RTPCR analysis of mMRNA for immunostimulatory (A) or immunosuppressive genes

(B) in BMDMs treated with 500 nM JQ1 followed by stimulation with 100ng/ml LPS
+20ng/ml IFN-y (A) or 20ng/ml IL4 (B) for 24 hrs, * A<0.05, ** /£<0.01, student’s t-test.
Inset in Fig. B shows western blot analysis of MMR, Fizz, and Arginase protein expression
in IL4 stimulated BMDMSs. C, FACS analysis of CD11b+F4/80+CD206+ M®s in JQ1-
treated BMDMs, two-way ANOVA with Boniferroni posttests, *** £<0.001. D, Arginase
activity of JQ1-treated BMDMs. one-sided ANOVA with Tukey’s posthoc test where **
£<0.01. E-F, Heat map of log2 fold differences from sample wise mean expression for
genes that were significantly differentially expressed (at an FDR of 0.05) in LPS-stimulated
versus LPS-stimulated JQ1-treated BMDMs (E) or IL4-stimulated vs. IL4-stimulated JQ1-
treated BMDMs (F) (n=3).
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transcriptional start site in BMDMs treated with JQ1 (1 uM), data was analyzed by one-
sided ANOVA with Tukey’s posthoc test, *** £<0.001.
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Fig. 3: BET protein inhibition with JQ1 reduces macrophage-mediated immunosuppression and
promotes anti-tumor adaptive immune response.

A, Left panel shows tumor volume of LLC cells injected into C57BL/6 mice and treated
with 50 mg/kg JQ1. Graphs present mean = SD of 5 mice in each group, unpaired t-test, ***
p< 0.001. Right panel shows Kaplan Meier survival curve for JQ1 treated mice. B, Fig.
shows CD11b+Grl1- and CD11b+Gr1+ cells infiltrated in LLC tumors treated with or
without JQ1 (n=3), 2 way ANOVA with Bonferroni posttests *** p< 0.001 (left panel), two-
tailed Student’s t-test (right panel) C, Quantitative PCR analysis of mMRNA for
immunosuppressive genes in the CD11b+ cells isolated from treated and untreated tumors
described in A.,* p< 0.05, ** p< 0.01, *** p<0.001, two-tailed Student’s t-test. Fig. in inset
shows western blot analysis of MMR, Fizz1 and Arginase in CD11b cells isolated from
treated and untreated tumors described in A. D, Arginase activity assay done on CD11b+
cells isolated from JQ1 treated tumors described in A. E, Representative tumor volumes of
mice injected with LLC either alone or in admix with I1L4-stimulated M®s treated with or
without JQ1, one way ANOVA with Tukey’s posthoc test,* p< 0.05, ** p< 0.01, ***
p<0.001. F, Flow cytometric quantification of CD3+ (left panel), CD4+ and CD8+ T cells
(right panel) in the LLC tumors treated with JQ1 (n=5, p<.0001, t test). G, LLC tumor cell
cytotoxicity induced by T cells isolated from LLC tumors from wild-type and JQ1 treated
tumors. Ratio represents no. of T cells: LLC cells used in the assay, data analyzed by two-
tailed Student’s t-test.
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Fig. 4: SF2523 a dual PI3K/BRD4 inhibitor suppresses L PSinduced inflammatory gene
expression aswell as|L4 induced M2 macrophage response.
A, BMDMs were treated with 500 nM [PI-549 followed by stimulation with 20ng/ml IL4,

RNA isolation and RTPCR analysis of genes promoting immunosuppression in TME, data
analyzed by unpaired Student’s t-test ,* p< 0.05, ** p< 0.01, *** p<0.001 B, Enzymatic
inhibition profiles of JQ1 and SF2523 against different targets. C-G, BMDMs were treated
with 500 nM SF2523 followed by stimulation with 100ng/ml LPS + 20ng/ml IFN+y (C,F) or
20ng/ml IL4 (D,E,G) for 24 hrs and were used in RNA isolation for real time PCR analysis
(C,D) or RNA -seq (F,G) or FACS analysis of CD11b+F4/80+CD206+ M®s (E), one way
ANOVA with Tukey’s post-hoc test, *** £<0.001.
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Fig. 5. SF2523 reduces tumor growth, immunosuppression and promotes anti-tumor adaptive
immune responses

A, Tumor volume of LLC inoculated subcutaneously in WT mice (h=12/group) treated with
40mg/kg JQ1 or SF2523. Data analyzed by one way ANOVA using Tukey’s post-hoc test **
P<0.01, *** £<0.001. B, CD11b+Grl- and CD11b+Gri1+ cells infiltrated in LLC tumors
treated with JQ1 or SF2523 (n=3), two way ANOVA with Bonferroni posttests *** p<0.001
C, MHCII+ TAM s infiltrated in the JQ1 or SF2523 treated LLC tumors, data in B and C,
one-way ANOVA using Tukey’s post-hoc test,* p< 0.05, ** p< 0.01, *** p<0.001. D,
Relative expression levels of immune regulatory genes in CD11b+ cells isolated from JQ1 or
SF2523 treated LLC tumors mentioned in A subpanel. E, Flow cytometric quantification of
CD3+, CD4+ and CD8+ T cells in the LLC tumors treated with JQ1 or SF2523. F, Relative
mMRNA expression of Ifng and Gzmb from JQ1- and SF2523-treated tumors. G, Tumor
volume of CT26 tumors depleted with anti-CD8 antibody or isotype control antibody and
treated with 40mg/kg JQ1 or 40 mg/kg SF2523. H & |, Flow cytometric quantification of
CDA4+, CD8+ (H, upper and lower panel) and CD4+FOXP3+ (1) T cells in the CT26 tumors
treated with JQ1 or SF2523
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Fig. 6. SF2523 reduces experimental aswell as spontaneous breast tumor metastasis
A, Experimental metastasis of B16 melanoma cells in WT mice treated with or without

SF2523 (n=5). Left panel shows the photographs of the lungs removed on day 15. Right
panel shows mean number of tumor nodules visible on the surface of the lungs in vehicle
and SF2523-treated mice. B, Left panel shows tumor mass of Panc02 tumors orthotopically
implanted in WT mice and treated with 40 mg/kg SF2523. Right panel shows gene
expression of immune genes from CD11b+ cells isolated from SF2523 treated mice. C-D,
Tumor burden (C) and mRNA expression of immunosuppressive genes (D) in spontaneous
breast tumors from 13 week old control and SF2523-treated mice FVB PyMT+ mice (n=10).
*p<0.01 vs. control. E, Fig. shows percent area of normal, hyperplastic, and carcinoma
tissue from whole mounts of 4" mammary glands from C (n=5). F, H&E-stained mammary
glands from Fig. E, scale bars, 40 pm.
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