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The bioflavonoid apigenin (API) is used to reduce inflammation in different PC models. Wild type mice harboring
heterotopic or orthotopic PC were treated with API, which induced SHIP-1 expression, reduced inflammatory
tumor-derived factors (TDF), increased the proportion of tumoricidal macrophages and enhanced anti-tumor
immune responses, resulting in a reduction in tumor burden compared to vehicle-treated PC mice. In contrast,
SHIP-1-deficient mice exhibited an increased tumor burden and displayed augmented proportions of pro-tumor
macrophages. These results provide further support for the importance of SHIP-1 expression in promoting pro-

tumor macrophage development in the pancreatic TME.

SHIP-1 pancreatic cancer apigenin myeloid homeostasis tumor immunity

| 1. Introduction

Pancreatic cancer (PC) is one of the most aggressive and lethal cancers with a significantly higher mortality than
other cancersltl. Despite recent advances in cancer therapy, effective treatments for PC remain elusive. PC has
heightened resistance to conventional treatments, such as immunotherapy and chemotherapy, in part, due to the
inflammatory tumor microenvironment (TME) that contributes to the expansion of immunosuppressive myeloid-
derived suppressor cells (MDSC) and Tumor-Associated Macrophages (TAM)ZE!. These immunosuppressive cells
specifically inhibit anti-tumor immune responses by halting the recruitment of effector immune cells to the TME,
limiting the efficacy of current immunotherapies. In addition, MDSC and TAM interact with other
immunosuppressive regulatory T cells (Tregs), immune cells, soluble factors, and other components in the stroma,
which further exacerbates tumor progression, promotes metastasis and also chemoresistancel4Bl8 Therefore,
suppressing inflammation in the pancreatic TME may reduce the development of immunosuppressive MDSC and

TAM and increase anti-tumor responses, thereby enhancing the efficacy of current therapies.

A chronic inflammatory TME is established through the production of pancreatic tumor-derived factors (TDF) (i.e.,
GM-CSF, IL-6, IFN-y, and MCP-1) that induce the expansion and recruitment of MDSC from the bone marrow (BM)
18 These MDSC consist of immature myeloid cells, macrophages, granulocytes and dendritic cells (DC) that
aggressively suppress anti-tumor immunity@19. MDSC encompass two different subsets, monocytic (M-MDSC)
and granulocytic (G-MDSC); both have different modes of action in suppressing tumor immunity®l. Mouse and
human M-MDSC are known to be more suppressive than G-MDSCRY. In fact, the production of monocyte

chemoattractant protein-1 (MCP-1), as well as other inflammatory chemokines produced by the tumor, induce
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mobilization of M-MDSC into the TME, where they differentiate into immunosuppressive TAM, which have the

potential to further suppress anti-tumor immune responses in PC[EIL2][13][14]

TAM are macrophages with plasticity that can change phenotype to become either immunogenic or
immunosuppressive in response to cytokines, chemokines and other soluble factors in the TMEEILS, TAM can be
either M1-like macrophages (M1 TAM) that are tumoricidal, or M2-like macrophages (M2 TAM) that are pro-tumor;
both can be found in the TME of mice and humans2. However, the pancreatic TME strongly favors M-MDSC
polarization into M2 TAM, which facilitates tumor progression, metastasis and chemoresistance 823l |mportantly,
the disruption of inflammatory cytokine and chemokine pathways has been shown to decrease M-MDSC
recruitment into the TME, correlating with tumor regression in both pre-clinical models and patients with PC [EIl16],
Thus, modulating MDSC expansion or their mobilization to the TME present potentially promising strategies to
constrain MDSC-TAM-associated immunosuppression in PC. Hence, the identification of new potential molecular
target(s) or pathways that can regulate the development, function or mobilization of MDSC-TAM may increase

anti-tumor immune responses.

Src Homology-2 (SH2) domain-containing Inositol 5'-Phosphatase-1 (SHIP-1) is a 145 kDa protein that regulates
the activity of immune cells including myeloid cells, macrophages and DCLIL8] SHIP-1 expression is differentially
and developmentally regulated in immune cells by external soluble factors such as cytokines and chemokines in
the microenvironment®2. A key study reported that SHIP-1 expression is important for repressing macrophage
polarization, with alveolar, peritoneal and BM-derived macrophages from SHIP-1 knockout (KO) mice exhibiting an
M2-like macrophage phenotypel2d. SHIP-1 negatively regulates phosphatidylinositol 3-kinase (PI3K) activity in
immune cellslZ2122] As a result, SHIP-1 regulates the activity of numerous signaling pathways, including those
involved in cell differentiation, proliferation, apoptosis, mobilization and function of myeloid immune cells2Z23],
Deficiency in SHIP-1 expression results in chronic myeloid leukemia in both humans and micel24l, consistent with
studies reporting that SHIP-1 acts as a tumor suppressor preventing metastasis in a pre-clinical lung cancer model
(23] |n previous studies, we reported a significant expansion of immunosuppressive macrophages in SHIP-1-
deficient micel28. In addition, we also reported that mice with PC, SHIP-1 protein levels were significantly
downregulated2l, and there were changes in the MDSC compartment that corresponded with an increase in tumor
burden2l. Thus, we have established that SHIP-1 is essential for maintaining myeloid homeostasis and function
and shown that dysregulation of SHIP-1 can promote a pro-tumor microenvironment. Therefore, induction of SHIP-

1 expression may augment tumoricidal TAM and improve anti-tumor immune responses in PC.

Recently, natural compounds known as bioflavonoids have been explored for their anti-tumor, anti-
chemoresistance and anti-inflammatory properties against different cancers 28128931 The bioflavonoid apigenin
(API) has demonstrated potent anti-tumor activity and the ability to reduce chemoresistance to gemcitabine (one of
the chemotherapy drugs used for PC) in human PC cell lines22. Amongst the bioactive flavonoids, APl showed the
most selective killing of cancer cells (i.e., rapidly dividing cells) while sparing normal cells23. In human PC cell
lines, API induces apoptosis, cell-cycle arrest and inhibits DNA synthesis[28134I35] AP| has also been assessed in

breast, prostate and PC pre-clinical animal models B84, Qur research group recently reported that API reduced
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tumor burden, improved anti-tumor immune responses and increased survival rates of mice bearing pancreatic

tumors compared to vehicle-treated mice with PCEZ,

| 2. Role of API in Treatment of PC

One of the major barriers for PC treatment is the expansion and accumulation of immunosuppressive MDSC and
TAM that inhibit effector immune cells mobilizing to the TME to eradicate the tumorBl8l. Thus, identifying new
molecular targets that regulate MDSC and TAM development is urgently needed to reduce immunosuppression
and to improve the efficacy of current PC treatments. In this study, we are the first to show that SHIP-1 gene and
protein expression is dampened in the setting of PC. In addition, we show that the anti-inflammatory drug API
reduced inflammatory cytokines and chemokines in experimental PC models, which correlated with an increase in
SHIP-1 expression. This restoration in SHIP-1 expression by API treatment significantly promoted the development
of anti-tumor M1-like TAM in the TME of these pre-clinical models. More importantly, API treatment increased the
mobilization of effector CD8* T cells and augmented their anti-tumor activity in the TME of OPC mice. In addition,
we show that pancreatic tumors grow more rapidly in SHIPX® mice and their TAM are skewed toward a pro-tumor
phenotype (M2-like TAM). This suggests that SHIP-1 is an important regulator of macrophage skewing in the TME
of PC. Our results support the notion that SHIP-1 controls the plasticity of macrophages, with its enhanced
expression promoting immunogenic M1-like TAM over immunosuppressive M2-like TAM in the pancreatic TME.
Therefore, amplification of SHIP-1 expression may be a novel means by which macrophages could be polarized

towards an anti-tumor phenotype in the pancreatic TME for the treatment of PC.

SHIP-1 expression is important for appropriate regulation of hematopoiesis and the maturation of myeloid cells into
granulocytes, macrophages, and DC (Figure 1). Loss of SHIP-1 expression impacts hematopoietic stem cells
(HSC) and exacerbates altered myelopoiesis, which leads to the development of immunosuppressive MDSCs,
Tregs, and pro-tumor M2-like TAM in the pancreatic TME, thus facilitating PC tumor progression (Eigure 1). In this
study, we showed that API treatment reduces pancreatic TDFs such as IL-6, IFN-y, TNF-a and MCP-1, which in
turn, restores SHIP-1 expression. This likely leads to an adjustment of myelopoiesis and the development of
tumoricidal M1-like TAM in PC models (Eigure 1). API is a bioflavonoid known to have multiple targets such as
casein kinase Il (CK2), microRNAs (miRNASs), cytokine and chemokine signaling pathways, and it is an inhibitor of
proteasomal degradation 7421, Currently, we do not know the exact targets that induce transcriptional suppression

of SHIP-1 in our PC models and we are performing additional experiments to identify these mediators.
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Figure 1. Proposed Model. Apigenin Increases SHIP-1 Expression, Augments Tumoricidal Macrophages and

| SHIP-1 Expression

Pregression

Improves Anti-Tumor Immune Responses in PC: (A) Pancreatic Tumor Microenvironment without Apigenin (API):
Pancreatic cancer cells release tumor-derived factors (TDF) (green) that cause a decrease in SHIP-1 expression.
The reduction in SHIP-1 expression causes hematopoietic stem cells (HSC) (purple) to skew towards altered
myelopoiesis which yields immature myeloid cells (pink), including dendritic cells (DC), granulocytes (GRAN), and
macrophages (MAC). This leads to the expansion of MDSC subsets, G-MDSC (orange) and M-MDSC (light green).
M-MDSC mobilizes into the TME and differentiate into more pro-tumor M2-like TAM (red) compared to M1-like TAM
(blue). MDSC subsets influence Treg (gray) expansion. MDSC subsets, M2-like TAM and Treg prevent anti-tumor
immunity by blocking the migration of effector CD8" T cells into the TME which leads to tumor progression. (B)
Pancreatic Tumor Microenvironment with API: API targets and reduces the production of TDFs (directly or
indirectly), leading to increased SHIP-1 expression, which promotes myelopoiesis homeostasis and the
development of mature myeloid cells (DC, GRAN, and MAC). These M-MDSC that mobilize to the TME reprogram
into tumoricidal M1-like TAM compared to M2-like TAM. Moreover, API treatment leads to a decrease in G-MDSC,
M2-like TAM and Treg percentages in the TME. More importantly, API treatment increases the migration of effector
CD8* T cells (i.e., CD3* TILs) into the TME, which elicits its anti-tumor activity, that causes pancreatic tumor

regression.

G-MDSC can be transformed into Tumor-Associated Neutrophils (TAN) in the TME, but this phenomenon has been
poorly investigated3l. These TAN consist of N1-like TAN (N1 TAN) that are tumoricidal and N2-like TAN (N2 TAN)
that have pro-tumor activity®3l, These TAN are recruited to the TME by inflammatory cytokines and chemokines
and can only be distinguished due to their activation and cytokine production[#3l. We observed that API treatment
caused a significant reduction in the proportion of G-MDSC but no difference in M-MDSC in the TME of OPC and
KC-HPC models. Interestingly, we observed a significant reduction in splenic G-MDSC percentages in CTRL-API
(tumor-free) compared to vehicle-treated CTRL mice. It appears that API reduces G-MDSC percentages which is a

new finding we are currently investigating. The phenotypic markers that distinguish N1 and N2 TAN in the TME of
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PC mice are unclear but may also include neutrophil chemokine receptors such as CXCR2X3l. Our studies
implicate SHIP-1 expression as a contributor to G-MDSC homeostasis and the regulation of TAN (N1 vs. N2) in the

TME that may influence PC progression and treatment resistance.

M-MDSC that mobilize to the TME develop into TAMRL. However, we observed no differences in the proportion of
M-MDSC vs. G-MDSC in the TME of API-treated OPC or KC-HPC mice, despite significant differences in M-MDSC
and G-MDSC subsets in the spleen of HPC, OPC and KC-HPC mice treated with API. It has been reported that
inflammatory monocytic-derived dendritic cells (inf-MoDC) are present in the TME, where they are phenotypically
and physiologically distinct from M1 and M2 TAMZAI4] |t is known that SHIP-1 is important for DC development
and function 8. Therefore, we speculate that inf-MoDC are present and may have a dominant role in the TME of
our OPC and KC-HPC models. This may explain why we did not observe any difference in a proportion of the M-
MDSC subset in our models in the presence or absence of APIl. We have yet to fully immunophenotype inf-MoDC

according to the current literaturel24! or examine responses to API.

SHIP-1 expression is known to influence the development of immunosuppressive Treg and immunosuppressive
TH17 immune cells in association with MDSC . However, we did not evaluate TH17 percentages in our PC
models. Yet, the mechanisms by which Treg and TH17 interplay with MDSC in the pancreatic TME treated with and

without API warrants further investigation.

It is important to discuss Src homology 2 (SH-2) domain-containing tyrosine phosphatase-1 and -2 (SHP-1 and
SHP-2) and their influence on PC progression4l48l. SHP-1 acts as a tumor suppressor that potentially regulates
immune checkpoint molecule expression, which can impact TIL mobilization into the TME of PCE2. The
overexpression of SHP-2 is considered to be biomarker and sign of poor prognosis for PCI48l. Therefore, SHP-2
acts as an oncogene that is important for Kras activation in human PC, which impacts signaling events that can
control PC progression 47281 We reported in this study that API treatment of our OPC mice resulted in an increase
in the mobilization of TILs into the TME that corresponded with a reduction in tumor burden. Moreover, we reported
that API reduced PC induced inflammatory factors that are known to be potentially governed by downstream Kras
signaling events (i.e., Janus Kinase/Signal Transducer and Activator of Transcription (JAK/STAT) cytokine-
dependent signaling pathways). However, the mechanisms by which API regulates SHP-1/SHP-2 activity and

signaling impacts PC outcomes warrant further investigation.

There are limitations in this study. First, a normal pancreas lacks infiltrating immune cells42, therefore we were not
able to evaluate its immune cell compartment even following enzymatic tissue digestion, in comparison to
pancreatic tumors that are readily infiltrated by MDSCs, TAM and CD8* T cells. Secondly, we were not able to yield
enough pancreas protein lysates from CTRL mice (no tumor), which coincided with minimal SHIP-1 expression
observed in our results from Western blot. Thirdly, API as a single agent therapy may be limited, however, we used
API as an anti-inflammatory drug and as a tool to reduce tumor-induced inflammation. We found that API increased
SHIP-1 expression, skewed macrophages to an anti-tumor phenotype and delayed tumor progression in our PC
models. Therefore, in a clinical setting APl may be used as an adjuvant with other PC therapeutic regimen. More

importantly, we show here and previously published that API therapy (25 mg/kg) has no apparent side effects in our
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established PC models2d, which is consistent with its non-toxic properties in other pre-clinical models of cancer%

(31, |n fact, there are several other pre-clinical studies using higher dosages (i.e., 300 mg/kg and 50 pg/day) and

longer durations of API treatments (up to 20 weeks) B2B3I4] |n this study, we use API as a tool to increase SHIP-1

expression, the percentages of tumoricidal macrophages (M1-like TAM) and anti-tumor immunity in pre-clinical PC

models. Taken together, our results suggest that SHIP-1 may be a potential and novel therapeutic target to be used

as an interventional strategy for treating human pancreatic cancer.
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