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Abstract

A hallmark of pancreatic ductal adenocarcinoma (PDAC) is the presence of a dense, desmoplastic
stroma and the consequent altered interactions between cancer cells and their surrounding tumor
microenvironment (TME) that promote disease progression, metastasis, and chemoresistance. We
have previously shown that IL-6 secreted from pancreatic stellate cells (PSCs) stimulates the
activation of STAT3 signaling in tumor cells, an established mechanism of therapeutic resistance
in PDAC. We have now identified the tumor cell-derived cytokine interleukin-la (IL-1a) as an
upstream mediator of 1L-6 release from PSCs that is involved in STAT3 activation within the
TME. Herein, we show that IL-1a is overexpressed in both murine and human PDAC tumors

and engages with its cognate receptor IL-1R1 which is strongly expressed on stromal cells.
Further, we show that IL-1R1 inhibition using anakinra (recombinant IL-1 receptor antagonist)
significantly reduces stromal-derived I1L-6, thereby suppressing IL-6-dependent STAT3 activation
in human PDAC cell lines. Anakinra treatment results in significant reduction in IL-6 and activated
STAT3 levels in pancreatic tumors from Ptf1aC™/*: L SL-KrasG12D/+; Tgfpr2flox/flox (pKT) mice.
Additionally, the combination of anakinra with cytotoxic chemotherapy significantly extends
overall survival compared with vehicle treatment or anakinra monotherapy in this aggressive
genetic mouse model of PDAC. These data highlight the importance of IL-1 in mediating tumor-
stromal IL-6/STAT3 crosstalk in the TME and provide preclinical rationale for targeting IL-1
signaling as a therapeutic strategy in PDAC.
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Introduction

Despite significant advances in our understanding of pancreatic ductal adenocarcinoma
(PDAC) biology, clinical outcomes in this aggressive malignancy remain dismal due in
part to its resistance to most therapeutic strategies (1). A distinguishing feature of PDAC
tumors is the presence of a dense, desmoplastic stroma which constitutes a significant
portion of tumor mass and plays a critical role in establishing a chemoresistant phenotype
(2). Cancer-associated fibroblasts (CAFs) and pancreatic stellate cells (PSCs), major cellular
constituents of the stroma, are chiefly responsible for the deposition of extracellular matrix
components that impede vascular perfusion and impair drug delivery into tumors (3).
Additionally, these cells also coordinate cytokine-mediated inflammatory crosstalk within
the tumor microenvironment (TME) that may dictate the response to therapeutic agents (3,
4). Prior work from our laboratory has implicated the pro-inflammatory signal transducer
and activator of transcription 3 (STAT3) pathway as a key biomarker of resistance to
chemotherapy in PDAC. We have demonstrated that STAT3 inhibition suppresses the
growth and invasion of PDAC tumor cells and exerts profound effects on the stroma that
improve drug delivery into tumors and enhance the therapeutic response (5-7). Further,

we have shown that PSCs engage in crosstalk with tumor cells via the release of IL-6

to activate STAT3 signaling and promote a pro-invasive phenotype (8). However, direct
STAT3 inhibition has been unsuccessful in the clinical management of PDAC, highlighting
the urgent need to identify and target upstream ligands involved in activation of STAT3
signaling to improve outcomes in PDAC (9, 10).

In the present study, we show the pro-inflammatory cytokine interleukin-1a (IL-1a) is
overexpressed in patients with PDAC and acts as a targetable mediator of tumor-stromal
crosstalk that promotes the activation of STAT3 in tumors. Blockade of IL-1 receptor 1
(IL-1R1) attenuates the release of IL-6 from PSCs and the subsequent activation of STAT3
within PDAC tumor cells. In addition, IL-1R1 inhibition reduces /n vivo levels of IL-6
and pSTAT3 and improves survival when combined with gemcitabine chemotherapy in an
aggressive, genetically engineered mouse model of PDAC. Overall, these results provide
valuable insight into the use of IL-1R1 blockade to suppress inflammatory and oncogenic
signaling in PDAC and expand our understanding of the intricate mechanisms involved in
tumor-stromal crosstalk within the TME.

Methods

Cell lines and reagents

Human pancreatic cancer cell lines (BxPC3, SW1990) were obtained from the American
Type Culture Collection (ATCC) and maintained according to ATCC guidelines.
Immortalized human pancreatic stellate cells (hPSCs) were purchased from (ScienCell
Research Laboratories) and plated on poly-L-lysine coated plates (Sigma) as per
manufacturer recommendations. Cultured cells are routinely tested in our lab for
mycoplasma contamination using PlasmoTest kit (InvivoGen). Cells with low passage
numbers (< 10) were used in the study.
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Western Blot

In vitro cell lysates were collected following treatment and first washed in 1X PBS followed
by rapid lysis on ice using 1X RIPA buffer (Cell Signaling Technology). Lysates were then
sonicated and supernatant removed after centrifugation at 4°C. For /n vivo studies, tumors
were procured and 5-10 mg of tissue was homogenized in 1X RIPA on ice, followed by
sonication and centrifugation in an identical manner. For western blotting of nuclear lysates,
isolation was performed using Nuclear Extraction Kit (Abcam) per manufacturer’s protocol.
Protein quantification was performed using Pierce™ BCA Protein Assay Kit (Thermo
Fisher) as per the manufacturer’s protocol. 12.5-40 pug of protein was loaded per lane and
separated by SDS-PAGE. Membranes were then transferred to a polyvinylidene difluoride
(PVDF) membrane, blocked in 5% milk solution, and incubated with indicated antibodies
(Supplementary Table S1) overnight at 4°C. Secondary conjugation was performed

using HRP-conjugated anti-rabbit or anti-mouse antibodies (Jackson ImmunoResearch
Laboratories) followed by development with chemiluminescent substrate (Thermo Fisher)
and imaged using ChemiDoc Imaging System (BioRad). Immunoblots were quantified using
ImageJ (NIH, Bethesda, MD) and graphed using Prism Software (GraphPad Software Inc.).

Quantitative Polymerase Chain Reaction (qPCR)

Purified RNA was obtained from /in vitro cells or tumor samples using RNeasy Kit

(Qiagen) according to manufacturer’s protocol. RNA concentration and quality were verified
using NanoDrop spectrophotometer (Thermo Fisher). cDNA was then generated by reverse
transcription of RNA product using High-Capacity cDNA Reverse Transcription Kit with
RNase Inhibitor (Applied Biosystems). gPCR was performed using incubation with gene-
specific predesigned primers (RT2 gPCR Primer Assay, Qiagen) to gene targets and iQ™
SYBR® Green Supermix (BioRad). Gene expression was normalized to the housekeeping
gene GAPDH using AACT method and reported as fold change relative to control.

Flow Cytometry

Murine pancreata were enzymatically digested using RPMI solution supplemented with
0.6 mg/ml Collagenase P (Roche), 0.8 mg/ml Collagenase V (Sigma), 0.6 mg/ml soybean
trypsin inhibitor (Sigma), and 1800 U/ml DNase | (Roche) for 20-30 minutes at 37°C.
Samples were washed and resuspended in cold PEB solution (autoMACS Rinsing Solution,
Miltenyi Biotec, supplemented with 0.5% BSA) to quench enzymatic reaction and prevent
over-digestion of tissues. The dissociated tissue was strained through 40 um mesh filter to
obtain single cell suspension. Single-cell suspensions were then incubated in Fc receptor
blocking reagent (Miltenyi Biotec) and subsequently stained for markers as listed in
Supplementary Table S2 per manufacturer’s protocol. Live/dead cell discrimination was
performed using Live/Dead Aqua (Thermo Fisher) fixable dye. Fixation of samples was
performed using 1% paraformaldehyde solution (Thermo Fisher) and flow data were
acquired using the Cytoflex S (Beckman Coulter). Analysis of data was performed using
FlowJo software (BD Life Sciences).
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Cytokine array

Conditioned media (CM) was first collected from SW1990 tumor cells after incubation

in serum free media (SFM) for 48 hours. IL-1a neutralization was performed using 10
pg/ml anti-human IL-1a antibody (Invitrogen) and incubating for 15 minutes at room
temperature. Untreated or IL-1a-neutralized CM was then diluted 1:1 (v/v) using SFM and
added to hPSCs in biologic triplicate. After 24 hours, hPSC CM was collected and protein
concentration measured. Samples were pooled and CM (600 g total protein) added for
analysis by cytokine array (R&D Systems) as per manufacturer’s protocol.

Enzyme-linked immunosorbent assay (ELISA)

Cells were grown in 10% DMEM media until 90% confluent before media was replaced
with 0% DMEM for 12-24 hours. CM was harvested and cellular contaminants removed
by centrifugation at 4°C. ELISA Kkits specific for human IL-6, IL-1a, and IL-1p (R&D
Systems) were used per manufacturer protocol. For tissue lysates, 5-10 mg of tumor or
normal pancreatic tissue was lysed in 1X RIPA buffer and cellular contaminants were
removed by centrifugation at 4°C. Lysates were quantified and equal amount of protein
loaded per well. Levels of mouse IL-1a (R&D Systems) or mouse IL-6 (R&D Systems) in
lysate were determined by manufacturer’s protocol.

In vivo studies

Tumor-bearing Ptf1aCe/* KrasG12D/* Tgfor2fox/flox (PK T) mice (provided by Dr. Harold
Moses, Vanderbilt University Medical Center, Nashville, TN) were generated as previously
described (11). Mice were treated with anakinra (50 mg/kg, intraperitoneal [IP] injection
twice daily) or equal volume vehicle control (0.9% normal saline, IP injection twice daily)
beginning at 4 weeks of age. Swedish Orphan Biovitrum (SOBI) provided anakinra for use
in these studies (12). Twice daily dosage for anakinra was selected based on its short half-
life and rapid renal excretion (13). For endpoint analysis of vehicle and anakinra treatment,
mice were treated until 6.5 weeks of age before sacrifice and downstream processing of
pancreatic tissues was performed. For survival studies, mice were treated with vehicle,
anakinra, gemcitabine (GEM, 20 mg/kg three times weekly), or combination anakinra and
GEM beginning at 4 weeks of age and continued until moribund.

All animal experiments were performed in compliance with the regulations and ethical
guidelines for experimental and animal studies of the Institutional Animal Care and Use
Committees at The University of Miami (Miami, FL) (Protocol #18-040).

Immunohistochemistry (IHC) and immunofluorescence (IF)

After sacrifice and paraffin embedding of resected specimens, tissue slides were
deparaffinized, rehydrated, and permeabilization performed by incubation in 0.1% Triton
X-100 solution for 15 minutes. Antigen retrieval was performed using citrate (pH 6.0) or
Tris-EDTA buffer as previously described prior to incubation with BlockAid™ Blocking
Solution (Thermo Fisher) (7). For IHC, endogenous peroxidase activity was blocked by
incubating with 3% H,0,. Tissue sections were stained with primary antibodies at specified
concentrations (Supplementary Table S1) overnight at 4°C. IHC slides were developed using
3,3’-diaminobenzidine (DAB) substrate (Vector) followed by counterstain using Meyer’s
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hematoxylin and imaged using DM750 microscope (Leica Microsystems). For IF images,
primary antibody was detected using species-specific Alexa Fluor 594 and/or Alexa Fluor
488 (Thermo Fisher) secondary antibodies incubated on sections for one hour at room
temperature. Nuclear staining was performed using Hoechst 33342 dye (Thermo Fisher).
Imaging was performed using DMIi8 fluorescent microscope (Leica Microsystems). For
quantitative analysis of IHC samples from human tissue microarray (TMA), positive staining
was quantified using ImageJ image analysis software (NIH, Bethesda, MD) and reported

as percentage area of positive staining. Samples were blinded to the analyzing researcher
before analysis.

Transcriptional profiling of The Cancer Genome Atlas (TCGA) and Genotype-Tissue
Expression Projects (GTEX)

The Cancer Genome Atlas (TCGA) database was queried to obtain transcriptional

data from patients with a diagnosis of pancreatic adenocarcinoma (14). Patients with
missing transcriptomic data from the primary tumor sample were excluded from analysis.
Transcriptional data from 178 PDAC patients was downloaded and organized using the R
package TCGABiolinks (15). Two separate analyses were performed. As robust sequencing
data for normal tissue within the TCGA is often lacking, cross-platform comparison

using transcriptional data from the Genotype-Tissue Expression (GTEX) project and TCGA
databases was performed using the Recount? function of the R package TCGABIolinks

to compare normal pancreas and PDAC samples, respectively. The Recount2 function is
based on workflow by Collado-Torres and colleagues in which transcriptomic data from
multiple projects (GTEx, TCGA among others) has been uniformly processed, summarized,
and aligned in a single-pipeline using Rail-RNA (16, 17). To account for differences

in processing/alignment methodology, GTEX data was imported as a ranged-summarized
experiment and scaled to read counts using the scale_counts function from the Recount
package (18). Gene count matrices from derived from TCGA and GTEX were then merged
and normalization for GC content and quantile filtering completed prior to performing
differential gene expression between normal pancreatic tissue and PDAC tumors using
limma-voom pipeline as previously described (19). In a subsequent analysis, expression of
all genes from TCGA PDAC tumor samples were normalized to fragments per kilobase of
transcript per million (FPKM) values and worked as input for the online tool xCel/, a gene
signatures-based method learned from thousands of pure cell types from various sources,
to obtain a “stromal score” for each patient (20). Patients in the upper quartile for stromal
score (“stroma enriched”) were compared to those in the lowest quartile (“stroma low™)

for subsequent principal component analysis (PCA), heatmap construction, and differential
gene expression analysis using the R package DESeqZ2(21). Gene set enrichment analysis
(GSEA) and generation of enrichment plots were performed with the Molecular Signatures
Database v7.2 Hallmark gene sets using GSEA Software and the R package fgsea (22-25).

Statistical Analysis

Statistical analysis was performed using Prism software (Graphpad Software Inc.) and R
3.5.0 (https://www.R-project.org/). Results are shown as values of mean + SD except where
otherwise indicated. Multiple comparisons were performed using ANOVA followed by
Tukey’s or Dunnett’s multiple comparisons test where appropriate. Two-tailed Student’s
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t test was used for two group comparison. Statistical significance was defined using an
a cutoff of 0.05. Pairwise comparisons of survival curves for individual treatments were
performed using the log-rank (Mantel-Cox) test.

Results

Interleukin-la is overexpressed in PDAC

To identify targetable mediators of tumor-stromal crosstalk in the PDAC TME, we first
profiled transcriptional data from normal pancreatic tissue and PDAC tumors using the
GTEx portal (N=197) and TCGA database (N=178), respectively. Compared to normal
pancreatic tissue, PDAC tumors were characterized by a significant upregulation in multiple
inflammatory signaling nodes, including gene pathways involved in the NF-xB response
(Fig. 1A). Inflammatory cytokines and chemokines, particularly activating ligands of NF-xB
signaling, have been previously identified as important mediators of stromal activation
within the PDAC TME (26-28). Therefore, we further profiled the differential expression
of the 200 genes related to the NF-xB signaling pathway within the Hallmark gene

set (HALLMARK_TNFA_SIGNALING_VIA_NFKB). Our analysis revealed that PDAC
tumor expression of the NF-xB signaling ligand /L 1A was among the top 10 most highly
upregulated genes from this dataset (Fig. 1B). As cross-platform comparisons between
GTEx and TCGA databases can be potentially biased, we then aimed to validate these
findings using published expression data (GEO Accession #GSE15471) from Badea and
colleagues containing reads from surgically resected PDAC tumors and matched normal
tissue from 36 patients (29). In this dataset, expression of /L 1A was significantly increased
in PDAC tumors compared to normal pancreatic tissue (p<0.0001), further supporting

the results of our TCGA/GTEXx database comparison analysis (Supplementary Fig. S1A).
We next aimed to corroborate these data by examining the staining and localization of
IL-1a in human PDAC tumors compared to normal pancreatic tissues. In an analysis

of a tissue microarray consisting of human PDAC samples (n=37) and normal adjacent
pancreas (n=23), we identified a significant increase in levels of IL-1a within PDAC
samples (p<0.001) (Fig. 1C & D). In murine models, IL-1a levels were determined in
tumor samples from PKT mice at 4.5- and 6.5-week timepoints as compared to non-tumor
bearing Ptf1a°" littermates. IL-1a levels were significantly increased in tumors obtained
from 6.5-old PKT mice compared to normal pancreata from non-tumor bearing Pf1ac"
littermates (p=0.005) and 4.5-old PKT mice (p=0.012), demonstrating that a significant
increase in IL-1a protein levels accompany the development of invasive PDAC in mice (Fig.
1E & F). Lastly, we aimed to determine associations between /L 1A gene expression and
survival outcomes in human PDAC patients using publicly available data from TCGA (14).
Analysis of TCGA PanCancer data using the cBio Cancer Genomics Portal demonstrated
that intratumoral /L 1A gene expression has a significant inverse association with overall
survival in PDAC (log-rank p=0.028), hepatobiliary cancers (log-rank p<0.0001), and all
malignancies within the TCGA database (log rank p<0.0001) (Supplementary Fig. S1B-E)
(30, 31). These findings demonstrate that IL-1a levels are significantly increased in human
and murine PDAC tumors compared to normal pancreatic tissues and are associated with
adverse outcomes in cancer patients.
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Expression of interleukin-1 receptor type |l is enriched in pancreatic stromal cells

Recent evidence suggests that resident mesenchymal cells such as CAFs and PSCs within
the PDAC TME may be selectively modulated by paracrine IL-1a derived from tumor cells
(27, 32). Therefore, we aimed to determine expression levels of the cognate receptor for
IL-1a, IL-1R1, within PKT tumors by flow cytometry. Tumors from PKT mice (aged 6.5
weeks, n=6) showed a significant increase in the population of IL-1R1* cells in the PDGFR*
population compared to EpCAM?* cells, demonstrating that IL-1R1 is strongly expressed on
stromal/CAF populations within the TME (Fig. 2A). Further, immunofluorescent staining of
PKT tumors showed strong IL-1R1 expression in PDAC stroma (CDH1 negative, Fig. 2B).
To examine this relationship in human PDAC samples, we estimated a “stroma score” using
transcriptional data from 187 TCGA PDAC samples with xCel/, a cell-type enrichment
pipeline (20). Using this platform, we stratified samples into groups with a high (“stroma
enriched”) or low (“stroma low”) gene stromal signature, defined as a stroma score in the
highest or lowest quartile, respectively. Differential gene expression was then determined
between stroma enriched and stroma low groups as outlined in Fig. 2C. Validation analyses
revealed distinct increases in canonical fibroblastic markers (ACTAZ, VIM, PDGFRA,
COL1A1, COL1AZ, PDPN) in the “stroma enriched” group (Fig. 2D & Supplementary

Fig. S2A-C). Expression of /L1R1 was significantly increased in “stroma enriched” PDAC
samples compared to “stroma low” tumors (Fig. 2E, p<0.0001), supporting the results
observed in PKT tumors in human PDAC samples. These findings indicate that PDAC
fibroblasts are primed to respond to IL-1 signaling within the TME.

Tumor cell-derived IL-1a induces the release of IL-6 from pancreatic stellate cells

Having established that stromal fibroblasts strongly express IL-1R1, we next aimed to
determine changes in the secretory profile of these cells induced by tumor cell-derived

IL-1. Human PSCs (hPSCs) were stimulated with conditioned media (CM) from high
IL-1a-secreting SW1990 cells (Supplementary Fig. S3A) for 24 hours in the presence

or absence of IL-1a neutralizing antibody (10 ug/ml), followed by subsequent analysis

of the hPSC CM by cytokine array. Neutralization of IL-1a in condition media resulted

in substantial changes to the secretome of hPSCs (Supplementary Fig. S3B), including

a significant reduction in the secretion of the pro-tumorigenic cytokine IL-6 (Fig. 3A).
These results were validated by ELISA, which demonstrated a significant increase in hPSC
secretion of IL-6 upon stimulation with CM from SW1990 or BxPC3 cells that was reduced
by IL-1a neutralization in a dose-dependent manner (Fig. 3B & C). Further, we observed
that IL-1a neutralization of SW1990 or BXPC3 CM also resulted in a dose-dependent
reduction in nuclear localization of the p-p65 subunit of NF-xB, a key activator of 1L-6 gene
transcription in response to IL-1 (Supplementary Fig. S3C). These findings were further
evaluated at the mRNA level, where incubation of hPSCs with SW1990 CM activated /L6
transcription in an IL-1a-dependent manner (Fig. 3D). Similar results were observed using
direct IL-1a stimulation (25 ng/ml), which produced a marked increase in /L6 transcription
from hPSCs (Fig. 3E). These results demonstrate that tumor-cell-derived IL-1a is a potent
inducer of I1L-6 release from pancreatic stromal cells.
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IL-la induces IL-6 release from pancreatic stellate cells to activate STAT3 signaling in

tumor cells

We and others have shown that IL-6 is a critical cytokine involved in the activation of STAT3
in PDAC (8, 33-35). In parallel with the observed increase in IL-1a during PKT progression
(Fig. 1F), we detected a concurrent elevation in IL-6 levels from tumors harvested from
PKT mice at 6.5 weeks as compared to non-tumor bearing Ptf1a%"e controls (Fig. 4A).
Interestingly, this correlated with a concomitant increase in pSTAT3 levels within the tumors
of 6.5-week-old PKT mice by both western blot (Fig. 4B & C) and IHC (Fig. 4D). Further,
pathway analysis between “stroma enriched” and “stroma low” patients revealed that tumors
with a “stroma enriched” gene signature were associated with a significant increase in the
expression levels of transcripts involved in the IL-6/STAT3 signaling pathway compared

to the “stroma low” quartile (Supplementary Fig. S4A). When examining differential
expression of individual components within these gene sets, we observed that “stroma
enriched” tumors exhibited significantly higher expression of the /L6and STA73genes (Fig.
4E & F). Together, these results provide associative evidence that IL-1a, IL-6, and pSTAT3
levels all concurrently increase during the development of invasive cancer in mice and that
elevated stromal content is correlated with activation of the IL-6/STAT3 pathway in human
PDAC tumors.

As IL-1a potently induces IL-6 release from PSCs and is elevated in parallel with pSTAT3
during PDAC carcinogenesis, we hypothesized that stromal-derived 1L-6 produced in
response to IL-1a stimulation may activate STAT3 signaling within tumor cells. BxPC3
and SW1990 tumor cells were exposed to CM harvested from control hPSCs or those
treated with IL-1a (25 ng/ml) for 12 hours in the presence or absence of IL-6 neutralizing
antibody (1 pg/ml, R&D systems) and levels of activated pSTAT3 measured in response
(Supplementary Fig. S4B). Tumor cells treated with control media (0% FBS) or CM
obtained from unstimulated hPSCs showed low pSTAT3 levels. However, BxPC3 or
SW1990 cells treated with CM derived from IL-1a-stimulated hPSCs demonstrated a
marked increase in pSTAT3 levels that was significantly reduced by pretreatment with IL-6
neutralizing antibody (Fig. 4G & 4H), indicating that IL-1 stimulation of hPSCs induces
STAT3 activation in tumor cells in an IL-6-dependent manner. Of note, neutralization of the
STAT3 ligands G-CSF or LIF did not result in a significant reduction in tumor cell pSTAT3
activation under these experimental conditions (Supplementary Fig. S4C).

Next, we aimed to determine if IL-1R1 blockade inhibits STAT3 activation in tumor cells
induced by hPSC-derived IL-6. hPSCs were incubated with SW1990 CM for 12 hours in
the presence or absence of anakinra (25 pg/ml). CM was then harvested and placed on
SW1990 cells and pSTAT3 levels determined in response (Supplementary Fig. S4D). While
no appreciable change in pSTAT3 level was observed with incubation of SW1990 cells
with unstimulated hPSC CM, a significant increase in pSTAT3 was observed in tumor cells
treated with hPSC CM primed by SW1990 supernatant. However, pre-treatment of hPSCs
with anakinra was able to abolish this observed increase in pSTAT3 activation in SW1990
cells (Fig. 41). These results suggest that IL-1R1 blockade inhibits STAT3 activation in
PDAC tumor cells through the suppression of IL-6-mediated tumor-stromal crosstalk.
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IL-1 receptor blockade reduces IL-6 levels, suppresses STAT3 activation, and improves
survival in combination with gemcitabine in Ptf1aCr®*;LSL-Kras®12D/*: Tgfpr2flox/flox (pKT)

mice

Having established that IL-1a induces stromal-derived I1L-6 and activates STAT3 in PDAC
tumor cells, we next aimed to determine if inhibition of IL-1 signaling can suppress the IL-6/
STAT3 signaling axis /n vivo. For murine studies, we utilized the aggressive PKT mouse
model of PDAC. PKT mice develop large, rapidly progressing pancreatic tumors that contain
abundant stroma characteristic of human tumors. We have previously demonstrated that this
mouse model contains high levels of both IL-6 and activated STAT3 within tumors, making
it an optimal model to study this interaction (6, 8, 10). PKT mice were treated with vehicle
or anakinra (50 mg/kg twice daily, 5 days per week) via intraperitoneal injection for 2.5
weeks (Fig. 5A). Mice treated with anakinra had a significant reduction of intratumoral //6
MRNA (p=0.04) and IL-6 protein levels (p=0.002) compared with vehicle-treated mice (Fig.
5B & C). Interestingly, these changes corresponded with a significant reduction in pSTAT3
levels within tumors (Fig. 5D & E).

As our previous studies have suggested that STAT3 blockade may sensitize PDAC tumors
to chemotherapy, we next treated PKT mice with vehicle, gemcitabine (GEM, 20 mg/kg IP
injection, 3 times weekly), anakinra (50 mg/kg IP injection twice daily, 5 times weekly)

or combination GEM and anakinra beginning at 4 weeks of age and continued until mice
were moribund (5-7). Treatment with GEM alone failed to significantly improve survival
in PKT mice (median survival 19 days post-treatment initiation vs. 24 days, p = 0.143),

in accordance with our previous studies utilizing this transgenic model (6). However,
combined treatment with GEM and anakinra significantly extended the survival of PKT
mice compared to vehicle treatment (19 vs. 30 days, p=0.015) or anakinra monotherapy
(16.5 vs 30 days, p=0.026) and trended towards improved survival compared to GEM alone
(24 vs. 30 days, p=0.079) (Fig. 5F). These results demonstrate that IL-1R1 blockade reduces
intratumoral IL-6 production, decreases pSTATS3 levels /n vivo, and improves survival in
PKT mice compared to vehicle treatment when combined with GEM chemotherapy (Fig.
5G).

Discussion

Inflammatory signaling plays an essential role in the initiation and progression of PDAC
tumors as evidenced by both the strong association between PDAC and epidemiological
risk factors that promote inflammation (smoking, chronic pancreatitis, etc.) as well as

the laboratory use of caerulein-induced pancreatitis to drive PDAC carcinogenesis /n vivo
(36, 37). Oncogenic KRAS mutations, nearly ubiquitous in PDAC tumors, are essential to
establishing and maintaining this inflammatory program through the coordinated activation
of signaling pathways such as NF-xB and STAT3 that drive tumor growth (38). Among the
diverse activators of inflammatory signaling within the TME, IL-1a has been specifically
implicated as a driver of Ras-dependent inflammation in PDAC tumors. Activating KRAS
mutations have been shown to induce an inflammatory signaling loop mediated by IL-1a/
p62, leading to the constitutive activation of IKK2/p and downstream NF-xB signaling
that is indispensable for PDAC tumorigenesis in KrastSL-G12D/% -[nk4a/Arf1ox/flox -pex Cre/+
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mice (39). We similarly observed a marked increase in IL-1a levels in tumors from

PDAC patients and PKT mice compared to normal pancreatic tissue. Levels of IL-1R1

in PKT mouse tumors are increased in PDGFR™ cell populations and transcriptionally
elevated in PDAC tumor patient samples with high stromal content, indicating that PSCs
and CAFs within the TME are uniquely poised for paracrine activation by IL-1 ligands.
These findings corroborate previous studies in KrastSL-G12D/*. Trp53LSL-RI72H/, plx1Cre/*
(KPC) mice, in which single-cell profiling revealed a marked increase in gene transcription
of //1r1in intratumoral CAFs, while //Zaligand expression was comparatively localized

to the epithelial cell compartment (27). We show that tumor cells activate the release

of pro-inflammatory mediators such glutamic acid-leucine-arginine (ELR) chemokines

and IL-6 from stromal cells in an IL-1a-dependent manner. Of these pleiotropic factors,
members of the 1L-6 superfamily of cytokines have been implicated as potent activators of
an inflammatory CAF phenotype and STAT3 signaling within PDAC tumors (8, 27, 40).
Herein, we coalesce these findings by demonstrating that tumor cell-derived IL-1a activates
IL-6 release from stromal cells leading to intratumoral STAT3 activation, providing further
insight into the diverse tumor-stromal interactions that drive oncogenic signaling within the
PDAC TME.

STAT3 activation fosters tumor cell growth by promoting uncontrolled proliferation and
activating anti-apoptotic mechanisms that significantly reduce the efficacy of cytotoxic
chemotherapy (41). Our previous studies have implicated activated STAT3 as a key
biomarker of therapeutic resistance in PDAC, a finding that has also been demonstrated

in breast, lung, and ovarian cancers (6, 10, 42—-44). However, a recent Phase 111 trial utilizing
direct JAK/STAT pathway inhibition with capecitabine in treatment-refractory PDAC
patients failed to improve clinical outcomes, highlighting the need to identify alternative
strategies to target STAT3 signaling /in vivo (9). Although aberrant activation of STAT3

is present in many solid organ cancers, activating mutations in the S7TA73 gene itself are
infrequent, instead driven predominately by dysregulation of upstream ligands of JAK/STAT
signaling (45, 46). This study highlights IL-1 signaling as a targetable, upstream mediator
of STATS3 activation via IL-6-dependent tumor-stromal crosstalk mechanisms and provides a
rationale for the use of IL-1R1 inhibition to potentially overcome STAT3-mediated treatment
resistance in PDAC.

Given the importance of the 1L-1 pathway in mediating inflammatory signaling within

the PDAC TME, IL-1R1 inhibition likely also yields significant immunologic changes
within tumors that influence the response to chemotherapy. IL-1 signaling has been shown
to be a critical factor in promoting the characteristic immunosuppressive phenotype of
PDAC through the recruitment of diverse immune populations such as regulatory B-cells
and myeloid cell subsets that impair the infiltration and function of cytotoxic CD8*
T-cells. Additionally, IL-1 pathway blockade has been shown to improve the response to
immune checkpoint inhibition /in vivo, further supporting its role as a key cytokine that
promotes immune suppression in PDAC and other cancers (47, 48). In array profiling

of hPSCs, we identified multiple 1L-1-dependent chemotactic factors that are known to
modulate macrophage polarization and myeloid-derived suppressor cell (MDSC) trafficking
(Supplementary Fig. S3B). Recent studies have demonstrated that resident immune cells,
specifically alternatively activated “M2-like” tumor-associated macrophages, play a critical
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role in the response to chemotherapy in PDAC (49). Likewise, clinical evidence also
implicates neutrophil-to-lymphocyte imbalances in patients receiving chemotherapy as a
prognostic marker in PDAC, further suggesting modulation of these immune populations
may be important in dictating the efficacy of cytotoxic and targeted agents (50). As
alterations in these cellular processes undoubtedly influence treatment response, a thorough
understanding of the specific immunologic mechanisms of resistance modulated by IL-1R1
inhibition is urgently needed and is the subject of ongoing investigation in our laboratory.
Additionally, although IL-1 receptor inhibition significantly reduces pSTAT3 levels in

PKT mice, we did observe residual pSTAT3 activity within tumors following treatment
(Fig. 5D & E). These findings suggest a potential compensatory role for alternative
pro-inflammatory signaling pathways or STAT3 ligands aside from IL-6 in sustaining
JAK/STAT signaling during treatment with IL-1R1 inhibitors (27, 40). These redundant
signaling mechanisms within the TME highlight the considerable challenges that exist in
targeting individual cytokines for the treatment of cancer and likely underlie the modest
effect on overall survival that we observed with IL-1R1 treatment in combination with
chemotherapy. Further investigation into combinatorial therapeutic approaches that can
simultaneously target redundant inflammatory pathways and improve the response to
chemotherapy/immunotherapy should therefore be explored in future studies.

Emerging evidence implicates tumor-stromal interactions as a critical determinant of
therapeutic resistance in PDAC. This study demonstrates that IL-1a. may function as a

key regulator of tumor-stromal crosstalk in PDAC that activates oncogenic STAT3 signaling
by stimulating the release of IL-6 from resident mesenchymal cells within the TME. These
data provide compelling preclinical evidence to explore the use of IL-1R1 blockade in
combination with chemotherapy to suppress inflammatory signaling crosstalk that may be
explored in future studies in PDAC patients.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Interleukin-la (IL-1) isoverexpressed in pancreatic ductal adenocarcinoma (PDAC).
(A) Bubble plot demonstrating significant results of Gene Set Enrichment Analysis (GSEA)

for Hallmark gene set in PDAC tumors compared to normal pancreatic tissue. Bubble size
indicates the —logg(adjusted p-value) for each pathway. (B) Volcano plot demonstrating the
significantly downregulated (red) and upregulated (blue) genes in PDAC tumors compared
to normal pancreatic tissues. The top 10 differentially upregulated genes from the MSigDB
HALLMARK TNFA_SIGNALING_VIA NFKB gene set are labeled in grey, with /L1A
highlighted in orange. (C-D) IHC analysis of IL-1a staining was performed on a human
tissue microarray, consisting of human PDAC samples (n=37) and normal adjacent tissue
(NAT) (n=23) and quantified as percent area of positive staining. (E) Representative H&E
staining of histologic sections from non-tumor bearing Ptf1a“"¢ mice (age 6.5-10.5 weeks)
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and Ptf1aCre/* ;[ SL -KrasC12D/% ; Tgfbrafox/flox (PKT) mice at harvest at 4.5 weeks and 6.5
weeks of age. (F) Measurement of IL-1a levels by ELISA in non-tumor bearing Ptf1ac"
pancreata compared to tumors harvested from 4.5-week-old and 6.5-week-old PKT mice.
Data are shown as mean + SD. Scale bar = 50 um. ns, not significant; *, p<0.05; **, p<0.01;
*** p<0.001.
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Figure 2: Expression of interleukin-1 receptor type 1 (IL-1R1) isenriched in pancreatic stromal
cells.

(A) Cell surface expression of IL-1R1 was determined by flow cytometry of tumors from
Ptf1aCre* | SI -KrasC12D/* ; Tgfbrafox/flox (PKT) mice (aged 6.5 weeks, n=6). Surface
staining for co-expression of IL-1R1 on epithelial (EpCAM™) cells or stromal (PDGFR™)
cells was quantified. (B) Representative immunofluorescent image demonstrating IL-1R1
(red) and CDH1 (green) co-staining in a PKT tumor section (age 6.5 weeks). (C) Workflow
for analysis of The Cancer Genome Atlas (TCGA) human PDAC transcriptional data. xCe//
was used for the enrichment analysis and subsequent separation of patient samples into
stroma enriched (n=44) and stroma low (n=45) quartiles. (D) Volcano plot demonstrating
differential expression of characteristic PDAC stromal markers (ACTAZ, VIM, PDGFRA,
COL1A1, COL1AZ, PDPN) hetween stroma low and stroma enriched groups. (E) Gene
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expression of /L1R1 in stroma low compared to stroma enriched samples reported as
normalized reads. Scale bar = 50 um. Bar graph data are shown as mean + SD. *, p<0.05;
w3 p<0.0001.
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Figure 3: Tumor cell-derived IL-1a inducestherelease of IL-6 from pancreatic stellate cells.
(A) Cytokine array analysis of conditioned media (CM) harvested from human pancreatic

stellate cells (hPSCs) after stimulation with SW1990 CM for 24 hours in the presence or
absence of IL-1a neutralizing antibody (10 ug/ml), demonstrating a significant reduction in
secreted IL-6 levels (right). Measurement of IL-6 levels by ELISA in CM from hPSCs after
stimulation with (B) SW1990 CM or (C) BXPC3 CM for 12 hours in the presence or absence
of IL-1a neutralizing antibody (0.1, 1, and 10 pg/ml). (D) /L6 gene transcription in human
PSCs upon stimulation with SW1990 CM for 1 hour in the presence or absence of IL-1a
neutralizing antibody (10 ug/ml). (E) /L6 gene transcription in hPSCs upon stimulation with
recombinant IL-1a (25 ng/ml) for 1 hour. Values were normalized to the housekeeping gene
GAPDH. Data are shown as mean + SD. *, p<0.05; **** p<0.0001. #, not detected.
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Figure4: IL-1a induces | L-6 release from pancreatic stellate cellsto activate STAT3 signaling in

tumor cells.
(A) Measurement of 1L-6 levels by ELISA in non-tumor bearing Ptf1a“"¢ pancreata

compared to tumors harvested from 4.5-week-old and 6.5-week-old Ptf1acre* ;[ SL -

Page 20

KrasC12D/%  Tafproflox/flox (PKT) mice. (B-C) Levels of pSTAT3 in Ptf1ac" (n=5), 4.5-

week-old PKT (n=4), and 6.5-week-old PKT (n=5) mice as determined by Western blot.

Densitometric analysis was performed relative to tSTAT3. (D) Representative IHC images

Mol Cancer Ther. Author manuscript; available in PMC 2022 May 01.

for pSTAT3 levels in non-tumor bearing Ptf1a", 4.5-week-old PKT mice, and 6.5-week-
old PKT mice. (E) /L6 and STAT3 gene expression between “stroma low” and “stroma
enriched” patients from TCGA database analysis. (G—H) Human pancreatic stellate cells
(hPSCs) were incubated in either serum-free media (SFM), or SFM supplemented with
IL-1a (25 ng/ml) for 12 hours and conditioned media (CM) harvested. Control SFM,
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unstimulated hPSC CM, or IL-1a-stimulated hPSC CM = anti-IL-6 antibody (1 pg/ml)
were then added to (G) BXPC3 or (H) SW1990 cells and levels of pSTAT3 determined in
response by Western blot. (1) In a separate experiment, hPSCs were either cultured in SFM
or SW1990 CM = pre-treatment with anakinra (25 pug/ml) and CM collected after 12 hours.
SW1990 cells were then incubated with CM collected from these conditions and levels of
pSTAT3 determined in response by Western blot. *, p<0.05; ***, p<0.001; ****, p<0.0001.
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Figure5: IL-1 receptor inhibition reduces | L-6 levels, suppresses STAT 3 activation,
and improves survival in combination with gemcitabinein Ptf1aCre*: L SL- KrasG12
Tgfbr2'19%/floX (pK T) mice.

(A) Ptf1aCTe* [ SI -KrasC12D/* - Tofprofox/flox (PKT) mice were treated with saline vehicle
or anakinra (50 mg/kg twice daily) via intraperitoneal injection beginning at 4 weeks until
sacrifice at 6.5 weeks. (B) //6 gene levels in vehicle and anakinra-treated PKT tumors
were determined by qPCR. Values were normalized to the housekeeping gene Gapah. (C)
Intratumoral IL-6 levels in vehicle and anakinra-treated PKT mice were determined by
ELISA. (D) Representative images of IHC staining of pSTAT3 in vehicle and anakinra-
treated PKT tumor samples. (E) Western blot analysis of pSTAT3 in anakinra-treated

and vehicle PKT tumor lysates (n=4/arm). Densitometric analysis was performed relative
to tSTAT3. (F) Kaplan-Meier survival curve demonstrating overall survival of vehicle,

D/+.
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gemcitabine (20 mg/kg, GEM), anakinra, and combination GEM and anakinra-treated PKT
mice (n=5-8 per group). Pairwise comparisons between individual groups were performed
using log-rank test. (G) Proposed mechanism of action for anakinra treatment in modulating
STAT3 activity in the PDAC tumor microenvironment through the suppression of stromal-
derived IL-6. Scale bar = 50 um. *, p<0.05; **, p<0.01.
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