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Microbes influence cancer initiation, progression and therapy responsiveness. IL-17 signaling
contributes to gut barrier immunity by regulating microbes but also drives tumor growth. A
knowledge gap remains regarding the influence of enteric IL-17-1L-17RA signaling and their
microbial regulation on the behavior of distant tumors. We demonstrate that gut dysbiosis
induced by systemic or gut epithelial deletion of IL-17RA induces growth of pancreatic and
brain tumors due to excessive development of Th17, primary source of IL-17 in human and
mouse pancreatic ductal adenocarcinoma, as well as B cells that circulate to distant tumors.
Microbial dependent IL-17 signaling increases DUOX2 signaling in tumor cells. Inefficacy of
pharmacological inhibition of IL-17RA is overcome with targeted microbial ablation that blocks
the compensatory loop. These findings demonstrate the complexities of IL-17-1L-17RA signaling
in different compartments and the relevance for accounting for its homeostatic host defense
function during cancer therapy.
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INTRODUCTION

The complex microbial community within the gut interacts with the host facilitating
immunity, metabolism, and social behavior to influence human health.1-2 The gut epithelial
barrier is integral for maintaining mucosal immunity, serving as a physical barrier

from luminal antigens. Resident immune and epithelial cells secrete immunoglobulins,
antimicrobial proteins, and cytokines to regulate intestinal microbes.2 The production of

Interleukin-17 (IL-17) family of proinflammatory cytokines can be triggered by commensal

microbes, both bacteria and fungi, under normal physiological conditions and is important
for maintaining intestinal homeostasis through regulation of mucosal immunity and gut
barrier integrity.3-°
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IL-17A (or IL-17) and IL-17F homo or heterodimers signal through a complex formed
by IL-17 receptor A (IL-17RA) and IL-17RC.5-8 IL-17RA can also form a complex

with IL-17RB to signal through 1L-25.9 IL-17 is mainly secreted by immune cells,10-16
however, intestinal epithelial and Paneth cells can also secrete IL-17 in response to injury
and inflammation to regulate local microbial communities.}7-19 IL-17RA is a multimeric
transmembrane glycoprotein?0 that is ubiquitously expressed.?!

IL-17 is functionally implicated in the pathogenesis of several autoimmune conditions

like psoriasis, rheumatoid arthritis, lupus, inflammatory bowel disease, and multiple
sclerosis.22-26 |L-17-1L-17RA signaling has been linked with pancreatic cancer initiation
and progression?’-29, as well as immunosuppression and tumor microenvironment (TME)
remodeling in established pancreatic ductal adenocarcinoma (PDAC) tumors.30:31 |L-17
signaling has also been linked to other malignancies including breast,32:33 liver,34 lung,35:36
colon37-39, and brain cancer.4? Pathogenic microbes such as enterotoxigenic Bacteroides
fragilis (ETBF) trigger IL-17 production from immune cells and its signaling through
IL-17RA promotes colon tumorigenesis.3”:3841 |n contrast, some studies have reported
Th17 mediated anti-tumor immunity in cancers like melanoma and ovarian cancer.42-44
At the same time, IL-17 producing cells promote CD8* T cell exhaustion that sensitizes
melanoma tumors to immunotherapy.*® All of these studies highlight that the role of 1L-17
in cancer may be context-dependent and contingent on its homeostatic function.

Despite dramatic reduction in tumor growth induced by genetic interventions targeting
IL-17-1L-17RA signaling in tumor cells, pharmacological inhibition of IL-17-IL-17RA
does not affect tumor growth on its own.30:38:46 || -17-L-17RA blockade has shown anti-
tumoral efficacy only in the presence of checkpoint inhibitors.30 Moreover, the use of
interleukin inhibitors in patients with rheumatological conditions has been associated with
an increased risk of cancer#’, which further underscores the need for understanding the
complex consequences of systemic inhibition of IL-17-IL-17RA signaling.

The microbiota influences progression of PDAC and other tumors.*8-52 Microbial ablation
delays pancreatic tumor initiation and growth in murine models®3-55 and antibiotics usage
is linked to improved survival in metastatic PDAC patients.56-58 However, the molecular
mechanisms facilitating microbial regulation of tumor behavior remain unknown. Given
the known role of IL-17-IL-17RA in maintaining gut homeostasis,>69 we hypothesized
that enteric IL-17-1L-17RA signaling and its microbial regulation can affect anti-tumoral
immunity and ultimately tumor growth. We have interrogated systemic, gut, and tumoral
IL-17-1L-17RA signaling pathways through specific compartmental genetic manipulations.
Our data reveals the importance of gut microbial homeostasis, immune mechanisms
influencing growth of tumors systemically, and the translational relevance of combinatorial
targeting of these mechanisms.

Microbially driven elevation of systemic IL-17 promotes pancreatic tumor growth

Our group and others have shown that IL-17 is involved in initiation of pancreatic
premalignant lesions, progression, PDAC metastasis, and therapy resistance in murine
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models of pancreatic cancer.27:28:30:31 To determine the role of extra-tumoral I1L-17-
IL-17RA signaling in pancreatic tumor growth, we performed orthotopic and subcutaneous
implantation of KPC cells (LSL-KrasG220/*, |SL- Trp53R172H/*, pgx1-Cre) in global
IL-17RA deficient mice (//17ra ) vs. control mice (//17ra*"*) (Figures 1A, S1A). We
found that //17ra”~ mice had unexpected significantly increased tumor growth compared to
controls in orthotopic (Figures 1B-D) as well as subcutaneous models of PDAC implanted
cells with intact IL-17RA (Figures 1E, F). We then performed transcriptomic profiling by
RNA-seq that revealed significant upregulation of IL-17 signaling related target genes and
pathways in pancreatic tumors which were downregulated in the ilea of //Z7ra”/~ mice
compared to controls (Figures 1G, H). We validated the expression of signature genes that
are known targets of 1L-17 signaling pathway including //Zband Lcn2with gPCR and
confirmed their upregulation in tumors and downregulation in ilea of //7ra'~ mice (Figure
11). We further validated higher protein expression of LCN2 in tumors from //17ra'~ mice
with immunohistochemical staining (Figure S1B). Using RNAScope we also detected /n situ
higher //17a mRNA expression in tumors and ilea of //17ra”'~ mice vs. controls (Figure 1J).

We performed a wide unbiased assessment to detect aberrantly expressed cytokines in
circulation and found that IL-17 as well as IL-17F were drastically elevated in //17ra™/~
mice compared to controls (Figure 1K) while IL-17 levels failed to increase in heterozygous
111 7ra""~ mice (Figures S1C). To determine if this effect was unique to 1L-17RA-deficient
mice, we measured 1L-17 in global IL-17RB-deficient (//27r57/~) mice but did not detect

an increase in plasma IL-17 levels (Figure S1D). We finally assessed for tumoral //17ra

and //17rc expression and found no differences between levels in tumors implanted in
global IL-17RA deficient vs. control mice (Figure S1E), suggesting absence of any receptor
compensation. Finally, to test the importance of IL-17RC, we orthotopically implanted KPC
cells in //17rc”"~ mice and observed no change in tumor size compared to control mice
(Figure S1F).

Since IL-17 is involved in microbial regulation, we performed gut microbial profiling of
1117ra"~ mice that confirmed differences between //17ra*"* and //17ra”'~ mice (Figures
S1G-I). We then tested if the increase in systemic IL-17 levels was driven by microbes
overgrowing in absence of effective IL-17RA signaling. For this purpose, we treated

mice with an oral cocktail of anti-bacterial (ampicillin, vancomycin, neomycin and
metronidazole) and anti-fungal (amphotericin B) agents that led to a drastic reduction

of plasma IL-17 levels in //17ra’~ mice, while levels remained unchanged in //17ra*"*
mice (Figure 1L). We subsequently tested single-agent antibiotics and found that ampicillin
mimicked the effect of the antibiotics cocktail (Figures 1L, S1H, I).

Based on these results, we hypothesized that the limited efficacy seen with pharmacological
IL-17-1L-17RA inhibition may be due to gut microbial dysbiosis. To test this, we combined
treatment of monoclonal antibodies against IL-17RA (alL-17RA) with ampicillin (Figure
1M) to block the compensatory microbial driven IL-17 loop. Single agent treatment

with alL-17RA drastically increased circulating levels of IL-17, which was dampened

by coadministration of ampicillin (Figure 1N), similar to results seen in global knockout
/11 7ra”'~ mice. While treatment with aIL-17RA alone did not affect tumor growth (Figures
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10, S1J), as previously reported,30 combination of alL-17RA with ampicillin resulted in a
synergistic anti-tumoral effect (Figures 10, S1J).

Overall, we found that extra-tumoral absence or blockade of IL-17RA drives IL-17 secretion
in response to microbial cues driving systemic I1L-17 and growth of pancreatic tumors.

Enteric IL-17RA genetic deletion promotes microbially driven IL-17 signaling dependent
pancreatic tumor growth

We then asked whether the pro-tumorigenic effects seen in //17ra”'~ mice were due

to intestinal microbial dysregulation of IL-17-IL-17RA signaling. To answer this, we
generated //17ra"f:Villin-Cre mice that lacked IL-17RA specifically in intestinal epithelial
cells expressing Villin-Cre (Figure S2A). The specific enteric deletion was confirmed by
immunohistochemical assessment of IL-17RA in ileum and colon (Figure S2B). We then
measured circulating IL-17 levels in the plasma of //17ra™";\/illin-Cre mice and found

a significant increase in plasma IL-17 (Figure 2A), although not as marked as in global

/11 7ra”'~ mice. We then implanted orthotopic pancreatic tumors in //17ra""* and //17ra™”
-\illin-Cre mice and assessed tumor growth, in the presence or absence of ampicillin to
test for microbial-dependent upregulation of IL-17 (Figure 2B). Similar to our findings

in //17ra”~ mice, tumor growth was substantially increased in //17ra""Viillin-Cre mice
compared to controls and ampicillin treatment abrogated the increase in tumor growth while
decreasing plasma levels of IL-17, showing a microbial-dependent effect (Figures 2C-F).
The phenotype was also reproduced in a subcutaneous murine model of pancreatic cancer
(Figures S2C-E).

To confirm that IL-17 is directly regulating tumor growth, we deleted IL-17RA from

KPC cells via CRISPR-Cas9 (KPC/17ra~~) " 111 7ra™f - Villin-Cre mice implanted with
KPC/171a~/~ cells failed to increase tumor growth and superseded the use of ampicillin

even though IL-17 levels were much higher than ampicillin untreated mice (Figures 2C—

F). No significant differences in doubling time were observed in proliferation between
KPC/171a#/* cells (10.10 h) and KPC/27/2~/=cells (9.824 h) in vitro (Figure S2F), indicative
of cell-extrinsic signals available /n vivothat contribute to IL-17RA dependent tumor
growth. As another layer of evidence to confirm relevance of tumor IL-17RA signaling,

we deleted the receptor complex adapter protein for IL-17RA signaling, ACT1 (also known
as CIKS), and generated KPC cells with ACT1 deletion via CRISPR-Cas9 (KPCAZ~~)
(Figure S2G). Similar to IL-17RA deficiency, ACT1 deletion in tumor cells also led to a
striking reduction in tumor growth in both //17ra*"* and //17ra™"fVillin-Cre mice (Figures
2G-1, S2H). This confirmed that specific enteric epithelial IL-17RA deficiency results in gut
microbial changes which drive higher production of IL-17 that ultimately promotes growth
through IL-17RA signaling in tumor cells.

Transcriptomic profiling with RNA-seq in //17ra™"\jillin-Cre mice confirmed
downregulation of the IL-17 signaling pathway in the ilea along with its upregulation

in tumors, in line with findings in global IL-17RA-deficient mice (Figures 2J, S2I). An
overlapping reciprocal effect in both //17ra™'~ and 1/17ra™"-Villin-Cre mice was also seen
in the transcriptomic signature of the tumors and ilea for other pathways such as phagosome
formation, LPS-IL-1 mediated RXR function, and LXR/RXR activation, suggesting their
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IL-17RA dependency (Figure S2J). We then assessed a signature of known IL-17 target
genes and found them to be upregulated in tumors of both //17ra™f-\illin-Cre and 1/17ra™!~
mice while being downregulated in the ilea compared to baseline control tumors and ilea
respectively from //17ra""* mice (Figure 2K). We validated these results by qPCR for //1b
and Lcn2and found them to be consistently elevated in the tumors while decreased in ilea
of 1/17ra":\Viillin-Cre mice compared to //17ra""* mice (Figure S2K), similar to results in
global knock-out vs. control mice. We then asked whether the upregulation of IL-17 target
genes at the tumor site may be secondary to upregulation of IL-17 receptors in non-enteric
sites in the context of specific intestinal deletion of IL-17RA. While we confirmed reduced
expression of //17ramRNA in the ilea of //17ra™-Villin-Cre mice and normal levels of
/117rc, no compensatory over-expression of //17ra or 1/17rc mRNA was seen in the tumors
of 1/17ra™:\Viillin-Cre mice vs. control //17ra*"* mice (Figure S2L). Since tumors were
larger in //17ra™1-Viflin-Cre mice but 1L-17 levels were not as high as global //17ra"/~
mice, we measured plasma IL-17F and found a drastic increase in //17ra™-Viillin-Cre mice
compared to control IL-17RA proficient mice (//17ra"*) (Figure 2L).

While the gut microbial composition of //17ra™-Villin-Cre mice was not as markedly
altered as in //17ra”’~ mice>® (Figures 2M, S3A, S1H), specific microbes were increased in
1117ra"-Vijllin-Cre mice, including Prevotellaand Bacteroides (Figures S3B, C). Previous
studies have reported induction of IL-17 producing cells in the gut in the presence of
segmented filamentous bacteria (SFB) that is susceptible to vancomycin treatment.3 All our
animals had similar levels of gut SFB which was reduced with vancomycin administration
(Figure S3D). Although vancomycin treatment decreased SFB levels, it failed to reduce
circulating 1L-17 levels in //17ra™\jillin-Cre mice (Figure S3E), suggesting that SFB

is not responsible for driving the observed phenotype. We then evaluated our known
antibiotic capable of modulating IL-17 levels. Ampicillin treatment drastically changed the
gut microbiome of both //17ra™'= and //17ra™" Viillin-Cre mice, including a decrease in
Prevotellaand Bacteroides (Figures S3F-J, S1H), suggesting that these microbes may be
driving IL-17 in the model, as previously described in other contexts.51

To independently test if the 1L-17-dependent induction of tumor growth in //17ra™7\iillin-
Cremice can be modulated, we created parabiotic pairs of control mice joined to /177!~
mice or //17ra":Viillin-Cre mice (Figure S4A) which share circulation and are co-housed
as a product of the surgery model. After a month of successful parabiotic surgery, we
subcutaneously implanted KPC cells on both mice in each pair. We expected that increased
IL-17 levels from //17ra™"-Villin-Cre mice would circulate to control parabiotic mouse
and result in tumor growth acceleration. The results showed that tumor growth in control
parabiont mice was unaffected but //17ra'~ and //17ra™", Viillin-Cre mice had a complete
reversal of increased tumor growth seen in non-parabiont //17ra™"-\ii/lin-Cre mice (Figures
S4B, C). We then measured plasma IL-17 levels and found a significant reduction in both
parabiont //17ra”'~ and //17ra™":Villin-Cre mice compared to pre-parabiotic time point or
control parabiont //17ra""* (Figures S4D, E). This data confirmed that circulating 1L-17
triggered by intestinal microbial changes can regulate tumor growth systemically.
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Intestinal IL-17-IL-17RA dependent microbial dysbiosis can affect tumor growth remotely

Our findings revealed that disruption of microbial homeostasis due to deficient enteric
IL-17-1L-17RA signaling can affect tumor growth outside the colon, so we tested if tumors
in sites remote from the gastrointestinal tract like the brain could also be influenced.
Intestinal microbes and IL-17 signaling are well known to be important during neurological
conditions such as autoimmune encephalitis.26:62 Increased levels of IL-17 and infiltrating
Th17 cells have also been described in murine and human glioblastoma (GBM).40:63 We
investigated orthotopic tumor growth with syngeneic murine glioma cells- GI261 in recipient
H17ra"™, 1117ra= and 1117ra™"7:\Viillin-Cre mice (Figure 3A). Similar to our findings with
pancreatic tumors, global //17ra”'~ deficient mice had significantly faster tumor growth
compared to //17ra""* mice, while //17ra™?:Villin-Cre mice experienced the most aggressive
tumor growth (Figures 3B—E). We also assessed neurological signs/symptoms and found
significant reduction in reflexes in //17ra™":\iillin-Cre mice and spontaneous seizures were
observed in 20% of //17ra'~, 50% of 1/17ra™"-Villin-Cre mice, which were normal in
control mice (Figures 3F-G). IL-17 related genes, previously described in neurological
conditions such as Cad4, DuoxaZ, 1gfbp3, Mmp9, Pde9a and Slc35f2were increased in the
tumors, while decreased in matched ilea of both //17ra~ and //17ra™"; \Viillin-Cre mice
compared to //17ra*"* mice (Figure 3H). Overall, disruption of homeostatic intestinal IL-17-
IL-17RA signaling accelerated growth of brain tumors.

We then searched for ileal transcriptomic changes in pancreatic (PDAC) and brain (GBM)
tumor-bearing //17ra™";\/illin-Cre mice. We found antimicrobial humoral and defense
responses as main overlapping pathways downregulated in the ilea of //17ra""-Villin-Cre
mice bearing PDAC or GBM (Figure S4F). We then assessed the effect imposed by
intestinal IL-17-1L-17RA deficiency on IL-17-related genes in different tumor types. We
found higher expression of genes such as Duoxa2and LcnZ2in PDAC while Rbp4 and
Spdefwere elevated in GBM, compared to //17ra"* mice bearing PDAC or GBM tumors,
respectively (Figure S4G). This data illustrates the unique signals that drive tumor growth in
different niches and tumor microenvironments in the context of the same upstream microbial
and immunological triggers.

Enteric IL-17RA deficiency triggers B cells development

We then proceeded with unbiased immunoprofiling based on CyTOF and flow cytometry to
determine how major immune cell populations are rewired in the absence of effective enteric
IL-17-IL-17RA signaling which could help explain the tumor-promoting effect. For this
purpose, we obtained single cells after digestion of matched ilea and pancreatic orthotopic
tumors harvested at an early stage when tumor size was similar between groups (Figure 4A).

While most major immune cell populations were similar between groups, CyTOF showed

a significant increase in B cells in the lamina propria (LP) and tumors from //17ra"7\iillin-
Cremice (Figures 4B-E, Table S1). We confirmed increase in tumor infiltrating B cells

by flow cytometry (Figures 4F, G, S5A-C). Mesenteric lymph nodes (mLN) and splenic
tissue from enteric IL-17RA-deficient mice also had increased B cells (Figures 4G, S5D-G).
We also performed immunohistochemical staining for CD20 in orthotopic pancreatic tumors
which revealed higher number of B cells infiltrating //17ra~ and //17ra""-Viillin-Cre mice
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vs. control mice (Figures 4H, S5H). Abundance of B cells in tumors had a significant
positive correlation with tumor volume in //17ra""-Villin-Cre mice, suggesting that B cells
may play a pro-tumorigenic role in pancreatic tumors (Figures S51). To determine if B
cells generated in the gut could also infiltrate remote tumors, we assessed GBM tumors in
117ra"= and 1117ra™?:\jillin-Cre mice and found significantly higher infiltration of B cells
compared to control //17ra""* mice (Figures S5J, K).

To ultimately test the functional relevance of B cells in influencing tumor growth, we
depleted B cells /n vivo using neutralizing antibodies against CD20 in a PDAC subcutaneous
model (Figure 41). We confirmed reduction of B cells by flow cytometry in all compartments
including tumors, LP, mLN, spleen and Peyer’s Patches (PP) (Figures 4J, S5L—P). Depletion
of B cells stunted the increase in tumor growth seen in //17ra™": Viillin-Cre mice but
augmented tumor growth in control //17ra""* mice (Figures 4K, S5Q), suggesting that B
cells generated in the absence of effective IL-17-1L-17RA intestinal signaling have tumor
promoting capacity.

Th17 and B cells are main sources of IL-17A and IL-17F in tumors

Given our data showing increased IL-17 in plasma and transcriptomic changes showing
modulation of IL-17 targets in //17ra™" - Villin-Cre mice that have larger tumors, as well

as previous reports showing increase in intestinal 1L-17 secreting cells in these animals,

we used single cell sequencing (scRNA-seq) to determine if IL-17-expressing cells are
infiltrating tumors as well (Figures 5A, S6A, B). We found higher numbers of //17a
expressing immune cells in gut and tumors while //17fexpressing immune cells were higher
only in tumors from //17ra™"-Villin-Cre mice vs. controls (Figure S6C).

We then aimed to determine the cellular source of IL-17 in our model (Figures 5B, C).
Assessment of the lamina propria (gut) showed that expression of both //Z7aand //17f

was restricted to Th17 cells in //17ra™" - Villin-Cre mice (Figures 5D, S6C), as previously
described.>® We then examined the immune cells infiltrating tumors and found //Z7a was
primarily expressed in CD4* T cells (Th17 cells) while //17fwas found in Th17 and B

cells (Figures 5D, S6C). We then performed RNA /n situ hybridization to validate this
finding and detected higher number of //17aand //17fexpressing cells in tumors from

111 7ra™f-\ijllin-Cre vs. control mice (Figure 5E). Moreover, we confirmed the presence of B
cells expressing IL-17F within tumors by co-detection of //17fin CD20" cells (Figure 5F).

Transcriptomic analysis of B cells in the lamina propria from //1 7ra™" Viillin-Cre mice
revealed decreased adaptive, humoral and microbial defense responses compared to control
mice (Figure S5D). Similarly, tumor infiltrating B cells exhibited reduced defense to
bacteria, lipopolysaccharide and anti-microbial humoral responses (Figure 5G). Intrinsic

B cell signaling has been shown to determine its effector function during PDAC.%4

We examined tumor B cell sub cluster expressing IL-17F which showed decreased anti-
microbial humoral response and intrinsic apoptotic signaling, indicating potential cellular
dysfunctionality (Figures S6E, F). We examined transcription factors capable of inducing
IL-17F production and found higher levels of Runx1and Stat3but absence of Roraand Rorc
expression (Figures S6G, H). B cells that expressed //17fdid not co-express //10 (Figure
S6G), a marker for B regulatory cells. Thus, data suggests that intestinal microbial dysbiosis
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in the setting of ineffective IL-17-IL-17RA signaling triggers gut development of Th17 cells
and B cells, main sources of IL-17A and IL-17F, which can circulate systemically and
infiltrate tumors.

Enteric IL-17RA deficiency mediated IL-17 secretion increases Duox2 signaling in
pancreatic tumors.

We then aimed to dissect transcriptional changes occurring in tumor cells that may
mechanistically explain the larger tumors observed in mice with enteric IL-17RA deficiency.
We examined differential gene expression in tumor cells cluster 1 in //17ra™":Villin-Cre

vs. control mice and found downregulation of pathways related to response to interferons
and upregulation of responses to growth factor stimulus and interaction with symbiont
(Figure S7A). To prioritize IL-17 driven genes/pathways, we compared our single cell

gene expression data with previously reported IL-17 driven pancreatic datasets.2”-30 These
comparisons revealed Duox2 as the common gene differentially regulated by 1L-17 (Figure
5H) and primarily expressed in tumor cell clusters from //17ra"f:Villin-Cre mice by single
cell analysis (Figures 51, S7B). Pathway analysis of tumor cells in cluster 1 with high vs. low
Duox2 expression revealed higher catalytic activity, response to DNA damage, hydrolase
activity, and Wnt signaling, but decreased response to bacteria (Figure 5J, S7C).

DUOX?2 is an oxidase enzyme described to be under the control of IL-17RA signaling.% As
a validation functional experiment, we used tdTomato fluorescent mice implanted with non-
fluorescent orthotopic pancreatic cancer cells and treated them with alL-17A/alL-17RA
antibodies (Figures 5K). We sorted non-fluorescent tumor cells, to exclude stromal and
immune populations (Figures S7D). We confirmed downregulation of both Duox2and its
maturation factor DuoxaZin enriched tumor cells upon 1L-17 blockade (Figure 5L). Direct
exposure of KPC cells to IL-17 /n vitro led to an increase in oxidase genes such as NoxZ,
Nox2, Noxal, Duox1, Duox2, Duoxal, and DuoxaZ (Figure STE). IL-17 treatment also
drastically increased ROS (Figures S6F—-H) and H,0, production by KPC cells which was
lost when the cells lacked the IL-17RA receptor (Figures 5M, S71).

Human PDAC has circulating and tumor infiltrating cells that express IL17, whose levels
associate with DUOX2.

We then investigated the cellular source of 1L-17 at single cell level in human PDAC.

We performed spatial single cell transcriptomic analysis on primary PDAC using CosMx
Spatial Molecular Imaging (SMI) technology to create a comprehensive spatial PDAC IL-17
atlas (Figure 6A). We identified diverse cell types in human PDAC including tumor cells,
pancreatic endocrine cells, stromal, and several types of immune cells (Figure 6B). Next,
we evaluated sub-cellular gene expression by cell type and found that /L1 7A transcripts
were predominantly expressed in T cells while other immune cells such as plasma, myeloid,
and mast cells had low expression (Figures 6B, C). We then evaluated IL-17 producing
immune cells in circulation in PDAC patients. Flow cytometric analysis of peripheral blood
showed that PDAC patients have elevated levels of IL-17 secreting immune cells (IL-17A*
and IL-17A*/IL-17F*) compared to healthy controls (Figures S7J-L).
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Finally, we examined the TCGA database and stratified human PDAC according to /L17A
expression and found significantly higher DUOXZ2 expression in tissue with higher /L17A
expression (Figure 6D). Subsequently, based on average DUOXZ2 expression, we classified
PDAC according to high vs. low DUOXZ expression and extracted the differentially
expressed genes. Pathway analysis using those genes revealed reduced response to
lipopolysaccharide, bacteria, and oxygen containing compounds in high DUOXZ2 expressing
PDAC (Figures 6E, F). To determine if PDAC-associated gut microbes may also have

the potential to drive systemic IL-17 signaling, we compared data from publicly available
datasets to gut microbes of PDAC bearing //17ra™"-Villin-Cre mice.58.69 We found that
taxa such as Bacteroides were enriched in both settings (Figure S7M), implying that gut
microbes in PDAC patients are similar to those increased in the context of gut epithelial
deletion of IL-17RA and elevated IL-17. It also suggests that gut microbes cleared by

IL-17 could potentially contribute to PDAC pathogenesis. Overall, these findings underscore
the clinical relevance of IL-17 dependent signal transduction in cancer cells, which can
modulate responses to microbes.

DISCUSSION

The microbiota is well recognized for its functional role in the pathogenesis of cancer,

host tumor immune responses, and therapy responses.248:66 ||_-17 signaling is vital for
microbial clearance and maintenance of intestinal barrier immunity and its dysregulation can
have deleterious consequences.® IL-17-IL-17RA signaling is delicately balanced to achieve
precise maintenance of barrier immunity and prevent immune hyperactivity.

Mice with global genetic deletion of IL-17RA, mimicking the effect of systemic IL-17
inhibition, experience gut dysbiosis and elevated IL-17 production due to inefficient gut
microbial clearance that ultimately results in increased growth of IL-17RA proficient
tumors. Our model of enteric epithelial deletion of IL-17RA served to uncouple its role

in intestinal epithelium and revealed an even stronger tumor promoting effect in distant
organs like the brain or pancreas. This tumor promoting effect in the pancreas was reversed
by deletion of IL-17RA or ACTL1 in cancer cells or with targeted microbial depletion.
Overall, we demonstrated in two tumor types that aberrant intestinal epithelial IL-17RA
signaling leads to systemic dysbiotic immune signaling that can funnel into tumors cells
proficient for IL-17RA signaling to augment their growth. The disparity in the tumor burden
between //17ra":\/illin-Cre and //17ra'~ mice can be attributed to the contribution of
IL-17 signaling through non-tumoral cells (immune or stromal) with intact IL-17RA in mice
in mice with enteric deficiency.

Patients treated with IL-17 inhibitors have been found to have increased levels of IL-17 in
the gut mucosa.8” Both murine and human data suggests that inhibition of this pathway
induces a counteracting IL-17-mediated response that would oppose I1L-17 monoclonal
antibodies and likely explains the inefficacy observed in the clinic.%6 In our model,
pharmacological inhibition of IL-17RA with neutralizing monoclonal antibody did not lead
to increased tumor growth, as observed in global knockout mice, since IL-17RA in tumor
cells was also inhibited. Long term use of these drugs, capable of altering gut microbial
balance and increase in systemic 1L17-secreting cells, could result in pro-tumorigenic
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effects. Addition of targeted microbial depletion to decrease that counteracting 1L-17 loop
resulted in reduction of tumor size when given concomitantly with alL-17RA antibodies.

We found that IL-17 is primarily produced by T cells (Th17) in both murine and

human datasets through single cell analysis. Importantly, circulating levels of IL-17F were
significantly increased in the //17ra™":Villin-Cre mice and higher //17fmRNA expression
was detected in their pancreatic tumors. We found that CD4* T cells and B cells were the
main sources of IL-17F producing cells (Th17 and B7F) in the tumors. Since deletion of
IL-17RA in tumor cells reverses the phenotype, we predict that the tumor growth phenotype
may be dependent on both IL-17A and IL-17F in the global //17ra~ while dependent

on IL-17F in the enteric epithelial IL-17RA deficient //17ra™"Villin-Cre mice. Genetic
deletion of IL-17A in a spontaneous tumorigenesis model of pancreatic malignancy also led
to a compensatory increase in systemic levels of 1L-17F,31 which could explain the absence
of delayed tumorigenesis in that model.

The expansion of B cells unique to //17ra™"-Viflin-Cre mice may be explained by

the increase in IL-17A which can signal through IL-17RA in B cells and stimulate

their differentiation in absence of effective enteric IL-17-IL-17RA signaling and the
resulting gut dysbiosis. The role of IL-17 in influencing B cell differentiation, affecting
their immunoglobulin production and antibody class switching has been previously
reported.”® The tumor promoting role of B cells during pancreatic cancer has also been
described.%471.72 Our data suggests that, in the absence of effective enteric 1L-17 signaling,
other cell types with microbial defense functionality, like B cells, can be triggered in the gut
and migrate to remote sites including tumors.

DUOX2 is a NADPH dual oxidase involved in ROS generation and pathogen defense.”3
DUOX2 is involved in maintaining mucosal immunity and aids in anti-bacterial
responses.5%.74 Patients with intestinal bowel disease (IBD) have increased gut expression

of DUOX2.75 Additionally, intestinal DUOX2 is under the control of IL-17RA signaling.5®
DUOX2 expression in pancreatic tumor cells has been linked to increased tumorigenic
potential and associated with worse prognosis.”6-78 |L-17-secreting cells can increase
DUOX2 signaling and ROS production through signaling on tumor cells. Importantly,
DUOX2Z levels are linked to microbial defense and strongly associated with /L17A in human
PDAC.

Since 2015, the Food and Drug Administration (FDA) approved the use of monoclonal
antibodies against IL-17 in patients with autoimmune disease like plaque psoriasis,
ankylosing spondylitis, and psoriatic arthritis. Clinical attempts to block I1L-17 signaling
during gastrointestinal conditions such as Crohn’s disease or spondylarthritis using single-
agent clinical monoclonal antibodies targeting IL-17A with secukinumab’ or IL-17RA
with brodalumab89 have been largely unsuccessful, often accompanied with aggravated
inflammatory intestinal symptoms. A meta-analysis examined 74 clinical trials comprising
of patients with rheumatological conditions being treated with interleukin inhibitors and
found an increased risk of serious and opportunistic infections as well as cancer in treated
patients compared to placebo controls.4”
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This manuscript reveals a mechanism of resistance to cytokine inhibition in cancer which
may not necessarily be restricted to IL-17 inhibition and may explain failure of several
other trials using inhibitors of essential host defense cytokines in cancer. Future trials may
combine IL-17 inhibition with antibiotics to reduce burden of microbes not cleared by
IL-17 or fecal microbial transplantation from healthy donors with two goals: 1) block the
compensatory IL-17 loop which would enhance the efficacy of IL-17 inhibitors, and 2)
decrease abundance of microbes present in PDAC patients which are also linked to tumor
promotion.®!

In summary, we demonstrate that intestinal IL-17-1L-17RA signaling is crucial for microbial
homeostasis and its inhibition can negate systemic anti-tumoral effects. Future studies
targeting 1L-17 or even other cytokines may need to take this into consideration.

Limitations of Study

The current study does not explore the role of IL-17RA on immune cells and how it may
impact tumor immunity in the context of gut dysbiosis. Additionally, the specific role of
circulating IL-17F and IL-17F producing B cells for regulation of microbes and tumor
growth is not specifically dissected. It is of note that only implantable cancer models were
utilized in this study, and further studies should explore these mechanisms during tumor
initiation and progression in models of spontaneous tumorigenesis. Finally, mechanisms
utilized by cancer cells for DUOX2 dependent microbial regulation in the TME needs
further examination.

STAR METHODS
RESOURCE AVAILABILITY

Lead contact—Further information and requests for resources and reagents should
be directed to and will be fulfilled by the lead contact, Florencia McAllister
(fmcallister@mdanderson.org).

Materials availability—Mouse cell lines generated in this study are available upon request
with a completed Materials Transfer Agreement.

Data and Code availability—The RNA sequencing data are being deposited in the
Sequence Read Archive (NCBI SRA under BioProject accession no. PRINA1039869). This
paper does not report original code. Any additional information required to reanalyze the
data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human Samples—Buffy Coat: Peripheral whole blood samples were collected in EDTA
Collection Tubes and centrifuged to collect buffy coat cells from the interphase and stored
at —80°C until use. PDAC: Archived Formalin-fixed paraffin embedded (FFPE) primary
tumors were used from patients who underwent surgical resection. All protocols were
approved by the Institutional Review Board at University of Texas MD Anderson Cancer
Center.
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Genetically Engineered Mice—All animal experiments were conducted in compliance
with the National Institutes of Health guidelines for animal research and were approved by
the Institutional Animal Care and Use Committee of The University of Texas MD Anderson
Cancer Center. All studies were conducted using mice with C57BL/6 genetic background.
WT and //17ra'~ mice were obtained from Taconic Biosciences, deposited by Amgen Inc.
111 7r¢”'~ mice were obtained from Charles River Laboratories, deposited by Amgen Inc.
mTmG mice were obtained from The Jackson Laboratory. //17ra™ mice were crossed
with Villin-Cre mice to obtain //17ra™"-Villin-Cre. Mice of both sexes were used at 10-30
weeks with age and litter matched //17ra*"* controls. All mice of different genotypes and
treatments were housed in separate cages post weaning with Enviro-dri bedding (Shepherd
Specialty Papers). Genotyping was done according to vendor’s instructions (Figures S1A,
S2A).

Cell Lines—Murine PDAC KPC (KPC/17ra*/#) (LSL- KrasG12D/*: |_SL- Trp53R172H/*:
Pdx1-Cre) cells were cultivated in DMEM media with 4.5 g/L glucose (Corning)
supplemented with 10% FBS (Sigma-Aldrich) and no antibiotics at 37°C and 5% CO,

in a humidified atmosphere. KPC/2772~~ \yere generated with CRISPR-Cas9 technology
as described previously.39 Targeted knockout of ACT1 in KPC cells was performed with
mouse 7raf3jp2 CRISPR-Cas9 plasmid (KN318215G1, OriGene Technologies) following
manufacturer’s instructions. Single cell clones were confirmed by Western blotting with
anti-ACT1 antibody (TA323297, OriGene Technologies). Murine glioma GI1261 cells were
cultivated in DMEM/F12 media with 4.5 g/liter glucose (Corning) supplemented with 10%
FBS (Sigma-Aldrich) and no antibiotics at 37°C and 5% CQO2 in a humidified atmosphere.
All cell lines were tested to be mycoplasma free before any tumor implantation studies.

METHOD DETAILS

Murine Experimental Tumor Models—For orthotopic pancreatic tumor model, mice
were anesthetized by inhalation of 2.5% isoflurane in 2% oxygen. An incision was made on
the left side of the mouse to exteriorize the pancreas. 100x103 syngeneic PDAC cells in 10
pL PBS/Matrigel (Corning; vol/vol, 1:1) were injected into the pancreas using a Hamilton
syringe. Injection point was sealed with tissue adhesive (3M Science) and allowed to dry for
a few seconds. The incision was closed with discontinuous stitches using 6-0 polyglycolic
acid clear sutures (Ethicon). Each mouse received 25 pg of buprenorphine post-operatively
to alleviate pain. Mice were sacrificed 4-5 weeks post tumor implantation. For subcutaneous
pancreatic tumor model, mice were anesthetized by inhalation of 2.5% isoflurane in oxygen.
A flap of skin was lifted with forceps and 50x103 syngeneic PDAC cells in 100 pL PBS
were injected into the skin using an insulin syringe. Tumor volume was calculated as length
x width x width/2 in cubic millimeters.

For orthotopic GBM tumor model, a customized stereotactic setup with a guide-screw
system was used for intracranial injection. Mice were anesthetized with ketamine and
20x103 syngeneic GI261 cells in 5 pL cell media were stereo tactically injected into the
brain with a Hamilton syringe. Mice were sacrificed ~3 weeks post tumor implantation.
Tumor growth was measured with /n vivo bioluminescent imaging one day post tumor
implantation surgery on VIS Lumina (PerkinElmer). Mice were anesthetized by inhalation
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of 2% isoflurane in oxygen during the duration of the imaging. Exactly 15 prior to imaging,
200 pL of 15 mg/mL D-Luciferin solution (GoldBio) was intraperitoneally injected into
each mouse and moved into the imaging chamber. Luminescence was used to measure tumor
size (photons/s) of all genotypes at all time-points and analyzed simultaneously with Aura
Imaging Software (Spectral Imaging Systems). At endpoint, reflex score was determined
through toe pinch test (2 points for prompt withdrawal, 1 point for sluggish withdrawal and
0 points for no withdrawal of foot; calculated for each side). Presence of seizures at the time
of sacrifice was noted as frequent rhythmic movement of forelimbs and/or whole body.

Mice of all genotypes were implanted with tumors in a randomized manner in all models.

Antibiotic treatment—All antibiotics were supplied ad libitum in drinking water in
combination or alone comprising of ampicillin (1 g/L), vancomycin (0.5 g/L), neomycin
(0.5 g/L), metronidazole (1 g/L) and amphotericin B (0.5 mg/L). Antibiotic treatment was
performed for two weeks in experiments without tumors and for 5 weeks in experiments
with tumors. Untreated mice were supplied with autoclaved water for the duration of the
experiment.

Parabiosis—Surgical procedure was adapted from published protocol.81 Only female
littermates who were age and weight-matched were used. Each pair was independently co-
housed for at least a week prior to procedure. On the day of surgery, mice were anesthetized
by inhalation of 1.5% isoflurane in 2% oxygen and placed on heating pads during the entire
procedure. Opposite lateral sides were shaved on each mouse within a pair, followed by
matching skin incisions and separation of fascia along the elbow and knee joints without
breaching the peritoneal cavities. Opposite olecranon and knee joints were aligned in a
bent position and joined with non-absorbable 4-0 nylon sutures in triple surgical knots.
Following the attachment of the joints, the ventral and dorsal skin of both mice was joined
with discontinuous absorbable 6-0 PDS monofilament sutures. During the procedure each
mouse was subcutaneously administered with 0.5 mL of 0.9% NaCl solution to prevent
dehydration. Mice were allowed to recover on heated pads. Each mouse received 25 pg of
buprenorphine S.R. and 0.5 mL of 0.9% NaCl solution post-op every 24h for 3 consecutive
days to alleviate pain. Additionally, mice received two weeks of post-operative Baytril
(0.175 mg/mL) antibiotic treatment in drinking water to prevent infections. Successful
parabiotic pairs were classified as surviving healthy pairs two weeks after surgery.

Proliferation Assay—KPC!!17ra+/+ and KPC!I17ra~/= cells were synchronized 48 hours
before assay. After 48 hours, cells were plated in a 96-well flat bottom plate at 2500 cells/
well in 20 technical replicates. Cell growth was monitored for 120 hours and analyzed by
the IncuCyte Live-cell analysis imaging system. Log phase of growth curve was used to
calculate doubling time.

In vivo antibody treatment—Treatment was started 10 days after tumor implantation
and after confirmation of palpable tumors. Each mouse was administered with matched
vehicle, 100 g of anti-CD20 (BioXCell), 200 pg of anti-1L-17RA (Amgen) or 200 pg of
anti-1L-17 (Amgen) antibodies intraperitonially twice a week as indicated in experimental
outline.
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Histological Analysis—FFPE blocks were serially cut at 5 um thickness. Slides were
deparaffinized, rehydrated and stained with Hematoxylin and eosin. All bright field scans
were obtained at 20X with Aperio Slide Scanner (Leica Biosystems).

Immunohistochemistry—FFPE tissue sections were deparaffinized, rehydrated in
gradient alcohols. Antigen retrieval was performed with 1X Citrate buffer, pH 6.0 for

15’ at 99°C. Endogenous peroxidases were blocked with 0.3% H,0, for 10 at RT.
Nonspecific epitopes were blocked with 2.5% normal goat serum (Mector Laboratories) for
45’. Primary antibody was incubated overnight at 4°C. Secondary ImmPRESS IgG antibody
(\Vector Laboratories) was used for 30 at RT. Chromogenic substrate detection was done
with SignalStain DAB (diaminobenzidine) Kit (Cell Signaling Technology) according to
manufacturer’s instructions. Slides were counterstained with hematoxylin (Dako, Agilent)
mounted in Acrymount (StatLab), and scanned at 20X with Aperio Scanscope Scanner
(Leica Biosystems).

In situ hybridization—Probes against mouse //Z7aand //17fwere used according to
manufacturer’s instructions (Advanced Cell Diagnostics). Opal detection system (Akoya
Biosciences) was used for fluorescent HRP detection. Slides were imaged using the Vectra
3.0 spectral imaging system (PerkinElmer).

Sample preparation for immunoprofiling—Tumors were injected with 3 mL of tumor
digestion buffer (1 mg/mL Collagenase P, 0.5 mg/mL DNAse | in HBSS) using an insulin
syringe and topped up with another 3 mL of tumor digestion buffer and incubated for 10 at
37°C. Digestion was stopped with 10% FBS HBSS media and filtered through 40 um cell
strainer. Next, tumors were incubated with Trypsin solution (1:4 0.25% Trypsin EDTA in
HBSS) for 3” at 37°C. At the end of the incubation, samples were washed with 10% FBS
HBSS media.

Lamina propria isolation was adapted as previously reported.>® Briefly ~3 cm of terminal
ileum was harvested, Peyer’s patches were carefully excised, fat gently removed, followed
by squeezing out of fecal material and flushed with PBS with an 18G needle. Next the
tissue was opened longitudinally and cut into smaller pieces of ~0.5 cm and incubated with
prewarmed EDTA buffer (10 uM EDTA, 10 uM HEPES in HBSS) at 37°C for 15” with
slow rotation. Next the tubes were placed on ice for an additional 15’. Tissues pieces were
vigorously shaken and passed through a 100 um cell strainer and rinsed several times with
HBSS. Subsequently, 10 mL of prewarmed digestion buffer (0.5 mg/mL Collagenase D, 10
mg/mL DNAse | in HBSS, with Ca?* & Mg?2*) was added and tissues pieces minced with
sharp scissors. Samples were incubated at 37°C for 45’ with slow rotation. Tissues were
vortexed intensely and passed through a 70 um cell strainer and inactivated with 6 mL 10%
FBS HBSS media and washed.

Spleen were incubated with High-Yield Lyse solution (Invitrogen) for 8” at RT for
erythrocyte removal. Lysis was stopped by adding cold HBSS and washed. Samples were
filtered through 40 pum cell strainer before use.

Cancer Cell. Author manuscript; available in PMC 2024 July 11.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Chandra et al.

Page 16

lleac Peyer’s Patches, mesenteric and pancreatic lymph nodes were disintegrated with the
back of a syringe plunger and passed through 40 um cell strainer before use.

Flow cytometry—Samples were stained for viability with LIVE/DEAD Blue dye
(Invitrogen), quenched with Fc block (BD Biosciences) diluted in FACS buffer (4% FBS,
100 uM EDTA in PBS) for another 10°, RT. Surface antibody incubation was done at

1 pL/tube diluted in FACS buffer for 30" in dark at RT. Next samples were washed

twice and fixed with CytoFix/CytoPerm buffer (BD Biosciences) for 20’ in dark at 4°C.
Sample acquisition was performed on LSRFortessa X-20 Cell Analyzer (BD Biosciences).
Analysis was performed with FlowJo version 10.8.1 software. Antibody details including
final concentrations can be found in STAR Resources.

Mass of cytometry (CyTOF)—Staining was performed as previously reported.82
Samples were stained for viability with Cell-ID Cisplatin (Fluidigm) and washed with
Maxpar Cell Staining buffer (Fluidgm). Next samples were incubated with Fc block (BD
Biosciences), followed by incubation with surface antibody cocktail for 30’ at RT. Samples
were washed twice and fixed with CytoFix/CytoPerm buffer (BD Biosciences) for 20’ in
dark at 4°C and subsequently, barcoded using the Cell-1D 20-Plex Pd Barcodes (Fluidigm)
for 30” at RT. Samples were then incubated with intracellular antibody cocktail for 45’

at RT, washed twice and stained with Cell-ID Intercalator-Ir (Fluidigm) overnight. Sample
acquisition was performed on Helios mass cytometer (Fluidigm). Raw data was debarcoded
and preprocessed in FlowJo version 10.8.1 software to gate on Iridium stained, live cells.
Further analysis was performed with RStudio as previously described.83 Antibody details be
found in Table S3.

Bulk RNA-seq and Analysis—Total RNA was extracted from fresh-frozen tumors and
~1cm of terminal ileum according to manufacturer’s protocol (Qiagen). RNA integrity
was confirmed on RNA Nano or Pico 6000 Bioanalyzer (Agilent Technologies). Libraries
were prepared using Illumina TrueSeq Stranded Total RNA kit and sequenced on Illumina
NextSeq 2000 System. Paired-end reads were aligned with University of California Santa
Cruz Banana Slug Analytics Platform.

Significantly upregulated and downregulated genes were used as input for Interpretative
phenomenological analysis (IPA) (Qiagen) and subsequently, only z scores with —log10

p value = 1.3 were used for further analyses. For comparative analysis, all genes after
comparison to samples from control mice with p<0.1 were used to identify common genes
in ilea samples of mice with PDAC and GBM tumors. Gene Ontology (GO) analysis was
performed with commonly downregulated genes in both groups.8

Single cell RNA-seq and Analysis—For single cell RNA sequencing library
preparation, samples were prepared by Gel bead in emulsion (GEM) formed by oil
micro-droplets, each containing a gel bead and a cell, by the Chromium instrument

(10X Genomics). The reaction mixture/emulsion with captured and barcoded mRNAs
were removed from the Chromium instrument followed by reverse transcription. The
cDNA samples were fragmented and amplified per 10X protocol. The libraries were then
purified, quantified, and sequenced on an Illumina NextSeq 550. Mapping of raw reads was
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performed using the Cell Ranger pipeline (10X Genomics). Downstream analysis was done
with Seurat package (V4.3.0) in R to generate UMAP from all the clusters identified in

each sample type.8® Significant differentially expressed genes in each cluster between the
two comparison groups were identified using the FindMarkers function in Seurat R package,
and input in clusterProfiler R package (V4.6.0) to identify differential pathways by GSEA
analysis.86 FoldChange function in Seurat R package was used to calculate average log2FC
expression of //17aand //17fin indicated clusters between the groups.

Quantitative RT-PCR—Total RNA was extracted as described above and reverse
transcribed with cDNA Reverse Transcription Kit (Applied Biosystems). Quantitative RT-
PCR was performed in triplicates with Fast SYBR Green Master Mix (Applied Biosystems)
on a ViiA 7 real-time PCR system (Applied Biosystems). Gene expression was normalized
to Gapdhand ddCt was reported as fold change. All PCR primer sequences were obtained
from Origene and validated on Primer-BLAST (NCBI) and manufactured through Integrated
DNA Technologies (IDT).

Cytokine Detection—Whole blood was retro-orbitally collected in EDTA-coated tubes,
plasma extracted and used undiluted for downstream assays. Cytokines were measured
according to manufacturer’s instructions.

Intracellular ROS production with Flow Cytometry—KPC cells treated with 50
ng/mL IL-17 in vitro for 7 days. After 7 days, cells were stained with CM-H,DCFDA
according to manufacturer’s instructions. Sample acquisition was performed on LSRFortessa
X-20 Cell Analyzer (BD Biosciences) in the 488 nm excitation channel. Analysis was
performed with FlowJo version 10.8.1 software.

Extracellular ROS production using Amplex Red—KPC/17/a#/* and KpC/17ra~/~
cells treated with 50 ng/ml IL-17 Jn vitro for 7 days. After 7 days, 500x106 cells were
resuspended in 50 uL 1X Reaction buffer and then used for each replicate for measurement
of H,0, released by cells with Amplex Red Hydrogen Peroxidase kit according to
manufacturer’s instructions. Fluorescence was read at 530 nm excitation and 560 nm
emission at each timepoint using a Biorad plate reader.

DNA extraction and bacterial 16S rRNA sequencing—16Sv4 rRNA gene
sequencing methods were adapted from those developed for the NIH-Human Microbiome
Project87:88 and the Earth Microbiome Project.89 Briefly, total genomic DNA was extracted
using the Qiagen DNA extraction Kits for stool samples (DNeasy PowerSoil Pro Kit). The
16Sv4 rDNA region was amplified by PCR using the universal primers 515F and 806R

and sequenced on the Illumina MiSeq platform using the 2x250 bp paired-end protocol.

The primers used for amplification contain adapters for MiSeq sequencing and single-index
barcodes so that the PCR products may be pooled and sequenced directly,% targeting at least
10,000 reads per sample. SFB detection in fecal DNA samples was performed as previously
described.5?

Microbiome Analysis Pipeline—Raw paired-end 16S rRNA reads (V4 region) were
merged into consensus fragments by FLASH®! and subsequently filtered for quality
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(targeted error rate < 0.5%) and length (minimum 200bp) using Trimmomatic®? and
QIIME.®3:94 Spurious hits to the PhiX control genome were identified using BLASTN

and removed. Passing sequences were trimmed of primers, evaluated for chimeras with
UCLUST (de novo mode).% Chloroplast and mitochondrial contaminants were detected and
filtered using the RDP classifier® with a confidence threshold of 50%. High-quality passing
16S rRNA sequences were assigned to a high-resolution taxonomic lineage using Resphera
Insight®7:98 and SILVA Database v128.9° Resulting contaminant-free 16S rRNA profiles
were subsampled to 2,000 sequences per sample for downstream comparative analysis.
Alpha- and beta-diversity analysis and principal coordinates analysis utilized QIIME and R.
Differential abundance analysis of alpha diversity features of interest evaluated differences
using the nonparametric difference test. Differential abundance analysis of taxonomic
abundances evaluated differences using the negative binomial test (DESeq).190 The false
discovery rate (FDR) was used to correct for multiple hypothesis testing.19? Generalized
linear modeling adjusting for cohort membership and survival status was performed using R.
Statistical annotations are added to denote significant correlations with metadata, enabling
quick assessment of many variables.

CosMx Spatial Molecular Imaging (SMI)—CosMx SMI platform (NanoString
Technologies Inc.) was used with three FFPE PDAC specimens as previously described.102
Cellular phenotyping was performed using reference cellular profiles of human pancreas.103
Cell assignments were verified using comparison to known marker gene expression, protein
expression, and location within tissue. /L17A spatial cellular distribution was visualized
with Napari software (NanoString Technologies Inc.). /L17A expression by cell type was
reported as average normalized counts per cluster.

TCGA Analysis—Only TCGA PDAC patients were used for analysis. Patients were
stratified as low or high for /L17A expression based on mean expression and then evaluated
for DUOXZ expression (UQ FPKM). For DUOXZ high vs. low comparison, patients were
stratified based on average expression and differentially expressed genes were extracted.
Following this all the mapped significantly upregulated and downregulated genes were input
into GSEA analysis to calculate enriched pathways.

QUANTIFICATION AND STATISTICAL ANALYSIS

Data were expressed as the mean = SEM. Data were analyzed using GraphPad Prism

9.0 software (GraphPad Software, Inc.). Statistical significance between two groups

was assessed using two-tailed student’s t test for parametric and non-parametric testing
depending on data distribution. When one variable was compared in more than two groups,
one-way ANOVA was employed with Fisher’s test. When two or more variables were
compared in more than two groups, two-way ANOVA was employed with Fisher’s test.
Asterisks denoting the following values were as considered statistically significant: *P <
0.05, **P < 0.01, ***P < 0.001, or ****P < 0.0001.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1: Microbially driven elevation of |L-17 promotes pancreatic tumor growth
A.Experimental outline of murine PDAC model. Pancreata (orthotopic) or skin

(subcutaneous) of //17ra** and //17ra™'~ mice were implanted with KPC cells and sacrificed
after 4-5 weeks.
B. Representative images (duplicates) of PDAC orthotopic tumors from //17ra*’* and

111 7ra”'~ mice at endpoint. Scale bar represents 3 mm.
C-D. Orthotopic tumor volumes (C) and weight (D) at endpoint.
E-F. Subcutaneous tumor growth curves (E) and end-point tumor weight (F).
G. Wolcano plot showing upregulated genes from RNA-seq analysis of orthotopic tumors in
1117ra"~ mice compared to //17ra""* mice (n=4/group).
H. z-score of selected IL-17 related pathways in orthotopic tumors and ilea of //17ra™/~
mice, relative to //17ra** mice from Ingenuity Pathway Analysis (IPA).

. Relative mRNA expression measured by gPCR in orthotopic tumors (left) and ilea (right)
at endpoint.
J. Representative images showing //Z7a RNAScope staining in orthotopic tumors (left) and
ileum (right). Scale bars represent 40 pm.
K .Heatmap showing foldchange (FC) of plasma cytokine levels in tumor-bearing //17ra~
mice compared to //17ra"* mice at endpoint, measured by Luminex (n=3/group).

Cancer Cell. Author manuscript; available in PMC 2024 July 11.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Chandra et al.

Page 27

L. Pre and post treatment plasma IL-17 levels in mice treated with either single or cocktail
of antibiotics (ampicillin, vancomycin, neomycin, metronidazole and amphotericin B) in
drinking water for two weeks.

M. Experimental outline of IL-17RA blockade in combination with antibiotics in PDAC
subcutaneous tumor model. Starting 10 days after tumor implantation, mice were given
four doses of isotype 1gG or alL-17RA monoclonal antibody with or without ampicillin
treatment in drinking water until endpoint.

N. Plasma IL-17 levels at endpoint.

O. Subcutaneous tumor growth curves IL-17RA blockade in combination with ampicillin.
Data is reported as mean + SEM; P values were calculated using Student’s t test (unpaired,
two tailed) for 2 groups and ANOVA for =2 groups; *P < 0.05, **P < 0.01, ***P < 0.001, or
**%*%P < 0.0001.

See also Figure S1.
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Figure 2: Enteric IL-17RA genetic deletion promotes microbially driven IL-17 signaling
dependent pancreatic tumor growth.

A. Baseline plasma IL-17 levels in //17ra""* and //17ra™"-Villin-Cre mice.

B. Experimental outline of murine PDAC orthotopic model. Mice were treated with
ampicillin in drinking water starting from one week prior to tumor implantation. Pancreata
of //17ra*"* and 1/17ra™-Villin-Cre mice were implanted with KPC//277a## and KpC/17ra~/
~cells and sacrificed after 4 weeks.

C. Representative images (duplicates) of PDAC orthotopic tumors at endpoint. Scale bar
represents 3 mm.

D-E. Orthotopic tumor volumes (D) and weight (E) at endpoint.

F. Plasma IL-17 levels in tumor-bearing //17ra™" - Villin-Cre mice at endpoint with or
without ampicillin treatment from 2B (n=4/group).

G. Experimental outline of PDAC subcutaneous tumor model implanted with KPCACHI#/*
and KPCACL~~ cells,

H-1. Subcutaneous tumor growth curves (H) and endpoint tumor weight (1) of KPCACHL*/+
and KPCACL~~tumors in //17ra*"* and 111 7ra™:Villin-Cre mice.

J. z-score of the I1L-17 signaling pathway in orthotopic tumors and ilea (gut) of //17ra'~ and
1117ra™f\jillin-Cre mice, relative to //17ra""* mice calculated from IPA.
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K . Heatmap showing log2FC of overlapping genes in tumors and ilea (gut) of //17ra’~ and
111 7ra™f-\/jllin-Cre mice, relative to //17ra""* mice from RNA-seq (n=4/group).

L. Baseline plasma IL-17F levels in tumor-bearing //17ra"* and 1/17ra™"Viillin-Cre mice at
endpoint measured by Luminex (n =3/group).

M. Bray-Curtis PCoA plot of beta diversity showing distance between stool samples of
117ra""* and 111 7ra"7-Viillin-Cre mice.

Data is reported as mean + SEM; P values were calculated using Student’s t test (unpaired,
two tailed) for 2 groups and ANOVA for >2 groups; *P < 0.05, **P < 0.01, ***P < 0.001, or
****P < (0.0001.

See also Figures S2, S3 and S4.
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Figure 3: Intestinal IL-17-1L-17RA dependent microbial dysbiosis can affect tumor growth
remotely

A. Experimental outline of murine GBM orthotopic model. Guided screws were intra-
cranially implanted one week prior to tumor implantation. Brains of //17ra"!*, 1/17ra”!~
and //17ra™";\/illin-Cre mice were implanted with murine GBM cells GI261 and sacrificed
after three weeks.

B. Representative bioluminescent images showing cranial luciferin expression in //17ra*!*,
117ra"= and 1117ra"?:Villin-Cre mice at day 1 (left), day 11 (middle) and day 22 (right)
post implantation. Luminescence is represented as a heatmap in radians.

C. Tumor growth curves measured by bioluminescent imaging.

D. Representative images (triplicates) of GBM orthotopic tumors from //17ra"*, 1/17ra”!~
and //17ra"";\jillin-Cre mice at endpoint. Yellow arrows indicate site of tumor injection.
Scale bar represents 3 mm.

E. Tumor volumes at endpoint measured by bioluminescent imaging.

F-G. Neurological symptoms- reflex score (F) and presence of seizures (G) in //17ra"!*,
11 7ra”'= and 1117ra™" - Villin-Cre mice at endpoint.

H. Heatmap showing log2FC of genes in GBM orthotopic tumors and ilea of //17ra"~

and //17ra™";\jillin-Cre mice, relative to tumors and ilea of //17ra""* mice assessed from
RNA-seq (n=4/group).

Data is reported as mean + SEM; P values were calculated using Student’s t test (unpaired,
two tailed) for 2 groups and ANOVA for =2 groups; *P < 0.05, **P < 0.01, ***P < 0.001, or
****P < (0.0001.

See also Figure S4.
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Figure 4: Enteric IL-17RA deficiency triggersB cells development
A. Experimental outline of murine PDAC orthotopic model. Pancreata of //17ra*'* and

111 7ra™"\jj{lin-Cre mice were implanted with KPC cells sacrificed after 3 weeks for
immunoprofiling of tumor, lamina propria (LP), Peyer’s patches (PP), mesenteric lymph
nodes (MLN), pancreatic lymph nodes (pLN) and spleen; via CyTOF and flow cytometry.
B-C. ViSNE plot (B) and lymphocytic populations (C) in LP from //17ra*"* and //17ra™"
-Villin-Cre mice (n=3/group).

D-E. viSNE plot (D) and lymphocytic populations (E) in tumors from //17ra""* and 1/17ra"
-Viillin-Cre mice (n=3/group).

F. Representative flow cytometric plot showing immune populations in orthotopic tumors of
117ra™"* and 111 7ra"7-Viillin-Cre mice.

G. Quantification of B cells abundance in LP, mLN, spleen and tumors by flow cytometric
analysis, reported as a percent of viable CD45* cells.

H. Representative images showing CD20 IHC staining in orthotopic KPC tumors from
H17ra"™*, 1117ra"~ and 111 7ra™"f:Villin-Cre mice. Scale bar represents 50 pm.

| Experimental outline of /n vivo B cell depletion in PDAC subcutaneous tumor model
using neutralizing antibodies against aCD20.

J. Levels of B cells in tumors reported as a percent of viable CD45* cells, measured by flow
cytometry.
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K. Growth curves of subcutaneous tumors with B cell depletion in //17ra""* and 1/17ra™"
f1-Viillin-Cre mice.

Data is reported as mean £ SEM; P values were calculated using Student’s t test (unpaired,
two tailed) for 2 groups and ANOVA for =2 groups; *P < 0.05, **P < 0.01, ***P < 0.001, or
**%*%P < 0.0001.

See also Figure S5 and Table S1.
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Figure5: Enteric IL-17RA deficiency driven dysbiosisrewiresimmune and tumor cells
A. Experimental outline of murine PDAC orthotopic model. Pancreata of //17ra** and

111 7ra™"\/jilin-Cre mice were implanted with KPC cells sacrificed after 3 weeks for single
cell RNA sequencing (scRNA-seq) of matched tumor and lamina propria (gut) samples.

B. UMAP plot showing cell clusters in ilea (gut) samples of tumor bearing //17ra""-Villin-
Creand //17ra"™* mice (n=2/group).

C. UMAP plot showing cell clusters in matched tumors samples of //17ra™"\iillin-Cre and
111 7ra"™* mice (n=3/group).

D. Dot plots showing //17a (left) and //17f(right) average expression in Th17 and B cells

in gut (top) and tumor (bottom) samples from //17ra™" - Villin-Cre mice assessed from single
cell analysis.

E. RNAScope staining showing //Z7aand //17fexpression in pancreatic orthotopic tumors
from //17ra"™* and 1/17ra™"7Viillin-Cre mice. Scale bar represents 40 pm.

F. RNAScope staining showing //17fand CD20+ cells in pancreatic orthotopic tumors from
1117ra™"\/j{lin-Cre mice. Scale bar represents 20 pm.

G. Enriched pathway in tumor B cells cluster from GSEA analysis in //17ra"7, Villin-Cre
vs. //17ra"* mice.
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H. Venn diagram showing overlapping genes in IL-17 driven pancreatic datasets (Table

S2): a) upregulated genes in “Tumor cells1’ cluster from single cell analysis (SCRNA-seq)
from advanced pancreatic tumors of //17ra™"Villin-Cre, b) downregulated genes in PanINs
(premalignant pancreas) of KCIMistl mice receiving IL-17 blockade?” and ¢) downregulated
genes in advanced pancreatic tumors of WT mice receiving IL-17 blockade30.

I. Violin plot showing Duox2 expression in sub clusters of “Tumor cells1’ divided by Duox2
expression in //17ra** and /11 7ra™?:Villin-Cre mice.

J. Enriched pathways from GSEA analysis in ‘“Tumor cells1’ sub cluster 1 (Duox2 High) in
117ra"\jillin-Crevs 1117ra*"* mice.

K. Experimental outline of murine pancreatic orthotopic model. Pancreata of whole body
tdTomato+ mice were implanted with KPC cells and treated with alL-17+alL-17RA twice
a week starting at day 10. At sacrifice, tdTomato negative (tumor cells) were enriched by
sorting.

L. Relative mRNA expression of Duox2and DuoxaZ2 measured by gPCR in tumors.

M. Quantification of H,0, released over time by KPC/27/a#/* and KPC/17/a~/= cells treated
with IL-17 Jin vitro, measured by Amplex Red assay. Experiment was repeated at least thrice.
Data is reported as mean + SEM; P values were calculated using Student’s t test (unpaired,
two tailed) for 2 groups and ANOVA for =2 groups; *P < 0.05, **P < 0.01, or ****P <
0.0001.

See also Figures S6, S7 and Table S2.
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Figure 6: Human PDAC hascirculating and tumor infiltrating IL-17-expressing cells that
associate with DUOX2

A. Experimental outline of spatial single cell transcriptomic profiling of clinical PDAC
primary tumors by CosMx Spatial Molecular Profiling (SMI).

B. Representative image showing /L17A transcripts (white) across cell types in selected
ROls. Scale bar represents 125 um (left) and 25 um (right, insets).

C. Bubble plot showing average normalized counts of /L17A expression in each cell type
cluster from CosMx SMI analysis.

D. DUOXZ expression in TCGA PDAC patients stratified according to average /L17A
expression.

E-F. Pathway analysis from GSEA analysis showing enriched pathways (E) and cnetplot (F)
in TCGA PDAC patients stratified according to high vs. low DUOXZ expression.

Data is reported as mean + SEM; P values were calculated using Student’s t test (unpaired,
two tailed); ****P < 0.0001.

See also Figure S7.
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