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IL-17 signaling protects against Helicobacter pylori-induced gastric cancer
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ABSTRACT

Helicobacter pylori infection is the predominant risk factor for the development of gastric cancer.
Risk is enhanced by specific H. pylori virulence factors, diet, and the inflammatory response. Chronic
activation of T helper (Th) 1 and Th17 pathways contributes to prolonged inflammation; yet, higher
expression of IL-17 receptor (IL-17RA) is a favorable prognostic marker for survival after gastric
cancer diagnosis. The protective impact of IL-17RA signaling is not understood. To investigate if IL-
17RA signaling protects during H. pylori-induced carcinogenesis, the transgenic InsGAS'9* mouse,
which is prone to H. pylori-induced gastric cancer, was utilized. InsGAS9* mice and InsGAS"
91117ra”" mice were infected with a cag type 4 secretion system (T4SS) positive H. pylori strain for
up to 6 months. Six weeks post-infection, IL-17RA deficiency led to increased bacterial burden,
increased gastritis, and development of lymphoid follicles. Increased inflammation was associated
with heightened cellular proliferation and earlier loss of parietal and chief cells in InsGAS'9* 11 7ra”
mice. Gastric cancers developed more frequently by 3- and 6-months post-infection in H. pylori-
infected InsGAS'*91117ra”" mice compared to InsGAS'%* mice. Chronic inflammation was exacer-
bated with IL-17RA deficiency, characterized by elevated Th1/Th17 cytokines, increased B cell
infiltration, and enhanced IgA production, despite reduced expression of the polymeric immuno-
globulin receptor. Further, paragastric lymph nodes of InsGAS'9*Il17ra” mice were enlarged
relative to controls and displayed altered gene expression profiles. Increased inflammation was
accompanied by a significant increase in Cybb expression, which encodes NADPH oxidase 2,
suggesting that increased oxidative damage may occur in the absence of IL-17RA. Further, there
is increased phosphorylation of histone 2AX in IL-17RA deficient mice, indicating that the DNA
damage response is highly activated. These data suggest that IL-17RA signaling activates
a protective pathway to prevent excessive inflammation which otherwise can lead to increased
oxidative stress, DNA damage, and drive gastric carcinogenesis after H. pylori infection.
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Introduction o .
significant pathology, many develop symptomatic

Helicobacter pylori is the most common chronic bac-
terial infection world-wide and the primary risk fac-
tor for the development of gastric cancer."”
Prevalence of H. pylori infection differs considerably
by geographical location and age, as does the inci-
dence of gastric cancer.>® A recent meta-analysis
found that approximately 79% of non-cardia gastric
cancer (NCGA) and 62% of cardia gastric cancer in
Asia, and 87% of NCGA in Europe and North
America could be attributable to H. pylori infection.
While not all H. pylori-infected persons will develop

gastritis, some develop peptic ulcer disease, and
a smaller, but significant, percentage develop gastric
cancer.®” Gastric cancer is the 5 most common
cancer worldwide with about 1 million people diag-
nosed in 2022.° It is the most common cancer diag-
nosed in eight countries and ranks 5" in terms of
mortality worldwide.® The United States’ National
Cancer Institute’s Surveillance, Epidemiology and
End Results Program (SEER) reports an updated
5-year survival rate of 36.4% for gastric cancer based
on data from 2014-2020.%°
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H. pylori virulence factors, environmental fac-
tors (i.e. diet), and the host’s immune response all
contribute to worsened disease pathologies
(reviewed in'). The gastritis associated with
H. pylori infection reflects the recruitment and
activation of several subsets of immune cells."' In
both human H. pylori infections and experimental
murine models, a predominant pro-inflammatory
mixed CD4" T helper cell response is typically
observed.'>"> While CD4" T cells are critical for
controlling proliferation of bacteria through the
activation of innate immune cells and epithelial
cells, these cells also contribute to chronic
inflammation.'* Historically, IFNy producing Thl
cells were believed to be the major driver of the
gastric immunopathology associated with H. pylori
infection. IFNy can induce several chemokines
which recruit immune cells (Cxcl9, 10 and 11)
and contribute to gastritis.'>'® Further, IFNy can
also activate reactive oxygen species (ROS) produc-
tion especially in the face of a pathogen. Moreover,
IFNy has been found to induce cell death and/or
cellular senescence via ROS and DNA damage."’
Therefore, the role of IFNy in carcinogenesis and
tumor biology is not unambiguous since it has both
pro-cancer and anti-tumor roles. About 20 years
ago, Th17 cells were identified as an additional
contributor to H. pylori-induced inflammation in
the gastric mucosa (seminal observations made in'”~
*%). We previously identified the IL-17RA as having
a dichotomous role during H. pylori infection.*' >
IL-17RA is expressed on epithelial cells, stromal
cells, fibroblasts, and lymphocytes.**** IL-17RA/
IL-17Receptor C (IL-17RC) multimeric receptors
are required for IL-17A, IL-17F and IL-17A/F sig-
naling. I117ra”” mice exhibit decreased neutrophil
(PMNSs) recruitment in response to acute bacterial
and fungal pathogens.”"***° As a result, Il17ra”
mice are unable to control many pathogens. In the
established model of chronic H. pylori infection in
C57Bl/6 mice (which did not lead to cancer devel-
opment), IL-17RA deficiency results in reduced
neutrophil recruitment and elevated bacterial
burden.”' Paradoxically, the chronic inflammatory
response is exacerbated, suggesting a potential reg-
ulatory role for IL-17 signaling in preventing hyper-
activation of the adaptive immune response.”"** IL-
17RA signaling may protect against a prolonged
pathogenic T cell response and thus, IL-17RA may

prevent chronic activation of damaging inflammatory
pathways. Moreover, the Human Protein Atlas
Project indicates that high expression of IL-17RA is
a favorable prognostic marker for survival in gastric
cancer patients.”® > There is also evidence that several
polymorphisms in the ILI7A gene (rs2275913G>A
OR =221, 95% CI = 1.29-3.79)* and the IlI7F gene
(rs763780C>T OR=1.35, 95% CI=1.16-1.58)*
influence susceptibility to gastric cancer.”>>°

These data suggest that IL-17 receptor signaling,
specifically mediated through IL-17RA, contributes
to an immune modulation/protection during
H. pylori infection and carcinogenesis. How to
interpret the changes in expression of IL-17 and
other Th17 associated markers in humans is not
clear. Expressional analysis of Thl7-associated
markers during H. pylori-infection and gastric can-
cer (GC) demonstrated a strong positive correla-
tion between the transcription factor associated
with Th17 responses, Roryt, IL-17A and IL-21 in
both H. pylori-infected tissues and cancer tissues.’”
The authors posit that this correlation provides
evidence supporting the notion that Th17 cell
expansion may contribute to cancer development.
Additionally, in a recent study which investigated
N-methyl-N-nitrosourea (MNU) treatment and
H. pylori infection in a mouse model of gastric
cancer, IL-17A knockout mice did not develop as
many gastric tumors and had a decrease in oxida-
tive stress.”® Their results suggest that IL-17A pro-
motes gastric carcinogenesis through IL-17RC/
NFkB/NOXI1 activation. In another study, the rela-
tionship between expression of T helper 17 (Th17)-
related cytokines, IL-17 and IL-21, to angiogenesis
and clinicopathological parameters was assessed.
They found that mRNA expression of IL-17 in
tumors was associated with the depth of the
tumors, lymph-vascular invasion, and lymph
node involvement.> This led the authors to suggest
that IL-17 is linked to tumor progression.

Numerous cytokine receptors, including IL-17
receptors, are expressed on epithelial cells, prompt-
ing investigations into how these cells respond to
T cell-derived cytokines. Our own findings suggest
that the major impact of IL-17 on epithelial cells is
the induction of chemokines, S100 proteins, Nox]I
and Pigr.>> However, the understanding of the
impact of these cytokines on barrier function,
gastric stem cell populations, or epithelial cell



restitution in the stomach post-H. pylori infection
remains limited. It is known that barrier function is
mediated by a number of different molecules and
cells in the mucosa, including recruitment of neu-
trophils (and their antimicrobial products) and
immunoglobulin A (IgA). We previously published
that after H. pylori infection, Il17ra”~ mice on the
FVB/n background have impaired barrier integrity
exhibited by reduced mucin production and high
levels of IgA in the mucosa (despite reduced Pigr
expression) compared to infected FVB/n WT
mice,”” but how IL-17RA impacts the development
of gastric cancer was not investigated. In this study,
we investigated the role of IL-17RA in H. pylori
induced gastric cancer using the InsGAS mouse
model. This model provides the opportunity to
investigate pathological consequences of H. pylori
infection beyond gastritis. We provide evidence
that IL-17RA plays a cancer suppressive role
through regulating the adaptive immune response
to H. pylori. H. pylori associated hyperactive
chronic Th17 and Thl immune responses are asso-
ciated with early increased bacterial burden, and
they may be driven by increased antigenic uptake
and presentation in the tissues and by local para-
gastric lymph node activity. IL-17RA deficiency in
the InsGAS mice led to increases in expression of
Cybb, the gene encoding NAPDH oxidase 2 (Nox2),
increased DNA damage, and accelerated the devel-
opment of gastric cancer in response to H. pylori,
underscoring the protective nature of IL-17 signal-
ing in this chronic carcinogenic microenvironment.

Materials and methods
Ethics statement

Institutional Animal Care and Use Committee
(IACUC) of Vanderbilt University Medical
Center and the Research and Development
Committee of the Veterans Affairs Tennessee
Valley Healthcare System approved all animal pro-
cedures in this study under protocols V1800070
and V2000068. Power analyses were provided to
justify sample sizes for this study including the
primary outcome of the development of gastric
cancer. Animal experiments were performed in
accordance with AAALAC guidelines, the AVMA
Guidelines on Euthanasia, NIH regulations (Guide
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for the Care and Use of Laboratory Animals), and
the United States Animal Welfare Act. Mice were
housed in an accredited research animal facility
that is fully staffed with trained personnel.

Mice

IL-17RA  deficient —mice, IlI7ra””  mice,
(Il17ra <™ (™)) were generated using CRISPR/
Cas9 methodology in FVB/n mice and are available
upon request.”> The InsGAS mice (FVB/N-Tg
(Ins1-GAS)1Sbr/], JAX stock #018149) are
a hypergastrinemia mouse model and were a gift
from Dr. Richard Peek. The original creation of the
InsGAS mouse is described here.” These mice were
crossed to generate the InsGAS®4Il17ra”" mouse
used in this study. Dual zygosity of InsGAS breeders
was determined using Envigo services (Indianapolis,
IN). The mice were Helicobacter-free prior to infec-
tion. Feces from sentinel mice housed in the same
rooms consistently tested negative for pinworms,
mouse parvovirus, and several other murine patho-
gens. Mice were transferred to an ABSL2 facility prior
to infections. Cages of mice are randomized into
infected v. uninfected groups. Mice were euthanized
at predetermined time points post-infection (includ-
ing uninfected mice) and tissues were collected for
analysis. Male and female mice were used for some
analyses where indicated. Male mice were used more
frequently due to efficiency of H. pylori colonization.
The order of treatments (e.g. infections, antibody
treatments) or cage location are not considered con-
founding variables in our chronic experimental
model.

H. pylori strain and mouse inoculation

H. pylori PMSS1 strain (a Cag type IV secretion
system positive strain) was grown from a freezer
stock on 5% sheep blood Tryptic Soy Agar (TSA)
plates. Cultures were passaged every 48 hours until
a sufficient quantity was obtained to start liquid
cultures. Two plates were used to inoculate each
flask containing 50 mL of Brucella Broth with 10%
Fetal Bovine Serum (FBS) and 10 pg/mL vancomy-
cin. Liquid cultures were grown for approximately
18 hours at 160 rpm on a Maxq2000 orbital shaker
(ThermoFisher Scientific, Waltham, MA) at 37°C
in a BD GasPak™anaerobic chamber with EZ
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sachets per manufacturer’s recommendations
(Becton Dickinson, Franklin Lakes, NJ).
Concentration of liquid cultures was quantified via
ODggo on BioTek ELx808 plate reader (BioTek,
Winooski, VT) utilizing Gen5 3.10 software
(BioTek).

At 8-10 weeks of age, if randomized to the infec-
tion group, mice were orogastrically gavaged with
an inoculum of H. pylori PMSSI strain at 1 x 10°
CFU in 0.5mL of Brucella Broth; two doses were
administered approximately 48 hours apart. Doses
were verified by plating serial dilutions of the
inoculums.

Mouse tissue and sample collections

At the experimental endpoint, mice were sacrificed,
and tissues were harvested for several assays. The
stomach was removed, opened along the lesser
curvature, and rinsed in 1 mL of PBS to derive
a gastric wash sample. The stomach was sectioned
into 3 or 4 longitudinal sections from the squamo-
columnar junction to the duodenum, each section
containing the entire length of both glandular com-
partments (antrum and corpus). One of these sec-
tions was used for histological analysis, one for
colonization measurements, and one for gene
expression analyses. In experiments where flow
cytometry was performed the % of the stomach
was used for flow cytometry while % was used for
colonization measurements and % for either histo-
logical analysis or for gene expression. The number
of replicates for experiments is indicated in the
figure legends. Most experiments were performed
on three different occasions.

Bacterial colonization measurements

Approximately % of the stomach was utilized to
determine the level of H. pylori colonization. The
tissue section was placed into a pre-weighed,
chilled tube containing Brucella Broth with 10%
FBS and five (5) stainless steel balls, and the weight
of the tissue was determined. The tissue was homo-
genized in a FisherBrand Bead Mill 24
(ThermoFisher Scientific). The homogenate was
then diluted with 10% FBS in Brucella Broth to
create 10% 10% and 10" dilutions. Diluted homo-
genate was plated on TSA plates containing 5%

sheep blood (Hemostat Laboratories, Dixon, CA)
nalidixic acid (10 pg/mL), vancomycin (50 pg/mL),
amphotericin ~ (2pg/mL), and  bacitracin
(100 w g/mL). After 6 days in an airtight container
with BD GasPak™ EZ Sachets (Becton Dickinson)
at 37° and 5% CO,, colony forming units (CFU)
were counted and CFU per gram of tissue was
calculated to normalize each sample to the weight
of the initial gastric section. Log transformation of
CFU/g was calculated, and an unpaired t-test was
performed to determine significance. Our limit of
detection is 4 log CFU/gram of stomach tissue.

Histological analysis

The middle section of the harvested stomach tissue
was first placed onto Whatman paper, then trans-
ferred into a histo-cassette with a foam pad. Tissue
sections were fixed in 10% Neutral Buffered
Formalin (NBF) for a minimum of 24 hours before
processing. Five-micron thick sections were stained
with hematoxylin and eosin (H&E). A single
pathologist who is blinded to experimental condi-
tions scored indices of inflammation and assessed
the presence of dysplasia and cancer. Several vari-
ables were graded on a 0 to 3 scale (0, none; 1, mild;
2, moderate; 3, severe) in the gastric antrum and
corpus: acute inflammation (polymorphonuclear
cell infiltration) and chronic inflammation (mono-
nuclear cell infiltration); thus, a maximum inflam-
mation score of 12 was possible for each animal.
Loss of parietal cells and loss of chief cells were
scored separately as follows: 0 (no loss of cells), 1
(>0 up to 30% cell loss), 2 (>30 to 60%), and 3
(>60% loss of cell type). Corpus foveolar hyperpla-
sia, defined as elongation of foveolae, was scored in
the corpus in a 0-3 scale (absent, mild, moderate,
or severe). Lymphoid follicles were defined as accu-
mulations of lymphocytes with a germinal center.
Lymphoid aggregates were defined as accumula-
tions of lymphocytes (and other mononuclear leu-
kocytes) without a germinal center. The combined
number of lymphoid follicles and aggregates
observed in H&E sections was obtained (one sec-
tion per animal spanning the entire length of the
glandular stomach).

As previously described,”” low-grade dysplasia
was defined as irregular, angulated, and



occasionally cystically dilated glands with enlarged
overlapping hyperchromatic nuclei. Carcinoma
was defined as irregular, angulated, cystically
dilated glands with occasional cribriform architec-
ture, with invasion to the lamina propria (intramu-
cosal), to the submucosa or muscularis propria.

Immunohistochemical staining

Five-micron thick sections (formalin-fixed, paraf-
fin-embedded gastric specimens) were deparaffi-
nized by routine methods. Antigen retrieval,
quench, and antibody incubations were performed
as previously described.*” In short, for anti-Muc5ac
(Cat no. 36623, Cell Signaling Technology,
Danvers, MA), a 1:400 dilution was used, for
pH2ax (Cat no. NB100-2280, Novus Biologicals,
Centennial, CO) a 1:400 dilution was used, and for
anti-Ki67 (Cat no. 12202, Cell Signaling
Technology), a 1:600 dilution was used. Antibody
localization was performed using an HRP-labeled
polymer (Cat no. K4003, Dako, Glostrup,
Denmark). Staining was visualized by 5-minute
incubation with chromogen diaminobenzidine
(DAB+). Ki67 and pH2ax staining were quantified
by counting epithelial cells with positive nuclear
staining in the 5 high-power fields (400x) with
the highest counts in well-oriented areas of corpus
in eah animal. Because the proliferative and neo-
plastic changes were mainly observed in the corpus,
we did not assess the antrum. Average counts per
animal were tested for significance with a Welch’s
t-test.

RNA isolation and qRTPCR

RNA was isolated from stomach and paragastric
lymph nodes from InsGAS®"¢ and InsGAS'*"S-
Il17ra”” mice. The stomach RNA is extracted
from a longitudinal section of gastric tissue
approximately % to ¥ of the total tissue, while the
whole paragastric lymph node is used. Paragastric
lymphnodes are manually digested in a 12 well
plate with a 3 mL syringe plunger and 1 mL of
TRIzol Reagent (Invitrogen, Waltham, MA). The
stomachs are mechanically digested with
gentleMACs Dissociator m-tubes (Miltenyi
Biotec, Begisch Gladbach, Germany) and 1 mL of
TRIzol. RNA was extracted according to
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manufacturer’s recommendations except for an
additional chloroform extraction to aid in purity.
At the end of the protocol, RNA clean-up was
performed with the RNeasy Mini kit protocol
from Qiagen (Qiagen, Hilden, Germany), and
cDNA was generated using the High-Capacity
cDNA  reverse transcription kit from
ThermoFisher Scientific. cDNA was used for real-
time qRTPCR assays using Tagman Fast advanced
master mix (Cat no. 4444557, ThermoFisher
Scientific) and genetic probes (ThermoFisher
Scientific, defined below), and a QuantStudio

6flex PCR machine (Applied Biosystems,
Waltham, MA) per manufacturer’s
recommendations.

Relative Units were calculated to measure rela-
tive gene abundance. Relative Units are quantified
by comparing tissues from uninfected and H. pylori
infected tissues and utilizing glyceraldehyde-
3-phosphate (Gapdh) as an endogenous control.
Relative Units are calculated by subtracting the
cycle threshold (CT) of the gene of interest from
the CT of Gapdh which yields the ACT. The AACT
is calculated by subtracting the ACT of the unin-
fected sample from the ACT from an experimental
sample for each gene; then 272" yields Relative
Units. We utilized this methodology to measure
genetic production for the following primer
probe sets from ThermoFisher Scientific: Il17a
(Mm00439619_ml), II21 (Mmo00517640_ml), Ifng
(Mm99999071_m1), Defb14 (Mm00806979_m1), s100a8
(Mm00496696_g1), Pigr (Mm00465049_m1l), NoxI
(Mm00549170_m1), Muc5ac (Mm01276718_m1), and
Muc6 (Mm00725165_m1), Nox4 (Mm00627696_m1),
and Cybb (MmO01287743_m1).

IgA ELISA and H. pylori-specific IgA ELISA

Gastric washes were collected at the time of tissue
harvest as denoted above. Gastric wash was pro-
cessed to remove large debris/food by spinning at
13,000 xg for 10 minutes at 4°C and collecting the
supernatant. The concentration of IgA in the gas-
tric wash was determined using diluted gastric
wash samples (1:5, 1:25, or 1:125 in 1x assay buffer)
with the ThermoFisher IgA ELISA kit as directed
by manufacturer (Cat no. 88 -50450-22). The pro-
tocol was modified slightly to allow for the highest
standard to be at 50 ng/mL. IgA was quantified on
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the BioTek ELx808 plate reader (BioTek), and stan-
dards were run in duplicate. 4- parameter logistic
regression was applied to fit the unknowns to the
standard curve.

For the H. pylori-specific ELISA, ELISA plates
were coated with 10 pg/mL H. pylori lysate (PMSS1
strain) overnight at 4°C. Gastric wash samples were
diluted 1:5, 1:25, or 1:125 in 1x PBS. Following an
overnight incubation at 4°C and wash with
Invitrogen ELISA wash buffer (Cat no. 00-0400-
59), a goat anti-mouse IgA antibody-HRP
secondary (Cat no. 1040-05, Southern BioTech,
Birmingham, Alabama) was diluted 1:6000 in
assay buffer and added. Signal was developed with
1X Invitrogen TMB substrate (Cat no. 00-4201-56)
followed by 1 M H,SO, stop solution. Absorbance
was read at 450 nm. The data are reported as the
fold above the absorbance reading of gastric wash
from uninfected mice (a mixed pool of 3 uninfected
samples).

ROSALIND® Nanostring gene expression methods

Data was analyzed by ROSALIND® (https://rosa
lind.bio/.), with a HyperScale architecture devel
oped by ROSALIND, Inc. (San Diego, CA). Violin
plots were generated as part of the QC step.
Normalization, fold changes, and p-values were
calculated using criteria provided by Nanostring.
ROSALIND® follows the nCounter® Advanced
Analysis protocol of dividing counts within a lane
by the geometric mean of the normalizer probes
from the same lane. Housekeeping probes to be
used for normalization are selected based on the
geNorm algorithm as implemented in the
NormqPCR R library.*' Fold changes and
p-Values are calculated using the fast method as
described in the nCounter® Advanced Analysis 2.0
User Manual. P-value adjustment is performed
using the Benjamini-Hochberg method of estimat
ing false discovery rates (FDR). Several database
sources were referenced for enrichment analysis,
including Interpro4, NCBI5, MSigDB6,7,
REACTOMES, and WikiPathways9. Enrichment
was calculated relative to a set of background
genes relevant for the experiment.

Tissue digestion and flow cytometry

The tissue digestion protocol was adapted from
Nayar et al. 2017. Tissues of interest, specifically
stomach and paragastric lymph nodes, were dissected
and placed in RPMI 1640 without L-glutamine and
with 2% FBS on ice for the duration of the harvest.
Afterwards, tissues were digested in Collagenase
P Buffer containing RPMI 1640 without L-glutamine,
with 2% FBS, 0.8 mg/ml collagenase dispase (Cat
no. 11097113001), 0.2 mg/ml Collagenase P (Cat
no. 11213857001), and 0.1 mg/ml DNAse I (Cat
no. 10104159001, Sigma Aldrich, St. Louis, MO) in
a 37°C water bath for 1 hour. Next, enzymes are
neutralized 1:1 with media, washed with PBS, filtered
through a 70 um cell strainer, and aliquoted into
experimental tubes. Single stain controls are made
with pooled cells from all samples. Experimental
samples are first stained with Viability Dye
(Supplemental Table 1) for 30 minutes at 4°C before
being washed, centrifuged at 4°C 433 xg for 5
minutes and resuspended in Fluorescence-Activated
Cell sorting (FACs) buffer with 20% mouse serum
(Cat no. 10410, Invitrogen) for staining. Antibodies
used can be seen in Supplemental Table 1. Staining
was performed at 4°C for 30 minutes before being
centrifuged and resuspended in 300uL of FACs buffer
plus 50 uL. CountBright™ Plus Absolute Counting
Beads (Cat. no C36995 Invitrogen) for acquisition
on a Cytek Aurora 4-laser and analysis on
SpectroFlo (Cytek, Fremont, CA). The gating strategy
can be visualized in Supplemental Figure 6.

IL-17a neutralization experiment

Mice were divided into four groups; uninfected and
then treated with either anti-IL17A or an IgG con-
trol antibody, or infected and then treated with
either anti-IL-17A or IgG control (Supplemental
Figure 4A). The mice received intraperitoneal
(i.p.) injections of 100ug/mouse of anti-IL17A
(Clone 17F3; Cat no. BE0173 BioXcell, Lebanon,
NH) or 100ug/mouse of an IgG control antibody
(clone MOPC-21; Cat no. BE0083 BioXcell). The
doses were given every 3 days 6 weeks post-infec-
tion for 30 days. Mice were sacrificed 14 days after
the last dose (3 months post-infection).
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Statistics

Quantified data was typically graphed and analyzed
with GraphPad Prism (GraphPad, San Diego, CA).
CFU/g values were log transformed prior to statis-
tical testing. When two groups were compared, an
unpaired T-test was run to determine significance,
but if three or more groups were run, a two-way
ANOVA was used with a correction for multiple
comparisons. Other statistical analyses, i.e. Fishers
Exact Test, used are mentioned in figure legends as
appropriate.

Results

IL-17RA-deficiency leads to increased inflammation
and bacterial burden after H. pylori infection

A fundamental challenge of researching the
mechanisms driving gastric cancer has been the
lack of an animal model that affords the ability
to control/change the immune response. The
insulin-gastrin (InsGAS FVB/N-Tg(Ins1-GAS)
1Sbr/]) hypergastrinemia mouse model is an
excellent model of carcinogenesis®*™*% in
response to H. pylori infection, these mice
develop metaplasia, dysplasia, and carcinoma
(originally reported*>*®). The FVB/n back-
ground of InsGAS mice, however, poses an
experimental barrier when investigating cytokine
pathways, as many cytokine-deficient mice are
on the C57Bl/6 (B6) background. To overcome
this limitation, we created an Il17ra”’~ in
the FVB/n background using Crispr/Cas
technology,”> and then the InsGAS transgene
was introgressed into the I117ra”” mice to inves-
tigate the contribution of the IL-17RA to the
development of GC in a murine model. In the
absence of infection, neither the InsGAS™®"* mice
nor InsGAS®¢1117ra”” mice develop inflamma-
tion over the course of 6-8 months. (Figure 1).

To model gastric carcinogenesis, mice were
infected with the PMSS1 strain (Cag T4SS"
strain) of H. pylori, and the course of infection
was followed for up to 6 months. By 6 weeks
post-infection, H. pylori infection induced gas-
tritis in both InsGAS®"*® and InsGAS¢*1l17ra™”
mice. The inflammation scores were signifi-
cantly higher in H. pylori infected InsGAS™'*-
1l17ra”” mice compared to uninfected mice or
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H. pylori infected InsGAS'®’*® mice. Moreover,
by 6 weeks post-infection, lymphoid follicles
were commonly observed in the infected
InsGAS"¥*8Il17ra”" mice, but not in uninfected
mice or infected InsGAS¥* mice (Figure 1(a),
Table in Figure 2(c)). At this same time point,
there was a significant increase in H. pylori
burden in the stomachs of the InsGAS'¢*%-
1l17ra”” mice compared to InsGAS'¥* mice
(Figure 1(a)). At 3 months post-infection, the
differences were very pronounced. InsGAS™/*-
Il17ra”” mice exhibited significantly higher
levels of inflammation associated with lym-
phoid follicle development in the gastric tissue
compared to infected InsGAS®¢ mice (Figure 1
(b), Table in Figure 2(c)). We did not observe
a significant difference in bacterial burden at 3
months post-infection (Figure 1(d)). Representative
H&E are presented to illustrate the inflammation
and the lymphoid follicle development in the gas-
tric tissue (Figure 1(e)). At 6 months post-infection,
while there is no difference in colonization levels,
chronic inflammation remained significantly higher
in the InsGAS®"I117ra”" mice, and these mice had
significantly more lymphoid follicles in their
gastric mucosa compared to InsGAS mice
(Figure 2(a,c)).

It was previously observed that H. pylori
associated gastric cancer in InsGAS mice was
impacted by the sex of the mice.***™* To
investigate sex as a biological variable in the
hyperinflammatory response that develops in
InsGAS'®*®1l17ra”~ mice, we compared the
response to H. pylori infection in male and
female InsGAS*®*Il17ra”" mice at 3 months
post-infection. The data indicate that female
mice were not successfully colonized as fre-
quently as male mice (Supplemental Figure 1).
However, when successfully colonized, both
female and male mice developed comparable,
strong inflammatory responses. Namely, both
male and female InsGAS"¥'*Il17ra”" mice often
developed lymphoid follicles in response to
H. pylori infection. Due to the lower infection
rate of female mice, it was difficult to
perform statistical analysis; therefore, in subse-
quent studies, we used H. pylori infected male
mice to investigate the role of IL-17RA in
cancer.



8 L. C. BRACKMAN ET AL.

a. *kk C. 6 weeks
*
o ns o 87 ol |
| | T 10+ H e
c ns *% S . 28 000 :;’
% 6- ] % 8 8- 5 61 ©80 eev,
L] -
£ ﬁ. oo =3 C ~ %
Eo 2o 6 ED , °
Se 4+ % - oo o g [e] 8
£33 oo S5 41 oo 2
5%, %0 gs —+ o °
o >0 24 evee o 29 o
o 2000 29 5
[u] 00 N i
0- } y Y ' s 0 X © X © 0-
&° o &° o § @ N @ o y
S A S ¢ W & w2 & )
pr &Q\\\ oF @"‘“\\\ \090 e\?\@\ o o\ ?’6 \'\,\(o
W S W W O &\Q\
60 90?‘ N4 W« S ?’\
N N uninfected  ~ 6wk. PMSS1 L
, uninfected = 6wk PMSS1 L I L d O
Approximate P-value from Kruskal-Wallis test is *** <0.0001
b. kKK
I—l d 3 months
ns *
8 1 - g &
oo 5 104 »
5 ° o5 2 6 Q °
% 6 XX L9 89 = 00Q0 Oi.‘
ES 1) . =5 8 e ]
£o o5 La 67 £ES e
8 o 4 8 LK) =gy 8o 4 8 °
S9 b=} =
ES 2% 4 o 0o o
o o % 22 Xy <) °
S o4 L) g2 2
| om0 e 38 7 S
5] oo < ] 2
o & u QI ' ° 0 & X & X © 0 T T
N % O X X
s I B SR §© X
o o\ s \&\\\ o Q\@\\’\ 90?‘ é@\\\ %Q 1@
N ‘;6 \ éQ w® S © 0\5 ‘:',('9?~ é\‘)\\'\
O & ¢
& ¢ \(\6. @ \ Ov?.:
. uninfected | 3mo. PMSS1 L uninfected  Smo. PMSS1, «®
Approximate P-value from Kruskal-Wallis test is **** <0.0001
e.

Uninfected 6 wk. PMSS1 ~ 3mo. PMSS1

InsGAS!'t9

InsGAS'"91[17ra™

Figure 1. A deficiency in IL-17RA leads to increased H. pylori inflammation, lymphoid follicles, and H. pylori colonization in InsGAS mice.
Total inflammation (combining chronic and acute inflammation) of gastric tissue and counts of lymphoid follicles and aggregates from
the antrum and corpus were scored and combined to get the total per section of gastric tissue from mice infected for 6 weeks (A) and
for 3 months (B) and their age-matched controls. See materials and method for scoring system. Significance was determined using
a Kruskal-Wallis test. *p < 0.05, **p < 0.01, ****p < 0.0001. Levels of H. pylori colonization were determined in the mice at 6 weeks (C)
and 3 months (D) post-infection by plating serial dilutions of stomach homogenate. Statistical significance was determined by a t test
performed on log transformed CFU/g values. These data are representative of 2 experiments at each time point. E. Representative
histological images of uninfected controls compared to mice at 6 weeks and 3 months post-infection (100x magnification). Lymphoid
follicles are circled; bands of lymphocytic infiltrates are indicated by arrows.
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Figure 2. IL-17RA deficiency leads to increased cellular proliferation and development of gastric cancer in chronically infected mice.
A. At the 6 mo. post-infection time point, colonization levels, total inflammation scores and number of lymphoid follicles per section
are quantified. B. Frequency of adverse pathological findings in gastric tissue defined by pathologist at 3 defined timepoints post-
infection of PMSS1 H. pylori. the numbers of cases per diagnosis are represented within each bar on the graph; diagnoses are defined
as: no dysplasia (ND, gastritis only), low grade dysplasia (LGD), intramucosal carcinoma (IMC), and adenocarcinoma with invasion to
the submucosa (AC). C. The table also demonstrates frequency of pathological outcomes including lymphoid follicles, dysplasia and
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IL-17RA plays a role in suppression of gastric cancer
pathologies including gastric cancer development

To investigate carcinogenesis in this model, gastric
tissues were scored for several pathological out-
comes including corpus atrophy (loss of parietal
and chief cells), corpus foveolar hyperplasia, dys-
plasia, and gastric cancer (with either intramucosal
or submucosal invasion) at 6 weeks, 3 months, and
6 months post-infection (Figure 2(b) and
Supplemental Figure S2). By 6 weeks post- infec-
tion, the absence of IL-17 signaling is associated
with an increase in parietal cell loss, which is main-
tained throughout chronic infection and disease.
The loss of chief cells progressed with H. pylori
infection independently of IL-17RA, especially
between 6 weeks and 3 months post-infection
(Supplemental Figure S2). While there was
a small, but significant increase in the presence of
corpus foveolar hyperplasia at 6 weeks post-infec-
tion in the InsGAS®¥*¢Il17ra”" mice compared to
InsGAS®* mice, there was no difference at later
time points. One of the most striking findings in
this study is that H. pylori-infected InsGAS™*s-
1117ra”” mice developed dysplasia and gastric can-
cer more frequently by 3 months and 6 months
post-infection compared to infected InsGAS™®*
mice (Figure 2B,C). In fact, about % of the IL-
17RA deficient mice developed gastric cancer by
3 months post-infection and all of the H. pylori -
infected InsGAS®*1117ra”” mice developed gastric
cancer by 6 months post-infection- a time point
when H. pylori infected InsGAS mice did not
develop pathology beyond low grade dysplasia.
Representative micrographs of low-grade dyspla-
sia, intramucosal carcinoma, and adenocarcinoma
with submucosal invasion are presented in Figure 2
(d). The gastric pathology observed in the
InsGAS®*]117ra”" mice is quite striking; therefore,
we present both high and low magnification micro-
graphs of the H&Es.

Ki67 is expressed in the nuclei of actively pro-
liferating cells and thus, Ki67 staining serves as

effective marker for cell proliferation in many
tumors. Cellular proliferation is believed to
increase the rate of tumorigenesis. Gastric tissues
were stained for Ki67 at 3 time points post-infec-
tion in both InsGAS mice and InsGASIII7ra”” mice
(Figure 2E). In the infected InsGASIl17ra”” mice,
a significant increase in Ki67 epithelial cell staining
was observed compared to InsGAS mice at 3 mo.
and 6 mo. post-infection.

While previous studies investigating how IL-
17RA deficiency (I117ra”” mice) impacts H. pylori-
induced pathology demonstrated increased inflam-
mation and an impact on barrier function in the
absence of IL-17RA, the most chronic time point
investigated in those studies was 3 months post-
infection.”* To test the hypothesis that a longer
time course would lead to dysplasia or cancer,
1117ra” and wild type mice (FVB/n) were infected
with PMSSI for 6 months. At this time point, there
was no significant difference in colonization and an
increase in total inflammation in I117ra”" mice
(Supplemental Figure 3A). Further, consistent
with observations in InsGAS® mice, I117ra”" mice
developed more severe disease than wild type mice.
All H. pylori infected I117ra”” mice developed dys-
plasia or cancer and the H. pylori infected wild type
mice only developed gastritis (Supplemental
Figure 3(b)). Representative H&Es are presented
with normal mucosa (WT), mild gastritis (WT)
and low-grade dysplasia (I117ra”") (Supplemental
Figure 3(c)). Together these data suggest that IL-
17RA limits pathology and the development of
dysplasia and gastric cancer.

Neutralization of IL-17A does not impact
inflammatory response or carcinogenesis in the
InsGAS mice infected with H. pylori

The role of IL-17A, one of the 3 cytokines that
utilize IL-17RA to signal responses, in carcinogen-
esis is controversial. Previous studies suggest that
IL-17A could activate angiogenesis and/or increase

gastric cancer. *p < 0.05, Fisher's exact test was used to test significance of these pathological findings comparing genotypes at each
time point. D. Representative H&E-stained gastric sections were imaged and are displayed at 40x (top) and 200x (bottom).
Pathological outcomes of dysplasia, intramucosal carcinoma, and invasive adenocarcinoma occur in InsGAS%IL-17ra”" at 6-month
post H. pylori infection and are represented from left to right. E. Ki67 staining and quantification within gastric tissues of H. pylori
infected mice at 3 defined time points. Five high power fields (HPF) were counted per case. The average number of counts per case
was graphed by genotype and time point (the average from each case is represented by the data point, mean is indicated, error bars

represent = SEM).
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Figure 3. Molecules with antimicrobial function are impacted in IL-17RA deficient mice during H. pylori infection. A. Realtime rtPCR
was performed on gastric tissue at 6 weeks post-infection for $700a8, a component of calprotectin. Expression is presented relative to
the housekeeping gene Gapdh and to uninfected InsGAS mice (calibrator sample). B. PMN infiltration was scored as acute inflamma-
tion on a scale of 0-6 at this same time point. C. Realtime rtPCR was performed on gastric tissue at 6 weeks post-infection for Muc5ac
and Muc6. Expression is presented relative to the housekeeping gene Gapdh and to uninfected InsGAS mice (calibrator sample).
D. Immunohistochemical stainings for Muc5ac were performed on tissues at 3 mo. post-infection. Representative images (200x) are
from 2 different mice per genotype. Error bars represent + SEM; *p < 0.05, **p < 0.01.

metastasis.””***" With increasing interest in the
use of biological immune activators during cancer
treatment or immunosuppressants during chronic
disease,”>*> we investigated whether treating
H. pylori infected InsGAS mice with anti-IL-17A

would impact H. pylori induced disease progres-
sion. The mice were divided into four groups;
uninfected and then treated with either anti-
IL17A or an IgG control antibody, or H. pylori
infected and then treated with either anti-IL-17A
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or IgG control (Supplemental Figure S4A).
H. pylori colonization levels did not differ between
mice receiving anti-IL17A compared to those
receiving IgG. Inflammation developed in the
InsGAS mice by 3 months post-infection and the
level of inflammation was not impacted by anti-
body treatment (Supplemental Figure S4B). These
data suggest that neutralization of IL-17A alone for
an acute period (6 weeks) did not impact inflam-
mation or disease progression at 3 months post-
infection.

Innate components of the mucosal response may be
compromised during H. pylori infection when there
is IL-17RA deficiency

Our recent characterization of H. pylori infection in
I117ra™"~ mice on the FVB/n background revealed
an impact on antimicrobials and mucin
production.”” To determine if these pathways are
impacted in the InsGAS®¢ mice, real time rtPCR
was performed for several antimicrobial factors
including $100a8, Muc5ac, and Muc6. In unin-
fected mice, there were no significant differences
in the relative units of Muc5ac or Muc6 expression
(Supplemental Figure S5A). However, based on
Nanostring analysis, uninfected InsGAS"¢¢1l17ra”
mice exhibited significantly lower transcript levels
of $100a8 compared to uninfected InsGAS™®*¢ mice
(See Supplemental Table 2, Supplemental Figure
S5B). After H. pylori infection, there was signifi-
cantly lower expression of $100a8, Muc5ac, and
Muc6 transcripts in H. pylori infected InsGAS''*S-
Ml17ra”” mice compared to H. pylori infected
InsGAS™®* mice (Figure 3(a,c)). Since S100a8 is
a major component of calprotectin, a neutrophil
marker, the decreased expression of S100a8 likely
signals a reduction of neutrophil recruitment in the
absence of IL-17RA. To address if this was
a marker of reduced neutrophil recruitment, the
acute inflammation was scored. Based on the
pathologist’s scoring, there were no neutrophils
recruited to the gastric mucosa of InsGAS™/*-
1117ra” mice; in the absence of IL-17RA they do
not develop acute inflammation (6 weeks post-
infection, Figure 3(b)). To further investigate the
reduced expression of Muc5ac, we stained gastric
tissue at 3 months post-infection for the Muc5ac
glycoprotein by immunohistochemistry (Figure 3

(d)). There is less Muc5ac staining in the InsGAS™
“I117ra”” mice compared to InsGAS mice, with
evidence that the gastric glands have become dis-
organized as immune cell infiltrate disrupts the
architecture. The gastric tissue of the InsGAS®*-
Il17ra”" mice is much thicker due to both the
immune cell infiltrate and potential hyperplasia in
the epithelial cells. These data suggest that there are
changes in tissue architecture and reduced abun-
dance of mucins in the InsGAS®41l17ra”" mice
compared to InsGAS mice.

Gene expression profiling of gastric tissue supports
role for IL-17RA in regulating antigen presentation
and processing

To investigate changes in the tumor biology,
microenvironment, and the immune response in
the stomach tissues of InsGAS®¥*¢ and InsGAS®¥
“J117ra”" mice, gene expression profiling was per-
formed on RNA isolated from whole gastric tissue
using the Nanostring nCounter PanCancer 10
360™ Panel. This panel measured the expression
of 770 genes, including 20 housekeeping genes.
The analysis allowed us to identify genes which
are up or down regulated in gastric tissues in the
absence of IL-17RA with and without H. pylori
infection. In uninfected mice, minimal differential
gene expression was observed, with only 6 genes
being up or downregulated greater than 2-fold (adj
p-Value o0of<0.01, Supplemental Table 2,
Supplemental Figure S5B).

Analysis of transcript abundance in samples
from H. pylori infected InsGAS®*¢ and InsGAS'®
“J117ra”" mice at 3 months post-infection indicate
that there are 162 genes upregulated greater than
3-fold (>1.59 log'® fold, with adjusted p-Value
<0.01, Supplemental Table 3). There were no
genes significantly down regulated with an
adjusted p-Value <0.01. A volcano plot illustrates
how striking this shift in gene expression is in the
H. pylori-infected InsGAS®"I117ra”~ mice
(Figure 4(a)). Further analysis of these differen-
tially regulated pathways indicate that genes asso-
ciated with antigen presentation have the most
significant upregulation as a group, according to
Nanostring annotations (significance score of
7.5129), followed by genes associated with inter-
feron signaling, cytotoxicity, and NFkB signaling
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Figure 4. PanCancer 10 360 gene expression analysis panel data supports changes in antigen presentation pathways and lymphocyte
activation. A. Volcano plot of differentially expressed genes in stomach tissue from InsGAS™" compared to InsGAS™I117ra”" tissue (at
3 mpi, 5 mo of age). Differential gene expression was determined by analyzing data generated using the Nanostring PanCancer 10360
nCounter panel using n = 12-14 samples per genotype. B. Gene set annotation analysis indicates that a significant number of genes
associated with antigen presentation, interferon signaling, cytotoxicity, NFkB signaling are upregulated. C. Graphical representations
of normalized expression values from Nanostring data set for lymphocyte subsets (Th1, Th2, Th17, Treg, Tfh, B cells) and chemokines.
Statistical differences were determined using differential gene expression analysis and * p-adj <0.05, ** p-adj <0.001 and *** p-adj
<0.0001. Supplemental table 3 also contains differential gene expression data.
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(Figure 4(b)). Rosalind, as a data analysis tool, can
draw from several other pathway analysis packages
including BioPlanet, Panther, and Reactome. These
pathway analyses suggest that T cell activation
pathways and immune regulatory pathways are
upregulated in the InsGAS*®"¢Il17ra”" mice com-
pared to InsGAS™®¢ mice (Supplemental Table 4).

Based on these pathway analyses, we inquired as
to how different subsets of lymphocytes were
impacted by the IL-17RA deficiency. The normal-
ized expression of genes associated with different
subsets of immune cells was examined from the
same gene expression array. Many genes associated
with Thl, Th17, T follicular helper (Tth) cells are
expressed at a significantly higher level in H. pylori
infected InsGAS®"Il17ra”” mice compared to
H. pylori infected InsGAS mice. These included
Thl-associated genes, Cxcr3, Tbx21 (which
encodes Tbet), and Ccr5; Thl7-associated genes,
Rorc (which encodes Rorgt), and Il17a; Tth-
associated genes Cxcr5, Pdcdl, and II21r
(Figure 4(c)). Moreover, many genes associated
with T activation or T cell regulation, but not
necessarily associated with specific subsets of lym-
phocytes, were significantly upregulated including
Cd28, Ctla4, Pdcdl (which encodes Pd1), and Il2ra
(which encodes CD25). There were few significant
differences between Treg associated genes. No sig-
nificant differences were measured in expression of
Foxp3 or Tnfrsfl18- which encodes Gitr, but there
was a significant increase in Ikzf2 which encodes
helios. CD8" (cytotoxic T cell, Tc)-associated genes
including Cd8 or Prfl (which encodes perforin)
were not significantly different between genotypes.
On the other hand, B cell-associated genes includ-
ing Blk, Cd19, and Ms4al (which encodes CD20)
had significantly higher expression in the H. pylori
infected InsGAS®¢Il17ra”~ mice compared to
H. pylori infected InsGAS mice. Together, the path-
way analysis and the differential gene expression
analysis data support the notion that IL-17RA defi-
ciency in InsGAS mice is associated with increased
antigen uptake, processing, and presentation fol-
lowed closely by activation of antigen-specific
lymphocytes.

To consider how extensive inflammation in the
IL-17RA deficient mice may be driven by cellular
recruitment to the gastric tissues, the normalized
expression of several chemokines from this

Nanostring panel were graphically presented
(Figure 4C). Several chemokines, which are
known to be regulated by IFNy and TNF, have
significantly higher levels of normalized expression
in the H. pylori infected InsGAS*®1l17ra”” mice
compared to H. pylori infected InsGAS mice
including Ccl2, Ccl5, Cxcl9, Cxcl10, and Cxclll.
These chemokines regulate cellular recruitment
through CCR5 and CXCR3, receptors which are
also differentially expressed in this data set
(Figure 4(c) and Supplemental Table 3). B cell
recruiting chemokine genes, Ccl19 and Cxcl13, are
also significantly higher in the InsGAS*41l17ra”
mice, but Ccl28 is significantly lower in its normal-
ized expression. Ccl28 has been previously reported
to be upregulated by IL-17 signaling.”' There are
several other chemokines in the data set - those
with significant differential expression (at a level of
a>3-fold change (>1.59 Log fold change) and
a p-Adj Value<0.01, in Supplemental Table 3)
and some that are not significantly different can
be visualized in Figure 4(c).

IL-17RA deficiency leads to increased activation of
antigen specific responses to H. pylori

Increased inflammation scores in the gastric tissue
and the differential gene expression data from the
PanCancer IO 360 analysis are indicators that there
is increased immune cell infiltration to the sto-
mach. To quantify the activation of the humoral
immune response and B lymphocyte infiltration to
the stomach during H. pylori infection in this
model, flow cytometry was performed on the para-
gastric lymph node and stomach tissue. By 6 weeks
post-infection, there were significantly increased
numbers of B cells (CD45"B220%) in the paragas-
tric lymph nodes of InsGAS®¥*#1l17ra”" mice com-
pared to InsGAS™®€ mice (Figure 5(a)). While there
are increasing B cells in the paragastric lymph node
at 6 weeks post-infection, a significant increase in
B cells in both the paragastric lymph node and the
stomach was evident only after 3 months post-
infection (Figure 5(b)).

Gene expression of the polymeric immunoglo-
bulin receptor (Pigr) is regulated by IL-17A in the
intestines and in the stomach.”**> To investigate if
Pigr transcript levels were impacted in the
InsGAS"¥*%[l17ra”" mice, real-time rtPCR was
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Figure 5. B cell responses are amplified in the IL17RA deficient mice. Paragastric lymph nodes (A) and stomach tissue (B) were
digested and analyzed via flow cytometry with viability dye and counting beads for absolute cell counts of B cells (CD45*B220%) at
6-week and 3-month timepoints. The gating scheme is represented in Supplemental Figure 4. Significance was determined via an
unpaired t-test. C. At three time points post-infection gRTPCR was performed to determine levels of Pigr expression. Gapdh was used
as an endogenous control, and RNA pooled from uninfected mice was used as a reference sample. Relative units are calculated as
described in the materials and methods section. D. Total IgA was calculated utilizing a total IgA ELISA assay providing total IgA levels
in the gastric wash. E. Hp specific IgA levels in the gastric wash were determined and levels are reported as the fold increase above the
signal from a pooled gastric wash sample from uninfected mice. Significance was determined via an unpaired t-test. Error bars
represent = SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001, compared with InsGAS mice.
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performed at 6 weeks, 3 months, and 6 months
post-infection. The data indicate that relative
expression of Pigr is significantly lower in IL-
17RA deficient mice compared to InsGAS mice at
these time points (Figure 5(c)). Interestingly,
despite reduced Pigr expression, antibody
responses are still elevated in the H. pylori infected
InsGAS"®1117ra”” mice compared to infected
InsGAS'®"*® mice. The concentration of IgA and
the relative levels of H. pylori specific IgA were
measured in gastric wash preparations by ELISA
(Figures 5(d,e)). H. pylori infection increases IgA
levels more significantly in the InsGAS® 4111 7ra”
mice compared to the InsGAS®* mice at all time
points investigated (Figure 5(d)). As a whole, these
data indicate that that antigen specific B cell
responses are significantly higher in H. pylori
infected InsGAS®"I117ra”~ mice compared to
InsGAS'™®® mice. The increase of B cells in the
gastric mucosa are likely contributing to the abun-
dance of IgA that is found in the gastric wash. One
possible explanation for these findings, considering
the finding that InsGAS*®"41117ra”” mice have lower
but not ablated Pigr expression, is that increased
antigenic load in the InsGAS"¢1117ra”" mice com-
bined with changes in acute inflammatory cell infil-
tration and expression of mucin may lead to an
increase in antigen uptake and increases in B cell
activation in both the lymph nodes and in lym-
phoid follicles.

Considering the impact CD4" T cells have on
many immune processes, from anti-microbial
responses to regulation of chronic inflammation,
and the striking changes in T helper cell subset-
associated genes (Figure 4), CD4" T cell infiltra-
tion and cytokine production was explored
further in the gastric tissue and paragastric
lymph nodes. CD4" T cell numbers were quanti-
fied in these tissues at 6 weeks and 3 months
post-infection. There were significantly more
CD4" T cells in the paragastric lymph nodes of
InsGAS'™®*1117ra”” mice compared to infected
InsGAS'™*¢ mice at both time points (Figure 6
(a)). By 3 months post-infection, there were also
significantly more CD4" T cells in the gastric

tissue in the InsGAS®*Il17ra”’” mice compared
to infected InsGAS™®" mice (Figure 6C). The
increase in CD4" T cells at 3 months post-infec-
tion was accompanied by increased gene expres-
sion of Il17a, 1121 and Ifng in the gastric tissues,
along with increased Il17a in the paragastric
lymph node as measured by real-time rtPCR
(Figure 6(b,d)). Gene expression analysis of tis-
sue from uninfected mice demonstrates an
increase in baseline Il17a expression in the sto-
mach of IL-17RA deficient mice (Supplemental
Figure S5C), as previously reported in C57Bl/6
1117ra”” *2. These data suggest that IL-17 signal-
ing is responsible for modulating the inflamma-
tory infiltrate to the gastric mucosa in the setting
of H. pylori infection.

Oxidative stress pathway is highly expressed and
DNA damage signal activated in the absence of
IL-17RA in H. pylori infected mice

Chronic inflammation can drive oxidative stress
and DNA damage. While reactive oxygen species
contribute to host immune defense, wound heal-
ing, and cell proliferation and differentiation, aber-
rant levels of NOX-derived ROS may contribute to
carcinogenesis. Moreover, there is published data
suggesting that IL-17A promotes gastric carcino-
genesis in the NMU-H. pylori infection model
through  IL-17RC/NFkB/NOX1 activation.?®
Therefore, the expression of NoxI, Cybb (which
encodes Nox2), and Nox4 were measured over the
6-month time course by real-time rtPCR. There
were no consistent differences in expression of
NoxI or Nox4 (Supplemental Figure 5(d)) at any
time point after H. pylori infection. On the other
hand, there was significantly greater expression of
Cybb in InsGAS mice with IL-17RA deficiency
compared to InsGAS mice at all three time points
post H. pylori infection (Figure 7(a)). Increased
expression significantly positively correlated with
both the level of inflammation and the severity of
disease in the InsGAS®*Il17ra”" mice but did not
significantly correlate with these same factors in
the InsGAS mice without IL-17RA deficiency
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Figure 6. Th1 and Th17 responses are amplified as infection progresses in the absence of IL-17RA. A. Paragastric lymph nodes were
digested and analyzed via flow cytometry with viability dye and counting beads for absolute cell counts of T cells (CD45*CD4") at
6-week and 3-month timepoints. B. I[17a, Ifng, and 1121 transcript levels were also measured in the paragastric lymph nodes (relative
units was calculated using 272 method and uninfected PLN from /nsGAS mice was used as the calibrator sample and Gapdh as the
housekeeping gene). C. A standardized half section of stomach tissue was digested at 3 months post-infection for flow cytometry
similar to the PLNs. The gating schemes are represented in Supplemental Figure 4. Significance was determined via an unpaired t-test.
D. At 3 months post-infection, qRTPCR was performed to determine levels of //17a, 1121 and Ifng expression in gastric tissue. For all
panels significance was determined via an unpaired t-test. Error bars represent £ SEM; *p < 0.05, **p < 0.01, ***p < 0.001, ****p <

0.0001, compared with InsGAS mice.

(Figure 7(b)). The significant increase in Cybb was
also observed in the Nanostring analysis (Log Fold
Change = 2.19, Adj p-Value <0.0001, Supplemental
Table 3). Since IFN-y is a known driver of Cybb
expression,”* the correlation between Normalized
Expression of these two genes was tested and there
was again a significant correlation (Figure 7C).
Considering data which demonstrate that Nox2
positive gastric cancers are associated with poor
prognosis and correlate with pro-carcinogenic
molecules such as VEGF and EGFR,” the elevated
Cybb expression in our model of rapid carcinogen-
esis may suggest that the increased Th1 cell activa-
tion may drive oxidative stress in this context.

Oxidative stress and specifically NOX2-derived
ROS can impact cancer-promoting DNA
damage.’® To investigate DNA damage in gastric
tissues, immunohistochemistry for phosphorylated
histone 2AX (pH2AX),57’58 a biomarker for DNA
double-strand breaks, was used. There were signifi-
cantly more pH2AX" nuclei in gastric epithelial cells
of the corpus in H. pylori infected InsGAS*®1117ra™”
mice compared to H. pylori infected InsGAS mice at
3 months post-infection (Figure 7D). These data
suggest that increased Nox2 (Cybb) may contribute
to DNA damage, which is associated with more
severe disease outcomes, including the development
of dysplasia and cancer in IL-17RA deficient mice.
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Figure 7. Levels of (ybb and DNA damage increase in IL-17ra deficient mice after H. pylori infection. A. Realtime rtPCR was
performed on RNA from gastric tissue to determine relative expression of Cybb. An unpaired T test was performed on data at each
timepoint in panel A. B. The correlations between relative expression of Cybb, inflammation scores, disease severity are graphed with
data from 3 months post-infection. Student tTest; ***p < 0.001, ****p < 0.0001. C. Correlation between log normalized expression of
Cybb and log normalized expression of Ifng as determined using the PanCancer 10 360 nanostring panel are graphed. Simple linear
regression analyses were performed on data in panels B and C. D. pH2AX quantification, average number of positive nuclei per high
power field (HPF, average of 5 per case), and representative staining in gastric tissues (magnification is 400x). Welch's t-test *p < 0.05.

Discussion

In this study, we demonstrate that the loss of the
IL-17 receptor A is associated with earlier progres-
sion to gastric cancer in the H. pylori infected
InsGAS mice. Further, the data suggests that
changes at the mucosal barrier and PMN recruit-
ment may lead to increased activation of antigen
presentation pathways in the gastric tissue, as well
as increased expansion of T cell and B cell
responses in local lymph nodes. Increases in Thl
and Th17 cytokines in the absence of IL-17RA are

associated with earlier loss of parietal cells, activa-
tion of the Nox2 gene, Cybb, and increased DNA
damage (pH2AX). Taken together, these data sug-
gest IL-17RA is vital for controlling chronic
inflammation in the gastric mucosa, ultimately
reducing architectural changes in the tissue, redu-
cing DNA damage, and slowing the development
of H. pylori induced gastric cancer.

The IL-17RA molecule can pair with several
different IL-17 receptor subunits to provide
a functional receptor. In the absence of IL-17RA,



there is a loss in cytokine signaling for IL-17a, IL-
17f and IL-17a/f due to the loss of IL-17RA/RC
complexes. IL-17RA can also pair with IL-17RB
to create the functional receptor of IL-17E (also
known as IL-25).”” Interestingly, our prior studies
examining cytokine signaling in gastric epithelial
cells, gastroids, and gastric fibroblasts suggest that
IL-17a is the strongest inducer of most cellular
responses mediated by IL-17RA, and IL-17f does
not stimulate a measurable response.”>** For this
reason, it is surprising that I117a”" mice and neu-
tralization of IL-17a does not have nearly the sig-
nificant impact on H. pylori induced inflammation
or gastric cancer development as the IL-17RA defi-
ciency does.”>*® A recent publication by Kang et al.
utilized I117a™’~ mice and wild-type mice to
address the role of IL-17a in gastric cancer
development.’® They induced gastric cancer using
N-methyl-N-nitrosourea (NMU) treatment in
combination with H. pylori infection, and at nearly
1 year after treatment, they observed that Il17a”
mice had decreased oxidative stress and lower
expression of gastric epithelial stem cell markers.
This contrasts with our findings that IL-17RA defi-
ciency is detrimental, and we are unable to deter-
mine why the IL-17RA receptor expression is so
key for the protective phenotype with H. pylori
infection, but it is likely due to this receptor also
responding to IL-17f, having an impact when it is
not ligated by a cytokine, or responding to a yet
unidentified cytokine. Furthermore, their in vitro
work with AGS (gastric epithelial) cells suggests
that recombinant IL-17 drives ROS production
(through NoxI). They do report an increase in IL-
17RC with rIL17a treatment of AGS cells, and an
increase in IL-17RC in human gastric cancer tissue
compared to healthy tissue. Their interpretation is
that IL-17a promotes carcinogenesis through reg-
ulating IL-17RC and oxidative stress, but how IL-
17RA and IL-17RC complex for this mechanism is
not addressed. So, while we have observed no sig-
nificant changes in expression of IL-17RC or IL-17f
in our studies, we are not surprised by their find-
ings. In our previous in vitro studies, we also
observed a correlation between IL-17a signaling
and NoxI expression,”” and I117ra”" mice infected
with H. pylori express reduced levels of NoxI com-
pared to H. pylori infected wild type mice.”” The
lower levels of NoxI are not associated with
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decreased inflammation; in fact, at 3 months post-
infection, a few Il17ra”" mice develop dysplasia.*®
Further, murine gastroids stimulated with IL-17a
respond with increased NoxI expression.>” In the
current study, InsGAS®¢Il17ra”" mice do not
express significantly lower levels of NoxI than
H. pylori infected InsGAS mice. Results from
prior studies using reductionist models (e.g., AGS
cells’® or gastroids®®) are expected to be vastly
different in a chronic infection model with infiltra-
tion of a number of immune cells which contribute
strongly to Nox isotype expression (i.e. myeloid
cells). In light of the increased chronic inflamma-
tion we observe in InsGAS¥*Il17ra”, Nox] may
be activated by increased antigen load, or by other
highly expressed cytokines, such as IFNy or TNF.
Even though increases in oxidative stress can con-
tribute to carcinogenesis, NoxI expression is not
associated with any protective effects, but rather
may potentiate H. pylori infection and immune
activation in this InsGAS model. In fact, oxidative
stress may be generated in the IL-17RA deficient
InsGAS mice through a different NADPH oxidase.
Our analysis suggests that the Nox2 encoding gene,
Cybb, is significantly upregulated in the absence of
IL-17RA. Increased Nox2 could drive ROS espe-
cially in myeloid cells and lead to local DNA
damage perpetuating the immunopathological
response to H. pylori. Increased Cybb expression
does correlate with chronic inflammation, severity
of disease, and expression of Ifng, a known activa-
tor of Cybb. This pathway may be responsible for
the increased pH2ax and DNA damage observed in
IL-17RA deficient mice.

In this InsGAS¥*Il17ra”” model of H. pylori
infection, increases in inflammation are strongly
associated with carcinogenesis. The difficulty is in
pinpointing the factors that drive the increases in
T cell and B cell activation in the absence of IL-
17RA. Several components of the innate barrier
function are altered in the InsGAS*®41l17ra”" com-
pared to InsGAS®*¢ mice, including components of
calprotectin, pIgR, and mucin. While it is highly
plausible that changes in these barrier components
are what drive increased H. pylori colonization
early in the absence of IL-17RA and contribute to
increased immune activation, it is difficult to ade-
quately address this experimentally. The roles of
many of these components have been assessed in
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H. pylori induced gastritis models in mice (but not
in the cancer models), and while there is a clear role
of each component in gastric epithelial function, it
remains unclear if the loss of any individual com-
ponents leads to hyperinflammation or dysplasia.
Cumulative disruption of multiple components
may be necessary to perpetuate chronic inflamma-
tion observed in IL-17RA-deficient mice.

The disruption in mucin production, including
Muc5ac and Muc6, may reflect changes to the
specialized epithelial cells of the gastric mucosa
during H. pylori infection. A limitation of this
study is that as the inflammation develops in the
IL-17RA deficient mice, large numbers of B cells
and T cells infiltrate the tissue, and the tissue
architecture becomes very disorganized, making it
more difficult to quantify the specialized epithelial
cells. If there is a reduction in Muc5ac producing
mucous pit cells, it is not evident in the
H&E-stained sections. However, there is a clear
reduction in mucin production based not only on
transcript levels, but also at the protein level
(immunohistochemistry for Muc5ac, Figure 3). In
the intestines, it was recently demonstrated that IL-
17a can activate the transcription factor Atohl in
Lgr5+ stem cells, which in turn impacts secretory
cell numbers including Paneth, tuft, goblet, and
enteroendocrine cells during homeostasis and in
recovery after injury.®” In the InsGAS model,
there is no detectible difference in Muc5ac or
Muc6 expression prior to H. pylori infection, but
after infection, the levels increase more in the
InsGAS mice than the IL-17RA deficient InsGAS
mice.

These data also reiterate the importance of the
IL-17RA as an essential component to the down
modulation of the immune response to H. pylori.
In various mouse models, including C57Bl/6, FVB/
N, and now InsGAS, our studies consistently high-
light the crucial role of IL-17RA in preventing
exacerbated inflammation and the development of
lymphoid follicles.*' > While Il17ra”" mice have
been employed in many infection models, includ-
ing those involving gastrointestinal infections, this
represents one of the few instances where inflam-
mation levels are notably elevated. This phenotype
indicates that IL-17RA may have a unique role in
the stomach pathophysiology and/or it could
reflect the pathogenic potential of H. pylori and

route of antigenic uptake that occurs during this
chronic bacterial infection. Th17 responses have
also been shown to contribute to neurological
inflammatory pathways.’"®* Interestingly, in
experimental autoimmune encephalomyelitis
(EAE), the most common experimental model for
multiple sclerosis, IL-17 deficiency (modeled either
in 117ra”", Il17a” or even II12377) leads to
a deficiency in B cell responses due to the failure
of fibroblastic reticular cells in lymph nodes to
undergo a metabolic switch and survive to support
expansion of antigen specific B cells.®” This is
further evidence that what we observe in the
H. pylori model is highly specific to the gastric
immune response. While both H. pylori and EAE
models develop antigen specific inflammatory
responses, the antigens enter the host through
very different routes and with distinct immune
activation characteristics (i.e. pathogen associated
molecular patterns).

Evidence supporting IL-17’s role in mucosal
immunity and barrier integrity, particularly in the
gastrointestinal tract, can be found in the literature
on the use of IL-17 inhibitors in treating inflam-
matory diseases, underscoring its relevance to
human clinical medicine. Secukinumab and broda-
lumab, inhibitors of IL-17 signaling, were used in
a trial to treat Crohn’s disease. Patients receiving
anti-IL-17 antibodies experienced worsening
symptoms and the trial was terminated early.®>**
Many studies have suggested this is due to the
impacts of IL-17 on barrier integrity and function
observed in the intestines in various models
(reviewed in®®). Thus far, anti-IL-17 treatments in
humans have not been associated with worse sto-
mach pathologies, but this may be the result of the
significant impact on the intestines, as it has a large
surface area and a more diverse microbial commu-
nity than the stomach. A call to understanding the
basic biology behind cytokines and their pleotropic
roles has great value as the field considers immune
modulatory treatments for many human disease
conditions from autoimmunity to chronic inflam-
mation to cancer.

A body of previous publications suggest that
Th17 responses and/or IL-17a responses could
contribute to carcinogenesis. While the data herein
indicate that IL-17 receptor A plays a protective
role against excessive inflammation and reduces



carcinogenesis, it is worth reviewing the data that
suggest IL-17a could be detrimental. In a study of
about 50 gastric cancer patients, high expression of
IL-17 was associated with increased microvessel
density, advanced clinical stage of tumors, and
lymph node metastasis, leaving authors to
hypothesize that IL-17 may promote angiogenesis
in the tumor microenvironment.”® This has also
been suggested in other studies since IL-17a can
recruit neutrophils by inducing production of che-
mokines including IL-8, CXCL1, CXCL2 and
CXCL5. There is concern that this recruitment of
neutrophils to the invasive margin could promote
angiogenesis.’® Further, IL-17A-induced VEGF
upregulation and neovascularization through
a Stat3-mediated signaling in AGS cells.”” Using
a sphere formation assay, it has also been demon-
strated that long term culture of AGS cells with IL-
17a can induce NF«xB signaling and epithelial cell
growth a promote stemness.”® Other studies have
described the usefulness of IL-17a as a clinical mar-
ker of disease, while avoiding speculation on its
role in disease progression. Namely, the frequency
of circulating Th22 and Th17 cells was significantly
higher in stage III and IV gastric cancer patients
compared to the frequency in stages I and II sug-
gesting that these cells may be a novel clinical
marker for gastric cancer.®® Additionally, another
study found that high IL-17 levels can be
a prognostic indicator for the 5-year survival rates
of patients -correlating with a 47% survival rate and
low IL-17 levels correlating to a 83.9% survival
rate.”” While there is significant data to suggest
that IL-17a signaling through its receptor, IL-
17RA, has the potential to drive carcinogenesis,
our study using IL-17RA deficient mice indicates
that the absence of IL-17RA leads to accelerated
loss of parietal cells and development of gastric
cancer. The exacerbated inflammation in the IL-
17RA-deficient InsGAS mice may contribute to the
activation of pro-carcinogenic pathways and angio-
genesis. For example, IL-21 is over expressed in
gastric tissue of InsGAS®Il17ra”" and is known
to activate STAT3 in many cell types promoting the
production matrix metalloproteases in human
epithelial cells.”® Interferon gamma (Ifng) is also
highly upregulated in our model (as well as many
interferon inducible genes including chemokines)
and IFNy has been shown to induce gastric cancer
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cell proliferation and metastasis through NFkB
signaling.”" Further, the antimicrobial activities of
IFNy are often facilitated by induction of super-
oxide generation during respiratory burst of neu-
trophils and macrophages, primarily via activation
of nicotinamide adenine dinucleotide phosphate
(NADPH) oxidases (NOXs)- including NOX2
which is encoded by Cybb. Our data suggest
a link between Cybb expression, chronic inflamma-
tion, and gastric disease outcomes in the IL-17RA
deficient InsGAS mice. However, IFNYy like IL-17a
seems to have a paradoxical role in carcinogenesis.
IFNY can contribute to increased anti-tumor activ-
ity of CD8" T cell response and the DNA damage
response induced by NOX4 can lead to activation
of cell cycle checkpoints that arrest proliferation
and/or induce apoptosis of tumor cells. In our
model, based on gene expression analyses, there is
no evidence of a change in CD8" T cell responses
or Nox4 activation in the gastric tissues of
InsGAS"*1l17ra”" mice. Therefore, in this context,
IFNy may be contributing to chronic inflamma-
tion, ROS production, and carcinogenesis, but
further studies would be required to confirm if
this is the cancer driving pathway.

While IL-17a may contribute to angiogenesis and
metastasis in advanced stages, the clear role of IL-
17RA in preventing exacerbated inflammation dur-
ing H. pylori infection remains evident. Clinically
this is relevant because higher IL-17RA expression
is a favorable prognostic marker in gastric cancer.
Therefore, understanding the context in which IL-17
signaling through IL-17RA may be protective is
critical as we consider immunotherapeutics for the
treatment of cancer and other inflammatory dis-
eases. Furthermore, these data build upon the field’s
understanding of how chronic inflammation could
also contribute to regulation of NADPH oxidases
and DNA damage. In fact, Cybb was one of only 18
genes identified and ranked in the top 3 as
a potential biomarker in gastric cancer in a recent
study that utilized weighted gene co-expression net-
work analysis and samples from The Cancer
Genome Atlas (GEO, GSE13911).”* Additionally,
studies in other cancer models suggest it is
a potential therapeutic target.”®”>7*

The IL-17RA receptor is on many cell types
including epithelial cells, fibroblasts, and subsets
of white blood cells. The literature suggests that
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its impacts on epithelial cells and fibroblasts could
be major contributing factors to the control of the
microbiota, inflammation, and carcinogenesis. In
terms of H. pylori infection, we and others, have
demonstrated a clear role for IL-17RA in epithe-
lial cell biology, but have found minimal direct
impacts of IL-17RA on T cell biology*® or B cell
biology (unpublished observations) during in vivo
H. pylori infections. Our research using the Cre-
flox model, Foxa3““Il17ra"", suggests that loss of
IL-17RA on epithelial cells but not fibroblasts
does lead to increased gastritis,>> but the impact
is not as dramatic as a germline mutation in
Il17ra. This suggests that there may be a need
for more than one cell type to lose IL-17RA sig-
naling for severe inflammation and dysplasia to
develop. For example, in that model, the fibro-
blasts express chemokines that recruit neutro-
phils, contributing to partial repair of the
mucosal response.’” Further research is needed
to understand the complex interactions between
IL-17RA and its ligands in fibroblasts and epithe-
lial cells in gastric cancer. In this model, the
relative contribution of exacerbated expression of
other cytokines, such as IFNy and TNF, and their
effects on myeloid cells, fibroblasts, and epithelial
cells are particularly relevant.

In summary, IL-17RA is essential for limiting the
hyperproliferation of Thl and Th17 responses, as
well as H. pylori-specific B cell responses. While
difficult to directly measure barrier function in the
gastric tissue due to excessive inflammation, our data
suggest that early deficiencies in components of
innate barrier function including neutrophil recruit-
ment and mucins, likely contribute to the increased
antigen uptake and immune system activation. This
chronic inflammation in the face of IL-17RA defi-
ciency is associated with increases activated Th1 and
Th17-associated cytokines and increases in the
NOX2-mediated oxidative stress pathway and DNA
damage. Ultimately, the data presented herein sug-
gest that IL-17RA plays a regulatory role in the
gastric mucosa during H. pylori infection, mitigating
the development of gastric pathologies including the
lymphoid follicles, dysplasia, and cancer.
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