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Abstract

Background—Wiskott-Aldrich Syndrome protein (WASP)-deficient patients and mice are
immunodeficient and can develop inflammatory bowel disease. The intestinal microbiome is
critical to the development of colitis in most animal models, in which, Helicobacter spp. have
been implicated in disease pathogenesis. We sought to determine the role of Helicobacter spp. in
colitis development in WASP-deficient (WKO) mice.

Methods—Feces from WKO mice raised under specific pathogen free conditions were evaluated
for the presence of Helicobacter spp., after which, a subset of mice were rederived in Helicobacter
spp.-free conditions. Helicobacter spp.-free WKO animals were subsequently infected with
Helicabacter bilis.

Results—Helicobacter spp. were detected in feces from WKO mice. After re-derivation in
Helicobacter spp.-free conditions, WKO mice did not develop spontaneous colitis but were
susceptible to radiation-induced colitis. Moreover, a T-cell transfer model of colitis dependent on
WASP-deficient innate immune cells also required Helicobacter spp. colonization. Helicobacter
bilis infection of rederived WKO mice led to typhlitis and colitis. Most notably, several H. bilis-
infected animals developed dysplasia with 10% demonstrating colon carcinoma, which was not
observed in uninfected controls.
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Conclusions—Spontaneous and T-cell transfer, but not radiation-induced, colitis in WKO mice
is dependent on the presence of Helicobacter spp. Furthermore, H. bilis infection is sufficient to
induce typhlocolitis and colon cancer in Helicobacter spp.-free WKO mice. This animal model of
a human immunodeficiency with chronic colitis and increased risk of colon cancer parallels what
is seen in human colitis and implicates specific microbial constituents in promoting immune
dysregulation in the intestinal mucosa.

Keywords

Helicabacter species; colitis; animal models; inflammatory bowel disease; Wiskott-Aldrich
Syndrome protein

INTRODUCTION

Wiskott-Aldrich syndrome (WAS), is an X-linked immunodeficiency resulting from a lack
of functional Wiskott-Aldrich Syndrome protein (WASP) and is characterized by recurrent
infections, eczema, and thrombocytopenia.l WAS patients are at increased risk of
lymphoreticular malignancies and autoimmune diseases, including colitis.2 Like human
WAS patients, WASP~~ (WKO) mice housed in specific pathogen free (SPF) conditions
develop severe chronic colonic inflammation by six months of age with 50% having
histologic abnormalities at 4 months of age.3 4 The colitis in these mice is unique in its
markedly elevated levels of IL-4 and IL-13 in addition to IFN-y in the colonic lamina
propria (LP) and its association with defects in regulatory T cell function.*8

WASP is a hematopoietic-specific molecule that is the founding member of a family of
intracellular signaling molecules including the more ubiquitously expressed N-WASP and
WAVE proteins that regulate Arp2/3-dependent actin polymerization.? Interestingly,
genome-wide association studies have identified a SNP in components of the Arp2/3
complex that is associated with increased risk of ulcerative colitis (UC).10 Patients and mice
deficient in WASP have broad defects in both the adaptive and innate immune systems
including abnormalities in T cell receptor-dependent signaling, podosome formation,
phagocytosis, and chemotaxis.® 11 Regulatory T cells, NK-T cells, and marginal zone B
cells are particularly sensitive to WASP deficiency.> 7- 12

Murine models of colitis (approximately 60 in all) have facilitated our understanding of the
genetic, immune, microbial, and environmental contributions to the development of
inflammatory bowel disease.13 Most models develop colitis spontaneously as a result of
genetic mutation/alteration of key regulators of immune homeostasis, while others require a
chemical irritant or an adoptive cell transfer.13: 14 Radiation has been shown to accelerate
disease severity in a small subset of these colitis models.1® 16 In most colitis models, disease
development requires intestinal microflora, since germ-free mice or antibiotic treatment
prevents disease.1’ In some models, colitis can be transmitted vertically and horizontally as
exemplified by T-bet/RAG double KO mice which can transmit colitis susceptibility to WT
mice when certain gut resident microbes are transferred.18 19 Recently, extensive efforts
have been made to identify specific microbial community members that can drive or prevent
colitis in genetically susceptible hosts.19-21
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Helicobacter spp. are gram-negative, microaerobic, helical-shaped bacteria commonly found
in research mouse colonies,?2 and are linked to the development of typhlocolitis in a number
of mouse models.23 Helicobacter hepaticus was initially identified in A/JCr mice with
chronic hepatitis and hepatocellular carcinoma2# followed by Helicobacter bilis being
isolated from bile, liver, and intestine of aged inbred mice in 1995.2% Flexispira spp.
previously isolated from humans and their pets with diarrhea have now been re-classified as
H. bilis.26-28 |n the mid to late 1990’s, an association between intestinal inflammation and
H. hepaticus or H. bilis was recognized.23: 2% 30 Either as a mono- or a co-infection, H. bilis
was described to be associated with diarrhea and moderate to severe proliferative
typhlocolitis in various strains of SCID mice.31-33 Interestingly, specific strains of
Helicobacter spp. may have unique and divergent effects on colitis susceptibility. In
mdrla™~ mice, H. bilisaccelerated the development of colitis while H. hepaticus delayed
the development of colitis.34 In addition, infection with H. hepaticus leads to colitis-
associated colon cancer in RAG KO (independent of T cell transfer)3° and potentiates
tumorigenesis in some colon cancer-prone models of colitis.36: 37 Co-infection of mdrla™-
mice with H. bilisand H. hepaticus can result in high-grade dysplasia and neoplasia.38
Likewise, H. bilis infection or co-infection with H. hepaticus leads to both colitis
development and colorectal cancer in Smad3~/~ mice and, with greater severity, in
Smad3~/~Rag2~/~ mice.39 40

Herein, we explored the role of Helicobacter spp. infection in three distinct models of colitis
including spontaneous, T-cell transferred, and radiation-induced colitis by rederiving WKO
mice in Helicobacter spp.-free conditions. The development of colitis was also examined
following H. bilis infection. We noted that Helicobacter spp. infection was required for the
development of spontaneous and T-cell transfer-induced, but not radiation-induced, colitis in
WKO mice. More importantly, H. bilis infection leads to the development of dysplasia and
carcinoma in the setting of colonic inflammation in WKO mice.

MATERIALS AND METHODS

Mice

WKO mice were generated as previously described.> WT (129 SvEv), WKO, and
WASP"RAG™~ mice were maintained under specific pathogen free (SPF) or Helicobacter
spp.-free conditions in animal facilities at Massachusetts General Hospital (MGH, Boston,
MA) and at Massachusetts Institute of Technology (MIT, Cambridge, MA). The list of
microbes excluded in SPF conditions at MGH is outlined in Table 1. Helicobacter spp.-free
conditions at MGH exclude Helicobacter spp. and Pasteurella in addition to those excluded
in SPF. Definitions of SPF at MIT were similar to that of Table 1, and Helicobacter spp.-
free conditions at MIT also excluded Helicobacter spp. in addition to those in SPF. At the
initiation of these studies, Helicobacter spp. were routinely identified by Helicobacter spp.
PCR assays in sentinel cages in mice maintained in SPF conditions at MGH. All
experiments were conducted upon approval and according to regulations of the
Subcommittee on Research Animal Care of MGH and also by the MIT Committee on
Animal Care. WKO mice maintained in SPF conditions were rederived by embryo transfer
into Helicobacter spp.-free female mice and housed in Helicobacter spp.-free conditions at
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both MGH and at MIT with feces from sentinel cages and some of the experimental mice
confirmed to be Helicobacter spp.-free. Mouse rooms were maintained at constant
temperature and humidity on a 12/12-hour light-dark cycle, and mice were provided
standard rodent chow (Purina Mills, St. Louis, MO) and water ad libitum.

Helicobacter bilis infection

Weaning Helicobacter spp.-free WKO mice were transferred from MGH to MIT and housed
in groups of fewer than five in polycarbonate microisolator cages on hardwood bedding
(PharmaServ, Framingham, MA) under specific pathogen free and Helicobacter spp.-free
conditions. A total of 49 mice (27 males and 22 females) at 4 weeks of age used in the study
were divided into two groups: 18 mice (11 males and 7 females) served as uninfected sham-
dosed controls whereas 31 mice (16 males and 15 females) were orally inoculated daily with
0.2 ml of 108 CFU H. bilis Missouri strain in brucella broth for five consecutive days. At 7—
9 months post-inoculation (mpi), mouse colons were analyzed for inflammation by
histopathologic analysis and feces collected for Helicobacter spp. PCR.

Helicobacter spp. PCR

DNA was extracted from fecal samples of control mice, H. bilis-infected mice, and WKO
mice housed under SPF conditions using a High Pure Nucleic Acid Isolation kit from Roche
Applied Science (Indianapolis, IN). Helicobacter genus-specific PCR C97 and C05
(species-specific PCR for H. hepaticus, H. bilis, H. typhlonius, and H. rodentium) were used
as described previously.22 41

Irradiation of mice

Two- to four-months-old WKO mice placed in autoclaved irradiation pies received sub-
lethal total body irradiation dose of 700 rads in 2 divided doses to induce a more uniform
onset of colitis. Mice were then observed for 2 months, necropsied, and assessed
histologically. Initial irradiation experiments on WT compared to WKO mice maintained
under SPF conditions were done on two-month-old mice but to maximize the probably of
finding a difference between non-irradiated and irradiated animals in subsequent
experiments, mice at a younger age (2 months, when spontaneous colitis has not manifested)
were used for irradiation.

T cell transfer colitis

WASP"RAG™~ mice were injected intraperitoneally with 400,000 naive T cells isolated
from spleen, peripheral, and mesenteric lymph nodes of WT mice, which were enriched for
CD4 expression by negative selection using Dynabeads (Invitrogen, Carlsbad, CA) and
subsequently sorted for CD4*CD25-CD45RB" by FACS DIVA Vantage SE (BD
Biosciences, San Jose, CA). Post-sort purity was typically >98%. Mice were followed for 3
weeks, euthanized and necropsied; colons were evaluated by histology.

Histologic colitis scoring

Histologic analysis was performed using a scale previously described and often used for
Helicobacter spp.-associated typhlitis and colitis that rates inflammation, edema, epithelial
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defects, crypt atrophy, hyperplasia and dysplasia/neoplasia on a scale of 0 to 4; the sum of
these subscores makes up the cumulative colitis or typhlitis index.42 Colitis is defined as
colitis index of 3 or higher with an inflammation subscore of > 1; typhlitis as typhlitis index
of 4 or greater (minor abnormalities are seen at baseline even in a healthy WT mouse) with
an inflammation subscore of = 1. Dysplasia is defined as dysplasia score of at least 1 point
with moderate-to-high-grade dysplasia defined by a dysplasia score of = 2).

Comparisons were made using the Mann-Whitney U test unless otherwise indicated.

ETHICAL CONSIDERATIONS

RESULTS

none

Helicobacter spp. are detectable in WKO mice

To determine if colitis in WKO mice correlates with the presence of a specific bacterial
pathogen, initial microbial analyses were performed on fecal samples from several WKO
colitic mice greater than 6 months of age by Charles River Laboratories. No specific
pathogens other than H. bilis, H. hepaticus, or other unspeciated Helicobacter species were
detected by PCR in 6 out of 6 WKO mice. To expand upon these initial analyses, feces of
WKO mice were analyzed and 10 out of 11 cages (mouse ages ranging from 3 months to
one year) were colonized with Helicobacter spp. In addition, feces collected from six mouse
cages were positive for H. hilis, eight for H. rodentium, four for H. hepaticus, and one for H.
typhlonius (Table 2). Feces of mice from five cages had co-infections (H. bilis plus another
Helicabacter species); the other half was colonized by only one Helicobacter spp. Different
Helicobacter spp. were also seen in WT mice (data not shown).

Spontaneous colitis associated with WASP-deficiency is attenuated when mice are
rederived in a Helicobacter spp.-free environment

Given the association of Helicobacter spp. colonization and colonic inflammation in several
mouse models of colitis, 23 and our finding of Helicobacter spp. in the feces of WKO mice
housed in SPF conditions, we determined the role of Helicobacter spp. in WASP deficiency-
induced colitis by rederivation and maintenance of WKO mice in Helicobacter spp.-free
environments in two independent animal facilities (MIT and MGH).

After rederivation at MGH, stool from founders were confirmed negative for Helicobacter
spp. on PCR by BioReliance (Rockville, MD) and from multiple animals after subsequent
breedings by our laboratories (data not shown). Mice were analyzed at 4 to 15 months of age
(n = 23), and none had macroscopic signs of colitis (i.e. gross colonic thickening or soft
stools). Microscopic analysis of mice aged 10-15 months (n = 7) revealed a mean histologic
colitis index of 2.9 + 1.0 compared to a mean index of 12.4 £ 0.7 in WKO mice housed in
SPF conditions (Figure 1a-b). Similarly, WKO mice rederived in a Helicobacter spp.-free
facility at MIT had little to no colitis at 5 months of age (mean colitis index of 2.8, n = 4)
compared to WKO mice concurrently maintained in SPF facility that had moderate disease
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(mean colitis index of 8.5, n = 4) (Figure 1c). Moreover, even at 14 months of age, there was
minimal colonic inflammation in Helicobacter spp.-free mice with a mean colitis index of
4.2 (n = 13) compared to 8.25 in WKO mice maintained concurrently under SPF conditions
(n = 8) (Figure 1d). Taken together, these data indicate that the prominent colitis associated
with WKO mice requires persistent Helicobacter spp. colonization.

Innate immune cell-mediated colitis is also dependent on the presence of Helicobacter

Spp.

We recently demonstrated that even when WASP deficiency is limited to the innate immune
cell compartment, colitis develops after WT CD4* T-cell transfer.*3 In this setting,
WASP"RAG™~ (WRDKO) recipients of WT native CD4* T cells develop severe colitis
within 3 weeks compared to absence of disease in RAG ™~ recipients.3 To assess the role of
Helicobacter spp. in this accelerated model of colitis, WT naive CD4* T cells (isolated from
animals purchased from Taconic negative for Helicobacter spp.) were transferred into
WRDKO recipients maintained in either an SPF facility (documented to be Helicobacter
spp. positive) or in a Helicobacter spp.-free room (documented Helicobacter spp. negative).
Similar to that observed for WKO animals described above, colitis did not develop in this
transfer model in Helicobacter spp.-free WRDKO recipients (Figure 1e-f).

Radiation-induced colitis does not require the presence of Helicobacter spp. in WKO mice

We next sought to determine whether colitis development could be accelerated by epithelial
injury (i.e., sub-lethal irradiation) in WKO mice and, if so, whether disease in this condition
would also be dependent on Helicobacter spp. Previously, bone marrow transplantation
experiments revealed that WKO recipients raised in SPF conditions developed severe colitis
with high rates of mortality within 2—4 weeks after lethal irradiation.** Therefore, we
investigated whether sub-lethal irradiation was sufficient to rapidly induce colitis. Indeed,
700 rads of whole body irradiation led to more severe colitis in 4-month-old WKO mice
when compared to non-irradiated WKO mice (Figure 2a, c, f, g). All non-irradiated and
irradiated WT mice remained colitis-free (Figure 2a, b, d, €). While the pathophysiology
underlying this radiation-induced colitis remains unclear, we hypothesized that irradiation,
even at sub-lethal doses, leads to a transient breach in the epithelial barrier resulting in
microbial translocation and immune activation. To examine whether Helicobacter spp. are
required for colitis under this condition, we assessed whether Helicobacter spp.-free WKO
mice were susceptible to colitis in this radiation-accelerated model. Sub-lethally irradiated
Helicobacter spp.-free WKO mice did not lose weight; however, they developed colitis in
contrast to their non-irradiated Helicobacter spp.-free WKO littermates (Figure 3). These
data indicate that Helicobacter spp. colonization is not required for disease initiation in a
genetically susceptible host when the epithelial barrier is injured by radiation.

Infection of Helicobacter spp.-free WKO mice with H. bilis is associated with typhlo-colitis
and ceco-colonic carcinoma

Since H. bilisis found frequently in the feces of WKO mice housed in SPF conditions, we
investigated whether infection of Helicobacter spp.-free WKO mice with H. biliswould
result in colitis development. PCR of fecal DNA confirmed lack of Helicobacter spp. in all
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mice before initiation of an experiment (data not shown) and in uninfected control WKO
mice at necropsy (Supplemental Figure 1). A subset of WKO mice were infected with H
bilisat 4 weeks of age with subsequent confirmation of infection by PCR at various time
points post-infection: 2 weeks, 4 weeks, 3 months, and at necropsy at 7-9 months
(Supplemental Figure 1 and data not shown). At 7-9 months post infection (mpi), the cecum
of H. bilis-infected WKO mice (n = 31: 16 males, 15 females) had significantly higher mean
inflammatory, edema, epithelial defects, crypt atrophy, hyperplasia, and dysplasia subscores
and cumulative typhlitis index compared to uninfected controls (n = 18: 11 males, 7
females) (Figure 4a-e). In the colon, the H. bilis-infected mice had significantly higher
inflammation subscore and cumulative colitis index than uninfected WKO controls, with an
increasing trend for all other parameters, namely epithelial defects, edema, crypt atrophy,
hyperplasia and dysplasia (Figure 4f-i,I). The inflammatory process in both the cecum and
colon was composed of prominent aggregates of a mixture of mononuclear cells
(lymphocytes, plasma cells and macrophages) and varying proportions of neutrophils and
few eosinophils with associated epithelial degeneration/necrosis, crypt abscesses, and crypt
atrophy/loss (Figure 4b-d,g-h,k). The location of cellular infiltrates varied, with aggregates
localized either in a multifocal or patchy distribution, and found in the mucosa or submucosa
(with occasionally transmural involvement).

Dysplasia and frank carcinoma were associated with the inflammation in some H. bilis-
infected WKO mice. Three H. bilis-infected males during the course of the study were
dehydrated and in poor body condition and had to be euthanized either 2 weeks short of 7
mpi (1 animal) or at 7 mpi (2 animals). Grossly, the ceca and colons of all these three mice
were markedly and diffusely thickened (Supplemental Figure 2). Histologically, these
thickened ceca/colons were characterized by severe, diffuse, mucosal to occasionally
transmural inflammation with associated epithelial defects, multifocal areas of glandular
hyperplasia, high grade glandular dysplasia (score > 3), and invasion into muscularis
mucosa and/or submucosa consistent with carcinoma (Figure 4c,d,h-k). Frequently, the
invasive dysplastic glands split and extended into the muscularis mucosa with occasional
herniation into the submucosa. Invasive glands were characterized by lateral spreading of
high grade dysplastic glands at various levels of the submucosa with frequent loss of
epithelial lining from the mucin-filled glands in a background of inflammation and variable
fibroblastic stromal proliferation (Figure 4c,d,h,j-k). Invasive carcinoma (reflected by a
dysplasia subscore of 4 out of 4) with submucosal involvement was observed in the colon of
3 mice whereas for the cecum, only one animal had submucosal invasion while the other
two had intramucosal carcinoma with dysplastic glands extending into the muscularis
mucosa. Besides frank carcinoma, there was also dysplasia (defined as dysplasia subscore of
> 1 point) seen in some H. bilis-infected WKO mice both in the cecum and, to a lesser
extent, in the colon (Figure 5a-b). In contrast, uninfected controls had none to mild or rarely
(1 animal) moderate background inflammation (Figure 4a,e-f,1,) with minimal epithelial
defects, edema, and hyperplasia without any evidence of any significant epithelial dysplasia
in either the cecum or the colon (Figure 5a-b).

With the observation of dysplasia and colon carcinoma in H. bilis-infected mice, we
reexamined WKO mouse colons raised in SPF conditions and identified colonic masses
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(approximately <5% of > 8-month-old WKO mice), some of which were investigated
histologically and found to be carcinomatous lesions in older, severely colitic WASP~~
mice housed in SPF conditions (Supplemental Figure 3). Upon re-review of the histologic
slides of the 30 unmanipulated WKO mice maintained under SPF conditions at six months
of age, 25 (83%) had dysplasia with 10 (33%) animals having moderate-to-high-grade
dysplastic changes (dysplasia subscore = 2). This is in comparison to only 1 out of 7 (17%)
Helicobacter spp.-free WKO mice necropsied at a much later age (10-14 months) with low-
grade dysplasia (Figure 5c). Likewise, irradiation led to dysplasia in 7 out of 7 (100%) of
WKO animals irradiated at 4 months of age (and necropsied at 6 months of age) and 13 out
of 22 (59%) WKO mice irradiated at 2 months of age (and necropsied at 4 months of age)
when raised under SPF conditions (Figure 5d). In contrast, only 4 out of 22 (18%) irradiated
WKO mice raised under Helicobacter spp.-free conditions demonstrated dysplasia (Figure
5d) despite the mean colitis indices not being significantly different between the irradiated
SPF compared to irradiated Helicobacter spp.-free WKO mice (5.4 vs 7.5). No dysplasia or
carcinoma has been observed in WT mice raised under SPF or Helicobacter-free conditions.

All in all, these data demonstrate an association between Helicobacter spp. infection in
WKO mice with colitis and dysplasia and frank carcinoma in some animals.

Discussion

Several mouse models of colitis have demonstrated that colonization with Helicobacter spp.
can lead to colitis development in predisposed hosts. Rederivation of genetically-susceptible
animals (RAG-27/~; NF-xB p65*/~p50~/~; TCR-a™~; Smad-3~/~; mdr1a™/~; IL-10~/-, scid
ICR-defined flora) in a Helicobacter spp.-free environment can prevent colitis development
with re-introduction of one particular Helicobacter species permitting disease
development.29. 30, 33-35, 45,46 Here, we report that the colitis associated with WASP
deficiency is abolished after rederivation in Helicobacter spp.-free settings and
reintroduction of one specific species, H. hilis, can lead to re-emergence of typhlocolitis. It
is possible that H. bilis itself does not directly lead to colitis and cancer development but
rather indirectly modulates the intestinal microbial community; nevertheless, our
observations suggest that the presence or absence of Helicobacter spp. alters the overall
inflammatory milieu in genetically susceptible animals.

Unlike most colitis models where mono- or co-infection with H. hepatitis was associated
with disease induction, this is the only colitis model other than mdrla~~ and scid mice
where mono-infection with H. bilis can trigger colitis.31: 33 34 The colitis in the infected
WKO mice is milder than the disease observed in WKO mice raised in SPF conditions
suggesting that other Helicobacter species may potentiate colitogenicity as has been
previously reported.38 47 However, unlike mdrla™~ mice and scid mice, we investigated
three different types of colitis associated with WASP deficiency and demonstrated radiation-
induced colitis in WKO animals occurs independent of Helicobacter colonization suggesting
that not all types of intestinal inflammation in WKO mice require Helicobacter spp.

The most notable finding in our study is the development of dysplasia in our WKO mice
raised under SPF conditions and high-grade dysplasia and carcinoma in a few WKO mice
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upon H. hilisinfection after rederivation in Helicobacter spp.-free conditions. Only a small
(<20%) subset of Helicabacter spp.-free WKO mice developed low-grade dysplasia with
irradiation at 6 months of age or spontaneously at old age (10-14 months of age). In
contrast, most (>80%) 6-month-old WKO (infected with Helicobacter spp.) housed mice in
SPF rooms developed dysplasia with a third having moderate-to-high-grade dysplasia. In
addition, H. bilis infection of Helicobacter spp.-free WKO mice led to high-grade dysplasia
and frank carcinoma in 3 animals, suggestive of not only a colitogenic but also tumorigenc
potential of Helicobacter bilis. Similarly, H. bilisinfection in mdrla™~ mice also leads to
dysplasia and rarely carcinoma.38 Likewise, IL-10~/~ mice develop colon cancer upon
infection with other Helicobacter species (specifically a combination of H. typhlonius and
H. rodentium).4”- 48 Helicobacter spp. induction of colonic adenocarcinoma has been
described in Smad3~/~ mice where infection with several Helicobacter species led to colon
cancer in 50-66% of animals.3% However, the Smad3~/~ model differs from WKO mice in
that multiple Helicobacter species had to be used to trigger tumorigenesis and colitis and
colon cancer development were independent of the adaptive immune system as colitis and
colon cancer are still present in Smad37~RAG-27~ mice, consistent with what has been
observed for RAG-27/~ mice and RAG-2-KO/APC(Min/+) mice.3% 37 In contrast, WKO
mice devoid of adaptive immune cells (WRDKO) that are raised in SPF conditions do not
develop colitis* or tumors (data not shown).

A critical analysis of the pathology data illustrates several interesting observations. There
was variation in the pathology observed within the H. bilis-infected WKO animals and the
severity of pathology did not always correlate with the post-infection interval. The mice that
developed the most severe H. bilis-induced pathology had to be euthanized at 7 mpi due to
their poor clinical condition resulting from the lower bowel carcinoma. While not
statistically significant, it is noteworthy that all three mice with either high-grade dysplasia
or carcinoma were males. Irradiation uniformly induced colitis with high penetrance in
WKO mice at only 4 months of age, which is a higher penetrance than that observed for
non-irradiated WKO mice under SPF conditions.* Several studies also noted an increase in
the incidence of colitis in irradiated mice.1% 16 Given that it has been demonstrated that
radiation causes increased intestinal permeability,*® we hypothesize this radiation-induced
colitis is related to mucosal injury leading to increased access of the intestinal mucosa to
luminal antigens, including those of a microbial source, resulting in inflammation. Our
studies demonstrate that this pathophysiologic process is not dependent on the presence of
intestinal Helicobacter spp. We hypothesize that the non-Helicobacter spp. microbial
exposure is adequate to induce inflammation in the setting of dysfunctional adaptive and/or
innate immune cells in WKO mice upon disruption of the epithelial barrier.

In summary, our observations re-emphasize the critical importance of the microbial
environment in development of intestinal disease in genetically-predisposed mice and likely
in humans. In fact, in this murine model of WASP deficiency, the presence or absence of
Helicobacter spp. dictates whether disease develops. Whether this occurs through alterations
in the intestinal microbial community is actively being investigated. Furthermore, H. bilis
infection triggers not only typhlocolitis but also dysplasia and carcinoma. Our current study
demonstrates that, in addition to H. hepaticus, H. rodentium, and H. typhlonius that have
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been previously shown, 47-48 H. hilis has the ability to lead to inflammation-induced
tumorigenesis either due to a direct effect or indirectly through alterations in the intestinal
microbial community.
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Figure 1. Helicobacter spp. are required for colitis induction in WKO mice
(a) Representative H&E sections and (b) mean histologic scores £ SEM of WKO mice at

10-15 months of age from Helicobacter spp.-free rederived group (n = 7) and of 6 months-
old WKO mice in SPF conditions (n = 30) at MGH. (c) Representative H&E sections and
(d) mean histologic scores + SEM of WKO mice rederived in Helicobacter spp.-free
conditions at MIT (n = 13) at 5 months and 14 months old, respectively, compared to age-
matched WKO mice housed in SPF conditions (n = 8). (e) Naive CD4* T cells were
transferred into 4-6 month-old WRDKO mice to induce colitis. Percent of initial weight of
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WRDKO mice from SPF (n = 4) compared to those from Helicobacter spp.-free (n =4)
rooms after WT naive CD4* T cell transfer. (f) Mean histologic colitis indices of animals
SEM in (e), p = 0.017. Data are representative of two independent experiments. H&E
stained sections taken at 20x objective. *p < 0.05, **p < 0.01, ***p < 0.005 on Mann-
Whitney test comparing mice in SPF and Helicobacter-free rooms. H-free = Helicobacter
spp.-free; SPF = specific pathogen free; WKO = WASP~/~ mice; WRDKO =
WASP7"RAG-27~ mice.
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Figure 3. Radiation-induced colitis in WKO mice is not dependent on the presence of
Helicobacter spp
(a) Mean percent of initial weights £ SEM of sublethally irradiated and non-irradiated WKO

mice in SPF and Helicobacter spp.-free conditions over 9 weeks after irradiation starting at
2 months of age. (b) Mean histologic colitis indices + SEM in sublethally irradiated or non-
irradiated Helicobacter spp.-free or SPF WKO mice. Data were pooled from five

independent experiments (n = 22 for each irradiated group; n = 15 for non-irr H-free; n =8
for non-irr SPF). Kruskal-Wallis analysis with post-hoc Dunn’s test showed * p < 0.05. (c)
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Representative H&E images of non-irradiated (left) and irradiated (middle) Helicobacter
spp.-free WKO mice and irradiated SPF WKO (right), 10x objective. H-free = Helicobacter
spp.-free; Irr = irradiated.
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Figure 4. Rederived Helicobacter spp.-free WKO mice infected with H. bilis develop typhlitis and
colitis at 7-9 months post infection

(a) Representative cecum from an uninfected control mouse at 7 mpi with sparse
inflammatory cells in the lamina propria and lack of other significant epithelial changes (bar
= 80 uM). (b) Representative non-neoplastic cecum of a H. bilis-infected mouse at 7 mpi
showing moderate mucosal and submucosal inflammation, edema, surface epithelial
tethering, epithelial hyperplasia and minimal dysplasia (bar = 160 uM). (c) Low
magnification image of the cecum of a H. bilis-infected male at 7 mpi that developed a
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broad-based mucosal proliferative lesion (diagnosed as intramucosal carcinoma) showing
prominent inflammation, edema, epithelial defects, epithelial hyperplasia, and disorganized
glandular architecture (bar = 400 uM). (d) Higher magnification view of (c) showing high-
grade dysplastic glands with invasion into the muscularis mucosa and extension/herniation
into the submucosa (bar = 80 pM). (e) Mean subscores + SEM of inflammation (inf), edema,
epithelial defect (epi def), crypt atrophy (crypt atr), hyperplasia (hyperpl), dysplasia (dyspl),
contribute to the cumulative typhlitis index of all mice. (f) Representative H&E image of the
colon from an uninfected control mouse at 7 mpi with no significant mucosal inflammation
or other epithelial alterations (bar = 80 uM). (g) Representative image of a non-neoplastic
colon from an H. bilis-infected at 7 mpi showing mild mucosal inflammation and minimal
hyperplasia (bar = 80uM). (h) Low magnification H&E image of a grossly thickened colon
from a H. bilis-infected male at 7 mpi showing severe transmural mixed inflammation,
lympho-follicular formation, edema, epithelial defects, fibrosis, crypt loss, marked epithelial
hyperplasia, and severely disorganized glandular architecture with high grade dysplasia and
multifocal submucosal invasion/herniation (bar = 400 uM). (i) Higher magnification view of
(h) showing dysplastic glands with frequent mitotic activity and luminal cellular debris in a
background of granulocytic inflammation (bar = 40puM). (j) Higher magnification of (h)
showing invasive high grade dysplastic/neoplastic glands in the muscularis mucosa and
submucosa surrounded by proliferating fibroblasts and dense lympho-plasmacytic
inflammation (bar = 80puM). (k) Higher magnification of (h) showing a focus of invasive
glands deep in the submucosa with associated partial loss of epithelial lining, disorganized
pools of mucin-like material, and associated dense inflammatory cellular aggregates (bar =
40uM). (1) Subscores contributing to the colitis total index of all mice. *p < 0.05, **p <
0.01, ***p < 0.005 on Mann-Whitney test comparing un-infected and infected mice in that
subscore. C = uninfected control mice; Hb = H. bilis-infected mice; mpi = months post
infection.
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Figure 5. Dysplasia and colon carcinoma found in WKO mice raised under SPF conditions and
under Helicobacter spp.-free conditions with H. bilis infection

Dysplasia subscores + SEM of individual mice in (a) cecum and (b) colon of rederived
WKO animals 7-9 months after infection H. bilis with the horizontal bars representing the
mean + SEM shown in Figure 4e&l. (c) Dysplasia subscores = SEM of colons from 6-
month-old WT, 6-month-old WKO in SPF, and 10-15-month-old WKO mice raised in
Helicobacter spp.-free conditions. (d) Dysplasia subscores + SEM of colons from irradiated
4-month-old and 6-month-old WT or WKO mice (two months after irradiation). H-free =
Helicobacter spp.-free; irr = irradiated.
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Microbes excluded in animal facility at MGH considered to specific pathogen free (SPF).

Table 1

Viruses:

Bacteria:

Parasites

.
.

Ectromelia virus (ECTRO)

Epizootic diarrhea of infant mice virus (EDIM)
Hantaan virus

Lactate dehydrogenase elevating virus (LDHV)
Lymphocytic choriomeningitis virus (LCM)
Minute virus of mice (MMV)

Mouse adenovirus-FL

Mouse adenovirus-K87

Mouse hepatitis virus (MHV)

Mouse parvovirus (MPV)

Murine cytomegalovirus (MCMV)

Pneumonia virus of mice (PVM)

Polyoma virus

Reovirus

Sendai virus

Theiler’s murine encephalomyelitis virus (TMEV/GDVII)

Bordetella bronchiseptica

Cilia-Associated Respiratory Bacillus (CARB)
Citrobacter rodentium

Clostridium piliforme

Corynebacterium kutscheri

Mycoplasma spp.

Salmonella enteritidis

Salmonella typhimurium

Streptobacillus moniliformis

Streptococcus pneumoniae

Aspicularis tetraptera
Eimeria falciformis
Encephalitozoon cuniculi
Eperythrozoon coccoides
Giardia muris

Klossiella muris

Myobia musculi
Myocoptes musculinus

Notoedres musculi

Ornithonyssus spp.
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. Polyplax spp.

. Psorergates simplex
. Radfordia spp.

. Rodentolepis spp.

. Spironucleus muris

. Syphacia obvelata
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PCR for Helicobacter species in 11 cage of WKO mice in SPF facility demonstrating that most animals were
colonized with one or more Helicobacter species.

Cage #

Helicobacter spp. | H.bilis

H. rodentium

H. typhlonicus

H. hepaticus

275

289

+

+

+

302

+

+

+

W51

W52

W296

W303

W303

W304

W53

W55
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