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To investigate how different enterohepatic Helicobacter species (EHS) influence Helicobacter pylori gastric
pathology, C57BL/6 mice were infected with Helicobacter hepaticus or Helicobacter muridarum, followed by H.
pylori infection 2 weeks later. Compared to H. pylori-infected mice, mice infected with H. muridarum and H.
pylori (HmHp mice) developed significantly lower histopathologic activity index (HAI) scores (P < 0.0001) at
6 and 11 months postinoculation (MPI). However, mice infected with H. hepaticus and H. pylori (HhHp mice)
developed more severe gastric pathology at 6 MPI (P = 0.01), with a HAI at 11 MPI (P = 0.8) similar to that
of H. pylori-infected mice. H. muridarum-mediated attenuation of gastritis in coinfected mice was associated
with significant downregulation of proinflammatory Thl (interlukin-1beta [Il-13], gamma interferon [Ifn-vy],
and tumor necrosis factor-alpha [Tnf-a]) cytokines at both time points and Th17 (Il-174) cytokine mRNA
levels at 6 MPI in murine stomachs compared to those of H. pylori-infected mice (P < 0.01). Coinfection with
H. hepaticus also suppressed H. pylori-induced elevation of gastric Thl cytokines Ifi-y and Tnf-o (P < 0.0001)
but increased Th17 cytokine mRNA levels (P = 0.028) at 6 MPI. Furthermore, mRNA levels of 1I-174 were
positively correlated with the severity of helicobacter-induced gastric pathology (HhHp>H. pylori>HmHp) (at
6 MPL, # = 0.92, P < 0.0001; at 11 MPIL, * = 0.82, P < 0.002). Despite disparate effects on gastritis,
colonization levels of gastric H. pylori were increased in HhHp mice (at 6 MPI) and HmHp mice (at both time
points) compared to those in mono-H. pylori-infected mice. These data suggest that despite consistent down-
regulation of Thl responses, EHS coinfection either attenuated or promoted the severity of H. pylori-induced
gastric pathology in C57BL/6 mice. This modulation was related to the variable effects of EHS on gastric

interleukin 17 (IL-17) responses to H. pylori infection.

Approximately 50% of the human population is colonized
with the gastric pathogen Helicobacter pylori (2, 14). H. pylori
persistent colonization initiates chronic active gastritis and in
some patients causes peptic ulcer disease, gastric adenocarci-
noma, and gastric mucosa-associated lymphoid tissue lym-
phoma. It has been classified by the World Health Organiza-
tion as a class I carcinogen (3), with approximately 1 to 2% of
the H. pylori-infected population developing gastric tumors.
However, the underlying mechanisms governing the clinical
outcome of H. pylori infection are poorly understood (6, 14). It
is generally accepted that differences in host immune re-
sponses, environmental factors, and pathogenicity of H. pylori
strains play important roles in disease development. In addi-
tion, it has been reported that the presence of endemic para-
sites may be linked to lower than expected rates of gastric
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cancer in some African countries and in Colombia, South
America, which have especially high prevalence rates of H.
pylori infection (4, 11, 31, 50).

The gastrointestinal tract of mammals is colonized by 10'2 to
10 microbes and various parasites which can be mutualistic
or pathogenic to human health (21). The interplay among
certain organisms can lead to attenuation or promotion of
infection-induced pathology. For example, coinfection with
Heligmosomoides polygyrus, a natural murine nematode para-
site, attenuated gastric atrophy induced by gastric Helicobacter
felis in C57BL/6 mice (11). Attenuation of premalignant le-
sions was associated with reduced expression of proinflamma-
tory Thl cytokine mRNA levels as well as with increased Th2
cytokine mRNA levels. In contrast, dual infection with H. felis
followed by the obligate intracellular protozoan parasite 7oxo-
plasma gondii 20 weeks later led to more severe gastritis asso-
ciated with increased production of proinflammatory gamma
interferon (Ifn-y) and interleukin 12 (/I-12) in BALB/c mice,
which otherwise develop minimal gastritis when infected with
H. felis (44). It has also been documented that the interactions
between different bacterial species influence infectious intesti-
nal diseases. A recent report noted that prior H. pylori infec-
tion attenuated Salmonella enterica serovar Typhimurium-in-
duced colitis in C57BL/6 mice; this protective effect was
associated with downregulation of the cecal Th17 response to
S. Typhimurium (20). Helicobacter hepaticus, the prototype of
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enterohepatic Helicobacter species (EHS), is a murine patho-
gen which causes hepatitis, liver cancer, inflammatory bowel
disease, and intestinal carcinoma in susceptible mouse strains
(12, 43). II-10~"~ mice (C57BL/6NTac) were protected from
H. hepaticus-induced inflammatory bowel disease by admin-
istration of polysaccharide A from the human symbiont Bac-
teroides fragilis. This protection resulted from increased
production of IL-10, which suppressed expression of proin-
flammatory cytokines tumor necrosis factor alpha (TNF-a;
Th1) and IL-17A (Th17) (33). Concurrent infection with H.
hepaticus delayed recovery and prolonged weight loss of an
acute diarrheal disease caused by Citrobacter rodentium in
C57BL/6J mice, and this response was associated with up-
regulation of /I-174 mRNA levels (34). Recently, we showed
that coinfection with Lactobacillus reuteri and H. hepaticus
induced severe typhlocolitis, whereas monoinfection with
either of these organisms in gnotobiotic B6.129P2-IL-
10"<¢" mice caused no inflammation (51). These lines of
evidence indicate that gastrointestinal coinfection with dif-
ferent organisms can modulate host inflammatory responses
to pathogenic microbes.

Helicobacter muridarum also has pathogenic potential, since
this EHS causes gastritis in experimentally infected BALB/c
mice and colitis in T cell-recipient C.B17 SCID mice (24, 26).
In addition, H. muridarum elicits proinflammatory TLR2 and
NODI1 responses in cultured epithelial cells (5). Recently, we
reported that coinfection with another EHS, Helicobacter bilis,
significantly decreased the severity of H. pylori-induced gastri-
tis and premalignant lesions in C57BL/6 mice (28).
Attenuation of H. pylori-induced gastric pathology correlated
with reduced expression of gastric H. pylori-associated proin-
flammatory mediators in coinfected mice. To investigate
whether protection against H. pylori gastritis observed in mice
coinfected with H. bilis could be demonstrated with other EHS
and also to elucidate the mechanisms responsible for suppres-
sion of H. pylori-induced gastric disease, we infected C57BL/6
mice with H. hepaticus or H. muridarum followed by H. pylori
and evaluated the progression of gastritis over 11 months
post-H. pylori infection.

MATERIALS AND METHODS

Bacterial strains and experimental infections. Five-week-old female C57BL/6
mice obtained from Taconic Farms (Germantown, NY) were housed in groups
of five in polycarbonate microisolator cages on hardwood bedding (PharmaServ,
Framingham, MA) under specific-pathogen-free (SPF) conditions (free of Heli-
cobacter spp., Citrobacter rodentium, Salmonella spp., endoparasites, ectopara-
sites, and exogenous murine viral pathogens) in an Association for Assessment
and Accreditation of Laboratory Animal Care International (AAALAC Inter-
national)-accredited facility. Mice were maintained at 70 = 2°F, in 30 to 70%
relative humidity, and in a 12-h/12-h light/dark cycle and were fed standard
rodent chow (Purina Mills, St. Louis, MO) and water ad libitum. Animal use was
approved by the MIT Committee on Animal Care.

Groups of 30 mice were orally gavaged either every other day with 3 doses of
0.2 ml (~2 X 10® organisms) of H. muridarum strain ST1 (ATCC 49282) or H.
hepaticus 3B1 (ATCC 51449) or additionally, followed by 3 doses of H. pylori
strain SS1 2 weeks later. The respective infection groups were designated as
follows: mono-H. pylori-infected mice, mono-H. muridarum-infected mice,
mono-H. hepaticus-infected mice, mice infected with H. muridarum and H. pylori
(HmHp mice), and mice infected with H. hepaticus and H. pylori (HhHp mice).
At 6 and 11 months postinoculation (MPI) with H. pylori, 15 mice from each
group were euthanized with CO, and necropsied. The sham-dosed control mice,
mono-H. pylori-infected mice, mono-H. bilis-infected mice, and mice infected
with H. bilis and H. pylori (HbHp mice) described in our previous report were
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also used as negative and positive controls for select assays, since they were age,
gender, and time point matched with the mice used in the present study (28).
These two studies were also conducted concurrently under identical husbandry
conditions.

Necropsy and histopathology. At necropsy, stomach samples from the lesser
curvature extending from the squamous forestomach through the duodenum
were collected and processed as described previously (15, 39). Tissues were
graded by a comparative pathologist (S. Muthupalani) blinded to sample
identity for inflammation, epithelial defects, atrophy, hyperplasia, pseudopy-
loric metaplasia, dysplasia, hyalinosis, and mucous metaplasia, as defined
elsewhere (15, 39). Gastric lesions were scored on an ascending scale from 0
to 4 using criteria previously described (13, 39). A gastric histologic activity
index (HAI) was generated by combining scores for all criteria except hyali-
nosis and mucous metaplasia, which may develop irrespective of helicobacter
infection.

Q-PCR for H. pylori SS1, H. hepaticus, and H. muridarum. To quantify colo-
nization levels of H. pylori SS1, H. hepaticus, and H. muridarum within the gastric
mucosa and H. hepaticus and H. muridarum in cecal tissue, a real-time quanti-
tative PCR (Q-PCR) assay was utilized (15, 32). A standard curve was generated
using serial 10-fold dilutions of the respective helicobacter genomic DNA, rep-
resenting 1 X 10° to 10 genome copies. The copy numbers for H. pylori SS1 and
H. hepaticus were calculated based on an average H. pylori genome size of 1.66
Mb of two sequenced isolates and the H. hepaticus 3B1 genome size of 1.8 Mb,
respectively (1, 45, 47); the genome size of H. muridarum was estimated to be
1.73 Mb, averaged from the genome sizes of two H. pylori isolates and H.
hepaticus 3B1 (1, 47). Primers and probes for quantifying H. pylori and H.
hepaticus were previously described (16, 32). A forward primer (5'-AAGAGTG
CGCACCCGGGCTAAT-3') and a reverse primer (5'-CGTTAGCTGCATTA
CTGCCCTGTC-3"), which hybridize nucleotides 529 to 550 and nucleotides
800 to 823 of the H. muridarum strain ST1 16S rRNA gene (M08205),
respectively, were evaluated and selected for measuring colonization levels of
H. muridarum. All Q-PCR assays were performed in the 7500 Fast detection
system (Applied Biosystems, Carlsbad, CA). Genome copy numbers of H.
pylori, H. hepaticus, and H. muridarum were expressed per microgram of
murine chromosomal DNA and measured by Q-PCR using a mammalian 18S
rRNA gene-based primer and probe mixture (Applied Biosystems) as de-
scribed previously (17, 49).

Gastric cytokines. Total RNA from murine stomachs was prepared using
TRIzol reagents by following the supplier’s instructions (Invitrogen, Carlsbad,
CA). The RNA samples were further purified by removing residual DNA using
the RNeasy kit (Qiagen, Valencia, CA). cDNA from gastric mRNA (2 ug) was
reverse transcribed using the High Capacity cDNA archive kit by following the
supplier’s instructions (Applied Biosystems, Foster City, CA). Using the 7500
Fast real-time PCR system (Applied Biosystems), mRNA expression of mouse
genes involved in innate and adaptive immunity was measured using RT? Profiler
PCR arrays (Super Array Bioscience Corporation, Frederick, MD). For this
assay, RNA from 3 mice of each group at 11 MPI was selected for analyses, and
selection was based on the HAI scores closest to median scores for each infection
group. In addition, gastric RNA from 3 control mice in both the noninfected and
mono-H. pylori-infected groups at 11 MPI, described in our previous study (28),
were also analyzed. Additionally, mRNA levels of the proinflammatory Thl
cytokines gamma interferon (Ifn-vy), tumor necrosis factor-alpha (7nf-«), and
interlukin-1beta (/I-18) were measured in gastric tissues of all the mice at 6 MPI,
whereas gastric mRNA levels of anti-inflammatory Th2 cytokines /I-10 and 1I-13
as well as Foxp3 were examined at both 6 and 11 MPI. Furthermore, transcript
levels of proinflammatory gastric Il-174 were compared for all mice from this
and prior (the sham control, mono-H. pylori, HbHp, and mono-H. bilis groups)
studies at both 6 and 11 MPI (28). All the target genes were normalized to the
endogenous control glyceraldehyde-3-phosphate  dehydrogenase (Gapdh)
mRNA and expressed as fold changes in reference to sham-dosed control mice
using the comparative threshold cycle (C;) method (Applied Biosystems User
Bulletin No. 2).

Immunohistochemistry for Foxp3* cells. As described previously, Foxp3 im-
munochemistry was performed on paraffin-embedded gastric tissues using Foxp3
antibody (FJK-16S; eBioscience, San Diego, CA) (28). Three mice with HAI
scores closest to median scores from each group at 11 MPI were selected for this
assay. The number of cells expressing nuclear Foxp3 is reported as the number
of Foxp3™ cells per 10 fields (200X) per stomach.

Statistics. Gastric HAI scores were compared across groups by the Kruskal-
Wallis one-way analysis of variance with Dunn’s posttest and between groups by
the Mann-Whitney U test using Prism software (GraphPad, San Diego, CA).
Data on the colonization levels of Helicobacter species and cytokine mRNA



VoL. 79, 2011

levels in the tissues were analyzed using the two-tailed Student ¢ test. P values of
<0.05 were considered significant.

RESULTS

Coinfection with H. muridarum but not H. hepaticus attenu-
ated H. pylori-induced gastritis and gastric premalignant le-
sions. We previously demonstrated that concurrent infection
of H. pylori and H. bilis attenuated H. pylori-induced gastric
disease (28). In this study, we tested whether this effect is also
attributable to other EHS. C57BL/6 mice infected with H.
pylori exhibited moderate gastritis at 6 MPI and severe gastritis
with early dysplasia at 11 MPI, whereas there was no infec-
tion-associated histopathological alterations of significance
observed in sham control mice (28). Lesions in mono-H.
pylori mice were characterized by a multifocal to coalescing
mucosal and submucosal inflammatory process comprised
predominantly of a mixed population of lymphocytes and
granulocytes (neutrophils, eosinophils). Inflammatory cell
infiltrates were associated with mild to moderate surface
epithelial tethering/erosions and glandular ectasia, with oc-
casional crypt abscesses and a moderate degree of oxyntic
atrophy, hyperplasia, pseudopyloric metaplasia, and dyspla-
sia (Fig. 1a and b). Mono-H. pylori-infected mice exhibited
mucous metaplasia of the oxyntic mucosa, which contrib-
uted to parietal cell atrophy. However, this lesion was not
included in the gastric HAI because this is not helicobacter
specific (13, 39). As expected, monoinfection with H. muri-
darum or H. hepaticus did not produce overt gastritis at
either time point (Fig. 1c and d, H. muridarum and H.
hepaticus, 11 MPI) nor did persistent colonization of the
lower bowel with H. muridarum or H. hepaticus elicit lower
bowel inflammation (data not shown). Mice colonized with
HmHp developed a significantly lower gastric HAI at both 6
and 11 MPI than mice infected with H. pylori alone (n = 15,
P < 0.0001 for both time points) (Fig. 1e and f), in a manner
similar to that previously observed in HbHp mice at 11 MPI
(28) (P = 0.023) (data not shown). Coinfection in HhHp
mice did not attenuate gastric pathology at 6 MPI, but
rather, this dual infection significantly increased gastric HAI
scores compared to mono-H. pylori infection at 6 MPI (Fig.
1B) (P = 0.01). There was no significant difference in the
HALI scores between HhHp and mono-H. pylori-infected
mice at 11 MPI (Fig. 2) (P = 0.81).

H. pylori-induced upregulation of gastric proinflammatory
Th1 cytokine mRNAs was attenuated in mice coinfected with
H. muridarum and H. hepaticus. We previously demonstrated
that H. bilis-mediated attenuation of H. pylori-induced gastric
pathology in dually infected mice was associated with down-
regulation of gastric mRNA levels of proinflammatory Thl
cytokines Ifn-vy, Tnf-a, and Il-1B compared to mono-H. pylori-
infected mice at 6 and 11 MPI (28). Thus, mRNA expression of
these cytokines was examined in all mice at 6 MPI. The
levels of gastric Ifn-vy, Tnf-a, and Il-13 mRNAs were signif-
icantly decreased in HmHp mice compared to mono-H. py-
lori-infected (P < 0.0001), HhHp (P < 0.0001) (Fig. 3), and
HbHp (P < 0.0003) (data not shown) mice. Even though
HhHp mice developed more severe gastric pathology than
mono-H. pylori-infected mice, mRNA levels of gastric Ifn-vy
and Tnf-a were significantly lower in the HhHp mice than in
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mono-H. pylori-infected mice (P < 0.0001) (Fig. 3); mRNA
levels of 1I-1B also trended lower (P = 0.076). Compared to
sham controls, the HmHp mice expressed similar baseline
mRNA levels for gastric Ifn-y and Il-13 and lower mRNA
levels of Tnf-a (P = 0.015). mRNA expression of gastric
Ifn-vy and Tnf-o was significantly decreased in mono-H. mu-
ridarum-infected mice (P < 0.0001), and all 3 assayed Thl
cytokines in mono-H. hepaticus-infected mice were also sig-
nificantly decreased compared to those of the sham controls
(P < 0.0003) (Fig. 3).

To evaluate the expression of innate and adaptive immune
response genes to helicobacter infection, we measured mRNA
levels of 84 relevant genes in 3 mice from each group using a
SuperArray (SABiosciences, Frederick, MD) at 11 MPI (Table
1). The data indicate that mono-H. pylori and HhHp infection
upregulated transcription of gastric proinflammatory genes in-
volved in innate and adaptive immunity compared to that of
sham control and HmHp infection. Notably, transcript levels
for gastric chemokines CXCL1 (mouse homolog of human
IL-8) and CXCL2 in mono-H. pylori-infected and HhHp mice
were increased by more than 10-fold compared to sham con-
trols and more than 2-fold compared to HmHp mice (Table 1).
mRNA levels were elevated for genes encoding all three
chains (3, &, y) of CD3, CD4, CD28, and proinflammatory
cytokines Ifn-y, Tnf-a, II-1B, and 1I-21, all of which reflect T
cell activation and cell-mediated immunity in response to H.
pylori or HhHp infection compared to controls (P < 0.05).
However, there were no significant changes in these respec-
tive mRNA levels in the gastric tissues of HmHp mice,
mono-H. muridarum-infected mice or mono-H. hepaticus-
infected mice (P > 0.2). The enhanced expression of Ifn-v,
Tnf-o, and Il-18 mRNA in mono-H. pylori-infected or HhHp
mice was consistent with severe gastric inflammation noted
previously in H. pylori-infected patients, mice, and gerbils
experimentally infected with gastric helicobacters (7, 11, 13,
15, 28, 52).

mRNA levels of gastric II-174 were positively correlated with
the increased severity of H. pylori-induced gastric lesions. It
was previously reported that expression of 7/-17A4 by proinflam-
matory Th17 cells was significantly increased in H. pylori-col-
onized human gastric mucosa (30). Experimental H. pylori in-
fection in mice and gerbils also upregulated mRNA levels of
gastric 1I-174 (42, 46). We measured and compared mRNA
levels of gastric Il-7174 among the infection groups in this study
as well as in samples from our previous study (sham control,
mono-H. pylori-infected, HbHp, and H. bilis-infected mice)
(Fig. 4A). At both 6 and 11 MPI, all mice infected with H.
pylori regardless of coinfection status expressed significantly
higher levels of gastric Il-174 mRNA than sham controls (P <
0.0001); there was no significant difference in gastric 1I-174
mRNA levels among the sham control, mono-H. muridarum-
infected and mono-H. bilis-infected groups (P > 0.2). However,
the mono-H. hepaticus-infected mice expressed significantly
higher mRNA levels of gastric Il-174 than sham control, mono-H.
muridarum-infected, or mono-H. bilis-infected mice at both 6 and
11 MPI (P < 0.001) (Fig. 3A). The mice coinfected with HhHp
expressed significantly higher mRNA levels of gastric II-174 com-
pared to the mono-H. pylori-infected (P < 0.05), HmHp (P <
0.001), or HbHp (P < 0.05) mice at 6 MPI. There was a higher
level of gastric Il-174 mRNA in the mono-H. pylori-infected mice
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HhHp- 11mpi

5

FIG. 1. Representative hematoxylin and eosin (H&E) images showing the salient histopathological features observed in the stomach at 6 MPI with H. pylori
(a), at 11 MPI with H. pylori (b), at 11 MPI with H. muridarum (c), at 11 MPI with H. hepaticus (d), at 6 MPI coinfected with HmHp (e), at 11 MPI coinfected
with HmHp (f), at 6 MPI coinfected with HhHp (g), and at 11 MPI coinfected with HhHp (h). Mono-H. pylori-infected (a, b) and HhHp (g, h) mice at both
time points showed significant gastric pathology characterized by prominent mucosal and submucosal inflammation, with associated multifocal surface erosions,
glandular ectasia, oxyntic atrophy, foveolar and glandular hyperplasia, and early dysplastic changes, as evident by glandular architectural distortion, loss of
columnar orientation, and mild cellular atypia. The loss of normal oxyntic glands was frequently a result of metaplastic changes that included both mucous
metaplasia and pseudopyloric metaplasia. All lesional parameters were noticeably of greater intensity in HhHp mice at 6 MPI (g) than in H. pylori at 6 MPI (h).
H. hepaticus (d) and H. muridarum (c) monoinfection did not induce any significant inflammation or other associated changes, and the mucosal morphology was
comparable to that observed in uninfected controls (not shown). (¢) At 6 MPI, HmHp mouse stomach showed only mild mucosal inflammation, variable foveolar
hyperplasia, mild oxyntic loss, and metaplasia. (f) At 11 MPI, HmHp mouse stomach had slightly increased mild to moderate overall inflammation, mild oxyntic
loss, mild hyperplasia, and variable metaplasia but no dysplasia, all of which were appreciably of lesser intensity than those observed in HhHp and mono-H.
pylori-infected groups. Bar, 75 uM (c to f), 150 uM (a, b, g, h).

than in the HmHp mice (P < 0.01) at 6 MPL. At 11 MPI, levels similar to those in the mono-H. pylori-infected mice (P = 0.2).
of gastric /I-174 mRNA in the HhHp mice were significantly Interestingly, correlation analysis indicated that gastric II-17A
higher than those in the HbHp mice (P = 0.028), trended higher mRNA levels were significantly correlated with HAI scores in all
compared to those in the HmHp mice (P = 0.059), and were groups (P < 0.0018; ~* > 0.81) (Fig. 4B).
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FIG. 2. Gastric histologic activity index (HAI). For 6 to 11 months,
gastric tissues from C57BL/6 mice infected with H. pylori, H. muri-
darum, or H. hepaticus or from HmHp or HhHp mice (n = 13 to 15 for
all groups) were graded for inflammation, epithelial defects, atrophy,
hyperplasia, pseudopyloric metaplasia, dysplasia, hyalinosis, and mu-
cous metaplasia. A gastric histologic activity index was generated by
combining scores for all criteria except hyalinosis and mucous meta-
plasia, which may develop irrespective of helicobacter infection. H.
muridarum attenuated H. pylori gastritis at 6 and 11 MPI, whereas H.
hepaticus enhanced H. pylori gastritis at 6 MPI.

Higher levels of gastric Foxp3 and Il-10 mRNA as well as
Foxp3™* cells were associated with more severe gastric pathol-
ogy. Foxp3 encodes a transcription factor essential for differ-
ential development of anti-inflammatory natural regulatory T
cells (10, 22, 40). Increased numbers of CD4* CD25" Foxp3™
regulatory T (Trgg) cells were present in the gastric tissues of
H. pylori-positive patients and mice infected experimentally
with H. pylori (19, 36). We previously documented that the
mono-H. pylori-infected mice had more Foxp3™ cells and
higher mRNA levels of Foxp3 in gastric tissue than HbHp mice
at 11 MPI (28). In this study, mono-H. pylori-infected mice
contained significantly lower mRNA levels of gastric Foxp3
than HhHp mice (P = 0.0005) at 6 MPI but significantly higher
levels than HmHp mice (P < 0.05) at 11 MPI (Fig. 5A). There
was no significant difference in gastric Foxp3 mRNA levels
between the mono-H. pylori-infected and HmHp mice at 6 MPI
(P = 0.439) and between the mono-H. pylori-infected and
HhHp mice at 11 MPI (P = 0.628). The gastric Foxp3 mRNA
levels in the HhHp mice were significantly higher than those in
the HmHp mice at both time points (P < 0.05). All mice
infected with H. pylori contained higher mRNA levels of gastric
Foxp3 than the sham controls (P < 0.05) at both time points.
These data were positively associated with the severity of H.
pylori-induced gastric lesions in the respective groups (Fig. 2).
Consistent with the mRNA levels of gastric Foxp3, all H. pylori-
infected groups had elevated numbers of gastric Fox3™ cells,
particularly in mono-H. pylori-infected and HhHp mice, com-
pared to HmHp mice (Fig. 5B).

Anti-inflammatory Th2 cytokines /I-10 and II-13 were also
measured using Q-PCR. Levels of gastric Il-10 mRNA were
significantly higher in mono-H. pylori-infected mice at both
time points and in HhHp mice at 11 MPI than in HmHp mice
or sham controls (Fig. 5A). There was no significant difference
in gastric /l-10 mRNA levels between mono-H. pylori-infected
mice and HhHp mice. Higher levels of gastric //-13 mRNA
were detected in mono-H. pylori-infected and HhHp mice than
in sham controls at 6 MPI, but no significant difference was
noted among any H. pylori-infected groups at 6 MPI (Fig. 5A).
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FIG. 3. Gastric Thl cytokine mRNA expression levels. For 6 to 11
months, gastric tissues (n = 13 to 15 per group) from mice infected
with H. pylori, H. muridarum, or H. hepaticus or from HmHp or HhHp
mice were evaluated by Q-PCR for expression levels of mRNA for
proinflammatory cytokines, all normalized to the expression of the
housekeeping gene Gapdh. The y axes represent the mean fold changes
(= standard deviations) of the mRNA levels in reference to uninfected
controls. HmHp or HhHp mice expressed lower levels of proinflam-
matory mediators Ifn-y, Il1-B, and Tnf-a at 6 MPI. Numbers on the y
axes represent fold changes of gastric mRNA levels compared to those
of sham controls. P values compared to those of the sham controls: *,
P < 0.05; s, P < 0.01; =, P < 0.001.

At 11 MPI, there were increased levels of gastric /I-13 tran-
scripts in HhHp mice compared to HmHp mice (P < 0.0001).

Interestingly, despite the lack of overt gastric or intestinal
pathology in the mono-EHS-infected mice, mRNA levels of
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TABLE 1. mRNA levels of innate and adaptive immunity genes in gastric tissue of Helicobacter-infected C57BL/6 mice

mRNA level®

Gene (description)”

H. pylori-infected mice  H. muridarum-infected mice  HmHp mice H. hepaticus-infected mice HhHp mice
Cxcl5 (chemokine [C-X-C motif] ligand 5) 147.2 7.7 139.7 45.7 595.8
Ifn-y (gamma interferon) 56.4 1.6 24 -1.2 33.6
SocsI (suppressor of cytokine signaling 1) 17.0 —24 1.3 14 11.6
Cxcll (chemokine [C-X-C motif] ligand 1) 11.3 22 4.1 1.5 22.0
Cd3d (CD3 antigen, & polypeptide) 11.1 1.1 14 —1.4 6.8
Cxcl2 (chemokine [C-X-C motif] ligand 2) 10.8 1.7 1.8 1.5 11.6
Cd40lg (CD40 ligand) 10.4 1.6 1.7 -1.3 7.9
Cd3vy (CD3 antigen, vy polypeptide) 9.7 1.7 1.5 -1.1 8.2
Cd3e (CD3 antigen, € polypeptide) 9.5 12 1.0 —1.5 6.9
Cd8a (CDS8 antigen, a chain) 8.6 -13 -1.2 =23 4.4
Tnf-a (tumor necrosis factor alpha) 8.1 1.2 1.3 1.2 10.1
1I-2] (interleukin 21) 6.8 -2.7 -1.0 -21 4.4
1l-12b (interleukin 12b) 6.3 22 12 -1.1 32
Clec7a (C-type lectin domain family 7, 5.7 1.8 1.5 -1.0 51
member a)
Cd28 (CD28 antigen) 5.7 24 22 1.1 4.9
Cd2 (CD2 antigen) 4.5 1.5 1.3 -1.1 3.8
Ccl20 (chemokine [C-C motif] ligand 20) 4.4 1.4 11.3 -1.0 3.6
Icos (inducible T cell costimulator) 4.3 1.9 1.3 1.2 42
Cd4 (CD4 antigen) 4.2 1.0 -1.2 -1.4 2.8
1l-1B (interleukin 1B) 3.8 12 1.5 -14 32
1I-7r (interleukin 7 receptor) 3.7 1.9 1.0 -1.2 2.7
1l-12r-B2 (interleukin 12 receptor, B2) 3.6 1.4 -1.2 1.1 2.4
Ccll (chemokine [C-C motif] ligand 1) 35 1.6 -1.0 -1.7 3.9
Tbx21 (T-box 21) 3.0 =27 —24 -13 22
Mmp13 (matrix metallopeptidase 13) 2.7 1.2 1.2 1.1 3.5
1l-12r-B1 (interleukin 12 receptor, 1) 2.6 -1.7 -1.9 -13 1.9
Icaml (intercellular adhesion molecule 1) 24 1.6 -1.0 -1.1 22
1I-2 (interleukin 2) 2.4 1.1 -23 =15 -1.2
Ccl2 (chemokine [C-C motif] ligand 2) 22 2.6 1.0 -1.0 1.6
1I-25 (interleukin 25) 2.2 -1.2 -1.0 1.1 2.8
11-23r (interleukin 23 receptor) 2.1 5.0 3.7 2.1 2.5
Csf2 (granulocyte-macrophage colony- 2.0 29 1.3 1.5 1.9

stimulating factor 2)

“ Fold change of gastric mRNA levels of the respective genes in the infected groups compared to that of sham controls.
" Genes listed because mRNA levels increased by =2-fold in the stomachs of mono-H. pylori-infected C57BL/6 mice compared to those of sham control mice.

gastric Foxp3 in the mono-H. muridarum-infected mice were
significantly higher than those in sham controls (P < 0.05) at
both time points. In contrast, there was no significant differ-
ence in gastric Foxp3 mRNA levels between the mono-H.
hepaticus-infected mice and the sham controls at either time
point (P > 0.5). In addition, there were higher mRNA levels of
gastric 1I-10 and more gastric Foxp3™ cells in mono-H. muri-
darum-infected mice than in mono-H. hepaticus-infected mice
at 11 MPI (P < 0.05) Fig. 5A and B).

Colonization of gastric H. pylori was enhanced in mice coin-
fected with H. hepaticus and H. muridarum. HmHp mice had
significantly higher colonization levels of H. pylori in the stom-
ach than mono-H. pylori-infected mice at 6 and 11 MPI (P <
0.01). Colonization levels of H. pylori were higher by ~280-fold
at 6 MPI (P < 0.05) and by approximately 40-fold at 11 MPI in
the HhHp mice than in the mono-H. pylori-infected mice (Fig.
6). Lack of statistical significance for H. pylori colonization
levels at 11 MPI (P = 0.14) may be attributed to exceptionally
higher numbers of gastric H. pylori in two mice of the mono-H.
pylori-infected group. Between the dually infected groups,
coinfection with H. muridarum significantly increased H. pylori
levels at 6 MPI (P < 0.02) compared to coinfection with H.
hepaticus, although there were no significant differences in H.
pylori colonization levels at 11 MPI (P = 0.49) (Fig. 6).

H. muridarum and H. hepaticus established persistent infec-
tion in the lower bowel of C57BL/6 mice. All mice inoculated
with H. muridarum or H. hepaticus became colonized in the
cecum (data not shown). The mean colonization levels of H.
hepaticus at the cecal-colic junction were at approximately 2 X
107 for all groups (P > 0.31), except for mono-H. hepaticus-
infected mice at 11 MPI (2 X 10°), in which colonization levels
of H. hepaticus were significantly lower than in HhHp mice at
either time point (P < 0.0001) and in mono-H. hepaticus-
infected mice at 6 MPI (P < 0.0001).

Mean levels of H. muridarum colonization in the cecum were
similar in mono-H. muridarum-infected and HmHp mice
(~2 % 10°to 5 X 10°). There were significantly lower levels of
cecal H. hepaticus in the mono-H. hepaticus-infected mice at 11
MPI than at 6 MPI (P < 0.05). The remaining three groups
had similar levels of cecal H. hepaticus (P = 0.2).

Gastric colonization of H. muridarum and H. hepaticus in-
creased over time in coinfected mice. Although the lower
bowel is the primary niche for colonization of H. muridarum
and H. hepaticus, both EHS established persistent infection in
the stomach (data not shown). The percentage of dually in-
fected mice positive for coinfected EHS in the stomach in-
creased from 6 MPI to 11 MPI, as follows: from 43% (6/14) to
73% (11/15) for H. hepaticus and from 57% to 73% for H.
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FIG. 4. Gastric 1I-174 mRNA levels and correlation with the
severity of H. pylori-induced gastric pathology. (A) For 6 to 11
months, I/-174 mRNA levels in gastric tissues from mice (n = 13 to
15 per group) infected with H. pylori, H. muridarum, or H. hepaticus
or from HmHp or HhHp mice were evaluated by Q-PCR. The
gastric tissues from mice infected with H. bilis alone or from HbHp
mice, as described previously (28), were also included in this assay,
since these mice were matched with those used in the present study
for age, gender, and infection paradigm and this previously pub-
lished study was conducted at the same time the current study was
performed. Expression levels of gastric //-174 mRNA were normal-
ized to mRNA levels of the housekeeping gene Gapdh. The y axis
represents the mean fold changes (* standard deviations) of the
mRNA levels in reference to uninfected controls (C). (B) Linear
regression between gastric 1l-174 mRNA levels (fold change in
reference to the sham controls; x axis) and gastric histologic activity
index (HAI; y axis) for all infection and control groups shown in
panel A. P values compared to those of the sham controls: *, P <
0.05; =%, P < 0.01; *#x, P < 0.001.
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muridarum. In contrast, the percentage of gastric H. muri-
darum or H. hepaticus in the mono-EHS-infected mice de-
creased from 6 MPI to 11 MPI, as follows: from 80% to 61%
for H. hepaticus and from 60% to 33% for H. muridarum.
Mean numbers of gastric H. hepaticus or H. muridarum bacte-
ria were comparable among the groups except for the HmHp
group at 11 MPI, in which 6 of 11 gastric H. muridarum-
positive mice contained relatively higher levels of gastric H.
muridarum.

DISCUSSION

In this study, we demonstrated that H. muridarum signifi-
cantly attenuated H. pylori-induced gastric pathology in dually
infected C57BL/6 mice. In addition, coinfection with H. muri-
darum had more profound attenuation of H. pylori-associated
gastric pathology than that previously reported for mice coin-
fected with the EHS H. bilis (28). In contrast, coinfection with
H. hepaticus did not suppress but rather promoted gastric dis-
ease caused by H. pylori at 6 MPI. Despite H. muridarum or H.
hepaticus colonization of the murine stomach with H. muri-
darum or H. hepaticus in a subset of the dually infected or
monoinfected mice, levels of gastric EHS colonization did not
correlate with the severity of gastric pathology, suggesting that
the modulatory effect of EHS coinfection on H. pylori-induced
gastric disease resulted from intestinal rather than gastric col-
onization.

Intriguingly, despite that gastric pathology in HhHp mice at
6 MPI was more severe and at 11 MPI was similar to that in
mice infected with H. pylori only, HhHp mice contained lower
mRNA levels of gastric Thl cytokines Tnf-a, Ifn-vy, and II-1B
than mono-H. pylori-infected mice. In contrast, higher mRNA
levels of gastric 1I-174 in HhHp mice than in mono-H. pylori-
infected mice were noted. Previous studies have established a
role of a proinflammatory Th17 pathway in the development of
H. pylori-induced gastric disease in mouse and gerbil models
(9, 42, 46). Our results indicate that the H. hepaticus-associated
accentuation of H. pylori-induced gastric pathology was not
mediated by upregulation of the Thl response but instead
resulted from a robust Th17 response to HhHp infection. It is
likely that prior H. hepaticus infection potentiates a gastric
Th17 response to subsequent H. pylori infection. This is sup-
ported by significantly higher mRNA levels of gastric II-174
detected in mono-H. hepaticus-infected mice than those de-
tected in sham control, mono-H. muridarum-infected, or
mono-H. bilis-infected mice. Also, suppression of Th1 cytokine
mRNAs in HhHp mice compared to that in mono-H. pylori-
infected mice, particularly a lower Ifn-y level, could also con-
tribute in part to the upregulation of gastric Th17 responses,
because Ifn-vy has an inhibitory effect on the Th17 pathway (18,
23). However, other immunological factors may have played a
pivotal role in enhancing gastric Th17 responses, given that
mRNA levels of gastric Ifn-y were similar in HbHp mice or
significantly lower in HmHp mice than in HhHp mice. It is
possible that intestinal H. hepaticus-initiated memory Th17
cells migrated from the lower bowel or mesenteric lymph node
to the stomach, where they produced a robust Th17 response
following H. pylori infection.

Our results indicate that elevated Th17 responses were pos-
itively correlated with the severity of H. pylori-induced gastric
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FIG. 6. Quantitation of gastric H. pylori. Copy numbers of the H.
pylori SS1 genome were estimated by Q-PCR of gastric samples from
mice (n = 13 to 15 per group) infected with H. pylori or dually infected
with either H. muridarum and H. pylori or H. hepaticus and H. pylori for
6 to 11 months. P values compared to those of the mono-H. pylori-
infected group: #, P < 0.05; ##, P < 0.01.

pathology and also with higher colonization levels of gastric H.
pylori in HhHp mice than in mice monoinfected with H. pylori.
These findings are consistent with recent data showing that
overexpression of IL-17A in mouse stomachs elevated gastric
Th17 responses to H. pylori infection and was associated with
increased colonization of gastric H. pylori as well as more
severe H. pylori-induced gastric pathology in female BALB/c
and C57BL/6 mice (41). Although it has been reported that
Ifn-y was essential for clearing H. felis in C57BL/6 mice (40),
two recent studies showed that Th17 cells were important in
reducing H. pylori colonization in mice. Kao et al. (25) reported
that colonization levels of H. pylori were increased when Th17
responses were suppressed by H. pylori-specific dendritic cell-
mediated regulatory T (Trgg) cells at 2 weeks postinfection
(WPI); however, H. pylori colonization was less impacted at 6
WPI, suggesting that the Th17 cell-mediated clearing of H.
pylori may be most evident early during infection. Similarly,
vaccination of female C57BL/6 mice with H. pylori SS1 cell
lysate, followed by challenge with the same H. pylori strain,
elicited strong Th17 responses, gastric inflammation, and sig-
nificantly reduced H. pylori levels compared to those in unim-
munized mice by 13 days postinfection (9). Discrepancy on the
impact of Th17 responses on H. pylori colonization could
partially result from different experimental designs between
our study and previous studies, as follows: (i) coinfection
with live EHS in this study versus either adoptive transfer of
a large number of H. pylori-stimulated dendritic cells (10°)
(25) or immunization with a cell lysate of H. pylori (9) and
(ii) long-term infection duration (6 to 11 MPI) in this study
compared to much shorter study periods (~2 weeks) in
other reports (9, 25).

Natural regulatory T (Foxp3" Tgrpg) cells suppress host
inflammatory responses to infectious agents and thereby pre-
vent tissue injury as well as promote physiological homeostasis
of host immunity (8). Increased numbers of Foxp3 ™ cells were
located in the inflamed gastric tissues of H. pylori-positive
patients and H. pylori-infected mice compared to uninfected
controls; depletion of Ty cells by treatment with monoclo-
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FIG. 7. Proposed working model underlying EHS-dependent ef-
fects on H. pylori-induced gastric pathology in C57BL/6 mice. H. mu-
ridarum/H. bilis-sensitized Treg (STreg) cells with anti-inflammatory
properties migrate to the stomach, where they dampen host proinflam-
matory responses to subsequent H. pylori infection by decreasing ex-
pression of proinflammatory cytokines, including Ifn-vy, Tnf-o, and
1I-1B, as well as 1I-17A. This downregulation, despite higher coloniza-
tion levels of gastric H. pylori, attenuates H. pylori-induced gastritis. In
contrast, H. hepaticus may be less potent in sensitizing Ty cells and
more potent in stimulating Th17 cells (HhTh17), which then also
migrate to the stomach upon H. pylori infection. H. hepaticus sTrgg
cells may moderately downregulate proinflammatory Thl cytokines,
such as Ifn-y, which play an important role in helicobacter clearance
(40), thereby permitting higher colonization levels of H. pylori in HhHp
mice than in mice infected with H. pylori only. H. hepaticus Th17 cells
in addition to relatively lower levels of Ifn-y would markedly increase
signals of the Th17 pathway and thereby lead to a more severe H.
pylori-induced gastric pathology in HhHp mice than in mono-H. pylori-
infected mice. Our data show that alteration of these H. pylori-induced
proinflammatory cytokines by coinfection with an EHS was more ev-
ident at 6 MPI than at 11 MPI, indicating that the interplay among the
Thl, Treg, and Th17 pathways occurred early in infection, potentially
prior to development of overt gastritis. iPI, EHS-induced proinflam-
matory responses; PI, proinflammatory responses; Al, anti-inflamma-
tory responses. Upward and downward arrows depict up- and down-
regulation of associated pathways compared to mono-H. pylori
infection, respectively.

nal C61 antibody in H. pylori-infected mice led to enhanced
expression of gastric proinflammatory cytokines as well as
more severe gastritis (19, 36). CD4" CD25" Trpg cells from
H. pylori-positive patients have higher potency in the suppres-
sion of memory T cell responses (Ifn-y production and prolif-
eration) to in vitro stimulation with dendritic cells pulsed with
H. pylori SS1 membrane proteins than Tggg cells from H
pylori-negative patients (29, 37). In Rag2 ™'~ mice lacking T and
B lymphocytes, we previously reported that H. pylori-induced
gastritis was suppressed by adoptive transfer of Tigg cells
harvested from IL-10-competent C57BL/6 donor mice but not
from 1l-10~'~ mice, demonstrating that IL-10-dependent Ty
cells play a crucial role in suppressing H. pylori-induced gastric
disease (27). Consistent with these previous findings, our data
show that mRNA levels of gastric Fopx3 and II-10 as well as the
number of gastric Foxp3™ cells were significantly higher in the
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mono-H. pylori-infected or HhHp mice than in sham controls
or HmHp mice. Furthermore, HbHp mice with attenuated
gastritis had fewer Foxp3™ cells and lower levels of gastric
Foxp3 mRNA than mice infected with H. pylori alone (28). We
propose that coinfection with H. bilis or H. muridarum sensi-
tizes Treg cells, which are then more efficient in suppressing
H. pylori-induced proinflammatory responses than nonsensi-
tized Trgg cells. This hypothesis is supported by a previous
finding that splenocytes transferred from H. pylori-infected
C57BL/6 mice, compared to naive splenocytes, were more ef-
ficient in attenuating H. pylori-induced gastritis and premalig-
nant lesions in SCID mice (35). In addition, we previously
demonstrated that sensitized Trgg cells from H. hepaticus-
infected C57BL/6 mice were more potent in inhibiting intesti-
nal inflammation in Apc™*/* mice (38). In the current study,
higher mRNA levels of gastric Foxp3 and II-10 as well as larger
numbers of gastric Foxp3™ cells were also noted in mono-H.
muridarum-infected mice than in mono-H. hepaticus-infected
mice or sham controls. We hypothesize that Trgg cells are
sensitized by specific antigens shared between H. muridarum or
H. bilis and H. pylori, probably by a process coined “heterolo-
gous immunity,” in which protective immunity is elicited
against subsequent infection with a different agent through
memory T cells sensitized by shared antigens from a previous
infection (48). Further investigations are needed using adop-
tive transfer of Tggg cells to identify which EHS antigens are
required to sensitize Tggg cells during coinfection with an
EHS and H. pylori.

Taken together, we propose a conceptual model showing
that attenuation of H. pylori-induced gastric disease by EHS
coinfection is EHS dependent (Fig. 7). In this model, the
interaction between bacteria colonizing the lower bowel can
either attenuate or promote H. pylori-induced gastritis. Addi-
tional studies using this model with identification of specific
bacterial antigens, mechanisms involving antigen presentation,
sensitized T cell trafficking, and disruption of key proinflam-
matory pathways will help delineate how the interaction among
pathogenic or commensal microbes in the gastrointestinal tract
may affect human disease.
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