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WHAT YOU EAT IS WHAT YOU GET:
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Enterocolitis caused by Campylobacter jejuni-infections represents an important socioeconomic burden worldwide. Recent results
from novel murine infection models reveal that the intestinal microbiota is essential for maintaining colonization resistance against C.
Jjejuni. We extended these studies to investigate the role of nutrition and obesity in susceptibility to C. jejuni-infection. Gnotobiotic (GB)
mice generated by antibiotic treatment, which were fed with a human cafeteria diet (CAF), as well as obese (ob/ob) mice with a con-
ventional microbiota harbored higher Escherichia coli loads in their colon as compared to respective controls. Following oral infec-
tion, C. jejuni 43431 ATCC readily colonized the intestines of CAF and ob/ob mice, whereas GB mice fed with a standard chow (MUD)
eradicated the pathogen within days. Furthermore, live C. jejuni translocated into mesenteric lymph nodes of CAF, but not MUD mice.
Strikingly, stably infected animals developed enterocolitis as indicated by increased numbers of immune and apoptotic cells in the

colon in situ.

We conclude that a specific human diet and obesity render mice susceptible to C. jejuni infection. The corresponding murine mod-
els are excellently suited for the study of C. jejuni pathogenesis and will help to get further insights into interplays between C. jejuni,

microbiota, diet, obesity and immunity.

Keywords: Campylobacter jejuni, gnotobiotic mice, colonization resistance, nutrition, cafeteria diet, obesity, ob/ob mice, human

microbiota, host—pathogen interaction, innate immunity

Introduction

The Gram-negative bacterial pathogen Campylobacter je-
Jjuni is transmitted via the food chain from farm animals to
humans [1, 2]. Infected patients present with abdominal
pain, fever, myalgia, and watery or bloody diarrhea. The
acute stage of C. jejuni enteritis is characterized histolog-
ically by crypt abscesses, ulcerations, and proliferation of
immune cells in the colon in situ [1, 3-5]. The vast ma-
jority of infections is self-limited and not followed by fur-
ther complications. However, in rare cases C. jejuni
infection triggers chronic sequelae such as Reiter’s syn-
drome, reactive polyarthropathy, and Guillain—Barré syn-
drome [1, 6].

Virulence factors, pathogenicity, and epidemiology of
C. jejuni have been intensively investigated since the dis-
covery of the disease in the 1970s [7]. Mechanisms me-

diating intestinal colonization resistance and the role of
nutrition in susceptibility to C. jejuni infection, however,
are not well understood. In addition, immunopathological
responses within the vertebrate colon following C. jejuni
infection are still poorly investigated. These limitations
are mainly due to the scarcity of suitable experimental in
vivo models [8]. Whereas mice are highly convenient for
the study of colonization capacity of bacterial pathogens
and can help to overcome the limitations in studying im-
munopathology, murine infection models have the disad-
vantage of sporadic colonization and/or absence of disease
manifestations [1, 8, 9]. This is due to the fact that con-
ventional mice with a normal intestinal microbiota are
highly resistant to C. jejuni colonization. Very recent work
from our group revealed that gnotobiotic (GB) mice and
GB mice harboring a modified microflora are well suited
for the study of C. jejuni infection [9]. GB mice gener-
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ated by quintuple antibiotic treatment, GB mice reconsti-
tuted with a human flora, and IL-10-deficient mice exert-
ing chronic colitis could be readily infected by C. jejuni,
and they developed immune as well as inflammatory re-
sponses against the pathogen [9-11]. Furthermore, C. je-
Jjuni was shown to colonize the entire gastrointestinal (GI)
tract of isolator-raised germfree (GF) mice and to induce
clinical signs of disease including granulocyte infiltrates,
bloody diarrhea, and humoral immune responses, repro-
ducibly occurring after infection [12-16]. Given that GF
mice, however, are immuno-compromised due to the lack
of an intact immune system [17, 18], they do not repre-
sent a suitable experimental model of C. jejuni infections
in humans [9].

In order to further optimize murine models for C. jejuni
enteritis by mimicking the patho-physiological conditions
in humans, we used in this study our GB mouse model in
which the intestinal flora was completely abrogated by
quintuple antibiotic treatment for 6-8 weeks [9, 19-21].
Given that the physiological intraluminal milieu within the
GI tract including the gut bacteria composition is mainly
determined by host-specific nutrition, GB mice were fed
with a human cafeteria diet (CAF) [22-24]. The results ob-
tained after C. jejuni infection prove that the host-specific
diet plays a crucial role in colonization resistance against or
susceptibility to C. jejuni infection. Furthermore, obese
(ob/ob) mice with a conventional murine microbiota were
highly susceptible to C. jejuni infection. The fact that C. je-
Jjuni-infected animals developed characteristic immune re-
sponses similar to those seen in humans indicates that GB
mice fed with a human diet as well as obese mice with a
conventional microbiota represent valuable models for
studying C. jejuni infection. Thus, the study presented here
indicates for the first time that the quadrangle relationship
between diet, obesity, intestinal microbiota, and infection is
crucial for the establishment of campylobacteriosis in a ver-
tebrate host.

Materials and methods
Ethics statement

All animal experiments were conducted according to the
European Guidelines for animal welfare (2010/63/EU) with
approval of the commission for animal experiments headed
by the “Landesamt fiir Gesundheit und Soziales” (LaGeSo,
Berlin, Germany). Animal welfare was monitored twice
daily by assessment of clinical conditions. Fresh human
fecal samples for recolonizing GB mice (hfa) were col-
lected from healthy volunteers. Before sample collection,
written informed consent was obtained from all volunteers.
Since fecal samples were obtained from coworkers of our
laboratory and thus outside a clinical environment and used
for recolonization of mice only, experiments were ex-
empted from approval by the Charité — Universitdtsmedizin
ethical committee according to German legacy (§15, Legal
Basis for Clinical Trials).
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Mice

All animals were bred and maintained in the facilities of the
“Forschungsinstitut fiir Experimentelle Medizin” (FEM,
Charité — Universitidtsmedizin, Berlin, Germany), under spe-
cific-pathogen-free (SPF) conditions. Mice homozygous for
the obese spontaneous mutation (Lep”” commonly referred
to as ob or ob/ob; in the KS background) and C57BL/6 (C6)
mice were used in the experiments. Age- and sex-matched
mice between 10 and 12 weeks of age were used.

Generation of gnotobiotic mice

To eradicate the commensal gut flora, mice were transferred
to sterile cages and treated by adding ampicillin (1 g/L;
Ratiopharm), vancomycin (500 mg/L; Cell Pharm), cipro-
floxacin (200 mg/L; Bayer Vital), imipenem (250 mg/L;
MSD), and metronidazole (1 g/L; Fresenius) to the drink-
ing water ad libitum for 6-8 weeks as described earlier in
detail [9, 19-21].

Generation of gnotobiotic mice
with a defined microbiota

For recolonization experiments, E. coli, Lactobacillus john-
sonii, and a mix of Lactobacillus spp. (L. johnsonii, L. aci-
dophilus, L. delbriickii, L. murinus, L. reuteri, and other ta-
xonomically uncharacterized Lactobacillus spp.) were iso-
lated from naive mice, grown, and characterized as described
in detail earlier [19]. Four days prior to the recolonization
experiments, the antibiotic cocktail was replaced by sterile
drinking water. For recolonization, GB mice received the re-
spective strain(s) in a volume of 0.3 mL on three consecu-
tive days by gavage with a load of approximately 10° CFU/
mL. After further 7 days (to assure proper colonization of the
entire GI tract), and right before C. jejuni infection, fecal
samples from individual animals were taken to quantitate the
bacterial loads in serial dilutions on appropriate solid culture
media and to rule out secondary contamination.

Fresh human and murine fecal samples free of en-
teropathogenic bacteria, parasites, and viruses were col-
lected from five individual healthy volunteers and animals,
respectively, pooled and dissolved in an equal volume of
sterile PBS, aliquoted, and stored at —80 °C until use. For
recolonization experiments, aliquots were thawed and bac-
terial communities quantified by cultural methods [9] be-
fore gavage of mice with 0.3 mL of the respective
suspension. Between independent experiments, bacterial
counts of groups varied by < 0.5 log orders of magnitude.

Cafeteria diet
Mice were given free access to human food (cafeteria diet,

CAF; [22-24]) ad libitum for 10 weeks. The CAF consisted
of typical local specialties from Berlin such as meat balls
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(“Buletten”), curry sausages (“Currywurst”), Doner Kebab,
fried chicken nuggets, pizza, ham, salami, cheese, spa-
ghetti, French fries, walnuts, apple, carrots, paprica, salad,
chocolate cookies, crackers, bread, toast bread, and many
others. The food was handled under regular, common
human hygiene conditions (thus not in a sterile environ-
ment, no use of gloves, regular hand hygiene while han-
dling food). In addition, mice could choose between tap
water and alcohol-free beer (mostly preferring the latter).
Control mice were fed with regular chow (murine diet,
MUD) and tap water ad libitum.

C. jejuni infection of mice

Mice were infected with approximately 10° viable CFU of
C. jejuni strains ATCC 43431 by gavage in a total volume
of 0.3 mL PBS (phosphate buffered saline) on three con-
secutive days as described earlier in detail [9].

Sampling procedures

Mice were sacrificed by isofluran treatment (Abbott, Ger-
many). Cardiac blood and tissue samples from spleen, liver,
abdominal fat, mesenteric lymph nodes (MLNs), and GI
tract (stomach, duodenum, ileum, and colon) were removed
under sterile conditions. GI samples from each mouse were
collected in parallel for microbiological and immunohisto-
chemical analyses. For immunohistochemical stainings,
colon samples were immediately fixed in 5% formalin and
embedded in paraffin, and sections (5 um) were stained
with the respective antibodies as described below.

Immunohistochemistry

In situ immunohistochemical analysis of colon paraffin
sections was performed as described previously [9, 25].
Primary antibodies against CD3 (#N1580, Dako, Den-
mark, dilution 1:10), myeloperoxidase-7 (MPO-7, #
A0398, Dako, 1:10000), FOXP-3 (FJK-16s, eBioscience,
1:100), B220 (eBioscience, San Diego, CA, USA, 1:200),
and cleaved caspase-3 (Aspl75, Cell Signaling, USA,
1:200) were used. For each animal, the average number
of positively stained cells within at least six high power
fields (HPF, 400 x magnification) were determined light-
microscopically by three independent investigators (MMH,
RP, AAK).

Quantitative analysis
of C. jejuni translocation

Live C. jejuni were detected in MLNs, spleen, liver, ab-
dominal fat tissue, and cardiac blood by culture as de-
scribed earlier [9]. In brief, tissues were homogenized in
sterile PBS and analyzed in dilution series on karmali agar

(Oxoid, Wesel, Germany) in a microaerophilic atmosphere
at 37 °C for at least 48 h. Cardiac blood (0.2 mL) was im-
mediately streaked out on karmali agar plates.

Analysis of the intestinal microflora

Cultural analyses and biochemical identification of lumi-
nal bacterial communities from stomach, duodenum,
ileum, and colon were performed as previously described
[19, 20, 26].

Statistical analysis

Mean values, medians, standard deviations, and levels
of significance were determined using appropriate tests
as indicated (two-tailed Student’s #-test, Mann—Whitney-
U test). Two-sided probability (P) values <0.05 were
considered significant. All experiments were repeated at
least twice.

Results

Association of gnotobiotic mice with distinct
bacterial species alone does not affect susceptibility
to C. jejuni infection

We have recently shown that the host-specific intestinal mi-
crobiota plays a key role in maintaining colonization re-
sistance against C. jejuni. Conventional mice and GB mice
reconstituted with a specific murine intestinal flora were
resistant to C. jejuni colonization and eradicated the
pathogen within two days after oral infection [9]. In con-
trast, GB animals colonized with a complex human gut mi-
crobiota were highly susceptible to C. jejuni infection and
developed significant immunopathology in the colon. When
compared to the murine gut microbiota, the intestinal
human flora harbored higher enterobacteria but lower lac-
tobacilli numbers. Thus, we aimed at investigating whether
these respective bacterial species might influence colo-
nization resistance against C. jejuni. We hypothesized that
lactobacilli might be causatively involved in colonization
resistance against C. jejuni, whereas E. coli might be ben-
eficial for establishment of C. jejuni in the GI tract and thus
counteract colonization resistance. GB mice (generated by
quintuple antibiotic treatment for 8 weeks, see methods)
were perorally recolonized with approximately 10° CFU of
E. coli, L. johnsonii, a lactobacilli mix (consisting of L.
Jjohnsonii, L. acidophilus, L. delbriickii, L. murinus, L.
reuteri, and other taxonomically uncharacterized Lacto-
bacillus spp. [19]), or a combination of E. coli and L. john-
sonii on three consecutive days (data not shown). Mice
recolonized with a conventional murine SPF flora served
as negative controls. One week following reconstitution,
mice harboring comparable loads of the respective species
within the ileum and colon were then orally infected with
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C. jejuni ATCC 43431 on three consecutive days. Twelve
days following infection (post infection, p.i.), C. jejuni
ATCC 43431 was found at comparable levels within the en-
tire GI tract (stomach, duodenum, ileum, and colon), with
the highest numbers in the colon, irrespective of the bacte-
rial species established in the GB mice (Fig. /A-D). Con-
trol animals with a conventional flora serving as negative
controls had eradicated C. jejuni ATCC 43431 from their
intestines until day 12 (Fig. IA-D). In addition, C. jejuni
ATCC 43431 translocation into local lymphoid organs was
not prevented by lactobacilli colonization of the GI tract
alone, as live C. jejuni ATCC 43431 could be detected at
comparable levels in MLNs of all recolonized GB mice.
Conventional mice with a normal microbiota, however, did
not display any translocated C. jejuni ATCC 43431 in their
MLNSs (Fig. IE).

Taken together, colonization resistance against C. jejuni
could not be attributed to murine lactobacilli alone and is
rather mediated by the complex interplay of bacterial com-
munities in the gut microbiota and/or by distinct physio-
logical conditions of the intraluminal milieu, which need
to be further investigated in detail.

Nutrition affects susceptibility
to C. jejuni infection, composition of the gut microbiota,
and the intraluminal milieu

The intraluminal milieu of the GI tract and the composition
of the gut microbiota are predominantly influenced by nu-
trition. Therefore, we investigated whether feeding GB
mice with a human “Western-style” diet would induce a
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Fig. 1. C. jejuni colonization along the gastrointestinal tract and translocation into MLNs of defined recolonized gnotobiotic
mice. Gnotobiotic mice were generated by antibiotic gut decontamination, recolonized with E. coli (Ec, gray circles),
Lactobacillus johnsonii (Lj, white circles), a Lactobacilli-mix (L-mix, crossed circles), a mix of E. coli and L. johnsonii (Ec + Lj,
crossed gray circles), sterile PBS (none, solid circles), or a complex conventional murine SPF microbiota (solid squares), and
orally infected with C. jejuni strain ATCC 43431 as described in the section titled Materials and methods. The pathogen densities
in distinct compartments of the gastrointestinal tract (A—D) and mesenteric lymph nodes (MLNs, E) were determined by
quantification of live C. jejuni in luminal samples taken from (A) stomach, (B) duodenum, (C) ileum, and (D) colon at day 12
p-i. by cultural analysis (CFU, colony forming units). Numbers of animals harboring C. jejuni out of the total number of
analyzed animals are given in parentheses. Medians (black bars) and levels of significance (P-values) determined by Mann—
Whitney-U test are indicated. Data shown are representative for three independent experiments
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human microbiota composition, which renders GB mice
susceptible to C. jejuni infection. In order to mimick the in-
traluminal milieu of the GI tract following human nutrition,
GB mice were fed with a cafeteria diet (CAF) whereas con-
trols received a standard murine diet (MUD). CAF mice
with free access to “human food” ad libitum for 10 weeks
(for details and handling conditions refer to methods)
gained between 40% and 50% of their individual body
weights whereas MUD mice did not (< 5% weight gain,
data not shown).

After 10 weeks of feeding, CAF and MUD mice were
orally infected with C. jejuni ATCC 43431. Atday 12 p.i.,
CAF mice harbored C. jejuni ATCC 43431 throughout the
entire GI tract at high numbers, with the highest counts of
10° CFU/g luminal content in the colon, whereas the
MUD animals had expelled the pathogen until then (Fig.
2A). In addition, in more than half of the infected mice
fed with CAF, but none of MUD animals, live C. jejuni
ATCC 43431 could be detected in MLNs at day 12 p.i.
(Fig. 2B). C. jejuni ATCC 43431, however, did not translo-
cate into other organs such as blood, spleen, liver, or ab-
dominal fat of mice, irrespective of the dietary regimen
(Fig. 2B).

Impact of nutrition on intestinal
microbiota composition

Given that nutrition influences the gut microbiota compo-
sition, and the gut microbiota determines the susceptibility
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to and resistance against C. jejuni infection, we next per-
formed a quantitative survey of the intraluminal bacterial
species composition of the colon of mice on CAF or MUD
by culture and compared the respective loads with those
obtained in initially GB mice which had been reconstituted
with a complete human microbiota (i.e. human-flora-
associated mice, HFA).

Interestingly, CAF mice harbored significantly higher
E. coliloads (of more than 6 orders of magnitude) in their
large intestines as compared to MUD animals, whereas the
difference to HFA animals was rather subtle ( < 1 order of
magnitude; Fig. 3A). The enterococci counts in the CAF
group, however, were approximately 2 and 3 log orders
lower than those in MUD and HFA mice, respectively
(Fig. 3B). As expected, MUD mice harbored approxi-
mately 2 and 5 orders of magnitude higher Lactobacillus
spp. loads as compared to CAF and HFA mice (Fig. 3C).
Surprisingly, no Bacteroides/Prevotella spp. at all could
be detected in the colons of mice following CAF, whereas
HFA mice displayed higher loads of these obligate anaer-
obic Gram-negative rods (1 order of magnitude) than mice
on MUD (Fig. 3D). Finally, CAF and HFA mice displayed
approximately 1.5 orders and <1 order of magnitude
higher counts of Clostridium/Eubacterium spp. and total
bacterial loads as compared to mice from the MUD group
(Figs. 3E, F), respectively. Taken together, 10 weeks fol-
lowing CAF, initially GB mice harbored higher total bac-
teria loads as well as higher numbers of anaerobic
Gram-positive rods and, most pronounced, E. coli, but
lower Lactobacillus spp. counts when compared to SPF
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Fig. 2. C. jejuni colonization along the gastrointestinal (GI) tract and translocation in mice with cafeteria diet. Gnotobiotic mice
were generated by antibiotic gut decontamination, fed either a cafeteria diet (CAF, solid circles) or conventional murine diet
(MUD, open circles) for 10 weeks, and orally infected with C. jejuni strain ATCC 43431 as described in methods. The pathogen
densities in distinct compartments of the GI tract (stomach, duodenum, ileum, and colon; A) or cardiac blood and organs such
as mesenteric lymph nodes (MLNs), spleen, liver, and abdominal fat (B) were determined by quantification of live C. jejuni

in luminal GI samples, blood and organ homogenates, respectively, taken at day 12 p.i. by cultural analysis (CFU, colony
forming units). Numbers of animals harboring C. jejuni out of the total number of analyzed animals are given in parentheses.
Medians (black bars) and levels of significance (P-values) determined by Mann—Whitney-U test are indicated. Data shown are

representative for three independent experiments
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Fig. 3. Bacterial colonization of intestines in mice following different dietary regimens. Gnotobiotic mice were generated by
antibiotic gut decontamination, fed either a cafeteria diet (CAF) or conventional murine diet (MUD) for 10 weeks, and compared
to gnotobiotic mice harboring a human gut microbiota (HFA) following oral recolonization as described in methods. Numbers

of (A) E. coli, (B) Enterococcus spp., (C) Lactobacillus spp., (D) Bacteroides/Prevotella spp., (E) Clostridium/Eubacterium spp.,
and (F) total bacterial loads were determined in feces samples of mice right before C. jejuni infection (day 0) by detection

of colony forming units (CFU) per gram feces on appropriate culture media (see methods). Bacterial species were identified by
biochemical analysis and reconfirmed by comparative sequence analyses of 16S rRNA genes. Numbers of animals harboring the
respective bacterial species are given in parentheses. Medians and significance levels (P-values) determined by Mann—Whitney-
U test are indicated. Data shown were pooled from three independent experiments

mice on MUD. Most importantly, the gut microbiota com-
position following CAF was more comparable to the flora
of “humanized” animals than to the one displayed by SPF
mice on MUD.

C. jejuni induced intestinal immunopathology

in mice following Cafeteria diet

Given that in humans C. jejuni induces the recruitment of
pro-inflammatory immune cell populations at sites of in-

flammation in the large intestine, we next quantitated in-
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flammatory cells as well as immune cell recruitment by im-
munohistochemical staining of colon paraffin sections of
C. jejuni ATCC 43431-infected animals with antibodies
against caspase-3 (apoptotic cells), MPO7 (neutrophils),
CD3 (T-lymphocytes), FOXP3 (regulatory T-cells, Treg),
and B220 (B-lymphocytes).

At day 12 following oral infection with C. jejuni
ATCC 43431, GB mice as well as mice fed with CAF dis-
played significantly higher numbers of apoptotic cells
as well as neutrophils, T- and B-lymphocytes, and Tregs
in their large intestines as compared to infected SPF
mice (Fig. 4). In addition, CAF mice displayed twice as
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Fig. 4. Immunopathology in the colons of C. jejuni-infected mice

following different dietary regimens. Gnotobiotic mice

(GNOTO, circles) were generated by antibiotic gut decontamination and fed either cafeteria diet (CAF, solid circles) or
conventional murine diet (sterile pellets, open and crossed circles), orally infected with C. jejuni strain ATCC 43431 (C.j.),

and compared to noninfected gnotobiotic controls (open circles) and to naive (open squares) or C. jejuni strain ATCC 43431
(Cj., solid squares)-infected animals harboring a conventional murine microbiota (SPF). The average numbers of apoptotic cells
(positive for caspase-3, panel A), neutrophilic granulocytes (neutrophils, positive for MPO-7, panel B), T-lymphocytes (positive
for CD3, panel C), regulatory T-cells (Treg, positive for FOXP3, panel D), and B-lymphocytes (positive for B220, panel E) from
at least six high power fields (HPF, 400 X magnification) per animal were determined microscopically in
immunohistochemically stained colon sections. Numbers of animals of the respective genotype analyzed are given in
parentheses. Means (black bars) and levels of significance (P-values) as compared to the respective groups (determined by the
Student’s #-test) are indicated. Data shown were pooled from at least three independent experiments

many neutrophils in the colon as GB mice at day 12 p.i.
(Fig. 4B).

Taken together, mice fed with CAF and as a conse-
quence “suffering” from obesity not only harbored a gut
flora which rendered them susceptible to C. jejuni infec-
tion but also displayed pro-infammatory immune re-
sponses in their colon following C. jejuni ATCC 43431
infection.

Impact of obesity on susceptibility
to C. jejuni infection

To confirm our results obtained in CAF mice (with obe-
sity) and further investigate the quadrangle relationship
between nutrition, obesity, gut flora changes, and suscep-
tibility to Campylobacter infection, another model was
employed to assess the role of obesity in our findings. Mice
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Fig. 5. C. jejuni colonization along the gastrointestinal (GI) tract and translocation in obese mice. Mice homozygous for

the obese spontaneous mutation (ob/ob, solid circles) and wild-type controls (WT, KS background; open circles) were orally
infected with C. jejuni strain ATCC 43431 as described in methods. The pathogen densities in distinct compartments

of the GI tract (stomach, duodenum, ileum, and colon; A), or cardiac blood and organs such as mesenteric lymph nodes
(MLNS), spleen, liver, and abdominal fat (B) were determined by quantification of live C. jejuni in luminal GI samples,
blood, and organ homogenates, respectively, taken at day 12 p.i. by cultural analysis (CFU, colony forming units).

Numbers of animals harboring C. jejuni out of the total number of analyzed animals are given in parentheses. Medians
(black bars) and levels of significance (P-values) determined by Mann—Whitney-U test are indicated. Data shown were

pooled from three independent experiments

homozygous for the obese spontaneous mutation Lep®, re-
ferred to as ob/ob, and wild-type (WT) control animals
(both in KS background), all of them harboring a conven-
tional gut flora, were orally infected with C. jejuni ATCC
43431 on three consecutive days. Ob/ob mice harbored up
to 4 orders of magnitude higher C. jejuni ATCC 43431
loads in their GI tract (duodenum, ileum, and colon), with
the highest counts of >10’ CFU/g luminal content in
ileum and colon as compared to WT controls (Fig. 5A).
Furthermore, live C. jejuni ATCC 43431 could be cultured
from cardiac blood and MLNs from 22.2% of ob/ob, but
none of WT, mice, whereas no translocation of C. jejuni
ATCC 43431 into spleen, liver, or abdominal fat could be
detected (Fig. 5B).

These findings independently demonstrate in another
experimental model that obese mice kept under standard
conditions and harboring a conventional microbiota were
more susceptible to C. jejuni infection as compared to lean
WT controls with the same diet.

Obese mice harbor higher
E. coli and enterococci loads in the colon lumen

Next, we were interested in differences in the gut microflora
composition of obese as compared to lean animals, which
might render ob/ob mice susceptible to C. jejuni infection.
Most interestingly, naive ob/ob mice harbored significantly
higher E. coli and enterococci loads (approximately 2 or-
ders of magnitude) in the colons as compared to naive WT
controls, whereas Clostridium/Eubacterium spp. numbers
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were slightly lower (Fig. 6). At day 12 following C. jejuni
ATCC 43431 infection, ob/ob mice harbored higher total
bacterial numbers as well as higher loads of E. coli, Bac-
teroides/Prevotella spp., Clostridium/Eubacterium spp. in
the colon (Fig. 6). Taken together, higher E. coli counts
could uniquely be detected in mice prone to C. jejuni infec-
tion — irrespective of whether “humanized” mice, CAF-fed
animals, or ob/ob mice with conventional flora had been ex-
amined.

C. jejuni-induced intestinal inflammation
in obese mice

In the naive, uninfected condition, Casp3+, MPO7+,
CD3+, B220+, and FOXP3+ cell numbers in the colons
in situ did not differ when comparing ob/ob and WT con-
trol mice (Fig. 7). Twelve days following oral C. jejuni
ATCC 43431 infection, however, a substantial increase
(more than or equal to twofold) of apoptotic cells, neu-
trophilic granulocytes, T- and B-lymphocytes as well as
Tregs in colon sections of ob/ob, but not WT, animals
could be detected (Fig. 7). Thus, obese mice displayed a
gut flora composition rendering them susceptible to C. je-
Jjuni infection; also, inflammatory changes in the colon as
a consequence of high C. jejuni loads could be deter-
mined. Taken together, we could extend the murine mod-
els for campylobacteriosis by the use of obese mice and
mice fed with a human diet, indicating that both diet and
obesity are sufficient to render mice susceptible to C. je-
Jjuni infection.
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Fig. 6. Bacterial colonization status of intestines in obese mice. Mice homozygous for the obese spontaneous mutation (0b/ob,
squares) and wild-type controls (WT, KS background; circles), both harboring a conventional gut microbiota, were orally
infected with C. jejuni strain ATCC 43431 (open symbols) as described in methods. Numbers of (A) E. coli, (B) Enterococcus
spp., (C) Lactobacillus spp., (D) Bacteroides/Prevotella spp., (E) Clostridium/Eubacterium spp., and (F) total bacterial loads
were determined in feces samples of mice at day 12 p.i. (filled symbols) and compared to the respective uninfected control
animals (open symbols) by detection of colony forming units (CFU) per gram feces on appropriate culture media (see methods).
Bacterial species were identified by biochemical analysis and reconfirmed by comparative sequence analyses of 16S rRNA
genes. Numbers of animals harboring the respective bacterial species are given in parentheses. Medians and significance levels
(P-values) determined by Mann—Whitney-U test are indicated. Data shown were pooled from three independent experiments

Discussion

Valid experimental data concerning intestinal colonization
capacities of C. jejuni, mechanisms of its host interactions,
and immunopathological responses in the course of C. je-
Jjuni infections of vertebrates are scarce. This is mainly due
to the fact that mice harboring a conventional gut microbiota
display a strong colonization resistance against C. jejuni and
are thus not suitable as standardized vertebrate model for
the study of C. jejuni infection in vivo. We have successfully
overcome these limitations and developed novel murine C.
Jjejuni infection models by modification of the commensal
gut microbiota [9]. GB mice in which the gut flora had been
completely eradicated by antibiotic treatment as well as
mice colonized with a complex human intestinal flora were
highly susceptible to C. jejuni infection, harbored high C.
Jejuni loads within their intestines, displayed significant host
immune and inflammatory responses, and can thus excel-
lently serve as novel experimental models for C. jejuni-in-
fection and -mediated immunopathology (summarized in
Ref. [9]).

In the study presented here, comparable and stable C.
Jjejuni infection of intestines in GB mice which had been
mono- and co-colonized with defined bacterial species from
the commensal gut microbiota further confirms the GB
mouse model as a valuable tool for the study of pathogen—
bacteria interactions in vivo.

Given that the host-specific gut microbiota composition
determines colonization resistance against C. jejuni infec-
tion and that the murine differed from the human intestinal
microbiota by higher lactobacilli but lower enterobacteria
numbers [9], we had raised the simple hypothesis that col-
onization resistance might be due to relatively high lacto-
bacilli (and lower E. coli loads), whereas susceptibility to
C. jejuni infection might be facilitated by higher E. coli
(and lower lactobacilli) counts. Recolonization experiments
of GB mice, however, indicate that colonization resistance
against and susceptibility to C. jejuni infection are rather
due to the complex microflora composition, physiological
intraluminal milieu of the intestine, or so-far unknown fac-
tors and cannot be simply attributed to absolute loads or
relative distribution of single bacterial species alone. Thus,
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Fig. 7. Induction of immunopathology in the colon of obese mice following C. jejuni infection. Mice homozygous for the obese
spontaneous mutation (0b/ob, squares) and wild-type controls (WT, KS background; circles) were orally infected with C. jejuni
strain ATCC 43431 (filled symbols) as described in methods and compared to noninfected control animals (open symbols).

The average numbers of apoptotic cells (positive for caspase-3, panel A), neutrophilic granulocytes (Neutrophils, positive for
MPO-7, panel B), T-lymphocytes (positive for CD3, panel C), regulatory T-cells (Treg, positive for FOXP3, panel D), and
B-lymphocytes (positive for B220, panel E) from at least six high power fields (HPF, 400 X magnification) per animal were
determined microscopically in immunohistochemically stained colon sections. Numbers of animals of the respective genotype
analyzed are given in parentheses. Means (black bars) and levels of significance (P-values) as compared to the respective groups
(determined by the Student’s 7-test) are indicated. Data shown were pooled from three independent experiments

we can only conclude that mechanisms underlying murine
colonization resistance against C. jejuni are multifactorial.

Given that the gut microbiota composition and, in turn,
the intestinal intraluminal milieu are mainly determined
by dietary habits, we were interested in knowing whether
nutrition can predispose and render a host susceptible to
or resistant against C. jejuni infection. Interestingly, GB
mice fed with a human CAF exhibited a gut microbiota
composition which was comparable to the one seen in GB
mice following reconstitution with a complex human flora
(HFA): As compared to mice with a conventional gut mi-
crobiota, which was fed with a regular chow (MUD), CAF
and HFA mice exhibited higher total bacterial, enterobac-
terial (E. coli), and Clostridium/Eubacterium spp. loads
but lower Lactobacillus spp. numbers in their colon, indi-
cating that the human diet favors the establishment of a
human-like microflora in mice. Furthermore, CAF and
HFA, but not MUD, mice were highly susceptible to C. je-
Jjuni infection, as indicated by high pathogen densities
throughout the entire GI tract at day 12 p.i., subsequent

European Journal of Microbiology and Immunology 1 (2011) 3

immune and inflammatory host responses within the colon,
and translocation of live C. jejuni into MLNs. Thus, we
show for the first time that nutritional modification plays
a crucial role in murine colonization resistance against and
susceptibility to C. jejuni infection. In this context, it is in-
teresting to note that results from a recent study in dogs
revealed that dogs fed with a human diet were more sus-
ceptible to C. jejuni infection as compared to animals fed
with a standard diet [27].

To confirm our results obtained in CAF mice subjected
to 10 weeks of human “Western” diet that resulted in a sig-
nificant gain of >40% body weight and thus obesity, we
used another well-established model of obesity. Interest-
ingly, ob/ob mice fed with a regular chow harbored a “nor-
mal” flora with higher E. coli and enterococci counts as
compared to the conventional microbiota of lean WT con-
trols on MUD. Following oral infection, ob/0ob mice could
be readily colonized by C. jejuni, and they exhibited signif-
icant immune and inflammatory responses in the intestine,
as indicated by increased numbers of T- and B-lymphocytes,
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Tregs, neutrophils, and apoptotic cells in the colon in sifu.
Thus, similar to human campylobacteriosis, C. jejuni trig-
gers both innate and adaptive immune responses in HFA,
CAF, and ob/ob mice.

In summary, the study presented here demonstrates that
mono-colonized mice, CAF mice (with obesity), and ob/ob
mice can serve as suitable vertebrate models for the study
of C. jejuni infection. The obtained results further hint at a
quadrangle relationship between nutrition, gut microbiota
composition, obesity, susceptibility to C. jejuni infection,
and — as a consequence — intestinal inflammation. It is
tempting to speculate that dietary habits have a pivotal ef-
fect on pathogen susceptibility and changes therein might
lower the risk of human campylobacteriosis.
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