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ACUTE ENTEROCOLITIS IS FOLLOWED BY ASYMPTOMATIC
INTESTINAL AND EXTRA-INTESTINAL IMMUNE RESPONSES
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Campylobacter (C.) jejuni is among the leading bacterial agents causing enterocolitis worldwide. Despite the high prevalence of C.
Jejuni infections and its significant medical and economical consequences, intestinal pathogenesis is poorly understood. This is
mainly due to the lack of appropriate animal models. In the age of 3 months, adult mice display strong colonization resistance (CR)
against C. jejuni. Previous studies underlined the substantial role of the murine intestinal microbiota in maintaining CR. Due to the
fact that the host-specific gut flora establishes after weaning, we investigated CR against C. jejuni in 3-week-old mice and studied
intestinal and extra-intestinal immunopathogenesis as well as age dependent differences of the murine colon microbiota. In infant
animals infected orally immediately after weaning C. jejuni strain B2 could stably colonize the gastrointestinal tract for more than
100 days. Within six days following infection, infant mice developed acute enterocolitis as indicated by bloody diarrhea, colonic
shortening, and increased apoptotic cell numbers in the colon mucosa. Similar to human campylobacteriosis clinical disease mani-
festations were self-limited and disappeared within two weeks. Interestingly, long-term C. jejuni infection was accompanied by dis-
tinct intestinal immune and inflammatory responses as indicated by increased numbers of T- and B-lymphocytes, regulatory T-cells,
neutrophils, as well as apoptotic cells in the colon mucosa. Strikingly, C. jejuni infection also induced a pronounced influx of im-
mune cells into extra-intestinal sites such as liver, lung, and kidney. Furthermore, C. jejuni susceptible weaned mice harbored a dif-
ferent microbiota as compared to resistant adult animals. These results support the essential role of the microflora composition in CR
against C. jejuni and demonstrate that infant mouse models resemble C. jejuni mediated immunopathogenesis including the charac-
teristic self-limited enterocolitis in human campylobacteriosis. Furthermore, potential clinical and immunological sequelae of
chronic C. jejuni carriers in humans can be further elucidated by investigation of long-term infected infant mice. The observed extra-
intestinal disease manifestations might help to unravel the mechanisms causing complications such as reactive arthritis or Guillain—
Barré syndrome.
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Introduction In the vast majority of cases the disease is self-limited.

However, post-infectious complications such as the demy-

Campylobacter (C.) jejuni infection is a leading cause of
bacterial enterocolitis. The Gram-negative, spiral-shaped
rod is a zoonotic mucosal pathogen that exists as a com-
mensal in most wild and domestic animals [1, 2]. Human
infection mostly arises following consumption of con-
taminated chicken products [3]. Infected patients present
with abdominal pain, fever, myalgia, and watery or bloody
diarrhea. The acute stage of C. jejuni induced enterocoli-
tis is further characterized by crypt abscesses, ulcerations,
and accumulation of immune cells in the colon [4-7].

elinating disorders Guillain—Barré syndrome and Miller
Fisher syndrome as well as Reiter’s syndrome and reac-
tive polyarthropathy might arise [4, 8]. Despite the high
prevalence of C. jejuni infections, its significant medical
and economical consequences and the fact that the entire
C. jejuni genome has been sequenced, the molecular and
cellular mechanisms of pathogenesis are poorly under-
stood [1, 9]. This paucity of knowledge is mainly due to
the need for a suitable animal model mimicking charac-
teristics of human campylobacteriosis. Mice provide a
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convenient model for the study of colonization capacity of
several pathogenic bacteria, but murine C. jejuni infection
models have the disadvantage of sporadic colonization
without clinical signs or intestinal pathology [4, 9]. This is
mainly due to the “colonization resistance” (CR) against
C. jejuni displayed by immunocompetent mice harboring
a conventional commensal gut microbiota. Even though
this phenomenon has been known for decades, the mecha-
nistic basis of CR and how it can be overcome by com-
mensal or pathogenic bacteria is still incompletely defined
[10—12]. Studies with isolator raised germfree (GF) mice
underlined the substantial role of the murine microbiota
in CR against C. jejuni. Following infection, C. jejuni
was not only shown to colonize the entire gastrointes-
tinal (GI) tract of these animals, but also induced clini-
cal signs of disease including granulocyte infiltrates and
bloody diarrhea, as well as humoral immune responses
[13-17]. Despite the increased susceptibility to C. jejuni
infection, the use of GF mouse models is hampered by
limitations caused by the absence of an intact immune
system. Therefore, GF mice do not represent a suitable
experimental model of C. jejuni infections in humans.
Previous work from our group revealed that gnotobiotic
(GB) mice generated by quintuple antibiotic treatment as
well as with human flora associated (hfa) GB mice are
suited for dissecting the interplay of C. jejuni, the gut
microbiota, and immune responses. Following peroral in-
fection, GB and hfa mice developed C. jejuni mediated
apoptosis and inflammatory responses in the colon in situ
[18]. Furthermore, very recent work demonstrated that the
host-specific diet plays a crucial role in affecting CR and
modulating susceptibility to C. jejuni infection. Infection
of GB mice fed on human cafeteria diet (CAF) resulted
in the development of characteristic immune responses
similar to those seen in humans [19]. Most importantly,
weaned mice were shown earlier to be susceptible to C. je-
juni infection. The corresponding models have been used
successfully to study the impact of C. jejuni flagella, bis-
muth subsalicylate, and endotoxin in intestinal C. jejuni
colonization, including potential vaccination strategies
[20-27]. However, neither intestinal and extra-intestinal
disease manifestation, nor specific immune responses and
intestinal microbiota composition have been investigated
in C. jejuni infected weaned mice so far. Results of the
present study demonstrate that weaned mice infected per-
orally with C. jejuni strain B2 developed significant, but
self-limited intestinal disease manifestations mimicking
human campylobacteriosis. Remarkably, despite the fact
that infected mice recovered completely from intestinal
disease, C. jejuni stably colonized the intestines for more
than 100 days. Even though long-term infected mice were
clinically asymptomatic, distinct pro-inflammatory im-
mune responses in the colonic mucosa could be observed.
Most strikingly, pro-inflammatory immunopathology was
not restricted to the GI tract but also affected extra-intesti-
nal organs such as liver, lung, and kidney. Finally, cultural

and molecular analyses of the intestinal flora revealed
significant differences in the microbiota composition in
infant as compared to adult mice. Taken together, weaned
mice harboring their conventional gut microbiota provide
a valuable murine C. jejuni infection model, characterized
not only by stable colonization, but also by significant
clinical immunopathology mimicking human campylo-
bacteriosis.

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 moni-
tored twice daily by assessment of clinical conditions.

Mice

All animals were bred and maintained in the facilities
of the “Forschungsinstitut fiir Experimentelle Medizin”
(FEM, Charité — Universitidtsmedizin, Berlin, Germany),
under specific pathogen-free (SPF) conditions. C57BL/6
(C6) mice were used in the experiments. Age matched fe-
male mice 3 weeks (right after weaning) and 3 months of
age were used.

C. jejuni infection of mice

Mice were infected with approximately 10° viable CFU
of C. jejuni strain B2 (kindly provided by Prof. Dr. Uwe
GroB, University of Gottingen, Germany) by gavage in a
total volume of 0.3 ml PBS (phosphate buffered saline) on
three consecutive days as described earlier in detail [18].

Sampling procedures, determination of colon length
and histopathology

Mice were sacrificed by isofluran treatment (Abbott, Ger-
many). GI samples from each mouse were collected in par-
allel for histological, microbiological, immunobiological,
and molecular analyses. Tissue samples from liver, lungs,
kidneys, and GI tract (stomach, duodenum, ileum, colon)
were removed under sterile conditions. Histopathological
changes were determined in colon and organ samples im-
mediately fixed in 5% formalin and embedded in paraffin.
Sections (5 m) were stained with hematoxylin and eosin
(HE) and examined by light microscopy (magnification
x 100 and x400).
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Immunohistochemistry

In situ immunohistochemical analysis of colon paraffin
sections was performed as described previously [18]. Pri-
mary antibodies against CD3 (#N1580, Dako, Denmark,
dilution 1:10), FOXP-3 (FJK-16s, eBioscience, 1:100), B220
(eBioscience, San Diego, CA, USA, 1:200), myeloperoxi-
dase-7 (MPO-7, # A0398, Dako, 1:10,000), 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 representative high power fields
(HPF, x 400 magnification) was determined microscopi-
cally by two independent double-blinded investigators.

Analysis of the intestinal microflora

Cultural analyses, biochemical identification, and mo-
lecular detection of luminal bacterial communities from
stomach, duodenum, ileum, and colon were performed as
previously described [18, 28-30].

Detection of blood in stool

The occurrence of blood in stool of infected mice was as-
sessed by the Guajak method using Haemoccult™ (Beck-
man Coulter/PCD, Krefeld, Germany) [30].

Statistical analysis

Mean values, medians, standard deviations, and levels of
significance were determined using appropriate tests as

indicated (two-tailed Student’s z-test, Mann-Whitney-U
test). Two-sided probability (P) values <0.05 were consid-
ered significant. All experiments were repeated at least
twice.

Results

Kinetic analysis of intestinal pathogen loads
following C. jejuni infection of infant mice

Given that microbial colonization of the GI tract takes
place right after birth and the gut microbiota composition
changes during lifetime with respect to complexity and
predominance of distinct bacterial species, we were in-
terested in finding whether mice display CR already right
after weaning. Therefore, we assessed the infection capac-
ity of C. jejuni in infant mice harboring a conventional gut
microbiota. Following infection right after weaning, C. je-
Jjuni colonized the distal GI tract at high concentrations of
approximately 10’ colony forming units (CFU) per gram
feces at day 1 post infection (p.i.) slightly decreasing by 2
orders of magnitude thereafter until day 3 p.i. Long-term
kinetic analyses revealed that C. jejuni could stably infect
the intestines of infant mice for more than 100 days p.i.
with median loads between 10* and 107 bacteria per gram
feces (Fig. la). In addition, we assessed numbers of live
C. jejuni within distinct compartments of the GI tract of
infected infant mice at the end of the long-term kinetic
analysis. Following infection of weaned mice, C. jejuni
colonized the stomach, duodenum, ileum, and colon with
the highest loads of approximately 10> CFU per gram lu-
minal content in the distal GI tract (ileum and colon) at
day 103 p.i. (Fig. 1b).
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Fig. 1. Long-term C. jejuni B2 infection of infant mice. Infant mice 3 weeks of age were infected right after weaning. (a) Following
oral infection with C. jejuni B2, kinetic analyses of the pathogen loads were performed in feces samples until day 103 p.i. by culture
(see section Materials and methods; CFU, colony forming units). (b) At day 103 p.i., C. jejuni B2 densities were determined in
distinct compartments of the gastrointestinal tract by quantification of C. jejuni in luminal samples taken from stomach, duodenum,
ileum, and colon. Numbers of animals harboring C. jejuni B2 out of the total number of analyzed animals are given in parentheses.
Days post infection (on the X-axis), medians (black bars) and significance levels (P-values) determined by the Mann—Whitney U

test are indicated
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Fig. 2. Clinical signs of enterocolitis following C. jejuni infection of infant mice. Infant mice 3 weeks of age were infected with
C. jejuni B2 right after weaning (see section Materials and methods). (a) Kinetic analyses of the occurrence of blood in feces
samples were performed in C. jejuni B2 infected mice (n = 10). Black bars indicate the relative number of blood positive feces

samples (in %). Days post infection are indicated on the X-axis. (b) Colon lengths were determined in C. jejuni B2 infected infant
mice at day 6 p.i. (solid circles) and compared to naive controls (Naive, open circles). Numbers of animals are given in parentheses.
(c) Paraffin sections of colon samples were obtained from C. jejuni B2 infected infant mice at day 6 p.i. and HE-stained (right).
Uninfected age-matched mice served as negative controls (left). Solid arrows indicate apoptotic cells and dotted arrows indicate
mitotic cells. Representative photomicrographs (magnification x100; scale bar 100 wm) from three independent experiments are
shown. (d) Paraffin sections of colon samples from C. jejuni B2 infected (day 6 p.i.; solid circles) and naive (naive, open circles)
infant mice were stained with cleaved caspase-3 antibody (see section Materials and methods). The average numbers of apoptotic
cells (positive for caspase-3, left panel) from at least six high power fields (HPF, x400 magnification) per animal were determined
microscopically in immunohistochemically stained colon sections. Representative photomicrographs (right panel) show more
caspase3+ cells in infected mice (arrows) at day 6 p.i. (upper right) as compared to control mice (lower right). Numbers of animals

are given in parentheses. Medians (black bars) and significance levels (P-values) as determined by Student’s #-test are indicated

C. jejuni B2 induced intestinal inflammation
in infant mice

In other murine C. jejuni infection models including GB
mice and mice harboring a human flora, clinical symp-
toms such as bloody diarrhea (pronounced in severe
human campylobacteriosis) were rather subtle. Following
oral C. jejuni B2 infection, up to 90% of 3-week-old in-
fant mice developed blood-positive feces samples by day
6 and 7 p.i. whereas until day 10 p.i. one half of infected
mice still excreted blood-positive feces with a progres-
sive decline thereafter (Fig. 2a). Thus, our infant mouse
model mimics clinical key features of human campylo-
bacteriosis in a corresponding kinetic and self-limited
fashion. Given that due to intestinal inflammation a sig-
nificant shortening of the intestine can be observed, we

next assessed the colon lengths in infected infant mice
at the time-point of highest blood-positivity in stool
samples of C. jejuni infected mice. At day 6 p.i., infant
mice displayed an approximately 15% shorter colon as
compared to age- and sex-matched naive control animals
(Fig. 2b) underlining the macroscopic aspects seen fol-
lowing C. jejuni B2 infection. Given that C. jejuni infec-
tion is accompanied by an influx of immune cells such as
lymphocytes further contributing to mucosal damage, we
next assessed histopathological changes in the colonic
mucosa. At day 6 p.i., C. jejuni B2 infected infant mice
displayed an influx of immune cells into the mucosal
layer as well as more mitotic and apoptotic cells in HE-
stained colon section versus uninfected infant controls
(Fig. 2c). This was further confirmed by specific immu-
nohistochemical staining of colon sections against the
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6 L.-M. Haaget al.

apoptosis marker caspase-3: Remarkably, C. jejuni infec-
tion induced a more than fourfold increase in apoptotic
cells within the colon mucosa as compared to uninfected
control animals (Fig. 2d).

Long-term C. jejuni induced intestinal immunopathology
in infant mice

Following infection of infant mice, clinical disease mani-
festations were self-limited and disappeared within two
weeks after infection. We were next interested whether
long-term C. jejuni infection might result in intestinal
immunopathology in situ despite the absence of clini-
cal symptoms two weeks following infection. Surpris-
ingly, increased numbers of mitotic and apoptotic cells
besides infiltrating immune cells could be detected in
HE-stained colon sections of infected mice at day 103
p-. (Fig. 3). Given that C. jejuni induces the recruitment
of pro-inflammatory immune cell populations to sites of
intestinal inflammation in humans, we further analyzed
inflammatory cells by immunohistochemical staining
of colon paraffin sections with antibodies against cas-
pase-3 (apoptotic cells), MPO7 (neutrophils), CD3 (T-
lymphocytes), FOXP3 (regulatory T-cells, Tregs), and
B220 (B-lymphocytes). At day 103 following oral C. je-
juni B2 infection of infant mice, numbers of apoptotic
cells in colon sections were significantly higher as com-
pared to naive infant mice (Fig. 4a), whereas numbers
of neutrophils, T-, B-lymphocytes, and Tregs increased
multifold as compared to uninfected controls (Fig. 4b—
e). Thus, stable C. jejuni B2 infection results in long-
term local (i.e. intestinal) pro-inflammatory immune
responses in susceptible infant mice whereas clinical
symptoms had been absent.

Long-term C. jejuni induced extra-intestinal
immunopathology in infant mice

C. jejuni infection of humans is known to result in post-
infectious complications affecting peripheral nerves and

joints for instance. The analysis of extra-intestinal disease
manifestations in long-term infected infant mice revealed
a significant influx of immune cells into livers (periportal
as well as parenchymal localization), lungs (perivascular,
peribronchial, and interstitial) as well as into kidneys (peri-
glomerular) at day 103 p.i. (Fig. 5). These findings illustrate
that long-term C. jejuni infection not only affects the GI tract
but also leads to extra-intestinal inflammatory responses.

Differences of intestinal microbiota composition
in infant versus adult mice

Given that the host gut microbiota composition deter-
mines CR or susceptibility to C. jejuni infection, we next
performed a quantitative survey of the main bacterial spe-
cies in the colon lumen derived from susceptible 3-week-
old weaned mice and resistant 3-month-old adult animals.
Interestingly, infant mice harbored significantly higher
E. coli loads (more than 2.5 orders of magnitude) in their
large intestines as compared to adult mice whereas Lacto-
bacillus spp. loads were lower (approximately 1.5 order of
magnitude; Fig. 6). Enterococci, Bacteroides/Prevotella
spp. and total bacterial counts were comparable. Thus,
infant mice harbored enterobacteria loads comparable to
those in (also C. jejuni susceptible) “humanized” mice and
GB animals fed a Western diet.

Long-term E. coli colonization of infant mice following
C. jejuni B2 infection

Given that naive 3-week-old infant mice harbored sig-
nificant higher E. coli counts in their intestines as com-
pared to conventional adult mice, we next analyzed E.
coli colonization densities in a long-term follow up of
C. jejuni B2 infection. Kinetic studies revealed that
the highest E. coli loads of approximately 10’ CFU per
gram feces were detected immediately after weaning.
Following C. jejuni B2 infection, E. coli loads ranged
from 10° to 10’ CFU per gram feces until day 40 p.i.
followed by a significant drop of about 2 orders of mag-

Fig. 3 Histopathological changes in the colons of C. jejuni B2 infected infant mice at day 103 p.i. Infant mice 3 weeks of age were
infected with C. jejuni B2 right after weaning. Paraffin sections of ex vivo colon biopsies at day 103 p.i. (right panel) were HE-
stained as described in the section Materials and Methods. Uninfected infant mice (left panel) served as negative controls. Repre-
sentative photomicrographs from three independent experiments are shown (100x magnification, scale bar 100 mm). Solid arrows
indicate apoptotic cells, and dotted arrows indicate mitotic cells. Arrow heads indicate flattened epithelium
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Fig. 4. Immune cell response in colon sections of C. jejuni B2
infected infant mice at day 103 p.i. Infant mice 3 weeks of age
were infected with C. jejuni B2 right after weaning, and paraffin
sections of colon samples obtained at day 103 p.i. (solid circles).
Uninfected infant mice (naive, open circles) served as negative
controls. 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 (positive for FOXP3, Tregs, panel D),
and B-lymphocytes (positive for B220, panel E) from at least six
high power fields (HPF, x400 magnification) per animal were
determined microscopically in immunohistochemically stained
colon sections (left panel). Representative photomicrographs of
positively stained cells in colon section (right panel; solid arrows)
at day 103 p.i. (upper panel) versus naive controls (lower panel)
from three independent experiments are shown (HPF, x400
magnification). Data were pooled from at least three independent
experiments. Numbers of animals are given in parentheses.
Means (black bars) and levels of significance (P-values) as
determined by the Student’s #-test are indicated

nitude at day 47 p.i. (Fig. 7a). Until the end of the ob-
servation period E. coli loads remained stable between
10* and 10° CFU per g. At day 103 p.i., E. coli could
be cultured from stomach, ileum, and colon, but not
from the duodenum (10°~10* CFU per g; Fig. 7b), Given
that C. jejuni infected infant mice harboring higher E.
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coli loads can be stably infected by C. jejuni and com-
mensal E. coli loads drop around the “adult” age of 7-8
weeks (wWhen mice display CR), it is tempting to specu-
late that E. coli (among other intestinal bacteria) might
be essentially involved in mediating susceptibility to C.
Jjejuni infection.
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Changes in microbiota composition during long-term
C. jejuni B2 infection

Because CR of mice against C. jejuni is due to their host
specific microbiota composition, we investigated poten-
tial changes of the gut microbiota composition of infant
mice over time. To address this question, we performed a
quantitative molecular analysis of the main gut bacterial
groups in fecal samples taken before and 103 days follow-
ing oral C. jejuni B2 infection. Interestingly, over the pe-
riod of stable C. jejuni colonization, a significant decrease
of the Gram-negative enterobacteria (such as E. coli) and
Bacteroides/Prevotella spp. as well as Clostridium coc-
coides could be determined whereas the total bacterial
loads including lactobacilli, bifidobacteria, and Clostrid-
ium leptum members increased (Fig. 8).

In summary, the results presented here show that infant
mice harboring a conventional gut microbiota are suscepti-
ble to C. jejuni infection and develop significant, but self-
limited symptoms of enterocolitis comparable to those in se-
vere human campylobacteriosis. Furthermore, C. jejuni B2
can stably infect the intestines of infant mice in an asympto-
matic clinical fashion for more than 14 weeks paralleled by
intestinal inflammatory and immune cell responses in the
colon mucosa at day 103 p.i. Strikingly, long-term C. jejuni
B2 infection was paralleled by extra-intestinal inflamma-
tory responses as shown in liver, lung, and kidney.

Discussion

It is still not well understood how C. jejuni causes inflam-
mation. Investigations of pathogenesis have been restricted
by default of an appropriate animal model of disease. Mice
are in general useful models to dissect pathogenicity of in-
fectious diseases but display strong CR against C. jejuni
and therefore have the disadvantage of sporadic coloniza-
tion and an absence of disease-defining clinical manifes-
tations. In the past, studies with GF as well as GB mice
underlined the substantial role of the intestinal microbiota
in maintaining CR [13-18]. The molecular basis of CR
and how it can be overcome by pathogens is still incom-
pletely understood. Mechanisms such as direct inhibition
of pathogen growth by microbiota-derived substances,
nutrient depletion, and microbiota-induced stimulation of
innate and adaptive immune responses for example were
discussed to contribute to CR elsewhere [12]. Different
murine infection models pointed out that the intestinal
microbiota composition and complexity play a decisive
role in bearing up CR [10, 18-19, 31].

In the study presented here, we focused on suscep-
tibility of infant mice to C. jejuni infection. In the early
days of Campylobacter research about three decades ago,
neonatal mice had been used for investigating the role of
flagella in the colonization of the intestine, the efficacy
of bismuth subsalicylate in the prevention of colonization,
the bacteriostatic effects of endotoxin and for vaccination
strategies [20-27]. However, intestinal and extra-intestinal

European Journal of Microbiology and Immunology 2 (2012) 1

Fig. 5. Long-term extra-intestinal inflammatory responses in C.
Jjejuni B2 infected infant mice. Infant mice 3 weeks of age were
infected with C. jejuni B2 right after weaning. Paraffin sections
of ex vivo biopsies taken from livers (upper panel), lungs
(middle panel), and kidneys (lower panel) at day 103 p.i. (right
panel) were HE-stained as described in the section Materials
and methods. Uninfected infant mice (left panel) served as
negative controls. Representative photomicrographs from three
independent experiments are shown (x200 magnification, scale
bar 50 um). Lymphocytes infiltrating the periportal field (solid
white arrow, upper right), the liver parenchyma (solid black
arrow, upper right), and the glomerular kidney tubuli (solid
black arrows, lower right) are indicated. Solid black arrows in
the lung (middle right) point toward apoptotic cells

disease manifestations including clinical symptoms such
as bloody diarrhea, histopathological changes, specific
immune responses, and the complex microbiota have
not been investigated so far. Given that host-specific gut
microbiota composition determines CR against C. jejuni
infection and due to the fact that colonization of the GI
tract sets in right after birth and complexity increases
thereafter, we hypothesized that there is a development of
CR, starting with high susceptibility against C. jejuni im-
mediately after weaning.

The first week following infection, C. jejuni B2 colo-
nized the intestinal tract of 3-week-old infant mice at high
levels between 10° and 10® bacteria per gram feces. The
stable infection was paralleled by distinct clinical and his-
topathological features such as bloody diarrhea in 90% of
infected mice, colon shortening as well as increase of ap-
optotic cells in the colon mucosa in situ during the first
week p.i., illustrating the significant C. jejuni induced tissue
damage. Of note, the severity as well as the time course of
disease manifestations were mimicking “classical” features
of human campylobacteriosis. Given that in our previous
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Fig. 6. Microflora analysis of infant versus adult mice. Main
gut bacterial groups of naive infant and adult mice were
quantified by culture (see section Materials and methods). Total
bacterial counts (TOTAL) as well as numbers of E. coli,
Enterococcus spp. (EC), Lactobacillus spp. (Lacto), and
Bacterioides/Prevotella spp. (B/P) were determined in feces
samples of naive mice 3 weeks (3W, solid circles) and 3 months
(3M, open circles) of age, respectively, by detection of colony
forming units (CFU) per gram feces on appropriate culture
media. 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.

infection models pro-inflammatory immune responses fol-
lowing C. jejuni infection were overt, but severe symptoms
of ulcerative colitis such as bloody diarrhea were missing,
we can now provide a robust “human-like” campylobacte-
riosis model. Furthermore, kinetic analyses revealed that
following infection of infant mice, within two weeks clini-
cal symptoms were self-limited despite a stable long-term C.
Jjejuni infection of the GI tract throughout a time period of
more than 100 days. The intestinal effect of long-term C. je-
Jjuni infection was accompanied by an increase of recruited

innate immune and effector cells including T- and B-lym-
phocytes, Tregs, and neutrophils in the colon at day 103 p.i.
Thus, the long-term infection model of infant mice provides
a valuable tool to further unravel immunopathological se-
quelae of chronic C. jejuni carriers in humans. Strikingly,
long-term C. jejuni infection not only affected the intestine
but was also paralleled by significant cellular immune re-
sponses seen in extra-intestinal organs such as liver, lung,
and kidney. This phenomenon is well in line with observa-
tions in humans: advanced age or a compromised immune
status can predispose to extra-intestinal manifestations of C.
Jejuni infection such as bacteremia and subsequent spread to
other organs in rare cases [32]. Comparative cultural analy-
ses of the intraluminal bacterial species composition of the
colon of infant mice right after weaning (3 weeks of age) vs.
those obtained in naive adult mice (3 months of age) showed
significant differences. Infant mice harbored approximately
2.5 orders of magnitude higher E. coli loads in their large
intestines whereas Lactobacillus spp. counts were 1.5 or-
ders lower as compared to adult mice.

Considering the significant age-related differences in
the gut microbiota composition comparing 3-week- and
3-month-old mice shown here, it is tempting to speculate
that susceptibility to C. jejuni B2 infection might be fa-
cilitated by higher E. coli and/or lower Lactobacillus spp.
loads. This assumption is consistent with previous work
from our group and others. GB mice recolonized with a
complex human intestinal flora harboring higher entero-
bacteria and lower lactobacilli in their intestines as com-
pared to mice with a conventional microbiota were highly
susceptible to C. jejuni infection and displayed significant
host immune and inflammatory responses (summarized
in Ref. [18]). Studies on the enteropathogenic bacteria Cit-
robacter rodentium and Salmonella Typhimurium also
point towards an important role of the host gut micro-
biota composition in susceptibility to the pathogens [10,
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Fig. 7. Long-term E. coli colonization of infant mice following C. jejuni B2 infection. Infant mice 3 weeks of age were infected
with C. jejuni B2 right after weaning. (a) Before (N, naive) and until 103 days following C. jejuni B2 infection, E. coli loads in feces
samples were performed by culture (as described in section Materials and methods; CFU, colony forming units). (b) At day 103 p.i.,
E. coli densities in distinct compartments of the gastrointestinal tract were determined by quantification of E. coli in luminal
samples taken from stomach, duodenum, ileum, and colon. Numbers of animals harboring E. coli out of the total number of
analyzed animals are given in parentheses. Days post infection (on the X-axis), medians (black bars), and significance levels

(P-values) determined by Mann—Whitney-U test are indicated.
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Fig. 8. Molecular intestinal microflora analysis in long-term
C. jejuni B2 infected infant mice. Main gut bacterial groups
were quantified by molecular analysis of fecal samples before
(N, naive, open circles; n=10) and after C. jejuni B2 infection
of infant mice (d103 p.i., solid circles; n=10). Quantitative
real-time-PCR (polymerase chain reaction) analyses amplified
bacterial 16S rRNA variable regions and 16S rRNA gene
numbers per nanogram DNA. From feces the following
bacterial groups were determined: Enterobacteriaceae (EB),
enterococci (EC), lactic acid bacteria (LB), Bifidobacteria
(BB), Bacteroides/Prevotella spp. (BP), Clostridium leptum
group (CLEP), Clostridium coccoides group (CLOCC), mouse
intestinal bacteroidetes (MIB), and total eubacterial load (TL).
Numbers of animals harboring the respective bacterial rRNA
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.

31, 33]. Mice harboring high commensal E. coli densities
were more susceptible to Salmonella induced gut inflam-
mation. In addition, increased gut microbiota complexity
correlated well with increased resistance to infection. Re-
cently, we could show that nutritional modification plays a
crucial role in murine susceptibility to C. jejuni infection
[19]. GB mice fed with a human CAF as well as obese
(ob/ob) mice served as suitable models for the study of C.
Jjejuni infection due to their susceptibility to the intesti-
nal pathogen. One common feature of these previously
described models is a higher enterobacteria (E. coli) load
in the colon as compared to respective controls. Another
frequently raised aspect in the discussion of potential pre-
disposing factors for susceptibility to gut pathogens is a
breakdown of CR in intestinal inflammation [10-12, 31,
33]. It is easy to imagine that disruption of the epithelial
barrier during inflammation results in a breakdown of CR
and thereby fosters pathogen invasion and growth. Re-
markably, various murine models demonstrated changes
in microbiota composition during inflammation such as
an accumulation of enterobacteria (E. coli) and a loss of
diversity [28-31, 33].

Molecular quantification of main gut bacterial groups
of mice infected right after weaning revealed changes in
microbiota composition over > 100 days of stable C. jejuni
B2 infection. Whereas the total bacterial loads, enterobac-
teria (E. coli), Bacteroides/Prevotella spp. and Clostridium
coccoides group decreased, lactobacilli, bifidobacteria
and Clostridium leptum group members increased until
d103 p.i. Taking these complex molecular flora analyses
together with the above-mentioned age-related differences
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in microbiota composition obtained by culture into con-
sideration, the murine microbiota established immediately
after weaning might not be capable of outcompeting the
pathogen C. jejuni. Even though infected infant mice har-
bored a different microbiota as compared to adult mice, it
is inappropriate to simply attribute CR to absolute loads
or relative distribution of single bacterial species alone.
Bringing the complexity of the intestinal ecosystem, the
impact of the physiological intraluminal milieu, the com-
plexity of the microflora as well as so far unknown factors
to mind, further studies will be needed to further unravel
the mechanisms underlying murine CR against C. jejuni.
In summary, the study presented here demonstrates an
age-related development of CR against C. jejuni. Immuno-
competent infant mice infected immediately after weaning
were highly susceptible for C. jejuni infection and displayed
severe enterocolitis which was self-limited after two weeks
of infection. Thus, the time course as well as the severity of
clinical disease manifestations mimicked human campylo-
bacteriosis. Furthermore, long-term asymptomatic C. jejuni
infection not only induced intestinal but also extra-intesti-
nal immune responses in organs such as liver, lung, and kid-
neys. Thus, by applying the long-term infection model of in-
fant mice immunopathological responses in human chronic
C. jejuni carriers can be elucidated. We conclude that our
novel murine C. jejuni model for acute enterocolitis serves
as a suitable vertebrate model for further dissecting the in-
teractions between gut pathogens, commensal gut bacteria,
intestinal intraluminal milieu, and innate as well as host im-
mune responses at intestinal and extra-intestinal sites.
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