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Abstract

day 6, but not day 16 following infection.

Background: Arcobacter (A.) butzleri has been described as causative agent for sporadic cases of human gastroenteri-
tis with abdominal pain and acute or prolonged watery diarrhea. In vitro studies revealed distinct adhesive, invasive
and cytotoxic properties of A. butzleri. Information about the underlying immunopathological mechanisms of infec-
tion in vivo, however, are scarce. The aim of this study was to investigate the immunopathological properties of two
different A. butzleri strains in a well-established murine infection model.

Results: Gnotobiotic IL-10~/~ mice, in which the intestinal microbiota was depleted by broad-spectrum antibiotic
treatment, were perorally infected with two different A. butzleri strains isolated from a diseased patient (CCUG 30485)
or fresh chicken meat (C1), respectively. Eventhough bacteria of either strain could stably colonize the intestinal tract
at day 6 and day 16 postinfection (p.i.), mice did not exert infection induced symptoms such as diarrhea or wasting.
In small intestines of infected mice, however, increased numbers of apoptotic cells could be detected at day 16, but
not day 6 following infection with either strain. A strain-dependent influx of distinct immune cell populations such as
T and B cells as well as of regulatory T cells could be observed upon A. butzleri infection which was accompanied by
increased small intestinal concentrations of pro-inflammatory cytokines such as TNF, IFN-y, MCP-1 and IL-6. Remark-
ably, inflammatory responses following A. butzleri infection were not restricted to the intestinal tract, given that the
CCUG 30485 strain induced systemic immune responses as indicated by increased IFN-y concentrations in spleens at

Conclusion: Upon peroral infection A. butzleri stably colonized the intestinal tract of gnotobiotic IL-107
dynamics of distinct local and systemic inflammatory responses could be observed in a strain-dependent fash-
ion pointing towards an immunopathogenic potential of A. butzleri in vivo. These results indicate that gnotobiotic
IL-10~/~ mice are well suited to further investigate the molecular mechanisms underlying arcobacteriosis in vivo.

Keywords: Arcobacter butzleri, Strain differences, Pro-inflammatory immune responses, Extra-intestinal sequelae,
Systemic immune responses, Small intestine, Spleen, Apoptosis, Regenerating cells, Innate and adaptive immunity

'~ mice. The

Background

Arcobacter and Campylobacter share taxonomic rela-
tionship given that the genus Arcobacter belongs to the
family of Campylobacteraceae [1]. So far, 18 distinct
Arcobacter species have been described, isolated from
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a plethora of environments and hosts [1]. Whereas the
motile, spiral-shaped and gram-negative Arcobacter spp.
are mostly reported as gastrointestinal commensals in
animals, the International Commission on Microbiologi-
cal Specifications for Foods has rated Arcobacter (A.) but-
zleri and A. cryaerophilus as serious hazards for human
health [2]. Robust epidemiological data regarding preva-
lence and incidence of Arcobacter associated human dis-
eases are rather scarce, since in the vast majority of cases
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Arcobacter spp. are not detected by routine diagnostic
measures applied in conventional microbiology labora-
tories [1]. Retrospective studies, however, revealed that
Arcobacter spp. are the fourth most common Campy-
lobacterales species recovered from patients suffering
from diarrhea [3-7]. Consumption of contaminated food
or water has been considered the most likely mode of
transmission leading to Arcobacter induced disease out-
breaks [6, 8]. Arcobacteriosis is characterized by symp-
toms of acute gastroenteritis including abdominal pain,
acute diarrhea or prolonged watery diarrhea for up to
several weeks [5-7]. So far, only very limited informa-
tion is available about the underlying immunopathogenic
mechanisms and responsible virulence genes of Arco-
bacter infection. Ten putative virulence genes, namely
cadF, mviN, pldA, tlyA, cj1349, hecB, irgA, hecA, ciaB and
iroE have been detected within the genomic sequence
of A. butzleri strain RM 4018 [9]. These virulence fac-
tors have been shown to contribute to adhesion (CadF,
HecA, Cj1349), invasion (CiaB), lysis of erythrocytes
(HecB, TlyA, PIdA), iron acquisition and maintenance
of infection (IrgA, IroE) and peptidoglycan biosynthesis
(MviN) in other bacteria [10-18]. Nevertheless, it is still
unknown whether these putative virulence factors exert
similar functions in Arcobacter and whether further viru-
lence genes exist within these species. Phenotypic assays
revealed that A. butzleri is able to adhere to and invade
into several cell lines. However, there is no correlation
between distinct virulence gene patterns of A. butzleri
isolates and adhesive and invasive properties in vitro [19,
20]. Also cytotoxic effects of several A. butzleri strains
have been observed in vitro, but no corresponding toxin
has been identified yet [4, 21-25].

Data regarding the immunopathological mechanisms
underlying A. butzleri infection and the corresponding
host responses are scarce and conflicting. In vivo stud-
ies revealed discrepant results so far, depending on the
animal species, the breed and on the respective A. but-
zleri strain. For instance, A. butzleri was unable to infect
conventional chicken and induce disease, whereas cer-
tain turkey strains could be colonized at different loads
and displayed variable mortality rates [26]. Furthermore,
in neonatal piglets A. butzleri displayed rather invasive
properties and could also be isolated from extra-intesti-
nal compartments including kidney, liver and brain [27].
Whereas neonatal albino rats presented with self-limiting
diarrhea and small intestinal as well as hepatic necrosis,
adult rats exerted watery diarrhea and disturbed serum
electrolyte balance in a pathogen-load-dependent man-
ner [28, 29].

Murine infection experiments with enteric pathogens
such as Campylobacter jejuni are hampered by the physi-
ological colonization resistance exerted by conventionally
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colonized mice due to their distinct host- and age-spe-
cific microbiota composition [30]. We have previously
reported that following depletion of the murine intes-
tinal microbiota in IL-10~/~ mice by broad-spectrum
antibiotic treatment, colonization resistance could be
overcome subsequently facilitating infection induced
immunpathological sequelae such as acute enterocol-
itis which is a key feature of human campylobacteriosis
[31-33]. Given that C. jejuni and A. butzleri share taxo-
nomic relationships we used the gnotobiotic IL-10~/~
mouse model to determine the pathogenic potential
of A. butzleri and to investigate its host-interactions in
the murine intestinal tract. Hereby, we focussed on the
small intestines given that certain bacterial species use
the ileal membranous epithelial cells (M cells) for inva-
sion and subsequent induction of inflammation [34]. To
accomplish this, gnotobiotic IL-10~'~ mice were pero-
rally infected with one of two different A. butzleri strains
[19, 35]. Then, colonization properties alongside the
intestinal tract, translocation of viable bacteria to distant
extra-intestinal compartments, induction of histopatho-
logical changes including apoptosis and, finally, local (i.e.
small intestinal) as well as systemic pro-inflammatory
responses were analyzed.

Results

Abundance of A. butzleri in the intestinal tract

following peroral infection of gnotobiotic IL-10~/~ mice
The induction of small intestinal and systemic immune
responses were investigated in mice infected with the A.
butzleri strains CCUG 30485 and C1. Both A. butzleri
strains encode for all ten putative virulence genes and
displayed adhesive and invasive phenotypes in human
epithelial cell culture models [19]. The reference strain
CCUG 30485 was initially isolated from a diseased
patient [35], whereas the C1 strain was derived from fresh
chicken meat [19]. In order to overcome physiological
colonization resistance of mice harboring a conventional
microbiota preventing from infection with pathogens, we
generated gnotobiotic mice by depleting the intestinal
microbiota following broad-spectrum antibiotic treat-
ment [30]. Previous C. jejuni infection studies revealed
that the murine gnotobiotic IL-10~/~ model is well suited
not only to study pathogenic colonization properties, but
also infection-induced immunopathological responses
mimicking key features of human disease [31-33]. Fur-
thermore, given the taxonomic relationship of Arcobacter
and Campylobacter, we applied the gnotobotic IL-10~/~
model to unravel colonization and immunopathologi-
cal properties of A. butzleri in the present study. Given
that C. jejuni induced non-self-limiting enterocolitis in
gnotobiotic IL-10~/~ mice within 6 days p.i. [31-33], we
investigated potential immunopathological sequelae of A.
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butzleri infection at day 6 p.i. and, additionally, to a later
time point, namely day 16 p.i. Six and 16 days following
peroral infection with 10° viable A. butzleri the respec-
tive isolates could be cultured from the small and large
intestinal lumen with highest loads of up to 10% colony
forming units (CFU) per g in the colon and approxi-
mately 10* CFU per g in the ileum of infected gnotobiotic
IL-10~/~ mice (Fig. 1). Colonization densities of either
strain did not differ between day 6 and day 16 p.i. in the
respective intestinal compartment. Hence, A. butzleri of
either strain is able to stably establish alongside the intes-
tinal tract in the course of infection. Interestingly, mice
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Fig. 1 Colonization of Arcobacter butzleri alongside the murine
intestinal tract following peroral infection. Gnotobiotic IL-10~/~ mice
were generated by antibiotic treatment and orally infected either
with a A. butzleri strain CCUG 30485 (circles) or b strain C1 (squares).
A. butzleri loads were determined in luminal samples of duodenum,
ileum and colon at day 6 p.i. (filled symbols) and day 16 p.i. (open
symbols) as colony forming units (CFU) per gram sample. Medians
(black bars) and numbers of mice harboring the pathogen out of the
total number of analyzed animals (in parentheses) are indicated. Data
shown were pooled from three independent experiments
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did not exhibit any clinical signs of enteric disease such
as wasting, diarrhea or occurence of blood in stool.

Macroscopic and microscopic aspects of small intestinal
inflammatory sequelae in A. butzleri infected gnotobiotic
IL-10~/~ mice

Given that intestinal inflammation is accompanied by
significant shortening of the intestinal tract [31, 36], we
determined small intestinal lengths at days of necropsy.
Neither at day 6 nor at day 16 following A. butzleri infec-
tion with either strain, shortening of the small intestines
could be observed when compared to uninfected control
mice (not shown), further supporting an absence of acute
infection-induced macroscopic disease.

We next surveyed potential microscopic intestinal
sequelae of infection in hematoxylin & eosin (H&E)
stained small intestinal paraffin sections applying a stand-
ardized histopathological scoring system (see “Meth-
ods”). Histopathological scores did not differ between
naive and infected mice irrespective of the applied strain
and the time point (day 6 and 16 p.i.; not shown).

We next assessed numbers of caspase-3+ cells within
the small intestinal mucosa of infected mice given that
apoptosis is a commonly used diagnostic marker in the
histopathological evaluation and grading of intestinal dis-
ease [30] and a hallmark of C. jejuni induced enterocol-
itis in gnotobiotic IL-10~'~ mice [31]. At day 16, but not
earlier at day 6 following infection with the CCUG 30485
or C1 strain, mice displayed higher apoptotic cells in the
epithelial cells of the small intestinal mucosa as compared
to naive control animals (p < 0.05; Fig. 2a). Since Ki67
comprises a nuclear protein necessary for cellular prolif-
eration [37], we quantitatively determined proliferating
cells in small intestinal paraffin sections in situ. Following
C1 strain infection only, gnotobiotic IL-10~/~ mice dis-
played more Ki67+ small intestinal epithelial cells at day
16 as compared to day 6 p.i. (p < 0.005; Fig. 2b).

Small intestinal influx of distinct immune cell populations
in A. butzleri infected gnotobiotic IL-10~/~ mice

Given that recruitment of innate and adaptive immune
cells as well as of effector cells to sites of inflammation
is a hallmark of enteric infection such as campylobacteri-
osis [30], we next quantitatively assessed distinct immune
cell populations by in situ immunohistochemical stain-
ing of small intestinal paraffin sections. Irrespective of
the A. butzleri strain, numbers of small intestinal CD3+
T lymphocytes increased 6 and 16 days following infec-
tion (p < 0.05-0.005; Fig. 3a). Remarkably, numbers of
T cells as well as of FOXP3+ regulatory T cells (Tregs)
increased by more than twofold as early as 6 days follow-
ing CCUG 30485 strain infection (p < 0.005 and p < 0.05,
respectively; Fig. 3a, b), whereas the T cells declined
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Fig. 2 Kinetics of apoptotic and proliferating cells in ileal tissue following murine A. butzleri infection. Gnotobiotic IL-10~/~ mice were generated by
antibiotic treatment and orally infected either with A. butzleri strain CCUG 30485 (circles) or strain C1 (squares). Uninfected gnotobiotic IL-1 0=/~ mice
served as negative control (black diamonds). The average numbers of apoptotic (positive for caspase-3, Casp3; a) and proliferating cells (positive
for Ki67; b) from at least six high power fields (HPF, x400 magnification) per animal were determined microscopically in immunohistochemically
stained ileal section at day 6 p.i. (filled symbols) and day 16 p.i. (open symbols). Numbers of analyzed animals are given in parenthesis. Medians (black
bars) and level of significance (p value) determined by Mann-Whitney U test are indicated. Data shown were pooled from three independent
experiments

thereafter to a still elevated level (p < 0.05; Fig. 3a). Fur-
thermore, numbers of small intestinal B220+ B lympho-
cytes increased rather late (i.e. until day 16 p.i.) during
A. butzleri C1 strain, but not CCUG 30485 strain infec-
tion (p < 0.005; Fig. 3c). The influx of macrophages and
monocytes into the small intestinal tract upon A. but-
zleri infection, however, was not enhanced as indicated
by comparable ileal F4/80+ cell numbers in infected and
uninfected mice at either time point (Fig. 3d).

Small intestinal and systemic pro-inflammatory cytokine

secretion in A. butzleri infected gnotobiotic IL-10~/~ mice

We next determined the secretion of pro-inflammatory
cytokines in supernatants of ex vivo biopsies derived
from ileum, mesenteric lymphnodes (MLNs) and spleen.
At day 6, but not day 16 following A. butzleri infection
with either strain, higher TNF and IL-6 levels could be
detected in the small intestine as compared to naive
mice (p < 0.005; Fig. 4a, b). Ileal MCP-1 concentrations
increased upon CCUG 30485 strain infection until day 6
(p < 0.05; Fig. 4c), and were higher at 6 days as compared
to 16 days following C1 strain infection (p < 0.05; Fig. 4c).
Furthermore, IFN-y concentrations were elevated in
small intestines as well as in MLNs as early as 6 days fol-
lowing CCUG 30485 strain infection (p < 0.005; Fig. 4d;

p < 0.005; Fig. 5), but declined back to naive levels until
day 16 p.i. (p < 0.005; Fig. 4d; p < 0.05; Fig. 5a). Strik-
ingly, this held also true for IFN-y levels in spleens that
increased 6 days, but not 16 days following CCUG 30485
strain infection (p < 0.005; Fig. 5b), indicating that A. but-
zleri infection resulted not only in local but also systemic
immune responses in a strain-dependent fashion.

Taken together, despite absence of clinical symptoms
of disease and stable colonization alongside the intesti-
nal tract, peroral A. butzleri infection led to small intes-
tinal apoptosis, induced influx of T and B cells as well
as of Tregs to sites of infection and resulted in intesti-
nal and systemic pro-inflammatory cytokine responses.
Taken together, these findings underline a distinct immu-
nopathogenic potential of A. butzleri in vivo.

Discussion

The pathogenic relevance of Arcobacter infections in
humans is under current debate. Overall, solid epide-
miological data are rather scarce. One of the reasons
might be that species identification by the currently
established routine measures in conventional microbi-
ology laboratories is rather challenging. It is therefore
highly likely that the reported cases—mostly sporadic
outbreaks due to contaminated food or water—are
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Fig. 3 Kinetics of immune cell infiltration in ileal tissue following murine A. butzleri infection. Gnotobiotic IL-10~/~ mice were generated by anti-
biotic treatment and orally infected either with A. butzleri strain CCUG 30485 (circles) or strain C1 (squares). Uninfected gnotobiotic IL-1 0™/~ mice
served as negative control (black diamonds). The average number of cells positive for a CD3 (T lymphocytes). b FOXP3 (regulatory T cells, Tregs). ¢
B220 (B lymphocytes) and d F4/80 (macrophages and monocytes) from at least six high power fields (HPF, x400 magnification) per animal were
determined microscopically in immunohistochemically stained ileal sections derived from mice at day 6 p.i. (filled symbols) and day 16 p.i. (open
symbols). Numbers of analyzed animals are given in parentheses. Medians (black bars) and significance levels as determined by the Mann-Whitney U
test are indicated. Data shown were pooled from three independent experiments

highly under-representing the real prevalence [1]. Even-
though Campylobacter and Arcobacter are taxonomi-
cally related and, furthermore, in the meantime C. jejuni
has established as the most commonly reported bacte-
rial etiological agent of diarrhea in developed countries

outcompeting Salmonella [38], the scientific community
did not undertake ambitious efforts to unravel poten-
cies of Arcobacter in inducing immunopathology in vivo.
Results from the few studies to date, however, are rather
conflicting and highly dependent on the animal species,
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Fig. 4 Kinetics of pro-inflammatory cytokine responses in the ileum following murine A. butzleri infection. Gnotobiotic IL-10~/~ mice were gener-
ated by antibiotic treatment and orally infected either with A. butzleri strain CCUG 30485 (circles) or strain C1 (squares). Uninfected gnotobiotic
IL-10~/~ mice served as negative control (black diamonds). Concentrations (pg per mg ileal tissue) of a TNF, b IL-6, ¢ MCP-1 and d IFN-y were
determined in supernatant of ex vivo ileal biopsies at day 6 p.i. (filled symbols) and day 16 p.i. (open symbols). Numbers of analyzed animals are given
in parentheses. Medians (black bars) and significance levels as determined by the Mann-Whitney U test are indicated. Data shown were pooled from
three independent experiments

the breed and/or on the respective A. butzleri strain
under investigation [1]. To our knowledge, only one
single Arcobacter infection study has been performed
in mice so far demonstrating that following serial intra-
peritoneal passages in mice, the adherent capabilities of
initially low-adherent A. butzleri strains were enhanced
[39]. Previously, our group has established several murine
C. jejuni infection models (reviewed in [40]). To assure

proper pathogenic colonization of the murine gut, the
microbiota needs to be modified to overcome the physio-
logical colonization resistance [30]. Among these models,
gnotobiotic IL-10~/~ mice, in which the intestinal micro-
biota was depleted by broad-spectrum antibiotic treat-
ment, develop acute enterocolitis within 1 week following
oral C. jejuni infection mimicking key features of severe
human campylobacteriosis [31-33]. Given the close
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Fig.5 Kinetic of IFN-y responses in ex vivo biopsies of mesenteric lymphnodes and spleens of A. butzleri infected mice. Gnotobiotic IL-10™/~ mice
were generated by antibiotic treatment and orally infected either with A. butzleri strain CCUG 30485 (circles) or strain C1 (squares). Uninfected
gnotobiotic IL-10~/~ mice served as negative control (black diamonds). Concentrations (pg per mg of total protein) of IFN-y were determined in
supernatant of ex vivo biopsies derived from a mesenteric lymphnodes (MLNs) and b spleens at day 6 p.i. (filled symbols) and day 16 p.i. (open sym-
bols). Numbers of analyzed animals are given in parentheses. Medians (black bars) and significance levels as determined by the Mann-Whitney U test
are indicated. Data shown were pooled from three independent experiments

relationship between Arcobacter and Campylobacter we
applied the gnotobiotic IL-10~/~ mouse model to unravel
the immunopathological impact of two A. butzleri strains
derived from two different hosts (namely human and
chicken) and the respective bacterial-host-interactions
in the present study. Following peroral infection either
A. butzleri strain could stably colonize the intestinal tract
with comparable loads. Whereas the colon harbored the
highest A. butzleri densities, approximately four orders
of magnitude lower bacterial loads were detected in the
ileal lumen. It is of note that mice did not exert any overt
infection induced symptoms such as diarrhea or wast-
ing. This is somewhat surprising, however, given that the
two A. butzleri strains have been shown to exert adhe-
sive and invasive properties in vitro [19]. The absence
of macroscopic signs of disease might also be attribut-
able to a lower pathogenic potential as compared to C.
jejuni. This might indicate that the observed symptoms
induced by A. butzleri in our gnotobiotic IL-10 defi-
cient mice mimic arcobacteriosis in humans, which is
thought to cause milder disease symptoms as compared
to human campylobacteriosis. However, infected mice
developed increased small intestinal caspase-3+ apopto-
sis at day 16 p.i., and hence rather late in comparison to
C. jejuni infection in the same murine model. However,
this is in line with results from in vitro studies showing

that A. butzleri induced apoptosis in intestinal epithelial
cells [41]. Furthermore, in human macrophages A. but-
zleri infection resulted in a distinct pro-inflammatory
response as indicated by highly upregulated expression
levels of TNF, IL-6 and IL-12 (like in our in vivo study),
whereas the anti-inflammatory cytokine IL-10 was mod-
erately upregulated. This is further underlining that the
murine gnotobiotic IL-10~/~ applied here is well suited
to unravel pathogen-host-interactions. Despite subse-
quent activation of caspase-3, -7 and -8, macrophages
survived A. butzleri infection without any signs of DNA
damage pointing towards cellular counter-regulatory
measures [42]. Given that in our study higher ileal apop-
totic as well as Ki67+ proliferating cell numbers could
be observed at day 16 as compared to day 6 following C1
strain infection, absence of macroscopic disease might
have also been due to distinct counter-regulatory meas-
ures despite stable bacterial colonization. Despite the
absence of macroscopic disease symptoms, A. butzleri
induced a prominent influx of pro-inflammatory innate
and adaptive immune cell populations such as T and B
cells as well as Tregs into the small intestinal mucosa
and lamina propria. In another in vivo study, A. butzleri
could be cultured from the small intestines of Cesarean-
derived neonatal piglets [27]. The strain exerted invasive
properties, given that viable bacteria could be isolated
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from extra-intestinal organs including kidney, lung and
brain. Also in our study, the inflammatory responses fol-
lowing peroral A. butzleri infection were not restricted
to the intestinal tract, since IFN-y levels were not only
elevated in ilea and MLNSs, but also in spleens of CCUG
30485 strain infected mice early in the course of disease.
Notably, we were not able to isolate viable pathogens
from extra-intestinal compartments including the spleen
of infected mice by direct plating. Except for reddening
of the ileal mucosa in single piglets, neither gross nor
microscopic signs could be observed in the small intes-
tinal tract of A. butzleri infected neonatal piglets [27]. In
another in vivo study, albino rats presented with self-lim-
iting diarrhea 5 days following peroral A. butzleri infec-
tion that was accompanied with leukocytic infiltrates in
the intestinal lamina propria [43]. These results are well
in line with our data given that increased numbers of
ileal T and B cells, but also of regulatory T cells could be
observed in the course of A. butzleri infection of gnotobi-
otic IL-10~'~ mice.

The rather heterogenous outcome of A. butzleri
infection in vivo might be attributed to a plethora of
distinct contextual factors such as host-related differ-
ences including animal species, age, immune status and
microbiota composition on the host side and bacte-
rial strain-dependent factors [1]. In our study, distinct
strain-dependent differences in pathogen-host-interac-
tion could be observed in infected gnotobiotic IL-10~/~
mice. Given that Arcobacter strains express variable
lipopolysaccharide (LPS) or lipooligosacchardie (LOS)
structures, this might determine whether the respective
strains rather act as commensals or as pathogens in vivo.
Previously, we have demonstrated that C. jejuni infection
is mediated by TLR-4-dependent signalling of bacterial
LOS [30, 31]. Accordingly, we are currently investigating
potential TLR-4-dependent intestinal, extra-intestinal as
well as systemic immunopathological features of arco-
bacteriosis in murine in vivo models.

Conclusion

In conclusion, in perorally infected gnotobiotic IL-10~"~
mice A. butzleri induce small intestinal and systemic pro-
inflammatory immune responses in a strain-dependent
fashion. The immunopathogenic potential of A. butzleri
in vivo indicates that the murine model applied here is
well suited to further unravel the molecular mecha-
nisms underlying pathogen-host-interactions during
acrobacteriosis.

Methods

Ethics statement

All animal experiments were conducted according to the
European Guidelines for animal welfare (2010/63/EU)
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with approval of the commission for animal experiments
headed by the “Landesamt fiir Gesundheit und Soziales”
(LaGeSo, Berlin, registration number G0184/12). Animal
welfare was monitored twice daily by assessment of clini-
cal conditions.

Mice

IL-10~/~ mice (in C57BL/6j background, B6) were bred
and maintained in the facilities of the “Forschungsein-
richtungen fiir Experimentelle Medizin” (FEM, Charité-
Universitaitsmedizin, Berlin, Germany) under specific
pathogen-free (SPF) conditions.

Gnotobiotic IL-10~/~ mice (with a virtually depleted
gastrointestinal microbiota) were generated following
broad-spectrum antibiotic treatment as described ear-
lier [31, 36]. In brief, mice were transferred to sterile
cages and treated by adding ampicillin/sulbactam (1 g/L;
Pfizer, Berlin, Germany), vancomycin (500 mg/L; Hexal,
Holzkirchen, Germany), ciprofloxacin (200 mg/L; Hexal),
imipenem (250 mg/L; Fresenius Kabi, Graz, Austria), and
metronidazole (1 g/L; Braun, Melsungen, Germany) to
the drinking water ad libitum starting at 3 weeks of age
immediately after weaning and continued for 3 months
before the infection experiment [33]. Three days prior
infection, the antibiotic cocktail was replaced by sterile
tap water (ad libitum). Mice were continuously kept in a
sterile environment (autoclaved food and tap water) and
handled under strict antiseptic conditions.

Arcobacter butzleri infection of mice

Gnotobiotic IL-10~'~ mice were perorally infected with
approximately 10° viable CFU of two different Arcobacter
butzleri strains either (CCUG 30485 or C1 strain, respec-
tively) by gavage in a total volume of 0.3 mL phosphate
buffered saline (PBS) on two consecutive days (day 0 and
day 1). Naive age- and sex-matched gnotobiotic IL-10~/~
mice served as uninfected controls.

The A. butzleri reference strain CCUG 30485 was ini-
tially isolated from a fecal sample derived from a diar-
rheal patient [35], whereas the C1 strain was isolated
from fresh chicken meat [19]. Both A. butzleri strains
were grown on Karmali-Agar (Oxoid, Wesel, Germany)
for 2 days at 37 °C under microaerobic conditions using
CampyGen gas packs (Oxoid).

Clinical score

To assess clinical signs of A. butzleri infection on a daily
basis, a standardized cumulative clinical score (maxi-
mum 12 points), addressing the occurrence of blood in
feces (0: no blood; 2: microscopic detection of blood by
the Guajac method using Haemoccult, Beckman Coulter/
PCD, Krefeld, Germany; 4: overt blood visible), diarrhea
(0: formed feces; 2: pasty feces; 4: liquid feces), and the
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clinical aspect (0: normal; 2: ruffled fur, less locomotion;
4: isolation, severely compromised locomotion, pre-final
aspect) was used [31].

Sampling procedures

Mice were sacrificed by isoflurane treatment (Abbott,
Greifswald, Germany) on day 6 or day 16 p.i.. Tissue sam-
ples from MLNSs, spleen, and ileum were removed under
sterile conditions. Absolute small intestinal lengths were
determined by measuring the distances from the transi-
tion of the stomach to the duodenum to the very distal
terminal ileum by a ruler. Ileal ex vivo biopsies from each
mouse were collected in parallel for immunohistochemi-
cal, microbiological, and immunological analyses. Immu-
nohistopathological changes were determined in ileal
samples immediately fixed in 5 % formalin and embed-
ded in paraffin. Sections (5 pm) were stained with H&E
or respective antibodies for in situ immunohistochemis-
try as described earlier [33].

Histopathological grading of small intestinal lesions

To evaluate the severity of small intestinal histopatho-
logical lesions, an established scoring scheme [44] with
minor modifications was applied. In detail, the compo-
sition of the immune cell infiltrates (0: none; 1: mono-
nuclear cells; 2: mononuclear cell dominated, fewer
neutrophils; 3: neutrophil dominated, fewer mononuclear
cells), quantity of the immune cell infiltrates (0: none; 1:
mild; 2: moderate; 3: severe), vertical extent of inflam-
mation (0: none; 1: mucosa; 2: mucosa and submucosa;
3: transmural), and horizontal extent of inflammation (0:
no; 1: focal; 2: multifocal; 3: multifocal-coalescent; 4: dif-
fuse) were assessed. The cumulative histologic scoring
ranged from 0 to 13 for ileal samples.

Immunohistochemistry

In situ immunohistochemical analysis of ileal paraffin
sections was performed as described previously [30, 31,
45-47]. Primary antibodies against cleaved caspase-3
(Aspl75, Cell Signaling, Beverly, MA, USA, 1:200),
Ki67 (TEC3, Dako, Denmark, 1:100), CD3 (#N1580,
Dako, 1:10), FOXP3 (FJK-16 s, eBioscience, San Diego,
CA, USA, 1:100), B220 (eBioscience, 1:200), and F4/80
(# 14-4801, clone BMS, eBioscience, 1:50), were used.
For each animal, the average number of positively
stained cells within at least six high power fields (HPF,
0.287 mm?, 400x magnification) were determined micro-
scopically by a double-blinded investigator.

Quantitative analysis of Arcobacter butzleri

Viable A. butzleri were detected in feces or at time of
necropsy (day 6 or 16 p.i.) in luminal samples taken from
the duodenum, ileum or colon, dissolved in sterile PBS
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and cultured in serial dilutions on Karmali- and Colum-
bia-Agar supplemented with 5 % sheep blood (Oxoid)
in parallel for 2 days at 37 °C under microaerobic condi-
tions using CampyGen gas packs (Oxoid). To quantify
bacterial translocation, MLNs and spleen (~1 cm?) were
homogenized in 1 mL sterile PBS, streaked onto Karmali-
Agar and cultivated accordingly. The respective weights
of fecal or tissue samples were determined by the differ-
ence of the sample weights before and after asservation.
The detection limit of viable pathogens was 2100 colony
forming units (CFU) per g.

Cytokine detection in culture supernatants of ex vivo
biopsies taken from ileum, mesenteric lymphnodes

and spleen

Ileal ex vivo biopsies were cut longitudinally and washed
in PBS. Spleen, MLNs or strips of approximately 1 cm?
ileum were placed in 24-flat-bottom well culture plates
(Nunc, Wiesbaden, Germany) containing 500 pL serum-
free RPMI 1640 medium (Gibco, life technologies, Pais-
ley, UK) supplemented with penicillin (100 U/mL) and
streptomycin (100 pg/mL; PAA Laboratories). After 18 h
at 37 °C, culture supernatants were tested for IFN-vy,
TNE, MCP-1, IL-6 and IL-12p70 by the Mouse Inflam-
mation Cytometric Bead Assay (CBA; BD Biosciences,
San Jose, CA, USA) on a BD FACSCanto II flow cytom-
eter (BD Biosciences). Nitric oxide (NO) was determined
by Griess reaction as described earlier [36].

Statistical analysis

Medians and levels of significance were determined using
Mann—Whitney test (GraphPad Prism v5, La Jolla, CA,
USA). Two-sided probability (P) values <0.05 were con-
sidered significant. Experiments were reproduced twice.

Authors’ contributions

Conceived and designed the experiments: GG, SB, MMH. Performed the
experiments: GG, GK, MEA, MMH. Analyzed the data: GG, MA, AF, AAK, AB,
MMH. Contributed reagents/materials/analysis tolls: AAK, TA, AB, UBG. Wrote
the paper: GG, SB, MMH. All authors read and approved the final manuscript.

Author details

! Department of Microbiology and Hygiene, Charité-University Medicine
Berlin, Berlin, Germany. 2 |nstitute of Food Hygiene, Freie Universitat Berlin,
Kénigsweg 69, 14163 Berlin, Germany. > Department of Medicine | for Gastro-
enterology, Infectious Disease and Rheumatology/Research Center Immuno-
Sciences (RCIS), Charité-University Medicine Berlin, Berlin, Germany. * Institute
of Veterinary Pathology, Freie Universitét Berlin, Berlin, Germany.

Acknowledgements

We thank Michaela Wattrodt, Ursula Ruschendorf, Silvia Schulze, Alexandra
Bittroff-Leben, Ines Puschendorf, Ulrike Hagen, Uwe Lohmann, Gernot Reif-
enberger, and the staff of the animal research facility of the Charité-University
Medicine Berlin for excellent technical assistance, and animal breeding. We are
grateful to Simone Spieckermann for immunohistochemical staining of ileal
sections.

This work was supported by grants from the German Research Foundation
(DFG) to AF, SB and UBG (SFB633, TP A7), AAK (SFB633, TP Z1), MMH (SFB633,
TP B6), and from the German Federal Ministry of Education and Research



Heimesaat et al. Gut Pathog (2015) 7:28

(BMBF) to SB (TP1.1). The funders had no role in study design, data collection
and analysis, decision to publish or preparation of the manuscript.

Competing interests
The authors declare that they have no competing interests.

Received: 20 July 2015 Accepted: 29 September 2015
Published online: 19 October 2015

References

1.

Ferreira S, Queiroz JA, Oleastro M, Domingues FC. Insights in the
pathogenesis and resistance of Arcobacter. A review. Crit Rev Microbiol.
2015;25:1-20. doi:10.3109/1040841X.2014.954523.

ICMSF (International Commission on Microbiological Specifications for
Foods). In: Tompkin RB, editor. Microorganisms in Food 7: Microbiological
testing in food safety management. New York: Kluwer Academic/Plenum
Publishers; 2002. p. 171.

Van den Abeele AM, Vogelaers D, Van Hende J, Houf K. Prevalence of
Arcobacter Species among Humans, Belgium, 2008-2013. Emerg Infect
Dis. 2014;20(10):1746-9.

Vandenberg O, Dediste A, Houf K, Ibekwem S, Souayah H, Cadranel S,

et al. Arcobacter species in humans. Emerg Infect Dis. 2004;10(10):1863-7.
Prouzet-Mauleon V, Labadi L, Bouges N, Menard A, Megraud F. Arco-
bacter butzleri: underestimated enteropathogen. Emerg Infect Dis.
2006;12(2):307-9.

LappiV, Archer JR, Cebelinski E, Leano F, Besser JM, Klos RF, et al. An
outbreak of foodborne illness among attendees of a wedding reception
in Wisconsin likely caused by Arcobacter butzleri. Foodborne Pathog Dis.
2013;10(3):250-5.

Collado L, Figueras MJ. Taxonomy, epidemiology, and clinical relevance of
the genus Arcobacter. Clin Microbiol Rev. 2011;24(1):174-92.

Fong TT, Mansfield LS, Wilson DL, Schwab DJ, Molloy SL, Rose JB. Mas-
sive microbiological groundwater contamination associated with a
waterborne outbreak in Lake Erie, South Bass Island, Ohio. Environ Health
Perspect. 2007;115(6):856-64.

Miller WG, Parker CT, Rubenfield M, Mendz GL, Wosten MM, Ussery DW,
et al. The complete genome sequence and analysis of the epsilonproteo-
bacterium Arcobacter butzleri. PLoS One. 2007;2(12):21358.

Konkel ME, Kim BJ, Rivera-Amill V, Garvis SG. Bacterial secreted proteins
are required for the internalization of Campylobacter jejuni into cultured
mammalian cells. Mol Microbiol. 1999;32(4):691-701.

. Rojas CM, Ham JH, Deng WL, Doyle JJ, Collmer A. HecA, a member of a

class of adhesins produced by diverse pathogenic bacteria, contributes
to the attachment, aggregation, epidermal cell killing, and virulence phe-
notypes of Erwinia chrysanthemi EC16 on Nicotiana clevelandii seedlings.
Proc Natl Acad Sci USA. 2002;99(20):13142-7.

Flanagan RC, Neal-McKinney JM, Dhillon AS, Miller WG, Konkel ME. Exami-
nation of Campylobacter jejuni putative adhesins leads to the identifica-
tion of a new protein, designated FIpA, required for chicken colonization.
Infect Immun. 2009;77(6):2399-407.

Grant KA, Belandia IU, Dekker N, Richardson PT, Park SF. Molecular
characterization of p/dA, the structural gene for a phospholipase A from
Campylobacter coli, and its contribution to cell-associated hemolysis.
Infect Immun. 1997,65(4):1172-80.

Wren BW, Stabler RA, Das SS, Butcher PD, Mangan JA, Clarke JD, et al.
Characterization of a haemolysin from Mycobacterium tuberculosis with
homology to a virulence factor of Serpulina hyodysenteriae. Microbiology.
1998;144(Pt 5):1205-11.

Mey AR, Wyckoff EE, Oglesby AG, Rab E, Taylor RK, Payne SM. Identifica-
tion of the Vibrio cholerae enterobactin receptors VctA and IrgA: IrgA is
not required for virulence. Infect Immun. 2002;70(7):3419-26.

Zhu M, Valdebenito M, Winkelmann G, Hantke K. Functions of the sidero-
phore esterases IroD and IroE in iron-salmochelin utilization. Microbiol-
ogy. 2005;151(Pt 7):2363-72.

Rashid RA, Tarr PI, Moseley SL. Expression of the Escherichia coli IrgA
homolog adhesin is regulated by the ferric uptake regulation protein.
Microb Pathog. 2006;41(6):207-17.

20.

21.

22.

24.

25.

26.

27.

28.

29.

30.

31

32.

33

34.

35.

36.

37.

38.

39.

Page 10 of 11

Ruiz N. Bioinformatics identification of MurJ (MviN) as the pepti-
doglycan lipid Il flippase in Escherichia coli. Proc Natl Acad Sci USA.
2008;105(40):15553-7.

Karadas G, Sharbati S, Hanel I, Messelhausser U, Glocker E, AlterT, et al.
Presence of virulence genes, adhesion and invasion of Arcobacter butzleri.
J Appl Microbiol. 2013;115(2):583-90.

Levican A, Alkeskas A, Glnter C, Forsyth SJ, Figueras MJ. The adherence
and invasion of human intestinal cells by Arcobacter species and their
virulence genotype. Appl Environ Microbiol. 2013;79(16):4951-7.

Golla SC, Murano EA, Johnson LG, Tipton NC, Cureington EA, Savell

JW. Determination of the occurrence of Arcobacter butzleri in beef

and dairy cattle from Texas by various isolation methods. J Food Prot.
2002;65(12):1849-53.

Musmanno RA, Russi M, Lior H, Figura N. In vitro virulence factors of
Arcobacter butzleri strains isolated from superficial water samples. New
Microbiol. 1997;20(1):63-8.

. Carbone M, Maugeri TL, Giannone M, Gugliandolo C, Midiri A, Fera MT.

Adherence of environmental Arcobacter butzleri and Vibrio spp. isolates to
epithelial cells in vitro. Food Microbiol. 2003;20(5):611-6.

Villarruel-Lopez A, Marquez-Gonzalez M, Garay-Martinez LE, Zepeda H,
Castillo A, Mota de la Garza L, et al. Isolation of Arcobacter spp. from retail
meats and cytotoxic effects of isolates against vero cells. J Food Prot.
2003;66(8):1374-8.

Gugliandolo C, Irrera GP, Lentini V, Maugeri TL. Pathogenic Vibrio, Aero-
monas and Arcobacter spp. associated with copepods in the Straits of
Messina (Italy). Mar Pollut Bull. 2008;56(3):600-6.

Wesley IV, Baetz AL. Natural and experimental infections of Arcobacter in
poultry. Poult Sci. 1999;78(4):536-45.

Wesley IV, Baetz AL, Larson DJ. Infection of cesarean-derived colostrum-
deprived 1-day-old piglets with Arcobacter butzleri, Arcobacter cryaerophi-
lus, and Arcobacter skirrowii. Infect Immun. 1996;64(6):2295-9.

Adesiji YO, Seibu E, Emikpe BO, Moriyonu BT, Oloke JK, Coker AO. Serum
biochemistry and heamatological changes associated with graded
doses of experimental Arcobacter infection in rats. West Afr J Med.
2012;31(3):186-91.

Adesiji YO. Faecal shedding of Arcobacter species following experi-
mental infection in rats: Public health implications. Cent Eur J Med.
2010;5(4):470-4.

Bereswill S, Fischer A, Plickert R, Haag LM, Otto B, Kuhl AA, et al. Novel
murine infection models provide deep insights into the “menage a trois”
of Campylobacter jejuni, microbiota and host innate immunity. PLoS One.
2011,6(6):220953.

Haag LM, Fischer A, Otto B, Plickert R, Kuhl AA, Gobel UB, et al. Campylo-
bacter jejuni induces acute enterocolitis in gnotobiotic IL-10~/~ mice via
Toll-like-receptor-2 and -4 signaling. PLoS One. 2012,7(7):e40761.
Heimesaat MM, Alutis M, Grundmann U, Fischer A, Tegtmeyer N, Bohm M,
et al. The role of serine protease HtrA in acute ulcerative enterocolitis and
extra-intestinal immune responses during Campylobacter jejuni infection
of gnotobiotic IL-10 deficient mice. Front Cell Infect Microbiol. 2014;4:77.
Heimesaat MM, Lugert R, Fischer A, Alutis M, Kuhl AA, Zautner AE, et al.
Impact of Campylobacter jejuni cj0268c knockout mutation on intestinal
colonization, translocation, and induction of immunopathology in gno-
tobiotic IL-10 deficient mice. PLoS One. 2014;9(2):e90148.

Lu L, Walker WA. Pathologic and physiologic interactions of bacteria with
the gastrointestinal epithelium. Am J Clin Nutr. 2001;73(6):1124S-30S.
Kiehlbauch JA, Brenner DJ, Nicholson MA, Baker CN, Patton CM, Steiger-
walt AG, et al. Campylobacter-Butzleri Sp-Nov Isolated from Humans and
Animals with Diarrheal lliness. J Clin Microbiol. 1991;29(2):376-85.
Heimesaat MM, Bereswill S, Fischer A, Fuchs D, Struck D, Niebergall J,

et al. Gram-negative bacteria aggravate murine small intestinal Th1-type
immunopathology following oral infection with Toxoplasma gondii. J
Immunol. 2006;177(12):8785-95.

Scholzen T, Gerdes J. The Ki-67 protein: from the known and the
unknown. J Cell Physiol. 2000;182(3):311-22.

Masanta WO, Heimesaat MM, Bereswill S, Tareen AM, Lugert R, Gross

U, et al. Modification of intestinal microbiota and its consequences for
innate immune response in the pathogenesis of campylobacteriosis. Clin
Dev Immunol. 2013;2013:526860.

Fernandez H, Flores S, Villanueva MP, Medina G, Carrizo M. Enhancing
adherence of Arcobacter butzleri after serial intraperitoneal passages in
mice. Rev Argent Microbiol. 2013;45(2):75-9.


http://dx.doi.org/10.3109/1040841X.2014.954523

Heimesaat et al. Gut Pathog (2015) 7:28

40.

41.

42.

43.

44,

45,

Heimesaat MM, Bereswill S. Murine infection models for the investigation
of Campylobacter jejuni-host interactions and pathogenicity. Berl Munch
Tierarztl Wochenschr. 2015;128(3/4):6.

Blicker R, Troeger H, Kleer J, Fromm M, Schulzke JD. Arcobacter butzleri
induces barrier dysfunction in intestinal HT-29/B6 cells. J Infect Dis.
2009;200(5):756-64.

Bruegge JZ, Hanisch C, Einspanier R, Alter T, Golz G, Sharbati S. Arco-
bacter butzleri induces a pro-inflammatory response in THP-1 derived

macrophages and has limited ability for intracellular survival. Int J Med

Microbiol. 2014;304(8):1209-17.

Adesiji YO, Emikpe BO, Olaitan JO. Histopathological changes associated

with experimental infection of Arcobacter butzleri in albino rats. Sierra
Leone J Biomed Res. 2009;1(2):4-9.

Madsen KL, Doyle JS, Jewell LD, Tavernini MM, Fedorak RN. Lactobacillus
species prevents colitis in interleukin 10 gene-deficient mice. Gastroen-

terology. 1999;116(5):1107-14.

Heimesaat MM, Nogai A, Bereswill S, Plickert R, Fischer A, Loddenkemper
C, et al. MyD88/TLR9 mediated immunopathology and gut microbiota

46.

47.

Page 11 of 11

dynamics in a novel murine model of intestinal graft-versus-host disease.

Gut. 2010;59(8):1079-87.
Haag LM, Fischer A, Otto B, Plickert R, Kuhl AA, Gobel UB, et al. Intestinal
microbiota shifts towards elevated commensal Escherichia coli loads
abrogate colonization resistance against Campylobacter jejuni in mice.
PLoS One. 2012;7(5):e35988.

Heimesaat MM, Haag LM, Fischer A, Otto B, Kuhl AA, Gobel UB, et al.
Survey of extra-intestinal immune responses in asymptomatic long-
term Campylobacter jejuni-infected mice. Eur J Microbiol Immunol (Bp).
2013;3(3):174-82.

Submit your next manuscript to BioMed Central
and take full advantage of:

e Convenient online submission

* Thorough peer review

* No space constraints or color figure charges

¢ Immediate publication on acceptance

¢ Inclusion in PubMed, CAS, Scopus and Google Scholar

® Research which is freely available for redistribution

Submit your manuscript at
www.biomedcentral.com/submit

( BioMed Central




	Survey of small intestinal and systemic immune responses following murine Arcobacter butzleri infection
	Abstract 
	Background: 
	Results: 
	Conclusion: 

	Background
	Results
	Abundance of A. butzleri in the intestinal tract following peroral infection of gnotobiotic IL-10−− mice
	Macroscopic and microscopic aspects of small intestinal inflammatory sequelae in A. butzleri infected gnotobiotic IL-10−− mice
	Small intestinal influx of distinct immune cell populations in A. butzleri infected gnotobiotic IL-10−− mice
	Small intestinal and systemic pro-inflammatory cytokine secretion in A. butzleri infected gnotobiotic IL-10−− mice

	Discussion
	Conclusion
	Methods
	Ethics statement
	Mice
	Arcobacter butzleri infection of mice
	Clinical score
	Sampling procedures
	Histopathological grading of small intestinal lesions
	Immunohistochemistry
	Quantitative analysis of Arcobacter butzleri
	Cytokine detection in culture supernatants of ex vivo biopsies taken from ileum, mesenteric lymphnodes and spleen
	Statistical analysis

	Authors’ contributions
	Competing interests
	References




