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Abstract

This study investigated the role of the antimicrobial peptide cathelicidin in Escherichia coli O157:H7 infection and
subsequent renal damage. Mouse and human cathelicidin, CRAMP and LL-37, respectively, killed E. coli O157:H7 in vitro.
Intestines from healthy wild-type (129/SvJ)) and cathelicidin-knock-out (Camp’/’) mice were investigated, showing that
cathelicidin-deficient mice had a thinner colonic mucus layer compared with wild-type mice. Wild-type (n=11) and
cathelicidin-knock-out (n=11) mice were inoculated with E. coli O157:H7. Cathelicidin-deficient animals exhibited higher
fecal counts of E. coli 0157:H7 and bacteria penetrated the mucus forming attaching-and-effacing lesions to a much higher
extent than in wild-type animals. Cathelicidin knock-out mice developed symptoms (9/11) as well as anemia,
thrombocytopenia and extensive renal tubular damage while all cathelicidin-producing mice remained asymptomatic
with normal laboratory findings. When injected with Shiga toxin intraperitoneally, both murine strains developed the same
degree of renal tubular damage and clinical disease indicating that differences in sensitivity to infection between the
murine strains were related to the initial intestinal response. In conclusion, cathelicidin substantially influenced the
antimicrobial barrier in the mouse colon mucosa. Cathelicidin deficiency lead to increased susceptibility to E. coli O157:H7
infection and subsequent renal damage. Administration of cathelicidin or stimulation of endogenous production may prove
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to be novel treatments for E. coli O157:H7-induced hemolytic uremic syndrome.
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Introduction

In humans, infection with enterohemorrhagic Escherichia coli
(EHEC) often causes diarrhea. Many EHEC serotypes have been
isolated but the most prevalent is E. coli O157:H7 [1]. EHEC is
non-invasive and does not cause bacteremia. However, EHEC
adheres intimately to the intestinal mucosa and forms attaching
and effacing lesions [2]. These lesions are characterized by close
contact between the bacteria and epithelial cells and effacement of
intestinal microvilli [3]. The intimate attachment and destruction
of the intestinal epithelium enable secretion of bacterial virulence
factors into the systemic circulation. Amongst them, Shiga toxin
(Stx) is considered to play a pivotal role in the subsequent tissue
damage [4]. The toxin secreted in the intestine circulates bound to
blood cells (neutrophils, monocytes and platelets) before reaching
its target organs [5]. The location of Stx receptors in the kidney
and brain is predictive of the sites of action of Shiga toxin [4]. The
toxin can cause apoptosis or generate an inflammatory response in
the affected cells [6]. The major complication of EHEC infection
is hemolytic uremic syndrome (HUS), which occurs in up to 15%
of patients with EHEC infection. HUS is characterized by non-
immune microangiopathic hemolytic anemia, thrombocytopenia
and acute renal failure and is a major cause of acute kidney injury
in children [7].
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Antimicrobial peptides are distributed throughout the animal
and plant kingdoms suggesting that they have served a
fundamental role in the successful evolution of multi-cellular
organisms protecting them against prokaryotes [8]. Two main
families of antimicrobial peptides in mammals, the defensins and
the cathelicidins, are expressed in immune cells and at epithelial
surfaces. There are several defensins but only one cathelicidin in
humans and mice [8]. The cathelicidin proform is processed to the
mature bioactive peptide, which is called LL-37 in humans [9] and
CRAMP (cathelin-related antimicrobial peptide) in mice [10]. LL-
37 and CRAMP are highly homologous, both are amphipathic, o-
helical peptides, which preferentially bind to negatively charged
groups on the outer leaflet of the bacterial membrane thus
inducing damage. Cathelicidins also inhibit the formation of
bacterial biofilm [11,12] and modulate multiple processes related
to both innate and adaptive immunity [13]. Cathelicidin knock-
out mouse models have confirmed the importance of cathelicidin
in protection of the skin [14] as well as the urinary [15] and
gastrointestinal tracts [16] from bacterial infections.

In the mouse and human colon cathelicidin is expressed in
epithelial cells and macrophages [16,17,18]. It has been suggested
that bacterial pathogens must overcome the mucus-antimicrobial
peptide layer in order to colonize the intestine [19)].

The aim of this study was to investigate the effects of cathelicidin
on F. coli O157:H7 infection. To this end the i wvitro effect of
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cathelicidin on FE. coli O157:H7 survival was assayed. The
intestinal mucosal layer was investigated using cathelicidin wild-
type and deficient mice and these mice were further infected with
E. coli O157:H7 to determine if cathelicidin exerted a protective
effect against infection.

Materials and Methods

Ethics statement

All animal experiments were approved by the Animal Ethics
Committee of Lund University in accordance to guidelines of the
Swedish National Board of Agriculture and the EU directive for
the protection of animals used for scientific purposes.

Bacteria

E. coli O157:H7, both Stx2-producing (86-24) and non-
producing (87-23) strains, were isolated in November 1986 during
the Walla Walla Washington State outbreak of hemorrhagic colitis
and HUS [20], and were kindly provided by A. D. O’Brien
(Uniformed Services University of the Health Sciences, Bethseda,
MD). The strains were previously genotypically and phenotypi-
cally characterized, found to be isogenic, and differed only in the
production of Stx2 [21,22]. Spontancous streptomycin-resistant
derivatives of these strains were isolated as previously described

[23].

Bacterial sensitivity assay

The minimal inhibitory concentrations (MIC) and 50%
bactericidal concentrations (IC50) were determined using E. coli
O157:H7 and the synthetic murine peptide CRAMP consisting of
39 amino acids, as well as the synthetic human peptide LL-37,
consisting of 37 amino acids, both from Innovagen, Lund,
Sweden, by a microtiter plate method (modified according to
The Swedish Reference Group for Antibiotics- subcommittee on
methodology, www.srga.org) as described before [15]. Briefly,
bacteria were grown overnight on LB agar plates and resuspended
in LB broth at a concentration of 10° bacteria/ml. Bacterial
suspensions (90 pl) were grown in the presence of different
concentrations of the peptide (10 pl). The final peptide concen-
trations ranged from 1.25 uM to 20 uM. The solutions were
incubated at 37°C for 30 min and for 16 h. IC5( after 30 min was
analyzed by plating serial dilutions of the bacteria-peptide
solutions on LB plates. The MIC was determined after 16 h as
the lowest concentration yielding no visible bacterial growth.

Mice

129/Sv] wild-type and CRAMP-deficient (Camp™’~) mice,
generated on the same background [14], were kindly provided by
B. Agerberth, Karolinska Institute, Stockholm, Sweden. For the
infection experiments, both male and female mice were used at 8
to 33 weeks of age. Mice used for Stx2 injection experiments were
up to | year old.

Analysis of the thickness and amount of intestinal mucus

Uninfected wild-type and Camp™ /" mice were sacrificed by
cervical dislocation. One-cm-long segments of colon together with
fecal content were carefully collected and dipped in a water-free
Methanol-Carnoy’s fixative (60% dry methanol, 30% chloroform
and 10% acetic acid) [24] and fixed overnight. The tissues were
then washed in methanol before embedding in paraffin, and 4 pm
sections were placed on glass slides. Slides underwent deparaffi-
nization with xylene, rehydration with 99.5% and 95% ethanol.
The slides were then stained according to the standard Periodic
acid-Schiff method and assessed by light microscope. The
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thickness of the inner stratified mucus layer was measured using
a digital camera and AxioVision software (Carl Zeiss). To quantify
the mucus content, an established colorimetric method with Alcian
blue was used with minor modifications [25]. Briefly, immediately
after euthanasia, 1-cm-long segments of colon were collected,
opened, everted, weighed (without fecal content) and soaked for
2 hin a 0.1% solution of Alcian blue dissolved in 0.16 M sucrose
and buffered with 0.05 M sodium acetate, pH 5.8. Afterwards, the
segments were washed twice in a 0.25 M sucrose solution for
15 min to extract uncomplexed dye. Segments were then placed in
a 10 g/L docusate sodium salt solution overnight at room
temperature to extract the absorbed dye from the tissue. The
extracted dye corresponded to intestinal mucus. After centrifuga-
tion at 700 xg for 5 min, 100 pl of the supernatant was transferred
to a 96-well plate (in duplicate) together with a standard curve
from an Alcian blue solution. Optical density was measured at
630 nm and results were expressed as the amount of absorbed dye
per mg of colonic tissue.

Mouse model of E. coli O157:H7-mediated disease

Animal experiments were performed as described before with
modifications [23]. An initial experiment was performed with
intact bacterial flora. In the remaining experiments mice were
treated with streptomycin sulfate (5 g/L) in drinking water for
24 h before inoculation and during the entire experiment to
reduce normal flora and to enable colonization by the streptomy-
cin-resistant strain.

Bacterial strains were grown overnight at 37°C in LB broth
supplemented with 50 pg/ml streptomycin. After centrifugation,
the pellet was washed in sterile PBS and resuspended in a solution
of 20% (w/v) sucrose and 10% (w/v) NaHCOj in sterile water at a
concentration of 10° colony forming units/ml. The bacterial
concentration was confirmed by plating serial dilutions of the
bacterial suspension on LB agar plates.

The mice were fasted for 16 h and then pipette-fed with 100 pl
of prepared bacterial suspension corresponding to 10° CFU/
mouse. Control animals received sucrose/NaHCO3 solution
without bacteria. After bacterial challenge food was reintroduced
and provided ad lbitum. Weight was monitored daily and mice
were monitored three to four times per day. Feces were collected
on days 1, 3, 6, 9, 12, weighed, homogenized, suspended in 1 ml
PBS and, after serial dilutions in PBS, plated on LB agar plates
supplemented with streptomycin (50 pg/ml) to follow bacterial
colonization in feces. The identity of bacterial colonies on plates
was confirmed by the O157LPS latex agglutination test (Oxoid,
Basingstoke, UK). After 14 days or when evident signs of disease
were observed (ruffled fur, hunched posture, decreased activity or
neurological signs), blood was sampled under isoflurane anesthe-
sia. For assay of hemoglobin a drop of blood from the tail tip was
aspirated. For platelet counts, blood smear and creatinine levels a
larger amount of blood (300-900 ul) was collected into a citrated
syringe by heart puncture. The mice were then sacrificed by
cervical dislocation, and kidneys as well as colon segments were
collected for further analysis. In certain experiments tail blood was
sampled before bacterial inoculation for the assay of hemoglobin
and platelet counts.

Hemoglobin levels were analyzed directly from tail tip blood by
a spectrophotometer. Levels were adjusted for body weight change
in individual mice to account for hemoconcentration due to
dehydration. A part of the citrated blood was treated with
paraformaldehyde to a final concentration of 0.5% to eradicate
possible contamination with bacteria and enable transfer of the
sample. This was done for blood smears and platelet-rich plasma.
Platelet-rich plasma was achieved by diluting citrated blood in

October 2012 | Volume 7 | Issue 10 | e46476



PBS (1:3) followed by centrifugation at 180 xg for 60 seconds.
Platelets were counted using a hemocytometer. To obtain platelet-
poor plasma for creatinine measurements, blood was first
centrifuged at 1000xg for 10 minutes and plasma samples were
filtered through 0.2 um pore filters (Whatman, Dessel, Germany)
and stored at —80°C until analyzed. Creatinine levels were
measured using a colorimetric kit (Cayman Chemical, Ann Arbor,
MI) following the manufacturer’s instructions.

Intraperitoneal injection of Stx2

Purified Stx2 (obtained from C Thorpe, Phoenix Lab, Tufts
Medical Center, Boston, MA) was diluted in PBS and injected
intraperitoneally in 129/Sv] and Camp~ '~ mice at a dose 285 pg/
g weight as described before [23]. Mice were then followed for 10
days as described above and sacrificed by cervical dislocation.

Immunofluorescence analysis for O157LPS and F-actin

Sections of one-cm-long segments of the colon including fecal
content were carefully collected and dipped in a water-free
Methanol-Carnoy’s fixative overnight, washed in methanol,
embedded in paraffin, sectioned (4 um) onto positively charged
glass slides, deparaffinized, rehydrated and washed with tap water.
Antigen retrieval was performed by boiling the sections in 10 mM
citrate buffer pH 6.0 for 15 min in a microwave oven. Sections
were blocked using 10% normal rabbit serum in PBS for 1 h at
37°C and incubated with 14 pg/mL polyclonal goat anti-
O157LPS antibody (Fitzgerald Industries, Acton, MA, USA) and
with 5 pg/mL phalloidin TRITC (Sigma-Aldrich, Schnelldorf,
Germany) in PBS for 1 hr at room temperature in a humidity
chamber. Thereafter, after washing in PBS, the slides were
incubated with FITC-conjugated rabbit anti-goat antibody (Dako,
Glostrup, Denmark) 1:600 for 1 h at room temperature. Speci-
ficity of immunolabelling was controlled by using normal goat IgG
instead of primary anti-O157LPS antibody, as well as by analysis
of uninfected animals. Slides were washed in PBS and mounted
with Vectashield DAPI (Vector Laboratories, Burlingame, CA,
USA) mounting medium. Images were acquired with a fluorescent
microscope.

Histological analysis of kidneys

After 14 days from bacterial inoculation or when evident signs
of disease were observed, mice were sacrificed by cervical
dislocation. The kidneys were removed and immediately dipped
into 4% paraformaldehyde solution in PBS for one to three days.
The tissues were then embedded in paraffin, sectioned and 4 um
sections were placed on glass slides. Slides underwent deparaffi-
nization and staining by hematoxylin and eosin.

Statistical analyses

Data are presented as dot plots and medians (for data, which did
not pass the criteria for normal distribution) or means (normally
distributed data). Mann-Whitney U test (not-normally distributed
data) or t-test (normally distributed data) were used to compare
two groups. Morbidity is depicted as a survival curve and analyzed
by log-rank test. For repeated measurements, two-way ANOVA
was used. P values<<0.05 were considered statistically significant.

Results

Cathelicidin kills E. coli O157:H7 in vitro

E. coli O157:H7 strain 8624 was incubated with synthetic
mouse cathelicidin CRAMP and tested for the peptide concen-
tration killing 50% of the bacteria after 30 min (IC5p) and minimal
inhibitory concentration (MIC) after 16 hours. The ICs5, was
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1 uM, corresponding to 4.4 pg/ml CRAMP and the MIC of the
peptide was between 5—10 uM, corresponding to 22—44 pg/ml
CRAMP. Similar results were obtained using synthetic human
cathelicidin LL-37 with IC5, of 1 uM, corresponding to 4.5 pg/ml
LL-37, and a MIC of 5-10 uM, corresponding to 22.5-45 pg/ml
LL-37.

CRAMP-deficient mice have a thinner layer of mucus in
the colon

Cathelicidin has been suggested to stimulate mucin production
in the gut [26]. We therefore analyzed the thickness and amount of
colonic mucus in a healthy uninfected state, in mice with and
without cathelicidin. The inner stratified layer of mucus is more
constant and easier to visualize [24]. The thickness of the inner
stratified mucus was measured in sections stained with PAS and
analyzed by light microscopy (Figure 1A and B). The inner mucus
layer in cathelicidin-deficient mice (N =5) was thinner by 32.7%
as compared with the mucus layer of wild-type animals (N =6,
p<<0.01, Figure 1C). In addition, the total amount of mucus was
measured by Alcian blue binding in colon segments from 4 mice in
each group. The total amount of colonic mucus was lower by
43.8% in CRAMP knock-out mice as compared with the wild-type
animals (p<<0.05, Figure 1D).

CRAMP deficiency facilitates colonization with E. coli
0157:H7

In a preliminary experiment, five CRAMP-producing (129/Sv])
and five CRAMP-deficient mice were inoculated orally with £. coli
O157:H7 10° CFU/mouse without antibiotic treatment. These
mice were not successfully colonized and did not develop any signs
of disease. Therefore, in order to reduce the normal intestinal flora
and thus enable better colonization 129/Sy] (N=11) and Camp~ /"~
(N =11) mice were, in the following three experiments, treated with
streptomycin for 24 hr before challenge with E. coli O157:H7
10® CFU/mouse as previously described [23]. Antibiotic treatment
was maintained throughout the experiments. Viable bacterial
counts were performed in fecal samples. One day after inoculation
the wild-type mice had 4.9x10° CFU E. coli O157:H7/g feces
(mean, SD 1.98x10%). Colonization of cathelicidin-deficient
animals was approximately four-fold higher, 2.1x10'° CFU of E.
coli O157:H7/g feces, (mean, SD 1.27 %100, p<<0.001, Figure 2A).
From the 3rd day of the experiment, the degree of colonization of
CRAMP-deficient animals decreased and reached the levels
observed in wild-type mice (Figure 2B).

E. coli 0157:H7 penetrate the mucus of CRAMP-deficient
mice and form attaching and effacing lesions

In order to analyze the interaction between E. coli O157:H7,
intestinal mucus and intestinal epithelial cells i vivo, segments of
mouse colon prepared in Methanol-Carnoy’s fixative were stained
with fluorescent-labeled antibody against O157LPS as well as
fluorescent-labeled phalloidin, which preferentially binds to F-
actin. Polymerization of actin is one of the processes typical for
attaching and effacing lesions of adherent bacterial pathogens such
as . coli O157:H7 [27]. In CRAMP-producing wild-type mice, £.
coli O157:H7 were only localized in the intestinal content and did
not reach the epithelium (Figure 3A and B), indicating that the
inner stratified mucus layer effectively protected intestinal
epithelial cells from bacterial attachment. The stratified mucus
layer of the CRAMP-deficient animals, on the other hand, was
thinner and non-homogenous, and E. cols O157:H7 were localized
in the inner mucus layer or even in close proximity to the intestinal
epithelial cells (Figure 3C and D) where typical attaching and
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Figure 1. CRAMP-deficient mice have a thinner layer of mucus in the colon. (A and B) Mouse colon tissues from a representative colonic
segment taken from 129/SvJ (A, wild-type) and Campf/ ~ (B) mice, fixed by water-free Methanol-Carnoy’s fixative, stained with PAS and visualized by
light microscopy. Stars indicate thickness of the inner mucus layer. Scale bar indicates 25 pm. (C) The thickness of the inner stratified layer of colonic
mucus in um. The individual values and means are displayed for each group of mice (N=6 and 5, respectively). The inner mucus layer in Camp™/~
mice was thinner by 32.7% (p<<0.01) (D) The total amount of colonic mucus expressed as the amount of Alcian blue bound to mg of colonic tissue.
The individual values and medians are shown (N=4 in each group). The amount of mucus in Camp ™/~ mice was lower by 43.8% compared with the

wild-type animals (p<<0.05).
doi:10.1371/journal.pone.0046476.g001

effacing lesions with F-actin were observed in 5/5 analyzed mice
(Figure 3E). Controls consisted of uninfected mice as well as
intestines from infected mice stained with the control antibody.
These controls did not exhibit bacterial staining (as shown in
Figure 3F for the uninfected control).

CRAMP-deficient mice develop HUS-like disease after

inoculation with E. coli O157:H7

E. coli O157:H7 inoculated CRAMP-producing (129/Sv]) and
CRAMP-deficient mice were followed for 14 days. While the wild-
type animals remained asymptomatic during the entire observa-
tion period, CRAMP-deficient mice started losing weight on day 5
post-inoculation (Figure 4A). From the 7th day after the
inoculation 9/11 knock-out animals developed clinical signs of
disease manifesting as ruffled fur, hunched posture, decreased
activity and lethargy. The majority of Camp~’~ animals became ill
between day 10 and 13 (survival p<<0.001, Figure 4B). Analyses of
the wild-type animals showed normal levels of hemoglobin,
platelet counts and plasma creatinine. In contrast to wild-type
animals, Camp~ '~ mice developed anemia (p<<0.05, Figure 4C)
and thrombocytopenia (p<<0.0001, Figure 4D). Fragmented red
blood cells were not visualized in any of the animals. Unfortu-
nately, sufficient samples for analysis of plasma creatinine were not
available from all mice. The difference in the analyzed samples
(N=6 and N =5, respectively) was not statistically significant
(p>0.5, Figure 4E). However, microscopic analysis of mouse
kidneys revealed in all CRAMP-knock-out mice (including the two
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asymptomatic mice) extensive renal tubular damage with desqua-
mation of tubular epithelial cells and typical apoptotic features
such as chromatin condensation, cell shrinkage and membrane
blebbing (Figure 4F). Minimal tubular damage was observed in the
kidneys from 3/11 of the wild-type animals (Figure 4G). No
glomerular pathology was observed in any of the groups.

As controls four wild-type and three Camp™ '~ mice were treated
with sucrose/NaHCOj3 solution instead of bacteria. The control
mice were naturally not colonized with E. coli O157:H7 and did
not develop any symptoms, laboratory or histopathologic signs of
disease (Figure 4H).

To address the role of Stx for development of symptoms, wild-
type and Camp~ '~ mice were treated with streptomycin and
inoculated with Stx2-producing E. coli O157:H7 (strain 86-24,
N =4 wild-type and N=4 Camp~ '~ mice) and Stx non-producing
(strain 87-23, N =1 and 2, respectively). This control experiment
was included in one of three independent experiments in which
mice infected with the Stx2-producing strain 86-24 were
monitored, as described above. The two bacterial strains colonized
the intestinal mucosa in both mouse strains but only the Stx2-
producing E. coli O157:H7 induced disease in cathelicidin-
deficient mice (4/4). The three mice infected with the Stx2-
negative E. coli O157:H7 strain remained asymptomatic, both
cathelicidin-producing (n=1) and cathelicidin-knock-out (n=2)
animals.

To test the sensitivity of wild-type (N=4) and Camp™ '~ (N=13)
mice for the major E. coli O157:H7 virulence factor Stx, purified
Stx2, was injected intraperitoneally at 285 pg/g weight which was
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Figure 2. CRAMP-deficient mice are more easily colonized with
E. coli O157:H7. (A) Bacterial colonization one day after inoculation
with E. coli O157:H7 expressed as CFU/g feces. Colonization of
cathelicidin-deficient animals was significantly higher, p<<0.001. Data
show individual values and means from three independent experi-
ments, N=11 in each group. (B) Dynamics of bacterial colonization up
to 12 days after inoculation with E. coli O157:H7 expressed as CFU/g
feces. From the 3rd day of the experiment, the degree of colonization of
CRAMP-deficient animals decreased and reached the levels observed in
wild-type mice. Data show means and SD from three independent
experiments, N=11 mice in each group.
doi:10.1371/journal.pone.0046476.9002

earlier shown to be highly toxic for C57BL/6 mice [23]. In both
wild-type and Camp™ /™ mice intraperitoneal Stx2 injection led to
the development of clinical disease in only one mouse in each
group (1/4 and 1/3, both on day 3 after injection). The rest of the
mice remained asymptomatic and without significant differences
in weight. Laboratory analysis showed significantly decreased
hemoglobin after injection with Stx2 in both groups of animals
(p<<0.001, comparison of levels before and after injection in all
mice), but no clear differences between the two groups of mice or
between the mice with symptoms and the asymptomatic mice.
After intraperitoneal injection of Stx2, increased levels of
creatinine in plasma (mean 1.9 mg/dl, SD 0.9) and normal
platelet counts were measured. Plasma creatinine and platelet
counts did not differ between the wild-type and Camp~ /" mice
with a reservation due to the limited number of mice. Histopath-
ological analyses of the kidneys revealed renal tubular damage
similar to that visualized in mice inoculated with E. coli O157:H7
in both groups of animals regardless of symptoms and without any
distinct differences between the groups.

Discussion

In this study we show that the antimicrobial peptide cathelicidin
significantly influences both the mechanical and the antimicrobial
barrier in the gut. Deficiency of cathelicidin leads to high
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Figure 3. E. coli O157:H7 penetrate the mucus of CRAMP-
deficient mice and form attaching and effacing lesions. (A-D)
(A and C) PAS-stained and (B and D) corresponding immunofluores-
cence sections from mouse colon of wild-type (A and B) and CRAMP-
deficient mice (C and D) inoculated with E. coli 0157:H7. (B) In CRAMP-
producing wild-type mice, E. coli O157:H7 (green) was localized in the
intestinal content and did not penetrate the inner stratified mucus layer
(arrow). (€) In CRAMP-deficient mice the inner mucus layer was thinner
and less homogenous and (D) E. coli 0157:H7 could be seen within the
inner mucus layer and or even in close proximity to the intestinal
epithelial cells (arrow). Green indicates O157LPS (antibody), red F-actin
(phalloidin) and blue cell nuclei (DAPI). The scale bar indicates 50 um (E
and F) Immunofluorescence staining of colonic segments from a
CRAMP-deficient mouse infected with E. coli 0157:H7 (E) and from a
CRAMP-deficient non-infected mouse (F). In CRAMP-deficient mice,
attaching and effacing lesions (arrow) were observed with bacteria
adhered to intestinal epithelial cells (green) and actin polymerization
(red). Green indicates O157LPS (antibody), red F-actin (phalloidin) and
blue cell nuclei (DAPI). The scale bar indicates 25 um.
doi:10.1371/journal.pone.0046476.g003

susceptibility to pathogenic F. coli O157:H7 with development of
life-threatening disease.

Every human being carries an abundance of bacteria on
different epithelial surfaces, mainly in the gut [28]. Intestinal
bacteria play important functions especially in metabolism and
immunity [29] but can also become pathogens causing disease.
Effective and delicate protective mechanisms are therefore needed.
The mucosal surfaces are protected from invading microorganisms
by biological, mechanical and chemical barriers.

The buwlogical barrier consists of normal flora, i.e. commensal
bacteria which modulate the innate immunity and inhibit the
growth of other microorganisms. Multicellular organisms and
normal flora have evolved together for thousands of years and
influence each other by different mechanisms. For example,
commensal bacteria produce short fatty acids, which can easily
diffuse through the mucus layer and serve as an important source
of energy for colonocytes [30]. Moreover, short fatty acids
stimulate epithelial cells in the colon and affect their differentiation
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Figure 4. CRAMP-deficient mice develop symptomatic disease after inoculation with £. col/i 0157:H7. (A) Relative weight of wild-type
and CRAMP-deficient (Camp™~) animals after inoculation with E. coli 0157:H7. Weight is expressed in relation to weight at the beginning of the
experiment (before fasting) which was set to be 100%. Data show means and SD from three independent experiments, with a total of N=11 mice in
each group. (B) Morbidity of wild-type and Camp ™~ mice depicted as a survival curve. Data represent a summary of three independent experiments
and 11 mice in each group. Of the knock-out animals (9/11, 82%) gradually developed clinical signs of disease while all wild-type animals remained
asymptomatic (p<<0.001). (C) Hemoglobin (g/l) and (D) platelet counts (/ul) 14 days after E. coli O157:H7 inoculation or when evident signs of disease
were observed. Means and individual values are presented (N=11 in each group, three independent experiments, p<<0.05 and p<0.0001,
respectively). (E) Plasma creatinine (mg/dl) from the same mice as in (C) and (D) (p>>0.05). (F) Renal cortex from a representative Camp ™~ mouse.
Desquamation of tubular epithelial cells with typical apoptotic features such as chromatin condensation, cell shrinkage and membrane blebbing
(arrows). (G) Renal cortex from a representative infected wild-type mouse showing normal histology. (H) Normal renal cortex from a representative
Camp™~ mouse treated with sterile sucrose/NaHCO; solution instead of bacteria. Sections are stained with hematoxylin and eosin. The scale bar
indicates 50 um.

doi:10.1371/journal.pone.0046476.9004
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and production of antimicrobial peptides [31]. Specific cocktails of
antimicrobial peptides create an environment that is hostile to
certain microorganisms. Mucins produced by goblet cells in the
colon, on the other hand, may serve as receptors for bacterial
adhesins [32] and give signals that welcome bacteria to stay at the
epithelial surface [33].

Our experiments confirmed the paramount importance of the
biological barrier for the protection against the pathogenic E. coli
O157:H7. To establish a successtul colonization with this
microorganism we first needed to reduce normal flora by
antibiotic treatment. Pathogenic bacteria were otherwise not able
to colonize the gastrointestinal tract and animals remained
healthy.

The mechanical barrier in the colon is formed by a layer of mucus,
which is continuous, relatively thick (at least 150 pm in the mouse)
and consists of an inner stratified firm layer and an outer loose
layer [24]. The importance of mucus has been neglected for a long
time due to technical reasons. The classical ways of fixing and
preserving biopsy or necropsy specimens involve the use of cross-
linking fixatives such as formaldehyde or paraformaldehyde. Such
fixatives cause the mucus layer to collapse into a very thin film and
bacteria in such preparations seem to be in close proximity with
epithelial cells. Careful use of denaturating water-free fixatives, on
the other hand, revealed that gut bacteria are separated from the
epithelial cell barrier by a thick and continuous layer of mucus,
free from bacteria [34]. Our experiments confirmed not only the
presence but also the importance of the thickness and quality of
mucus for the protection against the adhering pathogen E. coli
O157:H7. The antimicrobial peptide cathelicidin stimulates
production of mucins [26,35]. Therefore, not surprisingly,
cathelicidin-deficient mice had a thinner and non-homogenous
mucus layer compared with cathelicidin-producing animals. As a
result, pathogenic F. coli bacteria were able to penetrate the
mucus, attach to the epithelial cells and form attaching and
effacing lesions as visualized by immunofluorescence.

The third line of protection is chemical protection. Epithelial cells in
the gastrointestinal tract produce a number of antimicrobial
proteins and peptides such as o- and B-defensins, lysozyme,
secretory phospholipase A2, elafin, bactericidal/permeability-
increasing protein and cathelicidin [36] making the environment
in close proximity to epithelial cells hostile to certain bacteria. It
has been suggested that secreted antimicrobial peptides are
retained by the intestinal mucus and thereby provide a combined
physical and chemical (antimicrobial) barrier against invading
pathogens [37]. Animal models have confirmed the relevance of
defensins in gastrointestinal mucosal defence. Mice lacking
matrilysin (MMP7), the protease that processes pro o-defensin
into active compounds, have impaired ability to eliminate non-
pathogenic E. coli and Salmonella typhimurium [38]. In addition, mice
that express human defensin 5 have increased resistance to the
latter bacterium [39].

In our experiments, we focused on the antimicrobial peptide
cathelicidin. Cathelicidin is expressed within the epithelial cells
and macrophages of normal human and mouse colon [16,17,18]
and it was shown to significantly participate in mucosal defense
against the adhesive mouse pathogen Citrobacter rodentium [16] as
well as against dextran sulfate sodium-induced colitis with
increased non-specific bacterial invasion into the mouse mucosa
as a model of ulcerative colitis [18]. Using our established animal
model of E. coli O157:H7 infection [23] we have shown, in the
current study, the importance of cathelicidin in mucosal protection
against this important human pathogen. In contrast to our
previous experiments on C57BL/6 mice [23] the mouse strain
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129/Sv] appears to be more resistant to E. coli O157:H7 infection.
This may be explained by increased resistance to Stx observed by
others [40]. Deficiency in cathelicidin, however, led to a
significantly increased bacterial colonization, increased invasion
of intestinal mucus and formation of attaching and effacing lesions
typical for E. coli O157:H7 colitis. Moreover, while cathelicidin-
producing mice remained completely asymptomatic during 14
days after inoculation with the pathogenic bacteria, 80% of
cathelicidin-deficient mice became symptomatic. Systemic symp-
toms and signs seemed to develop as a consequence of Stx release
since only Stx2-positive F. coli O157:H7 were able to induce
disease. The distribution of the Stx receptor Gb3 in mice is
different than in humans [6] explaining differences between the
human and murine disease. Intraperitoneal injection with purified
Stx2 did not have a different effect on the cathelicidin-producing
and deficient animals confirming that the level of cathelicidin
protection is located predominantly in the intestinal mucosa.

In our study, we focused on infection with E. coli O157:H7
because of its clinical relevance. In up to 15% of cases, E. coli
O157:H7 infection leads to hemolytic uremic syndrome, a
potentially life-threatening and debilitating disease, which is
considered to be the most common cause of acute renal failure
in small children in the western world. There is no specific
treatment for this disease. The use of antibiotics during the
diarrheal phase of infection may increase toxin release and the
occurrence of complications and is therefore not recommended
[41]. Novel strategies are being designed to prevent or treat E. coli
O157:H7-mediated disease, including Stx-component vaccines,
toxin neutralizers, small molecules that block the toxic effects of
Stx [42,43] and monoclonal antibodies blocking the terminal
complement cascade [44]. The narrow therapeutic window,
however, makes treatment trials challenging. Our results bring a
new possibility for the prevention or treatment of the disease.
Administration of cathelicidin or stimulation of endogenous
production of the peptide may prove to be a new treatment
strategy. There are already several possibilities to stimulate
cathelcidin. In different settings, vitamin D, zinc, butyrate and
phenylbutyrate have been described as strong inducers of peptide
production [45,46,47,48,49,50].

In conclusion, we described for the first time the relevance of
cathelicidin production in the colon for the protection against the
important human pathogen FE. coli O157:H7. Our experiments
elucidated the mechanism of this protective effect of the peptide by
influencing the mechanical and antimicrobial barrier in the
intestinal mucosa. Our results may lead to a better understanding
of mucosal immunity in the gut as well as to development of new
treatment strategies for E. coli O157:H7-mediated diseases.
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