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Abstract
Enteropathogenic Escherichia coli (EPEC) represents a major causative agent of infant

diarrhea associated with significant morbidity and mortality in developing countries.

Although studied extensively in vitro, the investigation of the host-pathogen interaction in
vivo has been hampered by the lack of a suitable small animal model. Using RT-PCR and

global transcriptome analysis, high throughput 16S rDNA sequencing as well as immunoflu-

orescence and electron microscopy, we characterize the EPEC-host interaction following

oral challenge of newborn mice. Spontaneous colonization of the small intestine and colon

of neonate mice that lasted until weaning was observed. Intimate attachment to the epithe-

lial plasma membrane and microcolony formation were visualized only in the presence of a

functional bundle forming pili (BFP) and type III secretion system (T3SS). Similarly, a T3SS-

dependent EPEC-induced innate immune response, mediated viaMyD88, TLR5 and TLR9

led to the induction of a distinct set of genes in infected intestinal epithelial cells. Infection-

induced alterations of the microbiota composition remained restricted to the postnatal

period. Although EPEC colonized the adult intestine in the absence of a competing micro-

biota, no microcolonies were observed at the small intestinal epithelium. Here, we introduce

the first suitable mouse infection model and describe an age-dependent, virulence factor-

dependent attachment of EPEC to enterocytes in vivo.
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Author Summary

Enteropathogenic Escherichia coli (EPEC) is an important causative agent of infant diar-
rhea associated with significant morbidity and mortality particularly in the developing
world. Current knowledge on EPEC pathogenesis has mainly emanated from in vitro stud-
ies as research is limited by the absence of a suitable small animal infection model. Here,
we use neonate mice and present a new infection model that mimics the hallmark of the
EPEC–host cell interaction in humans. We observe microcolonies of EPEC closely
attached to the epithelial surface in the infected small intestine dependent on the presence
of two well-established bacterial virulence factors, namely the type III secretion system
and bundle forming pili. Studying the mucosal host response, we demonstrate enhanced
epithelial expression of a distinct set of genes as well as an alteration of the intestinal
microbiota composition. In contrast, EPEC fails to induce similar changes in adult animals
illustrating the age-dependent susceptibility to EPEC infection. In the future, the new
model could help to better understand the underlying mechanisms of EPEC infection and
lead to the development of new therapeutic strategies to improve the outcome of infection
in children.

Introduction
Gastrointestinal infections remain a major cause of morbidity and mortality in the pediatric
population worldwide. Among them, infections with enteropathogenic Escherichia coli (EPEC)
have been recognized to exhibit a great pathogen-attributable risk of death in infants aged 0–11
months [1]. Insight into the interaction between EPEC and the host has mostly been derived
from in vitro studies using immortalized cell lines. These studies demonstrated that type IV
bundle forming pili (BFP) mediate the initial contact between EPEC and the host epithelial cell
and are responsible for the typical localized adherence pattern observed at the epithelial surface
[2–4]. The bacterium-cell interaction is further strengthened by the translocation of the trans-
located intimin receptor (Tir) via the type III secretion system (T3SS), resulting in the forma-
tion of typical attaching and effacing (A/E) lesions [5]. Additional effector molecules
translocated by the T3SS were shown to induce massive cytoskeletal reorganization, manipu-
late host cell signaling and induce epithelial apoptosis [6–9].

In the past, the lack of a suitable small animal model has prevented a detailed analysis of the
host-microbial interactions during infection in vivo [10]. EPEC infections have already been
examined in larger animals such as rabbits, pigs or calves [9,11]. These models, however, are
not amenable to genetic modifications and germ-free animals are not widely available. In addi-
tion, Citrobacter rodentium, a natural mouse enteropathogen, is used as a model organism for
EPEC infection. However, although C. rodentium shares many features with EPEC, their tissue
tropism, histopathology and clinical symptoms after infection differ. Therefore in vivo epithe-
lial host responses to EPEC, protective antimicrobial host factors as well as the influence of the
enteric microbiota and the consequences of EPEC infection on host-microbial homeostasis
have all remained ill-defined.

Here we present the establishment of a new oral model of EPEC infection using neonate
mice. Oral administration induced effective intestinal colonization. Bacterial attachment to the
epithelial apical surface in vivo was associated with the generation of A/E lesion-like focal
microcolonies dependent on the presence of functional BFP and T3SS. Transcriptome and
RT-PCR analysis of wildtype and gene-deficient animals illustrated the epithelial response to
EPEC infection and identified the innate immune receptors involved. High throughput 16S
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rDNA sequencing revealed infection-induced alterations of the developing microbiota. Finally,
microcolony formation was shown to be restricted to the neonatal period despite efficient colo-
nization of adult animals in the absence of a competitive enteric microbiota. Thus, we present a
new oral EPEC infection model and demonstrate the age-restricted development of typical fea-
tures associated with EPEC infection.

Results

Efficient colonization of the neonate intestinal tract by EPEC
Initially, 0.5 to 1x105 CFU EPEC (strain E2348/69) were orally administered to mice at differ-
ent ages and bacterial colonization was monitored at 4 days post infection (p.i.). Animals
infected during their first week of life exhibited efficient intestinal colonization with high bacte-
rial numbers recovered from small intestinal and colon tissue. Significantly lower numbers of
colonizing bacteria were noted in the small and large intestine of animals infected after the age
of 10 and 13 days, respectively (Fig 1A and 1B). Oral infection of adult animals even with high
bacterial number (0.5 to 1x108 CFU) did not lead to detectable colonization (Fig 1A and 1B).

Fig 1. Intestinal colonization following oral administration. (A-B)Neonate and adult mice were orally infected with WT
EPEC. Small intestine (A) and colon (B) tissues were collected 4 days p.i., homogenized and plated on LB agar plates
supplemented with the appropriate antibiotic (n = 12-23/time point from at least 2 litters, median). (C-D) 1-day-old mice
were orally infected with WT EPEC. Small intestine (C) and colon (D) tissues were collected at defined time points p.i.,
homogenized and plated on LB agar plates supplemented with the appropriate antibiotic (n = 9-16/time point from at least 3
litters; median). ANOVA with Dunnett’s post-test. **, p<0.01; ***, p<0.001.

doi:10.1371/journal.ppat.1005616.g001
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Subsequently, we analyzed the duration of the colonization following oral administration to
1-day-old neonates. Efficient colonization was noted during the first 12 days following bacterial
challenge (Fig 1C and 1D). Colonization along the length of the small intestine took place pri-
marily in the distal part (S1A Fig). A significant reduction in bacterial colonization was first
observed at day 16 p.i. and day 20 p.i. in the small intestine and colon, respectively. Despite the
high intestinal burden, no bacterial spread to systemic organs occurred (S1B and S1C Fig).
Also, no measurable increase in intestinal permeability, clinical signs of disease, such as diar-
rhea, weight loss or mortality were observed in wild type mice (S1D, S1E and S1F Fig). These
results demonstrate that EPEC efficiently colonizes the intestinal tract of mice during the first
two weeks of life but fails to persist in the intestine of adult animals.

Generation of epithelium-associated EPECmicrocolonies
Next, we visualized the interaction of EPEC with the small intestinal epithelium. Immunostain-
ing and scanning electron microscopy (SEM) revealed the formation of typical bacterial micro-
colonies composed of densely packed bacteria attached to the epithelial surface (Fig 2Ai–2Aiii).
Transmission electron microscopy (TEM) illustrated the tight contact between the bacterial
surface and the apical plasma membrane of the epithelium (Fig 2Aiv and 2Av). The tight
attachment of EPEC to the epithelial plasma membrane was further illustrated by the crescent-
shaped staining pattern observed on attached bacteria by fluorescence immunostaining for
bacterial lipopolysaccharide (Fig 2Avii). Of note, microcolonies were preferentially localized at
uncharacterized epithelial asperities or folds of the epithelial surface (Fig 2Avi and 2Avii). This
might explain the difficulties to visualize microcolonies by electron microscopy. Microcolonies
were observed as early as 4 days p.i., and their number peaked at 8 days p.i. Fewer microcolo-
nies were observed at later time points and were absent from tissue sections obtained at 20
days p.i. (Fig 2B). No EPEC microcolonies could be observed in colonic tissue (S2A Fig).

To investigate the involvement of the two major EPEC pathogenicity factors BFP and T3SS
during intestinal colonization and microcolony formation, mutants deficient in the biogenesis
of BFP (ΔbfpA), T3SS (ΔescV) or both (Δbfp,A ΔescV) and two commensal E. coli strains were
analyzed (S2B Fig). EPEC bfpA and escV single mutants as well as the bfpA/escV double
mutant and the two commensal E. coli strains readily colonized the neonate small intestine and
colon (Fig 2C and S2C Fig). Some variation in the colonization efficacy was noted. In particu-
lar, the EPEC escV/bfpA double mutant and both commensal E. coli strains exhibited a some-
what reduced colonization efficacy. In contrast, EPEC bfpA and escV single mutants displayed
a colonization efficacy similar to WT EPEC. In a direct comparative analysis, however, WT
EPEC bacteria outcompeted both, bfpA or escV, mutants when administered simultaneously at
a 1:1 ratio to neonates (Fig 2D and S2D Fig). Importantly, bfpA and escV EPEC mutants
completely failed to generate microcolonies at the small intestinal epithelial surface at 8 days p.
i. (Fig 2E and 2F). Thus, BFP and the T3SS are critical determinants of microcolony formation
but only marginally contribute to colonization of the neonate intestine.

EPEC-mediated innate immune stimulation of the intestinal epithelium
Subsequently, we analyzed the epithelial transcriptional response to EPEC exposure. Global
transcriptome analysis using total mRNA prepared from isolated primary intestinal epithelial
cells (IEC) revealed a defined set of genes that were upregulated after infection (Fig 3A).
Remarkably, transcriptional stimulation of these genes was completely absent following infec-
tion with the T3SS-deficient (ΔescV) mutant indicating the requirement of an intact T3SS for
epithelial stimulation. Genes induced after EPEC infection were mostly involved in metabolic,
cellular and regulatory processes as well as responses to exogenous stimulation (Fig 3B).
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Fig 2. T3SS- and BFP-dependent generation of epithelial microcolonies in vivo. (A) Immunostaining and electron microscopy of small intestinal
tissue sections collected 8 days p.i. frommice orally infected on the day of birth with WT EPEC. (Ai;vi-vii) 2d representation of microcolonies attached
to the small intestinal epithelium. (Aii) enlarged 3d representation of the insert marked in (Ai) (EPEC, red; E-cadherin, white; wheat germ agglutinin
(mucus), green; DAPI, blue, bar = 5μm). (Aiii) SEM of EPEC forming a microcolony (bar = 1 μm). (Aiv-v) TEM of EPEC attached to the epithelial
plasmamembrane (bar = 0.5 μm). (B) Number of microcolonies per small intestinal tissue section at defined time points p.i. (n = 9 from 3 mice per time
point, mean ± SD). (C) 1-day-old mice were orally exposed to WT EPEC, escV or bfpA single mutants, a escV/bfpA double mutant or two commensal
E. coli strains (#1, a murine commensal E. coli isolate; #2, E. coli Nissle). Small intestinal tissues were collected 4 days p.i., homogenized and plated
on LB agar plates supplemented with streptomycin (WT), kanamycin (escV, bfpA, escV/bfpAmutants) or ampicillin (commensal E. coli strains)
(n = 7–13 from at least 2 litters; median). (D) 1-day-old mice were orally co-infected with WT EPEC and either escV or bfpAmutants at a 1:1 ratio (total:

EPEC Infection Model in Neonate Mice

PLOS Pathogens | DOI:10.1371/journal.ppat.1005616 May 9, 2016 5 / 19



Quantitative RT-PCR for the acute phase reactant serum amyloid A3 (saa3) and the carboxy-
peptidase N (cpn2) confirmed the EPEC-induced epithelial cell response and additionally
revealed the strong influence of BFP expression for epithelial stimulation (Fig 3C and 3D).
These results suggest a functional link between microcolony formation and the induction of
epithelial gene expression.

Next, we examined the expression of the antibacterial c-type lectin RegIIIγ, one of the most
highly (65-fold) upregulated genes 8 days p.i., in more detail. Whereas EPEC-induced epithelial
expression of RegIIIγ was completely abolished in the absence of a functional T3SS, a signifi-
cant, albeit reduced, epithelial innate immune stimulation was observed following infection
with BFP-deficient (ΔbfpA) EPEC (Fig 4A). This finding was corroborated by immunostain-
ing. RegIIIγ positive goblet cells were only observed in the distal part of the small intestine of
animals infected with WT EPEC and EPEC bfpAmutants (Fig 4B). Of note, basal epithelial
RegIIIγ expression increases with age after birth [12]. Direct comparison with age-matched
control animals, however, demonstrated a significantly enhanced epithelial RegIIIγ expression
following challenge (Fig 4C). To characterize the upstream signaling events of the EPEC-medi-
ated innate immune stimulation, WT mice were compared with animals deficient in innate
immune receptors known to mediate epithelial innate immune recognition. A significant
reduction in epithelial RegIIIγ expression was noted in the absence of MyD88, Tlr5 or Tlr9
(Fig 4D). In addition, impaired innate host responses enhanced the susceptibility to EPEC
infection, demonstrating the critical role played by these molecules in the mucosal response to
EPEC infection (S1F Fig).

EPEC-induced alteration of the developing enteric microbiota
In addition, we carefully analyzed the composition of the enteric microbiota in the small intes-
tine and colon of infected and non-infected animals 8 and 20 days p.i. by 16S rDNA sequenc-
ing. At 8 days p.i., at the height of the infection, EPEC (OTU 4425571) accounted for 2.6% or
7.1% of the total bacteria present in the small intestine or colon, respectively. At 20 days p.i.,
when the infection was being resolved, EPEC could not be detected anymore in either the small
intestine or the colon (Figs 1C, 1D and 5A). PCA plot analysis revealed a significant influence
of EPEC on the intestinal bacterial community at 8 days p.i. In fact, the microbiota in the small
intestine and colon differed between infected (red squares) and non-infected control (blue
squares) animals at day 8 p.i. (p-value = 0.0181 for small intestine and 0.0147 for colon [PC2])
but was superimposable in both organs after recovery at day 20 p.i. (green triangles versus
orange triangles) (p-value = 0.2006 for small intestine and 0.3341 for colon [PC2]) (Fig 5B). A
highly significant age-dependent difference in the microbiota composition was noted, with a
decrease in Proteobacteria and a concomitant rise of bacteria of the obligate anaerobic phylum
Bacteroidetes between 9- and 21-day-old animals. This is consistent with major changes in
nutrients (breast milk vs solid food), the local luminal milieu and the establishment of an
increasingly diverse enteric microbiota. The overall phylum composition between the infected
samples and their uninfected age-matched controls was, however, remarkably similar for both
the small intestine and the colon (Fig 5C). Significant differences in the bacterial composition
between infected and control animals were detected at 8 days p.i. and these differences were

1–2×105 CFU). Total small intestinal tissues were collected 8 days p.i., homogenized and plated on different LB agar plates supplemented with the
appropriate antibiotic to discriminateWT EPEC from escV or bfpAmutants (n = 15–24 from at least 2 litters; data are represented in box and whisker
plot format). (E) Immunostaining of small intestinal tissue sections collected 8 days p.i. frommice orally infected at birth with escV (i) or bfpAmutants
(ii) (EPEC, red; E-cadherin, white; wheat germ agglutinin (mucus), green; DAPI, blue; bar = 5μm). (F) Number of microcolonies observed per small
intestinal tissue section in animals infected with WT EPEC or with escV or bfpAmutants at 8 days p.i. (n = 9 from 3 mice per time point, mean ± SD).
ANOVA with Dunnett’s post-test (C and F). ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001.

doi:10.1371/journal.ppat.1005616.g002
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Fig 3. Characterization of the epithelial response to EPEC infection in vivo. (A) Heat map showing the intestinal epithelial gene
expression in small intestinal tissue of uninfected mice (uninf.) as well as at day 8 p.i. with WT EPEC or escVmutant (n = 4–6 from at least 2
litters). A selection of the most significantly up-regulated genes followingWT EPEC infection are shown (p-value = 0.02; q-value = 0.22). (B)
Clusters of orthologous group (COG) analysis of the genes shown in (A). (C-D) 1-day-old mice were orally infected with WT EPEC, escV
mutant, bfpAmutant, escV/bfpA double mutant EPEC, a murine commensal E. coli strain or left untreated. IEC were isolated from the small
intestinal tissue at 8 days p.i. and the expression levels of (C) saa3 and (D) cpn2were determined by quantitative RT-PCR and normalized to
the values obtained for the housekeeping gene hprt (n = 4–16 from at least 2 litters; median). Kruskal-Wallis ANOVA with Dunn’s multiple
comparison post-test (C-D). ns, p>0.05; **, p<0.01; ***, p<0.001.

doi:10.1371/journal.ppat.1005616.g003
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Fig 4. Analysis of bacterial and host factors required for the EPEC-induced epithelial response. (A) 1-day-
old mice were orally infected with WT EPEC, escVmutant, bfpAmutant, escV/bfpA double mutant EPEC, a murine
commensal E. coli strain or left untreated. IEC were isolated 8 days p.i. and the expression level of RegIIIγ was
determined and normalized to the values obtained for hprt (n = 4–16 from at least 2 litters; median). (B)
Immunostaining for RegIIIγ in the distal part of the small intestine of 9-day-old untreated control animals (i) or mice
infected at birth with WT (ii), escVmutant (iii), or bfpAmutant EPEC (iv) at 8 days p.i. (RegIIIγ, red; E-cadherin,
white; DAPI, blue; bar = 50 μm). (C) Time kinetic of the epithelial RegIIIγ expression in infected neonates and age-
matched controls. 1-day-old mice were orally infected with WT EPEC (black bars) or left untreated (white bars). IEC
were isolated at 5, 9, 13, 17 and 21 days after birth and the expression of RegIIIγ was measured and normalized to
hprt (n = 7–17 from at least 2 litters; geometric mean ± 95% confidence interval). (D) 1-day-old C57BL/6 WT,
MyD88-/-, TRIF-/-, Tlr4-/-, Tlr5-/- and Tlr9-/- mice were orally infected with WT EPEC (black bars) or left untreated
(white bars) and the epithelial RegIIIγ expression was measured and normalized to hprt (n = 11–27 from at least 2
litters; geometric mean ± 95% confidence interval). Kruskal-Wallis ANOVA with Dunn’s multiple comparison post-
test (A and C-D). ns, p>0.05; *, p<0.05; **, p<0.01; ***, p<0.001.

doi:10.1371/journal.ppat.1005616.g004
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also observed after removal of the EPEC-related sequences from the analysis. Also, bacterial
groups expanded concomitantly with the decrease in EPEC colonization but were absent in
uninfected animals (S1 Table).

Microbiota-dependent colonization but age-dependent microcolony
formation and innate immune stimulation
The critical role of the emerging enteric microbiota in restricting EPEC colonization was dem-
onstrated using germ-free (GF) mice. Conventional and GF mice were infected at day 1 after
birth. Whereas the colonization in conventionally housed mice dropped significantly 20 days
p.i., EPEC colonization in germ-free mice remained high with numbers similar to younger ani-
mals (Fig 6A). Additionally, we investigated the role of the enteric microbiota during infection
of adult animals. As previously shown, conventionally raised adult mice were resistant to EPEC
colonization/infection (Figs 1A, 1B and 6B). However, EPEC was recovered from the feces of
infected gnotobiotic mice or of conventionally raised mice treated with antibiotics (Fig 6B).

Fig 5. EPEC infection temporally alters the composition of the enteric microbiota. Bacterial DNA was extracted from the small intestine and colon of
newborn mice infected with WT EPEC at 8 and 20 days p.i. or untreated age-matched control animals and analyzed by 16S rDNA sequencing. (A) Relative
abundance of the OTU 4425571 (Enterobacteriaceae, representing EPEC in red) in infected and uninfected animals. (B) PC1/PC2 plot illustrating the
similarity of the microbiota within the different groups in the small intestine (left) and in the colon (right) (d8 uninfected, blue squares; d8 EPEC-infected, red
squares; d20 uninfected, green triangles; d20 EPEC-infected, orange triangles). (C) Phylum level composition of the 8 different groups. Proteobacteria are
represented in different shades of red, Bacteroides in different shades of yellow, Firmicutes in different shades of green and Tenericutes in blue.

doi:10.1371/journal.ppat.1005616.g005
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Fig 6. The influence of the enteric microbiota and intestinal development on colonization andmicrocolony formation.
(A) 1-day-old conventional (conv.) and germ-free (GF) mice were orally infected with WT EPEC. Small intestinal and colon
tissues were collected 20 days p.i., homogenized and plated on LB agar plates supplemented with the appropriate antibiotic
(n = 6–12 from 1 litter for GF mice and 5 litters for conventional mice; median). (B) Conventional adult mice treated with
streptomycin in drinking water (red dotted line) or left untreated (black line) as well as untreated adult germ-free mice (blue
dotted line) were infected with WT EPEC. Streptomycin treatment was stopped 8 days p.i. (red arrow). Feces were collected at
the indicated time point p.i., homogenized and plated on LB agar plates supplemented with the appropriate antibiotic (n = 3–33;
median ± interquartile range). (C) Immunostaining of small intestinal tissue sections collected 8 days p.i. from adult
streptomycin-treated (i) and germ-free mice (ii) orally infected with WT EPEC (EPEC, red; E-cadherin, white; wheat germ
agglutinin (mucus), green; DAPI, blue; bar = 5μm). (D) Number of microcolonies observed per small intestinal tissue section of
1-day-old and non-treated, streptomycin-treated and GF adult animals infected with WT EPEC 8 days p.i. (n = 9 from 3 mice
per time point, mean ± SD). (E) IEC were isolated from the small intestines of adult streptomycin-treated, WT EPEC or escV
mutant-infected animals at 8 days p.i. and the expression level of RegIIIγ was measured and normalized to the values obtained
for hprt (n = 5–10; median). Student’s t-test (A) and Kruskal-Wallis ANOVA with Dunn’s multiple comparison post-test (E). ns,
p>0.05; ***, p<0.001.

doi:10.1371/journal.ppat.1005616.g006
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EPEC colonization required continuous antibiotic administration since a sharp decrease in
EPEC colonization was observed upon termination of antibiotic treatment (Fig 6B). Impor-
tantly, despite shedding high numbers of EPEC at 8 days p.i., no microcolony formation was
observed in the gut of adult GF and streptomycin-treated mice (Fig 6C and 6D). In contrast,
neonate GF mice similar to conventionally raised newborn animals, displayed EPEC microco-
lonies 8 days p.i. (S3 Fig). Also, epithelial RegIIIγ expression remained low upon infection of
GF and streptomycin-treated adult animals (Fig 6E). Together, these results illustrate the role
of the enteric microbiota in colonization resistance. The generation of microcolonies, hallmark
of the EPEC-host cell interaction, was however age-dependent but microbiota-independent.

Discussion
Here we present the first small animal model amenable to genetic modifications to investigate
EPEC infection in vivo. EPEC was originally described to cause outbreaks of diarrhea in pediat-
ric wards in industrialized countries but nowadays remains a major health concern in develop-
ing countries, particularly for small children and HIV-infected infants [1,13–15]. Although
general principles of EPEC pathogenesis have been unraveled using in vitro and large animal
models, the emerging picture is still incomplete.

Oral infection of neonate mice led to the histological hallmark of EPEC infection in humans:
an A/E lesion-like localized adherence pattern on the surface of the small intestinal epithelium.
Two previously defined important virulence factors, BFP and T3SS, were critical for microcol-
ony formation as well as mucosal innate immune stimulation. Infection of neonate mice, how-
ever, was not accompanied by clinical symptoms such as watery diarrhea observed in humans.
The reason is currently not clear but might result from differences in the physiology and ability
to develop diarrhea between mice and men or from the degree of the infection and the infec-
tion-induced inflammatory tissue response. Nevertheless, we believe that the T3SS and BFP-
dependent generation of A/E lesion-like microcolonies and the epithelial stimulation as charac-
teristic features of EPEC infection make this model a useful tool to investigate the underlying
mechanisms of EPEC infection and for testing novel therapeutic strategies in the future.

Intestinal colonization also occurred in the absence of BFP or of a functional T3SS. Simi-
larly, orally administered commensal E. coli strains were able to colonize the neonate gastroin-
testinal tract. Thus, the ability to colonize the neonatal intestine did not represent a virulence
trait of EPEC but rather reflected the low colonization resistance in the murine neonate intes-
tine also observed in other species [16,17]. Most likely, epithelium-attached bacteria accounted
for only a minor fraction of the total number of intestinal EPEC bacteria. The presence of a
subpopulation of virulent, disease-promoting bacteria has been confirmed during experimental
Citrobacter rodentium and Salmonella infection [18,19]. Also in our model, competition exper-
iments identified the enhanced colonization capacity of fully virulent T3SS and BFP-positive
EPEC bacteria. The ability to firmly adhere to the intestinal epithelial surface might help to
avoid shedding by continuous mucus secretion and intestinal peristalsis and allow enhanced
proliferation [20]. Future studies need to further address bacterial virulence gene expression in
respect to microcolony formation and enhanced colonization.

Similar to the situation in the neonate mouse intestine, EPEC was able to colonize germ-free
adult mice or adult animals pretreated with antibiotics [21]. Colonization resistance thus pro-
tects adult animals from EPEC colonization. Differences in the enteric microbiota might thus
explain reports describing EPEC colonization of the adult intestine [22]. Importantly, consis-
tent with previous reports, infection of germ-free or pretreated adult mice failed to induce epi-
thelial stimulation, intimate epithelial attachment and the generation of A/E lesion-like
microcolonies [21,23,24]. Thus, the ability to colonize the intestine represents a prerequisite
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for infection but is not sufficient to generate the characteristic structural and functional fea-
tures, microcolony formation and innate immune stimulation. These features seem to be
restricted to the neonatal small intestine.

Many aspects of the innate and adaptive immune system such as the antimicrobial peptide
repertoire, mucus secretion, epithelial-turn over, immune cell maturation as well as metabolic
and anatomical features differ between the neonate and adult intestine and may account for
the differential susceptibility to infection. Age-dependent susceptibility was also observed for
other age-related enteric pathogens such as E. coli, Salmonella or rotavirus but the underlying
mechanisms for this observation have not been fully elucidated [25–28]. Currently, the factor
responsible for the age-dependent ability of EPEC to form microcolonies and stimulate the epi-
thelium is unknown. A better understanding might, however, improve the clinical manage-
ment of children suffering from infection with enteropathogenic microorganisms.

EPEC infection resulted in a significant upregulation of a distinct set of genes in the intesti-
nal epithelium. Antimicrobial effectors, apolipoproteins and metabolic molecules accounted
for the majority of these genes, thereby illustrating the antimicrobial and adaptive changes of
the epithelium to the infectious challenge. The induced antimicrobial host response might con-
tribute to the somewhat altered morphology of adhering EPEC bacteria illustrated by TEM.
Upregulation of genes occurred in a T3SS-dependent manner, since the response was abolished
in the absence of the essential inner membrane protein of the T3SS apparatus EscV. BFP-defi-
cient EPEC mutants exhibited a strongly reduced stimulatory potential but still allowed for
RegIIIγ upregulation. BFP-negative bacteria have a functional T3SS and are able to intimately
attach to the intestinal epithelium but exhibit a lower binding efficacy and fail to form microco-
lonies [29,30]. The reduced host response induced by BFP-negative EPEC may explain the fre-
quent isolation of so-called atypical EPEC strains that lack expression of BFP and constitute an
emerging form of EPEC in humans [31–33].

Notably, our results confirm goblet cells as a major source of RegIIIγ in neonate mice,
whereas enterocytes and Paneth cells were shown to be the main producers of RegIIIγ in adult
animals [12,34]. Interestingly, effector gene expression was found distant to the site of micro-
colony formation, suggesting that horizontal epithelial communication via direct epithelial-
epithelial cell interaction or via the secretion of soluble mediators occurred [35]. Consistent
with previous reports, enhanced RegIIIγmRNA expression required the TLR signaling adapter
molecule MyD88 [36]. RegIIIγ expression was induced during the postnatal period, in parallel
to the establishment of the enteric microbiota [12]. Our data additionally identify the upstream
TLRs involved in EPEC-induced RegIIIγ expression in vivo, namely TLR5 and TLR9. However,
since the comparative analyses were not performed using littermates, an influence of differ-
ences in the microbiota composition between the mouse strains used cannot be excluded.
Intestinal epithelial cells express TLR5 and TLR9 and recognition of the flagellated EPEC by
Tlr5 in vitro has already been described in the literature [37,38]. Also TLR9 was shown to pro-
tect from mucosal damage but its role during intestinal bacterial challenge has not been investi-
gated [39]. Interestingly, both TLR5 and TLR9 have been proposed to exhibit a polarized
expression and EPEC was shown to manipulate the localization of TLR5 in epithelial cells sug-
gesting that it might manipulate the pro-inflammatory epithelial response [37–39]. Further in
vivo analyses will be required to identify host and microbial factors contributing to EPEC
pathogenesis.

Our results identified major changes in the microbiota composition of uninfected mice
between 9 and 21 days after birth that could be responsible for the rise in colonization resis-
tance observed during this period. For example, the small intestinal pathobionts, segmented fil-
amentous bacteria [SFB (Candidatus arthromitus)] were only observed in samples from older
mice, in accordance with previous reports [40]. Consistent with the ability of EPEC to colonize
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streptomycin-pretreated mice, SFB have been shown to be highly susceptible to streptomycin
treatment [41]. Moreover SFB were less abundant in infected mice and colonization with SFB
was shown to inhibit intestinal colonization by rabbit-specific EPEC in the rabbit model [42].

Other significant alterations of the microbiota composition were observed after EPEC infec-
tion. Infections associated with tissue destruction, immune stimulation or metabolic changes
significantly influence nutritional and antimicrobial aspects of the enteric milieu and micro-
biota alterations might contribute to the pathogenesis of diarrheal disease [43,44]. Finally,
infection-induced microbiota alterations might ultimately restrict pathogen colonization [45].
Together our findings highlight the potential influence of the enteric microbiota in EPEC colo-
nization resistance, disease progression and pathogen elimination. Further investigations are,
however, required to demonstrate causal relationships and elucidate the potential therapeutic
value.

In conclusion, we present a new small animal model amenable to genetic modifications to
investigate EPEC infection. We confirm the critical role of bacterial virulence factors, charac-
terize the antimicrobial host response and identify the innate immune receptors stimulated by
EPEC in vivo. Finally, we demonstrate the infection-induced transient alteration of the neonate
enteric microbiota and reveal a critical role for age-dependent, but not microbiota-dependent
factors during EPEC infection. Therefore, this model might help to unravel the mechanisms
involved in the EPEC-host cell interaction and facilitate a much-needed improvement in the
clinical management of infected children worldwide [46].

Materials and Methods

Mice
Mice were bred locally and held under specific pathogen-free or germ-free conditions at the
Hannover Medical School animal facility. C57Bl/6N mice were purchased from Charles River
laboratories, TLR4-/- (B6.B10ScN-Tlr4lps-del/JthJ), TLR5-/- (B6.129S1-Tlr5tm1Flv/J), TRIF-/-

(C57BL/6J-Ticam1Lps2/J) and MyD88-/- (B6.129P2(SJL)-Myd88tm1.1Defr/J) mice were obtained
from Jackson laboratories. TLR9-/- (B6.129P2-Tlr9tm1Aki) mice were kindly provided by M.
Brinkmann (Helmholz Center for Infection Biology, Braunschweig, Germany).

Ethics statement
All animal experiments were performed in compliance with the German animal protection law
(TierSchG) and were approved by the local animal welfare committee (approval 13/1256 of the
Niedersachsische Landesamt für Verbraucherschutz und Lebensmittelsicherheit Oldenburg,
Germany).

Bacteria
WT EPEC E2348/69 (StreptomycinR), ΔescV EPEC (escV::miniTn10kan; StreptomycinR, Kana-
mycinR), ΔbfpA EPEC (bfpA::TnphoA; KanamycinR), ΔescV/bfpA EPEC (KanamycinR, Chlor-
amphenicolR), E. coli Nissle 1917 and a murine small intestinal E. coli isolate were grown in
Luria Broth supplemented with the appropriate antibiotics [47–49]. Both commensal E. coli
strains were transformed with a GFP expression plasmid (pGFP, AmpicillinR) to confer ampi-
cillin resistance [27].

Infection model
1-day-old mice were defined as animals born maximum 24 hours before the infection and pre-
senting a milk spot indicating previous breast-feeding by the dam. 1-, 4-, 7-, 10-, 13- or 17-day-
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old mice were orally infected with approximately 0.5–1×105 CFU bacteria in PBS (1μl). 5- to
8-week-old adult mice were gavaged with approximately 0.5–1×108 bacteria in PBS (100μl).
Streptomycin-treated adult mice were given orally 20μg streptomycin (SIGMA) in PBS (50μl)
24 hours before receiving EPEC and had access ad libitum to drinking water containing strep-
tomycin (5g/L) for the first 8 days of the experiment. For competition experiments, bacteria
were mixed in a 1:1 ratio and 1-day-old mice were co-infected with 0.5–1×105 bacteria of each
strain in PBS (2μl). 4, 8, 12, 16 or 20 days p.i., the small intestine, colon, spleen, liver and/or
mesenteric lymph nodes were collected in PBS, homogenized, diluted and plated on LB agar
plates containing the appropriate antibiotic.

Scanning electron microscopy
Small intestines of WT EPEC infected neonates were collected 8 days p.i., longitudinally
opened, flushed and fixed for 1 hour at room temperature in 200mMHEPES, pH 7.35 contain-
ing 4% formaldehyde and 0.1% glutaraldehyde. Samples were then dehydrated using increasing
acetone series. Critical point drying was performed using a CPD030 critical point dryer (Bal-
zers, Lichtenstein) following manufacturer instructions. SEM was performed using a Quanta-
SEM (FEI) in high vacuum mode.

Transmission electron microscopy
For the ultrastructural analysis, the distal end of small intestines of WT EPEC infected neo-
nates were dissected 8 days p.i. and fixed with 1% glutaraldehyde in 0.2M HEPES buffer, pH7.4
overnight. For embedding, the intestine was cut into 3mm long segments and these were cut
open longitudinally. Samples were post-fixed with 1% osmium tetroxide and contrasted with
2% uranyl acetate, both for 1 hour. Dehydration was performed with a graded ethanol series
(70-80-90-95-100%), followed by progressive infiltration with epoxy resin and polymerization
overnight at 60°C. 70nm thin transverse sections were prepared using an ultramicrotome
(Ultracut EM UCT-Leica Microsystems) and a diamond knife (Diatome), and contrasted with
0.2% lead citrate for 15s. Samples were analyzed with JEM1400 transmission electron micro-
scope (JEOL). Images were recorded with TemCam-F216 (Tvips).

Immunofluorescence staining
Paraffin-embedded small intestinal and colonic tissue sections were stained using a rabbit anti-
OK127 anti-serum (Statens Serum Institute) to visualize EPEC or a rabbit anti-RegIIIγ anti-
serum (gift from Lora Hooper, Southwestern Medical Center, Texas, USA) and a mouse anti-E
cadherin (BD Biosciences) antibody and fluorescein-labelled wheat germ agglutinin (Vector
labs). Secondary antibodies used in this study were purchased from Dianova. Slides were then
mounted in DAPI-mounting medium (Vectashield) and pictures were taken with an ApoTome
microscope connected to a digital camera (Zeiss). Microcolony quantification was done by
assessing the number of “clusters of at least 5 EPEC bacteria attached to the small intestinal epi-
thelium” (microcolonies) per tissue section of the full organ. 3 non-consecutive sections from 3
animals were analyzed by experimental condition.

Primary cell isolation and gene expression analysis
IEC were isolated from the small intestine as previously described [28]. Total RNA was isolated
using TRIZOL (Invitrogen) and cDNA synthesized using RevertAid (Fermentas). Quantitative
real-time PCR were performed using Taqman gene expression assays (Life Technologies): hprt
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(Mm00446968_m1), regIIIγ (Mm01181783_g1), saa3 (Mm00441203_m1) and cpn2
(Mm01169716_m1).

Microarray analysis was performed usingWhole Mouse Genome Oligo Microarray v2 (4x44k)
(Agilent Technologies) following the SC_AgilentV5.7 protocol provided by the manufacturer. The
heat map was generated using Qlucore Omics explorer (p-value = 0.02; q-value = 0.21). Cluster of
orthologous groups’ analysis was performed using PANTHER (http://www.pantherdb.org/).
Expression array data are available through GEO Series accession number GSE71685.

Microbiota analysis
Litters of 1-day-old mice were orally infected with WT EPEC or left untreated. 8 or 20 days p.i.,
full small intestine and full colon were collected, pooled (6 animals per sample for 9-day-old; 3
animals for 21-day-old) and snap frozen in liquid nitrogen. Bacterial DNA was extracted and
analyzed by 16S rDNA sequencing.

In vivo intestinal permeability assay
Mice left untreated or orally infected at birth with EPEC were orally fed 1μg of FITC dextran
(MW 3000–5000—SIGMA) 8 days p.i. 4 hours later, their blood was withdrawn and the fluo-
rescence intensity in their serum measured using a fluorometer (Victor).

In vitro EPEC infection of intestinal epithelial cells
Small intestinal epithelial m-ICcl2 cells were cultured as previously described [50]. WT EPEC
and ΔescVmutant carrying a green fluorescent protein (GFP) expression plasmid were used
for in vitro infection experiments. Cells were grown on 8 chamber slides (Lab-Tek) for 6 days
and were then left untreated or infected with WT EPEC or escVmutant at a MOI of 1 for 3
hours. Slides were then fixed with 4% PFA and stained using the CytoPainter F-actin staining
kit (Abcam). Slides were then mounted in DAPI-mounting medium (Vectashield) and pictures
were taken with an ApoTome microscope connected to a digital camera (Zeiss).

List of accession numbers/ID numbers (NCBI database)
Escherichia coli 0127:H6 E2348/69 complete genome, Accession: FM180568.1

Escherichia coliO127a:H6 bfpA gene for bundlin-2a, complete cds, strain: E2348/69, Acces-
sion: AB247923.1

Mus musculus toll-like receptor 4 (Tlr4), mRNA, Accession: BC029856.1
Mus musculus toll-like receptor 5 (Tlr5), mRNA, Accession: NM_016928.3
Mus musculus toll-like receptor 9 (Tlr9), mRNA, Accession: NM_031178.2
Mus musculus IL-1 receptor related protein MyD88 mRNA, Accession: U84409.1
Mus musculus mRNA for Trif, mRNA, Accession: AB025010.1
Mus musculus regenerating islet-derived 3 gamma (Reg3g), mRNA, Accession:

NM_011260.1

Supporting Information
S1 Fig. Clinical consequences of EPEC infection. (A) 1-day-old mice were orally infected
with WT EPEC. The small intestine was collected at 8 days p.i. and divided into 3 equal parts.
Each part was homogenized and plated on LB agar plates supplemented with the appropriate
antibiotic (n = 10 from 2 different litters; mean ± SD). (B-C) 1-day-old mice were orally
infected with WT EPEC. Spleen (Sp.), liver (Li.) (B) and mesenteric lymph nodes (MLN) (C)
were collected at 8 days p.i., homogenized and plated on LB agar plates supplemented with the
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appropriate antibiotic (n = 8 from 2 different litters; the median is indicated). (D) 1-day-old
mice were orally infected with WT EPEC (filled circles) or left uninfected (empty circles). The
animals were fed 1μg of 4kDa FITC-dextran 8 days p.i. and the concentration of FITC-dextran
in serum was measured (n = 8 from 2 different litters; the median is indicated). (E) 1-day-old
mice were orally infected with WT EPEC (filled circles) or left uninfected (empty circles) and
their body weight was recorded on a daily basis (n = 18 from 2 different litters; mean ± SD). (F)
1-day-old C57BL/6 WT (black) and MyD88-/- (red) mice were orally infected with WT EPEC
(solid lines) or escVmutant (dotted lines) bacteria and monitored daily (n = 8–20 from at least
2 different litters; Kaplan-Meier survival curve). Student’s t-test (D) and Log-rank Mantel-Cox
test (F). ns, p>0.05; ���, p<0.001.
(TIF)

S2 Fig. Characterization of the different EPEC strains used in this study. (A) Immunostain-
ing of colonic tissue sections collected 8 days p.i. from mice orally infected at birth with WT
EPEC (EPEC, red; E-cadherin, white; wheat germ agglutinin (mucus), green; DAPI, blue;
bar = 10μm). (B)mICcl2 cells grown for 6 days on 8 chamber slides were left untreated (i) or
infected with WT EPEC (ii) or escVmutant (iii) at a MOI of 1 for 3 hours. (GFP-EPEC, green;
F-actin, red; DAPI, blue; bar = 20μm). (C) 1-day-old mice were orally infected with WT EPEC,
escV or bfpA EPEC single mutants, escV/bfpA EPEC double mutant or two commensal E. coli
strains (#1: commensal mouse isolate; #2 E. coli Nissle). Colon tissues were collected 4 days p.i.,
homogenized and plated on LB agar plates supplemented with streptomycin (WT), kanamycin
(escV, bfpA, escV/bfpAmutants) or ampicillin (commensal E. coli strains) (n = 7–13 from at
least 2 litters; median). (D) 1-day-old mice were orally co-infected with WT EPEC and either
escV or bfpAmutants at a 1:1 ratio (total: 1–2×105 CFU). Colon tissues were collected 8 days p.
i., homogenized and plated on different LB agar plates supplemented with the appropriate anti-
biotic to discriminate WT EPEC from escV or bfpAmutants (n = 15–24 from at least 2 litters;
box and whisker plot format). ANOVA with Dunnett’s post-test (C). ns, p>0.05; ���, p<0.001.
(TIF)

S3 Fig. Microbiota-independent generation of EPEC microcolonies in neonates. (A) Immu-
nostaining of small intestinal tissue sections collected 8 days p.i. from GF mice orally infected
on the day of birth with WT EPEC (EPEC, red; E-cadherin, white; wheat germ agglutinin
(mucus), green; DAPI, blue, bar = 5μm). (B) Number of microcolonies per small intestinal tis-
sue section at day 8 p.i. (n = 12 from 3 mice, mean ± SD).
(TIF)

S1 Table. OTUs significantly altered between infected and non-infected animals. Bacterial
DNA was extracted from the small intestine and the colon of newborn mice infected with WT
EPEC or left untreated at 8 and 20 days p.i. and analyzed by 16S rDNA sequencing. The table
lists all OTUs that were significantly altered upon infection.
(XLSX)

Acknowledgments
We thank Thorben Albers, Regina Holland, Josephine Weber-Heynemann and Anna Smoczek
for excellent technical support, Oliver Dittrich-Breiholz for technical advice, R. Gebauer for
help with SEM, Melanie Brinkmann for the TLR9-/- mice and Gareth Griffiths for critical read-
ing of the manuscript. Microarray data were generated by the Research Core Unit Transcrip-
tomics of Hannover Medical School. Urska Repnik is grateful to Gareth Griffiths for discussion
and acknowledges the support of the EM facility headed by Norbert Roos at the Department of
Biosciences, University of Oslo.

EPEC Infection Model in Neonate Mice

PLOS Pathogens | DOI:10.1371/journal.ppat.1005616 May 9, 2016 16 / 19

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005616.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005616.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.ppat.1005616.s004


Author Contributions
Conceived and designed the experiments: AD YL MF IR MWH. Performed the experiments:
AD FS KZ URMBMK. Analyzed the data: AD FS URMK FB MWH. Contributed reagents/
materials/analysis tools: AB. Wrote the paper: AD IR MWH.

References
1. Kotloff KL, Nataro JP, Blackwelder WC, Nasrin D, Farag TH, et al. (2013) Burden and aetiology of diar-

rhoeal disease in infants and young children in developing countries (the Global Enteric Multicenter
Study, GEMS): a prospective, case-control study. Lancet 382: 209–222. doi: 10.1016/S0140-6736(13)
60844-2 PMID: 23680352

2. Cleary J, Lai LC, Shaw RK, Straatman-Iwanowska A, Donnenberg MS, et al. (2004) Enteropathogenic
Escherichia coli (EPEC) adhesion to intestinal epithelial cells: role of bundle-forming pili (BFP), EspA fil-
aments and intimin. Microbiology 150: 527–538. PMID: 14993302

3. Giron JA, Ho AS, Schoolnik GK (1991) An inducible bundle-forming pilus of enteropathogenic Escheri-
chia coli. Science 254: 710–713. PMID: 1683004

4. Zahavi EE, Lieberman JA, Donnenberg MS, Nitzan M, Baruch K, et al. (2011) Bundle-forming pilus
retraction enhances enteropathogenic Escherichia coli infectivity. Mol Biol Cell 22: 2436–2447. doi: 10.
1091/mbc.E11-01-0001 PMID: 21613538

5. Kenny B, DeVinney R, Stein M, Reinscheid DJ, Frey EA, et al. (1997) Enteropathogenic E. coli (EPEC)
transfers its receptor for intimate adherence into mammalian cells. Cell 91: 511–520. PMID: 9390560

6. Nougayrede JP, Donnenberg MS (2004) Enteropathogenic Escherichia coli EspF is targeted to mito-
chondria and is required to initiate the mitochondrial death pathway. Cell Microbiol 6: 1097–1111.
PMID: 15469437

7. McNamara BP, Koutsouris A, O'Connell CB, Nougayrede JP, Donnenberg MS, et al. (2001) Translo-
cated EspF protein from enteropathogenic Escherichia coli disrupts host intestinal barrier function. J
Clin Invest 107: 621–629. PMID: 11238563

8. Baruch K, Gur-Arie L, Nadler C, Koby S, Yerushalmi G, et al. (2011) Metalloprotease type III effectors
that specifically cleave JNK and NF-kappaB. EMBO J 30: 221–231. doi: 10.1038/emboj.2010.297
PMID: 21113130

9. Lai Y, Rosenshine I, Leong JM, Frankel G (2013) Intimate host attachment: enteropathogenic and
enterohaemorrhagic Escherichia coli. Cell Microbiol 15: 1796–1808. doi: 10.1111/cmi.12179 PMID:
23927593

10. Donnenberg MS, Finlay BB (2013) Combating enteropathogenic Escherichia coli (EPEC) infections:
the way forward. Trends Microbiol 21: 317–319. doi: 10.1016/j.tim.2013.05.003 PMID: 23815982

11. Law RJ, Gur-Arie L, Rosenshine I, Finlay BB (2013) In vitro and in vivo model systems for studying
enteropathogenic Escherichia coli infections. Cold Spring Harb Perspect Med 3: a009977. doi: 10.
1101/cshperspect.a009977 PMID: 23457294

12. Matsumoto S, Konishi H, Maeda R, Kiryu-Seo S, Kiyama H (2012) Expression analysis of the regener-
ating gene (Reg) family members Reg-IIIbeta and Reg-IIIgamma in the mouse during development. J
Comp Neurol 520: 479–494. doi: 10.1002/cne.22705 PMID: 21681751

13. Pavlinac PB, John-Stewart GC, Naulikha JM, Onchiri FM, Denno DM, et al. (2014) High-risk enteric
pathogens associated with HIV infection and HIV exposure in Kenyan children with acute diarrhoea.
AIDS 28: 2287–2296. doi: 10.1097/QAD.0000000000000396 PMID: 25028987

14. Ochoa TJ, Contreras CA (2011) Enteropathogenic escherichia coli infection in children. Curr Opin
Infect Dis 24: 478–483. doi: 10.1097/QCO.0b013e32834a8b8b PMID: 21857511

15. Bray J (1945) Isolation of antigenically homogeneous strains of Bact. coli neapolitanum from summer
diarrhoea of infants. J Pathol Bacteriol 57: 239–247.

16. Kelleher SL, Casas I, Carbajal N, Lonnerdal B (2002) Supplementation of infant formula with the probi-
otic lactobacillus reuteri and zinc: impact on enteric infection and nutrition in infant rhesus monkeys. J
Pediatr Gastroenterol Nutr 35: 162–168. PMID: 12187291

17. Helie P, Morin M, Jacques M, Fairbrother JM (1991) Experimental infection of newborn pigs with an
attaching and effacing Escherichia coli O45:K"E65" strain. Infect Immun 59: 814–821. PMID: 1997432

18. Kamada N, Sakamoto K, Seo SU, Zeng MY, Kim YG, et al. (2015) Humoral Immunity in the Gut Selec-
tively Targets Phenotypically Virulent Attaching-and-Effacing Bacteria for Intraluminal Elimination. Cell
Host Microbe 17: 617–627. doi: 10.1016/j.chom.2015.04.001 PMID: 25936799

EPEC Infection Model in Neonate Mice

PLOS Pathogens | DOI:10.1371/journal.ppat.1005616 May 9, 2016 17 / 19

http://dx.doi.org/10.1016/S0140-6736(13)60844-2
http://dx.doi.org/10.1016/S0140-6736(13)60844-2
http://www.ncbi.nlm.nih.gov/pubmed/23680352
http://www.ncbi.nlm.nih.gov/pubmed/14993302
http://www.ncbi.nlm.nih.gov/pubmed/1683004
http://dx.doi.org/10.1091/mbc.E11-01-0001
http://dx.doi.org/10.1091/mbc.E11-01-0001
http://www.ncbi.nlm.nih.gov/pubmed/21613538
http://www.ncbi.nlm.nih.gov/pubmed/9390560
http://www.ncbi.nlm.nih.gov/pubmed/15469437
http://www.ncbi.nlm.nih.gov/pubmed/11238563
http://dx.doi.org/10.1038/emboj.2010.297
http://www.ncbi.nlm.nih.gov/pubmed/21113130
http://dx.doi.org/10.1111/cmi.12179
http://www.ncbi.nlm.nih.gov/pubmed/23927593
http://dx.doi.org/10.1016/j.tim.2013.05.003
http://www.ncbi.nlm.nih.gov/pubmed/23815982
http://dx.doi.org/10.1101/cshperspect.a009977
http://dx.doi.org/10.1101/cshperspect.a009977
http://www.ncbi.nlm.nih.gov/pubmed/23457294
http://dx.doi.org/10.1002/cne.22705
http://www.ncbi.nlm.nih.gov/pubmed/21681751
http://dx.doi.org/10.1097/QAD.0000000000000396
http://www.ncbi.nlm.nih.gov/pubmed/25028987
http://dx.doi.org/10.1097/QCO.0b013e32834a8b8b
http://www.ncbi.nlm.nih.gov/pubmed/21857511
http://www.ncbi.nlm.nih.gov/pubmed/12187291
http://www.ncbi.nlm.nih.gov/pubmed/1997432
http://dx.doi.org/10.1016/j.chom.2015.04.001
http://www.ncbi.nlm.nih.gov/pubmed/25936799


19. Diard M, Garcia V, Maier L, Remus-Emsermann MN, Regoes RR, et al. (2013) Stabilization of coopera-
tive virulence by the expression of an avirulent phenotype. Nature 494: 353–356. doi: 10.1038/
nature11913 PMID: 23426324

20. Ermund A, Schutte A, Johansson ME, Gustafsson JK, Hansson GC (2013) Studies of mucus in mouse
stomach, small intestine, and colon. I. Gastrointestinal mucus layers have different properties depend-
ing on location as well as over the Peyer's patches. Am J Physiol Gastrointest Liver Physiol 305:
G341–347. doi: 10.1152/ajpgi.00046.2013 PMID: 23832518

21. Royan SV, Jones RM, Koutsouris A, Roxas JL, Falzari K, et al. (2010) Enteropathogenic E. coli non-
LEE encoded effectors NleH1 and NleH2 attenuate NF-kappaB activation. Mol Microbiol 78: 1232–
1245. doi: 10.1111/j.1365-2958.2010.07400.x PMID: 21091507

22. Jakobsson HE, Rodriguez-Pineiro AM, Schutte A, Ermund A, Boysen P, et al. (2015) The composition
of the gut microbiota shapes the colon mucus barrier. EMBORep 16: 164–177. doi: 10.15252/embr.
201439263 PMID: 25525071

23. Savkovic SD, Villanueva J, Turner JR, Matkowskyj KA, Hecht G (2005) Mouse model of enteropatho-
genic Escherichia coli infection. Infect Immun 73: 1161–1170. PMID: 15664959

24. Shifflett DE, Clayburgh DR, Koutsouris A, Turner JR, Hecht GA (2005) Enteropathogenic E. coli dis-
rupts tight junction barrier function and structure in vivo. Lab Invest 85: 1308–1324. PMID: 16127426

25. Duchet-Suchaux M (1980) [Infant mouse model of "Escherichia coli" infectious diarrhoea (author's
transl)]. Ann Microbiol (Paris) 131B: 239–250.

26. Birchenough GM, Johansson ME, Stabler RA, Dalgakiran F, Hansson GC, et al. (2013) Altered innate
defenses in the neonatal gastrointestinal tract in response to colonization by neuropathogenic Escheri-
chia coli. Infect Immun 81: 3264–3275. doi: 10.1128/IAI.00268-13 PMID: 23798529

27. Zhang K, Dupont A, Torow N, Gohde F, Leschner S, et al. (2014) Age-dependent enterocyte invasion
and microcolony formation by Salmonella. PLoS Pathog 10: e1004385. doi: 10.1371/journal.ppat.
1004385 PMID: 25210785

28. Pott J, Stockinger S, Torow N, Smoczek A, Lindner C, et al. (2012) Age-dependent TLR3 expression of
the intestinal epithelium contributes to rotavirus susceptibility. PLoS Pathog 8: e1002670. doi: 10.
1371/journal.ppat.1002670 PMID: 22570612

29. Hicks S, Frankel G, Kaper JB, Dougan G, Phillips AD (1998) Role of intimin and bundle-forming pili in
enteropathogenic Escherichia coli adhesion to pediatric intestinal tissue in vitro. Infect Immun 66:
1570–1578. PMID: 9529083

30. Saldana Z, Erdem AL, Schuller S, Okeke IN, Lucas M, et al. (2009) The Escherichia coli common pilus
and the bundle-forming pilus act in concert during the formation of localized adherence by enteropatho-
genic E. coli. J Bacteriol 191: 3451–3461. doi: 10.1128/JB.01539-08 PMID: 19218393

31. Afset JE, Bergh K, Bevanger L (2003) High prevalence of atypical enteropathogenic Escherichia coli
(EPEC) in Norwegian children with diarrhoea. J Med Microbiol 52: 1015–1019. PMID: 14532347

32. Yatsuyanagi J, Saito S, Miyajima Y, Amano K, Enomoto K (2003) Characterization of atypical entero-
pathogenic Escherichia coli strains harboring the astA gene that were associated with a waterborne
outbreak of diarrhea in Japan. J Clin Microbiol 41: 2033–2039. PMID: 12734245

33. Nguyen RN, Taylor LS, Tauschek M, Robins-Browne RM (2006) Atypical enteropathogenic Escheri-
chia coli infection and prolonged diarrhea in children. Emerg Infect Dis 12: 597–603. PMID: 16704807

34. Burger-van Paassen N, Loonen LM, Witte-Bouma J, Korteland-van Male AM, de Bruijn AC, et al.
(2012) Mucin Muc2 deficiency and weaning influences the expression of the innate defense genes
Reg3beta, Reg3gamma and angiogenin-4. PLoS One 7: e38798. doi: 10.1371/journal.pone.0038798
PMID: 22723890

35. Dolowschiak T, Chassin C, Ben Mkaddem S, Fuchs TM, Weiss S, et al. (2010) Potentiation of epithelial
innate host responses by intercellular communication. PLoS Pathog 6: e1001194. doi: 10.1371/
journal.ppat.1001194 PMID: 21124989

36. Vaishnava S, Yamamoto M, Severson KM, Ruhn KA, Yu X, et al. (2011) The antibacterial lectin RegIII-
gamma promotes the spatial segregation of microbiota and host in the intestine. Science 334: 255–
258. doi: 10.1126/science.1209791 PMID: 21998396

37. Khan MA, Bouzari S, Ma C, Rosenberger CM, Bergstrom KS, et al. (2008) Flagellin-dependent and
-independent inflammatory responses following infection by enteropathogenic Escherichia coli and
Citrobacter rodentium. Infect Immun 76: 1410–1422. doi: 10.1128/IAI.01141-07 PMID: 18227166

38. Salazar-Gonzalez H, Navarro-Garcia F (2011) Intimate adherence by enteropathogenic Escherichia
coli modulates TLR5 localization and proinflammatory host response in intestinal epithelial cells. Scand
J Immunol 73: 268–283. doi: 10.1111/j.1365-3083.2011.02507.x PMID: 21204905

EPEC Infection Model in Neonate Mice

PLOS Pathogens | DOI:10.1371/journal.ppat.1005616 May 9, 2016 18 / 19

http://dx.doi.org/10.1038/nature11913
http://dx.doi.org/10.1038/nature11913
http://www.ncbi.nlm.nih.gov/pubmed/23426324
http://dx.doi.org/10.1152/ajpgi.00046.2013
http://www.ncbi.nlm.nih.gov/pubmed/23832518
http://dx.doi.org/10.1111/j.1365-2958.2010.07400.x
http://www.ncbi.nlm.nih.gov/pubmed/21091507
http://dx.doi.org/10.15252/embr.201439263
http://dx.doi.org/10.15252/embr.201439263
http://www.ncbi.nlm.nih.gov/pubmed/25525071
http://www.ncbi.nlm.nih.gov/pubmed/15664959
http://www.ncbi.nlm.nih.gov/pubmed/16127426
http://dx.doi.org/10.1128/IAI.00268-13
http://www.ncbi.nlm.nih.gov/pubmed/23798529
http://dx.doi.org/10.1371/journal.ppat.1004385
http://dx.doi.org/10.1371/journal.ppat.1004385
http://www.ncbi.nlm.nih.gov/pubmed/25210785
http://dx.doi.org/10.1371/journal.ppat.1002670
http://dx.doi.org/10.1371/journal.ppat.1002670
http://www.ncbi.nlm.nih.gov/pubmed/22570612
http://www.ncbi.nlm.nih.gov/pubmed/9529083
http://dx.doi.org/10.1128/JB.01539-08
http://www.ncbi.nlm.nih.gov/pubmed/19218393
http://www.ncbi.nlm.nih.gov/pubmed/14532347
http://www.ncbi.nlm.nih.gov/pubmed/12734245
http://www.ncbi.nlm.nih.gov/pubmed/16704807
http://dx.doi.org/10.1371/journal.pone.0038798
http://www.ncbi.nlm.nih.gov/pubmed/22723890
http://dx.doi.org/10.1371/journal.ppat.1001194
http://dx.doi.org/10.1371/journal.ppat.1001194
http://www.ncbi.nlm.nih.gov/pubmed/21124989
http://dx.doi.org/10.1126/science.1209791
http://www.ncbi.nlm.nih.gov/pubmed/21998396
http://dx.doi.org/10.1128/IAI.01141-07
http://www.ncbi.nlm.nih.gov/pubmed/18227166
http://dx.doi.org/10.1111/j.1365-3083.2011.02507.x
http://www.ncbi.nlm.nih.gov/pubmed/21204905


39. Lee J, Mo JH, Katakura K, Alkalay I, Rucker AN, et al. (2006) Maintenance of colonic homeostasis by
distinctive apical TLR9 signalling in intestinal epithelial cells. Nat Cell Biol 8: 1327–1336. PMID:
17128265

40. Koopman JP, Stadhouders AM, Kennis HM, De Boer H (1987) The attachment of filamentous seg-
mented micro-organisms to the distal ileum wall of the mouse: a scanning and transmission electron
microscopy study. Lab Anim 21: 48–52. PMID: 3560864

41. Garner CD, Antonopoulos DA, Wagner B, Duhamel GE, Keresztes I, et al. (2009) Perturbation of the
small intestine microbial ecology by streptomycin alters pathology in a Salmonella enterica serovar
typhimuriummurine model of infection. Infect Immun 77: 2691–2702. doi: 10.1128/IAI.01570-08 PMID:
19433544

42. Heczko U, Abe A, Finlay BB (2000) Segmented filamentous bacteria prevent colonization of entero-
pathogenic Escherichia coli O103 in rabbits. J Infect Dis 181: 1027–1033. PMID: 10720527

43. Stecher B, Robbiani R, Walker AW, Westendorf AM, Barthel M, et al. (2007) Salmonella enterica sero-
var typhimurium exploits inflammation to compete with the intestinal microbiota. PLoS Biol 5: 2177–
2189. PMID: 17760501

44. Hoffmann C, Hill DA, Minkah N, Kirn T, Troy A, et al. (2009) Community-wide response of the gut micro-
biota to enteropathogenic Citrobacter rodentium infection revealed by deep sequencing. Infect Immun
77: 4668–4678. doi: 10.1128/IAI.00493-09 PMID: 19635824

45. Endt K, Stecher B, Chaffron S, Slack E, Tchitchek N, et al. (2010) The microbiota mediates pathogen
clearance from the gut lumen after non-typhoidal Salmonella diarrhea. PLoS Pathog 6: e1001097. doi:
10.1371/journal.ppat.1001097 PMID: 20844578

46. Donnenberg MS, Hazen TH, Farag TH, Panchalingam S, Antonio M, et al. (2015) Bacterial Factors
Associated with Lethal Outcome of Enteropathogenic Escherichia coli Infection: Genomic Case-Control
Studies. PLoS Negl Trop Dis 9: e0003791. doi: 10.1371/journal.pntd.0003791 PMID: 25978422

47. Levine MM, Bergquist EJ, Nalin DR, Waterman DH, Hornick RB, et al. (1978) Escherichia coli strains
that cause diarrhoea but do not produce heat-labile or heat-stable enterotoxins and are non-invasive.
Lancet 1: 1119–1122. PMID: 77415

48. Nadler C, Shifrin Y, Nov S, Kobi S, Rosenshine I (2006) Characterization of enteropathogenic Escheri-
chia coli mutants that fail to disrupt host cell spreading and attachment to substratum. Infect Immun 74:
839–849. PMID: 16428726

49. Donnenberg MS, Calderwood SB, Donohue-Rolfe A, Keusch GT, Kaper JB (1990) Construction and
analysis of TnphoAmutants of enteropathogenic Escherichia coli unable to invade HEp-2 cells. Infect
Immun 58: 1565–1571. PMID: 2160428

50. Bens M, Bogdanova A, Cluzeaud F, Miquerol L, Kerneis S, et al. (1996) Transimmortalized mouse
intestinal cells (m-ICc12) that maintain a crypt phenotype. Am J Physiol 270: C1666–1674. PMID:
8764149

EPEC Infection Model in Neonate Mice

PLOS Pathogens | DOI:10.1371/journal.ppat.1005616 May 9, 2016 19 / 19

http://www.ncbi.nlm.nih.gov/pubmed/17128265
http://www.ncbi.nlm.nih.gov/pubmed/3560864
http://dx.doi.org/10.1128/IAI.01570-08
http://www.ncbi.nlm.nih.gov/pubmed/19433544
http://www.ncbi.nlm.nih.gov/pubmed/10720527
http://www.ncbi.nlm.nih.gov/pubmed/17760501
http://dx.doi.org/10.1128/IAI.00493-09
http://www.ncbi.nlm.nih.gov/pubmed/19635824
http://dx.doi.org/10.1371/journal.ppat.1001097
http://www.ncbi.nlm.nih.gov/pubmed/20844578
http://dx.doi.org/10.1371/journal.pntd.0003791
http://www.ncbi.nlm.nih.gov/pubmed/25978422
http://www.ncbi.nlm.nih.gov/pubmed/77415
http://www.ncbi.nlm.nih.gov/pubmed/16428726
http://www.ncbi.nlm.nih.gov/pubmed/2160428
http://www.ncbi.nlm.nih.gov/pubmed/8764149

