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Adherent-invasive Escherichia coli (AIEC) pathogroup isolates are a group of isolates from the intestinal mucosa of Crohn’s dis-
ease patients that can invade intestinal epithelial cells (IECs) or macrophages and survive and/or replicate within. We have iden-
tified the ibeA gene in the genome of AIEC strain NRG857c and report the contribution of IbeA to the interaction of AIEC with
IECs and macrophages and colonization of the mouse intestine. An ibeA deletion mutant strain (NRG857c�ibeA) was con-
structed, and the in vitro effect on AIEC adhesion and invasion of nonpolarized and polarized Caco-2 cells, the adhesion and
transcytosis of M-like cells, the intracellular survival in THP-1 macrophages, and the contribution to intestinal colonization of
the CD-1 murine model of infection were evaluated. A significant reduction in invasion was observed with the ibeA mutant in
Caco-2 and M-like cells, whereas adhesion was not affected. Complementation of the mutant reestablished Caco-2 invasive phe-
notype to wild-type levels. Reduction in invasion did not significantly affect transcytosis through M-like cells at early time
points. The absence of ibeA significantly affected AIEC intramacrophage survival up to 24 h postinfection. No significant
changes associated with IbeA were found in AIEC colonization across the murine gastrointestinal tract, but a slight reduction of
gamma interferon was observed in the ceca of mice infected with the ibeA mutant. In addition, a decrease in the pathology scores
was observed in the ilea and ceca of mice infected with the ibeA mutant. Our data support the function of IbeA in the AIEC inva-
sion process, macrophage survival, and inflammatory response in the murine intestine.

The adherent-invasive Escherichia coli (AIEC) pathogroup was
initially characterized in isolates from the ileal mucosa of

Crohn’s disease (CD) patients. Members of this group are able to
efficiently invade a wide range of human epithelial cell lines in
vitro (1, 2) and, additionally, they can survive and replicate within
human and murine macrophages without causing cell death (3,
4). These traits were established as the key feature of AIEC, and it
has been proposed that these properties would enable the bacteria
to colonize/invade the intestinal mucosa, while at the same time
causing sustained inflammation (5). The data in vivo, using differ-
ent murine models of infection, suggest that AIEC might partici-
pate in the development of colitis in either a normal or a suscep-
tible host. In germfree mice with an innate immune deficiency,
such as those lacking the Toll-like receptor 5, colonization with
AIEC, which was detectable up to 10 days postinfection, resulted
in chronic colitis and persistence of inflammation for months, as
an effect of an altered microbiota composition (6). This observa-
tion was not exclusive for mice with an altered immune response
since the AIEC was able to persist in transgenic mice expressing the
human receptor CEACAM (7) or in a wide array of streptomycin-
treated mice (e.g., CD-1, DBA/2, 129e, and C3H), receiving both
AIEC prototype strains LF82 and NRG857c, causing a chronic pro-
inflammatory response in the ileum, cecum and colon (8).

Although there are some compelling data suggesting that AIEC,
upon transient colonization, can instigate chronic inflammation, a
key feature of the pathogenic process, the invasive properties are still
not fully elucidated. Genetic analysis indicates that the prototype
strains LF82 and NRG857c lack any of the traditional determinants
associated with invasion found in other pathogenic E. coli strains and
enteric pathogens, such as the invasion plasmid antigens (Ipa pro-
teins) in the plasmid of Shigella spp. (9) or the proteins encoded in
the tia locus in enterotoxigenic E. coli (1). Comparative genomic
analysis, of the prototype strains LF82 (10) and NRG857c (11),
identified some potential virulence determinants which might

play a role in invasion. Both AIEC prototype isolates, as well as a
third AIEC strain, UM146 (12), carried the gimA locus. The pres-
ence of the gimA locus was evaluated in a collection of extraintes-
tinal pathogenic E. coli strains, and only 16.1% of them were found
to carry it (13). Further, the gimA locus occurs almost exclusively
in the B2 phylogenetic group. Within this locus, the presence of
the ibeA (invasion of the brain endothelium protein A) gene has
been described and initially identified in a newborn meningitis-
causing E. coli (NMEC) isolate (14). IbeA has been reported to
contribute to the pathology of NMEC (15), and the ibeA sequence
has been linked to the reductive evolution exerted in this patho-
gen, suggesting a high degree of conservation (13).

In other pathogenic E. coli strains, a role for IbeA in pathoge-
nicity has been reported. For example, in the case of avian patho-
genic E. coli (APEC), 26% of highly pathogenic strains have been
reported to be ibeA positive (16), and the absence of ibeA was
associated with reduced mortality (from 27 to 4%) in chickens
(17). Further, IbeA has been associated with early pathogenic
events of APEC infections in chickens (18) and with the traversal
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of the human blood-brain barrier and subsequent access to the
bloodstream in NMEC infections (14). The role of IbeA in resis-
tance to oxidative stress has been reported in APEC strain
BEN2908; however, its contribution to the pathogenic process is
not clear (19). Scarce information exists regarding the molecular
mechanisms mediating IbeA interactions with host cells. How-
ever, IbeA is described as a 50-kDa outer membrane protein (20),
with seven predicted transmembrane domains with extended
�-sheets that traverse through the membrane into the extracellu-
lar space (20). Two reports suggest that IbeA can bind host pro-
teins as potential receptors, including vimentin and PTB-associ-
ated splicing factor (PSF) (21, 22). The ibeA gene is located in the
same operon with two other genes, ibeR and ibeT. The ibeR gene
reportedly encodes an RpoS-like regulator with a narrow func-
tional spectrum that is believed to contribute to bacterial virulence
adaptation in certain NMEC strains (23). Whether ibeR regulates
ibeA is not known; however, invasion of brain endothelial cells is
affected in its absence (23). The ibeT gene, located immediately
downstream of ibeA, has been reported to affect adhesion and
invasion of brain endothelial cells, even though it shows sequence
homology to Na�/H� antiporters (24).

We found intriguing that IbeA, the described invasin of the
ibeRAT operon, is present in two prototypic AIEC strains, LF82
and NRG857c (10, 11), as well as in AIEC strains UM146 (12) and
KD-1 (25). This might point toward an important role of IbeA
within the AIEC pathogroup. Because the role of IbeA in the in-
teraction of AIEC strains with the human gut has not been eluci-
dated, the goal of the present study was to determine whether IbeA

contributes to AIEC invasion of the intestinal epithelium and me-
diates interaction with the host cells. To address this question, (i)
an ibeA deletion mutant in strain NRG857c (NRG857c�ibeA) was
generated, (ii) the effect on the interaction of NRG857c and its
ibeA mutant with intestinal epithelial cells and M-like cells was
measured, (iii) the IbeA participation in the transcytosis process
of NRG857c across M-like cells was evaluated, (iv) the function of
IbeA on the interaction of NRG857c with human macrophages
was examined and, lastly, (v) the effect on ICR (CD-1) mouse gut
colonization was also assessed.

MATERIALS AND METHODS
Bacterial strains and plasmids. Strains and plasmids are listed in Table 1.
Strains were routinely grown on Luria-Bertani (LB) broth or LB agar at
37°C. When required, growth medium was supplemented with antibiotics
at the following concentrations: chloramphenicol, 30 �g ml�1; carbeni-
cillin, 100 �g ml�1; streptomycin, 100 �g ml�1; and gentamicin, 100 and
20 �g ml�1. The AIEC strain NRG857c was used in the present study (2,
11). An ibeA mutant derivative strain was constructed by disruption of the
ibeA gene via lambda red-mediated gene replacement (26) with the chlor-
amphenicol acetyltransferase gene (cat) amplified from the plasmid pKD3
(27). The primers were IbeA2-F and IbeA2-R. The cat PCR product
flanked by 40 bases upstream and downstream homologous to ibeA was
subsequently electroporated into Red�Gam-producing AIEC NRG857c
(with plasmid pKM201) (26, 28). The presence of the cat gene was further
confirmed by PCR (see Fig. S1 in the supplemental material). For com-
plementation, the ibeA gene and putative promoter region were amplified
from NRG857c with the primers RCC20-F and RCC20-R. The primer
pair amplified the ibeA region from NRG857c while containing restriction

TABLE 1 Bacterial strains, plasmids, and primers used in this study

E. coli strain, plasmid,
or primer Relevant characteristic(s) and/or sequence (5=–3=)a

Source or
reference(s)

E. coli strains
NRG857c AIEC strain isolated from Crohn’s disease patient; Tcr Apr Smr Cmr; O83:H1 serotype Lab stocks (2, 11)
NRG857c (Cu) AIEC strain isolated from Crohn’s disease patient; antibiotic sensitive; O83:H1 serotype 28
NRG857c�ibeA ibeA disrupted by the cat gene amplified from pKD3; Cmr This study
RCC23-1 NRG857c�ibeA strain transformed with the plasmid pRCC20 (Cmr Apr) This study
MG1666 Prototype E. coli K-12 strain; nonpathogenic 60
HS Commensal E. coli from a human subject 61
DH5� E. coli DH5� laboratory strain Lab stocks

Plasmids
pKM201 Temperature-sensitive Red-Gam-expressing plasmid; Apr 26
pKD3 Template plasmid containing the cat gene template; Cmr 27
pACYC177 3.9-kb cloning vector 62
pRCC20 ibeA amplified from NRG857c genomic DNA and cloned into pACYC177 (XmaI and BamHI sites) This study

Primers
RCC04-F ATGGGCCGAAGATGGCATTG; forward primer to amplify ibeR; product length, 1,084 bp This study
RCC04-R CCCTTGTTGCACGTACTCAC; reverse primer to amplify ibeR This study
RCC05-F ATTGCCGCAGCAATGAGTG; forward primer to amplify ibeA; product length, 1,075 bp This study
RCC05-R GCGGAATCATTACGCCATAAG; reverse primer to amplify ibeA This study
RCC06-F GCGTTTTCCTGCATTATTGC; forward primer to amplify ibeT; product length, 1,084 bp This study
RCC06-R TTCGGGCTAAGACTAACGG; reverse primer to amplify ibeT This study
IbeA2-F TAA ATA TGG AGA CTG GGG GGC GGA TGA AGA AAA TAA AAA CGT GTA GGC TGG AGC TGC TTC;

for lambda red replacement
This study

IbeA2-R ATT CAA ATA ATT CGC ATC ACC ATA CTC GGT GAC CGT ACT CAT GGG AAT TAG CCA TGG TCC;
for lambda red replacement

This study

RCC20-F TGTACACCCGGGTATCGACGGCCTGGAAATC; amplify ibeA with XmaI site; for cloning into pACYC177 This study
RCC20-R GTGGTCGGATCCACCGATGCCAATAACCAAC; amplify ibeA with BamHI site; for cloning into pACYC177 This study

a Cmr, chloramphenicol resistance; Tcr, tetracycline resistance; Apr, ampicillin resistance; Smr, streptomycin resistance.
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sites for XmaI and BamHI. The digested product was cloned into the
low-copy-number plasmid pACYC177, and the resulting plasmid,
pRCC20, was transformed into NRG857c�ibeA. The plasmid pRCC20
carries a 4.4-kb fragment containing the first two genes of the operon, ibeR
and ibeA, plus the putative promoter region (positions 4662970 to
4666955 of the NRG857c genome, GenBank accession number CP001855
[11]). The mutant strain complemented with the plasmid pRCC20 was
renamed RCC23-1. Disruption of the wild-type (wt) ibeA gene was con-
firmed at the genetic and at the transcriptional level and then compared to
the control E. coli K-12 strain MG1655 and the human commensal isolate
E. coli HS (29) (see Fig. S1A and B in the supplemental material). The
absence of ibeA and its complementation did not affect growth of the
different strains (see Fig. S1C in the supplemental material). We also
confirmed that disruption of the ibeA gene did not affect the other two
members of the operon (ibeR and ibeT) (see Fig. S2 in the supplemental
material).

PCR and RT-PCR of ibeA. The presence of ibeA in the strain NRG857c
was confirmed via PCR by using the primers RCC05-F and RCC05-R. For
confirmation of ibeA expression, reverse transcription-PCR (RT-PCR)
was used. RNA was extracted from all strains with an RNeasy minikit
(Qiagen) according to the manufacturer’s instructions. Subsequently, 1
�g of RNA was reverse transcribed to cDNA with the QuantiTect reverse
transcription kit (Qiagen) according to the manufacturer’s instructions.
The ibeA gene was amplified from cDNA using the primers RCC05-F and
RCC05-R. As a negative control, strain MG1655 was used. 16S rRNA was
amplified by using 16S universal primers and used as an expression
control.

Establishment of Caco-2 and M-like cell cultures. Caco-2 (ATCC
HTB-37) cells were seeded at a concentration of 5 � 105 on the upper side
of polystyrene Transwell inserts (3-�m pore size, 12-mm filters; Corning)
in 500 �l of complete growth medium and cultured until fully differenti-
ated. Caco-2 complete growth medium contains minimum essential me-
dium (MEM; Gibco) supplemented with 2 mM glutamine, 1 mM sodium
pyruvate, 1� nonessential amino acids, penicillin-streptomycin (100
U/ml and 100 �g/ml), and 10% fetal bovine serum. The basolateral side of
the insert is filled with 1.5 ml of complete growth medium. At 14 days after
differentiation, 5 � 105 Raji B lymphocytes were added to the basolateral
chamber in 1 ml of complete growth medium and maintained for 6 days
(30, 31). The corresponding monocultures were used as a model for nor-
mal enterocytes. The integrity of the cell monolayer was measured by
transepithelial resistance (32) before and after the experiments with an
STX2 electrode/EVOM2 epithelial voltmeter (World Precision Instru-
ments). Successful establishment of M-like cells was confirmed by trans-
mission electron microscopy. M-like cell cultures showed sections with
reduced or absent microvilli compared to Caco-2 monoculture (see Fig.
S3 in the supplemental material), a finding consistent with previous re-
ports (33). The percentage of Caco-2 cells that acquire M-like cell mor-
phology can range from 15 to 30% of the monolayer (33, 34).

Bacterial adhesion and invasion to Caco-2 and M-like cells. (i) Cell
preparation. For adhesion, Caco-2 and M-like cells were cultivated in
12-well plates. The cells were washed twice with MEM without any sup-
plement prior to infection. For bacterial suspension preparation, the
strains were grown on LB medium to logarithmic phase (i.e., an optical
density at 600 nm [OD600] of 1.0) and diluted in MEM to a concentration
of 108 CFU/ml. The medium from the cell monolayers was then aspirated,
and 500 �l of bacterial suspension was added (	5 � 107 CFU; multiplicity
of infection [MOI] of 100) (35, 36) to the apical transwell compartment.
MOIs of 1 and 10 were used only in the indicated experiments. The bac-
terial suspension was serially diluted and plated to confirm the bacterial
input.

(ii) Measurement of adhesion. After 3 h, the monolayers were washed
four times with phosphate-buffered saline (PBS) and then lysed with 200
�l of 0.1% Triton X-100 and plated on LB agar plates with the correspond-
ing antibiotic. Time points of 10, 60, and 120 min postinfection were
evaluated as indicated.

(iii) Measurement of invasion. A gentamicin protection assay was
performed after 3 h of infection, in which the monolayers were washed
twice with PBS, and MEM containing gentamicin (100 �g ml�1) was
added to the apical and basolateral chambers of the transwell system.
Monolayers were incubated for 1 h and then were washed twice with PBS.
The monolayer was then lysed with 200 �l of 0.1% Triton X-100, and
released intracellular bacteria were plated for quantification.

(iv) Readout. The adherent and invasive bacteria were calculated as
percentage of initial inoculum (input) and then adjusted to be expressed
as percent change compared to the wild type or as total recovered CFU.

Bacterial transcytosis across M-like cells. For the M-like cell transcy-
tosis experiments, the monolayers and bacteria were prepared as de-
scribed above. An MOI of 100 (5 � 107 CFU) was added to the apical
transwell compartment, and after infection, the basolateral medium was
collected at 0, 1, 2, and 3 h postinfection, and the bacteria were enumer-
ated on LB agar plates. The monolayer integrity was confirmed by mea-
suring the transepithelial electrical resistance (TEER). Values above 300 

suggest integrity of the monolayer (34). As a negative control for M-cell-
specific transcytosis, polarized Caco-2 monolayers were used, and trans-
cytosis was also measured at 0, 1, 2, and 3 h postinfection. Caco-2 mono-
layers have a reduced transcytotic capability compared to M cells. All
results are expressed as a percentage of the CFU number used for the
infection.

Bacterial uptake, survival and replication in macrophages. (i) Cell
preparation. The human macrophage-like monocyte cell line THP-1
(ATCC TIB-202) was maintained in RPMI 1640 supplemented with 2
mM glutamine (Gibco catalog no. 11875-93), 1 mM sodium pyruvate, 10
mM HEPES, 1� nonessential amino acids, penicillin-streptomycin (100
U/ml and 100 �g/ml), and 10% fetal bovine serum. THP-1 cells were
activated to macrophages (37) by using a concentration of 200 nM phor-
bol 12-myristate 13-acetate (PMA; Sigma-Aldrich). THP-1 cells (2 � 105)
were seeded on a 24-well plate and differentiated for 72 h in the presence
of 200 nM PMA in 1 ml of RPMI 1640. After activation, the medium was
removed, and the cells were left to rest for an additional 72 h (37) prior to
infection.

(ii) Bacterial suspension preparation. The bacterial strains were
grown on LB media to logarithmic phase (OD600 of 1.0) and diluted in
RPMI 1640 to a concentration of 2 � 107 CFU/ml. The cell monolayers
were washed twice with PBS prior to receiving 1 ml of the bacterial sus-
pension (2 � 107 CFU; MOI of 10) (35, 36). The bacterial concentration
was confirmed and used as the bacterial input. After 1 h of infection
(bacterial uptake), monolayers were washed twice with PBS, followed by
incubation with RPMI 1640 plus gentamicin (100 �g ml�1) for 1 h. For
later incubation times, the medium was replaced with RPMI 1640 plus 20
�g of gentamicin ml�1, followed by incubation for 4, 16, 24, and 48 h.

(iii) Readout. The monolayers were lysed with 200 �l of 0.1% Triton
X-100, and the released intracellular bacteria were serially diluted and
plated on L agar. Survival was expressed as the mean percentage of the
number of bacteria recovered at 4, 16, 24, and 48 h compared to that at 1
h after gentamicin treatment, which was defined as 100%. The uptake
values were defined at 1 h after gentamicin treatment and expressed as the
percentage of the infection inoculum.

In vivo bacterial infections in mice. (i) Mice and treatment. Eight- to
ten-week-old female CD-1 (ICR) mice were purchased from Charles Riv-
ers Laboratories. Animals were housed in a specific-pathogen-free barrier
under biosafety level 2 conditions. At 24 h before the infection, mice were
given 25 mg of streptomycin via oral gavage.

(ii) Infection dose. AIEC strains NRG857c and NRG857c�ibeA and
the K-12 strain MG1655 were grown on LB medium overnight at 37°C. A
bacterial suspension of 109 CFU was centrifuged and resuspended in 400
�l of PBS. Each animal received 109 CFU in 400 �l of PBS via oral gavage,
and control groups received sterile PBS. Colonization was determined at 4
days (six mice per group), and persistence was determined at 14 days
(seven mice per group) postinfection.
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(iii) Readout. After infection, the number of bacteria was monitored
in the fecal pellets daily for the first 4 days and subsequently every other
until 14 days postinfection. Feces were resuspended in PBS by vortexing,
and bacteria were plated for enumeration. For quantification of bacteria
in tissues, sections of the ileum (terminal), cecum, and colon were col-
lected at 4 and 14 days postinfection in 15-ml tubes containing PBS and
then homogenized using Covidien (Minneapolis, MN) precision dispos-
able tissue grinder systems. The resuspended feces and tissue homoge-
nates were then serially diluted and plated on MacConkey agar containing
streptomycin (100 �g ml�1). After overnight incubation at 37°C, colonies
were counted and expressed as either CFU per gram of feces or CFU per
organ.

Cytokine quantification. The colon and cecum of each mouse were
removed, and the fecal contents were collected. To measure the local IFN
response, tissue sections (three small punches) were then incubated in 1
ml of complete RPMI (10% fetal bovine serum, 1% L-glutamine, and 50
�g of gentamicin ml�1) for 18 h. The gamma interferon (IFN-�) levels
were determined by using a mouse IFN-� ELISA Ready-Set-Go kit (eBio-
science) according to the manufacturer’s instructions.

Histopathological evaluation of mouse tissues. Sections of mouse
small intestine (terminal), cecum, and colon were excised at 14 days
postinfection and washed with PBS. The sections were fixed in buffered
10% formalin, paraffin embedded, sectioned into 5-�m slices, and then
stained with hematoxylin and eosin at the Histopathology Core at the
University of Texas Medical Branch (UTMB). Three sections from the
same tissue (small intestine, cecum, and colon) from each animal were
stained and scored according to the histopathological scoring criteria used
previously by Small et al. (8). According to these criteria, the lumen, the
surface of the epithelium, the mucosa, and the submucosa are scored
separately. The histopathological scoring was performed blindly by Elena
Sbrana (UTMB).

Statistical analysis. One-way analysis of variance (ANOVA), followed
by Tukey’s post-test analysis, was performed when comparing more than
two groups, and multiplicity-adjusted P values are reported. Kruskal-
Wallis one-way ANOVA, followed by Dunn’s multiple-comparison test,
was used for comparisons in the animal experiments to the variance of the
populations. A 95% confidence interval was used for most of the analyses.
For the macrophage survival assay and transcytosis experiments, a two-
way ANOVA or two-way ANOVA repeated measures were used with a
Bonferroni post-test analysis. All analysis was performed using GraphPad
Prism 6.0 (GraphPad Software, Inc.). A P value of �0.05 was considered
significant.

Electron microscopy. Transwell inserts containing Caco-2 cells or
M-like cells were washed gently with PBS and fixed in a mixture of 2.5%
formaldehyde, 0.1% glutaraldehyde, 0.03% trinitrophenol, and 0.03%
CaCl2 in 0.05 M cacodylate buffer (pH 7.2). Samples were processed fur-
ther by postfixing in 1% OsO4, stained en bloc in 1% uranyl acetate (in 0.1
M maleate buffer [pH 5.2]), and embedded in Poly/Bed 812 (Polysciences,
Warrington, PA). Specimens were examined by using a Philips 201 elec-
tron microscope.

RESULTS
Contribution of IbeA to invasion and adhesion of the intestinal
epithelium. The role of IbeA during adherence and invasion as-
says was evaluated comparing the wild-type (wt) strain NRG857c,
NRG857c�ibeA, and the complemented strain RCC23-1 using
Caco-2 and M-like cells. Reduction or increases in adhesion or
invasion were expressed as a comparison to the levels observed for
the strain NRG857c, which we defined as 100%. We initially stud-
ied the interaction of AIEC strains with nonpolarized Caco-2 cells,
where different MOIs were tested. We found that in the strain
NRG857c�ibeA adhesion seemed to be slightly increased com-
pared to the wild type at an MOI of 1 (an increase of 24%, P �
0.052); this difference was not detected at an MOI of 100 (Fig. 1A).

Regarding invasion, NRG857c�ibeA showed a decrease compared
to the wild type at all MOIs tested (Fig. 1B). When studying the
invasion of NRG857c�ibeA at different time points (10, 60, 120,
and 180 min), we found consistently that the invasion was re-
duced compared to the wild-type strain NRG857c. We found that
larger differences were observed at earlier time points. At 3 h
postinfection, a reduction of 70% compared to the wild type (P 
0.0001) was still observed (Fig. 1C). We also found that after 2 h
postinfection, the numbers of intracellular bacteria did not in-
crease substantially (Fig. 1D). Furthermore, the deletion of ibeA in
NRG857c caused a transient phenotype with significantly in-
creased adherence at early time points but diminished thereafter
(180 min) (Fig. 1E). The amount of adhered bacteria as a percent-
age of the inoculated bacteria was similar for the wild type and
strain NRG857c�ibeA (Fig. 1F). It is possible that in the absence of
IbeA certain adhesins are transiently overexpressed. It is impor-
tant to mention that even though at early time points (10 and 60
min), we observed increased adherence of NRG857c�ibeA com-
pared to the wild type, which was not reflected in increased inva-
sion, impaired invasion was constant throughout the time course
evaluated.

The invasion levels in the strain NRG857c�ibeA were reduced
to 64.5% � 3.1% compared to the levels observed in the wt strain
(P  0.0001) at an MOI of 100. Complementation with the ibeA-
expressing plasmid partially restored the invasion levels, to 87% of
the wt (P � 0.029). When measuring the adhesion levels, we found
a slight reduction to 81.8% � 5.8% (P � 0.11) (Fig. 2A and D).
These results suggested that IbeA played a major role in the inva-
sion of intestinal epithelial cells by AIEC, even though adhesion
was not significantly affected at 3 h postinfection. When the same
strains were tested in polarized Caco-2 cells, we found the differ-
ences to be even more prominent. The invasion levels of strain
NRG857c�ibeA were reduced to 33.4% � 7.1% of the wt levels
(P � 0.0002), and the complemented strain restored the invasion
to 113.7% � 26% of the wt level (P � 0.63). The adhesion levels
were consistent with those observed in nonpolarized Caco-2 cells,
and they were not significantly different at 120.3% � 7.1% of the
wt levels (P � 0.17) (Fig. 2B and E). Overall, these results con-
firmed the role of IbeA in the AIEC invasion process. Polarization
of Caco-2 cells has been reported to effectively affect the bacteri-
um-epithelial cell interaction, making the monolayer surface less
accessible and the barrier more restrictive (38). When measuring
the invasion levels of the wild-type NRG857c strain, it was ob-
served that the CFU recovered in polarized Caco-2 cells were
2.55 � 103 CFU, while in nonpolarized Caco-2 cells the values
were 1 log higher, i.e., 1.70 � 104 CFU. Interestingly, this differ-
ence in CFU levels was not observed when adhesion was mea-
sured, 1.39 � 106 CFU in nonpolarized versus 2.99 � 106 CFU in
polarized Caco-2 cells, supporting the idea that polarization had
an impact on restricting the invasion event (Table 2). Our data
showing that IbeA participates in AIEC invasion (Fig. 2E) also
demonstrated that differences were not associated with damage to
the cell monolayer, since the transepithelial resistance was not
significantly affected between the different groups tested.

Bacterial adhesion and invasion were also measured in M cells,
which represent ca. 10% of the follicle-associated epithelium (39).
Caco-2 cells were differentiated into M-like cells by performing
coculture with Raji B lymphocytes. We found a slight reduction in
the adhesion levels of NRG857c�ibeA to 78.5% � 5.2% of the
wild-type levels (P � 0.73). In addition, the levels of intracellular
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FIG 1 Effect of time and multiplicity of infection (MOI) on adhesion and invasion of AIEC to intestinal epithelial cells. AIEC adhesion (A) and invasion (B) were
measured in nonpolarized Caco-2 cells at MOIs of 1, 10, and 100, and bacteria were recovered and quantified at 3 h postinfection. The kinetics of invasion (C)
and adhesion (E) were measured for up to 3 h at an MOI of 100. Adhesion and invasion were also represented as a percentage of initial inoculum used (D and F).
The wt AIEC strain NRG857c is displayed in black bars, and NRG857c�ibeA (AIEC �ibeA) is indicated in white bars, while the complemented RCC23-1
strain (�ibeA/ibeA�) is indicated in gray bars. For the invasion assays, gentamicin was added and incubation proceed for an extra hour. The data are expressed
as means � the standard errors from two independent experiments (n � 10). ns, P � 0.05; *, P � 0.05; **, P � 0.01; ***, P � 0.001 (for comparisons between
groups; one-way ANOVA, followed by Tukey’s multiple-comparison tests, was used).
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FIG 2 Effect of IbeA on adhesion and invasion of AIEC on the intestinal epithelium. AIEC adhesion (A, B, and C) and invasion (D, E, and F) were measured in
nonpolarized (A and D) and 14-day-polarized (B and E) Caco-2 cells. The role of IbeA in the interaction of AIEC with M-like cells was also evaluated (C and F).
The wt AIEC strain NRG857c is represented in gray bars, and NRG857c�ibeA (AIEC �ibeA) is represented in white bars, while the complemented RCC23-1
strain (�ibeA/ibeA�) is represented in checkered bars. For all of the experiments, an MOI of 100 was used, and bacteria were recovered and quantified at 3 h
postinfection. For the invasion assays, monolayers were incubated with gentamicin for an extra hour. The data are expressed as the means � the standard errors
from three independent experiments (n � 9). ns, P � 0.05; *, P � 0.05; **, P � 0.01; ***, P � 0.001 (for comparisons between groups; one-way ANOVA, followed
by Tukey’s multiple-comparison tests, was used).
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bacteria recovered in the ibeA mutant accounted for 19.6% �
1.05% of the wild-type levels (P � 0.013), while the comple-
mented strain restored the phenotype to 44.4% � 6.8% (P �
0.060) (Fig. 2C and F). Interestingly, the reduction of AIEC inva-
sion levels due to disruption of ibeA in M cells (19.6% of the wt)
was more prominent than that observed with polarized Caco-2
cells (33.42% of the wt). Finally, nonquantitative visual represen-
tation of the changes in AIEC invasion associated with IbeA can be
observed in Fig. 3. In Caco-2 monolayers treated with gentamicin,
larger accumulates of intracellular bacteria can be observed within
the cytosol of the cell infected with the wt and complemented
strains than in the cell infected with the ibeA mutant (Fig. 3).

Contribution of IbeA to transcytosis across M cells. Although
M cells are important for sampling luminal antigens in the gastro-
intestinal tract, property exploited by a wide range of gut patho-
gens (39), transcytosis has been shown to be strain specific. For
example, E. coli O157 (TUV 93-0) had translocation levels 4-fold
higher than enteropathogenic E. coli O127 (E2348/69) and O26
(ZAP1139) (40). Scarce data are available regarding AIEC but
one study showed that the transcytosis of the AIEC strain LF82
was 5-fold higher than that of a nonpathogenic E. coli K-12
strain (34). Therefore, the ability of AIEC to go across M cells was
analyzed next to determine whether invasion of M cells by
NRG857c�ibeA correlated with impaired transcytotic capability.
As a control, the transcytosis was also measured across monolay-
ers of polarized Caco-2 cells (Fig. 4B). At 0 h postinfection, no
transcytosed bacteria were found in the basolateral compartment
of polarized Caco-2 monolayers or M-like cell monolayers, sug-
gesting that the integrity of the monolayer is intact (data not
shown). When the transcytosed bacteria were measured at 1 and 2
h postinfection, no significant differences were found across the
groups (Fig. 4A). At 3 h postinfection, the differences increased
and the percentages of transcytosed bacteria were 0.65% � 0.18%
for NRG857c and 0.33% � 0.07% for NRG857c�ibeA (P  0.05)
(Fig. 4A). Lower levels of transcytosed bacteria in NRG857c�ibeA
were expected, since the numbers of intracellular bacteria were
reduced; however, the reduction in transcytosis was not as marked
as the reduction observed in invasion of M cells by AIEC. It is
possible then that AIEC might possess other mechanisms of trans-
location through the monolayer besides transcytosis, such as para-
cellular transport. Surprisingly, at 3 h postinfection, lower levels of
transcytosis were observed in the strain RCC23-1. Complementa-

tion partially restored the AIEC wild-type phenotype in M cells
(Fig. 2F), but this trend was not observed in the translocation
experiment, which suggests that increased IbeA production in this
strain might interfere with the process of transcytosis.

Although coculture increased the permeability of the mono-
layer, we did not find significant changes in TEER values between
infected Caco-2 or M cell monolayers (data not shown). Addition-
ally, no significant TEER differences were observed between
groups, suggesting that differences in translocation did not corre-
late with TEER values, as observed when comparing NRG857c
samples postinfection. The TEER mean for NRG857c was 390 �
10 
 and that for NRG857c�ibeA was 386 � 13 
, while that for
the complemented strain RCC23-1 was 410 � 5 
 (Fig. 4C). Only
a slight reduction of 	10 
 was observed when we compared the
TEER preinfection (0 h) to postinfection (3 h) for all groups. As
previously reported, all cultures where the TEER values fell below
300 
 were excluded from experimentation (34).

Effect of ibeA on AIEC intramacrophage survival. It has been
shown that AIEC is taken up by macrophages, where it can survive
and possibly contribute to sustain inflammation (5). To gain a
more comprehensive understanding of the IbeA role in pathogen-
esis, survival within macrophages was determined as one of the
hallmarks of AIEC infection (3, 4). Differentiated macrophage-
like THP-1 cells were used as a model (37), and bacterial uptake
(Fig. 5A) and bacterial survival and replication (Fig. 5B) were
measured as previously described (41). The bacterial uptake by
macrophages was determined and found to be ca. 20% of the
initial inoculum (2 � 106 CFU) for all of the groups: NRG857c
(20.69% of input), NRG857c�ibeA (17.39%) and the control E.
coli DH5� (22.07%) (Fig. 5A). Survival or replication was mea-
sured at 4, 16, 24 and 48 h after gentamicin treatment. At 4 h
postinfection, the percentages of intramacrophage survival were
significantly different between the wild-type NRG857c (54%) and
NRG857c�ibeA (27.31%) (P  0.001). These differences were
consistent throughout the time course of the experiment up to 24
h (32.42% for NRG857c versus 4.34% for NRG857c�ibeA) (P 
0.001) and 48 h (16.525% for NRG857c versus 1.85% for
NRG857c�ibeA) (P  0.001) (Fig. 5B). At later time points, the
survival of AIEC�ibeA was similar to that of a nonpathogenic E.
coli DH5� strain. These results are consistent with previous re-
ports where AIEC can survive within human macrophages (3, 4).
Significant differences were found between NRG857c and

TABLE 2 Bacterial levels on Caco-2 and M-like cells during adhesion and invasion experiments

Cell type

Mean � SEa

NRG857c (wild type) NRG857c�ibeA RCC23-1 (�ibeA/ibeA�)

CFU recovered % wild type CFU recovered % of wild type CFU recovered % of wild type

Adhesion
Caco-2 (nonpolarized) 1.39E�06 � 1.48E�05 100 � 8.1 1.19E�06 � 9.34E�04ns 81.8 � 5.8ns 9.67E�05 � 8.19E�04* 70.3 � 7.3*
Caco-2 (polarized) 2.99E� 06 � 3.35E�05 100 � 11.24 3.45E�06 � 2.05E�05ns 120.3 � 7.1ns 3.75E�06 � 3.40E�05ns 121.9 � 11.6ns

M-like cells 8.46E�06 � 1.20E�06 100 � 14.23 8.76E�06 � 1.35E�04ns 107.7 � 16.5ns 6.51E�06 � 4.35E�05ns 78.5 � 5.22ns

Invasion
Caco-2 (nonpolarized) 1.70E�04 � 1.44E�03 100 � 3.9 8.95E�03 � 8.16E�02*** 64.5 � 3.1*** 1.54E�04 � 9.21E�02* 87.1 � 3.8*
Caco-2 (polarized) 2.55E�03 � 3.99E�02 100 � 12.19 9.78E�02 � 2.57E�02*** 33.42 � 7.1*** 2.31E�03 � 5.12E�02ns 113.7 � 26ns

M-like cells 2.71E�03 � 3.82E�02 100 � 23.1 4.32E�02 � 3.18E�01* 19.67 � 1.05* 1.13E�03 � 7.31E�01ns 44.4 � 6.8ns

a Values represent the means at each time point. *, P � 0.05; **, P � 0.01; ***, P � 0.001; ns, not significant (statistical significance compared to NRG857c). The CFU recovered for
the wild-type strain NRG857c was set as 100% for each experiment. A multiplicity of infection of 100 (5 � 107 CFU) was used.
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NRG857c�ibeA at an early time point (4 h), as well as later time
points (48 h), suggesting that IbeA might not only play a role in the
early interaction between bacteria and macrophages but also fa-
cilitate bacterial survival. No intracellular replication was ob-
served in this experiment compared to previous reports (4). It is
worth noting that further insight into the mechanism by which
IbeA contributes to AIEC intramacrophage survival needs to be
studied, since a report of an APEC strain, BEN2908, suggests that
ibeA deletion makes the strain more sensitive to killing by 25 mM
H2O2 and implicates IbeA in the resistance to the reactive oxygen
species (ROS) response (19).

Effect of ibeA deletion on AIEC intestinal colonization of
mice. A model of AIEC colonization in vivo has recently been re-
ported, where our AIEC strain NRG857c persisted and caused in-
flammation in the intestines of conventional mouse strains (8). In
order to determine the contribution of IbeA to AIEC-mediated col-
onization and inflammation in vivo, the aforementioned model was
used. Two different time points were established to evaluate the role
of IbeA in the early stage of colonization (4 days postinfection) (Fig.
6) and initial persistence (14 days postinfection) (Fig. 7). In all of the
experiments, mouse groups treated with PBS or infected with E. coli
K-12 MG1655 (11) were used as negative controls.

At 4 days postinfection, no significant differences in the bacte-
rial levels across the intestine between the wild-type strain
NRG857c and NRG857c�ibeA were found. When comparing the
NRG857c strain with E. coli MG1655, statistically significant dif-
ferences were found in the ileum (P � 0.01, ANOVA P value �
0.0028), the cecum (P � 0.05, ANOVA P value � 0.0059), and the
colon (P � 0.05, ANOVA P value � 0.0160) (Fig. 6A). As ex-
pected, MG1655 was less efficient at colonizing and persisting
than NRG857c. The differences observed between the bacterial
levels were not attributed to changes in the percentage of infected
mice. It was only in day 4 that the group infected with MG1655
had 50% of the mice with nondetectable bacteria (Fig. 6B).

Next, the IbeA contribution to persistence was measured. Because
the bacterial numbers did not have a normal distribution, the mean
number of CFU per gram of feces was compared against the wild-type
strain NRG857c at each time point by a nonparametric one-way
ANOVA. There were no statistically significant differences between
mice infected with NRG857c and mice infected with NRG857c�ibeA
during the course of infection. In contrast, the differences between
NRG857c and MG1655 were statistically significant for the first 4
days of the study (Fig. 7A), and statistical analysis could not be applied
at later time points because mice cleared MG1655 from the intestine.
For example, at day 8 postinfection the bacterial levels of NRG857c
were 1.56 � 103 CFU/g of feces, versus no detectable levels for
MG1655 (see Table S1 in the supplemental material). In all cases, the
bacterial levels in the feces were consistent with those found across the
intestine (Fig. 7B). In each of the intestinal sections, NRG857c and
NRG857c�ibeA had similar levels of colonization, while strain
MG1655 was not detected in the intestine at 14 days postinfection
(Fig. 7B).

At 14 days postinfection, the group infected with NRG857c
showed bacteria detectable in the feces of 28% of mice, while the

FIG 3 Visual examination of invasion of AIEC on intestinal epithelium. After
infection for 3 h, monolayers were treated with gentamicin, and the monolay-
ers were stained with Giemsa. Monolayers were visualized at �100 magnifica-

tion. Monolayers were infected with the wild-type strain NRG857c (A),
NRG857c�ibeA (B), or the complemented RCC23-1 strain (�ibeA/ibeA�)
(C). White arrows mark sections of the monolayer where bacterial aggregates
were present. Black arrows mark the cell membrane.
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group infected with NRG857c�ibeA showed bacteria detectable in
the feces of 37% of mice. Although no significant differences were
found between NRG857c and NRG857c�ibeA (P � 0.83 [log-
rank test]), differences in the curves were statistically significant
compared to strain MG1655 (P � 0.002 and P � 0.001, respec-
tively [log-rank test]) (Fig. 7C). These results suggest that the ab-
sence of IbeA did not seem to affect the ability of NRG857c to
persist within the mouse intestine.

AIEC infection-associated inflammatory markers. Inflam-
matory local immune response was measured in the ceca and co-
lons of infected animals at 14 days postinfection. The inflamma-
tory mediator IFN-� was selected because it is known to be
elevated in the lamina propria of Crohn’s disease lesions (42).
Further, in a model of inflammation mediated by the AIEC strain
NRG857c, IFN-� was elevated in the colon and the cecum of in-
fected CD-1 (ICR) mice (8). Mice infected with NRG857c showed
a significant increase in the levels of IFN-� in the cecum (Fig. 8A)
but not in the colon. The levels of IFN-� in the ceca of animals
infected with NRG857c were 123.4 � 36.5 pg/ml, while the PBS
control group had IFN-� levels of 10.7 � 0.79 pg/ml (P � 0.021),
which corresponds to an increase of �10-fold. The colon pre-
sented a very different scenario (Fig. 8B), with levels of IFN-�
detected in the group infected with AIEC of 46.6 � 13.8 pg/ml and
no significant differences from the other groups.

When comparing the IFN-� levels in the groups infected with
AIEC NRG857c and NRG857c�ibeA, a slight reduction was found
in the cecum (from 123.4 � 36.5 pg/ml to 44.5 � 13 pg/ml), but
the reduction did not reach statistical significance (P � 0.08).
However, five of the seven mice infected with NRG857c had
IFN-� values higher than 100 pg/ml in the cecum, which was not
observed in any of the mice infected with NRG857c�ibeA. Fur-
thermore, IFN-� values observed in mice infected with
NRG857c�ibeA (44.5 pg/ml) resembled more closely the values
observed in the group infected with the nonpathogenic MG1655
(43.9 � 15 pg/ml; P � 0.97) (Fig. 8A). The results suggest that in
the absence of IbeA, the IFN-� response in the cecum was dimin-
ished, with NRG857c�ibeA resembling more closely the inflam-
matory pattern observed with the nonpathogenic MG1655. In
contrast, the IFN-� responses observed in the colon between the
AIEC wild-type and NRG857c�ibeA strains did not differ drasti-
cally in their means (46.46 � 13 pg/ml versus 46.84 � 22 pg/ml,
P � 0.39) (Fig. 8B), suggesting that the IFN-� inflammatory re-
sponse against AIEC in the colon was not as pronounced as in the
cecum. It should be noted that IFN-� levels were not detectable in
mice sacrificed at 4 days postinfection (data not shown).

AIEC pathology in the murine intestine. Histological analysis

FIG 4 Transcytosis of the AIEC strains across Caco-2 and M-like cells. Trans-
cytosis of NRG857c (AIEC), NRG857c�ibeA (AIEC �ibeA), and the comple-
mented RCC23-1 strain (�ibeA/ibeA�) was performed. Monolayers of 5 � 105

Caco-2 or M-like cells were infected at an MOI of 100. (A) Assays were per-
formed in a transwell chamber as described in Materials and Methods, and
bacteria were collected from the basolateral media at 1, 2, and 3 h postinfec-
tion. (B) Caco-2 monolayers were used as controls where minimal transcytosis
was observed. (C) TEER was measured before infection and at the final time
point (3 h) to monitor monolayer integrity. Comparisons were made at each
time between groups. Numbers are expressed as a percentage of the infection
inoculum (5 � 107 CFU). The data are expressed as the means � the standard
errors from three independent experiments (n � 8). ns, P � 0.05; *, P � 0.05;
**, P � 0.01; ***, P � 0.001 (for comparisons between groups; two-way re-
peated-measures ANOVA, followed by the Bonferroni post-test, was used).
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of hematoxylin-eosin-stained small intestines, ceca, and colons
was performed in all seven animals from each AIEC-infected
group, even if bacteria were not detected after 14 days (Fig. 7A and
B). In the ilea of animals infected with AIEC NRG857c, a high
pathology score (4.5) was obtained as a result of the damage in the
epithelium. Desquamation of the surface epithelium (Fig. 9A)
with focal ulceration of the mucosa and complete loss of villi and
crypts was observed. The damage in the lumen of the ileum was
not as marked as that observed in surface epithelium (black
bars versus dark gray bars in Fig. 9A). In the group infected with
NRG857c�ibeA (a 2.33 ileum pathology score) a disruption of the
surface epithelium with desquamation and no major damage in
the lumen was observed. The PBS-treated group consisted mostly
of unremarkable mucosa with a slightly hypercellular lamina pro-

pria (a 0.5 ileum pathology score). Similar results were observed in
the cecum, with the difference that the lumen showed moderate to
dense presence of necrotic epithelial cells only when infected with
NRG857c (dark gray bars in Fig. 9B and E). The pathology ob-
served in the colon, consistent with our IFN-� results, was unre-
markable, and the differences in the pathology score means were
not drastically different between the AIEC-infected groups (1.50
and 1.167) or the PBS-treated groups (1.50 versus 0.75) (Fig. 9C).
This result contrasted with those observed in the small intestine (4.5
versus 0.5) and colon (4.16 versus 1.75). When we compared the
pathology scores between NRG857c-infected and NRG857c�ibeA-
infected animals, lower numbers were obtained for the latter group in
the ileum (4.5 versus 2.33) and the cecum (4.16 versus 1.83) but not in
the colon (1.50 versus 1.167). Overall, the results showed that in the

FIG 5 AIEC intramacrophage survival. THP-1 macrophages were infected with NRG857c (AIEC), NRG857c�ibeA (AIEC �ibeA), and nonpathogenic E. coli
DH5� at an MOI of 10 for 1 h. (A) After infection, cells were incubated with gentamicin and, after 1 h of treatment, the bacterial uptake was quantified. (B) The
level for uptaken bacteria (calculated as CFU) determined after 1 h of treatment with gentamicin was defined as 100%. Intramacrophage survival of bacteria was
calculated at 4, 16, 24, and 48 h. The data are expressed as the means � the standard errors from two independent experiments (n � 7). Two-way analysis of
variance with a Bonferroni post-test analysis was performed. ns, P � 0.05; *, P  0.05; **, P  0.01; ***, P  0.001 (all of the groups were compared to wt AIEC
at the different time points).

FIG 6 NRG857c (AIEC) and NRG857c�ibeA (AIEC �ibeA) bacterial counts in feces and intestine during early stage of colonization. Groups of six female
streptomycin-pretreated CD-1 (ICR) mice were infected with 109 CFU of NRG857c (AIEC), NRG857c�ibeA (AIEC �ibeA), or MG1655 (nonpathogenic K-12
E. coli) or treated with PBS (negative control) via oral gavage as described in Materials and Methods. (A) Feces were collected daily, and sections of the ileum,
cecum, and colon were homogenized; CFU were determined at day 4 postinfection. Solid lines indicate the arithmetic means for each of the infected groups. (B)
The CFU levels per organ and in the feces are also reported. The data are expressed as means � the standard errors from six mice per group; findings
representative of one experiment are shown. ns, P � 0.05; *, P � 0.05; **, P � 0.01 (compared to the wt strain NRG857c; Kruskal-Wallis one-way ANOVA,
followed by Dunn’s multiple-comparison tests, was used).
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mice colonized with NRG857c�ibeA, there is a reduction in the
damage to the intestinal tissue, particularly in the ileum and
cecum. This result is consistent with what has been previously
shown with AIEC infections leading to tissue pathology (11) and
supports the role of AIEC bacteria as a promoter of inflammatory
disorders in the gastrointestinal tract (43).

DISCUSSION

It has become increasingly relevant to study AIEC, since evidence
supporting the association of an imbalanced microbiota in the
development of Crohn’s disease (CD) has been accumulating in
recent years (44). Among the microorganisms that have been re-
ported to be enriched in patients with CD and possibly involved in
the onset or aggravation of symptoms, Gram-negative bacteria
such as Campylobacter species (45) or AIEC (1) have been re-
ported. Several mechanisms have been proposed describing the
interaction of AIEC isolates (2, 46, 47) and the host gut. Special
attention has been devoted to identify virulence-associated factors
in AIEC (10, 11), and we have paid special attention to invasion, as
one of the characteristic properties of AIEC (1). As such, it is
important to define which factors correlate with the pathogenic

potential of AIEC. This is the first report associating the IbeA
protein in the interaction of AIEC with intestinal epithelial cells
and macrophages, and our results indicate that although there is a
contribution of IbeA to AIEC invasion of intestinal epithelial cells
and survival within macrophages, no major effect was associated
with AIEC colonization in a mouse model, which suggests that
AIEC is equipped with additional adhesins and/or invasins that
are mediating these interactions.

Among the virulence factors of AIEC that might contribute to
the interaction with the host are the type 1 pili (46), flagella (47),
and long polar fimbriae (48, 49), which are reported to act in
concert to promote the interaction of AIEC with the intestinal
epithelium. However, flagella are ubiquitous in pathogenic and
nonpathogenic E. coli strains (50) and not a unique factor for
AIEC strains. Although type 1 pili in AIEC strains (7, 8) might
contribute to increased interaction with abnormally expressed
CEACAM in the host, AIEC prototype strains LF82 and NRG857c
were still able to colonize the gut of conventional mouse strains
such as ICR (CD-1), DBA/2, and C3H that lack CEACAM recep-
tors (8). In addition, long polar fimbriae have been reported to
primarily mediate the interaction of AIEC M cells (48). Based on

FIG 7 Bacterial levels of AIEC and AIEC �ibeA in feces and intestine during persistence. Groups of seven female streptomycin-pretreated CD-1 (ICR) mice were
infected with 109 CFU of NRG857c (AIEC), NRG857c�ibeA (AIEC �ibeA), or MG1655 (nonpathogenic E. coli K-12) or treated with PBS (negative control) via oral
gavage as described in Materials and Methods. (A) Feces were collected daily and subsequently every other day up to 14 days posttreatment. (B) Sections of the
ileum, cecum, and colon were homogenized, and the CFU were determined at day 14 postinfection. The percentage of mice that were infected, based on our
threshold of bacterial detection, was also determined. The results are expressed as the percentages of the infected mice. (C) The resulting curves were compared
via log-rank test. The data are expressed as the means � the standard errors from seven mice per group; representative results from one experiment are shown.
ns, P � 0.05; *, P � 0.05; **, P � 0.01; ***, P � 0.001 (compared against the wt strain NRG857c; Kruskal-Wallis one-way analysis of variance, followed by Dunn’s
multiple-comparison tests, was used).
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this evidence, we decided to search for other virulence determi-
nants associated with invasion in AIEC. We found the presence of
the ibeA gene in the fully sequenced AIEC genomes (10–12) and
based on the fact that reports have shown that ibeA is not ubiqui-
tous among E. coli and is absent in nonpathogenic strains (13, 17),
we characterized its function. Interestingly, a recent study
screened E. coli strains associated with inflammatory bowel dis-
ease (IBD) for classic virulence genes associated with diarrhea-
genic and extraintestinal E. coli and did not detect the ibeA gene
(51). However, not all of the strains of this collection were consid-
ered AIEC, even if associated with IBD; therefore, further studies
are necessary to define the distribution of ibeA in AIEC strains.

The described role of IbeA as an invasin in other pathogenic E. coli
isolates such as NMEC (14) and APEC (16) is consistent with our
findings with AIEC strain NRG857c, where it plays an important
role in the invasion of intestinal epithelial cells. The absence of
ibeA accounted for a reduction in invasion of ca. 67% compared to
wt; however, intracellular bacteria were still detectable, suggesting
that IbeA is not the sole invasion determinant of AIEC. In addi-
tion, the effect of IbeA on AIEC invasion seems to be more prom-
inent upon full Caco-2 polarization, a more restrictive epithelial
barrier than the nonpolarized model (52). It is possible that IbeA
invasion depends on the natural configuration of the monolayer
to mediate the invasive process. Whether this is dependent on the
spatial rearrangement of a potential receptor remains to be eluci-
dated. The absence of IbeA also caused a significant reduction in
intracellular AIEC in M-like cells; however, the wt phenotype was
partially restored upon complementation. As mentioned above,
since intracellular levels of bacteria were still found upon disrup-
tion of ibeA, it is important to define other virulence determinants
associated with AIEC invasion. Genes for a complete type VI se-
cretion system (T6SS), which has been reported to contribute to

invasion in other enteric pathogens (53), have been found in
NRG857c (11), but it is unknown whether they play any func-
tional role in this process.

The fact that IbeA might contribute to AIEC invasion of intes-
tinal epithelial cells, as well as M cells, where the bacteria could
persist (1), is interesting because it has been reported that some
pathogens can use M cells to translocate through the host intesti-
nal tract (39). Our results did not find significant differences in
transcytosis through M cells associated with IbeA at early time
points, even though the percentage of transcytosed bacteria was
lower in the ibeA mutant than in the wt strain. Therefore, it is
plausible to propose that other factors, such as the long polar
fimbriae, are participating in the transcytosis through M cells (48).
Our results further support the idea that AIEC might have more
than one mechanism to interact with M cells and access the un-
derlying macrophages present in the lymphoid tissue. The survival
within murine macrophages by AIEC isolates has been well de-
scribed (3), where the survival at 24 h postinfection can range
from 32 to 100% of bacteria phagocytosed in the case of the
Crohn’s disease-associated strains (4, 51). In our study, the sur-
vival of NRG857c in human macrophages at 24 h postinfection
was 32.42%, which is consistent with what has been reported for
other AIEC strains. The basis of AIEC intramacrophage survival
has been associated with several factors, such as the induction of
tumor necrosis factor alpha (TNF-�) (4) via an acidification of the
phagosome, which contributes to AIEC replication or abnormal-
ities in the autophagy system (54, 55) (such as ATGL16L1 and
IRGM [56]). Our results showed that in the absence of IbeA, an
impaired intramacrophage survival was observed. The mecha-
nism associated with impaired survival has not been elucidated,
but it is plausible to propose that IbeA, which belongs to the
Pfam12831 family of FAD-dependent oxidoreductases (19), could

FIG 8 IFN-� local inflammatory response in the colon and cecum after infection with AIEC. Groups of seven female CD-1 (ICR) mice were infected with NRG857c
(AIEC), NRG857c�ibeA (AIEC �ibeA), and MG1655 (nonpathogenic E. coli K-12) or treated with PBS (negative control), and tissue sections of the colon and
cecum were obtained at 14 days postinfection. IFN-� levels were measured by enzyme-linked immunosorbent assay in the cecum (A) and colon (B). The data are
expressed as the means � the standard errors from seven mice per group; representative results from one experiment are shown. ns, P � 0.05; *, P � 0.05; **, P �
0.01 (compared against the wt strain NRG857c; an unpaired Student t test with Welch’s correction, due to differences in the variance between sample
populations, was used).
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play a role in survival to reactive oxygen species (19). Reactive
oxygen species are an important part of the macrophage oxidative
stress (57, 58), and during the first hours after bacterial invasion,
where bacteria encounter stress conditions (59), the role of IbeA as
a putative FAD-dependent oxidoreductase might be relevant. The
fact that the deletion of the ibeA gene from NRG857c affected its
survival within human macrophages supports the role of IbeA in
AIEC intracellular survival (data not shown).

In the murine model of infection, we found that AIEC was able to
persist within the gut of the mice up to 14 days. This provides addi-
tional evidence that AIEC can colonize the guts of conventional mice
more efficiently than nonpathogenic E. coli. In our model, AIEC
colonization was not directly a result of genetic deficiencies of the
host that facilitate AIEC persistence, such as overexpression of
CEACAM6 in the gut (5, 7). Colonization of AIEC was not re-
stricted to one exclusive section of the gut, since bacteria were
recovered from the small intestine, cecum, and colon, a finding
indicating that AIEC has the ability to interact with different in-
testinal sections.

Although the absence of IbeA did not cause a significant reduc-
tion in murine intestinal colonization, this provides an alternative
hypothesis indicating that AIEC is equipped with additional ad-
hesins and/or invasins that mediate intestinal interaction. How-
ever, we found that IbeA is important for increased pathology in
the ilea and ceca of mice, possibly due to increased IFN-� secre-
tion. The reduction in IFN-� secretion in the absence of IbeA is
possibly a consequence of impaired interaction with specific cells
of the innate immune system, such as macrophages, and not a
consequence of changes in colonization of the intestinal epithe-
lium. Little difference in pathology was observed in the colon
when comparing AIEC-infected animals with the PBS-treated
group, suggesting that even though AIEC is present in the colon,
greater damage to the epithelium occurs in the ileum and cecum.

We also observed a correlation between colonization by AIEC
and development of inflammation with the wt strain, and similar
inflammatory responses have been described in mice expressing
CEACAM6 (7), as well as conventional mouse strains (8). It is
important to clarify that in the conventional mouse strain studies,

FIG 9 Ileal, cecal, and colonic pathologies after NRG857c (AIEC) or NRG857c�ibeA (AIEC �ibeA) infection. The pathology scores were calculated for the small
intestine (A), cecum (B), and colon (C) at 14 days postinfection after staining with hematoxylin and eosin. ICR (CD-1) mice were infected or treated as follows:
AIEC (n � 6), AIEC �ibeA (n � 6), or PBS (n � 3). Scores represent an average of three views per section, and data are expressed as means with standard
deviations for each group. Panels D, E, and F are representative for small intestinal sections that were stained with hematoxylin and eosin and used to calculate
pathology scores. Ilea of ICR (CD-1) mice infected with AIEC (D) or AIEC �ibeA (E) or treated with PBS as a control (F) are displayed. The extensive damage
to the intestinal epithelium can be observed (black arrows). The data are representative of the results from one experiment. The pathology scores for each
intestinal segment are presented in parentheses. Pathology score means were compared using a one-way ANOVA, followed by Tukey’s multiple-comparison
tests. ns, P � 0.05; *, P � 0.05; **, P � 0.01; ***, P � 0.001 (for comparisons between groups).
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the host has a depleted microflora due to streptomycin treatment,
and the introduction of a high dose (109 CFU) of AIEC might
contribute to the inability of the microbiota to fully repopulate the
intestine (6). This might be one of the factors associated with
the damage reflected by the high pathology score compared to the
control in that study. While in general terms, colonization of the
gut by bacteria can elicit an inflammatory response, the fact that
the response was observed still at 14 days suggests a long-lasting
damage to the gut even in the absence of bacteria. It is also possible
that in the absence of IbeA, reduced localization to the Peyer’s
patches (M cells) occurs and accounts for the trend in reduction of
IFN-� levels in the cecum and reduced histopathology observed in
the ileum and cecum. If that is the case, future studies should
monitor specifically AIEC localized to the Peyer’s patches. In con-
clusion, our study has generated novel information regarding the
mechanisms that AIEC has to interact with the host and adds
another virulence determinant to the AIEC arsenal that might
contribute to the perpetuation of inflammation (6, 44).
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