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ackground & Aims: Adherent-invasive Escherichia coli
AIEC) pathovar has been identified in the intestinal
ucosa of patients with Crohn’s disease (CD). AIEC
eference strain LF82 is able to adhere to intestinal
pithelial cells, to invade epithelial cells via a mecha-
ism involving actin polymerization and microtubules,
nd to survive and replicate within macrophages. This
tudy was performed to assess the prevalence of AIEC
ssociated with intestinal mucosa of patients with CD,
lcerative colitis (UC), and of controls.Methods: A search
or E. coli strains was performed with ileal specimens of
3 patients with CD and 16 controls without inflamma-
ory bowel disease (IBD), and with colonic specimens of
7 patients with CD, 8 patients with UC, and 102 con-
rols. The abilities of E. coli strains to invade epithelial
ells and to survive and replicate within macrophages
ere assessed using the gentamicin protection assay.
acterial uptake by epithelial cells was analyzed using
ytoskeletal inhibitors. Bacterial adhesion was quanti-
ed with Caco-2 and Intestine-407 cells. The presence of
nown E. coli virulence genes was assessed by polymer-
se chain reaction and DNA hybridization. Results: In
leal specimens, AIEC strains were found in 21.7% of CD
hronic lesions vs. in 6.2% of controls. In neoterminal
leal specimens, AIEC strains were found in 36.4% of CD
arly lesions (P � 0.034 vs. controls) and 22.2% of
ealthy mucosa of CD patients. In colonic specimens,
IEC strains were found in 3.7% of CD patients, 0% of UC
atients, and 1.9% of controls. Conclusions: AIEC strains
re associated specifically with ileal mucosa in CD.

he pathogenesis of Crohn’s disease (CD) is complex
and consists of 3 interacting elements: genetic sus-

eptibility factors, priming by the enteric microflora, and
mmune-mediated tissue injury.1–4 Experimental and
bservational data suggest that intestinal inflammation
rises from abnormal immune response to bacterial flora
n the intestines of individuals who are genetically sus-
eptible.2 Characteristic pathologic elements of CD have
ong suggested a microbial cause, including aphthous
lcers of the mucosa, mural abscesses, suppurative fistu-
as, and macrophage and epithelioid cell granulomas.
hese occur in well-recognized infectious diseases of the

ntestines of humans and animals.5 The role of luminal
acteria in the pathogenesis of CD is supported by
bservations that patients with CD clinically improve
hen luminal bacterial concentrations are decreased.6–11

he importance of the luminal flora also is suggested by
tudies of postsurgical endoscopic relapse, which occurs
t a rate of 73% within 1 year. Diverting ileostomy
revents postoperative recurrence, and, if the anastomosis
s isolated from the fecal flux by an upstream stoma, no
esion occurs. In contrast, relapse occurs rapidly when
ecal flow through the anastomosis is reinstituted.12 In
hat situation, there is a significant increase in the mu-
osal-associated bacterial counts in the neoterminal il-
um and this colonization may be related to postopera-
ive relapse.13

There is still controversy regarding whether the viru-
ence traits of bacteria in CD are expressed broadly or just
n a small subset of bacteria.14 Individual bacterial spe-
ies within the indigenous flora vary in their capacity to
ause intestinal inflammation. In experimental models,
ome bacteria such as Bacteroides vulgatus can cause colitis
lone when monoassociated in the HLA-B27 transgenic
at model.15 Others, including Lactobacillus and Bi-
dobacterium species, have no proinflammatory capacity
nd have been used as probiotics.16,17 In patients with
nflammatory bowel disease (IBD), systematic approaches
o this issue have been hampered by the limited knowl-
dge of the intestinal flora. Escherichia coli strains are

Abbreviations used in this paper: AIEC, adherent-invasive Esche-
ichia coli; LB, Luria–Bertani.
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omponents of the bacterial flora, which have long been
uspected to participate in the pathogenesis of CD. It has
een shown that patients with CD display an increased
umber of coliforms in their feces, particularly during
eriods when the disease is active.18 Immunocytochem-
stry has documented the presence of E. coli antigens in
ost intestinal resection specimens from patients.19

nalysis of the bacterial flora associated with the ileal
ucosa of patients with CD showed that E. coli strains
ere abnormally prevalent, constituting between 50%

nd 100% of the total number of aerobes and anaerobes
n both early and chronic ileal lesions.20 Increased num-
ers of E. coli associated with intestinal mucosa has been
bserved in patients with IBD compared with asymp-
omatic controls.21 Most of these E. coli strains are able to
dhere to cultured intestinal epithelial cells, a property
hat would enable them to colonize the intestinal
ucosa.20

Invasive properties of bacterial species may be critical
or their ability to induce inflammation. Primary lesions
f CD often occur in Peyer’s patches.22 The aphthous
lcer, resulting from necrosis of M cells of Peyer’s lym-
hoid follicles, is recognized as the earliest lesion of
D.23 Such ulcers occur in shigellosis, salmonellosis, and
ersinial enterocolitis, in which invasiveness is an essen-
ial virulence factor of the bacteria involved. The iden-
ification of mutations in the NOD2/CARD15 encoding
ene in patients with CD showed a link between innate
mmune response to invasive bacteria and the develop-
ent of CD.24,25 Indeed, NOD2 is a cytosolic receptor

esponding to the presence of bacterial components such
s peptidoglycan through muramyl dipeptide detec-
ion.26,27 The hypothesis of the involvement of invasive
acteria in CD was strengthened by the recent findings
hat intestinal epithelial cells expressing a NOD2/
ARD15 variant were unable to constrain the replication
f intracellular bacteria.28 Moreover, in vitro interaction
etween adherent E. coli and human intestinal epithelial
ells leads to overexpression of the major histocompati-
ility complex class I–related molecule MICA. Intestinal
iopsy specimens from CD patients overexpressed
ICA, confirming a possible role of pathogenic E. coli in
D.29

We previously characterized the invasive ability of E.
oli strain LF82, which was isolated from damaged ileal
ucosa of a patient with CD, and showed that it was a

rue invasive strain.20,30,31 It efficiently invades cultured
pithelial cells, its uptake is dependent on actin micro-
laments and microtubules, and it survives intracellu-
arly and replicates in the host cell cytoplasm after lysis
f the endocytic vacuole. However, strain LF82 has none
f the invasive determinants of the invasive E. coli known
o be involved in acute gastrointestinal infections, that is,
he ipaC plasmid gene encoding the invasin of Shigella
exneri and enteroinvasive E. coli, the eae gene encoding
he intimin of enteropathogenic E. coli, the afaD gene
nvolved in invasion of diffusely adhering E. coli, or the
ia gene encoding a 25-kilodalton outer-membrane pro-
ein involved in enterotoxigenic E. coli invasiveness. In
itro analysis of the interactions of invasive E. coli strains
solated from CD patients with macrophages indicated
hat these strains were able to survive and replicate
ithin the phagocytic cells without inducing cell death.
e also showed that infected macrophages secreted large

mounts of tumor necrosis factor �.32 We thus defined a
ew pathogenic group of E. coli, designated AIEC for
dherent-invasive E. coli.

The aim of the present study was to assess the preva-
ence of AIEC associated with the intestinal mucosa of
atients with CD, ulcerative colitis (UC), and controls.
e thus investigated for the presence of invasive E. coli

nd determined whether the invasive strains belonged to
he AIEC pathovar by analyzing the invasive process,
earching for known genetic invasive determinants,
uantifying the bacterial adhesion to differentiated
aco-2 and undifferentiated Intestine-407 intestinal ep-

thelial cells, and by studying the survival and replica-
ion of the internalized bacteria within J774-A1 macro-
hages.

Patients and Methods
Patients and Controls

E. coli strains included in this study were isolated from
leal specimens of patients with CD or of controls, and from
olonic specimens of patients with CD, UC, or of controls. All
atients and controls gave their informed consent, and ap-
roval from the local ethics committee was obtained.

Ileal specimens (CD). A total of 63 mucosal speci-
ens from patients with CD were studied.

Resection specimens (chronic lesions). Twenty-three pa-
ients with CD (11 women, 12 men; mean age, 30 yr; range,
9–42 yr) who had undergone ileocolectomy for the first time
ere included. Fourteen patients had ileal involvement, and 9
ad ileocolonic CD. All patients received cefoxitin (2 g intra-
enously) at the time of incision. Specimens were taken from
he mucosa of resected ileum with an endoscopic forceps.

Neoterminal ileal specimens. Specimens were obtained
rom the neoterminal ileum (10 cm from anastomosis) at
ndoscopy in 40 patients who had undergone ileocolectomy
ith end-to-end ileocolonic anastomosis, except in 2 patients
aving a definite ileostomy. Endoscopic findings were scored
1–i4 according to the criteria of Rutgeerts et al.33 Endoscopic
iopsy specimens were taken from early recurrent ileal lesions
referred to as early lesions) (scored � i2) in 22 patients (12
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omen, 10 men; mean age, 33 yr; range, 19–55 yr), 8 of
hom underwent biopsy examinations 3 months after surgery,

nd 14 of whom underwent biopsy examinations at 1 year.
imilarly, endoscopic biopsy specimens were taken from
ealthy ileal mucosa (referred to as healthy mucosa) of 18
atients with CD (10 women, 8 men; mean age, 28 yr; range,
8–43 yr) who had no endoscopic recurrence (Rutgeerts
core � 1) at 3 months (n � 12) or 1 year (n � 6) after
urgery. None of the patients had received antibiotics within 4
eeks of sampling.

Ileal specimens (controls). Sixteen patients (12
omen, 4 men; mean age, 65 yr; range, 45–89 yr) with right

olonic cancer who had undergone right hemicolectomy were
ncluded. Specimens were obtained at surgery in 11 patients.
ll patients received cefoxitin (2 g intravenously) at the time
f incision. Specimens were taken from the mucosa of resected
leum with an endoscopic forceps. In 5 patients specimens were
btained postoperatively from the neoterminal ileum during
urveillance endoscopy.

Colonic specimens (CD). Specimens were obtained
rom the left colon using endoscopic forceps in 27 patients
ith CD (mean age, 33 yr; range, 19–74 yr). Seven patients
ad undergone surgical resection with end-to-end anastomosis
6 right ileocolectomy, 1 small bowel resection). Specimens
ere taken from colonic lesions in 15 patients and from normal
ucosa in 12 patients. None of the patients had received

ntibiotics within 4 weeks of sampling.
Colonic specimens (UC). Specimens were obtained

rom the left colon using endoscopic forceps in 8 patients with
C (mean age, 48 yr; range, 28–70 yr). Specimens were taken

rom colonic lesions in 5 patients and from normal mucosa in
patients. None of the patients had received antibiotics within
weeks of sampling.

Colonic specimens (controls). Specimens were ob-
ained from normal mucosa of the left colon using endoscopic
orceps in 9 patients with irritable bowel syndrome and from
acroscopic lesions of colitis in 93 patients with acute self-

imited colitis (mean age, 38 yr; range, 18–94 yr). None of the
atients developed IBD at follow-up evaluation.34

Microbiologic Methods

The intestinal specimens were collected into sterile
ials containing either phosphate-buffered saline (PBS) or cys-
einated one-quarter strength Ringer’s solution. One biopsy
pecimen weighing approximately 5–10 mg was tested for
ach patient or control. The specimens were crushed and
0-fold dilutions were plated on blood agar medium. Sus-
icious E. coli colonies were identified by the API system
bioMérieux sa, Marcy l’Etoile, France). Up to 3 colonies for
ach patient or control were characterized further. All E. coli
trains were stored in Mueller-Hinton broth (Institut Pasteur
roduction, Marnes-la-Coquette, France) with glycerol (15%
ol/vol) at �80°C, and grown in Luria–Bertani (LB) broth
ithout shaking or on Mueller–Hinton agar plates overnight

t 37°C.
The minimal bactericidal concentration (MBC; concentra-
ion that reduced the bacterial count by 99.9%) of gentamicin
or all strains included in this study was determined because
his drug is used to distinguish between extracellular adherent
acteria and intracellular bacteria during the invasion assays.
. coli strains resistant to gentamicin were excluded from the
tudy.

Reference Bacterial Strains

Enteropathogenic E. coli E2348/69,35 enterotoxigenic
. coli H10407,36 and AFA A3037 E. coli strains, which belong
o different pathogenic groups that are responsible for gastro-
ntestinal or urinary tract infections, were used as sources of the
ae, tia, and afaD genes. Shigella flexneri strain SC30138 was
sed as a source of the ipaC gene. E. coli strain K-12 C600 was
sed as a noninvasive control.

Cell Lines and Cell Culture

The following epithelial cell models were used: the
aco-2 cell line established from a human colonic adenocarci-
oma that exhibits structural and functional differentiation
atterns in postconfluence culture characteristic of mature
nterocytes of the small intestine, the Intestine-407 cell line
erived from human embryonic jejunum and ileum as a model
f undifferentiated intestinal epithelial cells, and the HEp-2
ell line derived from a human laryngeal carcinoma. All cell
ines were purchased from Flow Laboratories (Flow Laborato-
ies Inc., Mc Lean, VA). The murine J774-A1 macrophage-like
ell line (American Type Culture Collection no. TIB67;
TCC, Manassas, VA) was used as a macrophage model. Cell

ulture was performed as described previously.20,30,32

Invasion Assays

Intestine-407 and HEp-2 cells were seeded in 24-well
issue culture plates (Polylabo, Strasbourg, France) at a density
f 4.105 cells/well and incubated for 20 hours. The cell mono-
ayers were washed twice with PBS (pH 7.2). Bacterial inva-
ion of epithelial cells was measured using the gentamicin
rotection assay.39 Each monolayer was infected in 1 mL of the
ell culture medium lacking antibiotics with a multiplicity of
nfection of 10 bacteria per epithelial cell. After a 3-hour
ncubation period at 37°C with 5% CO2, the monolayers were
ashed 3 times with PBS. Fresh cell culture medium contain-

ng 100 �g/mL of gentamicin (Sigma, St. Louis, MO) was
dded for 1 hour to kill extracellular bacteria before lysis of the
onolayers with 1% Triton X-100 (Sigma) in deionized water.
his concentration of Triton X-100 had no effect on bacterial
iability for at least 30 minutes. The samples were diluted and
lated onto Mueller–Hinton agar plates to determine the
umber of colony-forming units. All results of E. coli invasive
bility with Intestine-407 and HEp-2 cell lines were expressed
s the percentage of intracellular bacteria compared with the
nitial inoculum, taken as 100%. All of the assays were per-
ormed at least 3 times in separate experiments.
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Adhesion Assays

Adhesion to differentiated Caco-2 and undifferentiated
ntestine-407 intestinal cells was measured as reported previ-
usly20 with minor modifications. Briefly, Caco-2 cells were
eeded at a density of 2.104 cells/well and used at postconflu-
nce after 15 days of culture. Intestine-407 cells seeded at
.105 cells/well were incubated for 20 hours. The cells were
ashed with PBS before the adhesion test and a suspension of
08 bacteria/mL in the cell line culture medium was added to
he tissue culture and incubated for 3 hours at 37°C. After 3
ashes with PBS, the cells were lysed with 1% Triton X-100

nd the number of colony-forming units was determined by
lating. For each experiment the mean number of Caco-2 cells
fter 15 days of culture or of Intestine-407 after 20 hours of
ulture was determined. Adhesion assays were performed in
riplicate, and the mean number of bacteria per cell was
etermined.

Effect of Eukaryotic Cytoskeletal Inhibitors

HEp-2 cells were preincubated for 30 minutes before
he invasion assay in cell culture medium lacking antibiotics
ith 1 �g/mL of cytochalasin D or 0.5 �g/mL of colchicine

Sigma). The inhibitors were present throughout a 3-hour
acterial infection period. The inhibitory effect of each inhib-
tor on bacterial uptake was evaluated against a control assay
ithout inhibitor, which was defined as 100% of bacterial
ptake. All of the assays were performed at least 3 times in
eparate experiments.

Bacterial Survival and Replication Within
Macrophages

Bacterial uptake, survival, and replication were mea-
ured by the gentamicin protection assay. J774-A1 macro-
hages were seeded in 24-well tissue culture plates (Polylabo)
t a density of 2.105 cells per well and were grown for 24
ours. Before infection, the cell monolayers were washed twice
ith PBS and the medium was replaced with 1 mL of RPMI
640 supplemented with 10% heat-inactivated fetal calf se-
um. Each monolayer was infected with a multiplicity of
nfection of 10 bacteria per macrophage cell. After a 2-hour
ncubation period at 37°C with 5% CO2, infected macro-
hages were washed twice with PBS, and fresh cell culture
edium containing 100 �g/mL of gentamicin was added to

able 1. Oligonucleotide Primers to Generate PCR Amplificat

Primer Oligonucleotide sequence (5�-3�)
P

ae-I GGTACTGAACGCAGTACGC
ae-II CGACATCGCTAACACGGG

paC-I ATCATTGCTCGCCTTACTGAC
paC-II GCAATCTGACTGGCTGCCG
ia-F ACCAGCGCTTCCGTCAGG
ia-R GCCAGATTCATTCCAGGAGG
fa-70 TGCGCTTTATTCCTGTGGCACCACACAG
fa-92 GGGATATTTCTGACCCGTACGGTGTG
ill extracellular bacteria. After incubation for an additional
our, the medium was removed and fresh medium containing
0 �g/mL of gentamicin was added for 1 or 24 hours. Cells
ere washed once with PBS, and 0.5 mL of 1% Triton X-100

Sigma) in deionized water was placed in each well for 5
inutes to lyse the eukaryotic cells. Samples were removed,

iluted, and plated onto Mueller–Hinton agar plates to deter-
ine the number of colony-forming units recovered from the

ysed monolayers. The number of bacteria surviving the gen-
amicin kill assay was determined after 1 and 24 hours of
entamicin treatment. Survival and replication at 24 hours
ostinfection was expressed as the mean percentage of the
umber of bacteria recovered after 1 hour postinfection, de-
ned as 100%. All assays were performed at least 3 times in
eparate experiments and in duplicate.

Transmission Electron Microscopy

Cross-sections of infected cultured cells were prepared
s follows. After infection, cells were fixed with 3% glutaral-
ehyde in 0.2 mol/L cacodylate buffer at 4°C for 2 hours and
ostfixed in 1% OsO4 in cacodylate buffer at 4°C for 1 hour.
fter dehydration in a graded series of ethanol, the cultures
ere embedded in a 2-mm thick Epon coating (Resolution
erformance Product, Houston, TX) in the tissue culture well
nd polymerized for 3 days at 60°C. Suitable areas were
riented parallel to the cell layer surface on Epon blocks with
n Epon mixture. Ultrasections were contrasted with uranyl
cetate and lead citrate.

Hybridization Experiments

DNA fragments used as nucleic probes were generated
y polymerase chain reaction. Oligonucleotides used for am-
lification of ipaC-specific, eae-specific, tia-specific, and afaD-
pecific sequences were synthesized on the basis of published
ucleotide sequences (Table 1). Polymerase chain reaction
rotocols were performed as described previously.30 Polymer-
se chain reaction fragments obtained from each specific am-
lification of DNA from reference E. coli strains were used as
ucleic probes for colony blot hybridization experiments. Poly-
erase chain reaction fragments were purified from the agarose

el by using QIAEX II gel extraction kit (Qiagen S.A.,
ourtaboeuf, France) and radiolabeled with (�-32P) deoxyade-
osine triphosphate (3000 Ci/mmol; Amersham International,

roducts Used as Nucleic Probes

rase chain reaction
oduct size (bp) Probe

GenBank
accession number

831 eae M58154

862 ipaC J04117

382 tia U20318

500 afaD X76688
ion P

olyme
pr
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mersham, UK) using a random-primed DNA labeling kit
Boehringer Mannheim, Meyher, France) according to the
anufacturer’s specifications. Colony blot hybridizations were

erformed with rapid hybridization buffer (Amersham) over-
ight at 65°C as described previously.30

Definition of AIEC

Determination of E. coli strains as belonging to the
IEC pathovar was performed using the following criteria: (1)

he ability of the bacteria to invade Intestine-407 and HEp-2
pithelial cells with an invasion index equal or superior to
.1% of the original inoculum, (2) the involvement of host cell
ctin polymerization and microtubule recruitment in bacterial
ptake, (3) the absence of known invasive determinants, (4) the
bility to adhere to differentiated Caco-2 and/or undifferenti-
ted Intestine-407 intestinal epithelial cells with an adhesion
ndex equal or superior to 1 bacteria per cell, and (5) the ability
o survive and to replicate within J774-A1 macrophages.40

Statistical Analysis

The data were analyzed by the �2 test unless the
ariables needed a 2-tailed Fisher exact test. A P value �0.05
as considered statistically significant.

Results
Search for Invasive E. coli Strains
Associated With Intestinal Mucosa of CD
and UC Patients and Controls

The invasion level of the noninvasive reference E.
oli strain K-12 C600 was 0.0005% � 0.0005% of the
riginal inoculum (Table 2). Reference strain LF82, in-
luded in all of the assays as a positive invasive control,
ave a mean invasion level of 1.29% � 0.55%. E. coli
trains were considered invasive when the mean invasion
evel was superior or equal to 0.1% of the original
noculum. Based on this criteria, invasive E. coli strains
solated from patients with IBD or controls are listed in
able 2. For each patient or control, only the E. coli strain

hat showed the highest invasive level is listed. The
nvasion levels ranged from 0.12% to 1.41% and from
.10% to 3.38% with Intestine-407 cells and HEp-2
ells, respectively. The presence of numerous intracellu-
ar bacteria was confirmed by electron microscopy (Fig-
re 1).
In CD patients, invasive E. coli strains were found

ssociated with ileal mucosa in 7 (30.4%) of 23 patients
ith chronic lesions, associated with the neoterminal

leal mucosa in 8 (36.4%) of 22 patients with early
esions, and in 4 (22.2%) of 18 patients with healthy
ucosa (Table 3). In contrast, invasive E. coli was isolated

rom only 1 (6.2%) of the 16 ileal specimens from
ontrols.
Of the colonic specimens from 27 CD patients in-
luded in this study, only 1 (3.7%) was positive for
nvasive E. coli. A similar low prevalence of invasive E.
oli was observed in colonic mucosa of controls (3.9%),
nd only 1 (12.5%) colonic specimen of the 8 UC
atients harbored invasive E. coli.

Characteristics of the Invasive E. coli
Strains

Adhesion to intestinal epithelial cells. E. coli
trains were considered adherent when the mean adhe-
ion index was equal or superior to 1 bacteria per cell. All
he invasive strains had the ability to adhere to differen-
iated Caco-2 cells and to undifferentiated Intestine-407,
ith adhesion indices varying from 1 � 0 to 25 � 5
acteria per cell with Caco-2 cells and from 2 � 1 to
9 � 8 bacteria per cell with Intestine-407 cells (Table
). Surprisingly, the most adherent strains did not sys-
ematically show the highest invasion levels.

Involvement of actin polymerization and microtu-
ule recruitment in bacterial uptake. Cell monolayers
ere treated with either cytochalasin D or colchicine to

xamine the role of actin microfilaments and microtu-
ules in bacterial uptake, respectively. Experiments were
erformed with HEp-2 cells to compare results with
hose from previous reports.30 Treatment of HEp-2 cells
ith either cytochalasin D or colchicine markedly inhib-

ted the entry of all of the invasive strains isolated from
leal or colonic biopsy specimens from patients with CD
nd UC, giving residual invasion levels ranging from
.0% to 28.5% (Table 2). In contrast, an actin- and
icrotubule-independent mechanism was observed for 2

trains (strains LB13 and LB29) that were isolated from
olonic specimens of controls.

Search for known invasive determinants. None
f the invasive E. coli strains isolated from patients with
D or UC hybridized with intragenic probes correspond-

ng to the ipaC gene encoding the invasin of S. flexneri,
he eae gene encoding the intimin of enteropathogenic E.
oli, or the tia gene encoding an invasin of enterotoxi-
enic E. coli (Table 2). But 2 invasive strains (strains
F16 and LF54) isolated from chronic lesions from CD
atients hybridized with an intragenic probe correspond-
ng to the afaD gene encoding the invasin AFA of
iffusely adhering E. coli, and strain LB13 isolated from
olonic control hybridized with the tia probe.

Intracellular survival and replication within mac-
ophages. The nonpathogenic E. coli K-12 C600 was
fficiently killed after phagocytosis by J774-A1 macro-
hages, indicating efficient bactericidal activity of the
acrophages (Table 2). All of the invasive E. coli strains

solated from CD or UC patients and from controls were
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ble to survive. All invasive strains but one isolated from
UC patient (strain LF50-2) also showed high intracel-

ular replication. At 24 hours postinfection, the percent-
ges of intracellular bacteria able to replicate ranged from
47% � 44% to 3537% � 418%, indicating that the
umber of phagocytozed bacteria increased 1.47- to
5.37-fold greater than the number at initial infection.

Prevalence of AIEC Associated With
Intestinal Mucosa of CD and UC Patients
and of Controls
Based on the criteria used to define AIEC strains,

s stated in the Patients and Methods section, the fol-
owing invasive E. coli strains do not belong to the AIEC
athovar: strains LF16 and LF54, isolated from chronic

able 2. Characteristics of Invasive E. coli Strains Isolated F

Origin of
specimen Strain

% invasiona Residu

Int-407
cells

HEp-2
cells

Cytochalas
D

leal specimens of CD patients
Chronic lesion LF16 0.75 � 0.28 2.34 � 0.95 3.4

LF31 0.39 � 0.07 0.82 � 0.39 3.6
LF54 0.79 � 0.20 1.12 � 0.28 14.8
LF71 0.18 � 0.01 0.83 � 0.76 18.1
LF82 1.29 � 0.55 1.62 � 0.72 19.8
LF123 0.30 � 0.14 0.33 � 0.13 2.3
LF138 1.41 � 0.80 0.46 � 0.11 7.9

Early recurrent
lesion

LF9 0.15 � 0.02 0.71 � 0.23 2.3
LF15 0.59 � 0.13 0.45 � 0.14 2.9
LF28 0.12 � 0.05 0.27 � 0.12 9.4
LF50 0.30 � 0.05 2.32 � 1.03 4.1
LF65 0.38 � 0.03 0.29 � 0.07 1.0
LF119 0.37 � 0.07 0.42 � 0.14 18.9
LF128 0.19 � 0.11 0.11 � 0.07 6.7
LF130 0.31 � 0.04 0.25 � 0.24 6.0

Healthy
mucosa

LF73 0.46 � 0.15 0.39 � 0.10 4.4
LF100 0.14 � 0.07 0.10 � 0.05 17.6
LF110 0.42 � 0.30 1.03 � 0.44 2.0
LF134 0.23 � 0.05 0.19 � 0.04 11.0

leal specimen of controls
LF105 0.20 � 0.01 0.74 � 0.44 5.0

olonic specimens of
CD patients LF49-2 0.16 � 0.08 0.25 � 0.04 1.8
UC patients LF50-2 0.15 � 0.08 0.74 � 0.23 3.9
Controls LB11 0.34 � 0.11 1.05 � 0.44 2.5

LB13 0.14 � 0.04 1.79 � 1.06 91.0
LB29 0.12 � 0.05 0.32 � 0.12 100.4
LF45-2 0.70 � 0.36 3.38 � 1.92 2.1

eference strain K-12 0.0005 0.0005 NDf

OTE. For more accurate assessment of the results, we listed in this
acteria were invasive for 2 or 3 colonies analyzed for a given biops
Percentage of inoculum surviving after 1 hour of gentamicin treatme
Percentage of intracellular bacteria with cells treated with cytochala
00%.
Mean number of bacteria per cell after 3 hours of incubation.
Percentage of intracellular bacteria at 24 hours postinfection relativ
Results of colony blot hybridization of intragenic tia, afaD, eae, and
Not determined.
esions of CD because they harbor the afaD gene of
iffusely adhering E. coli; strain LF50-2, isolated from a
olonic specimen of a UC patient because it was not able
o replicate within J774-A1 macrophages; and strains
B13 and LB29, whose invasive processes do not involve
ost cell actin polymerization and microtubules. Thus,
he prevalence of AIEC associated with ileal mucosa was
1.7% in CD chronic lesions. The prevalence of AIEC
ssociated with the neoterminal ileal mucosa was 36.4%
n CD early lesions and 22.2% in healthy mucosa of CD
atients. The prevalence of AIEC associated with ileal
ucosa of controls was 6.2% (Table 3). A very low

revalence or absence of AIEC was observed in colonic
pecimens of CD patients (3.7%), UC patients (0%), and

Patients With CD or UC and From Controls

vasionb Adhesion indexc % survival at
24 hd with
J774-A1

macrophages

Known
invasive

determinantseColchicine
Caco-2
cells

Int-407
cells

8.5 14 � 5 10 � 2 3537 � 418 afaD
13.7 14 � 1 23 � 2 850 � 137 -
9.1 5 � 1 29 � 8 378 � 48 afaD

21.7 4 � 1 4 � 1 646 � 278 -
28.5 4 � 1 21 � 9 504 � 63 -
8.9 12 � 1 16 � 1 335 � 48 -

13.3 3 � 1 3 � 1 750 � 323 -
6.1 10 � 1 20 � 2 969 � 261 -
8.9 6 � 1 20 � 3 624 � 212 -

20.7 5 � 1 16 � 2 563 � 120 -
7.0 7 � 1 19 � 6 2071 � 490 -
2.0 3 � 1 10 � 1 1239 � 31 -

18.9 6 � 1 8 � 3 1010 � 122 -
17.6 10 � 5 6 � 1 331 � 61 -
11.5 3 � 2 2 � 1 525 � 94 -
4.5 2 � 1 5 � 1 252 � 41 -

21.6 1 � 0 2 � 1 251 � 47 -
6.6 4 � 2 18 � 5 2522 � 1654 -

10.6 1 � 0 2 � 1 2152 � 1126 -

25.0 9 � 4 16 � 1 833 � 364 -

13.5 5 � 2 12 � 5 147 � 44 -
21.0 25 � 5 13 � 5 70 � 24 -
5.8 19 � 3 10 � 2 1837 � 243 -

93.3 5 � 2 2 � 1 636 � 64 tia
143.2 5 � 1 3 � 1 1038 � 162 -
23.4 31 � 7 12 � 3 415 � 44 -
ND 0.4 � 0.2 0.3 � 0.1 6 � 2 -

only 1 invasive E. coli strain for each patient or control, although the
cimen.

or colchine relative to the number with untreated cells, defined as

he number after 1 hour of gentamicin treatment, defined as 100%.
probes.
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ontrols (1.9%). Statistical analysis indicated that the
revalence of AIEC associated with early CD lesions of
leal mucosa was significantly higher in patients than in
ontrols (P � 0.034).

Discussion
The main result of this study was that pathogenic

IEC are associated with ileal CD. AIEC strains were
solated from almost one third of ileal specimens in CD
s compared with 6% in ileal controls and less than 5%

igure 1. Transmission electron micrographs of Intestine-407 cells i
onolayer showing membrane ruffling on contact with the bacteria af

rom the infected intestinal epithelial cell. (B) Micrograph showing nu
ation 13,300	, (B) magnification 4500	.

able 3. Prevalence of Invasive E. coli Strains Associated Wi
Controls

Origin of the strains
Total no.

of subjects

leal specimens of
CD patients with chronic lesion 23
CD patients with early lesion 22
CD patients with healthy mucosa 18
Controls 16

olonic specimens of
CD patients 27
UC patients 8
Controls 102

E. coli strain was defined as invasive when a mean percentage supe
f gentamicin treatment.
AIEC were defined as described in the Materials and Methods secti
Statistical analysis of the prevalence of AIEC in ileal or colonic spec
Significant higher prevalence of AIEC in early ileal lesions of CD pat
n colonic samples from both IBD patients and controls.
IEC strains were found more frequently in early recur-

ent lesions after surgery. This led us to propose that
IEC are not only secondary invaders but that they could
e involved in the initiation of the inflammatory process.
owever, the presence of AIEC in 22% of the patients

aving no or minimal endoscopic recurrence suggests
hat recurrence of CD may occur at different time points
n patients colonized with AIEC or that other factors are
equired to trigger new onset of inflammation.

ed with strain LF82. (A) Cross-section of the intestinal epithelial cell
3-hour infection period. Bacteria are engulfed by elongated microvilli
us intracellular bacteria after a 5-hour infection period. (A) Magnifi-

e Ileal and Colonic Mucosa of Patients With CD and of

No. of subjects (%) positive

P valuecInvasive E. colia AIECb

7 (30.4) 5 (21.7) 0.196
8 (36.4) 8 (36.4) 0.034d

4 (22.2) 4 (22.2) 0.206
1 (6.2) 1 (6.2)

1 (3.7) 1 (3.7) 0.508
1 (12.5) 0 (0) 0.859
4 (3.9) 2 (1.9)

r equal to 0.1% of the original inoculum was recovered after 1 hour

s of CD patients and in controls.
compared with controls.
nfect
ter a
mero
th th
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AIEC strains do not represent a specific pathogen
xclusively found in CD because we observed their pres-
nce in a few ileal or colonic control specimens. This
uggests that AIEC strains may belong to transient nor-
al flora but preferentially could colonize CD ileal mu-

osa. Bacterial adherence to the intestinal mucosa occurs
hrough fimbrial structures and/or other bacterial surface
roteins known as adhesins.41 These act as lectins, rec-
gnizing glycosyl motifs expressed by host cell-surface
lycolipids or glycoproteins, and play a key role in
acterial pathogenicity. Aberrant glycosylation of muco-
al glycoconjugates has been shown in UC and CD,42 and
uch modified glycolipids or glycoproteins could be in-
olved in AIEC colonization of CD ileal mucosa.

The present study has failed to find a high prevalence
f AIEC in UC patients. This result was confirmed with
. coli strains isolated from colonic specimens of German
C patients (data not shown). E. coli strains with invasive
roperties were found on rectal biopsy specimens from
C patients43 and optic microscopic assays showed the
resence of adhesive or invasive E. coli in the fecal sam-
les of 35% of patients with active UC and 27% of
atients with quiescent UC.44 But these results are open
o criticism because of the difficulties in differentiating
etween extracellular and intracellular bacteria by optic
icroscopic examination.
The role of AIEC in the initiation or perpetuation of

he inflammatory disease is not yet defined. AIEC strains,
hich are able to adhere to and to invade intestinal

pithelial cells and to trigger uptake into and survival
ithin macrophages, could translocate across the human

ntestinal barrier, move to deeper tissues, continuously
ctivate macrophages, and, thus, potentially induce the
ormation of granulomas. Immunohistochemical studies
ave shown that intramucosal E. coli in CD are found in
acrophages within the lamina propria, in the germinal

enters of mesenteric lymph nodes, and in granulomas.19

t is well established that bacterial pathogens that have
he ability to penetrate the intestinal epithelial barrier
nd to resist macrophage killing trigger a strong host
nflammatory response.45 The hypothesis regarding the
articipation of invasive bacteria to the pathogenesis of
D was strengthened with the identification of muta-

ions in the NOD2/CARD15 encoding gene in CD
atients.24,25 Indeed, NOD2/CARD15 is a cytosolic re-
eptor responding to the presence of bacterial compo-
ents26,27 and recent data indicated that intestinal epi-
helial cells expressing a NOD2/CARD15 variant
ssociated with CD were unable to constrain bacterial
eplication.28 Further clues may be provided by the
xpression pattern of the CARD15 protein: CARD15
utations have been associated consistently with ileal
nvolvement in CD.46 Originally thought to be confined
o myelomonocytic and dendritic cells, CARD15 expres-
ion recently has been found in intestinal epithelial
ells28 and Paneth cells.47 The discovery of CARD15
xpression in Paneth cells is particularly interesting be-
ause these cells have long been known to play an anti-
acterial role in the gut, secreting potent antimicrobial
ubstances such as lysozyme, phospholipase A2, and �-
nd 
-defensins. Furthermore, Paneth cells are highly
oncentrated in the terminal ileum. Recent data have
hown that CD is characterized by multiple defensin
eficiencies48,49 and that HBD-5 and HBD-6 expression,
hich predominates in the ileum, is down-regulated in
atients with NOD2 mutations.50

In summary, an abnormally high prevalence of AIEC
s observed in ileal CD. Further work is needed to
nderstand which factors play a crucial role in the colo-
ization of the ileum by these pathogenic strains.
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ichaud, Pathogénie Bactérienne Intestinale, Laboratoire de Bactéri-
logie, Centre Biomédical de Recherche et Valorisation, 28, place
enri Dunant, 63000 Clermont-Ferrand, France. e-mail: arlette.
arfeuille-michaud@u-clermont1.fr; fax: (33) 4-73-17-83-71.
Supported by a grant from the Ministère de la Recherche et de la
echnologie (PRFMMIP 2000) and grants from the Association F.
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