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Abstract
Increased numbers of mucosa-associated Escherichia 
coli are observed in both of the major inflammatory 
bowel diseases, Crohn's disease (CD) and ulcerative 
colitis (UC). A potential pathophysiological link between 
the presence of pathogenic invasive bacteria and genetic 
host susceptibility of patients with ileal CD is suspected. 
In CD patients, with increased ileal expression of the 
CEACAM6 molecule acting as a receptor recognized by 
type 1 pilus bacterial adhesin, and with the identification 
of mutations in the NOD2-encoding gene, the presence 
of pathogenic invasive bacteria could be the link between 
abnormal ileal bacterial colonization and innate immune 
responses to invasive bacteria. In a susceptible host, 
the sequential etiological steps of the disease induced 
by adherent-invasive E. coli  (AIEC) are: (1) abnormal 
colonization via  binding to the CEACAM6 receptor, which 
is overexpressed in the ileal mucosa of CD patients; (2) 
ability to adhere to and to invade intestinal epithelial 
cells, which allows bacteria to cross the mucosal barrier; 
(3) survival and replication within infected macrophages 
in the lamina propria; and (4) induction of tumor 
necrosis factor-α secretion and granuloma formation.
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INTRODUCTION
Idiopathic inflammatory bowel diseases (IBDs), which 
include Crohn's disease (CD) and ulcerative colitis (UC), 
are chronic disorders of  the gastrointestinal tract that have 
a combined prevalence of  approximate 150-200 cases per 
100 000 population in Western countries[1]. Several lines of  
evidence suggest that bacteria play a role in the onset and 
perpetuation of  IBD[2-6]. Intestinal bacteria are essential 
for the development of  intestinal inflammation, and are 
required for the onset of  inflammation in numerous 
knockout models of  IBD[7-9]. The pathogenesis of  CD is 
complex and consists of  three interacting elements: genetic 
susceptibility factors such as NOD2/CARD15 and ileal 
CEACAM6 expression; priming by enteric microflora; and 
immune-mediated tissue injury[4,6,10-13]. The role of  luminal 
bacteria in the pathogenesis of  CD is strongly supported 
by observations showing that clinical symptoms of  CD 
improve when luminal bacterial levels decrease following 
intestinal washes and antibacterial drug administration[14-16]. 
In addition, postoperative exposure of  the terminal 
ileum to luminal contents is associated with increased 
inflammation in CD, and diversion of  the fecal stream is 
associated with improvement[17].

Studies of  luminal bacterial composition in patients 
with IBD, using culture and molecular biology techniques, 
have shown a decrease in the number of  beneficial 
bacteria such as Bifidobacterium and Lactobacillus spp. and an 
increase in pathogenic bacteria such as Bacteroides and  
Escherichia coli (E. coli)[18-20]. Such dysbiosis induces a 
breakdown in the balance between putative species of  
protective vs harmful intestinal bacteria, and may promote 
inflammation[21,22]. Patients with IBD have higher numbers 
of  mucosa-associated bacteria than control patients[18], 
and the generalized or localized dysbiosis observed is due 
to the presence of  low numbers of  normal bacteria, high 
numbers of  unusual bacteria, and sometimes, a reduction 
in biodiversity. CD has features that might be the result 
of  a microbial process in the gut. These include onset 
of  infection in Peyer's patches and lymphoid aggregates, 
and the presence of  ulceration, micro-abscesses, fissures, 
fistulas, granulomas and lymphangitis. Interestingly, the 
earliest lesions are aphthous ulcers in the intestine, which 
also occur in some viral and bacterial infections.



Although a number of  organisms have been implicated 
in CD, only two agents, Mycobacterium paratuberculosis and  
E. coli, are presently being actively investigated. The theory 
that M. paratuberculosis has a role in CD has some attractive 
features[23]. Indeed, there are clinical similarities between 
Johne's disease, a spontaneous M. paratuberculosis infection 
in ruminants, and CD. M. paratuberculosis is detected at 
a greater frequency in CD than in control patients (UC 
patients and healthy subjects), by culture and polymerase 
chain reaction (PCR). This organism has been detected 
in blood and breast milk of  patients with CD[24]. The 
high levels of  E. coli colonizing the intestinal mucosa in 
CD patients strongly suggest that it plays a role in the 
etiopathogenesis of  CD.

E. COLI ABNORMALLY COLONIZES ILEAL
MUCOSA OF GENETICALLY PREDISPOSED 
IBD PATIENTS
Bacterial adhesion to intestinal epithelial cells is the first 
step in the pathogenicity of  many organisms involved 
in infectious diseases of  the gut. Adhesion enables the 
bacteria to colonize the mucosa and to resist mechanical 
removal from the intestine. Studies on the adherence 
properties of  E. coli in CD have yielded the general 
conclusion that E. coli strains are able to adhere to various 
human cells or cell lines. Fifty-three to 62% of  E. coli 
strains isolated from feces of  CD patients were able to 
adhere to buccal cells, compared to only 5%-6% of  those 
isolated from control subjects[25,26]. The comparison of  
the adhesive properties of  E. coli strains isolated from the 
ileum of  CD patients and controls has revealed that 80% 
of  E. coli strains associated with the ileal mucosa of  CD 
patients preferentially adhered to differentiated Caco-2 
cells, which mimic a mature intestinal cell model[20]. This 
is consistent with the finding that in patients with CD, 
crypt epithelial cells, which correspond to immature 
cells, are rarely involved in early lesions[27]. In addition, a 
correlation between bacterial adhesion to intestinal cells 
and intestinal colonization has been observed[20]. The 
presence of  high levels of  bacteria creates a biofilm on 
the surface of  the gut mucosa in patients with CD and 
UC[18]. When bacteriologic samples were taken during 
surgery for CD, E. coli was isolated more frequently from 
the intestinal serosa and mesenteric nodes of  CD patients 
(27% and 33%, respectively) than from those of  control 
subjects[28,29]. Increased numbers of  mucosa-associated  
E. col i are observed in CD and UC[18-20,30-33]. Rectal 
mucosa-associated E. coli counts were also higher in active 
than in inactive UC and CD and controls, and clusters of   
E. coli were observed in the lamina propria in UC and CD 
specimens, but not in controls[34]. In a study to assess the 
predominance of  E. coli strains associated with the ileal 
mucosa of  CD patients, E. coli was recovered from 65% 
of  chronic lesions (resected ileum) and from 100% of  
the biopsies of  early lesions (postoperative endoscopic 
recurrence)[20]. E. coli was abnormally predominant 
(between 50 and 100% of  the total number of  aerobes 
and anaerobes) in early and chronic ileal lesions of  CD 
patients[20]. Moreover, in any given patient, healthy and 

ulcerated mucosa are colonized by E. coli strains having 
the same ribotype profile, which is indicative of  uniform 
colonization, regardless of  the inflammatory state of  the 
mucosa[35].

Abnormal colonization of  the ileal mucosa is due 
to increased expression of  CEACAM6, a receptor for 
adherent–invasive E. coli (AIEC)[13]. These bacteria have 
been isolated from ileal lesions of  CD patients, and 
express the type 1 pilus variant, as opposed to the type 
1 pilus expressed by E. coli MG1655[36]. CD-associated 
AIEC strains adhere to the brush border of  primary 
ileal enterocytes isolated from CD patients, but not from 
control patients without IBD. AIEC adhesion is dependent 
on type 1 pilus variant expression on the bacterial 
surface[36] and on abnormal CEACAM6 expression on 
ileal epithelial cells in CD patients[13]. The significantly 
increased ileal CEACAM6 expression in the uninvolved 
ileal mucosa of  CD patients compared to that in controls 
without IBD, suggests that patients expressing a basal level 
of  CEACAM6 are genetically predisposed to express that 
molecule. Additionally, CEACAM6 expression in cultured 
intestinal epithelial cells is increased after interferon  
(IFN)-γ or tumor necrosis factor (TNF)-α stimulation, 
and after infection with AIEC bacteria, which indicates 
that AIEC can promote its own colonization in CD 
patients[13]. Accordingly, in patients expressing a basal level 
of  CEACAM6, the presence of  AIEC bacteria and the 
secretion of  IFN-γ and TNF-α lead to amplification of  
colonization and inflammation.

INVASIVES PROPERTIES OF E. COLI 
STRAINS ASSOCIATED WITH CD
Analysis of  E. coli strains isolated from early or chronic 
ileal lesions of  patients with CD has revealed the presence 
of  true invasive pathogens, since CD-associated bacteria 
efficiently invade a wide range of  human epithelial cell 
lines, including Hep-2 cells and the intestinal cell lines 
Intestine-407, Caco-2 and HCT-8[37]. Their uptake is 
dependent on functioning host-cell actin microfilaments 
and microtubules[37]. Electron microscopy of  epithelial 
cells infected with CD-associated bacteria has revealed a 
macropinocytosis-like process of  entry, characterized by 
elongation of  the membrane extensions, which surround 
bacteria at the sites of  contact between entering bacteria 
and epithelial cells. Inside the host cells, CD-associated 
bacteria survive and replicate in the cytoplasm after lysis 
of  the endocytic vacuole. The invasive process of  CD-
associated bacteria is unique since it does not possess any 
of  the known genetic invasive determinants described 
for enteroinvasive, enteropathogenic, and enterotoxigenic 
E. coli, and Shigella strains. The major virulence factors 
of  CD-associated AIEC that play a role in their invasive 
ability are type 1 pili that induce membrane extensions[36], 
flagella that confer bacterial mobility and down-regulate 
the expression of  type 1 pili[38], outer membrane vesicles 
that deliver bacterial effector molecules to host cells[39], and 
outer membrane protein C (OmpC), which regulates the 
expression of  several virulence factors via the sigma(E) 
regulatory pathway[40]. Interestingly, among these virulence 
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factors, the outer membrane vesicles of  H pylori and 
Pseudomonas aeruginosa have been reported to induce pro-
inflammatory responses[41,42], and bacterial flagellin can 
interact with Toll-like receptor (TLR) 5 to activate an 
innate immune response.

The invasive ability of  AIEC strains can allow bacteria 
to translocate across the human intestinal barrier and move 
into the deep tissues. Consequently, AIEC can interact 
with resident macrophages and continuously activate 
immune cells. In addition, patients with CD are more likely 
to be sensitive to AIEC infection. Indeed, the NOD2 gene, 
located on chromosome 16q12, has been identified as the 
first susceptibility gene for CD[11,12]. NOD2-deficient mice 
show loss of  protective immunity in response to bacterial 
muramyl dipeptide, and mice are susceptible to Listeria 
infection via the oral route[43]. The 3020insC mutant of  
NOD2 associated with CD has impaired function as a 
defensive factor against intracellular bacteria in intestinal 
epithelial cells[44]. Thus, patients carrying NOD2 mutations 
are unable to control bacterial infections. The mutated 
NOD2 receptor does not contribute to pro-inflammatory 
gene transcription in response to bacteria, which results 
in an inadequate innate response to bacterial invasion 
and enables bacteria to accumulate. Such a poor innate 
response can lead to the formation of  granulomas and 
thus, to the activation and perpetuation of  a deregulated 
secondary adaptive response.

AIEC SURVIVAL AND REPLICATION 
WITHIN MACROPHAGES AND 
GRANULOMA FORMATION
The search for infectious agents likely to cause CD has 
focused mainly on intracellular pathogens that have evolved 
to resist phagocytosis and to persist within macrophages, 
and which may be involved in chronic antigenic stimulation 
leading to T-cell and macrophage activation. AIEC strains 
isolated from CD patients are able to survive and replicate 
extensively within murine macrophages[45]. At 48 h post-
infection, the number of  intracellular AIEC bacteria can 
increase up to 74-fold compared to the initial infection. In 
contrast to its behavior within intestinal epithelial cells[37], 
CD-associated bacterial replication does not require 
bacterial escape into the cytoplasmic compartment[45]. 
Within J774-A1 macrophages, AIEC bacteria induce the 
formation of  a single spacious vacuole by fusion of  initial 
phagosomes. The behavior of  the AIEC strains within 
macrophages is different from that of  other invasive 
bacteria. In contrast to most invasive bacteria that induce 
death of  infected macrophages[46], no necrosis or apoptosis 
of  AIEC-infected J774-A1 macrophages is observed 
even after 24 h post-infection[45]. Moreover, in contrast to 
many pathogens that escape from the normal endocytic 
pathway, AIEC bacteria are taken up by macrophages 
within phagosomes, which mature without diverting from 
the classical endocytic pathway, and share features with 
phagolysosomes[47]. To survive and replicate in the harsh 
environment encountered inside these compartments, 
including acid pH and proteolytic activity of  cathepsin 
D, AIEC have elaborate adaptation mechanisms, for 
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which acidity constitutes a crucial signal, to activate the 
expression of  virulence genes[48]. The major virulence 
factors of  CD-associated AIEC that have a role in their 
ability to survive and replicate within macrophages are the 
htrA gene that encodes the stress protein HtrA, essential 
for intracellular replication within macrophages[48], and the 
dsbA gene that encodes the periplasmic oxidoreductase 
DsbA, essential for AIEC LF82 to survive within 
macrophages, irrespective of  the loss of  flagellum and type 
1 pilus expression[49]. LF82-infected macrophages release 
large amounts of  TNF-α[45]. This result is in accordance 
with the fact that several studies have shown that T helper 
(Th)1 cytokines, such as IFN-γ, TNF-α, and interleukin 
(IL)-12, are secreted in excess in CD whereas in UC, an 
atypical Th2 immune response with secretion of  IL-4 or 
transforming growth factor (TGF)-β was observed[50]. 
Continuous macrophage activation and TNF-α release in 
CD patients may be due to the sustained multiplication 
of  intracellular AIEC bacteria within phagosomes, 
and may be involved in the formation of  granulomas. 
Granulomatous inflammation is a histological hallmark of  
CD and infection with some intracellular bacteria. E. coli 
DNA is present in 80% of  microdissected granulomas in 
CD patients[51]. Granulomatous responses to E. coli have 
been reported in animals, such as granulomatous colitis 
of  boxer dogs or Hjarre's disease in chickens and turkeys. 
E. coli strains were isolated from 100% of  granulomas in 
boxer dogs with colitis[52], and these bacteria resembled 
CD-associated AIEC in phylogeny and virulence gene 
profile[53]. In Hjarre's disease, mucoid E. coli has been 
isolated from tuberculoid lesions of  the cecum and liver 
of  chickens and turkeys, while intramuscular inoculation 
of  pure bacterial cultures or triturated diseased tissues 
reproduced the disease[54-56]. Using an in vitro model of  
human granuloma[57], CD-associated AIEC LF82 were 
reported to induce aggregation of  infected macrophages, 
some of  which fused to form multinucleated giant cells 
and subsequent recruitment of  lymphocytes. Analysis of  
the cell aggregates indicated that they are very similar to 
the early stages of  epithelioid granulomas[58].

PREVALENCE OF AIEC IN IBD
AIEC strains have been found to be highly associated 
with ileal mucosa in CD patients[56]. Such pathogenic 
strains were isolated from ileal specimens of  36.4% of  
CD patients vs 6% of  controls. In colonic specimens, 
AIEC strains were found in 3.7% of  CD patients, 0% 
of  UC patients, and 1.9% of  controls. These strains are 
preferentially found in early recurrent lesions after surgery, 
thus indicating their role in the initiation of  inflammation, 
and not just as secondary invaders. Another study has 
shown that mucosa-associated E. coli, which accounted 
for 53% of  isolates, were more common in CD (43%) 
than in non-inflamed control patients (17%), while 
intramucosal E. coli were found in 29% of  CD patients vs 
9% of  controls[30]. These studies support a central role for 
mucosa-associated AIEC in the pathogenesis of  CD[30,56], 
since the translocation of  these pathogenic bacteria 
through the intestinal mucosa may be a crucial step in the 
propagation of  the inflammatory process.



CONCLUSION
Various factors lend credence to the theory that AIEC 
is intimately linked to the etiopathogenesis of  ileal CD. 
The high prevalence of  AIEC in patients with ileal CD 
may be the first step in the establishment of  a modified 
Koch's postulate that takes into account the genetic 
susceptibility of  the host[30,56]. A possible role for AIEC 
in the etiopathogenesis of  CD in susceptible hosts is 
summarized in Figure 1. The sequential steps involved in 
the induction of  disease by the bacteria are: (1) abnormal 
colonization via binding to the CEACAM6 receptor, which 
is overexpressed in the ileal mucosa of  CD patients[13]; (2) 
ability to adhere to and to invade intestinal epithelial cells, 
which allows bacteria to cross the mucosal barrier[37]; (3) 
survival and replication within infected macrophages in the 
lamina propria; and (4) induction of  TNF-α secretion[45] 
and granuloma formation[58].

AIEC strains could colonize the ileal mucosa of  CD 
patients by binding to CEACAM6, translocate across the 
human intestinal barrier to move into deep tissues, and 
once there, continuously activate immune cells. Patients 
having a high risk for developing severe ileal CD may 
be those who, in addition to expressing a variant of  
the NOD2 intracytoplasmic receptor[11,12], overexpress 
CEACAM6 at the surface of  the ileal mucosa[13] (Figure 2).  
Host innate immune receptors that can be activated by 
AIEC components are mainly the transmembrane receptor 
TLR2 and the intracellular receptor NOD2. NOD2 is a 
negative regulator of  the TLR2-mediated Th1 response, 
while the NOD2 3020insC mutation associated with CD is 
unable to inhibit TLR2 signaling, which skews the system 
toward an overactive Th1-mediated response[59]. This result 
provides a compelling explanation for why people carrying 
the NOD2 mutation might develop CD in response to 
abnormal colonization by AIEC[60]. The treatment of  
severe ileal CD could evolve from being almost exclusively 
surgical to management that places much greater emphasis 
on medical therapy, such as immunomodulators and 

anti-TNF-α agents, and also on antibiotic or probiotic 
treatments.
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