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Involvement of intestinal microbes in 
the pathogenesis of chronic inflam-

matory bowel diseases (IBD, including 
Crohn disease and ulcerative colitis) is 
well established. However, the mecha-
nisms by which bacteria lead to intestinal 
injury in IBD remain unclear and are the 
focus of current research. Using adherent-
invasive Escherichia coli (AIEC) strain 
LF82, which is linked to Crohn disease, 
we recently demonstrated the ability of 
these intestinal microbes to disrupt the 
integrity of epithelial cells in an in vitro 
cell model. This disruption provides the 
bacteria a capacity to penetrate into and 
beyond the epithelial monolayer, repli-
cate in cells, disseminate within the host, 
and induce a chronic immune response. 
These findings provide a link between 
microbes related to IBD, disruption of 
the intestinal epithelial cell barrier, and 
disease pathogenesis.

In this addendum, we provide a syn-
opsis on current data concerning the role 
of AIEC in the pathogenesis of intesti-
nal inflammation, summarise our recent 
findings, and highlight the central role of 
the epithelium in mucosal defence. We 
also discuss, in more detail, the potential 
implications of our findings and present 
ideas for future studies and targets for 
intervention.

Introduction

Microbes are involved in the pathogen-
esis of inflammatory bowel diseases 
(IBD). Crohn disease and ulcerative coli-
tis, together known as IBD, are chronic 
intestinal diseases that develop due to an 
aberrant immune response to intestinal 
microbes in genetically susceptible hosts.1 

The involvement of luminal bacteria in 
the pathogenesis of IBD is supported by 
a plethora of research findings, including 
both human data and murine models. 
For example, diversion of the fecal flow 
away from the bowel results in an allevia-
tion of mucosal inflammation.2 Moreover, 
inflammation can be induced by introduc-
ing fecal material, including its microbial 
content, into non-inflamed bowel loops in 
patients with IBD.3 Many of the human 
genes recently shown to be associated with 
susceptibility to IBD, including those 
involving innate immune responses and 
autophagy encode proteins involved in 
host-microbial interactions.4 The finding 
that colitis develops in most gene knock-
out models of IBD only when animals are 
grown in the presence of bacteria—and 
not when they are reared in germ-free 
conditions—further supports the involve-
ment of microbes in the pathogenesis of 
IBD.5,6

Several specific organisms are proposed 
as a cause of IBD; however, there is still no 
compelling evidence that any one microbe 
is the etiologic agent. Using metage-
nomic approaches, Frank et al. identified 
a reduction in the phyla Firmicutes and 
Bacteroidetes in stool and biopsy samples 
from IBD patients, relative to healthy con-
trols.7 Some investigators have suggested 
that Mycobacterium avium subspecies para-
tuberculosis is involved in inducing IBD,8 
although this remains an area of ongoing 
controversy.9 Alternatively, a protective 
role for commensal organisms is suggested 
by the recent finding that the absence 
of Faecalibacterium prausnitzii from the 
ileum of patients with Crohn disease 
undergoing surgical resection is associated 
with recurrence of gut inflammation.10
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potential bridges connecting bacteria to 
the pathogenesis of IBD. For these rea-
sons, the aim of the study reviewed by 
this addendum was to define the ability 
of AIEC strain LF82, to disrupt model 
epithelial cell polarized monolayers as a 
potential mechanism for tissue damage 
and immune stimulation in patients with 
IBD.

AIEC and the Epithelial Barrier

AIEC infection increases permeability 
of epithelial cell monolayers. In order 
to characterize the capacity of AIEC to 
disrupt the epithelial barrier, we used an 
in vitro cell model with T84 and Madin-
Darby Canine Kidney (MDCK)-I cells. 
When polarized, these epithelial cells 
form mature AJCs, resulting in high elec-
trical resistance, and are widely used for 
studying the effects of bacteria on perme-
ability.35,36 We found that after 16 h of 
infection with AIEC strain LF82 there 
was a 50–60% reduction in transepithe-
lial electrical resistance (TER) in both 
cell lines.37 This effect was comparable to 
that of enterohemorrhagic E. coli (EHEC) 
serotype O157:H7, which was used as a 
positive control. Interestingly, when the 
AIEC strain was introduced into the baso-
lateral aspect of monolayers there was an 
81% reduction in TER, relative to sham 
control monolayers, compared to a 50% 
reduction with EHEC infection. Other 
enteric pathogens, such as C. jejuni, invade 
epithelial cells from the basolateral mem-
brane,38 which may explain the relevance 
of the preferred basolateral effect of AIEC 
in this setting. Therefore, it is possible 
that these bacteria more effectively invade 
polarized cells from the basolateral side, 
which results in a more profound effect 
on monolayer integrity. Dextran flux was 
used to measure paracellular macromo-
lecular permeability.39 Transcytosis of a 
10-kDa dextran probe across monolayers 
supported the TER results, since infec-
tion with AIEC also resulted in increased 
macromolecular permeability in MDCK-I 
cells.

Morphological alterations of cell 
monolayers infected with AIEC. Zonula 
occludens-1 (ZO-1) is an intracellular 
adaptor protein that connects transmem-
brane tight junction proteins (e.g., claudins 

other virulence traits still remain to be 
discovered.

The intestinal epithelial barrier: gate-
keeper of the gut. The main physical 
portion of the intestinal barrier consists 
of a simple columnar epithelial mono-
layer that is in a state of constant renewal. 
Intercellular junctional complexes, which 
maintain barrier integrity, are composed 
of the apical junctional complex (AJC), 
which includes tight junctions and adhe-
rens junctions. Defects in the structure 
and function of AJCs are implicated in 
both patients with IBD and in animal 
models of IBD.23,24 Barrier dysfunction 
and increased intestinal permeability are 
observed in non-inflamed ileum in Crohn 
disease patients and in unaffected first-
degree relatives,25 as well as preceding the 
relapse of Crohn disease in asymptomatic 
patients.26

Abnormal distribution patterns of 
tight junction proteins, which correlate 
with increased gut permeability, are found 
in IBD patients.27,28 However, changes in 
barrier permeability can also be directly 
induced in vitro by pro-inflammatory 
cytokines (e.g., IFNγ and TNFα),29 which 
raises the question whether barrier defects 
are the primary mediator of disease patho-
genesis, or secondary to cytokine-induced 
inflammatory processes.

Microbes target the epithelial bar-
rier. Components of both tight junctions 
and adherens junctions are common tar-
gets for bacterial virulence. For example, 
Clostridium perfringens enterotoxin (CPE) 
is a 35-kDa toxin that forms complexes at 
the host membrane, capable of binding 
and internalizing occludin and claudin-4. 
This leads to depletion of these essen-
tial proteins from AJCs and compromise 
of epithelial barrier integrity.30 Another 
example is Salmonella enterica serovar 
Typhimurium, which through pathoge-
nicity island (SPI-1)-dependent type 3 
secretion of several effectors (SopB, SopE, 
SopE2 and SipA) leads to structural and 
functional alterations in intercellular tight 
junctions.31 We have recently shown that 
another enteric pathogen linked to IBD,32 
Campylobacter jejuni, disrupts AJCs 
through invasion into epithelial cells33 and 
that this can be prevented by probiotics.34

In this context, adverse effects of 
microbes on intercellular junctions offer 

Adherent-invasive E. coli and IBD. 
Escherichia coli strains are commonly 
found in the lumen of the gut and are 
mostly considered to be non-harmful. 
Nevertheless, some E. coli strains, for 
example enterohemorrhagic E. coli sero-
type O157:H7, are identified as enteric 
pathogens with well defined virulence fac-
tors, such as the outer membrane protein 
adhesion intimin and the elaboration of 
phage encoded Shiga-like toxins. Studies in 
IBD patients have identified an increased 
presence of E. coli strains that do not con-
tain any of the previously described viru-
lence genes that have a capacity to adhere 
to and invade epithelial cells in vitro.11 It 
is this phenotype of adherence to intesti-
nal epithelial cells, invasion into the cyto-
plasm of the infected eukaryotic cell, and 
intracellular replication in epithelial cells 
and macrophages, in the absence of pre-
viously known virulence factors that led 
to the proposition that adherent-invasive 
E. coli strains (also termed AIEC) should 
be considered a separate pathogenic cat-
egory of E. coli causing intestinal diseases 
in humans. Subsequent studies suggested 
that AIEC strains may be involved in the 
pathogenesis of IBD.12 In fact, AIEC iso-
lates are isolated in 36% of ileal lesions in 
Crohn disease patients after surgical resec-
tion, compared to just 6% of healthy con-
trols,13 and there is an increased prevalence 
and diversity of AIEC strains in patients 
with Crohn disease.14 E. coli, strain LF82 
(serotype O83:H1) was originally iso-
lated from an ileal lesion in a patient from 
France with Crohn disease, and this isolate 
has been generously shared for extensive 
use by multiple investigators as a proto-
type AIEC strain.15 Testing of other E. coli 
isolates from patients with Crohn disease 
with similar properties suggests that these 
observations are generalizable.16 However, 
not all of these phenotypically-defined 
strains (that is, based on invasive capacity) 
may share all of the same proposed viru-
lence genes.14,17-19

Although some of the mechanisms by 
which these bacteria lead to colonization 
and intestinal injury, such as induction 
of carcinoembryonic antigen-related cell-
adhesion molecule (CEACAM)-6 receptor 
expression by TNFα,20,21 and expression 
of a unique type of type 1 binding pilus22 
have been described, it is highly likely that 
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and environmental factors that lead to 
disease development, or whether disease is 
directly induced when AIEC strains colo-
nize the bowel. Nevertheless, factors that 
favor their colonization have been identi-
fied, including CEACAM receptor over-
expression in the gut20,21 and the capacity 
of the pathogen to form biofilms.49 After 
establishing colonization, bacteria invade 
and replicate in epithelial cells, modify 
host signaling cascades, escape the endo-
somal pathway, and disrupt the integrity 
of the epithelial layer. AIEC strains can 
then translocate across polarized epithelia 
either through a paracellular route (pass-
ing through AJCs and between cells), via 
transcellular migration (through epithe-
lial cells), or both. After penetrating the 
epithelial barrier, these strains are then 
taken up by intestinal immune cells where 
they further replicate and modify eukary-
otic cell responses. This could then lead 
to chronic immune stimulation and the 
tissue inflammation and damage typically 
seen in patients with IBD.

Unresolved Issues, Future  
Directions and Potential  

Applications

Recent studies on the role of microbes in 
IBD, and specifically AIEC strains, have 
introduced potentially novel insights into 
disease pathogenesis and provide substan-
tial support for microbial involvement 
in the disease. Nevertheless, many issues 
remain to be clarified and validated before 
this knowledge can be fully applied to 
humans with IBD. For example, there 
is a need to identify additional virulence 
factors common to the various AIEC iso-
lates identified in patients with IBD and 
define just how they contribute to disease 
pathogenesis.

Current data are limited by the lack of 
in vivo models confirming a role for AIEC 
in experimental colitis, with the excep-
tion of a single study where CEABAC10 
mice (overexpressing human CEACAMs) 
developed colitis after DSS treatment and 
AIEC infection.21 Therefore, expanding 
experimental data to include additional 
animal models is required to better define 
the importance of the in vitro findings.

Our recent findings focus attention 
to the epithelial barrier as a key regulator 

the ability of these microbes to disrupt 
the integrity of the epithelial barrier has 
not been extensively studied to date. 
Only a single previously published study 
describes AIEC-induced barrier disrup-
tion with reduced TER of Caco-2 mono-
layers and displacement of both ZO-1 and 
E-cadherin from AJCs.17 Eaves-Pyles et 
al.18 also used polarized epithelial mono-
layers to demonstrate chemokine secretion 
by AIEC-infected Caco-2 and T84 mono-
layers leading to transmigration of innate 
immune cells.

Our results confirm these findings in 
additional polarized epithelial cell lines 
and also reveal an increase in macromo-
lecular permeability of infected monolay-
ers, as well as morphological defects in the 
structure of AJCs in infected polarized 
epithelial cell monolayers. Since AIEC 
strains are associated with IBD, host cell 
invasion and barrier disruption are mecha-
nisms that could contribute to intestinal 
injury and immune stimulation in affected 
patients. We also found that AIEC can rep-
licate in membrane-bound vesicles, which 
positively stain with the late endosomal 
marker LAMP1. The ability of AIEC to 
survive and replicate within the cytoplasm 
of epithelial cells is of relevance in IBD, 
since defects in the handling of intracel-
lular microbes are considered to contrib-
ute to disease pathogenesis.6 For example, 
transgenic mice that lack the gene encod-
ing the Nod-like receptor NOD2 are more 
susceptible to infection with intracellular 
pathogens, such as Mycobacterium tuber-
culosis.46 Furthermore, mice lacking the 
autophagy protein Atg16L1 have more 
severe chemically-induced colitis than 
wild-type animals.47 Therefore, it is plau-
sible that impaired handling of invasive 
AIEC strains in genetically susceptible 
individuals with defects in microbial pro-
cessing contributes to intestinal injury. 
This is also demonstrated by increased in 
vitro response of monocytes derived from 
Crohn disease patients with NOD2 muta-
tions to AIEC infection.48

AIEC strains are now linked to the 
pathogenesis of IBD by a sequence of 
events, as summarized in Figure 1. It 
remains unclear whether these strains 
are present in all individuals, initially 
below standard detection rates, and then 
become more prominent due to genetic 

and occludin) to the cell cytoskeleton. 
Infection of MDCK-I monolayers with 
AIEC strain LF82 led to profound dis-
ruption of ZO-1 with large gaps between 
cells, as shown by confocal microscopy of 
monolayers. This finding reflects the abil-
ity of AIEC to disrupt tight junctions, 
similar to other enteric pathogens.40 This 
effect was also demonstrated by transmis-
sion electron microscopy, showing changes 
in infected monolayers as early as 4 h after 
infection with AIEC, including disrup-
tion of intercellular spaces, loss of cellular 
polarity, and invasion of multiple bacteria 
into cells.

AIEC bacteria replicate in epithelial 
cells and are found within late endosomes. 
Invasive AIEC were present in membrane-
bound compartments 4 h after infection 
and appeared to replicate within vacuoles, 
since multiple organisms were seen within 
a single compartment on transmission 
electron microscopy. Bacteria co-localized 
with the late endosomal marker LAMP1 
(lysosomal-associated membrane protein 
1) at the same time point, suggesting that 
bacteria were directed to the endosomal 
pathway in epithelial cells, similar to the 
case in infection of macrophages.41 The 
vacuole membrane appeared to be partially 
missing, which suggests that bacteria may 
have been escaping this compartment.37

Unresolved issues. Our recent find-
ings describe the ability of AIEC to sub-
vert and penetrate the first line of host 
innate defences, the polarized epithelial 
cell barrier. Disruption of the epithelial 
monolayer enables luminal antigens and 
microbes to penetrate the mucosa, which 
could then stimulate pro-inflammatory 
responses, leading to chronic intestinal 
and systemic diseases, including IBD.1,42 
The importance of barrier maintenance in 
IBD is further highlighted by the develop-
ment of colitis in mice expressing consti-
tutively active myosin light chain kinase, 
which is involved in regulating integrity of 
the epithelial barrier.43 Epithelial barriers 
are common targets of bacterial virulence, 
as displayed by multiple infection models 
disrupting epithelial barrier function.44

Most studies on AIEC have focused 
on bacterial adhesion, invasion and 
replication in both epithelial cells and 
macrophages, as well as the accompany-
ing inflammatory response.45 However, 
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Figure 1. AIEC disruption of epithelial integrity—a model for bacterial involvement in IBD pathogenesis. AIEC strains create a niche in the intestinal 
mucus layer, possibly by forming biofilms (1). Bacteria then adhere to specific receptors on epithelial cells (e.g., CEACAM6) (2) and invade epithelial 
cells (3). Within these cells AIEC strains replicate, likely within the late endosomal compartment (4). Parallel to this, there is an increase in permeability 
to macromolecules of the polarized epithelial monolayer, as reflected by changes in apical junctional complexes (5) and translocation of bacteria (6). 
As a result, these microbes gain access to submucosal immune cells (7) and induce pro-inflammatory chemokine and cytokine responses (8), typically 
seen in patients with IBD.
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