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Abstract

The etiology of Crohn’s disease (CD) is still poorly understood, but recent advances have highlighted the importance of the
innate immune system and the critical relationship between the gut flora and the intestinal mucosa. Several combinations of
genetic factors predisposing to CD have been described, with the most significant replicable associations including genes for
intracellular receptors of bacterial cell walls (NOD2/CARDI5) and for bacterial clearance and antigen processing via
autophagy (ATGI6L1 and IRGM). One theoretical link between susceptibility genes NOD2/CARD15, ATG16L1, and IRGM
is that CD is primarily induced by the presence of a dysfunctional immunological response to persistent infection by intra-
cellular bacterial pathogens such as Mycobacterium avium subspecies paratuberculosis or adherent-invasive Escherichia coli,
both first-rank candidates on the basis of host genetic susceptibility, which concerns impaired functions in the defense against
intracellular bacteria.
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INTRODUCTION

Idiopathic inflammatory bowel diseases (IBDs),
which include Crohn’s disease (CD) and ulcerative coli-
tis (UC), are chronic disorders of the gastrointestinal
tract with a combined prevalence of about 150-200
cases per 100,000 in western countries [5, 66]. Several
lines of evidence suggest that bacteria play a role in the
onset and perpetuation of IBD [53, 60]. Intestinal bac-
teria are essential for the development of intestinal
inflammation since they are required for the onset of
inflammation in numerous knockout models of IBD [19,
54, 65]. The pathogenesis of CD is complex and consists
of three interacting elements: genetic susceptibility fac-
tors, priming by the enteric microflora, and immune-
mediated tissue injury. In patients with CD, exposure of
the terminal ileum post-surgically to luminal content is
associated with increased inflammation, and diversion
of the fecal stream is associated with improvement [58].
Patients with IBD have higher concentrations of

mucosa-associated bacteria than controls without IBD
[69]. Generalized or localized dysbiosis is observed in
IBD, evidenced by the presence of low numbers of usual
bacteria, high numbers of unusual bacteria, and some-
times a reduction in biodiversity. This upsets the bal-
ance between putative species of “protective” versus
“harmful” intestinal bacteria and may promote inflam-
mation [63, 70]. In addition, CD has features that might
be the result of a microbial process in the gut. Some
characteristic pathological elements of CD, including
aphthous ulcers of the mucosa, mural abscesses, and
macrophage and epithelioid cell granulomas, occur in
well-recognized infectious diseases such as shigellosis,
salmonellosis, and yersinial enterocolitis, in which inva-
siveness is an essential virulence factor of the bacteria
involved (for a review see reference [75]). Interestingly,
the earliest lesions in CD are aphthous ulcers in the
intestine [26], which also occur in some viral and bacte-
rial infections.
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CD SUSCEPTIBILITY ALLELES RESPONSIBLE
FOR DYSREGULATED HOST RESPONSE
TO INTRACELLULAR BACTERIA

The theory of dysregulated host responses to intra-
cellular microorganisms is emerging as a contributing
factor in CD pathogenesis. Over the last decade, many
IBD susceptibility loci have been identified. The most
well-replicated IBD genetic association is the NOD2
gene association to CD [35, 50]. Fine mapping of this
locus led to the identification of the NOD2/CARDI15
gene (nucleotide-binding oligomerization domain
2)/(caspase activation recruitment domain 15). NOD2,
a mediator of innate immunity, is a key cytoplasmic sen-
sor of intracellular bacterial peptidoglycan. It can be
activated by the minimal bioactive component muramyl
dipeptide (MDP), which is present in both Gram-posi-
tive and -negative bacteria. NOD?2 stimulation by MDP
activates NF-kB and mitogen-activated protein (MAP)
kinase pathways and contributes to antibacterial effects
via various mechanisms: cytokine responses, upregula-
tion of defensins, killing of intracellular microbes, and
maintenance of epithelial barrier integrity [25, 27, 33,
42, 73]. Three uncommon polymorphisms (Arg702Trp,
Gly908Arg, and Leul007fsinsC) of NOD2 are each
highly associated with CD and located within or near the
leucine-rich repeat corresponding to the bacterial sens-
ing domain of this receptor [35, 50]. NOD2 mutations
are mostly associated with ileal involvement, structuring
complications, and a slightly earlier age at onset [22].

Recent genome-wide association (GWA) studies, in
addition to highlighting new susceptibility genes, have
firmly established that some of them contribute to IBD,
and in particular to CD [20, 31, 44, 56, 74]. A highly sig-
nificant and replicated association between CD and
variants in two separate autophagy genes, ATGI6LI
and IRGM, has been shown. In the GWA study of near-
ly 20,000 non-synonymous SNPs, an amino-acid poly-
morphism, Thr300Ala, within the ATGI16L1 (auto-
phagy-related like 1) gene located on chromosome
2q37.1 was found to be highly associated with ileal CD
[31, 56]. A second autophagic gene has been identified
in CD susceptibility: JRGM (immunity-related GTPase
family M) located on chromosome 5q33.1 [52, 74].
Autophagy is a process by which eukaryotic cells
sequester and degrade cytoplasm and organelles via the
lysosomal pathway, but it also plays a key role in the
defense against intracellular microorganisms [6, 30, 46].
Interestingly, as already reported for NOD2 mutations,
the ATGI6L]1 variant is found only in CD and has not
been observed in UC [13].

ABNORMALITIES IN THE HANDLING
OF INTRACELLULAR BACTERIA IN CD

Among the several combinations of genetic factors
predisposing to CD that have been described, the most
significant replicable associations include genes for

intracellular receptors of bacterial cell walls (NOD2/
/CARDI5) and for bacterial clearance and antigen pro-
cessing via autophagy (ATG16L1 and IRGM).

The ability of NOD2 to mediate antibacterial effects
has been shown with invasive Streptococcus pneumoniae,
Salmonella spp., Mycobacterium spp., and Listeria mono-
cytogenes [2, 24, 33, 37, 51]. The frameshift mutation,
Leul007fsinsC, demonstrates a deficiency in the capac-
ity to signal in response to MDP stimulation, since this
mutant has impaired function as a defensive factor
against intracellular Salmonella in intestinal epithelial
cells [33]. This result suggests that patients carrying
NOD?2 mutations may be unable to control infection
with invasive bacteria. Likewise, NOD2-deficient mice
show loss of protective immunity in response to bacteri-
al MDP and the mice are susceptible to Listeria infec-
tion via the oral route [38]. However, NOD2 contribu-
tion to CD remains complex, and the functional conse-
quences of NOD2 mutations could be related to syner-
gic effects of NOD2/Toll-like receptor (TLR) signaling
and antimicrobial mechanisms [72]. In CD patients
a loss of surveillance activity by NOD2 may result in the
inability of local responses in the intestinal mucosa to
control bacterial infection.

The ATGI6LI gene product is part of a multimeric
protein complex (ATGS, ATG12, and ATG16) required
for autophagosome formation and thereby is essential
for autophagy [46]. The ATGI16L1 protein has been
implicated in the clearance of intracellular pathogens
such as Mycobacterium tuberculosis and Salmonella spp.
[6, 67]. A functional knockdown of ATG16L1 by siRNA
abrogates autophagy of the intracellular pathogen
Salmonella thyphimurium in epithelial cells [56]. Parallel
results have been obtained with IRGM protein, which is
highly expressed in response to infection and seems to be
critical for resistance to intracellular bacteria such as
Salmonella spp. by a newly recognized form of pathogen
clearance [71]. Moreover, mice rendered deficient in the
homologue of IRGM gene have impaired ability to
eliminate the intracellular pathogens Toxoplasma gondii,
L. monocytogenes, and S. thyphimurium [14, 32]. Expe-
riments in human macrophages showed that knockdown
of IRGM leads to markedly prolonged survival of M. tu-
berculosis and that the murine /IRGMI1 (LRG-47) in-
duced autophagy and generated large autolysosomal
organelles as a mechanism for the elimination of intra-
cellular M. tuberculosis [67]. Defects in autophagy could
predispose patients to CD by promoting prolonged sur-
vival of intracellular microorganisms within host cells.

The intracellular function of the NOD?2 receptor and
the defective autophagic pathway associated with genetic
susceptibility to CD suggest that a primary causal organ-
ism would require (1) initial invasive ability and also (2)
an inherent mechanism for chronic intracellular persis-
tence. Thus the normal enteric flora is not sufficiently
invasive or lacks virulence factors that are able to initiate
disease progression. Bacterial candidates that exhibited
these properties and can be detected in CD patients
include M. avium subspecies paratuberculosis, the psy-
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chotropic bacteria Yersinia spp. and L. monocytogenes,
and adherent-invasive Escherichia coli.

M. AVIUM SUBSPECIES
PARATURBERCULOSIS AS AN INTRACELLULAR
PERSISTENT BACTERIA ASSOCIATED

WITH CD

M. avium subspecies paratuberculosis causes sponta-
neous granulomatous enterocolitis in cattle with clinical
manifestations of diarrhea and wasting, making this
obligate intracellular pathogen a credible etiologic agent
of CD [11]. In the past few decades, several dozen pub-
lished studies have provided evidence either to claim or
to dispute its association with CD. On the basis of 28
case-control studies, a meta-analysis demonstrated that
the prevalence of (MAP) DNA detected by PCR in
intestinal tissue samples was higher in patients with CD
than in controls and UC patients [23]. Viable MAP was
detected in peripheral blood in a higher proportion of
CD patients than in controls [48]. The prevalence of anti-
bodies against MAP antigens tested by ELISA was also
higher in patients with CD than in controls. The most
irrefutable evidence that MAP causes CD lies in the long-
-term remission of clinical manifestations and altered
natural history of the disease following clearance of the
infection by antibiotics. A recent Australian antibiotic
trial, performed to evaluate the efficacy of a two-year
combined antibiotic therapy, reported, however, that the
proportion of patients who relapsed after two and three
years was not significantly different between groups with
or without antibiotic treatment [64]. Thus these results do
not support a role of MAP in CD. However, the identifi-
cation of mutations in genes encoding NOD2 receptor in
CD patients [35, 50] and the GWA studies that identified
new susceptibility loci for CD and implicated autophagy
[31, 56], warrant additional research to confirm or dis-
prove the role of MAP as an etiological agent in CD. This
obligate intracellular pathogen that evades killing within
phagolysosomes can selectively infect hosts with defective
innate immune killing, such as NOD2 polymorphisms or
defects in autophagy [57]. The mechanism of autophagy
can eliminate intracellular mycobacteria [30, 67] and the
NOD?2 pathway has been implicated in the innate
immune response to Mycobacterium infection, NOD2-
-deficient macrophages being impaired in their cytokine
response to infection with M. tuberculosis [24]. However,
no relation was found between NOD2 mutations and pos-
itive MAP serology [4] and MAP was not preferentially
recovered from ileal CD [12]

LISTERIA AND YERSINIA AS INVASIVE
BACTERIA PUTATIVELY ASSOCIATED WITH CD

Epidemiologic assessment of familial environmental
risk factors related to Western lifestyle, diet, bacteria,

and domestic hygiene all pointed to refrigeration as
a potential risk factor for CD. The pathogens incrimi-
nated are psychotropic bacteria that can exist and grow
at temperatures between —1°C and 10°C. Referred to as
the “cold chain hypothesis”, this suggests that patho-
genic bacteria such as Yersinia spp. and Listeria spp. con-
tribute to CD [34]. Several studies have demonstrated the
presence of Y. enterocolitica or Y. pseudotuberculosis in
intestinal samples of CD [60, 61] and there are numerous
aspects of yersiniosis, which resembles the inflammatory
reaction seen in CD, including the presence of granulo-
mas, that make differential diagnosis difficult [57]. L. mo-
nocytogenes has been identified in CD lesions by immuno-
histochemical analysis, but conflicting results are report-
ed with PCR [23, 63-65]. However, Listeria could be
a good candidate to drive inflammation since Kobayashi
et al. [38] showed that NOD2-deficient mice manifested
increased susceptibility to L. monocytogenes infection.
This finding was associated with decreased levels of two
specific types of mouse cryptin mRNA (defensin homo-
logues) in Paneth cells. Moreover, mice deficient in
LRG-47, the homologue of human /RGM gene, are
unable to eliminate L. monocytogenes [14].

ADHERENT-INVASIVE E. COLI
ASSOCIATED WITH ILEAL CD

E. coli is the predominant aero-anaerobic Gram-
-negative species of the normal intestinal flora, where it
plays an important role in promoting the stability of the
luminal microbial flora and maintaining normal intesti-
nal homeostasis. As a commensal, E. coli and its mam-
malian host coexist in good harmony and rarely cause
disease except when the normal gastrointestinal barrier
is breached. However, some E. coli strains have
acquired specific virulence factors that increase the abil-
ity of the bacteria to adapt to new niches and allow them
to cause a broad spectrum of diseases [36]. Pathogenic
E. coli strains are also potent inflammatory response
inducers. As a general rule, the interaction between
adherent and/or invasive E. coli and host cells induces
inflammatory responses by activating several pathways
which lead to NF-xB activation, upregulated IL-8
expression, and transmigration of polymorphonuclear
leukocytes [16, 62]. In addition, for all motile E. coli
strains the interaction of flagellin with TLR-5 induces
a pro-inflammatory response [28, 68].

Modifications of luminal bacteria concentrations
have been observed in IBD patients. Increased numbers
of mucosa-associated E. coli, forming a biofilm on the
surface of the gut mucosa, are observed in patients with
CD and UC [15, 18, 39, 40, 43, 47, 49, 69]. A correlation
between intestinal colonization by E. coli and bacterial
adhesion of CD-associated E. coli strains to intestinal
epithelial cells has been observed [18, 43]. Five inde-
pendent studies have reported the presence of intramu-
cosal E. coli or mucosa-associated E. coli with invasive
properties in IBD patients [3, 17, 21, 43, 61]. On the
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basis of the pathogenic traits of CD-associated E. coll,
a new potentially pathogenic group of E. coli was desig-
nated AIEC for adherent-invasive E. coli [7]. AIEC bac-
teria are able to adhere to and to invade intestinal
epithelial cells with a macropinocytosis-like process of
entry dependent on the recruitment of actin microfila-
ments and microtubules. The interaction between
adherent-invasive E. coli and intestinal epithelial cul-
tured cells induces inflammatory responses with an
upregulated expression of IL-8 and CCL20, leading to
transmigration of polymorphonuclear leukocytes and
dendritic cells in coculture models [21]. AIEC infection
significantly decreases transepithelial resistance and
induces disorganization of F-actin and displacement of
Z0-1 and E-cadherin from the apical junctional com-
plex, indicating that AIEC bacteria can reduce barrier
intestinal functions [61]. In addition, AIEC bacteria are
able to survive and to replicate extensively in large vac-
uoles within macrophages without triggering host cell
death and can also induce the release of large amounts
of TNF-o by infected macrophages [29]. Such behavior
with macrophages indicates that these pathogens, which
have evolved to resist phagocytosis and to persist within
macrophages, may be involved in chronic antigenic stim-
ulation and T-cell and macrophage activation.
Moreover, in an in vitro model of human granulomas,
AIEC bacteria cause infected macrophages to aggregate
and some of them to fuse and form multinucleated giant
cells, leading to recruitment of lymphocytes to form cell
aggregates very similar to early stages of epithelioid
granulomas [45]. This observation should be considered
in conjunction with the fact that E. coli antigens are pre-
sent in CD granulomas [8, 41] and that E. coli DNA is
detected in 80% of micro-dissected granulomas from
CD patients [59]. In vivo, certainly due to the lack of

IL-8 synthesis
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CEACAMG6 expression in mice, the reference AIEC
strain LF82 does not induce intestinal inflammation.
However, in a dextran sulfate sodium-injured mouse
colon model, AIEC strain LF82 significantly worsens
colitis [9]. The inflammatory mucosal immune response
to AIEC bacteria is dependent on the expression of bac-
terial flagella, and upregulated expression of TLR-5 and
IPAF flagellin receptors is observed.

Adherent-invasive E. coli strains were found to be
highly associated with ileal mucosa in CD patients [17].
The high prevalence of AIEC strains associated with the
ileal mucosa observed in CD patients is related to
abnormal expression of a specific host receptor recog-
nized by bacterial lectin-like surface adhesins in a genet-
ically predisposed host gut segment. CD-associated
AIEC strains adhere to the brush border of primary ileal
enterocytes isolated from CD patients but not from con-
trols without inflammatory bowel disease [1]. Most
AIEC strains associated with CD ileal mucosa express
type 1 pili, which are responsible for bacterial adhesion
to the carcinoembryonic antigen-related cell adhesion
molecule 6 (CEACAMO6) expressed on the apical side of
ileal epithelial cells. CEACAMBS, acting as a receptor for
AIEC adhesion, is abnormally expressed by ileal epithe-
lial cells in CD patients in both uninvolved and inflamed
ileal mucosa. Increased CEACAMS6 expression results
from interferon (IFN)-y or TNF-o stimulation and
infection with AIEC bacteria, indicating that AIEC can
promote their own colonization in CD patients. The
presence of AIEC bacteria and their ability to induce
the secretion of pro-inflammatory cytokines by infected
macrophages lead to an amplification loop of coloniza-
tion and inflammation (Fig. 1). However, this could be
due to sustained immune stimulation with increased
levels of inflammatory cytokines even in the absence of

Fig. 1. Colonization of the ileal mucosa by
AIEC bacteria. Adherent-invasive E. coli
adhere via type 1 pili to CEACAMS6, which is
abnormally expressed by intestinal epithelial
cells in Crohn’s disease patients. AIEC bacte-
ria adhering to intestinal epithelial cells
induce the secretion of IL-8, through signaling
via flagellin and TLR-5, and the transmigra-
tion of polymorphonuclear leukocytes. The
invasive phenotype of AIEC allows the bacte-
ria to cross the mucosal barrier. AIEC bacte-
ria replicate within infected macrophages
lying beneath the epithelial barrier and induce
TNF-o secretion. Both colonization of the
ileal mucosa by AIEC and stimulation of ileal
epithelial cells by TNF-o released by
AIEC-infected macrophages induce the over-
expression of CEACAMGO at the lumen-faced
surface of the mucosa, leading to an amplifi-
cation loop of colonization and inflammation.
Abbreviations: AIEC - adherent-invasive
E. coli; CEACAMG6 — carcinoembryonic anti-
gen-related cell adhesion molecule 6; PMN —
polymorphonuclear leukocyte; TNF-o0 — tu-
mor necrosis factor-o; IL-8 — interleukin-8.

IL-8 synthesis
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patent inflammation, as already reported in the intesti-
nal mucosa of CD patients [55]. Alternatively,
inducible expression of CEACAMGO in the ileal mucosa
of CD patients could be genetically linked. We
observed that cytokine stimulation of intestinal epithe-
lial cells that did not express CEACAMG6 did not
induce CEACAMG6 expression. The significantly
increased ileal CEACAMBG6 expression found in unin-
volved ileal mucosa of CD patients compared with con-
trols without IBD suggests that patients expressing
a basal level of CEACAMBG6 are genetically predisposed
to overexpress that molecule. Of note, the gene encod-
ing CEACAMGO is located on the long arm of human
chromosome 19 (q13.2 between CYP2A and D19S15),
close to a suggested IBD susceptibility locus [10]. In
addition to NOD2/CARDI15, ATGI6L1, and IRGM,
abnormal ileal CEACAMBG6 expression could be anoth-
er susceptibility factor for CD. Accordingly, patients
expressing a basal level of CEACAMG6 would be genet-
ically predisposed to develop ileal CD, and the pres-
ence of AIEC bacteria and the secretion of IFN-y and
TNF-o. would lead to an amplification loop of colo-
nization and inflammation.

No studies have yet investigated the link between
expression of NOD2, ATG16L1, or IRGM variants and
AIEC infection. Much of the mucosal inflammation
observed with entero-invasive E. coli, a bacteria very
similar to Shigella spp., is initiated by intracellular sens-
ing of peptidoglycan by cytosolic leucine-rich receptors
of the NOD family in epithelial cells and the invasive
phenotype can account for the potent pro-inflammato-
ry ability of the bacteria [28]. We can speculate that
AIEC bacteria might take advantage of defects in intra-
cellular sensing of bacteria or in autophagy.

CONCLUSION

One theoretical link between host susceptibility
genes (NOD2/CARDI5, ATGI6L1, and IRGM) is that
CD is primarily induced by the presence of a dysfunc-
tional immunological response to persistent infection
by intracellular bacterial pathogens. M. avium sub-
species paratuberculosis and adherent-invasive E. coli
are good candidates for an infectious etiology of CD.
These microorganisms can invade, survive, and repli-
cate within host cells and have been detected in many
CD patients. In patients with impaired functions such
as a defensive factor against intracellular bacteria, the
multiplication of any persistent intracellular bacteria
such as M. avium subspecies paratuberculosis and adher-
ent-invasive E. coli is no longer regulated and could trig-
ger chronic uncontrolled intestinal inflammation.
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