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Abstract
Advances in genetics have shed light on the molecular basis
of Crohn’s disease (CD) predisposition and pathogenesis, via
linkage disequilibrium analysis to genome-wide association
studies. The discovery of genetic variants of NOD2, an intra-
cellular pathogen molecular sensor, as risk factors for CD has
paved the way for further research on innate immunity in
this disease. Remarkably, polymorphisms in autophagy
genes, such as ATG16L1 and IRGM, have been identified, al-
lowing the pivotal role of autophagy in innate immunity to
be uncovered. In this review, we summarize recent studies
on the CD-associated NOD2, ATG16L1 and IRGM risk variants
and their contribution to the autophagy functions that have
most influenced our understanding of CD pathophysiology.
Copyright © 2013 S. Karger AG, Basel

Introduction
Inflammatory bowel diseases (IBD), encompassing

Crohn’s disease (CD) and ulcerative colitis, are chronic
inflammatory disorders of the gastrointestinal tract [1, 2].

IBD is a growing problem in developed countries, affect-
ing 1.4 million people in the USA and 2.2 million in Eu-
rope. Extensive studies in the last decades have suggested
that the etiology of IBD involves environmental and ge-
netic factors that lead to dysfunction of the epithelial bar-
rier with consequent deregulation of the mucosal im-
mune response to gut microbiota. There is currently no
curative therapy [3], indicating a need to fully elucidate
the underlying causes of the disease.

Since the early 2000s, many genetic variants have
been identified as CD susceptibility factors [4]. The first
locus identified as a risk factor for CD was nucleotide
oligomerization domain 2 (NOD2) [5, 6], a member of
the NLR (NOD-like receptors) family of intracellular
sensors of pathogen/microbe-associated molecular pat-
terns that play crucial roles in innate immunity [7]. Sub-
sequently, significant progress has been made in under-
standing the etiology of CD with the help of large-scale
genomic analyses (linkage disequilibrium analysis, ge-
nome-wide association studies and deep sequencing
analysis) [3, 8]. Polymorphisms in NOD2 remain the
largest and most prominent genetic risk factor among
over more than one hundred IBD-associated risk loci
identified so far [9, 10]. Genome-wide association studies
have revealed that polymorphisms in autophagy genes
ATGI6LI (autophagy-related 16-like 1) [11, 12] and IRGM
(immunity-related GTPase family M) [13-15] were ge-
netic risk factors for CD and raised autophagy as a very
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attractive molecular pathway in current CD study [16].
Studies have linked the known CD-associated NOD2
mutations to autophagy induction [17, 18] via the physi-
cal interaction of NOD2 with ATGI6L1. These studies
link NOD2 and autophagy-related genes to innate im-
mune responses to bacterial infection and subsequent
induction of adaptive immunity, for the first time plac-
ing these important CD-associated genes directly within
the same pathway. In addition to NOD2, ATGI6LI and
IRGM genes, other autophagy-related genes have been
identified as CD susceptibility genes. They encode: (i)
upstream regulators of autophagy pathways such as
PTPN2 (protein tyrosine phosphatase nonreceptor type
2) [19, 20] and LRRK2 (leucine-rich repeat kinase 2) [10],
(ii) proteins essential for autophagy initiation such as the
serine/threonine kinase ULKI1 (Unc-51-like kinase 1)
[21] or proteins involved in bacterial sensing and their
subsequent uptake by specific selective autophagy (re-
ferred to as xenophagy) such as Toll-like receptor 4
(TLR4) [22, 23]. Defects in autophagy could be particu-
larly detrimental for CD outcome since a number of
stress signals, such as persistence of intracellular bacte-
ria, nuclear factor (NF)-«B activation, proinflammatory
cytokines, hypoxia, ER stress, ROS production and the
associated genotoxic stress, are integrated and resolved
by autophagy-dependent mechanisms.

ATG16L1, Autophagy and CD

A single-nucleotide polymorphism (SNP) in the AT-
GI6L1 gene that results in the amino acid substitution of
a polar threonine by a nonpolar alanine (Thr300Ala) has
been identified as a CD risk allele [11, 12]. ATG16L1 forms
a multimeric complex with the conjugate ATG12-ATGS,
which associates with the outer membrane of the au-
tophagosome, facilitates the phosphatidylethanolamine
conjugation of LC3 and supports the elongation and com-
pletion of autophagosome [24-26]. This polymorphism
resides in the carboxy-terminal WD-repeat domain of
ATGI6L1. The homolog of ATGI6LI in yeast lacks the
entire WD-repeat domain, suggesting that it could be dis-
pensable for conventional autophagy in mammals. Gen-
erally, WD-repeat domains are involved in protein-pro-
tein interaction, but there is no documented evidence of
the association of this domain with other partner pro-
teins. Efforts have been made to gain insights into the
functional role of this allele, which is located at an evolu-
tionary conserved region in mammals, in the pathogen-
esis of CD.

Autophagy and CD

As autophagy is an innate defense mechanism that acts
as a cell-autonomous system to eliminate intracellular
pathogens, a number of studies have linked the CD-asso-
ciated mutation Thr300Ala in ATGI6L1 to autophagy ac-
tivity in handling and clearing intracellular microorgan-
isms, a process called xenophagy. In human epithelial
cells, the CD-associated ATG16L1/Ala300 variant exhibits
impaired efficiency of autophagy-mediated clearance of
the intracellular enteric pathogen Salmonella Typhimuri-
um [27]. The human immortalized lymphoblasts from do-
nors homozygous for the risk-associated ATG16L1 variant
showed impaired induction of autophagy when stimulated
with the bacterial muramyl dipeptide (MDP) or Gram-
positive peptidoglycan [18]. In addition, the CD-associated
ATGI6L1 variant was also shown to suppress MDP-in-
duced autophagy and subsequent killing of Salmonella in
epithelial cell lines, but not in macrophages or dendritic
cells, suggesting a possible cell- or tissue-specific effect in
MDP-induced autophagy [28]. Our group has shown the
decreased efficiency of autophagy-mediated clearance of
pathogenic adherent-invasive Escherichia coli (AIEC),
which colonize ileal lesions of CD patients, in human cells
expressing the ATGI16L1 variant [29]. Of note, AIEC are
distinguishable from conventional commensal E. coli in
that they are able to adhere to and invade intestinal epithe-
lial cells [29-31], to survive and replicate within macro-
phages [10-13] and to induce production of proinflamma-
tory cytokines and chemokines [32, 33]. Silencing expres-
sion of ATGI6LI by siRNA in human epithelial cells or
macrophages leads to increased intracellular replication of
AIEC [29, 33]. Thus, defects in autophagy could favor the
persistence of AIEC within host cells and thereby have a
profound effect on the outcome of proinflammatory re-
sponses. Dendritic cells from CD individuals expressing
the ATGI6LI risk variant were shown to be defective in
autophagy induction, bacterial trafficking and antigen
presentation [17]. These studies together suggest that im-
paired capacity of autophagy to handle and clear bacteria
could be a mechanism underlying the increased risk of CD
patients harboring gut dysbiosis with increased numbers
of proinflammatory bacteria.

By generating mice with hypomorphic ATG16L1 ex-
pression (ATG16L1"M), Cadwell et al. [34] showed anoth-
er mechanism by which ATG16L1 may be involved in the
pathogenesis of CD. ATG16L1"™ mice developed nor-
mally with no sign of intestinal inflammation but exhib-
ited abnormalities in Paneth cell structure. Paneth cells
are specialized epithelial cells located at the base of small
intestinal crypts that normally store and secrete antimi-
crobial peptides, called defensins, within large intracel-
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lular granules, thereby contributing to host defense
against microbes in the small intestine. In ATG16L17M
mice, Paneth cells exhibited disorganized granule com-
partments with a disrupted granule exocytosis pathway,
which had decreased the number of granules and lacked
lysosomes in the ileal mucus layer [34]. In addition, tran-
scriptional profiling of the ATG16L1"™ Paneth cells
showed a large number of dysregulated genes, including
the inflammatory mediators such as the chemokine (C-
X-C motif) ligand 1, the acute-phase serum amyloid Al,
which is highly expressed in response to inflammation,
or the adipocytokines leptin and adiponectin, previously
reported to be increased in CD [34]. CD patients homo-
zygotes for the ATGI6LI risk allele exhibited similar
structural aberrances in Paneth cells to those observed in
ATGI16L1"M mice [34], indicating that defects in intesti-
nal barrier function in CD could involve dysfunction of
Paneth cells related to ATGI6LI mutation (fig. 1).

In another study, Saitoh et al. [35] observed an abnor-
mal inflammatory response to lipopolysaccharide (LPS)
stimulation in ATG16L1-deficient macrophages, charac-
terized by an elevated production of IL-1p and IL-18
(tig. 1) [17]. Of note, this experiment was performed in
ATGI16L1-deficient fetal liver macrophages, since AT-
G16L1 knockout mice died within a day of birth [35]. In
addition, ATGI16L1-deficient macrophages produced a
higher level of IL-1p in response to commensal noninva-
sive Gram-negative bacteria, such as Enterobacter aero-
genes, E. coli and Klebsiella pneumoniae [35). This was
mediated through TRIF (a Toll/IL-1 receptor domain-
containing adaptor inducing IFN-f), an essential adaptor
molecule for TLR signaling pathways, as ATG16L1-TRIF
double-deficient macrophages failed to produce IL-1f in
response to LPS stimulation owing to a lack of caspase-1
activation [35]. Interestingly, through a bone marrow
transplantation study, the authors also demonstrated
that mice receiving the ATG16L1-deficient monocytes
were more susceptible to dextran sulfate sodium (DSS)-
induced acute colitis, shown by more severe colonic in-
flammation as evidenced by histological examination
and increased levels of IL-1 and IL-18 in the sera [35]. It
is noteworthy that the ATG16L1-deficient chimeric mice
developed neither spontaneous colitis nor an increase in
bacterial burden or bacterial translocation. Intraperito-
neal administration of 3-methyladenine, an autophagy
inhibitor, increased the level of IL-1P in serum and re-
duced the survival rate of DSS-treated mice. Injection of
anti-IL-1P and anti-IL-18 antibodies reduced the mortal-
ity and body weight loss of DSS-treated ATG16L1-defi-
cient chimeric mice, indicating the involvement of exces-
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sive cytokine production in the development of severe
colitis [35]. This elegant study showed a protective role of
ATGI6LI in innate immune responses against intestinal
inflammation.

In addition, the findings of Cadwell et al. [36] have lent
weight to the argument that genetic and environmental
factors interplay in the etiology of CD since susceptibility
gene and virus infection are both responsible and re-
quired for abnormalities in the functional structure and
transcriptional profile of Paneth cells, observed in AT-
G16L1"™ mice. Indeed, the structural and transcription-
al aberrances in Paneth cells were shown to be dependent
on persistent infection with a specific strain of murine
norovirus MNV CR6, since mice raised in a germ-free
facility or mice infected with a nonpersistent norovirus
strain exhibited normal Paneth cell morphology [36]. In
addition, MNV CR6 infection did not induce intestinal
inflammation but on ATGI6L1"™ mice conferred in-
creased susceptibility to DSS-induced colitis, which was
abrogated by microbial flora depletion with broad-spec-
trum antibiotics. Interaction between the CD-associated
ATGI6L1 variant and MNV CR6 infection resulted in in-
testinal pathologies in mice. It was therefore concluded
that susceptibility genes and virus infection are both re-
sponsible and required for abnormalities in the function-
al structure and transcriptional profile of Paneth cells.
Although clinical studies have shown that norovirus in-
fection in humans can aggravate IBD symptoms [37, 38],
there is no evidence yet that supports the hypothesis that
norovirus infection could be a causative factor of CD. The
study by Cadwell et al. [36] importantly supports the no-
tion that the host’s microbiome (virus and bacteria) needs
to be carefully taken into account in patients harboring
CD-associated risk alleles.

NOD2, Autophagy and CD

NOD?2 is a member of the NLR family of intracellular
sensors of pathogen/microbe-associated molecular pat-
terns that play important roles in innate immunity [7].
NOD2 recognizes MDP, a component of the peptidogly-
can present in the bacterial cell wall. MDP-mediated
stimulation of NOD2 activates NF-xB and triggers the
production of various proinflammatory cytokines and
chemokines. A cross-talk between NOD2 and TLRs,
which plays a crucial role in host defense against micro-
bial infection, has been explored and extensively studied
[7]. Of particular interest, three mutations in NOD2, in-
cluding a frameshift mutation (L1007fsinsC) that results
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Fig. 1. Impact of the CD-associated ATG16L1/Ala300 variant on
xenophagy-mediated intracellular bacteria clearance during CD
onset. a, b Paneth cells with the ATG16L1/Ala300 risk allele ex-
hibit abnormalities in structure and function compared to Paneth
cells with the ATG16L1/Thr300 protective allele such as decreased
and disorganized granule compartments with disrupted granule
exocytosis pathway (grey dotted arrow) and degraded mitochon-
dria, leading to reduced lysozymes in the mucus layer. This could
probably confer the intestinal epithelial layer susceptibility to mi-
crobial infection, leading to bacterial overgrowth and the inva-
sion of commensal bacteria, and predominantly of pathogenic
bacteria with invasive properties. ¢ Invading bacteria are detected
by macrophages and dendritic cells. NOD2 in macrophages sens-
es MDP and recruits ATG16L1 to the plasma membrane at the
bacterial entry site, initiating functional xenophagy with the re-
cruitment of the ATG16-ATG5-ATG12 complex to the membrane

in a truncated NOD2 protein and two amino acid sub-
stitutions (R702W and G908R), have been documented
to be strongly associated with CD onset [5, 6]. These
NOD?2 risk mutations are located within the leucine-

Autophagy and CD

of autophagosomes. Bacteria are degraded inside autophagolyso-
somes and the produced peptides are loaded to the MHC class II
for antigen presentation, which will be recognized by CD4* T
cells. Wild-type macrophages and dendritic cells detecting inva-
sive bacteria also secrete inflammatory cytokines IL-13 and IL-18.
d In macrophages and dendritic cells with the ATG16L1/Ala300
risk alleles, the mutated ATGI16L1 protein is still able to bind to
NOD2 upon MDP stimulation and able to recruit the ATG12-
ATG5 complex, but fails to induce xenophagy. Autophagy-defi-
cient macrophages fail to kill intracellular bacteria and to present
antigen by MHC class II, leading to inappropriate activation of the
adaptive immune system (grey dotted arrow). Autophagy-defi-
cient macrophages produce high levels of IL-1B and IL-18 (red ar-
row). These result in severe inflammation and consequently
chronic inflammatory status, which occur during CD develop-
ment.

rich repeat domain, which is the microbe-associated
molecular pattern recognition region and has a molecu-
lar structure similar to the leucine-rich repeat domains
of TLRs [7]. The mechanism by which CD-associated
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Fig. 2. Impact of the CD-associated NOD2 a
(L1007fsinsC) risk variant on xenophagy-
mediated intracellular bacteria clearance
during CD onset. a Induction of functional
xenophagy in macrophages with wild-type
NOD?2 allele in response to bacterial inva-
sion. MDP-activated NOD2 recruits and in-
teracts with ATG16L1 at bacterial entry sites
in the plasma membrane, inducing function-
al xenophagy with the consequent killing of
intracellular bacteria and antigen presenta-
tion by MHC class II. b Impaired xenophagy
in macrophages with the NOD2 (L1007fsin-
sC) risk variant in response to invasive bac-
teria. NOD2 (L1007fsinsC) fails to recruit
ATG16L1 to the bacterial entry sites or to in-
duce xenophagy. Consequently, intracellular
bacterial degradation and MHC class II-me-
diated antigen presentation are defective.
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NOD?2 polymorphisms contribute to intestinal inflam-
mation has been extensively studied but with conflict-
ing results [7].

Current studies have revealed unexpected functions of
NOD?2 in autophagy, which will be discussed in this sec-
tion. Pioneering studies showing the regulatory role of
NOD2 in autophagy reported that MDP-mediated NOD2
activation induces autophagy [17, 18]. Of note, as dis-
cussed in the previous section, the CD-associated AT-
G16L1 risk variant exhibited impaired autophagy induc-
tion upon MDP stimulation [17]. The CD-associated
NOD?2 frameshift mutation resulted in impaired intracel-
lular pathogenic bacterial killing owing to a defect in au-
tophagic response (fig. 2) [17, 18]. Remarkably, recruit-
ment of ATGI6L1 to the plasma membrane and conse-
quent wrapping of invading bacteria by autophagosomes
failed in human cells homozygous for the NOD2 frame-
shift mutation (fig. 2) [18]. NOD2 recruits ATG16L1 to
plasma membrane at the bacterial entry site, thereby ini-
tiating autophagosome formation to wrap invading
pathogens (fig. 2). This autophagic function was shown
to be dependent on NOD proteins but independent of
NF-kB signaling and RIP2 [18]. Hence, these studies
show a link between bacterial sensing by NOD proteins
and autophagy induction, providing a functional interac-
tion between NOD2 and ATG16L1 to mediate an efficient
autophagy response against invasive bacteria that is al-
tered by CD-associated risk variants.

The study by Cooney et al. [17] not only revealed the
role of autophagy and ATGI6L1 in innate immunity via
NOD proteins, but also highlighted a role for adaptive
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immune responses to pathogens. The authors showed
that MDP-mediated activation of NOD2 in dendritic cells
induces autophagy and promotes major histocompatibil-
ity complex (MHC) class II antigen presentation depend-
ently of RIP2, which was defective in dendritic cells from
donors with either CD-associated NOD2 (L1007fsinsC)
or ATGI6L1 (Thr300Ala) risk variants (fig. 2) [17]. Au-
tophagosomes were previously shown to fuse with multi-
vesicular MHC class II-loading compartments to present
their contents for recognition by CD4* T cells [39]. Thus,
defects in the autophagy pathway might lead to inappro-
priate activation of the adaptive immune system, which
can impair bacterial handling and consequently result in
chronic inflammatory status.

A recent study shed further light on the link between
NOD?2 and autophagy by showing that MDP stimulation
of epithelial cells, macrophages and dendritic cells acti-
vated autophagy and NF-«B and mitogen-activated pro-
tein kinase signaling and increased pathogenic bacterial
killing [28]. These responses appeared to require AT-
G16L1 and NOD?2 expression and were impaired by CD-
associated NOD2 variants. NOD2-dependent antibacte-
rial signaling was impaired by the ATG16L1 (Thr300Ala)
risk variant in epithelial cells, but not in macrophages or
dendritic cells. Finally, NOD2 is required for efficient au-
tophagy to kill CD-associated AIEC in macrophages,
since NOD2-deficient macrophages displayed a reduced
autophagy-mediated clearance of AIEC and a higher
proinflammatory response compared to wild-type mac-
rophages [33]. However, forced induction of autophagy
by the use of pharmacological rapamycin inducers or by
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starving cells, concomitantly with AIEC infection, made
it possible to amplify autophagic response in NOD2-de-
ficient macrophages, overcoming defects in intracellular
AIEC clearance [33]. The ATG16L1 and NOD?2 risk vari-
ants could be implicated in autophagy-mediated antibac-
terial pathways and, further, in the pathogenesis of CD
in a cell- and function-specific manner [28]. Since au-
tophagy has been recognized as a bactericidal mecha-
nism, it would be of interest to investigate the role of oth-
er pattern recognition receptors such as TLR, in addition
to NLR, in the control of autophagy response to bacte-
rial infection. A report published in 2007 demonstrated,
for the first time, that bacterial LPS binding on TLR4
induces autophagy [40]. Since TLR4 has been identified
as a CD susceptibility gene [22, 23], the impact of CD-
associated TLR4 risk alleles on bacterial sensing and the
subsequent autophagy activity warrants further investi-
gation.

IRGM, Autophagy and CD

IRGM (Immunity-related GTPase family M) belongs
to the p47 immunity-related guanosine triphosphatase
family. The murine homolog LRG-47 is induced by IFN-y
and activates autophagy as a mechanism for the elimina-
tion of invasive pathogens such as Mycobacterium tuber-
culosis, Salmonella Typhimurium and Listeria monocyto-
genes [41-45].

Unlike the 23 murine Irg gene family, the unique hu-
man IRGM sequence lacks IFN-y-responsive elements
and is thought to encode five isoforms (IRGMa to IRG-
Me), although it is unknown whether all of these result in
protein products [46]. Two polymorphisms of IRGM have
been highly associated with CD risk, including a ‘silent’
SNP within the coding region (c.313C>T) and a 20-kb
deletion upstream of the IRGM gene [13-15]. The deletion
in the IRGM promoter region could have an impact on
the level of IRGM protein expression by potentially alter-
ing the recruitment of transcription factors. Thus, Mc-
Carroll et al. [13] investigated the functional effect of
IRGM expression level on autophagic processing of inter-
nalized Salmonella Typhimurium in HeLa cells with ma-
nipulated IRGM expression. SiRNA-mediated IRGM
knockdown significantly attenuated the proportion of in-
ternalized bacteria captured within autophagosomes,
whereas IRGM overexpression resulted in a plasmid
dose-dependent increase in autophagic response with
over 50% of internalized bacteria within autophagosomes
[13]. Our group has shown that depletion of IRGM in hu-

Autophagy and CD

man intestinal epithelial cells and macrophages resulted
in defective autophagy and consequently increased intra-
cellular replication of AIEC [29, 33]. Similar results have
been obtained in Mycobacterium paratuberculosis-infect-
ed murine and human macrophages [42]. These studies
suggest that the CD association at IRGM arises from an
alteration in IRGM regulation that affects the efficacy of
autophagy defense and identify a common deletion poly-
morphism as alikely causal variant. However, in cells het-
erozygous for the 20-kb deletion upstream of the IRGM
gene, both alleles are expressed in variable proportions
depending on cell lines [13], which suggests that this dele-
tion is not able to reliably affect IRGM protein levels and
that there may be a role for the synonymous exonic SNP
(c.313C>T).

The common synonymous SNP (c.313C>T) in the
IRGM gene has been found in strong linkage disequilib-
rium with the deletion polymorphism and classified as
noncausative because it does not change the mature pro-
tein sequence. In a study investigating a potential noisy
role of this silent polymorphism, in silico analysis using
microRNA/mRNA interaction prediction algorithms re-
vealed that the ¢.313C>T polymorphism of IRGM is lo-
cated within the JRGM mRNA region that interacts with
the microRNA-196 family. Importantly, the silent poly-
morphism is located within the ‘seed region’, an eight-
base pair sequence, in which 100% matches between the
microRNA and target mRNA sequence are usually re-
quired to allow target mRNA decay or degradation ca-
talyses by the RISC (RNA-induced silencing complex)
[47]. Of particular interest, the CD-associated IRGM
(c.313C>T) risk allele resulted in loss of binding of mi-
croRNA-196 (fig. 3). In addition, microRNA-196 is over-
expressed in the inflamed epithelium of CD patients and
downregulates the IRGM protective variant (c.313C) but
not the risk-associated allele (c.313T) [47]. Loss of tight
regulation of IRGM expression by microRNA-196 result-
ed in defects in autophagy-mediated control of intracel-
lular replication of AIEC, leading to an abnormal persis-
tence of AIEC in host cells (fig. 3) [47]. This suggests that
the association of IRGM with CD arises from abnormal
microRNA-mediated IRGM regulation, which affects the
efficacy of autophagy. In addition, overexpression of
IRGM, and in particular that of the IRGMd isoform, led
to a cell death presenting apoptotic features and a massive
release of the danger-associated protein HMGBI [33, 48].

In conclusion, perturbations in autophagy-protein-
dependent functions in immunity could contribute to in-
creased susceptibility to infection, chronic inflammation
and CD. Owing to the presence of risk alleles in autoph-
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Fig. 3. Hypothetical model for the involvement of the CD-asso-
ciated IRGM (c.313C>T) in autophagy, bacterial clearance and
CD. a MicroRNA 196 (miR-196) normally targets IRGM mRNA
within RISC for a negative regulation. The IRGM (c.313C>T) risk
allele mRNA, however, lacks the binding site for miR-196 and
therefore is not regulated by this microRNA. The IRGM risk
variant does not cause alterations in autophagy during healthy
states. b During CD, expression of miR-196 is increased, which
leads to a downregulation of IRGM expression. This results in a
decrease in autophagic flux accompanied by a decrease in au-

agy genes ATGI6L1, IRGM and NOD2 in CD-unaffected
individuals, and given that autophagy is a vital process
for cells, we could hypothesize that CD-associated risk
polymorphisms have no effect on the basal autophagic
process, but in the event of infection with AIEC or other
CD-associated bacteria, or environmental stress, it could
lead to a less efficient autophagic response, allowing bac-
teria to persist in intracellular replicative niches. In addi-
tion, autophagic activity can deeply affect the outcome of
proinflammatory responses to CD-associated bacterial
infection. Induction of autophagy, by the use of rapalogs
for example [49], makes it possible to target AIEC bacte-
ria entering macrophages within autophagosomes. As a
consequence, there is a significant decrease in the num-
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tophagosome-associated intracellular bacteria (upper panel). In
subjects with the IRGM risk variant (bottom panel), IRGM ex-
pression is not inhibited by miR-196 and is upregulated, leading
to defective xenophagy with a decrease in the percentage of in-
tracellular bacteria captured in functional acidic vacuoles (violet
circle) in comparison with that in IRGM (c.313C) protective vari-
ant-bearing subjects. Most intracellular bacteria replication oc-
curs in nonmature vacuoles (yellow dotted circle). This conse-
quently results in intracellular bacteria overload, which could
further worsen disease status.

ber of intramacrophagic AIEC bacteria and a drastic de-
crease in proinflammatory cytokine secretion. Restoring
bacteria-induced autophagy in patients genotyped for
risk alleles in ATGI6L1, IRGM or NOD2 (or composite)
could be a powerful therapeutic strategy to concomitant-
ly restrain the number of intracellular ATEC bacteria and
to slow down inflammatory response.

Conclusions and Perspectives
Genetic studies have highlighted the potential role of

the autophagy pathway in CD onset with the identifica-
tion of risk polymorphisms in various autophagy-related
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genes and those which regulate autophagy. Exciting re-
cent progress has been made in understanding mecha-
nistic links between the cause of these risk variants and
CD pathogenesis, particularly in innate immune activa-
tion, defects in autophagy-mediated bacterial handling
and antigen presentation and homeostasis of the epithe-
lial barrier. However, further investigations are needed to
better understand the functional relevance of the CD sus-
ceptibility genes, known or newly identified, in autopha-
gy response to environmental triggers such as gut dys-
biosis or infection with a particular pathogen. In addi-
tion, it is of particular interest to focus on the factors that
regulate autophagy processes in a CD disease context.
Translation of these findings into clinical benefits will
help to establish novel autophagy-targeting therapeutic
strategies for CD treatment. Of note, two reports have
shown marked and sustained improvement in CD symp-
toms in patients with refractory CD treated with rapamy-

cin analogues [50, 51], remissions that owe less to the im-
munosuppressive properties of these drugs than to their
ability to induce autophagy. Studies have identified other
classes of molecules, already FDA approved, that modu-
late the autophagic process [52, 53]. In CD, depending on
the patient genotype for autophagy-related genes, the use
of well-tolerated pharmacological autophagic inducers
could achieve a double benefit by restraining the load of
intracellular CD-associated bacteria and slowing down
inflammatory response.
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