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Abstract
The success of genetic analyses identifying multiple loci associated with IBD susceptibility has
resulted in the identification of several risk genes linked to a common cellular process called
autophagy. Autophagy is a process involving the encapsulation of cytosolic cellular components in
double membraned vesicles, their subsequent lysosomal degradation, and recycling of the
degraded components for use by the cell. It plays an important part in the innate immune response
to a variety of intracellular pathogens, and it is this component of autophagy that appears to be
defective in IBD. This has lead to the hypothesis that CD may result from an impaired anti-
bacterial response, which leads to ineffective control of bacterial infection, dysbiosis of the
intestinal microbiota, and chronic inflammation. Several recurrent themes have surfaced from
studies examining the function of autophagy-related genes in the context of IBD - with cellular
context, disease status, risk variant effect and risk gene interplay all affecting the interpretation of
these studies. The identification of autophagy as a major risk pathway in IBD is a significant step
forward and may lead to pathway-focused therapy in the future, however there is more to
understand in order to unravel the complexity of this disease.
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Introduction
Inflammatory bowel disease (IBD) results from a complex etiology where environmental
factors, genetics and intestinal microbiota combine to initiate and perpetuate chronic
inflammation in the gastrointestinal tract. The two major forms of IBD are ulcerative colitis
(UC) and Crohn's disease (CD), which have similar symptoms, but distinct pathological
features. Recent advances in genetic analysis of IBD have resulted in significant insights
into the genetic susceptibilities and underlying mechanisms of pathogenesis. To date, meta-
analyses of genome wide association scan data have identified 99 risk loci - 71 CD-
associated loci and 47 associated with UC, with 28 loci shared between the two types[1, 2]. It
is becoming increasingly clear that these genetic risk factors are components of interacting
pathways, as many of the genes encoded by these risk loci mediate common cellular
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functions, such as microbial recognition, autophagy, cytokine signaling, epithelial barrier
maintenance, lymphocyte activation, metabolism and endoplasmic reticulum stress
responses (recently reviewed in[3]). This review will focus on the recent findings linking the
genes involved in the cellular process of autophagy to IBD.

Autophagy Overview
Autophagy is a conserved and highly ordered process which results in the encapsulation of
cytosolic components in double membraned vesicles, their subsequent lysosomal
degradation, and recycling of the degraded components for use by the cell[4]. Many different
types of autophagy exist - macroautophagy, microautophagy and chaperone mediated
autophagy, but for the purposes of this review we will focus on macroautophagy, hereafter
termed autophagy. This process has evolved as a physiological response to cellular stress to
provide nutrients in times of cellular starvation or to remove damaged organelles, protein
aggregates and intracellular microbes. As a consequence, autophagy acts to ensure cellular
homeostasis as a cell survival response, or if the cellular stress is severe, triggers cell death.
Recent evidence has shown that autophagy also plays an important function in the innate
immune response to a variety of intracellular pathogens, and it is this component of
autophagy that has been proposed to be impaired in CD[5–7].

The autophagic process can be broken down into several discrete steps mediated by a
cascade of kinase activation and ubiquitin-like machinery. Most of the specific components
of autophagy were initially identified and characterized through studies in yeast model
systems, leading to the discovery of over 32 autophagy-related (ATG) genes. Many, but not
all, of the mammalian ATG homologues have been identified and the mammalian
nomenclature is used in this review. This highly ordered and conserved process is can be
broken down into four steps, initiation, elongation, cargo selection, and maturation (Figure
1). The molecular characterization of this process has been clearly detailed in recent
reviews[4, 8, 9] and key players in the majors steps of autophagy outlined below.

Initiation
Diverse autophagic stimuli initiate the formation of an isolation membrane through the
activation of the ULK (uncorordinated-51-like kinases) kinase complex. Upon activation,
the ULK complex recruits other autophagy proteins to the membrane assembly site, which
include the class III phosphatidylinositol 3-kinase (PI3K) complex comprised of Beclin-1,
Vps34 (vacuolar protein sorting 34), the serine/threonine kinase p150, and Barkor/mAtg14.
The action of the PI3K complex generates phosphoinositides to recruit other proteins which
are thought to transport membrane to the growing phagophore.

Elongation
Two ubiquitin-like conjugation systems are required for elongation of the isolation
membrane. The first system is mediated by Atg7 and Atg10 which covalently link Atg12 to
Atg5. This Atg12-5 conjugate interacts with Atg16L1 and tetramerizes to localize to the
phagophore. The second conjugation system, comprised of Atg4, Atg7 and Atg3, modifies
the cytosolic LC3 (microtubule-associated protein light chain 3) protein with the attachment
of a phosphoethanolamine lipid anchor and subsequent insertion into the autophagosomal
membrane. It has been proposed that the Atg12-5/16L1 complex not only promotes LC3
lipidation but also determines the site of insertion of the modified LC3 (LC3-II). The
insertion of LC3 promotes cargo recruitment and autophagosomal closure. Due to the
decoration of autophagosomal membranes with LC3 and the ability to detect the modified
LC3-II by immunoblot, LC3 is the most commonly used marker of autophagy. It should be
noted, that for simplicity we refer to LC3 modification, in mammals there are four LC3
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genes and two related proteins of the GABARAP family (γ-aminobutyric acid receptor-
associated proteins) that associate with autophagosomes, while in yeast there is just one
gene (Atg8). The specific roles of these different mammalian Atg8 homologues are still
under investigation.

Cargo Selection
The recognition and targeting of damaged organelles, protein aggregates and intracellular
pathogens to autophagosomes is mediated by specific adaptor proteins interacting with LC3.
Two major autophagosome adaptors are p62/sequestosome 1 (SQSTM1) and NBR1
(neighbor of BRCA1 gene 1), which directly bind ubiquitinated substrates and target them to
the autophagosome through binding LC3. Another adaptor is NDP52 (nuclear dot protein
52) which may perform a more specific role in the capture of intracellular pathogens
decorated with ubiquitin. The enzymes involved in the ubiquitination of autophagosome
cargos are currently being investigated.

Autophagosome maturation
When autophagosome formation is complete, it matures through fusion with lysosomes to
cause degradation of its contents. The fusion with lysosomes is mediated by the concerted
actions of the small GTPase Rab7 and lysosome-associated membrane proteins, LAMP-1 &
-2. The delivery of lysosomal hydrolases, such as the cathespsins B, D, and L as well as
lysozyme, cause the degradation of the autophagosome cargo into small molecules. These
small molecules are then transported into the cytosol for use by the cell or presented as
antigens in the context of major histocompatability complexes to shape an adaptive immune
response to infection.

Convergence of genetic and functional links between autophagy & IBD
Multiple genes that have either genetic or functional links to autophagy have IBD-associated
genetic variants. These molecules include proteins involved in the detection of autophagic
triggers (IRGM[10–12], NOD2[5–7], VDR[13], DAP[1, 14, 15]), orchestrating autophagosome
formation (ULK1[16], ATG16L1[17, 18]) or in autophagosomal maturation (LRRK2[19]). There
appears to be a stratification of these genes with the forms of IBD, with a majority of these
genes thought to be specific CD susceptibility factors (ATG16L1, IRGM, NOD2, and
LRRK2[3]). These findings may help shape future studies to examine additional risk factors
that not only drive IBD development, but also shape the manifestation of CD vs. UC.

Interestingly, these CD-associated risk genes have an additional common functional link, as
they are associated with autophagy triggered as an anti-bacterial response. This observation
has lead to the hypothesis that CD may be a disease resulting from an impaired anti-bacterial
response, which leads to ineffective control of bacterial infection, dysbiosis of the intestinal
microbiota, and chronic inflammation. In this review, we will outline the information known
about these autophagy risk genes in the context of IBD, with the focus on the function of
these genes as an innate immune response to bacteria.

ATG16L1
In 2007, genome wide association scans (GWAS) identified a sole nonsynonymous single
nucleotide polymorphism (SNP) in the coding region of the ATG16L1 gene associated with
an increased risk of developing CD (rs2241880)[18, 20, 21]. Disease risk increases two-fold in
individuals homozygous for the risk allele and linkage of this variant to IBD is stronger for
CD patients with ileal disease. These findings were rapidly replicated by other groups and its
association primarily with CD confirmed in recent meta-analyses[1, 2]. The prevalence of
this SNP is relatively common, with as many as 45–50% of healthy individuals carrying the
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risk allele, emphasizing the multi-factorial nature of IBD where genetics, environment and
microbiome all contribute to disease development.

Atg16L1 is an essential component of the autophagosome machinery and plays a key role
for proper subcellular localization of the autophagic machinery responsible for
autophagosome formation[22]. Atg16L1 undergoes self-multimerization through interactions
of a central coiled coil domain forming a 800kDa complex with other autophagic molecules
such as Atg5 and Atg12. A fraction of this complex localizes to the membrane but most of it
remains diffuse in the cytosol. Upon induction of autophagy, the complex relocalizes to the
membrane and acts as a scaffold to recruit LC3 to the membrane for lipidation. Knockdown
of Atg16L1 expression in cell lines markedly decreased the targeting of intracellular bacteria
to the autophagic vacuoles, demonstrating its importance in anti-bacterial autophagy[18].
Unassembled Atg16L1 gets degraded, which maintains a critical level of Atg16L1 protein in
the cells for efficient autophagy. Excessive Atg16L1 inhibits autophagy, presumably
through disrupting the subcellular localization of Atg16L1 and causing inappropriate
localization of forming autophagosomes.

The disease-associated ATG16L1 variant results in a threonine to alanine amino acid change
at position 300 (T300A) within the evolutionarily conserved WD-repeat region. In detailed
studies with healthy individuals and CD patients, it was observed that Atg16L1 expression
pattern at both mRNA and protein levels were not affected either by ATG16L1 genotype or
inflammation state of the intestine[21]. However, the tight conservation of WD repeats
among mammals led to the speculation that this amino acid substitution may alter
interactions with a protein binding partner crucial for autophagy. Studies performed using
truncation mutants of Atg16L1 in fibroblasts confirmed that this region is dispensable for
starvation-induced autophagy[22]. Other studies have uncovered a marked impairment of
antibacterial autophagy mediated by the Atg16L1 T300A variant in a cell type dependent
manner[6, 23, 24]. These findings are provocative, as multiple lines of investigation support a
major role in intestinal bacteria in the pathogenesis of IBD[25]. Although no single infectious
agent has been identified as a causative agent for IBD[26], many of the bacteria that have
been implicated in the pathogenesis of IBD, such as Mycobacterium avium subsp.
paratuberculosis, adherent-invasive Escherichia coli, Listeria monocytogenes, and Yersinia
enterocolitica, are also targets for autophagic clearance[8].

Cell type dependent effects of Atg16L1 have been observed in cell culture studies, as well as
murine models with reduced or absent Atg16L1 expression. In studies of cell lines
expressing Atg16L1 T300A, impaired anti-bacterial autophagy has been observed in
epithelial cells, but not fibroblasts[6, 22–24]. When anti-bacterial autophagy was examined in
primary human cells homozygous for the risk allele, conflicting results were observed,
possibly dependent on donor disease status. In one study examining macrophages and
dendritic cells from healthy individuals, no significant differences were observed between
healthy and risk genotypes[6]. This contrasts with the findings of two other groups
examining cells derived from CD patients, who observed significant impairment of
autophagy in lymphoblasts or dendritic cells activated by muramyl dipeptide, a component
of bacterial cell wall and activating ligand of NOD2 (nucleotide binding oligomerization
domain 2), a bacterial sensor and CD risk gene[5, 7]. Interestingly, this impairment was not
observed in dendritic cells stimulated with a different component of the bacterial cell wall[5],
suggesting further complexity to the regulation of autophagy in the context of IBD.

To investigate the role of ATG16L1 in an in vivo setting, two different approaches were
taken by investigators. One group generated mice with a functional knockout of the
Atg16L1 protein (Atg16L1KO)[27]. Autophagy plays an essential role in the survival of
newborn mice and autophagy-deficient mice die within 24 hours of birth[27–29]. Therefore,
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these investigators generated fetal liver chimeric mice, resulting in wildtype mice with the
hematopoietic system of Atg16L1KO mice. Using these Atg16L1KO chimeric mice, the
investigators were able to study the impact of Atg16L1 deficiency on immune cell function.
Atg16L1KO macrophages were unable to activate autophagy, but had enhanced IL-1β and
IL-18 production when stimulated with bacterial endotoxin (lipolysaccharide or lipid A) or
other activators of the inflammasome. This hypersensitivity was also observed when these
mice were tested in an experimental colitis model induced by dextran sulfate sodium (DSS).
Colitis induction was exacerbated in Atg16L1KO chimeric mice, with increased ulceration
and lymphocytic infiltration, which correlated with high serum levels of the pro-
inflammatory cytokines IL-1β, IL-6 and IL-18. Hyper-production of IL-1β was also
observed in peripheral blood mononuclear cells from CD patients and healthy volunteers
genotyped for the ATG16L1 risk variant[30]. However, the effect observed in the human cells
was only induced when the cells were stimulated with the NOD2 ligand MDP, but not other
bacterial stimuli, possibly reflecting a difference between absence of Atg16L1 function and
altered Atg16L1 function as a result of the T300A substitution. These findings demonstrate
a role for autophagy and Atg16L1 function in the regulation of pro-inflammatory cytokine
production in response to bacterial stimulation.

In a second model, investigators generated mouse lines with the expression of Atg16L1
reduced to ~30% of normal levels (Atg16L1 hypomorph; Atg16L1HM)[31]. Although the
overall morphology of the intestine or colon of these mice was not affected and no
spontaneous inflammation was observed, closer analysis uncovered striking changes in
Paneth cells of the small intestine. These changes include morphological abnormalities,
functional changes and transcriptional alterations. Paneth cells are highly secretory cells at
the base of the crypts of Lieberkühn which play an important role in mucosal defense
through the production and secretion of anti-microbial peptides, lysozyme, and
inflammatory mediators into the gut lumen. Transcriptionally, the Paneth cells of
Atg16L1HM mice produced high levels of the immunoregulatory adipocytokines, leptin and
adiponectin, both of which have been linked to a pathologic hallmark of CD termed
“creeping fat”[32]. These cells also displayed abberant packaging and exocytosis of anti-
microbial granules. Strikingly similar Paneth cell abnormalities were also observed in CD
patients homozygous for the ATG16L1 risk allele, indicating that this mouse model may
reflect important aspects of human disease[31].

In follow-up studies of the Atg16L1HM mice, it was discovered that the Paneth cell
abnormalities were triggered by infection with a specific strain of murine norovirus (MNV
CR6) which generates persistent infection[33]. When these mice were re-derived by embryo
transfer into an enhanced barrier facility, Paneth cell morphology of the Atg16L1HM mice
was indistinguishable from wild-type mice. Additionally, these mice had similar responses
to DSS-induced intestinal injury as wild-type mice, indicating that reduction of Atg16L1
expression (or autophagy) alone is not sufficient for the pathologic changes. Further
investigation discovered that prior, persistent infection with MNV of lamina propria cells
induced not only changes in Paneth cell morphology and transcriptional profiles of these
cells, but also resulted in an aberrant intestinal injury response with hallmarks of human CD.
Rather than the typical surface ulceration of the transverse and distal colon observed in the
DSS colitis model, in the virally infected Atg16L1HM mice, DSS administration also resulted
in ileal pathology, with mucosal atrophy, muscular hypertrophy, increased lymphoid
aggregates, development of subserosal fibrosis and hyperplasia. This aberrant injury
response was found to be dependent on TNFα, IFNγ and the commensal microbiota, three
factors closely associated with CD. These findings highlight the multi-factorial nature of CD
development, where carriage of a genetic risk factor alone is not sufficient to cause disease.
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NOD2
The first gene associated with CD susceptibility was NOD2 (nucleotide-binding,
oligomerization domain 2), which encodes an intracellular bacterial sensor of the NLR
(NOD-like receptor) family[34]. It was originally identified by two separate groups using
distinct genetic approaches and has been extensively confirmed as a CD risk gene in
individuals of European descent. The three NOD2 variants most commonly associated with
CD are two missense mutations, arginine 702 to tryptophan (R702W, rs2066844) and
glycine 908 to arginine (G908R, rs2066845) as well as a frameshift mutation resulting from
a cytosine insertion after amino acid 1007 (L1007fs, rs41450053). These main variants
result in a significant reduction or loss of NOD2 function. Heterozygous carriage of one the
major risk alleles confers a 2.4-fold increased risk of CD, while homozygous or compound
heterozygous individuals have a 17.1-fold increased risk in individuals of European decent.
Interestingly, no association of NOD2 variants has been observed in Asian or sub-Saharan
African populations. Due to the multi-factorial nature of disease onset, the carriage of NOD2
variants is not sufficient to cause CD, but they are associated with disease characterized by
an earlier age of onset, ileal location and stricture formation[3].

NOD2 is an intracellular protein expressed in a variety of immune and non-immune cells
where it is involved in recognition and defense against pathogens. Muramyl dipeptide
(MDP) is a ubiquitous component of the bacterial peptidoglycan cell wall and the best
defined activating ligand of NOD2. Upon MDP stimulation, NOD2 activates the mitogen
activated protein kinase (MAPK) cascade, as well as the transcription factor NFκB, resulting
in the transcription and release of pro-inflammatory mediators and anti-microbial products.
NOD2 also induces nitric oxide production which has a direct microbicidal effect[35]. In
mice, NOD2 deficiency results in reduced anti-microbial defensin expression, increased
susceptibility to pathogens[36, 37] and alterations in the types and amount of commensal
bacteria[38]. Several of these changes (reduced β-defensin expression and altered bacterial
microbiome) have also been observed in individuals with NOD2-associated CD[39–41].

Recent studies by three different groups have uncovered autophagy as an additional anti-
microbial response triggered by NOD2[5–7]. These studies linking NOD2 to autophagy
uncovered a novel risk gene interaction between NOD2 and ATG16L1 and reinforces the
concept that IBD susceptibility is due to a dysregulation of a central pathway, rather than
dysfunction of one specific gene. Autophagy induction by NOD2 is dependent upon
Atg16L1 expression and has been observed in multiple cell types[5–7]. In epithelial cells,
NOD2 was shown to interact with Atg16L1 to guide Atg16L1 to bacterial entry sites in the
plasma membrane to initiate the autophagic response[7]. Previous studies have demonstrated
that the NOD2 L1007fs risk variant, unlike wild-type NOD2, does not localize to the plasma
membrane[42, 43]. In cells expressing NOD2 L1007fs, formation of bacteria-targeted
autophagosomes was impaired, with both NOD2 L1007fs and Atg16L1 mislocalized to the
cytosol, indicating that this membrane localization is a key contributor to the rapid
autophagic clearance of bacteria[7].

Other studies examining NOD2-mediated autophagy in dendritic cells demonstrated an
additional role for this process in MHC class II antigen presentation to T lymphocytes[5].
Using primary immature human dendritic cells, the investigators demonstrated that MDP
induced autophagosome formation, MHC class II upregulation and antigen presentation in a
NOD2-dependent manner. These processes also required the expression of known
autophagy proteins, such as Atg5, Atg7 and Atg16L1, and the NOD2 signaling mediator
RIPK2 (receptor-interacting serine-threonine kinase 2; RIP2/RICK). Similar requirements
for NOD2-mediated autophagy induction were also observed in intestinal epithelial cells and
extended to demonstrate that signaling independent of IKKs (IκB kinases) and NFκB is
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required for NOD2-mediated autophagy induction[6]. The effect of disease-associated
variants was also examined in primary dendritic cells from genotyped CD patients
homozygous or compound heterozygous for the major NOD2 risk variants[5]. These cells
with disease-associated NOD2 variants showed an impairment of autophagy induction,
MHC class II antigen presentation and bacterial handling of Salmonella typhimurium or
adherent invasive Escherichia coli infection. Interestingly, these defects appear to be
specific to NOD2-mediated autophagy, as autophagy induction was not impaired when these
cells were stimulated with a different bacterial ligand (Pam3CSK4) or an autophagy
activating drug (rapamycin).

Another study indicates that autophagy may play a role in the activation of NOD2-
dependent signal transduction pathways[6]. This is similar to the autophagic delivery of
microbial ligands to other microbial sensors which reside in intracellularly, such as Toll-like
receptors 7–9 found in endosomes[44, 45]. In studies of epithelial cells, it was found that
MDP-stimulated activation of NFκB was significantly reduced when autophagy was blocked
by chemical inhibitors or RNA interference (RNAi)-mediated knockdown of Atg16L1
expression[6]. These results suggest autophagy is an additional, novel mechanism for MDP
intracellular trafficking, which may contribute to a positive feedback loop during
intracellular bacterial infection. However, this effect appears cell type and cell function
dependent, as MDP-stimulated NFκB activation in human epithelial cells or primary human
monocytic-derived cell types (macrophages and dendritic cells) was similar to cells
expressing wild-type Atg16L1, but MDP-enhanced bacterial killing in epithelial cells was
dramatically impaired. Future studies carefully examining these different cell type and cell
function effects may identify key locations and defects related to disease pathogenesis.

In summary, the intersection of NOD2 with autophagy presents a multi-pronged approach in
the defense against intracellular bacteria by: 1) guiding ATG16L1 to the bacterial entry site
to initiate autophagy, 2) through presentation of MHC class II antigens to T cells and
shaping adaptive immune responses, and 3) by contributing to the activation of pro-
inflammatory signaling mediated by NOD2. It should be noted, that similar to the studies of
Atg16L1, the cell type and experimental context of study are important to the effects of
disease-associated risk variants on autophagy and NOD2 function.

IRGM
Immunity related guanosine triphosphatases (IRGs) are a family of proteins essential for the
elimination of several different intracellular pathogens in most mammals[46]. In contrast to
mice which have 21 IRG family members, humans carry only two IRG genes (IRGC and
IRGM), with only IRGM having a role in host defense. Human IRGM has five different
splice variants (IRGMa-e); but, due to low levels of expression and differential gene
structure in animal models, elucidation of the specific functions of the IRGM isoforms has
been challenging and incomplete. A recent paper suggests that these isoforms may have
distinct roles in promoting autophagy, mitochondrial fission, inflammation and cell
death[47]. IRGM expression has been widely detected in many different human cell lines, as
well as primary cells from the colon, small intestine, peripheral blood leukocytes and
monocytes.

The connection between IRGM and autophagy was first established based on its role in
clearance of Mycobacterium tuberculosis[47]. Functionally, IRGM has been implicated in
autophagy induction, as well as autophagosomal maturation, and is associated with the
autophagosome membrane[47, 48]. Reduction of IRGM expression resulted in increased
survival of intracellular bacteria such as M. tuberculosis, Salmonella typhimurium and the
CD-associated adherent-invasive Escherichia coli strain LF82[24, 47, 49, 50]. Likewise,
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modest overexpression of IRGM enhanced autophagic bacterial clearance, but high levels of
expression led to intracellular bacterial accumulation due to an overload in the lysosomal
compartments[49], indicating that autophagy is regulated by a critical threshold of IRGM
expression.

Multiple CD-associated SNPs have been identified around the IRGM locus, with the
strongest replication signal associated with two SNPs (rs13361189 and rs4958847) flanking
the coding region of IRGM[11, 20]. However, these disease-associated SNPs did not result in
amino acid sequence changes and led to speculation that they may affect IRGM expression,
splicing or translational rate. Further analysis uncovered a 20kb deletion polymorphism
immediately upstream of IRGM in perfect linkage disequilibration with a disease-associated
SNP (rs1336119)[50]. Additionally, these IRGM haplotypes were found to be tagged with
another exonic synonymous SNP (rs10065172; c.313C>T) in the coding region of IRGM,
which facilitated analysis of the risk (IRGMT) and protective (IRGMC) variants. The variants
were observed to have significantly different levels of expression which was also cell type
dependent. Furthermore, another study suggests that the presence of the deletion
polymorphism not only affects the overall expression of IRGM, but also may alter the
relative proportion of IRGM splice variants[46].

A recent study confirmed that the expression of IRGM risk variants is altered in CD and
determined that the expression of IRGM is regulated by the binding of microRNAs
(miRNAs; miR-196) to the region of IRGM where the c.313C>T disease-associated SNP is
found[49]. Binding studies between miR-196 and the risk (IRGMT) or protective (IRGMC)
forms of IRGM indicate a decreased binding of miR-196 to IRGMT, resulting in higher
expression levels of IRGMT in cell lines. In vivo findings concur with these results as
increased miR-196 expression was observed in the inflamed mucosa of CD patients,
correlating with specific decreases in IRGMC expression in intestinal epithelial cells, but not
IRGMT expression. This sustained IRGM expression resulted in an increase in targeting of
AIEC bacteria by autophagy, but defective autophagosome maturation, causing ineffective
pathogen clearance. Therefore, it appears that a delicate balance of IRGM expression
regulated by miRNAs is required to bring about efficient pathogen clearance and maintain a
healthy gut environment.

LRRK2
Genetic variants of LRRK2 (leucine-rich repeat kinase 2) have been associated with CD,
Parkinson's disease and leprosy[19, 51–53]. Alterations in autophagy have been proposed as
potential pathogenic mechanisms for all three disorders. The CD-associated SNP
(rs1175593) is located upstream of the coding sequence of LRRK2[19]. However, the
consequence of this SNP on LRRK2 function or expression has not yet been determined.
LRRK2 is primarily expressed in the kidney and circulating leukocytes, with expression
enhanced by exposure to IFNγ or microbial products (LPS, lentiviral particles, ssRNA
analogue R837, CpG DNA)[54, 55]. Consistent with this association, LRRK2 expression
levels were found to be significantly upregulated in colonic biopsy specimens from inflamed
tissues of CD patients[54]. Interestingly, in contrast to many of the other autophagy risk
genes, LRRK2 expression was not observed in the intestinal epithelium, but only lamina
propria leukocytes. LRRK2 colocalizes with two autophagy proteins (p62 and LC3) and has
been suggested to play a crucial role in maintaining autophagic equilibrium[56].

ULK1
ULK1 is a component of an essential protein complex involved in initiation of autophagy.
Recent genetic analysis of ULK1 using two different approaches in separate cohorts (SNP
analysis and transmission disquilibrum testing) identified a single SNP (rs12303764)
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significantly associated with CD[16]. This SNP is located 43bp after the end of exon 16, but
it is not known yet what effect this SNP will have on the function or expression of ULK1. It
is clear, however, that alterations in ULK1 will have widespread effects on autophagy
induction, as it is a central integrator of multiple autophagy-inducing stimuli. For example,
AMPK (AMP-activated protein kinase) and mTOR (mammalian target of rapamycin) are
two major regulators of ULK1 activity in times of nutrient starvation or energy stress[4].
ULK1 activity is regulated by a complex array of multiple phosphorylation and
dephosporylation events which influence the binding of regulatory and effector autophagy
proteins[57, 58]. It will be interesting to see how the carriage of this SNP will impact the
therapeutic use of autophagy-targeting drugs in CD.

VDR
Linkage studies have shown that polymorphisms in VDR (vitamin D receptor) are associated
with IBD susceptibility (both CD and UC) in non-European populations[13, 59–61]. Based on
other studies identifying vitamin D deficiency as a risk factor for CD[62] and the increased
susceptibility of VDR-deficient mice to colitis observed in multiple models[63–66], we would
predict that these polymorphisms would negatively affect VDR function. Supporting data
specifically connecting disease-associated VDR variants to altered autophagy induction has
not been published; however, several studies link vitamin D to the induction of anti-
microbial autophagy[67]. Vitamin D can regulate autophagy at multiple steps of the
autophagic process, through modulation of calcium fluxes and autophagy gene expression.
A recent study demonstrated that the expression of NOD2 is regulated by the activated
VDR[68] and VDR binding sites have been identified in the promoter of another IBD risk
gene, PTPN2 (protein tyrosine phosphatase, non-receptor 2)[69], again highlighting the
functional interaction of IBD risk genes.

Application of autophagy modulation to IBD therapy
The previously described studies clearly suggest a link between alterations in autophagy
with susceptibility to IBD. The question remains whether this information can be exploited
therapeutically to benefit individuals with IBD. The first question is whether there are
autophagy-modulating compounds available which are both effective and are safe to use in a
clinical setting. Fortunately, autophagy is already a therapeutic target or proposed target for
several other diseases, such as cancer, muscle atrophy, myopathy, cardiac disease,
pancreatitis, liver disease, stroke, type 2 diabetes, Parkinson's disease, Lafora disease,
Huntington's disease, and Alzheimer's disease[70]. Additionally, prospective chemical
compound screens have identified several FDA-approved drugs which target
autophagy[71, 72] and specific bioactive food components have been implicated in autophagy
stimulation[73] (Table I). Many of these compounds target mTOR, a major integrator of a
plethora of autophagy-inducing stimuli, including nutrient starvation, growth factor
depletion and endoplasmic reticulum stress. A better understanding of what autophagy
signaling mechanisms are altered in IBD will assist in the identification and rational design
of “IBD effective” compounds.

Results of autophagy activating compounds in animal colitis models, CD case reports and
clinical IBD trials are encouraging, although limited. An initial study reported that
everolimus (a mTOR inhibitor) significantly reduced the severity of chronic colitis in an
interleukin-10 deficient (IL-10KO) mouse model[74]. Similar findings were found in two
case reports demonstrating that treatment with mTOR inhibitors (everolimus and sirolimus)
resulted in marked and sustained improvement of disease in refractory CD patients[75, 76].
However, when everolimus was tested on CD patients with moderate-to-severe disease in a
larger clinical trial, everolimus treatment was not significantly effective, only 22% of
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patients maintained steroid-free remission[77]. It should be noted, however, that the genotype
of the patients enrolled in the study was unknown and is likely to be a major factor in the
success of this type of treatment.

Other studies examined the effect of a dietary autophagy inducer, vitamin D, on
experimental colitis and in clinical trials of CD. In the DSS colitis model, administration of
vitamin D or a VDR agonist (BXL062) resulted in the amelioration of the signs and
symptoms of colitis[78, 79], while mice fed a vitamin D-deficient diet were more susceptible
to DSS-induced colitis[80]. Clinically, a small prospective clinical study reported significant
improvements of CD Activity Index (CDAI) scores and reductions in serum inflammatory
markers in CD patients treated with an active form of vitamin D[81]. However, the effect of
oral vitamin D supplementation in a randomized double-blind placebo study on CD relapse
rate demonstrated a reduced relapse rate (29% to 13%), but the reduction did not reach
statistical significance in this modestly powered study[82]. While promising, it is unclear if
the efficacy of vitamin D is due solely to its autophagy stimulatory effects or in combination
with other immune modulatory functions. The use of “natural” products to enhance
autophagy is attractive, as they have fewer side effects and may be more effective for long
term treatment of chronic conditions such as IBD.

Future directions
It is clear that we have just begun to understand the complexity of inflammatory bowel
disease susceptibility pathogenesis, but recent studies demonstrate that autophagy plays a
major role in this complexity. Several recurrent themes have surfaced from studies
examining the function of autophagy-related genes in the context of IBD - with cellular
context, disease status, risk variant effect and risk gene interplay all affecting the
interpretation of these studies. The cell type context of the disease risk gene dramatically
affects the overall effect of disease-associated variants. For example, several investigators
have highlighted alterations in Paneth cell function as a primary defect resulting from
carriage of autophagy risk variants in ATG16L1 and NOD2, however expression of IRGM in
Paneth cells is not altered by risk variants and LRRK2 does not appear to be significantly
expressed in this cell type. Additionally, the effect of ATG16L1 T300A produced
dramatically different effects on the autophagic killing of intracellular bacteria in epithelial
cells and IL-1β production in macrophages. The elucidation of the cell type specific
functions of these risk genes will provide insights into the cellular basis of disease
development.

Likewise, the disease context of these risk genes also appears to affect their function, with
discrepancies in the effect of ATG16L1 T300A variant on MDP-stimulated autophagy
observed in dendritic cells from healthy individuals (no effect) and CD patients (autophagy
blockade). Similarly, colitis studies in ATG16L1HM mice demonstrated that prior, persistent
viral infection is required to produce the Paneth cell defects associated with ATG16L1
T300A in CD patients. These findings underscore that IBD is a complex disease with
multiple risk factors that are not sufficient individually to result in disease. The disease-
dependent phenotype of risk genes provides an opportunity to examine the interaction of
environmental risk factors with IBD genetics.

Although many laboratories are actively studying IBD risk genes and the effects disease-
associated variants have on their function, much more needs to be known about the specific
roles these genes and the autophagic process plays normally in immune responses, shaping
the microbiota, and inflammatory processes. Some risk genes do not have clearly defined
functions in healthy individuals or the disease-associated polymorphism does not affect the
final sequence of the protein encoded by the gene, adding significant challenges to the
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analysis of these risk factors. In many cases, global absence of risk gene expression does not
accurately reflect the effect of disease-associated variants. Therefore, the development of
genetically engineered mouse models and use of genotyped material from both healthy and
IBD patients will be necessary for the analysis of disease-associated changes.

Adding to the complexity of genetic studies is accumulating evidence that risk genes affect
the expression and function of other IBD risk genes. Functional cross-talk between
ATG16L1 and NOD2 has been demonstrated with disease-associated variants in each gene
affecting the function of the other. Similarly, the expression of NOD2 and other autophagy
genes can be increased by VDR stimulation. These findings, as well as others, suggest that
the functional interplay between genetic risk factors indicate that overall IBD susceptibility
may be better assessed by carriage of the total number of disease-associated polymorphisms
in a risk pathway, as opposed to homozygosity of an individual risk gene.

The success of genetic analysis in identifying multiple loci associated with IBD
susceptibility has resulted in the identification of common disease-associated pathways
suitable for therapeutic manipulation. Although promising for the advent of personalized
medicine, more detail is required to determine the application of genetic risk to successful
IBD therapy. Only approximately 25% of the heritable risk of IBD has been identified to
date, so additional genetic studies focusing on uncommon alleles and more intricate systems
analysis of disease-associated pathways to identify additional components of these risk
pathways is warranted. The association of genetics with disease phenotype (location, age of
onset, stricturing, etc.) will also provide insights into pathogenic mechanisms of disease.
Importantly, the incorporation of genetic risk information in future clinical trials will
enhance both the design and analysis of pathway targeted therapies. Although the
identification of autophagy as a major risk pathway in IBD is a significant step forward,
there is more to understand before completely unraveling the complexity of this disease.
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Figure 1. Steps and proteins involved in autophagy
Proteins encoded by IBD risk genes are indicated in red.
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Table I

FDA-Approved Compounds and Dietary Inducers of Autophagy[71–73]

Category / Target Name Disease Application

mTOR inhibitor / Immunosuppressant Amiodarone Angina, cardiac arrhythmia

Everolimus Lymphoid cancers

Niclosamide Anti-helminthic

Perhexiline Angina

Rapamycin Lymphoid cancers

Sirolimus Lymphoid cancers

Calcium channel blockers Aminodarone Hypertension, angina, cardiac arrhythmia

Loperamide Diarrhea associated with gastroenteritits and IBD

Niguldipine Angina, hypertension, Raynaud's phenomenon

Nicardipine Hypertension, angina, cardiac arrhythmia

Anti-psychotic Fluspirilene Schizophrenia

Pimozide Huntington's disease, schizophrenia, chronic psychosis

Trifluoperazine Anti-psychotic, Huntingtion's disease

Dietary inducer Curcumin Brain cancer

Genistein Ovarian cancer

Quercetin Colon cancer

Resveratrol Colon, colorectal, ovarian, lung and salivary gland cancers

Vitamin C Lung cancer

Vitamin D3 Head and neck cancers
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