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ABSTRACT

One of the most significant challenges of inflammatory bowel disease (IBD) research is to understand
how alterations in the symbiotic relationship between the genetic composition of the host and the
intestinal microbiota, under impact of specific environmental factors, lead to chronic intestinal inflam-
mation. Genome-wide association studies, followed by functional studies, have identified a role for
numerous autophagy genes in IBD, especially in Crohn disease. Studies using in vitro and in vivo models,
in addition to human clinical studies have revealed that autophagy is pivotal for intestinal homeostasis
maintenance, gut ecology regulation, appropriate intestinal immune responses and anti-microbial
protection. This review describes the latest researches on the mechanisms by which dysfunctional
autophagy leads to disrupted intestinal epithelial function, gut dysbiosis, defect in anti-microbial
peptide secretion by Paneth cells, endoplasmic reticulum stress response and aberrant immune
responses to pathogenic bacteria. A better understanding of the role of autophagy in IBD pathogenesis
may provide better sub-classification of IBD phenotypes and novel approaches for disease management.

Abbreviations: AIEC: adherent-invasive Escherichia coli; AMPK: AMP-activated protein kinase; ATF6: activating
transcription factor 6; ATG: autophagy related; Atg16/1[AIEC] mice: mice with Atg16/1 depletion specifically in
intestinal epithelial cells; Atg16/1[HM] mice: mice hypomorphic for Atg16/1 expression; BCL2: B cell leukemia/
lymphoma 2; BECN1: beclin 1, autophagy related; CALCOCO2: calcium binding and coiled-coil domain 2; CASP:
caspase; CD: Crohn disease; CGAS: cyclic GMP-AMP synthase; CHUK/IKKA: conserved helix-loop-helix ubiqui-
tous kinase; CLDN2: claudin 2; DAPK1: death associated protein kinase 1; DCs: dendritic cells; DSS: dextran
sulfate sodium; EIF2A: eukaryotic translation initiation factor 2A; EIF2AK: eukaryotic translation initiation factor
2 alpha kinase; ER: endoplasmic reticulum; ERBIN: Erbb2 interacting protein; ERN1/IRE1A: ER to nucleus
signaling 1; FNBP1L: formin binding protein 1-like; FOXP3: forkhead box P3; GPR65: G-protein coupled receptor
65; GSK3B: glycogen synthase kinase 3 beta; IBD: inflammatory bowel disease; IECs: intestinal epithelial cells;
IFN: interferon; IL: interleukin; ILT10R: interleukin 10 receptor; IRGM: immunity related GTPase M; ISC: intestinal
stem cell; LAMP1: lysosomal-associated membrane protein 1; LAP: LC3-associated phagocytosis; MAP1LC3B:
microtubule-associated protein 1 light chain 3 beta; LPS: lipopolysaccharide; LRRK2: leucine-rich repeat kinase
2; MAPK: mitogen-activated protein kinase; MHC: major histocompatibility complex; MIF: macrophage migra-
tion inhibitory factor; MIR/miRNA: microRNA; MTMR3: myotubularin related protein 3; MTOR: mechanistic
target of rapamycin kinase; MYD88: myeloid differentiation primary response gene 88; NLRP3: NLR family, pyrin
domain containing 3; NOD2: nucleotide-binding oligomerization domain containing 2; NPC: Niemann-Pick
disease type C; NPC1: NPC intracellular cholesterol transporter 1; OMVs: outer membrane vesicles; OPTN:
optineurin; PI3K: phosphoinositide 3-kinase; PRR: pattern-recognition receptor; PTPN2: protein tyrosine phos-
phatase, non-receptor type 2; PTPN22: protein tyrosine phosphatase, non-receptor type 22 (lymphoid);
PYCARD/ASC: PYD and CARD domain containing; RAB2A: RAB2A, member RAS oncogene family; RELA: v-rel
reticuloendotheliosis viral oncogene homolog A (avian); RIPK2: receptor (TNFRSF)-interacting serine-threonine
kinase 2; ROS: reactive oxygen species; SNPs: single nucleotide polymorphisms; SQSTM1: sequestosome 1;
TAX1BP1: Tax1 binding protein 1; Th: T helper 1; TIRAP/TRIF: toll-interleukin 1 receptor (TIR) domain-containing
adaptor protein; TLR: toll-like receptor; TMEM173/STING: transmembrane protein 173; TMEM59: transmem-
brane protein 59; TNF/TNFA: tumor necrosis factor; Treg: regulatory T; TREM1: triggering receptor expressed on
myeloid cells 1; UC: ulcerative colitis; ULK1: unc-51 like autophagy activating kinase 1; WT: wild-type; XBP1:
X-box binding protein 1; XIAP: X-linked inhibitor of apoptosis.
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Introduction intestinal microbiota [1]. Of the genetic factors implicated in

The etiology of inflammatory bowel diseases (IBD), including
Crohn disease (CD) and ulcerative colitis (UC), has involved
environmental factors, infectious agents and genetic susceptibil-
ity, leading to abnormal mucosal immune response against the

IBD etiology, variants in the autophagy-related genes have been
identified. Autophagy is a process conserved during evolution in
eukaryotes, by which the cytoplasmic materials are degraded
inside the lysosome [2]. Three distinct forms of autophagy
have been described, including microautophagy, chaperone-
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mediated autophagy and macroautophagy [3]. Macroautophagy
is the most studied form, and here we use the term autophagy to
refer to macroautophagy if not otherwise mentioned. Autophagy
was initially characterized as a nonspecific process induced
under starvation conditions to recycle building blocks to com-
pensate for the lack of nutrients, and thus was so-called non-
selective bulk autophagy. Later, it has been evidenced that autop-
hagy can be induced in non-starved cells to degrade specific
substrates, such as aggregated proteins, damaged mitochondria
or invading pathogens, which is known as selective autophagy
[4]. Autophagy plays a key role in maintaining intestinal home-
ostasis, in regulating the interaction between gut microbiota and
innate and adaptive immunity, and in host defense against
intestinal pathogens [3]. A dysfunction of autophagy is asso-
ciated with several human pathologies including IBD [2].

The pioneer evidence for the implication of autophagy in IBD
etiology came from genome-wide association studies, which
revealed single nucleotide polymorphisms (SNPs) in the autop-
hagy-associated genes as susceptibility factors for CD. Most evi-
dence for the association between these genetic variants and IBD
etiology has come from functional studies using the ATGI6LI
(autophagy related 16 like 1)™%4 variant [2,5]. Pioneer studies
showed that human cells having the ATG16L1"**** variant exhibit
impaired autophagy-mediated clearance of intracellular bacteria
and increased pro-inflammatory cytokine production [5]. Paneth
cells from CD patients homozygous for the ATGI6L1™"* allele,
or from mice hypomorphic for Atgl6l1 expression (Atgl611[HM]
mice), mice with Atg16/1 depletion specifically in intestinal epithe-
lial cells (Atgl6l1[AIEC] mice) or knock-in mice expressing the
ATGI6L1™"* variant exhibit structural and functional aber-
rances with decreased expression of antimicrobial peptides [2,5].
The ATGI6LI™** variant also leads to defects in autophagy
induction, bacterial trafficking and antigen processing and pre-
sentation in dendritic cells (DCs) [2,5]. Together, these studies
suggest a role for ATGI6L1 in the control of intestinal epithelial
homeostasis and inflammatory immune responses. The potential
mechanisms linking the ATG16L1"7%** variant to defective autop-
hagy were recently discovered. Indeed, ATG16L17*°* protein
exhibits enhanced CASP3 (caspase 3)-dependent degradation in
response to stress signals [6]. The ATGI6LI™"* variant also
influences the ability of ATGI6LI to interact with TMEMS59
(transmembrane protein 59), which engages ATG16L1 to induce
autophagy in response to bacterial infection [7]. The interaction
between ATG16L1 and NOD2 (nucleotide-binding oligomeriza-
tion domain containing 2), encoded by the first CD susceptibility
gene, reinforces the importance of autophagy in CD pathogenesis.
Indeed, the CD-associated NOD2"%71C frameshift mutation
leads to impaired autophagy-mediated intracellular bacterial
clearance, due to a defect in recruiting ATG16L1 to the plasma
membrane at the bacterial entry site, and fails to promote major
histocompatibility complex (MHC) II-mediated antigen presenta-
tion by DCs [2,5]. Further studies have shown a link between the
CD-associated susceptibility gene IRGM (immunity related
GTPase M) and defect in autophagy-mediated clearance of CD-
associated adherent-invasive Escherichia coli (AIEC), as well as the
association between granulomas, one of the microscopic hall-
marks of CD, and the genetic variants in the autophagy-
associated genes ATG4A, ATG2A, FNBPIL (formin binding pro-
tein 1 like) and ATG4D [2,5]. However, the pathological relevance
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of the CD-associated SNPs in other autophagy-associated genes,
such as ULK1 (unc-51 like autophagy activating kinase 1), LRRK2
(leucine rich repeat kinase 2), PTPN2 (protein tyrosine phospha-
tase non-receptor type 2) and CALCOCO?2 (calcium binding and
coiled-coil domain 2), has remained mostly unknown [2,5].

Efforts have been continuously made to explore the mole-
cular mechanisms by which any shortcoming in autophagy
could lead to disrupted intestinal epithelial function, gut dys-
biosis, defect in antimicrobial peptide secretion by Paneth
cells, endoplasmic reticulum (ER) stress response in entero-
cytes and aberrant immune responses to pathogenic bacteria,
which are hallmarks of IBD pathogenesis. The latest impor-
tant findings will be discussed in this review.

Autophagy and intestinal homeostasis
Autophagy and intestinal epithelial barrier function

The intestinal epithelium, which separates the luminal content
from the mucosal immune system, is an important defensive line
to protect the homeostasis of the gut microbiota and minimize
intestinal inflammatory responses [8]. Increased intestinal per-
meability has been reported in IBD, which is associated with
abnormal expression of tight junction proteins [9]. In 2015,
autophagy was reported for the first time to regulate intestinal
barrier function via inducing lysosomal degradation of the tight
junction protein CLDN2 (claudin 2), thus decreasing epithelial
permeability [10]. Increased CLDN2 level and tight junction
defects in intestinal epithelial Caco-2 monolayers treated with
the pro-inflammatory cytokine TNF/TNFA (tumor necrosis
factor) partly arises from the inhibition of autophagy-mediated
CLDN2 degradation [11] (Figure 1A). It was recently shown that
defects in mitochondria and ER functions induce intestinal
permeability, promoting E. coli internalization and transcytosis
across the epithelium, and these are counteracted by selective
autophagy-mediated elimination of intracellular bacteria, which
is so-called xenophagy [12]. Moreover, the trans-epithelial per-
meability instigated by mitochondrial dysfunction is amplified
by NOD2 knock-down in intestinal epithelial T84 cells [13].
These studies together showed a role for autophagy in protection
of epithelial barrier function.

Autophagy and epithelial cell death

Epithelial apoptosis, especially TNF-induced apoptosis, has been
associated with IBD pathogenesis [14]. Recently, it has been
evidenced that autophagy can modulate cytokine-induced pro-
grammed cell death in intestinal epithelium, limiting intestinal
inflammation [15,16]. Using Atg1611°"E“ mice exhibiting chronic
colitis triggered by the intestinal opportunistic pathogen
Helicobacter hepaticus, autophagy was demonstrated to protect
IECs from TNF-induced apoptosis, allowing the maintenance of
intestinal barrier integrity [16]. AtgI6l1“™®“ mice infected with
murine norovirus and then treated with dextran sulfate sodium
(DSS) exhibit exacerbated pathological score and increased non-
apoptotic epithelial cell death compared to control mice [15].
Moreover, the viability in response to TNF treatment of intestinal
organoids carrying the CD-associated ATGI6L1™"** variant is
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Figure 1. Role of autophagy in the maintenance of intestinal homeostasis and potential mechanisms by which defective autophagy may contribute to CD development. At
the intestinal epithelium: (A) Autophagy modulates epithelial barrier function via lysosome-mediated degradation of CLDN2. Dysfunctional autophagy leads to increased
CLDN2 level associated with increased intestinal permeability [10,11]. (B) Defective autophagy leads to intestinal dysbiosis and increased IgA-coated bacterial amount
[26,27,32]. (C) By promoting mitochondrial homeostasis, autophagy protects IECs from cell death and prevents loss of Paneth cells [15,16]. MIR346, induced under ER stress,
enhances GSK3B translation, favoring the dissociation between BCL2 and BECN1. This consequently activates mitophagy, thus reducing ROS level [41]. ROS-mediated NLRP3
inflammasome activation, which leads to CASP1 activation and subsequently IL18 and IL1B production, is also inhibited by EIF2AK4-induced mitophagy upon amino acid
starvation [63]. Dysfunctional autophagy leads to accumulation of damaged mitochondria and ROS, increasing inflammasome activation and inflalmmation [63] and
aggravating ROS-induced cell death [41]. (D) NOD2 recruits ATG16L1 to the plasma membrane at the bacterial entry site, initiating autophagy. Association of IRGM with
NOD2 promotes IRGM ubiquitination and the assembly of the core autophagy machinery, promoting xenophagy [76]. Autophagy-associated risk variants induce defective
autophagy and impaired intracellular bacterial clearance. (E) Stimulation of NOD and TNF receptors in IECs activates CHUK, which phosphorylates ATG16L1, leading to its
stabilization, thus preventing ER stress during inflammation. Inactivation of CHUK fails to stabilize ATG16L1, which is consequently degraded by CASP3, increasing ER stress
[47]. (F) In Paneth cells, NOD2 activation in response to commensal bacteria leads to recruitment of LRRK2, RIPK2 and RAB2A to dense core vesicles, a process required for
sorting and secretion of lysozyme and other antimicrobial peptides. Dysfunctional NOD2 or LRRK2 result in lysosome-mediated degradation of lysozyme [21,22]. (G) During
infection of Paneth cells with invasive bacteria, ER-Golgi secretion pathway is impaired, lysozyme is secreted via secretory autophagy. This process requires ER stress-



decreased compared to those carrying the wild-type (WT)
ATGI6LI allele [15]. It has been reported that anti-TNF antibo-
dies, a major biological therapy for IBD, can induce regulatory
macrophages resembling to M2 type macrophages implicated in
limiting inflammation [17]. It was recently reported that anti-TNF
-induced macrophages present an increased level of autophagy
compared to IFNG (interferon gamma)-induced macrophages,
and that the induction of macrophages by anti-TNF is impaired
in healthy subjects carrying the ATGI16L1">*** variant compared
with those having the WT ATGI6LI allele [17]. Moreover, M2
phenotype and viability of anti-TNF-induced macrophages are
dependent on the autophagy-related protein CTSS (cathepsin S)
[17]. These results suggested that a functional autophagy is
required for an optimal response to anti-TNF therapy in IBD.

A link between autophagy and ERBIN (Erbb2 interacting
protein), a protein required for the polarity of epithelial cells
and implicated in intestinal inflammation, was recently discov-
ered [18]. ERBIN expression is decreased in the colons of UC
patients, or of mice with DSS-induced colitis or mice deficient
in 110 (interleukin 10), and Erbin deficiency in mice leads to
increased susceptibility to DSS-induced colitis due to excessive
activation of autophagy leading to autophagy cell death [18].
Intraperitoneal injection of chloroquine, an autophagy inhibi-
tor, attenuates excessive inﬂammatory response in DSS-treated
erbin”” mice [18]. Using in vitro and in vivo models of neonatal
necrotizing enterocolitis, an inflammatory intestinal disease of
new-born infants, it was reported that TNF induces autophagy
via the MAPK1/ERK2 (mitogen-activated protein kinase 1)-
MAPK3/ERK1 pathway to suppress cell proliferation and pro-
mote apoptosis, which might consequently favor disease devel-
opment [19]. Even if these studies diverged in the precise
mechanism of cell death, they all suggested that defective
autophagy may lead to an excessive level of epithelial cell
death, favoring IBD development.

Autophagy and paneth cell homeostasis and function

Autophagy is critical for the development, maintenance and
functions of Paneth cells. Under physiological conditions,
antimicrobial peptides are synthesized in the ER and trans-
ported to the Golgi, where they are packed into immature
secretory dense core vesicles in Paneth cells [20]. Then, imma-
ture dense core vesicles undergo a maturation process, during
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which the peptides that are destined to extracellular secretion
are retained into dense core vesicles, while the others are
directed to the endosomal-lysosomal pathway to be degraded.
Recent studies have highlighted the mechanism by which
lysozyme is sorted into dense core vesicles in Paneth cells,
which requires the small GTPase RAB2A (RAB2A, member
RAS oncogene family), NOD2, LRRK2 and the adaptor pro-
tein RIPK2 (receptor [TNFRSF]-interacting serine-threonine
kinase 2) encoded by CD susceptibility genes [21,22].
Mechanistically, NOD2 is activated by symbiotic bacteria-
derived muramyl dipeptide, which in turn activates the
LRRK2-RIPK2-RAB2A pathway. This allows the recruitment
of NOD2, LRRK2, RIPK2 and RAB2A to dense core vesicles,
which is required for lysozyme sorting [21,22] (Figure 1F).
Dysfunctional NOD2 or LRRK2 results in lysosomal degrada-
tion of lysozyme [21,22]. The role of autophagy in maintain-
ing Paneth cell-mediated lysozyme secretion during invasive
pathogen infection, which induces ER stress and damages in
Golgi apparatus, was recently discovered [23]. Indeed, to
counteract Golgi apparatus damages induced by Salmonella
Typhimurium infection, Paneth cells can bypass the ER-Golgi
secretion pathway and redirect lysozyme through an autop-
hagy-based alternative secretion pathway [23] (Figure 1G).
Activation of secretory autophagy in Paneth cells requires
bacteria-induced ER stress through the EIF2AK3 (eukaryotic
translation initiation factor 2 alpha kinase 3)-EIF2A (eukar-
yotic translation initiation factor 2 alpha) pathway [23]. In
addition, it requires activation of MYD88 (myeloid differen-
tiation primary response gene 88) in DCs and IL22 secretion
by type 3 innate lymphoid cells [23]. Importantly, knock-in
mice expressing the ATGI16L1"*** variant exhibit disruption
of both ER-Golgi secretion pathway and secretory autophagy
in Paneth cells in response to invasive bacterial infection [23]
(Figure 1G). These results supported a role for autophagy in
lysozyme secretion during bacterial infection, and suggested
how the CD-associated variants in autophagy genes could lead
to aberrant lysozyme packaging and secretion that character-
ize dysfunctional Paneth cells in CD patients. Furthermore,
using Atgl6lI[AIEC] mice and a virally-triggered mouse
model of IBD, it was reported that by promoting mitochon-
drial homeostasis, autophagy is essential to prevent Paneth
cell loss and exaggerated cell death, thus contributing to
intestinal barrier maintenance [15] (Figure 1C).

mediated EIF2AK3-EIF2A activation in Paneth cells and activation of TLR-MYD88 in DCs that promotes IL22 secretion by type 3 innate lymphoid cells. Paneth cells with
defective autophagy fails to secrete lysozyme via secretory autophagy [23]. (H) During ER stress in Paneth cells, ERN1 is recruited to autophagosomes via its interaction with
OPTN, thus being degraded by autophagy. Impaired clearance of ERN1 aggregates during ER stress due to defective autophagy leads to increased ER stress and spontaneous
CD-like transmural ileitis in mice [44]. (I) In intestinal stem cells, autophagy limits ROS accumulation that inhibits their differentiation, allowing epithelium regeneration.
Defective autophagy leads to ROS accumulation and impaired epithelium regeneration [57]. (J) In macrophages, in response to TLR4 activation, which drives TIRAP-
dependent inflammation, autophagy is activated to control TIRAP turnover and to limit production of IFNB1. Defective autophagy leads to TIRAP accumulation and
subsequently increased IFNB1 production [83]. In response to TLR4 activation, NFKB activates expression of NLRP3, pro-IL1B and SQSTM1 [67]. SQSTM1 promotes mitophagy
to prevent NLRP3 inflammasome activation, thus inhibiting IL1B production [67]. IRGM also limits NLRP3 inflammasome activation by preventing its assembly and by
mediating selective autophagic degradation of the inflammasome components [68]. Defective autophagy leads to accumulation of dysfunctional mitochondria and ROS,
enhancing NLRP3 inflammasome activation and subsequently IL1B production. (K) In DCs, autophagy degrades intracellular pathogens and participates in the presentation
of antigens to T cells to induce adaptive immune responses. EIF2AK4-induced mitophagy inhibits ROS-mediated NLRP3 inflammasome activation, decreasing IL18 and IL1B
production [63]. Defective autophagy leads to impaired bacterial elimination and antigen presentation, impairing T cell activation [92]. T cell activation is supported by the
autophagic receptor TAX1BP1 that binds to LC3 and induces autophagy, providing critical amino acids that activates MTORC1 complex and induces metabolic transition of
activated T cells [99]. An alteration of autophagy impairs T cell metabolic transition and proliferation, leading to decreased numbers of CD4* and CD8* T cells, impaired
memory CD8" T cell development, decreased Treg cell survival and increased Th2 and Th17 responses [91,93-99]. (L) Bacteroides fragilis from gut microbiota secrete
immunomodulatory molecules through OMVs that are recognized by DCs via TLR2, activating LAP through NOD2 and ATG16L1 and inducing FOXP3* Treg cells, which
produce IL10, thus limiting CD4" T cell-mediated inflammatory responses [101,102]. DCs having the autophagy-related risk variants fail to induce IL10 production by FOXP3*
Treg cells in response to B. fragilis-derived OMVs [101,102].
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The autophagy-associated protein IRGM and its murine
ortholog IRGM1 have also a role in Paneth cell morphology
and function. Indeed, irgm1”" mice display marked Paneth cell
alterations, including abnormal secretory granule development,
decreased expression of selected antimicrobial peptides and
increased susceptibility to DSS-induced colitis [24]. Moreover,
in contrast to conventionally raised irgm1”’~ mice, specific-
pathogen-free irgm1”" mice present only a slight increase in
susceptibility to DSS-induced inflammation and minimal
abnormalities in Paneth cell morphology and antimicrobial
peptide production [25]. These mice also present a profound
difference in the gut microbiota composition [25]. These sug-
gest that environmental conditions, by modifying the gut
microbiota composition, strongly impact the effect of genetic
susceptibility on Paneth cells, and subsequently on epithelial
functions and susceptibility to intestinal inflammation.

Together, these studies show that autophagy is a key reg-
ulator of Paneth cell homeostasis, and that autophagy dys-
function might be implicated in the abnormality of Paneth
cells observed in CD.

Autophagy and gut microbiota

Autophagy has a role in the control of gut microbiota com-
position, and dysfunctional autophagy has been linked with
intestinal dysbiosis (Figure 1B). Indeed, mice with colonic
epithelial cell-specific Atg7 deficiency show altered fecal
microbiota composition with an increase in total bacteria
and an enrichment in Clostridum leptum, Eubacterium cylin-
droides and Bacteroides fragilis compared to WT control mice
[26]. Furthermore, mice with colonic epithelial cell-specific
Atg7 deficiency exhibit increased bacterial burden in the
colonic epithelium compared with WT mice under the steady
state and following DSS-induced colitis [26]. Similarly, com-
pared with WT mice, Atg5[AIEC] mice exhibit altered gut
microbiota composition with reduced diversity, as observed
in CD, and a decreased number of the bacteria implicated in
the control of inflammatory responses, such as those from the
Lachnospiraceae and Ruminococcaceae families, of which the
abundance is decreased in CD [27]. Conversely, Atg5[AIEC]
mice exhibit an increased number of pro-inflammatory bac-
teria, such as those from the Pasteurellaceae family, of which
the abundance is increased in CD [27]. Moreover, Atg5
[AIEC] mice exhibit decreased abundance of Akkermansia
muciniphila, as shown in IBD, and increased abundance of
Candidatus Athromitus, segmented filamentous bacteria able
to induce the differentiation of naive CD4" T cells towards Th
(T helper) 1 and Th17 cells implicated in IBD pathogenesis
[27]. Recently, changes in the fecal microbiota composition of
knock-in mice expressing the ATGI6L17°* variant com-
pared to WT mice at steady state with an increase in the
order Bacteroidales was reported [28]. During DSS-induced
colitis, the knock-in mice display altered fecal microbial com-
position associated with a decrease in the phylum Firmicutes
and an increase in the phyla Bacteroidetes, Proteobacteria and
Cyanobacteria, compared to WT mice [28]. Gnotobiotically-
housed knock-in mice expressing the ATGI6L1™"°* variant
that received stool from a patient with active CD, but not
from one with active UC, exhibit a difference in the fecal

microbiota composition, with an increase in Bacteroides abun-
dance, compared to WT mice [28]. This is associated with
increased Th17 and Thl cells in the lamina propria of the
colon and the ileum without the development of intestinal
inflammation [28]. Together, these results revealed that the
ATGI16L1""* risk variant contributes to gut dysbiosis and
dysregulated immune response prior to disease symptoms.
However, how host genotype or particular SNPs influence
gut microbiota composition or function is still not fully
understood. Or in other words, cause-consequence mechan-
isms behind the link between human host genetics and the gut
microbiota are still unclear.

Recently, our group showed that deficiency of the amino
acid deprivation sensor EIF2AK4 (eukaryotic translation
initiation factor 2 alpha kinase 4) in mice, which leads to
impaired autophagy-mediated clearance of CD-associated
AIEC and consequently enhanced inflammation [29], induces
changes in the fecal microbiota composition upon AIEC
colonization but not under the steady state [30]. This sug-
gested that in some conditions, defective autophagy alone
does not trigger intestinal dysbiosis but its combination with
an infectious agent can do so. It was reported that the IBD-
associated risk variants, including those in NOD2, ATGI16L]1
and IRGM genes, can influence the fecal microbiota composi-
tion of healthy individuals, characterized by a decrease in
Roseburia spp., an acetate-to-butyrate converter that produces
butyrate, a short-chain fatty acid having an important role in
IEC homeostasis [31]. Zhang and co-authors also reported an
increased amount of IgA-coated bacteria, which were identi-
fied as IBD-promoting microbes [32], in the feces of mice
with myeloid cell-specific Atg16l1 deficiency and in both non-
IBD and CD patients carrying the ATGI6L1"*** variant [33]
(Figure 1B). Furthermore, CD patients homozygous for the
ATGI6L1™?4 variant exhibit a higher abundance of the
pathosymbiont groups, including Enterobacteriaceae (mostly
Escherichia coli), Bacteroidaceae (mostly Bacteroides fragilis)
and Fusobacteriaceae, in the inflamed ileum compared with
the patients homozygous for the WT ATGI6LI allele [34].

Autophagy in host cells can be influenced by the gut micro-
biota composition. It was shown that fecal microbiota trans-
plantation induces an increase in autophagy-related protein
levels in the intestinal mucosa of piglets, suggesting that intest-
inal microbiota modulation may influence mucosal autophagy
[35]. Bacterial metabolites have a major effect on energy home-
ostasis and also on autophagy in colonic epithelial cells [36]. In
particular, germ-free mice exhibit altered energy metabolism,
leading to enhanced autophagy in colonic epithelial cells com-
pared to conventionally raised control mice [36]. Colonization
of germ-free mice with the microbiota derived from conven-
tionally raised mice or with Butyrivibrio fibriosolvens,
a butyrate-producing bacterial strain, restores autophagy in
colonic epithelial cells to normal levels [36].

We and others have shown that abnormal AIEC coloniza-
tion suppresses autophagy by modulating microRNA (MIR/
miRNA) levels in host cells [37,38]. Lu and co-authors
revealed that MIR106B and MIR93 levels are increased in
various human cell lines upon AIEC infection, inhibiting
ATGI6L1 expression and impairing autophagy-mediated
AIEC elimination [38]. We also showed in vitro and in



vivo that AIEC induce an upregulation of Mir30c and
Mirl30a levels in IECs, leading to inhibition of ATG5 and
ATGI6L1 expression, respectively, and to impaired autop-
hagy-mediated clearance of intracellular AIEC [37]. This con-
sequently leads to abnormal intracellular replication of AIEC
and enhanced AIEC-induced inflammation [37]. We also
observed an inverse correlation between the levels of
MIR30C and MIRI30A and those of ATG5 and ATGI6LI
mRNAs in the ileal mucosa of CD patients compared to
control subjects or UC patients. Although the presence of
AIEC in these human biopsies was not defined, this result
suggested that AIEC might reduce autophagy to favor their
own colonization in CD.

Together, these data highlighted how autophagy in host
cells regulates intestinal microbial communities and limits the
expansion of pathobionts, and how the pathobionts have
adapted to subvert this process to evade host cells.

Autophagy and ER stress

Autophagy, unfolded protein response and ER stress are
interconnected at many levels [39]. ER is the primary site
for folding and quality control of proteins, and any perturba-
tion that alters ER homeostasis can cause misfolded protein
accumulation, leading to activation of unfolded protein
response, autophagic response or apoptosis [39]. In response
to extended ER stress, unfolded protein response activation
induces Ca®" release from the ER, which in turn activates the
key regulator of autophagy AMPK (AMP-activated protein
kinase) [40]. It was reported that ER stress activates ATF6
(activating transcription factor 6)-DAPK1 (death-associated
protein kinase 1) signaling in IECs, enhancing autophagic
killing of intracellular bacteria [12]. Recently, it was shown
that ER stress upregulates MIR346 level in both epithelial and
squamous cell lines, leading to enhanced translation of GSK3B
(glycogen synthase kinase 3 beta) mRNA and consequently
increased GSK3B protein level. This favors the dissociation
between BCL2 (B-cell lymphoma 2) and BECN1 (beclin 1),
thus promoting mitophagy, a selective degradation of mito-
chondria by autophagy, and reducing levels of intracellular
reactive oxygen species (ROS) [41] (Figure 1C).

Autophagy can reduce ER stress in various inflammatory
and immune diseases [42]. In a mouse model of DSS-induced
colitis, pharmacological or genetical inhibition of TREMI1
(triggering receptor expressed on myeloid cells 1), known to
amplify inflammation in several diseases, enhances both
macroautophagy and chaperone-mediated autophagy by
inducing MTOR (mechanistic target of rapamycin kinase)
deregulation, thus compensating the unfolded protein
response to reduce ER stress [43]. This also re-establishes
gut microbiota homeostasis, thus preventing colonic inflam-
mation and attenuating experimental colitis severity [43].
Dysfunctional autophagy leads to increased ER stress in mur-
ine IECs [44-46]. A correlation between the presence of the
ATG16L1™%4 variant and ER stress in Paneth cells and
increased AIEC colonization in patients with quiescent CD
was reported [46]. Atgl611°"E mice develop spontaneously
CD-like transmural ileitis, and this is mediated via impaired
clearance of the aggregates of the ER stress sensor ERN1/
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IREIA (ER to nucleus signaling 1) during ER stress in
Paneth cells [44]. ERN1 accumulation was also observed in
intestinal epithelial crypts of healthy individuals and CD
patients homozygous for the ATGI6LI™* allele [44].
Mechanistically, in mouse IECs experiencing ER stress,
when autophagy is defective, ERNI is not recruited to autop-
hagosomes, which is mediated via its interaction with the
autophagy receptor OPTN (optineurin), and thus is not
degraded by autophagy [44] (Figure 1G). Together, these
results showed that the impaired clearance of ERN1 aggre-
gates during ER stress due to defective autophagy may pre-
dispose to IBD [44].

Moreover, stimulation of NOD and TNF receptors in IECs
in a mouse model of DSS-induced colitis leads to ATG16L1
phosphorylation specifically at serine 218 by CHUK/IKKA
(conserved helix-loop-helix ubiquitous kinase), thus protect-
ing ATG16L1 from CASP3-dependent cleavage and limiting
ER stress activation [47] (Figure 1E). However, in mice
expressing inactivable CHUK specifically in IECs, ATG16L1
degradation is enhanced as observed with the ATG16L17>%*
protein, leading to increased ER stress response [47]. This
consequently increases CASP12 level, resulting in CASP1
activity inhibition and decreased secretion of the cytoprotec-
tive IL18, thus delaying epithelial regeneration and enhancing
inflammation [47]. This study shows a novel mechanism by
which CHUK prevents ER stress and inflammation via limit-
ing degradation of the CD-associated ATG16L1""* protein.

ER stress and defective autophagy can act in synergy to
promote IBD development [45]. Indeed, mice deficient in both
Atgl6ll and Xbpl (X-box binding protein 1) specifically in IECs
(Atgl6l1[AIEC]Xbp1[AIEC]) develop more severe colitis com-
pared to Atgl6l1[AIEC] or XbpI1[AIEC] mice [45]. However, all
Atgl6lI[AIEC], Xbpl[AIEC] and Atgl6l1[AIEC]XbpIl[AIEC]
mice exhibit increased accumulation and hyper-activation of
ERNI1 [45], which seems to be due to defective ERN1 degrada-
tion by autophagy [44]. Primary IECs from CD patients carrying
several risk variants implicated in both autophagy and ER stress,
but not in autophagy alone, exhibit significantly higher ER stress
response after ER stress induction but not at the basal level,
indicating that the genetic predispositions in both pathways
should be considered when looking at functional level [48].

Autophagy and mitochondrial ROS secretion

Autophagy, especially mitophagy, by eliminating damaged or
superfluous mitochondria, plays a major role in limiting ROS
accumulation. Mutations in the autophagy-related genes or
autophagy deficiency have an impact on ROS levels via the
impaired elimination of dysfunctional mitochondria in several
cell types [49,50]. Murine macrophages expressing dysfunc-
tional ATG16L1 produce higher amount of ROS following
lipopolysaccharide (LPS) stimulation compared to WT macro-
phages [51]. Consistently, ROS production by Atgl6l1-deficient
murine DCs is increased compared to WT DCs either at base-
line or upon Salmonella Typhimurium infection, and this is
associated with an increased number of mitochondria probably
due to impaired mitophagy [52]. In regulating ROS level,
autophagy has an impact on cytokine secretion [53]. Indeed,
in human intestinal epithelial T84 cells depleted in NOD2 or
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ATGI6LI gene, disruption of mitochondrial functions leads to
increased IL8 production in response to commensal E. coli
compared to WT cells [54]. Furthermore, autophagy deficiency
increases secretion of the pro-inflammatory cytokine MIF
(macrophage migration inhibitory factor) by macrophages
both basally and in response to bacterial LPS in
a mitochondrial ROS-dependent manner [55]. Macrophages
depleted in the autophagy gene Mapllc3b (microtubule-
associated protein 1 light chain 3B) exhibit dysfunctional mito-
chondria, associated with increased ROS production, leading to
enhanced IL1B and IL18 secretion in response to LPS [56].

Autophagy and ROS are involved in intestinal stem cell (ISC)
maintenance [57] and IEC defense against intracellular bacteria
[13] (Figure 1I). Indeed, Atg5[AIEC] mice exhibit a fewer num-
ber of ISCs, associated with higher ROS level and defective ISC-
associated intestinal recovery after irradiation, compared to WT
mice [57]. Treatment of Atg5[AIEC] mice with an antioxidant
rescues the defect in ISC-associated intestinal recovery, suggest-
ing that autophagy, by reducing excessive ROS level, allows the
maintenance of ISCs and intestinal regeneration [57].

Finally, in modulating autophagy, intestinal microbiota may
influence ROS production. Indeed, trimethylamine-N-oxide,
a choline-derived metabolite produced by gut microbiota, via
inhibiting ATG16L1, SQSTM1 (sequestosome 1) and LC3-II,
increases ROS production in a dose and time dependent man-
ner, thus explaining its involvement in IBD [58].

Autophagy and inflammasome activation

Previous studies showed that dysfunctional autophagy leads to
abnormal inflammasome activation, which is associated with
increased CASP1 activity, elevated IL1B and IL18 production
and higher susceptibility to experimental intestinal inflamma-
tion in mice [59,60]. Recently, it was shown that mice with
macrophage-specific Atg5 depletion or knock-in mice expres-
sing the ATG16L1™°°* variant exhibit increased inflamma-
some-mediated IL1B secretion compared to their controls,
leading to more severe endotoxin-induced uveitis, an eye
disease frequently developed by CD patients [61]. Murine
macrophages deficient in the anti-inflammatory cytokine
IL10 exhibit impaired mitophagy together with damaged
mitochondrial accumulation, increased ROS production and
aberrant inflammasome activation upon LPS stimulation [62].
Macrophages from il10”" mice or IBD patients with a null
mutation in the ILIOR (interleukin 10 receptor) gene exhibit
damaged mitochondrial accumulation, associated with dysre-
gulated NLRP3 (NLR family pyrin domain containing 3)
inflammasome activation and elevated IL1B production [62].
These results suggested that IL10 prevents the development of
intestinal inflammation, at least in part, via promoting mito-
phagy to limit inflammasome activation and inflammatory
responses [62]. Autophagy-mediated inhibition of inflamma-
some activation was also reported as a novel mechanism
underlying the role of EIF2AK4 in controlling intestinal
inflammation [63]. Indeed, upon amino acid starvation,
EIF2AK4 activation exerts a protective effect on DSS-
induced colitis in mice by inducing autophagy, thus reducing
ROS-dependent inflammasome activation in ITGAX/CD11¢"
antigen-presenting cells and IECs and inhibiting intestinal

inflammation [63] (Figure 1K). Eif2ak4 deficiency specifically
in CD11c" antigen-presenting cells or IECs in mice results in
impaired autophagy activation, leading to increased mito-
chondrial ROS level and subsequently to increased suscept-
ibility to DSS-induced colitis [63] (Figure 1K). Recently, the
CD susceptibility genes PTPN2 (protein tyrosine phosphatase
non-receptor type 2) and PTPN22 have been implicated in the
regulation of autophagy and inflammasome activities [64,65].
It has been reported that a loss-of-function variant in PTPN2
gene is a risk factor for CD, while a gain-of-function variant
in PTPN22 gene is associated with reduced risk of CD [66].
PTPN22 dephosphorylates NLRP3 inflammasome to limit the
sequestration of NLRP3 into autophagosomes to be degraded
in autolysosomes [64] (Figure 1J). In human macrophages
and murine bone marrow-derived DCs, loss of PTPN22
leads to enhanced NLRP3 phosphorylation and subsequent
NLRP3 degradation, thus decreasing IL1B secretion [64]. Loss
of functional autophagy counteracts the reduction of NLRP3
activation observed in PTPN22-deficient cells, leading to
increased IL1B secretion [64] (Figure 1J). PTPN2, involved
in autophagy regulation, was shown to regulate inflamma-
some activation and IL1B secretion by limiting the phosphor-
ylation of the adaptor molecule ASC (apoptosis-associated
speck-like protein containing a CARD), which is required
for inflammasome assembly. In mice, loss of Ptpn2 in myeloid
cells results in increased susceptibility to DSS-induced colitis
due to increased inflammasome assembly and elevated IL1B
production [65] (Figure 1J). Autophagy and inflammasome
activation are recently linked via the key inflammatory reg-
ulator NFKB (nuclear factor of kappa light polypeptide gene
enhancer in B cells) [67]. Indeed, NFKB activates expression
of the selective autophagy receptor SQSTM1, promoting the
mitophagy-mediated elimination of damaged mitochondria
that secrete NLRP3-activating signals, thus inhibiting inflam-
masome activation and IL1B production [67] (Figure 1J).
Recently, Mehto et al. showed for the first time that IRGM/
IRGM1 mediates its anti-inflammatory activity by suppressing
the activation of NLRP3 inflammasomes via at least two
distinct mechanisms: (i) IRGM/IRGM1 physically interacts
with NLRP3 inflammasome components and prevents inflam-
masome assembly, and (ii) IRGM/IRGM1 interacts with
SQSTM1 and mediates SQSTM1-dependent selective autop-
hagic degradation of NLRP3 inflammasome components [68]
(Figure 1]). Using IRGM-depleted human THP-1 macro-
phages and irgmI” mice, it was shown that IRGM/IRGM1,
by restricting inflammasome activity, protects from inflam-
mation-induced cell death and suppresses DSS-induced colitis
[68]. This work importantly showed a direct role of IRGM in
suppressing inflammation and suggested that the CD-
associated IRGM risk variant fails to do so, thus exacerbating
inflammasome activity and the subsequent inflammation.
Whereas most of the studies on the cross-talk between
autophagy and inflammasome have reported that autophagy
inhibits inflammasome activation to prevent excessive inflam-
mation, ROS and inflammasome can be involved in the reg-
ulation of autophagy activation. Indeed, NLRP3 was identified
as a novel binding partner of the autophagy inhibitor MTOR
[69]. Under inflammatory conditions, NLRP3 inflammasome
binds to and promotes MTOR phosphorylation, inhibiting



autophagy and impairing the autophagy-mediated elimination
of pro-inflammatory mediators and consequently exacerbat-
ing inflammation [69]. Hypoxia, an important environmental
factor that influences IBD development, can counteract intest-
inal inflammation in a mouse model of DSS-induced colitis or
in il10”" mice by reducing NLRP3-MTOR binding, thus acti-
vating the autophagy-mediated degradation of NFKB signal-
ing mediators and reducing expression of pro-inflammatory
genes [69]. However, it was reported that during Legionella
pneumophila infection, inflammasome activation promotes
autophagy, thus facilitating bacterial clearance [70].
Furthermore, in response to intracellular pathogens, CASP4
is activated, leading to inflammasome activation, thus posi-
tively regulating autophagosome biogenesis and trafficking to
lysosomes in macrophages [71]. This consequently increases
xenophagy-mediated pathogen elimination [71].

Therapies involving the modulation of autophagy and NLRP3
inflammasome to alleviate IBD have been largely studies.
Administration of andrographolide, a herbal extract isolated
from a Southeast Asian plant, to mice with DSS-induced colitis
enhances mitophagy in peritoneal macrophages, leading to
NLRP3 inflammasome inhibition and subsequently amelioration
of colitis [72]. Agonist-mediated activation of cannabinoid recep-
tor 2, a G protein-coupled receptor mainly located on immune
cells and has been used to treat IBD, increases autophagy, which
in turn inhibits NLRP3 inflammasome activation and attenuates
DSS-induced colitis in mice [73]. Conversely, inhibition of
NRLP3 inflammasome could be an efficient strategy to promote
autophagy activation. Administration of Ginsenoside Rd, an anti-
inflammatory molecule, was reported to inactivate NLRP3
inflammasome, thus inducing SQSTM1-driven mitophagy, lead-
ing to amelioration of DSS-induced colitis in mice [74].

Together, these studies showed a mutual regulation
between autophagy and inflammasome, and raised the possi-
bility to use NLRP3 inhibitors that induce autophagy or
autophagy activators that inhibit inflammasome as potential
therapeutic molecules for IBD treatment.

Autophagy and innate and adaptive immune
responses

The role of autophagy in maintaining intestinal immune
homeostasis has been largely investigated. Previous studies
have shown that autophagy is required for intracellular bac-
terial handling, inhibiting pro-inflammatory cytokine produc-
tion in IECs and immune cells, and that the CD-associated
variants in the autophagy-associated genes fail to do so [2,5]
(Figure 1D and J). Recently, it was shown that primary
Atgl6ll-deficient murine macrophages and primary human
macrophages harboring the ATGI6L1™°°* variant exhibit
increased ROS production, impaired mitophagy and dimin-
ished fusion of Salmonella Typhimurium-containing vesicles
with LAMP1 (lysosomal-associated membrane protein 1)-
labeled lysosomes, leading to impaired bacterial clearance
and reduced MHC class II antigen processing [33]. Mice
with Atgl6ll deficiency in myeloid cells show exacerbated
DSS-induced  colitis  with  increased ratio of pro-
inflammatory to anti-inflammatory macrophages, enhanced
pro-inflammatory cytokine production, and elevated IgA-
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coated intestinal bacterial numbers [33]. Using bone marrow-
derived macrophages from transgenic mice overexpressing
Lrrk2 infected with Mycobacterium leprae, LRRK2 was
shown to bind to BECNI to induce BECNI1 degradation,
thus inhibiting autophagy [75]. Moreover, increased LRRK2
expression, as given by the CD-associated risk variant in
LRRK?2 gene, leads to enhanced NFKB activation induced by
CLEC7A/Dectin-1, a recently discovered pattern-recognition
receptor (PRR), and consequently excessive pro-inflammatory
cytokine secretion [75]. LRRK2 inhibitors decrease CLEC7A-
induced TNF production by mouse DCs and ameliorate DSS-
induced colitis in control and Lrrk2 transgenic mice, and
inhibit TNF production by DCs from CD patients [75].
Although the implication of IRGM in xenophagy-mediated
intracellular bacterial restriction and regulation of inflamma-
tion has been documented, the exact underlying molecular
mechanism was just recently revealed. Indeed, IRGM func-
tions as a key player in the formation and activation of the
autophagy initiation complex, including ULK1 and BECNI,
while at the same time physically couples to NOD2 and
ATGI16L1, and this is crucial for the antimicrobial and anti-
inflammatory functions of autophagy [76] (Figure 1D).

Early onset of CD was recently associated with Niemann-
Pick disease type C (NPC), a neurodegenerative lysosomal
lipid storage disorder, in which the NPCI (NPC intracellular
cholesterol transporter 1) gene involved in lipid transport is
mutated [77]. Using peripheral blood monocyte-derived
macrophages from patients having the NPCI gene mutation,
it was shown that this mutation is linked to impaired autop-
hagy due to a defective autophagosome formation. This con-
sequently abolishes NOD2-mediated handling of intracellular
bacteria, and this is similar to the effects given by the CD-
associated variants in NOD2 or XIAP (X-linked inhibitor of
apoptosis) gene [77]. XIAP binds and ubiquitinates the adap-
tor protein RIPK2 following muramyl dipeptide-mediated
NOD?2 activation, thus activating NFKB signaling pathway
and cytokine production [77]. In contrast to NOD2 and
XIAP variants, NPCI variant does not influence NOD2-
RIPK2-XIAP-dependent cytokine production [77]. The defect
in bacterial clearance given by the NPCI variant can be over-
come by pharmacological activation of autophagy [77].
Recently, it was revealed that inhibitors of apoptosis proteins,
such as XIAP, are required for the fusion of autophagosome
with lysosome during autophagy [78]. Inhibition or loss of
function of inhibitor of apoptosis proteins results in impaired
autophagic flux, responsible for defective mitophagy and
impaired bacterial clearance, and increased secretion of TNF
and IL1B, which may lead to CD development [78]. In addi-
tion to an efficient fusion of autophagosome with lysosome,
a functional lysosome is also required to guarantee pathogen
elimination. It was recently shown that GPR65 (G protein-
coupled receptor 65), a H'-sensing G protein-coupled recep-
tor encoded by an IBD susceptibility gene, plays a role in
maintaining lysosomal pH and thus lysosomal function, pre-
serving autophagy and pathogen defense [79]. Epithelial cells
or lymphoblasts from IBD patients carrying the GPR65/1231L
missense variant exhibit aberrant lysosomal acidification,
which results in lysosomal dysfunction, and impaired autop-
hagy-mediated intracellular bacterial clearance [79]. Mice
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with Gpr65 deficiency are more susceptible than WT mice to
Citrobacter rodentium-induced intestinal disease, as shown by
higher levels of C. rodentium in the caecum, colon and feces
and more severe colonic inflammation with enhanced infiltra-
tion of T cells [79].

However, other studies have reported that autophagy defi-
ciency increases resistance to infection with C. rodentium
[80,81]. Marchiando et al. reported that compared to WT
mice, Atgl6l1I[HM] mice are more resistant to C. rodentium
infection, displayed by reduced number of C. rodentium asso-
ciated to the colon and caecum, increased survival, decreased
weight loss and diarrheal disease and protection from colonic
inflammation [80]. Mechanistically, this protection is due to
enhanced immune response in Atgl6/I[HM] mice and is
dependent on monocytes and NOD2 [80]. Similarly, Atgl6ll
[HM] mice are protected against C. rodentium infection via
enhanced IFN-I response to the gut microbiota [81]. The same
results were obtained in atg4b'/ ~ and Ic3b™" mice, but not in
mice deficient in Atgl6l1 specifically in myeloid cells, indicating
that the autophagy-mediated protection against C. rodentium
requires myeloid cells [81]. These studies suggested that autop-
hagy-associated gene variants may have conferred the host
a protection against certain pathogen infections.

Recently, an unexpected role of ATG16L1 in regulating IL22
signaling in the intestinal epithelium via modulating CGAS (cyc-
lic GMP-AMP synthase)-TMEM173/STING (stimulator of inter-
feron genes protein)-IFN-I pathway was revealed [82]. Aden et al.
showed that IL22 stimulation results in transient ER stress, thus
activating IFN-I signaling via CGAS-TMEM173/STING in
intestinal organoids, and this is increased in those derived from
Atgl6l1[AIEC] mice [82]. This consequently exacerbates TNF
production and TNF-induced cell death in Atgl6lI-deficient
intestinal organoids. Systemic treatment of Atgl16/1[AIEC] mice
with IL22 aggravates intestinal inflammation and causes exces-
sive necroptotic intestinal cell death, and these effects are ame-
liorated by inhibiting IFN-I signaling [82]. This study suggested
that IL22 signals together with autophagy-associated risk factors
may contribute to tissue damage and inflammation in CD. IFN-I
responses and cytokine secretion may be also regulated by selec-
tive autophagy-mediated control of the turnover of the innate
adaptor TIRAP/TRIF (toll-interleukin 1 receptor [TIR] domain-
containing adaptor protein) in response to TLR (toll-like recep-
tor) activation [83] (Figure 1J). Indeed, the autophagy receptors
SQSTM1 and TAX1BP1 (Tax1 binding protein 1) target TIRAP
for degradation by selective autophagy, and that Atgl6ll-
deficient murine bone marrow-derived macrophages or DCs
exhibit TIRAP accumulation, driving TIRAP-dependent inflam-
matory signaling upon TLR stimulation with increased IFNBI
and IL1B production [83] (Figure 1]). Consistently, elevated
production of IFNB1 and IL1B upon LPS treatment by human
macrophages carrying the ATGI6LI™"* allele compared to
those harboring the WT ATG16L1 allele was observed [83].

Another IBD-associated MTMR3 (myotubularin-related
protein 3) risk allele was shown to amplify the PRR-induced
innate immune response by decreasing autophagy [84]. Indeed,
myeloid cells from healthy individuals carrying the IBD-
associated polymorphism in the MTMR3 gene exhibit
increased MTMR3 expression, leading to decreased PRR-
induced autophagy by reducing cellular levels of

phosphatidylinositol-3-phosphate, which are associated with
autophagy initiation and maturation. This consequently leads
to increased PRR-induced CASP1 activation and cytokine
secretion [84].

Selective autophagy receptors, such as OPTN, are required
for an appropriate regulation of cytokine response. Indeed,
bone marrow-derived macrophages from Optn-deficient mice
present a reduced ability to secrete TNF and IL6 upon stimu-
lation with heat-killed E. coli, due to a mis-trafficking of these
cytokines to lysosomes [85]. Optn-deficient mice are more
susceptible to C. rodentium-induced colitis, associated with
greater colitis score, reduced TNF level in the serum and
impaired neutrophil recruitment to the site of infection com-
pared to WT mice [85]. Transcriptomic analysis of CD and
control macrophages revealed that the gene encoding OPTN
is under-expressed in approximately 10% of CD patients, and
this is associated with decreased OPTN protein level and
reduced cytokine secretion by macrophages upon bacterial
infection [86]. Moreover, neutrophils can be the target of CD-
associated AIEC, which invade and replicate within these cells
[87]. Indeed, AIEC reside in non-acidic autolysosomes with-
out being degraded, suggesting that AIEC either delay or
prevent the full maturation of autolysosomes [87]. This is
correlated with the induction of autophagic cell death and
exacerbated IL8 production [87].

It was recently shown that ATGI6L1 can act as an impor-
tant player in innate immune defense by limiting pathogen
dissemination during infection via an autophagy-independent
mechanism. Indeed, ATG16L1 and its binding partners ATG5
and ATGI12 are required for the repair of plasma membrane
damage caused by bacterial pore-forming toxins, thus main-
taining cell viability [88]. ATG16L1 was also found to restrict
cell-to-cell spread of Listeria monocytogenes by limiting plasma
membrane damage mediated by listeriolysin O, a pore-forming
toxin expressed by the bacterium [88]. Importantly, expression
of the CD-associated ATGI6L1"*** risk allele leads to a defect
in plasma membrane damage repair upon L. monocytogenes
infection and increased cell-to-cell spread by the bacterium
[88]. Thus, it should be kept in mind that the autophagy-
related genetic variants can contribute to IBD pathogenesis
via autophagy-independent pathways or mechanisms.

In addition to its role in innate immunity, autophagy has
been implicated in adaptive immunity. After the degradation of
intracellular pathogens in autolysosomes, the produced antigens
are presented by MHC class II molecules to T cells to induce
adaptive immune responses, a process that can be promoted by
autophagy [89]. Infection of DCs by AIEC activates autophagy,
thus contributing to the elimination of intracellular AIEC and to
generation of MHC class II antigen-specific CD4" T cell
response [90]. Furthermore, autophagy negatively modulates
adaptive responses by destabilizing the immunologic synapse,
which is the DC-T cell contact site [91]. Depletion of Atgl6lI or
Irgml in DCs in mice results in hyperstable DC-T cell interac-
tion, increased T cell activation, and activation of a Thl7
response [91]. DCs from CD patients carrying the
ATGI6LI"*** allele have a similar hyperstable DC-T cell inter-
action [91]. This suggests that the IBD-associated genetic var-
iants in autophagy-associated genes might lead to increased
adaptive immunity, enhancing disease development.



Several studies have revealed that T cells are highly sensitive to
alterations of autophagy process [92]. Indeed, murine models
with T-cell-specific defective autophagy exhibit decreased num-
bers of CD4" and CD8" T cells and alteration of T cell prolifera-
tion, revealing the key role of autophagy in T cell homeostasis
[93-95] (Figure 1K). Moreover, autophagy substantially contri-
butes to effector CD8" T cell survival and memory formation
[96-98] (Figure 1K). It was recently demonstrated that autophagy
mediated by the autophagy receptor TAX1BP1 is implicated in
the control of cellular metabolism enabling T cell activation,
revealing the crucial relationship between immune activation,
autophagy and metabolism of immune cells [99] (Figure 1K).
Th cells play a critical role in intestinal immune responses, and
their number and behavior vary during IBD [100]. Autophagy is
directly involved in favoring regulatory T (Treg) cell survival and
in restricting pro-inflammatory Th2 cell expansion, and T cell-
specific autophagy inhibition leads to changes in the balance
between different Th cell types in the intestine [95]. Mice lacking
Atgl6l1 in CD4™ T cells develop spontaneously intestinal inflam-
mation characterized by Th2 responses against dietary and gut
microbiota antigens and by a loss of Treg cells, suggesting that
autophagy plays a role in promoting the survival of Treg cells,
limiting mucosal Th2 cell expansion and thus limiting Th2 type
inflammation [95] (Figure 1K). Mice deficient in Eif2ak4 speci-
fically in antigen-presenting cells or IECs exhibit exacerbated
Th17 responses and intestinal inflammation, and this is mechan-
istically due to impaired autophagy, enhanced inflammasome
activation and IL1B production [63] (Figure 1K).

Recently, it was reported that a functional autophagy is
required for the sensing of microbiota-derived protective sig-
nals to initiate an efficient immune response and to inhibit
intestinal inflammation [101]. Indeed, the commensal bacter-
ium Bacteroides fragilis secretes the immunomodulatory
molecule polysaccharide A through outer membrane vesicles
(OMVs), which is then sensed by DCs through TLR2 [102],
resulting in enhanced conversion of naive CD4" T cells into
FOXP3" (forkhead box P3) Treg cells that produce IL10 and
subsequently protection of mice from experimental colitis
[102]. OMVs require ATG16L1 and NOD2 to activate the
LC3-associated phagocytosis (LAP), a non-canonical autop-
hagy pathway specifically activated by microbial ligands, in
murine bone marrow-derived DCs [101] (Figure 1L). Upon
oral administration of OMVs, although WT mice are pro-
tected from 2,4-dinitrobenzenesulfonic acid-induced colitis,
mice deficient in Afgl6ll specifically in CD11" DCs exhibit
increased weight loss and elevated mortality similarly to those
that did not receive OMV's [101]. Moreover, the production of
IL10 by CD4"FOXP3" Treg cells is significantly reduced in
mice deficient in Atgl6ll in CD11" DCs versus WT mice
[101]. Murine bone marrow-derived DCs deficient in Nod2
are also defective in inducing IL10 production by FOXP3"
Treg cells in response to B. fragilis-derived OMVs during
in vitro co-culture [101]. Finally, in contrast to those carrying
the WT alleles, monocyte-derived DCs from CD patients or
healthy controls homozygous for the ATGI6L1™* variant
pulsed with B. fragilis OMVs and co-cultured with syngeneic
CD4" T cells are unable to induce IL10 production by
FOXP3" Treg cells. These findings suggest that IBD-
associated genetic variants may lead to defective sensing of
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protective signals from the microbiota, favoring the disease
development [101] (Figure 1L).

Collectively, these studies highlighted the molecular
mechanisms contributing to the modulation of innate and
adaptive immune cell function by autophagy, thus influencing
the outcome immune responses.

Future directions and conclusion

As discussed in this review, defective autophagy may have
a strong impact on the course of IBD, via disruption of
intestinal homeostasis, affecting gut microbiota composition,
impairing intracellular bacterial clearance and amplifying
intestinal inflammation. Thus, efforts have been made to
develop IBD treatments based on modulating autophagy.

Treatment with the rapamycin analogue everolimus, an
inducer of autophagy, ameliorates CD-like ileitis in /107
mice [103] and improves CD symptoms [104,105]. Two case
reports revealed an improvement of CD symptoms in two
patients treated with everolimus and another rapamycin analo-
gue named sirolimus by enhancing autophagy level [104,105].
However, in these contexts, the beneficial effects of rapamycin
analogues may be given by the autophagy-independent immu-
nosuppressive effects. The use of autophagy modulators as
a therapy remains challenging given the low pharmacological
specificity for their targets, the absence of specificity for
a particular cell type and the autophagy-independent effects.

Thus, strategies to modulate specifically autophagy with no
toxic effects should be developed to establish an efficient
therapy for IBD treatment. Interestingly, some compounds
derived from dietary products, such as vitamin D and curcu-
min, have been shown to induce autophagy [106,107].
Vitamin D deficiency is a critical factor in the pathology of
IBD, and it was recently shown that treatment of IECs with
vitamin D3 leads to increased autophagy activation [108].
This suggested that a vitamin D complementation in IBD
patients may palliate their deficiency and increase autophagy
level, leading to beneficial effects. Similarly, it was reported
that glutamine enhances autophagy in IECs both under basal
and stress-induced conditions by regulating MTOR and
MAPK/p38 pathways, thus limiting stress-induced cellular
apoptosis [109]. Several studies have recently revealed that
curcumin treatment, which has been shown to ameliorate
pathology in animal models of IBD and in clinical studies
[110], promotes autophagy in vitro and in vivo via diverse
molecular mechanisms [111-113]. Andrographolide, a herbal
extract, enhances mitophagy in macrophages, inhibiting
NLRP3 inflammasome and ameliorating DSS-induced colitis
[72]. Another herbal extract called celastrol extracted from the
root of Tripterygium wilfordii, a traditional Chinese medicine,
enhances autophagy by inhibiting the PI3K (phosphoinositide
3-kinase)-AKT-MTOR signaling pathway in colonic tissues of
il10”" mice, thus limiting colonic inflammation [114]. These
outcomes suggested that nutritional complementation of IBD
patients with natural products that induce autophagy may
alleviate the disease, and further investigations using large
patient cohorts are needed to confirm this effect.

Given the multifactorial etiology of IBD and the fact that the
underlying risk factors and pathophysiology being specific to
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each patient, the development of efficient personalized
approaches for disease treatment appears essential. The induc-
tion of autophagy in CD patients having autophagy-associated
genetic defects to restore functional antimicrobial peptide secre-
tion and antimicrobial activity in Paneth cells and to activate an
efficient immune response could be an attractive therapeutic
concept [115]. Gene therapy is also a potential therapeutic strat-
egy to relieve, but also cure, IBD. Several miRNAs have been
reported to suppress autophagy by inhibiting expression of
autophagy-associated genes [106]. In this regard, we showed
in vitro and in vivo that inhibition of Mir30c and Mirl30a in
IECs abolished the AIEC-induced autophagy inhibition, rees-
tablishing an efficient AIEC clearance and inhibiting intestinal
inflammation [37]. This suggested that targeting these miRNAs
could be a strategy to treat specifically CD patients with abnor-
mal AIEC colonization. The use of an autophagy-inducing pep-
tide termed ‘Tat-BECN1I’, which can be internalized and induce
autophagy in various human cell types, has been also proposed
to treat human diseases with defective autophagy [116].
However, the use of autophagy-inducing peptide or miRNA-
based therapy to treat IBD remains problematic and requires the
development of gut-specific delivery systems as well as demands
further assessment on the effectiveness and security.

In conclusion, understanding the molecular mechanisms
behind the impact of IBD-associated autophagy alleles and
their interactions with other etiology factors required for disease
manifestation, including the resident microbiota and environ-
mental triggers, is crucial when developing new therapeutic
strategies. It should be kept in mind that the IBD-associated
autophagy gene variants are also present in healthy individuals,
and their presence alone is not sufficient to induce IBD. Thus,
the development of multiple pathway-integrated treatments,
depending on each patient subset, may be a successful strategy
to provide a cure for IBD. In particular, vectorized therapies to
target and modulate autophagy specifically in IBD patients with
defective autophagy should be highly considered.
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