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Abstract

Nutrient absorption is the basic function that drives mammalian intestinal biology. To facilitate
nutrient uptake, the host’s epithelial barrier is composed of a single layer of cells. This constraint
is problematic, as a design of this type can be easily disrupted. The solution during the course of
evolution was to add numerous host defense mechanisms that can help prevent local and systemic
infection. These mechanisms include specialized epithelial cells that produce a physiochemical
barrier overlying the cellular barrier, robust and organized adaptive and innate immune cells, and
the ability to mount an inflammatory response that is commensurate with a specific threat level.
The autophagy pathway is a critical cellular process that strongly influences all these functions.
Therefore, a fundamental understanding of the components of this pathway and their influence on
inflammation, immunity, and barrier function will facilitate our understanding of homeostasis in
the gastrointestinal tract.
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INTRODUCTION

The process of autophagy was first described in 1963 by Christian de Duve. Since this time,
more than 30 autophagy (Atg) genes, most of which are required for the process of
autophagy, have been identified in yeast genetic studies (predominantly in Saccharomyces
cerevisiae) (1, 2). The proteins that compose the core machinery of autophagy are highly
conserved in all eukaryotes (3). Autophagy functions as a bulk degradation system for
cellular components that is classically induced by starvation or nutrient deprivation. In
multicellular organisms, autophagy genes are also intimately connected to many
fundamental cellular processes such as regulation of cell death, cell proliferation,
inflammation, and numerous innate and adaptive immune functions. Because of these wide-
ranging effects, perturbations in autophagy have been associated with numerous diseases
and disease processes, including neurodegeneration, cancer, aging, cardiovascular infection/
inflammation, and autoimmune conditions such as inflammatory bowel disease (IBD) (4, 5).
The relationship between autophagy and disease pathogenesis is an area of intense
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investigation complicated by the fact that autophagy can be either protective or harmful,
depending on the biological context.

The primary functions of the intestine are nutrient digestion and absorption. The process of
nutrient digestion involves a large and diverse population of indigenous microbes. Thus, the
intestine must also serve as a barrier to these microbes as well as to other environmental
microbes and antigens that pass through the intestinal lumen. Multiple cell types, including
specific epithelial and immune cell lineages, participate in the production and maintenance
of this physiochemical barrier (6, 7). Recently, several genome-wide association studies
(GWAS) have shown that mutations in multiple autophagy genes are highly linked to
Crohn’s disease (CD), a spontaneous and chronic inflammatory condition that affects the
gastrointestinal tract (8). Given the many potential roles of autophagy, it is still unclear
which downstream effects of autophagy are required for intestinal homeostasis and in which
cell types these functions occur. As there are still only a few studies of autophagy proteins in
the intestine, this review also explores the diverse biological functions of the autophagy
pathway in other systems. An important future direction will be the application of the
general principles outlined here to mechanisms of intestinal homeostasis.

CORE MACHINERY OF THE AUTOPHAGY PATHWAY AND ITS
REGULATION

During autophagy (the focus here is on macroautophagy), subcellular components are
engulfed by a double-membraned vacuole termed the autophagosome. The contents are then
delivered to the lysosome for degradation. The core machinery of the autophagy pathway
consists of four complexes: the unc51-like kinase (ULK) complex, which is necessary for
autophagy induction; the class Il phosphatidyl inositol 3-kinase (P13K) complex containing
Beclin 1 (Becnl, also known as Atg6), which is necessary for membrane nucleation; and
two ubiquitin-like conjugation systems, which are important for autophagosome expansion
and closure (9) (Figure 1).

Several signaling complexes regulate the onset of autophagosome formation. The best-
studied regulator is mammalian target of rapamycin (mTOR), which negatively regulates
autophagy during nutrient-rich conditions. mTOR consists of two distinct complexes,
MTORC1 and mTORC2. mTORC1 is involved primarily in autophagy, whereas the role of
mTORC?2 in autophagy is not well defined (10). mTORC1 acts as a nutrient sensor by
integrating signals from growth factors, including those in the insulin pathway, to indicate
the availability of nutrients and energy. mTORC1 directly regulates the induction of
autophagy by interacting with the ULK complex to suppress its kinase activity under
nutrient-replete conditions (11-13). The ULK complex consists of Ulk1 and two additional
proteins, FIP200 and Atg13, both of which are required for Ulk1 localization to the isolation
membrane. Under nutrient-deficient conditions, the ULK complex is active and leads to
recruitment of the PI3K complex to the isolation membrane (i.e., phagophore). Stimulation
of PI3K results in increased production of phosphatidyl inositol 3-phosphate, which further
positively regulates autophagosome formation (14). The PI3K complex consists of the class
I11 PI3K (Vps34), Beclin 1, and Vps15. Although the default state under nutrient-rich
conditions is autophagy inhibition, basal levels of autophagy have been detected under
nutrient-replete conditions in multicellular organisms, suggesting additional mechanisms of
autophagic regulation (15-17). For example, cytokines and immune signaling pathways
regulate autophagy in mammals (18). Recently, a genome-wide siRNA screen identified 219
genes that inhibited basal autophagy independently of mMTORC1. Surprisingly, most of these
genes encoded cytokines, chemokines, and other cellular signaling molecules regulated by
cytokines (19). An important area of investigation is to define the underlying principles of
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how this large and diverse set of signaling molecules regulate autophagy, especially in the
intestine.

Several studies have shown that the endoplasmic reticulum (ER) is crucial for
autophagosome formation and serves as a membrane source for autophagosomes. Electron
tomographic analysis showed a direct extension between the ER and autophagosomal
membranes (20, 21). In addition to the ER, other membranes, such as the nuclear, outer
mitochondrial, and plasma membranes, may also be involved in autophagosome formation
(22-24). Atg9, a membrane protein essential for autophagy, traffics between the #rans-Golgi,
endosomes, and autophagosome precursors, suggesting that the Golgi complex and
endosome membranes may also serve as sources for the autophagosomal membrane (25,
26). Investigators recently showed that Rab11 and TCB1D14 (a Rab11GAP) are present on
recycling endosomes and regulate autophagosome formation through interaction with Ulk1
(27), suggesting a role for recycling endosomes in the induction of autophagy. A major
challenge in identifying the membrane source that initiates autophagosome formation in a
given cell type is a lack of stable membrane markers for each potential membrane source.

Atgl2 and LC3 are the two ubiquitin-like conjugation systems involved in the elongation
step (reviewed in Reference 4). Atg12 is covalently conjugated to Atg5 by Atg7 and Atg10,
which function as E1- and E2-like enzymes, respectively. The resulting Atg5-Atgl12
conjugate noncovalently interacts with Atg16L1. This Atgl6L1 complex localizes to the
expanding autophagosome and dissociates during maturation of the autophagosomal
membrane (4). Mammalian Atg16L1 differs from yeast Atg16 in that Atgl6L1 has a
multiple C-terminal WD repeat domain (28). The function of this WD repeat domain is not
well understood; one possibility is that this domain may be involved in additional protein
interactions for the regulation of specific subtypes of autophagy.

In the second ubiquitin-like conjugation system, LC3 is conjugated to the head group of
phosphatidylethanolamine (PE). This conjugation event is mediated by Atg4B, which
cleaves the precursor form of LC3 to expose the lipid conjugation site at the C-terminal
glycine residue. Here Atg7 and Atg3 function as the E1- and E2-like enzymes, respectively
(4). In mammals, other orthologs of LC3, GABARAP and GATE-16, are also conjugated to
PE and localize on the autophagosome membrane (29).

In vitro experiments have shown that the Atg5-Atg12 conjugate interacts with Atg3 to
facilitate PE conjugation to LC3. The Atg5-Atg12 conjugate behaves as an E3-like enzyme
in the LC3 conjugation system (30). However, Atgl16 is not essential for LC3 conjugation in
yeast. The Atg16 complex may be involved in the recruitment of LC3 to the phagophore
membrane. Artificial expression of the Atg16L1 complex on the plasma membrane results in
LC3 lipidation at this site (31). Interestingly, the Golgi-resident protein Rab33B can interact
with Atg16L1 to promote autophagy (32). Studies in yeast have shown that LC3 expression
levels regulate the size of autophagosomes (33), possibly through FNBP1L, which is
involved in the generation of membrane curvature (34). However, FNBP1L is dispensable
for cellular autophagy but is required for xenophagy of intracellular Sa/monella.
Additionally, LC3 may also be involved in the completion of autophagosome formation.
Incomplete autophagosomes accumulate in Atg3-deficient fibroblasts and in cells expressing
a dominant negative form of Atg4B (35).

In the final stages of autophagy, the autophagosome maturation step, autophagosomes fuse
with lysosomes to form autolysosomes for degradation. However, autophagosomes fuse
with early and late endosomes as well as with multivesicular bodies (termed amphisomes)
(36). Autolysosomes mature as more autophagosomes and lysosomes fuse. During the
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termination phase, lysosomes are tubulated and fragmented for renewal, a process regulated
by mTOR (37).

Several pleiotropic functions of autophagy proteins apart from those of the classical
autophagy pathway have been described. LC3 localizes to phagosomal membranes, double-
membraned vesicles for positive-strand RNA virus replication, and even on non-membrane-
enclosed protein aggregates (38—40). It has been difficult to distinguish between canonical
autophagy and noncanonical autophagy because these noncanonical functions may
encompass aspects of the canonical pathway. For example, Hwang et al. (41) recently
showed that the Atg16L1 complex is required for interferon (INF)-y-mediated antiviral
defense and is independent of autophagy induction and lysosomal degradation. Additionally,
the assays used to commonly detect autophagy can lead to ambiguous results. The widely
used autophagy assay is biochemical detection of LC3 lipidation (conversion of LC3-I to
LC3-11) and detection of LC3-11 either on immunoblots or by the presence of punctate LC3-
positive dots within cells as detected by microscopy. An increase in LC3-I1 can indicate
either an enhancement in autophagosome formation or a block in autophagosome maturation
and requires additional approaches to distinguish between these two possibilities. As
mentioned above, LC3 puncta may represent the presence of LC3 on nonautophagosomal
structures. Thus, although LC3-11 formation is considered to be the hallmark feature of
autophagosome formation, it is not a completely specific marker for classical autophagy,
and other methods (e.g., electron microscopy) are required for classification of canonical
versus noncanonical autophagy (42).

GENOME-WIDE ASSOCIATION STUDIES REVEAL A ROLE FOR
AUTOPHAGY IN INFLAMMATORY BOWEL DISEASE

IBD is a chronic and debilitating condition of the gastrointestinal tract. CD and ulcerative
colitis (UC) are the two major forms of IBD. Both forms of IBD are characterized by
damage to the intestinal epithelial lining that forms a barrier between luminal contents and
the mucosal immune system. Peak incidence for IBD is in early adult life, although
individuals of any age can be affected. There is epidemiological evidence for a genetic basis
for both major forms of IBD. Such evidence includes studies of concordance rates in
monozygotic twins and in family members of those who develop the disease. In addition to
genetics, environmental and microbial factors likely play a role in disease pathogenesis (43).

Recent years have seen dramatic progress in understanding the genetic basis of IBD due to
comprehensive GWAS that have identified ~100 common genetic variants that are
associated with increased disease susceptibility (8). These studies have been invaluable in
identifying previously unsuspected biological pathways (including autophagy) that play a
role in disease pathogenesis. One of the first genes implicated in CD susceptibility was
NODZ, which has multiple mutations in its C terminus that are strongly associated with CD
(44, 45). NOD2 is an intracellular pattern recognition receptor (PRR) and modulates Toll-
like receptor (TLR) signaling and nuclear factor-xB (NF-xB) activity. Recent studies have
shown that NOD?2 acts as a sensor for intracellular bacteria by triggering autophagy through
interaction with ATG16L1 (46, 47). Interestingly, the gene encoding ATG16L1 also has a
single prominent CD susceptibility locus that encodes a point mutation (T300A, also known
as Alal97Thr) (8). The Alal97Thr variant lies within the conserved WD repeat domain;
however, the functional impact of this mutation is still unclear. As mentioned above, this
domain is important for protein-protein interactions; therefore, this variant may interfere
with its binding or with the recruitment of other proteins in the canonical and noncanonical
autophagy pathways. For example, Travassos et al. (46) and Cooney et al. (47) have shown
that cells with either a NOD2 or an ATG16L1 variant show impaired induction of autophagy
upon stimulation with muramyl dipeptide, a NOD?2 ligand. Additionally, these two gene
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variants show impaired antigen presentation in dendritic cells by loss of MHC class Il
localization to autophagic compartments and to the cell surface upon muramyl dipeptide
simulation. This defect has functional consequences, as impaired antigen presentation leads
to loss of CD4* T cell responses following infection. These studies have attributed
functional consequences to the NOD2 and ATG16L1 variants and have linked these disease-
associated variants to autophagic bacterial control. These findings underscore the
importance of innate immunity in IBD pathogenesis.

Further emphasizing the role of antibacterial autophagy in CD pathogenesis is another gene
related to autophagy, that encoding immunity-related guanosine triphosphate (IRGM),
which has multiple CD susceptibility loci. One single-nucleotide polymorphism is
associated with a 20-kb deletion upstream of the IRGM gene. This deletion impacts IRGM
expression levels and autophagic clearance of intracellular bacteria, including
Mycobacterium bovis and Salmonella typhimurium (48-51). For IRGM-dependent
clearance of M. bovis, IRGM localizes to the bacteria-containing compartment, which is
later targeted to the lysosome for degradation. A second IRGM single-nucleotide
polymorphism is associated with a synonymous variant (c.313C>T) that decreases IRGM
expression through interaction with m/R-196. This variant also shows deregulated
antibacterial autophagy of adherent-invasive Escherichia coli (52).

Interestingly, NOD2, ATG16L1, and IRGM have been associated only with CD, not with
UC. These GWAS have provided tremendous insight into cellular pathways contributing to
pathogenic mechanisms for IBD, but only a small portion of the genetic variation has been
accounted for. Identification and characterization of additional genes and pathways will
require more sophisticated studies and are future goals of geneticists in this area. In addition,
the precise mechanisms by which polymorphisms in autophagy genes contribute to CD
pathogenesis need further elucidation. However, autophagy appears to be important to the
mucosal immune system (Figure 2). The role of autophagy in both innate and adaptive
immune defense and its applications in intestinal homeostasis are discussed in more detail in
the remainder of this review.

ROLE OF AUTOPHAGY IN INFLAMMATION

In 2008, an important study proposed a mechanism by which autophagy proteins could
suppress intestinal inflammation. Saitoh et al. (53) found that Atg16L1 regulates endotoxin-
mediated inflammasome activation in mice during injury. TLRs are a family of PRRs that
mediate innate immune responses upon recognition of various microbial components (54).
Treatment of macrophages with lipopolysaccharide (LPS), a TLR4 ligand, stimulated
production of tumor necrosis factor (TNF)-a and IL-6 independently of Atg16L1
expression; however, IL-1f production was markedly enhanced in LPS-treated Atg16L1-
and Atg7-deficient macrophages. Importantly, TLR4 stimulation of primary macrophages by
LPS did not induce canonical autophagy, suggesting that additional roles of autophagy
proteins are required for the control of IL-1p production in LPS-treated macrophages (53).
Additionally, treatment of Atg16L1-deficient macrophages with noninvasive, commensal,
gram-negative bacteria (Enterobacter aerogenes, Escherichia coli, and Klebsiella
pneumoniaé) also induced excess IL-1p production (53). Stimulation with ligands for TLR2
or TLR5 did not lead to increased IL-1p production, potentially indicating a specific role for
TRIF (Tir domain—encoding adaptor-inducing IL-1) signaling in the production of IL-1
and IL-18. In support of this hypothesis, macrophages doubly deficient for Atg16L1 and
TRIF did not produce increased IL-1p in response to LPS stimulation, suggesting that
Atg16L1-deficient macrophages showed enhanced IL-1f production in response to LPS
through a TRIF-dependent mechanism (53).
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Saitoh et al. (53) also found that levels of IL-18 mRNA and pro-IL-1p protein were
unchanged in Atg16L1-deficient macrophages compared with controls, suggesting that
autophagy proteins negatively regulate posttranslational processing of IL-1f. LPS
stimulation resulted in the cleavage of caspase-1 through activation of inflammasomes,
leading to increased IL-1p production. This finding suggested a functional link between
these two pathways. The inflammasome is a multiprotein scaffold that mediates the cleavage
and activation of caspase-1, which results in the activation and release of IL-1p and IL-18.
Cytosolic receptors from the NOD-like receptor (NLR) family are critical components of the
inflammasome and interact with the adaptor molecule ACS, which initiates the cleavage of
caspase-1. In macrophages, increased activation of the NALP3 (NLRP3) inflammasome
pathway elevates IL-1p and IL-18 production (55). In a follow-up study, LPS-treated, Atg5-
deficient macrophages also showed inflammasome activation. Such activation led to
atherosclerotic progression in mice that contained macrophages deficient for Atg5 (5).

The in vivo role of Atg16L1 in intestinal inflammation was evaluated by using a dextran
sodium sulfate (DSS) model of chemically induced mucosal damage (53). Chimeric mice
lacking Atg16L1 in hematopoietic cells showed decreased survival and increased weight
loss upon DSS treatment compared with controls. The levels of proinflammatory cytokines
IL-1p and IL-18 were elevated in sera of DSS-treated, Atg16L1-deficient chimeric mice and
were reduced by the administration of anti-IL-1f and anti-IL-18 antibodies (53). These
studies demonstrated that excessive production of cytokines in the absence of autophagy
drives the development of colitis. These studies were recently corroborated in human CD
patients. Plantinga et al. (56) reported increased production of IL-1p and IL-6 in response to
stimulation with NOD?2 ligands in monocytes derived from patients harboring the Atg16L1
T300A risk allele. In contrast to the findings in mice, increased IL-1p production in humans
seems to be a result of increased transcription (56). These studies suggest that Atg16L1 may
mediate the balance between NOD2-induced autophagy and cytokine production.
Additionally, on the basis of these studies, IL-1 may emerge as an attractive therapeutic
target for CD patients harboring the Atg16L1 risk allele.

The mechanism by which autophagy proteins regulate inflammasome activation is not
completely understood. Generation of reactive oxygen species (ROS) plays an important
role in caspase-1 activation induced by stimulatory molecules such as ATP, silica, uric acid
crystals, and asbestos (57). Treatment with the ROS scavenger A-acetyl-.-cysteine
suppressed IL-1p production from Atg16L1-deficient macrophages (53). Additionally, ROS
levels in LPS-stimulated macrophages are higher in Atg16L1-deficient versus wild-type
macrophages, suggesting that ROS accumulation in the absence of autophagy proteins plays
a key role in driving inflammation. However, subsequent studies have shown that the
NADPH oxidases are dispensable for inflammasome activation and that mitochondrial
dysfunction drives inflammasome activation (58, 59). Additional studies have shown that
autophagy proteins regulate Nalp3-dependent inflammation by preserving mitochondrial
integrity and by inhibiting the release of mitochondrial DNA (60). Recently, researchers
showed that activation of either the AIM2 or NLRP3 inflammasomes induces autophagy and
targets active inflammasomes for degradation, indicating the existence of a negative
feedback loop (61). These findings suggest that autophagy proteins negatively regulate
inflammasome activation through suppression of ROS accumulation, inhibition of
inflammasome components, and degradation of signals that activate inflammasomes.

Another important pathway regulated by autophagy genes is the type | IFN. The autophagy
pathway is required for type | IFN production by plasmacytoid dendritic cells (DCs) after
stimulation with single-stranded RNA viruses. Here, the autophagy pathway delivers
cytosolic viral replication intermediates to endosomal TLR7, which is required for type |
IFN production (62). Conversely, Atg5 deletion in macrophages increases type | IFN
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production in response to RNA viruses due to enhanced signaling through RIG-1-like
receptors (RLRs), which also recognize single-stranded RNA viruses. This enhancement in
RLR signaling in the absence of autophagy proteins is due mainly to the increased ROS
production associated with dysfunctional mitochondria, as antioxidant treatment blocks RLR
signaling (58). Additionally, INF-B production induced by double-stranded DNA is
negatively regulated by Atg9a, but not by Atg7, in mouse embryonic fibroblasts (25).
Collectively, these studies suggest that autophagy can both positively and negatively
regulate type | IFN production by both autophagy-dependent and autophagy-independent
mechanisms. Recently, Lei et al. (63) showed that the mitochondrial proteins NLRX1 and
TUFM interact with Atg5-Atg12 and Atgl6L1 to negatively regulate RLR-induced type |
INF production and to activate autophagy, establishing a link between an NLR protein and
virally induced autophagy through mitochondrial proteins.

ANTIMICROBIAL AUTOPHAGY

In addition to the role of the autophagy apparatus in macroautophagy, this apparatus can also
be used to target and destroy invasive pathogens in a selective manner, a process referred to
as xenophagy (64). This is a rapidly expanding area, and several lines of evidence have
shown that autophagy can play both antibacterial and probacterial roles through various
pathways, which are discussed below. The concepts are relevant to intestinal biology, as
there are several well-recognized invasive pathogens in the intestine, including species of
Salmonellaand Shigella.

Intracellular bacterial pathogens can be engulfed by autophagosomes and delivered to
lysosomes. This process typically leads to bacteria death in the acidic environment of
lysosomes. Group A Streptococcus (GAS) is one well-characterized example of this model.
After endosomal escape, cytoplasmic GAS becomes enveloped by autophagosomes and
delivered to lysosomes for degradation (65). A similar mechanism is utilized for clearance
of other invading pathogens such as S. typhimurium, Shigella flexneri, and Mycobacterium
tuberculosis (18). Salmonellainitially evades destruction by residing within phagosome-like
structures termed Salmonella-containing vacuoles (SCVs). Only when damage mediated by
the type 111 secretion apparatus occurs to the SCVs does the bacterium escape into the
cytosol, where it is then targeted for autophagic degradation in the lysosome (66).
Interestingly, pathogens have evolved mechanisms to evade degradation by either blocking
autophagy or preventing delivery to lysosomes. Shigella evades targeting to
autophagosomes by inhibiting its Atg5-binding protein, VirG. This inhibition is
accomplished through production and secretion of IcsB through the Shigellatype 111
secretion system (67). M. tuberculosis persists within phagosomes by evading fusion with
lysosomes. However, activation of autophagy by rapamycin or IFN-y results in phagosome
maturation into phagolysosomes (68). Additionally, in vivo clearance of Toxoplasma gondii
requires Atg5; however, the mechanism of degradation is independent of autophagosome
formation. Here, Atg5 is required for the recruitment of IFN-y-inducible p47 GTPase 1IGP1
(Irga6) to the vacuole membrane that contains 7. gondiito mediate clearance of this
pathogen in vivo (69). Thus, autophagy proteins can mediate clearance of intracellular
pathogens through both autophagosome-dependent and autophagosome-independent
pathways.

Recent genetic studies in humans have further implicated the importance of autophagy
proteins in the pathogenesis of tuberculosis (TB). IRGM was identified as a risk locus for
TB susceptibility in a West African population. This —216T variant provides protection
against disease caused by infection with the Euro-American lineage of M. tuberculosis but
not against TB caused by M. africanum or M. bovis. Interestingly, the IRGM variants
associated with IBD were not involved in TB susceptibility (70). Additionally, a genome-
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wide siRNA screen conducted to identify host factors involved in the replication of M.
tuberculosis demonstrated a predominance of genes involved in the regulation of the
autophagy pathway (71).

Some pathogens, however, are able to replicate in autophagosomes or lysosomes and have
evolved mechanisms to activate autophagy or accelerate delivery into lysosomes. Francisella
tularensis, for example, is resistant to degradation in lysosomes and is able to escape the
phagosome to become subsequently engulfed by the autophagosome. Delivery of Francisella
to the autophagosome results in increased microbial replication (72). Coxiella burnetii can
also replicate in autophagosomes. Induction of autophagy by amino acid deprivation
increased the number of C. burnetii vacuoles and bacterial load in Chinese hamster ovary
cells (73). Yersinia pseudotuberculosis actually activates autophagy in macrophages,
subverts autophagosomes for bacterial replication, and inhibits acidification of bacteria-
containing autophagosomes (74). Brucella abortus is another pathogen that can subvert
autophagy and survive in a Brucella-containing vacuole (BCV). The BCV is targeted to the
ER, where it acquires autophagic features (aBCV). aBCVs are required for the completion
of its life cycle and cell-to-cell spreading. aBCV formation requires autophagy-initiation
proteins (Ulk1, Beclin 1, and Atgl14L); however, it does not require autophagy-elongation
proteins (Atg5, Atgl6L1, Atg4B, Atg7, and LC3B) (75). These studies suggest that
autophagosomes may serve as a protected intracellular niche for some bacterial pathogens,
allowing such pathogens to evade degradation.

The mechanisms by which intracellular pathogens are targeted by the autophagy system are
unknown. Interception at multiple points in the intracellular life cycle of pathogens likely
helps mediate their recognition by autophagy proteins. The mechanisms used to target
intracellular bacteria to autophagosomes are similar to those used in other types of selective
autophagy. Adaptor proteins such as p62, Nbrl, and Ndp52 target various bacterial
pathogens to nascent isolation membranes of autophagosomes (76). Travassos et al. (46)
demonstrated that both Shigellainfection and Listeria infection depend upon NOD1-induced
recruitment of ATG16L1 to sites of bacterial entry. Using a variant of NOD2 associated
with CD, these authors also showed that autophagocytic clearance of Shigellais
significantly impaired (46). Investigators recently showed that the cytosolic lectin Galectin 8
recruits NDP52 to damaged SCVs, which may be involved in the activation of antibacterial
autophagy (77). Additionally, another recent study suggested that infection with either
Shigella or Salmonellatriggers acute amino acid starvation in response to membrane
damage, which results in the induction of autophagy (78).

In addition to pathogen recognition, autophagy proteins can directly mediate delivery of
pathogens to lysosomes for degradation. The self-ligand and cell surface receptor SLAM is
responsible for the recruitment of class I11 PI3K and Beclin 1 to gram-negative bacterial
phagosomes, facilitating the fusion of phagosomes and lysosomes. Additionally, SLAM is
involved in the activation of the antibacterial NADPH oxidase NOX2 on phagosomes (79).
Furthermore, Huang et al. (80) showed that activation of TLR or Fc-y receptors during
phagocytosis and bacterial autophagy recruits LC3 to the phagosome in a manner dependent
on NOX2 generation of ROS. Collectively, these studies show that autophagy proteins
facilitate bacterial degradation by mediating the formation and maturation of
phagolysosomes.

As in cases of bacterial infections, autophagy inhibition can be either detrimental or
protective in cases of viral infection. During herpes simplex virus infection, the viral protein
ICP4.5 targets Beclin 1 to inhibit autophagosome initiation, leading to neurovirulence (81).
The human immunodeficiency virus-1 (HIV-1) activates the mTOR pathway to inhibit
autophagy. Inactivation of autophagy helps HIV-1 evade both innate and adaptive immune
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responses, including degradation in lysosomes, which results in increased transfer of
infection to CD4* T cells (82). These studies show that viruses have developed several
strategies to prevent recognition or degradation by host autophagy.

In other cases, viruses can use components of the autophagy pathway to facilitate their
survival and replication. In the case of HIV, autophagy assists in the processing of HIV
envelope precursor protein Gag and extracellular viral release. The HIV protein Nef acts as
an antiautophagic maturation factor and protects HIV from degradation by inhibiting later
stages of autophagy through interaction with Beclin 1 (83). Picornaviruses such as
poliovirus and coxsackievirus replicate in the gastrointestinal epithelium. Infection with
picornaviruses results in an increased number of double-membraned cytoplasmic vesicles,
whose surfaces are used as sites for viral RNA replication (39, 84). Poliovirus replicase
proteins colocalize with LC3, and stimulation or inhibition of autophagy results in increased
or decreased poliovirus yield, respectively (39). Replicase protein 2B induces conversion of
LC3-11 and recruits it to the replication membrane. Replicase proteins 3A and 2BC convert
these membranes into double-membraned vesicles that contain LC3 and LAMP1 (39, 85,
86). Similarly, infection with rotavirus, which causes infantile viral gastroenteritis, also
recruits LC3 to viral replication membranes (87).

The precise mechanisms by which autophagy proteins promote viral replication need to be
better defined. Taken together, the studies suggest that autophagy functions to provide
membrane sites for viral replication. Additionally, autophagy proteins, independently of
their canonical role, can assist in viral replication. For example, coronaviruses use the
unlipidated form of LC3 (LC3-I) to assist in the biogenesis of ER-derived, double-
membraned viral replication sites (88). Taken together, these studies show that viruses
utilize autophagy proteins both in a canonical and in a noncanonical fashion.

In contrast to these findings, the Atg16L1 complex and LC3, independently of induction of
autophagy, inhibit the formation of a membranous murine norovirus (MNV) replication
complex in response to IFN-y in macrophages. MNV is a ubiquitous norovirus that is
prevalent in mouse facilities around the world. MNV in humans is responsible for the
majority of epidemic nonbacterial gastroenteritis cases (89). The MNV replication complex
is distinct from that of autophagosomes in that it is not a concentric double-membraned
structure and does not contain cytoplasmic contents or organelles. These studies emphasize
that autophagy proteins, in addition to their canonical degradative role, have independent
roles in multiple aspects of innate immune defense during infection.

REGULATION OF AUTOPHAGY BY IMMUNE SIGNALING

TLRs were historically the first class of PRRs to be connected with autophagy. In the
intestine, TLRs are expressed on epithelial cell surfaces and endosomes. TLR signaling in
the intestine is essential for homeostasis, as activation of TLRs leads to cellular
proliferation, IgA induction, and secretion of antimicrobial peptides (90, 91). TLRs are
activated by recognition of microbial-associated molecular patterns (MAMPS), thus
allowing commensal microbiota to activate autophagy in intestinal cells that express these
receptors.

TLRs can regulate autophagy induction (92, 93) and can recruit autophagy proteins to
phagosomal membranes (38). A MAMP library screen for autophagy induction in RAW
macrophages found recognition of single-stranded RNA by TLR7 to be a potent activator of
autophagy (93). TLR7 recognizes viral replication intermediates and is localized on
endosomes. Lee et al. (62) showed that autophagy is required for type | IFN-mediated
control of vesicular stomatitis virus (VSV) in plasmacytoid DCs. Induction of autophagy by
TLRs requires the MyD88 adaptor protein. TRIF and MyD88 indirectly interact with Beclin
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1 to induce autophagy by sequestering Beclin 1 from Bcl-2 (also known as B cell CLL/
lymphoma 2) (94). Another study showed that Beclin 1 may also be released from Bcl-2
during TLR signaling following phosphorylation of Bcl-2 by JNK-1 (95). High-mobility
group box 1 (HMGB1), an extracellular damage-associated molecular pattern (DAMP)
molecule, also regulates autophagy through binding of Beclin 1 and displacement of Bcl-2
(96). In Drosophila, recognition of VSV by Tol7 is required for activation of autophagy
(97). Interestingly, activation of autophagy by TLR7 accelerates the elimination of
Mycobacteria (BCG) from macrophages, suggesting that activation of autophagy through
signaling of TLR7, a viral recognition receptor, can enhance bacterial elimination (93).

LPS induction of TLR4 also activates autophagy in a manner dependent on class 111 PI3K
and p38 MAPK activation. As does TLR7, TLR4-mediated induction of autophagy increases
the elimination of Mycobacteria from macrophages (92). Additionally, macrophage
stimulation with TLR2 and TLR4 ligands results in the recruitment of Beclin 1 and LC3-I1
to the phagosome. The recruitment of LC3 to the phagosome depends on Atg5 and Atg7 and
results in fusion of the phagosome with the lysosome. Interestingly, double-membrane
vesicles are not associated with phagosomes, suggesting that TLR signaling results in the
direct recruitment of LC3 to the phagosomal membrane. The recruitment of LC3 to
phagosomes following activation of either TLRs or FCyRs depends on ROS generation by
NOX2 (80). A recent report showed that the autophagy protein Rubicon, independently of
its autophagic activity, may be involved in the recruitment of NADPH oxidase and in ROS
production upon TLR stimulation in macrophages (98). These studies suggest that TLR
signaling and TLR downstream effectors can enhance the elimination of microorganisms
through the recruitment of autophagy proteins.

NLRs have also been implicated in the induction of autophagy. NLR signaling in autophagy
induction was first implicated in Drosophila. Recognition of a peptidoglycan molecule by
the intracellular PRR PGRP-LE resulted in the induction of autophagy, which was necessary
to prevent intracellular growth of Listeria monocytogenes (99). Both Nod1 and Nod?2 also
induce autophagy in mammalian cells. In mice exposed to Nod1 and Nod2 ligands following
thioglycolate priming, Nod-dependent induction of autophagy was seen in isolated
macrophages. Rapamycin or LPS induction of autophagy was unaffected in Nod1- or Nod2-
deficient mice, suggesting that this induction of autophagy was independent of TLR
signaling and the canonical autophagy pathway. Both Nod1 and Nod?2
coimmunoprecipitated with Atg16L1 and colocalized at the plasma membrane when
overexpressed. This pattern was independent of RIPK-2, a mediator of Nod signaling. Both
endogenous and overexpressed Atg16L1 and Nod2 localize at sites of bacterial entry
following infection with Shigella (46). In a related study, NOD2 stimulation by muramyl
dipeptide (MDP) also induced autophagy in DCs. In contrast to what was reported by
Travassos et al. (46), another group found that induction of autophagy by NOD2 stimulation
in DCs depends on RIPK-2 signaling (47). Recent work in an intestinal epithelial cell line
has shown that RIPK-2 positively regulates Nod2-induced autophagy through activation of
p38 MAPK and repression of a negative regulator of Nod2-induced autophagy (100). DCs
also showed defective autophagy in response to MDP in the presence of a CD-associated
variant of either NOD2 or ATG16L 1. Expression of either variant or loss of function of
Atg5, Atg7, or Atgl6L1 resulted in loss of MHC class Il localization within the autophagic
compartment and failure of MHC class |1 to relocate to the cell surface (47). Collectively,
these studies suggest that PRRs are important mediators of autophagy in response to
bacterial stimuli. It will be interesting to see whether colocalization of PRRs and autophagy
proteins in distinct cellular locations can serve as a platform for MAMP-mediated signaling.
In contrast to Nod2, NLRP4 has inhibitory effects on autophagy through inhibition of both
the initiation and maturation steps of the autophagy pathway (101). NLRP3, NLRP4, and
other NLRs interact with Beclin 1. In addition, NLRP4 interacts with the class C vacuolar
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protein-sorting complex and inhibits the maturation of endosomes and autophagosomes
(101). TLRs and NLRs have a common motif consisting of a leucine-rich repeat (LRR),
which is shared in many proteins with uncharacterized function (i.e., a screen of the human
proteins showed that 375 proteins contain an LRR domain) (102). Many of these molecules
are of unknown function with regard to innate immunity and autophagy but warrant further
investigation.

A multitude of additional immune signaling molecules may also regulate autophagy. For
example, IFN-vy induces autophagy and antimycobacterial activity in macrophages. This
induction of autophagy depends on the expression of immunity-related p47 GTPases (50,
68). NF-xB activation represses TNF-a-induced autophagy (103). The canonical 1xB family
of kinases (IKKs) activates autophagy in response to starvation, independently of NF-xB
(104, 105). One of the mechanisms through which IKKs induce autophagy is by activation
of INK-1, which (as discussed above) releases Beclin 1 from Bcl-2 (104). Cathelicidin, a
vitamin D3-derived antimicrobial peptide, is an important inducer of antimicrobial
autophagy and has a key role in cellular defense against M. tuberculosis and HIV-1 (106,
107). Furthermore, vitamin D is required for IFN-y-mediated antimicrobial activity against
M. tuberculosis (108).

AUTOPHAGY AND ADAPTIVE IMMUNITY

Autophagy is required for the function and development of many distinct regulatory cell
subsets in the intestine and has thus been implicated in the pathogenesis of IBD. Autophagy
is involved in several adaptive immune functions, including antigen presentation by DCs,
and in the development, differentiation, and homeostasis of T and B cells. The potential role
of autophagy in IBD-associated adaptive immune responses is discussed below.

Antigen-presenting cells (APCs) link innate and adaptive immune responses. Autophagy
plays a critical role in MHC class I1-dependent antigen presentation by DCs. In the
intestine, DCs can capture enteric bacteria that have breached the mucosal barrier. DCs are
also capable of sampling luminal bacteria by extending dendrites into the lumen or by
interacting with epithelial M cells. There are several different subsets of DCs in the
intestine. CD103* DCs maintain tolerance toward commensal bacteria, whereas other
subsets mediate effector immune responses against pathogens (109). A unique macrophage-
like DC subset in the intestine is able to produce large amounts of 1L-23 (a Ty17 cytokine
implicated in CD pathogenesis) in response to bacterial products. These F4/80* DCs are
involved in intestinal granuloma formation in a mouse model of intestinal inflammation
(110). Bacteria-derived ATP induces differential Ty17 subsets through APC activation,
which exacerbates a T cell-mediated model of colitis (111). As mentioned above, autophagy
is required for the recognition of viral replication products in plasmacytoid DCs (62).
Autophagy also enhances the efficacy of vaccination by increased antigen presentation in
DCs (112). Additionally, autophagy is necessary in DCs for MHC class Il presentation in
vivo to protect against lethal herpes simplex virus infection (113). However, the role of
autophagy in DC subsets implicated in intestinal inflammation remains to be explored.

In addition to MHC class Il presentation, autophagy is also required for MHC class |
presentation of intracellular antigens to CD8* T cells (114). Investigators recently showed
that cross-priming of CD8* T cells failed to occur in a mouse model of chronic
granulomatous disease (p47phox™'~ mice) in response to fungal pathogens due to defective
autophagy. Induction of autophagy by poly(l:C) restored defective cross-presentation in
p47phox™!~ mice (115).

Autophagosomes can engulf cytosolic components to deliver cellular and microbial products
to MHC class Il compartments (116). Autophagosomes labeled with GFP-LC3 directly fuse
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with MHC class 1l compartments in both epithelial cells and APCs. Additionally, fusion of
antigens to LC3 results in delivery to MHC class 1l compartments via autophagy (117).
Studies in lymphoblastic cells infected with the Epstein-Barr virus provided the first
evidence that autophagy can deliver endogenous antigens for presentation on MHC class 11
to CD4* T cells. These studies reported that long-lived nuclear antigen EBNAL is presented
to CD4* T cells in an autophagy-dependent manner (118). A recent study showed that
autophagy negatively regulates T cell activation by destabilizing the immunological synapse
between T cells and DCs (119). Additional support for the critical role of autophagy in
MHC class Il-dependent antigen presentation to CD4* T cells was provided by a study that
showed that impaired autophagy in the thymic epithelium results in altered selection of
certain MHC class ll-restricted T cells and autoimmunity (120). In addition to the
involvement of autophagy in mediating antigen presentation, autophagy also participates in
the proliferation and survival of T cells (121, 122). Double-membraned autophagosomes are
present in both human and murine T cells, and autophagy mediates the survival and
proliferation of memory T cells through the clearance of mitochondrial mass (123, 124).
Canonical autophagy (class 111 PI3K and Vps34) is required for the survival of naive T cells.
Vps34-deficient T cells show increased mitochondrial mass and the accumulation of ROS
(125). Additionally, impaired autophagy has been implicated in ER stress and in impaired
calcium homeostasis in T cells (122). Autophagy can also influence T cell function. For
example, autophagy can negatively regulate NF-xB activation in effector T cells by
selective degradation of Bcl10 (a mediator of NF-xB signaling) via p62 binding (126).
Dysregulated homeostasis of memory T cells has also been implicated in the pathogenesis of
colitis. As discussed above, Atg5 deficiency in the thymus results in an altered T cell
repertoire and thus leads to colitis, suggesting that autophagy is required for appropriate
selection of self-antigen-specific CD4* T cells (120).

There is emerging evidence for the involvement of the 1L-23/T17 pathway in the
pathogenesis of IBD (127). IL-23 receptor polymorphisms are associated with the
development of IBD (128). A CD161-expressing T17 subset is associated with
inflammatory infiltrate of CD lesions (129). In addition, CD models demonstrated a
pathogenic role for 1L-17 (130, 131). Moreover, increased IL-23-responsive innate lymphoid
cells were associated with IBD (132). However, the role of autophagy in these T cell subsets
is not known.

B cells also play an important role in intestinal homeostasis and control of inflammation. B
cells can produce cytokines under inflammatory conditions. Bregs are a B cell subset that
produce IL-10 under inflammatory conditions and that can improve ongoing colitis (133,
134). Case reports from IBD patients have shown an exacerbation of colitis after B cell
depletion therapy by using an anti-CD20 monoclonal antibody (rituximab) (135, 136).
Additionally, the B1 B cell subset suppresses the development of colitis (137). Autophagy
has been implicated in B lymphocyte development and in the maintenance of B1 B cells
(138). Additionally, Beclin 1 is essential for the development of both T and B lymphocytes
(139). Antigen presentation to CD4" T cells by B cells also involves autophagy (140, 141).

Autophagy plays a role in many other immune processes. In neutrophils, autophagy is
involved in the formation of neutrophil extracellular traps (NETS), which capture microbes
through antimicrobial extracellular chromatin structures (142). The inhibition of autophagy
blocks NET formation (143). Along with presentation of exogenous antigens, autophagy is
also involved in the regulation of self-responses. Autophagy is important in clearing
apoptotic cells (144-146). Uncleared apoptotic cells serve as a major source of self-antigens
and can exacerbate chronic colitis (147).
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INTESTINAL BARRIER FUNCTION

Epithelial cells line the inner surface of the intestine and create an important barrier to the
luminal contents. Intestinal stem cells are located at base invaginations termed crypts of
Lieberkuhn. These stem cells rapidly and perpetually produce multiple, distinct,
differentiated lineages: absorptive enterocytes, mucus-secreting goblet cells, hormone-
secreting enteroendocrine cells, and antimicrobial-secreting Paneth cells (which are present
in the small intestine and appear in the human colon during metaplasia) (148). Together,
these cells form a dynamic barrier where the majority of epithelial lineages migrate upward
out of crypts onto the mucosal surface. Paneth cells migrate to the crypt base, where they
intermingle with stem cells. There are few established links between autophagy proteins and
epithelial functions.

To date, the major link between autophagy and the intestinal epithelium is Paneth cells. This
lineage expresses several microbial PRRs, including Nod2 and TLRs (149, 150), which can
stimulate the release of Paneth cell granule contents (151-153). Paneth cells are highly
specialized in the production, packaging, and secretion of antimicrobial peptides such as
lysozyme, cryptdins, and Reglll-y. These proteins can confer protection against pathogens
and alter the composition of the commensal microbiota (154).

These secretory functions may have implications in IBD pathogenesis, as loss of multiple
IBD susceptibility genes has been linked to Paneth cell dysfunction. Atg16L1 hypomorphic
mice have defects in the packaging and secretion of antimicrobial proteins. Loss of Atg5 and
Atg7 results in similar defects, suggesting a common role for these autophagy proteins in
regulating Paneth cell function. CD patients homozygous for the T300A variant display
similar morphological defects in Paneth cells (154a, 154b). Additionally, Paneth cells in
mice deficient for the ER stress response gene XbpZ appear to undergo premature apoptosis
(155). Loss of Nod2 may also result in Paneth cell dysfunction, as Nod2-deficient mice
show diminished defensin production (151, 156). Moreover, Paneth cells may sense
nutritional state and impact stem cell function via mTORCL1 (157). However, the role of
autophagy in this function remains to be explored. Future studies geared toward
understanding the impact of Paneth cell dysfunction in relation to autophagy protein
deficiency will be crucial for understanding the pathogenesis of IBD. One idea is that Paneth
cells function to shape the mucosa-associated microbiome. In addition, the role of autophagy
proteins in stem cells and other lineages warrants further investigation.

CONCLUSION

A strength of the field is detailed analysis concerning the role of autophagy proteins in
specified cell immune types. This is particularly true for the interaction of innate immune
cells and microbes. Although much of this work is not performed in intestinal cells, this
work is relevant to the intestine (Figure 2). The link between autophagy protein mutations
and IBD suggests additional important avenues of investigation. These include study of the
role of autophagy proteins in primary intestinal cells from mice and humans as well as
evaluation of the role of specific mutations in these cells (158, 159). Such endeavors will be
challenging, and phenotypes will likely be subtle and more complex than those in lineage
knockouts that have been used successfully to elucidate potential functions of autophagy
proteins. For example, using a mouse model that is globally hypomorphic for Atg16L1
expression, we found that the Paneth defect discussed above required an environmental
trigger, in this case persistent infection of mice with MNV. This viral trigger was also
required to induce the CD-like pathology in DSS-treated Atg16L1 hypomorphic mice.
Importantly, there was no alteration in the levels of infection by any strain of MNV when
wild-type mice and Atg16L1 hypomorphic mice were compared. In addition, there was no
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defect in infection by Sa/monella in these mice (160). Thus, the mechanisms of xenophagy
may not be as relevant in this model. In further support of this idea, uropathogenic £. coli (a
microbe that has a reservoir in the intestine) readily infects wild-type but not Atg16L1
hypomorphic mice (161). Another major challenge is that mice with loss of function of
Atg16L1 and Nod2 do not develop spontaneous intestinal inflammation, indicating that we
do not understand the environmental factors required to trigger disease.

Glossary

Autophagy

I nflammatory bowel
disease (IBD)

Autophagosome

Beclin 1
LC3

Atg16L 1

Xenophagy

Nod2/NOD2
(nucleotide-binding
oligomerization
domain—containing
protein 2)

IL-1B

Paneth cell
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Figure 1.

Stages of the autophagy pathway. (&) Induction of autophagy is mediated by the unc51-like
kinase (ULK) complex, which is regulated by mammalian target of rapamycin (mTOR). (6)
Nucleation is mediated by class I11 phosphatidyl inositol 3-kinase (P13K). Nucleation
produces an isolation membrane (phagophore). (¢) The double membrane is extended by the
ubiquitin-like conjugation systems of LC3 and Atg12. LC3 is conjugated to
phosphatidylethanolamine (PE) and is incorporated into the autophagosome. (@) Mature

autophagosomes fuse with lysosomes to produce autolysosomes.
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Figure2.

Potential cellular targets of autophagy proteins in the intestine. Autophagy proteins are
required for a variety of cellular functions that may be relevant to the intestine. These
functions include lymphocyte development and survival, antigen presentation by dendritic
cells, xenophagy and cytokine secretion by monocyte-derived cells, and antimicrobial
peptide secretion by Paneth cells.
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