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Abstract

Genome-wide association studies of inflammatory bowel disease have identified several risk loci
in genes that regulate autophagy, and studies have provided insight into the functional effects of
these polymorphisms. We review the mechanisms by which autophagy contributes to intestinal
homeostasis, focusing on its cell type-specific roles in regulating gut ecology, restricting
pathogenic bacteria, and controlling inflammation. Based on this information, we are beginning to
understand how alterations in autophagy can contribute to intestinal inflammation.
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Introduction

Autophagy is an essential cellular process for the maintenance of cellular and tissue
homeostasis. Under basal conditions, damaged cellular components destined for removal are
targeted by a variety of protein adaptors, which engage autophagy machinery to engulf and
deliver cargo to the lysosome for degradation. Autophagy is induced under conditions of
nutrient starvation, liberating energy stores and promoting cellular survival. Defects in
autophagy have been associated with multiple human diseases including inflammatory
bowel diseases (IBD), nonalcoholic steatohepatitis, pancreatitis, and several types of
gastrointestinal cancers, reflecting the fundamental role of autophagy in supporting normal

physiology.!
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In the context of IBD, genome-wide association studies have identified variants in
autophagy genes ATG16L1 and IRGM, as risk alleles for Crohn's disease (CD),2# with
subsequent studies suggesting that these risk variants function to reduce selective autophagy
but not basal autophagy.? 3 5 Both genes have been shown to play roles as restriction factors
for pathogens through autophagy. These studies have employed the common approach of
studying pathogenic bacteria to gain insight to the role of autophagy in microbial defense,
although dysbiosis of commensal microbes more likely contributes to IBD pathogenesis. In
fact, host genetics, including variants in ATG16L1 and NOD2, can influence the composition
of the gut microbiome in some but not all studies.®: 78 Nonetheless, studies of pathogens in
the context of gut immunity have provided an important framework for understanding the
interactions between autophagy and microbes. It is important to recognize that interpretation
of results related to pathogen-induced autophagy must take into consideration the cell type,
host species, pathogen, and time point being studied, as these factors can have profound
impacts on phenotypic readouts (Figure 1).

Autophagy consists of four steps: initiation, nucleation, elongation, and fusion. These
complex steps require the coordinated action of core autophagy-related (ATG) proteins.
During initiation, the cell recognizes the need for removal of particular cellular constituents.
This process is mediated by a series of phosphorylation and dephosphorylation events by a
complex containing ULK1, Atg13, and FIP200.° Nucleation involves recruitment of
autophagy proteins to the pre-autophagosomal structure, an event that is coordinated by
beclin 1 in a complex with class I11 phosphatidylinositol-3-OH kinase (PI1(3)K), Vps34, and
several other proteins, followed by formation of an isolation membrane.1? During
elongation, two ubiquitin-like conjugation systems facilitate elongation of the isolation
membrane to encompass the items targeted for degradation. The first pathway culminates in
the conjugation of Atg5 to Atgl12, while the second pathway acts to lipidate LC3-I via
conjugation to phosphatidylethanolamine, thereby generating LC3-11; Atg7 is required for
both pathways.10 The Atg5-Atg12 complex binds to Atg16l1, facilitating recruitment of
autophagy machinery to sites of autophagosome formation.2: 10 Fusion refers to the docking
and fusion of a fully formed autophagosome to a lysosome, resulting in delivery of lytic
enzymes to the newly formed autolysosome. This fusion occurs through the action of a
group of proteins including the HOPS complex, syntaxin 17, SNAP-29, and R SNARE
protein VAMPS8 or VAMP7, all of which are required for this process.11-13

Multiple adaptor proteins mediate cargo selection and targeting to autophagosomes. Several
cargo adaptors simultaneously associate with intracellular bacteria or their surrounding
membranes along with lipidated LC3, thereby mediating recruitment of autophagosomes.
Antibacterial autophagy can be triggered directly by recognition of bacterial pathogens, but
also by recognition of hallmarks of pathogen invasion including membrane damage,
membrane remnants, amino acid starvation, cytosolic protein aggregate formation, and the
presence of bacterial DNA. This recognition process can be ubiquitin-dependent or -
independent. In ubiquitin-dependent pathways, NDP52, SQSTM1/p62, and OPTN act as
adaptors to target ubiquitinated bacteria for autophagic destruction, with E3 ligases
mediating ubiquitination of cargo in cell type-specific contexts. Ubiquitin-independent
recognition of damaged membranes by galectin 8 can also target bacteria for destruction
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through autophagy.1 Several adaptor proteins have been recently identified that mediate
cargo selection for autophagy induced by a number of cellular stresses including DNA
damage, hypoxia, redox stress, endoplasmic reticulum (ER) stress, and mitochondrial
damage.1® Future studies will determine how core autophagy proteins interact with effectors
of selective autophagy in a time-dependent and stimulus-dependent manner. The timeline of
autophagy induction likely defines the mechanism by which autophagy is regulated:
although post-transcriptional mechanisms control acute activation of autophagy, sustained
autophagy is regulated by a network of transcription factors including transcription factor
EB (TFEB), farnesoid X receptor (FXR), peroxisome proliferator-activated receptor-a
(PPARG), and cAMP response element-binding protein (CREB).16-18 TFEB has been shown
to play a pivotal role in pathogen defense through induction of autophagy at the
transcriptional level highlighting the importance of autophagy in innate defense pathways.16

Cell type-specific roles of autophagy

The gut can be viewed as an organ system with the physiological challenge of absorbing
nutrients while maintaining a delicate balance between defense and tolerance against high
microbial loads. This balance is disturbed in IBD, a chronic inflammation of the intestine.
Evidence suggests that pathogenesis involves altered intestinal homeostasis that results in
inappropriate host immune responses to commensal flora at the mucosal barrier. This barrier
has several layers of defense, including specialized functions of multiple epithelial cell
types, tight junctions that maintain paracellular permeability, and rapid cellular turnover
mediated by the intestinal stem cell niche.19 Phagocytic cells reside below the epithelial
layer to perform surveillance and elimination of any microbiota that pass through breaches
in the epithelium. In IBD, altered barrier permeability leads to downstream events that
culminate in an imbalance between defense and tolerance in interactions with the intestinal
microbiota (Figure 2).

Intestinal Epithelial Cells

Paneth cells are a well-established example of the intersection between mucosal defense,
autophagy, and IBD. These cells reside at the base of the crypts of Lieberkuhn in the small
intestine, where they secrete antimicrobial peptides (AMPs) to control the intestinal
microbiota.2® Demonstrating the importance of these factors in maintaining intestinal
homeostasis, decreased expression of human defensins alpha 5 and 6 (DEFAS5 and DEFAG,
also known as HD-5 and HD-6) have been associated with ileal CD.2! Some AMPs,
including HD-6 and Reg3y (and its human orthologue REG3a), also provide physical
protective barriers to the epithelium.22 23 Reg3y is a soluble C-type lectin that specifically
targets gram-positive bacteria to maintain an approximately 50-um zone between the
intestinal microbiota and the intestinal epithelial cell surface, and loss of this spatial
segregation leads to increased bacterial colonization of the intestinal epithelial surface.24

Evidence for a role of autophagy in Paneth cell function originated from studies of
ATG16L1 and the CD-associated allele ATG16L1 T300A. This protein plays a key role in
Paneth cell function, and studies of hypomorphic mice and CD-associated alleles of
ATG16L1 exhibit significant abnormalities in Paneth cells, including fewer and profoundly
disorganized granules and diffuse lysozyme staining, and transcriptional profiling of these
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cells revealed an increase in inflammatory mediators.25 More recent studies of knock-in
mice and patients expressing ATG16L1 T300A have demonstrated similar defects in Paneth
cell number, granule structure, secretion, and organoid assembly.3 ® These Paneth cell
phenotypes are not unique to studies of ATG16L1, as deletion of Atg5, Atg7 or Atg4B leads
to similar Paneth cell abnormalities.26 27 Taken together, these data demonstrate a critical
role for autophagy in the generation, packaging, and secretion of Paneth cell granules into
the crypt lumen. Given the critical importance of AMPs in the maintenance of proper
microbial ecology in the intestine,28 a link may be drawn between perturbations in
autophagy and the microbial dysbiosis associated with 1BD.

Another cell type that illustrates connections between autophagy and IBD, goblet cells are
primarily responsible for generation and maintenance of the mucus layer as the first line of
defense for the epithelial barrier. These cells secrete mucins, Fc-gamma binding protein
(Fcgbp), and trefoil factors. MUC2 is the principal structural unit of the mucus layer, Fcgbp
functions as a crosslinker to stabilize the MUC?2 structure, and trefoil factors are involved in
mucosal defense. Knockout mouse studies of Atg5, Atg7, and Lc3b have demonstrated a
common role for these genes in regulating goblet cell mucin secretion, likely through
regulation of reactive oxygen species production.2? In mice expressing ATG16L1 T300A,
goblet cells exhibit blunted versions of the phenotypes associated with complete knockout of
core autophagy genes. Notably, goblet cells in ATG16L1 T300A mice are enlarged with
accumulated mucin granules in the epithelial cuff, although goblet cells in the intestinal
crypts do not show these defects.3

Absorptive enterocytes, which make up the majority of intestinal epithelial cells, are
responsible for forming a barrier that prevents translocation of bacteria while absorbing
nutrients from ingested food. In these cells, autophagy operates as part of the cell-intrinsic
innate immunity program to restrict bacterial replication and dissemination. Defects in the
restriction of bacterial replication have been linked to IBD, as proteins involved in
autophagic bacterial clearance have decreased expression in epithelial cells from patients
with active 1BD.30 Studies to date have used Salmonella as a model of infectious bacteria
that are susceptible to autophagy. Mice with epithelial cell-specific deletion of Atg1611
(Atg161121EC) or Atg5 (Atg52IEC) showed significant defects in their ability to target
Salmonella for autophagy, resulting in greater sensitivity to Salmonella infection and
increased bacterial dissemination to other tissues in these mice, highlighting the importance
of bacterial restriction in the epithelium.31: 32 Infection of germ-free mice with Enterococcus
faecalis, an opportunistically invasive pathobiont, also resulted in bacterial targeting to
autophagy, suggesting a role for autophagy in restriction of invasive intestinal microbiota
under certain conditions. Studies of another gram-negative pathogen, adherent-invasive
Escherichia coli (AIEC), an opportunistic pathogen in IBD, have demonstrated the
importance of autophagy for proper handling of AIEC in intestinal epithelial cells.33
Notably, AIEC survival in multiple cell types has been linked to increased intestinal
inflammation: ATG5, SQSTM1/p62, and HIF-1a, a hypoxic transcription factor and inducer
of autophagy, are all required for autophagy of AIEC in vitro. Further studies will be
required to determine whether commensal microbes induce autophagy and to assess the
impact of autophagy on restriction of intestinal microbiota in IBD patients. IgA-SEQ (a
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flow-cytometry-based bacterial cell sorting combined with 16S rRNA sequencing to
characterize taxa-specific IgA) has resulted in identification of inflammatory commensal
bacteria that preferentially exacerbate intestinal disease.3# Further studies utilizing IgA-SEQ
combined with microbial reconstitution of T300A knock-in mice will facilitate evaluation of
the impact of disease-associated polymorphisms on restriction of inflammatory
microbiota.34 Epithelial barrier permeability and prevention of bacterial translocation is
maintained by tight junctions. One recent report showed that starvation-induced autophagy
reduced permeability of the intestinal epithelium, suggesting a role for autophagy in
maintenance of barrier function under stress conditions.3®

The absorptive function of enterocytes is mediated by microvilli, microscopic membrane
protrusions that increase surface area of the apical side of these cells. A key role for
autophagy in microvillus function is suggested by microvillus inclusion disease, a disease
involving the shortening of microvilli that is thought to be caused by increased autophagy of
the apical membrane of enterocytes. Although the role of autophagy in the development and
maintenance of microvilli remains unclear, parallels may be drawn with recent studies
uncovering a role for autophagy in ciliogenesis.36-38

Antigen-Presenting Cells

The gut hosts the largest pool of resident macrophages, which play important roles in
immune surveillance and bacterial clearance. Intestinal macrophages constitutively clear
microorganisms and cellular debris, and promote epithelial renewal and regulatory T cell
expansion by secreting PGE, and IL-10, respectively.39: 40 Several studies have highlighted
the role of autophagy in intestinal macrophages for clearance of fungi, bacteria, and
parasites. For example, autophagic degradation of A20, an NF-«xB inhibitor, is required for
macrophage expression of neutrophil-recruiting cytokines needed for the clearance of
Candida albicans.** Moreover, studies of both Pseudomonas aeruginosa and the parasite
Toxoplasma gondii have highlighted respective roles for Atg7 and Atg5 in pathogen
clearance by macrophages.#? 43 These studies illustrate important roles of autophagy in the
proper surveillance and destruction of microbial pathogens.

Unlike in other tissues, macrophages in the intestine show little inflammatory response to
bacterial ingestion or Toll-like receptor engagement, thereby limiting excessive
inflammation despite chronic exposure to microbial stimuli.#* Aberrant macrophage
responses to commensal bacteria are implicated in the pathogenesis of IBD, suggesting that
this hypo-responsiveness is critical to maintaining intestinal homeostasis. During colitis,
macrophage populations can become skewed toward pro-inflammatory subsets. Monocytes
expressing the CD-associated risk variant ATG16L1 T300A exhibit increased IL-15
production, suggesting that autophagy plays a role in preventing skewing towards pro-
inflammatory macrophages in the intestine.3

As with macrophages, the ability of dendritic cells to initiate appropriate responses to
microbes has important implications for maintenance of intestinal health. This function is
achieved by antigen uptake and transport to mesenteric lymph nodes for presentation. In this
context, autophagy is important for efficient MHC-1 and MHC-I1 presentation by dendritic
cells as well as antigen-specific CD4* T cell priming.*>48 In a study of peptide
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citrullination, a post-translational modification implicated in several autoimmune diseases,*°
chemical or genetic inhibition of autophagy blocked citrullination of peptides presented by
dendritic cells on MHC-11, suggesting that presentation of citrullinated peptides is a result of
an autophagy response.®® In a mouse model of graft versus host disease, deletion of Atg1611
resulted in global dendritic cell activation, leading to increased T cell stimulation.®! On the
other hand, dendritic cells lacking Atg5 were unable to induce the differentiation of
cytokine-producing CD4* T cells during T. gondii infection.>2 Furthermore, dendritic cells
from CD patients carrying risk variants in NOD2 and ATG16L1 showed defects in
autophagy induction and MHC-II antigen presentation.>3 Future studies are needed to
determine how autophagy in dendritic cells expressing IBD risk variants alters the T cell
repertoire and what implications this has for chronic inflammation and disease.

Lymphocytes

Effector T cells have a profound impact on the maintenance of a healthy intestinal
environment. Alterations in T cell repertoire have been demonstrated in IBD, including
increased Thl and Th17 cells in CD. Autophagy plays an important role in several T cell-
specific functions, including development, polarization, and memory.51. 54-58

Autophagy functions at each stage of T cell development, including hematopoetic stem
cells, common lymphoid precursors, thymocytes, and effector and memory T cells.>®
Conditional knockout of Atg5 and Atg7 in T cells resulted in lower numbers of thymic and
peripheral T cells due to defects in mitophagy.>’ Deletion of Atg5 or Atg7 during T cell
development resulted in fewer peripheral T cells and less proliferative activity after T cell
receptor engagement.8 Lastly, deletion of Atg5 or Atg7 also compromised the formation of
memory CD8* T cells after viral challenge.>>: 98 Interestingly, defects in autophagy
observed in T cells from aged mice could be reversed through addition of the compound
spermidine, suggesting a potential avenue for immunomodulation to enhance T cell
responses in the elderly.>® These reports suggest a model in which autophagy can influence
the inflammatory state of the intestinal environment by inducing differential proor anti-
inflammatory T cell effector populations as well as by modulating the functionality and
memory of effector T cells. Further studies will be required to determine the specific T cell
populations associated with IBD risk variants in autophagy genes.

The predominant B cell population in the intestinal epithelium is composed of 1gA-secreting
plasma cells. IgA levels have been linked to IBD, as IBD patients show a decrease in
secreted IgA in intestinal tissues. IgA is a critical component of the first-line defense in the
intestine by blocking pathogen adherence, coating bacteria to facilitate clearance, directly
inhibiting pathogen virulence, and controlling the intestinal microbiota.>® Thus, a decrease
in the presence of IgA can lead to aberrant immune responses by other cell types. Studies of
B cell-specific knockout of Atg5 have shown that Atg5 is required for maintenance of
plasma cell homeostasis and viability,%0 and for generating antibody responses during
antigen-specific stimulation, parasite infection, and mucosal inflammation.61

Many of the studies described above that examine the role of autophagy in specialized
intestinal cells have utilized deletion of core autophagy genes rather than disease-associated
polymorphisms as models. Nonetheless, cell-specific knockout studies have uncovered
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unanticipated patterns in autophagy gene function, including phenotypic similarities in
function of core autophagy genes Atg5 and Atg7 in epithelial cells but differential effects in
immune cells.>?

Autophagy in the maintenance of intestinal homeostasis

Autophagy is induced by internal and external environmental cues to orchestrate cell-
intrinsic functions and survival strategies under conditions of cellular stress (Figure 3). Core
autophagy proteins interact positively and negatively in pathways regulating cellular output
related to metabolic sensors, quality control, and danger signals. Together these functions of
autophagy promote nutrient utilization in the intestinal epithelium while controlling cellular
responses to block overactive inflammation.

Metabolic sensors allow cells to monitor the presence of environmental macro-and
micronutrients and adjust cellular metabolic pathways accordingly. Autophagy has been
implicated in both nutrient sensing and turnover. In one recent paper, Efeyan et al. suggested
a role for Rag GTPases as “multi-input nutrient sensors” that signal levels of glucose and
amino acids upstream of mTORCL, the central cellular regulator of signaling in response to
nutrient levels. In this model, decreased levels of glucose and amino acids lead to inhibition
of mMTORCL, resulting in the induction of autophagy to generate amino acids that are then
utilized to maintain adequate glucose concentrations.52 Two recent studies have suggested
that other micronutrients, such as iron, can be recycled by autophagy.63: 64 In these studies,
NCOA4 was identified as an autophagy adaptor that colocalized with autolysosomes and
bound ferritin, targeting ferritin to the autophagy pathway during starvation or iron depletion
in a process called ferritinophagy.53: 64 The role of autophagy in iron homeostasis also has
implications for pathogen defense, as bacteria scavenge iron from infected host cells and a
“molecular arms race” has been posited in the evolution of host and bacterial iron-binding
proteins.5% Autophagy has also been demonstrated to mediate recycling of lipids in the form
of lipid droplets, as will be discussed below.

Nutrient processing and availability are influenced by the intestinal microbiota, which
process dietary proteins to produce metabolites including short-chain fatty acids and
succinate that influence intestinal health.56 IBD is characterized by a microbial dysbiosis
with decreased populations of obligate anaerobes and increased populations of facultative
anaerobes. The cause of this dysbiosis may be linked to changes in the oxygen levels in the
intestine, a hypothesis supported by recent findings showing that intestinal oxygenation
directly influences intestinal microbial ecology.8” The link between autophagy and
modulation of the intestinal microbiota therefore suggests a connection between autophagy
and nutrient processing by intestinal microbes.

In addition to the role of autophagy in response to bacterial infection, autophagy contributes
to the modulation of cellular output to cope with a number of other cellular stressors
including buildup of protein aggregates, organelle damage, hypoxic stress, and ER stress. In
the context of IBD, patients show increased hypoxic stress and inflammatory cytokines in
mucosal tissues.®® One study found that hypoxic stress in macrophages from damaged
mucosa of IBD patients exhibited increased expression of HIF-1a and Wntl. Expression of
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Whntl in macrophages initiated a Wnt signaling cascade in epithelial cells, resulting in
activation of mTOR and inhibition of autophagy.®® These results demonstrate how an
environmental stress characteristic of IBD can result in intercellular signaling cascades that
inhibit autophagy in epithelial cells, resulting in loss of function of the epithelial barrier. ER
stress is high at baseline in a number of secretory cell types in the intestinal epithelium,
including Paneth cells and goblet cells,’® and has been implicated as a cause of intestinal
inflammation in mouse studies of Xbp1, 7! In a recent study examining the regulation of the
ER stress response, loss of the unfolded protein response and loss of autophagy were shown
to reciprocally engage one another. Interestingly, loss of both pathways (Atg7/Xbp12IEC or
Atg1611/Xbp12IEC) resulted in intestinal inflammation in mice, highlighting the potential
role for autophagy as a mechanism to cope with ER stress in the intestinal environment.”2
Other studies have also suggested a mechanism by which autophagy limits inflammation-
associated cellular injury by preventing the induction of apoptosis through intracellular
HMGB1.7

Thus it is clear that autophagy plays a central role in the ability of cells to respond to and
cope with their environment, highlighting how a breakdown in this process can lead to the
pathophysiology associated with IBD.

Function of IBD risk variants in disease

Among complex genetic diseases, IBD has been a success story for genome-wide
association studies. One of the first identified IBD risk alleles was ATG16L1 T300A.7* As
discussed above, studies of the CD-associated ATG16L1 risk allele have yielded insight into
the importance of Paneth cells in disease. Two recent reports have shed light on the
mechanism by which ATG16L1 T300A results in defects in antibacterial autophagy by
identifying a caspase cleavage site immediately preceding the T300A polymorphism.3:
ATG16L1 T300A is more susceptible to caspase cleavage than ATG16L1 T300T, resulting
in an approximately 50% decrease in ATG16L1 protein level and consequent defects in
bacterial targeting to autophagy and increased expression of 1L-1B,3 5 although efforts to
target IL-1f to treat IBD have not been successful. More recent studies have uncovered a
link between endogenous microbiota and the ATG16L1 T300A risk allele: patients
homozygous for the risk allele had increased numbers of Fusobacteriaceae, while those
homozygous for the non-risk allele had fewer Bacteroidaceae and Enterobacteriaceae, but
increased Lachnospiraceae.® Investigations into the intersection of ATG16L1 and the
microbiome in IBD have also demonstrated a link to vitamin D. Conditional deletion of the
vitamin D receptor resulted in increased E. coli and Bacteroides and decreased n-butyrate-
producing microbes in the intestines of VDRAIEC mice as well as increased susceptibility to
colitis.”® VDRAIEC mice exhibited an increase in abnormal Paneth cells and decreased
expression of ATG16L1 and lysozyme.” Addition of the bacterial product butyrate in the
context of this mouse model ameliorated the development of colitis, suggesting that the
alterations in microbiota were directly linked to the development of colitis.

IRGM, another gene with important roles in autophagy, was also identified in a genome-
wide association study for CD,’8 although no such association has been identified for
ulcerative colitis. A linkage disequilibrium analysis of SNP data revealed a large deletion
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upstream of the IRGM risk allele;’” this deletion leads to decreased IRGM expression and
decreased antibacterial autophagy. Additional insight on this genetic variant was generated
by a report that revealed that a synonymous mutation within IRGM changes a binding site
for the microRNA miR-196.2 IRGM has also been implicated in governing the core
autophagy machinery to promote bacterial defense.”® The CD-associated risk genes PRDM
and NDP52 have also been associated with decreased plasma cells and overactive NFxB
signaling, respectively.”® Additional studies of Irgm in mice have revealed defects in Paneth
cell function;8% however, due to the differences in gene structure between human IRGM and
murine Irgm, the functional implications of these studies for human physiology remain
unclear.

The first gene to be associated with 1BD,81 NOD2 encodes a cytoplasmic pattern recognition
receptor that recognizes bacterial peptidoglycan in the cell cytoplasm. Although not an
autophagy gene, NOD2 directs autophagic proteins through recruitment of ATG16L1 to the
plasma membrane at bacterial entry sites.82 Several CD-associated risk polymorphisms have
been identified in NOD2, including a truncated version of the protein that cannot recruit
ATG16L1 to the plasma membrane.* 81 The functional significance of these risk alleles has
been examined through evaluation of Paneth cell phenotypes in a cohort of patient tissue
samples, which revealed a correlation between the presence of NOD2 risk alleles and
proportion of abnormal Paneth cells, while the ATG16L1 T300A polymorphism showed an
additive effect on the number of abnormal Paneth cells.83 The Paneth cell defects associated
with ATG16L1 T300A and NOD2 polymorphisms are phenotypically distinct. Importantly,
increased Paneth cell abnormalities were also associated with shorter times to disease
relapse after surgery. Studies demonstrating associations between specific patient genotypes
and disease phenotypes are particularly promising in their potential use for generating a
comprehensive analysis of IBD to determine disease treatment.

Conclusions

Autophagy has evolved as a system for cellular defense, microbial tolerance, and metabolic
control that directly influences cellular and organ-level homeostasis. Studies of autophagy
have highlighted conserved functions across similar cell types within different organ
systems; for example, secretory cells of the pancreas and intestine share a conserved
function of autophagy in granule secretion. In addition to its cell type-specific functions,
autophagy is also implicated in cell-cell communication, as in the example of changes in
antigen presentation by dendritic cells skewing the effector T cell repertoire and altering
cytokine secretion. Cell-type specific functions of autophagy interact with one another to
build an organ level “circuit” with inputs and outputs related to environmental sensing and
metabolic responses.

Several studies have suggested that restoration of autophagy through chemical or genetic
intervention could provide therapeutic benefit for some diseases by bringing the cellular
environment back to a basal/homeostatic state. For example, a novel autophagy-inducing
peptide, Tat-beclin1,84 can induce autophagy in vitro and inhibits both bacterial and viral
replication.
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To properly develop autophagy modulators as therapeutics, a comprehensive evaluation of
their effect on multiple pathways must be assembled. One recent screen evaluated small
molecules for induction of basal autophagy as well as I1L-1p secretion and effects on T cell
populations including Th1, Th17, and Treg subtypes,8® providing a framework for
comprehensive evaluation of the effect of these small molecules on multiple pathways
implicated in human disease. Such studies allow for selection of highly specific pathways
for therapeutic intervention.
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Abbreviations used in this paper

PI3)K class 111 phosphoinositol 3 OH kinase
AIEC adherent invasive Escherichia coli
ALCATL (LCATL) lysocardiolipin acyltransferase 1
AMP antimicrobial peptide

AMPK protein kinase, AMP activated, alpha 1 catalytic subunit
Atg5 autophagy related 5

Atgl2 autophagy related 12

Atgl3 autophagy related 13

ATG16L1 autophagy related 16 like 1

Atg2 autophagy related 2

Atg4 autophagy related 4

Atg7 autophagy related 7

Atg9 autophagy related 9

CD Crohn's disease

CREB CAMP response element-binding protein
CRIP cysteine-rich intestinal polypeptide
DC dendritic cell

DNA deoxyribonucleic acid

ER endoplasmic reticulum

Fcgbp Fc gamma binding protein

FIP200 (RB1CC1, RB1) inducible coiled coil 1

FXR farnesoid X receptor
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Galectin 8 (LGALSS)

GCN2
HD5

HD6

HIF1

HMGB1

IBD

IL1B

IRGM

LC3 (MAP1LC3)
LPS

LY75

MAGI-1

MHC 11
MiR196
MMP7
MRNA
MTOR
MTORC1
MUC?2
NAFLD
NCOA4

NDP52 (CALCOCO2)

NFxB

NOD2
OFD1
OPTN
P62
PCM1
PPARa
PRDM

Page 11

galactoside binding lectin, soluble, 8
general control nonderepressible 2 kinase
human defensin 5

human defensin 6

hypoxia inducible factor 1

high mobility group box 1

inflammatory bowel disease

interleukin 1 beta

immunity related GTPase family M
microtubule associated protein 1 light chain 3
lipopolysaccharide

lymphocyte antigen 75

membrane associated guanylate kinase, WW and PDZ domain
containing

major histocompatibility complex two
micro RNA 196

matrix metalloproteinase 7

messenger ribonucleic acid

mechanistic target of rapamycin
mammalian target of rapamycin complex 1
mucin 2

non-alcoholic fatty liver disease

nuclear receptor coactivator 4

calcium coiled coil domain 2

nuclear factor of kappa light polypeptide gene enhancer in B
cells

nucleotide binding oligomerization domain containing 2
oral facial digital syndrome 1

optineurin

SQSTM1, sequestosome 1

pericentriolar material 1

peroxisome proliferator-activated receptor-alpha

PR domain containing
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Regllly regenerating islet derived protein 3 gamma
ROS reactive oxygen species
SiIRNA small interfering ribonucleic acid
Smurfl SMAD specific E3 ubiquitin protein ligase 1
SNAP29 synaptosomal associated protein, 29kDa
SNP single nucleotide polymorphism
SPLA2 secretory phospholipase A2
TFEB Transcription factor EB
uc ulcerative colitis
ULK1 unc 51 like autophagy activating kinase 1
VAMP vesicle associated membrane protein
VMP1 vacuole membrane protein 1
Vps34 phosphatidylinositol 3 kinase, catalytic subunit type 3
WIPI2b WD repeat domain, phosphoinositide interacting 2
Whnt wingless type MMTYV integration site family
Xbp1l X box binding protein 1
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Figure 1. Challenges to understanding pathogen-induced autophagy
(A) When studying autophagy triggered by pathogen infection, a number of variables must

be considered, with cell type, host species, and pathogen biology of primary importance
(top). Differences in cell type will determine which E3 ligases function in ubiquitination of
autophagy substrates (e.g., LRSAML in epithelial cells, SMURF1 in macrophages). Species
context is important to consider, as several autophagy proteins are not conserved between
mice and humans (e.g., IRGM, NDP52). Lastly, pathogen biology is relevant as different
pathogens (e.g., virus, bacteria, parasites) have different intracellular lifestyles that impact
different cellular pathways. In assessing the impact of pathogen-related autophagy factors
(bottom), one must take into account both population-level dynamics well as cellular
metabolic responses. As only a small percentage of pathogens are targeted for autophagy, a
strong phenotype may translate to a subtle effect at the population level. Hallmarks of
infection will induce cellular metabolic recalibration, so the amount of time an infection is
allowed to proceed must also be considered. In the context of these complex dynamics,
phenotypic readouts of both host and pathogen effects may be subtle. (B) To understand how
perturbations to a single factor may lead to disease, one may consider “multiple hits”
models. In the first model, a single factor has a function that impacts multiple cellular
pathways (e.g,. autophagy and ER stress). In the second model, a single factor plays a role in
multiple cell types (e.g., Paneth cells and macrophages).
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Figure 2. Defective intestinal homeostasis associated with perturbations in the autophagy system
Perturbations to the autophagy system result in breakdown of multiple aspects of innate and

adaptive immunity that support the maintenance of intestinal homeostasis. This schematic

illustrates the state of the intestinal epithelium in the context of perturbations to the

autophagy system. Changes include a defective mucus layer, decreased AMP production,
increased paracellular permeability resulting in increased bacterial translocation, expansion
of the microbiota, defective antigen presentation and adaptive immune cell priming, and

decreased IgA production. Crosstalk between autophagy and immune cells supports

intestinal homeostasis, and breakdowns in this communication are associated with defective

intestinal barrier function. References included in the right panel list primary literature
further detailing specific changes in crosstalk associated with changes in autophagy.
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Figure 3. Framework for building a gut-autophagy interactome
To understand the multiple pathways involved in maintenance of gut homeostasis, one must

consider a number of pathways that converge to determine healthy or disease states in this
organ system. Multiple cellular, nutrient, and pathogenic stressors induce autophagy. At the
same time, transcriptional regulation affects expression of multiple factors involved in these
pathways. Stressors and transcription converge on the selective autophagy pathway. This
pathway is modulated by the actions of well-studied core autophagy genes. Additional
factors, many of which have yet to be identified, include trigger-specific regulators and
effectors of autophagy, selective autophagy factors, and components that function in
multiple pathways that can be co-opted by invading pathogens. Together the actions of these
proteins have profound effects on the cellular turnover, microbial ecology, stem cell niche,
and inflammatory state in physiology and disease states that determine the homeostatic
properties of the gut.
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