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Abstract

Increasing evidence has emerged that supports an important intersection between 3 fundamental
cell biologic pathways in the pathogenesis of inflammatory bowel disease. These include the
intersection between autophagy, as revealed by the original identification of ATG16L1 and IRGM
as major genetic risk factors for Crohn’s disease, and intracellular bacterial sensing, as shown by
the importance of NOD2 in autophagy induction upon bacterial entry into the cell. A pathway
closely linked to autophagy and innate immunity is the unfolded protein response, initiated by
endoplasmic reticulum stress due to the accumulation of misfolded proteins, which is genetically
related to ulcerative colitis and Crohn’s disease (XBP1 and ORMDL3). Hypomorphic ATG16L1,
NOD?2, and X box binding protein-1 possess the common attribute of profoundly affecting Paneth
cells, specialized epithelial cells at the bottom of intestinal crypts involved in antimicrobial
function. Together with their functional juxtaposition in the environmentally exposed intestinal
epithelial cell, their remarkable functional convergence on Paneth cells and their behavior in
response to environmental factors, including microbes, these 3 pathways are of increasing
importance to understanding the pathogenesis of inflammatory bowel disease. Moreover, in
conjunction with studies that model deficient nuclear factor-xB function, these studies suggest a
central role for altered intestinal epithelial cell function as one of the earliest events in the
development of inflammatory bowel disease.
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The inflammatory bowel diseases (IBD), Crohn’s disease (CD), and ulcerative colitis (UC)
have long been considered to arise from an inappropriate immune response directed toward
the commensal microbiota in a genetically susceptible host.2:2 Based on twin experiments,
the genetic contribution in CD has been estimated at 50%, and in UC at approximately 20%,
with the remainder ascribed to environmental factors; most notably smoking and
enteropathogens.134 These interrelated genetic and environmental factors, which are
associated with risk for developing IBD, likely share the common feature that they
beneficially or adversely affect the functional relationships between the commensal
microbiota, intestinal epithelium, and gut-associated lymphoid tissues. Although much
remains to be learned about the relevant environmental factors that affect these relationships,
significant progress has been made in understanding the immunobiology of IBD and, more
recently, its genetic underpinnings. The latter has largely been facilitated by genome-wide
association studies (GWAS),>6 with the identification of >90 genetic loci associated with
CD and UC,”10 put also linkage and candidate gene studies that have allowed, in certain
circumstances, for the identification of rare, functionally important variants, including those
associated with early-onset IBD.11-14 Despite this dramatic expansion in the number of
genetic loci linked to IBD, in CD, a single gene, NOD2 (followed by IL23R and ATG16L1),
is associated with by far the largest, albeit limited, fraction of genetic heritability, with the
remainder of genes imposing only limited degrees of risk.1®> However, the most recent meta-
analysis of CD GWAS data has shown that 71 of the common genetic loci discovered so far
may account for only 23% of CD’s heritability; although this could be an underestimate.1>
Despite this, it is increasingly clear that the identified genetic risk factors appear to be
operating within functionally interacting pathways and, as such, likely amplify their
individual importance relative to disease pathogenesis. One group of potentially interacting
pathways that are rapidly coming to light and have received a significant amount of attention
because of the implications that they have for understanding relevant environmental factors
is that associated with autophagy, the unfolded protein response (UPR), and intracellular
bacterial sensing. This review will summarize the evidence for this in light of recent
observations in each of these 3 areas.

Autophagy

The ability of GWAS to generate knowledge about the genetic underpinning of IBD in a
hypothesis-free unbiased way was exemplified by the discovery of genes associated with a
fundamental biological pathway that had not previously been considered in the context of
IBD, namely autophagy.16:17 Initially, a coding variant (T300A) in ATG16L1 was identified
in a genome-wide assessment of ~20,000 protein coding variants (nonsynonymous single
nucleotide polymorphisms)16 and was later independently identified in subsequent GWAS
studies.87 Further support for an involvement of autophagy in IBD came from association
of IRGM,5:18.19 another gene that had previously been linked to autophagy induction, and
LRRK2.8

Macroautophagy (autophagy) refers to a conserved biological process that has evolved as a
physiological response to the removal of damaged organelles and micro-organisms
(selective) or cellular starvation (nonselective).29-21 Other types of autophagy, such as
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chaperone and mitochondria-associated autophagy, are not yet linked to IBD but are worthy
of mention (for review see references 22 and 23). Autophagy designates the engulfment of
cellular macromolecular contents via a double-layered membrane (autophagosome) and its
subsequent fusion with lysosomes (lysophagosome) and, consequently, lysosomal
degradation.2 This catabolic pathway allows for recycling of proteins and macromolecular
components into their basic constituents and the availability of the latter for anabolic
processes. It is therefore not surprising that autophagy plays a fundamental role in
embryogenesis, immune function, and tissue remodeling and, consequently, a wide variety
of disease processes, including, neurodegeneration, cancer, infection, and inflammation
among others.?1

Several distinct steps that have largely been elucidated in yeast model systems are involved
in the autophagy process.2? These involve induction, cargo recognition, vesicle formation,
autophagosome-vacuole fusion, and, finally, breakdown of the autophagic contents and the
release of their degradation products into the cytosol (Figure 1).20 All cells exhibit a certain
low level of basal autophagy, which can be induced under various conditions (ie, induced
autophagy). The latter mechanism allows cells to efficiently adapt to various intracellular
and extracellular stressors. The serine/threonine protein kinase target of rapamycin plays a
central role as an inhibitor of autophagy, and several signaling pathways that regulate
autophagy induction mechanistically converge on mammalian target of rapamycin
(mTOR).20-24 Upon release of the inhibitory activity provided by mTOR, autophagy is
generated by autophagy (Atg) proteins that function in a cascade of modular interactions.
The most nascent complex includes Beclin 1, Atgl (ULK1 and ULK2 in mammals), Atg13,
and Atg17 (FIP2000 in mammals)20 that motivate the recruitment of Atg8 (LC3-I) to the
isolation membrane via a membrane anchoring, phosphatidylethanolamine modification of
Atg8 (LC3-I1). Identification of LC3-11 recruitment to the isolation membrane is a major
means to quantify autophagy (Figure 2). Other proteins involved in the formation of the
isolation membrane that initially surrounds the organelles or organisms destined for
degradation include Atg 2, 3, 9, and 16. Interestingly, the observation that sirolimus, an
mTOR inhibitor, was clinically beneficial in a case report of a CD patient with refractory
disease, lends support to the importance of this pathway in human IBD, with the implication
that the host’s ability to competently induce autophagy is beneficial.2> However, mTOR
inhibitors affect multiple other pathways apart from autophagy, and properly designed
clinical trials will be required to address their role in the treatment of CD.26

ATG16L1, the mammalian homologue of Atgl6, is likely important in linking the isolation
membrane to the formation of the autophagosome by virtue of its ability to bind Atg5, a
coiled-coil domain containing protein that is important for self-multimerization and shown
to be essential for starvation-induced autophagy in yeast (Figure 1).2728 In addition to Atg5,
formation of the double-membraned phagophore as characteristically observed by electron
microscopy (Figure 2) requires Atg7, 10, and 12. Ultimately, fusion of the autophagosome
with lysosomes to create the auto(phago)lysosome (autolysosome) results in the degradation
of the internalized contents, including associated cargo characteristically associated with the
autolysosome, such as sequestasome (P62), which can be utilized as a measure of this
degradative pathway.2% As autophagy requires lysosomal fusion, it is dependent upon
organelle acidification and thus is inhibited by agents such as bafilomycin, which blocks a
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membrane-associated vacuolar Na*-H* adenosine triphosphatase. As such, in experimental
systems, treatment with bafilomycin results in inhibition of lysosomal function and
consequently protection of P62 from degradation and accumulation of LC3-11 when
autophagy is active; a useful means in experimental settings to monitor cellular autophagy.2°

One mechanism by which autophagy is associated with risk for development of CD has
recently come to light and involves alterations in the ability of the host to regulate the
inflammasome. The inflammasome is generated in response to a variety of inflammatory
cytokines (eg, tumor necrosis factor [TNF]) and innate immune signals associated with
damage-associated molecular patterns (eg, uric acid) or microbial-associated molecular
patterns (eg, lipopolysaccharide) binding to Toll-like receptors (TLR).39 Integration of a
priming (eg, TLR or TNF signaling) and a subsequent triggering signal (eg, adenosine
triphosphate or uric acid) by the inflammasome activates caspase-1, resulting in cleavage of
immature interleukin-14 (IL-1/) and IL-18 into their mature forms and extracellular
secretion.30 Using fetal liver from Atg16l1~~ mice to generate chimeric mice with an
ATG16L 1-deficient hematopoietic system, Saitoh and colleagues showed that innate
immune cells from such mice (ie, macrophages) exhibit hyperactive and thus unregulated
inflammasome function in response to combined TNF and TLR stimulation.3! Such an
observation is consistent with the notion that autophagy is required for removal and
regulation of inflammasome function such that hypomorphic ATG16L1 activity leads to
exaggerated inflammatory responses secondary to the effects of IL-15and IL-18. It is
interesting to note that IL-1£is also critical for the derivation of naive T cells into T helper
17 (Th17) cells.3233 Th17 cells and their related pathways are well known to be an
important source of genetic risk in the development of IBD as revealed by polymorphisms in
IL23R (encoding the 1L-23 receptor g chain), IL12B (encoding IL-12p40 chain of IL-12 and
IL-23), JAK2 (encoding Janus-associated kinase 2), and STAT3 (encoding signal transducer
associated factor 3) genes.>8:18 Moreover, polymorphisms have also been identified in
NLRP3, encoding Nod-like receptor (NLR), pyrin containing protein 3 (NALP3)/cryopyrin,
which is critical for the activation of caspase-1 within the inflammasome,3* and IL18RAP
(encoding 1L-18 receptor accessory protein).8:35:36 |t remains to be determined whether the
pathways associated with autophagy, Th17 cells, and IL-1 (and IL-18) are functionally
related but worthy of note.

A second functional pathway by which ATG16L1 polymorphisms may confer risk for
development of CD is through its effects on Paneth cell function. Paneth cells are
specialized epithelial cells located at the base of small intestinal crypts that secrete
antimicrobial peptides and inflammatory mediators, and have recently been shown to play
an important role in the maintenance of the intestinal stem cell niche.3” Using gene-trap
technology to target Atg1611, mice have recently been generated with hypomorphic (HM)
Atg16l1 alleles.38:39 Atg16117M mice were shown to develop normally without any evidence
of intestinal inflammation.38 However, they exhibited substantial structural abnormalities in
Paneth cells, which normally store and secrete abundant amounts of antimicrobial peptides
within large intracellular granules.38 Specifically, Paneth cells in Atg16l17M mice contained
a distorted granule compartment with defects in their exocytosis pathway, resulting in
decreased granule numbers and diffuse cytoplasmic staining for proteins typically found in
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granules such as lysozyme.38 A similar distortion was also noted in Atg52'EC mice, wherein
the Atg5 allele was specifically deleted in the intestinal epithelium, also implicating a Paneth
cell (or at least intestinal epithelial cell)-intrinsic function of Atg1611HM.38 |nterestingly,
these structural defects did not translate into a mishandling of a model mucosal pathogen,
Listeria monocytogenes, which is consistent with an absence of defects in a-defensin
expression in Atg16l11HM-associated Paneth cells.38 In contrast to Atg1611HM mice, L
monocytogenes infection of Nod2~/~ mice results in substantially increased systemic
translocation of bacteria, in association with decreased a-defensin (cryptdin) expression in
Paneth cells before infection (videinfra).4? In addition to these structural alterations,
Atg16117M Paneth cells also exhibit an aberrant transcriptional profile, with alterations that
specifically cluster around peroxisome proliferator of activation receptor signaling, the
production of acute-phase reactants and inflammatory mediators (eg, serum amyloid A and
TNF), the statin pathway, and adipocytokine signaling, among others.38 The profile of
transcriptional changes observed was only detected in Paneth cells and was distinct from
that found in thymocytes.38

Remarkably, this Paneth cell phenotype has recently been shown to be entirely dependent on
persistent infection with a specific strain of murine norovirus (MNV CR6).3? Specifically,
rederivation of Atg1611"M mice into an MNV-free enhanced specific pathogen-free barrier
facility abrogated the structural alterations in Paneth cells that could only be recovered by
infection with MNV CR6; however, MNV CR6 infection did not induce intestinal
inflammation.39 Infection with a nonpersistent MNV strain, MNV CW3, did not affect
Paneth cell morphology.3° The aforementioned alterations in the transcriptional profile
observed in Atg1611HM Paneth cells was also dependent upon MNV CR& infection,
indicating that there might be a fundamental difference how Atg16l1HM Paneth cells respond
to viral infection.3% Notably, MNV infection localizes to the lamina propria?! and neither
MNV proteins nor RNA could be detected in Paneth cells.3? This suggests that mediators
induced by specific types of viral infection act on Paneth cells, which in turn respond
differently in the presence or absence of full ATG16L1 function. Although MNV CR6
infection itself did not induce spontaneous intestinal inflammation, MNV CR6-infected
Atg1611HM mice exhibited increased severity in the dextran sodium sulfate-induced colitis
model, which could be abrogated by depletion of the commensal flora via broad-spectrum
antibiotics.3% Although there is no indication to date that norovirus infection might be a
causative factor in human CD, it is interesting that Paneth cells studied in patients
homozygous for the risk-conferring ATG16L173%A variant were shown to exhibit similar
structural alterations as compared with those in Atg1611"M mice.38 This suggests that
interrogation of the intestinal virome may provide important insights into the pathogenesis
of IBD. Moreover, these studies together show how a phenotypic trait (Paneth cell
dysfunction) associated with a genotypic risk factor (ATG16L1) may require the presence of
a specific environmental factor (viral infection) to make the host susceptible to inappropriate
immune responses to the commensal microbiota. It should also be noted that the absence of
spontaneous intestinal inflammation in Atg16l1HM mice, even in the presence of MNV CR6
infection, highlights the importance of other environmental and/or genetic factors in the
development of intestinal inflammation, even in the context of abnormal ATG16L1
function. In this context, it is noteworthy that Nod2~/~ mice infected with Helicobacter
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hepaticus, a pathobiont, develop granulomatous ileitis,*2 although uninfected Nod2™/~ mice
exhibit perfectly normal intestinal architecture. These studies further support the concept
that a particular genotype is converted into a clinically relevant phenotype only when a
specific set of environmental factors are present.

Autophagy Is Regulated by Intracellular Bacterial Sensing Mediated by

NOD2

It has recently been recognized that NOD2 exerts an important role in the induction of
autophagy associated with the intracellular presence of bacteria.*344 Because NOD2
polymorphisms account for the vast majority of currently explained genetic heritability of
CD, and ATG16L1 is among the genes most strongly associated with CD, autophagy and the
intracellular sensing of bacteria may be part of a major shared mechanism in the
development of CD.4°

NOD?2 is a cytosolic pattern recognition receptor that is activated upon binding to muramyl
dipeptide (MDP), which derives from peptidoglycan present in gram-positive and gram-
negative bacteria.*6 MDP-induced NOD2 signaling involves RIP2, TRAF6, and NEMO and
hence modulates nuclear factor-xB, but also mitogen-activated protein kinase activation
(Figure 3).46 In addition, N-glycolyl-derived MDP from mycobacteria and viral single-
stranded RNA can also bind to and activate NOD?2. In the case of viral single-stranded RNA,
the downstream signaling is distinct from MDP-induced NOD?2 activation and involves
IRF3 and TRIF.1:47:48 NOD2 and its variants encoded by CD risk-conferring NOD2 variants
affect TLR and NF-xB signaling in a complex manner,*® and no comprehensive model
would yet allow a full explanation of the mechanistic pathway from which NOD2 variants
link to intestinal inflammation in human CD.1 However, several potential but not necessarily
mutually exclusive pathways have been shown to exist. These include a role for NOD2 as a
negative regulator of TLR signaling and, consequently, regulation of innate immune
tolerance to bacterial products,59-52 a direct role of NOD2 in promoting IL-10 expression,>3
a T-cell intrinsic role for NOD2 in regulating the production of cytokines by CD4* T cells in
an NF-xB dependent pathway>* and a role for NOD2 in Paneth cell function through direct
regulation of antimicrobial peptide (a-defensin) expression.#9%: The latter is interesting
because it further directs attention to the convergence of multiple pathways on the normal
and IBD-associated, pathobiologic functions of intracellular microbial sensing via NOD2,
autophagy via ATG16L1 and, as will be discussed here, the unfolded protein response via X
box binding protein-1 (XBP1).11 At a higher level, recent evidence suggests that these 3
pathways not only share the common feature that they affect Paneth cells, but that they are
likely cross-regulating of each other.

The evidence first comes from the discovery that NOD2 functions as a key regulator of
autophagy induction. Specifically, NOD2 (and NOD1) activation via their cognate ligands,
MDP and C12-iEDAP (a derivative of the natural ligand mesodiaminopimelic acid),
respectively, induce the formation of autophagic vesicles in epithelial as well as dendritic
cells (DCs).#344 Using several model pathogens, it could be shown that absent or decreased
NOD?2 function resulted in impaired autophagic uptake and consequent impaired
intracellular bacterial killing.4344 Remarkably, NOD proteins localized to the bacterial entry
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sites and mediated the selective recruitment of ATG16L1 to these intracellular locales as
deduced from experiments with Shigella flexneri.#* This function was shown to be
independent of RIP2 and downstream NF-#B signaling, and involved direct physical contact
between NOD2 and ATG16L1.44 Importantly, CD-associated NOD2 variants exhibited
impaired autophagy induction and were deficient in their capacity to recruit ATG16L1 to the
bacterial entry sites at the plasma membrane, while the biochemical interaction between the
two molecules appeared intact.#4 Similarly, the CD-associated T300A variant of ATG16L1
exhibited impaired autophagy induction upon MDP stimulation,* indicating that CD-
associated variants of both molecules impair a common functional pathway; intracellular
bacterial sensing leading to induction of autophagy and removal of the organism. In DCs,
NOD2-induced autophagy was dependent on RIP2 as deduced from knock-down
experiments.#3 These studies in DCs also revealed important insights into how this
impairment in autophagy might connect to alterations in the adaptive immune system. In
elegant experiments involving a live attenuated Salmonella typhimurium serovar engineered
to express the carboxy-terminal fragment of tetanus toxoid, Cooney et al showed that
silencing of NOD2 in infected DCs resulted in decreased activation of autologous CD4* T
cells from tetanus-immune individuals consistent with the role of autophagy in antigen
processing and presentation.*3 Thus, the inability to properly sense an intracellular microbe
is not only associated with diminished autophagic removal, but also likely autophagy-
associated processing of the micro-organism for presentation to and activation of an
appropriate adaptive immune response. Another recent study corroborated the role of NOD2
in autophagy induction and consequent intracellular bacterial killing, and also suggested that
autophagy plays an important role in the uptake and delivery of MDP to its receptor NOD2,
and thereby affects NOD2-dependent NF-xB activation.?8 In addition, this latter study
suggested that the ATG16L1T300A variant may profoundly impair NOD2-dependent
antibacterial function in intestinal epithelial cells, but not monocytic cells derived from
healthy, genotyped donors.>® These studies highlight cell-and potentially tissue-specific
effects of ATG16L1 genotypes in disease pathogenesis.

Endoplasmic Reticulum Stress

Intracellular bacterial sensing and autophagy are now recognized to be interacting pathways
in DCs, intestinal epithelial, and Paneth cells.#3:44.56 paneth cells are an appealing cell type
to consider in the pathogenesis of IBD in view of their critical role in sensing and regulating
the composition of the commensal microbiota, the major driver of the aberrant immune
response in IBD,57-59 and the stem cell niche with its implications for barrier repair and
cancer.%0 To serve both of these functions, the Paneth cell must carry out important
secretory functions. This latter property of Paneth cells draws attention to another pathway
that has a close mechanistic relationship with autophagy, ie, UPR, as a consequence of
endoplasmic reticulum (ER) stress, which is also genetically linked to the pathogenesis of
both forms of IBD (CD and UC).11 Although the UPR and autophagy are mechanistically
linked with important implications for the pathogenesis of CD as will be discussed, it is
interesting to note that only genes involved in the UPR, but not autophagy, have yet been
shown to be associated with UC. This is a notable fact that (among other possibilities) could
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point toward a general difference in the environmental (microbial?) factors that drive CD
compared to UC.

ER stress is characteristically induced by the accumulation of misfolded proteins in the ER
arising from either primary (genetic) or secondary (environmental) factors that affect the
folding of proteins within the ER. Consequently, cells that are reliant on protein secretion
for either their basal or induced functions are highly dependent upon a normal UPR. Such
cells that have been shown to be especially dependent upon a UPR, and the IRE1/XBP1
branch of the UPR in particular (videinfra), for their function and in many cases survival
include a variety of immune cells (plasma cells, plasmacytoid dendritic cells, macrophages,
and CD8* cytolytic T cells)®1~ 67 and parenchymal cells (hepatocytes, salivary gland
epithelial cells, pancreatic acinar cells, and pancreatic endocrine cells).®8 =70 Consistent with
this, intestinal epithelial cells and especially Paneth cells and goblet cells are highly
dependent upon an intact UPR for their normal function,1 with important consequences for
IBD and other intestinal conditions.

The UPR as a consequence of ER stress in metazoans involves 3 pathways. Each of these
sense events within the ER and link these to the generation of cytosolic transcription factors
that direct a distinct transcriptional program that affects the ability of the cell to adapt to ER
stress. Such an adaptive response involves the general features of affecting protein
translation, the quantity of ER membranes through regulation of lipid metabolism, the
protein-folding capabilities through regulation of chaperones, protein quality control
associated with the ER-associated degradative pathways, and possibly apoptosis (reviewed
in reference 71). The UPR is regulated by glucose-regulated protein 78 (grp78), an ER-
associated chaperone (Figure 4). When associated with grp78, the 3 membrane proteins that
regulate the UPR (ie, pancreatic ER kinase [PERK], IRE1, and ATF6) are maintained in an
inactive state. Binding of unfolded proteins to grp78 releases each of these factors, resulting
in characteristic UPR-related behaviors. PERK phosphorylates elF2q, resulting in cessation
of translation except for ATF4, a transcription factor that transactivates CHOP (C/EBP-
homologous protein 10) involved in the induction of programmed cell death. ATF6, after
migration to the Golgi, undergoes proteolytic cleavage of its cytosolic tail, which is
transcriptionally active, by site 1 and site 2 proteases.’”? Finally, IRE1 exhibits kinase
activity leading to activation of c-Jun N-terminal kinase (JNK) and NF-xB pathways and
endoribonuclease activity that is directed at the messenger RNA of XBP1, its only known
substrate. Only XBP1 protein translated from spliced XBP1 messenger RNA (XBP15s) is
transcriptionally active because it contains a transactivating domain in addition to the DNA
binding domain, with only the latter also encoded by the protein translated from unspliced
XBP1.71

Several primary genetic factors that impose risk for development of IBD affect the UPR.
The first to be described is IRE1-regulated XBP1.11 A genetic locus in the vicinity of XBP1
on chromosome 22 was initially implicated as a risk factor for IBD (both UC and CD) based
upon several linkage studies.”~"4 Based upon this a candidate gene study was performed in
3 cohorts of Northern European descent that, in total, included 4300 IBD and 5300 controls,
resulting in the identification of a significant signal in association in both CD and UC
confirming the linkage studies.}! More importantly, deep sequencing of the XBP1 gene in
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1200 patients and controls identified several functionally hypomorphic rare variants of
XBPL1 in the IBD, but not control subjects, which were unable to elicit a normal
transcriptional response in the setting of ER stress, suggesting that XBP1 conferred risk
through the effect of rare variants,1! as recently also shown for the sialic acid acetylesterase
gene by Pillai and colleagues.12 Consistent with this hypomorphic function, genetic deletion
of Xbpl, specifically in the intestinal epithelium, resulted in spontaneous small intestinal
inflammation and increased susceptibility to the colitis associated with dextran sodium
sulfate administration in association with a functional and phenotypic impairment in Paneth
cells.!1 Not only did heterozygotic loss of Xbp1 lead to decreased Paneth cell antimicrobial
function in association with spontaneous ileitis, but total loss of XBP1 function as observed
in homozygotically deleted mice resulted in a nearly complete absence of Paneth cells and
reduction of goblet cells due to apoptosis and spontaneous small intestinal inflammation and
increased susceptibility to challenge with L monocytogenes.!! In the absence of XBP1, the
epithelium also became hypersensitive toward inflammatory cytokines (eg, TNF) and
microbial factors (eg, flagellin) due to increased JNK and NF-B signaling, consistent with
increased IRE1 kinase activity.1! Thus, hypomorphic XBP1 function in the epithelium has 2
consequences, impaired Paneth cell antimicrobial function and hyper-responsiveness to the
microbial and inflammatory milieu contained within the intestines potentially leading to
spontaneous inflammation.1! These studies with XBP1 also reveal the possibility that IBD
may primarily emanate from genetically determined abnormalities within the intestinal
epithelium. Other primary genetic abnormalities may also directly result in ER stress and
possibly intestinal inflammation. Although not yet linked to human IBD, genetic deletion of
IRE1/'5 or Site-1 protease (S1P)’® in mice leads to increased susceptibility to dextran
sodium sulfate—induced colitis. Multiple different factors associated with the UPR in
response to ER stress are associated with either spontaneous intestinal inflammation (XBP1)
or sensitivity to intestinal inflammation in response to secondary factors (IRE15and S1P).

A variety of secondary factors can affect the ability of a cell to properly fold and secrete
functional proteins.”” Experimentally, these include a variety of factors that affect the
environment of the ER that facilitate protein folding and the ER-associated quality control
machinery that ensures the proper sensing and removal of misfolded proteins. Consistent
with this, experimental factors that affect the glycosylation of proteins (glucose deprivation),
the folding of proteins (calcium deprivation and altered redox balance due to hypoxia), or
alterations of protein removal (decreased proteasome function) cause the accumulation of
misfolded proteins and ER stress.”” Thus, a variety of genetically determined alterations that
either directly affect protein structure or processes involved in protein folding can lend
themselves to development of ER stress. The first that deserves mention is ORMDL3,
encoding orsomucoid-1-like gene 3, which was linked to the pathogenesis of IBD as a
genetic risk factor through GWAS.8:° Polymorphisms in ORMDL3 have also been recently
linked to the pathogenesis of asthma,’8.79 primary biliary cirrhosis,8 and insulin-dependent
diabetes mellitus.81:82 ORMDLS3 is an approximately 15-kDa 2-membrane-spanning ER-
resident protein.83 ORMDL3 regulates the uptake of Ca** from the cytosol to the ER such
that deletion of ORMDL1/2 in yeast and silencing in HEK293 cells increases sensitivity to
ER stress.83:84 This predicts that hypomorphic ORMDL3 function would impede the
reuptake of Ca** into the ER resulting in protein misfolding. The mechanism by which
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ORMDL3 is linked to intestinal inflammation remains to be defined. In another example,
genetic deletion of anterior gradient gene 2 (Agr2), an ER-resident protein disulfide
isomerase that regulates protein folding, in mice results in development of spontaneous
enteritis and colitis. Agr2~/~ mice exhibit increased ER stress in intestinal epithelium
(Tgrp78, TXBP1s) with no detectable mucus in goblet cells and expansion of Paneth cells
before inflammation. Interestingly, a candidate gene study has identified AGR2 variants that
are associated with decreased AGR2 messenger RNA expression and confer risk for both
CD and UC.8° Finally, alterations in protein structure that result in instability leading to ER
stress and, consequently, intestinal inflammation have been described to include those
associated with Muc286 and HLA-B27.87:88 |n a forward-genetics approach, mice (Winnie
and Eeyore) that possess mutations in Muc2 have been described that develop accumulation
of abnormal Muc2 in goblet cells and spontaneous colitis in association with severe ER
stress.8 It is likely, given results with Xbp1™~ mice,! that the inflammation is due to both
the loss of mucin function and the effects of ER stress within the intestinal epithelium.
Similarly, HLA-B27/52-micro-globulin transgenic rats, the first genetic model of intestinal
inflammation to be described8” and dependent upon the presence of the commensal
microbiota,8? is now recognized to suffer from a “pathologic” ER stress response that is
affiliated with the hematopoietic system.88:%0 |t is likely that the ER machinery in the rodent
is unable to cope with the folding of this complicated human HLA-A molecule. Thus, a
number of genetically determined events are now recognized to lead directly to either an
unstable protein and/or a disability in ER-associated protein folding resulting in ER stress
and potentially intestinal inflammation.

In a similar manner, a variety of secondary environmental factors or processes can directly
cause the accumulation of unfolded proteins in the ER and thereby overwhelm the capacity
of the UPR to deal with the imposed stress or directly interfere with the components of the
UPR itself. The former include inflammation (eg, TNF and hypoxia) and dietary factors (eg,
excess iron) with highly secretory cells being the cell type(s) most likely affected (reviewed
in reference 77). Consistent with this, ischemia-reperfusion in humans leads to
nonphysiologic levels of ER stress, as shown by increased grp78 and XBP1s in association
with Paneth cell apoptosis and increased bacterial translocation.1 Microbes are also
extremely important environmental stress factors to be considered. These include microbes
such as picornavirus EV71,92 Sreptomyces species that secrete trierixins that directly
impede XBP1 function,? or Shiga toxigenic Escherichia coli ABs cytotoxins that degrade
grp78,%4 an ER-associated chaperone important for protein folding and the sensing of
misfolded proteins as discussed here. Moreover, the ER-localized stress response chaperone
gp96 is also upregulated in the inflamed intestinal epithelium of CD patients, interestingly
on the apical membrane.%> Gp96 was recently reported to have an important role in the
invasion of AIEC via recognition of OmpA at the outer membrane of AIEC.%5 AIECs have
been reported to be present in increased numbers in CD patients compared to healthy
controls and are observed to colonize the ileal mucosa of patients with CD.% 98 |n this
context, it is remarkable that DCs from donors with hypomorphic NOD2 variants exhibit
impaired autophagic uptake as well as impaired intracellular killing of AIEC, leading to an
increased intracellular bacterial burden3; potentially linking intracellular bacterial sensing
to autophagy and possibly ER stress. Interestingly, 1L-10 may protect the cell from
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excessive ER stress by enabling the UPR.% These secondary environmental factors and
potentially others may explain the common finding of ER stress as defined by increased
grp78 and/or XBP1s in the epithelium of human specimens in both CD and UC.1186.99 Thys,
the genetic susceptibility of a host to respond to a variety of secondary environmental
factors can determine either the initial development and/or propensity to perpetuate
intestinal inflammation.

Autophagy and ER Stress Are Cross-Regulated

Several mediators of the UPR can directly induce autophagosome formation and initiate the
process of autophagy. IREL, a kinase and endoribonuclease directly upstream of XBP1, via
its interaction with TRAF2, can induce activation of JNK signaling under conditions of ER
stress, 100 with JNK directly capable of inducing autophagosome formation via LC3
(Atg8).101.102 Massive IRE1 overactivation has been reported due to hypomorphic XBP1
function, along with increased JNK phosphorylation in small intestinal epithelium of Xbpl-
deficient mice.1! Another branch of the UPR that is initiated by PERK and leads to
activation of eukaryotic initiation factor 2a (elF2a) can also directly link ER stress to the
induction of autophagy.3%49 Further highlighting the close link that exists between the UPR
and autophagy is the observation that Ddit3 (CHOP) and Atf4, both target gene effectors of
PERK signaling, enhance the transcription of genes that are essential for autophagy.103

The functional impact of this mechanistic intertwining in the intestinal epithelium between
the UPR and autophagy has not yet been specifically studied. However, insights may be
gained from other model systems. Amyotrophic lateral sclerosis, a progressive and deadly
motoneuron disease, is caused by mutations in superoxide dismutase-1, encoded by SOD1,
which trigger its misfolding, abnormal aggregation, and motoneuron dysfunction.104
Transgenic overexpression of human amyotrophic lateral sclerosis-associated SOD1 variants
in mice recapitulates human disease in association with unabated ER stress in degenerating
motoneurons.19% Contrary to what would have been expected, conditional deletion of Xbp1
in neurons decreased toxicity of the SOD1 variants and ameliorated disease. This was shown
to be associated with profound induction of autophagy and a decrease in SOD1
accumulation in the spinal cord.196 The mechanism implicated was by a compensatory
autophagic response induced by an augmented UPR secondary to XBP1-deficiency resulting
in increased degradation of disease-associated SOD1 protein aggregates. In this context it is
remarkable that postmortem specimens of patients with amyotrophic lateral sclerosis exhibit
evidence of profound activation of the UPR and autophagy.19¢ Similarly, accumulation of
misfolded dysferlin has been linked to limb girdle muscular dystrophy in humans and a
similar disorder in mice that express the mutant protein.197 In the mouse model, activation
of elF2qa, downstream of PERK in the UPR, leads to induction of autophagy and protection
from the pathologic consequences of misfolded dysferlin.198 A final example demonstrating
the linkage between ER stress and autophagy is through studies of genetic Atg7 deficiency
in mice.199 Atg7 deficiency is associated with decreased autophagy and increased ER stress
in liver,109 resulting in impaired insulin signaling, a previously reported consequence of
pathological ER stress in obesity.119 Indeed, Atg7 restoration in obese mice is associated
with alleviation of ER stress and consequently normalization of insulin action.109 Together,
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these studies reveal the existence of a very close cross-regulation between ER stress and
autophagy.

Dependence of Innate Immune Responses and the UPR

Recent evidence has emerged showing a close functional linkage between the ability to
sustain an effective innate immune response and the UPR.62.111.112 Thjs was originally
predicted by the importance of XBP1 in the normal function of plasmacytoid DC.52
However, functional evidence has been provided that shows that the ability of the DC and
macrophages to both function and survive, respectively, subsequent to innate immune
signaling requires a proficient and regulated UPR. Specifically, TLR4 signaling links to
IRE1 and PERK pathways of the UPR via TRIF.56 In the former case, TRIF-mediated,
TLR4 signaling in DC leads to IRE1-directed, XBP1 splicing, which is required for the
secretion of cytokines during an in vivo infection with Francisella tularensis, the etiologic
agent of tularemia.®® In the latter case, TRIF-mediated, TLR4 signaling in macrophages
leads to inhibition of elF2a-directed transcription of ATF4 and consequently CHOP, a
factor involved in programmed cell death induction.66 As such, TLR4 signaling not only
induces a proper anti-infective response, but also regulates autophagy and the UPR. Whether
NLRs such as NOD?2 are capable of the same control remains to be elucidated.

Epithelial Function and Concluding Remarks

As detailed here, several lines of evidence highlight the critical importance of altered
epithelial function in the context of genetically impaired autophagy, NLR and UPR function.
Moreover, there is increasing evidence that these 3 pathways are functionally inter-related
and altogether represent a biologically defined, integrated super-pathway acting within
intestinal epithelia. This is most emphasized in the common functional impairment that
converges upon Paneth cells (but also myeloid cells31113) due to deficient ATG16L1,
NOD?2, and XBP1 activity in micel:3840 and humans carrying CD-associated NOD25° and
ATG16L1 variants.3® How these inter-relationships affect UC relative to CD in view of the
limited genotypic evidence for autophagy and NLRs in the former remains to be understood.
The critical importance of the intestinal epithelium in mucosal homeostasis is also evident
from studies with mice genetically deficient in IKK2 (encoded by Ikbkb) and NEMO (Ikbkg)
specifically in the intestinal epithelium.114.115 NEMO-deficient mice develop spontaneous
colitis,11® and intestinal epithelial-IKK2 deficiency results in colitis driven by the adaptive
immune system due to inappropriate handling of an infestation with Trichuris muris.114
NOD?2 expression in the absorptive intestinal epithelium is relatively low, but clearly
present, 116117 which suggests that epithelial NOD2 through its interaction with the
aforementioned NF-xB pathway and its role in autophagy induction may play an important
role in the pathogenesis of CD even beyond its role in Paneth cells. Given the juxtaposition
of intestinal epithelial cells to environmental exposures and the reactivity of autophagy,
innate immune sensing, and the UPR to environmental factors, it is hoped that the study of
these intersecting pathways will reveal important insights into gene-environment
interactions as they relate to IBD (Figure 5).
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Pre-autophagosomal structures

Figure 1.
Molecules involved in autophagy induction.
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Autophagic flux (LC3-1l after bafilomycin to inhibit lysosomal activity)

Figure2.
Experimental measures to determine induction of autophagy.
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Figure 3.
Signaling pathways induced by NOD2 activation.
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Figure4.
Proximal effectors of the unfolded protein response.
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Figurebs.
Relationship between the unfolded protein response, in response to endoplasmic reticulum

stress, autophagy, and intracellular bacterial and viral sensing.
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