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Abstract

The intestinal epithelial cell (IEC) is increasingly recognized to play a prominent role as an
important intermediary between the commensal microbiota and the intestinal immune system.
Moreover, it is now recognized that intestinal inflammation in inflammatory bowel disease (IBD)
may arise primarily from IEC dysfunction due to unresolved endoplasmic reticulum (ER) stress as
a consequence of genetic disruption of X box binding protein-1 function. In addition to primary
(genetic) abnormalities of the unfolded protein response, a variety of secondary (inflammation and
environmental) factors are also likely to be important regulators of ER stress. ER stress pathways
are also well known to regulate (and be regulated by) autophagy pathways. Therefore, the host’s
ability to manage ER stress is likely to be a major pathway in the pathogenesis of intestinal
inflammation that arises primarily from the IEC. Herein we discuss ER stress in the IEC as both
an originator and perpetuator of intestinal inflammation in IBD.

INTRODUCTION

The epithelium, by virtue of its unique geography and topology, lays at the interface
between the largest collection of commensal microbes and hematopoietic cells that are
assembled in the human body.! This relationship between the microbiota, epithelium, and
hematopoietic system is of central importance to understanding mucosal homeostasis, on the
one hand, and inflammation, on the other. Over the past several decades, it has become
increasingly recognized that the epithelium can be an active participant in the immune
system.! Although it has been well known for some time that the epithelium can both
respond to and secrete a wide variety of immune mediators, over the past several years it has
become increasingly recognized that the epithelium can integrate apical signals from the
lumenal microbiota and basal signals from the hematopoietic system. Important studies
from the groups of Cerutti and colleagues,® Rescigno and colleagues,* and Artis and
colleagues® have, for example, shown how epithelial cells can respond to luminal microbial
signals and condition dendritic cells and consequently lymphocytes to elicit immune
functions in particular. For example, in response to a luminal roundworm, Trichuris muris,
the epithelium has been shown in model systems to secrete thymic stromal lymphopoietin to
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block Thelper (Th1) pathways.>6 What has been less clear is whether epithelial cells can
primarily direct and therefore initiate inflammatory processes such as those associated with
human inflammatory bowel disease (IBD). An interesting example of this possibility is
through an examination of the unfolded protein response (UPR) due to endoplasmic
reticulum (ER) stress.

ER STRESS AND THE UPR

The UPR is a cellular stress mechanism that allows cells to cope with conditions of ER
stress.” ER stress arises from conditions that cause the accumulation of misfolded or
unfolded proteins within the ER. These conditions include homeostatic pathways involved
in the secretion of proteins by highly secretory cells such as plasma cells,®-11 hepatocytes,12
pancreatic acinar cells,13 plasmacytoid dendritic cells,* and, as recently described, Paneth
cells and, to a lesser extent, goblet cells.1> As such, these cell types can be envisioned to be
especially susceptible to environmental and/or primary genetic factors that promote ER
stress. The range of environmental factors that could conceivably lead to ER stress of the
epithelium are potentially numerous and include those associated with bacteria, metabolic
factors, drug effects, hypoxia, and inflammation itself, among others.18 All of these factors
have the common feature of promoting the secretory activity of highly secretory epithelial
cells and/or disrupting the environment of the ER thus inducing stress on the protein quality
control machinery. As such, ER stress has been increasingly recognized to be both a
secondary consequence of neoplasial’ and inflammation of the gastrointestinal tract18-20 as
well as a potential primary factor in the initiation of intestinal inflammation.1®

The UPR initiates the mechanisms that are required to resolve ER stress. These include
several adaptive mechanisms, which induce a temporary halt in protein translation as well as
induction of pathways that lead to the expansion of the secretory pathway of cells. On
sustained and unabated ER stress, programmed cell death is a final common pathway.”:8
Three proximal effectors of the UPR exist in mammalian cells that sense the accumulation
of misfolded proteins. These include eukaryotic inositol-requiring transmembrane kinase-
endoribonuclease-1 (IRE1) that has two isoforms (IRE1la and IRE1p), pancreatic ER kinase
(PERK) and activated transcription factor 6 (ATF6).”:8 Under homeostatic conditions in the
absence of significant protein folding abnormalities, IRE1, PERK, and ATF6 exist in an
inactive state through association with a chaperone, immunoglobulin heavy chain-binding
protein (BiP), which is also known as glucose-regulated protein 78 (grp78). Grp78 senses
the presence of misfolded proteins and releases IRE1, PERK, and ATF6 from inhibition
resulting in transcriptional programs, which allow a cell to cope with such stress (Figure 1).
The cellular survival or death pathways that are controlled by IRE1, PERK, and ATF6 are
mediated by downstream transcription factors. When released from grp78, PERK is
autophosphorylated and phosphorylates and thus inhibits eukaryotic translation-initiation
factor 2-a (elF2-a), resulting in the cessation of translation. The mRNA encoding activating
transcription factor 4 (ATF4) as well as ATF5 are, however, resistant to elF2-a inhibition
allowing for ATF4 (and ATF5) production and activation of their own transcriptional
programs. Similarly, on release from grp78-mediated suppression, ATF6 is mobilized from
the ER to the Golgi apparatus where its cytoplasmic tail is subject to cleavage by site 1 and
site 2 proteases (S1P and S2P), resulting in release of the ATF6 cytoplasmic tail (ATF6-N),
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which is transcriptionally active. ATF4 and ATF6-N control cell death largely through the
transcription factor CHOP (CCAAT/enhancer-binding homologous protein), during the
chronic phases of ER stress.

The most evolutionarily conserved of these three pathways is the kinase-endoribonuclease
known as the ubiquitously expressed IRE1a and its intestinal epithelial specific isoform,
IRE1p. Activation through oligomerization and autophosphorylation on release from grp78
results in the excision of a 26-base pair fragment from the mRNA of unspliced XBP1
(XBP1u) by an unconventional splicing event that generates a spliced isoform of XBP1 with
an altered reading frame (XBP1s).21-23 |n contrast to XBP1u, which is transcriptionally
inert, XBP1s is a potent inducer of a subset of UPR target genes. XBP1s is required for ER
expansion and the development and survival of a variety of secretory cells as previously
noted as well as the adaptation of cells to a variety of stressful tissue environments such as
that associated with hypoxia and calcium and glucose deprivation, among others.

XBP1, PANETH CELLS AND INTESTINAL INFLAMMATION

The existence of an important link between cell-intrinsic ER stress and organ-specific
inflammation has recently been reported within the intestines.1® Specifically, conditional
deletion of XBP1 in the intestinal epithelium of mice was shown to result in the spontaneous
development of intestinal inflammation in the small intestine that presented with hallmarks
of human IBD including crypt abscesses, leukocytic infiltration, and frank ulcerations.
Remarkably, even the deletion of one XBP1 allele was sufficient to induce spontaneous
enteritis in a significant portion of the animals. Moreover, hypomorphic XBP1 with the loss
of one allele also led to Paneth cell dysfunction and an increased susceptibility to DSS
colitis and deletion of both alleles resulted in apoptotic cell death of Paneth cells. Paneth
cells are one of the four lineages of epithelial cells differentiating from intestinal epithelial
stem cells that reside at the base of the crypt.24 Paneth cells secrete abundant amounts of
antimicrobial peptides (a-defensins or cryptdins) and hence are predicted to regulate the
complex intestinal microbiota and/or its adherence to the intestinal epithelium.2® Indeed,
NOD2 ~/~, cD1d~/~, and MyD88~/~ mice all display structural or functional alterations of
Paneth cells together with an alteration of the composition of the intestinal microbiota or
increased adherence of the microbiota with the intestinal epithelium.25-27 Moreover, Paneth
cells may also be considered as an inflammatory cell type capable of secreting numerous
pro-inflammatory mediators including tumor necrosis factor (TNF), leptin, and
adiponectin.28 Moreover, several primary human genetic risk factors have recently been
appreciated to affect Paneth cell function including NOD227:29 and ATG16L1,30 which are
associated with intracellular bacterial sensing3132 and autophagy,30:33 respectively. It is
therefore interesting that mice that are hypomorphic in XBP1 function,!® similar to NOD2-
deficient mice,2 also show a marked defect in handling an oral model pathogen (Listeria
monocytogenes). These data predict that XBP1 and ER stress pathways through their effect
on the antimicrobial activity of the epithelium may have a substantial impact on the
composition of the intestinal microbiota and thus influence susceptibility to IBD.

In contrast, to NOD2-deficient?” or ATG16L1-hypomorphic3 mice that do not exhibit
spontaneous inflammation or increased sensitivity to DSS administration in the case of
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NOD2,27 XBP1~/~ mice exhibit spontaneous intestinal inflammation within the small
intestine.15 As Paneth cell loss alone does not result in spontaneous inflammation,34:35 we
have previously hypothesized that by virtue of its effects on both of the major drivers of IBD
(i.e., the intestinal microbiota and immunological tone of the gut), XBP1 within the
epithelium may have a unique function in the pathogenesis of 1BD.36:37 Indeed,
hypomorphic function of XBP1 in the epithelium results in ER stress under physiologic
conditions as manifest by an upregulation of grp78 and a profound induction of IRE1
activity.1® As a consequence of this, INK1 activity is markedly increased resulting in an
increased sensitivity of the stressed epithelial cell to bacterial ligands important to IBD such
as flagellin38 and cytokine signals such as TNF. Consistent with these observations, it has
been reported earlier that IRE1f =/~ mice are also more susceptible to DSS colitis compared
with wildtype controls.3® Whereas IRE1a is an ubiquitous isoform, IRE1f is an intestinal
epithelial cell specific isoform of IRE139 emphasizing the importance of the IRE1-XBP1
pathway to homeostasis of the intestinal epithelium.

ER STRESS AND GOBLET CELLS

In addition to Paneth cells, goblet cells are also among the most highly secretory cells within
the intestinal epithelium and are responsible for the majority of mucous glycoproteins as
well as soluble mediators involved in host defense such are RELMp and trefoil factors.40:41
Consistent with this, it has also been observed that loss of XBP1 function in intestinal
epithelium leads to an ~30% reduction in the number of goblet cells in the small intestine
but interestingly not in the colon.1® This is also likely through induction of programmed cell
death as observed with Paneth cells. The relation between goblet cells, ER stress, and
inflammation is unclear although goblet cells or their products have been linked to
inflammation. Muc2 ~/~ mice have, for example, been observed to develop spontaneous
colitis.#2 Similarly, intestinal trefoil factor-deficient mice exhibit increased susceptibility to
DSS colitis.*3 However, given the absence of spontaneous inflammation in Math1-
deficient,** Gfi-deficient,% and ITF-diptheria toxin transgenic*® mice that lack goblet cells,
we have recently hypothesized that goblet cells that lack the ability to secrete mucus but
retain the ability to secrete pro-inflammatory factors may promote inflammation.8 This is
supported by observations that mice with abnormalities in MUC2 protein folding due to
point mutations that affect protein structure (so-called Winnie and Eeyore mice) exhibit
spontaneous inflammation in association with an exaggerated ER stress response.2° It is not
known, however, whether the ER stress that is observed in these mice is due to the
inflammation that results from the absence of functional mucins and/or primarily derived
from ER stress in the goblet cells caused by the abnormally folded mucin proteins.
However, both are possibilities given observations that ER stress can be detected in the
colitis associated with IL-10 deficiencyl8 and in HLA-B27 transgenic rats.*’-49 In the latter
case, the HLA-B27 protein is particularly prone to misfolding,>® making it possible that the
inflammation observed in these mice may primarily derive from an ER stress response as
observed in XBP1 ~/~ mice. Taken together, these data suggest that goblet cells may be
both a target of ER stress in the context of inflammation or a direct participant in the
development of inflammation as a consequence of ER stress.
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ER STRESS AND HUMAN IBD

Similar to rodents, studies in humans also suggest that ER stress can both be a primary cause
of intestinal inflammation (e.g., as observed in XBP1 =~/ ~ mice) or a consequence of
inflammation (e.g., as observed in I1L-10 =/~ mice). Studies by several investigators have
shown evidence of ER stress based on increased grp78 expression and XBP1-splicing in a
significant proportion of both UC and CD subjects, suggesting that ER stress is a common
consequence of intestinal inflammation.1%:18.20 |n addition, polymorphisms have been
detected in the XBP1 gene on chromosome 22 that are associated with increased risk for the
development of both CD and UC.1° Linkage disequilibrium at the XBP1 locus is remarkably
low, indicating that the XBP1 locus possesses a particularly complex genetic architecture
such that multiple rare (private) single nucleotide polymorphisms (SNPs) might represent
the basis for the locus association. Deep sequencing of >1,000 patients and controls indeed
found three-fold more rare SNPs in CD and UC patients compared with healthy controls. Of
the five rare non-synonymous (ns) SNPs discovered, four were only detectable in IBD
patients but not controls, whereas the fifth occurred at equal frequency in CD, UC, and
controls.1® Functional in vitro studies with constructs engineered to contain these SNPs
revealed that the IBD-only nsSSNP XBP1-constructs yielded decreased transactivation of
XBP1-regulated UPR target genes and decreased activation of an UPR element reporter.1®
In contrast, the non-1BD-associated nsSNP construct was indistinguishable from wild-type
XBP1 constructs.1> Hence, the hypomorphic function of the IBD-associated rare nsSNP
variants of XBP1 in vitro are consistent with the spontaneous intestinal inflammation
observed in the mouse model as a consequence of Xbpl deletion. Taken together, XBP1
might not only have a primary causative function in IBD in select patients harboring
disease-associated variants within the XBP1 locus, but these mechanisms might also
perpetuate inflammation originating from other causes, both genetic and environmental.

THE RELATIONSHIP BETWEEN ER STRESS PATHWAYS AND OTHER
MECHANISMS FOR THE DEVELOPMENT OF IBD

Recent immunogenetic studies in IBD have identified a number of potential overarching
mechanisms that distill into the inflammation characterized by CD and UC. These include
pathways that are associated with innate immunity and specifically intra-cellular bacterial
sensing through pattern recognition receptors (e.g., NOD2) and autophagy (e.g., ATG16L1
and IRGM).31:5152 |t js therefore interesting to consider the possibility that these pathways
may indirectly or directly intersect with the UPR associated with ER stress. With regard to
the former possibility, abnormal ER stress pathways may result in alterations of the
microbial milieul® and, as a corollary, abnormalities in the microbial milieu that may
emanate from abnormalities in risk factors such as NOD2,%3 or perhaps XBP1,15 may
adversely affect ER stress pathways. It is now clear that microbes themselves can directly
affect ER stress pathways and XBP1 in particular. Bacteria such as Streptomyces sp. are
known to secrete small molecules such as macrocytic lactams (e.g., trierixin), which directly
inhibit XBP1 activation.>* Similarly, Shiga toxigenic Escherichia coli secrete ABs
cytotoxins that activate ER stress pathways by direct cleavage of grp78.5° These and other
examples show how there may be a bidirectional interaction between ER stress pathways
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within the epithelium and the microbial communities contained within the lumen, suggesting
that different genotypes may converge phenotypically on ER stress pathways via effects on
the intestinal microbiota.

Similarly, ER stress through IRE1-mediated JNK activation or PERK-mediated elF2a
phosphorylation may be an activator of autophagy based on studies in in vitro model
systems.®6:57 Macroautophagy, which represents a lysosomal pathway involved in the
turnover of cellular macromolecules and organelles that is involved in cellular homeostasis
and anti-microbial defense, is now recognized as a major biologic pathway in the
development of human CD. Polymorphisms in several genes associated with autophagy such
as ATG16L1,51 IRGM>2 and potentially LRRK 258 have been identified as risk factors for the
development of CD and interestingly, similar to XBP1, converge on the Paneth cell.31:59 |t
can thus be predicted that ER stress mechanisms and autophagic pathways may interact at a
functional level within the intestinal epithelium in vivo and may be synergistically related to
inflammation.

CONCLUSION AND MODEL

In summary, a proper ER stress response in the intestinal epithelium is likely to be necessary
to maintain homeostasis. Hypomorphic XBP1 function specifically within the intestinal
epithelium results in Paneth cell, and to a lesser extent, goblet cell dysfunction that is
associated with spontaneous intestinal inflammation in a pathway that involves IRE1
activation of JNK, and possibly NFxB, and consequently, downstream inflammatory
pathways. As the human XBP1 locus contains polymorphisms that function as genetic
susceptibility factors for both forms of IBD, it is now evident that ER stress represents a new
pathway that involves the intestinal epithelium and from which intestinal inflammation may
emerge. This is highly significant given the strategic location of the epithelium between the
two major factors that determine intestinal inflammation; the luminal microbiota and the
immunologic tone of mucosal tissues in response to the microbiota. These studies suggest
that XBP1 may regulate the ability of the intestinal epithelium to both regulate and sense the
composition of luminal microbiota. ER stress may thus be a major determinant of luminal
microbial epithelial interactions and inflammatory tone and an important factor in
determining whether homeostasis versus inflammation will occur. The ability to amount an
appropriate ER stress response within the intestinal epithelium may therefore be involved in
both the initiation and/or perpetuation of mucosal inflammation as it pertains to IBD. In this
model, it can be envisioned that a number of secondary factors of environmental and/or host
origin that can compromise an appropriate ER stress response can promote intestinal
inflammation. Such factors may include bacterial toxins,>*>> metabolic (dietary) factors,’-8
neurchumoral (stress) factors, immunologic factors associated with inflammation that
promote (TNFa, hypoxia) or prevent (IL-10)18 ER stress as well as other factors® (Figure
2). Moreover, it can be hypothesized that the genetically determined ability to respond to
these challenges through ER stress-related genes such as XBP1-related pathways and their
relationship with other genetically important risk factors such as autophagy,3%:51:52.61 mucin
proteins,20 HLA-proteins such as HLA-B2748 or other ER stress pathway components?
among others will be an important contributing factor in the initiation and/or perpetuation of
intestinal inflammation.
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Figure 1.
Multiple proximal effectors of ER stress response. Please see text for specific details.

Adapted from reference.” The transcriptional program of each factor are in the yellow areas.
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Model: primary (genetic) and secondary (environmental) factors can drive ER stress in the

intestinal epithelium and consequently inflammation.
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