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Abstract

Endoplasmic reticulum (ER) stress due to the presence of
misfolded or unfolded proteins in the ER invokes a funda-
mental biological response, termed the unfolded protein re-
sponse (UPR). The UPR is orchestrated by three main proxi-
mal effectors, of which the IRE1/XBP1 pathway represents
the evolutionarily most conserved one. Due to its high secre-
tory burden, the intestinal epithelium is highly susceptible
to perturbations in the UPR as has been revealed by func-
tional investigations such as in mice that lack XbpT expres-
sion, specifically in the intestinal epithelial cells. Genetic
studies have revealed several ER stress/UPR-associated
genes, including XBP1, ORMDL3, AGR2 and MUCT9 as risk fac-
tors for IBD, and specific functional, rare variants have been
described for XBP1. Xbp1*E€ mice spontaneously develop
small intestinal enteritis with crypt abscesses reminiscent of
human IBD, while Agr2”~ mice develop granulomatous ileo-
colitis. Mechanistic studies into Xbp74E€ mice revealed a ma-
jor effect on Paneth cells associated with alterations in host-
microbe interactions in the intestine, and the activation of
key proinflammatory pathways in the host directly associ-

ated with unresolved ER stress and hypomorphic Xbp1 func-
tion. Remarkably, the intestinal epithelium of IBD patients
commonly exhibits evidence of marked ER stress, which can-
not easily be attributed to these genetic risk factors alone
and indicates that the paradigm of ER stress-related inflam-
mation might be both a primary originator as well as a po-
tent perpetuator of intestinal inflammation in IBD.
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The endoplasmic reticulum (ER) is the site of transla-
tion for secretory proteins. From an evolutionary per-
spective, a delicate mechanism has evolved that allows
cells to adapt to different levels of protein translation
which is called the unfolded protein response (UPR) [1].
The UPR is instigated by the presence of misfolded or un-
folded proteins in the ER, which causes ER stress and
leads to the activation of an adaptive programme. The
proximal ‘sensors’ of ER stress are the chaperone grp78
(also known as BiP) along with PERK, ATF6 and IRE],
and their downstream transcriptional effectors ATF4,
ATF6 and XBPlIs, respectively [1, 2]. This adaptive pro-
gramme involves a temporary halt in translation (via
elF2a), the degradation of mRNA (‘RIDD’, regulated
IRE1-dependent mRNA decay), and the transactivation
of genes involved in the expansion of the ER, the secre-
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tory machinery, protein folding and protein quality con-
trol [1]. When all these mechanisms fail, unresolved ER
stress leads to the apoptotic death of stressed cells.

The intestinal epithelium, consisting of the 4 epithe-
lial cell types differentiating from a common intestinal
epithelial stem cell, can be considered a highly secretory
organ [3]. Specifically, Paneth cells located at the crypt
bottom secrete abundant amounts of antimicrobial pep-
tides and play an important role in regulating the com-
position of the intestinal microbiome and the propensity
to withstand intestinal pathogens [4, 5]. Goblet cells pro-
duce large amounts of mucins which form the basis of the
intestinal mucus layer [6]. Even the absorptive epithelium
per se has a considerable secretory burden. In addition to
these cell-intrinsic functional aspects, the intestinal en-
vironment may pose particular challenges to the cells’ ca-
pacity to fold proteins properly, especially as protein fold-
ing is an energy-dependent, active process [2]. Specifi-
cally, the anaerobic milieu (in particular in the colon),
low glucose, microbial toxins and metabolites, or the
presence of reactive oxygen species impose challenges to
proper protein folding [7]. Based on these aspects, we hy-
pothesized that the UPR and hence ER stress might affect
intestinal epithelial cell function.

Of the 3 proximal sensors of ER stress mentioned
above, the IRE1/XBP1 axis is the evolutionarily most
conserved one [1]. Remarkably, only the intestinal epithe-
lium expresses a second isoform of IREI (i.e. IREIf) in
addition to ubiquitously expressed IREla [8]. We there-
fore were particularly interested in studying the IRE1/
XBP1 axis of the UPR in intestinal epithelial cell func-
tion. To this end, we generated a mouse model (‘XbpI4F®)
with a conditional genetic deletion of a floxed XbpI gene
specifically in the epithelium of the small and large intes-
tine by using a Villin promoter-driven Cre recombinase
transgene [9].

XbpIA™C mice indeed exhibited evidence of increased
ER stress as detected by increased expression of the chap-
erone grp78 [9]. Remarkably, these mice spontaneously
developed intestinal inflammation in the small intestine
that included histological features typically seen in hu-
man IBD; these included crypt abscesses, leukocyte infil-
tration and ulcerations [9].

Prompted by these results and earlier genetic linkage
studies published by several groups that pointed to a lo-
cus on chromosome 22 close to the XBPI gene as a poten-
tial risk locus for both forms of IBD [10-12], Crohn’s dis-
ease (CD) and ulcerative colitis (UC), we performed a
candidate gene study covering the XBPI locus and its vi-
cinity by 20 HapMap-selected tagging single nucleotide
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polymorphisms (SNPs) [9]. These studies identified a lo-
cus signal in the index cohort, which was also found in
two replication cohorts [9]. Of note was the complex ge-
netic architecture of the XBPI locus, which, for example,
exhibited very little linkage disequilibrium as measured
by R?, and with the XBPI gene flanked by recombination
hot spots [9]. We hypothesized that the locus association
signal might be due to rare/private functional variants
and therefore embarked on a deep sequencing effort of
the XBPI gene and its promoter involving a total of ap-
proximately 1,000 IBD patients and healthy controls [9].
This revealed 3- to 4-fold more rare SNPs in the IBD pa-
tients than in the controls, and identified several nonsyn-
onymous SNPs (nsSNPs) that were only found in the pa-
tients [9]. These IBD-associated nsSNPs, when engi-
neeredinto expression vectors of XBP1, exhibited evidence
of hypomorphic induction of the UPR [9]. Altogether,
these genetic studies revealed an association of the XBPI
locus with IBD and identified rare (private) coding vari-
ants of XBPI that may represent the functional-genetic
basis of this signal [9]. Moreover, this genetic insight
along with the fact that XbpI conditional knock-out mice
spontaneously develop intestinal inflammation that is
reminiscent of human IBD posited a unique opportunity
to investigate the in vivo mechanism of how this genetic
risk factor (and unresolved ER stress in general) may lead
to pathology [9].

In this context, an intriguing observation was that
XbpIAEC mice lack Paneth cells; this was associated with
avirtual absence of transcripts for antimicrobial peptides
that are commonly secreted by these cells [9]. Using a
model pathogen, Listeria monocytogenes, it was estab-
lished that XbpI4E€ mice exhibit an approximately 2-log
increase in the number of L. monocytogenes colonies that
can be recovered from feces 10 h after oral infection [9].
Along the same lines, Xbpl deficiency in the intestinal
epithelium also resulted in the increased translocation of
L. monocytogenes to the liver, implying that absence of
Xbpl in the epithelium leads to an impairment of the in-
testinal barrier towards invading pathogens [9]. Of note
is that a similar phenotype of Paneth cell dysfunction
withincreased L. monocytogenes translocation had previ-
ously been reported for Nod2~/~ mice [13], and decreased
expression of the human a-defensins HD4 and HD5 has
been found in ileal Crohn’s disease, with lowest HD5 lev-
els in patients harbouring the major NOD230201sC risk al-
lele [14]. This is important as NOD2 represents the ge-
netic risk factor for CD with the largest effect size [15-17].
Further evidence for impairment of Paneth cell function
as a common theme in IBD arose from a recent discovery
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that hypomorphic AtgI6l1 function, another major ge-
netic risk factor for Crohn’s disease, results in a major
impairment in Paneth cell granule morphology [18-
20]. Remarkably, a similar phenotype of Paneth cells
has been observed in CD patients homozygous for the
ATGIG6LIT3%4 variant [19]. The discovery of ATGI6LI as
a genetic risk factor of CD by Hampe et al. [18] has pro-
vided the first hint toward autophagy as a pathomecha-
nism of CD, and more recent studies have reported that
NOD2 is a major regulator of autophagy as well [21, 22].
This supports that the observed phenotype in Paneth
cells in Nod2”~ and Atgl611'™ mice might possibly have
a common underlying mechanism.

Paneth cell dysfunction has been reported to lead to
alterations in the structural composition of the intestinal
microbiome (‘dysbiosis’) [5]. Dysbiosis induced by host
genetic alterations may also affect the susceptibility to
dextran sodium sulphate (DSS)-induced colitis [23], a
barrier-breaching model of intestinal inflammation. Ac-
cordingly, conditional knock-out mice that lack either
one or both Xbpl alleles exhibit a gene-dosage-dependent
increase in colitis severity in the DSS model [9]. Reduc-
tion of the microbial flora via broad-spectrum antibiotics
substantially reduced the severity of colitis in this model
and abrogated the genotype-related differences [9]; in-
deed, implying a prominent role of microbial alterations
in the phenotype of XbpIA™F€ mice.

However, it is also of note that Paneth cell depletion
[24] or the inability to convert the proform of a-defensins
to their active form [25], both of which lead to microbial
dysbiosis [5], do not per se result in spontaneous intesti-
nal inflammation. This is in line with the lack of sponta-
neous intestinal inflammation in Nod2~~ and Atgl611%™
mice [13, 19], and argues for additional mechanisms that
drive intestinal inflammation in the context of Paneth
cell dysfunction and dysbiosis. In this context, specific
aspects of the IRE1/XBP1 branch of the UPR deserve fur-
ther consideration.

IRE], an ER transmembrane protein that is activated
and phosphorylated upon the presence of misfolded pro-
teins in the ER, activates XBP1 via an unconventional
mechanism that involves IREI’s endoribonuclease activ-
ity to excise a 26-nt fragment from Xbpl mRNA (termed
XBP1u’ for unspliced) [26-29]. This excision leads to a
frame shift in the translated protein (termed XBP1s’ for
spliced), and only this protein encodes the transactiva-
tion domain at its C terminus in addition to the N-termi-
nal DNA-binding domain that is encoded by both Xbplu
and Xbpls. In its activated state and in specific contexts
of ER stress, active IRElae may also recruit TRAF2 and
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may thereby directly activate downstream inflammatory
pathways [26], like INK and NFkB. Of note is that even a
biologically typically minor (i.e. 50%) reduction in XbpI
transcript levels by genetic deletion of one Xbpl allele
leads to massive overactivation of IRE1 in the small intes-
tinal epithelium, as evidenced by the predominant pres-
ence of Xbpls over Xbplu mRNA [9]. Using an in vitro
model system (the murine small intestinal MODE-K cell
line) where Xbpl expression is silenced via a retroviral
shRNA expression vector, we noted a marked overactiva-
tion of the NF«kB pathway upon stimulation with tumor
necrosis factor (TNF). This was evident at several levels,
including increased phosphorylation of IKK, IkBa, and
NFkB p65 proteins, NFkB p65 DNA binding activity and
transcription of prototypical NFkB target genes. Of note,
cosilencing of Ernl transcription, the gene encoding
IRElq, in XbpI-silenced MODE-K cells resulted in the
abrogation of NFkB hyperactivation upon stimulation
with TNF [Niederreiter and Adolph, manuscript in prep-
aration]. These data suggest that NFk B signaling could be
an important consequence of unresolved ER stress due
to Xbpl hypofunction. To test this, we treated Villin-
Cre-ER"%;XbpI*FC mice with a selective and irreversible
inhibitor of IkBa phosphorylation, BAY11-7082 [30].
VillinCre-ER™XbpI*'FC mice express Cre recombinase
under the epithelium-specific Villin promoter as a fusion
protein with a mutated estrogen receptor, which allows
controlling the time point of XbpI deletion [9, 31]. Indeed,
BAY11-7082 significantly ameliorated small intestinal in-
flammation as measured by a histological enteritis score;
it also prevented Paneth cell depletion in XbpI-deficient
mice [Niederreiter and Adolph, manuscript in prepara-
tion]. These data might indicate that NFk B signaling may
play an important role in driving enteritis under condi-
tion of unresolved ER stress in XbpI-deficient mice.
Using the VillinCre-ER%XbpI*"E€ mouse model sys-
tem, we also noted that TNF expression is increased in
the intestinal epithelium upon genetic deletion of XbpI
[9]. TNF is a prototypical inflammatory mediator that is
induced by several inflammatory signal transduction
pathways (including NFkB), and activates a wide variety
of downstream inflammatory effector mechanisms [32].
TNF signaling has been identified as a quintessential
common mechanism of both forms of IBD based on the
substantial efficacy of neutralizing monoclonal antibod-
ies in CD and UC [33, 34]. Remarkably, we barely under-
stand at the moment how the genetic underpinning of
IBD connects with TNF signaling [7, 17, 35-37]. TNF sig-
nals through two distinct receptors, TNFR1 and TNFR2,
with the proinflammatory signals being almost exclu-
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sively relayed via the TNFR1 [38, 39]. Interestingly,
TNFRI1 can be recruited to active IRE1 and has been
implied to mediate ER stress-induced activation of the
MAP kinase JNK [40], which is activated in the XbpI-
deficient intestinal epithelium [9]. We were therefore
interested whether TNFR1 might have a role in mediat-
ing intesti-nal inflammation in Xbp1*'F¢ mice. Indeed,
Tnfr1”~XbpI*EC double-knockout mice were almost
completely protected from spontaneous small intestinal
enteritis; remarkably, this did not involve the prevention
of Paneth cell depletion [Niederreiter and Adolph, manu-
script in preparation]. These experiments establish that
TNEFRI signaling is required for the development of in-
testinal inflammation in the context of unresolved ER
stress due to Xbpl deletion in the epithelium.

Altogether, these published and unpublished studies
have established that the intestinal epithelium appears
particularly susceptible to perturbations in ER stress
mechanisms, which may emanate from genetic variants
or environmental triggers [3, 41, 42]. Consequently, a hy-
pomorphic ER stress response in the intestinal epitheli-
um can lead to organ-specific inflammation as in IBD.

However, XBPI is no longer the only IBD risk gene that
maps to ER stress/UPR pathways. Genome-wide associa-
tion studies have identified ORMDL3 as a genetic risk
factor of CD [43] and UC (and asthma [44], another mu-
cosal barrier disease). ORMDL3 (which localises to the
ER [45, 46]) appears to be involved in protein folding,
regulating the UPR [45, 46] and playing a role in sphin-
golipid metabolism [47]. Another particularly interesting
IBD risk gene identified through a candidate gene study
is AGR2 [48]. The protein product of this gene is an ER-
resident protein disulphide isomerase and, as such, is in-
volved in protein folding. Agr2~~ mice have recently been
reported to spontaneously develop severe granulomatous
ileocolitis, closely resembling human CD [49]. Remark-
ably, these mice exhibit a marked disruption of Paneth
and goblet cell homeostasis [49]. A further potential ER
stress-related risk gene is MUCI9 [43], encoding a mucin
gene (see below).

Irrespective of specific IBD risk genes that are related
to the UPR (and which might be infrequent such as XBPI
[9]), it is noteworthy that several studies have reported un-
resolved ER stress in the intestinal epithelium as a very
common phenomenon in IBD patients [9, 50-52]. Shkoda
etal. [50] reported the first observation of increased grp78
expression in the epithelium in inflamed mucosa, and a
more recent paper by Treton et al. [52] showed several-fold
increased levels of XBPIs in essentially all UC patients
they had studied. In this context, it is interesting to note
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that Heazlewood et al. [51] reported two mouse models
(called Eeyore and Winnie) generated through forward-
genetic approaches that spontaneously developed colitis
resembling human UC, and which were genetically
mapped to distinct functional mutations of the Muc2
gene, which encodes the predominant mucin. These point
mutations cause aberrant MUC2 biosynthesis which leads
to ER stress in goblet cells, which has been suggested to be
the underlying mechanism for the development of colitis
[51]. Remarkably, goblet cells of UC patients exhibit evi-
dence of MUC2 glycosylation defects [51]. Based on results
from XbpI*EC mice, goblet cells are susceptible to unre-
solved ER stress, which leads to their numeric reduction
and ultrastructural changes with smaller granule size [9].

A further notable ER stress-related mechanism in IBD
recently reported by Rolhion et al. [53] is related to the ER
stress chaperone Gp96. Gp96 is overexpressed on the
intestinal epithelium of CD patients and regulates the
invasion of adherent-invasive Escherichia coli. Increased
numbers of mucosa-adherent adherent-invasive E. coli
are observed in patients with CD, involving the ileal mu-
cosa in particular [54, 55].

In summary, the UPR has emerged as an important
regulator of intestinal epithelial cell function and, as
such, affects the host-microbial mutual relationship. Un-
resolved ER stress, either due to genetic variants such as
XBPI or environmental factors that impede proper reso-
lution of ER stress, can be an originator of intestinal in-
flammation in human IBD. By means of in vivo mouse
models, it has been possible to establish a mechanistic
framework that connects these genetic risk factors with
the evolution of intestinal inflammation. The paradigm
of ER stress-related inflammation not only furthers our
understanding of the mechanistic basis of IBD, but might
also allow for the development of novel therapeutic ap-
proaches.

Acknowledgements

Work in the authors’ laboratories was supported by NIH RO1
grants DK44319, DK51362, DK53056 and DK08819 (R.S.B.), the
European Research Council under the European Community’s
Seventh Framework Programme (FP7/2007-2013)/ERC Grant
agreement No.260961 (A.K.) and the National Institute for Health
Research, Cambridge Biomedical Research Centre (A.K.).

Disclosure Statement

No conflicts of interest are declared.

Adolph/Niederreiter/Blumberg/Kaser



>

>3

>4

»s5

»6

»7

>3

»9

»10

>12

»13

»14

References

Walter P, Ron D: The unfolded protein re-
sponse: from stress pathway to homeostatic
regulation. Science 2011;334:1081-1086.
Schroder M and Kaufman RJ: The mamma-
lian unfolded protein response. Annu Rev
Biochem 2005;74:739-789.

Kaser A, Blumberg RS: Endoplasmic reticu-
lum stress and intestinal inflammation. Mu-
cosal Immunol 2010;3:11-16.

Quellette AJ: Paneth cells and innate muco-
sal immunity. Curr Opin Gastroenterol
2010;26:547-553.

Salzman NH, Hung K, Haribhai D, Chu H,
Karlsson-Sjoberg J, Amir E, et al: Enteric de-
fensins are essential regulators of intestinal
microbial ecology. Nat Immunol 2010;11:
76-83.

Johansson ME, Larsson JM, Hansson GC:
The two mucus layers of colon are organized
by the MUC2 mucin, whereas the outer layer
is a legislator of host-microbial interactions.
Proc Natl Acad Sci USA 2011;108(suppl 1):
4659-4665.

Kaser A, Zeissig S, Blumberg RS: Inflamma-
tory bowel disease. Annu Rev Immunol
2010;28:573-621.

Bertolotti A, Wang X, Novoa I, Jungreis R,
Schlessinger K, Cho JH, et al: Increased sen-
sitivity to dextran sodium sulfate colitis in
IRE1beta-deficient mice. J Clin Invest 2001;
107:585-593.

Kaser A, Lee AH, Franke A, Glickman JN,
Zeissig S, Tilg H, et al: XBP1 links ER stress
to intestinal inflammation and confers ge-
netic risk for human inflammatory bowel
disease. Cell 2008;134:743-756.

Barmada MM, Brant SR, Nicolae DL, Achkar
JP, Panhuysen CI, Bayless TM, et al: A ge-
nome scan in 260 inflammatory bowel dis-
ease-affected relative pairs. Inflamm Bowel
Dis 2004;10:513-520.

Hampe ], Schreiber S, Shaw SH, Lau KF,
Bridger S, Macpherson AJ, et al: A genome-
wide analysis provides evidence for novel
linkages in inflammatory bowel disease in a
large European cohort. Am J Hum Genet
1999;64:808-816.

Vermeire S, Rutgeerts P, Van Steen K, Joos-
sens S, Claessens G, Pierik M, et al: Genome
wide scan in a Flemish inflammatory bowel
disease population: support for the IBD4 lo-
cus, population heterogeneity, and epistasis.
Gut 2004;53:980-986.

Kobayashi KS, Chamaillard M, Ogura Y,
Henegariu O, Inohara N, Nunez G, et al:
Nod2-dependent regulation of innate and
adaptive immunity in the intestinal tract.
Science 2005;307:731-734.

Wehkamp J, Salzman NH, Porter E, Nuding
S, Weichenthal M, Petras RE, et al: Reduced
Paneth cell alpha-defensins in ileal Crohn’s
disease. Proc Natl Acad Sci USA 2005;102:
18129-18134.

Endoplasmic Reticulum Stress in IBD

»15

»16

»17

> 13

»19

»20

»21

»22

»23

»24

»25

»26

»27

Hugot JP, Chamaillard M, Zouali H, Lesage
S, Cezard JP, Belaiche ], et al: Association of
NOD2 leucine-rich repeat variants with sus-
ceptibility to Crohn’s disease. Nature 2001;
411:599-603.

Ogura Y, Bonen DK, Inohara N, Nicolae DL,
Chen FF, Ramos R, et al: A frameshift muta-
tion in NOD2 associated with susceptibility
to Crohn’s disease. Nature 2001;411:603-606.
Franke A, McGovern DP, Barrett JC, Wang
K, Radford-Smith GL, Ahmad T, et al: Ge-
nome-wide meta-analysis increases to 71 the
number of confirmed Crohn’s disease sus-
ceptibility loci. Nat Genet 2010;42:1118-
1125.

HampeJ, Franke A, Rosenstiel P, Till A, Teu-
ber M, Huse K, et al: A genome-wide asso-
ciation scan of nonsynonymous SNPs identi-
fies a susceptibility variant for Crohn disease
in ATGI16LI1. Nat Genet 2007;39:207-211.
Cadwell K, Liu JY, Brown SL, Miyoshi H, Loh
], Lennerz JK, et al: A key role for autophagy
and the autophagy gene Atgléll in mouse
and human intestinal Paneth cells. Nature
2008;456:259-263.

Cadwell K, Patel KK, Maloney NS, Liu TC,
Ng AC, Storer CE, et al: Virus-plus-suscepti-
bility gene interaction determines Crohn’s
disease gene Atgl6L1 phenotypes in intes-
tine. Cell 2010;141:1135-1145.

Cooney R, Baker J, Brain O, Danis B, Pichu-
lik T, Allan P, et al: NOD2 stimulation in-
duces autophagy in dendritic cells influenc-
ing bacterial handling and antigen presenta-
tion. Nat Med 2010;16:90-97.

Travassos LH, Carneiro LA, Ramjeet M,
Hussey S, Kim YG, Magalhaes ]G, etal: Nod1
and Nod2 direct autophagy by recruiting
ATGI6L1 to the plasma membrane at the site
of bacterial entry. Nat Immunol 2010;11:55-
62.

Elinav E, Strowig T, Kau AL, Henao-Mejia J,
Thaiss CA, Booth CJ, et al: NLRP6 inflam-
masome regulates colonic microbial ecology
and risk for colitis. Cell 2011;145:745-757.
Garabedian EM, Roberts L], McNevin MS,
Gordon JI: Examining the role of Paneth
cellsin the small intestine by lineage ablation
in transgenic mice. ] Biol Chem 1997;272:
23729-23740.

Wilson CL, Ouellette AJ, Satchell DP, Ayabe
T, Lopez-Boado YS, Stratman JL, et al: Regu-
lation of intestinal alpha-defensin activation
by the metalloproteinase matrilysin in in-
nate host defense. Science 1999;286:113-117.
Urano F, Wang X, Bertolotti A, Zhang Y,
Chung P, Harding HP, et al: Coupling of
stress in the ER to activation of JNK protein
kinases by transmembrane protein kinase
IREL. Science 2000;287:664-666.

Yoshida H, Matsui T, Yamamoto A, Okada T,
Mori K: XBP1 mRNA is induced by ATF6
and spliced by IREI in response to ER stress
to produce a highly active transcription fac-
tor. Cell 2001;107:881-891.

»23

»29

»30

»31

»32

»33

»34

»35

»36

»37

»38

»39

» 40

»41

»42

Shen X, Ellis RE, Lee K, Liu CY, Yang K, So-
lomon A, et al: Complementary signaling
pathways regulate the unfolded protein re-
sponse and are required for C. elegans devel-
opment. Cell 2001;107:893-903.

Calfon M, Zeng H, Urano F, Till JH, Hub-
bard SR, Harding HP, et al: IRE1 couples en-
doplasmic reticulum load to secretory capac-
ity by processing the XBP-1 mRNA. Nature
2002;415:92-96.

Pierce JW, Schoenleber R, Jesmok G, Best J,
Moore SA, Collins T, et al: Novel inhibitors
of cytokine-induced IkappaBalpha phos-
phorylation and endothelial cell adhesion
molecule expression show anti-inflammato-
ry effects in vivo. J Biol Chem 1997;272:
21096-210103.

el Marjou F, Janssen KP, Chang BH, Li M,
Hindie V, Chan L, et al: Tissue-specific and
inducible Cre-mediated recombination in
the gut epithelium. Genesis 2004;39:186—
193.

Beutler B, Cerami A: The biology of cachec-
tin/TNF - a primary mediator of the host re-
sponse. Annu Rev Immunol 1989;7:625-655.
Derkx B, Taminiau J, Radema S, Stronkhorst
A, Wortel C, Tytgat G, et al: Tumour-necro-
sis-factor antibody treatment in Crohn’s dis-
ease. Lancet 1993;342:173-174.

Rutgeerts P, Vermeire S, Van Assche G: Bio-
logical therapies for inflammatory bowel
diseases. Gastroenterology 2009;136:1182—
1197.

Maloy K]J, Powrie F: Intestinal homeostasis
and its breakdown in inflammatory bowel
disease. Nature 2011;474:298-306.

Khor B, Gardet A, Xavier R]: Genetics and
pathogenesis of inflammatory bowel dis-
ease. Nature 2011;474:307-317.

Anderson CA, Boucher G, Lees CW, Franke
A, D’Amato M, Taylor KD, et al: Meta-anal-
ysis identifies 29 additional ulcerative colitis
risk loci, increasing the number of con-
firmed associations to 47. Nat Genet 2011;43:
246-252.

Bradley JR: TNF-mediated inflammatory
disease. ] Pathol 2008;214:149-160.

Wajant H, Scheurich P: TNFR1-induced ac-
tivation of the classical NF-kappaB pathway.
FEBS ] 2011;278:862-876.

Yang Q, Kim YS, Lin Y, Lewis J, Neckers L,
Liu ZG: Tumour necrosis factor receptor 1
mediates endoplasmic reticulum stress-in-
duced activation of the MAP kinase JNK.
EMBO Rep 2006;7:622-627.

Kaser A, Blumberg RS: Endoplasmic reticu-
lum stress in the intestinal epithelium and
inflammatory bowel disease. Semin Immu-
nol 2009;21:156-163.

Kaser A, Martinez-Naves E, Blumberg RS:
Endoplasmic reticulum stress: implications
for inflammatory bowel disease pathogene-
sis. Curr Opin Gastroenterol 2010;26:318—
326.

Dig Dis 2012;30:341-346

345



»43

» 44

» 45

» 46

Barrett JC, Hansoul S, Nicolae DL, Cho JH,
Duerr RH, Rioux JD, et al: Genome-wide as-
sociation defines more than 30 distinct sus-
ceptibility loci for Crohn’s disease. Nat Ge-
net 2008;40:955-962.

Moffatt MF, Kabesch M, Liang L, Dixon AL,
Strachan D, Heath S, et al: Genetic variants
regulating ORMDL3 expression contribute
to the risk of childhood asthma. Nature
2007;448:470-473.

Cantero-Recasens G, Fandos C, Rubio-Mos-
cardo F, Valverde MA and Vicente R: The
asthma-associated ORMDL3 gene product
regulates endoplasmic reticulum-mediated
calcium signaling and cellular stress. Hum
Mol Genet 2010;19:111-121.

McGovern DP, Gardet A, Torkvist L, Goyette
P, Essers J, Taylor KD, et al: Genome-wide
association identifies multiple ulcerative
colitis susceptibility loci. Nat Genet 2010;42:
332-337.

» 47

»48

»49

»50

»s]

Breslow DK, Collins SR, Bodenmiller B,
Aebersold R, Simons K, Shevchenko A, et al:
Orm family proteins mediate sphingolipid
homeostasis. Nature 2010;463:1048-1053.
Zheng W, Rosenstiel P, Huse K, Sina C, Va-
lentonyte R, Mah N, et al: Evaluation of
AGR2 and AGR3 as candidate genes for in-
flammatory bowel disease. Genes Immun
2006;7:11-18.

Zhao F, Edwards R, Dizon D, Afrasiabi K,
Mastroianni JR, Geyfman M, et al: Disrup-
tion of Paneth and goblet cell homeostasis
and increased endoplasmic reticulum stress
in Agr2-/- mice. Dev Biol 2010;338:270-279.
Shkoda A, Ruiz PA, Daniel H, Kim SC, Ro-
gler G, Sartor RB, et al: Interleukin-10
blocked endoplasmic reticulum stress in in-
testinal epithelial cells: impact on chronic
inflammation. Gastroenterology 2007;132:
190-207.

Heazlewood CK, Cook MC, Eri R, Price GR,
Tauro SB, Taupin D, et al: Aberrant mucin
assembly in mice causes endoplasmic reticu-
lum stress and spontaneous inflammation
resembling ulcerative colitis. PLoS Med
2008;5:e54.

346

Dig Dis 2012;30:341-346

»s52

»53

»s54

»s5

Treton X, Pedruzzi E, Cazals-Hatem D, Gro-
det A, Panis Y, Groyer A, et al: Altered endo-
plasmic reticulum stress affects translation
in inactive colon tissue from patients with
ulcerative colitis. Gastroenterology 2011;
141:1024-1035.

Rolhion N, Barnich N, Bringer MA, Glasser
AL, Ranc J, Hebuterne X, et al: Abnormally
expressed ER stress response chaperone
Gp96 in CD favours adherent-invasive Esch-
erichia coliinvasion. Gut 2010;59:1355-1362.
Darfeuille-Michaud A, Neut C, Barnich N,
Lederman E, Di Martino P, Desreumaux P,
et al: Presence of adherent Escherichia coli
strains in ileal mucosa of patients with
Crohn’s disease. Gastroenterology 1998;115:
1405-1413.

Darfeuille-Michaud A, Boudeau J, Bulois P,
Neut C, Glasser AL, Barnich N, et al: High
prevalence of adherent-invasive Escherichia
coli associated with ileal mucosa in Crohn’s
disease. Gastroenterology 2004;127:412-
421.

Adolph/Niederreiter/Blumberg/Kaser



