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Abstract

Advancing knowledge regarding the cellular mechanisms of intestinal inflammation has led to a better understanding of the
disease pathology in patients with inflammatory bowel disease (IBD) including Crohn’s disease and ulcerative colitis. It has become
clear from numerous studies that enteric bacteria are a critical component in the development and prevention/treatment of chronic
intestinal inflammation. An emerging new paradigm suggests that changes in the homeostasis of bacteria- and host-derived signal
transduction at the intestinal epithelial cell (IEC) level may lead to a break in barrier function and the development of adaptive immune
disturbances. The functional loss of anti-inflammatory host-derived signals in the gut including the immunosuppressive cytokines
Interleukin 10 (IL-10) and transforming growth factor (TGF)-� are of high relevance to the pathogenesis of IBD. The development
of analytical tools including two-dimensional (2D) high-resolution protein separation techniques and peptide mass fingerprinting via
high-sensitivity mass-spectrometers (MS) allows the quantitative assessment of protein expression changes in disease-relevant cell
types. By using these advanced methods, the characterization of the epithelial cell proteome from murine models of experimental

colitis and human IBD patients identified novel disease-related mechanisms with respect to the regulation of the glucose-regulated
endoplasmic reticulum stress response protein 78 (grp-78). In conclusion, the identification and functional analysis of differentially
expressed proteins in purified intestinal target cell types will help to add important insights to the understanding of the molecular
pathogenesis of these immune-mediated chronic intestinal disorders.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Gastrointestinal infections, the genetic predisposi-
tion to dysregulated mucosal immune responses and
the concurrent prevalence of certain environmental trig-
gers in developed countries are strong etiologic factors

for the development of inflammatory bowel disease
(IBD) [1–3]. Homeostasis (hyporesponsiveness) ver-
sus chronic intestinal inflammation is determined by
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the presence or absence of appropriate control mech-
anisms that terminate mucosal immune responses to
the constant antigenic drive of luminal enteric bacteria.
Ulcerative colitis and Crohn’s disease, the two dis-
tinct idiopathic pathologies of IBD, are spontaneously
relapsing, immunologically mediated disorders of the
gastrointestinal tract. Both disorders affect people in
approximately equal female/male proportion with a
combined mean frequency of 5–200 cases per 100,000
European and North American inhabitants [4]. Of note,

the incidence of Crohn’s disease is still increasing in
Western societies, demonstrating the importance to add
mechanistic insights to the yet unknown etiology of the
disease pathogenesis.
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The hypothesis that enteric bacteria accelerate and
ggravate the disease pathologies of IBD patients was
nitially supported by the observation that inflammation
n bypassed distal ileal or colonic segments of Crohn’s
isease patients is absent after proximal diversion of
he fecal stream [5,6], but immune responsiveness and
nflammation is reactivated within 1 week of perfusing
leostomy effluent into the bypassed ileum [7]. Addi-
ional clinical studies suggested that luminal enteric
acteria penetrate the intestinal mucus layer and asso-
iate with the intestinal epithelium under conditions of
hronic inflammation [8,9]. Consistent with the obser-
ation that IBD patients fail to maintain immunologic
olerance towards bacterial antigens [10–13], the bar-
ier function of the intestinal epithelium is abrogated
nder conditions of chronic intestinal inflammation
14–16].

In addition to these clinical findings, the selective col-
nization of germ-free rodent models for experimental
olitis including IL-10 deficient mice (IL-10−/−), IL-
deficient mice (IL-2−/−) and HLA-B27 transgenic

ats (HLA-B27tg) implicate Enterococcus faecalis,
scherichia coli and Bacteroides vulgatus as partic-
larly important to the induction of colitis in these
odels [17–19]. Interestingly, the colonization of germ-

ree IL-10−/− mice with E. faecalis and E. coli but
ot with B. vulgatus triggered chronic experimental
nflammation. Vice versa, the reconstitution studies of
notobiotic HLA-B27 transgenic rats [19] revealed col-
togenic effects of B. vulgatus, with no pathological
esponse to E. coli and E. faecalis. These studies suggest
hat all enteric bacteria are not equal in their capaci-
ies to induce chronic intestinal inflammation but rather
pecifically interact with the genetically susceptible host.
t seems important to understand that the absence of
olitis and pathologic immune responses in colonized
ild-type mice demonstrates the non-pathogenic nature
f these enteric bacterial species and most importantly
uggests that normal hosts develop immunosuppressive
echanisms that control mucosal immune responses

o the constant challenge of these commensal enteric
acteria.

In conclusion, the studies with IBD patients and
nimal models of experimental colitis demonstrate
hat enteric bacteria are a critical component in the
evelopment of chronic intestinal inflammation in the
enetically susceptible host. In addition, accumulat-
ng evidence suggests that enteric bacteria not only

ave the ability to induce intestinal inflammation, but
lso mediate beneficial activities [20]. Probiotics are
ommensal micro-organisms with beneficial effects to
he host, including stimulation of protective immune
search 622 (2007) 42–57 43

responses, enhancement of mucosal barrier function,
suppression of pathogenic organisms and treatment of
chronic intestinal inflammation [21]. Although the spe-
cific properties of probiotic micro-organisms are not
yet characterized and validated in well-designed, multi-
center clinical trials, studies in several animal models and
human trials show considerable therapeutic relevance
for VSL#3 [22,23] and E. coli strain Nissle [24,25].
Although advancing knowledge regarding the cellular
mechanisms of bacteria-induced inflammation in the
gut has led to a better understanding of the disease
pathologies, still little is known about the molecular
mechanisms of enteric bacteria in targeting protective
and detrimental cell type-specific signal transduction
pathways in the genetically susceptible host. New
technologies such as genomics, proteomics (expres-
sion, functional and structural) and bioinformatics will
likely contribute to the discovery of more compo-
nents involved in the complex interaction of bacteria
with the host under normal and pathological conditions
of chronic intestinal inflammation. In this review, we
summarize the novel concept that host-derived media-
tors including Interleukin 10 (IL-10) and transforming
growth factor (TGF)-� target the intestinal epithe-
lium to inhibit enteric bacteria-derived pro-inflammatory
signal transduction mechanisms. In addition, we will
discuss the contribution of proteome technologies in
epithelial cell lines, animal models of experimental
colitis and IBD patients to the identification and func-
tional characterization of disease-relevant proteins and
novel mechanisms for the development of chronic
inflammation.

2. Innate and adaptive immune signals target the
epithelial cell interface in the gut: a double edged
sword

The surface epithelium represents a highly selective
barrier between the luminal gut environment and under-
lying lamina propria immune cells. Intestinal epithelial
cells (IEC) constitutively express, or can be induced to
express, costimulatory molecules [26,27] and compo-
nents of the human major histocompatibility complex
(MHC) including class II, classical I and non-classical
class Ib MHC molecules [28,29], Toll-like receptors
(TLR) and nucleotide-binding oligomerization domain
(NOD2) protein receptors [30,31], inflammatory and
chemoattractive cytokines [32] as well as anti-microbial

peptides [33,34]. Of considerable importance, most of
these molecules are at least in part transcriptionally reg-
ulated by the transcription factor NF-�B [35]. Moreover,
there is accumulating evidence that IEC contribute to the
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Fig. 1. Bacteria- and host-derived protective and colitogenic signals ta
(IL-10 and TGF-� from immunoregulatory T cells) in the gut and/or
from T helper cells) triggers chronic intestinal inflammation in the ge

initiation and regulation of innate and adaptive defense
mechanisms by directly interacting with lamina propria
dendritic cells (DC), lamina propria lymphocytes (LPL)
and intraepithelial lymphocytes (IEL) [12,36–38], and
are therefore considered to be a constitutive component
of the mucosal immune system.

To maintain gut homeostasis, the intestinal epithe-
lium must adapt to a constant changing environment
by processing the combined biological information of
the intestinal luminal content including enteric bacte-
ria as well as host-derived immune signals (Fig. 1).
Interestingly, the break in intestinal epithelial barrier
function precedes the onset of chronic immune-mediated
histopathology in the intestinal tract of IBD patients as
well as animal models, supporting the hypothesis that the
loss of epithelial cell homeostasis is critically important
for the development of chronic intestinal inflammation
[14–16].

2.1. Innate mechanisms of chronic intestinal
inflammation

The cornerstone of innate signalling is initiated by
a set of well-conserved pattern recognition receptors
including TLR and NOD receptors [30,39,40]. The com-

bined action of both sets of receptors plays a pivotal
role in the recognition of extracellular and intracellular
microbial patterns associated with both non-pathogenic
(commensal) and pathogenic bacteria (Fig. 2). TLRs
intestinal epithelium. The lack of protective immune-mediated signals
essive production of colitogenic mediators (IFN-�, IL-17 and IL-13
susceptible host.

are transmembrane proteins characterized by an extra
cellular domain containing leucine-rich repeats (LRR)
and an intracellular domain homologous to the IL-1R
or Toll/IL-1R (TIR). It is important to understand that
ligand-specific binding to TLR promotes signal diver-
gence by the differential interaction of the cytoplasmic
TIR domain with various adaptor proteins (MyD88,
MAL/TIRAP, TRIF/TICAM-1, TRAM/TIRP/TICAM-
2) targeting down-stream effector systems such as the
mitogen-activated kinases (MAPK) and the I�B/NF-�B
transcriptional system [41,42]. The purpose of pattern
recognition receptor signalling is to alert and protect
the host, but changes in these innate signalling path-
ways due to host genetic predispositions may turn
a physiological response into a pathological situation
including failure of bacterial clearance and develop-
ment of chronic inflammation [43]. This is supported
by the identification of variant alleles of TLR4 [44,45]
and NOD2 genes [46,47] in some IBD patient cohorts,
suggesting that changes in the pattern recognition recep-
tor signalling may indeed affect chronic intestinal
inflammation.

Interestingly, Rakoff-Nahoum et al. recently demon-
strated that the development of experimental col-
itis in IL-10-/mice was abrogated in the absence

of TLR/MyD88-derived signals using IL-10−/− X
MyD88−/− mice [48]. The authors demonstrated
that the lack of this innate signalling pathway pre-
vented the development of colitis at the level of
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Fig. 2. Pattern recognition receptors including TLR and NOD proteins recognize extracellular and intracellular bacterial structures to trigger various
signal transduction cascades including the mitogen-activated proteine kinases (MAPK) and I�B/NF-�B system. TLR and NOD proteins recognize
b LRR) d
( , RICK
B

T
t
i
(
e
c
o
s
[
s
g
h
s
p
i
t
r
d
r
(
�
p
a
a
t
i
e
c

acterial products through interaction with their leucine-rich repeat (
TIRAP, MyD88, TRAM, TRIF); kinases (IKK, Erk, p38, SAPK/JNK
cl-3).

cell-mediated adaptive immune responses. In con-
rast, TLR/MyD88 deficient mice developed markedly
ncreased histopathology in the dextran sodium sulfate
DSS)-induced model of colitis, suggesting protective
ffects of this innate signalling cascade at the epithelial
ell level [49]. The latter findings are consistent with
bservations that TLR4 mutant C3H/HeJ mice are more
ensitive to DSS-induced colitis than wild-type mice
50,51]. In addition, the presence of TLR4-mediated
ignals linked enteric bacteria to the prevention of aller-
ic responses to food antigens [52], supporting the
ypothesis that the loss of pattern recognition receptor
ignalling may incapacitate the host to mount an appro-
riate innate response leading to dysregulated adaptive
mmune responses [53]. Further evidence for protec-
ive TLR-mediated effects on experimental colitis was
ecently shown by Katakura et al. [54]. The authors
emonstrated that the induction of TLR9 signalling
esulted in the activation of interferon regulated factors
IRF1 and 8) and triggered protective type I IFN (IFN-
/�) production through MyD88- and DNA-dependent
rotein kinase (DNA-PK)-dependent mechanisms. It
ppears to be an important question to what extend IEC
s the most prominent cell type at the interface between

he intestinal luminal environment and the host directly
nteract with bacteria and most importantly, to what
xtend these signals contribute to the development of
hronic intestinal inflammation.
omain. Pattern recognition receptors (TLR, NOD); adaptor proteins
); transcription factors and co-activatiors (RelA, p50, CBP/p300, IRF,

2.2. Bacteria-epithelial cell cross-talk: NF-κB
signal transduction at the crossroad between host
defense and chronic inflammation

Previous studies in human and experimental IBD
showed increased TLR expression and nuclear factor
�B (NF-�B) activity in lamina propria macrophages and
the epithelium under conditions of chronic intestinal
inflammation [55–59]. Interestingly, the local admin-
istration of anti-sense NF-�B RelA oligonucleotides
abrogated clinical and histological signs of inflammation
in trinitrobenzene sulfonic acid (TNBS)-treated mice
[60], suggesting that the NF-�B transcription factor sys-
tem plays an important role in conferring the colitogenic
bacteria- and host-derived signals into the deleterious
pro-inflammatory gene program that fuels the chronic
pro-inflammatory processes. On the other hand, but
equally important, the inhibition of NF-�B activity with
pharmacological inhibitors during the resolution phase
of carrageenan-induced acute inflammation had adverse
effects on the host [61], suggesting dual functions of
activated NF-�B signalling during the course of inflam-
mation. In addition, the selective ablation of NF-�B
signalling in IKK�-deficient IEC sensitizes these ani-

mals to acute ischemia-reperfusion-induced epithelial
cell apoptosis and the loss of mucosal integrity under
these adverse conditions [62]. This local intestinal tis-
sue injury under these inflammatory stress conditions
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is likely due to the failure of IKK to activate a pro-
tective NF-�B-dependent gene program in IEC. These
results support the hypothesis that the acute and tran-
sient activation of NF-�B may be protective for the host,
while sustained and uncontrolled NF-�B signalling in
the intestinal epithelium may indeed contribute to the
immunopathology of experimental colitis.

It seems reasonable to assume that commensal
enteric bacteria may target the TLR effector system
in the gut leading to the activation of the transcrip-
tion factor NF-�B [55–59]. Interestingly, we showed
that Gram-negative non-pathogenic B. vulgatus trig-
gered TLR4 signalling to induce NF-�B activation and
pro-inflammatory gene expression in epithelial cell lines
and the native intestinal epithelium [63–65]. Immunos-
taining of tissue sections confined the induction of
RelA phosphorylation to the epithelium with no induc-
tion in underlying lamina propria immune cells of B.
vulgatus-monoassociated wild-type rats, suggesting a
transient and compartimentalized activation of NF-�B
in the gut mucosa of the normal host. Consistent with
these findings, Lotz et al. elegantly demonstrated that
the intestinal epithelium of the normal murine host
acquired postnatal endotoxin tolerance in response to
TLR-induced signals by mechanisms that involve the
selective ubiquitin-mediated degradation of IRAK-1
[66]. These data support the concept that non-pathogenic
bacteria can transiently activate pro-inflammatory sig-
nalling processes in IEC, suggesting the hypothesis that
the intestinal epithelium from the normal host is trained
to be silent but not blind towards enteric bacteria.

In addition and consistent with the latter observa-
tions in the normal non-diseased rat, we showed that
E. faecalis monoassociation of germfree wild-type mice
induced a transient TLR2-mediated NF-�B activation
(RelA Ser536 phosphorylation) and pro-inflammatory
gene expression in the “naı̈ve” epithelium at early stages
of bacterial colonization (3 days). Consistent with this
“self-limiting” induction of NF-�B signalling preceding
any histological evidence of colitis, the level of TLR2
protein expression in IEC dramatically decreased after
the initial colonization of the germfree host. Interestingly
and in contrast to wild-type controls, the presence of per-
sistently active TLR/NF-�B signalling in IL-10−/− IEC
was associated with the development of clinical and his-
tological signs of intestinal inflammation at late stages
of bacterial colonization (14 weeks) [67]. These results
suggest that pattern recognition receptor signalling in

IEC may indeed contribute to the immune surveillance
of enteric bacteria during the early stages of host colo-
nization [68]. However, and most importantly for the
understanding of the disease progression, the lack of
esearch 622 (2007) 42–57

host-derived feed-back mechanisms may contribute to
the development of chronic intestinal inflammation in
the genetically susceptible host.

2.3. Host-derived immune signals in the regulation
of pro-inflammatory mechanisms at the epithelial
cell level

Since the intestinal epithelium is renewed every 3–5
days, the biological information for the immunosuppres-
sive effects in the colonized host should be imprinted
in the gene program of pluripotent epithelial stem cells
and/or mediated by the recruited professional immune
cells in the lamina propria. Interestingly, several TLR
pathway intrinsic mechanisms have been proposed for
the development of hypo-responsiveness of the intesti-
nal epithelium towards bacterial signals under normal
conditions [66,69–72]. In addition, we provide evidence
for the fact that host-derived immune signals are criti-
cal in maintaining epithelial cell homeostasis, suggesting
that the lack of adequate control signals at the epithelial
cell level may contribute to the development of chronic
intestinal inflammation. Although many pathways are
likely involved in the regulation of innate and/or adaptive
immunity in the intestine, IL-10 and TGF-� signalling
cascades are of high relevance to IBD.

Most elegantly, Powrie and colleagues provided
experimental evidence for the importance of the
immunosuppressive mediators TGF-� and IL-10 using
severe combined immunodeficient (SCID) and recom-
bination activating gene deficient (RAG−/−) mice. The
adoptive transfer of CD4+ CD45RBhigh T cells from con-
genic donor mice into T and B cell deficient SCID and/or
RAG−/− mice triggered experimental colitis. The
development of chronic inflammation was associated
with the production of high amounts of the pro-
inflammatory Th1 mediator Interferon � (IFN-�) [73].
In contrast, the adoptive transfer of CD4+ CD45RBlow

T cells revealed protective mechanisms in the recipient
SCID and/or RAG−/− host, depending on the pres-
ence of the immunosuppressive mediators TGF-� and
IL-10 [74–76]. In accordance with these observations,
IL-10−/− mice develop immune-mediated colitis in a
specific pathogen free (SPF) environment but remain
healthy and disease free when mice are born and raised
under germ-free conditions. These results strongly sup-
port the observation that in the absence of host-derived
immune regulators, bacterial antigens that are present

in the intestinal microbiota drive the inflammatory pro-
cess. In addition, the protective mechanisms of IL-10
in TNBS-induced experimental colitis were indirectly
mediated through its inductive effect on TGF-� secre-
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ig. 3. Host-derived mechanisms to terminate pro-inflammatory signal
ignal transduction cascade inhibits the TLR-induced NF-kB-dependen

ion in lamina propria T cells, suggesting an interrelated
ole for these protective cytokines [77,78]. Moreover,
GF-�1 deficient mice spontaneously develop colitis

79] and the over-expression of TGF-�1 in lamina pro-
ria immune cells inhibited Th1-mediated experimental
NBS-induced colitis [80]. Consistent with these find-

ngs and most important to understand the biological
unction of TGF-� at the epithelial cell level, the molec-
lar blockade of TGF-� signalling, using tissue specific
ransgenic mice expressing a dominant-negative TGF-�
eceptors in native epithelium [81], triggers colitis under
onventional conditions and manifest increased suscep-
ibility to DSS-induced disease. TGF-�1 mediates its
iological effect through activation of various signalling
ascades including the Smad and MAPK pathways [82].
he lack of TGF-�-activated Smad signalling in lamina
ropria T cells of IBD patients due to over-expression
f the pathway specific inhibitor Smad7 was associated
ith disease progression [83,84]. These results suggest

hat although immunosuppressive mediators are present
n the diseased tissue, the intracellular blockade of these
rotective signals may lead to development of chronic
ntestinal inflammation.

We demonstrated in B. vulgatus-monoassociated
ild-type Fisher F344 rats as well as E. faecalis-
onoassociated wild-type SvEv129 mice that nuclear
elA phosphorylation was followed by the induction of

mad2 phosphorylation in epithelial cells from intestinal

issue sections at early stages of bacterial colonization
63–65,67], suggesting that the presence of NF-�B and
GF-�1 signals in the intestinal epithelium under normal
h the immunoregulatory cytokine TGF-�. The TGF-�-activated Smad
flammatory gene expression program at the receptor and nuclear level.

conditions following bacterial colonization. Interest-
ingly and mechanistically important, we showed that
TGF-�-activated Smad signalling induced rapid TLR2
degradation [67] and blocked CBP/p300-mediated his-
tone phosphorylation in epithelial cells [64], leading
to the inhibition of pro-inflammatory gene expres-
sion (Fig. 3). These results support the hypothesis that
host-derived feed back mechanisms specifically inhibit
bacterial-driven pro-inflammatory mechanisms in the
intestinal epithelium. Additional evidence for the impor-
tance of proteasome-mediated degradation of TLRs as
a strategy of the host to control pattern recognition
receptor signalling was recently shown by Chuang and
Ulevitch [85]. The authors demonstrated that the intrin-
sic RING finger protein TRID3 enhanced ubiquitination
and proteolytic degradation of TLR4 and TLR9 but not
TLR2 through its E3 ubiquitin-protein ligase activity,
suggesting that the various negative feed-back regulators
of the TLR signalling cascade may target different lev-
els of the TLR cascade with distinct specificities for the
TLR subsets. Important for the molecular understanding
of the disease pathology, TGF-�1-induced Smad2 sig-
nalling in IEC was absent in E. faecalis-monoassociated
IL-10−/− mice [67], suggesting that in the absence
of the activated TGF-�/Smad cascade in the intesti-
nal epithelium, bacteria-mediated TLR signalling may
lead to the development of clinical and histological

signs of chronic intestinal inflammation. In conclusion,
these results support the hypothesis that host-derived
feed-back mechanisms control epithelial cell responses
towards enteric bacteria under normal conditions, but
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the lack of these protective immune signals is associ-
ated with the loss of epithelial cell homeostasis and the
chronic activation of pro-inflammatory immune mecha-
nisms [86,87].

3. Functional epithelial cell proteomics identified
the endoplasmic reticulum stress response as
potential molecular target to modulate chronic
intestinal inflammation

Proteome analysis includes a conglomerate of
advanced analytical methods directed to assess quantita-
tive changes in the protein expression level of various
cell types and tissues including protein identification
and characterization of their function in health and
disease [88]. The need for separation techniques that
allow the quantitative and qualitative resolution of
complex protein mixtures into reproducible patterns
led to the development of two-dimensional (2D) pro-
tein separation methods with the possibility to resolve
1000–10,000 protein spots using isoelectric focussing
(IEF) in the first dimension and sodium dodecyl sul-
fate polyacrylamide gel electrophoresis (SDS-PAGE)
for molecular weight separation in the second dimen-
sion [89,90]. Although the human genome assembles
approximately 20,000–25,000 genes, the estimated num-
ber of proteins/peptides that may be present during
the cellular life cycle ranges between 30,000 and
100,000 proteins/peptides, depending on the cell envi-
ronment in the tissue and the presence of stress
mechanisms such as infections and chronic inflamma-
tion [91]. Although, 2D-gel detection methods need
to improve their sensitivity and resolution limits for
low-abundant and insoluble membrane proteins by
pre-fractionation of the tissue and cell samples, the
use of high-resolution gel-based separation methods
are still imperative for the identification of differen-
tially expressed proteins [92–94]. Alternative gel-free
approaches such as liquid chromatography (LC) and sta-
ble isotope labelling complement the existing methods
to improve the identification of protein variations includ-
ing isoforms, allelic variants and post-transcriptional
modifications [95,96]. In addition to the high-resolution
2D-gel electrophoresis, peptide mass fingerprinting via
high-sensitivity mass-spectrometers (MS) and the avail-
ability of genome and protein databases are instrumental
for successful proteome analysis [97,98]. The develop-
ment of revolutionary techniques such as matrix-assisted

laser desorption/ionization time-of-flight mass spec-
trometry (MALDI-TOF-MS), electro-spray ionization
mass spectrometry (ESI-MS) and tandem mass spec-
trometry replaced less sensitive slow protein degradation
esearch 622 (2007) 42–57

methods [99]. The fundamental principle of MS anal-
ysis involves the conversion of the subject molecules
to either cations or anions in the ion source, followed
by their separation according to the mass/charge (m/z)
ratio in the mass analyser and subsequent detection.
There are several different types of mass-spectrometers
that combine ESI or MALDI with a variety of mass
analysers for the detection of ions from high-molecular-
mass proteins and polypeptides with extremely low
concentrations.

Since the biologic information stored in the genome
may be differentially transcribed and translated in vari-
ous cell types due to tissue-specific and disease-related
mechanisms, the detection of protein expression changes
in a set of well defined cells/tissues/organs from nor-
mal and pathologic conditions will likely add important
insights to the understanding of disease pathologies.
Although disease and tissue-specific proteomics has
been used to study physiological and pathophysiological
situations at the epithelial cell level [100,101], human
and experimental studies in animal models of chronic
intestinal inflammation to characterize the IBD-related
changes of the protein expression profile in primary cells
have not yet been performed.

3.1. IL-10 inhibits endoplasmic reticulum stress
response: implications for chronic intestinal
inflammation

Adverse environmental and metabolic conditions
trigger cellular stress responses including endoplasmic
reticulum (ER)-specific mechanisms to ensure the tran-
sit of correctly folded proteins to the extracellular space,
plasma membrane and the exo/endocytic compartments
[102]. Various biochemical and physiologic stimuli, e.g.,
perpetuation in calcium homeostasis or redox status, ele-
vated protein synthesis and expression of unfolded or
misfolded proteins, glucose deprevation and altered pro-
tein glycosylation, cholesterol depletion and microbial
infections can induce ER stress responses [103]. Distinct
signal transduction pathways, including the unfolded
protein response (UPR), the ER-overload response
(EOR) as well as the sterol regulatory element bind-
ing protein pathway direct the specific ER stress signals
towards the nucleus [104]. In addition, ER-associated
degradation processes reduce the accumulation of mis-
or unfolded proteins through the initiation of proteaso-
mal degradation. Likely upon failure of these adaptation

mechanisms, the excessive and prolonged ER stress
response results in cell death through mechanisms
that involve mitochondria-dependent and mitochondria-
independent apoptotic pathways [105,106].
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ig. 4. Host-derived mechanisms to terminate pro-inflammatory sign
APK signal transduction cascade inhibits glucose-regulated endopl

uclear translocation of the ATF-6 transcription factor.

The glucose-regulated protein (grp)-78 (also referred
o immunoglobulin heavy chain-binding protein, BiP)
as first identified as a prototypic ER stress marker

nd master regulator of UPR [106]. The accumu-
ation of mis- or unfolded proteins in the ER due
o environmental and/or metabolic stress conditions
riggers grp-78 liberation from ER trans-membrane
roteins. For example, the activating transcription fac-
or (ATF)-6 is an ER trans-membrane protein with
R/perinuclear localization and is an important acti-
ator of the grp-78 promoter that contains one copy
f the UPR response element and multiple copies of
he ER stress response element (ERSE) [107,108]. At
he level of ER-nuclear signal transduction, the cleaved
ytoplasmic fragment of ATF-6 (p50) translocates to
he nucleus and interacts in conjunction with other
roteins at ER-specific grp-78 promoter sites. In addi-
ion to ATF-6, the bifunctional serine/threonine proteine
inase/endoribonuclease (IRE-1/Ern1p) and the PKR-
ike ER-associated kinase (PERK) represent important
R-associated stress sensors. ER stress responses were
lso linked to the activation of the NF-�B transcrip-
ion factor system through mechanisms that involve
ER-1 signalling and the induction of the TNF receptor-
ssociated factor (TRAF) 2, Ca2+ signalling and the
roduction of reactive oxygen species (ROS) [104,109].
o far, ER stress response mechanisms have been asso-

iated with the development of chronic pathologies such
s diabetes (Types I and II), cancer and neurodegener-
tive diseases [103], however, little is known about the
ole of ER stress response mechanisms in IBD patients.
ugh the immunoregulatory cytokine IL-10. The IL-10-activated p38
eticulum stress protein (grp-78) response mechanisms at the level of

We performed proteomic analysis in E. faecalis-
monoassociated IL-10−/− mice, demonstrating that
the expression of the ER stress response protein grp-
78 was increased in primary IEC under conditions of
chronic inflammation [110]. Most important for the
pathologic relevance, we validated these findings in
primary IEC from patients with Crohn’s disease and
ulcerative colitis, demonstrating increased grp-78 pro-
tein expression levels in inflamed but not in control
tissues. Interestingly, we found that the ER-resident
chaperone grp-78 modulates cytoplasmic TNF signal
transduction through recruitment of grp-78 into the I�B
kinase (IKK) complex (Fig. 4). Consistently, the small
interferring (si) RNA-mediated knock-down of grp-78
prevented TNF-induced NF-�B RelA phosphorylation,
supporting the hypothesis that the association of grp-78
with the IKK/NF-�B signalsome facilitates the acti-
vation of this pro-inflammatory cascade. Since TNF
triggers ROS-dependent ER stress [111] independent of
grp-78 re-synthesis [112], the appearance of grp-78 in
the IKK complex may reflect TNF-induced ER stress
response and redistribution of grp-78 from the ER lumen
into the cytoplasmic space. These findings are consis-
tent with limited published precedents in the literature,
demonstrating that ER stress inducers trigger the redis-
tribution of grp-78 from the ER lumen to the cytoplasm
[113] or the cytosolic ER interface as a trans-membrane

protein [114].

Interestingly, IL-10 signals through JAK1/STAT3 and
p38 MAPK-dependent pathways to trigger suppressors
of cytokine signalling (SOCS)-mediated [115,116] or
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heme oxygenase (HO)-1-dependent anti-inflammatory
mechanisms [117,118]. Although the molecular under-
standing for IL-10 signalling in IEC is still unclear,
we showed that IL-10 receptor (IL-10R) reconstituted
IEC cultures regain IL-10-mediated p38 phosphoryla-
tion. These results suggested a direct protective role
for IL-10-mediated p38 signalling at the epithelial cell
level. In addition and most important to understand
the physiologic relevance of IL-10-derived feed-back
mechanisms, we showed that the activation of the
p38 MAPK signalling cascade is present in primary
IEC from E. faecalis-monoassociated wild-type but not
IL-10−/− mice. Together with the findings that IL-10-
mediated p38 signalling blocked ER stress responses
in the intestinal epithelium through mechanisms that
inhibit nuclear recruitment of the ER transcription fac-
tor ATF-6 to the grp-78 promoter (Fig. 4), we suggest
that IL-10 may directly confer protective mechanisms
to the intestinal epithelium by regulating ER stress
response mechanisms. Considering our previous find-
ings that protective TGF-�-mediated Smad signalling
was present at the early but not at the late phase
of bacterial colonization [67], we propose that TGF-
� and IL-10 may both contribute to the maintenance
of epithelial cell homeostasis but differ in the tim-
ing and molecular mechanisms of their effects. To
better define epithelial cell responses under the patho-
logical conditions of chronic intestinal inflammation
in the absence of IL-10, we recently characterized
the protein expression profile (proteome) in primary
IEC from E. faecalis-monoassociated WT and IL-
10−/− mice at early (2 weeks) and late stages (14
weeks) of bacterial colonization. Additionally we char-
acterized protein expression profile in IL-10 receptor
reconstituted (IL-10R) Mode-K cells after the stim-
ulation of the epithelial cell line with E. faecalis
and IL-10. In total, we identified 76 target proteins
with significantly altered steady state expression lev-
els in primary and IL-10R reconstituted IEC lines using
2D-gel electrophoreses (2D SDS-PAGE) and peptide
mass fingerprinting via MALDI-TOF mass spectrom-
etry (MS) [119]. The presence of sustained ER stress
response mechanisms in the intestinal epithelium may
contribute to the development of epithelial cell dys-
functions and chronic intestinal inflammation [120].
An attractive hypothesis is that transient induction
of NF-�B activity in epithelial cells triggers bio-
logically active IL-10-mediated TGF-� responses in

the lamina propria or the epithelium, suggesting that
IL-10 and TGF-�1 have interrelated roles in maintain-
ing epithelial cell homeostasis to commensal enteric
bacteria.
esearch 622 (2007) 42–57

3.2. Intestinal epithelial cell proteomics in IBD
patients: translational research from model systems
to the human disease

Proteome analysis may become an important analyt-
ical tool to improve the molecular understanding of the
IBD pathogenesis. The possibility to identify disease-
specific biomarkers for Crohn’s disease and ulcerative
colitis envisions great expectations with respect to the
diagnosis and treatment of these chronically relaps-
ing intestinal disorders. In contrast to animal models
of chronic experimental inflammation, the accessibility
to relevant tissue sites and the availability of suit-
able controls are unequally more difficult to obtain.
In addition and for obvious reasons, IBD patients
are much harder to standardize compared to animal
model systems with respect to their genetic hetero-
geneity and their environmental behaviour including
differences between socio-economic conditions, dietary
habits and medication. Since the intestinal epithelium
represents an important interface between luminal- and
host-derived mediators, the biological information that
can be retrieved from purified ileal and colonic epithe-
lial cells by using proteome analysis, will add important
insights to the disease-mechanisms in IBD patients.

In a pilot “proof-of-principle” study, we used purified
primary IEC from surgical speciments of 18 patients with
active Crohn’s disease (ileal tissue, N = 6) and ulcerative
colitis (colonic tissue, N = 6) as well as non-inflamed
control tissue from colorectal cancer patients (colonic
tissue, N = 6) and identified 61 different target proteins
using 2D SDS-PAGE and MALDI-TOF MS [120]. It was
recently demonstrated by the study of Polley et al. that the
protein expression profile in the morphologically normal
mucosa from cancer patients and the mucosa of healthy
individuals is remarkably different [122]. This pointed
to the question whether the differences in the protein
expression profile found in IBD patients are exclusively
due to the inflammatory condition or are influenced by
the cancer status of the patients used as a control. Inflam-
mation and cancer have been considered closely linked
for many years, with colorectal cancer (CRC) being
the most common malignant complication in patients
with chronic intestinal inflammation (five percent of all
CRCs) [123,124]. This makes difficult to say whether
an aberrant protein profile expression is characteristic of
cancer tissue or is a pathological factor of IBD.

To address the important question of adequate

control samples, we also compared inflamed versus non-
inflamed regions from the same tissue sections of two
UC patients and identified additional 40 proteins with
significant changes in their protein expression levels
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Fig. 5. (A and B) Bibliometric analysis was performed on the base of literature co-citation from NCBI Pubmed. The data-mining program Bibliosphere software (Genomatix) was used to generate
protein-protein network trees from cell culture experiments (gray boxes), animal model systems (green boxes) and human IBD patient data (blue boxes). Proteins that were identified in cell culture
experiments and the human data set are marked in blue/gray boxes. Proteins that were identified in the animal model and the human data set are marked in blue/green boxes. (A) One-hundred and
three proteins are integrated in the highly interrelated network tree. (B) Additional 20 proteins remain unconnected to the large network tree.
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[121]. Interestingly, the total number of differentially
regulated proteins varied substantially between the two
patients, confirming the heterogeneity of protein expres-
sion in patients with different genetic background, age
and exposure to environmental factors. Nevertheless, the
approach to compare inflamed and non-inflamed tissue
from the same patient offers the possibility to exclude
the problem of “abnormal” non-inflamed cancer consid-
ered as healthy control tissue as well as variations in the
protein expression intensity due to genetic heterogene-
ity and medical treatment. It seems obvious from these
results that follow-up studies require higher numbers of
patients including IBD patient subsets with similarities
in genetic polymorphisms, disease localization and dis-
ease behaviour in order to confirm and extend the number
of significantly regulated proteins.

3.3. Bibliometric data analysis: from cell lines,
animal models and human patients

On the base of literature co-citation from NCBI
Pubmed, we are able to generate protein–protein net-
work trees from cell culture experiments, animal model
systems and human patient data using the data-mining
program Bibliosphere software (Bibliosphere Pathway
EditionTM, Genomatix Software, Munich, Germany).
As shown in Fig. 5, we combined the proteome anal-
ysis of three different experiments. First, we stimulated
IL-10 receptor (IL-10R) reconstituted Mode-K cell line
with E. faecalis and/or recombinant murine IL-10 as
previously described [110]. This experimental approach
added 27 differentially expressed proteins to the bib-
liometric analysis. Second and in addition to the cell
culture experiments, we implemented 31 additional pro-
teins from the proteome analysis in primary IEC from E.
faecalis-monoassociated wild-type and IL-10−/− mice
after 2 and 14 weeks of bacterial colonization (Werner,
Shkoda and Haller, manuscript submitted). Finally, we
included 55 differentially regulated proteins from IBD
patients [121]. As shown in Fig. 5A and B, the com-
bined network tree from murine cell culture experiments
(gray squares), primary murine IEC (green squares) and
primary human IEC (blue squares) compiled 113 differ-
ent proteins forming an highly interrelated network with
82.3% concordance rate within the total clusters of pro-
teins (Fig. 5A). The network tree was roughly divided in
three functional clusters including cytoskeletal proteins
(cluster I), energy metabolism (cluster II) and protein

metabolism (cluster III). We found two additional co-
citated proteins outside from the big network tree and
additional 18 proteins that were completely unrelated
(Fig. 5 B). Interestingly, we identified five proteins that
esearch 622 (2007) 42–57

were similarly detected in primary IEC from the murine
and human analysis including the lectin-galactose-
binding protein, soluble three (LGALS3), tyrosine
3-monooxygenase/tryptophan 5-monooxygenase acti-
vation protein, epsilon polypeptide (YWHAE), keratin
complex 1, acidic, gene 19 (KRT1-19), creatine kinase,
mitochondrial 1, ubiquitous (CKMT1) and the serine
(or cysteine) peptidase inhibitor, clade B, member 1a
(SERPINB1A). Interestingly, the ER-resident glucose-
regulated chaperon grp-78 was starting point for the
protein metabolism cluster (cluster III) and was directly
co-citated with the human programmed cell death protein
PDCD8. This protein was most dramatically upregulated
(7.4-fold increase) in IEC from inflamed versus non-
inflamed tissue regions of an ulcerative colitis patient
[121], supporting the hypothesis that ER stress responses
and epithelial cell barrier function contribute to the
disease pathology. In addition, we found three over-
lapping proteins between the murine epithelial cell
culture experiments and IBD patients including the
KH-type splicing regulatory protein (KHSRP), protea-
some (prosome, macropain) 28 subunit, alpha (PSME1)
and the heterogeneous nuclear ribonucleoprotein A/B
(HNRPA2B1).

In conclusion, these data strongly suggest that
bacteria- and host-derived signals at the epithelial cell
level are tightly controlled by a complex network of pro-
teins. It seems important to define functional clusters
of interrelated proteins within the complex protein net-
work and to characterize their specific contribution in
maintaining epithelial cell homeostasis. The failure to
terminate pro-inflammatory mechanisms in the epithe-
lium may lead to persistent inflammation and potentially
to chronic inflammation in a susceptible host. The epithe-
lial cell proteome together with additional technologies
may help to generate novel mechanistic insights into the
disease pathogenesis leading to identification of specific
biomarkers according to the specific disease status, dis-
ease behaviour and individual genetic subgroup of the
IBD patients.

Appendix A

Acat1 acetyl-coenzyme A acetyltransferase 1
Actb actin beta
Actg1 actin gamma
Adh5 alcohol dehydrogenase 5 (class III9, chi
polypeptide Ahnak AHNAK nucleoprotein
(desmoyokin)

Aldh3a1 aldehyde dehydrogenase family 3, subfamily
A1
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ldh6a1 aldehyde dehydrogenase family 6, subfamily
A1 Aldoa aldolase A, fructose-bisphosphate

nxa2 annexin A2
nxa3 annexin A3
nxa4 annexin A4
nxa7 annexin A7
rhgdia Rho GDP dissociation inhibitor (GDI) alpha
ss1 argininosuccinate synthetase 1
ald1 caldesmon 1
ar2 carbonic anhydrase II
bfb core binding factor beta
br1 carbonyl reductase 1
ct7 chaperonin containing TCP1, subunit 7 (eta)
kmt1 creatine kinase, mitochondrial 1, ubiquitous
lic1 chloride intracellular channel 1
nbp1 cellular nucleic acid binding protein 1
nn2 calponin 2
omt catechol O-methyltransferase
pt2 carnitine palmitoyltransferase II
rabp1 cellular retinoic acid binding protein I
naja1 DnaJ (Hsp40) homolog, subfamily A, member

1
stn Destrin
ch1 enoyl Coenzyme A hydratase 1, peroxisomal
no1 enolase 1 (alpha)
tfa electron transferring flavoprotein
the1 ethylmalonic encephalopathy 1
abp2 fatty acid binding protein 2, intestinal
abp6 fatty acid binding protein 6, ileal (gastrotropin)
cgr3a Fc fragment of IgG, low affinity IIIa
drx Ferredoxin reductase
kbp10 FK506 binding protein 10
lna Filamin, alpha
fra2 glia cell line derived neurotrophic factor family

receptor alpha 2
lo1 glyoxalase 1
lud1 glutamate dehydrogenase 1
nai2 G protein, alpha inhibiting activity polypeptide

2
sr glutathione reductase
stm1 glutathione S-transferase, mu1
stp1 glutathione S-transferase P
adha trifunctional protein alpha subunit
mgb2 high mobility group box 2
mgcl 3-hydroxy-3-methylglutaryl-coenzyme A

lyase
mgcs2 3-hydroxy-3-methylglutaryl-coenzyme A

synthase 2

nrpa2b1 heterogeneous nuclear ribonucleoprotein

A2/B1
nrpab heterogeneous nuclear ribonucleoprotein A/B
nrpf heterogeneous nuclear ribonucleoprotein F
search 622 (2007) 42–57 53

Hnrph1 heterogeneous nuclear ribonucleoprotein H1
Hspa1l heat shock 70 kDa protein 1-like
Hspa5 heat shock 70 kDa protein 5 (glucose-regulated

protein)
Idh3a isocitrate dehydrogenase 3 (NAD+) alpha
Isg15 ISG15 ubiquitin-like modifier
Khsrp KH-type splicing regulatory protein
Krt1-19 keratin complex 1, acidic, gene 19
Krt20 keratin 20
Ldha lactate dehydrogenase A
Ldhc lactate dehydrogenase C
Lgals3 lectin, galactoside-binding, soluble, 3 (galectin

3)
Mdh1 malate dehydrogenase 1, (NAD) soluble
Mpst mercaptopyruvate sulfurtransferase
Mylpf fast skeletal myosin light chain 2
Ndufs1 NADH-coenzyme Q reductase 75 kDa
Ndufv2 NADH dehydrogenase (ubiquinone) flavopro-

tein 2
Nudc nuclear distribution gene C homolog

(Aspergillus)
Ogdh oxoglutarate dehydrogenase
Otc ornithine carbamoyltransferase
Pafahl1b1 platelet-activating factor acetylhydrolase,

isoform 1b
Papss2 3′-phosphoadenosine 5′-phosphosulfate syn-

thase 2
Pbef1 pre-B-cell colony enhancing factor
Pcca propionyl-coenzyme A carboxylase
Pck2 phosphoenolpyruvate carboxykinase 2, mito-

chondrial
Pdcd8 programmed cell death 8 (apoptosis-inducing

factor)
Pebp1 phosphatidylethanolamine binding protein 1
Pgam1 phosphoglycerate mutase 1 (brain)
Pkm2 pyruvate kinase, muscle
Ppa1 pyrophosphatase (inorganic) 1
Ppid peptidylprolyl isomerase D (cyclophilin D)
Prdx5 peroxiredoxin 5
Psmc2 poteasome 26S subunit, ATPase, 2
Psmd12 poteasome 26S subunit, non-ATPase, 12
Psme1 proteasome activator subunit 1 (PA28 alpha)
Reg3a regenerating islet-derived 3 alpha
Sdhb succinate dehydrogenase complex, subunit B
Selenbp1 selenium binding protein 1
Serpinb1a serpin (or cysteine) peptidase inhibitor, clade

B, member 1a
Sfpq splicing factor proline/glutamine rich

Sfrs1 splicing factor arginine/serine rich 1
Snd1 staphylococcal nuclease domain containing 1
Tagln transgelin
Tpm3 tropomyosin 3, gamma
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Tst thiosulfate sulfurtransferase, mitochondrial
Ttn titin
Ugdh UDP-glucosedehydrogenase
Uqcrc1 ubiquinol-cytochrome c reductase core protein

I
Uqcrc2 ubiquinol-cytochrome c reductase core protein

II
Vcp valosin containing protein
Vdac2 voltage-dependent anion channel 2
Vil1 villin 1
Vil2 villin 2 (ezrin)
Vim vimentin
Ywhae tyrosine 3-/tryptophan 5-monooxygenase acti-

vation protein
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