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MEDIATORS AND OUTCOMES OF
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SUMMARY

Intestinal mucosal surfaces are in continuous contact with heteroge-
neous populations of commensal microorganisms, which collectively
make up the intestinal microbiota. Historically, the barrier function of
intestinal epithelial cells (IEC) has been considered to be important in
preventing or limiting the interaction of non-invasive bacteria from
making contact with, and activating the mucosal immune system, and
therefore maintaining immune (oral) tolerance to commensal bacteria.
More recent investigations suggests that IEC may also play a role in
sensing the external environment and communicating this information to
the local immune system to affect appropriate responses. In this review
the basis of IEC recognition of microorganisms and how disruption or
breakdown in the interaction between IEC and the commensal microbi-
ota are thought to underlie the development of chronic intestinal inflam-
mation are discussed. In particular, the function of the cell surface pat-
tern recognition receptors (PRR), Toll-like receptors, and the cytosolic
nucleotide binding site plus leucine-rich repeat protein, NOD2, in IEC
and the outcome of the triggering of these PRRs for IEC function are
discussed.

INTRODUCTION

A single layer of epithelial cells is all
that separates the host from the external
environment. These cells are constantly
interacting with a vast number of bacteria
that are resident in the colon and distal
small intestine and whose products such
as endotoxin would in other sites of the
body cause inflammation and tissue
injury. Yet in the intestinal tract there is
usually no evidence of any inflammation
and instead commensal bacteria exist in
a mutually beneficial or symbiotic
relationship with the host. Although the
nature of this relationship and the
mechanisms by which it is regulated are
poorly understood, its importance is

evident from numerous studies
demonstrating that dysregulation of this
interaction is associated with chronic
inflammation of the type seen in patients
with inflammatory bowel disease (IBD).
An important question therefore is how
are pro-inflammatory responses to
members of the commensal microbiota
avoided while maintaining the capacity to
orchestrate vigorous defence to any
microorganisms that pose a threat to the
host, and what role do IEC play in
sensing and discriminating between
innocuous versus dangerous bacteria in
the gut?   
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INTESTINAL EPITHELIAL CELLS ARE MORE
 
THAN A PHYSICAL BARRIER
 

The intestinal epithelium forms a 
highly impermeable barrier to most en-
teric antigens including microorganisms
(Didierlauerent, 2002). Barrier function
can broadly be described as being either
physical, biochemical or immunological
in nature all of which are to some extent 
dependent upon commensal bacteria for
their establishment and/or efficient op-
eration. These barriers must be breached 
by pathogenic microorganisms in order
to invade and cross the epithelium.

The integrity of the physical intestinal
barrier depends on specialised structures
involved in cell-cell contacts known as 
tight junctions and adherens junction.
The tight junction located at the apical
region of epithelial lateral membranes
provide a barrier that is selectively per-
meable to certain hydrophilic molecules,
ions and nutrients, whereas the adherens
junctions mediates strong cell-to-cell
adhesions between adjacent IEC (Cerei-
jido et al., 1998; Liu et al., 2000; Mitic 
and Anderson, 1998; Moncrief et al.,
1995; Obsio Jr. et al., 1997; Wu et al.,
1998). Tight junctional complexes are
targets of pathogens such as Bacteroides 
fragilis , Clostridia sp. and en-
teropathogenic Escherichia coli (Berkes 
et al., 2002). Conversely, certain strains
of probiotic lactobacilli have been shown
to enhance epithelial barrier function
(Isolauri et al., 1993; Mao, 1996) and to
attenuate epithelial invasion by patho-
genic bacteria (Madsen et al., 2003; Re-
sta-Lenert and Barret, 2003). Compro-
mised or leaky junctional complexes that
facilitate translocation of commensal 
bacteria have been associated with the 
pathogenesis of IBD (Gassler et al.,
2001). The major biochemical barrier of
the intestinal epithelial layer is the mucus
layer that overlies it that comprises
mucin glycoproteins and members of the
trefoil factor family. In addition, anti-
microbial peptides (AMP) produced by 

Paneth cells in the crypts of the small
intestine also contribute to the biochemi-
cal and anti-microbial defences of the 
epithelium. Induction of expression of
the potent AMP, Angiogenin-4, by
Paneth cells has been shown to be under 
the influence of commensal bacteria 
which together with the species specific-
ity of Angiogenin-4 anti-microbial ac-
tivity (Hooper et al., 2003) suggests that
bacterial interactions with Paneth cells 
help shape the composition of the com-
mensal microbiota. The major immu-
nological defence mechanism of the in-
testinal epithelium is IgA, which is
transported from the lamina propria and
secreted into the lumen by IEC where it
acts to prevent commensal bacteria
breaching the mucosal barrier. IgA is
not, however, exclusively produced in
response to pathogenic microorganisms.
In a seminal study Schroff and col-
leagues (1995) showed that upon colo-
nisation of the gut commensal bacteria
elicit adaptive an immune response
which by virtue of coating bacteria in the
intestinal lumen with IgA and preventing
further translocation and stimulation of 
gut lymphoid tissue are naturally self-
limiting. The generality of this phenom-
ena is however uncertain since not all 
commensal bacteria are equally effective
at inducing “protective” IgA (Cebra,
1999; Moreau et al., 1978) which may
be related to differences in expression of
pathogenicity factors such as molecules
that mediate adhesion and invasion or 
that are endotoxic. How and where IgA
production is initiated in the gut associ-
ated lymphoid tissues (GALT) has re-
cently been established. Intestinal den-
dritic cells (DCs) have been shown to
transport live commensal bacteria from
the gut lumen to the intestinal mesenteric
lymph nodes where IgA+ lymphoblasts
are activated enabling them to migrate to
the lamina propria where they become 
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plasma cells (Macpherson and Uhr,
2004). IEC are thought to contribute to
this process by producing cytokines in
response to commensal bacteria that re-
cruit DCs to the gut mucosa, acting 

therefore as a link between the innate 
and adaptive immune systems. How then
is IEC recognition of enteric mi-
croorganisms mediated? 

IEC RECOGNITION OF MICROORGANISMS
 

Host cells use distinct receptors
(designated pattern-recognition recep-
tors; PRR) for recognition of highly
conserved structures of microorganisms,
which have been called pathogen-associ-
ated molecular patterns (PAMPS)
(Medzhitov and Janeway, 2002). How-
ever, considering that both pathogenic
and non-pathogenic microbes can ex-
press the same molecular patterns these
molecules are better described as mi-
crobe-associated molecular patterns
(MAMPS) (Didierlauerent, 2002).
Based upon their sub-cellular distribu-
tion, mammalian PRR can be divided 

into two types, the cell surface Toll-like
receptor family (TLR) which recognise
various PRRs of bacteria (lipopolysac-
charide (LPS), lipoteichoic acid (LTA),
peptidoglycan (PGN), flagellin, methy-
lated DNA), viruses (single and double
stranded RNA) and yeast (zymosan),
and the cytoplasmic nucleotide-binding
oligomerisation domain (NOD) family
of proteins which recognise components
of PGN (Inohara et al., 2002; Medzhi-
tov, 2001). IEC expression of functional
TLRs and NOD proteins is contentious
and by no means clear. 

TLR FUNCTION IN IEC
 

Most studies investigating PRR ex-
pression by IEC have relied on estab-
lished intestinal epithelial cell lines 
which have provided evidence for both
the presence and absence of TLRs 
(Abreu et al., 2002; Bocker et al., 2003; 
Cario and Podolsky, 2000; Cario et al., 
2000; Melmed et al., 2003). Demon-
strating that any TLRs expressed by IEC
are functional is critical. Although some
IEC lines have been shown to express
TLR mRNA production of TLR protein
and the co-factors required for 
recognition of certain MAMPs have
been shown to be negligible rendering
them functionally unresponsive (Abreu 
et al., 2001; Funda et al., 2001). The in-
ability to detect TLR expression by IEC
in vivo has led to the notion that IEC are 
normally unresponsive or ignorant of
commensal bacteria (Cario and Podol-
sky, 2000). The cellular localisation of 

any TLR expression by IEC may also be
significant in terms of discriminating
between commensal and pathogenic
microbes. Expression of TLR5, which
recognises bacterial flagellin, in the in-
testinal epithelium has been shown to be
restricted to the basolateral surface of 
IEC (Gewirtz, 2001) and may therefore
be effectively hidden from all enteric
microbes except those (pathogenic
strains) able to subvert the barrier func-
tion of IEC. Not all studies of TLR5 
expression by IEC however, agree with
this finding (Sierro, 2001). The finding
that expression of TLR4 and the co-re-
ceptors (MD-2 and CD14) required for
recognition of LPS in crypt epithelial
cells are primarily intracellular within the
Golgi apparatus (Hornef et al., 2003), is
thought to enable IEC to selectively re-
spond to internalised MAMPs from in-
vasive bacteria while remaining tolerant 
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of the excessive amounts of MAMPs 
and LPS present in the lumen. Con-
flicting evidence suggest that TLR4 traf-
ficking occurs across the epithelium im-
plying that IECs have the capability of
sensing and sampling luminal bacterial
antigens using receptors localised to one
surface polarised IECs (Cario et al.,
2002). The variability in TLR expression
and responsiveness seen among IEC
lines may at least in part be explained by
observations in mouse models of 
spontaneous or induced intestinal 
inflammation that IEC responses to 
MAMPs vary according to their anat-
omic location along the intestine and on
whether they are in the lower crypt or
villous tip (Ortega-Cava et al., 2003; 
Suzuki et al., 2003).

There is also uncertainty regarding
the consequences of TLR-MAMP inter-
actions and the downstream signalling
pathways utilised in IEC. The intracel-
lular signalling pathways downstream of
these PRR have principally been mapped
using haematopoietic cell lines and 
ultimately result in nuclear factor-kappa
B (NF-κB, p65) activation leading to the
production of antimicrobial factors,
cytokines and chemokines (Aderem,
2001; Akira et al., 2001; Irie et al.,
2000). Two divergent pathways have
been identified (Akira, 2003). In the first,
stimulation of PRR by MAMP leads to
the recruitment of the adaptor molecule,
myeloid differentiation factor 88 
(MyD88) that binds to the conserved
Toll/Interleukin-1 receptor (TIR) domain
(M e a n s  et al., 2000) enabling
phosphorylation of serine kinase IL1-
receptor-associated kinase (IRAK),
which in turn leads to recruitment and 
activation of TNF-associated factor 6 
(TRAF-6). The IRAK-TRAF6 complex
then interacts with another complex 
containing TGFß-activated kinases 
leading to the activation of IKK and fi-
nally NF-κB activation. Alternative or 
MyD88-independent pathways activate 

caspase-1 (IL-1ß converting enzyme;
ICE) that converts the inactive form of
pro-inflammatory cytokines, IL-1β and 
IL-18, into the secreted and active form
(Akira et al., 2001; Seki et al., 2001).
Other MyD88-independent pathways
involve the induction of IFN-inducible 
genes such as the CXC chemokine IP-
10 (Akira et al., 2001; Irie et al., 2000; 
Kawai et al., 2001). Several inhibitory
molecules have recently been identified
that interfere with TLR signalling at
various points in the signalling cascade.
One of these, Toll-interacting protein
(TOLLIP) which binds to MyD88 and
suppresses IRAK phosphorylation (Mi-
yake, 2004), has been shown to be ex-
pressed at high levels in IEC lines after
exposure to LPS (Otte et al., 2004) re-
sulting in hypo-responsiveness to not
only TLR4 ligands but also TLR2 
ligands. TLR homologues lacking sig-
nalling domains have also been identi-
fied in antigen presenting cells and den-
dritic cells (Divanovic et al., 2005). A 
Probiotic strain of Bacteroides thetaio-
taomicron has been shown to induce 
expression of the peroxisome-prolif-
erator-activated receptor-γ (PPAR-γ) in
IEC lines, which is a negative regulator
of NF-κB activation (Kelly et al., 2004)
accounting perhaps for the bacterium’s
anti-inflammatory role.

To attempt to redress the conflicting
data concerning TLR expression by IEC
our own studies have focused on exam-
ining the functionality of TLRs ex-
pressed by primary IEC in vivo and in 
vitro using a novel IEC culture system
capable of supporting populations of
murine colonic epithelial cells (CEC)
that maintain the properties and charac-
teristics of their in vivo counterparts
during prolonged culture (Baumgart et 
al., 1998; Telega et al., 2000). CEC from
wild type adult mice analysed directly ex 
vivo express detectable levels of both
TLR2 and TLR4 (Singh et al., 2005). In
response to LPS, LTA, PGN or the 
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synthetic TLR2 ligand, Pam3Cys, CEC
proliferated in vitro increasing in num-
ber by more than twofold compared to
cells cultured in media alone (Singh et 
al., 2005). In addition, MAMPs and in
particular LPS, up-regulated production
of the cytokines IL6 and MCP-1 by
primary CEC (Singh et al., 2005) both of
which in addition to being involved in
activation of the inflammatory response
(Conti and DiGioacchino, 2001; Hibi et 
al., 1996; M u k a i d a  et al., 1998;
Shephard , 2002) also contribute to 

epithelial growth and homeostasis 
(Grossmann et al., 1989; Naka et al., 
2002; Yoshizaki et al., 1990) and epithe-
lial restitution (Low et al., 2001). These
findings are consistent with the recently
proposed role for TLR-mediated re-
sponse in IEC homeostasis (Rakoff-Na-
houm et al., 2004) with the balance be-
tween promoting inflammation and 
epithelial homeostasis perhaps being
determined by the strength and duration
of the MAMP stimulus. 

IEC CAN DISTINGUISH DIFFERENT COMMENSAL BACTERIA
 

A CEC:bacteria co-culture system
was used to compare the ability of dif-
ferent representative colonic commensal
bacteria to modulate the production of
different cytokines (n=15) by primary
CEC. Exposure of primary CEC to 
Bacteroides ovatus, E. coli (SLF) or 
Lactobacillus rhamnosus all of which 
were human or rodent colonic isolates 
induced or up-regulated different pat-
terns of cytokine production and secre-
tion (Lan et al., 2005). E. coli selectively
induced production of MIP-1α and 
MIP-1β and defensin 3 whereas B. 
ovatus and L. rhamnosus exclusively
induced MCP-1 and MIP-2α expres-
sion, respectively. Other cytokines
(TNFα, RANTES and MEC) were in-
duced or up-regulated in response to
some but not all three of the bacteria 
whereas others (IP-10, ENA78) were 
up-regulated in response to all bacteria.
Evidence of bacterial interference and 
suppression of CEC cytokine produc-
tion was also obtained from mixed bac-
terial:CEC co-cultures. Probiotic L.  
rhamnosus suppressed E. coli- and B. 
ovatus-induced production of pro-in-
flammatory cytokines, identifying CEC
as a potential cellular target for pro-

biotoic bacteria in vivo. Although the
ability of probiotic bacteria to down
modulate pro-inflammatory cytokine
(TNFα and IL-6) production has been
demonstrated previously (Borruel et al., 
2002; Schultz et al., 2003), the identity of
the cells effected by the bacteria and the
cellular source(s) of the cytokines was
not established in these studies. 
Although the mechanism(s) of action of
probiotics remains unclear (Ghosh et al.,
2004) our findings suggest a mechanism
by which non-pathogenic or probitoic
bacteria might suppress or limit the 
ability of other "pathogenic" bacteria to
promote or sustain inflammatory re-
sponses. How L. rhamnosus interferes 
with the ability of E. coli or B. ovatus to 
induce cytokine production by CEC is
not yet known but may include the pro-
duction of AMPs (e.g. bacteriocins),
expression of MAMPs of higher density
and affinity by L. rhamnosus, and the
induction of TLR antagonistic signalling
pathways or  molecules. The 
CEC:bacteria co-culture system we have
developed should be of value in investi-
gating these potential mechanisms in
more detail. 
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IEC TLR RESPONSIVENESS CHANGES DURING THE
 
DEVELOPMENT OF CHRONIC INFLAMMATION
 

Since the regulation of TLR expres-
sion in the intestinal epithelium may
change during the development of
chronic inflammation in patients with
IBD (Cario and Podolsky, 2000), we
examined the responsiveness of primary
CEC in a murine model of ulcerative 
colitis during the development of chronic
inflammation. Before or coincident with 
disease onset, CEC from Interleukin-2-
deficient (IL2-/-) mice demonstrated a
switch in TLR responsiveness from
being TLR4 dominant in healthy wild 

type mice to decreased TLR4 
responsiveness and increased TLR2
responses resulting in exacerbated IL6
and MCP-1 secretion in IL2-/- mice 
(Singh et al., 2005). Changes in TLR
responsiveness or underlying ab-
normalities in regulation of TLR-medi-
ated responses appear therefore be asso-
ciated with the development of chronic
inflammation and presumably reflect
differences or changes in the interaction
of CEC with commensal bacteria in the 
healthy versus inflamed intestine. 

NOVEL TLR SIGNALLING PATHWAYS IN IEC
 

Based upon the analysis of haema-
topoietic cells and immortalised epithe-
lial cell lines the downstream signalling
pathways from TLRs have been shown
to ultimately result in MyD88-dependent
NF-κB (p65) activation (Akira, 2003). In 
primary IEC, however, MyD88-
independent pathways are primarily
utilised for TLR signalling (Singh et al.,
2005). Following stimulation of CEC
with MAMPs several MAPK family
members are activated in association 
with transient caspase-1 activation and
predominance of the inhibitory, p50, 
subunit of NF-κB (Singh et al., 2005).
This is consistent with the divergence of
TLR-mediated intracellular signalling
pathways (Kawai et al., 2001; Muzio et 
al., 1998) that may be selectively used by
different cell types (haematopoietic
versus epithelial). The differences in 
TLR-signalling pathways used by
primary versus established IEC may be
explained by the developmental control
of TLR expression and function. 
Analysis of NF-κB activation in the 
colonic mucosa has shown that expres-
sion of the p65 subunit is restricted to
rapidly dividing cells within the crypts
and that the inhibitory p50 subunit pre-

dominates in mature enterocytes (Inan et 
al., 2000). MAMP responsiveness by
IEC may therefore, be restricted to spe-
cific developmental or maturational 
stages, with less differentiated cells be-
ing less or hyporesponsive while fully
differentiated cells can respond to 
MAMPs (Cario et al., 2002). This could
be mediated by the action of specific
negative regulators of TLR signalling
such as PPAR-γ (Kelly et al., 2004), sin-
gle immunoglobulin-IL-1 receptor re-
lated molecule (Wald et al., 2003) or of 
TLR cofactors (Akashi et al., 2000; Shi-
mazu et al., 1999) or functionless TLR
homologues (Divanovic et al., 2005) the
expression of which would be develop-
mentally regulated.

The importance of regulating TLR-
mediated signalling is demonstrated by
the sustained expression and lack of
down-regulation of caspase-1 activity in
primary CEC during the development of
intestinal inflammation (Singh et al.,
2005). The failure or breakdown in the
regulation of caspase-1 activity in CEC
may therefore play a role in the devel-
opment or maintenance of intestinal in-
flammation. The observation that 
caspase-1-/- animals are resistant to 
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chemically-induced colitis (Siegmund et 
al., 2001b) and that anti-IL-18 antibodies
ameliorate colitis in a number of murine 
models of IBD (Kanai et al., 2001; 
Siegmund et al., 2001a; ten Hove et al., 
2001; Wirtz et al., 2002) are consistent
with this interpretation. Of note, up-

regulation of IL-18 expression has been
demonstrated in the inflamed lesions of 
the intestine of IBD patients localised
primarily to macrophages and epithelial
cells, and caspase-1 has been identified
as a potential therapeutic target for IBD
(reviewed in Siegmund, 2002). 

NOD2 FUNCTION IN IEC
 

Both NOD1/CARD4 and NOD2/
CARD15 are members of the caterpillar
gene family that encodes proteins with a
variable but limited number of N-termi-
nal domains, followed by a nucleotide-
binding domain (NBD) and leucine-rich
repeats (LRR) that are highly conserved
in plants and vertebrates (Ting and 
Davis, 2005). NOD1 and NOD2 are
capable of detecting bacterial peptides of
PGN with NOD1 detecting muropeptide
found mainly in Gram-negative bacteria,
whereas NOD2 detects muramyl dipep-
tide, which is present on all bacteria 
containing PGN (Inohara and Nunez,
2003; Inohara, 2002). The interaction of
these peptides with the LRR domain of
NOD proteins leads to oligomerisation
and recruitment of the adapter protein
RICK (RIP-like CARD containing do-
main) which in haematopoietic cells re-
sults in NF-κB activation (Kobayashi et 
al., 2002; Ogura et al., 2001). NOD2
expression is restricted to the cytoplasm
of monocytes, epithelial cells and Paneth
cells in the small intestine (Lala, 2003).
Although there is strong data linking
NOD2 gene polymorphisms and muta-
tions in the LRR domain of NOD2 with 
Crohn’s disease that results in defective 
signalling in response to MAMPs 
(Bonen, 2003), the precise mechanisms
of action of NOD2 is uncertain. Three 
different models of NOD2 function have 
been proposed based upon studies 
carried on transgenic mice with targeted
mutations or deletion of the NOD2 gene
(Figure 1). In the first model, based
upon the analysis of spleen cells from 

mice deficient in exon 1 of the NOD2 
gene preventing the NOD2 protein from
being expressed, Wantanabe and col-
leagues (2004) propose that the interac-
tion of NOD2 with MDP normally lim-
its TLR2 signalling activated by PGN at
the cell surface. This affects activation of 
the NF-κB subunit c-Rel, leading to an
increase in the production of IL-12.
Mutant NOD2 in Crohn’s disease is 
unable to sense MDP and thus removes 
a constraint on the TLR2 pathway
thereby invoking inflammation. In the
second model based upon the outcome
of infection of mice in which exon 3 had 
been deleted with the enteric pathogen
Listeria monocytogenes, Kobayashi and 
co-workers (2005) propose that NOD2
plays an important role in the regulation
of α-defensins made by Paneth cells
enabling protection against pathogenic
bacteria. Mutations in NOD2 cause a 
decrease and therefore loss of the α-de-
fensins and loss of protection from in-
vading pathogenic bacteria. Interestingly,
in contrast to the Wantanabe study, 
analyses of bone marrow-derived 
macrophage (BMDM) responses in 
mice generated by Kobayashi failed to
detect any increase in the production of
pro-inflammatory cytokines, including
IL-12, in response to various TLR 
ligands, such as PGN. The third model
based upon the analysis of BMDM
from mice expressing a mutated form of
NOD2 protein (NOD2939iC) homologous
to the major mutation in human Crohn’s
disease resulting in a truncated NOD2
protein, led M a e d a  and col-

99 



 

 

 

Figure 1: Models of NOD2 function based upon studies of haematopoietic cells. In the model
proposed by Wantanabe and co-workers (2004) NOD2 activation by MDP reduces or interferes with
TLR2-mediated IL-12 production by interfering or blocking activation of the c-Rel subunit of NF-
κB. The mutated forms of NOD2 in Crohn’s diseases patients are unable to provide this restraining
effect and IL-12 production proceeds unabated leading to inflammation and disease. The model pro-
posed by Maeda and colleagues (2005) is based on a gain-of-function of mutated forms of NOD2
that acquire the ability to activate IKK and caspase-1 which acts on the precursor form of IL-1β 
(and IL-18) enabling the secretion of biologically active cytokine leading to inflammation. 

leagues (2005) to propose that the mu-
tation in NOD2 results in a gain-of-
function. Specifically, the N-terminal 
CARD domains of the mutated protein
are now capable of activating caspase-1,
which acts on the precursor form of IL-
1β which is then secreted and can drive 
the inflammatory response in Crohn’s
disease patients.

Whilst all three models clearly iden-
tify a link between NOD2 activation and
pro-inflammatory cytokine production
there is no consensus as to how NOD2 
influences cytokine production and 
whether NOD2 activation up- or down-
regulates cytokine production. The rea-
sons for these conflicting results are not 

clear but must be related to differences 
in the mutations introduced into the 
NOD2 gene (deletion of different exons
or knock-in of a frame shift mutated 
gene) and the affect they now have on
proteins and signalling complexes that
NOD2 interacts with or is a part of. Im-
portantly, none of these studies have ex-
amined the function of NOD2 in IEC,
which is surprising since they are the
first point of contact with enteric mi-
crobes, the outcome of which is of im-
portance in determining the nature of the
host response. Our own studies there-
fore, have focused on examining the
function of NOD2 in primary CEC and
have provided evidence for an anti-in-
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flammatory role for this cytoplasmic genesis of chronic intestinal inflamma-
PRR that may help explain the patho- tion. 

ROLE OF NOD2 IN PRIMARY CEC 

The conditions under which NOD2 
is expressed by primary CEC and the
affects its activation has on their immune 
function were examined first. In a series 
of yet to be published studies NOD2 is
expressed at low levels by CEC in vivo 
with expression localised to crypt re-
gions and villous tips in normal healthy
adult mice. This expression was shown
to be dependent on the presence of
commensal bacteria since it was not 
possible to detect any expression in the
colonic mucosa of germ-free animals.
Expression was dramatically and tran-
siently up-regulated both in vivo after 
peroral infection with the bacterium, L. 
monocytogenes and the protozoan para-
site, Toxoplasma gondii and in vitro 
upon exposure to pro-inflammatory cy-
tokines (TNFα), MAMPS (PGN and
MDP) and to varying degrees by differ-
ent commensal bacteria. 

Clues as to the function of NOD2 in 
CEC were obtained from analyses of
cytokine production by CEC in response
to MDP and other MAMPs. Activation 
of NOD2 in cultured primary CEC
abrogated constitutive production of pro-
inflammatory cytokines by CECs and
counteracted the ability of TLR2 ligands
to up-regulate cytokine production. The
suppression of cytokine production by
NOD2 activation was associated with 
expression of the p50 inhibitory subunit
of NF-κB. Although these findings need 
to be corroborated by additional 
functional studies incorporating NOD2
deficient CEC, they suggest that NOD2
acts as an anti-inflammatory protein in
CEC by regulating cytokine production.
The transient nature of NOD2 
expression by CEC in response to 
infection and exposure to MAMPs 
suggests that NOD2 gene transcription 

is normally tightly regulated and re-
stricted to specific stages of the host re-
sponse. Disruption of this regulation
and sustained expression of NOD2 may
therefore effect how it interacts with its 
associated downstream signalling mole-
cules leading to qualitative or quantitative
changes in NF-κB activation resulting in
sustained or increased pro-inflammatory
cytokine production.

It is interesting to note that elevated
and sustained expression of NOD2 is
associated with intestinal chronic in-
flammation (Lala, 2003; Rosenstiel,
2003) and increased levels of pro-in-
flammatory cytokine production, par-
ticularly IL6, by IECs in IBD patients
(Jones, 1993; Kusugami, 1995; Shirota,
1990). Since the highest levels of NOD2
protein in the inflamed colon are 
localised to the crypts it may influence
or be a consequence of the increased
proliferation and IEC turnover that is
required to repair and regenerate an in-
tact epithelial barrier. It may also reflect
disruption of NOD2 regulation, or a fu-
tile attempt to control and contain the
inflammatory response. In an anti-in-
flammatory role, the high levels of pro-
inflammatory cytokines and sustained
NF-κB (p65) activation seen in Crohn’s
disease could be explained by the loss of
inhibitory signals normally provided by
NOD2 activation that restrict or prevent
NF-κB activation in IEC. In view of the 
diversity of cellular functions associated
with caterpillar proteins that range from
influencing differentiation, proliferation
and cell death (Ting and Davis, 2005) it
is possible that there may be regional
differences in NOD2 function in IEC in 
the colon; influencing or promoting
epithelial anti-microbial defence (α-
defensin production) and IEC differ-

101 



  

 

Figure 2: Models of NOD2 function in IEC. In the model proposed by Kobayashi et al. (2005) 
NOD2 regulates α-defensin production by Paneth cells in the crypts of the villi of the small intes-
tine. Mutations in NOD2 lead to a decrease in defensin levels which compromises protection
against invading bacteria. An alternative model based upon our own work (Carding et al., unpub-
lished observations) is that NOD2 is an anti-inflammatory protein in CEC acting to suppress or
restrict the production of NF-κB (p65)-dependent pro-inflammatory cytokines (e.g. IL6, MCP-1)
induced by TLR-mediated recognition of commensal bacteria or enteric MAMPs. The loss-of-func-
tion of NOD2 in Crohn’s disease effectively removes this control mechanism increasing the re-
sponsiveness of TLR-mediated signalling resulting in NF-κB (p65)- and caspase-1-dependent re-
sponses to commensal bacteria and inflammation and disease. 

entiation and proliferation in the crypts, tion in IEC may be of central importance
and apoptosis in IEC at the villus tips. in determining the outcome of host-

Although there are some similarities bacteria interactions and in mounting
between our own findings and model of appropriate responses to commensal 
NOD2 function in primary IEC with versus pathogenic bacteria. This does
those already described (Figures 1 and not exclude a (different?) role for NOD2
2) they are not identical. The differences in other cell types once the epithelial
most likely reflect cell type (haema- barrier has been breached and they are
topoietic versus epithelial cells) or cell exposed to MAMPs in the lamina 
stage (immature versus mature) specific propria or other tissues. Another 
differences in NOD2 function that could important point that emerges from these
for example, be mediated by differences studies is that it is unwise to extrapolate
in NF-κB subunit activation (p65 vs. findings based upon one cell type to an-
p50) and types of cytokines produced other unrelated cell type and in compar-
(IL-12 or others). Considering that IEC ing responses of immortalised cells with
are the first points of contact with enteric that of primary cells.
microbes the regulation of NOD2 func-
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CONCLUDING REMARKS
 

It is now clear that IEC express func-
tional PRRs and that they are used to
recognise and respond to microorgan-
isms and microbial antigens in the gut
lumen. This interaction or dialog be-
tween the two cell types is important in
epithelial homeostasis, anti-microbial
defences and influencing host innate and
adaptive immune responses. This inter-
action is complex in that the response of
IEC to microbial challenge is not 
stereotypical and they appear to possess
the capacity to distinguish between dif-
ferent bacteria and to mount different 
(pro- or anti-inflammatory) responses.
Disruption of this interaction and asso-
ciated downstream signalling pathways 
may underlie the pathogenesis of 
chronic intestinal inflammation and IBD. 
Among the many questions that remain
unanswered that relate to IEC-bacteria 
interactions, or conversations, are: 
•	 What is the basis of the dialog be-

tween commensal bacteria and IEC? 
Face-to-face (cell-cell contact), long
distance (soluble factors), or do they 

require a third party operator or in-
terpreter such as intestinal DC that
are often found in close association 
with IEC and can gain access to lu-
men contents via dendritic process
that protrude between adjacent IEC?

•	 Which genes (lexicon) in each part-
ner are required for this dialog?

•	 Are all bacteria and IECs equally
equipped to converse? Are language
skills developmentally acquired and
are there different regional IEC dia-
lects? 

•	 How might this dialog be different in
individuals prone to develop IBD, es-
pecially in the majority of IBD pa-
tients that have an intact and func-
tional NOD2 gene? Deaf and/or
dumb IEC perhaps? Are other known
or unknown PRRs involved? 

•	 Do probiotic bacteria converse with
IEC in a different language to that of
other enteric bacteria? 

•	 Can this dialog be interrupted or cor-
rected for prophylactic and therapeu-
tic benefit? 

LITERATURE
 

Abreu, M.T., Arnold, E.T., Thomas, L.S., 
Gonsky, R., Zhou, Y., Hu, B., and Arditi,
M.: TLR4 and MD-2 expression is regu-
lated by immune-mediated signals in human
intestinal epithelial cells. J. Biol. Chem.
277, 20431-20437 (2002).

Abreu, M.T., Vora, P., Faure, E., Thomas, 
L.S., Arnold, E.T., and Arditi, M.: De-
creased expression of Toll-like receptor-4
and MD-2 correlates with intestinal epithe-
lial cell protection against dysregulated
proinflammatory gene expression in re-
sponse to bacterial lipopolysaccharide. J.
Immunol. 167, 1609-1616 (2001).

Aderem, A.: Role of Toll-like receptors in in-
flammatory response in macrophages. Criti-
cal Care Med. 29, S16-S18 (2001).

Akashi, S., Ogata, H., Kirikae, F., Kirikae, T.,
Kawasaki, K., Nishijima, M., Shimazu,
R., Nagai, Y., Fukudome, K., Kimoto, M., 

and Miyake, K.: Regulatory roles for CD14
and phosphotidylinositol in the signalling
via Toll-like receptor 4-MD-2. Biochem.
Biophys. Res. Commun. 268, 172-177 
(2000).

Akira, S.: Toll-like receptor signaling. J. Biol.
Chem. 278, 38105-38108 (2003).

Akira, S., Takeda, K., and Kaisho, T.: Toll-like 
receptors: critical proteins linking innate
and acquired immunity. Nature Immunol. 2,
675-680 (2001).

Baumgart, D.C., Olivier, W.-A., Reya, T.,
Peritt, D., Rombeau, J.L., and Carding,
S.R.: Mechanisms of intestinal epithelial
cell injury and colitis in interleukin 2 (IL-
2)-deficient mice. Cell. Immunol. 187, 52-
66 (1998).

Berkes, J., Viswanathan, V.K., Savokovic, 
S.D., and Hecht, G.: Intestinal epithelial re-
sponses to enteric pathogens: Effects on 

103 



 

 

 

 

tight junction barrier, ion transport, and in-
flammation. Gut 52, 439-451 (2002).

Bocker, U., Yezerskyy, O., Feick, P., 
Manigold, T., Panja, A., Kalina, U., Her-
weck, F., Rossol, S., and Singer, M.V.:
Responsiveness of intestinal epithelial cell
lines to lipopolysaccharide is correlated with
Toll-like receptor 4 but not Toll-like recep-
tor 2 or CD14 expression. Int. J. Colorectal
Dis. 18, 25-32 (2003).

Bonen, D., Ogura, Y., Nicolae, D.L., Inohara,
N., Saab, L., Tanabe, T., Chen, F.F., Fos-
ter, S.J., Duerr, R.H., Brant, S.R., Cho, 
J.H., and Nunez, G.: Crohn’s disease-
associated NOD2 variants share a signaling
defect in response to lipopolysaccharide and
peptidoglycan. Gastroenterology 124, 140-
146 (2003).

Borruel, N., Carol, M., Casellas, F., Antolin, 
M., de Lara, F., Espin, E., Naval, J.,
Guarner, F., and Malagelada, J.R.: Increased
mucosal tumour necrosis factor alpha pro-
duction in Crohn's disease can be downregu-
lated ex vivo by probiotic bacteria. Gut 51,
659-664 (2002).

Cario, E., Brown, D., McKee, M., Lynch-
Devaney, K., Gerken, G., and Podolsky,
D.K.: Commensal-associated molecular pat-
terns induce selective Toll-like receptor-traf-
ficking from apical membrane to cytoplas-
mic compartments in polarized intestinal
epithelium. Am. J. Pathol. 160, 165-173
(2002).

Cario, E. and Podolsky, D.K.: Differential al-
teration in intestinal epithelial cell expres-
sion of Toll-like receptor 3 (TLR3) and
TLR4 in inflammatory bowel disease. In-
fect. Immun. 68, 7010-7017 (2000).

Cario, E., Rosenberg, I.M., Brandwein, S.L.,
Beck, P.L., Reinecker, H.C., and Podolsky,
D.K.: Lipopolysaccharide activates distinct
signaling pathways in intestinal epithelial
cell lines expressing Toll-like receptors. J.
Immunol. 164, 966-972 (2000).

Cebra, J., Jiang, H-Q., Sterzl, J., and Tlas-
kalova-Hogenova, H.: The role of mucosal
microbiota in the development and mainte-
nance of the mucosal immune system. In:
Mucosal Immunology (Eds.: Ogra, P.L.,
Mestecky, J., Lamm, M.E., Strober, W.,
Bienenstock, J., and McGhee, J.R.). Aca-
demic Press, New York, 267-280 (1999).

Cereijido, M., Valdes, J., Shoshani, L., and
Contreras, R.: Role of tight junctions in es-

tablishing and maintaining cell polarity.
Ann. Rev. Physiol. 60, 161-177 (1998).

Conti, P. and DiGioacchino, M.: MCP-1 and 
RANTES are mediators of acute and chronic 
inflammation. Allergy Asthma Proc. 22,
133-137 (2001).

Didierlauerent, A., Sirad, J.-C., Kraehenbuhl, 
J.-P., and Neutra, M.R.: How the gut
senses its contents. Cell. Microbiol. 4, 61-
72 (2002).

Divanovic, S., Trompette, A., Atabani, S.,
Madan, R., Golenbock, D., Vistinin, A., 
Finberg, R., Tarakhovsky, A., Vogel, S.,
Belkaid, Y., Kurt-Jones, E.A., and Karp,
C.L.: Negative regulation of Toll-like re-
ceptor 4 signaling by the Toll-like receptor
homolog RP105. Nature Immunol. 6, 571-
578 (2005).

Funda, D., Tuckova, L., Farre, M., Iwase, T., 
Moro, I., and Tlaskalova-Hogenova, H.:
CD14 is expressed and released as soluble
CD14 by hunam intestinal epithelial cells
in vitro: Lipopolysaccharide activation of
epithelial cells revisited. Infect. Immun. 69,
3772-3781 (2001).

Gassler, N., Rohr, C., Schneider, A., Karten-
beck, J., Bach, A., Obermuller, N., Otto, 
H.F., and Autschbach, F.: Inflammatory
bowel disease is associated with changes of
enterocyte junctions. Am. J. Physiol. 281,
G216-G228 (2001).

Gewirtz, A.T., Navas, T.A., Lyons, L., 
Godowski, P.J., and Madara, J.L. Bacterial 
flagellin activates basolaterally expressed
TLR5 to induce epithelial proinflammatory
gene expression. J. Immunol. 167, 1882-
1885 (2001).

Ghosh, S., van Heel, D., and Playford, R.J.:
Probiotics in inflammatory bowel disease:
Is it all gut flora modulation? Gut 53, 620-
622 (2004).

Grossmann, R.M., Krueger, J., Yourish, D.,
Granelli-Piperno, A., Murphy, D.P., May,
L.T., Kupper, T.S., Seghal, B.L., and Got-
tlieb, A.B.: Interleukin-6 is expressed in
high levels in psoriasis skin and stimulates
proliferation of cultured human keratino-
cytes. Proc. Natl. Acad. Sci. 86, 6367-6371
(1989).

Hibi, M., Nakajima, K., and Hirano, T.: IL-6
cytokine family and signal transduction: A
model of the cytokine system. J. Mol. Med.
74, 1-12 (1996).

Hooper, L., Stappenbeck, T., Hong, C., and 

104 



 

 

 

 

Gordon, J.: Angiogenins: A new class of
microbial proteins involved in innate im-
munity. Nat. Immunol. 4, 269-273 (2003).

Hornef, M., Frisan, T., Vandewalle, A., Nor-
mark, S., and Richter-Dahlfors, A.: Toll-
like receptor 4 resides in the Golgi appara-
tus and colocalizes with internalized 
lipopolysaccharide in intestinal epithelial
cells. J. Exp. Med. 195, 559-570 (2003).

Inan, M.S., Tolmacheva, V., Wang, Q.S.,
Rosenberg, D.W., and Giardina, C.: Tran-
scription factor NF-kappaB participates in
regulation of epithelial cell turnover in the
colon. Am. J. Physiol. 279, G1282-G1291
(2000).

Inohara, N. and Nunez, G.: NODs: Intracellular 
proteins involved in inflammation and 
apoptosis. Nature Rev. Immunol. 3, 371-
382 (2003).

Inohara, N., Ogura, Y., and Nunez, G.: Nods:
A family of cytosolic proteins that regulate
the host response to pathogens. Curr. Opin.
Microbiol. 5, 76-80 (2002).

Irie, T., Muta, T., and Takeshige, K.: TAK1
mediates an activation signal from Toll-like
receptor(s) to nuclear factor-kappa B in
lipopolysaccharide-stimulated macrophages.
FEBS Lett. 467, 160-164 (2000).

Isolauri, E., Majamaa, H., Arvola, T., Rantala,
I., Virtanen, E., and Arvilommi, H.: Lacto-
bacillus casei strain GG reverses increased 
intestinal permeability induced by cow milk
in suckling rats. Gastroenterology 105, 
1643-1650 (1993).

Jones, S., Trejdosiewicz, L.K., Banks, R.E.,
Howdle, P.D., Axon, A.T.R., Dixon, 
M.F., and Whicher, J.T.: Expression of In-
terleukin-6 by intestinal enterocytes. J.
Clin. Pathol. 46, 1097-1100 (1993).

Kanai, T., Watanabe, M., Okazawa, A., Sato, 
T., and Hibi, T.: Interleukin-18 and Crohn's 
disease. Digestion 63, 37-42 (2001).

Kawai, T., Takeuchi, O., Fujita, T., Inoue, J.,
Muhlradt, P.F., Sato, S., Hoshino, K., and 
Akira, S.: Lipopolysaccharide stimulates
the MyD88-independent pathway and results
in activation of IFN-regulatory factor 3 and
the expression of a subset of lipopolysac-
charide-inducible genes. J. Immunol. 167,
5887-5894 (2001)..

Kelly, D., Campbell, J.I., King, T.P., Grant,
G., Jansson, E.A., Coutts, A.G.P., Petters-
son, S., and Conway, S.: Commensal an-
aerobic gut bacteria attenuate inflammation 

by regulating nuclear-cytoplasmic shuttling
of PPAR-γ and RelA. Nature Immmunol. 
5, 104-112 (2004).

Kobayashi, K., Chamaillard, M., Ogura, Y.,
Henegariu, O., Inohara, N., Nunez, G., and
Flavell, R.: Nod2-dependent regulation of
innate and adaptive immunity in the intesti-
nal tract. Science 307, 731-734 (2005).

Kobayashi, K., Inohara, N., Hernandez, L.,
Galan, J., Nunez, G., Janeway, C., Medzhi-
t o v ,  R . ,  a n d  F l a v e l l ,  R.: 
RICK/Rip2/CARDIAK mediates signalling
for receptors of the innate and adaptive im-
mune response. Nature 416, 194-199 
(2002).

Kusugami, K., Fukatsu, A., Tanimoto, M.,
Shinoda, M., Haruta, J.-I., Kuroiwa, A., 
Ina, K., Kanayama, D., Ando, T., Matsu-
ura, T., Yamaguchi, T., Morise, K., 
Ikoawa, H., Ishihara, A., and Sarai, S.: Ele-
vation of interleukin-6 in inflammatory
bowel disease is macrophage- and epithelial
cell-dependent. Dig. Dis. Soc. 40, 949-959
(1995).

Lala, S., Ogura, Y., Osborne, C., Hor, S.Y.,
Bromfield, A., Davies, S., Ogunbiyi, O.,
Nunez, G., and Keshav, S.: Crohn's disease 
and the NOD2 gene: A role for Paneth cells.
Gastroenterology 125, 47-57 (2003).

Lan, J., Singh, J.C.I., Farrar, M., Lodge,
J.P.A., Felsburg, P.J., and Carding, S.R.:
Differential cytokine response of primary
colonic epithelial cells to commensal bacte-
ria. World J. Gastroenterol. 11, 3375-3384 
(2005).

Liu, Y., Nusrat, A., Schnell, F., Reaves, T., 
Walsh, S., Pochet, M., and Parkos, C.: 
Human junction adhesion molecules regu-
lates tight junction resealing in epithelia. J.
Cell. Sci. 113, 2363-2374 (2000).

Low, Q.E., Drugea, I.A., Duffner, L.A.,
Quinn, D.G., Cook, D.N., Rollins, B.J., 
Kovacs, E.J., and DiPietro, L.A.: Wound 
healing in MIP-1alpha(-/-) and MCP-1(-/-)
mice. Am. J. Pathol. 159, 457-463 (2001).

Macpherson, A. and Uhr, T.: Induction of pro-
tective IgA by intestinal dendritic cells car-
rying commensal bacteria. Science 303,
1662-1665 (2004).

Madsen, K., Cornish, A., and Soper, P.: Pro-
biotic bacteria enhance murine and human 
intestinal epithelial barrier function. Gastro-
enterology 121, 580-591 (2003).

Maeda, S., Hsu, L., Liu, H.W., Bankston, L., 

105 



 

 

 

 

 

  

Iimura, M., Kagnoff, M., Eckmann, L., and
Karin, M.: NOD2 mutation in Crohn's dis-
ease potentiates NF-kappaB cativity and IL-
1beta processing. Science 307, 734-738
(2005).

Mao, Y., Nobaeck, S., Kasravi, B., Adawi, D., 
Stenram, U., Molin, G., and Jeppson, B.:
The effects of Lactobacillus strains and oat 
fiber on methotrexate-induced enterocolitis 
in rats. Gastroenterology 111, 334-344 
(1996).

Means, T.K., Golenbock, D.T., and Fenton, 
M.J.: The biology of Toll-like receptors.
Cytokine Growth Factor Rev. 11, 219-232
(2000).

Medzhitov, R.: Toll-like receptors and innate
immunity. Nature Rev. Immunol. 1, 135-
144 (2001).

Medzhitov, R. and Janeway, C.: Decoding the
patterns of self and non-self by the innate
immune system. Science 296, 298-300 
(2002).

Melmed, G., Thomas, L.S., Lee, N., Tesfay,
S.Y., Lukasek, K., Michelsen, K.S., Zhou, 
Y., Hu, B., Arditi, M., and Abreu, M.T.: 
Human intestinal epithelial cells are broadly
unresponsive to Toll-like receptor 2-depend-
ent bacterial ligands: implications for host-
microbial interactions in the gut. J. Immu-
nol. 170, 1406-1415 (2003).

Mitic, L. and Anderson, J.: Molecular architec-
ture of tight junctions. Ann. Rev. Physiol.
60, 121-142 (1998).

Miyake, K.: Innate recognition of lipopolysac-
charide by Toll-like receptor 4-MD2. Trends
Microbiol. 12, 186-192 (2004).

Moncrief, J., Obsio Jr., R., Barroso, L., Kling,
J., Wright, R., Van Tassell, R., Lyerly, D.,
and Wilkins, T.: The enterotoxin of Bacter-
oides fragilis is a metalloprotease. Infect.
Immun. 63, 175-181 (1995).

Moreau, M.C., Ducluzeau, R., Guy-Grand, D.,
and Muller, M.C.: Increase in the popula-
tion of duodenal immunoglobulin A plas-
mocytes in axenic mice associated with dif-
ferent living or dead bacterial strains of in-
testinal origin. Infect. Immun. 21, 532-539
(1978).

Mukaida, N., Harada, A., and Matsushima, K.: 
Interleukin-8 (IL-8) and monocyte chemo-
tactic and activating factor (MCAF/MCP-
1), chemokines essentially involved in in-
flammatory and immune reactions. Cyto-
kine Growth Factor Rev. 9, 9-23 (1998). 

Muzio, M., Natoli, G., and Saccani, S.: The 
human toll signaling pathway: Divergence
of nuclear factor kappa B and JNK/SAPK
activation upstream of tumor necrosis factor
receptor-associated factor 6 (TRAF6). J.
Exp. Med. 187, 2097-2101 (1998).

Naka, T., Nishimoto, N., and Kishimoto, T.: 
The paradigm of IL-6: From basic science
to medicine. Arthritis Res. 4, S233-S242 
(2002).

Obsio Jr., J., Azghani, A., and Wilkins, T.:
The Bacteroides fragilis toxin fragilysin dis-
rupts the paracellular barrier of epitheilia
cells. Infect. Immun. 65, 1431-1439 
(1997).

Ogura, Y., Inohara, N., Benito, A., Chen,
F.F., Yamaoka, S., and Nunez, G.: Nod2, a 
Nod1/Apaf-1 family member that is re-
stricted to monocytes and activates NF-
kappa B. J. Biol. Chem. 276, 4812-4818
(2001).

Ortega-Cava, C.F., Ishihara, S., Rumi, 
M.A.K., Kawashima, K., Ishimura, N., 
Kazumori, H., Udagawa, J., Kadowaki, Y.,
and Kinoshita, Y.: Strategic compartmen-
talization of toll-like receptor 4 in the 
mouse gut. J. Immunol. 170, 3977-3985
(2003).

Otte, J., Cario, E., and Podolosky, D.: Mecha-
nisms of cross hyporesponsiveness to Toll-
like receptor bacterial ligands in intestinal
epithelial cells. Gastroenterology 126, 
1054-1070 (2004).

Rakoff-Nahoum, S., Paglino, J., Eslami-Var-
zaneh, F., Edberg, S., and Medzhitov, R.:
Recognition of commensal microflora by
Toll-like receptors is required for intestinal
homeostasis. Cell 118, 229-241 (2004).

Resta-Lenert, S. and Barret, K.E.: Live probiot-
ics protect intestinal epithelial cells from
the effects of infection with enteroinvasive 
Escherichia coli (EIEC). Gut 52, 988-997 
(2003).

Rosenstiel, P., Fantini, M., Brautigam, K.,
Kuhbacher, T., Waetzig, G.H., Seegert, D.,
and Schreiber, S.: TNFα and IFNγ regulate
the expression of NOD2 (CARD15) gene in
human intestinal epithelial cells. Gastroen-
terology 124, 1001-1009 (2003).

Schroff, K., Meslin, K., and Cebra, J.: 
Commnesal enteric bacteria engender a self-
limiting humoral mucosal immune re-
sponse while permanently colonizing the
gut. Infect. Immun. 63, 3904-3913 (1995). 

106 



 

 

Schultz, M., Linde, H.J., Lehn, N., Zimmer-
mann, K., Grossmann, J., Falk, W., and 
Scholmerich, J.: Immunomodulatory conse-
quences of oral administration of Lactobacil-
lus rhamnosus strain GG in healthy volun-
teers. J. Dairy Res. 70, 165-173 (2003).

Siegmund, B.: Interleukin-1beta converting
enzyme (caspase-1) in intestinal inflamma-
tion. Biochem. Pharmacol. 64, 1-8 (2002).

Siegmund, B., Fantuzzi, G., Rieder, F., Gam-
boni-Robertson, F., Lehr, H.A., Hartmann, 
G., Dinarello, C.A., Endres, S., and Eigler,
A.: Neutralisation of interleukin-18 reduces 
severity in murine colitis and intestinal 
IFN-gamma and TNF-alpha production.
Am. J. Physiol. 281, R1264-R1273 
(2001a)..

Siegmund, B., Lehr, H. A., Fantuzzi, G., and
Dinarello, C.A.: IL-1beta converting en-
zyme (caspase-1) in intestinal inflamma-
tion. Proc. Natl. Acad. Sci. 98, 13249-
13254 (2001b).

Seki, E., Tsutsui, H., Nakano, H., Tsuji,
N.M., Hoshino, K., Adachi, O., Adachi, 
K., Futatsugi, S., Kuida, K., Takeuchi, O.,
Okamura, H., Fujimoto, J., Akira, S., and
Nakanishi K.: Lipopolysaccharide-induced
IL-18 secretion from murine Kupffer cells
independently of myeloid differentiation
factor 88 that is critically involved in in-
duction of production of IL-12 and IL-1
beta. J. Immunol. 166, 2651-2657 (2001).

Shephard, R.J.: Cytokine responses to physical
activity, with particular reference to IL-6: 
sources, actions, and clinical implications.
Crit. Rev. Immunol. 22, 165-182 (2002).

Shimazu, R., Akashi, S., Ogata, H., Nagai,
Y., Fukudome, K., Miyake, K., and Ki-
moto, M.: MD-2, a molecule that confers 
lipopolysaccharide responsiveness on Toll-
like receptor 4. J. Exp. Med. 189, 1777-
1782 (1999).

Shirota, K., LeDuy, L., Yuan, S., and Jothy,
S.: Interleukin-6 and its receptor are ex-
pressed in human intestinal epithelial cells.
Virchows Arch. B Cell Pathol. Incl. Mol. 
Pathol. 58, 303-308 (1990).

Sierro, F., Dubois, B., Coste, A., Kaiserlian, 
D., Kraehenbuhl, J.P., and Sirard, J.C.: 
Flagellin stimulation of intestinal epithelial
cells triggers CCL20-mediated migration of
dendritic cells. Proc. Natl. Acad. Sci. USA 
98, 13722-13727 (2001).

Singh, J.C.I., Cruickshank, S.M., Newton, 

D.J., Wakenshaw, L., Graham, A., Lan, J., 
Lodge, J.P.A., Felsburg, P.J., and Carding,
S.R.: Toll-like receptor-mediated responses
of primary intestinal epithelial cells during
the development of colitis. Am. J. Physiol.
288, G514-G524 (2005).

Suzuki, M., Hirumatsu, T., and Podolsky, D.:
Gamma interferon augments the intracellu-
lar pathway for lipopolysccharide (LPS)
recognition in human intestinal epithelial
cells through coordinated up-regulation of
LPS uptake and expression of the intracellu-
lar Toll-like receptor 4-MD2 complex. In-
fect. Immun. 71, 3503-3511 (2003).

Telega, G., Baumgart, D.B., and Carding, S.R.:
Uptake and presentation of antigen to T 
cells by primary colonic epithelial cells in
normal and diseased states. Gastroenterology
119, 1548-1559 (2000).

ten Hove, T., Corbaz, A., Amitai, H., Aloni, 
S., Belzer, I., Graber, P., Drillenburg, P.,
van Deventer, S.J.H., Chvatchko, Y., and 
te Velde, A.A.: Blockade of endogenous IL-
18 ameliorates TNBS-induced colitis by de-
creasing local TNF-alpha production in 
mice. Gastroenterology 121, 1372-1379 
(2001).

Ting, J.-Y. and Davis, B.: Caterpiller: A novel
gene family important in immunity, cell
death, and diseases. Ann. Rev. Immunol. 
23, 387-414 (2005).

Wald, D., Qin, J. Z., Zhao, Z., Qian, Y., Na-
ramura, M., Tian, L., Towne, J., Sims, 
J.E., Stark, G.R., and Li, X.: SIGIRR, a 
negative regulator of Toll-like receptor-
interleukin signalling. Nature Immunol. 4,
920-927 (2003).

Wantanabe, T., Kitani, K., Murray, P., and
Strober, W.: NOD2 is a negative regulator
of Toll-like receptor 2-mediated T helper
type 1 responses. Nature Immunol. 5, 800-
806 (2004).

Wirtz, S., Becker, C., Blumberg, R., Galle,
P.R., and Neurath, M.F.: Treatment of T 
cell-dependent experimental colitis in SCID
mice by local administration of an adenovi-
rus expressing IL-18 antisense mRNA. J.
Immunol. 168, 411-420 (2002).

Wu, S., Lim, K., Huang, J., Saidi, R.F., and
Sears, C.L.: Bacteroides fragilis enterotoxin 
cleaves the zonula adherens protein, E-cad-
herin. Proc. Natl. Acad. Sci. USA 44, 175-
181 (1998).

Yoshizaki, K., Nishimoto, N., Matsumoto, K., 

107 



Tagoh, H., Taga, T., Deguchi, Y., Ku- the epidermal keratinocytes. Cytokine 2,

ritani, T., Hirano, T., and Kishimoto, T.: 381-387 (1990).

Interleukin-6 and its receptor expression on
 

108 




