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INTRODUCTION

Ulcerative colitis (UC) and Crohn’s disease (CD), collectively re-
ferred to as inflammatory bowel disease (IBD), are chronic, re-
lapsing immune mediated disorders affecting the gastrointestinal
tract. The aetiology of IBD remains an enigma, but increasing
evidence suggests that the development of IBD may be triggered
by a disturbance in the tightly regulated balance between gut
commensal bacteria and host response in the intestinal mucosa in
genetically susceptible individual (1-4). Environmental factors
including dietary components, antibiotics, tobacco and non-
steroidal anti-inflammatory agents may also play a role in initia-
tion and re-activation of UC or CD or both through a regulation of
host immune responses, the physiological function of epithelial
cells, as well as the composition and function of the commensal
microbiota (2,3,5,6).

The epithelium of the human colon is a continuously renewing
single layer of cells that forms a primary barrier against microor-
ganisms and toxins present in the intestinal lumen. The classic
functions of the epithelium are well known and include absorp-
tion and secretion of fluids, electrolytes and nutrients. Yet, it is
now increasingly recognized that epithelial cells also have the
capacity to secrete and respond to a range of immunological
mediators. Consequently, this has led to the suggestion that these
cells play a far more prominent role in the pathogenesis of in-
flammatory and neoplastic colonic diseases than hitherto be-
lieved. Hence, a number of abnormalities in intestinal epithelial
cell function, including impaired metabolism (fatty acid metabo-
lism), dysregulated cell homeostasis and altered innate immunity,
have been implicated in the development of IBD (7-15). The eval-
uation of possible pathogenetic mechanisms at the epithelial level
has, however, for long been hampered by the lack of suitable
experimental models of human colonic epithelial cells. According-
ly, most of the available knowledge about the human intestinal
epithelium has therefore been obtained using various models
based on animal cells, transformed human intestinal cell lines and
isolated cells from resected colonic bowel segments (16-26).
Species difference, malignant origin and confounders related to
the surgical bowel resection obviously make these epithelial cell

DANISH MEDICAL JOURNAL 1


mailto:giped@dadlnet.dk

models less applicable for patophysiological studies. Consequent-
ly, there seems to be a clear need for the development of models
of representative intestinal epithelial cells that would allow func-
tional and dynamic studies of the differentiated human epitheli-
um in vitro. Theoretical, the use of endoscopically obtained colon-
ic biopsy specimens to establish cultures of human epithelial cells
would largely circumvent many of the disadvantages inherent in
other models. Such models would provide an opportunity to
investigate representative colonic epithelial cells from a broad
spectrum of patients in relation to IBD and other intestinal disor-
ders as well as normal colon.

AIM

The primary and foremost purpose of this study was to explore
and validate the optimal conditions for establishing a model
based on short-term cultures of human colonic epithelial cells
obtained from endosopical biopsies. Secondly, the objective was
to explore the ability of this model to describe the interplay be-
tween proinflammatory cytokines and normal as well as inflamed
colonic epithelium with focus on alterations in viability, butyrate
metabolism and secretion of a chemokine and metalloproteinas-
es. Finally, the model was used to characterize expression and
activation of receptors like TLR9 and PPARs—known to be im-
portant players in regulation of innate and adaptive immune
responses in human colonic epithelium—and in addition evaluate
possible changes occurring during chronic colonic inflammation.

SHORT-TERM CULTURES OF HUMAN COLONIC EPITHELIAL CELLS
Models of human intestinal epithelium

Surgically removed bowel segment has been widely used as a
source for isolation of human colonic epithelial cells and estab-
lishment of in vitro cultures (18,19,27). By this, a sufficient
amount of isolated cells is obtained, but the applicability of the
model is narrowed as the material is typically limited to severe
end-stage disease. Although recent studies have shown improved
survival of the isolated cells through optimized isolation proce-
dures, viability and function of epithelial cells isolated from surgi-
cal specimens are affected by a range of confounders like ongoing
intensive immunosuppressive treatment, surgical induced ische-
mia and anaesthesia (18,27,28).

Other widely used models of human intestinal epithelium are
based on transformed human cell lines like HT-29, DLD-1, T84 and
Caco-2 (13,22-24). Cell lines are easily accessible and have a high
viability and metabolic activity, which make them attractive in
laboratory work to test hypotheses and obtain fast and large scale
results (11, 111, 1V, V) (29-31). However, these tumour cells exhibit
high diversity in the type and state of differentiation, proliferation
and metabolic properties. Findings in these models may therefore
be less representative of the normal, highly differentiated colonic
epithelium (32,33,111,1V). The use of endoscopically obtained
colonic biopsy specimens to establish cultures of human epithelial
cells would largely circumvent many of the limitations of the
mentioned models. At the time this project was initiated, only
few previous studies were available and the early attempts illus-
trated the problems inherent in this technique: notably low cell
yield and poor viability in cultures—presumably as a result of
detachment-induced apoptosis (27,34,35). Nonetheless, studies
in other areas have shown that it is possible to establish cell
cultures from even small amount of tissue (e.g. islets of
Langehans and rat pituitary gland), which have been successful
for dynamic biochemical studies in vitro (36,37). Parallel to these
results, we explored a similar approach to establish small dimen-
sion cultures of epithelial cells from biopsies specimens.

Colonic epithelial cell cultures; isolation methods, survival and
metabolism

Previous experiments in rodents and human colonic resection
specimens have shown that chelating agents such as ethylene
glycol-bis(B-aminoethyl ether)- N,N,N,N’-tetraacetic acid / eth-
ylenediaminetetraacetic acid (EGTA/EDTA) efficiently isolate
epithelial cells from intestinal tissue through Ca2+ dependent
disruptionsof cell-matrix attachment (19,38-42).

EGTA/EDTA chelation treatment for 30-60 minutes was, however,
found to impair cell viability in these studies (43,44). Reducing
chelation treatment time to only 10 minutes resulted in a rapid,
selective and efficient isolation of whole epithelial cell crypts
(Fig.1). Continuous EGTA/EDTA exposure seems to affect the cell-
cell contacts in the crypt structure, resulting in isolation of single
cells with a marked reduced viability (G. Pedersen, personal ob-
servations). Concordant with this, a significantly improved viabil-
ity was observed in the cell cultures established after short-term
EGTA/EDTA treatment (l). Isolation as whole crypt or crypt frag-
ments with sustained cell-cell contact seems essential for regula-
tion of apoptosis and consequently survival of the cells, which
currently has been confirmed by others (27,42,45,46).

Protolytic enzymes have previously been found to be efficient in
the isolation of epithelial cells from rodent intestinal mucosal
specimens as well as human colonic resection specimens
(18,28,38,42,47,48). Comparison of our short-term EGTA/EDTA
based technique with isolation by a collagenase mixture showed
that chelation treatment was superior to enzymes in terms of
purity of the cell population; whereas no difference was observed
in cell yield, viability or proliferation (I). Moreover, a significant
fibroblast growth was often observed in the cultures established
after enzyme isolation; probably due to dissociation of the con-
necting tissue leading to increased contamination of non-
epithelial cells (Pedersen, G. unpublished data)(42). Nevertheless,
purity of the cell cultures is an important issue if the model is to
be representative for the colonic epithelium. As a consequence
we found that a cell model based on short-term EGTA-EDTA
treatment was the most optimal approach to establish pure and
viable cultures (1).

Viability of the cultures was quantified by a colorimetric assay
based on conversion of a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazoleum bromide (MTT) to formazan by succinate
dehydrogenase (49,50). In contrast to other viability tests based
on assessment of cell membrane integrity such as trypan blue,
the MTT test allows detection of early cellular damage, i.e. im-
paired mitochondrial function, which occurs before loss of mem-
brane integrity (49-51). Using the MTT test, we found that the
isolated cells were viable and metabolically active for at least 24
hours of culture. Consistent with this notion, the finding of nor-
mal mitochondrial appearance by electron microscopic examina-
tion, confirmed that the epithelial cells had maintained their ultra
structural characteristics and viability after 24 hours in culture (1).
In addition, cultures were also evaluated by vital staining using
membrane-permeable calcein-acetomethylester (calcein AM),
which is converted to the fluorescent non-ester form by metabol-
ic active cells visualizing viable cells (52,53). Evaluation by confo-
cal light microscopy confirmed that a majority of the cells were
viable after 24 hours and that the viable cells were mainly orga-
nized in clusters with close cell-to-cell contact; whereas the dead
cells were more likely to be found as single cells (Fig. 2) (I).

It is well-known that detachment from the basal membrane acti-
vates apoptosis, which is an important limiting factor for viability
of isolated colonic epithelial cells in vitro (28,46,54).
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Figure 1 Selective isolation of colonic epithelial crypts from endoscopic
biopsies by ultra-short (10 min) chelation treatment using EGTA/EDTA.
Panel A shows a biopsy section before EGTA/EGTA treatment and panel
B the isolated epithelial cells present mainly as crypts, although single
cells and crypt fragments are also present. Panel C shows a biopsy
section after EGTA/EGTA treatment illustrating that the majority of the
crypts were removed, leaving the biopsy section intact.

Apoptosis is not only controlled by cell-matrix contact, but also by
cell-to-cell contacts (46,55,56). This may explain why isolation as
whole crypts or crypt fragments is essential for survival in the
short-term cultures as also described subsequently by others
(42,45,46).

To reduce detachment-induced apoptosis, we seeded isolated
crypts immediately in collagen-coated wells, which allowed the
crypts quickly to attach to the bottom of the wells. Although, the
crypts’ structures gradually disappeared, cells were mainly pre-
sent in clusters with preserved close intercellular contact after 24
hours (Fig. 2) (1). Survival of the cells cultured in coated wells
clearly improved, which have also subsequently been reported by
others (45,55,57) (1). Overall, our experiments showed that short-
time isolation by EGTA /EDTA from endoscopical colonic biopsy
specimens allows establishment of viable small scale in vitro

cultures of epithelial cell with a minimum of non-epithelial cell
contamination. Sustained cell-to-cell contact seems to be essen-
tial for the viability of the epithelial cell cultures and thereby one
the most important factors leading to improved survival of the
cultures in vitro.

Butyrate metabolism

Butyrate is a short-chain fatty acid produced in the colonic lumen
by bacterial fermentation of dietary fibers (58-60). It is an essen-
tial energy source for colonic epithelial cells, but influences also a
wide array of cellular functions affecting colonic health through
increased transcription of genes involved in inflammation, carcin-
ogenesis, colonic defence barrier and oxidative stress (61-67). As
butyrate oxidation is an important metabolic function in colonic
epithelial cells; we developed a miniature collection system to
measure butyrate metabolism in these small dimension short-
term cultures. Initial studies showed that the cells were able to
oxidate butyrate, confirming that this complex metabolic function
was preserved in the primary cultures (). High concentration of
butyrate (>10 mM) was found to impair viability in epithelial cells
as described by others (30,31,68). More complex concentration
dependent experiments revealed that the rate of butyrate oxida-
tion was not described by simple Michaelis-Mentens kinetics in
the short-term cultures. When cultures were exposed to butyrate
concentration > 0.5 mM, the rate of oxidation increased, suggest-
ing that butyrate metabolism rather follows a substrate-activation
pattern, or that two or several processes are involved. Concentra-
tion-dependent butyrate oxidation, revealing simple Michaelis-
Mentens kinetics, has previously been reported in single cells
suspension isolated from surgically resected colonic tissue (59).
Low viability of these cells influences membrane integrity, and
this may, theoretically, account for the missing membrane trans-
portation dependency, as butyrate may diffuse passively through
the cell membrane thereby exhibiting simple kinetics. Our find-
ings are, however, in keeping with recent studies showing that
the butyrate oxidation rate in epithelial cells depends on a mono-
carboxylate transporter receptor on the luminal cell membrane
and that the substrate-induced increased oxidation is mediated
through up-regulation of the receptor to secure a sufficient bu-
tyrate oxidation rate in the colonic epithelial cells irrespective of
butyrate availability locally (64,69,70). Conclusively, our results
suggest that this transporter system may still be operative in the
short-term cultures and may explain the more complex kinetics
observed in vitro.

Viability and metabolism in the inflamed colonic epithelium

It has been suggested that metabolic stress in the epithelial cells
leading to loss of epithelial integrity may be of pathophysiological
significance and contribute to the initiation of IBD or the induc-
tion of disease relapses (11,63,71). Likewise, it has been suggest-
ed that a primary energy deficiency due to inadequate butyrate
metabolism is present in the colonic epithelium in patients with
active UC (61,72,73). However, others have found normal metab-
olism in colonic epithelial cells from patients with quiescent dis-
ease, which do not support this hypothesis (59,74-76)(ll). Some
previous studies were performed on whole biopsy specimens
(68,73,75,76), whereas others used epithelial cell suspension
isolated from surgically resected colonic tissue (59,61). These
conflicting findings may reflect different methodologies including
variation in isolation procedures, purity and viability of the colon-
ic epithelial cells, and moreover, differences in severity of intesti-
nal inflammation. To avoid possible interference from on-going
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Figure 2 Digitalized confocal laser image of human colonic epithelial
cells in primary culture. After culture for 24 hours cells were stained
with calcein-acetomethylester (AM) combined with propidium iodide
(P1). Viable and metabolically active cells enzymatically convert calcein-
AM to the fluorescent non-ester form resulting in a green colour inside
the cells. Pl visualises dead cells due to loss of membrane integrity
(methods section). The micrograph shows that living cells (green) were
found mainly in clusters whereas dead cells (red) were found mainly as
individual cells indicating that cell-to-cell interaction may be essential
for survival in vitro.

inflammation on isolation procedures, viability and metabolic
function, all the initial experiments were performed on short-
term cultures obtained from patients with normal endoscopic
appearance (l).

An important objective of this study was, however, to examine
possible metabolic and functional changes occurring in the in-
flamed colonic epithelium. Accordingly, it was essential to evalu-
ate the applicability of our in vitro model in a range of patients
with IBD.

Short-term cultures of colonic epithelial cells were therefore
established from a variety of IBD patients with and without ongo-
ing endoscopic inflammation. Cell yields and viability in the cul-
tures obtained from IBD mucosa were in general comparable with
those obtained from control patients (Fig. 3, Panel A), (I, Il). Were
biopsies, however, obtained from severely inflamed IBD mucosa,
cell yields as well as survival of the cells were more likely to be
low and often not sufficient for establishment of short-term
cultures (Pedersen, G, unpublished data). Severe mucosal in-
flammation is characterized by irregular epithelial crypt formation
plus reduced crypt length and shorter life span (77,78). This may,
subsequently, result in a relative reduced number of epithelial
cells in each biopsy specimens, which affects the final cell yield
and survival in vitro.

In addition to the viability studies, we evaluated butyrate me-
tabolism in cell cultures obtained from macroscopically normal
colonic mucosa from patients with UC and CD. Our experiments
showed that butyrate oxidation in IBD patients were found to be
similar to that measured in cultures from control patients (Fig. 3,
panel A) (I, I).

Notably, our findings do not accord with the view that butyrate
oxidation is extensively impaired in colonic epithelial cells as a
primary defect, because metabolism in cultures from quiescent
UC patients was identical to findings in non-IBD patients (Fig. 3,
panel B) (68, 76, |, I1,).

Although butyrate oxidation have been reported to be impaired
in colonic biopsies in active UC, this defect is secondary to the

inflammation and may therefore play an insignificant role in the
early pathogenetic phase of the development of ulcerative colitis
(72,75). Nevertheless, it is a well preserved sustained metabolic
function in epithelial cell cultures and may therefore represent a
useful and biological relevant endpoint in additional dynamic
intervention studies in vitro (Il).

Detoxification of phenolic compounds in human colonic epitheli-
um

While butyrate production and metabolism seem to have benefi-
cial effects on integrity of the human colonic epithelial cells, the
epithelial lining is also constantly exposed to a wide range of
potentially harmful luminal agents that may influence the proba-
bility of developing IBD or disease relapses (60,63,66,71,79-82).
These include endogenous phenols produced by bacterial break-
down of dietary protein in the colonic lumenB and exogenous
phenols such as the widely used analgetic, paracetamol (71,81-
83,85).

The colonic mucosa is equipped to eliminate phenolic compounds
by inactivation through glucoronidation and sulfatation process-
es, after which the metabolites are excreted in the urine. Phenol
sulfotranferase (PST) and phenol glucoronidase (PGD) have been
demonstrated in colonic mucosa, and it has been suggested that
impaired sulphatation capacity in patients with UC may be linked
to the onset or perpetuation of the disease (81,86,87). It is un-
known, though, whether phenolic compounds actually affect the
epithelial cells. Due to the close contact between the epithelial
lining and luminal phenols we found it relevant, using the devised
model, to examine whether colonic epithelial cells have the ca-
pacity to detoxify phenols as a part of a first line defence to these
potential harmful components.

Although, it has briefly been stated that sulphatation is the pre-
ferred conjugation pathway in colonic epithelial cell suspension
isolated from resected colonic tissue, detoxification in viable
adherent epithelial cells is unknown. (81,88).The glucoronidated
products of the phenols were easily identified in the colonic epi-
thelial cell cultures, whereas the sulphated product of the com-
pounds was undetectable (). Additional analysis revealed that
both phenol sulfotranferase as well as phenol glucoronidase were
present in isolated colonic epithelial cells. As a result, the absence
of the sulphated phenolic metabolites was not due to lack of
active enzyme in the cells. More likely, the results suggest that
glucoronidation may be the predominant conjugation pathway in
normal human colonic epithelium, as currently found also in a
rodent intestinal model (89). It has been reported that concentra-
tion of sulfotransferase is increased in the right side of the colon
compared to levels in left side and the rectum (90). Our cultures
were primarily established from mucosal biopsies obtained from
the transverse and left colon; and low expression of PST in the
epithelial cells may, therefore, result in minor, undetectable
levels of the sulphated products in the cultures. Experiments
showed that addition of unconjugated phenolic compounds in
physiological relevant concentrations impaired viability equally in
the epithelial cell cultures from patients with UC and from control
patients (lll). Our findings in the differentiated short-term cul-
tures concord with recent studies showing that dinitrophenol
(DNP) induces mitochondrial damage and reduced barrier func-
tion in T84 and Caco-2 cell lines (79,80). In contrast to these re-
sults, HT-29 cells were resistant to the phenolic compounds sub-
stantiating the view that the origin and state of differentiation of
distinctly transformed cell line models may influence metabolic
and immunological functions in vitro (91).
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Figure 3 Panel A. Comparison of colonic epithelial cell viability in cultures from ulcerative colitis (UC), Crohn’s disease (CD) and control patients. Cell
viability was assessed by the conversion of 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium bromide) (MTT) to its formazan after 24 hours of cul-

ture.

Panel B. Comparison of butyrate metabolism in cell cultures obtained from UC, CD and control patients. Assessment of butyrate oxidation rate is based
on 14C02 liberation after 24 hours in culture. Median values for each group are shown as vertical lines. N-values refer to numbers of individual patients

in each group. (P = NS between controls and UC or CD).

Our results, however, showed that these short-term epithelial cell
cultures also preserve this highly specialized metabolic function
and have the capacity to glucoronidate phenolic compound in
vitro. Despite it being unlikely that abnormal sensitivity to luminal
phenols play a significant primary pathogenic role in ulcerative
colitis, our findings indicates that local excessive amount of un-
conjugated phenolic compounds may display a direct adverse
effect on colonic epithelium which may modulate chronic in-
flammatory response.

PROINFLAMMATORY CYTOKINES AND HUMAN COLONIC EPI-
THELIUM

Proinflammatory cytokines are pleiotropic mediators with a wide
range of immuno-inflammatory effects that have emerged as
important players in the pathogenesis of IBD (2,3,92-95). This has
been supported by the finding of increased levels of TNF-a, IL-6
and IL-10 in inflamed mucosa of IBD patients (96-100). Moreover,
the importance of TNF-a has been substantiated by the demon-
stration that selected patients with active CD and UC respond to
treatment with anti-TNF-a antibodies such as infliximab and
adalimumab (101-103). The precise mechanisms of cytokine-
mediated mucosal injury are largely unknown, but one might be
that pro-inflammatory cytokines, such as TNF-a and IFN-y, direct-
ly impair epithelial cell function, perhaps as a part of the early
phase in mucosal inflammation, similar to effects seen on distinct
target cells in autoimmune rheumatic and endocrine diseases
(93,104-113). Consistent with this notion, Deem et al showed that
supernatants of activated lamina propria lymphocytes were di-
rectly cytotoxic to a human colonic epithelial tumour cell line (HT-
29), and that TNF- a and IFN-y were responsible for this effect
(114). A number of studies describe that TNF- a and IFN-y impairs
barrier function in transformed colonic epithelial cell line monol
ayers (111,115-119). In addition, it has been shown that TNF-a
and IFN-y influence immunological function in transformed cell
lines through regulation of the gene expression of various media-
tors, such as TNF-a converting enzyme, metalloproteinases

(MMP), chemokines, adhesion molecules and heat shock pro-
teins (23,120,121,V).

Cytokine effects on colonic epithelium in vitro

Only few studies have focused on direct effects of proinflamma-
tory cytokines on human colonic epithelium (7,11,34,114). Cell
death, as judged by lactate dehydrogenase and cr’' release has
been a variable finding, and possible cytokine effects on specific
metabolic functions of epithelial cells are unknown. Based on our
previous demonstration that butyrate oxidation was a well-
preserved metabolic function in colonic epithelial cells in vitro,
the combined effects of pro-inflammatory cytokines on viability
and butyrate oxidation were characterised using a number of
relevant in vitro models of human colonic epithelium.

As only limited knowledge existed about concentration levels,
time-dependency and possible synergistic effects of the combined
cytokine exposure, a range of explorative experiments were
performed in cultures of the transformed cell lines, HT-29 and
DLD-1 using cytokine concentrations of 10 to0 10 M. Our results
revealed that IFN-y induced a clear dose dependent decrease in
viability in both the cell lines models, whereas effect of TNF-a was
less pronounced. The combination of IFN-y and TNF-a induced a
concentration- dependent, progressive, synergistic decrease in
viability in the cultures, which are in line with subsequent obser-
vations by Seidelin et al, showing a similar inhibitory effect in
DLD-1 cells (122)(1V). Pre-treatment with IFN-y rendered HT-29
cells highly sensitive to subsequent TNF-a exposure, resulting in a
more pronounced impairment of viability than administration in
the reverse sequence or simultaneous addition of both cytokines.
Wang et al have shown that IFN-y treatment primes Caco-2 cells
to subsequent TNF-a-mediated epithelial barrier loss through up-
regulation of TNF-a receptor 1 and 2 (111). This concords well
with our findings showing that addition of specific antibodies
against IFN-y and IFN-y receptor reversed the detrimental effect
of the combination of TNF-a and IFN-y on cell viability. Converse-
ly, TNF-a antibodies were less effective in restoring MTT metabo-
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lism in the cultures. Cultures exposed to the cytokine mixture
showed typical morphological and electrophoretic signs of apop-
tosis, which agrees with the observation that impaired viability in
HT-29 cells was irreversible after removal of the cytokines (G.
Pedersen, unpublished data). In contrast, no clear and reproduci-
ble signs of apoptosis were observed in cells after IFN-y treatment
alone (IV). These observations are in line with other studies show-
ing that IFN-y sensitizes HT-29 cells to inducers of apoptosis
through a direct or indirect up-regulation of apoptosis-related
genes, including TNF-a receptor, Fas receptor or Fas Ligands
(122,123).

Although, no primary abnormalities in butyrate metabolism was
observed in the epithelium from patient with IBD, it is possible
that energy deficiency due to secondary occurring impairment of
butyrate oxidation may lead to epithelial cell death and perpetua-
tion of the inflammatory cascade. In line with this hypothesis we
found that TNF-a and IFN-y induced a progressive decrease in
butyrate oxidation in the transformed cell line models (IV). The
decline in butyrate metabolism was parallel to the reduction in
viability in the HT-29 cells, whereas butyrate oxidation in DLD-1
cells decreased early, despite only minor changes in viability after
cytokine exposure. Our observation suggests that the importance
of butyrate oxidation on cell homeostasis / physiology may differ
between distinct epithelial cell models—possibly as a conse-
quence of different origin of the cells. The results corroborate,
however, the view that cytokine-induced impairment of energy
metabolism through reduced mitochondria function in colonic
epithelial cells may precede cell damage (11). Moreover, our
results show that IFN-y is a potent immune mediator and possible
key cytokine in the immunological cascade leading to damage of
the epithelial barrier function as well as increased permeability —
as repeatedly reported (7,111,115)

TNF-a and IFN-y effects on inflamed colonic epithelium

Our observations and several other studies have shown that TNF-
a and IFN-y have direct effects on barrier function, metabolism
and viability in transformed intestinal cell lines
(111,115,116,122,1V). It is unknown, though, how, and whether
normal differentiated human colonic epithelium respond in simi-
lar fashion to these immune mediators. Additional experiments
showed that viability in the short-term cultures significantly de-
creased after cytokine exposure, although the effect was less
pronounced than that observed in the transformed cell line mod-
els (V). IFN-y alone induces a significant inhibition of MTT value,
whereas the effect by TNF-a was less pronounced and IL-1f in-
duced no inhibition. The clear synergistic effect observed in the
transformed cell lines was not present in the colonic epithelial
cells, and indeed, 10-fold higher cytokine concentrations were
required to induce a marked decline in viability (lI, IV). These
results, however, also suggest that IFN-y play a pivotal role in
cytokine-mediated injury in the primary epithelial cells similar to
observation in transformed cell lines (114,122-124,1V).

As previously shown, baseline viability and spontaneous butyrate
oxidation in short-term cultures established from patients with
IBD and controls were identical after 24 hours (Fig.3, panel B) (I,
I). Following exposure to TNF-a and IFN-y, viability decreased in
the cultures, but cells from IBD patients were significantly less
sensitive (Fig. 4) (I1). No differences in cytokine-induced cytotoxi-
city between cultures from UC and CD patients were encoun-
tered. As differences in the baseline survival between cultures
from IBD and control patients cannot explain this observation
(Fig. 3, panel A), it could reflect that an intrinsic defence mecha-
nism is triggered in IBD cells. Accordingly, it has been reported

that prolonged exposure to low concentration of TNF-a makes
HT-29 cells more tolerant to additional cytokine exposure (122).
Similarly, a corresponding mechanism may be operative in the
human differentiated epithelial cells from IBD patients, as these
may be exposed to abnormal TNF-a and IFN-y levels locally in the
intestine in vivo (97-100).

Surprisingly, TNF-a and IFN-y exposure did not induce inhibition
of butyrate oxidation parallel to inhibition of MTT metabolism in
the cell cultures, which contrasts the parallel decrease in the
transformed cell lines (V). On the contrary, butyrate oxidation
was slightly higher in the cytokine stimulated cultures from both
IBD and control patients (Fig. 4) (Il). Control experiments —using
sonication or detergent to disrupt cell membrane integrity—
showed that the relative increase in butyrate oxidation was not
explained by enhanced non-limited transport of butyrate over
damage cell membranes (69,70).

Our results in the cell lines accord with a recent study showing
that TNF-a and IFN-y stimulation inhibited butyrate oxidation in
HT-29 cells through a reduction of the monocaboxylate trans-
porter (MCT) -1 (73). Similarly, impaired mucosal expression of
MCT-1 has been reported in active UC, suggesting that the ob-
served impaired butyrate oxidation occur secondary to reduced
butyrate transport (75). However, others have found substrate-
induced increase in expression and activity in MCT-1, which was
followed by an increased rate of membrane transport of butyrate.
This mechanism may contribute to optimize intracellular availabil-
ity of butyrate to obtain normal homeostasis of the epithelium
(69,74). It has previous been described that activities of the en-
zymes in the B-oxidation pathway (i.e. butyryl-CoA and hydroxyl
butytyl-CoA) are increased in the mucosa from patients with
active UC (75).
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Figure 4 Comparison of TNF-a + IFN- y (both 10 M) responses in
colonic epithelial cell cultures from control patients and patients with
inflammatory bowel disease (IBD). Cell viability was assessed by the
conversion of 3-(4,5-dimethylthiazol-2-yl)2,5-diphenyltetrazolium
bromide) (MTT) to its formazan and butyrate oxidation rate is meas-
ured based on **CO;, liberation in culture. MTT metabolism and
butyrate oxidation was measured in cell cultures after cytokine
exposure for 24 hours. (n =10-15 individual patients in each group). *
P < 0.01 compared with parallel unexposed cultures. # P < 0.05 com-
pared with MTT values in IBD cell cultures.
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It is, therefore, possible that differentiated colonic epithelial cells
increase butyrate oxidation by promotion of enzyme synthesis or
by activation in combination with increased access to butyrate in
vitro in response to cytokine-induced cellular stress (125). Alter-
natively, impaired mitochondrial function —as measured by
MTT— may be an early cellular damage, which could occur before
loss of cellular functions related to butyrate metabolism. This
theory is further substantiated by the presence of swollen mito-
chondria with irregular cristae—judged by electron macroscopical
examination in epithelial cells from IBD patients indicating a
reduced function (126). In comparison, butyrate metabolism is
more resistant to cytokine-induced damage than MTT metabo-
lism in differentiated colonic epithelial cells in vitro.

The colonic epithelium has the capacity to express a range of
immunological active mediators, which may be involved in the
inflammatory cascade occurring in chronic intestinal inflamma-
tion (15,23,121,126,127). Transformed intestinal cell lines like HT-
29 cells respond to immune stimulation with lipopolysaccarid and
TNF-a by secreting IL-8— a chemokine implicated in the patho-
genesis of IBD through mediation of chemo-attraction and activa-
tion of leucocytes (127-129). It is, nonetheless, unknown whether
differentiated colonic epithelial cells also may contribute to leu-
cocyte infiltration by secretion of IL-8 in response to proinflam-
matory cytokines. We found that cultures obtained from normal
human mucosa spontaneously secrete IL-8, and when exposed to
the combination of TNF-a and IFN-y significantly increased IL-8
levels in cell supernatants. In contrast, cytokine exposure only
induced a minor increase in IL-8 levels in cultures from IBD pa-
tients (Il). Whether this is reflecting primary differences in the
immunological capacity between IBD and control epithelium or is
a consequence of repeatedly or prolonged exposure to cytokines
in vivo is currently unsolved, and further studies are required.
Overall, our results show that proinflammatory cytokines like
TNF-a and IFN-y induce direct cellular damage to the differentiat-
ed human colonic epithelium. This toxic effect on the epithelium
may therefore be a contributor to the development of the in-
flammatory response and tissue destruction present in IBD. Our
observations also correlate with the view that INF-y is a key me-
diator of the events leading to chronic inflammation. Accordingly,
IFN-y has been considered a potential objective for therapeutic
targeting in IBD in line with the widely use of TNF-a antibodies
(101,103). However, only a minor clinical effect has been ob-
served of INF-y neutralizing antibodies in IBD patients (130,131).
Currently, further studies evaluating the patogenetic importance
of IFN-y and optimizing the antibodies are needed.

Matrix metalloproteinase regulation in inflamed colonic epithe-
lium

Increasing evidence suggests that the presence of proinflammato-
ry cytokines locally in the intestine is an important factor in the
pathogenesis of IBD. Although, others and we have shown a
direct toxic effect by these cytokines on the intestinal epithelium,
it is less likely that this alone can lead to the characteristic intesti-
nal tissue injury, notably mucosal ulcerations, fibrosis and stric-
turing, seen in UC and CD. These events may rather occur through
disturbance of the tightly regulated extra cellular matrix (ECM).
MMPs are potent proteases that appear to control homeostasis
of the EMC through regulation of distinct proteins involved in
ECM growth, synthesis and degradation (132-139). Knowing that
the epithelium actively participates in immunological processes in
the mucosa, we hypothesized that these cells contribute to alter-
ations of the ECM through secretion of distinct MMPs due to
exposure to proinflammatory cytokines locally. Notably, pivotal

studies in foetal explant cultures and murine IBD models have
demonstrated that the presence of distinct MMPs caused exten-
sive tissue injury (140,141). In addition, treatment with MMP
inhibitors improves experimental colitis in murine models indicat-
ing a role for MMPs in development of intestinal injury (142-144).
Interestingly, a recent study has shown alteration of mucosal
expression of distinct MMPs that correlates with changes in histo-
logical score and faecal calprotectin in CD patients treated with
azathioprine or anti-TNFa drugs (133). Increased expression of
several MMPs has repeatedly been found in inflamed mucosa
from IBD patients (96,133,138,145-148). MMPs have previously
been identified in myofibroblasts, smooth muscle cells, activated
T-cells and macrophages, but whether human colonic epithelium
also have the capability to express functionally active MMPs is
less characterized. Accordingly, only a few, descriptive studies
have been able to identify distinct MMPs in the colonic epitheli-
um using immunohistochemical analysis (133,138,149,150). In-
terestingly, studies in other areas, such as gingival or dermal cell
models, have consistently shown that epithelial cells strongly
express a range of MMPs known to be involved in wound repair,
inflammation and chronic ulceration (151,152,153). In addition,
studies in murine IBD models also briefly reported increased
expression of distinct MMPs localised to the inflamed epithelium,
supporting the view that MMPs may both be up-regulated in
presence of proinflammatory cytokines and be the final mediator
of intestinal tissue injury (142,143,154-156).

Our initial experiment showed that HT-29 cells spontaneously
express transcripts of a range of MMPs. Furthermore, stimulation
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Figure 5 Expression of matrix metalloproteinase (MMP) mRNA in freshly
isolated human colonic epithelial cells. Reverse transcriptase-
polymerase chain reaction (RT-PCR) was performed on extracted mRNA
from colonic epithelial cells isolated from control subject (C) and pa-
tients with active (1) or inactive (N) ulcerative colitis (UC) and Crohn’s
disease (CD). Expression of GAPDH is included as a housekeeping gene
control. Data from one experiment out of three are presented.
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Panel A. Spontaneous and TNF-a-induced matrix metalloproteinase (MMP) enzyme activity in HT-29 cells. After stimulation with TNF-a (10-9
M) for 24 hours, MMP activity in cell supernatant was assessed by measurement of the ability to degrade a fluorescent peptide containing the
cleavage sites for MMPs. Incubation with a specific MMP inhibitor GM 6001 was included in all samples, as a control for unspecific degrada-
tion of the peptide. The figure shows mean (SEM) values for six independent experiments. # P < 0.01 compared to activity in unstimulated

cultures.

Panel B. MMP enzyme activity in human colonic epithelial cells from normal and inflamed colonic mucosa. Epithelial cells were isolated from
mucosal biopsies from control patients and from uninflamed or inflamed mucosa from patients with inflammatory bowel disease (IBD). MMP
activity in cell supernatant was assessed by measurement of the ability to degrade a fluorescent peptide containing the cleavage sites for
MMPs. Incubation with a specific MMP inhibitor GM 6001 was included in all samples as a control for unspecific degradation of the peptide.
The figure represent results from 5-7 patients, and bar represent means (SEM). # P < 0.01 compared to activity in unstimulated cultures.

with TNF-a and IFN-y, which mimics an inflammatory stimulus,
significantly increased mRNA levels of MMP-3, -10 and 13 in HT-
29 cells after 6 hours (V). These findings are in line with observa-
tions in a wound model of the skin, showing a significantly upreg-
ulation of MMP10 and MMP13 in the epithelial cells after TNF-a
exposure (152,157). Likewise, a similar regulatory effect of proin-
flammatory cytokines on MMP activities has been reported in
gingival epithelial cells in vitro (157,158).

To extend the initial exploratory studies in cell lines, human co-
lonic epithelial cells were next isolated from mucosal biopsies
from control patients and patients with IBD using the devised
technique. The cells clearly expressed transcripts for MMP-1,
MMP-3, MMP-7, MMP-10 and MMP-12 (Fig. 5)(V), whereas the
other MMPs tested were weaker, inconsistently expressed or
undetectable. Moreover, MMP expression patterns were identical
in epithelial cells isolated from UC and CD mucosa samples. These
results are in line with a few studies reporting roughly identical
expression of MMP 7, 10 and 13 in epithelial cells from UC and CD
patients—as judged by immunohistochemical analysis. Finally,
semi quantitative PCR analysis revealed that mRNA levels for
MMP-1, MMP-3, MMP-7, MMP-9 and MMP-10 were significantly
increased in epithelial cells isolated from inflamed mucosa com-
pared to expression in cells from non-inflamed areas from the
same IBD patient (V).

To extend the initial exploratory studies in cell lines, human co-
lonic epithelial cells were next isolated from mucosal biopsies
from control patients and patients with IBD using the devised
technique. The cells clearly expressed transcripts for MMP-1,
MMP-3, MMP-7, MMP-10 and MMP-12 (Fig. 5) (V), whereas the
other MMPs tested were weaker, inconsistently expressed or
undetectable. Moreover, the MMP expression patterns were
identical in epithelial cells isolated from UC and CD mucosa sam-
ples. These results are in line with a few studies reporting roughly
identical expression of MMP 7, 10 and 13 in epithelial cells from
UC and CD patients—as judged by immunohistochemical analysis.
Finally, semi quantitative PCR analysis revealed that mRNA levels
for MMP-1, MMP-3, MMP-7, MMP-9 and MMP-10 were signifi-
cantly increased in epithelial cells isolated from inflamed mucosa
compared to expression in cells from non-inflamed areas from
the same IBD patient (V).

Our detection of enhanced MMP 1-3, -7, -9 and -10 transcript
levels in the epithelial cells from inflamed IBD mucosa expands
the studies showing increased levels of these distinct MMPs in
colonic mucosa from UC patients (136,138,149,159-162). MMP
levels in the epithelium were not evaluated specifically in these
studies, but it is possible that the increased MMP expression in
these cells may have contributed the enhanced total mucosal
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levels. Hence the detection of MMP-1 in differentiated colonic
epithelial cells, as well in transformed cell lines and increased
levels during inflammation, are actually in agreement with two
previous studies in humans reporting MMP-1 expression in epi-
thelial cells during wound healing and regeneration in necrotizing
colitis and ulcerative colitis in children (163,164). MMP-8 was only
detected in the colonic epithelial cells from inflamed mucosa in
our setting. This observation is in line with the detection of MMP-
8 in oral and skin epithelial cells mainly in areas of chronic in-
flammation (151,165,166), as well as the finding of increased
levels of MMP-8 in inflamed epithelium in a murine colitis model
(167). MMP-9 mRNA expression was up-regulated in epithelial
cells from inflamed IBD mucosa; whereas this gelatinase could not
be detected in the transformed colonic epithelial cell lines (V).
Findings in murine colitis models suggest that increased levels of
MMP-9 may play a crucial role in the development of intestinal
inflammation (154,168). In addition, it has been suggested that
regulated MMP-9 expression in epithelial goblet cells might play a
role in maintaining normal mucosal defence (156). The presence
of MMP-9 could therefore be linked to the highly differentiated
colonic epithelial cells, which may explain why this particular
MMP was undetectable in undifferentiated HT-29 and DLD-1
cells.

MMPs are secreted as pro-enzymes, which must undergo proteo-
lytic processing to become fully active. The presence of several
MMP RNAs in both HT-29 cells and isolated epithelial cells from
IBD patients raised the question as to whether the expressed
enzymes actually have functional proteolytic activity in vitro.
Substrate gel electrophoresis has been widely used for qualitative
identification of the active forms of MMPs based on gelatinase or
casein degradation. This method is, however, rather insensitive
and detects mainly MMP-2, MMP-3 and MMP-9 activity (155,
156). Using a specially designed cleavage assay based on degrada-
tion of a synthetic peptide mimicking the cleavage site for MMPs
(Mca-Pro-Leu-Gly-Leu-Dap(Dnp)-Ala-Arg-NH2), functionally active
MMPs were easily detected in culture supernatants from HT-29
cells (Fig. 6, panel A)(V). TNF-a exposure increased MMP enzyme
activity in these cells after 24 hours, which is consistent with the
increased MMP transcript levels. Importantly, the levels of MMP
activity were strongly inhibited by addition of the inhibitor GM
6001, known to inhibit MMP enzyme activity, thus confirming
presence of MMP activity in the samples (Fig. 6, panel A) (V).
Interestingly, functional MMP activity was also detected in cell
supernatants from epithelial cell cultures from controls and IBD
patients. Enzyme activity was identical in cultures from controls
and non-inflamed IBD mucosa. In contrast, the level of functional
MMP activity was significantly increased in cell supernatants from
inflamed IBD mucosa compared with activity in cells from non-
inflamed IBD mucosa from the same patient (Fig. 6, panel B)(V).
The unspecific degradation of the peptide due to other protease
activities was minimal, and the enzyme activity was again clearly
inhibited by GM 6001.

In conclusion, our results show that differentiated human colonic
epithelial cells have the capacity to express a range of protolythic
active MMPs and that expression and functional activity are in-
creased in inflamed mucosa. This suggests that epithelial cells,
like myofibroblasts, T-cells and macrophages, may contribute to
local intestinal mucosal damage, trough secretion of proteolytic
active MMPs. Further studies are required to show if modulation
of MMP expression and activity may be an adjunct to other ther-
apeutic approaches aiming to control intestinal mucosal injury in
IBD.

INNATE AND ADAPTIVE IMMUNITY AND THE COLONIC EPTHELI-
UM: THE ROLE OF TOLL LIKE RECEPTOR (TLR) 9

Our observations have shown, in line with others, that the intes-
tinal epithelium not only acts as a physical barrier to commensal
bacterial and foreign antigens, but also exhibits functional immu-
nological activity involved in cytokine mediated mucosal damage
and immune cell regulation (l1,1V,V). Recognition of distinct mi-
crobial features and discrimination of potential harmful patho-
gens from commensals is an integral part of the innate and adap-
tive immune system, and disturbances in this tightly regulated
immune function has increasingly been conceived as implicated in
IBD. One pathophysiological explanation may be that commensal
luminal bacteria which we normally tolerate, are mistakenly
recognized as possible pathogens leading to chronic inflammation
in genetically susceptible individuals (2,7,15,129,169-171). Some
of the most important susceptibility genes described for IBD
comprises NOD2 / CARD15 and toll like receptors (TLR). Accord-
ingly, it has been suggested that polymorphism in distinct TLR
genes could lead to innate/adaptive immune hypo- or hyper
reactivity, which may contribute to the development of chronic
intestinal inflammation and mucosal damage (7,14,170,172-174).
Innate immune responses are orchestrated by a variety of pat-
tern-recognition receptors, notably the TLRs in humans (169,175-
178). The family of TLRs comprises at least eleven members,
which recognise distinct pathogen-associated molecular patterns
(PAMPs), including lipoproteins (TLR2), dsRNA (TLR3), LPS (TLR4),
flagellin (TLR5) (171,177-179). One important is TLR9, which
recognises specific bacterial DNA sequences characterised by a
high content of unmethylated cytidine-phosphate-guanosine
(CpG) motifs, that are prevalent in bacterial, but not in mammali-
an genomic DNA (169,180,181). Several studies from murine IBD
models and intestinal cell line models strongly suggest that TLR9
plays a role in innate and adaptive immunity and development of
chronic inflammation through recognition and response to bacte-
rial products in the gut, but the experimental results are surpris-
ingly conflicting (182-186). Some studies have found that stimula-
tion with bacterial DNA or synthetic CpG-oligonucleotides induces
a robust TLR9 mediated, proinflammatory cytokine response in
cell lines and aggravates chemically induced colitis in rodents
(186-189). In contrast, others have shown that early administra-
tion of CpG-oligonucleotides or probiotic bacterial DNA actually
reduces the severity of experimental colitis (29,183,190-192). As
the epithelial lining is considered to be a key player in first line
defence against the luminal components and therefore likely to
be involved in the regulation of adaptive immune responses in
the intestine, we aimed to explore the role of TLR9 in the human
colonic epithelium in relation with IBD.

TLR9 expression in human colonic mucosa

Only limited knowledge exists about the role of TLR9 in the hu-
man intestine and firstly, we therefore explored whether this
receptor was present in the human colonic mucosa. Our initial
experiments identified TLR9 mRNA in whole mucosal biopsies
from both control subjects and patients with IBD. The expression
was, however, variable and in some of the samples undetectable.
Additional, semi-quantitative analysis showed no significant dif-
ferences in TLR9 expression between control subjects and IBD
patients (VI). Conversely, when a subset of patients served as
their own control, the levels of TLR9 expression was significantly
lower in samples from inflamed mucosa compared with those
obtained in parallel from an endoscopically un-inflamed area
(Fig. 7).
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Figure 7 Expression of Toll-like receptor (TLR) 9 mRNA in paired
biopsies obtained from inflamed and uninflamed colonic mucosa in
patients with inflammatory bowel disease. Reverse transcriptase
(RT)-PCR) analysis was performed on RNA extracted from colonic
biopsy specimens. The identity of the TLR9 PCR products was con-
firmed by sequencing. Expression of GAPDH is included as house-
keeping gene control. Figure presents data from 3 ulcerative colitis
and 4 Crohn’s disease patients. # p<0.05 compared to expression in
uninflamed biopsies.

Previous studies of other TLRs in human IBD have shown highly
variable results in relation to inflammation ranging from in-
creased TLR4 expression to reduced or unchanged levels of TLR3
and TLR2 respectively (170,172,193-195). Mucosal biopsies con-
sist of several cell types including mononuclear cells and epithelial
cells. These variable results could be a consequent of inflamma-
tion-related alterations in TLR levels in the different cells in the
colonic mucosa (172,194-196). Additional PCR analysis performed
on freshly isolated colonic epithelial cells showed that TLR9 mRNA
was widely expressed in these cells both from IBD patients and
controls (VI). TLR9 mRNA was also detected in lamina propria
mononuclear cells isolated in parallel from the mucosal biopsies.
This suggests that several cells contribute to the total mucosal
TLRI level and TLR expression patterns may thus reflect a need
for adjusted TLR ligand recognition at distinct locations in the
mucosa. Our findings, however, extend a previous study showing
presence of TLR9 transcript in normal colonic epithelium and are
in line with the observations that intestinal epithelial cells express
several other TLRs including TLR2, TLR4, TLR5 and TLR8
(12,170,179,197,198).

TLR9Y ligand mediated immune activation in colonic epithelial
cells

The presence of TLR9 in human colonic epithelium raised the
question as to whether these cells also have the capacity to rec-
ognize and respond to specific TLR9 ligand stimulation in vitro.

Previously, several synthetic immunostimulatory CoG-ODNs (TLR9
agonists) have been presented in a variety of in vitro studies.
Consequently, we used the CpG oligonucleotide ODN 2006 due to
it earlier described strong TLR9 mediated immunostimulatory
activity in human B cells (181,199-201). As demonstrated earlier,
colonic epithelial cell models respond to immune stimulation by
LPS and TNF-a by secretion of IL-8 and this chemokine was se-
lected as a marker for possible TLR9 ligand-mediated effects
(15,127,11,1V). Initial experiments were performed in HT-29 cells,
which spontaneously also expresses TLR9 (29,VI). Stimulation
with ODN 2006 induced a significantly increased IL-8 secretion in
these cells, whereas only a minor, non-significant increase was
observed in cultures exposed to the inverted (non-CpG) version
and the phosphorothioate backbone oligonucleotide as expected
(Fig. 8, panel A). None of the tested oligonucleotides impaired
viability in the HT-29 cells, and the increased IL-8 secretion was,
therefore, not a secondary event due to cell membrane damage
or low viability in the cultures.

Although IL-8 is considered a NF-kB responsive gene, no detecta-
ble NF-kB or Ik-B activation in the ODN 2006 treated HT-29 cells
was observed, despite a clear NF-kB activation of the oligonucleo-
tide in TLR9 positive mononuclear cells (180,202-204,VI). The
oligonucleotide induced levels of IL-8 in the HT-29 cells were
considerably lower than in TNF-a stimulated control cultures and
it is possible that the immune stimulatory effect of ODN 2006 is
too small to induce a measurable NF-kp activity. Another explana-
tion might be that alternative downstream signalling pathways
like activator protein-1, protein kinase C and MAPK are involved
in TLRI activation in human epithelial cells as suggested previous-
ly (13,171,189,205).

Next, we tested whether short-term cultures of primary human
colonic epithelial cells would respond similarly to TLR9 ligand
stimulation in vitro. However, ODN 2006 exposure induced no
change in IL-8 secretion in these cultures, despite a clear response
was observed following cytokine stimulation as expected (Fig. 8,
panel B). TLR9 mRNA was present in freshly colonic epithelial
cells, but TLR9 protein was only weakly expressed and seemed to
be present in two isoforms as judged by Western blot analysis
(V1). At least 4 different isoforms of TLR9 have been described,
but it is currently unknown whether CpG responsiveness is corre-
lated to the presence of these isoforms of the protein. These
findings have, however, led to the hypothesis that differential
expression of TLR9 isoforms during inflammation may contribute
to variation in inflammatory responses in distinct cell types
(206,207). Moreover, the immune stimulatory potential of various
CpG oligonucleotides is determined by structural properties, such
as frequency and placement of CpG motifs, composition of flank-
ing nucleotides and length of the oligonucleotide
(192,201,203,206,208,209).

The ODN 2006 tested in our study was selected due to its proven
ability to activate mononuclear cells. It is possible, though, that
other CpG oligonucleotides may exhibit stronger immune stimula-
tory potential in primary colonic epithelial cells. A recent study
has shown that apical prestimulation with oligonucleotides in a
TLR9 positive intestinal cell line rendered the cells insensitive to
basolaterally TLR9 ligand re-stimulation (210). Furthermore, it has
been reported that spontaneous increased levels of TNF-a, IL-1B
and IL-8 found in organ cultures of colonic biopsies from inflamed
UC mucosa are reduced after stimulation with distinct oligonucle-
otides in vitro and that this effect is mediated by triggering of
TLR9 (192). Our results are in line with these findings thus indicat-
ing that primary human colonic epithelial cells may obtain toler-
ance to TLR9 mediated CpG immune stimulation through pre-
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Figure 8 Effects of oligonucleotides (ODN) on IL-8 secretion in HT-29 cells (Panel A) and in primary human colonic epithelial cells (Panel B). IL-8
protein secretion in cell supernatants was assessed by ELISA after stimulation with CpG ODN 2006, non-CpG ODN 2006 (invert version) or ODN
phosphorothioate backbone (all 10.0 ug/ml) for 5 hours. For comparison, the response to mixed TNF o, IL-1 B and INF y (10-8 M) stimulation is
shown. IL-8 values in stimulated cultures are expressed relative to values in unstimulated cultures. Data represents mean (SEM) values of 6 - 8

independent experiments. * p<0.05 compared to unstimulated cultures.

exposure to luminal bacterial products and theoretically, play an
important role in maintaining intestinal homeostasis and a bal-

anced immune response to luminal content in vivo (169,188,210).

Alternatively, other studies have shown Tollip,a toll inhibitory
protein to be involved in TLR2 and TLR4 mediated hypo-
responsiveness to repeated ligand stimulation in epithelial cells
(12,205,209). We have recently described that differentiated
colonic epithelial cells also express Tollip (211). Therefore, a
similar inhibitory mechanism may play a role in the observed lack
of TLR9 mediated response to ODN 2006 in these cells. This
needs, however, to be further evaluated.

Our findings show that epithelial cells have the capacity to ex-
press TLR9, which are in line with the view that these cells are

involved in regulation of the innate and adaptive immune system.

Alterations in TLR9 expression and signalling may result in
dysregulation of the adaptive immune system, which could be an
important event in the development of tissue damage and pro-
gressive inflammation in IBD. Further studies are, however, re-
quired to explore the importance of TLR ligands in intestinal
homeostasis and chronic inflammation, but also to elucidate
whether regulation of TLR signalling could be a new therapeutic
targetin IBD (29,169,186,202).

PPARy ACTIVITY IN HUMAN COLONIC EPITHELIUM: A POSSIBLE
TERAPEUTIC TARGET IN ULCERATIVE COLITIS?

PPARa, PPARPB and PPARy, are members of the nuclear hormone
receptor group of transcription factors. They share a relatively
high degree of structural and functional similarities, and are best
known for their role in regulating of number of genes participat-
ing in lipid and carbonhydrate metabolism (212-214). In addition,
they are implicated in the regulation of proliferation, signal trans-
duction and cellular motility in the intestinal mucosa (104,215-
220). PPARYy is also playing an important role in immune respons-
es, through its ability to down-regulate the expression of pro-
inflammatory cytokines and to direct immune cell differentiation
towards an anti-inflammatory phenotype (213,219-225). Studies
in rodent models have revealed that PPARYy is expressed through-
out the gastrointestinal tract from the duodenum to rectum and
interestingly with the highest levels in the epithelium of the distal
colon (104,222,226). Activation of PPARy with natural or synthetic
PPARYy ligands, such as rosiglitazone, has been shown to attenu-
ate the severity of inflammatory lesions, weight loss and expres-
sion of inflammatory mediators in experimental rodent models of
colitis (223,227-229). Accordingly, genetic ablation of PPARy was
shown to increase susceptibility to experimental colitis
(216,222,223,230). Observation in these models suggests that
adequate epithelial PPARy expression and activity are important
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to maintain mucosal homeostasis and prevent colitis (215-
217,222,226,231,232).

It has recently been reported that a mutation in the PPARy gene
in a subset of UC patients, which results in impaired mucosal
PPARy mRNA expression, leads to increased expression of distinct
TLRs and pro-inflammatory cytokines (233). Consequently, we
aimed to characterize expression and activity of PPARs in human
colonic epithelium and, additionally, to evaluate the functional
significance of a possible imbalanced PPARy regulation at the
cellular level in relation to inflammation.

PPARs and the inflamed human colonic epithelium

Our initial experiments confirmed that the PPARs are present in
human colonic mucosa and that PPARy mRNA expression is de-
creased in mucosal biopsies from patients with active UC as re-
ported briefly previously (234). These findings have been further
substantiated by a recent study reporting that PPARy gene ex-
pression is negatively correlated with severity of endoscopic
appearance in UC patients (235). Importantly, PPARa, - and -y
mRNA were consistently detected in epithelial cells isolated from
colonic mucosal biopsies (VII). The PPARs were also identified in
isolated lamina propria mononucleare cells, but at a clearly lower
level that in the epithelial cells. Our results are consistent with
repeated findings in rodent colitis models and extend a few pre-
vious studies detecting PPARy by western blot analysis in epitheli-
al cells isolated from colonic tissue obtained in patients undergo-
ing surgically resection for colorectal cancer (216,222,226,236-
238). In addition, studies in human colorectal adenomas and
cancers have confirmed that epithelial cells are the primary cellu-
lar component of PPARy signalling in human colon (239,240).
PPARy mRNA expression was significantly reduced in epithelial
cells from patients with active UC compared to controls, while
expression of PPARa and & was unaltered. This indicates that
impaired PPARy expression is a unique feature rather than an
epiphenomenon due to overall inhibition of PPAR signalling in
inflamed human mucosa (VI1). It is currently unknown which
factors are responsible for the impaired PPARy expression in
inflamed UC epithelium. Decreased PPARy expression has been
described during the course of intestinal inflammation in rodent
models, suggesting that immune mediators may be involved in
down regulation of the receptor (231,241). Hence, proinflamma-
tory cytokines such as TNF-a, and IL-1f have been shown to de-
crease PPARy expression in adipocytes and liver cells leading to
altered differentiation and dysregulation of cellular metabolism
(219,242-244). As levels of pro-inflammatory cytokines are in-
creased in actively inflamed ulcerative colitis mucosa, a similar
cytokine mediated negative feedback may explain the reduced
PPARYy levels in the inflamed epithelium (Fig. 9, panel A) (97-99,
245,VII). It has been suggested that PPARy polymorphism leading
to reduced PPARy expression and TLR mediated intolerance to
commensal bacteria, may perpetuate to the development of
chronic intestinal inflammation (233,247). These theories accord
with observations showing that mice with targeted disruption of
the PPARYy gene in intestinal epithelial cells have an enhanced
susceptibility to TNBS-induced colitis compared to wild type
littermates (222,248). In case impaired PPAR levels were ex-
plained by a genetic mutation, expectations would be however,
that this feature is also identified in uninflamed epithelium from
the same patient. Our findings showing a decreased expression
only in the inflamed areas therefore contradict such theories (Fig.
9, panel A)(VII).

The finding of selectively impairment of PPARy expression in the
inflamed UC epithelium prompted us to evaluate whether this has
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Panel A. Expression of PPARy mRNA in paired samples of epithelial
cells isolated from endoscopically normal and inflamed mucosa from
the same patient with active ulcerative colitis and measured by
reverse transcriptase-polymerase chain reaction (RT-PCR). Mean
(SEM) values from 8 patients are presented.

*p < 0.01 compared to cells from un-inflamed mucosa.

Panel B. Expression of adipophillin mRNA in paired samples of epi-
thelial cells isolated from endoscopically normal and inflamed muco-
sa from the same patient with active ulcerative colitis and measured
by reverse transcriptase-polymerase chain reaction (RT-PCR). Mean
(SEM) values from 6 patients are presented. * p < 0.02 compared to
cells from un-inflamed mucosa.
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any functional applications for PPARy mediated signalling. Addi-
tional experiments showed that the low receptor expression in
the epithelial cells was followed by a down regulation of ad-
ipophillin expression, a gene that is transcriptionally activated by
PPARYy ligands suggesting that PPARYy signalling was significantly
impaired in the inflamed epithelium (Fig. 9, panel A and B)
(239,249,VII). Interestingly, stimulation of isolated colonic epithe-
lial cells with rosiglitazone (a synthetic PPARy ligand) showed a
clear concentration dependent increase in adipophillin expres-
sion, indicating an in vitro activation of the receptor. A five-fold
increase of adipophillin expression was observed in epithelial cells
isolated from inflamed UC patients, suggesting that PPARYy signal-
ling can be restored by the synthetic agonist in spite of low ex-
pression levels of the receptor itself (VII). It has been suggested
that PPARYy ligands/agonists may have a positive feedback effect
on receptor levels, but in our setting no increase of PPARy mRNA
expression in the epithelial cells was observed after rosiglitazone
exposure (250). Previously, it has been reported that the benefi-
cial effect of PPARYy ligands in rodent colitis models may to some
extend be independent of functional PPARYy in the epithelium
(216,228). In line with these observations, PPAR ligand-mediated
down regulation of pro-inflammatory cytokines appears to be
independent of PPARy expression at high ligand concentration
levels in immune cells (221,225,251). A high local concentration
of the PPARy ligand may be consequently be able to activate the
PPARYy response elements despite low receptor levels, thus ex-
plaining our observations in the epithelial cell cultures in vitro
(216,228,V11).

From bench to bedside: effects of PPARy ligand enema in active
ulcerative colitis

The beneficial effect of treatment with synthetic PPARy ligands in
rodent colitis models, and the outcome of two recently published
clinical studies suggesting therapeutic efficacy of rosiglitazone in
patients with UC, have raised interest in PPARy as a potential
target for anti-inflammatory therapy (252,253). However, there is
growing evidence that systemic treatment of type 2 diabetes with
PPARYy ligands like rosiglitazone and other drugs belonging to the
thiazolidinediones class of anti-diabetic drugs are associated with
increased risk of severe cardiac complication (212,254). Systemic
treatments of UC with these drugs are therefore less promising
(252,254-256). The functional studies in the devised cell model
showed that rosiglitazone has the capacity to activate epithelial
cells in vitro despite low PPARy receptor levels (VII). This prompt-
ed us to evaluate whether stimulation with rosiglitazone directly
at the colonic mucosa surface similarly could activate PPARy
signalling and lead to a clinical beneficial effect. The topical ap-
proach allows application of ligand directly on the PPARYy positive
epithelium, and at the same time reduces the risk of possible
systemic side effects by the drug.

We designed a small, randomised pilot study comparing clinical
effect of rosiglitazone enema treatment with traditional topical
mesalazine treatment in patients with moderate to severe distal
ulcerative colitis. Patients with endoscopically and clinically active
disease were randomised to treatment with either rosiglitazone
enemas (4 mg) or mesalazine enemas (1 g) for 2 weeks. Interest-
ingly, treatment with rosiglitazone enemas induced a significant
clinical improvement after 14 days, similar to the effect of mesal-
azine as judged by the reduction in Mayo Score (Fig.10) (257,VII).
All patients obtained clinical and endoscopical improvement,
defined as at least a 3-point reduction in the Mayo Score. In the
more severe cases of proctitis or proctosigmoiditis, topical treat-
ment with mesalazine often needs to be extended to a minimum
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Figure 10 Clinical effect of rosiglitazone and mesalazine enema
treatment in patients with active distal ulcerative colitis. Patients
were treated with rosiglitazone (84.5 pmol) or mesalazine (1 gram)
enemas once daily at bedtime for 14 days. Mayo Score was assessed
at inclusion and after 14 day treatment. Mean (SD) values from 7
patients are presented. * p < 0.01 between Mayo score before and
after 14 days treatment.

of 4 weeks to obtain clinical remission and mucosal healing
(258,259). Most of the included patients had previously experi-
enced slow or incomplete effect of topical treatment and an
element of chronic activity may explain why only a single patient
obtained full clinical remission defined as a Mayo Score of zero.
Extension of the treatment time may therefore lead to a higher
rate of remission (258,259). The concentration of rosiglitazone
(84.5umol/l) in the enemas was chosen on the basis of our in
vitro experiments in colonic epithelial cells. Importantly, this
concentration induced a clear activation of the PPARy receptor in
colonic epithelial cell cultures in vitro without affecting cell viabil-
ity (V). The biological effect of applying rosiglitazone locally in
the colonic mucosa was completely unknown; believing it safe,
we used a total rectal dose of 4 mg in the trial, which is half the
recommended oral dose of rosiglitazone in the treatment of
diabetes and also the dose used in the previous mentioned clini-
cal trials in ulcerative colitis (212,214,252,260). Accordingly, the
rosiglitazone enemas were well tolerated and no side effects
were reported. In addition, no systemic effect was observed on
liver or kidney function judged by analysis of blood samples.
Consequently, it is possible that administration of higher doses or
prolonged treatment time of rosiglitazone may be even more
effective, but this has to be evaluated by further studies.
Treatment with topical application of rosiglitazone induced a
significant increase of adipophillin expression in isolated epithelial
cells from the patients already after the first installation of an
enema (VII). These results indicate that the beneficial therapeutic
effect of rosiglitazone enema treatment was linked to activation
of PPARYy signalling pathways (VII). Furthermore, a minor non-
significant increase of adipophillin expression was observed in the
epithelium after installation of mesalazine enemas. Increasing
recent evidence suggests the anti-inflammatory effect of 5-
aminosalicylic acids like mesalazine is mediated through PPARy
signalling (223,250,256,258). The observed adipophillin activation
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from patients treated with 5-ASA was less pronounced compared
with the effect of rosiglitazone, which may reflect that the syn-
thetic PPARYy ligand is a more potent PPARYy activator than tradi-
tional 5-ASA components (256,258).

In conclusion, our results support the view that PPARy signalling
may be a new potential therapeutic target in the treatment of
IBD. Further studies are necessary to evaluate and optimise the
potential effect of topical PPARy ligands in distal ulcerative colitis,
alone and in combination with other anti-inflammatory treat-
ment. Moreover, to minimise systemic side effect, it may even be
of interest to develop new oral PPARy stimulating drugs, which
are released and perform their anti-inflammatory effect locally in
the distal part of the intestine similar to 5-ASA components.

CONCLUSION AND PERSPECTIVE

This work has shown that it is possible to establish short-term
cultures of representative, viable human colonic epithelial cells
from routine endoscopic mucosal biopsies of patients with in-
flammatory bowel disease (IBD) and control patients. The use of
biopsy specimens was a new approach that overcomes the vari-
ous limitations inherent in commonly used models based on
animal cells, transformed human intestinal cell lines and isolated
cells from resected colonic bowel segments. Initial studies
showed that it is crucial to preserve the isolated epithelial cells in
crypt-like structures and by optimising isolation procedure and
culture conditions we succeeded to establish cultures that sur-
vived with intact metabolic function for at least 24 hours in vitro.
The devised biopsy-based model was applicable for evaluation of
a number of important cellular metabolic and immunological
functions in human colonic epithelium. These include the ability
to oxidate butyrate, detoxificate phenol compounds, secrete the
chemokine interleukin (IL)-8 and express metalloproteinases
(MMP), toll like receptor (TLR) 9 as well as peroxisome activated
proliferators (PPAR) in vitro. Although cell yield and life span of
the cultures is limited, the model has also shown its usefulness in
a number of other experimental settings in our laboratory and
other groups have later presented similar techniques. The in-
creasing data available on the homeostasis of the intestinal epi-
thelium may facilitate further optimization of the isolation proce-
dures and culture conditions and thus improve survival and
applicability of models based on biopsy specimens in the future.
Tumour necrosis factor (TNF)-a and interferon (IFN)-y are key
pro-inflammatory cytokines, which are present in increased
amounts in colonic mucosa with active IBD. Using the devised
model, both cytokines were found directly to impair the viability
of human differentiated colonic epithelial cells and to induce
secretion of IL-8 and distinct MMPs in vitro. Interestingly, colonic
epithelial cells from inflamed mucosa were less sensitive to cyto-
kine-induced damage, which suggests that an intrinsic defence
mechanism is triggered in these cells, perhaps as a result of expo-
sure to toxic luminal factors or high local cytokine levels in vivo. It
is well established that TNF-a and IFN-y play important roles in
the pathogenesis in IBD, but the precise interaction with the
intestinal epithelial cell is not well characterized. Our findings
show that the cytokines affect viability and immune signalling in
human colonic epithelial cells which is consistent with effects on
distinct target cells seen in a number of other chronic immune-
inflammatory diseases. Accordingly, our data extend the emerg-
ing view that alterations of homeostasis of the intestinal epitheli-
um may be one of the early events in the pathogenesis of IBD.
Systemic treatment with antibodies against TNFa is now widely
used in IBD and the growing evidence for an important role of the
intestinal epithelium raises the interest for developing drugs with

a similar action that are suitable for topical application in select-
ed patients in the future.

IBD is characterized by chronic mucosal inflammation, which in
severe cases may lead to intestinal ulcerations and in CD eventu-
ally development of fibrosis. Although the data presented here
suggest that direct TNF-a and IFN-y mediated cytotoxicity may be
an initial event, these cytokines are known to have other effects,
including activation of MMPs. Using the model, and a specifically
devised functional peptide cleavage assay it was shown that these
proteolytic enzymes are secreted by colonic epithelial cells in
response to TNF-a exposure. Since they are functional active, the
data support a role of MMPs in the pathogenesis of mucosal
damage in IBD that involve epithelial cells. Modulation of MMP
expression and activity has been proposed as a possible new
therapeutic approach to reduce intestinal mucosal injury in IBD.
Viewed in the light of the involvement of the epithelial cells in this
process, further studies are warranted to show if a topical ap-
proach may be a useful adjunct to other treatments in this con-
text.

The novel demonstration that colonic epithelial cells express
TLR9, a pattern recognition receptor, extends the emerging view
that the epithelium represents an important frontline cellular
component of the innate immune system in the gut. Interestingly,
the differentiated epithelial cells, which have been exposed to the
luminal bacterial flora in vivo, were unresponsive to TLR9 ligand
stimulation, contrasting findings in the epithelial cell line HT-29
that is cultured continuously in bacterial free environment. This
may suggest, theoretically, that the normal human colonic epithe-
lium can avoid inappropriate immune responses to microbial
antigens including commensal bacterial DNA through modulation
of the TLR9 pathway. It has been suggested that the increasing
incidence of IBD at least partly may be linked to environmental
factors, including the luminal content. Further studies are there-
fore relevant to describe the interactions between the intestinal
epithelium, as the first line defence to luminal antigens, and
components of the innate and acquired immune system.

The presently devised cell model was shown to be a valuable
technique in a number of expression and functional studies in
vitro. Additionally, it was also found to have the potential to
explore new targets for therapeutic intervention in a clinical
setting. Hence, our results from the functional PPARy experi-
ments in vitro, prompted us to design a small controlled, clinical
study exploring the possible stimulatory effects of rosiglitazone (a
PPAR ligand) in vivo. Interestingly, it was found that topical appli-
cation of rosiglitazone enemas in patients with active distal ulcer-
ative colitis (UC) reduced clinical activity and mucosal inflamma-
tion similar to the effect measured in the UC patients treated with
mesalazine enemas. Moreover, rectal application of rosiglitazone
induced PPARYy signalling in the colonic epithelium in vivo, sup-
porting the view that activation of PPARy may be a new potential
therapeutic target in the treatment of UC in the future.

Overall, the in vitro model of representative human colonic epi-
thelial cells presented here, has shown to be a widely useful
technique for detailed studies of a range of metabolic and immu-
nological functions that are important for homeostasis of the
healthy as well as diseased epithelium. Currently, the findings
support the view that intestinal epithelial cells actively participate
in immunological processes in the colonic mucosa. Additionally,
the model seems to be applicable for generating and evaluating
new therapeutic approaches from laboratory bench to bed line as
illustrated by the PPARy study where findings in an in vitro set-
ting, initiated the hypothesis and experimental design of an in
vivo clinical trial. Models based on representative colonic epithe-
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lial cells, as the one described here, have increasingly been used
in combination with other models in immunological (and other)
studies of the human colonic mucosa. Thus, it is probable, that
studies in these cell models could contribute with important
knowledge about the pathogenesis of human inflammatory and
neoplastic colonic diseases also in the future.

ENGLISH SUMMERY

Ulcerative colitis (UC) and Crohn’s disease” (CD), collectively
referred to as inflammatory bowel disease (IBD), are chronic
immune disorders affecting the gastrointestinal tract. The aetiol-
ogy of IBD remains an enigma, but increasing evidence suggests
that the development of IBD may be triggered by a disturbance in
the balance between gut commensal bacteria and host response
in the intestinal mucosa. It is now known that epithelial cells have
the capacity to secrete and respond to a range of immunological
mediators and this suggests that these cells play a prominent role
in the pathogenesis of IBD. Current knowledge about the intesti-
nal epithelium has mainly been obtained using models based on
animal cells, transformed human intestinal cell lines and isolated
cells from resected colonic bowel segments. Species difference,
malignant origin and confounders related to surgery, obviously
make these cell models however less applicable for patophysio-
logical studies. Consequently, there was a clear need for models
of representative intestinal epithelial cells that would allow func-
tional and dynamic studies of the differentiated human colonic
epithelium in vitro.

The primary purpose of this thesis was to explore and validate the
optimal conditions for establishing a model based on short-term
cultures of human colonic epithelial cells obtained from endo-
scopical biopsies. The cell cultures were accordingly used to de-
scribe the interplay between proinflammatory cytokines and
colonic epithelium, with focus on alterations in viability, butyrate
metabolism and secretion of a chemokine and metalloproteinases
(MMP). Finally, the model was used to characterize expression
and activation of receptors like toll like receptor (TLR)9 and pe-
roxisome activated proliferators (PPAR) —known to be important
players in regulation of innate and adaptive immune responses in
human colonic epithelium.

The results showed that it is possible to establish short-term
cultures of representative, viable human colonic epithelial cells
from endoscopic mucosal biopsies of patients with IBD. Short-
time isolation by EGTA /EDTA from colonic biopsies allowed es-
tablishment of small scale cultures of epithelial cells which were
viable and metabolic active for up to 48 hours in vitro. The cell
model preserved important cellular metabolic and immunological
functions of the human colonic epithelium, including the ability to
oxidate butyrate, detoxificate phenolic compounds and secrete
the chemokine interleukin (IL)-8 in vitro.

Tumour necrosis factor (TNF)-a and interferon (IFN)-y are pro-
inflammatory cytokines, which are present in increased amounts
in inflamed colonic mucosa. The precise mechanisms of cytokine-
mediated mucosal injury are unknown, but one might be that
TNF-a and IFN-y, directly impair epithelial cell function similar to
effects seen on distinct target cells in other autoimmune diseases.
Using the model, both cytokines were found directly to impair the
viability of colonic epithelial cells and to induce secretion of IL-8 in
vitro. Interestingly, the cells from inflamed IBD mucosa were less
sensitive to cytokine-induced damage, which suggests that an
intrinsic defense mechanism is triggered in these cells, perhaps as
a result of exposure to toxic luminal factors or high local cytokine
levels in vivo.

TNF-a and IFN-y may also be involved in regulation of intestinal
inflammation through stimulation of MMP expression and pro-
teolytic activity. We found that colonic epithelial cells express a
range of MMPs and moreover that expression of distinct MMPs is
increased in cells from inflamed IBD mucosa. Using a functional
peptide cleavage assay it was shown that epithelial cells secreted
proteolytic active enzymes and that the functional MMP activity
was increased in inflamed IBD mucosa. This suggests that colonic
epithelial cells, like myofibroblasts and immune cells, may con-
tribute to local intestinal mucosal damage, trough secretion of
active MMPs.

Disturbance of recognition and discrimination of potentially
harmful pathogens from commensals in the intestinal mucosa
have increasingly been implicated in the pathogenesis of IBD. Our
results revealed that colonic epithelial cells express TLR9, a key
pattern recognition receptor. Interestingly, the differentiated
epithelial cells, which have been exposed to the luminal bacterial
flora in vivo, were unresponsive to TLR9 ligand stimulation, con-
trasting findings in the epithelial cell line HT-29 that is cultured
continuously in bacterial free environment. These findings sug-
gest, theoretically, that colonic epithelium may regulate immune
responses to microbial antigens including commensal bacterial
DNA through modulation of the TLR9 pathway. Currently, the
results are in line with the emerging view, that the epithelium
represents an important frontline cellular component of the
innate immune system in the gut.

PPARYy is a nuclear receptor involved in the regulation of lipid and
carbonhydrate metabolism. Recent studies in rodent colitis mod-
els suggest that PPARYy also is involved in modulation of inflamma-
tory processes in the colon. Using the model, we characterise
expression and activity of PPARs in human colonic epithelium
and, additionally, evaluated the functional significance of a possi-
ble imbalanced PPARy regulation in relation to inflammation. Our
experiments showed that colonic epithelial cells express PPARy
and furthermore that PPARYy signalling was impaired in inflamed
UC epithelium. It was possible to restore PPARYy signalling in the
cell cultures by stimulation with rosiglitazone (a synthetic PPARy
ligand) in vitro. Hence, these experiments prompted us to design
a small controlled, clinical study exploring the possible stimulato-
ry effects of rosiglitazone (a PPAR ligand) in vivo. Interestingly, it
was found that topical application of rosiglitazone in patients with
active distal UC reduced clinical activity and mucosal inflamma-
tion similar to the effects measured in patients treated with
mesalazine enemas. Moreover, rectal application of rosiglitazone
induced PPARYy signalling in the epithelium in vivo, supporting the
view that activation of PPARy may be a new potential therapeutic
target in the treatment of UC.

Overall, the in vitro model of representative human colonic epi-
thelial cells has shown to be a useful technique for detailed stud-
ies of metabolic and immunological functions that are important
for homeostasis of the colonic epithelium. Currently, the findings
support the view that intestinal epithelial cells actively participate
in immunological processes in the colonic mucosa. Additionally,
the model seems to be applicable for generating and evaluating
new therapeutic approaches from laboratory bench to bed line as
illustrated by the PPARYy study. It is therefore probable, that stud-
ies in models of representative colonic epithelial cells, as the one
described here, could contribute with important knowledge
about the pathogenesis of human inflammatory colonic diseases
also in the future.
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