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Abstract Inflammatory and neoplastic disease processes
of the abdominal cavity are frequently associated with
disruption of the integrity of the peritoneal mesothelium.
In the present study, we analyzed the effects of the pro-
inflammatory cytokines interleukin-14 (IL-183) and tumor
necrosis factor-o (TNF-a) on the morphology and
expression of adhesion molecules of human peritoneal
mesothelial cells (HPMC). Treatment of HPMC with IL-
18 and TNF-a resulted in a time- and dose-dependent
alteration of the normal cobblestone morphology of the
mesothelium with loss of polarization, cellular retraction
and exposure of the submesothelial matrix. The effect was
already observable after 6 h of treatment and was most
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pronounced at a dose of 10 ng/ml of IL-13 or TNF-a.
These morphological alterations were associated with a
significant rearrangement of the expression of mesothelial
adhesion molecules as detected by flow cytometry. IL-13
and TNF-a both led to a loss of the expression of the
hemidesmosomal integrin subunits a6 (P<0.01 and
P<0.001) and B4 (P<0.01) and an increased expression
of the integrin subunit a5 (P<0.001 and P<0.01). IL-13
furthermore upregulated the expression of the integrin
subunits al, a2 and the adhesion molecule CD44 while
the latter was downregulated by TNF-a. Our data indicate
that IL-18 and TNF-a may significantly affect disease
processes of the abdominal cavity by their potential to
disrupt the mesothelial basal cell-matrix adhesion and,
thus, the integrity of the peritoneal mesothelial cell lining.
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Introduction

The peritoneal mesothelium is a highly specialized
monolayer of polarized flat epithelial cells that covers
the entire surface of the abdominal cavity. It serves as a
protective anatomical barrier, as a non-adhesive friction-
less interface for the movement of abdominal organs and
is involved in the formation and turnover of abdominal
fluid [7, 27]. The integrity of the mesothelial cell lining is
a prerequisite for these functions.

Injury to the abdominal cavity is a common phenom-
enon. It can be caused by trauma, surgery, infections, or
various neoplasms. Both inflammatory and neoplastic
disease processes involving the abdominal cavity are
associated with marked structural alterations of peritoneal
mesothelium, which include loss of polarization, cellular
retraction with exposure of the submesothelial extracel-
lular matrix (ECM) and frequently detachment and
suspension of mesothelial cells in peritoneal effusions



[7, 27, 39]. The precise pathomechanisms involved in the
disruption of the mesothelial integrity are still poorly
defined but are likely to involve alterations of the
expression of mesothelial adhesion molecules [4, 6, 33].

Mesothelial cells, like other epithelial cells, adhere to
the ECM by various adhesion molecules. Of particular
importance are integrins, a group of transmembraneous
heterodimeric glycoproteins composed of a and f
subunits [11, 28]. There are at least 16 a and 8 8 subunits
with intracellular domains associated with the cytoskel-
eton and extracellular domains that bind to the ECM. The
classical fibronectin receptor (a5f41), the aV 1 fibronec-
tin receptor, and the 61 laminin receptor appear to have
specific ligands [28]. Other members of the integrin
subfamiliy can exhibit different ligand specificities,
depending on the cell type by which they are expressed.
In addition to their role as adhesion molecules, integrins
function as signaling receptors and have been demon-
strated to modulate cellular differentiation, growth, and
migration as well as cell shape and cytoskeletal organi-
zation [5, 11]. An important integrin-independent mech-
anism of the adhesion of mesothelial cells to the ECM is
provided by CD44 [12].

Inflammatory as well as malignant peritoneal effusions
contain a variety of cytokines, which may affect and alter
the functions and the structure of the peritoneal meso-
thelial cell lining [16, 20, 26, 34, 41]. Studies from our
group and others suggest that the pro-inflammatory
cytokines interleukin (IL)-13 and tumor necrosis factor-
a (TNF-a) are key regulators of the pathobiological
functions of the peritoneal mesothelium. They stimulate
human peritoneal mesothelial cells (HPMC) to a marked-
ly increased secretion of various cytokines such as IL-6,
IL-8, transforming growth factor- (TGF-p), basic fibro-
blast growth factor (bFGF), and vascular endothelial cell
growth factor (VEGF) and, thus, seem to induce an
“activated” mesothelial cell phenotype [9, 19, 25, 35, 36].

In the present study, we investigated the effects of IL-
15 and TNF-a on the morphology, adhesive properties,
and expression of adhesion molecules of HPMC.

Materials and methods
Isolation and culture of HPMC

HPMC were obtained from omental tissue of consenting patients
undergoing elective abdominal surgery as described previously
[25]. In every case small pieces of the omental specimens were
fixed in formalin, embedded in paraffin and used to control the
morphology of the mesothelium on hematoxylin & eosin-stained
sections (Fig. 1E, F). The rest of the omental tissue (approximately
1-3 cm®) was rinsed in phosphate-buffered saline (PBS, Seromed,
Biochrom, Berlin, Germany) at room temperature and incubated in
a collagenase I solution (0.88-1.76 mg/ml, 220 U/ml; Seromed) for
1 h at 37°C. Subsequently, the collagenase solution containing the
detached mesothelial cells was filtered through a 70 um cell strainer
and centrifuged at 500 g for 10 min. The cell pellet was
resuspended in RPMI-1640 medium (Seromed) supplemented with
10% fetal calf serum (Sebak, Suben, Austria), penicillin/strepto-
mycin (200 U/ml, 200 pg/ml; Seromed) and L-glutamine (2 mM;
Seromed) and grown to confluence in 25-cm? tissue culture flasks
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(Greiner, Kremsmuenster, Austria) at 37°C in a humidified
atmosphere of 5% CO, in air. Primary cultures of HPMC were
characterized by flow cytometry using monoclonal antibodies
(mAbs) against cytokeratin subtypes 8 and 18 (MAb CAM 5.2;
Becton Dickinson, Mountain View, CA) and vimentin (MAb V9;
Dakopatts, Glostrup, Denmark) and the demonstration of a uniform
coexpression of both intermediate filaments. Passage 2 cultures
were used for experiments.

Treatment of HPMC with pro-inflammatory cytokines

For experiments, HPMC were detached with trypsine/versene
(0.05%/0.02%), washed once in medium and seeded in 12.5-cm?
falcon flasks in a volume of 2.5 ml. After confluency, the cultures
were washed twice with fresh culture medium and then incubated
for 048 h in the absence or presence of the appropriate cytokines.
Recombinant IL-18 and interferon (IFN)-y were purchased from
R&D Systems (Minneapolis, USA). TNF-a was obtained from
Sigma (Munich, Germany). Incubation of cells with cytokines did
not have any significant effect on cell viability as shown by trypan
blue exclusion and a cell analyzer system CASY1 (Schirfe System,
Reutlingen, Germany) and did not induce apoptosis as demonstra-
ted by flow cytometry (see below). All experiments were done in
duplicate.

Scanning electron microscopy

For scanning electron microscopy, HPMC were grown to conflu-
ency on glass slides placed in 12-well culture dishes and treated
with the respective cytokines as described above. They were then
fixed in 3% glutaraldehyde in 0.1 mol/l (molar) sodium cacodylate,
pH 7.5 for 30 min, postfixed in 1% OsOy, in 0.1 mol/l cacodylate,
rinsed in water, and dehydrated through graded ethanol. Thereafter,
the specimens were critical-point dried from absolute ethanol in a
critical point dryer using CO, as transition medium. The dried
preparations were coated with 20 nm gold in a sputter coater, and
viewed on a Philips SEM 515 scanning electron microscope at
15 kv or 30 kv.

Analysis of adhesion molecule expression
by fluorescence activated cell sorting

Analysis of adhesion molecules was conducted in cells that were
incubated at the various culture conditions for 48 h. At the end of
the incubation period, HPMC were washed in PBS and harvested
by gentle treatment with 0.05% versene (Biochrom, Berlin,
Germany) as described previously [2]. Cell numbers were deter-
mined by a cell counter and analyzer (CASY1). After centrifuga-
tion, cells were resuspended in PBS supplemented with 1% BSA.
Thereafter, 100,000 cells were incubated with the appropriate
monoclonal antibodies in a volume of 100 pl at 4°C for 30 min.
Antibodies used were fluorescein-isothiocyanate (FITC)-conjugat-
ed mouse anti-human integrin al (CD49a), integrin o2 (CD49b),
integrin a3 (CD49c¢), integrin o4 (CD49d), integrin a5 (CD49e),
integrin a6 (CD49f), integrin 1 (CD29) and anti-CD44 from
Serotec (Oxford, Great Britain; Table 1). A monoclonal antibody
against human f4 integrin (CD104) was purchased from Cal-
biochem (Novabiochem, La Jolla, USA; Table 1). After incubation,
the cells were washed three times in PBS, suspended in a volume of
200 pl PBS and stored at 4°C until fluorescence activated cell
sorting (FACS) analysis. For analysis of integrin 4, the cells were
incubated with anti-mouse rabbit IgG conjugated with FITC
(Calbiochem-Novabiochem) at 4°C for 30 min at a dilution of
1:15. Immediately before FACS analysis, cells were stained with
propidium iodide (20 pg/ml) to determine cell viability. To rule out
apoptosis parallel samples (100,000 cells) for each probe were
collected and apoptosis was determined according to Nicoletti et al.
[22]. HPMC incubated with mouse anti-human IgGl1-HCG as
primary antibody and FITC-conjugated F(ab’)2 rabbit anti-mouse



Fig. 1 A Confluent human peritoneal mesothelial cells (HPMC)
under control conditions. HPMC are organized in monolayers of
flat polygonal cells with close cell-cell contacts giving a cobble-
stone appearance. Phase contrast microscopy x200. B Confluent
mesothelial cells after treatment with interleukin (IL)-1 (10 ng/ml)
for 48 h. HPMC show retraction of the cytoplasms, loss of cell—cell
contacts and extensive exposure of the submesothelial matrix.
Phase contrast microscopy x200. C HPMC under control condi-
tions. Cells are flat and connected to each other by fine intercellular
bridges. There is almost no exposure of the submesothelium.
Scanning electron microscopy; bar 10 um. D HPMC treated for

v i

-

>
£
-
&

-

‘i‘ -
;1.
@

48 h with IL-18 (10 ng/ml). The cells reveal plump cellular
processes and show a rounded, cuboidal shape. There is extensive
exposure of the submesothelial matrix (stars). Scanning electron
microscopy; bar=10 ym. E Omental specimen used for one of the
experiments prior to isolation of HPMC. The mesothelium is flat
and resting on a layer of submesothelial matrix. Hematoxylin &
eosin x40. F Omental specimen with cellular retraction and
cuboidalization, presumably due to early inflammation. Note the
similarity to the mesothelial changes depicted in B and D. The cells
isolated from this specimen were not used for experiments
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Table 1 Antibodies and dilutions used for fluorescence activated cell sorting analysis

Antigen VLA-subtype  Clone Isotype Substrate Dilution ~ Source
Integrin al (CD49a) VLA-1 TS2/7 IgG1 (mouse) Collagen, laminin 1:60 Serotec
Integrin a2 (CD49b) VLA-2 AK7 IgG1 (mouse) Collagen, laminin 1:30 Serotec
Integrin a3 (CD49c) VLA-3 11G5 IgG1 (mouse) Fibronectin, laminin 1:30 Serotec
Integrin a4 (CD49d) VLA-4 44H6 IgG1 (mouse) Fibronectin 1:30 Serotec
Integrin a5 (CD49%¢)  VLA-5 SAM-1 IgG2b (mouse) Fibronectin 1:30 Serotec
Integrin a6 (CD49f) VLA-6 4F10, 450-30A  I1gG2b, IgG1 (mouse) Laminin 1:30 Serotec
Integrin 1 (CD29) VLA-f1 3S3, 4B7 IgG1 (mouse) - 1:30 Serotec
Integrin 4 (CD104) VLA-p4 3El IgG1 (mouse) - 1:1000 Calbiochem
CD44 - F10-44-2 IgG2a (mouse) Hyaluronate, fibronectin, 1:30 Serotec

collagen

IgG as secondary antibody served as negative controls. Fluores-
cence intensity was calculated with the CellQuest Software (Becton
Dickinson). Overlap of spectral signals when double staining the
samples for viability (PI) and integrin/CD44 expression (FITC) was
excluded by appropriate compensations. Since the yield of median
fluorescence intensities differed between the donors of HPMC,
results are expressed as percentage of controls that were set as
100%. Human umbilical vein endothelial cells were used as a
control to analyze adhesion molecule expression. They were
isolated as described previously [2]. For experiments they were
treated in a similar fashion as HPMC.

Statistical analysis

All experiments were performed at least five times in duplicates.
Statistical analysis was performed using the Student’s #-test for
paired data with Excel for MS Windows. Fluorescence intensities
are presented as median values + median absolute deviation in
relation to controls, which were set as 100% [29]. A P value under
0.05 was considered significant.

Results

Disruption of the mesothelial cell integrity by IL-153
and TNF-a

Under control conditions, confluent HPMC formed a
monolayer of flat polygonal, polarized cells exhibiting a
typical cobblestone morphology. The cells were connect-
ed to each other by tight cell junctions and covered the
whole submesothelial matrix without any visible inter-
cellular clefts (Fig. 1A). These observations were also
confirmed by scanning electron microscopy that revealed
multiple fine cellular processes between the flat meso-
thelial cells (Fig. 1C).

Treatment of HPMC with the pro-inflammatory cy-
tokines IL-13 or TNF-a resulted in a dramatic change of
the morphology of the mesothelium and a disruption of its
integrity. The cells revealed a retraction of their cyto-
plasms with loss of cell-cell contacts and a consecutive
exposure of the submesothelial matrix. This phenomenon
appeared to occur rapidly and in a time- and dose-
dependent fashion. The maximal effect was seen at doses
of 10 ng/ml of either IL-18 or TNF-a. At this dose, the
first signs of cellular retraction became already evident
after only 6 h of treatment. Over time, the morphological
alterations developed in a progressive manner with a

maximum effect after 24—48 h of incubation. At this time,
the mesothelial cell monolayer showed a complete
disorganization with loss of cellular polarization
(Fig. 1B). The adhesion of the cells to the submesothelial
matrix seemed to be only granted by residual thin finger-
like cellular processes and there was a denudation of large
areas of the submesothelial matrix (Fig. 1D). Similar, but
less pronounced effects were already noticed at doses of
0.1 ng/ml of both pro-inflammatory cytokines. Doses of
0.01 ng/ml were, however, not effective in changing the
morphology of the mesothelium. The effects induced by
IL-153 and TNF-o were consistently observed in indepen-
dent experiments in HPMC derived from ten different
donors, both male and female. Treatment with IFN-y was
not associated with any structural alterations of the
mesothelium.

Analyses of mesothelial adhesion molecules

The disruption of the structural integrity of the mesothe-
lium by IL-18 and TNF-a was associated with a
significant alteration of the expression of mesothelial
adhesion molecules. Under control conditions, the meso-
thelial cells showed a distinct expression of the integrin
subunits a2, B1, f4 and CD44 and a comparably lower
expression of integrin subunits al, a5 and a6. The
integrin subunits a3 and a4 were not detectable.
Treatment of HPMC with IL-18 (10 ng/ml) for 48 h
resulted in a significant increase of the expression of the
integrins al, a2, and a5 (Fig. 2A). The median fluores-
cence levels of the subunits a1, a2, and a5 were increased
by 35.7£16.3% (P<0.05), 75.7+22.3 (P<0.01), and
28.7£6.5% (P<0.001), respectively. In addition, IL-1p
induced a significant upregulation of the CD44 molecule
with median fluorescence levels being 40.5+12.5%
(P<0.001; Fig. 3) over control values. In contrast, IL-1§
induced a loss of the expression of the laminin receptor
a6 integrin. The respective median fluorescence intensity
showed a significant reduction to 77+8.6% (P<0.01) of
the control levels (Fig. 2A). The expression of p4 was
also reduced by IL-1f, but this effect did not reach
statistical significance. Interestingly, treatment with TNF-
o (10 ng/ml) also led to a loss of the @634 integrin. Under
these conditions, the median fluorescence levels of the a6
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Fig. 2 Regulation of the expression of mesothelial integrins by pro-
inflammatory cytokines. The 10th, 25th, 50th (median), 75th and
90th percentiles of the percentage increase/decrease of the expres-
sion of @ and f integrin subunits after treatment with interleukin
(IL)-1 B (A), tumor necrosis factor (TNF)-a (B) or interferon
(IFN)-y (C) (each 10 ng/ml) are presented. Untreated controls were
set as 100%. Results are derived from duplicate cultures of human
peritoneal mesothelial cells isolated from five separate donors.
*P<0.05, ¥**P<0.01, ***P<0.001

chain decreased to 79.324.8% (P<0.001) and of the B4
chain to 47.2+13.3% (P<0.01) of controls (Fig. 2B). As
after IL-1J treatment, the integrin subunit a5 was also
upregulated (+22.9+9.6%, P<0.01) after incubation with
TNF-a (Fig. 2B). However, in contrast to IL-13, TNF-a
induced a decrease of the expression of the CD44-
molecule (-18.1+7.0%, P<0.01; Fig. 3).
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Fig. 3 Regulation of the expression of CD44 by pro-inflammatory
cytokines. The 10th, 25th, 50th (median), 75th and 90th percentiles
of the percentage increase/decrease of the expression of CD44 after
treatment with interleukin (IL)-13, tumor necrosis factor (TNF)-o
and interferon (IFN)-y are presented. Untreated controls were set as
100%. Results are derived from duplicate cultures of human
peritoneal mesothelial cells isolated from five separate donors.
*#P<0.01, ***P<0.001

IFN-y treatment of HPMC (10 ng/ml) resulted in a
reduced expression of CD44 (-22.7+8.5%, P<0.01;
Fig. 3) and a downregulation of the 4 chain
(—25.0+£8.0%, P<0.01; Fig. 2C). All other investigated
mesothelial integrin subunits (o1-6, 1) remained unaf-
fected by IFN-p.

The downregulation of the 634 integrin and disrup-
tion of the integrity of the mesothelium by IL-153 and
TNF-o was also associated with a marked decline of the
adhesive properties of HPMC. Under control conditions, a
10-min incubation with collagenase-I was required to
detach the HPMC from the submesothelial matrix. This
time span was significantly reduced to 4 min and 6 min in
cells pre-treated with IL-13 or TNF-o (data not shown).

Discussion

Disruption of the mesothelial integrity is a characteristic
pathological phenomenon almost invariably occurring in
disease processes of the abdominal cavity. Various
pathogenic factors are thought to be involved. These
include trauma and surgery, exposure to air and gases or
the action of cytokines and free oxygen radical species
released by invading inflammatory cells or tumor cells [3,
14, 21, 31, 38]. The detailed pathomechanisms are,
however, still rather poorly understood. Recent studies
have identified IL.-18 and TNF-a as key regulators in the
mesothelial response to peritoneal injury by “activating”
mesothelial cells to increase their release of various
cytokines [9, 19, 24, 25, 35, 36, 41].

In the present paper, we demonstrated that IL-13 and
TNF-a can also cause profound morphological changes of
the mesothelium, resulting in the loss of its integrity. The
alterations induced by IL-18 and TNF-a were character-
ized by cellular retraction, loss of cellular polarization and
wide-spread exposure of the submesothelial ECM and



closely mimicked the alterations that can be observed in
injured mesothelium in vivo (Fig. 1E, F). The morpho-
logical alterations were associated with marked alter-
ations of the expression of mesothelial adhesion
molecules and a significant reduction of the adhesive
properties of the cells.

Our study provides the first analysis of the regulation
of integrins and CD44 in HPMC by flow cytometry. In
normal HPMC, we observed the expression of the [1
integrin subunits ol and a2 (collagen and laminin
receptors), a5 (fibronectin receptor), a6 (laminin recep-
tor), and the integrin subunit 34 (laminin receptor). The
a4 chain (fibronectin receptor) was not detectable. These
data are in agreement with in vitro and in vivo studies
recently published on resting peritoneal mesothelial cells
[33, 40]. However, in contrast to our results, these studies
additionally revealed expression of the integrin subunit
a3 (collagen, fibronectin, and laminin receptor) a differ-
ence that may be due to different culture conditions or cell
preparations used by these investigators.

The most remarkable alteration of the integrin-expres-
sion profile induced by IL-13 and TNF-a was the strong
downregulation and loss of the laminin receptor subunits
a6 and B4. The a6f4 integrin is a hemidesmosomal
transmembrane molecule that is crucial for the mainte-
nance of the basal cell-matrix adhesion of epithelial cell
[1, 5, 10, 11, 28]. Our data thus support the hypothesis
that both IL-18 and TNF-a may disrupt the mesothelial
integrity by the downregulation of the a634 integrin [1,
10]. Molecular defects and/or a functional downregulation
of the normal o634 expression have been well described
in the epidermis and are thought to be responsible for the
formation of blistering skin disorders and the epithelial
detachment during keratinocyte maturation [5, 11, 28]. In
the peritoneum, the downregulation of a64 may finally
facilitate the mobilization and detachment of mesothelial
cell from the submesothelial matrix. Interestingly, similar
mechanisms have been suggested to be involved in the
detachment of ovarian carcinoma cells that are derived
from a modified mesothelium, i.e., the ovarian surface
epithelium. Skubitz et al. [30] demonstrated that exfoli-
ated ovarian carcinoma ascites cells show a loss of the
a6PB4 expression when compared to solid tumors and
proposed that the floating tumor cells may be released
from the basement membrane due to their deficit of a6
and 4 subunits.

The molecular mechanisms of the downregulation of
the mesothelial cell o6 and B4 subunits are currently
unclear but may involve a protein kinase C-dependent
mobilization from the basolateral hemidesmosomes as
described in other epithelial cells [1, 5, 10]. Detailed
studies of the localization and potential redistribution of
mesothelial integrins under the influence of IL-183 and
TNF-o using confocal and two-photon laser-scanning
microscopy would be helpful to further unravel these
complex issues [40].

We have previously shown that IL-18 may be an
important growth factor for exponentially growing HPMC
[24]. Together with its potential exfoliating activity, IL-
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18 may thus be one of the key regulators of the
suspension and proliferation of mesothelial cells in
peritoneal effusions. In ascitic fluids, mesothelial cells
are frequently found to show cellular clustering. This
phenomenon may be enhanced by the concomitant
upregulation of the mesothelial a5 fibronectin receptor
subunits by IL-18 and TNF-« [8].

The disruption of the mechanical barrier function of
the peritoneal mesothelium by IL-13 and TNF-a may be
of critical importance for the initiation and progression of
inflammatory and neoplastic peritoneal disease processes.
The loss of the mesothelial cell junctions may lead to an
increased loss of proteins into the peritoneal cavity and
subsequently to an increased intraperitoneal oncotic
pressure with formation of ascitic fluids [21, 27]. Both,
IL-18 and TNF-o may further booster these effects by
inducing HPMC to release VEGF and bFGF, which may,
in turn, increase the submesothelial capillary permeability
[9, 19]. These combined effects on the permeability of
peritoneal mesothelial and endothelial cells may also
facilitate the transmigration of inflammatory cells into the
peritoneal cavity [4, 18, 20]. The loss of the non-adhesive
properties of the peritoneal surface in conjunction with an
IL-1B-induced secretion of the fibrogenic growth factors
bFGF and TGF-$ by HPMC may finally be a crucial step
in the development of peritoneal adhesions and fibrosis
[9, 15, 25].

In malignant peritoneal disease processes, the alter-
ations of the mesothelium may profoundly affect the
mechanisms of peritoneal tumor spread. We show that the
mesothelial CD44 expression can be upregulated by IL-
18 and downregulated by TNF-a and IFN-y. The
interaction of CD44 molecules with hyaluronic acid is
supposed to be one of the most important mechanisms of
the initial implantation of various cancers, e.g., ovarian
cancer, gastric cancer, or pancreatic cancer, to the
peritoneal mesothelium. This important step of the
peritoneal tumor dissemination may be significantly
modified by pro-inflammatory cytokines [13, 17, 23,
37]. However, the loss of the mechanical barrier function
of the peritoneal cell lining may be even more important.
Tumor cells generally adhere much faster and stronger to
the ECM than to the intact mesothelium [17, 32]. The
disruption of the mesothelium by IL-18 or TNF-a may
thus facilitate the adhesion of floating tumor cells to the
submesothelial ECM. In fact, this hypothesis is strongly
supported by a recent in vivo model of peritoneal
carcinosis in which damage to the mesothelium caused
by a pneumoperitoneum resulted in an advanced perito-
neal tumor spread and a significant decrease in animal
survival [38].

The present data further support the concept that
peritoneal mesothelial cells are key players in the
regulation of peritoneal diseases. Detailed in situ analyses
of the expression of integrins and CD44 in normal
peritoneum and various peritoneal diseases will be of
great interest.
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