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ABSTRACT

BACKGROUND

During continuous ambulatory peritoneal dialysis, the peritoneum is exposed to bioin-
compatible dialysis fluids that cause denudation of mesothelial cells and, ultimately,
tissue fibrosis and failure of ultrafiltration. However, the mechanism of this process has
yet to be elucidated.

METHODS

Mesothelial cells isolated from effluents in dialysis fluid from patients undergoing
continuous ambulatory peritoneal dialysis were phenotypically characterized by flow
cytometry, confocal immunofluorescence, Western blotting, and reverse-transcriptase
polymerase chain reaction. These cells were compared with mesothelial cells from
omentum and treated with various stimuli in vitro to mimic the transdifferentiation ob-
served during continuous ambulatory peritoneal dialysis. Results were confirmed in
vivo by immunohistochemical analysis performed on peritoneal-biopsy specimens.

RESULTS

Soon after dialysis is initiated, peritoneal mesothelial cells undergo a transition from
an epithelial phenotype to a mesenchymal phenotype with a progressive loss of epithe-
lial morphology and a decrease in the expression of cytokeratins and E-cadherin through
an induction of the transcriptional repressor snail. Mesothelial cells also acquire a mi-
gratory phenotype with the up-regulation of expression of «,, integrin. In vitro analyses
point to wound repair and profibrotic and inflammatory cytokines as factors thatinitiate
mesothelial transdifferentiation. Immunohistochemical studies of peritoneal-biopsy
specimens from patients undergoing continuous ambulatory peritoneal dialysis dem-
onstrate the expression of the mesothelial markers intercellular adhesion molecule
1 and cytokeratins in fibroblast-like cells entrapped in the stroma, suggesting that these
cells stemmed from local conversion of mesothelial cells.

CONCLUSIONS
Our results suggest that mesothelial cells have an active role in the structural and func-
tional alteration of the peritoneum during peritoneal dialysis. The findings suggest po-
tential targets for the design of new dialysis solutions and markers for the monitor-
ing of patients.
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ONTINUOUS AMBULATORY PERITO-

neal dialysis is an alternative to hemodial-

ysis for the treatment of end-stage renal
disease.! The peritoneal membrane is lined with a
monolayer of mesothelial cells that have some char-
acteristics of epithelial cells, act as a permeability
barrier, and secrete various substances involved in
the regulation of peritoneal permeability and local
host defense.1:2 Unfortunately, long-term exposure
to the hyperosmotic, hyperglycemic, and acidic so-
lutions used in dialysis often causes low-grade,
chronic inflammation of and injury to the peritone-
um, which progressively becomes denuded of mes-
othelial cells and undergoes fibrosis. Such struc-
tural alterations are considered to be the principal
cause of failure of ultrafiltration, which affects up
to 20 percent of patients undergoing continuous
ambulatory peritoneal dialysis.3 This functional de-
cline of the peritoneum may be accelerated by re-
current or severe episodes of peritonitis or hemo-
peritoneum.3#

The pathophysiology of peritoneal impairment
during long-term continuous ambulatory peritoneal
dialysis is not well understood. Peritoneal mesen-
chymal stem cells entrapped in the stroma have his-
torically been considered to be the primary cells in-
volved in the development of peritoneal fibrosis.>
However, a possible direct involvement of meso-
thelial cells in this phenomenon has not been ex-
amined. In this context, cultured mesothelial cells
have the capacity to change their morphologic fea-
tures and produce extracellular-matrix components
in response to a variety of stimuli.>-12 In addition,
treatment of mesothelial cells in vitro with medi-
ums that have a high glucose concentration or with
inflammatory cytokines induces the expression of
transforming growth factor 8 (TGF-8)13 and de-
creases the expression of E-cadherin.1# The rele-
vance of the profibrotic growth factor TGF-315 in
the failure of ultrafiltration induced by continuous
ambulatory peritoneal dialysis was recently under-
scored in a rat model in which the TGF-B gene was
transduced to the peritoneum, where it was associ-
ated with a decrease in peritoneal function.1¢

In the present study, we demonstrate in vivo and
ex vivo that mesothelial cells undergo a transition
from an epithelial phenotype to a mesenchymal
phenotype — a transition also called transdifferen-
tiation — when they are subjected to peritoneal di-
alysis. Transdifferentiation is a complex and gener-
ally reversible process that starts with the disruption
of intercellular junctions and loss of the apical—

basolateral polarity typical of epithelial cells, with
the cells then transformed into fibroblast-like
cells with pseudopodial protrusions and increased
migratory, invasive, and fibrogenic features.17 Al-
though transdifferentiation can be induced in most
cultured epithelial cells with a wide variety of treat-
ments, this process occurs in vivo only during
embryonic development and in some pathologic
processes such as wound healing and tumor pro-
gression.17:18 The intercellular adhesion molecule
E-cadherin appears to have a central role in the con-
trol of the epithelial-to-mesenchymal transition,
since the loss of E-cadherin expression or function
correlates with the ability of epithelial cells to adopt
a mesenchymal migratory and invasive pheno-
type.19:20 The transcription factor snail is a strong
repressor of E-cadherin transcription and an induc-
er of transdifferentiation.21-23 Thus, phenotypic
changes of the mesothelial cells during continuous
ambulatory peritoneal dialysis may be directly relat-
ed to the failure of peritoneal membrane function.

METHODS

PATIENTS AND CELLS
Human mesothelial cells from effluent (mean [+SE]
number of cells per bag, 25,569+2971) were ob-
tained by centrifugation of dialysis fluid taken ran-
domly from 54 clinically stable patients undergoing
nocturnal exchanges with dialysis solutions con-
taining 2.27 percent glucose and 1.25 to 1.75 mmol
of calcium per liter. After 10 to 15 days, cultures
reached confluence and were split (in a ratio of 1:2)
two to three times. The morphologic features of
cells in confluent cultures were compared and re-
mained stable during the two to three cell passages.
Eighty-five percent of the cultures were obtained
before a first episode of peritonitis occurred. Of the
116 effluent cultures evaluated, 62 had cobblestone
morphology, 28 contained transitional mesothelial
cells, 20 contained fibroblast-like mesothelial cells,
and 6 contained a mixed population of cells.
Omental mesothelial cells were obtained by di-
gestion of samples of omentum from 30 patients
who were not undergoing continuous ambulatory
peritoneal dialysis but were undergoing unrelated
abdominal surgery; the samples were digested with
0.05 percent trypsin and 0.02 percent EDTA. Omen-
tal fibroblasts were obtained from three different
samples of omentum by extensive treatment with
trypsin after the removal of mesothelial cells (three
20-minute rounds of exposure to trypsin). All cells
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were cultured in Earle’s M199 medium, 20 percent
fetal-calf serum, 50 U of penicillin per milliliter, 50
pg of streptomycin per milliliter, and 2 percent Bio-
gro-2 (containing insulin, transferrin, ethanola-
mine, and putrescine) (Biological Industries). For
the experiments, cells were seeded on films of
50 pg of collagen I per milliliter without Biogro-2.
TGF-B1and interleukin-18 were purchased (R&D),
and the doses used were in the range of those de-
tected in peritoneal-dialysis fluids in the presence
of peritonitis24 and were similar to those used in
previous studies.® The study was approved by the
ethics committee of Hospital Universitario de la
Princesa in Madrid, and oral informed consentwas
obtained from all donors.

ANTIBODIES

Monoclonal antibodies against CD151 (LIA1/1),
CD9 (VJ1/20), a5 integrin (VJ1/18), B, integrin (TS2/
16), and «, integrin (TEA1/41) have been described
elsewhere.2> We also used monoclonal antibody
against intercellular adhesion molecule 1 ICAM-1)
(HUS5/3, provided by Dr. EW. Luscinskas, Brigham
and Women’s Hospital, Boston); rabbit polyclonal
antibodies against «,, integrin and « integrin (pro-
vided by Dr. G. Tarone, University of Turin, Turin,
Italy); monoclonal antibody against E-cadherin (Cal-
biochem); antibodies against vimentin, « tubulin,
and pancytokeratin (Sigma); and monoclonal anti-
body against ICAM-1 (Santa Cruz Biotechnology).

FLOW CYTOMETRY, IMMUNOHISTOCHEMICAL
ANALYSIS, IMMUNOFLUORESCENCE STUDIES,
AND CONFOCAL MICROSCOPY

Flow cytometry and immunofluorescence studies
were performed as described previously.2> Immuno-
histochemical studies were performed with a strep-
tavidin—biotin method (Dako LSAB-2 Kit, Dako) on
paraffin-embedded peritoneal-tissue samples from
17 patients undergoing continuous ambulatory peri-
toneal dialysis and 8 control patients. All patients
who underwent biopsy gave written informed con-
sent. Diaminobenzidine and fast red were used as
chromogens for visualization.

WESTERN BLOTTING

Monolayers of mesothelial cells were lysed in RIPA
buffer, and equivalent amounts of protein were re-
solved by sodium dodecyl sulfate—polyacrylamide-
gel electrophoresis and Western blotting as de-
scribed previously.2> Imaging was performed with
an LAS-1000 CCD camera (Fujifilm), and signals

were quantified with Image Gauge software (ver-
sion 3.46, Fujifilm).

REVERSE-TRANSCRIPTASE POLYMERASE CHAIN
REACTION

Mesothelial RNA was extracted with the use of a re-
agent (RNAwiz, Ambion). The complementary DNA
was obtained from 1 pg of total RNA with the use of
a kit (Applied Biosystems). Amplification of snail
was performed for 40 cycles (40 seconds at 95°C, 30
seconds at 53°C, and 1 minute at 72°C) with the use
of primer 1 (5*CACATCCTTCTCACTGCCATG3') and
primer 2 (5GCATCTAAACTCTAGTCTGC3'). For
nested reverse-transcriptase—polymerase-chain-
reaction (RT-PCR) analysis of snail, a 30-cycle reac-
tion was performed under the same conditions, and
a1:50 dilution of the product of the reaction was am-
plified for 20 cycles (40 seconds at 95°C, 30 seconds
at 60°C, and 1 minute at 70°C) with primer 1 and
primer 3 (5'CCTGAGTGGGGTGGGAGCTTCC3').22
PCR analysis of E-cadherin was carried out for 32
cycles as described previously.22

MIGRATION ASSAYS

Assays of chemotaxis and haptotaxis (migration
toward matrix proteins) were performed in polycar-
bonate transwell inserts (5-pym pore [Costar]), some
of which were coated at the bottom with 10 pg of
collagen I or laminin-5 per milliliter,2¢ as previously
described.?”

TIME-LAPSE VIDEOMICROSCOPY

Videomicroscopical analysis was performed with
the use of an inverted microscope equipped with a
video camera (SSC-M350CE CCD, Sony) coupled
to a time-lapse videocassette recorder (SVI-5000P,
Sony). Mesothelial cells from omentum were sub-
jected to mechanical injury with an adapted cell
scraper approximately 1500 pm in width and record-
ed for two to three days until the “wound” closed in
an incubator that maintained the sample at 37°C in
an environment containing 5 percent carbon diox-
ide. Digitalization of the images was performed with
the use of Optimas software (version 5.2, Bioscan).

RESULTS

MORPHOLOGICCHANGES IN MESOTHELIAL CELLS
DURING PERITONEAL DIALYSIS

Mesothelial-cell cultures from effluents from pa-
tients undergoing continuous ambulatory perito-
neal dialysis had markedly varied morphologic fea-
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tures, ranging from a cobblestone-like appearance
similar to that of mesothelium derived from omen-
tum to fibroblast-like cells or mixed cell popula-
tions (Fig. 1A). The prevalence of nonepithelioid
cells appeared to be related both to the duration of
continuous ambulatory peritoneal dialysis in each
patient (Fig. 1B) and to whether and when hemo-
peritoneum or peritonitis had occurred. Fibroblast-
like mesothelial cells appeared sporadically in sam-
ples in which hemorrhage or infiltrating lymphoid
cells were present in the effluent, and a reversion to
cobblestone or transitional phenotype was evident
(in eight of eight cases) when cultures from the

URNAL of MEDICINE

same patient were analyzed after the episode of peri-
tonitis or hemoperitoneum had resolved (Fig. 1C).

To determine the nature of cells derived from
effluent, the expression of cytokeratins, as typical
epithelial markers, and of ICAM-1, which is consti-
tutively expressed on mesothelial cells,28 was ana-
lyzed. A high level of expression of cytokeratins was
observed in omental mesothelial cells and efflu-
ent cells with cobblestone-like appearance (Fig.
1A). Cells derived from eftfluent showed a progres-
sive reduction in the expression of cytokeratins,
although even in cultures of fibroblast-like cells, a
small population of positive cells was maintained

Omentum Cobblestone-like Transitional Fibroblast-like "~ Mixed
mesothelium mesothelium mesothelium mesothelium
f% f i i |
Cytokeratins | | #“. f| ! l{ L1 }
2 [ \ \ i |
3 L A 5 . A )
<
° ]
[} il b
=z L A
ICAM-1 '[ Y Ik pl A
! ; Iy
\-__ \".._ . ‘II" 4
Log of Fluorescence Intensity
a
4 120+ [ Nonepithelioid
% 1004 [ Cobblestone
8
ic 80
(-9
= 60
3
& 40
3
g 204
3
T e o o
NSNS
&OQ: \(\// 0\,'\, \(\// /IOI \(\//
Q oS
B
Duration of Peritoneal Dialysis
Figure 1. Morphologic Changes in Mesothelial Cells during Peritoneal Dialysis.
Panel A shows photomicrographs (x200) of confluent monolayers of the various cell preparations used in the study. Below the photomicro-
graphs are flow-cytometric histograms of the various types of cells stained with monoclonal antibodies against cytokeratin or intercellular ad-
hesion molecule 1 (ICAM-1). The gray lines represent negative controls. Panel B shows the relation between morphologic changes in mesothelial
cultures and the duration of peritoneal dialysis. The mean (+SE) duration of peritoneal dialysis was 7+1 months among patients with cobble-
stone-like cultures and 13+2 months among those with nonepithelioid cultures (P=0.01 by Student’s t-test). In addition, a test of linear tend-
ency gave a x2 value of 6.193, with P=0.01 for the association of morphology with duration of dialysis. Panel C shows photomicrographs (x200)
of mesothelial cells from effluent from the same patient during the course of an episode of hemoperitoneum (left-hand panel) and two months
after remission of the pathologic process (right-hand panel).
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(Fig. 2). Two peaks of keratin expression were ob-
served in mixed cultures, whereas keratin expres-
sion was absent from fibroblasts from omentum.
However, all cells from eftluent, even in mixed cul-
tures, had a high level of homogeneous expression
of ICAM-1 that was independent of their morpho-
logic features. In contrast, ICAM-1 expression was
negligible on fibroblasts taken directly from both
omentum and skin (Fig. 1A), supporting the theory
that fibroblastoid cells in effluent have a mesothe-
lial origin and their presence is not the result of
contamination by fibroblasts.

EPITHELIAL-TO-MESENCHYMAL TRANSITION
IN VIVO

The morphologic changes and down-regulation of
keratin in mesothelial cells derived from effluent
could be indicative of an epithelial-to-mesenchy-
mal transition.1? We analyzed the expression of
E-cadherin and the intermediate filament proteins
cytokeratin and vimentin by Western blotting, as
markers of transdifferentiation. There was a mark-
edly lower level of E-cadherin expression in cob-
blestone and nonepithelioid mesothelial cultures
than in omental cultures (Fig. 2A). The expression
of cytokeratins (Fig. 2A) paralleled that of E-cad-
herin, whereas there was greater vimentin expres-
sion in nonepithelioid mesothelial cultures.

Confocal immunofluorescence microscopy dem-
onstrated the loss of intercellular E-cadherin and
the reorganization of the actin cytoskeleton from
the cortical band typical of epithelial cells to fibro-
blastic stress fibers (Fig. 2B). Cytokeratin was re-
placed by vimentin, although some fibroblastoid
mesothelial cells were still positive for keratin. Prep-
arations stained for CD9 (Fig. 2C), which is ex-
pressed at apical microvilli and intercellular con-
tacts,29 showed a gradual loss of cuboid epithelial
morphologic features, which was already evident
in cobblestone-like mesothelial cells that were half
as high as omental mesothelium in confocal verti-
cal sections. Fibroblast-like mesothelial cells lost
contact inhibition and frequently piled up on one
another.

EFFECTS OF MECHANICAL INJURY, TGF-1,
AND INTERLEUKIN-13

The behavior of mesothelial cells during in vitro
wound healing was dynamically assessed after the
mechanical denudation of confluent monolayers of
cells derived from omentum. Mechanical stimulus
was sufficient to induce migration of mesothelial
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Figure 2. Epithelial-to-Mesenchymal Transition of Mesothelial Cells during
Peritoneal Dialysis.

Total cell lysates of the various preparations of mesothelial cells were sequen-
tially subjected to Western blotting (Panel A) with monoclonal antibodies
against E-cadherin, cytokeratins, and vimentin. The chemiluminescence sig-
nal was quantified and normalized with respect to tubulin expression. The
graph in Panel A shows the mean (+SE) levels of expression in four different
samples. Panel B shows projections (x630) of confocal stacks of confluent
monolayers of mesothelial cells derived from omentum or fibroblastic cells
from effluent, stained with monoclonal antibodies against E-cadherin, cyto-
keratins, or vimentin, or with phalloidin. The phenotypic changes typical of an
epithelial-to-mesenchymal transition are apparent. Panel C shows vertical
sections (x630) of confluent monolayers of mesothelial cells derived from
omentum, cobblestone-like mesothelial cells, and fibroblast-like mesothelial
cells; the samples have been stained with monoclonal antibodies against CD9
(VJ1/20), highlighting the three-dimensional structure of the cells.

cells, and migrating cells underwent a transitional
transdifferentiation in which a mesenchymal mor-
phology reverted to an epithelial aspect only after
the monolayer was restored (Fig. 3A, 3B, 3C, 3D,
3E, and 3F). This effect was confined to cells at the
edge of the wound and neighboring areas, whereas
cells at a distance from the wound were not modi-
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Figure 3. Mesothelial Transdifferentiation in Vitro, Induced by Mechanical Injury, Transforming Growth Factor 1
and Interleukin-1p.

Confluent monolayers of mesothelial cells from omentum were mechanically wounded and allowed to migrate for two to
three days. Representative photomicrographs of the video sequences from two independent experiments are shown
(one in Panels A, B, and C; the other in Panels D, E, and F; all x200). Mesothelial cells with fibroblastic appearance are
observed both in the front layer of migrating cells and behind, in the monolayer (arrows). This transition is only local,
and cells distant from the wound maintain their epithelioid morphologic features (Panel C). Transdifferentiation is also
reversed once the wound is repaired (Panel F). Panel G shows photomicrographs (x200) of mesothelial cells derived
from omentum, some of which were left untreated and some of which were treated with 0.5 ng of transforming growth
factor B1 (TGF-B1) per milliliter, in some cases in combination with 2 ng of interleukin-18 per milliliter, for 48 hours.
Total cell lysates of the various preparations of mesothelial cells, some of which were treated for 48 hours with 0.5 ng of
TGF-B1 per milliliter and 2 ng of interleukin-1B per milliliter, were sequentially subjected to Western blotting (Panel H)
with monoclonal antibodies against E-cadherin, cytokeratins, vimentin, and tubulin. The chemiluminescence signal was
quantified and normalized with respect to tubulin expression and was related to the levels of expression of untreated
omental cells in an experiment that was representative of the three that were performed.
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