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REVIEWS
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Yu Liu,! Zheng Dong,*? Hong Liu,* Jiefu Zhu,* Fuyou Liu,! and Guochun Chen'?

Department of Nephrology,” the Second Xiangya Hospital, Central South University, Changsha, Hunan,
PR China; Department of Cellular Biology and Anatomy,? Georgia Regents University and
Charlie Norwood Veterans Affairs Medical Center, Augusta, Georgia, USA

Long-term peritoneal dialysis (PD) can lead to fibrotic changesin
the peritoneum, characterized by loss of mesothelial cells (MCs)
and thickening of the submesothelial area with an accumulation
of collagen and myofibroblasts. The origin of myofibroblasts is a
central question in peritoneal fibrosis that remains unanswered
at present. Numerous clinical and experimental studies have
suggested that MCs, through epithelial-mesenchymal transition
(EMT), contribute to the pool of peritoneal myofibroblasts. How-
ever, recent work has placed significant doubts on the paradigm of
EMTin organ fibrogenesis (in the kidney particularly), highlighting
the need to reconsider the role of EMT in the generation of myofi-
broblasts in peritoneal fibrosis. In particular, selective cell isola-
tion and lineage-tracing experiments have suggested the existence
of progenitor cells in the peritoneum, which are able to switch to
fibroblast-like cells when stimulated by the local environment.
These findings highlight the plastic nature of MCs and its contri-
bution to peritoneal fibrogenesis. In this review, we summarize
the key findings and caveats of EMT in organ fibrogenesis, with a
focus on PD-related peritoneal fibrosis, and discuss the potential
of peritoneal MCs as a source of myofibroblasts.
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Peritoneal dialysis (PD) is an effective alternative form of
renal replacement therapy thatis currently used by about
11% of dialysis patients with end-stage renal disease (ESRD)
(1). Peritoneal dialysis holds extensive therapeutic advan-
tages for appropriately selected patients when compared
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with hemodialysis, including early survival benefit, the
convenience of home therapy, and lower healthcare costs,
which are particularly attractive to patients who are new to
renal replacement therapy (2,3). However, one of the most
important challenges in the PD community is the long-term
preservation of peritoneal membraneintegrity, centralto the
very technique. Cumulative evidence from both laboratory
and clinical studies has highlighted that continuous expo-
sure to PD therapeutics, recurrent episodes of peritonitis and
various factors other than those related to the PD technique
(e.g. uremicinflammation and primary kidney disease per se)
lead to damage of the peritoneal structure and final dialysis
failure (4). To improve the outcome of PD therapy and favor-
ably expand its clinical application, thereis a pressing need to
understand the mechanisms that drive peritoneal membrane
damage during PD.

Peritoneal fibrosis is the most consistent change observed
in the peritoneal tissues of patients who undergo long-term
PD therapy (5). The pathogenesis of peritoneal fibrosis is
characterized by the loss of mesothelial cells (MCs), angio-
genesis, and progressive submesothelial thickening with an
increasing presence of myofibroblasts (6). It has been well
demonstrated that active (myo)fibroblasts, stimulated by a
variety of fibrogenic cytokines from the injured environment
(predominantly by transforming growth factor-p1, TGF3-1), are
the dominant collagen-producing cells during organ fibrosis
(7,8), which generate an excessive amount of extracellular
matrix (ECM) and lead to the destruction of the normal tissue
architecture (9). Accordingly, selective depletion of fibroblasts
has prevented peritoneal fibrogenesis in transgenic animals
(10). Furthermore, pathological fibroblasts contribute to the
recruitment of mononuclear leukocytes in the progression
of inflammation by expressing a variety of cytokines (8,11).
Given the multipotential of fibroblasts in both healthy and
diseased conditions, it is important to address the central
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question of the origin of the accumulating fibroblasts and the
mechanism involved in this scenario so that early interven-
tion targets can be identified to slow down the progression
of peritoneal fibrosis.

Recent studiesindicate that the sources of active fibroblasts
are multiple and context-dependent (12-14) and mightinclude
localinterstitial fibroblasts, bone marrow-derived-circulating
fibrocytes, pericytes (or perivascular fibroblasts), endothelial
cells, local mesenchymal progenitor cells, and, last but not
least, the pathological epithelium itself via a process called
epithelial-mesenchymal transition (EMT). The topic of EMTin
fibrosis is highly controversial as carefully executed studies
have demonstrated conflicting results. At the same time,
emerging studies from independent groups have indicated
the existence of progenitor cells in the mesothelium, which
may give rise to the active fibroblasts during fibrogenesis.
In this review, we will analyze the potential of MC transition-
ing to fibroblasts via EMT and the possibility of fibrogen-
esis from resident mesothelial progenitor cells in PD-related
peritoneal fibrosis.

CHARACTERISTICS OF PERITONEAL MESOTHELIAL CELLS

Mesothelial cells are epithelial-like cells, resting on a thin
basement membrane that lines the entire surface of the sero-
sal cavities (pleural, pericardial, and peritoneal), including
theinternal organs (visceral mesothelium) and the body wall
(parietal mesothelium) (15,16). The layer of cells, termed
“mesothelium,”is recognized as a dynamic cellular membrane
that provides a protective, non-adhesive surface on the ver-
tebrate thoracic and abdominal cavities and internal organs.
In the peritoneum, MCs predominantly adopt an elongated,
flattened, and squamous morphology (polygonal cobblestone-
like). Peritoneal MCs are supported by submesothelial con-
nective tissue containing blood vessels, lymphatics, resident
inflammatory cells, and fibroblast-Llike cells (17). The bound-
aries between MCs consist of delicate junctional complexes,
including tight junctions, adherens junctions, gap junctions,
and desmosomes, which are crucial for the establishment of
cell surface polarity and the maintenance of a semi-permeable
diffusion barrier (15). The luminal surface of peritoneal MCs
is characterized by abundant microvilli and cilia, reflecting a
biosynthetically active state in these cells (18).

Mesothelial cells play a critical role in maintaining the
integrity and functional properties of the peritoneum. By
secreting a variety of mediatorsin response to externalsignals,
MCs serve as multi-functional regulators of peritoneal homeo-
stasis, including immune surveillance, tissue repair, angio-
genesis, inflammatory response and the control of fluid and
solute transport (6,17,19,20). For example, during PD-related
peritonitis or upon exposure to bacterial products, peritoneal
MCs are able to recognize the bacterial pathogens through
toll-like receptors, resulting in the activation of nuclear fac-
tor kB (NF-xB) signaling pathways and subsequent secretion
of numerous inflammatory cytokines, including interleukin 6
(IL-6), interleukin 8 (IL-8), monocyte chemoattractant protein
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1 (MCP-1), and macrophage inflammatory protein 2 (MIP-2)
(21-24). These dynamic properties of MCs are compromised in
the bio-incompatible setting of PD, leading to serious damage
in the structural and functional integrity of the peritoneum.
Therefore, a better understanding of MC biology can offer an
opportunity to protect the peritoneum from PD-related injury
and achieve long-term effective therapy.

During embryonic development, MCs originate from the
primitive mesodermal layer, where they share the characteris-
tics of both epithelial and mesenchymal cells (25). The origin
of MCs might indicate that these cells possess the potential
for transformation between epithelial and mesenchymal
phenotypes in adults. A subset of adult MCs with a cuboidal
morphology have been identified in the “active zone” of the
peritoneum, including in close proximity to parenchymal
organs (spleen, liver, and diaphragm), to “milky spots” of the
omentum, and to the injured part of the mesothelium (26).
These cells, when compared with squamous MCs, stay at a
more metabolically activated state, as suggested by a greater
abundance of mitochondria, a rough endoplasmic reticulum,
and microfilaments (15). These active MCs seem to be prone to
acquiring a mesenchymal phenotype and transforminto fibro-
blasts during organinjury and fibrogenesis, as supported by a
recent study in liver injury (27). However, it remains obscure
how MCs switch between epithelial and mesenchymal pheno-
types under diverse stimuli in healthy or diseased conditions.
Epithelial-mesenchymal transition and the existence of meso-
thelial progenitor cells (MPCs) have currently been proposed as
the origin of myofibroblasts during peritoneal fibrosis.

MCS AND EMT IN PERITONEAL DIALYSIS

Long-term bio-incompatibility of PD causes structural and
functional injury of the peritoneal membrane, evidenced by
chronic inflammation, angiogenesis, and progressive perito-
neal fibrosis (28,29). The mechanism of peritoneal fibrosis
is not completely understood, but it is widely accepted that
accumulation of activated fibroblasts plays a pivotal role in
this process. Given their nature and the pathological changes
during peritoneal impairment, it has been suggested that
MCs contribute to the pool of fibroblasts through EMT, i.e., a
transition from epithelial to mesenchymal cells.

WHATIS EMT?

Normally, a polarized epithelial cell attaches to the base-
ment membrane via its epithelial tight junction components.
Epithelial-mesenchymal transitionis a biological process that
allows an epithelial cell to undergo multiple biological changes
and adopta mesenchymal cell phenotype, including enhanced
migratory capacity, invasiveness, elevated resistance to
apoptosis, stem cell properties, immunosuppression, and
increased production of ECM components (30-34). Recently,
EMT has been classified into 3 different biological subtypes
based on the biological context in which it occurs: Type 1 EMT
occurs during embryogenesis and organ development; Type 2
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EMT occurs when secondary epithelial cells switch into mes-
enchymal cells during tissue repair and fibrosis; Type 3 EMT
occurs when epithelial carcinoma cells turninto migrating and
invasive mesenchymal cells (35,36). This conversion between
the 2 cell phenotypes is finely regulated by key transcription
factors, including Snail, zinc-finger E-box-binding (ZEB),
and basic helix-loop-helix (bHLH) transcription factors (34).
Changes, including the reprogramming of gene expression dur-
ing EMT as well as non-transcriptional changes, are initiated
and controlled by abundant signaling pathways that respond
to extracellular cues. Among these, the TGF3-1 family plays a
predominant role (7,37).

In the context of organ fibrosis, it is believed that EMT
begins as part of a repair-associated event that normally
generates fibroblasts and other related cellsin order to recon-
struct tissues following trauma and inflammatory injury and
ceases once inflammation is attenuated. However, EMT can
pathologically continue to respond to ongoing inflammation,
leading eventually to tissue structure destruction (fibrosis).
The initiation of EMT includes downregulation of epithelial
adherens junction (like E-cadherin) and tight junction com-
ponents (like zonula occludens-1, Z0-1), and upregulation of
mesenchymaljunctional proteins (such as N- or OB-cadherin).
Thereafter, the main cytoskeletal protein pattern of the epi-
thelium is switched from cytokeratin to vimentin with de novo
synthesis of fibroblast-specific protein 1 (FSP1, also known
as S100A4) and occasionally smooth muscle actin (c-SMA)
(30-38). However, it should be noted that some of these mark-
ers are controversial for defining the occurrence of fibrogenic
EMT, which will be further discussed in the section Ongoing
debate on EMT and kidney fibrosis.

EVIDENCE OF EMT IN PD-RELATED PERITONEAL FIBROSIS

In 2003, Yanez-Mo and colleagues demonstrated that
peritoneal MCs in PD patients underwent a transition from an
epithelial to a mesenchymal phenotype, indicated by a pro-
gressive loss of epithelial morphology and a decrease in the
expression of cytokeratins and E-cadherin (39). By comparing
detached human MCs from PD effluent with normal MCs from
digested omentum, the authors found that peritoneal MCs
showed a progressive loss of epithelial phenotype and acquired
myofibroblast-like characteristics soon after PDinitiation, sug-
gesting the mechanism of EMTin PD, which could be regulated
bythetranscriptional factor Snail. Although itis easy to access
the effluent-derived MCs, one major limitation of this study
is that shedding cells do not represent the actual condition of
peritoneal MC that remains attached to the peritoneum during
PD (40). Prompted by thisinteresting finding, however, a large
number of researchers set to work to establish the potential
role of EMTin peritoneal fibrosis. These studies have been sum-
marizedin a series of reviews (41-44). A schematic paradigm of
MCs undergoing fibrogenic EMT during PDis shown in Figure 1.

The supporting evidence for EMT in peritoneal fibrosis can
be broadly classified into 3 categories. First, in vitro cultured
MCs undergo transdifferentiation when treated with various
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stimuli to mimic the bio-incompatibility of PD. Among these,
TGF-B1signaling, through Smad-dependentandindependent
pathways, has been extensively investigated and proves to be
determinant in the induction of EMT in vitro. In the context
of fibrosis, TGF-B1 exerts its biological effects by activating
Smad2 and Smad3, which are negatively requlated by an inhibi-
tory Smad7 (45). Smad proteins, phosphorylated by TGF-1
stimulation, control the transcription of TGF-B1 responsive
genes (45,46), many of which are identified as fibrogenic
genes (47) and regulators (48) of EMT in peritoneal fibrosis,
including Snail (49,50), collagens (50-54), o-SMA (51,53),
fibronectin (53-55), connective tissue growth factor (CTGF)
(56), B-catenin (57), monocyte chemoattractant protein-1
(MCP-1) (58), transforming growth factor-activated kinase-1
(TAK1) (59,60), plasminogen activatorinhibitor-1 (PAI-1) (53)
and matrix metalloproteinase-2 (MMP-2) (50,61). Therefore,
TGF-B1-induced mesothelial transition resultsin a characteris-
ticmyofibroblastic phenotype and complex modulation of gene
expression, including cytoskeletal organization, celladhesion,
and ECM production (48,62). Besides Smad proteins, emerg-
ing studies have illustrated that the cross-talks of non-Smad
pathways arealsoinvolved in TGF-B1-induced EMTin peritoneal
fibrosis, including Akt/mTOR (63), c-Jun N-terminal kinase
(INK) (51,64), Wnt/B-catenin (65), integrin-linked kinase/
glycogen synthase kinase-3f3 (ILK/GSK-3[) (66), extracellular
signal-regulated kinase/nuclear factor kappa B (ERK/NF-kB)
(67), and mitogen-activated protein kinase (MAPK) (68). The
obvious major limitation in this type of study is that cultured
MCs can undergo EMT in vitro but an equivalent conclusion can
hardly be drawn forin vivo situations. However, it undoubtedly
remains an excellent tool for studying the underlying complex
signaling and transcriptional pathways of EMT.

The second line of evidence to support EMT in peritoneal
fibrosis is the immunohistochemical analysis showing the
coexistence of epithelial and mesenchymal hallmarks within
MCs during peritoneal fibrosis. In 2005, Margetts and col-
leagues found that intraperitoneal transfer of active TGF-B1-
induced EMT and progressive peritoneal fibrosis in rats was
characterized by coexpression of cytokeratin and o-SMAin the
submesothelial zone, loss of anintact mesothelial layer, and an
increase in gene expression associated with EMT and fibrosis
(52). Consistent with this animal work, a clinical study on 35
stable PD patients with parietal peritoneum biopsies showed
in situ evidence of EMT in 17% of patients (by submesothelial
cytokeratin staining) and loss of the mesothelial layerin 74%
of patients, indicating that conversion of epithelial-like MCs
to fibroblast-like phenotypes was frequent in the peritoneal
membrane during PD therapy (69). Similar changes in the
peritoneal membrane, like co-expression of mesothelial mark-
ers in stromal spindle-like cells in the submesothelial layer,
were observed in a number of subsequent clinical (70-72) and
experimental (73-75) studies, positively suggesting a local
conversion of MCs to fibroblasts after PD initiation.

Finally, the therapeutic effect of EMT-targeted interven-
tions on peritoneal fibrosis has also been demonstrated. In
2003, Zeisberg and colleagues showed that administration
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FIGURE 1 — A schematic summary of fibrogenic EMT during PD. Upon exposure to PD, the peritoneal mesothelial cell undergoes profound
phenotypic changes of EMT, resulting in the loss of epithelial features and the gain of mesenchymal characteristics. The process of EMT
includes downregulation of epithelial adherens junction (like E-cadherin) and tight junction components (like Z0-1) and upregulation of
mesenchymal junctional proteins (like 0B-cadherin). Thereafter, the main cytoskeletal protein pattern of epithelium is switched from cyto-
keratin to vimentin with de novo synthesis of FSP-1 and o-SMA. A subset of transitioning cells with increased mobility might migrate into
the submesothelial zone through disrupted BM and contribute to the increased deposition of ECM. PD = peritoneal dialysis; EMT = epithelial-
mesenchymaltransition; BM=basement membrane; ECM = extracellular matrix; Z0-1=zonula occludens-1; FSP-1=fibroblast-specific protein 1;

0-SMA = o smooth muscle actin.

of bone morphogenic protein (BMP)-7, a member of the
TGF-B superfamily, reversed TGF-B1-induced EMT in renal
tubular epithelial cells and ameliorated kidney fibrosis (76),
highlighting the potential of EMT as a target of anti-fibrosis
therapy. Similar results were later reported in peritoneal
fibrogenesis. Yu (55) and Loureiro (77) found that adenoviral
BMP-7 transfection or administration of recombinant BMP-7
reduced the presence of EMT and attenuated peritoneal fibrosis
inanimal models of PD. In addition, hepatocyte growth factor
(HGF) was shown to protect the peritoneal membrane from
dialysate-induced damage in a reciprocal manner against
TGF-B1 (55,78), which could be achieved by directly blocking
TGF-B1 as well (79). Moreover, recent studies showed that
TGF-B1 may regulate specific microRNAs (miR) to influence
tubular EMT during kidney fibrosis, such as miR-192 (80),
miR-21 (81), miR-29 (82), and miR-433 (83), suggesting that
specifically targeting microRNAs related to EMT might repre-
sent a promising anti-fibrosis therapy (84,85). In peritoneal
fibrosis, Zhang and colleagues demonstrated decreased levels
of miR589 in effluent-derived MCs of long-term PD patients
as well as cultured MCs treated with TGF-B1. Overexpression
of miRNA589 partially reversed TGF-B1-induced EMT in MCs,
including downregulation of vimentin and upregulation of
Z0-1and E-cadherin (86). Recently, Zhou and colleagues found
that miR-30a ameliorated TGF-B1-induced EMT and collagen
production in PD-related peritoneal fibrosis by binding the

3’-untranslated region of Snail (49). Taken together, these
findings highlight the therapeutic effect of targeting EMT on
peritoneal fibrogenesis and thus supportan occurrence of EMT.

ONGOING DEBATE ON EMT AND KIDNEY FIBROSIS

The major challenge in determining the presence of EMT
is that it requires detecting a change in cell phenotypes or
measuring movement of a cell in real time, which is feasible
in vitro but extraordinarily difficult 7n vivo, particularly in
humans. Current lineage-tracing strategy represents the most
powerful tool available to confirm EMT in vivo. Briefly, using a
site-specific recombinase (Cre) technology (typically Cre-LoxP
recombination), gene modification between loxP sites can be
targeted to a specific cell type or be triggered by a specific
external stimulus (87,88). By choosing cell-specific promot-
ers for the expression of Cre, a target cell could be labeled by
subsequent production of a reporter protein, like a fluorescent
protein or beta-galactosidase. Therefore, any cell population
can be marked when that promoter becomes conditionally acti-
vated. Ifthese labeled cells undergo any change (like division,
transition, or migration), expression of the reporter will be
passed on to all progeny, so that these “colorful” cells can be
easily tracked and unambiguously identified. These techniques
thus offer sufficient resolution to monitor a group of specific
cells in real time and generate reliable data (89). However,
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recent independent studies with cell fate-mapping showed
inconsistent results related to EMT, which raised an intense
debate on the role of EMT in organ fibrogenesis, especially in
renal fibrosis.

In 2002, Iwano first addressed the hypothesis of EMT in
kidney fibrosis by using transgenic reporter mice and bone
marrow transplant, demonstrating that a substantial number
(about 36%) of renal fibroblasts were derived via EMT from
the renal tubular epithelial cells during interstitial fibro-
genesis in a mouse model of unilateral ureteral obstruction
(UUO) (90). Prompted by this finding, a large number of
researchers started to explore the potential role of EMT in
tissue fibrogenesis. Using lineage tracing technique, similar
findings were obtained in subsequent studies of liver (91),
lung (92), intestine (93), and lens epithelium (94). Since
then, abundant studies providing experimental and clinical
support for the possibility that EMT is a contributor to organ
fibrosis have been published and systematically reviewed
(95-101). For example, supportive evidence from a large
number of in vitro studies (35,36,76,102-107) has conclusively
shown that cultured tubular and other epithelial cells could
indeed transform into cells with a myofibroblast phenotype
when exposed to profibrotic cytokines (typically TGF-f1). This
conversion is characterized by loss of cell polarity, downregu-
lation of epithelial markers, and acquisition of mesenchymal
markers and features (spindle-shaped and mobile). Epithelial-
mesenchymal transition was also suggested by substantial
evidence from a variety of human kidney diseases (108-112),
where theinjured epithelium was presented with several signs
of mesenchymal plasticity.

However, the hypothesis of EMTin the kidney and liver has
been recently challenged, according to some compelling find-
ings in new lineage-tracing studies. Kriz summarized these
findings in a recent review and pointed out several “flaws”
in previous studies of EMT, with a clear point of view that
“unequivocal evidence supporting EMT as an in vivo process in
kidney fibrosisis lacking” (113). First, itis stated that none of
the biochemical markersis specific enough for the occurrence
of EMT. For example, independent studies have shown that
Fsp1 staining might be negative in a proportion of interstitial
fibroblasts in the healthy (114) or fibrotic kidney (115) and
some Fsp1-positive cells in aninjured kidney may actually be
interstitial mononuclear cells (114,116,117) or endothelial
cells of renal microvessels (114,117). Furthermore, it has been
suggested by different studies that the expression of a-SMA
should not be used as a criterion of EMT because only a subset
of fibroblasts express this protein and even for in vitro experi-
ments, various epithelial cell lines show differing sensitivity to
o-SMA expression (36,98). In addition, vimentin is more likely
to be expressed in the injured and proliferative tubular cells
with an epithelial pattern, indicating the tubular regenerating
activity rather than the phenotype of fibrogenic EMT (118,119).
Second, the limitation of in vitro studies is that although
cultured cell lines and primary tubular cells can undergo EMT
in vitro, this fact cannot prove the same transition of tubular
cells in vivo. Third, the strongest evidence against EMT in the
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kidney comes from a series of new cell fate-mapping studies
where no evidence was found for the expression of (myo)
fibroblast markers in the labeled epithelium of the fibrotic
kidney. Representatively, using 3 Cre/Lox transgenic lines
to genetically label the specific populations of renal cells,
Humphreys and colleagues found that the epithelium did not
give rise to any cells contributing to fibrosis in mouse models
of UUO orischemic kidney injury (120). Instead, these inves-
tigators proposed that (myo)fibroblasts were mostly derived
from local pericytes or perivascular fibroblasts (121). Another
2 lineage-tracing studies by Li (117) and Koesters (122) also
found no evidence that renal tubular cells transform into
mesenchymal cells, more specificallyinto fibroblasts or myofi-
broblasts. Using multiple genetically engineered mice to track
in-kidney fibrosis, LeBleu and colleagues supported an inter-
esting possibility that the total pool of kidney myofibroblasts
is composed of proliferation (50%) from local resident fibro-
blasts, differentiation (35%) from bone marrow, endothelial-
to-mesenchymaltransition program (10%) and EMT transition
program (5%) (123). Although this study raised the potential
of multiple contributors to kidney fibrosis, the role of EMT in
the source of myofibroblasts, if any, is supposed to be minimal.
Inalatest review of kidney fibrosis, Duffield summarized these
updated findings and suggested FOXD1-lineage cells, mostly
as pericytes and resident fibroblasts, are the major precursor
population of pathological myofibroblasts in kidney disease
(124), whichiis casting serious doubts on previous results and
is an argument against the role of EMT in renal fibrosis.

CHALLENGE TO EMT IN PERITONEAL FIBROSIS

Similar questions have also been raised about the view of
EMT in peritoneal fibrosis. Through comprehensive genetic
lineage analysis, Chen and colleagues showed the first in
vivo evidence that submesothelial fibroblasts were the major
precursors of myofibroblast during peritoneal fibrogenesis,
and the surviving MCs in different peritonealinjuries serve as
the principal cells for mesothelium repair, arguing against the
transition of MCs to myofibroblast by EMT during peritoneal
fibrosis (125). In this study, about 83% of cytokeratin-positive
MCs were genetically labeled by the expression of red fluores-
cence protein (RFP), using the Wilms tumor-1 homolog (Wt1)-
CreERT2 mice. These marked MCs were found notto contribute,
at least not significantly, to the source of myofibroblasts in
different mouse models of peritoneal fibrosis. To determine
the primary source of a-SMA (+) myofibroblasts in peritoneal
fibrosis, they further generated transgenic reporter mice in
which the expression of green fluorescence protein (GFP) and
RFPwas underthe requlation of the Collaland Col1a2 promot-
ers, respectively. By comparing the proportion of cells with
coexpression of GFP and RFP before and after the peritoneal
injury, they demonstrated that submesothelial fibroblasts,
rather than other cell sources, were the major precursors of
collagen-producing myofibroblastsin theinjured peritoneum.
This study, using robust cell-fate mapping strategy, revealed
the biological behaviors of MCs in the course of peritoneal
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injury and fibrosis. Moreover, Chen's study also demonstrated
that pharmacologicinhibition of platelet-derived growth fac-
tor (PDGF) receptor in submesothelial fibroblasts resulted in
significant attenuation of peritoneal fibrosis, providing new
insightsinto the novel therapeutics against peritoneal fibrosis.
It will be necessary to reproduce these findings in more clini-
cally relevant animal models in the future.

However, it is worth noting that the potential role of EMT
in peritoneal fibrosis cannot be totally excluded by Chen's
experiment, due to the technical limitations of genetic labeling
in this study. As stated, part of the submesothelial cells were
also positively labeled for the expression of Wt1-RFP (about
24% of all RFP+ cells in the peritoneum). At the same time,
only approximately 65% of submesothelial fibroblasts could
be well tracked according to their conditional labeling strate-
gies. Thus, the results are insufficient to determine whether
or not some of the MCs might have moved across the basement
membrane into the submesothelial area (via EMT) during
peritoneal fibrosis, based only on the statistical analysis of
RFP (+) cells. Furthermore, a transgenic model of Wt1-CreERT2
is not specific enough to track the transition of peritoneal
MCs. Using similar lineage tracing strategy, it has been dem-
onstrated in other studies that Wt1 (+) precursor cells might
give rise to MCs, submesothelial cells, hepatic stellate cells
and perivascular mesenchymal cells during liver development
and injury, where Wt1 (+) MCs could actually migrate inward
from the peritoneum (liver surface) to generate fibroblasts
via EMT (27,126). Finally, the peritoneal MCs in Col1la1-GFPt9
mice were found to significantly express Col1a1-GFP after dif-
ferent peritoneal injuries, although no detectable migration
or expression of oi-SMA was observed in those cytokeratin
(+) cells in Chen’s experiment. The results actually indicated
a fibrotic phenotype transition in the injured MCs because
the production of collagens has been regarded as a defining
hallmark for a fibrogenic cell (121,124,127). This phenom-
enon has been reported in the other study as well, i.e. that
mobilization is not necessary for peritoneal MCs to undergo a
mesenchymal transition induced by PDGF-B, which was thus
called “non-invasive EMT” (128). Therefore, we suppose that
activated MCs with a fibrogenic phenotype can play a critical
role in requlating peritoneal fibrosis through production of
collagens and growth factors (see Characteristics of perito-
neal mesothelial cells section), even if they do not transform
directly into submesothelial myofibroblasts.

CONVERSION OF MESOTHELIAL PROGENITOR CELL TO
MYOFIBROBLAST CELL

Given the characteristics of MCs and their embryological
origin (refer to Characteristics of peritoneal mesothelial cells),
early studies also highlighted the existence of mesothelial
progenitor cells and their potential role in tissue repair and
fibrosis (25). The rigorous definition of tissue progenitor
cell or tissue stem cell remains lacking due to the differ-
ences among cell populations derived from various sources
of tissues (129,130). Generally, it is defined as a group of
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cells possessing the hallmark stem cell characteristics of
self-renewal and capable of successively giving rise to more
differentiated cells. Using immunohistochemical techniques,
Bolen and colleagues identified a population of multipotential
submesothelial cells possessing the capability of differentiat-
ing toward a mesothelial cell phenotype and contributing to
the repair of injured mesothelium (131,132). These findings
suggest that a group of progenitor cells might exist in the
submesothelial area and differentiate into MCs in the context
of tissue repair. An intriguing question raised by these early
studies is whether the coelomic mesothelium retains the ability
to transform into other specific cell lineage, like fibroblasts.
By examining a cell line derived from rat epicardial MCs, Wada
and colleagues demonstrated that these cells retain the abil-
ity to form a polarized epithelium and, more importantly, to
generate smooth muscle cells in response to specific growth
factors (133). Similarly, it has been reported that a subset of
epicardial MCs could differentiate into various cell types in
vitro, including endothelium, smooth muscle cell, perivas-
cular, and cardiac interstitial fibroblasts (134-136). Taken
together, these previous studies indicated the presence of
MPCs, which can differentiate into various specific cell types
upon stimuli.

Recently, a series of studies using genetic lineage-tracing
technique identified epicardium as the main source of diverse
cardiac fibroblasts, myocardium, endothelium, and smooth
muscle during heart development (137,138). These find-
ings further raised the question of whether the epicardial
MCs in adults could reproduce their embryonic program and
acquire the multipotential characteristics of stem cells under
pathological conditions. In 2007, Smart and colleagues dem-
onstrated that thymosin beta-4, an actin-binding peptide,
can restore the pluripotency of quiescent adult epicardium
and triggerits differentiation into fibroblasts, smooth muscle
cells, and endothelial cells, suggesting adult epicardial cells
as a viable source of vascular progenitors upon stimulation
(139). Following this study, they furtheridentified in mice that
adult epicardium contains a viable source of resident progeni-
tor cells that could give rise to differentiated cardiomyocytes
afterischemicinjury (140), demonstrating the multipotential
capability of epicardial MPCs in adult animals. Increasing
interest has been raised since then concerning the potential
of adult epicardium in tissue regeneration during myocardial
injury (141-144). Subsequent studies positively support that
epicardium in adults, when stimulated (typically by thymosin
beta-4), is capable of reactivating its embryonic potential with
substantial effects on generation of fibroblast, endothelial
cell, and smooth muscle cell (145-147). These findings on
epicardium support the intriguing possibility that mesothe-
lium may represent a progenitor pool in adults that could
be activated during tissue repair. More recently, Rinkevich
and colleagues, using a genetic lineage tracing approach,
demonstrated that both embryonic and adult mesothelium
themselves have plasticity that allows them to become fibro-
blasts and smooth muscle cells (named FSMCs) (148). They first
revealed a robust generation of FSMCs from both cultured and
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transplanted mesothelium tissue. Toinvestigate a pure popula-
tion of MCs, they generated transgenic mice to lineage trace
mesothelial progenitor cells, by targeting Mesothelin (MSLN),
a surface marker expressed on MCs. By isolation, tracing, and
quantification of these Mesothelin-positive precursors, it has
been shown that embryonicand adult mesothelium represents
a common lineage to trunk FSMCs and trunk vasculature.

Although a direct identification of MPCs in adult perito-
neum has yet to be established, current studies of lineage-
tracing assay suggest that a subpopulation of peritoneal
MPCs might exist and possess the ability to differentiate into
fibroblast-like cells upon various stimuli. These findings
provide crucial insight into the cell behavior of MCs in both
homeostatic and pathological conditions. Potential differen-
tiation of MPCs during PDis shownin Figure 2. Lineage-tracing
experiments with specific reporter genes in MPCs must be
conducted in animal models of peritoneal fibrosis in order to
mark and monitor these cells in real time during the course
of fibrogenesis.

CONCLUDING REMARKS
The arguments for and against the role of EMT in organ

fibrosis are numerous (32,34-36,95,97,98,113,149). Most
evidence for EMT found in PD patients or animal models
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can be summarized as morphological changes of MCs with
concomitant loss of epithelial cells but with the acquisition
of mesenchymal markers, evidenced through immunohisto-
chemicalanalysis. However, few of those reported biomarkers
are sensitive or specific enough to determine a real process of
EMT in peritoneal fibrosis. Furthermore, it should be pointed
out that MCs might progressively lose their normal phenotype
under pathological conditions due to decomposition. It is
not surprising that they could also lose some characteristics
of the junction proteins at the same time, such as epithe-
lial adherens junction and tight junction constituents. In
addition, transient images (snapshot) by staining at a given
time only reflect the static condition. Even if markers can be
more specific, double-labeling approaches may also lead to
confusing results based on the coexistence of epithelial and
mesenchymal features in the submesothelial area, which could
reflect an abnormal status of MCs, instead of a switch to a
mesenchymal cell.

Recent findings indicate the existence of progenitor cells
in mesothelium, breaking a new path to further explore the
bioactivity of MCs in peritoneal fibrosis. Although signifi-
cant, current evidence is not sufficient to demonstrate how
mesothelial progenitor cells differentiate into fibroblast-like
cells and the mechanisms that may be involved in requlat-
ing this process. A series of important questions should be

J1)00 1on
' -

@

U0

MPC

//

MPC-derived FB

ob

Anglogenesm

J MFB

@@

:. EC MPC-derived EC

e

MPC-derived MFB

"——

FIGURE 2 — Potential differentiation of mesothelial progenitor cell during PD. A subpopulation of mesothelial progenitor cells rest in the
peritoneum, possessing the capability of multipotential differentiation. These cells, when triggered by PD-related stimuli, can differentiate
toward interstitial (myo)fibroblasts and endothelial cells, contributing to a pool of fibroblasts and angiogenesis during peritoneal dialysis.
PD = peritoneal dialysis; MC = mesothelial cell; MPC = mesothelial progenitor cell; FB =fibroblast; EC = endothelial cell; MFB = myofibroblast.
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addressed carefully to reveal the whole story. First of all,
how to determine a MPC in adult peritoneum remains a key
question that should be answered by means of a dynamic
process, instead of a static snapshot, regarding aspects of
aging or silence of MCs in PD patients. A solution to this issue
will also help to identify and distinguish the processes of dif-
ferentiation (progenitors) and de-differentiation (EMT) during
peritoneal fibrosis, both of which seem to be supported by an
abundance of studies. Moreover, a careful evaluation of how
complex influences from PD therapeutics may affect the final
differentiation of mesothelial progenitor cells is necessary,
as progenitor cells may progress down various differentiation
pathways according to biological and mechanical stimuli,
like growth factors, cytokines, cellular crosstalks, pH,
osmolarity, and so on.

In conclusion, we are stillat the first stepin a long process
tounderstand the biological role of MCsin peritoneal fibrosis.
In considering the origin of fibroblasts during peritoneal fibro-
genesis, it is necessary to define the fundamental concepts
in question and further evaluate the limitation of published
approaches used to address this problem. The transition of

MCs to myofibroblasts in peritoneal fibrosis may be a mat-
ter of degree rather than a black and white question. Last
but not least, other origins of myofibroblasts, from resident
fibroblasts, endothelial cells, or circulating fibrocytes, should
likewise be fully considered (Figure 3).
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