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Abstract

Liver fibrosis results from chronic injury of hepatocytes and activation of Collagen Type |
producing myofibroblasts that produce fibrous scar in liver fibrosis. Myofibroblasts are not present
in the normal liver but rapidly appear early in experimental and clinical liver injury. The origin of
the myofibroblast in liver fibrosis is still unresolved. The possibilities include activation of liver
resident cells including portal fibroblasts, hepatic stellate cells, mesenchymal progenitor cells, and
fibrocytes recruited from the bone marrow. It is considered that hepatic stellate cells and portal
fibroblasts are the major source of hepatic myofibroblasts. In fact, the origin of myofibroblasts
differs significantly for chronic liver diseases of different etiologies, such as cholestatic liver
disease or hepatotoxic liver disease. Depending on etiology of hepatic injury, the fibrogenic foci
might initiate within the hepatic lobule as seen in chronic hepatitis, or primarily affect the portal
areas as in most biliary diseases. It has been suggested that activated portal fibroblasts/
myofibroblasts work as “myofibroblasts for cholangiocytes” while hepatic stellate cells work as
“myofibroblast for hepatocytes”. This review will focus on our current understanding of the
activated portal fibroblasts/myofibroblasts in cholestatic liver fibrosis.
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l. Introduction

Liver fibrosis and cirrhosis are the common outcomes of chronic liver diseases. Liver
cirrhosis is characterized by the deposition of extracellular matrix proteins, composed
mostly of Collagen Type I, formation of fibrous scar, and loss of liver function. There is no
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curative therapy for advanced liver cirrhosis, often liver transplantation is the only treatment
available for these patients. Dependent on the etiology, liver fibrosis is caused by cholestatic
liver injury (obstruction of biliary tract) such as primary sclerosing cholangitis, primary
biliary cholangitis, secondary biliary cirrhosis and biliary atresia, or hepatotoxic injury (such
as hepatitis B virus infection, hepatitis C virus infection, alcoholic liver disease and non-
alcoholic steatohepatitis (NASH)). Despite the differences in etiology, development of liver
fibrosis is associated with several early events that play an important role in the pathogenesis
of liver fibrosis, including: 1) damage to hepatic epithelial (hepatocytes and cholangiocytes)
and endothelial cells; 2) release of transforming growth factor-p1 (TGF-p1), the major
fibrogenic cytokine; 3) increase of intestinal permeability and endogenous bacterial
products; 4) recruitment of inflammatory cells; 5) induction of reactive oxygen species; and
6) generation of extracellular matrix producing myofibroblasts, which are not present in the
normal liver . Hence, myofibroblasts represent a primary target for antifibrotic therapy.

Immunophenotypically, myofibroblasts are characterized by expression of abundant
pericellular matrix proteins (vimentin, a-smooth muscle actin (a-SMA), non-muscle
myosin, fibronectin)(Eyden, 2008). Ultrastructurally, myofibroblasts are identified by a
rough endoplasmic reticulum, a Golgi apparatus producing collagen, peripheral
myofilaments, fibronexus (no lamina), and gap junctions (Eyden, 2008). Studies of
fibrogenesis conducted in different organs implicated myofibroblasts in wound healing and
fibroproliferative disorders (Gabbiani et al., 1971; Majno et al., 1971; Schurch et al., 1998),
suggesting that myofibroblasts are the primary source of extracellular matrix. Several
sources of myofibroblasts have been identified in the liver: liver resident cells (Hepatic
stellate cells, HSCs, and portal fibroblasts, PFs); cells originated by epithelial-to-
mesenchymal transition (EMT) and bone marrow-derived cells (fibrocytes and mesenchymal
cells)(lwaisako et al., 2014; Kisseleva et al., 2006; Nitta et al., 2008; Scholten et al., 2011).
Fibrocytes were shown to contribute to 3—-6% of collagen Type | expressing cells in fibrotic
liver, suggesting that fibrocytes are not a significant source of extracellular matrix (Kisseleva
et al., 2006). Furthermore, the contribution of EMT to liver fibrosis is still controversial.
Recently, Lua et al. reported that proliferating cholangiocytes in response to bile duct
ligation express collagen, which means EMT of cholangiocytes (Lua et al., 2016). But
several cell fate mapping of hepatic epithelial progenitors, hepatocytes, and cholangiocytes
failed to detect the presence of EMT-derived myofibroblasts in the livers following
cholestatic or hepatotoxic liver injury (Chu et al., 2011; Scholten et al., 2010; Taura et al.,
2010).

Despite the extensive studies, there is still an ongoing discussion regarding which cell types
can give rise to the hepatic myofibroblasts in response to chronic liver injury. Still “the
primary suspects”, as the major source, are the resident mesenchymal cells of the liver
(Ilwaisako et al., 2014; Mederacke et al., 2013; Wells, 2014); Hepatic Stellate Cells (HSCs)
which have been extensively studied and aPFs/myofibroblasts which are less well
characterized due to the difficulties in isolation and culturing. HSCs and aPFs/
myofibroblasts have been reported to comprise > 90% of the collagen expressing cells
(Iwaisako et al., 2014; Kisseleva et al., 2006), suggesting that they are the major source of
collagen expressing cells in fibrotic liver. HSCs are generally accepted as major contributors
to liver fibrosis that give rise to hepatic myofibroblasts in response to toxic liver injury.
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aPFs/myofibroblasts, on the other hand, have been implicated in pathogenesis of cholestatic
liver fibrosis (Iwaisako et al., 2014). While experimental data validates that both HSCs and
PFs can activate into myofibroblasts, the contribution of aPFs /myofibroblasts versus aHSCs
to cholestatic liver fibrosis remains controversial and requires thorough examination,
including lineage tracing experiments, identification and characterization of cell specific
markers, and generation of new transgenic mice to study the functional properties of
identified markers.

In the normal non-fibrotic liver, hepatic myofibroblasts become locally and transiently
activated in response to bacterial infection. During wound healing, hepatic myofibroblasts
apoptose upon completion of repair process (Iredale et al., 1998; Kisseleva et al., 2012).
Therefore, pathogenic hepatic fibrosis could be viewed as a chronic state of hepatic
myofibroblast activation and finding ways to terminate that activation or induce apoptosis in
those aberrantly activated myofibroblasts may be the key to arresting hepatic fibrosis.

Recent studies provide potential experimental models of fibrosis reversal upon cessation of
liver injury, or successful pharmacological treatment of underlying causative liver injury
(Iredale et al., 1998). Experimental reversal of liver fibrosis has been closely associated with
disappearance of hepatic myofibroblasts (Iredale, 2001; Iredale et al., 1998). The mechanism
of hepatic myofibroblast disappearance during regression of liver fibrosis in these
experiments has been suggested for aHSC-derived myofibroblasts, but remains unknown for
myofibroblasts originated from aPFs /myofibroblasts. Thus, 50% aHSC-derived
myofibroblasts undergo senescence (Schrader et al., 2009) and concomitant apoptosis
(Iredale, 2001, 2007; Iredale et al., 1998) during regression of liver fibrosis. The cell-fate
mapping-based studies have demonstrated that 50% of aHSCs survive during regression of
liver fibrosis, and obtain “inactivated” phenotype (iHSCs). iHSCs downregulate
myofibroblast-specific genes, such as Collagen Type I, a-SMA. Sppl, TIMP1, and others,
and upregulate some of genes associated with quiescent phenotype in qHSCs, therefore
reverting to a quiescent-like state (Kisseleva and Brenner, 2008; Troeger et al., 2012).
Clearly, aHSC-derived myofibroblasts are attractive primary targets for anti-fibrotic therapy
(Friedman and Bansal, 2006; Ghiassi-Nejad et al., 2013). Like aHSCs, aPFs /myofibroblasts
can give rise to activated myofibroblasts that drive hepatic fibrosis and therefore may offer
another anti-fibrotic therapy target particularly in the case of cholestatic injury. Little is
known about pathways of PF activation due to difficulties of isolating and characterizing
aPFs /myofibroblasts. Also, it remains unknown if aPFs /myofibroblasts can "inactivate"
during regression of cholestatic fibrosis. This review will summarize the most recent
evidence supporting (or objecting) the contribution of aPFs /myofibroblasts to cholestatic
liver fibrosis, and discuss their potential functional properties.

Il. Hepatic myofibroblasts

Hepatic Stellate Cells (HSCs)

In the normal liver, HSCs that reside in the space of Disse which is the space between
hepatocyte cluster and sinusoidal endothelial cells, account for about 5-8% of cells (Lepreux
and Desmouliere, 2015). HSCs in the healthy liver display a quiescent phenotype, and
express neural markers (glial fibrillar acidic protein (GFAP), synaptophysin (Bataller and
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Brenner, 2005), nerve growth factor (NGF) receptor p75 (Kendall et al., 2009; Sachs et al.,
2007)) and desmin. gHSCs also serve as the major storage of vitamin A within the normal
liver (Geerts, 2001; Iredale, 2007; Senoo et al., 2007). Due to the close association of HSCs
with endothelial cells they function as pericytes for liver sinusoids. In response to injury,
gqHSCs decrease vitamin A lipid droplets and undergo activation to become collagen type I-
producing myofibroblasts (Fallowfield et al., 2007; Kisseleva and Brenner, 2006). Following
chronic injury induced by CCl, treatment, a large number of HSC-derived myofibroblasts
rapidly proliferate and accumulate around central veins (Lukita-Atmadja and Subowo, 1993;
Seifert et al., 1994), giving rise to a population of centrilobular myofibroblasts comprising
up to 14% of total liver cells (Kisseleva et al., 2012).

Activated portal fibroblasts/myofibroblasts

Portal fibroblasts (PFs) normally comprise a small population of the fibroblastic cells that
surround the portal vein to maintain integrity of portal tract. They were first described as
“mesenchymal cells not related to sinusoids”, and since then were called “periductular
fibroblasts” or portal/periportal mesenchymal cells” and are now associated with the
pathogenesis of cholestatic liver injury (Beaussier et al., 2007). In response to chronic injury,
PFs become activated in a-SMA-expressing myofibroblasts and may proliferate, and
synthesize extracellular matrix (Tuchweber et al., 1996), which here we call aPFs/
myofibroblasts. PFs are characterized by the expression of ectonucleotidase 2 (NTPDase 2),
but the expression is down regulated when they become myofibroblasts in biliary cirrhotic
livers (Dranoff et al., 2004; Jhandier et al., 2005). Therefore, the origin of portal fibroblasts
in the liver fibrogenesis is still controversial. aPFs/myofibroblasts have heterogeneous
populations, which are defined as nonHSC-derived myofibroblasts not bone marrow derived
myofibroblasts, and characterized by the expression of collagenlal and other markers
described later.

Activated portal fibroblasts/myofibroblasts contribute to cholestatic fibrosis

There is a growing body of evidence supporting the concept of "etiology-driven cirrhosis"
(Pinzani, 2015). Cholestatic liver diseases and hepatotoxic liver diseases show totally
different symptoms and phenotypes in their early stages. The former is characterized by
jaundice with dominant elevation of alkaline phosphatase and direct bilirubin in the serum,
while the latter represents the symptoms of general fatigue and shows dominant elevation of
ALT and AST in the serum. Histologically it is possible to identify disease specific patterns
of myofibroblast activation dependent on the etiology of the underlying chronic liver injury.
For example, portal-central septa are characteristics of chronic viral hepatitis and
intercellular fibrosis. On the other hand, the deposition of extracellular matrix around the
sinusoids is characteristic of alcoholic and NASH. Proliferation of reactive bile ductules and
periductular extracellular matrix deposition are characteristics of primary biliary cirrhosis,
primary sclerosing cholangitis, and biliary atresia (Pinzani, 2015). Our group (Iwaisako et
al., 2014) and Beaussier et al (Beaussier et al., 2007) have reported that PFs activate at the
onset of cholestatic liver injury. However, many questions remain controversial. For
example, myofibroblasts, activated during development of portal fibrosis, arise either from
HSCs or PFs, the contribution of HSCs and PFs to collagen type | deposition, as well as the
kinetics of their activation and proliferation in the damaged liver. For instance, cell fate
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mapping-based experiments, designed to track activation of HSCs in the fibrotic liver
reported by Mederacke et al (Mederacke et al., 2013)., suggest that HSCs are the critical
source of hepatic myofibroblasts. The difficulty of the analysis comes from the fact that
mouse models of cholestatic disease do not fully recapitulate the course of cholestatic injury
in patients. Furthermore, the etiology of cholestatic fibrosis is not well understood, as well
as the role of aPFs/myofibroblasts in activation of cholangiocytes and regulation of their
proliferation (ductular reaction) and vice versa.

lll. New insights into aPF biology

Experimental methods of cholestatic liver injury

The most commonly used mouse model for cholestatic fibrosis is bile duct ligation (BDL), a
surgical procedure involving the double ligation of the common bile duct (Symeonidis and
Trams, 1957). The pathology resulting from BDL is similar to that seen in human chronic
cholestatic disease: initiation of a ductular reaction and activation of myofibroblasts
surrounding biliary tracts. Development of advanced cholestatic fibrosis is usually observed
in post-BDL mice at day 21. However, complications from surgical intervention and the
severity of cholestatic injury in mice, especially genetically altered mice, are often
associated with increased mortality and limit the long-term use of BDL in mice.

Another model of cholestatic fibrosis is caused by exposure to Methapyrilene.
Methapyrilene [N,N-dimethyl-N’-pyridyl-N"" (2-thienylmethyl- 1,2- ethanediamine] is an
histamine-1 receptor antagonist that was used as a sedative and anti-histamine until its
withdrawal in the late 1970s, when it was demonstrated to promote hepatocellular carcinoma
in chronically-dosed rats (Lijinsky et al., 1980; Probert et al., 2014). Subsequent works
demonstrated that Methapyrilene acts as a periportal hepatotoxin in rats. Methapyrilene is
bio-activated in the liver by cytochromes P450, leading to the production of reactive oxygen
species intermediates. The intermediates cause hepatic inflammation in periportal regions,
proliferation of cholangiocytes (ductular reaction), expansion of aPFs/myofibroblasts in
biliary tract area, and concomitant development of liver fibrosis. Immunohistochemical
evaluation of aPFs/myofibroblasts in the Methapyrilene model needs to be performed. The
histological changes that accompany Methapyrilene -mediated liver fibrosis resemble
cholestatic fibrosis similar to that observed in BDL model in mice (Probert et al., 2014).
Although this model has been originally designed for rats, potentially it could be adopted to
mice, allowing utilization of the variety of transgenic and knockout mice to study
pathogenesis of cholestatic fibrosis. Methapyrilene is administered intraperitoneally; the
duration of the injury is about 21 days. Modulation of the regimen and/or dose of the
Methapyrilene administration may provide a better insight in the pathogenesis of cholestatic
liver fibrosis, and mimic the stages of cholestatic fibrosis in mice. In addition, Methapyrilene
model might become a useful tool to study reversibility of cholestatic fibrosis, as an
alternative to reversal of BDL-injury in mice (which requires a very sophisticated and
technically challenging surgery to reverse obstruction of the common bile duct) and is
currently performed only by limited number of laboratories.

The multidrug resistance gene 2 knockout mouse (mdr2—/-) represents an established
animal model for chronic cholestatic disorders (Fickert et al., 2004), Mice deficient in the
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canalicular phospholipid flippase (Mdr2/Abcb4~'~ mice) spontaneously develop liver injury
(Fickert et al., 2004). Hepatic injury in Mdr2—/— mice resembles progressive familial
intrahepatic cholestasis type 3 with which mutations of human ortholog gene multidrug
resistance 3 (MDR3) are associated and may recapitulate some aspects of the pathogenesis
of primary sclerosing cholangitis (Colombo et al., 2011; de Vree et al., 1998; Degiorgio et
al., 2007; Delaunay et al., 2009; Deleuze et al., 1996; Trauner et al., 2010). The pathogenesis
of liver injury in Mdr2~~ mice is characterized by disruption of tight junctions and basement
membranes of bile ducts, bile leakage into the portal tract, and formation of periportal
biliary fibrosis (Fickert et al., 2004). These mice also suffer from the absence of
phosphatidylcholine from bile, which disrupts the formation of mixed micelles and
subsequently leads to “toxic bile” triggering an inflammatory cascade (Miethke et al., 2016;
Smit et al., 1993). These mice show myofibroblasts restricted to bile duct areas, while no
myofibroblasts are observed in the hepatic lobule (Strack et al., 2011). The majority of the
myofibroblasts come from aPFs/myofibroblasts (Baghdasaryan et al., 2010), but bone
marrow derived fibrocytes may be involved in the pathogenesis (Strack et al., 2011). This
model has been used for novel therapies for chronic cholestasis, targeting anti-cholestatic,
anti-inflammatory and antifibrogenic pathways (Baghdasaryan et al., 2010; Miethke et al.,
2016; Stiedl et al., 2015; Strack et al., 2011).

Methods of identification and purification of aPFs/myofibroblasts

The contribution of aPFs/myofibroblasts to liver fibrosis of different etiologies is not well
understood, mainly because of the difficulties in the isolation of PFs and myofibroblasts, e.g.
cell outgrowth from dissected bile segments (Uchio et al., 2002), enzymatic digestion of the
biliary tree followed by size selection (Kruglov et al., 2002; Wen et al., 2012).
Unfortunately, this techniques require multiple passaging and prolonged culturing (up to 2-3
weeks) which may yield outgrowth of myofibroblasts of non-aPFs/myofibroblasts origin
(Lepreux and Desmouliere, 2015), activation of myofibroblasts derived by plastic-mediated
EMT (Taura et al., 2010), or simply change the original phenotype of aPFs/myofibroblasts
(Dranoff and Wells, 2010). A more physiological method of studying PFs is precision-cut
liver slices, designed to maintain cell-cell and cell-matrix interactions and mimic the natural
microenvironment of PFs, but this does not enable the study of purified populations of PFs.
Only a few markers are available to identify PFs in the myofibroblast population, including
Gremlin 1, Thy-1 (Dudas et al., 2007; Knittel et al., 1999a; Yovchev et al., 2009), fibulin 2
(Knittel et al., 1999a), IL-6, elastin (Goodpaster et al., 2008), ecto-AT-Pase nucleoside
triphosphate diphosphohydrolase-2 (NTPD2) (Dranoff et al., 2002), collagen XV (Lemoinne
et al., 2015), and coffilin 1 (Bosselut et al.). In addition, the lack of desmin, cytoglobin,
GFAP, p75NGFT and Vitamin A distinguishes PFs from HSCs (Bataller and Brenner, 2005;
Dranoff and Wells, 2010; Fausther and Dranoff, 2011). Identification of additional PF
markers will advance our understanding of the pathogenesis of liver fibrosis.

We have recently developed a novel method of aPFs/myofibroblasts purification using a
reporter mice called Collagen-GFP mice in which GFP is expressed under the control of
Collagen I(a)1 promoter/enhancer, in which all cells expressing Collagen Type | in real time
also upregulate GFP. Collagen-GFP mice were generated in 1999 (Krempen et al., 1999) and
now are widely used by many investigators in the US and other countries. Using GFP as
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marker of activated myofibroblasts in the injured liver, we can identify and separate all
collagen Type | expressing myofibroblasts by flow cytometry (detected at 488 nm wave
length, FL1) from hepatic nonparenchymal cell fraction (that includes HSCs, aPFs/
myofibroblasts, Kupffer cells, inflammatory and endothelial cells). Moreover, hepatic
stellate cells can be identified from the pool of GFP+ myofibroblasts by expression of
Vitamin A (which emit autofluorescent signal upon detected at 405 nm wave length by flow
cytometry). We have succeeded in separating Vitamin A+ aHSCs and vitamin A-cells from
the pool of activated GFP+ myofibrablasts, extensively characterized both cellular
populations and confirmed that more than 99% of the GFP+ VitA+ cells express aHSC
markers and more than 90% of GFP+ VitA- cell fraction cells express markers of aPFs/
myofibroblasts. Flow cytometry-based analysis of Collagen-GFP myofibroblasts allowed us
to determine the composition of fibrogenic myofibroblasts dependent on etiology of
underlying liver fibrosis and quantify the contribution aPFs/myofibroblasts and aHSCs. In
concordance with previous studies, aPFs/myofibroblasts contribute mostly to cholestatic
liver fibrosis especially in their early states of the pathogenesis, while aHSCs plays major
role in the pathogenesis of hepatotoxic liver fibrosis (Iwaisako et al., 2014), and also
proliferate with progression of cholestatic liver injury. More interestingly, pphenotype of
HSCs activated in response to BDL has more similarities with BDL-activated PFs rather
than HSCs activated in response to toxic liver injury (CCI4) (Iwaisako et al., 2014). Based on
the collagen GFP and vitamin A autofluorescence, there have been more reported methods
for PFs isolation using gpm6a antibody and GFP intensity to exclude the contamination of
mesothelium and cholangiocytes (Lua et al., 2016).

Markers of activated Portal fibroblasts/myofibroblasts

There is no single marker used to identify aPFs /myofibroblasts (Wells, 2014). Thy-1 and
Gremlinl are also expressed by mesenchymal stem cells (Kamo et al., 2007; Worthley et al.,
2015), which are reportedly recruited into the liver when it is injured (Li et al., 2013). PFs
share CD73 as markers with HSCs (Fausther et al., 2012). The expression of markers in
myofibroblasts is summarized in Figure 1.

Thy-1—Thymocyte differentiation antigen-1 (Thy-1) is a glycophosphatidylinositol (GPI)-
linked glycoprotein expressed on various cell types, including neurons (Leyton and Hagood,
2014), thymocytes, myofibroblasts (Dezso et al., 2007; Dudas et al., 2009; Dudas et al.,
2007), endothelial cells, and mesangial cells. As a GPl-anchored protein, in neurons Thy-1
is present in the outer leaflet of lipid rafts in the cell membrane. Thy-1 has been suggested to
interact with G inhibitory proteins, the Src family kinase (SFK) member c-fyn, and tubulin
within lipid rafts. Thy-1 is also expressed in thymocytes and T cells, and often considered as
a T cell specific marker. In activated fibroblasts, Thyl was shown to mediate anti-fibrogenic
responses via interaction with integrin avb5 (Zhou et al., 2010), induction of PPARy
(Varisco et al., 2012), and inhibition of Smad2/3 and latent TGF-p1 activation (Ramirez et
al., 2011; Sanders et al., 2011). Consistently, Thy-1~/~ mice have increased susceptibility to
lung fibrosis. The role of Thy-1 in activation of aPFs/myofibroblasts has not been studied.
Recent studies have also reported that Thy-1 is expressed on mesenchymal cells that exhibit
progenitor properties, and therefore may serve as a source of hepatic myofibroblasts in
fibrotic liver (Dudakovic et al., 2014).
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Fibulin2—Fibulin-2 (FBLN-2) is an extracellular matrix protein of the fibulin family that
binds various extracellular ligands and calcium (Pan et al., 1993). Fibulin-2 is present in the
basement membrane and stroma of several tissues and may play a role in organ
development, particularly during the differentiation of heart, skeletal, and neuronal
structures. Knittel et al reported that FBLN2-positive myofibroblasts are detectable in the
portal field, vessel walls, and hepatic parenchyma of the normal liver and their number is
increased in the septal regions during liver fibrogenesis in rat models (Knittel et al., 1999a).
Fibulin-2 is regulated by transforming growth factor beta-1 (TGF- p1) (Piscaglia et al.,
2009).

MsIn—Mesothelin is a GPI-linked glycoprotein which is upregulated in malignant
mesotheliomas (Chang and Pastan, 1996) and mediates intracellular adhesion and metastatic
spread (Grigoriu et al., 2009). In adult mice, Msln is expressed only in the mesothelial lining
of parenchymal organs (Bera and Pastan, 2000; Rinkevich et al., 2012). Mesothelin gene
encodes a 71-kDa precursor protein that is processed to yield 40-kDa mature mesothelin
which is attached to the cell membrane by GPI linkage and a 31-kDa shed fragment named
megakaryocyte- potentiating factor (MPF) (Chang and Pastan, 1996; Hassan et al., 2004).
MsIn~/~ mice have been generated, and exhibit no obvious abnormalities (Bera and Pastan,
2000). Lineage tracing studies at early embryogenesis have linked expression of mesothelin
to precursors of fibroblasts and smooth muscle cells (Rinkevich et al., 2012). In contrast to
embryonic mesothelium, adult mesothelin-expressing cells do not proliferate until injury or
stress (Rinkevich et al., 2012). However, recent studies suggested that in response to injury,
aPFs/myofibroblasts originate from hepatic mesothelium (Asahina et al., 2009; Asahina et
al., 2011). The role of Msin in liver fibrosis is not known and the expression is still
controversial. Recently, Lua et al described that Msln is only expressed by the liver
mesothelium and not a marker for the aPFs/myofibroblasts (Lua et al., 2016).

Elastin—Elastin is the main component of elastic fibers that is formed via cross-linking of
soluble tropoelastin monomers into elastin polymers on a preformed microfibril scaffold
(Kuang and Goldstein, 2005; Liu et al., 2004). Elastin provides the mechanical support to
tissues, and plays an important role in maintaining the structural integrity (Vrhovski and
Weiss, 1998). Elastin is expressed by interstitial fibroblasts and by smooth muscle cells in
vascular tissues (Kuang and Goldstein, 2005).

Ecto-AT-Pase nucleoside triphosphate diphosphohydrolase-2 (NTPD2)—
NTPD?2 is first described as portal fibroblasts marker in 2002 by Dranoff (Dranoff et al.,
2002). NTPD2 belongs to a family of ecto-nucleoside triphosphate diphosphohydrolases
(NTPDases) that catalyze the hydrolysis of extracellular NTPs. In the liver, NTPD2 is
expressed only in the portal fibroblast compartment and is thought to modulate extracellular
ATP levels involved in cholangiocyte nucleotide signaling processes. Recently, Fausther et al
have immortalized aPFs/myofibroblasts using NTPD2 (along with CD37) to select aPFs/
myofibroblasts. They immortalized them with SV40 large T antigen and establish two aPFs/
myofibroblast cell-lines (Fausther et al., 2015), which became a useful tool to study
activation and function of aPFs/myofibroblasts.
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Gremlin 1—Gremlinl, previously called as Drm, is a highly conserved 25-kDa, 184 amino
acid glycoprotein. Gremlinl is a secreted antagonist of bone morphogenetic protein (Bmp)
-2, -4, and -7 and a VEGFR?2 agonist (Church et al., 2015; Merino et al., 1999). Gremlin is
also identified as a marker of skeletal stem cells which contribute to the embryogenesis of
bone, cartilage and reticular stromal (Worthley et al., 2015). Gremlin directly, by a TGF-p
independent process, activates the Smad pathway (Ma et al., 2014; Rodrigues-Diez et al.,
2014). Gremlinl has been identified as a marker of myofibroblasts in pulmonary (Koli et al.,
2006), cardiac (Mueller et al., 2013), pancreatic (Staloch et al., 2015), renal (Carvajal et al.,
2008; Droguett et al., 2014) and hepatic fibrosis (Zhao et al., 2014). Gremlin 1 was
identified in aPFs/myofibroblasts, and its expression is localized around fibrotic septa in
fibrotic livers (Ogawa et al., 2007).

CD73—CD73 also called ecto-5"-nucleotidase (ecto-5"-NT) is a GPI-linked 70-kDa cell
surface enzyme found in many different cells (Yamashita et al., 1998). While Cd73
expression is found in many tissue types, Fausther (Fausther et al., 2012) et al. has shown
that both hepatic stellate cells and portal fibroblasts show marked up regulation of Cd73
gene expression once activated to become myofibroblasts. Furthermore the up regulation is
at the transcriptional level via SMAD and SP1 binding cites within the Cd73 promoter
region (Fausther et al., 2012). The transcription factors SMAD and SP1 are known to be in
the TGF-B signaling pathway during fibrosis (Ellenrieder, 2008).

Col15A1—Type 15 collagen belongs to the group of non fibrillar collagens, characterized
by extensive interruptions in their collagenous sequences and a conserved noncollagenous
carboxyl-terminal structure (Kivirikko et al., 1994; Muragaki et al., 1994; Myers et al.,
1992). Recently Lemoinne et al have reported that col15A1 is highly upregulated in aPFs/
myofibroblasts compared with hepatic stellate cells (Lemoinne et al., 2015). They described
that PFs secrete vascular endothelial growth factor (VEGF) A-containing microparticles,
which activated VEGF receptor 2 in ECs and largely mediated vascular remodeling.

Response of aPFs/myofibroblasts to cytokines

TGF-p1 is a potent cytokine to activate HSCs into myofibroblasts with increased expression
of a-SMA, PDGF, CTGF, type I collagen, tissue inhibitor of metalloproteinase 1 (TIMP1)
(Arias et al., 2002; Knittel et al., 1999b; Sysa et al., 2009) . aPFs/myofibroblasts respond
rapidly to TGF-B1 by upregulation of Col-a1(l), a-SMA, TIMP1, TGF-B2, PAI-1, elastin,
fibronectin, and of CD73 ecto-enzyme (Dranoff and Wells, 2010; Fausther et al., 2012;
Knittel et al., 1999a; Li et al., 2007; Wells et al., 2004). FGF-2 was shown to mediate
proliferation and migration of aPFs/myofibroblasts (Wells et al., 2004) via binding to its
tyrosine kinase receptors FGFRs. We have recently demonstrated that unlike aHSCs, aPFs/
myofibroblasts respond to stimulation with taurocholic acid and IL-25 by induction of
collagen-a1(l) and IL-13, respectively (Iwaisako et al., 2014).

Osteopontin released by cholangiocytes stimulates PFs proliferation which leads to liver
cirrhosis and high portal vein pressure (Pereira et al., 2015). The renin-angiotensin system is
known to play a role in the activation of myofibroblasts (Osterreicher et al., 2009). RAS is
locally regulated by cholangiocytes and Angiotensin |1 plays an important role in regulating
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biliary proliferation and fibrosis during extrahepatic cholestasis (Afroze et al., 2015). Several
researchers reported Interleukin-6 (IL-6) as an important mediator of signaling between
cholangiocytes and PFs (Yasoshima et al., 1998; Yu et al., 2008). PFs are also characterized
by the expression of hyaluronic acid which causes the proliferation of cholangiocytes (He et
al., 2008).

E. Functions of activated portal fibroblasts / myofibroblasts

Activated portal fibroblast/myofibroblasts serve as a significant source of
extracellular matrix in cholestatic liver injury—We demonstrated that aPFs/
myofibroblasts are a major source of myofibroblasts in cholestatic liver injury, contributing
>70% of myofibroblasts at the onset of injury (5 days BDL) (lwaisako et al., 2014).
However, the relative contribution of aPFs/myofibroblasts decreases with progressive injury,
as HSCs become activated and contribute to the myofibroblast population (14 and 20 days
BDL). Since any cholangiocyte injuries are followed by hepatocyte injuries, the results
suggest that the initial aPF upregulation correspond to the cholangiocytes injury and aHSC
contribution in the later stages correspond to hepatocyte damages followed by the
cholangiocyte damage. We have concluded that aPFs/myofibroblasts are the primary
responders of cholangiocyte damages and hepatic stellate cells are the primary
myofibroblasts, which respond to hepatocyte damages.

Activated portal fibroblast/myofibroblasts affect cholangiocyte physiology—
Biliary obstruction causes bile acid accumulation in the liver and serum, liver toxicity, and
fibrosis progressing to cirrhosis. The initial reactions of cholangiocytes in the cholestatic
injuries are called as “ductular reactions”. “Ductular reactions” are characterized by
cholangiocyte proliferation, expansion of transit-amplifying cells or hepatic progenitor cells
(HPCs), and differentiation of the biopotential HPCs into cholangiocytes (Kim et al., 2015).
These reactions are also observed in human liver diseases (Gouw et al., 2011). Reactive
ductules express growth factors such as platelet-derived growth factor, connective tissue
growth factor, or TGF-B2, which activate PFs and increase matrix deposition (Grappone et
al., 1999; Milani et al., 1991; Sedlaczek et al., 2001). Along sides these epithelial-
mesenchymal interactions, myofibroblasts produce both tenascin and type IV collagen,
which are key for biliary development and activation (Lepreux and Desmouliere, 2015).

Recently, the cross talk between ductular reactions and surrounding myofibroblasts has been
focused. Kim et al reported that hepatic myofibroblasts’ Jagl expression causes
cholangiocyte differentiation and proliferation and that the signal contributes to
cholangiocyte injury through JAG/NOTCH signaling pathways (Kim et al., 2015). Ongoing
experiments to look at growth hormones and chemokines expressed by cholangiocytes and
aPFs/myofibroblasts will shed new light on the complex command and control system by
which these communicate within the normal and after biliary injury.

Other than growth factors and chemokines, crosstalk between aPFs/myofibroblasts and
cholangiocytes is also mediated by extracellular nucleotides. Dranoff et al reported that
Nucleotides, present in the extracellular matrix, bind to the P2Y family receptors on
cholangiocytes and stimulate cholangiocyte proliferation. Ectonucleotidase (NTPDase) 2
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expressed by aPFs/myofibroblasts hydrolyses the nucleotides to nucleosides which cannot
act as effective ligands for the P2Y receptors and blocks the signal for ductal expansion
(Dranoff et al., 2002; Jhandier et al., 2005).

aPFs/myofibroblasts and liver architecture—aPFs/myofibroblasts contribute to
strength, elasticity and stiffness of liver structures in response to various kind of injuries
(Wells, 2014). Unlike hepatic stellate cells, PFs express elastin and fibrillin after bile duct
ligation (Wells, 2014). Elastin adds flexablity to tissues (Kielty et al., 2002). Once fibrosis
sets in, aPFs/myofibroblasts secrete collagen in addition to elastin. Collagen XV, which was
recently identified as a aPFs/myofibroblast marker, is a structural collagen that underlies
blood vessels and maintains basement membrane integrity (Lemoinne et al., 2015). PFs are
located to a close proximity to cholangiocytes, therefore, they are also involved in the
maintenance of the integrity of the biliary tree, and regulate cholangiocyte proliferation
under physiological conditions and in response to injury, and maintain cholangiocyte
polarity (He et al., 2008; Jhandier et al., 2005; Tanimizu et al., 2012).

aPFs/myofibroblasts are related to angiogenesis in the liver—The contribution of
aPFs/myofibroblasts on angiogenesis is not well understood. Recently Lemoinne et al
reported that aPFs/myofibroblasts promote vascular remodeling which lead to liver cirrhosis.
aPFs/myofibroblasts release vascular endothelial growth factor (VEGF) A containing
microparticles, which activated VEGF receptor2 in endothelial cells and mediated their
proangiogenic and tubulogenesis effects (Lemoinne et al., 2015). Further studies from the
viewpoint of cross talk between PFs and endothelial cells may dramatically increase our
understanding of cholestatic liver fibrogenesis.

IV Conclusions

There is a growing body of evidence that aPFs/myofibroblasts play a critical role in the
pathogenesis of cholestatic (versus toxic) liver fibrosis. However, functional properties of
aPFs/myofibroblasts and the mechanism by which aPFs/myofibroblasts contribute to
cholestatic fibrosis, e.g. ductular reaction, angiogenesis, and extracellular matrix deposition
are not well understood. Therefore, generation of new tools, such as aPFs/myofibroblasts
specific transgenic and knockout mice, generation of aPF-cell lines, are urgently needed to
further characterize aPF biology, the mechanisms of intracellular signaling, regulation of
activation and proliferation. Based on the previous studies, proliferation and activation of
aPFs/myofibroblasts is specifically important at the onset of cholestatic injury, which makes
aPFs/myofibroblasts an attractive target for anti-fibrotic therapy in patients with primary and
secondary biliary fibrosis, and biliary atresia.
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Figure 1. activated Portal fibroblast / myofibroblasts (aPFs/MFs) and hepatic stellate cells

(HSCs)
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A, PFs are located around portal triads, while HSCs are located in the space of Disse which
is between sinusoidal endothelial cells and hepatocytes cluster. B, Bile ducts proliferate in
response to bile duct ligation, known as “ductular reaction”. C, Representative markers are

shown in the right panel. -: not expressed, +: expressed, ++: highly expressed, PV: portal

vein, CV: central vein, HA: hepatic artery, BD: bile duct, BDL.: bile duct ligation.
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