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Abstract

Hepatic stellate cells (HSCs) are recognized as a major player in liver fibrogenesis. Upon liver
injury, HSCs differentiate into myofibroblasts and participate in progression of fibrosis and
cirrhosis. Additional cell types such as resident liver fibroblasts/myofibroblasts or bone marrow
cells are also known to generate myofibroblasts. One of the major obstacles to understanding the
mechanism of liver fibrogenesis is the lack of knowledge regarding the developmental origin of
HSCs and other liver mesenchymal cells. Recent cell lineage analyses demonstrate that HSCs are
derived from mesoderm during liver development. MesP1-expressing mesoderm gives rise to the
septum transversum mesenchyme before liver formation and then to the liver mesothelium and
mesenchymal cells, including HSCs and perivascular mesenchymal cells around the veins during
liver development. During the growth of embryonic liver, the mesothelium, consisting of
mesothelial cells and submesothelial cells, migrates inward from the liver surface and gives rise to
HSCs and perivascular mesenchymal cells, including portal fibroblasts, smooth muscle cells
around the portal vein, and fibroblasts around the central vein. Cell lineage analyses indicate that
mesothelial cells are HSC progenitor cells capable of differentiating into HSCs and other liver
mesenchymal cells during liver development.
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Hepatic stellate cells and liver fibrosis

Hepatic stellate cells (HSCs) reside in the space of Disse between hepatocytes and
sinusoidal endothelial cells in the liver and extend their dendritic processes along the wall of
the sinusoid.13 One of the unique features of HSCs is that they store vitamin A lipids in
their cytoplasm. Upon liver injury, quiescent HSCs radically change their phenotype into an
activated state. They lose their stored vitamin A lipids, begin expressing a-smooth muscle
actin (SMA) and synthesizing both proinflammatory cytokines and extracellular matrix
proteins. It is generally believed that activated HSCs become myofibroblasts in injured liver
and participate in fibrogenesis. Therefore, the activation step of HSCs has been considered
as a possible therapeutic target for suppression of fibrosis and its progression to cirrhosis.*>
In fact, many studies have been aimed at understanding the mechanism of HSC activation.
For example, transforming growth factor-p (TGFB) is known to induce activation of HSCs
and suppression of TGF signaling was shown to ameliorate liver fibrosis.
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Presence of different fibrogenic cell types in the liver

Although HSCs are recognized as a major source of myofibroblasts, other cell types are also
known to differentiate into myofibroblasts during fibrogenesis.”19 Electron microscopy has
been used to classify different types of fibrogenic cells in the liver.” Portal fibroblasts
around the portal vein participate in biliary fibrosis. Around the central vein, fibroblastic
cells, so-called second-layered cells, exist.” The liver surface is covered with mesothelium,
which is composed of mesothelial cells and fibroblastic cells called capsular fibroblasts.
These fibroblastic cells around the veins and beneath the mesothelial cells have been
suggested to differentiate into myofibroblasts and to participate in fibrogenesis in rat liver
caused by porcine serum injection.’” Due to the lack of molecular markers, however, the
lineage relationship between the fibroblastic cells and HSCs and how they participate in
liver fibrogenesis remains to be determined. Among these liver fibrogenic cells, portal
fibroblasts have been best-characterized in biliary fibrosis.®1112 Upon injury to the bile
duct, portal fibroblasts proliferate and differentiate into SMA-expressing myofibroblasts and
synthesize extracellular matrix proteins, similar to activated HSCs. Interestingly, unlike
activated HSCs, portal fibroblasts do not respond to platelet derived growth factor (PDGF)
and their growth is rather inhibited by TGF-p.13 Knittel et al. reported that liver
myofibroblasts and activated HSCs are found in different populations within fibrotic livers
in rats.8 Isolated myofibroblasts are resistant to spontaneous apoptosis in vitro.14 Thus, it
will be desirable to consider targeting a particular myofibroblast type or activated HSCs for
effective anti-fibrotic therapy. To this end, we must better understand the molecular
mechanisms of the myofibroblastic conversion from different cell types.

Characterization of fetal HSCs in mice

HSCs in the adult liver can be isolated by discontinuous gradient ultracentrifugation, based
on their high buoyancy, which is attributable to the presence of stored vitamin A lipids.1>
Storage of vitamin A lipids in the liver begins after birth,16 making it impossible to isolate
these cells from fetuses using the same method used to isolate adult HSCs. Similar to adult
HSCs, fetal HSCs express desmin in embryonic livers.1’~19 In addition, fetal HSCs express
transcription factors, Foxf1, Lhx2, and HIx.20-22 Mice with knockouts of each of these
transcription factors show abnormalities in liver development. For example, Lhx2 knockout
mice show increased expression of SMA in HSCs and fibrosis in embryonic liver,22 yet the
mechanism of the causality of this phenotype remains to be clarified.

Presence of different liver mesenchymal cell types in embryonic livers

To characterize fetal HSCs, several groups, including us, have attempted to identify cell
surface markers. Kubota et al. purified fetal HSCs based on expression of VCAM-1 and
Integrin B3 from rat embryonic livers by fluorescence activated cell sorting (FACS).23
Hoppo et al. isolated a Thy1* liver mesenchymal cell population from mouse embryonic
livers.24 Suzuki et al. made a specific antibody for fetal HSCs and identified its antigen as
p75 neurotrophin receptor (p75NTR).22 Our group also identified markers for liver
mesenchymal cell populations in mouse embryos.26 We used Msx2-promoter-driven lacZ
transgenic mice which express lacZ reporter in desmin™ fetal HSCs and mesenchymal cells
around the vein in stage E12.5 embryonic liver. The bile duct is not yet formed at this stage,
and therefore it is impossible to morphologically distinguish portal or central veins. Thus,
we termed the desmin*lacZ* mesenchymal cells around the vein as “perivascular
mesenchymal cells (PMCs)” in embryonic livers (Fig. 1).26 We also found expression of
lacZ in mesothelial cells covering developing liver and submesothelial cells associated with
mesothelial cells (Fig. 1).26 Mesothelial cells and submesothelial cells are separated by a
basal lamina composed of type IV collagen.
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Following isolation of these lacZ* mesenchymal cells by FACS using a fluorescence
substrate for lacZ, we surveyed gene expression in these cells by microarray analysis.26
Foxf1, Lhx2, and HIx are strongly expressed in the lacZ* cells. In addition to these markers,
we found high expression of activated leukocyte cell adhesion molecule (ALCAM/CD166),
type I collagen, type 1V collagen, desmin, Jaggedl, p75Ntr, PDGFRa, podoplanin, SMA,
and Wilms tumor 1 homolog (WT1).26 Using immunohistochemistry, we examined marker
expression and classified the lacZ* cells as follows: 1) fetal HSCs inside the liver (desmin,
p75NTR); 2) PMCs around the vein (desmin, Jaggedl, p75NTR, SMA); 3) submesothelial
cells beneath mesothelial cells (ALCAM, desmin, p75NTR, PDGFRa, WT1); 4) mesothelial
cells covering the liver surface (ALCAM, podoplanin, WT1).26 Submesothelial cells are of
particular interest, because they show an intermediate phenotype between mesothelial cells
expressing ALCAM and WT and fetal HSCs expressing desmin and p75NTR.
Immunohistochemical observation suggests that ALCAM*WT1* mesothelial cells and
submesothelial cells migrate inward from the liver surface and give rise to HSCs during
mouse liver development.26 Similar observations were also made in human fetal livers.2’

The neural crest is not the origin of HSCs

In the adult liver, HSCs express mesenchymal cell markers such as desmin, type | collagen,
and vimentin, as well as neural cell markers such as glial fibrillary acidic protein (GFAP),
nestin, and p75Ntr.1 Based on expression profiles, the neural crest was believed to be the
origin of HSCs. To test this notion, Cassiman et al. used Wnt1"e and Rosa26 reporter mice
that are generally used to trace neural crest descendants during embryogenesis.28 Using this
method, they failed to detect neural crest-derived HSCs in developing liver.

Contribution of the septum transversum mesenchyme to HSCs

Morphological studies suggest the septum transversum mesenchyme (STM) is the source of
HSCs in developing liver. Liver bud forms from the foregut endoderm around embryonic
day (E) 9 in mouse embryos. The STM surrounding the foregut endoderm and cardiac
mesoderm secretes fibroblast growth factors (FGFs) and bone morphogenetic proteins
(BMPs), inducing differentiation of hepatoblasts, progenitor cells for both hepatocytes and
biliary epithelial cells, from the endoderm.2® Hepatoblasts budding from the foregut
endoderm invade into the surrounding STM and form a liver bud around E9.5 to E10.5.
During this process, the cells in the STM seem to be trapped between growing hepatoblasts
and eventually become HSCs in the liver bud.39 Due to the lack of markers, however, it
remains unclear what the contribution of the STM to HSCs might be.

In mouse embryos, the STM develops along the foregut endoderm near the cardiac
mesoderm around E7-8. The portion of the STM nearest the cardiac mesoderm is named the
proepicardium. The proepicardial cells in the STM are known to traverse the cardiac cavity
toward the heart, cover the heart surface, and give rise to the epicardium during heart
development.3! Because the STM develops near the cardiac mesoderm, we hypothesized
that, similar to the cardiac mesoderm, the STM is derived from mesoderm during
embryogenesis. To test this, we analyzed a mesoderm lineage using MesP1¢"e and
Rosa26lacZ reporter mice.32:33 MesP1 is a transcription factor which is transiently
expressed in nascent mesoderm during gastrulation.32 The MesP1* mesoderm gives rise to a
wide range of mesodermal cells, such as cardiomyocytes and endothelial cells. As we
anticipated, the MesP1* mesoderm gives rise to the STM during mouse embryogenesis
before liver formation (Fig. 2).32

Next, we tested whether the STM gives rise to HSCs during liver development. We found
specific expression of WT1 in the STM before liver development. In later stages of liver
morphogenesis, WT1 is only expressed in the mesothelium consisting of mesothelial cells
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and submesothelial cells. Thus, WT1 is an ideal marker for tracing the WT1* STM, as well
as the mesothelium.32 Using Wt1C"eERT2 and Rosa26 reporter mice, we first conditionally
traced the STM lineage. In Wtl-expressing cells, the Wt1C"ERT2 moyse expresses a fusion
protein of Cre DNA recombinase and modified estrogen receptor (ERT2). Upon treatment
with tamoxifen, a synthetic ligand for ERT2, the CreERT2 protein translocates to the nuclei
and activates lacZ reporter gene expression from the Rosa26 gene locus.3! Thus, by
tamoxifen injection to the pregnant mouse, we are able to specifically label the STM as
lacZ* cells and trace their lineage thereafter. This conditional cell lineage analysis revealed
that the lacZ* STM gives rise to mesothelial cells, submesothelial cells, HSCs, and PMCs
during early mouse liver development (Fig. 2).32 These results demonstrate that the MesP1*
mesoderm gives rise to the STM and then differentiates into the each of the liver
mesenchymal cell types, including HSCs.

Contribution of the mesothelium to HSCs

As described above, in mouse embryos, the cardiac mesoderm and STM induce liver bud
formation from the foregut endoderm via FGF and BMP signaling.2® Similar to mice, the
FGF and BMP signals from mesoderm are also essential for liver development in chicken.34
In contrast to mammals, however, in chick embryos, the liver bud develops along the ductus
venosus. In chick embryos, the liver mesothelium has been suggested to contribute to the
development of the HSCs and sinusoidal endothelial cells by fluorescence dye labeling.3°
Ijpenberg et al. observed a similar differentiation pathway from mesothelial cells to HSCs in
mouse embryos using the Wt1'2¢Z mouse.36 We also noted that ALCAM*WT1* mesothelial
cells and submesothelial cells seem to migrate inward from the liver surface and give rise to
Alcam™ WT~ HSCs in mouse embryos.28 To rigorously demonstrate this migration, we
analyzed the development of WT1C€ERT2/R0sa26 reporter mice and found that WT1*
mesothelial cells and submesothelial cells do migrate inward and give rise to WT1~ HSCs
and PMCs in mouse embryogenesis around E10-E13 (Fig. 2).32

Common origin for HSCs and other liver mesenchymal cell types

To determine the contribution of the liver mesothelium to different liver mesenchymal cells
in detail, we labeled the WT1* mesothelium at E10.5 and then analyzed E18.5 embryonic
liver. In E18.5 liver, the bile duct has formed and the portal and central veins are
morphologically identifiable. Conditional cell lineage analysis using the WT1CreERT2
Rosa26 reporter mouse revealed that the WT1* mesothelium contributes to desmin* HSCs
in the sinusoid, Jagged1™ portal fibroblasts adjacent to the bile duct, SMA* vascular smooth
muscle cells in the wall of the portal vein, and desmin* fibroblasts along the wall of the
central vein (Fig. 2).32 Thus, our data indicate a common origin for HSCs, portal fibroblasts,
fibroblasts around the central vein, and vascular smooth muscle cells in the liver.

In human fetuses, endoderm was suggested to be the origin of HSCs based on the expression
of CD34 and cytokeratin 7/8.37 Chagraoui et al. reported a possible precursor for both
hepatoblasts and mesenchymal cells in embryonic livers.38 Our cell lineage analysis, in
mice, failed to detect hepatoblast differentiation from either MesP1* mesoderm or WT1*
STM.26:32 | addition, our cell lineages indicate that the WT1+ mesothelium does not
contribute to sinusoidal endothelial cells or Kupffer cells. Therefore, a HSC lineage is
distinct from that of hepatoblasts, sinusoidal endothelial cells, and Kupffer cells in mouse
liver development.

Contribution of the mesothelium in the heart, lung, and intestine

Our findings indicate the contribution of the mesothelium to liver mesenchymal cells in
developing liver. Similar to observations made in the liver, recently, the mesothelium has
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been shown to contribute to mesenchymal cells in the developing heart, lung, and gut.31:39.40
This suggests that migration and differentiation of mesothelial cells to mesenchymal cells,
such as fibroblasts, is a common mechanism for the formation of organs during
embryogenesis.

Knockout of WT1 is embryonic lethal due to abnormal bleeding in the pericardiac cavity
and these embryos show malformation of the heart, diaphragm, and liver.4! In particular,
WT1-null liver shows reduced size and abnormal expression of SMA in the HSCs.3642
Similar to the Wt1-knockout livers, B-catenin deletion in liver mesenchymal cells also
resulted in a small liver size and abnormal expression of SMA in HSCs.*3 Wt1 and B-
catenin may both regulate the phenotypes of HSCs.

Role of liver mesenchymal cells in liver development

In developing liver, similar to regenerating liver, HSCs support proliferation of hepatoblasts
by secretion of growth factors, such as hepatocyte growth factor and pleiotrophin.18 WT1-
null mesothelial cells demonstrate decreased expression of pleiotrophin and decreased
proliferation of hepatoblasts.*2 Berg et al. found expression of Fgf10 in fetal HSCs in
developing liver.** A loss of Fgf10 ligand or its receptor in mice reduced the size of the
developing liver, suggesting that FGF10 promotes liver development. In addition to the
cytokine signals, cell-cell interaction between Thy1* liver mesenchymal cells and
hepatoblasts was shown to be important for maturation of hepatoblasts.24

Possible HSC progenitors in adult liver

It remains unclear whether there are progenitor cells for HSCs in the adult liver. Kordes et
al. showed that CD133* cells separated from the HSC population express stem cell markers
such as Oct3/4 and Nanog and are capable of differentiating into endothelial cells and
hepatocytes in vitro.#> Using GFAPC™ and Rosa26 reporter mice, Yang et al. have
suggested a contribution of HSCs to oval cells, hepatic progenitor cells, in injured liver.46
Further studies using different Cre lines are necessary to validate whether mesodermal HSCs
can differentiate into other cell lineages in injured livers.

Conclusions and perspectives

Our studies indicate that the mesoderm-derived mesothelium is a major source of HSCs and
other liver mesenchymal cells including portal fibroblasts. In the adult liver, bone marrow-
derived cells are also thought to contribute to HSCs or myofibroblasts, although several
reports indicate that this contribution is negligible.4-20 During embryogenesis,
hematopoiesis takes place in the liver and hematopoietic stem cells migrate to the bone
marrow before birth. Thus, during embryogenesis, the STM-derived mesothelium, rather
than bone marrow cells is likely to be the major source for HSCs. Our cell lineage analyses
suggest a common origin for HSCs and other liver fibrogenic cells. It will be important, as
we move forward, to determine the mechanisms of differentiation of the mesothelium to
vitamin A-storing HSCs and other fibrogenic cells during liver development. Continuing to
study the intricate developmental biology of the liver will provide interesting insight into the
roles of the liver mesenchymal cells in liver fibrogenesis and regeneration and will
potentially lead to the development of treatments for fibrosis and cirrhosis of the liver.
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Figure 1.

Classification of liver mesenchymal cell types in mouse developing livers. HSCs associated
with hepatoblasts express desmin and p75NTR. PMCs around the vein express the HSC
markers, Jaggedl, and SMA. Mesothelial cells covering liver surface express ALCAM,
Podoplanin, and WT1. Submesothelial cells associated with mesothelial cells show an
intermediate phenotype between mesothelial cells and HSCs. The mesothelium consisting of
mesothelial cells and submesothelial cells gives rise to HSCs and PMCs during mouse liver
development (arrows).
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Figure 2.

Summary of cell lineage analyses of HSCs during mouse liver development. MesP1*
mesoderm in early embryos gives rise to Wilms tumor 1 (WT1)* septum transversum
mesenchyme (STM). At the onset of liver development, the STM adjacent to the foregut
endoderm gives rise to the WT1* mesothelium and WT1~ liver mesenchymal cells including
HSCs and PMCs. In later stages, the mesothelium migrates inward from the liver surface
and gives rise to HSCs and PMCs including portal fibroblasts and smooth muscle cells
around the portal vein and fibroblasts around the central vein. The WT1* mesothelium does
not contribute to hepatoblasts, endothelial cells, or Kupffer cells in liver development.
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