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Abstract

mesenchyme.

Mesenchymal Stem Cells (MSCs) with osteoblastic/chondrocytic potential have been detected in different
anatomical sites including the Fetal Liver (FL). The puzzling presence of such cells in FL led us to investigate whether
they displayed additional differentiation competence compatible with their location at this developmental stage. This
study has resulted in the successful isolation of a population of clonogenic cells from 11-12 gestational week human
fetal livers that spontaneously differentiated into vascular smooth muscle cells during the proliferative phase. The cells
were also able to differentiate into adipocytes, osteoblasts and chondrocytes, but only when submitted to specific
culture conditions. Moreover, the isolated population expressed hepatocytic transcription factors. The analysis of FL
sections suggested that the clones generated in culture were derived from a subset of nestin*, vimentin* and alpha-
SM actin* pericytes. The FL specification of the MSCs described here is in agreement with the known plasticity of the
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Introduction

Mesenchymal Stem Cells (MSCs) are clonogenic cells capable of
considerable expansion in culture and, under specific conditions, able to
differentiate into the mesenchymal lineages, i.e. osteoblasts, adipocytes
and chondrocytes [1]. Because of their mesenchymal differentiation
potential and their capacity to express and secrete a number of trophic
agents, anti-inflammatory and anti-apoptotic molecules [2,3], this stem
cell type has attracted considerable attention and MSCs are presently
used in many cell therapy protocols for the treatment of osteo-articular,
cardio-vascular and immune diseases [4-7].

MSCs have been isolated firstly from Bone Marrow (BM) aspirates
[8,9] and BM remains a major source in many human therapy
protocols [10,11]. This location is in agreement with the mesenchymal
differentiation potential and the capacity of these cells to regenerate
bone and cartilage after injury and in case of bone genetic disease
[12]. The BM primary localisation of MSCs is also fitting with another
major property of these cells, i.e. their capacity to provide stromal cells
serving as niches for Hematopoietic Stem Cells (HSCs) by synthesizing
factors (cytokines, morphogens, adhesion molecules) essential for
HSC self-renewal and commitment into the hematopoietic lineages
[13-18]. Due to this niche formation, it is also expected to find MSCs
in the other developmental sites of definitive hematopoiesis, such as
the fetal liver and aorta-gonads-mesonephros region, and indeed
several reports have described cells with mesenchymal differentiation
potential and stromal capacity in such sites [19-22]. However, MSCs
have also been found in many other tissues unrelated to hematopoiesis,
such as adipose tissue, adult liver or pancreas [21,23-25]. This wide
distribution has suggested that MSCs are associated to an organismal
system and indeed many reports have suggested that MSCs may derive
from a population of vascular pericyte-like cells [20,21,26]. While this
still debated hypothesis may account for the cell distribution, it does
not fit with the differentiation potential of the cells, i.e. their capacity to
give rise to bone or cartilage in tissues totally devoid of these derivatives,
such as the fetal or adult liver.

The purpose of the present study has been to investigate the
differentiation potential of MSCs derived from human fetal liver with
the underlying assumption that their potential would include non-
mesenchymal pathways in agreement with the location of the cells in
this site and at this stage. This study has identified clonogenic cells,
from 11-12 gestational week (GW) human fetal liver (FL), whose
phenotype and differentiation potential are similar to those of BM
MSCs. However, we have also demonstrated that these cells differ from
bone marrow MSCs by a number of unique features. These differences
include their capacity to differentiate into vascular smooth muscle cells
(VSMC) during the proliferative phase without addition of specific
VSMC inducers, their enhanced proliferation and clonogenic capacity
and the expression of specific skeletal muscle and hepatic transcription
factors. Anatomo-histological studies suggest that these clonogenic
cells are derived from rare nestin*/alpha-SM-actin*/vimentin* vascular
cells located in the wall of non-portal vessels. Taken together, our data
shows that this cell population represents MSCs specific to the fetal
liver development.

Material and Methods
Fetal liver specimens

Human fetal livers at GW 11 or 12 were collected and carefully
dissected from fetuses after voluntary pregnancy termination with the
mothers consent, abiding by the ethical French guidelines.
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Cell isolation and culture

Fetal livers were aseptically cut into small pieces and were digested
for 1 hour at 37°C under gentle stirring in a mixture of collagenases I,
III, IV (Sigma C-1639, C-1764, C-1889 respectively, 10 mg/mL each)
and hyaluronidase 10 mg/mL (Sigma H-3757) in 6 mL IMDM with
20% FCS and 1 mM HEPES pH 7.65. The harvested cell suspension was
filtered through a 70 pum cell strainer then seeded in plating medium
(Williams’ Medium E/DMEM-F12 (1:1) with 10% FCS (Hyclone) and
0.1% (w/v) BSA). After 24 hour, the plating medium was replaced
by complete medium consisting of « MEM medium with 10% FCS
(Hyclone) and 1 ng/mL fibroblast growth factor (FGF)-2 (R&D).
The medium was changed every 3-5 days until adherent cells reached
confluence. At the first passage, to evaluate the cloning efficiency, cells
were seeded by FACS at 1, 2, 5, 10 and 15 cell(s) per well in 96-well
plates, not selecting for specific membrane expression. Cells were
cultured with complete medium at 37°C, 5% CO,. The medium was
changed every 3-5 days and each clone was individually amplified
when cells from wells that were seeded with 1 cell reached confluence.

Statistical data

Results are given as mean * standard error (m + sem). Significance
of the difference between groups was evaluated by analysis of variance
(ANOVA), followed by a 2-tailed Student t test.

Cell differentiation, flow cytometry, Q-RT-PCR, immunofluorescence
stainings and Western blotting procedures were performed as previously
indicated [27,28]. Details are provided in the supplementary material.

Results

Generation of human FL fibroblastoid clones

As described in the methods, 22 clones were generated from 11-
12 GW human fetal livers from cells that have been selected on their
adherence and expansion capacity. The cloning efficiency was 1-4 per
10 seeded cells (Figure 1A, left panel). While some clones developed
slowly, showing growth arrest after 15-20 population doublings (PD),
faster growing clones propagated for more than 25 PD, their division
time being approximately 24 hour (Figure 1A, right panel). By day 5,
the cells appeared elongated (Figure 1D, upper panel); by day 14, in
confluent cultures, the cells were densely packed but retained contact
growth-inhibition (Figure 1D, lower panel). Flow cytometry was used
to analyze the expression of cell surface markers of cells from each
clone. The results detected the expression of the mesenchymal markers
CD73, CD90, CD105, CD146; however there was no expression of the
hemato/endothelial markers CD31, CD34 and CD45 (Figure 1B, upper
panel). The comparison of the membrane phenotype of the clonal cells
with cells from primary layers indicated that some cells from primary
layers still expressed CD45 and that the expression of CD90 in these
primary layers was heterogeneous (Figure 1B, lower panel). The plot of
relative Mean Fluorescence Intensity versus the percentage of positive
cells clearly exhibits inter-clonal heterogeneity for CD73, CD90 and
CD105 (Figure 1C). The heterogeneity of expression of CD146 was
observed for both the clonal cells and the cells from primary layers.

Human FL fibroblastoid clones differentiate into adipocytes
(A), osteoblasts (O) and chondrocytes (C) in the presence of
specific inducers

To determine whether the clonogenic cells that generated the clonal
cells were similar to MSCs, we studied the A, O, and C differentiation
potential of three healthy well-growing clones generated at passage 1.

We observed the progressive appearance of Oil red-positive vesicles in
clonal cells cultured in adipogenic medium; by day 30 the majority of
cells contained these vesicles, which, even at this late stage of culture,
remained small-sized (less than 1 pum in diameter) (Figure 2Aa,
lower panel). Moreover, Q-RT-PCR results indicated the progressive
increase of PPARG expression throughout the culture period, while a
transitory increase in CEBPA expression was observed at day 4 (Figure
2Ab). Western blotting revealed a significant (p<0.01) increase in
the expression of peroxisome proliferator-activated receptor gamma
(PPARG) and fatty acid-binding protein (FABP4) at day 4 and at day
10, respectively (Figure 2Ac). In clones grown in osteogenic medium,
there was an increase in alkaline phosphatase* cells by day 7, and
large areas of mineralization (demonstrated using von Kossa's and
alizarin red stains) were apparent by day 21 (Figure 2Ba). We observed
through immunostaining, before osteogenic induction, that most cells
expressed the runt-related transcription factor 2 protein (RUNX2), the
distribution of which was both cytoplasmic and nuclear (Figure 2Bb,
left panel). However, 4 days after osteogenic induction, the expression
was exclusively nuclear (Figure 2Bb, right panel). Moreover, Q-RT-
PCR studies indicated a slight but significant (p<0.05) increase in
RUNX2 at day 4 (Figure 2Bc). Under chondrogenic conditions, clonal
cells developed large aggregates over 3 weeks in culture. By day 21 these
aggregates were aggrecan*, safranin O*, alcian blue* (Figure 2Ca) and
collagen II* (Figure 2Cb, right panels). Moreover, immunostaining
displayed a similar pattern of SOX-9 expression when compared to
RUNX2 (Figure 2Cb, left panels).

Human FL MSC clones grown in proliferation medium
differentiate into myogenic cells

We observed through immunostaining that most clonal cells grown
in proliferation medium expressed the mesenchymal cytoskeletal
markers vimentin and nestin, the vascular smooth muscle cell (VSMC)
cytoskeletal marker a-smooth muscle (-SM) actin and the myogenic
cytoskeletal markers desmin, calponin and a-sarcomeric (-SK) actin
(Figures 3A and B). The expression of the VSMC cytoskeletal marker
SM-myosin was more discrete (Figures 3A and B). Analysis of protein
expression by WB indicated the presence of specific bands for SM-
myosin, heavy chain caldesmon, calponin, a-SK actin, desmin, a-SM
actin, nestin and vimentin and for the myogenic transcription factor
myocardin (Figure 3C). Furthermore, the analysis of a number of
transcripts affiliated to the skeletal muscle pathway revealed that PAX3
was expressed at levels similar to that of human cultured myoblasts;
while MYODI expression was also detected at levels 100 times lower
than that observed in myoblasts (Figure 3D). These results indicate that
the isolated cell population has myogenic differentiation potential.

Human FL MSC clones do not express markers of non-
mesenchymal mesoderm nor of pluripotent stem cells

As the FL clonogenic cells exhibited a greater differentiation
potential when compared to BM MSCs, we investigated the expression
of specific markers characteristic of non-mesenchymal mesodermal
blood-forming and endothelial cells. As previously indicated, hemato-
endothelial cell membrane markers such as CD31 and CD34 were
not detected, nor was von Willebrand factor known to be expressed
in a granules of endothelial cells and megakaryocytes (not shown).
Moreover, hematopoiesis-affiliated transcription factors were not
detected, except for RUNXI (Supplementary Figure 1A).

The expression of the classical markers of pluripotent stem cells
was also studied. FACS analysis indicated that MSC clonal cells did
not express the pluripotent stem cell marker TRA-1-81 and minimally
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Figure 1: Clone Generation and Phenotypic Characterization A) Clones generation from primary layers seeded at limiting dilutions when first passaged. Left: Limiting
dilution. The cloning efficiency, calculated after verification of the Poisson distribution of the clonogenic cells, was 1 in 4 and 1 in 10 (r>=0.99) in the two representative
experiments shown. Right: Cumulative population doubling (PD) of two representative clones. Linear adjustment (r>=0.98). Day 0 indicate the day of limiting dilution
corresponding to the first passage of the primary layers. B) Flow cytometry analysis of mesenchymal (CD73, CD90, CD105, CD146), endothelial (CD31, CD34)
and hematopoietic (CD45) markers for one representative clone (clone 4 from fetal liver 3: c4FL3) compared to its corresponding primary layer. C) Relative Mean
Fluorescence Intensity (MFI) vs. the percentage of positive cells for the different mesenchymal markers. Results for primary layers (n=9, white circles) and clones
(n=7, black diamonds). MF| for each antigen was related to MF| of a corresponding isotype control. D) Phase-contrast microscopy photographs showing the adherent
cell morphology of a representative clone (c4FL3). Upper: non confluent culture (5 days after seeding); lower: confluent culture (14 days after seeding). Bar: 50 ym.
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Figure 2: Mesenchymal Differentiation of Clones

A) Adipocytic

a) Morphology of c4FL3 cells stained by Oil Red. Upper: Control culture (untreated) grown in expansion medium for 30 days. Lower: Cells cultured in adipocytic
conditions (treated) for 30 days; Bar: 20um

b) Q-RT-PCR data showing the expression of PPARG and CEBPA in 3 clones (c4FL3, c3FL8, c7FL8) at day 4 and day 21 after the induction of differentiation. Values
are expressed as mean + SEM of gene expression normalized to that of GAPDH and related to that at day 0 (AACt method). White bars: day 0; gray bars: day 4;
black bars: day 21. Values at different time-points are not significantly different.

c) Western blot analysis of fatty acid-binding protein 4 (FABP4) and peroxisome proliferator-activated receptor gamma (PPARG) protein levels in clones at day 4
and day 10 after adipocytic induction, respectively. Left: representative western blot (c4FL3). Right: densitometric studies. Mean + SEM of values obtained for clones
c4FL3, c3FL8 and c7FL8. Value for each protein was related to that of B-actin. Gray bars: protein extracts of non-treated cells; black bars: protein extracts of cells 4
or 10 days after adipocytic induction. *p <0.05, **p<0.01.

B) Osteoblastic

a) Histochemistry for clone c4FL3. Left: alkaline phosphatase (ALP) staining showing the initiation of osteoblastic differentiation at day 7 after induction. Centre and
Right: mineralization assessed by von Kossa and alizarin stains at day 21. Bars: 50um.

b) Immunofluorescence using antibodies against transcription factor RUNX2 for clone c4FL3 in non-induced (untreated) cells or at day 4 after induction of osteoblastic
differentiation (treated). Bars: 10um.

c) Q-RT-PCR data showing expression of RUNX2, SP7, Col1A1 and BGLAP in 3 clones (c4FL3, c3FL8 and c7FL8) at day 4 and day 14 after differentiation induction.
Values are expressed as mean + SEM of gene expression normalized to that of GAPDH and related to that at day 0 (AACt method). White bars: day 0; gray bars:
day 4; black bars: day 14. *p<0.05.

C. Chondrocytic

a) Aggrecan, safranin O and alcian blue stainings for clone c4FL3 at day 21 in absence of induction (untreated) or after differentiation induction (treated). For each
staining, a magnification view is shown in insert. Bars: 25 um.

b) Immunofluorescence for transcription factor SOX9 and for collagen Il in the representative clone (c4FL3) in absence of induction (untreated) or at day 7 after
differentiation induction (treated). Bars: 10 pm.
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Figure 3: Myogenic Differentiation of Clones A ) Immunofluorescence studies for the representative clone c4FL3 using antibodies against vimentin, nestin, a-smooth
muscle actin (a-SM-actin), SM-myosin, desmin, calponin and a-sarcomeric actin (a-SK-actin). Bars: 25um. B) Percentage of positive cells for the different markers

in immunofluorescence studies like those illustrated in A. Values are expressed as mean + SEM. Results for primary layers (n=9,

gray bars) and clones (n=7, black

bars). Differences are not significant. C) Western blot analyses. Upper panel: Western blot analyses for SM-myosin, caldesmon, calponin, a-SK actin, desmin,

a-SMA, nestin, vimentin and myocardin in 7 clones. Encircled numbers indicate clones c4FL3, c3FL8 and c7FL8. Lower panel:

corresponding densitometry data

(mean + SEM; value for each protein related to that of B-actin). D) Q-RT-PCR data for transcription factors implicated in skeletal muscle differentiation (PAX3, PAX7
MYOD1, MYOG, MYF5, MYF®6) in 3 clones (c4FL3, c3FL8 and c7FL8) and in normal human cultured myoblasts. Values are expressed as mean + SEM of gene

expression normalized to that of GAPDH (ACt method). Gray bars: clones; Black bars: myoblasts.
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expressed SSEA-4 (Supplementary Figure 1B). Moreover, there was
no expression of NANOG and OCT4 proteins, and the marginal
transcriptional expression of NANOG, POUS5FI and SOX2 was 2-3 log
levels lower when compared to human Embryonic Stem Cells (hESCs),
contrasting with the high expression of MYC and KLF4 transcripts
(at levels similar to those in hESCs) (Supplementary Figure 1C,D).
The MYC proto-oncogene protein was also detected in clonal cells
(Supplementary Figure 1D).

Human FL MSC clones express some early hepatic
transcription factors but no cytoplasmic markers
characteristic of developing hepatocytes

MSCs have been shown to exhibit specific features related to
the tissue they were initially isolated from. Therefore, we assessed
characteristics related to the hepatic origin of the MSC clones. Among
the transcription factors implicated in hepatic differentiation and
development we detected marginal expression of the HNFIla and
FOXA?2 transcripts while HNFIf was expressed at a level similar to
that of the HuH7 human hepatocarcinoma cell line (Figure 4Aa).
The Hepatocyte nuclear factor (HNF)la, 1B and 3P proteins were
expressed primarily in the nucleus with a scattered pattern for HNF3
that was not discerned in the nuclei of the HuH7 cell line (Figure
4AD). In addition, a-fetoprotein and albumin, which are expressed in
the cytoplasm of developing hepatocytes, were not detected. We also
showed the high expression of the mRNAs encoding SNAII, SNAI2
and TWIST transcription factors known to regulate the mesenchymal-
to-epithelial transition (Figure 4Ac) [29].

Clonogenic cells appears to derive from a population of fetal
liver pericytic-like vascular cells

Paraffin embedded fetal liver sections were stained with a panel
of antibodies directed at antigens specific for the various liver cell
populations. As expected, hepatoblasts were uniformly positive for
E-cadherin and cytokeratin 18, while biliary cells and Kupffer cells were
positive for cytokeratin 19 and CD68, respectively (Supplementary
Figure 2). Rare cells on the abluminal side of the endothelium lining
large sinusoids and centro-lobular sinuses expressed a-SM actin, nestin
and vimentin, but did not express CD34 (Figure 4B). These cells were
therefore clearly distinct through their morphology, location and
phenotype from endothelial cells.

Discussion

Here we describe a population of 11-12 GW human fetal liver
clonogenic cells that give rise in culture to myogenic cells with
mesenchymal (osteoblastic, adipocytic and chondrocytic) potential.
These cells appear to be derived from a population of fetal liver mural
vascular cells selected by their adherent properties and expanded,
under our culture conditions, at the expense of the other liver cell types.

Although the clonogenic cells we developed gave rise in culture to
cells expressing the usual human BM MSC membrane markers [1,30-
32] and could be induced to differentiate into the usual mesenchymal
lineages, they differed from BM MSCs by a number of characteristics.
Firstly, the cloning efficiency was superior in FL MSCs compared to BM
MSCs. In particular, the FL clones could be generated from primary
layers at passage 1 whereas BM MSC clones could, in our experience,
only be derived at culture inception [28]. Secondly, the heterogeneity
of CD146 expression did not predict the differentiation potential of
the FL MSCs contrary to what has been described for BM MSCs [33].
Thirdly, in order to stimulate the adipocytic differentiation potential of
the clonal cells, the adipogenic cocktail had to be enriched by adding

rosiglitasone and insulin to dexamethasone, IBMX and indomethacin.
Moreover, despite the modified conditions, adipogenesis was delayed
by more than 10 days when compared to BM cells. These results suggest
that the activation of multiple signaling pathways in fetal cells is
required to achieve adipogenic differentiation. Fourthly, in expansion
medium not supplemented with specific vasculogenic inducers, the
clonogenic cells differentiated into vascular smooth muscle cells
expressing specific skeletal muscle transcription factors. The latter
observation indicates that, in contrast to trilineal BM MSCs [28], FL
MSCs are quadripotential, displaying both mesenchymal and myogenic
differentiation potential. Moreover, the default differentiation pathway
of the FL MSCs appears to be vasculogenic, whereas in BM MSCs it is
osteogenic [34]. An additional difference between BM and FL MSCs
was the expression of different markers characteristic of the hepatocytic
lineage in FL MSCs. We identified the expression, both at the mRNA
and protein level, of the transcription factors FOXA2 and HNFIfS
known to be critical for the proper commitment to and differentiation
into the hepatocytic lineage during development [35,36]. However,
no other hepatic-specific cytoplasmic markers such as albumin or
alpha-feto protein normally expressed at later stages of hepatocyte
differentiation were detected. Moreover, we observed the expression
of transcripts such as the zinc finger transcription factor SNAI1 known
to critically impede the mesenchymal-to-epithelial transition [29].
The simultaneous expression of transcription factors either favoring
or hampering the differentiation into hepatocytes suggests that
these cells may be in a poised state in which the genes required for
hepatocytic differentiation are repressed. Further studies are required
to demonstrate that the promoters of the marginally expressed hepatic
transcription factors are associated to chromatin in bivalent state and
to show that, in the presence of chromatin remodelers specific growth
factors and extra-cellular matrices, these cells are able to differentiate
into bipotential (hepatocytic and biliary) hepatic progenitors.

The use of fetal cells for cell therapy in humans cannot be envisioned
unless to provide proof of concept in very particular circumstances, as
exemplified for Parkinson's disease [37]. However, lessons might be
taken from the study of fetal cells. In the present case, we show that cells
akin to BM MSCs may acquire, at a distinct developmental stage and
precise anatomical location, some features characteristic of hepatocytes.
This suggests that it may be relatively easy to reprogram BM MSCs
into hepatocytes by providing factors (cytokines, morphogens and
adhesion molecules) present in the fetal liver microenvironment.
Future studies have to be devised following this approach since new
sources of cells are absolutely needed for transplantation in patients
with liver insufficiency [38].

In conclusion, the cells described here appear to correspond to
MSCs according to their phenotype, proliferative capacity and their
differentiation potential to the mesenchymal lineages. However, they
differ from BM MSCs in other differentiation patterns, mainly their
capacity to differentiate into mural vascular cells (akin to smooth
muscle cells or pericytes) and to express some master hepatogenic
transcription factors. The vascular mural origin and differentiation
potential is in agreement with the cell location at this stage when the
vascular system organizing the hepatic trabeculae undergoes major
extension. The expression of hepatocytic markers suggests that these
cells may also contribute to the hepatic cord, which has to be further
substantiated. The acquisition by cells collectively described as "MSCs"
of properties specific to their location and developmental stage is
related to the known plasticity of the mesenchyme, i.e. its capacity to
modulate its properties according to external conditions [28,39,40].
This plasticity may explain the activation, in the fetal liver cells
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A) Hepatocytic differentiation pathway

a) Q-RT-PCR data for hepatic nuclear transcription factors in 3 clones (c4FL3, c3FL8 and c7FL8). Values are expressed as mean + SEM of gene expression
normalized to that of GAPDH (ACt method). Gray bars: clones; Black bars: human hepatocytic HuH7 cell line

b) Immunofluorescence using antibodies against HNF3B, HNF1a and HNF 1B proteins. Upper: c7FL8; lower: HuH7, as control. Bars: 10um.

B) Epithelial to mesenchymal transition
Q-RT-PCR data for transcription factors SNA/1, SNAI2 and TWIST implicated in epithelial-to-mesenchymal transition (EMT) in 3 clones (c4FL3, c3FL8 and c7FL8).
Values are expressed as mean + SEM of gene expression normalized to that of GAPDH (ACt method).

C) Anatomical study
In situ marker localization of the potential cell population of origin of MSCs in human 11-12 GW fetal liver. Immunohistochemistry using antibodies against nestin,
CD34, a-SM actin and vimentin. Continuous arrows indicate pericytes; broken arrows indicate endothelial lining. Bars: 10pym.
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described here, of genes and pathways less prominent or extinct in the
corresponding bone marrow cells.
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