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It is currently accepted that adult tissues may develop and maintain their own stem cell pools. Because of
their higher safety profile, adult stem cells may represent an ideal candidate cell source to be used for liver
cell therapies. We therefore evaluated the differentiation potential of mesenchymal-like cells isolated from
adult human livers. Mesenchymal-like cells were isolated from enzymatically digested adult human liver
and expanded in vitro. Cell characterization was performed using flow cytometry, RT-PCR, and immunoflu-
orescence, whereas the differentiation potential was evaluated both in vitro after incubation with specific
media and in vivo after intrasplenic transplantation of uPA+/+-SCID and SCID mice. Adult-derived human
liver mesenchymal-like cells expressed both hepatic and mesenchymal markers among which albumin,
CYP3A4, vimentin, and α-smooth muscle actin. In vitro differentiation studies demonstrated that these mes-
enchymal-like cells are preferentially determined to differentiate into hepatocyte-like cells. Ten weeks fol-
lowing intrasplenic transplantation into uPA+/+-SCID mice, recipient livers showed the presence of human
hepatocytic cell nodules positive for human albumin, prealbumin, and α-fetoprotein. In SCID transplanted
liver mice, human hepatocyte-like cells were mostly found near vascular structures 56 days posttransplanta-
tion. In conclusion, the ability of isolated adult-derived liver mesenchymal stem-like cells to proliferate and
differentiate into hepatocyte-like cells both in vitro and in vivo leads to propose them as an attractive
expandable cell source for stem cell therapy in human liver diseases.
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INTRODUCTION attention because of their proliferative potential, their
ability to (trans)differentiate into mature functional he-
patocytes, and their potentially lower immunogenicity.Liver cell transplantation (LCT) has emerged as a

promising alternative to whole liver transplantation (17). Beside fetal liver, evidence has been accumulated to
point out the presence of stem cells into the mammalianWe and others have demonstrated that LCT can be bene-

ficial in patients with inborn errors of liver metabolism adult liver. Data obtained from injured animal models
have led to identify different cell types, some of them(6,8,16,30,32,34). Recently, we demonstrated in an ar-

ginino-succinate lyase deficiency patient a correlation candidate progenitor cells for liver regeneration. Studies
regarding adult liver stem cells have mostly focused onbetween metabolic improvement, recovery of the defi-

cient enzyme activity, and engraftment of donor hepato- oval cells as well as hematopoietic and mesenchymal
cells from bone marrow origin. Oval cells are localizedcytes in the recipient’s liver (33). However, the im-

provement of the technique remains closely related to in the canal of Hering, the smallest branches of the intra-
hepatic biliary tree, and are able to bipotentially differ-the amount and the quality of transplanted hepatocytes.

Organ shortage, proliferation inability of cultured hepa- entiate into hepatocytes and biliary epithelial cells and
hence participate in liver parenchyma regeneration (7,tocytes, and alteration of mature hepatocytes observed

after cryopreservation have led to direct research to- 19,29). These progenitor cells express immature hepato-
cytes (α-fetoprotein) and biliary duct cells markers (cy-wards the isolation of other cell sources. Hepatocyte

progenitors or stem cells recently received much more tokeratins 7 and 19) as well as hematopoietic markers
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as, for instance, the stem cell factor receptor c-kit and cin, and 100,000 IU/L penicillin G), containing 0.03 mg/
ml of soybean trypsin inhibitor and 100 ml/L of humanCD34 (10,12,18,20,31). A different liver stem cells pool

has been proposed in the periductular/intraportal zone. plasma. The cells were filtered and rinsed through four
metal sieves of 4.5, 1, 0.5, and 0.25 mm of pore size,These periductal cells are one of the earliest cell popula-

tions that proliferate after hepatectomy, being probably respectively. Cells were washed three times by centrifu-
gation at 1200 rpm for 3 min in a cold M199 wash me-capable of differentiating in all hepatic lineages (28).

These not yet characterized reactive ductular cells have dium. According to several assays performed after liver
isolation, the obtained cell suspension was predomi-been proposed to be from an extrahepatic origin. Bone

marrow represents the widely studied extrahepatic source nantly constituted by mature hepatocytes (≥95%). A
small fraction of the obtained cell suspension was usedof stem cells able to trans-differentiate into mature hepa-

tocytes both in vitro and in vivo. Hematopoietic bone for cell culture.
marrow stem cells have been shown to trans-differenti-

Primary Cell Cultureate into mature hepatocytes in both rodent and human
Single cell suspensions were resuspended in Wil-livers (21,35). Nevertheless, Sato et al. have demon-

liams’ E medium (Invitrogen) supplemented with 10%strated that the mesenchymal cell type is the most potent
fetal calf serum (FCS) (Perbio, Hyclone), 25 ng/ml EGFcomponent of bone marrow in hepatic differentiation
(Peprotech), 10 µg/ml insulin, 1 µM dexamethasone,(25). The contribution of these bone marrow stem cells
and 1% penicillin/streptomycin (P/S) (Invitrogen). Thein liver regeneration may happen or not by fusion be-
cells were plated on six-well rat tail collagen I-coatedtween host and donor cells (25,37).
plates (Greiner Bio-one) and cultured at 37°C in a fullyIn the current study, we have isolated a mesenchy-
humidified atmosphere containing 5% CO2. After 24 h,mal-like progenitor cell type from adult human liver
medium was changed in order to eliminate the nonadher-after primary hepatocyte culture. These cells are able to
ent cells and thereafter renewed every 3 days whereas theproliferate and differentiate, both in vitro and in vivo,
culture was microscopically followed every day. Cultureinto adult hepatocyte-like cells and are hence an attrac-
medium was then switched to DMEM with high glucosetive cell source to be proposed for human liver cell
concentrations (Invitrogen) supplemented with 10%transplantation as an alternative to hepatocytes isolated
FCS and 1% P/S in order to accelerate the eliminationfrom post mortem livers. Because these cells are neither
of hepatocytes. A cell type with mesenchymal-like mor-from fetal nor embryonic origin, fewer ethical or safety
phology then spontaneously emerged, proliferated, andconcerns are to be expected for their use in human medi-
filled the empty space in the well plate as observed bycine.
phase contrast microscopy. When reaching 70% conflu-

MATERIALS AND METHODS ence, cells were lifted with 0.25% trypsin and 1 mM
Liver Cell Isolation Procedure EDTA and replated at a density of 1 × 104 cells/cm2. For

each passage, cell suspension was also analyzed usingHuman liver cells were obtained from the left liver
RT-PCR and immunofluorescence.segment originating from healthy cadaveric donors. The

protocol and experiments were approved by the institu-
Characterization of Adult-Derived Human Liver Stemtional ethical review board. Cells were isolated between
Cells (ADHLSC)6 and 12 h after the gross clamp time while livers were

kept on ice in a University of Wisconsin medium until Hepatogenic Differentiation. Cells (from third to
eighth passages) were seeded at a density of 1 × 104/cm2perfusion. Hepatocytes were isolated using a classic

two-step perfusion technique (27). Liver segments were in six-well plates coated with rat tail collagen type I in
DMEM supplemented with FCS and P/S. Culture me-sequentially perfused by the apparent blood vessels with

an EGTA solution (Earl’s balanced salt solution without dium was switched 24 h later to Iscove’s modified Dul-
becco’s medium (IMDM) (Invitrogen). Cells were dif-Ca2+ and Mg2+, 0.5 mM EGTA, 5 mM HEPES, 2 mg/L

gentamicin, and 100,000 IU/L penicillin G) and a diges- ferentiated according to Lee et al. (13) with some
modifications. Cells were incubated with IMDM con-tion enzyme solution for 9–12 min each at 37°C. The

digestion solution (EBSS with Ca2+ and Mg2+, 5 mM taining 20 ng/ml epidermal growth factor (Peprotech)
and 10 ng/ml basic fibroblast growth factor (bFGF)HEPES, 2 mg/L gentamicin, and 100,000 IU/L penicil-

lin G) included 0.9 mg/ml of collagenase P and 0.03 (Peprotech) for 2 days. Thereafter, cells were subjected
to differentiation induction after their incubation for 10mg/ml of soybean trypsin inhibitor. The liver capsule

was incised and the hepatocytes were released by gentle days with IMDM containing 20 ng/ml hepatocyte
growth factor (HGF) (Peprotech, UK), 10 ng/ml bFGF,shaking. Digestion was stopped with ice-cold wash me-

dium (medium M199, 5 mM HEPES, 2 mg/L gentami- nicotinamide 0.61 g/L (Sigma), and 1% insulin-transfer-
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rin-selenium (ITS) (Invitrogen) premix. Subsequent agarose gel and nucleic acids were visualized by ethid-
ium bromide staining.maturation step consisted of treatment with IMDM con-

taining 20ng/ml oncostatin M (Peprotech), 1 µM dexa- Mice Transplantation. All animal experiments were
methasone (Sigma), and 1% ITS premix for 10 days. carried out in compliance with Belgian law on animal
For each step, medium was changed every 3 days. protection and approved by the local ethical review

board. One million ADHLSC were injected into theImmunofluorescence. Cells grown on collagen type
spleen of 14-day-old uPA+/+-SCID mice and 6–8-week-1-coated 12-mm-round glass coverslips were fixed with
old SCID mice. At selected times posttransplantation,4% paraformaldehyde (v/v) for 15 min at room tempera-
animals were bled and plasma was stored at −70°C forture and permeabilized thereafter with 1% Triton X-100
human albumin assay. Livers were harvested for immu-(v/v) in TBS (Tris-HCl 50 mM, NaCl 150 mM, pH 7.4)
nohistochemistry and RT-PCR analyses.for 15 min. Nonspecific immunostaining was prevented

by 1-h incubation in a TBS solution containing 3% non- Immunohistochemistry. Liver specimens were fixed
fat dry milk at 37°C. Cells were then successively incu- in formalin for 24 h and embedded in paraffin. Immuno-
bated in the same solution for 1 h at room temperature histochemistry was then performed on 5-µm-thick liver
with primary antibodies, rinsed five times with TBS and sections of mice transplanted with human cells that were
for 1 h with secondary antibodies. Nuclei were stained incubated overnight with primary polyclonal rabbit anti-
for 30 min with the nuclear dye DAPI (1/5,000). After human albumin (Calbiochem), anti-human prealbumin
three rinses, preparations were mounted in Fluoprep me- (Dakocytomation), anti-α-fetoprotein (Dakocytomation),
dium (BioMerieux, Brussels, Belgium) and examined and anti-Ki-67 (Dakocytomation) antibodies at 4°C. De-
using an Olympus IX70 inverted microscope coupled to tection was performed after incubating the slices with
a CCD camera (T.I.L.L. Photonics, Martinsried, Ger- peroxidase-labeled polymer and substrate chromogen
many). Excitation light was obtained from a Xenon lamp (Envision-DAB system, Dako, Carpinteria, CA). Coun-
coupled to a monochromator (T.I.L.L. Photonics). Digi- terstaining was performed using hematoxylin.
tal images were acquired using appropriate filters and Quantification of Human Albumin. Human albumin
combined using the TILLvision software. in mouse plasma was measured according to the proto-

Flow Cytometry. Cells were collected after centrifu- col described elsewhere (15). Briefly, after coating the
gation at 1200 rpm for 5 min and resuspended at a con- Maxisorp immunoplates (Nunc, Roskilde, Denmark)
centration of 500–1,000/µl in PBS. Cells were then in- with goat anti-human albumin antibody (Bethyl Labora-
cubated for 30 min at 4°C with the following antibodies: tories, Montgomery, TX), blocking, and washing, diluted
CD45-APC, CD34-APC, CD49f-PE (Becton Dickin- samples or calibrators were added. Human albumin
son); CD90-PC5, HLA-DR-FITC, CD73-PE, CD29-PE bound to the plate was detected with a HRP-conjugated
(BD Pharmingen); CD105 Endoglin-FITC (Immunokon- goat anti-human albumin antibody (Bethyl Labora-
tact); CD44-FITC, CD117-PC5, CD133-APC, CD49b- tories). The human albumin quantitative ELISA kit uses
FITC, CD49e-FITC (Immunotech); HLA-ABC-PE antibodies that specifically react with human albumin.
(Dako Systems), CD13-PE (Beckham Coulter). The cor- Cross-reaction with mouse albumin is undetectable as
responding isotypes [IgG1-FITC, IgG2a-FITC, IgG2b- confirmed using appropriate controls for each assay. The
FITC (Serotec); IgM-FITC (Immunotech); IgG1-PC5 kit is optimized for 400–6.25 ng/ml dilutions and can
(BD Pharmingen); IgG2a-PE, IgG1-PE, IgG1-APC be adapted for higher concentrations.
(Becton Dickinson)] were used for evaluation of non-

RESULTSspecific binding of monoclonal antibodies. The corre-
sponding control isotypes were used for evaluation of Establishment and Characterization of Adult-Derived
nonspecific binding of monoclonal antibodies. Cells Human Liver Stem-Like Cells
were then washed and resuspended in Isoton (Beck- Cell suspension of the parenchymal fraction obtained
ham Coulter) for reading with a Beckham Coulter Flow after human liver isolation was plated on type I colla-
cytometer. gen-coated flasks with viability of 90% as estimated by

the trypan blue exclusion test. In our experimental con-RT-PCR. Total RNA was extracted from cells grown
in six-well plates using the TriPure isolation reagent and ditions, after 10–15 days of routine culture with a serum

containing medium, the hepatocytes did not divide (up-cDNA was generated using the reverse transcription kit,
according to the manufacturer’s instructions. PCR am- per layer) and started to detach from the dish, whereas

emerging morphologically different cell types startedplifications were performed using polymerase elongase
in a final volume of 25 µl and appropriate primers (Ta- spreading and proliferating (lower layer). One predomi-

nant cell type presented a mesenchymal-like morphol-ble 1). Samples were thereafter electrophoresed on a 1%
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Table 1. Primers Used

Primer Sequence PCR Product Size

AAT F: 5′-TCGCTACAGCCTTTGCAATG-3′ 142 bps
R: 5′-GGAACTCCTCCGTACCCTCAA-3′

Albumin F: 5′-CCTTGGTGTTGATTGCCTTTGCTC-3′ 308 bps
R: 5′-CATCACATCAACCTCTGGTCTCACC-3′

AFP F: 5′-TGAAATGACTCCAGTAAACCC-3′ 199 bps
R: 5′-GATGAAGCAAGAGTTTCTCATT-3′

HNF4 F: 5′-CCAAGTACATCCCAGCTTTC-3′ 295 bps
R: 5′-TTGGCATCTGGGTCAAAG-3′

Vimentin F: 5′-CTACATCGACAAGGTGCGCTT-3′ 301 bps
R: 5′-TGCCAGAGACGCATTGTCAA-3′

CK-8 F: 5′-AAGGGCTGACCGACGAGATC-3′ 537 bps
R: 5′-GCTTCCTGTAGGTGGCGATC-3′

CK-19 F: 5′-TTTGAGACGGAACAGGCTCT-3′ 426 bps
R: 5′-CAGCTCAATCTCAAGACCCTG-3′

G6P F: 5′-TCAGCTCAGGTGGTCCTCTT-3′ 291 bps
R: 5′-CCTCCTTAGGCAGCCTTCTT-3′

GS F: 5′-GTCAAGATTGCGGGGACTAA-3′ 396 bps
R: 5′-TACGATTGGCTACACCACCA-3′

GGT F: 5′-GACGACTTCAGCTCTCCCAG-3′ 489 bps
R: 5′-CTTGTCCCTGGATTGCTTGT-3′

MRP2 F: 5′-ACACCAACCAGAAATGTGTC-3′ 660 bps
R: 5′-CCAAGGCCTTCCAAATCTC-3′

Oct-4 F: 5′-CGACCATCTGCCGCTTTGAG-3′ 573 bps
R: 5′-CCCCCTGTCCCCCATTCCTA-3′

TDO F: 5′-ATACAGAGCACTTCAGGGAGC-3′ 316 bps
R: 5′-GATACCGAAGATGAACCCAACCA-3′

TAT F: 5′-TGAGCAGTCTGTCCACTGCCT-3′ 358 bps
R: 5′-ATGTGAATGAGGAGGATCTGAG-3′

CYP1B1 F: 5′-GAGAACGTACCGGCCACTATCACT-3′ 357 bps
R: 5′-GTTAGGCCACTTCACTGGGTCATGAT-3′

CYP3A4 F: 5′-TGCTGTCTCCAACCTTCACC-3′ 802 bps
R: 5′-TAGCTTGGAATCATCACCACC-3′

CYP2B6 F: 5′-CCTCTTCCAGTCCATTACCG-3′ 551 bps
R: 5′-TGACTGCCTCTGTGTATGGC-3′

GAPDH F: 5′-CGGAGTCAACGGATTTGGTCGTAT-3′ 307 bps
R: 5′-AGCCTTCTCCATGGTGGTGAAGAC-3′

ogy, flattened form, broad cytoplasm, and ovoid nuclei cation and replating. This led to their purification after
the second passage as demonstrated using flow cytome-with one or two nucleoli and showed microscopically

the highest proliferative potential (Fig. 1). These cells try analysis. Indeed, we demonstrate that 99 ± 0.3% and
92 ± 8% of ADHLSC population was positive for CD90that were reproducibly isolated from 11 different healthy

livers and that we termed adult-derived human liver (Thy-1) and CD73 (SH-3, SH-4), respectively, markers
of mesenchymal lineage (Fig. 2). The cell populationstem-like cells (ADHLSC), according to the data pre-

sented below, remained predominant after trypsin appli- was also positive for CD29 (88 ± 8%), CD44 (92 ± 7%),
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Figure 1. Morphology of ADHLSC. Phase contrast microscopic view of ADHLSC obtained after enzymatic liver digestion and
plating in collagen type I-coated dishes after the second passage. (A) Lower confluence and (B) higher confluence. Original
magnification 100×.

Figure 2. Cell surface markers profile of ADHLSC. Selected cell surface molecules were analyzed using flow cytometry. Their
expression is shown as histograms (red) and compared to corresponding control isotypes IgG (green and blue). (A) Flow cytometry
histograms representative of at least four cell populations isolated from different livers. (B) Mean expression percentage of analyzed
cell markers obtained from three different cell populations after the second passage.
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HLA-Class I (76 ± 22%), and CD13 (69 ± 18%). ADH their potency to differentiate into tissue-specific cells.
As clearly evidenced in the literature, one of the charac-LSC population did not express CD105 (SH2) (7%),

CD133 (3.1 ± 1.5%), CD117 (0.8 ± 0.2 %), CD45 (2.2 teristic of mesenchymal cells is their ability to adopt
adipocytic and osseous tissue phenotype under specific± 0.7%), CD34 (6.4 ± 1.4%), and HLA-DR (2.0 ± 0.4%)

(Fig. 2). Regarding the extracellular matrix interaction, culture conditions (22,39). In our study, we never suc-
ceeded to induce osteogenic nor adipocytic differentia-ADHLSC population was slightly positive for CD49b

(32 ± 18%) and CD49e (31 ± 23%) but negative for tion of ADHLSC after 5 weeks of culture while such
differentiation could be easily obtained with humanCD49f (19 ± 17%) (Fig. 2).

These data are in good agreement with the cell sur- bone marrow mesenchymal cells that were used as posi-
tive controls (data not shown). Because of their liverface expression profile of the documented mesenchymal

stem cells except for the CD105 marker. The analysis of origin, we then studied if ADHLSC were able to re-
spond to chemical signals that induce hepatocytic differ-ADHLSC using immunofluorescence and RT-PCR con-

firmed their mesenchymal phenotype by the demonstra- entiation. For that purpose, 1 × 104 cells/cm2 were used
and treated according to a specific protocol. ADHLSCtion of vimentin and ASMA-positive expression at both

the protein and mRNA levels (Fig. 3) but not of cytoker- exposed to differentiation cocktails in a serum-free me-
dium started to lose their sharp edges, became progres-atins 8 and 18 (data not shown) or 7 and 19 (Fig. 3B).

In order to demonstrate that ADHLSC may constitute a sively smaller, and lost their initial morphology to adopt
a polygonal shape with a granular cytoplasm (Fig. 4A).cell population different from the ones already described

in the liver, RT-PCR analysis was performed on control We then assessed whether the morphological changes
were correlated to genetic expression of mature hepato-mRNAs extracted from cell suspension containing iso-

lated human hepatocytes (parenchymal cell fraction cyte markers and demonstrated that the expression of
the analyzed liver-associated genes was increased in thedirectly obtained after liver isolation), human isolated

stellate cells (mesenchymal lineage), and human hepa- differentiated cells compared to IMDM serum-free culti-
vated cells (Fig. 4B). Glycogen production is one of thetoblastoma cell line HepG2. The data revealed that

ADHLSC expressed mRNA of specific hepatic markers, specific metabolic functions of the mature hepatocyte.
Hence, the storage of glycogen was analyzed using peri-such as albumin and α-fetoprotein (Fig. 3B). Interest-

ingly, immunofluorescence staining confirmed the ex- odic acid Schiff staining and showed significant increase
in differentiated cells compared to undifferentiated onespression of albumin in ADHLSC (Fig. 3A) in accor-

dance with their hepatic origin, whereas α-fetoprotein (Fig. 4C). Specificity of the staining was checked and
confirmed using amylase (data not shown).was weakly expressed (data not shown). The albumin

staining was investigated using monoclonal and poly-
Characterization of ADHLSC In Vivo Differentiationclonal antibodies after the evaluation of several rigorous

controls related to the technique (use of human cells In order to investigate their undergoing behavior in
the hepatic environment in vivo, 1 million undifferenti-from different origins) and to the fluorescence micro-

scope used for that study. ated ADHLSC were transplanted into the spleen of two
14-day-old uPA+/+-SCID mice, a transplantation animalRT-PCR analysis also revealed that other liver-

specific markers were at least expressed at the mRNA model widely used for the study of liver regeneration.
The purity of our ADHLSC suspension (>97%) waslevel, such as glucose 6-phopshatase, α-antitrypsin, glu-

tamine synthase, γ-glutamyl transpeptidase, MRP2 checked by means of phase contrast microscopy, flow
cytometry, and immunofluorescence of vimentin and cy-transporter, and hepatocyte nuclear factor-4 (Fig. 3B).

ADHLSC did not express the POU-domain transcription tokeratins 8 and 19. Livers of the transplanted mice were
histologically analyzed 10 weeks posttransplantation andfactor Octamer-4 (Oct-4) transcript, confirming their

adult liver origin. Interestingly, ADHLSC expressed showed nodules containing cells with larger size and
empty appearing cytoplasm compared to recipient pa-adult liver-specific transcripts such as CYP3A4 and

CYP1B1 but not CYP2B6, tyrosine aminotransferase renchymal cells (Fig. 5A). Immunohistochemical stain-
ing was performed to check their human origin. Some(TAT), or tryptophan 2,3-dioxygenase (TDO). Together

these data demonstrate that ADHLSC, beside mesenchy- of the nodules positive for human albumin (Fig. 5B, C)
presented cells with a morphology resembling the docu-mal properties, express hepatic markers confirming their

liver origin. mented putative progenitors (24). The polyclonal anti-
human albumin antibody used in our study did not stain

Characterization of ADHLSC In Vitro Differentiation the murine uPA+/+-SCID proliferating cells of the red
foci (cells that have lost the transgene expression) (dataBecause of their mesenchymal phenotype, we evalu-

ated the behavior of ADHLSC in presence of growth not shown). Positive immunostaining for human preal-
bumin and α-fetoprotein was also observed in the trans-factors and hormones-defined media and accordingly
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Figure 3. Expression of mesenchymal and hepatic markers in ADHLSC. (A) Mesenchymal markers ASMA and vimentin and
albumin immunostaining were analyzed by fluorescent microscopy. ADHLSC plated on collagen type I-coated coverslips were
fixed and incubated with corresponding primary antibodies. Immunoreactivity was visualized using a cyanine-3-conjugated goat
anti-mouse antibody for ASMA (A1), vimentin (A2), and albumin (A4), and fluorescein isothiocyanate-conjugated goat anti-rabbit
antibody for albumin (A3). Human hepatocytes were used as positive control for albumin staining (A6) whereas negative control
consisted of incubating ADHLSC only with the secondary anti-mouse Cy-3 antibody (A5). Cell nuclei are stained using DAPI
(blue). Images are representative of several fields examined from at least five cell populations. (B) Genetic expression of mesenchy-
mal and hepatic markers was assessed by RT-PCR performed on mRNA extracted from undifferentiated ADHLSC at the second
passage. Data shown are agarose gel electrophoresis of amplification products corresponding to mesenchymal and hepatic markers.
AFP, α-fetoprotein; G6P, glucose 6-phosphatase; AAT, α1-antitrypsin; GS, glutamine synthase; GGT, γ-glutamyl transpeptidase;
MRP2, multidrug resisting protein-2; HNF-4, hepatocyte nuclear factor-4; Oct-4, POU-domain transcription factor Octamer-4;
TDO, tryptophan 2,3-dioxygenase; TAT, tyrosine aminotransferase; CYP1B1, cytochrome P450, family 1, subfamily B, polypeptide
1; GAPDH, glyceraldehyde-3-phosphate dehydrogenase.
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Figure 4. Evaluation of in vitro ADHLSC hepatic differentiation potential. (A) Undifferentiated ADHLSC were able to change
their morphology by adopting a polygonal shape with a granular cytoplasm after 4 weeks of treatment with specific growth factors
and cytokines. (B) Gene expression profile was analyzed using RT-PCR and demonstrated the expression of mature hepatocyte-
specific marker genes by the differentiated ADLHSC compared to undifferentiated IMDM serum-free cultivated ones in correlation
with morphological changes. (C) Differentiated ADHLSC produced glycogen, a specific function of mature hepatocyte. Storage
was revealed after fixation of the cells and PAS staining (magenta color). Presented images are representative of at least five
different experiments.

planted cells (Fig. 5E, F). Ki-67 staining revealed that shown in Figure 6A, analysis of albumin gene expres-
sion was evaluated using RT-PCR. Human albuminsome of the human hepatocyte-like cells were proliferat-

ing (Fig. 5G). Human albumin and α-fetoprotein levels transcript was found in total mRNA extracted from three
mice. Immunohistochemistry on liver samples con-were also analyzed in the recipient mouse plasma. Three

weeks posttransplantation, albumin was detected in the firmed the presence of human hepatocyte-like cells in
all the mouse livers, mostly near the portal areas and thefirst mouse at a concentration of 2 µg/ml whereas no

circulating albumin was detected in the second trans- portal veins. We did not observe a specific organization
of the transplanted cells in this model, as individual andplanted mouse. Seven weeks later (10 weeks posttrans-

plantation), albumin levels increased to 11 and 2 µg/ml foci containing 2–10 cells were observed (Fig. 6B).
in the first and the second mouse, respectively. Interest-

DISCUSSIONingly, no human serum α-fetoprotein was detected 3 and
10 weeks posttransplantation (data not shown). In the current study, we convincingly demonstrated

the presence of a potential mesenchymal-like progenitorThereafter, the behavior of ADHLSC was analyzed
in another transplantation animal model. We intraspleni- cells pool within adult human liver. These cells are able

to differentiate in vitro into hepatocyte-like cells aftercally transplanted 6–8-week-old SCID mice (n = 6) with
1 million undifferentiated cells with or without 70% treatment with cocktails of specific growth factors and

cytokines. After transplantation in two animal modelshepatectomy. Liver specimens were taken 56 days later
and analyzed for the expression of human albumin. As of LCT, the undifferentiated cells have been shown to
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Figure 5. Immunohistochemical evaluation of ADHLSC differentiation potential in transplanted uPA+/+-SCID mice. (A) Representa-
tive H&E staining of uPA+/+-SCID liver transplanted mice. Human cells (H) were organized in nodules containing bigger size and
pale cytoplasm cells and surrounded by murine hepatocytes (M). (B) Liver section of transplanted uPA+/+-SCID mouse, obtained
10 weeks after intrasplenic injection of undifferentiated ADHLSC suspension, was stained with polyclonal antibody specific for
human albumin and counterstained with hematoxylin (blue). Positive cells that integrated into the mouse parenchyma show polygo-
nal morphology. (C) Positive cells with intermediate-like morphology and human origin that are also seen in the mouse liver
parenchyma. (D) Staining of human liver tissue with the human albumin polyclonal antibody. Nodules of human hepatocyte-like
cells could also be revealed using antibodies against human prealbumin (E) and α-fetoprotein (F). Some of the nodules contained
proliferating cells as demonstrated by immunostaining using an anti-human Ki-67 (G).

be able to migrate, engraft, and differentiate within the adult human hepatocytes and multipotent adult progeni-
tor cell (MAPC) (23). Nevertheless, ADHLSC expressheterologous recipient liver parenchyma.

ADHLSC have been obtained thanks to enzymatic similar cell markers to extrahepatic mesenchymal cells
originated from umbilical cord blood, placenta, and hu-liver cell disaggregation and primary culture after the

elimination of hepatocytes and other liver cell types. Our man pancreatic ductal epithelium with one exception for
CD105 (1,13,14,26,40). Contamination by hematopoi-protocol used for liver cell isolation leads to recover a

cell suspension predominantly containing mature hepa- etic stem cells was excluded because ADHLSC suspen-
sion was negative for CD117 and CD133. In addition,tocytes as demonstrated using immunocytochemistry

(>95%). We confirmed, after plating the isolated cell the mesenchymal phenotype of ADHLSC was con-
firmed by positive immunofluorescence staining for vi-suspension in collagen I-coated plates, that hepatocytes

lose their differentiated properties after 7 days in culture mentin and ASMA. Vimentin is an intermediate fila-
ment that has also been documented to be upregulated(morphology, albumin and urea levels), as reported else-

where (3,36). Because they were not able to divide, the in primary dedifferentiated hepatocyte long-term culture
on collagen I as well as biliary cytokeratins 7 and 19hepatocyte layer started disaggregating, leading to

empty spaces in the plate for other emerging cells of the (3). In our study, although positive for vimentin, none of
the analyzed cytokeratins (hepatocyte and biliary) waslower layer. Among the evidenced cell populations, cells

with mesenchymal-like morphology showed the highest detected in ADHLSC, suggesting that our cell line was
different from differentiated and dedifferentiated pri-proliferative potential and remained predominant after

the first trypsin application and replating. mary hepatocytes. This was confirmed by microscopic
observation of the primary cultures that clearly revealedWe demonstrated, thanks to flow cytometry, that

ADHLSC were positive for CD90, CD73, CD29, and two different cell layers with different morphologies and
proliferation potential, the upper one representing dyingCD44, documented markers for mesenchymal lineage,

and negative for CD117 and CD105 (Fig. 2). The data hepatocytes and the lower one containing mesenchymal-
like cells.also revealed that cell surface immunophenotype of

ADHLSC was different from the that of our isolated Many evidences support our data demonstrating that
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Figure 6. Evaluation of ADHLSC differentiation potential in transplanted SCID mice. (A) RT-PCR analysis of human albumin 56
days after intrasplenic injection of undifferentiated ADHLSC suspension in SCID mice. Total mRNA was extracted from trans-
planted mouse liver (lanes 1–3: nonhepatectomized, lanes 4–6: with 70% hepatectomy) and analyzed using specific probes to
detect human albumin. Isolated human hepatocytes (Hhep) and in vitro cultured undifferentiated ADHLSC were used as controls.
Three of the six animals analyzed showed the presence of human albumin gene into the mouse liver. M, molecular weight marker.
(B) Human albumin immunohistochemistry in liver sections from transplanted SCID mice with undifferentiated ADHLSC (56
days posttransplantation). (B1–2) Organized cells. Original magnification 100×. (B3–4) Isolated human cells into the mouse liver
parenchyma. Original magnification 200×. (C) Staining of PBS-injected SCID mouse liver tissue with the polyclonal anti-human
albumin used in this study. Original magnification 200×.

ADHLSC are also different from human liver stellate (5). These latter cells do share with other described mes-
enchymal cells the ability to differentiate into mesoder-cells. First, stellate cells have been shown to express

both hepatocytic and biliary cytokeratins in the first pas- mal and endodermal cells. On the contrary, an important
characteristic of the ADHLSC cell line is the inabilitysages of in vitro culture and lose completely this expres-

sion after the 10th passage (14). Second, stellate cells to differentiate into osteocytes or adipocytes using the
classical differentiation protocols (bone marrow mesen-express HLA- class II membrane markers (38) that are

negative for ADHLSC. Third, the genetic profile of chymal cells were used as positive experiment controls).
This suggests that the ADHLSC are already engaged inADHLSC, which is different from that of human liver

stellate cells, mature adult hepatocytes, and hepatoblas- the liver lineage as it has been documented for other
adult stem cells from other tissues (4).toma cell line HepG2, is maintained up to the eighth

passage. In our study, we demonstrated that ADHLSC can dif-
ferentiate into hepatocyte-like cells in vitro. Differentia-Furthermore, our data corroborate results of a recent

study demonstrating the isolation and the presence of tion of ADHLSC was displayed in both the morphologi-
cal, gene expression pattern and glycogen storage, amesenchymal cell population in the adult mouse liver
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specific function related to mature hepatocytes. Differ- in vivo. Hence, ADHLSC should be viewed as an inter-
esting candidate for liver cell-based therapy.entiation studies also revealed that ADHLSC were quite
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