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Abstract

Objectives: Utility of hepatic stem cells could pro-
vide a novel solution to the severe shortage of human
donor livers, for treatment of liver-related diseases,
due to their ability to proliferate and differentiate into
functional hepatocytes. Porcine liver tissues also
offer an alternative source from human donor livers.
However, morphology, phenotype, successful isola-
tion and culture of porcine hepatic stem cells still
require much investigation.

Materials and methods: In the present study, we
performed partial hepatectomy to activate hepatic
oval cells and developed a procedure utilizing enzy-
matic digestion and density gradient centrifugation
to isolate and purify oval cells derived from porcine
livers. We identified ovoid cells by their morphologi-
cal characteristics and phenotypic properties, thereby
providing definitive evidence for the presence of
hepatic stem cells in porcine livers. Moreover, we
established a culture system, using various growth
factors, to provide nourishment for these cells.
Results and conclusions: By transmission electron
microscopy, oval-shaped cells with ovoid nuclei, a
high nucleus/cytoplasm ratio and few organelles
were demonstrated. Flow cytometry and immunocy-
tochemistry showed that freshly isolated oval cells
expressed albumin, cytokeratin 19, alpha fetoprotein
(AFP) and OV6 at high levels. Immunofluorescence
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revealed that porcine hepatic oval cells after culture
expressed stem-cell factor, c-kit, Thy-1, CK19, OV6,
and AFP. Taken together, this study provides a novel
insight into morphological and phenotypic character-
istics of porcine hepatic stem cells. Our ability for
isolation and culturing porcine hepatic stem cells
offers an abundant source of cells for transplantation
and tissue engineering to help alleviate liver disease.

Introduction

Wilson and Arber et al. first proposed that there are hepa-
tic stem cells in both foetal and adult liver tissues (1,2).
Oval cells derived from rodent and human livers, and also
from bone marrow, have been demonstrated to be hepatic
stem cells (3-5). Hepatic stem cells have recently aroused
considerable interest because of their importance in both
basic research and clinical applications. On the one hand,
hepatic stem cells may participate in liver regeneration
and restoration during serious liver injury. Thus, studies
on their proliferation, differentiation, and signal transduc-
tion pathways that regulate their fate determination, are
very helpful for elucidating molecular mechanisms of
liver development. On the other hand, hepatic stem cells
capable of proliferating can be induced to differentiate
into hepatocytes, which could potentially provide a novel
approach of cell transplantation, tissue engineering and
gene therapy for various kinds of liver disease (6-8).

It has been widely demonstrated that hepatic stem
cells exist in rodent liver tissues (9,10). We have previ-
ously demonstrated that hepatic stem cells derived from
adult rat liver could be induced to differentiate into cells
with morphological, phenotypic and functional character-
istics of mature hepatocytes (11). We have also revealed
that rat hepatic stem cells possess high potential for prolif-
erating in vitro, with large increases in cell number while
remaining undifferentiated (12). However, morphology,
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phenotype, isolation and culture of porcine hepatic stem
cells require more attention.

Kano et al. have isolated non-parechymal epithelial
cells (NPECs) and hepatic stem-like cells from normal
porcine livers (13-15). The NPEC phenotypes co-
expressed albumin, cytokeratin (CK) 18, CK7 and a-feto-
protein during periods of scattering, the cells being
strongly positive for o-1-antitrypsin and bile duct epithe-
lial cell markers, including y-glutamyltransferase and CK-
19, at stages of emergence of duct-like structures. This
group also induced NPECs to differentiate into hepato-
cytes and bile duct epithelial cells (16), indicating that
NPECs were putative hepatic stem cells in porcine livers.
However, these NPECs, distinct from hepatic oval cells,
were essentially heterogeneous cell populations contain-
ing several types of cell.

Shortage of hepatocytes derived from adult human
livers is a major handicap for wider application of
hepatocyte transplantation and tissue engineering,
including development of bio-artificial livers — use of
human foetal and paediatric livers is hotly contested
and deeply involved in ethical issues. Thus, more
attention is being paid to use of non-human livers,
such as from the pig. As noted, embryonic porcine
liver might be able to provide a preferable source of
hepatocytes for transplantation (17). There are several
advantages for utilization of porcine livers from which
to isolate hepatic stem cells. First, sources of porcine
liver are extremely abundant. Secondly, the morphol-
ogy and size of porcine livers are similar to those of
human livers. Thirdly, physiological and biochemical
characteristics of porcine liver and human liver are
alike, and finally, the infectious risks from porcine tis-
sue is lower than from non-human primates such as
the monkey; already, hepatocytes originating from por-
cine livers have been exploited in bio-artificial livers
to treat patients with acute liver failure (18-21).
Nevertheless, porcine hepatocytes have a disadvantage,
that they exhibit limited proliferation and can be cul-
tured in vitro for only short periods. One attractive
solution to this shortcoming is to use porcine hepatic
stem cells that still proliferate and can be cultured
over long time periods.

In this study, we first conducted partial hepatectomy
(PH) to activate hepatic oval cells, in porcine livers, and
identified porcine oval cells by their morphological and
phenotypic characteristics, thereby providing strong evi-
dence for presence of putative hepatic stem cells in por-
cine liver tissues. We sought to isolate hepatic stem cells
with high purity and viability, from porcine liver using
enzymatic digestion and density gradient centrifugation,
and expanded these cells in in vitro culture. This study
offers an unlimited alternative source of hepatic stem cells
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for potential application in basic research and clinical
transplantation.

Materials and methods

Animals

Pigs (3—4 kg body weight) were obtained from the Labo-
ratory Animal Breeding Centre, Chinese Agricultural
University, and were fed with standard laboratory chow
ad libitum. All animal care and procedures were approved
by the Institutional Animal Care Committee.

Establishing the model of porcine oval cell activation

Two-thirds PH of porcine livers was performed according
to the procedure as described previously in rats (12). After
a l4-day recovery period, new liver tissue was used from
which to isolate hepatic oval cells.

Isolation and purification of porcine oval cells

Isolation and purification of oval cells were carried out
according to a novel, newly patented protocol (patent num-
ber: CN1594553). Briefly, newly formed liver tissues were
minced in Hank’s balanced salt solution (HBSS) (Gibco,
BRL, Grand Island, NY, USA) and digested in Dulbecco’s
minimum essential medium (DMEM) (Gibco) containing
0.10% wt/v collagenase IV (Sigma, St. Louis, MO, USA)
and 0.025% wt/v EDTA for 15 min at 37 °C in a shaking
bath after two-step collagenase perfusion was accom-
plished. After centrifugation at 47 g for 5 min, supernatant
was centrifuged at 141 g for 5 min. Pellets were suspended
in 50 ml of DMEM containing 0.10% wt/v pronase E
(Sigma) and 0.005% wt/v DNase I (Sigma), and incubated
for 30 min at 37 °C. Suspensions were centrifuged at
141 g for 5 min at4 °C, and pellets were suspended in 2 ml
HBSS. Percoll density gradient was as follows: 1.20 g/ml
Percoll, 1.12 g/ml Percoll, cell suspension and HBSS.
After centrifugation at 141 g for 20 min at 4 °C, interface
between 1.20 and 1.12 g/ml Percoll was decanted and
centrifuged at 141 g for 5 min. Viability of oval cells was
estimated by staining with 0.25% wt/v trypan blue.

Transmission electron microscopy

Freshly isolated cells were fixed in cold 2.5% wt/v glutar-
aldehyde in 0.1 M cacodylate buffer (pH 7.4). After exten-
sive washings in phosphate-buffer saline (PBS) (Sigma),
cells were post-fixed in 1% wt/v OsO, for 30 min, dehy-
drated in graded solutions of ethanol and embedded in
Epon. Ultrathin sections were cut and examined using a
Phillips EM 301 electron microscope after staining with



560 Z. He and M. Feng

uranyl acetate and lead citrate, according to methods
previously described (11,12).

Flow cytometric analysis

Freshly isolated cells were fixed in cold acetone for 8 min
at 4 °C. After centrifugation at 141 g for 5 min at 4 °C,
pellets were suspended in 0.1 ml PBS and incubated with
the following antibodies, anti-: albumin, CK19, CK7,
alpha fetoprotein (AFP) and OV6 (kind gift from Profes-
sor Stewart Sell, Albany Medical College) for 60 min at
37 °C. All other primary antibodies were purchased from
Dako Corporation (Kyoto, Japan). Centrifugation was per-
formed at 141 g for 15 min and followed by extensive
washes in PBS. Pellets were suspended in 0.1 ml PBS in
preparation for cell suspension. Binding of primary anti-
body was detected by phycoerythrin (PE)-labelled IgG
(Dako, Kyoto, Japan). Cells were assayed by flow cytom-
etry (Becton Dickinson, San Jose, CA, USA) according to
methods previously described (11,12), and data were anal-
ysed using Cell-Quest software (Becton Dickinson).
Replacement of primary antibody with PE-labelled IgG
served as a negative control.

Double staining of freshly isolated cells was
performed by flow cytometric analysis using primary
antibodies against albumin and CK19. Goat anti-mouse
fluorescein isothiocyanate (FITC)-labelled IgG (Dako) to
recognize CK19 and goat anti-rabbit PE-labelled IgG
(Dako) to label albumin, served as secondary antibodies.
The protocol of double staining was similar to the proce-
dure for single staining, except for differences in primary
antibodies and secondary antibodies.

Porcine oval cell proliferation in vitro culture

Freshly isolated cells were plated at density of
5 x 10° cells/25 cm® dish. DMEM was supplemented
with 100 U/ml penicillin G and 100 pg/ml streptomycin.
Growth factors used in the culture system included
10 ng/ml hepatocyte growth factor (HGF), 20 ng/ml
stem-cell factor (SCF) and 10 ng/ml leukaemia inhibitory
factor (LIF). All growth factors mentioned above were
purchased from Sigma. Culture was maintained in a
humidified incubator in a mixture of 95% air and 5% CO,
at 37 °C. Fresh medium was provided every other day and
cell population growth was carefully examined under a
phase-contrast microscope.

Immunofluorescence assay of freshly isolated cells and
oval cells, from expanding colonies in culture

Immunofluorescence analysis of oval cells derived from
the expanding colonies in culture was performed on day

14. Cells on glass slides were fixed in cold acetone for
5 min, blocked with normal goat serum after extensive
washes in PBS (pH 7.4) and incubated with primary anti-
bodies including anti-: SCF, c-kit, OV6, CK19, AFP and
Thy-1 at 4 °C overnight. After washing three times in
PBS, cells were cultured with PE-labelled IgG for 30 min
at 37 °C, washed three times again in PBS, and observed
microscopically for fluorescence, according to methods
previously described (22,23). Replacement of primary
antibody with PE-labelled IgG served as a negative
control.

Double staining of freshly isolated cells and oval cells
after culture for 14 days, was performed by immunofluo-
rescence using primary antibodies against albumin and
OV6. Secondary antibodies were FITC-labelled IgG
(Dako) to recognize OV6 and goat anti-rabbit PE-labelled
IgG (Dako) to label albumin.

Proliferation assay of porcine oval cells in culture

Porcine oval cells were seeded at a density of 3000 cells
in 96-well microtitre plates and cultured in medium as
mentioned above, for 14 days. Proliferation assays were
performed using the Non-Radioactive Cell Proliferation
Assay according to the protocol of the manufacturer
(Promega, Madison, WI, USA). Optical densities were
recorded using Bio-Rad (Hercules, CA, USA) Ultra
Microplate reader at 490 nm wavelength.

Results

Activation of oval cells in porcine liver

We performed two-thirds hepatectomy on porcine livers,
resulting in 100% survival of all pigs after surgery. In this
regime for partial hepatectomy, massive proliferation of
small cells with oval nuclei and high nucleus/cytoplasm
ratio was observed on day 14 after PH (Fig. 1). Activation
of oval cells in this model is due to the regenerative
stimulus of partial hepatectomy.

Morphological features of freshly isolated cells from
porcine livers

We first characterized morphological features of the
freshly isolated cells from porcine livers. We obtained
~10® cells/pig with purity of more than 92%, as evalu-
ated by transmission electron microscopy and flow cyto-
metric analysis, as shown below. Viability of freshly
isolated cells was 96%, as estimated by their ability to
exclude trypan blue (data not shown).

Phase-contrast microscopy showed that the freshly
isolated cells (Fig. 2a) attaching to culture dishes (Fig. 2b)

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 558-566.



Figure 1. Histological features of porcine liver after partial hepatec-
tomy. Rapid and extensive proliferation of oval cells (arrowheads) with
ovoid nuclei was observed. Scale bar = 6 pm.

were oval in shape. Transmission electron microscopy
revealed that they (Fig. 2c,d) were oval in shape and had
ovoid nuclei. These oval cells had high nucleus/
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cytoplasm ratio (Fig. 2¢,d), mitochondria (Mi), endoplas-
mic reticulum (Er), lysosomes (Ly) and condensed chro-
matin (Ch) (Fig. 2d). Their median diameter was between
4.5 and 6 um, around half of that of mature hepatocytes.

Phenotypic characteristics of freshly isolated cells from
porcine livers

Next, we analysed phenotypic characteristics of freshly
isolated oval cells from porcine livers, to confirm their
biochemical identity. Flow cytometric analysis indicated
that around 93% of the cells expressed albumin (Fig. 3b),
and around 96% were positive for CK19 (Fig. 3c). In
addition, in the order of 70% of the freshly isolated cells
were positive for OV6 (Fig. 3d), a marker for rodent hepa-
tic oval cells (24), and 87% of them expressed AFP
(Fig. 3e).

Double staining analysis using flow cytometry was
used to show the hepatobiliary phenotype of such oval cells.
We found that 92% of the isolated oval cells from these por-
cine livers co-expressed CK19 and albumin (Fig. 4b),
suggesting that they had bipotential characteristics of

Figure 2. Morphological features of hepatic oval cells derived from porcine liver. (a, b) Phase-contrast microscopy showing morphology of the
freshly isolated porcine hepatic oval cells (a) and cells cultured for one day (b). Scale bar in a =3 um, and bar in b = 6 pm. (¢, d) Transmission
electronic micrograph showing freshly isolated oval cells from porcine liver with their ovoid nuclei (Nu), condensed chromatin (Ch), high nuclei/cyto-
plasmic ratio, mitochondria (Mi), endoplasmic reticulum (Er) and lysosome (Ly).

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 558-566.
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Figure 3. Phenotypic characteristics of oval cells derived from porcine liver. (a) Replacement of primary antibodies with PE-labelled IgG served as
negative control. (b—d) Freshly isolated cells from porcine liver after incubation with primary antibodies including albumin (b), CK19 (c), OV6 (d) and
AFP (e), followed by PE-labelled IgG as secondary antibody. More than 92% of fresh oval cells expressed albumin and CK19.

hepatocytes and biliary cells. Double staining using immu-
nofluorescence was used to verify phenotypes of freshly
isolated oval cells. We observed that around 90% of the
freshly isolated oval cells co-expressed OV6 and albumin
(Fig. 5a).

Porcine oval cell proliferation in vitro culture

We further assessed proliferation potential of the porcine
oval cells. Freshly isolated cells assumed a cobblestone-
like appearance when seeded in culture dishes. They
attached within 24 h after plating and began to proliferate
and scatter, while maintaining their oval shape. Numbers
of oval cells doubled by 72 h culturing (Fig. 6a), and mul-
tiplied quickly with greater increase in number by day 5.
On day 6 after plating, 90% of the culture dishes were
covered with oval cells (Fig. 6b). The cells could be cul-
tured for second passage, after which they were still able

to proliferate, as reflected by increase in cell population. It
was noted that after passage the cells aggregated to form
discrete colonies with tens of cells, following a period of
proliferation (Fig. 6c, denoted by arrows). As described in
the Materials and methods section, the cells were cultured
in vitro for 14 days, over which time there were eight
population doublings, as shown by proliferation (Fig. 6d),
confirming that our culture system promoted proliferation
of porcine oval cells.

Immunofluorescence analysis of proliferative
porcine oval cells

The SCF/c-kit system is believed to play a key role in sur-
vival, proliferation and differentiation of stem cells, and
expression of SCF is abolished once oval cells differenti-
ate into hepatocytes (25). Hepatic stem cells with high
potential for proliferation have been shown to have the

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 558-566.
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Figure 4. Double staining and flow cytometric analysis to characterize porcine oval cells as expressing hepatobiliary phenotype. (a) Replacement
of primary antibodies with PE-labelled and FITC-labelled IgG served as negative control. (b) Freshly isolated cells from porcine liver after incubation
with primary antibodies including albumin and CK19, followed by PE-labelled IgG and FITC-labelled as secondary antibody.

(a) Anti-albumin Anti-OV6 Merged
Anti-albumin Anti-OV6 Merged

Figure 5. Double staining by immunofluorescence analysis to characterize phenotypes of porcine oval cells. Immunofluorescence analysis show-
ing co-expression of albumin and OV6 in freshly isolated cells (a) and in oval cells after culture for 14 days (b).

ability to form cell colonies (6). To evaluate proliferation
capability of our porcine cells derived from colonies, we
examined their phenotypic characteristics using immuno-
fluorescence analysis. Here, double immunofluorescence
staining revealed that after culture for 14 days, our cells
co-expressed OV6 and albumin (Fig. 5b). As shown in
Fig. 7, almost all cells from the expanding colonies
expressed SCF (Fig. 7a), c-kit (Fig. 7b), OV6 (Fig. 7¢),
CK19 (Fig. 7d), Thy-1 (Fig. 7e) and AFP (Fig. 7f), indi-
cating that their in vitro culture for 14 days still left them
in the undifferentiated state.

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 558-566.

Discussion

Hepatic stem cells remain proliferatively dormant (G
phase) in normal adult livers. Experimentally, several mod-
els using toxins or carcinogens have been utilized to acti-
vate hepatic oval cells, but these treatments often cause
liver damage. Galactosamine, for example, causes liver
injury in pericentral regions, and allyl alcohol engenders
periportal hepatocyte death (26,27). In the present study,
PH resulted in liver regeneration with extensive prolifera-
tion of hepatic oval cells. It is worth noting that there were
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Cell number (x1,000)

Figure 6. Culture of hepatic oval cells obtained from porcine liver. (a) Porcine hepatic oval cells proliferated with number of population doubling at
72 h after plating. (b) Oval cells proliferated faster with increase in number of cells after culture for 6 days. (c) Porcine oval cells retained the ability to
proliferate after two passages. Colonies (indicated by arrows) containing tens of cells were seen following a period of oval cell expansion. Scale bars in
a—c = 12 pm. (d) Proliferation assay showed number of oval cells after plating (lane 1) and culture for 14 days (lane 2). Note: *P < 0.05.

Figure 7. Immunofluorescence analysis of porcine hepatic oval cells after culture for 14 days. Hepatic oval cells from porcine liver after culture
for 2 weeks after incubation with antibodies to: SCF (a), c-kit (b), OV6 (c), CK19 (d), Thy-1 (e) and AFP (f), and followed by PE-labelled IgG to detect
primary antibodies.

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 558-566.



no obvious lesions in the livers following these procedures.
Thus, the PH model still appears to be an excellent
approach for activating oval cells, here in porcine livers.

Due to the lack of specific markers, it proves to be dif-
ficult to isolate and purify hepatic stem cells from a heter-
ogeneous liver cell fraction. We and other have isolated
hepatic oval cells from adult rodent livers using specific
enzymatic digestion and density gradient centrifugation
(12,28). Liver explant culture has been used to separate
oval cells derived from mice (29), but the cell isolation
technology used led to low purity of oval cells. Kano
et al. utilized centrifugation at different velocities to sepa-
rate  NPECs, however, this cell isolation procedure
resulted in a mixed cell population containing at least
three different kinds of cell (13). Here, we have obtained
essentially pure oval cells with a high viability, from adult
porcine livers using the separation technique of selective
enzymatic digestion and density gradient centrifugation.
We also fully characterized morphological and phenotypic
features of the isolated and cultured oval cells.

The morphological characteristics of the oval cells we
obtained from these porcine livers were similar to those of
hepatic oval cells derived from adult rat liver tissues. For
example, they both had ovoid nuclei, high nucleus/
cytoplasmic ratio, few immature organelles, and median
diameter much lower than that of mature hepatocytes.
Meanwhile, our porcine hepatic oval cells expressed albu-
min and CK19 at high levels. Albumin is a specific marker
for hepatocytes, whereas CK19 is a special marker of bile
duct epithelial cells. Considered together, our hepatic oval
cells expressed both hepatocyte and cholangiocyte mark-
ers, suggesting that they were phenotypically bipotential
stem cells. In addition, our freshly isolated oval cells
stained positively for OV6 expression, indicating that
there was similarity in phenotypic characteristics between
porcine oval cells here and those from rodent livers. All
results mentioned above provide definitive evidence that
hepatic oval cells exist in porcine livers.

To expand our isolated oval cells from porcine liver
tissues, we set up a suitable culture system consisting of
certain growth factors including HGF, SCF and LIF. HGF
was used as we have found (in common with others) that
HGF promotes proliferation of hepatic oval cells derived
from adult rat liver (12). We also employed SCF as it is
generally shown to be essential for survival of hepatic and
other stem cells (30). LIF is essential for maintenance of
stem cells in vitro, and thus has been utilized here for our
culture of porcine oval cells. Immunofluorescence analy-
sis demonstrated that both SCF ligand and its receptor
c-kit were expressed in expanding cells after 2 weeks,
suggesting that SCF signals via an autocrine loop in por-
cine oval cells. Our results are consistent with findings
that both the SCF ligand, and its receptor genes are

© 2011 Blackwell Publishing Ltd, Cell Proliferation, 44, 558-566.
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expressed during early stages of rat oval cell proliferation
after partial hepatectomy (30). The c-kir gene has also
been demonstrated to be expressed in human hepatic
stem-like cells (31). We found that our oval cells after cul-
ture still expressed CK19, albumin, and OV6, similar to
expression patterns of rat and human hepatic stem cells
(11,12,24,31). We also observed that after culture our
oval cells expressed Thy-1, which is similar to the expres-
sion pattern of adult mouse hepatic stem cells (28). Taken
together, porcine oval cells share some important pheno-
typic features with rodent and human liver stem cells.

In summary, we have for the first time, demonstrated
that hepatic oval cells exist in activated porcine liver tis-
sues. We believe that these are putative hepatic stem cells,
based on morphological features, phenotypic characteris-
tics and their proliferation ability. We have shown that our
porcine hepatic oval cells share certain phenotypes with
rodent and human liver stem cells and were able to prolif-
erate in in vitro culture. This could provide an important
source of hepatic stem cells for basic research and poten-
tially in the future for clinical application.
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