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Abstract

In previous studies, intrahepatic human biliary epithelial cells
(BEC) were isolated in high purity. However, these cells dem-
onstrated only limited growth responses. Here we report that
human BEC proliferate in response to human hepatocyte
growth factor (hHGF), retain BEC-specific phenotype, and
can be serially passaged.

BECshowed dose-dependent growth in response to 0.01-
100 ng/ml hHGF. The maximum S-phase labeling index
reached 40% with half-maximal stimulation at 1 ng/ml. The
response of cells from normal and primary biliary cirrhotic liver
to hHGFwas similar. Cultures were immunostained with spe-
cific antibodies and then processed for [3H jthymidine autoradi-
ography. Proliferating cells expressed BEC-specific markers
(HEA125 and CK-19), but were negative for desmin and factor
VIII-related antigen. Occasional vimentin-positive cells were
observed, but these were nonproliferative. In conclusion, cells
responding to hHGFwere clearly BECin origin.

The observation that HGFis mitogenic for BECas well as
hepatocytes has important implications. First, greater yields of
intrahepatic BECare available for subsequent studies of the
pathogenesis and etiology of diseases of the biliary epithelium.
Secondly, some means of regulating the cellular response to
HGFin vivo must operate, in that HGFlevels rise early after
partial hepatectomy and yet BEC proliferate 24 h later than
hepatocytes. (J. Clin. Invest. 1992.90:1284-1289.) Key words:
biliary epithelial cell culture * human liver disease * liver regen-
eration - primary biliary cirrhosis * scatter factor

Introduction

To overcome the complexities of whole-animal experimenta-
tion, in recent years the regulation of mammalian liver regener-
ation has been investigated by means of in vitro approaches ( 1,
2). Studies have focused upon the agents (nutrients, hor-
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mones, and growth factors) that initiate or potentiate DNA
synthesis and cell division in isolated hepatocytes, inasmuch as
this cell population is the first to respond mitogenically to the
growth signals in vivo (3). In the rat, hepatocytes traverse from
growth quiescence to S-phase with a first peak of DNAsynthe-
sis after 16-18 h, mitosis following some 6 h later (4). The
other cell types of the liver, including biliary epithelial cells
(BEC),' endothelial cells, and lipocytes, are said to proliferate
with a lag of a further 24 h (4). Owing chiefly to the difficulty in
preparing homogeneous populations of these other cell types,
their growth and functional characteristics have not been stud-
ied as extensively. However, lipocytes, Kupffer cells, and endo-
thelial cells can be isolated satisfactorily from normal rat liver
(5, 6), whereas the model of choice for BECisolation remains
that of the bile duct ligated rat (7).

With access to both normal and diseased human liver tissue
through the clinical transplantation program in this unit, our
recent work has concentrated on the growth regulation of hu-
man liver cells. These studies have led us to conclude that
many of the factors that are active in stimulating rat hepatocyte
growth also retain bioactivity on isolated human hepatocytes
although some important species differences are evident (8, 9).
Wehave also developed a method which yields highly pure
preparations of BEC from normal and diseased human liver
(10, 11). However, although BEC isolated from rat liver will
proliferate in culture (7), isolated human cells have proven
difficult to maintain in vitro ( 10-13 ). Even in the presence of
enriched media, human BEC, in keeping with other epithelial
cell types including keratinocytes and cervical epithelium ( 14,
15), require feeder-layer fibroblasts for survival. Furthermore,
human BECdemonstrate only limited growth and do not sur-
vive more than one passage (10, 11).

Hepatocyte growth factor (HGF) is a high molecular mass
growth factor (95 kD) and is the most potent mitogen yet
found for hepatocytes in vitro (8, 16-19). Recently HGFhas
been shown to be identical to lung fibroblast growth factor
(20), indicating that it is not liver specific. Indeed HGFacts as
a mitogen for epithelial cells from a number of tissues (20-22)
and a wide tissue distribution of the polypeptide has recently
been reported (23). Additionally, scatter factor, which induces
epithelial and endothelial cell migration (24), is also identical
to HGF(25). However, despite its ubiquitous presence, HGF
is thought by some investigators to be the primary mitogen that
initiates the growth response in hepatocytes after partial hepa-
tectomy or tissue injury ( 16, 26). In this report, we present data
that indicate that human BECproliferate in response to HGF,

1. Abbreviations used in this paper: BEC, biliary epithelial cells; HGF,
hepatocyte growth factor; PBC, primary biliary cirrhosis.
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which heretofore has been considered to be growth specific at
least in the liver for hepatocytes ( 17, 18, 26).

Methods

Hepatocyte growth factor. Recombinant human HGF was puri-
fied from Chinese hamster ovary cell transfectants as previously de-
scribed (8).

Isolation and culture of human biliary epithelial cells. Normal liver
was obtained from reduced grafts used for pediatric liver transplant
recipients. Donor organs had been perfused with University of Wiscon-
sin preservation fluid (27) and maintained at 40C for 12-24 h before
cell isolation. Primary biliary cirrhosis (PBC) liver (histological stage
III and IV) was from hepatectomy specimens obtained through the
orthotopic liver transplantation program.

Isolation of intrahepatic BECfrom human liver is described in de-
tail elsewhere (10, 11). Briefly, - 30 g of liver was collagenase di-
gested, followed by immunomagnetic purification of BEC using a
monoclonal antibody, HEA125 (Progen Biotechnik, Heidelberg,
FRG). This antibody recognizes an M, 34,000 KDcell surface glyco-
protein expressed by epithelial cells from numerous tissues (28) but
absent from mesenchymal and mesothelial cells (28). In the liver, how-
ever, hepatocytes are negative and HEA125 staining is confined to BEC
(10, 11, 28). Additionally, hepatic capsular mesothelial cells were also
negative for HEA125 (not shown). Immunoisolated BECwere resus-
pended in BECplating medium composed of 45%Ham's F12 medium
(Gibco Laboratories, Grand Island, NY), 45% Dulbecco's modifica-
tion of Eagle's medium (DME, Gibco Laboratories), 10% fetal bovine
serum (FBS), insulin (5 Ag/ml), epidermal growth factor (10 ng/ml),
cholera toxin (10 ng/ml), hydrocortisone (0.4 Atg/ml), triiodothyro-
nine (2 nM), streptomycin (40 ug/ml), and penicillin (24 tg/ml).

The cells were plated in 25-cm3 tissue culture flasks (stock cultures)
or 2-cm3 wells (24-well plates for growth assays). After allowing 24-48
h for attachment, plating medium was replaced with growth medium
which contained reduced serum (5% FBS) and hHGF. BEC stocks
were cultured in medium supplemented with 10 ng/ml hHGFwhich
was renewed every other day. At confluence, cells were passaged using
trypsin and replated at 25% density. For cryopreservation, cells grown
in the presence of 10 ng/ml were suspended in freezing medium (50%
FBS, 10% dimethyl sulfoxide, 40% DME). They were cooled in the
liquid N2 vapor phase overnight and stored at - 140°C for up to 30 wk.

Growth assays and characterization of cells. BECin 24-well plates
were cultured with a range of concentrations of hHGF0.01-200 ng/ml
(minimum of triplicate wells) for 7 d. Culture medium was changed
every other day, 1.5 uCi/ml of [3H]thymidine (Amersham Interna-
tional, Amersham, UK; TRK328) was added for the final 5 h and the
cells washed twice in PBS. After fixation in 70% ethanol and further
washes (twice with PBS), cells were immunostained using a battery of
monoclonal antibodies. BEC-specific markers were HEA125 (1:10)
and CK-19 (Dako Ltd., High Wycombe, UK; 1: 100). Antibodies to
vimentin, factor VIII-related antigen, and desmin were used as con-
trols (all Dako Ltd.; 1: 100 dilution). Sites of primary antibody binding
were visualized by using a three-stage immunoperoxidase method
(Elite stain, Vector Labs, Inc., Burlingame, CA). After immunostain-
ing the cells were washed with distilled water and air-dried, and [3H]-
thymidine incorporation was visualized by autoradiography using Il-
ford K2 photographic emulsion (Ilford Ltd., Cheshire, UK) (29).

Quantitation and statistics. For determination of the S-phase label-
ing index, the plates were examined using an inverted microscope
(Olympus Corp., Lake Success, NY) fitted with an eyepiece graticule
and a X20 objective. Three separate fields in each of a minimum of
triplicate wells were scored for labeled and unlabeled nuclei (minimum
of nine fields at each concentration of hHGF, representing between
300 and 500 cells). The method was validated by comparing the scores
with those of two other independent scorers. Friedman analysis showed
no difference in the distribution of the three sets of scores (P = 0.14)
and Wilcoxon signed rank analysis of pairs showed no significant dif-

ference between the scores (P > 0.7). The data presented represents the
mean score±standard deviation of the three independent scorers. Re-
sponses to hHGFwere analyzed using Wilcoxon signed rank test; P
values < 0.05 were considered significant.

Results

BECcultured in the absence of hHGFsurvived in culture for
7-10 d and demonstrated only limited proliferation. Beyond
that time, the cells gradually deteriorated, assuming a more
flattened nonepithelial-like appearance, and subsequently de-
tached from the substratum. By contrast, when cultured in the
continual presence of 10 ng/ml hHGF, BECcould be main-
tained for up to 3 mo through at least five passages. Whereas
previous attempts to cryopreserve BEChad been unsuccessful,
the viability of subcultured hHGFtreated cells after freezing
and thawing was 60-80%.

Primary BECisolates demonstrated dose-dependent prolif-
eration in response to hHGFwith a clear increase in cell num-
ber, resulting in near-confluent monolayers within 7-10 d (Fig.
1). Maximal growth of BECwas seen at 10-100 ng/ml hHGF,
with a reduction at higher doses (Fig. 1). After autoradiogra-
phy, the S-phase labeling index of BECcultures rose markedly
(Fig. 2). At lower doses, labeled cells were located predomi-
nantly near the edges of colonies (Fig. 2 b). However at high
doses, cells in the center of confluent monolayers also labeled
strongly (Fig. 2, c and d).

The S-phase LI rose to a maximum of - 40% between 10
and 100 ng/ml hHGF(Fig. 3). However, increased prolifera-
tion could be detected with as little as 0.01-0.1 ng/ml hHGF
(Fig. 3). Half-maximal stimulation occurred at -1 ng/ml. In
keeping with our previous observations that cells isolated from
both normal and PBC livers retained similar morphological
and functional characteristics ( 10, 11 ), the growth responses to
hHGFof both populations were indistinguishable (Figs. 3 and
4). At 10 ng/ml hHGFthe degree of stimulation of BECfrom
eight subjects (three normals and five PBCs) was similar
(Fig. 4).

To determine the phenotype of cells responding to hHGF,
cultures were immunostained with antibodies against interme-
diate filaments and cell surface markers. Cells that proliferated
in response to hHGF stained positively for CK-19 and
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Figure 1. Assay plate showing the dose-dependent response of BEC
from normal liver cultured continuously with a range of concentra-
tions of hHGF(triplicates) for 7 d. Cells were immunostained with
anti-CK- 19 antibody.
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Figure 2. 7-d culture of BECisolated from a normal liver cultured in standard epithelial cell medium: (a) without hHGF, (b) with 0.1 ng/ml, (c)
10 ng/ml, and (d) 100 ng/ml hHGF. At low doses of hHGF, cells that had incorporated [3H]thymidine were located at or near the periphery
of BECcolonies (b) whereas at high concentrations cells at the center of colonies were labeled also (c and d).

HEA125 (Fig. 5, a and b), both specific in the liver for biliary
cells. HEA125 staining was clearly membranous (Fig. 5 a)
while CK- 19 was cytoplasmic (Fig. 5 b), consistent with their
expected cellular localisation. HEA125 and CK- 19 expression
could be detected in BECwhich had been grown, and passaged
at least twice, in the presence of 10 ng/ml hHGF for 3 wk
(results not shown).
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Figure 3. The dose response of BEC from two normal subjects
(dashed lines) and one PBCpatient (solid line). The values given
represent the mean labeling index of at least nine fields of view±the
standard deviation of three independent scorers.

The S-phase labeled cells were negative for vimentin (Fig. 5
c), an intermediate filament normally localized exclusively to
cells of mesenchymal origin. However, occasional single vi-
mentin-positive cells were observed (- 2% of total cell num-
ber), often surrounded by [3H]thymidine labeled cells (Fig. 5
c). These vimentin-positive cells were nonproliferative because
they consistently failed to incorporate (3H]thymidine. Finally,
cultures were found to be negative for desmin and factor VIII-
related antigen expression (not shown). The pattern of immu-
nostaining was similar in hHGFcultured BECfrom both nor-
mal and PBCliver.

Discussion

The development of a reliable technique to isolate homoge-
neous populations of human intrahepatic biliary epithelial cells
( 10, 11 ) has led to novel experimental studies into the etiology
of diseases of the biliary epithelium ( 30, 31 ). However, these
studies have been limited by the relatively small yield of cells
attainable by means of the immunomagnetic separation tech-
nique ( 10, 11 ) and by the dependence on growth-arrested fibro-
blast feeder layers. In this report, we describe an important
advance, namely that proliferation of human BECin response
to human HGFleads to greatly increased numbers of cells with
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Figure 4. The response of BEC from three normal subjects (dashed
lines) and five PBCpatients (solid lines) to 10 ng/ml hHGF. The
mean labeling index of hHGF-treated cells was higher than that of
untreated cells (P < 0.01 Wilcoxon signed rank test).

which to conduct such studies. HumanHGF-treated BECno
longer require fibroblast feeder-layer support (10, 11), can be
serially passaged, and can be successfully cryopreserved and
stored for future studies.

Recent developments indicate that hHGF is not solely a
mitogen for hepatocytes, but stimulates the growth of epithelial
cells from kidney, breast, lung, and skin (20-22). In addition,
both HGFmRNAand protein have been detected in a wide
array of cells and tissues ( 18, 23). Notably, although expressed
and released by fibroblasts, it appears to have little bioactivity
on cells of mesenchymal origin (20-22). Endothelial cells,
which proliferate and/or migrate in response to HGF(20, 24),

are an exception. HGFseems therefore to belong to a distinct
family of growth factors, namely those which act predomi-
nantly on epithelial cells. The recently characterized keratino-
cyte growth factor (32), a member of the fibroblast growth
factor superfamily (33), also fits into this category. Therefore
the observation that hHGF is mitogenic for isolated BECas
well as hepatocytes from the liver is consistent with its actions
on cells from other tissues.

The evidence that indicates that the population of cells re-
sponding to hHGFare truly biliary epithelial in origin and not
from some minor contaminant cell type present in the initial
cell isolate is convincing. First, as discussed above, with the
exception of endothelial cells (20, 24), the reported biological
activity of hHGFin vitro has to date been confined to cells of
epithelial origin (20-22). Secondly, cells grown in the presence
of hHGFfor up to 3 wk and two passages retain expression of
CK- 19 the BEC-specific intermediate filament (34) and the
cell surface antigen expressed exclusively by BECin the liver
which is recognized by the antibody HEA125 (10, 28). Lastly,
hHGF-treated cultures were negative when immunostained
with antibodies against desmin and factor VIII-related antigen,
markers for lipocytes and endothelial cells, respectively. Thus
the possibility that the population of cells responding to hHGF
represents a minor nonepithelial cell contaminant seems un-
likely.

Although occasional vimentin-positive cells were observed
(Fig. 4 c), it was notable that those cells consistently failed to
label with thymidine. Although their precise origin remains in
question and it is possible that they represent a minor contami-
nant from the preparative procedure, this is considered un-
likely. Recent reports indicate that vimentin may not be con-
fined to cells of mesenchymal origin, but can be found in epithe-
lial cells from several different tissues (35-38). Moreover,
Milani et al. (39) have shown vimentin expression in cells of
newly formed rat bile duct epithelial cells after bile duct liga-
tion in the rat. Interestingly, as shown here, they found that a
very low percentage of vimentin-positive cells were actively
proliferating. Thus we conclude that the small population of
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Figure 5. Characterization of proliferating cells by immunocytochemistry using the BECmarkers (a) HEA125 and (b) CK-19 and (c) a marker
not normally expressed by BEC, vimentin. Cell isolates were from (a and b) normal liver and (c) PBCliver. (a) The proliferating cells showed
a staining pattern with HEA125 which was associated predominantly with the plasma membrane. (b) Strong staining of the cytoplasm resulted
when anti-CK- 19 antibodies were used. (c) Proliferating cells were negative for anti-vimentin antibody with occasional nonproliferating cells
staining positively.
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vimentin-positive cells identified in the present study may in-
deed be BEC-derived.

The fact that human BEC respond to hHGF in vitro has
important consequences. HGF is strongly implicated in the
initiation of liver regeneration in that its expression increases
after hepatectomy considerably earlier than the other mito-
genic agents. Circulating levels of HGFrise within 1-2 h after
hepatectomy in the rat (26). This HGFis thought to be from
extrahepatic sources inasmuch as intrahepatic HGFexpression
only rises after - 3-6 h (40, 41 ). In addition, HGFis the most
potent hepatocyte mitogen known (8, 16-19). In animals (and
probably in human) hepatocytes lead the regenerative response
whether induced by toxins, viruses, or surgery with the other
cell types including biliary epithelial cells following some 24 h
later (3, 4). Thus, if as is suggested by currently available evi-
dence, hHGFis the primary mitogen in initiating liver regener-
ation, then it is clearly necessary to invoke some mechanism
whereby the response to endocrine (or paracrine) hHGF is
restricted to the liver and, furthermore, to a given cell type
and/or location within the tissue during the regenerative re-
sponse.

In this regard, the recent demonstration of HGFreceptor
expression in both biliary epithelial cells and hepatocytes on
histological sections of normal human liver (42) is of interest.
Clearly this supports the concept that HGFis an important
mitogen for BECin vivo as well as in culture. However, it also
indicates that target cell specificity does not simply rest in the
ability of a given cell type to express the receptor. Indeed the
HGFreceptor has been localized in many different cells and
tissues (42). The mechanism whereby the cell-specific target-
ing of the biological activity of HGFcomes about remains un-

known.
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