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The relationship between bile duct damage and portal fibrosis in chronic liver diseases remains unclear. This study was
designed to show whether human intrahepatic biliary epithelial cells can undergo epithelial–mesenchymal cell transition,
thereby directly contributing to fibrogenesis. Primary human cholangiocytes were stimulated with transforming growth
factor-b (TGFb) or TGFb-presenting T cells and examined for evidence of transition to a mesenchymal phenotype. Liver
sections were labelled to detect antigens associated with biliary epithelial cells (cytokeratin 7 and 19 and E-cadherin),
T cells (CD8), epithelial–mesenchymal transition (S100A4, vimentin and matrix metalloproteinase-2 (MMP-2)), myofibro-
blasts (a-smooth muscle actin) and intracellular signal-transduction mediated by phosphorylated (p)Smad 2/3; in situ
hybridisation was performed to detect mRNA encoding TGFb and S100A4. Stimulation of cultured cells with TGFb
induced the expression of pSmad2/3, S100A4 and a-smooth muscle actin; these cells became highly motile. Although
normal bile ducts expressed ALK5 (TGFb RI), low levels of TGFb mRNA and nuclear pSmad2/3, they did not express
S100A4, vimentin or MMP-2. However, TGFb mRNA and nuclear pSmad2/3 were strongly expressed in damaged ducts,
which also expressed S100A4, vimentin and MMP-2. Fibroblast-like cells which expressed S100A4 were present around
many damaged bile ducts. Cells in the ‘ductular reaction’ expressed both epithelial and mesenchymal markers together
with high levels of TGFb mRNA and pSmad2/3. In conclusion, the cells forming small- and medium-sized bile ducts and
the ductular reaction undergo EMT during chronic liver diseases, resulting in the formation of invasive fibroblasts; this
process may be driven by a response to local TGFb, possibly presented by infiltrating T cells.
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Damage to the small- and medium-sized intra-hepatic bile
ducts is a characteristic feature of a range of chronic in-
flammatory liver diseases including primary biliary cirrhosis
(PBC), primary sclerosing cholangitis (PSC), ductopenic al-
lograft rejection and graft-versus-host disease. Observations
of at least partial resolution of the ‘vanishing bile duct
syndrome’ (VBDS) following allograft rejection1 or transient
exposure to drugs such as carbamazepine2–4 suggests that the
loss of bile ducts and their constituent intrahepatic biliary
epithelial cells (IBECs) might be reversible. Nevertheless,
progressive cholestasis resulting from bile duct loss is con-
ventionally thought to predispose to portal fibrosis and,
ultimately, biliary cirrhosis. Furthermore, cholestasis is gen-
erally accompanied by an increase in bile ductules at the

interface with the parenchyma—the so-called ductular reac-
tion5,6—which in turn is thought to be a driver for periportal
fibrosis. The ductular reaction may also be observed in other
end stage liver disease for example alcoholic cirrhosis where it
may be responsible for perpetuation of fibrosis.7

IBECs are obvious targets for immune-mediated injury.
There is a consensus that they can bind immune effector cells
in vitro resulting in efficient cytolysis.8 This has led to de-
velopment of a model in which VBDS is seen as the con-
sequence of IBEC death, the void produced by epithelial loss
becoming populated by activated fibroblasts. Recent studies
suggest that a number of cell types within the liver can un-
dergo transition to become myofibroblasts capable of matrix
synthesis during fibrogenesis.9 These include activated
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fibroblasts, hepatic stellate cells, biliary epithelial cells and,
most recently, hepatocytes.10–12 A potential contribution of
extra-hepatic precursor cells has also been established by
detection of bone marrow-derived myofibroblasts within the
liver following non-sex-matched allogeneic bone marrow or
liver transplantation.13

In damaged kidney, there is now convincing evidence that
local epithelial–mesenchymal transition (EMT) is the pre-
dominant source of fibroblasts.14,15 Unlike the cytolytic
model of epithelial cell death followed by fibroblast re-
population, EMT can only occur if ductular epithelial cells
survive to transform into invading fibroblasts following sti-
mulation by micro-environmental factors such as trans-
forming growth factor b (TGFb).16 That is, cell plasticity
protects from injury-induced cell death resulting in a het-
erogeneous fibroblast population.12

The proteomic features of EMT include loss of epithelial
markers such as E-cadherin, Zo 1 and cytokeratins, and the
acquisition of fibroblast markers including S100A4 (the hu-
man homologue of fibroblast-specific protein-1 (FSP-1)),
vimentin, matrix metalloproteinases (MMP) 2 and 9,
a-smooth muscle actin (aSMA), collagens, and TGFb.15

Induction of S100A4 (FSP-1) occurs sufficiently early to
visualise epithelial cells in situ during the initial phases of
EMT.17,18 This protein can modify cell motility and growth
through interactions with the cytoskeleton19 and the C
terminus of p53.20 In addition, induction of S100A4 may
promote invasive properties by upregulation of MMP
expression.21 S100A4 may play a central role during the
induction and maintenance of the EMT phenotype.15

EMT has recently been shown to contribute to the pa-
thology produced by bile duct ligation in a murine model,
with hepatocyte growth factor ameliorating this process.22

While it has been reported that some early bile duct loss and
portal fibrosis in human disease has a potential for beneficial
reversibility,23 the mechanism for this process has not been
determined. Demonstration of the contribution of EMT to
the bile duct loss observed in chronic liver diseases would
provide a new basis for understanding their pathogenesis and
potential treatment.

In this study, primary IBECs were cultured with a range of
stimuli including TGFb1 and TGFb-presenting T cells to es-
tablish whether these can induce EMT. Sections from normal
liver and liver from patients with the archetypal bile duct-
damaging diseases PBC and PSC and other chronic chole-
static disease were then examined by immunohistochemistry
and in situ hybridisation to detect characteristic markers
associated with EMT.

MATERIALS AND METHODS
Culture of Human Intrahepatic Biliary Epithelial Cells
Primary human IBECs were derived from digested liver tissue
(ScienCell, CA, USA). Non-epithelial cells were removed
from initial cultures by differential detachment followed
by specific antibody panning to deplete endothelial cells;

purified cells were validated as 495% IBECs on the
basis of cytokeratin-19 expression (details from tech-
support@sciencellonline.com). These cells were cultured in
25 cm2 flasks for up to five population doublings in pro-
prietary medium (ScienCell) supplemented with 2% fetal
bovine serum; the TGFb concentration in this medium was
less than 3.5 pg/ml (ELISA; R&D Systems, UK). When the
cells had reached 70% confluency they were seeded into
4-well chamber slides (Permanox Lab-Tek; Nunc, Denmark).
After culture for 48 h to allow firm cell attachment, the
medium in selected wells was supplemented with 1 or 10 ng/
ml TGFb1 (R&D Systems). Alternatively, MOLT-16 lym-
phoblastoid T cells (DSMZ ACC 29) were added to some
chambers at a density of 8.3� 104 cells/cm2. In all cases, the
cultures were examined after incubation for 72 h using a
Leica TCS SP2 UV laser-scanning confocal microscope
(LSCM: Leica GMBH, Germany).

The expression of cell-surface TGFb by MOLT-16 cells was
validated in accordance with previously published metho-
dology24 using a polyclonal antilatency-associated peptide
(LAP) antibody (R&D Systems: 1/100); the presence
of bioactive, cell-surface TGFb was confirmed using the
MFB-F11 cell line.25 The labelled cell suspensions were ex-
amined by flow cytometry (FACscan, Becton Dickinson, UK)
using WinMDI analysis software; cytospin preparations
were examined using a LSCM (Leica) under oil at � 63
magnification.

Immunofluorescence Analysis of IBEC
Cultured IBECs were washed and fixed in 4% phosphate-
buffered paraformaldehyde (25min at 201C) and permeabi-
lised with 1% Triton X-100 in PBS (15min at 41C). After
washing with PBS, the cells were treated with 5% BSA (Sig-
ma, UK) in PBS for 1 h before incubation with primary an-
tibodies specific for cytokeratin 7 (CK-7; Dako, UK: 1/50),
S100A4 (Dako: 1/100), a-smooth muscle actin (aSMA; Sig-
ma, UK: 1/400) or pSmad2/3 (Santa Cruz Biotechnology,
USA: 1/100) in 5% BSA overnight at 41C; appropriate non-
specific antibodies or normal rabbit IgG were used for con-
trol. The cells were then washed with 0.2% Tween 20 (Sigma)
in PBS before addition of appropriate FITC-conjugated sec-
ondary antibody reagents for 1 h at RT in the dark. Following
two further washes the chamber structures were detached and
the slides were mounted in fluorescence mounting medium
(Dako).

Immunofluorescence-labelled preparations were analysed
using a Leica TCS SP2 UV LSCM. The LSCM was set up to
image appropriate areas of fluorochrome-labelled cells (FITC
excitation 488 nm, emission 510–535 nm) and a Z-series of
optical sections was collected at 1 mm intervals. The threshold
of positivity for each antibody was set using appropriately
treated or untreated cells incubated with control antibody or
rabbit IgG. Maximum projections of the collected Z-series
were examined for localisation of the fluorophores.
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Assessing the Invasive Potential of Cultured IBEC
Growth factor-reduced Matrigel invasion chambers (Bio-
Coat: Becton Dickinson) with 8mm pores were rehydrated
with culture medium for 2 h in a humidified tissue culture
incubator. The chambers were then seeded at a density of
4� 104 cells/cm2 with either untreated IBEC or cells which
had been stimulated with 10 ng/ml of TGFb1 for 48 h. After
incubation for 24 h the non-invading cells were removed by
wiping the upper surface of the filter with a cotton bud. The
membranes were then fixed and stained with Diff-Quick
(Merck, UK), cut from the insert housing and mounted on
slides in DPX (BDH, UK). Cells which had penetrated both
the extracellular matrix and the membrane pores were
identified by light microscopy and quantified by calculation
of mean numbers of invasive cells per high power field.

Tissue
Archival formalin-fixed biopsy and liver explant tissue blocks
were obtained from the Freeman Hospital, Newcastle upon
Tyne and categorised as follows: PBC (2), PSC (5), end-stage
alcoholic cirrhosis (2), hepatic steatosis (4), acute acet-
aminophen injury (1), normal donor liver sampled im-
mediately prior to transplant (2) and a liver block containing
both hepatocellular carcinoma and normal tissue. The use of
human tissue for this research was approved by the local
Research Ethics Committee.

In Situ Hybridisation
Paraffin embedded sections of explant PBC liver tissue were
used to detect TGFb and S100A4 by in situ hybridisation
of specific mRNA sequences using FITC-hyperlabelled
antisense oligonucleotide probes specific for S100A4 and
TGFb1 mRNA (GeneDetect; New Zealand): S100A4: 50-TCC
ACCTCGTTGTCCCTGTTGCTGTCCAAGTTGCTCATCA-30

TGFb1: a mixture of 50-GAAGTTGGCATGGTAGCCCTT
GGGCTCGTG-30 and 50-ATGGTAGCCCTTGGGCTCGTGG
ATCCACTT-30.

Briefly, sections were dewaxed, rehydrated and washed
with diethylpyrocarbonate (DEPC)-treated water and DEPC-
PBS. The sections were post-fixed with 4% paraformaldehyde
in DEPC-PBS (30min at 201C) and endogenous peroxidase
activity was quenched by incubation with 3% H2O2 for
10min prior to permeabilisation in citrate buffer, pH6.0
(Vector Laboratories, UK) at 971C for 30min and, after
cooling for 20min at RT, 30min in 0.3% Triton X-100/
DEPC-PBS. The sections were then overlaid with pre-
hybridisation buffer (Dako) at 371C (S100A4) or 321C
(TGFb) for 2 h before washing with DEPC-PBS and addition
of the antisense probe in prehybridisation buffer (1:100).
Hybridisation occurred at 371C (S100A4) or 321C (TGFb)
for 22 h in a humid chamber followed by stringent washes in
decreasing concentrations of saline–sodium citrate. Non-
specific binding sites were blocked by incubation with anti-
body diluent (Dako) for 30min before incubation with
peroxidase-conjugated anti-FITC (Dako) at 1:100 in anti-

body diluent for 1 h. The probe was detected using the CSAII
Biotin-free TSA System from Dako (DAB substrate) with
TBS-Tween washes to minimise background. Slides were
counterstained with Mayer’s Haematoxylin and washed with
distilled water, dehydrated and mounted in DPX. Control
sections were incubated with sense oligonucleotide probes or
hybridisation buffer only (no probe) for 22 h at 37 or 321C
before detection. All sections were analysed using a Leica
DMR microscope (Leica) with image capture and Leica
QWin software.

Antigen Detection in Tissue Sections
All protocols were based on those previously described
for kidney.18 Heat-induced epitope retrieval in citrate buffer
was followed by an endogenous biotin blocking procedure
(Vector) and incubation with non-immune animal serum.
Primary antibodies were added at appropriate dilutions,
overnight at 41C. For single-labelling procedures the sections
were incubated with either rabbit antihuman S100A4 (1/400),
anti-MMP-2 (Serotec, UK: 1/100), anti-pSmad2/3 (1/400),
anti-TGFb RI (ALK5: Santa Cruz, USA), monoclonal
mouse antihuman CK-7 or CK-19 (Dako: 1/50), E-cadherin
(Dako 1/25), vimentin (Dako: 1/50) or anti-aSMA (1/4000).
Alternatively, anti-S100A4 and mouse antihuman CD8, CK-
19 or E-cadherin primary antibodies were applied simulta-
neously when dual-labelling was required. Negative control
sections were incubated with appropriate control im-
munoglobulins in place of the primary antibodies. The
secondary antibodies (1 h at RT) were biotinylated swine
antirabbit immunoglobulins (Dako: 1/250) or rabbit anti-
mouse immunoglobulins (Dako: 1/250).

Following single-antigen labelling, bound antibodies were
visualised using either a streptavidin–biotin–peroxidase
complex (SABPx; Vector) with nickel DAB (black; Vector) as
chromagen or avidin–biotin–alkaline phosphatase complex
(ABAP; Vector) and Vector Red chromagen. For dual-antigen
labelling, the detection of individual bound primary anti-
bodies was carried out sequentially. CD8, E-cadherin or
pSmad2/3 were visualised first with SABPx and nickel DAB
followed by visualisation of S100A4 with ABAP or AP-
labelled Envision polymer (Dako) and Vector Red. Dual
labelling of tissue sections to detect CK-19 and S100A4 was
performed using an EnVisiont G|2 Doublestain System,
Rabbit/Mouse (DAB/Permanent Red) kit (Dako) according
to manufacturer’s instructions. Immunolabelled sections
were analysed using a Leica DMR microscope (Leica, UK)
with image capture and Leica QWin software.

For two-colour immunofluorescence labelling, heat-in-
duced epitope retrieval and primary antibody labelling pro-
cedures were as above and secondary labelling was with
TRITC-labelled swine antirabbit immunoglobulins (Dako;
1/40) for S100A4 detection or FITC-labelled rabbit anti-
mouse immunoglobulins (Dako; F(ab’)2 fragments: 1/150) for
CK-7 or CK-19 detection. Secondary antibodies were incubated
simultaneously for 2 h at 201C then mounted with antifade
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immunofluorescence mountant (Dako) or Vectashield hard-
set mounting medium (Vector). Two-colour labelling to de-
tect S100A4 and aSMAwas carried out sequentially, detecting
S100A4 first with TRITC-labelled swine antirabbit im-
munoglobulins (as above) followed by incubation of sections
with anti-aSMA (as above) and detection with FITC-labelled
rabbit antimouse immunoglobulins (1/150). To decrease
background fluorescence in formalin-fixed tissue, the
sections were incubated in 0.3% Sudan Black for 10min at
room temperature followed by four washes in TBS before
mounting.

Immunofluorescence-labelled preparations were analysed
using the Leica TCS SP2 UV LSCM. For two-colour labelled
specimens, the LSCM was set up to image the fluorochromes
sequentially to avoid possible ‘crosstalk’ between the two
emission spectra (TRITC excitation 541 nm, emission 570–
580 nm; FITC excitation 488 nm, emission 510–535 nm). The
areas of interest were selected and projected Z-series were
examined to localise the fluorochromes.

RESULTS
Immunofluorescence Analysis of Cultured IBEC
Resting IBEC showed an epithelioid cobblestone morphology
(Figure 1a: upper panel) and more than 95% expressed CK-7
(Figure 1a: lower panel). However, matched cultures which
had been stimulated for 72 h with TGFb1 at 1 ng/ml (Figure
1b) and 10 ng/ml (Figure 1c: upper panel) underwent a
phenotypic change to produce bipolar cells with a fibroblastic
morphology and expression of CK-7 was lost (Figure 1c:
lower panel); during this culture there was no cell detach-
ment or obviously increased rate of cell death. Importantly,
nuclear pSmad2/3 was absent from resting cells (Figure 1d)
and no detectable accumulation of nuclear pSmad2/3 was
observed after stimulation with TGFb1 at 1 ng/ml (Figure 1e);
however, stimulation for 72 h with TGFb1 at 10 ng/ml caused
a high level of accumulation of pSmad2/3 within the nucleus
of each cell (Figure 1f). Resting IBECs showed little expres-
sion of either S100A4 (Figure 1g) or aSMA (Figure 1j) but
stimulation for 72 h with TGFb1 at 1 ng/ml increased the
expression of both of these antigens (Figure 1h and k
respectively); this increase was even more apparent after
treatment with TGFb1 at 10ng/ml (Figure 1i and l respec-
tively), with aSMA showing a clear microfibrillar distribution
within the cytoplasm of the IBEC.

Induction of EMT by TGFb-Presenting T Cells
The human lymphoblastoid T cell line MOLT-16 was shown
to express cell-surface TGFb by immunofluorescence detec-
tion of the TGFb-associated LAP. The uniformity of this
expression was demonstrated by both flow cytometry and
fluorescence microscopy (Figure 2a); the biological activity of
this TGFb was confirmed using a sensitive reporter cell
bioassay (data not shown). Resting monolayer IBEC cultures
(Figure 2b) showed a marked increase in the expression of
organised aSMA following the addition of MOLT-16 cells

for 72 h (Figure 2c); the T cell-treated IBEC also showed a
change in morphology similar to that observed following the
addition of soluble TGFb1.

Invasive Capability of Stimulated IBEC
Measurement of the potential of IBEC to invade the artificial
basement membrane, Matrigel showed that few resting cells
could penetrate this matrix (Figure 3). However, stimulation
of IBEC with TGFb1 for 72 h before the assay generated cells
with a highly invasive phenotype, as shown by the increased
number of cells, which have penetrated the matrix and passed
through the pores of the filter support (Po0.001; Figure 3).
It was apparent that the TGFb1-stimulated cells had adopted
a bipolar phenotype while the few resting cells, which had
invaded the matrix were more rounded.

In Situ Hybridisation in Tissue Sections and Nuclear
Accumulation of pSmad2/3 Protein
An antisense oligonucleotide probe cocktail specific for
mRNA encoding TGFb showed a low level of hybridisation in
the nuclei of bile duct cells in normal liver (Figure 4a). In
addition, nuclear accumulation of pSmad2/3 was just de-
tectable by immunohistochemistry (Figure 4d). However,
there was no evidence of hybridisation of an antisense probe
specific for S100A4 mRNA in normal liver (Figure 4g). An-
tisense probes for both TGFb and S100A4 mRNA showed
significant hybridisation in the nuclei of the majority of
epithelial cells within small bile ducts in sections from an
explanted PBC liver (Figure 4b and h); hybridisation was also
observed within some adjacent interstitial cells and within the
intraepithelial infiltrating cells. Low-level hybridisation was
evident for TGFb mRNA in the majority of hepatocytes and
for S100A4 mRNA in hepatocytes at the interface with the
portal tracts in PBC (not shown). The specificity of these
reactions was verified in sequential sections by demonstration
of minimal labelling by a sense sequence-specific probes
(Figure 4c and i); this background was similar to that pro-
duced in the absence of any probe (not shown). Accumula-
tion of pSmad2/3 protein was very strong in the nuclei of bile
ducts in sections from explanted PBC (Figure 4e) and,
significantly, bile ducts with strong nuclear accumulation of
pSmad2/3 also expressed high levels of S100A4 protein
(Figure 4f).

Analysis of Immunohistochemistry in Liver Sections
Sections of normal human liver showed clear, localised ex-
pression of CK-19 and CK-7, defining the epithelial cells
lining the intrahepatic bile ducts (Figure 5a). Matched serial
sections were stained to visualise S100A4, but showed no
expression associated with either the epithelial cells or the
surrounding tissues (Figure 5b), except for occasional
immune cells. Normal bile ducts did not express aSMA,
vimentin or MMP-2 (not shown).

Epithelial cells in bile ducts and ductules associated with
the ductular reaction, in sections from PBC, PSC and ALD
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Figure 1 Microscopic analysis of IBEC cultured in basal media or for 72 h in the presence of TGFb1 at 1 ng/ml or 10 ng/ml. Resting cells showed a

normal epithelioid morphology (a: upper panel) and expression of CK-7 (a: lower panel) with no detectable pSmad2/3 (d) and little expression of S100A4

(g) or aSMA (j). Stimulation with TGFb1 caused a dramatic change in morphology with the cells adopting a uniform bipolar fibroblastic phenotype

(b and c: upper panel) and loss of CK-7 (c: lower panel). The expression of pSmad2/3 was not affected by TGFb1 at 1 ng/ml (e) but was markedly

enhanced within the nuclei of cells exposed to TGFb1 at 10 ng/ml (f). Treatment of IBEC with TGFb1 also increased the expression of cytoplasmic S100A4

(h and i) and aSMA (k and l); in both cases a greater increase in antigen expression was produced by TGFb1 at 10 ng/ml than at 1 ng/ml.
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Figure 2 Induction of aSMA in IBEC treated with TGFb-presenting T cells. (a) Flow cytometry (grey line shows control results, the black line shows

specific labelling) and immunofluorescence (immunofluorescence is shown in the left panel, bright field is shown in the right panel) show that the

MOLT-16 T cell line expresses LAP, which is a surrogate marker for active TGFb. (b) Resting IBEC express little aSMA, but (c) coculture with MOLT-16 cells

for 72 h increases the expression of organised aSMA within elongated cells.

Figure 3 Analysis of the invasion of resting (control) and TGFb1-stimulated IBEC through Matrigel and an 8 mm-pore filter. Resting cells showed little

potential for invasion, and the few migrant cells observed retained a rounded morphology. By contrast, cells which had been treated for 72 h with TGFb1
efficiently invaded the artificial basement membrane (Po0.001) and showed a fibroblastoid, bipolar morphology.
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showed clear expression of S100A4 (Figure 5c–l). In addition,
S100A4 and CK-19 (Figure 5c, e, f, h and i), S100A4 and CD8
(Figure 5j), and S100A4 and E-cadherin (Figure 5l) coloca-
lised in bile ducts and in the ductular reaction within the
diseased tissue. There was evidence of loss of CK-19 and
E-cadherin and redistribution of E-cadherin to the cytoplasm

in some S100A4-expressing epithelial cells and of a tendency
to migrate out of the ductular structure, especially associated
with the ductular reaction (Figure 5h and i).

Importantly, many cells within a ductular reaction (shown
in alcoholic cirrhosis, Figure 5k) showed clear coexpression
of both CK-7 and S100A4, defining a potentially motile

Figure 4 Demonstration of mRNA encoding TGFb and S100A4 and accumulation of pSmad2/3 in bile ducts in normal and PBC sections. (a) A low

expression of TGF-b1 mRNA was detected in small bile ducts in normal liver (brown) in comparison to (b) the strong signal from the TGF-b1 probe in

biliary epithelium of PBC. (c) Specificity of the hybridisation was confirmed by a sense probe. (d) A low level of pSmad2/3 protein was detected in the

nuclei of several epithelial cells (black) within small bile ducts in normal liver whereas in (e) intense accumulation of pSmad2/3 was observed in small

bile ducts in PBC. (g) Hybridisation with the S100A4-specific probe did not detect any S100A4 mRNA in normal liver but (h) a high level of S100A4 mRNA

was observed in biliary epithelium in PBC. (i) An S100A4 sense probe proved the specificity of antisense binding. (f) Dual-labelling showed that

nuclear pSmad2/3 (dark brown) was accompanied by expression of cytoplasmic S100A4 protein (red: no counterstain). (b) and (h) Both TGF-b1 and

S100A4 antisense probes in PBC-detected specific mRNAs in some adjacent interstitial cells and infiltrating immune cells.
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population of cells with an epithelial phenotype undergoing
localised EMT; the cells stained exclusively red are indicative
of infiltrating leukocytes. An XZ optical section through a
bile duct confirmed the coexpression of CK-7 and S100A4 by
single epithelial cells (Figure 5k).

Epithelial cells in bile ducts and ductules associated with
the ductular reaction, in sections from PBC, PSC and ALD
also expressed vimentin (Figure 6a) and MMP-2 (Figure 6b);
these cells did not express aSMA (Figure 6c and d).

S100A4 and vimentin were also observed within a popu-
lation of infiltrating immune cells in the portal tracts. Some
cells, identified morphologically as fibroblastic, expressed
S100A4 (Figure 5d and g) and vimentin (Figure 6a); aSMA-
expressing myofibroblasts were observed in areas of estab-
lished fibrosis (Figure 6c and d). In addition, S100A4 (Figure
6e) and MMP-2 (not shown) were observed in hepatocytes
adjacent to portal tracts.

ALK5 was strongly expressed in both native bile ducts and
in the ductular reaction (Figure 6f) and expression of nuclear
pSmad2/3 was increased in epithelial cells, when compared to
normal (not shown), suggesting an increased response to
active TGFb; importantly, this signalling was spatially asso-
ciated with the expression of S100A4 (shown in alcoholic
cirrhosis; Figure 6g).

The small bile ducts in sections with hepatic steatosis
expressed low levels of S100A4 (not shown) indicating a re-
sponse to non-specific damage, but these biopsy sections did
not contain medium-sized bile ducts or areas of ductular
reaction. The bile ducts in sections from patients with acute
liver damage were negative for both S100A4 and vimentin
(not shown).

DISCUSSION
In this study, we have combined data from immuno-
histochemical and in situ hybridisation studies of human
liver tissue with results from cell culture experiments to
provide strong evidence that biliary epithelial cells contribute
significantly to portal tract fibrosis in a number of cho-
langiopathies.

In a resting state, cultured IBEC had an epithelioid mor-
phology and expressed both CK-7 and CK-19, but neither
S100A4 nor aSMA; our group has shown that cytokeratin
expression remains stable in these cells for more than seven
passes in basal culture.26 Treatment with TGFb1-induced Smad
2/3 phosphorylation with translocation of these phosphopro-
teins to the nucleus. Importantly, the stimulated cells uni-
formly adopted a fibroblastic morphology with increased
cytoplasmic expression of the EMTmarker, S100A4. They also
acquired high levels of organised aSMAwithin their cytoplasm
indicating transdifferentiation from epithelial cells to mature
myofibroblasts, which had a significantly enhanced potential
to invade a basement membrane-like matrix.

Neither IBEC nor other cells (except for occasional in-
flammatory cells) in the normal portal tract expressed
S100A4, suggesting that any resident fibroblasts are of a

lineage separate from those derived from local epithelial cells.
It has already been reported that primary mesenchymal cells
do not express S100A4.27 However, IBEC and cells with an
epithelial phenotype within the ductular reaction from pa-
tients with PBC, PSC and alcoholic cirrhosis showed marked
induction of S100A4, MMP-2 and vimentin; the induction of
S100A4 was confirmed at an mRNA level. In addition, re-
duced expression of both cytokeratins and E-cadherin was
noted in bile duct epithelium undergoing EMT. E-cadherin
that remained was fragmented and was redistributed to the
cytoplasm. This suggests that, at least in these diseases, the
development of portal tract fibrosis is associated with local
induction of an EMT process. Importantly, IBEC in biopsy
sections did not express aSMA, but this antigen was ex-
pressed by myofibroblasts in established portal fibrosis, fur-
ther emphasising the importance of S100A4 as an early
marker of EMT.

The apparent disparity between the expression of aSMA by
TGFb-stimulated IBEC in culture and the absence of this
antigen from epithelial cells which constitute recognisable
bile ducts in diseased liver tissue can be explained by dif-
ferences between the two systems. In both cases, individual
epithelial cells clearly acquire some mesenchymal antigens
and lose epithelial markers. This change is accompanied by
an increase in motility and matrix invasion in vitro, which is
entirely consistent with the observed induction of MMP-2
expression in vivo. Demonstration of increased S100A4 ex-
pression together with low levels of CK-19 in some cells with
a fibroblastic morphology also suggests the presence of some
cells at an early stage after the induction of EMT. Hence, the
absence of aSMA within the ductular epithelium might
simply reflect the fact that cells undergoing EMT have mi-
grated from this tissue before acquiring aSMA expression.
Kinetic differences in the expression of individual antigens
after the induction of EMT further emphasises the im-
portance of the detection within epithelial cells of S100A4,
which has already been described as one of the earliest
markers of this transition process.17 Indeed, S100A4 directly
increases cell motility through modification of actin func-
tion, suggesting that expression of this marker is not com-
patible with long-term cellular localisation within organised
epithelial tissues.28

As S100A4 expression by macrophages within the in-
filtrating leukocyte population may be confused with that of
adjacent epithelial cells entering EMT,29 it is important to
co-label with markers of differentiated epithelium such as
E-cadherin and cytokeratins. Coexpression of CK-7 or CK-19
and S100A4 within small bile ducts and the majority of cells
comprising the ductular reaction provided clear evidence that
although these cells have an epithelial phenotype, they are
actively engaged in EMT. This provides a possible explana-
tion for the association between the ductular reaction and
development of periportal fibrosis.30 The ductular reaction is
seen in a number of end stage liver diseases, including
alcoholic cirrhosis. It is particularly seen in areas of par-
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Figure 6 A representative series of immunohistochemical results from normal human liver and liver tissues from patients with PBC, PSC and ALD

showing expression of vimentin, MMP-2, aSMA, ALK5 and pSmad 2/3. (a) A vimentin expressing ductule (red) at the portal tract/hepatocyte interface

(black arrow) lies in close proximity to vimentin-expressing fibroblast-like cells (grey arrow)—PBC Stage3. (b) The expression of MMP-2 (red) in a ductular

reaction in Stage 4 PSC. (c) Shows the absence of aSMA (FITC: green) from epithelium within a small bile duct, which expresses S100A4 (TRITC: red); aSMA is

present within myofibroblasts of the surrounding tissue (Stage 4 PSC). (d) Also in stage 4 PSC, a small bile duct confirms no coexpression of CK19 (TRITC:

red) and aSMA (green: FITC-labelled primary antibody). By contrast the accompanying blood vessel is strongly aSMA-positive. (e) In a single-labelled section,

a ductule in an infiltrated and fibrotic portal tract expresses S100A4, as do many of the infiltrating cells and hepatocytes (arrowed) at the interface with the

parenchyma (end-stage ALD) (f) A single-labelled section from stage 3 PBC showing a bile duct-expressing ALK5 (TGFbRI—brown/black). Hepatocytes and a

proportion of the infiltrating cells also express ALK5. (g) Coexpression of S100A4 and pSmad2/3; many of the S100A4 expressing cells (red) in a typical

ductular reaction in end-stage alcoholic liver disease (ALD) also show nuclear localisation of the pSmad2/3 phosphoproteins (brown/black; no nuclear

counterstain). (h) Negative method control—an ALD section in which primary antibody was replaced with rabbit IgG—counterstain, Mayer’s haematoxylin.

Figure 5 A representative series of immunohistochemical results from normal human liver and liver tissues from patients with PBC, PSC and alcoholic liver

disease showing expression of S100A4, cytokeratins and E-cadherin. Serial sections (a and b) are from a normal liver biopsy taken immediately prior to

transplantation; (a) shows expression of CK-19 in IBEC forming a small intrahepatic bile duct (arrow), (b) shows that neither this duct (arrow) nor the

surrounding tissue expresses S100A4. (c) A dual-labelled section from stage 3 PSC detecting CK19 (brown/black) and S100A4 (red) shows a small bile duct

(arrowed) in an inflamed portal tract, which is expressing S100A4 and a low level of CK19. (d) A section from Stage 3 PBC liver shows an S100A4-expressing

epithelial cell (black arrow) within a ductule together with S100A4 expression within fibroblast-like cells in the surrounding tissue (white arrow). In PSC (Stage

4), (e) shows coexpression (yellow) of CK-19 (FITC-green) and S100A4 (TRITC-red) in a medium-sized bile duct and strong S100A4 expression (red) in infiltrating

cells. (f) A large bile duct in stage 4 PSC showing coexpression (yellow) of CK-19 (FITC: green) and S100A4 (TRITC: red) in the majority of biliary epithelial cells

(arrows identify strongly S100A4-positive epithelial cells). Most of the inflammatory cells surrounding the duct and infiltrating the epithelium are also S100A4-

positive. (g) The damaged duct in Stage 4 PSC liver is surrounded by bipolar, S100A4-expressing cells (red) identified as invasive fibroblast-like cells, possibly

resulting from localised EMT. (h and i) The arrows indicate ductular epithelial cells with very low expression of CK-19 (brown/black) that strongly express

S100A4 (red) and appear to be acquiring a fibroblastic morphology (PSC stages 3 and 2 respectively). From Stage 3 PBC, (j) shows a medium-sized S100A4-

expressing bile duct (red) infiltrated by CD8þ T cells (black: arrows). (k) Alcoholic cirrhosis; the upper panels show sequential confocal images identifying

expression of CK-7 (green) and S100A4 (red) in epithelium in a ductular reaction. The cytofluorogram, derived from the same scan, shows evidence of extensive

colocalisation of S100A4 and CK-7 in ductules (yellow pixels) with a band of red pixels on the left hand side representing intensely single-labelled infiltrating

cells. The triple-labelled panel includes a DAPI nuclear counterstain with CK-7 and S100A4, again from the same scan; the narrow panel shows an XZ section

through an individual ductule, confirming coexpression of CK-7 and S100A4 by single cells. (l) In stage 4, PSC a medium-sized bile duct shows fragmented and

cytoplasmic E-cadherin expression and S100A4 in most of the epithelial cells. (m) Typical E-cadherin expression (black) in a section of normal bile duct.
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enchymal extinction and may be responsible for progressive
fibrosis in advanced disease. Expression of S100A4 and
MMP-2 by some peri-portal hepatocytes is consistent with
a previous study showing that these cells are also capable
of undergoing EMT in vitro.12,31 It is significant that CD8þ
T-cells were in close contact with viable, S100A4-expressing
IBEC in PBC, suggesting the potential for sophisticated
crosstalk in the absence of target cell lysis. Such a scenario is
clearly important for immune cell-mediated induction of
localised EMT.18

Identification of coexpression of S100A4 and phosphory-
lated forms of Smad 2/3 in the nucleus of ductular epithelial
cells provides evidence that this EMT process, as in renal
fibrosis,32,33 is driven by microenvironmental TGFb. This is
supported by the demonstration that nuclear expression of
pSmad2/3 by cultured IBEC increased rapidly following
stimulation with TGFb1. A potential role for TGFb as an
effector molecule in PBC is also supported by the demon-
stration of increased TGFb mRNA, confirming previous
reports.34

An attractive candidate for TGFb presentation to epithelial
cells during persistent inflammation is T cells, which express
the aE(CD103)b7-integrin,35 allowing adhesion to epithelial
E-cadherin.36 In this study, a TGFb-presenting, CD103þ T
cell line induced EMT within cultured IBEC; similar results
have been reported after culture of renal tubular epithelial
cells with these T cells.18 Demonstration of the presence of
LAP on the surface of CD103þ T cells provides a surrogate
marker for the presence of active TGFb, as the cells also ex-
press thrombospondin, which can activate the latent protein
complex.24 Increased numbers of CD103þ ve T cells have
been reported within the portal infiltrate during PBC37 and
chronic hepatitis.38

An important feature of EMT is its potential for reversi-
bility. In tubulointerstitial renal fibrosis, tubular epithelial
cells acquire S100A4 and the capacity to penetrate the base-
ment membrane;39 with continued stimulation, some of
these cells can differentiate further into proliferating myofi-
broblasts. Kalluri and Neilson15 have argued that the phe-
notype of these cells may remain plastic allowing phenotypic
reversion of at least some cells and the reformation of
functional tubular epithelium. Our data suggest a similar
process may occur in liver disease since we have shown that
IBEC have the potential to acquire an immature epithelial
cell/fibroblast phenotype and progress to aSMA-expressing
myofibroblasts. It is tempting to speculate that these cells
retain their plasticity and, given the right conditions, could
revert to form normal bile ducts. Such a scenario might ex-
plain the reversibility of vanishing bile duct syndrome in
some situations.23
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