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Portal fibroblasts: Underappreciated mediators of biliary fibrosis
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Abstract

Portal fibroblasts are an important yet often overlooked non-parenchymal cell population in the
liver. They are distinct from hepatic stellate cells, yet like stellate cells differentiate in the setting
of chronic injury to fibrogenic myofibroblasts, playing an important role in collagen production in
the fibrotic liver. Portal fibroblasts are located adjacent to bile duct epithelia and thus play a
particularly significant role in biliary fibrosis. New data suggest that they may also have key
functions independent of fibrogenesis. This review will address the definition and characteristics
of PF as well as their signaling pathways, interactions with the biliary epithelium, and
contributions to liver pathobiology. We conclude that portal fibroblasts are an important and
multifunctional non-parenchymal cell population in need of further study.
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Fibrosis and cirrhosis have been referred to as the “final common pathway” of chronic liver
injury. Although anatomists and pathologists have always stressed the differences between
biliary and non-biliary etiologies of fibrosis, the landmark isolation of hepatic stellate cells
(HSC) and demonstration of their in vitro “activation” resulted in 20 years of fibrosis
research focused on understanding HSC behavior in culture and applying these findings to
animal models of disease. Recent work, however, has led to a renewed appreciation for the
cellular complexity of fibrosis. We discuss here the fibroblasts and myofibroblasts of the
portal tract, emphasizing new data demonstrating that these cells have important roles in
liver fibrosis and other pathology, and highlighting promising areas for future research.

History, Nomenclature, and Markers

Portal fibroblasts (PF) were reported as distinct cells as early as 1961, when Carruthers and
colleagues used light and electron microscopy to study the rat portal tract after bile duct
ligation (BDL) (1,2). These investigators observed fibroblast proliferation around newly
formed bile ductules and reported that fibroblasts of the diseased portal tract had long
processes and were often surrounded by fibrils, including elastic fibers (1). In 1963, Popper
and colleagues described “mesenchymal cells not related to sinusoids” and later noted that
fibroblast-like cells and matrix deposits were present in the region immediately surrounding
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proliferating bile ducts in biliary cirrhosis (3,4). These early observations were coincident
with the recognition by Gabbiani and colleagues that fibroblast-derived a-smooth muscle
actin (a-SMA)-expressing myofibroblasts were the major matrix producing cells in wound
healing (5), setting the stage for the study of PF as potential mediators of fibrosis. The study
of PF as candidate myofibroblast precursors stalled, however, after methods to isolate HSC
were first published, and Friedman reported that HSC in culture underwent “activation” to
fibrogenic myofibroblasts (6,7). The observation that HSC (and not hepatocytes) were
matrix-producing cells (8,9) led to a proliferation of research on HSC, and the majority of
publications in the liver fibrosis literature over the last two decades have incorporated the
assumption that all a-SMA positive myofibroblasts are activated HSC.

The recent resurgence of interest in PF has resulted in part from data showing that liver
myofibroblasts are heterogeneous and not always derived from HSC (10-13). It has been
appreciated for many years that biliary cirrhosis is distinct from non-biliary cirrhosis,
occurring more rapidly and with the pathological signature of dysregulated bile ductular
proliferation. As it became clear that the bile duct epithelia (BDE) are the primary site of
injury in chronic cholangiopathies such as primary biliary cirrhosis and that fibrosis
originates in the peri-ductular region in these diseases (14), the portal localization of PF (as
opposed to the more distant, perisinusoidal location of HSC) made them attractive
candidates as mediators of biliary fibrosis. Indeed, a model whereby PF were “first
responders” in biliary fibrosis, later to be supplanted by HSC, was proposed in 2002 by
Kinnman and Housset (15).

PF are heterogeneous and have been given a variety of different names, some cumbersome,
complicating research into their behavior. Similarly, PF have been identified (and
differentiated from HSC) on the basis of expression of multiple markers, but these have not
been consistently examined by different researchers. Names applied to fibroblasts found in
the portal region have included “peribiliary fibrogenic cells distinct from hepatic stellate
cells” as well as “periductular fibroblasts” and “portal/periportal mesenchymal cells”
(16-18). Myofibroblasts have similarly been given different names when associated with the
portal tract. Cassiman et al. identified three myofibroblast populations in cirrhotic rat and
human livers: myofibroblasts clearly derived from HSC, portal/septal myofibroblasts
postulated to be derived from PF, and interface myofibroblasts, with an intermediate
phenotype and unclear origin (10,19). For clarity, we refer here to all fibroblasts in the portal
region (whether periductal or not) as PF and to all non-HSC derived myofibroblasts in the
portal region as portal myofibroblasts, acknowledging that the cells in each category are
heterogeneous. Portal myofibroblasts in particular may originate from different precursor
cell populations, potentially including vascular smooth muscle cells from the walls of the
hepatic artery and portal vein.

Isolated PF in culture, which undergo myofibroblastic differentiation, are a useful new tool
for studying mechanisms of biliary fibrosis. Unfortunately, isolation techniques,
nomenclature, and identification of these presumably heterogeneous cells vary. PF clearly
distinct from HSC by marker analysis have been isolated by outgrowth from dissected bile
duct segments and express a-SMA and type | collagen after undergoing growth in culture
(17,20). We have isolated PF from rat liver by sequential protease perfusion, bile duct
dissection, and size selection and have observed that they undergo progressive
myofibroblastic differentiation over 10-14 days (21,22). In no case, however, is it
understood how well isolated PF and portal myofibroblasts reflect the corresponding cell
populations in vivo.

A variety of markers have been used to identify PF, although the findings of different groups
have not always coincided. Markers considered specific for PF include fibulin-2, IL-6,
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elastin, and the ecto-ATPase nucleoside triphosphate diphosphohydrolase-2 (NTPD2; Fig.
1). Expression of P100, a2-macroglobulin, and neuronal proteins (including neuronal cell
adhesion marker and synaptophysin) and the absence of lipid droplets have also been used to
differentiate PF from HSC (for review, see (10,18,23)). As research on PF increases, the
application of a uniform set of markers by different investigators would undoubtedly clarify
many published results.

Development and Embryonic Origins

The embryologic origins of PF are not known, and definitive lineage tracing has not been
performed. The portal mesenchyme in the developing human liver includes a-SMA-positive
cells at the ductal plate stage. During the ductal plate remodeling stage, these a-SMA-
positive cells disappear, and cells expressing vimentin, believed to be PF, begin to appear
(24); it appears likely that both PF and vascular smooth muscle cells are derived from the
early a-SMA-positive mesenchymal cells. Immunostaining data suggest that portal
myofibroblasts are important mediators of biliary development (potentially through
production of extracellular matrix components such as laminin and collagen 1V) and that
they also contribute to hepatic arterial development (25).

A recent study showed that p75 neurotrophin receptor (p75NTR)-expressing mesenchymal
cells in the mouse fetal liver include precursors for both HSC and PF. p75NTR-positive cells
were initially localized to the periphery of the liver bud but then divided into distinct
parenchymal and portal populations, presumably reflecting HSC and PF. Since the portal
population of p75SNTR-positive cells expressed the Notch ligand Jaggedl, these cells may
regulate the commitment of hepatoblasts to a biliary lineage (26). Lineage tracing analyses
using mouse embryos expressing a LacZ reporter gene under the control of the mesodermal
marker MesP1 demonstrated a mesodermal origin for HSC and perivascular mesenchymal
cells (desmin+, p75SNTR+, a-SMA+) as well as a population of submesothelial cells (27).
The perivascular mesenchymal cells described may be PF precursors. Interestingly, this
would suggest that HSC and PF originate from a common precursor in the early embryo.

Cell Biology of PF and Portal Myofibroblasts

PF in the normal liver are similar to other fibroblasts, and elastin-expressing PF in culture
can be stained with the marker TE-7, considered to be definitive for fibroblasts (Fig. 2) (28).
PF, like most fibroblasts, are characterized by two key features: prominent endoplasmic
reticulum, especially rough endoplasmic reticulum, and elongated and thin cytoplasmic
processes (1). Their Golgi complexes are relatively small (29). PF have dendrite-like cell
extensions that extend to within sub-micron distances of the basolateral membranes of BDE;
these extensions have been reported to increase in number in response to injury (30).

PF undergo myofibroblastic differentiation in the chronically injured liver and when
cultured on plastic or glass. Portal myofibroblasts, like typical myofibroblasts, express large
numbers of a-SMA-containing microfilament bundles arrayed in parallel to the long axis of
the cell. In the livers of alcohol-fed but not normal baboons, portal myofibroblasts express
pinocytic vesicles (31). Rough endoplasmic reticulum and Golgi complexes are more
prominent in myofibroblastic PF than in normal PF (29). Relative to HSC-derived
myofibroblasts, portal myofibroblasts demonstrate more variability in size (18). There are
controversial reports that portal myofibroblasts proliferate and can be passaged in culture,
whereas myofibroblastic HSC undergo DNA replication but do not divide, and rapidly
undergo apoptosis after passaging (19,32). Whether portal myofibroblasts, like HSC
myofibroblasts, can revert to a non-myofibroblastic state, at least in culture, is not known,
and whether such reversion occurs to any significant degree in vivo (for example during
fibrosis regression) for either cell type is similarly unknown (33,34).
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PF as Mediators of Fibrosis

There is now convincing evidence that PF and portal myofibroblasts play an important role
in liver scar formation, especially in biliary fibrosis. As early as 1991, PF in the post-BDL
rat liver were reported to express fibronectin and fibrillar collagens (35), raising the
possibility, later supported by data from other groups, that PF not only deposit matrix but do
so before undergoing myofibroblastic differentiation (29,35). Desmouliere and colleagues in
particular noted that significant increases in portal matrix deposition preceded the
appearance of myofibroblasts in the rat BDL model (35).

Several seminal papers established a role for portal myofibroblasts in fibrosis. Tuchweber et
al. reported in 1996 that both PF and BDE in the rat liver proliferated dramatically in the
first 48 hours after BDL, and that many a-SMA positive myofibroblasts, negative for the
HSC marker desmin, appeared adjacent to the proliferating ductules (30). This supported a
model in which portal myofibroblasts play an important role in early portal fibrosis. Other
groups, using both BDL and chronic carbon tetrachloride toxicity models, demonstrated that
myofibroblasts accumulating in different regions of the liver expressed different markers;
correlation with in vitro data suggested that myofibroblasts derived from both PF and HSC
caused fibrosis (11,36).

Beaussier et al. recently used two different models of cholestatic liver injury to conclude that
HSC do not undergo myofibroblastic differentiation in biliary fibrosis. In rat livers subjected
to either BDL or arterial ischemia, HSC upregulated desmin expression, but did not
contribute to the large population of a-SMA-expressing myofibroblasts in the portal region
associated with the fibrotic scar (16). Although Beaussier et al. did not stain their sections
with markers specific for PF, the portal myofibroblasts they observed were likely derived
from PF. Future fibrosis research will need to incorporate standardized marker analyses in
order to delineate the relative contributions of HSC and PF. Nonetheless, it is clear that the
cellular basis of fibrosis is variable, depending on the nature of the injury, and that PF and
portal myofibroblasts make significant contributions independent of HSC.

Signaling and Cell-Cell Interactions

Factors regulating the behavior of PF have primarily been studied in cells in culture.
Transforming growth factor-p (TGF-B), widely appreciated as one of the most important
mediators of liver fibrosis, is required for PF differentiation. PF require a relatively stiff
surrounding environment as well as TGF-f in order to express a-SMA and become
fibrogenic in culture (22). This is in contrast to HSC in culture, which express a-SMA
independent of TGF- (22,37,38), but is consistent with the model of Gabbiani and
colleagues that TGF- as well as mechanical tension are required for differentiation of
myofibroblasts in all tissues (39). Interestingly, PF-derived myofibroblasts secrete large
amounts of the TGF- isoform TGF-B2 and express high levels of the TGF-p receptor
betaglycan, which is required for high affinity signaling by TGF-p2 (40). Combined with
evidence that damaged BDE in human tissue express TGF-f2 and release inflammatory
mediators (discussed below), this suggests a model whereby BDE damage leads to initial PF
myofibroblastic differentiation, followed by autocrine perpetuation of the process (41).

The impact of other growth factors on the function of PF is less clear. Tumor necrosis
factor-a, although upregulated in patients with advanced primary biliary cirrhosis (42), has
not been shown to regulate PF activity, and our unpublished data suggest that it has no effect
on PF myofibroblastic differentiation or type I collagen production. Similarly, the role of
connective tissue growth factor (CCN2) in PF biology has not yet been studied, although it
often enhances or mediates the effects of TGF-p and is upregulated in human biliary fibrosis
and in animal models of chronic liver disease (43,44). Conflicting results have been reported
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for platelet-derived growth factor (PDGF). One group demonstrated that PDGF upregulated
a-SMA expression in PF in culture; in rats subjected to BDL, injections of the protein-
tyrosine kinase inhibitor ST1571 resulted in decreased a-SMA expression without altering
bile ductular proliferation (17). Another group, however, observed that PDGF enhanced PF
proliferation in culture but decreased a-SMA expression (22). PDGF is of particular interest
given that it is expressed by cultured bile duct segments from BDL-treated rats, suggesting a
possible mechanism for fibrosis after BDL (45). Interestingly, PDGF induces production of
sonic hedgehog by myofibroblastic HSC, which enhances HSC growth in an autocrine
fashion (46). Although the role of hedgehog has not been studied in PF, the hedgehog
pathway is activated in rat livers after BDL, raising the possibility that PF also produce or
respond to hedgehog ligands (47).

Strong evidence suggests that signals between BDE and PF are instrumental in the
progression of biliary fibrosis and cirrhosis. Several investigators have shown that there is a
direct correlation between the intensity of the ductular reaction and the severity of fibrosis in
human liver disease of a variety of etiologies, including hepatitis C and non-alcoholic fatty
liver disease, as well as in animal models (16,48-50). Cytokines and chemokines, in
particular interleukin-6 (1L-6) and monocyte chemotactic protein-1 (MCP-1; CCL2), are
emerging as important mediators of cell-cell communication between BDE and PF. In
humans, IL-6 is expressed specifically by BDE in biliary as opposed to other forms of
fibrosis (51); correspondingly, PF express the IL-6 co-receptor gp130 (52). There appears to
be a paracrine loop operative in which IL-6 potently downregulates NTPD2 on PF (without
altering PF myofibroblastic differentiation); NTPD2 in turn regulates G protein-coupled
P2Y receptors for extracellular ATP and other nucleotides, which mediate BDE proliferation
(53). Additionally, non-HSC rat liver myofibroblasts express IL-6, providing a mechanism
for autocrine regulation as well (54). The result is that loss of NTPD2, which is observed in
biliary cirrhosis in rats and humans, leads to BDE hyper-proliferation (55,56). To complete
the loop, IL-6 is released by BDE in response to extracellular ATP, providing a feed-
forward mechanism for the continued production of IL-6 and the perpetuation of bile
ductular proliferation (52).

MCP-1 was first identified as a regulator of monocyte/macrophage chemotaxis (57), and
may be important as a regulator of PF myofibroblastic differentiation and fibrogenesis. BDE
express MCP-1 mRNA and are the liver cells expressing MCP-1 mRNA most strongly in
chronic hepatitis (58). There is now direct evidence that BDE signal to PF via MCP-1
release. MCP-1 upregulates PF proliferation, myofibroblastic differentiation, and
procollagen-1 mRNA expression and downregulates NTPD2 expression. Furthermore,
conditioned medium from BDE isolated from BDL-treated rats induced PF myofibroblastic
differentiation, which was inhibited by an MCP-1 blocking antibody (59). The identity of
the MCP-1 receptor expressed by PF is not known. These cells fail to express the MCP-1
cognate receptor CCR2, although CCR2 null mice are protected from BDL-induced
cirrhosis (59,60).

Additional Roles for PF

HSC, initially studied almost exclusively as matrix-producing cells, are now known to have
many complex functions (61). Although our understanding of PF-mediated fibrogenesis is
still in its infancy, two additional points warrant mention. PF appear to be the major elastin-
expressing cells (aside from vascular smooth muscle cells) in the liver, and some
investigators have shown that elastin deposition increases as PF proliferate and fibrosis
progresses (35,36). Although not all groups agree that elastin is specific for PF (as opposed
to HSC) (62), the data raise interesting points beyond the use of elastin as a marker for PF.
Elastic fibers, which are formed from fibrillin microfibrils, with or without a core of elastin,
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are important determinants of the mechanical properties of tissues, providing resilience, in
contrast to the fibrillar collagens (typical of the liver scar) which provide rigidity. Fibrillin is
expressed by both HSC and PF (36,63); thus, the elastic fibers around HSC and PF are
structurally different. Whether this is important to cell behavior, to the mechanical
properties of livers with biliary versus non-biliary fibrosis and cirrhosis, or to matrix
remodeling and fibrosis regression is an important question for future research.

PF may also participate in progenitor cell expansion and differentiation in the liver. Ina
dietary model of progenitor cell activation, myofibroblast activation and extracellular matrix
deposition preceded progenitor cell expansion, and progenitor cells were surrounded by
myofibroblasts and embedded in matrix proteins (64). New data on the identity of Thy-1
positive cells in the regenerating liver (previously believed to be oval cells) suggests that a
subpopulation may actually be myofibroblasts closely apposed to oval cells, although they
appear to be elastin negative (65,66). Interestingly, in studies of the transcription factor
FoxL1, bipotential progenitor cells were encircled by elastin-positive, a-SMA-negative
cells, which may be PF (67). Thus, there is now suggestive evidence that PF and portal
myofibroblasts play an important role in the liver progenitor cell niche.

The published literature now clearly demonstrates that PF and portal myofibroblasts are
mediators of biliary fibrosis. Our knowledge of PF, however, lags far behind our knowledge
of HSC. We suggest several areas for future research. First, it is essential to study the
heterogeneity of the portal mesenchymal cell population. Evaluation and standardization of
markers should be a priority. This will provide the additional benefit of addressing how well
PF in culture mimic the population in vivo. Second, there needs to be a better understanding
of the differences between HSC and PF as regards their relative contribution to fibrosis and
their molecular regulation. This should have significant implications for the development of
antifibrotic therapies tailored to distinct disease etiologies. Finally, since PF may be as
multifunctional as HSC, it is critical that hepatology researchers explore functions of PF
beyond fibrosis.
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The abbreviations used are

HSC hepatic stellate cells

PF portal fibroblasts

BDL bile duct ligation

a-SMA a-smooth muscle actin

BDE bile duct epithelia

NTPD2 nucleoside triphosphate diphosphohydrolase-2
P75NTR p75 neurotrophin receptor

TGF-g transforming growth factor-3

PDGF platelet-derived growth factor

IL-6 interleukin-6
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Figure 1. Expression of NTPD2 by PF

A. Confocal immunofluorescent expression of NTPD2 in normal liver. Sections were
obtained from normal rat liver, and a photomicrograph highlight of a portal area is shown.
NTPD2 expression is demonstrated by indirect immunofluorescence (green), and
filamentous actin is shown by staining with rhodamine phalloidin (red). NTPD2 is expressed
in the stromal cells surrounding intrahepatic bile ducts, identified by apical and lateral actin
staining. B. Immunofluorescent expression of NTPD2 in isolated rat PF on glass coverslips.
NTPD?2 is seen at the plasma membrane and intracellular structures. C, D. Immuno-electron
microscopic expression of NTPD2 in normal liver. Sections were obtained from normal rat
liver, and an area of the PF-bile duct interface is shown. Immuno-gold labeling is seen on PF
and is plentiful on membranous extensions from the PF soma that are adjacent to the bile
duct basolateral membrane, best seen in the inset (D). Adapted from (53).
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Figure 2. PF, unlike HSC, express the fibroblast marker TE-7

Myofibroblastic HSC (A) and PF (B), isolated as described from normal rat liver and
differentiated in culture (22), were stained with the fibroblast marker TE-7 (red) and with
the nuclear stain DAPI (blue). Note that this marker clearly distinguishes the two cell types,
and identifies PF in culture as fibroblasts.
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