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Abstract

Portal fibroblasts, the resident fibroblasts of the portal tract, are found in the mesenchyme
surrounding the bile ducts. Their roles in liver homeostasis and response to injury are undefined
and controversial. Although portal fibroblasts almost certainly give rise to myofibroblasts during
the development of biliary fibrosis, recent lineage-tracing studies suggest that their contribution to
fibrogenesis is limited compared to that of hepatic stellate cells. Other functions of portal
fibroblasts include participation in the peri-biliary stem cell niche, regulation of cholangiocyte
proliferation, and deposition of specific matrix proteins. Portal fibroblasts synthesize elastin and
other components of microfibrils; these may serve structural roles, providing stability to ducts and
the vasculature under conditions of increased ductal pressure, or could regulate the bioavailability
of the fibrogenic transforming growth factor f in response to injury. Viewing portal fibroblasts in
the context of fibroblast populations throughout the body and studying their niche-specific roles in
matrix deposition and epithelial regulation could yield new insights into their contributions in the
normal and injured liver. Understanding the functions of portal fibroblasts will require us to view
them as more than just an alternative to hepatic stellate cells in fibrosis.
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Portal fibroblasts, the resident fibroblasts of the portal tract, are found in the mesenchyme
surrounding the bile ducts. Fibroblasts in the portal mesenchyme were first described more
than 50 years ago, in rat livers after bile duct ligation.! These cells have recently come to
prominence as possible precursors of the contractile, matrix-depositing, a smooth muscle
actin (aSMA)-positive myofibroblasts that promote fibrosis.2* Portal fibroblasts have been
proposed to deposit matrix specifically in biliary fibrosis, and to have a role in place of, or in
addition to, hepatic stellate cell-derived myofibroblasts.> 6 Their contribution to matrix
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deposition in fibrosis remains controversial, however, and the definitive experiments
necessary to determine their role have not been carried out. Similarly, functions of portal
fibroblasts that are independent of fibrogenesis are poorly understood. We propose that
viewing portal fibroblasts through a broad lens, in the context of other fibroblast populations
rather than primarily in comparison to hepatic stellate cells, may yield important insights
into their roles in the liver.

Portal fibroblasts are heterogeneous and represent 1 of several fibroblast populations in the
liver. In this review, the term portal fibroblast refers to any fibroblast in the portal region,
and portal myofibroblast to any myofibroblast that originates in the portal area and is not
derived from hepatic stellate cells. There are fibroblasts surrounding the central vein (second
layer cells) and in the liver capsule;”- & many, if not all, are derived from a common
mesothelial or submesothelial progenitor cell that also gives rise to hepatic stellate cells.®
Additionally, there are fibroblasts in the connective tissue surrounding the extrahepatic bile
ducts that may be distinct from portal fibroblasts. None of these populations have been well
defined or studied, and little is known about their contribution to fibrosis, epithelial
maintenance, and other functions essential to the health of the liver and bile ducts. Although
portal fibroblasts are the subject of this review, it is likely that these other fibroblasts have
similar functions.

Defining the roles of portal fibroblasts in the normal and injured liver has been hampered by
the lack of reliable markers to distinguish them from hepatic stellate cells. Markers reported
to identify portal fibroblasts include fibulin 2, elastin, interleukin 6, cofilin 1, and the
ectonucleotidase NTPDase 2. Markers of stellate cells include vitamin A-containing lipid
droplets, desmin, cytoglobin, b2 macroglobulin and Hand2. There is significant variability in
marker expression among species and between stages of myofibroblastic differentiation,
however, and none of the markers listed has been validated as both sensitive and specific.
Detailed discussions of the use and value of these markers are found in the literature. 10. 11
Two recent papers making use of genetically modified mice to trace or delete hepatic stellate
cells suggest that expression of the platelet-derived growth factor (PDGF) receptor § subunit
and lecithin-retinol acetyltransferase is specific to hepatic stellate cells in the mouse liver.
These markers might prove useful in studies comparing the function of stellate cells and
portal fibroblasts.12 13

Fibroblasts and Local Niches

Fibroblasts establish and maintain the connective tissue stroma. They are defined
morphologically as cells with an elongated, flat, and spindle shape in culture. Functionally,
they secrete, organize, and remodel type | collagen and other extracellular matrix (ECM)
components and communicate with nearby vascular and epithelial cells.1* There is no single
marker used to identify fibroblasts. Depending on the tissue, combinations of markers,
including the cell-surface protein Thyl, the intermediate filament vimentin, the collagen
receptor DDR2, and the calcium-binding protein S100A4, as well as reactivity to the
monoclonal antibody TE-7, may be used to mark fibroblasts, although none are

specific.14 15 In the liver, hepatic stellate cells as well as portal fibroblasts express many of
these markers.
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As a class of cells, fibroblasts have important roles in matrix homeostasis, wound healing
and the response to injury, and epithelial patterning and fate determination. Beyond these
common functions, however, fibroblasts are highly heterogeneous. Elegant research over the
last decade has shown that they display “topographic differentiation”, such that patterns of
gene expression cluster fibroblasts according to their site of origin (anterior—posterior,
rostral-caudal, and dermal vs non-dermal); individual populations of fibroblasts have
distinct transcriptomes, which can be used to determine their position in the body.16
Expression of HOX genes, in particular, varies among different fibroblasts and may have an
important role in site-specific epithelial differentiation.1” These patterns are determined
during development but persist in adults, providing positional memory.1” They also persist
in cells in culture—findings from in vitro studies of portal fibroblasts are likely to provide
information about their site-specific roles in vivo.l”

Expression patterns of large clusters of genes can be used to differentiate fibroblast
populations based on their functions.18 One such function is site-specific ECM synthesis;
fibroblasts differ in the expression of specific types of collagens, genes that regulate
elasticity, and collagen cross-linking proteins such as lysyl oxidases. Genes that regulate
epithelial pattern formation encode transcription factors, growth factors, and growth-factor
receptors (including transforming growth factor § [TGFf] family members, Wnt proteins, or
G-protein—coupled receptor pathway proteins); their expression also varies among different
fibroblast populations. Finally, fibroblasts express genes that regulate cell migration
guidance signals (for example, semaphorins, ephrins, and Slit proteins) in a site-specific
way.18 All told, these findings indicate that fibroblast populations occupy highly specific
local niches.1® It may be helpful to understand the function of portal fibroblasts not only by
considering their role in fibrosis and wound healing, but also by examining their potentially
unique functions in matrix deposition, epithelial patterning, and cell migration guidance.

Portal Fibroblasts as Myofibroblast Precursors in Fibrosis

Fibroblasts throughout the body participate in wound healing and fibrosis in response to
injury. Interest in the role of portal fibroblasts in liver fibrosis came to the fore 10-20 years
ago, when several studies demonstrated that liver myofibroblasts were heterogeneous and
that myofibroblasts embedded in matrix deposits around the biliary tree expressed markers
not consistent with a stellate cell origin.1%: 20. 21 By virtue of their location in the portal
stroma and their close proximity to cholangiocytes, portal fibroblasts were prime candidates
to be the cells of origin for these new myofibroblasts.

Other publications implicated a second cell population in fibrogenesis, demonstrating that
hepatic stellate cells were often absent from fibrotic regions, especially in biliary fibrosis.
Tuchweber et al. showed that portal fibroblasts began to proliferate immediately after bile
duct ligation, doing so with different Kinetics than hepatic stellate cells, and that they were
the precursors of a desmin-negative, aSMA-positive population of cells adjacent to
proliferating bile ducts and connective tissue stroma.22 Experiments with rat precision-cut
liver slices showed that portal fibroblasts proliferated selectively after exposure to bile acids,
although the identity of these cells as portal fibroblasts, rather than hepatic stellate cells, was
not definitively established given the hand2 used.23 Beaussier et al. demonstrated that most
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myofibroblasts accumulating at early and late time points in 2 models of biliary injury (bile
duct ligation and arterial ischemia) were desmin negative and therefore not hepatic stellate
cells.?* Notably, although these studies provided evidence for a non-stellate cell-derived
population of myofibroblasts, they did not show that these cells originated specifically from
portal fibroblasts, as opposed to other mesenchymal cells in the liver.

In vivo and in vitro studies have shown that portal fibroblasts deposit the fibrillar and
basement membrane collagens typical of liver fibrosis. Immunohistochemical analysis of
liver tissue demonstrated that a peri-portal population of cells lacking stellate cell markers
deposited collagens I, 111, and IV soon after bile duct ligation (before expressing aSMA).25
Portal myofibroblasts in culture, isolated by outgrowth and perfusion methods, secrete
collagens,?5: 27 and freshly isolated portal fibroblasts, which clearly undergo myofibroblastic
differentiation in culture, also express mMRNAs encoding collagens I and 111.28 Interestingly,
a proteomic analysis comparing myofibroblastic stellate cells and portal myofibroblasts in
culture did not identify any matrix proteins among the set of proteins with statistically
different expression patterns.2® Portal myofibroblasts expressed higher levels of mMRNAs
encoding fibronectin and collagen | than myofibroblastic stellate cells, although these
differences may have been related to time in culture.30

Based on 2 decades of data, it appeared that portal fibroblasts gave rise to a second
myofibroblast population distinct from hepatic stellate cell myofibroblasts, and that these
myofibroblasts had a particularly significant role in biliary fibrosis. In 2002, Kinnman and
Housset proposed that portal fibroblasts and myofibroblasts were the first responders after
biliary injury, with hepatic stellate cells migrating to the point of injury as a secondary
population.6 More recently, these authors proposed that stellate cells and portal fibroblasts
occupy different niches, with the stellate cell niche in the injured liver induced by hypoxia
and the portal fibroblast niche induced by the ductular reaction. According to the model,
these niches yield myofibroblasts with specialized functions in liver injury: stellate cell-
derived myofibroblasts mediate hepatocellular healing, and portal fibroblast-derived
myofibroblasts regulate scar formation.*

Lineage-tracing studies

Previous studies were limited by a lack of definitive markers for hepatic stellate cells or
portal fibroblasts; a recent lineage-tracing study using one such marker calls into question
the role of portal fibroblasts as fibrogenic precursors in biliary fibrosis. Mederacke et al.
developed mice carrying a bacterial artificial chromosome with a Cre reporter driven by
lecithin-retinol acetyltransferase.12 In these mice, hepatic stellate cells were specifically and
efficiently labeled (more than 99%), whereas portal fibroblasts were not. The investigators
found that hepatic stellate cells gave rise to 82%—-96% of fibrogenic myofibroblasts in 7
models of fibrosis, including toxic and biliary injury and fatty liver disease. Although there
was a small population of unlabeled portal myofibroblasts that appeared to derive from
portal fibroblasts, these cells expressed significantly lower levels of ECM proteins,
including collagen 1, than hepatic stellate cells.12 Hepatic stellate cells therefore appear to
give rise to the dominant myofibroblast population in all forms of fibrosis, including biliary
fibrosis, and the myofibroblast response does not seem to be disease specific.
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This study by Mederacke et al. was rigorously performed, and the data convincingly support
the conclusion that stellate cells give rise to most fibrogenic myofibroblasts, regardless of
the model. Nonetheless, there are caveats. The investigators did not use an inducible Cre
recombinase, so they could not rule out the possibility that portal fibroblasts were marked by
Cre late in the response to injury, although the morphology of the labeled cells (stellate
shaped, with retinoid-containing lipid droplets) indicates that this is unlikely. Additionally,
most of the models assessed in this study were analyzed at a single, late time point, and the
contribution of non-stellate cell-derived (portal) myofibroblasts to early stages of fibrosis
was not examined. This is particularly important given that portal myofibroblasts may have
important roles as first responders after injury.®

Mederacke et al. showed that a small subpopulation of myofibroblasts is derived from a
source other than hepatic stellate cells, particularly in biliary fibrosis. Although these
observations indicated a role for portal fibroblasts, they were at odds with findings from
other investigators, particularly those of Beaussier et al., who reported detecting large
numbers of desmin-negative myofibroblasts in models of biliary fibrosis.24 The function of
these desmin-negative myofibroblasts, regardless of their numbers, is not known—it is
possible that the collagen | and other matrix proteins they deposit, although in low amounts
compared to hepatic stellate cells, has a particularly important role in fibrosis, for example
in initiating or driving the progression of fibrosis. Because Mederacke et al. did not delete
portal fibroblasts in their study, they could not rule out the possibility that portal fibroblasts
are necessary but not sufficient for some forms of fibrosis. The possibility that portal
fibroblasts and myofibroblasts are early responders after biliary injury and recruit or
otherwise interact with fibrogenic stellate cells is particularly intriguing and warrants further
study.

The role of portal fibroblasts in fibrosis, biliary or otherwise, is therefore still a subject of
debate. Findings from multiple in vivo and in vitro studies, carried out over previous
decades, suggest that portal myofibroblasts participate in biliary fibrosis. Their contribution
to matrix deposition, however, is almost certainly minor compared to that of hepatic stellate
cells, and their primary role in fibrosis remains undetermined.

Portal myofibroblasts and bridging fibrosis

Myofibroblasts are notable for their contractility and matrix deposition; they may, via their
contractile properties, mediate matrix remodeling associated with healing. Contraction is
produced by aSMA, organized in stress fibers, and can be manifest as strong (UN)
contractions transmitted over long (tens of um) distances.3! Groups of contractile cells
placed in collagen | matrices compact and align the collagen between them, appearing
remarkably similar to liver tissue with bridging fibrosis.32: 33 Hinz et al. proposed that
advanced liver fibrosis, in particular the large-scale remodeling and distortion associated
with bridging fibrosis and cirrhosis, is secondary to myofibroblast contractility.3 This could
be an important role for portal myofibroblasts. aSMA-expressing portal cells distinct from
stellate cells were evident even in the rigorous lineage-tracing study discussed above,2 and
we have observed that portal myofibroblasts are highly contractile in culture (unpublished
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findings). Given that bridging fibrosis connects fibroblast-rich regions such as the portal
tract and the central vein, it is plausible that portal myofibroblasts promote the process.

Potential Niche-specific Functions of Portal Fibroblasts

Fibroblast populations are heterogeneous, occupying specific anatomic niches where they
regulate matrix production and epithelial patterning, and guide cell migration.18 Even so-
called quiescent fibroblasts are highly metabolically active, and may have functions that
affect the overall health of their niche.34

Neither the location-specific functions of portal fibroblasts nor the heterogeneity within the
population has been delineated. Based on studies of large functional groups of fibroblasts,
however, we can identify several areas that generally define unique functions of portal
fibroblasts.

Site-specific ECM synthesis

Interactions

Although all fibroblasts deposit matrix, the ECM proteins produced by fibroblast
populations vary with their site of origin.® In the liver, portal fibroblasts and myofibroblasts
are the source of elastic fibers. These fibers are composed of a cross-linked elastin core
surrounded by fibrillin-rich microfibrils.3 Portal fibroblasts and myofibroblasts are the
major, if not the only, cells in the liver that produce elastin (hepatic stellate cells do not);
elastin is prominent in the portal region of the fibrotic liver (Fig. 1A).21: 25, 27 portal
myofibroblasts, distinct from hepatic stellate cells, were first defined by their production of
fibulin 2,30 a linker protein occupying the interface between microfibrils and their elastin
core.36 Fibulin 2 is a multi-domain protein with numerous functions, including sequestration
of latent TGFp binding proteins and regulation of smooth muscle cell migration.36-38 portal
fibroblasts also produce lysyl oxidase (LOX) and the related protein LOXL1, which cross-
link elastin; expression of elastin and the LOX enzymes increase as portal fibroblasts
become myofibroblastic.2”- 28 In the vasculature, elastic fibers provide resilience and enable
cycles of extension and recoil. Their function in the portal tract is less clear. They might
provide mechanical stability to the bile ducts and the portal vasculature.1? Increased elastin
deposition after bile duct obstruction might also be part of a mechanically oriented response
to limit damage caused by increased ductal pressure. Alternatively, elastic fibers regulate
bioavailability of the fibrogenic growth factor TGFp by associating with latent TGF
binding proteins,3> and might thereby mediate the progression of fibrosis.

with the epithelium

Fibroblasts have an important role in epithelial patterning, providing positional information
that establishes and maintains epithelial cell phenotypes.1” In the fetal liver, there is
evidence that progenitors of hepatic stellate cells and portal fibroblasts (defined by
expression of the neurotrophin receptor p75) express the laminin a1 subunit, which, along
with laminin a5 produced by cholangiocytes, interacts with the B1 integrin subunit to
maintain the polarity and lumen of the bile duct.3° There is also evidence that portal
mesenchymal cells (not always specifically identified as portal fibroblasts) express TGFf2
and other TGFp-family members,*? hedgehog ligands, and Jagged during development, and
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that these ligands bind to receptors on hepatoblasts, inducing their differentiation to
cholangiocytes.> 41 Portal fibroblasts may be active participants in the peribiliary stem cell
niche and similar pathways may be involved in liver regeneration and repair in chronic liver
disease.*2 43 Bi-potential progenitor cells, characterized by FoxI1 expression, for example,
were shown to be surrounded by portal fibroblasts in injured livers.#4 In addition to growth
factor secretion, observed during development, portal myofibroblasts might deposit matrix
required for progenitor cell expansion.*®

Jhandier et al. have proposed an elegant model in which interactions between portal
fibroblasts and cholangiocytes regulate cholangiocyte proliferation, which could account for
the expansion of cholangiocytes observed after bile duct obstruction. Portal fibroblasts in the
normal liver express the ecto-nucleotidase NTPDase 2, which hydrolyzes extracellular
nucleotides, making them unable to interact with P2Y-class receptors on cholangiocytes and
stimulate cholangiocyte proliferation.*6 Portal myofibroblasts, however, do not express
NTPDase 2, so bile duct obstruction (from stones, tumors, or experimental bile duct
ligation), which leads to the appearance of portal myofibroblasts, effectively increases the
concentration of extracellular nucleotides, resulting in increased activation and signaling of
P2Y receptors and increased cholangiocyte proliferation.#6 This mechanism may be an
important regulatory component of the ductular reaction observed in some forms of biliary
fibrosis. 4

Portal fibroblasts and myofibroblasts could also regulate cholangiocyte proliferation via
their production of hyaluronic acid. Hyaluronic acid, which increases proliferation of
cholangiocytes in culture, is deposited in large amounts in the portal tract in biliary fibrosis
(although a portal fibroblast source has not been established) and interacts primarily with the
receptor CD44 (Fig. 1B).*8 Expression of CD44 increases under conditions of cholestasis,
with the highest levels in cholangiocytes, providing another portal fibroblast-mediated
mechanism for increased cholangiocyte mass in the injured liver.

Many other potential interactions could occur between cholangiocytes and mesenchymal
cells under conditions of biliary injury. In many cases, the 2 cell types have reciprocal
growth factor and growth factor receptor expression.> 41 However, interactions between
cholangiocytes and portal fibroblasts and myofibroblasts have not yet been specifically
studied.

Cell migration guidance signals

A third significant category that defines fibroblast specificity encompasses cell migration
guidance signals, especially as applied to nerves and the vasculature. We know of no data
implicating portal fibroblasts in nerve cell migration, although it is intriguing that portal
fibroblast precursors express the p75 neurotrophin receptor, which is involved in neuronal
development during embryology, and that the biliary tree is richly innervated.® Future
research into the patterning of the peribiliary plexus should examine the potential role of
portal fibroblasts.

Angiogenesis also has a significant role in the development and maintenance of fibrosis.
Hepatic stellate cells, as pericytes, are thought to have important functions in the liver
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vasculature.2 Angiogenesis in the portal region is prominent during the development of
biliary fibrosis, and portal fibroblasts might contribute. Lemoine et al., in a review article,
report that portal mesenchymal cells are involved in angiogenesis, but these findings have
not been published.*

Other potential functions of portal fibroblasts

Portal fibroblasts could have interesting activities in the lymphatic system. Most studies of
fibroblasts and lymphatic tissues have been carried out in fibrotic lung. Meinecke et al.
demonstrated that during the development of pulmonary fibrosis, lymphatics are covered by
aSMA-positive mural cells, resulting in increased accumulation of hyaluronic acid.>° This
process is driven by PDGF produced by lymphatic endothelial cells. Portal fibroblasts and
myofibroblasts might serve similar functions in the liver. Portal fibroblasts and
myofibroblasts proliferate significantly in response to PDGF, and the portal tract is filled
with lymphatics, which drain the space of Disse. Additionally, hyaluronic acid accumulates
significantly in the portal tract (Fig. 1B); hyaluronic acid signaling to the biliary tree might
be involved in development of cholestatic liver disease.*8 It will be important to evaluate the
role of lymphatics in the portal tract and the role of portal myofibroblasts in their fibrosis-
associated expansion and dysfunction.

Conclusions

Portal fibroblasts are a poorly understood population of non-parenchymal cells in the liver.
Their contribution to the development of biliary fibrosis is undefined, although recent
evidence indicates that they are a minor fibrogenic population compared with hepatic
stellate cells, regardless of the type of hepatic injury. Re-evaluating portal fibroblasts not as
myofibroblast precursors but rather as a location-specific population of fibroblasts may lead
to the identification of new functions for these cells in maintaining the health of the liver and
biliary tree and in responding to injury (Fig. 2). In particular, the role of portal fibroblasts as
immune modulators is a relatively untapped area of research that may yield important
insights into the pathogenesis of cholangiopathies.*1: 47

It is important for researchers to move beyond 2-dimensional (2D) culture models. There are
significant differences in fibroblast behavior in 2D vs 3D culture, and improved in vitro
systems, including cell-deposited matrices, could identify important new functions of portal
fibroblasts.19 In vivo studies are needed, including portal fibroblast-specific lineage tracing
experiments, to define the heterogeneity of the population and its response to liver damage.
Precision-cut liver slices provide a culture system that lies between isolated cells and animal
models. It has already been used to study the divergent functions of hepatic stellate cells and
portal fibroblasts.11

Hepatic stellate cells have been called “protean, multifunctional, and enigmatic.”>?
Although portal fibroblasts lag far behind as research subjects, they might one day be
recognized to be as interesting as their more famous non-parenchymal colleagues.
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Figure 1. Specialized periportal matrix deposition in fibrosis
A) Portal region of rat liver 4 weeks after bile duct ligation, stained with antibody against

elastin. B) Rat liver after 6 weeks of CCl, intoxication, showing prominent periportal
deposition of hyaluronic acid, which is visualized using hyaluronic acid binding protein.
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Figure 2. Potential functions of portal fibroblasts
Although hepatic stellate cells are likely to be the source of most fibrillar collagen, portal

fibroblasts and myofibroblasts deposit elastic fibers and possibly other specialized matrix

components. Portal fibroblasts and myofibroblasts also potentially mediate the phenotype of
cholangiocytes and liver progenitor cells via bidirectional cross-talk. HA, hepatic artery; PV,
portal vein; BD, bile duct; L, lymphatic.
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