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Abstract

The functions of the liver are very diverse. From detoxifying blood to storing glucose in the form
of glycogen and producing bile to facilitate fat digestion, the liver is a very active and important
organ. The liver is comprised of many varied cell types whose functions are equally diverse.
Cholangiocytes line the biliary tree and aid in transporting and adjusting the compaosition of bile as
it travels to the gallbladder. Hepatic stellate cells and portal fibroblasts are located in different
areas within the liver architecture, but both contribute to the development of fibrosis upon
activation after liver injury. Vascular cells, including those that constitute the peribiliary vascular
plexus, are involved in functions other than blood delivery to and from the liver, such as
supporting the growth of the biliary tree during development. Mast cells are normally found in
healthy livers but in very low numbers. However, after injury, mast cell numbers greatly increase
as they infiltrate and release factors that exacerbate the fibrotic response. While not an all-
inclusive list, these cells have individual roles within the liver, but they are also able to
communicate with each other by cellular crosstalk. In this review, we examine some of these
pathways that can lead to an increase in the homeostatic dysfunction seen in liver injury.
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1. Introduction

Cellular crosstalk is an event that has a multitude of effects on liver functions and
homeostasis. A number of resident and nonresident cell types are responsible for
maintaining proper liver functions and management of the balance between cholangiocyte
proliferation and loss. When the biliary tree is damaged, this balance is disrupted and
cholangiocytes respond by releasing numerous factors that can activate other cell types.
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Hepatic stellate cells (HSCs) and portal fibroblasts (PFs) play a prominent role in hepatic
fibrosis that can be induced by injury of the biliary tree. These cell types promote collagen
formation that can eventually lead to scarring and liver failure. In addition, the vascular bed,
including the peribiliary plexus, vascular endothelial cells, and various angiogenic factors,
plays a critical role in liver homeostasis and maintenance of the balance between
cholangiocyte proliferation and ductopenia. The vascular bed and peribiliary vascular plexus
are also important regulators of cholangiocyte damage and repair. Vascular endothelial
growth factor (VEGF) is a specific angiogenic factor that has proven to be a therapeutic
target of a number of cholangiopathies. Finally, a non-resident liver cell type that has also
been demonstrated to be important in maintaining biliary tree homeostasis is the hepatic
mast cell (MC). While notoriously known for their role in allergy-mediated diseases, these
cells are now more recognized as critical components of tissue remodeling, wound healing,
and the progression of hepatic fibrosis. In this review, we will focus on these cell types and
how they interact with cholangiocytes during cholestatic liver injury and cholangiopathies
such as primary sclerosing cholangitis (PSC) and primary biliary cholangitis (PBC). We
have focused our review on studies within the past 5 years, thus striving to provide the
reader with the most recent information regarding cellular crosstalk following biliary
damage. This review will present a brief overview of the locations and functions of
cholangiocytes, HSCs, and PFs, the vascular bed, and MCs, followed by specific studies
highlighting these cell types during liver injury.

2. Cholangiocytes

Cholangiocytes are epithelial cells lining the intra and extrahepatic ducts of the three-
dimensional network of the biliary tree. Biliary cells comprise approximately 3-5% of cells
in the liver and are considered as one of the main cell types in liver epithelia.1~3 General
characteristics of cholangiocytes include a multi-lobulated nucleus, several vesicles at the
sub-apical region, tight junctions, high microvilli density, lysosomes, and few mitochondria.
4 Cholangiocytes contain primary cilia that act as cellular antennae for detection and
transmission of signals to influence the function of cholangiocytes. When the normal
functions of primary cilia are modified or destroyed, it may result in a chol-angiopathy.®
Cholangiocytes can also be classified into two categories according to their size and
function.®

The biliary tree and the functions of cholangiocytes were originally believed to be a passive
“plumbing” system whereby the only function was the regulation of bile flow. It is now
widely accepted that the biliary tree and cholangiocytes are key regulators of liver
homeostasis.”-8 In fact, alterations or damage of the biliary tree can induce a ripple effect of
cellular crosstalk and signaling pathways, which can progress into chronic liver disease,
fibrosis, scarring, and eventual liver failure. The morphological and functional heterogeneity
of cholangiocytes make them unique compared with other epithelial cell types.5:°
Unfortunately, cholangiocytes are also targets of several human diseases including
cholangiocarcinoma, PSC, PBC, and vanishing bileduct syndrome.10:11
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3. Hepatic stellate cells and portal fibroblasts

HSCs and PFs are two cell types in the liver, which are involved in the development of
fibrosis. In normal healthy livers, HSCs are in a quiescent state and represent about 5-8% of
the total number of liver cells.12 The function of quiescent HSCs in the liver is not well
understood, but there is evidence showing that they play roles as an antigen-presenting cell
type and in promoting natural killer cell proliferation.13:14 After liver damage, HSCs convert
to an activated state characterized by proliferation, contractility, and chemotaxis.1>-18 Once
activated, HSCs begin to secrete collagen, leading to fibrosis and potentially cirrhosis of the
liver. Some studies have shown that HSCs can begin to enter a senescent state upon
activation and accumulate p53, thereby exacerbating the fibrotic reaction and reducing
overall cell survival.1® Alternatively, some studies have demonstrated that senescent HSCs
limit fibrosis by activating the immune response, causing interactions in natural Killer cells.
20 This effect can lead to resolution of the fibrotic response seen after acute liver injury.

PFs are also involved in the fibrotic response of the liver and are classified as all fibroblasts
in the portal region. First described by Carruthers et al.,2122 PFs are localized to the portal
region, which differs from HSCs that are more distant and found in the peri-sinusoidal
region of the liver. A linage tracing study by Asahina et al. provided evidence that HSCs and
PFs originate from a common progenitor in early embryonic development.23 PFs have been
differentiated from HSCs based on the expression of various markers, although these
markers have not been sufficiently examined. Some studies have shown that PF-specific
markers include fibulin-2, interleukin (IL)-6, elastin, and ecto-ATPase nucleoside
triphosphate diphosphohydrolase-2 (NTPD2). Other markers that have been studied are
P100, a.2-macroglobulin, and neuronal proteins such as neuronal cell adhesion markers and
synaptophysin (SYP).24-26

In cholangiopathies such as PBC, fibrosis begins in the peri-ductular region, which strongly
implicates PFs as mediators of biliary fibrosis. PFs have cytoplasmic extensions that extend
toward and come very close to the basolateral membrane of cholangiocytes. It has been
reported that these dendrite-like extensions increase in number after injury of the liver.2
Following liver injury or when cultured on glass or plastic, PFs undergo myofibroblastic
differentiation.28:29 This change causes PFs to produce large amounts of microfilament
bundles containing a-SMA and arranged in line with the long axis of the cell.

4. Vascular cells and the peribiliary vascular plexus

The liver is a highly vascularized organ that receives dual blood supplies from the hepatic
portal vein (HPV) and hepatic arteries (Fig. 1). The HPV delivers approximately 75% of the
total blood supply that the liver receives and carries from the spleen, gastrointestinal (Gl),
tract organs (i.e. stomach and small intestine), and other GI tract-associated organs. Hepatic
arteries supply arterial blood accounting for the remaining 25% of blood received by the
liver. Oxygen is brought in by both sources, each providing about half of the total amount of
oxygen that the liver requires. Once blood enters the liver, it eventually flows through the
liver sinusoids and empties into the central vein of each lobule. These central veins combine
into the hepatic veins that exit the liver and drain into the inferior vena cava.
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The cells that line both blood and lymphatic vessels are called endothelial cells and form a
type of simple squamous epithelium. Specifically, vascular endothelial cells form the
endothelium that lines the entire circulatory system and come into direct contact with blood.
They have unique functions within the cardiovascular system. In highly specialized areas
such as the glomerulus in the kidney, they contribute to fluid filtration. The vascular
endothelium also influences blood vessel tone by releasing nitric oxide3? and endothelin-1.31
In addition, vascular endothelial cells play a role in hemostasis®2 and neutrophil
recruitment33 as a part of the global immune response.

A specific portion of the vasculature of the liver is responsible for supporting the needs of
cholangiocytes that comprise the intrahepatic biliary tree. This structure is termed as the
peribiliary plexus (PBP). The PBP stems from the hepatic artery and is located closely
around intrahepatic bile ducts (Fig. 1).3* During development, the formation of bile ducts is
closely associated with development of the hepatic artery, which is due to the fact that the
hepatic artery branches are in close proximity to the newly formed ductal plates.3® Biliary
tree functions are closely linked to the PBP and can be seen when evaluating various models
of cholestasis. Changes in the biliary tree (i.e. proliferation due to cholestasis) are associated
with changes in the structure of the PBP.34 As cholangiocytes proliferate during cholestasis,
they have an increase in metabolic demand. The PBP responds by proliferating and
increasing in mass.3* There has also been evidence of a link between new blood vessel
formation around bile ducts in response to chronic inflammatory liver diseases such as PBC
and PSC. This new vessel growth plays an important role in remodeling the tissue after
injury as well as delivering oxygen and other metabolic nutrients to hypoxic areas.3* These
newly formed vessels can also provide pathways for the recruitment of inflammatory/
immune response cells such as T lymphocytes.36

5. Mast cells

MCs are myeloid cells derived from multipotent CD34-positive hematopoietic stem cells in
the bone marrow.37:38 They are ubiquitous in nearly all tissues throughout vertebrates and
can be found throughout the body, varying in concentration and size.3% MCs act as sentinel
cells and maintain a close proximity in locations where they can rapidly respond to
pathogens and antigens. MCs are found in numerous tissues and organs, epithelia, glands,
the GI, smooth muscle, blood and lymphatic vessels, and nerves.40

The maturation of MCs is influenced by a diverse group of growth and differentiation factors
in the niche where MCs reside.37:41:42 Stem cell factor (SCF) is a crucial signal secreted by
tissues and other cells to promote MC migration, adhesion, and de novo proliferation, and
can regulate MC development.#! In addition, MCs express c-Kit on their surface, which
interacts with SCF and is a vital factor for MC migration and degranulation. It has been
demonstrated that c-Kit mutations can result in tumor formation that may also involve MC
activation.43

MCs play a key role in the maintaining homeostasis of tissues where they reside by
participating in tissue repair, reactions against viral and parasitic infections, and aiding in the
regulation of various cell types such as dendritic cells, T cells, and macrophages.?4 In
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addition, MCs are involved in the immune system by secreting proinflammatory mediators
such as histamine (HA), proteases, heparin, cytokines, chemokines, and several other
molecules that are key players in maintaining the homeostasis of organs and tissues.38:44-46
However, MCs are equally known for their detrimental effects on the body. MCs play a key
role in several types of chronic allergic and inflammatory conditions, autoimmune diseases,
mastocytosis, cardiovascular diseases, and cancers.3? Consequently, there has been an
emphasis on the MC contribution to physiological and pathophysiological processes in
recent years with the hopes of better understanding MCs and their roles in disease processes.

5.1. Cholangiocytes —hepatic stellate cells and portal fibroblasts

Cholangiocytes are the main target of injury following cholestatic liver damage. After
sustaining damage, they express and secrete a number of factors including, but not limited
to, secretin, HA, VEGF, progesterone, and serotonin.®16:47-49 |n addition to the autocrine
regulation of cholangiocytes in response to liver injury and repair, there are a number of
paracrine actions that require other resident (HSCs, PFs, and vascular cells) and non-resident
(MCs) cell types within the liver for successful repair. Cholestatic liver injury damages bile
ducts and induces cholangiocyte proliferation that can be associated with hepatic fibrosis.
16,50.51 | this section, we will highlight studies that demonstrate interactions between
cholangiocytes, HSCs, and PFs during cholestatic liver injury and hepatic fibrosis.

5.1.1. Cholestatic liver injury and fibrosis—A recent study by Kennedy et al.
demonstrated that knockout of the microRNA miR-21, which is upregulated in
cholangiocytes following injury (Table 1), inhibits biliary hyperplasia, HSC activation, and
hepatic fibrosis following bile duct ligation (BDL).1” The authors performed in vitroand in
vivo experiments to validate their findings. In miR-21 knockout mice subjected to BDL, the
number of proliferating cholangiocytes was significantly reduced along with a decrease in
HSC activation. There was a reduction in overall hepatic fibrosis, which was associated with
a decrease in portal collagen content and an increase in the expression of Smad-7 that
counteracts the fibrotic response.1” /n vitro, cholangiocytes and HSCs treated with a miR-21
inhibitor displayed a decrease in proliferation and expression of fibrotic markers,
respectively. The link between cholangiocytes and HSCs with regards to this study may be
regulation by transforming growth factor-beta 1 (TGF-p1) and more specifically Smad-7
that was found to be increased in their model.1’

Another analysis of cholangiocyte/HSC interactions was performed by a recent study
published in Hepatology. In this study, McDaniel and coauthors reported an interesting
finding that mice subjected to BDL and subsequently injected with small cholangiocytes
displayed a reduction in hepatic fibrosis, which was associated with decreased activation of
HSCs.52 Isolated HSCs were obtained by laser capture microdissection, thus providing
direct evidence of the role of HSCs in cholestatic-induced fibrosis. The authors also found
that HSC senescence was reduced following small cholangiocyte engraftment, suggesting
that factors released from HSCs alter the course of hepatic fibrosis.>2 In a study
demonstrating that BDL-induced ductular reactions are regulated by integrin avp-mediated
activation of nuclear factor-kappa B (NF-xB), the authors demonstrated that CCN1 induces
Jagged1 expression in HSCs, thereby promoting cholangiocyte proliferation and hepatic
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fibrosis.>3 The authors elegantly showed that CCN1 induction during HSC activation
contributes to hepatic progenitor cell differentiation into cholangiocytes, which is regulated
via avp5/NF-xB/Jagged1 signaling mechanisms.>3 Both of these studies demonstrate the
capacity for HSCs to interact with cholangiocytes following injury to promote hepatic
fibrosis and offer insights into therapeutic avenues for fibrotic therapy.52:53

HSCs and PFs can also be altered following treatment with an antioxidative compound,
oltipraz, which is a potential cancer preventative.>* In mice treated with oltipraz at 5 days
prior to BDL for 3 days, the authors found that this drug enhances biliary damage, HSC
activation, and PF initiation. While this drug has promising effects on cancer, based on this
study, it appears that oltipraz should be avoided because it increases all aspects of damage
and hepatic fibrosis including induction of extracellular matrix remodeling.54

PFs and HSCs can also affect the response of vascular cells during liver injury. In a study by
Lemoinne et al.,>> markers for PFs and endothelial cells, collagen, type XV, alpha 1
(COL15A1) and von Willebrand factor (VWF), respectively, were upregulated in advanced
fibrosis. The authors found that COL15A1 was highly expressed around vascular capillaries
that were in close proximity to reactive bile ducts. When liver endothelial cells were exposed
to PF-conditioned medium /n vitro, the cells had increased migration and more readily
formed tubular structures. Furthermore, when PFs and endothelial cells were cultured
together, intercellular junctions were formed, showing evidence that these cells
communicate directly with each other. It was also shown that PFs release microparticles
containing VEGF-A, and that these micro-particles can activate VEGF-receptor 2 (VEGF-
R2) on endothelial cells, thereby activating their pro-angiogenic effects.>®

Zhang et al.56 showed that, in a carbon tetrachloride (CCl4) model of biliary fibrosis in rats,
the drug curcumin decreases the fibrotic and angiogenic responses associated with this
model. When tested /n vitro, curcumin had no effect on the viability or physiological
functions of endothelial cells, which led the authors to postulate that this drug exerts its
effects on HSCs. Indeed, curcumin decreases the expression of VEGF in HSCs and disrupts
platelet-derived growth factor beta receptor (PDGF-pR)/extracellular signal-regulated kinase
(ERK) and mechanistic target of rapamycin (mTOR) pathways. Curcumin also inhibits HSC
motility and vascularization by blocking the PDGF-BR/focal adhesion kinase/Ras homolog
gene family, member A (RhoA) cascade. Curcumin modifies the angiogenic functions of
HSCs through activation of peroxisome proliferator-activated receptor-y.%6 These data
suggest that PFs and HSCs are key cells in vascular remodeling during liver fibrosis.

5.1.2. Primary sclerosing cholangitis, primary biliary cholangitis, and hepatic
fibrosis—Cholangiopathies are a group of autoimmune disorders that target cholangiocytes
and include PSC and PBC.% PSC induces rapid ductular reactions followed by ductopenia
as the bile ducts become more constricted. During PBC, there is progressive destruction of
bile ducts, leading to cirrhosis and its associated complications. Both PSC and PBC can lead
to a buildup of scar tissue and hepatic fibrosis, resulting in liver failure.>8-60 Numerous
studies have demonstrated the importance of cell-cell communication between
cholangiocytes and HSCs in the progression of both PSC and PBC, and we will highlight the
most recent findings in this section.
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A recent study has found a link between cholangiocytes and HSCs during PSC. Jones et al.
used a rodent model [multidrug resistant 27/~ (Mdr2~/") mice] of PSC and demonstrated that
HSC activation increases in Mdr2~/~ mice, which is inhibited by blocking MC-derived HA
with cromolyn sodium treatment.18 Similarly, in a BDL study,>! 1 week of cromolyn sodium
treatment decreased biliary mass, liver fibrosis, and HSC activation coupled with a decrease
in bile flow, bicarbonate excretion, and total serum and liver bile acid contents.16 It is
unclear how cholangiocytes and HSCs interact with one another; however, a potential
mechanism may be secretion of TGF-B1. The authors also found that TGF-B1 expression
and secretion were upregulated in total liver and cultured HSCs, demonstrating that this
factor may be a regulator of communication between cholangiocytes and HSCs.16

In the study mentioned above from McDaniel et al.,52 the authors also analyzed Mdr2~/~
mice to evaluate the role of forkhead box A2 (Fox A2) as a regulator of biliary injury during
PSC. The authors found that fibrosis was increased in Mdr2~/~ mice and HSCs isolated from
these mice.>2 Similar to the BDL model, when small cholangiocytes were introduced to
Mdr2~/~ mice, HSC activation and hepatic fibrosis were decreased strongly, indicating a
cellular crosstalk mechanism between cholangiocytes and HSCs, which may be linked to
FoxA2.52 Further studies are warranted to determine the positive effects of small
cholangiocyte therapy on PSC-induced liver injury.

5.2. Cholangiocytes —vascular cells, the peribiliary plexus, and angiogenic factors

The PBP, vascular cells, and angiogenic factors all play a role in cholestatic-induced liver
injury. The plexus is an area enriched with vascular cells and secretes large amounts of
VEGF into the portal environment, thereby influencing cholangiocytes.3#61.62 \/ascular
endothelial cells activate following injury such as BDL. Here, we will highlight recent
studies that demonstrate the importance of the vascular bed in cholestatic liver injury.

5.2.1. Cholestatic liver injury and fibrosis—VEGF has been demonstrated to be
important for the regulation of biliary proliferation and hepatic fibrosis, and cholangiocytes
secrete VEGF in response to damage.3461.62 A study by Meng et al.®3 revealed that
miR-125b regulates the HA/VEGF axis in cholestatic mice subjected to BDL. The authors
found significant down-regulation of biliary miR-125b in mice subjected to BDL (Table 1).
When the BDL mice were treated with an inhibitor of HDC, there was a significant decrease
in biliary proliferation, hepatic fibrosis, and VEGF secretion and expression, demonstrating
that HA can also partially regulate angiogenic factors. /n vitro, overexpression of miR-125b
or knockdown of HDC decreases both HDC and VEGF expression in cholangiocytes.%3
These studies demonstrated an interaction between cholangiocytes and angiogenic factors,
which may be regulated by HA.

Further confirmation of the importance of the HDC/HA/VEGF axis was obtained using
global HDC™~ mice subjected to sham or BDL surgeries.C In this study, the authors
demonstrated that knockdown of HDC decreases BDL-induced biliary proliferation, hepatic
fibrosis, and VEGF secretion and expression. Again, these data indicate a role of
cholangiocytes and VEGF (most of which is secreted from the PBP) in regulation of the
balance between cholangiocyte proliferation and loss.20 Furthermore, this study
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demonstrated the regulatory effects of HDC and HA on angiogenic factors, offering targets
for potential therapeutic intervention. The study was expanded /n7 vitroto reveal that
decreased biliary proliferation following HDC knockdown is regulated via protein kinase A
(PKA)/ERK1/2 signaling.>0

In addition to HA, numerous factors have been found to play a role in the vascular bed
during cholestatic liver injury. In a recent study by Glaser et al., the authors found that
secretin is a major regulator of biliary proliferation and VEGF expression.? In secretin
knockout mice subjected to sham or BDL to induce cholestatic liver injury, the authors
found reduced bile duct mass, cholangiocyte proliferation, and VEGF-A, but not VEGF-C,
compared with wild-type controls.? Secretin regulation of the biliary response and VEGF
expression are also mediated by miR-125b and miR-let7a (Table 1), which also
demonstrates the importance of microRNAs in cholestatic induced liver injury. There have
been numerous studies demonstrating the role of secretin in autocrine regulation of biliary
injury and responses.®:964 A current study included evaluation of S cells of the duodenum,
which also express the secretin receptor and secrete secretin. The authors found that secretin
release from both cholangiocytes and S cells altered miR-125b and miR-let7a levels, thereby
increasing VEGF expression.? These important findings highlight the importance of both
resident and non-resident liver cells in maintaining biliary functions and responses to injury.

Because VEGF is required for non-pathological angiogenesis, one study attempted to
elucidate a method to inhibit pathological production of VEGF without disturbing any
normal processes. The authors used H5V cells (a mouse endothelial cell line) and showed
that activation of cytoplasmic polyadenylation element binding protein (CPEB) 1 resulted in
aberrant nuclear processing of VEGF and CPEB4, leading to the deletion of certain
translation repressor elements and increasing CPEB4 expression.®® This increase in CPEB4
expression promoted an increase in VEGF mRNA translation, which eventually led to the
formation of tubular structures. In addition, the authors found increasing expression of
CPEBL and CPEB4 in patients with cirrhotic livers and in the BDL rat model. Interestingly,
mice lacking CPEB1 and 4 did not have any alterations in VEGF levels or any sign of
increases in angiogenesis after liver injury.5 Another study by Coch et al. showed
upregulation of VEGF and vasohibin-1 in cirrhotic rats and patients. This upregulation
drives a pathological angiogenesis event through a negative feedback loop. However, if
vasohibin-1 is upregulated further through adenoviral gene transfer, the negative feedback
loop is disrupted and the authors observed a decrease in pathological angiogenesis, reduction
of fibrogenesis, inhibition of HSC activation, and a decrease in portal pressure and
portohepatic resistance in the liver vasculature.%6

Pharmacological inhibition of purinergic receptor subtype P2X7 has been shown to prevent
splanchnic hyperemia, new blood vessel formation in mesenteries, and decrease liver fibrosis
in the BDL rat model.5” The authors of this study used brilliant blue G and oxidized ATP as
P2X7 antagonists, and found that both drugs induced a significant reduction in the
fibrogenic response seen in the BDL model. Another drug that has been used to attenuate
hepatic fibrosis is Brivanib.58 This drug is an inhibitor of VEGF-R and fibroblast growth
factor receptor (FGFR) tyrosine kinases. In this study, Nakamura et al. used three models of
fibrosis: BDL, chronic CCl, administration, and chronic thioacetamide (TTA) treatment. In
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all three models, fibrosis was significantly decreased after Brivanib treatment, and collagen
type-1la and a-SMA gene expression was downregulated. The authors also treated HSCs /n
vitro with Brivanib and observed decreases in HSC proliferation and cell viability. These
data suggest that blocking aberrant angiogenesis could be a therapeutic route for the
treatment of chronic liver diseases.%8

Alternatively, some studies show that angiogenesis can actually play a beneficial role in
promoting the resolution of liver fibrosis. Yang et al.59 developed a model of fibrosis
resolution by performing a cholecystojejunostomy in BDL C57BL/6 mice, which facilitates
reestablishment of bile flow after BDL surgery. The mice were then administered VEGF-
neutralizing antibodies, resulting in a reduction of the fibrogenic events normally seen in
BDL mice. However, these antibodies also disrupted fibrosis resolution. The authors found
that inhibition of VEGF disrupts liver sinusoidal permeability during the resolution of
fibrosis, which is associated with reductions in monocyte migration, adhesion, and
infiltration into the cirrhotic liver. They also showed that scar-associated macrophages
contribute to this event by producing C-X-C matif ligand 9 (CXCL9) and matrix
metalloproteinase (MMP) 13. As an extension of this study, Yang et al.59 performed a
cholecystojejunostomy in macrophage Fas-induced apoptosis mice in which macrophages
can be selectively depleted. Fibrosis resolution was impaired in these mice. However,
CXCL9 overexpression led to an increase in the resolution of fibrosis.5? Another group also
obtained a similar finding that the resolution of fibrosis is dependent on sinusoidal
angiogenesis.”® These authors produced a VEGF-specific knockout in myeloid cells and
used these mice to establish BDL and CCly fibrotic models. It was shown that suppressing a
rise in myeloid-specific VEGF prevented fibrosis resolution. Subsequently, VEGF-
expressing myeloid cells were reintroduced by bone marrow transplantation, and the authors
found that collagen breakdown continued and fibrosis resolution occurred.’® These data
suggest that VEGF promotes fibrosis production, but it is also required for fibrosis
resolution.

Another important factor that may influence damage of the biliary tree and progression of
hepatic fibrosis is extrahepatic platelet-derived growth factor-B (PDGF-B) that promotes
activation of HSCs.” In Mdr2~/~ mice with advanced biliary fibrosis, there is an increase in
PDGF-B, and the source of PDGF-f was found to be platelet clusters. Furthermore, the
authors demonstrated that serum PDGF- levels increase in patients with liver fibrosis.
When Mdr2~/~ mice were depleted of platelets, there was a dramatic decrease in PDGF-B
and HSC activation along with reduced fibrosis.”? Interestingly, platelet reintroduction
induced activation of isolated HSCs /n vitrothrough PDGF- signaling, demonstrating an
additional cellular mechanism for hepatic fibrosis induction via activation of HSCs.

5.2.2. Primary sclerosing cholangitis, primary biliary cholangitis, and hepatic
fibrosis—Studies have demonstrated an alteration of the vascular bed, and that it regulates
biliary responses during PSC, PBC, and/or hepatic fibrosis. In fact, angiogenic factors have
been found to also regulate cellular crosstalk with HSCs. In a study by Luo et al.,’2 the
authors found that VEGF is a key regulator of HSC activation in a model of chronic fibrosis.
In their model, there was an increase of endothelial cell proliferation and VEGF-A
production, which subsequently activated HSCs and increased collagen-1a and a-SMA
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expression.’2 This study is also supported by findings demonstrating that HSC activation can
be inhibited by a specific collagen-binding domain (CBD) fused to the N-terminal of VEGF
that induces anti-fibrotic effects.”3 Following treatment with CBD-VEGF, CCl-induced
fibrosis was rescued and HSC activation was reduced.” Taken together, these studies
provide evidence that targeting the vascular bed may be a therapeutic option for patients
with liver fibrosis.

During sclerosing cholangitis, altered vascular endothelial cells and peribiliary glands
contribute to the scarring associated with PSC along with an increase in chemokine
expression, primarily chemokine (C-C motif) ligand 1 (CCL1).”# In human PSC, it was
found that IL-4, 1L-10, and CCL1 were increased compared with controls, and CCL1 was
upregulated in peribiliary glands and vascular endothelial cells. These findings suggest a
recruitment mechanism triggered by these cells, which induces inflammation via CCL1 and
promotes sclerosing cholangitis.’

In the study mentioned above by Jones and Hargrove, the authors also found that vascular
endothelial cells play a role in regulating PSC-induced fibrosis. Using VWF as a marker of
vascular cells and measuring VEGF-A expression, the study showed an increase of both
markers in Mdr2~/~ mice. Furthermore, these parameters were decreased in Mdr2~/~ mice
treated with cromolyn sodium, which was coupled with decreases in biliary proliferation and
the bile duct mass, demonstrating that MCs may also work with the vascular bed to maintain
cholangiocyte homeostasis.16

5.3. Cholangiocytes —>mast cells

In addition to HSCs and vascular cells, both resident liver cells, MCs, which are non-
resident cells, play a role in the regulation of the cholangiocyte response and hepatic fibrosis
following liver injury. MCs are immune cells that migrate into tissue following injury. While
primarily known for their role in mediating allergic responses, MCs are becoming more
recognized for their pathological role in a number of disease states including cholestatic
liver injury.16.:39.41,51

5.3.1. Cholestatic liver injury and fibrosis—MC infiltration begins at day 2 post-
BDL, which is coupled with the appearance of bile duct proliferation and an increase in the
bile duct mass. Hargrove et al. have shown that infiltrated MCs settle in close proximity to
bile ducts, but not within the hepatocyte parenchyma, demonstrating that they are in close
contact to interact with proliferating cholangiocytes.”® Furthermore, MCs have been isolated
from BDL rats at day 14, which were treated with saline or the MC stabilizer cromolyn
sodium. Isolated MC culture supernatants were collected and placed on cultured
cholangiocytes or HSCs. The authors found that treatment with BDL saline-treated MC
culture supernatants increased biliary proliferation and HSC activation, demonstrating a
direct interaction between MCs, cholangiocytes, and HSCs.”® More interestingly, when
cultured cholangiocytes or HSCs were stimulated with culture supernatants of MCs
collected from cromolyn sodium-treated BDL rats, biliary proliferation and HSC activation
were reduced significantly. These studies support a strong relationship and regulation
between MCs and HSCs during biliary damage and repair.
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In another study, BDL rats were treated with saline or cromolyn sodium for 1 week, and
there was a decrease in biliary damage, hepatic fibrosis, and the MC number.> These
studies are the first to demonstrate a synergistic interaction between MCs, cholangiocytes,
and HSCs during cholestatic liver injury.>1.75 In addition, these studies indicate that MCs
and MC-derived HA are key regulators of the biliary response in addition to the activation of
HSCs during cholestatic-induced hepatic fibrosis.

Protease-activated receptor (PAR) 2 is a Gprotein-coupled receptor involved in fibrosis
formation through activation of extra-cellular proteins, which is activated upon cleavage by
serine proteases. One MC-specific serine protease is tryptase. In a study by Lu et al.,”®
PAR-2, which is expressed in HSCs, was inhibited using APC 366 in a BDL rat model. The
authors observed a reduction in fibrosis after treatment, which was associated with decreases
in PAR-2 and a-SMA expression.”8

5.3.2. Primary sclerosing cholangitis, primary biliary cholangitis, and hepatic
fibrosis—In human PSC, Jones et al.18 demonstrated an increase in the liver MC number
and MC marker expression. In this study, Mdr2~/~ mice were used as the PSC model to
evaluate the effect of MCs on disease progression. The mice were treated with cromolyn
sodium and, following treatment, biliary proliferation and fibrosis as well as HA serum
levels were all decreased, showing that MC-derived HA plays a direct role in the progression
of PSC.16 The authors also knocked down HDC in MCs /n vitro and co-cultured these cells
with human HSCs. The HSCs co-cultured with MCs containing depleted levels of HDC
exhibited decreases in proliferation and activation compared with HSCs co-cultured with
MCs containing normal levels of HDC.16

In another study, the effect of chymase, another MC protease, was observed on the activation
and proliferation of HSCs. Yin et al. isolated and treated HSCs from rats with various
concentrations of chymase. As a result, the HSCs showed increases in their proliferative
rates, a-SMA and TGF-B1 protein expression, and TGF-B1 and collagen type-1a gene
expression.”’ Finally, Knight et al.”® used a PAR-2 knockout mouse for the CCly fibrosis
model. As mentioned earlier, PAR-2 is involved in the progression of fibrosis upon
activation. After CCl, administration, PAR-2 knockout mice showed reductions in fibrosis
progression, collagen gene expression, and hydroxyproline content. The authors also found a
reduction in TGF-p gene and protein expression as well as a decrease in MMP2. The authors
also showed /n vitro activation of human HSCs treated with PAR-1 or PAR-2 agonists
(hexapeptide SFLLRN-NH2 and hexapeptide SLIGKYV, respectively), as well as increases in
proliferation and collagen production, and TGF-p protein upregulation.’® Taken together,
these studies suggest that blocking MC migration into the liver and/or blocking the release
of MC mediators such as HA could be potential therapeutic strategies for cholangiopathies
including PSC and PBC.

6. Conclusion

Cellular crosstalk is an important event that occurs during disease progression and is critical
to better understand how cells, tissues, and organs respond to injury and repair. While
specific cells are the targets of certain diseases (e.g., cholangiocytes in cholangiopathies),
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this does not underscore the importance of cellular crosstalk between both resident and non-
resident liver cells during disease processes and progression. It appears that there is great
interest in evaluating the full events of liver injury and repair with regards to cellular
crosstalk as evidenced by the studies highlighted in this review. Based on these studies,
cholangiocytes, HSCs/PFs, vascular cells, and MCs may all interact with each other to
promote liver damage as summarized in Fig. 2, which may facilitate targeting these cells to
induce liver repair. The hope would be that these studies of cellular crosstalk allow for the
identification of potential therapeutic targets as well as understanding disease processes
more thoroughly.
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Fig. 1. Graphic image of blood flow through theliver and the key cellsinvolved
(cite from Onori P1, Gaudio E, Franchitto A, et al. Histamine regulation of hyperplastic and

neoplastic cell growth in cholangiocytes. World J Gastrointest Pathophysiol. 2010; 1:38—
49.).
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The cellular crosstalk pathways.
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Table 1

Summarization of microRNAs involved in progression of fibrosis in response to hepatic injury; their
regulation, targets and effects.

MicroRNA  Regulation Targets Effects

miR-21 1 SMAD7 1 fibrosis
miR-125b N VEGF 1 biliary proliferation
NGF 1 fibrosis
HDC 1 inflammation
miR-let7a N VEGF 1 biliary proliferation

NGF 1 fibrosis
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