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Summary

The family of vascular endothelial growth factors (VEGFs) includes 5 members (VEGF-A to -D, and
placenta growth factor), which regulate several critical biological processes. VEGF-A exerts a variety
of biological effects through high-affinity binding to tyrosine Kkinase receptors (VEGFR-1, -2 and -3),
co-receptors and accessory proteins. In addition to its fundamental function in angiogenesis and
endothelial cell biology, VEGF/VEGFR signalling also plays a role in other cell types including
epithelial cells. This review provides an overview of VEGF signalling in biliary epithelial cell biology
in both normal and pathologic conditions. VEGF/VEGFR-2 signalling stimulates bile duct prolifer-
ation in an autocrine and paracrine fashion. VEGF/VEGFR-1/VEGFR-2 and angiopoietins are involved
at different stages of biliary development. In certain conditions, cholangiocytes maintain the ability
to secrete VEGF-A, and to express a functional VEGFR-2 receptor. For example, in polycystic liver
disease, VEGF secreted by cystic cells stimulates cyst growth and vascular remodelling through a
PKA/RAS/ERK/HIF1a-dependent mechanism, unveiling a new level of complexity in VEFG/VEGFR-2
regulation in epithelial cells. VEGF/VEGFR-2 signalling is also reactivated during the liver repair
process. In this context, pro-angiogenic factors mediate the interactions between epithelial,
mesenchymal and inflammatory cells. This process takes place during the wound healing response,
however, in chronic biliary diseases, it may lead to pathological neo-angiogenesis, a condition
strictly linked with fibrosis progression, the development of cirrhosis and related complications,
and cholangiocarcinoma. Novel observations indicate that in cholangiocarcinoma, VEGF is a
determinant of lymphangiogenesis and of the immune response to the tumour. Better insights into
the role of VEGF signalling in biliary pathophysiology might help in the search for effective ther-
apeutic strategies.

© 2021 The Authors. Published by Elsevier B.V. on behalf of European Association for the Study of the
Liver (EASL). This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/
licenses/by-nc-nd/4.0/).

Introduction

The liver is a highly vascularised organ endowed
with both venous capillary (sinusoids) and arterial
perfusion. The latter also nourishes the biliary tree
through a network of capillaries, called the peri-
biliary plexus (PBP).! The biliary tree performs
several important functions in digestive physi-
ology, from bile production to liver/regeneration
and repair after liver damage.>* The epithelial cells
that line the bile ducts (i.e. cholangiocytes) are also
the primary target in a variety of chronic liver
diseases  (CLDs), collectively called chol-
angiopathies.>* Several observations emphasise
the importance of angiogenic signalling in biliary
epithelial cell biology. Studies have shown that the
biliary epithelium is able to secrete vascular
endothelial growth factor (VEGF) and other
angiogenic factors, to express their cognate re-
ceptors during development, and to reactivate this
signalling axis during biliary diseases and repair.”®
In this review, we will focus on the biological and
pathobiological role of VEGF-A and its cognate

ELSEVIER

receptors (VEGFRs) in the biliary tree. Studies have
shown that VEGF and VEGFR signalling play a
pivotal role in biliary tree development, in bile duct
proliferation and biliary repair, as well as in poly-
cystic liver disease (PLD) and cholangiocarcinoma
(CCA) progression.

VEGF and VEGFR signalling

VEGF-A is the prototypical member of a growth
factor family that also encompasses VEGF-B, VEGF-
C, VEGF-D and the placenta growth factor (PIGF).
The human VEGF-A gene is located on chromo-
some 6p21.1 and is composed of 8 exons and 7
introns. Differential splicing involving mostly exons
6 and 7 gives rise to multiple VEGF-A isoforms
while exons 1-5 and exon 8 are conserved in all
VEGF-A variants.!® VEGF-A isoforms are named
based on the number of amino acid residues in the
mature proteins. VEGF-A165 is the primary gene
product found in human tissues, and the one
believed to play crucial roles in endothelial cell
proliferation, migration, and differentiation.’

Keywords: VEGF-A; VEGF/
VEGFR-2 signalling; Chol-
angiocytes; Development;
Liver repair; Polycystic liver
diseases; Cholangiopathies;
Anti-Angiogenic therapy

Received 26 October 2020;
received in revised form 6
January 2021; accepted 12
January 2021; available
online 4 February 2021

ISection of Digestive Diseases,
Liver Center, Yale University,
New Haven, CT, USA;
2Department of Molecular
Medicine, University of Padua,
School of Medicine, Padua,
Italy

« Corresponding author.
Address: Section of Digestive
Diseases, Liver Center, Yale
University School of
Medicine, 333 Cedar Street,
New Haven, CT, 06511, USA;
Tel.: 203-737-1451, fax: 203-
785-7273.

E-mail address: mario.
strazzabosco@yale.edu

(M. Strazzabosco).

EASL

The Home of Hepatology


http://crossmark.crossref.org/dialog/?doi=10.1016/j.jhepr.2021.100251&domain=pdf

Secreted VEGF isoforms bind to specific receptor tyrosine
kinases, i.e. VEGFR-1 (Flt-1), VEGFR-2 (KDR or Flk-1) and VEGFR-
3, but can also interact with non-tyrosine kinase co-receptors,
such as the members of the Neuropilin receptors family (Nrp-1
and -2) and the heparan sulfate proteoglycans.''? Upon ligand
binding, tyrosine residues present in the intracellular domain of
VEGFRs undergo autophosphorylation triggering the trans-
duction of signals through different intracellular mediators.

In addition to endothelial cells (ECs) and vascular smooth
muscle cells, VEGFR-1 is expressed by diverse cell types
including certain epithelial and tumour cells, as well as by
haematopoietic stem cells, monocytes, and macrophages.”'®
VEGFR-1 has a higher affinity for PIGF, VEGF-B and for VEGF-A,
compared to VEGFR-2. VEGFR-1 acts as a VEGF-A trap and is
considered a negative regulator of VEGFR-2 able to suppress its
pro-angiogenic effects.'* Most effects of VEGF-A are generated by
its binding to VEGFR-2, which stimulates a multitude of down-
stream signalling events (Fig. 1). Upon ligand binding, VEGFR-2
dimerises and concomitantly cross-phosphorylates tyrosine
residues on the intracellular domain,” including Tyr951,
Tyr1054, Tyr1059, Tyr1175, and Tyr1214 (in humans).'"®!” Phos-
phorylation of these tyrosine residues activates different intra-
cellular signalling pathways that are essential for the biology of
ECs. For example, phosphorylation of tyrosine 1175 (Y1175, or
Y1173 in mice) triggers phospholipase Cy (PLCy)-mediated acti-
vation of the ERK1/2 pathway, which has a key role during
vascular development.'®'® Moreover, the same phosphorylation
event leads to the induction of the PI3K/AKT/mTOR pathway,
which is crucial for long-term responses such as proliferation,
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Key points

e Angiogenic signalling is activated in biliary epithelial cells during
development and disease.

e The VEGF/VEGFR-2 axis mediates the crosstalk between the biliary
epithelium and the vascular system during bile duct morphogenesis.

e In polycystic liver disease, VEGF-A signalling acts in an autocrine and
paracrine fashion to mediate liver cyst growth.

e Angiogenic signalling is reactivated during the repair process leading to
pathological neo-angiogenesis.

e VEGF-A signalling contributes to the development of the tumour
microenvironment in cholangiocarcinoma.

e The role of anti-angiogenic therapies still needs to be explored in
chronic cholangiopathies.

survival and EC migration.'® Cell motility is regulated by the
activation of p38MAPK signalling, which is mediated by phos-
phorylation of residue Y1214 (Y1212 in mice);'® whereas phos-
phorylation of the Y951 residue (or Y949 in mice) triggers the
induction of c-Src-mediated vascular permeability and EC
migration.” It is worth noting that different factors influence
VEGFR-2 signalling regulation, including VEGFR-2 expression
levels and the presence of co-receptors (such as Nrp-1 and
-2).>!! For example, VEGF-A co-binding to Nrp-1 and VEGFR-2
leads to the formation of Nrp-1/VEGFR-2 complexes and, ulti-
mately, to ERK-1/2 pathway activation.?!

While studied mostly in the context of vascular physiology,
the effects of VEGF are not confined to ECs. Several non-EC types
that express VEGFRs are involved in wound repair and include
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Fig. 1. VEGF-A-mediated VEGFR-2 signal transduction. Graphic illustration of different signalling pathways elicited by the binding of VEGF-A to VEGFR-2. VEGF-
A-induced phosphorylation of several tyrosine (Y) residues in the intracellular domain of the VEGFR-2 triggers multiple downstream signalling pathways. In
particular, phosphorylation of Y951 residue leads to the recruitment of TSAd, which in turns binds and activates Src that acts on mediators of cell migration. Cell
motility is also regulated by the Y1214 phosphorylation which causes p38MAPK activation. pY1175 residue recruits PLCy and trigger Ca?*-dependent signalling,
which leads to transcriptional control of proliferation, through PKC/RAF/MEK/ERK axis. This scheme is derived from information available for endothelial cells and
adapted to the hypothetical signalling in cholangiocytes. Among the phosphorylated residues, the ones shown in red have been detected in mouse cholangiocytes

(9,87

and personal unpublished data). DAG, diacylglycerol; IPs, inositol trisphosphate; PIP,, phosphatidylinositol biphosphate; PKC, protein kinase C; PLCy,

phospholipase Cy; TSAd, T cell-specific adaptor protein; VEGF-A, vascular endothelial growth factor type A; VEGFR-2, vascular endothelial growth factor receptor

type 2.
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macrophages,”? neutrophils,?®> pericytes,>* and other mesen-
chymal cells.?® Furthermore, VEGF is expressed by chol-
angiocytes during development (ductal plate cells), and in
disease conditions, as observed in reactive cholangiocytes, in
cystic cholangiocytes of PLDs, and in tumoural cholangiocytes of
CCA.?°~?° The source and locations of VEGF/VEGFR-2 in the he-
patic population in biliary health and disease are summarised in
Table 1.

Angiogenic signalling and biliary development

Bile ducts are closely associated with the arterial vasculature
both anatomically and functionally. The portal triad is composed
of the intrahepatic bile ducts (IHBDs), a branch of the portal vein
and 1 or 2 branches of the hepatic artery, all running in a parallel
fashion.! IHBDs are also surrounded by the PBP, a capillary
network that meets the metabolic and functional needs of
cholangiocytes.”> Moreover, the PBP enables the exchange of
signals between biliary epithelial cells and different vascular cell
types, such as endothelial and mural cells,*® in an association
which begins at the earliest stages of liver development.*

A brief description of the development of the intrahepatic
biliary system is required here, as during repair from biliary
damage, the liver exploits morphogenetic signalling mecha-
nisms similar to those operating during biliary development.
Briefly, IHBD development revolves around the establishment
and subsequent remodelling of the ductal plate (DP), a peri-
portal embryonic structure formed by the differentiation of
hepatoblasts into immature cholangiocytes, driven by clues

Table 1. Liver cell atlas on the sources and locations of VEGF/VEGFRs.
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generated by the portal vasculature and the mesenchyme.>!>2

This event requires finely regulated epithelial-mesenchymal
interactions, and the cooperation among several signalling
networks and morphogenetic signals. For example, in the early
stages of DP formation, cells in the mesenchyme surrounding
the portal vein express Jagged-1, a Notch ligand able to stimu-
late downstream signalling in DP cells that promote further
differentiation into the biliary lineage.*>>* Instructed by these
and other signals, the single-layered DP surrounding the portal
mesenchyma eventually duplicates into double-layered struc-
tures, which later become incorporated into the portal space. A
plethora of growth factors and morphogenetic cues are
involved in the phases of formation, duplication, and incorpo-
ration of the developing bile ducts.

VEGF/VEGFR-2 signalling links bile duct morphogenesis to the
development of the PBP stemming from the branches of the
hepatic artery in contiguity to the DP (Fig. 2).>° Previous studies
from our group have shown that in human foetal liver at
different gestational ages, VEGF-A and other angiogenic growth
factors, such as angiopoietins 1 and 2 (Ang-1, Ang-2), together
with their cognate receptors (VEGFR-1, VEGFR-2, and Tie-2) are
differentially expressed by different immature developing
structures.’” Ang-1/2 represent a second group of tyrosine ki-
nase receptor ligands, which primarily play a role in develop-
mental vascular remodelling and angiogenesis. Ligand binding to
Tie-2 receptors expressed by ECs elicits opposite balanced effects
on the activation level of the Tie-2 receptor.’

Of note, the expression of VEGF is maintained, whereas
VEGFR-2 is gradually lost after the DP stage.”’ Thus, the

Liver cells VEGF signalling in homeostasis Ref. VEGEF signalling in disease Ref.
Hepatocytes SEC structural development in liver 135,136 Hypoxia (VEGF secretion). 67,65
organogenesis (VEGF secretion) Biliary atresia (hypoxia mediated):
Liver regeneration (PHx) (VEGF secretion, VEGF-A expression
VEGFR-1 expression).
Homeostasis of hepatic vascular system
(VEGF secretion).
Cholangiocytes Bile duct morphogenesis and PBP development 29 Experimental cholestasis (i.e. BDL): 86,65,46, 8,116
(VEGF-A secretion, VEGFR-2 expression). cholangiocyte proliferation and PBP
expansion (VEGF-A secretion, VEGFR-2
expression).
Biliary atresia: VEGF-A, VEGFR-1/-2
expression.
DPM: VEGF-A expression.
ADPKD: Cyst growth, ECs proliferation
(VEGF-A secretion, VEGFR-1 and -2
expression).
CCA: ECM remodelling, TAM recruitment
(VEGF-A secretion).
Liver sinusoidal Maturation in liver organogenesis 135,136 PBC: VEGF-A, VEGFR-2 expression. 67
ECs (VEGFR-2 expression).
Liver regeneration (PHx) (VEGFR-1,
VEGFR-2 expression).
Macrovascular Biliary atresia: VEGF-A expression. 65
ECs
Stellate cells and In vitro activation (VEGF secretion). 137,138 Hypoxia (VEGF secretion). 139
myofibroblasts Vascular remodelling (VEGF secretion). Fibrogenesis (VEGF secretion).
Kupffer cells Liver regeneration (VEGFRs expression). 136 Fibrosis resolution (VEGF secretion). 140
Hepatic progenitor Niche expansion in PBC: VEGF-A, 28
cells VEGFR-1/-3 expression).
Lymphatic Sprouting lymphangiogenesis (VEGFR3 141 Fibrogenesis (VEGF-C and VEGF-D secretion), 141,113

endothelial cells expression and VEGF-C secretion).

tumour lymphangiogenesis in CCA
(VEGFR2 and VEGFR3 expression).

ADPKD, autosomal dominant polycystic kidney disease; BDL, bile-duct ligation; CCA, cholangiocarcinoma; DPM, ductal plate malformation; ECs, endothelial cells; PBP, per-
ibiliary plexus; PHx, partial hepatectomy; VEGF, vascular growth factor; VEGFR, vascular growth factor receptor.
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Fig. 2. VEGF-A signalling in biliary development. Angiogenetic factors regulate the anatomical and functional relationship between developing bile ducts and
the forming branches of the hepatic artery throughout 3 different maturation stages (A-C). Of note, VEGF-A is secreted by ductal plate cells and is widely
expressed in developing liver. During the ductal plate stage (A) VEGF-A recruits VEGFR-2-positive endothelial cell precursors to the portal mesenchyme close to
the ductal plates where they cluster as VEGFR-1-positive endothelial cells. On the other hand, portal myofibroblast-derived mural cells expressing Tie-2, the
receptor for Ang-1 secreted by hepatoblasts, are recruited into the portal space. During the so-called migratory stage (B), mural and endothelial precursors,
assemble as an immature hepatic artery structures characterised by the absence of a recognisable lumen. Ang-2, released by mural cells, remodels the hepatic
artery by acting through an autocrine loop mechanism. In parallel, the forming ductal tubular structures are integrated within the mesenchyme of the forming
portal space, as VEGFR-1-positive endothelial cells also migrate to develop the vascular peribiliary plexus. During the bile duct stage (C), the incorporated
immature ductal tubules mature as bile ducts along with the maturation of the hepatic artery in close proximity to the biliary network. The ability of chol-
angiocytes to secrete and express angiogenic factors and receptors returns during biliary damage repair. VEGF-A, vascular endothelial growth factor type A;
VEGFR-1/2, vascular endothelial growth factor receptor type 1/2.

autocrine/paracrine proliferative responses to VEGF, that are
typical of the early maturation stages of the biliary epithelium,
are absent in mature bile ducts. However, this signalling
pathway can be reactivated in several disease conditions. The
anatomical association between bile ducts and the surrounding

arteries indicates that biliary and hepatic arterial development
are interwoven and highlights the concept that the integrity
and functionality of the bile ducts dictate arterial development.
Similarly, the role of the PBP is also fundamental in the
response to liver damage.® The ductular reaction that

JHEP Reports 2021 vol. 3 | 100251 4
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Fig. 3. VEGF-A signalling in PLD-ADPKD (working model). In PC2-defective cholangiocytes, stimulation of CAMP production drives the PKA-dependent acti-
vation of ERK1/ERK2 and the secretion of VEGF-A (1). In turn, cAMP activates the PKA-Ras-Raf-ERK pathway and stimulates VEGF-A production through an
mTOR-HIF1a-mediated mechanism (2). mTOR has a central role in IGF-1-stimulated proliferation of cystic cholangiocytes. IGF-1, a growth factor secreted by the
cystic epithelium and by stressed biliary epithelial cells, binds to its receptor IGF1-R and activates the PI3K/AKT/mTOR pathway; thus, mTOR stimulates pro-
liferation through a HIF1-0/VEGF-dependent autocrine loop (3). Furthermore, VEGF-A produced by cystic cholangiocytes increases, through a paracrine route, the
periductal microvascular density and bile ducts proliferation by binding to VEGFR-2. ADPKD, autosomal dominant polycystic kidney disease; HIF1a, hypoxia-
inducible factor type 1a; IGF-1, insulin-like growth factor 1; IGF1-R, insulin-like growth factor 1 receptor; mTOR, mammalian target of rapamycin; PC2,
polycystin-2; PLD, polycystic liver disease; VEGF-A, vascular endothelial growth factor type A; VEGFR-2, vascular endothelial growth factor receptor type 2.

commonly occurs in many forms of liver injury is often char-
acterised by an increase in the number of surrounding vascular
structures.®’>°

In addition to VEGF/VEGFR-2 signalling, other morphogens,
such as Wnt/p-catenin, Hedgehog, Notch, YAP/TAZ and trans-
forming growth factor (TGF)-B regulate biliary development;
their role is discussed elsewhere. 044

VEGF signalling in polycystic liver disease

As mentioned in the previous section, IHBDs originate from
hepatoblasts adjacent to the portal vein mesenchyme, thus
forming the DP.*> Remodelling of the DP leads to the formation
of mature bile ducts. Altered DP remodelling, also known as
ductal plate malformation (DPM), results in persistence of em-
bryonic duct features.*® The dilation of segments of IHBDs
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accompanied by variable degrees of fibrosis characterise
different types of DPM, which are hallmarks of several congenital
cholangiopathies, including PLD.*5%

PLD associated with autosomal dominant polycystic kidney
disease (ADPKD) is caused by mutations in the PKD1 or PKD2
genes, encoding the transmembrane proteins polycystin-1 (PC1)
and polycystin-2 (PC2), respectively.*®*° Polycystins are located
in the cilia of renal tubular and biliary epithelial cells, where they
play a key role in regulating pathways related to morphogenesis,
cell proliferation, and differentiation.’® In conditions of PC defi-
ciency, cholangiocytes retain an immature, pro-proliferative and
pro-secretory phenotype, which drives an altered morphoge-
netic programme that triggers the formation of multiple, large
fluid-filled liver cysts scattered throughout the hepatic paren-
chyma with no connection to the biliary tree.>>* The causal link
between mutations in PCs and cystogenesis/disease progression
are still the focus of extensive research. Earlier observations
showed that in PLD the dysmorphic bile ducts are surrounded by
hyperplastic vascular structures with an abnormal ramification
resembling a “pollard willow pattern”.**’ Similar to DP cells
during development, the VEGF-A and Ang-1 are strongly upre-
gulated in the cystic biliary epithelium of patients with PLD-
ADPKD, together with their receptors VEGFR-2 and Tie-2.5%°
Moreover, the expression levels of VEGF-A and Ang-1 posi-
tively correlate with the microvascular density that surrounds
the growing dysgenetic structures in ADPKD, supporting the idea
that angiogenesis is crucial for cyst growth.®?°

Isolated cholangiocytes from patients with ADPKD and from
rodent models of PLD showed increased VEGF-A and VEGFR-2
expression.® Furthermore, treatment of cholangiocytes with re-
combinant VEGF-A induced a dose-dependent proliferative ef-
fect.® These data indicate that cholangiocytes influence cyst
growth in a paracrine and autocrine fashion via the production of
pro-angiogenic factors, which in turn stimulate both the para-
crine generation of the cyst vascular supply and the autocrine
proliferation of the biliary epithelium.’

Hypoxia-inducible factor 1 (HIF-1a), regulates the response to
tissue oxygen levels primarily by modulating the production of
VEGF-A.>>>* HIF-10 can also signal in response to non-hypoxic
stimuli such as growth factors, cytokines, and a variety of
extracellular soluble mediators inducing its stabilisation and
phosphorylation through activation of the Raf/MEK/ERK or the
PI3K/AKT/tuberin/mTOR or the STAT3 signalling pathway. HIF-1a
regulates an array of genes associated with energy metabolism,
angiogenesis, erythropoiesis and cell proliferation.®”

Increased HIF-1a-dependent production of VEGF has been
demonstrated in cultured isolated cystic cholangiocytes, indi-
cating that this may be a direct effect of the loss of PC1 or PC2
function, rather than an effect of tissue hypoxia.’® Indeed, acti-
vation of AKT/mTOR signalling induces HIF-1o-mediated VEGF-A
production and VEGFR-2 expression, which further support the
growing cysts in an autocrine fashion in PLD.%7>7

Further studies support the idea that in physiological condi-
tions the repression of the RaffMEK/ERK cascade is mediated by
PC2. In fact, defective function of PC2 leads to Raf/MEK/ERK
pathway activation and to the stimulation of cellular prolifera-
tion.”® In PC2-defective cholangiocytes, the activation of the
cyclic adenosine 3’,5’-monophosphate (cAMP)/PKA-dependent
Ras/Raf/ERK1/2 pathway induces the growth of liver cysts, which
is further sustained by the increased activation of MEK/ERK
signalling.” A working model of VEGF-A signalling in PC2-
defective cholangiocytes is presented in Fig. 3.
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The finding that cAMP/PKA/Ras/Raf/MEK/ERK1/2/VEGF
cascade is overactive in the cystic epithelium is of particular
interest. Indeed, an elevated intracellular concentration of cAMP
is a common feature of most PLDs.>*°° Through the induction of
both trans-epithelial fluid secretion and epithelial cell
proliferation-dependent VEGF-A autocrine stimulation, cAMP is
considered a key driver of cyst growth.’®°%52 Therefore, control
of cCAMP generation represents a potential therapeutic target in
PLD.63'64

VEGF signalling in other cholangiopathies
Little is known about the role of VEGF in the pathogenesis of
other cholangiopathies. Evidence of expression of pro-
angiogenic factors in biliary atresia (BA) has been reported by
Edom et al. in liver biopsies from 52 infants.°® In this cohort,
VEGF-A was mainly expressed in the biliary remains of the porta
hepatis of patients with BA. The expression of the cognate re-
ceptor VEGFR2 was also increased in BA liver when compared to
control; however, it was still lower than in livers from patients
with ischaemic cholangiopathy. Polymorphisms of the VEGF gene
have also been investigated in relation to susceptibility to BA.
The VEGF+936 C/T polymorphisms, particularly the C allele, may
be associated with an inherited predisposition to BA.°°

Among inflammatory cholangiopathies, enhanced neo-
angiogenesis has been observed in primary biliary cholangitis
and localised mainly in the portal area alongside inflammatory
infiltrate and fibrosis.®” Furthermore, the increased expression of
VEGF-A, along with Ang-1, Ang-2, and the Tie-2 receptor by ECs,
suggest that angiogenesis may contribute to inflammatory cell
recruitment and progression towards cirrhosis in these pa-
tients.®” Of note, a correlation has been observed between the
extent of ductular reaction associated with angiogenesis and the
increase in hepatic progenitor cells expressing VEGF in patients
with primary biliary cholangitis.?® These results support the
concept of a crosstalk between hepatic progenitor cells and ECs
during liver damage that is mediated by the autocrine and
paracrine effects of VEGFE.

VEGF in liver regeneration and biliary repair

A remarkable property of the liver is its unique ability to
regenerate and restore its original mass after tissue loss.
Different pathways of liver regeneration have been identified,
but the ability of differentiated hepatocytes and biliary cells to
proliferate and generate new liver cells is the major mechanism.
The main factors which stimulate mitogenesis in hepatocytes
after partial hepatectomy are epidermal growth factor, TGF-o and
hepatocyte growth factor. Proliferating hepatocytes form a small
avascular cluster and produce an array of mitogenic growth
factors that induce proliferation of other hepatic cells that need
to be repopulated for proper tissue function, such as biliary
epithelial cells, Kupffer cells, hepatic stellate cells (HSCs) and
sinusoidal epithelial cells.®® Among these growth factors, VEGF is
secreted by hepatocytes in the first 48-72 hours following partial
hepatectomy in response to a mechanism of physiological
angiogenesis and sinusoidal remodelling. Hepatocyte-derived
VEGF-A induces upregulation of VEGFR-1 and VEGFR-2 in liver
sinusoidal endothelial cells (LSECs) and facilitates their migra-
tion into the hepatocyte cluster, enabling the formation of cap-
illaries.°®%° Moreover, migration of bone marrow-derived
endothelial precursors into the liver is induced by increased
plasma VEGF levels. The phased expression of Ang-2 plays a
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major role in regulating the relationships between hepatocytes
and LSECs (the 2 most abundant hepatic cell populations).®
During the inductive phase of regeneration, downregulation of
Ang-2 increases hepatic proliferation. At the later angiogenic
phase, increased Ang-2 enables angiogenesis via VEGFR2
expression in LSECs.”’

In contrast to its role in physiological angiogenesis, VEGF
production in CLDs may lead to pathological neo-angiogenesis, a
condition intrinsically linked with fibrosis and cirrhosis pro-
gression, and related complications such as hepatocellular
damage.”' It is well known that CLDs are characterised by
intrahepatic vascular remodelling with capillarisation of sinu-
soids, excessive fibrovascular stroma, and the development of
intrahepatic shunts. Furthermore, neo-angiogenesis is known to
drive the growth of tumours.”*”

Liver repair mechanisms in cholangiopathies are different to
those described for other chronic liver diseases. Notably, hepa-
tocellular damage during cholangiopathies is a late phenome-
non. Furthermore, vascularisation of the biliary tract depends on
the capillary bed of the hepatic artery, whereas hepatocytes are
supplied by the sinusoidal circulation and engage in potent
crosstalk with LSECs. Whether VEGF produced by hepatocytes
and LSECs has an impact on cholangiocyte function in the later
stages of biliary diseases is still unknown.

Cholangiocytes usually form a barrier epithelium involved in
bile secretion and modification, but they are also highly
responsive to liver damage or inflammation with morpho-
functional changes leading to ductular reaction and eventually
peribiliary fibrosis.>**? The reparative response to biliary and/or
hepatocellular injury is termed the “ductular reaction” and is
described as the expansion of cholangiocyte-like cells arranged
in cords or clusters not encircling a discernible lumen and sur-
rounded by a polymorphic infiltrate of inflammatory, mesen-
chymal and vascular cells.”*”> Ductular reactive cells (DRC) may
derive from mature cholangiocytes, from trans-differentiation of
periportal hepatocytes’®’” or from hepatic progenitor cells. DRCs
secrete an array of growth factors and cyto-/chemokines through
which they establish an extensive crosstalk with the several
types of cells populating the portal fibroinflammatory infil-
trate.”®”9 According to Desmet et al., ductular reactions can be
categorised into 3 types.2’ Type 1 is confined to the portal
mesenchyme and derives from proliferation of mature chol-
angiocytes lining the pre-existing bile ducts. Type 2 and type 3
are characterised by ductular reactions extending beyond the
portal mesenchyme, which associates with ductular metaplasia
of hepatocytes (in type 2A prevailing in the periportal areas,
while in type 2B in the centrolobular regions), or with activation
of hepatic progenitor cells (type 3).5° However, given that the
different types of ductular reaction frequently coexist within the
same condition, it is conceivable that in clinical settings multiple
mechanisms may take part, depending on the nature and the
intensity of liver damage, variably affecting the biliary or the
hepatocellular parenchyma.’® It is unclear whether angiogenic
mechanisms are differentially involved according to the ductular
reaction type. In addition, some DRCs may become senescent
due to chronic inflammation. Senescent cells no longer respond
to extracellular stimuli but remain metabolically active. They are
characterised by the activation of a pro-inflammatory response,
the so-called "senescence-associated secretory phenotype”
(SASP) with secretion of soluble factors similar to those released
by DRCs.8®2 Several factors produced by DRCs, including not
only VEGF-A, but also platelet-derived growth factor (PDGF)-B,
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TGF-B2 and endothelin-17"%% have angiogenic properties. These
factors work in concert with VEGF-A, which is also released by
other cell elements engaged in the ductular reaction (such as the
portal myofibroblasts), to maintain the intense remodelling ac-
tivity that defines biliary repair.

Cholangiocyte proliferation is critical to maintain the ductal
mass and for the increased formation of branched tubular
structures that occur in bile duct damage.®*®> VEGF/VEGFR-2 is
one of the key signals that synchronises cholangiocyte prolifer-
ation with the intense cellular crosstalk that occurs during the
reparative response. Adaptive vascular responses induce recip-
rocal changes in the PBP and in the biliary epithelium. For
example, bile duct ligation (BDL) triggers a substantial expansion
of the PBP to fulfil the increased nutritional and functional needs
of the proliferating bile ducts.®® BDL also promotes VEGF-A
secretion and expression of VEGFR-2, which correlates with
proliferation of cholangiocytes in concert with PBP expansion,
via autocrine and paracrine mechanisms.®’ In vivo administra-
tion of VEGF analogues or neutralising anti-VEGF antibodies,
modulates cholangiocyte proliferation. Thus, VEGF secreted by
cholangiocytes is thought to be essential for driving the adaptive
changes of the PBP. In BDL rats, hepatic artery ligation causes the
PBP to vanish, along with increased biliary apoptosis and
decreased cholangiocyte proliferation.®® Interestingly, the
administration of recombinant VEGF-A prevents these effects,
again underlining the pronounced tropism of VEGF for both the
bile duct and PBP.

Unfortunately, VEGF is also associated with the generation of
a pathologic response with extensive production of new fibro-
vascular stroma, leading to progression of CLD.”®%° Chronic
wound healing activation, in which angiogenesis is a key player,
results in the progressive accumulation of extracellular matrix
(ECM) components and the formation of regenerative nodules of
parenchyma surrounded by fibrotic septa harbouring extensive
angio-architectural changes.”® Several studies have highlighted
the correlation between neo-vascular formation and fibrogenic
progression in widely used experimental models of CLDs.”!

Myofibroblasts, derived either from activated HSCs or peri-
ductal/portal fibroblasts,®?> can support the pathological angio-
genesis that is typical in the progression of many CLDs.>® Indeed,
while quiescent HSCs in close proximity to the sinusoidal ECs in
the Disse’s space contribute to physiological angiogenesis, acti-
vated myofibroblasts are a well-known target for VEGF-A, which
stimulates their proliferation, motility and production of
collagen. Additionally, activated myofibroblasts act as pro-
angiogenetic cells that secrete VEGF-A, Ang-1, and upregulate
their cognate receptors VEGFR-2 and Tie-2.°>°* Recently,
Lemoinne et al. described multiple mechanisms underpinning
myofibroblasts’ ability to amplify angiogenesis in vitro and
in vivo. These included the formation of direct intracellular
junctions with ECs and the secretion of microvesicles containing
VEGF-A.”

The interplay between VEGF and Notch signalling, a
morphogenetic mechanism deeply involved in liver develop-
ment and liver repair has also gathered attention recently.”%°”
Notch signalling via its ligands (Jagged-1, Jagged-2, Delta-like 1,
3 and 4) and the 4 transmembrane receptors (Notch 1, 2, 3, and
4), is mainly involved in the communication between neigh-
bouring cells and in directing stem-cell self-renewal and differ-
entiation. In the vascular system, VEGF engages in a complex and
not yet completely understood relationship with Notch signal-
ling. After organ damage, tissue hypoxia triggers VEGF secretion,
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that in turn promotes the formation of “tip cells”, i.e. of motile,
non-proliferative and tubeless cells that connect with the highly
proliferative and tube-forming “stalk cells”. Under the influence
of VEGEF, tip cells produce DII4, a Notch ligand that binds Notch1
in the adjacent cells, repressing the tip phenotype and stimu-
lating their differentiation into “stalk cells”, which proliferate
and generate a tubular structure that eventually matures into a
functional duct. Thus, in ECs, the crosstalk between Notch and
VEGF signalling regulates sprouting and branching morphogen-
esis.”® It is still unclear if a similar mechanism is also adopted by
the biliary tree for branching morphogenesis, and the topic is
currently being investigated.

VEGF and tumour microenvironment in

cholangiocarcinoma

Cholangiocarcinomas are the second most common primary liver
malignancies.”*'°° CCA can also be a complication of chronic
biliary damage secondary to PSC, Caroli disease, intrahepatic
lithiasis or fluke infestations. CCA is a challenging malignancy
that still carries a very poor prognosis.°’ At the time of

diagnosis, most patients (>70%) are not eligible for curative liver
surgery because of early dissemination, further highlighting the
high invasiveness of this tumour.'%?

Tumour-associated angiogenesis is considered one of the
fundamental mechanisms of cancer growth and metastasis.'*>
The secretion of pro-angiogenic factors, including VEGFs, Ang-
1/2, PDGF and TGFB, from tumour cells or from cells infiltrating
the tumour microenvironment (TME), is a critical component of
tumour biology'® (Fig. 4). A distinctive feature of CCA is the
presence of a strongly desmoplastic TME, characterised by the
presence of multiple cell types, including, but not limited to,
cancer-associated fibroblasts (CAFs), immune and inflammatory
cells, in particular macrophages, and vascular and lymphatic
ECs.'92195 Available data indicate that this rich and polymorphic
TME sustains and promotes CCA progression and its metastatic
spread.!°® Notably, a very recent single-cell RNA sequencing-
based study has identified CAFs harbouring a microvasculature
signature as the most represented subpopulation (nearly 60% of
cells) in the TME of CCA.!"’

Angiogenesis, lymphangiogenesis, ECM remodelling and
increased cancer cell motility are among the processes
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Table 2. Anti-angiogenic therapies in experimental models.
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Compound  Targets Animal models Study outcomes in Human Study outcomes Limitations Ref.
animal models disease in human disease
Everolimus mTOR inhibitor PCK rats Liver disease: prevention =~ ADPKD Kidney disease: ADPKD animal 142,143
(Afinotor) of liver cyst enlargement, decreased kidney models develop 144
reduction of fibrosis. volume but no early and severe
Han:SPRD(Cy/+) Kidney disease: kidney recovery of renal disease
rats cysts reduction at function. compared
moderate dosage, to humans and
amelioration of renal intervention is
function loss. usually in early
stage of disease.
No studies were
conducted in
human PLD.
In human studies
decrease in kid-
ney
volume does not
correlate with
improvement in
renal function.
In human studies
multiple side
effects were
reported.
SU5416 VEGFR-2 Conditional Pkd2KO Liver disease: Suppression n.a. n.a. n.a. 7,145
(Semaxanib)  selective inhibitor mice of cholangiocyte
proliferation,
suppression of liver
cyst growth
Pkd2"Ws5/- Liver and kidney disease:
prevention of liver cysts
but not kidney cysts.
Rapamycin mTOR inhibitor Conditional Pkd2KO Suppression of PLD Liver disease: The human study 6,146
(Rapamune) mice cholangiocyte In ADPKD reduction in was retrospective
proliferation. transplant polycystic liver
Suppression of liver volumes and a
cyst growth. trend toward
Suppression of fibrosis. reduction in
Increased cholangiocyte kidney volume.
apoptosis.
SQ22,536 Adenylate cyclase Conditional Pkd2KO Suppression of liver n.a. n.a. n.a 60
5 (AC5) inhibitor mice cyst growth
Sorafenib Multikinase inhibitor Partial portal vein Suppression of fibrosis. Advanced or No results n.a 132
(Nexavar) (Raf kinase, PDGF, ligation in rats. Suppression of portal metastatic  reported
VEGFR-2 VEGFR-3).  Common BDL in rats.  pressure. liver
Autophagy and cancer and
apoptosis cirrhosis
inducer. Clinical Trial:
Ferroptosis activator. NCT00767468
anti-VEGFR1  VEGFR-1 neutralising CCl; — mice Suppression of fibrosis n.a. n.a. n.a 147
mAb agents
anti-VEGFR-2 VEGFR-2 neutralising CCl; — mice Suppression of n.a. n.a. n.a 147
mAb agents angiogenesis
SU11248 Multi-kinase inhibitor CCly — rats Suppression of fibrosis. n.a. n.a. n.a 147
(Sunitinib) (VEGFR-2 PDGFRB) Suppression of
portal pressure.
Sec 5-27 Secretin receptor dnTGF-BRII mice Suppression of chol- n.a. n.a. n.a 148
inhibitor angiocyte proliferation.
Suppression of
angiogenesis.
Suppression of fibrosis.
Suppression of senescence.
Reduction of inflammation.
ML221 Apelin receptor (AP]) BDL — apelin-|- Suppression of chol- n.a. n.a. n.a. 149

inhibitor

Mdr2-/-

angiocyte proliferation.
Suppression of
angiogenesis.
Suppression of fibrosis.

Suppression of senescence.
Reduction of inflammation.
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Table 2 (continued)

Review

Compound  Targets Animal models Study outcomes in Human Study outcomes Limitations Ref.
animal models disease in human disease
AG-012736 Selective second- Subcutaneous xenograft Growth inhibition of Hepatobiliary -no results n.a. 150
(Axitinib) generation of human (NCC-BD1 NCC-BD1 and TKKK. malignant reported
VEGFRs inhibitor and TKKK) CCA Decreased microvessel tumours
cell lines. density. Clinical Trial:
NCT04010071

ADPKD, autosomal dominant polycystic kidney disease; BDL, bile-duct ligation; CCA, cholangiocarcinoma; CCl,, carbon tetrachloride; mTOR, mammalian target of rapamycin;
PDGF, platelet-derived growth factor; PDGFRp, platelet-derived growth factor receptor-8; PLD, polycystic liver disease; TGF-BRII, transforming growth factor-B receptor 2;

VEGEF, vascular growth factor; VEGFR, vascular growth factor receptor.

promoting tumour invasiveness. Studies in CCA have shown that
CAFs are recruited into the TME by PDGF-D, which is secreted by
neoplastic cholangiocytes.'°® In turn, the activation of CAFs
generates a pro-fibrotic and pro-angiogenic milieu that favours
CCA progression. In a syngeneic orthotopic rat model of CCA,
navitoclax, an inducer of the pro-apoptotic Bax protein, mediated
CAF depletion, significantly reducing tumour growth and
metastasis, and improving host survival.'®

VEGF can also be secreted by tumour cholangiocytes likely
secondary to the relatively hypoxic environment in which the
tumour is localised. In cultured CCA cells, the induction of VEGF-
A secretion and expression of its cognate receptors can also be
mediated by other factors including insulin-like growth factor 1
(IGF1), its receptor IGFR as well as the estrogen receptor (ER)
family.?%!"° CCA cell proliferation induced by estrogens appears
to be mediated by VEGF/VEGFR2.>* Conversely, VEGF-A induces
CCA cells to secrete matrix metalloproteinase (MMP)-7 and -9,
which contribute to the significant ECM remodelling that sup-
ports tumour growth and metastasis.!*®

CCA has traditionally been viewed as a lymphovascular
tumour, especially when compared to hepatocellular carcinoma.

lymphatic bed, which favours the early spread to regional lymph
nodes.'! Hence, increased lymphatic microvessel density and
the overexpression of specific lymphatic markers such as podo-
planin, a cell-surface mucin-like glycoprotein expressed on both
lymphatic endothelial cells (LECs) and CAFs, are considered
negative prognostic biomarkers in CCA.!'>!"> Recent studies in
CCA lymphangiogenesis highlight the central role of angiogenic
factors in either lymphatic invasion or lymph node metastasis.
Among them, VEGF-C is implicated in the formation of the initial
lymphatic vessels (small), while it cooperates with Ang-1 and
Ang-2 in the formation of the terminal lymphatic vessels.!*!!>
Neoplastic cells secrete PDGF-D, which binds to PDGFRB
expressed on CAFs and induces ERK/NF-kB and JNK signalling.'"!
This cascade of events promotes the secretion of VEGF-C by CAFs
and the increase in the lymphatic vasculature along with tumour
cell intravasation. Our group also showed that PDGF-D secreted
by CCA cells stimulated CAF-mediated secretion of VEGF-A and
-C and this in turn triggered the recruitment of LECs into the
TME.!"! In a xenograft mouse model of CCA, this CAF/LEC para-
crine loop regulates tumour-associated lymphangiogenesis and
the intravasation of tumour cells, an event that was inhibited by

Indeed, the TME of CCA is characterised by an extensive the administration of the PDGFRB inhibitor imatinib.
Table 3. Research agenda.
Category Priority Time-scale

Basic or translational research
Animal model

animal model of biliary fibrosis.
Cell biology

Study the role of angiogenesis and anti-angiogenic treatments to target fibrosis in

Study the crosstalk between liver morphogens (i.e. Notch) and angiogenetic sig-

Medium-long term

Short-medium term

nalling in biliary morphogenesis during repair.

Cell Biology
intracellular signalling.
Cell Biology

Study the regulation of VEGFR2 expression in cholangiocytes and clarification of its

Understand the crosstalk and cross-influences among VEGF and other pro-

Medium term

Medium term

angiogenic pathways (Angiopoietins, Semaphorins, etc.).

Liver pathophysiology
angiopoietins) in cholangiopathies.

Study the role of hepatocellular production of angiogenic factors (VEGFs and

Short-medium term

Medium term

Liver pathophysiology
Liver pathophysiology

Disease modelling
Bio-engineering
Bio-banking
Clinical research

Clinical trial
Clinical study

Study the role of VEGF in the modulation of innate immunity.

Determine the role of VEGF in the regulation of TAMs, and MDSCs and inhibitory
Treg function in the TME of CCA.

Generate biliary organoids from patients with cholangiopathies and use to test
new targets and drugs.

Apply new biomolecular technologies to deliver anti-angiogenic treatments more
specifically in a cell type/tissue.

Create biobanks of tissue, cells, organoids, nucleic acids, proteins of different
cholangiopathies.

Design drug-repurposing studies for anti-angiogenic therapies in PLD.
Assess the response to combination treatments with immune therapy and TKI in
CCA.

Short-medium term
Medium-long term
Medium-long term
Medium-long term

Medium term
Short-term

CCA, cholangiocarcinoma; MDSCs, myeloid-derived suppressor cells; PLD, polycystic liver disease; TAMs, tumour-associated macrophages; TKI, tyrosine kinase inhibitor; TME,
tumour microenvironment; VEGF, vascular growth factor; VEGFR, vascular growth factor receptor.
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Furthermore, navitoclax-induced CAF depletion was associated
with a reduction in lymphatic vessels in the TME and with
decreased metastasis at the regional lymph nodes.!"

In addition to regulating tumour-associated lymphangio-
genesis, VEGF-A stimulates monocyte recruitment into the liver,
where they become tumour-associated macrophages (TAMs),
acting in concert with other chemoattractant molecules variably
released in the TME, such as colony stimulating factor-1 and
monocyte chemoattractant protein-1  (MCP-1/CCL2).!"5!"7
Conversely, TAMs themselves modulate the TME by secreting
an array of molecules that promote cancer progression and
metastasis including: tumour necrosis factor-a, interleukin (IL)-
6, IL-10 and TGF-B, which promote direct tumour growth; MMPs,
which participate in the dissolution and remodelling of the
interstitial matrix; and VEGF-A,'"® which promotes the devel-
opment of newly formed vessels in the tumour.''®:°

In addition to TAMs, the marked heterogeneity of the TME in
CCA also involves immune cell types, encompassing several
subgroups of tumour-infiltrating lymphocytes, such as CD4+,
CD8+, dendritic cells, and myeloid-derived suppressor cells.'?"22
Through complex interactions with immune checkpoint in-
hibitors, these infiltrating cells affect the response of the tumour
to immune therapy.'>®> Recently, an immunosuppressive role of
VEGF has been recognised in cancer. Although not yet studied in
the specific setting of CCA, it has been shown that increased
levels of VEGF induce the infiltration of TAMs and of myeloid-
derived suppressor cells and inhibitory regulatory T cells.'** In-
hibition of VEGF or of VEGFR-2 reprogrammes the microenvi-
ronment from immunosuppressive to immunostimulatory.'2>126
Data in CCA are not yet clear, however, combination therapy with
pembrolizumab (a checkpoint inhibitor) and bevacizumab (anti-
VEGF) led to an overall response rate of 36% in patients with
advanced hepatocellular carcinoma.'?’ Further data on the safety
and efficacy of such combinations in patients with CCA are
eagerly awaited.'??

Conclusions and therapeutic implications

Our knowledge of the role of VEGF in biliary cells during phys-
iological and pathophysiological conditions has grown signifi-
cantly. Recent studies have clarified the role of VEGF/VEGFRs
during biliary development, PLD, liver repair and carcinogenesis.
However, several questions remain unanswered and open to
investigation (Table 3).

Despite the strong preclinical evidence available in the liter-
ature and the fact that the pathways described herein may
represent potential therapeutic targets, the role of anti-
angiogenic therapy in biliary diseases (Table 2) is still under-
studied. For example, experimental data indicate that blockade
of angiogenic signalling is effective in reducing proliferation of
the cystic epithelium in PLDs. Treatment of PC2-defective mice
with the VEGFR-2 competitive inhibitor (SU5416), or with
rapamycin, an mTOR inhibitor, led to a significant decrease in the
proliferative activity of the cystic epithelium, a reduction in liver
cystic area and, in the case of rapamycin, increased apoptosis of
the cystic epithelium.>” However, we are not aware of clinical
trials evaluating the effects of anti-angiogenic treatment in pa-
tients with PLD, even though there is preliminary evidence of
efficacy in slowing the progression of polycystic disease in the

JHEP|Reports

kidney.'?® There are several possible explanations for the dif-
ference in efficacy between rodent models and humans,
including dosage, collateral effects, and the fact that mTOR in-
hibitors are given at the onset of disease in mice, whereas they
are given to patients with advanced disease (see also Table 2).
Discrepancies between rodent and human results are not infre-
quent in biomedicine. Thanks to new developments in liver cell
isolation and culture, such as organoids and induced pluripotent
stem cells, the prospect of obtaining patient-derived disease
models for pathophysiological and pharmacological studies and
personalised medicine is now a reality.'*°

Several studies in animal models of liver injury have shown
that the extent of liver fibrosis decreases upon the inhibition of
angiogenesis. It has recently been demonstrated that intravenous
injection of adenovirus expressing the extracellular domain of
Tie-2 was able to block Ang-1 signalling and significantly prevent
both pathological angiogenesis and fibrosis in BDL mice or in
animals subjected to chronic carbon tetrachloride (CCly) treat-
ment."*° These studies also showed that stimulation of Tiel on
LSECs plays an important role in liver fibrosis and its inhibition
protects against fibrosis progression. Rapamycin can effectively
reduce BDL-induced liver fibrosis and bile duct hyperplasia in
rats through its inhibitory effect on mTOR, thereby reducing the
production of pro-fibrotic cytokines.""

Furthermore, a study in rats with portal hypertension and
cirrhosis reported the beneficial vascular effects of the tyrosine
kinase inhibitor sorafenib, which is already approved for HCC.
Indeed, oral administration of sorafenib reduced portal hyper-
tension and ameliorated angiogenesis and fibrosis due to inhi-
bition of VEGF secretion and Raf kinase signalling.'*? Tugues et al.
reported on the anti-fibrotic effects of the multitargeted receptor
tyrosine kinase inhibitor SU11248 (sunitinib) in the chronic CCly
rat model of CLD. The treatment of cirrhotic animals with
SU11248 significantly decreased the inflammatory infiltrate,
hepatic microvascular density, ECM deposition and portal pres-
sure.'*> However, as shown by a recent study from Xu et al,
portal angiogenesis and sinusoid capillarisation (induced by
LECT2 via the Tiel receptor on ECs) have opposite roles in liver
fibrogenesis, wherein sinusoidal capillarisation promotes
fibrosis.®** This study highlights the challenges of anti-
angiogenic therapy and the difficulties in predicting the end re-
sults. However, there are differences in repair mechanisms be-
tween biliary and hepatocellular diseases and strong differences
in vascularisation between the biliary tree (which depends on
the peribiliary capillary plexus and the hepatic artery) and the
hepatocytes that are in close contact with the sinusoidal endo-
thelial cells and the portal circulation. Hepatocellular dysfunc-
tion is a late phenomenon in cholangiopathies, suggesting that
anti-angiogenic treatment should probably be applied in the
early phases of biliary diseases.

While anti-angiogenic drugs may represent an alternative
tool to prevent or decrease pathological angiogenesis, aberrant
biliary proliferation and portal fibrosis progression, their use in
the clinical setting is still not being studied. A number of issues,
including the unclear risk of bleeding and decompensation, need
to be thoroughly considered. More studies and clinical trials with
tailored designs are needed to explore the ‘pros’ and ‘cons’ of
using modulators of angiogenesis in the treatment of chronic
cholangiopathies.
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