Epithelial Expression of Angiogenic Growth Factors
Modulate Arterial Vasculogenesis in Human Liver
Development
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Intrahepatic bile ducts maintain a close anatomical relationship with hepatic arteries. During
liver ontogenesis, the development of the hepatic artery appears to be modulated by unknown
signals originating from the bile duct. Given the capability of cholangiocytes to produce angio-
genic growth factors and influence peribiliary vascularization, we studied the immunohisto-
chemical expression of vascular endothelial growth factor (VEGF), angiopoietin-1,
angiopoietin-2, and their cognate receptors (VEGFR-1, VEGFR-2, Tie-2) in fetal human livers at
different gestational ages and in mice characterized by defective biliary morphogenesis
(Hnf6~'~). The results showed that throughout the different developmental stages, VEGF was
expressed by developing bile ducts and angiopoietin-1 by hepatoblasts, whereas their cognate
receptors were variably expressed by vascular cells according to the different maturational stages.
Precursors of endothelial and mural cells expressed VEGFR-2 and Tie-2, respectively. In imma-
ture hepatic arteries, endothelial cells expressed VEGFR-1, whereas mural cells expressed both
Tie-2 and Angiopoietin-2. In mature hepatic arteries, endothelial cells expressed Tie-2 along with
VEGFR-1. In early postnatal Huf6~'~ mice, VEGF-expressing ductal plates failed to incorporate
into the portal mesenchyma, resulting in severely altered arterial vasculogenesis. Conclusion: The
reciprocal expression of angiogenic growth factors and receptors during development supports
their involvement in the cross talk between liver epithelial cells and the portal vasculature.
Cholangiocytes generate a VEGF gradient that is crucial during the migratory stage, when it
determines arterial vasculogenesis in their vicinity, whereas angiopoietin-1 signaling from hepa-
toblasts contributes to the remodeling of the hepatic artery necessary to meet the demands of the
developing epithelium. (HEPATOLOGY 2008;47:719-728.)

n the normal hepatic microarchitecture, intrahepatic ~ gether inside the portal spaces between the hepatic lob-
bile ducts are closely associated with a branch of the ules.! Furthermore, intrahepatic bile ducts are nourished
portal vein and with 1 or 2 branches of the hepatic by a network of capillaries that form a peribiliary plexus
artery. These branching anatomical structures run to- (PBP) that appears during the developmental stages? and
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is crucial for maintaining the integrity and function of the
biliary epithelium.? The close anatomical relationship be-
tween intrahepatic bile ducts and hepatic arterial vascu-
larization becomes evident in the early stages of human
liver development, when the hepatic artery branches are
formed in close proximity with ductal plates,* the precur-
sors of the intrahepatic bile ducts. The association be-
tween bile ductules and arterial vascularization is also
maintained in disease conditions. In ductular reaction, a
histological lesion common to many forms of liver injury,
the increase in bile ductules at the portal tract interface is
paralleled by an increased number of hepatic arterioles
and capillaries.> Accordingly, in an experimental rat
model of selective cholangiocyte proliferation (a-naphth-
ylisothiocyanate treatment), extensive neovascularization
of the arterial bed accompanies the increased cholangio-
cyte mass.® Inactivation of the Hnf6 or HnfI, transcrip-
tion factors involved in intrahepatic bile duct epithelium
development,” resulted in anomalies of the hepatic artery
branches in addition to the expected bile duct abnormal-
ities.® A similar pattern has been observed also in human
liver diseases related to ductal plate malformation (DPM).
In these congenital cholangiopathies, the dysmorphic bile
ducts are surrounded by an increased number of vascular
structures with a pattern resembling a “pollard willow.”

The intimate anatomical and functional association
between bile ducts and arterial vasculature during both
normal and pathological biliary development suggests
that the developing bile ducts actually drive arterial devel-
opment in the liver.!® However, the nature of the signals
originating from the bile ducts is presently unknown. We
have found that vascular endothelial growth factor
(VEGF) and angiopoieitin-1 (Ang-1) are markedly up-
regulated in the cystic biliary epithelium of fibropolycys-
tic liver diseases, developmental cholangiopathies
associated with DPM. The intensity of VEGF expression
in cystic epithelium closely correlated with the microvas-
cular density around the biliary cysts, suggesting that the
angiogenic factors produced by cholangiocytes are re-
sponsible for the aberrant vascularization described in
DPM. " Similarly, in several liver diseases, proliferation of
VEGEF-expressing bile ductules is accompanied by hyper-
plasia of the peribiliary microvascular bed.!?

We thus hypothesized that angiogenic growth factors
produced by ductal plate cells and cholangiocytes could
provide the molecular link between the developing biliary
and arterial structures. To this aim, we examined the im-
munohistochemical expression of VEGF, angiopoietins,
and their cognate receptors in developing liver epithelial
and vascular cells in human fetuses of different gestational
ages and in Hnf6~ '~ mice. Our results were consistent
with the hypothesis and suggest that throughout the dif-
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ferent stages of liver development, biliary and arterial
structures communicate via highly coordinated and stage-
specific reciprocal expression of angiogenic factors and
receptors. The correct development of the arterial supply
to the biliary tree is also dependent on normal incorpora-
tion and branching of the biliary tree. In its absence, the
angiogenic signals mediated by VEGF and angiopoietin
cannot be correctly targeted to generate complex branch-
ing structures.

Materials and Methods

Liver Tissue. Human liver tissue specimens came
from 10— to 36—gestational week fetuses (n = 16) ob-
tained from autopsies of spontaneous or medical abor-
tions; routine histopathological examination of the
fetuses did not show any liver abnormalities. Control
adult liver samples (n = 2, both from men, aged 49 and
18 years) were obtained from liver grafts that could not be
transplanted because of iatrogenic lesions. Liver tissue was
snap-frozen in liquid nitrogen—cooled isopentane and
stored at —80°C. Informed consent and local regional
ethical committee approval were obtained before tissue
collection.

Liver sections of HNF6-knockout (Hnf6~'~) mice
were provided by Dr. Frederic Lemaigre.” Five Hnf6 ™/~
mice and 5 controls were studied. The biliary system of
the mouse matures only after birth?; therefore, mice were
studied on postnatal days P1, P3, and P4. For immuno-
histochemical studies liver tissue was either frozen in lig-
uid nitrogen—cooled isopentane or fixed in formalin and
embedded in paraffin. All animals received humane care,
and the study protocol was approved by the local institu-
tional committee of the Catholic University of Louvain
(Brussels, Belgium).

Histopathological Evaluation. Portal spaces were
stratified according to biliary maturation into 3 develop-
mental stages: ductal plate, migratory, and bile duct stag-
es.!>14 In the ductal plate stage, the single-layer ductal
plate (sDP) represents the most immature biliary struc-
ture, recognizable as a thin monolayer of biliary-type
cuboidal cells localized at the interface between the he-
patic parenchyma and the mesenchyme of the nascent
portal tract. This structure then originates the double-
layer ductal plate (dDP), when a second layer of biliary-
type epithelium is formed and a slit-like lumen begins to
be observed. As maturation proceeds, tubular segments
with a crescent-shaped lumen originating from the ductal
plate progressively migrate into the portal tract, forming
the incorporating bile duct (migratory stage). In the in-
corporated bile duct stage, bile duct (BD) maturation is
completed, and the epithelium in the portal space appears
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Table 1. Expression of Angiogenic Growth Factors by Liver Cell Type during Different Developmental Stages

Developmental stage Marker/cell type VEGF

VEGFR-1 VEGFR-2 Ang-1 Ang-2 Tie-2

CK19 +
CD34
ASMA
Hep
CK19
CD34
ASMA
Hep
CK19
CD34
ASMA
Hep
CK19
CD34
ASMA
Hep

Ductal plate (single layer)

Ductal plate (double layer)

I+ 1+

Migratory stage

I+ 1+

I+ I+

Bile duct stage

I+

+
+

- - +

I+ 1+

+

I+ + |
[
|

(G

(IR S I E |

I+t
[

+
I+
I+ 1

I+
|
|
|

I+ + |

+ Diffuse expression; * scattered or weak expression; — no expression.

round-shaped in cross section and surrounded by a thick
layer of mesenchymal tissue. Overall, 320 portal spaces
were analyzed and stratified as ductal plate (sDP = 75;
dDP = 136), migratory (n = 79), or bile duct (n = 30)
stage.

Immunobhistochemistry. Details on the immunohis-
tochemical techniques and antibodies used are provided
in the Supplementary Methods.

Results

Human Fetal Liver. Table 1 summarizes the expres-
sion of angiogenic growth factors by liver cell type accord-
ing to the maturational stage of the portal space.
Absorption experiments resulted in the complete deletion
of the signal of the primary antibody, confirming the gen-
uineness of the immunohistochemical reactions.

During the ductal plate stage, when periportal hepato-
blasts in contact with the mesenchyme surrounding the
portal vein switch their phenotype, they began to form
cytokeratin 19 (CK19)—positive single-layered cords, the

Fig. 1. Comparison of sequential expression
of angiogenic growth factors with different cell-
type markers in the single-layer ductal plate
stage: (A) CK19, (B) CD34, (C) ASMA, (D)
VEGF, (E) VEGFR-1, and (F) Ang-2. VEGF (D)
was only expressed by ductal plate cells (A),
whereas VEGFR-1 immunoreactivity (E) could
be found in both ductal plate (A) and endothe-
lial cells (B). Both the developing portal space
and hepatoblasts were negative for Ang-2 (F).
Scale bar A-F: 100 um.

single-layer ductal plate (Fig. 1A). We found that the sDPs
expressed VEGF (Fig. 1D) along with being strongly posi-
tive for the VEGF receptor VEGFR-1 (Fig. 1E) and more
faintly positive for VEGFR-2 (not shown); these cells were
also positive for Tie-2 but were negative for both Ang-1 and
Ang-2. On the other hand, the hepatoblasts expressed Ang-1
(Fig. 2) but not Ang-2 (Fig. 1F) and very little VEGF (Fig.
1D). In contrast with the biliary precursors, the hepatoblasts
maintained this pattern of expression throughout the differ-
ent developmental stages.

During this stage, CD34-positive cells (Fig. 1B) could
be observed as scattered single cells or as short linear
strings localized along the margins of the nascent portal
space; these cells were positive for VEGFR-1 (Fig. 1E)
and negative for VEGFR-2, Ang-1, Ang-2, and Tie-2. A
distinct subpopulation of cells, arranged as single cells or
as small clusters outside the portal space, in the paren-
chyma, and coexpressing CD34 and VEGFR-2 (Fig.
3A-D) likely represented hemangioblasts, the earliest pre-
cursor of endothelial cell.’>16
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Fig. 2. Expression of Ang-1 by hepatoblasts. Ang-1 was diffusely
expressed by hepatoblasts, which continued in the subsequent matura-
tional stages (scale bar: 100 wm).

At this stage, alpha smooth muscle actin (ASMA)-
positive cells (Fig. 1C) were also observed as single cells
scattered inside the nascent portal space or as small
clumps of cells around the central portal vein branch.
Their phenotype was clearly different from that of the
CD34-positive cells, as they were negative for VEGFR-1
(Fig. 1E) and VEGFR-2 and also for Ang-1 and Ang-2
(Fig. 1F). However, a subpopulation of ASMA-positive
cells, characterized by a spindle shape and short cytoplas-
mic processes, expressed the angiopoietin receptor Tie-2
(Fig. 4A).

As the ductal plate was duplicated by a second layer of
CK19-positive cells, it acquired a circular shape with a
slit-like lumen over variably long segments of its perime-
ter. In this structure, the double-layer ductal plate (Fig.

Fig. 3. Expression of VEGFR-2 by a subpopulation of CD34-positive
cells. Dual immunofluorescence with VEGFR-2 (FITC) and CD-34 (Texas
Red). VEGFR-2 (A-D merged, C unmerged) was expressed by a small
subset of CD34-positive cells (A-D merged, B unmerged) characterized
by a round shape and a location either at the margin of the nascent
portal tract or scattered in the parenchyma. This immunophenotype
(CD34/VEGFR-2+) has been shown to be displayed by hemangioblasts
(arrowheads, VEGFR-2 expression by the CD-34-positive cells; scale bar
for A and B-D: 50 and 25 um, respectively; PV, portal vein).
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Fig. 4. Expression of Tie-2 by vascular cells during progressive mat-
uration of hepatic artery. Dual immunofluorescence with (A-C) Tie-2
(Texas Red) and ASMA (FITC) and (D) Tie-2 (Texas Red) and CD34 (FITC);
(A-D) DAPI nuclear staining. (A) In the ductal plate stage Tie-2 was
expressed by ASMA-positive cells scattered inside the portal mesen-
chyma and characterized by a spindle shape with short cytoplasmic
processes (coincident staining yellow, arrowheads), features consistent
with portal myofibroblast (scale bar: 50 wm). (B) In immature hepatic
artery Tie-2 was homogeneously expressed by ASMA-positive cells ar-
ranged in circular structures of increasing size (arrow) but was absent in
the inner endothelial cell layer (scale bar: 50 wm). (C) In mature hepatic
artery with progressive lumen opening, Tie-2 was expressed not only by
mural cells (coincident staining), but also by the inner endothelial cell
layer, which did not show coincident staining (arrow; scale bar: 50 um),
as confirmed by (D) coincident staining with the specific endothelial
marker CD34 (arrow; scale bar: 50 wm). PV, portal vein.

5A), cells retained the angiogenic phenotype of sDP and
expressed both VEGF (Fig. 5D) and VEGFR-1 (Fig. 5E).

The CD34-positive cells (Fig. 5B) were now organized
in small clumps surrounded by a sheet of ASMA-positive
cells (Fig. 5C) forming small circular structures without a
recognizable lumen that were localized in the portal mes-
enchyma between the ductal plate (DP) and the portal
vein. In these structures, the CD34-positive cells were
constantly positive for VEGFR-1 (Fig. 5E) and negative
for VEGFR-2, whereas the ASMA-positive cell layer
showed homogeneous expression of Tie-2 and scattered
expression of Ang-2 (Fig. 5F). A discontinuous layer of
ASMA-positive and Tie-2-positive cells was also detect-
able around the lumen of the central portal vein.

During the migratory stage some of the CK19-positive
ductal plate cells gradually migrated into the portal mes-
enchyme to form a tubular structure (incorporating bile
ducts, iBDs), whereas the remaining cells of the DP were
progressively deleted (Fig. 6A). In the iBD cells, expres-
sion of VEGF (Fig. 6D) and VEGFR-1 (Fig. 6E) was
maintained, Tie-2 was gradually down-regulated, and
VEGFR-2 became negative (not shown).

The CD34-positive (Fig. 6B) and ASMA-positive cells

(Fig. 6C) were now organized in well-formed circular
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Fig. 5. Comparison of sequential expression
of angiogenic growth factors with different cell-
type markers in the double-layer ductal plate
stage: (A) CK19, (B) CD34, (C) ASMA, (D)
VEGF, (E) VEGFR-1, and (F) Ang-2. As in the
previous stage, VEGF (D) was still expressed by
ductal plate cells acquiring a double-layered
structure (A), whereas there was VEGFR-1 im-
munoreactivity (E) in both ductal plate and
endothelial cells, which started to form circular
buds (B) surrounded by a sheath of ASMA-
positive cells (C), where some Ang-2 immuno-
reactivity could be observed (F). Figure insets
provide major details; scale bar A-F: 100 wm.

structures of increasing size containing a small, slit-like
lumen, in which the ASMA-positive cells assumed an on-
ion skin—like appearance. In this structure (immature he-
patic artery), the CD34- and ASMA-positive cells showed
different angiogenic phenotypes. The inner CD34-posi-
tive cells maintained homogeneous and strong expression
of VEGFR-1 (Fig. 6E), whereas the outer ASMA-positive
cells expressed Tie-2 (Fig. 4B) and showed increased im-
munoreactivity for Ang-2 (Fig. 6F). Some additional
CD34-positive cells expressing VEGFR-1 but not sur-
rounded by ASMA-positive cells closely aggregated
around the migrating portion of the ductal plate. They
assumed the shape of small capillaries rather than vessels,
and likely represented the nascent peribiliary plexus (Fig.
6B, arrowhead). Additional ASMA-positive cells coex-
pressing Tie-2 and Ang-2 formed a very recognizable al-
though thin regular wall around the central portal vein.
Once migrated into the portal space, the bile ducts
were surrounded by the mesenchyme and assumed a tu-
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C

bular morphology (incorporated bile ducts, BD), whereas
the ductal plate cells, at the margin of the portal mesen-
chyme, disappeared (Fig. 7A). This was the incorporated
bile duct stage. In these structures, VEGF expression be-
came fainter (Fig. 7D), and VEGFR-1 expression ceased
(Fig. 7E).

At this stage, the hepatic artery branches increased in
number in the portal space and showed a very recogniz-
able open lumen in which CD34-positive cells (Fig. 7B)
were surrounded by a thicker wall of ASMA-positive cells
(Fig. 7C), the mature hepatic artery. Unlike in the imma-
ture artery, in the mature hepatic artery, Tie-2 was also
expressed by the inner endothelial cell layer (Fig. 4C-D),
along with VEGFR-1 (Fig. 7E), whereas the ASMA-pos-
itive cells still strongly coexpressed Ang-2 (Fig. 5F) and
Tie-2 (Fig. 4C). The PBP was extended by the increased
number of CD34-positive cells, which were immunore-
active for VEGFR-1, in parallel with the progressive en-
largement of the BD (Fig. 7B,E, insets).

Fig. 6. Comparison of sequential expression of angiogenic growth factors with different cell-type markers in the migratory stage: (A) CK19, (B) CD34, (C)
ASMA, (D) VEGF, (E) VEGFR-1, and (F) Ang-2. VEGF (D) was still expressed by incorporating bile duct cells (A), on which VEGFR-1 expression was getting
fainter (E). However, strong VEGFR-1 expression was maintained in endothelial cells (B) assuming a circular shape but not yet lining a discemible lumen (E,
inset, for further details) and covered by an outer layer of ASMA-positive cells (C), the immature hepatic artery. In the immature hepatic artery ASMA-positive
cells expressed Ang-2 (F). Some additional CD34-positive cells aggregated in the vicinity of the incorporating bile duct to form the nascent PBP (arrowheads

in B). Scale bar A-F: 100 wm.
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At this stage the central portal vein was not modified
further, and the CD34-positive cells remained positive for
VEGFR-1 but negative for Tie-2.

In adult liver, expression of angiogenic growth factors
differs from that observed in the last fetal maturational
stage. Unlike in the BD stage, VEGF immunoreactivity
was negative in cholangiocytes and faintly expressed by
hepatocytes with a cell membrane aspect (as already re-
ported'!), whereas VEGFR-1 was expressed only by en-
dothelial cells (ECs) and VEGFR-2 was not expressed at
all. However, whereas the hepatocytes still expressed
Ang-1, Tie-2 immunostaining was restricted to ECs and
became negative in mural cells, where Ang-2 expression
also disappeared (data not shown).

Hnf6 =/~ Mice. Timing of artery formation differs
between humans and mice, only occurring in the latter
after birth, as previously observed by Clotman.® At P1
small clumps of ASMA-positive cells were in the vicinity
of single- and double-layered ductal plates. These primor-
dial structures then acquired a clear artery profile with an
ASMA-positive cell layer around an endothelium from P4
onward, closely paralleling the migration of incorporating
bile ducts into the portal mesenchyma. In the wild-type
(WT) mice, VEGF was expressed by both hepatocytes
and cholangiocytes, where it decorated ductal plates (Fig.
8A) as well as incorporating bile ducts (Fig. 8B). Only
when the VEGF-expressing cholangiocytes organized as
an incorporating bile duct did ASMA-positive cells begin
to form a well-structured arterial profile (Fig. 8C). As
shown in Fig. 8D, VEGFR-1 immunoreactivity was lo-
calized to endothelial cells, which in controls were sur-
rounded by a layer of ASMA-positive cells. In the
Hnft~'~ mice (Fig. 8F,G) on day P4, biliary cells retained
a ductal plate configuration without progressing toward a
migratory stage, and ASMA-positive mural cells did not
assemble with endothelial cells (Fig. 8H,I). Similar to in
humans, in mice, Ang-1 was diffusely expressed by hepa-
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Fig. 7. Comparison of sequential expression
of angiogenic growth factors with different cell-
type markers in the bile duct stage: (A) CK19,
(B) CD34, (C) ASMA, (D) VEGF, (E) VEGFR-1,
and (F) Ang-2 (F). VEGF expression (D) faded
on the incorporated bile duct (A); this biliary
structure was negative for VEGFR-1 (E), which
was still expressed by endothelial cells (B)
lining a very discernible lumen and surrounded
by a thicker wall of ASMA-positive cells (C), the
mature hepatic artery. Homogeneous immuno-
reactivity for Ang-2 (F) was present in mural
cells (C) of the mature hepatic artery (scale bar
A-F: 100 um). In PBP, endothelial cells ex-
pressing VEGFR-1 aggregated around the incor-
porated bile duct and increase in number
parallel to bile ducts (B, E, insets).

tocytes but was absent from cholangiocytes (not shown).
On the other hand, its receptor Tie-2 was expressed by
ASMA-positive cells, which were organized as a regular
wall around the endothelium in the controls (Fig. 8E) but
remain irregularly scattered in the portal mesenchyma in
the Hnf6~'~ mice (Fig. 8L). Overall, these data indicate
that in an6_/ ~ mice, defects of incorporating ducts ex-
pressing VEGF are associated with severely perturbed de-
velopment of hepatic arteries, which may be a result of
hampered EC recruitment during the migratory stage.

Discussion

The intimate anatomical relationship between intrahe-
patic bile ducts, hepatic artery branches, and the peribili-
ary vascular plexus is a common morphological feature,
observed not only during liver development but also in
response to liver injury. The fine-branching patterns of
both epithelial and vascular structures seem to develop in
a coordinated fashion. Data from experimental animals®$
and congenital cholangiopathies!'-17:18 suggested that a
signal originating from the bile duct cells directs arterial
vasculogenesis during development and arterial neoan-
giogenesis in response to biliary damage. We recently
showed that in cystic cholangiopathies related to DPM,
such as autosomal dominant polycystic kidney disease
and Caroli’s disease, the biliary epithelium retains an im-
mature phenotype characterized by up-regulation of
VEGF and angiopoietins. We speculated that angiogenic
factor production by cholangiocytes promotes the aber-
rant vascularization around the cyst in order to provide its
vascular supply.!!

In the present study we investigated the expression of
angiogenic growth factors (VEGF, Ang-1, Ang-2) and
their cognate receptors (VEGFR-1, VEGFR-2, and
Tie-2) during biliary and arterial development in hu-
mans. Our findings showed strong expression of VEGF
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Controls

Fig. 8. Expression of angjogenic growth factors in Hnf6~'~; and control mice
on P1-P4. Dual immunofluorescence with: (A-B, F-G) pan-CKs (Alexa Fluor 594)
and VEGF (Alexa Fluor 488); (C, H) ASMA (Alexa Fluor 594) and VEGF (Alexa
Fluor 488); (D, ) ASMA (Alexa Fluor 594) and VEGFR-1 (Alexa Fluor 488); and
(E, L) ASMA (Alexa Fluor 594) and Tie-2 (Alexa Fluor 488). VEGF was expressed
by both hepatocytes and cholangiocytes organized as either (A, F) ductal plate
(P1; scale bar: 50 wm) or (B, G) incorporating BDs, which normally develop in
controls but not in Hnf6~/~ mice (P4; scale bar for B and G: 50 and 100 um,
respectively). (C, H) Only when VEGF was expressed by incorporating BDs did
ASMA-positive cells form a structured arterial profile, which did not develop when
VEGF was expressed by ductal plate cells in Hnf6—/~ mice (P4; scale bar. 50
um). (D, 1) VEGFR-1 immunoreactivity was restricted to endothelial cells, which
were surrounded by a layer of ASMA-positive cells in controls but not in Hnf6~/~
mice (P4; scale bar for D and I: 50 and 100 wm, respectively). (E, L) Tie-2 was
expressed by ASMA-positive cells, forming a regular wall around the endothelium
in controls and remaining irmegularly scattered in the portal mesenchyma in
Hnf6~/~ mice (P4; scale bar for E and L: 50 and 100 um, respectively). PV,
portal vein; amowheads, ductal plate/BD; arrows, hepatic artery.

and Ang-1 in developing bile duct cells and hepatoblasts,
respectively. We also showed that their cognate receptors
were expressed in endothelial and mural cells with a stage-
specific pattern. In immunohistochemical studies, only
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fixed times could be analyzed as a snapshot of what is
actually a dynamic process, as is the case in arterial vascu-
logenesis. However, a working model can be proposed.
Our findings concur with the hypothesis that angiogenic
growth factors generated by liver epithelial cells mediate
the cross-talk between the developing biliary tree, the he-
patic arterial branches, and the PBP during human liver
ontogenesis.

Unlike vascular cells, which were persistently negative
for VEGF throughout the different developmental stages,
biliary epithelial cells were strongly positive for VEGF
from the earliest maturational stages (sDP). VEGFR-1
and VEGFR-2 were also expressed in cholangiocyte pre-
cursors, but the expression was lost in the incorporated
and incorporating ducts, respectively. On the other hand,
VEGFR-1 was strongly expressed by cells positive for the
endothelial marker CD34 throughout development.
VEGFR-1 expression could be detected in CD34-positive
cells, even in the most immature vascular structures that,
rather than being arranged in a circular configuration,
formed small clumps or short strings of cells adjacent to
the ductal plate. We also observed a population of cells
positive for both CD34 and VEGFR-2 but negative for
VEGFR-1; these cells were localized at the margin of the
portal tract or inside the parenchyma (Fig. 3A-D). This
immunophenotype has been associated with hemangio-
blasts, that is, residual embryonic stem cells with wide-
spectrum differentiation potential toward hematopoietic
and endothelial lineages.!>16

VEGEF is the most important promoter of vasculogen-
esis, the process by which endothelial cells differentiate
and proliferate within a previously avascular tissue and
then coalesce to form a primitive tubular network. The
ability of cholangiocytes to secrete VEGF and express
VEGF receptors is quite interesting. We previously
showed that in ductal plate malformations and other hu-
man liver diseases, reactive cholangiocytes express
VEGFR-1 and VEGFR-2.!" We also showed evidence
that cultured cholangiocytes secrete VEGF and that
VEGEF can stimulate cholangiocyte growth in vitro and
activate ERK1/2, a common pathway for cholangiocyte
mitogens (Spirli et al., unpublished data), thus proving
that VEGF and VEGF receptor immunoreactivity actu-
ally indicates the production and functional activity of
these proteins in cholangiocytes from humans as well as in
rodent models. This suggests the existence of an autocrine
mechanism during development and in reactive cholan-
giocytes after liver damage. In the present study we fo-
cused on the paracrine role of angiogenic growth factors
released during liver development by epithelial cells to
influence arterial vasculogenesis.
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In the early steps of vasculogenesis, the effects of VEGF
are mediated by the VEGFR-2 receptor. In contrast,
VEGEFR-1 is involved in a later phase of vasculogenesis,
when hemangioblast commitment must be suppressed to
allow the correct assembly of endothelial cells into func-
tional and branched vascular channels.’ Therefore, by
secreting VEGF, ductal plate cells are capable of directing
the patterning of EC formation and branching via a para-
crine mechanism, acting first on VEGFR-2 expressed by
endothelial progenitors and then on VEGFR-1 expressed
by endothelial cells in the process of assembling the ves-
sels.

With the progressive incorporation of the tubular part
of the ductal plate into the portal mesenchyma (migratory
stage), CD34-positive/ VEGFR-1 positive cells follow 2
patterns: on one side they begin to form a thin network of
capillaries strictly adjacent to the incorporating bile duct;
on the other side they assemble in larger and more com-
plex vascular structures, alongside but not in contact with
the migrating ducts. The smaller capillary-like structures
in intimate contact with the iBD likely represent the pre-
cursor of the PBP. In fact, as previously described by
Nakanuma,'? in the following stage they grow and ma-
ture in parallel to the development of bile ducts. The
reciprocal expression of VEGF in ductal structures and of
VEGFR-1 in capillary and ductal structures suggests that
VEGTF, released by the developing bile ducts and acting
on VEGFR-1 expressed in endothelial cells and cholan-
giocytes, modulates synchronous and parallel maturation
of both the PBP and the intrahepatic bile ducts.

VEGEF release by cholangiocytes acts as a signal for
mural and endothelial cells to assemble in close vicinity to
the maturing bile ducts. The correct development of
ductular structures during the migratory stage seems to be
crucial to driving proper assembly of the nascent artery
profiles. This was clearly demonstrated in the Hnf6™'~
mice, where ductal plate-like structures were present but
did not progress beyond the stage of partial duplication.
In this animal model, on P4, ductal plates failed to incor-
porate into the portal mesenchyma as bile ducts, and no
nascent hepatic artery could be observed in these portal
spaces. In contrast, at the same point, the WT animals
showed hepatic arteries developing in close proximity to
the incorporated bile ducts. This indicates that in addi-
tion to the vasculogenic signals, the correct development
of the arterial supply to the biliary tree is dependent on the
normal incorporation and branching of the biliary tree. In
its absence, the cross-talk mediated by VEGF cannot be
correctly targeted, and therefore, the proper recruitment
of ECs alongside the migrating ducts is perturbed.

When the artery is propetly assembled, CD34-positive
cells are surrounded by a thin layer of ASMA-positive cells, as
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observed in the immature hepatic artery. These ASMA-pos-
itive cells express Tie-2, the receptor for both Ang-1 and
Ang-2, and therefore can be activated by the Ang-1 produced
by hepatoblasts. Ang-1 plays a relevant role in the early stages
of arterial vasculogenesis. Tie-2 is known to be expressed by
mural precursor cells, which respond to angiopoietins by
migrating and secreting proteolytic enzymes such as the ma-
trix metalloproteinase-2.2° Therefore, Ang-1 can modulate
the recruitment of supporting cells to the developing vascu-
lature, a step necessary to stabilize vessels during arteriogen-
esis.?! Mural cells are thought to derive from a mesenchymal
precursor different from that of endothelial cells and acti-
vated by angiopoietins.?° In keeping with this hypothesis, we
observed that during the ductal plate stage, when the ASMA-
positive cells were not yet organized around the cluster of
CD34-positive cells, a subpopulation of ASMA-positive cells
expressed Tie-2. These cells, whose mesenchymal origin was
indicated by their ASMA immunoreactivity, were character-
ized by a spindle-shaped morphology and were scattered in
the portal space (Fig. 4A). These cells were actually similar to
the myofibroblast-like cells we previously described in the
developing portal space as the cell source of the smooth mus-
cle layer of the hepatic artery branch.*

After the recruitment of mural cell precursors, a stabi-
lizing layer of smooth muscle cells and pericytes was as-
sembled around the endothelium, a process known as
angiogenic remodeling. We found that at this stage some
ASMA-positive cells expressed Ang-2 in addition to
Tie-2. In contrast with adult cells, in mural cell precursors
Ang-2 does not counteract the stimulatory effect of Ang-1
but rather functions as a Tie-2 agonist.?® In particular,
angiopoietins are capable of inducing a close integration
of ECs with mural cells by affecting junctional molecules
or by acting as adhesive protein.?? Our data suggest that
the process of angiogenic remodeling of the immature
hepatic arteries is regulated both by the paracrine effect of
Ang-1 produced by hepatoblasts and by the autocrine
effect of Ang-2 on the same mural cells.

As biliary development proceeds (bile duct stage), the
immature vasculature undergoes further remodeling,
characterized by sprouting, vessel enlargement, and pro-
gressive opening of a lumen. Through this process, the
original vascular bed is modified to form a complex net-
work of large vessels that ramifies into smaller branches.
At this maturational stage the phenotype of the hepatic
arteries is characterized by the additional expression of
Tie-2 in VEGFR-1-positive and CD34-positive endothe-
lial cells and by the coexpression of Ang-2 and Tie-2 in
ASMA-positive supporting cells, whereas incorporated
bile duct cells and hepatoblasts continue to express VEGF
and Ang-1, respectively. At this stage, the interplay be-
tween VEGF and angiopoietins is crucial to ensuring that



HEPATOLOGY, Vol. 47, No. 2, 2008

FABRIS, CADAMURO, ET AL. 727

Hepatoblasts @
Womn | e m—— (Ang-1+) @
e W
GHBHLY _? ,/’/ ’ Ductal Plate Mg ! 2 G
R K (VEGF +) B 7 Anged
N

4 #’ S

Ductal Plate Stage

Migratory Stage

VEGF

- Incorporating Bile Duct
(VEGF +)
% VEGF e ~megemmmeeeee- — e
> Ang-l @ Ang-2
Ang-2 VEGFR-1 +/ Tie-2 il ==
- VEGFR-1 < - - Bile Duct Stage
Tie-2 Tie-2 +/ Ang-2 + o
=t VEGFR-2 i e w VEGE
® cxi9 w s Incorporated Bile Duct
~
@& D34 e, Y (FECE)
<& ASMA > Ang-l

Fig. 9. The working hypothesis was that there is functional cooperation between ductal plate cells and hepatoblasts in driving arterial and PBP
vasculogenesis in the developing human liver This interaction is based on the capability of ductal plate cells and hepatoblasts to produce VEGF and
Ang-1, respectively, throughout the different maturational stages. During the ductal plate stage, VEGF induces activation of VEGFR-2-positive
endothelial cell precursors, which reach the portal mesenchyme in proximity to the developing ductal plates where they form small cell clumps
expressing VEGFR-1 (1). On the other hand, Ang-1 recruits Tie-2-positive portal myofibroblasts scattered in the portal space to behave as mural cell
precursors (2). In the migratory stage, VEGFR-1-positive endothelial cells and Tie-2-positive mural cells assemble into nascent vascular structures
without a recognizable lumen (immature hepatic artery), where mural cells take part autocrinally in arterial remodeling by releasing Ang-2 (3). In
addition, some of the CD34-positive cells are drawn by the migrating portions of the ductal plate to form the nascent PBP. In the bile duct stage,
endothelial cells acquire Tie-2 positivity along with VEGFR-1, thereby becoming prone to the synergic action of VEGF and Ang-1, which induces lumen
formation and progressive vascular enlargement, the mature hepatic artery (4).

different vascular cell types proliferate and migrate in a
complementary and coordinated fashion.?>24 In particu-
lar, VEGF, acting in concert with angiopoietin-1, exerts
potent mitogenic and motogenic effects on endothelial
cells?>2¢ and promotes the increased diameter of the lu-
men. Our finding of additional Tie-2 expression by ECs
in mature hepatic artery characterized by progressive lu-
men opening is thus consistent with this mechanism.
Tie-2 expression by ECs is also a feature of the adult
arterial vasculature, where mural cells no longer express
both Tie-2 and Ang-2, consistent with a reduced need for
ongoing arterial remodeling processes in the adult liver.
In conclusion, our study has shown that VEGF produced
by the developing bile ducts is likely the signal linking ductal
and arterial development in the liver. By secreting VEGF,
which acts on endothelial cells and their precursors, bile duct

cells promote arterial and PBP vasculogenesis. At the same
time, Ang-1, produced by hepatoblasts, induces maturation
of the vessel. A similar phenomenon was recently described
in peripheral nerves,?” which were shown to promote arterial
differentiation via VEGF. The interdependence of arteries
with other branched structures during ontogenesis is thus a
general phenomenon. In the liver, however, artery differen-
tiation is a more complex process, requiring the functional
interaction of the developing cholangiocytes with hepato-
blasts. Therefore, as summarized in Fig. 9, we suggest that
cholangiocytes generate a VEGF gradient that is crucial in
the migratory stage, when it determines arterial and PBP
vasculogenesis in their vicinity, whereas Ang-1 signaling
from hepatoblasts contributes to the remodeling of hepatic
arteries to meet the demands of the developing epithelium.
Interestingly, in several forms of liver disease, cholangiocytes
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retain the ability to produce VEGF, consistent with the idea
that liver repair recapitulates ontogenesis.?8-2°
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