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Pathological angiogenesis is associated with the
fibrogenic progression of chronic liver diseases. Ex-
perimental data suggest that hypoxia and vascular
endothelial growth factor (VEGF) may stimulate pro-
liferation and synthesis of type I collagen in activated,
myofibroblast-like rat hepatic stellate cells (HSC/
MFs). In this study, we investigated whether hypoxia,
recombinant VEGF, or angiopoietin 1 (Ang-1) may
affect other crucial profibrogenic features. In human
HSC/MFs, which constitutively express VEGF recep-
tor-1 and -2 (VEGFR-1, VEGFR-2) and the Ang-1 recep-
tor Tie-2, exposure to hypoxia, VEGF, or Ang-1
resulted in a Ras/Erk-dependent stimulation of che-
mokinesis and chemotaxis. Migration of human HSC/
MFs under hypoxic conditions involved up-regulation
of VEGF-A, Ang-1, and related receptors and was
mainly dependent on VEGFR-2 (Flk-1). In specimens
from either cirrhotic rat livers or from patients
with hepatitis C virus-related cirrhosis, HSC/MFs ex-
pressed proangiogenic factors and related receptors
in areas of active fibrogenesis (ie, at the leading
or lateral edge of developing incomplete fibrotic
septa). Data presented herein suggest that VEGF and
Ang-1 may contribute to fibrogenesis by acting as
hypoxia-inducible, autocrine, and paracrine factors
able to recruit myofibroblast-like cells. Moreover,
HSC/MFs, in addition to their established profibro-
genic role, may also contribute to neoangiogenesis
during chronic hepatic wound healing. (4m J Pathol
2007, 170:1942—1953; DOI: 10.2353/ajpath.2007.060887)
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Angiogenesis is a hypoxia-stimulated and growth factor-
dependent process consisting in the formation of new
vascular structures from pre-existing blood vessels. For-
mation of new vessels is known to occur in several organs
and to be critical for both growth and repair of tissues in
several pathophysiological conditions.” % However, it has
become increasingly clear that angiogenesis occurring
during chronic wound healing and fibrogenesis provides
a key contribution to disease progression. Pathological
angiogenesis, as recently reviewed,” has indeed been
described in chronic inflammatory/fibrotic liver diseases
of different etiology.

Hepatic angiogenesis differs from homologous pro-
cesses in other tissues for a number of reasons, including
the existence of two different types of microvascular
structures in the liver (ie, large vessels lined by a contin-
uous endothelium versus sinusoids lined by a fenestrated
endothelium),® the apparent production of the liver-spe-
cific angiogenic factor AN-GPTL3,° and the unique but
not homogenous phenotypic profile and functional role of
hepatic stellate cells (HSCs)."°~'® HSCs are also re-
garded as liver-specific pericytes, but their role in mod-
ulating angiogenesis, particularly in pathological condi-
tions, may substantially differ from the role attributed to
microcapillary pericytes.” During the fibrotic progression
of chronic liver diseases (CLDs), activated and myofibro-
blast-like HSCs (HSC/MFs) play a major profibrogenic
role together with portal (myo)fibroblast and, possibly,
bone marrow-derived stem cells, giving rise to hepatic
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populations of highly proliferative, profibrogenic, and
contractile myofibroblast-like cells (MFs).'0~"¢

Possible interplay and/or association between fibro-
genesis and angiogenesis in CLDs is now suggested and
supported by several findings: 1) angiogenesis and up-
regulation of vascular endothelial growth factor (VEGF)
expression has been documented in different models of
acute and chronic liver injury”'”2" as well as in speci-
mens from human fibrotic/cirrhotic liver and hepatocellu-
lar carcinoma’??2%: 2) in HSCs, hypoxia has been
shown to up-regulate expression of VEGF,2%25-27 VEGF
receptor type | (fms-like tyrosine kinase receptor or Flt-
1),292% and collagen type 1°°; 3) VEGF has been pro-
posed to directly stimulate proliferation and expression of
al(l)-procollagen mRNA in activated rat HSCs?'; and 4)
paracrine expression of VEGF by rat HSCs as well as by
hepatocytes has been shown to regulate the phenotype
(ie, fenestration and CD-31 expression) of liver sinusoidal
endothelial cells,?® a feature of possible relevance in
CLDs. Data concerning expression of angiopoietins are,
at present, much more limited.”?? Recent work has dem-
onstrated expression of angiopoietin 1 (Ang-1) in human
activated HSC/MFs and its up-regulation by hypoxia.?”

In the present study, we report that VEGF-A and Ang-1
can stimulate migration and chemotaxis of human HSC/
MFs and that, in liver tissue obtained either from cirrhotic
rats or from patients with hepatitis C virus (HCV)-related
cirrhosis, a-smooth muscle actin (a-SMA)-positive cells in
areas of active fibrogenesis express VEGF-A and Ang-1
and their related receptors. These novel data suggest
that hypoxia-dependent synthesis and release of VEGF
and Ang-1 by activated HSC/MFs may contribute to both
fibrogenesis and neovascularization by their actions on
MF-like cells and sinusoidal endothelial cells.

Materials and Methods

Materials

Enhanced chemiluminescence reagents, nitrocellulose
membranes (Hybond-C extra), and secondary Cy3-con-
jugated antibodies were from Amersham Pharmacia Bio-
tech (Cologno Monzese, Milano, Italy). Human recombi-
nant growth factors and cytokines, including VEGF and
Angiopoietin-1, were from PeproTech Inc. (Rocky Hill,
NJ). Antibodies against phosphorylated and unphos-
phorylated Erk1/2 were from Upstate Biotechnology
(Lake Placid, NY). Monoclonal and polyclonal antibodies
were from Santa Cruz Biotechnology (Santa Cruz, CA),
except those against a-SMA and fluorescein isothiocya-
nate-conjugated antibodies (obtained from Sigma Al-
drich Spa, Milano, ltaly) and against CD-31 (BD Pharm-
ingen, Erembodegem, Belgium). The monoclonal
neutralizing antibody against FIk-1 was obtained from
ImClone (New York, NY); although originally raised
against mouse epitope, this antibody was found to also
cross-react with human Flk-1, as confirmed by the block
of Erk1/2 phosphorylation in human HSC/MFs treated
with VEGF (data not shown). All of the other reagents
were of analytical grade and obtained from Sigma Chem-
ical Co. (Sigma Aldrich Spa).
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Cell Isolation and Culture

The use of human material was approved by Human
Research Review Committee of the Universita di Firenze,
where cells were isolated and characterized from surgi-
cal wedge sections of human livers not suitable for trans-
plantation, as extensively described elsewhere.?® Cells
obtained by at least three different human livers were
cultured in Iscove’s medium supplemented with 20%
fetal bovine serum and, unless otherwise stated, used
between passages 4 and 7 as fully activated HSC/MFs
with a marker profile identical to that of interface myofi-
broblasts described in fibrotic and cirrhotic human liv-
ers.'®39 HSC/MFs were plated in normoxic conditions to
obtain the desired subconfluence level (65 to 70%) in a
relatively short time (ie, to prevent significant synthesis of
extracellular matrix components) and then left for 24
hours in serum-free Iscove’s medium to obtain cells at the
lowest level of spontaneous proliferation before the addi-
tion of the different stimuli. This procedure minimizes
differences between cells coming from different individ-
uals, as detailed in previous studies.®'"2® Mean distribu-
tion for the cell cycle in cells serum-starved for 24 hours
and then cultured for an additional 20 hours is ~50% in
Go/G4 phase, 35% in S phase, and the remaining in G,/M
phase.®' Moreover, 24-hour serum-deprived cells con-
tinue to increase in cell number in serum-free medium for
at least an additional 96 hours, at which time the number
of cells is doubled.®?

In experiments designed to evaluate the role of hyp-
oxia, as previously detailed,?” serum-deprived and sub-
confluent human HSC/MFs (65 to 70%) were incubated in
strictly controlled hypoxic conditions (3% O.) for up to 24
hours. In these studies cells were tested for nonoriented
migration in the wound-healing assay (WHA) (see later),
and the culture medium of cells exposed to hypoxia was
collected at different time points (hypoxia-conditioned
medium).

Western Blot

Cell lysates obtained by HSC/MFs were subjected to
sodium dodecy! sulfate-polyacrylamide gel electrophore-
sis on 10% or 7.5% acrylamide gels. The blots were
incubated with desired primary antibodies and then in-
cubated with peroxidase-conjugated anti-mouse or anti-
rabbit immunoglobulins in Tris-buffered saline-Tween
containing 2% (w/v) nonfat dry milk as previously de-
scribed®® 3¢ and developed with the enhanced chemilu-
minescence reagents according to the manufacturer’s
instructions. To evaluate signaling of VEGF receptors
(FIt-1 and Flk-1) and Ang-1 receptor (Tie-2), the state of
phosphorylation of Erk1/2 and c-Akt (to evaluate involve-
ment of Ras/Erk signaling and of Pl 3-K activity, respec-
tively), was analyzed as reported elsewhere.®3-37

Cell Migration and Chemotaxis

Nonoriented migration (chemokinesis) and chemotaxis of
human HSC/MFs were evaluated as previously de-
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scribed®*3” by using the WHA (incubation time, 18
hours) and the modified Boyden’s chamber assay (incu-
bation time, 6 hours), respectively.

Analysis of Other Phenotypic Responses of
Human HSC/MFs

Proliferation was evaluated by means of incorporation of
radiolabeled [*H]thymidine and by cell counting using
platelet-derived growth factor (PDGF)-BB as a positive con-
trol, as previously described.®*73¢ Synthesis and release in
the culture medium of MCP-1 (as a parameter of proinflam-
matory responses) and of procollagen type | (as a param-
eter of synthesis of extracellular matrix components) was
evaluated by enzyme-linked immunosorbent assay as pre-
viously described®”2* and using interleukin-1 and trans-
forming growth factor-B1, respectively, as positive controls.

Animal Experiments

All animals received humane care, and experimental pro-
tocols were conducted according to national and local
guidelines. Male adult Wistar rats (Harlan-Nossan, Cor-
renzana, ltaly), initial weight 200 to 220 g, were fed with a
standard pelleted diet and water ad libitum. Advanced
fibrosis was induced by chronic treatment with CCl, ad-
ministered by gavage twice a week for 9 weeks ®%°
Control animals received an equal volume of vehicle.

Human Tissues and Immunofluorescence
Analysis

Normal human liver tissue was obtained from two surgical
liver biopsies from patients undergoing uncomplicated
cholecystectomy. Liver tissue characterized by evident
cirrhosis (METAVIR F4) was obtained from five patients
with HCV-related liver cirrhosis undergoing orthotopic
liver transplantation. The use of this material conforms to
the ethical guidelines of the 1975 Declaration of Helsinki
and was approved by the University of Florence Human
Research Review Committee.

Indirect immunofluorescence was performed on liver cry-
ostat sections from frozen surgical sections of control and
cirrhotic human liver as well as from control and cirrhotic rat
liver frozen samples (6 to 8 um thick) essentially as previ-
ously described.?”*® For both rat and human liver, cryo-
static sections and primary antibodies against a-SMA (1:
250 dilution) or against VEGF, Ang-1, FIt-1, Flk-1, and Tie-2
(1:100 dilution) were used. Immunopositivity was revealed
by the appropriate Cy3-conjugated (1:1000 dilution) or
fluorescein isothiocyanate-conjugated antibodies (1:200
dilution). Nuclear staining (blue fluorescence) was obtained
by treating liver sections with 4,6-diamidino-2-phenylindole
(DAPI), as previously described.?”-34

Statistical Analysis

Data in bar graphs represent means = SEM, and means
were obtained from average data of at least three inde-
pendent experiments. Luminograms and morphological
images are representative of at least three experiments

with similar results. Statistical analysis was performed by
Student’s t-test or with analysis of variance for analysis of
variance when appropriate (P < 0.05 was considered
significant).

Results

Human HSC/MFs Express TyrK Receptors for
VEGF and Ang-1: A Constitutive and Hypoxia-
Inducible Event

In a previous study, we have shown that in human HSC/
MFs both hypoxic conditions and the profibrogenic adi-
pokine leptin significantly up-regulate expression of
VEGF (VEGF-A) and that these cells express Ang-1.2” We
first evaluated whether human HSC/MFs express recep-
tors for these two proangiogenic factors. HSC/MF consti-
tutively express both Flt-1 (VEGFR-1) and Flk-1
(VEGFR-2) as well as Tie-2, the receptor for Ang-1 (Figure
1, A and B). Exposure of human HSC/MFs to controlled
hypoxic conditions®’ resulted in a selective up-regulation
of the synthesis of both 235- and 195-kd isoforms of Flk-1
as well as Tie-2 but apparently not of Flt-1 (Figure 1B). In
particular, increased synthesis of Flk-1 isoforms was a
rather early event, with a peak detected after 6 hours of
hypoxia, whereas increased synthesis of Tie-2 was a
more progressive and time-dependent event reaching an
apparent maximum after 24 hours of hypoxia.

VEGF and Ang-1 Stimulated Nonoriented
Migration and Chemotaxis of HSC/MFs in a
Ras/Erk-Dependent Way

We next explored whether recombinant human VEGF and
Ang-1 were able to stimulate nonoriented migration (che-
mokinesis) and chemotaxis of human HSC/MFs. In a
WHA to evaluate nonoriented migration,333” exposure of
human HSC/MFs to angiogenic cytokines for 18 hours
was followed by a significant and dose-dependent in-
crease in cell invasion of the artificial wound (Figure 2, A
and B). These data were associated with a significant
stimulation of chemotaxis by both recombinant VEGF and
Ang-1, measured in Boyden’s chambers, comparable
with the one induced by PDGF-BB, used as positive
control at the end of 6 hours of incubation (Figure 2C).
Nonoriented migration in response to VEGF or Ang-1
was abolished in the WHA by pretreating human HSC/
MFs with the pharmacological MEK inhibitor PD98095
(Figure 3B). Accordingly, we found that both VEGF and
Ang-1 increased phosphorylation of Erk1/2 (Figure 3A), a
key signaling event for human HSC/MF migration and
chemotaxis.*® However, differently from what has been
reported for PDGF-BB but similarly to what has been
recently described for human HSC/MF migration induced
by superoxide anion,*® neither VEGF nor Ang-1 were
able to affect the degree of phosphorylation of c-Akt, a
measure of involvement of phosphatidylinosil 3-kinase
(Figure 3C). Migration in response to VEGF was also
inhibited by pretreatment with SU1498, a specific phar-
macological inhibitor of Flk-1 activity (Figure 3D). The
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Figure 1. Expression of VEGF and Ang-1 receptors in human HSC/MFs
under normoxic or hypoxic conditions. A: Constitutive expression of Flt-1,
Flk-1, and Tie-2 as shown by indirect immunofluorescence staining. B:
Western blot analysis of kinetics of expression of the three receptors under
normoxia (C) or under hypoxic conditions (HYP). Data from a typical
experiment (of three performed) are expressed in arbitrary units as densito-
metric analysis of bands observed at the different time points as compared
with respective bands observed in control (normoxic) cell lysates at time 0.
Insets provide a representative image of blots comparing bands for the three
antigens obtained in control or hypoxic condition at 24 hours (Flt-1), 6 hours
(Flk-1), or 16 hours (Tie-2). Molecular masses of receptors are provided in
the insets. Sample loading was evaluated by reblotting the same membranes
with antibodies raised against B-actin. Original magnifications, X1000.
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action of VEGF-A on Flk-1 receptor was confirmed also
by pretreating cells with a monoclonal anti-Flk-1 neutral-
izing antibody. The use of the neutralizing antibody al-
most completely blocked VEGF-dependent migration.
Moreover, placenta growth factor, or PIGF, a member of
the VEGF family that is independent of hypoxia and
known to interact only with Flt-1, was ineffective on
HSC/MF migration (Figure 3C).

When VEGF- and Ang-1-dependent chemotaxis were
investigated, we found that oriented migration stimulated
by the two angiogenic factors was also prevented by the
MEK inhibitor PD98095 (Figure 4A). Similarly to what has
been reported for nonoriented migration, VEGF-depen-
dent chemotaxis was significantly inhibited by the Flk-1
pharmacological inhibitor SU1498 (Figure 4B) and the
anti-Flk-1 neutralizing antibody. Once again, PIGF was
ineffective on HSC/MF chemotaxis (data not shown).
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Figure 2. VEGF and Ang-1 stimulate nonoriented migration and chemotaxis of
human HSC/MFs. Nonoriented migration was assessed by means of WHA (A,
B), whereas chemotaxis was assessed by means of Boyden’s chamber (C). WHA
was performed on cells seeded on 24-well plates coated with collagen type 1,
grown to confluence in complete medium, and then incubated for an additional
24 hours in serum-free medium. An artificial lesion was generated in the cell
layer to remove a linear area of cells, and then cultured cells were allowed 18
hours to migrate in the absence (control) or in the presence of increasing
concentrations of human recombinant VEGF or Ang-1 or in the presence of
human recombinant PDGF-BB (10 ng/ml) used as a positive control. Chemo-
taxis assay (C) was performed in trypsinized 24-hour-starved cells placed in
Boyden’s chambers and then exposed to VEGF or Ang-1 (both used at 100
ng/ml) or to PDGF-BB (10 ng/ml) used as positive control. Data in bar graphs
(A, ©) represent mean * SEM (n = 5, in triplicate) and are expressed as number
of cells migrated in the artificial lesion (WHA, A) or in the filter (C), respectively.
*P < 0.05 and *P < 0.01 versus control values. Representative images of
nonoriented migration of human HSC/MFs under the different experimental
conditions indicated are provided in B. Original magnifications, X100.

migrated cells/high power field

In a series of parallel experiments (data not shown), we
also evaluated in our standard culture conditions the
action of VEGF and Ang-1 on other selected phenotypic
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Figure 3. VEGF- and Ang-1-dependent migration of human HSC/MFs
involves activation of Ras/Erk signaling and, for VEGF action, Flk-1
receptor. For evaluation of Ras/Erk signaling (A), confluent and 24-hour-
starved HSC/MFs were incubated for 15 minutes in the presence of
increasing concentrations of human recombinant VEGF or Ang-1 (range,
1 to 100 ng/mD or in the presence of human recombinant PDGF-BB (10
ng/ml) used as positive control. Cell lysates, processed as described in
Materials and Methods, were used in Western blot analysis to detect the
state of phosphorylation of extracellular regulated kinase (Erk1/2, p42,
and p44; A) or c-Akt (C) by using specific antibodies directed against the
phosphorylated form of Erk. Sample loading was evaluated by reblotting
the same membranes with antibodies raised against Erk or c-Akt. Repre-
sentative blots are shown of three independent experiments. To charac-
terize nonoriented migration, WHA (B, D) was performed as described in
the legend of Figure 2. Basal conditions were cells not exposed (C) or
exposed to human recombinant VEGF (100 ng/ml), Ang-1 (100 ng/ml),
PIGF (100 ng/mlD), or PDGF-BB (10 ng/ml). When required, cells to be
treated with VEGF or Ang-1 were pretreated for 30 minutes with the
following agents: 30 wmol/L PD98095 (PD); 2 wmol/L of the TyrK inhib-
itor SU1498; 0.045 mg/ml (final dilution) of monoclonal neutralizing
antibodies against Flk-1 that, although originally raised against mouse
epitope were found to also cross-react with human Flk-1, as confirmed by
the block of Erk1/2 phosphorylation in human HSC/MFs treated with
VEGF (data not shown). Data in bar graphs (B, D) represent mean £ SEM
(n = 4, in triplicate) and are expressed as number of cells migrated in the
artificial lesion. *P < 0.05 and **P < 0.01 versus control values. “P < 0.01
versus values in cells stimulated with VEGF or Ang-1.

responses of human HSC/MFs. By using recombinant
VEGF or Ang-1, we could not detect any significant in-
crease in cell proliferation or procollagen type | synthesis
in human HSC/MFs that were normally responsive to
PDGF-BB or transforming growth factor-g1, respectively,
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Figure 4. VEGF- and Ang-1-dependent chemotaxis of human HSC/MFs is
prevented by inhibitors of TyrKs and of Ras/Erk signaling and, for VEGF
action, involves Flk-1 receptor. Chemotaxis experiments were performed
as described in the legend of Figure 2. Basal and experimental conditions
were identical to those described in the legend of Figure 3. Data in bar
graphs (A, B) represent mean * SEM (n = 4, in triplicate) and are
expressed as number of cells migrated in the artificial lesion. **P < 0.01
versus control values. P < 0.01 versus values in cells stimulated with
VEGF or Ang-1.

used as positive control. Finally, neither VEGF nor Ang-1
significantly affected synthesis of MCP-1 in HSC/MF
preparations normally responding to interleukin-1, used
as a positive control.

Hypoxia and Hypoxic Medium Stimulate
Nonoriented Migration and Chemotaxis of
HSC/MFs

To define the possible influence of hypoxia, a WHA in
normoxic and hypoxic conditions was first performed.
When serum-deprived cells were incubated in hypoxic
conditions, in the absence of any additional stimulus,
invasion of the artificial wound was detected starting at
16 hours with a further increase at 24 hours (Figure
5A). Increased migration of human HSC/MFs was par-
alleled by a significant increase in the degree of Erk1/2
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Figure 5. Hypoxia as well as hypoxic-conditioned medium stimulate nonoriented migration and chemotaxis of human HSC/MFs. WHA (A) was performed
as reported in the legends of Figures 2 and 4 in both normoxic (control and PDGF, 24 hours) and hypoxic conditions (16 hours or 24 hours, HYP16 and
HYP24). Human HSC/MFs in normoxic conditions behaved as usual: a low number of control cells was found to invade the artificial lesion after a 24-hour
incubation, whereas a massive invasion was detected after exposure to PDGF-BB. Western blot analysis of activation of Ras/Erk signaling (B) was
performed as described in the legend of Figure 2 using cell lysates obtained after 16 or 24 hours from either cells incubated in normoxic (control) or hypoxic
conditions. Wound healing (C) and chemotaxis (D) assays were also performed using normoxic cells exposed to hypoxic-conditioned medium of human
HSC/MFs exposed to hypoxia for 16 or 24 hours as well as to PDGF-BB (10 ng/ml) used as positive control. Data in bar graphs (A, C, and D) represent
mean * SEM (n = 4, in triplicate) and are expressed as number of cells migrated in the artificial lesion or in the filter of Boyden’s chambers. *P < 0.05

and **P < 0.01 versus control values.

phosphorylation in lysates of cells obtained from hy-
poxic cells (Figure 5B). To establish whether cell mi-
gration was dependent on autocrine factors produced
by human HSC/MFs during incubation under hypoxic
conditions, media conditioned by cells exposed to
hypoxia were collected after 16 and 24 hours and then
used in wound healing and chemotaxis assays per-
formed in normoxic conditions. Hypoxia-conditioned
medium induced a significant stimulation of both non-
oriented migration (Figure 5C) and of chemotaxis (Fig-
ure 5D). Moreover, both nonoriented migration (Figure
6A) and chemotaxis (Figure 6B) were significantly in-
hibited by pretreating cells with PD98095, SU-1498, or
the anti-FIk1 neutralizing antibody.

HSC/MFs Express Angiogenic Factors in Vivo
in Areas of Active Fibrogenesis in a Rat Model
of Chronic Wound Healing

This part of the study was specifically designed to
evaluate the spatial and cellular distribution of proan-
giogenic factors in an in vivo model of hepatic chronic
wound healing and fibrogenesis. To this aim, the model
of chronic intoxication with CCl, for 9 weeks in the rat
was selected. A preliminary evaluation of the progres-
sion of fibrosis and angiogenesis in this model had
revealed that at 9 weeks an ideal balance exists be-
tween active fibrogenesis (the presence of both large
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Figure 6. Migration in hypoxic conditions or stimulated by hypoxic condi-
tioned medium involves Flk-1 receptor. Wound healing (A) and chemotaxis
(B) assays were performed as described in the legend of Figure 2. When
required, cells designed to be exposed at experimental time 0 to hypoxic
medium collected after 16 hours were pretreated for 30 minutes with the
following agents: 30 wmol/L PD98095 (PD); 2 umol/L of the TyrK inhibitor
SU1498; 0.045 mg/ml (final dilution) of monoclonal neutralizing antibodies
against FIk-1. Data in bar graphs represent mean = SEM (n = 4, in triplicate)
and are expressed as number of cells migrated in the artificial lesion or found
in the filter of Boyden’s chambers. *P < 0.05 and *P < 0.01 versus control
values; “P < 0.05 and P < 0.01 versus values obtained in the presence of
hypoxia-conditioned medium.

bridging septa and developing incomplete septa) and
neoangiogenesis (the presence of new vascular struc-
tures within fibrous bridging septa). In our morpholog-
ical analysis, we detected three well-defined in vivo
patterns of expression of angiogenic factors, one be-
ing characteristic of normal liver and two described in
cirrhotic liver for large bridging fibrotic septa and in-
complete and/or developing septa.

Normal Rat Liver

In normal rat liver (Figure 7, A-D), double immuno-
staining for the HSC marker desmin indicated that
quiescent HSCs do not express Flk-1, Tie-2, Flt-1,

VEGF, or Ang-1 (Figure 7 and data not shown), be-
cause no sign of co-localization of these antigens was
found in desmin-positive cells. FIk-1 and Tie-2 (Figure
7, A and B) seemed to be expressed almost exclu-
sively in cells with topographical and morphological
features of sinusoidal endothelial cells. As already re-
ported,?” a faint immunopositivity for VEGF was de-
tected in some hepatocytes. As reported by others,
Ang-1 expression was barely detectable in normal liv-
er,®* and images did not allow a definitive assignment
to any specific cell population.

Cirrhotic Rat Liver

In chronically injured rat livers (9 weeks of intoxica-
tion with CCl,), first morphological observations (Fig-
ure 8A) concerning the expression of the proangio-
genic factor VEGF suggested the existence of two
distinct patterns of distribution of immunopositivity for
this antigen. In large- as well as medium-sized bridg-
ing septa, the presence of single or multiple well-
defined vascular structures lined by cells positive for
VEGF (Figure 8A, al to a3), likely representing endo-
thelial cells, were clearly evident. However, by observ-
ing development of incomplete septa (ie, tiny fibrotic
septa in the parenchyma), it was realized that cells
positive for VEGF (Figure 8Aa4) were presenting a
morphology closely similar to that of a-SMA-positive
cells (Figure 8Aa5). We next started to perform double-
indirect immunofluorescence staining designed to an-
alyze in these two areas the distribution of positivity for
a-SMA (used as a standard marker of activated myo-
fibroblast-like cells) and major angiogenesis-related
factors including VEGF, Ang-1, Flk-1, and Tie-2. To
clarify results, data are presented by summarizing ob-
servations related to large- and medium-sized septa as
compared with those obtained for incomplete develop-
ing septa, respectively.

Large- and Medium-Sized Bridging Fibrotic Septa: In these
septa, always containing one or more easily recognizable
vascular structures [Figure 8, A (a1 to a3) and B], immuno-
positivity for a-SMA was usually independent from immuno-
positivity for angiogenic factors. Figure 8B offers a repre-
sentative example of a section of a large fibrotic septa in
which immunopositivity for Flk-1 was evident in a-SMA-
negative cells lining the vascular lumen (likely representing
endothelial cells); a-SMA-positive/FIk-1-negative cells were
invariably surrounding Flk-1-positive cells (Figure 8B). In-
deed, this scenario of angiogenic factor-positive/a-SMA-
negative cells lining a vascular lumen was observed in large
septa whenever immunopositivity for VEGF or Tie-2 versus
a-SMA was found in the same section (data not shown). The
only apparent exception to this rule was found when double
staining for a-SMA/Ang-1 was performed: with this proce-
dure, we found some a-SMA-positive cells coexpressing
Ang-1 in medium-sized fibrotic septa (Figure 8C) but not in
larger septa. To establish whether Flk-1 and VEGF were
correctly identifying endothelial cells, particularly in cirrhotic
livers, we also performed double-staining immunofluores-
cence analysis for these antigens and for the endothelial
marker CD-31. In cirrhotic rat livers a clear co-localization of
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Figure 7. In vivo localization of HSC, proangiogenic cytokines, and related receptors in normal liver (A-D). Immunofluorescence was performed on liver cryostat
sections from the liver of control (ie, untreated) rats at 9 weeks in the CCl;-dependent chronic protocol for fibrosis induction. All panels include the following:
1) a larger image on the left side offering electronic merging of images acquired for single fluorescence (blue fluorescence, DAPI staining; green fluorescence,
desmin staining; red fluorescence, growth factor or receptor under analysis: A: Flk-1; B: Tie-2; C: VEGF; D: Ang-1); and 2) a higher digital magnification (right)
of the boxed area. Hn, hepatocyte nucleus; EC, endothelial cell. Original magnifications, X400.

both Flk-1 (Figure 8D) and VEGF (data not shown) with
CD-31 in cells lining a vascular structure was observed.

Incomplete Developing Fibrotic Septa: When double immu-
nostaining for a-SMA and the other angiogenesis-related
factors was focused on tiny incomplete developing septa, a
different scenario was detected. Morphological analysis
clearly suggested that a-SMA-positive cells (ie, HSC/MFs),
particularly those localized at the leading or lateral edges of
these septa, coexpressed major proangiogenic factors, in-
cluding VEGF (Figure 8E), Flk-1 (Figure 8F), or Tie-2 (Figure
8G).

Expression of Angiogenic Factors by HSC/MFs
in Vivo in Areas of Active Fibrogenesis in
Human Cirrhotic Livers

On the basis of the morphological findings described for
cirrhotic rat liver, we next performed immunofluores-
cence studies designed to investigate the expression of
the same factors in cryostat sections obtained from pa-
tients with HCV-related cirrhosis (score Metavir F4). Sim-
ilarly to what was observed in cirrhotic rat livers, once
again two distinct patterns of distribution involving large
bridging septa and developing incomplete septa (Figure
9, A-F) were observed.

Large Bridging Septa

In large bridging septa as well as in the nonfibrotic
parenchyma, immunopositivity for VEGF, Flk-1, Ang-1,
and Tie-2 was almost always clearly distinct from that of
a-SMA. Figure 9A offers a representative section of a
large septa in which a-SMA-negative but Tie-2-positive
cells (ie, endothelial cells) are entirely surrounded by
a-SMA-positive MF-like cells that do not express Tie-2.
Similarly, Figure 9B indicates that in the nonfibrotic pa-
renchyma positivity for Flk-1 is again clearly independent
from positivity for a-SMA. Similarly to what was found in
cirrhotic rat livers, the only exception was appreciated in
medium-sized fibrotic septa where some cells at the sur-
face/border of the septa (Figure 9C) showed co-localiza-
tion of a-SMA and Ang-1; in the same image other Ang-
1-positive cells were not expressing a-SMA.

Incomplete Developing Fibrotic Septa

When the analysis was focused on these septa, we
found a scenario closely resembling that described for
corresponding structures in cirrhotic rat livers. Indeed,
we detected evident co-localization of a-SMA with the
individual receptors or angiogenic factors that was
mostly evident in cells at the leading or lateral edge of
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Figure 9. In vivo localization of HSC/MFs, proangiogenic cytokines and related receptors in cirrhotic human livers from chronic HCV patients (A-F).
Immunofluorescence was performed on cryostat sections from the liver of HCV patients scored METAVIR F4. In A-F are reported the following: tiny images
representing image acquisition of single fluorescence always identifying in the same section nuclei (1, blue fluorescence, DAPI staining), a-SMA (2, green
fluorescence), or the growth factor or receptor under analysis (3, red fluorescence; proangiogenic factors identified: A, D: Tie-2; B: Flk-1; C, E: Ang-1; F: VEGF);
and a larger image offering combined immunofluorescence (4, electronic merging of images). Areas of co-localization between a-SMA and the antigen under
analysis (yellow/orange fluorescence) are indicated by arrows. HSC/MFs, activated hepatic stellate cells; Hn, hepatocyte nucleus; EC, endothelial cell. Original
magnifications: X400 (C, F); X1000 (A, B, D, E).

incomplete developing fibrotic septa in human HCV Ang-1 (Figure 9E), or «-SMA and VEGF (Figure 9F).
cirrhotic livers, as it can be appreciated for cells co- Thus, a similar scenario may be observed in human
expressing a-SMA and Tie-2 (Figure 9D), a-SMA, and cirrhotic livers and in experimental cirrhosis in the rat.

Figure 8. In vivo localization of HSC/MFs, proangiogenic cytokines, and related receptors in fibrotic rat livers. Immunofluorescence was performed on liver
cryostat sections from the liver of chronically injured rats obtained at 9 weeks in the CCl;-dependent chronic protocol for fibrosis induction. A: Reported images
(green fluorescence) of immunostaining for VEGF (al to a4) or a-SMA (a5) in the presence or absence of concomitant nuclear stain (blue fluorescence, DAPI
staining). In B, C, E, F, and G are reported the following: 1) tiny images representing image acquisition of single fluorescence always identifying in the same
section nuclei (1, blue fluorescence, DAPI staining), a-SMA (2, green fluorescence), or the growth factor or receptor under analysis (3, red fluorescence; B: Flk-1;
C: Ang-1; E: VEGF; F: Flk-1; G: Tie-2); 2) a larger image offering combined immunofluorescence (4, electronic merging of images); and 3) a higher digital
magnification of the boxed area (5, when present). In D are reported the following: tiny images representing (see before) in the same section nuclei (1), CD-31
(2, green fluorescence), and Flk-1 (3, red fluorescence); and a larger image (4, electronic merging of images) offering combined immunofluorescence. Areas of
co-localization between a-SMA and the antigen under analysis (yellow/orange fluorescence) are indicated by arrows. Hn, hepatocyte nucleus; EC, endothelial
cell. Original magnifications: X200 (Aal-Aa3); X400 (Aa4, Aa5, B, C, F); X1000 (D, E, G).
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Discussion

The available experimental data suggest that angiogenesis
and related growth factors may significantly contribute to
fibrosclerotic development in conditions of CLD whatever
the etiology.” In particular, experimental studies have
pointed out that VEGF may play a major role by directly
affecting mainly rat HSC/MFs by stimulating the synthesis of
collagen type | and, to a lesser extent, in particular condi-
tions of culture, inducing cellular proliferation.’” 182 The
main novel finding provided by the present study is that
VEGF and, to a lesser extent, Ang-1 can operate as hy-
poxia-dependent, autocrine and paracrine factors able to
stimulate nonoriented migration and chemotaxis of human
HSC/MFs through the activation of Ras/Erk signaling. These
observations suggest that VEGF and Ang-1 may signifi-
cantly contribute to fibrogenesis also by recruiting profibro-
genic cells into areas of active chronic injury, inflammation,
and tissue remodeling. The relevance of this concept for
CLDs is strengthened by the fact that human HSC/MFs do
not respond significantly to VEGF or Ang-1 in terms of
proliferation or procollagen type | and MCP-1 synthesis.

It is well established that during the fibrogenic pro-
gression of CLDs toward cirrhosis excess deposition of
extracellular matrix and capillarization of sinusoids in-
creases the resistance to blood flow and lowers oxy-
gen delivery, thus rendering the tissue hypoxic.” The in
vitro experiments reported herein outline a direct link
between exposure to hypoxic conditions of HSC/MFs
and release of proangiogenic cytokines able to stimu-
late their migration and chemotaxis. In this context,
VEGF seems to play a major role by interacting with
Flk-1. The involvement of Flk-1 is in complete agree-
ment with several reports indicating that VEGFR-2 is
the receptor able to mediate the most relevant biolog-
ical effects of VEGF, whereas the role of Flt-1, likely a
decoy receptor, is still rather undefined.""® Along
these lines, previous studies have shown that HSC/MFs
are able to express VEGF receptors Flt-1 and Flk-1 and
that this feature is acquired during the process of HSC
activation. Moreover, under hypoxic conditions, HSC/
MFs also respond by up-regulating their synthesis of
VEGF as well as of Ang-1 (this study).'” 820927 These
in vitro observations suggest that, after their activation
and phenotypical modulation, HSCs tend to acquire a
generic proangiogenic phenotype. This feature seems
to be confirmed by evidence obtained in animal mod-
els of hepatic fibrogenesis.'®~2' However, the relative
in vivo relevance of the two VEGF receptors, Fit-1
(VEGFR-1) and Flk-1 (VEGFR-2), remains controver-
sial. Corpechot and colleagues?® reported a predomi-
nant up-regulation of Flt-1 under conditions of chronic
injury induced by DEN, whereas other studies have
suggested a predominant up-regulation of Flk-1 in the
model of chronic CCl,-induced liver injury.''® Re-
gardless, a more relevant role of Flk-1 is clearly sug-
gested by the work of Yoshiji and colleagues.?' These
authors showed that after the in vivo administration of
neutralizing antibodies raised against the two main
VEGF-A receptors in the chronic model of CCl,-
induced fibrosis, the anti-Flk-1 antibody was by far the

most effective in reducing neovascularization as well
as crucial parameters of fibrosis, including the number
of a-SMA-positive cells present in liver tissue. On the
basis of our in vitro results, this latter finding, originally
interpreted as a consequence of the impairment of
VEGF-dependent stimulation of proliferation and colla-
gen synthesis, could now be attributed also to a spe-
cific inhibition of HSC/MF recruitment.

This interpretation is also supported by the morpholog-
ical analysis performed in fibrotic/cirrhotic livers obtained
at 9 weeks in the chronic CCl, experimental models, a
time point characterized by established fibrosis and por-
tal hypertension,®®*° as well as in livers obtained from
patients with HCV-related cirrhosis. As previously re-
ported, the expression of VEGF and Ang-1 as well as of
FIt-1, Flk-1, and Tie-2 become clearly evident in liver
tissue in the presence of a chronic wound-healing reac-
tion.” 187202427 |n this context, co-localization data pro-
vided by the present study highlight that the concomitant
expression of VEGF, Flk-1, and Tie-2 is restricted to ac-
tivated «a-SMA-positive cells localized at the leading
edges of developing incomplete fibrotic septa, whereas
in large bridging septa the expression of this proangio-
genic panel is limited to endothelial cells. This distribution
likely reflects two different phases of angiogenic process
occurring in the hepatic chronic wound-healing reaction:
an earlier phase, occurring in developing incomplete
septa in which fibrogenesis and angiogenesis may be
driven by activated HSC/MFs, and a later phase, occur-
ring in large bridging septa where the chronic wound-
healing reaction is less active and the fibrogenic trans-
formation is more established. In this latter setting, the
almost exclusive expression of proangiogenic factors in
endothelial cells is likely to be aimed at the stabilization of
the newly formed vessels.

Together, the data of the present study suggest that
interface HSC/MFs may represent a cellular phenotype
potentially able to modulate multiple and concomitant
processes such as neoangiogenesis, inflammation, and
fibrogenesis. Indeed, these cells represent a target for
the multiple actions of VEGF and Ang-1, including stim-
ulation of collagen type | synthesis and recruitment of
HSCs (this study).?°2" At the same time, HSC/MFs are a
significant source of these angiogenic cytokines under
conditions of hypoxia”2°2” and acute and chronic liver
injury,” 177212324 nossibly through the contribution of a
number of growth factors, proinflammatory cytokines,
and conditions of altered metabolic control, as recently
suggested by data indicating that leptin is able to up-
regulate VEGF.2”

In conclusion, the novel observations provided by the
present study contribute to the understanding of the com-
plex series of events connecting fibrogenesis and angio-
genesis in the progression of CLDs. Although further in
vivo studies are needed for a more detailed characteriza-
tion of this scenario, the present data suggest that HSC/
MFs, in addition to their already established profibro-
genic properties, may be involved in the modulation of
the relationships between hypoxia, inflammatory re-
sponse, angiogenesis, and fibrogenesis.
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