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Abstract

Systemic sclerosis (SSc, scleroderma) is a chronic, multisystem connective tissue disorder affecting the skin and various internal organs.
Although the disease is characterized by a triad of widespread microangiopathy, fibrosis and autoimmunity, increasing evidence indicates
that vascular damage is a primary event in the pathogenesis of SSc. The progressive vascular injury includes persistent endothelial cell
activation/damage and apoptosis, intimal thickening, delamination, vessel narrowing and obliteration. These profound vascular changes
lead to vascular tone dysfunction and reduced capillary blood flow, with consequent tissue ischemia and severe clinical manifestations,
such as digital ulceration or amputation, pulmonary arterial hypertension and scleroderma renal crisis. The resulting tissue hypoxia
induces complex cellular and molecular mechanisms in the attempt to recover endothelial cell function and tissue perfusion. Nevertheless,
in SSc patients there is no evidence of significant angiogenesis and the disease evolves towards chronic tissue ischemia, with progres-
sive and irreversible structural changes in multiple vascular beds culminating in the loss of capillaries. A severe imbalance between pro-
angiogenic and angiostatic factors may also lead to impaired angiogenic response during SSc. Besides insufficient angiogenesis, defec-
tive vasculogenesis with altered numbers and functional defects of bone marrow-derived endothelial progenitor cells may contribute to
the vascular pathogenesis of SSc. The purpose of this article is to review the contribution of recent studies to the understanding of the
complex mechanisms of impaired vascular repair in SSc. Indeed, understanding the pathophysiology of SSc-associated vascular disease
may be the key in dissecting the disease pathogenesis and developing novel therapies. Either angiogenic or vasculogenic mechanisms
may potentially become in the future the target of therapeutic strategies to promote capillary regeneration in SSc.
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Introduction

Evidence for endothelial disease and loss
of capillaries in SSc

Systemic sclerosis (SSc, scleroderma) is characterized by wide-
spread microangiopathy, activation of humoural and cellular
immune responses and progressive tissue fibrosis, which affect
the skin and a variety of internal organs, including the lung, heart,
kidney and gastrointestinal tract [1, 2]. The aetiology of SSc
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remains unknown, and currently no therapy has been able to
modify disease evolution and progression.

Extensive clinical and pathological findings of endothelial cell
(EC) activation and damage and structural vascular changes
strongly support the hypothesis of a vascular disease as an
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important and primary process in SSc pathogenesis [3-5]. In fact,
the dysregulation of vascular tone control, which manifests clini-
cally as Raynaud’s phenomenon, and microcirculatory abnormali-
ties are the earliest clinical manifestations of SSc, and may pre-
cede the onset of fibrosis by months or years [3-5]. The vascular
damage in SSc affects primarily the microvasculature (small and
medium-sized arteries, arterioles and capillaries) and can be
observed in all affected organs [3, 4]. Increasing evidence sug-
gests that microvascular endothelial cell (MVEC) injury and apop-
tosis occur early in SSc, and that progressive proliferation of the
intima leads to vessel narrowing and obliteration [4, 6-10]. In the
very early phase, increased vascular permeability favours plasma
and mononuclear cell extravasation, with formation of perivascular
inflammatory infiltrates, clinically represented by oedema of the
fingers (puffy hands) [5]. The involvement of microvessels causes
recurrent episodes of ischemia-reperfusion injury and reduces
capillary blood flow leading to a state of chronic tissue ischemia,
lack of nutrients and severe tissue hypoxia, thus contributing to
organ dysfunction and significant morbidity and mortality [3-5].
With disease progression, vessels lose their elasticity, the vessel
media and adventitia become fibrotic, and occlusion of the small
arteries, together with platelet activation and aggregation, facili-
tates thrombotic events with severe organ complications, such
as digital ulceration or amputation, pulmonary arterial hyperten-
sion, and scleroderma renal crisis [3, 10-14]. The disarray of the
microcirculation is testified by the extensive morphological modi-
fications detected by nailfold capillaroscopy. The capillaroscopic
features are enlarged, giant and bushy capillaries, microhaemor-
rhages and, in particular, a variable loss of capillaries with forma-
tion of avascular areas (vascular desertification) [5, 15-17]
(see Fig. 1). These specific capillaroscopic changes are also
referred as ‘scleroderma pattern’ and differentiate SSc from primary
Raynaud’s phenomenon, in which usually capillaries are normal
in number and size [15].

The abnormal capillary morphology followed by the loss of
capillaries is the clear evidence of the disturbance of the angio-
genic process that does not allow the regeneration of functional
microvessels. This may be seen as a paradox because usually tis-
sue hypoxia stimulates angiogenesis with the formation of new
capillaries from pre-existing vessels. However, despite the
increase of vascular endothelial growth factor (VEGF) and others
pro-angiogenic molecules in SSc skin and serum, the disease
evolves towards a progressive loss of capillaries [4, 6, 18, 19]. In
the past, it had been thought that impaired angiogenesis and
increased apoptosis of mature ECs were exclusively responsible
for the microvascular abnormalities in SSc. However, several stud-
ies published over the last few years suggest that an impairment
of vasculogenesis and vascular repair may be also involved in SSc
capillary loss, with altered numbers and functional defects of cir-
culating endothelial progenitor cells (EPCs), as well as abnormal-
ities in the commitment of bone marrow-derived mesenchymal
stem cells (MSCs) towards the EC lineage [20, 21].

This review presents current knowledge of mechanisms of
defective vascular repair in SSc and discusses the role that abnor-
malities in the angiogenic and vasculogenic processes may play in
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the pathophysiology of SSc. We also discuss how the angiogenic
and vasculogenic processes might be manipulated to develop
novel vascular treatment strategies for this complex disease.

Angiogenesis and vasculogenesis

Angiogenesis is a complex and finely balanced process that con-
sists in the formation of new vessels from the pre-existing ones
such as capillaries and post-capillary venules, and plays a pivotal
role during embryonal development and later, in adult life, in sev-
eral physiological and pathological conditions, such as corpus
luteum formation, tumours and chronic inflammation [22, 23].
Sprouting angiogenesis encompasses an increase in vasoperme-
ability, leading to the extravasation of plasma proteins that func-
tion as a temporary scaffold for migrating ECs. Matrix metallopro-
teinases (MMPs), secreted by the endothelium, break down the
vascular basement membrane and allow the invasion of the sur-
rounding stroma by ECs, in the direction of the pro-angiogenic
stimulus. EC migration and invasion are accompanied by EC pro-
liferation and the organization of newly formed ECs into three-
dimensional tubular structures. Lumen formation and vessel wall
stabilization by pericytes are the final processes of sprouting
angiogenesis and lead to the formation of a functional network of
new capillary vessels [24].

Under physiological conditions, angiogenesis is dependent on
the tight balance of positive and negative angiogenic regulators
(pro-angiogenic and angiostatic factors, respectively) within the
perivascular and vascular microenvironment and requires the
functional activities of a number of molecules, including growth
factors and their receptors, extracellular matrix proteins, adhesion
molecules and proteolytic enzymes [24, 25]. During angiogenesis,
ECs have a distinct gene expression profile characterized by a
switch of the cell proteolytic balance towards an invasive pheno-
type as well as the expression of specific adhesion molecules and
growth factor receptors. In normal tissues, vascular quiescence is
maintained by the dominant influence of endogenous angiogenic
inhibitors over pro-angiogenic stimuli [24, 25]. In contrast, patho-
logical angiogenesis is mainly linked to an imbalance between
pro-angiogenic and anti-angiogenic mediators [23]. The major
pro-angiogenic and anti-angiogenic factors are listed in Table 1.

Vasculogenesis, the generation of new blood vessels by stem
or progenitor cells, was long regarded to be confined to embryo-
genesis. However, the discovery of EPCs in adult bone marrow
and peripheral blood has challenged this theory [26, 27]. In their
landmark study, Asahara et al. demonstrated that new blood ves-
sels can be formed in the adult not only by the sprouting of fully
differentiated ECs, but also by circulating progenitor cells, inde-
pendently of the pre-existing vasculature [26]. They found that
hone marrow-derived CD34™ progenitor cells could acquire the
characteristics of mature ECs, express EC markers, and incorpo-
rate into new capillary vessels at sites of ischemia [26].
Subsequent analyses revealed that postnatal vasculogenesis con-
tributes to vascular healing in response to vascular injury through
the processes of rapid re-endothelialization of denuded vessels
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Oxidative stress, auto-antibodies,
viral injury, physical trauma

nailfold
capillaroscopy

VE-cadherin, VEGF, VEGFR-1,
avp3 integrin, VEGFR-2, SDF-1,
Kallikreins 1, 9, CXCR4, IFN-o, RGS5,
11 and 12 TX3

pro-angiogenic factors

VEGF. PDGF, TGF-p1. FGF-2, PIGF, ET-1.
MCP-1. TNF-c. Kallikrein. E-selectin. P-selectin

"' angiostatic factors
endostatin, angiostatin, thrombospondin-1

Fig. 1 Mechanisms of impaired angiogenesis in SSc. A complex imbalance between pro-angiogenic and anti-angiogenic (angiostatic) mediators results
in an impaired and decreased ability to form new microvessels. This leads to the formation of enlarged, giant and bushy capillaries, microhaemorrhages
and avascular areas (vascular desertification) as shown by nailfold capillaroscopy. See text for abbreviations.

and collateral vessel formation in ischemic tissues [28]. In this
process, EPCs are mobilized from their bone marrow niches into
the circulation in response to stress- and/or damage-related sig-
nals, migrate through the bloodstream and home to the sites of
vascular injury, where they extravasate through the endothelium
and contribute to the formation of neovessels and the repair of
damaged vessels working in concert with pre-existing mature ECs
[28]. Because EPCs may critically contribute to the homeostasis of
the physiological vascular network, these progenitor cells might
be considered interesting candidates for novel cell therapies for
the treatment of various ischemic diseases [28]. EPCs have now

© 2010 The Authors

become clinically relevant, as trials of therapeutic neovasculariza-
tion based on autologous bone marrow mononuclear cell trans-
plantation in patients affected by severe limb or myocardial
ischemia have been recently carried out [29, 30]. In this regard,
recent studies indicate that autologous bone marrow stem cell
transplantation may improve peripheral microcirculation in SSc,
including nailfold capillary changes and ischemic digital ulcers
[31-33]. Alternatively, EPCs may be isolated from the peripheral
blood, in vitro expanded and implanted into the ischemic tissue,
where they are involved in the restoration of vascular perfusion.
However, controversy exists regarding the mechanisms by which
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Table 1 Major pro-angiogenic and anti-angiogenic mediators

Type of mediator Molecule

VEGF

FGF-2

PIGF
SDF-1/CXCL12
PDGF

TGF-a and -
ET-1

Pro-angiogenic

Hepatocyte growth factor (HGF)

Platelet activating factor (PAF)

TNF-a

Insulin-like growth factor (IGF)

Angiopoietin-1

Granulocyte colony-stimulating factor (G-CSF)

Granulocyte-macrophage colony-stimulating
factor (GM-CSF)

Erythropoietin

MCP-1

Tissue kallikrein

Fractalkine/CX3CL1

IL-6

IL-8
Anti-angiogenic ~ Angiostatin
Endostatin
Thrombospondin-1
IFN-o and -y
PTX3
IL-12
Angiopoietin-2

Tissue inhibitors of metalloproteinases

human EPCs may induce neovascularization in such a therapeutic
setting [34].

In fact, two different types of EPCs appear to exist: the ‘so-
called’ early- and late-outgrowth EPCs, according to their time-
dependent appearance when isolated with cell culture-based
methods [35, 36]. These two types of EPCs have different cell sur-
face markers (CD14+ early-outgrowth EPCs, CD14  late-out-

1244

growth EPCs), morphologies, gene expression profiles and sur-
vival behaviours. However, both types of EPCs appear to contribute
to neovasculogenesis in vivo. In particular, while early-outgrowth
EPCs are mainly involved in the secretion of pro-angiogenic
cytokines and vascular growth factors, late-outgrowth EPCs may
proliferate and differentiate at sites of vascular injury after integra-
tion into the vessel wall, thus supplying a sufficient number of
mature ECs for vascular repair [36].

Mechanisms and hiomarkers
of endothelial damage in SSc

In SSc pathogenesis, EC injury and apoptosis are early events
observed in the affected skin before any evidence of tissue fibro-
sis [37, 38].

The identity of the initial trigger leading to EC damage remains
unknown [5, 39]. Numerous environmental and infectious agents
have been suggested as possible initiating factors of SSc [1, 40].
Auto-antibodies showing cross-reactivity between cytomegalovirus
epitopes and specific surface molecules of ECs, inducing EC apop-
tosis, have been implicated in endothelial injury [41, 42]. Anti-EC
antibodies are commonly found in SSc serum and can activate ECs,
stimulating the production of adhesion molecules and cytokines,
and also induce EC apoptosis [43-45]. Oxidative stress with conse-
quent elevated levels of reactive oxygen species has also been sug-
gested to be involved in EC damage, despite the fact that the cellu-
lar source and mechanisms of action of reactive oxygen species in
SSc remain unknown [46-48].

The endothelium is a metabolically active tissue that, under
normal circumstances, regulates regional blood flow, transporta-
tion of nutrients, transendothelial migration of blood cells, as well
as coagulation and fibrinolysis with the maintenance of an
antithrombotic lining along the vascular tree. These biological
functions are regulated by several molecules synthetized and
released by ECs, including vasodilators (e.g. nitric oxide
and prostacyclin), vasoconstrictors (e.g. endothelin-1 [ET-1] and
platelet-activating factor) and cell adhesion molecules (e.g.
selectins, integrins).

In SSc, the production of vasoactive molecules is dysregulated
following EC perturbation [49]. In the early stage of SSc, activated
ECs highly express vascular adhesion molecules, which enable the
transmigration of inflammatory and immune cells through the
endothelium leading to the formation of perivascular inflammatory
infiltrates [50-54]. This results in a complex perivascular cellular
reaction involving injured ECs, immune and inflammatory cells,
and fibroblasts that become constitutively activated and transdif-
ferentiate into myofibroblasts [1, 55]. Altered secretion of
vasodilators and vasoconstrictors, and chronic activation of
platelets and fibrinolytic pathways secondary to EC activation are
also found [49, 56, 57]. Activated ECs release ET-1, a potent vaso-
constrictor that also promotes leucocyte adhesion to the endothe-
lium as well as vascular smooth muscle cell proliferation and
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fibroblast activation [58]. Studies on the peripheral blood of SSc
patients demonstrate abnormalities in several biomarkers of
endothelial perturbation, including factor VIll/von Willebrand fac-
tor, soluble adhesion molecules, thrombospondin, thrombomod-
ulin, nitric oxide, prostacyclin, N-terminal pro-brain natriuretic
peptide, plasminogen activators and thromboxane metabolites
[59-62]. Furthermore, increased numbers of EC-derived circulat-
ing microparticles in SSc plasma suggest their possible role as
marker of EC damage [63]. There is also evidence that circulating
mature ECs are increased in the blood of SSc patients as a marker
of EC activation in comparison with healthy controls, and that this
increase correlates with disease activity scores [64].

In SSc, persistent EC activation results in EC damage, and once
vascular perturbation has occurred there is evidence that ischemia-
reperfusion injury is an ongoing pathological process which
inevitably evolves towards chronic underperfusion. In fact,
ischemia-reperfusion injury is a complex inflammatory process that
results from interaction between humoural and cellular components
including the complement, vasoactive cytokines and the contact
activation cascade within ischemic vascular beds. Soon after the
start of reperfusion, EC dysfunction is perpetuated by superoxide
radicals mainly produced by damaged ECs and neutrophils. Indeed,
superoxide radicals inhibit the release of nitric oxide, prostacyclin
and tissue plasminogen activator from ECs leading to the impair-
ment of the vascular tone control and favouring thrombotic events
with consequent chronic tissue hypoxia [39, 49].

Hence, a crucial question in SSc is why the damaged
microvessels are not replaced by new capillaries via angiogenesis
or vasculogenesis.

Mechanisms of defective angiogenesis
in SS¢

Clinical and in vitro evidence indicate an impaired angiogenic
response in SSc [6]. Comparative immunohistological studies of
SSc and normal skin biopsies have shown that SSc involved skin
has significantly fewer dermal capillaries [31, 65]. /n vitro studies
demonstrated that serum from SSc patients is toxic for ECs and
may inhibit EC migration and vascular tube formation [66].
During the pro-angiogenic switch, both the innate and adaptive
immune cells are involved in the mechanisms of EC activation, pro-
liferation and migration through the production and release of a
large spectrum of pro-angiogenic mediators [67]. In this regard,
numerous /n vitro studies on peripheral blood mononuclear cells
suggest a defective contribution of SSc immune cells to angiogen-
esis. Impaired angiogenic activity has been reported in peripheral
blood lymphocytes and monocytes from SSc patients [68, 69].
Furthermore, supernatants from SSc peripheral blood mononu-
clear cells decreased EC chemotaxis [70], and SSc serum failed to
enhance normal mononuclear cell angiogenic capacity [71]. In con-
trast, another study reported that a subset of mononuclear cells
from SSc patients displays enhanced angiogenic activity [72].

© 2010 The Authors
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Increasing evidence also suggests a severe imbalance between
pro-angiogenic and anti-angiogenic factors [6]. In fact, the capil-
laroscopic changes in the course of SSc may be explained by the
action of different factors on angiogenesis. In the early stages of
the disease, a pro-inflammatory state and an increased production
of pro-angiogenic factors may stimulate angiogenesis. As a result,
capillaroscopic analysis of the nailfold bed demonstrates the pres-
ence of microhaemorrages and tortuous, giant capillary loops,
which are immature and instable microvessels formed during an
uncontrolled angiogenic response. This short pro-angiogenic
response is followed by a dramatic impairment of the angiogenic
process which might in part be explained by the action of several
angiostatic factors, ultimately resulting in reduced capillary den-
sity and extensive avascular areas.

Despite the overall decrease in the angiogenic response, sev-
eral pro-angiogenic mediators are up-regulated in the skin and
serum of SSc patients [6] (Fig. 1). Consistent with increased pro-
angiogenic factors in SSc skin, Ribatti ef al. have shown that
angiogenesis is stimulated in the chick embryo chorioallantoic
membrane by co-culture with skin biopsy tissue from SSc patients
[73]. Up-regulated pro-angiogenic factors in SSc include: VEGF,
platelet-derived growth factor (PDGF), transforming growth fac-
tor-g1 (TGF-B+), fibroblast growth factor-2 (FGF-2), placental
growth factor (PIGF), ET-1, monocyte chemoattractant protein-1
(MCP-1), stromal cell-derived factor-1 (SDF-1/CXCL12), tumour
necrosis factor-a (TNF-«), interleukin (IL)-8, fractalkine/CX3CL1,
and vascular adhesion molecules E-selectin, P-selectin and their
soluble forms [6, 19, 50, 62, 74-77].

Interestingly, several of these pro-angiogenic cytokines (e.g.
PDGF, TGF-B1, FGF-2, ET-1 and MCP-1) are also potent activators
of vascular smooth muscle cells, pericytes and stromal fibroblasts
and may be involved in the complex relationship among angiogen-
esis, proliferative vasculopathy and fibrosis in SSc [1, 58, 75]. In
fact, vascular smooth muscle cells and fibroblasts proliferate and
synthetize extracellular matrix in response to EC-released growth
factors leading to perivascular fibrosis, intimal proliferation,
matrix deposition in the vessel wall, vessel obliteration and irre-
versible loss of vascular integrity.

VEGF is one of the major regulators of angiogenesis [78].
Several studies have shown that VEGF expression is markedly
increased in different cell types both in the epidermis and dermis
of patients with SSc [19, 79, 80]. VEGF exerts its biological func-
tions by binding to the tyrosine kinase receptors VEGFR-1 (flt-1)
and VEGFR-2 (flk-1/KDR), which both are up-regulated on dermal
ECs in SSc affected skin [19, 79]. In agreement with these find-
ings, a number of studies demonstrated that serum levels of VEGF
are significantly increased in SSc patients throughout different
disease stages and correlate with organ manifestations [52, 74,
77, 81, 82]. Another recent study showed an altered expression of
VEGF, PIGF and VEGF receptors which was associated with decid-
ual and villous vasculopathy in placental tissue from pregnancies
in women with SSc [83].

Sufficient tissue vascularization depends on the tight regula-
tion of the expression of VEGF and its receptors [78, 84]. In fact,
time-dependent regulation of VEGF expression seems of critical
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importance for an adequate vascularization and tissue perfusion,
as well as for blood flow restoration in ischemic tissues. Using a
transgenic mouse model in which VEGF expression can be condi-
tionally switched off in an organ-dependent manner, Dor et al. [84]
demonstrated that, while short-term overexpression of VEGF
induced the formation of new mature and functional capillaries,
prolonged exposure to VEGF resulted in the formation of a chaotic
capillary network with irregularly shaped, enlarged capillaries.
These capillary modifications are similar to the altered capillary
morphology commonly seen in SSc by nailfold capillaroscopy [3,
17]. Therefore, the uncontrolled and chronic overexpression of
VEGF found in SSc might lead to the formation of a chaotic capil-
lary network rather than promote the formation of new functional
and stable capillaries [19]. Moreover, in SSc skin Konttinen and
coworkers [65] found a low tissue expression of avB3 integrin, an
endothelial receptor complex facilitating the pro-angiogenic action
of VEGF, which therefore could further contribute to disordered
angiogenesis. In addition, MVECs isolated from the dermis of SSc
patients exhibited an impaired response to VEGF in the in vitro
capillary morphogenesis assay on Matrigel substrate, suggesting
that VEGF receptor signalling might be impaired in these ECs [85].
Because the expression of VEGF is stimulated by hypoxia, in SSc
one would expect that chronic hypoxia could even contribute to
persistent overexpression of VEGF, that is one of the main tran-
scriptional targets of hypoxia-inducible factor (HIF)-1a [86].
However, HIF-1a protein expression was not increased and did
not correlate with up-regulated VEGF in the skin of SSc patients
[19, 86]. Alternatively, the persistent overexpression of VEGF in
SSc might also be driven by fibrogenic cytokines, such as IL-13,
PDGF and TGF-B, which are up-regulated in SSc and can induce
VEGF expression [86].

An alternative explanation for the loss of angiogenesis in the
course of SSc is that the up-regulated pro-angiogenic factors
could be exceeded by an even greater up-regulation of angiostatic
factors. In fact, although conflicting results have been reported,
several studies found elevated angiostatic factors in SSc patients,
including endostatin, angiostatin and thrombospondin-1 [66, 74,
77, 87-90] (Fig. 1). Endostatin, an endogenous angiogenesis
inhibitor derived from the breakdown of type XVIII collagen, is
increased in SSc serum and associates with the presence of more
severe clinical involvement [74, 77, 87, 89]. A recent study
showed that plasmin activity is reduced while the amount of circu-
lating angiostatin, a cleavage product of plasminogen, is increased
in SSc plasma [66]. Furthermore, normal human MVECs exhibited
reduced migration and proliferation when exposed to SSc plasma,
as well as a significant impaired ability to form vascular structures
in collagen after exposure to angiostatin in amounts similar to
those detected in SSc plasma [66].

There is also evidence that platelets may be key players in the
profound imbalance between pro-angiogenic and angiostatic fac-
tors in SSc. In fact, human platelets carry in their alpha granules
a set of angiogenesis stimulators, such as VEGF, FGF-2, PDGF and
TGF-B1, and inhibitors, such as endostatin, platelet factor-4 and
thrombospondin-1 [91]. Moreover, these angiogenesis-regulatory
molecules are sequestered in platelets in higher concentration
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than in plasma, and are packed into separate and distinct alpha
granules and differentially released after platelet activation [91,
92]. Many reports document evidence in SSc for ongoing platelet
activation, aggregation and release of bioactive molecules into the
circulation and in injured endothelium [56, 57]. A recent study has
shown that SSc platelets store and transport high levels of VEGF
[93]. Therefore, platelets may be a source of circulating VEGF in
the course of SSc because of their activation at the contact of
injured endothelium, possibly contributing to impaired angiogen-
esis [93]. Besides angiogenesis, the contribution of platelets to
SSc pathogenesis is thought to involve multiple and different
pathways. Indeed, aggregating platelets also release several mol-
ecules that affect vascular tone, such as nitric oxide, serotonin,
thromboxane A2 and prostaglandins, as well as a large array of
factors that regulate inflammation, growth of vascular smooth
muscle cells and fibroblasts, and synthesis of extracellular matrix
components and matrix-degrading enzymes [56].

Gene expression levels of pro- and anti-angiogenic factors
have been analysed in microarray studies which compared the
transcriptosome profiling of dermal MVECs isolated from normal
individuals and SSc patients [94, 95]. One microarray gene
expression study detected differences between normal and SSc
MVECs in the Kkallikrein gene family [94]. Pro-angiogenic
kallikreins 9, 11 and 12 were down-regulated in SSc¢c MVECs,
whereas anti-angiogenic kallikrein 3 was up-regulated. The
microarray data were further validated in experiments using nor-
mal MVECs treated with antibodies against kallikreins 9, 11 and 12
and subsequently analysed in migration, proliferation, and capil-
lary morphogenesis functional assays. All three antibodies were
able to block angiogenesis in healthy MVECs [94]. Tissue
kallikrein (also known as kallikrein 1, or ‘true’ tissue kallikrein) is
a serine protease that cleaves kininogen and thereby regulates the
kininogen-kinin pathway. Tissue kallikrein synthetized at vessel
level acts through kinins which modulate a broad spectrum of vas-
cular functions, playing an important role in the regulation of vas-
cular homeostasis and angiogenesis [96, 97]. Del Rosso et al.
found that tissue kallikrein is increased in the serum of SSc
patients, particularly in those with signs of early and active vascu-
lar disease, suggesting a role in the development of SSc microvas-
cular abnormalities [98]. Moreover, another study documented a
progressive decrease of tissue kallikrein expression in dermal
MVECs of SSc skin from the early to the advanced disease stage
[99]. A second microarray gene expression study has shown that
SSc MVECs overexpress a number of pro-angiogenic transcripts
but also a variety of genes that have a negative effect on angiogen-
esis [95]. Therefore, the authors proposed dermal SSc MVECs as
‘a model of anti-angiogenesis’. In particular, the angiogenesis
inhibitor pentraxin-3 (PTX3), which is known to inhibit the pro-
angiogenic effects of FGF-2, was strongly up-regulated in SSc
MVECs compared with control MVECs [95]. Instead, several
genes that promote cell migration and adhesion to the extracellu-
lar matrix were down-regulated in SS¢c MVECs, suggesting an anti-
invasive phenotype of these cells [95].

In fact, MVECs can perform angiogenesis only when provided
with a proper enzymatic machinery, enabling them to lyse the
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extracellular matrix and invade the surrounding tissue. In this
regard, the cell-associated plasminogen activator system is
known to play a crucial role in angiogenesis by modulating the
adhesive properties of ECs in their interactions with the extracel-
lular matrix and in the degradation of matrix components [100,
101]. The urokinase-type plasminogen activator (uPA) promotes
growth, chemotaxis and matrix invasion of ECs by interaction
with its receptor, uPAR, which is constitutively expressed on ECs
[102]. uPAR not only functions as uPA receptor, but also plays an
important role in cell motility and adhesion through its binding
interactions with vitronectin and intracellular signalling media-
tors, such as the integrin receptors [103]. A recent in vitro study
has shown that in dermal MVECs isolated from SSc skin, uPAR
undergoes truncation between domains 1 and 2, a cleavage that
is known to impair uPAR functions [85]. The uPAR cleavage
occurring in SS¢ MVECs was associated with the overexpression
of MMP-12 [85]. Indeed, overproduction of MMP-12 by SSc der-
mal MVEGs and fibroblasts accounted for endothelial uPAR cleav-
age leading to impaired uPA-induced EC migration, invasion, pro-
liferation, and capillary morphogenesis on Matrigel [85, 104]
(Fig. 2). Interestingly, treatment with an anti-MMP-12 mono-
clonal antibody was able to restore the angiogenic activity of
MVECs, including cell migration, chemoinvasion and tube forma-
tion [85, 105]. Furthermore, the same authors have shown that in
SSc MVECs uPAR cleavage results in loss of an integrin-mediated
uPAR connection with the actin cytoskeleton [105]. The uncou-
pling of cleaved uPAR from B2 integrins impaired the activation
of the small Rho GTPases Rac and Cdc42, thus inhibiting their
mediation of uPAR-dependent cytoskeletal rearrangement and
cell motility, and ultimately blocked the integrin-engagement-
delivered signals to the actin cytoskeleton resulting in loss of
angiogenesis [105] (Fig. 2).

In another recent study, the expression of the CXC chemokine
SDF-1 and its receptor CXCR4 was investigated in the skin and
dermal MVECs isolated from SSc patients [76]. The SDF-1/CXCR4
axis regulates specific steps in new vessel formation. SDF-1
released by or expressed on ECs creates a local chemokine gradi-
ent, dictating directional responses of ECs expressing CXCR4
[106]. Moreover, SDF-1-CXCR4 interaction further amplifies
angiogenesis by increasing VEGF release by ECs [107]. SDF-1 is
also a strong chemoattractant for CXCR4-expressing EPCs which
are mobilized from the bone marrow in response to tissue
ischemia [108]. The expression of SDF-1 and CXCR4 is elevated
in capillaries of lesional skin and MVECs from early stage SSc,
suggesting a role in the pathogenesis of SSc microvascular abnor-
malities [76]. Interestingly, it has also been shown that a func-
tional gene polymorphism which affects SDF-1 gene expression is
associated with major SSc vascular manifestations, such as pul-
monary arterial hypertension and ischemic digital ulcers [109].
Besides the SDF-1 gene, polymorphisms of other genes which
regulate EC plasticity and functions have been shown to be asso-
ciated with the vascular phenotype of SSc [110]. Furthermore, epi-
genetic mechanisms may also modulate EC dysfunction in SSc. It
has recently been shown that DNA methylation and histone
deacethylation cause an epigenetic repression of the bone mor-
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phogenetic protein type 2 receptor in dermal SSc MVECs, and that
this modification results in an enhanced vulnerability of these ECs
to apoptosis [111].

Finally, Fleming and coworkers [31] have recently demon-
strated that in SSc skin, along with the loss of capillaries, there is
a dramatic change in the endothelial phenotype of residual
microvessels. The SSc vascular phenotype was characterized by
loss of vascular endothelial cadherin (VE-cadherin), a supposedly
universal endothelial marker required for tube formation, as well
as the overexpression of the anti-angiogenic interferon-a (IFN-«)
and overexpression of RGS5, a signalling molecule whose expres-
sion coincides with the end of branching morphogenesis during
embryo development and tumour angiogenesis [31].

Altogether, the current laboratory and clinical data clearly indi-
cate that, despite the increased levels of pro-angiogenic factors,
there are also a number of ongoing anti-angiogenic mechanisms
that ultimately result in defective angiogenesis preventing the for-
mation of new functional capillaries in SSc.

Mechanisms of defective
vasculogenesis in SSc¢

Besides impaired angiogenesis, there is evidence that defective
vasculogenesis may contribute to the vascular pathophysiology of
SSc [20]. However, conflicting results have been published con-
cerning the presence and role of circulating EPCs in SSc.
Currently, different protocols for isolation, enrichment, in vitro cul-
ture and quantification of EPCs, as well as differences in the preva-
lence of cardiovascular risk factors, medications, mean disease
duration and severity of the study populations, might account for
the discrepancy between the findings of different studies [20].
Many studies have analysed the levels of circulating EPCs iso-
lated from the peripheral blood of SSc patients in comparison
with healthy controls and/or other rheumatic conditions. The first
study by Kuwana et al. demonstrated reduced absolute numbers
of circulating CD34%/CD133"/VEGFR-2* EPCs with impaired
functions in SSc [112]. The lowest numbers of EPCs were
observed in SSc patients with pitting scars and active fingertip
ulcers, and early-outgrowth EPCs showed faint or no expression
of markers for mature endothelium, such as VE-cadherin, CD146
and von Willebrand factor, thus suggesting their defective capac-
ity to differentiate into mature ECs [112]. Similar results were
also found in the recent study by Zhu ef al. which demonstrated
substantial depletion of circulating CD34"/CD133"/VEGFR-2"
EPCs in SSc, regardless of disease subtypes, disease stage and
different methodologies used to quantify early-outgrowth EPCs
[113]. In contrast, Del Papa et al. reported significantly increased
numbers of circulating CD34*/CD133"/VEGFR-2" EPCs, as well
as a negative correlation between EPC counts and disease dura-
tion [64]. Nevskaya and coworkers also found that early stage
SSc and high disease activity were accompanied by a rise in
circulating EPC levels that correlated positively with the severity
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Fig. 2 MMP-12-dependent cleavage of uPAR in SSc microvascular endothelial cells (MVECs) results in impaired angiogenesis. uPAR is a glycosylphos-
phatidylinositol-anchored 3-extracellular domain (D1-D2-D3) cell surface receptor that concentrates the serine protease activity of the uPA in the peri-
cellular region and promotes extracellular matrix remodelling. The main binding site for uPA is located in D1, and interaction of uPA and uPAR activates
the proteolytic cascade necessary to open a path within tissues to migrating cells. Moreover, uPAR not only functions as uPA receptor but also plays a
role in growth factor activation, cell adhesion, differentiation, proliferation and migration by interacting with extracellular matrix molecules, including
vitronectin (VN), and intracellular signalling mediators, such as the integrin receptors. VN/uPAR interaction occurs directly with D1, but requires the
integrity of the full-length receptor (D1-D2-D3). The removal of D1 also abolishes the interaction of uPAR with integrins and its ability to regulate the
integrin adhesive functions. The constitutive overproduction and secretion of MMP-12 by SSc dermal MVECs and fibroblasts accounts for endothelial
cell uPAR cleavage between D1 and D2, leaving a truncated receptor (D2-D3) on MVEC surface which results in loss of an integrin-mediated uPAR
connection with the actin cytoskeleton. The uncoupling of cleaved uPAR from integrins impairs the activation of Rac and Cdc42, thus inhibiting their
ability to bind the p21-activated protein kinase 1 (PAK-1), which regulates the downstream signalling cascades of small Rho GTPases and the uPAR-
dependent cytoskeletal rearrangement. The net result is the impairment of cell proliferation, migration, invasion, and tube formation, thus preventing
SSc MVECs from entering a suitable angiogenic programme in vitro. See text for abbreviations.

of peripheral vascular manifestations [114]. Furthermore, EPC
reduction with disease progression was linked to endothelial dys-
function and capillary loss, as well as the development of severe
cardiac involvement and pulmonary arterial hypertension [114].
Allanore et al. showed higher numbers of CD347/CD133" EPCs
in SSc than in patients with osteoarthritis, but lower than in
rheumatoid arthritis patients [115]. These authors also observed
a positive correlation between the EPC counts and the European
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Scleroderma Study Group disease activity index, and, in agree-
ment with other studies [64, 114], the numbers of EPCs tended
to be higher in the early SSc stages [115]. Very recently, the same
group of investigators demonstrated that the levels of circulating
CD347/CD133"/VEGFR-2" EPCs were significantly increased in
SSc patients compared to healthy individuals, supporting their
active mobilization from the bone marrow [116]. The subset of
patients with digital vascular lesions and higher Medsger severity
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Fig. 3 Mechanisms of impaired vasculogenesis in SSc. Different scenarios may be responsible for the altered numbers and defective vascular repair
ability of bone marrow-derived CD34*/CD133*/VEGFR-2" EPCs and MSCs in SSc. Aside from haemangioblast-derived CD34 " EPCs, there is evidence
that MSCs may also differentiate into EPCs. VEGF and SDF-1 are oxygen-sensitive cytokines that are induced by hypoxia, and act as molecular media-
tors to rapidly mobilize EPCs from the bone marrow and to guide them into ischemic tissues. Besides VEGF and SDF-1, other cytokines and growth fac-
tors, such as granulocyte colony-stimulating factor (G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF) and erythropoietin (EPO),

are also important for the maturation and mobilization of bone marrow resident CD34™ EPCs. See text for abbreviations.

score displayed lower circulating EPC counts, suggesting
increased homing to peripheral ischemic tissues and consequent
EPC depletion in the blood at this disease stage [116]. In addition,
the levels of late-outgrowth EPCs were not different between SSc
patients and healthy individuals, as determined by the in vitro
colony-forming assay [116].

Altogether, the conflicting data on EPCs suggest that different
scenarios might be responsible for the vascular repair defect in SSc
(Fig. 3). In fact, the findings of decreased EPC levels regardless of
SSc stage [113] could suggest that EPC depletion might occur
within the bone marrow and/or early after their mobilization into the
circulation (Fig. 3). Alternatively, the findings of increased EPC lev-
els in early/active stage and subsequent reduction with disease
progression and severity [64, 114, 116] could suggest that EPCs
might be mobilized from the bone marrow and home to ischemic
tissues, where they might fail to repair vascular damage due to
intrinsic functional defects. Moreover, persistent peripheral
endothelial injury and ischemia-reperfusion episodes might even-
tually lead to depletion of EPCs in the peripheral circulation (Fig. 3).

In this regard, two recent studies have suggested that the bone
marrow microenvironment for stem cells is impaired in SSc [21,

© 2010 The Authors

117]. Del Papa et al. reported that SSc bone marrow had reduced
numbers of CD133™ EPCs and stromal cells, both of which were
also functionally impaired [117]. In particular, the ability of bone
marrow-derived CD133™ cells to differentiate into ECs in vitro was
impaired, while the number and size of colonies formed by stromal
cells were reduced. The second study by Cipriani ef al. examined
the in vitro capacity of bone marrow-derived MSCs to differentiate
towards the EC lineage [21]. In SSc patients, the percentage of
VEGFR-2" and CXCR4+ MSCs and endothelial-like MSCs was
significantly lower than in controls. Accordingly, both SS¢ MSCs
and endothelial-like MSCs displayed impaired responses to VEGF-
and SDF-1-induced migration, invasion and capillary-like structure
formation on Matrigel, as well as an early senescence [21]. These
data collectively suggest that endothelial repair may be affected in
SSc starting from bone marrow stem niches. In agreement with
these findings, other authors have shown that SSc EPCs mobilized
during atorvastatin treatment are functionally defective [118].
Moreover, the atorvastatin-induced increase of circulating EPCs
was transient and even with treatment, however, the numbers
of circulating EPCs in SSc patients did not reach those in healthy
individuals [118, 119]. Del Papa et al. also reported that
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simvastatin treatment failed to increase the number of circulating
EPCs in SSc patients [120].

A very recent study suggested that SSc¢ serum can induce EPC
apoptosis, and that this might account, at least in part, for the
decreased circulating EPC numbers in SSc patients [113]. In fact,
freshly isolated SSc EPCs displayed an increased rate of apopto-
sis, and depletion of the IgG fraction from SSc serum was able to
abolish apoptosis in EPCs from healthy individuals, thus suggest-
ing the involvement of auto-antibodies in this process [113]. In
particular, SSc serum induced EPC apoptosis through the inhibi-
tion of Akt phosphorylation, which prevented FOX03a degrada-
tion with consequent up-regulation of the pro-apoptotic protein
Bim [113]. Consistent with these findings, another study demon-
strated an increased membrane expression of the pro-apoptotic
Fas (CD95) receptor on SSc EPCs, suggesting a pre-determined
commitment to programmed cell death [114]. Finally, a recent
report analysed the in vitro angiogenic potential of late-outgrowth
EPCs cultured after isolation from the peripheral blood of SSc
patients using different functional assays [121]. These authors
found that SSc late-outgrowth EPCs had the phenotype of gen-
uine ECs and displayed in vitro angiogenic properties similar to
those of control EPCs, including migratory and tube formation
ability [121]. However, SSc late-outgrowth EPC exhibited defec-
tive up-regulation of VEGFR-1 under hypoxic conditions, and the
authors suggested that this might promote the VEGF/VEGFR-2
pathway, favouring chronic and uncontrolled stimulation of VEGF
and ultimately resulting in altered vessel morphology and func-
tionality [121].

Conclusions and perspectives
on vascular treatment strategies

The extensive vascular damage and lack of compensatory vascu-
lar repair mechanisms make SSc an ideal model to study novel
therapeutic strategies for vascular regeneration.

It is most important to realize that in SSc there are parallel
vascular pathologies that may require different and specific ther-
apeutic approaches. In fact, the SSc vascular pathophysiology
consists of an uncompensated loss of capillaries following
peripheral ischemia on one hand, and a vascular remodelling
process with intimal proliferation and vessel obliteration in multi-
ple vascular beds on the other. Therefore, future investigations in
the field of SSc peripheral vasculopathy should mainly focus on
the understanding of the complex biology of ECs, pericytes,
vascular smooth muscle cells and perivascular fibroblasts/
myofibroblasts, as well as the molecular mechanisms of cross-
talk among these different cell types.

Still, the mechanisms of the impaired response to vascular
injury and lack of angiogenesis remain poorly understood.
Currently, several studies have shown that angiogenesis is
impaired in SSc despite the up-regulation of a large array of pro-
angiogenic factors. Conversely, there are controversial data on the
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up-regulation of angiostatic factors, which might serve as targets
for therapeutic approaches. In addition, functional in vitro and
in vivo (i.e. using preclinical animal models) studies targeting pro-
angiogenic or angiostatic factors are lacking. There is also evi-
dence that the uncontrolled and chronic expression of pro-angio-
genic mediators (e.g. VEGF) may have deleterious effects rather
than promote the formation of new functional capillaries.
Moreover, many pro-angiogenic factors can stimulate not only EC
functions, but also induce vascular smooth muscle cell and peri-
cyte proliferation and hyperthrophy. Therefore, an important issue
to address in SSc is whether it would be therapeutically useful to
promote angiogenesis and whether it would be possible to reverse
the complex imbalance between pro-angiogenic and angiostatic
factors. In this regard, strategies for dosing and timing of pro-
angiogenic factors might be of major importance.

For therapeutic neovascularization, it was shown that only the
proper and timely delivery of EC-inducing factors (i.e. VEGF and
FGF-2) and vessel maturating factors (i.e. PDGF and TGF-B) was
able to induce the formation of functionally mature vessels com-
posed of ECs and smooth muscle cells in vivo. For example, Hao
et al. reported that the sequential release of VEGF and PDGF-BB in
a mouse model of myocardial infarction could promote vascular-
ization and improve vessel maturation compared with the release
of either factor alone [122]. Obviously, mimicking such compli-
cated series of events is difficult to achieve in human beings using
conventional drug-delivery systems, which generally function via
a burst-release mechanism. However, several release systems are
being successfully established [122-124]. A highly interesting
development in this field is the generation of ‘on-demand release’
platforms that use the principles of enzyme-mediated growth fac-
tor release. In fact, physiologically growth factors are stored in the
extracellular matrix, from which they are released by degrading
enzymes secreted by invading or growing cells. The development
of such ‘on-demand release’ depots, containing multiple pro-
angiogenic factors that are secreted in temporally distinct or cell-
dependent patterns, could mimic paracrine signalling events
during neovascularization more closely [123]. However, the devel-
opment of such release mechanisms is still in its early stages, and
the efficacy of such protein-based therapies needs to be eluci-
dated in disease-specific animal models and subsequently in clin-
ical trials. In SSc, a potential difficulty in the clinical success of
this therapeutic approach is the status of the affected endothelium
in the ischemic regions. Compromised endothelium will not
migrate nor proliferate as well as healthy endothelium, therefore
potentially limiting the extent of neovascularization induced by
angiogenic factor delivery system-based therapies. This impair-
ment represents an important challenge for vascular regenerative
medicine, and strategies to overcome EC defects need to be
addressed in future research.

Besides angiogenesis, the role of vasculogenesis in SSc
appears even less clear. Whether EPC counts are decreased or
increased in the peripheral blood of SSc patients is still a mat-
ter of controversy. In fact, it is still to be determined whether
poor vasculogenesis is due to any defect in the EPC supply
within and mobilization from the bone marrow, an excessive
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immune-mediated EPC destruction in the peripheral circulation,
a progressive depletion of EPCs following homing to ischemic
tissues under persistent peripheral vascular injury, or an intrin-
sic functional impairment of EPCs through genetic and/or epi-
genetic mechanisms. Moreover, the biology of EPCs is complex
and currently deserves further dissection. It appears that the
incorporation of bone marrow-derived EPCs in new vessels is
strictly determined by the local microenvironment, and that the
main contribution of EPCs to neovascularization may be
through the paracrine secretion of pro-angiogenic factors acting
on pre-existing mature ECs rather than via their incorporation
into the neovasculature [34, 125]. Therefore, further investiga-
tions are needed to evaluate the potential therapeutic use of
EPCs in SSc. In this regard, recent pilot studies reported that
autologous haematopoietic stem cell transplantation or local
implantation of CD34™" cells in ischemic tissues may improve
microcirculation in SSc patients, as shown by morphological
changes on nailfold capillaroscopy, increased dermal capillary
density and healing of ischemic digital ulcers [31-33]. Drugs

J. Cell. Mol. Med. Vol 14, No 6A, 2010

that enhance the mobilization of EPCs or injection of in vitro
amplified autologous EPCs might offer new therapeutic options
for the treatment of severe vascular disease in SSc.
Alternatively, since EPCs home to sites of ischemic injury and
tissue hypoxia, ‘engineered EPCs’ might be used as ‘on-demand
release’ depots of pro-angiogenic factors or as vehicles for the
selective transport of drugs to the injured endothelium.
However, intrinsic functional defects, early senescence and
increased susceptibility to apoptosis of SSc¢ EPCs might limit
the efficacy of these potential approaches.

Therefore, new insights into the disease pathogenesis are
needed to allow the translation of basic research into more effec-
tive treatment of SSc patients. In this regard, suitable animal mod-
els for the peripheral vasculopathy of SSc allowing studies on
pathophysiological mechanisms and preclinical testing of poten-
tial drugs are now becoming available and promise to be useful
tools [126]. Either angiogenic or vasculogenic mechanisms may
potentially become in the future the target of novel therapeutic
strategies to promote vascular regeneration in SSc.

ing to the disease phase and subset of sys-
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