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Introduction

Scleroderma (systemic sclerosis (SSc)) is to a large degree
identified by the vascular features which may precede the
onset of fibrosis by months or even years. Abnormalities in
microvessel morphology and vascular dysfunction occur
early during the disease course and evolve into a distinc-
tive vasculopathy that relentlessly advances in nearly all
affected organs. This evidence suggests that endothelial
cells (ECs) are the primary target in SSc and that multiple
interactions of ECs with other cells and pathways, includ-
ing cells of both the innate and adaptive immune systems,
platelets and coagulation factors, vascular smooth muscle
cells (VSMCs), and fibroblasts, position ECs in center
stage of disease pathogenesis. In SSc, vascular injury
includes persistent EC activation/damage and apoptosis,
intimal thickening, vessel narrowing, and obliteration.
These profound vascular changes lead to vascular tone
dysfunction and reduced capillary blood flow, with conse-
quent chronic tissue ischemia. The resulting tissue hypoxia
induces complex cellular and molecular mechanisms in the
attempt to recover EC functions including adequate tissue
perfusion. Nonetheless, there is no evidence of significant
compensatory angiogenesis in SSc, and the disease evolves
toward irreversible structural changes in multiple vascular
beds culminating in the loss of the peripheral capillary net-
work. A critical imbalance between proangiogenic and
antiangiogenic factors may be largely responsible for the
lack of vascular regeneration in SSc. Besides insufficient
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angiogenesis, increasing evidence indicates that defective
vasculogenesis with altered numbers and functional
defects of bone marrow-derived endothelial progenitor
cells (EPCs) may contribute to the pathogenesis of SSc
vasculopathy.

Clinically, the vascular manifestations in SSc include
Raynaud’s phenomenon (RP), the early edematous puffy
hands, telangiectasias, digital ulcers, gastric antral vascular
ectasia (GAVE), pulmonary arterial hypertension (PAH),
myocardial dysfunction, and scleroderma renal crisis.
Therapeutically, the use of angiotensin-converting enzyme
inhibitors for scleroderma renal crisis, endothelin receptor
antagonists for PAH, and phosphodiesterase inhibitors for
PAH, RP, and digital ulcers have significantly improved the
care of SSc patients. However, despite this symptomatic
improvement, regression of the vascular lesions has been dif-
ficult to achieve.

The Vascular Problem

Vascular involvement in SSc includes a spectrum of
changes that affect predominantly the microcirculation,
mainly the capillaries and the small arterioles. The patho-
logic changes in the vascular tree range from EC activation
with increased expression of adhesion molecules to EC
apoptosis, capillary necrosis, intimal proliferation, and
luminal occlusion that result in tissue ischemia and con-
tribute to organ failure together with concomitant fibrosis.
The current hypotheses in SSc vascular pathogenesis
implicate a possible, yet unidentified, microbial trigger
and an immune-mediated mechanism that results in vascu-
lar injury possibly through recognition of a putative vascu-
lar or perivascular autoantigen and the induction of
autoantibodies. This chapter will review the morphologic
and functional features of SSc vasculopathy with special
emphasis on the mechanisms and pathologic sequences of
vascular injury.

221


mailto:mirkomanetti@yahoo.it

222

M. Manetti and B. Kahaleh

The Vascular Lesion

The prominent vascular abnormalities in SSc are typically
observed in the capillaries and the small blood vessels [1].
Swelling and proliferation of the intima with mononuclear cell
infiltration are seen in the small arterioles. In the capillary net-
work, the vascular disease is characterized by distorted and
irregular capillary loops in all involved organs including the
skin, kidneys, lungs, heart, and muscles, reflecting the diffuse
nature of the microvascular disorder in SSc, even in sites not
affected by fibrosis [1, 2]. At the ultrastructural level, the earli-
est vascular changes in the edematous stage of the disease con-
sist of opening of EC tight junctions, vacuolization of
cytoplasm with increase in the number of basal lamina-like
layers, and occasional entrapment of lymphocytes and cellular
vesicles in the vessel wall [1]. Further signs of nuclear injury
in association with EC membrane disruption occur in more
advanced disease. Ghost vessels consisting of an intact basal
lamina with remnants of ECs are occasionally noted in asso-
ciation with perivascular cellular infiltrates that consist of
macrophages and T and B cells, with predominance of CD4*

T cells [3]. EC apoptosis was first described on ultrastructural
examination of SSc skin biopsies in the early inflammatory
stages of the disease, suggesting a causal association [3]. It
was later noted in the University of California at Davis (UCD)
lines 200/206 chickens that spontaneously develop a systemic
disease that closely resembles human SSc [4]. Apoptosis of
ECs is not unique to SSc vasculopathy and is frequently
observed in diseases with prominent vascular involvement,
such as early atherosclerotic lesions, graft rejection, throm-
botic thrombocytopenic purpura, and the hemolytic uremic
syndrome, suggesting that EC apoptosis may be a common
prerequisite for a variety of vascular disorders [5, 6]. The fate
of apoptotic ECs in SSc is not well examined. A possible
defect in the orderly removal of apoptotic cells may lead to
phagocytosis by dendritic cells and macrophages and subse-
quent presentation of cellular antigens to CD8* T cells [7],
leading to immune recognition of vascular antigens. Moreover,
apoptotic ECs can activate the alternative complement and
coagulation cascades leading to vascular microthrombosis and
further tissue compromise [8, 9]. Typical ultrastructural SSc
microvascular changes are shown in Fig. 16.1.

Fig. 16.1 (a—c) Representative transmission electron microscopy
(TEM) photomicrographs of SSc dermal microvessels. (a) Microvessel
shows apoptosis of ECs and delaminated basal lamina (arrows).
Apoptotic ECs display plasma membrane blebbing with release of

apoptotic bodies. (b) Swollen ECs occluding microvessel’s lumen. (c)
Microvessel with an occluded lumen shows thickened basal lamina
(asterisks). EC endothelial cell. TEM; original magnification: x6000
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Increased EC thymidine labeling has been reported in SSc,
particularly in the indurated phase of the disease [10]. EC thy-
midine labeling is seen only in the involved “fibrotic” skin, sug-
gesting that EC changes in the uninvolved skin represent cellular
activation but not true injury. Significant intimal proliferation
and accumulation of proteoglycans in the arterioles and small-
sized arteries are common in SSc [11]. Moreover, abnormality
of the vessel wall is likely to result from increased synthesis of
extracellular matrix (ECM) by intimal and adventitial fibro-
blasts. Transdifferentiation of ECs into profibrotic myofibro-
blasts via the process of endothelial-mesenchymal transition
(EndoMT) may contribute further to vascular wall fibrosis [12].

The presence of vascular pathology at one site does not nec-
essarily indicate similar pathology at other sites; for instance,
the presence of vascular pulmonary pathology clinically mani-
festing as PAH may not be associated with vascular pathology
in the kidneys nor is there any relationship between vascular
changes in the gastrointestinal tract (GAVE) and vascular
changes in either the lungs or the kidneys. Milder degrees of
vascular changes can be seen in clinically uninvolved skin,
mainly in the papillary dermal layer in association with platelets
adhering to the vessel walls of the dermal microvasculature [3].
It is not known if these changes precede the development of tis-
sue fibrosis or are independent of it. In contrast to small arteri-
oles, large-sized vessel occlusion in SSc is unusual; however, it
can occur particularly in the ulnar arteries in patients with the
limited form of SSc in association with anticentromere antibod-
ies [13]. In the arteries, intimal proliferation of a uniform and
symmetrical nature leads to the formation of a neointima indis-
tinguishable from that seen in other autoimmune diseases,
chronic homograft rejection, and accelerated atherosclerosis
such as restenosis after coronary bypass [14]. The medial layers
are usually thinned, except in hypertensive patients where
medial hypertrophy and fibrinoid deposition can be seen [15].
The capillary changes in SSc are most visible in the nail folds.

Nailfold Capillaroscopy The first description of capillary
abnormalities in SSc was published in 1925 by Brown and
O’Leary who employed a simple technique to describe capil-
lary changes typical of the microvasculature involvement in
SSc [16]. In the 1970s—1980s, the seminal work by Maricq
and colleagues popularized the use of wide-field capillary
microscopy and described specific “SSc patterns” of capil-
lary changes [17-22] (Fig. 16.2).

Nailfold capillaroscopy has great diagnostic value in the
early stages of the disease. It is the technique of choice for
the identification of patients with RP who are at risk for
developing SSc [23-25].

Vascular Dysfunction in Scleroderma

The normal vascular endothelium is a single-cell thick layer
that is endowed with remarkably diverse functions. ECs
regulate coagulation and fibrinolysis, vascular permeability,

vascular tone, and metabolism and nutrition of surrounding
cells. Injury to the endothelium in SSc leads to profound
vascular dysfunction that is prominent in the early stages of
the disease and progressively worsens over time [3, 26]. ECs
also regulate vascular tone by producing vasoconstrictive
and vasodilatory molecules. Vascular dysfunction can cause
an imbalance favoring the production of vasoconstrictors.
Impaired endothelial-dependent vasodilation in SSc may be
due both to overexpression of the potent vasoconstrictor
endothelin-1 (ET-1) and reduced production of the vasodila-
tors nitric oxide (NO) and prostacyclin.

Endothelin-1

ET-1 is a powerful dose-dependent vasoconstrictor. At low
concentrations, ET-1 is vasodilator, while at higher concen-
trations, it mediates vasoconstriction and reduction of blood
flow [27]. ET-1 is overexpressed in the skin of SSc patients
[28, 29]. Moreover, the circulating levels of ET-1 and tissue
concentrations of ET-1 in the lungs, kidneys, and liver are
elevated in SSc [30-33].

Early studies showed that ET-1 induces fibroblast prolif-
eration and collagen synthesis in a dose-dependent manner,
potentially linking ET-1 to vascular dysfunction and fibrosis.
ET-1 acts through the endothelin receptors type A (ET,) and
type B (ETp) that are expressed on various cell types. An
imbalanced expression of ET, and ETjy receptors has been
reported in SSc patients [34, 35]. The role of endogenous
ET-1 in EC dysfunction was examined in tight-skin mice
(TSK1), a mouse model of SSc [36]. The mesenteric arteries
of TSK1 mice showed decrease responses to acetylcholine,
suggesting impaired NO-independent, prostaglandin-
mediated relaxation that was partially restored by the dual
endothelin receptor antagonist (ERA) bosentan [37], sug-
gesting a role for ET1 in the impaired vasodilation.

ET-1 also stimulates VSMC proliferation and contraction,
possibly contributing to remodeling of the vascular wall and
vasculopathic manifestations characteristic of SSc, such as
PAH and digital ulcers. Indeed, clinical studies have shown
that ERAs may be effective in the treatment of SSc-related
PAH and in the prevention of digital ulcers [38, 39].
Treatment with the ERA bosentan may also improve
peripheral microcirculation in SSc patients, as demonstrated
by the shifting from the “late” to the “active” nailfold video-
capillaroscopy pattern after therapy [40]. In another study,
long-term treatment with bosentan in combination with ilo-
prost reduced the progression of nailfold microvascular dam-
age in SSc patients over a 3-year follow-up period [41].

Nitric Oxide

NO can play a dual role in the endothelium, depending on
which NO synthase (NOS) catalyzes its synthesis from
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Fig.16.2 Nailfold capillaroscopy. (a) Early scleroderma pattern shows
well-preserved capillary architecture and density and presence of
dilated and giant capillaries. (b) Active scleroderma pattern shows fre-
quent giant capillaries and hemorrhages, moderate loss of capillaries,
and disorganization of capillary architecture. (¢) Late scleroderma pat-

L-arginine. Mammals produce three NOS isoforms. Two are
expressed in the endothelium; endothelial NO synthase
(eNOS) is expressed in ECs, whereas inducible NO synthase
(iNOS) is expressed in ECs, VSMCs, fibroblasts, macro-
phages, and other cell types [42]. Endothelial NOS plays an
important role in maintaining vasorelaxation and in control-
ling vascular tone, blood pressure, and thrombosis [43].
Disruption of the endothelium reduces NO synthesis and
release with significant consequences to the vasculature.
Deficient endothelial-dependent relaxation in SSc is sug-
gested by impaired maximal responses to endothelial-
dependent vasodilators and normal responses to
endothelial-independent dilators [44—47].

Despite the expectation that NO production would be
reduced in a dysfunctional endothelium, NOx (NO and NO,)
levels appear to be elevated in SSc patients, as shown by
immunohistochemical studies on skin biopsies [48]. This is

-

re

tern shows severe capillary architecture disorganization with dropouts,
presence of arborized capillaries, and absence of giant capillaries. (d)
Normal nailfold capillaroscopic pattern (Courtesy of Cutolo et al. [22],
published by Oxford University Press. With permission)

probably related to the upregulation of iNOS expression in
association with increased levels of immunodetectable nitro-
tyrosine, a marker of NO-mediated free radical injury [49].
Thus, endothelial dysfunction in SSc may be in part attribut-
able to abnormal regulation of the NO pathway.

Nature of the Endothelial Injury

The triggers for vascular injury and dysfunction in SSc are
largely unknown. However, infectious agents, EC cytotoxicity,
activation and apoptosis, autoantibodies, shear stress, and isch-
emia/reperfusion are among the potential contributors. Current
hypotheses in the pathogenesis of SSc vascular disease impli-
cate a possible, yet unidentified, microbial trigger and an
immune-mediated activation that lead to vascular injury and the
generation of progressive occlusive arteriolar disease (Fig. 16.3).
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Fig. 16.3 Pathogenesis of SSc vasculopathy. Endothelial injury and
dysfunction is initiated by the actions of free radicals and environmen-
tal, chemical, or microbial agents that injure the endothelium either
directly or indirectly by the induction of immune activation and the
generation of autoantibodies and activated cellular immunity. The vas-
cular injury leads to the activation of platelet and coagulation pathways
that result in vascular microthrombosis. The resulting vasculopathy is

Microbial Triggers

Infectious agents may be part of the etiology of SSc, but the
evidence is indirect. In one study, patients with RP were treated
with triple antibiotics to eliminate Helicobacter pylori infec-
tion, a gastric bacterium associated with other vascular diseases
[50]. The treatment regimen resulted in the disappearance of
RP in 17 % of the patients and reduced symptoms in 72 % [51].
Other studies evaluated the incidence of Helicobacter pylori
infection in SSc patients [52]; one study showed a higher cor-
relation, while others showed none [53, 54].

Cytomegalovirus (CMV) infection may play a role in the
pathogenesis of SSc vasculopathy. CMV infects ECs and
monocytes/macrophages leading to dysregulation of the
immune system and upregulation of fibrogenic cytokines [14,
55], events that are also characteristic of SSc. Indirect evidence
supporting a role for CMV includes the presence of CMV anti-
bodies in serum from SSc patients that could potentially inter-
act with autoantigens [55, 56]. Rat and mouse models show
that CMV infection leads to formation of intimal lesions [57,
58]. An immune-suppressed mouse model of CM V-induced
neointima development has many characteristics of SSc
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associated with intimal hyperplasia in the small arterioles, and the ensu-
ing luminal narrowing results in tissue hypoxia and the generation of
the state of chronic ischemia. Released vascular products, in association
with hypoxia and ischemia, collectively contribute to the activation of
resident fibroblasts that transdifferentiate into profibrotic myofibro-
blasts and, in turn, perpetuate the vasculopathy by triggering vascular
wall fibrosis

including EC apoptosis, myofibroblast differentiation, and
increased expression of transforming growth factor- (TGF-f)
and platelet-derived growth factor (PDGF). However, a signifi-
cant difference between this model and human SSc is that the
vascular lesions develop in the main abdominal vessels, while
in SSc, the lesions occur in the microvasculature [59].
Parvovirus B19 has also been implicated in the pathogen-
esis of SSc. Parvovirus B19 is much more commonly found
as an active infection in SSc patients (4 %) than the general
population (0.6 %) [60]. Parvovirus B19 was detected in bone
marrow biopsies from a high percentage of SSc patients
(57 %), who did not have an active B19 infection [61]. Further
studies found a correlation between B19 expression levels
and the severity of endothelial dysfunction in SSc [62]. This
suggests a potential role for this virus in SSc pathogenesis.

Endothelial Cell Cytotoxicity, Apoptosis,
and Activation

The evidence of EC injury in SSc patients prompted studies
to investigate the presence of potential cytotoxic factors in
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their serum. Some studies suggest that the cytotoxic effect of
SSc plasma on ECs is antibody dependent [63—65]. Sgonc
et al. showed that activated natural killer (NK) cells are
required for antiendothelial cell antibody (AECA)-dependent
apoptosis in human dermal microvascular ECs (MVECs)
[66]. Two different cytotoxic mechanisms can be stimulated
by NK cells: a granzyme/perforin synergistic mechanism
and Fas/FasL interaction [67].

Kahaleh et al. reported a circulating proteolytic EC cyto-
toxic factor in plasma of SSc patients [68]. In a later study,
they identified a granular enzyme, thought to be granzyme A
that significantly inhibited EC growth [69].

Granzyme B (GrB), a serine protease found in cytoplas-
mic granules of NK cells and T lymphocytes, is protective
against various pathogens [70, 71]. Some studies demon-
strate that GrB cleaves vitronectin, fibronectin, and laminin,
three proteins that have a primary role in ECM function, and
consequently inhibits cell migration, spreading, and invasion
[72]. Other studies have shown that the proteolytic activity of
GrB and other proteases contained in T-cell granules cleaves
plasminogen and plasmin into angiostatin fragments [73],
which have multiple consequences in the ECM; plasminogen
cleavage in the kringle domains produces antiangiogenic
angiostatin, the pool of plasminogen that can be converted to
plasmin is reduced, and subsequently, plasmin activity and
its effects on regulating ECM composition become limited.
Evidence indicates that this mechanism may be enhanced in
SSc plasma contributing to increased levels of angiostatin
[73].

A number of ECM cleavage products are inhibitors of
angiogenesis; they all induce EC apoptosis. These antiangio-
genic fragments include the collagen XV and XVIII break-
down product endostatin [74], collagen IV breakdown
product tumstatin [75] and canstatin [76], plasminogen
breakdown product angiostatin [73, 77], and 18-kDa prolac-
tin fragment [78], among others [79]. Under normal condi-
tions, antiangiogenic factors are tightly regulated to maintain
a balance with proangiogenic factors. In addition to elevated
plasma angiostatin levels [73], in SSc, there is evidence of
elevated levels of endostatin [80, 81] which suggests an
imbalance that favors angiogenesis inhibitors with proapop-
totic activity.

Antibody-Dependent Cellular Cytotoxicity

Autoimmunity is a major component of SSc. Interestingly,
all autoantigens are redistributed and clustered in blebs or
apoptotic bodies on the cell surface of apoptotic cells despite
their varied functions, structures, and cellular localization
[82]. This led Casciola-Rosen et al. to propose that reactive
oxygen species (ROS) in the blebs and apoptotic bodies may

produce fragments of autoantigens which expose cryptic
epitopes recognized by T cells [82]. This hypothesis has
been supported by others showing that posttranslational pro-
tein alterations expose cryptic cleavage sites with signifi-
cance in selection of autoantigens [83, 84]. The role of GrB
cleavage of autoantigens is suggested by the presence of
autoantibodies that recognize GrB-generated autoantigen
fragments particularly in limited SSc (ISSc) patients with
ischemic digital loss [85-87].

Antiendothelial Cell Antibodies (AECAs)

Circulating autoantibodies to ECs (AECAs) are found in
44-84 % of SSc patients in clinical trials [88, 89]. A
greater incidence of AECAs is found in patients with digi-
tal ischemia or PAH [90, 91]. Interestingly, AECAs bind
distinctly different micro- and macrovascular EC antigens
in SSc patients with associated PAH and in patients with
idiopathic PAH as compared to SSc patients without PAH
[92]. The variant affinities could potentially be used as a
predictor of more advanced vascular disease in SSc
patients.

The role of AECAs in the induction of EC apoptosis is
suggested by findings in the avian model of SSc (UCD
200/2006 chickens) [4]. EC apoptosis was noted following
the transfer of AECAs into normal chick embryos [93]; how-
ever, apoptosis was also noted in other cell types making it
difficult to determine if apoptosis results directly from
AECAs binding or if it is part of normal embryogenesis.

SSc sera containing autoantibodies were shown to induce
EC apoptosis [94]. A caspase inhibitor could only partially
inhibit the apoptosis, suggesting that additional factors are
involved in the induction of apoptosis. One such factor may
be the ECM microfibrillar protein fibrillin-1. Autoantibodies
to fibrillin-1 are found in a large proportion of SSc patients
[95]. Fibrillin-1 expression was detected in apoptotic ECs
(identified in the blebs and apoptotic bodies) exposed to SSc
serum containing AECAs. These data suggest that AECAs
found in SSc serum may induce fibrillin-1 expression and
EC apoptosis, but the evidence is indirect.

Besides apoptosis, more recently, it has been reported that
AECAs may play an important role in activating ECs [96].
Arends et al. demonstrated that immunoglobulins G (IgG)
from AECA-positive SSc patients, patients with idiopathic
PAH, and patients with systemic lupus erythematosus acti-
vate MVECs with increased expression of intercellular adhe-
sion molecule-1 (ICAM-1) [96]. However, disease specificity
for this observation is not established. Moreover, Wolf et al.
reported significant elevation of anti-ICAM-1 IgM antibod-
ies in the sera of both ISSc and diffuse SSc (dSSc) patients,
while elevated anti-ICAM-1 IgG antibodies were found only



16 Mechanisms of Vascular Disease

227

in 1SSc patients [97]. Moreover, anti-ICAM-1 IgG antibod-
ies bind to ECs leading to a significant increase in ROS pro-
duction [97].

Shear Stress and SSc Vascular Disease

Intimal hypertrophy and vascular remodeling are major
contributors to vascular complications and mortality in SSc
[98—100]. Key factors that contribute to vascular wall remod-
eling are shear stress, chronic hypoxia, and inflammation.

Increased shear stress impacts many aspects of the vascular
wall. It can enhance EC and VSMC proliferation, increase lev-
els of inflammatory molecules such as interleukin-8 (IL-8), pro-
mote ROS and collagen production, and inhibit eNOS levels
and EC repair.

Increased cyclic stretch, which accompanies shear stress,
plays an important role in regulating EC phenotype and gene
expression by inducing ROS production. This leads to
increased permeability, production of vascular endothelial
growth factor (VEGF) and fibroblast growth factor (FGF),
apoptosis and cytoskeletal remodeling and increased produc-
tion of ECM, matrix-degrading enzymes, and inflammation
[101, 102]. In this manner, increased cyclic stretch could
partially explain the increased formation of ECM in disor-
ders such as SSc. Cyclic stretch causes a much greater loss of
endothelial barrier function in response to VEGF stimulation
compared to no stretch controls; this effect is partially ame-
liorated by adding a ROS scavenger to the cells [101].

Reperfusion and Oxidative Injury

The concept that ischemia/reperfusion generates ROS was
reported by McCord in 1985 [103]. Ischemia/reperfusion
associated with RP leads to ROS generation that may con-
tribute to vascular endothelial damage. Reactive oxygen and
nitrogen species can contribute to vascular damage through
peroxidation of lipids, oxidation of proteins, or a flawed anti-
oxidant defense system such as that described for NO. Thus,
significant decrease in total plasma antioxidant capacity was
noted in SSc patients [104]. Moreover, antioxidant levels
inversely correlated with the severity of RP and with capil-
lary loss, suggesting that oxidative stress worsens in
advanced microvasculature disease. In addition, increased
levels of oxidative stress markers were reported and corre-
lated with the overall severity of the disease [105]. A role for
autoantibodies in deficient oxidative stress defense was sug-
gested by the presence of autoantibodies that inhibit the oxi-
dative stress repair enzyme methionine sulfoxide reductase
A and B (MSRA and MSRB [106-108]) in SSc patients
[109]. The antibody titer correlated with renal vascular dam-
age and inversely correlated with pulmonary function [109].

Agonistic Antibodies to the Platelet-Derived
Growth Factor Receptor and Generation
of ROS

Baroni et al. identified autoantibodies in the sera of SSc
patients that interact with and activate the receptor for
platelet-derived growth factor (PDGFR), resulting in ROS
accumulation in target cells that can potentially account for
tissue injury [110]. Furthermore, these antibodies are capa-
ble of upregulating the expression of a-smooth muscle actin
(x-SMA) and type I collagen in fibroblasts. Of note, these
genes are characteristically overexpressed in SSc fibroblasts.
It is interesting to note that PDGFR plays an important role
in angiogenesis related to ischemic tissue and tumor growth
[111]; nevertheless, the possible vascular consequences of
the receptor activation in SSc are not known. Moreover, sub-
sequent reports were unable to confirm the presence of stim-
ulatory anti-PDGFR antibodies in SSc sera. Differences in
the methodologies of these studies might account for the dis-
crepant results, and further investigations are needed to fur-
ther dissect the role of stimulatory anti-PDGFR antibodies in
SSc [112].

Epigenetics and SSc Vasculopathy

The basis for EC dysfunction and altered cellular phenotype
in SSc has not been determined, but primary metabolic
abnormalities, responses to abnormal environmental signals,
and clonal selection have all been hypothesized to play a role
[113]. Nonetheless, SSc cellular abnormalities persist in
multiple generations in vitro. The persistence of dysfunc-
tional phenotype outside the disease environment suggests
the possibility of an in vivo imprinting of disease phenotype
that is inherited and is transmitted from one generation to the
next. The term epigenetics describes all inherited changes in
gene expression that are not coded in the DNA sequence
itself. The two major mechanisms that are known to mediate
epigenetic changes are DNA methylation and histone modi-
fication. More recently, microRNAs (miRNAs) have been
identified as a major contributor to gene expression through
posttranscriptional mechanisms [114] and thus were added
to the epigenetic machinery.

Methylation of the CpG dinucleotides has long been rec-
ognized as a major epigenetic modification of the mamma-
lian genome and is implicated in imprinting, X chromosome
inactivation, embryonic development, defense against retro-
viral sequences, transcriptional repression of certain genes,
and carcinogenesis [115, 116]. CpG islands are stretches of
DNA located within the promoter regions of about 40 % of
mammalian genes. The methylation of CpG islands leads to
a stable, heritable repression of transcription of the affected
gene. DNA methylation is the most widely studied epigene-
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tic mechanism in autoimmune diseases and is considered the
core epigenetic control mechanism. DNA methylation is
accomplished by the de novo DNA methyltransferases
(DNMTs) DNMT3a and DNMT?3b, while an existing meth-
ylation pattern is maintained during cell division and thus
inherited in proliferating cells by DNMT1 [117].

There is emerging evidence suggesting that alteration of
DNA methylation profiles at global or gene-specific levels
may contribute to SSc pathogenesis. Endothelial nitric oxide
synthase gene (NOS3) expression is reduced in SSc skin and
cultured ECs [118]. Data suggest that heavy methylation of
the CpG sites in the promoter region of NOS3 gene leads to
gene repression and that the addition of DNMT1 inhibitor
5-azacytidine leads to normalization of NOS3 expression. The
significance of underexpression of NOS3 is illustrated by the
fact that NOS3-null mice are characterized by systemic and
pulmonary hypertension, impaired wound healing and angio-
genesis, and impaired mobilization of stem and endothelial
precursors, leading to failure of neovascularization [119, 120].
Another endothelial gene that appears to be regulated by epi-
genetic control is bone morphogenic protein receptor II
(BMPRII). BMPs are members of the TGF-§ superfamily of
proteins that coordinate cell proliferation, differentiation, and
survival. The latter is particularly true for ECs, since BMP
signaling through BMPRII favors EC survival and apoptosis
resistance. An inactivating mutation in the BMPRII gene has
been linked to primary pulmonary hypertension suggesting a
crucial role in the development of PAH-related vasculopathy
[121]. In SSc, significant decrease in the expression levels of
BMPRII in ECs and skin was described [122]. This was shown
to be associated with enhanced responses of SSc ECs to apop-
totic signals, including serum starvation and oxidation injury.
Sequencing the BMPRII promoter region after bisulfite con-
version demonstrated heavy methylation of CpG sites in
BMPRII promoter in SSc ECs. BMPRII expression levels and
the enhanced EC apoptotic responses were normalized by the
addition of 5-azacytidine. These data suggest that epigenetic
repression of BMPRII gene may play a central role in EC vul-
nerability to apoptosis and that impaired BMPRII signaling in
SSc ECs may contribute to the pathogenesis of SSc vasculopa-
thy [122].

The exact nature of epigenetic triggers in SSc is not known,
but both hypoxia and oxidation injury are suggested triggers,
as well as nutrients and other environmental factors [123].

Defective Vascular Regeneration in SSc

Vasculopathy in SSc is systemic, progressive, and often
irreversible. This suggests that structural changes culminat-
ing in the obliteration and loss of the microvasculature are
not normally repaired by either a compensatory growth of
new vessels from existing vessels (angiogenesis) or de novo

formation of new vessels (vasculogenesis). Both defective
angiogenic pathways, as well as abnormalities in the release
of bone marrow-derived progenitor cells, which have the
potential to initiate vascular repair, have been identified in
SSc patients.

Defective Angiogenesis: The Proangiogenic
to Antiangiogenic Switch

Tissue ischemia and hypoxia are usually the main triggers
for angiogenesis through the upregulation of proangiogenic
factors, which then initiate angiogenic sprouting from preex-
isting microvessels by inducing vasodilation, proliferation,
and migration of ECs, invasion of the surrounding extracel-
lular matrix, and formation and stabilization of the vascular
lumen of newly formed capillary vessels [124]. However,
despite chronic tissue ischemia and progressive loss of
microvessels in multiple vascular beds, compensatory angio-
genesis is dysregulated and insufficient, and it does not allow
vascular recovery in the course of SSc [125, 126].

Increasing evidence indicates that a dysregulated expres-
sion of a large array of proangiogenic and antiangiogenic
factors may be largely responsible for the impaired angio-
genic response found in patients with SSc [125, 126]. The
nailfold capillaroscopic changes observed in the course of
SSc may be explained by the action of different factors on
angiogenesis. In the early stages of the disease, a proinflam-
matory state and an increased production of proangiogenic
factors may stimulate angiogenesis. As a result, capillaro-
scopic analysis of the nailfold bed demonstrates the presence
of microhemorrhages and tortuous, giant capillary loops,
which are immature and instable microvessels presumably
formed during an uncontrolled angiogenic response. This
short proangiogenic response is followed by a dramatic
impairment of the angiogenic process which might in part be
explained by the action of several antiangiogenic factors,
ultimately resulting in reduced capillary density and exten-
sive avascular areas. Thus, the dramatic switch from proan-
giogenic to antiangiogenic characteristics suggests that the
angiogenic process becomes impaired.

However, the functional role of angiogenic mediators in
the disease pathogenesis is still poorly understood.
Interestingly, while both several proangiogenic and antian-
giogenic factors are overexpressed in SSc [125, 126], there
appears to be an imbalance in the ratio of these mediators,
favoring inhibition of angiogenesis and progressive vascular
disease (Table 16.1).

Among the proangiogenic factors, VEGF is considered
one of the most potent regulators of physiologic and patho-
logic angiogenesis and is overexpressed in most angiogenic
conditions. Surprisingly, several studies have demonstrated
enhanced expression of VEGF in both the skin and the circu-
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Table 16.1 Dysregulated proangiogenic and antiangiogenic media-
tors in SSc

Proangiogenic Antiangiogenic
VEGF Endostatin
FGF-2 Angiostatin

Platelet-derived growth factor Pentraxin 3

Interleukin-8/CXCLS8 VEGF ¢sb

Stromal cell-derived factor 1/CXCL12 IP-10/CXCL10
Interleukin-6 MIG/CXCL9
CXCL16 Angiopoietin 2
EGFL7 Interleukin-4
Tissue kallikrein Platelet factor 4
Kallikrein 9, 11, and 12 Soluble endoglin
Fractalkine/CX3CL1 Thrombospondin 1

Placental growth factor (PIGF) Kallikrein 3

lation of SSc patients throughout different disease stages
[125, 127-131]. The paradox is that VEGF levels, rather than
being associated with evidence of angiogenesis, actually cor-
relate with progressive microvascular loss and disease pro-
gression. In fact, a positive correlation was found between
VEGF levels and the severity of nailfold capillary loss as well
as with the extent of skin fibrosis measured by Rodnan skin
thickness score [130]. Moreover, VEGFR-1 and VEGFR-2
are also upregulated on dermal ECs in SSc-affected skin [129,
131]. Nevertheless, there is also evidence suggesting that
VEGEF receptor signaling may be impaired in SSc based on
the observation that dermal MVECs isolated from SSc
patients show impaired response to VEGF in vitro [132].

As an explanation for the “VEGF paradox,” it has been
shown that VEGF-A primary transcript can be alternatively
spliced in its terminal exon, producing two distinct mRNA
splice variants that are translated to the proangiogenic
VEGF s and antiangiogenic VEGF4sb isoforms. Of interest,
Manetti et al. reported that the increase in VEGF in SSc skin
was the result of a significant increase in the antiangiogenic
VEGF 45b isoform instead of VEGF 45 [133]. Moreover, they
provided evidence that circulating levels of VEGF,4b were
raised in SSc and that these increased levels were both early
and persistent features of the disease. In addition, MVECs
isolated from SSc skin constitutively expressed and released
higher levels of VEGF b than did MVECs from healthy
individuals [133]. Interestingly, VEGF ;s and VEGF ¢sb iso-
forms bind to the tyrosine kinase receptor VEGFR-2 with the
same affinity, but binding of VEGF4sb results in an insuffi-
cient tyrosine phosphorylation/activation of VEGFR-2 and
incomplete or transient downstream signaling, which leads
to an impaired angiogenic response [127]. Accordingly, SSc
MVECs expressed higher levels of VEGFR-2 but also
showed impaired phosphorylation/activation of this receptor,
reduced activation of extracellular signal-regulated kinase
(ERK)1/2, and impaired capillary morphogenesis in vitro
[133]. Of note, treatment with recombinant VEGF 4b, as

well as with conditioned media from SSc MVECs, inhibited
VEGF,4s-mediated VEGFR-2 phosphorylation, ERK1/2 sig-
naling, and capillary morphogenesis in healthy MVECs, and
these antiangiogenic effects could be abrogated by the
administration of anti-VEGF ;b neutralizing antibodies.
The angiogenic potential of SSc MVECs is significantly
impaired, but can be restored by the addition of combination
of high-dose recombinant VEGFs; and anti-VEGF,¢sb-
blocking antibodies [133]. Finally, it is interesting to note
that the switch from proangiogenic to antiangiogenic VEGF
isoforms may be driven by TGF-p and the SRp55 splicing
factor [133]. In another recent study, Manetti et al. [134]
have reported that plasma levels of the antiangiogenic
VEGF ;b isoform correlated with the severity of capillary
architectural loss and derangement, further suggesting that
VEGF 4sb may participate in the loss of microvessels in SSc
(Fig. 16.4).

A dysregulated expression of different chemokines and
their receptors has also been linked to disturbed angiogenesis
in SSc. In particular, antiangiogenic chemokines lacking the
enzyme-linked receptor (ELR) motif, such as monokine
induced by interferon-y (IFN-y) (MIG/CXCL9) and IFN-
inducible protein 10 (IP-10/CXCL10), are elevated in SSc
serum, whereas the expression of their receptor CXCR3 is
downregulated on SSc dermal ECs [135]. In contrast, proan-
giogenic CXCL16 and its receptor CXCRG6 are elevated in
SSc serum and on SSc dermal ECs, respectively [135]. Thus,
these findings may suggest that angiogenic chemokine
receptor expression is likely regulated in an effort to promote
angiogenesis.

Elevated levels of antiangiogenic pentraxin 3 (PTX3), a
multifunctional pattern recognition protein that can sup-
press fibroblast growth factor 2 (FGF-2) proangiogenic
function, have been associated with vascular manifestations
of SSc [136]. Circulating PTX3 and FGF-2 levels were sig-
nificantly higher in SSc patients than in healthy subjects.
Moreover, circulating levels of PTX3 are elevated in SSc
patients with digital ulcers or PAH, while FGF-2 is reduced
in SSc patients with PAH. Multivariate analysis identified
elevated PTX3 as an independent parameter associated with
the presence of digital ulcers and PAH, and PTX3 levels
were a useful predictor of future occurrences of digital
ulcers. Reduced FGF-2 was independently associated with
the presence of PAH [136].

In another recent study, Manetti et al. investigated the
possible involvement of epidermal growth factor-like domain
7 (EGFL7), a unique proangiogenic molecule which is pre-
dominantly expressed and secreted by ECs and their progen-
itors and controls vascular development and integrity [137].
Circulating levels and dermal expression of EGFL7 were
significantly decreased in SSc patients. Remarkably, the
decrease of serum EGFL7 levels in SSc patients correlated
with the severity of nailfold capillary abnormalities and
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Fig. 16.4 In most
angiogenic conditions, such
as cancers, proangiogenic
VEGF s predominates,
whereas in deficient
angiogenic conditions, such

as SSc, the balance shifts to VEGF 1650 upregulated
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presence of digital ulcers. In contrast to constitutive
endothelial expression of EGFL7 in healthy skin, EGFL7
was found to be strongly reduced or even undetectable in
SSc dermal microvessels. Furthermore, EGFL7 protein was
found to be significantly downregulated in vitro in dermal
MVECs obtained from SSc patients compared with control
cells. Thus, it has been suggested that the loss of EGFL7
expression might contribute to the development and progres-
sion of peripheral microvascular damage and defective vas-
cular repair process in SSc patients [137].

Defective Vasculogenesis

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 studies published over the last few years
suggest that impairment of vasculogenesis (i.e., the genera-
tion of new blood vessels by stem or progenitor cells) and
vascular repair may be also involved in SSc capillary loss, as
shown by altered numbers and functional defects of circulat-
ing EPCs [125]. In fact, new blood vessels can be formed in
the adult not only by the sprouting of fully differentiated ECs
but also by recruitment of circulating progenitor cells, inde-
pendently of the preexisting vasculature [138]. In particular, a
subset of bone marrow-derived CD34* progenitor cells can
acquire the characteristics of mature ECs, express EC mark-
ers, and incorporate into new capillary vessels at sites of isch-
emia [138]. Postnatal vasculogenesis contributes to vascular
healing in response to vascular injury through the processes
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of rapid re-endothelialization of denuded vessels and collat-
eral vessel formation in ischemic tissues. In this process,
EPCs (identified as CD34*/CD133*/VEGFR-2* cells) are
mobilized from their bone marrow niches into the circulation
in response to stress- and/or damage-related signals and
migrate through the bloodstream and home to the sites of vas-
cular injury, where they extravasate through the endothelium
and contribute to the formation of neovessels and the repair of
damaged vasculature working in concert with preexisting
mature ECs.

Several studies have analyzed the levels of circulating
EPCs in the peripheral blood of SSc patients in comparison
with healthy controls and/or other rheumatic conditions
[125, 139, 140]. Although conflicting results have been
reported, a possible correlation between reduction in the
number of EPCs and severity of peripheral vascular manifes-
tations has been demonstrated [141]. Moreover, it has been
shown that SSc serum may induce EPC apoptosis and that
this might account, at least in part, for the decreased numbers
of circulating EPCs in SSc patients [142]. AECAs may also
be directly responsible for apoptosis of EPCs in SSc [143].
In another study, EPC (defined as CD34*/CD133*/CD309%)
counts were significantly lower in SSc patients with digital
ulcers or PAH and correlated negatively with circulating lev-
els of antiangiogenic PTX3 [136]. Interestingly, PTX3 inhib-
ited differentiation of EPCs in vitro [136]. Moreover, EPCs
from SSc patients exhibited an impaired in vivo neovascular-
ization capacity in a model of cotransplantation of immuno-
magnetically sorted circulating EPCs and murine colon
carcinoma CT-26 cells beneath the skin of severe combined
immunodeficiency (SCID) mice [144].
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In addition to CD34* EPCs, it has been proposed that
bone marrow-derived CD14* monocytes can serve as a sub-
set of EPCs because of their expression of endothelial mark-
ers and ability to promote neovascularization in vitro and
in vivo [145]. However, the current consensus is that mono-
cytic cells do not give rise to ECs in vivo, but rather function
as support cells, by promoting vascular formation and repair
through their recruitment to the site of vascular injury, secre-
tion of proangiogenic factors, and differentiation into mural
cells (VSMCs and pericytes). These CD14* monocytes that
function in a supporting role in vascular repair are now
termed monocytic proangiogenic hematopoietic cells (PHCs)
[145]. Yamaguchi et al. recently showed that in patients with
SSc, circulating monocytic PHCs increase dramatically in
association with enhanced angiogenic potency, suggesting
that these compensatory effects may be induced in response
to defective vascular repair machinery [145].

Cipriani et al. examined the in vitro capacity of bone
marrow-derived mesenchymal stem cells (MSCs) to differen-
tiate toward the EC lineage [146]. In SSc patients, the percent-
age of VEGFR-2* and CXCR4* MSCs and endothelial-like
MSCs was significantly lower than in controls. Accordingly,
both SSc MSCs and endothelial-like MSCs displayed impaired
responses to VEGF- and stromal cell-derived factor-1 (SDF-
1)-induced migration, invasion and capillary-like structure
formation on Matrigel, as well as an early senescence [146].
These data collectively suggest that endothelial repair may be
affected in SSc starting from bone marrow stem niches.
However, despite an impaired commitment toward the endo-
thelial phenotype, Guiducci et al. [147] demonstrated that SSc
bone marrow-derived MSCs exhibit an intact, or even potenti-
ated, proangiogenic paracrine machinery that is suitable for
autologous therapeutic approaches. Indeed, SSc MSCs over-
express different proangiogenic growth factors and are able to
promote dermal EC sprouting angiogenesis in vitro [147]. In
agreement with these findings, the same authors reported that
intravenous infusion of culture-expanded autologous bone
marrow-derived MSCs could regenerate the peripheral vascu-
lar network in a case of SSc complicated by acute gangrene of
the extremities [148]. Other observations have provided sup-
port for the efficacy of MSCs in treating intractable digital
ulcers, where autologous injection of MSCs led to a reduction
in the size of the ulcers, an increase in blood flow, and the
formation of new capillaries [149].

The Plasminogen Activator Pathway

The plasminogen activator (PA) pathway plays key roles in
angiogenesis. Plasminogen is a precursor of proangiogenic
plasmin [150] and a precursor of antiangiogenic angiostatin
[77]; therefore, it plays a complicated role in the regulation
of vascular homeostasis. Plasminogen can be cleaved at the
carboxy terminus by PA to produce plasmin, a proteolytic

and fibrinolytic protease. Its proteolytic activity activates
many key proangiogenic factors including VEGF [151],
TGF-p [152] and matrix metalloproteinases (MMPs) [153].
Plasminogen can also be cleaved within its amino terminus
kringle domains by a number of proteases [154, 155]. The
cleaved kringle domain fragments are angiostatin of various
sizes with different antiangiogenic activity. Thus, alterations
in plasminogen processing can have a profound effect on
angiogenic homeostasis.

Plasmin activity is reduced in SSc while the amount of
circulating angiostatin is increased [73]. This proangiogenic/
antiangiogenic imbalance was manifested by reduced migra-
tion and proliferation of normal human dermal MVECs
when exposed to SSc patients’ plasma. Interestingly, expo-
sure of normal dermal MVECs to angiostatin in amounts
similar to those detected in SSc plasma resulted in a signifi-
cant impairment of cell migration and ability to form vascu-
lar structures in collagen gels [73].

The PA pathway is further implicated in SSc by studies
that examined the importance of urokinase plasminogen acti-
vator receptor (UPAR) in ECs isolated from SSc patients’
skin biopsies. uPAR plays an important role in cell motility,
adhesion, and matrix invasion through its binding interac-
tions with urokinase plasminogen activator (uPA) [156], vit-
ronectin [157], and intracellular signaling mediators, such as
the integrin receptors [158]. D’ Alessio et al. have 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 [132]. The uPAR cleavage in SSc
MVECs was associated with the overexpression of MMP-12
[132]. Indeed, overproduction of MMP-12 by SSc dermal
MVEC:s and fibroblasts accounts for endothelial uPAR cleav-
age leading to impaired uPA-induced MVECs migration,
invasion, proliferation, and capillary morphogenesis on
Matrigel [132]. Strikingly, treatment with an anti-MMP-12
monoclonal antibody was able to restore the angiogenic
activity of normal MVECs treated with conditioned media
from SSc MVECs [132, 159]. Furthermore, uPAR cleavage
in SSc MVECs results in loss of integrin-mediated uPAR
connection with the actin cytoskeleton [159]. The uncou-
pling of cleaved uPAR from B2 integrins impairs the activa-
tion of the small Rho GTPases Rac and Cdc42 and thus
inhibits uPAR-dependent cytoskeletal rearrangement and
cell motility, and ultimately resulting in impaired angiogen-
esis [159]. In a subsequent study, the same authors reported
that MMP-12 gene silencing could in part restore the ability
of SSc MVEC:s to produce capillary structures in vitro [160].
Moreover, elevated levels of MMP-12 in the circulation of
SSc patients were associated with the severity of nailfold
capillary abnormalities and the presence of digital ulcers
[161]. Interestingly, elevated MMP-12 may suppress
angiogenesis not only through the cleavage and subsequent
inactivation of uPAR [132] but also through the proteolysis
of plasminogen and generation of angiostatin [162].
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Microarray Studies Revealing Altered Balance
of Proangiogenic and Antiangiogenic Factors
in SSc

Gene expression levels of proangiogenic and antiangiogenic
factors have been analyzed in microarray studies which com-
pared the transcriptome profiling of dermal MVECs isolated
from skin biopsies from normal individuals and SSc patients
[163, 164]. One microarray gene expression study detected
important differences between normal and SSc MVECs in
the kallikrein gene family [163]. Proangiogenic kallikreins
9, 11, and 12 were downregulated in SSc MVECs, whereas
antiangiogenic kallikrein 3 was upregulated. The microarray
data were further validated in experiments using normal
MVECs treated with antibodies against kallikreins 9, 11, and
12 and subsequently analyzed in migration, proliferation,
and capillary morphogenesis functional assays. All three
antibodies were able to block angiogenesis in healthy
MVECs [163]. Among the multiple kallikrein family mem-
bers, 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 the blood vessels acts through kinins
which modulate a broad spectrum of vascular functions,
playing an important role in the regulation of vascular
homeostasis and angiogenesis [165-167]. Del Rosso et al.
found that tissue kallikrein circulating levels are increased in
SSc, particularly in patients with signs of early and active
vascular disease, suggesting a role in the development of SSc
microvascular abnormalities [168].

A second microarray gene expression study examined the
expression of 14,000 genes in MVECs from skin biopsies
obtained from normal subjects and dSSc patients [164].
Genes were categorized into functional groups based on
gene ontology. Of those 14,000 genes, SSc MVECs overex-
pressed a number of proangiogenic transcripts but also a
variety of genes that have a negative effect on angiogenesis
[164]. Conversely, several genes that promote cell migration
and adhesion to the ECM were downregulated in SSc
MVECs, suggesting an anti-invasive phenotype of these
cells [164]. In particular, the angiogenesis inhibitor PTX3,
which is known to inhibit the proangiogenic effects of FGF-
2, was strongly upregulated in SSc MVECs compared with
normal MVECs [164]. Interestingly, in a subsequent study,
Margheri et al. reported that silencing of PTX3 in SSc
MVECs significantly increased their invasion in Matrigel
and could in part restore their ability to produce capillary
tubes in vitro [160]. Moreover, the 14,000 gene microarray
study reported a reduced expression of desmoglein-2 (DSG2)
in SSc MVECs [164]. Thus, to identify the role of DSG2
downregulation in the defective angiogenesis characteristic
of SSc, Giusti et al. [169] studied the effect of silencing
DSG2 in normal MVECs using DSG2-siRNA. The authors
reported impaired actin stress fiber formation and diminished

capillary morphogenesis in vitro. Of note, transfection of
DSG2 into SSc MVECs restored their angiogenic properties
in vitro to normal levels [169].

Avouac et al. investigated the gene expression profile of
circulating EPC-derived ECs in normal and hypoxic
conditions [170]. Their data revealed important gene
expression changes in EPC-derived ECs from SSc patients,
characterized by a proadhesive, proinflammatory, and
activated phenotype [170].

Finally, the gene array study of Tinazzi et al. showed that
circulating ECs from SSc patients display an altered expres-
sion of genes involved in the control of apoptosis and angio-
genesis which may be modified by iloprost infusion [171].

Role of Perivascular Cells

Pericytes are located on the abluminal side of ECs in
capillaries, precapillary arterioles, and postcapillary
venules [172—174]. They are in close spatial proximity to
and provide partial coverage for ECs [172]. Pericyte cell
bodies and ECs are contained within the same basement
membrane [175]. Vascular stabilization or maturation
requires maintenance of established vessels and EC cover-
age by pericytes or VSMCs around the endothelial layer
during angiogenesis [176].

Pericytes are contractile cells [177] which enable them to
participate in hemodynamic regulation of microvascular
blood flow and permeability by modifying (increase or
decrease) inflammatory leakage at EC junctions. Additionally,
pericytes contract in response to vasoactive mediators; ET-1,
norepinephrine, angiotensin II, and bradykinin stimulate
pericyte contraction, while NO, adenosine, adrenergic antag-
onists, and lipopolysaccharide induce pericyte relaxation
[178-181].

Vascular permeability can be regulated by the extent of
EC coverage by pericytes or by the extent of pericyte con-
traction that modifies EC intercellular junctions [182-185].
Pericyte coverage of EC junctions prevents leakage of pro-
teins and cells from the vessel wall [174].

Pericytes are considered to be progenitor cells with the
potential to differentiate into different cell types such as
fibroblasts and myofibroblasts [186—189]; thus, they may
link vascular injury to tissue fibrosis. Microvascular peri-
cytes express PDGF receptors in wound healing and dermal
scarring tissue [190, 191], as well as in early stages of SSc
[192-194]. In another study [195], myofibroblasts were
found in SSc skin biopsies, but not in normal skin. Two
markers of myofibroblast differentiation were expressed in
both pericytes and myofibroblasts in SSc but not in control
biopsies [195], suggesting that pericytes may represent a
source of myofibroblasts during dermal fibrosis. Asano et al.
reported a decreased pericyte coverage of dermal capillaries
in SSc [196].
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Healthy skin

SSc skin

Fig. 16.5 (a, b) Representative photomicrographs of skin sections from
healthy controls and SSc patients double immunostained for CD34
(green) and CD31 (red) and counterstained with DAPI (blue) to identify
the nuclei. Telocytes are identified as CD34-positive/CD3 1-negative stro-
mal cells, while endothelial cells are CD34/CD31 double positive. (a)
Telocytes are numerous in healthy dermis, where they surround the
microvessels (arrows). (b) No telocytes can be observed in SSc affected

Besides fibroblasts, myofibroblasts, and pericytes, recent
evidence indicates that other stromal cell types may be impli-
cated in the pathophysiology of SSc. Telocytes, formerly called
interstitial Cajal-like cells, are a distinct population of stromal
cells that are characterized by very long cytoplasmic processes
[197]. Telocytes act as supporting cells by forming a scaffold
that defines the correct three-dimensional organization of tis-
sues/organs during prenatal life and during tissue repair/
renewal in postnatal life. It has been suggested that telocytes
are involved in intercellular signaling that could influence the
transcriptional activity of neighboring cells, either directly, by
cell-to-cell contacts, or indirectly, by shedding microvesicles
and exosomes or by secreting paracrine signaling molecules,
including miRNAs [197]. Recently, Manetti et al. reported that

dermis. Original magnification: x40. (¢, d) Representative transmission
electron microscopy (TEM) photomicrographs of healthy and SSc skin.
(¢) Healthy skin. The thin and long varicose processes of a perivascular
telocyte (TC) encircle the basal lamina of a blood microvessel (arrows).
(d) SSc skin. Telocytes are not identifiable around an occluded microves-
sel. Only a few cell debris are observed. The vessel basal lamina is thick-
ened (asterisk). EC endothelial cell. TEM; Original magnification: x6000

telocytes display severe ultrastructural damage suggestive of
ischemia-induced cell degeneration and are progressively lost
from clinically affected SSc skin [198]. The authors proposed
that, in SSc skin, the progressive loss of telocytes contributes to
the altered three-dimensional organization of the ECM and
may reduce the control of fibroblast and myofibroblast activity,
thus favoring the fibrotic process [198]. Since telocytes are
abundant in perivascular location, where they intimately sur-
round the vessel basement membrane, and produce proangio-
genic factors and participate to vascular stability [197],
presumably their loss may even be linked to microvascular
abnormalities in SSc. Immunofluorescence and transmission
electron microscopy photomicrographs of telocytes and
microvessels in healthy and SSc skin are shown in Fig. 16.5.
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Vascular Wall Remodeling in SSc

Vascular remodeling follows microvascular injury and
damage. Intimal and medial thickening and adventitial fibro-
sis are the common forms of remodeling found in SSc [149].
Intimal lesions change the vessel function and alter the com-
position and organization of the ECM. VSMCs are likely
responsible for generating the fibrotic intimal lesions [149].
Under normal conditions, they assume a contractile or dif-
ferentiated phenotype and regulate vessel diameter and blood
flow. In pathological conditions, VSMCs become synthetic
or dedifferentiated and generate intimal lesions through their
secretion of ECM proteins in the absence of their contractile
function [199-201]. Dysfunctional ECs, infiltrating
leukocytes, and altered ECM in SSc provide the cues for
intimal VSMCs to proliferate and form a fibrotic vascular
lesion. In a recent study, Arts et al. demonstrated that a
unique SSc IgG may induce growth and profibrotic state in
VSMCs through the activation of the epidermal growth fac-
tor receptor signaling cascade [202].

Another theory is that transdifferentiation of ECs via the
process of TGF-B-induced EndoMT may preferentially lead
to subendothelial accumulation of myofibroblasts and
fibrotic tissue with subsequent neointimal thickening, lead-
ing to a fibroproliferative vasculopathy [12, 203].

The ECM and basement membrane provide a support
scaffold that is essential for blood vessel stability. Adhesion
of ECs to the ECM enables them to undergo migration, pro-
liferation, and morphogenesis, which are all necessary for
neovascularization [204]. Degradation of the ECM/basement
membrane leads to vessel collapse/regression [205-208].
Proteases that degrade the ECM/basement membrane play a
key role in matrix remodeling during normal wound healing
as well as in vascular diseases such as SSc.

The proteolytic activity of plasmin modifies many aspects
of the ECM. It is the primary protease that degrades fibrin
[207, 208], an ECM protein that forms a supportive scaffold
for angiogenic vessels [209-211]. Fibrin, the major constitu-
ent of provisional matrix, enables ECs to adhere, spread, and
proliferate [212, 213]. Fibrin or accumulated fibrinogen can
be broken down by plasmin to negatively regulate angiogen-
esis [214, 215]. Reduced plasmin in SSc patients has been
reported [73].

In addition to its own proteolytic activity, plasmin contrib-
utes to matrix remodeling by activating numerous MMPs
[216, 217]. Of those, MMP-1, -3, -9, -10, and -13 promote
capillary network regression followed by EC apoptosis [218,
219]. Several laboratories have examined plasma from SSc
patients for the presence of various MMPs. One study reported
that MMP-9 was downregulated in SSc patients, particularly
those with PAH [220]. In another study, MMP-9 concentra-
tions were greater in SSc plasma than controls [221].

Vascular Hypoxia in the Pathogenesis of SSc

Capillary rarefaction and disturbed blood flow, as well as
excessive ECM accumulation, cause chronic tissue hypoxia
in SSc. It was postulated that the avascular antiangiogenic
areas visible in nailfold beds may result from tissue hypoxia
and that the enlargement of capillaries may be a localized
compensatory proangiogenic response to tissue hypoxia
[125, 129]. In fact, intradermal skin oxygenation measure-
ments verified hypoxic conditions in SSc patients with more
advanced disease as compared to those with early disease
and controls. Interestingly, expression of HIF-1a, a hypoxia-
inducible transcriptional factor that upregulates VEGF, in
the skin of SSc patients was lower than in controls.
Additionally, HIF-1a expression did not correlate with
VEGF expression pattern. Thus, it is concluded that increased
VEGF expression in SSc patients is not stimulated by
hypoxia, but could be the basis of megacapillaries [129].
However, subsequent studies demonstrated that the increase
in VEGF expression in SSc skin was mainly the result of a
significant increase in the antiangiogenic VEGF ¢sb isoform
instead of proangiogenic VEGF 45 [133].

The expression levels of VEGF, VEGFR-1, and VEGFR-2
have been examined also in late-outgrowth EPCs isolated
from SSc patients and normal controls [222]. This study
showed reduced mRNA and protein expression of
VEGFR-1 in SSc EPCs under hypoxic conditions. Serum
levels of soluble VEGFR-1 were significantly lower in SSc
patients compared to controls, while soluble VEGF levels
were elevated in SSc patients. Thickened skin in SSc may
lead to hypoxia, as suggested by oxygen measurement in
SSc skin [129, 223]. In both studies, the lowest oxygen levels
were found in the thickened fibrotic skin. DNA microarray
studies in human pulmonary arterial ECs exposed to nor-
moxic or hypoxic conditions and in ECs infected with a con-
stitutively active HIF-1a or p-galactosidase and exposed to
nonhypoxic conditions [224] showed that genes upregulated
by HIF-1a regulate collagen biosynthesis. The list includes
COL1A2, COL4Al, COL4A2, COL5Al1, COL9Al,
COLI18AL1, procollagen prolyl hydroxylases, lysyl oxidase,
and lysyl hydroxylases [224]. Thus, hypoxia could actively
contribute to the fibroproliferative vasculopathy with intimal
thickening characteristic of SSc.

In a recent study, Makarenko et al. [225] demonstrated
that exposing human MVEC:s to intermittent hypoxia induces
cell dysfunction associated with an increase in ROS forma-
tion and ERK phosphorylation. Of note, inhibition of the
ERK signaling pathway and the use of antioxidants pre-
vented the effect of intermittent hypoxia on MVECs [225].
This observation argues for a possible role for antioxidants in
prevention of MVEC dysfunction mediated by intermittent
hypoxia in vascular disorders such as SSc.
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Relationship of Vasculopathy to Fibrosis

SSc is a connective tissue disease with markedly increased
levels of collagen deposition that causes tissue fibrosis.
Fibroblasts acquire abnormal characteristics that include
increased proliferation, a switch to the activated state (myofi-
broblasts), and synthesis of abnormally high levels of colla-
gen and other ECM components [226]. Excessive ECM
deposition and accumulation in the heart, lung, vessels, skin,
and kidney result in uncontrolled organ fibrosis and organ
dysfunction, which are a major part of the SSc pathology.
Despite the abnormal fibroblast activities that lead to the
fibrotic state in SSc patients, the defective vasculature
response to injury is considered to occur before fibrosis [149].
There are various hypotheses as to the mechanism by which
the vascular system may contribute to fibrosis. One theory
proposes that cytokines secreted by activated ECs form a gra-
dient that attracts fibroblasts to the blood vessels which, in
turn, stimulate fibroblast proliferation, activation, as well as
synthesis and secretion of collagen. In support to this hypoth-
esis, the deposition of ECM appears mostly clustered in peri-
vascular regions in early fibrotic lesions. Another proposed
mechanism is that ECs become permeable, which results in
interstitial secretion of factors that stimulate fibroblast prolif-
eration, activation, and production of collagen [226].

Two factors that have been implicated in the link between
SSc vasculopathy and fibrosis are TGF-f and connective tis-
sue growth factor (CTGF/CCN2). The TGF-p-dependent
mechanism is linked to EC apoptosis and myofibroblast dif-
ferentiation. Apoptotic ECs recruit phagocytes, particularly
macrophages that engulf the apoptotic cells. This event stim-
ulates upregulation of TGF-f, which promotes profibrotic
myofibroblast differentiation and apoptosis resistance [227].

Another proposed mechanism is centered on CTGF and is
independent of TGF-p pathway [228]. CTGF is a fibrino-
genic protein that is constitutively expressed in dermal fibro-
blasts isolated from dSSc patients [229, 230]. Furthermore,
CTGF injected subcutaneously into neonatal NIH Swiss
mice stimulates tissue fibrosis without TGF-f upregulation.
Further delineation of this mechanism was performed in
C3H mice injected subcutaneously with serum-free medium
conditioned by apoptotic murine aortic ECs. The mice that
received the apoptotic ECs developed thickening of the skin
with elevated expression of a-SMA, vimentin, and collagen
and myofibroblast differentiation. Myofibroblast differentia-
tion was reversed when caspase-3 expression was inhibited
in ECs. CTGF was identified as the sole fibrinogenic protein
whose expression was upregulated in mice treated with
apoptotic ECs [228].

The notion that MVECs may play a central role in the
pathogenesis of SSc, including activation of the fibrotic
program, was reemphasized recently by a report from Serrati

et al. [231], who demonstrated that conditioned media
obtained from cultured SSc MVECs, but not control MVECs,
evoked fibroblast activation as suggested by the overexpres-
sion of a-SMA, vimentin, and type I collagen. Moreover, the
activated fibroblasts exhibited an aggressive mesenchymal
cell behavior by upregulating MMP-2 and MMP-9 expres-
sion and acquiring the ability to invade Matrigel. The effect
of SSc MVEC conditioned media on fibroblasts was medi-
ated by elevated CTGF/CCN2, which in turn activates TGF-
f. Interestingly, the use of CTGF/CCN?2 inhibitor and TGF-8
inhibitor peptides reversed fibroblast activation induced by
SSc MVEC conditioned media [231].

Vascular injury can activate platelets to release serotonin
and other profibrotic mediators, which ensures efficient and
self-limited wound healing under physiologic conditions. By
contrast, chronic vasculopathy may cause persistent increase
in serotonin levels and perpetuate profibrotic tissue repair
processes, thus linking vascular disease and fibrosis in SSc
[232]. Indeed, serotonin stimulates fibroblasts to release
excessive amounts of ECM proteins. The profibrotic effects
of serotonin are exclusively mediated via SHT,g receptors
which are overexpressed in SSc, suggesting an increased
sensitivity of SSc fibroblasts to the profibrotic effects of
serotonin [232].

Finally, an important link between vasculopathy and
fibrosis in SSc pathogenesis may be represented by chronic
overexpression of VEGF. In fact, Maurer et al. reported that
double (+/+) VEGF transgenic mice spontaneously develop
significant skin fibrosis, indicating profibrotic effect of
VEGF in a gene-dosing manner [233]. Moreover, in vitro
analysis revealed that VEGF is able to directly induce colla-
gen synthesis in dermal fibroblasts [233].

Animal Models of SSc Vasculopathy

Animal models provided invaluable tools for unraveling the
cellular and molecular events that drive the development of
tissue fibrosis. All SSc models were discovered because of
their fibrotic phenotype [234, 235]. However, only few ani-
mal models of SSc replicate the full spectrum of the human
disease, including the fibrotic, vascular, inflammatory, and
autoimmune features. Endothelial dysfunction occurs in var-
ious models [236]; however, it is not clear if EC dysfunction
is a primary or secondary event in animals with chronic
hypoxia and intense tissue fibrosis.

UCD 200/206 Chickens This chicken model manifests the
entire spectrum of the clinical, histopathological, and sero-
logical features of SSc. EC apoptosis, induced by AECA-
dependent cellular cytotoxicity, is considered to be a primary
event in this model. Other immunologic features include the
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presence of antinuclear antibodies, anticardiolipin antibodies,
and rheumatoid factors [237]. However, it has been difficult
to use this model because of the high variability of disease
course, the long generation time of chicken, the challenges in
housing chicken, and the lack of easy availability of chicken
reagents.

Chronic Graft-Versus-Host Disease (GVHD) This model is
produced by the transplantation of immunologically incom-
patible spleen and bone marrow cells in a susceptible host.
Tissue fibrosis is noted after host tissue infiltration by donor
T cells and monocytes/macrophages. A very interesting
chronic GVHD model, avoiding the need for irradiation, has
been produced using the Rag-2 mouse, an immune-deficient
mouse secondary to the loss of ability to rearrange immuno-
globulin and T-cell receptor genes. In this model, not only
fibrosis is noted but also vasoconstriction and intimal hyper-
plasia in both skin and kidney. In addition, there is an increase
in ET-1 and adhesion molecule expression with circulating
antinuclear antibodies and anti-Scl-70 antibodies in more
than 90 % of these mice [238].

Endothelial Flil-Deficient Mouse Friend leukemia integra-
tion-1 (Flil) is a member of the Ets family of transcription
factors that represses the transcription of collagen genes via
Spl-dependent pathway. Embryonic fibroblasts from Flil-
deficient mice exhibit significantly increased type I collagen
expression levels in association with increased CTGF and
decreased MMP-1 expression. Interestingly, a mouse model
with a conditional deletion of Flil in ECs (Flil ECKO) devel-
ops disorganized dermal vascular network with greatly com-
promised vessel integrity and markedly increased vessel
permeability. Downregulation of VE-cadherin and platelet-
endothelial cell adhesion molecule 1, impaired development
of basement membrane, and decreased pericyte coverage in
dermal microvessels were also noted [196]. This phenotype is
consistent with a role of Flil as a regulator of vessel matura-
tion and stabilization. Importantly, a reduced expression level
of Flil in SSc ECs was noted suggesting that Flil may play a
critical role in the development of SSc vasculopathy [196].

Fra-2 Transgenic Mouse The fos-related antigen (Fra-2)
belongs to the activator protein 1 (AP1) family of transcrip-
tion factors. Fra-2 is overexpressed in SSc tissues and is
shown to act as a novel downstream mediator of the profi-
brotic effects of TGF-f and PDGF. Mice with ectopic expres-
sion of Fra-2 in various organs develop generalized fibrosis
and inflammation that is most pronounced in the lungs.
Moreover, Fra-2 transgenic mice develop severe loss of
small blood vessels in the skin that is paralleled by progres-
sive skin fibrosis. Fra-2 transgenic mice display various fea-
tures of SSc vasculopathy with decreased dermal capillary
density and early EC apoptosis [239]. Interestingly, dermal

EC apoptosis appears to occur before the onset of tissue
fibrosis. The suppression of Fra-2 by small interfering RNA
prevents EC apoptosis and improves parameters of EC
angiogenic potential. However, no proliferative vasculopa-
thy was detectable in the skin [239]. Conversely, Fra-2 trans-
genic mice have been reported to develop proliferative
vasculopathy in the lungs closely resembling SSc-related
PAH [240]. Thus, Fra-2 transgenic mice may be a potentially
useful model for the investigation of the link between vascu-
lopathy and fibrosis and for the exploration of the mecha-
nisms of vasculopathy in different organs.

uPAR-Deficient Mouse The cleavage/inactivation of uPAR is
a crucial step in fibroblast-to-myofibroblast transition and has
been implicated in SSc peripheral microvasculopathy [132,
159, 241]. Therefore, Manetti et al. investigated whether
uPAR gene knockout in mice could result in fibrosis and
peripheral microvasculopathy resembling human SSc [242].
The skin of uPAR-deficient mice displays most of the typical
pathological features of SSc. Dermal thickness, collagen con-
tent, and myofibroblast counts were significantly greater in
uPAR-deficient mice than in wild-type mice. Similar to SSc,
the skin of uPAR-deficient mice was characterized by the
presence of thickened, closely packed and irregularly distrib-
uted collagen bundles, abundant perivascular fibrosis, and
partial replacement of subcutaneous fat with connective tis-
sue. Moreover, in the dermis of uPAR-deficient mice, there
was a marked overexpression of the SSc-related profibrotic
factors TGF-p, CTGF/CCN2, and ET-1. Of note, in uPAR-
deficient mice, dermal fibrosis was paralleled by EC apopto-
sis and severe loss of microvessels similar to what is seen in
SSc peripheral microvasculopathy [242]. In addition, uPAR-
deficient mice also develop progressive lung fibrosis resem-
bling the nonspecific interstitial pneumonia pattern of SSc.
However, no evidence of vessel intima-media proliferation
was reported either in the skin or the lungs [242]. Further
studies are required to ascertain whether uPAR-deficient mice
may develop SSc-like features in other internal organs. In this
regard, it was reported that uPAR deficiency accelerates renal
fibrosis in obstructive nephropathy [243].

Conclusions

The pathogenesis of the vascular disease in SSc appears
to involve many cell types and signaling pathways. A
complex interaction between ECs, immune cells, VSMCs,
fibroblasts, pericytes, and the ECM is likely to contribute
to the vascular reactivity, remodeling, and occlusive dis-
ease of SSc. EC activation/injury is an early and probably
initiating event in disease pathogenesis. The exact mecha-
nism for the widespread vascular disease in SSc is still
unknown, but EC injury induced by an infectious agent,
immune-mediated cytotoxicity, AECAs, and/or isch-
emia-reperfusion have all been suggested. Moreover,
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substantial evidence indicates that angiogenic and vascu-
logenic repair machineries are impaired and do not allow
vascular recovery. The downstream effects of vascular
dysfunction adversely affect organ function and deter-
mine clinical outcomes. Understanding the mechanisms
underlying these processes provides the rationale for
novel therapeutic strategies and specific targeted therapy.
The definition of prefibrotic vascular lesions may have
future therapeutic and preventive implications for SSc.
Development of means to quantify endothelial injury and
the activity of the vascular lesions are essential for the
monitoring of therapies designed to block further vascular
injury.
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