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ABSTRACT

Systemic sclerosis (SSc) is a connective
tissue disorder characterised by immune
dysregulation, endothelial cell dysfunc-
tion followed by defective vascular re-
pair and neovascularisation and pro-
gressive tissue fibrosis of the skin and
internal organs, whose pathophysiol-
ogy remains to be fully elucidated. Per-
turbed neuroendothelial control mecha-
nisms comprising either endothelial cell
or peripheral nerve fibre impairment
are supposed to play an important role
in the onset of Raynaud’s phenomenon
and development of microvascular ab-
normalities which are the earliest events
and key features of SSc. Such pathogen-
ic neuroendothelial mechanisms may
trigger both the early endothelial cell
damage and the subsequent loss of pe-
ripheral microvascular integrity char-
acterised by the lack of compensatory
angiogenesis. Of note, the vascular and
nervous systems have several anatomi-
cal similarities that extend to molecular
level, and the molecular mechanisms of
nerve regulation are shared by the vas-
cular system. In this context, increasing
evidence demonstrated that endothe-
lial cells express receptors for axon
guidance molecules, including Ephrin
family receptor tyrosine kinases, Neu-
ropilins, Plexins, Robos, and UNC5B
that are able to respond to their soluble
neuroendothelial trophic ligands, such
as Semaphorins and Slits, to guide the
sprouting of endothelial tip cells. Here,
we first provide a historical view of neu-
roendothelial control mechanism alter-
ations in the pathogenesis of SSc, and
then discuss the emerging role of a class
of molecules sharing neurogenic and
angiogenic properties, such as members
of Semaphorin/Plexin/Neuropilin and
Slit/Roundabout families, in SSc-related
peripheral microvasculopathy.

Introduction

Systemic sclerosis (SSc, scleroderma) is
a multisystem connective tissue disorder
characterised by immune dysregulation,
widespread endothelial cell dysfunction
followed by defective vascular repair
and neovascularisation and progressive
tissue fibrosis of the skin and internal
organs (1-3). Despite recent progresses
in the understanding of the etiology of
SSc, the primary causes or the molecu-
lar mechanisms underlying disease clin-
ical onset, progression, and outcomes
remain to be fully elucidated (1-3). Dys-
regulation of neuroendothelial control
of vascular tone has historically been
considered a leading pathogenic fea-
ture of SSc. Starting from this histori-
cal background, the present review will
provide an overview of recent findings
pointing toward the emerging role of a
class of molecules sharing neurogenic
and angiogenic properties (i.e. mem-
bers of Semaphorin/Plexin/Neuropilin
and Slit/Roundabout (Robo) families)
in SSc-related disturbed neuroendothe-
lial control mechanisms and peripheral
microvasculopathy. For this purpose,
we performed a Medline search of Eng-
lish language articles published in the
PubMed database up to 30" November
2018. The following key words: sys-
temic sclerosis, scleroderma, peripheral
nervous system, Raynaud’s phenom-
enon, vascular tone, endothelial cell,
angiogenesis, peripheral vasculopathy,
Semaphorin, Plexin, Neuropilin, Slit,
Roundabout formed the data sources.

Dysregulated neuroendothelial
control of vascular tone as a
cardinal feature of peripheral
microvascular disease in systemic
sclerosis: the historical view

A substantial body of evidence indicates
that the microcirculation is the primary
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target in both the initiation and spread-
ing of SSc. In fact, Raynaud’s phenom-
enon (RP), a recurrent and reversible
cutaneous vasospastic response to cold
or emotional stress affecting peripheral
small vessels, and the presence of swol-
len and edematous fingers (commonly
referred to as puffy fingers) are the most
frequent early clinical manifestations
being even considered as “red flags” to
suspect the presence of the disease (4).
Moreover, when RP and puffy fingers
are present, nailfold capillary abnormal-
ities and specific autoantibodies can be
frequently detected (4). In definite SSc,
the prolonged ischaemia-reperfusion
injury effects due to arecurrent RP at-
tacks and an uncontrolled vascular re-
generation (i.e. defective angiogenesis
and vasculogenesis) and subsequent
loss of peripheral microvessels may
eventually lead to necrotic lesions, such
as digital ulcers (DU) and gangrene
(1-5). It has been suggested that a dys-
regulation in multiple neuroendothelial
control mechanisms comprising either
endothelial cell or peripheral nerve fibre
impairment may play a key role in RP
onset and evolution toward SSc (3, 5).
Interestingly, such pathogenic neuroen-
dothelial mechanisms may trigger both
the early endothelial cell damage and
the subsequent loss of peripheral micro-
vascular integrity characterised by the
lack of compensatory angiogenesis.

It is well accepted that the delicate con-
trol of vascular tone depends mainly
on a complex interplay between three
cardinal groups of vascular mediators,
namely neuropeptides/neurotransmit-
ters, products of the vascular endotheli-
um (vasoactive factors, either vasocon-
strictors or vasodilators) and platelet
release products (6-11). In this context,
a pivotal role of peripheral nervous
system (PNS) in the dysregulation
of vascular tone has been well recog-
nised and characterised throughout the
last decades. A large body of evidence
indicates that PNS is often affected in
SSc, especially in the earliest disease
phase, though it is not clear whether
PNS involvement represents a primary
or a secondary pathogenic event (10).
Hyper-reactivity of sympathetic nerv-
ous system has been described as a
prominent feature of RP and up-regu-
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lation of vascular smooth muscle a2C-
adrenoreceptors that enhance vaso-
constrictive responses to stress or cold
stimuli is implicated in the dysfunction
of the thermoregulatory vessels leading
to RP. Morphological and functional
changes in PNS, such as reduction in
sensory and parasympathetic nerves
and an increase in o2-receptor activ-
ity, have been described in SSc (12).
Ultrastructural modifications to the cu-
taneous PNS have been linked to the
progression and severity of SSc skin in-
volvement (13). A decrease in the levels
of a number of neuropeptides released
from nerve endings was suggested to
contribute to the abnormal vasospastic
response seen in RP and SSc (14, 15).
In particular, a generalised reduction in
calcitonin gene-related peptide and vas-
oactive intestinal polypeptide, present
in sensory and parasympathetic fibres,
respectively, as well as a decrease in
the pan-neuronal marker protein gene
product 9.5 and neuronal nitric oxide
synthase-immunoreactive nerve fibres
was reported in the skin of SSc patients
(16). Moreover, patients with RP and
SSc showed an abnormal response to
the infusion of substance P, a neuropep-
tide found in sensory fibres able to mod-
ulate neurogenic inflammation, smooth
muscle contraction, and vasodilatation
(17-18). A role of neuropeptide Y in
RP/SSc is also suggested by an increase
in the density of neuropeptide Y-ergic
fibres in the skin of SSc patients com-
pared with healthy subjects (19) as well
as by raised circulating levels of this
neuropeptide (20). Collectively, it was
suggested that neuropeptide contain-
ing nerves may contribute to the patho-
logic processes of SSc digital skin and
to vasomotor dysfunction. In addition,
in SSc the imbalance between vascular
vasoconstrictor and vasodilator signals,
such as overproduction of the vasocon-
strictor endothelin-1 and underproduc-
tion of the vasodilators nitric oxide and
prostacyclin, leaves the endothelium
vulnerable to apoptotic signals and
promotes an environment of chronic
ischaemia, hypoxia and tissue fibrosis
through the release of cytokines and
profibrotic growth factors (14, 21). Re-
cent experimental data have also shown
that platelets and platelet-derived mol-

ecules, such as platelet factor 4 (also
known as CXCL4) and serotonin, are
implicated in RP and may participate
in SSc pathogenesis. Indeed, early en-
dothelial dysfunction may lead to plate-
let activation and the release of several
proinflammatory and profibrotic me-
diators (11). These factors secreted by
platelets are also able to inhibit angio-
genesis and may contribute to the pro-
gression of SSc-related peripheral mi-
crovascular damage, defective vascular
repair, and fibrosis (22).

A new perspective:

fresh insights into the role of
neurovascular guidance molecules
in systemic sclerosis peripheral
microvasculopathy

Itis broadly recognised that the vascular
and nervous systems share several ana-
tomical and structural similarities, as
both systems comprise a complex and
branched network, reaching the most
distant cells in the organism and requir-
ing precise control over their guidance
and growth. In peripheral tissues such
as the skin, nerve fibres and blood ves-
sels align into two parallel structures
(23, 24); this spatial distribution facili-
tates access to oxygen and nutrients for
the cells of the PNS and facilitates ves-
sel innervation by postganglionic sym-
pathetic fibres, which control vascular
tone and participate to blood pressure
regulation (25). During the formation of
their extensive networks, vessels pro-
duce signals that attract axons to track
alongside the pioneer vessels, converse-
ly, nerves may also produce signals to
guide blood vessel growth. In this con-
text, increasing evidence demonstrated
that endothelial cells express receptors
for axon guidance molecules, including
Ephrin family receptor tyrosine kinas-
es, Neuropilins (Nrp), Plexins, Robos,
and UNCSB that are able to respond to
their soluble neuroendothelial trophic
ligands, such as Semaphorins and Slits,
to guide the sprouting of endothelial tip
cells (25). Gene knockouts for these re-
ceptors have been demonstrated to lead
to defective blood or lymphatic vessel
sprouting, suggesting a functional role
of such receptors in vascular develop-
ment. Although some of these receptors
can directly guide the sprouting of en-
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dothelial tip cells, others, such as Nrps
and Robos, seem to have evolved novel
functions in the vasculature, especially
modulation of the activity of vascular
endothelial growth factor (VEGF) sig-
nalling pathway, thus affecting guided
vascular patterning by rendering ves-
sels more or less responsive to VEGF.
In addition to the vascular patterning in
response to nerve-derived signals, ves-
sels can also produce guidance cues for
axonal growth. For instance, arterial
smooth muscle cells secrete endothe-
lins, which are involved in the control
of blood pressure and are able to attract
sympathetic nerve fibres expressing the
endothelin receptor type A (26, 27).
Following the identification of the ma-
jor regulatory roles played by the afore-
mentioned neuroendothelial molecules
in the development and maintenance of
the vascular and neuronal networks, re-
cently emerging evidence suggests that
these factors may be critically involved
in several pathological processes in-
cluding tumour growth and metastasis,
development of diabetic retinopathy and
nephropathy, as well as autoimmune
diseases such as rheumatoid arthritis
and systemic lupus erythematosus (28).
As far as SSc is concerned, besides the
possible involvement of axonal guid-
ance molecules in the perturbation of
immunoregulatory mechanisms, recent
works from our group have highlighted
that they may be crucial in the devel-
opment and progression of peripheral
microvasculopathy.

Semaphorins, plexins and

neuropilins

Semaphorins are a large family of
cell-associated and secreted proteins
grouped into eight classes based on
their structural domains, and are char-
acterised by an amino-terminal Sema
domain that is essential for signalling
and can play a repulsive or attractive
role depending on the cell types and
biological context (29-31). Membrane-
associated Semaphorins bind to Plex-
ins, whereas secreted class III Sema-
phorins (Sema3s) bind to Neuropilins
(Nrps), which do not signal themselves
but function as coreceptors for Plexin
signalling (32). As an exception, Se-
ma3E does not interact with Nrps but

Clinical and Experimental Rheumatology 2019

directly binds PlexinD1 (31), a receptor
prominently expressed in angiogenic
endothelial cells (33). Sema3s have
been shown to regulate endothelial cell
angiogenesis (34, 35). In particular,
both Sema3A and Sema3E have antian-
giogenic properties: the former inhibits
endothelial cell adhesion and migration
promoting cell apoptosis (36-38), the
latter activate an antiangiogenic signal-
ling cascade leading to the inhibition
of endothelial cell adhesion to the ex-
tracellular matrix and retraction of filo-
podia in endothelial cells of growing
blood vessels.

In a recent study from our group, serum
Sema3E levels were found increased
both in subjects with primary RP and
in SSc patients in respect to healthy
individuals, and a correlation between
high Sema3E levels and early nailfold
videocapillaroscopic (NVC) pattern
and the absence of DU was found in
SSc patients (39). These results sug-
gested that Sema3E might participate
in the vascular tone disturbances char-
acteristic of RP and might also have a
role as a biomarker of early vascular in-
volvement during SSc. The expression
of Sema3E in SSc-affected dermis was
also strongly increased respect to con-
trols, particularly in the microvascular
endothelium, while no difference was
found in the expression of its receptor
PlexinD1. Additional in vitro experi-
ments demonstrated that although total
PlexinD1 expression was not differ-
ent in microvascular endothelial cells
(MVECs) obtained from healthy indi-
viduals (H-MVECs) and SSc patients
(SSc-MVECs), these latter showed a
significant increase in the expression
of the activated (phosphorylated) form
of PlexinD1 (39). Moreover, treatment
with SSc sera was able to increase phos-
phorylated PlexinD1 and Sema3E ex-
pression also in H-MVECs, promoting
an antiangiogenic effect. The addition
of a Sema3E-binding PlexinD1 soluble
peptide attenuated the antiangiogenic
effect of SSc sera on H-MVECs. Col-
lectively, these data support the hypoth-
esis that aberrant Sema3E expression
and activation of the PlexinD1/Sema3E
pathway in the endothelium may have
arole in the defective angiogenesis and
neurovascular alterations of SSc, which

is particularly evident in the early phas-
es of the disease (28, 39).

Nrps (Nrpl and Nrp2) are single-pass
transmembrane, non-tyrosine Kkinase
glycoprotein receptors (32) expressed
in all vertebrates, with an important
role in a wide range of physiological
processes including development, ax-
onal guidance, angiogenesis, immunity,
and in pathological conditions such as
cancer (32,40-47). Nrp2 is the predom-
inant neuropilin expressed in lymphatic
vessels, whereas Nrpl is expressed in
blood vessels (48). Nrps may regulate
cell motility in both the nervous and
the vascular system. In particular, in the
nervous system, Nrps respond to Sema-
phorins and have a repulsive effect that
mediate growth cone collapse (49),
while in the vascular system these gly-
coproteins have an attractive effect me-
diating tip cell extension and guiding
vessel sprouting in response to VEGF
family growth factors.

Originally identified as an axon guid-
ance molecule (50-52), Nrp1 may func-
tion as a receptor for both VEGF-A
and Sema3s suggesting that the lat-
ter also play a role in the modulation
of angiogenesis. In particular, it has
been reported that Sema3A acts as an
antiangiogenic molecule impairing en-
dothelial cell adhesion (36,37, 53). The
absence of functional Nrpl results in
embryonic mouse lethality because of
dysregulated heart development and
severe vascular defects due to impaired
angiogenic sprouting and branching
very much resembling the disturbed
vessel morphology seen in patients
with SSc (53-55). Moreover, endothe-
lial specific Nrpl knockout is associat-
ed with important cardiac and vascular
defects, suggesting a crucial role of this
receptor in endothelial functions (56).
In this context, it has been widely dem-
onstrated that Nrpl is implicated in im-
portant angiogenic mechanisms such as
vessel sprouting and branching and that
it is able to potentiate the VEGF-A, ./
VEGF receptor (VEGFR)-2 signalling
pathways leading to enhanced migra-
tion and survival of endothelial cells in
vitro (57-62).

The possible implication of Nrpl in
SSc pathogenesis was investigated in
two studies performed by our group
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(63, 64). In the first study, we found that
circulating levels of Nrpl were signifi-
cantly decreased in SSc patients respect
to controls, and that patients with active/
late NVC patterns and DU had serum
soluble Nrpl levels significantly lower
than healthy controls. Moreover, circu-
lating Nrp1 progressively decreased in
SSc patients reaching the lowest values
in patients having the active and late
NVC patterns, which are characterised
by severe architectural changes of mi-
crovessels and progressive capillary
loss with formation of avascular areas.
Thus, it was speculated that the levels
of soluble Nrpl could even serve as a
biomarker reflecting the severity and
progression of SSc microvasculopathy
(63). As far as Sema3A is concerned,
no difference in its expression was ob-
served between SSc and controls either
in the circulation or in the cutaneous
tissue. Nrpl protein expression was
strongly reduced also in SSc-MVECs.
Moreover, treatment with SSc sera
could significantly reduce Nrpl expres-
sion in H-MVECs, an effect which is
in line with the reported antiangiogenic
properties of SSc sera. Conversely,
no difference was found in Nrpl pro-
tein levels between peripheral blood
late-outgrowth endothelial progeni-
tor cell-derived endothelial cells from
SSc patients and controls, suggesting
that the dysregulated expression of this
receptor is restricted to locally injured
microvasculature in an overt disease
without affecting bone marrow-derived
circulating endothelial  progenitors
(63). Interestingly, NRPI gene silenc-
ing in H-MVECs resulted in a strong
impaired angiogenic response compa-
rable to that of SSc serum-treated cells,
further supporting the involvement of
Nrpl deficiency in SSc-disturbed an-
giogenesis. In line with previous re-
ports, challenging of H-MVECs with
recombinant proangiogenic VEGF-A ¢,
strongly increased Nrpl expression in-
dicating that this angiogenic factor can
further contribute to angiogenesis by
a mechanism that involves upregula-
tion of its homologous receptor Nrpl.
In this context, the downregulation of
Nrpl in H-MVECs stimulated with
SSc sera is in line with the evidence
that the majority of VEGF-A detected
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in SSc circulation is not the proangio-
genic VEGF-A,,, but rather the an-
tiangiogenic VEGF-A b, an isoform
which is unable to bind Nrpl. Further
experiments underlined that both the
proangiogenic VEGF-A  and the
antiangiogenic VEGF-A b isoform
slightly influenced the angiogenic per-
formance of Nrpl-silenced H-MVECs,
further corroborating the notion that
the angiostatic effect of VEGF-A b
is mainly dependent on its inability to
recruit the VEGFR-2/Nrpl co-receptor
complex and activate downstream sig-
nalling. Since it has been demonstrated
that, in the absence of Nrpl, VEGF-
A b may induce differential intracel-
lular vesicular trafficking of VEGFR-2
towards the degradative pathway, it is
conceivable that both a switch from the
proangiogenic to the antiangiogenic
VEGF-A isoform and the concomitant
Nrpl co-receptor downregulation may
have a crucial role in the insufficient
angiogenic response found in SSc. Fi-
nally, it could be demonstrated that Flil
transcription factor deficiency, which
is believed to have an important role
in the development of peripheral mi-
crovasculopathy during SSc, may be
largely responsible for the insufficient
endothelial Nrpl expression (63).

In the second study from our group
(64), circulating levels of Nrpl were
measured in definite SSc patients as
well as in patients not fulfilling the
2013 American College of Rheumatol-
ogy/European League Against Rheu-
matism classification criteria for SSc
(i.e. total score <9) (1) and enrolled in
the very early diagnosis of SSc (VE-
DOSS) project (65). In this study, both
SSc patients and patients defined as
VEDOSS had lower circulating soluble
Nrpl compared with healthy controls.
Interestingly, soluble Nrpl levels were
not statistically different in VEDOSS
and SSc patients suggesting that the
VEDOSS “environment” already pre-
sents characteristics of the established
disease, rather than being a “pre-dis-
ease”. In agreement with the findings
of the former study (63), Nrpl protein
expression was significantly decreased
in H-MVECs treated with VEDOSS
sera compared with healthy sera. Fur-
ther experiments highlighted that the

ability of H-MVECs to proliferate, mi-
grate and form tube-like structures in
vitro was compromised after challenge
with VEDOSS sera. Collectively, these
findings corroborated the hypothesis
that VEDOSS patients already present
circulating biomarkers of defective an-
giogenesis and that the involvement of
the microvascular system and endothe-
lial cell injury occur in very early SSc,
even when only a few clinical signs and
symptoms are present (64). Nrpl defi-
ciency has therefore been suggested as
a novel key factor contributing to pe-
ripheral microvasculopathy not only in
definite SSc but also in the very early
phases of the disease.

Slits and roundabouts

The Slit family consists of three secret-
ed glycoproteins, namely Slitl, Slit2,
and Slit3, acting as cognate ligands for
transmembrane Robo receptors, which
regulate the repulsive cues on axons
and growth cones during central nerv-
ous system development. The Robo re-
ceptor family consists of the following
four members: Robol, Robo2, Robo3,
and Robo4. Robol is expressed both in
the nervous and the vascular systems,
while Robo2 and Robo3 are predomi-
nantly expressed in the nervous system
(66-69). The latest discovered member
of this family, Robo4, also called “mag-
ic roundabout”, is a novel endothelial
cell protein which was recently identi-
fied by using bioinformatic data mim-
ing (70). In the last decade, the Slit/
Robo signalling has been implicated
in physiological and pathological an-
giogenesis. Indeed, Slit2 may act as
a proangiogenic factor by promoting
endothelial cell migration and tube for-
mation in a Robol-dependent manner
(68, 71-73), and Robo1 has been dem-
onstrated to be necessary for VEGF-
induced phosphorylation of VEGFR-2
in endothelial cells, especially in the
presence of Slit2 (72, 73). Conversely,
Slit2 may behave as an antiangiogenic
factor by interacting with Robo4, thus
inhibiting VEGF-induced endothelial
cell migration, tube formation and ves-
sel permeability in vitro and vascular
leak in vivo (68, 74-78), possibly by
blocking Src family kinase activation
(74). Furthermore, it has been demon-
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1 VEGF-A165,

VEGF-A165b, VEGFR-1, VEGFR-2,
Sema3E/PIxnD1 axis, Slit2ROBO4 axis

NRP1
|  VEGF-A165  VEGF-A165b ! VEGF-A165 _ Slit2 VEGF-A165
I NRP1 I
I [
I [
I = [
I L [
| §
| ®@ 1
olll® p—
I ' ROBO1 ROBO4 VEGFR-2
1 @ I
PIxnD1 - VEGFR-2 | VEGFR-2

+Disassembly of integrin-mediated focal
adhesions

« Inhibition of endothelial cell adhesion to
the extracellular matrix

«Filopodia retraction in endothelial cells

I-Intracellular vescicular trafficking of
IVEGFR2 toward the degradative pathway 1

1 *Insufficient Tyr phosphorylation 1
jIncomplete or transient kinase activity

| | | |
DEFECTIVE ANGIOGENESIS

Fig. 1. Schematic representation of the pathogenic neuroendothelial mechanisms that may drive the early endothelial cell injury followed by loss of pe-
ripheral microvascular integrity and lack of compensatory angiogenesis in systemic sclerosis. Binding of Sema3E to the cell surface receptor PlexinD1
activates an antiangiogenic signalling pathway leading to the disassembly of integrin-mediated focal adhesions, inhibition of endothelial cell adhesion to
the extracellular matrix, and filopodia retraction in endothelial cells of growing blood vessels. Moreover, both a switch from proangiogenic VEGF-A165 to
antiangiogenic VEGF-A165b isoform, which is unable to bind the co-receptor NRP1, and concomitant NRP1 downregulation may result in an insufficient
tyrosine phosphorylation/activation of VEGFR-2 and incomplete or transient downstream signalling along with a differential intracellular vesicular traffick-
ing of VEGFR-2 towards the degradative pathway. Finally, Slit2/Robo4 axis activation is able to interfere with angiogenesis through the inhibition of Src

«Inhibition of VEGF-induced endothelial cell
migration, tube formation and vessel permeability
in vitro and vascular leak in vivo

«Inhibition of Src family kinase activation

kinase phosphorylation, ultimately leading to an impaired angiogenic response.

strated that Robo4 is required to main-
tain endothelial cells in a quiescent
state by counteracting VEGF signalling
and behaving as a negative regulator of
angiogenesis (74, 77) In fact, in vivo
experiments on Robo4 knockout mice
showed that these mice are viable, sug-
gesting that this receptor is not neces-
sary for murine developmental angio-
genesis, but exhibit increased basal and
VEGF-induced vascular permeability
and pathological angiogenesis during
experimentally induced ocular neovas-
cularisation (68, 79).

The possible contribution of neurovas-
cular guidance molecules belonging to
the Slit/Robo family (Slit2, Robol and
Robo4) to SSc endothelial cell dysfunc-
tion was investigated in a very recent
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report published by our group (80). In
this study, Slit2 levels were measured
in sera from SSc and VEDOSS patients
and correlated with the NVC pattern
and the presence/absence of DU in SSc,
as measures of peripheral microvascu-
lar involvement severity. Circulating
Slit2 was found significantly increased
in both SSc and VEDOSS patients re-
spect to controls, and higher Slit2 lev-
els specifically correlated with the pres-
ence of microvascular abnormalities
in VEDOSS, as patients with normal
NVC had Slit2 levels comparable to
healthy controls. Thus, it has been hy-
pothesised that an increase in circulat-
ing Slit2 could reflect the presence of
microvascular abnormalities since the
very early phase of SSc (80). Moreo-

ver, the lack of difference between Slit2
levels in VEDOSS and definite SSc
patients strengthened the evidence that
VEDOSS patients may already exhibit
overt disease-related circulating bio-
markers of defective angiogenesis (64).
An increase in the protein levels of
Slit2 and of its cognate receptor Robo4,
but not of Robol, was further found
both in the skin and dermal MVECs of
SSc patients. To further clarify the pos-
sible functional effects of Slit2/Robo4
axis activation, in vitro experiments
resembling the main angiogenic steps
necessary for the formation of devel-
oping capillaries, such as proliferation
and migration of endothelial cells, as
well as formation of tubular structures,
were performed both in H-MVECs and
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SSc-MVECs. It was possible to show
that the administration of exogenous
Slit2 had an antiangiogenic effect on
H-MVECs similar to that elicited by
Slit2-enriched SSc sera, an effect that
was significantly reduced after prein-
cubation of SSc sera with an anti-Slit2
blocking antibody (80). The effective
antiangiogenic role of Slit2/Robo4 in
SSc-MVECs was corroborated by tar-
geting this axis through the blockade of
autocrine Slit2 with a specific neutralis-
ing antibody or ROBO4 gene silencing.
In fact, interfering with Slit2/Robo4
signalling resulted in a higher ability
of SSc-MVECs to proliferate, migrate
and perform capillary morphogenesis.
Mechanistically, Slit2/Robo4 axis was
found to interfere with angiogenesis
through the inhibition of Src kinase
phosphorylation (80). Collectively,
these data add Slit2 to the considerable
list of angiogenesis mediators which
are dysregulated in SSc circulation and
appear to be largely responsible for
MVEC dysfunction in this disorder (63,
80-84). Taken together, it was proven
that Slit2/Robo4 antiangiogenic signal-
ling is triggered in SSc microvascular
endothelium and may contribute to pe-
ripheral microangiopathy since the very
early phase of the disease.

Conclusions

Perturbed neuroendothelial — control
mechanisms are supposed to play an
important role in the onset of RP and
development of microvascular abnor-
malities which are the earliest events
and key features of SSc. Indeed, in SSc,
pathogenic neuroendothelial mecha-
nisms may drive the early endothelial
cell injury followed by loss of periph-
eral microvascular integrity and lack
of compensatory angiogenesis. In this
context, recent works shed light on the
implication of a recently discovered
class of molecules sharing neurogenic
and angiogenic properties (referred to
as neurovascular guidance molecules)
in SSc-related peripheral microvascu-
lopathy (Fig. 1). These molecules in-
clude members of both Semaphorin/
Plexin/Neuropilin and Slit/Robo fami-
lies that have been shown to be altered
in the circulation and skin endothelial
cells of SSc patients and clinically cor-
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relate with disturbed nailfold capillary
architecture and the occurrence of is-
chaemic DU. The evidence that dys-
regulation of these molecules can be
detected even in VEDOSS patients fur-
ther suggests their possible active role
in disease pathogenesis, namely at its
onset. Functional studies also revealed
that a dysregulation of these neuroen-
dothelial pathways is crucially involved
in SSc-related angiogenic defects,
which highlights that these molecules
may be clinically extremely relevant
as they could become targets for novel
specific therapies aiming at preventing
further vascular injury and stimulating
vascular repair. Prospective follow-up
studies on circulating levels of neu-
roendothelial factors are warranted to
verify their possible predictive value
in the development and progression of
microvascular complications, as well as
in reflecting the shift from VEDOSS to
definite SSc. Unveiling the validity of
these molecules as potential biomark-
ers for risk stratification and severity of
peripheral microvasculopathy might al-
low an earlier therapeutic intervention
in the next future.
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