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Abstract

The original research in this thesis aimed to investigate the efficacy and feasibility of exercise in people
with systemic sclerosis (SSc). The heralding symptom in the pathophysiology of SSc is vascular
dysfunction in the digital area which is the primary cause of Raynaud's phenomenon (RP). Digital
disfiguration, ulcers and RP affect the quality of life (QoL) in people with SSc. Medical treatment does
not have dramatic improvements and is also accompanied by short- and long-term side effects leading to
further health complications. Exercise could be considered as a safe and cost-effective adjunct therapy
that could potentially reduce the use of medication.

The primary outcomes in study 1 were the physiological differences between the arm crank (ACE) and
cycler ergometer (CE) protocols in sedentary adults. Study 2 investigated the microvascular function,
quality of life, cardiorespiratory fitness, functional capacity and body composition in people with SSc.
Study 3 explored the feasibility of exercise in people with SSc with primary outcomes being the
recruitment and attrition rates as well as the adherence rates to exercise.

The novel findings of this research were: Study's 1 novelty was 1) the predictive equation for the cycle
ergometer peak oxygen uptake (CEVOzpea) trough the physiological responses of ACE and body
composition features (Study 1). The equation estimated with this model is: CEVOapeax = 11.776 + 1.418
X arm crank ergometer peak oxygen uptake (ACEVOapeak) (ml-kg-1-min-) — 1.454 x total lean body mass
(TLBM) + 3.967 X lower limb lean body mass (LLLBM). This predictive equation was later used in
study 2 to compare ACE to CE VOapeak as a correlation between the improvement of microcirculation
(laser-Doppler fluximetry) and VOapeak has been demonstrated in rheumatoid arthritis patients before
(Metsios et al., 2014). Study's 2 novelties were 2) ACE seems more potent to improve the
microcirculation in the digital area in people with SSc compared to CE, 3) the exercise programme that
consisted of a high intensity interval training (HIIT) protocol that was performed for 12 weeks twice per
week seems capable to prevent the formation of digital ulcers in people with SSc and the concomitant
hospitalisations and/or in some occasions digital amputations, 4) QoL in people with SSc significantly
improved after the exercise intervention. Study's 3 novelties were that 5) the exercise programme (12
weeks, twice/week) was feasible in people with SSc with very high recruitment and adherence rates, 6)
our combined exercise protocol (HIIT and resistance training) was enjoyable and fairly easy to be
performed by our participants, 7) individuals experiences confirmed the feasibility of our intervention
and exercise protocol and highlighting the importance of applying supervised exercise programmes.
Study 2 acted as a guiding study as to which mode of exercise could induce better results in the
microcirculation in the digital area. Afterwards, study 3 utilised the upper limb exercise with weight
training to assess its feasibility in people with systemic sclerosis.

These findings contribute to the growing evidence base for the effects of exercise in people with SSc.
Our study is the first to investigate the effects of HIIT on digital microcirculation in people with SSc and
the first to explore the feasibility of a combined exercise protocol in this clinical population. Future
research should explore the effects of exercise in people with SSc in larger clinical trials.
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Chapter summary

Chapter one

This chapter provides an overview of this thesis. It includes in brief the pathophysiology of systemic
sclerosis, the medical treatment that is currently being used to treat Raynaud's phenomenon and the

effects of exercise on vascular function.

Chapter two and three

Chapter two is a detailed literature review of the pathophysiology of systemic sclerosis with emphasis on
the vascular abnormalities which are the main cause of Raynaud's phenomenon. Furthermore, the chapter
also covers other aspects of the condition such as epidemiology and the available therapeutic approaches.
Moreover, it elaborates in detail the effects of exercise on vascular function with focus on high intensity
interval training in other clinical conditions with vascular involvement in their pathophysiology. Quality
of life in people with systemic sclerosis is also extensively reviewed. Chapter two is closing with the
aims and objectives of the general research project. Moreover, chapter three reviews the theory and

literature behind the methods used to and selected for all the studies included in this PhD research project.

Chapter four

This chapter discusses the rationale, methods, results and discussion for the research study that examined
the physiological differences between arm cranking and cycling in sedentary middle-aged adults. The
primary aim of this chapter is to validate an arm crank ergometer protocol for use in sedentary populations
and to create an equation that will accurately predict the peak oxygen uptake through the physiological

responses of an arm crank ergometer test.

Chapter five

This chapter includes the rationale, methods, results and discussion for the pilot study that investigated
the effects of exercise (arm cranking vs cycling) on the vascular function and quality of life in people
with systemic sclerosis. The primary aim of this chapter is to compare the effects of two different modes

of exercise on vascular function as measured via laser Doppler fluximetry and to assess the clinical
Xi



outcome (e.g., prevention of digital ulcers) for this clinical population as a result of the exercise

intervention.

Chapter six

This chapter presents the rationale, methods, results and discussion for the feasibility study that
investigated the feasibility of a combined exercise protocol (aerobic and resistance training) in people
with systemic sclerosis. This chapter aims to explore the recruitment, attrition and adherence rates to the
research study and the exercise programme. Moreover, it explores through questionnaires and interviews
the feasibility of exercise in terms of enjoyment levels, intentions to engage to exercise, task-self efficacy,
individual's experiences and potential barriers to exercise. It also explores the exercise-induced

microcirculatory and quality of life changes.

Chapter seven

Chapter seven summarises and discusses the main findings of this research, describes what implications

these findings may have on practice and proposes future research.
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Chapter 1 Introduction

1.1 Systemic Sclerosis - Scleroderma

The word scleroderma originates from the Greek words “skleros-ocxkAnpdc” and “derma-o6éppa”, which
mean “hard” or “indurate” and “skin” respectively. Scleroderma used to be the official term to describe
systemic sclerosis (SSc) until scientists discovered that tissue fibrosis is not limited to the hands rather it
progresses in several internal organs. Therefore, the word systemic describes the whole-body

involvement and reflects the extension of the clinical manifestations.

SSc is an autoimmune disease; its pathogenesis is mainly described by vasculopathy (Wollheim, 2005).
Vascular dysfunction in the digital area is a common manifestation of SSc and can precede organ
involvement by several years (Koenig et al., 2008). Approximately 50% of patients with SSc develop
severe digital ischaemia and/or ulceration (Walker et al., 2007), which can be painful, difficult to heal,
susceptible to infections, influencing also heavily the quality of life (QoL) and consequently increasing
SSc-related disability (Nihtyanova et al., 2008; Steen et al., 2009). It is noteworthy that SSc has the

highest case-specific mortality and morbidity amongst all rheumatic diseases (Altman et al., 1991).

Pharmacological agents (e.g., nifedipine) are commonly used as a first-line medical treatment approach.
Although it can be effective and provide pain-relief to patients, the short-term (e.g., oedema, headaches,
heart palpitations, dizziness and constipation) and long-term (e.g., heart dysfunction, increased
cardiovascular risk) side effects of the medical treatment should also be considered for effects on QoL
of SSc patients as well as the financial cost of treatment. Therefore, adjunct therapies with less side
effects and cost implications are warranted (Pope, 2007; Prescribing & Medicines Team Health, 2015),

with a view to reducing dependency on medication.

1.2 Exercise
A complementary approach to medical treatment would be to implement an exercise modality that would

be suitable for this patient group; the exercise therapy has been successful in improving endothelial-



dependent vasodilation in a number of studies on patients with various diseases (Klonizakis et al., 2009;
Meyer et al., 2012; Aksoy et al., 2015; Ramos et al., 2015), implicating an enhanced nitric oxide (NO)
bioavailability via shear stress-mediated increases in endothelial NO synthase activity (Dyakova et al.,
2015), a significant decrease in the serum markers of adhesion molecules (Aksoy et al., 2015), and
enhanced anti-oxidants defences (Ji and Zhang, 2014) or increased substrate (L-arginine) availability (De
Meirelles et al., 2009). As vascular function is the focal point for SSc, improving those mechanisms
would be very beneficial for people with SSc, having the unquestionable benefits (i.e., increase in

physical fitness and functional ability) of exercise as additional positive outcomes.

To our knowledge, the feasibility and efficacy of an exercise programme in the microcirculatory
parameters in patients with SSc has not been previously examined. High intensity interval training (HIIT)
has recently come to prominence for its effectiveness in inducing greater improvements in vascular
function than moderate-intensity continuous training in clinical populations with cardiovascular disease
(i.e., Ramos et al., 2015). Due to variation in HIIT protocols, limited evidence exists to support which
exercise protocol could be more beneficial for SSc patients. A HIIT protocol with short intervals (30s
exercise/30s passive recovery) may elicit more favourable patient reported satisfaction/enjoyment levels
compared to other longer duration exercise protocols (Meyer et al., 2012). In chronic heart failure
patients, a short HIIT protocol (30s exercise/30s passive recovery) was reported as being well tolerated,
a preferred protocol with a low perception of effort, patient comfort and patients spent a longer time at
higher percentage of peak oxygen uptake (VOzpeak) than a longer HIIT protocol with active recovery
phases (Meyer et al., 2012). Furthermore, when enjoyment levels in an overweight/obese cohort were
examined after a short HIIT protocol it was found that performing a HIIT protocol on a cycle ergometer
(CE) resulted in enjoyment rating of an average of 4.5 (moderately to quite a bit) out of 7 (extremely)

rating (Smith-Ryan, 2017).

Although HIIT may improve the micro-and macro-vascular function in several clinical populations such
as heart failure (Guiraud et al., 2012) and cardiometabolic conditions (Kessler et al., 2012) using treadmill
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and cycle ergometer as modes of exercise; no evidence exists about the mode of exercise that would be
effective on digital microcirculation where RP attacks are present in SSc patients. Assumptions could be
made that utilising an upper-body aerobic exercise would potentially be more beneficial for the digital
microcirculation rather than lower-body exercise, where the working muscles promote the blood flow in
the lower limbs. Hence, the differential effects that may occur by the upper- and lower-limb exercise on

the digital microcirculation in SSc patients should be examined.

Resistance training (RT) alone has produced significant improvements in the function of the vasculature
in people with obesity (Dias et al., 2015); moreover, a combination of aerobic and RT have demonstrated
improvements both in the macro- and micro-vascular function (Metsios et al., 2014; Maiorana et al.,
2000). However, to our knowledge the effects of a combined exercise protocol (RT and aerobic exercise),
utilising HIIT and circuit training for the aerobic and RT part, respectively, on microcirculation are yet

to be examined in people with SSc.

1.3 Purpose of thesis

Several studies have examined the effects of different exercise protocols upon the QoL in SSc patients
(Oliveira et al., 2017). Nevertheless, there is lack of evidence regarding the effects of exercise in SSc
pathophysiology and more specifically, in the microvasculature. Through a thorough literature review,
we have concluded that a combined exercise protocol (HIIT and RT) may be able to induce improvements
in vascular function. However, it remained unclear which mode of exercise (e.g., lower or upper limb)
would induce greater improvements (Study 2). At this point there was a need to compare VOapeax between
upper and lower limb exercise as it has been demonstrated in the past that VOopeak Was strongly linked to
improvements in microcirculation in rheumatoid arthritis patients (Metsios et al., 2014). Therefore, we
validated an ACE exercise test for use in inactive adults (Study 1). Moreover, there was a need to test the
feasibility of a combined exercise protocol (HIIT and circuit weight training) in people with SSc (Study
3). Current literature also lacks safer adjunctive therapies alongside medical treatment that would

potentially be able to minimise the use of medication or even replace them at some occasions.



1.4 Study 1

Title: Validation of an arm crank ergometer (ACE) test for use in inactive adults.

1.4.1 Research question

How VO2peak could be compared between ACE and CE?

1.4.2 Aims

1. To validate an ACE exercise test for use in inactive adults

2. To produce a predictive equation for CE VOzpeak through the physiological responses of ACE.

1.4.3 Objective

1. To perform a cardiopulmonary exercise test on an ACE and CE and compare the physiological
responses
1.5 Study 2

Title: The effects of upper and lower limb aerobic exercise on the microvascular reactivity in systemic

sclerosis patients.

1.5.1 Research question

Which mode of aerobic exercise might optimally improve microvascular function in SSc?

1.5.2 Aims
1. To compare the effects of two different modes (arm cranking and cycling) of exercise in improving

the health status of patients with SSc - a pilot study.

2. To qualitatively assess the patient's acceptability of each assessed exercise protocol.

1.5.3 Objectives
1. To define the optimal mode of aerobic exercise (arm cranking or cycling) for producing the best

effect on microvascular function (laser Doppler fluximetry - LDF) and quality of life (based on

EQ-5D-5L questionnaire).



2. To investigate the efficacy of a HIIT protocol with short intervals (30s 100% peak power output/
30s passive recovery) to improve microvascular function assessing its effects on microcirculatory
parameters and quality of life pre- and post-exercise intervention.

3. To assess adherence rates to the exercise-intervention (arm cranking and cycling) in the pilot
study.

4. To explore enjoyment and motivational levels during exercise (arm cranking and cycling)
sessions via questionnaires in the pilot study.

1.6 Study 3 - Feasibility study
Title: The feasibility of a combined exercise protocol including aerobic and resistance training in people

with SSc: a randomised controlled feasibility trial

Study 2 investigates whether a combined exercise (HIIT and RT) is a feasible to be implemented in
people with SSc. Furthermore, the microcirculatory parameters and quality of life in people with SSc

after a combined exercise protocol were reported.

1.6.1 Research question

Is supervised combined exercise (HIIT and RT) training feasible to be implemented in people with SSc?

1.6.2 Aims
1. To investigate the feasibility of a combined exercise protocol (HIIT and RT) to be performed in people

with SSc.

2. To qualitatively assess patients experience of enjoyment, adherence and motivation during the training

intervention period in people with SSc.

1.6.3 Objectives
1. To define the feasibility and characteristics of the potential outcome measures and also assess the
time taken, burden and completeness of the various outcome measures in order to identify an

appropriate subset of measures to use in a randomised controlled trial.
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2. To estimate the likely effect size (intervention minus control) or the variability for each potential
outcome variable (point estimate and its uncertainty) as well as the standard deviation of the
outcome measure. This will reflect the effectiveness of the intervention and the precision of the
measure and will inform the choice of primary outcome but also the estimated sample size for a
randomised controlled trial.

3. To assess the numbers of eligible patients according to the inclusion criteria but also the
percentage of the recruited patients.

4. To assess the follow-up/retention rate at 6 months to estimate likely dropouts and study post-
intervention effects.

5. To assess rates of adherence, compliance and attrition, exploration of enjoyment levels,
assessment of exercise tolerance, number of adverse events and exploration of individual
experiences. Also, to report on rates of screening (total number of people with SSc that were

screened through the medical records regardless of eligibility), eligibility, and recruitment.



Chapter 2: Literature review

2.1 Chapter overview

This chapter reviews the current literature on systemic sclerosis and the beneficial effects of exercise.
Firstly, it describes the disease epidemiology analysing factors such as prevalence and the current
classification criteria of the disease. Secondly, it analyses the pathophysiology and more specifically
vascular disease underlying systemic sclerosis and the currently available medical and non-medical
treatment. Thirdly, it describes the damaging effects of systemic sclerosis on quality of life. Fourthly, it
reviews the beneficial effects of exercise (intensity, mode, protocol) on vascular function and quality of
life in several clinical conditions as well as in systemic sclerosis patients. Lastly, it concludes with the
rationale of the research project identifying the knowledge gap and sets the aims and objectives in order
to answer to the main research question (e.g., Is exercise effective and feasible to be implemented in

people with systemic sclerosis?).

2.2 Systemic sclerosis epidemiology

2.2.1 Prevalence of systemic sclerosis

The diversity and the large spectrum in SSc clinical manifestations and severity, with various diagnosis
and classification criteria over time among individuals renders this condition a challenge for
epidemiologists. This affects SSc epidemiology, which is characterised by considerable variability in
prevalence, incidence, risk factors and mortality rates estimations, mainly due to the diversity in the
design and methods used to estimate these parameters (Ranque and Mouthon, 2010). Nevertheless,

critical determinants of risk and causal factors can be identified.

The first European epidemiologic study of SSc was conducted in West Midlands, UK (Silman et al.,
1988). Silman et al. (1988) utilised seven different sources and was population-based, estimating a
prevalence of 13/million in men and 48/million in women. Further European studies were also conducted

utilising a variety of ascertainment sources, most using a capture-recapture method (Le Guern et al.,



2004; Mayes et al., 2003): Allcock et al., (2004) estimated a prevalence of 88/million in Northeast
England, which appears to be higher than the 3.08/100 000 found in the West Midlands by Silman et al.,
(1988) and lower to the 14.6/100 000 prevalence observed in south and west London (Silman et al.,
1990). In Northeast England women with SSc outnumber men by a ratio of 5.2:1 (Allcock et al., 2004)
which comes in agreement with previous findings (Englert et al., 1999; Mayes, 1996; Medsger, 1994).
Moreover, the ratio of 1cSSc to dcSSc found to be 4.7:1 and 1cSSc was correlated with the presence of
anticentromere antibodies, whereas dcSSc was associated with anti-Scl 70 antibodies which are
compatible with the diagnosis of SSc (Allcock et al., 2004). In France (Le Guern et al., 2004) and Greece
(Alamanos et al., 2005), epidemiologists concluded in a rather similar estimation of SSc prevalence of
158 and 154/million, respectively. These two studies highlight the presence of a North-South ratio of SSc

in Europe, with lower prevalence in northern countries (Chifflot et al., 2008).

Moreover, Chifflot et al., (2008), proposed a North-South gradient in Europe with lower rates in Northern
European countries [UK, Finland, and Iceland (Allcock et al., 2004; Kaipiainen-Seppanen & Aho, 1996;
Geirsson et al., 1994; Silman et al., 1988)] compared to Southern European ones [France and Greece
(Alamanos et al., 2005; Le Guern et al., 2004)]. Studies published since this have continued to report
high incidences in Southern Europe (Spain, Croatia and Italy) (Lo Monaco et al., 2011; Radic et al., 2010;
Arias-Nunez et al., 2008) but contradictory rates in Northern Europe with low annual incidence of 6—11
per million in Norway (Hoffmann-Vold et al., 2012) and a higher rate 19/million person-years in
Southern Sweden (Andreasson et al., 2014). Incidence and prevalence in the USA, Canada, and Australia
are reported at the higher end of this range (Bernatsky et al., 2009; Roberts-Thompson et al., 2006; Mayes

et al., 2003).

Over the past years, there have been several studies regarding incidence and prevalence of SSc. The
reported studies continue to show variation by geographic region. Incidence rates and prevalence

estimates are fairly similar for Europe, the United States, Australia, and Argentina suggesting a



prevalence of 150-300 cases per million with a lower prevalence noted in Scandinavia, Japan, the UK,

Taiwan, and India (Barnes & Mayes, 2012).

2.2.2 Risk factors

Ethnicity

People of a black ethnic background have a higher age-specific incidence rate and more severe clinical
manifestations than other ethnicities according to several studies conducted in USA (Nietert et al., 2006;
Mayes et al., 2003; Laing et al., 1997; Steen et al,. 1997). The dcSSc cases summed up to 60% versus
27% of the incidents in black versus white dcSSc women (Mayes et al., 2003). Interestingly, no difference
reported in incidence according to race between men. It was also observed that people of a black ethnic
background had an earlier age of onset of SSc than Caucasian people in USA (Nietert et al., 2006; Mayes
et al., 2003; Laing et al., 1997; Steen et al., 1997). In Australia, the incidence rate was higher among
continental European-born men, presumably because of greater silicates exposure in this population
(Roberts-Thompson et al., 2006). In France, the incidence rate of SSc was 140/million (95% CI 122-170)
in European versus 210 (128-293) in non-European (Northern and Sub-Saharian Africans, Asians and
Carribeans). The dcSSc was more likely in non-European (34 versus 17, p=0.04; Le Guern et al., 2004).

Generally, SSc is less frequent to European origin when compared to people of other ethnicities.

Gender

SSc is more common in women compared to men, with a mean gender ratio around 3:1 (Chifflot et al.,
2008). This observation might be attributed to different environmental exposures, as well as hormonal
background. Moreover, men are more likely to have dcSSc (Al-Dhaher et al., 2008; Ferri et al., 2002)
than women. The gender ratio was apparently greater during the child bearing years, compared to older

age groups; 3.4:1 versus 2.4:1 (Steen et al., 1997).

Gender preferences, clinical dissimilarities and intrinsic psychological perspectives also influence
considerably the HR-QoL (Chularojanamontri et al., 2011). In general men gender is deemed a factor of

poor prognosis in SSc (Nguyen et al., 2011; Wynn et al., 1985; Peters-Golden et al., 1984). Women have
9



more concern about daily and leisure activities whereas men's concern is work or study
(Chularojanamontri et al., 2011). It has been reported that men may have renal failure, elevated blood
pressure, inflammatory myopathy, arrhythmia, myositis, positive nuclear antibodies, dcSSc,
echocardiography pulmonary artery pressure > 35mm Hg, ILD (Nguyen et al., 2011; Wynn et al., 1985)
and greater risk to develop lung cancer (Colaci et al., 2013), and less frequently anti-centromere
antibodies and sicca syndrome (Nguyen et al., 2011) more often than women. On the other hand, women
present calcinosis, arthralgias and IcSSc more often than men (Nguyen et al., 2011). Moreover, a study
reported that perceived health status is not associated with gender and that women have more self-
reported symptoms of anxiety compared to men who were free of self-reported symptoms of both
depression and anxiety (Nguyen et al., 2011). The same study concluded that perceived disability and
impaired HR-QoL in SSc is not determined by gender, but functional and social issues should be

considered as severe in both.

Age

Although SSc is rare during childhood or among very elderly adults, it is possible to occur at any age.
Nevertheless, peak occurrence is usually in the fifth decade (Nietert et al., 2006; Mayes et al., 2003;
Laing et al., 1997; Steen et al,. 1997), again with ethnicity being considered a contributing factor (Laing

et al., 1997; Steen et al., 1997; Mayes et al., 2003; Le Guern et al., 2004).

Environmental risk factors

Silica

Manufacturing and rural activities have been associated with SSc incidence. This is mainly due to the
exposure to silica, dust and hydrocarbons (Ranque et al., 2010). Initially, the association between silica
and SSc was excluded by limited numbers of patients (Nietert et al., 2000), however, retrospective

comparative studies followed to confirm that exposure to silica constitute a high risk to develop SSc

(Janowsky et al., 2000). Odds ratio of 3.93 (1.84-8.54) (Englert et al., 2000) and 5.57 (1.69-18.37) (Diot
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etal., 2002) were calculated in studies conducted in Australia and France, respectively, and thus a number

of countries such as France, Germany, Canada and South Africa consider SSc as an occupational disease.

Solvents

Previous exposure to solvents was also associated with SSc (Nietert et al., 2000) in case control studies
with discrepancies among studies with respect to the types of solvents involved and/or patient gender.
Amongst solvents that have been considered as high risk are paint thinner or removers, mineral spirits,
trichloroethylene, trichloroethane, perchloroethane, gasoline, aliphatic hydrocarbons, halogenated
hydrocarbons, benzene, toluene and xylene-solvents. For example, men with SSc have been observed to
be more frequently exposed to organic solvents (namely trichloroethylene) than controls (Odds ratio 2.9
[1.1-7.6]) (Nietert et al., 2000), which was not the case for women (Nietert et al., 1998). In a recent meta-
analysis incidence of SSc was correlated with increased odds ratio for silica, chlorinated solvents,
trichloroethylene and welding fumes for men with SSc, aromatic solvents and ketones for women with

SSc and white spirit for both genders (Marie et al., 2014).

Occupational risk factors

Various toxic products such as epoxy resins and pesticides, paints, adhesive, hair dye, contact lenses and
fabric eyes have been explored in SSc case controls studies but were not demonstrated significantly are
risk for SSc. Moreover, despite the fact that silicone breast implants were suspected as potential risk
factors for SSc induction (Varga et al., 1989), two meta-analyses (Marie et al., 2014; Janowsky et al.,
2000) inferred to the absence of correlation between SSc and breast implants. In addition, outbreaks of
SSc-like disorders have apparently been associated to chemical exposure, including polyvinyl chloride

intoxication (Garabrant et al., 2003) or toxic oil syndrome (Nietert et al., 2000).

Other risk factors that may trigger SSc include viruses or certain chemicals. For example, Lunardi et al.,
(2000) reported that 93% of people with SSc present the "SSc peptide" that is assessed by serum

immunoglobulin. Notably, this peptide demonstrates an essential homology with UL94, a
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cytomegalovirus (CMV) late protein than can be identified by purified IgG from patients (Lunardi et al.,
2000). In vitro, patient antibodies targeting UL94 also appear to induce apoptosis of endothelial cells
(EC) comparably to SSc specific antibodies, recommending a possible role of CMV in the activation and
the maintenance of SSc. Consequently, it is inferred that a cascade of extrinsic or intrinsic events seems

necessary for the initiation of the disease (Halenious and Hengel, 2014).

Genetic factors

A large number of studies have been conducted in an attempt to identify genetic risk factors for SSc. A
USA-based study involving 703 families, demonstrated that first degree relatives of people with SSc
were found to be more susceptible to develop SSc themselves, with a relative risk close to 13 (10-16
across cohorts), with a recurrence rate of 1.6% versus 0.026% in the general population (Arnett et al.,
2001). The relative risk in siblings (As) varies between 3 and 15 (10-27) across cohorts. The only study
that has been performed in twins demonstrated a poor agreement with the clinical expression of the
disease (4.7%) after the analysis of 42 twin pairs (24 monozygotic; Feghali-Bostwick et al., 2003).
Nevertheless, there is a higher consistency with the presence of anti-nuclear antibodies: 40% for dizygotic
and 90% for monozygotic. The inference from these results indicates that genetic predisposition alone is

not adequate to develop SSc but might affect the autoantibody profile.

Vascular Related Genes

Endothelin-1 is one of three isoforms and is synthesized by vascular endothelial (VE) cells, fibroblasts,
bone marrow mast cells, neutrophils, macrophages, and cardiac myocytes (Shiwen et al., 2009). Various
triggers induce synthesis of ET-1 including TGF-f and other growth factors, cold exposure, low shear
stress, hypoxia, and angiotensin II (Shiwen et al., 2009); but its synthesis is reduced by nitric oxide (NO),
natriuretic peptides, increased blood flow, and prostacyclin (Ortega & de Artinano, 1997). ET-1 is also
degraded by MMP-1, which is reduced in SSc (Shiwen et al., 2009). Two types of receptors for ET-1
(ETa and ETp) are variably expressed on endothelial cells, vascular smooth muscle cells, adventitial
fibroblasts, tissue fibroblasts, neutrophils, mast cells; and monocytes and ET receptor engagement on
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these cells triggers a variety of pro-inflammatory or fibrotic response, includ-ing vasoconstriction of
vasculature (Shiwen et al., 2009). ET-1 increases surface expression of [CAM-1 on fibroblasts, stimulates
CI synthesis, promotes formation of myofibroblasts, and facilitates binding of T cells to fibroblasts
(Shiwen et al., 2009; Sakkas et al., 2006). ET-1 acts as a downstream mediator of TGF-B, and its
induction by TGF-f in fibroblasts is via small mother against decapentaplegic (Smad)-independent
signaling that involves c-Jun N-terminal kinase (JNK) and activin receptor-like kinase (ALK)5 pathways
(Shi-Wen et al., 2006). Polymorphisms of ET-1 receptors are associated with SSc. For example, there is
an association of EDNRB polymorphisms and dcSSc and EDNR-A polymorphism with anti-RNA
polymerase autoantibodies in SSc (Shiwen et al., 2009). Polymorphisms were also described in the
promoter of the NOS2 gene that confers susceptibility to pulmonary arterial hypertension (PAH) in SSc
(Kawaguchi et al., 2006). Potassium voltage-gated channel shaker-related subfamily 5 (KCNAS5) has a
role in the regulation of vascular tone. It is inhibited by hypoxic conditions leading to vasoconstriction.
KCNAS5 may have a protective role against PAH-associated SSc, this protective role was identified with

variant rs10744676 (Bossini-Castillo et al., 2012).

2.2.3 Hospitalisations

A recent study analysed 4981 hospitalisations with hospital discharge records of SSc, in 736 patients,
between 2001 and 2012 (Piga et al., 2016); women accounted for 84.8% of admission. Stratification for
admission type revealed that 67.8% were in-patients and 32.2% were day-hospital (a programmed one-
day hospitalisation). SSc was the primary diagnosis in 3631 (72.9%) hospitalisations of which 65.4%
were inpatient admissions; this percentage increased to 74.4% for SSc as non-primary diagnosis. The
overall mean length of stay for in-patient admissions was 8.0 days (£5.57; median 7 days) and 8.8 days
(£9.6; median 6 days) for SSc as primary and non-primary discharge diagnosis, respectively. During
study period, a remarkable increase in SSc hospitalisations, both inpatient and day-hospital, was detected
as effect of a significant rise in number of hospitalisations with primary discharge diagnosis of SSc. In

contrast, the number of hospitalisations with SSc as non-primary discharge diagnosis showed an initial
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decline and then remained steady. The ratio between hospitalisations resulting in SSc as primary
diagnosis and total number of admissions in regional area was 0.36 per 1000 in 2001, but it underwent a
statistically significant (p < 0.0001), gradual and progressive annual increase raising to 1.33 per 1000 in
2012. Increased number of hospitalisations for SSc was mostly secondary to the raised number of day-
hospital; the inpatient/day-hospital ratio was 4.0:1 in 2001, while it reached 1.9:1 in 2012. Major reasons
for day-hospital admissions were therapeutic procedures, mainly intravenous treatment with prostacyclin

receptor agonists.

Patient characteristics

For the previously mentioned hospitalisation studies, and among the 736 patients recorded, 84.4% were
women (Women/Men ratio 5.4:1) (Piga et al., 2016). Stratification by age and sex revealed additional,
interesting information: Only six patients (4 women and 2 men) were <16 years old. The largest
proportion of women hospitalized was aged 45-64 years (43.16%) followed by those older than 64 years
(34.94%). An even more significant difference emerged for hospitalised males; those aged 4564 years

were 47.8 % and those older than 64 were 27.8 %.

2.2.4 Mortality

Mortality rates in SSc have improved significantly compared with earlier published reports. A
longitudinal study reported a 10-year cumulative mortality rate showing an improvement in survival from
54% in the 1970s to 66% in the 1990s (Steen and Medsger, 2007). Improvement in survival was ascribed
to improvements in diagnostic processes and to the development of more effective treatments for
scleroderma renal crisis. It was demonstrated that pulmonary fibrosis and PAH replaced scleroderma
renal crisis as the leading causes of death in SSc-related mortality. Scleroderma renal crisis is a major
complication in patients with SSc. It is characterized by malignant hypertension and oligo/anuric
acute renal failure. Scleroderma renal crisis occurs in 5% of patients with SSc, particularly in the first

years of disease evolution and in the diffuse form.
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The European League against Rheumatism (EULAR) Scleroderma Trials and Research (EUSTAR)
database has reported the causes and risk factors for death in SSc (Tyndall et al., 2010). The database
comprised 5860 patients with SSc who fulfilled the American college of rheumatology (ACR) 1980
classification criteria (Subcommittee for Scleroderma Criteria of the American Rheumatism Association
Diagnostic and Therapeutic Criteria Committee, 1980). Data for death and comorbidity causes were
available for 234 out of 284 fatalities. To calculate predictors of mortality they used a multivariate Cox
proportional hazards model reporting a direct association to SSc for 55% of deaths and 41% to non-SSc
causes with the remainder 4% of cases considered non-classifiable. Among the 284 patients, 54.6% had
dcSSc and 40.5% had 1cSSc. The medial disease duration was 7.1 years for deSSc and 15 years for IcSSc.
The 19% percent of deaths were accounted for pulmonary fibrosis and 14% for pulmonary arterial
hypertension (PAH). Arrhythmias were the most common cause for the 14% of SSc-related myocardial
disease deaths. Renal cases of death only justified 4%, all of which were associated to scleroderma renal

crisis. Gastrointestinal-related causes accounted for 3% of patient deaths.

As regards to the non-SSc related deaths, the following causes identified: infections (13% of all deaths),
neoplasia (13%), and cardiovascular disease (12%). An analysis performed to identify the SSc-related
comorbidities from patients with non-SSc-related deaths. The results demonstrated that a large number
of patients who died from pneumonia also presented gastroesophageal reflux with or without documented
aspiration. The 64.2% of those patients died from lung cancer had concomitant pulmonary fibrosis. In
the EUSTAR report, independent predictors of reduced survival comprised of presence of proteinuria,
PAH, pulmonary restriction with a forced vital capacity of less than 80% predicted, presence of dyspnoea
greater than New York Heart Association (NYHA) Class II, higher age at onset of RP, decreased
diffusion capacity for carbon monoxide, and a modified Rodman skin score higher than 10. This report
is supportive to previous findings (Tyndall et al., 2010) which showed that pulmonary fibrosis and PAH
are the most significant causes of SSc-related deaths and likely are partly responsible for non-SSc-related

deaths.
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Moreover, Hissaria et al., (2011) examined South Australian based population and reported the survival
rates in 786 scleroderma patients using standardised mortality ratios compared with the general
population. As anticipated, people with SSc had lower survival compared with a standardised mortality
ratio of 1.46 [95% confidence interval (CI) 1.28-1.69]. The factors that identified to be responsible for
the increase in mortality were older age of onset, gender (men), scleroderma renal crisis, pulmonary

fibrosis, PAH, cancer, and antitopoisomerase and anti-U1 antibodies.

2.3 Classification criteria

The EULAR 2013 classification criteria (van den Hoogen et al., 2013) are considered as the gold standard
criteria for the condition. Previous criteria lacked sufficient sensitivity, specifically in patients with early
SSc or with limited cutaneous SSc (Hachulla and Launay, 2011; Hudson et al., 2007; Lonzetti et al.,
2001). The EULAR 2013 criteria include clinical manifestations of the three hallmarks of SSc:
vasculopathy, fibrosis of the skin and/or internal organs and production of certain autoantibodies. The
four items including in the 1980 ACR classification criteria [scleroderma proximal to the
metacarpophalangeal joints, sclerodactyly, digital pitting scars (not pulp loss), and bilateral basilar
pulmonary fibrosis] are also incorporated, as are the items in the criteria proposed by LeRoy and Medsger

(2001): RP, autoantibodies, nailfold capillaroscopy abnormalities, skin fibrosis.

The EULAR 2013 classification criteria are presented in Table 1. The table demonstrates the one criterion
that, if present, is adequate to classify an individual with SSc, the two exclusionary criteria, and the seven
items with a combined threshold above which cases are classified as SSc. Classification criteria are set
for patients that may have SSc and are being examined for inclusion in an SSc study. The criteria are not
applicable to patients with SSc-like disorder that accounts for their manifestations; and patients are not

classified as having SSc when presenting 'skin thickening sparing the fingers'.

Skin thickening of the fingers of both hands that extends proximal to the metacarpophalangeal joints, is
a manifestation that the classification system assigns nine points. This is adequate to classify the patient

as having SSc, and no further implementation of the point system is required. Otherwise, the point system
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is implemented by adding the scores for manifestations that are present. The items are skin thickening of

the fingers, fingertip lesions, telangiectasia, abnormal nailfold capillaries, PAH and/or interstitial lung

disease (ILD), RP, and SSc-related autoantibodies. Two different possible manifestations are included

within two items, skin thickening of the fingers and fingertip lesions. In the case where a patient presents

both manifestations, the score for the category is the higher score of the two manifestations. For example,

in the item fingertip lesions, if a patient has both manifestations, that is, digital tip ulcers (weighted 2)

and fingertip pitting scars (weighted 3), the total score for the item would be 3. The highest possible score

is 19, and patients with a score of > 9 are classified as having SSc. The definitions of the items used in

the criteria are provided in table 2.

2.3 Table 1 ACR/EULAR criteria for the classification of systemic sclerosis

anti—topoisomerase I [anti—Scl-70], anti-RNA
polymerase III) (maximum score is 3)

Item Sub-item(s) Weight/score**
Skin thickening of the fingers of both hands - 9
extending proximal to the
metacarpophalangeal joints (sufficient
criterion)
Skin thickening of the fingers (only count the Puffy fingers 2
higher score) Sclerodactyly of the fingers (distal to 4
the metacarpophalangeal joints but
proximal to the proximal

interphalangeal joints)
Fingertip lesions (only count the higher score) Digital tip ulcers 2
Fingertip pitting scars 3
Telangiectasia - 2
Abnormal nailfold capillaries - 2
PAH and/or ILD (maximum score is 2) PAH 2
ILD 2
Raynaud's phenomenon - 3
SSc-related autoantibodies (anticentromere, Anticentromere 3

Anti-topoisomerase |

Anti-RNA polymerase 111

*These criteria are applicable to any patient considered for inclusion in a systemic sclerosis study. The
criteria are not applicable to patients with skin thickening sparing the fingers or to patients who have a
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scleroderma-like disorder that better explains their manifestations (e.g., nephrogenic sclerosing fibrosis,

generalised morphoea,

eosinophilic

fasciitis, scleroderma diabetic rum, scleromyxedema,

erythromyalgia, porphyria, lichen sclerosis, graft-versus-host disease, diabetic cheiroarthropathy).

**The total score is determined by adding the maximum weight (score) in each category. Patients with
a total score of >9 are classified as having definite systemic sclerosis.

2.3 Table 2 Definitions of items/sub-items in the ACR/EULAR criteria for the classification of

systemic sclerosis

[tem Definition
Skin thickening Skin thickening or hardening not due to scarring after injury, trauma, etc.
Puffy fingers Swollen digits—a diffuse, usually nonpitting increase in soft tissue mass

of the digits extending beyond the normal

confines of the joint capsule. Normal digits are tapered distally with the
tissues following the contours of the digital

bone and joint structures. Swelling of the digits obliterates these
contours. Not due to other causes such as

inflammatory dactylitis.

Fingertip ulcers or pitting scars

Ulcers or scars distal to or at the proximal interphalangeal joint not|
thought to be due to trauma. Digital pitting scars

are depressed areas at digital tips as a result of ischaemia, rather than|
trauma or €exogenous causes.

Telangiectasia

Telangiectasia are visible macular dilated superficial blood vessels,
which collapse upon pressure and fill slowly when

pressure is released. Telangiectasia in a scleroderma-like pattern are
round and well demarcated and found on hands,

lips, inside of the mouth, and/or are large mat-like telangiectasia.
Distinguishable from rapidly filling spider angiomas

with central arteriole and from dilated superficial vessels.

Abnormal nailfold capillary,
pattern consistent

with systemic sclerosis

Enlarged capillaries and/or capillary loss with or without pericapillary
haemorrhages at the nailfold. May also be seen

on the cuticle.

Pulmonary arterial

hypertension

Pulmonary arterial hypertension diagnosed by right-sided heart
catheterisation according to standard definitions.

Interstitial lung disease

Pulmonary fibrosis seen on high-resolution CT or chest radiography,
most pronounced in the basilar portions of the

lungs, or occurrence of ‘Velcro’ crackles on auscultation, not due to
another cause such as congestive heart failure.
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Raynaud’s phenomenon Self-reported or reported by a physician, with at least a 2-phase colour|
change in finger(s) and often toe(s) consisting of

pallor, cyanosis, and/or reactive hyperaemia in response to cold
exposure or emotion; usually one phase is pallor.

SSc-related auto antibodies Anticentromere antibody or centromere pattern seen on antinuclear|
antibody testing, anti—topoisomerase I antibody

(also known as anti—Scl-70 antibody), or anti- RNA polymerase III
antibody. Positive according to local laboratory

standards.

2.4 Vascular anatomy and physiology

The peripheral vascular system includes all the blood vessels that exist outside the heart. The peripheral

vascular system is classified as follows:

1. The aorta and its branches.

2. The arterioles.

3. The capillaries.

4. The venules and veins are returning blood to the heart.

The function and structure of each segment of the peripheral vascular system vary depending on the

organ it supplies. Aside from capillaries, blood vessels are all made of three layers:

1. The adventitia or outer layer which provides structural support and shape to the vessel.

2. The tunica media or a middle layer composed of elastic and muscular tissue which regulates the

internal diameter of the vessel.

3. The tunic intima or an inner layer consisting of an endothelial lining which provides a frictionless

pathway for movement of blood.
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Within each layer, the amount of muscle and collagen fibrils varies, depending on the size and location

of the vessel.

2.4.1 Arteries

Arteries play a major role in nourishing organs with blood and nutrients. Arteries are always under high
pressure. To accommodate this stress, they have an abundance of elastic tissue and less smooth muscle.
The presence of elastin in the large blood vessels enables these vessels to increase in size and alter their
diameter. When an artery reaches a particular organ, it undergoes further division into smaller vessels
which have more smooth muscle and less elastic tissue. As the diameter of the blood vessels decreases,
the velocity of blood flow also diminishes. It is estimated that about 10% to 15% of the total blood
volume is contained in the arterial system. This feature of high systemic pressure and low volume is

typical of the arterial system.

There are two main types of arteries found in the body: the elastic arteries (Andall et al., 2016), and the
muscular arteries (Matsushima et al., 2015). Muscular arteries include the anatomically named arteries
like the brachial artery, the radial artery, and the femoral artery. Muscular arteries contain more smooth
muscle cells in the tunica media layer than the elastic arteries. Elastic arteries are those nearest the heart
(aorta and pulmonary arteries) that contain more elastic tissue in the tunica media than muscular arteries.
This feature of the elastic arteries allows them to maintain a relatively constant pressure gradient despite

the constant pumping action of the heart.

2.4.2 Arterioles

Arterioles provide blood to the organs and are primarily composed of smooth muscle. The autonomic
nervous system influences the diameter and shape of arterioles. Arterioles respond to the tissue's need
for more nutrients/oxygen and simultaneously they play a significant role in the systemic vascular

resistance because of the lack of significant elastic tissue in the walls.

The arterioles vary from 8 to 60 micrometres. The arterioles are further subdivided into meta-arterioles.
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2.4.3 Capillaries

Capillaries are thin-walled vessels composed of a single endothelial layer. Because of the thin walls of
the capillary, exchange of nutrients and metabolites occurs primarily via diffusion. The arteriolar lumen

regulates the flow of blood through the capillaries.

2.4.4 Venules

Venules are the smallest veins and receive blood from capillaries. They also play a role in the exchange
of oxygen and nutrients for water molecules. There are post-capillary sphincters (vascular shunt)
located between the capillaries and venules. The venule is very thin-walled and easily prone to rupture

with excessive volume.

2.4.5 Veins

Blood flows from venules into larger veins. Similarly, to the arterial system, three layers make up the
vein walls. In contrast to the arteries, the venous pressure is low. Veins are thin walled and are less
elastic. This feature permits the veins to hold a very high percentage of the blood in circulation. The
venous system can accommodate a large volume of blood at relatively low pressures, a feature
termed high capacitance. During the systemic circulation, nearly three-fourths of the circulating blood
volume is contained in the venous system. Veins are also equipped by one-way valves which allow for
blood flow, toward the heart, in a forward direction. The blood flow in the lower limb veins is promoted
through muscle contractions. The forward blood flow from the lower limbs to the heart is also affected
by respiratory alterations that influence pressure gradients in the abdomen and chest cavity. This pressure
differential is highest during deep inspiration, but a small pressure differential can be observed during

the entire respiratory cycle.
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2.4.6 Structure and function

One of the blood vessels function is to transport nutrients to organs/tissues and remove wastes away from
organs/tissues in the blood. A primary purpose and significant role of the vasculature is its participation
in oxygenating the body (Andall et al., 2016). Deoxygenated blood from the peripheral veins is
transported back to the heart from capillaries, to venules, to veins, to the right side of the heart, and then
to the lungs. Oxygenated blood from the lungs is transported to the left side of the heart, into the aorta,
then to arteries, arterioles, and finally capillaries where the exchange of nutrients occurs. Loading and

unloading of oxygen and nutrients occur mostly in the capillaries.

2.4.7 Nerves

Blood vessels are primarily innervated by the sympathetic nervous system. The smooth muscles of
vasculature contain alpha-1, alpha-2, and beta-2 receptors. A fine balance between the influence of the
sympathetic and parasympathetic nervous systems is responsible for the underlying physiological
vascular tone. Specialised receptors located in the aortic arch and the carotid arteries acquire information
regarding blood pressure (baroreceptors) and oxygen content (chemoreceptors) through blood flow. This
information is then delivered to the nucleus of the solitary tract via the vagus nerve (Reyes et al., 2008).

Blood vessel constriction or relaxation then follows accordingly regulated by the sympathetic response.

2.4.8 Muscles

Blood vessels are consisted primarily by smooth muscle cells. These muscle cells are located within the
tunica media along with elastic fibres and connective tissue. It is noteworthy to mention that the
contraction of skeletal muscle plays a critical role in the promotion of peripheral blood flow towards the

heart in the venous system.
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2.5 Vascular Physiology

2.5.1 Endothelial cell function

Endothelial cells occupy a pivotal location between blood and tissue, which facilitates their involvement
in numerous physiological processes. Blood vessels consist of a layer of smooth muscle surrounding an
inner layer of endothelium. In addition to providing a selectively permeable barrier to blood, endothelial
cells are vital to maintaining a physiological equilibrium relating to the processes of inflammation,
platelet aggregation, thrombosis and vascular smooth muscle proliferation (Henderson, 1991).
Endothelial cells also modulate vascular tone and blood flow and, in doing so, have profound effects on

the overall function of the cardiovascular system (Henderson, 1991).

The endothelium responds to various humoral, neural and mechanical stimuli by releasing both
contractile and relaxing signals that affect the underlying smooth muscle and thus, vascular tone.
Endothelial cells are influenced by shear force, by platelets and the coagulation system, and by hormones
and neurotransmitters (Quyyumi, 1998; Henderson, 1991). The endothelium, in turn, influences vascular
tone through a variety of signals, including the vasoconstrictors angiotensin II, endothelin (ET)-1 and

thromboxane, as well as vasodilators prostacyclin and NO (Quyyumi, 1998; Henderson, 1991).

NO-dependent vasodilation

Endothelial cells contribute to the regulation of blood flow, in part through NO-dependent vasodilation
(Bivalacqua et al., 2003; Quyyumi, 1998; Henderson, 1991). NO-dependent vasodilation is initiated
when agonists (such as acetylcholine and shear stress) activate the endothelial cell’s phosphoinositol
pathway and increase cytosolic calcium levels. In the endothelial cell calcium binds to calmodulin, which
then activates endothelial nitric oxide synthase (eNOS) to form NO from its precursor substrate, L-
arginine. NO diffuses to the adjacent smooth muscle cells where it activates soluble guanylate cyclase to

increase cyclic guanosine monophosphate (cGMP) levels. cGMP relaxes vascular smooth muscle by
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decreasing calcium levels through inhibition of the phosphoinositol pathway. In summary, agonists
stimulate eNOS to produce NO, which increases smooth muscle cGMP and reduces smooth muscle
calcium levels and tone. NO continuously fluctuates at low concentrations and therefore constantly

influences the vascular tone (Henderson, 1991).

2.5.2 Shear stress and endothelial function

Shear stress is defined as the force exerted by the blood flow on blood vessel walls. This stress generates
a response in the vascular wall, characterised by release of endothelial mediators, which in turn stimulate
structural remodelling through activation of gene expression and protein synthesis (Hudlicka and Brown,
2009). Hemodynamic forces exerted by the heart during the cardiac cycle, PP (difference between
systolic and diastolic pressure) and tangential stress, change the structure of vascular wall. PP induces
distention of the vascular wall which increases the radial tension on the blood vessels. Tangential stress
or shear stress depends on the inner diameter of the vessel, blood flow rate, viscosity of the blood, and
pulsatility of blood flow. It is estimated using Poiseuille’s law, through the product of shear on the wall
and blood viscosity: T=4 * n * q/ n * r* where 7 is fluid viscosity, ¢ is flow, 7 is defined as the ratio of
the circumference of a circle to its diameter and 7 is radius. It is worth noting that this formula should be
considered only for a blood vessel with circular cross section and in laminar flow regime. On the other
hand, in clinical studies, shear stress is calculated through blood viscosity and shear rate (y), which is
estimated from the values of blood flow velocity (V) and internal arterial diameter (d) according to the
following equation (Reneman et al., 2006): y =8 * V / d. Shear stress values calculated in this way might
be held for in vitro assays, provided that the conditions meet Poiseuille’s law. The latter statement cannot
be applied to blood vessels in vivo, considering the presence of non-Newtonian fluid, distensible vessels,
pulsatile flow, and branching of the arterial tree. Moreover, blood flow velocity, and wall shear stress, is
high in systole and relatively low in diastole. Thus, diastole comprises approximately two thirds of the
cardiac cycle, and the level of wall shear stress during this phase of the cardiac cycle contributes

substantially to the mean wall shear stress (Reneman et al., 2006).
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Other important factors that regulate vascular response to shear stress are blood flow characteristics
(magnitude and shape) and vascular tree anatomy (Friedman et al., 1987). For instance, it is well known
that turbulence in zones of arterial branching, where oscillatory shear stress is generated, constitute areas
of vascular remodelling associated with starting events leading to atherosclerosis (Giddens et al., 1993).
It has been demonstrated that the flow patterns in ascending aorta contribute to pro-atherosclerotic
environment, mainly that low and oscillator shear stress, specifically near of the aortic sinus. There is a
correlation between low shear stress and increased incidence of vascular damage, especially near to the

coronary arteries (Suo et al., 2008).

2.5.3 Endothelial progenitor cells and endothelial function

Somatic stem and progenitor cells provide a source of tissue-specific cellular elements that permit
appropriate tissue and organ functions through replacement of injured, diseased, and senescent cells in
many organ systems throughout the lifespan (Weissman et al., 2001). Hematopoietic (Ivanov et al., 2017,
Eaves, 2015), intestinal (Beumer & Clevers, 2016; Grun et al., 2016), skin (Ge Yejing et al., 2017; Fuchs,
2016) and skeletal muscle stem cells (Chal & Pourquie, 2017; Joanisse & Parise, 2016) have been
identified and rigorously studied. Nevertheless, little is known about the cellular and molecular
mechanisms that are related to homeostatic repair and replacement of vascular endothelial cells. Asahara
et al. (1997) reported on the identification of circulating progenitor cells for the endothelial lineage. These
putative endothelial progenitor cells (EPC) were bone marrow-derived cells that displayed an
upregulation of “endothelial” cell surface markers and downregulation of “hematopoietic” markers
during in vitro culture, suggesting that some hematopoietic stem cells displayed the ability to
transdifferentiate into EPC to regenerate endothelial cells in vitro (Asahara et al., 1999). These putative
EPCs also displayed colony-forming activity and were capable of migrating to sites of ischemic injury
in vivo in animal models of human disease. Since these putative EPCs were isolated from human blood
but participated in neovascularization in the tissues of injured animals, the authors proposed that the cells

were engaged in postnatal vasculogenesis as a means to repair the damaged blood vessels. Numerous
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publications followed where various cell surface markers were identified as enriching for the putative
hematopoietic stem cells that could transdifferentiate into EPC subsets to enhance vascular repair (Majka
et al., 2003; Jackson et al., 2001) (reviewed Kovacic et al., 2008) or could serve as a biomarker for the

presence or severity of cardiovascular disease in humans (Fadini et al., 2012; Yoder, 2009).

2.6 Pathophysiology of systemic sclerosis

Vascular involvement is a common clinical manifestation in patients with connective tissue disorders
and it is an important cause of death in established disease. Vasculopathy can be directly involved in the
pathogenesis of the clinical condition, constituting an acute manifestation of rheumatoid arthritis (e.g.,

vasculitis), lupus (e.g., antiphospholipid syndrome), or SSc (e.g., PAH, digital ulcers).

Vasculitis is frequent to several connective tissue disorders, being triggered by a vascular inflammatory
cascade of the vessel walls that may take numerous clinical forms due to its ability to affect vessels of
different sizes (arteries, veins, and/or capillaries) and areas (involving either skin or internal organs), with

a prognosis that may range from mild to life-threatening (Toubi et al., 2004).

Auto-immune connective tissue diseases can also be related to a considerable spectrum of cardiovascular
manifestations that affect myocardium, pericardium, cardiac valves and the conduction system (Prasad
et al., 2015). Although clinically-silent, these cardiovascular manifestations can have various impacts on

the patient's condition increasing considerably the co-morbidity and mortality.

In the pathophysiology of SSc vascular disease is fundamental all along its development from early onset
to late complications. One of the three key features that characterize the SSc connective tissue disorder
is vasculopathy, along with fibrosis and auto-immunity. Both forms of SSc (IcSSc and dcSSc) display
symptoms of vasculopathy (Gabrielli et al., 2009; Koch and Distler, 2007; LeRoy et al., 1988). On one
hand, 1cSSc presents a skin involvement that is limited to the face, neck, and areas distal to elbow and
knees. On the other hand, dcSSc the skin involvement extends proximal to upper arms, thighs and/or

trunk. The vasculature is a direct target in SSc, as demonstrated by the range of clinical manifestations

26



that occur from the initiation to the development of the disease and have a significant effect on the quality

of life of those patients.

2.6.1 Microvascular complications in SSc
Vascular disease can affect several organs in SSc including kidneys, lungs, heart and digital arteries,

leading to various clinical manifestations in people with SSc.

RP constitutes the hallmark of the clinical manifestations observed in SSc. The main sites affected by
this microvasculature disorder are fingers and toes, however, it can also affect other extremities. Over
95% of people with SSc present evidence of RP that can initiate many years before any other clinical
manifestation of SSc. RP is a result of hypoxia in the extremities in response to cold and is described by
a triphasic colour pattern: pallor (constricted blood-flow), cyanosis (tissue hypoxia) and rubor
(reperfusion) (Block and Sequeira, 2001). Evidently, RP is triggered by endothelial injuries in association

with dysregulations in the production of nitric oxide (NO) and vasoactive factors (Kahaleh, 2004).

RP can result in the formation of digital ulcers that is also one of the earliest complications of SSc.
Healing of digital ulcers is often complex and difficult, and the most threatening complication is the

amputation that is secondary to infections.

Telangiectasias are cause by a dilatation of postcapillary venules (Walker et al., 2005) and are also
common in SSc, reflecting the systemic microvascular dysfunction of the disease. They are confined on

the hands, face, lips and oral cavity.

Pulmonary vascular involvement in the form of PAH, diagnosed by right-heart catheterization, is
presented in roughly 12% of patients with SS, and is observed in both 1cSSc and dcSSc (Proudman et al.,
2007; Mukerjee et al., 2003). The progressive remodelling of the small- to medium-sized pulmonary
vasculature results in pulmonary artery vasoconstriction and cellular proliferation and concomitantly to
SSc-PAH. The vascular remodelling, fibrosis, and intraluminal micro-thrombosis are triggered and

maintained by hypoxemia and ischemia-reperfusion injury in the pulmonary vasculature (Farber et al.,
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2004). These events leading to a progressive increase in pulmonary vascular resistance, pulmonary
arterial pressure, and right ventricular pressure overload. Compensatory mechanisms in the right ventricle

eventually result in cardiac failure, rendering PAH life-threatening.

Approximately 10% of patients with dcSSc and 2% of patients with 1cSSc are affected by scleroderma
renal crisis as a result of the vascular disease that can also affect renal vessels. This vascular complication
is commonly related to the presence of anti-RNA polymerase III antibodies (Steen et al., 1984).
Scleroderma renal crisis typically displays an acute onset of severe hypertension and renal failure, caused
by a proliferative obliterative vasculopathy of arterioles result in a glomerular ischemia, as demonstrated

by histopathological studies of renal biopsies.

Similarly, vascular remodelling of the gastrointestinal mucosa closely resembling telangiectasias (Gastric
Antral Vascular Ectasia-GAVE) is able to induce gastrointestinal manifestations in people with SSc
(Hung et al., 2013). GAVE is typically characterised, through microscopy, by dilatation of mucosal
capillaries, focal fibrin thrombosis, fibromuscular hyperplasia, and fibrohyalinosis. This typical
gastrointestinal characteristic can be found in autoimmune connective tissue disorders including SSc and
is also correlated to liver diseases. Several reports estimate its prevalence in people with SSc between 1

and 20% (Ghrenassia et al., 2014; Hung et al., 2013; Marie et al., 2008).

2.6.2 Vasculopathy in systemic sclerosis

SSc vasculopathy affects mainly small and medium-size arteries that present intimal hyperplasia and
media thickening. Vasculopathy manifestations in the skin and in the lungs of patients with PAH can be
associated with perivascular inflammation. In addition to the arteries, capillaries can also be affected by
the vascular disease observed in SSc (Trojanowska, 2010). The involvement of capillaries is highlighted
in nailfold capillaroscopy that demonstrates dilatation of the capillaries in early stages of SSc, and loss
of the capillaries in the later stages (Cutolo et al., 2000). Impaired vascular permeability and tone are the
earliest manifestations of vasculopathy in SSc. An imbalance between the vasoconstrictor molecules

including endothelin-1 (ET-1) and the vasodilator NO contributes to the vascular dysfunction.
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The aetiology of vasculopathy in SSc remains unknown, however, various events have been proposed to
result in vascular injury in SSc, including free radicals, infectious agents, auto-antibodies and cytotoxic

T cells directed against endothelial cells (Figure 1).

2.6.3 Microvasculature changes

Dysregulation of the vascular tone in arterioles and capillaries are an early and major sign of SSc. RP is
the first clinical manifestation due to these abnormalities and affects primarily the fingers and toes. The
structural modifications of the vasculature in SSc have been examined and observed using capillary
microscopy in the nailfold of the fingers (Campbell and LeRoy, 1975). As expected, nailfold
capillaroscopy allows the distinction of early and late microvascular disease (Cutolo et al., 2000). An
early stage of the disease is characterised by a few giant capillaries and no capillary loss (Kavian and
Batteux, 2015). At the next stage, the active disease is typically characterised by an increased number of
giant capillaries as well as capillary microhaemorrhages without significant capillary loss. The last
pattern characteristic of a late microvascular disease correlates the lack of giant capillaries with a
significant loss of capillaries with avascular areas and marked dis-organisation of the normal capillary
array. As previously noted, vascular changes are not limited to skin but also extend to the lungs, kidneys
and other organs. For example, the lungs of people with SSc with PAH display vascular lesions in small-
and medium-sized vessels that are distinguished by marked luminal obstruction, concentric intimal
proliferation and the presence of infiltrating immune cells (Farber and Loscalzo, 2004). On the other
hand, renal vessels of people with SSc can also show signs of media hyperplasia, intimal proliferation

and obliteration of the lumen (Rabquer and Koch, 2012).
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2.6 Figure 1 Pathophysiology of Vascular Damage

Sequence of events that could take part in the pathogenic process leading to vasculopathy in SSc. Various

causative agents [ischemia-reperfusion injury, reactive oxygen species (ROS), microbial agents] could induce
immune activation in predisposed subjects leading to chronic inflammation. Activated immune cells and auto-
antibodies along with altered NO release cause endothelial cell (EC) activation. Altered production of several

chemokines, cytokines and growth factors also contribute to an impaired angiogenesis and vasculogenesis,
particularly VEGF, PDGF, chemokine ligand (CXCL)-4, CXCL-9, and CXCL-10. The EC injury along with endo-
mesenchymal transition (EMT) process contribute to the activation of myofibroblasts and the production of

exaggerated amounts of extra-cellular matrix (ECM) resulting in tissue fibrosis.

Adapted from Kavian and Batteux, (2015).
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2.6.4 Endothelial cell injury

Increased levels of von Willebrand factor (vWF) and ET-1 are observed in the serum of patients with
SSc, reflecting the endothelial cells dysfunctions and the active vascular disease (Kahaleh et al., 1981).
The endothelial dysfunction is attested by the large gaps between endothelial cells, related to the
vacuolization of the cytoplasm and the cytoskeletal rearrangement of these cells (Trojanowska, 2010;
Freemont et al., 1992). Evidence suggests that endothelial cell apoptosis is increased in SSc. These
apoptotic cells could initiate the activation of the innate immunity and lead to tissue injury, as well as
coagulation activation. The endothelial injury could originate from cytoxic T cells, infections, auto-
antibodies against endothelial cells or an ischemia-reperfusion phenomenon including reactive oxygen
species (ROS) production. Indeed, endothelial cell apoptosis originates from the interplay of endothelial
cells with cytotoxic T cells, either by Fas or granzyme/perforin pathway mechanisms. A cytotoxic
endothelial cell apoptosis could be triggered by a viral infection of the endothelium, either directly or
through recognition of infected cells by cytotoxic T cells. Cytomegalovirus (CMV) has been suspected
to be involved in this process, since people with SSc present elevated levels of anti-CMV antibodies
(Kahaleh and LeRoy, 1999). CMV-infected endothelial cells can separate and travel to distant capillary
beds, thus spreading the virus and leading to systemic endothelial cell apoptosis and potentially to auto-
immunity, via the production of anti-endothelial cell antibodies. This hypothesis has not been established
and further studies are needed to define the exact role of CMV infection in endothelial injury and SSc

pathophysiology.

ET-1 is a vasoconstrictor and its expression is elevated in the blood vessels, lungs, kidneys and skin of
people with SSc (Liakouli et al., 2011). ET-1 is mainly a product of endothelial cells and its function is
to mediate the vascular wall proliferation along with inflammation and fibrosis. This molecule seems to
play a significant role in the maintenance of endothelial injury. Increased levels of ET-1 are related to
digital ulcers in SSc (Sulli et al., 2009), and ET-1 is involved in the progression of microvascular damage

in SSc as suggested by several clinical manifestations (Avouac et al., 2013). Two types of ET-1 receptors
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have been identified: ET-1 type-A receptors are expressed by vascular smooth muscle cells and can
regulate vasoconstriction, smooth muscle cell proliferation, fibrosis and inflammation. ET-1 type-B
receptors are mainly expressed on endothelial cells and regulate vasodilation through the release of NO.
The type-B receptors are down-regulated on endothelial cells in people with SSc. This event might
contribute to the reduction of their vasodilatory properties (Abraham et al., 1997). Molecules that hinder
ET-1 type- A and B receptors (e.g., bosentan) are often used for the prevention of new digital ulcers and
the treatment of PAH related to SSc. Targeting the endothelial injury and ET-1 appears as an important

therapeutic approach in the management of people with SSc.

The expression of endothelial NO synthase (eNOS) is reduced together with the NO release from vascular
endothelium in SSc (Sinici et al., 2010). Transforming growth factor beta (TGF-p) is involved in fibrotic
process of SSc - it appears to play a critical role in the metabolism of NO via the mediation of both
inducible- and eNOS (Lafyatis, 2014; Higley et al., 1994). In turn, the alteration of NO production results
in the alteration of vascular tone and platelet aggregation. NO also has an adverse regulatory effect on
cytokine-induced endothelial cell activation and confines the endothelial release of pro-inflammatory
cytokines such as interleukin 6 and 8 (IL-6 and -8). Therefore, the impaired NO production has an
important role in SSc vascular disease. Moreover, several studies have reported that oxidative stress is
increased in SSc and that it plays a part in endothelial injury by the peroxidation of cell membrane lipids
and by activating the inflammatory process (Rosato et al., 2009; Servettaz et al., 2009; 2007; Allanore et

al., 2004; Tikly et al., 2004).

A therapeutic approach that could enhance the sensitivity to endogenously NO production could have
beneficial effects in SSc (Ghofrani et al., 2013; Grimminger et al., 2009). Indeed, riociguat, a molecule
that targets and stimulates the soluble guanylate cyclase, has been demonstrated in a phase 2 trial to be
beneficial in the treatment of PAH by enhancing exercise capacity (6-minute walking test) as well as

pulmonary vascular resistance (Ghofrani et al., 2013).
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Furthermore, phosphodiesterase 5 (PDES) inhibitors have demonstrated beneficial effects in SSc
vasculopathy. In the last decade, clinical trials have announced a successful treatment of RP with two
PDES inhibitors (sildenafil or tadalafil), that have been initially developed for erectile dysfunction (De
LaVega and Derk, 2009). As shown from a meta-analysis of the available randomised controlled trials,
PDES inhibitors are capable to significantly improve Raynaud's condition score and frequency and

duration of RP attacks compared with placebo in secondary RP (Roustit et al., 2013).

Endothelial cell adhesion molecules play a pivotal role in angiogenesis along with angiogenic factors and
are involved in both cell-cell and cell-extracellular matrix (ECM) interactions as well as in the early steps
of SSc vasculopathy (Prasad et al., 2015; Toubi et al., 2004). Indeed, the activation of endothelial cells
in the early onset of SSc is correlated to elevated levels of soluble molecule such as soluble vascular cell
adhesion molecule-1 (sVCAM-1), soluble intercellular adhesion molecule-1 (SICAM-1) and E-selectin
(Distler et al., 2005). Increased levels of SICAM-1 can be found in the plasma of people with SSc with
digital ulcers, compared to those that do not display any digital manifestations (Koch and Distler, 2007,
LeRoy et al., 1988). In addition, E-selectin seems to be a promising biomarker of disease activity, as its
circulating levels are related to the presence of avascular areas in nailfold capillaroscopy (Akimoto et al.,

1996).

2.6.5 Digital ischemia in systemic sclerosis

Insufficient blood flow to living tissue is an excruciatingly painful experience and threatens the life of
the tissue involved. Digital ischemic events are comparable to a myocardial infarction or a pulmonary
embolism in that viability of the affected tissue is frequently lost and can critically affect the patient's
quality of life. Death of digital tissue not only results in both functional disability and disfigurement, but
it also is the clinical manifestation of an underlying systemic disease process (Macmahan and Wigley,

2010).

Digital ischemia is considered a serious complication in people with SSc. Morbidity from digital

ischemia estimated to 30% of patients with persistent digital ulcers which results in irreversible tissue
p p g
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loss (Ingraham and Steen, 2006) and it often requires hospitalisation. As a result, rapid effective actions
must be taken to prevent permanent damage when ischemia threatens the livelihood of a digit. It has been
reported that 20.4% of people with SSc proceed for amputation in one or more digits due to ischemia,

9.2% of which have multiple digit loss (Wigley et al., 1992).

Digital tissue vitality can be threatened by several pathological complications that compromise arterial
blood supply such as vasculopathy, thrombosis, embolic, vasculitis, and traumatic; all complicated by
secondary vasospasm. The aetiologies of digital ischemia are different; thus, it is important to
comprehend the pathophysiology underlying each ischemic event in order to target therapy accordingly.
More than 95% of people with SSc experience digital ischemia; research has made significant progress
in defining the pathophysiological processes leading to that manifestation. This knowledge has led to

many new treatment options.

2.6.6 Neural regulation and vascular dysfunction

Cold-induced signalling in cutaneous vasculature

Our body reduces heat loss by cold-induced vasoconstriction. This is a local effect of the cutaneous
circulation, which responds to cold by an increase in sympathetic activity and the release of
norepinephrine. Cold-induced vasoconstriction is particularly evident in RP and SSc patients (Block &
Sequeira, 2001). However, it is paradoxical that cold-induced vasoconstriction occurs at all, as cooling
would normally be expected to reduce the release of norepinephrine and slow down or inhibit vital
biochemical pathways (intracellular calcium release, glycolytic activity) involved in vascular smooth
muscle cell activation. The breakthrough in the understanding of digital thermoregulation was provided
by a series of studies (Bailey et al., 2005, Bailey et al., 2004) that revealed firstly that o2
adrenoreceptors/adrenergic receptors (a2C-ARs) translocate from the frans Golgi to the cell surface of
the vascular smooth muscle cell where they can respond to stimulation and, secondly, that signalling of

these responses involves the RhoA/Rho (ROCK) kinase signalling pathway.
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Cold stimulation in cutaneous arteries results in the immediate generation of reactive oxygen species in
vascular smooth muscle cell mitochondria (Bailey et al., 2005). Reactive oxygen species are involved in
REDOX signalling through the RhoA/Rho pathway (Kajimoto et al., 2007). RhoA is a guanosine
triphosphate-binding protein, whose role is the regulation of actin—myosin dependent processes such as
migration and cell contraction in vascular smooth muscle cell (Somlyo & Somlyo, 2004; Fukata &
Kaibuchi, 2001). The myosin light chains (MLC) are phosphorylated /dephosphorylated by MLC kinase
and MLC phosphatase respectively and this mechanism regulates the formation of functional actin/
myosin complexes. In the absence of an increase in intracellular calcium, activation of the RhoA/ROCK
pathway leads to increased vascular smooth muscle cell contraction by inhibiting the activity of MLC
phosphatase, thereby resulting in an increase of the levels of phosphorylated MLC by the MLC kinase.
In addition, activation of the RhoA/ROCK pathway mediates the translocation of a2C-ARs from the
trans Golgi network to the cell surface where they can respond to norepinephrine, thus promoting
vasoconstriction. In the absence of a2C-AR stimulation and under normal conditions, cutaneous exposure
to a cold stimulus results in vasodilation (Thompson-Togerson et al., 2007; Bailey et al., 2004; Flavahan
etal., 1985). Mitochondrial ROS can increase the frequency of intracellular localised Ca®* species known
as calcium sparks which in turn can activate calcium activated potassium channels resulting in membrane
hyperpolarisation which may ultimately result in vasodilation. Moreover, cold-induced ROS as well as
Rho /ROCK may also result in downregulation of NO signalling (Liao et al., 2007; Rikitake & Liao,
2005). Thus, it has been speculated that vascular smooth muscle cell mitochondrial generation of ROS
may initiate both cold-induced cutaneous vasoconstriction and vasodilation (Flavahan, 2008). Indeed, in
RP and SSc patients, cold-sensitivity can be prevented by a2-AR antagonists (Freedman et al., 1995). In
addition, it has been proposed that abnormal REDOX pathways (Herrick & Matucci-Cerinic, 2001) and
enhanced a2C-AR activity in the cutaneous vasculature of these patients as a result of oxidative stress
promotes the conditions that ultimately manifest as vasospastic episodes, that are so typical of the

pathophysiology of this clinical condition (Flavahan, 2008; Bailey et al., 2005).
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2.6.7 Biomarkers in systemic sclerosis

Autoantibodies as SSc diagnostic biomarkers

At present there are no specific diagnostic tests for SSc, and the disorder is diagnosed primarily based on
the collective appearance of a cluster of clinical symptoms, such as RP, telangiectasias, oesophageal
dysfunction with gastro oesophageal reflux, characteristic pigmentary changes, or presence of digital
ulcers or calcinotic lesions accompanying clinically detectable skin induration. Indeed, the diagnostic
criteria commonly employed for the classification of SSc, are based entirely on clinical manifestations
and do not include any measurable serologic or laboratory parameters. However, it is well recognized
that the presence of specific autoantibodies is one of the most common manifestations of SSc and more
than 90% of people with SSc harbour antinuclear antibodies in their serum (Koenig et al., 2008; Steen,
2005; Ho & Reveille, 2003; Pollard et al., 1989). Some autoantibodies that are highly specific for SSc,
such as anti-Scl-70 and anticentromere antibodies, have been used as diagnostic biomarkers to support
or confirm the clinical diagnosis of SSc. Anti-Scl-70 antibodies are directed against DNA topoisomerase
I and are almost exclusively present in the sera of patients with the diffuse form of SSc (Czompoly et al.,
2009; Basu & Reveille, 2005). Anti-Scl-70 antibodies also correlate with the development of severe
interstitial lung disease. Anticentromere antibodies recognize several protein components of the
trilaminar kinetochore (Kallenberg, 1990). These antibodies are usually present in patients with the
limited form of SSc and are found in 45-50% of these patients. In contrast to anti-Scl-70 antibodies,
anticentromere antibodies are only found in approximately 10% of patients with diffuse SSc. These two
autoantibodies are mutually exclusive, rarely coexisting in the same patient. There are numerous other
autoantibodies less commonly present in SSc patients, including anti-RNA polymerase I and III
antibodies in patients with rapidly progressive diffuse disease and a high frequency of SSc renal crisis

(Grassegger et al., 2008; Meyer, 2006; Derk & Jimenez).
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Biomarkers of endothelial cell dysfunction

Vascular dysfunction is considered to be one of the earliest clinical manifestations of SSc: it has been
suggested to be a crucial initiating event in SSc pathogenesis (Wigley, 2009; Fleming et al., 2008;
Kahaleh, 2008; Mulligan-Kehoe, 2008; Koch & Distler, 2007; LeRoy, 1996; Kahaleh et al., 1981).
Endothelial injury leads to vascular fibro-proliferative lesions in multiple organs. However, the effects
of vascular dysfunction are most dramatic when they involve the pulmonary and renal arterioles, causing
renal crisis and PAH, respectively the two most prevalent causes of morbidity and mortality in patients

with SSc.

Since the pioneering studies by Kahaleh and LeRoy, focusing attention on the important role of
endothelial cells in SSc pathogenesis and originally demonstrating that specific endothelial cell proteins
such as the von Willebrand factor (vWf) are abnormally elevated in the sera of patients with SSc (Kahaleh
et al., 1986), there has been intense investigation and numerous studies have described potentially
important biomarkers that may provide information about the functional status of endothelial cells and
their dysfunction in SSc (Davies et al., 2006; Kuryliszyn-Moskal et al., 2005; Cerinic et al., 2003; Herrick
et al., 1996). In the original study of Kahaleh, vW{ was found elevated in the plasma of patients with SSc
and patients with RP in comparison with normal controls (Kahaleh et al., 1986). These studies have
subsequently been confirmed, and it has been suggested that this biomarker correlates with SSc severity
(Herrick et al., 1996), the presence of pulmonary involvement (Scheja et al., 2001) and the extent of
radiologically demonstrated interstitial lung disease (Kumanovics et al., 2008). Of interest was the
observation that ADAMTS-13, an enzyme involved in the cleavage and processing of vW{, was found
to be reduced in patients with SSc, suggesting that measurements of the activity of this enzyme may
represent a biomarker of vascular involvement or endothelial cell dysfunction in patients with the

disorder (Mannucci et al., 2003).

37



Numerous other molecules involved in different aspects of the pathogenesis of endothelial dysfunction
in SSc have also been suggested as potential biomarkers for endothelial perturbations in the disorder.
Among these are circulating levels of adhesion molecules, thrombospondin, thrombomodulin, endothelin
(ET)-1, the N-terminal pro-peptide of the brain natriuretic peptide, vascular endothelial growth factor
(VEGF), endostatin, plasminogen activator and metabolites of the arachidonic acid cascade, such as

prostacyclin and thromboxane or nitrous oxide circulating metabolites.

Endothelin-1 is a 21-amino acid polypeptide produced by endothelial cells that is capable of potent
vasoconstriction and is able to stimulate proliferation of smooth muscle cells. Numerous studies have
conclusively demonstrated that ET-1 and its specific cellular receptors play a crucial role in the
proliferative vasculopathy of SSc, in particular, in the vascular alterations of SSc-associated PAH
(Abraham & Distler, 2007; Sticherling, 2006; Braun-Moscovici et al., 2004; Yamane et al., 1991). Thus,
there has been intense interest in ET-1 measurement as a biomarker of SSc vasculopathy. Serum ET-1
levels have been found to be elevated in the plasma of SSc patients and to increase following cold
exposure and triggering of RP. Elevated ET-1 levels correlated with other indicators of endothelial cell
activation, such as increased vWT{, as well as with the levels of other endothelial cell proteins, such as
thrombomodulin and adhesion molecules, including soluble intercellular adhesion molecule 1 (ICAM-1)
and soluble vascular cell adhesion protein 1 (VCAM-1). Furthermore, immunohistochemistry studies
demonstrated the presence of an elevated expression of ET-1 and ET receptors in pulmonary parenchyma
at early stages of development of interstitial lung disease and fibrosing alveolitis of SSc (Abraham et al.,
1997). These observations suggested that ET-1 measurements may not only reflect crucial alterations in
endothelial cell function involved in the pathogenesis of PAH but may also be indicators of the profibrotic
activity responsible for the exaggerated production of connective tissue macromolecules characteristic

of the disease.

Adhesion molecules involved in cell—cell and cell-extracellular matrix interactions are also important in

the pathogenesis of the earlier stages of vascular alterations in SSc and have been suggested as potential
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biomarkers for SSc vasculopathy. Increased expression of endothelial-leukocyte adhesion molecule 1
(ELAM-1), ICAM-1, VCAM-1, E-selectin and P-selectin have been found in affected skin from SSc
patients, with higher levels present in samples from the diffuse form of the disease, indicating that these
proteins may participate in the early stages of tissue fibrosis as well. Elevated serum levels of these
adhesion molecules have been found in SSc patients compared with nor- mal individuals (Thn et al., 1998;
Blann et al., 1995) and other studies demonstrated that these levels correlated with increased severity and

extent of visceral organ involvement in the disease (Denton et al., 1995).

Numerous recent studies have also demonstrated that, in addition to SSc functional abnormalities in
endothelial cells, there might be abnormalities in angiogenesis and endothelial repair. The rarefaction of
small capillaries with a reduction in capillary density in affected SSc tissues is consistent with abnormal
and disordered angiogenesis. Therefore, markers that may reflect the angiogenesis process have been
suggested to be important in the evaluation of vascular alterations in SSc (Distler et al., 2002). One of
the key mediators of angiogenesis, VEGF, has been studied extensively as a potential biomarker for the
vascular abnormalities in SSc (Chitale et asl., 2008; Davies et al., 2006; Kuryliszyn-Moskal et al., 2005;
Choi et al., 2003; Distler et al., 2002). Indeed, high VEGF levels have been found in patients with early
SSc, and these levels correlated with the presence of pulmonary fibrosis and abnormalities in pulmonary
function, including reductions in vital capacity and the diffusing capacity of the lung for carbon
monoxide. High levels of VEGF were also found to correlate with a shorter disease duration as well as
with aggressive and rapidly progressive diffuse cutaneous SSc, although other studies failed to show such

a correlation (Viac et al., 2000).

2.6.8 Oxidative stress

Oxidative stress plays a critical role in the pathogenesis of SSc, and data have accumulated over the past
15 years to document it. More specifically, ischemic phenomena leading to superoxide anions production

take place in SSc patients (Herrick et al., 2001). Remarkably, silica, an environmental agent related to
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the occurrence of SSc, is responsible for the induction of oxidative stress and NF-kB pathways in lungs
of a luciferase reporter mouse model of respiratory insufficiency (Fubini & Hubbard, 2003). Indirect
markers of ROS involvement have also been reported in sera from patients with SSc, such as oxidative
proteins and lipid peroxidation (Allanore et al., 2004; Solans et al., 2000). Finally, monocytes and
fibroblasts isolated from patients with SSc show an increased synthesis of superoxide anions (Sambo et

al., 1999) that could directly upsurge fibroblasts proliferation and ECM production (Sasmbo et al., 2001.

2.6.9 Auto-immunity

The immune system plays an essential role in the pathophysiology of SSc. Autoantibodies imbalance in
B and T lymphocytes subpopulations and perturbations of dendritic cells have been reported in SSc. The
disease cannot be qualified as autoimmune, since autoantibodies have not been demonstrated to induce
the disease, however, the identification of specific autoantibodies is of critical help in the diagnosis and
the evaluation of prognosis of SSc (Tyndal et al., 2013). The distribution of autoantibodies in SSc patients
is associated with phenotypes. Thus, anti-topoisomerase 1, anti-RNA polymerase III and antifibrillarin
(anti-U3 RNP) correlate with dcSSc, while anticentromere, anti-Pm/Scl, anti-Th/To and anti-Ul RNP
are associated with 1cSSc. Various other antibodies have also been reported in SSc patients, directed
against several targets such as fibrillin-1, metalloproteinases or platelet derived growth factor (PDGF)
receptor. These autoantibodies argue for a pathogenic role of B cells (Arnett, 2006). Thus, circulating B
cells from people with SSc differ in their phenotype as compared to healthy controls, with increased
proportions of naive B cells and decreased numbers of memory B cells and plasma cells (Sato et al.,
2004). Cluster of differentiation (CD)19 and CD21, two activation coreceptors of the B-cell receptor
(BCR), are overexpressed in these naive and memory B cells. The activation receptors CD80, CD86 and

CDO9S5 are upregulated on memory B cells, suggesting their participation to the pathogenetic process.

High levels of B cell activating factor (BAFF) have been measured in the serum of patients with SSc,
together with an overexpression of BAFF-R at the surface of peripheral B cells from SSc patients

(Matsushita & Sato, 2005). BAFF activates the NF-kB pathway, promotes B cells survival and
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participates to the differentiation of autoreactive B cells. In addition, it has been documented that B cells
infiltrate the dermis of SSc patients (Kraaij & van Laar, 2008; Bosello et al., 2007), that circulating levels
of IL-6 are increased in SSc patients as compared to healthy controls and correlated with the extent of
skin fibrosis (Sato et al., 2001). In tight skin mouse (Tsk-1), the depletion of B cells leads to a decrease
of total IL-6 messenger ribonucleic acid (mRNA) and improvement of fibrotic lesions (Hasegawa et al.,
2006). Finally, IL-6 is known to stimulate collagen secretion by fibroblasts and represent a potential ‘‘B

cell link’’ to fibroblast activation.

T cells are also involved in the pathogenesis of SSc. Thus, a type 2 T helper (Th-2) bias has been
documented in people with SSc (Sunderkétter & Riemekasten, 2006). Increased levels of IL-4 and IL-
13 have been measured in the serum of people with SSc. These two cytokines have been classically
described as synergic Th-2 polarization cytokines via signal transducer and activator of transcription 6
(STAT®6). Although the trigger contributing to the initiation of secretion of these cytokines is not
identified, it has been documented that mature and activated Th-2 secrete IL-4, IL-6 and IL-13, enhancing
a positive loop of Th-2 polarization and B cells stimulation (Chizzolini, 2008). Interestingly enough, the
treatment of Tsk-1 mice with an anti- IL-4 monoclonal antibody prevented the induction of skin lesions

(Ong et al., 1998), underlining the major role this cytokine in SSc physiopathology.

Targeting B cells (anti-CD20), IL-6, IL-4 and also T cells and mature lymphocytes (anti-CD52) may lead
to substantial clinical improvement in mouse models and in open series of patient with SSc (Hasegawa
et al., 2006; Stratton et al., 2001; Ong et al., 1998; Isaacs et al., 1996). These findings argue for the
important role of B and T cells in the pathogenesis of SSc. In addition to B and T lymphocytes, dendritic
cells appear of utmost importance in SSc. Thus, a recent proteome-wide analysis of the culture
supernatant of plasmacytoid dendritic cells (pDC) isolated from patients with SSc allowed identification
of increased levels of CXCL4, with higher levels in diffuse than in limited forms, and increased levels in
early diffuse vs. late diffuse people with SSc (van Bon et al., 2014). Interestingly, CXCL4 was also
detected in the skin of people with SSc and not in healthy control skin. Serum levels of CXCL4 correlated
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with clinical status of people with SSc. Notably, in patients with lung fibrosis and/or PAH, high levels
of CXCLA4 correlated with a poor prognosis. Finally, infusion of CXCL4 leads to increased leukocytes
infiltration, skin thickening and C-C chemokine ligand 2 mRNA expression in the bleomycin-induced
model of SSc. Added together, these observations argue for a possible role of CXCL4 in the pathogenesis

of SSc. Further studies need to confirm the interest of targeting CXCL4 in SSc patients.

2.6.10 Clinical manifestations

Skin

Skin involvement is very common in systemic sclerosis. Early symptoms may be puffiness, swelling,
and decreased flexibility of the joints and tendons. Therefore, the affected skin appears shiny, taut, and
thickened, tightly adhering to the underlying cutis (Figure 2). Skin thickening is usually accompanied by
hyperpigmentation, providing a salt-and-pepper appearance. As systemic sclerosis advances to the
fibrotic stage, the skin becomes more thickened until atrophy occurs, especially over the bony
prominences and extensor surfaces of the proximal interphalangeal joints. During the atrophic stage, the
dermis may soften and revert to normal or below average thickness. Other skin findings include nail-fold
capillary alterations (dilated loops at the nail bed and distended venules), telangiectasias (Figure 3),
painful ulcerations from ischemia (with or without necrosis), subcutaneous calcinosis, and RP. When
ulceration occurs, healing is slow with frequent secondary infection. Subcutaneous calcifications (Figure
4) composed of amorphous calcium hydroxyapatite occur mainly in periarticular tissues. Although
radiographs are not necessary for a diagnosis of subcutaneous calcifications, they can show the

radiopaque deposits (Figure 5).
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2.6 Figure 2 The affected skin in scleroderma appears shiny, taut, and thickened, tightly adhering

to the underlying cutis. This is most notable in the hands.

2.6 Figure 3 Telangiectasias scattered on the face.

2.6 Figure 4 Palpable subcutaneous calcifications (arrow).
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2.6 Figure 5 Radiographs showing subcutaneous calcifications as radiopaque deposits (arrows).
Raynaud's phenomenon

RP occurs almost universally in systemic sclerosis and is manifested by episodic pallor followed by
cyanosis and/or rubor of the distal portions of the digits after exposure to cold. RP often predates other
manifestations in the limited subtype and is often found concurrently in deSSc (Wigley, 2002). Capillary
nailfold microscopic abnormalities seen in association with RP predict later development of rheumatic
disease. Vascular occlusion can occur and has been associated with the anticardiolipin antibody, but this
is very rare in SSc (Shapiro, 1990). Arterial occlusive disease and digital ulcers can occur in extremities

and may require amputation.

Pulmonary

Pulmonary manifestations of SSc include ILD, PAH, pleuritis and pleural effusion, and aspiration
pneumonia (Deepa et al., 2016). Dyspnoea and non-productive cough in people with SSc should raise
the possibility of lung disease, and a work-up for ILD should be performed. However, chronic cough
may be the only sign of pulmonary disease in SSc. Interstitial fibrosis is more likely to occur among
persons with deSSc than in those with 1cSSc; it can occur without prior warning symptoms and can occur
early in the disease course. On physical examination, end-inspiratory rales (fine or Velcro crackles) are

often heard. Pulmonary function abnormalities can reveal a restrictive ventilatory defect, suggested by a
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reduction in forced vital capacity and decreased lung compliance and diffusing capacity. Chest
radiograph shows reticular interstitial thickening in a linear or nodular pattern most evident in the lower
lung bases. A high-resolution computed tomography scan is more sensitive and can detect early disease
when chest radiographs are normal (Wells, 2008). A “ground glass” appearance is a feature of
pneumonitis rather than fibrosis. This lung manifestation is seen more frequently with diffuse disease, in

African Americans, and in those with antibodies to topoisomerase-1 (Wells, 2008).

Pulmonary hypertension is more frequently seen with limited systemic sclerosis than with diffuse disease
and often occurs late in the disease course. A common presenting symptom of pulmonary hypertension
is dyspnoea on exertion. Physical examination may reveal accentuation of the S2 and signs of right-sided
heart failure (elevated jugular venous pressure, pitting oedema, right ventricular heave). An
echocardiogram or right-sided cardiac catheterization can confirm the diagnosis. Pleuritis and plural
effusion can occur without symptoms. In late-stage systemic sclerosis, lung cancer can occur independent

of tobacco use but is rare (Zeineddine et al., 2016).

Cardiovascular

Cardiac manifestations may affect people with either 1cSSc or dcSSc and, when clinically evident, are
often associated with mortality (Ferri et al., 2002; Scussel-Lonzetti, 2002; Steen & Medsger, 2000,
Hegedus & Czirjak, 1995). Vlachoyiannopoulos et al. (2000) retrospectively analysed the clinical files
of 254 people with SSc over a 4-year period. They estimated the mortality rate to be 2% per year, and
the incidence of cardiac disease to be between 7% in 1cSSc and 21% in dcSSc patients
(Vlachoyiannopoulos et al. 2000). Similarly, a review of 1095 SSc patients between 1959 and 1988
estimated the overall mortality of SSc to be 33%, with deaths of 42 patients (4.5%) resulting from cardiac
manifestations (Follansbee et al., 1993). Another review of 405 SSc patients followed for 5 years between
1990 and 2000, determined that 21 out of a total of 145 (14%) patient deaths were due to cardiac

manifestations, at a rate of 1% per year.
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Cardiac manifestations of SSc can affect all heart elements and may result in pericardial effusion,
arrhythmias, conduction system defects, valvular impairment (in rare cases), myocardial ischaemia,
myocardial hypertrophy and heart failure (Kahan & Allanore, 2006). These primary myocardial
manifestations those without systemic or PAH and without significant pulmonary or renal disease likely
result from the underlying vascular pathology of SSc, i.e. the characteristic vascular lesions and fibrosis
that impair microcirculation and myocardial function, respectively (Kahan & Allanore, 2006). The early
myocardial manifestations of SSc are often non-specific, making evaluation of susceptible patients
problematic. Patients with cardiac manifestations may therefore remain undiagnosed, potentially
enabling the disease to progress silently. Early diagnosis is therefore very important. For patients with
SSc undergoing autologous haematopoietic stem cell transplantation, a full cardiological assessment
before and during the transplant is recommended, as patients with cardiac abnormalities are known to be

at increased risk of mortality (Saccardi et al., 2004).

Renal

Scleroderma renal crisis (SRC) occurs in 10—15% of the patients with dcSSc and only vary rarely (1—
2%) in lcSSc (Teixeira et al., 2008; Penn et al., 2007). Most cases occur within the first 12 months of the
disease and in up to a quarter of patients with SRC, the diagnosis of SSc is made at the time of the renal
presentation. Typically, patients present with accelerated hypertension and progressive renal impairment.
End-organ damage can result in encephalopathy with generalized seizures or flash pulmonary oedema.
Microangiopathic anaemia is common and disseminated intravascular coagulation may develop.
Approximately two-thirds of the cases of SRC require renal replacement therapy (Penn et al., 2007). Of
these, half eventually recover sufficiently to discontinue dialysis. This can occur for up to 24 months,
and so decisions about renal transplantation should be postponed until that time. The possibility for
delayed renal recovery distinguishes SRC from other causes of end-stage renal failure. Historically, SRC
was the commonest form of scleroderma-associated death (Steen & Medsger, 2007). Dramatically

improved outcomes in the short-term are achieved with the use of angiotensin converting enzyme
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inhibitors as routine therapy for established SRC. It remains unclear whether these or related drugs, such
as angiotensin receptor blockers, are effective in preventing or abrogating SRC. Corticosteroids, along
with cyclosporin (Denton et al., 1994), have been implicated as precipitants of SRC (DeMarco et al.,

2002; Steen et al., 1998).

Gastrointestinal

Gastrointestinal manifestations are common in SSc, and the most common is oesophageal dysfunction.
Abnormal propulsive peristalsis and hypomobility resulting from selective atrophy of the circular smooth
muscle layer cause dysphagia, reflux esophagitis, and the abnormal sensation of food “sticking,” which
necessitates drinking of fluids for relief. People with SSc may experience retrosternal burning pain and
acid regurgitation, especially when in a supine position. If reflux esophagitis remains untreated, a distal
oesophageal stricture may develop, requiring periodic dilatation. Chronic esophagitis also may lead to
Barrett’s oesophagus, but this complication seems to be diminishing with widespread use of proton pump
inhibitors. Rarely, telangiectasias may cause bleeding in the stomach and result in a “watermelon
stomach” visible as stripes on endoscopy (Elkayam et al., 2000). Gastroparesis can aggravate reflux and
contribute to bloating, abdominal cramps, and distention. These symptoms may lead to a functional ileus,
which can be managed medically with nasogastric suction and bowel rest. Hypomobility of the intestines
can lead to overgrowth of intestinal microorganisms, malabsorption, and cachexia (Lundberg et al.,
1992). Also, volvulus of the small intestine has been observed (McFarlane et al., 2018). Patients who
have colon involvement may present with constipation, which may be relieved by judicious use of

increased dietary bulk, stool softeners, and increased fluid intake (McFarlane et al., 2018).

Musculoskeletal

Muscle involvement

The most frequent clinical symptoms for people with SSc are muscle pain and weakness. The frequency
of muscle pain may reach up to 86% (Ranque et al., 2009; Medsger et al., 1968) among SSc patients.

Scleroderma patients with myopathy have usually symmetric proximal limb weakness that is
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indistinguishable from that seen in patients with idiopathic inflammatory myositis. Distal weakness may
be also present (Hausmanowa-Petrusewicz et al., 1982; Medsger et al., 1968), although it can be difficult
on certain occasions to distinguish myopathic weakness from the limitation of movement due to skin
sclerosis, articular changes in proximity to the assessed muscles or fibrosis of underlying tissues. Muscle
weakness reported by the treating physician was 18.9% in the 1cSSc and 33.5% in the dcSSc subset in
patients fulfilling the ACR classification criteria, and 36.5% in the ‘‘other’’ subgroup, consisting of
patients with skin sclerosis distal to metacarpophalangeal joints in the EUSTAR database comprising
data of 9165 SSc patients (Meier et al., 2012). This latter group included most probably patients with
early SSc as well as cases with overlap syndromes. In other studies, the prevalence of abnormal muscle
strength tested manually varied widely, from 10% up to 96% (Clements et al., 1999a; 1999b; Brick et
al., 1989; Medsger et al., 1968). The lower prevalence of self-reported muscle weakness in the majority
of the studies may suggest that muscle involvement in SSc patients is frequently rather mild and/or that
the level of physical activity of SSc patients is reduced due to other reasons, such as malaise, synovitis,
and heart or lung disease. However, in a study by Clements et al. (1999a) the prevalence of self-reported
muscle weakness was higher (26-40%) if compared to decreased muscle strength by manual muscle
testing (10%), indicating that sometimes muscle weakness may not be due to a primary myopathy but
due to other scleroderma-associated disease symptoms, such as joint involvement, skin contractures or

fatigue

Skeletal involvement

Synovitis can be present in patients with SSc in all disease stages, but it is most frequent in the early
stage of the disease. The frequency of synovitis is higher in patients with the diffuse cutaneous subset
compared to the limited cutaneous subtype, but only in early disease (Avouac et al., 2010; Su et al., 2009;
Avouac et al., 2006). Arthritis-related pain is closely associated with SSc patients’ health related quality
of life (Hyphantis et al., 2007). According to Baron et al. (1982) arthritis can be detected most often in
the metacarpophalangeal joints, wrists, knees, distal interphalangeal joints, and proximal interphalangeal
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joints, in decreasing order. Arthralgia and hand stiffness were among the four highest rated symptoms in
terms of frequency and impact on daily activities in the Canadian National Survey (Bassel et al., 2011).
Arthralgia was found to be significantly more common in patients with dcSSc, than with lcSSc (Ostojic
& Damjanov, 2006). Moreover, Skare et al. (2011) reported that pain and stiffness were the symptoms
that most affected functionality. Contractures are one of the main sources of disability in SSc. They are
frequent in both subtypes; however, the prevalence of joint contracture is higher in dcSSc, than in 1cSSc.
Moreover, diffuse cutaneous subset is an independent predictor of the progression of flexion contractures.
Though the development of contractures is relatively slow and gradual, it can be present in the early
stages of the disease, too (Au et al., 2010; Erre et al., 2008; Ostojic & Damjanov, 2008; 2006; Avouac et

al., 2000).

Malignancy

Malignancy and scleroderma have been studied for their relation by several studies in the past, with
conflicting findings (Siau et al., 2011). A Danish study conducted between 1997-2006 by Olesen et al.,
(2010) demonstrated 222 cases of cancer, following an SSc diagnosis, reporting a higher standardized
incidence ratio for cancer of 1.5. The standardized incidence ratio for men was higher [2.2 (95% CI 1.7-
2.8)] compared to women [1.3 (95% CI 1.1-1.6)]. Smoking- and alcohol-related cancers were reported
to be the most frequent malignancies. The study by Siau et al., (2011) in southwest England examined
the age-matched malignancies in people with SSc based on a regional healthcare database. The results
showed 15 malignancies out of 68 people with SSc with a relative risk of 3.15 (95% CI 1.77-5.20) in

overall cancers.

2.7 Therapeutic approach

The approach of treating digital ischemia can be complex, given the fact that it must commence rapidly
and effectively, and there are several new therapeutic options available. A study that examined patients
with digital ischemia, showed that cutaneous vascular complications of SSc are frequently undertreated
or treated inappropriately (Herrgott et al., 2008). Furthermore, the treatment of digital ulcers is associated
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with an improvement in functional status and quality of life (Wigley et al., 1994). However, medical
treatment has many side effects and it will be useful in the future to standardise care for the management
of the ischemic digit and explore adjunctive non-medical treatments, which would reduce dependency

on medication.

2.7.1 Non-medical therapy

In SSc initial treatments are usually aimed at symptom control and improving tissue integrity and viability
(Macmahan and Wigley, 2010). Exposure to cold temperatures and stress are factors inducing
vasoconstriction and need to be avoided. This includes lifestyle modification to avoid extreme cold,
shifting temperatures and proper clothing to keep the whole body warm (Macmahan and Wigley, 2010).
Variable outcomes have been demonstrated from studies examining conditioning, biofeedback
(biofeedback therapy is a technique that trains people to improve their health by controlling certain bodily
processes that normally happen involuntarily, such as heart rate, blood pressure, muscle tension, and skin
temperature; Frank et al., 2010) and relaxation techniques. A controlled trial in a large cohort found no
benefit in the use of biofeedback in primary RP (Wigley & Wise, 2000), and its use is also not
recommended for secondary RP. The use of gloves is helpful in protecting the skin from trauma and
maintaining it warm in the cold. Smoking cessation is crucial as smoking contributes to the underlying
vascular disease. Moreover, creams and lotions can be applied locally to keep the affected skin moist.
More specifically, Vitamin E gel has been demonstrated to reducing time of healing of digital ulcers in
people with SSc (Fiori et al., 2009). For more serious ulcers, compressive stockings serve to protect them
from trauma and promote healing. Hydrocolloid dressing also promotes healing of digital ulcers (Milburn
et al., 1989). Patients with severe digital ischemia should be put at rest and in a warm environment. This
might mean hospitalisation or stopping work for home care. Blood flow and recovery can be improved

by preventing trauma to the digits, such as typing or repetitive hand work.
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2.7.2 Pharmacological agents

The agents used for the treatment of RP and SSc vasculopathy can be separated into agents that mainly
work as vasodilators, those that are able to protect vessels from disease progression, and agents that
prevent thrombosis. A prescribed agent may have more than one effect. For example, prostaglandins can
be both vasodilators and protective of vessel damage. The following review will first outline currently

used medications and then will focus on a certain approach to critical ischemia.

Vasodilatory therapy

Alpha adrenergic blockers: Alpha adrenergic blockers were the first medical treatment used with some

success in treating RP. Alpha-2 adrenoreceptors are involved in the vascular system and they play a
critical role in cutaneous thermoregulation (Wigley, 2009). Several studies examined Prazosin for
treatment of RP (Wollersheim et al., 1986; Russell and Lessard, 1985). A subsequent Cochrane
systematic review inferred that Prazosin can improve RP in a small degree, but that side effects can limit
RP tolerability (Pope et al., 2000). Furthermore, various other medications of this similar class showed a
clinical benefit (Paterna et al., 1997; Wollersheim et al., 1986): Notably, the alpha 2c¢ receptor, as subtype
of the alpha-adrenergic receptor, is especially upregulated in cold exposure (Chotani et al., 2000). That
led Wise and colleagues (2004) to study the efficacy and tolerability of a selective alpha 2c-adrenergic
receptor blocker in people with SSc with vasospasm. The results demonstrated that the time to rewarm
SSc patient's digit after a cold challenge was reduced after drug ingestion, thus proposing potential for
therapeutic efficacy. Although these results are promising, these agents are not yet available, and more

studies are required to validate the clinical efficacy.

Calcium channel blockers: Calcium channel blockers are commonly used for RP and act on vascular

smooth muscle to promote arterial dilation. Nifedipine and nicardipine are deemed as the first-line
therapy for RP according to EULAR recommendations for the treatment of SSc (van den Hoogen et al.,
2013). These agents have the potential to decrease the risk of ulcers developing. Nevertheless, there is
lack of data to support the efficacy of calcium channel blockers in the treatment of digital ulcers once
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they have developed (Kowal-Bielecka et al., 2009). On the other hand, a meta-analysis reviewed the use
of calcium channel blockers in RP and reported moderate efficacy at best (Thompson, 2001). In addition,
the extend of the effect of calcium channel blockers for secondary RP is much less than in primary RP,
although the reports indicated a 35% improvement in attack severity and a mean decrease of about 8
attacks per 2-week period when compared to placebo. Furthermore, appropriate dosing is not always
reached: For example, Herrgott and colleagues demonstrated that 92% of the German centres did not aim
for the recommended dose of 360 mg of diltiazem, or 10 mg of amlodipine, and 80% did not target for
at least 40 mg of nifedipine (Herrgott et al., 2008; Riemekasten and Sunderkotter, 2006). Longer acting

prescriptions can be utilised to minimise side effects of the medication and enhance tolerability.

Nitrates: Glyceryl trinitrate (GTN) has been assessed in several forms: Initially the intravenous form
was examined only to discover that while there was an initial response, the effect was eventually blunted
with disease progression (Matucci-Cerinic et al., 1990). A few years later the GTN patches (0.2 mg/hour)
were examined in patients with primary RP and with secondary RP. Both groups showed an improved
by the treatment; however, the side effects, specifically the headaches, were intolerable. Nevertheless,
the use of GTN in the topical ointment formulation found to be effective with minimal side effects, even
in patients with very thick skin (Anderson et al., 2002). Although topical nitrates can improve digital
microcirculation, the practical issues of these agents such as difficulty with repeated applications and
side effects limit their use. Topical, sublingual, or oral formulations of nitrates are sometimes used as
complementary therapy in the treatment of RP and digital ulcers; however, there is lack of randomised

controlled studies evaluating the effects of nitrates on digital ulcers healing (Gholam et al., 2009).

Phosphodiesterase Inhibitors: Phosphodiesterase inhibitors (PDE-I's) act by increasing levels of cyclic

guanosine monophosphate (cGMP), causing intracellular calcium level to decrease and leading to
vascular smooth muscle relaxation. Through this mechanism PDE-I's cause vasodilation and enhance
perfusion to distal tissues (Rybalkin et al., 2003). This drug category has showed significant effects in
patients with digital ischemia (Levien, 2006; Boin and Wigley, 2005; Fries et al., 2005; Lichtenstein,
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2003). The five drugs available in this category of medications consist of sildenafil, tadalafil, vardenafil,
pentoxifylline, and cilostazol, with the first two having been better studied: A double-blind, placebo
controlled fixed dose crossover study was conducted to examine the effects of sildenafil on symptoms of
capillary perfusion in 16 patients with primary RP (Fries et al., 2005). The results indicated that sildenafil
was correlated to a reduced incidence and duration of RP as well as reduced Raynaud's condition score.
Capillary blood flow velocity enhanced in individual patients and the mean capillary blood flow velocity
of all patients who received sildenafil more than quadrupled (Fries et al., 2005). Studies that examined
the effects of vardenafil and tadalafil have demonstrated on one hand promising results (Caglayan et al.,
2006; Baumhaekel et al., 2005) and on the other no benefit of tadalafil over placebo (Schiopu et al.,
2009). An important limitation of those studies was the small sample size. Large randomised controlled
trials are still required to validate the use of PDE-I's in secondary Raynaud's. A double-blind, placebo-
controlled study that examined 57 people with SSc with RP compared sildenafil 200 mg/day versus
placebo. The findings showed a reduction in frequency of RP attacks in the sildenafil group, although
the result was not statistically significant (Herrick et al., 2011). There is also a necessity for more

prospective studies on this category of medications in digital ulcers (Steen et al., 2009).

Prostacyclins: Prostanoids are beneficial to microvasculature as they induce vasodilation, enhance
intracellular cyclic adenosine monophosphate (cAMP), and prevent smooth muscle proliferation (Engel
and Rockson, 2005). They also improve digital ulcers by acting as a potent vasodilator and actively
prevent platelet aggregation. Prostacyclins and more specifically, iloprost has become the standard care
for people with SSc with severe digital vasculopathy and digital ulcers and it should be deemed as the
first-line therapy in the treatment of digital ulcers (Kowal-Bielecka et al., 2009). Intravenous iloprost is
a popular medication for the treatment of severe RP in SSc as it reduces the frequency and severity of
attacks and prevents and heals digital ulcers (Pope et al., 1998; Wigley et al., 1994). There are various
protocols for intravenous iloprost therapy to treat severe RP and digital ulcers (Caramaschi et al., 2009;

Rehberger et al., 2009; Caramaschi et al., 2006; Bettoni et al., 2002; Wigley et al., 1994; Wigley et al.,
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1992). It is recommended by these reports that using prostacyclin by intravenous delivery intermittently
can prevent digital ischemic events. Low dose (0.5 ng/kg compared to 2 ng/kg body weight per minute)
iloprost was demonstrated to be equally effective (Kawald et al., 2008). Several studies reported that
subcutaneous treprostanil is also potent in the treatment of severe digital ulcers (Chung and Fiorentino,
2006; Engel and Rockson, 2005). The efficacy of oral prostacyclins has been examined for treatment of
severe RP and digital ulcers; however various studies utilising oral iloprost, beraprost, and cicaprost
demonstrated no significant benefit compared to placebo (Wigley et al., 1998; Vayssairat, 1996; Lau et

al., 1993).

Angiotensin Converting Enzyme Inhibitors and Angiotensin Receptor Blockers: Angiotensin

converting enzyme inhibitors and angiotensin receptor blockers were also examined in SSc in association
with digital ischemia. The first trials demonstrated promising results as captopril produced a significant
improvement in cutaneous microcirculation; however, it was not demonstrated to change the frequency
or severity of RP attacks (Rustin et al., 1987). The findings from a subsequent trial demonstrated
promising results in reducing the frequency of primary RP (Janini et al., 1988). Nevertheless, a review
paper that aggregated the subsequent clinical trials on this drug category concluded to controversial
findings (Challenor, 1994). A multicentre, randomised, double-blind, placebo-controlled study examined
the dosage of quinapril 80 mg/day, or the maximum tolerated dosage, for 2-3 years in over 200 people
with SSc. The findings did not demonstrate any benefit in limiting the incidence of digital ulcers or
reducing the frequency or severity of RP episodes (Gliddon et al., 2007), thus this category of medications

is not recommended for the treatment of RP or digital ulcers.

Vasoprotective agents

Anti-platelet agents: Several studies have reported increased platelet activity in people with SSc (Pamuk

et al.,, 2007; Lau et al., 1993; Cuenca et al., 1990; Kahaleh et al., 1982). In a similar study platelet
activation marker correlated with disease activity and severity in SSc (Agache et al., 2007). Moreover, a
combination therapy with aspirin and dipyramidole significantly reduced the circulating platelet and beta-
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thromboglobulin levels (Kahaleh et al., 1982). A double-blind placebo-controlled study reported no
benefit with combination therapy with aspirin and dipyramidole versus placebo; however, the trial was

too short (two years) with a small sample size (n = 28), thus conclusions for long term benefit cannot be

drawn (Beckett et al., 1984).

Endothelial Receptor antagonists: The endothelial receptor antagonists have demonstrated promising

results in preventing digital ulcers and have vasculoprotective effects. A small preliminary study with
122 people with SSc examined the effect of dosentan on preventing digital ulcers and the results were
promising as indicated a 48% reduction in developing new ulcers during the treatment period (Korn et
al., 2004). Another study observed similar results in the prevention of new ulcers, especially in patients
with a high number of digital ulcers at baseline. On the other hand, in a 24-week duration study with 198
subjects, greater rates of healing of ulcers were observed with placebo compared to active drug. No
difference between active treatment and placebo were found in net digital ulcer's burden, pain, measures
of activities of daily living by the health assessment questionnaire or UK functional score or in
hospitalisation rates (Matucci-Cerinic and Seibold, 2008). Larger studies will be required to define

efficacy and long-term outcomes; however, these findings are promising.

Statins: Statins present vasculo-protective effects, by increasing high-density lipoprotein, decreasing
low-density lipoprotein, decreasing coagulation, free radicals, and blood viscosity, increasing platelet
function, and decreasing matrix metalloproteases (Wigley, 2009; Abou-Raya et al., 2007; Kuwana,
2006). The effects of statins on patients with RP and digital ulcers were examined in 84 people with SSc
who were matched with 75 control subjects (Abou-Raya et al., 2008). The study demonstrated that the
overall number of digital ulcers was significantly decreased in the stating group and that endothelial
markers of activation were enhanced when comparing the statin to control groups (Abou-Raya et al.,
2008). Results have been confirmed by other studies (i.e., Del Papa et al., 2008). Although these findings

are promising, larger trials are still required.
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Sympathectomies: Sympathetic nerve mediated vasospasm is suggested to be an important mechanism

leading to digital ischemia. Therefore, sympathectomies are utilised aimed at blocking this mechanism.
Uncontrolled series of case reports recommend beneficial effects for RP and the treatment of refractory
digital ulcers. It has been demonstrated that local digital sympathectomy has long term benefits in people
with SSc with digital ischemia (Kotsis et al., 2003; Yee et al., 1998). A follow up of 7.5 years revealed
that sympathectomy resulted in complete ulcer healing and reduces in the total number of ulcers in 75%
of the patients in this subgroup (Hartzell et al., 2009). Although the sample size was limited (n=20), these
findings are promising for patients with refractory disease. Arterial revascularisation is sometimes

performed at the same time and has also showed success (Taylor et al., 2002).

2.8 Quality of life in systemic sclerosis

2.8.1 Quality of life features in systemic sclerosis

There is lack of knowledge about the frequency and perceived impact of the various problems faced by
people with SSc (Bassel et al., 2011; Valentini, 2003). Furthermore, it is important to define the
difference between the assessment of disease severity and the health-related quality of life [HR-QoL
(Ludici et al., 2013; McNearney et al., 2009)]. The patients’ cognitive representations of the disease are
the most important determinants of physical and mental health. It has been recommended that the fear of
clinical consequences and the tendency to ascribe each physical complaint to SSc are key contributors to
the physical health, while the emotional responses to personal representation of the disease contribute to
mental health (Ludici et al., 2013; Aratetal., 2012). People with SSc are more dissatisfied with healthcare
than other clinical populations, as suggested by the "Canadian Scleroderma Patient Survey of Health
Concerns and Research Priorities" (Leite and Maia, 2013). This is because SSc complications are more
visible such as digital disfigurement that tends to worse over time, leading to elevated psychological
morbidity [e.g., more depressive symptoms and anxiety (van Lankveld et al., 2007)], regular use of
healthcare and related increased costs. Moreover, clinicians may disregard or use unreliable assessments

to evaluate psychological distress (Chularojanamontri et al., 2011). While physicians may highlight
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objective indicators of disease status, patients may discern other aspects of their disease experience as
more debilitating or distressing (Bassel et al., 2011; Arkachaisri et al., 2009; Suarez-Almazor et al.,
2007), such as limited mobility and hand function, fatigue, pain, depression, sleep disturbance, sexual
dysfunction and body image distress from disfiguring alterations in appearance [e.g., hand contractures,

pigment changes and facial telangiectasias (Kwakkenbos et al., 2013)].

Fatigue, functional limitations, skin deformities, pain and disfigurement were reported to be the most
annoying symptoms (van Lankveld et al., 2007), whereas physical pain, coping skills, social aspects of
living with the disease, physical appearance and the relationship between patient and physician were

identified to be particularly important to patients.

A large Canadian National Survey with people with SSc reported that fatigue, RP, stiff hands joint pain
and sleeping disorders were the symptoms with the highest frequency and the most likely to have at least
moderate impact on daily activities (Bassel et al., 2011). On the other hand, various symptoms with high
frequency but low scored in terms of impact were dry mouth, itching and skin colour change (Bassel et
al., 2011). Other studies (Razykov et al., 2013; Mouthon et al., 2010; Schieir et al., 2010; Thombs et al.,
2009, 2008a, 2008b) report that difficulty breathing, gastrointestinal problems, depression, pain from

various sources, fatigue and pruritis were correlated with disability and decreased HR-QoL.

Studies have demonstrated that HR-QoL is impaired in both 1cSSc and dcSSc people but more in the
latter sub-group (Ludici et al., 2013; Chularojanamontri et al., 2011; Khanna et al., 2007). Also, in both
undifferentiated connective tissue disease and early people with SSc (Koenig et al., 2008), HR-QoL is
impaired in physical and mental domains (Ludici et al., 2013). People with SSc have elevated levels of
pain and fatigue compared to the general population (Thombs et al., 2008a). RP, digital ulcers,
gastrointestinal symptoms and worsened synovitis were independently correlated with pain by

multivariate analysis (Schieir et al., 2010).
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Work Productivity

Adult life is remarkably affected by employment. The ability to work is a multifactorial phenomenon
affected by determinants such as physical and psychological capacity, and by certain work requirements
and factors outside the working life (Nguyen et al., 2010; Sandqvist et al., 2010). Extended periods of
absence from work are often accompanied by loss of life roles and social status, with important financial
consequences for the individual, the employer and the society (Calixto et al., 2014; Singh et al., 2012;

Nguyen et al., 2010; Sandqvist et al., 2010).

Perceived symptoms such as general fatigue, pain and impaired hand function (related to RP, skin
thickness, ulcers and pain) are frequent in SSc and they significantly affect both work ability and
employment status (Sandqvist et al., 2010; Sandqvist et al., 2009; Sandusky et al., 2009; Sandqvist et al.,
2005). Working ability is also affected by impaired grip force and dexterity (Sandqvist et al., 2008) that
in turn influence the employment status, social insurance systems and perhaps economic situation for the

patients (Sandqvist et al., 2010).

An important factor to take into account is that the occupational exposures to chemicals and pollutants
(e.g., white spirit, crystalline silica, chlorinated and aromatic solvents, ketones and welding fumes) as
well as the use of some drugs have been reported to be involved in SSc pathogenesis (Marie et al., 2014).

Therefore, it is suggested that these patients avoid such occupational exposures.

Sleeping disorders

Effects of sleep deprivation on cytokines and immune dysfunction are familiar (Frech et al., 2011;
Marshall and Born, 2002). According to polysomnographic evidence, people with SSc might have higher
risk for sleep disturbances (Frech et al., 2011). It has been demonstrated that sleep efficiency was reduced
by 70% in people with SSc compared with age adjusted norms (Prado et al., 2002) and that people with
SSc have detrimental effects on their sleep over that of general population (Frech et al., 2011).

Furthermore, the sleep duration of people with SSc was comparable with that of general population but
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the sleep quality was poor (Frech et al., 2011). Some of the independent indicators for sleep disturbance

were the reflux symptoms, worsening dyspnoea, depressed mood and pain (Abad et al., 2008).

Depression

Mild to severe psychological distress is present in half of the people with SSc (Nguyen et al., 2014;
Chularojanamontri et al., 2011; Hyphantis et al., 2007) and this is occasionally underestimated by
physicians (Chularojanamontri et al., 2011). Depression was correlated with the variables of age,
symptom frequency and impact on mental health, anxiety and social phobia (Leite and Maia, 2013).
Anxiety is frequent in people with SSc (Nguyen et al., 2014; Leite and Maia, 2013; Legendre et al., 2005)

and is related to alterations in body image that results in predicting social phobia (Leite and Maia, 2013).

People with SSc have often difficulty accessing specialised services compared to other clinical
population. Access to online information about physical, psychological and social causes as a result of
the disease is considered as important by most people with SSc (Kwakkenbos et al., 2013), and that the
rheumatologist is not often the preferred provider of information (Schouffoer et al., 2011). It was also
observed that the need for more information regarding medical test results and treatment was correlated

with worse physical functioning and having a partner (Schouffoer et al., 2011).

Raynaud's phenomenon and stiff hands

Contractures and deformities of the hand, consisting of reduced flexion, restricted extension, decreased
thumb abduction, microvascular lesions, paroxysmal vasospasm or permanent ischemia and
subsequently digital ulcers, tendons retractions, bone and articular involvement, skin sclerosis , and
subcutaneous calcinosis contribute considerably to a large burden on social relationship and global
disability in SSc (Granel et al., 2015; Poole, 2010). Disability is also attributed to RP and/or puffy hands
and if there is also an increase erythrocyte sedimentation rate levels, they are adversely correlated with
physical health status (Ludici et al., 2013). It has been demonstrated that HR-QoL might be sufficiently

affected by the present of an autoimmune RP (Ludici et al., 2013).
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Patients highlight that hand disability interfere with daily activities and work, and its treatment seems
more important than of other internal organs (Jewett et al., 2012). Thus, healthcare professionals should
take into account reversing disability, patient's satisfaction and social comfort as well as clinically-
relevant objectives of therapy (Granel et al., 2015). RP occurs in over 90% of people with SSc, its
sometimes severe and long lasting, and often is the heralding clinical manifestation in SSc preceding
other manifestations (Silva et al., 2015). The functional outcomes and QoL may be improved by reducing
the severity and complications of RP (Silva et al., 2015; Shenoy et al., 2010). To attain that, it is critical
a wider patient recruitment at specialist referral centres in the early stages of disease, systematic use of
diagnostic tools such as serological markers and capillaroscopic examination and early use of recent
available treatments (Ferri et al., 2014). In a randomised trial, tadalafil reported to be quite beneficial for
physical function, body pain and mental health compared to baseline in people with SSc (Shenoy et al.,
2010). Another study demonstrated that two weeks of a daily home exercise programme was sufficient
to improve hand mobility in people with SSc leading to improved QoL and is especially effective when
combined with wearing gloves to prevent cold exposure triggering RP (Vannajak et al., 2014). It is also
important to know the possible predictors of the development of digital ulcers (specifically
autoantibodies; Villalta et al., 2012), which could aid in identifying patients with indication for target
therapy (presence of anti-topoisomerase I autoantibodies, early first non-RP, great extent of skin fibrosis,
late nailfold video-capillaroscopy scleroderma pattern and its worsening and decreased VEGF levels;

Silva et al., 2015).

2.9 Exercise
Exercise reduces dramatically the risk of cardiovascular events, and the magnitude of this benefit can

exceed that related with antihypertensive and lipid-lowering medical treatment.

In the past decade or so, the effects of exercise training on the vasculature in healthy humans and those
with cardiovascular disease and risk factors have been explored (Green et al., 2014; Maiorana et al.,
2003). Scientists have been particularly focused on the impact of exercise training on endothelium-
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derived NO, a molecule that possesses several antiatherogenic properties. Despite consistently exploring
alterations in artery function and remodelling in laboratory-based, closely monitored, and randomised
controlled trials, changes in cardiovascular risk factors have rarely been found (Green et al., 2003). In
recent years the focus has been on studying the direct effects of exercise, mediated through shear stress

changes, on vascular adaptations in humans (Ramos et al., 2015; Green, 2009).

2.9.1 Impact of exercise on endothelial function

Increases in shear stress causes the release of vasodilator substances from the endothelium and,
consequently, flow mediated dilatation (FMD). FMD has been used as a parameter of endothelial
function in clinical protocols and is the support of therapies for improving cardiovascular performance
through shear stress induced by exercise (Santos-Garcia et al., 2011; Inoue et al., 2008). When referring
to the discussion about the effect of exercise on shear stress and vascular health, it is important to establish
that 