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ABSTRACT

Systemic sclerosis is a rare autoimmune connective tissue disorder marked by immunological dysregulation, vasculopathy,
and progressive fibrosis of the skin and internal organs, resulting in considerable morbidity and mortality. The disease results
from a complex interaction between genetic susceptibility, epigenetic modifications, environmental triggers, endothelial
dysfunction, and aberrant immune responses. These mechanisms promote persistent inflammation, stimulation of fibroblasts
and abundant extracellular matrix deposition, eventually causing irreversible tissue fibrosis and organ dysfunction. The
diagnosis is based on clinical manifestations, supported by specific antibodies detection, capillaroscopy, and appropriate
functional and imaging tests. To facilitate diagnosis, the American College of Rheumatology/European League Against
Rheumatism issued guidelines in 2013, enabling earlier diagnosis and more accurate prognostic assessment. Although no
curative therapy is currently available, treatment has advanced considerably and focuses on suppressing disease activity,
slowing fibrosis, and preventing organ complications. Current therapeutic strategies include immunosuppressive agents,
biologic therapies, antifibrotic drugs, and targeted vasodilator treatments tailored to individual organ involvement. Emerging
approaches, such as JAK-STAT pathway inhibitors, CAR-T cell therapy, and stem cell transplantation, may further improve
long-term outcomes in selected patients. Despite substantial progress in understanding disease mechanisms and expanding
therapeutic options, systemic sclerosis remains a clinically heterogeneous disorder requiring early diagnosis,
multidisciplinary management, and individualized treatment to optimize survival and quality of life.
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Introduction

Systemic sclerosis (SSc), also known as scleroderma, is a rare autoimmune disease of the connective
tissue, occurring at a rate of approximately 17.6—18.9 per 100,000 individuals, respectively. [1] The prevalence
of SSc is markedly higher among women and typically manifests between 30 and 50 years of age. [2, 3]
According to studies, SSc is associated with the highest mortality rate among rheumatic diseases. [4] Although
mortality rates, particularly among younger patients, have declined over the past five decades, overall survival
remains limited. A meta-analysis reported 5- and 10-year survival rates of approximately 75% and 63%,
respectively, following diagnosis. [5] The skin and internal organs, particularly the gastrointestinal tract, lungs,
heart, and kidneys, are the principal targets of SSc, with progressive involvement often resulting in severe and
potentially life-threatening complications. [6] Owing to its heterogeneous clinical manifestations and the risk
of irreversible organ damage, optimal patient care relies on a multidisciplinary approach that enables early
recognition of the disease, comprehensive diagnostic assessment, and prompt initiation of appropriate
therapeutic interventions. This review provides an overview of the current understanding of the
pathophysiological mechanisms, diagnostic strategies, and contemporary management of SSc.

Methodology

A narrative literature review was conducted using the PubMed and Google Scholar databases.
Publications were screened, with preference given to studies specifically investigating SSc. The review
focused on recent aspects of the disease, including its pathophysiology, diagnostic approaches, and current
therapeutic strategies.

e-ISSN: 2544-9435 2



3(51) (2026): International Journal of Innovative Technologies in Social Science

Discussion

1. Pathogenesis

1.1. Susceptibility

The pathogenesis of SSc is still not fully understood, although numerous factors have been suggested,
including those that increase susceptibility, trigger the disease, and cause its progression and severity. [7]
Theories seek to explain how immunological and non-immunological processes are interrelated. To simplify
the process of elucidating the etiology, SSc should be regarded as a syndrome comprising three fundamental
pathophysiological components: abnormal immune system activation, fibrosis, and vasculopathy. [8]

The risk of developing SSc is considerably higher among first-degree relatives of affected individuals
than in the general population, indicating substantial familial clustering. The estimated risk is 1.6% for first-
degree relatives, compared with 0.026% in the general population. [9]

The HLA complex, situated on the short arm of chromosome 6, consists of genes encoding
histocompatibility antigens known as HLA molecules. These molecules are essential for immune surveillance
and the establishment of immunological tolerance. Their primary function is to facilitate the discrimination
between self and non-self-antigens. Recognition of foreign antigens activates adaptive immune mechanisms,
while self-antigens are tolerated, preventing the destruction of the body's own tissues by lymphocytes. [10]
Recent studies suggest that particular polymorphisms within the HLA regions are associated with a higher
frequency of distinct autoantibody profiles characteristic of SSc. These genetic variants have also been
implicated in modulating disease susceptibility, contributing to either an elevated or a reduced risk of disease
onset. [11] For example, HLA-DRB111, HLA-A30, HLA-DRB101, and HLA-A32 are associated with an
elevated risk of developing the disease, while HLA-Cw*14, HLA-DRB1*1501, HLA-DQA1*0201, HLA-
DRB1*0701, and HLA-DQB1*0202 appear to be linked to a lower susceptibility to SSc. [12-13]

Apart from the established role of HLA genes, evidence from candidate gene analyses and large-scale
genome-wide association studies (GWAS) has further elucidated the genetic basis of SSc. [14] Through the
evaluation of single-nucleotide polymorphisms (SNPs), these approaches have identified multiple genomic
regions significantly related to disease risk, such as STAT4, IRF5, BANK1, CSK, and many other genes. [15-
18]

What is more, epigenetic regulation is also thought to play a role in the pathogenesis of SSc. [19] A
study conducted by Dees et al. demonstrates a correlation between DNA methylation and abnormal Wnt
signaling in SSc. Promoter hypermethylation was found to silence the Wnt antagonists DKK1 and SFRP1,
whereas DNMT inhibition re-established their expression and attenuated experimental fibrosis by blocking
canonical Wnt signaling. The downregulation of DKK1 may lead to increased activation of pro-fibrotic
pathways, potentially facilitating the development and progression of fibrosis. [20]

1.2 Triggers

Infectious agents are considered potential environmental triggers of SSc. They may promote the loss of
T- and B-cell tolerance through molecular mimicry, whereby pathogen antigens resemble self-proteins and
induce autoimmune responses. [21] Additionally, activation of innate immunity through interactions between
pathogen-associated molecular patterns (PAMPs) and pattern recognition receptors (PRRs) can amplify
immune activation and contribute to tissue damage. Several pathogens, including cytomegalovirus (CMV),
Epstein—Barr virus (EBV), and parvovirus B19 have been suggested as possible initiators of SSc in susceptible
individuals. [22-23]

Regarding environmental determinants, evidence indicates that exposure to silica and organic solvents
represents one of the most important risk factors, although other agents, including vinyl chloride, tryptophan,
and contaminated oil, have also been studied in the pathogenesis of scleroderma. [24]

It has also been proposed that, in certain oncological patients, tumor-associated antigens may activate
the immune system and induce the production of autoantibodies similar to those observed in SSc, including
antibodies targeting RNA polymerase III. [25]
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1.3 Progression

The underlying theory of vasculopathy progression is based on primary epithelial damage, the
development of perivascular inflammation, and platelet aggregation leading to an imbalance between
vasoconstricting and vasodilating factors. [26] The overexpression of endothelin-1 (ET-1), a potent
vasoconstrictor, together with reduced nitric oxide (NO) production, a key vasodilatory mediator, contributes
to an increased susceptibility to ischemic events. This imbalance may promote the formation of reactive
oxygen species (ROS) and anaerobic metabolic products, resulting in tissue damage and the development of
fibrosis in the internal organs. [27-28] Sustained disturbances in microvascular tone damage the endothelial
barrier, leading to disruption of intercellular junctions and increased vascular permeability. [29] In SSc, platelet
activation further contributes by releasing thromboxane A2 (TXA2), which has a strong platelet-aggregating
effect. Concurrently, activated endothelial cells upregulate adhesion molecules such as vascular cell adhesion
protein 1 (VCAM-1) and intercellular adhesion molecule (ICAM), promoting recruitment of circulating
inflammatory cells and amplifying vascular inflammation. [30]

Microvascular endothelial cell damage and programmed cell death are central processes in the
pathogenesis of SSc-associated vasculopathy and play a crucial role in triggering immune system activation.
[31] This process, in turn, leads to the production of profibrotic cytokines such as interleukin 4 (IL-4),
interleukin 6 (IL-6), interleukin 13 (IL-13), and transforming growth factor f (TGF ), which stimulate
fibroblasts and myofibroblasts to produce the extracellular matrix (ECM) and type 1 collagen, thereby
contributing to the process of tissue fibrosis. [32-33] A summary of the pathophysiological processes
underlying SSc is presented in Figure 1.

Positive family history Infectious agents ROS
Candidate genes Tumour-associated antigens /M vasoconstrictor factors
HLA polymorphisms | Environmental determinants - J vasodilating factors
Epigenetic regulation Autoimmunity
W
Endothelium dysfunction Fibroblasts, myofibroblasts - -
Hypoxia Profibrotic cytokines F I b ro S IS

Fig. 1. A summary of the pathophysiological processes underlying systemic sclerosis

2. Diagnosis

Autoantibodies are detected in the sera of approximately 90-95% of patients with scleroderma, the
majority of which are disease-specific antibodies. [34] The most important and specific of these are anti-
centromere antibodies (ACA), anti-topoisomerase | antibodies (anti-Topol), also known as anti-Scl-70, and
anti-RNA polymerase III antibodies (antiRNAP3). [35] Although disease-specific autoantibodies are not
thought to play a major role in the pathogenesis of SSc, they remain the most valuable biomarkers for clinical
practice. [36] Their presence supports disease diagnosis and provides important prognostic information,
helping to predict distinct clinical manifestations and disease phenotypes. [37] Interestingly, the detection of
more than one scleroderma-specific autoantibody in an individual patient's serum is a relatively rare
phenomenon. [38]

Anti-centromere antibodies (ACA) occur in 20-40% of all SSc patients, and their specificity exceeds 95%,
making them a highly specific serological marker of SSc. [39, 40] They are most commonly associated with the
limited cutaneous subtype of the disease (IcSSc), while diffuse cutaneous involvement is observed only infrequently
in ACA-positive patients. [41] The presence of ACA is also linked to a higher prevalence of cutaneous calcinosis.
[42] Clinically, ACA-positive individuals generally exhibit a more favorable prognosis, characterized by longer
survival, a lower frequency of diffuse skin involvement, and reduced rates of pulmonary and renal complications.
[43] However, ACA positivity is associated with an increased risk of pulmonary arterial hypertension (PAH), which
typically develops during the later stages of the disease course. [44]
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Anti-RNA polymerase III antibodies occur in 4-11% of all SSc patients. [45] With a specificity
exceeding 99%, they are strongly associated with the diffuse cutaneous subtype of SSc (dcSSc). [39, 46]
Patients positive for anti-RNAP3 typically exhibit the highest risk of diffuse skin involvement, increased
frequency of joint contractures, and poorer overall survival. [43, 46] Although skin fibrosis often progresses
rapidly during the early stages of the disease, skin thickening may subsequently stabilize or even regress over
time. [47] Anti-RNAP3 positivity is also strongly associated with internal organ complications, particularly
scleroderma renal crisis (SRC), for which these patients have the highest risk among all SSc autoantibody
subsets. [48] Moreover, increasing evidence suggests a substantial correlation between anti-RNAP3 antibodies
and malignancy that arises in close temporal proximity to the onset of SSc. Compared with anti-RNAP3-
negative individuals, patients carrying these antibodies have a substantially increased likelihood of receiving
a cancer diagnosis around the time of disease onset. [49]

Anti-topoisomerase [ antibodies occur in 9-42% of all SSc patients and are highly specific serological
markers of SSc, with a specificity exceeding 99%. [39, 40] They are considered important predictive
biomarkers of disease progression in patients who initially present with isolated Raynaud’s phenomenon. [50]
Patients with anti-Topo I antibodies frequently exhibit flexion contractures of the metacarpophalangeal and
proximal interphalangeal joints and ischemic digital ulcers. [51] Anti-Topo I positivity is strongly associated
with the deSSc and considered a significant risk factor for the early development of diffuse skin involvement,
particularly during the first years of the disease course. [52] Among SSc-specific autoantibodies, anti-Topo I
is most strongly linked to interstitial lung disease (ILD), which represents one of the most severe organ
complications and a leading cause of mortality in SSc. [44, 53]

Autoantibodies that occur infrequently in SSc have not been incorporated into the classification criteria,
largely due to limited evidence regarding their diagnostic and prognostic value. Consequently, their
relationship with distinct clinical phenotypes remains incompletely characterized. [54] The diagnosis of SSc
is a comprehensive process and is not limited solely to laboratory testing for antibodies in patients' serum.
Depending on the individual clinical case, it may also be necessary to carry out appropriate imaging and
functional tests. In 2013, the American College of Rheumatology (ACR) and the European League Against
Rheumatism (EULAR) proposed classification criteria for SSc, which can be found in Table 1. [55]

Table 1. The American College of Rheumatology/European League Against Rheumatism criteria for the
classification of systemic sclerosis (SSc)

Category Subitems Score
Skin thickening of the fingers of both hands extending 9
proximally to the metacarpophalangeal joints®

Puffy fingers 2

Skin thickening of the fingers® Sclerodactyly of thp ﬁngers (dista'l to the
metacarpophalangeal joints but proximal to the 4

proximal interphalangeal joints)
Digital tip ulcers 2
Fingertip lesions®
Pitting scars 3
Telangiectasia - 2
Abnormal nailfold capillaries - 2
Pulmonary arterial hypertension and/or interstitial lung Pulmonary arterial hypertension 2
disease® Interstitial lung disease 2
Raynaud's phenomenon - 3
Anticentromere
SSc-related autoantibodies? Anti—topoisomerase 3
Anti—-RNA polymerase 111
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These criteria are applicable to any patient considered for inclusion in a SSc study. The criteria do not
apply to patients exhibiting skin thickening that spares the fingers or to those with a scleroderma-like illness
that more adequately accounts for their symptoms. Patients with a total score of >9 are classified as having
definite SSc

%it is a sufficient criterion for SSc classification

® only count the highest score

°maximum score is 2

4 maximum score is 3

Source: [55]

As shown in the table, the diagnostic criteria include a physical examination finding known as Raynaud's
phenomenon, which presents as a biphasic colour change of the digits involving pallor and cyanosis in response
to multifactorial vasospasm. [56]

During capillaroscopy, on the other hand, we are able to observe “abnormal nailfold capillaries”, which
is also mentioned in the guidelines. Their characteristic features in the initial phase of the disease are enlarged
capillaries (also known as megacapillaries) and mild micro-hemorrhages, whereas in the final phase, there is
a significant loss of capillaries. [57]

3. Treatment

Systemic sclerosis still remains an incurable disease, and current treatment strategies are primarily
intended to inhibit progression, maintain control over disease activity, and minimize organ injury.
Immunosuppressive drugs constitute the cornerstone of therapy, although their long-term use is associated
with a risk of adverse effects. [58] For this reason, treatment is focused on organ-based complications.

3.1 Treatment of Raynaud's Phenomenon and Digital Ulcers

Calcium channel blockers (CCBs), particularly dihydropyridine derivatives such as amlodipine or
nifedipine, are recommended as first-line therapy for Raynaud’s phenomenon associated with systemic
sclerosis (SSc-RP), as they effectively reduce the frequency and severity of vasospastic attacks. [59-60]
Phosphodiesterase type 5 inhibitors (PDE-5Is), including sildenafil and tadalafil, are considered second-line
treatment, improving the severity and frequency of Raynaud’s attacks while promoting the healing and
prevention of digital ulcers. [59, 61] Intravenous iloprost is reserved for patients with severe ischemia or
threatened digital loss, whereas bosentan, an endothelin receptor antagonist, has been shown to reduce the
occurrence of new digital ulcers but does not accelerate healing of existing lesions. [59, 61-63]

3.2 Treatment of Skin Manifestations

Mycophenolate mofetil (MMF) is considered the first-line treatment due to its favorable safety profile
and efficacy comparable to cyclophosphamide (CYC) in reducing skin fibrosis. [59, 64] Although CYC
remains an effective option, its use has declined because of treatment-related toxicity and the availability of
safer alternatives. [65] Rituximab (RTX) has also demonstrated beneficial effects, including significant
improvements in skin thickening and inflammatory markers, supporting its use in selected patients and
therefore can be considered a second-line therapy. [59, 66] Methotrexate (MTX) may be considered in patients
with dsSSc, particularly when musculoskeletal manifestations predominate, although its effect on skin fibrosis
is modest. [59, 67] In patients presenting early with inflammatory dsSSc, tocilizumab may be considered as a
treatment of skin fibrosis. [59] For carefully selected patients with early, rapidly progressive disease,
autologous hematopoietic stem cell transplantation (HSCT) offers the greatest improvement in skin
involvement but is reserved for severe cases because of the associated treatment-related risks. [68]

3.3 Treatment of Scleroderma Renal Crisis (SRC)

Prompt initiation of angiotensin-converting enzyme (ACE) inhibitor therapy is the standard of care
following the diagnosis of scleroderma renal crisis. In addition, patients with SSc receiving glucocorticoids
should undergo regular blood pressure monitoring to facilitate early detection of this potentially life-
threatening complication. [59, 69] ACE inhibitors are not recommended for preventive use in SRC, as current
evidence is insufficient to support such an indication. [70]
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3.4 Treatment of Interstitial Lung Disease (ILD)

Mycophenolate mofetil is considered the first-line treatment and has demonstrated efficacy comparable
to CYC in improving or stabilizing forced vital capacity (FVC), with a more favorable tolerability profile. [59,
71] Rituximab has also shown beneficial effects, with evidence of FVC stabilization and improved outcomes
compared with placebo in randomized and meta-analytic data. [59, 72] Cyclophosphamide provides short-term
improvement in lung function but is limited by toxicity and loss of sustained benefit after treatment cessation.
[59, 73] Nintedanib is suggested as a second-line or supplementary antifibrotic treatment and has demonstrated
a significant reduction in the rate of FVC decline, with possible additional advantages when used in
conjunction with MMF. [59, 74] Tocilizumab may be particularly effective in patients with “early
inflammatory” disease phenotypes, where it has been associated with stabilization of lung function. [59, 75]
In contrast, HSCT has demonstrated superior long-term efficacy compared with CYC in selected patients,
leading to significant improvements in FVC. [68] Emerging approaches, including JAK-STAT pathway
inhibitors and CAR-T cell-based strategies, have shown promising early results, with evidence of reduced
inflammation, B-cell depletion, and radiological and functional improvement in lung involvement. [76-77] In
selected patients with systemic sclerosis—associated interstitial lung disease (SSc-ILD), lung transplantation
may be considered as a therapeutic option when disease progression persists despite available pharmacological
treatments. [78]

3.5 Treatment of Pulmonary Arterial Hypertension (PAH)

First-line treatment in newly diagnosed patients typically includes PDE-5i in combination with an
endothelin receptor antagonist (ERA), which has been shown to significantly reduce clinical failure events
compared with monotherapy. [59, 79] In class III and IV of SSc-PAH, intravenous epoprostenol remains an
effective therapy and should be considered for treatment. [59, 80] Additional therapeutic options include
prostacyclin receptor agonists such as selexipag, which has demonstrated a reduction in morbidity—mortality
outcomes, and riociguat, a guanylate cyclase stimulator, which presented sustained long-term benefits
observed in clinical trials. [59, 81-82] It is also worth noting that anticoagulant therapy is not recommended
for the management of SSc-PAH. [83]

3.6 Treatment of Gastrointestinal Manifestations

In patients with symptomatic peristalsis disturbances, the use of prokinetic drugs may be beneficial. [59]
Constipation resulting from colonic dysmotility is most commonly managed with osmotic laxatives, as well
as stimulant laxatives. [84] For the management of systemic sclerosis—related gastroesophageal reflux disease
(SSc-GERD) and the prevention of esophageal ulcers and esophagitis, proton pump inhibitors (PPIs) should
be considered. [85]

Conclusions

Systemic sclerosis remains a significant challenge for the understanding of the complex
pathophysiological mechanisms underlying disease onset and progression. Marked clinical heterogeneity
complicates its diagnosis, classification, and therapeutic decisions. Despite these limitations, substantial
advances have been achieved in the treatment of SSc. The expansion of immunosuppressive regimens,
alongside the development of targeted and biologic therapies, has considerably broadened therapeutic options.
Although no currently available treatment is capable of fully reversing disease progression, improved insight
into the interplay between immune dysregulation, vasculopathy, and fibrosis has facilitated more
individualized and increasingly effective treatment strategies.
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