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Abstract: Background: Systemic sclerosis (SSc) is a rare connective tissue disease char-
acterized by vasculopathy, autoimmunity, and fibrosis. Due to its low prevalence and
heterogeneous clinical presentation, early diagnosis remains challenging, often delaying
appropriate treatment. The disease progresses from microvascular dysfunction, manifest-
ing as Raynaud’s phenomenon, to systemic fibrosis affecting multiple organs, including
the lungs, gastrointestinal tract, heart, and kidneys. There have been considerable ad-
vancements in understanding the pathophysiology of the disease during the last few years
and this has already resulted in the improvement of the therapeutic approaches used to
control organ-specific manifestations. However, the underlying cause of the disease still
remains incompletely elucidated. Methods: Here, we summarize the current knowledge
on the SSc pathogenesis. Results: The pathophysiology involves an interplay of chronic
inflammation, impaired vascular function, and excessive extracellular matrix deposition,
leading to progressive organ damage. Endothelial dysfunction in SSc is driven by immune-
mediated injury, oxidative stress, and the imbalance of vasoconstrictors and vasodilators,
leading to capillary loss and chronic hypoxia. Autoantibodies against endothelial cells or
other toxic factors induce apoptosis and impair angiogenesis, further exacerbating vas-
cular damage. Despite increased angiogenic factor levels, capillary repair mechanisms
are defective, resulting in progressive ischemic damage. Dysregulated immune responses
involving Th2 cytokines, B cells, and macrophages contribute to fibroblast activation and
excessive collagen deposition. Transforming growth factor-beta (TGF-3) plays a central
role in fibrotic progression, while fibroblasts resist apoptosis, perpetuating tissue scarring.
The extracellular matrix in SSc is abnormally stiff, reinforcing fibroblast activation and
creating a self-perpetuating fibrotic cycle. Conclusions: Advances in molecular and cel-
lular understanding have facilitated targeted therapies, yet effective disease-modifying
treatments remain limited. Future research should focus on precision medicine approaches,
integrating biomarkers and novel therapeutics to improve patient outcomes.

Keywords: scleroderma; fibrosis; pathophysiology; extracellular matrix; inflammation;
autoimmunity

1. Introduction

Systemic sclerosis (SSc) is a rare, complex connective tissue disease that presents
significant challenges. Its low prevalence can often lead to delays in early diagnosis

Sclerosis 2025, 3,17

https:/ /doi.org/10.3390/sclerosis3020017


https://doi.org/10.3390/sclerosis3020017
https://doi.org/10.3390/sclerosis3020017
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sclerosis
https://www.mdpi.com
https://orcid.org/0000-0002-1104-4784
https://doi.org/10.3390/sclerosis3020017
https://www.mdpi.com/article/10.3390/sclerosis3020017?type=check_update&version=1

Sclerosis 2025, 3,17

20f 16

and the initiation of appropriate treatment [1]. Given the multi-organ complications, SSc
patients require multidisciplinary management and continuous follow-up. Nonetheless, the
pathomechanisms driving disease onset and progression remain incompletely understood.
Overall, SSc is uniquely defined by its combination of vasculopathy, autoimmunity,
and fibrosis. However, vasculopathy is an early trigger, often manifesting as Raynaud’s
syndrome (Figure 1A), which can precede disease onset [2,3], serving as an early marker
of microcirculatory dysfunction in the acral regions. As the disease progresses, digital
ulceration (Figure 1B) may develop, sometimes leading to necrosis and eventual fingertip
loss. Additionally, patients may experience extensive calcifications, severe pruritus, and
prominent telangiectasias [2]. The clinical presentation of advanced SSc is highly character-
istic and relatively easy to diagnose. However, early-stage cases are frequently overlooked,
suggesting that the disease may be more prevalent than currently recognized [1]. Recent
works by several groups have emphasized the need for the early detection of SSc and
have developed the concept of VEDOSS (very early diagnoses of systemic sclerosis) [4].
In later stages or rapidly progressing subtypes, systemic involvement extends beyond
the skin (Figure 1C), frequently affecting the internal organs. Pulmonary complications,
particularly lung fibrosis and renal disease, are common. Gastrointestinal manifestations,
such as reflux, gastric telangiectasia, and esophageal motility disorders, are observed in
most patients, while musculoskeletal involvement is also frequent. Cardiac disease, though
often underestimated, is likely more prevalent than previously thought [3,5-7]. Substantial
progress in managing organ complications has led to an improved quality of life for many
patients [8,9]. Nevertheless, developing disease-modifying therapies requires a deeper
understanding of the pathophysiological events driving fibrosis and tissue damage [8,9].

Figure 1. Clinical features of vasculopathy and fibrosis in SSc patients: (A) Raynaud’s phenomenon;
(B) digital ulcers; (C) severe stiffening of the skin leading to contractures.



Sclerosis 2025, 3,17

30f16

In the following, we summarize the current knowledge on SSc pathogenesis and
discuss how novel biomedical techniques have enhanced our understanding of fibrotic
mechanisms.

2. Etiology and Risk Factors

Although the development of systemic sclerosis requires an (unknown) trigger, the
involvement of genetic factors in the pathogenesis of SSc has been studied first in twin stud-
ies, analyzing human leucocyte antigen genes and more recently also in large multicenter
genome-wide association studies. These have identified many genes (e.g., TNFSF4 (1g25.1),
STAT4 (2g32.2-q32.3), DNASE1L3 (3p14.3), and IRF5-TNPO3 (7g32.1) or CD247) [10,11]
that are involved in the control of vasculopathy and fibrosis and which are probably related
to susceptibility to disease development. In addition, several environmental factors have
been identified that lead to scleroderma or scleroderma-like conditions. Examples include
silica dust, drugs, food contaminants, and others [12]. Although the exact mode of action
of most compounds is still not understood, the data suggest that genetic susceptibility,
together with external factors including potential viral infections [13], are crucial for the
initial disease induction.

3. Vascular Alterations and Endothelial Damage in SSc

An interplay of autoimmune processes, vascular endothelial damage, and an over-
production of extracellular matrix (ECM) are crucial for pathophysiology and determine
the clinical characteristics of this disease. In routine histology, the key stages of SSc patho-
genesis can be detected: initial endothelial cell swelling followed by lympho-histiocytic
inflammatory infiltration around affected blood vessels, and ultimately, dense extracellu-
lar matrix deposition with activated myofibroblasts and homogenized collagen bundles
(Figure 2). Extensive research into the cellular and molecular alterations underlying these
processes has facilitated the identification of novel therapeutic targets.

The Raynaud phenomenon (RP) usually manifests as a very characteristic and early
clinical sign preceding sclerosis. Vascular changes can be easily detected clinically through
nailfold microscopy [14], which can indicate vascular dysfunction even before the manifes-
tation of fibrosis. These include early changes such as capillary ectasias, active patterns
with megacapillaries and hemorrhages, and late changes that present as capillary bunching.
The early inflammatory changes also appear histologically as prominent perivascular and
periadnexial infiltrates [15,16].

Autopsy studies have shown widespread intimal proliferation affecting pulmonary,
coronary, and renal arteries which is not inflammatory in nature. Early signs of vascular
dysfunction include impaired permeability and tone, alongside an imbalance between
vasoconstrictor endothelin (ET) [17] and vasodilator nitric oxide (NO) [18,19]. Platelet
activation and coagulation abnormalities further contribute to the vasculopathy observed
in SSc patients. The early stage of systemic sclerosis is also often clinically referred to as
an edematous phase, as affected patients may experience swelling of the fingers (“puffy
fingers”) (Figure 1A) and milk glass opacities in the lungs, which are characteristic of
alveolar or interstitial edema.

The exact cause of the initial vascular injury remains unclear, with potential contribu-
tors including infectious agents, cytotoxic T cells, and autoantibodies targeting endothelial
cells [7,20]. Microcirculatory changes, such as capillary dropout and altered architecture,
are prominent, alongside endothelial cell injury, which is central to the pathogenesis of SSc
vasculopathy. It is hypothesized that chronic circulatory disturbance, with repetitive hy-
poxia and the release of Vascular Endothelial Growth Factor (VEGF) and TGEF-f3, increases
vascular permeability. In addition, endothelial cell swelling and subsequent apoptosis
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occur (Figure 2), leading to the altered expression of adhesion molecules [2,21]. High
levels of von Willebrand factor and ET-1 indicate endothelial damage, while conflicting
reports exist regarding endothelial apoptosis [22]. As a result, fluid and blood extravasation
occurs, along with the influx of immune cells. It remains unclear whether vascular leakage
is the primary cause of immune cell infiltration or if the presence of inflammatory cells
secondarily affects vascular permeability [23].
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Figure 2. Pathophysiology in SSc: The pathogenesis of systemic sclerosis (SSc) involves a multifaceted
interplay between vascular injury, immune dysregulation, and fibroblast activation, culminating
in progressive fibrosis and organ dysfunction. Initial endothelial cell damage and immune cell
infiltration lead to the loss of small vessels and the release of pro-inflammatory mediators, including
cytokines, reactive oxygen species (ROS), and damage-associated molecular patterns (DAMPs). These
activate both innate and adaptive immune cells such as Th2 lymphocytes, B cells, mast cells, and M2
macrophages. B cells generate pathogenic autoantibodies, while Th2 cytokines and TGF-f3 stimulate
fibroblast activation and myofibroblast differentiation. Myofibroblasts, derived from multiple cellular
sources including resident fibroblasts, (pre-)adipocytes, endothelial cells, and mesenchymal cells,
excessively produce extracellular matrix (ECM) components such as collagens, fibronectin, and
fibrillins. Mechanical tension within the ECM feeds back to further activate fibroblasts via integrin-
mediated signaling. This positive feedback loop sustains a stiffened ECM environment, impairs
fibroblast apoptosis, and perpetuates fibrosis. The figure illustrates the central role of myofibroblasts
in ECM remodeling and the integration of immune, vascular, and fibrotic pathways in SSc progression.
Created in BioRender. Al-Gburi, S. (2025) https://BioRender.com/hdz8tk7, accessed on 18 May
2025 [21].
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Chronic inflammation promotes endothelial-mesenchymal transformation, which
facilitates a profibrotic state (Figure 2). Endothelial cells play a key role in vasoregulation,
tissue homeostasis, immune regulation, and platelet aggregation, as they act as “guards”
between tissue and blood vessels, controlling various immunological processes. Endothe-
lial dysfunction promotes a pro-inflammatory state [24]. Furthermore, many studies have
shown that autoantibodies against endothelial cells (so-called anti-endothelial cell autoan-
tibodies [AECAs]) can induce endothelial apoptosis [25]. These autoantibodies comprise
a heterogeneous group of proteins that target various structures of endothelial cells and
are found in approximately 22-86% of patients with systemic sclerosis. They stimulate the
production of reactive oxygen species, the formation of PDGF (platelet-derived growth
factor), and the expression of various adhesion molecules, such as VCAM-1, ICAM-1, and
E-selectin, which facilitate leukocyte invasion [26]. Pericytes, which help stabilize blood
vessels, may differentiate into various cell types and are involved in vascular changes in
SSc [27].

Elevated levels of ET-1 have been linked to various SSc complications, promoting
vasoconstriction and fibroblast activity [28]. Conversely, NO production is reduced, impair-
ing vascular relaxation and contributing to enhanced platelet aggregation and oxidative
injury [29].

Angiogenesis, the formation of new blood vessels [30,31], is disrupted in SSc, despite
elevated levels of angiogenic factors like Vascular Endothelial Growth Factor (VEGF) [31].
This lack of response leads to significant capillary loss without significant new vessel
formation. Additionally, vasculogenesis and the role of progenitor cells in vascular repair
are not well understood, with conflicting evidence regarding their presence in SSc.

Altogether, endothelial dysfunction, particularly in microcirculation, appears to drive
the early phases and progression of this disease. However, these vascular alterations can
also be responsible for major clinical complications such as pulmonary arterial hypertension
(PAH), digital ulcers, and renal crisis [32]. Conversely, vasoprotective or vasodilatory
therapies, such as those with prostaglandin agonists, endothelin-1 receptor antagonists,
and PDES5 inhibitors, positively influence vasculopathic complications [33].

4. Autoimmune Dysregulation in Systemic Sclerosis

Systemic sclerosis (SSc) is characterized by the dysregulated interplay between the
innate and adaptive immune systems (Figure 2). Apoptotic and damaged endothelial
cells release damage-associated molecular patterns (DAMPs), which recruit and activate
immune cells [34]. This immune activation occurs even before overt endothelial cell damage
is detectable and is driven by elevated levels of pro-inflammatory cytokines like interleukin
(IL)-6 [35]. The interplay between vascular damage and immune activation perpetuates a
self-sustaining cycle that exacerbates disease progression.

The adaptive immune system plays a crucial role in SSc pathogenesis (Figure 2), with
type 2 helper T (Th2) cells being particularly active. These cells produce IL-4 and IL-13,
which drive fibroblast proliferation, enhance extracellular matrix (ECM) production, and
increase collagen synthesis. Additionally, IL-4 and IL-13 suppress matrix metalloproteinases
(MMPs) [36], further contributing to ECM accumulation (Table 1). These cytokines stimulate
the production of transforming growth factor-p (TGF-$3), a central mediator of fibrosis that
activates the SMAD and mitogen-activated protein kinase (MAPK) signaling pathways
in fibroblasts [37]. This cascade promotes fibroblast proliferation and collagen deposition
while inhibiting ECM degradation. Feedback loops involving TGF-3 and Th2 cytokines
sustain fibrosis in a vicious cycle.
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B cells, including plasma cells and their precursors [38], significantly contribute to SSc
by producing autoantibodies against DNA-topoisomerase 1, centromeres, endothelial cells,
and other antigens [39]. Many of these autoantibodies are markers for disease development;
other autoantibodies, e.g., targeting endothelial cells [25], PDGF receptors, and fibrillin-1,
are thought to directly activate fibroblasts [40], stimulating collagen synthesis. Further-
more, B cells produce IL-6, which promotes Th2 differentiation (Table 1) and macrophage
polarization toward the M2 phenotype. Dysregulated regulatory B cells (Bregs) exacerbate
disease by reducing IL-10 production, which diminishes their immunosuppressive effects.

The innate immune system also plays a critical role in SSc (Figure 2). Macrophages,
particularly M2 macrophages, contribute to both tissue repair and fibrosis by producing
profibrotic cytokines, including TGF-f3, IL-4, IL-13, and IL-6 [41-43]. These cytokines acti-
vate fibroblasts and drive ECM deposition (Table 1). Neutrophils contribute through the re-
lease of reactive oxygen species (ROS) [44] and neutrophil extracellular traps (NETs) [45,46],
which liberate latent TGF-f3 from the ECM, amplifying fibrosis. Plasmacytoid dendritic cells
(pDCs) further contribute by producing interferon-oc (IFN-«) and chemokine CXCL4 [47],
both of which sustain immune activation and chronic inflammation (Table 1). Enhanced
Toll-like receptor-8 (TLR8) signaling in pDCs establishes a positive feedback loop that
maintains this inflammatory state.

Mast cells play multifaceted roles in SSc, attracted to fibrotic lesions by local signals
such as plasminogen activator inhibitor-1 (PAI-1). Upon activation, mast cells release
profibrotic mediators, including TGF-f3, PDGF [48], and fibronectin. Direct interactions
between mast cells and fibroblasts via adhesion molecules like intercellular adhesion
molecule-1 ICAM-1) further contribute to ECM deposition [49]. However, studies suggest
that fibrosis can progress independently of mast cells, highlighting the complexity of SSc
pathogenesis [50].

The intricate interactions between immune cells and fibroblasts are central to SSc
pathogenesis. Fibroblasts in affected tissues exhibit a profibrotic phenotype, producing
excessive amounts of collagen and other ECM components. Cytokines like TGF-3, IL-4,
and IL-13 [51] from immune cells reinforce this phenotype, perpetuating chronic inflam-
mation and fibrosis (Table 1). Insights from animal models, such as tight-skin mice, have
demonstrated that targeting these cytokines can reduce fibrosis [52]. Similarly, models
of graft-versus-host disease (GVHD), which share features with SSc, have shown that
inhibiting Th2 cytokines prevents fibrotic progression [53].

Taken together, SSc is driven by the complex interactions among endothelial dysfunc-
tion, immune dysregulation, and fibroblast activation. The crosstalk between immune
cells and fibroblasts creates a self-perpetuating cycle of inflammation and fibrosis. The
contributions of Th2 cells, B cells, macrophages, neutrophils, dendritic cells, and mast cells
highlight the multifactorial nature of immune activation in SSc. Targeting key cytokines
such as IL-4, IL-13, TGF-3, and IL-6 holds therapeutic potential (Table 1). Understanding
these mechanisms provides crucial insights into developing targeted therapies aimed at
modulating immune responses, reducing fibrosis, and improving vascular function in
SSc patients.
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Table 1. Cytokines, chemokines, and growth factors in systemic sclerosis.
Cytokines/chemokines/growth factors involved in vasculopathy
Endothelin-1 Potent vasoconstrictor; promotes vascular dysfunction,
(ET-1) fibroblast activation, and is elevated in SSc patients. Involved [17,28]
in PAH and DU development.
Nitric Oxide Vasodilator; its impaired production leads to vascular tone [18,19,29]
(NO) dysregulation, platelet aggregation, and oxidative injury. T
Vascular Endothelial Growth Factor Key factor for angiogenesis; elevated in SSc but ineffective, [30,31]
(VEGEF) leading to defective capillary repair and progressive ischemia. !
Platelet-Derived Growth Factor Induces fibroblast proliferation, contributing to vascular [26,48]
(PDGF) remodeling and fibrosis; linked to vascular dysfunction in SSc. ’
Chemokine produced by plasmacytoid dendritic cells;
CXCL4 e o . : . [47]
amplifies immune activation, vascular injury, and fibrosis.
. Elevated early; drives endothelial activation, Th2 polarization,
Interleukin-6 . . .
(IL-6) and chronic inflammation, and contributes to [35,41]
vascular damage.
Cytokines/chemokines/growth factors involved in fibrosis
Transforming Growth Factor-p Master regulator of fibrosis; promotes fibroblast activation,
("%GF- 8) ECM production, myofibroblast differentiation, and [37,54,55]
suppresses ECM degradation.
Th2 cytokine; enhances fibroblast proliferation and collagen
Interleukin-4 (IL-4) production, suppresses ECM degradation, and promotes [36,51]
fibrotic progression.
Interleukin-13 (IL-13) Works alongs@e IL—'4,' boosts colla.gen §ynth951s and fibroblast [36,51]
proliferation; and sustains fibrotic cycles.
Interleukin-6 (IL-6) In addltlonl to Yascular roles, promotes M.Z ma.crophage [41,43]
polarization and enhances fibrotic signaling.
Produced by plasmacytoid dendritic cells; promotes immune
Interferon-« (IFN-cx) activation and maintains fibrotic and [47]
inflammatory environments.
. Produced by mononuclear cells; acts synergistically with IL-6
Oncostatin M to stimulate fibroblast activation and fibrosis. 411
Connective Tissue Growth Factor Acts downstream of TGF-f3; critical in fibroblast activation and [56]
(CTGF) persistent ECM accumulation.
Pro-inflammatory glycoprotein promoting fibroblast
Osteopontin (OPN) activation, myofibroblast differentiation, ECM deposition, and [57]
chronic inflammation; linked to disease severity in SSc.
Pro-inflammatory cytokine from Th17 cells; enhances
Interleukin-17 (IL-17) fibroblast proliferation, collagen expression, and synergizes [58,59]
with TGF-$ in fibrotic pathways.
Promotes fibroblast activation, ECM production, and collagen
Interleukin-11 (IL-11) deposition; implicated in lung and skin fibrosis. Revelant for [60,61]
cardiac and renal fibrosis.
Interleukin-31 (IL-31) Associated with pruritus in SSc; emerging evidence suggests [62,63]

profibrotic roles via immune—fibroblast crosstalk.
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5. Fibrosis and ECM Deposition in SSc

The excessive deposition of ECM molecules is a hallmark of scleroderma and is
ultimately responsible for tissue damage with all the clinical implications (Figure 1C).
The persistent activation of fibroblasts and their transformation into myofibroblasts play
a critical role in this pathological process. Myofibroblasts are key mediators of ECM
remodeling, and their sustained presence in SSc results in uncontrolled ECM synthesis,
fibrosis, and ultimately, irreversible tissue damage (Figure 2).

5.1. Activation and Origin of Fibroblasts in SSc

The origins of activated fibroblasts in SSc remain a topic of extensive research [64,65].
They may arise from multiple sources, including circulating progenitor cells, subcutaneous
layers, resident tissue fibroblasts, and transdifferentiated epithelial or endothelial cells
(Figure 2). Once activated, fibroblasts acquire the characteristics of myofibroblasts, which
are central to wound healing and scar formation. These cells exhibit contractile properties,
express alpha-smooth muscle actin (x-SMA), and contribute to ECM production [66].
Under physiological conditions, myofibroblasts facilitate tissue repair and are subsequently
eliminated through apoptosis [67]. However, in SSc, myofibroblasts are thought to persist
due to a dysregulation in apoptotic pathways, leading to excessive ECM deposition. This
results in increased tissue stiffness, reduced mechanical stability, and progressive fibrosis,
ultimately impairing organ function [68-70] (Figure 2).

5.2. Fibroblast Survival and Resistance to Apoptosis

Myofibroblast survival in SSc is facilitated by an imbalance between pro-apoptotic and
anti-apoptotic signals. Apoptosis, a crucial mechanism for eliminating excess myofibrob-
lasts following tissue repair, is regulated by proteins such as BAX and BIM (pro-apoptotic)
and BCL-2 family proteins (anti-apoptotic). In physiological wound healing, myofibroblasts
undergo apoptosis when ECM stiffness decreases, reducing BCL-2 signaling and allowing
BIM-mediated cell death [71-73].

In SSc, however, mechanotransduction pathways alter apoptotic signaling, increasing
the expression of BIM while simultaneously upregulating BCL-XL, an anti-apoptotic protein
that inhibits BIM activation. This allows myofibroblasts to evade apoptosis and continue
producing ECM components. Experimental studies have shown that inhibiting BCL-XL
can promote myofibroblast apoptosis [74].

Transforming growth factor-beta (TGFf) is a key profibrotic cytokine implicated in
SSc pathogenesis (Table 1). Elevated levels of TGEf are observed in SSc skin and lung
tissues, where it stimulates fibroblast activation, ECM synthesis, and myofibroblast differ-
entiation [54,55]. TGFp also influences apoptotic pathways by modulating sphingolipid
metabolism, particularly through the downregulation of acid sphingomyelinase (ASMase),
a critical enzyme in Fas-mediated apoptosis. Reduced ASMase levels in SSc fibroblasts
are thought to promote apoptosis resistance and enhance fibrotic signaling [75]. MicroR-
NAs (miRNAs) further contribute to the apoptotic imbalance in SSc. miRNA-21, which is
upregulated in SSc fibroblasts, binds to and degrades the mRNA of pro-apoptotic BAX, fur-
ther suppressing myofibroblast apoptosis. This has been reported to create a pro-survival
environment, perpetuating fibrosis and ECM accumulation [76].

In addition to reduced apoptosis, myofibroblast populations in SSc might expand
due to increased transdifferentiation and activation. TGFp, PDGEF, and connective tissue
growth factor (CTGF) drive fibroblast differentiation into myofibroblasts [56] (Table 1).
However, circulating fibrocytes, epithelial-mesenchymal transition (EMT), endothelial-to-
mesenchymal transition (EndoMT), and pericyte differentiation [77-79] might also con-
tribute to this process (Figure 2).
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A notable feature of SSc is the loss of subcutaneous adipose tissue. Adipocytes
are increasingly recognized as contributors to fibrotic progression through adipocyte—
myofibroblast transition (AMT). TGFf{ stimulation of adipocytes inhibits adipogenesis and
upregulates profibrotic genes, leading to the conversion of adipocytes into fibroblast-like
cells. Both adipose-derived mesenchymal stem cells and mature adipocytes undergo this
transition, contributing to the fibrosis seen in SSc patients (Figure 2).

Mechanical tension is a crucial regulator of fibroblast function and myofibroblast
differentiation. In SSc, increased ECM stiffness enhances fibroblast activation via integrins
and focal adhesion complexes. x1131 integrin, in particular, plays a critical role in fibrosis
by transducing the mechanical and biochemical signals that sustain myofibroblast activity.
Depletion of x11f31 integrin has been shown to suppress fibrosis and impair fibroblast
transdifferentiation. Increased mechanical tension also promotes TGEf activation from its
latent form in the ECM (Figure 2). TGFf is sequestered within the ECM in an inactive state,
but integrin-mediated tension releases active TGFf, perpetuating fibroblast activation
and ECM deposition. These findings highlight the interplay between mechanical and
biochemical cues in fibrosis progression [80-84].

Fibroblasts are a heterogeneous population with distinct functional properties. Recent
studies utilizing single-cell and bulk RNA sequencing have identified fibroblast subtypes
that are enriched in SSc skin. Profibrotic fibroblasts expressing markers such as COMP,
COL11A1, MYOC, CCL19, and SFRP4 are significantly increased, while antifibrotic fi-
broblasts marked by CXCL12 and PI16 are reduced. The balance between these fibroblast
subsets correlates with disease severity. Increased levels of profibrotic fibroblasts are
associated with progressive skin fibrosis, whereas higher proportions of CXCL12+ and
PI16+ fibroblasts correlate with stable disease. Machine learning models incorporating
fibroblast markers have improved the classification of progressive versus stable SSc cases,
highlighting their potential as diagnostic and therapeutic targets [85].

5.3. The ECM in SSc

Fibrosis in SSc is characterized by the excessive deposition of collagen types I, III, V,
and VI, as well as fibronectin, elastin, glycosaminoglycans, and proteoglycans. The ECM
of SSc patients also contains increased levels of damage-associated molecular patterns
(DAMPs), such as fibronectin-EDA and tenascin-C, which activate profibrotic pathways
through toll-like receptor 4 (TLR4) signaling. Cartilage oligomeric matrix protein (COMP)
is highly expressed in SSc and other fibrotic conditions. COMP regulates collagen fibrilloge-
nesis and is essential for the ECM’s structural integrity. It also facilitates collagen secretion,
contributing to the excessive accumulation and altered macromolecular arrangement ob-
served in fibrotic tissues [21].

Although the excessive deposition of different components of the ECM is characteristic
for fibrotic processes, it also has to be noted that the stiffness of the tissue depends on
the macromolecular organization of the collagens. This is determined by various factors.
The so-called FACITs (fibril-associated collagens with interrupted triple helices) play a
crucial role in controlling the macromolecular organization and the fibril diameter. In
addition to their structural significance, these extracellular matrix (ECM) proteins can
also have functional activities. It has been shown that collagen XII, a FACIT collagen in
skin, significantly influences the number of myofibroblasts. Mechanistically, this can be
attributed to the indirect communication between macrophages and fibroblasts, where
collagen XII affects the release of fibrogenic cytokines by macrophages [86]. This is also
true for other non-collagenous ECM proteins, such as COMP, which are induced during
fibrotic processes [87]. All of these proteins have both structural and functional activities,
alter the macromolecular organization and biomechanical properties of connective tissue,
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and regulate the function of fibroblasts, endothelial cells, and inflammatory cells in fibrotic
processes (Figure 2).

6. Therapeutic Approaches for SSc Based on the Understanding of
Its Pathophysiology

Understanding these mechanisms at a molecular level provides an insight into po-
tential therapeutic strategies, including targeting apoptosis pathways, modulating TGFf3
signaling, and disrupting mechanical tension-mediated fibroblast activation. Future re-
search focusing on fibroblast heterogeneity and ECM dynamics will be crucial in developing
effective treatments for SSc and related fibrotic diseases.

Recent technological breakthroughs and an improved understanding of disease mech-
anisms at the cellular and molecular levels have already led to better patient stratification
and the development of novel therapeutic approaches. Clinical trials now benefit from
molecular classification based on gene expression profiles in skin biopsies. While the pre-
dictive value of this classification is still being evaluated, it enhances patient selection for
targeted therapies when combined with serum biomarkers and refined clinical criteria [88].

Therapeutic advancements have significantly improved the management of organ
complications associated with SSc [89]. Mainly for diffuse cutaneous SSc patients, im-
munosuppressive agents such as mycophenolate mofetil, methotrexate, cyclophosphamide,
rituximab, and tocilizumab are widely used [89-94], while patients with rapidly progres-
sive disease may benefit from autologous hematopoietic stem cell transplantation [95].
Lung disease management has improved, with mycophenolate mofetil for SSc-ILD and
antifibrotic agents like nintedanib [89,96] and possibly pirfenidone showing promise. PAH
is commonly treated with combination therapy, including phosphodiesterase 5 inhibitors
and endothelin receptor antagonists, sometimes supplemented with prostacyclin analogs.
Most recently, sotatercept, a first-in-class activin-signaling inhibitor, has also been approved
for the treatment of PAH [97]. Raynaud’s phenomenon and digital ulcers are managed
using calcium channel blockers, phosphodiesterase 5 inhibitors, and intravenous iloprost,
with bosentan helping to prevent new ulcer formation [98-101]. However, more research is
needed to optimize treatment strategies for other disease manifestations.

Novel compounds target the microvascular alterations, the immune response (e.g., JAK
inhibitors, IL-4/IL-13 inhibitors, Belimumab), and also the different steps in the activation
of myofibroblasts (e.g., TGFf inhibitors, ROCK inhibitors, LPA inhibitors) [102].

Given the pivotal role of B cells in SSc pathogenesis, CD19-targeting chimeric antigen
receptor (CAR) T cell therapy has emerged as a new approach for severe diffuse SSc in
patients unresponsive to conventional treatments. Recent studies demonstrate that CAR T
cell therapy can halt disease progression, improve key clinical features such as skin fibrosis
and lung function, and reduce autoantibody levels.

Future research must assess the durability of these therapeutic effects and compare
CART cell therapy with other advanced treatments, such as autologous stem cell trans-
plantation and CD20-targeting therapies. All these new approaches have been developed
based on a better understanding of the pathophysiology of this complex disease and mark
a promising step toward more effective and potentially curative treatments for the benefit
of patients with systemic sclerosis.

7. Conclusions

At the core of SSc pathogenesis lies a dynamic and self-reinforcing interplay between
vascular injury, chronic immune activation, and fibroblast dysregulation. Early endothelial
dysfunction—possibly triggered by genetic predisposition, environmental exposures, or
infectious insults—leads to capillary dropout, impaired vasoregulation, and hypoxia. This
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vascular damage is compounded by the emergence of autoantibodies and the infiltration
of various immune cells that further drive inflammation and fibrosis. Immune mediators,
particularly Th2 cytokines (IL-4, IL-13), TGF-§3, and IL-6 (Table 1), perpetuate fibroblast
activation and ECM accumulation. Notably, fibroblasts in SSc not only become resistant
to apoptosis but also exhibit enhanced mechanosensing capabilities that amplify fibrotic
responses in the context of increased tissue stiffness.

Recent advances have further illuminated the cellular origins and heterogeneity of
fibroblasts involved in SSc, uncovering key transcriptional and functional differences that
correlate with disease activity and treatment response. Technologies such as single-cell
RNA sequencing and machine learning models have identified distinct profibrotic and
antifibrotic fibroblast populations, offering potential biomarkers for disease stratification
and new targets for therapeutic intervention.

Therapeutically, while conventional immunosuppressive regimens remain standard in
managing diffuse cutaneous disease and organ involvement, novel strategies are emerging
from our improved understanding of disease biology. These include antifibrotic agents
like nintedanib, biologics targeting cytokine pathways (e.g., IL-4/IL-13, IL-6) (Table 1),
and cellular therapies such as autologous hematopoietic stem cell transplantation. In
severe refractory cases, CAR T cell therapies targeting CD19+ B cells show early promise,
demonstrating potential not only to halt disease progression but to reverse key pathological
features.

However, despite these advancements, there is still no universally effective disease-
modifying therapy for SSc. Many of the current interventions primarily address symptoms
or specific organ manifestations without altering the fundamental disease trajectory. The
variability in clinical course and treatment response among patients underscores the urgent
need for precision medicine approaches. Integrating molecular classifications, serum
biomarkers, and tissue-based gene expression profiles into clinical decision-making will be
essential for tailoring therapy and improving long-term outcomes.
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