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Abstract: Background: The 2011 Very Early Diagnosis of Systemic Sclerosis (VEDOSS)
criteria include both patients at risk of progression and those with mild non-progressive
forms of SSc. Early diastolic and systolic dysfunction can indicate myocardial fibrosis
in SSc patients, yet data on myocardial impairment in the VEDOSS population are lim-
ited. Objectives: This study aimed to identify subclinical echocardiographic changes
and predictive markers of cardiac dysfunction in both very early and mild-longstanding
forms of VEDOSS. Methods: We conducted a cross-sectional observational study involving
61 patients meeting VEDOSS criteria followed up regularly within our Scleroderma referral
center. Patients were categorized as early VEDOSS (e-VEDOSS) or mild-longstanding
VEDOSS (ml-VEDOSS) based on disease duration (≥10 years). We analyzed clinical and
demographic data, focusing on echocardiographic parameters such as the E/A ratio and
left ventricular (LV) thickness. Statistical analyses included chi-square, Fischer exact, and
student’s t tests, with a significance threshold of p < 0.05. Results: ml-VEDOSS patients
were older and reported a higher burden of comorbidities. Autoantibody-positive patients
exhibited lower E/A ratios and increased left atrial size. Late nailfold videocapillaro-
scopic pattern patients exhibited increased PWED thickening and aortic valve insufficiency.
Notably, patients undergoing vasodilators experienced larger right atrial volume, while
patients receiving Renin-Angiotensin-Aldosterone System (RAAS) inhibitors reported re-
duced E/A ratio. Multivariable analysis confirmed DLCO% as the sole predictor of both
diastolic and systolic impairment in VEDOSS population. Conclusions: Careful mon-
itoring of cardiac function in VEDOSS patients is crucial as subclinical alterations may
occur even in the absence of symptoms. DLCO% emerged as an important predictor of LV
diastolic dysfunction.

Keywords: VEDOSS; systemic sclerosis; early diagnosis; cardiac involvement; diastolic
dysfunction; echocardiography

Sclerosis 2025, 3, 7 https://doi.org/10.3390/sclerosis3010007
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1. Introduction

Systemic sclerosis (SSc) is a rare autoimmune disease characterized by the classical
triad of microvascular damage, autoimmune dysregulation, and fibrosis of the skin and
internal organs [1]. The extensive fibrotic process of vital organs, including the lungs
and heart, is significantly associated with a high burden of morbidity and mortality [2].
In this context, it is essential to perform a prompt diagnosis to shape the trajectories of
potentially progressive disease [3]. Currently, SSc diagnosis can be oriented by consolidated
classification criteria such as those proposed by LeRoy and Medsger in 2001 [4], together
with the 2013 ACR/EULAR guidelines [5]. However, it is well recognized that these
classifications do not encompass all patients within the broader scleroderma spectrum,
particularly in the earlier stages of the disease [6]. The 2011 criteria for a Very Early
Diagnosis of Systemic Sclerosis (the VEDOSS criteria) and their validation in 2021, have
enhanced clinicians’ ability to identify the disease in its initial phase [7,8].

Thus, while VEDOSS may represent the early stage of SSc, it could also reflect a milder
form that remains stable over time and does not progress to clinically established disease.
Currently, despite the lack of validated criteria that allow clinicians to differentiate between
these two forms, VEDOSS represents a critical stage in the scleroderma continuum, in
which it is crucial to identify early organ involvement [9,10].

Moreover, while some organs, such as the gastrointestinal tract, have been investi-
gated in VEDOSS [11], cardiac involvement remains a neglected area. All layers of the
heart—endocardium, myocardium, and pericardium—can be affected by the pathogenic
processes of SSc, with myocardial fibrosis being the predominant pathological finding
in postmortem studies [12]. Subclinical left ventricular (LV) diastolic and systolic im-
pairments represent the initial expression of myocardial fibrosis, which may often be
asymptomatic [13]. However, several echocardiographic parameters, such as mitral early
diastolic inflow velocity (E wave), mitral late filling peak velocity (A wave), early diastolic
annular velocity (E’), and the E/A and E/E’ ratios may enable the detection of early myocar-
dial involvement in asymptomatic SSc patients. For instance, an E/A ratio less than 1.0 and
E/E’ ratio ≥ 15 indicate elevated filling pressure and predict the development of diastolic
heart failure [14]. Moreover, given that cardiac involvement in SSc is highly predictive of
poor prognosis and mortality [15], detecting subclinical echocardiographic signs of systolic
and diastolic dysfunction seems to be fundamental even in the VEDOSS population.

The aim of the present study is to identify subclinical echocardiographic alterations
in VEDOSS patients by analyzing certain clinical, serological, and functional predictive
markers of systolic and diastolic dysfunction in both mild-longstanding cases and the very
early form of SSc, offering insights into the progression and early detection of cardiac
involvement in this patient group.

2. Materials and Methods

2.1. Sample Definition

We conducted a cross-sectional observational study involving a cohort of VEDOSS
patients attending the Scleroderma Unit of ASST Ovest Milanese (Italy). Participants were
selected if they fulfilled the 2011 preliminary VEDOSS criteria [7] while not meeting the
2013 ACR/EULAR and/or 2001 LeRoy and Medsger criteria for a definitive diagnosis
of SSc [4,5]. Patients with severe heart failure, a positive history of congenital heart
disease, severe chronic obstructive pulmonary disease, pulmonary thromboembolism, and
individuals who underwent cardiac surgery, percutaneous coronary intervention (PCI) and
pacemaker implant were excluded from the study. The presence of other autoimmune
disease-related antibodies and/or the fulfillment of additional classification criteria for any
systemic autoimmune disease served as further exclusion criteria.
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Written informed consent was obtained from each participant, and the study was
conducted in accordance with the ethical guidelines of the Declaration of Helsinki, with
the ethic protocol number S00125/2023 obtained from the Ethic Committee of Milan Area
3 on 29th of May 2023.

2.2. Data Collection

Data collection was conducted by experienced rheumatologists and spanned between
June and December 2024. Demographic data including sex, age at enrollment, alcohol
consumption or smoking habit, age at the first appearance of Raynaud’s Phenomenon (RP),
and age at VEDOSS diagnosis were extracted from medical records. Diagnostic delay was
calculated as the time interval between the onset of the first VEDOSS symptom and the
confirmation of a definitive VEDOSS diagnosis.

Key clinical and anthropometric parameters were recorded at last follow up visit,
including height, weight, body mass index (BMI) and body surface area (BSA). The pres-
ence of RP and puffy hands was noted, along with the presence of any gastrointestinal
complaints that could be attributed to VEDOSS. Additionally, for the main purpose of the
study, the absence of skin fibrosis, sclerodactyly, digital ulcers, pitting scars, calcinosis,
and telangiectasias was documented. Therefore, clinical evaluation involved a comprehen-
sive physical, functional, and radiological assessment for dyspnea and other heart-related
symptoms. Data from pulmonary function tests (PFTs), including predicted forced vital
capacity (FVC%), predicted diffusing capacity for carbon monoxide (DLCO%), and the
FVC/DLCO% ratio, were obtained from the most recent available assessments, and along
with chest X-ray, were allowed to exclude suspected or established interstitial lung disease
(ILD) and pulmonary arterial hypertension (PAH) as compelling causes of unexplained
dyspnea. Analogously, all patients underwent nailfold Videocapillaroscopy (NVC) at the
last follow-up visit, with the NVC results reported according to Cutolo classification [16].

Laboratory detection of antinuclear antibodies (ANA), anticentromere antibodies
(ACA), and anti-topoisomerase I antibodies (ATA) were performed using standardized
methods during the initial clinical evaluation.

Data on current comorbidities were collected, including cardiovascular conditions
such as chronic systemic arterial hypertension and atrial fibrillation, as well as thyroid
disorders, pulmonary diseases, gastrointestinal disorders, renal diseases, malignancies,
hematological conditions, and psychiatric and neurological issues.

Data concerning treatment modalities were registered, encompassing the administra-
tion of Iloprost infusions, the use of calcium channel blockers (CCBs), and low-dose aspirin
(LDA). Additionally, treatments employed for managing cardiovascular comorbidities
with a known influence on microvascular system were documented, such as angiotensin-
converting enzyme inhibitors (ACE-Is), angiotensin receptor blockers (ARBs), beta-blockers,
and diuretics. Immunosuppressive therapies and the use of hydroxychloroquine were
also recorded.

2.3. Echocardiography Procedure

Echocardiographic parameters were collected at the last follow-up visit. All selected
patients were imaged by transthoracic echocardiography (TTE) in the left lateral decubitus
position by experienced cardiologists at the same hospital in accordance with the guidelines
of the American Society of Echocardiography (ASE) [17]. All images and measurements
were obtained from the standard views with stable electrocardiograph (EKG). The following
parameters were measured: interventricular septum (IVS) thickness (mm), posterior wall at
end diastole (PWED) thickness (mm), left ventricular (LV) volumes and diameters in both
end systole and end diastole, aorta diameter at sinuses, along with right and left atrial (RA
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and LA) volumes at the end systole in monoplane apical 4 chamber (4CH) view through
both Simpson and indexed methods. RA and LA end systolic diameters were measured via
monoplane 4CH view in the longitudinal side (superior-inferior) direction, and the RA and
LA end systolic area was assessed in cm2. Left ventricular (LV) ejection fraction (EF) was
measured with the modified biplane Simpson’s method from the apical 4CH view [18].

Left ventricular (LV) mass was calculated according to the Devereux formula [19].
Pathological thickening of both IVS and PWED was defined as more than 10 mm and more
than 9 mm, respectively. Additionally, the systolic pulmonary artery pressure (sPAP) was
estimated using modified Bernoulli’s formula [20]. The tricuspid annular plane systolic
excursion (TAPSE) was measured by placing the M-mode line at the junction of the tri-
cuspid valve annulus and the RV free wall [21]. Tricuspid regurgitation and the tricuspid
maximum regurgitation pressure gradient were also assessed. Doppler echocardiographic
measurements included: Trans-mitral early diastolic inflow velocity (E), trans-mitral late
filling peak velocity (A), and E/A ratio measured in the apical 4-CH view [22]. Tissue
Doppler imaging was used to measure the early diastolic annular velocity (E’). Left ventricu-
lar dysfunction was defined as mitral E/A ratio < 1.0 and E/E’ ratio ≥ 15 [23]. Additionally,
the presence of mitral, aortic, and tricuspid valve insufficiencies was evaluated by the color
Doppler method, along with any noted sclerosis of the aortic and mitral valve leaflets and
then reported according to the 2020 ACC/AHA guideline for the management of patients
with valvular heart disease [24]. Lastly, the presence of pericardial effusion was identified
by the appearance of an echo-free space between the two layers of the pericardium.

2.4. Statistical Analysis

Patients’ data were summarized as mean and standard deviation for normally dis-
tributed variables or as median and interquartile range (IQR) for skewed ones. Discrete or
qualitative variables were summarized as counts and percentages. Mean differences of con-
tinuous variables were assessed using student’s t-test or Mann–Whitney U-test, depending
on whether the data followed a parametric or non-parametric distribution. Chi-squared
and Fisher’s exact tests were used to compare categorical variables based on sample size.
ANOVA test served for multiple comparison analysis.

Based on their established relevance on SSc progression and heart involvement, sev-
eral clinical determinants, such as BMI, age at VEDOSS diagnosis, DLCO% predicted,
ACA/ATA positivity, late NVC patterns, and puffy hands were included in the multiple
general regression model to assess their independent contribution on left ventricular dias-
tolic and systolic dysfunction. E/A ratio, IVS thickness, and PWED thickness served as
dependent variables in the multiple general regression model.

A p-value of ≤0.05 or a 95% confidence interval not crossing zero were considered
statistically significant. All statistical analyses were performed using IBM SPSS Statistics
version 27 (IBM SPSS Software, Armonk, NY, USA).

3. Results

3.1. Overall Patients’ Characteristics

The study cohort consisted of 61 participants, with a female predominance (58 out
of 61—95.1%). Based on VEDOSS disease duration, patients were distributed into two
subgroups: mild longstanding VEDOSS with a disease duration ≥10 years (ml-VEDOSS,
24/61—39.3%) and early VEDOSS group with a disease duration <10 years (e-VEDOSS,
37/61—60.7%) (Table 1).
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Table 1. Patient’s main characteristics according to VEDOSS disease duration.

TOTAL
n = 61

e-VEDOSS
n = 37

ml-VEDOSS
n = 24

p-Value

Female, n(%) 58 (95.1) 36 (97.3) 22 (91.7) 0.56
Male, n(%) 3 (4.9) 1 (2.7) 2 (8.3) 0.56
Age at enrollment, mean ± SD 58.7 ± 14.5 55.2 ± 14.6 64.0 ± 12.8 0.01
Age at VEDOSS diagnosis, mean ± SD 49.8 ± 14.7 51.7 ± 15.1 47.3 ±14.1 0.27
Age at RP onset, mean ± SD 43.2 ±17.1 44.2 ± 17.4 41.8 ± 16.9 0.62
Disease duration of VEDOSS, mean ± SD 9.9 ± 7.9 4.9 ± 2.7 16.8 ± 7.7 <0.001
Disease duration of RP, mean ± SD 16.1 ± 11.6 12.3 ± 10.9 21.6 ± 10.4 0.002
Diagnostic delay, mean ± SD 6.4 ± 9.5 7.5 ± 10.6 4.7 ± 7.4 0.28
Body mass index (Kg/m2), mean ± SD 23.5 ± 5.9 22.4 ± 5.7 25.2 ± 5.9 0.07
Smoking habits, n(%) 10 (16.4) 8 (21.6) 2 (8.3) 0.29
Alcohol consumption, n(%) 13 (21.3) 2 (5.3) 1 (4.2) 1.0
Puffy hands, n(%) 18 (29.5) 10 (27.0) 8 (33.3) 1.0
ANA (positive) only, n(%) 21 (34.4) 16 (43.2) 5 (20.8) 0.09
Anticentromere (positive), n(%) 21 (34.4) 9 (24.3) 12 (50) 0.05
Anti-topoisomerase I (positive), n(%) 3 (4.9) 2 (5.3) 1 (4.2) 1.0
Gastrointestinal tract symptoms, n(%) 30 (49.2) 15 (40.5) 15 (62.5) 0.12

COMORBIDITIES, n(%)
Cardiovascular diseases, 29 (47.5) 13 (35.1) 16 (66.7) 0.02
Dyslipidemia 17 (27.9) 9 (24.3) 8 (33.3) 0.56
Hyperuricemia 2 (3.3) 0 (0) 2 (8.3) 0.15
Type 2 diabetes mellitus 4 (6.6) 2 (5.3) 2 (8.3) 0.64
Thyroid disorders 13 (21.3) 7 (18.9) 6 (25.0) 0.75
Lung diseases 12 (19.6) 6 (16.2) 6 (25.0) 0.51
Kidney diseases 8 (13.1) 4 (10.8) 4 (16.7) 0.7
Gastrointestinal diseases 35 (57.4) 17 (45.9) 18 (75.0) 0.03
Hematological disorders 8 (13.1) 2 (5.3) 6 (25.0) 0.04
Malignancies 10 (16.4) 5 (13.5) 5 (20.8) 0.49
Psychiatric disorders 3 (4.9) 2 (5.3) 1 (4.2) 1.0
Neurological disorders 11 (18.0) 5 (13.5) 6 (25.0) 0.32
Comorbidities count, mean ± SD 2.7 ± 2.1 2.1 ± 1.9 3.6 ± 2.0 0.005
Comorbidities count ≥ 3, n(%) 31 (50.8) 15 (40.5) 16 (66.7) 0.01

NVC PATTERN, n(%)
Aspecific alterations 7 (11.5) 5 (13.5) 2 (8.3) 0.69
Early pattern 34 (55.7) 23 (62.2) 11 (45.8) 0.29
Active pattern 14 (23.0) 9 (24.3) 5 (20.8) 1.0
Late pattern 6 (9.8) 0 (0) 6 (25.0) 0.002

TREATMENT, n(%)
Iloprost 44 (72.1) 23 (62.2) 21 (87.5) 0.04
Calcium channel blockers 20 (32.7) 8 (21.6) 12 (50.0) 0.03
Low-dose aspirin 39 (63.9) 23 (62.2) 16 (66.7) 0.78
ACE-I/ARBs 16 (26.2) 6 (16.2) 10 (41.7) 0.04
Beta-blockers 4 (6.6) 2 (5.3) 2 (8.3) 0.64
Diuretics 1 (1.6) 1 (2.7) 0 1.0
Hydroxychloroquine 20 (32.7) 9 (24.3) 11 (45.8) 0.09
Immunosuppressants 3 (4.9) 1 (2.7) 2 (8.3) 0.56

Acronyms: n = number; % = percentage; SD = standard deviation; e-VEDOSS = early very early diagnosis of
systemic sclerosis; ml-VEDOSS = mild longstanding very early diagnosis of systemic sclerosis; RP = Raynaud’s
phenomenon; ANA = antinuclear antibodies; ACE-I = angiotensin converting enzyme inhibitors; Angiotensin
receptor blockers; ns = not significant; Kg = Kilograms; m2 = square meters, NVC = Nailfold videocapillaroscopy.

The mean age at enrollment was significantly higher in the ml-VEDOSS group com-
pared to the e-VEDOSS group (64.0 ± 12.8 vs. 55.2 ± 14.6 years; p = 0.01). As expected, the
disease durations for VEDOSS and RP were substantially longer in the ml-VEDOSS group
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(16.8 ± 7.7 vs. 4.9 ± 2.7 years; p < 0.001 and 21.6 ± 10.4 vs. 12.3 ± 10.9; p = 0.002, respec-
tively). Regarding autoimmunity profile, ACA+ patients were more frequently present in
the ml-VEDOSS group (50% vs. 24.3%, p = 0.05).

A greater mean comorbidity count was observed in the ml-VEDOSS group compared
to the e-VEDOSS group (3.6 ± 2.0 vs. 2.1 ± 1.9; p = 0.005), with higher prevalence of patients
exhibiting more than three comorbidities (66.7% vs. 40.5%, p = 0.01). Within the same
group, there was a higher prevalence of cardiovascular and gastrointestinal diseases (66.7%
vs. 35.1%; p = 0.02 and 75% vs. 45.9%; p = 0.03, respectively), along with hematological
disorders (25% vs. 5.3%, p = 0.04). Furthermore, the late NVC pattern was significantly
more common within the ml-VEDOSS group (six out of 24, 25%; p = 0.002).

Similarly, treatment modalities displayed notable variations between the two groups.
The administration of vasodilators, such as Iloprost infusion and CCBs, were prescribed
significantly more often in the ml-VEDOSS group (87.5% vs. 62.2%, p = 0.04 and 50%
vs. 21.6%, p = 0.03, respectively). The use of ACE-Is or ARBs was more common in
the ml-VEDOSS group compared to the e-VEDOSS group (41.7% vs. 16.2%, p = 0.04).
Immunosuppressants were prescribed in only three out of 61 patients, two of whom were
receiving methotrexate due to musculoskeletal symptoms, while one patient received
azathioprine for a concurrent diagnosis of autoimmune hepatitis.

3.2. Subclinical Echocardiographic Findings

Main echocardiographic findings of the entire population are reported in Table 2.
Specifically, mean E/A ratio was 0.99 ± 0.39 and 37/61 (60.7%) patients exhibited an
E/A ratio less than 1, mean PWED thickness was 8.4 ± 1.6 mm and 19 out of 61 (31.1%)
presented with a PWED thickening more than 9 mm, while the pathological IVS thickening
(>10 mm) was documented in 17/61 participants (27.9%). A reduced EF% (less than 55%)
was reported only in 3/61 patients (4.9%) while the mean value of EF% was 64.5 ± 4.8%.
A reduced TAPSE (<22 mmHg) was reported in 36/61 patients (59%) while only one
patient exhibited a TAPSE less than 16 mmHg. Mean sPAP of the entire population was
27.2 ± 5.3 mmHg.

Since the comparison between e-VEDOSS and ml-VEDOSS group did not reveal any
statistical difference on echocardiographic parameters (Supplementary Table S1), we further
focused on assessing these findings within three intergroups by selecting the late NVC
pattern, SSc specific autoantibodies positivity, and puffy hands as compelling variables
(Table 3).

Notably, the prevalence of patients exhibiting PWED thickness > 9 mm was signifi-
cantly greater in the late NVC pattern group (66.7% vs. 23.6 %, p = 0.04). Furthermore, the
presence of aortic valve insufficiency (66.7% vs. 18.2%, p = 0.02) and sclerosis (66.7% vs.
16.4%, p = 0.01) were significantly more prevalent in the same group. Moreover, the E/A
ratio was significantly lower in the ACA/ATA+ group (0.84 ± 0.27 vs. 1.08 ± 0.42, p = 0.02)
by exhibiting a longer A wave measurement (0.84 ± 0.20 vs. 0.70 ± 0.15 m/s, p = 0.006).
Additionally, IVS thickness was greater in the same group (9.9 ± 1.3 vs. 8.9 ± 1.9 mm,
p = 0.03). Further significant differences were noted in the LA end systolic (LAES) volume,
even indexed for BSA, which were significantly higher in the ACA/ATA+ group (p = 0.01
for both). Likewise, the LAES diameter (49.7 ± 5.9 vs. 45.0 ± 8.4 mm/m2, p = 0.04) and
the relative wall thickness (0.48 ± 0.09 vs. 0.42 ± 0.10, p = 0.04) were significantly larger in
the ACA/ATA+ group. Additionally, the ACA/ATA+ group revealed a greater proportion
of both aortic and mitral valve insufficiency and sclerosis of valve leaflets. Lastly, in the
puffy hands group, E deceleration time was significantly longer compared to the non-puffy
hands group (194.4 ± 47.9 vs. 230.5 ± 52.8 m/s, p = 0.02). Any differences in RV and RA
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function parameters emerged from the intergroup comparisons of TAPSE, sPAP, and the
tricuspid maximum regurgitation gradient, along with RAES volumes and diameters.

Table 2. Echocardiographic findings across the entire population.

Echocardiographic Parameters
TOTAL
n = 61

E deceleration time (m/s), mean ± SD 244.3 ± 281.7
E/E’ ratio, mean ± SD 6.9 ± 1.9
E wave, (m/s), mean ± SD 0.69 ± 0.17
A wave, (m/s), mean ± SD 0.75 ± 0.19
E/A ratio, mean ± SD 0.99 ± 0.39
E/A ratio < 1.0, n (%) 37 (60.7)
LVED diameter, (mm), mean ± SD 40.3 ± 4.8
PWED thickness, (mm), mean ± SD 8.4 ± 1.6
PWED > 9 mm, n (%) 19 (31.1)
IVS thckness, (mm), mean ± SD 9.3 ± 1.8
IVS > 10 mm, n (%) 17 (27.9)
LVED volume 4CH Simpson, (mL), mean ± SD 67.7 ± 16.6
LVES volume 4CH Simpson, (mL), mean ± SD 25.5 ± 11.8
LVED volume 4CH AL, (mL/m2), mean ± SD 43.4 ± 8.8
LVES volume 4CH AL, (mL/m2), mean ± SD 14.7 ± 4.3
EF%, mean ± SD 64.5 ± 4.8
EF% < 55% 3 (4.9)
Mass ASE, (g), mean ± SD 123.2 ± 123.9
Mass/BSA, (g/m2), mean ± SD 66.3 ± 17.3
Relative wall thickness, mean ± SD 0.44 ± 0.10
Mass/height, (g/m), mean ± SD 65.8 ± 18.2
Aortic diameter, (mm2), mean ± SD 29.7 ± 3.9
LAES area, (cm2), mean ± SD 15.6 ± 3.6
LAES 4CH Simpson, (mL), mean ± SD 40.4 ± 13.7
LAES 4CH ind, (mL/m2), mean ± SD 24.4 ± 7.5
LAES diameter sup-inf 4CH, (mm/m2), mean ± SD 46.5 ± 7.6
RAES diameter AL, (mm), mean ± SD 46.1 ± 5.8
RAES 4CH Simpson, (mL), mean ± SD 30.3 ± 8.9
RAES 4CH ind, (mL/m2), mean ± SD 18.5 ± 5.0
RAES area, (cm2), mean ± SD 13.5 ± 3.1
TAPSE, (mmHg), mean ± SD 21.5 ± 3.0
TAPSE < 22 mmHg, n (%) 36 (59.0)
TAPSE < 16 mmHg, n (%) 1 (1.6)
TAPSE/sPAP, mean ± SD 0.72 ± 0.32
TAPSE/sPAP < 0.55, n (%) 1 (1.6)
sPAP, (mmHg), mean ± SD 27.2 ± 5.3
Tricuspid maximum regurgitation gradient, (mmHg), mean ± SD 22.2 ± 6.5
Mitral Valve Insufficiency, n (%) 42 (68.9)
Mitral Valve Sclerosis, n (%) 25 (40.9)
Tricuspid Valve Insufficiency, n (%) 33 (54.1)
Aortic Valve Insufficiency, n (%) 13 (21.3)
Aortic Valve Sclerosis, n (%) 11 (18.0)
Pericardial Effusion, n (%) 4 (6.6)

Acronyms: SD = Standard deviation. ACA = Anti-centromere autoantibodies; ATA = Anti Topoiso-
merase I autoantibodies; E wave = early diastolic filling velocity of the left ventricle; E’ = early diastolic
tissue velocity of the mitral annulus; A = late diastolic filling velocity; LVED = left ventricular end dias-
tolic; LVES = left ventricular end systolic; PWED = posterior wall end diastolic; IVS = interventricular
septum; LAES = left atrial end systolic; RAES = right atrial end systolic; TAPSE = tricuspid annular
plane systolic excursion; sPAP = systolic pulmonary artery pressure; 4CH = 4 chamber; AL = anterolateral;
EF = ejection fraction; % = percentage; BSA = body surface area; ASE = American Society of echocardiography;
ind = indexed; sup-inf = superior–inferior; m/s = meter/seconds; mm = millimeters; g = grams;
g/m2 = grams/square meters; cm2 = square centimeters; mmHg = millimeters of mercury.
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Table 3. Echocardiographic findings among intergroups analysis.

Late Pattern
n = 6

No Late
Pattern
n = 55

p-Value
ACA/ATA+

n = 24
ACA/ATA−

n = 37
p-Value

Puffy
Hands
n = 18

No Puffy
Hands
n = 43

p-Value

E deceleration time (m/s),
mean ± SD 225.2 ± 46.1 246.7 ± 298.9 0.86 213.4 ± 56.2 261.6 ± 349.9 0.55 230.5 ± 52.8 194.4 ± 47.9 0.02

E/E’ ratio, mean ± SD 7.55 ± 1.37 6.92 ± 1.90 0.52 7.6 ± 1.8 6.7 ± 1.8 0.12 7.0 ± 1.3 6.8 ± 1.9 0.77
E wave, (m/s), mean ± SD 0.70 ± 0.22 0.68 ± 0.16 0.86 0.71 ± 0.17 0.65 ± 0.17 0.27 0.68 ± 0.19 0.69 ± 0.16 0.78
A wave, (m/s), mean ± SD 0.81 ± 0.17 0.75 ± 0.19 0.46 0.84 ± 0.20 0.70 ± 0.15 0.006 0.79 ± 0.20 0.74 ± 0.18 0.38
E/A ratio, mean ± SD 0.92 ± 0.40 1.0 ± 0.39 0.61 0.84 ± 0.27 1.08 ± 042 0.02 0.92 ± 0.4 1.02 ± 0.39 0.39
E/A ratio < 1.0, n (%) 3 (50) 34 (61.8) 0.12 18 (75) 19 (51.4) 0.11 10 (55.6) 27 (62.8) 0.77
LVED diameter, (mm),
mean ± SD 38.5 ± 3.6 40.5 ± 4.9 0.34 39.4 ± 5.6 40.8 ± 4.4 0.45 40.2 ± 6.2 40.4 ± 4.07 0.86

PWED thickness, (mm),
mean ± SD 8.4 ± 1.5 8.3 ± 1.6 0.89 8.6 ± 1.2 8.2 ± 1.8 0.31 8.5 ± 1.5 8.3 ± 1.7 0.63

PWED > 9 mm, n(%) 4 (66.7) 13 (23.6) 0.04 9 (37.5) 8 (21.6) 0.24 8 (44.4) 9 (20.9) 0.11
IVS thckness, (mm),
mean ± SD 9.9 ± 1.6 9.3 ± 1.8 0.37 9.9 ± 1.3 8.9 ± 1.9 0.03 9.4 ± 1.6 9.4 ± 2.0 0.90

IVS > 10 mm, n (%) 2 (33.3) 20 (36.4) 0.39 10 (41.7) 12 (32.4) 0.58 6 (33.3) 16 (37.2) 1.0
LVED volume 4CH Simpson,
(mL), mean ± SD 69.7 ± 22.2 67.5 ± 16.1 0.76 66.9 ± 17.3 68.3 ± 16.4 0.75 24.8 ± 3.5 85.3 ± 363.2 0.49

LVES volume 4CH Simpson,
(mL), mean ± SD 24.8 ± 9.7 25.6 ± 12.1 0.88 24.0 ± 9.9 26.4 ± 12.8 0.46 68.3 ± 17.8 68.7 ± 16.3 0.93

LVED volume 4CH AL,
(mL/m2), mean ± SD 41.3 ± 12.4 43.6 ± 8.4 0.88 41.7 ± 10.3 44.3 ± 7.8 0.29 25.7 ± 10.9 26.0 ± 12.7 0.92

LVES volume 4CH AL,
(mL/m2), mean ± SD 14.8 ± 5.6 14.7 ± 4.2 0.54 14.7 ± 6.2 14.7 ± 2.9 0.92 43.1 ± 10.5 44.3 ± 8.2 0.64

EF%, mean ± SD 64.5 ± 6.8 64.6 ± 4.6 0.92 64.9 ± 5.7 64.4 ± 4.3 0.64 15.6 ± 6.2 14.6 ± 3.2 0.42
EF% < 55% 1 (16.7) 2 (3.6) 0.27 2 (8.3) 1 (2.7) 0.55 2 (11.1) 1 (2.3) 0.21
Mass ASE, (g), mean ± SD 108.3 ± 30.9 124.9 ± 130.8 0.96 129.1 ± 153.4 112 ± 30.3 0.63 63.5 ± 5.7 65.1 ± 4.5 0.26
Mass/BSA, (g/m2),
mean ± SD 65.5 ± 17.0 66.4 ± 17.0 0.90 68.8 ± 17.4 64.9 ± 17.4 0.42 163.3 ± 217.5 107.3 ± 36.9 0.14

Relative wall thickness,
mean ± SD 0.48 ± 0.08 0.44 ± 0.1 0.35 0.48 ± 0.09 0.42 ± 0.10 0.04 68.3 ± 19.5 66.5 ± 17.0 0.73

Mass/height, (g/m),
mean ± SD 69.2 ± 21.8 65.5 ± 17.9 0.64 68.1 ± 20.3 64.7 ± 17.2 0.51 0.45 ± 0.12 0.44 ± 0.09 0.65

Aortic diameter, (mm2),
mean ± SD 29.7 ± 2.4 29.6 ± 4.1 0.96 29.7 ± 3.7 29.6 ± 4.1 0.94 65.3 + 20.6 67.5 ± 17.8 0.68

LAES area, (cm2), mean ± SD 16.1 ± 2.7 15.6 ± 3.7 0.75 16.7 ± 4.1 15.1 ± 3.2 0.11 28.5 ± 2.5 30.0 ± 4.3 0.19
LAES 4CH Simpson, (mL),
mean ± SD 41.6 ± 10.5 40.3 ± 14.3 0.83 46.7 ± 18.7 37.2 ± 8.9 0.01 15.4 ± 3.3 16.1 ± 3.8 0.52

LAES 4CH ind, (mL/m2),
mean ± SD 24.6 ± 5.7 24.4 ± 7.8 0.95 27.7 ± 10.2 22.6 ± 5.1 0.01 42.3 ± 13.2 40.8 ± 14.2 0.73

LAES diameter 4CH,
(mm/m2), mean ± SD 50.3 ± 5.8 46.1 ± 8.1 0.27 49.7 ± 5.9 45.0 ± 8.4 0.04 25.6 ± 8.3 24.6 ± 7.3 0.68

RAES diameter AL, (mm),
mean ± SD 47.2 ± 1.7 46.0 ± 6.1 0.74 47.8 ± 45.4 45.4 ± 5.8 0.22 46.9 ± 6.0 46.7 ± 9.1 0.91

RAES 4CH Simpson, (mL),
mean ± SD 32.9 ± 9.6 30.0 ± 8.9 0.55 30.1 ± 8.1 30.5 ± 9.5 0.91 44.8 ± 4.5 47.0 ± 6.2 0.27

RAES 4CH ind, (mL/m2),
mean ± SD 19.1 ± 5.4 18.4 ± 5.1 0.78 18.5 ± 3.6 18.5 ± 5.6 0.98 28.4 ± 7.9 31.7 ± 9.5 0.33

RAES area, (cm2),
mean ± SD 13.8 ± 2.5 13.5 ± 3.2 0.83 14.4 ± 2.9 13.0 ± 3.2 0.12 17.9 ± 4.8 18.9 ± 5.4 0.59

TAPSE, (mmHg), mean ± SD 22.0 ± 4.9 21.5 ± 2.9 0.70 21.9 ± 3.7 21.4 ± 2.7 0.61 13.1 ± 2.2 13.8 ± 3.6 0.43
TAPSE < 22 mmHg, n (%) 4 (66.7) 32 (58.2) 1.0 14 (58.3) 22 (59.4) 1.0 12 (66.7) 23 (53.5) 0.40
TAPSE < 16 mmHg, n (%) 0 (0) 1 (1.8) 1.0 1 (4.2) 0 (0) 0.39 0 (0) 1 (2.3) 1.0
TAPSE/sPAP, mean ± SD 0.98 ± 0.31 0.69 ± 0.32 0.24 0.71 ± 0.38 0.72 ± 0.29 0.92 21.8 ± 3.3 21.3 ± 2.8 0.59
TAPSE/sPAP < 0.55, n (%) 1 (16.7) 3 (5.5) 0.35 1 (4.2) 3 (8.1) 1.0 1 (5.6) 3 (7.0) 1.0
sPAP, (mmHg), mean ± SD 28.0 ± 4.2 27.1 ± 5.5 0.83 26.7 ± 4.4 27.7 ± 6.2 0.63 0.7 ± 0.36 0.69 ± 0.33 0.29
Tricuspid maximum
regurgitation gradient,
(mmHg), mean ± SD

21.9 ± 3.4 22.2 ± 6.7 0.93 22.4 ± 4.8 22.1 ± 7.4 0.88 27.7 ± 3.9 26.8 ± 6.3 0.75

Mitral valve insufficiency,
n (%) 5 (83.3) 37 (67.3) 0.66 21 (87.5) 21 (56.8) 0.01 12 (66.7) 30 (69.8) 1.0

Mitral valve sclerosis, n (%) 3 (50) 22 (40) 0.68 17 (70.8) 8 (21.6) <0.001 9 (50) 16 (37.2) 0.40
Tricuspid valve insufficiency,
n (%) 3 (50) 30 (54.5) 1.0 15 (62.5) 18 (48.6) 0.31 10 (55.6) 23 (53.5) 1.0

Aortic valve insufficiency,
n (%) 4 (66.7) 10 (18.2) 0.02 10 (41.7) 4 (10.8) 0.01 5 (27.8) 9 (20.9) 0.74

Aortic valve sclerosis, n (%) 4 (66.7) 9 (16.4) 0.01 9 (37.5) 4 (10.8) 0.02 5 (27.8) 8 (18.6) 0.49
Pericardial effusion, n (%) 0 (0) 4 (7.3) 1.0 1 (4.2) 3 (8.1) 1.0 2 (11.1) 2 (4.7) 0.57

Acronyms: SD = standard deviation. ACA = anti-centromere autoantibodies; ATA = anti Topoisomerase I
autoantibodies; E wave = early diastolic filling velocity of the left ventricle; E’ = early diastolic tissue velocity
of the mitral annulus; A = late diastolic filling velocity; LVED = left ventricular end diastolic; LVES = left
ventricular end systolic; PWED = posterior wall end diastolic; IVS = interventricular septum; LAES = left atrial
end systolic; RAES = right atrial end systolic; TAPSE = tricuspid annular plane systolic excursion; sPAP = systolic
pulmonary artery pressure; 4CH = 4 chamber; AL = anterolateral; EF = ejection fraction; % = percentage;
BSA = body surface area; ASE = American Society of echocardiography; ind = indexed; sup-inf = superior–
inferior; m/s = meter/seconds; mm = millimeters; g = grams; g/m2 = grams/square meters; cm2 = square
centimeters; mmHg = millimeters of mercury.

Additionally, patients receiving ACE-Is/ARBs showed a statistically significant reduc-
tion in the E/A ratio compared to those who did not receive these treatments (0.81 ± 0.28 vs.
1.06 ± 0.4, p = 0.01). This treatment group also exhibited a statistically larger LA diameter
measured in the superior-inferior direction at end-systole (49.5 ± 5.8 vs. 45.3 ± 8.4 mm/m2,
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p = 0.04) and a greater prevalence of aortic valve leaflets sclerosis (35.3% vs. 11.6%, p = 0.03)
(Figure 1).

 

Figure 1. Bar chart showing main echocardiographic findings differences between patients under-
going ACE-Is/ARBs treatment versus patients not receiving ACE-Is/ARBs therapy. Acronyms:
ACE-Is/ARBs = angiotensin converting enzyme inhibitors; ARBs = angiotensin receptor blockers;
E/A ratio = early diastolic tissue velocity of the mitral annulus/late diastolic filling velocity ratio;
LAES = left atrial end systolic; m2 = square meters.

3.3. Subclinical Echocardiographic Findings by Comparing Patients Receiving Current Therapy
with Vasodilators

Subclinical echocardiographic alterations in patients receiving vasodilators were fur-
ther assessed. We exclusively selected Iloprost iv administration and/or calcium channel
blockers, as no other vasodilator was administered to our patients. Accordingly, patients
were divided into four groups: Group 1 encompassing patients receiving Iloprost intra-
venously only (n = 25), Group 2 comprised patients receiving CCBs orally only (n = 8), while
Group 3 included patients undergoing both monthly Iloprost infusion and daily oral CCB
(n = 18), and Group 4 encompassed patients receiving no vasodilators (n = 13). Our analysis
revealed that patients receiving CCBs only exhibited a greater LVES volume measured by
the Simpson method (p = 0.001), while reporting a reduced RAES volume compared to each
group (p = 0.005). Moreover, patients undergoing the combination therapy with Iloprost
and CCBs exhibited a greater RAES volume measured via the indexed method compared
to the other groups (p = 0.01) (Table 4).

Table 4. Echocardiographic findings across patients undergoing vasodilators compared to those not
receiving vasodilators.

Echocardiographic Parameters
Iloprost Iv

n = 25
CCBs
n = 8

Iloprost + CCBs
n = 18

No Vasodilators
n = 13

p-Value

E deceleration time (m/s),
mean ± SD 295.0 ± 422.8 176.7 ± 40.7 203.6 ± 62.8 220.9 ± 49.7 0.74

E/E’ ratio, mean ± SD 7.3 ± 2.1 7.8 ± 2.8 6.8 ± 1.8 6.6 ± 1.1 0.71
E wave, (m/s), mean ± SD 0.67 ± 0.18 0.68 ± 0.22 0.68 ± 0.15 0.77 ± 0.23 0.59
E/A ratio, mean ± SD 1.08 ± 0.44 0.92 ± 0.35 0.85 ± 0.21 1.0 ± 0.46 0.32
LVED diameter, (mm), mean ± SD 40.6 ± 5.1 42.5 ± 7.4 39.6 ± 4.4 40.4 ± 5.0 0.72
PWED thickness, (mm),
mean ± SD 8.2 ± 1.9 8.7 ± 0.8 8.2 ± 0.9 8.7 ± 2.1 0.75

IVS thckness, (mm), mean ± SD 9.3 ± 1.8 8.9 ± 1.4 9.5 ± 1.4 9.3 ± 2.6 0.93
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Table 4. Cont.

Echocardiographic Parameters
Iloprost Iv

n = 25
CCBs
n = 8

Iloprost + CCBs
n = 18

No Vasodilators
n = 13

p-Value

LVED volume 4CH Simpson, (mL),
mean ± SD 67.5 ± 13.8 54.1 ± 31.5 67.8 ± 15.3 73.8 ± 14.6 0.17

LVES volume 4CH Simpson, (mL),
mean ± SD 23.7 ± 6.5 47.2 ± 35.1 23.8 ± 6.0 24.6 ± 7.4 0.001

LVED volume 4CH AL, (mL/m2),
mean ± SD 42.8 ± 9.8 41.4 ± 8.4 42.1 ± 8.7 46.9 ± 7.1 0.46

LVES volume 4CH AL, (mL/m2),
mean ± SD 14.5 ± 3.6 16.5 ± 12.9 14.4 ± 3.5 15.3 ± 4.0 0.84

EF%, mean ± SD 64.9 ± 4.4 59.6 ± 6.7 65.1 ± 5.0 65.2 ± 4.2 0.12
Mass ASE, (g), mean ± SD 109.3 ± 33.5 95.9 ± 60.3 160.1 ± 217.4 109.1 ± 42.2 0.56
Mass/BSA, (g/m2), mean ± SD 66.1 ± 16.8 71.9 ± 21.4 65.0 ± 13.5 68.1 ± 23.4 0.89
Relative wall thickness,
mean ± SD 0.44 ± 0.11 0.45 ± 0.10 0.46 ± 0.08 0.44 ± 0.13 0.93

Mass/height, (g/m), mean ± SD 67.4 ± 20.8 57.0 ± 21.1 66.9 ± 14.4 66.7 ± 18.9 0.78
Aortic diameter, (mm2),
mean ± SD 30.8 ± 2.9 26.9 ± 4.8 28.9 ± 4.7 29.3 ± 4.1 0.27

LAES area, (cm2), mean ± SD 14.4 ± 2.4 15.5 ± 4.1 16.3 ± 3.8 17.0 ± 4.7 0.16
LAES 4CH Simpson, (mL),
mean ± SD 36.1 ± 8.1 41.0 ± 19.8 44.7 ± 16.3 42.1 ± 16.3 0.26

LAES 4CH ind, (mL/m2),
mean ± SD 21.6 ± 4.3 25.5 ± 11.4 26.9 ± 8.3 26.0 ± 9.8 0.14

LAES diameter 4CH, (mm/m2),
mean ± SD 45.8 ± 5.9 46.9 ± 5.8 48.5 ± 6.2 44.0 ± 13.7 0.54

RAES diameter AL, (mm),
mean ± SD 45.1 ± 5.9 40.5 ± 6.1 48.7 ± 5.3 46.2 ± 5.4 0.12

RAES 4CH Simpson, (mL),
mean ± SD 31.2 ± 8.4 14.1 ± 6.5 26.5 ± 5.4 30.2 ± 9.1 0.005

RAES 4CH ind, (mL/m2),
mean ± SD 18.1 ± 5.1 12.4 ± 6.7 21.7 ± 4.5 16.6 ± 2.1 0.01

RAES area, (cm2), mean ± SD 13.4 ± 3.6 12.1 ± 3.0 14.8 ± 3.1 12.6 ± 1.9 0.24
TAPSE, (mmHg), mean ± SD 20.8 ± 2.9 20.9 ± 3.1 21.3 ± 2.7 22.9 ± 3.3 0.29
TAPSE/sPAP, mean ± SD 0.79 ± 0.33 0.31 ± 0.44 0.76 ± 0.10 0.65 ± 0.39 0.28
sPAP, (mmHg), mean ± SD 25.1 ± 4.8 24.5 ± 6.4 29.5 ± 6.1 29.4 ± 3.6 0.21
Tricuspid maximum regurgitation
gradient, (mmHg), mean ± SD 21.0 ± 4.6 20.4 ± 6.2 24.5 ± 4.9 21.6 ± 11.3 0.23

Acronyms: iv = intravenous; CCB = calcium channel blockers; SD = standard deviation. E wave = early diastolic
filling velocity of the left ventricle; E’ = early diastolic tissue velocity of the mitral annulus; A = late diastolic
filling velocity; LVED = left ventricular end diastolic; LVES = left ventricular end systolic; PWED = posterior
wall end diastolic; IVS = interventricular septum; LAES = left atrial end systolic; RAES = right atrial end systolic;
TAPSE = tricuspid annular plane systolic excursion; sPAP = systolic pulmonary artery pressure; 4CH = 4 chamber;
AL = anterolateral; EF = ejection fraction; % = percentage; BSA = body surface area; ASE = American Society
of echocardiography; ind = indexed; sup-inf = superior–inferior; m/s = meter/seconds; mm = millimeters;
g = grams; g/m2 = grams/square meters; cm2 = square centimeters; mmHg = millimeters of mercury.

3.4. General Multivariable Regression Model

Furthermore, E/A ratio, IVS thickness, and PWED thickness were identified as key
descriptors of diastolic and systolic LV dysfunction. A general multivariable regression
model incorporating BMI, age at VEDOSS diagnosis, DLCO% predicted, ACA/ATA posi-
tivity, late NVC patterns, and puffy hands as relevant clinical determinants, revealed that
only DLCO% emerged as a significant predictor of both IVS thickening (p = 0.034) and
PWED thickening (p = 0.002). Additionally, ACA positivity was significantly associated
with PWED thickening (p = 0.004). These findings persisted even when the model was
applied exclusively to the e-VEDOSS group.

4. Discussion

The present study provides relevant insights into subclinical echocardiographic abnor-
malities of patients meeting the VEDOSS criteria. The occurrence of cardiac involvement at
the early stage of SSc was previously reported by researchers Gotschy A et al. and De Luca
G et al. The former conducted a cardiac magnetic resonance-driven study which proved
the presence of myocardial fibrosis in a cohort of 24 VEDOSS patients [25], while the latter
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described three cases of myocardial involvement, emphasizing the role of vasculopathy,
inflammation and fibrosis as major SSc-related pathogenic mechanisms [26].

Our cohort was initially divided into mild longstanding VEDOSS (ml-VEDOSS) and
early VEDOSS (e-VEDOSS) groups based on disease duration, as suggested by Blaja
et al. [9]. The authors stated that subjects fulfilling the criteria for VEDOSS encompass
a heterogeneous mixture of patients with both early disease who are potentially at risk
of progression and long-standing, very mild diseases. This observation has important
implications, as these two subgroups cannot be easily differentiated based on clinical
phenotype at first presentation, and since patients with mild long-standing disease need
different frequencies of follow up and therapeutic considerations [9].

The ml-VEDOSS group exhibited a greater comorbidity count compared to the e-
VEDOSS group, reflecting the cumulative burden of disease. This observation is consistent
with previous research indicating that prolonged disease duration is correlated with pro-
longed chronic inflammation and prolonged exposure to altered vasoreactivity, ultimately
increasing cardiovascular comorbidity [27,28]. These findings are particularly relevant
given that SSc patients account for a five–fold increased mortality rate due to cardiac causes,
and sudden cardiac death occurring in 21–54% of cases [15,29].

The intergroup comparisons showed several differences in LV diastolic function
parameters. In fact, as demonstrated by Giunta A et al., LV function can reflect heart
involvement of SSc more sensitively than RV function [30]. Firstly, VEDOSS patients with
late NVC patterns had significantly greater PWED thickness and a higher prevalence of
aortic valve insufficiency. This aligns with findings of Markusse IM et al., who confirmed the
independent association between advanced NVC pattern and heart/lung involvement [31].
The relationship between macrovascular and microvascular damage in SSc has been largely
investigated. Pagkopoulou et al. demonstrated that reduced capillary density was inversely
correlated with arterial stiffness. The authors reported also that the Framingham Risk Score,
QRISK3, and ASCVD (atherosclerotic cardiovascular disease) were inversely correlated
with capillary density [32]. Conversely, Szucs et al. showed that the flow-mediated
endothelium-dependent dilation was substantially reduced in SSc patients compared to
healthy controls, indicating that impaired endothelium-dependent vasodilation is also
present in pre-atherosclerotic stages [33]. Nevertheless, accurately quantifying the roles of
intrinsic microangiopathy versus more common atherosclerotic processes in shaping the
cardiovascular risk of SSc patients remains challenging.

Our results support these findings, providing additional evidence for the VEDOSS
population, revealing that more advanced microarchitectural changes in NVC are related
to greater echocardiographic alterations.

Additionally, it is worth mentioning that the ongoing process of endothelial dysfunc-
tion also affects coronary microvasculature [34]. Due to abnormal vasoreactivity, patients
with SSc may experience repeated cycles of myocardial ischemia-reperfusion, potentially
contributing to the development of myocardial fibrosis, even in the absence of significant
heart-related symptoms.

Furthermore, we observed that VEDOSS patients with specific SSc autoantibody posi-
tivity exhibited a reduced E/A ratio, greater modifications in LAES area, valve dysfunction,
and an increased PWED thickness, positioning this study along with previous research that
has shown a relationship between specific autoantibodies and cardiac involvement [35].
Even though the causal relationship between autoantibodies and myocardial fibrosis is not
yet fully understood, Henault et al. demonstrated that ATA can directly bind to fibroblast
surfaces, inducing their activation and proliferation in endothelial tissue [36]. Moreover,
Shen et al. found that ACA and ATA antibodies could induce vascular endothelial cell
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senescence via mechanisms distinct from the classic p53-p21 pathway in vitro, as observed
in the sera of patients with Raynaud’s phenomenon [37].

Moreover, Bellando-Randone et al. stated that autoimmunity plays a crucial role in
shaping the progressive trajectories of VEDOSS patients, highlighting that SSc-specific
antibodies are the most significant isolated predictor of progression from VEDOSS to
definitive SSc, whereas negativity for antinuclear antibodies (ANA) at baseline has a strong
negative predictive value [7].

Interestingly, by comparing patients undergoing vasodilators to patients not receiving
such treatment, the former reported a greater percentage of enlarged RA, potentially
reflecting an increased pressure or volume load on the RV. However, our echocardiographic
findings did not show any discrepancies in RV functionality, as reported by the similar
values of TAPSE, sPAP, and Tricuspid maximum regurgitation gradient.

Our intriguing data did not allow easy interpretation. On one hand, our observation
suggests that vasodilators may exert detrimental effects on right atrial enlargement without
causing detectable changes in RV measurements. On the other hand, patients in the
VEDOSS cohort could be characterized by an overall greater disease severity due to more
severe microvascular involvement, which encompasses RA abnormalities, and vasodilators
may simply be insufficient to detain the damage progression.

As demonstrated by Guedón et al., in a prospective three-years survival analysis,
Iloprost administration did not show any effect on either reducing or increasing the oc-
currence of diastolic dysfunction and PAH, while Sildenafil demonstrated a potential
protective role in preventing the progression toward diastolic dysfunction and heart failure
with altered EF [38]. The authors also emphasized the need for a comprehensive analysis
of the potential benefits of sodium-glucose cotransporter 2 (SGLT2) inhibitors, such as
empagliflozin and dapagliflozin, on diastolic dysfunction in patients with SSc. These medi-
cations have demonstrated beneficial effects in patients with heart failure and preserved
EF [39]. However, we have no evidence regarding their efficacy in the VEDOSS population,
as the present study focused on detecting subclinical echocardiographic changes in patients
without heart-related symptoms.

Nevertheless, the increased use of both ACE-Is and ARBs in ml-VEDOSS points to
a proactive approach in mitigating cardiovascular risk in patients experiencing a longer
disease duration. This strategy is supported by evidence implying that these medications
can improve cardiovascular and renal outcomes in the general population. In fact, ACE-Is
and ARBs encompass the same Renin-Angiotensin-Aldosterone System (RAAS) inhibitors
group, although they exert different mechanisms of action, including increased bradykinin
levels, potentiated bradykinin response, and stimulated nitric oxide production with ACE-
Is [40]. Moreover, the reduced E/A ratio in RAAS inhibitors group could reinforce the
theory of their usage in more at-risk individuals, potentially mitigating the occurrence of
major cardiac events and mortality. However, the preventive role of RAAS inhibitors in the
early stages of SSc is still debated, and their usage should be practiced with caution. In fact,
as reported by Bütikofer L. et al. in an EUSTAR cohort analysis, ACE-Is in SSc patients with
concomitant arterial hypertension display an independent risk factor for the development
of scleroderma renal crisis (SRC) but they still represent the first choice in SRC treatment.
This study advocates that ARBs might be a safer alternative than ACE-Is, yet the overall
safety of alternative antihypertensive drugs needs to be further investigated [41].

Furthermore, the multivariable analysis, indicating that DLCO% was the only signif-
icant predictor of IVS and PWED thickening, supported the role of pulmonary function
in uncovering subclinical cardiac changes within our population. As recently described
by He H. et al. in a magnetic resonance guided study, the DLCO% values are inversely
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correlated with myocardial native T1 values in SSc patients, suggesting that DLCO might
be a potential indicator for subclinical myocardial fibrosis [42].

Although the present study adds new evidence on the underexplored occurrence of
subclinical cardiac involvement in VEDOSS, it is limited by several factors. The relatively
limited sample size of 61 participants may impact on the robustness of our conclusions.
However, this small sample size primarily stems from the low prevalence of systemic
sclerosis, as well as the even lower prevalence of VEDOSS. Therefore, multicenter studies
involving larger cohorts are necessary to enhance the validity of these findings. Further-
more, inter-operator variability in the echocardiographic technique should be considered,
although standardized protocols in accordance with the 2020 ACC/AHA guidelines were
implemented to minimize its impact, as detailed in the methods section. Additionally, since
the study was conducted at a single center in Italy, the generalizability of these findings
may be limited. Due to the cross-sectional nature of the study, causal inferences cannot be
made. To address this limitation, we strongly recommend conducting further multicenter
prospective studies.

In conclusion, we demonstrated that various subclinical echocardiographic alterations
occur in both early and mild-longstanding form of VEDOSS, however, we excluded patients
initially classified as VEDOSS who further developed an established SSc. Future research is
warranted to detect early differences in echocardiographic parameters between progressive
and stable forms.

5. Conclusions

This study highlighted critical echocardiographic changes among patients fulfilling
VEDOSS criteria. The associations between pulmonary function, cardiac structure, specific
autoantibodies profile, and microvascular damage underscored the complexity of VEDOSS
and the need for comprehensive management strategies. Timely detection of heart involve-
ment, especially in patients with advanced microangiopathy and features of SSc-related
autoimmunity, is crucial for predicting disease progression and mortality.
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Abstract: Background: Systemic sclerosis is a systemic autoimmune disease that also
impacts women’s health in very different ways. Methods: This review summarises the
most important data on sexuality, fertility, pregnancy, and menopause from the last 10
years. Findings: We identified nine articles with data on sexuality and a prevalence of
sexual dysfunction varying between 46 and 90%. Fertility was examined in six studies, with
evidence for a negative influence at least on ovarian reserve. With regard to menopause,
only three studies are mentioned that show an increased risk for premature menopause
in SSc women. Although pregnancies are rare in SSc women after disease onset, there
is growing evidence that pregnancies are feasible but go along with a higher maternal
and foetal risk compared to healthy controls. Interpretation: SSc is dominated by female
gender, but aspects of women’s health influenced by the disease are still often ignored. The
treating physician should be aware of the mostly negative impact on sexuality, fertility, and
pregnancy and address these topics with the patients to adapt treatment and follow-up
examinations to the patients’ complaints and life situation.

Keywords: women; systemic sclerosis; sexuality; fertility; pregnancy; menopause

1. Background

Systemic sclerosis (SSc) is a chronic autoimmune disease characterised by fibrosis of
the skin and internal organs [1]. The estimated global prevalence of SSc is 17.6–18.9 per
100,000 individuals, with 28.0–31.2/100,000 females and 6.0–6.8/100,000 males [2]. The
manifestations of the disease can vary significantly, often impacting the vascular system,
lungs, kidneys, gastrointestinal tract, and musculoskeletal system. SSc in most cases starts
with vasculopathy leading to Raynaud’s phenomenon with trophical damage like digital
ulcers that can lead to severe infections and the loss of parts of the fingers. The skin
thickening usually starts at the fingers/hand and feet but can affect the whole body and
especially the face, leading to a reduction in movement and changes in the patient’s look.
For organ manifestations, inflammatory changes in the lung and heart lead to deterioration
of the organ function by progressive lung fibrosis or myocardial fibrosis, which is the
most common reason for mortality in these patients [1,3]. The whole gastrointestinal tract
can be affected, with motility disturbance of the oesophagus being the most frequent
manifestation. One of the most severe complications in SSc is scleroderma renal crisis
(SRC), which is associated with high morbidity and mortality. It is a rare manifestation
and usually manifests in the first years after diagnosis [1]. The extent of the skin fibrosis
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defines the differentiation between limited (lc) and diffuse cutaneous (dc)SSc and thus
their prognosis, although the autoantibody status plays an even more important role [1].
Patients with antibodies against centromes have more often an lcSSc and a better prognosis
than patients with antibodies against topoisomerase I or RNA polymerase III [3].

Systemic sclerosis affects women’s health in very different ways. Vaginal dryness
and atrophy have a negative impact on sexuality and desire, fertility and pregnancy are
negatively affected by systemic sclerosis, and patients appear to go into menopause earlier.
However, although more women than men are affected by the disease, there is very little
research on the topic of women’s health. Here we tried to summarise the few data from the
last 10 years.

2. Methods

A PubMed search over the last 10 years was carried out using the search terms
“systemic sclerosis and sexuality”, “systemic sclerosis and fertility”, “systemic sclerosis
and pregnancy”, and “systemic sclerosis and menopause”. Inclusion criteria were the
diagnosis of SSc independent of lcSSc or dcSSc. Only data on adult women were taken into
consideration. Case reports were excluded.

For the search term “systemic sclerosis and sexuality”, 50 papers were identified, of
which 9 were suitable. For “systemic sclerosis and fertility”, 6 out of 25 publications, for
“systemic sclerosis and pregnancy” 19/140, and for “systemic sclerosis and menopause”,
only 3/29 articles were considered.

3. Results

3.1. SSc and Sexuality

Sexual dysfunction (SDF) has been reported frequently among individuals diagnosed
with SSc, largely due to physical and emotional factors. SSc is known to cause vascular
abnormalities, which can also lead to reduced perfusion of the genitals [4]. This may
contribute to erectile dysfunction in men and vaginal dryness or dyspareunia in women.
Thickening of the skin can extend to the genital area, potentially causing discomfort or
reduced sensation during sexual activity. Furthermore, fibrosis in vaginal tissue may
result in vaginal atrophy, contributing to painful intercourse. Joint stiffness or pain due
to musculoskeletal involvement may render sexual activity physically challenging or
uncomfortable, especially when finger movement is reduced due to contractures. SSc has
also been demonstrated to result in neuropathy, manifesting as a reduction in sensitivity or
an alteration in sexual response in some patients. The chronic nature of SSc, in conjunction
with its overt physical manifestations, has the potential to engender feelings of anxiety
and body image concerns, all of which can significantly impact sexual desire and intimacy.
Patients experience feelings of self-consciousness or fear regarding their ability to engage
in sexual activity, or they may experience a lack of desire due to emotional distress. The
impact of the disease on depression affects nearly half of SSc patients, exacerbating sexual
dysfunction [5,6]. Furthermore, emotional distress associated with body image changes
also plays a significant role in one’s sense of identity, especially concerning femininity, and
this can also affect sexual functioning. The presence of fatigue, a common complaint in SSc,
can further impair sexuality.

There are a number of approaches to the investigation of SDF. The most commonly
used is the validated Female Sexual Dysfunction Index (FSFI) [7]. The FSFI comprises a
series of questions designed to assess various domains of sexual function, including desire,
arousal, lubrication, orgasm, satisfaction, and pain. The scale consists of 19 items, some of
which address particularly intimate subjects; consequently, the questionnaire is completed
independently and without guidance from a physician. Other questionnaires, such as the
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shorter Qualisex questionnaire, which has been developed for rheumatoid arthritis (RA),
have also been used in SSc [8]. In the context of measuring depression, the Beck Depression
Inventory (BDI) is a frequently employed instrument, comprising 21 questions designed to
assess symptoms of depression [9].

Several surveys of affected patients with SSc have been carried out, sometimes with
comparisons to other connective tissue diseases, sometimes also with comparisons to
healthy controls. In most cases, the cut-off of the FSFI questionnaire was <26.55 as recom-
mended in the original publication [7], whereas some studies also used a stricter cut-off of
<19, meaning that the data cannot be fully compared. Nevertheless, the prevalence of SDF
is high and varies between 46.7% [4] and 90.7% [6] with differences in included patients.
Age plays an important role when comparing these data, but also other differences in
inclusion criteria influence sexual activity leading to large variety of SDF of 53% and 100%.
The largest and latest study so far had the highest age and proportion of postmenopausal
women but not the highest prevalence of SDF [10]. The highest prevalence of SDF, with
around 90%, was found in two studies from Turkey and Italy, although the number of
postmenopausal women was much lower, indicating the various influencing factors [6,11].
A study from Germany compared patients with SSc to an age-matched cohort of SLE
patients and found no difference between the two groups with regard to SDF [5].

In summary, the prevalence of SDF in SSc women is high and significantly higher
when compared to healthy controls [4,12,13]. Vaginal dryness is reported to be a major
problem in these patients [5,11,13].

Table 1 provides an overview of recent publications on female sexual function in SSc.

Table 1. Most recent publications on female sexual function in SSc; abbreviations: BDI = Beck’s de-
pression inventory, SDF = sexual dysfunction; FSFI = female sexual function index; NK = not known.

Article N

Mean or
Median
Age in
Years

Mean or
Median
Disease

Duration

% of
Menopausal

Women

Sexually
Active

Prevalence
of Vaginal
Dryness

Prevalence
of Dys-

pareunia

Prevalence
of SDF

FSFI

Prevalence
of Depres-

sion
According

BDI

Lazzaroni M
et al. [10];
2025; Italy

168 58 (44–67) 9.0 (5–11) 70.2% NK NK NK 66.2% NK

Marcoccia A
et al. [14];
2024; Italy

65 44.71
(+/−11.96)

4.6
(+/−2.7) NK NK NK NK

Mean FSFI
15.85 not
mention-
ing the %

NK

Dag A et al.
[6]; 2024;
Turkey

50 44.9
(+/−8.7)

10.1
(+/−5.8) 34% NK NK NK 90% 60%

Ruffolo AF
et al. [11];
2023; Italy

107 53.47
(+/−13.27)

12.48
(+/−10.28) 54.2% 90.7% 83.2% 82.2% 89.7% NK

Heřmánková
B et al. [12];
2022, Czech

Republic
90 49.1

(+/−11.6) 4.0 (2–8) 56% 69% NK NK 73% NK

Schmalzing
M et al. [5];

2020;
Germany

83 48.5
(+/−11.07

9.85
(+/−8.4) NK 62.6% 43.3 28.9% 49% 53%

Gigante A
et al. [4];

2019, Italy
15 41 (35–47) 9 (8–11) 0% NK NK NK

46.7%
(cut-off

<19)
NK

Ucar I et al.
[13]; 2018,

Turkey
30 45.3

(+/−9.22) NK 0% 100% 63.3% 23.3% 86.6% NK

Sanchez K
et al. [15];

2016, France
60 55.9

(+/−14.0)
8.6

(+/−7.7) NK 53.2% NK NK 62.5% NK

3.2. SSc and Fertility

The impact of SSc on fertility may be influenced by both the disease itself and the thera-
peutic interventions employed to manage the condition. A significant proportion of women
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diagnosed with SSc report menstrual irregularities, including oligomenorrhea (infrequent
menstrual cycles), amenorrhea (absence of menstruation), and preterm menopause. Several
data on premature ovarian insufficiency (POI) and its correlation with immune cell dys-
function underline the link between autoimmune diseases and the female hormonal status
as autoimmune diseases, especially thyroiditis, autoimmune polyglandular syndromes, hy-
pophysitis, thrombocytopenia purpura, RA, systemic lupus erythematosus (SLE), primary
biliary cholangitis, and diabetes are more common in patients with POI [16,17]. Differences
in hormone levels during the female reproductive life, such as menarche, pregnancy, or
menopause, may also influence disease activity [18,19].

Most of the studies on fertility are quite old and might reflect the concerns of both
physicians and patients with regard to pregnancy and pregnancy complications after
disease onset. Nevertheless, the trials suggest that infertility could be a feature of SSc [20,21].
Today there is some evidence that SSc can affect ovarian function, leading to premature
ovarian failure or reduced ovarian reserve. This may result from the direct effects of the
disease on the ovaries or the use of immunosuppressive drugs that may have a toxic
effect on the ovaries. Two studies addressed this point but included different types of
patients. The most recent paper included only patients younger than 40 years without
cyclophosphamide (CYC) pretreatment and compared AMH and number of children to a
healthy control group [22], whereas the paper from Thailand also allowed pretreatment
with CYC [23]. Both groups found a high prevalence of low ovarian reserve, underlining
the negative impact of SSc on ovarian reserve and thus fertility. The most recent studies
found a very low number of pregnancies in India, with a rate of infertility of 8.3% [24], but
no significant differences with regard to fertility in China when comparing 342 SSc women
to 110 healthy controls [25].

The reason for AMH and thus fertility reduction is still a matter of debate. As reduced
AMH levels are also found in other chronic autoimmune diseases, chronic inflammation
seems to have an impact [26–28]. In addition, vascular problems and fibrosis of the ovaries
can be discussed in SSc patients.

In summary, data on fertility in SSc women are still limited, but there is evidence
for a negative influence at least on ovarian reserve. Like in sexual dysfunction, there
are many confounders that interfere with a definite conclusion. Nevertheless, treating
physicians should address family planning early, not to miss the ideal timepoint for fertility
preservation, pregnancy, or artificial reproductive therapies.

3.3. SSc and Pregnancy

Pregnancy in women with SSc is a complex issue that requires careful management
due to the potential risks to both maternal and foetal health.

3.3.1. Risks to Maternal Health

Skin: The hallmark of SSc is skin thickening; however, concerns regarding the pro-
gression of the condition appear to be negligible during pregnancy. A meta-analysis
summarised reports on skin evolution during pregnancy, yielding rather favourable results.
The analysis revealed that the deterioration of skin involvement (2.9% during pregnancy
and 13.6% postpartum) appeared to be less prevalent than that of improvement (20%
during pregnancy) [29].

Renal Involvement: Older works showed no elevated risk of SRC during preg-
nancy [30]. However, the progression of renal disease during pregnancy can result in
complications, including preeclampsia, renal failure, or severe hypertension. There are
documented cases of SRC in pregnancy, mostly occurring after the 20th week of gesta-
tion [31–34]. This may complicate the distinction between SRC and preeclampsia. ACE
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inhibitors have been used to treat SRC in pregnancy but are not recommended during
pregnancy because of the associated risk of congenital anomalies. In view of the high
frequency of SRC in patients with RNA Pol III antibodies, it may be advisable to postpone
pregnancy in the first years following diagnosis.

Cardiopulmonary involvement: Women with SSc may have underlying lung or heart
disease, which can exacerbate during pregnancy, increasing the risk of respiratory failure,
pulmonary hypertension, or heart failure. Interstitial lung disease (ILD) is prevalent among
patients suffering from SSc, affecting approximately 60% of the patient population, albeit
with variable degrees of severity [35]. A retrospective analysis of women with ILD of dif-
ferent origins demonstrated that adverse pregnancy outcomes, including prematurity and
preeclampsia, were prevalent (28% of women with CTD-ILD) and affected a greater number
of individuals when severe ILD was present (60%) [36]. Similar data has been published by
other groups [37,38]. However, the progression of ILD seems to not be common.

The prevalence of pulmonary artery hypertension (PAH) in SSc varies, but it has been
demonstrated to worsen pregnancy outcomes in women with PAH of different aetiology.
This is attributable to the fact that pregnancy-associated physiologic changes in cardiac out-
put and plasma volume increase might negatively impact the maternal and, consequently,
foetal cardiovascular system. It is evident that the occurrence of adverse outcomes is
associated with this condition, including an elevated risk of preterm birth and intrauterine
growth restriction (IUGR) [39,40]. Moreover, there is a paucity of knowledge regarding
PAH-targeted drugs such as sildenafil, bosentan, macitentan, and riociguat and their impact
on pregnancy. The most recent recommendations made by the European League Against
Rheumatism (EULAR) include the potential use of sildenafil [41]. Furthermore, calcium
channel blockers and prostacyclin have historically been utilised as therapeutic agents in
this context [42].

Preeclampsia and SSc: Different groups demonstrated an elevated risk of preeclampsia
in patients suffering from SSc [43,44]. Consequently, the utilisation of acetylsalicylic acid in
these patients should be contemplated, despite the paucity of studies conducted on this
particular entity. It is a noteworthy observation that women afflicted with preeclampsia
exhibit a 69% elevated probability of subsequently manifesting SSc [45].

3.3.2. Foetal Risks

Foetal loss: The incidence of early pregnancy loss (first trimester miscarriage) appears
to slightly exceed that of the general population, which is typically about 5–20% [25,29,43].
In contrast, a multicentre Italian study reported an abortion rate of only 4% [46]. Further-
more, a study conducted on a nationwide U.S. basis demonstrated a significant decrease in
foetal mortality over the years, thereby indicating an enhancement in the management of
pregnant patients suffering from SSc [47].

IUGR and low birth weight: IUGR has been consistently reported through numerous
publications, with varying rates (5–30%) [25,43,46,47].

Preterm delivery is also a frequent complication (20–30%). A higher incidence of
preterm delivery was observed in pregnancies in SSc patients compared with healthy
individuals (OR 6.74, 95%CI 1.29–35.09) [43]. And as in the aforementioned U.S. study, an
OR of 2.65 (95%CI 2.23–3.14) was calculated when comparing SSc and non-SSc delivery-
related hospitalisations over the entire study period [47]. Some groups suggested a higher
incidence in patients with dcSSc [25,43].

Congenital anomalies: Most reports did not reveal an increased rate of congenital
malformations in children born to women with SSc. Indirectly, SS-A/SS-B antibodies,
which are associated with neonatal Lupus [48], an immune-mediated disease caused by
maternal antibodies, can lead to congenital anomalies, as SS-A antibodies are also frequently
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(approximately 25% of cases) detected in patients with SSc [49]. There is some evidence
suggesting that autoimmune diseases, including SSc, may increase the risk of certain
congenital anomalies, although this remains an area of ongoing research.

Table 2 summarises the most recent data on pregnancy outcomes in SSc patients.

Table 2. Pregnancy outcomes in patients after disease onset; abbreviations: IUGR = intrauterine
growth restriction; NK = not known; SGA = small for gestational age; OR = odds ratio.

Article N
Mean Age
in Years 1.
Pregnancy

Autoanti-
bodies

Gestational
Age

Prevalence
or Risk of

Foetal Loss
or Miscar-

riage

Prevalence
of Live
Births

Prevalence
or Risk of

Sga or Iugr

Prevalence
or Risk of
Preterm
Delivery

Prevalence
or Risk of
Preeclamp-

sia

Chicharo
et al. [50]

12 pregnan-
cies in 9
women

35.9 +/−
4.9

6 ACA
3 Scl70

2 SSA/SSB
38.2 +/−

1.8
2 miscar-

riages
10/12

(83.3%) SGA 33.3% 1/12 (8.3) NK

Sieiro et al.
[51]

88 pregnan-
cies in 50
women

29.5 +/−
7.2

27 ACA
18 Scl70
18 SSA
4 RNP

NK 18% foetal
loss 77% NK 0 3%

Lazzaroni
et al. [10] 48 32.0 (29–36) NK 39.0

(37.0–40.0) 4/36 (11.1) 88.9% NK 7/36 (19.4) 0/36 (0.0%)

Alrifai et al.
[52] 1165 31.2 (5.2) NK NK 20 (1.72%) 98.3% IUGR 80

(6.87%) 105 (9.01%) NK

Crisafulli
et al. [44]
and Singh
et al. [53]

1403 (meta-
analysis
from 16
studies)

NK NK NK OR 1.6
(1.22–2.22) NK OR 3.2

(2.21–4.53)
OR 2.4

(1.14–4.86)
OR 2.20

(2.21–4.53)

Kawano
et al. [47] 3740 30.2 NK NK 28.9/1000 NK IUGR 5.5% 21.9% NK

Barilaro
et al. [43]

33 pregnan-
cies in 21
women

35.4 +/−
4.1 NK 31.6 +/−

11.7 21.2% NK
IUGR
15.2%

SGA 21.2%
24.2% 12.1%

Kharbanda
et al. [24]

15 pregnan-
cies NK NK NK 40% 60% 26.7% NK

Taraballi
et al. [46]

99 pregnan-
cies

31.8 +/−
5.3

20 ACA
59 Scl70 NK

6%
4%

therapeutic
abortion

90% IUGR 6% 25% 0%

In conclusion, the data on maternal and foetal pregnancy outcomes are very hetero-
geneous due to the different ways of reporting and collecting the data and the included
patients’ medical health care in the different countries. Nevertheless, there are signs of a
higher incidence of adverse pregnancy outcomes in SSc.

3.4. SSc and Menopause

Menopause is defined as cessation of the menstrual period and thus ability to get
pregnant. As mentioned before, several influencing factors play a role, and the timepoint
of menopause usually varies between the ages of 45 and 55 but can be much younger in
patients with SSc [44].

The impact of SSc on the lives of those affected is profound, extending beyond the
physical health dimension to encompass the psychological, social, and sexual aspects of
life. As most of our patients are women, this paper aims to explore the impact of SSc on
sexuality, fertility, pregnancy, and menopause, focusing on both the physiological and
emotional challenges faced by women living with this condition.

In the Chinese population, the mean age at which menopause occurred in patients
with SSc who had disease onset prior to menopause was found to be significantly younger
than in the general population [25]. As stated in the preceding paper from Thailand,
early menopause was observed in 35.7% of patients, a phenomenon that was found to be
significantly associated with CYC. The study also identified a correlation between early
menopause and both elevated cumulative doses of prednisone and a protracted disease
duration [23]. A study conducted in Croatia also reported a reduction in androgen levels
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(i.e., testosterone, androstenedione, and DHEAS) in postmenopausal women with SSc
when compared with a group of healthy, age-matched controls [54].

The reason for non-treatment-related early menopause in SSc is rooted in the reduction
in female hormone levels triggered by chronic inflammation, vasculopathy, and fibrosis of
hormone-producing organs.

In a recent review article, the authors also found evidence of the impact of hormonal
status on the manifestation of diseases. Subsequent to the onset of menopause, there was
an improvement in the condition of the skin. However, there is a concomitant increase in
the risk of PAH. Moreover, the positive effects of hormone replacement therapy (HRT) on
PAH have been delineated in the extant literature [55]. Conversely, Swedish researchers
identified a heightened probability of developing new SSc in women undergoing HRT, with
an OR of 1.4 (1.2–1.7) [56]. As patients with SSc have a higher risk for osteoporosis [57,58]
and premature menopause has been demonstrated to increase this risk, it is recommended
that bone density assessment be incorporated into the standard SSc workup [58,59].

4. Discussion

SSc significantly affects various aspects of a woman’s life, including sexuality, fertility,
pregnancy, and menopause. Figure 1 summarises the different manifestations/influences of
SSc on female health. Comprehensive care addressing physical symptoms, emotional well-
being, and interdisciplinary collaboration ensures that affected individuals can navigate
these aspects of life effectively. The disease itself, coupled with the physical and psycholog-
ical challenges it presents, can make sexual health and reproductive choices difficult for
those living with it. Understanding these issues, along with appropriate medical manage-
ment, is essential for improving quality of life and ensuring that individuals with systemic
sclerosis receive comprehensive care. With advances in medical treatment, psychosocial
support, and fertility preservation techniques, many individuals with SSc can lead fulfilling
lives and make informed decisions about their sexual health and reproductive futures.

In the Italian and German surveys, patients were asked whether they discussed their
sexual disorders with their physicians. The results indicated that 58% and 90.4% of SSc
patients, respectively, had never addressed this topic [5,11]. Therefore, it is of utmost
importance that medical professionals are open to addressing and finding a way to help
our patients by frankly asking about complaints with regard to sexuality, or at least using
questionnaires. This will improve the awareness and thus facilitate the identification of the
necessity for assistance.

Although the issue of SDF in SSc has been addressed in several studies, there are no
clear treatment options so far. It is generally known that physical exercise has a positive
effect on the functional and mental health of all patients [60]. Targeted pelvic floor training
and physiotherapy have been shown to improve sexuality in healthy individuals [60]. A
recently published study from the Czech Republic also showed a significant improvement
in a small group through targeted 8-week physiotherapy, including pelvic floor training,
even in women with SSc [61]. In general, regular physical activity, including physiotherapy
and occupational therapy, is recommended to maintain hand–finger function, which, of
course, also plays a role in sexuality. Drug treatment options for SDF in women are lim-
ited. Vaseline-containing ointments as lubricants are definitely recommended for vaginal
dryness. The data on reduced clitoral blood flow and its negative correlation with FSFI
score [4] might indicate that vasoactive substances might improve female sexuality, but
studies with phosphodiesterase-5-inhibitors, for example, are missing.
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Figure 1. Summary of the effects of systemic sclerosis (SSc) on sexuality, fertility, and pregnancy.
(created with BioRender.com).

When a partner becomes a caregiver, this can change the roles in the relationship and
put a strain on the sexual relationship. Such changes can cause feelings of dependency
or loss of equality, making intimacy even more difficult. Openness to talk about sexual
problems is often difficult, which can lead to misunderstandings or a lack of support in
partnerships. A lack of communication about needs and fears increases the emotional
burden. These emotional factors are closely linked to physical symptoms and should be
taken into account when treating sexual dysfunction. Therefore, the help of professional
talk/sex/couples therapists is a useful addition [14].

The psychological burden of dealing with SSc can significantly affect the aspects of
women’s health. Coping with a chronic illness often leads to feelings of isolation, stress, and
anxiety, which can exacerbate issues related to sexual health, intimacy, and reproductive
decisions. Individuals with SSc may experience changes in their body image due to skin
thickening, weight changes, or visible scarring, which can negatively affect their sexual
self-esteem and willingness to engage in sexual activity. Counselling, sexual therapy,
and support groups may therefore play a crucial role in helping individuals address the
psychological impacts of the disease. Providing resources for sexual health and fertility
counselling can assist patients in making informed decisions about their reproductive
health. Also, the open communication between partners is vital in addressing SDF and
maintaining intimacy. Couples may benefit from education and therapy that helps them
navigate the challenges posed by systemic sclerosis.
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Fertility in SSc patients seems to be reduced compared to healthy controls [22]; there-
fore, it is of high importance to address family planning early and to define the ideal
timepoint for a pregnancy together with our patients.

Pregnancy in the context of SSc necessitates careful management in view of the poten-
tial for complications, namely, increased rates of hypertension, preeclampsia, and cases of
renal crisis have been reported. It is considered ideal to achieve remission or low levels
of disease activity for a period of 3–6 months prior to conception. It is also important
to consider the potential risks to the foetus. Women with SSc are at an increased risk of
preterm birth and IUGR. Furthermore, miscarriage may also be more prevalent. However,
due to difficulties such as underreporting, differences in populations and definitions, as
well as inconsistent data collection methods, obtaining meaningful data on pregnancy
losses is challenging. Pregnancy risks are frequently associated with vascular complica-
tions, such as insufficient placental blood flow. The process of invasion by extravillous
trophoblasts into the decidua, accompanied by remodelling of the arteries, is contingent
upon the integrity of vascular health. Vascular abnormalities might result in placental
insufficiency, which may consequently lead to IUGR, low birth weight, and an elevated
risk of stillbirth. Indeed, findings in placental biopsies demonstrated placental vasculopa-
thy [62]. Therefore, interdisciplinary care involving rheumatologists and obstetricians is
crucial when counselling SSc patients with wish to become pregnant and during pregnancy.
Adjustments in immunosuppressive therapies and close monitoring improve outcomes,
and careful monitoring of maternal organ function (renal, cardiopulmonary) is essential.
Early diagnosis and treatment of complications, such as hypertension or renal issues, can
improve outcomes for both mother and baby. Medication use during pregnancy must
be carefully considered, as many immunosuppressive drugs used in SSc are contraindi-
cated during pregnancy [41]. Alternatives must be explored to manage the disease while
minimising foetal risks. Azathioprine and low-dose glucocorticoids are considered to be
safe for use during pregnancy; in severe cases, B-cell depletion with rituximab might be
considered [41,63].

Premature menopause is common in SSc, and as patients with SSc have a higher
risk for osteoporosis [57,58], we strongly recommend bone density assessment in all SSc
patients on a regular basis. Continued research is needed to explore the full extent of these
impacts and to develop better strategies for managing the condition’s influence on sexual
and reproductive health.

In conclusion, SSc as a systemic disease also has a huge influence on all aspects of
women’s health, and we as the treating physicians would all do well to be aware of that.
Interdisciplinarity, therefore, is a cornerstone of treating patients with SSc, and learning
from each other and listening to the patients’ complaints will improve all aspects of SSc care.
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Abstract: Systemic sclerosis (SSc) is a multifaceted autoimmune disease in which the
complex interplay of genetic predisposition and environmental factors triggers aberrant
immune responses, ultimately leading to vasculopathy and fibrosis. This review offers a
comprehensive overview of current perspectives on SSc pathogenesis, integrating classical
concepts with recent breakthroughs enabled by advanced analytical techniques. We delve
into the foundational trans-organ pathophysiology of SSc, encompassing epigenetic dys-
regulation, chronic inflammation, vascular injury, vasculopathy, and fibrosis. Furthermore,
we explore the organ-specific modifiers that contribute to the heterogeneity of SSc manifes-
tations across different organ systems, including the skin, gastrointestinal tract, lungs, and
heart. Recent studies employing single-cell transcriptomics, spatial proteomics, and epige-
nomic profiling are highlighted, demonstrating how these technologies are revolutionizing
our understanding of SSc cellular and molecular pathology. This evolving landscape of SSc
pathogenesis research is critical for identifying novel therapeutic targets and advancing
personalized medicine approaches for SSc patients.

Keywords: systemic sclerosis; pathogenesis; fibrosis; vasculopathy; immune dysfunction;
skin; single-cell analysis; transcriptomics; proteomics; epigenetics

1. Introduction

Systemic sclerosis (SSc) is a multisystem connective tissue disorder of unknown origin,
defined by three core pathological features: dysregulated immune activity, vascular injury
followed by defective neovascularization and vessel remodeling, and the resulting fibrosis
of the skin and various internal organs [1]. The etiology of SSc is still unknown, and there
is currently no single hypothesis that uniquely explains the variety of pathophysiologic
manifestations of the disease. However, our insight into its pathogenesis is rapidly growing,
driven by clinical investigations of patient-derived samples, basic science research with
animal models, and progress in targeted molecular treatments. Recent breakthroughs in
sophisticated analytical methods, particularly single-cell analysis, have revolutionized
the field. These advancements are vital for confirming disease mechanisms in patient
tissues and for facilitating the discovery of new therapeutic approaches. This manuscript
provides a summary of current perspectives on SSc pathogenesis, with a focus on the latest
advancements.
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2. Systemic Sclerosis Pathogenesis: Foundational
Trans-Organ Pathophysiology

2.1. “Genetics” in SSc

Etiological research suggests that SSc results from a combination of genetic and envi-
ronmental influences. While family history is the leading risk factor [2], concordance for SSc
among twins is low, with comparable rates in both monozygotic (4.2%) and dizygotic (5.6%)
pairs. One critical finding, however, is that the concordance for possessing autoantibodies
is markedly higher in the unaffected monozygotic twin of an SSc patient (95%), compared
to a dizygotic twin (60%, p < 0.05) [3]. This observation suggests that genetic factors are
associated with autoimmunity, thereby increasing SSc susceptibility, but are insufficient for
the development of clinically definite SSc. Consistent with this notion, the majority of SSc
susceptibility genes are Human Leukocyte Antigen (HLA) haplotypes and non-HLA genes
implicated in immunity and inflammation, which are also implicated in other connective
tissue diseases such as rheumatoid arthritis and systemic lupus erythematosus (SLE) [4,5].
Beyond influencing susceptibility, genetic factors also determine the severity of SSc. This
is demonstrated by multiple case-control and genome-wide association studies showing
that variations like single-nucleotide polymorphisms (SNPs) in certain genes correlate with
the disease course [6–9]. For instance, a specific SNP linked to lower levels of interferon
regulatory factor 5 (IRF5) is more prevalent among SSc patients with less severe clinical
manifestations [10].

2.2. “Epigenetics” in SSc

Epigenetics refers to the mechanisms by which cells regulate and transmit gene expres-
sion without alterations to the DNA base sequence. It also encompasses the field of study
dedicated to these mechanisms. The pathogenesis of SSc is investigated from three perspec-
tives: immune dysregulation, vasculopathy, and fibrosis. However, the ultimate goal of
these investigations is to elucidate the mechanisms through which fibroblasts maintain a
persistently activated state across various organs. While fibroblast activation is generally
considered a response to the cumulative stimuli from the extracellular microenvironment
in vivo, fibroblasts isolated from the skin and lungs of SSc patients retain their activated
phenotype even after in vitro serial passage. This observation suggests the existence of a
mechanism for maintaining a “pathological memory” intrinsic to these cells. Epigenetics is
considered to be one such mechanism. DNA methylation, histone acetylation and methyla-
tion, microRNAs (miRNAs), and long non-coding RNAs (lncRNAs) have been identified as
epigenetic modifications implicated in sustaining the activated state of fibroblasts derived
from SSc patients.

Focusing on genetic factors, genome-wide association studies, as noted earlier, have
identified that most susceptibility genes for SSc are located within the HLA region and
in non-HLA immune-related genes. This suggests that genetically determined immune
abnormalities play a central role in the development of SSc [5]. Indeed, antinuclear anti-
bodies are detected in over 90% of SSc patients, and numerous other autoantibodies with
pathogenic functions have been identified [11,12]. In the lesional skin of patients with
early-stage SSc, perivascular lymphocytic infiltration is observed. This inflammation is
thought to induce structural abnormalities in blood vessels characteristic of SSc, such as the
loss of capillaries and thickening of small artery walls. Furthermore, it activates fibroblasts,
leading to fibrosis. Although the precise mechanisms remain to be fully elucidated, it is
proposed that SSc-specific phenotypic changes arise in various cells through epigenetic
regulation influenced by environmental factors and are potentially shaped by genetic
predisposition. These changes result in the breakdown of immune tolerance, excessive
inflammatory responses, impaired vascular remodeling, and persistent and aberrant activa-
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tion of vascular endothelial cells and fibroblasts. Consequently, these processes contribute
to the complex pathogenesis of this disease [13]. Moreover, epigenetic modifications are
deeply implicated in the mechanisms by which various cells maintain their pathological
phenotypes within the highly fibrotic environment. In summary, epigenetics is considered
to be involved in cellular phenotypic changes from two perspectives: the responses to
external environmental factors that trigger SSc onset and the mechanisms maintaining
pathological homeostasis against the internal microenvironment.

In SSc, the transcription factor FLI1 was the first gene identified as being under epige-
netic control of its expression. Wang et al. [14] reported that, in both cultured SSc dermal
fibroblasts and lesional SSc skin, CpG methylation is markedly increased in the FLI1 pro-
moter region. Furthermore, in cultured SSc dermal fibroblasts, significant decreases in
histone H3 and H4 acetylation have been observed. Immunohistochemical analysis of
skin tissue revealed that FLII expression in fibroblasts and vascular endothelial cells is
mildly reduced in non-lesional SSc skin compared to healthy skin. A more pronounced
reduction was observed in lesional SSc skin [15]. In the skin of Fli1+/− mice, fibroblasts
are constitutively activated and exhibit increased type I collagen production; however,
dermal thickening is not histologically apparent. Furthermore, mild structural abnormali-
ties are present in skin microvessels, and phenotypic alterations resembling those in SSc
skin vascular endothelial cells are evident at the molecular level [16]. Conversely, when
bleomycin-induced SSc model mice are generated using Fli1+/− mice, an exacerbation
of SSc-like phenotypes is observed across all aspects: inflammation, vasculopathy, and
fibrosis [17]. These findings indicate that reduced FLI1 expression can induce activation of
immune cells, vascular endothelial cells, and fibroblasts, molecularly resembling SSc, but
this anomaly alone is insufficient to trigger SSc onset.

KLF5 is a crucial transcription factor regulating diverse fibrotic responses, acting as a
pro-fibrotic factor in cardiac fibroblasts and a fibrosis-suppressing factor in renal tubular
cells [18,19]. DNA microarray analysis has revealed that the expression of this transcription
factor is downregulated in lesional SSc skin [20]. A study using cultured SSc dermal
fibroblasts has revealed a marked downregulation of KLF5 expression at both the mRNA
and protein levels. It was demonstrated that the application of an epigenetic inhibitor
could recover KLF5 expression to levels comparable to those in healthy cells. Moreover,
increased CpG methylation in the KLF5 promoter region was also detected [16]. These
findings elucidate that KLF5 expression is robustly suppressed by epigenetic mechanisms
in SSc dermal fibroblasts.

Building upon these findings, Klf5+/−; Fli1+/− mice were generated to serve as a
model for skin fibrosis. Notably, these mice not only faithfully recapitulated skin and
lung fibrosis pathologies of SSc but also mirrored SSc vasculopathy, inflammation, and
autoimmunity. Importantly, inflammation and autoimmunity emerged at 4 weeks of age,
vasculopathy at 4–8 weeks, and skin fibrosis at 8–12 weeks. The temporal sequence of these
major pathologies mirrored that observed in SSc [16]. Thus, Klf5+/−; Fli1+/− mice can be
considered a novel SSc model that spontaneously develops the three major SSc pathologies
in a manner temporally similar to human SSc. This research highlights a significant finding:
by focusing on factors governing pathological memory in SSc patient-derived cells, we can
potentially identify key players in the pathogenesis of this disease.

Analyses of DNA methylation, histone modifications, miRNAs, and lncRNAs have
been conducted in various cell types derived from SSc patients, including fibroblasts,
vascular endothelial cells, CD4+ T cells, B cells, and plasmacytoid dendritic cells (pDCs).
Consequently, a substantial number of epigenetic aberrations have been reported. Detailed
descriptions of individual findings are omitted in this paper, as they are summarized in
several review articles; readers are referred to these for further details [21–27].
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2.3. Genetic Polymorphisms of FLI1 and SSc Susceptibility

Yamashita et al. [4] conducted a case-control study in a Japanese population, directly
genotyping this FLI1 (GA)n microsatellite. Their findings revealed a significant association
between extended repeat alleles of the FLI1 (GA)n microsatellite and increased susceptibility
to SSc. Specifically, alleles with 22 or more GA repeats (L alleles) were more frequent in SSc
patients compared to healthy controls. Furthermore, these L alleles were associated with
reduced FLI1 mRNA levels in healthy individuals, suggesting a functional consequence of
this genetic polymorphism on gene expression. This genetic association with FLI1 further
strengthens the evidence implicating FLI1 as a key player in SSc pathogenesis, acting not
only through epigenetic modifications but also through inherent genetic predispositions
that influence its expression and potentially its function. These findings suggest that FLI1
genetic variants, particularly microsatellite polymorphisms, may contribute to the “missing
heritability” in SSc.

2.4. Inflammation and Immunological Dysfunction in SSc

As previously described, the interaction between endothelial cells and circulating im-
mune cells, mediated by cell adhesion molecules and chemokines, facilitates the activation
of inflammatory cells and their infiltration into SSc-affected organs. Typically, infiltration
by T cells, macrophages, and mast cells predominates in SSc-involved skin, whereas B-cell
infiltration is comparatively limited [28–31]. In contrast, numerous lymphoid aggregates,
characterized by a substantial accumulation of B cells and relatively fewer T cells and
macrophages, are commonly observed in the lung tissue of patients with SSc-associated
interstitial lung disease (ILD) [32]. Notably, genes associated with activated B cells are
upregulated in SSc-involved skin [20], and the B-cell count in the skin correlates with the
progression of skin fibrosis [31]. Consequently, while the composition of infiltrating cell
types may vary across different affected organs, increased infiltration of B cells, T cells, and
innate immune cells is a shared feature in the organs involved in SSc.

Alterations in T cell subsets are a well-documented feature of SSc. The balance
of Th1/Th2 and Th17/Treg immune responses is skewed toward Th2 and Th17 domi-
nance [33–36], and regulatory T cell (Treg) function is impaired during the active phase of
SSc [37]. In the early stage of diffuse cutaneous SSc (dcSSc), serum levels of interleukin-6
(IL-6) and IL-10 are significantly elevated, whereas they decrease to normal levels in the late
stage of dcSSc, which is characterized by the regression of skin sclerosis [38]. The cytokine
profile in dcSSc displays dynamic changes over time. Initially, IL-4 levels are normal, and
they decline as the skin sclerosis resolves. In contrast, serum IL-12 is low in early dcSSc
but rises with disease duration, eventually exceeding normal levels in the late stage [33].
The Th17 pathway is also clearly involved; in early dcSSc skin lesions, the expression
of IL-17A, IL-21, and IL-22 is increased, though IL-17F is not [36,39]. Systemically, the
frequency of circulating Th17 cells and their IL-17 production are elevated, with Th17
counts corresponding to disease activity [34]. Within the skin, the Treg population is also
altered, showing an increased proportion of Th2-like Tregs [30].

Currently, the direct role of SSc-related antinuclear antibodies (ANAs), including
antibodies against topoisomerase I (topo I), centromere, and RNA polymerase III (RNAP
III) antigens, is not fully understood, although a potential role for anti-topoisomerase I
antibodies has been suggested (described below). Nevertheless, the strong correlation of
these ANAs with clinical manifestations implies that altered B-cell phenotypes may be
associated with the core abnormality driving disease progression.

On the other hand, the potential pathogenic role of so-called functional vascular
antibodies, particularly those targeting the angiotensin II type 1 receptor (AT1R) and the
endothelin-1 type A receptor (ETAR), has been a subject of discussion. However, compelling
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evidence for their direct contribution to pathophysiology is still lacking, and the clinical
utility of testing for these antibodies remains unclear [40,41]. The ultimate proof that an
antibody is causative is when passive transfer in an animal model (possibly with a specific
genetic background) results in disease features.

Aberrant activation of B cells could occur through genetic and epigenetic mechanisms
shared across cell types and/or through complex interactions with other immune and
non-immune cells. In SSc, B cells are in a state of continuous activation, demonstrated
by increased surface expression of the co-receptor CD19 [42] and the activation markers
CD80 and CD86 on memory B cells [43]. This is significant because, in addition to pro-
ducing antibodies, B cells contribute to pathogenesis through cytokine secretion, antigen
presentation, and regulation of macrophages and lymphoid tissue [44]. The critical role
of B cells is supported by the efficacy of rituximab, an anti-CD20 antibody that improves
skin fibrosis and ILD by depleting B cells, as shown in multiple case series and open-label
studies [45–48]. Furthermore, several case reports and case series have documented the
amelioration of calcinosis, digital ulcers (DUs), and arterial stiffness following rituximab
therapy [49–51]. CD19-targeted Chimeric Antigen Receptor (CAR) T-cell therapy is an
emerging investigational treatment for severe and refractory SSc. Initial case studies and
small series have demonstrated promising clinical responses, including improvements in
skin fibrosis, ILD, and cardiac function, often accompanied by reduced autoantibody levels
and disease activity. Supporting data show decreased TGF-β levels in dermal biopsies,
improved skin elasticity on elastography, and amelioration of lung and heart fibrosis on
imaging and through markers like KL-6. These benefits sometimes allow cessation of other
immunosuppressive treatments, with generally manageable safety profiles reported [52–55].
Thus, B cells contribute to the activation of vascular and fibrotic processes, in addition to
immune system activation in SSc, reinforcing the concept that immune cells are upstream
mediators in the SSc-specific disease cascade.

Beyond adaptive immune cells, innate immune cells are also abundantly present in
SSc-involved organs. In SSc lesional skin, mast cells secrete excessive levels of transforming
growth factor-β (TGF-β) [56]. Moreover, M2 macrophages appear to be critical regulators
of tissue fibrosis, as the M2 macrophage-associated gene program, which is upregulated
in the skin of early SSc patients, is suppressed in conjunction with the resolution of skin
fibrosis following treatment with tocilizumab (an anti-IL-6 receptor antibody) [57].

In SSc-affected skin, a specific sequence of events is thought to drive excess IFN-α
production by plasmacytoid dendritic cells (pDCs). First, pDCs are recruited to the area
around dermal small vessels by elevated levels of the chemoattractant chemerin [58,59].
Concurrently, endothelial cell death provides a source of self-DNA, which interacts with
increased local concentrations of LL-37 [60]. This process forms stimulatory self-DNA/LL-
37 complexes that are hypothesized to activate pDCs via TLR7 and 9, resulting in high local
production of IFN-α.

Furthermore, disease-associated autoantibodies, particularly anti-topoisomerase I an-
tibodies, may contribute to this process. Anti-topoisomerase I antibodies react with nuclear
antigens from endothelial cells, and immune complexes formed with nucleic acids, espe-
cially RNA, induce IFN-α production from pDCs [61]. The idea that IFN-α contributes to
SSc development is supported by clinical and experimental data. A trial using recombinant
IFN-α for SSc reported higher withdrawal rates than placebo, with many discontinuing
patients showing worsened ILD [62]. Moreover, administering IFN-α for other disorders,
like multiple sclerosis or chronic hepatitis C, can trigger SSc or similar symptoms [63–68].
This may be explained by a self-amplifying cycle in which continuous IFN-α exposure
causes endothelial senescence [69], providing self-DNA that stimulates pDCs to produce
more IFN-α, thus driving vascular injury and immune activation. Recently, the discovery
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of ectopic TLR8 expression on SSc pDCs, a key RNA sensor linked to experimental fibrosis,
has added another layer to this mechanism [70]. In addition to their role in IFN-α produc-
tion, recent findings indicate that pDCs can also contribute to fibrosis through endoplasmic
reticulum (ER) stress-mediated mechanisms, as demonstrated by Ferreira et al. [71] who
revealed that ER stress induction in pDCs promotes fibroblast activation via direct cell–cell
contact, suggesting a novel pathway contributing to fibrosis development in SSc. Collec-
tively, the continuous release of autoantigens from damaged and senescent endothelial cells
serves as a fundamental driver of SSc pathology, acting through the induction of chronic
inflammation.

2.5. Vascular Injury in SSc

As previously discussed, the pathogenesis of SSc begins with immune dysregulation,
while histopathologically detectable structural abnormalities first manifest as vascular
damage [72–74]. Indeed, vasculopathy is a critical element in the early clinical picture
of SSc, manifesting in patient-reported symptoms such as Raynaud’s phenomenon and
digital edema [75]. Crucially, the presence of disease-specific autoantibodies, hallmarks of
SSc’s autoimmune nature, can be detected even before these initial clinical manifestations
emerge, highlighting the early involvement of autoimmunity in vascular injury [75–77].
Following this initial vascular insult, the vasculature in SSc undergoes significant structural
abnormalities [78]. These changes arise from a combination of dysfunctional vascular
remodeling processes and the development of various vascular functional impairments [78].

In the early stages of SSc, capillary fragility leads to capillary dilation, which in turn
results in the extravasation of erythrocytes [75]. The observation of dilated and hemorrhag-
ing nailfold capillaries is diagnostically significant, serving as an important early indicator
of the disease [76]. As SSc progresses, a progressive loss of capillaries occurs, with capillary
numbers gradually diminishing and eventually being replaced by fibrotic tissue [76]. In
parallel with this capillary rarefaction and fibrotic replacement, vascular endothelial cells
and pericytes, which are crucial components of blood vessels, undergo differentiation
into myofibroblasts through processes known as endothelial-to-mesenchymal transition
(EndoMT) and pericyte-to-mesenchymal transition (PMT), respectively [78,79]. These
transformed cells acquire resistance to apoptosis, or programmed cell death, and exhibit
cellular senescence phenotypes. This altered cellular behavior significantly contributes to
the establishment and perpetuation of the extensive fibrosis characteristic of SSc [78]. The
ensuing loss of capillaries leads to tissue hypoxia, a state of oxygen deficiency, which in
turn acts as a potent stimulus for further myofibroblast activation and promotes the fibrotic
process across a range of organs, including the skin, lungs, heart, and intestines [78]. In
contrast, within arterioles and small to medium-sized arteries, the vascular endothelial
cells, when injured, also undergo differentiation into myofibroblasts [78]. Furthermore,
the proliferative capacity of vascular smooth muscle cells, another key cell type in blood
vessels, and their ability to produce extracellular matrix (ECM) components, are enhanced,
culminating in fibrotic stenosis, or narrowing of the blood vessels [78]. The characteristic
arterial lesions of SSc arise from an abnormal gathering of myofibroblasts within the ves-
sel wall. This accumulation creates fibroproliferative changes that subsequently impair
vascular perfusion [78].

The vascular functional derangements in SSc are multifaceted and encompass a range
of abnormalities. These include diminished vascular endothelial function, which refers
to the impaired ability of the endothelium to regulate vascular tone and permeability; a
reduced capacity for thrombus inhibition, increasing the risk of blood clot formation; im-
paired physiological anticoagulation mechanisms, further exacerbating the pro-thrombotic
state; aberrant expression of cell adhesion molecules and chemokines, which contribute to
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chronic inflammation and immune cell recruitment to the vessel wall; and an augmented
generation of reactive oxygen species (ROS), leading to oxidative stress and cellular dam-
age [17,80,81]. These functional aberrations play a crucial role in activating fibroblasts,
the primary effector cells in fibrosis, mainly by promoting tissue hypoxia and chronic
inflammation [17,80–83]. Vasospasm affecting arterioles and arteries, clinically manifested
as Raynaud’s phenomenon, further exacerbates fibroblast activation through ischemia–
reperfusion injury, a process involving tissue damage caused by alternating periods of
insufficient blood supply and reperfusion [84]. Fibroblasts themselves undergo phenotypic
modulation, acquiring a profibrotic phenotype, and exhibit dysregulated responses to
inflammatory signals. Notably, they demonstrate excessive ECM synthesis, contributing
to the tissue fibrosis [78]. The cellular origins of myofibroblasts in SSc are diverse, en-
compassing not only resident tissue fibroblasts but also vascular wall-resident endothelial
cells and pericytes, epithelial cells, adipocytes, and bone marrow-derived fibrocytes [78].
Myofibroblasts originating from this heterogeneous array of cellular sources collectively
orchestrate the pathogenesis of the extensive fibrosis observed in SSc [78]. The preced-
ing discussion elucidates the fundamental pathophysiology of SSc, highlighting a shared
mechanistic basis that operates across various organs affected by fibrosis, and thus can be
conceptualized as a foundational trans-organ pathophysiology [72,73].

2.6. Fibrosis in SSc

The key effector cells driving SSc fibrosis are α-smooth muscle actin (α-SMA)-
positive myofibroblasts, which secrete excessive ECM in affected tissues. These cells
derive from a heterogeneous population of precursors, including local fibroblasts, circu-
lating fibrocytes [85], and cells undergoing epithelial–mesenchymal [86], and endothelial–
mesenchymal transition (EndoMT) [87,88], and adipocyte–myofibroblast transdifferenti-
ation [89]. This state of fibroblast activation is the final outcome of the SSc pathogenic
process, and the cells maintain their activated phenotype through a combination of intrinsic
and extrinsic mechanisms.

A primary growth factor driving dermal fibroblast activation in SSc is TGF-β, which
induces the production of ECM components like fibrillar collagens (types I, III, and V).
Its expression is high in early, active disease and diminishes in established fibrosis. The
localization of its isoforms suggests a role in the disease’s inflammatory phase; specifically,
TGF-β1 and TGF-β2 are prominently expressed around dermal vessels in connection with
perivascular mononuclear infiltrates, while all three isoforms are detectable throughout
the ECM [90–92]. Consequently, in the early stages of SSc, TGF-β appears to promote
inflammation by recruiting leukocytes through the modulation of cell adhesion molecules
and the establishment of chemokine gradients, by activating leukocytes, and by inducing
various proinflammatory cytokines and mediators. Conversely, in the sclerotic phase,
SSc dermal fibroblasts exhibit constitutive activation with a profibrotic phenotype, resem-
bling that of normal fibroblasts treated with TGF-β1, even when TGF-β expression is
diminished or undetectable in the skin [93]. This suggests that SSc fibroblasts possess a
self-activation system, one at least partially mediated via autocrine TGF-β signaling. The in-
creased expression of latent TGF-β receptors, including integrin αVβ3, integrin αVβ5, and
thrombospondin-1, contributes to this process in SSc fibroblasts [94–98]. These receptors
recruit and activate latent TGF-β on the cell surface, efficiently increasing the concentration
of active TGF-β in the cellular microenvironment. Further expanding on the mechanisms of
TGF-β-driven fibrosis, Meng et al. [99] identified ADAM19 as a significantly upregulated
metalloproteinase in SSc skin fibrosis, demonstrating its role in promoting TGF-β-induced
ECM deposition and fibroblast activation through the shedding of pro-fibrotic neuregulin-1
(NRG1), thereby contributing to the development of skin fibrosis in SSc. Thus, dermal
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fibroblasts are constitutively activated, at least partially, through autocrine TGF-β signaling,
in SSc lesional skin.

SSc dermal fibroblasts respond differently to T-cell stimuli, relative to healthy fibrob-
lasts. Normally, collagen production is downregulated by Th1 cells via IFN-γ [100], and by
Th2 cells via membrane-associated tumor necrosis factor-α (TNF-α) [101], which counter
the profibrotic effect of IL-4. In SSc, however, fibroblasts are resistant to this suppression,
especially that from the Th2 cells [100,101]. One proposed reason is the high secretion of
progranulin, a TNF receptor antagonist that negates the anti-fibrotic effect of TNF-α [102].
This specific lack of response to Th2-mediated suppression is thought to be a critical driver
of fibroblast activation during the early, Th2-polarized phase of dcSSc. Adding to the
complexity of fibroblast activation, Bergmann et al. [103] discovered a mutual amplification
loop between GLI2/Hedgehog and JUN/AP-1 signaling pathways within SSc fibroblasts,
where these pathways synergistically enhance each other’s activity, resulting in sustained
fibroblast activation and collagen production, highlighting a potential target for combined
therapeutic interventions.

The interaction is bidirectional, as SSc dermal fibroblasts also shape the differentiation
of inflammatory cells. For example, they direct the transdifferentiation of Tregs into Th2-
like cells via IL-33 in the skin [30,104]. By overproducing galectin-9, they also inhibit IFN-γ
expression in skin-infiltrating CD4+ T cells, which fosters fibrosis within the Th2/Th17-
dominant microenvironment [105]. These findings suggest SSc fibroblasts affect skin
immunity more extensively than previously thought.

Collectively, SSc fibroblasts perpetuate their activation through autocrine signaling
and feedforward loops with other cells, culminating in the irreversible fibrotic remodeling
of multiple organs.

3. Verification of Pathogenesis Hypotheses: Insights from Recent
Analytical Innovations

Pathogenesis hypotheses of SSc, as previously outlined, have been largely formulated
based on conventional clinical and basic research methodologies, utilizing clinical samples
from SSc patients (primarily lesional skin and lung biopsy tissues, and peripheral blood)
and animal models. However, recent years have witnessed a transformative shift with
the advent of cutting-edge analytical techniques, including single-cell RNA sequencing
(scRNA-seq), spatial transcriptomics, imaging mass cytometry, and single-nucleus assay
for transposase-accessible chromatin with sequencing (snATAC-seq), particularly in the
context of lesional skin analysis. These advanced technologies have provided unprece-
dented opportunities for the successive validation and refinement of the aforementioned
pathogenesis hypotheses. Representative studies employing these innovative approaches
are introduced below.

3.1. Scleroderma-Associated Fibroblast (ScAF) Identification via scRNA-Seq Analysis

In a landmark study in 2022, Gur et al. [106] leveraged scRNA-seq to analyze skin
tissues from a large cohort comprising 97 patients with SSc and 56 healthy individuals,
subsequently publishing transformative findings. Their comprehensive analysis led to the
refined classification of skin fibroblasts into 10 distinct cellular subpopulations. Notably,
myofibroblasts, which have historically been considered central effector cells in the patho-
genesis of SSc, were found to represent only a minor fraction, constituting approximately
1% of the total cellular population. Conversely, the most abundant fibroblast subpopulation
was identified as LGR5 (Leucine-rich repeat-containing G-protein coupled Receptor 5)-
positive fibroblasts, which account for approximately 30% of the cells in healthy individuals.
Gene expression pattern analysis indicated that this LGR5+ fibroblast population plays a
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critical homeostatic role in maintaining normal skin architecture. However, a significant re-
duction in the abundance of this cell population was observed in SSc patients. Furthermore,
these Scleroderma-Associated Fibroblasts (ScAFs) exhibited a constellation of molecular
characteristics consistent with previously described SSc skin fibroblasts, including the fol-
lowing: 1, pathologically excessive ECM production coupled with suppressed degradation;
2, aberrant activation of Type I interferon signaling, TGF-β pathway, and IL-1 pathway;
3, dysregulation of Wnt signaling and IGF1 signaling, and abnormal expression of CCN1
family proteins; 4, pathologically activated angiogenesis, increased vascular fragility, and
enhanced coagulation and platelet aggregation; 5, diminished antioxidation and adipogen-
esis capacity; and 6, overexpression of CDKN2A (p16) and CDKN1A (p21), indicative of
enhanced cellular senescence. Notably, the study also demonstrated a significant inverse
correlation between the cellular density of this ScAF population and skin score. These
compelling findings suggest that ScAFs, identified as the principal fibroblast subpopulation
orchestrating the fibrotic pathology of SSc, may represent promising novel therapeutic
targets. Conversely, the investigation also revealed a concomitant increase in vascular
endothelial cells and pericytes alongside the progression of skin sclerosis. In particular,
RGS5 (Regulator of G-protein Signaling 5)-positive vascular pericytes demonstrated a
positive correlation with skin score. These observations may be interpreted as providing
support for conventional pathogenesis hypotheses that posit vascular endothelial cells and
pericytes as primary cellular origins of pathogenic fibroblasts in SSc.

3.2. Spatial Transcriptomics Analysis

Ma et al. [107] performed an in-depth analysis of SSc pathogenesis using single-cell
and spatial transcriptomics. They analyzed scRNA-seq data from skin biopsies of twenty-
two SSc patients and eighteen healthy controls, alongside spatial RNA-seq data from four
SSc patients, to map disease-associated cells and their interactions within SSc lesions. The
study reported four key observations. First, fibroblasts, vascular endothelial cells, and
pericytes were diffusely present in fibrotic areas of SSc skin. Second, fibroblasts were classi-
fied into seven distinct populations; SFRP2+ fibroblasts activated and differentiated into
COL8A1+ fibroblasts (with myofibroblast features) during fibrosis progression. Third, vas-
cular endothelial cells demonstrated heterogeneity, with categorization into seven distinct
subpopulations, including arteriolar endothelial cells (EC2) and activated endothelial cells
(EC5). EndoMT maturity served as a differentiating factor among these subpopulations,
with EC2 identified as the dominant subpopulation within SSc lesions. Fourth, ligand–
receptor network analysis indicated that fibroblast–vascular endothelial cell interactions
were most pronounced, with EC2 and COL8A1+ myofibroblast-like fibroblasts being the
key communicators. These results reinforce existing pathogenesis models implicating
vascular wall cells as myofibroblast origins in SSc.

3.3. Integrated Analysis: scRNA-Seq and snATAC-Seq, Focusing on Vascular Endothelial Cells

In their 2024 study, Huang et al. [108] performed a comprehensive analysis using
scRNA-seq and snATAC-seq data to investigate SSc vasculopathy. Analyzing skin biopsies
from twenty-seven SSc patients and ten healthy controls via scRNA-seq, and snATAC-
seq data from eight SSc patients and six controls, they explored the role of transcription
factors in SSc-associated vascular pathology. The scRNA-seq analysis of lesional SSc skin
revealed two key observations: first, increased apoptosis and decreased cell numbers
in arteriolar endothelial cells; and second, an elevation in tip and stalk cell populations,
indicative of constitutively enhanced angiogenesis in dermal microvascular endothelial
cells. These findings align with established pathogenesis hypotheses of SSc, particularly
regarding destructive vasculopathy and angiogenic abnormalities. Furthermore, snATAC-
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seq analysis indicated increased chromatin accessibility at the ETS motif in SSc vascular
endothelial cells, supporting the involvement of ETS transcription factors, especially FLI1,
in SSc vasculopathy, consistent with prior research. These integrated analyses using scRNA-
seq and snATAC-seq reinforce the conventional understanding of SSc pathogenesis by
highlighting the roles of vascular endothelial cell apoptosis, dysregulated angiogenesis,
and ETS transcription factors in the development of SSc vasculopathy (Figure 1).

 

Figure 1. An integrated view of the pathogenesis of systemic sclerosis (SSc). The disease is initiated
by genetic predisposition and environmental factors that, via epigenetic dysregulation (e.g., reduced
FLI1/KLF5), drive three interconnected pathologies. These are immune dysregulation, involving key
innate and adaptive effector cells; vasculopathy, comprising functional and structural abnormalities
like endothelial dysfunction and capillary loss; and fibrosis, characterized by activated myofibroblasts
and excessive ECM deposition. These pillars are linked by vicious cycles, as depicted by the arrows.
Immune-mediated vascular injury is amplified by the subsequent release of autoantigens. Vasculopa-
thy promotes fibrosis through tissue hypoxia and EndoMT/PMT. Activated fibroblasts modulate the
immune response, while simultaneously showing an altered response to immune signals, creating a
self-perpetuating disease state.

3.4. Vascular Niche Analysis by Spatial Proteomics Using Imaging Mass Cytometry

Rius Rigau et al. [109] employed imaging mass cytometry to conduct a vascular niche
analysis in skin samples from 19 SSc patients and 14 healthy individuals. Their spatial
proteomics-based approach identified seven subpopulations of vascular endothelial cells
based on their unique protein expression profiles. In SSc patients, the researchers reported
an increased population of CD34+;αSMA+;CD31+ cells alongside a reduction in vascular
endothelial progenitor cells. The perivascular microenvironment of CD34+;αSMA+;CD31+

cells was characterized by a significant presence of immune cells, predominantly CD4+ T
cells and myeloid cells, as well as myofibroblasts. Moreover, CD34+;αSMA+;CD31+ cells
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exhibited markers of EndoMT, such as SNAI1, SNAI2, TWIST, and ZEB1. The density
of CD34+;αSMA+;CD31+ cells was found to correlate with the clinical progression of
skin sclerosis. These observations reinforce the established pathogenesis model wherein
vascular endothelial cells contribute to the myofibroblast population through EndoMT in
SSc-related fibrosis.

3.5. Novel Pathogenesis Mechanism of SSc Skin Fibrosis Suggested by Epigenetic Analysis
Using ATAC-Seq

Liu et al. [110] conducted an epigenetic analysis to explore novel pathogenesis mecha-
nisms in SSc skin fibrosis, employing ATAC-seq. Using flow cytometry, they isolated eight
skin-resident cell types—fibroblasts, vascular endothelial cells, epidermal cells, CD4+ T
cells, CD8+ T cells, dendritic cells, Langerhans cells, and macrophages—from the healthy,
lesional, and non-lesional SSc skin of seven SSc patients and six healthy controls, totaling
19 samples. Leveraging the known enrichment of disease-susceptibility SNPs in non-coding
regulatory DNA, they hypothesized that cell-type-specific chromatin accessibility analysis
at SSc-associated SNP loci could pinpoint pathogenic cell types. Their analysis revealed
significantly increased chromatin accessibility in SSc-associated SNP regions specifically
within dendritic cells (DCs), compared to other skin cell types. Re-analysis of time-series
RNA-seq data from SSc lesions further supported this, showing a strong positive correla-
tion between the DC gene signature and skin fibrosis score. Specifically, conventional DCs
(cDCs) were identified as a key cellular population. Immunohistochemical validation using
ZBTB46, a cDC marker, confirmed significant infiltration of ZBTB46+ cells into SSc lesions.
These epigenetic findings suggest a previously unappreciated role for cDCs in SSc skin
fibrosis, offering a novel perspective on SSc pathogenesis beyond conventional hypotheses.
The importance of dendritic cells in the pathogenesis of SSc is also demonstrated in the
following articles [111,112]

3.6. Novel Therapeutic Targets Identified by Gene Expression Meta-Analysis of Lung Tissue

Yang et al. [113] published a gene expression meta-analysis of lung tissue, examining
38 patients with SSc-ILD and 18 healthy controls. Their analysis, utilizing three pub-
lic datasets (GSE48149, GSE81292, GSE76808), identified the activation of epithelial–
mesenchymal transition, cellular senescence, coagulation, and DNA repair pathways
as characteristic changes in SSc-ILD lung tissue. Consistent with an aging phenotype,
telomere length in type II alveolar epithelial cells from SSc-ILD lungs was found to be
reduced, indicating enhanced cellular senescence. The current therapeutic development
for SSc-ILD primarily targets myofibroblasts and inflammation/autoimmunity. However,
this study suggests that cellular senescence and coagulation pathways could offer novel
therapeutic avenues for SSc-ILD.

Plasminogen Activator Inhibitor-1 (PAI-1) is a serpin that inhibits tissue-type Plas-
minogen Activator (tPA) and urokinase-type Plasminogen Activator (uPA), and regulates
the plasmin activation and the fibrinolytic system [114]. Emerging research underscores
the significance of PAI-1 in regulating cellular senescence, with findings demonstrating
that PAI-1 not only serves as a senescence marker but also actively mediates senescence
pathways, impacting lifespan and age-related pathologies [115–117]. The tPA, uPA, and
PAI-1 are thought to play an important role in the maintenance of endothelial homeostasis,
and are associated with the endothelial dysfunction of SSc [118,119]. Therefore, PAI-1
inhibition may be therapeutic for SSc-ILD.
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4. Organ-Specific Pathophysiology Modifiers: Refining the Landscape of
SSc Organ Involvement

To fully elucidate the organ-specific manifestations of SSc, it is essential to consider
organ-specific pathophysiology modifiers, in addition to the broadly acting trans-organ
basic pathophysiology. The following sections detail the principal organ-specific modifiers
across major organ systems affected by SSc [13].

4.1. Cutaneous Pathology

Epidermal cells and adipocytes function as key pathophysiology modifiers in the skin
in SSc (Figure 2).

Figure 2. Keratinocytes and adipocytes as key modifiers of skin pathophysiology in systemic sclerosis
(SSc). This concept map illustrates the multifaceted roles of keratinocytes and adipocytes in the
pathogenesis of SSc skin involvement. Dysfunctional keratinocytes upregulate various disease-
associated molecules, contributing to dermal fibroblast activation and fibrosis. Epithelial cell-specific
Fli1 deficiency leads to keratinocyte activation, inducing dermal fibrosis, and thymus dysfunction.
While the interaction with skin microbiota remains unclear in SSc, it may modulate keratinocyte
function and immunity. Adipocytes contribute to dermal fibrosis through adipocyte-to-myofibroblast
transition and altered adipokine production, collectively driving SSc skin pathology.
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4.1.1. Keratinocytes

The epidermis in SSc is an active participant in the disease process, as evidenced
by research identifying the upregulation of numerous molecules in affected skin. These
include growth factors (e.g., TGF-β, VEGF, and CTGF), cytokines (e.g., IL-1α, IL-6, and
TNF-α), and chemokines (e.g., CCL2, CCL5), in addition to other proteins like endothelin-1,
IL-21 receptor, specific keratins, psoriasin, and galectin-7 [120–129]. As several of these
molecules—notably IL-1α, CTGF, and IL-6—have strong pro-fibrotic properties, it is proba-
ble that SSc keratinocytes play a role in activating dermal fibroblasts.

Experiments using a recently developed mouse model of SSc have suggested a role for
various epithelial cells in the disease’s development, including keratinocytes, esophageal
stratified squamous epithelia, and medullary thymic epithelial cells [130]. Deficiency of the
transcription factor Fli1, a potential SSc susceptibility factor [14], induces SSc-like properties
in various cell types, including fibroblasts, endothelial cells, keratinocytes, T cells, B cells,
cDC, and macrophages [17,130–134]. Notably, epithelial cell-specific Fli1 knockout mice
(Fli1flox/flox; K14-Cre+/− mice), which exhibit SSc-like phenotypic features in epithelial cells,
spontaneously develop dermal and esophageal fibrosis due to epithelial cell activation in
the skin and esophagus. Furthermore, these mice develop ILD, mediated at least in part
by T cells autoreactive to lung antigens, resulting from impaired negative selection and
Treg development in the thymus. One component of this impaired central tolerance is
attributed to the downregulation of autoimmune regulator (Aire), which modulates the
processing and presentation of self-antigens in medullary thymic epithelial cells [135,136].
Importantly, epithelial cell-specific Fli1 knockout mice lacking an acquired immune system
(Rag1−/−; Fli1flox/flox; K14-Cre+/− mice) spontaneously develop dermal and esophageal
fibrosis, along with mast cell infiltration in the skin, but do not develop ILD [137]. This
suggests that epithelial cell activation alone can induce tissue fibrosis through the activation
of innate immunity. This novel murine model indicates that abnormally activated epithelial
cells underlie selective organ fibrosis and autoimmunity in SSc.

Another potential aspect of the keratinocyte-dependent regulation of dermal fibrosis
is the interplay between the immune system and the skin microbiota. This area of research
has recently garnered significant attention regarding inflammatory skin diseases, such
as atopic dermatitis [138] and SLE [139]. This dialogue begins when keratinocytes detect
pathogen-associated molecular patterns by the use of microbes using pattern-recognition
receptors. This recognition prompts the keratinocytes to release antimicrobial peptides
(AMPs), which can kill or inactivate microorganisms and activate other cells like dermal
fibroblasts and endothelial cells [140]. The expression of these AMPs can be either constant
or temporary, with the latter being regulated by the skin’s microbial community. The
specific impact of the skin microbiota on keratinocyte function and immunity in SSc is not
yet established, but the finding of microbiome dysbiosis in affected skin suggests it may be
a contributing factor [141].

4.1.2. Adipocytes

Recently, subcutaneous adipose tissue has been increasingly implicated in the develop-
ment of skin fibrosis in SSc. This is histologically significant, as the skin is characterized by a
large, adjacent layer of fat. The concept that adipose tissue could be a source of fibrotic cells
is consistent with the knowledge that myofibroblasts can be derived from non-fibroblast
precursors in a pro-fibrotic environment [142]. According to lineage-tracing studies [143],
subcutaneous adipocytes are highly plastic cells capable of transdifferentiating into myofi-
broblasts [144]. Indeed, a significant proportion of activated myofibroblasts in SSc-involved
skin appear to derive from adipocytes located adjacent to the deep dermis [89,145].
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Adipocytes also influence the disease by producing a range of signaling molecules
called adipokines [146]. When adipocyte loss or dysfunction alters the balance of these
adipokines, it may contribute to the characteristic inflammation, vasculopathy, and fibrosis
of SSc [147–157]. The role of adiponectin, a well-studied example, illustrates this connec-
tion; its serum and tissue levels are inversely related to skin score in patients [147,156,158].
Moreover, mice lacking adiponectin show reduced dermal fibrosis after bleomycin chal-
lenge [159], and AdipoRon, a drug that inhibits adiponectin signaling, lessens SSc-like
features in mouse models [160]. Taken together, these findings indicate that subcutaneous
adipose tissue is a significant driver of skin fibrosis in SSc.

4.2. Gastrointestinal Pathology

Affecting approximately 90% of patients, gastrointestinal (GI) issues are a leading
cause of morbidity in SSc, stemming from impaired motility and deficient enzyme secretion
throughout the digestive system [161–163]. The esophagus is the most commonly affected
site, resulting in a high prevalence (70–90%) of upper GI symptoms like GERD and dyspha-
gia. Following the esophagus, the anorectal region, small bowel, stomach, and colon are
also frequently involved. This leads to a variety of lower GI symptoms (seen in 20–70% of
patients), which can include small intestinal bacterial overgrowth, malabsorption, diarrhea,
pseudo-obstruction, and fecal incontinence [164].

Consistent with observations in the skin and other internal organs, the common
SSc-specific pathological cascade broadly impacts the GI system, ultimately leading to
extensive atrophy and fibrosis of the gastrointestinal smooth muscle [165]. Addition-
ally, SSc exhibits a GI organ-specific pathology relevant to the complex and highly orga-
nized enteric nervous system. Vascular structural changes, such as capillary rarefaction
and arteriolar stenosis, induce tissue hypoxia throughout the GI tract, resulting in auto-
nomic axonal degeneration [166]. Thus, SSc-associated GI involvement is attributed to
the hypomotility and dysmotility stemming from extensive atrophy and fibrosis of the
enteric smooth muscle, as well as disturbances in the enteric nervous system. Indeed, SSc-
associated esophageal dysfunction comprises three pathological components: (i) reduced
lower esophageal sphincter pressure; (ii) ineffective esophageal body peristalsis, particu-
larly in the lower esophagus; and (iii) discoordination of peristaltic and lower esophageal
sphincter function [161,165,167–169]. Ultimately, the long-term course of SSc-associated GI
involvement often culminates in atrophic and fibrotic changes within the gastrointestinal
smooth muscle. The precise temporal dynamics and predisposing factors associated with
this progression are complex, with recent evidence suggesting that while esophageal dys-
function can occur early, the overall worsening of GI symptoms over extended periods may
be influenced more by characteristics like patient sex and specific autoantibody profiles,
such as ACA, rather than strictly by cutaneous subtypes [170].

The neuropathy in SSc-related GI dysfunction may be partly driven by pathogenic au-
toantibodies. For instance, some patients have antibodies against myenteric neurons [171],
including those specific for the muscarinic acetylcholine receptor M3 [172,173]. These are
considered pathogenic because they disrupt peristalsis in animal experiments [171,172],
and in SSc patients, their levels are associated with more severe GI disease [174], suggesting
a pathogenic role for these antibodies in humans. Consistent with this, the motility of
the pharynx and proximal esophagus, which is regulated by the somatic nervous system,
remains normal in SSc [174,175]. Overall, current evidence supports the concept that a
combination of autoimmunity, vasculopathy, and fibrosis underlies GI involvement in SSc.

Drawing a parallel with the skin, the esophagus’s stratified squamous epithelia may
directly drive fibrosis in SSc. This idea is supported by the Fli1flox/flox; K14-Cre+/− mice,
where the esophagus displays SSc-like molecular features, including increased IL-8 and

42



Sclerosis 2025, 3, 20

prominent IL-1β expression. This epithelial dysfunction could also explain symptoms, as
epithelium-derived cytokines are thought to cause refractory GERD-related and functional
heartburn [176]. This is particularly relevant, because SSc patients’ symptoms often do
not correlate with objective physiological findings [161,177]. Thus, an abnormal epithelial
phenotype is a plausible, though not yet proven, contributor to both fibrosis and heartburn in
SSc.

The gut microbiota is also a key component of GI-specific pathology in SSc. It is known
to modulate the immune system and is implicated in autoimmune diseases through im-
mune dysfunction [178–180]. In SSc, studies show that the intestinal microbial composition
is different from that in healthy individuals, with a decrease in commensal bacteria (e.g.,
Faecalibacterium, Clostridium) and an increase in pathobionts (e.g., Fusobacterium) [181,182].
It is not yet clear whether these changes are a cause or a consequence of SSc or its treat-
ments. However, a report that fecal microbiota transplantation reduced lower GI symptoms
suggests a direct role [183]. More research is needed to clarify the mechanisms by which
the gut microbiota interacts with inflammatory and fibrotic pathways in SSc.

In conclusion, the abnormally activated stratified squamous epithelia and enteric
nervous system dysfunction constitute organ-specific pathological processes within the GI
tract in SSc (Figure 3).

4.3. Pulmonary Pathology

Pulmonary involvement, encompassing ILD and pulmonary hypertension (PH), rep-
resents the primary cause of SSc-related mortality [184,185]. ILD in SSc arises from the
common SSc-specific pathological cascade and can be further influenced by microaspiration
of gastric contents due to GERD. Pulmonary arterial hypertension (PAH) in SSc is attributed
to pulmonary arteriolar stenosis resulting from occlusive vascular fibrosis.

The World Health Organization (WHO) classification categorizes PH into five groups:
Group 1, PAH characterized by pre-capillary pulmonary vasculopathy involving small
pulmonary arterioles; Group 2, PH due to left heart disease; Group 3, PH due to lung
diseases and/or hypoxia (including ILD); Group 4, PH due to pulmonary artery obstruc-
tions (e.g., chronic thromboembolic pulmonary hypertension, CTEPH); and Group 5, PH
with unclear multifactorial mechanisms [186]. SSc-associated pulmonary hypertension
(SSc-PH) most commonly falls into Group 1 (PAH), Group 2, or Group 3 [187,188]. Ad-
ditionally, SSc patients with associated antiphospholipid antibody syndrome may be at
risk for developing Group 4 PH. It has been observed that PAH (Group 1) is the most
frequent form of PH when associated with connective tissue diseases like SSc [189]. These
distinct pathologies, particularly PAH and ILD, can indeed coexist to varying extents in
SSc patients. The presence of concomitant ILD in PAH-SSc patients has been shown to
worsen hemodynamics and pulmonary function tests, making the clinical classification
and management more challenging [189]. Such coexistence of PAH and ILD is a significant
concern, as these are the two leading causes of mortality in SSc [189].

Historically, SSc-PAH was considered more prevalent in patients with limited cuta-
neous SSc (lcSSc) and those with ACA [190,191]. However, the understanding of these
associations continues to evolve with larger and more contemporary cohort studies. For
instance, a meta-analysis by Rubio-Rivas et al. [192] reported an overall PAH prevalence
in SSc of 6.4%, with a prevalence of 7.7% in lcSSc and 6.3% in dcSSc, supporting a higher
prevalence in lcSSc. Survival for patients with Group 1 SSc-PAH has shown improvement
in the most recent decade, potentially due to earlier detection through screening programs
and more effective therapeutic strategies, including upfront combination therapy [188,193].
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Figure 3. Pathophysiological mechanisms of esophageal involvement in systemic sclerosis (SSc). This
schematic illustrates the multi-factorial pathogenesis of gastrointestinal (GI) manifestations in SSc.
The cascade is initiated by immune abnormality, including the presence of anti-muscarinic acetyl-
choline receptor M3 antibodies, and vasculopathy. Both of these pathological processes contribute
to disturbed enteric nervous system function, ultimately resulting in esophageal hypomotility. A
disturbed enteric nervous system induces smooth muscle atrophy, further contributing to esophageal
hypomotility and leading to fibrosis of the esophagus. Esophageal stratified squamous epithelia
can produce inflammatory and fibrotic cytokines, further promoting fibrosis. Functional heartburn
may also occur, potentially linked to inflammatory cytokines produced by the esophageal stratified
squamous epithelia. These interconnected pathways highlight the complex interplay of immune,
vascular, epithelial, and neural factors in SSc-related GERD.

In a more focused sense, SSc-PAH is histologically characterized by a proliferative
and obliterative vasculopathy predominantly affecting the pulmonary arterioles. This
is considered a consequence of the shared SSc-specific pathological cascade involving
endothelial dysfunction, inflammation, and fibrotic remodeling [190]. The vascular lesions
in SSc-PAH often feature perivascular lymphocytic infiltrates and significant intimal fibrosis.
Notably, classical plexiform lesions, which are characteristic of idiopathic PAH, are less
commonly observed in SSc-PAH [190].

Furthermore, the clinical picture of SSc-PAH can be frequently complicated by, or
mimicked by, conditions such as pulmonary veno-occlusive disease (PVOD) or PAH with
overt features of venous/capillaries involvement. PVOD is also classified under WHO
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Group 1 PH but represents a distinct pathological entity primarily affecting pulmonary
venules and capillaries. PVOD arising in a background of connective tissue disease such as
SSc (PVOD-like changes) is a rare but critical condition, often underdiagnosed in SSc due to
its symptomatic similarity to PAH. A key distinguishing concern with regard to PVOD-like
changes is its particularly poor prognosis and the significant risk of precipitating acute
pulmonary edema with the use of PAH-specific vasodilator therapies. Therefore, careful
diagnostic evaluation is paramount. High-resolution computed tomography (HRCT) plays
a vital role when PVOD-like changes is suspected, with characteristic findings including
centrilobular ground-glass opacities, interlobular septal thickening, and mediastinal lymph
node enlargement [187,194].

Therefore, understanding and managing SSc-PH necessitates a comprehensive ap-
proach that considers all components of the pulmonary circulation. Given that SSc is a
disease characterized by multi-organ involvement, a thorough evaluation of all elements re-
lated to pulmonary circulation is essential when addressing PH in these patients (Figure 4).

 

Figure 4. Schematic diagram of the complex pulmonary pathology in SSc, encompassing both ILD
and PH. [Upper panel: Interstitial Lung Disease (ILD)] SSc-ILD pathogenesis is driven by the common
SSc-specific pathological cascade, leading to distinct histological stages of nonspecific interstitial
pneumonia (NSIP), and in some cases, usual interstitial pneumonia (UIP). Gastroesophageal reflux
disease (GERD) acts as an organ-specific modifier, potentially exacerbating ILD progression through
microaspiration and contributing to centrilobular fibrosis (CLF). [Lower panel: Pulmonary Hyperten-
sion (PH)] SSc-PH encompasses pulmonary arterial hypertension (PAH) due to pulmonary arteriolar
fibrosis (Group 1 WHO classification), as well as PH related to cardiac involvement (Group 2) or
ILD (Group 3). SSc-PAH is characterized by pulmonary arteriole occlusion and may coexist with
pulmonary veno-occlusive disease (PVOD)-like changes.
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ILD is detectable in 50–60% of SSc patients via HRCT [195,196]. Risk factors for
the development of SSc-ILD encompass dcSSc [197], African American ethnicity [198],
shorter disease duration [199], older age at disease onset [197], and the presence of anti-
topoisomerase I antibody and/or absence of ACA [197]. ILD typically manifests early in
the course of dcSSc, particularly within the first 3 years of disease onset [197,199,200], while
in lcSSc patients, ILD can arise at any point during the disease course [201]. The clinical
trajectory of SSc-ILD is heterogeneous; some patients maintain stable forced vital capacity
(FVC), whereas others experience a progressive decline in pulmonary function [202]. ILD
progression is generally most pronounced within the initial 4 years following SSc onset, sub-
sequently slowing or ceasing entirely, even without therapeutic intervention [203]. Severe
ILD, defined by an FVC decline below 50%, is reported to affect approximately 15% of the
total SSc population [203,204]. The predominant histological pattern in SSc-ILD is nonspe-
cific interstitial pneumonia (NSIP), observed in roughly two-thirds of patients [205]. Usual
interstitial pneumonia (UIP) is present in a smaller proportion of SSc-ILD cases [205–207]
and may correlate with less favorable prognoses [208].

Histologically, nonspecific interstitial pneumonia (NSIP) in SSc-ILD is categorized into
four stages [209]:

• * Stage 1 (Initial): Characterized by microvessel overdevelopment with structural
abnormalities, and alveolar septal thickening with numerous α-SMA-positive myofi-
broblasts. The overdeveloped microvessels contain blood cells within their lumina,
indicating maintained functional circulation.

• * Stage 2 (Progressive ECM Deposition): Marked by substantial and progressive
ECM deposition, irregular and indistinct alveolar septal borders, further structural
disorganization of microvessels, and obliteration of larger blood vessels. Disarray or
partial loss of the alveolar epithelium is also evident.

• * Stage 3 (Extensive Fibrosis): Progression of fibrosis extensively damages vital lung
structures, including alveoli and vasculature.

• * Stage 4 (Final): The lung transforms into a contracted fibrous organ devoid of alveoli
and vasculature.

The early microvascular alterations and subsequent progressive fibrotic changes rein-
force the concept that SSc-ILD is driven by the common SSc-specific pathological cascade,
similar to other organ involvements.

Above pathological findings suggest the presence of foundational trans-organ patho-
physiology in the lung tissue.

Microaspiration of gastric contents due to GERD is a potential factor driving the
progression of SSc-ILD. Clinical data, histological analyses, and animal studies support this
hypothesis. Several clinical studies have shown a positive correlation between increased
lung fibrosis severity and more frequent reflux episodes, as well as greater proximal
extension of refluxate [210]. In a rat GERD model, pulmonary parenchymal fibrosis was
induced by introducing gastric content into the lungs [211]. Analysis of lung biopsy
specimens identified a distinct histological pattern of lung disease, centrilobular fibrosis
(CLF), particularly prevalent in SSc patients with severe GERD [212]. CLF is characterized
by a predominantly bronchocentric distribution of lesions and the presence of intraluminal
basophilic material and foreign bodies within the bronchi, sometimes accompanied by
multinucleated giant cell reactions. In a prior study examining open lung biopsies from
22 SSc-ILD patients [213], isolated CLF was observed in 21% of cases, and a CLF pattern
was present in 84% of patients with a predominant NSIP pattern, suggesting that GERD
may exacerbate underlying NSIP in SSc-ILD. Although clinical trial data have not yet
demonstrated pulmonary function improvement in SSc-ILD following aggressive GERD
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management, aggressive GERD treatment may still benefit the majority of SSc patients.
Overall, GERD acts as an organ-specific disease modifier in SSc-ILD (Figure 4).

4.4. Cardiovascular Pathology

Histological examination of autopsy tissues from SSc patients without prior clini-
cal cardiac symptoms reveals evidence of myocardial disease in all cases [214]. Thus,
cardiac involvement is nearly ubiquitous in SSc patients, although often clinically
silent [215,216]. Once clinically manifest, however, cardiac involvement carries a poor
prognosis [215,217–219]. Primary cardiac involvement in SSc encompasses a wide spectrum
of clinical manifestations, including arrhythmias, conduction system defects, myocarditis,
pericarditis, systolic and diastolic ventricular dysfunction, and heart failure [220,221]. Pri-
mary myocardial involvement is estimated to account for approximately 30% of deaths in
SSc patients [185,219,222].

In a study employing cardiovascular magnetic resonance (CMR) parametric mapping
in SSc patients, Purevsuren et al. [223] demonstrated that native T1 mapping effectively
detects early myocardial changes and correlates with left-ventricular diastolic dysfunction,
with more pronounced myocardial involvement observed in dcSSc compared to lcSSc.
This finding of early diffuse myocardial edema-like lesions on contrast-enhanced MRI
mirrors the edematous induration seen in early skin lesions of SSc, suggesting a parallel
pathological process, affecting both skin and internal organs, in the initial stages of the
disease.

Although the precise molecular mechanisms of SSc-related cardiomyopathy remain
incompletely understood [220,224–226], the prevailing consensus attributes a central role
to microvascular disease. The proposed mechanism is that structural microvascular defects,
including capillary rarefaction and arteriolar stenosis, result in tissue hypoxia. This oxygen
deprivation is believed to subsequently trigger inflammation and excessive ECM synthesis
by cardiac fibroblasts [215]. This model is supported by histological findings from SSc
autopsy specimens, which show increased inflammation, vascular damage, and ECM
deposition compared to controls [214]. The microvascular origin is further indicated by the
patchy, non-coronary distribution of fibrosis throughout the ventricles [224,227].

In addition to structural damage, abnormal vasoreactivity of small cardiac vessels,
known as “myocardial Raynaud’s phenomenon,” contributes to cardiac involvement in SSc.
This concept is supported by multiple lines of evidence. For instance, cold exposure can
induce this phenomenon in approximately 30% of SSc patients with a history of Raynaud’s,
and the effect is preventable with calcium channel blockers (CCBs) [228]. The therapeutic
benefit of vasodilators like nifedipine, nicardipine, and captopril, which acutely improve
myocardial perfusion and function [229–232], also points to a vasospastic component.
Finally, the absence of prior CCB therapy is an independent factor associated with left-
ventricular dysfunction.

Thus, from a management perspective, the cardiac involvement in SSc must be viewed
as being a result of two distinct categories of vascular change. One category is structural,
encompassing capillary rarefaction and arteriolar stenosis, while the other is functional,
specifically the myocardial Raynaud’s phenomenon.

4.5. Scleroderma Renal Crisis

One frequent form of renal involvement in SSc patients is a subclinical renal vasculopa-
thy, characterized by vascular damage and normal renal function [233]. Scleroderma renal
crisis (SRC) complicates the course of 5–10% of SSc patients [234–237], presenting most com-
monly within the first few years of disease onset, particularly in those with dcSSc [234,236].
Key risk factors include rapidly progressive skin thickening, the presence of anti-RNA
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polymerase III antibodies [234,236,238–240], and recent high-dose corticosteroid therapy
(>15 mg/day) [234–237,241,242]. While strongly associated with anti-RNA polymerase
III antibodies, SRC can rarely occur in patients with lcSSc, including those positive for
ACA [239,241,243,244].

Clinically, SRC typically manifests suddenly, with an abrupt onset of accelerated hy-
pertension (often > 150/85 mmHg or a significant rise from baseline) and acute kidney
injury (AKI), frequently accompanied by headache, visual changes, or signs of hypertensive
encephalopathy or cardiopulmonary failure [234,236,245]. Approximately 10–11% of cases
manifest as normotensive SRC, which may be associated with corticosteroid use and has been
linked to a poorer prognosis, possibly due to delayed diagnosis or a potentially more severe
underlying pathology [234,236,241,245]. Laboratory findings may include microangiopathic
hemolytic anemia (MAHA) and thrombocytopenia, features overlapping with hemolytic
uremic syndrome (HUS)/thrombotic microangiopathy (TMA) [234,236,241,245].

The core pathogenesis involves endothelial injury in renal arterioles, leading to intimal
accumulation of myxoid material, subsequent intimal proliferation resulting in luminal
narrowing (”onion-skin” lesions), thrombosis, and fibrinoid necrosis [234,236,241,245]. Re-
nal biopsy findings, such as the extent of vascular thrombosis, severe glomerular ischemic
collapse, and peritubular capillary C4d deposits, may predict failure to recover renal func-
tion [245]. This vascular damage triggers activation of the renin–angiotensin–aldosterone
system (RAAS), causing hyperreninemia and creating a vicious cycle of worsening hyper-
tension and renal ischemia [234,236,241]. Renal vasospasm (“renal Raynaud’s”) is also
thought to contribute significantly to the reduced renal perfusion [234,236]. Historically,
it has been reported that SSc patients already on angiotensin-converting enzyme (ACE)
inhibitor therapy at the time of SRC onset may experience worse outcomes [236,246,247].
More recently, studies have indicated that prior exposure to ACE inhibitors might not only
be associated with poorer SRC prognosis, but could also represent an independent risk
factor for the development of SRC itself, particularly in hypertensive SSc patients [248].
These findings have led to the recommendation against the prophylactic use of ACE in-
hibitors to prevent SRC in patients, without a clear indication for these drugs, such as
established hypertension [236,247]. This evolving understanding of the complex relation-
ship between ACE inhibitor use and SRC may offer new insights into the underlying
pathogenetic mechanisms of this severe SSc complication.

SRC, along with DUs and SSc-PAH, is considered a manifestation of the systemic,
non-organ-specific vasculopathy underlying SSc, primarily driven by arteriolar stenosis
affecting different vascular territories [13].

5. Conclusions

The current understanding of SSc pathogenesis, bolstered by advanced analytical
methods, has been the focus of this review. The skin’s frequent affliction and ease of
sampling have made it a cornerstone for pathogenetic investigations. Future research,
extending these sophisticated analytical tools to internal organs like the lungs, holds
considerable promise for refining our comprehension of the fundamental, widespread
pathophysiology and the specific factors that modulate organ involvement in SSc. This
improved insight is vital for tailoring more effective treatments, and thereby enhancing
disease management and patient prognosis and opening new therapeutic avenues. It
is acknowledged that SSc treatment strategies are varied, adapt to specific pathological
manifestations, and are the subject of numerous clinical investigations; however, these are
not detailed here, and specialized reviews can offer further information [249–252].

Central to deciphering SSc’s complex cross-organ impact is the identification of its core
pathogenic driver. Although immune dysfunction is characteristic of its autoimmune nature
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and “sclerosis” underscores fibrosis, we propose vasculopathy as the pivotal intermediary
linking aberrant immunity to fibrotic outcomes. This view is informed by clinical patterns
in which vascular alterations are often the first indicators of SSc, as seen with Raynaud’s
phenomenon, and potentially represent the final opportunity for impactful therapeutic
modulation, contrasting with early immune dysregulation, which may be subclinical, and
established fibrosis, which is typically irreversible.
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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-β) 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
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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.
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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 (1q25.1),
STAT4 (2q32.2-q32.3), DNASE1L3 (3p14.3), and IRF5-TNPO3 (7q32.1) 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 TGF-β, 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].

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-β 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 PDE5 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 in-
crease collagen synthesis. Additionally, IL-4 and IL-13 suppress matrix metalloproteinases
(MMPs) [36], further contributing to ECM accumulation (Table 1). These cytokines stimu-
late the production of transforming growth factor-β (TGF-β), 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-β 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-β, 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-β from the ECM, amplifying fibrosis. Plasmacytoid dendritic cells
(pDCs) further contribute by producing interferon-α (IFN-α) 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-β, 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-β, 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-β, 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
(ET-1)

Potent vasoconstrictor; promotes vascular dysfunction,
fibroblast activation, and is elevated in SSc patients. Involved

in PAH and DU development.
[17,28]

Nitric Oxide
(NO)

Vasodilator; its impaired production leads to vascular tone
dysregulation, platelet aggregation, and oxidative injury. [18,19,29]

Vascular Endothelial Growth Factor
(VEGF)

Key factor for angiogenesis; elevated in SSc but ineffective,
leading to defective capillary repair and progressive ischemia. [30,31]

Platelet-Derived Growth Factor
(PDGF)

Induces fibroblast proliferation, contributing to vascular
remodeling and fibrosis; linked to vascular dysfunction in SSc. [26,48]

CXCL4 Chemokine produced by plasmacytoid dendritic cells;
amplifies immune activation, vascular injury, and fibrosis. [47]

Interleukin-6
(IL-6)

Elevated early; drives endothelial activation, Th2 polarization,
and chronic inflammation, and contributes to

vascular damage.
[35,41]

Cytokines/chemokines/growth factors involved in fibrosis

Transforming Growth Factor-β
(TGF-β)

Master regulator of fibrosis; promotes fibroblast activation,
ECM production, myofibroblast differentiation, and

suppresses ECM degradation.
[37,54,55]

Interleukin-4 (IL-4)
Th2 cytokine; enhances fibroblast proliferation and collagen

production, suppresses ECM degradation, and promotes
fibrotic progression.

[36,51]

Interleukin-13 (IL-13) Works alongside IL-4; boosts collagen synthesis and fibroblast
proliferation; and sustains fibrotic cycles. [36,51]

Interleukin-6 (IL-6) In addition to vascular roles, promotes M2 macrophage
polarization and enhances fibrotic signaling. [41,43]

Interferon-α (IFN-α)
Produced by plasmacytoid dendritic cells; promotes immune

activation and maintains fibrotic and
inflammatory environments.

[47]

Oncostatin M Produced by mononuclear cells; acts synergistically with IL-6
to stimulate fibroblast activation and fibrosis. [41]

Connective Tissue Growth Factor
(CTGF)

Acts downstream of TGF-β; critical in fibroblast activation and
persistent ECM accumulation. [56]

Osteopontin (OPN)
Pro-inflammatory glycoprotein promoting fibroblast

activation, myofibroblast differentiation, ECM deposition, and
chronic inflammation; linked to disease severity in SSc.

[57]

Interleukin-17 (IL-17)
Pro-inflammatory cytokine from Th17 cells; enhances

fibroblast proliferation, collagen expression, and synergizes
with TGF-β in fibrotic pathways.

[58,59]

Interleukin-11 (IL-11)
Promotes fibroblast activation, ECM production, and collagen
deposition; implicated in lung and skin fibrosis. Revelant for

cardiac and renal fibrosis.
[60,61]

Interleukin-31 (IL-31) Associated with pruritus in SSc; emerging evidence suggests
profibrotic roles via immune–fibroblast crosstalk. [62,63]
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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 (α-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 (TGFβ) is a key profibrotic cytokine implicated in
SSc pathogenesis (Table 1). Elevated levels of TGFβ are observed in SSc skin and lung
tissues, where it stimulates fibroblast activation, ECM synthesis, and myofibroblast differ-
entiation [54,55]. TGFβ 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]. MicroRNAs
(miRNAs) further contribute to the apoptotic imbalance in SSc. miRNA-21, which is upreg-
ulated in SSc fibroblasts, binds to and degrades the mRNA of pro-apoptotic BAX, further
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. TGFβ, PDGF, 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
contribute 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). TGFβ 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. α11β1 integrin, in particular, plays a critical role in fibrosis
by transducing the mechanical and biochemical signals that sustain myofibroblast activity.
Depletion of α11β1 integrin has been shown to suppress fibrosis and impair fibroblast
transdifferentiation. Increased mechanical tension also promotes TGFβ activation from its
latent form in the ECM (Figure 2). TGFβ is sequestered within the ECM in an inactive state,
but integrin-mediated tension releases active TGFβ, 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 TGFβ
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., TGFβ 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
CAR T 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-β, 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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Abstract: Systemic sclerosis (SSc) is a complex autoimmune disease characterized by vas-
culopathy, immune dysregulation, and progressive fibrosis affecting the skin and internal
organs. Pulmonary complications, including interstitial lung disease (ILD) and pulmonary
arterial hypertension (PAH), are major contributors to morbidity and mortality, while skin
fibrosis remains a hallmark of disease heterogeneity. Despite advances in understanding
SSc pathogenesis, early diagnosis and timely therapeutic intervention remain challenging
due to the rapid progression of inflammation and the narrow window before irreversible
fibrosis occurs. The identification of reliable biomarkers is crucial for improving diagnosis,
monitoring disease activity, and guiding treatment decisions in SSc. While autoantibodies
are well-established diagnostic tools, this review focused on non-autoantibody biomarkers,
including soluble proteins, cytokines, chemokines, epigenetic modifiers, and oxidative
stress indicators. These biomarkers reflect diverse pathogenic mechanisms such as endothe-
lial injury, fibroblast activation, immune signaling, and extracellular matrix remodeling.
By examining the available evidence across both clinical and preclinical studies, this re-
view provides an updated overview of molecular markers involved in inflammation and
fibrosis in SSc. Understanding their biological significance and therapeutic potential may
improve risk stratification, guide targeted interventions, and ultimately contribute to the
development of precision medicine strategies in systemic sclerosis.

Keywords: systemic sclerosis; biomarkers; KL-6; IL-6; skin

1. Introduction

Systemic sclerosis (SSc), commonly referred to as scleroderma, is a multifaceted au-
toimmune disease characterized by vasculopathy, immune system dysregulation, and
progressive fibrosis affecting the skin and internal organs. Among the clinical manifes-
tations, cutaneous and pulmonary involvement are the most prevalent and contribute
significantly to the disease’s morbidity and mortality. Pulmonary complications, such as
interstitial lung disease (ILD) and pulmonary arterial hypertension (PAH), are the lead-
ing causes of death in SSc, while skin fibrosis remains a defining feature of the disease’s
heterogeneity and progression. Despite advances in understanding SSc pathogenesis,
early diagnosis and timely therapeutic intervention remain challenging due to the rapid
progression of the inflammatory phase and the limited window of opportunity before
irreversible fibrosis sets in. The identification of reliable biomarkers is crucial for improving
the early diagnosis, monitoring disease activity, and tailoring therapeutic interventions
in SSc. Biomarkers can serve as indicators of pathological processes and provide insights
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into the mechanisms driving the disease. While autoantibodies, such as anti-Scl-70 and
anti-centromere antibodies, have long been established as diagnostic tools and predictors of
specific clinical phenotypes, this review focused on non-autoantibody biomarkers. Specif-
ically, we examined soluble proteins, cytokines, chemokines, epigenetic regulators, and
other molecular indicators derived from studies in patient populations and animal models.
These biomarkers not only reflect pathophysiological changes but also hold promise as
potential therapeutic targets. Established examples include Krebs von den Lungen-6 (KL-6),
a mucin-like glycoprotein associated with ILD severity; soluble CD146 (sCD146), a marker
of endothelial dysfunction and fibrosis; and galectin-3, a protein implicated in cardiac fibro-
sis and systemic inflammation. Other molecules, such as Gremlin-1, insulin-like growth
factor binding protein-7 (IGFBP7), S100A6, periostin, and malondialdehyde (MDA), are
also explored for their potential roles in reflecting fibrotic progression, vascular remodeling,
oxidative stress, and immune activation. Many of these candidates are currently under
investigation in preclinical models or observational cohorts, contributing to a growing
body of evidence on their potential utility in clinical settings. The exclusion of autoan-
tibodies as biomarkers in this review is deliberate, aiming to emphasize less-explored
molecular players with both diagnostic and therapeutic potential. While autoantibodies
have been instrumental in defining SSc subtypes and predicting organ involvement, they
offer limited insight into the dynamic and multifactorial nature of the disease. By focusing
on non-autoantibody biomarkers, this review seeks to highlight molecules that capture
broader physiological alterations and represent viable targets for intervention in both
early and advanced stages of the disease. This review synthesizes current knowledge
on non-autoantibody biomarkers in SSc, integrating established findings with emerging
data. By examining their clinical relevance, biological roles, and therapeutic potential, we
aimed to improve diagnostic precision and contribute to innovation in systemic sclerosis
management. The ultimate goal is to enhance early detection, guide treatment strategies,
and identify meaningful targets to improve patient outcomes.

2. Biomarkers in Systemic Sclerosis

2.1. IL-6

Interleukin-6 (IL-6) is a multifunctional cytokine that plays a critical role in the patho-
genesis of systemic sclerosis (SSc), a complex autoimmune disease characterized by fibrosis,
vascular dysfunction, and immune dysregulation (Table 1) [1]. IL-6 is produced by various
cell types, including fibroblasts, T cells, B cells, and macrophages, and is involved in both
inflammatory responses and fibrotic processes [2]. In SSc, elevated levels of IL-6 have
been associated with disease severity and progression since fibroblasts produce IL-6 in
response to inflammatory stimuli, which in turn promotes further fibroblast activation and
collagen production [3]. This autocrine loop contributes significantly to the fibrotic process
characteristic of the disease. Additionally, IL-6 has been shown to stimulate the production
of other profibrotic factors, such as platelet-derived growth factor (PDGF) and procollagen
type I, further exacerbating the fibrotic response [3]. The role of IL-6 in SSc extends beyond
fibroblast activation. It is also implicated in the regulation of immune responses, such as
the differentiation and activation of T cells, particularly Th17 cells, which are associated
with inflammation and tissue damage in autoimmune diseases [4]. The interplay between
IL-6 and other cytokines in the inflammatory milieu of SSc underscores its importance in
the disease’s pathophysiology and its therapeutic benefits [5]. Tocilizumab, an anti-IL-6
receptor monoclonal antibody, has shown promise in clinical trials, leading to improve-
ments in skin sclerosis and pulmonary fibrosis in SSc patients [6]. The blockade of IL-6
signaling not only reduces inflammation but also appears to reverse TGF-β activation, a key

78



Sclerosis 2025, 3, 11

pathway involved in fibrosis [7,8]. This suggests that IL-6 plays a dual role in promoting
both inflammation and fibrosis in SSc, making it a potential therapeutic target.

Table 1. Comprehensive list of markers studied in systemic sclerosis.

Biomarker Protein Type Biological Function Possible Role in SSc

MCP-1 (CCL2) Chemokine Monocyte and macrophage
recruitment

Inflammation and fibrosis
in skin and lung

KL-6 Glycoprotein Alveolar injury marker Indicator of interstitial
lung disease in SSc

TGF-β Cytokine Induces fibroblast
differentiation

Key mediator of fibrosis in
SSc

Serum amyloid A (SAA) Acute-phase protein Inflammatory response Associated with ILD and
PAH in SSc

Soluble CD146 Glycoprotein Endothelial function and
angiogenesis

Indicator of ILD and
endothelial dysfunction

CXCL4 Chemokine Inflammation and fibrosis Associated with ILD and
PAH in SSc

sST2 Soluble receptor Modulates IL-33 Predicts progressive
vascular fibrosis in SSc

Endothelin-1 Peptide Vasoconstriction and
fibrosis

Contributes to PAH and
vascular dysfunction

PAI-1 Serine protease inhibitor Inhibits fibrinolysis Promotes fibrosis in skin
and lung

SPARC Matricellular protein ECM remodeling Activates TGF-β and
promotes fibrosis

Fibronectin Glycoprotein Cell adhesion and ECM Altered in SSc fibroblasts

Periostin Matricellular protein Collagen interaction Indicator of fibrosis

Tenascin-C Glycoprotein ECM maintenance Contributes to pulmonary
fibrosis

TET2 Epigenetic regulator DNA demethylation Downregulated in SSc
fibroblasts

Cytohesin-2 Nucleotide exchange factor Fibroblast migration Enhances focal adhesion in
SSc

miR-21 MicroRNA Post-transcriptional
regulation

Activates TGF-β and
promotes fibrosis

miR-29 MicroRNA Collagen regulation Downregulated in SSc,
promoting fibrosis

STING Adaptor protein Innate immune response Excessive activation in SSc

(94)IP-10 (CXCL10) Chemokine Th1 lymphocyte attraction Associated with
pulmonary fibrosis

CCL18 Chemokine Fibroblast activation Associated with ILD
severity and mortality

CX3CL1 Chemokine Monocyte recruitment Promotes fibroblast
activation

HSP47 Chaperone Collagen maturation Promotes ECM
accumulation

TWEAK Cytokine Fibroblast proliferation Enhances vascular damage
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Table 1. Cont.

Biomarker Protein Type Biological Function Possible Role in SSc

Angiopoietin-2 Growth factor Vascular destabilization Biomarker of PAH in SSc

VEGF Growth factor Angiogenesis Elevated in SSc but
ineffective

NOX4 Enzyme ROS production Drives fibrosis

8-Isoprostane Oxidative stress marker Lipid peroxidation Elevated in SSc

Leptin Hormone Energy regulation Promotes inflammatory
activation

Adiponectin Hormone Anti-inflammatory effect Elevated in severe fibrosis

Gremlin-1 Protein BMP regulation Enhances TGF-β-mediated
fibrosis

IGFBP7 Protein IGF modulation Associated with
pulmonary fibrosis

IGF-1 Growth factor Fibroblast differentiation Promotes fibrosis

Galectin-3 Lectin Immune activation and
fibrosis

Indicator of cardiac
involvement

Osteopontin Glycoprotein Cell adhesion Linked to PAH and fibrosis

S100A6 Protein Cell migration Associated with fibroblast
proliferation

FSTL1 Glycoprotein TGF-β enhancer Promotes fibrosis

NETosis Cellular process Neutrophil extracellular
traps release

Promotes endothelial
damage

LRG1 Protein Endothelial dysfunction
modulator

Associated with vascular
fibrosis

2.2. MCP-1

Monocyte Chemoattractant Protein-1 (MCP-1), also known as CCL2, is a chemokine
that plays a significant role in the pathogenesis of SSc (Table 1). It is primarily involved in
the recruitment of monocytes and macrophages to sites of inflammation, contributing to
the inflammatory and fibrotic processes characteristic of the disease [9]. In SSc, elevated
levels of MCP-1 have been associated with disease activity [10]. MCP-1 is produced by
various cell types, including fibroblasts, endothelial cells, and macrophages, in response
to inflammatory stimuli. This production is often upregulated in the skin and lungs
of SSc patients, correlating with the extent of fibrosis and vascular damage [11]. Some
studies have shown that MCP-1 levels are significantly higher in the serum of SSc patients
compared with healthy controls, and these levels correlate with clinical manifestations such
as skin thickening and pulmonary involvement [10]. The MCP-1/CCR2 signaling axis is
crucial in mediating the recruitment of monocytes to inflamed tissues. Upon binding to
its receptor CCR2, MCP-1 activates various intracellular signaling pathways that promote
monocyte migration and activation, leading to the accumulation of inflammatory cells in
affected tissues [12,13]. This process is particularly relevant in SSc, where the influx of
monocytes contributes to the chronic inflammatory environment and subsequent fibrosis.
For example, MCP-1 has been shown to stimulate collagen production by fibroblasts,
enhancing the fibrotic response [14]. Moreover, MCP-1 is implicated in the development
of vascular complications in SSc [10]. Elevated MCP-1 levels have been associated with
pulmonary arterial hypertension (PAH), a severe complication of SSc characterized by
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increased blood pressure in the pulmonary arteries [10]. The recruitment of inflammatory
cells to the pulmonary vasculature can lead to vascular remodeling and dysfunction,
contributing to the pathogenesis of PAH in SSc patients [15,16]. These findings emphasize
the importance of MCP-1 as a target for therapeutic intervention. Recent studies have
explored the therapeutic potential of targeting the MCP-1/CCR2 pathway in SSc [17]. The
signaling axis has shown promise in preclinical models, suggesting that blocking MCP-1 or
its receptor could mitigate the inflammatory and fibrotic processes associated with SSc [18].
Such approaches may provide new avenues for treatment, particularly for patients with
progressive disease.

2.3. KL-6

Krebs von den Lungen-6 is a mucin-like glycoprotein primarily expressed on the
surface of type II alveolar epithelial cells. It has emerged as a significant biomarker for
interstitial lung disease (ILD), particularly in the context of SSc (Table 1). The elevation
of KL-6 levels in serum is indicative of lung injury and has been correlated with disease
severity and progression in SSc-associated ILD [19]. Research has demonstrated that KL-6
concentrations correlate negatively with pulmonary function parameters such as forced
vital capacity (FVC) and diffusing capacity of the lungs for carbon monoxide (DLCO) [20].
It has been reported that reduced FVC and DLCO were significantly associated with
increased KL-6 levels in SSc patients with ILD (r = −0.47 and r = −0.58, respectively; both
p < 0.05) [21]. Also found that serum KL-6 levels at diagnosis could serve as a predictive
biomarker for progression to end-stage lung disease, further emphasizing its prognostic
value [21]. KL-6 has been recognized for its role in the fibrotic process, as it is secreted
in response to lung injury and is involved in the regulation of collagen expression and
myofibroblast differentiation [22,23]. Kuwana et al. identified a baseline KL-6 level >
1273 U/mL as predictive of more severe lung lesions in early SSc and demonstrated that
this cutoff could help stratify patients by ILD progression risk [24]. Similarly, Stock et al.
showed that KL-6 levels exceeding 1472 U/mL were predictive of a ≥15% decline in DLCO
over a 2-year period, highlighting KL-6 as a reliable predictor of functional decline in
SSc-ILD [25]. Elevated KL-6 levels have been associated with the extent of lung fibrosis
and disease progression in other connective tissue diseases, suggesting that it may serve
as a useful biomarker for monitoring disease activity [26]. In a prospective study with a
2-year follow-up, KL-6 was identified as a predictor of early progression in SSc-related
ILD, outperforming other biomarkers such as CCL-18 [27]. The utility of KL-6 extends
beyond SSc, as it has been studied in various interstitial lung diseases, including idiopathic
pulmonary fibrosis (IPF) and other connective tissue diseases. For example, KL-6 levels
have been shown to correlate with high-resolution computed tomography (HRCT) scores
in patients with ILD, indicating its potential as a diagnostic tool [28,29]. Furthermore, KL-6
has been suggested as a biomarker for distinguishing between ILD and other common lung
diseases, enhancing its clinical relevance [27].

2.4. TGF-β

Transforming growth factor-beta is a pivotal cytokine that plays a central role in the
pathogenesis of SSc. The TGF-β signaling pathway is notably overactive in SSc, contribut-
ing significantly to the fibrotic processes that define the disease [30] (Table 1). TGF-β
induces the activation of fibroblasts, leading to their transformation into myofibroblasts,
which are responsible for excessive collagen production and extracellular matrix (ECM)
deposition [31]. This process is mediated through both canonical (Smad-dependent) and
non-canonical (Smad-independent) signaling pathways. The canonical pathway involves
the phosphorylation of Smad proteins, which translocate to the nucleus and regulate the
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expression of fibrotic genes, while the non-canonical pathways involve various signaling
cascades, including those mediated by reactive oxygen species (ROS) and Wnt signal-
ing [32,33]. Some studies have shown that TGF-β levels correlate with disease activity in
SSc patients. Elevated TGF-β expression has been observed in the skin and lungs of individ-
uals with SSc, and this elevation is associated with the severity of fibrosis [34]. Inhibition
of the TGF-β pathway has been proposed as a therapeutic strategy for SSc, with studies
showing that targeting TGF-β signaling can ameliorate fibrosis in experimental models
of the disease [35]. In other connective tissue diseases, it has been shown to stimulate
the production of connective tissue growth factor (CTGF), which further amplifies fibrotic
responses and promotes ECM accumulation [36]. Moreover, TGF-β can induce endothelial-
to-mesenchymal transition (EndMT), a process that contributes to vascular dysfunction
and fibrosis in SSc [37,38]. The interplay between TGF-β and other signaling pathways
is also critical in the context of SSc. For example, TGF-β has been shown to interact with
Wnt signaling, enhancing its profibrotic effects [39]. Additionally, the reciprocal regulation
between TGF-β and ROS suggests a feedback loop that perpetuates fibrogenesis, as ROS
can activate TGF-β signaling, further driving fibrosis [40,41]. Recent studies have explored
the therapeutic potential of targeting TGF-β signaling in SSc. Pharmacological agents that
inhibit TGF-β receptor activity or downstream signaling pathways have demonstrated
antifibrotic effects in preclinical models [41,42].

2.5. Serum Amyloid A

Serum amyloid A (SAA) is an acute-phase protein that plays a significant role in the
inflammatory response and has been studied as a potential biomarker in various diseases,
including SSc and its pulmonary manifestations (Table 1). Elevated levels of SAA have
been associated with disease activity and organ involvement, particularly in patients with
interstitial lung disease (ILD) and pulmonary arterial hypertension (PAH) [43]. SAA levels
can reflect the extent of inflammation and tissue damage, showing that elevated SAA
levels correlate with increased disease severity and can serve as a prognostic marker
for pulmonary complications [43]. In this cohort of SSc patients, higher serum SAA
concentrations were found to be associated with the presence of ILD, suggesting its utility in
monitoring lung involvement [43]. Moreover, SAA has been implicated in the pathogenesis
of ILD. It is believed that SAA may contribute to the fibrotic process by promoting the
activation of fibroblasts and the deposition of extracellular matrix components. SAA has
been studied in other forms of ILD. Elevated SAA levels have been observed in patients
with idiopathic pulmonary fibrosis (IPF) and other connective tissue disease-associated
lung diseases, indicating its broader relevance as a biomarker for lung injury [44]. The
correlation between SAA levels and lung function parameters, such as forced vital capacity
(FVC) and diffusing capacity of the lungs for carbon monoxide (DLCO), further supports
its potential as a non-invasive marker for assessing lung involvement in various interstitial
lung diseases [43]. Furthermore, SAA levels can be influenced by various factors, including
systemic inflammation and comorbidities, which may complicate their interpretation in
clinical practice [45]. Importantly, SAA is largely regulated by upstream IL-6 signaling, and
its elevation may primarily reflect IL-6-driven inflammation rather than direct pathogenic
activity. Indeed, IL-6 blockade with tocilizumab has been shown to reduce SAA levels and
improve lung outcomes in SSc patients [46,47].

2.6. Soluble CD146

Soluble CD146 (sCD146) is a glycoprotein that has garnered attention as a potential
biomarker in SSc, particularly in relation to lung involvement [48] (Table 1). CD146, also
known as melanoma cell adhesion molecule (MCAM), is primarily expressed on endothe-
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lial cells and plays a crucial role in cell adhesion, migration, and angiogenesis. The soluble
form of CD146 is released into circulation and has been implicated in various inflam-
matory and fibrotic processes associated with SSc [49]. Elevated levels of sCD146 have
been correlated with disease activity and severity in SSc patients, particularly those with
interstitial lung disease (ILD) [49]. This correlation suggests that sCD146 could be utilized
to monitor disease progression and therapeutic responses in patients with SSc-related lung
involvement. The generation of sCD146 can arise from both the shedding and alternative
splicing of the primary transcript, with maybe distinct roles in the pathophysiology of
SSc [50]. Moreover, the role of sCD146 extends beyond mere biomarker potential; it may
also be involved in the fibrotic process itself since the protein has been shown to act as a
growth factor in various angiogenic and inflammation-related pathologies, suggesting that
it could contribute to the mechanisms driving fibrosis in SSc [51]. This dual role as both a
biomarker and a participant in disease pathology makes sCD146 a compelling target for
further research [52].

2.7. CXCL4

CXCL4, also known as platelet factor 4, is a chemokine that has emerged as a significant
biomarker in SSc. Elevated levels of CXCL4 have been associated with various clinical
manifestations of the disease, including interstitial lung disease (ILD) and pulmonary
arterial hypertension (PAH) [53] (Table 1). CXCL4 has been shown to play a crucial role in
pathogenesis by influencing inflammatory and fibrotic processes. Circulating CXCL4 levels
are increased in SSc patients and correlate with the progression of heart and lung disease,
suggesting its potential as a biomarker for monitoring disease activity [54]. Moreover,
changes in plasma CXCL4 levels were associated with improvements in lung function in
patients receiving immunosuppressive therapy for SSc-related ILD [55]. Such correlations
highlight the utility of CXCL4 in assessing therapeutic responses and disease progression.
Furthermore, CXCL4 has been implicated in the fibrotic phenomenon associated with
SSc. It is known to promote fibroblast activation and collagen production, contributing
to the excessive fibrosis seen in SSc patients [56]. The chemokine’s ability to trigger
monocytes and macrophages to produce platelet-derived growth factor (PDGF-BB) further
underscores its role in the fibrotic cascade [56,57]. Additionally, CXCL4 has been shown
to induce endothelial-to-mesenchymal transition, a process that facilitates fibrosis and
vascular remodeling [56]. The immune-modulatory functions of CXCL4 extend beyond
fibrosis; it also influences T-cell responses. CXCL4 drives CD4 T cells to produce interleukin-
17 (IL-17), linking it to Th17-mediated inflammation, which is often observed in SSc [56].
This Th17 skewing is significant, as it is associated with the inflammatory milieu in SSc
and contributes to the disease’s progression. Moreover, CXCL4 has been identified as a
potential marker for predicting disease prognosis since anti-CXCL4 antibodies are present
in SSc patients and correlate with the type I interferon signature, which is characteristic of
a subset of SSc patients with more severe disease [58].

2.8. sST2

Soluble suppression of tumorigenicity 2 (sST2) is a member of the interleukin-1 recep-
tor family. It is primarily recognized for its role in inflammation and fibrosis, particularly
in the context of cardiovascular and pulmonary complications associated with SSc [59]
(Table 1). It has been shown that elevated levels of sST2 are associated with disease severity
and progression in SSc patients, where sST2 levels were significantly higher in patients
with limited cutaneous systemic sclerosis (lcSSc) after nine years of disease compared with
those with stable disease, indicating its potential as a biomarker for progressive vascular
fibrosis [60]. This correlation suggests that sST2 may reflect the underlying pathophysio-
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logical processes in SSc, particularly those related to vascular remodeling and fibrosis. The
role of sST2 extends beyond mere correlation with disease severity; it is also involved in
the inflammatory response. Elevated sST2 levels have been linked to increased activity of
interleukin-33 (IL-33), a cytokine that plays a critical role in promoting inflammation and
fibrosis in SSc. The interaction between IL-33 and sST2 is complex, as sST2 acts as a decoy
receptor for IL-33, potentially modulating its effects on inflammation and fibrosis [61].
Beyond its implications for vascular and fibrotic processes, sST2 has been associated with
cardiac involvement in SSc. Elevated sST2 levels have been correlated with adverse car-
diovascular events, making it a potential prognostic marker for cardiac complications in
SSc patients [62]. sST2 has been shown to predict mortality in patients with heart failure,
which may be relevant for SSc patients who often experience cardiac manifestations [63].
Furthermore, sST2 has been shown to reflect hemodynamic stress and pulmonary conges-
tion, indicating its broader relevance in assessing lung involvement. Also, increased sST2
levels have been associated with pulmonary hypertension, suggesting that it may serve as
a biomarker for assessing pulmonary vascular health in SSc patients [64].

2.9. Endotelin-1

Endothelin-1 (ET-1) is a potent vasoconstrictor peptide. Elevated levels of ET-1 have
been consistently observed in SSc patients, correlating with disease severity and the pres-
ence of vascular complications such as pulmonary arterial hypertension (PAH) and digital
ulcers [65] (Table 1). The role of ET-1 in SSc extends beyond its vasoconstrictive properties.
It is involved in promoting inflammation and fibrosis, contributing to the excessive accumu-
lation of extracellular matrix (ECM) components characteristic of SSc since ET-1 stimulates
fibroblast proliferation and collagen synthesis, thereby enhancing the fibrotic response [66].
This profibrotic effect is mediated through the activation of endothelin receptors, primarily
the endothelin type A (ETA) receptor, which has been shown to be upregulated in SSc
fibroblasts [67]. The interaction between ET-1 and its receptors leads to the activation
of signaling pathways that promote myofibroblast differentiation, a key process in the
development of fibrosis [68]. Clinical studies have demonstrated that antagonism of the
endothelin pathway can have beneficial effects on SSc. Bosentan, an oral dual endothe-
lin receptor antagonist, has been shown to reduce the incidence of new digital ulcers in
patients with SSc, highlighting the therapeutic potential of targeting ET-1 signaling [69].
Additionally, bosentan has been associated with improvements in pulmonary function and
a reduction in the progression of pulmonary hypertension in SSc patients [70]. However,
the effects of endothelin receptor antagonists on skin fibrosis remain less clear, with some
studies indicating limited efficacy in this regard [71]. The involvement of ET-1 in the patho-
genesis of SSc is based also on the interaction with transforming growth factor-beta (TGF-β),
another key cytokine in SSc, to enhance fibrotic processes [72]. This interaction suggests a
complex network of signaling pathways that contribute to the disease’s progression, where
ET-1 not only acts as a vasoconstrictor but also as a mediator of fibrosis and inflammation.
Moreover, the expression of ET-1 and its receptors has been observed in various cell types
involved in SSc, including endothelial cells, fibroblasts, and immune cells [73].

3. Other Biomarkers in Systemic Sclerosis

3.1. Extracellular Matrix Biomarkers in Systemic Sclerosis

The extracellular matrix (ECM) plays a pivotal role in the pathogenesis of systemic
sclerosis (SSc), where excessive fibrosis and abnormal tissue remodeling drive disease
progression. Several ECM-related proteins have been implicated in SSc, including plas-
minogen activator inhibitor-1 (PAI-1), secreted protein acidic and rich in cysteine (SPARC),
and various collagen-associated molecules. PAI-1 is a serine protease inhibitor that dis-
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rupts fibrinolysis by inhibiting tPA and uPA, leading to excessive ECM deposition and
fibrosis [74]. Elevated PAI-1 levels have been observed in the epidermis and endothelium
of SSc patients, suggesting a role in fibrosis and vascular abnormalities [75]. Additionally,
increased PAI-1 expression has been linked to diminished lung function, indicating its
involvement in pulmonary fibrosis [75]. These findings highlight the potential of PAI-1
as a biomarker for disease activity in SSc, particularly concerning skin and pulmonary
involvement [76]. SPARC, also known as osteonectin, is a protein that regulates ECM
remodeling and collagen turnover. Increased SPARC expression in SSc fibroblasts enhances
TGF-β signaling, leading to myofibroblast differentiation and excessive collagen produc-
tion [77]. Additionally, SPARC has been linked to macrophage activation and endothelial
dysfunction, highlighting its role in both inflammation and fibrosis [78]. Beyond these,
dysregulated ECM proteins such as fibronectin, periostin, and tenascin-C contribute to the
fibrotic response by altering fibroblast signaling and ECM integrity [79,80]. Clinical studies
suggest that targeting PAI-1 and SPARC signaling pathways could be promising strategies
for reducing fibrosis and restoring ECM balance in SSc [81] (Table 1).

3.2. Gene Activity Modifiers in Systemic Sclerosis

Epigenetic modifications and post-transcriptional regulation play critical roles in
the pathogenesis of SSc. Among the most relevant genetic modulators in SSc are TET2
(ten-eleven translocation 2), cytohesin-2, and various microRNAs (miRNAs). TET2 is an
epigenetic regulator involved in DNA demethylation, and its downregulation in SSc fibrob-
lasts has been associated with hypermethylation of antifibrotic genes, leading to excessive
collagen deposition and myofibroblast activation [82]. Cytohesin-2, a guanine nucleotide
exchange factor, plays a role in fibroblast migration and ECM remodeling through the acti-
vation of ARF (ADP-ribosylation factor) GTPases [83,84]. Increased cytohesin-2 expression
in SSc fibroblasts promotes paxillin-mediated focal adhesion, reinforcing the profibrotic
phenotype [85]. Additionally, several miRNAs have been identified as key regulators
of fibrosis and immune activation in SSc. miR-21, for instance, enhances TGF-β-driven
fibroblast activation [86], while miR-29, which is downregulated in SSc, acts as a negative
regulator of collagen production [87,88]. Other studies have also highlighted the STING
pathway, which amplifies type I interferon responses and contributes to fibrosis via NF-κB
signaling [89] (Table 1).

3.3. Cytokines and Chemokines in Systemic Sclerosis

The inflammatory landscape of SSc is shaped by a complex network of cytokines and
chemokines that drive immune dysregulation. IP-10 (CXCL10), a chemokine-induced by
interferon-gamma, is a potent attractant for Th1 lymphocytes and contributes to chronic
immune activation [90]. Increased serum levels of IP-10 have been linked to pulmonary fi-
brosis and digital ulcers, suggesting its potential as a biomarker for disease progression [91].
Similarly, CCL18 (pulmonary and activation-regulated chemokine, PARC) is overexpressed
in alternatively activated macrophages in SSc, promoting fibroblast proliferation and col-
lagen deposition [92]. Elevated CCL18 levels in SSc patients correlate with lung fibrosis
severity and increased mortality, underscoring its prognostic significance [93]. In addition
to these chemokines, the CX3CL1-CX3CR1 axis facilitates monocyte recruitment and fibrob-
last activation, exacerbating the fibrotic process [94,95]. Emerging evidence also suggests
a role for HSP47, a collagen-specific chaperone, in SSc fibrosis by stabilizing procollagen
molecules in the endoplasmic reticulum, reinforcing excessive ECM accumulation [96,97].
Finally, targeting pro-inflammatory cytokines such as TWEAK (TNF-like weak inducer of
apoptosis), which enhances fibroblast proliferation and monocyte recruitment, may offer
novel therapeutic avenues for reducing fibrosis and vascular damage in SSc [98] (Table 1).
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3.4. Vascular Modulators in Systemic Sclerosis

Vascular dysfunction is a hallmark of SSc, together with endothelial damage, aberrant
angiogenesis, and vasculopathy, which play roles in disease progression. Among the key
regulators of vascular homeostasis in SSc are angiopoietin-2 (Ang-2), vascular endothelial
growth factor (VEGF), and plasminogen activator inhibitor-1 (PAI-1). Ang-2, produced by
endothelial cells, destabilizes vascular structures, promoting inflammation and fibrosis [99].
Elevated Ang-2 levels correlate with pulmonary arterial hypertension (PAH) severity in SSc
patients, suggesting its potential as a biomarker [100]. Decreased Angiopoietin-1 (Ang1)
levels and increased Angiopoietin-2 (Ang2) levels have been observed in SSc patients
compared with healthy controls, supporting the hypothesis that an imbalance between
these molecules contributes to aberrant angiogenesis and microvascular damage [101].
Conversely, VEGF, a crucial pro-angiogenic factor, is paradoxically increased in SSc but fails
to compensate for the loss of microvasculature, leading to ineffective angiogenesis [102,103].
PAI-1, a major inhibitor of fibrinolysis, contributes to endothelial dysfunction by promoting
pro-coagulant activity, further exacerbating vascular complications [104] (Table 1).

3.5. Oxidative Stress in Systemic Sclerosis

Increased reactive oxygen species (ROS) production by endothelial cells and activated
fibroblasts promotes DNA damage, cytokine release, and fibroblast differentiation [105].
Among the most studied oxidative stress mediators in SSc is NADPH oxidase (NOX), partic-
ularly NOX4, which is overexpressed in fibroblasts and contributes to TGF-β-driven fibro-
sis [106]. Additionally, markers of oxidative damage, such as 8-isoprostane and advanced
oxidation protein products (AOPP), have been found elevated in SSc [107]. Oxidative stress
also impacts endothelial dysfunction by reducing nitric oxide (NO) bioavailability, lead-
ing to vasoconstriction and microvascular damage [108]. Antioxidant therapies targeting
NOX4 inhibition, mitochondrial dysfunction, and ROS scavengers have shown promise
in preclinical models, suggesting that counteracting oxidative stress could slow disease
progression [109] (Table 1).

3.6. Hormones in Systemic Sclerosis

Leptin, an adipokine primarily produced by adipocytes, is involved in immune modu-
lation, energy homeostasis, and fibrotic signaling. Elevated serum leptin levels have been
observed in SSc patients, correlating with disease severity, pulmonary arterial hypertension
(PAH), and skin fibrosis [110,111]. Leptin promotes macrophage activation and T-cell pro-
liferation, leading to a pro-inflammatory environment that amplifies fibroblast activation
and extracellular matrix (ECM) deposition in other connective tissue diseases [112]. It has
been proposed that adiponectin may mitigate endothelial damage and fibroblast overac-
tivation [113]. Another critical player is gremlin-1, a BMP (bone morphogenetic protein)
antagonist that inhibits antifibrotic BMP-4 and BMP-7 signaling, thereby enhancing TGF-β-
mediated fibrosis in SSc [114,115]. IGFBP7 (insulin-like growth factor binding protein 7)
is another emerging biomarker in SSc, as its elevated levels are associated with fibroblast
proliferation, endothelial dysfunction, and pulmonary fibrosis progression [116,117]. Also,
IGF-1 (insulin-like growth factor 1) is upregulated in SSc and contributes to fibroblast
differentiation and collagen production, further exacerbating fibrosis and inflammation
in other models [118]. Studies suggest that targeting leptin, gremlin-1, or IGF-1 pathways
could modulate fibrotic signaling with the potential to slow fibrotic progression in other
diseases [118] (Table 1).

86



Sclerosis 2025, 3, 11

3.7. Other Modulators in Systemic Sclerosis

Galectin-3, a β-galactoside-binding lectin, has been implicated in immune activation
and fibrosis in SSc. Studies have shown that elevated serum galectin-3 levels correlate with
cardiac involvement, pulmonary fibrosis, and increased mortality [119,120]. Galectin-3
enhances fibroblast activation, promotes TGF-β signaling, and facilitates myofibroblast
differentiation, reinforcing pathological ECM remodeling [121]. Osteopontin (OPN), a
glycoprotein involved in cell adhesion and immune regulation, is also upregulated in
SSc, driving monocyte recruitment, fibroblast activation, and collagen synthesis [122].
Some studies suggest that elevated OPN levels predict pulmonary arterial hypertension
(PAH) and increased mortality in SSc patients [122]. Another emerging biomarker is
S100A6 (calcyclin), a calcium-binding protein associated with fibroblast proliferation,
inflammatory cell migration, and oxidative stress responses in SSc [123]. FSTL1 (follistatin-
like 1), a secreted glycoprotein, has been identified as a potent TGF-β enhancer, exacerbating
fibroblast activation and ECM accumulation [124]. In addition, NETosis, a process where
neutrophils release extracellular traps (NETs) composed of chromatin and proteases, has
been implicated in vascular injury and immune dysregulation in SSc [125]. Excessive
NET formation promotes endothelial damage and amplifies the fibrotic response in other
models [126]. Finally, LRG1 (leucine-rich alpha-2-glycoprotein 1) is emerging as a key
regulator of endothelial dysfunction and fibroblast differentiation, with increased LRG1
levels being associated with other inflammatory vascular complications [127,128] (Table 1).

4. Discussion

Systemic sclerosis (SSc) presents unique challenges that necessitate the search for
early biomarkers capable of aiding in diagnosis and predicting specific organ involve-
ment. Defining “early” in this context is complex, as a diagnosis cannot precede clinical
manifestations—a long-standing issue in rheumatology. SSc typically progresses through
cyclical phases, transitioning from an inflammatory state to a fibrotic one, often within as
little as a year. In some cases, these cycles occur only once, while in others, each episode
triggers additional organ involvement. While cutaneous manifestations remain a primary
diagnostic focus, the early identification of rapidly progressive forms, as well as pulmonary,
pulmonary vascular, and fibrotic cardiac involvement, should be prioritized.

Several biomarkers have emerged from studies on pulmonary involvement in SSc. KL-
6, cytokines that act as precursors to the inflammatory process, and molecules associated
with extracellular matrix deposition and fibrotic activation have been highlighted as poten-
tial indicators of progressive and irreversible lung fibrosis in patients with interstitial lung
disease (ILD). A crucial question that arises is whether identifying a biomarker that reflects
the underlying pathophysiological process is sufficient to provide therapeutic targets for
halting disease progression.

Recent literature reinforces the central role of inflammation- and fibrosis-related medi-
ators in systemic sclerosis pathogenesis. Notably, TNF-α has been linked to both fibrotic
progression and vascular injury, with elevated levels correlating with pulmonary fibrosis
and PAH [129]. The modulation of TNF-α and downstream markers such as VEGF, IL-6,
and type I/III collagen fragments through biologic therapy provides further support for
their use as dynamic biomarkers. Parallel insights from the EUSTAR cohort highlight how
racial background influences autoantibody profiles (ACA, ATA) and pulmonary parame-
ters such as FVC and DLCO, underlining the relevance of stratifying biomarker analysis by
patient ancestry [130].

As a research group, we suggest that organizing biomarker interpretation around
their molecular function and temporal involvement in disease progression could enhance
our ability to predict tissue damage in systemic sclerosis. A plausible strategy may in-
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volve first establishing an inflammatory signature at the time of diagnosis, regardless of
clinical phenotype. This could then be complemented by the identification of markers
reflecting early activation of damage-related pathways in target organs—such as endothe-
lial dysfunction or cardiomyocyte stress—and, finally, by assessing proteins associated
with fibrotic commitment or irreversible remodeling. In this framework, incorporating
epigenetic biomarkers, including regulatory proteins and non-coding RNAs, may offer
an additional layer of insight, helping to define a patient-specific molecular signature at
baseline that could inform both prognosis and treatment planning. Furthermore, leveraging
multidimensional data analysis, including dimensionality reduction techniques such as
principal component analysis (PCA), could enable a more precise reclassification of SSc
subtypes at the time of diagnosis. This approach may help identify patients at higher
risk of developing severe disease phenotypes or specific organ complications, facilitating
personalized therapeutic strategies.

5. Conclusions

In this review, we compiled a comprehensive list of biomarkers with potential in-
volvement in inflammatory, fibrotic pathways observed in SSc. Some of these markers
have been validated in animal models, while others have been extensively studied in
patient cohorts with defined clinical outcomes. The greatest challenge remains in further
investigating and understanding the inflammatory pathways that drive terminal fibrosis
and its progression rate, particularly in rapidly progressive skin forms. Identifying reliable
and specific biomarkers for these processes could, through the integration of multiple
variables, help establish a predictive profile for preventing irreversible tissue damage in
SSc patients. Future studies should prioritize multi-omic approaches to better define the
temporal dynamics of biomarker expression and their predictive value in disease progres-
sion. Ultimately, translating these molecular insights into clinical practice will be essential
for developing targeted therapies, improving patient outcomes, and advancing precision
medicine in systemic sclerosis.
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Abstract: Background: Systemic sclerosis (SSc), also known as scleroderma, is a complex,
chronic autoimmune disease characterized by fibrosis of the skin and internal organs, vas-
culopathy, and immune system dysregulation. The treatment of SSc has historically focused
on symptom management and slowing down disease progression through conventional
immune-suppressive agents. New therapeutic approaches have been emerging due to
advances in understanding of the disease mechanisms, particularly in the areas of fibrosis,
vascular involvement, and immune dysregulation. Methods: In this review of the literature,
we discuss the current stage of development of B-cell-depleting immune therapies in SSc.
Results: B-cell depletion therapy has become an area of growing interest in the treatment of
SSc due to the role played by B cells in the pathogenesis of the disease. There is increasing
evidence that B cells contribute to disease progression through multiple mechanisms. B
cells in SSc are implicated in autoantibody production, cytokine production, and fibroblast
activation. B cells are responsible for producing autoantibodies, such as anti-topoisomerase
I (Scl-70) and anti-centromere antibodies, which are hallmarks of SSc. B cells release pro-
inflammatory cytokines (such as interleukin-6 [IL-6] and transforming growth factor β

[TGF-β]), which promote fibrosis and inflammation, they also contribute to the activation
of fibroblasts, the cells responsible for excessive collagen production and fibrosis, a key
feature of SSc. Conclusions: In light of these findings, therapies that target B cells are being
investigated for their potential to modify the disease course in SSc, particularly by reducing
autoantibody production, inflammation, and fibrosis.

Keywords: systemic sclerosis; autoimmunity; blinatumomab; B-cell depletion therapy

1. Introduction

Systemic sclerosis (SSc), also known as scleroderma, is a rare, chronic autoimmune
connective tissue disorder characterized by fibrosis (thickening) of the skin and internal
organs, vasculopathy (blood vessel dysfunction), and immune dysregulation. It primarily
affects the skin, but can also involve various internal organs, including the heart, lungs,
kidneys, and gastrointestinal tract. Systemic sclerosis has a broad spectrum of clinical
manifestations, ranging from mild skin involvement to severe, life-threatening organ dys-
function. Systemic sclerosis is a rare disease, with an estimated prevalence of 50–300 cases
per million people worldwide. The female-to-male ratio is approximately 4:1. Disease
incidence peaks between 30 and 50 years [1].

Sclerosis 2025, 3, 5 https://doi.org/10.3390/sclerosis3010005
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Systemic sclerosis is classified into two major subtypes based on the extent of skin
involvement. In limited cutaneous SSc, skin involvement is restricted to the hands, face,
forearms, and feet. Commonly associated with a subtype called CREST syndrome, which
includes Calcinosis, Raynaud’s phenomenon, Esophageal dysmotility, Sclerodactyly, and
Telangiectasias, internal organ involvement is generally less severe, but can still occur,
particularly leading to pulmonary hypertension.

In diffuse cutaneous SSc, skin thickening extends beyond the hands and face, involving
the trunk and proximal limbs, and is more likely to involve internal organs, including the
lungs (interstitial lung disease [ILD]), heart, kidneys, and gastrointestinal system, with
early and rapid visceral progression [1].

Systemic sclerosis holds a substantial risk of premature death. Mortality rates can be
up to eightfold higher as compared with the general population [1].

The underlying mechanisms of SSc involve a complex interplay of immune system
activation, vascular injury, and excessive fibrosis. The immune system attacks the body’s
tissues, resulting in chronic inflammation. A hallmark feature is the presence of specific
autoantibodies, such as anti-centromere antibodies (common in limited cutaneous SSc) and
anti-topoisomerase I (Scl-70) antibodies (associated with diffuse cutaneous SSc) [2]. Au-
toantibodies exacerbate endothelial dysfunction, which is central to vascular abnormalities
in SSc (e.g., Raynaud’s phenomenon and digital ulcers). Raynaud’s phenomenon is defined
by episodes of vasospasm in response to cold or stress, causing the fingers and toes to turn
white, blue, or red [3]. Persistent presence of autoantibodies contributes to chronic immune
dysregulation and fibrosis. Fibroblast-directed antibodies promote inflammation and fibro-
sis, amplifying tissue damage [4]. An overproduction of collagen and other extracellular
matrix components leads to the thickening and hardening of the skin and internal organs.
Skin thickening and hardening starting with swelling in the fingers is called sclerodactyly.
Hyperpigmentation or hypopigmentation occurs in affected areas, and telangiectasias can
be observed on the skin’s surface. Esophageal dysmotility leads to acid reflux and difficulty
in swallowing. Small bowel involvement can cause malabsorption, bloating, diarrhea, and,
in most severe forms, paralytic ileus.

Interstitial lung disease and pulmonary arterial hypertension are major causes of
morbidity and mortality. Symptoms include dyspnea, cough, and reduced exercise toler-
ance. Renal involvement can lead to scleroderma renal crisis, a potentially life-threatening
condition characterized by a sudden onset of hypertension and renal failure. Cardiac
involvement includes arrhythmias, heart failure, and pericarditis. The diagnosis of SSc is
based on clinical features, autoantibody testing, and imaging studies [1].

2. Standard Treatment

The treatment of SSc is primarily focused on managing the specific symptoms and
complications of the disease, as, at least so far, there is no known cure. Treatment approaches
depend on whether the patient has limited cutaneous SSc or diffuse cutaneous SSc, as well
as on the severity and type of organ involvement (e.g., pulmonary, renal, gastrointestinal).

Recommendations for the treatment of patients with SSc have been recently published
by the European Alliance of Associations for Rheumatology (EULAR) in their updated
guidelines [5]. The drugs usually employed depend on the organs involved and on the
severity of the clinical manifestations, ranging from classical immune-suppressive drugs
(including steroids, mofetil mycophenolate, methotrexate, and rituximab) to vascular-active
agents (including phosphodiesterase 5 [PDE5] inhibitors, such as sildenafil, tadalafil, and
vardenafil, or endothelin receptor antagonists (ERAs), such as bosentan and ambrisentan)
in patients with ILD. Considering the poor prognosis of patients with lung involvement, the
anti-interleukin-6 (IL-6) monoclonal antibody tocilizumab and the tyrosine-kinase inhibitor
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nintedanib are also considered for preventing the progression of SSc-associated ILD. For
a more detailed overview of the different treatment options for patients with SSc, please
refer to the recent EULAR recommendations [5].

In brief synthesis, treatment of skin and soft tissue involvement includes topical
treatments, immune-suppressive drugs, and physical therapy. Topical treatments can, for
example, include moisturizers and emollients, which can improve dryness of the skin.
Immune-suppressive medications, such as methotrexate, mycophenolate mofetil, and
cyclophosphamide, are administered against progressive skin thickening and fibrosis at
early stages of diffuse cutaneous SSc. Physical therapy is applied to prevent contractures
and stiffness. In some cases, phototherapy has improved skin symptoms in SSc [6].

Treatment of Raynaud’s phenomenon includes calcium channel blockers (e.g., nifedip-
ine or amlodipine), PDE5 inhibitors (e.g., sildenafil, tadalafil), endothelin receptor antag-
onists (e.g., bosentan), or iloprost (intravenous prostacyclin analog). Calcium channel
blockers are also used as a first-line treatment to induce vasodilation.

For ILD, mycophenolate mofetil and cyclophosphamide are commonly administered
as immune-suppressive agents. Nintedanib is an antifibrotic agent, while rituximab, an
anti-cluster of differentiation 20 (anti-CD20) monoclonal antibody, is used as a B-cell-
depleting agent. For pulmonary arterial hypertension, endothelin receptor antagonists
(e.g., bosentan, ambrisentan) are administered to reduce vascular resistance in the lungs.
Phosphodiesterase-5 inhibitors (e.g., sildenafil, tadalafil) improve vasodilation and exercise
capacity. Prostacyclin analogs (e.g., epoprostenol, treprostinil, iloprost) are reserved for
more advanced cases. Soluble guanylate cyclase stimulators (e.g., riociguat) are applied for
increasing nitric oxide signaling and reducing pulmonary pressure [6].

Scleroderma renal crisis is a life-threatening complication, usually presenting with
abrupt onset of severe hypertension and renal failure. Angiotensin-converting enzyme
(ACE) inhibitors (e.g., captopril, enalapril) are the first-line choices of treatment.

Proton-pump inhibitors (e.g., omeprazole, lansoprazole) are widely used to treat
gastroesophageal reflux disease, which is common in SSc. Prokinetic agents (e.g., metoclo-
pramide, domperidone) are used to improve gastric emptying and reduce dysphagia and
bloating. Antibiotics (e.g., rifaximin, tetracyclines) may be needed for treating bacterial
overgrowth in the small intestine. Special diets (low-fiber, small frequent meals) may be
recommended, and in severe cases, total parenteral nutrition may become necessary [6].

Immune-suppressive therapy (e.g., cyclophosphamide or mycophenolate mofetil) is
applied to manage myocardial inflammation. Anti-arrhythmic drugs (e.g., amiodarone,
beta-blockers) may be needed to control arrhythmias. Heart failure medications (e.g., di-
uretics, ACE inhibitors, beta-blockers) are used in cases of systolic or diastolic heart failure.

Immunomodulatory and anti-fibrotic therapies include a heterogeneous group of
compounds. Cyclophosphamide is often used for severe skin disease and pulmonary
involvement. It is typically given in cases of rapidly progressing diffuse cutaneous SSc with
organ involvement. Mycophenolate mofetil is used as alternative to cyclophosphamide.
Rituximab is studied for its role in reducing disease progression. Tocilizumab, an IL-6
receptor antagonist, has been studied for its potential role in reducing the progression of
skin fibrosis. Autologous hematopoietic stem cell transplantation (HSCT), as an experimen-
tal therapy, has shown promise in selected patients with severe and rapidly progressing
diffuse cutaneous SSc, offering the potential to reset the immune system [6–8].

3. B-Cell-Depleting Therapies as New Approach

In SSc, the excessive activation of the immune system contributes to fibrosis, vascu-
lopathy, and tissue damage, raising the possibility that therapies aimed at reprogramming
or depleting specific immune cells might help mitigate disease progression. B cells are
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involved in the autoimmune processes of SSc by producing autoantibodies, contributing to
immune activation, and promoting fibrosis through the release of pro-fibrotic cytokines. Au-
toantibodies, such as anti-topoisomerase I (anti-Scl-70) and anti-centromere antibodies, are
commonly associated with SSc, reflecting B-cell dysregulation. Recent evidence suggests
that B cells play a key role in many autoimmune diseases by producing autoantibodies,
including those that are commonly found in SSc [9].

4. Remodeling of the B-Cell Compartment

B-cell depletion, a therapeutic strategy employed in various autoimmune diseases and
B-cell malignancies, induces significant changes within the immune system, commonly
referred to as immune system remodeling. This process involves a series of adaptive
responses that modify the composition, function, and interactions of immune cells, ulti-
mately aiming to restore immune homeostasis while preserving the essential components
of immune defense [10].

Surface antigens like CD19, CD20, and B-cell maturation antigen (BCMA) are tar-
geted by therapies designed to eliminate autoreactive B cells. Food and Drug Admin-
istration (FDA)-approved T-cell engagers and chimeric antigen receptor T-cell (CAR-T)
products have shown unprecedented efficacy in treating B-cell malignancies, such as acute
lymphoblastic leukemia (ALL), non-Hodgkin lymphoma (NHL), and multiple myeloma
(MM) [11–14]. These therapies work by selectively depleting B cells expressing specific
markers, leading to profound changes in the immune landscape.

B-cell depletion therapies, particularly those targeting CD19, CD20, and BCMA, em-
ploy mechanisms such as antibody-mediated cell death, immune cell-mediated cytotoxicity,
and CAR-T cell-induced apoptosis (see also Table 1) [15]. These interventions result in
the elimination of both malignant and autoreactive B cells, thereby reducing pathogenic
immune responses.

CD19 is a transmembrane glycoprotein expressed across various stages of B-cell
development, from B-cell precursors to plasmablasts. Therapies targeting CD19, such
as blinatumomab and CAR-T cell treatments, have demonstrated significant B-cell de-
pletion, leading to long-term remissions in B-cell malignancies [12,13] and autoimmune
diseases [16]. Notably, CD19 is absent on long-lived plasma cells, preserving these cells
and maintaining antibody production and protective immunity against pathogens [15].

CD20 is predominantly expressed on mature B cells and absent on early progenitors
and plasma cells. Anti-CD20 therapies effectively deplete mature B cells, but may not
comprehensively eliminate autoreactive cells across all developmental stages [17]. Despite
this limitation, these therapies contribute to the remodeling of the B-cell compartment by
reducing the number of mature B cells and altering the immune environment [18].

BCMA is highly expressed on plasma cells and certain mature B cells, particularly
in MM. Targeting BCMA primarily impacts plasma cells, leading to their depletion. This
selective targeting spares other B-cell populations, limiting broader immune system re-
modeling, but offering substantial benefits in treating MM [19]. Targeting CD19 offers the
advantage of preserving long-lived plasma cells, which are vital for maintaining protective
immunity against widespread micro-organisms. This preservation ensures that the body
retains its ability to respond to previously encountered pathogens, reducing the risk of
infections post-treatment [15].

The primary goal of B-cell depletion in autoimmune diseases is to reduce the popula-
tion of autoreactive B cells responsible for pathogenic antibody production. By eliminating
these cells, therapies help mitigate autoimmune responses and promote immune toler-
ance [10]. Following B-cell depletion, the immune system undergoes a reconstitution
phase where new B cells are generated from progenitor cells. This process can lead to the

98



Sclerosis 2025, 3, 5

development of a more balanced and less autoreactive B-cell repertoire, contributing to
sustained disease remission and reduced relapse rates.

B-cell depletion therapies induce significant immune system remodeling, character-
ized by the reduction in autoreactive B cells, reconstitution of B-cell populations, and
maintenance of protective immunity. These adaptive responses aim to restore immune
balance while preserving essential immune functions. As our understanding of these pro-
cesses deepens, targeted B-cell therapies continue to evolve, offering promising prospects
for the treatment of autoimmune diseases and B-cell malignancies [12,15].

Table 1. A comparison of rituximab with B-cell-depleting blinatumomab and CAR-T cell therapies.

Feature Rituximab Blinatumomab CD19 CAR-T Cell Therapy

Mechanism of Action

Naked monoclonal antibody
targeting CD20 on B cells. It
acts mainly through
complement-dependent
cytotoxicity (CDC) and
antibody-dependent cellular
cytotoxicity (ADCC)

Bispecific T-cell engager
(BiTE) targeting CD19 and
CD3, linking T cells to cells
expressing CD19

Autologous T cells
genetically modified to
express a chimeric antigen
receptor (CAR) for targeting
antigens, such as CD19

Indications

Non-Hodgkin lymphoma,
chronic lymphocytic
leukemia, rheumatoid
arthritis, and other
B-cell-mediated diseases

B-cell precursor acute
lymphocytic leukemia
(ALL)

ALL and other B-cell
malignancies, non-Hodgkin
lymphoma, and chronic
lymphocytic leukemia
(varies by CAR type)

Administration Intravenous infusion Continuous intravenous
infusion over several days

Single infusion after T-cell
harvesting, modification,
and expansion

Onset of Action Gradual (weeks to months
for therapeutic effect) Rapid (days to weeks)

Rapid, but dependent on the
expansion and persistence of
CAR-T cells

Side Effects
Infusion reactions, infections,
and
hypogammaglobulinemia

Cytokine release syndrome
(CRS), neurological
toxicities, and infections

CRS, neurotoxicity,
hemophagocytic
lymphohistiocytosis,
infections, and prolonged
B-cell aplasia

Durability

Requires multiple
administrations/cycles; a
substantial proportion of
patients may relapse

Short-term responses with
potential for relapse;
maintenance may be
needed

Long-term remissions in
some cases; risk of relapse if
CAR-T cells are exhausted or
there is loss of the target on
the surface of cells
(antigen escape)

Cost Relatively lower compared
with newer therapies Moderately high Extremely high (hundreds of

thousands of dollars)

FDA Approvals Approved for B-cell
malignancies (1997 onward)

Approved for B-cell
precursor ALL (2014)

Multiple approvals (e.g.,
Kymriah, Yescarta for
specific B-cell malignancies)

Challenges
Resistance due to loss of
CD20 expression; not
expressed in plasmablasts

Limited durability,
logistical challenges of
continuous infusion

High cost, manufacturing
complexity, severe toxicities
in some patients

References [20,21] [22,23] [12,24]
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5. Chimeric Antigen Receptor T-Cell (CAR-T)

CAR-T cell therapy is a novel immunotherapy primarily developed for treating hema-
tologic cancers such as leukemia, lymphoma, and myeloma. It involves a genetic modifica-
tion of patient’s own T cells to express receptors that can redirect them to target specific
antigens on cancer cells. Recently, there has been a growing interest in exploring the po-
tential of CAR-T cell therapy for autoimmune diseases, including SSc, although it remains
experimental in this context [25]. The idea behind using CAR-T cells in autoimmune
diseases is to target and eliminate the specific immune cells that drive the aberrant immune
responses and inflammation characteristic of these diseases. CAR-T cells can be engineered
to specifically target and eliminate B cells secreting autoantibodies, thereby reducing the
immune attack on the body’s own tissues. One potential approach under investigation in-
volves targeting CD19. Anti-CD19 CAR-T cell therapy, already used for B-cell malignancies,
could theoretically be used to eliminate pathogenic B cells involved in the autoimmune
process of SSc. In SSc, dysregulated immune responses contribute to fibrosis in the skin
and internal organs. By depleting autoreactive immune cells, CAR-T cell therapy could
potentially reduce inflammation and the progression of fibrosis. CAR-T cell therapy is
being studied in various autoimmune diseases, such as systemic lupus erythematosus,
inflammatory myopathies, myasthenia gravis, and optical neuromyelitis, where B-cell
depletion has shown promise. The success in these diseases provides a foundation for
exploring CAR-T cell therapy as a treatment for SSc [26].

6. Clinical Experience with CAR-T

The group of Erlangen treated six patients with severe diffuse SSc who had experienced
an insufficient response to at least two treatments and were given CAR-T cells targeting
CD19. In this study, it was clearly shown that CD19-targeting CAR T-cell therapy prevented
further progression of fibrotic disease in patients with SSc. In addition, CAR T-cell treatment
allowed for a reduction in and discontinuation of all immunosuppressive and antifibrotic
treatment [25]. A longer follow-up period is needed to assess whether disease progression
in SSc is blocked in a sustained manner. A case report on a 38-year-old female patient
with ILD due to SSc describes treatment with CAR-T cells in addition to a pre-existing
therapy with mycophenolate/nintedanib. Skin fibrosis improved. Also, dyspnea regressed.
According to CT scans, pulmonary findings improved dramatically, including indices of
ground glass opacification and fibrosis [27].

While the potential for CAR-T cell therapy in SSc is promising, research is still in
its early stages, and there have been no large-scale clinical trials published specifically
addressing its use in SSc [28].

CAR-T cell therapy carries risks of serious side effects, such as cytokine release syn-
drome and neurotoxicity. These side effects are well-documented in cancer treatments but
need to be carefully studied in the context of autoimmune diseases, where the burden of
CD19+ cells is certainly lower than that found in B-cell malignancies. In addition, the oc-
currence of secondary T-cell malignancies has been reported in patients with cancer treated
with CAR-T cells based on a review reporting that 20–25 cases of T-cell malignancies have
been documented in more than 34.000 patients that received autologous CAR-T cells in the
United States [29].

In summary, while CAR-T cell therapy offers a novel potential approach for treating
SSc, it remains in an experimental stage, and further research is needed to establish its
efficacy and safety in this context.
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7. Blinatumomab

Blinatumomab is a bispecific T-cell engager (BiTE) molecule that targets CD19 on B
cells and engages CD3 on T cells to stimulate T-cell-mediated destruction of CD19-positive
cells. It has been used primarily in the treatment of B cell ALL (B-ALL), where it has shown
significant efficacy [30].

Given that B cells play a significant role in the pathogenesis of several autoimmune
diseases, including SSc, the rationale behind using blinatumomab lies in targeting and
depleting pathogenic B cells that contribute to disease progression. Depleting B cells may
reduce the production of pathogenic autoantibodies and dampen immune activation, po-
tentially halting or slowing disease progression in SSc. Blinatumomab’s ability to engage T
cells for more direct B-cell cytotoxicity offers a different mechanism of action compared with
rituximab, which relies on complement-dependent cytotoxicity and antibody-dependent
cellular cytotoxicity (Table 1). By depleting B cells, blinatumomab may reduce levels of
pathogenic autoantibodies that drive disease progression in SSc [31].

There is ample evidence of pronounced B-cell depletion starting at a minimum effica-
cious blinatumomab dose of 9 μg/day [32–35].

Blinatumomab could help reset the immune system by eliminating B cells that present
antigens and activate T cells, potentially leading to an overall decrease in autoimmune
activity. Although the link between B-cell activity and fibrosis in SSc is indirect, reducing
immune system activation could theoretically slow or reverse fibrotic processes in affected
tissues, particularly the skin and lungs.

8. Clinical Experience with Blinatumomab

The use of blinatumomab in SSc has been demonstrated in a case report. This was
also the first report worldwide of the application of blinatumomab in autoimmune dis-
ease as B-cell-depleting therapy. It was demonstrated that blinatumomab was safe and
effective in a patient with severe, rapidly progressing SSc, resulting in significant B-cell
depletion. Blinatumomab was well tolerated in patients with severe SSc, without increased
susceptibility to infections. Clinically, the treatment with blinatumomab resulted in accel-
erated improvement of symptoms, indicating that depletion of B cells had an immediate
anti-inflammatory effect during active SSc, and that lymphocytic infiltration (at the time of
initiating therapy) may be a potential factor leading to tightness and stiffness of the skin.
An improvement in acral perfusion was also observed, potentially indicating that B-cell
depletion led to an improvement in fibrosis in SSc [36].

The second indication of autoimmune disease treated with blinatumomab was rheuma-
toid arthritis. Six patients with multidrug-resistant rheumatoid arthritis were treated with
blinatumomab. Treatment was well tolerated and safe, with a transient increase in fever.
Blinatumomab led to a rapid improvement of symptoms in all patients [37].

However, the role of blinatumomab in SSc is still exploratory, as it has not been
approved or systematically studied in the context of autoimmune diseases. There have
been no clinical trials directly investigating the use of blinatumomab in SSc; thus, its safety,
efficacy, and optimal dosing in this population are only known from anecdotical evidence,
and any use would be considered off-label and experimental.

As with CAR-T cell therapy, blinatumomab is known to cause cytokine release syn-
drome, a potentially life-threatening inflammatory reaction resulting from the activation
of T cells (Table 1). Cytokine release syndrome could be particularly concerning in pa-
tients who already have compromised organ systems. B-cell depletion increases the risk
of infections, especially in patients who may already be immunosuppressed due to SSc or
its treatment. Blinatumomab’s potent immune activation could exacerbate this risk. SSc
patients may be more susceptible to the toxic effects of immune-modulating drugs due to
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existing organ damage (e.g., pulmonary fibrosis, cardiac involvement), and blinatumomab’s
side effects could worsen pre-existing conditions.

There is a general interest in using B-cell-depleting therapies in autoimmune diseases,
but whether blinatumomab offers an advantage over current B-cell-targeting therapies
like rituximab remains to be demonstrated. Further research is needed to explore whether
blinatumomab, or similar BiTE therapies, could provide a benefit to patients with SSc.
Preclinical studies focusing on the mechanism of B-cell depletion and its impact on fibrosis
and autoimmunity in SSc would be an important first step. The immune-modulating and B-
cell-depleting properties of blinatumomab offer a rationale for exploration in autoimmune
diseases such as SSc, but much more research is needed before it can be considered a
consolidated and standard therapeutic option for this condition. The optimal dose of
blinatumomab to be used, and the recommended number of treatment cycles is also still
to be defined. The respective capacity of blinatumomab and anti-CD19 CAR-T cells to
effectively eliminate tissue-resident autoreactive B-cell clones in lymph-nodes and other
secondary lymphoid tissues also remains to be evaluated. Depleting B cells in tissues
eliminates any autoantibody-producing plasmablasts and abrogates antigen-presentation
to B cells and subsequent B-cell-mediated cytokine production, thereby altering the local
tissue composition.

9. Conclusions

Both blinatumomab and CAR T-cell therapy are attractive options for patients with
SSc, being able to reset the B-cell compartment of the immune system and to induce
durable patient benefits (Table 1). Ongoing studies in the future will clarify the respective
advantages and limitations of either of the two approaches. For the time being, we can
certainly conclude that the therapeutic array of patients with SSc is now enriched by these
novel, promising, potentially curative options.
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Abstract: Background: Systemic sclerosis (SSc) represents a multidimensional disease affecting
various organs and systems, with the common denominator being the vascular pathology encoun-
tered in the micro- and macrocirculation of SSc patients. Recently, much progress has been made
toward understanding the molecular basis of endothelial injury and subsequent fibroblast activation,
thus paving the way for specific therapy that can target and counteract these processes. Aim: In
this review, we examined the latest preclinical and clinical data on therapeutic options to address
vascular abnormalities in SSc. Results: We discuss the efficacy of current treatments, including
pharmacological agents and emerging therapies, in mitigating vascular damage and improving
patient outcomes based on preclinical models and clinical trials that offer evidence of their safety
and effectiveness. Conclusions: Although promising therapeutic strategies emerge, optimizing the
management of vascular abnormalities in SSc requires further research.

Keywords: systemic sclerosis; SSc; microvascular abnormalities; macrovascular abnormalities;
vascular therapy; autoimmune disease; pharmacological agents; biologics; clinical trials; preclinical
models; therapeutic options

1. Introduction

Systemic sclerosis (SSc) is a chronic autoimmune disease of the connective tissue with
an unknown and complex pathogenesis [1]. It is primarily characterized by widespread
damage, immune dysregulation, and extensive fibrosis of the skin and internal organs [2].
Based on the extent of skin involvement, it is classified into two main subtypes: limited
cutaneous SSc (lcSSc) and diffuse cutaneous SSc (scSSc). lcSSc, typically, involves the
skin of the face, neck, and distal extremities, whereas dcSSc affects more extensive skin
areas, including the trunk and proximal limbs, and is associated with severe internal organ
involvement [2].

The epidemiology of SSc varies geographically, with an estimated incidence of 1–2 cases
per 100,000 persons per year and a prevalence of 10–30 cases per 100,000 persons [3]. The
disease predominantly affects women, with a female-to-male ratio of approximately 5:1.
SSc usually manifests between the ages of 30 and 50, though it can occur at any age [4].

According to the 2013 ACR/EULAR classification criteria [2], the diagnosis of SSc
requires a combination of clinical features, including skin thickening, specific autoantibod-
ies, and characteristic capillary changes visible via nail fold capillaroscopy. A study by

Sclerosis 2024, 2, 322–340. https://doi.org/10.3390/sclerosis2040021 https://www.mdpi.com/journal/sclerosis105



Sclerosis 2024, 2

Araujo et al. (2017) found that 53% of patients with early SSc exhibited Raynaud’s phe-
nomenon (RP), abnormal capillaroscopy, and autoantibodies specific to SSc, underscoring
the importance of these criteria in early disease detection [3]. Vascular abnormalities are
fundamental in the pathogenesis and progression of SSc. Early in the disease, endothelial
cell injury leads to chronic inflammation and subsequent fibrosis, contributing to both skin
thickening and internal organ involvement. Microvascular damage is a crucial driver of
clinical manifestations such as RP, digital ulcers (DUs), and pulmonary arterial hyperten-
sion (PAH) [5]. An increasing number of studies link epigenetic abnormalities—including
particular changes affecting the immune cells, endothelial cells, and fibroblasts—to the
pathophysiology of SSc, i.e., the function of non-coding RNAs, histone modifications, and
DNA methylation, as well as how these epigenetic changes impact clinical manifestations
of the disease [6].

The clinical significance of these abnormalities extends beyond localized tissue dam-
age, contributing to systemic complications such as PAH, renal crisis, and increased car-
diovascular risk, which significantly impact patient outcomes and quality of life. They
are crucial in determining disease severity, progression, and overall prognosis. Therefore,
effective monitoring and treating vascular involvement are essential for improving clinical
outcomes and quality of life in those affected by SSc [5].

This review aims to summarize the new insights into the pathogenetic treatment of
SSc by explaining the mechanisms, clinical features, and diagnostic approach applied in
various SSc-specific vascular complications, including RP, DUs, PAH, and the involvement
of mesenteric and peripheral arteries.

2. Pathogenesis of Vascular Abnormalities in SSc

2.1. Role of Autoantibodies in Immunopathogenesis of SSc

It has long been postulated that autoantibodies constitute a triggering event in the
pathogenesis of SSc. Raschi et al. [7] successfully illustrated that some SSc-specific au-
toantibodies (anti-Scl70, anti-centromere, and anti-Th/To), when embedded in immune
complexes, were essential in causing endothelial damage and vasculopathy.

Many autoantibodies have been associated with different phenotypes of vascular
manifestations and/or the risk of vascular involvement. For instance, anti-RNA polymerase
III antibodies confer a higher risk of gastroesophageal vascular ectasia, PAH, and renal crisis.
Accordingly, anti-centromere, anti-Th/To, and anti-ribonucleoprotein (RNP) antibodies
increase the risk of PAH. Digital infarcts and PAH have been associated with the presence
of anti-endothelial cell antibodies [8].

2.2. Immune Cell Involvement in SSc

One of the mechanisms implicated in the pathogenesis of SSc is impaired T-cell
homeostasis, which is associated with a decrease in the population of regulatory T cells
(Tregs), as evidenced by blood and skin lesion analysis in SSc patients [9]. This is partially
attributed to Treg conversion into the profibrotic Th2 and Th17 cell populations. Increasing
evidence suggests that T-cell proliferation and cytokine secretion play a significant role
in initiating SSc, indicating that T lymphocyte colonies, mainly Th2 and Th17, contribute
to disease pathogenesis and fibrosis. Th2 cells produce IL-4, IL-5, IL-10, and IL-13—these
are described as anti-inflammatory and profibrotic due to their pathognomonic actions as
initiators of extracellular matrix (ECM) production and inhibition of Th1 cell function as
noted by Bellando et al. [10].

Different phases of immune polarization have also been proposed, with Th2 polariza-
tion correlating with disease exacerbation, whereas a Th2-to-Th1 shift was shown to predict
disease duration. Th2 response involves the secretion of IL-4 and IL-13, while antifibrotic
IFN-γ mediates Th1 action. Indeed, polymorphisms in the IFN-γ gene have been found
to confer an increased risk of SSc, especially associated with skin involvement [9]. IL-4
induces Th2 cell lineage and is further propagated by a positive feedback loop. Kurizinski
et al. [11] propose the theory of skin fibrosis and damage due to the imbalance of Th1/Th2.
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In addition, Ko et al. [12] highlight that disease progression is closely linked to Th2 immune
polarization, while disease duration is often associated with shifts from Th2 to Th1 cells.

Th17 cells—characterized by their production of IL-17A, IL-17F, IL-21 and IL-22—are
elevated in SSc patients with skin manifestations, in contrast to controls of healthy pa-
tients [13]. Th17 cells are elevated in the peripheral blood of SSc patients, accumulating at
disease sites and participating in several physiological manifestations, including remod-
eling of the ECM, collagen deposition, and neutrophil recruitment. Bălănescu et al. [14]
emphasized the critical role of Th17 in autoimmune tissue injury induction, leading to
the characteristic finding of skin manifestations in SSc. Therapeutic targets covering Th17
may be utilized for SSc intervention, providing further insights into SSc pathogenesis [15].
The profibrotic Th2 response is further reinforced by the release of IL-6 by various cells
and appears to be the putative cause of endothelial cell (EC) activation and apoptosis [8].
IL-6 is another important mediator of fibrotic processes leading to upregulated collagen
transcription, although the exact mechanism has yet to be elucidated. This was further
supported by an in vitro analysis conducted on dermal fibroblasts by O’Reilly et al. [16].
Their data demonstrated that the effect of IL-6 is highly dependent on the action of STAT3
and indirectly mediated by the TGF-β signaling pathway and SMAD3. Indeed, following
the deletion of the IL-6 gene in animal models with lung fibrosis, the fibrotic processes
were diminished. Consistent with this, in a culture of dermal fibroblasts from SSc patients,
phospho-STAT3 was found to be increased. Finally, it was also demonstrated that Gremlin
(a bone morphogenetic protein antagonist) is induced by IL-6 and mediated by canonical
TGf-β signaling. Thus, Gremlin was concluded to be profibrotic, likely promoting vascular
remodeling and pulmonary hypertension [16].

Cultures from dermal fibroblasts in SSc patients have demonstrated elevated IL-6
levels, correlated with earlier disease, increased mortality risk, unfavorable skin involve-
ment, and accelerated decline in pulmonary function. Furthermore, these fibroblasts, when
compared to normal fibroblasts, were noted to express higher levels of collagen alpha 1
(Col1), alpha-smooth muscle actin (αSMA), and connective tissue growth factor (CTGF).
The complex nature of trans-signaling mechanisms involving IL-6 and TGF-β pathways
results in cardiac, skin, and lung fibrosis, highlighting the significance of tocilizumab
therapy and its effectiveness in limiting fibrosis [17,18].

Another recently described mediator of fibrosis is interleukin-11 (IL-11), a profibrotic
cytokine exerting its action under the influence of TGF-β1. Its levels were noted to be
increased in early dcSSc and patients with interstitial lung disease (ILD). It has been impli-
cated in fibrotic processes not only in the skin but also in the heart and lungs. Additionally,
Steadman et al. discovered that IL-11 influences the release of IL-33 (alarmin) at the early
stage in fibroblasts, potentially promoting an inflammatory response, whereas at a later
time, the influence ceases and fibrotic processes predominate [19]. Ye et al. suggested that
the profibrotic effect of IL-11 might be controlled by blocking the IL-11 trans-signaling
pathway through JAK2/STAT3 and sgp130Fc interference [20].

2.3. Mechanisms of Endothelial Dysfunction and Injury in SSc

The initiating stimulus of vascular injury in SSc can be secondary to various precipi-
tants, including idiopathic, environmental, and infectious factors, autoantibody-mediated
mechanisms, or oxidative stress caused by reactive oxygen species (ROS) [21]. Repeated
cycles of endothelial injury propagate a vicious cycle of apoptosis and cell detachment,
impairing vessel integrity. Acting synergistically with this, an imbalance between vasocon-
stricting (e.g., ET-1) and vasodilating mediators (e.g., NO and prostacyclin) is observed,
leading to continuous and prolonged alterations in the vessel tone [9]. After von Wille-
brand Factor (vWF) release, platelet activation and aggregation result in hypercoagulability,
thromboxane secretion (a potent vasoconstrictor), and fibrin deposition [22].

These processes culminate in terminal vessel damage, malfunctioning endothelial
junctions with increased permeability of the microvasculature and vessel leak, evidenced
by the formation of microvascular hemorrhages and localized edema [22]. The increased
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permeability and leaky cell junctions permit the recruitment of macrophages, Th2, Th17,
and mast cells, resulting in a perivascular infiltration of pro-inflammatory cells [9].

It was recently reported that senescence of endothelial cells contributed to fibrosis
through endothelial-to-mesenchymal transition [23]. Furthermore, cellular senescence is
involved in overall SSc pathogenesis via direct alteration of cellular functions or indirect
promotion of defective immune surveillance [24]. Chiu et al. confirmed these observations
in their studies of skin biopsies of fibrotic lesions of SSc patients [25].

2.4. Biomarkers of Endothelial Damage

Muruganandam et al. concluded that the SSc-associated damage in ECs is evidenced
by upregulated expression of E-selectin, vascular cell adhesion protein 1 (VCAM-1) and
Intercellular Adhesion Molecule 1 (ICAM-1), vWF, tissue factor, and tissue thrombin. On the
other hand, lower levels of thrombomodulin, fibrinolysis, and platelet count were observed
in association with vasculopathy and DUs [22]. Angiopoietins (Ang-1 and Ang-2) are
responsible for the modulation of EC activation and vessel modeling and growth through
their interaction with the Tie2 tyrosine kinase receptor. Imbalance in Ang-1 and Ang-2
levels may have a causative role in vascular destruction and abnormal angiogenesis [26].

The same author suggested that increased levels of metalloproteinase tissue inhibitors,
such as TIMP-4, correlated with cardiopulmonary vascular involvement. Additionally,
neuropilins (NRP1-2) found on ECs were also flagged as potential predictors of PAH, Dus,
and abnormalities in nail fold capillaries. Similarly, circulating levels of IL-18 binding
protein were associated with PAH, whereas IL-33 and ST2 had predictive value in DUs
and PAH. The levels of slit glycoproteins (Slit1-3) and sirtuin (SIRT1-7) molecules with
regulatory function in angiogenesis were also elevated in SSc patients with microvascular
involvement [22].

2.5. Fibrotic Processes and Remodeling Affecting Blood Vessels

The nature of the lesions observed in SSc vasculopathy can be destructive (capillary
loss) or proliferative (thickening of the vessel wall). Underlying this, a vicious cycle is
established with ECM deposition worsening hypoxia and, in turn, reduced oxygen tension,
which activates the fibrotic processes [27]. Chronic inflammation prompts fibroblasts to
commit to a myofibroblast transition under the influence of ET-1, leading to the intima’s
hypertrophy, the lumen’s narrowing, and eventually vessel obliteration. These changes
favor chronic ischemia and endothelial cell and capillary loss [21,27].

Additionally, the endothelial cells undergoing the endothelial-to-mesenchymal transi-
tion (EndoMT) following downregulation of their markers, such as CD31 and VE-cadherin,
transform into a myofibroblast phenotype associated with increased expression of α-SMA,
further reinforcing the fibrotic processes [21].

Dysfunction and/or a decreased number of endothelial progenitor cells (EPCs) hinder
new angiogenesis, which, combined with the dysregulated function of the VEGF/VEGFR
pathway, contributes to vasculopathy. More specifically, elevated levels of VEGF have been
noted in SSc patients, which is associated with a robust angiogenic response and results
in chaotic vessel patterns. Conversely, there is also increased expression of VEGF-165,
an isoform with anti-angiogenic properties [21]. Pericytes seem to have a double role by
directly inhibiting the angiogenic processes and simultaneously enhancing ECM deposition.

Another source of myofibroblast cell transformation occurs under the influence of
the proliferator-activated receptor γ (PPAR-γ) pathway. Downregulation of this response
promotes adipocyte differentiation into myofibroblasts [8]. Conversely, upregulation of
the PPAR-γ pathway inhibits the TGF-β-mediated transdifferentiation of fibroblasts into
myofibroblasts, therefore possessing both anti-inflammatory and antifibrogenic properties,
preventing collagen and ECM deposition [22].

Subendothelial collagen exposure following injury results in platelet activation, which
responds with the release of profibrotic cytokines such as TGF-β and serotonin. Serotonin,
through interactions with TGF-β, has been demonstrated to promote ECM deposition.
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Platelet-derived microparticles (PMPs) have also been implicated in the fibrotic processes
encountered in SSc [8].

2.6. Molecular Mediators of Fibrosis

Many cytokines have been associated with a profibrotic/fibrogenic effect. However,
in SSc, the main culprits appear to be TGF-β, IL-4, and IL-13, released mainly by Th2
cells [28]. As already discussed, platelet-derived mediators also have a putative role in
fibrotic processes, including platelet-derived growth factor (PDGF), PMPs, and serotonin.

PDGF, specifically, signals through Ras to MAP kinase pathways and influences the
activity of NADPH oxidases, resulting in the transcription of factors that increase ECM
synthesis [28]. SSc is characterized by an enhanced endogenous potential and expression
of thrombin, which, in turn, activates ECs and fibroblasts, inducing collagen synthesis,
interfering with the action of matrix metalloproteinases and culminating in enhanced ECM
production [22].

2.7. Genetic Markers Associated with Vascular Abnormalities in SSc

Great effort has been put into identifying potential susceptibility genes for SSc-
associated vascular involvement. GWAS studies have located an SNP that is found up-
stream of the gene for the PPAR-γ pathway as a possible target [29,30]. Other less studied
genes with, as of yet, unclear functions (incl. DDX6, DGKQ, and NAB1) were flagged in a
meta-GWAS study. Dysfunction in the gene encoding caveolin 1 interferes with the TGF-β
pathway to suppress fibrosis, which has also been suspected [30].

Dense microsatellite analysis in Japanese SSc patients harboring the risk haplotype
HLA-DPB1*13:01 demonstrated a probable association between a retinoid X receptor-
beta (RXRB) variant and anti-topo I antibody. RXRB interferes with the fibrotic processes
by suppressing them [31]. Recently, Shumnalieva et al. demonstrated deregulation of
miR-21 and miR-29a in the serum of patients with SSc, which have pro- and antifibrotic
effects, respectively [32]. It was confirmed that altered miRNA expression in the circulation
or tissues is related to immune activation, vasculopathy, and fibrosis development in
SSc patients.

2.8. Key Signaling Pathways Involved in Vascular Abnormalities

As has already been highlighted, vascular dysfunction in SSc focuses on the imbalance
between the action of vasoconstrictors—most notably ET-1 and vasodilators, e.g., NO.
Indeed, ET-1 appears to be increased in the skin, vasculature, kidneys, and lungs of SSc
patients [8]. On the other hand, lower levels of NO are encountered in the vessels of SSc
patients. TGF-β1 plays a pivotal regulatory role in this pathway, activating noncanonical
(Smad-independent) pathways promoting myofibroblast activation, ECM synthesis, and
ET-1 elevation [33]. As Ko et al. hypothesized, ET-1 appears to have an amplifying role in
the bidirectional pathway of fibrosis and vasculopathy [8].

Conversely, a transcription factor expressed in ECs, known as Friend leukemia virus
integration 1 (FLI1), seems to regulate skin fibrosis negatively. CXCL4 released by platelets
suppresses the FLI1 pathway. Lower levels of FLI1 are associated with impaired vessel
formation, fibrosis, and abnormal immune responses. Additionally, CXCL4 upregulates
the expression of thrombospondin 1 expression and diminishes the action of VEGF [33].

Caveolin-1 forms invaginations resulting in the internalization of the TGF-β1 receptor
and blocking TGF-β1-dependent signaling. Studies in mice have demonstrated that dele-
tion of caveolin-1 results in impaired vascular tone regulation, the induction of spontaneous
EndoMT, and skin and lung fibrosis. VEGF-A is also elevated in mesenchymal cells in the
case of caveolin-1 deficiency [34].

A key element of fibrosis is EndoMT. This, in turn, is regulated through the action of
various pathways, such as β-catenin, Wnt, Akt, Notch, phosphoinositide 3-kinase (PI3K),
NF-kB, Sp1, and bone morphogenetic protein 4 (BMP-4) [8].
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3. Microvascular Abnormalities in SSc

The microvasculature is part of the circulatory system composed of vessels <300 μm
diameter, including arterioles, capillaries, and venules. Microvascular pathologies can man-
ifest as vasculopathies or vasculitides. Vasculopathy generally refers to non-inflammatory
vascular lesions (including those caused by immune complex deposition or intravascu-
lar thrombosis). At the same time, vasculitis is characterized by leukocytic infiltration
(polymorphonuclear or mononuclear) and fibrinoid changes of the vascular wall. In SSc,
microvascular abnormalities are typically noticed in the form of vasculopathy [1].

3.1. Microvascular Abnormalities Mechanisms

SSc microvascular disease is characterized by microvasculopathy, vasospasm, a proco-
agulant state with thrombosis and fibrin deposition, and defective angiogenesis. Endothe-
lial cell injury is thought to be the initial event in developing vascular disease in SSc [35].
Factors involved in this injury include autoantibodies, infections (e.g., CMV), cytotoxic
T-cells, and reactive oxygen species. Affected endothelial cells demonstrate endothelial cell
activation with increased leukocyte adhesion molecules, cytoplasmic vacuolization, balloon-
ing, cytoskeletal rearrangement, loosening of tight junctions, and apoptotic changes [35].
Histologically, affected vessels are characterized by neointimal lesions (proliferation of
endothelial and smooth muscle cells and collagen deposition in the intima layer), ad-
ventitial fibrosis, perivascular mononuclear cell infiltration, and pericyte activation. The
characteristic neointimal lesion likely results from an aberrant endothelial cell repair [36].

These altered microvascular endothelial cells have decreased expression of endothelial
NO-synthase with reduced NO and increased ET-1 production. NO is a potent vasodilator,
which inhibits platelet aggregation, smooth muscle cell proliferation, and cytokine-induced
endothelial activation [37]. On the other hand, ET-1 is a vasoconstrictive factor that medi-
ates smooth muscle cell proliferation, fibrosis, and inflammation. These alterations lead to
a vasoconstrictive and procoagulant state. Chronic tissue hypoxia caused by this microvas-
culopathy, vasoconstriction, and microthrombosis triggers angiogenesis, which is, however,
dysregulated due to differential expression of proangiogenic and angiogenic factors [36].
These new vessels are not well structured and are easily destroyed, leading to reduced
capillaries in a given tissue area (capillary rarefaction) and capillary loss. Collectively, these
mechanisms lead to significant microvascular damage and organ dysfunction [37].

3.2. Clinical Manifestations of Microvascular Abnormalities in Systemic Sclerosis

Raynaud phenomenon (RP) is a primary clinical manifestation of microvascular ab-
normalities and is present in most patients with SSc. RP in SSc is associated with structural
abnormalities of the microvasculature and immune response. It is characterized by episodic
vasospasm of the digital arteries in response to cold or emotional stress [38]. Distal body
areas (fingers, toes, and occasionally the nose and ears) are the most affected and are more
exposed to ambient temperature changes. This vasospasm leads to a distinctive sequence
of color changes in the skin: pallor (due to ischemia), blue (due to hypoxia/deoxygenation),
and red (due to reperfusion). These episodes are often accompanied by pain, tingling and
numbness in the affected areas. Chronic and severe RP can result in persistent ischemia,
leading to tissue damage and complications [38].

DUs and pitting scars are typical in SSc. DUs are a common and debilitating conse-
quence of chronic microvascular compromise, particularly in SSc. They are defined as a
denuded tissue area with a well-demarcated border involving loss of both the dermis and
epidermis. These painful sores, typically located at the fingertips, result from prolonged
ischemia and are difficult to heal. They are prone to infection, further complicating treat-
ment and recovery, and they have the possibility of resulting in irreversible tissue loss, as
well as other significant complications, including osteomyelitis, gangrene, and amputation.
Pitting scars are another result of chronic ischemia and the healing of digital ulcers. These
small depressions in the DUs and pitting scars highlight the severe impact of microvascular
abnormalities on daily living and long-term health outcomes [38].
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3.3. Diagnostic Techniques for Microvascular Abnormalities

Nailfold capillaroscopy (NC) is a non-invasive diagnostic tool that evaluates the mor-
phology of capillaries using an optical magnification system, which is used primarily in
connective tissue diseases like SSc [39]. This technique involves the microscopic exami-
nation of the capillaries at the nail fold bed. Abnormal capillaroscopic findings include
enlarged capillaries, avascular areas, microhemorrhages, and capillary loss. These patterns
provide insight into the severity and progression of microvascular damage. NC is par-
ticularly useful for diagnosing and monitoring SSc, offering a window into the extent of
microvascular involvement and guiding therapeutic decisions [39].

Laser Doppler imaging and other modalities are useful in vascular abnormalities
associated with SSc detection. Laser techniques are non-invasive tools that assess skin
capillary perfusion, including laser Doppler flowmetry, Doppler imaging, and laser speckle
contrast imaging. Laser Doppler imaging (LDI) measures blood flow by detecting the
Doppler shift induced by laser light scattering of moving red blood cells [40]. LDI produces
detailed maps of blood flow distribution, highlighting areas with reduced perfusion. This
is especially useful for assessing the severity and extent of conditions like Raynaud’s phe-
nomenon and other microvascular disorders. The advantage of laser Doppler techniques
is that they not only provide information about morphology but also on the dynamic
behavior of microcirculation with different stimuli. This unique feature of LDI constitutes
a promising approach, and more studies must be carried out to investigate its utility in
clinical practice. Other modalities include laser speckle contrast imaging (LSCI), which
measures the fluctuating granular pattern produced by laser light reflected on moving red
blood cells. LSCI is a less time-consuming technique than NC and can be used to evaluate
perfusion in the cutaneous microcirculation. However, more studies are needed to validate
LSCI in SSc [40].

4. Macrovascular Abnormalities

4.1. Mechanisms of Macrovascular Involvement and Damage in SSc

While small vessel involvement (microvasculopathy) is often regarded as the hallmark
of SSc, large vessels can also be widely impacted (macrovasculopathy) [41]. Over the past
decade, a growing amount of evidence regarding the involvement of large vessels has been
published [42]. Bertolino et al. further emphasize that several studies have demonstrated
a greater macrovascular involvement in SSc compared to control subjects with similar
cardiovascular risk factors [43].

Matucci-Cerinic et al. define large vessels as those with an internal diameter greater
than 100 microns and note that involvement of the microvasculature often occurs in con-
junction with distal pathology of the small vessels [44]. The involvement of both elastic
arteries (i.e., carotid artery and aorta) and muscular arteries (i.e., brachial and ulnar arteries)
are characteristic of SSc [42]. Lescoat et al. suggest that a similar mechanism may contribute
to both micro- and macrovascular vasculopathy [45]. The mechanism of macrovascular
involvement remains unknown and is likely multifactorial. Accelerated atherosclerosis and
endothelial dysfunction are believed to be critical components in the pathogenesis [43].

Figure 1 presents the main pathophysiological mechanisms of vascular impairment in
SSc patients.
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Figure 1. Pathophysiological mechanisms in micro- and macrovascular abnormalities in SSc patients.
Parts of the figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by
Servier is licensed under a Creative Commons BY 4.0 (https://creativecommons.org/licenses/by/4.
0/ (accessed on 10 September 2024)).

4.2. Clinical Manifestations of Macrovascular Abnormalities

Pulmonary arterial hypertension (PAH) is a common manifestation in patients with
SSc [46], occurring in up to 12% of cases, and is often associated with severe complica-
tions [47], leading to significant morbidity and mortality [46]. This is further evidenced by
Coghlan et al., who underline a considerable decrease in survival rates in SSc patients with
PAH (56%), compared to (94%) in those without PAH [48]. This may partially be explained
by the long asymptomatic period at the early disease phase and the non-specific symptoms
of dyspnea and fatigue [47]. PAH comprises the two hallmarks of SSc, fibrogenesis and
vasculopathy in the medium-sized pulmonary arteries, thus leading to obstruction of
blood flow [41] and elevation of pulmonary artery pressure with subsequent right heart
failure [49].

Ulnar artery occlusion (UAO) is considered an underestimated macrovascular mani-
festation of SSc, considering its eventual implication in DUs [50]. Supporting data on this
is a study conducted by D’Alessandro et al., who assessed the macrovascular involvement
in SSc using the resistance index (RI) and peak systolic velocity (PV) of ulnar and radial
arteries by color Doppler sonography (CDUS) with spectral wave analysis (SWA). In total,
28% of those examined presented signs of UAOs [41]. Moreover, 83% of those with UAOs
presented with DUs. D’Alessandro et al. emphasize the importance of UAO as a predictive
indicator of DUs, considering the burden placed on patients. The radial artery is often
spared in SSc vasculopathy, which is rather surprising considering the frequent implication
of the ulnar artery [41].

Scleroderma renal crisis (SRC) is another form of SSc vascular disease. SRC affects
around 5% of patients and is characterized by the sudden onset of severe hypertension due
to the high renin state triggered by vascular injury. This may potentially be followed by
acute renal failure [45].

4.3. Diagnostic Techniques for Macrovascular Abnormalities

The macrovascular involvement in SSc can be evaluated using various imaging tech-
niques, as shown by D’Alessandro et al. One effective method is to measure the RI and
PV of the radial and ulnar arteries using CDUS with SWA at the Guyon’s canal of both
wrists using a high-frequency probe in a controlled environment. The resistance index is
defined as [(peak systolic velocity—peak diastolic velocity)/peak systolic velocity] [41].
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Previous studies indicate that an RI greater than 0.70 may predict new DU development in
SSc patients. However, findings suggest that healthy controls also exhibit an RI greater than
0.70, indicating that this parameter alone is insufficient for predicting DUs. Cut-off values
of ulnar RI ≤ 0.82 and radial RI < 0.88 classified 94% of healthy controls, underscoring the
need for combined diagnostic approaches [41].

Recent research by Schioppo et al. highlights the utility of Power Doppler Ultrasound
(PDUS) in assessing both macro- and microvascular involvement. PDUS can identify UAO
and reduced blood flow in the finger pulp, which are associated with capillary loss as
measured by NVC [50]. Combining PDUS and NFC results by Lescoat et al. has shown
strong associations with the primary digital manifestations of SSc, reflecting the severity
of vasculopathy. This combined assessment approach helps identify patients with more
advanced vascular pathology, offering better predictive capability for the risk of DUs than
evaluating either macrovascular or microvascular impairment alone [45].

As already mentioned, the pathophysiology of vascular involvement in SSc includes
dysregulation of immune cells from both innate and adaptive immunity, leading to the
release of pro-inflammatory and profibrotic enzymes, such as those involved in the Wnt or
TGF-β pathways. This dysregulation results in vascular damage and fibrosis. Taking these
into account, UAO has been identified as a marker of severe vasculopathy and a predictor
of DUs, particularly in patients with limited cutaneous systemic sclerosis (lcSSc) [45].

Bandini et al. demonstrated that abdominal ultrasound and CDUS can non-invasively
assess splanchnic vessels, revealing morphological and functional differences in mesenteric
arteries in SSc patients compared to healthy controls, suggesting “bowel vasculopathy” [51].
Additionally, renal arteries in SSc patients often show vascular damage without clinical
symptoms, indicated by increased intrarenal stiffness but normal renal function. Hughes
et al. described an overlap condition of SSc with Antineutrophil cytoplasmic autoantibodies
(ANCAs), potentially representing a poor prognostic vascular phenotype [52].

Finally, CT is commonly used as an essential component of the diagnostic assessment
of patients with suspected SSc-PAH. It allows for the visualization of associated ILD and
excludes significant thromboembolic disease through CT Pulmonary Angiography (CTPA).
Other features indicative of pulmonary hypertension (PH) can also be assessed using
CTPA. Condliffe et al. proposed a combined index of the ratio of the diameter of the
main pulmonary artery (dPA) and the diameter of the Adjacent Aorta (dAA), along with
Tricuspid Gradient Measured at Echocardiography (TGECHO). It has been proven to have
significant predictive value for mean Pulmonary Arterial Pressure (mPAP) in a diverse
group of patients suspected to have PH [53]. However, the combined index has not been
implemented widely in clinical practice.

5. Treatment Approaches in Vascular Abnormalities in SSc Patients

5.1. Pharmacological Treatments

Considering the multi-organ involvement, fibrosis, and vasculopathy in SSc, treatment
should address these issues if they present [54]. Table 1 presents the current treatment
options for SSc patients and their effectiveness for vascular abnormalities and complica-
tions [55–59].

In the initial stages of SSc, activation of the endothelium results in the upregulation
of vasoactive mediators, such as endothelin 1. ET-1 receptor antagonists are therefore
utilized to reverse this deleterious effect [60]. This class includes aniracetam with selective
type A receptor action and bosentan and macitentan, which are dual antagonists at both
type A and B receptors. In vivo studies in SSc patients demonstrated that aniracetam was
associated with decreased pain, disability, and activity and the number of new DUs [33]. On
the other hand, in vitro experiments showed reduced expression of mesenchymal markers
in microvascular endothelial cells (MVECs) from SSc patients that were preincubated with
bosentan or macitentan, pointing towards a potential mechanism to disrupt the EndoMT
pathway [21].

113



Sclerosis 2024, 2

Table 1. Treatment modalities for systemic sclerosis and their usefulness for improving vascu-
lar involvement.

Groups Medications Mechanism of Action
Useful for Vascular
Complications of SSc

Vasodilators Calcium channel blockers
(e.g., Nifedipine, Amlodipine)

Relax blood vessels, improve
blood flow

Yes, useful for Raynaud’s
phenomenon and
digital ulcers

Prostacyclin analogs
(Prostanoids) (e.g., Iloprost,
Epoprostenol, Treprostinil)

Vasodilation, platelet
inhibition

Yes, used for severe
Raynaud’s phenomenon and
pulmonary hypertension

Endothelin receptor
antagonists (e.g., Bosentan,
Macitentan)

Block endothelin-mediated
vasoconstriction

Yes, used for pulmonary
arterial hypertension (PAH)
and digital ulcers

Phosphodiesterase Inhibitors
(i.e., Sildenafil, Tadalafil)

Enhance
nitric-oxide-mediated
vasodilation

Yes, primarily for
PAH treatment

ACE Inhibitors Enalapril, Captopril
Inhibit angiotensin-converting
enzyme, reduce blood
pressure

Yes, useful in scleroderma
renal crisis

Immunosuppressants Mycophenolate mofetil,
Cyclophosphamide

Suppress immune response to
slow fibrosis progression

Limited, mainly for skin and
lung involvement, not directly
for vascular issues

Anti-Platelet Agents Aspirin, Clopidogrel Prevent blood clot formation May provide some benefits for
digital ulcers

Angiotensin II Receptor
Blockers (ARBs) Losartan, Valsartan Block angiotensin II, reduce

vascular resistance

Useful for controlling
hypertension, limited for
other vascular complications

Antifibrotic Agents Nintedanib Inhibit pathways leading
to fibrosis

Primarily for lung fibrosis,
limited direct
vascular benefits

Anticoagulants Warfarin Prevent blood clot formation Limited, mainly for secondary
complications like thrombosis

Statins Atorvastatin, Simvastatin Improve endothelial function,
reduce cholesterol levels

May have some vascular
benefits, but not widely used
specifically for SSc

Antifibrotic
Immunomodulators Tocilizumab (IL-6 inhibitor) Block IL-6-mediated

inflammation, slow fibrosis

Limited efficacy in direct
vascular complications, useful
in lung involvement

B-cell-Depleting Agents Rituximab Deplete B-cells, reduce
autoantibody production

Limited direct vascular
benefit, under investigation
for broader effects

T-cell Modulators Abatacept (CTLA-4 Ig)
Inhibit T-cell activation,
reduce immune-mediated
tissue damage

Currently, there is limited
evidence for vascular benefits,
mainly for skin and
joint disease

Janus Kinase (JAK) Inhibitors Tofacitinib, Baricitinib Inhibit the JAK-STAT pathway,
reducing immune signaling

Limited evidence for vascular
benefit, mainly used for
inflammation and fibrosis

TNF-alpha Inhibitors Infliximab, Adalimumab Block TNF-alpha, reducing
inflammation

Not typically used for SSc due
to lack of efficacy in vascular
or fibrotic complications
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Table 1. Cont.

Groups Medications Mechanism of Action
Useful for Vascular
Complications of SSc

IL-1 Inhibitors Anakinra (IL-1 receptor
antagonist)

Block IL-1 signaling, reduce
inflammation

Not commonly used for SSc
vascular issues, limited data
on efficacy

Anti-Th17 Agents Secukinumab (IL-17 inhibitor) Inhibit IL-17 activity, reduce
inflammation

Minimal evidence for impact
on vascular complications in
SSc

Calcineurin Inhibitors Tacrolimus, Cyclosporine Suppress T-cell activation,
reduce immune responses

Rarely used for SSc, limited
benefit for vascular
complications

PDGF receptor-α and -β, FGF
receptor-1–3, and VEGFR-1–3
inhibitors

Nintedanib Block signaling, improves
spirometry parameters Mainly for ILD

Botulinum toxin

Inhibits the release of
acetylcholine from
presynaptic nerve endings
and reduces vascular smooth
muscle contraction, thereby
improving local circulation

Pain relief and promotes
healing of limb ulcers.

Adipose tissue-derived
mesenchymal stem cells

Healing of the DU and pain
relief in some patients. It
improves perioral fibrosis

Promise for treating SSc
vascular involvement; healing
digital ulcers, and pain relief
in some patients. It improves
perioral fibrosis

Other therapeutic options for SSc are phosphodiesterase inhibitors, which prevent
cGMP hydrolysis by phosphodiesterase-5a and, therefore, prolong the activity of vasodila-
tors, including NO [61]. In clinical practice, PDE-5A inhibitors have been shown to improve
the frequency, duration, disability, and discomfort experienced in RP and promote the
healing of DUs. Sildenafil has been applied in the treatment of SSc-PAH to improve car-
diopulmonary function. According to a recent study, combined therapy of tadalafil plus
ambrisentan for SSc-PAH demonstrated superior efficacy than single therapy with either
agent [21].

Among the immunomodulator options, mycophenolate mofetil (MMF) inhibits inosine
monophosphate dehydrogenase, thus suppressing the synthesis of guanosine nucleotides
in lymphocytes and preventing cytokine release that would culminate in EC injury. A
secondary effect of MMF is that it interferes with the glycosylation needed for the adhesion
of lymphocytes and monocytes to ECs and downregulates the expression of adhesion
molecules, hindering leukocyte recall to the vascular endothelium [21].

Cyclophosphamide (CYC) is an alkylating agent that affects the action of Tregs and
lowers the levels of IFN-γ and IL-12 secretion. Although CYC is primarily used for SSc-
related ILD, it has also exhibited a significant effect on vascular complications. In clinical
practice, it demonstrated improved nail fold capillary patterns, increased serum levels of
CCN1 and circulating EPCs, and reduced serum levels of endothelial damage markers [21].

Tocilizumab is a monoclonal antibody that interferes with the action of the IL-6
receptor, which has been implicated in the EC activation process and the fibroblast-to-
myofibroblast differentiation process [33]. In a case report, the application of tocilizumab
showed improvement in DUs, PAH, and ILD [62,63].

Treatments for vascular lesions currently focus on improving vascular endothelial
function, reducing ischemia damage to visceral organs, and improving skin symptoms such
as perioral sclerosis and fingertip ulcers. These treatments may target immunological or
vasoactive substance pathways. It is important to remember, though, that various processes
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indicate various treatment results. There is a great deal of individual variability in the
clinical presentation of SSc. An evidence-based strategy is needed to address the various
organ involvement requirements and provide the right medicine combinations [33].

5.2. Specific Treatment Options for SSc-Associated Conditions
5.2.1. Pulmonary Hypertension

Pulmonary hypertension has a devastating effect on the overall morbidity and mor-
tality indices in SSc patients, making its early diagnosis and management a focal point in
SSc therapy. The therapeutic options available for the treatment of SSc-PAH comprise four
distinct groups of medications: endothelin receptor antagonists (ERAs), phosphodiesterase
5 (PDE5) inhibitors, prostacyclin analogs and receptor agonists, as well as soluble guanylate
cyclase (sGC) stimulators [54]. Supportive therapy may also be required, and it involves
the management of volume overload with diuretics, antiarrhythmic medications for atrial
arrhythmias, and supplementation with oxygen for respiratory failure if indicated.

As Naranjo et al. noted, the suggested approach by the 6th World Symposium on
Pulmonary Hypertension includes targeted therapy according to the identified risk of each
patient based on a specialized risk stratification algorithm, most commonly the FPHN and
REVEAL 2.0 risk systems. Achieving a low-risk level is the principal goal of the therapy, as
it has been shown to improve mortality significantly. Monotherapy is generally inadequate,
except for some select patients, and, usually, SSc patients with PAH classified as low-to-
intermediate risk are offered combination therapy. In the group of patients identified as
having high risk, a parenteral prostacyclin analog is added to the combination therapy.
Patient response is evaluated initially within 1 to 3 months of therapy onset and, following
that, at a 3- to 6-month interval [64].

Endothelin receptor antagonists (ERAs) block the endothelin pathway by interfering
with endothelin receptor type A (ETA) and endothelin receptor type B (ETB), conferring a
vasodilatory and antiproliferative effect [65]. The results of the BREATHE-1 trial proved
bosentan’s efficacy—an oral nonselective ETA/B antagonist—by showing ameliorated
hemodynamic parameters and 6 min walk distance (6MWD) [65]. Accordingly, ARIES-
1/ARIES-2 trials demonstrated that ambrisentan, preferentially targeting ETA, improved
the 6MWD, although the effect was noted to be better in Idiopathic PAH (IPAH) patients
when compared to SSc-PAH. In SSc patients, ambrisentan was able to slow disease progres-
sion and worsening of the clinical condition.

Macitentan, a newer nonselective ETA/B receptor antagonist, was studied in the
SERAPHIN trial, where the results were consistent with a significant advantage in mortality
and morbidity reduction over placebo. Macitentan has so far demonstrated superior efficacy
in IPAH treatment when compared to the other ERAs, and as Bahi et al. reported, despite
the lack of a dedicated trial, it is expected to have a similar effect in SSc-PAH [64,65]. A
potential pitfall in the use of ERAs remains their toxicological profile, with the potential
teratogenic effect limiting their use in pregnant women [54].

Prostacyclin analogs are also employed in SSc management. In SSc-PAH, prostacyclin
levels are depleted, resulting in vasoconstriction and smooth muscle cell proliferation in
the pulmonary artery and limiting cyclic adenosine monophosphate (cAMP) synthesis [65].
Epoprostenol, treprostinil, and iloprost are prostacyclin analogs, whereas selexipag is an
agonist at the prostacyclin receptor. Epoprostenol is administered intravenously because
of its short half-life, while intravenous and inhaled forms of iloprost exist. Additionally,
treprostinil is manufactured in oral, intravenous, subcutaneous, and inhalational forms.
Epoprostenol has demonstrated a beneficial effect on PAH by ameliorating exercise toler-
ance, hemodynamic function, and overall survival. Its widespread use is limited by its
adverse effect profile, including infections, sepsis, and hypotension [64,65].

A randomized trial involving 470 PAH patients (including CTD-PAH) on continuous
subcutaneous administration of treprostinil showed an improvement in the 6MWD, dysp-
nea indices, and hemodynamic parameters, even though the proportion of patients with
SSc-PAH was limited [64]. Inhaled treprostinil has also demonstrated a potential advantage
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for treating patients with combined SSc-PAH and SSc-ILD in a trial involving group 3 PH
patients with SSc-ILD [65]. Similarly, intravenous infusion of iloprost improved 6MWD and
reduced sPAP, while the inhaled form could have a role in acute PAH crisis management,
as suggested by Jin et al. [66]. However, the narrow range of data available on inhaled
prostacyclin analogs to treat the subgroup of SSc-specific PAH is quite problematic, and
more trials are needed to clarify their effectiveness and potential limitations.

Selexipag is an oral prostacyclin receptor agonist that mediates pulmonary vasodila-
tion. The subgroup analysis of the GRIPHON study in CTD-PAH patients demonstrated a
significant reduction in the mortality and morbidity risk (−41%), while delaying disease
progression and improving the cardiovascular parameters [66].

The nitric oxide pathway, PDE5 inhibitors, and guanylate cyclase agonists in SSc
patients are also studied. In PAH, NO synthesis is downregulated, resulting in reduced
cGMP levels. PDE5 inhibitors can mitigate this process, while guanylate cyclase agonists
act on the soluble guanylate cyclase and elevate cGMP levels. The result is pulmonary
vasodilation and inhibition of the proliferative processes [65].

Phosphodiesterase inhibitors, i.e., sildenafil, improved the 6MWD and the hemody-
namic function (mPAP) in SUPER-1/SUPER-2 and PHIRST-1/PHIRST-2 studies both in
PAH patients and in the subgroup of SSc-PAH cases. Additionally, PHIRST-1/PHIRST-2
reported a beneficial effect on the quality of life and delayed clinical worsening in the
PAH population with similar results in CTD-PAH patients [64]. Tadalafil also showed
improvement in the 6MWD, quality of life, and slower clinical worsening with the added
effect of a longer-acting agent in IPAH. In SSc-PAH, combination therapy with tadalafil
and ambrisentan, currently employed as a first-line option, seems to be especially effective.
Although the evidence for using vardenafil in SSc-PAH is lacking, it has also shown similar
benefits regarding improved hemodynamics and 6MWD [65].

The guanylate cyclase stimulator, Riociguat, acts on soluble guanylate cyclase (sGC),
increasing cGMP levels. The PATENT-1/PATENT-2 trials demonstrated that riociguat has a
beneficial effect in CTD-PAH, including in the SSc-PAH subgroup, by increasing the 6MWD
and improving the functional class and the hemodynamic parameters.

Additionally, the RIVER study in PAH patients (14% were CTD-PAH patients) asso-
ciated long-term riociguat therapy with improved RV function and decreased right heart
size [65].

Multiple trials have demonstrated (e.g., the AMBITION trial) that initiating combina-
tion therapy early in the course of SSc-PAH with ERAs and PDE5 inhibitors significantly
improves response and delays disease worsening [65]. In addition, Naranjo et al. illus-
trated that combination therapy in SSc-PAH patients without prior treatment increased
the 6MWD, ameliorating the structure and function of the RV and the associated hemody-
namic parameters. The follow-up ATPAHSS-O trial (SSc-PAH) additionally demonstrated
improvement in pro-BNP levels.

Furthermore, the GRIPHON and SERAPHIN trials showed a reduction in mortality
and morbidity following the addition of selexipag and macitentan to routine therapy,
respectively [64]. As SSc-PAH has a particularly complex pathogenesis, future therapeutic
approaches will likely include medications targeting different contributing pathways, e.g.,
a TGF-β signaling targeting agent, an immunomodulator, and a vasodilating agent [65].

Adjunct therapy for SSc includes the following. As SSc patients are predisposed to gas-
tric antral vascular ectasias and ulcerative esophagitis, routine use of anticoagulation is not
normally suggested unless specific clinical conditions require it. Additionally, the REVEAL
Registry concluded that prolonged use of warfarin confers an unfavorable prognosis in SSc-
PAH. Furthermore, although corticosteroids have benefitted survival and hemodynamics
in other CTD-PAH patients, the results were not reproducible in SSc-PAH. Similarly, despite
the broad usage of calcium channel blockers (CCBs) in RP, current recommendations do
not promote their use in SSc-PAH due to their effect on esophageal motility [64].

Supplementation with iron has been suggested as a means to relieve hypoxic stress
in PAH. However, the clinical trial of intravenous iron demonstrated no improvement in
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the hemodynamic parameters and functional class by week 12. Conversely, the episodes
of dyspnea were reduced, and a better quality of life was reported, most notably in iron-
deficient patients with recurrent gastrointestinal bleeding and SSc-PAH [65].

5.2.2. Raynaud’s Phenomenon

The dihydropyridine group of CCBs, with nifedipine being the prototype, is consid-
ered the first-line option in the treatment of RP. This is further supported by the results
of a 2017 meta-analysis that evaluated the use of CCB in the treatment of primary and
secondary RP. It was concluded that nifedipine, compared to placebo, reduced the fre-
quency of the attacks in secondary RP by −4.19 and their severity, and the response was
dose-dependent [67].

PDE5 inhibitors are classically regarded as second-line treatment in mild RP and as
a second or third option (in combination therapy with prostacyclins) for severe RP. In
2013, a meta-analysis evaluated the effectiveness of sildenafil, tadalafil, and vardenafil
by analyzing six RCT studies (244 patients, 92% of whom had SSc-related RP). The data
from the meta-analysis demonstrated that sildenafil and tadalafil successfully lowered the
frequency (−0.49), severity (−0.46 based on Raynaud condition score), and daily duration
of the attacks (−14.62 min) [54].

In 2018, a randomized, n-of-1, double-blind trial conducted by Roustit et al. compared
on-demand single doses of sildenafil prior to or during exposure to attack triggers versus
placebo in patients with primary and secondary RP. The results demonstrated that, although
there was a 90% probability that sildenafil was more effective compared to placebo, due to
the high heterogeneity and relatively small effect size, on-demand PDE5 inhibitors were
not, in fact, superior [68].

Current approaches suggest the use of prostacyclin analogs as rescue medication in
cases of severe, refractory RP. The effectiveness of oral prostacyclin analogs, as well as
selexipag, has not been demonstrated in secondary RP and, so far, only intravenous iloprost
has yielded satisfactory therapeutic outcomes for SSc-related RP.

Alprostadil, a synthetic form of prostaglandin E1, has failed to show consistent ben-
efit, with conflicting data arising from two trials. Ancillary treatments, such as topical
application of nitrates (e.g., nitroglycerin and glyceryl trinitrate), demonstrated a beneficial
effect (in a meta-analysis involving ~200 patients with secondary RP), with improved
clinical status and hemodynamic function. Limitations include debilitating headaches and
a contraindicated combination with a PDE5 inhibitor [54].

Aspirin, targeting platelet activation, might have a role in treating RP, and atorvastatin
might be able to delay vascular injury. Pentoxifylline and fluoxetine might also benefit
some patients, but the decision should be based on individual protocols. An advantageous
effect in the severity and frequency of RP episodes was, indeed, demonstrated by a small,
randomized trial comparing fluoxetine to nifedipine. Conversely, subset analysis of the
RISE-SSc RCT showed no improvement in RP when comparing riociguat to placebo. An-
giotensin II receptor type 1 blockers are regarded as a rescue option for treating mild RP in
the case of nifedipine failure. However, their effectiveness is considered low [67].

5.2.3. Scleroderma Renal Crisis

Scleroderma renal crisis is associated with significant morbidity and comprises one out
of the four main causes of death in SSc patients. As such, timely diagnosis and management
are paramount [69]. Current guidelines on the management of SSc-associated renal crisis
involve hospitalization and initiation of therapy with ACEIs; commonly, a short-acting
agent is used (e.g., captopril). The goal is to achieve a 24 h reduction in systolic blood
pressure by 20 mm Hg and to reach and maintain a blood pressure (BP) of 120/70 mm
Hg by day 3 without hypotension. When the goal BP is met, the dose can be stabilized
with a long-acting ACEI [70]. If BP remains uncontrolled with maximum acceptable doses
of ACEI, adding a dihydropyridine calcium channel blocker may be useful. Due to their
potential for stimulating the RAAS, diuretics should not be used unless volume control
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is necessary. ACEIs, due to their vasodilatory effect on the efferent arteriole, can decrease
renal function to the point where dialysis is unavoidable.

Therapy should continue while on dialysis, as per the guidelines, since almost half of
the patients have been shown to partially recover within 3 to 18 months. ACEIs may mask
the diagnosis of scleroderma renal crisis when used prior to an established acute crisis
by maintaining a normal BP, leading to delayed diagnosis and increased risk of adverse
outcomes, including death [70]. As the levels of circulating endothelin-1 have been reported
to be elevated in SSc, ERAs can have a beneficial effect in managing acute SSc renal crisis.

Additionally, prostacyclins can have a role in rapidly lowering BP and improving
renal blood flow. The recovery of renal function following a scleroderma renal crisis may
take up to 2 years. Therefore, renal transplantation should not be considered before this
time has passed [69,70].

5.2.4. Other Vascular Complications in Scleroderma

A multidisciplinary approach in the care of wounds (i.e., DUs) is indicated, especially
on the occasion of large ulcers and strategies for wound care, e.g., the TIME algorithm
(Tissue, Infection, Moisture, Edge) could have a beneficial effect [67]. Pain management
and wound debridement should be employed as needed. As the risk of secondary infection
is significant (up to two out of three patients), dressings incubated with iodine or silver
nitrate can be used. Based on the local resistance patterns, empirical antibiotic therapy is
another option when severe infection occurs.

Pharmacological treatment includes using a first-line CCB, followed by the addition
of PDE5 inhibitors. Third-line treatment involves the utilization of prostacyclins, whereas
bosentan and sympathectomy can both be considered prophylactically [67].

5.3. Non-Pharmacological Treatments for SSc

Therapeutic patient education should be pursued whenever applicable. It involves
functionally re-educating the patient to avoid or modify certain habits to prevent and/or
reduce disease exacerbation via lifestyle modification. General provisions include cold pro-
tection with gloves (incl. heated gloves), thermal clothing and space heaters, microtrauma
protection, smoking cessation, and avoidance of vasoconstrictor drugs [70].

In the fight against exertional dyspnea, respiratory rehabilitation has shown signifi-
cant advantages. Physical therapy and rehabilitation can be utilized symptomatically to
increase regional blood flow and teach the patients to mobilize exercises for heat generation.
Other techniques have also been suggested, including biofeedback, laser treatment, and
acupuncture, but results have not been adequately satisfactory [54].

In summary, recent advancements have introduced novel agents and treatment strate-
gies for addressing micro- and macrovascular abnormalities in SSc. These emerging thera-
pies include endothelial progenitor cell therapy, antifibrotic drugs, and biologics targeting
specific pathways implicated in vascular damage. Ongoing clinical trials are crucial for
evaluating the safety and efficacy of these innovative treatments. Additionally, combination
therapies and personalized medicine approaches are being explored to enhance therapeutic
outcomes. Future research should focus on identifying biomarkers for early detection
and monitoring response to treatment, ultimately aiming to improve the quality of life for
patients with SSc [47]. However, despite recent advancements in our understanding of
the underlying disrupted molecular pathways in SSc, there is still a great unmet medical
need, as there is currently no treatment that addresses the fibrosis component of the illness.
Novel studies reveal some inflammatory pathways that can be addressed by repurposing
medications [71,72].

6. Conclusions

The management of micro- and macrovascular abnormalities in SSc remains a signif-
icant challenge due to the complex pathophysiology of the disease. Current therapeutic
options, including pharmacological agents and biologics, have shown varying degrees
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of efficacy in mitigating vascular damage and improving patient outcomes. Emerging
therapies, such as endothelial progenitor cell therapy and novel antifibrotic drugs, offer
promising new avenues for treatment. Additionally, personalized medicine and combi-
nation therapies also potentially optimize treatment strategies. However, despite recent
advancements in understanding the disrupted molecular pathways in SSc, a significant
unmet medical need remains, as no treatment currently effectively targets the fibrotic
component of the disease. Further research is needed to identify reliable biomarkers for
early detection and accurately monitor therapeutic responses. By continuing to explore
and develop targeted therapies, there is hope for significantly improving the quality of life
and prognosis for patients with this complex autoimmune disease.
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Abstract: Introduction: Calcinosis cutis (CC), the pathological deposition of calcium salts in the skin,
is a frequent and challenging complication of systemic sclerosis (SSc). Despite its high prevalence, the
underlying pathophysiology remains poorly understood, complicating treatment strategies. Material
and Methods: This narrative review synthesizes the literature on CC in the context of SSc. The
current understanding and treatment of CC in SSc is reviewed, focusing on the role of hypoxia in
its pathogenesis and the therapeutic potential of sodium thiosulfate (STS). Results and Discussion:
Research indicates a potential link between hypoxia and the development of CC in SSc, shedding
light on novel pathogenic mechanisms. Additionally, promising results from treatments such as STS
spurs interest in conducting larger, randomized controlled trials to validate these findings.

Keywords: dystrophic calcifications; calcinosis cutis; systemic sclerosis; scleroderma; treatment;
hypoxia; chronic inflammation; sodium thiosulfate

1. Introduction

Systemic sclerosis (SSc) is a multisystem autoimmune disease characterized by widespread
vasculopathy, fibrosis, and immune dysregulation [1]. Calcinosis cutis (CC), the depo-
sition of insoluble calcium salts in the skin and subcutaneous tissues, is a common yet
understudied manifestation of SSc and other autoimmune diseases [2]. These deposits can
lead to significant morbidity, including pain, ulcerations, and recurrent infections, severely
impacting the quality of life of affected individuals. CC typically presents as firm, palpable
nodules or plaques that may be localized or widespread [3]. These deposits are often found
in areas of the body subjected to repetitive trauma or pressure, such as the fingers, elbows,
knees, and buttocks. The physical burden of calcinosis cutis is profound, causing chronic
pain, restricted joint mobility, and recurrent infections due to ulcerations overlying the
calcium deposits [4,5]. The psychosocial impact is also significant, as visible lesions can
lead to stigmatization and emotional distress [6]. Despite the high prevalence and sub-
stantial burden of calcinosis cutis in SSc, the underlying pathophysiology remains poorly
understood, complicating efforts to develop effective therapy and preventive measures
of CC [7]. Various factors have been implicated in development of CC, including chronic
inflammation, immune dysregulation, and vascular abnormalities. However, emerging
research suggests that hypoxia, a common feature in SSc due to persistent vascular insuffi-
ciency, may play a crucial role in the pathogenesis of this condition [8]. Figure 1. Calcinosis
cutis lesions.
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(a) (b) 

Figure 1. Multiple calcinosis cutis (CC) lesions in two female SSc patients: (a) linear CC lesions on
the upper arm; (b) nodular CC lesion on the elbow with ulcerations. Photos shown with permission
from patients.

Hypoxia, reduced oxygen availability in tissues, is a significant pathological feature
in SSc [8–10]. The microvascular damage characteristic of SSc leads to chronic hypoxia,
resulting from the occlusion and destruction of small blood vessels. This impaired tissue
perfusion and oxygen delivery creates a persistent low-oxygen environment. Cells respond
to hypoxia through various adaptive mechanisms, often mediated by hypoxia-inducible
factors (HIFs). HIFs are transcription factors that activate the expression of genes involved
in angiogenesis, metabolism, and cell survival under low oxygen conditions [9,11,12]. In
SSc, the chronic activation of these pathways may contribute to pathological processes
such as CC [9]. Understanding the role of hypoxia in SSc and its impact on CC provides a
framework for exploring targeted therapies.

In the following, we aim to provide a comprehensive overview of the current under-
standing of CC in SSc, focusing on the potential role of hypoxia in its pathogenesis and the
emerging therapeutic potential of sodium thiosulfate (STS). We will discuss the evidence
supporting the hypoxia hypothesis, including findings from nailfold capillaroscopy, and
explore the mechanisms of action and clinical evidence for STS and other treatment options.
Additionally, we highlight the need for larger, well-designed clinical trials to validate these
findings and establish evidence-based treatment guidelines for CC in SSc. By advancing
our understanding and treatment of this challenging condition, our vision is to improve
outcomes and quality of life for patients with SSc.

2. Materials and Methods

This narrative review synthesizes the current literature on CC in the context of SSc.
To conduct a comprehensive analysis, we performed a systematic search of three major
databases: PubMed, Embase, and Web of Science. The search encompassed studies pub-
lished from 1980 to the present and focused on capturing all relevant research, reviews,
and case reports related to CC in SSc. We used a combination of keywords and Medical
Subject Headings (MeSH) to ensure an inclusive search strategy. The primary search terms
included “Systemic Sclerosis” and “Calcinosis Cutis”, along with related terms such as
“Scleroderma, Systemic”, “Dystrophic Calcification”, “Skin Calcification”, and “Autoim-
mune Disease”. The search was conducted across all fields, including titles, abstracts,
and full texts to identify a broad range of literature addressing the clinical manifestations,
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pathophysiology, diagnostic approaches, and treatment options for CC in SSc. The search
results were carefully reviewed to select peer-reviewed studies, reviews, and case reports
that provided insights into the relationship between CC and SSc. We included articles that
offered detailed discussions on pathogenesis, clinical features, diagnostic tools, therapeutic
interventions, and prognostic factors specific to CC in SSc. Studies unrelated to CC in
SSc, or those focusing on other conditions, were excluded from the review. From the
selected articles, we extracted relevant information, paying particular attention to the role
of immune and vascular dysfunction in the development of CC. We also examined emerg-
ing therapeutic approaches and potential correlations between CC localization, disease
duration, and exacerbations. The extracted data were synthesized to provide a detailed
overview, highlighting established knowledge as well as gaps for future research.

3. Results

3.1. Pathophysiology: The Hypoxia Hypothesis

The exact mechanisms leading to CC in SSc remain elusive. However, recent studies
suggest that hypoxia, a hallmark of SSc due to chronic vascular insufficiency, may play a
crucial role [4,5,7,13]. Under hypoxic conditions, HIFs stabilize and activate the transcrip-
tion of various genes involved in angiogenesis, metabolism, and cell survival [12]. In SSc,
chronic hypoxia and the resultant upregulation of HIFs could promote the expression of
pro-osteogenic factors such as vascular endothelial growth factor (VEGF) [11,14]. These
factors might induce the differentiation of fibroblasts and vascular smooth muscle cells
into osteoblast-like cells, potentially leading to the deposition of calcium in the skin and
subcutaneous tissues, characteristic of CC. However, the direct role of HIFs in this specific
context needs further investigation to confirm their contribution to CC in SSc.

Nailfold capillaroscopy (NFC) is a non-invasive imaging technique that allows for
the direct observation of the microcirculation in the nailfold area [15,16]. It is particularly
useful in SSc for assessing microvascular changes and has been instrumental in linking
vascular abnormalities to the development of CC. Studies have shown that certain NFC
patterns, particularly severe capillary loss and extensive avascular areas, are significantly
associated with the presence of CC in SSc patients [17–19]. The reduced capillary density
and avascular areas observed in NFC reflect a state of chronic tissue hypoxia. The presence
of giant capillaries and microhemorrhages indicates ongoing attempts at vascular repair
and remodeling. These findings support the hypothesis that chronic hypoxia due to
microvascular damage plays a critical role in the pathogenesis of CC.

In addition to hypoxia, chronic inflammation and immune dysregulation are central to
the pathogenesis of SSc. Cytokines such as interleukin-6 and tumor necrosis factor-alpha are
elevated in SSc and have been implicated in promoting CC [20–22]. These pro-inflammatory
cytokines can enhance the osteogenic differentiation of mesenchymal cells and stimulate
the production of extracellular matrix components that facilitate calcification.

CC, while present in both SSc and dermatomyositis (DM), likely arises from different
pathological mechanisms in each disease. In SSc, the hypoxia hypothesis suggests that
chronic low oxygen conditions due to microvascular damage lead to calcium deposition
in tissues. In contrast, CC in DM may involve distinct pathophysiological processes not
primarily driven by tissue hypoxia. DM is an inflammatory myopathy characterized by
muscle weakness and skin manifestations occurring also in a juvenile form [23]. The
development of CC in DM is thought to be linked more closely to chronic inflammation and
immune complex deposition rather than to ischemia and hypoxia. Inflammatory cytokines
and immune complexes may contribute to CC by damaging tissues and creating a local
environment conducive to calcium salt precipitation. In DM, the release of calcium from
damaged muscle cell mitochondria is a significant contributor [8]. Studies report a decrease
in CC when patients are treated with anti-inflammatory treatments [24–26].
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3.2. Diagnosis and Characteristics

CC is diagnosed based on clinical examination supported by imaging techniques.
While guidelines are sparse, the imaging gold standard is radiography, and other types
of imaging such as ultrasound, computed tomography and magnetic resonance could
provide extended information such as involvement of underlying structures. Larger studies
comparing diagnostic accuracy are lacking. Diagnosis is occasionally confirmed through
biopsy to identify calcium deposits in the skin or underlying tissues [27–31]. Figure 2.
Calcinosis cutis imaging.

 

 
(a) (b) 

Figure 2. (a) Radiographic and computed tomography (CT) image of the same hand and wrist in a
48-year-old female Ssc patient. Conventional radiography showing multilobulated calcifications in
the distal radioulnar joint and ulnar side of the wrist, measuring 3 × 5 × 2 cm. To the right, a CT 3D
multiplanar visualization with bone algorithm. (b) Radiographic image of the hand of a 65-year-old
female SSc patient showing calcinosis observed in the distal parts of the first, third, and fourth fingers
of the right hand. On the right side, a new radiography examination four years later shows new
calcinosis formation at the distal part of the second finger, with some deposits measuring up to 4 mm.
Furthermore, reduced density of calcinosis at the distal end of the third finger.

Calcinosis is present in several autoimmune connective tissue diseases. Certain patient
profiles are more predisposed to developing CC, particularly those with SSc and DM. In SSc,
CC is more frequently seen in patients with limited cutaneous involvement, and the pres-
ence of anti-centromere antibodies has been strongly associated with its development [32].
Anti-PM/Scl, an autoantibody present in SSc, DM, and more common in patients with
overlap syndromes have been found to be associated with calcinosis consistently [33,34].

Regarding clinical manifestations, CC is often observed in patients with long-standing
Raynaud’s phenomenon, digital ulcers, and sclerodactyly [35,36]. The calcifications in DM
are generally more extensive and can be associated with muscle weakness and skin rashes,
distinguishing them from the more limited CC in SSc [37]. CC occurs more frequently in
SSc patients with longer disease duration [36]. CC severity is not predicted by the severity
of the underlying autoimmune connective tissue disease [3]. CC in SSc predominantly
follow patterns of trauma and ischemia affecting the hands, fingers, elbows, and knees. In
contrast, DM-related CC typically involves the trunk and extremities. The primary mineral
component of these deposits also differs. Hydroxyapatite is predominant in SSc, while
carbonate apatite is more common in DM [38,39].
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3.3. Promising Treatments

CC in SSc presents a significant clinical challenge due to its complex pathogenesis and
limited treatment options. Current therapeutic strategies aim to reduce symptoms, prevent
complications, and decrease the burden of calcium deposits. Recent excellent systematic
reviews provide an organized and comprehensive overview of the various treatments and
their level of evidence [40,41]. This section reviews the various treatments for CC, their
known or expected mechanism of action, and focuses on STS, the risk profile, and different
administration methods.

3.3.1. Potential Preventive Actions

Vasodilation plays a key role in reducing tissue hypoxia. By improving blood flow
to affected areas, vasodilators can help alleviate the ischemic conditions that promote
calcium deposition. This therapeutic approach aims to enhance oxygen delivery to tissues,
potentially mitigating the factors that enhance calcification. Calcium channel blockers, such
as nifedipine or diltiazem, are among the most frequently used treatments for CC in SSc [41].
These medications are believed to inhibit the influx of calcium ions into cells, potentially
reducing calcium deposition in tissues. The effectiveness of calcium channel blockers
is variable; while some patients report a reduction in the size and number of calcium
deposits, others do not experience any significant benefits [42]. Common side effects include
hypotension, dizziness, and gastrointestinal disturbances [3,41]. Phosphodiesterase type 5
(PDE5) inhibitors, such as sildenafil, have also been explored as a potential treatment for
CC in SSc. These medications work by promoting vasodilation and improving blood flow,
similar to calcium channel blockers, but through a different mechanism—by increasing the
levels of cyclic guanosine monophosphate (cGMP) in blood vessels [43]. PDE5 inhibitors
may help reduce tissue hypoxia, thereby decreasing the conditions that favor calcium
deposition. While their use in treating CC is less common, they have shown early promise
in improving vascular function [36,44].

For patients prone to CC, minimizing trauma to the skin and soft tissues is crucial
in preventing the development or worsening of calcium deposits. The gentle handling
of the skin, avoiding repetitive pressure or friction, and protecting vulnerable areas from
injury can reduce the risk of trauma-induced calcification. Educating patients about these
preventive measures is essential. Using cushioned supports or specialized protective gear
in daily activities may further help mitigate the impact on areas prone to CC, thereby
minimizing the formation of new calcified lesions or the aggravation of existing ones [4].

3.3.2. Mechanical Destruction/Removal of CC
Surgical Interventions

The surgical removal of calcinosis deposits can provide symptomatic relief, especially
in cases where the deposits are causing significant pain, recurrent infections, or ulcera-
tions [3,45]. However, surgery is often considered a last resort due to the risks associated
with the procedure, including infection/delayed healing, nerve damage, scarring, and, in
particular, the potential recurrence of CC in the same anatomical location. Surgical inter-
ventions range from minimally invasive techniques to more extensive excisions, depending
on the size and location of the deposits [40,46].

Lithotripsy

Extracorporeal shock wave lithotripsy (ESWL) is a non-invasive medical procedure
used for treating CC, generating high-energy shock waves onto the targeted CC lesions.
These shock waves are delivered to the skin surface using a device that is placed over the
affected area. Previous results demonstrated some effect on CC lesion size and a great
effect on pain reduction [47–50].
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3.3.3. Chemical Destruction/Removal of CC
Sodium Thiosulfate

STS, traditionally used intravenous to treat calciphylaxis in chronic kidney disease,
has emerged as a promising therapeutic option for CC in SSc. STS is a water-soluble salt
and reducing agent that reacts with oxidizing agents and has been used to treat CC since
2005. Preliminary studies and case reports have demonstrated significant reductions in
calcium deposits and associated symptoms following treatment with STS [40,41,51–58].
Although the exact mechanism of action is unknown, STS is believed to work primarily
by forming soluble complexes with calcium, facilitating the dissolution and excretion of
calcium deposits [2]. Additionally, its antioxidant properties help reduce oxidative stress,
which may mitigate inflammation and vascular damage contributing to CC. Furthermore,
STS may improve vascular function and tissue oxygenation, counteracting the hypoxic
environment that promotes calcification [59].

Administration of Sodium Thiosulfate

STS can be administered in various ways, including intravenous, topical, and intrale-
sional methods. The topical application of STS may be beneficial for localized calcinosis
deposits, providing direct treatment to affected areas with potentially fewer systemic side
effects [40,58,60–63]. Intralesional injections involve directly administering the drug upon
the calcium deposits, which may be effective for treating isolated, symptomatic lesions.
The administration of intralesional STS for treating CC in SSc involves a regimen designed
to gradually soften and reduce calcium deposits. Our approach recommends multiple
treatments, administered at 1–2-week intervals, with a total of 4–8 sessions depending on
the severity and extent of the CC lesions. Dosage increases during the sessions as more
room is gradually allowed ranging from 0.05 mL to 10 mL using a preferred concentra-
tion of 150 mg/mL [51,56]. This repeated administration is necessary as the calcinosis
deposits gradually soften over the course of the treatment, transitioning from a rock-hard
consistency to a more toothpaste-like texture. Some studies have reported using a single ad-
ministration of STS [51] and some very low concentrations (0.1 mg/mL), but the outcomes
have generally been less effective compared to the repeated treatment regimen [40].

While STS is an inexpensive treatment, a significant challenge in using STS is its
availability as a magistral (compounded) preparation. The compounded nature of the drug
means that its availability can vary widely between different countries and even within
regions. This variability in access can hinder the consistent application of this treatment
modality, making it less reliable for patients who may benefit from it. Moreover, STS
is officially registered only as an intravenous medication in most countries, presenting
additional challenges. When used intravenously, STS acts systemically, which has a dif-
ferent risk profile compared to topical or intralesional administration. Systemic treatment
is generally more extensive and should typically be reserved for cases with widespread
calcinosis, such as when a SSc patient has 100 or more lesions. The systemic approach can
be more appropriate in such severe cases due to the extensive nature of the disease, but
it also requires careful monitoring for potential systemic side effects and complications.
Studies report mixed effectiveness of intravenous STS in SSc patients [41].

Risk Profile of Sodium Thiosulfate

Topical and intralesional STS treatments are generally associated with only mild side
effects and are considered safe. Infection occurred in 9% (5/53) of patients after intrale-
sional STS administration [51,53,56], which was managed with antibiotics [53]. Injection-
associated pain was reported in more than 11% of patients receiving intralesional STS and
was transient in all cases [56]. Blistering is rare and tends to occur with higher STS concen-
trations. We observed blistering of the skin 4–7 days after switching from injection with
STS 150 mg/mL to injection with 250 mg/mL [56]. Skin irritation, inflammation, or redness
occurred and resolved without intervention [51]. One study noted skin discoloration, but
the prevalence was not reported [40]. Allergic reactions to STS are a rare, potential risk. No
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published results document this adverse reaction. Similarly, skin necrosis is a potential risk,
but no published results have shown this adverse reaction.

Sodium Thiosulfate in the Context of Hypoxia

If the hypoxia hypothesis is correct, STS could address CC through several mecha-
nisms. The calcium-chelating properties of STS may dissolve and soften calcified deposits,
making them easier to resorb. Additionally, its antioxidant effects could reduce oxidative
stress caused by hypoxia, interrupting the cycle of tissue damage and calcium buildup [8].

The response to STS treatment appears to differ slightly between SSc and DM, likely
due to the distinct pathophysiological mechanisms in each disease [41]. In SSc, where
vascular dysfunction and hypoxia play a significant role in calcinosis formation, the ability
of STS to improve tissue oxygenation and reduce oxidative stress may explain its more
pronounced effectiveness. In contrast, calcinosis in DM is often linked to chronic inflam-
mation and immune dysregulation rather than hypoxia, and lesions decrease in response
to anti-inflammatory treatments, which differs from SSc [24–26]. Figure 3. Calcinosis
cutis treatment.

 
(a) (b) 

Figure 3. Calcinosis cutis lesions in relation to treatment: (a) extensive, widespread lesions on
both forearms with inflammation, making treatment difficult; (b) intralesional sodium thiosulfate
treatment being performed on a severely ulcerated lesion on the foot. Photos shown with permission
from patients.

3.3.4. Other Treatments

Bisphosphonates, including alendronate and pamidronate, work by inhibiting osteoclast-
mediated bone resorption, which may help reduce calcification in soft tissues, but is mainly
used for osteoporosis treatment. The clinical evidence for their effectiveness in treating
CC is mixed. Side effects associated with bisphosphonates include gastrointestinal issues,
osteonecrosis of the jaw, and hypocalcemia [41,64]. Warfarin, an anticoagulant, has been
used in some cases based on the hypothesis that it can inhibit calcium deposition by
preventing the formation of insoluble calcium salts. However, the evidence supporting
the use of warfarin for CC is limited, and it is not widely recommended due to the risk
of bleeding complications [41,65]. Colchicine, an anti-inflammatory agent, has been used
to treat CC, particularly when inflammation is a prominent feature. Anecdotal evidence
suggests that colchicine may provide some benefit in reducing inflammation and pain
associated with CC. However, gastrointestinal upset and neutropenia are potential side
effects [3,41].
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4. Discussion

CC in SSc remains a medically challenging condition with limited effective treatment
options. Conventional therapies, including calcium channel blockers, bisphosphonates,
warfarin, colchicine, and surgical interventions, have shown variable effectiveness, and are
often associated with significant side effects. STS is as a promising treatment, with early
evidence suggesting it may effectively reduce calcium deposits and alleviate symptoms
in patients who already have developed CC. However, a limitation of STS treatment is
that, even when effective in reducing existing CC in some patients, it does not prevent the
formation of new lesions.

The hypoxia hypothesis provides a compelling explanation for the efficacy of STS
in treating CC. Hypoxia, or reduced oxygen availability, is a significant factor in the
pathogenesis of SSc. It promotes the formation of reactive oxygen species, leading to
oxidative stress, inflammation, and subsequent tissue damage. These conditions favor the
deposition of calcium in the skin and soft tissues. STS appears to counteract these processes
through several mechanisms. Its calcium-chelating properties increase the solubility of
calcium salts, facilitating the dissolution and excretion of calcified deposits. This action
can transform hard deposits into a softer consistency, aiding in their resorption over time.
Additionally, STS may reduce oxidative stress and protect tissues from further damage. By
improving vascular function and tissue oxygenation, STS possibly mitigates the ischemic
conditions that favor calcinosis, promoting a healthier tissue environment less prone to
calcification. Furthermore, its potential anti-inflammatory effects may disrupt the cycle
of tissue damage and calcification, reducing the inflammatory environment that supports
calcium deposition. These multifaceted actions make STS a promising therapeutic option
for managing CCs in SSc, addressing multiple pathways implicated in the formation and
persistence of CC.

CC in SSc shares similarities with calcinosis observed in other autoimmune diseases,
but distinct differences exist in terms of localization, disease progression, and treatment
options. Treatment options for CC in SSc are largely focused on addressing the under-
lying vascular damage and hypoxia, with calcium channel blockers, STS, and surgical
removal being commonly explored [41]. In DM, however, treatment often revolves around
controlling inflammation and muscle involvement, with immunosuppressive agents like
corticosteroids or methotrexate playing a more central role [66]. While surgical interven-
tions may be considered in both diseases, they may be more challenging in SSc due to the
fibrosis and poorer wound healing associated with the disease [44].

Comparatively, CC in overlap syndromes, such as patients with features of both
SSc and DM, can present a hybrid pattern of CC, with more extensive skin and soft
tissue involvement, often complicating treatment and leading to variable outcomes [3].
This highlights the need for personalized treatment strategies tailored to the specific
autoimmune profile and disease presentation.

Future Research Directions

Future research should aim to confirm the efficacy and safety of STS in treating
CC through larger, randomized controlled trials. These studies should explore optimal
dosing regimens, long-term outcomes, and potential side effects. Understanding the long-
term safety profile of STS is crucial for ensuring sustained patient safety and treatment
efficacy. Additionally, further investigations are needed to elucidate the precise mechanisms
by which STS exerts its therapeutic effects. Understanding how STS interacts with the
biochemical pathways involved in calcinosis formation will help optimize its use and
potentially lead to the development of more efficient treatments. Furthermore, future
research must further explore the underlying pathophysiology to better understand the
different types of CC.

The accurate diagnosis and assessment of CC are essential for effective treatment.
Diagnostic challenges include differentiating CC from other skin and soft tissue conditions
and determining the extent and activity of calcified deposits. Advanced imaging tech-
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niques, such as high-resolution ultrasound, CT scans, and MRI, can significantly improve
diagnostic accuracy and monitor treatment response [27–31]. Future research should focus
on standardizing imaging protocols and establishing reliable biomarkers to assess disease
activity and treatment efficacy.

Conducting placebo-controlled studies with STS presents significant challenges. One
major issue is the burning pain associated with STS injections, which results from its tissue
toxicity. This pain can make it difficult to blind patients and physicians to the treatment
being administered, potentially introducing bias into the study results. Effective blinding
is critical in clinical trials to ensure that the outcomes are not influenced by participant
and physician expectations. Therefore, meticulously planned study designs or alternative
methods to manage pain and maintain blinding are necessary to ensure the reliability
of clinical trial data. Further research should also explore combination therapies that
may enhance the efficacy of STS or target additional pathways involved in CC formation.
Through comprehensive studies, international cooperation, and continued innovation, we
hope to provide more effective and safer treatment options for patients suffering from this
rare debilitating condition.
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Abstract: Background: Interstitial lung disease (ILD) has replaced scleroderma renal crisis as the
leading cause of mortality in systemic sclerosis (SSc), with a 10-year mortality of 40%. There have
been well-powered randomised control trials (RCTs) demonstrating the effect of cyclophosphamide
(CYC), mycophenolic acid (MMF), nintedanib and tocilizumab (TCZ) in SSc-ILD but a paucity of
sufficiently powered studies investigating other agents in the disease. Methods: This is a narrative
review which examines the existing evidence for immunosuppressive treatments, transplant and
adjunctive therapies in SSc-ILD by reviewing the key landmark trials in the last two decades. Results:

MMF for 2 years is as effective as oral CYC for 1 year. Rituximab (RTX) is non-inferior to CYC. TCZ
appears to have a beneficial effective regardless of the extent of lung involvement. Conclusions:

There is now a strong evidence base supporting the use of MMF as the first line option in SSc-ILD.
RTX, CYC and TCZ are viable therapeutic options if there is ILD progression on MMF. Anti-fibrotic
and pulmonary arterial (PAH) treatments likely add long-term synergistic benefits. There remains a
role for lung transplantation in select patients.

Keywords: systemic sclerosis; scleroderma; interstitial lung disease; rituximab; cyclophosphamide;
tocilizumab; mycophenolic acid

1. Introduction

SSc is an autoimmune connective tissue disease characterised by microvascular dam-
age and progressive fibrosis of the skin and internal organs, including the heart, lungs,
kidneys and the gastrointestinal tract [1–3]. Pulmonary fibrosis has replaced scleroderma
renal crisis (SRC) as the leading cause of mortality in SSc, with a reported prevalence of up
to 30% and a 10-year mortality of 40% [4]. A review of 9260 SSc patients from the European
Trials and Research Group (EUSTAR)database revealed a prevalence of SSc-ILD of 50.2% [5].
Post-mortem studies suggest an even higher frequency of pulmonary involvement, with
fibrosis reported in greater than 75% of cases [6].

While the aetiology and pathogenesis are not fully understood, the main risk factors
for the progression of SSc-ILD are the diffuse cutaneous SSc (dcSSc) phenotype, the anti-Scl-
70 antibody (anti-topoisomerase 1), male gender, African heritage, cardiac involvement and
raised acute phase reactants [7,8]. Recent evidence from the EUSTAR cohort now clearly
shows that ILD can appear at any time after SSc diagnosis, with stable incidence at any
point during disease course, independent of disease duration [9]. This underscores the
importance of continued interval screening for new-onset ILD in SSc.

The predominant pattern of ILD reported on high-resolution computed tomography
(HRCT) in SSc is non-specific interstitial pneumonia (NSIP). It is observed in up to 75%
of SSc-ILD cases and it is characterised by irregular ground-glass attenuation, traction
bronchiectasis and sparing of the subpleural regions [10–12]. The consensus opinion is
that NSIP in SSc-ILD represents inflammation rather than established fibrosis. Established
fibrosis typically produces a usual interstitial pneumonia (UIP) pattern on HRCT. Therefore,
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this suggests a degree of potential reversibility with timely immunosuppressive treatment
in SSc-ILD.

The use of corticosteroids (CS) in SSc still remains controversial as there is an associ-
ation with higher doses of CS and scleroderma renal crisis (SRC). To avoid this, and the
sequelae of long-term CS, there is a real need to identify and stratify the best immunosup-
pressive agents for SSc-ILD. There have been well-powered RCTs demonstrating the effect
of CYC, MMF, nintedanib and TCZ in SSc-ILD, but a paucity of sufficiently powered studies
investigating other agents in the disease. This article will review the key landmark RCTs
that have directed the treatment of SSc-ILD along with the American Thoracic Society (ATS),
American College of Rheumatology (ACR) and the European League Against Rheumatism
(EULAR) guidelines for SSc-ILD.

2. Landmark Trials

Prior to the landmark RCTs demonstrating the efficacy of CYC and MMF in SSc-ILD,
smaller cohort studies demonstrated that cyclosporine A (CYA) could be used to treat SSc.
CYA was originally isolated from the fungus Tolypocladium inflatum in the 1970s and was
introduced to solid organ transplant medicine and bone marrow transplantation in the
1980s [13]. An early Italian cohort study from 2001 of nine patients demonstrated that low-
dose CyA treatment at 2.5 mg/kg/day was well tolerated without any significant negative
effect on blood pressure and renal function [14]. There was a progressive improvement in
lung score in seven patients with abnormal baseline pulmonary function prior to treatment.
This improvement persisted beyond 3 years. Since this time, larger trials and RCTs have
added greatly to the evidence base, which informs our choice of treatment options used
today in clinical practice. The key landmark trials are highlighted in Table 1. The first of
these is the large scleroderma lung study 1 (SLS), which investigated the role of CYC in the
treatment of SSc-ILD.

Table 1. Landmark trials relating to SSc-ILD.

Overview of Landmark Trials in SSc-ILD

Trial Year n Treatment Comparator Result

SLS 1 2006 158 CYC (oral) Placebo
Significant but modest beneficial effect on

lung function
Effect maintained through 24 months

SLS 2 2016 126 MMF CYC (oral)

MMF for 2 years was as effective as oral
CYC for 1 year

MMF is safer and better tolerated with a
lower toxicity profile

SENSCIS 2019 576 Nintedanib Placebo
At 1-year the nintedanib group lost 52 mls
from baseline FVC compared to 93 mls for

the placebo group

FOCUSSCED 2020 210 TCZ (SC) Placebo
TCZ appears to have a beneficial effect

regardless of the extent of
lung involvement

RECITAL
(SSc-ILD

Subgroup)
2023 37 RTX CYC RTX is non-inferior to CYC

2.1. Scleroderma Lung Study 1 (SLS1)

SLS1 was a 2-year double-blind, randomised, placebo-controlled trial funded by the
National Institute of Health, which examined the effects of oral cyclophosphamide on
pulmonary function in patients with SSc-ILD [15]. The trial enrolled 158 patients across
13 centres. It included those with mild to moderate ILD and evidence of active disease,
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such as active alveolitis on bronchoalveolar lavage (BAL) or ground-glass opacities (GGOs),
on HRCT. All patients included were deemed to have at least moderate dyspnoea.

The patients were randomised to either 12 months of CYC or 12 months of placebo
followed by a 12-month observation period off treatment. Oral CYC was dosed at ≤ 2 mg
per kg body weight. In total, 145 of 158 completed 6 months of treatment and were included
in the analysis. The mean absolute difference in forced vital capacity (FVC) % predicted
between the groups was 2.53% in favour of CYC (p < 0.03). This difference in FVC was
maintained at 24 months. There was no significant difference between the two groups in
diffusion capacity for carbon monoxide (DLCO).

Interestingly, while this difference may seem small, there were also treatment-related
differences in dyspnoea scores and quality of life scores. The mean focal score, as per the
transitional dyspnoea index, showed a clinically significant improvement (i.e., >1 unit) of
+1.4 ± 0.23 units in the CYC group compared with a clinically significant deterioration
(i.e., >1 unit) of −1.5 ± 0.43 units in the placebo group. The CYC group also scored
more favourably on the health assessment questionnaire (HAQ) disability score at the
12-month mark.

At oral CYC dosing ≤ 2 mg per kg body weight, the difference in adverse events be-
tween the two groups was perhaps lower than expected. The CYC group only experienced
significantly more leukopenia and neutropenia than placebo. While the rate of haematuria
was numerically higher in the CYC group, surprisingly, this difference was not statistically
significant. Of course, a 2-year trial cannot account for the long-term effects of CYC. A
particular concern is the established association between CYC treatment and bladder cancer.
This is problematic when there are no clear guidelines as to how to best screen or monitor
these patients for bladder cancer development years after initial treatment [16].

In summary, at the time of publication, given there was no reasonable alternative with
a solid evidence base, the risk–benefit profile was in favour of CYC treatment in SSc-ILD
patients. CYC demonstrated a favourable effect on lung volumes (i.e., FVC) but not gas
transfer (i.e., DLCO). CYC did have a real, measurable effect on dyspnoea and quality
of life scores. After the publication of SLS1 in 2006, CYC became the standard of care
in SSc-ILD.

2.2. Scleroderma Lung Study 2 (SLS2)

SLS2 was a 2-year double-blind, parallel-group, RCT comparing MMF with oral CYC
in 126 SSc-ILD patients [17]. Prior to SLS2, uncontrolled studies had shown that MMF had
the potential to be an effective alternative to CYC, particularly given the demonstrated
favourable safety profile in solid organ transplants [18]. SLS2 was designed to investigate
the comparative efficacy and safety of MMF, administered for 2 years versus oral CYC,
given for 1 year and followed thereafter by placebo for a further year.

The trial was performed in 14 US centres from 2009 to 2015. All patients enrolled
had FVC values ≥45% and <80% predicted, exertional dyspnoea ≥ grade 2 on the Mahler
Baseline Dyspnoea Index (BDI) and GGOs on HRCT. Notably, MMF was titrated up to 1.5 g
BD in the treatment arm and oral CYC was titrated to a target dose of around 2 mg/kg/day,
which was in line with SLS1.

It was hypothesised that a 2-year course of MMF would be safer, better tolerated and
produce longer-lasting improvements than CYC. At 24 months, the mean values of FVC
% predicted were similar in both groups: 2.17 vs. 2.86 (p = 0.24). While MMF compared
favourably to CYC in terms of DLCO % predicted at 6 and 18 months, the 12 and 24-month
results did not differ. Both CYC and MMF showed significant improvements in dyspnoea
and disability, as per the health assessment questionnaire disability index (HAQ-DI). There
was a 6-fold increased risk of leukopenia with CYC treatment compared to MMF, but there
were no other differences in reported adverse events. The CYC group were 1.7 times more
likely to discontinue treatment compared with the MMF group.

The bottom line was that 65% of those in the CYC arm and 72% of those in the MMF
arm had either stable or improving pulmonary function based on measured FVC predicted
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values [17]. Ultimately, while there was no difference in all-cause mortality, MMF would
become the first-line treatment in SSc-ILD given its better tolerance and more favourable
safety profile.

2.3. SENSCIS

The Nintedanib for Systemic-Sclerosis-Associated Interstitial Lung Disease (SENSCIS)
trial was a randomised, double-blind, placebo-controlled trial encompassing results from
32 countries. SENSCIS investigated the efficacy and safety of nintedanib in a cohort of
576 SSc-ILD patients [19]. Over half (51.9%) of the patients enrolled had dcSSc but all had
HRCT evidence of ≥10% fibrosis of the lungs along with FVCs of at least 40% predicted
and DLCOs of 30 to 89% predicted.

SENSCIS recruited all patients from November 2015 through October 2017. A key
point to highlight here is that less than half (48.4%) of those enrolled were receiving MMF at
baseline. SLS2, which showed the efficacy and favourable safety profile of MMF in SSc-ILD
was published in 2016. The 48.4% figure on MMF at baseline is, therefore, perhaps still
lower than one would expect, given the results from SLS2.

The treatment arm received nintedanib at 150 mg orally twice per day and the control
arm received oral placebo tablets. The primary end point was the annual rate of FVC decline.
The nintedanib group experienced an annual rate of FVC decline of −52.4 millilitres (mls)
compared with −93.3 mls in the placebo group. The preserved 40.9 mls in the first year is a
significant difference (p = 0.04).

A subgroup analysis showed that in patients receiving both MMF and nintedanib,
the adjusted mean annual rate of decline in FVC was −40.2 mls versus −66.5 mls in those
receiving MMF and placebo [20]. In those not receiving MMF, the annual rate of decline in
FVC was −63.9 mls with nintedanib and −119.3 mls with placebo. These results suggest a
synergistic effect of combining MMF and nintedanib on FVC.

However, SENSCIS failed to show a beneficial effect of nintedanib on patient-reported
outcomes such as the Functional Assessment of Chronic Illness Therapy Dyspnoea Ques-
tionnaire (FACIT-Dyspnoea) and quality of life scores (HAQ-DI). Moreover, the tolera-
bility of nintedanib from a gastrointestinal (GI) perspective proved problematic during
SENSCIS, with diarrhoea experienced by 75.7% of the nintedanib group [19]. Even with
anti-diarrhoeal agents, real-world experience suggests that at least a third of patients
experience significant GI upset, so much so that continuing the medication can become
problematic. Lastly, SENSCIS only demonstrated the effect of nintedanib in the first year of
treatment and at the time of publication in 2019, it was unclear whether the effect would be
cumulative over multiple years of treatment or not.

2.4. FOCUSSCED

The Tocilizumab in Systemic Sclerosis (FOCUSSCED) trial was a phase 3 placebo-
controlled RCT investigating the effect of TCZ in patients with SSc and progressive skin
disease [21]. In total, 210 patients were recruited from November 2015 to February 2017.
Of these, 136 (65%) had ILD, and the majority with known fibrosis (77%) had pulmonary
involvement with >10% of the volume of the lung fields affected on HRCT. However, the
mean baseline FVC predicted was 80.3% in the TCZ group and 83.9% in the placebo group,
which is only reflective of mild lung involvement. Similarly, the mean baseline DLCO was
74.4% in the TCZ group and 76.8% in the placebo group.

Patients were randomised to receive TCZ at 162 mg subcutaneous injection weekly
or weekly placebo subcutaneous injection. PFTs and HRCT were performed at baseline
and repeated at week 48. Among those with ILD at baseline, the least squares mean (LSM)
change from baseline to week 48 in FVC was +0.07 in the TCZ group compared with −6.40
in the placebo group (p < 0.0001). This effect was also independent of the degree of fibrosis
at the pre-treatment baseline. Therefore, TCZ appears to have a beneficial effect on SSc-ILD
regardless of the extent of lung involvement prior to commencing treatment. However,
this should be tempered by the fact that the patients enrolled in FOCUSSCED had milder
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baseline ILD than in SLS1, SLS2 and SENSCIS. To illustrate this point, the SENSCIS cohort
had a mean baseline FVC of 72% along with 35 to 37% baseline lung fibrosis on HRCT,
whereas FOCUSSCED had a mean baseline FVC of 82% along with 2 to 17% baseline lung
fibrosis on HRCT [19].

Lastly, there were no differences between TCZ and placebo for patient or physician-
reported outcomes at 48 weeks. Importantly, this includes the HAQ-DI and the Saint
George’s Respiratory Questionnaire. Even if TCZ seems to have a numerically beneficial
effect on ILD, this does not translate to improvement in quality-of-life metrics in this cohort
of SSc patients with early baseline ILD.

2.5. RECITAL

The Rituximab versus Intravenous Cyclophosphamide in Patients with Connective
Tissue Disease-associated Interstitial Lung Disease (RECITAL) trial was a phase 2b ran-
domised, double-blind, multicentre UK-based trial that aimed to assess whether or not
RTX is superior to CYC in severe or progressive connective tissue disease-associated ILD
(CTD-ILD). This included three broad groups: idiopathic inflammatory myopathies (IIM),
mixed connective tissue disease (MCTD) and SSc. This was unusual as the RECITAL trial
published the end results as a composite of the three diseases showing the effect of RTX in
CTD-ILD.

SSc accounted for 38% of the trial recruits (37/97). The subgroup analysis of SSc-
ILD patients was presented at the American College of Rheumatology (ACR) Congress
in Philadelphia in November 2022. It reported a 24-week change from baseline FVC of
−26.0 mls (95% CI −186.8, 134.6) in the RTX group versus −3.3 mls (95% CI −154.8, 148.2)
in the CYC group.

These results did not support their hypothesis that RTX is superior to CYC in this
patient group. However, RECITAL does support the idea that RTX is non-inferior to CYC.
Given SLS2 showed that CYC and MMF are similar in terms of efficacy, this does support
the idea of RTX as a second-line agent in SSc-ILD along with CYC [18,22].

3. Guidelines

3.1. American Thoracic Society

The updated American Thoracic Society (ATS) guidelines from 2023 make a strong
recommendation for the use of MMF in SSc-ILD but only a conditional recommendation for
the use of CYC in the treatment of SSc-ILD [23]. Similarly, RTX, TCZ, nintedanib, as well as
the combination of MMF and nintedanib, were all given only conditional recommendations.
Pirfenidone was met with the consensus opinion that further research is required to increase
the evidence base before any recommendation can be made.

3.2. American College of Rheumatology

The new ACR guidelines from 2023 recommend MMF as the preferred first-line treat-
ment. Alternatively, TCZ and RTX may be used as a first-line treatment [24]. Additional
options thereafter include CYC and azathioprine (AZA). ACR also makes a conditional
recommendation for the use of nintedanib in SSc-ILD. Importantly, there is a strong rec-
ommendation against the use of glucocorticoids as a first-line treatment. Lastly, there
is a conditional recommendation for referral to an experienced centre for autologous
haematopoietic stem cell transplant (AHSCT) if ILD is progressing on first-line treatment.

3.3. European League against Rheumatism

The updated European League Against Rheumatism (EULAR) guidelines place MMF,
RTX and CYC in the same group as a first-line treatment [25]. TCZ is categorised as a
second-line treatment. Nintedanib is also strongly recommended. While HSCT is included
in the first-line group for reserve patients, there is no mention yet of chimeric antigen
receptor T cell (CAR-T) treatment as it is still a nascent medical technology.
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The treatment recommendations for SSc-ILD from above guidelines are compared
in Table 2.

Table 2. Comparison of SSc-ILD treatment guidelines.

Comparison of SSc-ILD Treatment Guidelines

Guideline 1st Line 2nd Line Anti-Fibrotics HSCT CAR-T

ATS [23] MMF
CYC
RTX
TCZ

Nintedanib
(Conditional) N/A N/A

ACR
&

CHEST [24]

MMF
TCZ
RTX

CYC
AZA

Nintedanib
(Conditional)

Consider if progressing
despite 1st line N/A

EULAR [25]
RTX

MMF
CYC

TCZ
Nintedanib

(May use in conjunction with
1st line immunosuppression)

Consider in severe cases N/A

4. Screening and Treatment Paradigm

A recent modified Delphi consensus from a panel of expert pulmonologists and
rheumatologists in the field recommends ILD screening in all systemic sclerosis patients [26].
Initial screening should include a history of respiratory symptoms, chest auscultation for
crackles, HRCT Thorax and PFTs. Routine screening for pulmonary hypertension should
be part of the process when dyspnoea is not explained by the progression of ILD.

Often, treatment criteria will focus on a combination of PFT results and HRCT evidence
of ILD. The same expert panel suggest the commencement of treatment if FVC < 80% with
any degree of ILD or symptoms, or there is >20% total lung involvement on HRCT, or
there is >10% lung involvement on HRCT with abnormal PFTs. They also recommended
initiating treatment in high-risk patients with early diffuse cutaneous disease and any
evidence of mild ILD.

The ACR systemic autoimmune rheumatic disease (SARD) ILD guidelines offer prac-
tical advice regarding the frequency of monitoring for progression in SSc-ILD [23]. PFT
testing with spirometry, lung volumes and diffusion capacity should be performed every
3–6 months for the first year and then less frequently once stable. Ambulatory desaturation
testing can be performed every 3–12 months, and interval HRCT should be guided by PFT
trend. CXR, 6 min walk test and bronchoscopy are generally not helpful and are condi-
tionally recommended against in this guideline, except in a few exceptional circumstances,
where they provide additional diagnostic utility.

We present our preferred treatment hierarchy in Figure 1. MMF is our preferred
first-line agent, given the lower relative toxicity when compared with CYC. MMF is also an
oral therapy that can be very beneficial and convenient for the patient. Nintedanib may
also be offered in conjunction with MMF if tolerated from a gastrointestinal perspective.
We will discuss lung transplant, HSCT and the potential of CAR-T cells in a separate section
as rescue treatments.
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Figure 1. Proposed SSc-ILD treatment hierarchy.

5. Transplant

5.1. Lung Transplant

Historically, SSc-ILD patients were deemed to be poor candidates given the systemic
nature of the disease and the concerns of high extra pulmonary morbidity and mortality [27].
While the immunosuppressive treatment paradigm has come a long way, there remains
the grave concern of graft failure and death from bronchiolitis obliterans (BO). This fear is
compounded by studies suggesting a link between gastro-oesophageal reflux (GORD) and
BO; it is well established that gastrointestinal dysmotility and GORD are often features of
SSc, hence the concern [28].

Data from the International Society for Heart and Lung Transplantation (ISHLT) from
2019 reported that only 0.9% of all lung transplants were for connective tissue disease
(CTD)-related ILD and lower still for SSc-ILD specifically [29]. Despite this, the recent
evidence base suggests that SSc-ILD patients have similar short- and long-term survival
with lung transplant when compared to patients with other forms of pulmonary fibrosis.
A retrospective cohort study from the University of Pittsburgh Medical Centre (UPMC)
compared the post-transplant outcomes of 72 SSc-ILD patients with 311 patients with other
forms of interstitial lung disease. Interestingly, they found the 1-year survival of 81% for
SSc compared well with the 79% 1-year survival rate in the other causes of the ILD group.
Similarly, the 5-year survival rate was favourable for the SSc-ILD patient compared to other
causes of ILD: 66% vs. 58% [30]. A second retrospective cohort study from the University of
California Los Angeles (UCLA) group again showed reassuring survival data. The group
of SSc-ILD patients was smaller at 35, but they demonstrated 1-, 3- and 5-year survival
rates post-transplant of 94%, 77% and 70%, respectively. These results were comparable to
those seen in patients with other forms of ILD. Notably, 60% of the SSc-ILD patients in this
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cohort had severe oesophageal dysmotility. This perhaps suggests that previous fears of
GORD-related BO and graft failure were overestimated [31].

The 2021 ISHLT consensus document proposed that lung transplant is now a viable
option for a select group of patients with CTD, including those with advanced SSc-ILD [29].
The combined 2023 ACR and American College of Chest Physicians (CHEST) guideline for
the treatment of SARD-ILD makes a conditional recommendation for referral for lung trans-
plant after failure of all immunosuppressive treatments and consideration of suitability for
HSCT [23]. Interestingly, the 2017 EULAR recommendations for the treatment of systemic
sclerosis, which are due to be updated, do not mention lung transplant at all, although it
does acknowledge HSCT as a viable option [32]. The 2019 European Respiratory Society
(ERS) evidence-based consensus recommendations for the identification and management
of interstitial lung disease in systemic sclerosis do acknowledge the role of lung transplant
in these patients [33]. After the progression of ILD despite MMF or CYC treatment, these
patients may then be considered candidates for either rituximab, lung transplant or HSCT.

5.2. HSCT

Hematopoietic stell cell transplant (HSCT) has been used in severe refractory au-
toimmune diseases for the past quarter of a century. While the introduction of biologic
therapies in recent times has reduced the role of HSCT, there remain a few diseases where
HSCT may still be used. SSc-ILD is one of those rare diseases where HSCT features in the
treatment guidelines.

There are three RCTs demonstrating the clear benefits of HSCT in progressive diffuse
SSc. This are shown in Table 3. While not all patients in these trials have ILD, the impact of
treatment on lung disease is reported as a secondary outcome. All three trials demonstrated
a beneficial effect on FVC with HSCT treatment compared to the comparator groups of
CYC monotherapy. Notably, at least in the context of these short RCTs, there does not
appear to be the same beneficial effect on DLCO.

Table 3. Overview of HSCT RCTs in SSc.

Study n Baseline ILD on HRCT Baseline FVC Trial End FVC

ASSIST
[34]

HSCT n = 10
CYC n = 9

HSCT 70%
CYC 89%

Median FVC %pred.

HSCT 62%
CYC 67%

Median Change at 1 yr

HSCT +20%
CYC −9%

ASTIS
[35]

HSCT n = 79
CYC n = 77

HSCT 87%
CYC 80%

Mean FVC %pred.

HSCT 82%
CYC 81%

Mean Change at 2 yrs

HSCT +6.3%
CYC −2.8%

SCOT
[36]

HSCT n = 36
CYC n = 39

HSCT 100%
CYC 95%

Mean FVC %pred.

HSCT 74%

CYC 74%

Change at 54 Months

HSCT 13/36 improved (↑FVC >10%)
HSCT 4/36 decline (↓FVC ≥10%)

CYC 8/39 improved (↑FVC >10%)
CYC 8/39 decline (↓FVC ≥10%)

The ASSIST study (American Scleroderma Stem Cell versus Immune Suppression Trial)
defined an increase of greater than 10% in FVC at 12 months as a significant improvement.
Overall, 80% of the HSCT treatment group (n = 8) met this threshold, whereas the CYC
group (n = 9) showed a mean decrease in FVC [34].

The ASTIS trial (Autologous Stem Cell Transplantation International Scleroderma)
demonstrated a mean increase in FVC of +6.3% at 2 years in the HSCT group (n = 79)
compared with a mean decrease of −2.8% in the CYC control group (n = 77) (p = 0.004) [35].
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The SCOT trial (Scleroderma: Cyclophosphamide Or Transplantation) randomised
36 patients to the HSCT arm and 39 to the CYC arm [36]. It defined a significant improvement
in FVC at the trial end of 54 months to be an increase of greater than 10%. It also defined a
significant decline in FVC at the trial end to be a decrease of ≥10%. Overall, 13/36 HSCT
patients experienced a significant improvement, and only 4/36 HSCT patients experienced a
significant decline in FVC. This compares favourably to the CYC group, where 8/39 patients
experienced a significant improvement, and 7/39 experienced a significant decline.

While many large observational studies exist, they tell us little about the efficacy
of HSCT compared to first-line treatments and, as a result, are less insightful. Both the
combined guidelines from ACR and CHEST and the guidelines from EULAR recommend
HSCT for the treatment of SSc-ILD patients. The ACR and CHEST guidelines recommend
HSCT if ILD is progressing despite the trial of first-line treatments, MMF, TCZ and RTX [24].
The EULAR recommendations make a more general recommendation to consider HSCT
in severe cases of SSc-ILD. However, the EULAR peer review report for their guidelines
has deemed the quality of the scientific evidence for HSCT in SSc-ILD to be grade A or
excellent [32]. Notably, the ATS guidelines for SSc-ILD do not make any reference to HSCT
as a treatment option [33].

6. CAR-T Cells

Autologous chimeric antigen receptor (CAR)-T cell therapy is a nascent treatment
beginning to gain traction in the treatment of autoimmune rheumatic diseases. While it
has been hailed as a transformative medical technology in the world of haematology, it is
showing early promise in the treatment of systemic lupus erythematosus (SLE), idiopathic
inflammatory myopathies (IIM) and now also SSc.

The group pioneering this technology in Europe is the Friedrich-Alexander University
Hospital Erlangen-Nürnberg group. The early results with their first seven patients were
presented at EULAR’s 2024 Congress in Vienna in June, and their results were published
in their scientific abstract for the conference [37]. This small group included seven diffuse
systemic sclerosis patients ranging in age from 23 to 60. Overall, six out of seven were
positive for anti-Scl70 and one was positive for RNA polymerase 3. Notably, all had
interstitial lung disease, three had cardiac involvement and one had renal involvement.
Prior treatments included MMF, MTX, RTX and cyclophosphamide. Interestingly, CAR-
T cell treatment did not completely deplete circulating autoantibodies in all patients.
Nevertheless, serial PFTs showed reassuring stability in both FVC and DLCO up to 400
days post initial CAR-T treatment. One patient also had positron emission tomography
(PET) performed at baseline prior to treatment and then again at 3 months after treatment.
The 3-month follow-up PET showed markedly reduced uptake throughout the lung fields.
It should be noted that all seven patients have not received any form of immunosuppressive
maintenance treatment since their initial CAR-T cell infusions.

These are very promising results in a small cohort of severe refractory SSc patients.
To see the efficacy of CAR-T cell therapy pitted against the current standard of care in an
RCT of treatment naïve SSc-ILD patients would be fascinating. The logistics and granting
of ethics for such a trial may prove difficult to obtain for the time being. The question of
whether CAR-T and HSCT are competitive or complementary is not so easy to answer at
present. It is too early yet to truly appreciate the potential toxicity, morbidity and mortality
with CAR-T cell therapy compared to HSCT. SSc-ILD patients may very well be one of
those niche cohorts that could benefit in the future from this promising medical technology.

7. Adjunctive Therapies and Other Considerations

7.1. Pulmonary Hypertension

Pulmonary arterial hypertension (PAH) affects approximately 30% of SSc-ILD pa-
tients [38]. A meta-analysis of 22 studies reported survival rates of 81% for 1 year, 64% for
2 years and 52% for 3 years in SSc-ILD patients with PAH [39]. There are currently four ma-
jor categories of medication for PAH and they are shown in Table 4. These are prostacyclin
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analogues, phosphodiesterase inhibitors (PDE5i), endothelin receptor antagonists (ERAs)
and guanylate cyclase stimulators.

Table 4. PAH therapeutics in SSc-ILD.

PAH Therapeutics in SSc-ILD

Prostacyclin Analogues
Epoprostenol
Treprostinil

Iloprost

Phosphodiesterase Inhibitors Sildenafil
Tadalafil

Endothelin Receptor Antagonists
Bosentan

Ambrisentan
Macitentan

Guanylate Cyclase Stimulators Riociguat

Combination therapy is now routine in clinical practice in idiopathic pulmonary
arterial hypertension (IPAH). The evidence base is growing for the use of combination
therapy in SSc-PAH. The AMBITION trial, which included a small cohort of CTD patients,
demonstrated that a combination of ambrisentan and tadalafil improved haemodynamics,
6 min walk test (6MWT) distance and reduced the risk of clinical deterioration when
compared to monotherapy [40]. A small prospective, open-label trial of 24 patients with SSc-
PAH without prior PAH treatment demonstrated improvements in haemodynamics, 6MWT
distance and right ventricle (RV) structure and function with combination treatment with
ambrisentan and tadalafil [41]. The follow-up ATPAHSS-O trial, which again solely focused
on SSc-PAH patients, showed improvements in RV and left ventricle (LV) function on
cardiac MRI along with 6MWT distance, pro-BNP and haemodynamics with ambrisentan
and tadalafil combination treatment [42].

While the current EULAR SSc guidelines give PDE5i, ERAs and prostanoids a strong
level A recommendation, the eagerly awaited updated EULAR SSc guidelines are set to give
riociguat a level B recommendation for PAH treatment [25]. The role of both anticoagulation
and corticosteroids in SSc-PAH remains contentious, and neither are commonly used in
clinical practice.

7.2. Oxygen

There is no specific guidance for SSc-ILD patients and supplemental oxygen. In clinical
practice, oxygen is provided to those patients with severe hypoxaemia at rest, as is the
case with all forms of ILD. While there is no evidence to suggest supplemental oxygen
provides a survival benefit in SSc-ILD, there is evidence showing that ambulatory oxygen
does improve quality of life and reduce dyspnoea. AmbOX was a prospective, open-label,
mixed-method, crossover randomised controlled clinical trial carried out at three centres
across the United Kingdom [43]. Approximately 10% of the patients enrolled in this trial
had CTD. This trial used the King’s Brief Interstitial Lung Disease questionnaire (K-BILD).
It demonstrated that ambulatory oxygen seemed to be associated with improved health-
related quality of life measures in patients with ILD, including CTD-ILD. While we do
not have similar robust trials solely in SSc-ILD, we assume for now that these results are
translatable and applicable to SSc-ILD patients.

7.3. Pulmonary Rehabilitation

Many SSc-ILD patients are referred for pulmonary rehabilitation but there is a paucity
of evidence to suggest that this improves quality of life. There are, however, a few small
single-centre trials that demonstrate an improvement in aerobic capacity with moderate-
intensity exercise. These studies were performed in SSc patients rather than specifically
SSc-ILD patients [44,45].
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7.4. GORD Treatment

In addition to immunosuppressive therapies, the management of GORD in SSc-ILD pa-
tients is paramount. The oesophageal involvement, reflux and gastric dysmotility seen in dc-
SSc all increase the risk of aspiration pneumonitis, which can cause ILD progression [46,47].
Apart from the conservative measures of smaller meals, eating dinner well before lying
supine to sleep at night and raising the head of the bed, the use of proton pump inhibitors
(PPI) and pro-motility agents may be beneficial.

7.5. Pneumocystis Jirovecii Pneumonia Prophylaxis

The risk of pneumocystis jirovecii pneumonia (PJP) should be carefully considered
in SSc-ILD patients on strong or combination immunosuppression or high-dose corticos-
teroids. The mortality rate with PJP in patients with rheumatic diseases is 39.6%, and this
may be even higher in SSc-ILD patients. There is a risk of medication-related adverse events
with PJP prophylaxis, regardless of whether co-trimoxazole, dapsone or atovaquone is
prescribed. In general, the number needed to harm (NNH) with first-line PJP prophylaxis,
co-trimoxazole, is 131. Fortunately, the number needed to treat (NNT) in SSc to prevent
one case of PJP is 36 [48]. This shows a favourable risk–benefit ratio that supports the
prescribing of PJP prophylaxis in SSc-ILD patients with strong immunosuppression.

7.6. Vaccination

Seasonal influenza vaccines and SARS-CoV-2 vaccines are strongly recommended for
SSc-ILD patients. It is also prudent for SSc-ILD patients to strongly consider receiving
the pneumococcal polysaccharide (Pneumovax 23) vaccine, which protects against the
23 serotypes of streptococcus pneumoniae. A booster shot is not required for 5 years after
initial vaccination. The Centre for Disease Control (CDC) recommend respiratory syncytial
virus (RSV) vaccination for all adults 75 years of age and older and adults with certain
risk factors between the ages of 60 and 75 [49]. Given the morbidity and mortality associ-
ated with RSV in patients with ILD, SSc-ILD patients should again strongly consider the
RSV vaccine.

A comprehensive review article from Italy goes further, identifying SSc-ILD patients
as a frail immunocompromised cohort who are overlooked by the current vaccination
literature and guidelines [50]. It makes a strong recommendation for vaccination in SSc-ILD
patients against the six following pathogens: SARS-CoV-2, influenza, streptococcus pneu-
moniae, neisseria meningitidis, haemophilus influenzae and diphtheria–tetanus–pertussis.

7.7. Symptomatic Dyspnoea Management

There are no specific high-quality trials examining the effect of low-dose opioids
or benzodiazepines (BDZs) on dyspnoea in SSc-ILD patients. Again, it is assumed that
evidence from trials in other forms of ILD demonstrating a beneficial effect on dyspnoea
is applicable to SSc-ILD patients. In one longitudinal study in fibrosing ILD patients on
long-term oxygen, both opioids and low-dose BDZs appear to be safe [51].

8. Conclusions

There is a strong evidence base now for the use of MMF as a first-line treatment
in SSc-ILD. RTX, CYC and TCZ are advised if there is ILD progression on MMF. Anti-
fibrotic treatment with nintedanib likely adds synergistic long-term benefits and may be
used if tolerated from a GI perspective. SSc-ILD patients may still be considered for lung
transplant despite concerns regarding GORD, BO and graft failure. Careful assessment and
consideration for PPIs and pro-kinetics should be made on a case-by-case basis to minimise
GORD and the risk of aspiration. There is also a favourable risk–benefit ratio that supports
the prescribing of PJP prophylaxis in patients on strong immunosuppression.

CAR-T cell therapy is a promising medical technology that may replace HSCT in the
coming decades for select SSc-ILD cases. PAH is common in SSc-ILD patients, and while

146



Sclerosis 2024, 2

current guidelines give a strong recommendation for PDE5i, ERAs and prostanoids, it is
likely that future guidelines will recommend combination therapy if tolerated.

Seasonal influenza and SARS-CoV-2 vaccines are strongly recommended. Consid-
eration should be given for both the pneumococcal polysaccharide vaccine and the RSV
vaccine. In addition to long-term oxygen or ambulatory oxygen, low-dose opioids and
low-dose BDZs may be appropriate to reduce dyspnoea and improve quality of life.
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Abstract: Systemic sclerosis (SSc) is a rare, multifactorial autoimmune disease characterized by
widespread vascular damage and fibrosis. Pulmonary involvement is a significant manifestation of
SSc, contributing to considerable morbidity and mortality. Therefore, identifying reliable biomarkers
is of the utmost importance. This review explores emerging biomarkers to enhance diagnostic
accuracy, prognostic assessment, and disease monitoring in SSc lung involvement. We discuss recent
findings in immunological biomarkers, inflammatory indicators, and other parameters that can
function as potential diagnostic and prognostic tools. A comprehensive understanding of these
biomarkers could result in earlier and more accurate detection of pulmonary complications in SSc,
aiding in timely intervention. Furthermore, we explore the advances in disease monitoring through
innovative biomarkers, focusing on their roles in disease activity and treatment response. Integrating
these novel biomarkers into current clinical practice and therapeutic protocols through clinical trials
can revolutionize the management of SSc-related lung disease, ultimately improving patient outcomes
and quality of life.

Keywords: systemic sclerosis; SSc; scleroderma; pulmonary sclerosis; fibrosis; interstitial lung disease;
pulmonary arterial hypertension; PAH

1. Introduction

Systemic sclerosis (SSc) is an autoimmune disease of the connective tissue, affecting
multiple systems and organs, generalized by increased fibrosis and vascular changes. It is
characterized by functional and structural abnormalities of small blood vessels, skin and
internal organ fibrosis, and autoantibody production [1].

It has the highest mortality rate among rheumatic diseases, even though survival rates
have improved, particularly for those with diffuse cutaneous SSc (dcSSc). For individuals
living with SSc, there is considerable uncertainty regarding their prognosis and the possi-
bility of developing serious or life-altering symptoms. It is a rare disease, classified as an
orphan disease, indicating a substantial need for medical attention [1].

Being an infrequent condition, with an annual incidence of 10–50 new cases per million
people, SSc has a prevalence of 40–340 individuals per million, and there are differences
in occurrence across various regions. Pulmonary involvement in SSc includes mainly
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the development of pulmonary vascular diseases such as pulmonary artery hypertension
(PAH), pulmonary venoocclusive disease (PVOD), interstitial lung disease (ILD), and
increased susceptibility to lung neoplasms [2].

Interstitial changes are discoverable in up to 80% of SSc patients via high-resolution
CT scans of the chest and in up to 90% of patients upon autopsy [2]. However, only about
30–40% will develop ILD that has clinical significance, which carries a 10-year mortality rate
as high as 40%. While ILD becomes more common as SSc progresses, it typically manifests
within the first five years following the initial non-Raynaud’s symptoms. It is unlikely
to appear more than 15 years postdiagnosis. The early appearance of SSc-ILD, especially
within the first three years of diagnosis, is increasingly observed and may indicate a more
severe disease progression [3]. Demographic factors linked to the development of ILD in SSc
patients include sex (being male), African American ethnicity, and diffuse skin involvement.
It is also more prevalent among those with nail fold capillary irregularities, digital ulcers,
a longer duration of disease, and PAH identified through echocardiogram screening. A
genetic predisposition to SSc-ILD has been established, with most risk associated with
variations in the HLA region and genes involved in innate immunity, as well as B-cell and
T-cell activation and signal transduction [3].

This current paper aims to review the available literature on the pathogenesis of lung
involvement in SSc and potential diagnostic and therapeutic options. For this purpose, we
performed a comprehensive search across multiple databases, including PubMed, Scopus,
and Web of Science. The search period covered articles published from January 1950 to July
2024 to ensure the inclusion of recent and relevant studies. Boolean operators and keywords
used in the search included the following: (“Systemic Sclerosis” OR “Scleroderma”) AND
(“Lung Involvement” OR “Pulmonary Manifestations” OR “Interstitial Lung Disease”)
AND (“Pathogenesis” OR “Mechanism” OR “Etiology”) AND (“Prediction” OR “Prognosis”
OR “Biomarkers”). The search aimed to identify original research articles, review papers,
and clinical studies. The abstracts and titles were initially screened to exclude irrelevant
studies, followed by a full-text review to ensure the inclusion of high-quality papers that
directly addressed the topic. In total, 312 papers were retrieved, with 70 meeting the
inclusion criteria for this review (Figure 1).

 

Figure 1. Identification, screening, and selection of papers to include.
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2. Pathogenesis of Lung Involvement in SSc

2.1. Interstitial Lung Involvement

In SSc-ILD, the disruption of lung architecture and accumulation of a collagen-rich
ECM results from interactions among epithelial, endothelial, and interstitial cells and
components of the innate and adaptive immune systems, as Khanna et al. have shown [4].

ILD is commonly implicated with SSc, characterized by the gradual development of
fibrosis and scarring of the lung parenchyma. Thickening of the alveolar walls, fibroblast
proliferation, accumulation of ECM proteins and fibrosis within the alveolar and interstitial
spaces are all pathological hallmarks of SSc-ILD. Histologically, this manifests as usual
interstitial pneumonia (UIP) or nonspecific interstitial pneumonia (NSIP), with NSIP being
more common in SSc. The lung architecture is disrupted, affecting gas exchange and
leading to hypoxia and, therefore, to pulmonary hypertension (PH), thus significantly
impacting morbidity and mortality rates [5]. Honeycombing and traction bronchiectasis
may develop as fibrosis progresses [6]. The early detection of ILD in SSc is crucial as it
allows for interventions that aim to slow down or stop disease progression [7].

ILD-associated PH in SSc is a special entity in the lung involvement in SSc [8,9]. In
SSc, PH could also develop as a consequence of hypoxia and/or lung diseases, mostly ILD
(group 3 PH). It affects up to 31% of patients with clinically significant SSc-ILD and is re-
lated to increased mortality rates compared with SSc-ILD patients without PH [10,11]. The
mechanism behind ILD-PH in SSc includes a shared pathophysiology concerning parenchy-
mal and vascular remodeling, with endothelial injury and vascular dysfunction interacting
with endothelial dysfunction, oxidative stress, altered immune pathways, perivascular
fibrosis, or a genetic predisposition [12,13].

2.2. Mechanisms of Fibrosis in SSc

This pathological process begins with repetitive endothelial and epithelial cell injuries,
which activate immune responses, recruit fibroblasts, and lead to their differentiation into
myofibroblasts. These myofibroblasts accumulate ECM and contribute to fibrosis. Epithelial
cells may undergo apoptosis or epithelial–mesenchymal transition (EMT), leading to further
ECM production and resistance to apoptosis, which perpetuates fibrosis [4].

Denton et al. concluded that TGF-β plays a crucial role in fibrosis by promoting ECM
accumulation and regulating immune responses. Injured cells secrete TGF-β, which recruits
immune cells like macrophages that release more TGF-β, enhancing fibrotic processes [14].
Other cytokines, such as IL-4 and IL-13, produced by type 2 helper T cells and increased
thrombin levels contribute to fibroblast proliferation and differentiation [15,16].

Moreover, according to Bhattacharyya et al., the Wnt/β-catenin pathway plays a
role in fibroblast activation and tissue remodeling in lung fibrosis [17]. Moving forward,
macrophages, essential for lung immunity, are also involved in fibrosis through M1 and M2
polarization. As presented by Khanna et al., M2 macrophages, characterized by markers
like CD163 and CD204, accumulate in SSc patients and release fibrotic mediators such as
chemokine (C-C motif) ligand 18 (CCL18). Altered macrophage–endothelial interactions
can worsen fibrosis and vasculopathy [4]. According to Lafyatis, B lymphocytes also
contribute to fibrosis by producing pro-inflammatory cytokines like IL-6, which promote
fibrotic pathways and myofibroblast activation [15]. Finally, according to Murguganandam
et al., elevated levels of biomarkers such as Krebs von den Lungen 6 (KL-6), surfactant
protein D (SP-D), and CCL19 are associated with active SSc-ILD and its progression [18].

2.3. Vascular Abnormalities in SSc: Pathophysiology of Pulmonary Hypertension, Endothelial Cell
Dysfunction, and Vascular Remodeling

As we stated above, the pathophysiology of lung involvement in SSc includes PAH,
PVOD, and ILD, with marked susceptibility to lung neoplasms [19]. Changes in vasculature
or lung interstitium could lead to the development of PH defined as a mean pulmonary
arterial hypertension over 25 mm Hg. According to the updated classification of PH by
the World Health Organization (WHO), PH is classified into five groups. SSc is most often
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associated with group 1, pulmonary arterial hypertension (PAH); group 3, PH due to
chronic lung diseases and/or hypoxia; and less commonly, group 2, PH due to left heart
disease [10].

In SSc, PH could present as an isolated disease manifestation, as PAH (SSc-associated
PAH or SSc-PAH), or in combination with ILD (PH-ILD) with the latter subtypes of PH
having different prognosis in patients with SSc. Thus, in this review we will focus on PAH
and ILD as the main and most serious pulmonary manifestations in SSc.

PAH is one of the primary outcomes of vascular disorders in SSc, along with PVOD [19].
The pathophysiology of SSc-PAH involves a complex interaction of vascular injury, fibrosis,
and immune dysregulation [20]. Patients diagnosed with SSc exhibit the highest occurrence
of PH group 1 among individuals with collagen vascular diseases. Patients with SSc-PAH
also demonstrate a tendency for additional organ involvement, especially in the form of
renal dysfunction and intrinsic heart disease, which may lead to end-stage organ failure [19].
This is evidenced by Mulkoju et al. stating that PAH is associated with increased early
mortality and is the most prevalent cause of disease-related mortality in specific subtypes
of SSc [21].

Various risk factors have been implicated with the development of PAH, including
Raynaud’s phenomenon, chronic disease, telangiectasia, menopause, older age, reduced
diffusion capacity for carbon monoxide (DLco < 50%), DLco/alveolar volume < 70%, and
an elevation in right ventricular systolic pressure > 2 mmHg/year [22]. Hemodynamic
impairment in these patients is less severe than idiopathic PAH (IPAH). Still, they often
exhibit more profound right ventricular dysfunction and higher N-terminal brain natriuretic
peptide (NT-pro BNP) levels, indicating severe disease progression [4].

Endothelial cell (EC) dysfunction is pivotal, triggered by factors such as reactive oxy-
gen species, cytokines, and autoantibodies. More specifically, this dysfunction leads to
endothelial-to-mesenchymal transition (EndoMT), where ECs transform into myofibrob-
lasts, contributing to ECM overproduction and vascular remodeling [18]. Furthermore,
according to Bhattacharyya et al. [17], activated endothelial cells secrete endothelin-1, nitric
oxide, and adhesion molecules, which result in vasoconstriction, tissue ischemia, and
inflammation. Imbalanced cytokines including endothelial growth factor (VEGF), matrix
metalloproteinase (MMP)-9, endothelin-1 (ET-1) and angiostatic factors [pentraxin 3 (PTX3),
MMP-12, endostatin, angiostatin, semaphorin 3E (Sema3E), and Slit2], and impaired re-
cruitment of endothelial progenitor cells (EPCs) inhibit proper angiogenesis, aggravating
vascular destruction [17]. Doskaliuk et al. emphasize that endothelial cells decrease the
presence of endothelial junctional proteins like occludin and vascular endothelial cadherin.
Consequently, EndoMT cells lose their ability to act as a barrier, leading to increased plasma
leakage and promoting vascular remodeling in PAH [23].

2.4. Immunological and Inflammatory Processes: Autoantibodies, Immune System Dysregulation,
Cytokines, and Inflammatory Mediators

Autoantibodies are highly important to the pathogenesis of SSc, significantly influenc-
ing the development and progression of lung fibrosis and other organ complications [1].
The antibodies, such as antinuclear antibodies (ANAs), anti-centromere antibodies (ACAs),
and anti-topoisomerase I (anti-Scl-70) antibodies, are indeed significant in diagnosing and
monitoring SSc [22]. However, the correlation between these antibody levels and disease
activity, particularly lung involvement, varies [24]. ANAs are found in SSc patients and are
associated with various clinical manifestations.

While these antibodies are valuable in identifying subsets of SSc patients and predict-
ing disease patterns, their levels do not always directly correlate with disease activity or
severity. For example, anti-Scl-70 antibodies are associated with dcSSc and an increased
risk of ILD, yet their presence or titer may not reflect the current activity or progression
of ILD [22]. According to Muruganandam et al., the presence of anti-Scl-70 antibodies is
mainly associated with a higher risk of developing ILD, affecting up to 85% of SSc patients,
and is a leading cause of SSc-related mortality [20]. These autoantibodies contribute to
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fibrosis by inducing endothelial and epithelial cell injury, which activates the immune
system and recruits fibroblasts to the lung tissue. Similarly, ACAs are linked to limited
cutaneous SSc (lcSSc) and a lower risk of severe ILD, but their titers do not necessarily
correlate with pulmonary involvement [22]. In contrast, anti-Scl-70 antibodies correlate
with dcSSc, and there is a higher likelihood of ILD, which is a major complication affecting
the lungs [24].

Although some studies have shown that the presence of these antibodies can help
predict the course and severity of the disease [22,24], understanding these correlations
is crucial for an early diagnosis and targeted treatment, potentially improving patient
outcomes by helping to provide a more personalized medical approach. This knowledge
shows the importance of antibody testing in the management of SSc, particularly for
monitoring lung involvement and guiding therapeutic decisions.

Furthermore, Bhattacharyya et al. [17] highlight the importance of biomarkers as
therapeutic targets, with the potential for research-led advancements in patient care. A dis-
tinguishing feature of autoantibodies is their accuracy regarding the diagnosis of particular
subsets of SSc, with titer measurements relating to disease severity and reproducibility of
laboratory measurements. Furthermore, patients with SSc-ILD may present with unique
autoantibodies not often associated with other autoimmune diseases [17]. In line with these,
autoantibodies, such as anti-Scl-70, ACAs, and anti-RNA polymerase III (ARA), serve as
key diagnostic and prognostic biomarkers in SSc [18].

The autoimmune nature of SSc is further evidenced by Bhattacharyya et al. through
the presence of anti-fibroblast antibodies in up to 40% of patients, which stimulate IL-
6 production and pro-fibrotic chemokines, enhancing fibroblast activation and collagen
synthesis [17]. Similarly, antibodies against fibrillin 1 and platelet-derived growth factor
receptors (PDGFRs) have been shown to promote collagen gene expression and myofibrob-
last differentiation via endogenous TGF-β signaling pathways. The involvement of these
autoantibodies in the fibrotic process underscores their role in perpetuating the chronic
inflammation and fibrosis seen in SSc-ILD. The simultaneous presence of different SSc-
specific autoantibodies is rare but highlights the complexity of the autoimmune response
in SSc [20]. Cytokines play a pivotal role in the pathogenesis of lung fibrosis in SSc, particu-
larly in the development of ILD, which is a significant cause of morbidity and mortality in
SSc patients [18].

As Murguganandam et al. pointed out, transforming growth factor-beta (TGF-β) is
central to the fibrotic process in SSc, driving the excessive deposition of extracellular matrix
(ECM) proteins, particularly collagen, which increases lung tissue stiffness and reduces lung
compliance [20]. Additionally, cytokines such as interleukins (IL-1, IL-4, IL-6, IL-8, IL-10
IL-13, IL-16, IL-17, IL-18, IL-22, IL-32, and IL-35); the chemokines CCL, C-X-C motif (CXC),
and C-X3-C motif chemokine ligand 1 (CX3CL1) (fractalkine); and growth differentiation
factor 15 (GDF15) are implicated in the recruitment and activation of fibroblasts, further
contributing to fibrosis. The involvement of cytokines and autoantibodies suggests the
complex immune dysregulation in SSc and highlights potential therapeutic targets for
mitigating lung fibrosis and improving patient outcomes [20].

The complex pathogenesis of lung involvement in SSc is presented in Figure 2.
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Figure 2. Pathogenesis of lung involvement in SSc is linked to the migration, activation, and
proliferation of fibroblasts and differentiation into myofibroblasts. Autoreactive immune cells and
produced antibodies and mediators (i.e., cytokines) further perpetuate the inflammation. When
fibroblasts and myofibroblasts are persistently activated, they invade pulmonary tissue and produce
collagen and extracellular matrix protein. Eventually, the excessive extracellular matrix protein
remodels and distorts the lung architecture, leading to compromised lung function. Parts of the
figure were drawn by using pictures from Servier Medical Art. Servier Medical Art by Servier is
licensed under a Creative Commons BY 4.0 (https://creativecommons.org/licenses/by/4.0/; last
accessed on 3 August 2024).

3. Clinical Manifestations and Diagnosis

3.1. Symptoms of Lung Involvement in SSc

When a patient with SSc presents with signs and symptoms referring to the chest,
a variety of potential disorders should be considered. They include direct pulmonary
involvement, indirect pulmonary complications, or a combination of both. Direct lung
involvement can be subdivided into two common types: ILD and PAH [25]. Together,
they account for around 60% of SSc-related deaths, with ILD being the leading cause of
morbidity and mortality in SSc patients. SSc-induced PAH is most common in the lcSSc
variant of the disease, while dcSSc is common in patients with ILD [19,26].

A considerable number of patients with SSc-ILD present with no specific symptoms,
significantly when extrapulmonary manifestations of the disease limit their mobility. When
symptoms are present, dyspnea, in exertion at first and eventually at rest; non-productive
cough; and fatigue are most commonly reported. Patients with PAH can also present with
hemoptysis, syncope, and symptoms of fluid retention. Perelas et al. note that the longer
duration of the disease is associated with pulmonary involvement, specifically SSc-ILD [27].
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3.2. Diagnostic Tools and Techniques

According to Solomon et al., up to 90% of patients will have interstitial abnormalities
on high-resolution computed tomography (HRCT), while 40–70% will have pulmonary
function test (PFT) changes [28]. HRCT is the standard modality for the non-invasive
diagnosis of SSc-ILD. NSIP is the most common pattern detected in the scans of more than
80% of patients with SSc-ILD. This is characterized by peripheral ground-glass opacities,
with an apical to basal gradient and possibly with subpleural spacing. The modality
does have limitations, including the possibility of being normal in patients with PFT
abnormalities or in patients with an abnormal chest auscultation (crackles) [28]. Despite
the limitations, a normal HRCT at baseline can predict a low chance for the development
of SSc-ILD, with around 85% of these patients having a normal scan at a mean follow-up of
5 years. PFTs are an essential non-invasive method for detecting pulmonary complications
in the early stages.

Forced vital capacity and lung diffusing capacity for carbon monoxide (DLco) have
been traditionally used to assess lung involvement in SSc. Spirometry and lung volumes
show reasonable specificity but poor sensitivity to pulmonary fibrosis in SSc [29]. PFTs show
a reduction in FVC in 40–75% of patients, with 15% having a severe reduction. Patients with
minimal to no restriction had a 10-year survival rate of 87%, while patients with moderate
and severe restriction had 75% and 58% 10-year survival rates, respectively. Functional
vital capacity and DLco have been identified as adverse prognostic markers in SSc-related
pulmonary injury. Almost all patients with pulmonary function test abnormalities will
have a reduced DLco, with that being the most significant marker for poor outcomes and
having a correlation with the extent of lung disease. Studies have indicated that DLco is
preferable to spirometry in detecting lung involvement [29].

In the case of PAH, transthoracic echocardiography is the most widely used tool
for screening. A plain CXR is the least sensitive test for evaluating PAH [30]. Still, it
shows high specificity (up to 100% in one study), with findings including right pulmonary
artery enlargement and loss of peripheral vasculature. Another valuable modality for the
evaluation of patients with SSc is the use of biomarkers. ANAs are present in more than 90%
of SSc patients and could be reliable biomarkers for diagnosis [30]. Additionally, several
studies have suggested that TGF-β plays an essential role in the fibrotic process; therefore,
it could be a potential biomarker for fibrosis development. Interleukin receptor-associated
kinase-1 (IRAK-1), interferon regulatory factor (IRF5), connective tissue growth factor
(CTGF), transducer and activator of transcription signal 4 (STAT4), and nucleotide-binding
oligomerization domain (NOD)-like receptor containing a Pyrin domain 1 (NLRP1) have
been reported to be implicated in SSc damage [21]. Genetic factors, including DRB1 alleles,
have also been implicated. Several interleukins and chemokines like CCL18, CX3CL1, and
CXCL4 can be elevated and have been associated with SSc-ILD [21].

3.3. Differential Diagnosis

Depending on the HRCT pattern, various differential diagnoses can be considered.
That includes other CT diseases, drug-associated NSIP, interstitial pneumonia with autoim-
mune features, hypersensitivity pneumonitis, and idiopathic NSIP [31]. That is mainly in
the early stage. The late fibrotic stage differential can include CT diseases, drug toxicity,
chronic hypertensive pneumonitis, asbestosis, and idiopathic pulmonary fibrosis. SSc-ILD
shares similarities with IPF, but differences can be observed. Under histological examina-
tion, a nonspecific interstitial pneumonia pattern is seen in SSc-ILD, while IPF is defined
by usual interstitial pneumonia. A definite interstitial pneumonia honeycomb pattern is
present in fewer than 10% of patients with SSc-ILD [31].

Figure 3 presents an overview of lung involvement in SSc, including clinical manifes-
tations, diagnosis, prognosis, and follow-up.
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Figure 3. Interstitial lung disease and pulmonary arterial hypertension as lung involvement in
SSc. Parts of the figure were drawn by using pictures from Servier Medical Art. Servier Medical
Art by Servier is licensed under a Creative Commons Attribution 3.0 Unported License (https:
//creativecommons.org/licenses/by/3.0/; last accessed on 3 August 2024).

4. Prediction and Monitoring of Lung Involvement

4.1. Risk Factors and Predictive Models: Genetic Predisposition and Environmental and
Lifestyle Factors

Lung involvement in the case of SSc typically affects the lung interstitium, in the
context of ILD. The most common histopathological presentation of SSc-ILD is NSIP, which
corresponds to the typical ground-glass pattern observed on lung CT [32]. Interestingly the
UIP pattern, despite being consistent with “fibrotic” chest CT features of honeycombing
and traction bronchiectasis, is less commonly seen in SSc-ILD. The highly variable course of
SSc-ILD requires the use of strong prognostic predictors of severe and progressive disease
with the aim of timely and precise clinical management. Genetic predictors in this context
can act as discriminating factors for patients at higher risk for developing ILD while also
offering predictive value to disease progression at the time of the initial disease diagnosis.
Additionally, they can aid in risk stratification of the subgroup not included in the Goh
staging system that does not meet the criterion of antecedent presence of ILD on HRCT [32].

The prevalence of ILD increases exponentially in individuals of Choctaw Native Amer-
ican, African, and Japanese descent when compared with a cohort of European descent.
Simultaneously, the aforementioned ethnic groups exhibit an accelerated decline in lung
function and worse overall survival rates when compared with European individuals [33].

Multiple HLA region associations have been made, with the HLA-DRB1 region playing
a predominant role in the disease incidence among UK Caucasians, Spanish, and Black
South African individuals. Conversely, the HLA-DQB1*0501 allele seems to be associated
with the disease occurrence in Han Chinese [33].

Other genes implicated in SSc are shown to affect multiple aspects of innate immunity,
as well as B- and T-lymphocyte activation processes. Some notable examples are single nu-
cleotide polymorphisms (SNPs) in the genes of interferon regulatory factor 5 (IRF5), signal
transducer and activator of transcription 4 (STAT4), and cell receptor CD3ζ (CD247) [33].

STAT4 is the transcription factor associated with the expression of type 1 interferons,
IL-12 and IL-23. SNPs in the gene of IRF5 affect the transcription of interferon A and B, as
well as other pro-inflammatory cytokines, and can thus alter the disease severity or even
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impact a protective effect. At the same time, specific polymorphisms can have a synergistic
effect, e.g., the cumulative effect of IRF5 SNP with specific STAT4 SNP, leading to increased
ILD severity. Another possible genetic association is with gene CD226, which codes for
DNAX accessory molecule 1 and is implicated in cell-mediated cytotoxicity of T and NK
cells [33].

NLRP1 provides a platform for the assembly of the inflammasome forming that has
been found to have an additive effect with specific SNPs of STAT4 and ILR5 genes [30],
leading to promoting the processing and maturation of pro-IL-1β. Additionally, single
nucleotide polymorphisms are present in NLRP1 (i.e., rs8182352 variant) with both anti-
topoisomerase-positive and SSc-related fibrosing alveolitis [34].

The IRAK1 gene, located on the X chromosome, encodes a protein kinase whose
function results in enhanced NFκ-B activity. Connective tissue growth factor (CTGF)
drives the differentiation of myofibroblasts, therefore contributing to extracellular matrix
deposition in tissues. Sato et al. have successfully demonstrated that serum levels of CTGF
can predict the extent of pulmonary fibrosis in SSc-ILD [35]. The CD247 gene codes for the
T-cell receptor T3 ζ chain that forms the T-cell receptor (TCR)/CD3 complex [36].

Activating mutations in the MUC5B (mucin 5B) gene and overexpression of the
components involved in the Wnt pathway (e.g., β-catenin and MMP7) have been known to
contribute to the pathogenesis of IPF. Still, they do not appear to play a role in ILD [4].

A posttranscriptional mechanism of gene expression regulation through targeting the
messenger RNAs (mRNAs) includes the synthesis of microRNAs (miRNAs). miRNAs
comprise a class of endogenous short noncoding RNA molecules that serve as negative reg-
ulators of the gene expression [16]. Functional studies have shown that miRNAs regulate
critical fibrosis-related signaling pathways and molecules related to fibroblast hyperactivity
and abnormal synthesis of ECM proteins, as well as SSc-related genes, thus playing an
important role in the pathogenesis of fibrosis [16,37]. miRNAs have been shown to directly
or indirectly participate in the fibrotic process by targeting the transforming growth fac-
tor (TGF)/Smad3 canonical signaling pathway and the connective tissue growth factor
(CTGF), by affecting the epithelial-to-mesenchymal transition and inducing myofibroblast
proliferation and resistance to apoptosis [16,38].

Environmental and lifestyle risk factors associated with SSc are presented in Table 1.

Table 1. Risk factors associated with SSc.

Group of Factors Examples

Genetic IRF5, STAT4, CD247, CD226, NLRP1, IRAK1, CTGF,
HLA DRB1, HLA-DQB1

Environmental and lifestyle

Silica, silicone breast implants
Vinyl chloride, trichloroethylene, benzene, toluene
Bleomycin, L-5-hydroxytryptophan
Rapeseed oil
Epoxy resins
Infectious: CMV, EBV, parvovirus B19, retroviruses
Neoplastic: lung cancer, breast cancer, esophageal
cancer, hematological malignancies

Environmental factors can be attributable to occupational exposures (e.g., silica and or-
ganic solvents); infectious agents (bacterial and viral); and non-occupational/non-infectious
exposure to drugs, pesticides, and silicones. The pathogenetic mechanisms implicated
in SSc include (1) immune tolerance interference, e.g., epigenetic modification by drugs;
(2) immune system activation, e.g., vinyl chloride-mediated activation of CD8+ subsets
and enhanced immunogenicity; and (3) molecular mimicry shared by many infectious
triggers [39].

Some infectious agents studied for their contributions to SSc are parvovirus B19,
cytomegalovirus (CMV), Epstein–Barr virus (EBV), and retroviruses. Neoplastic and/or
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paraneoplastic associations have been made with lung and breast cancer. As Maria et al.
concluded, lung cancer appears to be linked with SSc-ILD in the presence of anti-Scl-70 Ab.
On the other hand, the most commonly encountered cancers involve the breast, which in
turn seems to be dependent on the presence of anti-RNA-PolIII Ab [40].

The sex predisposition of SSc for females follows the classic trend of most autoimmune
diseases. This, subsequently, culminates in men preferentially presenting with an active
and diffuse disease with an increased incidence of lung involvement, which may have a
negative predictive value on survival. Truchetet et al. have also proposed that the failure of
the physiological silencing of one of the two X-chromosomal copies in females can enhance
autoantibody production. Another suggestion that focuses on the SNP of genes found
on the X chromosome, such as IL13RA2, IRAK1, and FOXP3, may further elucidate the
pathogenesis of SSc and explain the female-predominant nature of the disease [41].

4.2. Biomarkers for Early Detection: Emerging Biomarkers and Role of Autoantibodies
in Prediction

The prediction of early pulmonary involvement in patients with SSc is a crucial aspect
of the treatment strategy. Recent advances have been made in searching for serological or
proteomic biomarkers for early detection of lung involvement in this subset of patients [42].

PAH is a severe complication in about 7–12% of SSc patients. A bare minimum for
detecting PAH in SSc patients includes PFT with measurement of diffusion capacity of
the lung for carbon monoxide (DLCO) and the systolic pulmonary arterial pressure on
echocardiography. According to the DETECT protocol, a clinical examination, PFTs, cardiac
examination, and serum biomarkers can be used with high sensitivity but relatively low
specificity for PAH [42]. Biomarker research focuses on identifying several circulating or
tissue-specific biomarkers whose concentrations could be used to predict PAH.

Natriuretic peptides are molecules released by the cardiac myocytes in response
to ischemia, hypoxia, and ventricular wall stress. Atrial natriuretic peptide (ANP) and
the more stable brain (B-type) natriuretic peptide are secreted in response to atrial or
ventricular stretching, aiming for vasodilation and increased diuresis and natriuresis. In
recent years, the N-terminal Pro-Brain natriuretic peptide (NT-proBNP) has been proven to
be a preferable biomarker due to its longer half-life and higher stability and accuracy than
BNP. NT-proBNP levels have been higher in SSc patients with PAH than those without
PAH [43]. The change in NT-proBNP levels has shown a prognostic prediction in PAH at
baseline and in the follow-up of the patients [44]. Of note is that levels of NT-proBNP could
be elevated in SSc patients without PAH as a result of primary cardiac involvement.

Vascular Endothelial Growth Factor-A (VEGF-A) is an essential regulator of angiogen-
esis, promoting new angiogenesis, vascular permeability, and endothelial cell migration.
Circulating levels of VEGF-A have been described in SSc patients, as well as in SSc-PAH
patients, in correlation with the systemic pulmonary arterial pressure, DLCO, and MRC
dyspnea score [45].

Growth Differentiation Factor-15 (GDF-15) plays a vital role in cell growth and differ-
entiation. It is a cytokine member of the TGF-β superfamily, and its levels are higher in
SSc-PAH patients compared with SSc patients without PAH and healthy volunteers with
high diagnostic accuracy [46]. Serum levels of type I, II, and III interferon (IFN) are elevated
in SSc-PAH, and an association exists between SSc-PAH and serum levels of interferon γ

inducible protein 10 (IP10) [47,48].
Regarding the role of SSc-specific autoantibodies, there is no clear association between

ANAs in PAH SSc patients. According to the literature, patients with anticentromere (ACA),
CENP-A, and/or CENP-B are more prone to develop PAH but not ILD [49]. The frequency
of ILD has been reported to be higher in SSc patients with anti-Th/To-positivity [50].
Antibodies against ET-1 receptor type A and angiotensin receptor type 1 have been found
to be higher in PAH associated with connective tissue disease, and in particular, SSc, as
well as with the development of digital ulceration in SSc [51].
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4.3. Monitoring Disease Progression

Monitoring disease progression in SSc is crucial for preventing disease complications
and reducing mortality rates. Inflammatory serum markers like C-reactive protein are
helpful for the prediction of disease progression. Elevated serum levels of CRP have been
identified as an independent predictor of PAH with a poor prognosis [52]. Monitoring
serum uric acid is recommended for the detection of scleroderma-renal crisis, as well as
being a predictor of PAH-related ventricular dysfunction [53].

According to the recommendations for evaluating and monitoring patients with
PAH and CTD, asymptomatic SSc patients should undergo resting echocardiography as a
screening, followed by annual screening with echocardiography, DLCO, and biomarkers.
Right heart catheterization is recommended in all cases of suspected PAH associated with
CTD [54]. According to the DETECT algorithm, patients with SSc and an increased risk of
developing PAH should undergo a two-step screening (Figure 4).

 

Figure 4. Algorithm for SSc management when the risk of PAH is high. FVC, forced vital capacity;
DLCO, diffusing capacity for carbon monoxide; ACA, anticentromere antibodies.

5. Current and Emerging Therapies for SSc

5.1. Pharmacological Treatment

The approach to treating SSc and its effects on the lung is aimed at suppressing
the three pathogenetically relevant processes inherent to disease progression: immune-
mediated inflammation, fibrosis, and vasculopathy. Immunosuppressants receive the most
attention given that they are, at a group level, indicated in virtually all patients from the
time of the diagnosis [55].

In patients with predominantly skin disease, methotrexate is still considered the first
treatment of choice, showing its moderately beneficial effect on inhibiting further skin
thickening. Due to its anti-inflammatory and immunosuppressive effects, methotrexate has
been used to manage mainly skin, joint, and muscle involvement in SSc. So far methotrexate
is recommended for treating skin changes in patients with early diffuse SSc demonstrating
efficacy in reducing skin fibrosis and improving skin scores [56]. However, its use in
patients without lung involvement requires careful consideration. There is a concern that
methotrexate could contribute to the development of lung fibrosis due to allergic, cytotoxic,
or immunologic reactions, particularly in patients with pre-existing pulmonary symptoms
or those at risk for pulmonary complications. The risk of methotrexate-induced lung
fibrosis, although relatively low, needs to be weighed against its potential benefits. Clinical
practice recommendations, based on current evidence, state that methotrexate may be used
in early-stage SSc with skin involvement, provided that patients are closely monitored
for any signs of lung involvement. Regular pulmonary assessments and imaging may be
warranted to detect any early signs of lung fibrosis [56].

Cyclophosphamide and mycophenolate mofetil (MMF) serve as the following line
of immunosuppressants, indicated either when the skin is pronouncedly affected or in
the case of significantly affected internal organs, primarily the lung interstitium and the
gastrointestinal tract [55].

The effect of these two immunosuppressants on progressive ILD was assessed in two
randomized controlled trials: the Scleroderma Lung Studies (SLSs) 1 and 2. In the SLS1

160



Sclerosis 2024, 2

study, oral cyclophosphamide was shown to be superior to a placebo in preventing decline
in lung function tests [57].

In SLS2, MMF was shown to be non-inferior to cyclophosphamide in terms of efficacy,
but it had a better tolerability profile. It is worth noting that the effect size of the treatment
in both studies was modest at best, with a forced vital capacity (FVC) improvement of
less than 3% predicted value in both the SLS1 and SLS2. This difference is in line with
those observed in other studies. It indicates the expected benefits from the treatment:
immunosuppression is intended to hamper further ILD progression rather than lead to a
clinically meaningful improvement [58].

In the current therapeutic armamentarium, both cyclophosphamide and MMF are
employed, and there is an increasing trend toward the use of MMF. The advantage of MMF
is its more acceptable toxicity profile, making it suitable not only as an induction treatment
option but also as a longer-term maintenance agent. On the other hand, cyclophosphamide
is usually administered intravenously, circumventing the issue of adherence to treatment
associated with oral MMF. Even though oral cyclophosphamide was employed in SLS1
and SLS2, the intravenous use of pulse cyclophosphamide (which has become a stan-
dard in most centers) is associated with a lower cumulative dose and, consequently, less
toxicity [59].

Although azathioprine is not among the first immunosuppressive agents of choice, it
can still be considered a maintenance option if MMF is not tolerated, is unavailable, or is
contraindicated (such as in pregnancy) [60].

Among the biological treatment options for SSc, rituximab (RTX, an anti-CD20 mono-
clonal antibody) and tocilizumab (TCZ, a monoclonal antibody inhibiting the interleukin
6 receptor) have demonstrated their effects in clinical trials, primarily on the ILD compo-
nent. They are used as a later treatment line after an inadequate response to a conventional
immunosuppressive agent. The possibility of combining RTX and TCZ with MMF may
be beneficial in selected patients, as well as a further addition of an antifibrotic agent [61].
In this recent meta-analysis of 20 studies, RTX has been shown to improve FVC by 4.49%
at six months and by 7.03% at 12 months [61]. Even though these improvements seem
numerically superior compared with other immunosuppressants, RTX was not superior to
cyclophosphamide in its effect on FVC in the recently published RECITAL study conducted
on patients with CTD-ILD [62].

Tocilizumab (TCZ) is a humanized anti-human IL-6 receptor antibody that binds to
soluble and membrane-bound IL-6 receptors, and at detectable levels in the blood, TCZ
is capable of almost completely blocking the transmembrane signaling of IL-6 [63]. TCZ
is approved for use in the treatment of various immune-mediated diseases including
rheumatoid arthritis (RA) and giant cell arteritis (GCA) [64]. The phase II faSScinate and
phase III focuSSced trials evaluated the safety and efficacy of TCZ in patients with early
active dcSSc. While the improvements in skin fibrosis were not statistically significant
between the TCZ group and the placebo group, it was indicated that it might preserve
lung function in patients with early SSc-ILD and elevated acute phase reactants. In 2021,
it was approved by the FDA for use in patients with SSc-ILD based on the results of the
focuSSced trial. More specifically, in the faSScinate trial, the difference in FVC between
the placebo group and the TCZ group was 120 mL with a difference of 167 mL overall in
the focuSSced one [65,66]. Collectively, the data from Khanna D et al. showed that the
stabilization of lung function in patients receiving TCZ was consistent across all severity
groups with SSc-ILD, showing that the effects of TCZ were observed in all subgroups.

Regarding safety, during the phase III study, 82 patients in the placebo groups had at
least one adverse event, with the number in the TCZ group being 89 [66]. Only two of the
TCZ group patients experienced cardiac disorders during the study compared with seven
in the placebo group. Overall, no major differences in experienced adverse effects were
observed between the two groups. Kuster S et al. [67] confirm the previously mentioned
adverse effects and do not reveal significant new potential threats of TCZ during treatment.
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Tocilizumab was approved for SSc-associated ILD based on the results of a random-
ized controlled trial, which did not meet its primary skin endpoint. The trial did show a
numerical improvement in the modified Rodnan skin score at week 48 in the tocilizumab
group compared with the placebo (−6.1 vs. −4.4, respectively). Interestingly, the change in
FVC at week 48 was only −0.4% in the tocilizumab group compared with −4.6% in the
placebo group (p = 0.002). However, this finding was a priori not taken into account as sig-
nificant due to the hierarchical structure of the study disregarding any results of secondary
endpoint analyses in the context of the study not meeting the primary endpoint [66].

The role of glucocorticoids is not as prominent in SSc compared with other connective
tissue diseases due to an increased risk of renal crisis associated with their use. However,
glucocorticoids are still used in patients exhibiting features overlapping with other inflam-
matory rheumatic conditions, such as arthritis, myositis, and serositis [68]. Antifibrotic
drugs are promising therapeutic options available for SSc. Nintedanib is the first and
currently only antifibrotic agent approved for the treatment of SSc, used in the treatment
of ILD. At the same time, it does not affect the skin. In the current treatment paradigm,
it is being used in cases of progressive pulmonary fibrosis, usually as an add-on option
following an inadequate effect of immunosuppressive treatment. Its approval is based
on its rather modest efficacy demonstrated in the SENCSIS trial: an absolute difference
in the FVC predicted value of 1.2% (equaling 46.4 mL) between the nintendanib add-on
group and the standard of care group. On the other hand, 75.7% of patients on nintendanib
experienced diarrhea even in the trial (compared with 31.6% in the control group) [68].
Pirfenidone is another antifibrotic agent already being used for the treatment of idiopathic
pulmonary fibrosis. There is growing evidence that its use may also be of benefit to patients
with progressive pulmonary fibrosis in the context of SSc [68].

Current treatment options for PAH include endothelin receptor antagonists, phos-
phodiesterase 5 (PDE5) inhibitors, prostaglandin analogs, and soluble guanylate cyclase
agonists. Endothelin receptor blockade, PDE5 inhibitors, and iloprost have also been shown
to control the symptoms of secondary Raynaud’s phenomenon and digital ulcers associated
with vasculopathy inherent to the disease. The therapeutic approach to PAH in patients
with SSc is analogous to treating idiopathic PAH. The initialization of therapy with a single
agent is reserved only for a low-risk patient profile. In contrast, most patients should be
concomitantly started on dual treatment (usually an endothelin receptor antagonist and a
PDE5 inhibitor) [69].

It is worth noting that the recent change in the definition of the cutoff value of increased
pulmonary artery pressure from 25 mmHg to 20 mmHg (and 3 Wood units to 2 Wood
units) should allow for better control of patients under risk of development of PAH-related
complications and poor outcomes [70].

5.2. Non-Pharmacological Approaches

Oxygen therapy is used in patients with evidence of partial or global respiratory insuf-
ficiency in an acute setting of an ILD exacerbation or respiratory infection or the setting of
severe later-stage ILD and/or SSc-associated PAH despite treatment with pharmacological
agents. Oxygen treatment aims to prevent further deterioration of the patient’s condition,
mainly to prevent secondary (especially right-sided) heart failure, as well as to improve
quality of life and mortality. Given the lack of direct evidence of using supplementary
oxygen in patients with SSc, data on the expected benefits are derived from other more
frequent conditions [71].

Although there are some recommendations regarding nutrition for preventing pul-
monary fibrosis, such as low sodium (salt) intake and avoiding added sugars and saturated
and trans fat, no specific nutrition and diet could really prevent lung involvement in SSc
patients [72].

The use of hyperbaric oxygen has been described as an adjunctive add-on treatment
of intractable ulcers due to severe vascular insufficiency in patients with SSc. Despite some
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authorities favoring such a treatment modality, its efficacy and potential safety issues have
not been assessed in well-designed clinical trials [73].

Pulmonary rehabilitation is an important adjunctive treatment option that increases
the patient’s quality of life and improves exertional capacity. Despite the relatively well-
documented role of pulmonary rehabilitation in patients with other lung diseases, the
role of pulmonary rehabilitation in SSc still needs to be fully appreciated in well-designed
clinical studies. An interesting aspect may be speech therapy, which has been shown to
decrease the incidence of aspiration episodes associated with exacerbations of ILD [74].

A systematic review by Murphy et al. (2022), which included 15 randomized controlled
trials and one prospective quasi-experimental study, revealed within-group improvements
in intervention groups (most focused on hands/upper extremities, followed by multicom-
ponent, orofacial, and directed self-management). However, the study’s heterogenicity,
interventions that focus on hand and upper extremity outcomes or are multicomponent,
provides some support for rehabilitation in SSc [75].

5.3. Future Directions and Research for SSc Lung Complications

Various molecular targets have been explored through preclinical studies and clinical
trials. These include the blockade of the costimulatory CD28-CD80/86 T-cell signal with
abatacept and the blockade of CD19 and CD20 on cells of B lineage, as well as the inhibition
of CCL24 (Chemokine C-C motif ligand 24), tumor necrosis factor-alpha, transforming
growth factor–beta, B-cell activating factor (BAFF), LPA1 receptor (lysophosphatidic acid
receptor 1), sGC (soluble guanylate cyclase), Janus kinases, interleukins 6 and 17, endothelin
receptor, and autotaxin [76].

Despite the high number of potential therapeutic targets, the biology of SSc as a pre-
dominantly pro-fibrotic condition is the main limiting feature toward achieving improved
outcomes. A modest therapeutic effect of immunosuppressive agents has illustrated that
the disease is recognized at a late stage or that active inflammation should not be the
primary therapeutic target. On the other hand, nintendanib has not demonstrated its
antifibrotic property beyond the lung interstitium. The fact that there are several immuno-
suppressive agents and several agents targeting PAH but only one available agent targeting
fibrosis reveals a highly unmet need for the control of fibrosis in SSc.

6. Conclusions

In conclusion, the complexity and high patient burden of SSc-related lung disease calls
for a more thorough understanding of the underlying pathophysiological mechanisms, the
standardization of biomarker evaluation, and their integration into clinical practice. Predic-
tive models and biomarkers for lung involvement in SSc can significantly enhance early
diagnosis, enable more personalized treatment strategies, and improve patient outcomes.
Many SSc patients are stable over time; however, predicting the progression of the disease,
based on different markers, etc., would be of utmost importance. By identifying high-risk
individuals and monitoring disease progression more effectively, these predictive tools can
guide clinical decision-making, potentially reducing lung damage and improving overall
prognosis. We believe these advancements will contribute to more targeted and proactive
approaches in managing SSc-related lung complications.

Overcoming the challenges around lung involvement in SSc would denote a new
era of refined diagnostic and personalized treatment options, offering hope for improved
outcomes in SSc patients with lung involvement. Collaboration between multidisciplinary
teams, technological advances, and meticulous research endeavors are all prerequisites for
the future improvement of patient care.
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Abstract: The mortality risk in systemic sclerosis (SSc) is primarily determined by pul-
monary involvement (interstitial lung disease (ILD), pulmonary fibrosis), pulmonary
arterial hypertension (PAH), and cardiac involvement. With timely and intensive treatment,
the disease can be halted or even improved. Therefore, early diagnosis remains crucial.
Unfortunately, biomarkers currently available cannot meet this requirement. SSc is charac-
terized by autoimmune inflammation, vasculopathy, and fibrosis. The immunometabolic
characterization of autoimmune diseases contributes to a better understanding of the
underlying inflammatory processes. In this narrative review, we included 13 studies on
metabolomic patterns in SSc in accordance with the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses Guidelines (PRISMA). Current studies indicate an altered
metabolome in SSc. All documented significant differences between patients with SSc and
healthy controls, although the observed metabolomic patterns in SSc were inconsistent
between studies. Metabolome alterations include, in particular, energy-related metabolic
pathways such as glycolysis/gluconeogenesis, including the synthesis and degradation of
ketones, fatty acid oxidation, amino acid-related metabolic pathways, lipid metabolism,
and the tricarboxylic acid (TCA) cycle, including pyruvate metabolism. The most frequently
examined organ complications with reported significant aberrations of the metabolome
were skin involvement, ILD, and PAH. Conclusion: The detailed characterization of the
SSc-specific metabolome promises a more comprehensive understanding of the pathogenic
mechanisms of the disease. Furthermore, the detection of associations between specific
metabolic aberrations and disease phenotypes bears hope for new biomarkers and an im-
proved personalized approach to diagnostics, therapy, and follow-up in the management
of SSc.

Keywords: metabolomics; metabolome; systemic sclerosis; biomarkers

1. Introduction

Systemic sclerosis (SSc) is a life-threatening rheumatic disease characterized by autoim-
munity, vasculopathy, and inflammatory fibrosis, which represents an immense burden
for patients due to its high morbidity and mortality [1–4]. In addition to a significant
impairment in quality of life, the disease burden of SSc exceeds that of other rheumatic
diseases [5,6]. A causal therapeutic approach does not exist. SSc is characterized by hetero-
geneous clinical symptoms, among which interstitial lung disease (ILD) with development
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168



Sclerosis 2025, 3, 18

of fibrosis, idiopathic and associated pulmonary arterial hypertension (PAH), and cardiac
involvement are prognostically relevant [6]. Of note, these manifestations of systemic
sclerosis are often clinically oligo or asymptomatic in the initial phase and develop slowly
over time. Therefore, it is standard practice to use comprehensive clinical, radiological, and
laboratory analyses to phenotype patients at initial presentation [7,8]. Early and accurate
diagnosis of both the underlying disease and emerging organ involvement is crucial. The
assessment of the individual disease course, particularly with regard to the prognosti-
cally pertinent risk of visceral organ involvement, represents an unsolved burden in daily
clinical practice. Apart from the modified Rodnan Skin Score (mRSS), the autoantibody
profile, and capillary microscopy [9–11], no biomarkers are routinely used, and individual
prognosis remains difficult to estimate [6]. Consequently, there remains an unmet need for
new biomarkers to determine disease activity and assess SSc-associated prognosis. With
regard to pathogenesis, SSc is increasingly understood as a complex interplay between
environmental factors and the development of autoantibodies. In the early active phase of
the disease, inflammatory and vasculopathic mechanisms seem to predominate, whereas
fibrosing processes become more dominant over time [12]. Furthermore, microvasculopa-
thy with activation of endothelial cells, as well as surrounding perimyocytes and smooth
muscle cells, has been observed. Humoral and cellular factors activate aberrant fibroblasts,
leading to excessive extracellular matrix production and subsequent fibrosis of the skin and
organs [13–17]. Environmental factors appear to modulate the risk of developing SSc [18].
For instance, individual case reports in the 1980s pointed to factors impairing tryptophan
metabolism as possible modulators in the pathogenesis of scleroderma-like illness [19].
More recently, changes in the intestinal microbiome (dysbiosis) have been described in
SSc [20,21]. Microbial communities play an essential role in host physiology and have
profound effects on immune homeostasis and the host metabolome, either directly or
via their metabolites and/or components. Thus, metabolomic analyses provide insights
beyond metabolic and energy status. For example, metabolites and metabolic pathways
influence post-translational modifications [22] of DNA and histones, thereby affecting gene
expression [23,24]. Metabolic activities can also regulate apoptosis sensitivity [25,26] and
serve as cellular or pathogen-derived RNA-binding proteins [27]. Finally, some metabolites
act directly as pro- or anti-inflammatory signaling molecules [28–30]. Most SSc patients
clinically show a body composition that differs significantly from healthy controls (HCs)
(e.g., muscle function/bone density) [31].

Metabolomics is the comprehensive analytical characterization and large-scale scien-
tific study of small molecules, commonly referred to as metabolites, within an organism,
biofluids, cells, or tissues [32,33]. Despite variations in definition, Robert D. Hall defined
the metabolome as the entirety of low-molecular-weight products within an organism,
with a mass of less than 1500 Da [34]. These metabolites play critical roles in biological
systems, acting as intermediates as well as end products of cellular processes, thereby
reflecting the biochemical activity and physiological state of the organism. By profiling
metabolites, metabolomics offers valuable insights into the underlying mechanisms of
health, disease, and environmental interactions [32]. Two of the most powerful analytical
techniques in metabolomics are mass spectrometry (MS) and nuclear magnetic resonance
(NMR) spectroscopy. Mass spectrometry is characterized by its high sensitivity and selectiv-
ity. Furthermore, it can be coupled with various chromatographic separation systems, such
as liquid chromatography (LC), gas chromatography (GC), and capillary electrophoresis
(CE). These combinations reduce ion suppression, separate isobaric compounds, minimize
the signal-to-noise ratio, and ultimately improve detection limits and spectrum complexity.
Most commonly, LC and GC couplings with high-resolution mass spectrometry are used
in metabolomic research. LC separates complex mixtures of metabolites based on their
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chemical properties, such as polarity and hydrophobicity, using a liquid mobile phase. Gas
chromatography, by contrast, utilizes a gaseous mobile phase and is suited for volatile
compounds. The mass spectrometer identifies and quantifies compounds by measuring
their mass-to-charge (m/z) ratio. However, mass spectrometry has limitations, including
the often extensive sample preparation, the complexity of processing large datasets, and
notably, reduced reproducibility. NMR spectroscopy, on the other hand, offers a non-
destructive approach to metabolomics by exploiting the magnetic properties of atomic
nuclei. NMR provides highly reproducible and quantitative data, along with structural
information about metabolites. Its ability to analyze complex mixtures without extensive
sample preparation makes it a valuable tool in metabolomics. Nonetheless, the technique
has disadvantages, such as lower sensitivity compared to MS. Signal overlap in complex
NMR spectra, compounded by limited coupling possibilities, restricts the number of de-
tectable and quantifiable metabolites [35,36]. In summary, the comprehensive analysis
of the metabolome is challenged by its diversity and dynamic nature. MS and NMR are
complementary techniques, each offering unique advantages for elucidating the intricate
network of metabolites. Their integration is facilitating deeper biological insights and
biomarker discovery [36].

Consequently, metabolomic analyses in SSc offer promising opportunities to expand
our knowledge of pathogenesis, SSc-specific immunometabolism, phenotyping, prognostic
characterization, and risk stratification.

2. Methods and Search Strategy

A systematic review of all papers published in English on the topic of metabolome
analyses in systemic sclerosis was carried out using the databases PubMed, Scopus,
and Web of Science in accordance with the Preferred Reporting Items for System-
atic Reviews and Meta-Analyses Guidelines (PRISMA) [37] (Figure 1). The search
terms/keywords used were (“metabolome”) AND (“systemic sclerosis”), (“metabolome”)
AND (“scleroderma”), (“chromatography–mass spectrometry”) AND (“systemic sclero-
sis”), (“chromatography–mass spectrometry”) AND (“scleroderma”), (“NMR”) AND (“sys-
temic sclerosis”), (“NMR”) AND (“scleroderma”). The time span of the publications
was 2015–2025. The time of the systematic literature search was December 2024. Titles
and abstracts were first reviewed for topical relevance, followed by a full-text review
by the authors independently to ensure only articles that met the predefined inclusion
and exclusion criteria were included. Our protocol is registered on the International Plat-
form of Registered Systematic Review and Meta-analysis Protocols (INPLASY) under doi:
10.37766/inplasy2025.5.0077.

Inclusion criteria:

• Original research articles (cohort, case control studies), addressing the human, adult
serum or plasma metabolome in SSc, published without restriction to a single metabo-
lite and published in English within the last ten years.

• Use of HPLC/UPLC-MS or LC-MS or 1H-NMR.
• SSc diagnosis according to the 2013 American College of Rheumatology and European

League Against Rheumatism ACR/EULAR classification criteria.

The exclusion criteria were defined as follows:

• Studies focusing on other biological samples, e.g., urine.
• In vitro studies.
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Figure 1. PRISMA 2020 flow diagram according to [37].

3. Results

A total of 307 papers were found. After applying the criteria described above,
13 papers were selected that met our criteria.

3.1. Serum or Plasma Metabolome in Systemic Sclerosis

A total of 17 studies on the serum or plasma metabolome in systemic sclerosis were
identified that met the predefined inclusion criteria. Two of these studies did not primarily
focus on SSc but either looked at connective tissue diseases in general [38] or analyzed the
metabolome in systemic lupus erythematosus (SLE) and used SSc as a control group [39].
The number of SSc patients included in the individual studies varied between 19 and
206. The work of Xie et al. [40], which carried out a meta-analysis based on genome-wide
association study (GWAS) data for plasma metabolites (taken from the GWAS catalog
(GCST90199621-GCST90204603)) and included a total of 26,679 people (9095 SSc patients
and 17,584 healthy controls), should be considered separately at this point. The individ-
uals in this study came from 14 European–American SSc GWAS cohorts from a total of
10 countries. The plasma metabolite data included 1091 blood metabolites and 309 metabo-
lite ratios. The majority of the studies report the serological status and clinical presentation,
such as the limited and diffuse cutaneous form of SSc (lcSSc/dcSSc) of the patients. In our
selected studies for review, nine studies used plasma and eight studies used serum for the
analysis. Where healthy subjects were included as controls, significant differences between
the metabolome of SSc and HCs were found. Eleven studies reported specific metabolomic
fingerprints with respect to clinical subtype or organ involvement. One study postulated
causal effects of specific gut microbiota and plasma metabolites on the development of
SSc [40]. In the following, the study results on specific metabolome profiles or altered
metabolome pathways will be presented from a clinical perspective, sorted according to the
categories (I.) skin manifestations, (II.) interstitial lung disease/fibrosis, (III.) pulmonary
arterial hypertension (PAH), and (IV.) disease prognosis or treatment response.
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3.2. Skin Manifestation

Several metabolite changes were described in association with cutaneous manifesta-
tions in SSc, identifying both parameters with positive and negative correlation to skin
fibrosis. Guo et al. [41] demonstrated a negative correlation between allysine and all-trans-
retinoic acid (which also correlated with inflammatory parameters). Markers that correlated
positively with mRSS in this study population were D-glucuronic acid and hexanoylcar-
nitine. Furthermore, sclerodactyly was negatively associated with thromboxane B2 and
positively associated with phthalic acid.

In vitro background data support the role of amino acids in the immunometabolism
of skin fibrosis in SSc, while increased collagen synthesis appears to be a concomitant
symptom of cutaneous fibrosis. Interestingly, Ung et al. demonstrated an upregulation
of amino acid metabolites such as glutamine, ornithine, proline, and citrulline, which are
involved in collagen metabolism [42]. It is known that proline is required for collagen
production and the synthesis of the extracellular matrix [43]. Proline is also present in
increased amounts in fibroblasts stimulated with transforming growth factor beta (TGF-
β) [44]. Glutamine, in turn, promotes proline synthesis and supports collagen production
in fibroblasts [45]. With regard to glutamate metabolism, it has been shown that under
the influence of TGF-β1, myofibroblasts have increased glutamate levels, while glutamine
levels decrease, indicating accelerated glutaminolysis. Glutaminolysis is considered to be
one of the main energy sources for effector T cells and facilitates the pro-inflammatory Th17
phenotype [46]. Smoleńska et al. [47] specifically investigated the amino acid metabolome
in SSc, showing correlations between amino acids and their derivatives and clinical skin
manifestations. In the diffuse cutaneous subtype (dcSSc), increased concentrations of
sarcosine, β-alanine, methylnicotinamide (MNA), and L-NAME (N-nitroarginine methyl
ester) were detectable. Calcinosis correlated positively with sarcosine, glutamate, proline,
tyrosine, 3-methylhistidine, and ornithine levels. The extent of skin fibrosis measured
by mRSS showed a negative correlation with sarcosine, proline, histidine, ornithine, as-
paragine, citrulline, and phenylalanine. L-NAME, glutamate, and lysine were associated
with the increased occurrence of telangiectasias. This study revealed changes in amino
acid metabolism, which could represent a link to SSc-associated vasculopathy. An increase
in asymmetric dimethylarginine (ADMA) was detected. ADMA is an inhibitor of NO
synthase, which supports the assumption of endothelial damage as the etiology of SSc.

However, besides alterations in amino acid pattern in the context of skin fibrosis in SSc,
changes in lipid metabolism have also been observed. Recently, growing evidence suggests
that changes in lipid metabolism could have a general influence on the modulation of fi-
brosis, immunity, and angiopathy in SSc [48]. Sphingomyelins were detected in reduced
concentrations, which correlated with greater skin involvement [49]. Some metabolites of
sphingomyelin, such as sphingosine 1-phosphate, regulate immune cell chemotaxis, vascular
dilation, and angiogenesis via G protein-coupled receptors. Stimulation of lymphocytes,
monocytes, and fibroblasts by sphingosine 1-phosphate has been described [50], which could
establish a connection to inflammatory skin fibrosis. Furthermore, a correlation between spe-
cific lipoproteins and the severity of skin fibrosis was described in a study that simultaneously
identified a specific lipoprotein pattern in SSc-ILD [51]. Jendrek et al. were able to retrace
a negative correlation of high-density lipoprotein (HDL) and (apolipoprotein (Apo) A1/A2
levels with skin fibrosis measured by mRSS as a validated clinical endpoint in SSc [9].

3.3. Focus on Interstitial Lung Involvement (ILD) and Pulmonary Fibrosis

Visceral organ manifestations—especially interstitial lung disease with pulmonary
fibrosis, cardiac involvement, and pulmonary arterial hypertension—significantly deter-
mine SSc-associated lethality [6]. Therefore, new prognostic and personalized biomarkers
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are urgently needed. Dyslipoproteinemia and alterations in the lipid profile are frequently
present in SSc patients [52]. Lipids serve various functions, including acting as signal-
ing substances for the immune system. Lipid subgroups such as short-chain fatty acids
(SCFA) also appear to influence the differentiation of T lymphocytes by modulating histone
deacetylase activity [53]. For example, supplementation of SCFA butyrate has demon-
strated anti-inflammatory effects in chronic inflammatory bowel disease [54]. Comparable
effects in SSc have not yet been investigated. However, butyrate levels are also found to be
reduced in individuals with SSc [55,56].

With regard to ILD, the work of Guo et al. [41] provides a comprehensive metabolic
fingerprint. This analysis included 127 non-treated (59.8% female) and 57 treated (59.6%
female) individuals. Serum samples were analyzed using LC-MS. Parameters positively
associated with ILD were γ-linolenic acid, dihydrothymine, etiocholanol glucuronide,
L-pipecolic acid, carnosine, and L-cystathione. A negative association with the ILD di-
agnosis existed for the parameters proline, betaine, androsterone sulfate, phloretin-2′-O-
glucuronide, 4-guanidinobutanoic acid, and NNAL-N-glucuronide (4-(methylnitrosamino)-
1-(3-pyridyl)-1-butanol-N-glucuronide). Notably, the study also described a negative
correlation between L-tryptophan and inflammatory markers.

However, studies focusing on the metabolic signature of SSc-ILD have yielded in-
consistent results. For example, Belocchi et al. [57] were unable to demonstrate any
metabolomic difference between patients with and without ILD. However, metabolic
differences were detected between SSc and HC in this study. Diacylglycerol 38:5, phos-
phatidylcholine 36:4, 1-(9Z-pentadecenoyl)-glycero-3-phosphate, DL-2-aminooctanoic acid,
2,4-dinitrobenzenesulfonic acid, and α-N-phenylacetyl-L-glutamine differed significantly
from HC. 59 SSc individuals (88.1% female, 17.1% dcSSc, 39% ACA positive, 39% anti-scl70
positive) were included and analyzed using LC-MS plasma analysis. Special attention
was paid to intestinal involvement and microbiota disturbances. Therefore, the authors
found that intestinal microbiota analysis could also distinguish SSc patients from HC
(reduced prevalence of nine bacterial species from Firmicutes, Bacteroidetes, and Pro-
teobacteria families). In general, it is accepted that this dysbiosis can lead to reduced
butyrate production. Bögl et al. [58] provided metabolic evidence of intestinal microbiome
dysregulation, although no significant association with ILD was observed. This work
primarily identified amino acids (dimethylarginine, citrulline, ornithine, 1-methylhistidine,
taurine, 3-methylhistidine, tryptophan, alanine, tyrosine, methionine, lysine, proline), their
derivatives, and other metabolites (kynurenine, TMAO, trimethyllysine, hexanoylcarnitine,
acetylcarnitine, choline, octanoylcarnitine, valerylcarnitine) as dysregulated in SSc.

However, another study by Meier et al. [59], which focused on SSc-ILD, was able to
identify a distinct metabolomic profile in SSc-ILD. This study involved a smaller cohort of
36 SSc individuals (83.3% female, 25% dSSc, 33.3% ACA positive, 27.8% anti-Scl70 posi-
tive), analyzed using targeted LC-MS (110 molecules) from serum samples. Differences
were shown between non-ILD-SSc, stable ILD-SSc, and progressive ILD-SSc. Remarkably,
85 distinct substances were identified, including various amino acid metabolites. Con-
centrations of L-threonine, xanthosine, 3-aminoisobutyric acid, leucine, isoleucine, and
adenosine monophosphate were associated with ILD and correlated with a deterioration in
lung function tests. L-tyrosine, leucine, isoleucine, and L-tryptophan were discussed as
potential SSc-ILD biomarkers. Additional SSc-ILD biomarkers (L-glutamine and Ile-Ala)
were identified by Sun et al. [60], performing untargeted LC-MS of serum in a cohort
of 30 SSc individuals (80% female, 40% dcSSc). They found 38 compounds at different
concentrations, 32 of which demonstrated good diagnostic value (including vitamin E,
various lipid metabolites, and amino acids). In addition, different patterns were observed
for cutaneous subtypes (dcSSc and lcSSc).
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Our own group [51] showed that patients with SSc-ILD and lung fibrosis display
reduced HDL levels. Furthermore, a reduction in ApoA1 + A2 and its HDL fractions
reflected a distinct lipoprotein profile for SSc-ILD patients, independent of potential clinical
confounders for dyslipidemia. Notably, SSc-ILD HDL levels correlate with FVC (forced
vital capacity), DLCO (diffusion capacity of the lungs for carbon monoxide), and mRSS.
These results suggest that HDL and its subfractions may be considered as potential new
biomarkers for SSc-ILD. The correlation with severity of lung involvement, measured
by FVC and DLCO, as well as the independent correlation with mRSS, underlined the
relevance of HDL and lipoprotein profiling in SSc-ILD.

Further evidence of pathological lipid metabolism in SSc was provided by Ottria et al. [61].
This study included a discovery cohort with 20 SSc individuals (85% female, 35% dcSSc,
55% ACA positive, 25% anti-scl70 positive) and a validation cohort with 12 SSc individuals
(92% female, 16.7% dcSSc, 25% ACA positive, 50% anti-scl70 positive). In the discovery
group, LC-MS was used, and in the validation group, GC-MS (for carnitine) and a fatty
acid analysis (via LC-MS) in plasma were performed. Using untargeted LC-MS analysis,
46 metabolites that differed from HC were initially detected, indicating impaired fatty acid
oxidation and renal dysfunction in the SSc. The targeted analysis focusing on fatty acids
and carnitine concentrations identified significant differences in the concentrations of lauric
acid, myristic acid, arachidic acid, carnitine, isovalerylcarnitine, octanoylcarnitine, and
palmitoylcarnitine. In addition, in a functional assay, inhibition of carnitine transporters in
dendritic cells from patients with SSc suppressed pro-inflammatory reactions. Therefore,
the authors discuss L-carnitine and acylcarnitines as potential biomarkers for SSc.

A different metabolome signature of SSc-ILD vs. SSc patients without ILD was also
shown in the work of Fernández-Ochoa et al. [49]. The authors compared the lcSSc and
dcSSc groups but found no significant plasma differences between SSc-ILD and SSc-nonILD.
However, in urine samples, deregulated metabolites were acylcarnitines, acylglycines, and
again metabolites derived from amino acids, especially proline, histidine, and glutamine,
which could become biomarkers for SSc-ILD. 2-arachidonoylglycerol, which is upregulated
in SSc compared to HC, was also discussed as a possible biomarker given its role in the
endocannabinoid system and possible involvement in SSc-associated autoimmunity.

In a subsequent study [38], Fernández-Ochoa et al. presented that urine analysis can
achieve greater accuracy in the differentiation of SSc from mixed connective tissue disease
(MCTD) and undifferentiated connective tissue disease (UCTD), as well as rheumatoid
arthritis or systemic lupus erythematosus. Unfortunately, the authors did not provide any
information on specific deviations in SSc within this cohort.

3.4. Focus on Pulmonary Arterial Hypertension (SSc-PAH)

Pulmonary arterial hypertension (PAH) is characterized by damage to the smaller arteries
in the precapillary circulation of the pulmonary vessels and occurs with an average frequency
of about 9% (5–15%) in SSc. However, it is one of the main causes of death in SSc [62,63]. PAH
can occur as a primary condition or develop as a consequence of SSc-ILD. Early diagnosis is
important, as studies have shown that early therapeutic intervention can improve survival
rates [64]. Since some PAH-specific therapeutics mediate their effect by modulating intracellular
endothelial metabolism, investigating immunometabolic changes in SSc-PAH is relevant.

Two studies compared metabolomic patterns between SSc patients with PAH and
SSc patients without PAH [56,65]. Another study [66] also included idiopathic pulmonary
arterial hypertension (IPAH) as a disease control. Deidda et al. [56] initially reported that pa-
tients with SSc-PAH showed higher levels of carboxylic acids (e.g., lactate) and lipoproteins,
while amino acid levels, especially L-arginine, were reduced compared to patients with
SSc without PAH. The study used NMR spectroscopy, directly analyzing pulmonary artery
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blood. In detail, SSc-PAH patients had increased concentrations of acetoacetic ester, ala-
nine, lactate, VLDL and LDL levels, and decreased γ-aminobutyric acid, arginine, betaine,
choline, creatine/creatinine, glucose, glutamate/glutamine, glycine, histidine, phenylala-
nine, and tyrosine levels. In addition, significantly higher ADMA levels and reduced
L-arginine levels were documented in SSc-PAH compared to non-PAH patients [65]. In this
study, serum ADMA levels ≥ 0.7 μM were also discussed as a diagnostic biomarker with a
sensitivity of 86.7% and a specificity of 90.0% for PAH [65]. The work of Alotaibi et al. [66],
including a disease control group, analyzed plasma from SSc patients with and without
PAH as well as from patients with IPAH. They found nine metabolites characteristic of
SSc-PAH (lignoceric acid, nervonic acid, fatty acid esters of hydroxy fatty acids, nitrooleate,
11-testosterone, 17β-estradiol, new eicosanoid, prostaglandin F2α, leukotriene B4). Among
these, several parameters seemed to correlate with the severity of SSc-PAH. In this study, it
was also noted that lignoceric acid and leukotriene B4 are present in higher concentrations
in SSc without pulmonary hypertension. Overall, the above observations support the
hypothesis of a dysregulated metabolism of fatty acids, steroid hormones, and arachidonic
acid. Another study [67] demonstrated that dysregulation of the kynurenine pathway
could serve as a predictor for the development of SSc-PAH. However, a correlation with
other manifestations of SSc-associated microvasculopathy, such as Raynaud’s syndrome or
the occurrence of telangiectasias, could not be established in this cohort.

3.5. Focus on Further Prognostic Metabolome Signatures Including Treatment Response:

The heterogeneous disease manifestations of SSc with their variable and unpredictable
courses justify the urgent need for diagnostic, personalized, and prognostic biomarkers.
However, only a few studies provide information on treatment response, primarily due
to limitations in the study design and small cohort sizes. However, the analysis of the
metabolome can offer, e.g., prognostic information about the cutaneous disease severity.
The most important metabolic pathways that were altered in dcSSc compared to lcSSc
included glycolysis and gluconeogenesis as well as glutamate-glutamine metabolism [55].
The previously mentioned study by Guo et al. [41] not only analyzed the correlation of
metabolomic parameters with mRSS but also examined metabolic changes in response to
therapy-induced regression of skin involvement. They found that some of the deviating
metabolites (γ-carboxyethylhydroxychroman (γ-CEHC), paraxanthine, PS(18:0/18:1(9z)),
2,3-diaminosalicylic acid, MG(0:0/182(9Z,12Z)/0:0), and phloretin-2′-O-glucuronide) nor-
malized during treatment in the SSc group, suggesting their potential as biomarkers
for cutaneous treatment response. Additional parameters, such as mediagenic acid-3-
O-β-D-glucuronide, 4′-O-methyl-(-)-epicatechin-3′-O-β-glucuronide, and valproic acid
glucuronide, were identified, although no causal relationship was established. Prognostic
factors for SSc-ILD were considered in the study by Meier et al. [59]. The colleagues were
able to distinguish progressive SSc-ILD from stable SSc-ILD based on several metabolome
changes. This study showed that the levels of L-leucine and L-isoleucine were highest in
HC and gradually decreased from SSc patients without ILD to those with stable ILD. In
addition, L-tryptophan, L-tyrosine, L-threonine, and adenosine monophosphate showed a
similar decline, while 3-aminoisobutyric acid and 1-methyladenosine showed an inverse
trend. Based on this study, the determination of branched chain amino acids (BCAA: L-
leucine and L-isoleucine) was discussed as prognostic biomarkers for the course of SSc-ILD.
BCAA levels also correlated significantly with disease activity. In a separate BCAA assay, a
cut-off value of 250.3 μM was defined for the differentiation of stable ILD from progressive
ILD [59]. These results were confirmed by analysis of a validation cohort.

Table 1 presents a summary, including the characteristics of the groups ex-amined in
the studies, as well as the techniques used and selected key findings of the pa-pers.
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4. Discussion

According to our defined inclusion and exclusion criteria, we identified 13 articles in
this review focusing on serum or plasma metabolites in SSc patients and summarized the
key findings on dysregulated metabolic pathways in SSc (Table 1).

Only two studies included cohorts of more than 100 individuals [41,51]. Almost
all studies compared SSc-associated metabolome changes with healthy controls (HC).
Exceptions included one study that focused on SSc-PAH and also included idiopathic
pulmonary arterial hypertension (IPAH) as a control [66] and another study that considered
other inflammatory rheumatic diseases, using SSc only as a control [38]. In this latter
study, SSc individuals were phenotyped in a more restricted manner. Thus, metabolome-
phenotype associations must be evaluated with caution in this study. The most frequently
examined organ complications with reported significant aberrations of the metabolome
were skin involvement, ILD, and PAH. Regarding other organ involvements, no consistent
or significant associations with metabolome alterations have been identified in the studies to
date. This lack of findings may be attributed to the heterogeneity of SSc manifestations and
the often small cohort sizes. One study even found no significant changes in metabolome
parameters comparing SSc patients with and without ILD. Furthermore, it remains unclear
whether the observed metabolome aberrations are causal or a consequence of SSc.

It should also be noted that the studies that focused on the metabolome pattern in
SSc-PAH examined blood from the pulmonary arteries. Consequently, comparability with
other studies using peripheral blood as a sample source is limited.

Although the metabolome parameters associated with specific organ manifestations
differed between studies, all authors consistently identified significant differences between
SSc and HC. However, common disturbed metabolic pathways emerged across studies, par-
ticularly including energy-related metabolic pathways such as glycolysis/gluconeogenesis,
the synthesis and degradation of ketones, fatty acid oxidation, amino acid-related metabolic
pathways, lipid metabolism, and the TCA cycle with pyruvate metabolism. Given the
complexity of metabolic profiles, we would like to present selected patterns below and
discuss possible implications for SSc pathology. Interestingly, in individual cases [41], previ-
ously identified metabolomic abnormalities normalized during treatment, thus warranting
further investigation into metabolome–immune phenotype associations. This also implies
that, in addition to SSc organ involvement, treatment status and inflammatory activity
should always be documented during sample collection in future metabolomic studies and
that prospective approaches remain complementary.

Alterations in amino acid metabolism [41,42,56,58,59,65] have been frequently ob-
served in SSc patients, possibly related to protein synthesis and catabolism. In addition to
the aforementioned discussed role of specific amino acid metabolites in collagen metabolism
and fibrosis development [42–45] and the potential pro-inflammatory Th17 shift through
dominant glutaminolysis [46], further metabolome changes in SSc should be discussed
in light of the energy metabolism of respective immune effector cells or target cells of
autoimmune inflammation, SSc-associated vasculopathy and fibrosis. Referring to the
observations of Murgia et al., differentiating cutaneous disease severity based on metabolic
changes within glycolysis/gluconeogenesis and glutamate-glutamine metabolism, the
respective energy source of immune effector cells may even be a contributing factor. In
addition to glucose, amino acids play an important role for T cells as a primary energy
source and as a substrate for protein and nucleic acid biosynthesis [68]. Notably, T cells pos-
sess a functional GABAergic system that is involved in modulating immune response [69].
Glutamate, a precursor of γ-aminobutyric acid (GABA), acts as an antioxidant through its
immediate precursor glutathione [70,71]. Interestingly, glutamine, but not glutamate, up-
take is enhanced during T cell activation [72,73], which could explain the observed relative
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increase in glutamate and decrease in glutamine in patients with dcSSc compared to lcSSc
patients. Glutamine is not only important for protein synthesis but also contributes to other
processes, which are important for T cell proliferation, including fatty acid synthesis and
the synthesis of purine and pyrimidine nucleotides.

On the other hand, certain amino acid metabolites can facilitate a pro-inflammatory
and pro-fibrotic environment, reinforcing the potential causal role of metabolomic changes.
For example, BCAAs, particularly leucine and isoleucine, demonstrated prognostic value
for the course of SSc-ILD and lung function parameters. Furthermore, especially L-leucine,
stimulates protein synthesis and reduces protein degradation through the phosphorylation
of mTOR [74]. mTOR plays an important role in anabolic processes by inducing cells
to switch from oxidative phosphorylation to aerobic glycolysis [75], while its activity is
increased in SSc and pulmonary fibrosis [76]. Another consistent finding across multiple
studies is the tendency of SSc patients to lower tryptophan levels [41,58,59]. Possible
explanations include enhanced metabolism of this essential amino acid, especially under
inflammatory conditions, via the kynurenine-, serotonin-, and indole-3-pyruvate path-
ways [77]. The majority of tryptophan is metabolized via the kynurenine pathway, which
is stimulated by pro-inflammatory substances such as lipopolysaccharides, tumor necrosis
factor α, and interleukin 1 and 2 [78]. The resulting kynurenine stimulates CD4 and CD8
double-negative T lymphocytes and thus maintains the inflammatory process [79]. As
already mentioned, disturbances in the kynurenine pathway appear to represent a common
metabolomic marker for ILD and PAH [58,59,67]. These findings could point towards new
avenues for treatment.

In addition to amino acids, several studies have identified a dyslipidemia in pa-
tients with SSc, correlating with specific organ manifestations and disease activity. Lipids
fulfill multiple physiological functions, for example, acting as structural components of
cellular membranes and as an energy source. Furthermore, lipids such as short-chain,
medium-chain, and long-chain fatty acids influence immune response, particularly through
T-lymphocyte differentiation [53]. Medium-chain fatty acids promote a Th1 and Th17 shift
and inhibit Treg cells [80], while (long-chain) fatty acids represent the basis for the produc-
tion of pro- and anti-inflammatory cytokines [81]. The importance of eicosanoids and other
fatty acid derivatives in SSc has already been extensively investigated [48]. However, a
detailed discussion is beyond the scope of this article.

Nevertheless, recent findings on changes in lipoprotein subfractions in SSc should
be discussed in more detail [51]. A large study with more than 100 SSc patients demon-
strated that SSc-ILD is characterized by a dyslipidemic profile. In this study, reduced
HDL levels (measured by 1H NMR spectroscopy) were not only associated with SSc-ILD,
but additionally, HDL and ApoA1/A2 levels were positively correlated with established
parameters of disease severity in SSc-ILD, such as FVC and DLCO. Furthermore, a negative
correlation between HDL and its apolipoproteins and skin fibrosis (measured by mRSS)
and thus, another validated biomarker was observed [51]. Since these results persisted even
after adjustment and multivariate analysis for typical confounding factors of HDL/LDL-
dyslipidemia, the often neglected immunological effects of HDL may be discussed as a
cause and link to SSc-microvasculopathy. Various immunomodulatory HDL effects have
been described: inter alia, anti-apoptotic, anti-inflammatory, endothelial cell repair, and
proliferation-enhancing effects. These effects are partly explained by downregulation of
the expression of cell adhesion molecules, namely VCAM-1 and ICAM-1, and reduced
expression of MCP-1 [82–86]. In this context, the distinct metabolomic profile of endothelial
cells in SSc patients with PAH described by Deidda et al. [56], as well as the association
of reduced HDL levels in SSc-PAH patients described by Borba et al. [87], should also
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be discussed. In addition, another group demonstrated a correlation between cholesterol
efflux capacity and skin fibrosis [88].

Conclusively, it is reasonable to speculate that high-resolution metabolomic determi-
nation of the lipoprotein profile is suitable for a more individualized assessment of SSc-ILD.
Nevertheless, several inherent limitations remain to be considered when applying and in-
terpreting metabolomic analyses. For example, the comparability of studies using different
analytical techniques is challenging. In this instance, MS and NMR profiling are widely
used techniques for metabolome analysis, each with its own advantages and disadvantages.
NMR spectroscopy is robust and reproducible. The sample preparation is relatively sim-
ple, and the measurement is non-destructive. However, compared to mass spectrometry,
the detection limit is significantly lower. Mass spectrometry is sensitive and can simul-
taneously analyze a wide range of components. The complexity of the data makes the
evaluation process intricate. Despite the promising potential of metabolomics to uncover
novel biomarkers and pathophysiological mechanisms in SSc, some further methodological
challenges could limit the robustness and reproducibility of current findings. A critical
issue is the frequent mismatch between small sample sizes and the high dimensionality of
metabolomic data, which increases the risk of overfitting and compromises the stability of
feature selection [89]. In this context, it is important to note that of the 13 studies included
in this review, 10 included fewer than 100 SSc individuals. Among the studies with fewer
than 100 SSc individuals, six studies examined cohorts under 50 individuals (Table 1).
Balanced and representative patient stratification with regard to disease activity/stage,
(clinical/serological) phenotypes, and demographic characteristics such as age, gender,
and ethnicity is, therefore, often lacking. However, since all of these factors can influence
metabolite activities, future studies on potential metabolomic biomarkers should include
careful patient characterization based on, inter alia, a combination of clinical, biochemical,
and radiological profiling. In addition, stratification according to prevalent comorbidities
such as sarcopenia, pulmonary cachexia, or chronic kidney disease is also desirable to
exclude further metabolomic confounders.

With regard to biomarker studies, it remains necessary to conduct further longitudinal
and comparative analyses on different disease phenotypes during disease progression
using the same analytical techniques, since different clinical presentations manifest at the
onset and during disease progression. In addition to considering age- and sex-matched
healthy controls, the inclusion of disease controls in multicenter cohorts in future studies
must be postulated in order to be able to specify potential biomarkers.

Furthermore, batch effects introduced during sample processing and data acquisition
can confound biological signals if not adequately controlled [90]. Biological variability, stem-
ming from disease heterogeneity, comorbidities, medication use, and lifestyle factors, adds
another layer of complexity, often obscuring disease-specific metabolic signatures [91,92].
Compounding these issues is the limited availability of external validation cohorts, which
limits the generalizability of proposed biomarkers.

Addressing these challenges requires rigorous study design, standardized protocols,
appropriate statistical frameworks, and multicenter collaborations to enable robust vali-
dation in future large-scale cohort studies on SSc-associated metabolomics. Characteristic
and clinically challenging features of SSc remain the great heterogeneity of clinical manifes-
tations and the high variability of disease progression in individual patients. In this regard,
disease-specific biomarkers can have different functions. They may be used for diagnosis,
monitoring of therapy, or for prognosis.

In terms of (early) diagnostic utility, again, the work of Guo et al. should be mentioned,
since this work reported some metabolites to be associated with the presence of abnormali-
ties in capillaroscopy. Capillaroscopy is a non-invasive and easy-to-perform examination
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with high diagnostic value in the assessment of secondary Raynaud’s phenomenon and the
diagnostic differentiation of SSc. Furthermore, there is evidence that specific nailfold video-
capillaroscopy patterns have an association with SSc-ILD and SSc-PAH independent of the
SSc-autoantibodies [93], so that the question arises whether the presence of a simultaneous
metabolic fingerprint can be delineated. Guo et al. [41] identified LysoPC(16:1(9Z)/0:0),
Thromboxane A2, and 4-Vinylphenol sulfate upregulated in the presence of an abnormal
capillaroscopy. However, only a dichotomous distinction was made between normal and
abnormal nailfold capillaries. A detailed description of the capillaroscopic pattern, for ex-
ample, early versus late or active pattern, was not provided. Nevertheless, a connection to
(micro)vasculopathy seems conceivable due to the identified metabolites, since in the case
of thromboxane, the contraction of smooth muscles in blood vessels and airways is medi-
ated via the thromboxane receptors. The precise pathophysiological functions represented
by the other two metabolites in different states remain to be specified. Finally, it should be
mentioned that Caramaschi et al. [94] exclusively examined plasma homocysteine (Hcy)
levels using a high-performance liquid chromatography method with fluorescent detec-
tion [94] and found a significant correlation between plasma Hcy concentration and the
nailfold videocapillaroscopic pattern in SSc, with a progressive increase from the early to
the active and, above all, the late pattern. This study is not included in our review because
it focused exclusively on homocysteine. Also, not included in our review is the study by
Volpe et al. [95] since this study investigated the urine metabolome.

Taken together, due to the aforementioned inherent limitations of metabolomic studies
in general and the design of the studies conducted so far, no reliable statement can be made
regarding the diagnostic utility of metabolomic profiling with regard to early diagnosis of
SSc. If used for (early) diagnosis, more elaborate study designs would have been necessary
in order to show that metabolic signatures are not associated with other—and in terms
of pathophysiology similar—diseases. On the other hand, some studies demonstrated
correlations between specific metabolites and disease activity, thus providing the ground-
work for a potential prognostic utility of metabolomic profiling with regard to visceral
organ manifestations. Therefore, further studies with prospective study designs remain
mandatory to better evaluate individual metabolomic parameters not only with regard to
their prognostic utility but also in terms of treatment response.

5. Conclusions

The challenge of metabolic characterization of SSc lies in its rarity and the highly
variable disease course. However, this is precisely why the need for integrated studies
on non-invasive, prognostic, and early diagnostic biomarkers remains urgent, with the
intention to improve treatment and intervene in the progression of the disease through a per-
sonalized approach. As demonstrated, metabolic characterization in SSc offers promising
perspectives with regard to diagnosis, disease endotyping, and the detection of additional
biomarkers. Although the metabolome can be influenced by various factors, and the studies
to date only allow speculation about a causal relationship between the observed metabolic
disturbances and SSc-specific inflammation, the data at least indicate the existence of
common metabolome patterns within the disease. Currently, the interpretation of these
metabolic patterns or associations should be undertaken with great caution, as the results
are based on the use of various analytical metabolomic techniques and the cohorts were
partly small and can only be compared to a limited extent or not at all with regard to
aspects such as disease duration, phenotype, and specific therapies.

However, some of the reported metabolic fingerprints not only correlate with disease
activity, but also in vitro data suggest the modulation of autoimmunity, vasculopathy, fibro-
sis, and intestinal dysbiosis by the respective metabolic pathways. Consequently, further
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studies remain mandatory to characterize the role of these alterations in the pathophysi-
ology of the disease. Based on the studies conducted to date, mainly, but not exclusively,
amino acid and lipid metabolism, as well as dysregulation of the TCA cycle, appear to have
great potential to define metabolomic networks as treatment targets or as biomarkers not
only for diagnosis, but also for prognosis and response to treatment.
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