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Abstract: Systemic sclerosis (SSc) is a heterogeneous disease characterized by autoimmunity, vascu-
lopathy, and fibrosis which affects the skin and internal organs. One key aspect of SSc vasculopathy
is pulmonary arterial hypertension (SSc-PAH) which represents a leading cause of morbidity and
mortality in patients with SSc. The pathogenesis of pulmonary hypertension is complex, with multi-
ple vascular cell types, inflammation, and intracellular signaling pathways contributing to vascular
pathology and remodeling. In this review, we focus on shared molecular features of pulmonary
hypertension and those which make SSc-PAH a unique entity. We highlight advances in the under-
standing of the clinical and translational science pertinent to this disease. We first review clinical
presentations and phenotypes, pathology, and novel biomarkers, and then highlight relevant animal
models, key cellular and molecular pathways in pathogenesis, and explore emerging treatment
strategies in SSc-PAH.

Keywords: systemic sclerosis; scleroderma; pulmonary hypertension; pulmonary arterial hypertension;
biomarkers; molecular pathogenesis; therapeutics

1. Introduction

Systemic sclerosis (SSc) is a heterogeneous autoimmune disorder characterized by
chronic inflammation, endothelial dysfunction, and fibrosis of the skin and internal
organs [1]. The prevalence of SSc worldwide is approximately 176 cases per one mil-
lion population with the annual incidence of 14 cases per one million person-year [2]. SSc
affects women more frequently than men with a 3–4:1 female:male ratio; however, men
with SSc experience more severe outcomes [1].

While fibrosis is generally considered the hallmark of SSc, vascular disease plays a
significant role in pathogenesis, and vascular pathology occurs early and represents a key
driver of morbidity. Pulmonary hypertension (PH) is a progressive devastating disease
affecting small and medium pulmonary arteries, causing pulmonary vascular remodel-
ing which can occur due to multiple etiologies. This process leads to right ventricular
dysfunction, heart failure, and ultimately death if untreated [3,4]. Pulmonary arterial
hypertension (PAH) is reported to occur in 8–12% of SSc patients (SSc-PAH) and represents
a leading cause of mortality in individuals with SSc [5]. Recent studies have shown that the
combination of early detection of disease resulting from advances in screening guideline
and PAH specific drugs improved the survival among SSc-PAH patients [6].

Though data specific to SSc-PAH is sometimes limited, elucidation of molecular mech-
anisms underlying PAH has significantly improved, and better understanding of disease
pathogenesis has contributed to the identification of new targets for drug development. In
this review, in addition to reviewing clinical features, we will emphasize the pathology of
PAH, phenotypes and biomarkers of SSc-PAH, cellular and molecular mechanisms underly-
ing SSc-PAH, relevant animal models, and treatment for SSc-PAH with a focus on the basic
understanding of disease biology influences diagnosis, prognosis, and treatment strategies.
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While not a systematic review, methodologically we reviewed the literature using
Pubmed/MEDLINE searches for the primary medical literature between 2000 and 2024
which included the terms “SSc-PAH”, “systemic sclerosis associated pulmonary arterial
hypertension”, “scleroderma associated pulmonary arterial hypertension”, “systemic scle-
rosis”, “pulmonary arterial hypertension”, and “pulmonary hypertension”, and then added
additional filters including “classification”, “diagnosis”, “pathology”, “histology”, “animal
model”, “model”, “pathway”, “signaling”, “molecular”, “cellular”, “treatment”, “digital
ulceration”, and “clinical trial” for the review of the literature in each individual section. To
ensure broad coverage of the literature, we allowed inclusion of one to two review articles
per section with a focus on recent (since 2018) or seminal reviews of highly relevant topics,
and later added selected older references which were the first studies to describe important
relevant findings. Three individuals (M.B., C.L., and G.W.) performed the searches between
December 2023 and March 2024 and selected 193 articles from over 2900 articles in the
initial search filters. Articles were selected if they were deemed to be specific to SSc-PAH
or highlighted important common pathobiology or clinical aspects of PH. When multiple
references addressed a given aspect of the topic, the most recent literature was selected
for inclusion with the majority of references (69%) representing the literature from the last
10 years.

2. Clinical Aspects and Definitions
2.1. Systemic Sclerosis

Systemic sclerosis (SSc) is a multisystem autoimmune connective tissue disease char-
acterized by microvascular injury, dysregulation of adaptive and innate immunity, and
fibrosis of the skin and internal organs. Common clinical features of SSc include Ray-
naud’s phenomenon, skin thickening, calcinosis, telangiectasias, gastroesophageal reflux
disease, GI dysmotility, arthritis, interstitial lung disease, and pulmonary hypertension [7].
Among these, Raynaud’s phenomenon, a vasospasm of the digits, is an early finding which
typically occurs before fibrotic features, suggesting that vascular disease is an early mani-
festation and plays a role in early pathogenesis. Pulmonary hypertension is usually a later
manifestation of SSc and typically presents 10–15 years after diagnosis.

2.2. Pulmonary Hypertension—WHO Classification

Pulmonary hypertension (PH) is a broad term used to describe a group of conditions
with the common characteristic of an increase in pulmonary arterial pressure. The World
Health Organization (WHO) currently defines pre-capillary PH as a mean pulmonary arterial
pressure (mPAP) > 20 mmHg, pulmonary arterial wedge pressure (PAWP) ≤ 15 mmHg, and
pulmonary vascular resistance PVR ≥ 3 Woods Units [8]. This definition changed in 2018
(prior definitions used mPAP > 25 mmHg) to identify patients with earlier disease.

Pulmonary hypertension can be classified into five main categories: pulmonary arte-
rial hypertension (PAH, Group 1), PH due to left heart disease (PH-LHD, Group 2), PH
due to lung diseases and/or hypoxia (PH-lung, Group 3), PH due to pulmonary artery
obstructions (CTEPH, Group 4), and PH with unclear and/or multifactorial mechanisms
(Group 5) [8]. Interestingly, patients with SSc can have features of all of these subtypes
of PH.

Group 1 PH represents pulmonary arterial hypertension (PAH), a primary disease
caused by arterial dysfunction including narrowing and stiffening of the pulmonary
arteries [9]. Characteristics of this category include progressive pulmonary arterial vascu-
lopathy, increased pulmonary vascular resistance (PVR) and increased right ventricular (RV)
afterload. The increase in RV afterload is associated with RV dysfunction and RV failure [9].
The most common form of PAH is idiopathic PAH (IPAH), followed by connective-tissue-
disease-associated PAH (CTD-PAH), genetic forms of PAH, drug-induced PAH, and PAH
secondary to HIV, portal hypertension, or congenital heart disease. Amongst the connective
tissue disease associated subtype, SSc, systemic lupus erythematosus, mixed connective
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tissue disease, Sjogren’s syndrome, and rheumatoid arthritis can all cause PAH although
SSc represents about 75% of CTD-PAH cases.

WHO Group 2 represents PH due to left heart disease (PH-LHD), and occurs in
the setting of high left atrial pressure due to cardiac disease, leads to engorgement of
the pulmonary vein, and primarily represents pulmonary venous hypertension [9]. The
pathophysiology of Group 2 PH is thought to result from increased wall stress due to
increased left atrial pressures, decreased shear stress in the pulmonary vascular bed, and
endothelial dysfunction [9]. Because the primary pathology leading to post-capillary PH is
elevation in left atrial or ventricular filling pressures, this can be a feature of heart failure of
any etiology including mitral stenosis, cardiomyopathy, or LV diastolic dysfunction. While
ischemic and non-ischemic cardiomyopathy represent the majority group 2 PH, in SSc,
there is a high prevalence of heart failure with preserved ejection fraction (HFpEF), and
this represents an important and under-appreciated form of PH is SSc [10].

Group 3 is PH due to lung diseases and/or hypoxia (PH-lung). This occurs when
patients with lung disease, hypoxia, or a combination of both, leading to low oxygen levels
in the lungs. Chronic obstructive pulmonary disease (COPD), interstitial lung disease (ILD)
and obstructive sleep apnea (OSA), cystic fibrosis, and high altitude exposure are among
the most likely lung diseases to predispose to this presentation [9]. These illnesses cause
a loss of blood vessel density and therefore make it more challenging to accommodate
higher cardiac output, leading to pulmonary pressure increase. Moreover, lung disease
leads to periods of continuous or intermittent hypoxia which can lead to constriction of
the pulmonary vessels. In SSc, registries have approximated that up to 65% of patients
have or will develop radiographic evidence of ILD in the course of their disease [11]. While
only a minority of these cases will be clinically significant and progressive, patients with
advanced SSc-ILD often develop concomitant PH consistent with Group 3 disease, which
portends a poor prognosis [12].

Group 4 PH is chronic thromboembolic pulmonary hypertension (CTEPH), which is
PH due to pulmonary artery obstruction. This occurs when the lungs are unable to resolve
a thrombus causing scar tissue in the pulmonary vessels which obstructs blood flow [13].
Causes of a hypercoagulable state which predispose to pulmonary emboli are the primary
etiology Group 4 PH. In SSc, while CTEPH is rare, patients do have increased prevalence of
antiphospholipid antibodies which can predispose to pulmonary emboli.

Group 5 is PH with unclear and/or multifactorial mechanisms. Some of these diseases
include chronic hemolytic anemias, splenectomy, and metabolic disorders. These diseases
all show a correlation with higher PAP, but the mechanism through which this occurs is
generally not well understood [10].

Given the multiple potential presentations of PH in SSc, patients diagnosed with PH of
any etiology should undergo workup to evaluate for concomitant interstitial lung disease,
cardiac disease including systolic and diastolic heart failure and valvular heart disease,
and a hypercoagulable state. While PAH remains the most common etiology, patients may
present with components of multiple types of PH and treatment may be tailored to the
various etiologies.

2.3. SSc PH and SSc-PAH

SSc-PH is estimated to affect 15–18% of patients with the most prevalent form being
SSc-PAH [5], which affects 6–9% SSc patients and has traditionally been deemed the form
with the highest mortality [5,14]. The prognosis of SSc-PAH is poor and has been reported
as low as a 3-year survival of 30% [15]. However, recent studies using more modern
treatment algorithms report better outcomes with a 3-year survival of 62% [16], and report
that transplant-free survival has improved significantly in Group 1 PH over the last decade,
likely secondary to earlier detection and better therapeutic management. Despite these
advances, SSc-PAH patients continue to have worse outcomes than patients with other
forms of PAH, likely due to multiple medical comorbidities. In contrast to PAH, SSc patients
with Group 2 or 3 PH continue to have a poor prognosis [6].
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3. Pathology of PAH

PAH has a few common pathological features. These include remodeling of the three
layers of the distal pulmonary vasculature, extension of the smooth muscle cell layer to
typically non-vascularized distal capillaries, and in situ thrombosis involving small muscu-
lar arteries [17]. All of these features result in luminal narrowing or complete obliteration
of small vessels, medial hypertrophy, intimal fibrosis, adventitial thickening, and throm-
bosis [18] and can result in plexiform lesions in severe disease [17,19]. Although the exact
mechanisms of more severe remodeling in PAH has not been determined, endothelial
dysfunction, abnormal shear stress, and inflammation have been implicated [17].

SSc-PAH vs. IPAH

The pathology of SSc-PAH is similar to PAH as a whole with pulmonary vascular
remodeling of the medium and small arteries and pulmonary arterial obstruction [20].
The pulmonary vascular remodeling of SSc-PAH is characterized by medial hypertrophy,
intimal hyperplasia, and pulmonary adventitial thickening with inflammatory infiltrates
(Figure 1). More rarely, biopsies may show thrombosis in situ, pulmonary veno-occlusive
disease, and plexiform arteriopathy [21,22].
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Figure 1. Cellular mechanisms and histology of SSc-PAH. (A) Schematic representing a cross-section 
of pulmonary artery from a control. Created with BioRender.com. (B,C) Representative images of 
pulmonary artery histology (H&E staining, 20×) from two control individuals with no signs of PAH. 
Note the open lumen, thin media, and adventitia without perivascular inflammation. (D) Diagram 
of early SSc-PAH. Note the increased medial hypertrophy, luminal narrowing, endothelial apopto-
sis presence of vascular adhesion molecules, and adventitial inflammatory infiltrates including mac-
rophages and lymphocytes. (E,F) Partially occluded pulmonary arterial vessels from patients with 
SSc-PAH. Note increased thickness of the media causing luminal narrowing and adventitial prolif-
eration. (G) Schematic of advanced SSc-PAH. Note luminal occlusion due to adventitial thickening, 
medial hypertrophy, and the presence of in situ thrombosis, as well as the presence of macrophages, 
lymphocytes, and myofibroblasts now infiltrating into the adventitial and medial layers. (H,I) 

Figure 1. Cellular mechanisms and histology of SSc-PAH. (A) Schematic representing a cross-section
of pulmonary artery from a control. Created with BioRender.com. (B,C) Representative images of
pulmonary artery histology (H&E staining, 20×) from two control individuals with no signs of PAH.
Note the open lumen, thin media, and adventitia without perivascular inflammation. (D) Diagram of
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early SSc-PAH. Note the increased medial hypertrophy, luminal narrowing, endothelial apopto-
sis presence of vascular adhesion molecules, and adventitial inflammatory infiltrates including
macrophages and lymphocytes. (E,F) Partially occluded pulmonary arterial vessels from patients
with SSc-PAH. Note increased thickness of the media causing luminal narrowing and adventitial pro-
liferation. (G) Schematic of advanced SSc-PAH. Note luminal occlusion due to adventitial thickening,
medial hypertrophy, and the presence of in situ thrombosis, as well as the presence of macrophages,
lymphocytes, and myofibroblasts now infiltrating into the adventitial and medial layers. (H,I) His-
tology demonstrating complete luminal occlusion in severe SSc-PAH. Note extensive thickening
of the adventitial and medial layers causing luminal obliteration as well as significant adventitial
inflammatory infiltrate.

There are a number of studies comparing SSc-PAH to IPAH in its pathology. For exam-
ple, one study found that the two entities were similar in their presentation of pulmonary
arterial/arteriolar intimal fibrosis as well as the fibrosis of pulmonary veins/venules [22].
However, most IPAH patients showed evidence of plexogenic arteriopathy while none of
the SSc-PAH patients did [22]. Another difference was that a significant portion of SSc-PAH
patients demonstrated fibrosis of veins/venules associated with capillary congestion simi-
lar to pulmonary veno-occlusive disease [22]. Another study found a larger proportion of
SSc-PAH biopsies showed marked muscular artery intimal fibrosis and pulmonary venous
lesions compared to IPAH [21,23]. The differences shown in small vessel intimal fibrosis
may provide insight into the differences in pathogenetic mechanisms between SSc-PAH
and IPAH groups [22].

There were also studies that looked at right ventricular function in SSc-PAH patients
vs. IPAH patients. Two pathologic investigations saw worse right ventricular contractility
and coupling of RV contractility in SSc-PAH patients compared to IPAH patients [24,25].
There are conflicting conclusions, however, in studies on the extent of interstitial fibrosis in
the right ventricle of SSc-PAH vs. IPAH patients, with one study finding no difference in
the extent of interstitial fibrosis in the RVs while another observed increased RV interstitial
fibrosis [24,26]. Additionally, sarcomere function was significantly lower in SSc-PAH than
in IPAH [24].

While similar pathologically, the distinctions in pathology between SSc-PAH vs. IPAH
patients indicate that the two conditions are separate entities. While lung biopsy is being
performed less frequently and gross histology may not be sufficient to ascertain why these
differences occur, the advent of technologies such as spatial transcriptomics, which have
begun to offer insights in SSc skin fibrotic and vascular disease [27,28], may allow for further
identification of biologic differences which make SSc-PAH more likely to include pulmonary
veins, less likely to form plexogenic lesions, and more likely to lead to RV dysfunction.

4. PAH Genetics

Heritable genetic forms of pulmonary arterial hypertension, although relatively rare,
are important because they give insight into disease pathogenesis. Mendelian inheritance
of PAH has been reported primarily in patients carrying mutations in the BMPR2, ALK1,
and ENG genes, with 70–80% of familial PAH and 10–20% of IPAH cases demonstrating
mutations in BMPR2 [29]. BMPR2 loss-of-function mutations promote pro-proliferative
signaling, resulting in characteristic PAH vasculopathy [30]. Interestingly, patients with
IPAH without mutations demonstrate reduced BMPR2 expression in lung tissue [31]
suggesting that this may be a common downstream pathway. Moreover, mutations in
the effectors of TGF-β superfamily receptors have commonly been described in patients
with familial PAH, IPAH, and hereditary hemorrhagic telangiectasia [32]. More recently,
several rare variants have been identified in additional genes including SMAD9, SMAD1,
CAV1, KCNK3, TBX4, ATP13A3 SOX17, AQP1, GDF2, and EIF2AK4 [33]. Whole-exome
sequencing (WES) has suggested that key pathways including cytoskeletal function and
the Wnt signaling are preferentially involved in cases with rare variants [34].



Int. J. Mol. Sci. 2024, 25, 4728 6 of 32

Multiple genes, mostly MHC variants, and genes in immune pathways have been
implicated in SSc pathogenesis by GWAS and exome sequencing [35]. Unfortunately, most
of these studies have not had enough patients with rare phenotypes like PAH to definitively
assess whether variants associated with overall disease risk are also associated with PAH or
to investigate this phenotype exclusively. Unlike heritable PAH, there is no clear mendelian
gene associations with SSc-PAH and studies of SSc-PAH have failed to identify mutations
reported in hereditary and IPAH. A cohort study in SSc-PAH patients concluded that
there was a lack of association between TGF-β receptor polymorphisms seen in IPAH and
SSc-PAH [36]. However, certain genetic dispositions may still increase disease susceptibility.
Studies have shown that polymorphisms in MIF, TLR2, UPAR, KCNK5, and HLA-B35 may
predispose to PAH onset in SSc patients [37].

5. Biomarkers

Because monitoring of hemodynamics is invasive, there is great interest in develop-
ing biomarkers to identify patients with early manifestations of PAH, to assess disease
severity, and to predict patients at risk for poor outcomes. While few tests are available
clinically, there is an emerging literature suggesting that serum proteins may be useful in
this endeavor (Table 1). This section will focus on established and emerging biomarkers for
SSc-PH or SSc-PAH.

5.1. NT-proBNP and BNP

B-natriuretic peptide (BNP) and its N terminal segment (NT-proBNP) are clinically
available tests which have been well-established to be elevated in patients with congestive
heart failure of multiple etiologies, but also in PH generally and in SSc-PAH. NT-proBNP,
specifically, has been shown to correlate with an increase in right ventricle overload in
PAH [38]. Though both showed a correlation, NT-proBNP had a stronger correlation
with hemodynamic indicators both before and during the progression of PAH. SSc-PAH
incidence has not been shown to be predicted using baseline BNP or NT-proBNP levels,
but these markers have been useful in monitoring the severity of disease with elevated
levels being associated with higher risk of mortality [39].

5.2. Autoantibodies

Among patients with SSc, autoantibody subsets have shown to be highly predictive
biomarkers for disease risk stratification, and this is true of PAH as well [40]. A meta-
analysis of SSc-PH associated antibodies demonstrated that SSc-PAH patients had a high
prevalence of anti-centromere antibodies, anti-U3 RNP antibodies, anti-Th/To antibod-
ies, and antiphospholipid antibodies, while associations were not seen in Scl-70 or RNA
polymerase III [40]. Anti-centromere antibodies and antiphospholipid antibodies are both
estimated to be present in about half of SSc-PAH patients [40]. The association of SSc-PAH
with anti-centromere antibodies, however, may be influenced by survival bias, and recent
studies which have controlled for this confounder have not shown an association [41]. An
important recent study has also identified a new autoantibody anti-ANPA32a which is
present in 4% of SSc patients and portends an increased risk of SSc-PAH [42].

While not clinically available, antibodies against endothelin 1 (ET-1) and Ang receptor
type 1 (AT1R) have been identified in patients with SSc and other connective tissue diseases
at a much higher rate than in IPAH [43], and have been proposed as both predictive and
prognostic biomarkers in SSc-PAH. However, these autoantibodies are not SSc-specific and
have also been identified in healthy individuals and in patients with other autoimmune
diseases. Both antibodies are thought to contribute to SSc-PAH via increased vascular
endothelial reactivity and induction of pulmonary vasculopathy [43]. While SSc derived
IgG can mediate AT1R- and ETAR-dependent vasoconstriction, mechanistic studies of anti-
ET1 anti-AT1R antibodies have not been able to demonstrate a direct antibody mediated
effect and thus whether these antibodies are functional remains to be determined [44].
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5.3. Proteome-Wide SSc-PAH Biomarkers

A recent proteomic study from the DETECT cohort was performed to identify proteins
which may increase in SSc-PAH. This study identified eight proteins (from 313 assessed)
which were elevated in SSc-PAH, including RAGE, IGFBP-7, collagen IV, endostatin, MMP-
2, IGFBP-2, NT-proBNP, and neuropilin-1, and were validated in an independent cohort [45].
These markers have previously been shown to be relevant in pulmonary vascular remodel-
ing, angiogenesis and cellular growth, and cardiac dysfunction [45]. The combination of
these eight proteins was able to discriminate PAH from non-PH in SSc patients.

Another high-throughput proteomic assay of over 1000 proteins identified chemerin
and SET (the SET nuclear proto-oncogene) as being associated with SSc-PAH [45]. Chemerin
levels were confirmed to be elevated in a replication cohort and to correlate with pulmonary
vascular resistance in SSc-PAH patients. Chemerin mRNA was detected in fibroblasts,
PA-SMCs/pericytes and mesothelial cells of lung tissue. Moreover, immunofluorescence
revealed increased expression of a chemerin receptor, CMKLR1, on SSc-PAH PA-SMC,
which is of interest because this receptor can induce PA-SMC proliferation [46].

An older proteomic screen identified midkine and follistatin 3-like (FSTL3) in SSc-PAH
with good sensitivity and specificity. The combination of midkine and FSTL3 together was
predictive of PAH [47].

5.4. Metabolic Biomarkers

A metabolomic study of circulating bioactive lipid molecules found five metabo-
lites distinguished between SSc-PAH and IPAH. SSc-PAH patients had increased lev-
els of fatty acid metabolites, including lignoceric acid and nervonic acid, as well as
eicosanoids/oxylipins and sex hormone metabolites [48]. Another recent study found
that kynurenine and its ratio to tryptophan (kyn/trp) increased over in patients with SSc
who subsequently developed PAH [49]. In both clinical and experimental PAH, higher
kynurenine pathway metabolites correlated with adverse pulmonary vascular and RV mea-
surements, and expression of the tryptophan converting enzyme TDO2 was significantly
up-regulated and correlated with pulmonary hypertensive features in tissue.

5.5. Cytokines and Chemokines

CXCL4 has been shown to be elevated in SSc generally, and levels are both associated
with the development of PAH and poor prognosis amongst PAH patients [50]. SSc-PAH
has also been associated with CCL21 levels that have been shown to be elevated in patients
with SSc and SSc-PAH, and to be elevated prior to the diagnosis of PAH, and elevated levels
were associated with decreased survival [51]. In SSc-PAH patients, IL-32 sera levels were
significantly higher when compared with SSc patients without PAH and patients affected
by IPAH, and IL-32 sera levels correlated with PA pressures [52]. Another study showed
that while cytokine profiles did not differ significantly between SSc patients at high and
low risk for PAH, there was evidence of increased levels of VEGF-D in PAH groups patients
compared to low-risk PAH groups and HC groups, and cytokines differentiating high-risk
PAH patients from low-risk PAH patients were cytokines involved in modulating fibrosis
and endothelial cell function including PAI-1, sICAM-1, and BDNF [53].

5.6. Additional Candidate Biomarkers

Serum levels of lysyl oxidase (LOX) were elevated in SSc serum and found to inversely
correlate with the diffusing capacity of the lung for carbon monoxide diffusing capacity
(DLCO). Patients with moderate to severe PAH had higher LOX levels, and lung biopsy
specimens showed prominent LOX staining in SSc patients with PAH in the endothelium
of remodeled vessels [54].

A recent study found that Pentraxin (PTX-3) levels are significantly elevated in subjects
at risk for SSc compared to those at low risk for PH. One explanation for this is the possibility
that lower levels of PTX-3 in a patient may lead to an improved ability to regenerate
damaged ECs and blood vessels working against the development of PH [55].
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Soluble fms-like tyrosine kinase 1 (sFlt-1) and placenta growth factor (PlGF) were
elevated in SSc- PH compared to SSc without PH. sFlt-1 positively correlated with right
ventricular systolic pressure, and both inversely correlated with DLCO [56].

Micro-RNAs miR-20a-5p and miR-203a-3p were reduced in SSc-PAH and correlated
inversely with NT-pro-BNP, and this was particularly prominent in female patients with
ACA-positive lcSSc [57].

Table 1. Biomarkers of SSc-PAH. For each biomarker or group of biomarkers, the groups compared
to SSc-PAH are indicated and the specific outcomes and associations are detailed. Abbreviations: SSc-
PAH: systemic sclerosis associated pulmonary arterial hypertension; SSc-no-PAH: SSc not associated
with pulmonary arterial hypertension, SSc-AR-PAH: SSc at risk for PAH; IPAH: idiopathic pulmonary
arterial hypertension; HC: healthy controls; AUC: area under the curve; HR: Hazard Ratio; PVR:
pulmonary vascular resistance.

Biomarker(s) Comparison Groups Association(s) Reference

Natriuretic Peptides NT-proBNP SSc-AR-PAH
Pulmonary Hypertension Severity
(mPaP, PVR, Cardiac output, 6MWD,
NYHA functional class)

[39]

BNP SSc-AR-PAH

Predictors of progression to
SSc-PAH from SSc-AR-PAH (BNP:
HR (95% CI) 0.6 (0.1–5.7);
NT-proBNP: 1.6 (0.2–14.3),
composite BNP/NT-proBNP group
predicted mortality (HR 3.81
(2.08–6.99), p < 0.0001)

[39]

Autoantibodies

Anti-centromere,
Anti-U3 RNP,
Anti-Th/To,
Antiphospholipid

SSc with alterative
antibodies SSc-PAH incidence [40]

Anti-ANPA32a Anti-ANPA32 negative
SSc

Echocardiographic evidence of
pulmonary hypertension (69%
versus 37%; p = 0.012)

[42]

Antibodies against
Endothelin 1 SSc no-PAH, IPAH

Active SSc-PAH (SSc-PAH vs. IPAH:
ATR1: 68.8/85.5 (0.772) Anti-ETAR:
72.5/85.5 (0.786)) (Non–SSc-PAH vs.
SSc-PAH: ATR1: 68.8/78.0 (0.735)
Anti-ETAR: 70.0/82.4 (0.754))

[43]

Ang receptor type 1
(AT1R) SSc no-PAH, IPAH

Mortality (anti-AT1R: 68.2% and a
specificity of 62.2% (AUC = 0.669;
p = 0.03) and Anti-ETAR antibodies:
sensitivity of 68.2% and a specificity
of 71.1% (AUC = 0.672; p = 0.02).

[43]

Proteome-wide
SSc-PAH Biomarkers

RAGE, MMP2, collagen
IV, endostatin,
neurolipin-1, IGFBP-2,
NT-proBNP, IGFBP7

SSc no-PH AUC 0.741, sensitivity of 65.2% and
a specificity of 68.9% [45]
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Table 1. Cont.

Biomarker(s) Comparison Groups Association(s) Reference

Chemerin SSc-no-PAH, HC Correlates with PVR (ρ = 0.42,
p = 0.04) [46]

Metabolic biomarkers

Nervonic acid,
Lignoceric acid,
Eicosanoids/oxylipins,
Sex hormone
metabolites

IPAH, SSc no-PH,
SSc-PH

Present in SSc-PAH not in IPAH
(85.5% of accuracy (95% CI,
82.8–88.3)

[48]

Kynurenine,
kynurenine to
tryphophan ratio

pre-SSc-PAH, SSc
no-PAH

Precursor to SSc-PAH, severity of
disease, shorter survival times [49]

Cytokines CXCL4 SSc no-PAH

Precursor to SSc-PAH, earlier
development of pulmonary arterial
hypertension as determined on
right-heart catheterization (HR 8.33;
95% CI, 4.43 to 15.72; p < 0.001)

[50]

CCL21 iPAH, SSc-PAH, SSc
non-PAH, HC

Mortality (HR 2.1, 95% CI 1.21–3.70
[p = 0.008]) [51]

IL-32 SSc non-PAH, iPAH,
HC mPAP and sPAP levels [52]

PAI-1, sICAM-1, BDNF,
VEGF-D

SSc-High risk for PAH,
SSc-Low risk PAH, HC

Profile for patients at high risk for
SSc-PAH based on right heart
catheterization

[53]

Additional Candidate
Biomarkers Lysyl oxidase (LOX) Later-SSc, Early-SSc,

PRP, HC Inversely correlated with DLCO [54]

Pentraxin (PTX-3)
healthy controls,
SSc-PH, SSc-high risk
for PH, SSc-low risk PH

High risk for SSc-PAH (High risk:
diffusion capacity (DLco) less than
55% with a forced vital capacity
(FVC) greater than 70%, an
FVC/Dlco ratio of >1.6, or a right
ventricular systolic pressure on an
echocardiogram greater than or
equal to 40 mm Hg)

[55]

Soluble fms-like
tyrosine kinase 1
(sFlt-1), Placenta
growth factor (PlGF)

SSc-PH, SSc-no PH

sFlt-1 (p = 0.3245; p = 0.01) positively
correlated with right ventricular
systolic pressure. PlGF (p = 0.03) and
sFlt-1 (p = 0.04) positively correlated
with the ratio of forced vital capacity
to diffusing capacity for carbon
monoxide (DLCO), and both
inversely correlated with DLCO
(p = 0.01)

[56]

Micro-RNAs:
miR-20a-5p and
miR-203a-3p

lcSSc-ACA, SSc-APAH,
SSc-no PAH

Occurrence of SSc-APAH in female
patients with ACA-positive lcSSc [57]

While only BNP/NT-proBNP and autoantibodies are routinely used in SSc-PAH
clinically, the emerging body of literature suggests that addition of additional serologic
tests which incorporate aspects of altered inflammation, metabolism, and endothelial
damage into assessment may be able to improve screening, diagnosis, and monitoring.
Future registries and interventional studies in SSc-PH should look to further leverage
and validate these emerging biomarkers so that their utility can be better translated to
clinical practice.
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6. PAH Animal Models

While numerous models of PH have been proposed as potential systems to pre-
clinically study IPAH and have been extensively reviewed elsewhere [30,58], this review
will focus on well-established PH models with severe vascular disease and models which
have been proposed to more closely model SSc-PAH or CTD-PAH due to inflammatory
and/or systemic features (Table 2).

Table 2. Animal models of pulmonary hypertension. Abbreviations: PH: Pulmonary hypertension;
®: Rat; (M): Mouse; PA: Pulmonary Artery; N.R.: not reported; RV: right ventricle.

PH Animal Model Vessel
Occlusion

Elevation of
PA Pressure

RV Re-
modeling

Interstitial
Lung

Disease

Perivascular
Inflamma-

tion

Spontaneous
Regression

Systemic
Features

Plexiform
Lesions Reference

Monocrotaline ® +++ ++++ +++ − +++ + − +++ [59]
Sugen/Hypoxia ® ++++ ++++ +++ − +++ − emphysema +++ [60]

Sugen/Hypoxia (M) ++ ++ ++ − ++ + − − [30]
BMPR2+/− (M) ++ + ++ − ++ − − + [61]

Fli-1/Klf5 het. (M) + n.r. n.r. fibrotic ++ − skin fibrosis − [62]
Fra-2 (M) ++ + ++ fibrotic ++ − skin fibrosis − [63]

TNF-Tg (M) ++++ +++ +++ inflammatory ++++ − arthritis + [64]

A. Models of IPAH

6.1. Monocrotaline

Injection of monocrotaline (MCT) in rats has been a widely used model used to
study PAH due to (i) ease of induction of PH and (ii) severe phenotype including robust
pulmonary vascular remodeling, significantly elevated RV/PA pressure, and right ven-
tricle dysfunction [30]. PH is induced through injection with a single subcutaneous or
intraperitoneal injection of monocrotaline, making this model appealing due to its sim-
plicity, reproducibility, and low cost [65]. MCT can also be combined with hypoxia or
pneumonectomy to model more severe disease with plexiform lesions. However, response
to MCT varies across different strains of rats, and is confounded by adverse reactions in
other organs as well [30]. MCT induced PH is relatively easily reversible, and therefore
does not fully reflect the progressive nature of human PAH [66].

While the exact mechanism of monocrotaline (a plant-derived alkaloid) is unknown, it
induces pulmonary artery endothelial cell dysfunction, vasoconstriction, and perivascular
inflammatory infiltrate followed by arterial hypertrophy and adventitial fibrosis [30]. MCT
causes endothelial cell damage through disruption of endothelial nitric synthase and
deregulation of nitric oxide signaling, leading to lung vasculopathy. MCT rats also share
other distinctive molecular characteristics with PAH patients, including reduced BMPR2
expression and increased TGF-β expression. Moreover, MCT stimulates an oxidative stress
response and apoptosis [67]. Additionally, MCT induces a significant inflammatory cell
infiltrate in the pulmonary arteries [68] and genomic studies have shown that TNF/NFkB
signaling is the most dysregulated pathway in immune cells and particularly monocytes in
this model [69]. There are no features beyond PH which have been suggested to indicate
that MCT is a model of scleroderma; these animals to do not have systemic vasculopathy
or fibrosis of the skin or lung, and have not been shown to develop autoantibodies.

6.2. Sugen/Hypoxia

The Su/Hx rat model is widely used due to its ability to cause severe and irreversible
PH following the prevailing model of PAH development [30]. Sprague Dawley (SD) rats
treated with the VEGF receptor antagonist Sugen (Su) 5416 and chronic hypoxia for 3 weeks
display pulmonary hypertension, concentric hypertrophy, plexiform lesions, and increases
in RV pressure and RV hypertrophy [70]. Mechanistically, due to its inhibition of VEGF,
Sugen treatment inhibits proper maintenance, differentiation, and function of endothelial
cells, demonstrated by dramatic pulmonary endothelial cell death [71]. At a molecular level,
this manifests as loss of endothelial growth signals, inflammation, oxidative stress, and is
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associated with increases in TGF-β, BMP, Smad, Hif-1α, and MAPK signaling pathways [65].
As in MCT, pneumonectomy has been reported to make the model more severe and more
closely represent human disease as removal of one lung leads to increased and turbulent
pulmonary blood flow and more prominent vascular remodeling [72]. Sugen/Hypoxia
treatment has also been replicated in mice; however, mice develop less severe disease than
rats and the phenotype dissipates over time [73]. As in MCT, there are no features beyond
PH to suggest that hypoxia or Su/Hx represents a model of scleroderma.

6.3. BMPR2 Transgenic/Knockout Animals

As described earlier, BMPR2 is well-established as a genetic risk factor contributing to
PAH. Many mouse lines were engineered to investigate the impact of BMPR2 signaling
deficiency on PAH development. In particular, mice with endothelial cell-specific heterozy-
gous or homozygous BMPR2 inactivation demonstrate sustained elevation of RV pressure
associated with perivascular accumulation of inflammatory cells and occlusion of distal
PAs [74]. Several BMPR2 mutant strains which do not spontaneously develop PH have been
assessed for increased responsiveness to PH triggers like 5-lipoxygenase exposure, MCT,
Sugen, chronic hypoxia, and Su/Hx. However, only over-expression of 5-lipoxygenase
produced additional effects on PH development in most, supporting a “two-hit” model of
PAH progression in which both BMPR2 deficiency and stressful conditions are critical for
the development of PAH [30]. More recently, BMPR2−/− homozygous mice with inducible
smooth muscle specific knockout were shown to develop increased PA thickness and ele-
vated RVSP after exposure to hypoxia [75]. The animals phenocopy patients with genetic
mutations in BMPR2 leading to PAH but lack autoimmunity, microvascular vasculopathy,
or fibrosis and thus should be considered a model of hereditary PAH but not SSc-PAH.

B. Models of Scleroderma or Connective Tissue Disease with Pulmonary Vasculopathy

6.4. Fra-2 Transgenic Mice

Fos-related antigen 2 (Fra-2) is a member of activator protein 1 family of transcriptional
regulators. Its activation results T cell mediated inflammation and obliterative vasculopa-
thy which precedes dramatic promotion of fibrosis, which is characteristic of SSc [76].
Fra-2 transgenic mice develop vasculopathy which is most prominent in the lungs and
is histologically characteristic of PH including intimal thickening with concentric laminar
lesions, medial hypertrophy, perivascular inflammation, adventitial fibrosis, and the absence
of pulmonary venous occlusion, although the RV pressure in these mice are only mildly ele-
vated [77]. The pulmonary inflammatory lung disease is significant, although this prominently
features a T cell component which is somewhat distinct from SSc-ILD which generally has a
more macrophage rich infiltrate. The mice do demonstrate skin fibrosis and decreased dermal
vessel density consistent with a systemic micro-vasculopathy. By 20 weeks, the mice die due to
respiratory insufficiency, primarily from severe fibrosis of the lungs [63]. As the Fra-2 mouse
model demonstrates PH associated with development of severe inflammatory-fibrotic lung
disease, it likely provides a valuable model to better understand Group 3 PH but does not
appear be as reminiscent of PAH (Group 1) pathophysiology.

6.5. Fli-1/Klf5 Mice

Friend leukemia virus integration1 (Fli1) is a repressor of the type 1 collagen gene
and is a key regulator of fibrosis, with its deficiency associated with an overproduction of
collagen [62]. Fli1 is also down-regulated in idiopathic PAH patients, and it is thought that
this may contribute to the pathogenesis of vascular lung complications [78]. Transgenic
Fli1 mice with a homozygous deletion of the C-terminal transcriptional activation domain
develop elevated fibrosis of the skin and lung due to overproduction of collagen [79]. In
addition, endothelial-specific Fli1 knockout mice have been shown to develop arteriolar
stenosis, dilation of capillaries, and increased vascular permeability without concomitant
fibrosis in both skin and lung [80].
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When combined with heterozygosity for Kruppel-like 5 (Klf5), Fli1 heterozygous
mice spontaneously develop dermal fibrosis, increased B cell accumulation and collagen
deposition in the lung, interstitial pneumonia, and obliteration of precapillary arterioles at
4 months of age and are thus thought to be an especially relevant model for SSc [81]. While
the histologic lesions are reminiscent of PH, there has not been specific characterization of
features such as RV hypertrophy or measurement of RV pressure reported in these animals.
As in the Fra-2 Tg mice, these animals develop significant fibrosis with a prominent
lymphocytic cell infiltrate (B cell, rather than T cell in this model) and therefore it is unclear
whether they represent a combination of Group 1 and Group 3 PH or are predominantly a
model of Group 3 PH.

6.6. TNF Transgenic Mice

The tumor necrosis factor-transgenic (TNF-Tg) mouse model is an established model
of inflammatory arthritis which has recently been shown to develop severe pulmonary
pathology that resembles human CTD-PAH (Figure 2). TNF-Tg mice develop severe
obliterative and fibrotic pulmonary vascular lesions as well as progressive right ventricle
pressures with female mice dying from cardiopulmonary disease by six months of age [64].
At 3 months, extensive remodeling of adventitial tissue is seen in the lungs followed by
cellular infiltration and progressive pulmonary vessel occlusion [64].
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expression pattern of TNF-Tg mice was compared to multiple human lung diseases and 
found to be genomically similar to CTD-PAH [64]. While these mice do demonstrate a 
significant cellular interstitial infiltrate similar to an inflammatory non-specific interstitial 
pneumonitis (NSIP) pattern with a prominent myeloid infiltrate, they do not have 
evidence of lung fibrosis with trichrome staining showing collagen accumulation isolated 
to the pulmonary vessels [82]. 
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and a shift in fibroblast phenotype [83]. Pathways over-expressed in TNF-Tg lungs include 
inflammation, extracellular matrix, angiogenesis, and vascular adhesion. BMPR2 
interactions with BMP ligands in TNF-Tg PAH lungs were impaired while there is a 
maladaptive BMP2 signaling axis [84]. Moreover, these animals show down-regulation of 
BMPR2, particularly in endothelial cells. Crossing TNF-Tg mice to mice lacking TNFR1 or 
TNFR2 has shown that the PH is driven by TNFR1 and not TNFR2 signaling [83]. 

There is no single animal model which recapitulates SSc-PH in its entirety and 
therefore future studies seeking to study SSc-PH pathophysiology or therapy should 
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Figure 2. Characterization of the TNF-Tg model of PH. (A) Pulmonary vessels (20×, H&E) in TNF-Tg
mice demonstrate inflammation at around 3 months, with severe occlusion by 5.5 months. (B) µCT
demonstrating significant pruning of the distal vasculature in TNF-Tg lungs. (C) Heart histology (5X,
H&E) reveals significant right ventricular (RV) hypertrophy in TNF-Tg mice at 5.5 months of age.
(D) Right heart catheterization demonstrates significantly elevated right ventricular pressures (RVSP)
in TNF-Tg mice. *** p < 0.001, **** p < 0.0001.

Lungs of TNF-Tg mice have decreased vessel numbers and µCT scans demonstrate
significantly reduced distal pulmonary vasculature. Bone marrow chimera experiments
demonstrated that TNF-Tg mice with wild type (WT) bone marrow developed pulmonary
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hypertension while WT mice receiving TNF-Tg bone marrow did not, indicating that PAH
is driven by stromal cell TNF production rather than by hematopoietic cells. The gene
expression pattern of TNF-Tg mice was compared to multiple human lung diseases and
found to be genomically similar to CTD-PAH [64]. While these mice do demonstrate a
significant cellular interstitial infiltrate similar to an inflammatory non-specific interstitial
pneumonitis (NSIP) pattern with a prominent myeloid infiltrate, they do not have evidence
of lung fibrosis with trichrome staining showing collagen accumulation isolated to the
pulmonary vessels [82].

Single-cell RNA sequencing has shown that TNF-Tg mice demonstrate reduced en-
dothelial cell numbers, a loss of pericytes, increased numbers of smooth muscle cells, and a
shift in fibroblast phenotype [83]. Pathways over-expressed in TNF-Tg lungs include in-
flammation, extracellular matrix, angiogenesis, and vascular adhesion. BMPR2 interactions
with BMP ligands in TNF-Tg PAH lungs were impaired while there is a maladaptive BMP2
signaling axis [84]. Moreover, these animals show down-regulation of BMPR2, particularly
in endothelial cells. Crossing TNF-Tg mice to mice lacking TNFR1 or TNFR2 has shown
that the PH is driven by TNFR1 and not TNFR2 signaling [83].

There is no single animal model which recapitulates SSc-PH in its entirety and therefore
future studies seeking to study SSc-PH pathophysiology or therapy should either use
multiple models with different features to address different aspects of disease or should
draw conclusions based on the features in which the specific animal chosen overlaps
human disease and point out the limitations of the given model for other features of this
complex phenotype. For example, treatment studies looking to demonstrate a reduction in
PA pressure will likely want to use a rat model such as MCT or Su/Hx, but to make the
findings generalizable to SSc, may want to confirm findings in a model such as the Fra-2
or TNF-Tg. Likewise, studies looking to understand the biology of PH secondary to ILD
may want to use the Fra-2 or Fli-1/Kl5 mice, but these studies should not try to generalize
their findings to PAH. One avenue which should also be considered moving forward is the
development of a humanized model of SSc-PAH which uses primary cells from patients
to drive PH development as this may allow for the development of systems which more
closely model human disease.

7. Cellular Pathogenesis

Because of the lack of studies with access to fresh tissue in SSc-PAH which have been
able to evaluate cellular makeup, we here review cellular pathogenesis of PAH generally
with an emphasis on cellular processes known to be relevant to SSc (Figure 1).

7.1. Endothelial Cells

In healthy tissues, endothelial cells (ECs) line the inner wall of blood vessels and
regulate blood flow, vessel permeability, and maintain proper arterial pressures. There
is a general loss of endothelial cell function in PAH, indicating a prominent role for ECs
in PAH initiation and progression. Many characteristics of PAH are consequences of EC
dysfunction, including pulmonary inflammation and coagulation, and a combination of
endothelial cell death and proliferation [85]. In particular, PAH leads to a loss of angiogenic
potential in microvascular ECs and therefore loss of the microvascular EC network [86].
There is also an increase in adhesion molecules (such as ICAM1 and VCAM1) and inflam-
matory cytokines in the endothelium of distal PAH arteries, resulting in inflammatory cell
recruitment accumulation [87]. Early stages of PAH involve EC dysfunction and apoptosis,
while the later stages involve apoptosis-resistant ECs and endothelial senescence.

High shear stress and hypoxia affect endothelial structure and directly contribute
to pulmonary vascular remodeling [88]. Shear stress is particularly important in the
pathogenesis of PAH as failed EC responses to altered flow causes changes in pulmonary
pressures [89]. ECs also become more prone to senescence and apoptosis in response to
shear stress.
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Endothelial cells in PAH have been shown to have a predilection to undergo mesenchy-
mal cell transition (EndoMT), whereby they undergo transcriptional reprogramming and
shift toward a mesenchymal cellular phenotype normally associated with smooth muscle
cells (SMCs) and fibroblasts [90]. Hypoxia, dysregulated BMPR2 signaling, inflammation,
and oxidative stress all contribute to EndoMT.

Patients with SSc experience a similar loss of microvascular ECs and EC dysfunction.
In particular, defective angiogenesis, defective vasculogenesis, and EndoMT have all been
implicated in the pathogenesis of SSc and SSc-PAH [91]. The specific subtypes of endothelial
cells which are lost in SSc and the proliferation or persistence of other endothelial cell types
is an area which is actively being studied, and analysis of single-cell RNA sequencing
studies will likely highlight important endothelial subtypes and gene expression patterns
which make SSc-PAH endothelium uniquely susceptible to PH.

7.2. Vascular Smooth Muscle Cell

Vascular smooth muscle cell (VSMC) proliferation is a prominent feature of PAH. In
PAH patients, SMCs show excessive proliferation, migration, and invasion compared to
in normal conditions [92]. This change in VSMC behavior is called phenotypic switching.
VSMCs which at baseline demonstrate a contractile phenotype differentiate into a synthetic
phenotype and become massively proliferative and increase their migratory capacities in
PAH [93]. This switch is a key event in the early stages of PAH and is a possible therapeutic
target. Senescent vascular SMCs are also present and may be key drivers of vascular
inflammation and lung destruction and contribute to pulmonary vascular remodeling [93].

To date, there has not been a significant study contrasting SMC phenotypes in SSc-
PAH and PAH of other subtypes and future studies may want to determine if there are
significant SMC phenotypes that are unique to scleroderma.

7.3. Fibroblasts

Fibroblasts are mesenchymal cells that maintain tissue homeostasis and by producing
complex extracellular matrix through the production of collagen, fibronectin, and elastin
and are present in the adventitial layer of pulmonary vessels [94]. Upon stimulation with
factors such as TGF-β, fibroblasts will take on a more contractile myofibroblast phenotype.
In PAH patients, myofibroblasts migrate into the adventitia of the arterial wall, resulting in
the thickening of the blood vessel and contributing to vascular fibrosis.

This process is considered a critical factor in the pathogenesis of pulmonary vas-
cular remodeling in both SSc and PAH, with SSc patients in particular having an acti-
vated fibroblast phenotype and increased myofibroblast differentiation. However, the
relative contribution of fibroblasts to the PAH lesion remains relatively poorly characterized,
and the emergence of multiple fibroblast phenotypes which are unique to SSc in skin and
ILD [95–97] suggests that similar analyses in the lungs of SSc-PAH may yield additional insights.

7.4. Pericytes

Pericytes are mesenchymal cells that are located in capillary microvasculature that
provide structural and biochemical support to endothelial cells. In PAH patients, they
can differentiate into myofibroblasts, leading to increased collagen production and driv-
ing tissue fibrosis [98]. Pulmonary pericytes were revealed to trigger progression of PH
vascular changes in blood vessels and may represent an underappreciated contributor to
the pathogenesis of disease [99]. However, these cells are difficult to study and there is
relatively little characterization of the role of pericytes in SSc-PH.

7.5. Myeloid Cells

Macrophages are the predominant inflammatory cells infiltrating around PAH le-
sions and are an important factor in the progression of pulmonary vascular remodeling
and contribute to disease pathogenesis by secreting cytokines, chemokines, and growth
factors [100]. An imbalance in macrophages differentiation into M1 or M2 phenotypes has
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been implicated in PAH [101]. Macrophages and VSMCs express similar cytokines that,
in a PAH disease environment, can stimulate each other and aggravate VSMC prolifer-
ation [102]. Immature dendritic cells have also been found to accumulate in remodeled
pulmonary vessels and may play a role as antigen presenting cells in PAH [103].

There is a rich literature suggesting a pathogenic role for myeloid cells in SSc, includ-
ing in skin and lung fibrosis [104,105]. However, phenotypic characterization of myeloid
cells in SSc-PAH has been more limited mostly to studies of peripheral blood gene expres-
sion. Characterization of tissue-resident macrophages, therefore, represents an important
opportunity to better understand the drivers of inflammation in SSc-PAH.

7.6. Lymphocytes

Mounting evidence suggests that immune dysfunction can explain both the accumula-
tion of inflammatory cells and the overabundance of cytokines and chemokines in PAH
patients. The infiltration of immune cells and lymphocyte proliferation both contribute
to pulmonary vascular wall thickening. Both Th1 and Th2 driven inflammation has been
reported in PAH. During the Th1/Th17 response, vessels are invaded by cytotoxic T cells,
autoreactive B cells, autoantibodies, and activated macrophages. These cells produce TNF-
α and IL-6, which can continue to promote vascular remodeling [106]. During the Th2
responses, eosinophils and mast cells are recruited and infiltrate the vessel wall, and TGF-β
signaling drives cytokines like IL-4 and IL-13 to promote more fibrotic responses.

Increases in CD8+ cytotoxic T cells are also found at higher levels in PAH patients and
may be associated with pulmonary arterial calcification [107]. Meanwhile, Treg cells, which
have anti-inflammatory properties, have been found to be decreased in PAH lungs [108].

While the role of B cells in PAH is less clear, B cell activation markers are elevated in
SSc-PAH [109]. While none have been shown to be directly pathogenic, autoantibodies are
thought to play a role in disease with antibodies targeting antinuclear antigens, endothelial
cells, and fibroblasts being found in both idiopathic and systemic-sclerosis-associated
PAH [110,111].

The cellular pathogenesis underlying difference between SSc-PAH and other forms
of PAH remains to be fully elucidated. Given the pathologic features including increased
venous involvement and decreased plexogenic lesions, it is likely that different subsets
of endothelial cells become activated, apoptotic, and undergo endothelial–mesenchymal
transition in different subsets of PAH. Likewise, given the emergence of fibroblast sub-
populations which are seen specifically in scleroderma skin and lung disease [27,95–97], it
is likely that there may be SSc-PAH specific fibroblast, pericyte, and/or smooth muscle cell
populations. More detailed studies using single-cell and spatial omic approaches should
hopefully lead to better clarification of these differences.

8. Intracellular Signaling

Although underlying molecular mechanisms in SSc-PAH include activation of inflam-
matory and fibrogenic pathways, the molecular pathogenesis of SSc-PAH is complex and
not fully elucidated. Given that SSc-PAH shares many molecular phenotypes with both
SSc and PAH, we will highlight key signaling pathways identified in SSc and PAH with
emphasis on promoting understanding of the molecular pathogenesis of SSc-PAH.

8.1. BMP Signaling Pathway

The bone morphogenetic protein (BMP) signaling pathway, especially BMPR2, has long
been implicated in PAH with loss-of-function and mutation of BMPR2 function induced by
genetic or acquired mechanisms [112]. BMPR2 is a serine/threonine kinase transmembrane
protein belonging to the TGF-β receptor superfamily. The classical BMP signaling pathway
is activated upon binding of BMP ligands to BMPR2, forming complex by recruiting and
phosphorylating ALK1, 2, 3, or 6, then subsequently phosphorylating receptor-regulated
Smads (R-Smads) including Smad1/5/8. Theses R-Smads form complexes with co-Smads,
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translocate to the nucleus, and bind to BMP response elements leading to transcriptional
regulation of gene expression [113].

Decreased BMPR2 expression was found in SSc-PAH patients as well as a TGF-β-
dependent SSc-PAH mouse model [114], and TGF-β impairs BMP signaling via increased
proteasomal degradation of BMPR2 [114]. In SSc, BMP7 can block TGF-β-induced EndoMT
in both endothelial cells and an SSc mouse model through the Akt/mTOR signaling
pathway [115]. Collectively, these findings suggest that the BMPR2 signaling pathway may
play an important role in SSc-PAH.

8.2. TGF-β Signaling Pathways

TGF-β signaling is well-established as a key driver of both SSc and PAH and is
likely to be an important link between the two conditions. TGF-β superfamily members
are pleiotropic cytokines that have been reported to mediate fibrosis, inflammation, and
vascular biology in human health and disease [116]. The TGF-β pathway is initiated by
forming a heterotetrameric complex between TGF-β receptors (TGFβRI and TGFβRII)
and ligands. The heterotetrameric complex subsequently leads to autophosphorylation of
TGFβRI and TGFβRII regulating the docking and phosphorylation of Smad2/3, which in
turn interacts with Smad4 to create a transcriptional complex that translocates to the nucleus
and up-regulates or down-regulates the expression of multiple target genes. However,
regulatory Smad proteins vary depending on cell type and cell state and can lead to
variant Smad-mediated transcription. In pulmonary blood vessels, activated Smad2/3
signaling contributes to proliferation of smooth muscle cells and endothelial cells. However,
Smad1/5/8 signaling inhibits this proliferation. Roles of TGF-β signaling pathway in PAH
and SSc have been extensively reviewed elsewhere and a full description is beyond the
scope of this article [112,117]. Sotatercept, a novel activin/inhibin-targeting drug, showed
that restoration of altered TGF-β signaling can improve outcomes in PAH, and represents
an exciting novel therapeutic target [118].

In SSc, TGF-β-regulated genes are differentially expressed in organ fibrosis, and are
associated with more severe vascular disease [117]. Compared to healthy controls, TGF-β1
levels are significantly decreased in SSc patients. Moreover, levels of TGF-β1 are decreased
in SSc-PAH as compared to SSc. Increased levels of TGF-β2 and TGF-β 3 were observed in
both SSc and SSc-PAH patients, but SSc-PAH had a higher level of TGF-β2 and TGF-β3
compared to SSc [119] Levy et al. found that miR-26 and miR-let-7d levels were significantly
decreased in SSc-PAH versus SSc without PAH and bioinformatic analysis showed that
both miRNAs-regulated genes belong to TGF-β signaling pathway or Smad binding gene
sets [120]. Although mutations of TGF-β receptor genes contribute to idiopathic and
familial PAH, there is lack of association between TGF-β receptor gene polymorphisms
and SSc-PAH.

8.3. Vasodilatory Pathways

There are three primary vasodilatory pathways of interest in PAH: the nitric oxide
(NO) pathway, endothelin (ET) pathway, and prostacyclin pathway. To date, drugs for
SSc-PAH primarily act through these three pathways, and drugs targeting these three
pathways have been shown to relieve PAH-associated symptoms [1,121]. In PH, pulmonary
arterial endothelial cells (PAECs) regulate the contractile and diastolic function of vessels
by secreting contractile factors such as thromboxane A2 (TXA2) and endothelin-1 (ET-1) as
well as diastolic factors such as PGI2 and nitric oxide (NO) [122].

8.3.1. Nitric Oxide Pathway

Nitric oxide (NO), a potent vasodilator, is synthesized from the conversion of L-
arginine to citrulline by the NO synthase [123,124]. NO promotes vasodilation by increased
NO/cGMP/PKG signaling. This pathway is also responsible for catalyzing cGMP produc-
tion by activating sGC, and subsequently activates cGMP dependent kinase or PKG. The
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up-regulated NO/cGMP/PKG signaling decreases Ca2+ release from the intracellular store
leading to SMC vasorelaxation [125,126].

In SSc-PAH patients, NO-synthase is decreased, which leads to less production of NO
resulting in vasoconstriction of pulmonary arteries [127]. Moreover, exhaled NO is lower
amongst SSc patients with pulmonary hypertension compared to SSc patients without
PH [128].

8.3.2. Endothelin Pathway

Endothelin (ET) is a vasoconstrictor produced primarily by endothelial cells with three
isoforms: ET-1, ET-2, and ET-3 [129]. Expression of ETs is induced and mediated by TGF-β
signaling as well as transcriptional factors such as activator protein 1 (Ap-1), nuclear factor
kappa B (NF-κB), forkhead-box protein O1 (FOXO1), HIF-1α, and GATA2 [130]. There are
two endothelin receptors: ETAR and ETBR. ETBR can bind to ETs equally, but ETAR shows
higher affinity of ET-1 [129].

ET-1 has been found to be up-regulated in SSc and is correlates with severity of
PAH in multiple studies, and its expression is elevated in pulmonary arterial endothelial
cells [131]. ET-1 also plays critical roles in inducing collagen production and differentiation
of fibroblasts into myofibroblast, leading to vascular impairment in SSc [132].

8.3.3. Prostacyclin Pathway

Thromboxane A2 (TXA2) and prostacyclin (PGI2) belong to the prostaglandin (PG)
family [133]. PGI2 is secreted from endothelial cells and is a powerful vasodilator and
anti-proliferative agent. Under hypoxic conditions, pulmonary vascular smooth muscle
cells produce the enzyme cyclooxygenase-2 (COX-2). COX-2, in turn, catalyzes formation
of PGI2 from arachidonic acid [134]. Upon binding to its receptor, PGI2 can increase
cyclic adenosine monophosphate (cAMP) levels and decrease the intracellular calcium
concentration leading to vascular smooth muscle cell relaxation, whereas in endothelial
cells it has a vasoconstricting effect [122]. Previous evidence showed that PAH patients had
reduced PGI2 synthase and decreased expression of PGI2 receptors in the lungs [135]. PGI2
was reported to have a long-term effect on promoting angiogenesis.

In SSc-PAH patients, prostacyclin synthase is decreased, leading to a lower level of
prostacyclin and increased formation of TXA2, contributing to vasoconstriction, thrombo-
sis, and proliferation [136,137]. Taken together, vasoconstriction in SSc-PAH is thought
to result from over-expression of TXA2 and ET-1 and under-expression of nitric oxide
and prostacyclin.

8.4. Notch Pathway

The Notch signaling pathway plays critical roles in development, repair, and regener-
ation of lungs [138]. The Notch pathway is composed of four receptors and five ligands
(DLL-1,3,4 and JAG-1,2). Upon ligand binding, Notch receptors are subjected to cleav-
age and catalyzed by metalloproteinases, causing the translocation of Notch receptor’s
intracellular domain to the nucleus, and triggering expression of target genes [139].

Increased expression of Notch1, Notch3, Jagged1, and Herp2 was documented in
mouse model of hypoxia-induced PAH and rat model of monocrotaline-induced PH,
and soluble Jagged1 treatment can improve the survival of PH by attenuating Notch
pathway [140]. A previous study found that SMC-EC contact can initiate activation of
the BMPR2-Notch1 pathway, driving EC proliferation and endothelial regeneration [141].
Notch2 promotes endothelial apoptosis and its expression increases in PAECs exposed
to hypoxia, TGF-β, and ET-1 [142]. In PAH patients, elevated activation of Notch3 was
observed in pulmonary artery smooth muscle cells and Notch3 knock-out mice fail to
develop PH under chronic hypoxic conditions [143]. By using an EC-specific progeroid
mouse model, a recent study found the over-expression of Notch ligands was observed
in senescent ECs and that the Notch pathway is activated by senescent ECs. This study
also showed that EC-specific progeroid mice develop worse PH and that Notch inhibition
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improved the outcome of PH [144]. Inhibiting Notch signaling pathway using the γ-
secretase inhibitor dibenzazepine blocked proliferation and migration of PAECs [145].
Collectively, Notch pathways are closely involved in PAH development.

In SSc, over-expression of JAG-1 was reported in skin, and subsequently caused
an accumulation of Notch receptor intracellular domain in SSc fibroblasts and collagen
release [146]. Notch4 genetic polymorphisms were reported to contribute to SSc sus-
ceptibility via promoting endothelial to mesenchymal transition [147]. Differentiation of
myofibroblasts from resting fibroblasts was observed in normal fibroblasts by stimulation
with recombinant JAG-1-Fc chimeric antibodies, and led to the increased expression of col-
lagens I III and alpha smooth muscle actin, and decreased ECM-degrading enzymes [146].
ADAM17, an activator of Notch pathway, down-regulated the development of skin and
lung fibrosis in the HOCL-induced scleroderma mouse model [148]. In a bleomycin-
induced model, inhibition of the Notch pathway by DAPT (a γ-secretase inhibitor) resulted
in anti-fibrotic effects [149]. Another study showed that the microRNA miR-16-5 inhibits
Notch2 signaling-induced myofibroblast activation [150]. Collectively, the Notch pathway
up-regulates myofibroblast activation in SSc. Moreover, activation of the Notch pathway in
the endothelium leads to EMT [151]. However, study of Notch in SSc-PAH has not been
documented, and whether the particular Notch ligands or signaling differ between SSc-
PAH and idiopathic PAH or other forms of PH requires further investigation. Considering
the roles of Notch pathway in PAH and SSc, it is clear that the Notch signaling pathway
affects the pathogenesis of SSc-PAH, but future studies can better clarify whether there is a
unique Notch signaling axis that is SSc-specific.

8.5. HIF Pathway

Hypoxia-inducible factor (HIF) is a master transcriptional factor for oxygen home-
ostasis [152]. HIF family members are composed of oxygen-sensitive α subunits (HIF-1α,
HIF-2α, HIF-3α) and oxygen-insensitive β subunits (HIF-1β, HIF-2β, HIF-3β). Under
hypoxic condition, HIF-α hydroxylation is blocked, and subsequently cause stabilization of
HIF-α subunits, which results in binding of HIF-α subunit with HIF-β subunit and nuclear
translocation. Activated HIF pathway is responsible for the regulation of vascular tone,
angiogenesis, cellular metabolism, proliferation, survival, and autophagic response [152].

In VSMCs, HIF-1α functions as a pathogenic determinant of muscle cell expansion
and pulmonary vascular remodeling and contributes to the prevention of PH development.
In PAECs, HIF-1α regulates vascular endothelial growth factor (VEGF) by promoting an-
giogenesis and regulation of EC proliferation. HIF-1α also induces IL-33 expression in lung
tissues of mice and patients with PH. When interacting with its receptor Suppression of
Tumorigenicity 2 (ST2), IL-33 modulates proliferation, adhesion, and angiogenesis and
contributes to PH development [153]. Furthermore, hypoxia enhances HIF-2α stability,
which causes increased arginase expression and dysregulates normal vascular NO home-
ostasis [154]. HIF-2α also interacts with p53 to accelerate EC apoptosis under hypoxia,
leading to dysfunction of pulmonary arterial endothelium [155]. Targeting the CD146-HIF-
1α axis in PASMCs disrupts vascular remodeling and results in attenuation of PH [156]. The
HIF-2-specific inhibitor, PT2567, reduced mean pulmonary artery pressures, right ventricle
remodeling, and pulmonary artery wall remodeling responses in hypoxic rats [157].

In SSc patients, blood plasma levels of HIF-1α were significantly increased compared
to controls [158]. HIF-1α/VEGF signaling pathway plays an important role in mediating
the effect of hypoxia-induced EndMT, in the skin microvascular remodeling of SSc [159].
By analyzing differential transcriptomic data from fibroblasts with and without hypoxia
treatment, He et al. identified nine hypoxia-associated hub genes affecting the pentose
phosphate pathway, oxidative stress, and lipolysis, which implicated roles of hypoxia-
mediated-non-fibrosis mechanisms on SSc pathogenesis [160]. In SSc-PAH patients, a
cohort study found that the single nucleotide polymorphism of HIF1A gene (rs12434438
SNP) may be associated with severe PAH among SSc patients [161]. While these insights
clearly point to a role of HIFs in SSc-PAH, the degree to which hypoxia drives different HIF
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signaling in SSc patients with and without ILD, for example, has not been studied and may
be a relevant consideration for the relative importance/activation of this pathway between
patients with Group 1 and Group 3 PH.

Taken together, there is an increasing literature suggesting that most of the key canoni-
cal pathways implicated in PAH are also altered in SSc and many have also been linked to
SSc-PAH. However, the degree to which each of these pathways is active in the pulmonary
artery microenvironment and the differences in signal transduction between SSc-PAH
and other forms of PH remain incompletely characterized and represents an area ripe for
investigation. Better understanding of the key differences between SSc-PAH and idiopathic
and other forms of PH may not only give better insight into why SSc-PAH patients have
poorer prognosis, but also open up new treatment avenues that are SSc-PAH-specific.

9. Drug Therapy of PAH and SSc-PAH

In this section, we will focus on existing and emerging therapeutic strategies for PAH
with an emphasis on those relevant to SSc and SSc-PAH. While additional therapies are
indicated for other WHO classes of PH (for example, diuretics in Group 2 PH and surgical
thromboendarterectomy for Group 4), these are beyond the scope of this review, which
will focus on therapies targeting the molecular abnormalities present in SSc-PAH. In some
cases, we will also highlight therapies which have demonstrated benefit or potential benefit
for digital ulcerations, which is a common comorbidity in SSc patients with PAH and likely
represents a spectrum of the same vascular disease.

9.1. Endothelin Receptor Antagonists

Endothelin receptor antagonists (ERAs) target the endothelin pathway by blocking
ETA and ETB and help with both vasodilation and antiproliferation. Patients with SSc
experience increased levels of endothelin-1 due to endothelial cell injury [162], so ERAs
have been suggested as a possible treatment for SSc vascular manifestations including
digital ulcers and PAH. Clinically proven ERAs for PAH consist of bosentan, ambrisentan,
and macitentan.

Ambrisentan is a selective ETA receptor antagonist. In a randomized clinical trial
of patients with idiopathic PAH, patients taking ambrisentan improved time to clinical
worsening and 6-min walk distance [163]. If taken in combination with tadalafil, there
was a higher percentage of patients with a satisfactory clinical response and an even
greater improvement in the 6-min walk distance [163]. Ambrisentan also delayed disease
progression and clinical worsening in PAH patients [164]. In SSc, ambrisentan has been
used as part of combination therapy upfront with tadalafil and this combination has led to
significantly improved outcomes including hemodynamics, RV structure and function, and
functional status [165].

Bosentan is a nonselective ETA/B receptor antagonist that blocks ET-1 function. In a
double-blind, randomized, placebo-controlled trial, the bosentan treatment group demon-
strated improved 6-min walk distance and cardiopulmonary hemodynamics [166], demon-
strating its therapeutic potential in the management of PAH. In two randomized, placebo-
controlled studies using bosentan for ulcers, it was also shown to prevent new digital
ulcers in patients with SSc, although existing ulcers did not show evidence of healing [167].
In another study, Bosetan did not improve the frequency, duration, pain, or severity of
Raynaud’s phenomenon, but did significantly improved the functional scores compared
to placebo [168]. While no prospective studies have demonstrated efficacy in SSc-PAH, a
retrospective study of patients on bosentan for ulcers revealed a significant decrease in
PAH incidence [169].

Macitentan is a nonselective ETA/B receptor antagonist that has greater tissue penetra-
tion and receptor affinity than bosentan or ambrisentan. Macitentan significantly reduced
the risk of PAH-related events or all-cause mortality by 45% compared with placebo [170],
which is more efficacious than the other endothelin receptor antagonists, and has shown
significant clinical efficacy in IPAH; registry-based data suggest similar efficacy in SSc-PAH,
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although formal trials are lacking. Macitentan did not, however, demonstrate efficacy for
SSc-related digital ulcers in two large randomized clinical trials [171].

9.2. Nitric Oxide: Phosphodiesterase Inhibitors and Guanylate Cyclase Agonists

Nitric oxide (NO) is a critical vasodilator that mediates cGMP synthesis, resulting in
decreased intracellular calcium concentrations that relaxes muscles [172]. This pathway is
regulated through two major drugs: PDE5 inhibitors and guanylate cyclase agonists. PDE5
degrades cGMP and is an important regulator of vasodilation. In patients with PAH, there
is reduced NO synthesis and therefore reduced levels of cGMP. PDE5 inhibitors, such as
sildenafil, tadalafil, and vardenafil, thus increase cGMP concentrations.

Sildenafil was shown to significantly improve hemodynamics, measured through
a reduced mean pulmonary artery pressure, and increased 6-min walking distance in
IPAH [173]. While only case series and small studies have been done to evaluate sildenafil
in SSc-PAH, it appears to be effective in this setting [174], and a prospective study evaluating
it in early disease in currently underway.

PDE-5 inhibitors also have promise in treatment digital ulcers in SSc, as this class
of medication is widely used for various forms of constrictive vasculopathies. Despite
evidence of efficacy in the clinic, a randomized controlled trial of sildenafil failed to meet
its primary endpoint of healing of ischemic digital ulcers, due in part to an unexpectedly
high healing rate in the placebo arm, but did show a decrease in the number of ulcers in
the sildenafil group at 8 and 12 weeks [175].

Tadalafil, a longer-acting PDE5 inhibitor, was demonstrated to significantly improve 6-
min walk distance, delay time to clinical worsening, and improve measures of health-related
quality of life assessments in IPAH [163]. These improvements were maintained through
an extended 1-year observation period [172]. Combination therapy with ambrisentan and
tadalafil has shown to be highly efficacious [165] in SSc-PAH, and this combination therapy
is considered first-line for patients with SSc-PAH and likely reflects a major reason for
improvements in SSc-PAH outcomes in the last 10 years [16].

Vardenafil has also been shown to significantly improve the 6-min walking distance
that was maintained for 24 weeks as well as decrease mean pulmonary arterial pressure
and pulmonary vascular resistance [176], but has not specifically been studied in SSc.

Guanylate cyclase agonists such as riociguat work on soluble guanylate cyclase and
increase cGMP concentrations, relax pulmonary vessels, and have antiproliferative prop-
erties [172]. In a phase 3 double-blind study in patients with IPAH, the group receiving
riocigut increased their 6-min walk distance, demonstrated significant improvements in
pulmonary vascular resistance, and had improved time to clinical worsening [177]. There
have not been studies of riociguat in SSc-PAH, but it has been studied for diffuse cutaneous
systemic sclerosis skin disease, where it did not demonstrate efficacy, likely due to its failure
to reach therapeutic levels in skin [178,179].

9.3. Prostacyclin Agonists and Receptor Agonists

Prostacyclin is a vasodilator that promotes cyclic adenosine monophosphate (cAMP)
production and inhibits pulmonary artery smooth muscle cell proliferation. Prostacyclin
levels are greatly reduced in PAH patients and treatments such as prostacyclin analogs
and prostacyclin receptor agonists can be used to restore prostacyclin functions [172].
Prostacyclin analogs include epoprostenol, iloprost, treprostinil, and beraprost, while
selexipag is a prostacyclin receptor agonist.

Epoprostenol, treprostinil, and iloprost have been approved for the treatment of
SSc-PAH. Intravenous epoprostenol has long been used in PAH and has shown benefits
including improved exercise tolerance, hemodynamic parameters, and long-term sur-
vival [180]. It has good efficacy in all functional classes of PAH and is a candidate for use in
combination therapy for patients in class III or IV heart failure [181]. However, side effects
including infections and sepsis, headache, hypotension, nausea, and diarrhea limit the
use of IV prostacyclin analogs [172]. Moreover, the need for continuous infusion, careful
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catheter care, and daily preparation of these medications can be challenging for SSc patients
with significant hand impairments.

Iloprost exists in both inhaled and intravenous form. Inhaled iloprost has a rapid onset
of action and can be useful for acute vasoreactivity testing and critical in a PAH crisis [172].
A study found that a majority of SSc patients with digital ulcers who received monthly IV
iloprost treatment resolved their digital ulcers [182], suggesting that this class may also
have benefit for ulcers and peripheral vascular complications of SSc.

Treprostinil can be administered intravenously, subcutaneously, inhaled, and orally.
Intravenous and subcutaneous treprostinil dose-dependently increase exercise tolerance
and improve symptoms, quality of life, and hemodynamic parameters [183]. Inhaled
treprostinil was shown to improve exercise capacity as measured via an increased 6-min
walk distance [184], and pulmonary function as measured via forced vital capacity [185]. In
a trial of SSc-ILD patients treated with inhaled treprostinil, PH (Group 3 PH) demonstrated
benefit and suggests that this may be a useful strategy in patients with combined SSc-ILD
and SSc-PAH [184]. Current treatments of patients with group 3 PH often include systemic
pulmonary vasodilators which have only been approved for group 1 PH and carry a risk
of ventilation–perfusion mismatching. Inhaled treprostinil promises to be an effective
treatment for patients with group 3 PH without this risk through redirection of blood flow
to more ventilated areas of the lung. Moreover, this suggests that pulmonary vascular
abnormalities in SSc-ILD may be amenable to vasodilatory therapy, and that rather than
focusing only on immunomodulation and anti-fibrotic therapy, as is typical in SSc-ILD,
targeting the vasculature may also derive additional benefit in this population, especially
given emerging data about endothelial cell cross-talk with fibroblasts and immune cells in
interstitial lung disease [186].

Selexipag is a prostacyclin receptor agonist with high affinity for the prostacyclin
receptor, leading to a reduction in adverse reactions compared to prostacyclin analogs [172]
Selexipag has been shown to reduce the risk of death or PAH-related complications [187] in
IPAH. In a study of CTD-PAH patients, selexipag delayed reduction in functional capacity
or need for additional therapy, and was well-tolerated [188].

There have not been prospective studies of patients with severe Raynaud’s/digital
ulcers and the subsequent development/severity of SSc-PAH, but given the efficacy of
endothelin receptor antagonists and phosphodiesterase inhibitors for both manifestations,
it is reasonable to posit that initiation of these therapies in patients with Raynaud’s and
significant risk for PAH (which could be stratified based on clinical features) may be able
to prevent or blunt PAH. Alternatively, it is possible, as has been suggested with ACE
inhibitors in scleroderma renal crisis [189], that early initiation or therapy may make it
harder to make an early diagnosis of SSc-PAH and could delay other appropriate advanced
therapies. Trials looking at early initiation would therefore be important to understand if
these drugs may be disease-modifying and should be started earlier rather than waiting for
evidence of damage.

9.4. Immunomodulation

Dysregulated immune responses contribute to vascular remodeling and proliferation
of PAH. Treatments that allow for regulation of immune response may therefore have
promise in treating PAH. Rituximab, an anti-CD20 monoclonal antibody which results in B-
cell depletion, showed promise as a treatment for SSc-PAH as it improved exercise tolerance,
but the study did not reach its primary endpoints of improved 6-minute walk distance [190].
Tocilizumab is an anti-IL-6 agent that is currently being evaluated on the basis of several
animal studies that suggest IL-6 receptor upregulation on vascular smooth muscle cells as
a contributor to PAH symptoms [191]. Given the complex immunopathology of SSc-PAH,
there are many additional pathways including TNF, interferon, and IL-13 which may be
considered in future studies.

Despite the clear role of immune dyregulation in SSc-PAH, study design will be im-
portant in order to show a benefit of immune-mediated therapies, especially given that



Int. J. Mol. Sci. 2024, 25, 4728 22 of 32

combination vasodilator therapies are the standard of care. The recent clinical trial of
rituximab [190], for example, recruited patients with largely later-stage and refractory
PAH, which is less likely to respond to immunomodulation, and only a subset of patients
demonstrated a response. Future studies will likely need to add immunomodulation
to standard-of-care combination vasodilation (with endothelin receptor antagonists and
phosphodiesterase inhibitors), but should likely be randomized to be added at diagno-
sis/treatment initiation rather than only added in patients who fail initial therapy. Another
important consideration is molecular phenotyping to improve the likelihood of benefit. Tri-
als may want to enrich patients with established biomarkers (BNP, etc.), cellular biomarkers
(flow-cytometry based), or molecular signatures (gene expression in PBMCs to demonstrate
target engagement) to increase the likelihood that these studies will show clinical benefit.

9.5. Iron Supplementation and Anticoagulation

To help regulate hypoxic stress in PAH patients, iron supplementation has been pro-
posed as a possible way to improve outcomes in PAH since iron availability affects the
response to hypoxia. However, a phase 2 clinical trial evaluating intravenous iron did not
show improvements in hemodynamic or functional parameters at 12 weeks [191]. However,
intravenous iron helps improve symptoms of dyspnea and quality of life, especially in
SSc-PAH patients who have to iron deficiency due to recurrent gastrointestinal (GI) hemor-
rhaging in the setting of GI vascular malformations (AVMs) and can be used adjunctively in
such settings. Of note, one therapy which is part of the treatment algorithm for IPAH which
is considered relatively contra-indicated for SSc-PAH is warfarin. While the antithrombotic
role has demonstrated benefit, likely due to prevention of microthrombi in other forms of
PH, the lack of evidence to support its use [192] and frequent multifactorial anemia and
risk of bleeding in SSc-PAH has led to an expert consensus that warfarin should be avoided
in SSc-PAH.

9.6. Sotatercept

Pulmonary vascular remodeling in PAH is driven primarily by unchecked prolifer-
ation and reduced apoptosis of endothelial cells. This is caused in part due to altered
signal transduction of the TGF-β superfamily, which includes BMPR2 and ActRIIA [193].
Sotatercept is a ligand trap that restores BMP signaling and reduces TGF-β signaling. In
a recent trial, sotatercept showed significant improvement in pulmonary vascular resis-
tance and pulmonary artery pressure in PAH patients [193]. It also showed reduction in
pulmonary vascular resistance in patients receiving active monotherapy, double therapy, or
triple therapy [118]. In a seminal trial, sotatercept has now been shown to decrease the risk
of death or nonfatal clinical worsening events by 84% compared to placebo in PAH [193],
and is therefore considered an agent with very high clinical upside, and has recently earned
FDA approval for PAH. Only a small number of SSc patients were included in the phase III
trial, however, and further studies in this population are needed, especially as bleeding
GI vascular lesions were a side effect and SSc patients already have an increased risk of
GI bleeding.

9.7. Combination Therapy

Early initiation of combination therapy with ET receptor antagonists and PDE5 in-
hibitors for PAH and SSc-PAH have markedly improved treatment response [6]. Due to the
multifactorial pathogenesis of SSc-PAH, it is likely that additional targets for combination
therapy may also be warranted, and the future of combination therapy may include one
or more vasodilators, a therapy targeting TGF-beta signaling, and an immunomodulator.
Given the relatively small population of patients with SSc-PAH and therefore the difficulty
in recruiting trials in this disease, in addition to randomized controlled clinical trials, large
registry-based studies which compare combination approaches in real-world settings will
also be important to get a sense of both efficacy and safety of combinatorial approaches.
Moreover, given that vasodilatory medication is generally prescribed by pulmonologists
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while immunomodulatory medication is generally prescribed by rheumatologists, it is
imperative that these combination treatment decisions be made in a multidisciplinary way
in clinical settings.

10. Conclusions

Pulmonary hypertension is a frequent and severe comorbidity of SSc. While PAH is
the most common form of PH in SSc, scleroderma patients are at risk for all WHO groups of
PH, and therefore careful screening regimens and clinical phenotyping are necessary. While
SSc-PAH shares many pathologic features and signaling pathways with other forms of
PAH, SSc patients have a number of unique risk factors and comorbidities which make this
a unique form of systemic vasculopathy which requires expert referral for diagnosis and
treatment. Recent advances in the understanding of PH biology which have arisen from
both animal and human studies have yielded significant new insights into the cellular and
molecular mechanisms underlying this devastating disease, identified putative biomarkers,
and helped create a series of novel therapeutics.

Over the past decade, outcomes for patients with SSc-associated PH have improved,
particularly among those with Group 1 PH (PAH). Several factors have likely contributed to
better outcomes including better screening and better clinical management of patients with
SSc-PAH with more treatment options including more widespread use of early combination
therapy. However, there is still a need for more efficient screening to detect PAH in SSc
patients with asymptomatic disease and better treatment regimens, particularly for patients
with WHO Group 2 and 3 diseases.

Even with modern therapy, this disease is complex, and outcomes remain poor com-
pared to SSc patients as a whole. Therefore, new approaches to diagnosis and treatment are
needed. Given the significant role of the immune system and TGF-beta signaling in SSc, the
potential for combining immunomodulation or TGF-β targeted therapies with vasodilatory
therapy holds promise as a future therapeutic avenue.

Author Contributions: Conceptualization, B.D.K.; writing—original draft preparation, M.B., C.L.
and G.W.; writing—review and editing, G.W. and B.D.K.; visualization, M.B., C.L., G.W. and B.D.K.;
supervision, B.D.K. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Tuhy, T.; Hassoun, P.M. Clinical features of pulmonary arterial hypertension associated with systemic sclerosis. Front. Med. 2023,

10, 1264906. [CrossRef] [PubMed]
2. Bairkdar, M.; Rossides, M.; Westerlind, H.; Hesselstrand, R.; Arkema, E.V.; Holmqvist, M. Incidence and prevalence of systemic

sclerosis globally: A comprehensive systematic review and meta-analysis. Rheumatology 2021, 60, 3121–3133. [CrossRef] [PubMed]
3. Benza, R.L.; Miller, D.P.; Barst, R.J.; Badesch, D.B.; Frost, A.E.; McGoon, M.D. An evaluation of long-term survival from time of

diagnosis in pulmonary arterial hypertension from the REVEAL Registry. Chest 2012, 142, 448–456. [CrossRef] [PubMed]
4. Peacock, A.J.; Murphy, N.F.; McMurray, J.J.; Caballero, L.; Stewart, S. An epidemiological study of pulmonary arterial hypertension.

Eur. Respir. J. 2007, 30, 104–109. [CrossRef] [PubMed]
5. Avouac, J.; Airo, P.; Meune, C.; Beretta, L.; Dieude, P.; Caramaschi, P.; Tiev, K.; Cappelli, S.; Diot, E.; Vacca, A.; et al. Prevalence

of pulmonary hypertension in systemic sclerosis in European Caucasians and metaanalysis of 5 studies. J. Rheumatol. 2010,
37, 2290–2298. [CrossRef] [PubMed]

6. Hassan, H.J.; Naranjo, M.; Ayoub, N.; Housten, T.; Hsu, S.; Balasubramanian, A.; Simpson, C.E.; Damico, R.L.; Mathai, S.C.;
Kolb, T.M.; et al. Improved Survival for Patients with Systemic Sclerosis-associated Pulmonary Arterial Hypertension: The Johns
Hopkins Registry. Am. J. Respir. Crit. Care Med. 2023, 207, 312–322. [CrossRef] [PubMed]

7. Denton, C.P.; Khanna, D. Systemic sclerosis. Lancet 2017, 390, 1685–1699. [CrossRef] [PubMed]
8. Haque, A.; Kiely, D.G.; Kovacs, G.; Thompson, A.A.R.; Condliffe, R. Pulmonary hypertension phenotypes in patients with

systemic sclerosis. Eur. Respir. Rev. 2021, 30, 210053. [CrossRef] [PubMed]
9. Rose-Jones, L.J.; McLaughlin, V.V. Pulmonary hypertension: Types and treatments. Curr. Cardiol. Rev. 2015, 11, 73–79. [CrossRef]
10. Fontes Oliveira, M.; Rei, A.L.; Oliveira, M.I.; Almeida, I.; Santos, M. Prevalence and prognostic significance of heart failure with

preserved ejection fraction in systemic sclerosis. Future Cardiol. 2022, 18, 17–25. [CrossRef]

https://doi.org/10.3389/fmed.2023.1264906
https://www.ncbi.nlm.nih.gov/pubmed/37828949
https://doi.org/10.1093/rheumatology/keab190
https://www.ncbi.nlm.nih.gov/pubmed/33630060
https://doi.org/10.1378/chest.11-1460
https://www.ncbi.nlm.nih.gov/pubmed/22281797
https://doi.org/10.1183/09031936.00092306
https://www.ncbi.nlm.nih.gov/pubmed/17360728
https://doi.org/10.3899/jrheum.100245
https://www.ncbi.nlm.nih.gov/pubmed/20810505
https://doi.org/10.1164/rccm.202204-0731OC
https://www.ncbi.nlm.nih.gov/pubmed/36173815
https://doi.org/10.1016/S0140-6736(17)30933-9
https://www.ncbi.nlm.nih.gov/pubmed/28413064
https://doi.org/10.1183/16000617.0053-2021
https://www.ncbi.nlm.nih.gov/pubmed/34407977
https://doi.org/10.2174/1573403X09666131117164122
https://doi.org/10.2217/fca-2020-0238


Int. J. Mol. Sci. 2024, 25, 4728 24 of 32

11. Roofeh, D.; Lin, C.J.F.; Goldin, J.; Kim, G.H.; Furst, D.E.; Denton, C.P.; Huang, S.; Khanna, D.; Focu, S.I. Tocilizumab Prevents
Progression of Early Systemic Sclerosis-Associated Interstitial Lung Disease. Arthritis Rheumatol. 2021, 73, 1301–1310. [CrossRef]

12. Sangani, R.A.; Lui, J.K.; Gillmeyer, K.R.; Trojanowski, M.A.; Bujor, A.M.; LaValley, M.P.; Klings, E.S. Clinical characteristics and
outcomes in pulmonary manifestations of systemic sclerosis: Contribution from pulmonary hypertension and interstitial lung
disease severity. Pulm. Circ. 2022, 12, e12117. [CrossRef] [PubMed]

13. Yang, J.; Madani, M.M.; Mahmud, E.; Kim, N.H. Evaluation and Management of Chronic Thromboembolic Pulmonary Hyperten-
sion. Chest 2023, 164, 490–502. [CrossRef]

14. Rubio-Rivas, M.; Homs, N.A.; Cuartero, D.; Corbella, X. The prevalence and incidence rate of pulmonary arterial hypertension in
systemic sclerosis: Systematic review and meta-analysis. Autoimmun. Rev. 2021, 20, 102713. [CrossRef] [PubMed]

15. Koh, E.T.; Lee, P.; Gladman, D.D.; Abu-Shakra, M. Pulmonary hypertension in systemic sclerosis: An analysis of 17 patients. Br. J.
Rheumatol. 1996, 35, 989–993. [CrossRef] [PubMed]

16. Khanna, D.; Zhao, C.; Saggar, R.; Mathai, S.C.; Chung, L.; Coghlan, J.G.; Shah, M.; Hartney, J.; McLaughlin, V. Long-Term
Outcomes in Patients with Connective Tissue Disease-Associated Pulmonary Arterial Hypertension in the Modern Treatment Era:
Meta-Analyses of Randomized, Controlled Trials and Observational Registries. Arthritis Rheumatol. 2021, 73, 837–847. [CrossRef]
[PubMed]

17. Hassoun, P.M. Pulmonary Arterial Hypertension. N. Engl. J. Med. 2021, 385, 2361–2376. [CrossRef] [PubMed]
18. Tuder, R.M.; Chacon, M.; Alger, L.; Wang, J.; Taraseviciene-Stewart, L.; Kasahara, Y.; Cool, C.D.; Bishop, A.E.; Geraci, M.; Semenza,

G.L.; et al. Expression of angiogenesis-related molecules in plexiform lesions in severe pulmonary hypertension: Evidence for a
process of disordered angiogenesis. J. Pathol. 2001, 195, 367–374. [CrossRef] [PubMed]

19. Galambos, C.; Sims-Lucas, S.; Abman, S.H.; Cool, C.D. Intrapulmonary Bronchopulmonary Anastomoses and Plexiform Lesions
in Idiopathic Pulmonary Arterial Hypertension. Am. J. Respir. Crit. Care Med. 2016, 193, 574–576. [CrossRef]

20. Farber, H.W.; Loscalzo, J. Pulmonary arterial hypertension. N. Engl. J. Med. 2004, 351, 1655–1665. [CrossRef]
21. Dorfmuller, P.; Montani, D.; Humbert, M. Beyond arterial remodelling: Pulmonary venous and cardiac involvement in patients

with systemic sclerosis-associated pulmonary arterial hypertension. Eur. Respir. J. 2010, 35, 6–8. [CrossRef] [PubMed]
22. Overbeek, M.J.; Vonk, M.C.; Boonstra, A.; Voskuyl, A.E.; Vonk-Noordegraaf, A.; Smit, E.F.; Dijkmans, B.A.; Postmus, P.E.; Mooi,

W.J.; Heijdra, Y.; et al. Pulmonary arterial hypertension in limited cutaneous systemic sclerosis: A distinctive vasculopathy. Eur.
Respir. J. 2009, 34, 371–379. [CrossRef] [PubMed]

23. Dorfmuller, P.; Humbert, M.; Perros, F.; Sanchez, O.; Simonneau, G.; Muller, K.M.; Capron, F. Fibrous remodeling of the pulmonary
venous system in pulmonary arterial hypertension associated with connective tissue diseases. Hum. Pathol. 2007, 38, 893–902.
[CrossRef] [PubMed]

24. Overbeek, M.J.; Mouchaers, K.T.; Niessen, H.M.; Hadi, A.M.; Kupreishvili, K.; Boonstra, A.; Voskuyl, A.E.; Belien, J.A.; Smit,
E.F.; Dijkmans, B.C.; et al. Characteristics of interstitial fibrosis and inflammatory cell infiltration in right ventricles of systemic
sclerosis-associated pulmonary arterial hypertension. Int. J. Rheumatol. 2010, 2010, 604615. [CrossRef]

25. Tedford, R.J.; Mudd, J.O.; Girgis, R.E.; Mathai, S.C.; Zaiman, A.L.; Housten-Harris, T.; Boyce, D.; Kelemen, B.W.; Bacher, A.C.;
Shah, A.A.; et al. Right ventricular dysfunction in systemic sclerosis-associated pulmonary arterial hypertension. Circ. Heart Fail.
2013, 6, 953–963. [CrossRef]

26. Hsu, S.; Kokkonen-Simon, K.M.; Kirk, J.A.; Kolb, T.M.; Damico, R.L.; Mathai, S.C.; Mukherjee, M.; Shah, A.A.; Wigley, F.M.;
Margulies, K.B.; et al. Right Ventricular Myofilament Functional Differences in Humans with Systemic Sclerosis-Associated
Versus Idiopathic Pulmonary Arterial Hypertension. Circulation 2018, 137, 2360–2370. [CrossRef]

27. Ma, F.; Tsou, P.S.; Gharaee-Kermani, M.; Plazyo, O.; Xing, X.; Kirma, J.; Wasikowski, R.; Hile, G.A.; Harms, P.W.; Jiang, Y.; et al.
Systems-based identification of the Hippo pathway for promoting fibrotic mesenchymal differentiation in systemic sclerosis. Nat.
Commun. 2024, 15, 210. [CrossRef]

28. Rius Rigau, A.; Li, Y.N.; Matei, A.E.; Gyorfi, A.H.; Bruch, P.M.; Koziel, S.; Devakumar, V.; Gabrielli, A.; Kreuter, A.; Wang, J.; et al.
Characterization of Vascular Niche in Systemic Sclerosis by Spatial Proteomics. Circ. Res. 2024, 134, 875–891. [CrossRef]

29. Morrell, N.W.; Aldred, M.A.; Chung, W.K.; Elliott, C.G.; Nichols, W.C.; Soubrier, F.; Trembath, R.C.; Loyd, J.E. Genetics and
genomics of pulmonary arterial hypertension. Eur. Respir. J. 2019, 53, 1801899. [CrossRef]

30. Boucherat, O.; Agrawal, V.; Lawrie, A.; Bonnet, S. The Latest in Animal Models of Pulmonary Hypertension and Right Ventricular
Failure. Circ. Res. 2022, 130, 1466–1486. [CrossRef]

31. Happe, C.; Kurakula, K.; Sun, X.Q.; da Silva Goncalves Bos, D.; Rol, N.; Guignabert, C.; Tu, L.; Schalij, I.; Wiesmeijer, K.C.;
Tura-Ceide, O.; et al. The BMP Receptor 2 in Pulmonary Arterial Hypertension: When and Where the Animal Model Matches the
Patient. Cells 2020, 9, 1422. [CrossRef] [PubMed]

32. Yeager, M.E.; Halley, G.R.; Golpon, H.A.; Voelkel, N.F.; Tuder, R.M. Microsatellite instability of endothelial cell growth and
apoptosis genes within plexiform lesions in primary pulmonary hypertension. Circ. Res. 2001, 88, E2–E11. [CrossRef] [PubMed]

33. Graf, S.; Haimel, M.; Bleda, M.; Hadinnapola, C.; Southgate, L.; Li, W.; Hodgson, J.; Liu, B.; Salmon, R.M.; Southwood, M.; et al.
Identification of rare sequence variation underlying heritable pulmonary arterial hypertension. Nat. Commun. 2018, 9, 1416.
[CrossRef] [PubMed]

34. Hemnes, A.R.; Zhao, M.; West, J.; Newman, J.H.; Rich, S.; Archer, S.L.; Robbins, I.M.; Blackwell, T.S.; Cogan, J.; Loyd, J.E.; et al.
Critical Genomic Networks and Vasoreactive Variants in Idiopathic Pulmonary Arterial Hypertension. Am. J. Respir. Crit. Care
Med. 2016, 194, 464–475. [CrossRef]

https://doi.org/10.1002/art.41668
https://doi.org/10.1002/pul2.12117
https://www.ncbi.nlm.nih.gov/pubmed/36238967
https://doi.org/10.1016/j.chest.2023.03.029
https://doi.org/10.1016/j.autrev.2020.102713
https://www.ncbi.nlm.nih.gov/pubmed/33197579
https://doi.org/10.1093/rheumatology/35.10.989
https://www.ncbi.nlm.nih.gov/pubmed/8883438
https://doi.org/10.1002/art.41669
https://www.ncbi.nlm.nih.gov/pubmed/33538058
https://doi.org/10.1056/NEJMra2000348
https://www.ncbi.nlm.nih.gov/pubmed/34910865
https://doi.org/10.1002/path.953
https://www.ncbi.nlm.nih.gov/pubmed/11673836
https://doi.org/10.1164/rccm.201507-1508LE
https://doi.org/10.1056/NEJMra035488
https://doi.org/10.1183/09031936.00081009
https://www.ncbi.nlm.nih.gov/pubmed/20044455
https://doi.org/10.1183/09031936.00106008
https://www.ncbi.nlm.nih.gov/pubmed/19282344
https://doi.org/10.1016/j.humpath.2006.11.022
https://www.ncbi.nlm.nih.gov/pubmed/17376507
https://doi.org/10.1155/2010/604615
https://doi.org/10.1161/CIRCHEARTFAILURE.112.000008
https://doi.org/10.1161/CIRCULATIONAHA.117.033147
https://doi.org/10.1038/s41467-023-44645-6
https://doi.org/10.1161/CIRCRESAHA.123.323299
https://doi.org/10.1183/13993003.01899-2018
https://doi.org/10.1161/CIRCRESAHA.121.319971
https://doi.org/10.3390/cells9061422
https://www.ncbi.nlm.nih.gov/pubmed/32521690
https://doi.org/10.1161/01.RES.88.1.e2
https://www.ncbi.nlm.nih.gov/pubmed/11139485
https://doi.org/10.1038/s41467-018-03672-4
https://www.ncbi.nlm.nih.gov/pubmed/29650961
https://doi.org/10.1164/rccm.201508-1678OC


Int. J. Mol. Sci. 2024, 25, 4728 25 of 32

35. Unlu, B.; Tursen, U.; Rajabi, Z.; Jabalameli, N.; Rajabi, F. The Immunogenetics of Systemic Sclerosis. Adv. Exp. Med. Biol. 2022,
1367, 259–298. [PubMed]

36. Koumakis, E.; Wipff, J.; Dieude, P.; Ruiz, B.; Bouaziz, M.; Revillod, L.; Guedj, M.; Distler, J.H.; Matucci-Cerinic, M.; Humbert, M.;
et al. TGFbeta receptor gene variants in systemic sclerosis-related pulmonary arterial hypertension: Results from a multicentre
EUSTAR study of European Caucasian patients. Ann. Rheum. Dis. 2012, 71, 1900–1903. [CrossRef] [PubMed]

37. Jiang, Y.; Turk, M.A.; Pope, J.E. Factors associated with pulmonary arterial hypertension (PAH) in systemic sclerosis (SSc).
Autoimmun. Rev. 2020, 19, 102602. [CrossRef] [PubMed]

38. Hickey, P.M.; Lawrie, A.; Condliffe, R. Circulating Protein Biomarkers in Systemic Sclerosis Related Pulmonary Arterial Hyper-
tension: A Review of Published Data. Front. Med. 2018, 5, 175. [CrossRef] [PubMed]

39. Chung, L.; Fairchild, R.M.; Furst, D.E.; Li, S.; Alkassab, F.; Bolster, M.B.; Csuka, M.E.; Derk, C.T.; Domsic, R.T.; Fischer, A.; et al.
Utility of B-type natriuretic peptides in the assessment of patients with systemic sclerosis-associated pulmonary hypertension in
the PHAROS registry. Clin. Exp. Rheumatol. 2017, 35 (Suppl. 106), 106–113.

40. Nunes, J.P.L.; Cunha, A.C.; Meirinhos, T.; Nunes, A.; Araujo, P.M.; Godinho, A.R.; Vilela, E.M.; Vaz, C. Prevalence of auto-
antibodies associated to pulmonary arterial hypertension in scleroderma—A review. Autoimmun. Rev. 2018, 17, 1186–1201.
[CrossRef]

41. Liem, S.I.E.; Boonstra, M.; Le Cessie, S.; Riccardi, A.; Airo, P.; Distler, O.; Matucci-Cerinic, M.; Caimmi, C.; Siegert, E.; Allanore, Y.;
et al. Sex-specific risk of anti-topoisomerase antibodies on mortality and disease severity in systemic sclerosis: 10-year analysis of
the Leiden CCISS and EUSTAR cohorts. Lancet Rheumatol. 2022, 4, e699–e709. [CrossRef]

42. Wallwork, R.; Casciola-Rosen, L.; Shah, A.A. Anti-ANP32A antibodies in systemic sclerosis. Ann. Rheum. Dis. 2022, 81, 301–302.
[CrossRef] [PubMed]

43. Becker, M.O.; Kill, A.; Kutsche, M.; Guenther, J.; Rose, A.; Tabeling, C.; Witzenrath, M.; Kuhl, A.A.; Heidecke, H.; Ghofrani, H.A.;
et al. Vascular receptor autoantibodies in pulmonary arterial hypertension associated with systemic sclerosis. Am. J. Respir. Crit.
Care Med. 2014, 190, 808–817. [CrossRef] [PubMed]

44. Hegner, B.; Kretzschmar, T.; Zhu, N.; Kleinau, G.; Zhao, H.; Kamhieh-Milz, J.; Hilger, J.; Schindler, R.; Scheerer, P.; Riemekasten, G.;
et al. Autoimmune activation and hypersensitization of the AT1 and ETA receptors contributes to vascular injury in scleroderma
renal crisis. Rheumatology 2023, 62, 2284–2293. [CrossRef] [PubMed]

45. Bauer, Y.; de Bernard, S.; Hickey, P.; Ballard, K.; Cruz, J.; Cornelisse, P.; Chadha-Boreham, H.; Distler, O.; Rosenberg, D.; Doelberg,
M.; et al. Identifying early pulmonary arterial hypertension biomarkers in systemic sclerosis: Machine learning on proteomics
from the DETECT cohort. Eur. Respir. J. 2021, 57, 2002591. [CrossRef] [PubMed]

46. Sanges, S.; Rice, L.; Tu, L.; Valenzi, E.; Cracowski, J.L.; Montani, D.; Mantero, J.C.; Ternynck, C.; Marot, G.; Bujor, A.M.; et al.
Biomarkers of haemodynamic severity of systemic sclerosis-associated pulmonary arterial hypertension by serum proteome
analysis. Ann. Rheum. Dis. 2023, 82, 365–373. [CrossRef] [PubMed]

47. Rice, L.M.; Mantero, J.C.; Stratton, E.A.; Warburton, R.; Roberts, K.; Hill, N.; Simms, R.W.; Domsic, R.; Farber, H.W.; Layfatis, R.
Serum biomarker for diagnostic evaluation of pulmonary arterial hypertension in systemic sclerosis. Arthritis Res. Ther. 2018,
20, 185. [CrossRef] [PubMed]

48. Alotaibi, M.; Shao, J.; Pauciulo, M.W.; Nichols, W.C.; Hemnes, A.R.; Malhotra, A.; Kim, N.H.; Yuan, J.X.; Fernandes, T.; Kerr, K.M.;
et al. Metabolomic Profiles Differentiate Scleroderma-PAH from Idiopathic PAH and Correspond with Worsened Functional
Capacity. Chest 2023, 163, 204–215. [CrossRef] [PubMed]

49. Simpson, C.E.; Ambade, A.S.; Harlan, R.; Roux, A.; Aja, S.; Graham, D.; Shah, A.A.; Hummers, L.K.; Hemnes, A.R.; Leopold, J.A.;
et al. Kynurenine pathway metabolism evolves with development of preclinical and scleroderma-associated pulmonary arterial
hypertension. Am. J. Physiol. Lung Cell. Mol. Physiol. 2023, 325, L617–L627. [CrossRef]

50. van Bon, L.; Affandi, A.J.; Broen, J.; Christmann, R.B.; Marijnissen, R.J.; Stawski, L.; Farina, G.A.; Stifano, G.; Mathes, A.L.; Cossu,
M.; et al. Proteome-wide analysis and CXCL4 as a biomarker in systemic sclerosis. N. Engl. J. Med. 2014, 370, 433–443. [CrossRef]

51. Hoffmann-Vold, A.M.; Hesselstrand, R.; Fretheim, H.; Ueland, T.; Andreassen, A.K.; Brunborg, C.; Palchevskiy, V.; Midtvedt, O.;
Garen, T.; Aukrust, P.; et al. CCL21 as a Potential Serum Biomarker for Pulmonary Arterial Hypertension in Systemic Sclerosis.
Arthritis Rheumatol. 2018, 70, 1644–1653. [CrossRef] [PubMed]

52. Di Benedetto, P.; Guggino, G.; Manzi, G.; Ruscitti, P.; Berardicurti, O.; Panzera, N.; Grazia, N.; Badagliacca, R.; Riccieri, V.; Vizza,
C.D.; et al. Interleukin-32 in systemic sclerosis, a potential new biomarker for pulmonary arterial hypertension. Arthritis Res. Ther.
2020, 22, 127. [CrossRef] [PubMed]

53. Kolstad, K.D.; Khatri, A.; Donato, M.; Chang, S.E.; Li, S.; Steen, V.D.; Utz, P.J.; Khatri, P.; Chung, L. Cytokine signatures
differentiate systemic sclerosis patients at high versus low risk for pulmonary arterial hypertension. Arthritis Res. Ther. 2022,
24, 39. [CrossRef]

54. Vadasz, Z.; Balbir Gurman, A.; Meroni, P.; Farge, D.; Levi, Y.; Ingegnoli, F.; Braun-Moscovici, Y.; Rosner, I.; Slobodin, G.;
Rozenbaum, M.; et al. Lysyl oxidase-a possible role in systemic sclerosis-associated pulmonary hypertension: A multicentre
study. Rheumatology 2019, 58, 1547–1555. [CrossRef] [PubMed]

55. Lammi, M.R.; Kolstad, K.D.; Saketkoo, L.A.; Khatri, A.; Utz, P.J.; Steen, V.D.; Chung, L. Endothelial Biomarkers of Systemic
Sclerosis-Associated Pulmonary Hypertension. Arthritis Care Res. 2023, 1–7. [CrossRef] [PubMed]

56. McMahan, Z.; Schoenhoff, F.; Van Eyk, J.E.; Wigley, F.M.; Hummers, L.K. Biomarkers of pulmonary hypertension in patients with
scleroderma: A case-control study. Arthritis Res. Ther. 2015, 17, 201. [CrossRef] [PubMed]

https://www.ncbi.nlm.nih.gov/pubmed/35286699
https://doi.org/10.1136/annrheumdis-2012-201755
https://www.ncbi.nlm.nih.gov/pubmed/22896741
https://doi.org/10.1016/j.autrev.2020.102602
https://www.ncbi.nlm.nih.gov/pubmed/32659476
https://doi.org/10.3389/fmed.2018.00175
https://www.ncbi.nlm.nih.gov/pubmed/29928643
https://doi.org/10.1016/j.autrev.2018.06.009
https://doi.org/10.1016/S2665-9913(22)00224-7
https://doi.org/10.1136/annrheumdis-2021-221354
https://www.ncbi.nlm.nih.gov/pubmed/34697026
https://doi.org/10.1164/rccm.201403-0442OC
https://www.ncbi.nlm.nih.gov/pubmed/25181620
https://doi.org/10.1093/rheumatology/keac594
https://www.ncbi.nlm.nih.gov/pubmed/36227102
https://doi.org/10.1183/13993003.02591-2020
https://www.ncbi.nlm.nih.gov/pubmed/33334933
https://doi.org/10.1136/ard-2022-223237
https://www.ncbi.nlm.nih.gov/pubmed/36600187
https://doi.org/10.1186/s13075-018-1679-8
https://www.ncbi.nlm.nih.gov/pubmed/30115106
https://doi.org/10.1016/j.chest.2022.08.2230
https://www.ncbi.nlm.nih.gov/pubmed/36087794
https://doi.org/10.1152/ajplung.00177.2023
https://doi.org/10.1056/NEJMoa1114576
https://doi.org/10.1002/art.40534
https://www.ncbi.nlm.nih.gov/pubmed/29687634
https://doi.org/10.1186/s13075-020-02218-8
https://www.ncbi.nlm.nih.gov/pubmed/32487240
https://doi.org/10.1186/s13075-022-02734-9
https://doi.org/10.1093/rheumatology/kez035
https://www.ncbi.nlm.nih.gov/pubmed/30770717
https://doi.org/10.1002/acr.25180
https://www.ncbi.nlm.nih.gov/pubmed/37365746
https://doi.org/10.1186/s13075-015-0712-4
https://www.ncbi.nlm.nih.gov/pubmed/26245195


Int. J. Mol. Sci. 2024, 25, 4728 26 of 32

57. Wuttge, D.M.; Carlsen, A.L.; Teku, G.; Wildt, M.; Radegran, G.; Vihinen, M.; Heegaard, N.H.H.; Hesselstrand, R. Circulating
plasma microRNAs in systemic sclerosis-associated pulmonary arterial hypertension. Rheumatology 2021, 61, 309–318. [CrossRef]
[PubMed]

58. Dignam, J.P.; Scott, T.E.; Kemp-Harper, B.K.; Hobbs, A.J. Animal models of pulmonary hypertension: Getting to the heart of the
problem. Br. J. Pharmacol. 2022, 179, 811–837. [CrossRef] [PubMed]

59. Hill, N.S.; Gillespie, M.N.; McMurtry, I.F. Fifty Years of Monocrotaline-Induced Pulmonary Hypertension: What Has It Meant to
the Field? Chest 2017, 152, 1106–1108. [CrossRef]

60. Toba, M.; Alzoubi, A.; O’Neill, K.D.; Gairhe, S.; Matsumoto, Y.; Oshima, K.; Abe, K.; Oka, M.; McMurtry, I.F. Temporal
hemodynamic and histological progression in Sugen5416/hypoxia/normoxia-exposed pulmonary arterial hypertensive rats. Am.
J. Physiol. Heart Circ. Physiol. 2014, 306, H243–H250. [CrossRef]

61. Tian, W.; Jiang, X.; Sung, Y.K.; Shuffle, E.; Wu, T.H.; Kao, P.N.; Tu, A.B.; Dorfmuller, P.; Cao, A.; Wang, L.; et al. Phenotypically Silent
Bone Morphogenetic Protein Receptor 2 Mutations Predispose Rats to Inflammation-Induced Pulmonary Arterial Hypertension
by Enhancing the Risk for Neointimal Transformation. Circulation 2019, 140, 1409–1425. [CrossRef]

62. Yue, X.; Yu, X.; Petersen, F.; Riemekasten, G. Recent advances in mouse models for systemic sclerosis. Autoimmun. Rev. 2018,
17, 1225–1234. [CrossRef] [PubMed]

63. Eferl, R.; Hasselblatt, P.; Rath, M.; Popper, H.; Zenz, R.; Komnenovic, V.; Idarraga, M.H.; Kenner, L.; Wagner, E.F. Development
of pulmonary fibrosis through a pathway involving the transcription factor Fra-2/AP-1. Proc. Natl. Acad. Sci. USA 2008,
105, 10525–10530. [CrossRef]

64. Bell, R.D.; White, R.J.; Garcia-Hernandez, M.L.; Wu, E.; Rahimi, H.; Marangoni, R.G.; Slattery, P.; Duemmel, S.; Nuzzo, M.;
Huertas, N.; et al. Tumor Necrosis Factor Induces Obliterative Pulmonary Vascular Disease in a Novel Model of Connective
Tissue Disease-Associated Pulmonary Arterial Hypertension. Arthritis Rheumatol. 2020, 72, 1759–1770. [CrossRef]

65. Wu, X.H.; Ma, J.L.; Ding, D.; Ma, Y.J.; Wei, Y.P.; Jing, Z.C. Experimental animal models of pulmonary hypertension: Development
and challenges. Anim. Models Exp. Med. 2022, 5, 207–216. [CrossRef]

66. Ruiter, G.; de Man, F.S.; Schalij, I.; Sairras, S.; Grunberg, K.; Westerhof, N.; van der Laarse, W.J.; Vonk-Noordegraaf, A. Reversibility
of the monocrotaline pulmonary hypertension rat model. Eur. Respir. J. 2013, 42, 553–556. [CrossRef]

67. Bueno-Beti, C.; Sassi, Y.; Hajjar, R.J.; Hadri, L. Pulmonary Artery Hypertension Model in Rats by Monocrotaline Administration.
Methods Mol. Biol. 2018, 1816, 233–241. [PubMed]

68. Wilson, D.W.; Segall, H.J.; Pan, L.C.; Dunston, S.K. Progressive inflammatory and structural changes in the pulmonary vasculature
of monocrotaline-treated rats. Microvasc. Res. 1989, 38, 57–80. [CrossRef] [PubMed]

69. Hong, J.; Arneson, D.; Umar, S.; Ruffenach, G.; Cunningham, C.M.; Ahn, I.S.; Diamante, G.; Bhetraratana, M.; Park, J.F.; Said, E.;
et al. Single-Cell Study of Two Rat Models of Pulmonary Arterial Hypertension Reveals Connections to Human Pathobiology
and Drug Repositioning. Am. J. Respir. Crit. Care Med. 2021, 203, 1006–1022. [CrossRef]

70. Kasahara, Y.; Tuder, R.M.; Taraseviciene-Stewart, L.; Le Cras, T.D.; Abman, S.; Hirth, P.K.; Waltenberger, J.; Voelkel, N.F. Inhibition
of VEGF receptors causes lung cell apoptosis and emphysema. J. Clin. Investig. 2000, 106, 1311–1319. [CrossRef]

71. Taraseviciene-Stewart, L.; Kasahara, Y.; Alger, L.; Hirth, P.; Mc Mahon, G.; Waltenberger, J.; Voelkel, N.F.; Tuder, R.M. Inhibition of
the VEGF receptor 2 combined with chronic hypoxia causes cell death-dependent pulmonary endothelial cell proliferation and
severe pulmonary hypertension. FASEB J. 2001, 15, 427–438. [CrossRef] [PubMed]

72. Katz, M.G.; Fargnoli, A.S.; Gubara, S.M.; Bisserier, M.; Sassi, Y.; Bridges, C.R.; Hajjar, R.J.; Hadri, L. The Left Pneumonectomy
Combined with Monocrotaline or Sugen as a Model of Pulmonary Hypertension in Rats. J. Vis. Exp. 2019, e59050.

73. Vitali, S.H.; Hansmann, G.; Rose, C.; Fernandez-Gonzalez, A.; Scheid, A.; Mitsialis, S.A.; Kourembanas, S. The Sugen 5416/hypoxia
mouse model of pulmonary hypertension revisited: Long-term follow-up. Pulm. Circ. 2014, 4, 619–629. [CrossRef] [PubMed]

74. Hong, K.H.; Lee, Y.J.; Lee, E.; Park, S.O.; Han, C.; Beppu, H.; Li, E.; Raizada, M.K.; Bloch, K.D.; Oh, S.P. Genetic ablation of
the BMPR2 gene in pulmonary endothelium is sufficient to predispose to pulmonary arterial hypertension. Circulation 2008,
118, 722–730. [CrossRef] [PubMed]

75. Wang, L.; Moonen, J.R.; Cao, A.; Isobe, S.; Li, C.G.; Tojais, N.F.; Taylor, S.; Marciano, D.P.; Chen, P.I.; Gu, M.; et al. Dysregulated
Smooth Muscle Cell BMPR2-ARRB2 Axis Causes Pulmonary Hypertension. Circ. Res. 2023, 132, 545–564. [CrossRef] [PubMed]

76. Maurer, B.; Distler, J.H.; Distler, O. The Fra-2 transgenic mouse model of systemic sclerosis. Vasc. Pharmacol. 2013, 58, 194–201.
[CrossRef] [PubMed]

77. Maurer, B.; Reich, N.; Juengel, A.; Kriegsmann, J.; Gay, R.E.; Schett, G.; Michel, B.A.; Gay, S.; Distler, J.H.; Distler, O. Fra-2
transgenic mice as a novel model of pulmonary hypertension associated with systemic sclerosis. Ann. Rheum. Dis. 2012,
71, 1382–1387. [CrossRef] [PubMed]

78. Looney, A.P.; Han, R.; Stawski, L.; Marden, G.; Iwamoto, M.; Trojanowska, M. Synergistic Role of Endothelial ERG and FLI1 in
Mediating Pulmonary Vascular Homeostasis. Am. J. Respir. Cell Mol. Biol. 2017, 57, 121–131. [CrossRef]

79. Asano, Y.; Markiewicz, M.; Kubo, M.; Szalai, G.; Watson, D.K.; Trojanowska, M. Transcription factor Fli1 regulates collagen
fibrillogenesis in mouse skin. Mol. Cell. Biol. 2009, 29, 425–434. [CrossRef]

80. Asano, Y.; Stawski, L.; Hant, F.; Highland, K.; Silver, R.; Szalai, G.; Watson, D.K.; Trojanowska, M. Endothelial Fli1 deficiency
impairs vascular homeostasis: A role in scleroderma vasculopathy. Am. J. Pathol. 2010, 176, 1983–1998. [CrossRef]

https://doi.org/10.1093/rheumatology/keab300
https://www.ncbi.nlm.nih.gov/pubmed/33784391
https://doi.org/10.1111/bph.15444
https://www.ncbi.nlm.nih.gov/pubmed/33724447
https://doi.org/10.1016/j.chest.2017.10.007
https://doi.org/10.1152/ajpheart.00728.2013
https://doi.org/10.1161/CIRCULATIONAHA.119.040629
https://doi.org/10.1016/j.autrev.2018.06.013
https://www.ncbi.nlm.nih.gov/pubmed/30316997
https://doi.org/10.1073/pnas.0801414105
https://doi.org/10.1002/art.41309
https://doi.org/10.1002/ame2.12220
https://doi.org/10.1183/09031936.00012313
https://www.ncbi.nlm.nih.gov/pubmed/29987824
https://doi.org/10.1016/0026-2862(89)90017-4
https://www.ncbi.nlm.nih.gov/pubmed/2503687
https://doi.org/10.1164/rccm.202006-2169OC
https://doi.org/10.1172/JCI10259
https://doi.org/10.1096/fj.00-0343com
https://www.ncbi.nlm.nih.gov/pubmed/11156958
https://doi.org/10.1086/678508
https://www.ncbi.nlm.nih.gov/pubmed/25610598
https://doi.org/10.1161/CIRCULATIONAHA.107.736801
https://www.ncbi.nlm.nih.gov/pubmed/18663089
https://doi.org/10.1161/CIRCRESAHA.121.320541
https://www.ncbi.nlm.nih.gov/pubmed/36744494
https://doi.org/10.1016/j.vph.2012.12.001
https://www.ncbi.nlm.nih.gov/pubmed/23232070
https://doi.org/10.1136/annrheumdis-2011-200940
https://www.ncbi.nlm.nih.gov/pubmed/22523431
https://doi.org/10.1165/rcmb.2016-0200OC
https://doi.org/10.1128/MCB.01278-08
https://doi.org/10.2353/ajpath.2010.090593


Int. J. Mol. Sci. 2024, 25, 4728 27 of 32

81. Noda, S.; Asano, Y.; Nishimura, S.; Taniguchi, T.; Fujiu, K.; Manabe, I.; Nakamura, K.; Yamashita, T.; Saigusa, R.; Akamata, K.;
et al. Simultaneous downregulation of KLF5 and Fli1 is a key feature underlying systemic sclerosis. Nat. Commun. 2014, 5, 5797.
[CrossRef] [PubMed]

82. Bell, R.D.; Wu, E.K.; Rudmann, C.A.; Forney, M.; Kaiser, C.R.W.; Wood, R.W.; Chakkalakal, J.V.; Paris, N.D.; Klose, A.; Xiao, G.Q.;
et al. Selective Sexual Dimorphisms in Musculoskeletal and Cardiopulmonary Pathologic Manifestations and Mortality Incidence
in the Tumor Necrosis Factor-Transgenic Mouse Model of Rheumatoid Arthritis. Arthritis Rheumatol. 2019, 71, 1512–1523.
[CrossRef] [PubMed]

83. Duemmel, S.; Nuzzo, M.; Bhattacharya, S.; Xu, Q.; Mohan, A.; Korman, B. TNF Receptor 1 Drives Murine Pulmonary Arterial
Hypertension and Is Characterized by Loss of Capillary Endothelial Cells and Pericytes, Smooth Muscle Cell Proliferation, and
Alterations in Fibroblast Phenotype. Arthritis Rheumatol. 2022, 74, 3222–3225.

84. Rangel-Moreno, J.; Garcia-Hernandez, M.; Xu, Q.; Korman, B. TNF-mediated Pulmonary Hypertension Is Marked by Aberrant
Bone Morphogenic Protein (BMP) and Integrin/Basement Membrane Ligand-Receptor Signaling. Arthritis Rheumatol. 2023, 75.

85. Evans, C.E.; Cober, N.D.; Dai, Z.; Stewart, D.J.; Zhao, Y.Y. Endothelial cells in the pathogenesis of pulmonary arterial hypertension.
Eur. Respir. J. 2021, 58, 2003957. [CrossRef]

86. Vattulainen-Collanus, S.; Akinrinade, O.; Li, M.; Koskenvuo, M.; Li, C.G.; Rao, S.P.; de Jesus Perez, V.; Yuan, K.; Sawada, H.;
Koskenvuo, J.W.; et al. Loss of PPARgamma in endothelial cells leads to impaired angiogenesis. J. Cell Sci. 2016, 129, 693–705.

87. Le Hiress, M.; Tu, L.; Ricard, N.; Phan, C.; Thuillet, R.; Fadel, E.; Dorfmuller, P.; Montani, D.; de Man, F.; Humbert, M.; et al.
Proinflammatory Signature of the Dysfunctional Endothelium in Pulmonary Hypertension. Role of the Macrophage Migration
Inhibitory Factor/CD74 Complex. Am. J. Respir. Crit. Care Med. 2015, 192, 983–997. [CrossRef]

88. Humbert, M.; Guignabert, C.; Bonnet, S.; Dorfmuller, P.; Klinger, J.R.; Nicolls, M.R.; Olschewski, A.J.; Pullamsetti, S.S.; Schermuly,
R.T.; Stenmark, K.R.; et al. Pathology and pathobiology of pulmonary hypertension: State of the art and research perspectives.
Eur. Respir. J. 2019, 53, 1801887. [CrossRef]

89. Evans, J.D.; Girerd, B.; Montani, D.; Wang, X.J.; Galie, N.; Austin, E.D.; Elliott, G.; Asano, K.; Grunig, E.; Yan, Y.; et al. BMPR2
mutations and survival in pulmonary arterial hypertension: An individual participant data meta-analysis. Lancet Respir. Med.
2016, 4, 129–137. [CrossRef]

90. Gorelova, A.; Berman, M.; Al Ghouleh, I. Endothelial-to-Mesenchymal Transition in Pulmonary Arterial Hypertension. Antioxid.
Redox Signal. 2021, 34, 891–914. [CrossRef]

91. Patnaik, E.; Lyons, M.; Tran, K.; Pattanaik, D. Endothelial Dysfunction in Systemic Sclerosis. Int. J. Mol. Sci. 2023, 24, 14385.
[CrossRef] [PubMed]

92. Ma, B.; Cao, Y.; Qin, J.; Chen, Z.; Hu, G.; Li, Q. Pulmonary artery smooth muscle cell phenotypic switching: A key event in the
early stage of pulmonary artery hypertension. Drug Discov. Today 2023, 28, 103559. [CrossRef] [PubMed]

93. Roostalu, U.; Aldeiri, B.; Albertini, A.; Humphreys, N.; Simonsen-Jackson, M.; Wong, J.K.F.; Cossu, G. Distinct Cellular
Mechanisms Underlie Smooth Muscle Turnover in Vascular Development and Repair. Circ. Res. 2018, 122, 267–281. [CrossRef]
[PubMed]

94. Plikus, M.V.; Wang, X.; Sinha, S.; Forte, E.; Thompson, S.M.; Herzog, E.L.; Driskell, R.R.; Rosenthal, N.; Biernaskie, J.; Horsley, V.
Fibroblasts: Origins, definitions, and functions in health and disease. Cell 2021, 184, 3852–3872. [CrossRef] [PubMed]

95. Gur, C.; Wang, S.Y.; Sheban, F.; Zada, M.; Li, B.; Kharouf, F.; Peleg, H.; Aamar, S.; Yalin, A.; Kirschenbaum, D.; et al. LGR5
expressing skin fibroblasts define a major cellular hub perturbed in scleroderma. Cell 2022, 185, 1373–1388.e20. [CrossRef]

96. Valenzi, E.; Bulik, M.; Tabib, T.; Morse, C.; Sembrat, J.; Trejo Bittar, H.; Rojas, M.; Lafyatis, R. Single-cell analysis reveals fibroblast
heterogeneity and myofibroblasts in systemic sclerosis-associated interstitial lung disease. Ann. Rheum. Dis. 2019, 78, 1379–1387.
[CrossRef] [PubMed]

97. Tabib, T.; Huang, M.; Morse, N.; Papazoglou, A.; Behera, R.; Jia, M.; Bulik, M.; Monier, D.E.; Benos, P.V.; Chen, W.; et al.
Myofibroblast transcriptome indicates SFRP2(hi) fibroblast progenitors in systemic sclerosis skin. Nat. Commun. 2021, 12, 4384.
[CrossRef] [PubMed]

98. Garrison, A.T.; Bignold, R.E.; Wu, X.; Johnson, J.R. Pericytes: The lung-forgotten cell type. Front. Physiol. 2023, 14, 1150028.
[CrossRef] [PubMed]

99. Bordenave, J.; Tu, L.; Berrebeh, N.; Thuillet, R.; Cumont, A.; Le Vely, B.; Fadel, E.; Nadaud, S.; Savale, L.; Humbert, M.; et al.
Lineage Tracing Reveals the Dynamic Contribution of Pericytes to the Blood Vessel Remodeling in Pulmonary Hypertension.
Arterioscler. Thromb. Vasc. Biol. 2020, 40, 766–782. [CrossRef]

100. Abid, S.; Marcos, E.; Parpaleix, A.; Amsellem, V.; Breau, M.; Houssaini, A.; Vienney, N.; Lefevre, M.; Derumeaux, G.; Evans,
S.; et al. CCR2/CCR5-mediated macrophage-smooth muscle cell crosstalk in pulmonary hypertension. Eur. Respir. J. 2019,
54, 1802308. [CrossRef]

101. Zawia, A.; Arnold, N.D.; West, L.; Pickworth, J.A.; Turton, H.; Iremonger, J.; Braithwaite, A.T.; Canedo, J.; Johnston, S.A.;
Thompson, A.A.R.; et al. Altered Macrophage Polarization Induces Experimental Pulmonary Hypertension and Is Observed in
Patients with Pulmonary Arterial Hypertension. Arterioscler. Thromb. Vasc. Biol. 2021, 41, 430–445. [CrossRef] [PubMed]

102. Zhang, M.Q.; Wang, C.C.; Pang, X.B.; Shi, J.Z.; Li, H.R.; Xie, X.M.; Wang, Z.; Zhang, H.D.; Zhou, Y.F.; Chen, J.W.; et al. Role of
macrophages in pulmonary arterial hypertension. Front. Immunol. 2023, 14, 1152881. [CrossRef] [PubMed]

https://doi.org/10.1038/ncomms6797
https://www.ncbi.nlm.nih.gov/pubmed/25504335
https://doi.org/10.1002/art.40903
https://www.ncbi.nlm.nih.gov/pubmed/30969024
https://doi.org/10.1183/13993003.03957-2020
https://doi.org/10.1164/rccm.201402-0322OC
https://doi.org/10.1183/13993003.01887-2018
https://doi.org/10.1016/S2213-2600(15)00544-5
https://doi.org/10.1089/ars.2020.8169
https://doi.org/10.3390/ijms241814385
https://www.ncbi.nlm.nih.gov/pubmed/37762689
https://doi.org/10.1016/j.drudis.2023.103559
https://www.ncbi.nlm.nih.gov/pubmed/36958640
https://doi.org/10.1161/CIRCRESAHA.117.312111
https://www.ncbi.nlm.nih.gov/pubmed/29167274
https://doi.org/10.1016/j.cell.2021.06.024
https://www.ncbi.nlm.nih.gov/pubmed/34297930
https://doi.org/10.1016/j.cell.2022.03.011
https://doi.org/10.1136/annrheumdis-2018-214865
https://www.ncbi.nlm.nih.gov/pubmed/31405848
https://doi.org/10.1038/s41467-021-24607-6
https://www.ncbi.nlm.nih.gov/pubmed/34282151
https://doi.org/10.3389/fphys.2023.1150028
https://www.ncbi.nlm.nih.gov/pubmed/37035669
https://doi.org/10.1161/ATVBAHA.119.313715
https://doi.org/10.1183/13993003.02308-2018
https://doi.org/10.1161/ATVBAHA.120.314639
https://www.ncbi.nlm.nih.gov/pubmed/33147993
https://doi.org/10.3389/fimmu.2023.1152881
https://www.ncbi.nlm.nih.gov/pubmed/37153557


Int. J. Mol. Sci. 2024, 25, 4728 28 of 32

103. Perros, F.; Dorfmuller, P.; Souza, R.; Durand-Gasselin, I.; Mussot, S.; Mazmanian, M.; Herve, P.; Emilie, D.; Simonneau, G.;
Humbert, M. Dendritic cell recruitment in lesions of human and experimental pulmonary hypertension. Eur. Respir. J. 2007,
29, 462–468. [CrossRef] [PubMed]

104. Bhandari, R.; Ball, M.S.; Martyanov, V.; Popovich, D.; Schaafsma, E.; Han, S.; ElTanbouly, M.; Orzechowski, N.M.; Carns, M.;
Arroyo, E.; et al. Profibrotic Activation of Human Macrophages in Systemic Sclerosis. Arthritis Rheumatol. 2020, 72, 1160–1169.
[CrossRef] [PubMed]

105. Makinde, H.M.; Dunn, J.L.M.; Gadhvi, G.; Carns, M.; Aren, K.; Chung, A.H.; Muhammad, L.N.; Song, J.; Cuda, C.M.; Dominguez,
S.; et al. Three Distinct Transcriptional Profiles of Monocytes Associate with Disease Activity in Scleroderma Patients. Arthritis
Rheumatol. 2023, 75, 595–608. [CrossRef] [PubMed]

106. Steiner, M.K.; Syrkina, O.L.; Kolliputi, N.; Mark, E.J.; Hales, C.A.; Waxman, A.B. Interleukin-6 overexpression induces pulmonary
hypertension. Circ. Res. 2009, 104, 236–244. [CrossRef] [PubMed]

107. Ulrich, S.; Nicolls, M.R.; Taraseviciene, L.; Speich, R.; Voelkel, N. Increased regulatory and decreased CD8+ cytotoxic T cells in the
blood of patients with idiopathic pulmonary arterial hypertension. Respiration 2008, 75, 272–280. [CrossRef] [PubMed]

108. Austin, E.D.; Rock, M.T.; Mosse, C.A.; Vnencak-Jones, C.L.; Yoder, S.M.; Robbins, I.M.; Loyd, J.E.; Meyrick, B.O. T lymphocyte
subset abnormalities in the blood and lung in pulmonary arterial hypertension. Respir. Med. 2010, 104, 454–462. [CrossRef]

109. Sanges, S.; Guerrier, T.; Duhamel, A.; Guilbert, L.; Hauspie, C.; Largy, A.; Balden, M.; Podevin, C.; Lefevre, G.; Jendoubi, M.;
et al. Soluble markers of B cell activation suggest a role of B cells in the pathogenesis of systemic sclerosis-associated pulmonary
arterial hypertension. Front. Immunol. 2022, 13, 954007. [CrossRef]

110. Dib, H.; Tamby, M.C.; Bussone, G.; Regent, A.; Berezne, A.; Lafine, C.; Broussard, C.; Simonneau, G.; Guillevin, L.; Witko-Sarsat,
V.; et al. Targets of anti-endothelial cell antibodies in pulmonary hypertension and scleroderma. Eur. Respir. J. 2012, 39, 1405–1414.
[CrossRef]

111. Tamby, M.C.; Humbert, M.; Guilpain, P.; Servettaz, A.; Dupin, N.; Christner, J.J.; Simonneau, G.; Fermanian, J.; Weill, B.; Guillevin,
L.; et al. Antibodies to fibroblasts in idiopathic and scleroderma-associated pulmonary hypertension. Eur. Respir. J. 2006,
28, 799–807. [CrossRef] [PubMed]

112. Rol, N.; Kurakula, K.B.; Happe, C.; Bogaard, H.J.; Goumans, M.J. TGF-beta and BMPR2 Signaling in PAH: Two Black Sheep in
One Family. Int. J. Mol. Sci. 2018, 19, 2585. [CrossRef]

113. Dannewitz Prosseda, S.; Ali, M.K.; Spiekerkoetter, E. Novel Advances in Modifying BMPR2 Signaling in PAH. Genes 2020, 12, 8.
[CrossRef]

114. Gilbane, A.J.; Derrett-Smith, E.; Trinder, S.L.; Good, R.B.; Pearce, A.; Denton, C.P.; Holmes, A.M. Impaired bone morphogenetic
protein receptor II signaling in a transforming growth factor-beta-dependent mouse model of pulmonary hypertension and in
systemic sclerosis. Am. J. Respir. Crit. Care Med. 2015, 191, 665–677. [CrossRef] [PubMed]

115. Shen, C.; Jiang, Y.; Li, Q.; Liu, C.; Hu, F.; Li, M. Bone morphogenetic protein-7 inhibits endothelial-to-mesenchymal transition
in primary human umbilical vein endothelial cells and mouse model of systemic sclerosis via Akt/mTOR/p70S6K pathway. J.
Dermatol. Sci. 2021, 103, 82–92. [CrossRef] [PubMed]

116. Massague, J.; Sheppard, D. TGF-beta signaling in health and disease. Cell 2023, 186, 4007–4037. [CrossRef]
117. Lafyatis, R. Transforming growth factor beta—At the centre of systemic sclerosis. Nat. Rev. Rheumatol. 2014, 10, 706–719.

[CrossRef]
118. Humbert, M.; McLaughlin, V.; Gibbs, J.S.R.; Gomberg-Maitland, M.; Hoeper, M.M.; Preston, I.R.; Souza, R.; Waxman, A.;

Escribano Subias, P.; Feldman, J.; et al. Sotatercept for the Treatment of Pulmonary Arterial Hypertension. N. Engl. J. Med. 2021,
384, 1204–1215. [CrossRef]

119. Khadilkar, P.; Chougule, D.; Tipnis, T.; Khopkar, U.; Nadkar, M.; Rajadhyaksha, A.; Kini, S.; Kharkar, V.; Athvale, A.; Athvale, T.;
et al. A comparative study of modulatory interaction between cytokines and apoptotic proteins among Scleroderma patients
with and without pulmonary involvement. Cytokine 2023, 166, 156183. [CrossRef]

120. Zaaroor Levy, M.; Rabinowicz, N.; Yamila Kohon, M.; Shalom, A.; Berl, A.; Hornik-Lurie, T.; Drucker, L.; Tartakover Matalon, S.;
Levy, Y. MiRNAs in Systemic Sclerosis Patients with Pulmonary Arterial Hypertension: Markers and Effectors. Biomedicines 2022,
10, 629. [CrossRef]

121. Qaiser, K.N.; Tonelli, A.R. Novel Treatment Pathways in Pulmonary Arterial Hypertension. Methodist DeBakey Cardiovasc. J. 2021,
17, 106–114. [CrossRef] [PubMed]

122. Ye, L.; Wang, B.; Xu, H.; Zhang, X. The Emerging Therapeutic Role of Prostaglandin E2 Signaling in Pulmonary Hypertension.
Metabolites 2023, 13, 1152. [CrossRef] [PubMed]

123. Kozij, N.K.; Granton, J.T.; Silkoff, P.E.; Thenganatt, J.; Chakravorty, S.; Johnson, S.R. Exhaled Nitric Oxide in Systemic Sclerosis
Lung Disease. Can. Respir. J. 2017, 2017, 6736239. [CrossRef] [PubMed]

124. Klinger, J.R.; Kadowitz, P.J. The Nitric Oxide Pathway in Pulmonary Vascular Disease. Am. J. Cardiol. 2017, 120, S71–S79.
[CrossRef] [PubMed]

125. Dasgupta, A.; Bowman, L.; D’Arsigny, C.L.; Archer, S.L. Soluble guanylate cyclase: A new therapeutic target for pulmonary
arterial hypertension and chronic thromboembolic pulmonary hypertension. Clin. Pharmacol. Ther. 2015, 97, 88–102. [CrossRef]
[PubMed]

https://doi.org/10.1183/09031936.00094706
https://www.ncbi.nlm.nih.gov/pubmed/17107989
https://doi.org/10.1002/art.41243
https://www.ncbi.nlm.nih.gov/pubmed/32134204
https://doi.org/10.1002/art.42380
https://www.ncbi.nlm.nih.gov/pubmed/36281773
https://doi.org/10.1161/CIRCRESAHA.108.182014
https://www.ncbi.nlm.nih.gov/pubmed/19074475
https://doi.org/10.1159/000111548
https://www.ncbi.nlm.nih.gov/pubmed/18025812
https://doi.org/10.1016/j.rmed.2009.10.004
https://doi.org/10.3389/fimmu.2022.954007
https://doi.org/10.1183/09031936.00181410
https://doi.org/10.1183/09031936.06.00152705
https://www.ncbi.nlm.nih.gov/pubmed/16774952
https://doi.org/10.3390/ijms19092585
https://doi.org/10.3390/genes12010008
https://doi.org/10.1164/rccm.201408-1464OC
https://www.ncbi.nlm.nih.gov/pubmed/25606692
https://doi.org/10.1016/j.jdermsci.2021.06.009
https://www.ncbi.nlm.nih.gov/pubmed/34266726
https://doi.org/10.1016/j.cell.2023.07.036
https://doi.org/10.1038/nrrheum.2014.137
https://doi.org/10.1056/NEJMoa2024277
https://doi.org/10.1016/j.cyto.2023.156183
https://doi.org/10.3390/biomedicines10030629
https://doi.org/10.14797/CBHS2234
https://www.ncbi.nlm.nih.gov/pubmed/34326930
https://doi.org/10.3390/metabo13111152
https://www.ncbi.nlm.nih.gov/pubmed/37999248
https://doi.org/10.1155/2017/6736239
https://www.ncbi.nlm.nih.gov/pubmed/28293128
https://doi.org/10.1016/j.amjcard.2017.06.012
https://www.ncbi.nlm.nih.gov/pubmed/29025573
https://doi.org/10.1002/cpt.10
https://www.ncbi.nlm.nih.gov/pubmed/25670386


Int. J. Mol. Sci. 2024, 25, 4728 29 of 32

126. Ghosh, S.; Gupta, M.; Xu, W.; Mavrakis, D.A.; Janocha, A.J.; Comhair, S.A.; Haque, M.M.; Stuehr, D.J.; Yu, J.; Polgar, P.; et al.
Phosphorylation inactivation of endothelial nitric oxide synthesis in pulmonary arterial hypertension. Am. J. Physiol. Lung Cell.
Mol. Physiol. 2016, 310, L1199–L1205. [CrossRef]

127. Giaid, A.; Saleh, D. Reduced expression of endothelial nitric oxide synthase in the lungs of patients with pulmonary hypertension.
N. Engl. J. Med. 1995, 333, 214–221. [CrossRef]

128. Kharitonov, S.A.; Cailes, J.B.; Black, C.M.; du Bois, R.M.; Barnes, P.J. Decreased nitric oxide in the exhaled air of patients with
systemic sclerosis with pulmonary hypertension. Thorax 1997, 52, 1051–1055. [CrossRef]

129. Kanai, S.M.; Clouthier, D.E. Endothelin signaling in development. Development 2023, 150, dev201786. [CrossRef]
130. Rokni, M.; Sadeghi Shaker, M.; Kavosi, H.; Shokoofi, S.; Mahmoudi, M.; Farhadi, E. The role of endothelin and RAS/ERK

signaling in immunopathogenesis-related fibrosis in patients with systemic sclerosis: An updated review with therapeutic
implications. Arthritis Res. Ther. 2022, 24, 108. [CrossRef]

131. Morelli, S.; Ferri, C.; Di Francesco, L.; Baldoncini, R.; Carlesimo, M.; Bottoni, U.; Properzi, G.; Santucci, A. Plasma endothelin-1
levels in patients with systemic sclerosis: Influence of pulmonary or systemic arterial hypertension. Ann. Rheum. Dis. 1995,
54, 730–734. [CrossRef]

132. Hajialilo, M.; Noorabadi, P.; Tahsini Tekantapeh, S.; Malek Mahdavi, A. Endothelin-1, alpha-Klotho, 25(OH) Vit D levels and
severity of disease in scleroderma patients. Rheumatol. Int. 2017, 37, 1651–1657. [CrossRef] [PubMed]

133. Zeng, C.; Liu, J.; Zheng, X.; Hu, X.; He, Y. Prostaglandin and prostaglandin receptors: Present and future promising therapeutic
targets for pulmonary arterial hypertension. Respir. Res. 2023, 24, 263. [CrossRef]

134. Cathcart, M.C.; Tamosiuniene, R.; Chen, G.; Neilan, T.G.; Bradford, A.; O’Byrne, K.J.; Fitzgerald, D.J.; Pidgeon, G.P.
Cyclooxygenase-2-linked attenuation of hypoxia-induced pulmonary hypertension and intravascular thrombosis. J. Pharmacol.
Exp. Ther. 2008, 326, 51–58. [CrossRef] [PubMed]

135. Falcetti, E.; Hall, S.M.; Phillips, P.G.; Patel, J.; Morrell, N.W.; Haworth, S.G.; Clapp, L.H. Smooth muscle proliferation and role of
the prostacyclin (IP) receptor in idiopathic pulmonary arterial hypertension. Am. J. Respir. Crit. Care Med. 2010, 182, 1161–1170.
[CrossRef]

136. McLaughlin, V.V.; Archer, S.L.; Badesch, D.B.; Barst, R.J.; Farber, H.W.; Lindner, J.R.; Mathier, M.A.; McGoon, M.D.; Park, M.H.;
Rosenson, R.S.; et al. ACCF/AHA 2009 expert consensus document on pulmonary hypertension: A report of the American
College of Cardiology Foundation Task Force on Expert Consensus Documents and the American Heart Association: Developed
in collaboration with the American College of Chest Physicians, American Thoracic Society, Inc. and the Pulmonary Hypertension
Association. Circulation 2009, 119, 2250–2294. [PubMed]

137. Tuder, R.M.; Cool, C.D.; Geraci, M.W.; Wang, J.; Abman, S.H.; Wright, L.; Badesch, D.; Voelkel, N.F. Prostacyclin synthase
expression is decreased in lungs from patients with severe pulmonary hypertension. Am. J. Respir. Crit. Care Med. 1999,
159, 1925–1932. [CrossRef]

138. Bodas, M.; Subramaniyan, B.; Karmouty-Quintana, H.; Vitiello, P.F.; Walters, M.S. The emerging role of NOTCH3 receptor
signalling in human lung diseases. Expert. Rev. Mol. Med. 2022, 24, e33. [CrossRef]

139. Zmorzynski, S.; Styk, W.; Filip, A.A.; Krasowska, D. The Significance of NOTCH Pathway in the Development of Fibrosis in
Systemic Sclerosis. Ann. Dermatol. 2019, 31, 365–371. [CrossRef]

140. Xiao, Y.; Gong, D.; Wang, W. Soluble JAGGED1 inhibits pulmonary hypertension by attenuating notch signaling. Arterioscler.
Thromb. Vasc. Biol. 2013, 33, 2733–2739. [CrossRef]

141. Miyagawa, K.; Shi, M.; Chen, P.I.; Hennigs, J.K.; Zhao, Z.; Wang, M.; Li, C.G.; Saito, T.; Taylor, S.; Sa, S.; et al. Smooth Muscle
Contact Drives Endothelial Regeneration by BMPR2-Notch1-Mediated Metabolic and Epigenetic Changes. Circ. Res. 2019,
124, 211–224. [CrossRef] [PubMed]

142. Sahoo, S.; Li, Y.; de Jesus, D.; Sembrat, J.; Rojas, M.M.; Goncharova, E.; Cifuentes-Pagano, E.; Straub, A.C.; Pagano, P.J. Notch2
suppression mimicking changes in human pulmonary hypertension modulates Notch1 and promotes endothelial cell proliferation.
Am. J. Physiol. Heart Circ. Physiol. 2021, 321, H542–H557. [CrossRef] [PubMed]

143. Li, X.; Zhang, X.; Leathers, R.; Makino, A.; Huang, C.; Parsa, P.; Macias, J.; Yuan, J.X.; Jamieson, S.W.; Thistlethwaite, P.A. Notch3
signaling promotes the development of pulmonary arterial hypertension. Nat. Med. 2009, 15, 1289–1297. [CrossRef]

144. Ramadhiani, R.; Ikeda, K.; Miyagawa, K.; Ryanto, G.R.T.; Tamada, N.; Suzuki, Y.; Kirita, Y.; Matoba, S.; Hirata, K.; Emoto, N.
Endothelial cell senescence exacerbates pulmonary hypertension by inducing juxtacrine Notch signaling in smooth muscle cells.
iScience 2023, 26, 106662. [CrossRef]

145. Dabral, S.; Tian, X.; Kojonazarov, B.; Savai, R.; Ghofrani, H.A.; Weissmann, N.; Florio, M.; Sun, J.; Jonigk, D.; Maegel, L.; et al.
Notch1 signalling regulates endothelial proliferation and apoptosis in pulmonary arterial hypertension. Eur. Respir. J. 2016,
48, 1137–1149. [CrossRef]

146. Dees, C.; Tomcik, M.; Zerr, P.; Akhmetshina, A.; Horn, A.; Palumbo, K.; Beyer, C.; Zwerina, J.; Distler, O.; Schett, G.; et al.
Notch signalling regulates fibroblast activation and collagen release in systemic sclerosis. Ann. Rheum. Dis. 2011, 70, 1304–1310.
[CrossRef] [PubMed]

147. Kaundal, U.; Stenson, E.; Sahu, M.; Thakur, K.K.; Wang, J.; Shah, A.; Mayes, M.; Doumatey, A.; Bentley, A.; Shriner, D.; et al.
Functional Variants Increase Notch Signaling and Susceptibility for Systemic Sclerosis. Arthritis Rheumatol. 2022, 74, 2233–2235.

https://doi.org/10.1152/ajplung.00092.2016
https://doi.org/10.1056/NEJM199507273330403
https://doi.org/10.1136/thx.52.12.1051
https://doi.org/10.1242/dev.201786
https://doi.org/10.1186/s13075-022-02787-w
https://doi.org/10.1136/ard.54.9.730
https://doi.org/10.1007/s00296-017-3797-z
https://www.ncbi.nlm.nih.gov/pubmed/28831601
https://doi.org/10.1186/s12931-023-02559-3
https://doi.org/10.1124/jpet.107.134221
https://www.ncbi.nlm.nih.gov/pubmed/18375790
https://doi.org/10.1164/rccm.201001-0011OC
https://www.ncbi.nlm.nih.gov/pubmed/19332472
https://doi.org/10.1164/ajrccm.159.6.9804054
https://doi.org/10.1017/erm.2022.27
https://doi.org/10.5021/ad.2019.31.4.365
https://doi.org/10.1161/ATVBAHA.113.302062
https://doi.org/10.1161/CIRCRESAHA.118.313374
https://www.ncbi.nlm.nih.gov/pubmed/30582451
https://doi.org/10.1152/ajpheart.00125.2021
https://www.ncbi.nlm.nih.gov/pubmed/34296965
https://doi.org/10.1038/nm.2021
https://doi.org/10.1016/j.isci.2023.106662
https://doi.org/10.1183/13993003.00773-2015
https://doi.org/10.1136/ard.2010.134742
https://www.ncbi.nlm.nih.gov/pubmed/21450749


Int. J. Mol. Sci. 2024, 25, 4728 30 of 32

148. Kavian, N.; Servettaz, A.; Mongaret, C.; Wang, A.; Nicco, C.; Chereau, C.; Grange, P.; Vuiblet, V.; Birembaut, P.; Diebold, M.D.;
et al. Targeting ADAM-17/notch signaling abrogates the development of systemic sclerosis in a murine model. Arthritis Rheum.
2010, 62, 3477–3487. [CrossRef]

149. Dees, C.; Zerr, P.; Tomcik, M.; Beyer, C.; Horn, A.; Akhmetshina, A.; Palumbo, K.; Reich, N.; Zwerina, J.; Sticherling, M.; et al.
Inhibition of Notch signaling prevents experimental fibrosis and induces regression of established fibrosis. Arthritis Rheum. 2011,
63, 1396–1404. [CrossRef]

150. Yao, Q.; Xing, Y.; Wang, Z.; Liang, J.; Lin, Q.; Huang, M.; Chen, Y.; Lin, B.; Xu, X.; Chen, W. MiR-16-5p suppresses myofibroblast
activation in systemic sclerosis by inhibiting NOTCH signaling. Aging 2020, 13, 2640–2654. [CrossRef]

151. Noseda, M.; McLean, G.; Niessen, K.; Chang, L.; Pollet, I.; Montpetit, R.; Shahidi, R.; Dorovini-Zis, K.; Li, L.; Beckstead, B.; et al.
Notch activation results in phenotypic and functional changes consistent with endothelial-to-mesenchymal transformation. Circ.
Res. 2004, 94, 910–917. [CrossRef] [PubMed]

152. Pullamsetti, S.S.; Mamazhakypov, A.; Weissmann, N.; Seeger, W.; Savai, R. Hypoxia-inducible factor signaling in pulmonary
hypertension. J. Clin. Investig. 2020, 130, 5638–5651. [CrossRef] [PubMed]

153. Liu, J.; Wang, W.; Wang, L.; Chen, S.; Tian, B.; Huang, K.; Corrigan, C.J.; Ying, S.; Wang, W.; Wang, C. IL-33 Initiates Vascular
Remodelling in Hypoxic Pulmonary Hypertension by up-Regulating HIF-1alpha and VEGF Expression in Vascular Endothelial
Cells. EBioMedicine 2018, 33, 196–210. [CrossRef] [PubMed]

154. Cowburn, A.S.; Crosby, A.; Macias, D.; Branco, C.; Colaco, R.D.; Southwood, M.; Toshner, M.; Crotty Alexander, L.E.; Morrell,
N.W.; Chilvers, E.R.; et al. HIF2alpha-arginase axis is essential for the development of pulmonary hypertension. Proc. Natl. Acad.
Sci. USA 2016, 113, 8801–8806. [CrossRef]

155. Wang, Z.; Yang, K.; Zheng, Q.; Zhang, C.; Tang, H.; Babicheva, A.; Jiang, Q.; Li, M.; Chen, Y.; Carr, S.G.; et al. Divergent changes
of p53 in pulmonary arterial endothelial and smooth muscle cells involved in the development of pulmonary hypertension. Am.
J. Physiol. Lung Cell. Mol. Physiol. 2019, 316, L216–L228. [CrossRef] [PubMed]

156. Luo, Y.T.; Teng, X.; Zhang, L.L.; Chen, J.N.; Liu, Z.; Chen, X.H.; Zhao, S.; Yang, S.; Feng, J.; Yan, X.Y. CD146-HIF-1α hypoxic
reprogramming drives vascular remodeling and pulmonary arterial hypertension. Nat. Commun. 2019, 10, 3551. [CrossRef]

157. Hu, C.J.; Poth, J.M.; Zhang, H.; Flockton, A.; Laux, A.; Kumar, S.; McKeon, B.; Mouradian, G.; Li, M.; Riddle, S.; et al. Suppression
of HIF2 signalling attenuates the initiation of hypoxia-induced pulmonary hypertension. Eur. Respir. J. 2019, 54, 1900378.
[CrossRef] [PubMed]

158. Maciejewska, M.; Sikora, M.; Stec, A.; Zaremba, M.; Maciejewski, C.; Pawlik, K.; Rudnicka, L. Hypoxia-Inducible Factor-1alpha
(HIF-1alpha) as a Biomarker for Changes in Microcirculation in Individuals with Systemic Sclerosis. Dermatol. Ther. 2023,
13, 1549–1560. [CrossRef]

159. Mao, J.; Liu, J.; Zhou, M.; Wang, G.; Xiong, X.; Deng, Y. Hypoxia-induced interstitial transformation of microvascular endothelial
cells by mediating HIF-1alpha/VEGF signaling in systemic sclerosis. PLoS ONE 2022, 17, e0263369. [CrossRef]

160. He, X.; Shi, Y.; Zeng, Z.; Tang, B.; Xiao, X.; Yu, J.; Zou, P.; Liu, J.; Xiao, Y.; Luo, Y.; et al. Intimate intertwining of the pathogenesis of
hypoxia and systemic sclerosis: A transcriptome integration analysis. Front. Immunol. 2022, 13, 929289. [CrossRef]

161. Takagi, K.; Kawamoto, M.; Higuchi, T.; Tochimoto, A.; Harigai, M.; Kawaguchi, Y. Single nucleotide polymorphisms of the
HIF1A gene are associated with susceptibility to pulmonary arterial hypertension in systemic sclerosis and contribute to SSc-PAH
disease severity. Int. J. Rheum. Dis. 2020, 23, 674–680. [CrossRef]

162. Arefiev, K.; Fiorentino, D.F.; Chung, L. Endothelin Receptor Antagonists for the Treatment of Raynaud’s Phenomenon and Digital
Ulcers in Systemic Sclerosis. Int. J. Rheumatol. 2011, 2011, 201787. [CrossRef]

163. Galie, N.; Barbera, J.A.; Frost, A.E.; Ghofrani, H.A.; Hoeper, M.M.; McLaughlin, V.V.; Peacock, A.J.; Simonneau, G.; Vachiery,
J.L.; Grunig, E.; et al. Initial Use of Ambrisentan plus Tadalafil in Pulmonary Arterial Hypertension. N. Engl. J. Med. 2015,
373, 834–844. [CrossRef] [PubMed]

164. Galie, N.; Olschewski, H.; Oudiz, R.J.; Torres, F.; Frost, A.; Ghofrani, H.A.; Badesch, D.B.; McGoon, M.D.; McLaughlin, V.V.;
Roecker, E.B.; et al. Ambrisentan for the treatment of pulmonary arterial hypertension: Results of the ambrisentan in pulmonary
arterial hypertension, randomized, double-blind, placebo-controlled, multicenter, efficacy (ARIES) study 1 and 2. Circulation 2008,
117, 3010–3019. [CrossRef]

165. Hassoun, P.M.; Zamanian, R.T.; Damico, R.; Lechtzin, N.; Khair, R.; Kolb, T.M.; Tedford, R.J.; Hulme, O.L.; Housten, T.; Pisanello,
C.; et al. Ambrisentan and Tadalafil Up-Front Combination Therapy in Scleroderma-associated Pulmonary Arterial Hypertension.
Am. J. Respir. Crit. Care Med. 2015, 192, 1102–1110. [CrossRef]

166. Rubin, L.J.; Badesch, D.B.; Barst, R.J.; Galie, N.; Black, C.M.; Keogh, A.; Pulido, T.; Frost, A.; Roux, S.; Leconte, I.; et al. Bosentan
therapy for pulmonary arterial hypertension. N. Engl. J. Med. 2002, 346, 896–903. [CrossRef] [PubMed]

167. Matucci-Cerinic, M.; Denton, C.P.; Furst, D.E.; Mayes, M.D.; Hsu, V.M.; Carpentier, P.; Wigley, F.M.; Black, C.M.; Fessler, B.J.;
Merkel, P.A.; et al. Bosentan treatment of digital ulcers related to systemic sclerosis: Results from the RAPIDS-2 randomised,
double-blind, placebo-controlled trial. Ann. Rheum. Dis. 2011, 70, 32–38. [CrossRef]

168. Nguyen, V.A.; Eisendle, K.; Gruber, I.; Hugl, B.; Reider, D.; Reider, N. Effect of the dual endothelin receptor antagonist bosentan
on Raynaud’s phenomenon secondary to systemic sclerosis: A double-blind prospective, randomized, placebo-controlled pilot
study. Rheumatology 2010, 49, 583–587. [CrossRef]

169. Castellvi, I.; Simeon, C.P.; Sarmiento, M.; Casademont, J.; Corominas, H.; Fonollosa, V. Effect of bosentan in pulmonary
hypertension development in systemic sclerosis patients with digital ulcers. PLoS ONE 2020, 15, e0243651. [CrossRef]

https://doi.org/10.1002/art.27626
https://doi.org/10.1002/art.30254
https://doi.org/10.18632/aging.202308
https://doi.org/10.1161/01.RES.0000124300.76171.C9
https://www.ncbi.nlm.nih.gov/pubmed/14988227
https://doi.org/10.1172/JCI137558
https://www.ncbi.nlm.nih.gov/pubmed/32881714
https://doi.org/10.1016/j.ebiom.2018.06.003
https://www.ncbi.nlm.nih.gov/pubmed/29921553
https://doi.org/10.1073/pnas.1602978113
https://doi.org/10.1152/ajplung.00538.2017
https://www.ncbi.nlm.nih.gov/pubmed/30358436
https://doi.org/10.1038/s41467-019-11500-6
https://doi.org/10.1183/13993003.00378-2019
https://www.ncbi.nlm.nih.gov/pubmed/31515405
https://doi.org/10.1007/s13555-023-00952-w
https://doi.org/10.1371/journal.pone.0263369
https://doi.org/10.3389/fimmu.2022.929289
https://doi.org/10.1111/1756-185X.13822
https://doi.org/10.1155/2011/201787
https://doi.org/10.1056/NEJMoa1413687
https://www.ncbi.nlm.nih.gov/pubmed/26308684
https://doi.org/10.1161/CIRCULATIONAHA.107.742510
https://doi.org/10.1164/rccm.201507-1398OC
https://doi.org/10.1056/NEJMoa012212
https://www.ncbi.nlm.nih.gov/pubmed/11907289
https://doi.org/10.1136/ard.2010.130658
https://doi.org/10.1093/rheumatology/kep413
https://doi.org/10.1371/journal.pone.0243651


Int. J. Mol. Sci. 2024, 25, 4728 31 of 32

170. Pulido, T.; Adzerikho, I.; Channick, R.N.; Delcroix, M.; Galie, N.; Ghofrani, H.A.; Jansa, P.; Jing, Z.C.; Le Brun, F.O.; Mehta, S.;
et al. Macitentan and morbidity and mortality in pulmonary arterial hypertension. N. Engl. J. Med. 2013, 369, 809–818. [CrossRef]

171. Khanna, D.; Denton, C.P.; Merkel, P.A.; Krieg, T.; Le Brun, F.O.; Marr, A.; Papadakis, K.; Pope, J.; Matucci-Cerinic, M.; Furst, D.E.;
et al. Effect of Macitentan on the Development of New Ischemic Digital Ulcers in Patients with Systemic Sclerosis: DUAL-1 and
DUAL-2 Randomized Clinical Trials. JAMA 2016, 315, 1975–1988. [CrossRef]

172. Jin, Q.; Chen, D.; Zhang, X.; Zhang, F.; Zhong, D.; Lin, D.; Guan, L.; Pan, W.; Zhou, D.; Ge, J. Medical Management of Pulmonary
Arterial Hypertension: Current Approaches and Investigational Drugs. Pharmaceutics 2023, 15, 1579. [CrossRef]

173. Galie, N.; Ghofrani, H.A.; Torbicki, A.; Barst, R.J.; Rubin, L.J.; Badesch, D.; Fleming, T.; Parpia, T.; Burgess, G.; Branzi, A.; et al.
Sildenafil citrate therapy for pulmonary arterial hypertension. N. Engl. J. Med. 2005, 353, 2148–2157. [CrossRef]

174. Kumar, U.; Sankalp, G.; Sreenivas, V.; Kaur, S.; Misra, D. Prospective, open-label, uncontrolled pilot study to study safety
and efficacy of sildenafil in systemic sclerosis-related pulmonary artery hypertension and cutaneous vascular complications.
Rheumatol. Int. 2013, 33, 1047–1052. [CrossRef]

175. Hachulla, E.; Hatron, P.Y.; Carpentier, P.; Agard, C.; Chatelus, E.; Jego, P.; Mouthon, L.; Queyrel, V.; Fauchais, A.L.; Michon-
Pasturel, U.; et al. Efficacy of sildenafil on ischaemic digital ulcer healing in systemic sclerosis: The placebo-controlled SEDUCE
study. Ann. Rheum. Dis. 2016, 75, 1009–1015. [CrossRef]

176. Jing, Z.C.; Yu, Z.X.; Shen, J.Y.; Wu, B.X.; Xu, K.F.; Zhu, X.Y.; Pan, L.; Zhang, Z.L.; Liu, X.Q.; Zhang, Y.S.; et al. Vardenafil in
pulmonary arterial hypertension: A randomized, double-blind, placebo-controlled study. Am. J. Respir. Crit. Care Med. 2011,
183, 1723–1729. [CrossRef]

177. Ghofrani, H.A.; Galie, N.; Grimminger, F.; Grunig, E.; Humbert, M.; Jing, Z.C.; Keogh, A.M.; Langleben, D.; Kilama, M.O.; Fritsch,
A.; et al. Riociguat for the treatment of pulmonary arterial hypertension. N. Engl. J. Med. 2013, 369, 330–340. [CrossRef]

178. Khanna, D.; Allanore, Y.; Denton, C.P.; Kuwana, M.; Matucci-Cerinic, M.; Pope, J.E.; Atsumi, T.; Becvar, R.; Czirjak, L.; Hachulla,
E.; et al. Riociguat in patients with early diffuse cutaneous systemic sclerosis (RISE-SSc): Randomised, double-blind, placebo-
controlled multicentre trial. Ann. Rheum. Dis. 2020, 79, 618–625. [CrossRef]

179. Distler, O.; Allanore, Y.; Denton, C.P.; Kuwana, M.; Matucci-Cerinic, M.; Pope, J.E.; Atsumi, T.; Becvar, R.; Czirjak, L.; Hachulla, E.;
et al. Riociguat in patients with early diffuse cutaneous systemic sclerosis (RISE-SSc): Open-label, long-term extension of a phase
2b, randomised, placebo-controlled trial. Lancet Rheumatol. 2023, 5, e660–e669. [CrossRef]

180. McLaughlin, V.V.; Shillington, A.; Rich, S. Survival in primary pulmonary hypertension: The impact of epoprostenol therapy.
Circulation 2002, 106, 1477–1482. [CrossRef]

181. Sitbon, O.; Vonk Noordegraaf, A. Epoprostenol and pulmonary arterial hypertension: 20 years of clinical experience. Eur. Respir.
Rev. 2017, 26, 160055. [CrossRef] [PubMed]

182. Colaci, M.; Lumetti, F.; Giuggioli, D.; Guiducci, S.; Bellando-Randone, S.; Fiori, G.; Matucci-Cerinic, M.; Ferri, C. Long-term
treatment of scleroderma-related digital ulcers with iloprost: A cohort study. Clin. Exp. Rheumatol. 2017, 35 (Suppl. 106), 179–183.
[PubMed]

183. Benza, R.L.; Tapson, V.F.; Gomberg-Maitland, M.; Poms, A.; Barst, R.J.; McLaughlin, V.V. One-year experience with intravenous
treprostinil for pulmonary arterial hypertension. J. Heart Lung Transplant. 2013, 32, 889–896. [CrossRef]

184. Waxman, A.; Restrepo-Jaramillo, R.; Thenappan, T.; Ravichandran, A.; Engel, P.; Bajwa, A.; Allen, R.; Feldman, J.; Argula,
R.; Smith, P.; et al. Inhaled Treprostinil in Pulmonary Hypertension Due to Interstitial Lung Disease. N. Engl. J. Med. 2021,
384, 325–334. [CrossRef]

185. Nathan, S.D.; Waxman, A.; Rajagopal, S.; Case, A.; Johri, S.; DuBrock, H.; De La Zerda, D.J.; Sahay, S.; King, C.; Melendres-Groves,
L.; et al. Inhaled treprostinil and forced vital capacity in patients with interstitial lung disease and associated pulmonary
hypertension: A post-hoc analysis of the INCREASE study. Lancet Respir. Med. 2021, 9, 1266–1274. [CrossRef] [PubMed]

186. Yanagihara, T.; Tsubouchi, K.; Zhou, Q.; Chong, M.; Otsubo, K.; Isshiki, T.; Schupp, J.C.; Sato, S.; Scallan, C.; Upagupta, C.;
et al. Vascular-Parenchymal Cross-Talk Promotes Lung Fibrosis through BMPR2 Signaling. Am. J. Respir. Crit. Care Med. 2023,
207, 1498–1514. [CrossRef]

187. Sitbon, O.; Channick, R.; Chin, K.M.; Frey, A.; Gaine, S.; Galie, N.; Ghofrani, H.A.; Hoeper, M.M.; Lang, I.M.; Preiss, R.; et al.
Selexipag for the Treatment of Pulmonary Arterial Hypertension. N. Engl. J. Med. 2015, 373, 2522–2533. [CrossRef]

188. Gaine, S.; Chin, K.; Coghlan, G.; Channick, R.; Di Scala, L.; Galie, N.; Ghofrani, H.A.; Lang, I.M.; McLaughlin, V.; Preiss, R.;
et al. Selexipag for the treatment of connective tissue disease-associated pulmonary arterial hypertension. Eur. Respir. J. 2017,
50, 1602493. [CrossRef]

189. Butikofer, L.; Varisco, P.A.; Distler, O.; Kowal-Bielecka, O.; Allanore, Y.; Riemekasten, G.; Villiger, P.M.; Adler, S.; EUSTAR
Collaborators. ACE inhibitors in SSc patients display a risk factor for scleroderma renal crisis—A EUSTAR analysis. Arthritis Res.
Ther. 2020, 22, 59. [CrossRef]

190. Zamanian, R.T.; Badesch, D.; Chung, L.; Domsic, R.T.; Medsger, T.; Pinckney, A.; Keyes-Elstein, L.; D’Aveta, C.; Spychala, M.;
White, R.J.; et al. Safety and Efficacy of B-Cell Depletion with Rituximab for the Treatment of Systemic Sclerosis-associated
Pulmonary Arterial Hypertension: A Multicenter, Double-Blind, Randomized, Placebo-controlled Trial. Am. J. Respir. Crit. Care
Med. 2021, 204, 209–221. [CrossRef]

191. Medrek, S.; Melendres-Groves, L. Evolving nonvasodilator treatment options for pulmonary arterial hypertension. Curr. Opin.
Pulm. Med. 2022, 28, 361–368. [CrossRef]

https://doi.org/10.1056/NEJMoa1213917
https://doi.org/10.1001/jama.2016.5258
https://doi.org/10.3390/pharmaceutics15061579
https://doi.org/10.1056/NEJMoa050010
https://doi.org/10.1007/s00296-012-2466-5
https://doi.org/10.1136/annrheumdis-2014-207001
https://doi.org/10.1164/rccm.201101-0093OC
https://doi.org/10.1056/NEJMoa1209655
https://doi.org/10.1136/annrheumdis-2019-216823
https://doi.org/10.1016/S2665-9913(23)00238-2
https://doi.org/10.1161/01.CIR.0000029100.82385.58
https://doi.org/10.1183/16000617.0055-2016
https://www.ncbi.nlm.nih.gov/pubmed/28096285
https://www.ncbi.nlm.nih.gov/pubmed/28980901
https://doi.org/10.1016/j.healun.2013.06.008
https://doi.org/10.1056/NEJMoa2008470
https://doi.org/10.1016/S2213-2600(21)00165-X
https://www.ncbi.nlm.nih.gov/pubmed/34214475
https://doi.org/10.1164/rccm.202109-2174OC
https://doi.org/10.1056/NEJMoa1503184
https://doi.org/10.1183/13993003.02493-2016
https://doi.org/10.1186/s13075-020-2141-2
https://doi.org/10.1164/rccm.202009-3481OC
https://doi.org/10.1097/MCP.0000000000000887


Int. J. Mol. Sci. 2024, 25, 4728 32 of 32

192. Johnson, S.R.; Granton, J.T.; Tomlinson, G.A.; Grosbein, H.A.; Le, T.; Lee, P.; Seary, M.E.; Hawker, G.A.; Feldman, B.M. Warfarin in
systemic sclerosis-associated and idiopathic pulmonary arterial hypertension. A Bayesian approach to evaluating treatment for
uncommon disease. J. Rheumatol. 2012, 39, 276–285. [CrossRef]

193. Hoeper, M.M.; Badesch, D.B.; Ghofrani, H.A.; Gibbs, J.S.R.; Gomberg-Maitland, M.; McLaughlin, V.V.; Preston, I.R.; Souza, R.;
Waxman, A.B.; Grunig, E.; et al. Phase 3 Trial of Sotatercept for Treatment of Pulmonary Arterial Hypertension. N. Engl. J. Med.
2023, 388, 1478–1490. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3899/jrheum.110765
https://doi.org/10.1056/NEJMoa2213558

	Introduction 
	Clinical Aspects and Definitions 
	Systemic Sclerosis 
	Pulmonary Hypertension—WHO Classification 
	SSc PH and SSc-PAH 

	Pathology of PAH 
	PAH Genetics 
	Biomarkers 
	NT-proBNP and BNP 
	Autoantibodies 
	Proteome-Wide SSc-PAH Biomarkers 
	Metabolic Biomarkers 
	Cytokines and Chemokines 
	Additional Candidate Biomarkers 

	PAH Animal Models 
	Monocrotaline 
	Sugen/Hypoxia 
	BMPR2 Transgenic/Knockout Animals 
	Fra-2 Transgenic Mice 
	Fli-1/Klf5 Mice 
	TNF Transgenic Mice 

	Cellular Pathogenesis 
	Endothelial Cells 
	Vascular Smooth Muscle Cell 
	Fibroblasts 
	Pericytes 
	Myeloid Cells 
	Lymphocytes 

	Intracellular Signaling 
	BMP Signaling Pathway 
	TGF- Signaling Pathways 
	Vasodilatory Pathways 
	Nitric Oxide Pathway 
	Endothelin Pathway 
	Prostacyclin Pathway 

	Notch Pathway 
	HIF Pathway 

	Drug Therapy of PAH and SSc-PAH 
	Endothelin Receptor Antagonists 
	Nitric Oxide: Phosphodiesterase Inhibitors and Guanylate Cyclase Agonists 
	Prostacyclin Agonists and Receptor Agonists 
	Immunomodulation 
	Iron Supplementation and Anticoagulation 
	Sotatercept 
	Combination Therapy 

	Conclusions 
	References

