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Preface to “Frontiers of Targeted Therapy and
Predictors of Treatment Response in Systemic
Sclerosis ”

Among the group of connective tissue diseases, systemic sclerosis (scleroderma) is considered to
be the most challenging one and is burdened by the highest cause-specific mortality, heterogeneity in
disease course, severe impact on overall function and quality of life, and the unpredictable efficacy
of the currently used pharmacological therapies. It is characterized by three main intertwined
pathological mechanisms, i.e., vasculopathy, immune system activation and dysregulation, and
progressive tissue fibrosis. Recent advances in basic, translational, and clinical research have shed
further light on the etiology and pathophysiology of scleroderma, though it still remains incompletely
understood, and have improved long-term survival.

This book is a collection of all manuscripts accepted for publication from January 2021 to June
2022 in the Special Issue of Biomedicines entitled “Frontiers of Targeted Therapy and Predictors of
Treatment Response in Systemic Sclerosis” under the section “Molecular and Translational Medicine”,
where I served as a guest editor. It starts with my editorial, which provides a brief overview
of the main outcomes demonstrated in the following six original research articles and five review
articles kindly contributed by well-established scleroderma experts, addressing the most recent
advancements and further elucidation of the pathophysiology, natural course of the disease, and
therapeutic options for this enigmatic disease.

I would like to express my gratitude to all the contributors, colleagues, research collaborators,
and support (Ministry of Health of the Czech Republic [00023728, NV18-01-00161A] and Charles
University Grant Agency [GAUK-114122]), as well as my students and mentors in rheumatology and
to all the patients who have taught me about systemic sclerosis and were the source of inspiration
over the years. I gratefully acknowledge Yajun Li for the kind invitation to be a guest editor of this
Special Issue and for her dedicated technical assistance. Most of all, I am indebted and deeply grateful

to my family for their unwavering love, patience, and support.

Michal Tomcik
Editor
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Systemic sclerosis (scleroderma, SSc) is one of the most challenging rheumatic diseases,
characterized by vasculopathy, dysregulation of the immune response, and progressive
tissue fibrosis affecting the skin, lungs, heart, digestive tract, and kidneys. To date, it
is considered incurable and carries the highest cause-specific mortality of all connective
tissue diseases. This is especially true in the later stages of the disease, when irreversible
damage to the musculoskeletal system and internal organs prevails, which significantly
reduces overall function, the ability to perform activities of daily living, and the quality
of life. Despite advances in basic, translational, and clinical research in recent years, the
etiology and pathophysiology of this complex condition remain to be elucidated. In spite
of a large number of clinical trials and the progress made in their design over the last
decade, no approved disease-modifying therapies exist for SSc to date. Currently available
pharmacological therapies predominantly target inflammatory and vascular pathways,
have variable and unpredictable clinical efficacy and usually undesirable safety profiles,
and only have a modest effect on long-term survival [1].

Therefore, the focus of several research groups has been to unravel novel therapeutic
targets driving the main pathological processes of this disease and to identify potential
predictors of the treatment response of the currently available therapies, in order to optimize
the stratification of patients with this heterogeneous disease while minimizing the possible
adverse events and maximizing the potential benefit of therapy. The collection of six original
research manuscripts and five review articles highlights the most recent progress in this
field and provides further elucidation of the pathogenesis and natural disease course of
this enigmatic disease.

A large body of evidence supports the concept that the activation of the immune
system drives the complex interplay between vasculopathy and fibrogenesis in SSc. In their
review article, Papadimitriou et al. focus on the contribution of the innate and acquired
immune system to the development and progression of tissue fibrosis in SSc [2]. They
provide a complex overview of crucial cellular and soluble immune mediators implicated
in SSc pathogenesis and discuss their impact on skin and lung fibrosis. Furthermore,
they review the evidence supporting the use of first-line anti-inflammatory therapies
(e.g., corticosteroids, methotrexate, cyclophosphamide, mycophenolate mofetil, and autolo-
gous hematopoietic stem cell transplantation), T cell-, B cell-, and cytokine-specific targeted
therapies (e.g., rituximab, inebilizumab, belimumab, abatacept, tocilizumab, rilonacept,
basiliximab, fresolimumab, metelimumab, and pirfenidone), as well as emerging thera-
pies with tyrosine kinase inhibitors (e.g., imatinib mesylate, nilotinib, nintedanib, and
tofacitinib) to reduce fibrosis.

Among the plethora of soluble immune mediators implicated in the pathogenesis of
SSc, interleukin (IL)-6 plays a vital role both in microangiopathy and the development of
tissue fibrosis. Cardoneanu et al. provide an overview of the involvement of IL-6 in the
activation and apoptosis of vascular endothelial cells, the potentiation and maintenance
of innate and adaptive immune response, and fibrogenesis [3]. They discuss the systemic
adverse effects of IL-6 in the involvement of the skin, lungs, kidneys, gastrointestinal tract,
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and cardiovascular system, and present a comprehensive overview of the published data
on the clinical efficacy of tocilizumab in the treatment of SSc-related manifestations.

All three of the above-mentioned processes involved in the pathogenesis of SSc can
also be modulated by epigenetic mechanisms. In their review article, Szabo et al. provide
an extensive overview of complex interactions of micro RNAs (miRNAs, small non-coding
RNA sequences) with microangiopathy, immune activation, and tissue fibrosis [4]. They
present the published serum- and tissue-specific miRNA signatures in SSc and focus on
miRNA transcripts with pro- and anti-fibrotic properties, and the roles of miRNAs in
fibroblast apoptosis and the pathogenesis of SSc-related interstitial lung disease (ILD),
vascular damage and immune dysfunction. Furthermore, they discuss the potential use
of miRNAs as diagnostic and prognostic biomarkers as well as potential novel targeted
therapies of SSc.

Zaaroor Levy et al. studied the circulating miRNAs that may differentiate between
SSc patients with and without pulmonary arterial hypertension (PAH) and assessed their
expression in plasma, white blood cells, and dermal myofibroblasts [5]. They demonstrate
that plasma levels of miR-26 and miR-let-7d are decreased in SSc-PAH patients com-
pared to SSc patients without PAH. Furthermore, their findings suggest that miR-26 and
miR-let-7d might be involved in the activation of fibroblasts by regulating the genes in the
transforming growth factor (TGF)-f3 and endothelin-1 pathways, and their reduced plasma
levels could be an early predictor of the development of PAH.

In their original article, Storkanovd et al. present compelling evidence for a potential
novel therapeutic target implicated in SSc-related skin fibrosis [6]. Using a modified murine
model of bleomycin-induced dermal fibrosis, they demonstrate that the inhibition of Heat
shock protein (Hsp)-90 by 17-dimethylaminoethylamino-17-demethoxy-geldanamycin
(17-DMAG,) prevents further progression and may induce regression of the established skin
fibrosis with a comparable effect to that of nintedanib. The anti-fibrotic effects of 17-DMAG
were mediated by the inhibition of fibroblast activation, suppression of TGF-f/Smad
signaling, and the systemic and local inflammatory response induced by bleomycin. Since
several Hsp90 inhibitors have been assessed in clinical trials for oncological indications,
these preclinical findings may have translational implications in the treatment of SSc-related
tissue fibrosis.

Bogl et al. used targeted and untargeted metabolomic approaches to elucidate the
distinct biochemical mechanisms that might be relevant to the pathophysiology of SSc [7].
Their metabolomic profiling in plasma from SSc patients compared to healthy controls
revealed four significantly dysregulated metabolic pathways, namely the kynurenine
pathway, urea cycle, lipid metabolism, and gut microbiome, all of which are associated
with autoimmune inflammation, vascular damage, fibrosis, and intestinal dysbiosis. These
four altered metabolomics networks deserve further validation; however, they could
become potential therapeutic targets or biomarkers of treatment response in SSc.

The potential pathomechanisms leading to the maturation of autoreactive B cells,
formation of autoantibodies, and processes underlying the potential promotion and main-
tenance of pathologic processes involved in SSc are not sufficiently understood. These
issues are extensively discussed in the review article of GrafShoff and others [8]. They also
provide a comprehensive overview of autoantibodies which might be useful as biological
predictors of disease course and of therapeutic approaches that have been or might be used
in the future for the treatment of autoantibody-induced pathologies in SSc.

Recent advances in the basic and clinical research on ILD, as a leading cause of
mortality in SSc, have led to the discovery of novel molecular therapeutic targets. The
review article by Aragona et al. analyzes phase II/III randomized clinical trials focused on
SSc-ILD, which were published between January 2016 and December 2021 [9]. The authors
provide supporting evidence on the phase III trials involving nintedanib, tocilizumab, and
lenabasum, as well as of phase II trials involving pirfenidone, pomalidomide, romilkimab,
riociguat, rituximab, and abatacept. In addition, they report on the head-to-head studies of
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rituximab vs. cyclophosphamide and mycophenolate mofetil vs. cyclophosphamide, as
well as future directions in clinical trials on SSc-ILD.

Two studies from the research group of Veronika Miiller shed some light on the disease
course of SSc-ILD from two different perspectives. Nagy T et al. examined SSc-ILD patients
with a normal initial spirometry and followed up with them for at least one year [10]. They
reported that patients who present with cough and pulmonary hypertension were at a
higher risk of developing progressive decline in lung functions. Similarly, Nagy A et al.
assessed the disease course and progressive functional decline in SSc-ILD patients treated
in a real-world setting and demonstrated that the most prominent functional decline oc-
curred in untreated patients, which was as expected, but paradoxically, in those with
BMI < 25 kg/m? [11]. Thus, overweight SSc-ILD patients appear to be at a lower risk of
progressive functional decline. These predictors require further validation; however, they
might be useful for defining a high-risk population of patients, who should be closely mon-
itored with regular follow-ups and started early and aggressively on immunosuppressive
and/or antifibrotic therapy.

In the last original article, Rauch et al. address the unmet need for new treatment
options for a therapeutically problematic clinical manifestation of SSc, cutaneous calci-
nosis [12]. They retrospectively assessed the effect of a second-generation bisphosphonate,
intravenous pamidronate, on cutaneous calcinosis, and demonstrated a reduction in pain,
improvement in general condition, and cessation of progression in 83%, regression of calci-
nosis in 33% of patients, stable disease in 17% of patients, and radiological improvement or
stabilization in 50% of the patients. Fever was the most common side effect and one patient
developed jaw osteonecrosis.

Hopefully, the novel advancements included here covering several aspects of the
pathogenesis, prognosis, and management of SSc will contribute to a reduction in suffering
and disability, as well as an improvement in the morbidity and mortality of our patients in
the near future.

Funding: This manuscript was supported by the Ministry of Health of the Czech Republic [00023728,
NV18-01-00161A] and Ministry of Education Youth and Sports [GAUK-114122].

Acknowledgments: I would like to express my gratitude to the authors who decided to contribute
their valuable work and the journal editors for their efforts to make the Special Issue a success. I
would like to thank Xiao Svec for language editing.
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Abstract: Systemic sclerosis (SSc) is a severe auto-immune, rheumatic disease, characterized by
excessive fibrosis of the skin and visceral organs. SSc is accompanied by high morbidity and mortality
rates, and unfortunately, few disease-modifying therapies are currently available. Inflammation,
vasculopathy, and fibrosis are the key hallmarks of SSc pathology. In this narrative review, we
examine the relationship between inflammation and fibrosis and provide an overview of the efficacy
of current and novel treatment options in diminishing SSc-related fibrosis based on selected clinical
trials. To do this, we first discuss inflammatory pathways of both the innate and acquired immune
systems that are associated with SSc pathophysiology. Secondly, we review evidence supporting the
use of first-line therapies in SSc patients. In addition, T cell-, B cell-, and cytokine-specific treatments
that have been utilized in SSc are explored. Finally, the potential effectiveness of tyrosine kinase
inhibitors and other novel therapeutic approaches in reducing fibrosis is highlighted.

Keywords: systemic sclerosis; immune cells; anti-inflammatory; therapy; fibrosis

1. Introduction

Systemic sclerosis (SSc) is a severe rheumatic, auto-immune disease which affects
up to 20 people per 100,000 and women up to nine times more often than men [1-3].
Inflammation, vasculopathy, and fibrosis are the key hallmarks of SSc. Patients suffer from
fibrotic skin lesions, and as the disease progresses, the function of internal organs including
the heart, lungs, gastrointestinal tract, and kidneys deteriorates due to fibrosis. The disease
has a high morbidity and greatly negatively affects the quality of life and life expectancy
of patients.

Although the pathophysiology of SSc has not been elucidated yet, the immune system
has been hypothesized as an important driver of the disease (Figure 1). SSc patients exhibit
disease-specific autoantibodies, and a typical cytokine profile in their blood indicating
immune cell activation. This profile is characterized by increased T helper 2 (Th2) and
decreased T helper 1 (Th1) cytokines [4,5]. Furthermore, in skin biopsies of early disease
patients, perivascular accumulation of immune cells, such as CD4+ and CD8+ cytotoxic
T cells (CTLs), can be observed [6]. This immune activation can cause (or is maybe a
response to) capillary damage, which leads to capillary breakdown, adherence of platelets,
and activation of pro-fibrotic pathways. Additionally, vascular injury causes damage and
apoptosis of endothelial cells. The release of internal damage-associated molecular patterns
(DAMPs) increases microvascular permeability which causes additional recruitment of
immune cells to the endothelium and therefore increased immune cell activation and
inflammation [7].

Biomedicines 2022, 10, 316. https:/ /doi.org/10.3390 /biomedicines10020316
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Figure 1. Simplified schematic representation of the complex interplay between inflammation,
vasculopathy, and fibrosis in SSc. Abbreviations: Th1 = T helper type 1 cells; DAMPs = damage-
associated molecular patterns; T = T lymphocyte; B = B lymphocyte; M® = macrophage.

Activation of the immune system is also linked to fibrosis. For example, Th2 cytokines,
such as interleukin (IL)-4 and -13, can activate myofibroblasts [8]. Myofibroblasts are
a strongly pro-fibrotic cell type which produces large amounts of extracellular matrix
(ECM) molecules and matrix-strengthening enzymes. Furthermore, these cells also excrete
growth factors and cytokines that worsen inflammation [9]. IL-4, IL-6, and transforming
growth factor (TGF)-f3 are the predominant fibrogenic cytokines that cause subendothelial
accumulation of fibrous tissue, leading to aberrant vascular remodeling [10]. In turn, this
aberrant vascular remodeling makes the capillaries more prone to damage, fueling an
immune response.

The important role of the immune system in the pathogenesis of SSc is further sup-
ported by the fact that autologous hematopoietic stem cell transplantation (ASCT) can
induce long-term disease remission in patients with SSc. However, ASCT is accompa-
nied by a high mortality rate (~10%) and is only administered in the most severe cases of
SSc [11]. Currently, there is no specific and effective disease-modifying treatment available,
which, regarding the severity of the disease, results in an unmet medical need. Presently,
mainly broad-spectrum immunosuppressive and anti-inflammatory drugs, developed for
other auto-immune diseases, are used to treat SSc. In this narrative review, we discuss the
effectiveness of the currently used and/or investigated agents in diminishing skin and
lung fibrosis in scleroderma patients. For this, we first provide an overview of the main
pathogenic pathways that are implicated in the disease. Secondly, drugs targeting these
pathways are assessed for their treatment efficacy based on results from selected clinical
trials. To write this review, the databases PubMed and clinicaltrials.gov were used to search
for publications up to November 2021. Combinations of Medical Subject Headings (MeSH)
terms referring to SSc (“Systemic sclerosis” OR “Scleroderma, Systemic”) and drugs of
interest, e.g., “methotrexate”, were included in the search strategy.

2. The Role of Immune Cells in SSc-Related Inflammation and Fibrosis

A large body of evidence suggests that both the innate and the adaptive immune
system are involved in the fibrogenesis of SSc.
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2.1. The Role of Innate Immunity in SSc

The innate immune system mediates the immediate defensive response against
pathogens and chemical or mechanical damage. An increased number of macrophages,
mast cells, type 2 innate-like lymphoid cells, eosinophils, and plasmacytoid dendritic cells
have been identified in SSc tissues [12]. The induction of excessive numbers of myofibrob-
lasts that is observed in SSc is partly mediated by the previously mentioned innate immune
cells. Other innate immune cell types such as platelets, neutrophils, and natural killer cells
have also been found to be dysregulated in SSc pathology. However, only a few studies
highlighting their role in SSc have been published. Thus, in this review, we focus on the
cells of the innate immune system that are well characterized in SSc.

2.1.1. Macrophages

Macrophages are effector phagocytotic cells specialized in eliminating pathogens.
These cells play an essential role in homeostatic manifestations related to the disposal of
internal waste products and tissue repair. Monocyte-derived macrophages can be found in
the blood circulation under inflammatory conditions but are prevalent in all human tissues
as tissue-resident macrophages. However, macrophages exhibit a highly heterogeneous
phenotype that is regulated by their microenvironment. Under the influence of certain
inflammatory mediators, macrophages can be polarized in vitro towards a classically
activated (M1) inflammatory phenotype or an alternatively activated (M2) tissue repair
phenotype. M2 macrophages are often characterized by the secretion of large amounts
of IL-10, TGF-f3, and other pro-fibrotic cytokines such as IL-4, IL-6, and IL-13 that play
an essential role in wound healing and tissue repair (Figure 2). These cytokines are also
known to induce fibrosis by activating myofibroblasts [13]. On the other hand, in states of
chronic tissue repair, M2 macrophages can also exhibit anti-fibrotic functions that lower
the progression of fibrosis by suppressing local T helper cell responses and decreasing the
production of ECM by (myo)fibroblasts [14,15]. Furthermore, to a certain extent, M1 and
M2 phenotypes are artificial in vitro cell states. In vivo, different types of anti-inflammatory
and anti-fibrotic macrophages have been reported in the process of wound healing, repair,
and fibrosis [16].

In SSc, transcriptomic and immunohistochemistry studies identified a prominent pro-
fibrotic M2 macrophage signature in patients’ skin and lung lesions that was correlated with
an increased skin score and disease severity [17-19]. In addition, a dominant M2 monocyte
signature has also been observed in SSc blood [20]. This notion suggests a role of M2
macrophages in the immunopathogenesis of SSc. The importance of macrophages in regu-
lating fibrosis is further supported by the observation that mice lacking macrophages (with
the use of liposomal chlodronate) exhibit reduced bleomycin-induced lung fibrosis [21]. In
skin lesions, M2 macrophages are characterized by overexpression of the scavenger receptor
CD163 or CD204 [22]. The number of CD163+ or CD204+ cells was found to be significantly
expanded in SSc compared to healthy skin [23]. Strikingly, these activated macrophages
were localized not only in the perivascular areas, but also between thickened collagen
fibers. This indicates a potential role of tissue-infiltrating macrophages in the development
of fibrosis [24]. However, it is worth mentioning that bone marrow-derived mesenchymal
progenitors such as monocytes and fibrocytes may also be implicated in SSc-related fibrosis.
These cells are able to migrate from the circulation to affected tissues such as the lungs,
where they differentiae into activated (myo)fibroblasts [25]. Of note, it has been reported
that fibrocytes were only detected in patients with connective tissue disorders (including
SSc) and not in healthy donors [26]. In SSc, the frequency of circulating fibrocytes was
positively correlated with an increased dermal thickness [27]. Furthermore, in a very recent
single-cell RNA sequencing (sc-RNA seq) study, highly proliferating macrophages were
only found in SSc and not healthy skin and were correlated with increased skin fibrosis [28].
Allin all, the role of macrophages in fibrotic activation in SSc is prominent, but the signaling
pathways characterizing their aberrant activation remain poorly understood. In addition,
their role as regulators of the disease, in combination with deciphering a potential role
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of anti-fibrotic macrophages in SSc, definitely warrants further research. Unraveling the
pathogenic mechanisms by which macrophages mediate fibrosis will likely contribute
to targeted therapies that reduce fibrosis and ameliorate inflammation in SSc and other
connective tissue disorders. To this end, future therapeutic options should opt to reduce
the activation/number of activated pro-fibrotic and pro-inflammatory macrophages while
boosting the activity of the anti-inflammatory and anti-fibrotic ones.
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Figure 2. An overview of the main pathogenic mechanisms by which T cells, B cells, macrophages,
mast cells, and plasmacytoid dendritic cells may contribute to (pro-)fibrotic manifestations in SSc
immunopathology. Abbreviations: M® = macrophages; B = B lymphocyte; CD8 = cytotoxic T cell;
CD4 = T helper cell; pDC = plasmacytoid dendritic cell; TGF- = transforming growth factor-3;
BAFF = B cell activating factor; APRIL = a proliferation-inducing ligand; PDGF = platelet-derived
growth factor; ECM = extracellular matrix.

2.1.2. Eosinophils and Mast Cells

As we discussed previously, serum levels of the cytokines IL-4, IL-10, and IL-13 are
elevated in SSc patients and are correlated with increased fibrosis and disease severity.
Meanwhile, IL-4 and IL-13 play an essential role in eosinophil-mediated inflammation, sug-
gesting a potential role of eosinophils in SSc pathology [29,30]. Eosinophils are granulocytes
derived from the myeloid stem cells that are part of the innate immune system. Elevated
levels of eosinophils have been described in SSc and other diseases of the connective tis-
sue [31]. In the peripheral blood of early untreated SSc patients, eosinophil counts were
higher compared to patients with other major collagen diseases such as dermatomyositis,
Sjogren’s syndrome, and systemic lupus erythematosus. Furthermore, eosinophil counts
were significantly correlated with severe interstitial lung disease (ILD) and an increased
skin thickness in patients with SSc, but not in patients with other collagen diseases [32].
In addition, the presence of skin ulcers in SSc has been associated with elevated counts
of peripheral blood eosinophils [33]. Collectively, these results implicate eosinophils in
the pathogenesis of SSc including the hallmarks of inflammation and vascular dysfunc-
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tion. However, studies exploring the exact mechanism of inflammation or ulcer formation
are lacking.

Another cell type of the innate immune system derived from myeloid stem cells is mast
cells. Mast cells have been detected in SSc tissues and can exhibit pro-fibrotic manifestations.
Elevated infiltration of mast cells has been found in various SSc tissues including the skin
and salivary glands [34-36]. Mast cell infiltration has been correlated with more severe
disease phenotypes. Except for their well-established role in immediate inflammatory and
allergic reactions, these cells are also implicated in cardiac, renal, and pulmonary fibrosis.
Mast cells have been linked to fibrosis by their ability to produce pro-fibrotic cytokines such
as IL-4, IL-6, IL-13, tumor necrosis factor alpha (TNF-«), platelet-derived growth factor
(PDGF), and TGEF-p [37]. This way, mast cells stimulate the production and activity of
myofibroblasts (Figure 2).

Serotonin is another molecule that is produced by mast cells. Serotonin can directly
increase ECM deposition in primary skin fibroblasts in a TGF-3-dependent manner [38]. In
addition, mast cells produce tryptase, a serine proteinase which triggers fibroblast prolifer-
ation and collagen production [39]. It was also demonstrated that fibroblast proliferation in
patients” lungs can be caused by mast cell-related histamine release [40]. More specifically,
human primary lung fibroblasts that were cultured in the presence of physiologically rele-
vant concentrations of histamine exhibited increased cell proliferation that was mediated
through an H2 histamine receptor on the fibroblasts. Interestingly, the observed fibroblast
proliferation was inhibited by an H2 antagonist, empowering the role of histamine release
in fibroblast proliferation. Of note, mast cell depletion with phototherapy ameliorates SSc
fibrosis in vivo [41]. Thus, targeting mast cells in systemic sclerosis might be an effective
treatment approach. We believe that exploring the immunopathogenic role of eosinophils
and mast cells with the currently available novel arsenal of biomolecular techniques will
unveil new innate pathogenic pathways that could pave the way for novel treatment
approaches.

2.1.3. New Players: Innate Lymphoid Cells and Plasmacytoid Dendritic Cells

Among the family of innate immune cells, a highly interesting tissue-resident cell type
that was recently shown to be involved in SSc is innate lymphoid cells (ILCs). These cells are
derived from common lymphoid progenitors such as adaptive immune cells, but they lack
rearranged antigen receptors. Therefore, ILCs do not exhibit antigen-specific responses but
are characterized by a functional diversity similar to that of T lymphocytes. These cells have
been categorized into distinct subtypes based on their cytokine and transcriptome profile.
One of these subtypes is ILC2, which is identified by the expression of the transcription
factor GATA-3. As with Th2 cells, ILC2s predominantly produce IL-4, IL-5, and IL-13 [42].

Intriguingly, locally accumulating ILC2s have emerged as a pivotal source of pro-
fibrotic cytokines in inflammatory and fibrotic diseases [43]. Studies using the carbonte-
trachloride (CCl4)-induced liver fibrosis mouse model showed that ILC2s mediate liver
fibrosis by producing the pro-fibrotic cytokine IL-13 [44]. This observation suggests that
ILC2s may stimulate the activation of fibroblasts and thus increase tissue fibrosis. Indeed,
ILC2 counts are significantly increased in both the skin and peripheral blood from patients
with SSc compared to healthy controls, and their numbers are correlated with an increased
skin thickness [45,46]. This notion is further supported by studies that have shown an
elevated expression of the ILC2 cytokines IL-25, IL-33, and thymic stromal lymphopoietin
(TSLP) in both the serum and skin of patients with SSc [46—48]. From a mechanistic point
of view, TGF-f and IL-10 are two cytokines that have been implicated in ILC2-mediated
skin fibrosis in SSc. Elevated TGF-f3 enhanced the in vitro pro-fibrotic function of ILC2s
by increasing the activation of myofibroblasts and downregulating the levels of IL-10.
Downregulation of IL-10 increased the production of collagen by dermal fibroblasts. In the
same study, TGF-f3 inhibition combined with IL-10 administration prevented fibrotic mani-
festations in a mouse model recapitulating SSc [49]. Although there is a limited number of
studies associating ILC2s in the pathogenesis of SSc, we believe that findings implicating
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TGEF- in their potential fibrotic mechanism might be promising in utilizing alternative
therapeutic strategies that are based on TGF-f blocking.

Plasmacytoid dendritic cells (pDCs) are innate immune cells that secrete large amounts
of interferon (IFN) and mediate Toll-like receptor (TLR)-induced inflammation in auto-
immunity. pDCs have been recently detected in the sclerotic skin of patients with SSc.
These cells were found to be chronically activated and characterized by an elevated ex-
pression of chemokine (C-X-C motif) ligand 4 (CXCL4) and IFN-« in a TLR8-dependent
manner [28,50]. CXCL4 has been identified as a biomarker that is associated with severe
disease and lung fibrosis in SSc [51]. pDCs have also been detected in bronchoalveolar
lavage fluids of patients with SSc, and their levels were correlated with increased lung fibro-
sis [52]. Compared to patients with idiopathic pulmonary fibrosis (IPF), SSc-ILD-infiltrating
pDCs exhibited a stronger IFN and stress response gene signature, suggesting that these
cells demonstrate disease-specific mechanisms in SSc [53]. Recent research has provided
mounting evidence suggesting that SSc is an IFN-driven disease [54]. Indeed, an elevated
expression of type 1 IFN signaling (IFN-«, IRF5, IRF7, IRF8) and its inducible genes (IL-6,
STAT1, STAT3) has been illustrated in tissue biopsies, the peripheral blood, and serum of
SSc patients and was correlated with disease severity [55]. In the blood circulation, on the
other hand, numbers of pDCs were decreased in SSc patients compared to healthy controls,
probably due to their accumulation in the fibrotic skin [56]. Additionally, pDCs are well
known for their prevalent antigen-presenting role. As we discussed, SSc is characterized
by auto-immunity, and the presence of multiple anti-nuclear antibodies has been reported
in patients’ serum. DNA topoisomerase I (topol) is the most prevalent autoantibody in SSc
and is correlated with increased disease severity and mortality [57]. Mice administered with
topol-loaded pDCs exhibited robust autoantibody production accompanied by long-term
lung and skin fibrosis [58]. Furthermore, pDC depletion in the bleomycin mouse model
attenuates skin and lung fibrosis and improves clinical scores. Interestingly, numbers of B
and T lymphocytes were also reduced in mouse lungs, demonstrating an important role of
pDCs in ongoing innate and adaptive immune abnormalities [50,52].

2.2. The Role of Adaptive Immunity in SSc

Activation of the innate immune system in SSc is essential in activating the adaptive
immune response by presentation of antigens with parallel expression of danger-indicating
molecules. This activation is mediated either by cell—cell interactions, or by the release of
soluble mediators [59]. We will now briefly discuss the role of T and B lymphocytes in SSc
pathogenesis (Table 1), in order to better explain the possible treatment options.

2.2.1. T Lymphocytes

The role of T helper lymphocytes is well characterized in SSc pathology. Th1, Th2,
and Th17 subtypes have been paid the most attention. However, it should be noted that
these subtype classifications have been derived from in vitro studies. In vivo, these subsets
have been implicated in various types of pathogens. In chronic inflammatory diseases,
they have been shown to exhibit a certain extent of plasticity and multifunctionality. In
Th2-associated pathologies (including SSc), additional T cell subtypes such as Th9 and Th22
cells have also been characterized. However, the specific importance of them still remains
to be determined. Studies implicating T helper cell subsets in SSc pathogenesis have mostly
utilized older conventional research techniques such as immunohistochemistry in SSc skin
and flow cytometry in patients’ blood. Elevated production of the Th2-associated cytokines
IL-4, IL-13, and IL-10 and the Th17 signature cytokine IL-17 have been demonstrated
in SSc tissues and the blood circulation [4,60-63] (Figure 2). These studies suggested
that SSc is driven by Th2- and Th17-type mechanisms. Elevated IL-4 levels have been
associated with increased collagen production in fibroblasts and higher production of
TGEF-B. TGE-B directly triggers collagen production and ECM deposition but also inhibits
the expression of matrix metalloproteinases [64]. An increased level of IL-17 is implicated
in fibrosis and SSc-like manifestations [65]. IL-17 not only increases the proliferation of
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fibroblasts but also promotes the expression of TNF-« and IL-1 from macrophages which,
in turn, triggers collagen, IL-6, and PDGF production from fibroblasts. In addition, IL-17
triggers the endothelial cell production of IL-1, IL-6, intracellular adhesion molecule 1
(ICAM-1), and vascular cell adhesion molecule 1 (VCAM-1) [66] (Figure 3). These adhesion
molecules further interact with circulating leukocytes and facilitate their migration to and
accumulation at the fibrotic sites [67]. In addition to elevated Th2 and Th17 cytokines,
SSc patients exhibit a reduced expression of the anti-fibrotic Thl cytokine IFN-y, and
this further suggests a decreased anti-fibrotic capacity [63]. A T helper cell subset which
could play a protective role in SSc pathology is regulatory T cells (Tregs). Tregs maintain
immunological self-tolerance, and their depletion has been associated with spontaneous
auto-immunity. A plethora of animal studies and a few clinical studies have shown a
potentially beneficial effect of Treg administration in various auto-immune diseases [68]. In
SSc, the majority of the published literature illustrates a decreased frequency and functional
ability of circulating Tregs. However, data on the frequency of tissue-resident Tregs are
scarce and contradictory [69]. Overall, the mechanisms of circulating and tissue-resident
T helper cell subsets that drive fibrosis are not precisely determined. It is to be proven if
mechanisms such as T cell tolerance, anergy, and exhaustion are protective or deleterious
in fibrogenesis.
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Figure 3. A simplified schematic illustration of the pathogenic mechanisms by which T cells, B cells,
and macrophages may be involved in the vascular abnormalities that characterize SSc immunopathol-
ogy. ICAM-1 = intercellular adhesion molecule 1; VCAM-1 = vascular cell adhesion molecule 1;
EndoMT = endothelial-to-mesenchymal transition; GZMB = granzyme B; NOS = nitric oxide synthase;
DAMPs = damage-associated molecular patterns; M® = macrophages; B = B lymphocyte; CD4 =T
helper cell; CD8 = cytotoxic T cell; TGF-f = transforming growth factor-3.
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Novel techniques such as sc-RNAseq and confocal immunofluorescence microscopy
have provided us with essential tools to gain a deep understanding of the phenotype and
function of tissue-infiltrating T cells. Utilization of these newly available techniques reveals
the heterogeneity of T cell responses and opens avenues for detecting patient-specific T cell
subsets. For example, quantitative analyses of skin-resident cells showed that early diffuse
cutaneous systemic sclerosis (dcSSc) skin was predominantly infiltrated by granzyme A-
producing CD8+ and CD4+ CTLs. Th1, Th2, and Th17 cells were also detected but in much
lower amounts. This study unveiled that CD4 T cells in SSc may directly induce cell death, a
function that deviates from their conventional role in promoting effector immune responses
from other lymphocytes. CD4+ and CD8+ CTLs exhibited the ability to drive fibrosis and
contribute to vasculopathy (Figure 3) via the secretion of pro-inflammatory cytokines such
as IL-13 and/or by inducing cytotoxicity-mediated apoptosis of stromal cells, leading to
exuberant tissue remodeling [6]. The importance of CTLs in SSc pathogenesis is further
supported by another recent study identifying the genome-wide expression of cytotoxic
genes in SSc skin such as perforin and granzymes B, K, and H. Of note, the observed
cytotoxic gene signature was positively correlated with skin thickness [70,71]. Furthermore,
a prominent infiltration of IL-13-producing CD8+ CTLs was observed in skin biopsies
early in SSc pathogenesis (<3 years), implicating a potentially important role of CTLs
in the disease onset [72] (Figure 2). This notion is further supported by earlier studies
that paid attention to the role of the CTL-mediated apoptosis induced by granzyme B in
the initiation of systemic auto-immunity. The unique fragments generated by granzyme
B degranulation represent an exclusive source of auto-antigens, and these self-protein
fragments are recognized by autoantibodies in a subset of SSc patients [73].

Another example of a recently identified CD4+ T cell subset in SSc pathology is
follicular helper T (Tfh) cells. Tth cells are specialized in providing help to B cells in lymph
nodes by stimulating proliferation, class switching, and somatic hypermutation. These
cells have not only been found in lymph nodes but have also recently been detected in
the blood circulation where they are referred to as T peripheral helper (Tph) cells [74]. A
key cytokine in Tph function is IL-21. Strikingly, in SSc patients, elevated counts of Tph
cells have been shown to promote plasmablast differentiation through an IL-21-mediated
pathway [75]. Furthermore, increased infiltration of inducible T cell co-stimulator (ICOS)+
Tfh-like cells has been observed in the skin of SSc patients. The presence of these cells in
the skin of sclerodermous graft-versus-host disease mice was strongly linked to increased
skin fibrosis. Interestingly, both the depletion of ICOS+ (including Tph depletion) cells and
neutralization of IL-21 exhibited a significant reduction in skin fibrosis. Tth cells activate
fibroblasts in vitro. Co-culture of Tfh and fibroblasts resulted in increased expression of
a-smooth muscle actin (x-SMA) on the activated myofibroblasts [76]. «-SMA is a key
marker of activated myofibroblasts, and its expression is linked to a fibrotic phenotype.
The importance of skin-resident Tfh-like cells in the pathology of SSc is also supported by
an sc-RNAseq study that unraveled the heterogeneity of T cell responses in patients’ skin
biopsies. In this study, a distinct CXCL13+ Tfh-like subset that secretes factors promoting B
cell responses and autoantibody production was only found in SSc-inflamed tissue [77].
In light of these new findings, developing drug strategies to target the newly described
pathogenic T cell subsets is expected to set the milestones for potential personalized therapy
in SSc.

2.2.2. B Lymphocytes

B lymphocytes are the second major component of our adaptive immune response.
Mounting evidence suggests that B cell homeostasis in the blood of SSc patients is aberrant.
Autoantibody production caused by loss of self-tolerance is an important hallmark in
SSc pathogenesis. Autoantibodies such as anti-DNA topoisomerase I, anti-centromere,
and anti-RNA polymerase antibodies have been detected in the sera of more than 95% of
scleroderma patients [78].
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The prominent infiltration of B cells in SSc tissues including the skin and lungs suggests
their involvement in the disease pathogenesis [79]. Similar to T cells, earlier studies revealed
their presence in sclerotic skin by utilizing mainly immunohistochemistry techniques. In
a recent sc-RNAseq study, a prominent B cell gene signature was detected in the skin of
69% of early dSSc patients [80]. In a different study, B cell infiltration was associated with
skin progression in early diffuse disease. In this study, infiltration of plasma cells was also
evident in the sclerotic skin [81]. Thus, B cell skin infiltration seems to be linked to skin
progression early in the disease onset and in patients with dcSSc. However, the robustness
of this correlation needs to be validated in a larger cohort of patients.

More specifically, B cells in SSc are characterized by elevated numbers of IL-6-producing
effector B cells (Beffs) and decreased numbers of IL-10-producing regulatory B cells (Bregs).
Because Bregs suppress and Beffs enhance the immune response through the production of
cytokines, this change might impact the inflammatory process. Of note, in SSc, elevated IL-6
and reduced IL-10 levels have been detected in serum/plasma, which is possibly explained
by this B cell imbalance. A possible cause for this change might be the altered presence of
the cytokines B cell activating factor (BAFF) and a proliferation-inducing ligand (APRIL) in
SSc blood [82]. BAFF and APRIL are potent activators of B cells. These cytokines stimulate
the production of effector B cells and suppress the generation of regulatory B cells. Elevated
serum levels of BAFF and APRIL have been documented in SSc and are correlated with
skin thickening, disease severity, and increased IL-6 production by Beffs [83] (Figure 2).
Interestingly, it has been demonstrated that BAFF inhibition decreased skin fibrosis in a
murine model of SSc [84].

Importantly, not only the numbers of Beffs but also the phenotype of these cells is altered
in SSc. To elaborate, SSc patients are characterized by an increased naive (CD19+CD27-)
and a reduced activated memory B (CD19+CD27+) cell phenotype that is accompanied
by overexpressed pro-apoptotic and activation markers such as CD95, CD86, and human
leukocyte antigen-DR isotype (HLA-DR) [4,85-88]. In addition, the cell surface phenotype
of B cells is also changed in SSc. Significant overexpression of CD19 on the surface of B
cells has been illustrated in SSc patients and was correlated with SSc-ILD [89,90]. However,
in a recent study exploring lymphocyte subset aberrations between early dcSSc patients
and healthy donors, the frequency of CD19+ B cells in the peripheral blood was similar [4].
CD19 is a positive B cell regulator that activates B cells through their B cell receptor (BCR)
signaling. B cell hyperactivation through CD19-BCR signaling may be associated with
the prevalent autoantibody production in SSc. Data from transgenic mouse models show
that CD19-deficient mice have decreased serum autoantibodies, while overexpression of
CD19 causes increased serum autoantibody production [91,92]. In addition, humans with
homozygous mutations in the CD19 gene suffer from an antibody deficiency syndrome
that impairs the response of mature B cells in antigen stimulation [93]. In conclusion, in
addition to B cells which have been documented to stimulate fibrosis with the release of
cytokines, intriguingly, autoantibodies with direct pro-fibrotic effects and autoantibodies
against the PDGF receptor have also been documented in SSc [94]. These autoantibodies
seem to induce fibrosis by facilitating the conversion of the fibroblast to the myofibroblast
phenotype [95] (Figure 2).

13



Biomedicines 2022, 10, 316

Table 1. Function of the primary cell types implicated in SSc pathogenesis both in the blood circulation
and at the site of fibrosis.

Cell Type Function

Platelet adhesion activates fibrotic pathways. Increased
Endothelial cell microvascular permeability causes leukocyte adhesion to the
endothelium, leading to increased inflammation [7].

A prominent M2 macrophage signature increases levels of
Monocyte/Macrophage pro-fibrotic cytokines such as IL-4, IL-6, and IL-13 and correlates
with elevated tissue fibrosis [17-20].

Elevated eosinophil counts in the peripheral blood are associated

Eosinophil with severe lung disease and presence of skin ulcers [31-33].
Release of cytokines and growth factors such as IL-4, IL-6, IL-13,
Mast cell TNF-a, PDGF, and TGF-f activates myofibroblasts to produce

collagen [37]. Tryptase and histamine release triggers fibroblast
proliferation [38,39].

Increased production of the ILC2 cytokines IL-25, IL-33, and TSLP
Innate lymphoid cell in serum and skin mediates fibrosis in a TGF--dependent
manner [43-49].

Elevated numbers of CXCL4+- and IFN-a-producing pDCs in skin
Plasmacytoid dendritic cell ~ and lungs are involved in increased fibrotic manifestations
mediated by TLRS activation [28,50,52].

Skin is predominantly infiltrated by CD4+ and CD8+ cytotoxic T
cells that produce pro-fibrotic cytokines and cause apoptosis to
epithelial cells [6,72]. Increased IL-21-producing Tph cells

T lymphocyte promote plasmablast differentiation and increase activation of
myofibroblasts [75,77]. In the peripheral blood, SSc patients are
characterized by increased Th2 and Th17 numbers compared to
healthy donors [4,60,63].

Elevated BAFF and APRIL are correlated with skin

thickening [81,83]. Increased IL-6-producing Beffs increase
inflammation, while decreased IL-10-producing Bregs exhibit a
reduced capacity for immunosuppression [82]. In SSc peripheral
blood, an increase in naive and a decrease in activated memory B
cells is observed compared to healthy controls [4,85,87,91].

B lymphocyte

3. SSc First-Line Anti-Inflammatory Treatment

Now that we have discussed the role of immune cells in SSc, we will address the effi-
cacy of treatment approaches. According to current recommendations from the European
League against Rheumatism (EULAR), methotrexate (MTX) is considered as a first-line
treatment in early dcSSc [96]. Other therapeutic strategies include administration of syn-
thetic corticosteroids or low-dose (2 mg/kg) administration of cyclophosphamide (CYC) for
1 year, continued by conservation therapy with mycophenolate mofetil (MMF) [97], or first-
line therapy with MME. These therapies represent the broad-spectrum anti-inflammatory
drugs (Table 2) that have been extensively used in SSc, and thus we will start discussing
them first.

3.1. Synthetic Corticosteroids

To begin, synthetic corticosteroids (CS) such as prednisolone, hydrocortisone, methyl-
prednisolone, and dexamethasone are the oldest anti-inflammatory and immunosuppres-
sive agents that have been extensively used in scleroderma and other rheumatic diseases.
These compounds modulate the activation of all immune cells including macrophages
and T and B lymphocytes but also affect the function of fibroblasts and endothelial cells.
They still remain a cornerstone in the treatment of SSc as, due to their strong immunosup-
pressive and anti-inflammatory properties, they are able to halt inflammatory, vascular,
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and fibrotic manifestations (all key hallmarks of SSc pathogenesis) [98]. Retrospective
case—control studies have shown that CS may improve muscle and joint inflammation
and severe skin fibrosis [99-101], but to our knowledge, there is still no well-controlled,
double-blind, placebo-controlled study to justify these indications. On the other hand,
a high dose of prednisolone has been associated with an increased risk of scleroderma
renal crisis [102-104]. This is a very severe and life-threatening complication and thus, in
SSc, doses of prednisolone >10-15 mg are avoided. Administration of corticosteroids as
monotherapy is not recommended. The addition of steroid-sparing agents such as MMF
in the treatment scheme reduces doses of steroids along with their side effects and steroid
requirements. In clinical practice, the use of CS in SSc is limited and restricted to the more
inflammatory than pro-fibrotic manifestations such as arthritis and myositis. It is worth
mentioning that CS still represent the mainstay of treatment for SSc patients with primary
heart disease manifestations.

3.2. Methotrexate

MTX was developed as a cytotoxic folic acid analogue that inhibits purine and pyrimi-
dine synthesis when administered at a high dosage. This means that it blocks cell prolifera-
tion, including that of immune cells. It was initially used to treat cancer and, at much lower
dosages, rheumatoid arthritis (RA) [105]. Its extended use in RA suggests an important
anti-inflammatory role. The exact mechanism of action at the dosage that is used for RA and
SSc is not fully understood yet, but several mechanisms have been postulated to contribute
to its anti-inflammatory function. It seems that MTX does not directly induce apoptosis
of T cells and fibroblasts but rather increases their sensitivity to apoptosis by modulating
cell survival signaling pathways. In contrast, MTX directly depletes monocytes in vitro by
inducing their apoptosis [106]. Two small-scale randomized control trials (RCTs) in early
dcSSC patients have evaluated the use of 15 mg MTX per week for 6 months [107,108]. The
total skin score (TSS) was used as the primary endpoint to evaluate skin fibrosis. In both
studies, a small but not statistically significant improvement in skin fibrosis was observed.
Interestingly, continuation of the therapy up to 1 year showed a statistically significant
improvement in the primary endpoints. Based on these observations, the EULAR [96]
supported the use of MTX in skin manifestations in early dcSSC. However, a follow-up
study [107] did not confirm the initial promising results in the long run. Taken together,
data evaluating the effectiveness of MTX in reducing skin fibrosis are contradictory, and
thus treatment guidelines supporting the use of MTX are mostly based on the positive
experience of expert physicians with MTX.

3.3. Cyclophosphamide

CYC is another cytotoxic agent that targets fast-dividing cells such as tumor cells
and proliferative T and B cells. Its use in auto-immune diseases is attributed to inhibition
of regulatory and helper T cell proliferation, leading to their suppression. Suppression
of helper and regulatory T cells leads to declined gene expression of pro-inflammatory
cytokines, such as interleukin-2, and attenuated production of the fibrogenic TGF-f and
the immunoregulatory IL-10, respectively [109,110]. In addition, lymphocyte depletion can
decrease the production of antibodies (including autoantibodies) [111]. These observations
suggest a potential role of CYC in diminishing fibrosis in patients with SSc-ILD. In the
scleroderma lung study (SLC), 158 patients with SSc-ILD received 2 mg/kg of CYC or
placebo orally for 12 months. The primary endpoint was the absolute difference in predicted
forced vital capacity (FVC) which is a prediction of the patient’s lung function. Secondary
endpoints included measurement of skin thickening with the modified Rodman skin
thickness score (mRSS) and monitoring of lung function with high-resolution computed
tomography (CT) scans. It was observed that the CYC group exhibited reduced skin fibrosis
and thoracic fibrosis after the 12-month treatment compared to baseline (p = 0.014) [112,113].
Allin all, CYC showed a measurable but small effect on improving the lung function of SSc
patients. However, the use of CYC is limited due to severe toxicity notifications including
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leucopenia and thrombocytopenia. Thus, according to the EULAR [96], the usage of CYC
is only recommended in patients with progressive ILD.

3.4. Mycophenolate Mofetil

Another broad-spectrum agent that has been used in SSc treatment is MMF. MMF
causes selective depletion of guanosine nucleotides in T and B lymphocytes. It inhibits
their proliferation and therefore suppresses immune-associated responses and antibody
formation [114]. Indeed, SSc patients receiving MMF exhibit decreased numbers of T helper
cells (implicated in various SSc pathogenic manifestations) compared to patients with no
immunosuppressive treatment [115]. Strikingly, MMF treatment inhibits the infiltration
of myeloid cells including tissue-resident macrophages in the skin of patients with SSc.
Furthermore, treatment with MMEF is strongly associated with a reduced inflammatory
gene signature in the sclerotic skin [116]. Although MMF has been traditionally regarded as
a lymphocyte-targeting drug, in vitro and clinical evidence shows its anti-fibrotic capacity
by decreasing the proliferation of human fibroblasts [117]. The results from the Scleroderma
Lung Study I and II suggest the efficacy of MMF in SSc patients with severe lung fibrosis.
More specifically, treatment with 3 gr/day of MMEF for 2 years resulted in a significantly
improved percentage of predicted FVC and mRSS [118]. The effect of MMF has also been
evaluated on patients with mild SSc-ILD (FVC > 70% predicted). In this double-blind,
placebo-controlled, randomized clinical trial [119], MMF was well tolerated while exhibiting
an observed but not statistically significant improvement in FVC and mRSS scores. In
the Scleroderma Lung Study, previous results of MMF were compared with results from
oral CYC administration (2.0 mg/kg per day), followed by placebo administration for
1 more year. The adjusted percentage of predicted FVC after 24 months improved by 2.19
with MMF and 2.88 with CYC. However, no statistically significant differences among
the two treatment groups were observed, and thus the superiority of MMF compared to
CYC is not justified. In the European Scleroderma Observational Study (ESOS), MMF
was further compared with MTX, CYC, or “no immunosuppressant” [1]. This was a
multicenter, prospective, observational cohort of 326 patients with early dcSSc (up to
3 years of onset of skin thickening) with a 24-month duration. After 12 months of treatment,
a statistically significant reduction in mRSS was observed in all groups compared to baseline
measurements. To sum up, results from clinical trials regarding the anti-fibrotic efficacy
of MMEF are also conflicting, and there are no signs revealing its superiority to MTX and
CYC. Similar to MTX, the recommendation for first-line MMF treatment in patients with
SSc-associated ILD has been based on positive clinical experience with the drug, and its
beneficial safety profile [120]. The use of MMF in improving lung fibrosis of SSc-ILD has
also been supported by a large number of small retrospective cohort studies [121-125].

3.5. Autologous Hematopoietic Stem Cell Transplantation

ASCT has been utilized in treating auto-immune disorders resistant to conventional
immunosuppressive therapy for more than 20 years now [126]. ASCT is the only potential
disease-modifying treatment in SSc, and it has been proposed for patients with early and
rapidly progressive dcSSc who have a high mortality prognosis, but in whom advanced
organ involvement has not started yet [127]. Autologous stem cell transplantation begins
with the isolation of the patient’s CD34+ cells. Then, B and T cells are depleted using a
high dose of cyclophosphamide and anti-thymocyte globulin. The last step includes the
transplantation of the patient’s stem cells that were isolated, resulting in the repopulation
of the lymphocytes [128]. According to clinical data, ASCT shows promising results in
improving mortality rates, reducing skin thickness, and enhancing lung function [129,130].
Two randomized clinical trials evaluating the safety and efficacy of ASCT in SSc have
been completed thus far. First, in the Cyclophosphamide or Transplantation (SCOT) trial
(NCT00860548), it was observed that myeloablative CD34+-selected ASCT was more effec-
tive in diminishing skin fibrosis than CYC administration alone. However, the mortality
rates of the participants during the first year after the transplantation were as high as 10%.
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Treatment-related deaths as well as cancer and infection were the causes of death in these
participants. Among them, infection was the leading cause, due to the suppression of the
immune system. Furthermore, the possibility of relapsing was also prevalent. Secondly, in
the Autologous Stem Cell Transplantation International Scleroderma (ASTIS) study [131],
ASCT was compared with CYC pulse therapy in 156 rapidly progressive diffuse SSc pa-
tients. In the first year, eight patients from the ASCT group compared to none in the CYC
group died. However, parameters such as long-term event-free survival, overall survival,
mRSS score, and FVC were significantly improved in the ASCT-treated patients. The
increased mortality rates counteract transplantation’s benefit, putting experts in a difficult
judging position [132]. However, to date, no disease-modifying anti-rheumatic drug has
been shown to effectively reduce patients’ morbidity in the long term. ASCT, on the other
hand, has shown a remarkable reversal of skin fibrosis accompanied by improved lung and
internal organ function. In view of the outcomes of the previously described RCTs, the new
EULAR recommendations [96] suggest that experts consider ASCT for the treatment of
rapidly progressive SSc patients at risk of organ failure. It is believed that treatment-related
mortality can be reduced by a more careful exclusion of patients with compromised heart
function and by applying ASCT in earlier stages of the disease, enabling selected patients
to benefit from this treatment. There are currently four ongoing clinical trials evaluating
the effectiveness and safety of ASCT in SSc (NCT01895244, NCT01413100, NCT04464434,
NCT03630211). The results from these studies are expected to shed light on the safety and
efficacy of autologous ASCT in a better stratified SSc patient population.

Table 2. Clinical trials conducted for the evaluation of broad-spectrum treatment in SSc.

Drug Target Type of Trial(s) :1)\;11;:?}?; Patients Results
Multicenter,
double-blind
Exact 1. Mean TSS 21.61 at baseline,
Methotrexate (MTX)  anti-inflammatory RC 1 L108] 1.6 1.29 early dSSc 19.96 (p = 0.135) 6 months after
role is unknown 2. Mean TSS 18.3 at baseline,
2. RCT [107] 2.12 2. 71 early dSSc 14.5 (p = 0.027) 12 months
post-treatment
Inhibition and 2. 53% (p < 0.03) improvement
Cyclophosphamide suppression of T Double-blind, RCT 12 158 SSe-ILD in predicted FVC and 3.02
(CYQ) helper and regulatory  (SLC) [112] ¢ (p = 0.08) unit improvement in
T cells mRSS in CYC's favor
1. Percentage of predicted FVC
o improved from 67 to 75, and
L Double-blind, RCT 4 », 1. 69 SSc-ILD mRSS decreased from 14.5 at
(SLCI) [118] .
Mycophenolate T and B cell depletion baseline to 10 24 months
mofetil (MMF) P post-treatment
. 2. No statistically significant
2. Double-blind 2.6 2. 41 mild SSc-ILD improvement in mRSS and FVC
RCT[119]
scores
1. Open-label, 1'. A.SC.T more e'ffe'ctlve‘m
multicenter RCT diminishing skin fibrosis
(SEO"T"G)E € 1.54 1. 75 severe SSc compared to CYC (—~19.9 vs.
Autologous Depletion of T and B (NCT00860548) —8.8, p < 0.001) and shows
hematopoietic stem cells, followed by greater event-free survival
cell transplantation stem cell 2. Overall survival, mRSS, and
(ASCT) transplantation FVC significantly improved
2. Open-label, .
multicenter RCT 2.24 2. 156 early dcSSc with ASCT compared to CYC

(ASTIS) [131]

(67% of 1404 pairwise
comparisons in favor of ASCT
vs. 33% in CYC, p = 0.01)

4. Evaluation of Cell-Specific Anti-Inflammatory Treatment

On the road towards personalized therapy in SSc, specific elimination of pathogenic
innate or adaptive immune cell populations could be promising in alleviating fibrosis and
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reducing the morbidity of the side effects of broad immunosuppression. Of note, there are
no clinical trials evaluating drugs depleting innate immune cell populations. On the other
hand, several trials (Table 3) have evaluated the efficacy of B and T cell-depletive therapies
in SSc, and thus we begin with addressing treatments targeting these cells first [133].

4.1. B Cell-Specific Treatment

To begin with B cell-specific treatment, rituximab (RTX), belimumab, and inebilizumab
are the three representative monoclonal antibodies that have been used.

4.1.1. Rituximab

Rituximab is a chimeric anti-CD20 monoclonal antibody that binds to both immature
and mature B lymphocytes expressing CD20 on their surface (including the pathogenic
Beffs) and eliminates them (Figure 4). Of note, RTX does not consistently succeed in
depleting B cells in tissues [134,135], and antibody-producing plasma cells are not targeted
by RTX, since they lack the CD20 surface antigen [136]. Indeed, in a small, randomized,
double-bind, placebo-controlled trial, treatment with RTX was not associated with reduced
fibrosis but caused significant depletion of naive and memory B cells in the peripheral blood
and scleroderma-associated dermal lesions [137]. As expected from RTX’s mode of action,
various plasma cells and autoantibody titers did not show a statistically significant change
after treatment. The potential anti-fibrotic effect of RTX is supported by histopathological
observations suggesting a reduced dermal hyalinized collagen content and myofibroblast
count [138]. As we discussed, IL-6 is a cytokine largely produced by activated B cells that
shows pro-fibrotic capacity. In a small, open-label study where RTX significantly improved
patients’” skin scores, it was observed that patients had elevated basal levels of IL-6 in
biopsies from their skin lesions. IL-6 levels decreased from 3.7 4= 5.3 pg/mL at baseline
to 0.6 = 0.9 pg/mL (p = 0.02) six months post-treatment. Furthermore, after treatment
7/9 patients exhibited a complete depletion of B cells in skin lesions. Thus, interestingly,
the RTX-associated skin thickness was correlated with B cell depletion and IL-6 reduction
in patients’ skin [139]. This observation further empowers the mechanism and role of RTX
in skin fibrosis.

The potential efficacy of treating SSc patients with RTX has been extensively evaluated
by Daoussis and colleagues. In an open-label, randomized, 1-year study, weekly administra-
tion of RTX (375 mg/m?) for 4 weeks at baseline and after 6 months on top of each patient’s
standard treatment compared to standard treatment alone was assessed. Patients that
received RTX showed a significantly increased median percentage of FVC accompanied by
a further improvement in the diffusing capacity for carbon monoxide (DLCO). Furthermore,
skin improvement was also evident when evaluated both clinically and histologically [140].
In a more recent (2017) multicenter, open-label study, the same group of researchers com-
pared administration of 4 infusions of RTX at a dose of 375 mg/m? once weekly every
6 months with controls receiving traditional therapies (MTX, azathioprine, MMF). In a
4-year follow-up, the RTX group showed a reduced mRSS score of 14.72 £ 10.52 compared
to 17.78 %+ 9.48 in the control group (p = 0.31). Patients enrolled in this study exhibited a
significant improvement in FVC and stabilization of pulmonary function tests (PFTs) [141].
In the latest open-label, randomized, head-to-head clinical trial, 60 anti-scl70-positive early
dcSSc patients randomly received either monthly pulses of CYC (500 mg/m?) or 1 g of RTX
at 0 and 15 days. In the RTX group, there was a significant improvement in the percentage
of FVC, while patients receiving CYC experienced deterioration of their lung function. Both
groups exhibited a similar improvement in skin scores, but the safety profile of RTX was
better [142].
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Figure 4. Schematic representation of the mechanism of action of synthetic corticosteroids (CS), my-
cophenolate mofetil, cyclophosphamide, inebilizumab, rituximab, belimumab, abatacept, nintedanib,
tocilizumab, tofacitinib, fresolimumab, metelimumab, and pirfenidone in reducing fibrosis in SSc.
Abbreviations: ECM = extracellular matrix; TGF-f = transforming growth factor-f3.

Furthermore, B cell depletion may be an efficient and well-tolerated adjuvant treatment
for SSc-associated pulmonary arterial hypertension (SSc-PAH). In a multicenter, double-
blind, randomized, placebo-controlled, proof-of-concept trial, 57 SSc patients on standard
medical therapy received two doses of either 1 gr RTX or placebo in a 2-week interval [143].
To evaluate the effect on PAH, the change in the 6 min walk distance (6MWD) was the
primary outcome. Twenty-four weeks after treatment, patients in the RTX arm exhibited
an estimated change of 23.6 + 8.8 m compared to 0.4 & 9.7 m in the control arm (p = 0.03).
The beneficial results of RTX in diminishing skin fibrosis have also been demonstrated in
a number of case or pilot studies [144-148]. Most of these studies, however, were open
label, often lacked a control group, and included heterogeneous patient populations and
concurrent treatments. Interestingly, the fact that RTX shows positive results in reducing
skin fibrosis and alleviating PAH and ILD, together with being more potent than traditional
medications and well tolerated in all studies, suggests a promising role in scleroderma
medication options. However, a phase IIIl randomized control study will be required to
verify its safety and efficacy in patients.

4.1.2. Inebilizumab and Belimumab

Since depletion of CD20+ B cells does not consistently deplete B cells in tissues and
does not eliminate plasma cells, developing monoclonal antibodies that target the bone
marrow-resident pro- and pre-B cell co-receptor CD19 might be a more effective B cell-
depletive approach (Figure 4). The efficacy of a humanized anti-CD19 monoclonal antibody,
inebilizumab (MEDI-551), in reducing SSc fibrosis was assessed in a phase I randomized,

19



Biomedicines 2022, 10, 316

double-blind, placebo-controlled study [149]. This therapy effectively depleted both B
cells and plasma cells in the skin and blood of SSc patients in a dose-dependent manner.
Furthermore, an improved skin score was observed in all patients, suggesting a role of
inebilizumab in halting skin fibrosis. Strikingly, patients with an elevated plasma cell
signature at inclusion showed greater improvement in mRSS compared to the patients that
had normal or lower plasma cell counts [150].

Belimumab is another human monoclonal antibody targeting the soluble BAFF cy-
tokine, a member of the tumor necrosis factor ligand superfamily that was a breakthrough
in the treatment of systemic lupus erythematosus (Figure 4). This monoclonal antibody
prevents the binding of BAFF to receptors on B cells and inhibits the survival of B cells,
including the autoreactive ones. It further decreases the differentiation of B cells into
immunoglobulin-producing plasma cells [151]. In a randomized, double-blind, placebo-
controlled, pilot trial, 20 patients with dcSSc recently treated with MMF (1 gr twice a day)
were administered 10 mg/kg of belimumab i.v., or placebo. Belimumab administration
improved the mRSS score from 27 to 18 (p = 0.039), while the improvement in the placebo
group was from 28 to 21 (p = 0.023). Patients with improved mRSS exhibited a significant
reduction in both B cell and pro-fibrotic gene expression. However, the results of this small
pilot study were not statistically significant, and larger trials should be conducted in order
to make treatment recommendations [152]. A study evaluating the combination therapy of
belimumab and RTX in SSc is currently pending (NCT03844061).

4.2. T Cell-Specific Treatment

The elevated infiltration of cytotoxic T cells in SSc-affected skin and lungs, along with
the increased Th2 pro-fibrotic cytokine levels in the serum of SSc patients, suggests that
targeting T cells could be a promising treatment option in SSc. T cell-specific treatment
has shown encouraging results in other inflammatory diseases such as RA [153]. The
biologicals that have been used either directly affect T cell activity by reducing their num-
ber, or they indirectly interact with cytokines expressed by T cells. Abatacept is the main
representative of the former category, and it causes T cell deactivation by blocking CD28
(Figure 4), a molecule that is essential for T cell activation mediated by antigen-presenting
cells (APCs) [154]. CD28 knockout mice exhibited decreased fibrosis in comparison with
the wild type in bleomycin-induced fibrosis [155]. In 2015, the efficacy of abatacept in atten-
uating fibrosis was examined in a placebo-controlled RCT that included 10 patients with
dcSSc [156]. Five out of seven patients that received abatacept showed a >30% decrease in
mRSS, while this improvement was shown in one out of the three controls. Interestingly,
patients with decreased mRSS also showed reduced CD28 gene expression along with
decreased expression of genes associated with T cell proliferation. This empowers the
proposed mechanism of abatacept’s action. Recently, a phase II, multicenter, double-blind,
randomized, placebo-controlled trial assessed the safety and efficacy of subcutaneous ad-
ministration of abatacept in 88 dcSSc patients [157]. The results failed to show a statistically
significant improvement in mRSS (primary outcome) in the abatacept arm, but secondary
outcomes reflecting patients” disability and quality of life were significantly improved in
favor of the abatacept group. Of note, patients were stratified into inflammatory, normal-
like, and fibroproliferative subgroups based on molecular gene expression data of their
skin biopsies. Patients with an inflammatory intrinsic gene expression showed a larger
decrease in mRSS compared to the other groups. Interestingly, the improvement in the
skin score was associated with decreased gene expression of immune pathways including
cytotoxic T lymphocyte-associated protein 4 (CTLA-4) and CD28 (targets of abatacept).
These results are novel regarding the potentially targeted mechanism of action of abatacept
as an inflammation immunomodulator. Furthermore, abatacept exhibits a good safety
profile and seems to decrease joint involvement and related disability [158,159]. Based
on these studies, abatacept seems to be effective in treating scleroderma-associated joint
inflammation, but studies with a larger number of participants (phase III) are required to
evaluate its anti-fibrotic effect.
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Table 3. Representation of the studies evaluating the role of B and T cell-specific treatments in SSc.

Drug Target Type of Trial(s) }13\/‘;;;:1}?; Patients Results
1. Double-blind, 1. B cell depletion in blood did not
RCT [137] 124 1. 16 early SSc improve mRSS and FVC scores
2. Open-label 2. Median decrease in mRSS of 43.3%
- P 2.54 2.9 dcSSc (p = 0.001) accompanied by reduction in
trial [139] IL-6 levels
3. FVC improved by 10.25% in RTX and
: reduced by 5.04% in the placebo group
;C%ﬂii(}?bel 3.24 3. 14 SSc (p = 0.0018). RTX arm: mRSS
Rituximab Anti-CD20 B cell improvement of 13.5 vs. 8.37 in placebo,
(RTX) depletion 12 months post-treatment (p < 0.001)
4. Multicenter, 4. No significant change in mRSS, but
open-label trial [141] 4.48 4. 51 88c-ILD lung function improved significantly
5. Significant improvement in RTX vs.
5. Open-label CYC in median percentage of FVC
RCT [142] 5.6 5. 60 early dSSc (6752 vs. 58.06, p = 0.003), but not in
mRSS scores
6. Multicenter, 6. RTX arm: the improvement in median
double-blind 6.6 6. 57 SSc-PAH 6MWD was 25.5 m compared to 0.4 m in
RCT [143] placebo (p = 0.03) after 48 weeks
Multicenter Depletion of B and plasma cells was
Inebilizumab Anti-CD19 B cell doublle—blin’d 3 28 SSc correlated with improved mRSS and
(MEDI-551) depletion RCT [149] reduced expression of fibrotic genes in
skin biopsies
Inhibition of B cell Double-blind mRSS score improved from 27 to 18
Belimumab survival by blocking RCT [152] 13 20 dcSSc (p = 0.039), while in placebo group from
BAFF - 28 to 21 (p = 0.023)
1. RCT [156] 1.10 1. 6 deSSe 1. 50/7-patlents and 1/3 controls showed
CD28 blocking T cell >30% improved mRSS
Abatacept depletion 2 Multicenter, 2. No significant improvement in mRSS,
P double-blind 2.12 2. 88 dcSSc but secondary outcomes related to
RCT [157] quality of life improved significantly

5. Targeting Cytokine Production

An alternative option to T cell treatment may be targeting cytokines and growth factors
(Table 4), such as IL-6, IL-1, IL-2, and TGF-§3, that are produced by multiple pathological
cell types in SSc. Tocilizumab (TCZ) is a monoclonal antibody that inhibits IL-6 signaling,
by blocking the IL-6 receptor (Figure 4), and is effective in treating patients with juvenile
idiopathic arthritis and RA [160,161]. Multiple studies have evaluated the use of TCZ in
systemic sclerosis as well. Among these studies, there is one open-label, phase II, random-
ized controlled study (faSScinate) [162] that evaluated the efficacy and safety of a 24-week
treatment with TCZ in reducing fibrosis. The observed difference of 2.70 units in mRSS
was not statistically significant (p = 0.0579). However, the interesting findings of this study
arise from a probable correlation between decreased IL-6 levels and TGF-f function. More
specifically, researchers cultured fibroblasts from patients’ skin biopsies at baseline and
24 weeks after treatment and showed that the IL-6 reduction was correlated with decreased
TGF-f3-related gene expression, suggesting a role of TCZ in reducing fibrosis [163]. The
European Scleroderma Trials and Research (EUSTAR) observational study also evaluated
the use of TCZ in SSc-associated joint and muscle inflammation, compared to abatacept.
Similar to abatacept, the reduction of 3 units in mRSS between baseline and post-treatment
was not significant (p = 0.109), but a significant improvement in joint function was ob-
served [158]. A number of case series have shown similar results [164-168]. Post hoc
analysis of the results from the faSScinate study [162] showed that considerably fewer
patients treated with TCZ compared to placebo exhibited a decline in their lung function.
These participants were also characterized by a reduced expression of pro-fibrotic genes,
suggesting that TCZ treatment may be associated with preserved lung function. These
promising results, together with the unmet medical need for effective fibrosis-reducing
treatment, supported the exploration of TCZ in a phase III clinical trial (focuSSed) [169]. In
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this very recent randomized, double-blind, placebo-controlled, multicenter trial, 210 deSSc
patients were administered subcutaneous TCZ (162 mg) or placebo weekly for 48 weeks.
The reduction in mRSS at the endpoint compared to baseline levels was —6.14 for TCZ and
—4.41 for placebo, with the adjusted difference of —1.73 not being able to show statistically
significant results (p = 0.10). Interestingly, the change in the FVC percentage predicted at
week 48 was in favor of the TCZ arm, expressed as a difference in the least squares mean
of 4.2 (p = 0.0002). These results further support the protective role of TCZ in preserving
lung function. This was later investigated by stratifying the same patients according to
the level of lung involvement [170]. Lung involvement was evaluated by serial spirometry,
high-resolution chest CT, and quantitative interstitial lung disease (QILD) and fibrosis
scores. Strikingly, TCZ was effective in stabilizing and thus preventing the progression of
early SSc-ILD in all patient groups, irrespective of the severity of lung involvement. These
results likely highlight the importance of targeting the immunoinflammatory, early fibrotic
stage of SSc pathology. Taking everything together, TCZ does not seem to significantly
improve skin fibrosis, but it seems to serve as a safe treatment option to preserve patients’
lung function. Thus, TCZ has now been approved by the US Food and Drug Administration
(FDA) to treat SSc-ILD.

Based on the elevated levels of IL-1 and IL-2 and their role in inflammation and fibrosis
in SSc, the potential effect of the monoclonal antibodies rilonacept and basiliximab in tack-
ling SSc-associated fibrosis has been examined lately. Rilonacept is an anti-inflammatory
treatment that has been approved by the FDA as a therapy for cryopyrin-associated periodic
syndromes [171]. Its potential use in SSc depends on the fact that it blocks IL-1f3 signaling
by binding with IL-1f and preventing its reaction with cell surface receptors, therefore
reducing IL-1-triggered inflammation. The results from a double-blind, placebo-controlled,
randomized trial did not support this hypothesis, as no changes were observed in mRSS
between treatment and placebo. In addition, the researchers measured IL-1-regulated gene
expression from explants obtained from patients’ skin, and similarly, no difference was
found [172]. Regarding IL-2 expression, basiliximab is an anti-CD25 monoclonal antibody
that inhibits the IL-2 receptor and is used for the treatment of kidney allograft rejection
as it inhibits the activation and proliferation of T cells [173]. The selective inhibition of
IL-2 cytokines seems promising in counteracting the Th2 predominance in SSc lesions, but
is this associated with reduced fibrosis? The results from a case study in which a patient
with early dcSSC was treated with a combination of CYC, prednisolone, and basiliximab
showed a decrease in mRSS from 24 at baseline to 19 six months post-treatment [174]. The
same research group, 4 years later, conducted a small-scale open-label study including
10 patients with dcSSC [175]. The median mRSS was reduced from 26/51 to 11/51 at week
68 (p = 0.015). Furthermore, the median predicted FVC between baseline and 44 weeks after
treatment increased from 82.1% to 88.4%. The observed trend towards an improvement in
skin disease cannot be attributed to basiliximab alone as the patients also received other
immunosuppressive treatments and there was no control group to compare with. Therefore,
whether basiliximab can attenuate fibrosis is still unclear.

Another important inflammatory and pro-fibrotic mediator in SSc is TGF-$. Cur-
rently, drugs targeting the TGF-f3 pathway are under investigation mainly for diseases
such as cancer. In SSc, the possible efficacy in reducing fibrosis by blocking TGF-f3 has
been examined with the use of the monoclonal antibodies fresolimumab and metelimumab
(Figure 4). In a small-scale, open-label, single-center study, fresolimumab, a high-affinity
TGF-B-inactivating monoclonal antibody, reduced TGF-f3-dependent gene expression in
skin biopsies. Furthermore, fresolimumab administration was accompanied by an aver-
age reduction of 8 units in mRSS at 11 weeks post-treatment [176]. On the other hand,
metelimumab’s administration did not show similar encouraging effects. The effect of
metelimumab has been examined in a randomized, double-blind, placebo-controlled trial
in 45 patients with early (<18 months) dcSSc. All patients experienced an improvement
in mRSS, but this improvement was not statistically significant (p = 0.49). Furthermore,
the drug’s administration was related to an increased morbidity. A large number of severe
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adverse effects were reported, with skin ulceration and worsening of breathlessness being
the most prominent [177]. With the provided results, TGF-f targeting exhibits conflicting
results. Currently, several other compounds that target this pathway are under investiga-
tion. Those that target TGF-f signaling by inhibiting integrin expression have, thus far,
shown promising results in reducing fibrosis in animal models [178].

Pirfenidone is a small molecule agent that interferes with TGF-§ signaling and has
potential interest in attenuating SSc-associated fibrosis. Pirfenidone is a pyridine derivative
that is widely used in IPF, as it reduces fibroblast proliferation and TGF-B-induced collagen
production in primary skin fibroblasts [179] (Figure 4). However, the molecular target of
pirfenidone remains unknown. Of note, only one open-label, phase II study (LOTUSS) has
evaluated the safety and tolerability of pirfenidone in patients with SSc-ILD. The results of this
study did not confirm the IPF observed beneficial effect of pirfenidone in the treatment of ILD
in scleroderma patients, as there was no difference in the predicted FVC between baseline and
post-treatment [180]. This inability to improve clinical primary outcomes is also reflected
molecularly, since serum levels of TNF-oc and TGF-f did not significantly differ between
treated and untreated patients. These outcomes are in line with the neutral effect on lung
function reported by retrospective case studies of SSc patients with ILD that were treated
with pirfenidone [181,182]. Given the documented efficacy of pirfenidone in IPF and the
overlapping pathogenic manifestations between IPF and SSc-ILD, further investigation of
the potential anti-fibrotic effect of pirfenidone in patients with SSc-ILD is needed. In this
regard, two phase II and one phase III, multicenter, double-blind, randomized, placebo-
controlled trials that are evaluating the efficacy of pirfenidone in diminishing skin fibrosis
in SSc-ILD are currently recruiting and may reinforce the potential anti-fibrotic role of
pirfenidone in the near future (NCT03068234, NCT03221257, NCT03856853).

Table 4. Clinical trials and other studies that evaluated the role of cytokine targeting treatment in SSc.

Duration

Drug Target Type of Trial(s) (Months) Patients Results
1. Insignificant change in mRSS, but
(1f'a(S)SP; ?E:; };e[llng]T 1.24 1. 87 early SSc IL-6 reduction was correlated with
decreased TGF-f3 expression
2. EUSTAR 2.189 2. No statistically significant change
Tocili b . ) ) observational 2.5 SSc-polyarthritis in mRSS, but remarkable
oc(l_Eéqu;m Inhibits IL-6 signaling study [158] and myopathy improvement in joint function
3. Change of —1.73 in mRSS between
3. Multicenter, treated and placebo groups was not
double-blind RCT 3.12 3. 210 dcSSc statistically significant (p = 0.10), but
(focuSSed) [169] the 4.2% improvement in predicted
FVC was (p = 0.0002)
. . . Double-blind No changes in mRSS between
Rilonacept Blocks IL-1b signaling RCT [172] 5 weeks 19 dcSSc treatment and placebo
Anti-CD25-mediated Median mRSS reduced from 26/51 to
inhibition of IL-2 inhibits Small-scale, 11/51 at week 68 (p = 0.015)
Basiliximab T cell activation and open-label 17 10 dcSSc Median predicted FVC between
roliferation study [175] baseline and 44 weeks after treatment
p increased from 82.1% to 88.4%
Reduction of 8 units in mRSS score
Small-scale, (p <0.001)
Fresolimumab  Blocks TGF- signaling ~ open-label 6 15 dcSSc Reduced expression of
study [176] TGF-B-regulated genes in skin
biopsies (p < 0.049)
. . . Double-blind No statistically significant change in
Metelimumab  Blocks TGF-§3 signaling RCT [177] 6 45 early SSc mRSS scores
Reduces fibroblast
proliferation and Open-label, phase II . . .
Pirfenidone TGF-B-induced collagen  study 4 63 SSc-ILD No difference in the predicted FVC

production in primary
skin fibroblasts

(LOTUSS) [180]

between baseline and post-treatment
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6. Emerging Therapies with Tyrosine Kinase Inhibitors

Tyrosine kinases are enzymes that use adenosine triphosphate (ATP) to transfer a
phosphate group to intracellular proteins. Phosphorylation of proteins by kinases is vital
for signal transduction and regulation of cell proliferation, differentiation, migration, and
development. The pathological activation of tyrosine kinases (TKs) is crucial in multiple
disease processes such as carcinogenesis, vascular remodeling, and fibrogenesis [183,184].
Furthermore, in inflammatory lesions, tyrosine kinases are also activated through over-
production of growth factors and/or cytokines from the tissues [185]. Several current
studies suggest that inhibiting tyrosine kinases may lead to an effective anti-inflammatory
therapy. Of note, targeting TK activity is feasible with monoclonal antibodies designed to
target the extracellular domains of the receptors, or with small molecules that enter the
cytoplasm and bind to intracellular catalytic domains of both receptor and non-receptor
TKs [186] (Table 5).

6.1. Indolinone-Derived Small Molecule Tyrosine Kinase Inhibitors

Imatinib mesylate is the principal compound among the small molecule TK inhibitors
and was approved by the FDA in 2001 for the treatment of chronic myelogenous leukemia,
in order to block the Ab1 kinase activity [187]. Its use in SSc has been examined due to
its ability to inhibit the PDGF receptor and TGF-f3 signaling pathways [188]. Several case
studies [188-192] have examined the efficacy and tolerability of imatinib in scleroderma
patients. Moderate improvement in skin scores and predicted FVC has been reported,
along with a large number of adverse effects. From a mechanistic point of view, imatinib
successfully depleted patients” pDCs, immune cells that play an important role in the
disease’s pathogenesis [192,193]. Of note, treatment with imatinib exhibited a reduced
amount of pathogenic IL-4-producing T cells in bronchoalveolar lavage of SSc patients,
which was accompanied by elevated numbers of total T helper cells. Based on this ob-
servation, it could be suggested that imatinib’s anti-fibrotic capacity could be mediated
via shifting the Th2 response to a non-type 2 T helper phenotype [190]. In an open-label,
multicenter study, 16 out of 27 patients with early dcSSc completed a six-month imatinib
administration. The mean decrease in mRSS was 21% compared to baseline; however, five
patients exhibited severe adverse effects including generalized edema, erosive gastritis,
anemia, upper respiratory tract infection, neutropenia, and neutropenic infection [193].
Therefore, based on the moderate improvement and the severe adverse effects that were
observed, the use of the imatinib’s analog nilotinib was proposed.

Nilotinib has the same mechanism of action as imatinib, but it is 20-30-fold more
potent and has a more favorable toxicity profile [194]. The use of nilotinib in SSc has been
tested in an open-label, single-arm, phase II trial that included 10 scleroderma patients. In
this trial, nilotinib was well tolerated by the majority of the participants (7/10), with only
a few cases of increased edema and mild QTc prolongation being reported. Furthermore,
it was observed to be promising in reducing mRSS scores in patients with early and
active disease (reduction of 16%, p = 0.02, and 23%, p = 0.01, at 6 and 12 months post-
treatment, respectively) [195]. Furthermore, data from skin gene expression profiling
showed that patients responding to treatment were characterized by elevated TGF-3
signaling. Interestingly, the expression of TGF-3 signaling genes was significantly reduced
after these patients were treated with nilotinib. This observation empowers the mechanism
of action of nilotinib and supports its potential anti-fibrotic effect. However, the progression
into phase III trials will help to validate its efficacy in reducing fibrosis and also determine
its limitations concerning potential side effects.

The last indolinone-derived small molecule inhibitor that will be discussed is nintedanib.
Nintedanib inhibits a plethora of molecules implicated in fibroblast activation such as PDGF
receptor, fibroblast growth factor receptor (FGFR), and vascular endothelial growth factor
receptor (VEGFR) (Figure 4). In vitro and animal data support the anti-fibrotic effect of
nintedanib in inhibiting crucial pathways in the initiation and progression of lung fibrosis.
For instance, nintedanib inhibits the secretion of the pro-fibrotic cytokines IL-4, IL-5, and
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IL-13 in the peripheral blood of SSc patients. In addition, its anti-fibrotic effect is partly
mediated by preventing the polarization towards the pro-fibrotic M2 macrophages [196].
Nintedanib may also exert its anti-fibrotic efficacy by restraining the migration and differen-
tiation of fibroblasts and fibrocytes. Interestingly, in vitro data have shown that nintedanib
downregulates the transition of fibrocytes towards myofibroblasts, and thus the pro-fibrotic
effect of the latter is reduced [197,198]. Nintedanib has received FDA approval for the
treatment of IPF. Since IPF shares pathogenic commonalities with SSc-ILD, the use of
nintedanib to reduce lung fibrosis in patients with SSc-ILD has been recently evaluated in
the SENSCIS trial [199]. This trial included 576 patients with SSc-ILD that were randomly
assigned (1:1 ratio) to receive 150 mg of nintedanib two times daily or placebo for 52 weeks.
Deterioration of lung function in the nintedanib arm was significantly lower compared
to the control group. More specifically, the adjusted annual rate of decline in FVC was
—52.4 mL in patients treated with nintedanib compared to —93.3 mL in the placebo group
(p = 0.04). Based on the results of this study, in 2019, nintedanib was the first FDA-approved
treatment for patients with SSc-ILD [200]. It is worth mentioning that no significant clinical
benefit was observed in skin fibrosis measured by mRSS over a 1-year period. To our
knowledge, no clinical data verifying the in vitro and in vivo anti-fibrotic mechanisms
have been published to date. An open-label, extension trial, assessing the long-term safety
and efficacy of nintedanib in 444 SSc-ILD patients, is ongoing and expected to provide
data on prolonged nintedanib therapy and its exact mechanism of action in SSc patients
(NCT03313180).

6.2. Tofacitinib

Except for the Abl and PDGEF tyrosine kinases, inhibition of Janus kinases (JAK) is
another potential treatment with anti-inflammatory properties. Recent data provide evi-
dence that the JAK/STAT signaling pathway is highly activated in SSc skin biopsies [201].
Tofacitinib is a small molecule JAK inhibitor, with a structure similar to ATP, and has
been used in the treatment of RA. Regarding its mechanism of action, it enters the cell
with passive diffusion and binds to the ATP site of the JAK1 and JAKS receptors. As a
result, it inhibits the phosphorylation and activation of signal transducer and activator of
transcription proteins (STATS), which leads to the downregulation of IL-6 expression [202]
(Figure 4). In view of this mechanism, the use of tofacitinib in SSc might be of interest. The
results from an observational study suggest tofacitinib as a potential treatment in reducing
skin thickening of patients with refractory dcSSc [203]. More specifically, tofacitinib-treated
patients showed a significantly shorter response time compared to the conventional im-
munosuppressive group, with a mean change of —3.7 (p = 0.001) in mRSS already 1 month
post-treatment. After 6 months of treatment, the mean change in mRSS was even greater
between the two groups (—10.0 tofacitinib vs. —4.1 conventional immunosuppressants,
p =0.026). Similarly, in another pilot study, patients treated with tofacitinib showed a signif-
icantly higher improvement in skin fibrosis compared to patients treated with MTX [204].
These results indicate that tofacitinib might be even more effective in reducing fibrosis
than conventional immunosuppressants, further showing a quicker and higher response
rate. The tolerability and efficacy of tofacitinib have been recently evaluated in a small
clinical phase I/1I trial in 15 SSc patients. According to the preliminary results, tofacitinib
is well tolerated and shows a trend towards improving fibrosis (NCT03274076). Further
evaluation of tofacitinib in dcSSc seems warranted.
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Table 5. Clinical trials evaluating the efficacy of tyrosine kinase inhibitors in SSc treatment.

Duration

Drug Type of Trial(s) (Months) Patients Results
Imatinib Inhibits PDGFR and Multicenter, Mean decrease in mRSS was 21%
mesylate TGE-p signaling open-label 6 27 deSSe compared to baseline (p < 0.001)
y RCT [193] :
Same as imatinib, but ~ Open-label, Promising reduction of 23% in
Nilotinib 20-30-fold more single-arm 8 10 early dcSSc mRSS 12 months post-treatment
trial [195] (p=0.01)
Adjusted annual rate of decline in
. . Inhibits PDGFR, FGFR, Double-blind RCT FVC —52.4 mL compared to
Nintedanib and VEGFR signaling  (SENSCIS) [199] 13 576 S5c-ILD —93.3 mL in the placebo group
(p=0.04)
s Inhibits JAK/STAT Double-blind RCT Preliminary data show a trend
Tofacitinib (NCT03274076) 6 15 deSSe towards improved fibrosis

7. Conclusions and Future Perspectives

SSc is a disabling, chronic, auto-immune disease accompanied by high mortality and
morbidity rates. In this review, we examined the potential effects of anti-inflammatory and
immunosuppressive treatments in attenuating fibrosis. To do this, we evaluated the first-
line, generalized as well as cell- and cytokine-specific anti-inflammatory and anti-fibrotic
treatments, including the main therapies that have been used or are currently being tested
in clinical trials.

To begin, among the broad-spectrum treatments, MTX has been well tolerated, but its
efficacy in reducing fibrosis is still controversial. Although CYC’s use seems efficient in
reducing fibrosis, its high toxicity limits its use, and it has now been replaced with MMF.
MMEF is well tolerated, but its use has not been fully examined. On the other hand, cellular
targeting of inflammation with molecules that reduce the number of B or T cells, such
as rituximab, belimumab, and abatacept, has exhibited a potential effect in diminishing
fibrosis compared to broad-spectrum immunosuppressants. Furthermore, the cytokine
signaling-specific antibodies rilonacept, basiliximab, fresolimumab, and metelimumab
show a trend towards reducing fibrosis, but the lack of large phase III trials limits their
potential addition to SSc treatment guidelines. Among the TK inhibitors, nintedanib and
tofacitinib are two promising therapies in halting SSc-related fibrosis. Based on encouraging
outcomes from large phase III RCTs, tocilizumab and nintedanib have been FDA approved
for the treatment of SSc-ILD. On the positive side, ASCT shows increased event-free and
improved overall survival rates, but its use is limited to younger patients with early dcSSc
that fulfill a list of very strict inclusion criteria. Careful patient selection is vital in reducing
the relatively high mortality rates that accompany ASCT.

In conclusion, we are in a new era of a multitude of clinical trials with drugs targeting
specific pathogenic cells and biological pathways related to SSc. Several anti-inflammatory
treatments have been used or tested in SSc patients, but only a mild to moderate improve-
ment in reducing fibrosis has been demonstrated. However, the level of published evidence
on the effectiveness of each tested drug varies greatly among case series and observa-
tional studies, and only a few RCTs have been conducted [205]. Thus, conclusions and
comparisons between the efficacy of different drugs should be handled with caution. The
anti-inflammatory approaches described show a trend towards reducing fibrosis, but the
effect is moderate and, in many cases, controversial. The lack of complete understanding of
the pathophysiology and the rare frequency of the disease are two obvious arguments that
support this conclusion. Furthermore, SSc is a very complex and heterogeneous disease,
and the traditional classification of the patients into the limited or diffuse form based on the
severity of skin involvement is an oversimplification. Lately, multiple studies have utilized
intrinsic gene expression analyses to classify SSc patients into four categories: the inflam-
matory, fibroproliferative, limited, and normal-like subsets [206]. It is currently not certain
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if these categories are reflective of stable disease states that differ between patients. Other
studies suggest that they concern different stages of the SSc disease process [80]. Various
disease manifestations of SSc, such as ILD, pulmonary hypertension, and gastrointestinal
disease, develop with a time course that differs from that of the skin manifestations. The
underlying maladaptive innate and adaptive immune responses likely differ between these
pathologies. Taken together, we believe that in-depth insight and measurement tools of the
pathological processes may yield markers to determine the biological processes driving
specific disease manifestations. Such markers will help to determine the best treatment
approach in individual cases.

Furthermore, targeted drug selection is expected to show more remarkable results in
the anti-inflammatory therapies that have been mentioned. Additionally, to understand if
new drugs are effective, there is also a need for a better understanding of the pathological
processes driving disease features. The use of novel and advanced molecular tools such as
single-cell RNA sequencing is constantly advancing our knowledge about novel pathogenic
cytokines, antibodies, and genes implicated in the pathogenesis of SSc. This knowledge
will facilitate more personalized treatments. For example, scleroderma patients that exhibit
high amounts of the Th2 cytokines IL-4 and IL-13 early after diagnosis, or those with
prominent ILD, could be treated with immunotoxins or monoclonal antibodies that have
been designed to block the IL-4 or IL-13 pathway and have shown promising results in
anti-tumor, IPE, and asthma treatment. Another suggestion for future studies would be to
evaluate the outcome of combined biological therapies.
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Abstract: Systemic sclerosis (SS) is a chronic autoimmune disorder, which has both cutaneous and
systemic clinical manifestations. The disease pathogenesis includes a triad of manifestations, such as
vasculopathy, autoimmunity, and fibrosis. Interleukin-6 (IL-6) has a special role in SS development,
both in vascular damage and in the development of fibrosis. In the early stages, IL-6 participates in
vascular endothelial activation and apoptosis, leading to the release of damage-associated molecular
patterns (DAMPs), which maintain inflammation and autoimmunity. Moreover, IL-6 plays an
important role in the development of fibrotic changes by mediating the transformation of fibroblasts
into myofibroblasts. All of these are associated with disabling clinical manifestations, such as skin
thickening, pulmonary fibrosis, pulmonary arterial hypertension (PAH), heart failure, and dysphagia.
Tocilizumab is a humanized monoclonal antibody that inhibits IL-6 by binding to the specific receptor,
thus preventing its proinflammatory and fibrotic actions. Anti-IL-6 therapy with Tocilizumab is a
new hope for SS patients, with data from clinical trials supporting the favorable effect, especially on
skin and lung damage.

Keywords: systemic sclerosis; interleukin-6; Tocilizumab; pulmonary fibrosis

1. Introduction

Systemic sclerosis (SS) is a chronic autoimmune disease that has both cutaneous and
systemic clinical manifestations, with the latter being associated with high disease mor-
bidity [1]. The pathogenic mechanisms of this condition are not yet fully understood.
However, it is known that the pathogenesis of the disease is composed of a triad: vasculopa-
thy, autoimmunity, and fibrosis [2]. All these mechanisms are interconnected, with each
having a particular role in the occurrence of clinical manifestations and disease progression.
Immunological mechanisms include both innate and adaptative immunity and involve
many cells, such as: B and T lymphocytes, mast cells, macrophages, and dendritic cells [3].
Vasculopathy is characterized by damage and endothelial activation and participates in
the initiation and perpetuation of autoimmunity [4]. Activation of fibroblasts and excess
deposition of extracellular matrix causes the appearance of fibrosis, which is also related to
autoimmunity and vasculopathy [3].

In the early stage of the disease, an inflammatory profile was highlighted, characterized
by an increased secretion of proinflammatory cytokines, with the predominant immune
response being Th1 and Th17 cells [5]. Moreover, innate immunity, by activating NK/NKT-
like cells, plays a decisive role in this initial stage of the disease [6]. The late stage of SS
has a predominant Th2-type immune response and is defined by the presence of fibrotic
changes [5]. Knowing these important data involved in the pathogenesis of the disease,
numerous studies have correlated the clinical manifestations with the excessive secretion
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of some molecules, with the latter being considered potential biomarkers of the disease [7]

(Figure 1).
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Figure 1. Potential biomarkers of organ involvement and disease features in SS. Key: TGF: transform-
ing growth factor; GDF-15: growth differentiation factor 15; BAFF: B-cell-activating factor belonging
to the tumor necrosis factor family; APRIL: a proliferation-inducing ligand; MMP: matrix metallopro-
teinases; BNP: brain natriuretic peptide; NT-proBNP: N-terminal-pro hormone BNP; CTG: connective
tissue growth factor; mRSS: modified Rodnan total skin thickness score; ILD: interstitial lung disease;
IL-6: interleukin 6; DLCO: diffusing capacity of carbon monoxide; PAH: pulmonary arterial hyperten-
sion; ICAM-1: intercellular adhesion molecule 1; dcSSc: diffuse cutaneous systemic sclerosis; VEGEF:
vascular endothelial growth factor; 1cSSc: limited cutaneous systemic sclerosis; KL-6: krebs von den
Lungen-6; SP-D: surfactant protein-D; CCL2: monocyte chemoattractant protein-1; CXCL4: platelet
factor 4; VCAM-1: vascular cell adhesion molecule-1; CRP: C-reactive protein; sCD163: soluble
CD163; anti-RNAP III antibodies: anti-RNA polymerase III antibodies; anti-M3R antibodies: anti-
human muscarinic receptor M3 antibodies; miRNA let-7d: micro RNA let-7d; GPATCH2L: G-patch
domain-containing protein 2-like; CTNND2: catenin delta 2.

Given the complex pathogenic mechanisms and the multitude of cells and cytokines,
we will continue to focus on interleukin 6 (IL-6), which is considered to be one of the
major fibrogenic cytokines along with interleukin 4 (IL-4) and transforming growth factor
(TGF)-B [3].

2. IL-6: General Data

IL-6 is part of a large family of cytokines, having important roles in regulating immu-
nity, hematopoiesis, inflammation, and oncogenesis. In the past, depending on its biological
effect, IL-6 had different names: B lymphocyte-stimulating factor 2 (BSF-2), hepatocyte-
stimulating factor (HSF), or interferon-2 [8]. In 1989, it was found that all these molecules
are identical, so it was renamed IL-6, a name used until today [9].

The biological effect of IL-6 can be achieved by two signaling pathways: the classi-
cal pathway, which uses a membrane receptor, and the trans-signaling pathway, which
involves the presence of a soluble IL-6 receptor. The classical signaling pathway involves
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the binding of IL-6 to the membrane receptor-IL-6R [10]. Normally, the expression of
this receptor is decreased, being found in several cells, especially hepatocytes and some
immune cells [11,12]. IL-6R has no intrinsic signaling capacity. The IL-6/IL-6R interaction
induces the dimerization of an IL-6R signaling-related cytokine called gp130 [13-15]. Un-
like IL-6R, this gp130 molecule is ubiquitously expressed and has an intrinsic signaling
capacity. The IL-6/IL-6R complex bound to gp130 initiates cellular signaling via several in-
tracellular or extracellular pathways [10,12,16]. Gp130-mediated activation of Janus kinase
(Jak) family members and subsequent phosphorylation of specific tyrosine residues cause
phosphorylation and dimerization of STAT (signal transducer and activator of transcription
proteins) [10,16]. The latter determines the transcriptional activation of IL-6-dependent
genes [16].

The alternative IL-6 trans-signaling pathway involves the presence of a soluble recep-
tor (sIL-6R) [16-19]. This receptor is formed after cleavage of IL-6R by activated ADAM17
(Disintegrin Metalloproteases 17) and ADAM10 (Disintegrin Metalloproteases 10) [20,21].
Binding of IL-6 to sIL-6R and subsequently to gp130 IL-6/sIL-6R determines intracellular
signaling, which is very similar to classical IL-6R signaling. In addition, sIL-6R has the
advantage of binding circulating IL-6, thereby prolonging the half-life of IL-6 [22]. More-
over, sIL-6R participates in the interaction between leukocytes and vascular endothelium,
causing the endothelial production of MCP-1 (monocyte chemoattractant protein-1), a key
chemokine that regulates monocyte /macrophage infiltration of the vascular wall [23].

To limit the proinflammatory effects of IL-6, IL-6 signaling is regulated by several
inhibitory molecules and processes. Inhibition of IL-6 signaling is important in order to limit
inflammation and its side effects, such as extensive tissue damage. Thus, STAT3-dependent
transcription is rapidly inactivated by the cytokine 3 signaling suppressor (SOCS3) [24-27].
IL-6-induced SOCS3 expression acts as a major negative feedback loop for IL-6 signaling.
Another inhibitory mechanism, a soluble form of gp130 (sgp130), has been identified in
patients” plasma [28,29]. sgp130 serves as a functional antagonist of IL-6 trans-signaling
by binding to the IL-6/sIL-6R complex and preventing IL-6/IL-6R complex binding to the
gp130 membrane molecule [30]. A third mechanism of inhibition of IL-6 signaling involves
a STAT-3 inhibitor (PIAS3-Protein Inhibitor of Activated STAT 3) that blocks the interaction
between phosphorylated STAT3 and cellular DNA and finally genetic transcription [31].

Figure 2 schematically shows these two intracellular signaling pathways of IL-6,
and the main negative feedback loops that block the production of its biological effects
(Figure 2).

IL-6 is a key cytokine in inflammation, having a systemic polymorphic pathway.
Thereby, after the initial stage of inflammation and local production, IL-6 is transported
through the blood vessels in the liver. Here, it determines the formation and increased
secretion of acute phase proteins, such as C-reactive protein (CRP), serum amyloid A,
fibrinogen, and hepcidin. On the other hand, IL-6 has an inhibitory effect on the secretion
of fibronectin, albumin, and transferrin [32,33]. Due to the stimulatory effect of hepcidin
formation, the iron transporter is blocked in the gut (ferroportin 1) [34]. Thus, the IL-
6-hepcidin axis is responsible for hyposideremia and anemia associated with chronic
inflammation. In addition, IL-6 has the ability to promote zinc deposition in hepatocytes
by increasing the expression of ZIP14-specific transporter. The regulation of ZIP14 by
IL-6 contributes to hepatic accumulation of zinc and to the decrease in the serum zinc
concentration highlighted in inflammation [32,35].
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Figure 2. The intracellular signaling pathways of IL-6 and the main negative feedback loops that block
the production of its biological effects. Key: IL-6: interleukin-6; IL-6R: interleukin-6 receptor; sIL-6R:
soluble interleukin-6 receptor; gp130: glycoprotein 130; Jak: janus kinase; STAT: signal transducer and
activator of transcription proteins; SOCS3: cytokine 3 signaling suppressor; PIAS3: protein inhibitor
of activated STAT 3; ADAM: disintegrin metalloproteases; MCP: monocyte chemoattractant protein-1.

IL-6 plays an important role in the innate or adaptative immune response by stimulat-
ing CD4+ T cell differentiation [32]. Data from the literature support the indispensable role
of the IL-6-TGF-f axis in differentiating Th17 cells from naive T CD4+ cells [36]. Moreover,
inhibition of regulatory T cell differentiation (Treg) occurs [37]. This Th17/Treg imbalance is
responsible for disrupting immune tolerance, leading to chronic inflammatory autoimmune
disorders [38]. IL-6 has the ability to stimulate follicular T helper cell differentiation and
the production of IL-21, which is responsible for the synthesis of immunoglobulins (Ig),
especially IgG4 [39]. IL-6 can induce CD8+ cell differentiation into cytotoxic T cells [40].
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IL-6 also acts on B lymphocytes, activating and transforming them into plasma cells, thus
promoting the production of autoantibodies and hypergammaglobulinemia [32].

IL-6 can have a direct effect on osteoblast precursors, blocking their differentiation and
maturation [41]. IL-6 induces the secretion of matrix metalloproteinases (MMP-1, MMP-3,
MMP-13) from chondrocytes and synovial cells. MMP-1 and MMP-13 are able to break
type II collagen, and MMP-3 exerts its action on the extracellular matrix, fibronectin, and
laminin [42]. In addition, elevated levels of IL-6 in bone marrow stromal cells stimulate
the activator receptor of nuclear factor kappa-B ligand (RANKL), leading to osteoclast
differentiation and activation [43].

The action of IL-6 is systemic, being a key element in the development and perpetua-
tion of inflammation. IL-6 participates in the formation of a cytokine storm by activating
immune cells and stimulating the secretion of new inflammatory mediators. Figure 3 shows
the main cells on which IL-6 acts and the systemic effects it can have.
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Figure 3. The action of IL-6 on various cells and its local and systemic manifestations. Key: IL-6:
interleukin 6; CD: cluster of differentiation; CRP: C-reactive protein; RANKL: activator receptor of
nuclear factor kappa-B ligand; VEGF: vascular endothelial growth factor; Treg: regulatory T cells.

3. IL-6 in Systemic Sclerosis

IL-6 has a particular role in the pathogenesis of SS, both in vascular damage and
in the development of fibrosis. The increase in collagen production is achieved through
different pathways, such as differentiation of myofibroblasts, inhibition of the secretion of
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matrix metalloproteinases with collagenolytic effect, and activation of fibroblasts [44]. The
trans-signaling pathway is mandatory for collagen production and for the appearance of
fibrotic changes due to the presence of sIL-6R [45]. This is supported by data from murine
studies. The occurrence of an SS-like condition with pulmonary fibrosis and skin thickening
was determined by IL-6 signaling [46]. On the other hand, a decrease in pulmonary fibrosis
and inflammation was observed in IL-6-deficient mice [47].

Genetic susceptibility plays an important role in the pathogenesis of SS; therefore, the
polymorphism of the IL-6 gene has been studied in various clinical trials. The most studied
gene is 151800795 (also known as —174 C/G), with G alleles being associated with increased
IL-6levels [48,49]. An analysis of —174 C/G IL-6 polymorphism in a cohort of 102 SS patients
revealed increased IL-6 gene expression in G-allele carriers. This genetic polymorphism
of IL-6 was correlated only with the presence of gastrointestinal manifestations, not with
skin and lung damage [50]. Other data obtained after studying 20 cases with SS support
the link between IL-6 polymorphism, especially the homozygous GG form, and an active
and disabling disease [51].

3.1. IL-6 and SS Features

Elevated serum and skin levels of IL-6 have been highlighted in both early and late
stages of SS [52,53]. In the early stages, IL-6 participates in vascular endothelial activa-
tion and apoptosis [54], leading to the release of damage-associated molecular patterns
(DAMPs), which maintain inflammation and autoimmunity [55].

Numerous data support this increase in IL-6 levels, both in the tissues and in the
serum of patients with SS. Feghali’s study showed elevated levels of IL-6 in the skin
tissue supernatant cultures of SS patients, even 30 times higher than the control arm [56].
By culturing peripheral blood mononuclear cells isolated from cases of SS with type I
collagen, Gurram highlighted an increased level of IL-6 in the supernatant, which shows
that IL-6 can be highly secreted by other unaffected tissues [57]. Various methods for
measuring serum IL-6 levels have been used over time, such as bioassays and ELISA
(enzyme-linked immunosorbent assay). Needleman, using a bioassay method, found
detectable concentrations of IL-6 in the serum of SS patients [58]. The ELISA method
provided important data on elevated IL-6 levels in these patients, levels that correlated
with the degree of skin damage quantified by the cutaneous score [59,60].

It seems that the concentration of IL-6 depends on the duration and form of SS. Thus, a
study that included 55 SS patients analyzed the levels of IL-6, sIL-6R, and sgp130 according
to the form of the disease. Patients were divided into 4 arms: 12 having an 1cSS (limited
cutaneous SS) and an early form of disease (less than 3 years from disease onset), 22 with
1cSS and a late form (over 3 years from disease onset), 9 cases of an early dcSS form (diffuse
cutaneous SS), and 12 cases of a late dcSS form [61]. Following the statistical analysis,
the authors found significantly higher levels of IL-6 in the early SS form compared to the
control arm, with high levels found especially in patients with pulmonary fibrosis. IL-6 was
inversely correlated with vital lung capacity (VPC). IL-6 levels have also been associated
with acute phase reactants and A and G immunoglobulin levels [61]. Regarding sIL-6R,
elevated levels were observed in a limited SS form compared to the control. For sgp130, no
statistically significant data were highlighted [61].

The fact that there is a different secretion of cytokines depending on the stage of the
disease has been demonstrated by clinical trials. Thus, Matsushita showed a significant
increase in IL-6 and IL-10 in the early stages of the disease, and a significant numerical
decrease after 6 years of evolution. Opposite data have been described for IL-12, whose
values were decreased in the early stages and more than 15 times increased in the disease
with a 6-year evolution [62]. The level of IL-6 has been shown to be inversely proportional
to that of IL-13, with early-stage patients having a high IL-6 and low IL-13 amount [63].
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3.2. IL-6 and Skin Manifestations

IL-6 plays an important role in the development of fibrotic changes by mediating the
transformation of fibroblasts into myofibroblasts, with the latter producing an excessive
amount of collagen that infiltrates various organs and tissues, including the heart [64].
Myofibroblasts were found in the dermis in the early and progressive SS forms, with histo-
logical analysis indicating their disappearance in late (atrophic) forms of the disease [65].
Furthermore, a study that included a model of bleomycin SS model mice showed a numeri-
cal decrease in myofibroblasts after administration of anti-IL-6R antibodies [66]. The same
data were highlighted by Kawaguchi, who performed cultures of cutaneous fibroblasts
isolated from SS patients and found a high level of procollagen type I in the supernatant.
After incubating these cultures with anti-IL-6R antibodies, a numerical decrease in collagen
fibers was observed [67].

3.3. IL-6 and Lung Manifestations

The involvement of IL-6 in fibrotic lesions has been proven by clinical trials, especially
in lung damage. Pulmonary fibrosis in SS has a multifactorial etiopathogenesis that includes
both infiltration with inflammatory cells at the alveolar, peribronchiolar, and interstitium
levels, and an intense and aberrant proliferation of fibroblasts that cause the deposition of
fibronectin, type I and III collagen fibers, and tenascin [68,69].

Regarding IL-6, Crestani’s data included the analysis of cultures of alveolar macrophages
obtained after bronchoalveolar lavage in SS patients. In the supernatant, the researchers
found an increased level of IL-6 compared to the control group [70]. Other recently pub-
lished data point to the same increased level of IL-6 in cases of SS with advanced pulmonary
fibrosis due to the perpetuation of chronic inflammation, inhibition of the secretion of met-
alloproteinases, and increased collagen fiber synthesis [71]. On the other hand, another
important pathogenic mechanism involved in the development of pulmonary fibrosis is
the enhancement of IL-6 trans-signaling via ADAM-17 by activated macrophages, which
increases the extracellular matrix deposits and the proliferation of fibroblasts [72]. In this
situation, it seems that inhibition of the IL-6 trans-signaling pathway may be a useful
therapeutic approach [71,72].

IL-6 levels, especially in early SS with mild forms of pulmonary fibrosis, appear to have
a prognostic value for impaired lung function and increased mortality. This is supported
by the analysis of 74 cases of SS associated with pulmonary fibrosis. An IL-6 value of more
than 7.67 pg/mL can be considered a predictor of decreased DLCO (diffusing capacity
of lung for carbon monoxide) and FVC (forced vital capacity) in the first year. It also
correlates with an increase in mortality in the first 30 months of the disease [73]. Other
data obtained after analyzing a cohort of 68 SS patients support the prognostic value of
IL-6, with increased values being correlated with the extension of skin involvement at the
3-year follow-up, the development of pulmonary fibrosis, and worse long-term survival.
Therefore, IL-6 can be considered a predictive marker for disease progression [60,74].
Furthermore, IL-6 levels may be useful in stratifying patients regarding disease activity
and survival outcome [75-77].

3.4. IL-6 and Cardiovascular Manifestations

IL-6 plays an important role in the cardiovascular involvement of SS. In this regard,
an analysis of 20 cases with SS showed positive correlations between the level of IL-6
and the disease duration; EUSTAR (European Scleroderma Study Group) activity score;
musculoskeletal, vascular, and respiratory status; and pressure peak in the pulmonary
artery [78]. Other positive associations were noted with the pulmonary fibrosis score
quantified by HRCT (high-resolution computer tomograph). Negative correlations were
scored between IL-6, DLCO, the 6-min walk distance, and right ventricle systolic function
parameters [78].

Furthermore, IL-6 may be considered a marker for pulmonary arterial hypertension
(PAH) [79]. PAH mainly occurs in the limited form of the disease [80] and is closely related
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to the proliferation of endothelial cells and the formation of extracellular matrix deposits
that cause intimate thickening of the capillaries and pulmonary arterioles [81]. Systemic
inflammation, represented by IL-6, plays an important role in the development of PAH due
to perivascular inflammatory cell infiltrates [81]. The risk of death is higher compared to
idiopathic PAH [82,83], being linked to an accentuated intimal hyperplasia, fewer plexiform
lesions, and the involvement of pulmonary veins [81,84].

3.5. IL-6 and Gastrointestinal Manifestations

In addition to lung damage, 90% of SS patients also have gastrointestinal involvement
(GI) [85], which is the 3rd leading cause of death [86]. GI impairment is associated with
a marked disability and a decreased quality of life in SS patients, leading to reduced
survival [86,87]. IL-6 gene polymorphism increases disease susceptibility, being associated
with different clinical manifestations [49]. Zekovic’s study, which included 102 SS cases,
analyzed the correlations between IL-6 expression and GI manifestations and the presence
of a specific disease genotype /phenotype [50]. The results showed that the presence of the
C-allele correlates with increased IL-6 gene expression and with GI manifestations, with the
most common being abdominal distension and worsening of the GI score (UCLA GIT 2.0) [50].

The pathogenic mechanisms involved in the occurrence of GI manifestations are com-
plex and include concentric intimate thickening and deposition of collagen and mucoid
molecules [88], adventitia fibrosis [89], autonomic dysfunction affecting neuromuscular
junction, smooth muscle atrophy [90,91], presence of antimyenteric neuronal antibodies,
anti-U3 RNP and anti-muscarinic-3 receptor antibodies [92-95], and small intestinal bacte-
rial overgrowth serologically expressed by an increased fecal calprotectin [96]. The clinical
manifestations are polymorphic and may include the entire GI tract, with patients com-
plaining of dysphagia, intestinal transit disorders, fecal incontinence, pseudo-obstruction,
or having clinical signs of malabsorption [97].

3.6. IL-6 and Kidney Manifestations

SS kidney disease has an incidence of up to 10% [98] and is associated with increased
long-term mortality [99], with scleroderma renal crisis (SRC) being a medical emergency.
Genetic predisposition, autoimmune mechanisms, inflammatory cascade, and vasculopa-
thy are the main mechanisms involved in the pathogenesis of SRC. An increased expression
of two proteins: GPATCH2L and CTNND2, was highlighted in a recent study that analyzed
kidney biopsy pieces in SS patients, suggesting the involvement of genetic susceptibility in
the development of the disease [100]. Among autoantibodies, anti-RNA polymerase III an-
tibodies are associated with renal impairment and have a prognostic value [101]. The main
inflammatory markers involved in kidney damage are interleukins (IL-2r, IL-6, IL-10, IL-18)
and chemokines, such as MCP-1 (monocyte chemoattractant protein-1) [102,103]. Vascu-
lopathy refers to intimal proliferation and thickening of the renal arcuate and interlobular
arteries, which causes activation of the renin-angiotensin system [104,105].

Clinically, patients present with rapidly progressive acute renal failure, malignant
hypertension that may be complicated by hypertensive encephalopathy and retinopathy,
pulmonary edema, or seizures. Microangiopathic hemolytic anemia, cardiac arrhythmias,
myocarditis, and fever may also occur [106,107].

All of these systemic harmful effects of IL-6 are shown schematically in Figure 4.
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Figure 4. Systemic harmful effects of IL-6 on the skin, cardiopulmonary, gastrointestinal and renal
system. Key: IL-6, interleukin-6; ADAM17: disintegrin metalloproteases 17; PAH: pulmonary arterial
hypertension; DLCO: diffusing capacity of lung for carbon monoxide; FVC: forced vital capacity.

4. Targeting IL-6 in Systemic Sclerosis

Given the above data, we can sustain that IL-6 can be considered a key cytokine in the
development and evolution of SS. For these reasons, anti-IL-6 therapy with Tocilizumab is
a new hope for SS patients, with data from clinical trials supporting both cutaneous and
pulmonary improvement. Tocilizumab is a humanized monoclonal antibody that inhibits
IL-6 binding to mIL-6R (membrane IL-6R) and sIL-6R and prevents its pro-inflammatory
and fibrotic effects [108]. In addition to SS, this beneficial effect has been shown in a variety
of conditions, such as rheumatoid arthritis, juvenile idiopathic arthritis, Takayasu'’s arteritis,
Still’s adult disease, giant cell arteritis, and Castleman’s disease [109-113].

The benefits of Tocilizumab in SS have been highlighted in phase 2 and 3 studies
since 2016. The FaSScinated study is a randomized, double-blind, placebo-controlled
phase 2 trial that included 87 SS patients from 35 sites [114]. Randomization was 1:1, with
43 cases in the SS group for whom the onset of the disease was less than 5 years and who
received subcutaneous Tocilizumab 162 mg weekly versus a placebo arm, which included
44 patients. No patient had been on background immunosuppressive therapy. The primary
endpoint was an improvement in the modified RODNAN skin score (mRSS) at 24 weeks,
which was not achieved, but the data showed a cutaneous improvement after Tocilizumab
administration (mRSS decrease with 3.92 for Tocilizumab vs. 1.22 for placebo, p = 0.0915). A
more significant skin improvement was seen after 48 weeks with Tocilizumab, but this still
did not reach statistical significance (mRSS decrease with 6.33 for Tocilizumab vs. 2.77 for
placebo, p = 0.0579). Data regarding lung damage were promising, showing a significantly
smaller decrease in FVC for Tocilizumab at week 48 compared with the placebo (p = 0.0373).
Regarding fatigue, itching, clinician global disease severity, and disability, there were no
differences between the two groups. The safety of Tocilizumab was comparable to the
placebo (42 vs. 40), but more severe infections were reported in the active arm (7 vs. 2), with
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1 death. The authors concluded that, although the skin primary endpoint was not achieved,
the decrease in lung involvement was significant, thus opening new research perspectives.

Two years later, Khanna published the results of a phase 3 study (focuSSced study)
that focused on Tocilizumab’s effectiveness on skin and lung fibrosis, also including data
regarding disability, treatment failure, and safety [115]. The randomized, double-blind,
placebo-controlled trial included 210 patients with an early dcSS (<5 years) without back-
ground immunosuppressive treatment. Randomization was 1: 1, with 104 cases receiving
subcutaneous Tocilizumab 162 mg weekly and 106 on placebo. The primary endpoint was
an improvement in the mRRS skin score at week 48, which was not achieved (p = 0.10).
Secondary objectives included the change in the predicted percentage of FVC, patient- and
physician-reported outcomes, and time to treatment failure at week 48. Significant data
were obtained for the predicted percentage of FVC, with Tocilizumab being effective in
preserving lung functionality (p = 0.002). The results on disability and the overall physician
and patient assessment of the disease were not significant. The Tocilizumab safety profile
was good, with the most common side effects being infections.

Other recently published data support Tocilizumab’s beneficial effect on skin fibrosis.
A study on the effect of IL-6 blockade on the molecular, genomic, and functional char-
acteristics of cultured fibroblasts from skin biopsies of SS patients was performed [116].
The analysis included 12 patients treated with Tocilizumab or placebo for 24 weeks. An
activated molecular and functional phenotype was maintained after 24 weeks with placebo.
In contrast, fibroblasts in Tocilizumab patient cultures underwent beneficial changes, such
as decreased migration, proliferation and contraction, and low collagen fiber production.
Furthermore, by analyzing the genetic profile dominated by genes that promote fibrosis
(TGEFp-regulated genes, COL1A1), it was found that Tocilizumab can induce normalization
of the genetic phenotype, thereby improving skin thickening [116]. The findings of this
analysis were promising and highlighted the dual role of IL-6 blockade in inflammation
and fibrosis.

Other data on the improvement of cutaneous fibrosis with Tocilizumab come from
smaller studies, even from case reports and case series, considering the low incidence of
the disease. Shima followed 2 patients with SS refractory to conventional therapies who
received Tocilizumab 8 mg/kg/month for 6 months. Skin damage was assessed by both
the mRRS score and with a Vesmeter device, which measures viscosity, elasticity, and skin
thickening [117]. Tocilizumab therapy resulted in skin softening quantified by both scores.
Another study by Shima included seven SS cases; its main purpose was to investigate the
cutaneous efficacy of Tocilizumab quantified by the mRRS score and to analyze the factors
that contribute to treatment response [63]. Skin improvement was evident after Tocilizumab
therapy, but the data were not statistically consistent. Moreover, the decrease in the mRSS
score was higher in cases with a significant inflammatory syndrome (quantified by CRP)
and shorter disease duration. Negative correlations were found between the mRRS score
and chemokine CCL-5 and IL-13 levels.

In addition to improving skin fibrosis, Tocilizumab appears to be effective in osteoar-
ticular changes. Zacay et al. administered Tocilizumab in 16 cases of SS without clinical
response to other immunosuppressants. All patients had musculoskeletal involvement.
Twelve patients with arthritis/ arthralgia showed a significant improvement after treatment.
One case of myalgia improved, and three out of four with myositis showed normalization
of muscle enzymes after Tocilizumab [118]. In addition, the authors found a significant
improvement in the mRSS skin score, which decreased by 11 points, and an improvement
in lung capacity in 46% of cases. All these favorable responses were mainly recorded in
patients with an early disease. The same positive effect on musculoskeletal manifestations
is supported by EUSTAR (The European Scleroderma Trials and Research group), which
analyzed the response to Tocilizumab and abatacept in a cohort of 27 SS cases. All patients
with polyarthritis significantly improved after 5 months of therapy. However, the mRSS
score did not show a statistically significant decrease [119]. In the two cases presented by
Shima [117], one of the patients had a significantly limited range of joint motion, which
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improved after Tocilizumab therapy, thus strengthening the efficacy of the IL-6 inhibitor on
joint involvement and supporting its inclusion in the SS treatment algorithm [120].

Regarding lung damage, one of the most important complications of the disease and
the leading cause of death, Tocilizumab therapy is a recently approved solution linked
to decreased lung worsening and maintenance of pulmonary function. The results of
the extension of the phase 3 focuSSced study support this pulmonary improvement after
switching from placebo to Tocilizumab [121]. Thus, 78 patients in the placebo arm switched
to Tocilizumab. After 2 years of treatment, 50% of them maintained a constant level of FVC.
Only 3% (2 cases) developed an increase in pulmonary fibrosis quantified by a decrease
in FVC of over 10%. All of these patients showed not only maintenance of lung capacity,
but even an improvement in FVC of 0.6% after 2 years. The results were similar to those in
patients treated with Tocilizumab from the beginning. Moreover, the 48-week extension
of the faSScinate study strengthened the effect of Tocilizumab therapy in stabilizing lung
function. In addition, there was a further improvement in the mRSS score at week 96 [122].

Recently, in 2021, a post hoc analysis of the focuSSced trial was published, which
aimed to analyze the preservation of lung function in 136 cases of SS and intestinal lung
disease. As a novelty, stratification of patients was conducted according to the degree
of pulmonary fibrosis: mild (5-10%), moderate (10-20%), and severe (>20%) [123]. The
included patients had an early SS with progressive skin disease and pulmonary fibrosis,
so they were in the immunoinflammatory phase of the disease. Moderate and severe
fibrotic lung impairment had an increased incidence of 77%. The authors identified inverse
correlations between the degree of pulmonary fibrosis and the predicted FVC percentage.
FVC stabilization was similar in all study arms regardless of fibrosis and was significantly
more important for Tocilizumab compared to the placebo (—0.1% Tocilizumab vs. —6.3%
placebo, p < 0.0001). Because Tocilizumab’s favorable pulmonary effects were observed
in the early fibrotic phase of SS, the authors hypothesized that a window of therapeutic
opportunity exists during this stage.

Tocilizumab may be considered as a rescue therapy in non-responsive cases. Narvaez
included in an analysis nine cases of progressive SS with interstitial lung disease refractory
to corticosteroid therapy (low and medium doses), rituximab, and other immunosup-
pressants (cyclophosphamide, azathioprine, mycophenolate mofetil). Patients received
Tocilizumab (both intravenously and subcutaneously) in combination with mycophenolate
mofetil for 6 months; prednisone below 5 mg/daily was used in 7 cases. The results re-
garding lung damage were promising, with 44% of patients experiencing both stabilization
and an improvement in lung capacity quantified by FVC, DLCO, and the 6-min walking
test [124].

Another recent analysis, reinforced by real-world data, indicated again the beneficial
effect of Tocilizumab on skin and lung damagye, its long-term safety, and an improvement in
patient-reported outcomes. Thus, Khanna's study of 82 SS cases showed an improvement
in mRSS and FVC and a good safety profile after 96 weeks of Tocilizumab administra-
tion [125]. Panopoulos” analysis of 21 SS patients receiving subcutaneous Tocilizumab
for 1 year showed the same efficacy data on the mRSS score and polyarticular impair-
ment, also providing stabilization of lung damage and an improvement in patient-reported
outcomes [126].

The benefit of Tocilizumab therapy in SS heart disease has been less studied so far. Due
to repeated lesions of ischemia and reperfusion, histological changes in band-like necrosis,
and diffuse macular fibrosis, SS can be considered an independent risk factor for cardiovas-
cular disease [127,128]. This year, the case of a young patient diagnosed with 1cSS in 2015
who developed ventricular extrasystoles and changes in cardiac reperfusion highlighted
on an interventricular septum biopsy test was published. Mycophenolate mofetil 2 g daily
was administered for 3 months, but the heart condition worsened. Intravenous treatment
with Tocilizumab 8 mg/kg/monthly was initiated with favorable results regarding clinical
symptoms and reperfusion defects [129].
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Finally, there are data indicating the favorable effect of Tocilizumab on SS juvenile
forms (JSS). The first published study of the efficacy of Tocilizumab in JSS was published last
year and included nine JSS cases on anti-IL-6R therapy in combination with methotrexate,
mycophenolate mofetil, or corticosteroids. Patients mainly had pulmonary and gastrointesti-
nal manifestations [130]. After a mean follow-up of 24 months, statistically significant data
were recorded for skin damage (decreased mRSS), lung function (increased DLCO), global
patient assessment (PGA), and Juvenile Systemic Sclerosis Severity (J4S), which improved.

All these data presented above regarding the clinical efficacy of Tocilizumab therapy

in SS patients are summarized in Table 1.

Table 1. Data regarding the clinical efficacy of Tocilizumab therapy in SS patients.

Author Number of Patients Clinicall):rr;lnle’!?erle‘lsclinical FOII,L‘;}':;}P Results
Shima et al., 2010 5 mRSS 6 months . skin thickening improvement (mRSS
[117] decrease)
. Polyarthritis . joint/muscle damage improvement
Elhai [eltﬁ)l]" 2013 27 Myolgsathy 5 months ° skin thickening improvement
mRSS (mRSS decrease)
. skin thickening improvement
Khanna ety al., 2016 87 mRSS 6 months (mRSS decrease)
[114] FVC .
. smaller decrease in FVC
. skin thickening improvement
Khanna et al., 2017 [122] 78 [;\I}SCS 24 months (mRSS decrease)
. lung function stabilization
. skin thickening improvement
Khanna et al., 2018 [115] 210 ?\I;%S 12 months (mRSS decrease)
. lung function stabilization
. skin thickening improvement
Denton et al., 2018 (mRSS decrease)
[116] 12 mRSS 6 months . decreased skin collagen fiber
production
. significant improvement in
Arthritis /arthralgia arthrilt is/arthralgia lizati
7 1. 201 . .o . muscle enzymes normalization
acay[elt] ;] ,2018 16 Myalgl]z:t\/]rgyoslus 8 months . skin thickening improvement
mRSS (mRSS decrease)
. lung capacity improvement
(FVC increase)
. skin thickening improvement (mRSS
Shima et al., 2019 7 mRSS 6 months decrease) especially in cases with
[63] significant inflammatory syndrome
and short disease duration
FVC . lung function stabilization and
Narvaez et al., 2019 [124] 9 DLCO 12 months improvement (FYC mcre_ase) In cases
6 min walking test refractory to corticosteroids or other
immunosuppressants
Khanna et al. 2020 . lung function stabilization/
[121] 78 Fve 24 months improvement (FVC increase)
Roofeh et al., 2021 136 FVC 12 months . lung function preservation according
[123] to the degree of pulmonary fibrosis
. skin thickening improvement
Khanna et al., 2021 [125] 82 IE\I}SCS 24 months (mRSS dcc;cagc)
. lung function improvement
(FVC increase)
Juvenile S . skin thickening improvement (mRSS
Adrovic et al,, 2021 [130] 9 mRSS 24 months decrease)
DLCO . ung function improvement (DLCO
increase)
. skin thickening improvement
mRSS %mRSfS decrease) bil
Polyarthritis . . ung function stabilization
Panopoulos et al., 2022 [126] 21 PFIYOC 12 months o joint damage improvement (Disease
S

Activity Score 28 decrease)
improving patients” quality of life

Key: mRSS: modified RODNAN skin score; DLCO: diffusing capacity of lung for carbon monoxide; FVC: forced

vital capacity; PROs: patient-reported outcomes.
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5. Conclusions

Although we have a rich therapeutic arsenal, SS remains a serious condition that
involves a multidisciplinary approach and targeted therapies. The pathogenesis of the dis-
ease is complex and multifactorial, and is still incompletely known. IL-6 has an important
role in both vasculopathy and fibrosis and is associated with various clinical manifestations.
Blocking IL-6R with Tocilizumab results in many clinical and biological benefits due to
its anti-inflammatory and anti-fibrotic effects. Recent studies have opened the way for
Tocilizumab in SS, supporting its efficacy and safety.
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Abstract: Systemic sclerosis (SSc) is a rare connective tissue disease with heterogeneous clinical
phenotypes. It is characterized by the pathogenic triad: microangiopathy, immune dysfunction,
and fibrosis. Epigenetic mechanisms modulate gene expression without interfering with the DNA
sequence. Epigenetic marks may be reversible and their differential response to external stimuli could
explain the protean clinical manifestations of SSc while offering the opportunity of targeted drug
development. Small, non-coding RNA sequences (miRNAs) have demonstrated complex interactions
between vasculature, immune activation, and extracellular matrices. Distinct miRNA profiles were
identified in SSc skin specimens and blood samples containing a wide variety of dysregulated
miRNAs. Their target genes are mainly involved in profibrotic pathways, but new lines of evidence
also confirm their participation in impaired angiogenesis and aberrant immune responses. Research
approaches focusing on earlier stages of the disease and on differential miRNA expression in various
tissues could bring novel insights into SSc pathogenesis and validate the clinical utility of miRNAs
as biomarkers and therapeutic targets.

Keywords: systemic sclerosis; pathogenesis; epigenetic mechanisms; miRNAs

1. Introduction

Systemic sclerosis (SSc) is a rare autoimmune disease with miscellaneous clinical man-
ifestations and a distinct autoantibody profile [1,2]. It is characterized by high morbidity
and mortality related to the extent of fibrosis and obliterative vasculopathy of the internal
organs [3-5]. The etiology of SSc is not fully unraveled, but evidence supports a complex
interaction between genetic variants, environmental exposures, and epigenetic modifica-
tions [6]. The modest effect size of SSc-associated genetic risk loci shifted the interest of the
scientific community toward the contribution of epigenetics to disease predisposition and
its complex pathogenesis [7-9].

SSc pathophysiology is distinguished by the interaction between three main altered
pathways: microangiopathy, immune dysfunction, and fibrosis [10-12]. An inaugural
vascular injury [13-15] leads to activation of cell-mediated and humoral immune re-
sponses [16,17], subsequently resulting in fibroblast to myofibroblast differentiation [18]
with production and deposition of collagen and other extracellular matrix (ECM) compo-
nents into the vascular walls, skin, and internal organs [19-21].
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Epigenetics refers to the modulation of gene expression through heritable and re-
versible alterations of the chromatin structure without interfering with the DNA sequence.
Epigenetic mechanisms have previously been linked to the pathogenesis of SSc, extensively
reviewed elsewhere [22-26]. Evidence of association to SSc has previously been reported
for all major epigenetic alterations, including DNA methylation [27-31], histone modifi-
cations [32-34], non-coding small (miRNA), and long (IncRNA) RNA transcripts [35-37].
Epigenetic mechanisms regulate diverse physiological processes such as cell division and
differentiation, growth, and development, being responsible at least in part for the variable
phenotypic traits in both health and disease [7,9,37]. The epigenome is susceptible to
change and can be influenced by various environmental factors, including air pollution,
infection, diet, drugs, metals, and chemicals [38-40].

DNA methylation is an enzyme-mediated process occurring mostly at the CpG sites
where cytosine is located in the vicinity of guanidine in the nucleotide sequence of the
DNA structure. DNA methyltransferases (DNMTs) catalyze the addition of a methyl
(CH3) group to the 5-carbon of the cytosine ring, generating 5-methylcytosine (5-mC). The
methylation status (5-mC content) of a CpG island (cluster of CpG sites) in the promoter
region of a gene modulates gene transcription. This translates into either gene-silencing
if highly methylated or active gene transcription in low methylated states [24,36,41]. His-
tone modifications refer to post-translational alterations (such as methylation, acetylation,
phosphorylation, ubiquitylation, or sumoylation) of the histone proteins, which alter their
interaction with the DNA strand. The subsequent conformational changes in the chromatin
architecture make the DNA more or less accessible to transcriptional factors, resulting
in activation or repression of gene transcription [42,43]. Non-coding RNAs, miRNAs
(<30 nucleotides) [44,45], and IncRNAs (>200 nucleotides) [46,47] are functional regula-
tors of gene expression at the transcriptional and post-transcriptional level. These RNA
fragments are transcribed from the DNA but are not translated into proteins [22,23,26,48].

MiRNAs, the focus of this review, bind post-transcriptionally to a complementary
sequence from a target mRNA and induce gene silencing. This can be achieved by blocking
mRNA translation or promoting mRNA cleavage based on the degree of complementar-
ity [24,37]. MiRNAs have the ability of regulating multiple mRNA targets, whereas transla-
tion of one mRNA transcript into protein can be modulated by various miRNAs [49,50]
(Figure 1).

Upregulation or downregulation of diverse miRNAs has been identified in blood
samples and tissue biopsies from patients with SSc [34,51]. MiRNAs involved in fibrosis
received particular attention compared to the scarce data on immune disfunction and
vasculopathy [52]. An even more attractive aspect besides a better understanding of the
contribution to disease pathogenesis is their potential use as diagnostic and prognostic
markers as well as the possibility of developing targeted therapies [53].

The purpose of this review is to illustrate the current knowledge on the role of miRNAs
in modulating the three main pathogenic pathways in SSc as well as depicting their clinical
utility as biomarkers and therapeutic targets.
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Figure 1. Illustration of epigenetic mechanisms. This figure is a schematical representation of the epigenetic mechanisms
that modulate gene expression: (1) Histone modifications refer to post-translational modifications of the histone proteins
leading to conformational changes that make DNA more or less accessible to RNA polymerase II (RNA POL II); (2) DNA
methylation is an enzyme-mediated process consisting of the addition of a methyl (CH3) group to the 5-carbon of the cytosine
ring from a CpG site. Clusters of CpG sites form a CpG island. The methylation status of a CpG island located in the
promotor region of a gene can either lead to gene silencing if highly methylated or active gene transcription if slightly
methylated; (3) Non-coding RNAs (IncRNAs and miRNAs) are functional RNA fragments transcribed from the DNA by
RNA Pol Il but unable to be translated into proteins. LncRNAs possess diverse functions, such as the capacity of altering
mRNA splicing or recruiting chromatin remodeling proteins and transcription factors. MiRNAs have the ability to bind
post-transcriptionally to a complementary sequence from a target mRNA and induce gene silencing. Depending on the
degree of homology they can either inhibit transcription or induce mRNA cleavage.
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2. Serum- and Tissue-Specific miRNA Signatures in SSc

Multiple studies have aimed at identifying miRNAs involved in the pathogenesis of
SSc and their potential as diagnostic or prognostic biomarkers, as well as therapeutic targets.
In this regard, Zhu H (2012) identified a plethora of miRNAs differentially expressed in SSc
skin biopsies compared to healthy controls (HC). The miRNA profiles differed between
the limited (1cSSc) and diffuse (dcSSc) clinical subtypes. Twenty-one miRNAs overlapped
between the two SSc subgroups, out of which six (miR-21, miR-31, miR-503, miR-146, miR-
29b, miR-145) were predicted to target mRNAs involved in fibrosis. Further, the analysis
was restricted to the TGF-f3-associated genes and the miRNAs that regulate their expression
levels in both skin specimens and SSc fibroblasts: SMAD7 (miR-21 predicted target),
SMAD3 (miR-145 predicted target), and COL1A1 (miR-29b predicted target). In these
samples, miR-21 increased levels were mirrored by SMAD?7 downregulation, whereas miR-
145 and miR29b decreased levels were associated with SMAD3 and COL1A1 upregulation.
Stimulation of healthy dermal fibroblasts with recombinant TGF-f resulted in increased
miR-21/decreased SMAD?7, increased miR-145/decreased SMAD3, and decreased miR-
29b/increased COL1A1 levels, suggesting that these miRNAs do not directly control their
target mRNAs [34].

Interestingly, these miRNAs were not reproduced in the study conducted by Li (2012).
By means of miRNA microarray analysis, 24 miRNAs were identified as being differentially
expressed in SSc skin samples. Results were confirmed by real-time PCR. Target genes
with a known role in SSc pathogenesis were identified for six miRNAs (hsa-miR-206, hsa-
miR-133a, hsa-miR-125b, hsa-miR-140-5p, hsa-miR-23b, hsa-let-7g) using bioinformatics
analysis. Hsa-miR-206 received particular attention as it regulates an impressive number
of genes, 15 of them being correlated with SSc pathogenesis [54].

As expected, miRNAs identified in SSc serum samples differ from tissue miRNAs.
Steen (2015) proposed a circulating miRNA signature in a large cohort of 189 patients.
The study included 120 SSc patients, 29 systemic lupus erythematosus (SLE) patients, and
40 HC. From the 37 identified miRNAs, 19 were significantly dysregulated (14 miRNAs
decreased and five miRNAs increased). Quantitative PCR reflected the main differences
between SSc patients and HC with respect to the expression of the miRNA 17~92 cluster,
as well as miR-16, miR-223, and miR-638. Predicted targets of these miRNAs are mRNAs
involved in different fibrotic pathways, including TGF-§ [51].

A different miRNA circulating profile was demonstrated by means of microarray
analysis in the serum of 10 SSc patients compared to six HC in a study by Rusek et al.
(2019). Out of the 15 miRNAs differentially expressed, miR-4484 was remarkably increased
(18-fold). Bioinformatics analysis suggested miR-4484 as a potential regulator of fibrosis
through the identification of a wide range of target genes involved in the TGF-f3/SMAD and
Wnt/ 3-catenin signaling pathways, as well as collagen synthesis and extracellular matrix
(ECM) homeostasis [45]. Matrix metalloproteinase-21 (MMP-21), even though not a direct
target gene according to computational analysis, was hypothesized to be up-regulated by
miR-4484 due to their close chromosomal vicinity and the increased MMP-21 serum levels.
These findings further enabled the authors to suggest that miR-4484 and MMP-21 might
play a role in SSc pathogenesis and proposed them as serum biomarkers [45].

Another relevant aspect is that circulating miRNA profiles are able to discriminate
between SSc clinical subtypes (1cSSc versus deSSc) and autoantibody specificities, as shown
by Wuttge (2015). Out of 45 selected miRNAs, four miRNAs (miR-223, miR-181b, miR-
342-3p, miR-184) consistently exhibited different expression levels in the 1c¢SSc and dcSSc
subgroups. In the autoantibody subgroups, five miRNAs (miR-409, miR-184, miR-92a,
miR-29a, miR-101) showed statistically different expression levels [55].

A distinct miRNA signature in SSc and idiopathic pulmonary fibrosis (IPF) lung
fibroblasts was expressed in the experiment led by Mullenbrock (2018). The author proved
that various miRNAs were differentially expressed compared to controls. To validate their
function, transfection of miR-29b-3p, miR-138-5p, and miR-146b-5p mimics was performed
and their effects on gene expression were quantified using a Nanostring fibrosis panel. One
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hundred seventy-five pro-fibrotic target genes were consequently downregulated in the SSc
and IPF lung fibroblasts, supporting a role for miR-29b-3p, miR-138-5p, and miR-146b-5p
in fibrosis in these disease models [56].

3. MiRNAs: Culprits in SSc Pathogenesis
3.1. Profibrotic miRNA Transcripts

Zhu H (2012) identified altered expression levels of miR-21, miR-145, and miR-29b in
SSc skin and cultured fibroblasts [34]. A further study from the same group explored the
expression levels of miR-21 and its target gene Smad? in SSc and bleomycin-treated mice
skin biopsies. They validated miR-21 as an important regulator of the TGF-f3 signaling
pathway through the manipulation of its direct target, SMAD7. On the one hand, TGF-3
fibroblast stimulation induced upregulation of miR-21 and downregulation of Smad?,
and on the other hand, transfection of small interfering RNA (siRNA) decreased Smad?7
protein levels. Smad7 is a negative regulatory component of the TGF-f3 signaling pathway.
Therefore, decreased levels of Smad7 will have the opposite effect by stimulating fibrosis.
Similar results were obtained in the bleomycin-treated mice with upregulation of miR-21
and downregulation of Smad?7. After treatment with bortezomib, miR-21 decreased, Smad?
levels were restored, and skin fibrosis improved [57]. The same profibrotic phenotype of
miR-21 was demonstrated by S. Jafarinejad-Farsangi (2019). Upregulation of miR-21 was
observed in both diffuse cutaneous SSc (dcSSc) and TGF-p-stimulated fibroblasts, leading
to increased type I collagen production [58].

Ly (2020) has recently proven that miR-145 mediates x-smooth muscle actin (x-SMA)
myofibroblast differentiation through downregulation of transcription factor Kruppel-like
factor 4 (KLF4) in TGF-B1-stimulated dermal fibroblasts and SSc fibroblasts. KLF4 has
a prohibitory effect on the XYLT1 gene. XYLT1 encodes xylosyltransferase-1 (XT-1), a
proteoglycan synthesis biomarker. Experiments revealed that exogenous delivery of KLF4
siRNA into normal human fibroblasts led to downregulation of KLF4 mRNA levels and
upregulation of XYLT1 expression levels in a dose-dependent manner in response to TGE-
1. The same trend was identified in SSc fibroblasts, therefore leading to the identification
of a new miR-145/KLF4 profibrotic pathway [59].

Another validated profibrotic miRNA is miR-92a. Transfection of miR-92a mimics in
normal fibroblasts resulted in decreased expression levels of matrix metalloproteinase-1
(MMP-1). MiR-92a upregulation in SSc fibroblasts and serum from SSc patients might be a
consequence of TGF-f3 endogenous activation as increased miR-92a levels were evidenced
in normal dermal fibroblasts stimulated with TGF-f3 and decreased expression levels were
shown after inhibition of TGF-B with siRNA [60]. MMP-1 is also the target gene for
another profibrotic miRNA, miR-202-3p, as shown by Zhou (2017). In SSc skin samples
and cultured fibroblasts, miR-202-3p was upregulated and MMP-1 was downregulated.
Luciferase reporter assays identified MMP-1 as the target gene for miR-202-3p and gain
and loss of function assays showed that in SSc fibroblasts MMP-1 was regulated by miR-
202-3p [61].

Nakayama (2017) showed that miR-4458 plays a decisive role in type I collagen
production via the IL-23 immune pathway, therefore indicating IL-23 as an important factor
in SSc fibrogenesis and a possible therapeutic target. In normal fibroblasts, IL-23 stimulation
leads to increased miR-4458 levels and downregulation of type I collagen production.
Conversely, IL-23 stimulation of SSc fibroblasts also prompts miR-4458 upregulation, but
the effect at the protein level is enhanced type I collagen synthesis [62].

MiR-155 also proved to play a role in SSc fibrogenesis by regulating Wnt/ 3 catenin
and Akt profibrotic pathways. This finding was illustrated after transfection of mouse
fibroblasts with miR-155 inhibitor, which resulted in increased degradation of 3-catenin,
decreased phosphorylation of Akt, and, subsequently, decreased type I collagen production.
In bleomycin-treated miR-155 knockout mice and after topical administration of antagomiR-
155 in bleomycin-induced fibrosis mouse models, decreased protein levels of 3-catenin
and pAkt were evidenced. Additionally, improvement of skin fibrosis was noted, therefore
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supporting the therapeutic potential of miR-155 inhibition [63]. Christmann (2016) further
suggested miR-155 as a potential therapeutic target since miR-155 knockout mice exhibited
less aggressive lung involvement and better survival rates after bleomycin administration
compared to wild-type controls [64]. Additionally, the same group suggested a promising
role for miR-155 as a prognostic biomarker in SSc-ILD due to its correlation with higher
high-resolution computed tomography (HRCT) fibrosis scores and lower performances on
pulmonary function tests (PFTs) [64].

Data from Artlett (2017) showed that miR-155 expression levels depend upon inflam-
masome activation. The study depicted the strong link between inflammasome activa-
tion, miR-155 expression, and collagen synthesis in SSc fibroblasts and bleomycin mouse
models. Inflammasome inhibition in SSc fibroblasts via caspase-1 inhibitor determined
downregulation of miR-155 and decreased collagen production. Fibroblasts from NLRP3
knockout mice did not exhibit enhanced miR-155 expression levels after stimulation with
bleomycin, showing that miR-155 expression cannot be achieved without inflammasome
activation [65].

The study by Henderson (2021) validated miR27a-3p as a profibrotic epigenetic direct
regulator of the sFRP-1 protein, a Wnt pathway antagonist. Transfection of miR27a-3p
mimic in TGF-f1-stimulated normal dermal fibroblasts induced COL1A1 and Axin-2
upregulation, as well as downregulation of the antifibrotic PPARy mRNA and decline in
MMP-1 protein levels. The authors also revealed decreased sFRP-1 protein levels in the
serum and skin biopsies of early dcSSc patients and increased miR27a-3p expression levels
in SSc dermal fibroblasts. A 33% drop in collagen synthesis resulted following exogenous
delivery of antagomiR27a-3p in sFRP-1-depleted SSc dermal fibroblasts. These results
suggest a role for miR27a-3p in SSc fibrosis [66]. Another study from the same group
confirmed miR33a-3p as an additional epigenetic regulator of the Wnt pathway through
direct repression of Dickkopf-1 (DKK-1) mRNA translation. MiR33a-3p was increased
in SSc fibroblasts, whereas DKK-1 was decreased. AntagomiR33a-3p transfection into
SSc fibroblasts led to a significant reduction in collagen 1 synthesis, again supporting a
profibrotic role for this miRNA in SSc pathogenesis [67].

MiR-483-5p displayed a profibrotic phenotype in SSc. Serum levels of miR-483-5p are
elevated in such patients. Transfection of miR-483-5p mimics in primary human fibroblasts
and pulmonary endothelial cells caused increased synthesis of type IV collagen via mod-
ulation of COL4A1 and COL4A2 target genes. Transfection of miR-483-5p in endothelial
cells also increased the expression levels of xXSMA and SM22A mRNA, suggesting that
miR-483-5p orchestrates the myofibroblast differentiation of endothelial cells [44].

Table 1 summarizes the main profibrotic miRNAs identified so far along with their
targeted genes.

Table 1. Profibrotic miRNAs involved in SSc pathogenesis.

miRNA Expression Spgciisrilgl(s) Target Gene(s) Reference(s)
Fibroblasts Zhuetal. [3457]
miR-21 Upregulated Bleomycin-treated SMAD7 ]afarmte]ald-lsgrsangl
mice skin samples etal. 58]
Fibroblasts
miR-145 Upregulated GEBL KLF4 Ly etal. [59]
fibroblasts
Fibroblasts
miR-92a Upregulated TGE- g‘;rt;‘;“ulate d MMP1 Sing et al. [60]
fibroblasts
miR-202-3p Upregulated Flbg(;:ﬁlasts MMP1 Zhou et al. [61]
miR-4458 Upregulated Fibroblasts Unknown Nakayama et al. [62]
) Fibroblasts CSNK1A1 Yan etal. [63] ’
miR-155 Upregulated Skin SHIP1 Christmann et al. [64]
Serum Artlett et al. [65]
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Table 1. Cont.

miRNA Expression sp:;'ﬂi‘;il(s) Target Gene(s) Reference(s)
Fibroblasts
miR-27a-3p Upregulated Skin sFRP-1 Henderson et al. [66]
Serum
miR-33a-3p Upregulated Fibroblasts DKK-1 Henderson et al. [67]

KLF4: Kruppel-like factor 4, MMP1: matrix metalloproteinase 1; sFRP-1: secreted frizzled-related protein-1;
DKK-1: Dickkopf-1.

3.2. Antifibrotic miRNA Transcripts

TGF-f, a promoter of collagen synthesis and fibroblast proliferation and differentia-
tion, plays a central role in SSc pathogenesis [68]. TGF-f3 signaling is mediated through its
receptors, TGF-f receptor type 1 (TGFBR1) and type 2 (TGFBR2) [69]. Numerous in vitro
and in vivo experiments have shown that TGFBR2 is involved in dermal and internal
organ fibrosis [70-72]. From that perspective, Shi (2018) has demonstrated that TGFBR2
upregulation in SSc dermal fibroblasts and in dermal biopsies is a direct consequence of
miR-3606-3p downregulation. Additionally, transfection of miR-3606-3p mimics in SSc
dermal fibroblasts resulted in a reduction of TGFBR2 expression, as well as reduced p-
SMAD2/3 and type I collagen protein levels [73]. MiR-3606-3p silencing of the TGFBR2
mRNA could represent a new therapeutic strategy in SSc.

Besides the profibrotic phenotype displayed by miR-4458, Nakayama (2017) likewise
showed that miR-18a influences type I collagen production. In normal fibroblasts, IL-
23 stimulation led to decreased miR-18a expression levels and downregulation of type
I collagen synthesis. In contrast, IL-23 stimulation of SSc fibroblasts caused miR-18a
downregulation and increased type I collagen synthesis. This paradox is explained by
strong downregulation of miR-18a, a potent antifibrotic miRNA, due to intrinsic activation
of TGF-f3 in SSc fibroblasts. The profibrotic activity of IL-23 was subsequently demonstrated
by accelerated skin fibrosis after IL-23 injection of bleomycin-treated mice [62].

Five members of the let-7 family were dysregulated in SSc and localized scleroderma
(LSc) skin samples compared to normal controls and keloid skin specimens. Let-7a was
significantly downregulated in scleroderma tissues, with lower levels in the LSc group
compared to the SSc group. TGF-f31 stimulation of normal fibroblasts resulted in decreased
expression levels of Let-7a and increased production of type I collagen, suggesting that
downregulation of Let-7a might mitigate the overexpression of extracellular matrices,
mainly the secretion of type I collagen. This hypothesis was validated by transfection of
the Let-7a inhibitor in the normal fibroblasts, which led to increased production of type
I collagen. Serum levels of Let-7a were also downregulated and the same trend of lower
levels in the LSc subset compared to the SSc subset was maintained. Injection of Let-7a in
bleomycin-induced fibrosis mouse models resulted in improvement of skin fibrosis [74].

Maurer (2010) demonstrated significant downregulation of miR-29a in SSc-cultured
fibroblasts, SSc skin biopsies, and bleomycin-induced fibrosis mouse models. In order to
validate its function and role in SSc fibrogenesis, transfection of pre-miR-29a/29b/29¢ in
SSc fibroblasts was conducted. This manipulation led to downregulation of type I collagen
and markedly decreased expression levels of type III collagen being observed after pre-miR-
29a transfection. Conversely, transfection of anti-miR-29a in normal fibroblasts determined
upregulation of type I and type III collagens. COL3A1 proved to be a direct target of miR-
29a after cotransfection of HEK 293 cells with pre-miR-29a and pGL3 luciferase reporter
containing the 3’-UTR of COL3A1. Cotransfection resulted in reduced relative luciferase
activity, whereas cotransfection with anti-miR-29a and pGL3 luciferase reporter led to
enhanced relative luciferase activity. The group subsequently analyzed the influence of
several profibrotic cytokines, namely TGF-3, PDGF-B, and IL-4, on miR-29a expression.
They demonstrated that stimulation of normal fibroblasts with these molecules resulted
in downregulation of miR-29a similar to levels seen in SSc fibroblasts, whereas inhibition
of TGF- and PDGF-B pathways with imatinib restored miR-29a levels in SSc fibroblasts
as well as bleomycin-induced skin fibrosis. Given the direct regulation of collagen genes
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by miR-29a, this miRNA could be a potential antifibrotic therapeutic target [75]. In a
recent study by Jafarinejad-Farsangi (2019), transfection of miR-29a mimics significantly
reduced collagen type I expression levels in SSc and TGF-f-stimulated fibroblasts, further
supporting the antifibrotic role of miR-29a [58].

Similarly, Ciechomska (2014) validated TAB1 as another target gene for miR-29a,
demonstrating an important role for this miRNA in SSc fibrosis. Transfection of miR-29a in
normal fibroblasts led to downregulation of TIMP-1 and upregulation of MMP-1, resulting
in decreased extracellular matrix deposition. Bioinformatics analysis identified TAB1 as a
possible target gene for miR-29a. Validation of TAB1 was performed through cotransfection
of HeLa cells with pre-miR-29a and TAB1 3'UTR luciferase reporter. Luciferase analysis
showed a 20% reduction in luciferase activity after cotransfection. Subsequently, phar-
macological inhibition of TBA1 or transfection of anti-TAB1 siRNA in normal fibroblasts
resulted in TIMP-1 reduction, demonstrating that TAB1 plays a key role in the regulation
of TIMP-1 expression levels [76].

Honda (2013) depicted miR-150 as an antifibrotic miRNA that mediates its effects via
integrin (33 inhibition. Integrin 3 is an adhesion molecule that is supposed to play an im-
portant role in the endogenous TGF-{3 activation in SSc fibroblasts. In SSc skin and cultured
fibroblasts, low miR-150 levels and high integrin 33 levels were identified. Transfection
of miR-150 mimics in SSc fibroblasts resulted in decreased integrin (33, phosphorylated
SMAD3, and type I collagen, while on the contrary miR-150 antisense inhibition in normal
fibroblasts caused enhanced expression of the aforementioned molecules [77].

PDGEF receptor f is the target gene for miR-30b. Tanaka (2013) demonstrated that
miR-30b was repressed in SSc serum samples. Decreased levels were also seen in SSc
skin specimens and experimental mouse models, whereas PDGFR-3 was highly expressed
in SSc fibroblasts compared to controls. Hence, downregulation of miR-30b leads to a
profibrotic phenotype via enhanced expression of the PDGFR-f3 [78].

MiR-135b and miR-196a are validated antifibrotic miRNAs. O’Reilly (2016) proved
that IL-13 signaling leads to increased extracellular matrix deposition in SSc fibroblasts
through regulation of the signal transducer and activator of transcription-6 (STAT6). IL-
13-induced downregulation of miR-135b results in upregulation of STAT6 and increased
collagen synthesis [79]. The involvement of epigenetics in SSc fibrosis is also illustrated
by Makino (2013). Regulation of discoidin domain receptor 2 (DDR2) mRNA and protein
level is accomplished through negative feedback: decreased DDR2 stimulates miR-196a
expression and decreased collagen synthesis in normal fibroblasts. In SSc fibroblasts, this
feedback is incompetent due to downregulation of miR-196a by endogenous activation
and downstream signaling of TGF-f3, generating enhanced collagen production [80].

MiR-125b modulates both the activation of fibroblasts into myofibroblasts and fi-
broblast apoptosis. It exerts a tissue dependent effect as seen with cancer and cardiac
fibrosis [81,82]. Kozlova (2019) demonstrated that miR-125b is downregulated in SSc der-
mal fibroblasts and skin samples. This leads to enhanced fibroblast apoptosis through
induction of apoptosis genes BAK1, BMFE, and BBC3, but also reduces fibroblast prolifer-
ation and differentiation as shown by decreased *xSMA mRNA expression and protein
levels. Hence, miR-125b plays a protective, antifibrotic role in SSc pathogenesis [83].

MiR-16-5p inhibits tissue fibrosis by repressing myofibroblast activation through direct
inhibition of NOTCH2 expression. Yao (2020) revealed that transfection of antogomiR-16-
5p in cultured skin fibroblasts led to a rise in the levels of several profibrotic markers, such
as COL1A1, COL1A2, connective tissue growth factor (CTGF), as well as x-SMA, a marker
of myofibroblast differentiation. On the contrary, MMP-1 and matrix metalloproteinase-8
(MMP-8) levels were decreased in response to miR-16-5p inhibition. Additional exogenous
delivery of siNOTCH2 partially reversed the expression of the abovementioned biomarkers.
Decreased miR-16-5p and increased NOTCH2 expression levels were identified in SSc
serum samples, suggesting that miR-16-5p interferes in SSc pathogenesis by modulating
fibroblast to myofibroblast differentiation [84].
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Table 2 outlines the main characteristics of the antifibrotic miRNAs identified in
patients with SSc.

Table 2. Antifibrotic miRNAs involved in SSc pathogenesis.

Tissue

miRNA Expression Specimen(s) Target Gene(s) Reference(s)
miR-145 Downregulated Fibr(;:ﬁlasts SMAD3 Zhu et al. [34]
miR-29b Downregulated Fibg(l)(lﬁ]asw COL1A1 Zhu et al. [34]
Fibroblasts
miR-let-7a Downregulated Skin Unknown Makino et al. [74]
Serum
Fibroblasts Maurer et al. [75]
: COL1A1 e .
. Skin Jafarinejad-Farsangi
miR-29a Downregulated Bleomycin-treated C%]\dgzlﬁsl etal. [58]
mice _skin samples Ciechomska et al. [76]
miR-3606-3p  Downregulated Fibroblasts TGFBR2 Shi et al. [73]
miR-18a Downregulated Fibroblasts Unknown Nakayama et al. [62]
miR-150 Downregulated Fibroblasts ITGB3 Honda et al. [77]
Skin
miR-30b Downregulated Expseerliﬁlrgntal Unknown Tanaka et al. [78]
mouse model
Fibroblasts
miR-135b Downregulated Serum STAT6 O'Reilly et al. [79]
Monocytes
miR-16-5p Downregulated Fibroblasts NOTCH2 Yao et al. [84]

COL1AL: collagen type 1 alpha 1 chain; COL3A1: collagen type 3 alpha 1 chain; TAB1: transforming growth
factor beta activated protein kinase 1; TGFBR2: transforming growth factor beta receptor 2.

Figure 2 is an illustration of the regulatory effects of various profibrotic and antifibrotic
miRNAs involved in SSc tissue fibrosis.

3.3. Apoptosis and miRNAs

SSc fibroblasts are resistant to apoptosis. This dysfunctional programmed cell death
further contributes to increased extracellular matrix deposition [85]. Two members of the
Bcl-2 family, namely Bax and Bcl-2, control apoptosis. Mir-29a and miR-21 regulate the
expression levels of Bax and Bcl-2 [86,87].

Accordingly, Jafarinejad-Farsangi (2015) demonstrated the proapoptotic role of miR-
29a in SSc and TGF-3-stimulated fibroblasts through regulation of the expression levels
of the Bcl-2 family members. MiR-29a downregulates the antiapoptotic Bcl-2 and Bcl-XL
proteins, therefore increasing the Bax:Bcl-2 ratio. An elevated Bax:Bcl-2 ratio translates into
enhanced apoptosis. The dual properties of mir-29a, both antifibrotic and proapoptotic,
make it an excellent therapeutic target [86].

In a subsequent study, Jafarinejad-Farsangi (2016) confirmed the increased Bcl-2 levels
in SSc fibroblasts and the resulting decreased Bax:Bcl-2 ratio. This confers resistance to
apoptosis, as previously demonstrated [86]. Transfection of SSc fibroblasts with miR-21
mimics additionally upregulated Bcl-2 levels and lowered the Bax:Bcl-2 ratio, support-
ing miR-21 as an antiapoptotic factor. On the contrary, transfection of miR-21 inhibitor
increased Bax expression levels and consequently enhanced apoptosis. MiR-21 inhibition
is an attractive therapeutic target in inducing apoptosis and reversing fibrosis in SSc [87].

Table 3 is a schematic representation of the miRNAs that modulate apoptosis in SSc.
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Figure 2. TGF-f1, the main regulator of fibrosis, plays a central role in SSc pathogenesis. SMAD and non-SMAD TGEF-f3
signaling pathways lead to transcription of fibrosis-related genes responsible for fibroblast proliferation, myofibroblast
differentiation, and extracellular matrix deposition. Upregulation (red squares) or downregulation (blue squares) of
diverse miRNAs interfere with these mechanisms and promote tissue fibrosis. KLF4: Kruppel-like factor 4; MMP1: matrix
metalloproteinase 1; sFRP-1: secreted frizzled-related protein-1; DKK-1: Dickkopf-1; LRP 5/6: lipoprotein receptor-related
proteins (LRP) 5 and 6; COL1AL: collagen type 1 alpha 1 chain; COL3A1: collagen type 3 alpha 1 chain; TAB1: transforming
growth factor beta activated protein kinase 1; TGFR1: transforming growth factor beta receptor 1; TGFR2: transforming
growth factor beta receptor 2; Wnt: Wnt signaling pathway; alpha-SMA: alpha-smooth muscle actin; CTGF: connective
tissue growth factor; TIMPs: tissue inhibitors of metalloproteinases; IL-13R alpha 1: interleukin-13 receptor alpha 1; IL-4R
alpha: interleukin-4 receptor alpha; STAT6: signal transducer and activator of transcription 6.
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Table 3. Apoptosis and miRNAs.

miRNAs Expression Tissue Sample(s) Regulatory Effect Consequence Reference

Fibroblasts inejad- i

miR29a  Downregulated  TGF-@-stimulated Increased Bax:Bel2  progpoptotic  Jafarinejad-farsangi
fibroblasts etal. [86]

iR- : Decreased Bax:Bcl2 . . Jafarinejad-Farsangi
miR-21 Upregulated Fibroblasts ratio Antiapoptotic etal. [87]

3.4. Microangiopathy and miRNAs

Proliferative microangiopathy is responsible for severe manifestations such as digital
ulcers and pulmonary arterial hypertension. Iwamoto (2016) investigated the potential
role of epigenetics in mediating SSc vasculopathy. The study revealed that SSc fibroblasts
and dermal biopsies exhibited lower levels of miR-193b compared to normal controls. By
means of computational analysis, several genes were identified as potential targets and
urokinase-type plasminogen activator (uPA) was the most significantly dysregulated by
miR-193b stimulation or inhibition. Accordingly, transfection of miR-193b mimics lowered
uPA levels and transfection of miR-193b inhibitors upregulated uPA expression. These
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findings were also shown in HC and primary human pulmonary artery smooth muscle
cell (HPASMCs) cultures and validated at the protein level. Inmunohistochemistry and
double-staining of SSc skin samples with uPA and a-SMA proved that uPA is highly
expressed in vascular structures, especially by vascular smooth muscle cells (VSMCs), and
modestly expressed by skin fibroblasts. Obtained data suggest a possible role of uPA in
SSc vasculopathy that was further validated on HPASMCs cultures where uPA enhanced
the expression of the PCNA proliferation marker and decreased apoptosis detected by
flow cytometry. Upregulation of MiR-193b represents a potential treatment for targeting
vasculopathy in SSc [88].

MiR-126 is a negative regulator of epidermal growth factor like-domain 7 (EGFL7),
a modulator of angiogenesis that exhibits pro-angiogenic properties. According to the
publication of Liakouli (2019), EGFL7 expression levels are increased in early onset dcSSc
skin specimens but decreased in long-standing dcSSc skin biopsies. The authors further
showed that exogenous delivery of human recombinant (th)EGFL7 suppressed the im-
paired angiogenesis in cocultures of early-onset and long-standing dcSSc fibroblasts with
HUVECs. Moreover, (th)EGFL?7 suppressed COL1A1 expression levels in early-onset SSc
fibroblasts, whereas EGFL7 small interfering (si)RNA increased COL1A1 mRNA levels.
These results emphasize the dual role of EGFL7 in SSc pathogenesis, modulating both
angiogenesis and fibrosis [89].

Table 4 represents a summary of the modulatory effects of miRNAs in SSc vasculopathy.

Table 4. Microangiopathy and miRNAs.

miRNA Tissue Samples Regulatory Effect Reference

Fibroblasts
miR-193b Skin uPA expression Iwamoto et al. [88]
HPASMC s cultures
Fibroblasts
miR-126 Skin EGFL7 expression Liakouli et al. [89]
HUVECs

uPA: urokinase-type plasminogen activator; EGFL7: epidermal growth factor like-domain.

3.5. Immune Dysfunction and miRNAs

B cell-activating factor (BAFF), a TNF superfamily member, revealed its important role
in the pathogenesis of several autoimmune diseases by modulating the activity and survival
of B cells. In SSc, stimulation of dermal fibroblasts with either Poly(I:C) or IFN-y (known
upregulators of BAFF) resulted in decreased expression levels of miR-30a-3p. Conversely,
transfection of miR-30a-3p mimics in these cells lowered BAFF expression levels and
consequently determineed decreased B cell survival. To a further extent, transfection of
normal fibroblasts with miR-30a-3p inhibitor enhanced BAFF levels, demonstrating that
miR-30a-3p is an important regulator of BAFF production and secretion [90].

The interplay between miRNA dysregulation and interferon (IFN) signatures in SSc
was explored by Ciechomska (2020) through mRNA-miRNA sequencing and functional
studies on monocytes. Accordingly, miR-26a-2-3p was significantly downregulated in SSc
monocytes compared to controls, while expression of selected IFN-stimulated genes was
increased in SSc monocytes but not in controls or rheumatoid arthritis samples. Transfection
of miR-26a-2-3p mimics to TLR-stimulated THP-1 cells proved that this miRNA is a
negative regulator of IFN-stimulated genes. These findings suggest that miR-26a-2-3p
downregulation might be responsible, at least in part, for the increased IFN production in
SSc [91].

Table 5 illustrates the characteristics of miRNAs involved in the dysregulation of the
immune system in SSc.
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Table 5. Immune dysfunction and miRNAs.

miRNA Tissue Sample Regulatory Effect(s) Reference
miR-30a-3p Fibroblasts BAFF production and secretion Alsaleh et al. [90]
miR-26a-2-3p Monocytes Regulation of IFN-stimulated genes Ciechomska et al. [91]

4. MiRNAs: Diagnostic and Prognostic Biomarkers

An interesting finding was that of Makino (2012), who found highly expressed levels
of miR-142-3p in the serum of SSc patients. These levels were significantly dysregulated
compared to the scleroderma spectrum disorder (SSD), systemic lupus erythematosus
(SLE), and dermatomyositis (DM) cohorts, suggesting that miR-142-3p could be a potential
diagnostic marker in distinguishing SSc from SSD [92].

Izumiya (2015) illustrated the relationship between five let-7 family miRNA members
and the severity of pulmonary hypertension in SSc patients. Microarray analysis of skin
biopsies from six patients without pulmonary hypertension (PH) and nine patients with
PH identified 32 miRNAs that were upregulated and 14 miRNAs that were downregulated.
After validation by quantitative real-time PCR, the expression levels of let-7a, let-7d, let-7e,
let-7f, and let-7g were significantly dysregulated in the PH group. Furthermore, let-7d
and let-7b were correlated with an increased pulmonary arterial pressure measured by
echocardiography, making them possible candidates as biomarkers of PH severity in SSc
patients [93].

The association between cancer and SSc is another troubling aspect in the management
of these patients. SSc patients have a higher risk of developing certain types of cancer,
mainly breast, lung, and hematological malignancies [94]. Dolcino (2018) investigated the
potential role of epigenetics in promoting carcinogenesis in SSc. The expression levels
of 5 MiRNAs (miR-21-5p, miR-92a-3p, miR-155-5p, miR-16-5p, miR-126) with proven
implication in these types of malignancies were detected by real-time PCR in the serum
of 30 SSc patients and 10 HC. MiR-21-5p, miR-92a-3p, miR-155-5p, and miR-16-5p were
significantly dysregulated in the SSc group compared to controls. Mir-126 levels were not
statistically different between SSc patients and controls. The upregulation of miR-21-5p,
miR-92a-3p, and miR-155-5p in both SSc and cancer specimens, with implications in fibrosis
as well as angiogenesis and proliferation, suggests that there might be a defining role for
epigenetic mechanisms in cancer predisposition in SSc¢ [95].

5. Role of miRNAs in SSc Interstitial Lung Disease (SSc-ILD) Pathogenesis

Pulmonary involvement in SSc is associated with increased morbidity and mortality
and therefore warrants special attention with respect to the role miRNAs might play in
lung fibrosis.

Wu (2021) analyzed one miRNA and three mRNA datasets retrieved from the Gene
Expression Omnibus (GEO) database and identified nine differentially expressed miRNAs
in SSc-ILD lung samples compared to controls. These miRNAs regulate various fibrosis-
related signaling pathways, such as the integrin family, TNF-related apoptosis inducing
ligand (TRAIL) protein, and vascular endothelial growth factor (VEGF)/VEGEF receptor
(VEGFR) signaling networks [96].

Compared to idiopathic pulmonary fibrosis (IPF), an organ-specific fibrotic disease,
Mullenbrock (2018) identified a similar miRNA profile in SSc lung fibroblasts. Transfection
of miR-29b-3p, miR-138-5p, and miR-146b-5p in both IPF and SSc pulmonary fibroblasts
resulted in downregulation of several profibrotic genes, COL1A1 (miR-29b-3p target gene),
connective tissue growth factor (CTGF; miR138-5p target gene), and actin alpha 2 (ACTA2;
miR-146b-5p target gene) [97].

As previously mentioned, data from Christmann (2016) promoted miR-155 as an attrac-
tive therapeutic target and also a promising prognostic biomarker in SSc-ILD [64]. Another
proposed prognostic biomarker is miR-200c identified in peripheral blood mononuclear
cells (PBMCs) among patients with ILD and different connective tissue diseases (CTDs).
Higher miR-200c levels were detected among patients with SSc-ILD compared to other
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CTDs and in patients with more severe forms of lung fibrosis (defined by the decline of
FVC and FEV1) [98]. Results from a different study showed that transfection of miR-30c in
experimental mouse models resulted in decreased dermal thickness and collagen produc-
tion as well as improved vascular dysfunction and lung fibrosis scores, promoting miR-30c
as a versatile therapeutic target in SSc [99].

MiR-320a is downregulated in serum and PBMCs of SSc-ILD patients and lung sam-
ples of bleomycin-induced ILD. Through its target genes, TGFR2 and insulin-like growth
factor receptor 1 (IGFIR), miR-320a modulates the expression of type I collagen in normal
human pulmonary fibroblasts cell lines. Further stimulation of these cells with TGF-f3
upregulated both miR-320a and collagen genes, again pointing toward the central role of
the TGF-{3 signaling pathway in tissue fibrosis [100].

Pulmonary endothelial myofibroblast differentiation and type IV collagen synthesis
are induced in vitro by miR-483-5p, a profibrotic miRNA that was detected in high levels
in SSc serum samples [44].

6. Future Directions

Research in the field of miRNAs in SSc has mostly focused on miRNAs exhibiting an
antifibrotic or profibrotic effect in the hope of identifying and developing more targeted
therapies. Some of the earliest promising results came from Montgomery (2014). In this
study, bleomycin-induced pulmonary fibrosis improved after intravenous administration
of double-stranded miR-29b mimics. These chemically modified miRNA transcripts were
able to restore COL1A1 and COL3A1 expression levels and even decrease total collagen
amount in lung biopsies. These findings suggest that miR-29b therapeutic delivery may
not only stop progression of pulmonary fibrosis but also reverse already established
lung fibrosis [101]. In this respect, miRagen Therapeutics has a phase 2, double-blind,
placebo-controlled clinical trial investigating the potential use of Remlarsen/MRG-201
(miR-29 mimic) for the treatment of keloid scars (www.clinicaltrials.gov, accessed on
27 March 2021). MRG-229, a second-generation miR-29 mimic designed for treatment
of idiopathic pulmonary fibrosis (IPF), has recently shown favorable efficacy and safety
profiles in preclinical studies (www.miragen.com, accessed on 27 March 2021). Another
attractive target could be the inhibition of miR-155. Several lines of research showed that
bleomycin-treated miR-155 knockout mice achieved improved skin and pulmonary fibrosis
scores [63,64]. Therefore, silencing profibrotic miRNAs with synthetic antagomiRs could
also represent an approach in SSc therapy. Besides miRNA mimics and antagomiRs, several
other methods of delivery have been developed, but the most important questions remain
their stability, cell and tissue specificity, and subsequent immune response [24,101,102].

Exosomes, small membrane vesicles containing genetic information, are emerging as
a new direction in the study of SSc pathogenesis. They mediate intercellular interactions
within the same tissue but also modulate cell phenotypes away from their origin in distant
organs. Thus, free-circulating exosomes could explain the progression of fibrosis from
skin to different organs [103,104]. Current evidence even implies that exosomes might
represent the link between the three disrupted mechanistic pathways in SSc: microangiopa-
thy, immune disfunction, and fibrosis [105]. The serum exosome content of 28 miRNAs
previously shown to mediate various fibrotic pathways in SSc was evaluated by means
of semiquantitative real-time PCR (RT-PCR) in three 1cSSc patients, three dcSSc patients,
and HC. The expression levels of six profibrotic miRNAs were increased and 10 antifibrotic
miRNAs were decreased in both SSc subsets compared to normal controls. A significant
difference was also observed in the expression levels of eight antifibrotic miRNAs (miR-
let-7a, miR-290, miR-92a, miR-1250, miR-133, miR-140, miR-146a, miR-200a) that were
markedly downregulated in the dcSSc subgroup compared to levels observed in the 1¢SSc
subgroup. Furthermore, normal dermal fibroblasts were exposed in vitro to three different
concentrations of exosomes isolated from both SSc subgroups in order to validate their
involvement in fibrosis. RT-PCR evidenced dose-dependent upregulation of COL1A1,
COL3A1, and fibronectin 1 (FN1), genes encoding type I collagen, type III collagen, and
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fibronectin. Their corresponding protein levels were also increased after exosome exposure.
Other genes that were induced after exosome treatment were genes involved in myofibrob-
last activation as well as genes encoding TGF-f3 and CTGF 56. As a result, exosomes act as
potent biological tools that could be used as diagnostic and even prognostic biomarkers,
whereas their manipulation as therapy delivery carriers is an exciting perspective in many
diseases, including SSc [105].

7. Limitations

This is a narrative literature review that focused on the current state of research in the
field of epigenetics, particularly miRNAs, and their role in SSc pathogenesis. “Systemic
sclerosis”, “pathogenesis”, “epigenetic mechanisms”, and “miRNAs” were the MeSH
terms used to select and retrieve information from the National Library of Medicine
(PubMed.gov). Original articles, narrative reviews, systematic reviews, and meta-analysis
were considered and included in the present study after applying text availability (only
full-text articles) and language (only English) filters. This review is therefore prone to
the inherited limitations of this research methodology such as selection bias, difficulty in
determining complex interactions, and drawing conclusions.

8. Conclusions

MiRNAs are involved in various physiological and pathological processes. These
molecules have validated their role in modulating vasculopathy, immune responses, and
fibrosis in SSc and represent promising therapeutic targets. Even though advances in the
field are continuously expanding, certain limitations remain to be addressed in future
studies. SSc heterogeneity, small cohorts, permissive inclusion criteria without a clear
distinction in terms of disease severity, and status, together with scarce data regarding
current treatments, are just some of the culprits responsible for the discordance between
reports. MiRNAs are cell- and tissue-specific, therefore their expression is expected to differ
between body compartments and internal organs. In this respect, a more balanced research
agenda should also be considered given the fact that most protocols investigated miRNA
expression levels in skin biopsies and dermal fibroblasts with an emphasis on profibrotic
and antifibrotic transcripts.
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Abstract: Background: Pulmonary arterial hypertension (PAH) is a major cause of death in systemic
sclerosis (SSc). Early detection may improve patient outcomes. Methods: We searched for circulating
miRNAs that would constitute biomarkers in SSc patients with PAH (SSc-PAH). We compared
miRNA levels and laboratory parameters while evaluating miRNA levels in white blood cells (WBCs)
and myofibroblasts. Results: Our study found: 1) miR-26 and miR-let-7d levels were significantly
lower in SSc-PAH (n = 12) versus SSc without PAH (SSc-noPAH) patients (1 = 25); 2) a positive
correlation between miR-26 and miR-let-7d and complement-C3; 3) GO-annotations of genes that
are miR-26/miR-let-7d targets and that are expressed in myofibroblast cells, suggesting that these
miRNAs regulate the TGF-B-pathway; 4) reduced levels of both miRNAs accompanied fibroblast
differentiation to myofibroblasts, while macitentan (endothelin receptor-antagonist) increased the
levels. WBCs of SSc-noPAH and SSc-PAH patients contained equal amounts of miR-26/miR-let-
7d. During the study, an echocardiograph that predicted PAH development, showed increased
pulmonary artery pressure in three SSc-noPAH patients. At study initiation, those patients and an
additional SSc-noPAH patient, who eventually developed PAH, had miR-let-7d/miR-26 levels similar
to those of SSc-PAH patients. This implies that reduced miR-let-7d /miR-26 levels might be an early
indication of PAH. Conclusions: miR-26 and miR-let-7d may be serological markers for SSc-PAH.
The results of our study suggest their involvement in myofibroblast differentiation and complement
pathway activation, both of which are active in PAH development.

Keywords: systemic sclerosis; pulmonary arterial hypertension (PAH); biomarkers; miRNA; comple-
ment; myofibroblasts; macitentan

1. Introduction

Systemic sclerosis (SSc) is a rare connective tissue disease that primarily affects women.
Its main manifestations are skin and visceral fibrosis, vascular hyperactivity and muscu-
loskeletal changes [1]. It is generally accepted that an interplay between genetic and
environmental factors induce SSc-specific gene programs in several cell populations, in-
cluding immune cells, endothelial cells and myofibroblasts [2,3]. SSc involves three main
pathophysiologic pathways: (1) An autoimmune attack, which is the first marker of the dis-
ease, (2) vascular injury followed by defective neovascularization and impaired remodeling
(3) and extensive tissue fibrosis [3].
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Pulmonary arterial hypertension (PAH) is a major cause of death in approximately
12% of SSc patients [3]. Older age at scleroderma onset is a risk factor for PAH [4,5].
SSc-associated PAH (SSc-PAH) is caused by functional alterations and structural fibroprolif-
erative vasculopathy affecting the small- and medium-size pulmonary arteries, leading to
an increase in mean pulmonary artery pressure of >20 mmHg in echocardiography (echo)
at rest [6,7]. SSc-PAH has a poor prognosis, with a five-year overall survival rate of 50% [8].

Early detection of PAH in patients with SSc is essential because an asymptomatic
phase is common and early treatment can significantly improve clinical outcomes and
positively affect survival [5]. Accurate diagnosis of PAH is clinically challenging and relies
on right heart catheterization. This invasive procedure is not suitable for screening and is
typically performed only for patients with a high index of suspicion based on echo and
other criteria that are less sensitive [8]. In recent years, great efforts have been directed
to finding serum-based diagnostic biomarkers for SSc-PAH that would allow for rapid,
noninvasive screening, and early diagnosis.

As the pathogenesis of SSc is influenced by environmental factors, it is reasonable to
assume that they induce epigenetic regulatory changes that alter disease outcomes [9]. RNA
interference via microRNAs (miRNA) is a leading mechanism for initiating and maintaining
epigenetic changes. Previous publications showed that SSc patients have different levels of
certain miRNAs in their circulation and skin fibroblasts compared to healthy individuals [9,10].
Yet, only a few reports described differences in miRNA expression between patients with
SSc that do not have PAH (SSc-noPAH) vs. SSc-PAH.

The aim of this study was to find markers that would allow diagnosis of PAH in
the early stages. We searched for a marker that would not require significant invasive
intervention. Obtaining a blood sample does not require a complex invasive process;
therefore, we chose to perform our analysis on blood samples from our biobank. We
selected plasma samples of 25 SSc patients without PAH (SSc-noPAH) and 12 SSc-PAH
patients. We searched for a molecule that affects signal transmission processes and the
development of PAH. As miRNAs are often used to identify pathologic conditions such as
cancers and autoimmune diseases, in the current study, we searched for circulating miRNAs
that could serve as biomarkers for SSc patients with PAH (SSc-PAH). To learn more about
the effects of these miRNAs in PAH, we correlated patients” miRNA levels and laboratory
parameters and performed a bioinformatics analysis to find biological annotations of genes
common to the miRNA targets and to the biology of immune, endothelial and myofibroblast
cells. Since plasma miRNAs represent the total miRNAs secreted from various cells in the
body, we also aimed to determine which cell population(s) is responsible for the changes
in plasma miRNAs by evaluating levels of the biomarker miRNAs in white blood cells
(WBCs) of SSc-noPAH and SSc-PAH patients, as well as in activated myofibroblasts.

2. Materials and Methods
2.1. Patient Data

The current study included the entire population of SSc-PAH patients at Meir Medical
Center (12 patients) and 25 SSc-noPAH patients, whose blood samples were consecutively
collected. SSc patients were diagnosed according to 2013 EULAR/ACR classification,
by using Doppler echocardiography (EPIQCVx Release 5.0.2, PHILIPS)) and right heart
catheterization. Doppler echocardiography estimated PASP (pulmonary artery systolic
pressure, where PASP = 4 (TRV)2) exceeding 35 to 40 mmHg was considered elevated.
When PAH was suspected based on this screening, we proceed to right-heart catheterization
(RHC). Cut-off values for establishing SSc-PAH in right heart catheterization (RHC) is mPAP
>20 mmHg. All samples were from patients at least 2 years after disease onset. Their clinical
features are described in Table 1. The clinical data that were collected for each patient
included C3 and C4 fragments of the complement, total IgG, IgG1—4 levels, autoantibodies
positivity (anti-centromere, anti-RNA-polymerase III and anti-DNA-topo-isomerase I)
and CRP.
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Table 1. Demographic and clinical characteristics of the patients.

SSc-noPAH (n = 25) SSc-PAH (1 =12)
Demographic P Valid N Median (25-75 Percentile)/% Valid N Median (25-75 Percentile)/%
Female (a) 25 88% 12 83%
Age at diagnosis (years) (b) 25 46.0 (39.0-57.0) * 12 65.0 (61.0-73.0)
Duration of illness (years) (b) 25 6.0 (4.0-12.0) 12 3.5(2.0-9.0)
Clinical parameters
Diffuse vs. limited SSc (a) 25 92% * 12 42%
Echo (mPAP, mmHg) (b) 25 28.0 (25.0-30.0) * 12 65.0 (49.5-82.0)
FVC (%) (b) 18 82.0 (72.0-101.0) 10 70.5 (58.0-84.0)
FEV1 (%) (b) 18 82.5 (71.0-95.8) 10 64.0 (53.0-75.0)
DLCO (%) (b) 18 59.3 (51.3-68.0) * 9 43.0 (31.0-48.3)
6 MW (meter) (b) 17 513.0 (456.0-528.0) * 8 259.5 (151.0-430.0)
Ccr;}“ﬁ:’; /%rl"(ts)i“ 2 0.8 (0.3-15) 12 0.8(0.4-18)
Anti-centromere (a) 8 12%* 6 83%
Anti-DN A-;(E}a);)-isomerase o4 5137% 12 179
Anti-RNA-polymerase III (a) 24 33% 11 27%

Median and 25-75 percentile/% were used to demonstrate the distribution of non-categorical variables and %
for the categorical variables. (a) Chi-square test was used to test relationships between categorical variables
and the two independent groups. (b) Mann-Whitney U test was used to compare differences between the two
independent groups: SSc-noPAH and SSc-PAH. DLCO: Diffusing capacity of lung for carbon monoxide; Echo:
Echocardiogram; FEV1: Forced expiratory volume in one second; FVC: Forced vital capacity; 6 MW: Six-minute
walk; * Results significantly different from SSc-PAH, p < 0.05.

2.1.1. C3, C4 and IgG Evaluation

C3, C4 and IgG levels were evaluated with NAS IGG, NAS C3 and NAS C4 kits
(Siemens, Marburg, Germany), according to manufacturer’s instructions. Briefly, the
proteins in the plasma form immune complexes with specific antibodies, which scatter a
beam of light passed through the sample. The intensity of the scattered light is proportional
to the concentration of the relevant protein in the sample. The results were evaluated by
comparison with standard values of known concentration.

2.1.2. IgG1-4 Evaluation

IgG1-4 levels were evaluated using Optilite IgG1-4 kits (Optilite, Birmingham, UK).
The method for determining the protein concentration is similar to that of C3 (Section 2.1.1),
using the Binding Site analyzer (Optilite, Birmingham, UK).

2.1.3. CRP Evaluation

CRP was evaluated using CRP Latex reagent (Beckman Coulter, Brea, CA, USA) and
the Beckman Coulter System. During evaluation, CRP reacts specifically with anti-human
CRP antibodies coated on the latex particles to yield insoluble aggregates. The absorbance
of these aggregates is proportional to the CRP concentration in the sample.

2.1.4. Evaluation of Autoantibodies

Screening for autoantibodies was done using the BioPlex 2200 ANA Screen Pack (Bio-
Rad, Hercules, CA, USA). Detection was done in a multiplex flow immunoassay with the
BioPlex 2200 System (Bio-Rad, Hercules, CA, USA).

2.2. Biobank

The Autoimmune Laboratory at Meir Medical Center in Israel manages a rheumato-
logic bio-bank that contains plasma, serum and blood cells collected from rheumatology
patients since April 2018. Blood samples are collected from participants who previously
consented and authorized the use of their samples for research purposes. Blood sam-
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ples were separated into serum, plasma and cells a few minutes after blood draw and
immediately placed in a —80 °C freezer.

2.3. Blood Collection and Separation of Plasma and WBCs

Blood samples were taken from participants who consented to donate blood. Twenty
ml of blood was drawn into a tube with EDTA and centrifuged (3000x g, 10 min, room
temperature). The plasma was collected into a tube and immediately frozen at —80 °C. Then,
the WBCs cells that lay over the RBC along with the top layer of the RBC were collected
into a separate test tube and immediately frozen at —80 °C. Prior to RNA extraction, the
cells were incubated for 10 min at room temperature with a buffer lysis (Lysing Solution
(X10), Beckman Coulter, Villepinte, France), diluted with molecular biology grade water,
Dnase and RNase free (Satorius, Beit Haemek, Israel) and centrifuged (1400 rpm, 5 min).
The top fluid was discarded and RNA extraction was performed on the remaining cells at
the bottom of the test tubes.

2.4. RNA Extraction and RT cDNA Synthesis

RNA was extracted from the SSc-noPAH and SSc-PAH patients’ plasma using miRNeasy
Serum/Plasma Advanced Kit (QIAGEN, Hilden, Germany) and from the WBCs using
miRNeasy Tissue/Cells Advanced mini-Kit (QIAGEN, Hilden, Germany) [11]. Extracted
RNA was converted to cDNA using TagMan Advanced miRNA cDNA Synthesis Kit
(Thermo Fisher, Waltham, MA, USA) according to manufacturer’s instructions.

2.5. Real-Time Quantitative PCR

PCR reaction was done using TagMan Fast Advanced Master Mix (Applied Biosystems,
Vilnius, Lithuania) and TagMan Advanced miRNA Assay (Applied Biosystems, Vilnius,
Lithuania) for miRNAs hsa-26a-5p, hsa-21-5p, hsa-155-5p, hsa-miR-let-7d-5p, hsa-29a-
5p, hsa-145-5p, hsa-150-5p and hsa-23a-5p according to the manufacturer’s instructions
(Applied Biosystems, Vilnius, Lithuania). Hsa-16-5p served for normalization of miRNA
RT-qPCR expression analysis [11,12].

2.6. Isolation of Dermal Fibroblasts

Cells were isolated from the skin of healthy subjects who underwent abdominoplasty
in the Plastic Surgery Unit of Meir Medical Center and who provided signed informed
consent. The skin was cleaned with 70% ethanol, layered in PBS-penicillin streptomycin 1%
and the fat was removed using scissors. Biopsy was cut into 25-30 small pieces (~4 mm),
using a Uni Punch (Premier Company, Mumbai, Maharashtra, India), placed in a tube with
7 mL collagenase mix (0.02 g collagenase type 2 (Gibco, New York, NY, USA), 0.001 g DNase
(Roche, Mannheim, Germany), 2 mL Trypsin X10 (Biological Industries, Beit Haemek,
Israel), 0.1 gr bovine serum albumin (Sigma-Aldrich, St. Louis, MO, USA), in 20 mL
Dulbecco’s modified eagle medium (DMEM; Biological Industries, Beit Haemek, Israel)
vortexed for 30 s, cultured in an incubator containing a rotating device for 45 min, at
37 °C, shaken and incubated for an additional 45 min. Following incubation, 7 mL of full
DMEM (DMEM supplemented with 10% fetal bovine serum (FBS), 2 mM I-glutamine and
antibiotics (100 U/mL penicillin, 100 pg/mL streptomycin, nystatin), all from Biological
Industries, Beit Haemek, Israel) was added to each test tube and centrifuged (1700 rpm for
8 min). The top fluid was removed and the remaining fluid was cultured in plates with
full medium containing 20% FBS in a CO2 incubator at 37 °C. Cells were observed every
2 days and new 20% FBS medium was added. After 4 days, the pieces were discarded and
when cells reached 50% confluence, media were replaced with 10% full DMEM.

2.7. Cell Culture

Dermal fibroblasts were cultured in full DMEM. Cells were incubated at 37 °C in 5%
CO2 and split twice a week using trypsin, upon reaching 80-90% confluence. Cells were
used in the experiments in passages 4-9.
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2.8. Exposure of Dermal Fibroblasts to TGF- and to Macitentan

Cells were cultured in 96- or 24-well plates with full DMEM that contained 1% FBS.
Twenty-four hours later, new medium (control) or TGF-$ (10 ng/mL, Peprotech, East
Windsor, NJ, USA), with or without macitentan (1) (1 uM) Selleck chemicals, Houston,
TX, USA) or DMSO (Sigma-Aldrich, St. Louis, MO, USA) in the same concentration as
control (1:50,000), were added to the cells for 48 h or 72 h. Then, the following procedures
were performed: (1) Cells were harvested and counted using an automatic cell counter
(NanoEntek, Waltham, MA, USA) and trypan-blue (Gibco, New York, NY, USA (72 h);
(2) proteins were isolated from the cells for evaluation of xSMA and collagen I levels
(western blot, 48 h) and stored at —80 °C; (3) RNA was isolated from the cells for future
miRNA analysis (48 h).

2.9. Cell Count

Trypan blue (Biological Industries, Beit Haemek, Israel) was mixed in a 1:1 ratio with
the cells. Then the cells were counted using automatic cell counter (NanoEntek, Waltham,
MA, USA). Live cells remained unstained, while dead cells assimilated the dye. The cell
counter counted the number of dyed and undyed cells in each sample. Using these values,
it calculated the percentages of dead cells in the culture.

2.10. Protein Extraction

Dermal fibroblasts were lysed in a lysis buffer (50 mM Hepes, 150 mM NaCl, 1% Triton
X-100, 0.1% SDS, 50 mM NaF, 10 mM NaPPi, 2 mM NaVOs3, 10 mM EDTA, 2 mM EGTA, 1
mM PMSF and 10 ug/mL Leu-peptin) for 10 min on ice, and centrifuged (15 min, 12,000
RPM, 4 °C). Protein levels were determined by using Pierce BCA protein assay kit (Pierce,
Rockford, IL, USA), according to manufacturer’s instructions.

2.11. Western Blotting

To assess the levels of xXSMA and collagen I in the fibroblasts, protein lysates were
mixed (1:5) with sample buffer (250 mM Tris-HCl, pH 6.8, 400 mM DTT, 140 mM SDS, 60%
glycerin, 0.02% bromophenol blue) and denatured for 10 min at 65 °C. Proteins (25 pg)
from each sample were separated by electrophoresis on SDS-PAGE and wet transferred
to a PVDF membrane. Transfer efficiency was validated with Ponceau staining (Sigma-
Aldrich, St. Louis, MO, USA). After blocking the non-specific binding sites with 5%
milk powder (Difco, Saint-Ferreol, France) in Tris Buffer Saline containing 0.1% Tween
(TBS-T) (Milipore Sigma, Molsheim, France), the membranes were incubated with the
primary antibodies at 4 °C overnight. We used the following antibodies: Mouse anti-
human alpha smooth muscle actin (xXSMA, IgG2a, clone: 1A4, ab7817; Abcam, Cambridge,
England), rabbit anti-human collagen type I, (IgG, ab34710, Abcam) and rabbit mouse
anti-tubulin (clone: B-5-1-2, T516, Sigma Aldrich, St. Louis, MO, USA). Primary antibody
was rinsed with TBS-T and TBS (Milipore Sigma)). Bound antibodies were visualized using
peroxidase-conjugated secondary antibody goat anti-mouse IgG and goat anti-rabbit IgG
(Jackson ImmunoResearch Laboratories, West Grove, PA, USA), followed by enhanced
chemiluminescence HRP substrate detection (Milipore Sigma, Waltham, MA, USA). Optical
densities were visualized and measured as arbitrary units using an LAS-3000 Imager
(Fyjifilm, Tokyo, Japan). Results were normalized to tubulin using a multi-gauge V3.0
program (Fujifilm).

2.12. Bioinformatics

Targets of the miRNA were found by using 2 software packages (targetscan, http:
/ /www.targetscan.org, accessed on 30 October 2021 and mirbd, http:/ /mirdb.org, accessed
on 30 October 2021).

Specific sites for miRNA let7d:

http:/ /www.targetscan.org/cgi-bin/targetscan/vert_71/targetscan.cgi?mirg=hsa-miR-let-
7d-5p (accessed on 30 October 2021)
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http://mirdb.org/cgi-bin/search.cgi?searchType=miRNA&full=mirbase&searchBox=
MIMATO0000065 (accessed on 30 October 2021)

Specific sites for miR-26:

http://mirdb.org/cgi-bin/search.cgi?searchType=miRNA&full=mirbase&searchBox=
MIMAT0000082 (accessed on 30 October 2021)

http:/ /www.targetscan.org/cgi-bin/targetscan/vert_71/targetscan.cgi?mirg=hsa-miR-26
a-5p (accessed on 30 October 2021)

A list of genes involved in (1) endothelial cell biology, (2) myofibroblast cell biology
and (3) immune system biology was made by using these websites:

Specific sites for endothelial cell biology:

http:/ /ezbiosystems.com/servicescontent.asp?d_id=174 (accessed on 30 October 2021)

https:/ /www.sciencellonline.com/PS/GKO019.pdf (accessed on 30 October 2021)

Specific sites for myofibroblast cell biology:

https:/ /maayanlab.cloud /Harmonizome/ gene_set/myofibroblast/ TISSUES+Text-mining+
Tissue+Protein+Expression+Evidence+Scores (accessed on 30 October 2021)

https:/ /maayanlab.cloud /Harmonizome/gene_set/myofibroblast/GeneRIF+Biological+
Term+Annotations (accessed on 30 October 2021)

Specific sites for Immune system biology

https:/ /www.sciencellonline.com/PS/GKO072.pdf (accessed on 30 October 2021)

https:/ /www.sciencellonline.com/PS/GK039.pdf (accessed on 30 October 2021)

https:/ /www.thermofisher.com/order/catalog/product/4370573# /4370573 (accessed
on 30 October 2021)

Then, Venny software: https://bioinfogp.cnb.csic.es/tools/venny/, (accessed on 30
October 2021) was used to create 6 lists of genes which are common to the miRNA targets
and the 3 types of cells. Toppgene software https://toppgene.cchmc.org/navigation/
database.jsp, (accessed on 30 October 2021) was used to find annotations for the gene lists.

2.13. Statistical Analysis

Demographic, clinical and laboratory characteristics of the patients were presented as
medians and percentages, each when appropriate. Due to the small number of patients, the
median and 25-75 percentile was used to demonstrate the distribution of non-categorical
variables. Percentages were used for categorical variables. Mann-Whitney U tests were
used to compare differences between the two independent groups (SSc-noPAH and SSC-
PAH) for the continuous, dependent variables. Chi-square tests were used to test relation-
ships between categorical variables and the two independent groups. Spearman’s Rho
correlations were used to evaluate the association between the research variables. A partial
Spearman’s Rho correlation was used to evaluate the association between the study vari-
ables, adjusted for confounding variables. Cell culture experiments with dermal fibroblasts
were conducted 4 times and miRNAs in WBCs were evaluated 7 to 8 times. Paired student
t-tests were applied to analyze differences between paired data. All statistical analyses
were performed using SPSS-PC statistical software, version 27.0 (IBM Corp., Armonk, NY,
USA). Two-sided tests of significance p < 0.05 were used in all analyses.

3. Results
3.1. Patient Characteristics

To find miRNAs that characterize SSc-PAH, we extracted RNA from SSc patients
with and without PAH. The detailed clinical features of these patients are presented in
Table 1. There was no significant difference in the duration of illness between the groups.
However, SSc-PAH patients were diagnosed with SSc at an older age than SSc-noPAH
patients (65 years vs. 46 years, p < 0.05). Furthermore, as expected, median echo pulmonary
artery pressure results (mPAP) were higher in the SSc-PAH than in the SSc-noPAH group
(65 mmHg vs. 28 mmHg, respectively, p < 0.05; Table 1). Median diffusing capacity of
lung for carbon monoxide (DLCO) and six-minute walk (6 MW) test results were lower
in the SSc-PAH group (DLCO: 43% vs. 59% and 6 MW: 259 m vs. 513 m (p < 0.05 for
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both), further detailed in Table 1). Among the laboratory tests, only the median level of
anti-centromere antibodies differed between groups, with higher levels in the SSc-PAH
than in the SSc-noPAH group (positive in 83% vs. 12%, respectively, p < 0.05).

3.2. Literature Search: Circulating miRNAs That May Differentiate between SSc and
SSc-PAH Patients

Previous studies have demonstrated that miRNAs are involved in the development
of SSc. Therefore, we examined the literature and generated a list of seven miRNAs. The
seven miRNAs were chosen following a literature search for miRNAs that were (a) found in
the circulation of SSc-PAH or SSc-noPAH patients (b) associated with fibrosis (c) correlated
with disease prognosis. Table 2 indicates the miRNAs, biological material (circulating
blood/cells) and what was reported in these studies. We hypothesized that some of these
miRNAs may distinguish between SSc patients with and without PAH.

Table 2. miRNAs that characterize pulmonary fibrosis, PAH or are involved in the development
of SSc.

miRNA Previous Knowledge Biological Material References

miR-23a Biomarkers in idiopathic PAH Circulating blood [13]

Increased in SSc

miR-29a Induce ventricular hypertrophy Clrculatu'}g blood [14-16]
. ; Skin
and fibrosis
miR-26a Reduced in patients with PAH Circulating blood [17]
. Reduced level is associated with Circulating blood
miR-150 poor survival in PAH Dermal fibroblasts [18,19]
miR-21 Enhances vascular cell Circulating blood [20-22]
proliferation
. Negatively correlated with severity Skin
miR-let-7d of PAH in patients with SSc Circulating blood [23,24]
miR-155 Drives fibrosis Fibroblasts [25]

miR: miRNA; PAH: Pulmonary arterial hypertension; SSc: Systemic sclerosis.

3.3. miRNA Pattern in SSc-noPAH Versus SSc-PAH Patients

To evaluate the levels of the miRNAs shown in Table 2 in the circulating blood of
SSc-noPAH and SSc-PAH patients, we isolated RNA from patients” plasma. First, we
measured the level of the control miR-16 in both groups using qRT-PCR. As previously
described [11,12], we found similar levels in both groups (SSc-noPAH CT = 25.8, SSc-
PAH CT = 26.1) and concluded that miR-16 can serve as a normalizing miRNA. Then,
we measured the levels of the seven miRNAs relative to the normalizing miR-16 using
qRT-PCR (Figure 1). miR-23 was not detected in the patients” plasma. miR-29 levels were
very low in the plasma and PCR results were found in only about 60% of the samples;
therefore, it was excluded from the analysis. The most significant difference in miRNA
expression between the two groups was that of miR-let-7d, which was decreased in the
PAH group (p = 0.15, Figure 1). miR-let-7d levels were homogeneous in the PAH group.
Nevertheless, high heterogeneity was found between the levels of all other miRNAs, both
in the SSc-PAH group and especially in the SSc-noPAH group. Since the miRNA levels
varied greatly, particularly in the SSc-noPAH group, as described in Figure 2, we suspected
that the physiological conditions of the patients in this group were not consistent and that
among the SSc-noPAH patients who were not diagnosed with SSC-PAH, were some with
early onset PAH. Therefore, we assumed that this subset of patients expressed miRNAs at
different levels than those who had not yet developed symptoms of PAH.
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Figure 1. Median miRNA levels in the plasma of SSc patients with and without PAH. RNA was
isolated from plasma of 25 SSc-noPAH and 12 SSc-PAH patients. The levels of seven miRNAs were
evaluated by gqRT-PCR. miR-16 served for normalization. The boxplot presents five values (minimum:
(Q1-1.5*IQR); first quartile (Q1/25th percentile); median; third quartile (Q3/75th percentile); and
maximum (Q3 + 1.5*IQR)) of the miRNAs. miR: miRNA; PAH: Pulmonary arterial hypertension;
SSc-noPAH: Patients with SSc without PAH; SSc-PAH: Patients with SSc and PAH.
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Figure 2. Mean miRNA levels in the SSc-noPAH group. miRNA levels in the plasma of 25 SSc-noPAH
patients were evaluated using qRT-PCR. miR-16 served for normalization. Patients underwent
echocardiography before blood sampling and at the end of the study. miRNA values of the patients
with stable echo results during this time are marked in full black dots (# = 21). The miRNA levels
of patients whose echo levels increased during this period are marked by empty circles (1 = 4). All
y-axis values are presented relative to miR-16. The red line indicates the mean value of each group.

SSc patients undergo routine monitoring to evaluate their condition every few months.
One of the tests used is echocardiography (echo), which measures mean pulmonary artery
pressure; elevated levels imply disease development. Therefore, data from patients in the
SSc-noPAH group (from the time of blood sample collection for miRNA analysis until
the end of the experiment, ~1-2 years) were analyzed to assess whether changes in their
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echocardiograms might indicate the development of PAH. Among the SSc-noPAH patients,
we found three whose mean pulmonary arterial pressure had increased during the study
by >5 mmHg and one whose pulmonary pressure could not be assessed using echo due to
technical issues (lack of tricuspid regurgitation) but had developed PAH. miRNA levels of
all patients are shown in Figure 2 as full black dots and the four patients with increased
pulmonary artery pressure or who developed PAH (described above) are marked as an
empty larger circle. Interestingly, it was found that the levels of four miRNAs (miR-let-7d,
miR-26, miR-150 and miR-21) in these four patients (empty circles) were relatively low and
similar to those of PAH patients. Among these four patients, two developed PAH.

As the four patients whose medical condition deteriorated during the study had
similar miRNA levels as the SSc-PAH patients, but were similar in other parameters (such
as lung function) to those of SSc patients who did not have PAH, we termed them SSc-
susPAH (suspected PAH). We decided to exclude this subset of patients from both groups
and from further analysis.

Additional statistical tests (Mann—-Whitney) that compared the miRNA levels (21, 7,
150, 155, 145 and 26) of the SSc-noPAH group (without SSc-susPAH) and the PAH group,
demonstrated a significant decrease in the level of miR-let-7d (p < 0.05) and a trend toward
decreased levels of miR-26 (p = 0.14) in the PAH group.

Moreover, Spearman correlation tests were used to examine whether there was a
relation between development of PAH and the patients” demographic parameters, the
presence or absence of autoantibodies (anti-centromere antibody, anti-DNA-topo-isomerase
I and anti-RNA-polymerase III), CRP levels, the level of miRNAs in the plasma and the
pulmonary function test results (DLCO, 6MW). We found positive correlations between
PAH and age (rs = 0.56, p < 0.05), anti-centromere antibody positivity (rs = 0.67, p < 0.05)
and, as expected, to pulmonary artery pressure (mPAP, rs = 0.82, p < 0.05). A negative
correlation was found with miR-let-7d plasma levels (rs = -0.41, p < 0.05) and as expected,
with lung function tests (DLCO: rs = -0.53, p < 0.05, 6MW: rs = -0.55, p < 0.05).

We also performed a partial Spearman’s Rho correlation between the PAH complica-
tion and the miRNAs, placing age and sex as confounding factors. We chose only these
confounders as limiting factors because other parameters that were correlated with PAH
(previous section, lung function and mPAP) are part of the definition of the disease. Partial
Spearman’s Rho correlation, which measures the association between the PAH phenotype
to miR-let-7d and miR-26 levels, while adjusting for age, showed that these correlations
were significant and not age-dependent (p = 0.011 and p = 0.045, respectively).

3.4. Partial Spearman’s Rho Correlation between miRNA Level and Laboratory Parameters

We hypothesized that antibodies and complement might contribute to the generation
of the pro-inflammatory/profibrotic tissue of patients. We also assumed that these changes
would be early events in the disease and might be affected by the miRNAs. Therefore, we
examined whether there were correlations between miR-let-7d and miR-26 and the patients’
laboratory parameters (C3, C4, CRP, IgGl1, 1gG2, IgG3, IgG4, IgG and autoantibodies
(anti-centromere, anti-DNA-topo-isomerase I and anti-RNA-polymerase III)). A partial
Spearman’s Rho correlation that measured the relations between levels of miR-let-7d and
miR-26, between miR-let-7d and IgG4, between miR-let-7d and CRP and between miR-26
and IgG2, while adjusting for age and sex, showed that all correlations were statistically
significant (p < 0.05) and were not conditional on age or sex (Table 3). Furthermore, a
significant partial correlation was found between miR-26 level and C3 (p < 0.05) and a
trend between miR-let-7d and C3 (p = 0.07), while adjusting for age, sex and C4 (which is
correlated with C3, as described in Table 3).

Positive correlations were found between miR-26 and miR-let-7d and the C3 level.
Since the miRNA levels were lower in PAH patients, we examined whether the level of
C3 in the blood of SSc-PAH and SSc-susPAH patients was also lower than in SSc-noPAH
patients. We found that the mean C3 level was 109 mg/dL among the SSc-noPAH patients,
97 mg/dL among the SSc-PAH patients and 87 mg/dL in the SSc-susPAH group. While
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the directionality of these results is as expected, the differences did not reach statistical
significance, perhaps, due to the small cohort size.

Table 3. Correlation tests between miRNA levels and IgG and C3/4 levels.

Variables

X Y Confounders-Z r(s)xy.z p-Value n
miR-let-7d miR-26 Age, Sex 0.431 0.006 31
miR-let-7d C3 Age, Sex, C4 0.437 0.070 16
miR-let-7d IgG4 Age, Sex —0.626 0.017 12
miR-let-7d CRP Age, Sex 0.342 0.032 28
miR-26 C3 Age, Sex, C4 0.468 0.050 16
miR-26 IgG2 Age, Sex —0.626 0.017 12

C3: Complement component 3; C4: Complement component 4; CRP: C-reactive protein; miR: miRNA; 7: Number
of patients; r(s)xy.z = partial Spearman’s Rho correlation coefficient.

In conclusion, these data suggest that there is an association between low expression
of miR-26 and miR-let-7d and the PAH complication, and that there is a correlation between
these miRNAs, and parameters associated with inflammation (CRP) and complement
activation. These associations may suggest that these miRNAs are involved in mediating
the activity of the complement system. These assumptions will need to be proven in future
studies, using appropriate biological systems.

3.5. Finding Targets of miR-Let-7d and miR-26 Involved in Immune, Endothelial and
Myofibroblast Cell Biology

We surmised that if we identify known targets of let-7 and miR-26 that are also relevant
to the cell biology of the major players in SSc, we may learn how these miRNAs contribute
to its development. Therefore, we conducted a bioinformatics analysis of the microRNAs’
targets using the software packages targetscan (http:/ /www.targetscan.org, accessed on
30 October 2021) and mirbd (http://mirdb.org, accessed on 30 October 2021).

The resulting lists for each miRNA were combined to include all implicated genes
(461 for miR-let-7d and 1,112 for miR-26). We also collected established characteristic
gene lists for immune cells (233 genes), endothelial cells (130 genes) and myofibroblasts
(477 genes). Using Venny software, we found genes common to each cell type with each
miRNA (yielding six lists of 7-30 genes, Tables 4 and 5). Then, we used Toppgene software
to find GO biological annotations that match each of the six lists. We speculated that
the annotations would suggest biological processes in which the miRNAs are involved.
The results shown in Table 4, Table 5, Tables S1 and S2 suggest that both miRNAs are
involved in cytokine signaling (miR-let-7d in IL-10 and CCR7 and miR-26 in IL18R1 and
IRF4). Moreover, the analysis suggests that miR-26 is involved in blood vessel biology
and in motility processes, while miR-let-7d appears to be significant in the processes of
myofibroblast proliferation and endothelial cell proliferation and apoptosis (Tables S1 and
52). Our bioinformatics study also showed that both miRNAs regulate genes that belong to
the TGE-f signaling pathway or to the SMAD binding gene sets (M39432 and GO:0046332,
respectively; genes are highlighted in gray in Tables 4 and 5) but mostly in relation to the
myofibroblast cells. Moreover, miR-let-7d regulates the expression of endothelin 1 gene
(EDNT1, bold in Table 4). Endothelin 1 (ET-1) is a potent vasoconstrictor that is elevated in
the plasma of patients with PAH [26], is known to potentiate the induced effect of TGF-3
on mesenchymal cells and on the expression of profibrotic genes and proteins.
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Table 4. Genes controlled by miR-let-7d and involved in the biology of immune, myofibroblast and
endothelial cells.

miR-let-7d (461 Genes)

Cells (Number of Genes) Number of Genes Genes in Venny
CCR7, FAS, EDN1, RAG1, ICOS, FASLG, IL10,
Immune cells (233 genes) 16 RORC, MAPK8, MASP1, NAP1L1, TAB2,

BCL2L1, COL4A5, IL13, IL6

COL1A2, RANBP2, TGFBR1, SCN5A, IGF1,
TP53, CASP3, ITGB3, COL3A1, NGF, HAS2,

Myofibroblasts (447 genes) 1 P4HA2, MAPS, CCND1, CDKN1A, SMUGI,
CCL7, IL10, HMGA2, EDN1

[TGP3, TNFRSF1, CASP3, FASLG, MAPKS,

Endothelial cells (130 genes) 7 EDN1, PIK3CA, CCND2, COL4A1, COL1A2,

COL3A1
Venny software was used to find genes common to miR-let-7d targets and to the lists of the three types of cells
(immune, myofibroblast and endothelial cells) yielding three lists of genes. Genes marked in gray belong to the
“TGF-f signaling pathway” or to the “SMAD binding” gene sets.

Table 5. Genes controlled by miR-26 and involved in the biology of immune, myofibroblast and
endothelial cells.

miR-26 (1112 Genes)

Cells (Number of Genes) Number of Genes Genes in Venny
Immune cells (233 genes) 8 MAP3K7, TRAF3, IRF4, SELP, TAB3, ILI8R1,
8 ICOS, PYGS?2

HAS2, GSK3B, COL1A2, PCNA, SCN5A,
CREBI1, LTBP1, COL12A1, PTEN, JAG1, ESR1,
PALLD, KCNJ2, PAK2, MLANA, SNTGI,

Myofibroblasts (447 genes) 30 SCL25A16, HMGA2, HDACY, MIBI, PGR,
MYLK3, SFTPB, ROCK1, WNT5A, MAP3K2,
SMAD4, PURA, PURB, TMTC3
Endothelial cells (130 genes) 7 ADAM]17, SELP, CDH2, PTGS2, PECAM],

EREG, PDGRFRA

Venny software was used to find genes common to miR-26 targets and to the lists of the three types of cells
(immune, myofibroblast and endothelial cells), yielding three lists of genes. Genes marked in gray belong to the
“TGF-f signaling pathway” or to the “SMAD binding” gene sets.

The complement pathway did not appear in the annotations because the gene lists
of the immune system cells contained C3, while the gene lists of miR-26 and miR-let-7d
contained the complement components C1 and C2.

3.6. WBCs of SSc-noPAH and SSc-PAH Patients Have Equal Levels of miR-26 and miR-let-7d

We aimed to identify which cells are involved in mediating the reduced levels of
miR-26 and miR-let-7d expression found in the plasma of SSc-PAH patients. Our clinical
correlations suggested involvement of miRNAs in activating the complement system and
antibody levels (levels of both miRNAs correlated with C3 and miR-26 also with IgG2
levels) and the bioinformatic analysis suggested involvement of the miRNAs in cytokine
signaling. These factors are mediators of the immune system. Therefore, we primarily
opted to find whether WBCs of SSc-PAH patients contain lower miR-26 and miR-let-7d
levels compared to those of SSc-noPAH patients who do not have PAH. Unexpectedly, we
found that they express equal amounts of the miRNAs (Figure 3).
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Figure 3. miR-26 and miR-let-7d levels in WBCs of SSc-noPAH and SSc-PAH patients. WBCs were
isolated from 7 SSc-PAH and 8 SSc-noPAH patients. RNA was isolated from the cells and the levels
of miR-26 and miR-let-7d were evaluated with gRT-PCR. miR-16 served as the normalizing miRNA.
The graph represents miRNA expression levels relative to miR-16. Horizontal bars represent the
mean values of the miRNAs.

3.7. Exposure of Dermal Fibroblasts to Tgf-p and Their Differentiation into Myofibroblasts Was
Accompanied by Decreased miR-Let-7d and miR-26 Levels

Myofibroblasts induce a severe fibrotic process, affecting the fibroproliferative changes
in the skin, internal organs and pulmonary arterioles in SSc [27,28]. They originate from
resident fibroblasts, bone marrow-derived cells and the conversion of endothelial cells into
activated fibroblasts [28]. A key growth factor for myofibroblast formation is TGF-f3, which
induces collagen production and alpha smooth muscle actin (XSMA) expression in the
fibroblasts [3]. The bioinformatic analysis suggested that miR-let-7d and miR-26 regulate
genes involved in the TGF-3 pathway, especially in myofibroblast cells (Tables 4 and 5).

We suspected that exposing fibroblasts to TGF-3 might reduce the levels of miR-26
and miR-let-7d in the cells and their secretion in the circulation. Therefore, we isolated
dermal fibroblasts from normal skin biopsies, exposed them to TGF-f and induced their
differentiation into myofibroblasts, as was evident by the increase in the number of cells
(40%7, 72 h, p < 0.05, data not shown) and increased expression of xSMA and collagen I
(48 h, p = 0.05, Figure 4A-C). Total RNA was isolated from the cells and miR-26 and miR-
let-7d levels were measured. As an additional control, we measured the level of miR-21,
which is a pro-fibrotic miRNA [29]. We found small but consistent decreases in miR-let-7d
levels (~10%, p < 0.05) and ~40% reduction in the level of miR-26 (p < 0.05) compared to
cells that were not exposed to TGF-f3, whereas miR-21 levels tended to increase in those
cells (Figure 4D, black and white bars, respectively). These results support our hypothesis
that the presence of low levels of miR-26 and miR-let-7d in the bloodstream is at least partly
due to their low production by myofibroblast cells.

3.8. The Effect of Macitentan (ET-1 Receptor Antagonist) on Myofibroblast miR-26 and
miR-Let-7d Levels

Dermal fibroblasts produce endothelin-1 (ET-1) [27], which plays a key role in the
biology of PAH [30]. Previous publications showed that macitentan, an ET-1 receptor
antagonist approved for PAH therapy, interferes with ET-1 and TGF-f-induced fibrob-
last activation [27]. We examined whether exposing fibroblasts cultured with TGF-f to
macitentan affects the levels of miR-26 and miR-let-7d, and found that the addition of the
drug together with TGF-f3 prevented the decrease in the levels of miR-26 and miR-let-7d
observed when the cells were exposed to TGF-3 only (Figure 4D).
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Figure 4. TGF-$ induced myofibroblast differentiation is accompanied by reduced miR-26 and
miR-let-7d levels. Dermal fibroblasts were isolated from healthy patients undergoing plastic surgery.
The cells were exposed to TGF- (10 ng/mL) for 48 h or 72 h. Then the cells were either harvested
and counted (72 h) or harvested and their proteins and RNA isolated (48 h). The levels of the
myofibroblast markers xSMA (A) and collagen I (B) were assessed by western blot, and the levels
of miR-21, miR-26 and miR-let-7d were assessed with qRT-PCR (D). (C) is a representative blot of
aSMA and collagen in cells that were treated or not treated with TGF-f (1 = 4). Columns represent
mean and whiskers represent standard errors. *—Statistically significant results, p < 0.05.

4. Discussion

The idea of using miRNAs as biological markers has been suggested in the past in
the context of various pathologies [31]. In the current study, we searched for miRNAs
that are expressed differently in SSc-PAH compared to SSc-noPAH patients. Our initial
observation was that miRNA expression levels vary greatly among patients with SSc-
noPAH. A more thorough examination of the SSc-noPAH group showed that while most
SSc-noPAH patients presented with a stable mean pulmonary artery pressure, some had a
relatively rapid rise in this variable between their first and last echo tests included in this
study. These patients were termed SSc-susPAH (suspected to develop PAH). A comparison
between SSc-noPAH and SSc-PAH patients showed differences in age at diagnosis, clinical
parameters related to the disease (echo and lung function tests), anti-centromere levels
and in the levels of miR-let-7d and miR-26. These clinical differences were similar to those
described in the literature [4,32]. To the best of our knowledge, this is the first study to
show that miR-26 levels in the plasma of SSc-PAH patients is lower than in the plasma of
SSc-noPAH patients. Regarding miR-let-7d, our observations agree with those of a study
by Wuttge et al. that showed that the level of miR-let-7d is lower in SSc-PAH compared to
SSc-noPAH patients [33].

Echocardiography, which is a recommended modality for early detection of PAH,
was used to differentiate between SSc-noPAH and SSc-susPAH patients [34]. Even a
borderline elevation in mean pulmonary artery pressure from 21 to 24 mmHg may reflect
an intermediate stage on the continuum between normal pressure and PAH [35]. Previous
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publications also showed that SSc patients with increasing systolic pulmonary artery
pressure over a short period have a higher risk of mortality from PAH [7,36]. We found
three SSc-susPAH patients with increased mean pulmonary artery pressures in the one- to
two-year period between the initial blood collection and the end of the study. Interestingly,
in these patients and in another SSc-noPAH patient whose mean pulmonary artery pressure
at the end of the study could not be evaluated by echo due to technical problems, plasma
levels of miR-let-7d and miR-26 were similar to those measured in SSc-PAH patients
and were significantly lower than those measured in SSc-noPAH patients. At the end
of the study period, two of these four patients developed PAH and one died from this
complication. These results suggest that low levels of miR-let-7d and miR-26 miRNAs
that characterize SSc-PAH patients, can be detected in SSc-noPAH patients even before
pulmonary pressure rises. Despite this interesting observation, the limited number of
patients (4) does not allow unequivocal conclusions to be drawn. A future, multicenter
study with a larger patient population may reconfirm these findings.

To further assess the involvement of miR-let-7d and miR-26 in the pathogenesis of
SSc and PAH, miRNA levels and the clinical and laboratory data of the patients were
correlated. Interestingly, we found that the miR-let-7d and miR-26 levels correlated with
C3. Using the http:/ /mirdb.org database, we found that C2 is a target of miR-let-7d and
Cls is a target of miR-26. Protease Cls cleaves C4 and C2 to generate the C3 convertase
that cleaves C3, resulting in a decrease in C3. These processes may explain the positive
correlation between miR-let-7d and miR-26 levels and C3. The relation between activation
of the complement system to PAH was only recently suggested by demonstrating that
vascular-specific, immunoglobulin-driven dysregulated complement signaling triggers
and maintains pulmonary vascular remodeling and PAH [37]. It was also suggested that
plasma complement signaling, including factors in the alternative pathway, is a prognostic
factor for survival in patients with idiopathic PAH.

As a correlation was found between the miR-let-7d and miR-26 and C3 and between
miR-26 and IgG2 that can activate the classic complement system, it was tempting to specu-
late that the lower levels of miR-26 and miR-let-7d are an early event in the development
of SSc-PAH, at the stage of autoimmune attack. Our bioinformatic search also suggested
involvement of these miRNAs in mediating the immune response in SSc. Chemokine
(C-C Motif) Receptor 7 (CCR7), a miR-let-7d target expressed by WBCs, was previously
found to mediate PAH in murine models. C-C Motif Chemokine Ligand 21 (CCL21) the
ligand of CCR?7, is a promising marker for predicting the risk of SSc-related PAH and PAH
progression [38]. Furthermore, interleukin-18 (IL-18) Receptor 1 (IL-18R1) is a miR-26 target
expressed by WBCs. Previous publications showed that IL-18 levels are altered in SSc
patients [39,40] and that there is a positive correlation between serum IL-18 binding protein
(IL-18BPa) levels and right ventricular systolic pressure [39].

The clinical correlations and bioinformatic analysis encouraged us to check whether
miR-let-7d and miR-26 levels in WBCs of SSc-noPAH patients are higher than in SSc-PAH
patients. Contrary to our expectations, similar levels of the miRNAs were found in the
cells. This suggests that the low level of miRNAs in the circulating blood of PAH patients is
not due to decreased production by WBCs. We performed the test on a mixed population
of WBCs that was not separated into the different types of immune system cells. miR-26
or miR-let-7d levels might be reduced in one of the immune cell populations and the low
levels might be masked by their expression in other WBCs; a possibility that should be
explored in the future.

Our bioinformatic analyses also suggested that miR-26 might be involved in blood
vessel morphogenesis and cell motility. While we did not continue our study in this
direction, it is tempting to think that this miRNA is involved in the process of endothelial
mesenchymal transition (EndMT). This process demands acquisition of mesenchymal
characteristics by endothelial cells, such as cell migration [41] and ends with altered vessel
morphology. It has been reported that EndMT may also have a pivotal role during PAH
pathogenesis, promoting endothelial cell dysfunction [42]. Our bioinformatic analysis
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also suggested that miR-let-7d and miR-26 are involved in the biology of myofibroblast
cells by regulating genes in the TGF-3 and endothelin pathways. This is in accordance
with literature that showed that collagen, a target protein of both miRNAs, is regulated
by the TGE-f pathway [29]. This suggests that exposure of fibroblasts to TGF- and/or
endothelin 1, might alter miR-let-7d and miR-26 production. Indeed, we found that TGF-f3
significantly reduced the level of both miRNAs in dermal fibroblasts. These observations
suggest that myofibroblasts are at least partially responsible for reduced miR-let-7d and
miR-26 levels in the plasma of SSc-PAH patients. This agrees with reports that showed that
miR-let-7d and miR-26 expression are downregulated in the skin of SSc patients [29,43]
and that miR-let-7d is reduced in the skin of SSc-PAH patients even more than it is among
SSc-noPAH patients [23].

Additionally, we found a correlation between the two microRNAs (miR-let-7d and
miR-26). An interaction between these two miRNAs was previously described [44].in
publication who showed that miR-26 disrupts the Lin28B/miR-let-7d circuit [44]. The
Lin28B gene is negatively regulated by miRNAs (such as miR-26) and its overexpression
is linked to the repression of let-7 miRNAs [44]. A previous publication also showed
that Lin28b serves as a molecular switch for tuning the tolerance threshold during B cell
receptor (BCR) repertoire selection early in life [45]. Therefore, it is enticing to speculate
that this protein may contribute to the development of SSc, in which the appearance of
autoantibodies is the first clinical phenomenon observed.

This study examined the level of miRNAs in patients treated in the rheumatology clinic
at our medical center and its major limitation is the small cohort. An additional limitation
is that only seven miRNAs were tested, while previous articles showed involvement of
additional miRNAs in PAH and systemic sclerosis.

Despite the small group of patients, our results suggest that miR-let-7d and miR-26
are serological markers that differentiate SSc-noPAH from SSc-PAH patients. Moreover,
decreased expression of the miRNAs among SSc-susPAH patients also suggests that they
may be early predictors of the development of PAH, an assumption that warrants further
testing with larger cohorts.
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Abbreviations

aSMA alpha smooth muscle actin

ACR American College of Radiologists

BCR B cell receptor

BP Binding protein

CCL21 C-C Motif Chemokine Ligand 21

CCR7 C-C Motif chemokine Receptor 7

CT Cycle threshold

DLCO Diffusing capacity of lung for carbon monoxide
DMEM Dulbecco’s Modified Eagle Medium
DMSO Dimethyl sulfoxide

DTIT Dithiothreitol

Echo Echocardiography

EDN1 Gene symbol of endothelin 1

EDTA Ethylenediaminetetraacetic acid
EndMT Endothelial mesenchymal transition
ET-1 Endothelin 1

EULAR European League Against Rheumatism
Fevl Forced expiratory volume in one second
Fvc Forced vital capacity

GO Gene ontology

h Hour

hsa Homo sapiens

IgG Immunoglobulin G

1L Interleukin

IRF4 Interferon Regulatory Factor 4

miRNA, miR  microRNA

PAH Pulmonary arterial hypertension

PBS Phosphate Buffered Saline

PVDF membrane: Poly(vinylidene fluoride)
SSc Systemic sclerosis

SSc-noPAH SSc patients without PAH

SSc-PAH SSc patients with PAH

SSc-susPAH ~ SSc patients suspected to develop PAH
qRT-PCR Real time quantitative polymerase chain reaction
s Spearman’s Rank calculation

RT cDNA Reverse transcription complementary DNA
SDS Sodium dodecyl sulfate

TGF-p Transforming growth factor beta

Tris Tris(Hydroxymethyl)aminomethane
WBCs White blood cells
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Abstract: Our previous study demonstrated that heat shock protein 90 (Hsp90) is overexpressed
in the involved skin of patients with systemic sclerosis (SSc) and in experimental dermal fibrosis.
Pharmacological inhibition of Hsp90 prevented the stimulatory effects of transforming growth
factor-beta on collagen synthesis and the development of dermal fibrosis in three preclinical models
of SSc. In the next step of the preclinical analysis, herein, we aimed to evaluate the efficacy of
an Hsp90 inhibitor, 17-dimethylaminoethylamino-17-demethoxygeldanamycin (17-DMAG), in the
treatment of established experimental dermal fibrosis induced by bleomycin. Treatment with 17-
DMAG demonstrated potent antifibrotic and anti-inflammatory properties: it decreased dermal
thickening, collagen content, myofibroblast count, expression of transforming growth factor beta
receptors, and pSmad3-positive cell counts, as well as leukocyte infiltration and systemic levels
of crucial cytokines/chemokines involved in the pathogenesis of SSc, compared to vehicle-treated
mice. 17-DMAG effectively prevented further progression and may induce regression of established
bleomycin-induced dermal fibrosis to an extent comparable to nintedanib. These findings provide
further evidence of the vital role of Hsp90 in the pathophysiology of SSc and characterize it as a
potential target for the treatment of fibrosis with translational implications due to the availability of
several Hsp90 inhibitors in clinical trials for other indications.

Keywords: heat shock protein 90; systemic sclerosis; established dermal fibrosis; treatment

1. Introduction

Systemic sclerosis (SSc, scleroderma) is a rare chronic autoimmune connective tissue
disease of a complex etiopathogenesis characterized by vasculopathy, dysregulation of
the immune system, and tissue fibrosis [1]. Fibrosis of the skin and internal organs,
such as the lungs, gastrointestinal tract, heart, and kidneys, is the most characteristic
feature of SSc [1]. During the course of the disease, the abnormally activated innate
and acquired immune system affects resident fibroblasts, which are the critical cellular
contributors to tissue fibrosis in SSc [1,2]. Chronically activated fibroblasts release an
excessive amount of collagen and extracellular matrix (ECM) proteins, which leads to
severe dysfunction of the affected tissues [2,3]. Multiple lines of evidence suggest that
transforming growth factor-beta (TGF-3) plays a crucial role in the activation of fibroblasts
and the development of tissue fibrosis in SSc [3]. TGF-f is able to induce transdifferentiation
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of fibroblasts into contractile cells called myofibroblasts, the microfilaments of which consist
of alpha-smooth muscle actin (aSMA) and non-muscle myosin type II [3,4]. Myofibroblasts
increase the production of collagen, fibronectin, proteoglycans, and other components of
the ECM [3,5]. Moreover, TGF-f3 induces heterotetramerization of TGF-B-receptor type I
(TRRI) and II (TRRII) and leads to activation of several intracellular pathways, particularly
the ones mediated by small mothers against decapentaplegic homolog 3 (Smad3) and other
kinases [3,5]. However, myofibroblasts have also been attributed an immunomodulatory
role since they express interleukin (IL)-1, IL-6, IL-8, and monocyte chemoattractant protein
1 (MCP-1, CCL2) [6,7]. Despite recent substantial advancements shedding light on the
pathophysiology of tissue fibrosis in SSc [8], an effective and available clinical treatment
with disease-modifying and survival-improving effects has yet to be determined [9].

Heat shock protein 90 (Hsp90) belongs to the ubiquitous molecular chaperone family
of heat shock proteins (Hsp), which are produced by a wide range of cells under conditions
of cellular stress [10]. Hsp play an important role in protein—protein interactions, such
as recognizing and binding to non-natively folded proteins, assisting in achieving their
proper conformation, and preventing against their irreversible degradation and activa-
tion [11,12]. Hsp90 interacts with a wide range of substrate proteins, including kinases,
transcription factors, steroid hormone receptors, and E3 ubiquitin ligases [13]. These client
proteins are essential for many biological processes such as cell cycle and growth, apoptosis,
cytoskeletal rearrangement, and many others [13-15]. Furthermore, Hsp90 mediates the
activation and maturation of antigen-presenting cells and the induction of proinflammatory
cytokines [16,17]. Hsp90 has been demonstrated to participate in autoimmune response,
oncogenesis, viral infections, and neurodegenerative diseases [13,16,18-22]. In addition,
Hsp90 contributes to stabilization and activation of TGF-{3 receptors (TBRI and TBRII) and
Src kinases, which are intracellular mediators for profibrotic TGF-{ signaling in SSc [23-25].
In our recent study, we described increased expression of Hsp90 in the involved skin
of patients with SSc, in SSc dermal fibroblasts and in experimental dermal fibrosis in a
TGF-B-dependent manner [26]. Furthermore, the inhibition of Hsp90 with a semi-synthetic
derivative of geldanamycin, 17-dimethylaminoethylamino-17-demethoxy-geldanamycin
(17-DMAG), demonstrated antifibrotic effects in vitro and prevented the development of
dermal fibrosis in three preclinical models mimicking various stages of SSc [26].

In this study, as the next step of the preclinical analysis, we aimed to evaluate the
efficacy of 17-DMAG in the established experimental dermal fibrosis, which better reflects
the routine clinical practice, where most SSc patients seen by a rheumatologist have already
developed tissue fibrosis. Therefore, we used a modified murine model of bleomycin-
induced dermal fibrosis, in which the administration of bleomycin was prolonged to six
weeks, and the treatment onset with 17-DMAG was delayed to the last three weeks of the
ongoing bleomycin challenge [27,28]. To analyze both antifibrotic and anti-inflammatory
properties exerted by 17-DMAG, we used the traditional outcome measures assessing der-
mal thickness, collagen content, activation of fibroblasts and of TGF-f pathway, including
expression of pSmad3, TBRI, and TRRII, as well as markers of local and systemic inflamma-
tion, including selected cytokines and chemokines with established proinflammatory roles
in the pathogenesis of SSc [1,2,7,29]. Given that several inhibitors of Hsp90 have already
been tested in numerous clinical trials for other indications, this study could provide a
novel therapy for the treatment of fibrosis in SSc with high translational potential [30-33].

2. Methods
2.1. Treating Established Bleomycin-Induced Dermal Fibrosis

A modified bleomycin model was used to analyze the efficacy of the Hsp90 inhibitor
17-DMAG in the regression of preestablished fibrosis [28,34-36]. Robust dermal fibrosis
was first induced by injecting bleomycin for the first three weeks solely without treatment.
A three-week course of treatment was then initiated at the start of the fourth week of the
experiment, while bleomycin injections were continued for the remaining three weeks of the
whole six-week experiment. The outcomes were analyzed six weeks after the first injection
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of bleomycin [28,34-36]. The following five groups of six-week-old male C57BL/6 mice
(Velaz, s.r.0., Prague, Czech Republic) were included (Figure 1). The modified bleomycin
model was performed as described previously [28,36,37], and can be briefly summarized
as follows:

0]

@

®)

*)

®)

The first control group was administered subcutaneous injections of 100 pL 0.9% NaCl
every other day for six weeks, and served as a control for treatment with bleomycin
(n=8).

The second control group of mice (1 = 8) was subcutaneously injected with bleomycin
for the first three weeks and with 0.9% NaCl for the last three weeks. The level of
achieved dermal fibrosis in this group after the first three weeks of subcutaneous
bleomycin injections represents the pretreatment level of established dermal fibrosis.
Dermal fibrosis was induced by subcutaneous injections of bleomycin (Bleomedac,
Medac GmbH, Wedel, Germany) dissolved in 0.9% sodium chloride (NaCl, B. Braun
Medical s.r.0., Prague, Czech Republic) at a concentration of 0.5 mg/mL [38,39]. One
hundred microliters of bleomycin was administered into the defined area of 1 cm? at
the upper back every other day for six weeks (1 = 8 mice) [38]. Vehicle treatment in
groups 1-3 was performed with Dulbecco’s Phosphate Buffered Saline (PBS, Lonza,
Walkersville, MD, USA), 100 uL intraperitoneally, every third day in the last three
weeks of the six-week experiment.

The main treatment group was challenged with bleomycin for six weeks as described
above. In the last three weeks of this six-week period, mice (n = 8) were treated
intraperitoneally every third day with 100 uL of 17-DMAG (InvivoGen, San Diego,
CA, USA) at a concentration of 25 mg/kg (5 mg/mL in PBS, Lonza) [26]. The dose of
17-DMAG used in this study had previously been shown to effectively inhibit Hsp90
in vivo [40], and to be well-tolerated in a chronic dose regimen of up to 180 days
in vivo [41].

For the control treatment, we chose a small-molecule competitive inhibitor of non-
receptor tyrosine kinases (nRTKs), nintedanib, as an established antifibrotic agent
(kindly provided by Boehringer Ingelheim Pharma GmbH & Co.KG, Ingelheim am
Rhein, Germany). These mice (1 = 8) were challenged with bleomycin for six weeks
as described above, and in the last three weeks of this six-week period, nintedanib
50 mg/kg (100 uL diluted in deionized water) was administered twice daily per-
orally [28,42].

2. Control group (n=8):
pre-treatment level of fibrosis

3. Control group (n=8):
prolonged fibrosis

4. Treatment group (n=8):
17-DMAG

5. Treatment group (n=8):
nintedanib

Group Week ~— 0.9% sodium chloride, 100 pL s.c. every other day
1 2 3 4 5 6 .
1. Control group (n=8): == bleomycin 0.5 mg/mL, 100 pL s.c. every other day
no fibrosis

= PBS, 100 pL i.p. every third day

== 17-DMAG 25 mg/kg, 100 pL i.p. every third day
nintedanib 50 mg/kg, 100 pL p.o. twice daily

I

Figure 1. Design of the modified model of bleomycin-induced experimental dermal fibrosis. PBS, phosphate buffered

saline; 17-DMAG, 17-dimethylaminoethylamino-17-demethoxy-geldanamycin (inhibitor of heat shock protein 90); s.c.,
subcutaneously administered; i.p., intraperitoneally administered; p.o., perorally administered.

This project (reference number AZV 16-33542A) and all animal experiments included

were approved by the Ethics Committee of the Institute of Rheumatology in Prague (reference

number 5689 /2015, approved on 6 June 2015) and the Ministry of Education, Youth and Sports
of the Czech Republic (reference number MSMT-9445/2018-7, approved on 5 May 2018). Animal
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experiments were conducted in accordance with relevant national legislation on the use of
animals for research and complied with the commonly accepted 3Rs.

2.2. Histological Analysis of Dermal Thickness

Dermal thickness was assessed as described previously [43]. Injected skin areas were
excised, then fixed in 4% formalin for 8 h and embedded in paraffin. Five-micrometer-thick
sections were stained with hematoxylin—eosin and visualized by a BX53 microscope with a
DP80 Digital Microscope Camera and CellSens Standard Software 3.1-Build 21199 (Olym-
pus, Philadelphia, PA, USA) at 100-fold magnification. Dermal thickness was analyzed by
two experienced examiners blinded to the treatment by measuring the maximum distance
between the epidermal-dermal junction and the dermal-subcutaneous fat junction at four
sites in four consecutive skin sections of the lesional skin from each mouse. The mean
value for each mouse was used [43].

2.3. Assessment of the Number of Infiltrating Leukocytes

Infiltrating leukocytes in the lesional murine skin were quantified in hematoxylin
and eosin-stained sections as described previously [43]. The assessment of the number
of mononuclear/inflammatory cells (at 400-fold magnification) was performed by two
experienced examiners blinded to the treatment in the full thickness of the dermis at eight
high-power fields from different tissue sites in four consecutive skin sections of the lesional
skin from each mouse. The mean value for each mouse was used [43].

2.4. Hydroxyproline Assay

The collagen content in lesional skin samples was determined by hydroxyproline
assay as described previously [44]. Briefly, each punch biopsy specimen was digested in 6
M HCl for three hours at 120 °C, and the pH of the samples was adjusted to 7 with 6 M
NaOH. Afterward, samples were mixed with 0.06 M chloramine T and incubated for 20
min at room temperature. Subsequently, 20% p-dimethylaminobenzaldehyde and 3.15 M
perchloric acid were added, and samples were incubated for an additional 20 min at 60 °C.
The absorbance was measured at 557 nm with a microplate spectrophotometer (SUNRISE;
Tecan, Grodig, Austria) [43]. Two punch biopsies from the central third of the lesional
skin of each mouse were analyzed, and the hydroxyproline content was normalized to
the dry weight of each biopsy. The mean value was used. For direct visualization of
collagen fibers, trichrome staining was performed using the Blue Masson’s Trichrome Stain
Kit (Sigma-Aldrich, St. Louis, MO, USA). Stained skin sections were visualized with a
BX53 microscope with a DP80 Digital Microscope Camera and CellSens Standard Software
3.1-Build 21199 (Olympus, Philadelphia, PA, USA) at 100-fold magnification [43].

2.5. Immunohistochemistry Staining for Aplha-Smooth Muscle Actin (aSMA)

Assessment of myofibroblast counts was performed as described previously [43].
In brief, for the detection of alpha-smooth muscle actin (aSMA)-positive myofibroblasts,
skin sections were deparaffinized, followed by incubation with 5% horse serum in PBS
for 1 h to block nonspecific binding and incubation with 3% H;O, for 10 min to block
endogenous peroxidase activity. The cells positive for aSSMA in the lesional skin sections
were detected by incubation with mouse monoclonal anti-aSMA antibody (1:1000, clone
1A4, Sigma-Aldrich, St. Louis, MO, USA) for three hours at room temperature. Irrelevant
isotype-matched antibodies were used as controls. Horseradish peroxidase-labeled poly-
clonal rabbit anti-mouse antibodies (1:200, Dako, Glostrup, Denmark) were then used as
secondary antibodies for incubation for one hour at room temperature. The skin sections
were then counterstained with Mayer’s hematoxylin solution and visualized with a BX53
microscope with a DP80 Digital Microscope Camera and CellSens Standard Software v.3.1-
Build 21199 (Olympus, Philadelphia, PA, USA) at 100-, 200-, and 400-fold magnification.
The assessment of the number of myofibroblasts (at 200-fold magnification) was performed
by two experienced examiners blinded to the treatment in the full thickness of the dermis at
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four sites in four consecutive skin sections of the lesional skin from each mouse. The mean
value for each mouse was used [43].

2.6. Immunofluorescence Staining

Immunofluorescence staining was performed as described previously [45,46]. For
the identification of cells expressing the phosphorylated Smad3 (pSmad3) [45], or TGF-f3-
receptor type I (TRRI) and II (TRRII) [46] in the lesional skin, deparaffinized sections were
incubated with antigen retrieval solution (Dako. Glostrup, Denmark) for 15 min at 95 °C,
followed by incubation with 5% horse serum in PBS for 1 h to block nonspecific binding.
Phosphorylated Smad3-positive cells were detected by incubation with rabbit monoclonal
anti-pSmad3 antibodies (phospho 5423 + 5425; 1:50, Abcam, Cambridge, UK) overnight at
4 °C [45]. TRRI- or TRRII-positive cells were detected by incubation with rabbit polyclonal
anti-TRRI antibodies (PA5-32631; 1:50, Invitrogen, Carlsbad, CA, USA) or rabbit polyclonal
anti-TRRII antibodies (AB186838; 1:100, Abcam, Cambridge, UK) overnight at 4 °C [46].
Irrelevant isotype-matched antibodies were used as controls. The skin samples were then
incubated with polyclonal goat anti-rabbit Alexa Fluor 488 secondary antibodies (1:200,
Abcam, Cambridge, UK) at room temperature for 1 h. The cell nuclei were stained using
4’,6-diamidino-Z-phenylindole (DAPI, 1:1000, Invitrogen, Carlsbad, CA, USA) for 10 min
at room temperature. Finally, the skin sections were mounted with Fluoromount aqueous
mounting medium (Sigma-Aldrich, St. Louis, MO, USA) [45]. Images were captured at
400-fold magnification using appropriate fluorescence filters on a BX53 microscope with
a DP80 Color lens camera using CellSens Standard software v.3.1-Build 21199 (Olympus,
Philadelphia, PA, USA). The assessment of the number of TBRI-, TBRII-, and pSmad3-
positive cells was performed by two experienced examiners blinded to the treatment at
four sites in four consecutive skin sections of the lesional skin from each mouse. The count
of positive cells was normalized to the number of cells and is presented as TBRI, TRRII-,
and pSmad3-positive cell percentage. The mean value for each mouse was used [45].

2.7. Measurement of Inflammatory Cytokines/Chemokines in the Serum

The concentration of selected inflammatory cytokines and chemokines in the serum
of mice was analyzed as described previously [47] by a commercially available Bio-Plex
Pro™ Mouse Cytokine 23-plex Assay (BIO-RAD, Irvine, CA, USA) according to the manu-
facturer’s instructions. The Bio-Plex Pro™ Mouse Cytokine 23-plex Assay measures the
concentration of 23 cytokines and chemokines: IL-1«, IL-1(3, IL-2, IL-3, IL-4, IL-5, IL-6, IL-9,
IL-10, IL12p40, IL-12p70, IL-13, IL-17A, eotaxin, granulocyte colony-stimulating factor (G-
CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF), interferon-y (IFN-vy),
keratinocytes-derived chemokine (KC, also known as chemokine (C-X-C) motif ligand 1
(CXCL1)), monocyte chemoattractant protein (MCP)-1 (CCL2), macrophage inflammatory
proteins (MIP)-1x (CCL3) and MIP-13 (CCL4), regulated on activation/normal T cell ex-
pressed and secreted (RANTES, CCL5), and tumor necrosis factor (TNF). The absorbance
of the Bio-Plex Pro™ Mouse Cytokine 23-plex Assay was evaluated at Luminex BIO-PLEX
200 System (Bio-Rad, Hercules, CA, USA) [47]. Samples were measured as duplicates, and
the mean value was used.

2.8. Safety of 17-DMAG in Mice

The safety of 17-DMAG in mice was assessed as described in previous studies of novel
potential antifibrotic agents in a modified bleomycin model [27,28,36,37]. All studied mice
were examined daily for any kind of distress, e.g., changes in physical activity, behavior,
food and water consumption, quality of stools, and the quality and texture of their fur.
Furthermore, the weight of the mice was assessed weekly using calibrated scales from the
first bleomycin injection until sacrifice. During necropsy, internal organs were inspected
for any macroscopically visible changes, e.g., formation of tumors, hemorrhages, presence
of pus, or other significant pathologies [27,28,36,37].
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2.9. Statistical Analysis

All analyses and graphs were conducted using GraphPad Prism 5 (v.5.02; GraphPad
Software, La Jolla, CA, USA). Basic descriptive statistics (mean, standard error of the mean
(SEM), skewness, and kurtosis) were computed for all variables, which were subsequently tested
for normality using the Kolmogorov—-Smirnov and Shapiro-Wilk tests. Differences between
groups were analyzed by unpaired t-test with Welch'’s correction or the Mann-Whitney U test.
Statistical significance was set at p < 0.05. Data are presented as mean + SEM.

3. Results
3.1. Treatment with 17-DMAG Prevents Progression and May Induce Regression of Preestablished
Bleomycin-Induced Skin Fibrosis

Using the modified bleomycin model of experimental dermal fibrosis, we investigated
the effect of Hsp90 inhibitor 17-DMAG on the progression of dermal fibrosis, and of
particular interest, the treatment of established skin fibrosis, since the 17-DMAG treatment
was initiated after the development of dermal fibrosis. The efficacy of 17-DMAG was then
compared to that of the established antifibrotic agent nintedanib.

Compared to mice treated with NaCl for six weeks (group 1), the challenge with
bleomycin in the first three weeks (group 2) resulted in an expected development of
skin fibrosis, manifested by an increase in dermal thickening by 51.5 + 3.9% (p < 0.0001),
hydroxyproline content by 52.4 + 13.2% (p = 0.0014), and myofibroblast count by 150.3
=+ 12.5% (p < 0.0001) (Figures 2—4). Extended bleomycin treatment during the subsequent
three weeks (group 3) led to further progression of skin fibrosis, with an additional increase
in dermal thickening, hydroxyproline content, and myofibroblast count (p < 0.05 for all,
compared to group 2; p < 0.001 for all, compared to group 1) (Figures 2—4).

BLM (w1-3) + NaCl (w4-6) BLM (w1-6) B) 3 NaCl (w1-6)
3 BLM (W1-3) + NaCl (w4-6)
@ BLM (w1-6)
™ P EE BLM (w1-6) + 17-DMAG (w4-6)
& g |=- N E3 BLM (w1-6) + nintedanib (w4-6)

g : R R 1 p=0.0002
R, : 8 1 p=0.0010
- ' p<0.0001

i oL o p = 0.0009

BLM (w1-6) + nintedanib (w4-6) 25 : 220310001
p < 0.0001

2.0 p <0.0001

dermal thickness
x-fold
-
o

Figure 2. Treatment with 17-DMAG prevents further progression and may induce regression of dermal thickening induced
by bleomycin. (A) Representative images of hematoxylin and eosin-stained skin sections are shown. Original magnification
x100. Vertical bars represent the dermal thickness. (B) Treatment with 17-DMAG prevents further progression and
may induce regression of dermal thickening induced by bleomycin. The extent of the protective effects of 17-DMAG
is comparable to the effect of the treatment with nintedanib. Columns represent the mean, and whiskers represent the
standard error of the mean. w, week; NaCl, sodium chloride; BLM, bleomycin; 17-DMAG, 17-dimethylaminoethylamino-17-
demethoxygeldanamycin (inhibitor of heat shock protein 90); ns, not significant (p > 0.05); n = 8 mice in each group.
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Figure 3. Treatment with 17-DMAG prevents further progression and may induce regression of collagen accumulation
induced by bleomycin. (A) Representative images of Blue Masson’s Trichrome-stained skin sections are shown. Collagen
bundles are stained blue. Original magnification x100. (B) Treatment with 17-DMAG prevents further progression and
may induce regression of collagen accumulation (analyzed by hydroxyproline content) induced by bleomycin. The extent
of the protective effects of 17-DMAG is comparable to the effect of the treatment with nintedanib. Columns represent the
mean and whiskers represent the standard error of the mean. w, week; NaCl, sodium chloride; BLM, bleomycin; 17-DMAG,
17-dimethylaminoethylamino-17-demethoxygeldanamycin (inhibitor of heat shock protein 90); ns, not significant (p > 0.05);
n =8 mice in each group.
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Figure 4. Treatment with 17-DMAG prevents further progression and may induce regression of proliferation of myofibrob-
lasts induced by bleomycin. (A) Representative images of a-smooth muscle actin (aSMA)-stained skin sections are shown.
aSMA-positive cells are stained brown, nuclei are counterstained blue by hematoxylin. Original magnification x400. (B)
Treatment with 17-DMAG prevents further progression and may induce regression of the proliferation of myofibroblasts
induced by bleomycin. The extent of the protective effects of 17-DMAG is comparable to the effect of the treatment with
nintedanib. Columns represent the mean and whiskers represent the standard error of the mean. w, week; NaCl, sodium
chloride; BLM, bleomycin; 17-DMAG, 17-dimethylaminoethylamino-17-demethoxy-geldanamycin (inhibitor of heat shock
protein 90); ns, not significant (p > 0.05); n = 8 mice in each group.

Treatment with 17-DMAG (group 4) during the last three weeks of bleomycin treat-
ment inhibited this progression despite concurrent bleomycin injections (Figures 2—4).
Compared with vehicle-treated mice challenged with bleomycin for six weeks (group 3),
17-DMAG treatment (group 4) prevented the increase in skin thickness by 53.5 & 8.2% (p
< 0.0001) (Figure 2A,B), hydroxyproline content by 48.8 &+ 14.4% (p = 0.0044) (Figure 3B),
and myofibroblast count by 154.5 &= 19.8% (p < 0.0001) (Figure 4A,B). Thus, treatment with
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17-DMAG effectively prevented the progression of established dermal fibrosis induced by
bleomycin.

Furthermore, the extent of dermal fibrosis upon 17-DMAG treatment (group 4) decreased
even below the pretreatment levels represented by mice treated with bleomycin for three
weeks followed by NaCl for three weeks (group 2): skin thickness decreased by 21.1 + 3.3%
(p < 0.0001) (Figure 2A,B), hydroxyproline content by 30.8 4= 10.4% (p = 0.0105) (Figure 3B), and
myofibroblast count by 33.5 & 13.9% (p = 0.0299) (Figure 4A,B). Thus, treatment with 17-DMAG
may induce regression of established dermal fibrosis induced by bleomycin.

Interestingly, the decreased extent of fibrosis in the 17-DMAG-treated mice (group
4), as demonstrated by the abovementioned skin thickness, hydroxyproline content, and
myofibroblast count, was comparable to that observed in mice treated with the established
antifibrotic agent nintedanib (group 5) (p = 0.0919, p = 0.8551, p = 0.4776, respectively)
(Figures 2—4).

3.2. 17-DMAG Reduces the Activation of TGF-p Smad Signaling in Bleomycin-Induced
Dermal Fibrosis

In addition, given the Hsp90-mediated stabilization of TBRI and TPRII [25], the
abrogation of profibrotic effects of TGF-§ upon 17-DMAG treatment demonstrated in our
previous study [26], and the suppression of TGF- Smad signaling upon Hsp90 inhibition
demonstrated by Noh et al. [48], we aimed to investigate the impact of 17-DMAG on the
activation of TGF-f3 signaling by assessing the expression of TGF-f3 type I and II receptors
and the intracellular pathway mediated by Smad3. Compared to mice treated with NaCl
for six weeks (group 1), we observed an expected activation of TGF-f3 signaling with an
increased percentage of TRRI-, TRRII-, and pSmad3-positive cells in the lesional skin upon
challenge with bleomycin for three weeks (group 2, by 108.3 £ 16.5%, p < 0.0001; 122.2 £+
29.9%, p = 0.0020; 90.6 % 13.2%, p < 0.0001, respectively) or six weeks (group 3, by 239.9 +
30.7%, p < 0.0001; 206.4 £ 32.0%, p < 0.0001; 181.9 £ 26.1%, p < 0.0001, respectively) (Figure
5A-F). Indeed, treatment with 17-DMAG (group 4) significantly decreased the percentage
of TBRI-, TRRII-, and pSmad3-positive cells (by 199.5 &= 31.8%, p < 0.0001; 163.0 &= 33.7%, p
=0.0003; 130.3 =+ 28.4%, p = 0.0005 compared to group 3, and by 67.9 &+ 18.6%, p = 0.0026;
78.8 £ 33.9%, p = 0.0357; 39.0 + 16.9%, p = 0.0363 compared to group 2, respectively), as
well as the intensity of staining (Figure 5A-F). Thus, treatment with 17-DMAG strongly
downregulated TGF-f3/pSmad3 signaling in the lesional skin of mice challenged with
bleomycin to below pretreatment levels. Nintedanib treatment (group 5) demonstrated
mild reduction in TGF-f/pSmad3 signaling upon bleomycin challenge (p < 0.05 for all
three outcomes compared to group 3).
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Figure 5. Treatment with 17-DMAG inhibits the TGF- /Smad signaling induced by bleomycin. Representative images
of TRRI- (A), TRRII- (C), and phosphorylated Smad3 (pSmad3)-stained skin sections are shown (E). TRI-, TRRII-, and
pSmad3-positive cells are stained green, and nuclei are stained blue by DAPI. Original magnification x400. Treatment with
17-DMAG decreased the accumulation of TRRI- (B), TRRII- (D), and pSmad3 (F) induced by bleomycin. Columns represent
the mean and whiskers represent the standard error of the mean. w, week; NaCl, sodium chloride; BLM, bleomycin;
17-DMAG, 17-dimethylaminoethylamino-17-demethoxygeldanamycin (inhibitor of heat shock protein 90); TRRI, TGF-f3
receptor type I; TBRIL TGF-f receptor type II; ns, not significant (p > 0.05); n = 8 mice in each group.

3.3. 17-DMAG Treatment Reduces Local and Systemic Inflammation in Bleomycin-Induced
Dermal Fibrosis

The mouse model of bleomycin-induced experimental dermal fibrosis mimics the
early stages of SSc, characterized by perivascular inflammatory infiltrates in the dermis
containing leukocytes, including T and B lymphocytes, macrophages, eosinophils, and mast
cells, which stimulate fibroblast activation and collagen synthesis by releasing profibrotic
cytokines and growth factors [2,7,34,49]. Given the crucial role of Hsp90 in the innate and
adaptive immune system [16,17], and to investigate whether 17-DMAG affects the outcome
of bleomycin-induced dermal fibrosis partially by regulating inflammatory infiltration,
we further quantified the number of leukocytes in the lesional skin. Compared to mice
treated with NaCl for six weeks (group 1), we observed expectedly elevated numbers of
leukocytes infiltrating the lesional skin upon challenge with bleomyecin for three weeks
(group 2, by 164.4 4 18.7%, p < 0.0001) or six weeks (group 3, by 253.9 =+ 22.6%, p < 0.0001)
(Figure 6A). Treatment with 17-DMAG (group 4) significantly decreased the leukocyte
count (by 182.9 & 25.5%, p < 0.0001 compared to group 3, and by 93.4 & 22.2%, p = 0.0009
compared to group 2) (Figure 6A). Thus, treatment with 17-DMAG strongly reduced the
inflammatory infiltration in the lesional skin of mice challenged with bleomycin to below
pretreatment levels. Nintedanib treatment (group 5) demonstrated only a mild reduction
in the inflammatory infiltration in the lesional skin upon bleomycin challenge (by 62.6 =
33.3%, p = 0.0803 compared to group 3) (Figure 6A).

99



Biomedicines 2021, 9, 650

NaCl (w1-6)

BLM (w1-3) +
NaCl (w4-6)

BLM (w1-6)

BLM (w1-6) +
17-DMAG (w4-6)
BLM (w1-6) +
nintedanib (w4-6)

0D m@ OO

D)

ns
ns

p=00135
ns
p=00176
300 p=00019
I
£
3
£ 200:
8
3
o
e
< 100-
d
5]
=

0

A

p = 0.0403 7"5
p=00237 T s

ns
p=0.0100
ns
ns 3
p=0.0086
p=00312

83 ®

N

3

IL-1a (pg/mL)
o

IL-6 (pg/mL)

leukocyte count
x-fold

»

°

E) F) ns G)
ns ns
ns ns
ns ns ns
ns I | E—"
p=0.0499 p=0.0356 ns
=0.0148 p=00281 ___ns

ns
ns

g 8

8

KC (CXCL1) (pg/mL)

MIP-1¢. (CCL3) (pg/mL)

RANTES (CCL5) (pg/mL)

°

0

Figure 6. Treatment with 17-DMAG strongly downregulates the local and systemic proinflammatory response induced by
bleomycin. Treatment with 17-DMAG significantly reduced the number of leukocytes infiltrating the lesional skin (A), and
the serum levels of interleukin (IL)-1« (B), IL-6 (C), monocyte chemoattractant protein-1 (MCP-1, CCL2) (D), regulated on
activation/normal T cell expressed and secreted (RANTES, CCL5) (E), keratinocytes-derived chemokine (KC, CXCL1) (F),
and macrophage inflammatory proteins-1a (MIP1x, CCL3) (G). Columns represent the mean and whiskers represent the
standard error of the mean. w, week; NaCl, sodium chloride; BLM, bleomycin; 17-DMAG, 17-dimethylaminoethylamino-17-
demethoxygeldanamycin (inhibitor of heat shock protein 90); ns, not significant (p > 0.05); n = 8 mice in each group.

Given the documented systemic manifestations of prolonged subcutaneous admin-
istration of bleomycin in mice [34,39,50], we determined the systemic levels of selected
proinflammatory cytokines and chemokines which have been implicated in the pathophys-
iology of SSc [1,2,7,29], in order to further assess the potential regulation of inflammatory
infiltration and the associated fibroblast activation in the lesional skin mediated by Hsp90.
Compared to NaCl-treated mice (group 1), in mice challenged with bleomycin for six
weeks (group 3), we found an increase in serum levels of IL-1«, IL-6, and MCP-1 (CCL2),
which was statistically significant (p < 0.05 for all), and a trend to increased serum levels of
CCL5, CXCL1, and CCL3, which did not reach the level of statistical significance (p = 0.074,
p =0.128, p = 0.130, respectively) (Figure 6B-G). Nevertheless, 17-DMAG treatment (group
4) resulted in a significant decrease (p < 0.05 for all, compared to group 3) in serum levels of
all these proinflammatory cytokines/chemokines to levels comparable to those observed
in the NaCl-treated mice (group 1) (Figure 6B-G). Thus, treatment with 17-DMAG strongly
downregulated the systemic proinflammatory response induced by extended subcuta-
neous administration of bleomycin in experimental dermal fibrosis. No differences were
observed in the remaining cytokines or chemokines measured by the Bio-Plex Pro™ Mouse
Cytokine 23-plex Assay (p > 0.05 for all). No differences in serum levels of any of these
cytokines/chemokines were demonstrated in mice treated with nintedanib (group 5) upon
bleomycin challenge (Figure 6B-G).

4. Discussion

In this study, we demonstrate for the first time that treatment with 17-DMAG, an
Hsp90 inhibitor, effectively prevents progression and may induce regression of established
experimental dermal fibrosis induced by bleomycin. The extent of reduction of dermal
fibrosis mediated by 17-DMAG is comparable to the effects of the treatment with nintedanib,
an established antifibrotic agent. The antifibrotic effects of 17-DMAG in this modified
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bleomycin model are not only mediated by direct inhibition of fibroblast activation via the
downregulation of TGF-f3/Smad signaling, but also indirectly via a potent suppression
of the local and systemic inflammatory response. This dual mode of action translates into
potent antifibrotic effects of 17-DMAG.

A large body of evidence has demonstrated the crucial role of Hsp90 in tumorigenesis
and metastasis, particularly by maintaining homeostasis of several oncogenic proteins,
including a number of transcription factors and kinases [18,19,22]. Thus, over the last
two decades, several Hsp90 inhibitors have been tested in clinical trials, predominantly in
solid tumors and hematological malignancies [18,30,33]. 17-DMAG is a second-generation
inhibitor of Hsp90 characterized by higher water solubility, improved bioavailability,
reduced toxicity, and higher therapeutic efficacy than its predecessors [32]. It suppresses
the ATPase activity of Hsp90 and consequently leads to misfolding, ubiquitylation, and
degradation of the client proteins of Hsp90 by the proteasome [31,32].

Compared to the well-documented role of Hsp90 in cancer, the understanding of the
role of Hsp90 in tissue fibrosis is very limited. Hsp90 was upregulated in the lung biopsies
of patients with idiopathic pulmonary fibrosis and in the isolated fibroblasts from the
fibrotic lung lesions. Furthermore, inhibition of Hsp90 by 17-N-allylamino-17-demethoxy-
geldanamycin (17-AAG) efficiently reduced TGF-3-driven activation of fibroblasts and
production of ECM in vitro and attenuated progression of established fibrosis in a mouse
model of pulmonary fibrosis [51]. More recently, five other studies have confirmed potent
antifibrotic effects of various Hsp90 inhibitors, including 17-DMAG, in several preclinical
models of pulmonary fibrosis [52-56]. Similarly, the treatment with 17-AAG blocked
the TGF-p-induced production of ECM in renal fibroblasts in vitro and suppressed renal
fibrosis in a murine model of unilateral ureteral obstruction [48]. Inhibition of Hsp90 with
an engineered protein inhibitor reduced the TGF-f3-mediated profibrotic events in cardiac
fibroblasts in vitro and ameliorated experimental murine myocardial fibrosis induced
by angiotensin-II [57]. Our recent study on the role of Hsp90 in SSc demonstrated an
increased expression of Hsp90 in the SSc skin and dermal fibroblasts and in experimental
dermal fibrosis in a TGF-3-dependent manner [26]. Treatment with 17-DMAG effectively
abrogated the profibrotic effects of TGF-f3 in cultured dermal fibroblasts and prevented the
development of experimental dermal fibrosis in three different murine models of SSc [26].

In line with these findings, in this study, we provide evidence that treatment with
17-DMAG not only effectively prevents further progression, but may also promote regres-
sion of established experimental dermal fibrosis induced by bleomycin. However, given
the limited capacity of group 2 to precisely represent the pretreatment level of fibrosis,
regression of the established experimental dermal fibrosis induced by 17-DMAG treatment
should be interpreted with caution. Compared to vehicle-treated mice, treatment with
17-DMAG decreased dermal thickening, hydroxyproline content, and myofibroblast count
to below pretreatment levels. Given the proven efficacy of several potential antifibrotic
therapies in the preclinical model of established dermal fibrosis [8], we selected nintedanib
as a positive treatment control. Nintedanib is a small-molecule competitive inhibitor of
nonreceptor tyrosine kinases (nRTKs), such as lymphocyte-specific protein tyrosine ki-
nase (Lck), tyrosine-protein kinase Lyn (Lyn), and Src. It also inhibits receptor tyrosine
kinases (RTKs), such as platelet derived growth factor (PDGF) receptor « and f3, fibroblast
growth factor (FGF) receptor 1-3, vascular endothelial growth factor (VEGF) receptor 1-3,
and fms-like tyrosine kinase 3 (FLT-3) [58]. Moreover, nintedanib has previously demon-
strated efficacy in the regression of preestablished experimental dermal fibrosis induced
by bleomycin [28], as well as in other preclinical models of tissue fibrosis [28,42,58], and
was recently approved by Food and Drug Administration (FDA) for slowing the rate of
decline in lung function in adults with SSc-associated interstitial lung disease (ILD) [59].
Interestingly, in this study, the extent of the antifibrotic effects of 17-DMAG treatment was
comparable to that of nintedanib treatment. Previous studies on nintedanib in preclinical
models of tissue fibrosis have attributed its antifibrotic effects to several possible mecha-
nisms. In vitro, direct antifibrotic effects of nintedanib were mediated by the inhibition
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of PDGEF- and TGEF-p-induced proliferation, migration and activation of fibroblasts, as
well as myofibroblast differentiation and collagen release [28]. In vivo, possible indirect
mechanisms include the anti-inflammatory effects mediated by the inhibition of Lck and
Lyn kinases [28], or by inhibiting the alternative activation of macrophages, along with
decreased serum levels of M-CSF and VEGF in an Fra-2 mouse model [42]. In our present
study, in contrast to 17-DMAG, the antifibrotic effects of nintedanib were not associated
with major alterations in serum levels of proinflammatory cytokines or chemokines.

In addition to the findings from our previous study [26], the antifibrotic effects of 17-
DMAG observed in this study were mediated by the inhibition of TGF-f3/Smad signaling,
as was evidenced by the decreased percentage of TRRI-, TRII-, and pSmad3-positive
cells to below pretreatment levels. Our findings are in line with previously published
observations in experimental renal and myocardial fibrosis [48,57]. Noh et al. demonstrated
that 17-AAG treatment suppressed TGF-3-induced Smad signaling in renal fibroblasts via
a mechanism dependent on proteasome-mediated degradation of TBRII [48]. Caceres et al.
showed that inhibition of Hsp90 in myocardial fibroblasts resulted in the disruption of
the TGFBRI-Hsp90 complex and a reduction in TGF-f3/Smad signaling [57]. Nevertheless,
the detailed mechanisms of the TGF-f3 signaling suppression by 17-DMAG in bleomycin-
induced dermal fibrosis have yet to be elucidated by further studies.

Given the documented role of Hsp90 in the innate and adaptive immune system [16,17],
we aimed to examine whether the effect of 17-DMAG on bleomycin-induced dermal fibro-
sis is partially mediated by the regulation of the immune response. The early stages of SSc
are characterized by increased number and activation of inflammatory cells infiltrating
the involved skin, which release proinflammatory and profibrotic cytokines that further
stimulate the production of ECM in resident fibroblasts [2,7,49]. Similar to SSc, repeated
subcutaneous administration of bleomycin in the experimental model of dermal fibrosis
increases the number and activation of leukocytes infiltrating the lesional skin [34,60]. Our
results demonstrate that 17-DMAG treatment significantly reduced the number of leuko-
cytes infiltrating the lesional skin challenged with bleomycin, even to pretreatment levels.
Our findings are in agreement with previous studies demonstrating anti-inflammatory
effects of Hsp90 inhibitors, which significantly improved the clinical course in animal
models of several autoimmune inflammatory diseases, such as autoimmune encephalomy-
opathy, rheumatoid arthritis, systemic lupus erythematosus-like autoimmune disease,
and epidermolysis bullosa acquisita [61-64]. In addition, our recently published study
demonstrated elevated systemic levels of Hsp90 in SSc patients, particularly in those with
elevated C-reactive protein levels [65].

To further evaluate the Hsp90-mediated regulation of inflammatory infiltration and
the associated fibroblast activation in the lesional skin challenged with bleomycin, we
assessed the systemic levels of selected proinflammatory cytokines and chemokines, which
represent the links between the immune response and the development of fibrosis in
SSc [7,29]. Prolonged subcutaneous administration of bleomycin in the murine model of
experimental dermal fibrosis also results in systemic manifestations, in particular, lung
fibrosis exhibiting thickened alveolar walls with cellular infiltrates [60]. However, intra-
tracheal (or intranasal) administration (single-dose or modified repeated-dose protocol)
of bleomycin in rodents represents the golden standard in preclinical models of experi-
mental lung fibrosis [66], and the antifibrotic effects of 17-DMAG in such models have
been previously demonstrated [55]. Therefore, the impact of 17-DMAG on lung fibrosis
was not assessed in this study. Nevertheless, in bleomycin-challenged vehicle-treated
mice, we demonstrate a significant increase in serum levels of IL-1«, IL-6, and MCP-1
(CCL2), and a trend to increased serum levels of RANTES (CCL5), KC (CXCL1), and
MIP-1x (CCL3). Treatment with 17-DMAG significantly reduced the serum levels of all
these proinflammatory cytokines and chemokines to an extent comparable to the levels of
NaCl-challenged mice. The role of these cytokines and chemokines in SSc has already been
well established [1,2,7,29]. Expression of IL-1« is spontaneously increased in SSc fibroblasts
and additionally induces expression of IL-6, PDGEF, and the fibrogenic phenotype of SSc
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fibroblasts [67,68]. IL-6 has a crucial role in the development of fibrosis and inflammation
in SSc, substantiated by its increased levels in serum, skin, SSc fibroblasts, and peripheral
blood mononuclear cells (PBMCs). Moreover, inhibition of IL-6 by tocilizumab demon-
strated promising effects in stabilizing SSc-ILD in a randomized controlled trial [7,69,70].
MCP-1 (CCL2) is one of the most robustly described chemokines with an established role in
mediating fibrotic immune responses in SSc, and its levels are increased in SSc serum, skin,
and bronchoalveolar lavage (BAL) fluid [29]. Elevated levels of RANTES (CCL5) and/or
MIP-1 (CCL3) have been found in SSc serum, BAL fluid, skin, and PBMCs [29]. Increased
serum levels of CXCL1 were associated with deteriorated lung function in SSc patients [71].
However, the potential impact of 17-DMAG in the preclinical models of SSc on serum
levels of other cytokines and chemokines, which play vital roles in the pathogenesis of SSc
and the progression of fibrosis, such as TGF-§3 [3] and IL-8 [71], needs to be elucidated by
further investigation. Several studies involving different Hsp90 inhibitors have already
demonstrated antifibrotic effects mediated by the inhibition of the TGF-f pathway in ex-
perimental models of lung fibrosis [51-56]. Interestingly, in the study by Sibinska et al. [55],
only the lower dose of 17-DMAG (i.e., 10 mg/kg vs. 25 mg/kg) significantly decreased
both the bronchoalveolar lavage fluid and serum levels of TGF-f3 in the bleomycin-induced
pulmonary fibrosis. Similarly, inhibition of Hsp90 reduced local or systemic levels of IL-8 in
experimental models of various inflammatory and tumorous conditions [72-76]. However,
further studies are required to elucidate the mechanisms underlying the suppression of
local and systemic inflammatory response mediated by 17-DMAG, as well as the potential
link between the humoral or cellular immune response and the progression of dermal
fibrosis induced by bleomycin.

The treatment with 17-DMAG was well tolerated without obvious signs of toxicity
on clinical examination, or on gross necropsy. No reduction in weight was detected
in 17-DMAG-treated mice compared to mice injected subcutaneously with bleomycin
only. Nevertheless, data on the most common dose-limiting toxicities of 17-DMAG are
already available from seven clinical trials in hematological malignancies and solid tumors,
and symptoms include fatigue, nausea, vomiting, diarrhea, anorexia, and liver enzyme
disturbances [32]. Therefore, our findings on the efficacy of 17-DMAG in the treatment of
established experimental dermal fibrosis need to be validated by further studies, preferably
using the more recently developed Hsp90 inhibitors with improved safety profile [33].

5. Conclusions

We demonstrate that treatment with 17-DMAG, an Hsp90 inhibitor, effectively prevented
further progression and may induce regression of established bleomycin-induced dermal
fibrosis with a comparable outcome to that of nintedanib, a well-established antifibrotic agent.
Antifibrotic effects of 17-DMAG were mediated by direct inhibition of fibroblast activation
via the suppression of TGF-3/Smad signaling and indirectly by reduction of the local and
systemic inflammatory response induced by bleomycin. The treatment with 17-DMAG was
well tolerated without obvious clinical signs of toxicity. Our findings further support the vital
role of Hsp90 in the pathophysiology of SSc, thus providing a potential target for the treatment
of fibrosis with translational implications due to the availability of several Hsp90 inhibitors in
clinical trials for other indications. In addition, given our recently published results [65], which
demonstrated increased systemic levels of Hsp90 in SSc patients, their association with systemic
inflammation, skin and lung involvement, and their ability to predict the treatment response
in SSc-ILD, Hsp90 could be a potential biomarker for stratification of SSc patients suitable for
targeted antifibrotic treatment.
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Abbreviations
Hsp90 heat shock protein 90
SSc systemic sclerosis

17-DMAG  17-dimethylaminoethylamino-17-demethoxy-geldanamycin
pSmad3 phosphorylated small mothers against decapentaplegic homolog 3

ECM extracellular matrix

TGF- transforming growth factor-beta

aSMA alpha-smooth muscle actin

TRRI transforming growth factor-beta type I
TRRII transforming growth factor-beta type II
PDGF platelet-derived growth factor

IL interleukin

MCP-1 monocyte chemoattractant protein 1

CCL CC chemokine

Hsp heat shock proteins

TNF tumor necrosis factor

Src proto-oncogene tyrosine-protein kinase Src
C57BL/6  laboratory strain of mice referred to as black 6
NaCl sodium chloride

PBS phosphate buffered saline

nRTKs nonreceptor tyrosine kinases

Lck lymphocyte-specific protein tyrosine kinase
Lyn tyrosine-protein kinase Lyn
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RTKs receptor tyrosine kinases

FGF fibroblast growth factor

VEGF vascular endothelial growth factor
FLT-3 fms-like tyrosine kinase 3

FDA Food and Drug Administration
ILD interstitial lung disease

AZV Czech Health Research Council

MSMT Ministry of Education, Youth and Sports of the Czech Republic
Replacement of animals by alternatives wherever possible,

3Rs Reduction in number of animals used, and Refinement of experimental
conditions and procedures to minimize the harm to animals

HCl1 hydrogen chloride

pH potential of hydrogen

NaOH sodium hydroxide
H202 hydrogen peroxide

HRP horseradish peroxidase
DAPI 4’,6-diamidino-2-phenylindole
G-CSF granulocyte colony-stimulating factor

GM-CSF  granulocyte-macrophage colony-stimulating factor

IFN-y interferon-y

KC keratinocytes-derived chemokine

CXCL1 chemokine C-X-C motif ligand 1

MIP-1«  macrophage inflammatory protein-1e, also referred to as CCL3

MIP-13 macrophage inflammatory protein-13, also referred to as CCL4

RANTES regulated on activation/normal T cell expressed and secreted,
also referred to as CCL5

SEM standard error of the mean

P p-value

17-AAG  17-N-allylamino-17-demethoxy-geldanamycin

PBMCs  peripheral blood mononuclear cells

BAL bronchoalveolar lavage, w: week
BLM bleomycin, NINT: nintedanib
N number of mice
s.C. subcutaneous
ip. intraperitoneal
p-o. peroral
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Abstract: Systemic sclerosis (SSc) is a rare systemic autoimmune disorder marked by high morbidity
and increased risk of mortality. Our study aimed to analyze metabolomic profiles of plasma from
SSc patients by using targeted and untargeted metabolomics approaches. Furthermore, we aimed to
detect biochemical mechanisms relevant to the pathophysiology of SSc. Experiments were performed
using high-performance liquid chromatography coupled to mass spectrometry technology. The
investigation of plasma samples from SSc patients (1 = 52) compared to a control group (n = 48)
allowed us to identify four different dysfunctional metabolic mechanisms, which can be assigned to
the kynurenine pathway, the urea cycle, lipid metabolism, and the gut microbiome. These significantly
altered metabolic pathways are associated with inflammation, vascular damage, fibrosis, and gut
dysbiosis and might be relevant for the pathophysiology of SSc. Further studies are needed to explore
the role of these metabolomic networks as possible therapeutic targets of SSc.

Keywords: systemic sclerosis; metabolomics; LC-MS/MS; ion mobility; kynurenine pathway; urea
cycle; lipids; gut dysbiosis

1. Introduction

Systemic sclerosis (SSc) is a rare autoimmune disease, which is characterized by the
production of autoantibodies, vasculopathy, and fibrosis [1,2]. The high morbidity and
increased mortality make it a disease of great concern. Patients most commonly suffer
skin thickening, digital ulcers, lung fibrosis, pulmonary arterial hypertension, Raynaud’s
phenomena, esophageal dysmotility or gut dysbiosis, and produce SSc-related autoantibod-
ies [3-5]. The primary cause of death in SSc patients is lung fibrosis followed by pulmonary
arterial hypertension or sepsis. The most prominent clinical feature is the fibrosis of the skin
and/or internal organs, and skin involvement is a crucial sign for the early diagnosis [4,5].
The modified Rodnan Skin Score (mRSS) was introduced to evaluate skin involvement in
SSc patients in clinical trials [6]. Depending on the skin and organ involvement, one can
distinguish between limited cutaneous SSc (1cSSc), which manifests in only partial skin
(sclerosis of face and distal extremities) and minor systemic involvement, diffuse cutaneous
SSc (dcSSc), which includes extensive skin and systemic involvement, and non-cutaneous
SSc (ncSSc), with no evident skin involvement [4].

No curative therapy for SSc exists, and in recent years, the vast majority of studies
have been published on investigations of new therapeutic strategies [7-10]. Most of the
therapeutic strategies are directed towards inflammatory and vascular pathways, and
recently the antifibrotic drug nintedanib has been proven efficient for the therapy of lung
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fibrosis in SSc [11]. Due to numerous challenges with therapies (efficacy, side effects, multi-
morbidity, long-term survival) there is an urgent need to improve existing treatments and
detect new possible therapeutic targets for SSc in the future.

Exploring the pathophysiology of SSc is crucial for the improvement of therapy
and long-term survival of SSc patients. Metabolites are the final products of the patho-
physiologic processes and may play a key role in establishing personalized treatment or
biomarkers of drug response in SSc. Metabolomics is a method for describing metabolism
by different technologies as published for autoimmune diseases like systemic lupus erythe-
matosus, theumatoid arthritis, and multiple sclerosis [12]. Mass spectrometry technology
holds great potential for a metabolic investigation in a variety of clinical applications as
well as different bio-samples [13,14].

Very little is known about the role of metabolites in the pathophysiology of SSc.
Over the last five years, several studies were published discovering single metabolites
possibly relevant for SSc, and rarely a study would define whole metabolomic pathways
involved in the pathophysiology of SSc. In addition, metabolomic studies can sometimes
be limited due to the applicability of statistics, which might be problematic due to the rare
occurrence of SSc and small study cohorts. Recent data indicated significantly changed
metabolites in serum of SSc patients involved in glycolysis, gluconeogenesis, glutamate,
and pyruvate metabolism [15]. Analyses of plasma metabolites and fecal microbiota
showed glycerophospholipids and benzene derivates to interact with certain fecal bacteria
(Desulfovibrio), which may influence gut dysbiosis and inflammation in SSc [16]. Moreover,
metabolic profiling of urine from SSc patients revealed deregulated fatty acid oxidation,
which might be relevant for inflammation in SSc [17]. A recent study reported dysregulated
carnitine in plasma and dendritic cells of SSc patients, and carnitines were suggested
to increase inflammation in SSc [18]. Furthermore, altered amino acid metabolism (e.g.,
betaine, tryptophan, proline, glutamine) was detected in the plasma of SSc patients and has
been attributed to changes in vascular endothelial dysfunction and inflammation during
SSc [19]. Finally, data have been recently published on characteristic metabolomic changes
for certain organ involvement during SSc, like pulmonary arterial hypertension [20] and
lung fibrosis [21].

The aim of our study was to analyze metabolomic profiles of plasma from SSc patients
by using targeted, and untargeted metabolomics approaches enabled by high-performance
liquid chromatography coupled to mass spectrometry technology. Furthermore, we aimed
to detect metabolomic networks relevant to the pathophysiology of SSc and generate
hypotheses about new therapeutic targets for SSc.

2. Materials and Methods
2.1. Study Group and Sample Collection

The patients with SSc (1 = 52) and control group (1 = 48) were recruited consecutively
at the Department of Dermatology, Ordensklinikum Linz in Austria. This study was ap-
proved by the Ethics Committee of the Johannes Kepler University Linz in Austria (study
protocol number 1265/2019). Diagnosis of the SSc was made according to the criteria of
the American College of Rheumatology (ACR) and the European League Against Rheuma-
tism (EULAR) [4]. The inclusion criteria for patients were diagnosis of SSc according to
ACR/EULAR criteria and age 18-90. Exclusion criteria for control group were acute infec-
tions, liver and/or kidney diseases and diabetes mellitus. Peripheral blood was collected in
compliance with the Declaration of Helsinki (1975/83) by using BD-K2-Edta tubes (Fischer
Scientific, Schwerte, Germany). After centrifugation of the blood, the resulting plasma was
deep-frozen and stored at —80 °C until further treatment.

2.2. Sample Preparation

For protein precipitation 50 uL plasma sample is mixed with 150 pL of cooled 5%
sulfosalicylic acid followed by 20 min equilibration on a thermo-shaker (4 °C, VWR, Vienna,
Austria). Afterwards, samples are centrifuged (8 min, 4 °C, 4200 g, VWR, Vienna, Austria),
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and 30 pL of the supernatant is transferred to a HPLC vial with a 200 uL glass inlet that
also contains 150 pL of acetonitrile as well as 20 uL of an internal standard (Sigma Aldrich,
Vienna, Austria, Cell Free Amino Acid Mixture—13C,15N) and is rigorously mixed. The
prepared sample is stored at —80 °C until analysis.

2.3. HPLC-MS Analysis

High-performance liquid chromatography (HPLC) was performed in a hydrophilic
interaction chromatography (HILIC) mode using an XBridge BEH Amide column
(2.1 mm x 150 mm, 2.5 pm, Waters, Vienna, Austria) connected to an XBridge Glycan
BEH Amide pre-column (130 A. 2.5 um, 2.1 mm X 5 mm, Waters, Vienna, Austria). HPLC
separation was performed by using a gradient of 10 mM ammonium formate and 0.2%
formic acid in 18 MQ-water (solvent A), 0.2% formic acid in acetonitrile (solvent B) and
100 mM ammonium formate with 0.2% formic acid in 18 MQ-water (solvent C). After
injecting 5 pL sample the composition of the gradient was kept constant for 4 min at 4% A
and 96% B. Subsequently, solvent A was increased to 18% within 12 min. Then, the gradient
was changed within 6 min to a final composition of 40 % A, 40% B and 20% C, which
was kept constant for 5 min, followed by switching back to the starting conditions and
reconditioning the column for 10 min. These settings were found suitable for measuring
polar metabolites such as amino acids and other small molecules.

The targeted method utilized a 1260 Infinity HPLC coupled to a 6460 triple quadrupole
mass spectrometer (QQQ-MS) from Agilent Technologies (Waldbronn, Germany). Source
parameters for this approach were as follows: gas temperature was set to 325 °C with a
flow of 12 L min~!, the nebulizer was set to 40 psig, sheath gas was set to 350 °C with a
flow of 11 L min~", and the capillary voltage was set to 3500 V.

For untargeted metabolomics a 1290 Infinity HPLC coupled to a 6560 ion mobility
quadrupole time-of-flight mass spectrometer (IMS-QTOF-MS) from Agilent Technologies
(Waldbronn, Germany) was used. MS/MS experiments for untargeted metabolomics were
performed on IMS-QTOF-MS. The IMS was performed by using 4 bit multiplexing with
a trap fill time of 3900 us and a trap release time of 250 ps, and used N as drift gas.
The measurement was done in positive mode in a range of 50 to 1000 m/z. The source
settings have been as follows: gas temperature was set to 320 °C with a flow of 10 L min~?,
nebulizer was set to 45 psig, sheath gas was set to 320 °C with a flow of 10 L min~!, and
the capillary voltage was set to 4000 V.

2.4. Data Pre-Processing

Result files from targeted metabolomics were integrated and processed including an
intensity correction with internal standards within the Mass Hunter Quantitative Anal-
ysis (Version B.09.00) for QQQ Software (Agilent Technologies, Waldbronn, Germany).
Subsequently, results were exported for statistical analysis.

Data obtained by the untargeted approach were initially processed by PNNL Pre-
Processor (v2019.08.17, Pacific Northwest National Laboratory, Richland, WA, USA). IM
Reprocessor (Version 10.00) and IM-MS Browser (Version 10.00) (both Agilent Technologies,
Waldbronn, Germany) were used for determining collision cross section DTSy, values
and applying mass correction. Feature extraction was based on the Mass Profiler Software al-
gorithm (Version B.08.01, Agilent Technologies, Waldbronn, Germany). In the first approach
no annotation was performed. After the first statistical analysis, the identification was
completed by several steps. First, the exact mass was searched in the Human Metabolome
Database (HMDB, accessed on 30 March 2021) [14]. Afterward, matches from HMDB
were checked by a comparison of predicted CCSpeq values with experimental DTCCSNp
values [22]. In this manner, possible matches for each feature were reduced drastically.
Subsequently, significant features were identified by matching MS? spectra with entries in
the MassBank of North America (MoNA) (http:/ /mona.fiehnlab.ucdavis.edu/, accessed
on 30 March 2021) as well as matching calculated CCSpeq (http://allccs.zhulab.cn/ [22],
accessed on 30 March 2021) values using AIICCS with experimental DTCCSyy, values.
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2.5. Statistical Analysis

Merged results from targeted and untargeted analysis were finally analyzed by the
online statistical analysis tool of MetaboAnalyst 4.0. (https/www.metaboanalyst.ca [23],
accessed on 5 April 2021). Data were imported into the online platform using missing value
estimation, sample normalization by median, data transformation by log transformation,
and Pareto scaling. Retrieved p-values from univariate analysis were seen as significant if
they were below the threshold of 0.05. Additionally, fold changes were seen as significant
for up- or downregulation by surpassing an overall increment of 2, respectively. Outcome of
these two tests is summarized in a volcano plot. For multi-group comparison, an ANOVA,
with associated post hoc analysis, by using Fisher LSD test, was applied. Most noteworthy,
dysregulated features are additionally visualized by boxplots. As a further visualization
method, a heatmap with an agglomerative hierarchical cluster was chosen. This enables
us to present samples or features with similarities close to each other and consequently,
to visually recognize clusters. For visualization, Jupyter-Lab 3.2.4 and Python 3.9 were
utilized. The following libraries were used: pandas 1.3.4, matplotlib 3.4.3, and seaborn
0.11.2.

3. Results
3.1. Study Group and Sample Analysis

The cohort of the collected plasma sample included SSc patients (1 = 52) and the
control group (1 = 48). Females were more dominant in both groups, and the group ratio
between females and males was consistent. Most of the SSc patients suffered from 1cSSc
(n = 39) followed by dcSSc (1 = 11), while the number of ncSSc (1 =2) was too small for
intergroup comparisons. Further clinical information can be retrieved from Supplementary
Table S1.

The data from the targeted and untargeted approaches were analyzed separately
in the first evaluation. The employed method enabled a large spectrum of interesting
pathophysiological molecules to be measured. Metabolites selected by the targeted method
mainly consisted of physiologically important small polar molecules, which might need a
higher sensitivity for a proper measurement. The targeted and the identified untargeted
metabolites were combined for a final statistic. This was performed to generate a list with
the most promising molecules for differentiation of the investigated groups.

3.2. Targeted Metabolomics

The results of the targeted approach are summarized in Table 1 and Supplementary
Table S2. Listed metabolites are significantly up-/or down-regulated in terms of their
p-values and fold change. Tryptophan was found to be significantly down-regulated, while
kynurenine, which is also closely related to tryptophan through the kynurenine pathway
(KP), was significantly up-regulated. Alanine, which also can be associated with the KP,
was significantly reduced.

Table 1. Significantly changed metabolites identified by targeted metabolomics. Mass to charge ratio
(m/z), retention time (RT), p-value (determined by a two-tailed Student’s t-test), and fold change
(ratio of SSc to control).

Exact Mass RT/ Name Value Fold Change

(m/z) (min) b (SSc/Control)
205.0971 14.7 Tryptophan <0.0001 0.3117
90.0549 18.2 Alanine <0.0001 0.3444
203.1503 23.2 Dimethylarginine <0.0001 2.6918
209.0921 14.5 Kynurenine 0.0004 2.1049
176.1030 22.1 Citrulline 0.0016 2.3760
133.0972 23.9 Ornithine 0.0026 2.3604
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In the case of dimethylarginine, which can influence the urea cycle, two forms are
known, namely symmetric dimethylarginine (SDMA) and asymmetric dimethylarginine
(ADMA). In our approach, both forms could not be separated chromatographically, and
therefore, they are presented as the sum parameter “dimethylarginine”, which was sig-
nificantly up-regulated. Moreover, citrulline and ornithine, both main mediators in the
urea cycle, were significantly up-regulated (see Table 1). Additional statistically significant
metabolites are given in Supplementary Table S2.

3.3. Untargeted Metabolomics

Untargeted metabolomics analyses led to further relevant metabolites from the plasma
of SSc patients. All the metabolites from Table 1 from the targeted approach were excluded,
and only previously unrecognized features are shown in Table 2. Metabolites found to be
regulated were lipids, especially lysophosphatidylcholines (LPCs), sphingomyelins (SMs),
metabolites phenylacetylglutamine (PAG), and OH-tryptophan as well as acyl-carnitines
(OH-butyrylcarnitine and OH-decanoylcarnitine) (see Table 2). Additionally, observed
features with a p-value < 0.05 are given in Supplementary Table S3.

Table 2. Dysregulated metabolites were identified by the untargeted metabolomics approach. A
feature consists of retention time (RT), measured mass to charge ratio (m/z), and the measured
cross collision section (PTCCSyp). LPC = lysophosphatidylcholine, PAG = phenylacetylglutamine,
Cer = ceramide, SM = sphingomyeline, CCS;,.oq Was retrieved from AIICCS [22] predictor. p-value
was determined by a two-tailed Student’s t-test. Fold change was calculated from the ratio of SSc to
control group.

Fold
Feature .

(RT_mz PTCCSyy) Metabolite ID Name CCSpred m/zg,c p-Value © SCC};ér;‘g;ml)
13.89_572.3679_236.76 HMDB0010401 LPCa22:4a(+H) 243.3 572.3711 <0.0001 0.4771
4.283_265.1168_160.02 HMDB06344 PAG (+H) 159.3 265.1183 <0.0001 2.1906
13.511_572.3676_238.65 HMDB0010401 LPCa22:4b (+H) 2433 572.3711 0.0002 0.4958
13.619_673.5254_274.79 HMDB0240612 SM 32:2 (+H) 273.9 673.5279 0.0020 0.7053
15.977_221.0915_150.56 HMDB0000472 OH-tryptophan (+H) 149.7 221.0926 0.0055 0.6392
13.987_548.3692_234.01 HMDB0010392 LPC a 20:2 (+H) 240.7 548.3711 0.0079 0.5156
13.472_685.5613_286.32 HMDB0013464 SM 34:1 (—H20 +H) 283.5 685.5649 0.0101 0.9840
13.203_783.6341_296.53 HMDB0240670 SM 40:3 (+H) 291.2 783.6375 0.0152 0.7605
12.479_248.1485_156.00 HMDB0013127 OH-butyrylcarnitine (+H) 158.4 248.1498 0.0219 1.2434
7.364_332.2419_193.87 HMDB0061636 OH-decanoylcarnitine (+H) 189.3 332.2437 0.0396 1.6815

3.4. Metabolomic Patterns Altered in SSc Patients

After separate evaluations of targeted and untargeted approaches, the results were
combined to gain an insight into the overall data. For a first overview, a heatmap for all
identified features was generated based on selecting the 30 best molecules due to t-tests,
where minor clustering of the SSc samples could be shown (Figure 1A).

p-values and fold change were used for creating a two-dimensional volcano plot
(Figure 1B). With the applied thresholds, the significantly down-regulated features are
depicted on the top-left, and the significantly up-regulated features are depicted on the
top-right side. Closely related metabolites can be identified. First, a prominent imbalance
of kynurenine and tryptophan was noticed, whereby down-regulation of tryptophan and
up-regulation of kynurenine can be observed. Secondly, metabolites of the urea cycle
were significantly up-regulated (ornithine, citrulline, and dimethylarginine). Additionally,
dysregulation of the lipidome also seems to be present, along with significantly down-
regulated LPC species. Another metabolite, phenylacetylglutamine (PAG), was significantly
higher in plasma of patients with SSc than controls. Within Figure 1C, the statistically
significant differences between metabolites in the plasma of SSc-patients and the control
group were emphasized for tryptophan, ornithine, LPCs, and PAG molecules.
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Figure 1. (A) Heatmap for all identified features from plasma of SSc patients (n = 52) and controls
(n = 48) was generated based on a selection of the best 30 molecules due to t-tests using clustering
method (Distance measure: Euclidean, Algorithm: Ward). (B) p-values and fold change were used
for creating a two-dimensional volcano plot of summarized metabolites identified in metabolomics
approaches. (C) Box Plots (Box = IQR, whiskers = 1.5 x IQR, horizontal bars = median) of significantly
dysregulated metabolites. LPC = lysophosphatidylcholine, PAG = phenylacetylglutamine. p-values
were determined using a two-tailed Student’s f-test; p < 0.05 was considered significant (** p <0.01,
***p <0.001).

3.5. Altered Metabolism in [cSSc and dcSSc Patients

In a further approach, we compared the control group with 1cSSc and dcSSe. We
excluded ncSSc because a group with only two samples was not suitable for gaining a
proper statistical distribution. A comparison of subgroups 1cSSc and dcSSc with controls
suggested that dysregulations in the observed metabolism were associated with worsening
of the disease. This association becomes evident in Figure 2A,B: the metabolites kynurenine,
citrulline, ornithine, and PAG are regulated the highest in dcSSc, while the lowest observed
concentration is in the control samples.

3.6. Cross-Correlation between Lipids and Carnitines

Based on the earlier finding of highly influenced LPC species and carnitine species,
a cross-correlation matrix was established to investigate the possibility of statistically
insignificant enrichments. Lipid species marked on the x-axis in Figure 3 show a correlation
to the acyl-carnitine species marked on the y-axis (marked with red squares within the
matrix).
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Figure 2. (A) Hierarchical heatmap showing a gradient of metabolites from plasma of control group,
patients with limited cutaneous SSc and patients with diffuse cutaneous SSc. Distance measure:
Euclidean, Clustering-Algorithm: Ward. (B) Box Plots (Box = IQR, whiskers = 1.5 x IQR, horizontal
bars = median) of significantly changed metabolites: tryptophan, ornithine, LPC = lysophosphatidyl-
choline, and PAG = phenylacetylglutamine. p-values were determined using a two-tailed Student’s
t-test; p < 0.05 was considered significant (* p < 0.05, ** p < 0.01, *** p < 0.001, ns: not significant).
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Figure 3. Correlation heatmap showing an interaction of lipids with acyl-carnitines (marked with red
squares).
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4. Discussion

In this study, we explored metabolites from the plasma of SSc patients and a control
group by using targeted, and untargeted metabolomics approaches. The main results of
our research indicate four possibly disrupted metabolic mechanisms in patients with SSc,
namely an enhanced kynurenine pathway, a dysregulated urea cycle, a disrupted lipid
metabolism, and a disturbed gut microbiome, which could be involved in the pathophysi-
ology of SSc and might serve as potential targets of treatment for SSc in the future.

We found a statistically significant down-regulation of tryptophan and a statistically
significant up-regulation of kynurenine, leading to the conclusion of a dysregulation of the
kynurenine pathway in SSc patients compared to controls. Furthermore, OH-tryptophan
was also found to be down-regulated within SSc patients. These results implied a depletion
of tryptophan towards the kynurenine route, which could result in inflammatory processes
(Figure 4).
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Figure 4. Hypotheses for the role of dysregulated tryptophan/kynurenine pathway during inflam-
mation in SSc. Created with BioRender.com (accessed on 31 December 2021).

Previous studies have identified single metabolites of the kynurenine pathway as
relevant for SSc [18,19,21,24]. Our data showed these findings combined and identified a
dysregulation of the kynurenine pathway in SSc for the first time within one study.

The kynurenine pathway plays an essential role in various diseases such as allergies,
autoimmune disorders, or neurodegeneration [25]. Tryptophan catabolism to kynurenine
was shown to be regulated by the immune regulatory enzyme indolamine-2,3-dioxygenase
(IDO1) [26]. Metabolites of the kynurenine pathway, especially kynurenine, were described
to block T-cell proliferation and induce T-cell apoptosis [27-29]. It has been shown for
several autoimmune diseases that overexpression of kynurenines leads to a dysregulation
of regulatory T-cells mediated by pro-inflammatory cytokine cascades [25,30]. Furthermore,
local depletion of tryptophan also leads to endothelial cell apoptosis [27,31]. Moreover, tryp-
tophan metabolism is also closely connected to a dysfunctional microbiome in SSc [32-34].

As T-cell-mediated inflammation, endothelial cell dysfunction, and gut dysbiosis are
essential mechanisms of SSc, the kynurenine pathway might play a crucial role in the
pathogenesis of SSc and should further be explored as a possible therapeutic target for the
therapy of SSc.

Our data showed up-regulated metabolites ornithine, citrulline in plasma of SSc
patients, which are central protagonists in the urea cycle. Ornithine is responsible for the
intra-mitochondrial binding of ammonia, whereby it is transformed to citrulline. Citrulline
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can then pass the mitochondrial membrane through the ornithine translocase (ORNT1)
and will again be metabolized to ornithine, which can circulate back into the mitochondria.
This metabolization aims to reduce ammonia levels in body fluids by producing urea
and arginine. The responsible enzyme is arginase (ARG). ARG catabolizes arginine to
ornithine and urea and, in a further stage, to polyamines. Furthermore, NO and citrulline
can originate from arginine through NO-synthase (NOS) [35,36].

The overexpression of citrulline was described to indicate the availability of pro-
inflammatory stimuli. ARG has been reported to be associated with inflammatory disorders.
In psoriasis, an overexpression of ARG leads to decreasing nitric oxide (NO) levels, which
modulate the immune responses in tissues [37]. NO dysregulation was identified as having
a high impact on the modulation of T-cell responses, with local effects in a tissue due
to its short lifetime [35]. Polyamines activity was increased in autoimmune disorders
as a pro-inflammatory mediator due to its competition with the cellular methylation for
S-adenosylmethionine [38,39].

Furthermore, we found up-regulation of dimethylarginine (DMA) in the plasma of
SSc patients. Two different DMAs have been described: symmetric dimethylarginine
(SDMA) and asymmetric dimethylarginine (ADMA). In our approach, no separation was
achieved. Studies previously showed that ADMA is significantly increased in dcSSc [40,41].
Moreover, it has been shown that ADMA potentially inhibits the degradation of arginine
by hindering the catalytic center of NOS [42]. Thus, the up-regulation of DMA might lead
to the disruption of the urea cycle (based on an increase in ornithine and citrulline) and
subsequently to the downstream production of pro-inflammatory molecules in SSc.

Fibrosis is a common signature of SSc. In this context, generated collagen is dominated
by a high content of proline, which is in equilibrium with pyrroline-5-carboxylate (P5C).
P5C can be further processed by ornithine aminotransferase (OAT) to ornithine. An
association of collagen metabolism with the urea cycle was suggested in metastatic tumor
disease [43].

We hypothesized that the urea cycle, particularly up-regulated ornithine and citrulline
metabolites, could play an important role in inflammation during SSc. Furthermore, we sug-
gest that in SSc, the urea cycle is fuelled in connection with collagen metabolism, whereby
citrulline and ornithine concentrations are increased and further stimulate inflammation in
SSc patients (Figure 5). Future studies are needed to test the possibility of influencing the
urea cycle pathway to block fibrosis and inflammation in SSc.
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Figure 5. Hypotheses for the role of urea cycle during inflammation and fibrosis in SSc. Our

hypothesis suggests that the urea cycle is fueled by collagen catabolism during SSc. Metabolites
citrulline and ornithine and dimethylarginine (depicted as ADMA), which is known to inhibit
arginase (ARG), were up-regulated in SSc patients. Created with BioRender.com (accessed on 31
December 2021).
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We detected significant down-regulation of three lysophosphatidylcholines (such
as LPC 22:4 a, LPC 22:4 b, and LPC 20:2) in patients with SSc compared to controls.
LPCs are part of low-density lipoproteins (LDLs) and are involved in the physiological
immune response due to their interaction with Toll-like receptors. It has been shown that
LPCs affect oxidative stress, endothelial cells, and lymphocytes and can stimulate pro-
inflammatory cytokines. [44] LPCs are chemo-attractants for macrophages and defective
clearance through phagocytic cells has been reported to play an important role in systemic
lupus erythematosus [45,46]. Our data on LPCs differ from the literature, by showing three
down-regulated LPCs molecules indicating that the role of LPCs in SSs might be different
for specific LPCs-species. Thus, LPCs might be involved in inflammation and endothelial
damage during SSc disease, and further studies are needed to elucidate the role of different
LPCs species in SSc and to investigate if LPCs might serve as potential therapeutic targets
for SSc in the future.

Our metabolomics study further showed significant down-regulation of sphingomyelins
(SM 34:1 and SM 40:3) in the plasma of SSc patients compared to the control group. Previous
studies described SMs to be involved in controlling of fibrosis in the skin, lungs, and
kidneys [47,48]. Furthermore, our previously published lipidomics study demonstrated
significantly decreased SMs in the plasma of SSc patients with more intensive skin sclerosis
(dcSSc or mRSS > 14; SM 30:1, SM 32:2, and SM 40:4) [49]. Therefore, it can be suggested
that certain species of SMs might affect skin sclerosis of SSc patients. Further studies are
needed to determine the possibility of targeting SMs as a new therapeutic strategy for
organ fibrosis during SSc.

Our metabolomic analyses showed correlations of lipids such as SMs and LPCs
with acyl-carnitines in the plasma of SSc patients. Even though acyl-carnitines are not
regulated in a statistically significant manner, the correlation with lipids could indicate
their involvement in the pathogenesis of SSc. Acyl-carnitines and lipid metabolism have
been reported as dysregulated in autoimmune disorders, especially in combination with
disrupted gut microbiome [50].

Acyl-carnitines function as a transporter of fatty acid chains from the cytosol to the in-
ner mitochondria, where fatty acids are further processed by beta-oxidation. Beta-oxidation
or fatty acid oxidation (FAO) is a well-known source of energy and, in combination with
high glycolysis, FAO is directly linked to collagen production in fibrotic tissue [51,52].
Furthermore, perturbation of FAO has also been reported to be closely related to fibro-
sis [52-54]. Additionally, FAO can also enhance the release of pro-inflammatory cytokines
from macrophages. Thus, in addition to LPCs and SMs, the correlation of lipid metabolism
with acyl-carnitines, FAO, and the gut microbiome might be relevant for fibrosis and
inflammation in patients with SSc and should further be explored in the future.

We identified phenylacetylglutamine (PAG) by the untargeted approach to be sig-
nificantly up-regulated in patients with SSc compared with the control group. PAG is
associated with changes in the gut microbiome, especially in combination with kynurenine
pathway metabolites, as presented in our study [55,56]. Kynurenine pathway metabo-
lites can increase due to the synthesis in bacteria, which might enhance cytokine pro-
duction [30,50,56-58]. It has been proposed that fibrosis results in gastrointestinal tract
dysmotility, and therefore can have a significant impact on the gut microbiome. Gut dys-
biosis is a known feature of SSc [34] and PAG could be an indicator of gastrointestinal
involvement [59]. Further studies are needed to explore the role of PAG as a therapeutic
target of gastrointestinal symptoms in SSc.

Several clinical trials explored drugs that target metabolites that we found possibly
disrupted in our SSc patients, underlining the importance of our data [12,60,61]. Regarding
the kynurenine pathway, the quinoline-3-carboxamides like laquinimod and paquinimod,
which are structurally similar to kynurenines, have been proven in clinical trials to have pos-
itive effects in patients with multiple sclerosis, systemic lupus erythematosus, or SSc [62,63].
Moreover, drugs that influence IDO1 have been shown to have a high potential in treating
autoimmune diseases [64]. For example, tocilizumab, which indirectly affects IDO1, has
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shown positive effects on lung and skin fibrosis in SSc [65]. Regarding the urea cycle,
pirfenidone, an ARG inhibitor, has shown positive results in patients with idiopathic
pulmonary fibrosis, and therefore inhibition of ARG1 might be a valuable therapeutic aim
in SSc [66]. On the other side, inhibition of ARG1 can also increase NO, which stimulates
inflammation and fibrosis in the lung [67]. Thus, the equilibrium of metabolites is essential
for biological effects of metabolic pathways. Further studies, including multi-centre -omics
studies, animal models, and in vitro studies, are needed to explore relevant metabolites,
their interactions, and their role as possible therapeutic targets in SSc.

5. Conclusions

In summary, our data showed four possibly dysregulated metabolic mechanisms in
plasma from patients with SSc, namely a dysregulated kynurenine pathway, a dysregulated
urea cycle, disrupted lipid metabolism, and a disturbed gut microbiome. An acceler-
ated kynurenine metabolism could induce production of pro-inflammatory cytokines,
T-cell-mediated inflammation, endothelial cell dysfunction, and gut dysbiosis in SSc. A
dysregulated urea cycle could be involved in inflammation and fibrosis during SSc and
might be stimulated due to excessive collagen metabolism, where proline, one of the
main constituents of collagen, can increase the production of ornithine and citrulline. A
disrupted lipid metabolism, with down-regulated LPCs and SMs in SSc patients, was
correlated with acyl-carnitines and FAO, which might stimulate fibrosis and macrophage-
mediated inflammation in SSc, especially in combination with a disrupted gut microbiome.
Finally, up-regulated PAG could be involved in gut dysbiosis in patients with SSc-related
gastrointestinal symptoms.

A limitation of our study is the fact that blood sampling was not done at the same
time point during the day and we have no data regarding fasting before blood sampling.
Furthermore, due to small numbers of patients in the clinical subgroups, we could not
correlate metabolites to single organ involvement or medication in SSc patients. Moreover,
our results showed possible changes in metabolic pathways in SSc patients from single
cohort study. In the future, multi-centre studies including higher numbers of patients as
well as animal-models and in vitro studies are needed to further explore these metabolic
pathways and their role as possible therapeutic targets for SSc.

In conclusion, our study of plasma metabolites in patients with SSc identified four
possibly disrupted metabolite mechanisms, which are associated with autoimmune inflam-
mation, vascular damage, fibrosis, and gastrointestinal dysbiosis and might be relevant
for the pathophysiology of SSc. Further studies are needed to evaluate the role of these
metabolomic networks as potential treatment targets for SSc or as personalized biomarkers
of drug response in SSc in the future.
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Abstract: Systemic sclerosis (SSc) is a rare connective tissue disorder characterized by immune
dysregulation evoking the pathophysiological triad of inflammation, fibrosis and vasculopathy. In
SSc, several alterations in the B-cell compartment have been described, leading to polyclonal B-cell
hyperreactivity, hypergammaglobulinemia and autoantibody production. Autoreactive B cells and
autoantibodies promote and maintain pathologic mechanisms. In addition, autoantibodies in SSc
are important biomarkers for predicting clinical phenotype and disease progression. Autoreactive B
cells and autoantibodies represent potentially promising targets for therapeutic approaches including
B-cell-targeting therapies, as well as strategies for unselective and selective removal of autoantibodies.
In this review, we present mechanisms of the innate immune system leading to the generation of
autoantibodies, alterations of the B-cell compartment in SSc, autoantibodies as biomarkers and
autoantibody-mediated pathologies in SSc as well as potential therapeutic approaches to target these.

Keywords: systemic sclerosis; autoreactive B cells; autoantibodies; rituximab; aptamers; Seldeg

1. Introduction

Systemic sclerosis (SSc) is a rare connective tissue disorder characterized by immune
dysregulation evoking the pathophysiological triad of inflammation, fibrosis and vasculopa-
thy. This pathophysiological triad results in a heterogenous disease course involving the
skin and internal organs such as the lung, the gastrointestinal tract, the heart, or the kidneys.

Several genes have been identified increasing disease susceptibility and several sus-
ceptibility haplotypes show an association to defined autoimmune profiles [1,2]. However,
exposure to environmental agents and infectious pathogens is thought to play a major
role in disease development and maintenance [3,4]. Furthermore, there are hints that the
exposure to certain environmental factors leads to distinct clinical phenotypes and possibly
also to a distinct autoantibody profile [5,6]. According to clinical and laboratory charac-
teristics, SSc is divided into the limited cutaneous form (1cSSc) and the diffuse cutaneous
form (dcSSc). In addition to this classification, further disease subsets have been distin-
guished, e.g., SSc-overlap syndromes, SSc sine scleroderma or paraneoplastic SSc. Beyond
these classifications, however, the disease expression, the course of the disease, as well as
the development of secondary disease complications and the mortality of the individual
patient are heterogeneous. This heterogeneity has been a major obstacle in performing and
analyzing clinical trials in SSc. For example, the risk of death varies greatly depending on
the organ manifestations. Therefore, stratification of patients is essential in the therapy of
SSc to predict disease progression and response to therapy.

In many other autoimmune diseases, but also in SSc, autoantibodies could be iden-
tified, which can be useful for stratification. These autoantibodies are not only valuable
biomarkers, but together with autoreactive B cells, they are a crucial hallmark in the patho-
genesis of SSc. Therefore, this review aims to address whether autoantibodies can be
used as predictors of disease course and which therapies targeting autoantibody-mediated
pathologies have been evaluated so far in SSc.

Thus, this review focuses on the following three questions:
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1. Which mechanisms are involved in maturation of autoreactive B cells and secretion of
autoantibodies in SSc?

2. Which autoantibodies might be useful as predictors of disease course and which role
do autoantibodies play in the pathophysiology of SSc?

3. Which therapeutic approaches have been evaluated to target autoantibody-mediated
pathologies in SSc?

By highlighting the topic of autoreactive B cells and autoantibodies in SSc, we present
a disease-overarching pathomechanism mediating pathologies in several diseases and
discuss potential therapeutic approaches [7].

2. Which Mechanisms Are Involved in Maturation of Autoreactive B Cells and
Autoantibody Secretion in SSc?

B cells represent key cellular players in the pathophysiology of SSc. Accordingly, a
gene expression study on SSc skin revealed an increase in gene clusters characteristic of
B cells and plasma cells [8]. These data were confirmed by a recently published study
also proving a B-cell characteristic signature by RNA sequencing in skin samples of SSc
patients [9]. Moreover, CD20+ B-cell infiltrates were demonstrated in pulmonary tissue
samples of SSc patients with interstitial lung disease [10].

In general, the B-cell compartment, in which short-lived plasmablasts and long-lived
plasma cells secrete antibodies, is affected by a dichotomy between rapid and effective
immune defense against pathogens and potentially harmful autoimmunity. To balance
this dichotomy, maturation of the B-cell compartment and antibody secretion must be
tightly regulated. Divergent regulation of these mechanisms is, therefore, a central feature
of autoimmune diseases. In SSc, disease-specific autoantibodies are thought not only
to play a role in disease maintenance but also to be involved in the development of the
disease, thus representing an early pathomechanism. Evidence of this is that disease-
specific autoantibodies in SSc are present before early clinical symptoms such as morning
stiffness, Raynaud’s phenomenon or swollen fingers [11]. Moreover, in patients with
Raynaud’s phenomenon, detection of autoantibodies predicts microvascular damage in
nailfold capillary microscopy and subsequent diagnosis of SSc [12]. This aspect is taken
into account in the criteria for “Very Early Diagnosis Of SS¢” (VEDOSS), which include the
presence of autoantibodies [13].

To understand the potential role of autoantibodies as biomarkers and in pathophysiol-
ogy, as well as corresponding therapeutic approaches, we present the mechanisms involved
in the generation of autoreactive B cells and the secretion of autoantibodies in SSc in the
first section.

2.1. Tolerance Mechanisms in B-Cell Maturation

In humans, B cells are classified into three subclasses, namely B-1 cells, originating
mainly from the fetal liver, B-2 cells, developing in the bone marrow, and regulatory B cells
which prohibit the expansion of pro-inflammatory lymphocytes and, thus, contribute to
immune homeostasis [14]. Maturation of the B-2 cells in the bone marrow is characterized
by the formation of a functional B-cell receptor (BCR). In 2003, Wardemann et al. estimated
that 55-75% of early immature B cells in the bone marrow display autoreactivity [15]. To
ensure the balance between rapid and effective immune defense and autoimmunity, B cells
undergo tolerance mechanisms during maturation (Figure 1).

In the bone marrow, high-affinity binding of endogenous antigens to the BCR of
early immature B cells evokes receptor editing, induction of anergy or clonal deletion
by apoptosis [16]. These mechanisms are comprised under the term “central tolerance
mechanisms” and reduce frequency of autoreactive B cells from approximately 75% to
43% [15].
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Figure 1. B-2 cell maturation in the bone marrow is characterized by the development of the BCR.
Subsequently immature B cells leave the bone marrow. Naive B cells can undergo T-cell-independent
and T-cell-dependent activation. Tolerance mechanisms involving central tolerance mechanisms,
peripheral tolerance mechanisms and T-cell tolerance mechanisms are marked in grey. The figure
was created with ‘Biorender.com’.

Subsequently, late immature B cells are released from the bone marrow to the blood
stream. Peripheral tolerance mechanisms take effect between the transitional stages 1
and 2 in the spleen and secondary lymphoid organs. Peripheral tolerance mechanisms
comprise B-cell-intrinsic mechanisms such as anergy or clonal deletion and B-cell-extrinsic
mechanisms including ignorance and limited secretion of survival factors. These peripheral
tolerance mechanisms reduce frequency of autoreactive B cells from approximately 42% to
20% [15].

Subsequently, mature B cells without antigen contact—also called naive B cells—act as
antigen-presenting cells and circulate in the blood and lymphatic organs. Here, the binding
of an antigen to the BCR evokes a T-cell-independent or T-cell-dependent activation of
the B cell. T-cell-independent activated B cells secrete antibodies of the IgM isotype and
do not undergo class switch or formation of memory cells. T-cell-dependent activation of
B cells promotes differentiation to plasma cells or to memory B cells. Therefore, a third
and fourth important tolerance mechanism controlling activation of autoreactive B cells
are the central and peripheral tolerance mechanisms of T cells, as these are more stringent
than for B cells and most antigens induce a T-cell-dependent B-cell activation. Moreover, B
cells require interaction with T cells for the germinal center reaction with class switch and
somatic hypermutation [17].

Further mechanisms that can activate cells of the B-cell compartment are via Toll-like
receptors (TLRs). TLRs belong to the innate immune system. With regard to their ligands, a
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distinction is made between pathogen-associated molecular patterns (PAMPs) and damage-
associated molecular patterns (DAMPs). Whereas PAMPs are molecular motifs conserved
within a class of microbes, DAMPs comprise molecules released from damaged cells due
to trauma or infection. The expression of TLRs varies in the B-cell compartment. Naive
human B cells express only low levels of TLRs, whereas activated and memory B cells
express increased levels of TLRs [18]. Moreover, increased gene expression of TLRs occurs
physiologically in B cells after stimulation of BCR or CD40 [19]. Stimulation of TLRs on
plasma cells has been shown to increase antibody secretion [20].

In addition, dendritic cells express TLRs and, subsequently, these cells could activate
the B-cell compartment [21]. Regarding the role of TLRs in SSc, we refer to reviews by
O'Reilly [22,23] as well as Frasca and Lande [24]. To date, the role of B-cell activation and
the respective effects on antibody secretion via TLRs in the development and maintenance
of SSc is poorly understood.

2.2. Natural and Pathogenic Autoantibodies

Despite the described tolerance mechanisms, autoreactive B cells and autoantibodies
can be detected in the peripheral blood of humans and mice. Though there is a po-
tentially increased risk for autoimmune diseases, in most cases, these diseases do not
occur [15,25,26].

In fact, non-harmful autoantibodies represent a substantial proportion of antibod-
ies [27]. This group of antibodies is termed natural autoantibodies. Natural autoantibodies
are present from birth and mainly of the IgM isotype, less frequently of the IgA or IgG iso-
type [11,28]. They are encoded by unmutated V(D)] genes and have a moderate affinity to
self-molecules. Natural autoantibodies are thought to play a key role in immune homeosta-
sis. Polyreactive IgM autoantibodies are involved in early immune responses. Moreover,
natural autoantibodies enhance phagocytic clearance of apoptotic cells and cell debris
and, thus, prevent uncontrolled inflammation [29]. Furthermore, natural autoantibodies
mask antigens and, as a result, prevent binding of pathologic autoantibodies which could
promote autoimmunity. In addition, natural autoantibodies can suppress inflammatory
responses to Toll-like receptor agonists [30]. In the peripheral immune system, binding of
autoreactive T and B cells to endogenous antigens promotes both T- and B-cell survival.
For further information on the function of natural autoantibodies, we refer to reviews
published by Silosi et al. [27], Silverman et al. [30] and Elkon and Casali [31]. Summarizing
the described mechanisms, evidence suggests that natural autoantibodies might ameliorate
risk and severity of autoimmune diseases [32-34] and may therefore have a therapeutic
potential in autoimmune diseases.

Besides these natural autoantibodies, there are pathogenic somatically mutated
autoantibodies—class-switched to IgG isotype—which are secreted by autoreactive B
cells. Rarely, these pathogenic autoantibodies can also display the IgM or IgA isotype.
These autoantibodies show a high affinity to their respective antigen and might be in-
volved in autoimmune disease. In general, B cells secreting these autoantibodies can
contribute to pathomechanisms in autoimmune diseases via autoantibody-dependent and
autoantibody-independent pathways.

Autoantibody-independent mechanisms of B cells involve the secretion of proinflam-
matory cytokines [35], the formation of ectopic germinal centers in inflamed tissues [36,37]
and the role of B cells as antigen-presenting cells. Especially via the latter mechanism,
autoreactive B cells are involved in the pathophysiology of various autoimmune diseases.
Pathologies in autoimmune diseases are often characterized as T-cell-mediated. However,
this interpretation might underestimate the complex interactions of B and T cells and the
role of B cells as antigen-presenting cells in CD4+ T-cell activation [38].

Autoantibody-dependent mechanisms involve complement activation and activation
of neutrophils and NK cells by immune complexes composed of autoantibody and au-
toantigen. Activation of the classical complement pathway results in the release of C3a
and C5a which promote the release of proinflammatory cytokines, migration of immune
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cells and upregulation of FcR on effector cells. The upregulation of FcR on effector cells
augments the antibody-dependent cell-mediated cytotoxicity (ADCC). Autoantibodies fa-
cilitate antigen uptake by antigen-presenting cells such as monocytes and dendritic cells. By
this mechanism, autoantibodies enhance T-cell responses to the respective antigens, which
is of great importance in T-cell-mediated autoimmune diseases. Moreover, autoantibodies
can stimulate and inhibit receptor function. Characteristics of natural and pathogenic
autoantibodies are summarized in Table 1.

Table 1. Characteristics of natural and pathogenic autoantibodies.

Natural Autoantibodies Pathogenic Autoantibodies
Isotype IgM, less frequently IgA or IgG ~ 1gG, less frequently IgA or IgM
C.Eeneratlf)n of Unmutated V(D)] recombination V(D)] recombmatlo'n, somatic
antibody diversity hypermutation
Affinity low high

contribution to autoimmune
diseases via
autoantibody-dependent and
autoantibody-
independent pathways

maintenance of immune
homeostasis, amelioration of risk
and severity of
autoimmune diseases

Mechanism of action

In the development of diagnostic methods for the detection of autoantibodies, it is
crucial to differentiate natural autoantibodies and autoantibodies that mediate pathologies.
Criteria for this distinction were first proposed in 1993 and further elaborated in subsequent
years [39,40]. This is particularly important, as B-cell activation and hypergammaglobuline-
mia, which occur in the context of many chronic inflammatory diseases, could also increase
the level of natural autoantibodies without inducing or maintaining pathologies. Recently,
studies suggested the use of serum IgG levels to differentiate whether increased autoanti-
body levels are due to a non-specific B-cell activation or an antigen-specific autoimmune
reaction [40,41].

2.3. Autoreactive B Cells and Autoantibodies

Several mechanisms have been described that may contribute to the maturation of
autoreactive B cells and subsequent secretion of autoantibodies in SSc.

A physiological mechanism by which autoantibody formation occurs is the presence
of polyreactive immunoglobulins that can bind diverse antigens. This reduced speci-
ficity can be advantageous in the immune defense, as a B cell can thus ward off different
pathogens with similar antigens. However, a reduced specificity exhibits substantial
cross-reactivity with endogenous antigens. Thus, polyreactive immunoglobulins are often
autoreactive [42—44]. Along with this, the molecular mimicry hypothesis describes that T
and B cells with specificity for an antigen of a pathogen also cross-react with self-antigens.
This hypothesis was investigated in greater depth in SSc, as higher levels of antibodies
to human cytomegalovirus proteins were detected in SSc than in healthy controls [45].
In addition, defined antigen-specific antibodies for human cytomegalovirus were found
to be associated with autoantibody specificities of SSc [46,47]. Another interesting study
investigating the molecular mimicry hypothesis was published in 2020 by Gourh et al. [48].
This study suggested a link between HLA alleles, peptides of viruses that infect amoebas
or algae and anti-fibrillarin, anti-topoisomerase I and anti-centromere autoantibodies in
African American and European American patients with SSc based on molecular mimicry.

A further mechanism that can predispose the formation of autoantibodies describes
a loss of self-tolerance in the B-cell compartment, e.g., due to deficient negative selection
or excessive stimulation, together with increased antigen expression or excessive antigen
release due to cell damage. Exemplarily, the relationship between increased antigen expres-
sion and increased autoantibody formation could be shown for the AT1R. An increased
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expression of AT1R in peripheral blood mononuclear cells, skin and lungs corresponds to
increased AT1R autoantibody levels in SSc [28].

Moreover, several aberrations promoting autoreactivity and autoantibody secretion
were identified in SSc. Accordingly, Glauzy et al. demonstrated a deficiency in central and
peripheral B-cell tolerance checkpoints in patients with SSc¢, promoting the development of
autoreactive naive B cells [49].

Moreover, SSc patients display higher levels of the B-cell survival factor BAFF and B
cells of SSc patients exhibit increased levels of the BAFF receptor [50]. Complementarily, a
genome-wide association study revealed an association between a variant in the BAFF gene
(TNFS13B) and multiple sclerosis, as well as systemic lupus erythematosus. This variant
is associated with increased levels of soluble BAFF, lymphocytes and immunoglobulins
promoting humoral immunity [51].

Among others, these aberrations might contribute to the increased relative count
of B cells and a disturbed composition of the B-cell compartment in SSc [52]. Several
studies revealed distinct alterations of B-cell subsets that might promote autoreactivity.
Firstly, SSc patients exhibit decreased levels of regulatory B cells and regulatory memory
B cells [50,53]. This decrease is especially prominent in patients with pulmonary arterial
hypertension [54]. Regulatory B cells secrete the anti-inflammatory cytokine IL-10 and
they inhibit the induction of antigen-specific inflammatory reactions [52]. Accordingly,
in SSc, levels of circulating regulatory B cells negatively correlated with anti-centromere
and anti-topoisomerase I autoantibody levels as well as disease activity [50]. Moreover,
regulatory B cells inhibit CD4+ Th1 and Th17 cell differentiation and cytokine secretion
and induce regulatory T cells [55]. In addition, regulatory B cells are thought to participate
in regulation of Tg, cells in SSc. Accordingly, levels of regulatory B cells and Tg, cells are
negatively correlated [54].

Moreover, evidence indicates a decrease in plasmablasts and memory B cells due to
an increased sensitivity to Fas-mediated apoptosis. Although the number of memory B
cells (CD19+CD27+) decreases, these cells show an activated phenotype with increased
expression of CD80 and CD86, which are co-stimulatory molecules of B cells [56]. Among
memory B cells, distinct subsets are aberrated. Exemplarily, CD21low B cells were found to
be increased in SSc patients, especially with visceral vascular manifestations, compared to
healthy controls [57,58]. However, data on an increased prevalence of pulmonary arterial
hypertension in patients with more than 10% of CD21low B cells are contradictory [54,58].
CD21low B cells are thought to have a high autoreactive potential as these cells express high
levels of activation markers and act as antigen-presenting cells. An increase in the number
of these cells has also already been described in other autoimmune diseases [59-62].

Probably, compensatory to the decrease in memory B cells, the number of naive B cells
(CD19+CD27-) is increased [56,63].

Furthermore, a change in the gene expression of B cells towards increased activity was
detected [8]. Correspondingly, in SSc patients, expression of regulator molecules controlling
B-cell responses are altered [64]. Increased CD19 expression was shown on naive and
memory B cells compared to healthy controls [56,65]. Experiments with CD19 transgenic
mice showed that these mice produced elevated levels of autoantibodies, including SSc-
specific autoantibodies, but without inducing a pathological phenotype [66—69].

To summarize, these aberrations in the B-cell compartment result in polyclonal B-cell
hyperreactivity, hypergammaglobulinemia [70] and autoantibody production in SSc. How-
ever, in SSc, autoantibodies are detectable years before clinical disease manifestations [11].
Therefore, it is challenging to identify the mechanisms that lead to the loss of self-tolerance.

3. Which Autoantibodies Might Be Useful as Predictors of Disease Course and Which
Role Do Autoantibodies Play in the Pathophysiology of SSc?

Because of the heterogeneity of SSc, biomarkers are essential for stratifying patients
and predicting an individual disease course. Therefore, the field of biomarker research
is an emerging field of investigation in SSc. Though the potential role of autoantibod-
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ies as biomarkers is frequently investigated in SSc, functional data on autoantibody-
mediated pathomechanisms are rare and poorly understood. An improved understanding
of autoantibody-mediated pathomechanisms is essential to identify appropriate targets for
therapeutics that remove specific autoantibodies.

In the following section, we present clinical associations, roles as biomarkers and
influences on pathomechanisms in SSc for autoantibodies against nuclear antigens (ANAs),
anti-neutrophil cytoplasmic antibodies (ANCA), anti-phospholipid antibodies (aPL) and
autoantibodies recognizing GPCRs.

3.1. Autoantibodies against Nuclear Antigens (ANAs)

A diagnostically important feature of SSc is the presence of circulating ANAs directed
against nuclear or nucleolar proteins involved in transcription, splicing or cell proliferation.
ANAs can be detected by indirect immunofluorescence. However, this technique is insuffi-
cient to identify specific ANAs except for anti-centromere antibodies. Therefore, additional
techniques such as ELISA, immunodiffusion or Western immunoblotting can be used to
determine the patients” individual specific antigenic targets [71].

The determination of ANAs as well as specific ANAs is well-established in diagnosing
SSc and is part of the ACR/EULAR 2013 classification criteria for SSc [72]. ANAs can be
detected in >90% of SSc patients [73,74]. The group of ANA-negative patients constitutes a
distinct clinical subtype characterized by predominantly male patients with a severe disease
course, involvement of the lower gastrointestinal tract with corresponding symptoms and
less vasculopathy [75]. Another study revealed an association between ANA negativity
and gastric antral vascular ectasia (GAVE) [76].

Until now, a variety of SSc-specific ANAs (anti-topoisomerase I, anti-centromere,
anti-RNA polymerase III, anti-Th/To, anti-eukaryotic initiation factor 2B (anti-eIF2B),
anti-U11/U12 RNP) and ANAs not exclusively specific for SSc (anti-Pm/Scl-100, anti-
Pm/Scl-75, anti-Ro52, anti-Ku, anti-fibrillarin (U3-RNP), anti-U1 RNP, anti-NOR90/hUBF,
anti-RuvBL1/2) have been identified. Each of these autoantibodies has been associated
with a unique set of disease manifestations, enabling the prediction of disease course,
development of organ manifestations and an individual prognosis [77]. To further explain
clinical differences of ANA subspecificities, Clark et al. performed a transcriptional and
proteomic analysis of blood and skin of SSc patients with anti-topoisomerase I and anti-
RNA polymerase III antibody specificities, revealing pathogenetic differences between
ANA-based subgroups [78]. For the association of SSc-specific ANAs with corresponding
clinical phenotypes, we refer to recently published reviews, e.g., by Cavazzana et al. [71]
or Stochmal et al. [79]. In addition, recently, further ANAs were identified in subsets of
SSc patients. These autoantibodies target telomerase and shelterin proteins and show
an association with severe interstitial lung disease [80]. Moreover, detection of ANA
subspecificities in patients suffering from SSc-associated diseases such as primary biliary
cholangitis can be used to identify patients at increased risk for developing SSc [81,82].

A remarkable observation is that the ANA titers and specific ANAs remain relatively
stable over the disease course, which makes them a valuable diagnostic tool [83].

Moreover, in most patients, only few ANA subspecificities are detected in parallel,
so mutual exclusivity is assumed. Against this background, however, the simultaneous
occurrence of various SSc-specific autoantibodies has been detected in several studies in
small subgroups of patients [84,85]. In particular, the joint occurrence of anti-centromere
and anti-topoisomerase I antibodies was investigated. Depending on the ethnicity of
the patients examined and the techniques used to determine the ANA subspecificities,
divergent results were found. So far, no clear clinical cluster has been identified that is
associated with the simultaneous presence of anti-centromere and anti-topoisomerase I
autoantibodies. Currently, there is no proven pathophysiological concept that explains the
relative mutual exclusivity of the autoantibodies. Hypotheses suggest that the different
ANA subspecificities might be epiphenomena based on different environmental conditions
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or due to differences in antigen processing by B cells showing associations with particular
HLA alleles [86-88].

Currently, due to increasing possibilities for quantitative measurements of ANA sub-
specificities, it has been investigated whether these measurements could provide additional
information to predict disease progression. These analyses revealed evidence that levels of
anti-topoisomerase I antibodies are associated with disease severity [89,90]. However, the
results of large multicenter studies need to be awaited.

In addition to the well-established role of ANAs in diagnostics and predicting dis-
ease progression, data on a pathogenic role in disease onset or maintenance are rare in
SSc. In 1996, Rudnicka et al. demonstrated an altered activity of the topoisomerase I
enzyme in SSc and suggested to evaluate topoisomerase I inhibitors as a potential thera-
peutic approach [91]. Moreover, studies suggest a pathogenic role of anti-topoisomerase
I autoantibodies. This assumption is based on the observation that anti-topoisomerase
I autoantibodies bind to the cellular surface of fibroblasts [92]. Moreover, binding of
anti-topoisomerase I autoantibodies to fibroblasts stimulates adhesion and activation of
monocytes in vitro [93]. Another study brought further evidence for a pathogenicity of
anti-topoisomerase I and anti-centromere autoantibodies by stimulating human dermal
fibroblasts with these autoantibodies and, as a result, inducing an increase in pro-fibrotic
markers and apoptosis resistance [94].

Although these findings do not necessarily prove a substantial role of ANA in disease
pathogenesis, these data provide first evidence for the use of immunosuppressive treatment
in early SSc.

3.2. Anti-Neutrophil Cytoplasmic Antibodies (ANCAs)

The term “anti-neutrophil cytoplasmic antibodies” (ANCAs) refers to autoantibodies
against enzymes in primary granules of neutrophils or lysosomes of monocytes. ANCA
subspecificities differ by indirect immunofluorescence, namely a cytoplasmic pattern (c-
ANCA, e.g., autoantibodies against proteinase 3 (PR3)), a perinuclear pattern (p-ANCA,
e.g., autoantibodies against myeloperoxidase (MPO)) and an atypical pattern showing
aberrant patterns or a combination of c- and p-ANCA patterns (a-ANCA /x-ANCA). In
addition to PR3 and MPO, ANCAs can be directed against further proteins such as elastase,
cathepsin G, lactoferrin, x-enolase, catalase, azurocidin or actin [95]. The detection of
ANCAs against PR3 and MPO is the hallmark of ANCA-associated vasculitis (AAV). In
AAV, ANCAs lead to an activation of neutrophils primed by complement fragment C5a
or cytokines (TNF-«, IL-1p), resulting in a translocation of PR3 or MPO to the cellular
surface. After interaction between ANCAs with the target antigens PR3 or MPO and Fcy
receptors Ila or Illb, intravascular near-wall degranulation of neutrophils and subsequent
endothelial cell damage occurs [96-98]. ANCA-induced monocyte activation is mediated
by a similar mechanism [99,100]. Subsequently, leukocyte migration and organ infiltration
lead to secondary organ damage [101]. However, ANCAs can be detected in various other
diseases (e.g., inflammatory bowel diseases, autoimmune hepatitis, primary sclerosing
cholangitis), too [102].

Detection of ANCAs is a common phenomenon in SSc: the prevalence of ANCAs in
SSc ranges up to 35% [103]. However, most studies report ANCA prevalence in 5-12%
of SSc patients. The main antigenic targets are PR3 and MPO [104-106]. Although the
presence of ANCAs is a common phenomenon in SSc, the development of systemic vas-
culitis in patients is rare [106,107]. The occurrence of systemic small-vessel vasculitis in
SSc is grouped under the term SSc-AAV and is associated with a severe clinical phenotype
involving the kidney, lung, peripheral and, rarely, the central nervous system, typically
with a microscopic polyangiitis-like disease pattern [106]. In addition, patients may de-
velop necrotizing vasculitis with critically reduced acral perfusion. Patients with renal
manifestations typically present with pauci-immune glomerulonephritis or rapidly progres-
sive glomerulonephritis. Patients with pulmonary involvement typically develop alveolar
hemorrhage [106]. To date, there is limited evidence regarding promising treatment options
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for SSc-AAV. Randomized controlled trials are lacking. Possible treatment options that have
been used so far include high-dose steroids, cyclophosphamide, rituximab, and plasma
exchange. Before using high-dose steroids, the potential risk of developing a renal crisis
should be considered in SSc [108]. In addition to autoantibodies against PR3 and MPO,
autoantibodies with BPI and cathepsin G as antigenic targets have also been described in
SSc [103]. Patients with ANCAs against BPI display lower skin scores.

3.3. Anti-Phospholipid Antibodies (aPL)

aPL comprise a group of antibodies directed against phospholipids and their cofactors,
such as 32-glycoprotein I, prothrombin, annexin V and protein C or S. Phospholipids are
components of the cell membrane and, together with the cofactors mentioned, play a role in
hemostasis. In recent years, progress has been made in deciphering the pathomechanisms
by which the binding of these autoantibodies to the protein-phospholipid complexes leads
to increased blood coagulation, especially for the anti-32-glycoprotein I antibodies.

aPL binding to B2GPI evoke a prothrombotic situation in endothelial cells through
increased expression of adhesion molecules and tissue factor as well as reduced expression
of the tissue factor pathway inhibitor [109,110]. In addition, complement activation is de-
scribed [111]. Furthermore, in platelets, incubation with antibodies results in an activation
of the glycoprotein Ila/IIIb (GPIIb/IIla) receptor [112]. Moreover, activation of neutrophil
granulocytes and monocytes by aPL has also been demonstrated [113-115].

aPL can be detected primarily without association to an underlying disease. In ad-
dition, aPL may be secondarily associated with autoimmune diseases such as systemic
lupus erythematosus, rheumatoid arthritis, infections and cancers, but also with the use of
medications such as oral contraceptives.

The detection of aPL also occurs frequently in SSc, with a prevalence of 9-20% [116].
In SSc, an association of anti-B2 glycoprotein 1 (32GP1) positivity with active digital
ulcerations has been demonstrated [117]. Moreover, a meta-analysis by Merashli et al.
revealed an association between antibody positivity and pulmonary arterial hypertension,
renal disease, thrombosis, miscarriage and digital ischemia compared to patients without
aPL [118]. The association to venous thrombosis and miscarriage was confirmed in a
meta-analysis by Sobanski et al. [116].

3.4. Autoantibodies Recognizing G-Protein-Coupled Receptors, Growth Factors and Their
Respective Receptors

In addition to ANAs, ANCAs and aPL described in the previous sections, a new group
of autoantibodies has recently been described which, in addition to their significance as
biomarkers, are also becoming increasingly important in the pathophysiology of SSc. These
comprise self-reactive autoantibodies recognizing GPCRs, growth factors and their respec-
tive receptors [26]. Anti-GPCR autoantibodies are present in healthy individuals and are
thought to play a role in the regulation of immune cell homeostasis. These autoantibodies
form a distinct, disease-specific network. It is hypothesized that this network reflects the
patient’s individual exposure to a specific environmental condition [28].

To investigate functional effects of the autoantibody network in a disease, several
in vitro and in vivo technologies were established (Figure 2). In vitro stimulation of cell
lines or isolated cells with purified IgG fractions of SSc patients and healthy donors is an
established technology which led to the formation of autoantibody classes with the same
cellular target, e.g., anti-endothelial cell autoantibodies (AECA) or anti-fibroblast autoan-
tibodies (AFA). Since it has not yet been possible to purify target-specific autoantibodies,
the effects of target-specific autoantibodies can only be studied by using receptor blockers.
Applying this technology, Murthy et al. stimulated cells of the monocytic cell line THP-1
with IgG purified from patients with SSc. Stimulation with SSc-IgG induced a change
to a pro-fibrotic and pro-inflammatory phenotype with IgG donor-individual alterations.
Moreover, SSc-IgG induced pathways including AP-1, TAK/IKK-3 /NF«B and ERK1/2,
driving secretion of CCL18 and CXCLS from stimulated cells [119].
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Figure 2. Established technologies to investigate functional effects of the autoantibodies in vitro and
in vivo. The figure was created with ‘Biorender.com’.

Moreover, several strategies have been established to transfer autoantibody-induced
pathologies to animal models and build a platform to further investigate the respective
pathomechanisms. These strategies involve the transfer of (a) serum [120], (b) IgG purified
from serum [121] and (c) PBMC from diseased patients and healthy donors. A further
strategy involves immunization with special agents, e.g., GPCR-overexpressing membrane
extracts, (d), leading to the generation of autoantibodies and secondary to pathogenic
effects [122,123]. These strategies were also applied to develop animal models of SSc
mirroring autoantibody-mediated pathologies.

In 2014, Becker et al. transferred IgG purified from serum of SSc patients to C57BL/6]
mice. These mice developed histological signs of an inflammatory pulmonary vascu-
lopathy [124]. In addition, SSc-IgG positive for anti-AT1R and anti-ETAR autoantibodies
induced increased neutrophil counts in bronchoalveolar fluid, pulmonary cellular infil-
trations and cellular density after repeated passive transfer to C57BL/6] mice [125]. In
a further study, a monoclonal ATIR autoantibody was injected into mice, which led to
skin and lung inflammation. Interestingly, skin and lung inflammation did not occur
in mice deficient in AT1Ra/b. This observation suggests a compelling involvement of
autoantibody-receptor interaction in pathophysiological mechanisms [126].

In 2021, Yue et al. transferred PBMC of patients with SSc and granulomatosis with
polyangiitis (GPA), as well as that of healthy donors, to Rag2”/~/IL2rg”/~ mice. Subse-
quently, mice engrafted with PBMC developed an ANA pattern similar to the respective
donor [127]. In a subsequent study, performed by the same group, membrane-embedded
human ATIR or empty membranes as controls were transferred to C57BL/6] mice [126]. Im-
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munization with membrane-embedded human AT1R resulted in detectable levels of AT1R
autoantibodies in mice and induced skin and lung inflammation as well as skin fibrosis.

These studies support the pathophysiological concepts of SSc described in the previ-
ous sections. Moreover, these studies provide animal models of SSc resembling human
pathophysiology and, thus, these animal models enable evaluation of potential therapeu-
tic approaches.

3.4.1. Functional Autoantibodies against GPCR

In the following, we summarize data on specific autoantibodies targeting GPCR.
GPCRs form a large family of receptors in vertebrates and are characterized by seven
transmembrane domains with intervening extracellular and intracellular amino acids.
These receptors are named for their interaction with G-proteins, which mediate intracellular
signal transduction. In addition to the G-proteins, G-protein-independent pathways for
signal transduction have been described. In recent years, an increasing number of GPCRs
that are recognized by autoantibodies have been identified. Studies have shown that
the occurrence of these autoantibodies is not linked to diseases, but that physiological
levels of autoantibodies that recognize GPCRs can also be detected in healthy controls [26].
Subsequently, altered levels of these autoantibodies were described for numerous diseases,
e.g., solid organ or stem-cell transplantations, cardiovascular diseases, cancer, neurological,
endocrine, pulmonary or rheumatic systemic diseases.

Anti-AT1IR and Anti-ETAR Autoantibodies

Anti-AT1IR Autoantibodies are well-investigated autoantibodies involved in the patho-
physiology of several diseases, e.g., kidney transplant rejection, preeclampsia, diabetes
mellitus [128], lupus nephritis [129] or COVID-19 disease [130]. Autoantibodies directed
against AT1R were first described in 1999. Specifically, Wallukat et al. described the occur-
rence of autoantibodies that recognize ATIR in patients with preeclampsia [131]. AT1R
is a GPCR whose binding of the endogenous ligand angiotensin results in Gq-mediated
calcium release, -arrestin-mediated cell signaling and the production of reactive oxygen
species. Further research in 2005 demonstrated the role of these antibodies as biomarkers
predicting rejection in kidney transplantation [132]. In the meantime, the measurement
of AT1R autoantibodies in transplantation medicine is well-established in clinical routine.
Furthermore, in addition to the role of AT1R autoantibodies as biomarkers, the pathophysio-
logical mechanisms mediated by the antibodies in transplant rejection could be deciphered.
Anti-AT1R autoantibodies bind to two different epitopes, namely AFHYESQ and ENTNIT,
and act as allosteric agonists at the ATIR. Thus, they lead to sustained activation [132-134].
Interaction of the anti-AT1R autoantibody with the receptor results in vasoconstriction as
well as the formation of proinflammatory, profibrotic and procoagulatory conditions in
the microvascular circulation. The proinflammatory and procoagulatory processes are acti-
vated by the receptor activation-induced phosphorylation of extracellular signal-regulated
kinase 1/2 (ERK1/2) and subsequent activation of the transcription factors activator protein
1 (AP-1) and nuclear factor kB (NFkB) in the endothelium and smooth muscle vascular
cells. Expression of AT1R on the surface of immune cells, especially polymorphonuclear
leukocytes, monocytes, T and B lymphocytes, results in pro-inflammatory gene expression
(IL-1, IL-6, IL-8, IL-17, TNF-«&, IFN-y), which may even maintain AT1R expression on
endothelial cells [135-137]. Moreover, microvascular inflammation and vasoconstriction
induced by anti-AT1R autoantibodies promotes thrombosis, endarteritis and fibrinoid
necrosis. Here, the interaction between receptor and autoantibody depends on the AT1R
expression level. The AT1R expression level varies due to genetic and non-genetic factors.
Genetic factors involve polymorphisms in the ATIR gene [138]. Non-genetic factors that
increase ATIR expression are inflammation, endothelial damage or disturbances in mi-
crocirculation [136,139]. For further information on anti-AT1R autoantibodies in kidney
transplant rejection, we refer to a review published by Sorohan et al. [140].
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Interestingly, similar mechanisms are assumed to be involved in the pathogenesis of
preeclampsia. Here, the epitope, targeted by anti-AT1R autoantibody, is AFHYESQ which
has also been described in kidney transplant rejection [131]. A further mechanism proposed
for mediating effects of anti-AT1R autoantibodies in preeclampsia is the long-term presence
of anti-AT1R autoantibodies which reduces aldosterone production in vitro [141].

The similarity of the autoantibody binding sites and the secondary processes in kid-
ney transplant rejection and preeclampsia suggest similar pathophysiologic processes in
other diseases. However, the epitope to which anti-AT1R autoantibodies—which mediate
pathologies—bind in SSc has not yet been identified.

In SSc, elevated levels of angiotensin II (Angll) and endothelin-1 (ET-1) were detected
in blood and tissue samples [142,143]. Therefore, the corresponding receptors were dis-
cussed as potential therapeutic targets; endothelin-1 receptor blockers are recommended for
treatment of pulmonary arterial hypertension [144]. Moreover, bosentan showed beneficial
effects in the treatment of Raynaud’s phenomenon and SSc-related digital ulcers [145-148].

In the majority of SSc patients, anti-AT1R and anti-ETAR autoantibodies are de-
tectable. In addition, levels of anti-AT1R and anti-ETAR autoantibodies show a strong
correlation with each other. Furthermore, both autoantibodies display the ability to exert
functional activity at the respective receptor [28]. Regarding functional activity, in vitro
experiments with IgG and receptor blockers for AT1R and ETAR proved that anti-AT1R and
anti-ETAR autoantibodies bind to endothelial cells, exert phosphorylation of extracellular
signal-regulated kinase 1/2 and increase TGFf3 gene expression [149]. Moreover, Kill et al.
demonstrated that anti-AT1R and anti-ETAR autoantibodies activate human microvas-
cular endothelial cells in vitro, promoting secretion of proinflammatory chemokines and
increased expression of adhesion molecules, enabling migration of neutrophils through an
endothelial cell layer. Furthermore, using the same experimental setup, Kill et al. induced
profibrotic processes in fibroblasts [125]. Giinther et al. investigated the effects of PBMC
stimulation with IgG from SSc patients and healthy controls, revealing an increased induc-
tion of IL-8 and CCL18 by SSc-IgG compared to healthy controls. These effects could be
diminished by adding ATIR and ETAR blockers to the experimental setup [150].

In addition, anti-AT1R and anti-ETAR autoantibodies amplified vasoconstrictive ef-
fects of Ang II and ET-1 in small-vessel myography of intralobar pulmonary rat artery
ring segments [124]. The amplification of Ang II- and ET-1-mediated effects by anti-AT1R
and anti-ETAR autoantibodies was confirmed in in vitro analyses using the technology
”dynamic mass redistribution” [126].

High levels of these autoantibodies showed an association with severe disease com-
plications. Anti-ETAR autoantibodies—together with acute digital ulcers or ulcers in a
patient’s history—can be used to predict development of subsequent digital ulcers [151].
Moreover, anti-AT1R and anti-ETAR autoantibodies can predict the development of pul-
monary arterial hypertension in SSc. Moreover, comparing levels of anti-AT1R and anti-
ETAR autoantibodies in forms of pulmonary hypertension revealed highest levels for
pulmonary arterial hypertension in SSc and connective tissue diseases. The same study
revealed anti-AT1IR and anti-ETAR autoantibodies as predictors of mortality in SSc [124].
Further information on the role of anti-AT1R and anti-ETAR autoantibodies are summarized
in a review by Cabral-Marques and Riemekasten [152].

Anti-Muscarinic-3 Acetylcholine Receptor (M3R) Autoantibodies

Anti-M3R autoantibodies have been associated with intestinal dysmotility: a cardinal
pathological condition and cause of the most gastrointestinal manifestations in patients
with SSc [153]. Kumar et al. suggested a model of sequentially developing dysmotility:
anti-M3R autoantibodies initially inhibit the release of acetylcholine (Ach) at the myenteric
cholinergic neurons, inducing neuropathy through the blockage of cholinergic neurotrans-
mission. Consequently, myopathy develops as a result of an anti-M3R autoantibody-related
inhibition of Ach at the smooth muscle cells of the gastrointestinal tract. Smooth muscle
fibrosis and atrophy ensue [154]. It can thus be hypothesized that an early and sustained
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elimination of anti-M3R autoantibodies could possibly lead to a reversal of SSc-associated
dysmotility at the neuropathic and myopathic stages. Indeed, Kumar et al. presented evi-
dence that application of IVIGs decreases binding intensity of anti-M3R autoantibodies and,
thus, could probably decrease SSc-related gastrointestinal symptoms [154]. Accordingly,
Raja et al. confirmed a significant improvement of gastrointestinal symptoms after repeated
IVIG administration [155].

Anti-CXCR3 and Anti-CXCR4 Autoantibodies

Weigold et al. showed that autoantibody levels differ among subgroups of patients
suffering from SSc, with dcSSc patients having the highest levels of autoantibodies directed
to the N-terminal domain of CXCR3 and CXCR4. Comparable to anti-AT1R and anti-ETAR
autoantibodies, anti-CXCR3 and anti-CXCR4 autoantibody levels also correlate with one
another. Moreover, in SSc patients with interstitial lung disease, levels of autoantibodies
directed to the N-terminus of CXCR3 and CXCR4 were lower in patients with progressive
disease than in patients with stable disease [156]. Therefore, these autoantibodies might
be a valuable tool to predict disease course of SSc patients with interstitial lung disease.
A proposed hypothesis for an association between low autoantibody levels and disease
progression is that the corresponding autoantibodies might be predominantly present in
the tissues and, accordingly, detection of autoantibody levels in the blood may give lower
levels [28]. So far, however, no studies have been conducted to bring evidence to this
hypothesis. Currently, it is unclear whether autoantibodies directed to CXCR3 and CXCR4
exhibit functional activity. As shown for the AT1R autoantibody, functional activity of an
autoantibody depends on the respective epitope. Therefore, Recke et al. applied a peptide-
based epitope mapping for CXCR3. In this analysis, they could show differences in epitopes
of anti-CXCR3 autoantibodies between SSc and healthy controls. Whereas autoantibodies
from SSc patients preferentially bind to intracellular CXCR3 epitopes, autoantibodies of
healthy controls bind to epitopes in the N-terminal domain [157].

Anti-PAR-1 Autoantibodies

Further potentially interesting autoantibodies in SSc are anti-PAR-1 autoantibodies.
A first hint that anti-PAR-1 autoantibodies might exhibit functional activity in SSc was
based on the observation that IL-6 release of HMECs stimulated with IgG from SSc patients
could be reduced by a PAR-1 inhibitor. Moreover, stimulation of HMECs with IgG from
SSc patients resulted in an increased expression of phosphorylated pAKT, p70S6K and
PERK1/2, whereas this increase in expression was not observed after stimulation with IgG
from healthy controls. Further experiments revealed an increased transcriptional activity
of c-FOS and AP-1 after stimulation with SSc-IgG, which finally results in IL-6 mRNA
expression and, subsequently, secretion of IL-6. To sum this up, anti-PAR-1 autoantibodies
resemble the signaling pathway of thrombin, one of the natural ligands, which also leads
to IL-6 secretion after binding to PAR-1 [158]. However, currently, the role of IL-6 in
scleroderma renal crisis is obscure. Additional evidence for the pathomechanism described
here provides a study showing an improvement in creatinine levels during therapy with
tocilizumab in scleroderma renal crisis [159].

4. Which Therapeutic Approaches Have Been Evaluated to Target
Autoantibody-Mediated Pathologies in SSc?

Various attempts have been conducted to prevent the pathogenic effects mediated by
autoantibodies in diseases. As autoantibodies represent a cross-disease pathomechanism,
therapeutic approaches developed in the field of other diseases might be transferrable to
the treatment of SSc. In the following, we list possible therapeutic approaches that have
already been investigated in SSc or could be applied to SSc in the future (Figure 3).
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Figure 3. Potential therapeutic approaches for the treatment of autoantibody-induced pathologies in
SSc. The figure was created with ‘Biorender.com’.

4.1. B-Cell- and Plasma Cell-Mediated Strategies

As described, B cells play a critical role also in autoimmune diseases that are tradition-
ally viewed as T-cell-mediated. Therefore, B-cell-targeting drugs are an emerging research
area leading to the development of different therapeutic strategies. These include the
elimination of defined cell subsets of the B-cell compartment, the neutralization of B-cell
survival factors (e.g., BAFF and APRIL) and the prevention of the formation of ectopic
germinal centers using antibodies against the lymphotoxin-f3 receptor.

4.1.1. Anti-CD19 Antibody

Cell subsets of the B-cell compartment express different surface proteins, so that a
depletion of defined B-cell subsets can be achieved by targeting a specific protein. A poten-
tial target applying this mechanism of action is CD19, a B-cell surface antigen expressed
from pre-B cells through plasmablasts and in some plasma cells. CD19 is targeted by
inebilizumab /MEDI-551, a humanized monoclonal antibody that mediates ADCC. The ap-
plication of MEDI-551 was investigated in a phase I multicenter, randomized, double-blind,
placebo-controlled, single escalating dose study in SSc. One of the 24 study participants
receiving treatment with MEDI-551 died during the course of the study from a cause which
was not attributed to the drug. In general, MEDI-551 displayed a tolerable safety profile and
achieved a dose-dependent depletion of circulating B cells and plasma cells. Assessments
of the mRSS suggest a beneficial therapeutic effect of MEDI-551 on skin fibrosis [160].

4.1.2. Anti-CD20 Antibody

One of the best-studied B-cell-targeting therapeutics in SSc is rituximab. Rituximab
is a chimeric anti-CD20 antibody. CD20 is expressed from cells of the pre-B cell stage to
the pre-plasma cell stage. Thus, rituximab achieves a long-lasting, almost complete B-cell
depletion in the blood and tissues. Six months after therapy initiation with rituximab, only
a small number of CD19+ cells are detectable, which are predominantly IgA plasmablasts
of mucosal origin [161]. Therapeutic efficacy of rituximab was assessed for several disease
manifestations in SSc. Recently, Zamanian et al. investigated efficacy for the treatment
of pulmonary arterial hypertension in SSc compared to placebo. Though the study failed
to reach the primary endpoint, namely improvement in 6 min walk distance (6MWD)
24 weeks after treatment initiation, patients treated with rituximab had a significantly
improved 6MWD after 48 weeks of treatment (1 = 58, [162]). In addition, the therapeutic
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potential of rituximab on SSc-associated ILD was assessed in two small randomized con-
trolled trials versus placebo (1 = 16, [163]) and versus cyclophosphamide (1 = 60, [164])
and several small non-controlled retrospective and prospective trials. The results of these
two randomized controlled trials and 18 further studies or conference abstracts on ritux-
imab in SSc-associated ILD were analyzed in a meta-analysis in 2021 by Goswami et al.
(n =575, [165]). This meta-analysis proves a significant improvement of FVC and DLCO
under treatment with rituximab. Moreover, patients treated with rituximab exhibited less
infectious complications than control patients. A key adverse event during treatment with
rituximab remains a high potential for allergic reactions. Therefore, second-generation anti-
CD20 antibodies (e.g., ocrelizumab, obinutuzumab, veltuzumab and ofatumumab) have
been developed. These second-generation anti-CD20 antibodies are humanized or even
fully human and have a higher therapeutic potential compared to rituximab in vitro [166].
Currently, none of these second-generation anti-CD20 antibodies have been evaluated
in SSc.

A major obstacle in therapy with rituximab is the persistence of autoreactive long-lived
plasma cells, which can produce autoantibodies and, thus, sustain the autoimmune disease.
In addition, Mahévas et al. showed that B-cell depletion promotes differentiation from
short-lived to long-lived autoimmune plasma cells by altering the splenic milieu [167].

4.1.3. Anti-BAFF Antibody

Rituximab treatment triggers the secretion of B-cell-activating factor (BAFF), which
perpetuates autoreactive B cells in systemic lupus erythematosus [168]. Therefore, a possi-
bility to prevent the persistence of long-lived plasma cells could be a combination therapy
with a monoclonal anti-BAFF antibody (Belimumab). An interesting effect of therapy with
BAFF inhibitors is that these depleted B effector cells secreting IL-6, but did not lead to a
depletion of regulatory B cells [169]. Belimumab is already approved for the treatment of
systemic lupus erythematosus. A phase II study investigating the effects of belimumab and
mycophenolic acid versus placebo and mycophenolic acid was conducted in 20 patients
with dcSSc. Patients who received belimumab did not develop significant improvement
in skin thickness compared to the placebo group. Patients who responded to treatment
with belimumab showed a decrease in the expression of profibrotic genes [170]. A phase
1I trial investigating the effects of a combination therapy of rituximab and belimumab is
registered (NCT03844061).

4.1.4. Proteasome Inhibitor

An alternative therapeutic strategy that leads to a depletion of plasma cells is the use
of proteasome inhibitors (e.g., bortezomib). Proteasome inhibitors are approved for the
treatment of multiple myeloma. Early studies evaluating the use of proteasome inhibitors in
mouse models of SSc were based on the premise of antifibrotic properties. This assumption
was based on in vitro experiments on human fibroblasts, which showed a decrease in
collagen production and an increase in collagen degradation when proteasome inhibitors
were applied [171]. In a study conducted on the effects of proteasome inhibitors in mouse
models of SSc, there was no effect on lung inflammation, lung fibrosis or skin fibrosis [172].
A phase II study was conducted comparing the effects on skin fibrosis and forced vital
capacity in lung function as well as the tolerability of bortezomib and mycophenolate
versus placebo with mycophenolate. The results were better for the combination therapy of
bortezomib and mycophenolate (NCT02370693). In addition, a study is currently underway
to investigate the safety and tolerability of oral ixazomib in scleroderma-related lung
disease patients. This study is currently in recruitment status (NCT04837131). When
applying proteasome inhibitors, however, it must be taken into account that depletion of
the plasma cell compartment can lead to serious side effects.
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4.1.5. Anti-CD38 Antibody

In 2019, Benfaremo et al. proposed an alternative treatment trial with an anti-CD38
antibody (e.g., daratumumab) for the treatment of SSc. CD38 is expressed on plasmablasts
and plasma cells and might be useful in depletion of antibody-producing cells [173].

4.1.6. Inhibitor of Bruton Tyrosine Kinase

Ibrutinib is an irreversible inhibitor of Bruton tyrosine kinase, which is involved in
intracellular signaling in B lymphocytes. Ibrutinib prevents signaling through the BCR,
which promotes cell apoptosis and disrupts B-cell adhesion and B-cell migration. In
addition, ibrutinib downregulates the expression of CD20 by targeting the CXCR4/SDF1
axis [174]. Ibrutinib is used to treat B-cell malignancies. In SSc, one study investigated
possible effects of ibrutinib on B-cell pathologies in vitro. In this study, ibrutinib reduced
the production of IL-6 and TNF-« by B effector cells. With the application of only small
doses of ibrutinib, the function of regulatory B cells could be preserved [175].

4.1.7. Therapeutic Approaches Targeting PAMP- and DAMP-Mediated Activation of the
B-Cell Compartment

Although the role of B-cell activation and the corresponding effects on antibody
secretion via TLRs in the development and maintenance of SSc are poorly understood,
this mechanism may also represent an interesting therapeutic strategy. In particular, this
therapeutic strategy might be interesting because PAMP and DAMP contribute to the
pathogenesis of SSc via further mechanisms. There are several therapeutic strategies that
target PAMP- and DAMP-mediated activation of the B-cell compartment. These can either
interfere with the interaction between ligand and TLR or with downstream signaling
pathways. A summary of possible therapeutic strategies in SSc was provided by O'Reilly
in 2018 [23].

4.2. Autologous Hematopoietic Stem-Cell Transplantation (aHSCT)

aHSCT is thought to eliminate autoreactive T and B cells by high-dose immuno-
suppression. Afterwards, reinfusion of autologous hematopoietic stem cells promotes
reconstitution of a naive, self-tolerant immune system. Thereby, aHSCT alters adaptive
and innate immune systems [176]. Regarding the B-cell compartment, aHSCT induces a
shift from memory B cells to naive B cells and an increase in frequency of regulatory B
cells [177,178]. Moreover, measurements of anti-topoisomerase I autoantibody levels after
aHSCT reveal a decline [83].

aHSCT is recommended as a treatment option for patients with severe and rapidly
progressive SSc refractory to immunosuppressive therapy. The first aHSCT was performed
in 1997 in SSc [179]. Since then, around 500 aHSCTs have been reported [180] and more than
1000 SSc patients have been transplanted worldwide [181]. Furthermore, three randomized
controlled trials have shown superiority of aHSCT versus intravenous cyclophosphamide
therapy (ASSIST trial [182], ASTIS trial [183], SCOT trial [184]). In addition, a further
non-interventional study (NISSC) confirmed the therapeutic efficacy of aHSCT [185]. SSc
patients undergoing aHSCT yield significant improvements in survival, quality of life,
skin fibrosis and lung function. However, patients undergoing aHSCT have an increased
risk of infectious complications, especially for CMV reactivations and mycotic infections.
A marker for the development of infectious complications is a lower number of B cells
before aHSCT [186]. Further adverse events include the risk of engraftment syndrome and
secondary autoimmune disorders [187]. Currently, different regimens have been compared
to outweigh therapeutic efficacy and adverse events. So far, specific recommendations
regarding transplant procedures are missing [181]. Recently, the German Society for
Rheumatology (DGRh) suggested criteria for patient selection [188]. Moreover, optimal
timing of aHSCT in SSc is still under discussion [180]. Therefore, timing of aHSCT is
currently investigated in the UPSIDE study (NCT04464434).
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4.3. Unspecific Approaches for the Removal of Antibodies
4.3.1. Therapeutic Plasma Exchange, Plasmapheresis and Rheopheresis

The term “therapeutic plasma exchange”, also called “therapeutic apharesis”, de-
scribes a procedure where the patient’s blood is filtered and replaced, e.g., by albumin or
fresh frozen plasma. Plasmapheresis is a related procedure removing less than 15% of blood
volume and, thus, does not require fluid replacement. These technologies remove autoanti-
bodies, immune complexes, cytokines or adhesion molecules from the blood [189]. Thera-
peutic plasma exchange removes approximately 65% of potential circulating pathogenic
factors [190]. In SSc, therapeutic plasma exchange or plasmapheresis has been reported
in more than 500 patients [189]. Evaluation of these technologies was conducted as case
studies, small observational studies or in one of three prospective randomized clinical trials.
Studies present mainly a favorable therapeutic effect on skin fibrosis, musculoskeletal
symptoms, Raynaud’s phenomenon, healing of digital ulcers and organ manifestation.

For the treatment of SSc, plasmapheresis is often combined with further therapeutics
such as ACE inhibitors or immunosuppressive agents, e.g., with prednisolone alone or in a
triple therapy with oral [191] or intravenous cyclophosphamide [192]. Further alternatives
are combination therapies with IVIGs. This combination of therapies makes it difficult to
compare study results and to estimate the therapeutic effects that can be achieved through
plasma exchange or plasmapheresis.

Newer protocols suggest rheopheresis, a double-filtration plasmapheresis, which does
not require replacement of fluid and, thus, reduces the risk of anaphylaxis. Rheopheresis
is usually applied in conditions with microcirculatory alterations because of its beneficial
effect on blood and plasma viscosity, erythrocyte deformability and aggregation. Therefore,
rheopheresis was thought to have a beneficial effect on Raynaud’s phenomenon and digital
ulcers. However, data regarding effects of rheopheresis on microcirculation in SSc are
contradictory [193,194].

Adverse events as a result of applying therapeutic plasma exchange, plasmapheresis
or rheopheresis are rare [195,196]. Main adverse events to consider are complications due
to venous access, hypocalcemia and hypovolemia. Excluding SSc, plasmapheresis reduced
autoantibodies in serum and also in cerebrospinal fluid in several diseases [197].

4.3.2. Immunoadsorption

An alternative therapeutic procedure for the removal of autoantibodies from a pa-
tient’s blood is a technology called immunoadsorption. In immunoadsorption, plasma
and blood cells are separated in an extracorporeal circuit. The plasma is then passed
through a high-affinity column. This procedure enables almost complete removal of human
immunoglobulins and immune complexes from the patient’s blood. Immunoadsorption
is thus more effective than plasma exchange or plasma pheresis. However, this can also
lead to a greater decrease in non-pathogenic immunoglobulins. So far, there are no stud-
ies that have investigated immunoadsorption in SSc. Evidence for the application of
immunoadsorption in connective tissue diseases was reviewed by Hohenstein et al. [198].

4.3.3. Intravenous Gammaglobulin (IVIg)

IVIg is a blood product prepared from the serum of a great number of donors. Al-
though the mechanism of action is not fully understood, a “high-dose” administration
of 2 g/kg/month appears to have immunomodulatory effects, which is why the use of
IVIGs in a number of autoimmune-mediated diseases has become widespread in recent
decades [199,200]. The immunomodulatory mechanisms of action include inhibition of T-
cell proliferation, modulation of apoptosis, inhibition of superantigen-mediated activation
of T cells, inactivation of inflammatory factors such as TNF-a and IL-1«, effect on cytokine
levels, inhibition of phagocytosis, enhancement of the catabolism of autoantibodies, effect
on glucocorticoid receptor-binding affinity and inhibition of deposition of classical pathway
components [119,201]. In SSc, in addition to the reduction of gastrointestinal symptoms,
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immunoglobulins can also help in decreasing skin thickness and reduce arthromyalgia and
muscle weakness [202,203].

4.4. Specific Approaches for the Removal of Antibodies
4.4.1. Selective Removal of Autoantibodies by Lysosomal Degradation

Several mechanisms are involved in the regulation of antibody concentrations in the
human body. An interesting mechanism involves the neonatal Fc receptor (FcRn) which has
a structure similar to the major histocompatibility complex (MHC) class I and also associates
with 32-microglobulin. The FcRn is involved in the transport of maternal IgG to the fetus.
This receptor regulates the transport of not only antibodies, but also other serum proteins
such as albumin, within and across cells, by binding IgG at pH < 6.5 in early endosomes and
releasing IgG at neutral pH, enabling IgG recycling. As a result, FcRn reduces lysosomal
IgG degradation and, thus, modulates IgG concentrations in serum and throughout the
body. Whereas engineering of the variable regions of IgG is a widely used approach to
develop therapeutically effective antibodies, modulation of the Fc region of IgG represents
an emerging research area. E.g., the Fc part of tixagevimab and cilgavimab (Evusheld,
formerly known as AZD7442), which is used for prophylaxis of developing symptomatic
COVID-19 disease in patients with increased risk of insufficient response to vaccination,
was mutated to extend half-life [204]. Moreover, several drugs were fused to Fc portions to
increase half-lives through FcRn-mediated recycling, e.g., etanercept (Enbrel) or abatacept
(Orencia) [205]. Regarding autoantibodies, new therapeutic strategies focus on the blocking
of FcRn-IgG interaction to reduce autoantibody concentrations. Summarized under the
term ”“Abdeg” technology, Fc fragments and antibodies were engineered to inhibit FcRn—
IgG interaction [206]. In 2021, the first Fc-based inhibitor, namely efgartigimod (Vyvgart),
was approved for treatment of generalized myasthenia gravis by the USA Food and Drug
Administration (FDA). Moreover, this technology was evaluated in further diseases, e.g.,
primary immune thrombocytopenia or pemphigus vulgaris and foliaceus [207-211].

Another emerging therapeutic technology is summarized by the term ”Seldeg”, an
abbreviation for ”selective degradation”. Seldegs enable the selective degradation of
antigen-specific antibodies by binding, on one hand, to cell surface molecules via the
targeting component and, on the other hand, to antigen-specific antibodies by the antigen
component. After binding both components, the complex of the antigen-specific antibody
and Seldeg is internalized and degraded in lysosomes. In animal models of several diseases,
Seldegs were investigated. In an animal model of antibody-mediated exacerbation of exper-
imental autoimmune encephalomyelitis, Seldegs binding to exposed phosphatidylserine
or to FcRn were compared. Both Seldegs led to an amelioration of disease severity [212].
A key advantage of Seldegs compared to FcRn inhibitors is that Seldegs do not reduce
antibody levels that are not target specific. Therefore, immunosuppressive effects of current
treatments were not observed.

4.4.2. Selective Removal of Autoantibodies Using Aptamer BC007

Aptamers are artificially created, short, single-stranded DNA or RNA oligonucleotides
that are capable of binding to a specific molecule with a high affinity [213]. The ability
to digitally share their sequence information and produce them using a template enables
fast and economical manufacturing [214]. Their heat resistance provides an additional
advantage in processing, transporting and sterilizing the aptamers [215]. Aptamers can
not only be useful diagnostic tools for recognizing pathogens and cancer or for tracking
environmental contamination, but they also exhibit therapeutic uses [216]. Pegaptanib
sodium (Macugen; Eyetech Pharma/Pfizer), a drug against age-related macular degenera-
tion, is an RNA aptamer against vascular endothelial growth factor 165 (VEGF-165) and
the only so-far-approved aptamer drug [217]. However, many other aptamers are currently
being studied and their application could revolutionize the treatment of many diseases.
BC007, which was originally developed as a thrombin inhibitor [218], is the only known
aptamer that is able to neutralize functional antibodies against GPCRs. Haberland et al.
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managed to neutralize antibodies against GPCRs that had been linked to cardiovascular
pathologies such as dilated cardiomyopathy (DCM) and Chagas’ cardiomyopathy in vivo
through the application of BC007 [219]. Wallukat et al. demonstrated the neutralizing
efficiency of BC007 in serum of patients with DCM, where this serum was treated with the
aptamer ex vivo. Moreover, antibody neutralization was achieved in vivo in spontaneously
hypertensive rats [220]. Antibodies against GPCRs have also recently been associated
with COVID-19 severity [221]. Hohberger et al. published a case report of a patient with
long-COVID syndrome and positivity for antibodies against GPCRs to whom BC007 was
applied intravenously. After a single application and during the subsequent four-week
observation, an inactivation of GPCRs and a sustained improvement of fatigue, taste and
retinal capillary microcirculation was detected [222]. Moreover, in fibrosis, a key feature of
SSc, aptamers targeting downstream TGF-§3 signaling have been investigated [223]. These
aptamers could also be a potential therapeutic approach for the treatment of SSc.

4.5. Therapeutics Targeting B-Cell-Secreted Cytokines

Tocilizumab is a humanized monoclonal antibody inhibiting the binding of IL-6 to
the membrane and soluble IL-6 receptor. Therapeutic efficacy of tocilizumab has been
investigated in a phase II (faSScinated study, n = 87 [224]) and a phase III study (focuSSced
study, n = 212 [225]). Both studies did not reach their primary endpoint: mRSS improved
under therapy with tocilizumab without reaching statistical significance compared to
placebo. However, in both studies, tocilizumab preserved lung functionality with a sig-
nificantly smaller decline in FVC than with placebo. Patients with short disease duration
and elevated inflammatory markers responded to therapy with tocilizumab. The most
common adverse events under therapy with tocilizumab in both studies were infections.
Based on these results, the FDA approved tocilizumab for treatment of SSc-associated
ILD in March 2021. Though both trials could not demonstrate significant improvement
in mRSS compared to placebo, in vitro treatment of cultured skin fibroblasts from SSc
patients with tocilizumab revealed a normalization of the genetic profile resulting in an
inactive molecular and functional fibroblast phenotype [226]. For further information on
the role of IL-6 in the pathophysiology of SSc and the potential therapeutic efficacy of the
IL-6 inhibitor tocilizumab in further studies, we refer to a recently published review by
Cardoneanu et al. [227].

5. Conclusions

So far, the mechanisms leading to the development of autoreactivity in the B-cell
compartment and, secondarily, to the formation of autoantibodies are insufficiently un-
derstood. Similarly, investigations regarding the mechanisms by which autoantibodies
functionally intervene in the pathology of SSc are still in their infancy. We expect that
research on autoreactive B cells and autoantibodies will identify further autoantibodies
that might serve as biomarkers. In addition, the understanding of autoantibody-mediated
pathologies will grow. As presented, autoreactive B cells and autoantibodies represent
ubiquitous pathomechanisms; findings obtained in the context of a specific disease will
be transferable to others. Moreover, an increased understanding of pathomechanisms
will enable the identification of promising new therapeutic approaches, preventing harm
through pathogenic autoantibodies, but preserving beneficial effects of natural autoanti-
bodies. As autoantibody-mediated processes are among the mechanisms that occur early
in SSc, it is crucial to identify patients in the early stages of the disease, treat them with
the listed therapeutics, and evaluate the potential to halt the development of full-blown
disease. Ultimately, future technologies could enable the application of precision medicine
in the treatment of B-cell-mediated pathologies: patient-specific autoantibodies mediating
pathogenic effects could be identified enabling a patient-specific removal of autoantibodies.
However, autoreactive B cells and autoantibodies represent only one field of the pathogene-
sis of SSc. An investigation of the intertwining of autoantibody-mediated pathomechanisms
with other pathogenetic factors in SSc will be a major field of research in the future.
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Abstract: Systemic sclerosis (SSc) is a complex rare autoimmune disease with heterogeneous clinical
manifestations. Currently, interstitial lung disease (ILD) and cardiac involvement (including pul-
monary arterial hypertension) are recognized as the leading causes of SSc-associated mortality. New
molecular targets have been discovered and phase II and phase III clinical trials published in the
last 5 years on SSc-ILD will be discussed in this review. Details on the study design; the drug tested
and its dose; the inclusion and exclusion criteria of the study; the concomitant immunosuppression;
the outcomes and the duration of the study were reviewed. The two most common drugs used for the
treatment of SSc-ILD are cyclophosphamide and mycophenolate mofetil, both supported by random-
ized controlled trials. Additional drugs, such as nintedanib and tocilizumab, have been approved to
slow pulmonary function decline in SSc-ILD. In this review, we discuss the therapeutic alternatives
for SSc management, offering the option to customize the design of future studies to stratify SSc
patients and provide a patient-specific treatment according to the new emerging pathogenic features
of SSc-ILD.

Keywords: systemic sclerosis; interstitial lung disease; clinical trial

1. Introduction

Systemic sclerosis (SSc) is a complex rare autoimmune disease with heterogeneous
clinical manifestations, including vasculopathy, immune dysfunction, musculoskeletal
inflammation, and fibrosis of the skin and internal organs [1,2]. Currently, interstitial lung
disease (ILD) and cardiac involvement (including pulmonary arterial hypertension) are
recognized as the leading causes of SSc-associated mortality; in particular, ILD appears to be
virtually always present in SSc patients according to autopsy studies, with up to 90% having
evidence of pulmonary involvement on HRCT, with 40-75% showing reduced pulmonary
function tests [3]. Indeed, interstitial lung disease accounts for up to a third of mortality
causes [4,5], thus representing the leading cause of death in SSc. The discovery of targeted
therapies is still an unmet clinical need, due to the complex multifactorial pathogenesis.

SSc-ILD progression is commonly characterized by a slow rate of progression, with
about a quarter of SSc patients experiencing ILD progression in 1 year time and around
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a third in 5-year time [6]. A number of candidate therapies are under evaluation and,
simultaneously, ongoing trials are also numerous, including phase I and II studies.

Cyclophosphamide (CYC) and mycophenolate mofetil (MMF) are the two most com-
mon drugs used for the treatment of SSc-ILD; their use is supported by randomized
controlled trials (RCT) [7,8] that demonstrated similar effective results, although MMF
has less risk to fertility, favorable ease of follow-up, with a reduced risk of secondary
malignancies. Nevertheless, the latest SSc-ILD treatment guidelines recommend CYC and
hematopoietic stem cell transplant considering these therapeutic approaches are supported
by completed RCTs [9]. Additional drugs, such as nintedanib and tocilizumab, have been
approved to slow down pulmonary function decline in SSc-ILD [10-12].

In this context, the aim of the present literature review is to analyze the phase II and
phase III SSc-ILD randomized clinical trials published in the last 5 years.

Full peer-reviewed manuscripts reporting phase II, phase III, and head-to-head ran-
domized clinical trials regarding SSc-ILD studies, published from 1 January 2016 to
31 December 2021 and describing outcomes following pharmaceutical-based interventions,
were included. Studies with heterogeneous ILD populations (e.g., connective tissue disease-
associated ILD (CTD-ILD)) as well as study designs, case reports, review articles, letters to
the editor, editorials, preclinical studies, non-pharmacological interventions, and guidelines
were excluded from the analysis.

Study design with sample size, treatment regimen details, participant baseline charac-
teristics, study endpoints, assessment of pulmonary function, patient function or quality
of life measures, survival and safety outcomes were reported in a descriptive table for
phase II, phase III, and head-to-head randomized clinical trials.

2. Randomized Clinical Trials
2.1. Phase 111
2.1.1. Nintedanib

Nintedanib, a multi-target tyrosine kinase inhibitor, is a small molecule designed
as an ATP-competitive inhibitor of platelet-derived growth factor receptor (PDFGR), fi-
broblast growth factor receptor (FGFR), and vascular endothelial growth factor receptor
(VEGEFR), recently approved for the treatment of idiopathic pulmonary fibrosis (IPF) [13].
SSc-ILD and IPF share some similar fibrogenic mechanisms that include fibroblast ac-
tivation, migration, proliferation, and differentiation into myofibroblasts, resulting in
excessive collagen deposition [14]. The phase III, multi-center, randomized, double-blind,
placebo-controlled SENSCIS (Safety and Efficacy of Nintedanib in Systemic SClerosIS) trial
evaluated nintedanib safety and efficacy in patients affected by SSc-ILD (NCT02597933).

The primary endpoint was the annual rate of forced vital capacity (FVC) decline
(ml/year) assessed over 52 weeks [15]. In the primary end-point analysis, the adjusted
annual rate FVC change was —52.4 mL/year in the treated group and —93.3 mL/year in
the placebo group (difference, 41.0 mL per year; 95% confidence interval (CI), 2.9 to 79.0;
p = 0.04). The adjusted mean annual rate of FVC change as a percentage of the predicted
value at week 52 was —1.4% in the nintedanib arm and —2.6% in the placebo arm (difference,
1.2 percentage points: 95% CI, 0.1 to 2.2). Patients in the arm treated with MMF at baseline
had a better performance. Furthermore, the decrease in FVC differed in the placebo
group and it is associated with MMF use. Although a randomization according to MMEF
administration was not used, these data suggest a potential additional benefit of MMF use
with nintedanib on lung function [10]. However, additional studies are necessary to explore
the combined use of MMF and nintedanib in SSc-ILD patients. In a post hoc analysis of the
SENSCIS trial, the authors assessed the proportions of patients with categorical changes in
% predicted FVC at week 52 and the time to absolute decline in FVC of >5% predicted or
death and absolute decline in FVC of >10% predicted or death. Over 52 weeks, the hazard
ratio (HR) for an absolute decline in FVC of >5% predicted or death with nintedanib
versus placebo was 0.83 (95% confidence interval [95% CI] 0.66—1.06) (p = 0.14), and
the HR for an absolute decline in FVC of >10% predicted was 0.64 (95% CI 0.43—0.95)
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(p = 0.029), confirming that nintedanib has a clinically significant advantage in reducing
the progression of SSc-ILD [16].

2.1.2. Tocilizumab

Tocilizumab (TCZ) is a recombinant humanized monoclonal antibody of the im-
munoglobulin G1k subclass, that binds interleukin 6 (IL-6) receptor, thus blocking its
signaling. The molecule is genetically engineered and is produced by grafting the com-
plementarity determining region of mouse anti-human IL-6 R to human IgG1 [17]. TCZ is
approved in Europe for the treatment of selected forms of rheumatoid arthritis and analo-
gous diseases non-responsive to methotrexate or other disease-modifying anti-rheumatic
drugs and it is under evaluation in other diseases sharing inflammatory pathogenesis [18].
The rationale for targeting IL-6 starts from the observation of high levels of IL-6 in skin
and lung tissues of SSc-patients [19,20]; moreover, IL-6 levels tightly correlate with skin
thickness scores supporting a causal relationship [21]. Starting from these data the faSSci-
nate trial (NCT01532869) was designed. FaSScinate is a phase 2, randomized, double-blind,
placebo-controlled trial enrolling 87 SSc patients [11]. Patients were assigned into different
groups using randomization (1:1) to receive weekly subcutaneous treatment with TCZ
162 mg or placebo for 48 weeks followed by open-label weekly TCZ for additional 48 weeks.
The primary efficacy endpoint was the difference in mean change from baseline in modified
Rodnan skin score (mRSS) at week 24. Despite the primary endpoint was not achieved,
with a difference of —2.70 mRSS units (95% CI: —5.85, 0.45) in favor of TCZ and in absence
of a statistical significance (p = 0.0915), the study evidenced that fewer patients in the TCZ
arm had a decline in % predicted FVC than in the placebo arm with respect to cumulative
distribution (week 48, p = 0.0373). Overall, after 48 weeks of treatment, safety in faSScinate
was coherent with the natural history of SSc and the known safety profile for TCZ [10].
Following these encouraging results, a phase 3 study, the focuSSced trial (NCT02453256),
was designed [22]. The primary endpoint was the difference in change from baseline to
week 48 in modified Rodnan skin score (mRSS), while % predicted FVC, time to treatment
failure, and patient-reported and physician-reported outcomes were secondary endpoints.
The change in mRSS was higher in the TCZ arm (—6.1 vs. —4.4) but it did not meet signif-
icance (p = 0.1). On the other hand, the TCZ group showed a significant stabilization of
FVC compared to placebo, according to the subgroup analysis that considered only SSc
participants with ILD (—14 mL vs. —255 mL at 48 weeks, p < 0.001). These findings were
also associated with a reduced number of SSc-ILD patients having a >10% decline in %
predicted FVC in the TCZ compared to placebo (5 vs. 14). Taken all together, these results
support the use of TCZ in SSc patients with early ILD, as already approved by the Food
and Drug Administration.

2.1.3. Lenabasum

Lenabasum is a synthetic cannabinoid receptor type-2 (CB2) agonist recognized as an
inflammation-resolving drug candidate for the treatment of different diseases, thanks to
its anti-inflammatory effects, and also for systemic sclerosis [23]. A randomized, double-
blind, placebo-controlled, phase II study (NCT02465437) was designed to evaluate the
safety and tolerability of lenabasum in patients with active SSc [24]. Lenabasum treatment
was safe, well-tolerated, and improved multiple efficacy assessments of overall disease,
such as skin involvement and patient-reported outcomes. FVC was used as a lung per-
formance measure and was associated with numerical improvement from baseline in the
lenabasum group compared to the placebo group starting at week 8, with a maximal but
non-significant mean + SEM treatment difference of 1.7 & 1.6% observed at week 12. These
data encouraged authors to provide other analyses and patients who had completed the
16-week phase 2 study were enrolled to continue lenabasum treatment at the dose of 20 mg
twice a day. Thirty-six patients were enrolled and 26 patients were treated for >92 weeks.
Predicted FVC values declined by 3.2% from the start of the study, but the trial design of
this “open period” limits the conclusion. Despite the interesting results, the study shows
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some limitations, including the small number of patients, short-term observation period,
and the subsequent open phase. RESOLVE-1 (NCT03398837) was the phase 3 study [25].
This study presents some novel aspects with respect to other studies: the American Col-
lege of Rheumatology (ACR) Combined Response Index in diffuse cutaneous Systemic
Sclerosis (CRISS) score was assigned as the primary outcome and interim analysis has
been presented at the 2021 American College of Rheumatology meeting [26]. The CRISS
score involves a two-step process: the first step is to identify relevant disease worsening
or the occurrence of new-onset end-organ damage. The second step requires calculating
the probability of patient improvement after 1 year of therapy based on a scale ranging
from 0 to 1 point according to changes from baseline status in five domains: the mRSS,
% predicted FVC, patient and physician global assessments, and the Health Assessment
Questionnaire Disability Index (HAQ-DI). A responder is defined as a patient having a
CRISS score of 0.6 or higher and no significant renal or cardiopulmonary worsening [27].
Despite in the RESOLVE-1 trial the primary outcome was not achieved, post hoc analysis
suggests that patients taking lenabasum in association with background MMF for more
than 2 years were more likely to have stable % predicted FVC over 1 year compared to
MMF and placebo (64% vs. 35%). These findings, however, need to be confirmed in
future studies.

2.2. Phase 11
2.2.1. Pirfenidone

Pirfenidone is a small molecule comprising a modified phenyl pyridine with pleiotropic
anti-fibrotic, antioxidant and anti-inflammatory properties, although its exact mechanism
of action remains unclear. Pirfenidone was initially identified as an anti-inflammatory
compound in animal models [28]. However, the unexpected identification of anti-fibrotic
effects in animals treated with pirfenidone redefined the interest in this molecule [29].
Pirfenidone has been shown to attenuate fibrosis in different organs, including lung, liver,
heart, and kidney [30]; it is actually approved for IPF treatment [31] and has also been tested
in SSc-ILD patients in the LOTUSS study (an Open Label, RandOmized, Phase 2 STUdy of
the Safety and Tolerability of Pirfenidone when Administered to Patients with Systemic
Sclerosis-Related Interstitial Lung Disease) (NCT01933334) [32]. However, pirfenidone
use is known to be associated with adverse events (AE) related to the liver, skin, and
gastrointestinal (GI) system which are also frequently observed in SSc patients. Reasonably,
the primary endpoint was the safety of this treatment in SSc-ILD patients, whereas the
secondary endpoint was the effect of pirfenidone on predicted FVC and diffusion capacity
of carbon monoxide (DLCO). Data showed an acceptable tolerability profile of pirfenidone
in SSc-ILD and this tolerability was not affected by concomitant MMF use. However, FVC
and DLCO values were basically unchanged throughout the observation period and no
clinically relevant differences were observed in lung function variables between the groups
or in any of the subgroup analyses. Lately, another double-blind, randomized, placebo-
controlled, pilot study was conducted to evaluate the safety and efficacy of pirfenidone in
SSc-ILD. Analogous to the LOTUSS trial, this study was unsuccessful in finding a relevant
beneficial effect of pirfenidone over placebo in improving/stabilizing FVC, exercise capac-
ity, symptoms, or skin disease. Nevertheless, the trial is underpowered to allow conclusive
evidence [33].

2.2.2. Pomalidomide

Pomalidomide (POM) is an immunomodulatory agent structurally similar to thalido-
mide and lenalidomide. POM had shown immune-modulating activity on myeloid and
lymphocyte cells and exhibited anti-fibrotic effects in pre-clinical models of dermal fibro-
sis [34]. Furthermore, it enhances T cell and natural killer (NK) cell-mediated immunity
and inhibits pro-inflammatory cytokines release, such as tumor necrosis factor (TNF) or
IL-6. In a study including 11 SSc patients, histologic comparison of skin biopsies showed
changes in skin fibrosis and an increase in epidermal and dermal infiltrating CD8 (+) T cells
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following thalidomide treatment. Moreover, thalidomide reduced IL-12 and TNF plasma
levels. These changes were associated with clinical effects, including dry skin, dermal
edema, transient rashes, and healing of digital ulcers [35]. Starting from these data and
from a similar structure, POM was tested in SSc patients. Due to difficulties in recruiting
patients for the study owing to restrictive inclusion and exclusion criteria, the sponsor
terminated enrollment. According to the interim analysis data, the study did not show a
significant amelioration in any of the co-primary efficacy endpoints (changes from baseline
in FVC and mRSS) for patients who concluded blinded treatment [36].

2.2.3. Romilkimab

Romilkimab is a bispecific monoclonal (immunoglobulin-G4) antibody that binds and
neutralizes both IL-4 and IL-13 [37]. IL-4 and IL-13 are Th2-derived cytokines involved in
the pro-fibrotic mechanisms of SSc; in fact, their increased levels have been detected both
in serum and in skin biopsies of SSc patients [38]. A phase 2A, randomized, double-blind,
placebo-controlled, 24-week trial was performed in SSc patients (NCT02921971) [39] that fo-
cused the primary endpoint on evaluating the change from baseline to week 24 in modified
mRSS and the secondary endpoints on FVC and DLCO. Romilkimab resulted in a significant
reduction in mRSS from baseline to week 24 versus placebo (—4.32 to —0.31; p = 0.0291. The
least square mean (SE) change in FVC was —10 (40) mL for romilkimab versus —80 (40) mL
for placebo at week 24 resulting in a non-significant mean (SE) difference (95% CI) of
70 (60) mL (—40 to 190; p = 0.10). In this study, romilkimab had a non-significant but favor-
able effect on lung outcomes, which might justify further assessment. Moreover, in patients
treated with a placebo, the evidence of the loss of 80 mL for FVC between baseline and
week 24 might supports the hypothesis that patients with early SSc may develop significant
lung disease in a very short period of time.

2.2.4. Riociguat

The soluble guanylate cyclase (sGC) stimulator riociguat increases intracellular cyclic
guanosine monophosphate (cGMP) and consequently activates protein kinases G, with an
effect on the regulation of vascular tone and remodeling [40]. Riociguat was approved for
the treatment of pulmonary arterial hypertension [41]. A 52 week, double-blind, placebo-
controlled, multi-center, randomized phase 2 study (RISE-SSc, NCT0228376219) was per-
formed in recently diagnosed SSc patients (disease duration < 18 months) in order to
investigate the potential effects of riociguat. The primary endpoint was the change in
mRSS from baseline to week 52 whereas among secondary endpoints, change in FVC% was
evaluated. Among secondary endpoints, DLCO% and FVC% were evaluated overall and
(post hoc) in patients with ILD according to medical history and restrictive lung disease
(FVC% 50-75% at baseline). The modification in FVC% between baseline and week 52
was —2.38% (SD 7.52) with riociguat and —2.95% (SD 9.73) with placebo (difference of
LS means —0.20 (SE 1.61); 95% CI —3.40 to 3.00; nominal p = 0.901). Depending on the
diagnosis (patients with ILD or patients with restrictive disease) the mean change in FVC%
from baseline to week 52 was —7.6 to —8.7% with placebo and +0.7 to —2.7% with riociguat.
Some measures of mRSS, lung function in patients with evidence for pre-existing ILD
and the prevention of new Raynaud’s phenomenon and digital ulcers symptoms suggest
potential signals for efficacy. It is important to highlight that the results of descriptive
analyses of secondary and exploratory endpoints should not be interpreted as the efficacy
of riociguat, but as a potential indicator to be examined in further studies [42].

2.2.5. Rituximab

Rituximab (RTX) is a chimeric murine/human monoclonal antibody targeted against
CD20, a specific pan-B-cell marker and the only binding site for RTX. RTX binding to
the cell surface results in the destruction of lymphocytes through several mechanisms
including apoptosis activation, complement-dependent cytotoxicity, or antibody-dependent
cytotoxicity.

159



Biomedicines 2022, 10, 504

B cells have been found in the skin and lungs of patients with SSc-ILD, and an
increased expression of B cell-related genes has also been demonstrated in the skin [11].
Moreover, in SSc patients, the B cell population is predominantly represented by naive
B cells compared to memory B cells, although the latter are highly active [43].

A multi-center, open-label, comparative study was performed on a total of 51 patients
with SSc-ILD and treated with rituximab (RTX) or conventional treatment (azathioprine,
methotrexate, and MMF) [44]. Patients treated with RTX showed an increase in FVC
at 2 years (mean £ SD of FVC: 80.60 £ 21.21 vs. 86.90 £ 20.56 at baseline vs. 2 years,
respectively, p = 0.041 compared to baseline). Patients in the control group had no significant
change in FVC during the first 2 years of follow-up. At the 7th year, the remaining patients
in the RTX group had higher FVC compared to baseline (mean =+ SD of FVC: 91.60 + 14.81,
p = 0.158 compared to baseline) in contrast to patients in the control group that showed
an FVC deterioration (p < 0.01, compared to baseline). Direct comparison between the
2 groups showed a significant benefit for the RTX group in FVC (p = 0.013).

Of note, a recent trial analyzed the efficacy and safety of RTX in SSc patients. This was
a phase II, multi-center, double-blind, parallel-group, investigator-initiated, randomized,
placebo-controlled trial (DESIRES) conducted in four Japanese hospitals. The results,
despite the limited number of patients, are relevant demonstrating that RTX at the dose of
375 mg/m? every week for 4 weeks produces a significant improvement in mRSS compared
to placebo. Additionally, among the secondary endpoints included, FVC% appears to be
stable in RTX-treated overall compared to the reported reduction of the placebo, with
promising results reported in the subgroup analysis regarding SSc-ILD patients [45].

2.2.6. Abatacept

Based on growing evidence suggesting a key role for T cells in the development of both
skin and internal organ damage in systemic sclerosis [46,47], a phase Il investigator-initiated,
multi-center, double-blind randomized placebo-controlled trial was designed to assess the
safety and efficacy of abatacept in 88 early diffuse SSc [48]. mRSS change at 12 months,
which was the primary endpoint of the study, was not statistically significant; neither was
% predicted FVC. Nonetheless, a significant difference was observed in HAQ-DI and ACR
CRISS between abatacept and placebo. These results, together with the superior safety
profile of abatacept compared to placebo and the higher number of SSc patients requiring
rescue therapy in the placebo group, led to the extension of this trial with an additional
6-month open-label, double-blind, randomized trial [49]. Overall, the authors concluded
that both mRSS and FVC% predicted showed numerical improvement in patients assigned
abatacept compared with those assigned to placebo which was not statistically significant;
moreover, substantial individual heterogeneity should be considered.

2.3. Head-to-Head
2.3.1. Rituximab vs. Cyclophosphamide

RTX has been used in patients with SSc¢ with pulmonary and renal involvement and
has shown efficacy in patients refractory to CYC [44,50,51]. A prospective, randomized,
open-label, parallel-group trial was performed including SSc patients with skin and lung
involvement [52]. This trial offers the unique feature to provide a head-to-head study,
including CYC as a comparator for the assessment of endpoints. The primary outcome
was the % predicted FVC value at 6 months. There was a significant improvement in the
predicted FVC in the RTX group [from 61.30 (11.28) at baseline to 67.52 (13.59) at the end of
the study; p = 0.002]. The mean difference in predicted FVC was 9.46 (95% CI: 3.01, 15.90;
p =0.003) in favor of the RTX group. This study met its primary endpoint, demonstrating
that RTX improved the % predicted FVC, while CYC was not associated with a % precited
FVC stability after 6 months. In fact, % predicted FVC in the RTX group significantly
increased from 61.30 at baseline to 67.52 at the end of the study, while in the CYC group
FVC showed a non-significant decrease from 59.25 at baseline to 58.06. In conclusion,
the authors described a greater increase in % predicted FVC value as well as decreased
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mRSS in the RTX arm compared with the CYC arm. Since the mean difference in %
predicted FVC was in favor of the RTX arm (9.46; 95% CI: 3.01, 15.90; p = 0.003) and the
lower limit of 95% CI of the mean difference of % predicted FVC was 3.01, this study
met the non-inferiority criterion vs. CYC (margin 2%). Furthermore, RTX therapy was
associated with a good safety profile.

2.3.2. Mycophenolate Mofetil vs. Cyclophosphamide

Because of its immunosuppressive activity and an acceptable safety and tolerabil-
ity profile, MMF has been widely employed in uncontrolled studies for the treatment
of SSc-ILD in the last years. In fact, Tashkin et al. designed a multi-center randomized,
double-blind, clinical trial in order to assess the efficacy and safety of MMF using CYC as a
comparator drug in the Scleroderma Lung Study II (SLS II) [8], as the natural evolution
of the SLS I [7]. In this trial, 69 SSc-ILD symptomatic patients were treated with MMF for
24 months and 73 with CYC for 12 months followed by placebo for additional 12 months.
This preliminary hypothesis was based on the results of SLS I, thus assuming that MMF
would be effective as CYC at 18 months, while the 12 months treatment with CYC would
be associated with a fall in %-predicted FVC back to untreated values after additional
12 months of placebo treatment. While this trial failed to demonstrate MMF superiority,
the results showed that MMF is also not inferior to CYC in producing an improvement
in lung function, though modest and measured in an increase in % predicted FVC of
3.0 £ 1.2% and 3.3 £ 1.1% within the CYC and MMF treatment arms, respectively. Addi-
tionally, MMF induced significant between-treatment differences in DLCO %-predicted and
DL/VA %-predicted supporting a slower decline during the MMF treatment than CYC.

Regarding safety, in the CYC arm, hematopoietic suppression occurred more fre-
quently. On the other hand, the number of pneumonias, infections, systemic adverse events,
or deaths, was not different between the treatment arms. Nevertheless, a greater percentage
of subjects in the CYC arm prematurely discontinued the drug and the tolerated dose of
CYC decreased over time to approximately 75% of the target dose.

3. Discussion

SSc exhibits a complex heterogeneity in multisystem organ involvement due to mul-
tiple cellular and molecular interactions. A growing body of data identified several po-
tential targets, leading to a better definition of the pathogenesis of the disease. In the last
5 years, SSc-ILD, as the leading cause of mortality among SSc patients, attracted numer-
ous interventional trials with a design improved for stratification, screening, timing, and
evaluation [53,54].

In the present critical review of published phase II, phase III, and head-to-head clin-
ical trials from the last 5 years, we found high-quality trials regarding mycophenolate
mofetil, rituximab, riociguat, romilkimab, pomalidomide, pirfenidone, abatacept, lenaba-
sum, nintedanib, and tocilizumab (Tables 1-3). These molecules act at different levels in
the fibrotic and immunologic pathways of SSc-ILD (Figure 1).

From the comparison of these clinical trials, it appears evident that most of the results
related to SSc-ILD and pulmonary function are extrapolated from clinical trials where the
primary endpoint is the progression of skin disease, thus patients’ selection criteria are not
defined specifically for SSc-ILD [55]. A very elegant score, attempting to identify a core set
of variables to include in each clinical trial in SSc, is the ACR CRISS and its revised version
for response (rCRISS), which has been used recently and encompasses, apart from mRSS
and FVC, also patient-and physician-reported outcomes in a single score [56].

As evidenced in Table 2, which shows the trials in the most advanced phase, the pri-
mary endpoint is always different and it does not allow to perform an ideal comparison.
The nintedanib trial offers the ideal patients’ selection, restricted to SSc-ILD, without
needing to provide sub-group analysis, such as for tocilizumab and lenabasum.
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Table 1. Phase Il randomized double-blind clinical trials in SSc-ILD.

Molecule
and Trial

Study Design Endpoints

Efficacy

Safety

Tocilizumab
(FaSScinate)
(NCT01532869)

Primary: mRSS
Secondary:
patient-reported and
physician-reported

Randomization 1:1
TCZ (n =43) 162 mg
(s.c. weekly)
Placebo (n = 44)

Duration 24 weeks outcomes
followed by open-label % predicted FVC,
weekly TCZ for % predicted

additional 24 weeks. DLCO

The primary endpoint not
reached (treatment difference
of —2.70 mRSS units
(95% CI: —5.85, 0.45) in
favour of TCZ, with no
statistical significance
(p =0.0915).

Fewer patients in the TCZ
arm had a decline in FVC%
than in the placebo arm
(week 48, p = 0.0373).

42 /43 (98%) patients in
the TCZ group vs.
40/44 (91%) in the
placebo group had
adverse events.

14 (33%) vs. 15 (34%) had
serious adverse events.
Serious infections were

more common in the

TCZ group (7/43 (16%))

than in the placebo group

(2/44 (5%)).
One patient died in the
TCZ group

Lenabasum
(NCT02465437)

Randomization: 2:1
Lenabasum (1 = 27)
(5 mg once daily, 20 mg
once daily, or 20 mg
twice daily for 4 weeks,
followed by 20 mg
twice daily for 8 weeks)
Placebo (n = 15)
Duration: 12 weeks

Primary: CRISS score

The median CRISS score
increased in the lenabasum
group during the study,
reaching 0.33, versus 0.00 in
the placebo group, at
week 16 (p = 0.07 by 2-sided
mixed-effects model
repeated-measures analysis).

9/15 (60%) of the
placebo-treated subjects
and 17/27 (63%) of the
lenabasum-treated
subjects had adverse
events (AEs).

No serious or severe AEs
related to lenabasum
were observed.

No deaths.

Pirfenidone
(LOTUSS)
(NCT01933334)

Randomization: 1:1
Pirfenidone starting
dose: 801 mg/day-
maintenance dose of
2403 mg/day
2 week titration (n = 32)
4 week titration (n = 31)
Duration: 16 weeks

Safety

Data showed an acceptable
tolerability profile of
pirfenidone in SSc-ILD, and
tolerability was not affected
by concomitant MMF use.
FVC% and DLCO values
were unchanged throughout
the observation period, and
no clinically relevant
differences were observed in
lung function variables
between the groups or in any
of the subgroup analyses

96.8% experienced an
adverse event
6 patients discontinued
early for
treatment-related
adverse events in the
pirfenidone group.

Pirfenidone
(NCT03856853)

Primary: stabilisation
or improvement
in FVC
Secondary: absolute
change in the %
predicted FVC,
Mahler’s dyspnoea
index, (MWD, MRSS
and TNF and TGF-f
serum levels

Randomization: 1:1
Pirfenidone (n = 17)
2400 mg/day
Placebo (n =17)
Duration: 24 weeks

Stabilisation/improvement
in FVC was seen in 94.1%
and 76.5% subjects in the
pirfenidone and placebo

groups, respectively
(p=0.33).

The median (range) absolute

change in % predicted FVC
was —0.55 (—9 to 7%) and
1.0 (—42 to 11.5%) in the

treatment and control
groups, respectively
(p =0.51).

The changes in 6MWD,
dyspnoea scores, MRSS, and
levels of TNF and TGF-f3
were not significantly
different between groups.

Adverse events were
common among the
groups (96.1% in the
prifenidone and 100%
in the placebo group)
Gastrointestinal
intolerance led to
discontinuation of the
drug in two patients in
the pirfenidone group
and one of these subjects
required hospitalisation

162



Biomedicines 2022, 10, 504

Table 1. Cont.

Molecule

and Trial Study Design Endpoints Efficacy Safety
Randmization 1:1 o Prm}ary: mRSS, Because of recrult'ment POM was generally well
_ % predicted FVC and challenges, subject .
. . POM (n =11) 1 mg QD . . tolerated, with an
Pomalidomide UCLA Scleroderma  enrollment was discontinued .
Placebo (n =12) . X . . adverse event profile
(NCT01559129) . Clinical Trial early. Interim analysis . . .
Duration: 52 weeks - . consistent with previous
(discontinued early) Consortium showed that primary studies regaridng POM
y Gastrointestinal Tract endpoints were not met 8 &
Overall incidence of
o treatment-emergent AEs
ekt eted
Randmization 1:1 Primary: mRSS. sienificant decreaZe in (>80% in both groups.
o Romilkimab (1 = 48) Secondary: HAQ-DI, 8 Mild or moderate in
Romilkimab 200 mg s.c. weekl observed mRSS versus placebo. intensity (40%) and
(NCT02921971) &8¢ Y FVC and DLCO show yoe
Placebo (n = 49) FVC/observed L severe (2%) for
- a positive trend for e
Duration: 24 weeks DLCO. s R . romilkimab; and
romilkimab without reaching .
- L 76% mild or moderate
statistical significance o
and severe (8%)
for placebo
Randomization 1:1 . § . . o . .
Riociguat (1 = 60) Primary: mRSS Riociguat did not show Overall, 96.7% patients in
individually adiusted Secondary: ACR significantly benefit in the riociguat group and
Riociguat overy 2 W(Z]eks]from CRISS, HAQ-DI, mRSS versus placebo at the 55 90.2% in the placebo
(RISE%SSC) 05m yto 25 me orall patient’s global predefined p < 0.05. group experienced an AE.
(NCT0228376219) : thlie tiﬁles dgail y assessment, Overall, the change in FVC% Severe adverse events
over 10 Weeksy physician’s global was not significant. were less common with
Placebo (1 = 61) assessment and Subgroup analysis suggests riociguat than
Duration: 52 :Neeks change in FVC%. potential signals for efficacy with placebo
Randomization: 2:2:1
24 SSc-ILD patients on
Abituzumab :ﬁ?ﬁzﬁr}:;g) ?58 SS) iite Annual rate of Well tolerated
STRATUS . & change in absolute terminated prematurel No new safety signals
abituzumab 500 m, 5 p y Y sig
NCT02745145) or placebo everyg, forced vital capacity were detected.
4 weeks
Duration: 104 weeks
Primary: mRSS
Secondary:
28-swollen and
tender joint count, .
. The primary outcome
patient global
assessment for measure was not
Randomization: 1:1 . statistically significant. Abatacept was found to
overall disease, . o .
Abatacept (n = 44) . According to intrinsic gene  be generally safe with no
physician global . .
125 mg s.c. weekly expression subset based on a new safety signals,
Abatacept assessment for . . s .
Placebo (1 = 44) . machine learning classifier. with lower numbers of
(ASSET) overall disease, . . . .. .
(NCT02161406) no background PROMIS-29 v2 The fibroproliferative subset  participants experiencing
immunomodulatory Profile. HA Q—VDI showed a numerical increase ~ AEs, infectious AEs, and
therapies were allowed Sclero dérma—H A(,Q— in FVC% in the abatacept SAEs compared to the
apart steroids arm (p = 0.19) while all other placebo group

DI VAS pain, burden
of digital ulcers and
Raynaud’s, UCLA
GIT 2.0; FVC%
predicted,
ACR-CRISS

groups showed decreases
in FVC%.
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Table 1. Cont.

Molecule

and Trial Study Design Endpoints Efficacy Safety
Adverse events were
almost similar in both
groups (100% in the
The absolute change in mRSS rituximab and 88% in
was significantly lower in the the placebo group)
rituximab group than in the One serious adverse
Randomization 1:1 . . placebo group event leading
L Rituximab (1 = 28) Primary: mRQS S (—6.30 vs. 2.14; difference to treatment
Rituximab 2 Secondary: % . . .
375 mg/m* once a . —8.44 (95% CI —11.00 to discontinuation
(DESIRES) predicted FVC, : . .
(NCT04274257) week for 4 weeks dicted DLCOY —5.88); p < 0.0001). occurred in one patient
predicte o, = .
Placebo (1 = 28) TLC, SF-36, HAQ-DI Absolute change in % in each group.
Duration: 24 weeks ! ! ' predicted FVC was Upper respiratory
statistical signficant (0.09% infections occurred in
in the rituximab group vs. 39% rituximab-treated
2.87% in the placebo group)  patients and in 38% of the
placebo-treated patients
There were no deaths
during follow-up.
CRISS: American College of Rheumatology Combined Response Index in diffuse cutaneous Systemic Sclerosis
(CRISS) score: MRSS, Health Assessment Questionnaire (HAQ) disability index (DI), physician global assessment
of overall patient health, patient global assessment of health, FVC%.
Table 2. Phase III randomized double-blind clinical trials in SSc-ILD.
la:/rl::ill?l"crlilz Study Design Endpoints Efficacy Safety
The change in mRSS was
higher in TCZ arm Infections were the
(—6.1 vs. —4.4) but not most common adverse
Primary: mean change significant (p = 0.1). events (52% in the TCZ
Ranzomization 1:1 with difference in mRSS. TCZ group showed insteada ~ group vs. 50% in the
Tocilizumab IL-6 stratification Secondary: % predicted  significant slower reduction placebo group).
TCZ (n =104) 162 mg FVC, time to of FVC% compared to Serious adverse events
(FocuSSced) . .
(NCT02453256) (s.c. weekly) treatment failure, placebo, and the results were reported in
Placebo (1 = 106) patient-reported and appear more significant in 13 participants treated
Duration: 48 weeks physician-reported the subset with SSc-ILD with ~ with TCZ and 18 with
outcomes a stabilization of FVC% placebo, primarily
contrasting to the decline in infections and
the placebo group (—20 mL cardiac events.
vs. —257 mL, p < 0.001)
Randomization: The adjusted annual rate of Discontinuation was
1:1 with change in FVC was higher in the
anti-topoisomerase . —52.4 mL/year in the treated  nintedanib group than
- Primary: annual rate of . .
stratification dedline in FVC group and —93.3 mL/year in in the placebo group
Nintedanib (n = 288) (ml/year) the placebo group (16% vs. 8.7%)
150 mg (orally Secon dary}‘, absolute (difference, 41.0 mL per year; Diarrhea, the most
Nintedanib twice daily) changes fro.m baseline 95% confidence interval (CI), common adver'se event,
(SENSCIS) Placebo (n :'288), in the modified Rodnan 29 .to 79.0; p = 0.04). was repor’sed m.75.7 %o
(NCT02597933) SSc-ILD patients The adjusted mean annual of the patients in the

receiving prednisone
(<10 mg/day) and/or
a stable dose of MMF
or methotrexate, were
considered eligible.
Duration: 52 weeks

skin score and the total
score on the St.
George’s Respiratory
Questionnaire (SGRQ)

rate of change in % precited
FVC at week 52 was —1.4%
in the nintedanib arm and
—2.6% in the placebo arm
(difference, 1.2 percentage
points; 95% CI, 0.1 to 2.2).

nintedanib group and
in 31.6% of those in the
placebo group.
3.5% in the nintedanib
group and 3.1% in the
placebo group died
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Table 2. Cont.

Molecule . . X
and Trial Study Design Endpoints Efficacy Safety
Randomization 1:1:1
Lenabasum (1 = 100)
20 mg orally
twice daily . .
Lenabasum Lenabasum (n = 113) I:Ai‘;\?i:){ ::}?ire)\?:ét
5 mg orally twice daily Primary: ACR CRISS R . Less severe side effects
(RESOLVE-1) Stable FVC in subjects . . -
Placebo (n = 115) score—rCRISS . in patients treated with
(NCT03398837) treated with lenabasum
o Background Secondary: mRSS, lenabasum 20 mg
Data from interim . . 20 mg and MMF for more
analysis immunosuppressive HAQ-DI, FVC than 2 years compared compared to placebo
therapies (bIST) were

allowed if doses were
stable for >8 weeks
before screening
Duration: 52 weeks

to placebo

CRISS: American College of Rheumatology Combined Response Index in diffuse cutaneous Systemic Sclerosis
(CRISS) score: MRSS, Health Assessment Questionnaire (HAQ) disability index (DI), physician global assessment
of overall patient health, patient global assessment of health, FVC%.

Table 3. Head-to-head randomized double-blind clinical trials in SSc-ILD.

Molecule and Trial Study Design Endpoints Efficacy Safety
Primary: L .
% predicted FVC A significantly higher The total number of

Rituximab vs.
Cyclophosphamide

(CTRI/2017/07/009152)

Randomization 1:1
RTX (1 = 30):
1000 mg x 2 doses at
0, 15 days
CYC (n = 30): pulses
of CYC 500 mg/m2
Duration: 24 weeks

Secondary: variables
considered were:
absolute change in
liters (FVC-1); modified
Rodnan skin scores,
6-min walk test,
Medsgers score and
new onset or
worsening of
existing pulmonary
hypertension by
echocardiographic
criteria

percentage of patients
experienced an
improvement of FVC
(%) in the RTX group
vs. the CYC group
(26.7% vs. 6.7%,

respectively, p = 0.038).

However, the rate of
worsening of FVC (%)
was similar in the RTX

and CYC treated

patients (3.3% vs. 3%

p=0.612)

patients having an
adverse event was
lower in the RTX group
(30%) vs. the CYC
group (70%) (p = 0.02)
One patient developed
severe pulmonary
arterial hypertension
5 months after the
completion of the trial
(in the RTX group)
and died.

Mycophenolate mofetil
vs. cyclophophamide

(NCT00883129)

Randomization 1:1
MMF (n = 69): 1500 mg
orally twice daily for
104 weeks
CYC (n="73) 18 to
2.3 mg/kg orally
once daily for
52 weeks + placebo
for 52 weeks
Duration: 104 weeks

Primary: % predicted
FVC superior to CYC
Secondary: the course
from 3 to 24 months of
the DLCO %-predicted,
TDI and mRSS scores,
and the change from
baseline in quantitative
HRCT scores for lung
fibrosis and total ILD at
24 months

No significant
difference between
groups, with
non-inferiority of
the MMF arm vs.
CYC arm.

Treatment related
adverse events were
more frequent in the

CYC vs. MMF
Time to withdrawal
from the study
medication or
treatment failure was
significantly shorter in
the CYC arm.
Sixteen deaths (11.3%
of randomized patients)
occurred during the
2-year course of the
trial (11 CYC; 5 MMF)
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Figure 1. Schematic representation of the mechanism of action of nintedanib, pomalidomide,
tocilizumab, rituximab, romilikimab, pirfenidone, lenabasum, and riociguat.
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In addition, the enrollment of patients exposed to background immunosuppressive
therapy, allowed in the nintedanib and lenabasum trials, and the addition of rescue therapy
during the tocilizumab trials at week 16 if needed, further complicates the analysis of
the results.

Ideally, the trial design of a study regarding SSc-ILD should provide the additional or
cumulative effect of a drug over MME, based on the results of previous trials confirming
its non-inferior efficacy to CYC, already modest [7], and its superiority to CYC in terms of
tolerability and treatment discontinuation [8]. Indeed, after the results obtained by MMF in
the phase II trial, and the promising data from pirfenidone trial in SSc [33], a randomized
clinical trial, namely the Scleroderma Lung Study III, has been designed (NCT03221257),
aiming at assessing the efficacy and safety of the combination of the anti-fibrotic effects of
pirfenidone with mycophenolate for the treatment of SSc-ILD.

However, it remains difficult to identify and stratify SSc-ILD patients according to
the most appropriate target or combination therapy, as supporting evidence to employ
anti-fibrotic vs. immunosuppressant medications is lacking. An elegant attempt to suggest
a patient stratification strategy, based on autoantibodies profile and skin gene profiling
could prove useful in driving the most appropriate therapeutic combination [57].

Rituximab could be another candidate for future trials in SSc-ILD employing a combi-
nation therapy design, as this drug showed a better safety profile in a head-to-head study vs.
CYC and the stabilization of pulmonary function in a randomized clinical trial compared
to placebo [58]. In fact, recent reports support RTX use in association with MMF [59,60].
Similarly, a subgroup analysis of the nintedanib trial has been published reporting the post
hoc analysis performed to estimate the proportion of patients with an absolute decrease in
FVC of at least 3.3% predicted at week 52, considered as the minimal clinically important
difference estimate for worsening of FVC in patients with SSc-ILD, by concomitant MMF
use at baseline [61]. This study suggests that combination therapy might have additional
beneficial effects for the treatment of SSc-ILD.

This emerging evidence suggests that the default consensus reference drug for SSc-ILD
is MMF [10,62,63], as supported by the recent post hoc analysis of the nintedanib trial [61].

Since the sequencing of immunosuppressants versus anti-fibrotic treatments remains
to be tested, further combination studies are needed, as already proposed for idiopathic
pulmonary fibrosis [31], to clarify if the combination is superior to either one alone.

Revised ACR CRISS (rCRISS) responses: the proportion of participants that improve
in >3/5 core items by certain percentages (30%, except >5% in FVC%).

4. Conclusions

The primary outcome in ILD studies is to halt disease progression and avoid irre-
versible lung damage and pulmonary function deterioration. Among the most recent phase
III trials, nintedanib and tocilizumab achieved this goal with different endpoints, while the
results of the lenabasum study are not available [22,61]. Furthermore, the promising results
reported for rituximab, according to the recent phase II trial and the results of the study
in comparison with CYC, warrant a confirmatory long-term phase III trial for extensive
use. While several published [10,16,62] and upcoming (NCT02370693-NCT03221257) trials
confirm the use of MMF as the primary drug in SSc-ILD combination therapy, several
additional cellular and molecular targets have been investigated in placebo-controlled
trials.

On one hand, the trials regarding pomalidomide, an analog of thalidomide, and
abituzumab, a pan-ov integrin inhibiting monoclonal antibody, were interrupted for re-
cruiting issues. On the other hand, subgroup analyses show promising effects on pulmonary
function for romilkimab, an anti-interleukin-4/interleukin-13 monoclonal antibody, abata-
cept, an antibody against costimulatory molecules CD80 and CD86, and riociguat, a cGMP
inhibitor. Taken together, these phase II trials confirm that an essential unmet need in
SSc-ILD studies is a better definition of the eligible population and a definitive identifica-
tion of treatment arms for combination therapy and duration of treatment exposure.
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5. Future Directions

While there is a general consensus based upon recommendations on the use of im-
munosuppressants in early SSc to treat cutaneous progression [9], the choice of the most
appropriate drug for SSc-ILD between antifibrotic and immunosuppressants remains
challenging.

Hopefully, ongoing or upcoming trials, such as the combination of bortezomib and
MMEF (NCT02370693) or the combination of pirfenidone and MMF (Scleroderma Lung
Study IHI—NCT03221257), with a trial design dedicated to SSc-ILD, will provide new alter-
natives, increasing the quality of evidence already available, with a precise definition of pa-
tients’ selection criteria, background immunosuppressive therapy, and treatment duration.

We now have growing therapeutic alternatives for SSc management, offering the
option to customize the design of future studies to stratify SSc patients and provide a
patient-specific treatment according to the new emerging pathogenic features of SSc-ILD.

Further research is required to identify the therapeutic algorithm to support combi-
nation therapy, improve criteria for patient enrollment in clinical trials, and provide the
optimal timing for treatment initiation to achieve the ambitious endpoint of improving and
stabilizing over time pulmonary function.
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Abstract: Interstitial lung disease (ILD) is the leading cause of mortality in systemic sclerosis (SSc).
Progressive pulmonary fibrosis (PPF) is defined as progression in 2 domains including clinical, ra-
diological or lung-function parameters. Our aim was to assess predictors of functional decline in
SSc-ILD patients and compare disease behavior to that in idiopathic pulmonary fibrosis (IPF) patients.
Patients with normal forced vital capacity (FVC > 80% predicted; SSc-ILD: n = 31; IPF: n = 53) were
followed for at least 1 year. Predictors of functional decline including clinical symptoms, comorbidi-
ties, lung-function values, high-resolution CT pattern, and treatment data were analyzed. SSc-ILD
patents were significantly younger (59.8 & 13.1) and more often women (93 %) than IPF patients. The
median yearly FVC decline was similar in both groups (SSc-ILD = —67.5 and IPF = —65.3 mL/year).
A total of 11 SSc-ILD patients met the PPF criteria for functional deterioration, presenting an FVC
decline of —153.9 mL/year. Cough and pulmonary hypertension were significant prognostic factors
for SSc-ILD functional progression. SSc-ILD patients with normal initial spirometry presenting with
cough and PH are at higher risk for showing progressive functional decline.

Keywords: systemic sclerosis; interstitial lung disease; cough; pulmonary hypertension; predictors
of treatment response

1. Introduction

Systemic sclerosis (SSc) is a chronic connective tissue disease with multiple organ
involvement [1]. Skin and internal organ manifestations are common; however, SSc-
associated interstitial lung disease (SSc-ILD) is the leading cause of mortality in SSc [2].
Another significant cardiopulmonary complication accounting for additional high mortality
is pulmonary hypertension (PH) [3,4]. The clinical course of this disease shows a high
variability in progression [5].

Goh criteria are widely used to assess the severity of pulmonary involvement in SSc
based on the extent of lung fibrosis on high-resolution computed tomography (HRCT) scan
and forced vital capacity (FVC) % predicted value [6]. According to these criteria, SSc-ILD
patients are classified into limited or extensive disease subgroups; however, functional
decline in patients with normal spirometry, progression of symptoms, or HRCT is not
included in the disease stratification [4]. The SSc-ILD Safety and Efficacy of Nintedanib in
Systemic Sclerosis (SENSCIS) clinical trial confirmed that the annual rate of FVC decline
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in placebo-treated patients was on average —93.3 mL/year, and 46% of participants with-
out specific treatment lost over 5% of FVC during a 1-year follow-up [7]. Furthermore,
recent studies additionally suggested that SSc-ILD patients might lose lung function even
in the physiological range and should be followed more closely to prevent functional
deterioration [8].

Idiopathic pulmonary fibrosis (IPF) is a progressive fibrosing ILD of unknown origin
and is associated with a poor outcome. IPF is characterized by a progressive functional
decline that is mainly assessed using FVC and diffusing capacity of the lung for carbon
monoxide (DLco) [9]. FVC is currently the most extensively studied marker of disease
progression in IPF, as this functional value is the only parameter accepted by regulatory
bodies in predicting mortality [10].

Progressive pulmonary fibrosis (PPF) is defined by two parameters of the following
three criteria: (1) worsening of respiratory symptoms; (2) physiological criteria of PFT
decline (FVC > 5%/year and/or DLco > 10%/year); and (3) radiological signs of disease
progression within a 1-year follow-up [11]. PPF might show similar clinical, lung functional,
and radiological features over long term with IPF, the prototype of rapidly progressive ILD.

Our goal was to assess the PPF criteria on lung functional decline and possible clinical
predictors of functional progression in SSc-ILD patients with normal spirometry and com-
pare data with that of IPF patients to identify possible common factors defining functional
progression.

2. Materials and Methods
2.1. Study Design and Parameters

Our study was a retrospective longitudinal observational study. All patients referred
between February 2015 and January 2021 to the ILD multidisciplinary team (MDT) of the
Department of Pulmonology, Semmelweis University, Budapest, Hungary, were screened.
We enrolled subjects in our study who had been diagnosed with either SSc-ILD or IPF, had
physiologic spirometric lung-function parameters (forced vital capacity (FVC) > 80% of
predicted value), and had at least 12 months of follow-up data. SSc-ILD patients (classified
with both J84 and M34 codes according to the 10th edition of the International Classification
of Diseases (ICD10)) were diagnosed between January 2017 and July 2019. The diagnosis of
SSc was established previously based on the American College of Rheumatology/European
League Against Rheumatism Collaborative Initiative (EULAR-ACR) criteria [12] by im-
munology and rheumatology specialists; the disease-specific therapy was coordinated
at immunological-rheumatological centers in central Hungary. Patients diagnosed with
IPF between February 2015 and January 2021 according to the 2011 American Thoracic
Society /European Respiratory Society (ATS/ERS) IPF guideline included in the EMPIRE
registry were reviewed and all entered into the analysis if they met the inclusion crite-
ria of having lung-function follow-up of at least one year with a baseline FVC > 80%
predicted [10,13]. The study’s functional and follow-up criteria were met by 53 IPF and
31 SSc-ILD patients (Figure 1).

Baseline characteristics including smoking history, symptoms, detailed pulmonary
function test (PFT) values (FVC, forced expiratory volume in 1st second (FEV}), total lung
capacity (TLC), DLco, carbon monoxide transfer coefficient (KLcp)). HRCT pattern and
treatment data were analyzed and compared between the study populations. Arterial blood
gas (ABG) analysis, body mass index (BMI), and 6-minute walk test (6MWT) results were
examined. The gender, age, and physiology (GAP) index was calculated as a prognostic
staging system [14]. At each follow-up visit, routine PFTs, ABGs, and the 6MWT were doc-
umented. Methods of the measurements (PFTs, ABGs, 6MWT, and HRCT) were described
in detail in our previous study [8]. The median follow-up was 34 months and the functional
decline of PPF was established throughout the follow-up according to the criteria of >5%
FVC decline and/or >10% DLco decline within 1 year. A PPF diagnosis was not made
because no additional second criterion of worsening symptoms and/or progression on
HRCT was assessed [11].
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ILD patients diagnosed by MDT
Baseline FVC=80%

Other types of ILDs

N=9

Lost to follow-up

SSc patients IPF patients
N =40 N =65
Lost to follow-up
N =12
SSc-ILD group IPF group
N =31 N =53

Figure 1. Patient selection for analysis. FVC, forced vital capacity; ILD, interstitial lung disease; IPF,
idiopathic pulmonary fibrosis; MDT, multidisciplinary team; SSc-ILD, systemic-sclerosis-associated
interstitial lung disease.

2.2. Statistical Analysis

Data were analyzed using Graph Pad software (GraphPad Prism 5.0 Software, Inc., La
Jolla, CA, USA) and SPSS v25 (IBM Corporation, Armonk, NY, USA). Continuous variables
were expressed as the mean =+ standard deviation (SD) or median (interquartile range (IQR))
and were compared using a t-test or a Mann-Whitney U-test according to the distribution
of the variable. The test for normality was performed using the Kolmogorov-Smirnov
test. Categorical variables are presented as percentages (%) expressed for the entire study
population (all patients) or respective subgroups as indicated and were compared using a
chi-squared test or two-tailed Fisher’s exact test. Multiple logistic regression analysis was
used to assess predictors of possible functional progression including age (as a continuous
variable), sex (male/female), smoking history (present/absent), cough (present/absent),
PH (present/absent), baseline FVC, TLC, DLco, KLco (all functional parameters in %
predicted as continuous variables), and therapy (applied /none). A p-value < 0.05 was
defined as statistically significant.

3. Results

The characteristics of the patients are summarized in Table 1. The mean age of the SSc-
ILD patients was significantly lower than in IPF patients, with female predominance. IPF
patients had been more frequently smokers and a higher proportion of patients qualified as
overweight. A majority of the patients in both groups were in GAP stage I at baseline.

175



Biomedicines 2022, 10, 2129

Table 1. Patient characteristics.

Characteristics IPF (n = 53) SSc-ILD (n = 31) p-Value
Age (years) 689 +85 59.8 +£13.1 0.001
Sex (male:female) 28:25 2:29 <0.001
Smoking history
Ever smoker 33 (62.3) 7 (22.6) 0.001
Non-smoker 20 (37.7) 24 (77.4) .
BMI (kg/m?) 27.7 +44 252 +44 0.006
Overweight (25.0-29.9 kg/m?) 21 (39.6%) 5(16.2%) 0.025
Signs and symptoms
Dyspnea 52 (98.1) 11 (35.5) <0.001
Cough 26 (49.1) 9 (29.0) 0.108
Finger clubbing 12 (22.6) 0 NA
Crackles 47 (88.7) 12 (38.7) <0.001
Raynaud phenomenon 0 23 (74.2) NA
GAP score
Stage I 50 (94.3) 31 (100.0) NA
Stage II 3(5.7) 0 NA
Stage III 0 0 NA
Specific comorbidities
PH 7 (13.2) 5(16.1) 0.712
GERD 6(11.3) 6(19.4) 0.345
HRCT pattern
UIP/pUIP 26/25 (96.2) 0/3(9.7) <0.001
NSIP 0 26 (83.9) NA
Other 2(3.8) 2(6.5) 0.578
Therapy
Nintedanib 39 (73.6) 0 NA
Pirfenidone 8 (15.0) 0 NA
IsU 0 26 (83.9) NA
Biological treatment 0 9 (29.0) NA
None 14 (26.4) 3(9.7) NA

Data are presented as 11 (%) or mean == SD. BMI, body mass index; GAP, Gender—Age-Physiology index; GERD,
gastro-esophageal reflux disease; HRCT, high-resolution computed tomography; IPF, idiopathic pulmonary
fibrosis; NA, not assessed; NSIP, non-specific interstitial pneumonia; PH, pulmonary hypertension; pUIP, probable
usual interstitial pneumonia; SSc-ILD, systemic-sclerosis-associated interstitial lung disease; UIP, usual interstitial
pneumonia; ISU, immunosuppressive therapy. GAP index: stage I = 0-3 points; stage II = 4-5 points; stage
III = 6-8 points. Statistically significant values are highlighted in bold.

ILD-associated symptoms showed a significant difference between the two groups.
More patients presented with respiratory symptoms such as dyspnea, cough, and crackles
at the time of the diagnosis in the IPF group. On the other hand, the Raynaud phenomenon
was only observed in the SSc-ILD group. No difference between groups was observed
regarding the presence of PH and gastroesophageal reflux disease The Scl-70 antibody was
present in 48% of SSc-ILD patients. The HRCT pattern was in line with actual guidelines and
the literature, as usual interstitial pneumonia (UIP) or probable (p)UIP was the predominant
pattern in IPF, while non-specific interstitial pneumonia (NSIP) predominated in SSc-ILD.

SSc therapy in 26 patients” was conventional immunosuppressive therapy (ISU), while
biological treatment was given in 9 cases, including 7 subjects with combined ISU and
biological therapy. Antifibrotic agents (nintedanib or pirfenidone) were applied in 39 cases
in the IPF group, while 14 patients did not receive IPF-specific treatment.

The functional parameters for the patients are summarized in Table 2. The values
for FVC and FEV; were similar in both groups, while TLC was significantly impaired
and below the normal range in IPF patients. Baseline CO diffusion parameters showed
a significant difference; DLco was decreased in the IPF group and SSc-ILD patients had
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lower KLc( values. In the ABG, IPF patients had significantly lower pO, values compared
to SSc-ILD patients. The 6MWT distance was similar for both groups, representing a
diminished functional capacity in SSc-ILD patients since normal percentile values are
age-dependent [15,16]. Post-exercise desaturation in the 6MWT was present in both groups
to a similar degree.

Table 2. Baseline lung function, ABG, and 6MWT functional parameters.

Values IPF (n = 53) SSc-ILD (n = 31) p-Value
Lung-function parameters
FVC (mL) 3035.7 & 836.2 2725.5 & 655.6 0.080
FVC (% pred) 96.4 +13.9 98.7 £12.2 0.263
FEV; (mL) 2488.5 + 696.4 2301.6 4 569.2 0.209
FEV; (% pred) 98.6 £16.2 99.7 £13.3 0.748
FEV;/FVC (%) 82.6 £82 845+52 0.329
TLC (mL) 4648.9 4 1358.4 4263.9 4+ 823.3 0.157
TLC (% pred) 795 £ 14.4 884 £154 0.022
Diffusion parameters
DLco (mmol/min/kPa) 59+18 64+1.6 0.201
DLco (% pred) 741+£17.6 837 £183 0.020
KLco (mmol/min/kPa/L) 1.3+03 14+03 0.042
KLco (% pred) 88.8 £24.2 712+ 164 <0.001
ABGs
pH 7.4 £0.0 7.440.0 0.655
pCO; (mmHg) 377+£55 371+£23 0.119
pO, (mmHg) 67.8 £11.0 78.6 £8.6 <0.001
6MWT
Distance (m) 454.4 £103.1 4493 £70.8 0.502
Initial SpO, (%) 953 £29 94.9 £3.0 0.463
Final SpO; (%) 88.8 £9.0 89.2£10.8 0.407
Initial HR (1/min) 81.0 £13.9 84.4 £143 0.425
Final HR (1/min) 111.24+19.7 106.5 4 20.2 0.443
Initial Borg score (0-10) 0 (0-0) 0 (0-0) 0.885
Final Borg score (0-10) 2(0-4) 1.5(1-3) 0.924

Data are presented as mean £ SD, median (IQR). 6tMWT, 6-minute walk test; ABGs, arterialized capillary blood
gases; DLco, diffusing capacity of the lungs for carbon monoxide; FEV, forced expiratory volume in 1s; FVC,
forced vital capacity; HR, heart rate; IPF, idiopathic pulmonary fibrosis; KLco, transfer coefficient of the lung
for carbon monoxide; pCO,; partial pressure of carbon dioxide; pO,, partial pressure of oxygen; SpO,, oxygen
saturation; SSc-ILD, systemic-sclerosis-associated interstitial lung disease; TLC, total lung capacity. Statistically
significant values are highlighted in bold.

The annual median decline in FVC for SSc-ILD was —67.5 (—146.0 to —4.0) mL/year
and —65.3 (—173.8 to —65.3) mL/year in the IPF group. During the follow-up period,
11 (35%) SSc-ILD patients met the criteria of PPF for functional decline: 7 patients pre-
sented with >5% FVC and 6 patients presented with >10% DL¢o predicted value decline,
including 3 patients that met both criteria. In IPF patients, FVC and/or DLco decline, as
defined for PFE, was present in 16 (30.2%) cases: 14 patients presented with >5% FVC
and 7 patients presented with >10% DL¢o predicted value decline, including 5 patients
meeting both criteria.

The annual median decline in FVC for the functionally progressive SSc-ILD subgroup
was —153.9 (—278.3 to —121.4) mL/year, which was significantly higher compared to
—26.2 (—75.4 to —1.6) mL/year in the stable/improved SSc-ILD subgroup (p = 0.017). In
the functionally progressive IPF and stable/improved IPF subgroups, the respective data
were —264.7 (—404.9 to —204.6) vs. —39.2 (—85.7 to +7.5) mL/year (p = 0.004). FVC de-
cline for all patients, including functionally stable/improved and functionally progressive
subgroups regarding IPF and SSc-ILD, are presented in Figure 2.
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Figure 2. Annual rate of decline in FVC (mL per year) in IPF and SSc-ILD patients. FVC, forced vital
capacity; IPF, idiopathic pulmonary fibrosis; SSc-ILD, systemic-sclerosis-associated interstitial lung
disease.

The functionally progressive IPF and SSc-ILD subgroups’ baseline characteristics and
functional data are presented in Table 3. While in IPFE, the functional progression was
not associated with any difference in baseline characteristics or treatment, in SSc-ILD,
cough and the presence of PH was significantly more common in the subgroup of patients
showing functional decline over the one-year follow-up.

Table 3. Patient characteristics; HRCT pattern; treatment; and baseline lung function, ABG, and
6MWT functional parameters of the IPF and SSc-ILD subgroups.
Functionally Functionally Functionally Functionally
Values Stable/Improved IPF Progressive IPF Stable/Improved Progressive SSc-ILD
(n=37) (n =16) SSc-ILD (1 = 20) (n=11)
Age (years) 67.6 £9.1 718 £6.5 59.8 £13.1 59.7 £12.6
Sex (male:female) 20:17 8:8 1:19 1:10
Smoking history
Ever smoker 23 (62.2) 10 (62.5) 3 (15.0) 4 (36.4)
Non-smoker 14 (37.8) 6 (37.5) 17 (85.0) 7 (63.6)
BMI (kg/mz) 283 +44 268 £43 252 +44 23.7 +£4.1
Overweight (25.0-29.9 kg/m?) 15 (40.5%) 6 (37.5%) 5 (45.5%) 0
Signs and symptoms
Dyspnea 37 (100) 15 (93.8) 7 (35.0) 4(36.4)
Cough 19 (51.4) 7 (43.8) 2(10.0) * 7 (63.6) *
Finger clubbing 6(16.2) 6(37.5) 0 0
Crackles 33(89.2) 14 (87.5) 7 (35.0) 5(45.5)
Raynaud phenomenon 0 0 16 (80.0) 7 (63.6)
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Table 3. Cont.

Functionally Functionally Functionally Functionally
Values Stable/Improved IPF Progressive IPF Stable/Improved Progressive SSc-ILD
(n=37) (n =16) SSc-ILD (1 = 20) (n=11)
GAP score
Stage I 35 (94.6) 15 (93.8) 20 (100.0) 11 (100.0)
Stage II 2(5.4) 1(6.2) 0 0
Stage III 0 0 0 0
Specific comorbidities
PH 5 (13.5) 2(13.3) 1.0 * 4(36.4)*
GERD 5 (13.5) 1(6.2) 3 (15.0) 3(27.3)
HRCT pattern
UIP/pUIP 16/21 (100) 10/4 (87.5) 0/3 (15.0) 0
NSIP 0 0 16 (80.0) 10 (90.9)
Other 0 2(12.5) 1(5.0) 1(9.1)
Therapy
Nintedanib 27 (73.0) 12 (75.0) 0 0
Pirfenidone & 3(8.1) 5(31.2) 0 0
IsU 0 0 18 (90.0) 8(72.7)
Biological treatment 0 0 7 (35.0) 2(18.2)
None 10 (27.0) 4(25.0) 1(5.0) 2(18.2)

Lung-function parameters

FVC (mL) 3057.0 & 840.8 2986.3 & 850.7 2770.5 £ 681.2 2642.7 + 631.4
FVC (% pred) 95.5 +12.8 98.4 +16.5 98.9 £13.7 98.4+97
FEV; (mL) 2497.6 + 707.6 2467.5 + 692.0 2354.5 £+ 609.4 2200.9 + 510.8
FEV; (% pred) 96.8 + 15.0 102.7 £ 185 100.0 £+ 14.7 98.6 £11.3
FEV;/FVC (%) 82.0+87 829+52 84.8 £45 83.6 + 6.4
TLC (mL) 4683.5 + 1459.1 4568.8 + 1130.2 4343.0 + 884.2 4199.1 + 635.5
TLC (% pred) 79.7 +16.1 788 +95 89.7 +17.5 88.1 +10.7
Diffusion parameters
DLco (mmol/min/kPa) 6.1+1.8 53+1.6 63+15 6.6 1.6
DLco (% pred) 76.6 +18.0 68.3 +15.5 82.5+18.4 88.6 + 14.5
KLco (mmol/min/kPa/L) 1.3+04 1.2+£02 14+03 1.5+03
KLco (% pred) 89.2 +23.6 87.8 £263 70.3 +16.3 75.6 +12.9
ABGs
pH 7.4 +0.0 7.4 +0.0 74 +0.0 74 +0.0
pCO; (mmHg) 38.5+26 353 +10.0 37.7+19 36.0+28
pO; (mmHg) 69.7 +10.2 622 +11.8 770+ 6.4 814 +11.7
6MWT
Distance (m) 459.7 +102.5 44254+ 107.1 454.7 + 68.8 4384 +81.8
Initial SpO, (%) 95.6 +£2.3 94.6 +3.8 95.6 £ 1.9 93.6 +44
Final SpO; (%) 894 +89 874+93 93.6 £5.3 82.0 +£ 14.0
Initial HR (1/min) 80.4 +12.9 82.3 + 164 85.6 + 15.6 824 +132
Final HR (1/min) 109.7 +19.7 114.7 £19.7 106.0 £ 16.7 107.2 £27.2
Initial Borg score (0-10) 0 (0-0) 0.5 (0-0) 0 (0-0) 0(0-1)
Final Borg score (0-10) 1.5 (04) 2.8 (0-4) 2 (1-3) 1(0-3)

Data are presented as n (%) or mean + SD, median (IQR). 6MWT, 6-minute walk test; ABGs, arterialized
capillary blood gases; BMI, body mass index; DLco, diffusing capacity of the lungs for carbon monoxide;
FEV, forced expiratory volume in 1 s; FVC, forced vital capacity; GAP, Gender—Age-Physiology index; GERD,
gastro-esophageal reflux disease; HR, heart rate; HRCT, high-resolution computed tomography; IPF, idiopathic
pulmonary fibrosis; ISU, immunosuppressive therapy; KLco, transfer coefficient of the lung for carbon monoxide;
NSIP, non-specific interstitial pneumonia; pCO,; partial pressure of carbon dioxide; PH, pulmonary hypertension;
pO2, partial pressure of oxygen; pUIP, probable usual interstitial pneumonia; SpO2, oxygen saturation; SSc-ILD,
systemic-sclerosis-associated interstitial lung disease; TLC, total lung capacity; UIP, usual interstitial pneumonia;.
GAP index: stage I = 0-3 points; stage II = 4-5 points; stage III = 6-8 points. Statistically significant values
are highlighted in bold: * p = 0.002; # p = 0.023. & All treatment was included: a nintedanib-to-pirfenidone or
pirfenidone-to-nintedanib change in therapy resulted in the higher number of treated vs. untreated IPF patients.
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A multiple logistic regression did not show a significant baseline predictor of pro-
gression in the IPF group; however, in the SSc-ILD group, cough and PH were prognostic
factors for functional progression (odds ratio: 36.2 (95% confidence interval: 1.8-711.9) and
36.4 (95% confidence interval: 1.1-1184.9), respectively). Most patients had a dry cough
(SSc-ILD: n = 7; IPF: n = 17), and in the functionally progressive subgroups, a dry cough
was predominant (SSc-ILD: 85.7% and IPF: 71.4%). The functional decline in individual
patients according to treatment is presented in Figure 3.
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Figure 3. Annual changes in FVC (A) and DL¢g (B) % of the predicted value in all IPF and SSc-ILD
patients according to specific treatment groups. DLcq, diffusing capacity for carbon monoxide;
FVC, forced vital capacity; IPF, idiopathic pulmonary fibrosis; NT, no treatment; SSc-ILD, systemic-
sclerosis-associated interstitial lung disease; T, treatment.

4. Discussion

Our study confirmed that around one-third of SSc-ILD patients who had initial physio-
logic lung function parameters showed a decline in FVC and/or DLco over one year. While
the disease course of SSc-ILD is heterogeneous, development of PPF might be a leading
cause of death in this rare patient group. Although pulmonary functional decline is only
one out of the three criteria defining PPF, PFT is an important non-invasive measurement
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that, in combination with symptoms, might promote clinicians to engage in early treatment
interventions if PPF is confirmed [11].

According to our data, SSc patients with HRCT-confirmed ILD who are experiencing
cough as the leading respiratory symptom might be at higher risk of developing PPF even
with normal lung function results when presented at the respiratory specialist. Similarly,
cough was also studied in a subgroup analysis of the SENSCIS trial and was found to be an
important prognostic factor for functional decline and progression in SSc-ILD patients [17].
However, patients enrolled in the SENSCIS trial had less preserved lung function and
patients with cough had an average decline of —95.6 mL/year, which was slightly higher
than in our study. Importantly, nintedanib was less effective in SSc-ILD patients with a
cough compared to patients without a cough. These two independent observations could
mean that cough is an independent negative prognostic factor for functional decline. Cough
was also found to be a marker of unfavorable therapeutic response in the Scleroderma
Lung Study (SLS) II and was strongly correlated with lung-function decline [18-20]. It is
important to note that the mean FVC decline in prospective average population cohort
studies ranged in men between —47.2 and —78.4 mL/year, while in women it ranged
between —14.1 and —65.6 mL/year, underlining functional loss in non-progressive patients
within the expected range [21].

Additionally, our study confirmed the important prognostic role of PH for functional
decline in SSc-ILD, which, to the best of our knowledge, has not been previously established
in the literature. On the other hand, PH is a well-known severe complication of SSc, and
several large investigations have confirmed its contribution to mortality [22-24]. However,
our study was not powered to investigate PH as a risk of mortality due to the short
observation period.

Surprisingly, we found that the 6MWT results did not differ between the SSc-ILD
and IPF patients, although the SSc-ILD patients were significantly younger and therefore
were expected to have better functional performance compared to older IPF patients. The
underlying mechanisms might have included vascular manifestations such as PH and
musculoskeletal conditions affecting exercise limitation [25-27].

IPF can be regarded as the prototype of rapidly progressive fibrotic lung disease. The
common cellular mechanism in IPF and SSc-ILD is fibroblast activation and recruitment, as
well as myofibroblast differentiation leading to interstitial extracellular matrix accumulation
and lung fibrosis [9,15]. Our data confirmed that functional decline in our total IPF patient
population was lower than in the nintedanib-treated population of the Safety and Efficacy
of nintedanib at High Dose in IPF Patients (INPULSIS) trial (FVC decline of —65.3 vs.
adjusted annual rate of change of —114.7 mL/year) [28]. Importantly, no difference was
found in FVC decline between IPF patients receiving antifibrotics and the treatment-free
subgroups. This highlighted that despite therapy, some patients might deteriorate even
while receiving frontline antifibrotic therapy; therefore, further additional risk factors need
to be identified. Notably, the original trials did not focus on patients with physiological
lung function. The total IPF group (including untreated individuals) revealed a limited
FVC decline; the stable/improved subgroup only showed a marginal loss in this parameter,
while the progressive subgroup presented with a similar decline to that observed in patients
on a placebo in clinical trials [28,29]. This real-world observation of IPF patients supported
the beneficial effect of antifibrotic treatment, similar to our previous study on functionally
advanced IPF cases [13].

Treatment of SSc-ILD is challenging. Our data confirmed better functional outcome
in ISU and/or biological-therapy-treated SSc-ILD, emphasizing early and specific SSc
treatment [8,30]. An SENSCIS subanalysis evaluated the effectiveness of nintedanib as an
antifibrotic agent among SSc-ILD patients with or without baseline mycophenolate mofetil
(MMF) treatment [7]. The inclusion criteria were: an FVC of at least 40% of the predicted
value, a DLco of 30 to 89% of the predicted value, and a minimum of 10% fibrotic lung
involvement on HRCT. At the end of the 52-week period, patients in the nintedanib + MMF
group showed a significantly lower annual rate of decline in FVC than patients in the
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placebo + MMF group (—40.2 vs. —66.5 mL/year), and an even higher functional decline
was present in the absence of ISU treatment (SSc-ILD on placebo: —119.3 mL/year). PPF
SSc-ILD patients on the ISU therapy MMF with the addition of nintedanib had the highest
advantage in lung-function preservation [7,31].

Treatment of PPF is still not well established; however, antifibrotic therapy might be an
option in selected cases [11]. Nintedanib proved to be effective in reducing the annual rate
of FVC decline in different fibrosing ILD patients in the Efficacy and Safety of Nintedanib
in Patients with Progressive Fibrosing ILDs (INBUILD) trial and in the INPULSIS 1-2 IPF
trials [28,32].

Optimal timing and dosing of ISU and/or biological therapy in SSc is of the utmost
importance. Higher awareness of therapy initiation is needed in patients with normal lung
function presenting with cough and in the presence of PH, and close pulmonary follow-up
of these patients is suggested [33].

The limitations of our study were the retrospective single-center design and the low
number of patients, which did not allow for a better stratification according to clinical
features or treatment. Further prospective studies are needed to establish new markers of
progression and to develop guidelines for the optimal timing of treatment introduction,
with the adequate therapies being a combination of ISU and/or biological therapy and/or
antifibrotics in the case of PPF in this special subgroup of SSc-ILD patients [34].

5. Conclusions

Progression in ILDs has an unfavorable effect on several clinical outcomes. Regular
measurements of FVC are one of the most important parameters accepted for monitoring
functional decline among IPF and SSc-ILD subjects. Patient-reported symptoms such as
cough (especially dry cough) and the presence of PH as a lung-related comorbidity should
be taken into consideration in connection with the disease progression in SSc-ILD patients.
Defining high-risk patients for PPF is of utmost importance because timely and optimal
introduction of ISU and/or biological and possibly antifibrotic agents might prevent disease
deterioration. However, the timing and combination of treatments require further research
in SSc-ILD and other PPE. Close monitoring and regular follow-ups are required in patients
with normal lung function, especially in patients presenting with cough and PH.
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Abstract: (1) Background: Systemic sclerosis (SSc) is frequently associated with interstitial lung
diseases (ILDs). The progressive form of SSc-ILD often limits patient survival. The aim of our
study is to evaluate the clinical characteristics and predictors of lung function changes in SSc-ILD
patients treated in a real-world setting. (2) Methods: All SSc-ILD cases previously confirmed by
rheumatologists and a multidisciplinary ILD team between January 2017 and June 2019 were included
(n = 54). The detailed medical history, clinical parameters and HRCT were analyzed. The longitudinal
follow-up for pulmonary symptoms, functional parameters and treatment were performed for at
least 2 years in no treatment, immunosuppression and biological treatment subgroups. (3) Results:
In SSc-ILD patients (age 58.7 & 13.3 years, 87.0% women), the main symptoms included dyspnea,
cough, crackles and the Raynaud’s phenomenon. The functional decline was most prominent in
untreated patients, and a normal body mass index (BMI < 25 kg/m?) was associated with a significant
risk of deterioration. The majority of patients improved or were stable during follow-up. The
progressive fibrosing-ILD criteria were met by 15 patients, the highest proportion being in the
untreated subgroup. (4) Conclusions: SSc-ILD patients who are overweight are at a lower risk of
the functional decline and progressive phenotype especially affecting untreated patients. The close
monitoring of lung involvement and a regular BMI measurement are advised and early treatment
interventions are encouraged.

Keywords: systemic sclerosis; interstitial lung disease; progressive fibrosing interstitial lung disease;
lung function; body mass index; treatment

1. Introduction

One of the systemic autoimmune rheumatic disorders—systemic sclerosis (SSc)—is
often associated with interstitial lung disease (ILD). In SSc, an interaction of inflammation,
vasculopathy, endothelial and fibroblast dysfunction leads to skin thickening, fingertip
lesions, Raynaud’s phenomenon and different internal organ manifestations. SSc has
been divided according to its 3 phenotypes, which are limited cutaneous SSc (1cSSc, skin
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sclerosis that develops distal to the elbow and knee), diffuse cutaneous SSc (dcSSc, skin
involvement that extends proximally to the elbow and knee and to the body surface with
internal organs being affected early) and sine scleroderma SSc (ssSSc, whose internal
organ manifestations and serological abnormalities are without skin involvement) [1].
Severe ILD is in general associated with dSSc and anti-SCL-70 antibodies, while it is
relatively rare among individuals with anti-centromere antibodies [1,2]. Inflammatory cells
accumulate in the lung parenchyma causing alveolar damage, which activates fibroblastic
and myofibroblastic cells to produce extracellular matrices causing the scarring of the
respiratory system, including diffuse parenchymal lung injury, frequently taking the form of
pulmonary fibrosis, pulmonary hypertension and pleural involvement. Gastroesophageal
reflux, malignancy, respiratory muscle weakness and heart failure are indirect pulmonary
complications in SSc-ILD. Therefore, ILD is a common and usually early comorbidity of
SSc, placing a significant burden on both the patient and the health care system, and can be
the main cause of mortality [3-6].

The first symptoms of SSc-ILD are generally exertional dyspnea, fatigue and a dry
cough, as an auscultation finding fine crepitation is often present [1]. The diagnosis of SSc-
ILD is made by a multidisciplinary ILD-team (MDT), which is represented by respiratory,
radiology, pathology specialists and often includes rheumatologists [4]. The presentation of
SSc-ILD includes different types of ILDs and can also show different forms of progression.
A slow decline in lung function (LF) and CO diffusion parameters can be present with
periods of stability or improvement, but rapid progression and severe deterioration can
also occur [3,7].

The definition of progressive fibrosing (PF)- ILD describes LF decline associated with
either the worsening of respiratory symptoms (mainly dyspnea and cough) and/or a pro-
gression of fibrosis on high-resolution computed tomography (HRCT) [8-10]. Compared to
previous years, nowadays we have a wide range of therapeutic options available. Immuno-
suppressive (ISU) drugs, such as cyclophosphamide (CYC) and mycophenolate mofetil
(MMEF), have shown to improve lung function and forced vital capacity (FVC) according
to randomized clinical trials [9,11-14]. In progressive forms of SSc-ILD (PF-ILDs), the
focus has shifted towards the tyrosine kinase inhibitor nintedanib, which was approved for
progressive SSc-ILD treatment by the European Medicines Agency in 2020 [15,16]. While
the co-treatment of MMF and nintedanib is not authorized in this subgroup, the combined
therapy showed a more promising outcome, without increase in adverse events in the SEN-
SCIS (A Trial to Compare Nintedanib with Placebo for Patients with Scleroderma Related
Lung Fibrosis) trial [15]. High-dose corticosteroids are not recommended in SSc-ILD as first
line treatment. In a smaller number of studies, the safety and beneficial adverse reaction
profile of rituximab was demonstrated with a similar efficacy as CYC in SSc-ILD [17]. In
some centers, bone marrow or lung transplantation is available in extremely carefully
selected cases [14].

Measuring the body mass index (BMI) is a useful and simple way to evaluate excess
weight. The role of weight loss and BMI in the disease prognosis is already well known in
other respiratory diseases, but has not been studied in SSc-ILD [18-25].

Our goal is to assess the clinical course and risk factors for progression in SSc-ILD
using longitudinal data on pulmonary evaluation.

2. Materials and Methods
2.1. Study Population

Our study is based on the retrospective data analysis of SSc-ILD outpatients classi-
fied under ICD10 J84 and M34 codes, who were presented at the Semmelweis Univer-
sity Pulmonology Department between January 2017 and June 2019. The diagnosis of
SSc and treatment initiation was made by immunology and rheumatology specialists in
immunological-rheumatological centers in central Hungary. The majority of patients had
dcSSc (93%), while 4 patients had 1¢SSc, which had been known for more than 10 years
in all cases. The dermatological care of patients with skin involvement took place in der-
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matology centers, and our study did not cover the exact assessment of these symptoms.
All patients were evaluated by our MDT. A total of 54 SSc-ILD patients were identified
and 42 of them had pulmonary follow-up in the given time interval and were included
in the longitudinal evaluation. In accordance with the therapy, the patients were divided
into 3 subgroups: no treatment (1 = 12), immunosuppressive therapy (ISU, n = 21) and
biological therapy (rituximab or tocilizumab) recipients (1 = 9). The patient inclusion is
summarized in Figure 1. The most frequently applied ISU therapies were CYC or MMF
with or without low-dose glucocorticosteroids.

ICD10: J84 and M34
2017.01.01-2019.06.30.

n=>54

No control LF
available

n=13

Longitudinal follow up
Until 2021.06.30.

n=42

No treatment

n=12

ISU therapy

n=21

Biological therapy

n=9

Figure 1. Study population.

SSc was previously diagnosed, based on the internationally accepted criteria of the
American College of Rheumatology /European League Against Rheumatism Collaborative
Initiative (EULAR-ACR), by rheumatology specialists working at rheumatology centers in
central Hungary [5].

The SSc-ILD patients’ data were collected retrospectively, based on the medical records.
In each case, a detailed medical history was attained regarding the pulmonary symptoms,
exposures and comorbidities. According to the WHO definition, the patients with a BMI
between 25.0-29.9 kg/m? were considered as overweight. All the subjects underwent
physical examination, chest X-ray at their pulmonary evaluation. Pulmonary function tests
included the measurement of FVC, forced expiratory volume in 1 s (FEV1), FEV1/FVC
and total lung capacity (TLC) according to the American Thoracic Society and European
Respiratory Society (ARS/ETS) guidelines. For measuring the diffusing capacity for car-
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bon monoxide (DLCO), we used the single breath CO method. In addition, the transfer
coefficient of the lung for carbon monoxide (KLCO) was calculated (PDD-301/s, Piston,
Budapest, Hungary). Gender-age—physiology (GAP) used in idiopathic pulmonary fibrosis
(IPF) to estimate mortality was calculated as a potential risk assessment tool [26]. Patients
were tested for physical activity using the 6 min walk test (6MWT). Arterialized capillary
blood gases (ABGs) were evaluated at room temperature (Cobas b 221, Roche, Hungary).
The Borg scale referring to dyspnea was used.

All patients had been confirmed as ILD by high resolution computed tomography
(HRCT), performed in both inspiration and expiration using Philips Ingenuity Core 64 and
Philips Brilliance 16 CT scanners. HRCT patterns, such as non-specific interstitial pneumo-
nia (NSIP), usual interstitial pneumonia (UIP) and probable UIP (pUIP) and percentage
involvement, were determined by MDT experts according to a visual scoring system [27].
The radiologic features of NSIP include ground-glass opacities (GGO), reticular opacities
and traction bronchiectasis in the fibrotic subtype [28]. The UIP pattern comprises sub-
pleural and basal predominance reticulation accompanied by honeycombing and traction
bronchiectasis (which can be associated with presence of GGO) probable UIP (pUIP) are
the same abnormalities without honeycombing [29,30].

The long-term care is comprised of pulmonological and rheumatological controls in
correlation with the patients” disease requirements. The follow-up (and also treatment time)
of at least 31 months (in the longest case 53 months) until June 2021 included radiological
controls, therapy management, LF, DLCO and KLCO tests. In this analysis, PF-ILD was
defined as a FVC relative annual decline >5% in addition to either a deterioration of clinical
symptoms or a progression of fibrosis on HRCT, as mentioned previously [10,31].

2.2. Statistical Analysis

Statistical analysis was performed using Graph Pad software (GraphPad Prism 5.0
Software, Inc., La Jolla, CA, USA) and Microsoft Excel (Microsoft Corporation, Redmond,
DC, USA). Continuous variables were expressed as the mean + standard deviation. The
Kolmogorov-Smirnow test was used for the normality test of data. Differences between the
groups for continuous data were evaluated in normally distributed data with a Student’s
t-test. Otherwise the Mann-Whitney U test was used. Analysis of variance (ANOVA)
and Tukey’s post hoc analysis were used to examine the continuous variables in the
therapeutic subgroups. The chi-squared test and two-tailed Fisher’s exact test were applied
for comparing the categorical variables. Predictors of the progression were analyzed
using the odds ratio and plot analysis. The correlation between the BMI and FVC was
analyzed by logarithmic transformation. All % values are expressed for the whole study
population (all patients) or respective subgroups as indicated. A p-value < 0.05 was defined
as statistically significant.

3. Results

The patient characteristics are summarized in Table 1. The mean age of the studied
patients was 59 years, the majority of them being women. Non-smokers accounted for
74.1% of the case numbers. Ninety-five percent of patients had 0-3 points (Stage I) at GAP
staging, while only 2 patients were in Stage II. The lowest BMI values were in the treatment-
free subgroup, the highest in the ISU subgroup. The main symptoms included dyspnea,
crackles and Raynaud’s phenomenon, followed by cough, joint pain and digital clubbing.
Significantly fewer patients reported cough in the ISU therapy subgroup compared to other
subgroups. Gastrointestinal involvement was most often present in the treatment-free
group. The most common HRCT radiological pattern is NSIP (predominantly less than
20% of lung involvement), followed by UIP or pUIP (approximately balanced involvement
below and above 20%) (Table 1). In the ISU subgroup, significantly more patients had a
NSIP pattern, while, from the patients receiving biological therapy, a pUIP/UIP pattern
was predominant. LF data at baseline is summarized in Table 2.
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Table 1. Patient characteristics.

Parameters All Patients No Treatment ISU Therapy Biological
(n=54) # (n=12) (n=21) Therapy (n=9)
Age (year) 58.7 £13.3 66.1 +13.7 59.12+ 124 62.7 £10.0
Sex (male: female) 7:47 1:11 3:18 1:8
n (%) (13.0:87.0) (8.3:91.7) (14.3:85.7) (11.1:88.9)
GAP score 1 (%)
Stage I (0-3 points) 48 (88.9) 12 (100) 20 (95.2) 8(88.9)
Stage II (4-5 points) 6(11.1) 0 1(5) 1(1.1)
Stage III (6-8 points) 0 0 0 0
Ever smoker 7 (%) 14 (25.9) 4(33.3) 5(23.8) 2(22.2)
Non-smoker 7 (%) 40 (74.1) 8 (66.7) 16 (76.2) 7(77.8)
BMI (kg/m?) 248 +43 23.6 +£3.1 25.0+44 264 +45
Overweight 1 (%) 21 (38.9) 3(25.0) 8(38.1) 5(55.6)
PE-ILD n (%) 15 (27.8) 5(41.7) 7 (33.3) 3(33.3)
Symptoms 1 (%)
Dyspnea 26 (48.2) 6 (50.0) 8(38.1) 5(55.6)
Cough 15 (27.8) 4(33.3) 1(4.8)* 4(444)
Chest pain 5(9.3) 0 0 0
Joint pain 8(14.8.) 1(8.3) 5(23.8) 1(11.1)
Clubbing 1(1.91) 0 0 1(11.1)
Weight loss 3 (5.6%) 1(8.3) 1(4.9) 1(11.1)
Crackles 15 (27.8) 5(41.7) 6 (28.6) 2(22.2)
Raynaud’s
phenomenon 38 (70.5) 8 (66.7) 13 (61.9) 5(55.6)
GIT involvement 10 (18.5) 5 (41.7) *** 2(9.5) 3(33.3)
HRCT pattern
n (%)
NSIP n 34 (63.0) 11 (91.7) 15 (71.4) 3(33.3) **
UIP/pUIP n 8(14.8) 1(8.3) 2(9.5) 4 (44.4)
Other or no data n 10 (18.5) 0 4 (19.0) 2(22.2)
Serological pattern
n (%)
ANA 23 (42.6) 8 (66.7) 12 (57.1) 3(33.3)
ACA 1(1.9) 1(8.3) 0 0
RF 3(5.6) 2(1.7) 1(4.8) 0
ACCP 1(1.9) 0 1(4.8) 0
Anti-RNA-
polymerase 2(3.7) 1(8.3) 1(4.8) 0
Anti-cytoplasmatic 5(9.3) 1(8.3) 2(9.5) 2(22.2)
Anti-chromatin 12 (22.2) 5(41.7) 6(28.6) 1(11.1)
Anti-Smith 1(1.9) 1(8.3) 0 0
Anti-Jo-1 1(1.9) 0 1(4.8) 0
Anti-SSA 2(3.7) 0 2(9.5) 0
Anti-SSB 1(1.9) 1(8.3) 0 0
Anti-SCL-70 18 (33.3) 8 (66.7) 9 (42.9) ** 1(11.1)
Anti-RNP 4(7.4) 3(25) 1(4.8) 0
Anti-dsDNA 3(5.6) 1(8.3) 1(4.8) 1(11.1)
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ACA, anticentromere antibodies; ACCP, anti-cyclic citrullinated peptide antibodies; anti-dsDNA, antibodies
to double-stranded deoxyribonucleic acid; anti-SSA, Ro autoantibodies; anti-SSB, anti-La antibodies; anti-SCL-
70, anti-topoisomerase I antibodies; anti-RNP, antibodies to ribonucleoprotein; ANA, anti-nuclear antibodies;
BMI, body mass index; GAP, gender-age-physiology index; GIT, gastrointestinal tract; HRCT, high-resolution
computed tomography; ISU, immunosuppressive; NSIP, non-specific interstitial pneumonia; PF-ILD, progressive
fibrosing interstitial lung disease; pUIP, probable usual interstitial pneumonia; RF, rheumatoid factor; UIP, usual
interstitial pneumonia; # total number of patients were 54, but out of these only 42 had follow-up data; * p < 0.05 vs.
no treatment and biological therapy subgroup ** p < 0.05 vs. no treatment subgroup, *** p < 0.05 vs. ISU subgroup.
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Table 2. Lung function, ABG and 6MWT functional parameters.

Parameters All Patients No Treatment  ISU Therapy B;zl;g;cal
(n =54) (=12 (n=21) Py
n=9)
Lung function
FVC (L) 25408 25408 28408 22406
FVC (%predicted) 89.8 + 23.2 97.6 +21.7 924+ 266 822 +17.2
FEV1(L) 22406 21406 23407 20406
FEV1(%predicted) 90.2 +21.8 97.9 +21.6 92.2 +23.1 853 +21.5
FEV1/FVC (%) 847 + 63 834463 849 + 49 86.9 + 12.4
TLC (L) 39411 40+1.0 41+14 38+1.0
TLC (%predicted) 784 +21.0 81.4 4 16.2 81.1423.0 79.2 £ 234
Diffusion parameters
DLCO
(mmol/min/kPa) 59+ 20 62+18 62+21 51413
DLCO (%predicted) 75.2 +22.0 86.9 + 245 774 £207 66.7 £ 14.7
KLCO
(tmmol/min/kPa/L) 14404 13403 14404 13£03
KLCO (%predicted) 70.0 + 18.1 66.0 + 15.6 70.5 4 18.9 67.0 + 16.7
ABG
pH 74400 74400 74400 74401
pCO; (mmHg) 38.0 £ 4.7 344431 4344111 36.7 + 3.6
pO, (mmHg) 742 £105 842 £131 712 £121 722 4146
6MWT
Distance (m) 4442 +1198 365342339 4688+ 1080  342.0 & 106.6
SpO; baseline (%) 949 +28 96.7 + 3.2 97.3 +2.1 93.9 + 4.4
SpO; post-exercise (%) 89.9 & 10.0 82.7 £19.9 95.3 2.4 87.6 + 8.1
Desaturation (%) 49493 14.0 £ 16.6 25+24 8.0+63
Pulse baseline (1/min) 84.8 £ 14.6 78.7 £11.9 829 +9.6 86.4 £ 11.6
Pulse post-exercise 1085 + 23.1 10034295  1084+17.6 1067 +264
(1/min)
Borg s‘;gﬁg;‘“h“e 02405 17+29 0.1+03 10+ 14
Borg scalfof’fg)t'exemse 18+25 27+38 1.6+12 31+25

6MWT, 6 min walk; ABG, arterialized capillary blood gases; DLCO, diffusing capacity for carbon monoxide; FVC,
forced vital capacity; FEV1, forced expiratory volume in 1 s; ISU, immunosuppressive; KLCO, transfer coefficient
of the lung for carbon monoxide; pCO,; partial pressure of carbon dioxide; pO,, partial pressure of oxygen ; SpO,,
oxygen saturation; TLC, total lung capacity.

Patients were characterized by mild restrictive functional decline. Annual FVC decline
was more distinct in patients who did not receive therapy (—10.2 & 13.0%), in comparison
to patients who underwent ISU (—3.9 & 5.1%) and biological treatment (—1.04 £ 7.8%).
Patients receiving biological treatment showed the slightest degree of FVC deterioration,
with 4 patients even showing an improvement. There was no difference in LF between the
longitudinal subgroups, however annual FVC decline was less progressive in the treated
subgroups. A decrease in DLCO is present in all three observed treatment subgroups,
however the relative DLCO decline is greater with patients who received biological therapy
(Figure 2). Out of the patients with longitudinal data, 15 patients met our PF-ILD criteria,
while 27 did not show signs of deterioration during follow-up. The highest proportion of
PF-ILDs was confirmed in the treatment-free subgroup, while over 3/4 of patients were
stable or improved during the ISU and biological treatments.
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Figure 2. (a) Annual FVC changes in all SSc-ILD patients and in the specific treatment groups.
Description of what is contained in the first panel; (b) annual DLCO changes in each specific treatment
group; DLCO, diffusing capacity for carbon monoxide; FVC, forced vital capacity; I = ISU therapy;
NT = No treatment; I = ISU therapy, B = Biological therapy.

The factors favoring functional stability are being overweight (according to the defi-
nition of World Health Organization (BMI > =25 kg/ m?)) and an absence of anti-SCL-70
positivity (Figure 3). Being overweight was mainly present in the biological treatment
subgroup (55.6%) and affected the least patients in the treatment-free subgroup (25%). A sig-
nificantly lower BMI is present in PF-ILD compared to stable SSc-ILD patients (22.9 kg/m?
vs. 25.71 kg/m?; p = 0.03) ,and a clear negative correlation between baseline BMI and
annual FVC reduction (r = —0.97, r% = 0.93, p < 0.001) can be established (Figure 4).

A total of 10 patients had gastrointestinal involvement (mostly esophagus dysmotility)
with a predominantly low or normal BMI (p = 0.019), compared to overweight patients. No
significant association was found between gastrointestinal symptoms and PF-ILD.
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Figure 4. Negative correlation between BMI and annual FVC decline (%). BMI, body mass index;
FVC, forced vital capacity.

192



Biomedicines 2022, 10, 434

4. Discussion

SSc-ILD has a variable disease course from slow decline with stable periods or im-
provement to rapidly progressive clinical course. The novelty of our study is that baseline
overweight might be an important indicator for more favorable outcomes regarding PF-ILD.

In our study, 15 patients (35.7%) met our PF-ILD criteria, which is in correspondence
with international data [1,3,18-20]. In 2014, Tiffany and colleagues analyzed 27 reviews on
the topic of predictors of progression and mortality in SSc-ILD. In these studies, patient-
specific, ILD-specific, and SSc-specific variables predicted the progression and mortality in
SSc-ILD [32]. Based on this data, the major risk factors for progressive SSc-ILD include an
older age, male sex, extent of lung involvement on initial HRCT, decreased DLCO and FVC
at baseline. Our study could not quite verify these factors of PF-ILD, presumably due to the
small sample size and the resulting large standard deviation. The presence of anti-Scl-70
antibodies and the absence of anti-centromere antibodies are also widely accepted negative
predictors., and this association was also confirmed in our research [32,33].

In accordance with our study, the negative association between functional progression
and BMI is a new and clinically important predictive marker in SSc-ILD. The question
has to be asked: why is being overweight a protective factor in SSc-ILDs? The negative
prognostic role of a lower BMI and weight loss is already known in IPF [18-22]. The post
hoc analysis of INPULSIS, CAPACITY and other clinical trials confirm this condition, in
which some association was found between the annual FVC decline and BMI at base-
line [34,35]. However, contradictory data also exists [36,37], and some key studies, such
as SLS (Scleroderma Lung Study) I and 11, did also not include the BMI data [12,13]. The
aggravating role of a lower BMI and weight loss are described in other respiratory diseases
associated with chronic hypoxia, for example, in chronic obstructive pulmonary disease
(COPD) [23]. While obesity in COPD appears to be a protective factor (obesity paradox)
despite the comorbidities, there is only a limited amount of data about the comorbidities of
extreme obesity due to the low number of obese patients in most large COPD studies [24].
The cause might be an electron transport chain dysfunction, which causes decreased muscle
stamina in low BMI COPD patients. Considering the concept, a similar phenomenon may
occur in SSc-ILD [25]. As it is well known, a lower BMI might be caused by gastrointestinal
tract (GIT) involvement [38,39]. However, there was no significant difference in dysphagia
and gastroesophageal reflux between the PF-ILD and non-PF-ILD forms, whereas more
patients had GIT symptoms with normal BML

In our study, we investigated patient characteristics and progression according to
therapy. The first line treatment of SSc-ILD is immunosuppression (mainly CYC and MMF)
based on the results of previous clinical trials: SLS I and SLS II [11-13,40]. More recent
biological therapies, such as rituximab and tocilizumab, have expanded the options of
treatment [17,41,42]. Due to the risk of provoking renal crisis, the use of glucocorticosteroids
in scleroderma is limited to low doses [14]. During the follow-up period, low dose steroid
treatment was used only in the ISU subgroup. Although the weight-gaining side effect
of glucocorticosteroids is well known and the mean BMI was the highest in the ISU
subgroup, the overweight patients were more prevalent in the biological therapy subgroup.
Additionally, the PF-ILD ratio was the same in the ISU and biological therapy subgroups
(33.3%). The annual decrease in LF was more pronounced in the treatment-free subgroup
and, simultaneously, the lowest BMI values were represented in these patients. The close
monitoring of these patients (including regular body weight and BMI measurement) is the
only way to initiate early treatment in order to intervene and slow down progression. It
is important to emphasize that patients with preserved lung function and a normal BMI
were less likely to be treated with ISU or biological therapy, and were the most prone
to lung function loss. The choice of systemic treatment is decided by rheumatologists
and immunologists. The systemic treatment of patients in our research was also carried
out by immunologists or rheumatologist in an outpatient setting. However, in patients
with mild symptoms, systemic treatment was not considered as necessary. Thus, small
disease progression between visits was not noticeable, leading to late therapy initiation.
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The correct introduction of systemic therapy is, to date, not mentioned in international
recommendations [43-45]. More attention should be given to patients with good lung
function and smaller extent lung involvement on HRCT, especially to patients with a
normal BM], as they are more prone to unnoticed functional decline. The Goh criteria set a
low FVC treatment threshold (<70% predicted) that might result in severe functional loss in
SSc-ILD patients before treatment initiation. In contrast, monitoring the functional decline
and the earlier start of ISU or biological treatment might reduce the risk of deterioration.
This concept of early treatment introduction was also pointed out in the EUSTAR database,
although BMI was not included as a risk factor of functional decline in their evaluation [7].
Naturally, due to the comorbidities of being overweight, we do not recommend achieving
obesity. The target BMI level may be in the upper normal BMI range, but this assumption
requires further investigation.

The limitations of our study are the retrospective single center design and the low
number of patients. Prospective studies should be encouraged to evaluate the correlation
between a lower BMI, weight loss and SSc-ILD. Long term longitudinal follow-up, expert
SSc-ILD evaluation by MDT and treatment defined subgroup analysis were the assets of
our study.

5. Conclusions

BMI is an important prognostic factor in SSc-ILD progression and an initial low and
normal BMI or weight loss should be critically followed by the clinical care team. The
thorough monitoring of BMI in clinical practice is required and especially patients with
normal BMI should be followed closely for deterioration. The timing of the introduction of
ISU and biological therapy remain a major challenge for clinicians. A higher awareness
and possibly lower threshold for therapy initiation is needed in patients with preserved
lung function and a normal BMI, even in clinically or radiologically limited SSc-ILD as
functional decline was the most prominent in untreated patients. Although it is important
to note that patients with a normal BMI were presented more often with GIT symptoms,
GIT involvement was not associated with PF-ILD. Regular LF and BMI measurements
should be performed in all SSc patients starting from the initial diagnosis, and anti-SCL-70
positivity is helpful when considering therapy introduction. Future studies are needed to
determine the optimal start and combination of therapy.

Author Contributions: Conceptualization, A.N., E.P. and V.M.; methodology, A.N., E.P. and L.P;
software, L.P.; validation, A.N., L.P. and V.M.; formal analysis, V.M.; resources, V.M.; data curation,
AN., EP. and V.M.; writing—original draft preparation, A.N, E.P.; writing—review and editing,
AD.T,D.LT,GN., EK, PM.-H. and VM,; visualization, A.N.; supervision, N.E., K.V,, E.B., A.B. and
VM., AN, EP,LP,NE,KV,EB,AB,AD.T,DLT,GN., EK, PM.-H. and VM. were treating
physicians or radiologists, members of the multidisciplinary ILD team at Semmelweis University and
contributed to the data, drafting and review of the manuscript. All authors have read and agreed to
the published version of the manuscript.

Funding: This research received no external funding. Eniko Barczi was supported by the Hungarian
Respiratory Society.

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Ethical Committee of Semmelweis University (181/2021) for studies
involving humans.

Informed Consent Statement: Informed consent was not needed due to the retrospective design.

Data Availability Statement: The original contributions presented in the study are included in the
article; further inquiries can be directed to the corresponding author.

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

194



Biomedicines 2022, 10, 434

Abbreviations
6MWT 6 min walk
ABGs arterialized capillary blood gases
ACAs anticentromere antibodies
ANAs anti-nuclear antibodies
Anti-dsDNA  antibodies to double-stranded deoxyribonucleic acid
Anti-RNP antibodies to ribonucleoprotein
Anti-SCL-70  anti-topoisomerase I antibodies
Anti-SSA Ro autoantibodies
Anti-SSB anti-La antibodies
ATS American Thoracic Society
BMI body mass index
COPD chronic obstructive pulmonary disease
CcYC cyclophosphamide
dcSSc diffuse cutaneous SSc
DLCO diffusing capacity for carbon monoxide
ERS European Respiratory Society
American College of Rheumatology/European League
EULAR-ACR Against Rheumatism Collaborative Initiative
FEV1 forced expiratory volume in 1s
FvC forced vital capacity
GGOs ground glass opacities
GIT gastrointestinal tract
HRCT high-resolution computed tomography
ILD interstitial lung disease
IPF idiopathic pulmonary fibrosis
ISU immunosuppressive
KLCO transfer coefficient of the lung for carbon monoxide
1cSSc limited cutaneous SSc
LF lung function
MDT multidisciplinary ILD-team
MMF mycophenolate mofetil
NSIP non-specific interstitial pneumonia
pCO, partial pressure of carbon dioxide
PF-ILD progressive fibrosing interstitial lung disease
POy partial pressure of oxygen
pUIP probable usual interstitial pneumonia
RF rheumatoid factor
SENSCIS A Trial to Compare Nintedanib with Placebo for Patients
With Scleroderma-Related Lung Fibrosis
SLS Scleroderma Lung Study
SpO; oxygen saturation
SSc systemic sclerosis
ssSSc sine scleroderma SSc
TLC total lung capacity
uIpP usual interstitial pneumonia
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Abstract: (1) Background: Calcinosis cutis is a frequent symptom of autoimmune connective tissue
diseases leading to pain, transcutaneous expulsion of calcified material and bacterial superinfection.
There is a high need for new therapeutic options as no standardized treatment algorithm is estab-
lished. While case reports indicate beneficial effects of bisphosphonates, standardized evaluation
of treatment effects is missing. (2) Methods: In this retrospective analysis we evaluate the effects of
intravenous pamidronate, a second-generation bisphosphonate, in seven patients with calcinosis cutis
using consecutive clinical pictures, radiological examinations and patient’s subjective evaluation.
(3) Results: 5/6 patients reported a reduction of pain, improvement of general condition and cessation
of calcinosis progression. Regression of skin lesions was detectable in clinical pictures of 2/6 patients,
while 1/6 patients had stable disease. Radiological examination revealed improvement or stable
disease in 3/5 patients. Fever was the most common side effect. One out of seven patients developed
osteonecrosis of the jaw. (4) Conclusions: Bisphosphonates appear to have beneficial effects in a
subgroup of calcinosis cutis patients. While patient’s subjective evaluation was mainly positive,
objective assessments showed improvement in approximately half of the cases. With regard to
potential severe side effects, a careful risk-benefit evaluation is necessary before treatment initiation.

Keywords: calcinosis cutis; bisphosphonates; pamidronate; autoimmune connective tissue diseases;
systemic sclerosis; dermatomyositis; treatment

1. Introduction

Calcinosis cutis (CC) is a frequent symptom of autoimmune connective tissue diseases,
which severely impacts patient’s quality of life. It is defined as a deposition of insoluble
calcium in the subcutaneous tissue, while serum calcium and/or phosphate levels are not
elevated in most cases [1]. CC forms subcutaneous nodules, which are usually localized at
mechanically stressed body sites, such as fingers or above joints. Often it causes inflamma-
tion and devastating perforations of the skin, leading to pain and baring the risk of bacterial
superinfection. CC can occur in all autoimmune connective tissue diseases, but is most
frequently seen in patients suffering from dermatomyositis and systemic sclerosis [2]. The
pathogenesis is so far poorly understood. Chronic hypoxia, local trauma and inflammation
are potential factors favouring the de novo development and maintenance of CC. Known
associations to CC are female sex, chronic disease course, osteoporosis, digital ulcers and
anti-centromere autoantibodies [3]. The treatment of CC is challenging as no standardized
treatment guidelines have been established. Most recommendations are based on case
reports or small case series, while randomized controlled trials are missing. Published
treatment attempts include intralesional corticosteroid injections, topical or intravenous
thiosulfate, warfarin, minocycline, colchicine, calcium channel blockers, intravenous im-
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munoglobulins, surgical excision and ablative LASER therapy [4]. However, variability of
individual response to therapy is high and additional therapeutic concepts are needed.

Pamidronate is a second-generation disodium bisphosphonate, which is approved
for the treatment of hypercalcemia of malignancy, osteolytic bone metastases of breast
cancer and multiple myeloma, as well as Paget disease of the bone. Second-generation
bisphosphonates inhibit farnesyl pyrophosphate synthase, a key enzyme of the mevalonate
pathway. The inhibition leads to a reduction of posttranslational modifications of guanosine
triphosphate binding proteins, which are essential for the activity of osteoclasts [5]. Based
on this mode of action, bisphosphonates prevent atrophy of bone tissue and lead to a
decrease of calcium serum levels. Stabilization and /or improvement of CC was observed
in two case reports [6,7]. However, a case series of six patients showed no beneficial
effects of etidronate on clinical and radiological assessments of CC in six patients with
dermatomyositis and systemic sclerosis [8].

In this retrospective study we evaluate the effects of intravenous pamidronate in seven
patients with dermatomyositis, systemic sclerosis or mixed connective tissue diseases. We
assessed clinical outcomes based on photo documentation and radiological examination, as
well as subjective therapy-related benefits perceived by the patients using questionnaires.

2. Materials and Methods

Seven patients diagnosed with “calcinosis cutis” who received treatment with pamidronate
at our department between 2010 and 2020 were identified. This comprises all cases of
severe CC in our department during this period of time. Of those, 2 patients died before
the beginning of the study. Clinical information was assessed by clinical records, radio-
logical reports and photography taken during hospital stays. Clinical and radiological
improvement were always evaluated in the last photograph or radiological examination,
which was available. The median time between the first pamidronate infusion and the
last photograph for clinical assessment was 41.5 (9-66) months. The median time between
the first pamidronate infusion and the last radiologic assessment was 19 (11-37) months.
Five patients filled out a questionnaire (see Supplementary Materials) about personal per-
ceptions of bisphosphonate therapy effects. The median time between the last pamidronate
infusion and the completion of the questionnaire (follow up) was 30 (15-98) months. The
full questionnaire can be found in Supplementary Material S1. Data was visualized using
GraphPad Prism 7 software (San Diego, CA, USA). The study protocol was approved by
the Ethics Committee of the School of Medicine, Technical University of Munich (321/20)
and written informed consent was obtained from all patients.

3. Results
3.1. Patient’s Characteristics

Between 2010 and 2020 six female and one male patient received 70-75 mg of intra-
venous pamidronate every 12 weeks for three consecutive days for the treatment of CC at
our department (Table 1). Underlying autoimmune diseases were dermatomyositis (1 = 2),
mixed connective tissue diseases (1 = 3) and systemic sclerosis (1 = 2). The time between
the onset of CC and the initiation of the pamidronate treatment was 7 £ 4.2 years. Six out of
seven patients received immunosuppressive co-medication before and during pamidronate
treatment, mostly with prednisolone, methotrexate or intravenous immunoglobulins. The
number of bisphosphonate cycles per patient was 8.6 + 5.7 and 75 mg was the dosage
administered in 6/7 cases. Fever was the most common side effect present in 3/7 patients.
Additionally, one patient developed low blood pressure and one patient limb pain and
shivering. The most severe adverse event was a necrosis of the jaw, which occurred in
1/7 patients. Four patients did not report any adverse effects.
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Table 1. Patients’ characteristics.

Participant ID 1 2 3 4 5 6 7
sex male female female female female female female
. . dermato- dermato- m{xed . m{xed . systemic mixed connective systemic
diagnosis o - connective tissue  connective tissue . . . .
myositis myositis : : sclerosis tissue disease sclerosis
disease disease
age at disease onset 2% 6 48 10 58 47 38
(years)
age at onset of
calcinosis cutis 26 unknown 50 14 59 49 unknown
(years)
time between
beginning of
CalC%an?lS‘Cu‘(lS and 8 unknown 8 13 4 2 unknown
initiation of
bisphospho-nate
treatment (years)
number of
bisphospho-nate 7 12 3 6 12 18 2
cycles
dosage (mg) 70 75 75 75 75 75 75
intravenous intravenous hydroxy-
immuno- immuno- chloroquine
globulins methotrexate globuline methotrexate azathioprin
previous cyclophos- . methotrexate prednisolone bosentan mycophenolate .
. prednisolone . X 5 . h prednisolone
treatments phamid azathioprine prednisolone cyclosporine pentoxi-fylline mofetil intravenous
methyl- P azathioprine chloroquine immuno-globulins
prednisolone chloroquine prednisolone
azathioprine PUVA, iloprost iloprost
intravenous
tbr.eat}r? enthdurmg methyl- methotrexate 11m 1‘)“ 1111'\ o methotrexate iyl dnisol
isphospho-nate i i globulines i pentoxi-fylline - prednisolone
therapy prednisolone prednisolone methotrexate prednisolone
prednisolone
fever low blood fever shivering fever
adverse events - - X s osteonecrosis of - -
Ppressure limb pain :
the jaw

3.2. Patients Evaluate Bisphosphonate Treatment Positively

To assess patient satisfaction with bisphosphonate therapy, we asked five patients to
estimate the effects on different aspects of CC (Figure 1) and analyzed the well-documented
physician’s records of one deceased patient.

Three out of six patients noticed a softening of the CC skin lesions. Furthermore,
5/6 patients reported a reduction of pain, cessation of CC progression and improvement
of their general condition. Three patients suffered from immobility of one or more joints
before starting the bisphosphonate therapy. Of those, only one observed an improvement of
mobility under treatment. Overall, 5/6 patients evaluated bisphosphonate therapy positively.

Objective assessment reveals heterogeneous response to bisphosphonate therapy.
While subjective perception is often biased by expected benefits, we evaluated clinical
images and radiological reports before and after bisphosphonate therapy. Data were
available for six patients. Here, we identified two patients with clear regression of CC skin
lesions visible in clinical pictures after the initiation of bisphosphonate therapy (Figure 2).

One patient showed stable disease according to physician’s records. Three patients,
however, developed additional or showed a progression of pre-existing CC lesions (Figure 3).

Radiological reports were available for 5/7 patients. The size of the CC was measured
by conventional X-ray, computer tomography or magnetic resonance imaging. Here,
improvement was reported in 3/5 patients, whereas 1/5 patients showed stable disease
and 1/5 patients radiological progression. Concomitant treatment with prednisolone
or methotrexate was not associated with a better outcome of CC. Thus, bisphosphonate
treatment resulted in clinical and/or radiological improvement in approximately half of the
patients, while 3/6 patients did not profit according to objective measurements (Figure 4).
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A . . B absent
softening of skin lesions B present
reducton of pain _
cessation of skin lesion progression _
improvement of general condition _
positive evaluation of BP therapy _
B pain induration impairment in everyday life
Patient 5. Patient 5 Patient 5 n.a.
Patient 4. Patient 4. Patient 4
Patient 3 Patient 3 Patient 3
Patient 2. Patient 2 Patient 2
Patient 1 Patient 1 Patient 1
0 20 40 60 80 100 0 20 40 60 80 100 0 20 40 60 80 100
%improvement after BP %improvement after BP %improvement after BP

Figure 1. Patient’s subjective evaluation of bisphosphonate therapy effects. (A) Absence or presence
of different treatment outcomes after initiation of bisphosphonate therapy as assessed by a postal
questionnaire. (B) Percent improvement of pain, induration of calcinosis cutis skin lesions and
impairment in everyday life after initiation of bisphosphonate therapy for each individual patient
taking part in the questionnaire evaluation.

before BP after BP (17x)

Figure 2. Representative clinical pictures of calcinosis cutis before and after bisphosphonate (BP)
therapy (17 cycles).

before BP after BP (3x)

Figure 3. Representative clinical pictures of calcinosis cutis before and after bisphosphonate
(BP) therapy.
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clinical radiological

[ stable
B regressive
Bl progressive

Total = 6 Total =5

Figure 4. Objective evaluation of bisphosphonate therapy effects by dermatologists (clinical) and
radiological examinations.

4. Discussion

In this retrospective study we observed diverse clinical response to bisphosphonate
therapy for the treatment of CC. While the vast majority of patients evaluated therapeutic
effects positively, an objective improvement could only be observed in half of the patients.
The most common side effect was fever. However, one patient developed osteonecrosis of
the jaw, a known side effect of bisphosphonate treatment, which led to the discontinuation
of therapy.

CC is a common symptom of autoimmune connective tissue diseases and one of
the biggest therapeutic challenges. While negative effects on patient’s quality of life are
immense, evidence for successful therapeutic concepts is rare. Dealing with different
diseases, disease stages and heterogenous patient cohorts hampers the generation of
homogenized and comparable patient cohorts and thereby the creation of evidence-based
treatment guidelines [9]. Therefore, retrospective analysis of treatment outcome is a
valuable tool to gain more insight into the therapeutic potential of different compounds.

Previous reports about bisphosphonates for CC are contradictory. Apart from positive
results in single patient reports, the so far largest case series with six patients showed no
beneficial effects of etidronate on CC [8]. Publication bias might account for an overesti-
mation of therapeutical effects, as negative results are rarely published [10]. Our analysis
includes all patients treated at our department within the last ten years. We found objective
improvement or stabilization of CC in 4/7 patients. The diverse clinical outcome might
be based on variance in disease duration, different mechanisms of CC formation or so far
unknown individual factors contributing to CC development and maintenance.

The way that pamidronate influences CC is still speculative. Bisphosphonates decrease
systemic calcium levels by inhibiting osteoclast activity. Thus, one potential mechanism
of how pamidronate influences CC is an osmotic adjustment favouring resorption of
calcium deposits from the subcutaneous tissue into blood vessels by lowering serum
calcium levels. However, in contrast to metastatic calcification, CC in autoimmune diseases
often develops independently from systemic shifts of calcium homeostasis [2]. Therefore,
bisphosphonates might also have additional effects on CC lesions. Like many other
mechanisms of autoimmune diseases, CC is thought to proceed in different stages. In the
early stage, hypoxia or repeated local trauma triggers chronic inflammation at acral sites of
the body. Destruction of connective tissue, tissue necrosis, immunological response to tissue
degeneration and decreased activity of calcification inhibitors favour the accumulation
of calcium depositions [11]. Often calcium deposits are accompanied by granulomatous
inflammation comprising macrophages and foreign body giant cells. There is increasing
evidence that bisphosphonate might also have anti-inflammatory effects on monocytes
and macrophages [12,13]. Therefore, regression of CC under pamidronate therapy might
be based on interrupting chronic inflammation. Given this potential mode of action, an
analysis of the immunological signature accompanying CC might allow future stratification
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of patients. Patients with a high number of macrophages and monocytes due to foreign
body reaction might be prone to better respond to bisphosphonate treatment than patients
without inflammatory activity around CC lesions. Therefore, future studies should include
histological and immunological evaluation of CC biopsies before the initiation of new
therapeutic strategies.

Our study has limitations: First, we performed a retrospective study and not a ran-
domized, placebo-controlled clinical trial. Therefore, there is no control group of untreated
patients or patients receiving a placebo. Second, as we summarized data from clinical
routines, the time between the first pamidronate infusion and radiological assessment
varies between different patients. Third, there is a potential recall bias as patients filled
out the questionnaire years after the last pamidronate cycle. However, as CC is a very
difficult-to-treat symptom of connective tissue diseases with a high unmet medical need
for new therapeutic options, this comprehensive retrospective analysis including subjective
and objective outcome parameters is of high value for clinicians treating patients with CC.

In summary our study demonstrates that a subgroup of CC patients might profit from
bisphosphonate treatment. However, as parameters predicting therapeutic response are
still missing and severe adverse events can occur, treatment with bisphosphonates has to
be evaluated carefully. Assessment of treatment outcomes should be based on objective
findings rather than on a patient’s subjective perception, which is biased by individual
expectations. Future studies better investigating the exact mechanisms of CC formation
in autoimmune diseases will allow better identification of patient subgroups with a high
probability to respond well to bisphosphonate treatment.
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