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INTRODUCTION
1. INTRODUCTION

1.1. History, terminology and definition

The earliest reports of scleroderma can be found in the notes of Hippocrates (460-370 BC),
who described a specific “thickening of the skin” in some of his patients. However, the word
“scleroderma” was first introduced into medical terminology in 1836 by Giovambattista
Fantonetti, who used this word derived from the Greek terms “sklérés” (hard) and “derma”
(skin) to describe his patient’s skin lesions. In the last decades of the 19" century, many
cases of patients with the same skin thickening were reported. Some of these patients
presented severe internal organ involvement, and a systemic form of the disease was

recognised [1, 2].

Scleroderma is used as an umbrella term to encompass both morphoea (localised
scleroderma) and systemic scleroderma or systemic sclerosis (SSc). Morphoea refers to
sclerotic skin disease limited to the skin and underlying connective tissues, while SSc is
characterised by internal organ involvement in addition to skin lesions [2, 3]. SSc is a
systemic autoimmune disease with a multifaceted aetiology characterised by inflammatory

and fibrotic processes, principally affecting the skin, microcirculation, and internal organs

[4].
1.2. Epidemiology, prevalence and incidence

It has been estimated that the overall prevalence of SSc ranges from 15.1 to 20.5 per
100,000 individuals, with an incidence of 1.1-1.9 per 100,000 person-years. Nevertheless,
significant variability can be observed in prevalence and incidence reports of SSc. This

variability can be attributed to the following factors:

- Difficulties related to the classification of patients due to the rarity of the disease,
clinical heterogeneous manifestations, and application of different classification
criteria. Indeed, classification criteria have significantly evolved over time, enabling
the inclusion of an increasing number of patients in the studies, which, together with
the current better overall survival of SSc patients, has resulted in recent studies
reporting higher estimates than older ones [5].

- Significant impact of ethnicity leading to regional variations. Prevalence and

incidence of SSc in Asia have been reported to be significantly lower than in other
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regions of the world. On the other hand, it has been observed that SSc is more
common in North and South America than in Europe, with prevalences of 25.9, 24.8
and 14.8 per 100,000 individuals, respectively. However, a north-to-south gradient
where higher latitude indicates lower occurrence seems to be present in Europe. In
fact, in a study conducted in northwestern Spain, a prevalence of 27.6 per 100,000
individuals was reported, more similar to the prevalence observed in America [5, 6].

- SSc has consistently been described as more common in women than men, and
therefore, when stratified by sex, prevalence and incidence are significantly different.
A women-to-men ratio of almost 5:1 is noticed in most studies, with a prevalence
and incidence of 28.0 per 100,000 women and 2.3 per 100,000 women-years, and
6.0 per 100,000 men and 0.5 per 100,000 men-years [5].

1.3. Etiopathogenesis

Although rare, family history is one of the highest risk factors for SSc. An increased risk of
developing disease of 15 to 19-fold and 13 to 15-fold has been described in siblings and
first-degree relatives, respectively. Racial differences in disease prevalence and clinical
manifestations further support the involvement of genetic factors in SSc pathogenesis. On
the other hand, concordance for SSc is low in twins (4.7%) and similar in monozygotic and
dizygotic twins (4.2% vs. 5.6%). However, concordance for anti-nuclear autoantibodies
(ANAs) presence is significantly higher in the healthy monozygotic twin than in the healthy
dizygotic twin of a SSc patient (95% vs. 60%). These data suggest that genetic factors are
linked to autoimmunity, increasing the susceptibility to SSc, but are not enough to develop
clinically definite SSc. In line with this idea, most of the susceptibility genes for SSc are
human leukocyte antigen (HLA) haplotypes and non-HLA genes related to immunity and
inflammation, which are shared by other systemic autoimmune diseases such as rheumatoid
arthritis (RA) and systemic lupus erythematosus (SLE). Therefore, it is widely believed that
SSc develops due to a triggering event in an individual with a “permissive” genetic
background. Interestingly, although SSc is characterised by vasculopathy and tissue fibrosis,
few genes prominently involved in these processes have been identified so far as possible
risk factors, suggesting that the aberrant immune response to a trigger could be the first

physiopathological step on SSc [7-11].

Different environmental factors have been identified as possible triggers of SSc. Pathogens
are considered one of the most important triggers of SSc; in particular, Human

Cytomegalovirus, Human Herpesvirus-6, Parvovirus B19, Toxoplasma gondii and

4
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Helicobacter pylori have been linked to the development of SSc. Moreover, it has been
shown that gut and skin microbiomes are altered in these patients, making it possible for
commensal bacteria to act as triggers. On the other hand, during the last decades, several
chemical agents have been suggested as potential etiologic agents of SSc. Organic solvents
such as epoxy resins, asbestos, welding fumes, pesticides, cocaine, hair dyes, heavy metals,
silicone breast implants, particulate material, and silica have been linked to SSc
development. Silica dust was one of the first proposed triggers for developing SSc, as it was
associated with the so-called “Erasmus syndrome”, characterised by a higher incidence in
men with long-term exposure to silica dust and anti-Scl70 autoantibodies. Although not
strictly environmental, the presence of tumours and precisely the immune response against
them have also been suggested as possible triggers for SSc onset, especially in SSc patients
with anti-RNApol lll autoantibodies. Additionally, as in other autoimmune diseases, foetal-
maternal and maternal-foetal microchimerisms have also been proposed as a triggering
event for SSc. In these cases, low levels of foetal cells are harboured in maternal blood, or
low levels of maternal cells are harboured in foetal blood. These cells can potentially cause
host versus graft and graft versus host reactions, which could trigger autoimmunity. Finally,
as with other autoimmune diseases, SSc development has been associated with vitamin D
deficiency, which performs various immunomodulatory, anti-inflammatory, antioxidant and

anti-fibrotic actions [7, 10, 12, 13].

However, genetics and environmental agents do not fully explain SSc heterogeneity. In this
context, epigenetic modifications are considered a unique crossroad between genetics and
environmental factors. Abnormalities in DNA methylation of genes associated with fibrosis
and collagen production, increased interferon (IFN) production and altered IFN response,
and impaired angiogenesis have been reported. Furthermore, like many other autoimmune
diseases, SSc presents a striking female predominance, as previously discussed in section
1.2., and due to the high number of immune-related genes located on the X chromosome,
it has also been suggested that this sex bias could also be caused by X-linked epigenetic

modifications [9].
1.4. Physiopathology

Due to the complexity of the disease and the lack of an animal model that replicates human
SSc faithfully, the pathophysiology of the disease has yet to be completely elucidated.

Anyhow, it has been long known that it is a progressive self-amplifying condition in which the
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clinical and pathologic manifestations of the disease are mainly produced by three distinct

processes [7, 14]:

1) Innate and adaptive immune system abnormalities that lead to the production of
autoantibodies, cytokines and cell-mediated autoimmunity.

2) Fibroproliferative vasculopathy of small vessels.

3) Fibroblast dysfunction that leads to excessive production of extracellular matrix

(ECM) components that accumulate in skin, blood vessels, and internal organs.

1.4.1.Vasculopathy

As already discussed, since most SSc susceptibility genes are related to immunity, the
aberrant activation of the immune system after exposure to certain environmental factors
seems to be the first step of SSc development. Consistent with this notion, SSc-related
autoantibodies are already present before the first clinical symptoms associated with SSc.
Moreover, it has been demonstrated that fibrosis and vasculopathy can be reversed in SSc
patients after autologous hematopoietic stem cell transplantation, which is thought to reset

the immune system and eliminate the autoreactive immune cells [7, 8].

Nevertheless, histologically, the first manifestation of the disease presents as an alteration
of the endothelium of small blood vessels (capillaries and arterioles). At early stages of the
disease, swelling, vacuolisation, loss of membrane-bound storage vesicles and apoptosis of
endothelial cells, and large gaps between them can be observed. The gaps between
endothelial cells cause capillary dilation, with the related leakage of red blood cells that
clinically may present as telangiectasias. Some other vascular structural alterations, such
as capillary enlargement and capillary loss, can also be seen in later stages. Further
morphologic changes in the vessel wall are also observed, including fibrosis, smooth muscle
cell proliferation, intimal and pericyte proliferation, duplications of the basement membrane
and accumulation of proteoglycans leading to arteriolar stenosis. Such histological changes
can be detected widespread in internal organs (lungs, heart, kidneys and muscles) even

without significant clinical symptoms [7, 8, 14].

Therefore, it has been suggested that endothelial cells of small blood vessels are the initial
target of the aberrantly activated immune system. Actually, anti-endothelial cell
autoantibodies and yd T cells targeting endothelial cells have been described in SSc.
However, the exact mechanism of initial vascular injury remains unknown, and endothelial

cells could also be affected directly by environmental factors. Regardless of the initial trigger,
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damaged endothelial cells are believed to undergo cell death and cell activation [7, 8, 14,
15].

Activated endothelial cells have been shown to overexpress cell adhesion molecules,
chemokines, cytokines and growth factors. The activation of endothelial cells causes an
enhanced interaction with circulating leukocytes, with an increased tethering, roiling, firm
adhesion, extravasation and tissue infiltration of leukocytes. Moreover, it has been
demonstrated that leukocytes from SSc patients also up-regulate cell adhesion molecules,
targeting themselves to the endothelium (Figure 1). Consequently, lymphohistiocytic
inflammatory infiltrates around affected blood vessels and tissues can be visualised by
histology in lesional skin of SSc patients at early stages. Nevertheless, vascular changes in
SSc are more typical of a vasculopathy than a vasculitic process, given the paucity of

inflammation in the vessel wall [7, 8, 14, 15].

Activated endothelial cells also promote the interaction with platelets, while the apoptosis of
endothelial cells and gaps between endothelial cells cause direct contact between
subendothelial connective tissue and platelets. Both scenarios lead to the activation of
platelets and consequent fibrin production and clot formation. Moreover, activated
endothelial cells increase the production of vasoconstrictors and decrease the production
of vasodilators, which also facilitates platelet aggregation and thrombosis. Furthermore, it
has been demonstrated that SSc platelets show an intrinsic enhanced aggregation capacity
to various triggers, as they express high levels of adhesion molecules, von Willebrand
receptor and release higher quantities of vasoconstrictors, also contributing to the increased
risk for thrombosis of SSc patients. Overall, the frequent and sustained alteration of the
microvascular tone due to the altered production of vasoconstrictors and vasodilators is a
noxious trigger to the endothelial barrier, leading to the opening of the endothelial junctions,
inflammatory cells homing, increased microvessel permeability and continuous vascular
leak, giving rise to microhemorrhages and local oedema. Moreover, this causes further
direct contact of the subendothelial connective tissue with circulating blood elements,
resulting also in vascular thrombosis. Additionally, the connective tissue reacts to this insult
by promoting fibroblastic and no-fibroblastic stromal proliferation, contributing to the

proliferative arteriopathy seen in SSc (Figure 1) [7, 8, 14].

Some of these observed alterations also result from the endothelial-to-mesenchymal
transition (EndoMT) process. EndoMT is a trans-differentiation process by which endothelial
cells lose their characteristic phenotype markers and morphology and acquire

mesenchymal/myofibroblast features. EndoMT process seems to be mediated by
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vasoconstrictor molecules and growth factors. Moreover, the pathologic endothelium
promotes the switch of multipotent mesenchymal stem cells towards a profibrotic
myofibroblast phenotype. Although in a physiological state, myofibroblasts are implicated in
wound strengthening by extracellular collagen fibre deposition and wound contraction, in
SSc, myofibroblasts potentially participate in fibro-proliferative vasculopathy and tissue
fibrosis (Figure 1). In line with this, vasculopathy could potentially be a critical pathological

step bridging the aberrant activation of the immune system and fibrosis [8, 14, 15].
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Figure 1. Summary of the physiopathology processes involved in the development of SSc. The initial trigger
causes vascular injury, resulting in endothelial cell apoptosis and activation. Activated endothelial cells
overexpress molecules that result in the extravasation of leukocytes and interaction with platelets. At the same
time, apoptosis of endothelial cells leads to leakage of red blood cells and also exposes the subendothelial
connective tissue, further promoting platelet aggregation. Activated endothelial cells and aggregated platelets
produce high quantities of vasoconstrictors, resulting in luminal thrombosis which induces inflammation, and
activation and proliferation of endothelial cells, pericytes and smooth muscle cells. Moreover, the altered
vasoconstrictor production also results in the opening of endothelial junctions and capillary dilation, oedema and
microhemorrhages, and further leukocyte homing. The observed lymphohistiocytic infiltrate is mainly composed
of Th2 cells and M2 macrophages, which, together with endothelial cell production of ET1, results in an increased
production of TGFB. TGFB contributes to the differentiation of fibroblasts to myofibroblasts and the
transdifferentiation of other cell types, such as endothelial cells, pericytes and adipocytes, into myofibroblasts.
Myofibroblasts produce high amounts of ECM, resulting in final tissue fibrosis, and also secrete TGFf3, generating

a feed forward loop.
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Finally, it has been demonstrated that the microvascular damage in SSc patients is paralleled
by an abnormal capability for repairing the injured blood vessels. Blood vessels are generally
repaired by angiogenesis, a physiological process through which new blood vessels are
generated that is regulated by a balance between pro-angiogenic and anti-angiogenic
factors. Tissue ischemia usually leads to the expression of angiogenic growth factors, which
causes vasodilatation, proliferation, and migration of endothelial cells and stabilisation of the
lumina to form new vessels. Both pro-angiogenic and anti-angiogenic factors are elevated
in the plasma of SSc patients, presenting a dysregulated balance. At the same time,
endothelial cells respond defectively to pro-angiogenic factors. Less frequently,
vasculogenesis can also participate in the repair of injured blood vessels by the
incorporation, differentiation, migration and proliferation of bone-marrow-derived progenitor
cells to sites of endothelial injury. It has been demonstrated that SSc patients show
dysfunction of bone marrow-derived progenitor cells and impaired recruitment to the

damaged tissues [7, 8, 14].

1.4.2.Immune system

Altered innate and adaptive immune responses have been demonstrated to play a prominent
role in early SSc pathophysiology. As previously discussed, inflammatory cell infiltration
around small vessels on affected tissues can be detected by histology. These inflammatory
cellinfiltrates are mainly seen in the earlier stages of the disease. Still, once interstitial fibrosis

sets in, in the later stages of the disease, these infiltrates are difficult to find [8, 14-16].

B cell infiltration is relatively limited in SSc-involved skin, where T cells, macrophages and
mast cells are prominent. T cells were the first cells described to infiltrate SSc skin lesions.
Furthermore, clonal expansions of T cells were demonstrated, suggesting a T cell response
to a widely distributed and persistent antigen in lesional SSc skin sites. T cells are thought
to be the principal mediators of the damaging immune responses seen in SSc. In fact, SSc
patients show features of chronic graft-versus-host disease, which is mediated mainly by
donor T cells. The infiltrating T cells exhibit an altered T helper 1 (Th1) and Th2 balance,
skewed toward Th2 responses. While Th1 cells primarily secrete IFNy, which produces anti-
fibrotic effects, Th2 cells are characterised by secretion of interleukin 4 (IL4) and IL13, which
have been long linked to fibrosis. The fibrotic changes caused by these two cytokines are
mainly mediated by the induction of production of transforming growth factor B (TGFp),
fibroblast proliferation and differentiation to myofibroblasts and ECM component

accumulation. Moreover, TGF@ induces IL13 synthesis, which can generate a feedforward
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cycle of signalling events that activate the immune system cells and fibroblasts (Figure 1).
Moreover, as in other autoimmune diseases, an altered Th17 and T regulatory (Treg)
balance has also been reported, with Th17 predominance. It seems that Tregs are
decreased in number and functional capacity, although there are controversial results, and
some reports indicate that Treg number could increase in active disease phases. Moreover,
Treg cells have been shown to transform into pathogenic effector circulating Th17 cells, as
well as skin resident Th2 cells, that produce pro-inflammatory and pro-fibrotic cytokines,
respectively [7, 8, 14-16].

On the other hand, in general, B cells are scarcely seen in SSc tissues, and germinal centres
are not prominent. However, numerous lymphoid aggregates composed mainly of B cells
are generally evident in the lungs of SSc patients with interstitial lung disease (ILD). Moreover,
circulating B cells have been shown to be constitutively activated and produce several
autoantibodies targeting nuclear, cytoplasmic, and extracellular autoantigens. Indeed, the
presence of anti-nuclear autoantibodies, as discussed in section 1.7., is the hallmark of SSc,
and they are observed even prior to the diagnosis of the disease. Although some pathogenic
autoantibodies have been described, most autoantibodies are not pathogenic but serve as
diagnostic and prognostic biomarkers. The strong association of non-pathogenic
autoantibodies with specific clinical manifestations suggest that altered B cell phenotypes
correlate with other anomalies that drive the progression of the disease through interaction
with other immune and non-immune cells or by sharing the same genetic and epigenetic
features. In line with this, it has been demonstrated that B cell depletion with rituximab
improves skin and internal organ involvement of SSc, indicating that B cells are involved in
the activation of vascular and fibrotic processes in addition to the activation of the immune
system [8, 14-16].

Regarding the innate immune system, macrophages are also enriched in perivascular
infiltrates since monocytes recruited from the bone marrow migrate into the tissues together
with T cells. Once in the tissue, monocytes either differentiate into classically activated (M1)
or alternatively activated (M2) macrophages. Generally, M1 macrophages are effector
phagocytes that produce pro-inflammatory cytokines like tumour necrosis factor a (TNFa),
IL6, and IL1, whereas M2 macrophages produce anti-inflammatory cytokines, mostly IL4,
IL13 and IL10. In physiological conditions, during wound healing, or at the peak of the pro-
fibrotic late immune response, M2 macrophages partially suppress M1 responses and
promote ECM protein synthesis, including pro-fibrotic cytokine release, such as TGFg.

Moreover, M2 macrophages potentiate the anti-inflammatory response by inducing Th2
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effector cell activities (Figure 1) [8, 14]. On the other hand, neutrophils and mast cells are
also seen in tissue infiltrates. Both types of cells produce pro-fibrotic factors, including TGFp.
Additionally, neutrophils can increase the levels of TGFB by producing reactive oxygen
species (ROS), which trigger the release of TGFf from its latent ECM-bound state, while
mast cells release platelet-activating factors that cause platelets to aggregate, contributing

to endothelial damage and the risk of thrombosis [15].

Finally, plasmacytoid dendritic cells (pDCs) have also been found to be enriched around
small vessels of SSc lesional skin. pDCs produce large amounts of IFNa through the
activation of Toll-Like Receptor 7 (TLR7) and TLR9 that can be stimulated by self-DNA. As
endothelial damage provides self-DNA, pDCs produce excessive amounts of IFNa, inducing
the senescence of endothelial cells and possibly causing a feedforward loop that promotes
the progression of SSc through vascular injury and activation of the immune system. In line
with this, clinical trials where recombinant IFNa was used as a treatment for SSc induced
the development and progression of the disease, generally due to exacerbation of ILD.
Furthermore, when IFNa has been used to treat other diseases, such as multiple sclerosis
and chronic hepatitis C virus infection, the onset of typical SSc or SSc-like symptoms has
been described [8].

1.4.3.Fibrosis

Fibrosis, characterised by progressive tissue accumulation of ECM components in the skin
and multiple organs, is a prominent pathological finding and distinguishing hallmark of
clinically overt SSc. In addition to the excessive amount of ECM components, fibrotic tissues
are characterised by a high amount of myofibroblasts. These cells not only secrete ECM
components and help in the wound contraction but also produce TGF and other pro-fibrotic
mediators and can originate from activated resident fibroblasts, pericytes, bone marrow-
derived fibrocytes, EndoMT, epithelial-mesenchymal transition and adipocyte-to-
myofibroblast transdifferentiation (Figure 1). The induction to differentiate into myofibroblast
can be considered a final consequence of the previous SSc-specific disease cascade, that
is, the pro-fibrotic cellular milieu formed by growth factors, cytokines and other soluble
mediators [8, 14, 15].

A key growth factor involved in the activation of fibroblasts and myofibroblast
transdifferentiation is TGFB, a potent inductor of ECM component production. TGFf is
elevated in the skin of patients with early active disease but weak or even undetectable in

those with established fibrosis. In the early stages of the disease, TFGB promotes
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inflammation by recruiting leukocytes (regulation of adhesion molecules and generation of a
chemokine gradient), activating leukocytes and inducing the production of pro-inflammatory
cytokines and other mediators. It seems that in the fibrotic phase, although TGF[3 expression
is low, SSc fibroblasts are constitutively activated with a pro-fibrotic phenotype similar to that
of normal fibroblasts treated with TGF(, probably due to a self-activation system that relies
at least partially on autocrine TGF signalling. Moreover, the increased tissue stiffness and
reduced elasticity of fibrotic tissues result in mechanical stress mediated by integrins (focal
adhesions) that also contributes to the activation of fibroblasts and myofibroblast
transdifferentiation and further intensifies the progression of the fibrotic process. Moreover,
integrin-mediated tension also promotes the release of active TGFB from the ECM-bound
latent form. Endothelin 1 (ET1) produced by activated endothelial cells also contributes to
the activation of fibroblasts using the TGFB machinery, and activated fibroblasts can also
produce ET1 due in part to the action of TGF( signalling, generating positive feedback. In
addition, both molecules are pivotal players in the EndoMT process, inducing more
myofibroblast generation (Figure 1) [8, 14, 15]. In addition, chronically activated/aggregated
platelets in patients with SSc may also contribute to fibrosis by producing cytokines and

growth factors that could induce the scleroderma fibroblast phenotype [7].

Furthermore, SSc fibroblasts present unique intrinsic characteristics that promote the pro-

fibrotic status seen in SSc patients:

- Reduced sensitivity towards apoptosis, which, together with the increased rates of
differentiation to these cells, leads to an increased number of myofibroblasts in SSc.

- Persistency in a continuous activated state.

- Possession of mechanisms for selectively responding to pro-fibrotic stimuli produced
by T cells. Typically, collagen production of fibroblasts is inhibited by Th1 and Th2
cells through membrane-associated IFNy and TNFa, respectively. SSc fibroblasts’
increased collagen production is resistant to both Th1 and Th2 cell-mediated
suppression, especially the one exerted by Th2 cells. It has been postulated that
SSc fibroblasts produce an antagonist of TNFa receptors in a way that TNFa
produced by Th2 cells stop to overcome the pro-fibrotic effect of IL4, also secreted
by Th2 cells. Moreover, it has been shown that SSc fibroblasts induce the skewed
balance of T cells to a Th2/Th17 phenotype, regulating the transdifferentiation of
Tregs into Th2 cells and suppressing IFNy expression [8, 15].

Briefly, chronic fibroblast activation mediated by different processes and feed forward loops

leads to a failure to terminate the regular tissue repair due to the immune system
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inflammatory induction, which finally leads to a disturbed ECM deposition, tissue fibrosis and

ultimately to organ failure beyond repair [14, 15].

1.4.4. Transcriptomic studies

Multiple transcriptomic studies on different tissues and cells have shown a prominent type |
IFN signature, which is defined as a high expression of a group of genes downstream after
IFN | stimulation. In this line, it has been demonstrated that polymorphisms in IFN-regulatory
factors confer an increased risk for developing SSc, and high levels of IFN | are evident in
the blood and skin of a large percentage of SSc patients. However, this signature is not
specific to SSc since it has been described in other autoimmune diseases such as SLE and
indicates an aberrant immune system activation [14]. On the other hand, based on bulk-
tissue transcriptomics of skin biopsies, four “intrinsic SSc subsets” have been identified:
fibroproliferative, inflammatory, limited and normal-like. The presence of these subsets
suggests that SSc is a heterogeneous disease in which similar but different
physiopathological processes could cause the disease depending on the patient. Finally,
single-cell RNA sequencing (scRNA-seq) studies have demonstrated the overrepresentation
of myofibroblasts expressing transcription factors induced by activation of IFN | and TGFf
pathways. Regarding non-fibroblast skin cell populations, different cells of the innate immune
system were found to be present in distinct subsets of the disease, once more indicating
that SSc is a heterogeneous disease in which different physiopathological processes could

participate [10].
1.5. Clinical characteristics

The aberrant activation of the immune system leading to a proliferative vasculopathy, hyper-
coagulation status and excessive fibrosis, affects almost all the organ systems of the human
body, including the skin, lung, heart, gastrointestinal tract, liver, kidney and musculoskeletal
system, resulting in a very width range of clinical manifestations. In this section, the most

frequent clinical manifestations presented by SSc patients are discussed.

1.5.1.Skin involvement

1.5.1.1. Skin fibrosis

Although a small subset (<5%) of patients with established SSc have no clinically detectable

cutaneous thickening, classified as having SSc sine scleroderma (ssSSc), skin thickening is
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the unifying feature of different SSc subtypes and all other types of scleroderma and
scleroderma-like disorders (Figure 2). Nevertheless, wide heterogeneity in the extent of skin
involvement exists between patients. Indeed, to date, the subgrouping of SSc patients still
mainly relies on the skin fibrosis extension; the classification criteria proposed by LeRoy et
al. in 1988 [4] proposed two big subsets of SSc, limited cutaneous SSc (IcSSc), in which
skin fibrosis is limited to the distal limbs (hands, feet and forearms) and face, and diffuse
cutaneous SSc (dcSSc), associated with skin changes that can also affect the trunk and
proximal limbs in addition to the distal limbs and face (Figure 2). Moreover, skin involvement
is also heterogeneous within the same individual patient over time, as patients may present
flares or progressive skin involvement in later disease. In IcSSc, skin fibrosis develops slowly
and shows little variability over time, while in dcSSc, there is a more rapid skin fibrosis
progression, and posterior flares are more common. It is generally accepted that skin
thickness tends to increase in early dcSSc and decrease in late dcSSc, being the time of
peak involvement typically 12-18 months after the onset of skin thickening. Notably, the
progression of skin fibrosis may be a marker of concurrent internal organ progression, and
rapid skin progression is an independent predictor factor of early mortality. Consequently,
the measurement of skin thickness is used as a surrogate for disease activity and severity,
especially in patients with dcSSc. This has led to the development of different standardised
methods for evaluating skin thickness progression, the most used being the modified
Rodnan skin score [3, 17-19].

Three phases can be distinguished in the skin thickening process: oedematous,
fibrotic/indurative and atrophic. The oedematous phase is considered reversible, but skin
thickening becomes irreversible once the atrophy has settled. Usually, the skin fibrosis in
SSc starts in distal fingers and toes and progresses proximally. Although the three phases
can overlap, in general, at the start, the fingers of the hands become puffy, “puffy fingers”,
because of microvascular changes and inflammation, in a symmetrical way. Over time,
excessive collagen deposition gives rise to skin thickening and tightening, referred to as
sclerodactyly. Skin tightening and thickening are observed distal to the
metacarpophalangeal and metatarsophalangeal joints but proximal to the proximal
interphalangeal joints. Over time, atrophy occurs, with hide-bound skin (bound to
subcutaneous tissues), leading to spindle-shaped fingers surrounded by contracted skin.
The limited movement of the skin over joints results in friction rubs, joint contractures and
deformities of both large and small joints in some patients, leading to significant disability

due to pain, weakness and reduced mobility (see section 1.5.7.1.1.1.) [3, 17].
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Figure 2. Skin extension of the SSc subsets proposed by LeRoy criteria. The classification criteria of LeRoy et al.
(1988) proposed two main subsets of SSc, the limited cutaneous SSc (IcSSc) subset, in which skin fibrosis is
limited to the distal limbs (hands, feet and forearms) and face, and diffuse cutaneous SSc (dcSSc), associated
with skin changes that can also affect the trunk and proximal limbs in addition to the distal limbs and face. There
is no clinically detectable cutaneous thickening in less than 5% of established SSc cases, classified as having

SSc sine scleroderma (ssSSc).

Skin fibrosis of the fingers is so characteristic of SSc that according to the revised set of
criteria adopted by the American College of Rheumatology (ACR) and the European League
Against Rheumatism (EULAR) of 2013 for the classification of SSc, patients with skin
thickening sparing the fingers are not classified as having SSc (see section 1.6.). In addition,
these classification criteria include skin thickening of the fingers of both hands that extends
proximal to the metacarpophalangeal joints as a sufficient criterion for classification of SSc
to present. However, as mentioned, skin changes can be seen in skin from other parts of
the body and have direct clinically significant consequences. For example, skin fibrosis
around the mouth can lead to radial perioral furrowing, microstomia, and microcheilia,
resulting in impaired speech and mastication, while thoracic fibrosis can cause restricted
lung disease. On the other hand, tightening of the skin on the face can cause a pointed,
beaked nose, impaired eye opening, and decreased facial expression (amimia). These skin
lesions, in addition to physiological problems, produce a significant psychosocial impact [3,
17, 20].
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Regarding the physiopathology of skin fibrosis, several studies have demonstrated the
upregulation of disease-associated molecules in the epidermis of SSc-involved skin, such
as ET1 and TGF, suggesting that SSc keratinocytes likely contribute to the activation of
dermal fibroblasts and progression of fibrosis. On the other hand, skin fibrosis in SSc is
accompanied by loss of the subcutaneous adipose tissue. Moreover, subcutaneous adipose
mesenchymal stem cells and mature adipocytes have both been involved in the
transdifferentiation into fibroblast-like cells, contributing to skin fibrosis. In fact, a significant
proportion of activated myofibroblasts in SSc-involved skin appear to arise from adipocytes
adjacent to the deep dermis, suggesting that loss of subcutaneous adipose tissue is a

fundamental process for skin fibrosis [8, 15].

1.5.1.2. Cutaneous vasculopathic changes

1.5.1.2.1. Nailfold capillary changes

Vascular system abnormalities can be observed even in the non-lesional skin of SSc patients
and in the majority of cases, this is the first sign of SSc. The gold standard method for
assessing these abnormalities is the high-resolution nailfold videocapillaroscopy (NVC) with
200-fold magnification. Capillaries typically run perpendicular to the skin surface, but at the
nailfold, capillaries run parallel to the skin surface, so their structure can be observed without
an invasive technique. The following capillary characteristics are usually evaluated when
assessing a NVC image: capillary density, capillary morphology, capillary dimension (width
of the apical limb of the capillary), and presence of haemorrhages. In healthy individuals,
nailfold capillaries are arranged in orderly “hairpin” rows, while in SSc, giant capillaries
(apical diameter =50um), capillaries with “abnormal” shapes, capillary loss, and
microhaemorrhages can be seen (Figure 3). Besides the “scleroderma patterns”, various
“non-scleroderma patterns” that occur in healthy individuals or other autoimmune diseases
are also seen. For example, a decreased capillary density, enlarged capillaries (apical
diameter 20-50um), not typical capillary morphology and microhaemorrhages, alone or in
combination, can be observed in these “non-scleroderma patterns”. Regarding atypical
shapes of capillaries, to distinguish “scleroderma patterns” from “non-scleroderma
patterns”, it is considered that capillaries with a “hairpin” shape, once or twice crossing
shape or tortuous shape (afferent and efferent limb undulate but do not cross) are “normal”,
on the condition that the tip of the capillary is convex. In contrast, all other shapes are

defined as being “abnormal” and SSc-associated [3, 21].
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Figure 3. Graphic illustration of NVC patterns observed in SSc patients based on Cutolo’s classification. Capillary
density, capillary morphology, capillary dimension (width of the apical limb of the capillary), and presence of

haemorrhages are evaluated by NVC.

Cutolo et al. subclassified the NVC “scleroderma pattern” into “early”, “active” and “late”
scleroderma patterns (Figure 3). In the “early” pattern, a small number of giant capillaries
are seen alone or in combination with microhaemorrhages but with preserved capillary
morphology and without evidence of capillary loss. The active “pattern” is characterised by
numerous giant capillaries, sometimes with microhaemorrhages, but always in combination
with abnormal capillary shapes and lowered capillary density. Finally, the “late” pattern is
defined by a profound loss of capillaries, abnormally shaped capillaries and near absence of

giant capillaries and microhaemorrhages. Notably, the three SSc-specific NVC patterns
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have been found to correlate with the duration of both Raynaud’s phenomenon (RP) and
SSc and possibly reflect both the evolution of the disease process and disease severity [3,
21, 22]. In recognition of the diagnostic significance and insight into disease activity
provided by nailfold capillary abnormalities, this feature was included as an item in the
revised 2013 ACR/EULAR criteria for the classification of SSc (see section 1.6.) [20].

1.5.1.2.2. Raynaud'’s Phenomenon

RP is a medical condition in which the spasm of small arteries causes episodes of reduced
blood flow to end arterioles. A triphasic colour change characterises aberrant digital
perfusion: initial pallor (vasospasm), followed by blue/purple cyanosis (deoxygenation of
sequestered blood), and then erythema (post-ischemic reactive hyperperfusion). Indeed, at
least two colour changes are usually required for the diagnosis. Although cold is considered
a trigger, in SSc, these symptoms are often present throughout most of the year, not only in
cold seasons. The impaired digital perfusion is initially functional and transient but causes
numbness, tingling, and pain. Moreover, repeated bouts can finally cause ischemia-
reperfusion injuries, eventually resulting in digital ulcers and, in more severe cases,
autoamputation of phalanges or entire fingers. RP affects mainly the fingers but can also
affect the toes, ears, lips, and nipples. In addition, a similar phenomenon to RP can also
occur in internal organs, with subsequent pathological changes such as impaired renal

perfusion and heart damage [3, 14, 15, 18].

Regarding the physiopathology of this clinical manifestation, evidence suggests that RP in
SSc results from the subjacent vasculopathy involving all layers of the peripheral blood
vessels, partly caused by the dysfunction of the endothelium. Furthermore, it has been
shown that there is also a decreased release of vasodilatory neuropeptides from sensory
nerves and an increased capacity of vascular smooth muscles to contract, further triggering

vasospasm with little provocation [14].

More than 90% of patients with SSc experience RP, which is often the first manifestation of
SSc. Time from onset of RP to development of non-RP symptoms frequently varies according
to SSc subtype, from months in dcSSc to years in IcSSc. As RP can be the unique evident
clinical symptom in the early stages of SSc, it is crucial to distinguish primary RP, which is
not associated with any other clinical characteristic, from secondary RP due to SSc. On this
basis, LeRoy and Medsger’s 2001 revised criteria for the classification of early scleroderma

proposed the presence of SSc-specific autoantibodies and scleroderma-type changes on
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NVC as the most significant risk factors for developing SSc in patients with RP (see section
1.6.) [3, 14, 23].

1.5.1.2.3. Ulcers

Microvascular pathology, together with RP, gives rise to ischemic ulcers in distal areas of
fingers and toes (acral necrosis) in approximately 20-50% of SSc patients, bluntly referred
to as “rat bite” ulcers. In the majority of patients, digital ulcers are observed early in the
disease (first five years since the onset of disease), especially in dcSSc. Digital ulcers
represent a significant burden for SSc patients, causing both functional impairment and
lower quality of life. Moreover, due to prolonged time of healing, digital ulcers may be
complicated by chronic soft tissue or bone infections and require aggressive medical or
surgical treatment, including amputation. On the other hand, non-ischemic ulcers over areas
of calcinosis or related to trauma, which typically occur over extensor surfaces of the small
joints of the hands that are under increased skin tension due to sclerodactyly can also be
seen in SSc patients [3, 14, 24].

1.5.1.2.4. Cutaneous telangiectasias

Telangiectasias are dilated, noninflammatory, superficial postcapillary venules that blanch
under applied pressure and are a marker of microvascular abnormalities. Matted or square-
shaped telangiectasias are characteristic of SSc and are typically found on the face, lips,
oral mucosa, chest, and palms, although they may also be distributed over the upper trunk
and lower extremities. Telangiectasias are common in both IcSSc and dcSSc, occurring in
40-70% of SSc patients. Indeed, more than a third of patients present more than ten lesions
on the hands or face, and 25% of all observed telangiectasias are larger than 5mm in
diameter [3, 24].

1.5.1.3. Pruritus

Approximately 40% of patients with SSc experience pruritus, most commonly noted on the
head, back, and dorsal surface of the hands and extremities. This clinical manifestation
typically presents in the early inflammatory phase of the disease. Although its pathogenesis
has still not been totally elucidated, it has been hypothesised that it may develop due to
inflammatory irritation of nerves and fibrotic nerve-ending entrapment. Pruritus is

exacerbated by xerosis, greatly impacting the quality of life [3, 24].
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1.5.1.4. Dyspigmentation

Dyspigmentation is a common finding in patients with SSc, most commonly affecting the
supraclavicular and suprascapular regions and also the scalp, forehead, neck, dorsal hands
and extensor forearms. Thermovascular effects, photo-exposure, and friction or pressure

have been suggested as contributors to dyspigmentation in SSc [24].
Different dyspigmentation patterns can be detected in SSc patients:

- Diffuse generalized hyperpigmentation that is accentuated by photoexposure.

- Focal vitiligo-like hypopigmentation with perifollicular hyperpigmentation over
trauma-prone sites and overlying sclerosis (“salt-and-pepper” dyspigmentation).

- “Streaky” hyperpigmentation overlying superficial cutaneous blood vessels in sites
of relative hypopigmentation.

- Reticulate hyperpigmentation.

Although the precise aetiology is unclear, fibroblasts may directly induce melanocyte
proliferation as well as melanin distribution and degradation. Cutaneous hyperpigmentation
is more commonly observed in dcSSc than IcSSc, with more than 50% of patients
presenting this manifestation. Moreover, “salt-and-pepper” dyspigmentation has been

associated with more severe prognosis and dcSSc [24].

1.5.1.5. Calcinosis

It has been reported that 20-50% of patients with SSc present intradermal or subcutaneous
deposition of insoluble calcified material, also called calcinosis cutis. These calcinotic
nodules are composed of calcium hydroxyapatite deposits, surrounded by inflammatory
cells, and are generated by a dystrophic calcification process. Dystrophic calcification
occurs in the presence of normal calcium and phosphate metabolism and takes place in
presumably damaged or devitalized tissues. In this line, dystrophic calcification is noted most
often in subcutaneous tissues secondary to trauma or infection and also described in several
autoimmune disorders. Although average physiologic tissue concentrations of calcium and
phosphate are close to their saturation in healthy individuals, tissue calcification is unusual
due to endogenous calcification inhibitors. Therefore, dystrophic calcification occurs in
tissues that have been altered in some way to promote calcification, which may include
tissue structural damage, hypovascularity and hypoxia, age-related tissue changes, and
genetically determined predispositions favouring calcification. Nevertheless, the

etiopathogenesis of dystrophic calcinosis is still poorly understood, and the loss of

20



INTRODUCTION

calcification inhibitors or the appearance of calcification promoters could be involved [25,
26].

In the case of SSc, ischemia may play an essential role in the pathogenesis of calcinosis,
through the induction of increased production of oxidative stress products. Indeed, an
association between calcinosis and microvascular disease manifestations, such as digital
ulcers/pitting scars, acro-osteolysis and late NVC pattern, as well as with macrovascular
disease, specifically ulnar artery occlusion, even in the absence of digital ulcers, has been
reported. Also, it has been demonstrated that there is reduced perfusion in the superficial
skin layers involving calcinotic areas when compared with non-calcinotic areas. On the other
hand, dysregulated bone metabolism, including vitamin D deficiency and secondary
hyperparathyroidism, osteoporosis, and increased vertebral fractures, have also been
associated with calcinosis in SSc, suggesting systemic alterations in the ECM and mineral
metabolism. Other mechanisms may include recurrent trauma, as calcification nodules are
usually localized at sites of recurrent microtrauma and pressure sites such as the hands,

particularly the fingers, forearms, elbows, knees, feet and hips [25-28].

Clinical features of calcinosis cutis may vary significantly among patients with SSc¢, and the
size and location of the deposits determine the associated morbidity. Calcinosis in SSc is
usually limited, involving a relatively localised area with small deposits in the skin and
subcutaneous tissues, especially over the extensor aspects of the joints and fingertips. In
the maijority of cases, the deposits remain simply as bothersome subcutaneous lumps,
which may rarely cause recurrent local inflammation due to the release of hydroxyapatite
crystals, and patients remain asymptomatic. However, calcification of the digits may be
associated with nerve pain, and as the most frequently involved sites are the hands, most
commonly the thumbs or index of the dominant hand, calcinosis can represent a significant
cause of functional dysfunction and a high burden of disability. In addition, ulceration at the
site of lesions can occur due to spontaneous extrusion of the calcinotic nodule through the
skin or the release of hydroxyapatite crystals into the surrounding tissue. In these cases, a
strict follow-up is required to lower the risk of complications such as infections and fistulation,
which are not very frequent. Extensive diffuse calcifications (calcinosis cutis universalis)
accumulating in the deep dermis, subcutaneous tissue, fascia, and muscles, particularly in
regions and areas of repeated trauma, is rare in SSc. In this case, calcinotic nodules can
induce muscle atrophy and joint contractures. Finally, “tumoral” or “pseudotumoral”
calcinosis, consisting of multiple, large, and often symmetrical calcified masses, may occur

in about 3% of SSc patients, more commonly in those with a severe vascular phenotype.
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These masses are difficult to treat and may be complicated by ulceration, infections, and

nerve compression [25-27].

Traditionally, calcinosis in SSc has been linked to positive anti-centromere autoantibodies
and IcSSc, but it has not been confirmed in recent reports. Conversely, a consistent
association has been found between calcinosis and anti-PM/Scl autoantibody positivity.
Another proposed risk factor is advanced age, as patients with calcinosis cutis are
significantly older than those without calcinosis cutis. Nevertheless, this could be explained
by the fact that calcinosis is a late complication of the disease, usually presenting more than
ten years after the onset of the disease. Finally, calcinosis cutis in SSc patients has recently

been linked with proton pump inhibitors used for gastroesophageal reflux treatment [25-27].

1.5.2.Lung involvement

Lung involvement in SSc can be caused by extrapulmonary features, such as respiratory
muscle weakness or skin fibrosis of the chest wall, or by intrapulmonary manifestations. The
two most important intrapulmonary complications in SSc are ILD and pulmonary arterial
hypertension (PAH). Other processes involving the lung parenchyma, such as organising
pneumonia, and other forms of pulmonary vasculopathy, such as thromboembolic disease

and pulmonary veno-occlusive disease (PVOD), can also develop [29].

1.5.2.1. Assessment of lung involvement

Systematic approaches for screening and assessing patients with SSc for lung involvement
are associated with improved long-term survival compared with historic cohorts without
regular screening. Therefore, a comprehensive assessment at initial diagnosis followed by a
regular, systematic assessment of cardio-respiratory function is recommended for all
patients with SSc. This strategy is vital for differential diagnosis, management of lung disease
and monitoring the treatment response. The investigation of lung involvement in SSc relies
mainly on clinical examination, pulmonary function tests (PFTs), imaging methodologies
such as chest radiography, echocardiography or computed tomography (CT) and right
heart catheterisation (RHC) [29].

PFTs include spirometry, measures of gas exchange determined by the diffusing capacity
for carbon monoxide (DLco) and measures of lung volumes such as total lung capacity (see
Annexe 1). PFT often reveals restriction in patients with SSc due to ILD or PAH but also due
to extra-pulmonary manifestations (hidebound chest and myopathy). Some patients have

an additional obstructive component due to small airway disease. Additionally, in the case
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of intrapulmonary manifestations, gas exchange is also reduced. Specifically, patients with
ILD usually show a decrease in forced vital capacity (FVC) in proportion to DLco, resulting
in a volume-adjusted DLco. In contrast, a disproportionate reduction in DLco suggests the
presence of PAH [30].

However, in addition to PFTs, other evaluations are required for the investigation of lung
involvement in SSc, as they have been shown to not be sensitive enough at initial screening.
This lack of sensitivity is caused in part by wide ranges of normality and high intraindividual
variation due to extrapulmonary factors such as oral or thoracic fibrosis, myopathy, fatigue,
and cachexia. In fact, CT imaging is currently considered the best tool for detecting ILD, and
RHC is required to diagnose PAH definitively. Nevertheless, PFTs should still be performed
at baseline and during longitudinal follow-up, as they have repeatedly been shown to be
independent predictors of poor outcomes, and dynamic monitoring over a long period can

more accurately predict the course of disease [30].

1.5.2.2. Interstitial lung disease

Up to 30-40% of SSc patients develop clinically significant ILD, presenting commonly with
dyspnoea (initially only on exertion and eventually at rest), non-productive cough, and
overwhelming fatigue. Prevalence of ILD increases during the course of the disease, but its
onset is most often within the five years of the first non-RP symptom and seldom more than
15 years after diagnosis of SSc. Nevertheless, a considerable proportion of patients with
SSc-ILD are asymptomatic, especially at the initial stages of the disease, and don’t present
the typical velcro-like crackles on auscultation nor abnormalities on PFTs. It should also be
noted that mobility limitation caused by non-pulmonary manifestations of SSc may lead to a

lack of recognition of dyspnoea in the early stages of clinically significant ILD.

Given the morbidity and mortality associated with ILD and the inability to reverse the fibrotic
process once established, interest in the role of screening for the disease has been
considerable. Protocols involving high-resolution computed tomography (HRCT) have been
more successful than those using only PFTs, as HRCT has shown a high sensitivity for
identifying patients who could develop clinically significant ILD. In fact, interstitial
abnormalities are evident by HRCT in up to 80% of patients, a prevalence similar to the one
demonstrated by autopsy (up to 90%). Moreover, the absence of ILD on an initial HRCT is a
favourable sign, with up to 90% of these individuals remaining disease-free at follow-up.
However, as HRCT is associated with increased radiation exposure in a population of

primarily middle-aged or young women who could experience the side effects of ionising
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radiation, HRCT should be exclusively done at baseline and repeated only when there is a
clinically meaningful decline in PFTs or new symptoms that could be attributed to SSc-ILD
[30].

Although historically, ILD has been subclassified based on histological patterns observed in
lung biopsy samples, high correlation with CT findings has resulted in the use of CT for
subclassification of the disease. In fact, nowadays, a lung biopsy is not required to diagnose
SSc-ILD and has no bearing on the treatment strategy. The most common subtype in
patients with SSc is nonspecific interstitial pneumonia (NSIP), seen in more than 80% of SSc
patients by CT. NSIP can be further subdivided into reversible cellular NSIP and irreversible
fibrotic NSIP based on the degree of inflammation present in the lung. A minority of patients
with SSc present usual interstitial pneumonia (UIP), the defining pattern of idiopathic lung
fibrosis (ILF). In ILF, the UIP pattern is associated with much faster progression and worse
survival than the NSIP pattern; however, this does not apply to SSc-ILD. In fact, the outcome
of SSc-ILD is much better than ILF, with a similar mortality between patients with a NSIP and
an UIP pattern. Some patients with SSc can also have other forms of ILD. For example,
fibroelastosis in  association with pleural abnormalities resembling idiopathic
pleuroparenchymal fibroelastosis can also be detected in a minority of SSc cases, a rare
form of ILD with a poorer prognosis than other forms of SSc-ILD. Finally, patients with
overlapping forms of SSc can exhibit different ILD patterns associated with the overlapping
disease. For example, inflammatory myopathies are associated with organising pneumonia,
and SLE is associated with shrinking lung syndrome or lymphocytic interstitial pneumonia.
In addition to these pulmonary patterns, other common findings of CT in SSc patients include
a dilated, patulous, or fluid-filled oesophagus, changes associated with chronic aspiration
(see section 1.5.5.), pulmonary artery enlargement, and right ventricular dilation or
hypertrophy (see section 1.5.4.), which indicates pulmonary hypertension (PH) (see section
1.5.2.3.) [29, 30].

Although SSc-ILD was traditionally considered slowly progressive with an expected median
survival of 15 years, evidence suggests that it might have vastly variable progression rates,
with the exact phenotype determined early in the course of the disease. Male sex, active
smoking, older age at presentation, presence of arthritis, digital ulcers, PH, progressive skin
fibrosis, renal disease, and myocardial fibrosis are also associated with an aggressive form
of ILD and early mortality. Furthermore, early development of SSc-ILD, in less than three
years after diagnosis, could also be associated with an aggressive clinical course of this

disease and is increasingly being recognised [30].
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CT is not only useful for diagnosis and classification of the disease but can also be used to
determine the extent of the disease in the majority of cases. Patients can be stratified into
groups based on whether they have mild or extensive fibrosis (<20% lung involvement
or >20% lung involvement, respectively) by HRCT. Extensive fibrosis is associated with a
dramatic increase in the odds of mortality. Patients for whom the extent of fibrosis is
indeterminable by CT imaging are instead stratified into these groups based on FVC
measurements (>70% for mild fibrosis and <70% for extensive fibrosis). This staging system
based on PFTs has been shown to be associated with symptoms of dyspnoea and impaired
exercise capacity and can also predict an increased risk of considerable future decline and
decreased survival. Furthermore, in patients with extensive lung fibrosis, serial PFTs can be
used to monitor disease progression and predict mortality. For example, a drop in FVC
of >10% at 12 months is a strong predictor of mortality. Additionally, a 5-9% decline in FVC
alongside with a 15% fall in DLco at 12 months is also predictive of disease-associated
mortality. However, short-term changes (<12 months) should be interpreted with caution
because they might not be as reliable as longer trends. Moreover, when assessing a decline
in spirometry, factors such as worsening myopathy or increased truncal skin thickness
should also be considered [29, 30].

Regarding the physiopathology of this clinical manifestation, the initial event has been
proposed to be an injury to the alveolar epithelium or vasculature, or both. Moreover, it has
been suggested that aspiration or micro-aspiration could be involved in the initial epithelial
injury and damage, as a link between lung fibrosis and oesophageal reflux severity has been
found (see section 1.5.5.). Histologically, microvessels with abnormal structures, as well as
the thickening of the alveolar septa with a large number of myofibroblasts, are observed in
the early stages. The subsequent excessive ECMs deposition results in the replacement of
normal pulmonary architecture by scarring. The fibrosis progresses until it extensively
damages the vital structures of the lung. Finally, the lung transforms into a contracted fibrous
organ lacking alveoli and vasculature, leading to restrictive pulmonary physiology and

impaired gas transfer [8, 29-31].

Although, as previously mentioned, overall clinically significant ILD prevalence is 30-40%, it
varies greatly depending on the studied cutaneous subtype of the disease. Up to half of
patients with dcSSc eventually develop severe ILD, while the frequency of ILD in patients
with IcSSc is approximately half that of those with dcSSc. Moreover, autoantibodies are good
biomarkers for predicting patients with a higher risk of developing ILD, specifically anti-Scl70,

as approximately two-thirds of patients positive for this autoantibody ultimately develop
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moderate to severe ILD. Other less common autoantibodies, such as anti-U11/U12 snRNP
and anti-Th/To, have also been associated with ILD. In contrast, the presence of anti-
centromere or anti-RNApol Il autoantibodies seems negatively associated with severe ILD.
On the other hand, demographic and clinical factors associated with the presence of SSc-
ILD include male sex, African American race, NVC abnormalities, digital ulcers, longer
disease duration, and PH. Additionally, significant oesophageal dysmotility and
gastroesophageal reflux are associated with the presence of ILD and lower lung function,
and therefore, robust evaluation for the presence of these gastrointestinal manifestations is

recommended in patients with suspected or confirmed SSc-ILD [29-31].

1.5.2.3. Pulmonary arterial hypertension

PH is characterised by a chronic and progressive increase in the pressure of the pulmonary
vascular system, which ultimately leads to a high right ventricular afterload with subsequent
dysfunction and right-sided heart failure. PH can be caused by different pathophysiological
mechanisms but is defined by the presence of a mean pulmonary arterial pressure
(MPAP)>20mmHg evaluated by resting RHC. PH can be subclassified as pre- and post-
capillary; pre-capillary PH is characterised by a pulmonary artery wedge pressure
(PAWP)<15mmHg and a pulmonary vascular resistance (PVR)=2WU, while post-capillary
PH is defined by a PAWP>15mmHg with normal PVR<2WU. In the case of presenting
PAWP>15mmHg and high PVR=2WU, a combined pre- and post-capillary PH is diagnosed
(see Annexe 2) [32, 33].

The World Health Organization (WHO) classification stratifies PH into five categories. Group
1: PAH characterised by abnormalities of pulmonary arterioles; Group 2: PH associated with
left heart disease; Group 3: PH due to lung disease and hypoxia; Group 4: PH due to
pulmonary artery obstructions (chronic thromboembolic pulmonary hypertension or CTEPH);
Group 5: PH with unclear and multifactorial mechanisms, which do not fit into the other four
categories. From a hemodynamic standpoint, patients in Group 1, Group 3 and Group 4
present a pre-capillary form of PH, as all the conditions included in these groups originate
from problems of the pulmonary arteries, while those in Group 2 may present both an
isolated post-capillary PH or a combined pre- and post-capillary PH, given by an increase in
PVR [8, 34].

In the context of SSc, PH aetiology can be highly heterogeneous. PH in SSc may be caused
by a primary vasculopathy and the remodelling of the small- and medium-sized pulmonary

arteries, resulting in vasoconstriction, fibrosis, intraluminal micro-thrombosis and,
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consequently, in a progressive increase in the PVR (Group 1). Nevertheless, PH in SSc can
also be caused by left heart dysfunction (Group 2), due to ILD (Group 3), or a consequence
of the increased risk of pulmonary thromboembolic disease (Group 4), with a higher risk of
the last group in patients with anti-phospholipid autoantibodies. Furthermore, SSc patients
are at risk of developing PVOD, a rare and yet underdiagnosed form of PH classified as
Group 1 and characterised by the obstructive intimal fibrosis of the small veins and venules
of the pulmonary circulation, a poor response to pulmonary vasodilators, and an extremely
poor prognosis. Moreover, the overlap of different forms of PH can occur within the same
SSc patient, and it has been shown that PH aetiology within the same patient can change

during the disease’s natural history [29, 33, 35].

The incidence rate of PH of any form is approximately 1-2% per year in patients with SSc.
Therefore, the frequency of PH varies across different reports depending on the duration of
follow-up [29]. However, a meta-analysis of five European studies showed that the global
prevalence of PH is 7% in SSc patients. The distribution of those patients showed that almost
80% had pre-capillary PH, where nearly 2/3 belonged to Group 1 as PAH (51% of total
patients), and 1/3 belonged to Group 3 as PH secondary to ILD (26% of total patients). In
comparison, 21% had post-capillary PH due to left-sided heart disease, and 2% had PH due
to PVOD. The prevalence of CTEPH was not assessed. The DETECT study showed a similar
proportion between SSc-PAH and other types of PH in SSc [33].

Overall, the presence of PH, despite the specific aetiology, significantly affects the prognosis
of SSc patients. Indeed, a meta-analysis showed that, among SSc patients with PH, the
global 3-year survival rate was 52%. Given the increased risk of developing PH in SSc
patients and its strong impact on the mortality of those patients, it is recommended to refer
patients for early and periodic screening, as early treatment could improve the long-term
outcome. Moreover, as SSc-PH patients tend to be asymptomatic in the early course of the
disease or present with unspecific symptoms, such as dyspnoea on exertion and fatigue, it
is of utmost importance to implement those screening methods for detecting this severe
manifestation [33, 35, 36]. RHC is the gold standard test for PH definitive diagnosis, as it
represents the only approach to directly measure the pressures of pulmonary vascular
circulation (mPAP and PAWP), as well as cardiac output, both of which are necessary to
calculate PVR (see Annexe 2). However, as RHC is an invasive procedure, in the past years,
approaches such as the DETECT algorithm to assess the risk of PH and evaluate which

patients should undergo RHC have been developed. These algorithms generally integrate
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PFTs, serum biomarkers, electrocardiogram (ECG) and echocardiography parameters, and

clinical manifestations [29].

Once the suspect of PH is addressed by RHC, a careful phenotyping of PH in SSc needs to
be properly and promptly addressed in order to provide the most appropriate treatment,
which is very different for each specific underlying condition. RHC alone can only distinguish
the pre- and post-capillary components, so other approaches are needed to differentiate
between the different PH groups. In fact, for the diagnosis of PAH, other causes of PH should
be ruled out, which can be challenging in SSc. HRCT is extremely useful for this purpose,
as PH associated with ILD and PVOD can be identified. On the other hand, a

ventilation/perfusion scan can be used to exclude the possible presence of CTEPH [33, 36].

Regarding the physiopathology of PH, different groups originate due to distinct causes and
processes, as previously stated. In the case of PAH, vascular injury, including pulmonary
endothelial cell injury and endothelial dysfunction, might be a key component in its
development, as vascular injury can lead to an aberrant fibroproliferative or aberrant repair
process that also results in an obliterative pulmonary vasculopathy, which histologically is
characterised by the fibrotic occlusion of pulmonary arterioles [8, 29]. The differences in the
aetiologic processes are also reflected by the distribution of distinct PH groups in specific
SSc subsets. SSc-PAH is more commonly found in patients with the limited cutaneous form
of the disease and often has been associated with the presence of anti-centromere
autoantibodies. However, no such association has been confirmed in the last reports.
Moreover, SSc-PAH has also been associated with extensive telangiectasias, longer disease
duration, older age (>60 years old) and female gender. On the other hand, obviously, SSc-
ILD is more common in patients with the diffuse cutaneous form of the disease with anti-
Scl70, anti-U11/U12 snRNP and anti-Th/To autoantibodies [36].

1.5.3.Renal involvement

Kidney disease in SSc is common, as demonstrated by autopsy studies, in which renal
histological involvement due to blood vessel abnormalities is present in 60-80% of patients.
Nevertheless, renal involvement in SSc remains subclinical until the late stages of the
disease, with up to 50% of asymptomatic patients presenting biomarkers indicative of renal
dysfunction, such as proteinuria, increased creatinine concentration, or hypertension. It
seems that renal involvement in SSc is primarily characterised by vascular damage and
glomerular hypofiltration. Moreover, there is an association between renal dysfunction and

PH, reflecting that PH and right heart failure could contribute to renal dysfunction through
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fluid retention and neuroendocrine activation. Although in the majority of cases, kidney
involvement is mild, in a minority of patients, it can be very severe and a cause of death if
untreated. Scleroderma renal crisis (SRC) is the most serious complication and the most
studied specific form of renal involvement in SSc. Beyond SRC, some patients may present
anti-neutrophil cytoplasmic antibody (ANCA)-associated vasculitis, isolated reduced

glomerular filtration rate (GFR) and high intrarenal arterial stiffness [37, 38].

1.5.3.1. SRC

SRC typically presents with an acute onset of moderate to marked hypertension and oliguric
kidney failure. On presentation, 90% of patients with SRC consistently have blood pressure
levels exceeding 150/90mmHg and decreased renal function (=30% reduction in estimated
GFR). Hypertension is frequently accompanied by manifestations of malignant hypertension,
such as hypertensive retinopathy, encephalopathy, seizures, fever and general malaise, and
it can cause congestive acute heart failure, pulmonary oedema, and renal failure. The onset
of kidney failure is acute and usually in the absence of significant previous kidney
involvement. Due to kidney failure, there is a substantial and rapid increase in serum
creatinine concentration. High renin levels and endothelial cell perturbation markers (soluble
adhesion molecules) have also been observed in serum. The urine sediment is normal in
most cases, and although mild proteinuria may be present, it usually is less than 1g/day.
However, in about half of the cases, haematuria and granular cast may be visible on the
urinalysis, as SRC may concur with thrombotic microangiopathy. In these cases, laboratory
findings of haemolytic anaemia and thrombocytopenia may also be present, as elevated
lactate dehydrogenase, low or absent haptoglobin, reticulocytosis and presence of

schistocytes together with a negative direct coomb test [8, 37, 38].

Although the pathogenesis of SRC is not yet fully elucidated, it is hypothesised that both
endothelial dysfunction and vascular damage result in vascular thrombosis, vasospasm and
narrowing of renal arterioles. In contrast to PAH, characterised by slowly progressive
vasculopathy, the vascular changes in renal scleroderma usually develop rapidly due to
higher values of systemic blood pressure compared to pulmonary pressure. Decreased renal
perfusion leads to juxtaglomerular apparatus hyperplasia and renin secretion, causing
vasoconstriction and renal ischemia that results in accelerated hypertension and
progressive renal injury. The critical rise in blood pressure not only causes further damage
to kidney blood vessels but also initiates a feedforward cycle, eventually leading to malignant

hypertension and acute renal failure (Figure 4) [37, 38].
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Figure 4. Graphical summary of the renin-angiotensin system. (A) Renin is mainly synthesised by extraglomerular
mesangial cells and juxtaglomerular cells. Constitutively, renin is secreted as prorenin, a precursor, but in
response to some stimuli, these cells secrete the active form of renin. These stimuli include a decrease in arterial
blood pressure detected by baroreceptors; a decrease in sodium chloride on the distal tubules of nephrons that
stimulate macula densa cells, which in turn decrease resistance for blood flow in the afferent arterioles and
increase renin release; and direct activation by the sympathetic nervous system of juxtaglomerular cells. (B)
Renin converts angiotensinogen released by the liver to angiotensin |, which is subsequently converted to
angiotensin Il by the angiotensin-converting enzyme (ACE) found on the surface of vascular endothelial cells.
Angiotensin Il is a potent vasoconstrictor that increases blood pressure and stimulates aldosterone secretion
from the adrenal cortex. Aldosterone causes increased sodium reabsorption in the renal tubules and, therefore,
water reabsorption into the blood. Overall, the response to aldosterone increases the volume of extracellular

fluid in the body and consequently also increases blood pressure. Created with BioRender.com

Histologically, the early changes reflect a proliferative arteriopathy, with fibrous thickening of

the adventitia and hypertrophic juxtaglomerular apparatus. Glomeruli may be normal or
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show areas of fibrin deposit, and mesangiolysis can also be observed in the case of
thrombotic microangiopathy. The tubules usually show changes due to ischemic injury, with
tubular degeneration and necrosis in acute stages and tubular atrophy and interstitial fibrosis
proportional to vascular injury in chronic disease. Nevertheless, fibrosis is usually restricted
to perivascular regions, as opposed to other organs. On the other hand,
immunofluorescence studies are non-specific and electron-dense deposits are not seen [8,
38].

In approximately 10% of patients, SRC occurs in the absence of hypertension (normotensive
SRC). In some of these cases, relative hypertension may be present, a significant increase
in blood pressure compared to the patient’s baseline values, which still remains within the
normal range. The absence of hypertension may delay SRC diagnosis and treatment,
leading to disease progression. In fact, normotensive SRC is associated with a worse
prognosis, higher mortality rate, and earlier need for renal replacement therapy, attributed
in part to subclinical renal injury in the setting of delayed diagnosis that results in thrombotic
microangiopathy and severe glomerular disease. Therefore, any change in blood pressure
or the appearance of a kidney dysfunction sign in patients with SSc requires close

monitoring and additional tests to exclude normotensive SRC [8, 37].

SRC may have a severe clinical presentation and represents a medical emergency since,
without intervention, permanent kidney failure or even death may occur. The prognosis of
SRC largely depends on the rapid control of malignant hypertension and improvement of
the ongoing renal ischemia, for which angiotensin-converting enzyme inhibitors (ACE-I)
have been shown to be highly effective. In fact, before the use of ACE-Is as a treatment for
SRC, patients with this manifestation had a 1-year survival rate of 15%, while currently,
patients treated with ACE-| present a 1-year survival rate of 76%. Moreover, if diagnosis of
SRC is delayed or if ACE-Is are not used aggressively, irreversible kidney damage and other
complications such as hypertension, retinopathy, pulmonary oedema, and death are more
likely to occur [37, 38].

Unfortunately, despite the improvement in survival and short-term prognosis of patients with
SRC due to the use of ACE-Is, it remains a life-threatening complication characterised by a
high rate of progression to end-stage renal disease (ESRD) requiring dialysis. In fact,
regardless of the use of ACE-Is, dialysis is still needed in 23% of SRC patients, with half of
these patients requiring permanent dialysis. In these cases, renal transplantation offers
superior survival compared with long-term dialysis but is not always feasible due to the

severe multiorgan involvement. In part, it has been suggested that this significant long-term
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mortality may be caused because of a delay in diagnosis. For this reason, it is of utmost
importance to implement preventive measures such as regular blood pressure monitoring
and renal function assessment (including GFR, serum creatinine and renin concentration
and urine analysis) for the early detection of SRC. Nevertheless, to the present day, there is
no evidence to support the use of ACE-I prophylactically. On the other hand, despite the
lack of clinical studies, ACE-Is are often used in normotensive SRC patients, but they seem

to be less effective in this group of patients.

In conclusion, while SRC was a predominant cause of death in previous decades, the use
of ACE-I has resulted in a decline in its mortality. However, various studies still suggest a
strong association between this clinical manifestation and worse prognosis, and it is

considered a predictor of early mortality in SSc patients [37, 38].

SRC occurs in 10-15% of patients with dcSSc and only rarely (1-2%) in IcSSc and develops
typically within the first 3-5 years, simultaneously with the worsening of the skin involvement.
Several risk factors for SRC that identify the population that should be closely followed up
have been identified. The strongest risk factors are the presence of diffuse skin involvement,
the development of proteinuria and or hypertension, and the use of certain drugs, such as
glucocorticoids and cyclosporine. Anaemia, extensive joint contractures, African American
race, tendon friction rubs, digital pitting scars, myalgia and myopathy, and cardiac
involvement have also been reported to be risk factors for SRC. Regarding the association
of SRC with SSc-specific autoantibodies, patients positive for anti-RNApol Il and anti-Scl70
present an increased risk of developing SRC, while anti-centromere autoantibody positivity
is considered protective. More specifically, it has been shown that patients with anti-RNApol
[l autoantibodies develop SRC very early in the course of the disease (first 18 months). In
contrast, anti-Scl70 positive patients typically develop SRC later (first four years). In addition,
all anti-RNApol Ill positive patients develop hypertensive renal crisis, while 40% of patients
positive for anti-Scl70 autoantibodies present with normotensive SRC. In line with this,
normotensive SRC is more common in patients with cardiac involvement, indicating that this

group could present a different clinical phenotype [37, 38].

1.5.3.2. ANCA-associated vasculitis and SSc

ANCA-associated vasculitis can be found in up to 9% of SSc patients. It has been postulated
that SSc vasculopathy exacerbates the interaction of ANCA with the endothelium and
neutrophil activation in the glomerulus. Most cases of ANCA-associated vasculitis are

described as normotensive renal failure related to crescentic glomerulonephritis. In contrast
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to classic SRC, this renal manifestation is more common in patients with IcSSc rather than
dcSSc, and the process has a subacute presentation with progressive renal failure, mild
hypertension and proteinuria that typically occurs after several years of SSc diagnosis.
Despite these differences, the SRC and ANCA-associated vasculitis can only reliably be
distinguished by histopathological examination, in which ANCA-associated vasculitis

typically shows mononuclear cell infiltration and vessel wall destruction [37].

1.5.3.3. Isolated reduced GFR in SSc

Many patients with SSc demonstrate less severe complications associated with a decreased
GFR but without clinically apparent renal disease. It has been estimated that one-third of
patients with SSc have a GFR <90mL/min, with around 20% of all patients presenting a GFR
<60mL/min. These alterations are usually not progressive, and kidney dysfunction tends to
decline at a rate similar to that of the general population. However, in some cases,
progression to ESRD may be accelerated by the presence of arterial hypertension and
moderate proteinuria. Moreover, despite the slow progression of kidney dysfunction, there
is a strong association between kidney involvement and outcomes in SSc, with a three-fold

increased risk of mortality from PH if renal insufficiency is present [37, 38].

1.5.4.Cardiac involvement

Cardiac involvement is common in SSc, with almost all SSc patients having post-mortem
pathologic findings. However, this clinical manifestation often remains clinically silent until
presenting in the later stages of the disease, as it has been estimated that only 10-30% of
cases with cardiac alterations are symptomatic. Nevertheless, it is important to note that
almost a third of deaths related to SSc are attributed to cardiac causes. Moreover, overt
cardiac involvement in SSc is associated with a mortality rate of up to 70% over five years.
Furthermore, independent of mortality, cardiac involvement in SSc indicates aggressive

systemic disease [8, 39-41].

SSc can cause pathology in all aspects of the heart, including the pericardium, myocardium,
conduction system, vasculature, and, less commonly, the valves. However, it is crucial to
consider that cardiac manifestations in SSc can also be caused secondary to PHA, ILD or
SRC [8, 39-41].
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1.5.4.1. Pericardial disease

Pericardial involvement is demonstrated in 30-70% of patients by autopsy or
echocardiography. Nevertheless, pericardial involvement is often limited to asymptomatic
small effusions that rarely cause cardiac tamponade, with only 5-20% of patients presenting
symptomatic pericardial disease and a higher prevalence in IcSSc than in dcSSc (30% vs.
16%). It has been hypothesised that pericardial effusions in SSc may be secondary
(transudative) in the setting of right-heart failure, as recent studies have demonstrated that
effusions in patients with PAH are more common. Although pericardial effusions are
generally asymptomatic or present with mild symptoms, with disease progression, patients
might present with chest pain, chest tightness, dyspnoea and fever. Moreover, pericardial
effusion can be a sign of impending SCR, and thus, renal function should be carefully
monitored in patients with this manifestation. In some rare cases, large pericardial effusions
can develop, even before skin thickening and diagnosis of SSc. Thus, SSc should be
considered in patients with pericardial effusions of unknown aetiology. Other less common
pericardial manifestations in SSc include pericardial inflammation, fibrinous pericarditis,
fibrous pericarditis, pericardial adhesions, cardiac tamponade, and constrictive pericarditis
[39-41].

1.5.4.2. Myocardial diseases

Both autopsy and magnetic resonance imaging (MRI) studies in SSc patients reveal focal
myocardial lesions, varying from contraction band necrosis to regional fibrotic scarring,
unrelated to any associated obstructive coronary artery disease. The pathophysiological
mechanism underlying myocardial disease in SSc begins with microvascular disease with
endothelial damage, which leads to ischemia-reperfusion injury, subsequent necrosis, and
eventual fibrosis. Supporting the critical role of microvasculature, but not coronary arteries,
fibrotic changes in the myocardium are often patchy and distributed over both ventricles,
independent of coronary artery supply territories. This notion is supported by evidence that
the absence of previous treatment with calcium channel blockers is an independent factor

associated with myocardial disease [8, 39, 40].

Clinically, myocardial fibrosis and stiffness lead more commonly to diastolic dysfunction of
ventricles (restrictive cardiomyopathy) than to systolic dysfunction. Diastolic dysfunction
reflects impaired ventricular filling and causes heart failure with preserved ejection fraction,

which is highly prevalent in SSc. Diastolic dysfunction of ventricles provokes congestive
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heart failure in 20-25% of SSc patients and presents with symptoms of marked dyspnoea.
Moreover, impaired ventricular filling may eventually originate upstream effects, such as
atrial enlargement and associated dysrhythmias, pulmonary venous congestion and
oedema, and ventricular systolic dysfunction, that could cause heart failure with reduced
ejection fraction. Right ventricular dysfunction in SSc may be the result of left heart failure
with or without preserved ejection, primary abnormalities of the right ventricle, or secondary
to PAH or ILD. Similarly, right ventricle dysfunction and pulmonary haemodynamics also
affect left ventricle dysfunction. Finally, it has been shown that myocardial involvement is
more common in dcSSc, though patients with [cSSc and ssSSc may also present significant

myocardial disease [8, 39, 40].

1.5.4.35. Cardiac conduction disease and arrhythmias

Arrhythmias are the most frequent cardiac complications of SSc, with 25-75% of SSc
patients presenting abnormal ECG findings due to different patterns of arrhythmias.
Arrhythmias can be caused by autonomic cardiac neuropathy, myocardial fibrosis in the
conduction system, microvascular injury, or a combination of all these processes. With
disease progression, fatigue, palpitations, syncope, and dizziness are the typical clinical
manifestations of patients with arrhythmias. In addition, more severe manifestations can also
be caused by arrhythmias, and it has been estimated that up to 6% of SSc-related deaths

are attributed to this pathology [39, 40].

1.5.5.Gastrointestinal tract involvement

Gastrointestinal (Gl) involvement is the most frequent internal organ system manifestation
in SSc, as 90% of patients with SSc present different forms of Gl affectation. Moreover, while
Gl involvement can occur at any time in the disease course, it is the presenting manifestation
of the disease in 10% of cases. Although Gl manifestations can affect any part of the Gl
tract, they disproportionately impact the upper tract, with evidence of oesophagus
involvement in up to 90% of SSc patients by endoscopy. Oesophageal manifestations in SSc
are associated with a hypotensive lower oesophageal sphincter and reduced or absent
peristalsis, which can lead to gastroesophageal reflux (GER) disease with or without
oesophagitis, stricture formation, Barrett’s oesophagus (a pre-malignant condition caused
by chronic acid exposure), adenocarcinoma and oesophageal dysmotility. These
oesophageal manifestations are often associated with progressive motility dysphagia that

generally presents later in the course of the disease, compared to GER, which frequently
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presents at the onset. Nevertheless, many patients are asymptomatic (up to 80%) despite
presenting oesophageal involvement by endoscopy. Patients who present with typical
symptoms of GER should be treated empirically with proton pump inhibitors or Ho-receptor
antagonists. However, mechanical obstruction and dysmoatility evaluation should be
performed if empiric therapy fails. In fact, when there is a concern for dysmotility, manometry
has been shown to have higher sensitivity and is recommended when the initial assessment

is unrevealing [17, 42].

On the other hand, oesophageal disease has been identified as a risk factor for the
development of ILD. In fact, it has been shown that GER and regurgitation positively correlate
with the degree of pulmonary fibrosis. Although the causal association has not been
determined, microaspiration of gastric contents into the lungs has been implicated as a
trigger of pulmonary parenchymal lesions, suggesting that GER therapy could improve
pulmonary symptoms and PFTs. As previously explained in section 1.5.2.2., NSIP is the
predominant histologic pattern in SSc. Nevertheless, a novel histologic pattern called
centrilobular fibrosis (CLF), distinct from NSIP, has been described in SSc and associated
with GER. This pattern is characterised by a predominant bronchocentric distribution of the
lesions and the presence of intraluminal basophilic content and foreign bodies inside the
bronchi, occasionally with multinucleated giant cell reaction. Overall, only 21% of SSc lung
biopsies present isolated CLF, but this pattern is also present in 84% of patients with a
predominant NSIP pattern [42, 43].

Although the most frequent Gl organ involved in SSc is the oesophagus, the anorectum and
small bowel are also frequently affected. Small bowel dysmotility may be seen in up to 60-
80% of SSc patients. Studies have shown reduced amplitude and frequency of the migrating
motor complex in SSc, resulting in delayed transit through the small bowel, associated with
small intestinal bacterial overgrowth (SIBO), and more severe manifestations such as
pseudo-obstruction. SIBO, which affects 40% of patients with SSc, often presents with
postprandial distension, nausea, diarrhoea, and excessive flatulence. Moreover, it is
associated with malabsorption, leading to deficiencies of vitamin B12, iron, and fat-soluble
vitamins. On the other hand, the anorectum is affected in 50-70% of patients with SSc, with
more than 20% of patients developing faecal incontinence. It has been suggested that there
is an atrophy of the internal anal sphincter, which is a smooth muscle similar to the internal
oesophageal sphincter. This atrophy may be secondary to neural dysfunction or primary
smooth muscle dysfunction. Rectal prolapse can also occur, manifesting with a bulging

sensation in the anus and chronic stool leakage [42, 43].
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Stomach involvement in SSc includes gastric antral vascular ectasia (GAVE) and
gastroparesis. Most patients with GAVE present with iron-deficiency anaemia; however, in
some rare cases, severe bleeding can occur, and it can be the presenting manifestation of
SSc. The pathogenesis of GAVE has been proposed to be similar to that of the immune-
mediated development of telangiectasis. Indeed, histologically, GAVE is characterised by
mucosal capillary dilatations containing fibrin thrombi, fibromuscular hyperplasia and
reactive foveolar epithelial changes. On the other hand, gastroparesis leads to delayed
gastric emptying, which contributes to GER, and presents with early satiety, postprandial
nausea, distention, abdominal pain and vomiting with subsequent malnutrition. As these
symptoms can be seen in up to 80% of patients with SSc and are not specific, evaluation

for gastric dysmotility is generally required prior to initiation of therapy [42-44].

Colonic involvement is also present in a subset of SSc patients and presents with diarrhoea
or constipation. Constipation is often prominent early in the course and is associated with
colonic dysmoatility, although it can also be the result of intestinal pseudo-obstruction, which
affects 4%-10% of patients. Pseudo-obstruction presents with the inability to move intestinal
luminal contests forward but in the absence of a mechanical true obstructive process. This
condition is painful, often recurrent and, at times, life-threatening. On the other hand,
diarrhoea frequently occurs in prolonged disease and is multifactorial due to coexistent SIBO,
fibrosis of lymphatic drainage and impaired reabsorption. Additionally, steatorrhea and

malabsorption may also be markers of overlap with primary biliary cirrhosis (PBC) [17].

In addition, numerous deleterious effects on the oropharynx are seen in SSc, including
reduced interincisal distance and changes of the mandible, which, together with sicca
syndrome (see section 1.5.8.), contributes to interference with mastication and oral hygiene,
leading to increased periodontal carious disease. Furthermore, approximately 25% of
patients with SSc may develop oropharyngeal deglutition dysfunction, which is related to
tongue-palate incompetence, inadequate pharyngeal contraction, and laryngeal and
epiglottic dysfunction. Oropharyngeal dysfunction is associated with the duration of the
disease, occurring several years after the onset of RP and has been associated with

oesophageal and pulmonary disease [42].

The pathophysiology of Gl tract involvement in SSc is not completely understood, but a four-
stage process has been proposed. The first proposed event is an early vascular lesion,
resulting in capillary loss and arteriolar stenosis, which may induce hypoxia and a subclinical
enteropathy that manifests as mild changes in intestinal permeability, transport, and

absorption. The second stage is based on neural dysfunction and is responsible for the
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earliest symptomatic lesions, which can present as hypomotility or dysmotility. This
dysfunction produces abnormalities in smooth muscle function before smooth muscle
contractility is impaired by atrophy and collagen deposition. The next stage is smooth
muscle atrophy, which may be partially reversible with prokinetic drugs. Superimposed on
existing neural dysfunction, atrophied muscle is capable of responding but only weakly. The
end-stage lesion is muscle fibrosis, which leads to an altered peristaltic activity with multiple
secondary problems. At this final stage, pharmacologic restoration of function is not possible
[8, 45].

Although severe Gl manifestations are mostly related to fibrosis, early neural disease without
fibrosis can also lead to clinical manifestations, as previously mentioned. It has been
demonstrated that this early neural disease is caused not only by the initial hypoxia but also
by autoantibodies directed against the myenteric neurons, specifically against the
muscarinic acetylcholine receptor subtype 3 (M3R). These autoantibodies have been shown
to be pathogenic, with their titres having a positive correlation with the severity of Gl
symptoms. However, the autoimmune aetiology does not explain the entire spectrum of Gl
disease in SSc. In line with this, as previously described, significant heterogeneity exists
among patients, with some presenting with a predominance of upper Gl dysfunction and
others presenting with a predominance of lower Gl dysfunction. Whereas the M3R has been
shown to be responsible for lower oesophageal sphincter activity, other receptors, primarily
the muscarinic acetylcholine receptor subtype 2, are responsible for oesophageal motility,
suggesting that different biological mechanisms may be necessary in explaining the

phenotypic differences [42, 43].

Another essential component of Gl-specific pathology is gut microbiota, which affects the
development and function of the immune system and seems to play a role in autoimmune
diseases through microbiota-related immune dysfunction. In SSc, several cohorts have
demonstrated decreased levels of commensal bacteria and increased levels of pathogenic
bacteria compared to healthy individuals. Nevertheless, it is unclear whether microbiota
changes precipitate and perpetuate the SSc-associated immune system or result from SSc

itself and related therapies [8].

Overall, Gl manifestations have a profound impact on quality of life and are a cause of
depression in SSc patients. More importantly, severe Gl involvement, such as pseudo-
obstruction and malabsorption, which affects 8% of SSc patients, presents a very poor
prognosis. Indeed, these severe Gl manifestations may result in dependence on enteral or

total parenteral nutrition and are associated with recurrent hospitalisations, leading to high
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mortality, with only 15% of such patients surviving after nine years. Moreover, malabsorption
alone is an independent predictor of mortality, with a 50% mortality rate at 8.5 years, and
most patients with severe malnutrition who need total parenteral nutrition die within two
years from the consequences of their disease [17, 42, 43]. There is limited information about
risk factors associated with severe Gl involvement, but possible risk factors include the
presence of anti-U3 snoRNP, anti-U11/U12 snRNP, and anti-M3R autoantibodies. Regarding
clinical and demographical characteristics of patients with Gl involvement, it has been
demonstrated in both dcSSc and IcSSc subsets equally, but is more prevalent in African

American SSc patients [43].

1.5.6.Hepatic involvement

SSc is rarely associated with severe liver complications. PBC is the most common liver
disease in SSc patients, with a reported prevalence of 2-22% that increases when anti-
mitochondrial (AMA) and anti-gp100 autoantibodies are employed for diagnosis. Moreover,
the development of PBC in SSc patients is highly associated with anti-centromere
autoantibody. Temporally, the onset of PBC may be first, concurrent, or follow SSc disease
onset, but in general, the prognosis of SSc-PBC is better than that of PBC alone, with a
slower progression to end-stage liver disease and usually not requiring any treatment. In
fact, PBC in SSc is generally clinically silent despite the elevation of cholestatic enzymes
and the presence of AMA and IgM hyperglobulinemia. Histologically, portal track fibrosis, in
the absence of any other abnormalities, can be detected in the liver of SSc patients with
PBC. However, portal hypertension is quite rare in SSc patients. It has been proposed that
SSc and PBC may share pathogenetic pathways that give rise to chronic inflammation,
leading to duct destruction and a fibrogenic response, promoting a fibroproliferative
response to cholestatic injury. However, the liver is relatively protected from extensive
fibrosis compared to other organs, such as the skin, Gl tract, lungs, and heart. So far, the
underlying mechanisms remain unknown, but the unique vascular system of the liver may
modify the common pathologic cascade of SSc, especially the process of bridging

vasculopathy and tissue fibrosis [8, 42, 44, 46].

On the other hand, SSc has been suggested to be associated with nodular regenerative
hyperplasia of the liver (NRHL), which is histologically defined by diffuse micronodular
transformation without fibrous septa. NRHL is thought to develop as a result of microvascular
alterations due to endothelial cell damage. Patients with NRHL may remain asymptomatic,

but at least 50% of reported cases present portal hypertension and related symptoms,
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including splenomegaly, ascites and oesophageal or gastric varices. In these cases,
transaminases might be normal or slightly elevated, whereas cholestatic measures are often
more significantly increased. Supporting the contribution of vasculopathy to the
development of NRHL, SSc patients with this liver involvement are highly susceptible to

vascular complications, such as digital ulcers, PAH and SRC [8].

1.5.7.Musculoskeletal involvement

1.5.7.1. Muscle involvement

The prevalence of muscle involvement in SSc varies widely, ranging from 5% to 96%, due
to the lack of diagnostic consensus criteria and the inclusion or exclusion of SSc-myositis
overlap syndromes in studied cohorts. Indeed, there is no unanimity as to whether an
inflammatory myopathy in SSc should rather be considered as a disease symptom or as
SSc-myositis overlap since SSc is the most common connective tissue disease associated
with inflammatory myopathies and accounts for 30-40% of patients with myositis overlap.
Nevertheless, usually, patients with SSc diagnosis and myopathy are considered as
presenting SSc-myositis overlap only when they also satisfy the published diagnostic criteria
for polymyositis (PM) or dermatomyositis (DM), which has been estimated to occur in around
10% of SSc patients [47-49].

As myopathy is relatively frequent in SSc patients and may be an early disease manifestation,
all patients should be screened for muscle involvement by clinical evaluation. SSc patients
with myopathy usually present symmetric proximal limb weakness, although distal weakness
may also be detected. Muscle weakness evaluation by physical examination may be
challenging as it is difficult to distinguish it from the limitation of movement due to skin
sclerosis, articular changes in proximity to the assessed muscles or fibrosis of underlying
tissues. Moreover, muscle weakness in SSc can also be secondary to fatigue, pulmonary
and heart involvement and atrophy due to weight loss or due to side-effects of drugs.
Therefore, additional testing is indicated when the history or physical exam suggests the
possibility of proximal muscle weakness, including laboratory testing of muscle enzymes and
muscle biopsy. Less commonly, other muscles distinct from the muscles of the limbs might
also be affected, such as head extensor muscles. There is no data about the involvement of
respiratory muscles in SSc; however, in patients with SSc-myositis overlap syndrome,

respiratory muscles may also be affected [47, 49].
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Laboratory testing for evaluation of muscle involvement includes creatine kinase (CK) and
aldolase levels, as elevation of one or both are characteristic of an underlying myopathic
process. Moreover, it has been shown that CK levels correlate negatively with muscle
strength. However, a normal value does not exclude inflammatory myopathy, as it has been
demonstrated that only 82% of patients with biopsy proven myositis had increased CK, and
only 76% had increased aldolase. On the other hand, electromyography (EMG) is not very
useful for the evaluation of muscle involvement, as it displays pathologic findings in the vast
majority of SSc¢ patients regardless of clinical muscle involvement, laboratory features, or
disease duration, with features similar to those of patients with polymyaositis. In line with this,
currently, muscle biopsy is the most sensitive and recommended test for diagnosing muscle
involvement. Nevertheless, the histological findings of muscle biopsies in SSc patients with
myopathy are heterogeneous and non-specific, as they are indistinguishable from patients
with PM or DM. These findings include interstitial fibrosis in the perimysium and epimysium,
intimal proliferation of endomysial and perimysial vessels and other vascular abnormalities,
perivascular infiltrates, atrophy, myofiber necrosis and regeneration of variable degree. In
addition, overexpression of HLA |, complement deposits on vascular walls and
predominance of CD4+ T cells, similar to what is observed in DM, or absence of complement
deposits with a predominance of CD8+ cells, like in PM, are observed in SSc patients [47—
49].

Overall, it has been estimated that myopathy is more common in the dcSSc subset than in
the 1cSSc subset. Moreover, it seems that patients with musculoskeletal disease present a
worse prognosis, as this manifestation has been associated with an increased risk of
myocardial involvement. However, several autoantibodies have been associated with
myopathy, even in the IcSSc subset. Specifically, anti-PM/Scl and anti-Ku positive patients
are commonly classified as presenting SSc-myopathy syndrome, while anti-U3 snRNP
autoantibodies are associated with isolated myopathy in SSc. On the contrary, anti-
centromere autoantibody presence seems protective for developing any muscle involvement
in SSc [47, 49].

1.5.7.2. Skeletal involvement

Skeletal involvement in SSc can be divided into articular and non-articular.
1.5.7.2.1. Articular involvement

The frequency of joint involvement in SSc is inconsistent between studies, partly because of

the difficulties of its evaluation by physical examination and partly because of the lack of
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consensus on assessment techniques. It seems that arthralgia and joint contractures are
the most common manifestations, followed by arthritis, synovitis and tendon friction rubs
(TFR). Joint involvement can be the initial manifestation of SSc, and its onset is very
heterogeneous, as it can be acute or insidious, with an intermittent, chronic remittent, slowly
progressive or rapidly progressive course, and present in monoarticular, oligoarticular, or
polyarticular pattern. Despite this heterogeneity, in SSc the overall involvement of the hands
is more prominent and frequent than the feet, but feet involvement should also be considered
[47].

Joint pain is widespread in patients with SSc, with some studies reporting arthralgias in
almost all patients. Additionally, it can be the presenting symptom in one-fifth of patients.
Radiographic studies demonstrate a wide range of joint pathology, from inflammatory
arthritis to osteoarthritis, but the most common presentation is joint space narrowing.
Patients who fulfil the classification criteria for both SSc and RA are considered to present
SSc-RA overlap syndrome. However, since SSc itself presents with significant articular
damage and similar changes are noted in joints of the hands of RA and SSc patients, the
determination of SSc-RA overlap is often difficult. In addition, rheumatoid factor and anti—
cyclic citrullinated peptide antibodies have not shown a clear association with SSc-RA

overlap syndrome, although they may be more prevalent in this subset of patients [47, 50].

Tenosynovitis, the inflammation of the tendon sheath that results in damage to the tendon
and surrounding structures, is seen in up to one-third of patients with SSc. Although some
patients experience inflammatory tenosynovitis similar to RA, patients with SSc are more
likely to have fibrotic tendon sheath thickening, termed “sclerosing tenosynovitis”. On the
other hand, TFRs are characterised by a leathery crepitus felt above the tendons but do not
necessarily mean inflammation of the tendon sheath. TFRs were initially assumed to be
caused by fibrinous deposits in tendon and tendon sheaths. Still, newer imaging studies
suggest that the infiltrates are localised in the deep soft tissues and septae that divide fat
into lobules, leading to the thickening of tendons and retinacula (layer of connective tissue
around tendons). While tenosynovitis mainly affects extensor tendons, TFR occurs in both
the extensor and flexor tendons of the fingers and wrists, and tendons over the elbows,
knees and ankles. Although TFRs do not require surgical intervention, they are correlated
with increased functional disability, fingertip ulcers, gangrene and amputations, and joint
contractures. In addition, tenosynovitis and TFRs are more common in dcSSc and are
associated with worse disease severity, increased renal, cardiac, pulmonary, and

gastrointestinal involvement and decreased survival rates [47, 50].
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Finally, claw hand deformity with proximal interphalangeal joint flexion contractures is
present in up to 30% of patients with SSc and is often progressive. Joint contractures result
from sclerosis of the skin, volar plates (a fibrocartilaginous structure that reinforces the joint
capsules of metacarpophalangeal and interphalangeal joints), and flexor tendon sheaths
with concomitant flexor tendon shortening. With time, central slip attenuation and lateral
band volar subluxation ensue (Figure 5). Progressive proximal interphalangeal flexion
contracture causes tension, ischemia, and atrophy of the dorsal skin, leading to ulcerations
and infections. Surgical procedures aimed to improve the range of motion of the proximal
interphalangeal joint can be performed. Overall, joint contractures are more common in

dcSSc but can occur in both subtypes [50].

Central slip

-

Volar plate

Attenuation and
/ rupture of the
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‘\Contracted oblique
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Figure 5. Proximal interphalangeal joint flexion contractures. Sclerosis of the lateral band and volar polar plates
results in proximal interphalangeal joint flexion contracture, leading to a central slip attenuation that progresses

until tearing. Contraction of the oblique retinacular ligament also takes place.
1.5.7.2.2. Non-articular involvement

The primary forms of non-articular involvement in SSc are generalised and localised
osteoporosis, digital tuft resorption, and osteolysis in other body regions. Many studies have
established an increased risk of bone loss and fracture in individuals with chronic
inflammatory conditions. Still, occult malabsorption or malnutrition, major disability, and the

use of corticosteroid therapy can also contribute to bone disease [47].
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1.5.8.Sicca syndrome

The exact prevalence of sicca syndrome in SSc varies according to inclusion criteria and
definition of sicca symptoms. Reported subjective xerostomia varies from 50-80%, while 60-
70% of patients present sicca syndrome when evaluated by objective functional tests such
as Schirmer’s test or salivary flow rate. Nevertheless, studies exploring the correlation
between sicca symptoms and histological findings have demonstrated a lack of
concordance between subjective sicca symptoms and histological sialadenitis typically seen
in Sjogren’s syndrome (SjS), while fibrotic lesions on biopsies of the minor salivary glands
have been shown to better correlate. Fibrotic lesions are defined as fibrous tissue with
secreting fibroblasts surrounding the acini and located around capillaries and excretory
ducts. These findings suggest that sclerosis of eccrine glands causes xerostomia and

reduced tear secretion resulting in sicca syndrome in SSc patients.

Reduction of salivary flow can lead to several complications, including difficulties in eating
dry food, speaking without taking frequent sips of water, increased risk of oral infections and
a high rate of caries. On the other hand, patients with xerophthalmia may report burning or
soreness of the eyes and increased sensitivity to light. Sicca symptoms equally affect
patients with IcSSc and dcSSc but present a lower prevalence in ssSSc patients. Regarding
autoantibody status, sicca syndrome is more frequent in SSc patients positive for anti-

centromere autoantibody [51].

Although sicca symptoms can be detected in a high number of SSc patients, only 10-20%
of SSc patients are considered to present an overlap with SjS syndrome. Studies comparing
SSc-SjS overlapping patients with SjS patients showed that this subset of patients had
similar characteristics regarding sicca manifestations and the presence of anti-Ro60 and
anti-La autoantibodies. On the other hand, it has been suggested that SSc patients with SjS
overlap syndrome tend to have a milder disease phenotype, with less lung involvement, but
with a specific subgroup characterised by anti-centromere autoantibody positivity, IcSSc
and higher risk of non-Hodgkin’s lymphoma compared with the rest of SSc patients.
Additionally, a specific subset of patients with SjS and positivity for anti-centromere
autoantibody but without SSc has also been recently explored. Whether this population of
patients with sicca symptoms corresponds to a specific subgroup of SjS or a pre-
scleroderma condition overlapping with SjS is still to be determined. These data may suggest
that an immunological continuum may exist between SjS and SSc patients with anti-

centromere autoantibody [51, 52].
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1.5.9.Malignancy

Compared to the general population matched for sex and age, a higher risk for cancer,
particularly for lung, breast, and cutaneous melanoma, has been reported in SSc patients.
Common genetic and environmental risk factors may be involved in developing both
diseases. Indeed, some SSc pathophysiological mechanisms, such as immune and vascular
dysregulation and exuberant fibrogenesis, are also involved in cancer development.
Moreover, cancers in SSc seem to be more frequent in sites affected by exaggerated fibrosis
or high disease activity and damage, suggesting that a persistent inflammation leading to
fibrosis may underlie in places where the malignancy develops. For example, data suggests
that there is an increased risk of lung cancer in patients with ILD, skin cancer in thickened
areas, oesophagus cancer in patients with severe reflux and Barrett’s oesophagus, liver
cancer in patients presenting overlap with PBC and thyroid cancer if there is concomitant
autoimmune thyroiditis. Nevertheless, the link between SSc and oncogenesis remains
unknown, and the relationship between cancer and SSc is likely complex and bidirectional.
In fact, a biphasic association between SSc and cancer is observed, with a first peak of
cancer incidence around the time of scleroderma onset and a second peak after 6-8 years

of disease of duration, which suggests distinct pathogenic mechanisms [53, 54].

When cancer occurs within the first five years of SSc onset, it is hypothesised that malignant
cells or mutated autoantigens may serve as immunogens, leading to an autoimmune
response in a genetically susceptible host, indicating that SSc could be a paraneoplastic
disease. In this line, some reports indicate that synchronous cancer treatment and remission
result in dramatic improvements in SSc. Anyhow, it should also be pointed out that when
cancer is diagnosed a few months prior to SSc onset, SSc may arise as a consequence of
anti-cancer therapies, including chemotherapy, radiation therapy, and immunotherapy.
Indeed, it has been reported that the use of immune checkpoint inhibitors targeting cytotoxic
T lymphocyte antigen 4 (CTLA-4) and programmed cell death-1 (PD-1) and its ligand (PD-
L1) is associated with the development of immune-related adverse effects and disease
exacerbations in patients with pre-existing autoimmune diseases, including features of SSc
[53-55].

In the second peak of incidence, the trigger could be linked to chronic inflammation and
mesenchymal dysfunction, which are characteristic of SSc. Moreover, this second peak in
cancer incidence could also be related to the use of immunosuppresants. For example, it

has been described that exposure to cyclophosphamide, an alkylating agent, increases the
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risk of hematologic and bladder cancers, in particular with higher cumulative doses. It is also
important to note that patients with SSc may have a high cumulative exposure to ionising
radiation from medical tests over time, potentially increasing the risk of cancer development.
In fact, it has been described that radiation therapy may trigger both cutaneous and
pulmonary fibrosis, although most reports describe localised scleroderma or exaggerated

fibrosis developing in patients with a previous diagnosis of SSc [53, 54].

Identifying risk factors to recognise patients more likely to develop cancer is essential for
establishing different cancer screening follow-up recommendations. In SSc patients, the
association of cancer and traditional cancer risk factors, such as smoking and
immunosuppressive drugs, remains controversial. Regarding demographic characteristics,
it seems that there is a higher incidence of cancer in men than in women and patients with
an older age of onset of disease. As previously discussed, some clinical characteristics,
such as lung fibrosis or Barrett’s oesophagus and order conditions, are also associated with
specific cancers. On the other hand, some SSc-specific autoantibodies have been
demonstrated to be associated with an increased risk of cancer and are used to identify

patients in which a more strict cancer screening follow-up should be carried out [53, 55].

Malignancy frequency is higher in anti-RNApol lll positive patients than in those with anti-
Scl70 or anti-centromere autoantibodies (14.2-20.9% vs. 6.3-13.6% vs. 6.8-16%
respectively). Moreover, patients with anti-RNApol Il autoantibodies had a significantly
shorter cancer-SSc interval than those with anti-Scl70 or anti-centromere (medians of -1.2
years, +13.4 years and +11.1 years, respectively). Indeed, when compared to other SSc
patients, anti-RNApol Il autoantibody positive patients presented nearly a 5-7 times
increased risk of developing synchronous cancer. Even when compared to patients matched
for sex, cutaneous phenotype, age of SSc onset, and disease duration but negative for anti-
RNApol lll, cancer was significantly more common in the anti-RNApol Il positive group (17.7%
versus 9.0%), particularly concerning cancers diagnosed within two years of SSc onset (9.0%
vs. 2.5%). Breast cancer has been reported to be the most frequent cancer found in anti-
RNApol lll positive patients, although other malignancies are also found in this group of
patients [53, 54].

Other SSc-specific autoantibodies have also been associated with cancer, although in a less
robust way. For example, some reports indicate that anti-Scl70 positive patients have a
higher risk of lung cancer related also with ILD, as previously discussed. More interestingly,
an increased risk of developing synchronous breast cancer and melanoma is found in

patients with IcSSc negative for anti-centromere, anti-Scl70, and RNApol Ill autoantibodies.
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This is a heterogeneous population that likely consists of different subsets of patients, and
probably present known or unknown autoantibodies that could also predict the development
of malignancy. In fact, patients positive for anti-PM/Scl and anti-U11/U12 snRNP
autoantibodies have been reported to have an increased risk for developing cancer,
although it has not been confirmed. In any case, older age at SSc onset is considered a risk
factor for cancer development and for its occurrence in close temporal relationship with SSc
in all these groups of patients, particularly in patients with anti-aScl70 autoantibodies and
the subset of patients negative for anti-centromere, anti-Scl70 and anti-RNA pol |lI
autoantibodies. On the other hand, the presence of some autoantibodies seen to be
associated with a lower risk of developing malignancy, such as anti-centromere and anti-
Th/To autoantibodies [53, 54, 56].

Altogether, all these data suggest that clinical and instrumental examinations indicated for
age- and sex-matched general population have to be performed in SSc patients. Although
no universally accepted malignancy-screening protocols exist for SSc, it is generally
recommended to apply more intensive screening methods when risk factors are present,
including older age at disease onset, diffuse disease type, family history of cancer,
concomitant precancerous conditions such as Barrett’s oesophagus or PBC, globus
sensation or unexplained dysphagia that could indicate head or neck cancers, significant
exposure to cyclophosphamide, cytopenias, monoclonal gammopathies or presence of
certain autoantibodies. Screening at baseline and regular follow-up are also recommended,
which should be scheduled considering the biphasic relationship between cancer and SSc.
Clinical examination for malignancy screening is based on evaluating new or changing skin
lesions, lymphadenopathy or suspicious symptoms such as weight loss or unexplained fever.
In addition, breast and prostate evaluations and ultrasound examinations must be
considered with all the other non-invasive tests. However, additional studies are underway
to define the optimal approach to cancer screening in these high-risk subsets that maximises

cancer detection while minimising the harms of over-screening [17, 53, 54].

1.5.10. Mortality

Systemic sclerosis is one of the autoimmune systemic diseases with worse prognosis.
Several studies have been performed since the 1960s, reflecting a higher mortality rate
between 1 to 7-fold compared with the general population and a standardised mortality ratio
of 2-4. After the introduction of new therapies in the last decades, there have been changes

in the pattern of death, with a significant reduction in the number of deaths related to kidney
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involvement because of the use of ACE-I (see section 1.5.3.1.). Nowadays, ILD, PAH and
cardiovascular diseases, followed by malignancies and infections, are the leading causes of
death in SSc patients. Furthermore, although survival studies have shown improvement over
the years, SSc and, more specifically, dcSSc, still carry the highest case-based morbidity
and mortality among all rheumatic diseases. While survival of IcSSc patients has been
estimated to be 90% at 5 years and 80% at 10 years, dcSSc patients present a survival of
70% at 5 years and 55% at 10 years [53, 57-60].

1.6. Classification

The wide spectrum of clinical presentations, as discussed in the previous section, has
considerably impacted the classification criteria of SSc in the past and is still a challenge for
daily clinical management as well as for the proper selection of patients in clinical trials.
Indeed, as internal organ involvement is closely linked to prognosis, recent attempts for

disease subgrouping have emerged in order to fully capture the disease heterogeneity [61].

The first set of classification criteria was endorsed by the ACR in 1980. Based on these
criteria, for definite SSc classification of a patient, one major criterion (proximal cutaneous
sclerosis) or at least two minor criteria are required (Table 1) [62].

Table 1. The 1980 ACR classification criteria for SSc.

Major criterion Minor criteria

Proximal cutaneous

sclerosis* Sclerodactyly

Digital pitting scars of fingertips or loss of substance of the distal finger
pads

Bibasal pulmonary fibrosis in the absence of proximal scleroderma

*Proximal cutaneous sclerosis is defined as tightness, thickening, and nonpitting induration of the skin proximal
to the metacarpophalangeal or metatarsophalangeal joints, affecting other parts of the extremities as face, neck
or trunk, usually bilateral, symmetrical and almost always including sclerodactyly.

In 2013, a revised set of criteria was adopted by the EULAR and ACR, with the objective of
including patients with early and more advanced SSc that were excluded by the previous
set of criteria. As patients with recent disease onset may be more susceptible to benefit from
early therapeutic interventions, these updated criteria included clinical features classically
present in early or very-early SSc, such as puffy fingers, SSc-specific autoantibodies and
abnormal NVC (see section 1.5.1.2.1.). Current clinical trials generally use these
classification criteria, in which a patient requires a total score of 9 or more to be classified
as having definite SSc (Table 2) [20].
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Table 2. The 2013 ACR/EULAR classification criteria for SSc.

ltems Sub-ltems Score

Skin thickening of the fingers of both hands 9
extending proximal to the metacarpophalangeal joints

o . . Puffy fingers 2
Skin thickening of the fingers (only counts the highest score) Sclerodactily* 4
, . . . Digital tip ulcers 2
Finger tip lesions (only counts the highest score) Pitting scars 3
Telangiectasia 2
Abnormal nailfold capillaries 2
PAH and/or ILD (2 points maximurm) PAH 2
ILD 2
RP 3
SSc-specific autoantibodies (anti-centromere, -Scl70, -RNApol 111) 3

*Distal to metacarpophalangeal joints but proximal to proximal interphalangeal joints

These two classification criteria did not aim to highlight specific subgroups of SSc patients
with distinct prognoses. To date, the subgrouping of SSc is mainly based on the classification
criteria proposed by LeRoy et al. in 1988 (Table 3) and revised in 2001 (Table 4).

Table 3. The 1988 LeRoy classification criteria for SSc.

dcSSc IcSSc

Onset of RP within 1 year of onset skin changes

(puffy or hidebound) RP for years (occasionally decades)

Early and significant incidence of ILD, oliguric renal
failure, diffuse Gl disease and myocardial
involvement

Significant late incidence of PH, with or without ILD,
skin calcifications and telangiectasia

Absence of anti-centromere autoantibody and

presence of anti-Scl70 autoantibody High incidence of anti-centromere autoantibody

Dilated nailfold capillary loops, usually without

Nailfold capillary dilation and capillary destruction capillary dropout

Presence of TFR

Table 4. The 2001 LeRoy and Medsger revised classification criteria for SSc.

ISSc

RP (objective documentation) plus SSc-type NVC pattern or presence of SSc-specific autoantibodies™®

RP (subjective documentation) plus both SSc-type NVC pattern and SSc-specific autoantibodies™

*Anti-centromere, -Scl70, -U3 snoRNP, -PM/Scl or -RNApol Ill autoantibody at a titre of >1:100.

Original LeRoy criteria proposed two SSc subsets relying solely on the skin fibrosis extension:
lcSSc, in which skin fibrosis is limited to the distal limbs (hands, feet and forearms) and face,
and dcSSc, associated with early skin changes affecting also the trunk and proximal limbs

(Figure 2). Although this subclassification highlighted NVC abnormalities, the presence and
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severity of organ involvement, and specific autoantibodies associated with these specific

cutaneous subgroups, they were not included in the definition of these subsets per se [4].

These classification criteria were revised in 2001 (LeRoy and Medsger criteria) for the
classification of early SSc. As previously mentioned, early diagnosis is important as it can
imply the initiation of disease-modifying treatments that have the potential to improve patient
outcomes. As the earliest sign of SSc is normally RP, this classification criteria are based on
the presence of this manifestation. Anyhow, RP is non-specific for SSc and can have several
alternative causes, and for that reason, criteria for detecting patients with RP who are at
greatest risk of the development of SSc were proposed. LeRoy and Medsger 2001 criteria
considered SSc-specific autoantibodies and scleroderma-type changes on NVC together
with RP to diagnose a patient as having pre-scleroderma, as it was demonstrated that a
definite diagnosis of SSc occurred in 65.9% and 72.7% of patients at 5 and 10 years,
respectively, in those with RP who had both SSc-specific autoantibodies and a “scleroderma
pattern” on NVC (see section 1.5.1.2.1.). Pre-scleroderma was defined as limited SSc (ISSc),
which differed from IcSSc by the absence of cutaneous involvement, and differed from
ssSSc, which was previously defined as visceral manifestations of the disease in the
absence of cutaneous changes [23]. Based on these criteria, IcSSc and dcSSc
classification is considered when criteria for ISSc are present together with distal or proximal

cutaneous changes, respectively.

These classification criteria have been widely used in clinical trials, as it is well accepted that
dcSSc has a higher mortality rate and earlier visceral involvement than IcSSc. However,
nowadays, it is recognised that there is a lack of strict parallelism between the degree of
skin extension and severity of the disease, and recent studies with large sample sizes have
highlighted that significant heterogeneity exists within these subsets. Characterising the
heterogeneity and including this multifaceted diversity within new comprehensive subgroups
that capture and classify the entire phenome of SSc have become a new important
challenge. Various studies have shown that autoantibodies could predict organ damage and
survival better than the cutaneous classification alone. A study from the European
Scleroderma Trials and Research Group (EUSTAR) used unsupervised machine learning
analysis to distinguish and characterise homogeneous groups of SSc patients without any
prior assumption. In this case, primary cluster analysis resulted in two subsets that only
partially overlapped with classical cutaneous classification. Moreover, an exploratory
analysis further yielded 6 homogeneous groups of patients that largely differed regarding

clinical features, autoantibody profiles and mortality. Most importantly, the presence of
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organ damage and serological profiles markedly impacted survival regardless of cutaneous
involvement, highlighting that skin involvement does not fully represent the whole clinical
spectrum and associated prognosis [63]. Moreover, recent studies have proposed the
combination of autoantibody specificity and extent of skin involvement for defining SSc
subsets, demonstrating that this classification can predict clinical presentation and
outcomes of SSc patients better than classical classification defined only by cutaneous

extension [64].

1.7. ANAs in SSc

Anti-nuclear autoantibodies (ANAs) are detectable by indirect immunofluorescence (lIF) in
90-95% of patients with SSc and target molecules involved in vital processes such as
transcription, splicing, and cell division. ANAs constitute a diagnostically important feature
of the immunological abnormalities on SSc, and as already discussed, SSc-specific
autoantibodies are included in some of the present classification criteria for SSc (see section
1.6.). SSc-specific ANAs are rarely observed in other connective tissue diseases and are
even less frequent in non-immune disorders or in healthy individuals. Moreover, these
autoantibodies are normally mutually exclusive and have been linked with distinct clinical
subsets of SSc (Figure 6). Therefore, detecting a particular autoantibody can help in
predicting the possible organ involvement and prognosis of the patient, which may have an
impact on monitoring and treatment. This is especially important in patients with very early
SSc, as SSc-specific autoantibodies are usually detected at disease onset or even before
and do not change from one to another during the course of the disease, being almost
always mutually exclusive. On the other hand, despite this high association with a specific
disease subset, it has been demonstrated that anti-nuclear autoantibodies do not play a
significant role in the pathogenesis of the disease and are considered only biomarkers of the

disease and specific organ involvement [65].

In addition to SSc-specific autoantibodies, patients with SSc can also present
autoantibodies that are also detected in other connective tissue diseases, such as anti-Ro60
and anti-IFI16 autoantibodies. These autoantibodies are denominated SSc-associated
autoantibodies, and although their utility for diagnosis is limited due to their presence in other
diseases, they have been associated with specific clinical subsets or manifestations in SSc
patients. Usually, when referring to both SSc-specific and SSc-associated autoantibodies,
the term SSc-related autoantibodies is used [66, 67].
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IcSSc dcSSc
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PAH, calcinosis,
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Anti-PM/Scl Myopathy
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calcinosis
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Anti-Ku Myopathy, RA,
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Figure 6. SSc-specific autoantibody association with disease subsets and clinical manifestations. SSc-specific
autoantibodies are mutually exclusive and correlate with specific clinical phenotypes. Created with

BioRender.com

Target proteins of SS-specific autoantibodies are often substrates for proteases that are
associated with stress and cell death. Indeed, many autoantigens are substrates for
caspases, which carry out selective protein degradation during apoptosis [68-73]. In line
with this, it has been demonstrated that caspase cleavage sites seem to occur more
commonly among proteins that become autoantigens than among cellular proteins as a
whole. Moreover, an even stronger correlation was noted between autoantigenic potential
and the presence of cleavage sites for Granzyme B, a protease that is produced by cytotoxic
T lymphocytes and natural Killer cells [74]. These observations have led to the hypothesis
that peptides generated from products cleaved by caspases and Granzyme B contain
cryptic epitopes capable of stimulating autoreactive T-cell responses [69, 72]. As Granzyme
B is secreted by cytotoxic T lymphocytes and natural killer cells, which operate only in the
periphery and not in the thymus, there should be no opportunity for negative selection of
autoreactive T lymphocytes that are specific for Granzyme B-dependent immunocryptic

epitopes [75].
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On the other hand, autoantibodies recognising different constituents of the same
macromolecular complex are common in systemic autoimmune diseases [76, 77]. “Linked
sets” of autoantibodies may be a consequence of B cell surface immunoglobulin-mediated
uptake and processing of antigenic particles. In this scenario, T cells responsive to a peptide
derived from one component of a supramolecular complex may provide intermolecular and
intra-structural help to B cells producing antibodies to other components [78-80]. Another
factor that may influence the generation of linked autoantibody sets is the strength of
interactions between components of an antigenic particle. In the second case, stabilising

antibodies may play a role in the pathogenesis of linked autoantibody sets [81].

1.7.1.ANA detection methods

ANAs can be detected by three main types of laboratory methods: IIF, assays based on
attaching specific autoantigens in solid phases, and assays that test sera reactivity against

protein extracts in native conditions, such as immunodiffusion and immunoprecipitation (IP).

1.7.1.1. Indirect immunofluorescence for ANA detection

IIF using Human Epithelial type 2 (HEp-2) cells as a substrate is currently recommended as
the gold-standard method for ANA screening. In this assay, fixed and permeabilised HEp-2
cells are incubated with patient serum; if an autoantibody that recognises an autoantigen is
present in the serum, the autoantibody will get attached to the HEp-2 cell substrate.
Subsequently, the substrate is incubated with a fluorochrome-conjugated antibody specific
for human IgG's fragment crystallisable (Fc) portion. The autoantigens recognised by
autoantibodies may be located in the nuclear or cytoplasmatic compartments using a
fluorescence microscope. Due to the differential distribution of autoantigens in HEp-2 cells,
different ANA patterns can be associated with distinct autoantibodies. In this line, HEp-2
cells are considered the best substrate as the initial identification of many different
autoantibodies is facilitated because of the relatively big nucleus and the diversity of native

humans’ antigens distributed over all cellular compartments (Figure 7) [65, 82].

Although ANA evaluation on HEp-2 cells is a relatively good screening test, a second assay
is usually needed to detect the specific autoantigen recognised by as different autoantigens
have the same subcellular localization and result in an identical IIF pattern. Another
drawback of IIF is the subjective interpretation of the results, which in the past was
exacerbated by a lack of a consensus to inform positive reports. The International

Consensus on ANA Patterns (ICAP) initiative, which started in 2014, aimed to establish a
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consensus on the nomenclature of the distinct ANA patterns recognised by IIF on HEp-2
cells. This effort has resulted in a classification that distinguishes, at present, 30 different
ANA patterns enumerated as anti-cell (AC) 0 to 29, each with a specific staining (Table 5)
[65, 82, 83].
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Figure 7. IIF for ANA detection. Permeabilised and fixed HEp-2 cells are incubated with diluted patient sera.
Autoantibodies of the sera will bind autoantigens present in HEp-2 cells with high affinity. After a washing step,
the slides are incubated with anti-human IgG antibody conjugated with fluorescein (FITC) fluorochrome. Using
a fluorescence microscope, the distribution of the fluorescence and, hence, of the autoantibody and recognised

autoantigen is visualized and analysed. Created with BioRender.com.
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1.7.1.2. Methods based on solid-phase assays for ANA detection

Enzyme-linked immunosorbent assay (ELISA), chemiluminescence immunoassay (CLIA)
and immunoblotting are based on the coating of a solid surface, as a plate well, bead or
nitrocellulose strip, respectively, with a known autoantigen. Patient serum is incubated with
the solid phase. If an autoantibody that recognises the specific autoantigen is present in the
serum, the autoantibody will get attached to the solid phase. After incubation with an
enzyme-conjugated antibody specific for the Fc portion of human IgG, a substrate for the
enzyme is added, which is converted to a product that can be detected as colour (ELISA or
Immunoblot) or light (CLIA) (Figure 8). More recently developed solid phase assays for the
detection of ANAs include multiplex assays in which multiple autoantigens are coated in a
solid surface, and autoantibody reactivity is confirmed by using a fluorochrome-conjugated

antibody specific for the Fc portion of human IgG [65, 82].

There is a plethora of assays based on these methodologies. These assays have made it
possible to detect autoantibodies with high throughput, automated, cost-effective, simple
technologies, which is completely necessary for diagnostic routine laboratories. However,
the lack of autoantigen standardisation has led to great variability in reported values, which
is especially problematic for detecting autoantibodies targeting macromolecular complexes
formed by different protein components. Moreover, it has been reported that cryptic epitopes
that are not accessible in intact complex structures of native proteins became exposed when
attached to a solid phase and may be recognised by autoantibodies that do not react against
that protein in vivo, resulting in false positive results. On the contrary, some epitopes may
get occult, resulting in false negatives, as have also been reported when using solid phase
assays. In addition, unlike T cells, which recognise short continuous peptides associated
with  HLA molecules, B cells and antibodies recognise primarily discontinuous or
conformational epitopes. Therefore, detecting autoantibodies by assays in which denatured
proteins are used as an autoantigen source may be of limited value, resulting in false
positives and false negatives due to the disappearance of native epitopes and the creation
of aberrant epitopes. On the other hand, these assays are normally based on in vitro
production and purification of the autoantigens, which can lead to contamination of the
autoantigen of interest with other proteins or compounds. Indeed, in some cases, it has been
reported that some solid phase assays detected reactivity against other components of the

purified product and not the autoantigen of interest [65, 82, 84-89].
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Figure 8. Graphical summary of solid phase methodologies for ANA detection. Autoantigens coated in ELISA
plates, nitrocellulose strips and beads are incubated with patient sera. Autoantibodies of the sera will bind
autoantigens present in the solid phase with high affinity. After a washing step, the solid phase is incubated with
an anti-human IgG antibody conjugated with an enzyme. Finally, a substrate for the enzyme is added, which is
converted to a product that can be detected as colour (ELISA or Immunoblot) or light (CLIA). Created with

BioRender.com

1.7.1.3. Double Immunodiffusion

Immunodiffusion assays are based on precipitation reactions between antibodies and
antigens at an appropriate ratio. In double immunodiffusion (Ouchterlony), two wells are
carved into an agar surface so that they are only a few millimetres apart. Patient serum is
added to one well and the protein extract (mainly calf or rabbit thymus or bovine spleen
extracts) on the other, forming two concentration gradients that begin to overlap, such that,
at the point where the concentrations of autoantibody and antigen reach the zone of
equivalence, a visible precipitin line forms. A variation of the double immunodiffusion
technique has been particularly useful for ascertaining whether two antigens share identical
epitopes and for quickly assessing the purity of either antigen or antibody. Although, in this
case, the native structure of autoantigens is maintained, and therefore, false positives and
false negatives are rare, double immunodiffusion is a time-consuming assay by which it is
impossible to test many samples simultaneously. Moreover, the specificity of the
autoantibody is not properly determined, and positive samples always must be compared

with positive controls [90-92].
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Table 5. ANA patterns classification defined by ICAP.

nu'rAn(t:)er Name Description of observed staining by IIF using HEp-2 cells as substrate Antigen association
AC-0 Negative No specific staining detected. None
Homogeneous and regular fluorescence across all nucleoplasm. The nucleoli may be stained or not. dsDNA, nucleosomes,
AC-1 Nuclear homogeneous - A . . . . . . .
Mitotic cells* have the chromatin mass intensely stained in a homogeneous hyaline fashion. histones
Speckled pattern distributed throughout the interphase nucleus with characteristic heterogeneity in the
AC-2 Nuclear dense fine speckled  size, brightness and distribution of the speckles. The metaphase plate depicts strong speckled pattern DFS70
with some coarse speckles standing out.
AC-3 Centromere %ifgtriitecec”c;arse speckles (40-80/cell) scattered in interphase cells and aligned at the chromatin mass on CENP-B, CENP-A
) Fine tiny speckles across all nucleoplasm. The nucleoli may be stained or not. In mitotic cells* the Ro-60, La, Ku, RuvBL1/2, Mi-
AC-4 Nuclear fine speckled . ; )
chromatin mass is not stained. 2
AC-5 Nuclear large/coarse Coarse slspeckles.across a.II nucleoplasm. The nucleoli may be stained or not. In mitotic cells* the U1 snRNP. Sm
speckled chromatin mass is not stained.
AC-6 ('\j/loLilstlple el NS Countable discrete nuclear speckles (6-20/cell) Sp100, PML, NXP-2
AC-7 Few discrete nuclear dots Countable discrete nuclear speckles (1-6/cell) SMN, coilin
AC-8 Homogeneous nucleolar Diffuse fluorescence of the entire nucleolus, while the metaphase plate shows no staining. PM/Scl, Th/To, nucleolin
AC-9 Clumpy nucleolar Iprlraet%télar staining of the nucleoli and Cajal bodies with a peri-chromosomal staining at the metaphase Fibrillarin
) Densely distributed but distinct grains seen in the nucleali of interphase cells. In metaphase cells, up to 5
e PUTSEIE Wuelseler bright pairs of the NOR can be seen within the chromatin body. MOREH, Rl
Homogeneous staining of the nucleus with greater intensity at its outer rim and no staining at the . .
. . ) . Lamin A, B and C, and lamin-
AC-11 Smooth nuclear envelope metaphase and anaphase chromatin plates. There is a peculiar accentuation of the fluorescence at the . .
; . associated proteins
points were adjacent cells touch each other.
Nuclear envelope reveals a punctate staining in interphase cells, with accentuation of fluorescence at the
AC-12 Punctate nuclear envelope points where adjacent cells touch each other. No staining of the metaphase and anaphase chromatin gp210
plates
AC-13 PCNA-like Pleomorphic speckled nucleoplasmic staining, with variability in size and brightness of the speckles. PCNA
AC-14 CENP-F-like Nuclear speckled pattern with str|k|ng.var|ab|||lty in |r_1ten3|ty. The Centr_omeres are positive only in CENP-F
prometaphase and metaphase, revealing multiple aligned small and faint dots.
AC-15 Cytoplasmatic fibrillar linear This pattern is characterlzed b_y staining of Cytoskele.tal fiores spanning the long axis of the cells, Actin, non-muscle myosin
sometimes with small, discontinuous granular deposits.
AC-16 ChioplamEi o er Staining of microtubules and intermediate filaments spreading from the nuclear rim. VIS, GY0 ST

filamentous

tropomyosin
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Table 5 (continued)

nu'rAn(t:)er Name Description of observed staining by IIF using HEp-2 cells as substrate Antigen association
AC-17 gg/;?np(laiig?am ST Staining of short segments and periodic dense bodies along the stress fibres a-actinin, vinculin
AC-18  Cytoplasmatic discrete dots Staining qfd|screte dots that correspond to GW bodies in the cytoplasm of interphase cells, with high GW182, Ago?
numbers in late S2/G2 cells
Cytoplasmatic dense fine - . PL7, PL12, EJ, OJ, KS, Zo,
AC-19 speckled Almost homogeneous staining of the cytoplasm, with cloudy appearance Ha, ribosomal P protein
AC-20  Cytoplasmatic fine speckled  Scattered small speckles in the cytoplasm mostly with homogeneous or dense fine speckled background Jo-1
AC-21  Cytoplasmatic reticular Coarse granular filamentous staining extending throughout the cytoplasm Mitochondrial antigens
AC-22  Golgi Discontinuous speckled or granular perinuclear ribbon-like staining with polar distribution in the cytoplasm  Golgi antigens
AC-23  Rods and rings Distinct rod and ring structures in the cytoplasm of interphase cells. IMPDH2
AC-24  Centrosome One or 2 speckles in the cytoplasm and at the poles of mitotic spindles Centriole antigens
AC-25  Spindle fibres The spindle fibbers between the poles are stained in mitotic cells. HsEg5
AC-26  NuMA-like Nuclear speckled staining with additional staining of the spindle fibbers between the poles. NuMA
AC-27  Intercellular bridge Stamlng of the intercellular bridge that connect daughter cells by the end of cell division, but before cell None
separation
AC-28  Mitotic chromosomal Punctate coloration of chromosomes in prometaphase and metaphase with no staining of interphase cells ~ Modified histone H3, MCA-1
Prominent fine speckled nuclear staining in interphase cells together with consistent strong fine speckled
AC29  Topoisomerase Hike or homogeneous staining of condensed chromatin in mitotic presenting also strong staining of nucleolar DNA topoisomerase |

organizing region. Variable nucleolar staining and weak cytoplasmic staining in interphase cells can also
be observed.

*Mitotic cells: cells in metaphase, anaphase and telophase. https://www.anapatterns.org/index.php consulted on 19th August 2024.
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1.7.1.4. Immunoprecipitation

Protein and RNA IP are still considered the gold-standard techniques for detecting the
specificity of the majority of ANAs due to the limited sensitivity and specificity of solid phase
assays and the limited capacity of double immunodiffusion for detecting specific
autoantibodies [93-95]. Both techniques rely on incubating patients’ sera with protein
extracts obtained from human cell lines subjected to radioactive metabolic labelling.
Autoantibodies present in sera are attached to beads by the Fc region, while the antigen-
binding fragment (Fab) region remains available to bind autoantigens of the protein extracts
and cause them to immunoprecipitate. In the case of RNA-IP, the aim of the assay is to
detect autoantibodies that immunoprecipitate ribonucleoprotein autoantigens from the cell
extract. Ribonucleoproteins are macromolecular complexes that contain intrinsic small RNA
molecules necessary for their function and are involved in many cellular processes [96].
After the immunoprecipitation, an acid nucleic extraction is performed, and specific RNA

molecules that form part of the recognised ribonucleoproteins are obtained (Figure 9) [97].

Both in protein IP and RNA-IP, already described autoantibodies present in the sera are
identified based on the molecular weight (MW) of the proteins and RNA molecules detected
by polyacrylamide gel electrophoresis (PAGE) and by comparison with reference sera
positive for known autoantibodies. Moreover, protein and RNA-IP also have the potential to
identify new autoantibodies, as proteins and RNA molecules that are immunoprecipitated by
not identified autoantibodies are also detected. For this reason, protein IP combined with
mass spectrometry (MS) has long been and it is still the assay of choice for discovering new
autoantibodies in SSc [89, 98]. It is also possible to identify new autoantibodies with RNA IP,
by sequencing RNA molecules eluted from gels [99], but it is not usually performed due to
its technical challenge. However, although protein and RNA IP are still considered the gold-
standard assays for the detection of specific ANAs, it is very difficult for diagnostic routine
laboratories to implement these techniques as they are time-consuming assays that can
only be performed by highly trained personnel and rely on radioactive metabolic labelling,

which requires legal authorisation and special waste disposal protocols.

1.7.2.Anti-centromere autoantibodies

The centromere is defined as the primary area of constriction in mitotic chromosomes
containing the genetic locus necessary for the partitioning of chromosomes. Kinetochores

are specialised protein macromolecular complexes found on the surface of centromeres, to

59



INTRODUCTION

Protein immunoprecipitation (Protein IP)
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Figure 9. Graphical summary of protein and RNA immunoprecipitation methodologies. Patients’ sera are
incubated with beads coated with Staphylococcus aureus protein A, which binds IgG by the Fc region.
Autoantibody-bead complexes are incubated with protein extracts obtained from human cell lines. Only
autoantibodies will recognise proteins from the protein extracts by their Fab region and will get attached to the
autoantibody-bead complex. In the case of RNA IP, the aim is to detect autoantibodies that immunoprecipitate
ribonucleoprotein autoantigens from the cell extract. After immunoprecipitation, an acid nucleic extraction is
performed, and specific RNA molecules that form part of the recognised ribonucleoproteins are obtained.

Obtained protein and RNA molecules are separated by their molecular weight. Created with BioRender.com

which the spindle microtubules attach. Anti-centromere autoantibodies actually target
proteins of the kinetochores, being centromere protein B (CENP-B) the major autoantigen,
since it is recognised by virtually all sera with these autoantibodies. Moreover,
autoantibodies against this protein are often present in titres orders of magnitude higher
than those against other kinetochore proteins. Nevertheless, anti-centromere
autoantibodies from SSc patients usually have specificities against more than one of the
kinetochore antigens, being the second most autoantigenic centromere protein A (CENP-
A). Finally, anti-centromere autoantibodies directed against other kinetochore proteins have
also been described as centromere protein C (CENP-C) and chromobox protein homolog 5
(CBX5), but with a lower frequency (Figure 10) [100-102].

Anti-centromere autoantibodies were first described in 1980 by IIF. The IIF pattern of anti-

centromere autoantibody positive patients (AC-3) normally shows discrete speckled

60



INTRODUCTION

nuceoplasmic staining at the interphase and distinct centromeric dots that are visible for

each chromosome pair in the metaphase plate, which reflects the localisation of kinetochore

proteins. Furthermore, during interphase, the speckles are often seen around the nucleoli,

as the location of CENP antigens is found within the nucleoli during this cell cycle phase

(100, 102, 103].
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Figure 10. Schematic representation of the structure of the kinetochore. Anti-centromere autoantibodies

recognise proteins of the kinetochores, CENP-B being the major centromeric autoantigen. However, these

autoantibodies have also been demonstrated to target other kinetochore proteins such as CENP-A, CENP-C

and CBX5.
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Anti-centromere autoantibodies are detected in 20-40% of SSc patients, being the most
frequent autoantibody in the majority of SSc described cohorts, but it can also be detected
in other autoimmune diseases as SjS and PBC, as already discussed. Anti-centromere
autoantibodies are predictors of a more benign and protracted course, as they are highly
associated with better survival and prognosis with less internal organ involvement.
Specifically, it has been shown to be protective for the development of ILD, SRC and
malignancy. In line with this, anti-centromere autoantibody is also associated with the IcSSc
subset, as almost half of the patients within this subset present this autoantibody. On the
other hand, anti-centromere autoantibody has traditionally been associated with PAH when
compared to anti-Scl70 positive patients, the second most common autoantibody in SSc,
who rarely present PAH. However, overall it has been described that only 10-20% of anti-
centromere autoantibody positive patients present PAH, and some recent studies with large
cohorts have not found an increased prevalence of PAH in this group of patients when
compared with the frequency of this clinical characteristic in the whole cohort, or even when

were compared with anti-Scl70 autoantibody positive patients [64, 65, 101, 102, 104].

1.7.3.Anti-Scl70/Topoisomerase | autoantibodies

DNA topoisomerases are a heterogeneous group of enzymes that change the tertiary
structure of DNA, playing a central role in the transcription and replication of DNA.
Topoisomerases perform their function either by relaxing supercoiled DNA through breaking
and rejoining one strand at a time (type | enzymes) or by catalysing catenation/decatenation,
knotting/unknotting of DNA rings through breaking and rejoining DNA in double-stranded
fashion (type Il enzymes). Specifically, topoisomerase | is a type Ib topoisomerase that
transiently breaks the phosphodiester backbone of a single strand in the DNA duplex by
binding covalently to a 3’-phosphate, followed by

resealing free DNA ends after a rotational event, acting as a swivel to relax both negative
and positive supercoils. Moreover, a direct involvement of the enzyme in ribosomal RNA
(rRNA) gene transcription has also been shown. In fact, the topoisomerase | is partitioned
between nucleoli, specifically in the dense fibrillar component (DFC), and nucleoplasm
during interphase. Significantly, the topological maintenance of rDNA by topoisomerase |
may be required for the proper folding of rDNA and RNApol | into functional ribosomal
transcriptional units (see section 1.7.5.). The distribution of the enzyme gives rise to a
specific IIF pattern (AC-29) that is characterised by a fine specked nuclear staining and

variable punctate nucleolar or perinucleolar staining during interphase together with strong
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staining of chromatin and nucleolar organiser regions (NOR) in mitotic cells. Moreover, a
weak cytoplasmic staining can be detected radiating from the perinuclear area towards the
plasma membrane, which could be caused due to the significant homology between

topoisomerase | and mitochondrial topoisomerase | [105, 106].

Anti-topoisomerase | autoantibodies were originally discovered by immunoblotting of sera of
SSc patients reacting with a 70kDa nuclear protein from cell extracts and were termed
consequently as anti-Scl70 autoantibodies. Later it was shown that this 70kDa protein was
actually a breakdown product of DNA topoisomerase |, a 100kDa protein, produced during
purification procedures. Anti-Scl70 autoantibodies are the second most common
autoantibodies detected in SSc patients, with a prevalence of 20-35%, and contrary to anti-
centromere autoantibodies, they have been associated with the dcSSc subset. However,
anti-Scl70 autoantibodies are not restricted to the dcSSc subset, as they have also been
found to be positive in IcSSc patients (25-48% of positive patients). Indeed, it has been
recently proposed that anti-Scl70 autoantibody positive patients with dcSSc or 1cSSc
actually represent two different subsets of patients: patients with dcSSc and anti-Scl70
autoantibodies present poor prognosis, with increased mortality, ILD, proteinuria,
musculoskeletal and cardiac involvement, while 1cSSc patients with anti-Scl70
autoantibodies only present a high incidence of ILD, but other complications are rare, and
present higher survival. While anti-Scl70 autoantibodies are considered to be present almost
exclusively in SSc, the presence of anti-topoisomerase lla autoantibodies has been
demonstrated in a number of other autoimmune disorders in addition to SSc, including SLE,

juvenile RA and insulin-dependent diabetes mellitus [64, 100, 105].

1.7.4.Anti-RNApol |l autoantibodies

Transcription of the eukaryotic genome is mediated by three highly specialised nuclear DNA-

dependent RNA polymerase (pol) enzymes [107, 108].
1. RNApol | synthesises a single transcript, the 47S pre-rRNA.

2. RNApol Il synthesises a wide diversity of transcripts, including protein-coding
messenger RNA (mRNA) and many non-coding RNAs (ncRNAs), such as micro
RNAs (miRNA), small nuclear (snRNA), and small nucleolar RNAs (snoRNA).

3. RNApol Il synthesises diverse transfer RNA (tRNA) and 5S rRNA, and also U6
snRNA and other non-coding small RNAs as the RNA components of RNase P and

RNase for mitochondrial RNA Processing (MRP) endoribonucleases, the 7SL, vault
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RNAs, Y RNAs, 7SK RNA, BC200RNAs, some virus-encoded RNAs (Adenovirus,
Human Papillomavirus and Epstein-Barr virus RNA) and short interspersed repeated
DNA-elements-encoded RNAs (SINEs) [109, 110].

RNApol I, II, and Ill contain 14, 12, and 17 subunits, respectively, as all three polymerases
contain a ten-subunit catalytic core with additional peripheral subunits (Table 6, adapted
from [111, 112]). RNA polymerases induce transcription by the assembly of initiation
complexes on gene promoters. During initiation, the general transcription factors recognise
promoter elements, recruit and orient the polymerase, and assist the polymerase in DNA
opening and initial RNA synthesis [111].

Table 6. Molecular weight and expected function of protein constituents of the polymerase core of RNA

polymerase |, Il and Il

RNApol | RNApol lI RNApol il

Protein MW (kDa) Protein MW (kDa) Protein MW (kDa) Protein function
A190 194.8 Rpb1 217.2 C160 155.6 Active centre
A135 128.2 Rpb2 133.9 C128 127.8 Active centre
AC40 39.3 Rpb3 31.4 AC40 39.3 -

AC19 15.2 Rpb11 13.3 AC19 15.2 -
A12.2 13.9 Rpb9 14.5 C11 12.3 RNA cleavage
Rpb5 24.6 Rpb5 24.6 Rpb5 24.6 -

Rpb6 14.5 Rpb6 14.5 Rpb6 14.5 -

Rpb8 17.1 Rpb8 17.1 Rpb8 17.1 -
Rpb10 7.6 Rpb10 7.6 Rpb10 7.6 -
Rpb12 7.0 Rpb12 7.0 Rpb12 7.0 -

Autoantibodies directed to the three RNA polymerases have been detected in SSc patients
by protein IP. The two largest subunits of human RNA polymerases are readily
distinguishable by sodium dodecyl sulphate polyacrylamide gel electrophoresis (SDS-
PAGE), but the smaller subunits are less well defined and more difficult to visualise.
Therefore, sera with anti-RNApol |, Il and Il autoantibodies are defined by IP of the two
largest subunits of each RNA polymerase, with a weight of 190 and 128kDa, 220 and
138kDa, and 155 and 135kDa, respectively [113]. Frequently, sera from SSc patients
present reactivity not only to one of the RNA polymerases but to two or all three of them.
Indeed, several subunits are identical in two or all three of the enzyme complexes, and
although some of the subunits are unique to each enzyme, they are similar regarding both
sequence and conformation. Therefore, a single autoantibody may recognise either a unique
or a shared RNA polymerase epitope or subunit and lead to immunoprecipitation of one, two

or all three enzymes [114].
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Three main groups of sera have been reported depending on their reactivity against RNA
polymerases: anti-RNApol l/lll sera, anti-RNApol I/ll/lll sera, and anti-RNApol Il sera [89,
113-118]. Nevertheless, on rare occasions, IP patterns associated with other combinations
of anti-RNApol recognition can also be observed. The first two groups are considered SSc
specific, while anti-RNApol Il autoantibodies have also been observed in other systemic
autoimmune diseases such as SLE and overlap syndromes with or without SSc clinical
characteristics and often accompanied by other autoantibodies [118]. Interestingly, anti-
RNApol Il autoantibodies in SSc are highly associated with anti-Scl70 autoantibodies when
found without anti-RNApol | and Il autoantibodies [114, 116, 117]. On the other hand, the
bigger subunit of RNApol Ill has been shown to be the most antigenic subunit targeted by
the vast majority of anti-RNA Pol I/lll and anti-RNA Pol l/ll/lll sera [119]. Therefore, all the
commercial assays that have been developed for the detection of these autoantibodies have
used this antigen or its fragments, and therefore the majority of studies referring to clinical
associations of autoantibodies against RNA polymerases are only reflecting positivity against
RNApol Ill [120-122].

Anti-RNApol I/1I/lll and anti-RNApol I/l positive sera produce heterogeneous patterns by IIF.
Typically, these sera produce a fine speckled nucleoplasmic stain with additional occasional
bright dots. However, pure anti-RNA Pol | sera produces a punctate nucleolar staining in
interphase cells, and several dots in the area of the condensed chromosomes in metaphase
cells due to its localisation around NORs (AC-10) (see section 1.7.5.) [89, 113, 115, 123-
125]. Moreover, the IIF staining patterns of some of these sera vary when diluted, probably
due to different titres of specific autoantibodies against different subunits of RNA
polymerases [119]. Indeed, part of the observed heterogeneity can be attributed to the fact
that RNA polymerase | resides in nucleoli while RNA polymerase Il and Il are located in

nucleoplasm [115, 126].

In Caucasians, a prevalence of anti-RNApol Il of 5-20% has been reported, but this
autoantibody is less frequently detected in Japanese and black patients. The presence of
this autoantibody is highly associated with the dcSSc subset, although almost half of anti-
RNA pol lll positive patients may present the limited cutaneous form of the disease. Moreover,
this autoantibody is associated with a decreased risk of developing ILD but a more extensive
and rapid skin involvement and a higher risk of SRC, GAVE and synchronous malignancy
[64, 113, 127-129].

Regarding the association of this autoantibody with malignancy (see section 1.5.9.), it has

been estimated that patients with anti-RNApol Ill autoantibodies present an odds ratio (OR)
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of 5-10 of having a diagnosis of cancer within an interval between 6 months before and 3
years after SSc onset, as compared with matched anti-RNApol lll negative patients.
Moreover, the prevalence of malignancy in this subset of patients is around 15% compared
to an overall 10% prevalence in SSc patients [127, 129]. The close temporal relationship
between cancer and SSc among patients positive for this autoantibody led to the hypothesis
that SSc could represent a paraneoplastic disorder in this subset of patients. In this line, an
increased nucleolar expression of RNApol Il protein was found in tumour cells from patients
with anti-RNApol Il autoantibodies compared to cancer cells of those negative for this
autoantibody and healthy control tissues. Moreover, somatic genetic alterations and loss of
heterozygosity of the POLR3A gene locus, encoding RNApol Ill, was reported. These
genetic alterations were found in a low fraction of neoplastic cells, suggesting that
immunoediting of the neoplasm occurs, with these alterations being selected against during
tumour growth. On the other hand, anti-RNApol Ill autoantibodies of patients with somatic
mutations were demonstrated to cross-react with both the mutated and wild-type RNApol il
protein. Considering all these data, it has been speculated that malignancies harbouring
POLR3A mutations trigger SSc in most patients with anti-RNApol Il autoantibodies.
However, in the majority of these patients, the immune response eradicates the cancer by
the time SSc develops since cancer is detected in only 15-20% of these patients [128, 130].
On the other hand, subsequent studies have demonstrated that patients presenting anti-
RNApol | autoantibodies together with anti-RNApol Il autoantibodies don’t present the high
association with malignancy as patients with isolated anti-RNApol [l autoantibodies,
indicating that there could be more than one physiological mechanism for the emergence of
these autoantibodies [131]. These data could help to decide in which anti-RNA pol llI

positive patients intensive cancer detection strategies are needed [53-55].

1.7.5. Autoantibodies against protein components of the nucleolus

The nucleoli are the largest visible structures inside the nucleus and represent functionally
and biophysically distinct compartments. Due to the absence of a delimiting membrane,
nucleolar components are highly dynamic, exhibiting continual flux within the nucleolus and
exchange with the surrounding nucleoplasm. In fact, nucleoli are fundamental for regulating
cell homeostasis through the transient sequestration of key cell cycle regulators [132].
Moreover, it has been shown that the nucleoli also play important roles in sensing diverse
stresses, including genotoxic and oxidative stress, heat shock, nutrient deprivation,

oncogene activation and viral infection [133].
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Despite being a membraneless organelle, the nucleolus normally exhibits a roughly spherical
shape, although the nucleolar shape, size and number per cell nucleus change upon stress,
viral infection or cancer [133-136]. In line with this, dozens of proteins exhibit a “rim-like”
co-localization at the nucleolar surface, representing a quasi-two dimension nucleolar
surfactant [137]. In addition, the nucleolus is often surrounded by a ring of condensed
chromatin, known as perinucleolar chromatin, corresponding to inactive chromosomal
regions [138]. Sometimes, projections of the perinucleolar chromatin may reach deeply
inside the structure of the nucleolus, where they appear as nucleolar interstices or vacuoles
[139].

The main function of the nucleoli is ribosome biogenesis. This process involves ribosomal
DNA (rDNA) transcription, processing of rRNA and assembly of ribosomal proteins [140].
rDNA genes are arranged in arrays of head-to-tail tandem repeats clusters termed NORs
which are located on the short arm of acrocentric chromosomes (13, 14, 15, 21 and 22)
[141, 142]. Nucleoli form around these tandemly repeated clusters of rDNA, where they are
transcribed by RNApol | to produce a pre-rRNA precursor transcript named 47S. This initial
pre-rRNA transcript undergoes modification and processing to remove external transcribed
spacers (ETSs) and internal transcribed spacers (ITSs) to yield mature 18S, 5.8S, and 28S
rRNAs (Figure 11) [143, 144].

During interphase RNApol | complexes are mainly found at nucleoli, around NORs, guiding
the rRNA transcription together with human upstream binding factor (hUBF), other
transcription factors such as selective factor 1 (SL1), and topoisomerase |. At prophase,
nucleoli disperse and disappear, but at least a portion of some nucleolar components, such
as RNApol |, SL1, hUBF, and part of topoisomerase |, remain associated with NORs, while
other components of the nucleoli are released, such as small nucleolar ribonucleoproteins
(snoRNPs). Only a subset of NORs that are associated with RNApol | transcription
machinery are transcriptionally active during interphase. By contrast, rDNA repeat units in
inactive NORs are highly methylated and are not associated with the RNA Pol | machinery.
During mitosis, those NORs that were transcriptionally active in the previous interphase form
prominent chromosomal features termed secondary constrictions in which the chromatin is
ten times less condensed than surrounding chromosomal regions. [145]. However, as little
or no rRNA is synthesised during mitosis, it is hypothesised that RNApol | must be in a state
of arrested transcription throughout most of metaphase. Beginning in telophase, RNApol |

transcription resumes, and nucleoli begin to reform around individual active NORs, forming
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multiple small nucleoli. Nucleolar fusion then occurs, resulting in the formation of larger

mature nucleoli containing multiple active NORs [146, 147].
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Once constituted, nucleoli are constituted by three distinct subcompartments that can be
differentiated by electron microscope. The innermost fibrillar centres (FCs) are surrounded

by DFCs, while FC/DFC compartments are in turn surrounded by granular components
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(GCs) (Figure 11). Indeed, super-resolution microscopy has revealed that each human
nucleolus consists of several dozen FC/DFC modules, the number of which can vary

between cell types [148].

Current evidence suggests that ribosome biogenesis is a vectorial process, initiating in the
FC and proceeding outward to the GC. FCs contain transcriptionally quiescent rDNA and
act as a storage place for enzymes involved in rRNA transcription (RNApol |, topoisomerase
[, hUBF). In this line, it has been confirmed that rRNA transcription occurs at the FC/DFC
interface where RNApol | complexes are enriched, with each FC/DFC module containing
two or three transcriptionally active rRNAs. RNApol | transcription leads to the synthesis of
47S pre-RNA, which is sorted to the DFC. A subset of ribosomal proteins associates with
the 47S pre-rRNA along with numerous transacting factors, thus forming a large
ribonucleoprotein particle or the 90S pre-ribosome. Within this particle and still in the DFC,
the ETS and ITS are eliminated through endonucleolytic and exonucleolytic cleavages,
leading to the splitting of the 90S particles into pre-40S and pre-60S particles, that are finally
assembled within the GC (Figure 11). These particles are ultimately exported to the

cytoplasm, where the last maturation steps take place [100, 149-152].

snoRNPs also localise in the nucleoli and catalyse pseudouridylation and 2’-O-methylation
of ~200nt of pre-rRNA co-transcriptionally and post-transcriptionally (Figure 11). These
modifications are important for ribosome biogenesis and translational accuracy. snoRNPs
are assembled around guide RNAs, snoRNAs [153]. snoRNAs are 60 to 300nt long ncRNAs
that are synthesised in the nucleoplasm but accumulate in the nucleolus. However, snoRNPs
are first transported to Cajal bodies (CBs) before being routed to nucleoli, as it seems that
they may interact with CB’s proteins to end their assembly process [154]. Based on the
presence of two types of conserved motifs denominated C/D and H/ACA box, that are
necessary and sufficient for nucleolar localisation, snoRNAs are classified into two subsets.
While methylation of the 2’-hydroxy groups of the riboses is directed by C/D box snoRNAs,
conversion of uridines to pseudouridine is guided by box H/ACA snoRNAs [153, 154].

Both C/D box and H/ACA box snoRNAs are usually derived from introns. After the splicing
reaction, introns are excised as lariats, which are then generally opened by the debranching
enzyme and subsequently degraded. C/D box snoRNAs escape this degradation by forming
a protein complex that consists of non-histone chromosome protein 2-like 1 (NHP2L1),
nucleolar protein 56 (NOP56), nucleolar protein 58 (NOP58) and fibrillarin. Once the C/D
box snoRNP is constituted, the antisense boxes of the snoRNA recognise complementary

sequences in rRNA by base-pairing, while the 2’-O-methylation reaction is catalysed
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specifically by fibrillarin, a S-adenosyl-L-methionine-dependent methyltransferase (SAM)
[155, 156]. On the other hand, H/ACA box snoRNAs escape from degradation by
assembling into a protein complex containing the pseudouridine synthetase dyskerin, and
the structural proteins H/ACA ribonucleoprotein complex subunit 1 (GAR1), 2 (NHP2) and
3 (NOP10). Mature H/ACA box snoRNPs bind to rRNAs which allows recognition of the

substrate uridine that is isomerised to pseudouridine by dyskerin [157].

In addition to the ribosome, other ribonucleoprotein particles are assembled, at least in part,
in the nucleolus. This is notably the case for the signal recognition particle (SRP), involved
in protein secretion and targeting to the endoplasmic reticulum of transmembrane proteins,
and for telomerase, required for the maintenance of chromosome ends [158, 159]. There
have also been reports of precursors of tRNAs, and even of mMRNAs, transiting through the
nucleolus [160]. Although it is not entirely clear why non-rRNAs transit through the nucleolus
during their life cycle, it is largely assumed that they do so to benefit from the abundant

assembly and modification machineries present there [139].

1.7.5.1. NOR90

Anti-NOR90 autoantibodies were first identified using sera from SSc patients that stained
multiple discrete dots within the nucleoli and that recognised a nuclear protein doublet of
approximately 90kDa in immunoblots from cell extracts. It was later demonstrated that these
sera selectively stained NORs. Finally, the autoantigen recognised by anti-NOR90
autoantibodies was identified as the human RNApol | transcription factor hUBF, which exists
as spliced variants of 97 and 94kDa and is involved in the regulation of the transcription of
rRNA genes. Specifically, NOR90 associates with SL1 protein to form a stable pre-initiation

complex within the core rDNA promoter region (see section 1.7.5.) [100].

Although autoantibodies against NOR90 were originally described in patients with SSc, it
has been shown that they are not specific for the disease, as they can also be detected in
patients with §jS, RA, undifferentiated connective tissue disease (UCTD) and malignancies.
Moreover, no specific association with a particular clinical feature and this autoantibody in
SSc has been demonstrated. Nevertheless, the lack of any strong association with clinical
manifestations can be due to the rarity of this autoantibody, as it has been reported to have

a very low prevalence of less than 3% [161, 162].
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1.7.5.2. Anti-Th/To autoantibodies

In 1982, Hardin et al. observed that a serum specimen from a patient with SLE, termed “anti-
Th”, immunoprecipitated a small RNA denominated 7-2 RNA in addition to the Y RNAs
normally immunoprecipitated by anti-Ro60/La autoantibodies [163]. In 1983, Reddy et al.
independently detected autoantibodies immunoprecipitating 7-2 RNA and 8-2 RNA in a
serum from an SSc patient designated as “anti-To” [164]. Further studies showed that the
majority of sera co-immunoprecipitated both RNAs [165-169], and the anti-Th/To term was
coined. Moreover, it was demonstrated that anti-La autoantibodies immunoprecipitated an
immature and slower migrating form of 7-2 RNA [167], probably accounting for the reactivity
observed by Hardin et al. [163]. Later studies identified 7-2 RNA and 8-2 RNA as the RNA
components of RNase MRP and RNase P, respectively [168, 169].

RNase P is the endoribonuclease that removes 5’ leader sequences from tRNA precursors,
an essential step in tRNA maturation [170]. This enzyme is a ribonucleoprotein based on a
catalytic RNA molecule (H1 or 8-2 RNA). The protein moiety of human RNase P is composed
of a singular protein Pop1 and three subcomplexes, the Rpp20-Rpp25 heterodimer, Pop5-
Rpp14-(Rpp30).-Rpp40 heteropentamer, and Rpp21-Rpp29-Rpp38 heterotrimer (Figure 12)
[171]. Although the RNA component of human RNase P has been identified in the cytoplasm,
nucleoplasm, perinucleolar compartment and nucleolus, the protein subunits of this
complex are contained mainly in the nucleolus [172, 173]. Moreover, different studies have
shown that gene clusters of some tRNA families localise in the nucleoli and that the 5’ leader

sequence removal happens in the same nuclear compartment [174, 175].

RNase P has long been recognised to share most of its protein components with another
essential ribonucleoprotein, RNase MRP [176]. The RNase MRP was originally identified due
to its ability to process an RNA transcript complementary to the light strand to generate RNA
primers for the heavy-strand DNA replication in mitochondria, hence its name [177].
However, subcellular partitioning and in situ hybridisation experiments showed the presence
of RNase MRP’s RNA in both mitochondria and nucleoli, being the vast majority localised in
the nucleoli [178]. Moreover, subsequent studies have demonstrated that mitochondrial
RNase MRP and nuclear RNase MRP are distinct enzymes with differing activities and
protein components but a common RNA subunit (Th or 7-2 RNA) [179]. In fact, nuclear
RNase MRP is a non-canonical snoRNP that belongs to neither the C/D box nor H/ACA box
classes and is involved in pre-rRNA processing [180-182]. In addition to this housekeeping

function, more specific functions have been identified [182—-184]. There is still controversy
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about the exact protein composition of human RNase MRP, and consequently, its structural
organisation is not clear, but it is clear that it shares most of its protein components with
RNase P and probably presents a similar structure, as observed in order organisms (Figure
12) [176]. Moreover, although the RNA components of RNase P and RNase MRP are poorly
conserved at the sequence level, their secondary structures, according to both experimental

and phylogenetic data, suggest that they fold into similar cage-shaped structures [185, 186].

7-2 RNA

RNase P RNase MRP

Figure 12. Schematic illustration of RNase P and RNase MRP structures. RNase P and RNase MRP are two
different enzymes that share most of their protein components but present different associated RNA molecules,

8-2 and 7-2 RNA, respectively, that guide their catalytic activity.

Several protein components of RNase P and RNase MRP have been demonstrated to be
the target anti-Th/To autoantibodies, including Rpp30, Pop5, Rpp14, Pop4, Rpp21, but the
majority of patients recognise either Rpp38, Pop1 or Rpp25 [165, 187-192] Therefore,
commercial assays using recombinant Pop1 [122, 193] and Rpp25 [192] proteins as
antigens have been developed for the detection of anti-Th/To autoantibodies. These assays
are specific enough, but their sensibility is not as high as expected because these assays
do not recognise autoantibodies directed against other subunits of the RNase P or RNase
MRP complexes. In fact, commercial assays using Pop1 and Rpp25 have been shown to
detect only 50% and 53-63% of anti-Th/To autoantibodies compared to RNA IP, respectively
[95, 192].

When the gold standard method, RNA IP, is used as a detection assay, the prevalence of
anti-Th/To autoantibodies in SSc patients ranges between 0.8% and 4.6% [166, 194—197].

SSc patients with anti-Th/To autoantibodies were first shown to be associated with the IcSSc

72



INTRODUCTION

subset and have a significantly lower total skin score, lower frequencies of joint contractures
and palpable tendon friction rubs, but significantly higher frequencies of telangiectasias,
subcutaneous calcification, hypothyroidism, puffy fingers, and small bowel involvement
[194]. Nevertheless, most of these clinical features are considered to be correlated with
lcSSc, rather than with the presence of anti-Th/To autoantibodies. When compared with anti-
centromere autoantibody positive patients, anti-Th/To autoantibody positive patients have
been reported to have more subtle cutaneous, sicca, vascular and gastrointestinal
involvement (oesophageal dysmotility), but more often have symptoms commonly seen in
dcSSc, as ILD, as well as reduced survival [166, 194, 198].

Although anti-Th/To autoantibodies are highly associated with SSc, they are not totally
specific. Anti-Th/To autoantibodies have also been found at 4.0% frequency in Japanese
patients with localised scleroderma, [199], similar to the prevalence observed in Japanese
SSc patients [195]. Moreover, these autoantibodies are also found in some patients with
primary RP [194] and other systemic autoimmune diseases [195] but with a much lower
frequency. However, it has been shown that anti-Pop1 autoantibodies are highly specific of
SSc, whereas reactivity to other proteins of the RNase P and RNase MRP complexes can

also be seen in other diseases [195].

As discussed, anti-Th/To autoantibodies can be directed to different subunits of the RNase
P or RNase MRP complexes, due to the subcellular localisation of both complexes, these
sera always show homogeneous nucleolar staining (AC-8). In some cases, this nucleolar

staining can appear associated with a nuclear fine speckled pattern [164, 166, 194, 199]

1.7.5.3. Anti-U3 snoRNP/fibrillarin autoantibodies

Anti-U3 snoRNP autoantibodies were first described when the serum from a SSc patient
was shown to be able to immunoprecipitate U3 snoRNA [164]. U3 snoRNP is the most
abundant C/D box snoRNP. but it does not methylate pre-RNA molecules during ribosome
biogenesis like most of these ribonucleoproteins (see section 1.7.5.). Instead, U3 snoRNP
guides endoribonucleolytic processing of the 5" ETS of the 47S pre-rRNA and plays a key
role in the maturation of 18S rRNA (Figure 11) forming part of a bigger complex denominated
small-subunit (SSU) processome [200]. SSU has been considered a ribosome assembly

intermediate in some reports as it is associated with a subset of ribosomal proteins [201].

After the discovery of U3 snoRNA immunoprecipitation, it was demonstrated that the
majority of sera presenting reactivity against U3 snoRNP recognized a 34kDa protein [202]

and due to its localisation in FC/DFC regions of the nucleolus, it was named “fibrillarin” [203].
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As previously mentioned, fibrillarin is a SAM that constitutes the catalytic subunit of C/D box
snoRNPs [352, 353]. Consequently, fibrillarin is prominently found in the nucleoli during
interphase, mainly in the transition FC/DFC area and in the DFC [196], although it can also
be observed in CBs [354, 355]. In prophase, when the nucleolus is dispersed, fibrillarin is
dispersed to the chromosomal periphery and remains there until anaphase [356, 357]. Due
to its localisation during different cell cycle stages, when tested by IIF anti-fibrillarin
autoantibodies show a specific clumpy nucleolar staining (AC-9). This pattern consists of
nucleolar and CB staining without nucleoplasmic staining in the interphase cells and reticular

staining in the periphery of chromosomes on metaphase cells [125, 204].

On the other hand, although first studies reported that the majority of anti-U3 snoRNP
autoantibodies recognised fibrillarin and U3 snoRNA, subsequent studies have shown that
these autoantibodies can also immunoprecipitate other protein components [125, 187, 202,
205] and other RNA molecules [206], probably due to the association of fibrillarin with
different proteins and snoRNAs. Nevertheless, all the commercial assays that have been
developed for the detection of these autoantibodies have used fibrillarin as the target antigen.
These assays have shown controversial results when compared to the gold-standard IP [95,
207, 208] or have not been compared to it [209].

Anti-fibrillarin autoantibodies are considered highly specific for SSc [125, 210, 211].
Moreover, this autoantibody has been associated with higher frequencies of
dyspigmentation, calcinosis, digital pitting scars and ulcers, muscle, Gl and cardiac
involvement and PAH [210-212]. Interestingly, anti-fibrillarin autoantibodies have been
described to be significantly more frequent in African American (17.0-50%) than in
Caucasian (1.8-5%), Japanese (2.0-7.0%), or Hispanic (7.0%) SSc patients [197, 210,
212-217]. However, whether anti-fibrillarin autoantibodies are associated with the dcSSc
subset in African American patients or Caucasian patients still remains controversial [210,
215, 2171

1.7.5.4. Anti-PM/Scl autoantibodies

The PM/Scl complex was first identified as an autoantigen using double immunodiffusion.
First, it was detected that autoantibodies in sera of patients suffering from PM and overlap
syndromes precipitated an antigen from calf thymus extract that was denominated “PM-1"
[218]. Subsequent studies demonstrated that especially sera of patients with SSc-PM
overlap syndrome showed reactivity against this autoantigen, which was therefore termed

“PM/Scl” [219, 220]. Sera from patients with anti-PM/Scl reactivity were found to contain
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autoantibodies that uniformly immunoprecipitated at least 11 proteins of an approximate
molecular weight of 110, 90, 80, 39, 37, 33, 30, 27, 26, 22, and 20kDa, although additional
polypeptides could also be seen [221, 222].

The PM/Scl antigen complex is actually the human RNA exosome [223—-226]. The human
RNA exosome is a ribonuclease complex with endoribonuclease and exoribonuclease
activity involved in the degradation and processing of various RNA molecules [227]. After
decapping by deadenylation of the polyA tail of mMRNA molecules, RNA exosome acts as a
3’ to 5’ exoribonuclease degrading the mRNA [228-231]. In addition to this role in RNA
decay, the RNA exosome also participates in the processing of snoRNAs and snRNAs and
in the maturation of 5.8S rRNAs [232-235]. The RNA exosome consists of 10 conserved
core protein subunits arranged into a ring-like structure. The macromolecular complex is
comprised by a central 6-subunit ring formed by Rrp41, Rrp42, Rrp43, PM/Scl-75 (Rrp45),
Rrp46 and myotubularin-related protein 3 (Mtr3); a 3-subunit cap formed by Rrp40, Csl4
and Rrp4; and an exoribonuclease subunit PM/Scl-100 (Rrp6) associated with the central
ring [236]. Structural analysis has revealed that the RNA to be processed enters the RNA

exosome through the central pore opening of its ring-like shape [237].

Because of the great diversity of processes the exosome is involved in, which occur in a
variety of subcellular compartments, this complex is expected to be localised in the
cytoplasm, nucleoplasm as well as nucleolus. In fact, it has been demonstrated that RNA
exosome is present in the nucleus as well as in the cytoplasm, bound to compartment-
specific cofactors [238]. Paradoxically, the results of immunofluorescence experiments have
demonstrated that most exosome components are highly concentrated in the GC of nucleoli
(see section 1.7.5.) [222, 239]. However, this type of distribution pattern is consistent with
the estimated number of substrate RNA molecules for the exosome present in the different
subcellular compartments in combination with the relative volumes of these compartments.
For example, the number of rRNAs transcribed and processed in the nucleolus of growing
cell lines in a certain time interval exceeds that of the other class of substrate RNAs in the
nucleoplasm (snRNA and snoRNA) and cytoplasm (mRNA), whereas the volume of the
nucleoli is much smaller than that of these other compartments. Therefore, if the distribution
of the exosome would reflect the relative concentration of its substrates, the highest
concentration of human RNA exosome is expected in the nucleoli [240]. Indeed, patients

with anti-PM/Scl autoantibodies always show homogeneous nucleolar staining (AC-8) [161].

Immunoblot studies using total cell extracts or recombinant proteins and protein IP have

demonstrated that most anti-PM/Scl autoantibody positive sera react with a protein
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migrating at 100-110kDa, while some of them (30-50%) also show reactivity to a 70-75kDa
migrating protein [221, 241-243]. Due to their apparent size on SDS-PAGE, these two
proteins were named PM/Scl-100 and PM/Scl-75, respectively. Nevertheless, later studies
reported that PM/Scl-75 is actually a 39.2kDa protein with an aberrant migration in SDS-
PAGE because of its carboxyl-terminal half that is enriched in acidic residues [241], while
PM/Scl-100 is in fact a 100.8kDa protein [242, 244, 245]. Although some studies using
ELISAs have reported that some rare sera display a clear preference for PM/Scl-75 antigen
with a weak PM/Scl-100 reactivity, co-occurrence of anti-PM/Scl-100 and anti-PM/Scl-75

seems to be particularly associated with the SSc-PM overlap syndrome [246].

As previously mentioned, a high association of anti-PM/Scl autoantibodies with SSc-PM
overlap syndrome has been found, but these autoantibodies can also be detected in patients
with SSc, PM and other autoimmune diseases [247]. However, while this autoantibody is
only detected in 2-10% of SSc patients [125, 246-248] and in 5-10% of patients with PM
[125, 220, 247, 249-251], 40-90% of the patients positive for anti-PM/Scl autoantibodies
are indeed diagnosed as having a SSc/PM overlap syndrome. Patients diagnosed with SSc-
PM overlap syndrome present clinical characteristics of both diseases, mainly RP, cutaneous
changes, muscle involvement, arthritis and ILD, but with a rather benign course [247, 252,
253]. On the other hand, SSc patients with anti-PM/Scl autoantibodies display a consistently
higher prevalence of muscle involvement as compared to anti-PM/Scl autoantibody negative
SSc patients. On the other hand, as already discussed in section 1.5.7., the prevalence of
muscle involvement in SSc may vary widely due to the lack of diagnostic consensus criteria
for muscle involvement, and also the inclusion or exclusion of SSc-myositis overlap
syndromes [125, 248]. Overall, most patients positive for anti-PM/Scl autoantibody present
the limited cutaneous form of SSc (80-100%), with a higher frequency of calcinosis and
usual visceral SSc involvements but with a good prognosis [125, 247]. In fact, myositis tends
to be relatively responsive to treatment in all patients positive for anti-PM/Scl autoantibodies,
either diagnosed with SSc-PM overlap or SSc [254]. Finally, contrary to what is seen for anti-
fibrillarin autoantibodies, anti-PM/Scl autoantibodies are mainly detected in Caucasian

patients and are rare in black and Asian patients [253, 255].

1.7.6.Anti-Ku autoantibodies

Anti-Ku autoantibodies were originally detected in a cohort of Japanese patients with
different autoimmune diseases by immunodiffusion experiments using saline extracts of calf

thymus as antigen source. In this first study, they were found to be highly associated with
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SSc-PM overlap syndrome and good response to corticosteroid therapy [256]. Later on,
anti-Ku autoantibodies were demonstrated to recognise two different proteins of 70 and
80KDa by IP [257] and were also found to be associated with other systemic autoimmune
diseases, especially with SLE or SLE overlap syndromes [86, 87, 258-261]. In fact, it was
shown that anti-Ku autoantibodies were found to be frequently associated with anti-Sm
autoantibodies, a specificity almost exclusively seen in SLE [86, 87]. Co-presence of other
autoantibodies, such as anti-Ro, anti-La, anti-U1 snRNP, anti-centromere and anti-Scl70,
has also been detected in sera of SSc or SSc-PM patients positive for anti-Ku autoantibodies
[85-87, 256-259, 261].

Anti-Ku reactivity has been investigated with different methodological approaches in
different studies. While originally, immunodiffusion assays were used to detect anti-Ku
autoantibodies, ELISA, immunoblot, and protein IP have also been used. The prevalence of
anti-Ku autoantibodies in various autoimmune diseases varies widely, ranging from 3% with
IB analysis to 55% using a capture ELISA [86, 87, 256, 260]. Moreover, differences in the
frequency of this autoantibody have also been reported in African American SLE patients
compared to Caucasians. In addition, while no anti-PM/Scl autoantibodies are detected in
Japanese patients with inflammatory muscle disease, anti-Ku autoantibodies are found
specifically in Japanese patients with SSc-PM overlap syndrome. Conversely, anti-Ku
autoantibody is not so common in SSc-PM overlap syndrome in North Americans and it
seems to be found more associated with SLE. It appears that a genetic or environmental
influence may regulate the occurrence of anti-Ku and anti-PM/Scl autoantibodies [86, 262,
263]. Therefore, case selection and clinical and racial differences in the cohort of patients
studied and methods employed to detect anti-Ku autoantibodies may account for some of

the disagreements reported in the literature.

Ku70 and Ku80 are two of the central components of the non-homologous end-joining DNA
repair pathway (NHEJ). NHEJ is based on unguided re-ligation of two double stranded DNA
(dsDNA) ends created as a result of DNA breakage. Ku70 and Ku80 proteins form a
heterodimer with a ring-shaped structure on which the central canal fits a dsDNA helix due
in part to a high affinity for dsDNA ends. Ku70/80 recruits and activates the DNA-dependent
protein kinase catalytic subunit (DNA-PKcs) to the damage site, forming the DNA-
dependent protein kinase complex (DNA-PK), which protects the dsDNA ends from
degradation and juxtaposes the DNA ends in a synaptic complex. The DNA-PK complex
phosphorylates a large number of substrate proteins, including itself, resulting in a

conformational change that makes DNA ends more accessible for further processing and
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repair. Depending on the DNA breakage, ligation may either take place directly or after
limited processing of the DNA ends, the later resulting in deletion or insertion of a few
nucleotides at the break site. Therefore, different set of proteins may be required for the
repair process depending on the DNA breakage. In line with this, eroded DNA ends require
processing by helicases and exonucleases, while minor DNA processing is catalysed directly
by specific DNA polymerases. The final ligation step is promoted by a series of different
proteins and carried out by Cernunnos and Ligase IV/XRCC4. More specifically, Cernunnos
interacts with XRCC4, which stimulates Ligase IV to ligate the nick [264, 265].

Due to the main subcellular localisation of Ku70/80 in the nucleus, patients with anti-Ku
autoantibodies normally present a nucleolar fine speckled pattern with no staining of the
nucleoli or with nucleoli staining (AC-4) [85-87, 257, 261].

Autoantibodies against other molecules of the NHEJ pathway have also been described [81,
266]. Autoantibody binding could render Ku and other complex proteins more resistant to
dissociation [81, 84]. This can alter the pattern of antigen processing and might enhance
the presentation of abnormally processed peptides by antigen presenting cells. Stabilising
autoantibodies might retard the dissociation of protein complexes inside endosomes,
increasing their effective concentration, or might act as hindering structures that limit
accessibility to proteases. Normally in patients with autoantibodies against other molecules
of this pathway, autoantibodies against Ku are also found. These data support the idea that
autoimmunity begins with an anti-Ku response that occasionally spreads to other
components of the same pathway, but in some cases, a response to other molecules occurs
first [75, 81, 266, 2671].

1.7.7.Autoantibodies against components of the spliceosomes

In eukaryotes, mature RNA is formed by the removal of introns from a primary transcript.
This process is denominated splicing and is always catalysed by a multicomponent complex
denominated the spliceosome [268]. More specifically, two intron classes have been
identified, a common U2-type and a rare U12-type (<1% introns). Splicing of U2-type introns
is catalysed by the U2-dependent (major) spliceosome while splicing of U12-type introns is

catalysed by the U12-dependent (minor) spliceosome [269-271].

U12-type introns were first identified on the basis of terminal AT-AC dinucleotides, which
distinguished them from the typical U2-type introns with GT-AG terminal dinucleotides.
However, it was soon realised that these termini are not exclusively present in U12-type

introns. Moreover, GT-AG are also found to function as the terminal dinucleotides and are

78



INTRODUCTION

actually the more common subtype also in U12-type introns. In fact, the real defining
features of U12-type introns are the highly conserved 5’ splice sites (5’ss) and branch point
sequence (BPS), and the lack of a distinct polypyrimidine tract (PPT) that is typically found
upstream of U2-type 3’ splice sites (3’ss). Additionally, the distance from a U12-type BPS to
the 3’ss has been shown to be an important factor for the recognition of U12-type introns,

and is significantly shorter than in U2-type introns [272].

Recent studies have shown that the genomic regions of highly transcribed protein coding
genes and their corresponding nascent pre-mRNAs are organized around nuclear speckles.
A nuclear speckle is defined as a nuclear body that contains numerous splicing and
processing proteins, including the spliceosome. Specifically, the inner structural core of
nuclear speckles is composed of the splicing factors and other mRNA processing factors,
whereas the periphery consists of chromatin and nascent pre-mRNA. Interestingly, the
distance between a gene and a nuclear speckle is inversely correlated with its transcription
level, and genes in highly transcribed neighbourhoods are preferentially proximal to speckles.
Although splicing does not appear to occur within nuclear speckles, the splicing factors that
are contained within them were shown to diffuse from the speckle to the nascent pre-mRNA
(Figure 13). It is hypothesised that the compartmentalization of regulatory components
around speckles increases the spatial concentration of splicing factors near nascent pre-

MRNAs and, in this way, increases the rate of co-transcriptional splicing [273].

]
,' ) Spliceosome 1
A i
’ 1 a '
pid 1 ol o |

1
P ' : o RNAPol Il !
’ 1 <&
,/ f %f @ *_/ :
\/ I . RSN -
’ 1 Intron W ey ae> !
> : 3
% : lariats Ay ‘“;’ :
‘ \ \ el 1
’ 1 N . RIS ]
; N S e
/I ! 0 .’29\ - B :
| R ! 1 L) !
1 [ 1 2 !
I § 1 = !
o ' \ :
~ ~ 1 d

S 1 DNA Processed :
™ ! mRNA g

1
1

Nuclear speckles

Figure 13. Schematic illustration of nuclear speckles. The inner structural core of nuclear speckles is composed
of spliceosome complexes, splicing factors and other mRNA processing factors. Gene transcription occurs at
the periphery of nuclear speckles, where the spliceosomes diffuse to the nascent pre-mRNA and excise introns

in the form of lariats. Created with www.BioRender.com.
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The major spliceosome is a nuclear assemblage that, when purified in complex with a pre-
MRNA, is composed of at least 145 associated factors [274]. While the major spliceosome’s
size clearly illustrates its complexity, it is also highly dynamic. Large subassemblies are
observed to dissociate and associate in an ordered manner in vitro. In this line, critical
structural rearrangements are hypothesised to take place, not only between protein
components but also between RNA subunits, to form the enzyme’s active sites [275]. The
major spliceosome function is based on five RNA-protein complexes termed uridine-rich
small nucleolar ribonucleoprotein (U snRNP) particles, the U1, U2, U4, U5 and U6 snRNPs.
The five U snRNPs are compositionally similar but functionally distinct and each is composed
of a single uridine-rich small nuclear RNA (U snRNA), a set of seven Sm or Sm-like (LSm)

proteins, and three or more U snRNP-specific proteins [275].

The seven Sm proteins (Sm-B/B’, -Ds, -Do, -Ds, -E, -F, and -G) are critical to the assembly,
transport, and integrity of the U snRNPs [276]. In the absence of an U snRNA, Sm proteins
associate as stable heterodimers (SmD+-D2 and SmD3B) and a heterotrimer (SmF-E-G) in
the cytoplasm [277], but in the presence of an U snRNA, a single copy of each of seven Sm
proteins interacts pairwise to assemble into a heptameric ring [278]. U1, U2, U4 and U5
snRNAs are RNApol Il transcripts, and each is shuttled to the cytoplasm where their
cotranscriptionally acquired 7-methylguaniosine (m1G) cap is hypermethylated to a 2,2,7-
trimethylguanosine (msG) cap (5 TMG cap). Once in the cytoplasm, Sm proteins recognise
a short single stranded RNA sequence in U1, U2, U4, and U5 snRNAs called the Sm site.
Subsequently, the Sm ring is formed around the U snRNA molecule, assuming a cartwheel-
like arrangement where RNA bases radiate outward in varying orientations to interact with
Sm protein residues. The 5 TMG cap and Sm core formation act as a bipartite recognition
signal for the transport of the pre-assembled U snRNP to the nucleus where additional U
snRNP-specific proteins bind [276]. In contrast, U6 snRNA is an RNApol Il transcript that
remains in the nucleus and does not contain a Sm binding site. A single-stranded sequence
at the 3’ end of U6 snRNA is recognised by a set of seven proteins homologous to the Sm

proteins, the LSm proteins [279].

The U12-dependent (minor) spliceosome, responsible for the excision of the U12-type
introns, is structurally similar to the U2-type spliceosome. It contains protein subunits and
the U5 snRNA as well as the U11, U12, U4atac, and U6atac spliceosomal snRNAs that are
functionally and structurally related to the U1, U2, U4 and U6 snRNAs of the major
spliceosome, respectively [269, 270, 280, 281]. Much of the specificity in the splicing

reaction of both spliceosomes is accomplished by pairing with snRNAs. Although the overall
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assembly and catalytic steps of intron removal are very similar between the two
spliceosomes [269, 270, 282], there is a significant difference in the intron recognition step,
which for minor introns is carried out by a preformed U11/U12 di-snRNP complex, while the
major introns are recognised independently by individual U1 and U2 snRNPs (Figure 14)
[272, 283-285].
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Figure 14. Graphical summary of U2-type and U12-type intron splicing. In U2-type introns, 5'ss is initially
recognized by U1 snRNP, while the BPS, PPT and 3’ss are recognized by the protein factors SF1, U2AF% and
U2AF3%, respectively, together forming the spliceosomal commitment (or E) complex. During the formation of the
pre-spliceosome, or A complex, U2 snRNP replaces SF1 at the BPS. At later stages, the U4/U6.U5 tri-snRNP
stably associates with the spliceosome (B complex). U6 snRNP then replaces U1 snRNP at the 5’ss and the
U4/U6 di-snRNP structure unwinds. U2 and U6 snRNPs base pair with each other to form the catalytic core
structure within B* complex in which the reactive A residue at the BP and the 5'ss are juxtaposed for the first
transesterification reaction. During this process, both the U1 and U4 snRNPs and U2AF are released from the
spliceosome, giving rise to the C complex that catalyses the second transesterification needed for the excision
of the intron as a lariat. In U12-type introns, the preformed U11/U12 di-snRNP binds the intron as a unit, and the
5'ss and BPS are recognized in a cooperative manner within the pre-spliceosomal or A complex. However, U11
snRNP/5’ss base pairing still precedes the formation of stable U12 snRNP/BPS base pairing. After initial

recognition for the splice sites, overall assembly and catalytic steps of intron removal are very similar.
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This functional difference is reflected in the composition of the U11/U12 di-snRNP, which, in
addition to the two unigue U snRNAs, also contains 7 protein species that are unique to the
minor spliceosome: RNA-binding region-containing protein 3 (RNPC3/65K), programmed
cell death protein 7 (PDCD7/59K), 48K, 35K, zinc finger CCHC-type and RNA-binding motif-
containing protein 1 (ZCRB1/31K), 25K and zinc finger matrin-type protein 5 (ZMAT5/20K)
[286—288]. Moreover, the notion that specific protein components of the minor spliceosome
are needed only during the intron recognition phase and not in the later assembly steps has
been challenged recently. A recent report of the cryo-EM structure of the minor catalytic
spliceosome complex revealed that RNA-binding protein 48 (RBM48), armadillo repeat-
containing protein 7 (ARMCY), sodium channel modifier 1 (SCNM1) and cysteine-rich PDZ-
binding protein (CRIPT) are also specific components of the minor spliceosome [289].
Moreover, it has been described that centrosomal AT-AC splicing factor (CENATAC) and
thioredoxin-like protein 4B (TXNL4B), are specific for the U4datac/U6atac di-snRNP and
U4atac/Ubatac.U5 tri-snRNP [290]. However, from the more than 300 proteins that have
been identified in spliceosome complexes, including U snRNP-associated proteins (Sm
proteins, LSm proteins, and U snRNP-specific peptides) and non-snRNP associated
proteins (splicing factors), many are shared between the minor and major spliceosomes
[291].

Before accumulating around nuclear speckles, all U snRNP transiently transit through CBs
[292, 293]. CBs are nuclear compartments enriched in specific proteins and RNA
components not limited by any lipid bilayer. CBs owe their formation and maintenance to a
protein named coilin with no known function other than scaffolding CBs. This protein binds
RNA molecules and contains a N-terminal domain that mediates coilin-coilin “self”
interactions, giving rise to CB’s characteristic structure (coiled bodies). However, other
proteins are also present in CBs. In fact, the protein deficient in spinal muscular atrophy
(SMA), spinal motor neuron protein (SMN), cooperates with coilin to maintain CB integrity
[294]. On the other hand, CBs are enriched in U snRNAs and snoRNAs, as different steps
of biogenesis and assembly of snRNPs and snoRNPs take place in these nuclear
compartments. Indeed, CB homeostasis requires ongoing U snRNP biogenesis, as a
perturbation of SMN and other factors involved in U snRNP biogenesis cause CB to
disassemble. In this line, CB consistently associates with specific loci on multiple
chromosomes, many of which include U snRNA gene arrays, snoRNAs, as well as histone
gene clusters. On the other hand, without CB formation, these chromosomal regions are no
longer clustered, and the expression of many of the associated U snRNA loci is significantly
reduced (Figure 15) [295].
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Regarding U snRNPs biogenesis, CBs participate in the transcription, pre-processing and
formation of the export complex prior to the exit of immature U snRNPs to the cytoplasm.
After its assembly, the core U snRNP complexes return to the CB, where snRNPs-specific
proteins are added, and tri-snRNP assembly occurs [296]. The SMN complex, which
includes SMN and several tightly associated proteins, collectively called Gemins, regulates
the entire cytoplasmic phase of the snRNP cycle, including Sm core assembly and 5 TMG
cap formation. Following the import and localisation of newly assembled U snRNPs to the
CB, coilin may function to disrupt the SMN-snRNP complex and facilitate higher-order U
snRNP formation. Once released from the SMN complex, the newly assembled U snRNP is
free to diffuse throughout the interchromatin space (Figure 15). The fate of the SMN complex
following snRNP release in the CB has not been demonstrated, but it has been proposed
that it can accumulate in distinct nuclear substructures called Gemini bodies, or Gems,

constituted solely by components of the SMN complex [295].
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Figure 15. Graphical summary of U snRNP biogenesis. Pre-U snRNAs are transcribed by RNApol Il at CBs,
where they associate with the SMN complex. SMN regulates the cytoplasmic phase of the U snRNP biogenesis
including Sm ring and 5’ TMG cap formation, which act as a recognition signal for transport of the pre-assembled
U snRNP to CBs again. In the CB, the SMN complex is released, U snRNA is modified by scaRNPs and specific
proteins are added to each complex after diffusing to nuclear speckles as mature U snRNP complexes. Created

with www. BioRender.com.

On the other hand, U snRNAs are modified in the CB by specific snoRNAs that guide 2’-O-
methylation and pseudouridylation. These specific snoRNAs localise to the CB and not
nucleoli and are named scaRNAs (Figure 15). scaRNAs can either contain a pair of box
H/ACA, a pair of box C/D motifs, or the 2 motifs at the same time. scaRNAs presenting C/D
box motifs bind to the same proteins as C/D box snoRNPs, while scaRNAs with H/ACA box
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motifs bind to the same proteins as H/ACA box snoRNPs . However, scaRNAs are
characterised by containing additional elements that retain them in CBs. This localisation
signal is named CAB box, and it is required for the binding of scaRNAs to the telomerase
cajal body protein 1 (TCAB1), which is also essential for CB maintenance. Indeed, TCAB1
protein is associated with SMN and coilin, and is believed to recruit the SMN complex to
CBs [154, 294, 297, 298]. Interestingly, human telomerase RNA resembles scaRNAs and
also localises to CBs. However, characteristically this RNA leaves CBs to accumulate at
certain telomeres during the S-phase of the interphase. In addition to scaRNAs, canonical
nucleolar snoRNAs that are synthesised in the nucleoplasm traffic through CBs en route to
nucleoli, likely to undergo final snoRNP assembly steps. In fact, fibrillarin and GAR1 have
been suggested to become stably associated with snoRNPs in CBs (see section 1.7.5.). As
it has been demonstrated that these proteins interact with SMN, it has been proposed that
the assembly process of snoRNPs may be facilitated by the SMN complex[154]. Similar to
what has been reported in nuclear speckles, the accumulation of snoRNAs and U snRNAs
in CBs has been proposed to enhance ribonucleoprotein biogenesis by favouring
interactions between partners. Coilin may have a principal role in promoting this interplay as
it directly interacts with many CB proteins as well as numerous non-coding RNAs, including
snoRNAs and scaRNAs [154].

1.7.7.1. Autoantibodies against the major spliceosome

Autoantibodies against U1 snRNP and Sm are among the most common autoantibody
specificities in systemic autoimmune rheumatic diseases. Both autoantibodies were
originally identified by double immunodiffusion using calf thymus extracts as source of
autoantigens. Although anti-U1 snRNP was recognised as a distinctive precipitin line from
anti-Sm, both precipitin lines partially fused, suggesting some shared antigenic component.
Subsequent studies using RNA and protein IP assays, helped in the identification of the
target of these autoantibodies and helped in the elucidation and function of key components
of the spliceosome. Since then, it has been demonstrated that virtually all anti-Sm positive
patients also target U1 snRNP, as U1 snRNP is constituted in part by Sm proteins, while anti-
U1 snRNP positive patients may not be positive for anti-Sm, in the case of patients

recognising proteins specific of the U1 snRNP particle [299].

Although anti-U1 snRNP and anti-Sm often coexist, there are major differences in the clinical
significance of these two specificities. Anti-Sm autoantibodies are highly specific for the

diagnosis of SLE, and although they present a not very high sensitivity (5-30%), their

84



INTRODUCTION

presence is one of the serologic criteria in the ACR classification criteria for SLE. On the
other hand, anti-U1 snRNP autoantibodies are found in patients with various diseases,
including SSc, SLE, SjS, RA, inflammatory myopathies and UCTD. In fact, by definition, all
patients with mixed connective tissue disease (MCTD) are positive for anti-U1 snRNP
autoantibodies. MCTD is characterized by overlapping features of SLE, SSc and
inflammatory myopathy, as patients present a high prevalence of RP, oedema of the fingers,
arthritis or arthralgia, myositis, serositis, favourable response to steroid treatment, and a

relative absence of renal disease, with a good overall prognosis [299].

Autoantibodies to other U snRNPs are far more uncommon but have also been reported in
rare cases. Anti-U4/U6 di-snRNP autoantibodies were initially reported in the serum of a
patient with SSc and subsequently in a Japanese patient with primary SjS [300, 301]. Anti-
U5 snRNP autoantibodies were identified in the serum of a Caucasian patient with SSc-PM
overlap syndrome and later in a Japanese patient with a similar overlap syndrome and large
cell carcinoma of the lung [302, 303]. Isolated anti-U2 snRNP autoantibodies were also
reported in a patient with SSc-PM overlap syndrome [304], while anti-U1/U2 di-snRNP
autoantibodies were described in a cohort of patients with different autoimmune diseases
(SLE, MCTD, RA and SjS) [305]. Additionally, autoantibodies to the 5’ TMG cap recognizing
all U series RNAs (U1, U2, U3, U4, U5, U8, U11, U12, U13) except U6 RNA have also been
reported in patients with SSc [205, 306].

Anti-SMN autoantibodies were first described in two patients with SSc-PM overlap
syndrome and one patient with PM that presented an uncommon pattern of protein IP. These
patients presented reactivity against proteins Sm-D4, D,, E, F and G, but did not
immunoprecipitate the rest of the components of the major spliceosome neither none of the
related U snRNAs by RNA IP. Additionally, they immunoprecipitated 4 proteins that were
identified as SMN, Gemin2, Gemin3 and Gemin4 [307]. However, further studies have
demonstrated that anti-SMN autoantibodies are not specific for SSc-PM overlap syndrome,
as they are more common in MCTD (36% of patients), co-existing with anti-U1 snRNP
autoantibodies. Furthermore, anti-SMN autoantibodies seem to be specifically associated
with the subset of MCTD patients presenting with clinical characteristics of SLE, SSc and
inflammatory myopathy, and a higher prevalence of PAH and ILD and overall poorer

prognosis [308].

Anti-U1 snRNP and anti-Sm are typically correlated with a coarse speckled nuclear pattern
staining when screened by IIF (AC-5) due to the subcellular localization of the spliceosome

in the speckles of the nucleus [299]. Similarly, all sera containing anti-U4/U6 di-snRNP, -U5
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snRNP, -U2 snRNP or -5’ TMG cap autoantibodies, show the same coarse speckled nuclear
pattern (AC-5) by IIF [300-304]. On the other hand, anti-SMN positive patients present a
few nuclear dots pattern by IIF (AC-7), as SMN is mainly localised in CB. However, as the
majority of patients with anti-SMN autoantibodies are also positive for anti-U1 snRNP, they
normally present an overlap of both IIF patterns, AC-5 and AC-7, in which the few nuclear
dots pattern is difficult to distinguish [307, 308].

1.7.7.2. Anti-U11/U12 snRNP autoantibodies

Anti-U11 snRNP autoantibodies were first reported in 1993 in a patient with SSc. In this first
study, they only detected U11 snRNA by RNA IP, but this autoantibody was expected to also
recognise U12 snRNP since U11/U12 di-snRNP form part of the minor spliceosome as a
stable complex [306, 309]. It was suggested that the low abundance of U12 snRNA
molecule in the cell extract could be responsible for the lack of its detection. Until 2009,
there were no more reports about this autoantibody, when it was detected by RNA IP in two
consecutive series of SSc patients. In this study, the term anti-U11/U12 snRNP was coined,
although the band corresponding to U12 snRNA was not clearly seen by RNA IP in positive
patients [97]. The majority of sera positive for these autoantibodies recognised a 65-68kDa
protein that was shown to be RNPC3 subunit of the minor spliceosome [97, 306, 310]. Since
then, anti-U11/U12 snRNP autoantibodies have been tested by three different assays: RNA
IP [311], IP of 35°-methionine labelled protein generated by in vitro transcription and
translation (IVTT) from complementary DNA (cDNA) encoding full-length RNPC3 [312, 313]
and a particle-based multi-analyte technology (PMAT) that uses particles coated with
recombinant RNPC3 [314]. IP of 355-methionine labelled RNPC3 produced by IVTT showed
a 95% sensibility when compared with RNA IP [313], whereas there is not any comparative

study of the PMAT technology for detecting these autoantibodies published in the literature.

Anti-U11/U12 snRNP autoantibodies are considered SSc-specific, as they are not detected
in sera of patients with idiopathic pulmonary fibrosis and other systemic autoimmune disease
[97]. These autoantibodies are found both in dcSSc and IcSSc subsets at similar rate, but
are highly associated with ILD, often severe, even when compared with anti-Scl70
autoantibody positive patients [97, 313, 314]. Moreover, they have also been reported to be
associated with a more severe oesophageal dysmotility [97, 313] and increased risk of
cancer at the time of the first clinical manifestations of SSc [312]. Although there are very
few studies about anti-U11/U12 snRNP autoantibodies, their prevalence has been reported
to range between 3,2% to 8% in SSc patients [97, 314, 315].

86



INTRODUCTION

Anti-U11/U12 snRNP autoantibodies do not present a clear IIF pattern, probably due to the
low abundancy of this ribonucleoprotein complex in HEp-2 cells. In line with this, although
most positive sera resemble a weak nuclear fine speckled pattern (AC-4), other ANA
patterns have also been reported [312, 314]. However, the reported heterogeneity could be
associated with the co-presence of other SSc-associated autoantibodies in anti-U11/U12
snRNP positive patient [97, 313, 314].

1.7.8.Anti-EIF2B autoantibodies

Anti-EIF2B autoantibodies were first discovered by protein IP, in which a few SSc patients
showed immunoprecipitation of a 30kDa protein that was identified to be the Eukaryotic
Initiation Factor 2B (EIF2B). After this first report in 2016, there have not been many more
positive cases published in the literature, as it is a rare autoantibody with an estimated
prevalence of around 1%. However, these autoantibodies have consistently been associated
with SSc overlap syndrome (inflammatory myopathy and RA) and ILD, and they are slightly
more common in the diffuse form of SSc. By contrast, these autoantibodies have not been

detected in other diseases and are considered SSc-specific [316-319].

The translation of mMRNAs into proteins is a highly energy-intensive and resource-intensive
cellular process. Therefore, it requires a large number of regulating factors to ensure its
reliability and accuracy. The regulation most commonly occurs during the initiation phase of
translation. In eukaryotes, start codons are selected by mRNA scanning mediated by the
40S ribosomal subunit in collaboration with various protein factors, the eukaryotic translation
initiation factors (elFs). elF2, which is bound to GTP, guides the initiator tRNA to the ribosome,
participates in the scanning of the mMRNA molecule, and supports the selection of the start
codon in the physiological state. Once the start codon is recognised, the hydrolysis of GTP
by elF2 commits the 40S ribosome to translation initiation and leads to the recruitment of
the 60S subunit and entry into the elongation phase of translation initiation. After the release
of GDP from the ribosome, GDP is exchanged for GTP by the guanine nucleotide exchange
factor EIF2B, preparing the complex for another round of initiation [320, 321]. Therefore, as
EIF2B is localised in the cytoplasm, this autoantibody is associated with a cytoplasmatic
dense fine speckled staining IIF pattern (AC-19) [316-319].

1.7.9.Anti-RuvBL1/2 autoantibodies

Autoantibodies against RuvBL1 and RuvBL2 proteins were first reported in 2014. These

autoantibodies were detected by protein IP as a doublet of bands at a molecular weight of
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around 50kDa that were later identified by MS as RuvB-like protein 1 (RuvBL1) and 2
(RuvBL2). The prevalence of this autoantibody was estimated to be 1.5-5.9% in this initial
report, in which two Japanese cohorts of SSc¢ patients and a cohort from Pittsburgh were
studied [322]. However, in a subsequent study in which a very large number of sera samples
from SSc patients of the United States of America and Canada were studied by protein IP,
only two samples were positive, with a prevalence of 0.06% [318]. Moreover, only a few
additional reports of patients positive for anti-RuvBL1/2 autoantibodies have been published,
indicating that it is indeed a rare autoantibody. Regarding the clinical associations of this
autoantibody, it has consistently been associated with SSc-myositis overlap syndrome and,
interestingly, with the diffuse cutaneous form of the disease, opposite to which is observed
in anti-PM/Scl and anti-Ku autoantibody positive patients [318, 322-326]. Considering the
association of this autoantibody with SSc-myositis overlap syndrome, heterogeneity on the
used clinical exclusion or inclusion criteria could be accountable for the observed

prevalence variability [47-49].

RuvBL1 and RuvBL2 are ATPases of the AAA (ATPase Associated with diverse cellular
Activities) family and have been implicated in many cellular pathways. RuvBL1 and RuvBL2
hexamerize, forming a double-hexameric ring, and it has been suggested that this complex
could act as a scaffolding protein, explaining its appearance in diverse cellular protein
complexes as various chromatin remodelling complexes and complexes related to assembly
and maturation of snoRNPs [327]. Although the diverse functions of the RuvBL1/2 complex
and protein expression assays demonstrate that this complex is found in both the cytoplasm
and nucleus of cells, patients with anti-RuvBL1/2 autoantibodies demonstrate a very strong
fine speckled nuclear pattern by IIF (AC-4) [322].

1.7.10. Anti-telomerase autoantibodies

In a study from 2021, autoantibodies targeting telomerase and sheltering proteins were
specifically reported in SSc patients, as they were rarely present in other autoimmune
diseases such as RA, inflammatory myopathies or healthy donors. Specifically,
autoantibodies directed against the telomeric repeat-binding factor 1 (TERF1), a sheltering
protein, were present in 9% of SSc patients of the study. These autoantibodies were found
to be associated with severe lung disease. However, non-white race was strongly associated
with severe lung disease and was also associated with the presence of TERF1
autoantibodies, and the association between TERF1 autoantibodies and severe lung disease

was not statistically significant after adjusting for race. On the other hand, there was also an
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association of anti-TERF1 autoantibodies with a history of severe muscle disease and
inflammatory arthritis, but the co-presence of anti-U1 snRNP and anti-Ku autoantibodies
that was detected could have represented a co-founding factor. Additionally, less common
autoantibodies against other sheltering proteins of the telomere and showing reactivity
against the catalytic RNA molecule of the telomerase holoenzyme have also been reported
[328, 329]. Due to the few reports about autoantibodies against telomerase and the

sheltering proteins, there is still no clear ANA IIF pattern to which they are associated.

Telomeres are repetitive DNA structures located at the ends of chromosomes, offering
stability and protection of the chromosomes and, hence, of the genome as a whole. Because
of the end of replication, with each DNA replication of cells, some DNA at the ends of the
chromosomes is lost. Without telomeres, this loss per replication would be of chromosomal
genetic information, but due to the presence of telomeres, only not critical genetic
information is lost. With time, telomere repeats shorten, and at a certain point, cells with
short telomeres are activated to enter cellular senescence or apoptosis and, therefore,
irreversibly lose function. One of nature’s ways to overcome this ageing process is via the
telomerase holoenzyme. This ribonucleoprotein complex is involved in the natural
replenishment of telomere repeats in selected cell types, including stem cells, sperms and
lymphocytes, increasing the cell’s proliferative lifespan. While the telomerase holoenzyme
solves the end replication problem, linear chromosomes must also solve the end protection
problem. The end protection problem occurs when the natural ends of linear chromosomes
are misrecognised by the DNA damage response and repair machinery as double strand
breaks requiring repair. The sheltering complex, constituted by protection of telomeres
protein 1 (POT1), tripeptidyl-peptidase 1 (TPP1), TERF1-interacting nuclear factor 2 (TIN2),
TERF1, telomeric repeat-binding factor 2 (TERF2), and Rap1, solves the end protection
problem by coating telomeric DNA [330, 331].

The protein subunit of telomerase, called Telomerase Reverse Transcriptase (TERT),
contains a catalytic reverse transcriptase domain for DNA synthesis, while the RNA subunit
of telomerase, called telomerase RNA component (TERC), contains, amongst other
elements, the template for telomeric repeat retrotranscription. In addition to these two
catalytic core subunits, many additional proteins are necessary for assembly, subcellular
trafficking, and telomere association of a functional telomerase holoenzyme. TERC stability
requires precursor co-transcriptional assembly as a H/ACA snoRNP with dyskerin, NOP10,
NHP2, and the chaperone nuclear assembly factor 1 (NAF1), which is later replaced by
GAR1. After initial TERC biogenesis, a fraction of the biologically stable TERC snoRNP
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associates with TERT through multiple direct protein-RNA interactions. TERC snoRNP is
initially assembled in the DFC and is retained in the nucleoli through the interaction between
TERT and nucleolin. However, in the S phase of the cell cycle, TERC snoRNP separates from
nucleoli and is transported to CB for subsequent recruitment to telomeric chromatin. Within
the CB, TERC snoRNP binds to TCAB1, increasing the steady-state CB association of TERC
and a subset of other H/ACA snoRNAs that also contain CAB box. Although they do not
contribute to telomerase catalytic activation, these interactions are necessary for TERT-
TERC recruitment to telomeres and their extension. In fact, mutations in TCAB1 prevent

telomerase from elongating telomeres by disrupting telomerase localisation to CB [330, 332].

1.7.11. Anti-Ro60/SSA and anti-La/SSB autoantibodies

Anti-Ro autoantibodies were first discovered in patients with LES by double immunodiffusion,
and were named by the first two letters of the patient’s name in whose serum they were
detected. Later on, a supposedly new autoantibody was detected in patients with SjS by
immunodiffusion and named Sjogren’s syndrome antigen A (SSA). After an exchange of sera,
it was demonstrated that these independently described autoantigens and their respective
autoantibodies were indeed identical. The Ro/SSA antigen is a 60kDA ribonucleoprotein that
contains one of several short, uridine-rich, stem-loop, structural RNAs termed Y RNAs.
There are four molecule species of Y RNAs (Y1, Y3, Y4, Y5 RNA), and stoichiometry studies
show that each Ro60/SSA RNP contain a 60kDa protein and one Y RNA in an equal molar
ratio. Crystallography studies have demonstrated that Ro60/SSA particle has a ring-shaped
structure with a central cavity where misfolded single-stranded noncoding RNAs bind.
Therefore, it is hypothesised that the Ro60/SSA particle functions as a quality control check
for ncRNAs. However, the function of the Ro60/SSA particle is influenced by the Y RNA
species it contains, as Y RNAs may influence the subcellular location of the particle and
regulate the binding of other RNAs to the 60kDa protein. In addition, Y RNAs may bind to
other proteins, which could also affect the function of the particle. For example, La protein

is physically associated with the Ro60/SSA particle, in part because of Y RNA binding [333].

La or Sjogren syndrome antigen B (SSB) was first detected by immunodiffusion in sera from
patients with SjS. The La/SSB protein is a 47kDa protein involved in diverse aspects of RNA
metabolism by binding precursor RNA molecules or acting as an RNA-chaperone in order
to protect them from nuclease-mediated decay and to facilitate their correct processing,
including folding and maturation by specific ribonucleases. La is normally part of the Ro/La
complex, constituted by the 60kDa Ro (Ro60/SSA), 52kDa Ro (Ro52), and La (SSB), as well
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as one of the four Y RNAs. As a result, normally, RNA immunoprecipitation of anti-Ro60/SSA
results in immunoprecipitation of the four Y RNAs, while immunoprecipitation of anti-La
results in immunoprecipitation of Y RNAs together with various newly synthesised RNA

transcripts [334].

Both the presence of anti-Ro60/SSA or anti-La/SSB is considered as a criterion for
classification of a patient with SjS, as they are both highly associated with this autoimmune
disease. However, although anti-La/SSB is highly specific for SjS, anti-Ro60/SSA is also
detected in patients with other autoimmune diseases such as LES, RA, inflammatory
myopathies and SSc, among others. In the case of SSc, anti-Ro60/SSA autoantibodies are
associated with IcSSc and good prognosis in patients with SSc-SjS overlap syndrome and
anti-centromere positivity. However, it seems that when anti-Ro60/SSA is not detected in
combination with a SSc-specific autoantibody such as anti-centromere, anti-Scl70 or anti-
RNApol Il autoantibody, or is detected together with anti-U1 snRNP, it could be associated
with a higher risk of presenting ILD [333-335].

1.7.12. Anti-IFI16 autoantibodies

Similar to anti-Ro60/SSA autoantibodies, more recently anti-interferon gamma inducible
protein 16 (IFI16) autoantibodies have also been described as SSc-associated
autoantibodies [67, 336-338]. In fact, anti-IFI16 autoantibodies have been described as the
third most prevalent autoantibodies in SSc patients, being detected in 20-30% of SSc
patients [67, 336, 337]. However, this autoantibody is detected in a great number of patients
with other autoimmune diseases, with a prevalence of 20-60% in SLE [339-341], 50-70%
in SjS [336, 342], 0-10% in RA and 3% in SSc-PM overlap syndrome [339, 342].

Up-regulation of IFN-inducible genes, also known as “IFN signature”, has been reported in
SSc and other systemic autoimmune diseases [343]. IFI16 is a member of the HIN200 gene
family, which encodes evolutionarily-related nuclear phospho-proteins IFI16, pyrin and HIN
domain-containing protein 1 (PYHIN1), myeloid cell nuclear differentiation antigen (MNDA)
and AIM2. These proteins act as innate pattern recognition receptors that sense dsDNA
from invading pathogens in both the nucleus and cytoplasm [344, 345]. In line with this,
IFI16 protein has been found to be up-regulated across several transcriptomic studies in
specific subsets of SSc patients [346-348]. Moreover, elevated levels of circulating IFI16
have also been found in SSc, SLE, SS and RA patients [349]. Therefore, it has been
suggested that the high expression of this protein could lead to the development of anti-

IFI16 autoantibodies.
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Although anti-IFI16 are not SSc-specific, as they are present in 25%-30% of SSc patients
who are negative for anti-Scl70 and anti-centromere autoantibody, and they have been
associated with 1cSSc, they could be useful prognostic biomarkers [67, 336]. Moreover, it
has been shown that anti-centromere positive SSc patients who were also positive for anti-
IFI16 autoantibodies had an increased risk of digital vascular events during the course of
the disease, further supporting the idea that this autoantibody could be a good prognostic
biomarker in SSc [338]. As IFI16 is not highly expressed by HEp-2 cells, no association is
found between anti-IFI16 autoantibody positivity and any ANA IIF pattern, so a specific test

is required for their detection [67].
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2. HYPOTHESES

SSc-related autoantibodies are associated with clinical phenotypes that define different

subsets of SSc patients, serving as good prognostic biomarkers.

On the basis of this concept, we describe the hypotheses of this thesis by which we postulate
that:

1. SSc patients in which no specific autoantibodies are detected do indeed present not
identified autoantibodies associated with specific clinical manifestations.
2. SSc-related autoantibodies not detectable by commercial assays are associated

with clinical phenotypes that define different subsets of SSc patients.

Therefore, identifying SSc-related autoantibodies and their association with specific clinical
manifestations of a heterogeneous disease as SSc will enable better classification of patients
in different subsets and the establishment of distinct follow-up approaches. More specifically,
this thesis focuses on the development of novel autoantibody detection strategies based on
the gold standard assay IP and ELISA and their application on SSc patients in which
commercial assays detect no specific autoantibodies, as we postulate that these patients

do indeed present not identified autoantibodies.
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3. OBJECTIVES

The specific objectives of this thesis are:

1- To develop novel autoantibody detection methods based on the gold standard assay

IP:

a.

To develop a novel RNA IP assay coupled with high throughput sequencing
to identify new SSc-related autoantibodies against ribonucleoproteins.

To develop a novel protein IP assay based on bio-orthogonal metabolic
labelling to identify new SSc-related autoantibodies.

Testing of a cohort of SSc patients in which no specific autoantibodies were
detected. Identification and characterisation of new SSc-related

autoantibodies and definition of clinical phenotypes associated with them.

2- To develop a novel ELISA assay for anti-IFI16 autoantibody detection.

a.

Testing of a cohort of SSc patients in which no specific autoantibodies were
detected and analysis of the clinical manifestations associated with anti-
IFI16 autoantibodies.

Testing of a cohort of SSc patients positive for anti-centromere and analysis
of the clinical manifestations associated with the co-positivity of both

autoantibodies.
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4. RESULTS

4.1. Chapter 1

4.1.1.0bjective

To develop novel autoantibody detection methods based on the gold standard assay IP:

1- To develop a novel RNA IP assay coupled with high throughput sequencing to identify
new SSc-related autoantibodies against ribonucleoproteins.

2- To develop a novel protein IP assay based on bio-orthogonal metabolic labelling to
identify new SSc-related autoantibodies.

3- Testing of a cohort of SSc patients in which no specific autoantibodies were detected.
Identification and characterisation of new SSc-related autoantibodies and definition

of clinical phenotypes associated with them.

4.1.2.Articles

Expanding the landscape of Systemic Sclerosis-related autoantibodies through RNA
immunoprecipitation coupled with massive parallel sequencing. Perurena-Prieto J, Sanz-
Martinez MT, Vifias-Giménez L, Codina-Clavaguera C, Triginer L, Gordillo-Gonzalez F,
Andrés-Ledn E, Batlle-Maso L, Martin J, Selva-O’Callaghan A, Pujol R, McHugh NJ, Tansley
SL, Colobran R, Guillen-Del-Castillo A, Simedn-Aznar CP

Journal of Autoimmunity, Submitted.

Anti-nuclear valosin-containing protein-like autoantibody is associated with calcinosis and
higher risk of cancer in systemic sclerosis. Perurena-Prieto J, Vifias-Giménez L, Sanz-
Martinez MT, Selva-O'Callaghan A, Callejas-Moraga EL, Colobran R, Guillén-Del-Castillo A,

Simeodn-Aznar CP.

Rheumatology (Oxford). 2024 Aug 1;63(8):2278-2283. PMID: 37769243. DOI:
10.1093/rheumatology/kead520.
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4.1.3.Previous considerations

The interest in the utility of autoantibodies as diagnostic and prognostic biomarkers from
both the Translational Immunology and the Systemic Autoimmune Diseases research groups
of the Vall d’Hebron Barcelona Hospital Campus led to the possibility of testing the vast
majority of SSc-related autoantibodies by commercial methods at our laboratory. After some
years of using these methods, we realised that in a significant group of SSc patients from
our cohort presenting heterogeneous clinical manifestations, these assays detected no
specific SSc-related autoantibodies. Up to 20% of SSc patients from our cohort were
included in this group, while only 10% were ANA negative by IIF, similar to what is reported
in the literature [350]. As the presence of serum autoantibodies is a serological hallmark of
SSc, the lack of detection of specific autoantibodies in this large group of patients, together
with the presence of ANAs by IIF on half of them, led us to believe that these patients could

present specific autoantibodies that were not detected by commercial assays.

On this basis, as protein and RNA IP are still considered the gold-standard techniques for
detecting the majority of specific SSc-related autoantibodies due to the limited sensitivity
and specificity of commercial assays [93, 94, 193], the first objective of the project was to
develop novel assays based on these two techniques to be able to identify already described

and possible new SSc-related autoantibodies.

In the last decades, RNA IP coupled with massive parallel RNA sequencing (RIP-Seq) has
opened the possibility of studying ribonucleoprotein interactions with RNA molecules with
unprecedented depth [351]. As RNA [P is based on immunoprecipitation of
ribonucleoproteins by autoantibodies, the development of a new RIP-Seq assay addressed
to autoantibody detection could lead to the discovery of novel autoantibodies in SSc.
Therefore, we decided to develop a new RIP-Seq assay for autoantibody detection that was
validated by comparison with the gold-standard traditional RNA IP methodology. On the
other hand, as traditional protein IP relies on the use of radioisotopes, it makes it impossible
for many laboratories to use this gold-standard assay, as it implies having legal authorisation
for the use of radioisotopes, special waste disposal protocols and well-trained personnel. In
this line, we resolved that it would be very useful to develop a new protein IP method that
avoids the utilisation of radioisotopes by using biorthogonal noncanonical amino acid

tagging that could be easily implemented in routine laboratories.

104



RESULTS

4.1.4.Summary of the results

In total, 307 SSc patients consulting during the 2013 to 2020 period in Vall d’'Hebron
University Hospital were included in the study. First, all recollected samples were tested by
commercial assays. Sixty-eight patients from the cohort (22.1%) were negative for all SSc-
specific autoantibodies, whereas only 36 (11.7%) were ANA negative by IIF. These 68
samples were tested by RNA IP and RIP-Seq. When tested by traditional RNA IP, 16 patients
were positive for already known SSc-specific autoantibodies. In particular, six patients were
positive for anti-Th/To, one for anti-U3 snoRNP and nine for anti-U11/U12 snRNP
autoantibodies. The six patients positive for anti-Th/To autoantibodies presented the
associated homogeneous nucleolar pattern (AC-8) by IlIF, while the only patient positive for
anti-fibrillarin presented the characteristic nucleolar fibrillar staining pattern (AC-9). Patients
with anti-U11/U12 snRNP did not exhibit a specific IIF pattern: six were ANA-negative, two

had a nuclear speckled pattern, and one showed a nucleolar pattern.

Fifty-seven samples of the 68 samples assayed by RNA IP were also tested by a newly
developed RIP-Seq methodology. Following this approach, 197 RNA molecules were
detected as possible candidates of forming part of ribonucleoproteins targeted by SSc-
related autoantibodies. All RNAs previously found to be immunoprecipitated by known SSc-
related autoantibodies (7-2 RNA, 8-2 RNA, U3 snoRNA, U11 snRNA and Y RNAs) were
selected as candidate RNAs by RIP-Seq. Furthermore, these RNA molecules were almost
exclusively enriched in samples that tested positive for the corresponding autoantibody by
RNA IP. However, RIP-Seq detected Y RNAs, associated with anti-Ro60 autoantibodies, in a
patient who tested negative for anti-Ro60 using RNA-IP (Table 7).

C/D box snoRNAs were the most abundant final RNA candidates obtained by RIP-Seq. The
most abundant C/D box snoRNP, U3 snoRNP, has been reported to be immunoprecipitated
by anti-fibrillarin autoantibodies. The only sample in which U3 snoRNA immunoprecipitation
was detected by RIP-Seq was the one positive for anti-anti-U3 snoRNP by traditional RNA
IP. However, in our study, we found that samples exhibiting nucleolar fibrillar staining pattern
on lIF (AC-9) that did not immunoprecipitate U3 snoRNA, neither by traditional RNA IP nor
RIP-Seq, immunoprecipitated a wide repertoire of different C/D box snoRNA molecules
(Table 7). Moreover, patients with autoantibodies against C/D box snoRNPs exhibited a
heterogeneous profile, as shown by the different RNA immunoprecipitation patterns
determined by RNA-IP and RIP-Seq. Of particular note, these differing patterns were

associated with two distinct clinical phenotypes: some patients exhibited a more severe
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phenotype similar to that reported for classical anti-fibrillarin autoantibodies, while others
had a much milder phenotype. Commercial tests failed to distinguish between these groups,
as all patients displayed the same AC-9 IIF pattern and were variably positive for anti-
fibrillarin by immunoblotting. However, RNA IP was able to differentiate between the two
subsets: patients whose samples showed immunoprecipitation of U3, U8, or U13 snoRNA
presented higher rates of dcSSc, heart, lung, arthritis and myositis involvement when
compared to those not immunoprecipitating any RNA molecule. Furthermore, weighted
correlation network analysis (WGCNA) of co-immunoprecipitation of RNA molecules
detected by RIP-Seq revealed that patients presenting an AC-9 ANA pattern by IIF with a
more severe clinical phenotype clustered together, while patients with the same ANA pattern

but a milder phenotype did not.

In addition, we identified several novel autoantibody targets by RIP-Seq, including H/ACA
box snoRNPs, mitochondrial tRNA synthetases, 7SK snRNP and the cytoplasmic vault
complex (Table 7). However, the small number of patients with potential new autoantibodies
prevented us from establishing statistically significant associations between these

autoantibodies and specific clinical phenotypes or ANA patterns by IIF.

Of the 52 samples that tested negative for all SSc-specific autoantibodies by commercial
assays and traditional RNA IP, 51 were available for further analysis by a newly developed
protein IP based on biorthogonal metabolic labelling. When assayed by this novel technique,
five samples showed a 100-110kDa band that was demonstrated to be nuclear valosin-
containing protein-like (NVL) by MS analysis and IP coupled with western blot (IP-WB) (Table
7). As all these five patients showed a homogeneous nucleolar pattern (AC-8) by IIF, patients
from the initial cohort of 307 patients with a nucleolar pattern were also tested for anti-NVL
reactivity by IP-WB. One additional patient initially considered anti-PM/Scl positive due to a
faint reactivity against this protein in a commercial immunoblot and a compatible IIF pattern,
was demonstrated to also be anti-NVL positive by IP-WB. More importantly, we found that
anti-NVL autoantibody was associated with a specific clinical phenotype characterised by a

higher prevalence of calcinosis and cancer, specifically synchronous cancer.

Although not included in the published articles, patients immunoprecipitating other proteins
were also found by the newly developed assay. Specifically, one patient was shown to be
positive for anti-RuvBL1/2, one positive for anti-Ki/SL and one positive both for anti-RPA and
anti-Ki/SL autoantibodies. Moreover, we detected protein bands with a MW not
corresponding to any known SSc-related autoantigen in 11 additional samples, indicating

that these patients do indeed present ANAs that have not previously been described (Figure
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16). However, no more than two patients presented the same immunoprecipitation pattern

and were not further studied (Table 7).

Anti-Th/To: 5

Homogeneous nucleolar (AC-8): 12 Anti-Th/To + Ro60: 1

Anti-U11/U12 snRNP: 9
Nuclear fine speckled (AC-4): 6
Anti-U3 snoRNP: 1
Anti-Ro60: 2

Anti-U8/U13 snoRNP: 1
Anti-U4/U6 snRNP: 1

Clumpy nucleolar (AC-9): 4

Cytoplasmatic reticular (AC-21): 2

Nuclear speckled (Atypical): 3 Anti-NVL: 5

Cytoplasmatic (Atypical): 2
ytop (Atypical) Anti-RPA + anti-Ki/SL: 1

Punctate nucleolar (AC-10}): 1 Anti-RuvBL1/2: 1

Few nuclear dots (AC-7): 1

Nuclear homogeneous (AC-1): 1 Anti-mitochondrial : 2

Anti KifSL : 1

Not identified band by protein IP: 11

Negative (AC-0): 36 Negative by RNA IP: 48

Negative by protein IP: 26

Not determined by protein IP : 1

Figure 16. Sankey diagram of IIF patterns and detected specific SSc-related autoantibodies. Graphical summary
of the relation between ANA patterns identified by IIF and RNA IP and protein IP results. Results from RIP-Seq
were omitted as grouping patients would have been impossible due to the large number of different

autoantibodies detected by this approach. Created with www.SankeyMATIC.com.

Considering the IIF pattern of the 68 patients tested by RNA IP and protein IP, all patients
with a homogeneous nucleolar pattern (AC-8) tested positive for at least one autoantibody
by the used methodologies (Figure 16, Table 8). Of note, 50.0% (n=6) were positive for anti-
Th/To autoantibodies, while 41.7% (n=5) were positive for the newly identified anti-NVL
autoantibody. Additionally, although not all patients presenting a clumpy nucleolar (AC-9)
ANA pattern were tested by RIP-Seq, three of the four patients that were analysed by this
approach presented reactivity against different C/D box snoRNPs (Table 7). On the other
hand, patients with nuclear fine speckled (AC-4) ANA pattern by IIF were positive against
different autoantibodies, as anti-U11/U12 snRNP, RuvBL1/2 and RPA, while some still
remained negative for any specific autoantibody despite the used approaches (Figure 16,

Table 8). Nevertheless, as already mentioned, anti-U11/U12 snRNP autoantibodies were not
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Table 7. Summary of the results obtained by IIF, RNA IP, RIP-Seq and protein IP of the 68 patients that were initially considered negative for all specific autoantibodies tested by

commercial assays. In the case of detection of a not identified band by protein IP the approximate molecular weight of the protein has been noted.

No. Patient IIF ANA pattern RNA IP RIP-Seq Protein IP Anti-IFI16
1 SSc_01 Homogeneous nucleolar (AC-8) Anti-Th/To Ant’f_‘(}ij? /c-[)cr)%lex ND N
2 SSc_02 N (AC-0) N Anti-MT-TM 100kDa P
3 SSc_03 Cytoplasmatic (Atypical) N Anti-Vault complex 90kDa N
4 SSc_04 N (AC-0) Anti-U11/U12 snRNP Anti-U11/U12 snRNP ND P
5 SSc_05 N (AC-0) N N N N
6 SSc_06 N (AC-0) N N N N
7 SSc_07 N (AC-0) N N ND N
8 SSc_08 Nuclear fine speckled (AC-4) N N 120kDa N
S SSc_09 N (AC-0) N N 80kDa P
10 SSc_10 Nuclear fine speckled (AC-4) N N N N
11 SSc_11 Cyto"'az;“g_t;:1r)eti°“'ar N N Anti-mitochondrial N
12 SSc_12 N (AC-0) Anti-U11/U12 snRNP A”“X:;%%fﬂ;”,\?glp ! ND N
13 SSc_13 N (AC-0) N N N N
14 SSc_14 Nuclear speckled (Atypical) N Anti—RiGXnJ;i_A%rg[;\/siLgthPomplex N N
15 SSc_15 Homogeneous nucleolar (AC-8) N N Anti-NVL N
16 SSc_16 Punctate nucleolar (AC-10) N N N N
17 SSc_17 N (AC-0) N N N N
18 SSc_18 N (AC-0) N Anti-Vault complex 120kDa N
19 SSc_19 N (AC-0) N Anti-7SK snRNP N N
20 SSc_20 N (AC-0) N N N N




Table 7 (continued)

No. Patient IIF ANA pattern RNA IP RIP-Seq Protein IP Anti-IFI16
21 S$Sc_21 Nuclear homogeneous N N 25, 50kDa N
(AC-1)
22 SSc_22 Homogeneous nucleolar (AC-8) N N Anti-NVL N
. Anti-U5 snRNP +
23 SSc_23 N (AC-0) Anti-U4/U6 snRNP Anti-U4 snRNP N N
24 SSc_24 Nuclear fine speckled (AC-4) N N N N
25 SSc_25 N (AC-0) N N N N
26 SSc_26 N (AC-0) N Anti-7SK N N
27 8Sc_27 Cymp'a(s/;”ét; )re“cu'ar N Anti-MT-TM + Anti-SRP Anti-mitochondrial N
. Anti-U11/U12 snRNP +
28 SSc_29 N (AC-0) Anti-U11/U12 snRNP Anti-U5 SnRNP ND N
29 SSc_30 Clumpy nucleolar (AC-9) Anti-U3 snoRNP Anti-U3 snoRNP ND N
30 SSc_31 Nuclear fine speckled (AC-4) N N Anti-RuvBL1/2 N
31 SSc_32 N (AC-0) N N N N
. . Anti-U11/U12 snRNP +
32 SSc_33 Nuclear fine speckled (AC-4) Anti-U11/U12 snRNP Anti-U5 snRNP ND P
33 SSc_34 N (AC-0) N Anti-MT-TM N P
34 SSc_35 N (AC-0) N N N P
85 SSc_36 N (AC-0) N N N N
36 SSc_37 Nuclear speckled (Atypical) N N 90kDa N
37 SSc_38 Few nuclear dots (AC-7) N N N N
. Anti-U11/U12 snRNP +
38 SSc_39 N (AC-0) Anti-U11/U12 snRNP Anti-U5 snRNP + Anti-SRP ND N
39 SSc_40 N (AC-0) N Anti-MT-TM 100kDa N
40 SSc_41 N (AC-0) Anti-U11/U12 snRNP Anti-U11/U12 snRNP ND N
41 SSc_42 Homogeneous nucleolar (AC-8) Anti-Th/To AT ND P

Anti-Vault complex




Table 7 (continued)

No. Patient IIF ANA pattern RNA IP RIP-Seq Protein IP Anti-IFI16
42 SSc_43 Homogeneous nucleolar (AC-8) N N Anti-NVL N
. . Anti-U11/U12 snRNP +
43 SSc_44 Nuclear speckled (Atypical) Anti-U11/U12 snRNP Anti-H/ACA SHORNP ND N
44 SSc_45 N (AC-0) N N N N
45 SSc 46 Clumpy nucleolar (AC-9) Anti-U8 SZ%EEQ N Anti-U13 Anti-C/D box snoRNP 40kDa P
. Anti-U11/U12 snRNP +
46 SSc_47 N (AC-0) Anti-U11/U12 snRNP Ant-MT-TH ND N
Anti-Ro60 + Anti-C/D box
47 SSc_48 Clumpy nucleolar (AC-9) Anti-Ro60 snoRNP + Anti-Vault complex + N P
Anti-MT-TE
48 SSc_49 N (AC-0) N N N N
49 SSc_50 N (AC-0) N N N N
50 SSc_51 Homogeneous nucleolar (AC-8) Anti-Th/To Am'_Th/TO ! ND N
Anti-Vault complex
51 SSc_52 N (AC-0) Anti-Ro60 Anti-Ro60 N N
. Anti-Th/To + Anti-Vault complex
52 SSc_53 Homogeneous nucleolar (AC-8) Anti-Th/To + Anti-MT-TM ND N
53 SSc_54 Nuclear fine speckled (AC-4) N N Anti-RPA + Anti-Ki/SL P
54 SSc_55 N (AC-0) N N 125kDa N
55 SSc_56 Homogeneous nucleolar (AC-8) N N Anti-NVL N
56 SSc_57 N (AC-0) N N N N
Anti-Th/To + Anti-Ro60 + Anti-
57 SSc_58 Homogeneous nucleolar (AC-8) Anti-Th/To + Anti-Ro60 U6 snRNP + Anti-MT-TM + Anti- ND N
MT-TE + Anti-7SK snRNP
58 SSc_66 Homogeneous nucleolar (AC-8) Anti-U11/U12 snRNP ND ND ND
59 SSc_68 N (AC-0) N ND N ND
60 SSc_69 N (AC-0) N ND Anti-Ki/SL ND



Table 7 (continued)

No. Patient IIF ANA pattern RNA IP RIP-Seq Protein IP Anti-IFI16
61 SSc_70 Clumpy nucleolar (AC-9) N ND 40kDa ND
62 SSc_71 Homogeneous nucleolar (AC-8) Anti-Th/To ND ND ND
63 SSc_72 Homogeneous nucleolar (AC-8) N ND Anti-NVL ND
64 SSc_73 N (AC-0) N ND N ND
65 SSc_74 Cytoplasmatic (Atypical) N ND 40kDa ND
66 SSc_75 N (AC-0) N ND N ND
67 SSc_76 N (AC-0) N ND N ND
68 SSc_77 N (AC-0) N ND N ND

N, negative; ND, not determined; P, positive; Vault complex, cytoplasmatic vault complex.



RESULTS

found to associate with AC-4 or any other specific ANA pattern by IIF, as more than half of
the positive patients were ANA negative by IIF (Figure 16). Overall, considering the results
of RNA IP and protein IP, 26 patients, 8.5% of the overall cohort, tested negative for all
autoantibodies despite the used approach. Of these 26 patients, 21 (80.8%) were ANA
negative by IIF (AC-0) (Figure 16). Interestingly, 4 of these 26 patients presented reactivity
against different ribonucleoproteins when tested by RIP-Seq (Table 7).

Table 8. Summary of results obtained from the combination of traditional RNA IP and protein IP by sub-

sets of patients showing different ANA patterns by IIF Results from RIP-Seq were omitted as grouping

patients would have been impossible due to the large number of different autoantibodies detected by

this approach.
0,
IIF ANA pattern ,[\)la(t@ng Detected reactivity
5(42) Anti-Th/To
Homogeneous 1(8) Anti-Th/To + Ro60
nucleolar (AC-8) 1(8) Anti-U11/U12 snRNP
5(42) Anti-NVL
1(17) Anti-U11/U12 snRNP
1(17) Anti-RPA + Anti-Ki/SL
Sp’;‘;fl'sgr(z%? 2 1(17) Anti-RuvBL1/2
1(17) Not identified band by protein IP
2 (33) Negative
1(25) Anti-U3 snoRNP
(AC-9) 1(25) Ro60
1(25) Anti-U8 snoRNP + Anti-U13 snoRNP
1(33) Anti-U11/U12 snRNP
Nuclear Spf;‘)"ed (Atypi- 1(33) Not identified band by protein IP
1(33) Negative
Cytoplasmatic _ :
reticular (AC-21) 2 (100) Anti-mitochondrial
Cytoplasmatic . - .
(Atypical) 2 (100) Not identified band by protein IP
Punctate .
nucleolar (AC-10) U (e Negeiie
Few nuclear dots .
(AC-7) 1(100) Negative
Nuclear . . :
homogeneous (AC-1) 1 (100) Not identified band by protein IP
6 (17) Anti-U11/U12 snRNP
1(3) Anti-Ro60
1(3) Anti-Ki/SL
Negative (AC-0) 1(3) Anti-U4/U6 snRNP
1(3) Not determined by protein IP
5(14) Not identified band by protein IP
21 (58) Negative
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4.1.5.Expanding the landscape of systemic sclerosis-related
autoantibodies through RNA immunoprecipitation coupled with

massive parallel sequencing
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ABSTRACT

Objectives: Systemic sclerosis (SSc)-related autoantibodies are widely used diagnostic and
prognostic biomarkers. This study aimed to develop a new assay for detecting anti-
ribonucleoprotein autoantibodies in SSc based on RNA immunoprecipitation (RNA IP)

coupled with massive parallel sequencing.

Methods: Serum samples and clinical data were collected from 307 SSc patients. Among
these, 57 samples underwent analysis using a new protocol that combines RNA IP with
massive parallel sequencing (RIP-Seq). Filtering strategies and statistical outlier detection
methods were applied to select RNA molecules that could represent novel ribonucleoprotein

autoantigens associated with SSc.

Results: Among the 30,966 different RNA molecules identified by RIP-Seq in 57 SSc patients,
197 were ultimately selected. These included all RNA molecules previously identified by RNA
IP, which were found to exhibit high counts almost exclusively in samples positive for the
autoantibodies associated to the corresponding RNA molecule, indicating high sensitivity
and specificity of the RIP-Seq technique. C/D box snoRNAs were the most abundant RNA
type identified. The immunoprecipitation patterns of the detected C/D box snoRNAs varied
among patients and could be associated with different clinical phenotypes. In addition, other
ribonucleoproteins were identified, which could be potential targets for previously
undescribed SSc-related autoantibodies. These include H/ACA box snoRNPs, vault

complexes, mitochondrial tRNA synthetases, and 7SK snRNP.

Conclusion: A novel RIP-Seq assay has been developed to detect autoantibodies targeting
ribonucleoprotein complexes in SSc patients. This method successfully identified RNA
molecules associated with ribonucleoproteins known to be targeted by SSc-related
autoantibodies, validating both the assay and the analysis strategy. Additionally, this
approach uncovered RNA molecules associated with ribonucleoproteins that were not
previously identified as targets of SSc patients’ sera, suggesting potential new autoantibody

candidates in this disease.
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INTRODUCTION

Systemic sclerosis (SSc) is a systemic autoimmune disease with a multifaceted etiology,
characterized by inflammation and fibrosis, predominantly affecting the skin,
microcirculation, and internal organs [1]. The presence of serum antinuclear autoantibodies
(ANA) is a serological hallmark of SSc, being detected in more than 95% of patients. In
addition, SSc-related autoantibodies are linked to the clinical presentation, organ
involvement, and prognosis of the disease [1-3] [62, 350, 352]. Due to the significant
heterogeneity of SSc, it is essential to identify biomarkers, such as SSc-related

autoantibodies, that can help predict the clinical course of each patient.

Over the last few decades, a number of commercial assays have become available for
detecting SSc-related autoantibodies. However, due to the limited sensitivity and specificity
of these tests, protein immunoprecipitation and RNA immunoprecipitation (RNA IP) remain
the gold-standard techniques for this purpose [4-6]. Both these methods rely on incubating
patient sera with protein extracts obtained from human cell lines. Autoantibodies present in
the sera bind to autoantigens in the protein extracts, causing them to immunoprecipitate. In
the case of RNA IP, the aim is to detect autoantibodies that bind to ribonucleoprotein
autoantigens within a cell extract. Ribonucleoproteins, which are involved in many cellular
processes, are macromolecular complexes containing small RNA molecules essential for
their function [7]. Following immunoprecipitation, nucleic acids are extracted, yielding
specific RNA molecules associated with ribonucleoproteins recognized by autoantibodies. If
the autoantibodies present in the sera have been previously described, the corresponding
proteins and RNAs can be identified by analyzing their molecular weights and comparing

them with those in reference sera known to contain specific autoantibodies.

Protein immunoprecipitation and RNA IP can also identify new autoantibodies by detecting
proteins and RNA molecules bound by previously undescribed autoantibodies. Protein
immunoprecipitation combined with mass spectrometry has long been the preferred method
for discovering novel autoantibodies in SSc [8,9]. Although new autoantibodies can also be
identified using traditional RNA IP—by sequencing specific RNA molecules eluted from gels

[10]—this method is not commonly used due to its technical challenges.

In recent decades, the development of affordable massive parallel sequencing technologies
has provided new opportunities for research in molecular biology and genetics. This includes
a more in-depth study of ribonucleoprotein interactions with RNA molecules. One such

approach that can be used for this purpose is RNA IP coupled with next generation RNA
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sequencing (RIP-Seq) [11]. As RIP-Seq is expected to be more sensitive than traditional
RNA P for detecting RNA molecules, developing a dedicated RIP-Seq protocol for
autoantibody detection could potentially lead to the discovery of new autoantibodies in SSc.
Nonetheless, RIP-Seq technology has not yet been applied to detect autoantibodies in

systemic autoimmune diseases.

The aim of this study was to create a new method for detecting autoantibodies in SSc based
on a modified RNA IP protocol coupled with high-throughput RNA sequencing. After
developing the technique, it was validated by comparing the results with those of traditional
RNA IP. The sensitivity of the new RIP-Seq assay was superior and showed potential for

uncovering novel autoantibodies in SSc.

PATIENTS AND METHODS

A complete description of the patients and methods is provided in the supplementary

material.

In total, 307 SSc patients consulting during the 2013 to 2020 period in Vall d’'Hebron
University Hospital were included in the study. All patients met the LeRoy and Medsger
criteria for SSc [12], and 84.0% (n=258) fulfilled the 2013 ACR/EULAR classification criteria
[13]. The study was approved by the hospital Ethics Committee for Clinical Research
(PG(AG)07/2015), and written informed consent was obtained from all participants. Patients
who tested negative for all autoantibodies as assessed by commercial assays were retested

using traditional RNA IP and the new RIP-Seq technique (Figure 1).
RESULTS
Identification of SSc-related autoantibodies by commercial assays and traditional RNA [P

The 307 SSc patients were analyzed by immunoblotting (IB), chemiluminescence
immunoassay (CLIA), and indirect immunofluorescence (lIF) commercial assays. Overall,
40.4% (n=124), 19.9% (n=61) and 8.1% (n=25) were positive for anti-centromere, anti-
Scl70 and anti-RNApol Ill autoantibodies, respectively. Less common autoantibodies (anti-
PM/Scl, fibrillarin, Th/To, Ku, or U1-RNP) were found in 9.4% (n=29) of patients. Sixty-eight
SSc patients (22.1%) tested negative for all the aforementioned autoantibodies
(Supplementary Figure S1). Among these 68 patients, 17 (25%) presented a predominantly
nucleolar pattern (AC-8, 9, 10), nine (13.2%) a nuclear speckled pattern (AC-4, 5, atypical),

four (5.9%) a cytoplasmatic pattern (AC-21, atypical), one (1.5%) a homogeneous nuclear
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pattern (AC-1), and one (1.5%) a few nuclear dots pattern (AC-7) using IIF on Hep-2 cells,
whereas 36 (52.9%) patients tested negative (AC-0) (Supplementary Table S1).

The RNA [P results in samples from these 68 patients are detailed in Supplementary Table
S1. Six samples showed immunoprecipitation of 7-2 and 8-2 RNA, identifying these patients
as positive for anti-Th/To antibodies. All six samples displayed a homogeneous nucleolar
pattern (AC-8) on IIF (Figure 2B). Among patients with either a nucleolar (AC-8, 9, 10) or
specifically homogeneous nucleolar (AC-8) IIF pattern, 35.3% (6/17) and 50% (6/12) were
positive for anti-Th/To antibodies, respectively, on RNA IP analysis. One patient tested
positive for anti-fibrillarin, as indicated by the presence of U3 RNA on RNA IP (Figure 2A)
and a clumpy nucleolar pattern (AC-9) by IIF (Supplementary Figure S2). Anti-U11/U12 RNP
autoantibodies were detected in nine patients whose sera immunoprecipitated U11 RNA
(Figure 2C), but U12 RNA was not clearly identified in all samples. Patients with anti-
U11/U12 RNP did not exhibit a specific IIF pattern: six were ANA-negative, two had a nuclear
speckled pattern, and one showed a nucleolar pattern (Supplementary Table S1). Samples
from three patients were found to immunoprecipitate Y1 RNA, Y3 RNA, Y4 RNA, and Y5
RNA, which are associated with anti-Ro60 antibodies (Supplementary Figure S3).
Additionally, samples SSc_23 and SSc_46 displayed two bands with electrophoretic mobility
similar to that of U4 and U6 snRNA.

Evaluation of RNA immunoprecipitation coupled with massive parallel sequencing for the

detection of known SSc-related autoantibodies (RIP-Seq)

Samples from 57 SSc patients, out of the 68 testing negative for all autoantibodies assessed
using commercial assays, were retested by RIP-Seq (Supplementary Figure S1). Sera from
three healthy donors were included as negative controls. Overall, 30,966 different RNA
molecules (RNAs) were detected in at least one of the 60 samples tested. A large number
of RNAs were present only at low counts in all samples and were considered nonspecific
immunoprecipitation events (ie, background noise). Based on the distribution of median
counts of protein-coding RNAs, which are not specifically immunoprecipitated as they are
not stably associated with any ribonucleoprotein, a cut-off of 100 median counts was
established (Supplementary Figure S4). The 2239 RNAs with median counts above this cut-

off were selected for further analysis.

Since SSc-related autoantibodies are not present in all patients, we aimed to identify RNA
molecules with high counts in a subset of samples, and low counts in the others. To this end,

we used four methods for outlier detection, searching for count outliers related to each RNA
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molecule across samples. Following this process, 400 molecules with at least one outlier

value by the four methods were selected (Supplementary Figure S5).

Despite these filtering criteria, 187 protein-coding RNAs remained in the selection. To further
refine the list and exclude nonspecific RNA molecules, the 400 RNAs were ranked using a
ratio calculated as the square of the highest outlier count divided by the median count of
each specific RNA molecule across all samples (max?/median ratio). This approach aimed
to identify RNAs that showed a significant difference in abundance between samples
precipitating the molecule and those that did not. The effectiveness of this criterion was
evaluated using a receiver operating characteristic (ROC) curve, assuming that all protein-
coding RNA molecules were false positives (Supplementary Figure S6). The area under the
curve (AUC) was 0.908, and the cut-off with the best sensitivity (80.8%) and specificity
(85.6%) was found to be a max?/median ratio = 21,779. Applying this cut-off, 200 RNAs
were selected (Supplementary Table S2).

To verify the validity of the technique and filtering criteria, we compared the RIP-Seq results
with those of RNA IP. All RNAs previously identified by RNA IP (7-2 RNA, 8-2 RNA, U3 RNA,
U11 RNA, Y1 RNA, Y3 RNA, Y4 RNA and Y5 RNA) were among the 200 selected RNA
candidate molecules detected by RIP-Seq (Supplementary Table S2). The 7-2 RNA and 8-
2 RNA molecules were highly enriched only in samples containing anti-Th/To autoantibodies
(Figure 3A), while U3 RNA showed high counts exclusively in the single patient positive for
anti-fibrillarin (Figure 3B). U11 RNA had significantly higher counts in samples positive for
anti-U11/U12 RNP (Figure 3C). In contrast, U12 RNA enrichment was not specific, as it was
detected in both anti-U11/U12 RNP positive samples and other samples (Supplementary
Figure S7). Y1 RNA, Y3 RNA, Y4 RNA, and Y5 RNA were enriched in samples that had
immunoprecipitated these molecules, but were also present in a patient who tested negative
by RNA IP (Supplementary Figure S2, Figure 3D, 3E).

Application of RNA immunoprecipitation coupled with massive parallel sequencing for

detection of new autoantibodies in SSc

After applying the filters and outlier detection strategies, 200 RNA molecules were selected.
This set included RNAs bound by known autoantibodies as well as a variety of other RNAs.
Notably, 68.5% of the molecules selected were small nucleolar RNAs (snoRNAs) or snoRNA
host genes (SNGH). C/D box snoRNAs were particularly prevalent, comprising 59.5% of the
selected RNA molecules. The next most represented group consisted of protein-coding
RNAs, with 28 protein-coding RNA molecules included despite the filtering criteria. A
summary of the frequencies of all RNA types is provided in Supplementary Table S3.
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Since the number of RNAs in the protein-coding group was higher than expected, we
investigated their specific locations of immunoprecipitated sequences within the
corresponding genes. We discovered that some of these protein-coding RNAs actually
mapped to intronic regions that code for snoRNAs (Supplementary Figure S8). In total, we
identified 7 protein-coding RNAs that were actually snoRNAs that had been misclassified as
such due to the annotation approach used, which prioritized RNA sequence location within
gene regions over accurate snoRNA identification (Supplementary Figure S8). Consequently,
these 7 RNAs were reclassified into the appropriate category (Supplementary Table S4).
Additionally, the immunoprecipitation results for patient SSc_58 showed a specific RNA
intronic sequence from the ANK1 protein-coding gene (Supplementary Figure S8), likely
corresponding to a small RNA molecule yet to be identified. Considering this further analysis,
we updated the overall frequency of RNA types (Supplementary Table S3) and finalized a
curated list of 197 RNA molecules as potential components of ribonucleoproteins targeted
by SSc-related autoantibodies (Table 1).

Autoantibodies against C/D box snoRNPs: beyond anti-fibrillarin autoantibodies

Since C/D box snoRNAs were the most abundant candidate RNAs, we aimed to identify
which samples specifically immunoprecipitated these molecules. Among the patient
samples, SSc_30, SSc_35, SSc_46, SSc_48, and SSc_58 had the highest C/D box snoRNA
counts (Supplementary Figure S9). However, these snoRNAs were not immunoprecipitated
equally across samples. To investigate whether the C/D box snoRNAs and the samples
immunoprecipitating them could be clustered, we performed a weighted correlation network
analysis (WGCNA), which grouped RNAs into modules based on their co-
immunoprecipitation patterns. The RNA molecules assigned to each module are

summarized in Supplementary Table S5.

We also evaluated the correlations between each sample and the various modules (Figure
4A, Supplementary Figure S10). Out of the nine modules generated by the analysis, six (B,
D, E, F, G and H) mainly consisted of C/D box snoRNAs and/or SNHGs (Figure 4B). Notably,
samples SSc_30 and SSc_46 highly correlated with module H. In contrast, SSc_48 was
strongly associated with module F, which showed no significant correlations with either
SSc_30 or SSc_46 (Figure 4A, Supplementary Figure S10). These findings suggest that
SSc_30 and SSc_46 may present autoantibodies targeting a common group of snoRNPs,
whereas SSc_48 is positive for an autoantibody directed against a different subset of
snoRNPs.

120



RESULTS

The autoantibody commonly known as anti-fibrillarin recognizes U3 snoRNP, the most
abundant C/D box snoRNP. U3 snoRNP consists of U3 snoRNA (also denominated U3 RNA)
and various associated proteins, including fibrillarin. However, samples from some patients
with anti-fibrillarin autoantibodies also immunoprecipitate other snoRNA molecules,
specifically U8 and U13 snoRNA. Among the samples analyzed by RNA IP and RIP-Seq,
only SSc_30 tested positive for anti-fibrillarin autoantibody. Although SSc_46 and SSc_48
did not immunoprecipitate U3 snoRNA using these methods, both samples showed the
same clumpy nucleolar pattern (AC-9) as SSc_30 on IIF (Supplementary Figure S2), which
is specifically associated with the anti-fibrillarin autoantibody. In addition, SSc_46
immunoprecipitated two RNA molecules that were compatible in size with U8 snoRNA and
U13 snoRNA by RNA IP. In contrast, SSc_48 only immunoprecipitated Y RNAs, which are
associated with anti-Ro60 autoantibody (Supplementary Figure S11). Interestingly, U13
snoRNA (SNORD13) was not a selected RNA candidate in the RIP-Seq analysis (Table 1),
whereas U8 snoRNA (SNORD118) was predominantly immunoprecipitated by SSc_58 and
SSc_48, as indicated by the RIP-Seq data (Supplementary Table S5).

In view of these results, and considering that SSc_46 and SSc_48 could present a previously
undescribed autoantibody against C/D box snoRNPs, we decided to study all SSc patients
with an AC-9 IIF pattern for whom we had an available sample. Thus, in addition to samples
SSC_30, SSc_46, and SSc_48, the ten remaining samples with an AC-9 IIF pattern from
the 307 patient cohort were analyzed (Supplementary Figure S2). Among all 13 samples
with an AC-9 IIF pattern, only 3 (23.1%) immunoprecipitated U3 snoRNA by RNA IP, but 8
(61.6%) immunoprecipitated two RNA molecules that could correspond to U8 and U13
snoRNA (Supplementary Figure S11). The various RNA immunoprecipitation patterns
observed did not correlate with the commercial IB results (Table 2). The clinical
characteristics of the 13 patients were examined to determine if there were differences
between those whose samples immunoprecipitated U3, U8, or U13 snoRNA and the
remaining patients showing an AC-9 IIF pattern. While no statistically significant differences
were found between these groups, likely due to the limited number of patients, those
showing immunoprecipitation of U3, U8, or U13 snoRNAs exhibited more severe clinical
features than patients testing negative (Table 2). These manifestations included higher rates
of heart (67% vs. 25%) and lung (33% vs. 0%) involvement, as well as arthritis (22% vs.
0%), myositis (22% vs. 0%), and diffuse cutaneous systemic sclerosis (dcSSc) (44% vs.
25%). In the subset of patients showing only U3 snoRNA immunoprecipitation, the

differences were less pronounced, likely due to the small sample size (n=3).
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Autoantibodies against anti-H/ACA box snoRNPs and other possible new ribonucleoprotein

targets in SSc

Regarding H/ACA box snoRNAs, the third most represented type of candidate RNA
(Supplementary Table S3), WGCNA showed that module | was highly enriched with these
molecules and with scaRNAs (Figure 4B). The sample showing the highest correlation with
this module was SSc_44 (Figure 4A), which was anti-U11/U12 RNP positive by RNA IP but
presented an atypical speckled IIF pattern with peri-chromosomal staining of metaphase
plates at very high titers. This suggests the presence of an additional autoantibody. Clinically,

patient SSc_44 exhibited dcSSc and interstitial lung disease (ILD).

Finally, to investigate whether additional ribonucleoproteins might be targeted by
autoantibodies in SSc, we examined RNA molecules detected by RIP-Seq other than
snoRNAs (Supplementary Table S6). A cut-off based on the interquartile range of control
RNA molecules (7-2 RNA, 8-2 RNA, U11 RNA, U3 RNA and Y RNAs) was established to
classify each sample as positive or negative for each RNA molecule (Figure 4C). Vault RNAs
(VTRNA1-2, VTRNA2-1, VTRNA1-1) were found to be immunoprecipitated in samples
positive for anti-Th/To and anti-Ro60, as well as sample SSc_18. Various U5 and U4 snRNAs
were immunoprecipitated in samples positive for anti-U11/U12 RNP autoantibodies and in
sample SSc_23, positive for U4/U6 snRNP by RNA IP. The analysis also disclosed
immunoprecipitation of various mitochondrial tRNAs (MT-TM, MT-TE, MT-TH), RN7SL1, and
7SK snRNA.

DISCUSSION

The use of RNA immunoprecipitation coupled with massive parallel sequencing has provided
the means to investigate interactions between ribonucleoproteins and RNA molecules with
unprecedented high resolution [11]. In this study, we describe the development and
validation of a novel RIP-Seq technique for detecting SSc-related autoantibodies targeting

ribonucleoproteins.

In a cohort of 307 SSc patients, 22.1% tested negative for all SSc-related autoantibodies
using commercial assays. However, when these negative samples were analyzed using the
gold-standard RNA IP technique, six patients tested positive for anti-Th/To autoantibodies.
Among patients with a homogeneous nucleolar pattern (AC-8) by IIF who were negative by
commercial assays, 50% were found to be anti-Th/To positive. In the overall cohort (n=307),
only 2 patients were classified as anti-Th/To positive by the commercial assay, indicating a

sensitivity of 25% for detecting this autoantibody, consistent with previous reports [14][95].
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Hence, we suggest RNA [P analysis for anti-Th/To autoantibodies in all SSc patients who
show an AC-8 IlIF pattern and negative testing for SSc-specific autoantibodies by

commercial methods.

Anti-U11/U12 RNP was the autoantibody most frequently detected by RNA IP: 13.2% of
patients who tested negative by commercial assays showed a positive result for this
autoantibody. Although anti-U11/U12 RNP is strongly linked to severe ILD [15,16][97, 314],
there are no currently available commercial tests for its detection. Since this autoantibody
does not produce a specific IIF pattern, performing RNA IP on SSc samples testing negative

for SSc-specific autoantibodies by commercial assays should be considered.

Massive parallel sequencing technology is highly sensitive; therefore, filtering strategies were
used to eliminate nonspecific binding and detect RNA molecules presenting high variance.
Samples testing positive by RNA IP were also tested by RIP-Seq to validate this new
techniqgue and the data analysis approach. All RNAs previously found to be
immunoprecipitated by known SSc-related autoantibodies were selected as candidate RNAs
by RIP-Seq. Moreover, these RNA molecules were almost exclusively enriched in samples
that had tested positive for the corresponding autoantibody by RNA IP. However, RIP-Seq
detected Y RNAs, which is associated with anti-Ro60 autoantibodies, in a patient who tested
negative for anti-Ro60 using RNA IP. This finding suggests that the RIP-Seq technique may

be more sensitive than RNA IP.

On RIP-Seq analysis, U12 RNA enrichment appeared to be nonspecific, as it was also
detected in samples lacking anti-U11/U12 RNP according to RNA IP. Typically, the band for
U12 RNA is not clearly visible in RNA IP assays of patients positive for anti-U11/U12 RNP
autoantibodies [15,17][97, 306]. In fact, U12 RNA was not detected through
immunoprecipitation when this autoantibody was first described [17][306]. Nonetheless, it
was expected that anti-U11/U12 RNP autoantibodies also immunoprecipitated U12 RNA,
since U11/U12 RNP forms part of the minor spliceosome as a stable complex [18][309].
Thus, the failure to detect U12 RNA was thought to be due to its low abundance in cell
extracts. However, given the high sensitivity of RIP-Seq, this explanation seems unlikely in
relation to our findings. Our results suggest that the absence of specific immunoprecipitation
of U12 RNA in conjunction with U11 RNA indicates that anti-U11/U12 RNP-denominated

autoantibodies specifically recognize only U11 RNP,

C/D box snoRNAs and H/ACA box snoRNAs were the most abundant final RNA candidates
obtained by RIP-Seq. These RNA molecules serve as guides for C/D box and H/ACA box
snoRNPs, a large group of nucleolar ribonucleoproteins characterized by catalysing 2’-O-
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methylation and pseudouridylation of pre-rRNA molecules, respectively. However, the most
abundant C/D box snoRNP, U3 snoRNP, does not participate in methylation, but instead
guides the endoribonucleolytic processing of pre-rRNA together with U8 and U13
snoRNP[180]. [19]. Historically, anti-fibrillarin autoantibodies were believed to target a 34-
kDa protein within the U3 snoRNP complex, resulting in immunoprecipitation of U3 snoRNA.
However, it has been shown that anti-fibrillarin autoantibodies immunoprecipitate additional
protein components and RNA molecules, such as U8 snoRNA, U13 snoRNA, and other
smaller, unidentified RNA molecules [20,21]. Our study found that samples from patients
exhibiting the same nucleolar fibrillar staining pattern on lIF (AC-9) as classical anti-fibrillarin-
positive patients immunoprecipitated a wide repertoire of C/D box snoRNA molecules, and

not exclusively U3 snoRNA.

In this line, recent reports indicate that C/D box snoRNPs may exhibit various
supramolecular structures and consist of several proteins, not necessarily including fibrillarin
[19,22]. Thus, previous research has identified autoantibodies targeting C/D box snoRNPs
that do not react with fibrillarin or U3 snoRNA [21][353]. In our study, patients with
autoantibodies against C/D box snoRNPs exhibited a heterogeneous profile, as shown by
the different RNA immunoprecipitation patterns determined by RNA IP and RIP-Seq. Of
particular note, these differing patterns were associated with two distinct clinical phenotypes:
some patients exhibited a more severe phenotype similar to that reported for classical anti-
fibrillarin autoantibodies [23][215], while others had a much milder phenotype. Commercial
tests failed to distinguish between these groups, as all patients displayed the same AC-9 IIF
pattern and were variably positive for anti-fibrillarin by immunoblotting. However, RNA IP was
able to differentiate between the two subsets: patients whose samples did not
immunoprecipitate any RNA molecule presented a very mild clinical course, while those
showing immunoprecipitation of U3, U8, or U13 snoRNA had a more severe course. In
addition, WGCNA revealed that among the three patients with autoantibodies against C/D
box snoRNPs using both RIP-Seq and RNA IP, the two patients with a more severe clinical
phenotype (SSc_30 and SSc_46) clustered together, while the patient negative by RNA IP
and with a milder phenotype (SSc_48) did not. These findings suggest that recognition of
different C/D box snoRNP sets may correlate with different clinical outcomes. Therefore, it
could be beneficial to use RNA IP to assess SSc patients with an [IF AC-9 pattern to better

predict the likelihood of developing severe clinical symptoms.

Regarding the identification of new SSc-associated autoantibodies, we found that sample
SSc_44 was RNA IP-positive for anti-U11/U12 RNP and also positive for an anti-H/ACA box
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snoRNP autoantibody through RIP-Seq, which showed immunoprecipitation of various
H/ACA box snoRNAs and scaRNAs. As there are few reports on autoantibodies against
H/ACA box snoRNPs, their clinical implications and specific targets remain unclear
[21,24][329, 353]. Our patient had dcSSc and ILD, but as ILD is highly associated with anti-
U11/U12 RNP autoantibodies, we could not determine whether anti-H/ACA box snoRNP

autoantibodies alone are associated with ILD.

As expected, our RIP-Seq results showed that various U5 snRNA and U4 snRNA molecules,
which are part of the major and minor spliceosomes, were immunoprecipitated in samples
positive for anti-U11/U12 RNP and U4/U6 snRNP. Unexpectedly, U6 snRNA (major
spliceosome) and U6-atac snRNA (minor spliceosome) were predominantly
immunoprecipitated by SSc_58, a sample that was not known to recognize any protein of
the major or minor spliceosome. Interestingly, this sample also immunoprecipitated 7SK
RNA. Both U6 and U6-atac snRNA, and 7SK present a y-monomethyl phosphate cap at
their 5" ends [25,26], indicating that sample SSc_58 could present autoantibodies against
this structure. However, 7SK RNA was also immunoprecipitated by samples SSc_14,
SSc_19 and SSc_26, which do not immunoprecipitate U6 or U6-atac snRNA molecules,
suggesting that these patients could present autoantibodies targeting protein components
of the 7SK RNP complex. Additionally, we identified several other novel autoantibody targets,
including mitochondrial tRNA synthetases, 7SK snRNP, and the cytoplasmic vault complex.
Recently, autoantibodies against the major vault protein (MVP) have been reported in
systemic lupus erythematosus and other systemic autoimmune diseases. This suggests that
anti-Vault complex autoantibodies may be not specific to SSc, but could be associated with
the disease, similar to anti-Ro60 antibodies [27]. In any case, this study is the first to report
7SK RNP, mitochondrial tRNA synthetases and cytoplasmic vault complexes as

autoantibody targets in SSc.

The main limitation of this study is that the small number of patients with potential new
autoantibodies prevented us from establishing statistically significant associations between
these autoantibodies and specific clinical phenotypes. To confirm our findings, a larger
patient sample is needed. Given the rarity of the disease and the low frequency of these
autoantibodies, multicenter studies may be required to achieve a sufficient number of
patients. Moreover, further research is needed to confirm whether SSc patients do indeed
present autoantibodies against the candidate ribonucleoproteins we identified, as we have
not yet demonstrated direct interactions between these autoantibodies and the protein

components of the ribonucleoproteins.
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CONCLUSION

When the overall SSc cohort was analyzed using commercial assays and the gold-standard
RNA IP assay, 16.3% of patients remained negative for all SSc-related autoantibodies. This
indicates that there is still a significant subset of SSc patients in which we are not able to
detect any specific autoantibody. Since autoantibodies have proven to be excellent
prognostic biomarkers in this heterogeneous disease, it is crucial to identify potential novel
autoantibodies in patients currently classified as negative. In this study, we used a new
technique for this purpose that combines RNA immunoprecipitation with massive parallel
sequencing. This approach enabled the detection of RNA molecules known to be
immunoprecipitated by SSc-related autoantibodies, confirming the assay’s capability to
detect autoantibodies targeting ribonucleoprotein complexes. Additionally, we identified
RNA molecules that form part of ribonucleoproteins not previously known to be targets of

SSc patient sera, reporting possible new autoantibody candidates in this disease.
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RESULTS

Table 1: Candidates selected after protein-coding RNA molecule re-analysis based on max?/median ratio (cut-

off 221,778,93). RNA molecules immunoprecipitated by known SSc-related autoantibodies using traditional

RNA IP are marked in blue.

RNA molecule name ENSEMBL ID RNA molecule type ~ Max?/median immun}ég(r)gvc?pitated
RNA molecule
SNORD3B-1 ENSG00000265185.6 C/D box snoRNA 4.44E+09 U3 RNA
RNY4 ENSG00000252316.1 Y RNA 1.34E+09 Y4 RNA
RNU11 ENSG00000274978.1 snRNA 7.03E+08 U11 RNA
VTRNA1-2 ENSG00000202111.1 Vault RNA 1.49E+08 -
RNY1 ENSG00000201098.1 Y RNA 1.43E+08 Y1 RNA
RNY5 ENSG00000286171.1 Y RNA 7.62E+07 Y5 RNA
SNORD14C ENSG00000202252.1 C/D box snoRNA 5.51E+07 -
RMRP ENSG00000269900.3 INcRNA 3.80E+07 7-2 RNA
VTRNA2-1 ENSG00000270123.4 Vault RNA 3.57E+07 -
SNORD49A ENSG00000277370.1 C/D box snoRNA 1.84E+07 -
SNORD30 ENSG00000277846.1 C/D box snoRNA 1.46E+07 -
SNHG5 ENSG00000203875.13 SNRHG 1.41E+07 -
SNORD45A ENSG00000207241.1 C/D box snoRNA 1.07E+07 -
SNORDG8 ENSG00000200084 C/D box snoRNA 1.03E+07 -
GAS5 ENSG00000234741.8 SNRHG 1.02E+07 -
SNORD46 ENSG00000200913.1 C/D box snoRNA 7.92E+06 -
SNORD100 ENSG00000221500.1 C/D box snoRNA 7.90E+06 -
SNORDG3 ENSG00000206989.1 C/D box snoRNA 7.72E+06 -
RNY3 ENSG00000202354.1 Y RNA 7.69E+06 Y3 RNA
CSKMT ENSG00000199352.1 rRNA 6.31E+06 -
SNORD2 ENSG00000238942.1 C/D box snoRNA 4.78E+06 -
7SK ENSG00000202198.1 miscRNA 4.70E+06 -
VTRNA1-1 ENSG00000199990.1 Vault RNA 4.34E+06 -
SNORD21 ENSG00000206680.1 C/D box snoRNA 4.02E+06 -
SNHG29 ENSG00000175061.18 SNRHG 3.36E+06 -
SNORD57 ENSG00000226572.1 C/D box snoRNA 3.10E+06 -
SNORD101 ENSG00000206754.1 C/D box snoRNA 2.87E+06 -
SNORD12 ENSG00000212304.1 C/D box snoRNA 2.72E+06 -
SNORD27 ENSG00000275996.1 C/D box snoRNA 2.69E+06 -
SNHG32 ENSG00000204387.14 SNRHG 2.64E+06 -
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Table 1 (continued)

RNA molecule name ENSEMBL ID RNA molecule type ~ Max?/median immun}ég(rjtzvc?pitated
RNA molecule

RNA5SP376 ENSG00000212251.1 rRNA 2.57E+06 -
SNORD114-1 ENSG00000199575.1 C/D box snoRNA 2.46E+06 -

RPPH1 ENSG00000259001.3 INcRNA 2.08E+06 8-2 RNA
SNORD18C ENSG00000199574.1 C/D box snoRNA 1.92E+06 -
SNORD91B ENSG00000275084.4 C/D box snoRNA 1.78E+06 -
SNORD18A ENSG00000200623.1 C/D box snoRNA 1.62E+06 -
SNORD25 ENSG00000275043.1 C/D box snoRNA 1.55E+06 -
SNORD99 ENSG00000221539.1 C/D box snoRNA 1.38E+06 -
SNORD92 ENSG00000264994.1 C/D box snoRNA 1.37E+06 -
SNORD12B ENSG00000222365.1 C/D box snoRNA 1.23E+06 -
SNORD3A ENSG00000263934.5 C/D box snoRNA 1.22E+06 -
ENSG10010134635.1  ENSG00000222185.1 C/D box snoRNA 1.17E+06 -
SNORDG3B ENSG00000222937.1 C/D box snoRNA 1.15E+06 -
SNORD111B ENSG00000221514.1 C/D box snoRNA 1.00E+06 -
SNORD45C ENSG00000206620.1 C/D box snoRNA 9.46E+05 -
SNORD114-12 ENSG00000202270.1 C/D box snoRNA 9.37E+05 -
SNORD86 ENSG00000212498.1 C/D box snoRNA 9.00E+05 -
SNORD95 ENSG00000264549.1 C/D box snoRNA 8.13E+05 -
SNORD1B ENSG00000199961.1 C/D box snoRNA 7.45E+05 -
SNORDG6 ENSG00000202314.1 C/D box snoRNA 7.40E+05 -
SNORD82 ENSG00000202400.1 C/D box snoRNA 6.55E+05 -
SNORD43 ENSG00000263764.1 C/D box snoRNA 6.22E+05 -
SNORD58A ENSG00000206602.1 C/D box snoRNA 5.95E+05 -
MALATA1 ENSG00000251562.8 INcRNA 5.95E+05 -
SNORD24 ENSG00000206611.1 C/D box snoRNA 5.93E+05 -
SNORD114-23 ENSG00000200406.1 C/D box snoRNA 5.76E+05 -
SNORAS3B ENSG00000212607.1 H/ACA box snoRNA 5.72E+05 -
SNORD104 ENSG00000199753.1 C/D box snoRNA 5.58E+05 -

RNU5A-1 ENSG00000199568.1 snRNA 5.47E+05 U5 RNA
RNA5SP289 ENSG00000199202.1 rRNA 5.42E+05 -
SNORD110 ENSG00000221116.1 C/D box snoRNA 5.13E+05 -
SNORD60 ENSG00000206630.1 C/D box snoRNA 4.61E+05 -
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Table 1 (continued)

RNA molecule name

ENSEMBL ID

RNA molecule type

Max2/median

RESULTS

Known
immunoprecipitated
RNA molecule

SNORD114-22
SNORD102
SNORD52
RNU5B-1
SNORD114-25
SNORA16A
SNORD114-26
SNORD114-3
MT-TE
SNORD126
RNUSF-1
SNORD33
SNORD37
SNORD113-8
SNORD127
SNORD69
SNORD111
SNORD105B
SNORD42A
G3BP1
RNUG-5P
ENSG00000280494
SNORD12C
SNORAG1
SNORA20
SNORD34
SNORDS58C
7SK
SNORD65
SNORD72
SNORD28

SNORAS3A

ENSG00000202293.1
ENSG00000207500.1
ENSG00000201754.1
ENSG00000200156.1
ENSG00000200612.1
ENSG00000280498.1
ENSG00000200413.1
ENSG00000201839.1
ENSG00000210194.1
ENSG00000238344.1
ENSG00000199377.1
ENSG00000199631.1
ENSG00000206775.1
ENSG00000200367.1
ENSG00000239043.1
ENSG00000212452.1
ENSG00000221066.1
ENSG00000238531.1
ENSG00000238649.1
ENSG00000145907.16
ENSG00000206965.1
ENSG00000280494.2
ENSG00000209042.1
ENSG00000278274.1
ENSG00000207392.1
ENSG00000202503.1
ENSG00000202093.1
ENSG00000271394.1
ENSG00000277512.1
ENSG00000212296.1
ENSG00000274544.1

ENSG00000200983.1

C/D box snoRNA

C/D box snoRNA

C/D box snoRNA
SnRNA

C/D box snoRNA

H/ACA box snoRNA

C/D box snoRNA

C/D box snoRNA

Mitochondrial tRNA

C/D box snoRNA
SnRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
Protein coding
SNRNA
miRNA

C/D box snoRNA

H/ACA box snoRNA

H/ACA box snoRNA

C/D box snoRNA
C/D box snoRNA
miscRNA
C/D box snoRNA
C/D box snoRNA

C/D box snoRNA

H/ACA box snoRNA

4.58E+05
4.07E+05
4.04E+05
3.99E+05
3.98E+05
3.95E+05
3.92E+05
3.84E+05
3.79E+05
3.74E+05
3.54E+05
3.42E+05
3.35E+05
3.21E+05
3.17E+05
3.00E+05
2.97E+05
2.81E+05
2.73E+05
2.70E+05
2.45E+05
2.43E+05
2.25E+05
2.24E+05
2.23E+05
2.08E+05
1.89E+05
1.78E+05
1.77E+05
1.74E+05
1.55E+05

1.54E+05
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RESULTS

Table 1 (continued)

RNA molecule name

ENSEMBL ID

RNA molecule type

Max2/median

Known
immunoprecipitated
RNA molecule

SNORDG6
SNORA18
SNORDS83A
SNORDG61
RNU12
SNORD114-11
SNORD49B
SNORD19C
SNORD41
SNORD53B
SNORD71
SNORA2C
SNORD114-14
SNORD38A
SNORD54
SNORAG6
SNORD51
SCARNA22
SNORD19B
SNORD4A
SNORD59A
SNORD105
SNORD114-9
SNORD114-17
TTC3
SNORD50B
ENSG10010137917.1
SNORD5
MT-CO1
SNORD3B-2
SNORD36C

SNORD113-6
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ENSG00000212158.1
ENSG00000207145.1
ENSG00000209482.1
ENSG00000206979.1
ENSG00000276027.1
ENSG00000200608.1
ENSG00000277108.1
ENSG00000222345.1
ENSG00000209702.1
ENSG00000265706.1
ENSG00000223224.1
ENSG00000221491.2
ENSG00000199593.1
ENSG00000202031.1
ENSG00000238650.1
ENSG00000207523.1
ENSG00000207047.2
ENSG00000249784.1
ENSG00000238862.1
ENSG00000238578.1
ENSG00000207031.1
ENSG00000209645.1
ENSG00000201240.1
ENSG00000201569.1
ENSG00000182670.13
ENSG00000275072.1
ENSG00000280554.1
ENSG00000239195.1
ENSG00000198804.2
ENSG00000262074.7
ENSG00000252542.1

ENSG00000200215.3

C/D box snoRNA

H/ACA box snoRNA

C/D box snoRNA
C/D box snoRNA
SnRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA

C/D box snoRNA

H/ACA box snoRNA

C/D box snoRNA
C/D box snoRNA

C/D box snoRNA

H/ACA box snoRNA

C/D box snoRNA
scaRNA

C/D box snoRNA

H/ACA box snoRNA

C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
Protein coding
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
Protein coding
C/D box snoRNA
C/D box snoRNA

C/D box snoRNA

1.50E+05
1.42E+05
1.42E+05
1.35E+05
1.35E+05
1.35E+05
1.29E+05
1.18E+05
1.18E+05
1.16E+05
1.15E+05
1.12E+05
1.07E+05
1.07E+05
1.07E+05
1.06E+05
1.05E+05
1.01E+05
9.98E+04
9.83E+04
9.81E+04
9.71E+04
9.53E+04
9.28E+04
8.87E+04
8.84E+04
8.74E+04
8.43E+04
8.40E+04
8.36E+04
8.28E+04

7.96E+04
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Table 1 (continued)

RESULTS

RNA molecule name ENSEMBL ID RNA molecule type ~ Max?/median immun}ég(rjtzvc?pitated
RNA molecule

CH17-3B23.3 ENSG00000287979.1 INcRNA 7.84E+04 -
SNORD91A ENSG00000212163.6 C/D box snoRNA 7.67E+04 -
SNORD38B ENSG00000281859.1 C/D box snoRNA 7.36E+04 -
SNORD87 ENSG00000254341.2 C/D box snoRNA 7.19E+04 -
MT-TV ENSG00000210077.1  Mitochondrial tRNA 7.02E+04 -

RNUBATAC ENSG00000221676.1 SnRNA 7.00E+04 Ue RNA
SNORD1A ENSG00000278261.1 C/D box snoRNA 6.54E+04 -
SNORD84 ENSG00000265236.1 C/D box snoRNA 6.23E+04 -
SNORD114-13 ENSG00000201247.1 C/D box snoRNA 6.18E+04 -
MT-TM ENSG00000210112.1  Mitochondrial tRNA 6.05E+04 -
SNORD11B ENSG00000271852.1 C/D box snoRNA 5.97E+04 -
RP11-596C23.6 ENSG00000282885.2 INcRNA 5.93E+04 -
SNORD14B ENSG00000201403.1 C/D box snoRNA 5.86E+04 -
SNORD45B ENSG00000201487.1 C/D box snoRNA 5.86E+04 -
SCARNA15 ENSG00000277864.1 scaRNA 5.76E+04 -
FBXL20 ENSG00000108306.13 Protein coding 5.71E+04 -
SNORD7 ENSG00000207297.1 C/D box snoRNA 5.49E+04 -
SNORD114-28 ENSG00000200480.1 C/D box snoRNA 5.39E+04 -
SNORD113-7 ENSG00000200632.1 C/D box snoRNA 5.31E+04 -
LINC02739 ENSG00000255008.3 INcRNA 5.28E+04 -
RANBP2 ENSG00000153201.16 Protein coding 5.24E+04 -
RN7SL1 ENSG00000276168.1 miscRNA 5.15E+04 -
PPP1CB ENSG00000213639.10 Protein coding 5.04E+04 -
SNORD35A ENSG00000200259.1 C/D box snoRNA 4.88E+04 -
SNORD94 ENSG00000208772.1 C/D box snoRNA 4.87E+04 -
SNORD70 ENSG00000212534.1 C/D box snoRNA 4.79E+04 -
SNORD1C ENSG00000274091.1 C/D box snoRNA 4.66E+04 -
SNORA58B ENSG00000201129.1  H/ACA box snoRNA 4.66E+04 -
SNORAT77B ENSG00000264346 H/ACA box snoRNA 4.65E+04 -
SNORA46 ENSG00000207493.1 H/ACA box snoRNA 4.51E+04 -
SNORD73A ENSG00000208797.1 C/D box snoRNA 4.10E+04 -
KMT2A ENSG00000118058.23 Protein coding 4.08E+04 -

133



RESULTS

Table 1 (continued)

RNA molecule name

ENSEMBL ID

RNA molecule type

Max2/median

Known
immunoprecipitated
RNA molecule

SNORD14D
SNORD98
TUFM
AK2
SNORD4B
SNORD90
EP300
ATRX
GAPDH
AC084082.3
RPS18
SNORD83B
SNORD16
ZMYND8
SNORA57
IST1
SNORD57
SNORD93
ENSG10010138968.2
SNORD114-10
TPT1
SNORD89
SNORDG2A
SNORD11
SNHG17
MT-TH
RNA5S9
SNORD113-5
LPIN1
RNU4-1
SNORD118

GAN
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ENSG00000207118.1
ENSG00000283551.1
ENSG00000178952.11
ENSG00000004455.17
ENSG00000238597.1
ENSG00000212447 .1
ENSG00000100393.14
ENSG00000085224.23
ENSG00000111640.15
ENSG00000253190.4
ENSG00000231500.7
ENSG00000209480.1
ENSG00000199673.1
ENSG00000101040.19
ENSG00000206597
ENSG00000182149.21
ENSG00000226572
ENSG00000221740.1
ENSG00000252787.2
ENSG00000200279.1
ENSG00000133112.17
ENSG00000212283.1
ENSG00000235284.1
ENSG00000238317.2
ENSG00000196756.13
ENSG00000210176.1
ENSG00000201321.1
ENSG00000272474.1
ENSG00000134324.12
ENSG00000200795.1
ENSG00000200463.1

ENSG00000261609.8

C/D box snoRNA
C/D box snoRNA
Protein coding
Protein coding
C/D box snoRNA
C/D box snoRNA
Protein coding
Protein coding
Protein coding
INcRNA
Protein coding
C/D box snoRNA
C/D box snoRNA
Protein coding
H/ACA box snoRNA
Protein coding
Protein coding
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
Protein coding
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
SNRHG
Mitochondrial tRNA
rRNA
C/D box snoRNA
Protein coding
snRNA
C/D box snoRNA

Protein coding

4.03E+04
4.01E+04
4.01E+04
3.99E+04
3.92E+04
3.86E+04
3.82E+04
3.81E+04
3.68E+04
3.59E+04
3.57E+04
3.30E+04
3.22E+04
3.21E+04
3.12E+04
3.08E+04
3.08E+04
3.02E+04
2.91E+04
2.85E+04
2.81E+04
2.76E+04
2.68E+04
2.66E+04
2.59E+04
2.59E+04
2.53E+04
2.52E+04
2.51E+04
2.48E+04
2.44E+04

2.40E+04



RESULTS

Table 1 (continued)

Known
RNA molecule name ENSEMBL ID RNA molecule type  Max?/median  immunoprecipitated
RNA molecule
SNORD14A ENSG00000272034.1  C/D box snoRNA 2.39E+04 ;
ENSG00000253389  ENSG00000253389=  Notidentificd RNA ) ,op ;
sequence
SNORD17 ENSG00000212232.1  C/D box snoRNA 2.28E+04 ;
H2AC18 ENSG00000203812.2 Protein coding 2.23E+04 ;
PI4KAP2 ENSG00000183506.17  ranscribed unitary 5 oy p o4 ;
pseudogene

SNORD14E ENSG00000200879.1  C/D box snoRNA 2.18E+04 ;
NUP214 ENSG00000126883.17 Protein coding 2.18E+04 ;

INcRNA, long non-coding RNA; miRNA, micro RNA; miscRNA, miscellaneous RNA; rRNA, ribosomal RNA;
SNRHG, small nucleolar RNA host gene; snRNA, small nuclear RNA; snoRNA, small nucleolar RNA; tRNA,
transfer RNA. *Reads were mapped to a specific intronic sequence of ENSG00000253389
(CAGCACCAGCGTGACCAACAGCTGGGTGACGAAAGTCCACATCCTCGCCT)
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Table 2: Demographic and clinical characteristics, immunoblotting and RNA IP results in the 12 patients with an AC-9 pattern included in the study. Patients were classified into 3 groups:

anti-U3 snoRNP positive, anti-U3, -U8 or -U13 snoRNP positive, or RNA IP negative.

Anti- Anti-
U3 u3/us/u13 RNA IP
Patient SSc_30 SSc_78 SSc_ 85 SSc 46 SSc 48 SSc_70 SSc_79 SSc_ 80 SSc 81 SSc_82 SSc_83 SSc_84 SSc_86 snoRNP snoRNP negative
positive positive (%)
(%) (%)
Commercial IB result N 3+ 2+ N N (+) 2+ 1+ (+) (+) 3+ 1+ (+) - - -
RNA IP result (U3
SNORNA band) P P P N N N N N N N N N N - - -
RNA IP result
(Us/u13 snoRNA N P P P N N P N P P P N P - - -
bands)
Gender F F M F F M F F M F F F F - - -
Sust?set cutaneous IcSSc IcSSc dcSSc IcSSc IcSSc dcSSc dcSSc ssSSc |cSSc dcSSc dcSSc ssSSc IcSSc - - -
jge atdisease onset, 40 4 56.7 55.4 12.0 16.0 26.1 36.2 34.8 43.3 55.2 60.5 17.3 11.4 53 42.1 23.53
Age at onset of first g g 56.7 55.4 376 50.3 26.3 36.2 37.2 44.3 55.7 60.5 18.3 19.4 55 46.4 33.01
non-RP symptom, y
i?ige?ia ACR/EULAR Yes No Yes Yes Yes Yes Yes No Yes Yes Yes No Yes 67 89 50
Cutolo late pattern No No Yes Yes Yes No Yes No No Yes Yes No No 33 56 25
Per|pherall vascular Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 100 100 100
manifestations
RP Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes 100 100 100
DU No No No Yes No Yes Yes No Yes Yes No No No 0 44 25
Telangiectasias Yes No Yes Yes Yes No Yes No Yes Yes Yes Yes Yes 67 89 50
Qastromtestlnal Yes No Yes Yes Yes No Yes Yes Yes Yes Yes No No 67 78 50
involvement
Oesophageal Yes No Yes Yes Yes No Yes Yes Yes Yes Yes Yes No 67 78 75
Gastric No No Yes No No No No No No No No No No 33 11 0
Intestinal No No No No No No Yes No No Yes Yes No No 0 33 0
Lung involvement Yes No No Yes No No No No No No Yes No No 33 33 0
ILD Yes No No No No No No No No No Yes No No 33 22 0
PAH Yes No No Yes No No No No No Yes No No No 33 33 0
Scleroderma renal No No No No No No No No No No No No 0 0 0
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Table 2 (continued)

Anti- Anti-
U3 u3/us8/u13 RNA IP
Patient SSc_30 SSc_78 SSc_85 SSc 46 SSc 48 SSc_70 SSc_79 SSc_ 80 SSc 81 SSc_ 82 SSc_83 SSc_84 SSc_86 snoRNP snoRNP negative
positive positive (%)
(%) (%)
Heart involvement Yes No No Yes No No No No Yes Yes Yes Yes Yes 33 67 25
Ischemic —heart No No No No No No No No Yes Yes No No 33 33 0
disease
__Pericardial No No No Yes No No No No No Yes No Yes No 0 22 25
involvement
Myocardial fibrosis No No No No No No Yes No No Yes Yes No No 0 33 0
Conduction Yes No No No No No No No Yes Yes No No No 33 33 0
abnormalities
Diastolic Yes No No Yes No No No No No Yes Yes No No 33 44 0
dysfunction
LVEF <50% No No No Yes No No No No No Yes No No No 0 22 0
Musculoskeletal No No Yes No Yes No Yes No No Yes Yes No No 33 44 25
involvement
Arthralgia Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes Yes No 100 89 100
Arthritis No No Yes No No No Yes No No No No No No 33 22 0
rug:”don friction g No No No No No Yes No No Yes Yes No No 0 33 0
Contractures No No Yes No Yes No Yes No No Yes Yes No No 33 44 25
Myositis No No No No No No Yes No No Yes No No No 0 22 0
Calcinosis No No No No No No No No No No No No No 0 0
Cancer No No No No No No No No No No No No No 0 0
Death No No No No No No No No No Yes No No No 0 1" 0

DU, digital ulcer; dcSSc, diffuse cutaneous systemic sclerosis; 1B, immunoblot; ILD, interstitial lung disease; IcSSc, limited cutaneous systemic sclerosis; LVEF, left

ventricular ejection fraction; N, negative; PAH, pulmonary arterial hypertension; P, positive; RNA IP; RNA immunoprecipitation; RP, Raynaud’'s phenomenon; ssSSc,

sine scleroderma; y, years.



RESULTS

FIGURE LEGENDS

Figure 1. Graphical summary of the RNA IP and RIP-Seq protocols. Protein-A Sepharose
beads were coupled with autoantibodies present in patient sera and incubated with
ribonucleoprotein extracts obtained from K562 cells. RNA was isolated by classical
phenol:chloroform:isoamyl alcohol extraction. In traditional RNA IP, immunoprecipitated
RNA was analyzed by TBE-Urea-PAGE. For RIP-Seq, RNA was purified, libraries were
prepared, and size selection was performed before massive parallel sequencing. Reads
were mapped and counted using the GRCh38 genome and GENCODE v38 annotation as

a reference.

Figure 2: RNA IP results and IIF patterns of anti-Th/To positive samples. (A) RNA IP results
for anti-Th/To- and anti-fibrillarin-positive samples. Samples SSc_01, SSc_42, SSc_51,
SSc_53, SSc_58 and SSc_71 immunoprecipitated 7-2 and 8-2 RNA molecules, associated
with anti-Th/To autoantibodies, while sample SSc_30 immunoprecipitated U3 RNA,
associated with anti-fibrillarin autoantibodies. (B) Homogeneous nucleolar IIF pattern (AC-
8) observed on HEp-2 cells in samples SSc_01 (a), SSc_42 (b), SSc_51 (c), SSc_53 (d) and
SSc_58 (e) and SSc_71 (f). (C) RNA IP results for anti-U11/U12 RNP-positive samples
(SSc_04, SSc_12, SSc_29, SSc_33, SSc_39, SSc_41, SSc_44, SSc_47 and SSc_66).

Figure 3: RIP-Seq results for RNA molecules previously found to be immunoprecipitated by
RNA IP. RNA count numbers for molecules immunoprecipitated by RNA IP in each sample.
Counts obtained for (A) 7-2 RNA (blue) and 8-2 RNA (orange), (B) U3 RNA, (C) U11 RNA,
(D) Y1 RNA (blue), Y3 RNA (orange), (E) Y4 RNA (blue) and Y5 RNA (orange).

Figure 4: RIP-Seq results for RNA molecules not known to be immunoprecipitated by RNA
IP. (A) Correlation between individual samples and modules generated by WGCNA. (B)
Proportional distribution of C/D box snoRNA, SNHG, H/ACA box snoRNA, and scaRNA
molecules across each module. The total number of RNA molecules within each module is
provided beneath the module name, and the percentage of C/D box snoRNA plus SNHG
RNA molecules is indicated within each module. (C) RNA molecules other than snoRNAs
detected using RIP-Seq analysis. A cut-off based on the interquartile range (IQR) was
established taking into consideration the results obtained for RNA molecules in samples
positive for known SSc-related autoantibodies by RNA IP. Samples were classified as positive

(red) or negative (white) for each RNA molecule using the criterion >Q3+5-1QR.
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Figure 1

RESULTS
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RESULTS

Figure 2
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RESULTS

Figure 3
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Figure 4
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RESULTS

SUPPLEMENTARY PATIENTS AND METHODS
Patients

Overall, 307 patients with SSc who were visited in the Scleroderma Unit of the Hospital
Universitari Vall d’Hebron were included in the study. All patients met the LeRoy and
Medsger criteria [1][23], or the 2013 ACR/EULAR classification criteria for systemic
sclerosis (SSc) [2]. Clinical and laboratory data were collected from medical records. Age
at onset of disease was considered as the moment of the first clinical manifestation
attributable to the disease, including Raynaud’s phenomenon (RP). We considered the
presence of digital vasculopathy if pitting, ulcers or gangrene were present and other causes
such as trauma were excluded by treating doctor. The patients were classified considering
LeRoy and Medsger’s criteria [3]. Limited cutaneous SSc (IcSSc) was considered if the
cutaneous thickening was distal to the elbows and knees and face was affected or not;
diffuse cutaneous SSc (dcSSc) was considered if skin thickening was also proximal to
elbows and knees; sine scleroderma SSc (ssSSc) was defined by RP or peripheral vascular
equivalents (pitting scars, typical capillaroscopic alterations), typical scleroderma visceral
involvement (oesophageal hipomotility, interstitial lung disease, pulmonary arterial
hypertension, scleroderma renal crisis or sclerodermic cardiomyopathy) and antinuclear
autoantibody positivity. In relation to capillaroscopic findings, patients were categorized in

“early”, “active” and “late” taking into account Cutolo’s classification. Pulmonary arterial
hypertension (PAH) was defined as presence of > 20 mmHg mean pulmonary arterial
pressure with < 15 mmHg pulmonary arterial wedge pressure and > 2 Wood units
pulmonary vascular resistance measured by right heart catheterization. Interstitial lung
disease (ILD) was determined by the presence of interstitial pattern on computerized
tomography (CT). Gastrointestinal involvement was considered if oesophageal hypomotility,
gastric antral vascular ectasia (GAVE) or bacterial overgrowth was present. Scleroderma
renal crisis (SRC) was considered by the combination of sudden onset or worsening of mod-
erate or severe systemic arterial hypertension (>160/90mmHg) as well as features of
malignant hypertension, or the presence of a rapid deterioration of renal function in a period
of less than one month. Heart involvement was defined as conduction abnormalities
established by electrocardiogram or Holter monitoring; pericardial involvement
demonstrated by echocardiogram, CT or magnetic resonance imaging (MRI); scleroderma
cardiomyopathy or cardiac fibrosis perceptible by MRI; ischemic heart disease in absence
of cardiovascular risk factors (CVRF); mitral insufficiency and left ventricular diastolic

dysfunction without traditional CVRF proved by echocardiogram, as well as left ventricular
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ejection fraction lower than 50% or right ventricular ejection fraction lower than 40%
assessed by echocardiogram or MRI. Myositis was established by the presence of skeletal
muscle weakness and evidence of muscular inflammation, detected by elevation of muscular
enzyme levels, electromyographic or histological findings. The presence of neoplasia was
defined by pathological report. One serum sample from each patient was tested for
autoantibodies. This study was approved by the ethics Committee for Clinical Research

(PG(AG)07/2015) and written informed consent was obtained from all the patients.

Indirect immunofluorescence (IIF)

ANAs and anti-cytoplasmic autoantibodies were detected by immunofluorescence test
performed on Hep-2 cells as substrate (INOVA, San Diego, USA). IIF patterns were detected
at serum screening dilutions of 1:80, and positive reactions were categorized according to
the International Consensus on ANA Patterns (ICAP) classification [4]. Titers were
determined by 2-fold endpoint titration. Anti-centromere autoantibodies were determined by
IIF.

Immunoblotting (IB)

Autoantibodies against Scl70, RNApol Il (RP11, RP155), fibrillarin, NOR-90, Th/To, PM/Scl
(PM/Scl-100, PM/Scl-75) and Ku were assessed by a line blot commercial assay (Systemic
Sclerosis Profile Euroline® Blot test kit, Euroimmun, Lubeck, Germany) [5] according to the

manufacturer’s instructions.
Chemiluminescence immunoassay (CLIA)

Anti-U1-RNP autoantibodies were tested by chemiluminescence immunoassay (INOVA, San

Diego, EEUU) according to the manufacturer’s instructions.
RNA immunoprecipitation (RNA IP)

Sixty-eight sera that were negative for all the autoantibodies assessed by the commercial 1B
and CLIA, and for anti-centromere by IIF, were tested by RNA IP (Figure 1). Protein-A
Sepharose beads were incubated with patients’ sera at 4°C for 16h. After three washes,
antibody-coated beads were incubated with ribonucleoprotein extracts obtained from
10 - 10° K562 cells at 4°C for 90’. Antibody-coated beads were then washed three times
and a classical phenol:chloroform:isoamyl alcohol RNA extraction protocol was performed.
Immunoprecipitated RNA was analysed by 8% or 10% Urea-TBA-PAGE and subsequently

visualized by SYBR™ Green Il RNA gel stain using a UV transilluminator. Specificities were
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verified using reference sera when possible and a healthy donor serum was used in all RNA

IP assays.
RNA immunoprecipitation coupled with RNAseq (RIP-Seq)

Fifty-seven sera that were negative for all autoantibodies assessed by the commercial 1B
and CLIA, and for anti-centromere by IIF, were tested by RIP-Seq together with sera from
three healthy donors (Figure 1). Immunoprecipitated RNA was obtained by the previously
described RNA [P protocol. Isolated RNA was purified by RNeasy MinElute Cleanup kit
(Qiagen, Hilden, Germany).

Libraries were prepared using the NEBNext® Small RNA Library Prep Set for lllumina® kit
(New England Biolabs, Ipswich, USA) according to the manufacturer's protocol. Briefly, RNA
was subjected to adaptor 3'and 5 ligation and first strand cDNA synthesis. Subsequently,
DNA fragments with adaptor strands on both ends were selectively enriched by PCR. Library
amplification was performed by PCR using NEBNext® Multiplex Oligos for lllumina®. All
purification steps were performed using AgenCourt AMPure XP beads (Beckman Coulter,
Brea, USA). Final libraries were analysed using Agilent Bioanalyzer (Agilent, Santa Clara,
USA) to estimate DNA quantity and check size distribution. Samples were pooled and size
selection was performed using a 6% Novex™ TBE-PAGE. DNA from the final pool was
quantified by gPCR using KAPA Library Quantification Kit (Kapa Biosystems, Wilmington,
USA) prior to amplification with cBot (lllumina, San Diego, USA). Libraries were sequenced
with single reads of 50bp (8bp index) on HiSeq2500 (lllumina, San Diego, USA).

Obtained reads were mapped using Salmon vs. GRCh38 genome and GENCODE v38
annotation [6,7][354, 355]. Final counts were used for calculating differential expression
analysis with DESEQZ2. For microRNAseq analysis, reads were trimmed using skewer, and
trimmed reads longer than 15bp were mapped using the same genome and annotation
using ShortStack. The reads were counted using HTSeq. Reads were also mapped using
STAR vs. GRCh38 genome and GENCODE v38 annotation in order to check if samples that
were pseudo-mapped to protein coding genes by Salmon were only mapped to small

nucleolar RNAs (snoRNAs) codified in the introns of those protein coding genes [8][356].
RNA molecule candidate selection

The analysis was carried out using the R programming language (version 4.1.2) [9][357]. In
order to detect RNA molecules with an exacerbated enrichment across different samples,
four outlier detection tests were used in combination: a) values with an absolute difference

between the first or third quartile greater than 1.5 times the interquartile range (IQR) (Tukey's
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rule); b) values whose difference from the mean is greater than 3 absolute deviations from
the mean (MAD); c) the Tukey rule criterion corrected for non-normal distributions and
multiple testing, using the tukey_mc_up function from the bigutilsr package (v0.3.4) [10];
and d) selecting RNA molecules with a standard deviation higher than Q3 of the distribution
of standard deviations of all RNA molecules, calculated with the rowSds function of the
genefilter R package (v1.76.0) [11].

A high number of RNA molecules were present at low counts in all samples and were
considered as nonspecific immunoprecipitation (i.e. background noise). Considering the
distribution of the median counts of protein coding RNA molecules (that should not be
specifically immunoprecipitated as they are not part of any ribonucleoprotein in a stable
manner), a cut-off of 100 median counts was established. Therefore, these four methods
were applied only on genes having median counts greater than 100. On these resulting
genes, the ratio between the square of its maximum expression value and its median was
calculated. This metric reflects the distance between the highest outlier and the rest of the
distribution, so that a gene with a high value of this metric has outliers further from the rest
of the values, and therefore, they are more easily detectable. This metric was evaluated by
receiver operating characteristics (ROC) curve with the purpose of establishing the positivity

cut-off with best sensitivity and specificity.

On RNA molecules above this cut-off a weighted gene co-expression network analysis
(WGCNA) was performed using the R WGCNA package (v1.71) [12][358] so as to identify
modules formed by RNA molecules with a similar enrichment pattern across samples. Due
to the small size of the initial RNA molecule set, a soft-thresholding power of 26, a minimum

cluster size of 5 genes and a merge distance cut of 0.10 was set.
Statistical analysis for evaluation of demographical and clinical characteristics

Continuous variables were compared with the Wilcoxon-Mann-Whitney test. Associations
between autoantibody status and clinical and demographical features were identified using
Fisher’s exact test and univariate binary logistic regression models. A 2-sided significance
level was set at p<0.05. Statistical analyses were performed using IBM-SPSS 20.0 (IBM,
Chicago, IL, USA).
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RESULTS

SUPPLEMENTARY FIGURES

Supplementary Figure S1: Subject cohorts and methods used for different autoantibody
detection. Overall, 307 SSc patients were analysed by IIF on Hep-2 cells, IB and CLIA. Sixty-
eight patients (22.1%) that were negative for anti-centromere, Scl70, RNApol Ill, PM/Scl,
fibrillarin, Th/To, Ku and U1-RNP autoantibodies, were further analysed by RNA IP. Fifty-
seven sera that were analysed by RNA [P together with sera from three healthy donors were

also tested by RIP-Seq, Positive and negative samples by RNA IP were included in the RIP-

Seq assay.
SSc patients
(n =307)
|, Scl70, RNApol ll, Fibrillarin, NOR-
Commercial assays
| 90, Th/To, PM/Scl, Ku, U1-RNP
POSITIVE NEGATIVE
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Ro60, U1-RNP
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Supplementary Figure S2: HEp-2 staining of selected patients with an AC-9 pattern. IIF
pattern observed on HEp-2 cells of samples SSc_30 (A), SSc_46 (B), SSc_48 (C), SSc_78
(D), SSc_79 (E), SSc_80 (F), SSc_81 (G), SSc_82 (H), SSc_83 (I) and SSc_84 (J), SSc_85
(K), SSc_86 (L) and SSc_70 (M).

150



RESULTS

Supplementary Figure S3: traditional RNA I[P results of samples detected to be
immunoprecipitating Y1, Y3, Y4 and Y5 RNA molecules associated with anti-Ro60
autoantibodies by RIP-Seq. TBE-Urea PAGE obtained by traditional RNA IP of samples
SSc_14, SSc_48, SSc_52 and SSc_58. Patient SSc_58, SSc_48 and SSc_52 were positive
for anti-Ro60 autoantibodies by RNA IP.
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Supplementary Figure S4: distribution of median counts obtained in all protein coding RNA
molecules detected by RIP-Seq. Quantity of protein coding genes for different ranges of
median counts (logi) obtained along all samples for each gene. Protein coding RNA
molecules detected by RIP-Seq rarely presented a median count of more than 100. Those
RNA molecules with a median count of O were eliminated from the graph as it is not possible
to express 0 as a logarithm.
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Supplementary Figure S5: Venn diagram showing the results obtained from the four methods
used for outlier detection. Four different methods were used for outlier detection. RNA

molecules in which outliers were detected by all four methods (n=400) were selected for

further analysis.

163



RESULTS

Supplementary Figure S6: ROC curves of the two criteria used for selecting RNA molecules

specifically immunoprecipitated by autoantibodies. Two criteria were evaluated by receiver

operating characteristics (ROC) curve, considering that all protein coding RNA molecules

were false positives. (A) ROC curve obtained using the ratio calculated as the highest outlier

count of each specific RNA molecule between the median counts of that same RNA among

all samples. (B) ROC curve obtained using the same ratio multiplied by the highest outlier

count of each specific RNA molecule.
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Supplementary Figure S8: read mapping of protein coding RNA molecules selected based

on max?/median ratio. Genome browser was used to analyse bam files of samples with the

highest read count for each protein coding RNA molecule. If the reads obtained by RNAseq

had been mapped to sequences coding for snoRNAs was checked. SSc_30, SSc_44,
SSc_48 and SSc_58 samples’ reads mapped on RPL13 (A), RPL4 (B) and CSKMT (C);
RANBP1 (D); NOP56 (E) and HSPAS8 (F); RPL13A (G) and ANK1 (H) genes, respectively.
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Supplementary Figure S9: graphical distribution of relative counts (%) of C/D box snoRNA
molecules among all samples. Due to the broad range of counts of different C/D box snoRNA
molecules, to be able to compare them as a group among different samples, counts were
normalized in relation to the maximum value obtained for each C/D box snoRNA molecule
and expressed as a percentage. Median and interquartile range of relative counts (%)

obtained for all the samples on snoRNA molecules.
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RESULTS

WGCNA results. Normalized counts of RNA molecules included

Supplementary Figure S10

in modules A, B, C, D, E, F, G, H and | for each sample.
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Module E
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RESULTS

Supplementary Figure S11: traditional RNA IP results of all the samples included in the study
showing an AC-9 IIF pattern. TBE-Urea PAGE obtained by traditional RNA IP of samples
SSc_30, SSc_46, SSc_48, SSc_78, SSc_79, SSc_80, SSc_81, SSc_82, SSc_83, SSc_84,

SSc_85 and SSc_86.
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RESULTS

Supplementary Table S1: IIF patterns observed on HEp-2 cells and RNA IP results of the 68 patients that were

negative for all the autoantibodies assessed by screening commercial methods. Samples included in the RIP-

Seq study are indicated.

No. Sample IIF pattern RNA IP result RIP-Seq tested
1 SSc_01 Homogeneous nucleolar (AC-8) Anti-Th/To Yes
2 SSc_02 Negative (AC-0) Negative Yes
3 SSc_03 Cytoplasmatic (Atypical) Negative Yes
4 SSc_04 Negative (AC-0) Anti-U11/U12 RNP Yes
5 SSc_05 Negative (AC-0) Negative Yes
6 SSc_06 Negative (AC-0) Negative Yes
7 SSc_07 Negative (AC-0) Negative Yes
8 SSc_08 Nuclear fine speckled (AC-4) Negative Yes
9 SSc_09 Negative (AC-0) Negative Yes
10 SSc_10 Nuclear fine speckled (AC-4) Negative Yes
11 SSc_11 Cytoplasmatic reticular (AC-21) Negative Yes
12 SSc_12 Negative (AC-0) Anti-U11/U12 RNP Yes
13 SSc_13 Negative (AC-0) Negative Yes
14 SSc_14 Nuclear speckled (Atypical) Negative Yes
15 SSc_15 Homogeneous nucleolar (AC-8) Negative Yes
16 SSc_16 Punctate nucleolar (AC-10) Negative Yes
17 SSc_17 Negative (AC-0) Negative Yes
18 SSc_18 Negative (AC-0) Negative Yes
19 SSc_19 Negative (AC-0) Negative Yes
20 SSc_20 Negative (AC-0) Negative Yes
21 SSc_21 Nuclear homogeneous (AC-1) Negative Yes
22 SSc_22 Homogeneous nucleolar (AC-8) Negative Yes
23 SSc_23 Negative (AC-0) Anti-U4/U6 snRNP Yes
24 SSc_24 Nuclear fine speckled (AC-4) Negative Yes
25 SSc_25 Negative (AC-0) Negative Yes
26 SSc_26 Negative (AC-0) Negative Yes
27 SSc_27 Cytoplasmatic reticular (AC-21) Negative Yes
28 SSc_29 Negative (AC-0) Anti-U11/U12 RNP Yes
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RESULTS

Supplementary Table S1 (continued)

166

No. Sample IIF pattern RNA IP result RIP-Seq tested
29 SSc_30 Clumpy nucleolar (AC-9) Anti-Fibrillarin Yes
30 SSc_31 Nuclear fine speckled (AC-4) Negative Yes
31 SSc_32 Negative (AC-0) Negative Yes
32 SSc_33 Nuclear fine speckled (AC-4) Anti-U11/U12 RNP Yes
33 SSc_34 Negative (AC-0) Negative Yes
34 SSc_35 Negative (AC-0) Negative Yes
35 SSc_36 Negative (AC-0) Negative Yes
36 SSc_37 Nuclear speckled (Aypical) Negative Yes
37 SSc_38 Few nuclear dots (AC-7) Negative Yes
38 SSc_39 Negative (AC-0) Anti-U11/U12 RNP Yes
39 SSc_40 Negative (AC-0) Negative Yes
40 SSc_41 Negative (AC-0) Anti-U11/U12 RNP Yes
41 SSc_42 Homogeneous nucleolar (AC-8) Anti-Th/To Yes
42 SSc_43 Homogeneous nucleolar (AC-8) Negative Yes
43 SSc_44 Nuclear speckled (Atypical) Anti-U11/U12 RNP Yes
44 SSc_45 Negative (AC-0) Negative Yes
45 SSc_46 Clumpy nucleolar (AC-9) Anti-U8/U13 RNP Yes
46 SSc_47 Negative (AC-0) Anti-U11/U12 RNP Yes
47 SSc_48 Clumpy nucleolar (AC-9) Anti-Ro60 Yes
48 SSc_49 Negative (AC-0) Negative Yes
49 SSc_50 Negative (AC-0) Negative Yes
50 SSc_51 Homogeneous nucleolar (AC-8) Anti-Th/To Yes
51 SSc_52 Negative (AC-0) Anti-Ro60 Yes
52 SSc_53 Homogeneous nucleolar (AC-8) Anti-Th/To Yes
53 SSc_54 Nuclear fine speckled (AC-4) Negative Yes
54 SSc_55 Negative (AC-0) Negative Yes
55 SSc_56 Homogeneous nucleolar (AC-8) Negative Yes
56 SSc_57 Negative (AC-0) Negative Yes
57 SSc_58 Homogeneous nucleolar (AC-8)  Anti-Th/To + Anti-Ro60 Yes



Supplementary Table S1 (continued)

RESULTS

No. Sample IIF pattern RNA IP result RIP-Seq tested
58 SSc_66 Homogeneous nucleolar (AC-8) Anti-U11/U12 RNP No
59 SSc_68 Negative (AC-0) Negative No
60 SSc_69 Negative (AC-0) Negative No
61 SSc_70 Clumpy nucleolar (AC-9) Negative No
62 SSc_71 Homogeneous nucleolar (AC-8) Anti-Th/To No
63 SSc_72 Homogeneous nucleolar (AC-8) Negative No
64 SSc_73 Negative (AC-0) Negative No
65 SSc_74 Cytoplasmatic (Atypical) Negative No
66 SSc_75 Negative (AC-0) Negative No
67 SSc_76 Negative (AC-0) Negative No
68 SSc_77 Negative (AC-0) Negative No
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RESULTS

Supplementary Table S2: Two-hundred selected RNA candidates based on max?/median ratio (cut-off =21,778).

RNA molecules typically detected by traditional RNA IP are marked in blue.

RNA molecule name ENSEMBL ID RNA molecule type ~ Max?/median immun}ég?:c/:ri]pitated
RNA molecule
SNORD3B-1 ENSG00000265185.6 C/D box snoRNA 4.44E+09 U3 RNA
RNY4 ENSG00000252316.1 Y RNA 1.34E+09 Y4 RNA
RNU11 ENSG00000274978.1 snRNA 7.03E+08 U11 RNA
VTRNA1-2 ENSG00000202111.1 Vault RNA 1.49E+08 -
RNY1 ENSG00000201098.1 Y RNA 1.43E+08 Y1 RNA
RNY5 ENSG00000286171.1 Y RNA 7.62E+07 Y5 RNA
SNORD14C ENSG00000202252.1 C/D box snoRNA 5.51E+07 -
RMRP ENSG00000269900.3 INcRNA 3.80E+07 7-2 RNA
VTRNA2-1 ENSG00000270123.4 Vault RNA 3.57E+07 -
SNORD49A ENSG00000277370.1 C/D box snoRNA 1.84E+07 -
SNORD30 ENSG00000277846.1 C/D box snoRNA 1.46E+07 -
SNHG5 ENSG00000203875.13 SNRHG 1.41E+07 -
SNORD45A ENSG00000207241.1 C/D box snoRNA 1.07E+07 -
RPL13 ENSG00000167526.14 Protein coding 1.03E+07 -
GAS5 ENSG00000234741.8 SNRHG 1.02E+07 -
SNORD46 ENSG00000200913.1 C/D box snoRNA 7.92E+06 -
SNORD100 ENSG00000221500.1 C/D box snoRNA 7.90E+06 -
SNORD63 ENSG00000206989.1 C/D box snoRNA 7.72E+06 -
RNY3 ENSG00000202354.1 Y RNA 7.69E+06 Y3 RNA
CSKMT ENSG00000199352.1 rRNA 6.31E+06 -
SNORD2 ENSG00000238942.1 C/D box snoRNA 4.78E+06 -
7SK ENSG00000202198.1 miscRNA 4.70E+06 -
VTRNA1-1 ENSG00000199990.1 Vault RNA 4.34E+06 -
SNORD21 ENSG00000206680.1 C/D box snoRNA 4.02E+06 -
SNHG29 ENSG00000175061.18 SNRHG 3.36E+06 -
SNORD57 ENSG00000226572.1 C/D box snoRNA 3.10E+06 -
SNORD101 ENSG00000206754.1 C/D box snoRNA 2.87E+06 -
SNORD12 ENSG00000212304.1 C/D box snoRNA 2.72E+06 -
SNORD27 ENSG00000275996.1 C/D box snoRNA 2.69E+06 -
SNHG32 ENSG00000204387.14 SNRHG 2.64E+06 -
RNA5SP376 ENSG00000212251.1 rRNA 2.57E+06 -
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Supplementary Table S2 (continued)

RESULTS

RNA molecule hame ENSEMBL ID RNA molecule type  Max?median immun};;(r)(:\gi]pitated
RNA molecule

SNORD114-1 ENSG00000199575.1 C/D box snoRNA 2.46E+06 -

RPPH1 ENSG00000259001.3 INcRNA 2.08E+06 8-2 RNA
SNORD18C ENSG00000199574.1 C/D box snoRNA 1.92E+06 -
SNORD91B ENSG00000275084.4 C/D box snoRNA 1.78E+06 -
SNORD18A ENSG00000200623.1 C/D box snoRNA 1.62E+06 -
SNORD25 ENSG00000275043.1 C/D box snoRNA 1.55E+06 -
SNORD99 ENSG00000221539.1 C/D box snoRNA 1.38E+06 -
SNORD92 ENSG00000264994.1 C/D box snoRNA 1.37E+06 -
SNORD12B ENSG00000222365.1 C/D box snoRNA 1.23E+06 -
SNORD3A ENSG00000263934.5 C/D box snoRNA 1.22E+06 -
ENSG10010134635.1 ENSG00000222185.1 C/D box snoRNA 1.17E+06 -
SNORD63B ENSG00000222937.1 C/D box snoRNA 1.15E+06 -
SNORD111B ENSG00000221514.1 C/D box snoRNA 1.00E+06 -
SNORD45C ENSG00000206620.1 C/D box snoRNA 9.46E+05 -
SNORD114-12 ENSG00000202270.1 C/D box snoRNA 9.37E+05 -
SNORD86 ENSG00000212498.1 C/D box snoRNA 9.00E+05 -
SNORD95 ENSG00000264549.1 C/D box snoRNA 8.13E+05 -
SNORD1B ENSG00000199961.1 C/D box snoRNA 7.45E+05 -
SNORD6 ENSG00000202314.1 C/D box snoRNA 7.40E+05 -
SNORD82 ENSG00000202400.1 C/D box snoRNA 6.55E+05 -
SNORD43 ENSG00000263764.1 C/D box snoRNA 6.22E+05 -
SNORD58A ENSG00000206602.1 C/D box snoRNA 5.95E+05 -
MALAT1 ENSG00000251562.8 INcRNA 5.95E+05 -
SNORD24 ENSG00000206611.1 C/D box snoRNA 5.93E+05 -
SNORD114-23 ENSG00000200406.1 C/D box snoRNA 5.76E+05 -
SNORAS3B ENSG00000212607.1 H/ACA box snoRNA 5.72E+05 -
SNORD104 ENSG00000199753.1 C/D box snoRNA 5.58E+05 -

RNU5A-1 ENSG00000199568.1 snRNA 5.47E+05 U5 RNA
RNA5SP289 ENSG00000199202.1 rRNA 5.42E+05 -
SNORD110 ENSG00000221116.1 C/D box snoRNA 5.13E+05 -
SNORDG60 ENSG00000206630.1 C/D box snoRNA 4.61E+05 -
SNORD114-22 ENSG00000202293.1 C/D box snoRNA 4.58E+05 -
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RESULTS

Supplementary Table S2 (continued)

RNA molecule hame ENSEMBL ID RNA molecule type  Max?median immun};;(r)(:\gi]pitated
RNA molecule

SNORD102 ENSG00000207500.1 C/D box snoRNA 4.07E+05 -
SNORD52 ENSG00000201754.1 C/D box snoRNA 4.04E+05 -

RNU5B-1 ENSG00000200156.1 snRNA 3.99E+05 U5 RNA
SNORD114-25 ENSG00000200612.1 C/D box snoRNA 3.98E+05 -
SNORA16A ENSG00000280498.1 H/ACA box snoRNA 3.95E+05 -
SNORD114-26 ENSG00000200413.1 C/D box snoRNA 3.92E+05 -
SNORD114-3 ENSG00000201839.1 C/D box snoRNA 3.84E+05 -
MT-TE ENSG00000210194.1 Mitochondrial tRNA 3.79E+05 -
SNORD126 ENSG00000238344.1 C/D box snoRNA 3.74E+05 -

RNU5SF-1 ENSG00000199377.1 snRNA 3.54E+05 U5 RNA
SNORD33 ENSG00000199631.1 C/D box snoRNA 3.42E+05 -
SNORD37 ENSG00000206775.1 C/D box snoRNA 3.35E+05 -
SNORD113-8 ENSG00000200367.1 C/D box snoRNA 3.21E+05 -
SNORD127 ENSG00000239043.1 C/D box snoRNA 3.17E+05 -
SNORD69 ENSG00000212452.1 C/D box snoRNA 3.00E+05 -
SNORD111 ENSG00000221066.1 C/D box snoRNA 2.97E+05 -
SNORD105B ENSG00000238531.1 C/D box snoRNA 2.81E+05 -
SNORD42A ENSG00000238649.1 C/D box snoRNA 2.73E+05 -
G3BP1 ENSG00000145907.16 Protein coding 2.70E+05 -
RPL4 ENSG00000174444.15 Protein coding 2.46E+05 -

RNUB-5P ENSG00000206965.1 snRNA 2.45E+05 U6 RNA
ENSG00000280494 ENSG00000280494.2 miRNA 2.43E+05 -
SNORD12C ENSG00000209042.1 C/D box snoRNA 2.25E+05 -
SNORAG1 ENSG00000278274.1 H/ACA box snoRNA 2.24E+05 -
SNORA20 ENSG00000207392.1 H/ACA box snoRNA 2.23E+05 -
SNORD34 ENSG00000202503.1 C/D box snoRNA 2.08E+05 -
RPL13A ENSG00000142541.18 Protein coding 1.90E+05 -
SNORD58C ENSG00000202093.1 C/D box snoRNA 1.89E+05 -
7SK ENSG00000271394.1 miscRNA 1.78E+05 -
SNORDG65 ENSG00000277512.1 C/D box snoRNA 1.77E+05 -
SNORD72 ENSG00000212296.1 C/D box snoRNA 1.74E+05 -
SNORD28 ENSG00000274544.1 C/D box snoRNA 1.55E+05 -
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Supplementary Table S2 (continued)

RESULTS

RNA molecule hame ENSEMBL ID RNA molecule type  Max?median immun};;(r)(:\gi]pitated
RNA molecule
SNORA3A ENSG00000200983.1 H/ACA box snoRNA 1.54E+05 -
SNORDG66 ENSG00000212158.1 C/D box snoRNA 1.50E+05 -
SNORA18 ENSG00000207145.1 H/ACA box snoRNA 1.42E+05 -
SNORDS83A ENSG00000209482.1 C/D box snoRNA 1.42E+05 -
SNORDG61 ENSG00000206979.1 C/D box snoRNA 1.35E+05 -
RNU12 ENSG00000276027.1 snRNA 1.35E+05 U12 RNA
SNORD114-11 ENSG00000200608.1 C/D box snoRNA 1.35E+05 -
SNORD49B ENSG00000277108.1 C/D box snoRNA 1.29E+05 -
SNORD19C ENSG00000222345.1 C/D box snoRNA 1.18E+05 -
SNORD41 ENSG00000209702.1 C/D box snoRNA 1.18E+05 -
SNORD53B ENSG00000265706.1 C/D box snoRNA 1.16E+05 -
SNORD71 ENSG00000223224.1 C/D box snoRNA 1.15E+05 -
SNORA2C ENSG00000221491.2 H/ACA box snoRNA 1.12E+05 -
SNORD114-14 ENSG00000199593.1 C/D box snoRNA 1.07E+05 -
SNORD38A ENSG00000202031.1 C/D box snoRNA 1.07E+05 -
SNORD54 ENSG00000238650.1 C/D box snoRNA 1.07E+05 -
SNORAG6 ENSG00000207523.1 H/ACA box snoRNA 1.06E+05 -
SNORD51 ENSG00000207047.2 C/D box snoRNA 1.05E+05 -
SCARNA22 ENSG00000249784.1 scaRNA 1.01E+05 -
SNORD19B ENSG00000238862.1 C/D box snoRNA 9.98E+04 -
SNORD4A ENSG00000238578.1 H/ACA box snoRNA 9.83E+04 -
SNORD59A ENSG00000207031.1 C/D box snoRNA 9.81E+04 -
SNORD105 ENSG00000209645.1 C/D box snoRNA 9.71E+04 -
SNORD114-9 ENSG00000201240.1 C/D box snoRNA 9.53E+04 -
SNORD114-17 ENSG00000201569.1 C/D box snoRNA 9.28E+04 -
TTC3 ENSG00000182670.13 Protein coding 8.87E+04 -
SNORD50B ENSG00000275072.1 C/D box snoRNA 8.84E+04 -
ENSG10010137917.1 ENSG00000280554.1 C/D box snoRNA 8.74E+04 -
SNORD5 ENSG00000239195.1 C/D box snoRNA 8.43E+04 -
MT-CO1 ENSG00000198804.2 Protein coding 8.40E+04 -
SNORD3B-2 ENSG00000262074.7 C/D box snoRNA 8.36E+04 -
SNORD36C ENSG00000252542.1 C/D box snoRNA 8.28E+04 -
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RESULTS

Supplementary Table S2 (continued)

RNA molecule hame ENSEMBL ID RNA molecule type  Max?median immun};;(r)(:\gi]pitated
RNA molecule

SNORD113-6 ENSG00000200215.3 C/D box snoRNA 7.96E+04 -
CH17-3B23.3 ENSG00000287979.1 INcRNA 7.84E+04 -
SNORD91A ENSG00000212163.6 C/D box snoRNA 7.67E+04 -
SNORD38B ENSG00000281859.1 C/D box snoRNA 7.36E+04 -
SNORDS87 ENSG00000254341.2 C/D box snoRNA 7.19E+04 -
MT-TV ENSG00000210077.1 Mitochondrial tRNA 7.02E+04 -

RNUGBATAC ENSG00000221676.1 snRNA 7.00E+04 U6 RNA
SNORD1A ENSG00000278261.1 C/D box snoRNA 6.54E+04 -
SNORD84 ENSG00000265236.1 C/D box snoRNA 6.23E+04 -
SNORD114-13 ENSG00000201247.1 C/D box snoRNA 6.18E+04 -
MT-TM ENSG00000210112.1 Mitochondrial tRNA 6.05E+04 -
SNORD11B ENSG00000271852.1 C/D box snoRNA 5.97E+04 -
RP11-596C23.6 ENSG00000282885.2 INcRNA 5.93E+04 -
SNORD14B ENSG00000201403.1 C/D box snoRNA 5.86E+04 -
SNORD45B ENSG00000201487.1 C/D box snoRNA 5.86E+04 -
SCARNA15 ENSG00000277864.1 scaRNA 5.76E+04 -
FBXL20 ENSG00000108306.13 Protein coding 5.71E+04 -
SNORD7 ENSG00000207297.1 C/D box snoRNA 5.49E+04 -
SNORD114-28 ENSG00000200480.1 C/D box snoRNA 5.39E+04 -
SNORD113-7 ENSG00000200632.1 C/D box snoRNA 5.31E+04 -
LINC02739 ENSG00000255008.3 INcRNA 5.28E+04 -
RANBP2 ENSG00000153201.16 Protein coding 5.24E+04 -
RN7SL1 ENSG00000276168.1 miscRNA 5.15E+04 -
PPP1CB ENSG00000213639.10 Protein coding 5.04E+04 -
SNORD35A ENSG00000200259.1 C/D box snoRNA 4.88E+04 -
SNORD94 ENSG00000208772.1 C/D box snoRNA 4.87E+04 -
SNORD70 ENSG00000212534.1 C/D box snoRNA 4.79E+04 -
SNORD1C ENSG00000274091.1 C/D box snoRNA 4.66E+04 -
SNORA58B ENSG00000201129.1 H/ACA box snoRNA 4.66E+04 -
RANBP1 ENSGO00000099901.17 Protein coding 4.65E+04 -
SNORA46 ENSG00000207493.1 H/ACA box snoRNA 4.51E+04 -
SNORD73A ENSG00000208797.1 C/D box snoRNA 4.10E+04 -
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Supplementary Table S2 (continued)

RESULTS

RNA molecule hame ENSEMBL ID RNA molecule type  Max?/median immur}fc?srvggipitate
d RNA molecule

KMT2A ENSG00000118058.23 Protein coding 4.08E+04 -
SNORD14D ENSG00000207118.1 C/D box snoRNA 4.03E+04 -
SNORD98 ENSG00000283551.1 C/D box snoRNA 4.01E+04 -
TUFM ENSG00000178952.11 Protein coding 4.01E+04 -
AK2 ENSG00000004455.17 Protein coding 3.99E+04 -
SNORD4B ENSG00000238597.1 C/D box snoRNA 3.92E+04 -
SNORD90 ENSG00000212447.1 C/D box snoRNA 3.86E+04 -
EP300 ENSG00000100393.14 Protein coding 3.82E+04 -
ATRX ENSG00000085224.23 Protein coding 3.81E+04 -
GAPDH ENSG00000111640.15 Protein coding 3.68E+04 -
AC084082.3 ENSG00000253190.4 INcRNA 3.59E+04 -
RPS18 ENSG00000231500.7 Protein coding 3.57E+04 -
SNORD83B ENSG00000209480.1 C/D box snoRNA 3.30E+04 -
SNORD16 ENSG00000199673.1 C/D box snoRNA 3.22E+04 -
ZMYNDS8 ENSG00000101040.19 Protein coding 3.21E+04 -
CSKMT ENSG00000214756.8 Protein coding 3.12E+04 -
IST1 ENSG00000182149.21 Protein coding 3.08E+04 -
NOP56 ENSG00000101361.17 Protein coding 3.08E+04 -
SNORD93 ENSG00000221740.1 C/D box snoRNA 3.02E+04 -
ENSG10010138968.2  ENSG00000252787.2 C/D box snoRNA 2.91E+04 -
SNORD114-10 ENSG00000200279.1 C/D box snoRNA 2.85E+04 -
TPT1 ENSG00000133112.17 Protein coding 2.81E+04 -
SNORD89 ENSG00000212283.1 C/D box snoRNA 2.76E+04 -
SNORD62A ENSG00000235284.1 C/D box snoRNA 2.68E+04 -
SNORD11 ENSG00000238317.2 C/D box snoRNA 2.66E+04 -
SNHG17 ENSG00000196756.13 SNRHG 2.59E+04 -
MT-TH ENSG00000210176.1 Mitochondrial tRNA 2.59E+04 -
RNA5S9 ENSG00000201321.1 rRNA 2.53E+04 -
SNORD113-5 ENSG00000272474.1 C/D box snoRNA 2.52E+04 -
LPIN1 ENSG00000134324.12 Protein coding 2.51E+04 -
HSPA8 ENSG00000109971.14 Protein coding 2.51E+04 -

RNU4-1 ENSG00000200795.1 snRNA 2.48E+04 U4 RNA
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RESULTS

Supplementary Table S2 (continued)

RNA molecule name

ENSEMBL ID

RNA molecule type

Max?/median

Known
immunoprecipitate
d RNA molecule

SNORD118
GAN
SNORD14A
ANK1
SNORD17
H2AC18
PI4AKAP2
SNORD14E
NUP214

ENSG00000200463.1
ENSG00000261609.8
ENSG00000272034.1
ENSG00000029534.21
ENSG00000212232.1
ENSG00000203812.2
ENSG00000183506.17
ENSG00000200879.1
ENSG00000126883.17

C/D box snoRNA
Protein coding
C/D box snoRNA
Protein coding
C/D box snoRNA

Protein coding

Transcribed unitary
pseudogene

C/D box snoRNA

Protein coding

2.44E+04
2.40E+04
2.39E+04
2.28E+04
2.28E+04
2.23E+04
2.21E+04
2.18E+04

2.18E+04

snoRNA: small nucleolar RNA; snRNA: small nuclear RNA; IncRNA: long non coding RNA; SNRHG: small
nucleolar RNA host gene; rRNA: ribosomal RNA; miscRNA: miscellaneous RNA; tRNA: transfer RNA; miRNA:

micro RNA.
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RESULTS

Supplementary Table S3: Distribution of RNA molecules types among candidate RNA molecules before and after

re-analysis of protein coding RNA molecules.

RNA molecule type

Number of RNA molecules before
re-analysis (%)

Number of RNA molecules after
re-analysis (%)

C/D box snoRNA
Protein coding
H/ACA box snoRNA
snRNA
SNHG
INcRNA
rRNA
Mitochondrial tRNA
Y RNA
Vault RNA
miscRNA
scaRNA

miRNA

Transcribed unitary
pseudogene
Not identified RNA
sequence

Total

120 (60.0)

28 (14.0)
10 (5.0)
8 (4.0)
5(2.5)
7(3.5)
4(2.0)
4(2.0)
4(2.0)
3(1.5)
3(1.5)
2(1.0)
1(0.5)
1(0.5)
0(0.0)

200 (100.0)

122 (61.9)

20 (10.2)
12 (6.1)
8 (4.1)
5(2.5)
7(3.6)
4(2.0)
4(2.0)
4(2.0)
3(1.5)
3(1.5)
2(1.0)
1(0.5)
1(0.5)
1(0.5)

197 (100.0)

snoRNA: small nucleolar RNA; snRNA: small nuclear RNA; IncRNA: long non coding RNA; SNHG: small nucleolar

RNA host gene; rRNA: ribosomal RNA; miscRNA: miscellaneous RNA; tRNA: transfer RNA; miRNA: micro RNA.
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Supplementary Table S4: protein coding RNA molecules that were selected by the max?/median ratio due to
immunoprecipitation of snoRNAs codified by their introns. These protein coding RNAs were substituted by the
corresponding snoRNA in the final candidate list. sSnoRNA molecules marked in blue were already present in the

candidate list and were not included to avoid redundancy.

Assigned protein coding Assigned RNA molecules
RNA molecules Max2/median '\::r%p?: after re-analysis
Name ENSEMBL ID P Name ENSEMBL ID

RPL13 | ENSG00000167526.14 1.03E+07 SSc_30 SNORD68 | ENSG00000200084
RPL4 ENSG00000174444.15 2.46E+05 SSc_30 | SNORD18A | ENSG00000200623
RPL13A | ENSG00000142541.18 1.90E+05 SSc_58 | SNORDS35A | ENSG00000200259
RANBP1 | ENSG00000099901.17 4.65E+04 SSc_44 | SNORAT77B | ENSG00000264346
CSKMT | ENSG00000214756.8 3.12E+04 SSc_30 SNORA57 | ENSG00000206597
NOP56 | ENSG00000101361.17 3.08E+04 SSc_48 SNORD57 | ENSG00000226572
HSPA8 | ENSG00000109971.14 2.51E+04 SSc_48 | SNORD14C | ENSG00000202252
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Supplementary Table S5: candidate RNA molecules assignation to different modules by WGCNA.

RNA molecule name ENSEMBL ID RNA molecule type Module
EP300 ENSG00000100393.14 Protein coding A
FBXL20 ENSG00000108306.13 Protein coding A
KMT2A ENSG00000118058.23 Protein coding A
G3BP1 ENSG00000145907.16 Protein coding A
IST1 ENSG00000182149.21 Protein coding A
TTC3 ENSG00000182670.13 Protein coding A
PI4AKAP2 ENSG00000183506.17 Transcribed unitary pseudogene A
MT-CO1 ENSG00000198804.2 Protein coding A
RNU5SF-1 ENSG00000199377.1 snRNA A
RNU5A-1 ENSG00000199568.1 snRNA A
RNU5B-1 ENSG00000200156.1 snRNA A
H2AC18 ENSG00000203812.2 Protein coding A
MT-TV ENSG00000210077.1 Mitochondrial tRNA A
MT-TM ENSG00000210112.1 Mitochondrial tRNA A
RPS18 ENSG00000231500.7 Protein coding A
AC084082.3 ENSG00000253190.4 INcRNA A
GAN ENSG00000261609.8 Protein coding A
SNORD3B-2 ENSG00000262074.7 C/D box snoRNA A
RMRP ENSG00000269900.3 INcRNA A
7SK ENSG00000271394.1 miscRNA A
RNU11 ENSG00000274978.1 snRNA A
RNU12 ENSG00000276027.1 SNRNA A
RN7SL1 ENSG00000276168.1 miscRNA A
RP11-596C23.6 ENSG00000282885.2 INcCRNA A
CH17-3B23.3 ENSG00000287979.1 INcRNA A
SNORD35A ENSG00000200259.1 C/D box snoRNA B
RNU4-1 ENSG00000200795.1 snRNA B
SNORD114-13 ENSG00000201247.1 C/D box snoRNA B
SNORD52 ENSG00000201754.1 C/D box snoRNA B
SNORD82 ENSG00000202400.1 C/D box snoRNA B
SNORD51 ENSG00000207047.2 C/D box snoRNA B
SNORA18 ENSG00000207145.1 H/ACA box snoRNA B
SNORD7 ENSG00000207297.1 C/D box snoRNA B
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Supplementary Table S5 (continued)

RNA molecule name

ENSEMBL ID

RNA molecule type

Module

SNORD83B
MT-TH
SNORD91A
SNORD100
SNORD4A
SNORD4B
SNORD19B
SNORD2

ENSG10010138968.2

SNORD43
SNORD113-5
SNORD30
SNORD98
ZMYND8
LPIN1
RANBP2
RNA5SP289
RNA5S1
SNORD18C
VTRNA1-1
SNORAS3A
RNA5S9
VTRNA1-2
7SK
RNUG-5P
SNORD66
RNA5SP376
PPP1CB
RNUGATAC
SNORD12B
SNORD36C

ENSG00000253389

LINCO2739
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ENSG00000209480.1
ENSG00000210176.1
ENSG00000212163.6
ENSG00000221500.1
ENSG00000238578.1
ENSG00000238597.1
ENSG00000238862.1
ENSG00000238942.1
ENSG00000252787.2
ENSG00000263764.1
ENSG00000272474.1
ENSG00000277846.1
ENSG00000283551.1
ENSG00000101040.19
ENSG00000134324.12
ENSG00000153201.16
ENSG00000199202.1
ENSG00000199352.1
ENSG00000199574.1
ENSG00000199990.1
ENSG00000200983.1
ENSG00000201321.1
ENSG00000202111.1
ENSG00000202198.1
ENSG00000206965.1
ENSG00000212158.1
ENSG00000212251.1
ENSG00000213639.10
ENSG00000221676.1
ENSG00000222365.1
ENSG00000252542.1
ENSG00000253389

ENSG00000255008.3

C/D box snoRNA
Mitochondrial tRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
Protein coding
Protein coding
Protein coding
rRNA
rRNA
C/D box snoRNA
Vault RNA
H/ACA box snoRNA
rRNA
Vault RNA
miscRNA
SNRNA
C/D box snoRNA
rRNA
Protein coding
snRNA
C/D box snoRNA
C/D box snoRNA
Not identified RNA molecule

IncRNA
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Supplementary Table S5 (continued)

RESULTS

RNA molecule hame ENSEMBL ID RNA molecule type Module
RPPH1 ENSG00000259001.3 INcRNA C
SNORD84 ENSG00000265236.1 C/D box snoRNA C
VTRNA2-1 ENSG00000270123.4 Vault RNA C
SNORD11B ENSG00000271852.1 C/D box snoRNA C
SNORD1A ENSG00000278261.1 C/D box snoRNA C
ENSG00000280494 ENSG00000280494.2 miRNA C
ENSG10010137917.1 ENSG00000280554.1 C/D box snoRNA C
SNORD118 ENSG00000200463.1 C/D box snoRNA D
RNY1 ENSG00000201098.1 Y RNA D
RNY3 ENSG00000202354.1 Y RNA D
SNORD72 ENSG00000212296.1 C/D box snoRNA D
SNORD93 ENSG00000221740.1 C/D box snoRNA D
SNORD65 ENSG00000277512.1 C/D box snoRNA D
RNY5 ENSG00000286171.1 Y RNA D
SNORD18A ENSG00000200623.1 C/D box snoRNA E
SNORD14B ENSG00000201403.1 C/D box snoRNA E
SNORD45B ENSG00000201487.1 C/D box snoRNA E
SNORD58C ENSG00000202093.1 C/D box snoRNA E
SNORD60 ENSG00000206630.1 C/D box snoRNA E
SNORD94 ENSG00000208772.1 C/D box snoRNA E
SNORD70 ENSG00000212534.1 C/D box snoRNA E
SNORD71 ENSG00000223224.1 C/D box snoRNA E
SNORDG62A ENSG00000235284.1 C/D box snoRNA E
SNORD127 ENSG00000239043.1 C/D box snoRNA E
SNORD5 ENSG00000239195.1 C/D box snoRNA E
SNORD53B ENSG00000265706.1 C/D box snoRNA E
AK2 ENSG00000004455.17 Protein coding F
ATRX ENSG00000085224.23 Protein coding F
NUP214 ENSG00000126883.17 Protein coding F
TUFM ENSG00000178952.11 Protein coding F
SNORD104 ENSG00000199753.1 C/D box snoRNA F
SNORD1B ENSG00000199961.1 C/D box snoRNA F
SNORD114-11 ENSG00000200608.1 C/D box snoRNA F
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Supplementary Table S5 (continued)

RNA molecule hame ENSEMBL ID RNA molecule type Module
SNORA58B ENSG00000201129.1 H/ACA box snoRNA F
SNORD14C ENSG00000202252.1 C/D box snoRNA F

SNORD34 ENSG00000202503.1 C/D box snoRNA F
SNORD37 ENSG00000206775.1 C/D box snoRNA F
SNORD61 ENSG00000206979.1 C/D box snoRNA F
SNORD63 ENSG00000206989.1 C/D box snoRNA F
SNORA66 ENSG00000207523.1 H/ACA box snoRNA F
MT-TE ENSG00000210194.1 Mitochondrial tRNA F
SNORA2C ENSG00000221491.2 H/ACA box snoRNA F
SNORD111B ENSG00000221514.1 C/D box snoRNA F
SNORD99 ENSG00000221539.1 C/D box snoRNA F
ENSG10010134635.1 ENSG00000222185.1 C/D box snoRNA F
SNORD63B ENSG00000222937.1 C/D box snoRNA F
SNORD57 ENSG00000226572 C/D box snoRNA F
SNORD57 ENSG00000226572.1 C/D box snoRNA F
SNORD42A ENSG00000238649.1 C/D box snoRNA F
SNORD54 ENSG00000238650.1 C/D box snoRNA F
MALAT1 ENSG00000251562.8 INcCRNA F
RNY4 ENSG00000252316.1 Y RNA F
SNORD92 ENSG00000264994.1 C/D box snoRNA F
SNORD1C ENSG00000274091.1 C/D box snoRNA F
SNORD28 ENSG00000274544.1 C/D box snoRNA F
SNORD91B ENSG00000275084.4 C/D box snoRNA F
SNORD38B ENSG00000281859.1 C/D box snoRNA F
SNHG17 ENSG00000196756.13 SNRHG G
SNORD114-1 ENSG00000199575.1 C/D box snoRNA G
SNORD16 ENSG00000199673.1 C/D box snoRNA G
SNORD68 ENSG00000200084 C/D box snoRNA G
SNORD113-6 ENSG00000200215.3 C/D box snoRNA G
SNORD113-8 ENSG00000200367.1 C/D box snoRNA G
SNORD114-23 ENSG00000200406.1 C/D box snoRNA G
SNORD114-28 ENSG00000200480.1 C/D box snoRNA G
SNORD114-25 ENSG00000200612.1 C/D box snoRNA G
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Supplementary Table S5 (continued)

RNA molecule name

ENSEMBL ID

RNA molecule type

RESULTS

Module

SNORD114-17
SNORD114-12
SNORD114-22
SNORAS7
SNORD24
SNORD45C
SNORD105
SNORD90
SNORD86
SNORD3A
SNORD95
SNORD3B-1
GAPDH
TPT1
SNHG29
SNORD114-14
SNORD33
SNORD114-10
SNORD114-26
SNORD113-7
SNORD14E
SNORD46
SNORD114-9
SNORD114-3
SNORD38A
SNORD6
SNHG5
SNHG32
SNORDS58A
SNORD21
SNORD101
SNORD59A

SNORD14D

ENSG00000201569.1
ENSG00000202270.1
ENSG00000202293.1
ENSG00000206597
ENSG00000206611.1
ENSG00000206620.1
ENSG00000209645.1
ENSG00000212447 .1
ENSG00000212498.1
ENSG00000263934.5
ENSG00000264549.1
ENSG00000265185.6
ENSG00000111640.15
ENSG00000133112.17
ENSG00000175061.18
ENSG00000199593.1
ENSG00000199631.1
ENSG00000200279.1
ENSG00000200413.1
ENSG00000200632.1
ENSG00000200879.1
ENSG00000200913.1
ENSG00000201240.1
ENSG00000201839.1
ENSG00000202031.1
ENSG00000202314.1
ENSG00000203875.13
ENSG00000204387.14
ENSG00000206602.1
ENSG00000206680.1
ENSG00000206754.1
ENSG00000207031.1

ENSG00000207118.1

C/D box snoRNA
C/D box snoRNA

C/D box snoRNA

H/ACA box snoRNA

C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
Protein coding
Protein coding
SNRHG
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
SNRHG
SNRHG
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA
C/D box snoRNA

C/D box snoRNA

®
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Supplementary Table S5 (continued)

RNA molecule hame ENSEMBL ID RNA molecule type Module
SNORD102 ENSG00000207500.1 C/D box snoRNA H
SNORD73A ENSG00000208797.1 C/D box snoRNA H
SNORD12C ENSG00000209042.1 C/D box snoRNA H
SNORD83A ENSG00000209482.1 C/D box snoRNA H

SNORDA41 ENSG00000209702.1 C/D box snoRNA H
SNORD17 ENSG00000212232.1 C/D box snoRNA H
SNORD89 ENSG00000212283.1 C/D box snoRNA H
SNORD12 ENSG00000212304.1 C/D box snoRNA H
SNORD69 ENSG00000212452.1 C/D box snoRNA H
SNORD111 ENSG00000221066.1 C/D box snoRNA H
SNORD110 ENSG00000221116.1 C/D box snoRNA H
SNORD19C ENSG00000222345.1 C/D box snoRNA H
GAS5 ENSG00000234741.8 SNRHG H
SNORD11 ENSG00000238317.2 C/D box snoRNA H
SNORD126 ENSG00000238344.1 C/D box snoRNA H
SNORD105B ENSG00000238531.1 C/D box snoRNA H
SNORD87 ENSG00000254341.2 C/D box snoRNA H
SNORD14A ENSG00000272034.1 C/D box snoRNA H
SNORD25 ENSG00000275043.1 C/D box snoRNA H
SNORD50B ENSG00000275072.1 C/D box snoRNA H
SNORD27 ENSG00000275996.1 C/D box snoRNA H
SNORD49B ENSG00000277108.1 C/D box snoRNA H
SNORD49A ENSG00000277370.1 C/D box snoRNA H
SNORD45A ENSG00000207241.1 C/D box snoRNA |
SNORA20 ENSG00000207392.1 H/ACA box snoRNA |
SNORA46 ENSG00000207493.1 H/ACA box snoRNA |
SNORA3B ENSG00000212607.1 H/ACA box snoRNA |
SCARNA22 ENSG00000249784.1 scaRNA |
SNORAT77B ENSG00000264346 H/ACA box snoRNA |
SCARNA15 ENSG00000277864.1 scaRNA |
SNORAG1 ENSG00000278274.1 H/ACA box snoRNA |
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Supplementary Table S5 (continued)
RNA molecule name ENSEMBL ID RNA molecule type Module

SNORA16A ENSG00000280498.1 H/ACA box snoRNA |

snoRNA: small nucleolar RNA; snRNA: small nuclear RNA; IncRNA: long non coding RNA; SNRHG: small
nucleolar RNA host gene; rRNA: ribosomal RNA; miscRNA: miscellaneous RNA; tRNA: transfer RNA; miRNA:
micro RNA.
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Supplementary Table S6: RNA molecules other than snoRNAs that were shown to be immunoprecipitated by

RIP-Seq. The ribonucleoprotein of which is part, and the obtained max?/median ratio is indicated for each RNA

molecule.

RNA molecule Ribonucleoprotein Max?/median
VTRNA1-2 1.49E+08
VTRNAZ2-1 Vault complex 3.57E+07
VTRNA1-1 4.34E+06

RNU5SA-1 5.47E+05
RNU5B-1 U5 snRNP (minor/major spliceosome) 3.99E+05
RNU5SF-1 3.54E+05
RNU4-1 U4 snRNP (major spliceosome) 2.48E+04
RNUGBATAC UBatac snRNP (minor spliceosome) 7.00E+04
RNU6-5P U6 snRNP (major spliceosome) 2.45E+05
MT-TE Mitochondrial glutamyl-tRNA synthetase 3.79E+05
MT-TV Mitochondrial valyl-tRNA synthetase 7.02E+04
MT-TM Mitochondrial methionyl-tRNA synthetase 6.05E+04
MT-TH Mitochondrial histidyl-tRNA synthetase 2.59E+04
RN7SL1 SRP 5.15E+04
7SK 4.70E+06
7SK snRNP
7SK 1.78E+05

snRNP: small nuclear ribonucleoprotein; tRNA: transfer RNA; SRP: signal recognition particle.
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4.1.6.Anti-nuclear valosin-containing protein-like autoantibody is
associated with calcinosis and higher risk of cancer in systemic

sclerosis

Anti-nuclear valosin-containing protein-like autoantibody is associated with calcinosis and
higher risk of cancer in systemic sclerosis. Perurena-Prieto J, Vifias-Giménez L, Sanz-
Martinez MT, Selva-O'Callaghan A, Callejas-Moraga EL, Colobran R, Guillén-Del-Castillo A,

Simeodn-Aznar CP.

Rheumatology (Oxford). 2024 Aug 1;63(8):2278-2283. PMID: 37769243. DOI:
10.1093/rheumatology/kead520.

Pages: 187 - 200
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4.2. Chapter 2

4.2.1.0bjective

To develop a novel ELISA assay for anti-IFI116 autoantibody detection.

1- Testing of a cohort of SSc patients in which no specific autoantibodies were detected
and analysis of the clinical manifestations associated with anti-IFI16 autoantibodies.
2- Testing of a cohort of SSc patients positive for anti-centromere and analysis of the

clinical manifestations associated with the co-positivity of both autoantibodies.

4.2.2. Article

Prognostic value of anti-IFI16 autoantibodies in pulmonary arterial hypertension and
mortality in patients with systemic sclerosis. Perurena-Prieto J, Callejas-Moraga EL, Sanz-
Martinez MT, Colobran R, Guillén-Del-Castillo A, Simedn-Aznar CP.

Med Clin (Barc). 2024 Apr 26;162(8):370-377. PMID: 38302398. DOl:
10.1016/j.medcli.2023.11.020.

4.2.3.Previous considerations

Anti-IFI16 autoantibodies have been described as the third most prevalent
autoantibodies in SSc patients, being detected in 20-30% of SSc patients [67, 336,
337]. Although anti-IFI16 are not specific for SSc, their detection can be of great
utility, as they have been associated with IcSSc. Therefore, they are useful prognostic
biomarkers in patients in which no SSc-specific autoantibodies are found [67, 336].
Furthermore, it has been shown that anti-centromere positive SSc patients who are
also positive for anti-IFI16 autoantibodies had an increased risk of digital vascular
events during the course of the disease, reinforcing the idea that these
autoantibodies have to be considered as prognostic biomarkers in SSc [338].
However, currently, there is no commercial assay for the detection of anti-IFI16
autoantibodies. Moreover, as IFI16 expression of HEp-2 cells and other human cell
lines usually employed for IP is low, anti-IFI16 autoantibodies cannot be detected

either by IIF or IP, thus requiring a specific test for their detection [67]. In this line, we
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decided that it would be very useful to develop a new ELISA method for detecting

anti-IFI16 autoantibodies.

4.2.4.Summary of the results

SSc patients consulting during the 2013 to 2020 period in Vall d’Hebron University Hospital
were included in the study. First, all recollected samples were tested by commercial assays.
Fifty-eight patients from the cohort that were negative for all SSc-specific autoantibodies
and 66 samples positive for anti-centromere autoantibodies by IIF were selected for further
study. An in-house ELISA for detection of anti-IFI16 was developed and 52 healthy donors
were tested in order to establish a positivity criterion or cut-off value. Overall, 29% of tested
SSc patients were positive for anti-IFI16 autoantibodies. Specifically, 17.2% of patients
negative for all SSc-specific autoantibodies and 39.4% of anti-centromere positive patients.
Although we did not find an association between anti-IFI16 and the IcSSc subset due to the
low number of patients with dcSSc included in the study, all anti-IFI16 positive patients were
classified as IcSSc. However, anti-IFI16 autoantibody positivity showed a high association

with PAH and correlated with an overall worse prognosis and higher risk of mortality.

Although not published in the paper, anti-IFI16 positivity was also analysed in conjunction
with results obtained by RNA IP, RIP-Seq and protein IP (Table 7). However, no association

between anti-IFI16 autoantibodies and other detected autoantibodies was found.
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4.2.5.Prognostic value of anti-IF116 autoantibodies in pulmonary arterial

hypertension and mortality in patients with systemic sclerosis

Prognostic value of anti-IFI16 autoantibodies in pulmonary arterial hypertension and
mortality in patients with systemic sclerosis. Perurena-Prieto J, Callejas-Moraga EL, Sanz-
Martinez MT, Colobran R, Guillén-Del-Castillo A, Simedén-Aznar CP.

Med Clin (Barc). 2024 Apr 26;162(8):370-377. PMID: 38302398. DOI:
10.1016/j.medcli.2023.11.020.

Pages: 205 - 212
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5. DISCUSSION

The presence of serum autoantibodies is a serological hallmark of SSc, as it has been
reported that 95% of patients present ANAs by IIF [350]. However, in our cohort of SSc
patients, a significant group presenting heterogeneous clinical manifestations, no specific
SSc-related autoantibodies were detected by commercial assays. More specifically, from
307 SSc patients consulting during the 2013 to 2020 period in Vall d’Hebron University
Hospital, 68 (22.1%) were negative for all tested SSc-specific autoantibodies. Nevertheless,
28 (41.2%) were ANA positive by IIF, indicating that probably this group of patients
presented ANAs that were not identified by commercial assays based on detecting specific
autoantibodies. Therefore, the main objective of this thesis was to develop novel
autoantibody detection strategies to be able to identify specific autoantibodies in the patients
that tested negative by commercial assays and to study if their presence could be associated

with distinct clinical phenotypes.
5.1. Anti-ribonucleoprotein autoantibodies in SSc

Autoantibodies against ribonucleoprotein complexes were studied by traditional RNA IP and
RIP-Seq. When the patients considered negative for specific autoantibodies by commercial
assays were tested by traditional RNA IP, 23.5% resulted positive for already known SSc-
specific autoantibodies. In particular, six patients were positive for anti-Th/To, nine for anti-
U11/U12 snRNP autoantibodies and one for anti-U3 snoRNP. Most samples that were
assayed by RNA IP were also tested by a newly developed RIP-Seq methodology. Following
this approach, 197 RNA molecules were detected to be possible candidates of forming part
of ribonucleoproteins targeted by SSc-related autoantibodies. All RNAs previously found to
be immunoprecipitated by known SSc-related autoantibodies (7-2 RNA, 8-2 RNA, U3 RNA,
U11 RNA and Y RNAs) were selected as candidate RNAs by RIP-Seq. In addition, a variety
of other RNAs not known to be immunoprecipitated by any autoantibody were also detected
by RIP-Seq,

5.1.1. Anti-Th/To autoantibodies

Among patients with a homogeneous nucleolar pattern (AC-8) by IIF who were negative for
specific autoantibodies by commercial assays, 50.0% were found to be anti-Th/To positive.
In the overall cohort (n=307), only 2 patients were classified as anti-Th/To positive by the

commercial assay, indicating a sensitivity of 25.0% for detecting this autoantibody,
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consistent with previous reports [95]. When considering the results of RNA IP and RIP-Seq
together with the commercial test results, anti-Th/To autoantibodies were detected in 2.0%
of the patients from the overall cohort, similar to what has been reported (0.8 - 4.6%) [166,
194-197].

Anti-Th/To autoantibodies recognise different subunits of two different essential
ribonucleoproteins, RNase P and RNase MRP. Although these ribonucleoproteins share
most of their protein components, they are associated with two different RNA molecules, 8-
2 RNA and 7-2 RNA, respectively, and perform different functions (see section 1.7.5.2.). In
this line, several protein components of RNase P and RNase MRP have been demonstrated
to be the target anti-Th/To autoantibodies, including Rpp30, Pop5, Rpp14, Pop4, Rpp21.
However, it has been reported that the majority of patients recognise either Rpp38, Pop1 or
Rpp25 [165, 187-192]. Therefore, commercial assays using recombinant Pop1 [122, 193]
and Rpp25 [192] proteins as antigens have been developed for the detection of anti-Th/To
autoantibodies. These assays are specific enough, but their sensibility is not as high as
expected because autoantibodies directed against other subunits of the RNase P or RNase

MRP complexes are not recognised by these assays (Figure 12) [95, 192].

Although anti-Th/To autoantibodies are associated with IcSSc subsets, when anti-Th/To
positive patients are compared to anti-centromere positive patients within the same subset,
they more commonly have symptoms seen in dcSSc, such as ILD, as well as reduced
survival [166, 194, 198]. As the presence of this autoantibody could indicate a different
prognosis and follow-up of SSc patients and considering the low sensitivity of specific
commercial assays for its detection, RNA IP analysis in all SSc patients who present an AC-
8 IIF pattern and negative testing for SSc-specific autoantibodies by commercial methods

should be performed.

5.1.2. Anti-U11/U12 snRNP autoantibodies

Anti-U11/U12 snRNP was the autoantibody most frequently detected by traditional RNA IP:
13.2% of patients who tested negative by commercial assays showed a positive result for
this autoantibody. Considering that SSc-specific autoantibodies are generally mutually
exclusive, although we have not tested the 307 SSc patient cohort, we can infer that the
prevalence of anti-U11/U12 snRNP autoantibody in our cohort was 2.9%, similar to what
has been reported (3.2 - 8.0%) [97, 314, 315]. Even if anti-U11/U12 snRNP autoantibodies
are strongly linked to severe ILD [97, 314], currently, there is no available commercial test

for their detection (see section 1.7.7.2.). Since this autoantibody does not produce a specific
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IIF pattern, and considering it is a strong prognostic biomarker, our data indicates that
performing RNA IP on all SSc samples testing negative for SSc-specific autoantibodies by

commercial assays should be considered.

Interestingly, on RIP-Seq analysis, U12 RNA enrichment appeared to be nonspecific, as it
was also detected in samples lacking anti-U11/U12 snRNP autoantibodies according to
RNA IP. Anti-U11/U12 snRNP autoantibodies have been reported to recognise subunits of
the U12-dependent (minor) spliceosome, responsible for the excision of the U12-type
introns. The minor spliceosome is structurally similar to the U2-type (major) spliceosome.
Both are composed of five snRNPs and numerous additional non-snRNP proteins. Each
snRNP is constituted by Sm or LSm proteins and specific U snRNAs and proteins (see
section 1.7.7.). Within the minor spliceosome, four of the five snRNAs are unique, specifically
U11, U12, Udatac and U6Gatac, that are functionally and structurally related to the U1, U2,
U4 and U6 snRNAs of the major spliceosome, respectively. Conversely, U5 snRNA is shared
between the two spliceosomes [269, 270, 280, 281, 309].

Much of the specificity in the splicing reaction of both spliceosomes is accomplished by
pairing with specific snRNAs. Although the overall assembly and catalytic steps of intron
removal are very similar between the two spliceosomes [269, 270, 282, 309], there is a
significant difference in the intron recognition step, which for minor introns is carried out by
a preformed U11/U12 di-snRNP complex, while the major introns are recognised
independently by individual U1 and U2 snRNPs (Figure 14) [272, 283-285]. This functional
difference is reflected in the composition of the U11/U12 di-snRNP, which, in addition to the
two unique U snRNAs, also contains 7 protein species that are unique to the minor
spliceosome: RNPC3/65K, PDCD7/59K, 48K, 35K, ZCRB1/31K, 25K and ZMAT5/20K
[286-288]. 59K, 48K, 35K, 25K and 20K are considered to be part of the U11 mono-snRNP,
while it was first suggested that 65K and 31K constituted the U11 mono sn-RNP. In fact, the
U11 snRNP associated 48K recognises the 5'ss together with U11 snRNA and interacts with
59K protein which is further engaged in an interaction with the N-terminal part of 65K. The
C-terminal part of 65K binds U12 snRNA and also U6atac snRNA. Therefore, 65K, 59K and
48K form a chain of interactions connecting the U11 and U12 mono-snRNPs into a di-
snRNP and are essential for the stability of the di-snRNP [359]. However, recent reports
about cryo-EM reconstruction of U11 mono-snRNP suggest the presence of 65K also in this
particle [360].

Typically, the band for U12 snRNA is not clearly visible in RNA IP assays of patients positive
for anti-U11/U12 snRNP autoantibodies [97, 306]. In fact, U12 snRNA was not detected
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through immunoprecipitation when this autoantibody was first described [306]. Nonetheless,
it was expected that anti-U11/U12 snRNP autoantibodies also immunoprecipitated U12
snRNA, since U11/U12 snRNP forms part of the minor spliceosome as a stable complex, as
previously discussed. Thus, the failure to detect U12 snRNA was first thought to be a
consequence of its low abundance in cell extracts, as U11 snRNA is expected to be 5-fold
more abundant than U12 snRNA in human cells. In fact, most U12 snRNP is found
complexed with U11 snRNP, while a fraction of U11 snRNP, behaves as a mono-snRNP [283,
306]. Moreover, as U12 snRNA migrates in the U1 snRNA region in PAGE, it was also
suggested that U12 snRNA's presence could be obscured by the highly abundant U1 snRNA.
In the same report in which this autoantibody was first reported, it was noted that the main
antigenic protein recognised by the positive sera was a 65kDa protein (RNPC3/65K).
Moreover, using glycerol gradients to differentiate U11 mono-snRNP and U11/U12 di-snRNP,
it was demonstrated that although the recognised 65K protein associated with both U11 and
U12 snRNAs, it was more tightly associated with the U11 snRNA or at least not available for
interaction in the U11/U12 di-snRNP complex [306]. Later on, it has been confirmed that
65K or RNPC3 is the major antigenic component recognised by anti-U11/U12 snRNP
autoantibodies [97, 310].

Given the high sensitivity of RIP-Seq, our results indicate that the lack of specific U12 snRNA
enrichment after immunoprecipitation cannot be explained by its low abundance in human
cells. Therefore, although 65K has been demonstrated to specifically bind U12 snRNA, our
results suggest that anti-U11/U12 snRNP-denominated autoantibodies specifically
recognise only U11 mono-snRNP, as previously reported by Gilliam et al. [306]. As 65K has
also been detected to form part of U11 mono-snRNP [290], our data could indicate that
65K is only accessible for autoantibody recognition while forming part of U11 mono-snRNP,
while its antigenic epitopes remain hidden while forming part of U11/U12 di-snRNP and U12

mono-snRNP complexes.

5.1.3. Novel autoantibodies against snoRNPs

Overall, snoRNAs, the guide RNA molecules of snoRNPs, were the most abundant final RNA
candidates obtained by RIP-Seq, comprising 70.5% of the 197 selected RNA molecules.
snoRNPs localise in the nucleoli and catalyse pseudouridylation and 2’-O-methylation of
~200nt of pre-rRNA co-transcriptionally and post-transcriptionally [153]. Based on
conserved sequence elements, snoRNAs are classified as C/D box snoRNAs or H/ACA box

snoRNAs. While methylation of the 2’-hydroxy groups of the riboses is directed by C/D box
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snoRNPs, conversion of uridines to pseudouridines is guided by H/ACA box snoRNPs [153].
snoRNAs are usually derived from introns. Normally, after the splicing reaction, introns are
excised as lariats, which are then opened by the debranching enzyme and subsequently
degraded. However, C/D box snoRNAs escape this degradation by forming a protein
complex that consists of at least NHP2L1, NOP56, NOP58 and fibrillarin. Once the C/D box
snoRNP is constituted, the antisense boxes of the snoRNA recognise complementary
sequences in rRNA by base-pairing, while the 2’-O-methylation reaction is catalysed
specifically by fibrillarin, a SAM [155, 156]. On the other hand, H/ACA box snoRNAs escape
from degradation by assembling into a protein complex containing the pseudouridine
synthetase dyskerin, and the structural proteins GAR1, NHP2 and NOP10. Mature H/ACA
box snoRNPs bind to rRNAs which allows recognition of the substrate uridine that is

isomerised to pseudouridine by dyskerin (see section 1.7.5.) [157].

As mentioned, a high number of snoRNAs are coded by intronic sequences of protein-
coding genes. Consequently, we detected that some of the protein-coding RNA candidates
obtained by RIP-Seq were actually mapped to intronic regions that coded for snoRNAs. In
total, we identified seven protein-coding RNAs that had been misclassified as such due to
the annotation approach used, which prioritised RNA sequence location within protein-
coding gene regions over accurate snoRNA identification in their introns. Consequently,
these 7 RNAs were reclassified into snoRNAs. Moreover, we detected that a patient’s serum
immunoprecipitated a specific intronic sequence from the ANK1 protein-coding gene, likely

corresponding to a small RNA molecule yet to be identified.

5.1.3.1. Anti-C/D box snoRNPs autoantibodies

Anti-U3 snoRNP autoantibodies were the first described autoantibodies against a C/D box
snoRNP. Initially, these autoantibodies were detected by the immunoprecipitation of U3
snoRNA [164]. Later on, it was demonstrated that the majority of these sera targeted a
34kDa protein [202], and due to its localisation in the FC/DFC regions of the nucleolus, it
was named “fibrillarin” (see section 1.7.5.3.) [203]. As previously mentioned, fibrillarin is
thought to constitute the catalytic subunit of all C/D box snoRNPs [352, 353]. However,
although first studies reported that the majority of anti-U3 snoRNP autoantibodies
recognised fibrillarin and U3 snoRNA, subsequent studies have shown that these
autoantibodies can also immunoprecipitate other protein components [125, 187, 202, 205]
and other RNA molecules [206]. Therefore, heterogeneous reactivity against U3 snoRNP

has been reported.
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In vitro studies of C/D box snoRNPs have suggested an ordered assembly pathway that
takes place directly on the snoRNA. NHP2L1 binds to the k-turn motif of the C/D box
snoRNA, recognising highly conserved sequences. The interaction formed by the C/D box
snoRNA and NHP2L1 mediates the recruitment of the scaffolding proteins Nop56 and
Nop58, which are homologous. Fibrillarin is then integrated into the box C/D snoRNP
complex via interaction with Nop56 and Nop58 heterodimer. /n vivo, this process requires
several assembly factors, including the RuvBL1/RuvBL2 proteins [157, 361-363]. However,
to date, the only structural information available about eukaryotic C/D box snoRNPs has
been obtained from U3 snoRNP, which cannot be considered a canonical C/D box snoRNP.
In fact, although U3 snoRNP is the most abundant C/D box snoRNP, it does not methylate
pre-rRNA molecules during ribosome biogenesis like most of these ribonucleoproteins.
Instead, U3 snoRNP guides endoribonucleolytic processing of the 5’ ETS of the 47S pre-
rRNA and plays a key role in the maturation of 18S rRNA forming part of a bigger complex
denominated SSU processome [200]. Furthermore, in the U3 snoRNP complex, two copies
of NHP2L1 bind to two k-turn motifs in U3 snoRNA. Conversely, guide RNAs involved in 2’-
O-methylation normally contain only one k-turn motif and bind only one copy of NHP2L1.
Therefore, whether the architecture of U3 snoRNP can also be assumed for methylation-

competent box C/D snoRNPs remains unclear (Figure 17) [364].

U3 snoRNP 2’-O-methylation snoRNP

Figure 17. Schematic representation of predicted snoRNP structures. In the U3 snoRNP complex, two copies of
NHP2L1 bind to two k-turn motifs in U3 snoRNA by recognising highly conserved sequences. The interaction
formed by the C/D box snoRNA and NHP2L1 mediates the recruitment of the scaffolding proteins Nop56 and
Nop58, which interact with two fibrillarin molecules. Conversely, guide RNAs involved in 2’-O-methylation
normally contain only one k-turn motif and bind only one copy of NHP2L1. Therefore, the architecture of
methylation-competent box C/D snoRNPs remains unclear, and whether two copies or one copy of fibrillarin are

recruited is yet to be determined.
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On the other hand, about half of the known C/D box snoRNP do not have predicted rRNA
targets and are considered “orphan C/D box snoRNAs”. Moreover, the association of some
C/D box snoRNPs with specific diseases and the demonstration of direct interactions
between them and pre-mRNAs, as well as further processing of snoRNAs into miRNAs and
shorter RNAs, suggests that C/D box snoRNPs may possess functions in addition to
directing the 2’-O-methylation of rRNA. This hypothesis is supported by the demonstration
that C/D box snoRNAs are found assembled in protein complexes free from fibrillarin [157,
362, 365-367]. Finally, an asymmetric distribution of core proteins has been demonstrated
in yeasts, indicating that different complex proteins can exist associated with C/D box
snoRNAs [361]. All these data indicate that different subsets of C/D box snoRNPs, with

distinct functions, structure and protein composition, may exist.

The only sample in which U3 snoRNA immunoprecipitation was detected by RIP-Seq was
the one presenting the same immunoprecipitation by traditional RNA IP. However, in our
study, we found that samples from patients exhibiting nucleolar fibrillar staining pattern on
IIF (AC-9) that did not immunoprecipitate U3 snoRNA, neither by traditional RNA IP nor RIP-
Seq, immunoprecipitated a wide repertoire of different C/D box snoRNA molecules.
Moreover, patients with autoantibodies against C/D box snoRNPs exhibited a heterogeneous
profile, as shown by the different RNA immunoprecipitation patterns determined by RNA [P
and RIP-Seq. Of particular note, these differing patterns were associated with two distinct
clinical phenotypes: some patients exhibited a more severe phenotype similar to that
reported for classical anti-U3 snoRNP autoantibodies, with higher rates of heart and lung
involvement, as well as arthritis, myositis and dcSSc [210-212], while others had a much
milder phenotype. RNA IP was able to differentiate between the two subsets: patients whose
samples showed immunoprecipitation of U3, U8, or U13 snoRNA presented the more severe
phenotype classically associated with anti-U3 snoRNP autoantibodies when compared to
those not immunoprecipitating any RNA molecule. Furthermore, WGCNA of co-
immunoprecipitation of RNA molecules detected by RIP-Seq revealed that patients
presenting an AC-9 ANA pattern by IIF with a more severe clinical phenotype clustered

together, while patients with the same ANA pattern but a milder phenotype did not.

Our data indicate that probably autoantibodies against different subsets of C/D box
snoRNPs, composed of different proteins, may arise in SSc patients. More importantly,
autoantibodies recognising different C/D box snoRNPs may associated with different clinical
phenotypes, and therefore, it is of utmost importance to be able to distinguish those

autoantibodies. Additionally, our results demonstrate that available commercial assays
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based on the detection of reactivity against fibrillarin were not able to distinguish these
different subsets. In this line, ten of the patients from our overall cohort of 307 patients were
considered initially positive for anti-U3 snoRNP autoantibody due to a variable positivity of
the commercial immunoblot combined with a compatible IIF pattern, but three of them were
actually negative when tested by RNA IP. Moreover, these three patients did not present the
clinical phenotype associated with anti-U3 snoRNP autoantibodies. On the other hand, two
patients who were considered negative by the commercial immunoblot but presented an
AC-9 IIF pattern were positive by RNA IP and presented clinical manifestations typically
associated with anti-U3 snoRNP autoantibodies. As the immunoprecipitating patterns
detected by RNA IP results were highly associated with the different clinical phenotypes, we
consider that RNA IP analysis should be performed on all patients with an AC-9 IIF pattern.
Actually, RNA IP results could highly contribute to deciding which clinical follow-up approach

should be used in SSc patients presenting an AC-9 IIF pattern.

5.1.32. Anti-H/ACA box snoRNP autoantibodies

Regarding H/ACA box snoRNAs, the third most represented type of candidate RNAs
detected by RIP-Seq, WGCNA analysis showed that patient SSc_44 presented reactivity
against various of these ribonucleoproteins. Interestingly, this patient presented an atypical
nuclear-speckled pattern by IIF, showing staining of a few nuclear discrete dots and peri-
chromosomes. This patient was also positive for anti-U11/U12 snRNP autoantibodies, but
this autoantibody is not associated with any specific ANA pattern, and therefore, anti-H/ACA
box snoRNP autoantibodies could be accountable for the reactivity detected by IIF. There
are few reports on autoantibodies against H/ACA box snoRNPs, and their clinical
implications and specific targets remain unclear [329, 353]. Our patient presented the
diffuse cutaneous form of the disease and ILD, but due to the co-positivity with anti-U11/U12
snRNP autoantibodies, we could not determine whether anti-H/ACA box snoRNP

autoantibodies alone were associated with any specific clinical manifestation.

This patient also presented reactivity against scaRNPs. scaRNPs are specific snoRNPs that
localise to the CB and associate with scaRNAs. scaRNAs can either contain a pair of H/ACA
box motifs, a pair of C/D box motifs, or the 2 motifs at the same time. scaRNAs presenting
C/D box motifs bind to the same proteins as C/D box snoRNPs, while scaRNAs with H/ACA
box motifs bind to the same proteins as H/ACA box snoRNPs [298]. The two scaRNAs that
were immunoprecipitated by patient SSc_44, present H/ACA box motifs [297] and, therefore,
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bind the same proteins as H/ACA box snoRNPs. This finding further confirms that SSc_44

presents autoantibodies against at least one protein component of H/ACA box snoRNPs.

On the other hand, the RNA component of the telomerase holoenzyme requires co-
transcriptional assembly as a H/ACA snoRNP with dyskerin, NOP10, NHP2 and GAR1 [330,
332]. Interestingly, autoantibodies targeting telomerase and sheltering proteins have been
specifically reported in SSc patients and have been associated with severe lung disease
[328, 329]. It could be possible that these autoantibodies also recognise proteins common
to H/ACA snoRNPs due to epitope spreading, as reported for other linked sets of

autoantibodies in systemic autoimmune diseases.

5.1.4. Novel autoantibodies against 7SK snRNP, mitochondrial tRNA

synthetases and vault cytoplasmic complex

As expected, our RIP-Seq results showed that various U5 snRNA and U4 snRNA molecules,
which are part of the major and minor spliceosomes, were immunoprecipitated in samples
positive for anti-U11/U12 snRNP and anti-U4/U6 snRNP autoantibodies. Unexpectedly, U6
snRNA (major spliceosome) and U6atac snRNA (minor spliceosome) were predominantly
immunoprecipitated by SSc_58, a sample that was not known to recognise any protein of
the major or minor spliceosome. Interestingly, this sample also immunoprecipitated 7SK
RNA. Both U6 and Ubatac snRNA, and 7SK present a y-monomethyl phosphate cap at their
5" ends [269, 368], indicating that sample SSc_58 could present autoantibodies against this
structure. Indeed, in SSc autoantibodies against the TMG cap present in the rest of U
snRNAs have already been described. These autoantibodies were demonstrated to react
with this structure by RNA IP even in the deproteinised extracts [97, 306]. However,
autoantibodies against the y-monomethyl phosphate cap have never been reported before
in the sera of a patient or healthy donor. On the other hand, 7SK RNA was also
immunoprecipitated by samples SSc_14, SSc_19 and SSc_26, which do not
immunoprecipite U6 or U6atac snRNA molecules, suggesting that these patients could
present autoantibodies targeting protein components of the 7SK RNP complex. In this line,
patients with autoantibodies against TMG caps have also been reported to present
autoantibodies against protein components of U snRNPs [97, 306]. Therefore, these RNA
structures could become more antigenic in the presence of autoantibodies that recognise
protein components to which they are attached. Indeed, T cells responsive to a peptide

derived from one component of a supramolecular complex may provide intermolecular and
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intra-structural help to B cells producing antibodies to RNA components of the same

supramolecular complex [78-80].

Additionally, we identified several patients who presented reactivity against mitochondrial
tRNA synthetases but no cytoplasmatic tRNA synthetases by RIP-Seq. Autoantibodies
against various cytoplasmatic tRNA synthetases have long been described. These
autoantibodies are associated with anti-synthetase syndrome, which is characterised by
myositis, ILD, arthritis, RP and mechanic’s hands [369]. However, autoantibodies against
the mitochondrial tRNA synthetases have never been described before in the literature.
Protein components of the tRNA synthetases are not shared between cytoplasmatic and
mitochondrial tRNA synthetases [370], and therefore, these newly reported set of

autoantibodies are probably not associated with the traditional anti-synthetase syndrome.

On the other hand, we also detected that some patients immunoprecipitated RNA molecules
associated with cytoplasmatic vault complexes. These complexes are the biggest
ribonucleoprotein complexes of the human cell, with a MW of 13MDa, approximately 3-fold
larger than the ribosomes. These big complexes are constituted by several untranslated
RNA molecules (vault RNAs) and three high MW proteins, major vault protein (MVP), vault
poly(ADP-ribose)polymerase (VPARP) and the telomerase-associated protein 1 (TEP1). The
major vault protein (MVP) constitutes over 70% of the molecular mass of the complex, while
vault RNAs account for about 5%. Although vaults are not essential to eukaryotic cells, they
have been implicated in intracellular transport mechanisms, signal transmission and immune
responses [371, 372]. Interestingly, autoantibodies against the MVP have been reported
recently in SLE and other systemic autoimmune diseases. This suggests that anti-vault
complex autoantibodies may not be specific to SSc but could be associated with it, similar
to anti-Ro60 autoantibodies [373]. Interestingly, some of the patients in which reactivity
against vault complexes was detected were also positive for anti-Th/To autoantibodies and
anti-Ro60. In any case, this study is the first to report these protein complexes as
autoantibody targets in SSc. On the other hand, as previously discussed, autoantibodies
targeting telomerase and sheltering proteins have been specifically reported in SSc patients
[328, 329]. As cytoplasmic vault complexes and the telomerase holoenzyme share TEP1, it

could be possible that these autoantibodies recognise these two ribonucleoproteins.

Overall, although we identified several novel autoantibody targets by RIP-Seq, including
H/ACA box snoRNPs, mitochondrial tRNA synthetases, 7SK snRNP and the cytoplasmic

vault complex, the small number of patients with potential new autoantibodies prevented us
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from establishing statistically significant associations between these autoantibodies and

specific clinical phenotype or ANA patterns by IIF.

5.2. Autoantibodies detected by protein immunoprecipitation

On the other hand, a newly developed protein IP based on biorthogonal metabolic labelling
led to the discovery of a not previously described autoantibody against NVL in six patients.
Moreover, this autoantibody was associated with a specific clinical phenotype characterised
by a higher prevalence of calcinosis and cancer, specifically synchronous cancer. NVL, a
member of the AAA-ATPase type family, is known to exist in two isoforms with N-terminal
extensions of different lengths in mammalian cells. To date, many members of the AAA-
ATPase family have been identified in a wide range of organisms, ranging from bacteria to
mammals. They play important roles in various cellular processes, including proteolysis,
membrane fusion, organelle biogenesis, cytoskeletal regulation, protein folding, and DNA
replication. Although the biological functions of the various members of this family seem
unrelated, it has been proposed that they commonly modulate the assembly and
disassembly of macromolecular complexes as energy-dependent molecular machinery.
Interestingly, RuvBL1/2 complex, against which autoantibodies have also been detected in
SSc, is also an AAA-ATPase [374, 375].

Two alternatively spliced isoforms, NVL1 (a short isoform) and NVL2 (a long isoform) are
produced through the utilisation of different methionine and translation initiation sites. NVL1
and NVL2 are differently distributed in the nucleus, but the predominantly expressed NVL2
is mainly localised in the nucleolus. NVL2 is involved in the 60S ribosomal subunit synthesis.
Eukaryotic ribosome biogenesis is a highly dynamic multi-step process with more than 200
trans-acting proteins. The assembly and disassembly of these biogenesis factors in the pre-
ribosomal particles are strictly coordinated, and many of these interactions are thought to
be regulated via energy-consuming mechanisms. Thus, NVL2 likely acts as a molecular
chaperone in ribosome biogenesis to facilitate the ordered assembly and remodelling of pre-
ribosomal particles. In fact, it has been demonstrated that NVL2 interacts with the human
exosome PM/Scl also involved in the biogenesis of ribosomes. Moreover, NVL2 physically
interacts with the human telomerase holoenzyme and is required for its assembly [376-378].
Interestingly, autoantibodies against several other components involved in ribosome
biogenesis (topoisomerase |, RNApol I, U3 snoRNP, PM/Scl and NOR90) and telomerase

holoenzyme have already been described in SSc patients.
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Additionally, although not included in the published articles, patients immunoprecipitating
other proteins were also found by the newly developed assay. Specifically, one patient was
shown to be positive for anti-RuvBL1/2, one positive for anti-Ki/SL and one positive both for
anti-RPA and anti-Ki/SL autoantibodies.

Anti-RuvBL1/2 autoantibodies are autoantibodies associated with dcSSc-myositis overlap
syndrome. In our cohort, only patient SSc_31 was positive for this autoantibody, who
presented dcSSc and myopathy in addition to digital ulcers and recalcitrant calcinosis.
Moreover, SSc_31 showed a fine nuclear speckled pattern (AC-4) by IIF as described for
these autoantibodies [322]. Considering that SSc-specific autoantibodies are generally
mutually exclusive, although we have not tested the 307 SSc patient cohort, we can infer
that the prevalence of anti-RuvBL1/2 autoantibodies is 0.3%, indicating that this

autoantibody is indeed rare in SSc, as already reported [318].

Anti-Ki/SL autoantibodies, which recognise the proteasome activator subunit 3, are not
specific autoantibodies detected in patients with different systemic autoimmune diseases,
including SSc. However, they are especially prevalent in SLE, while they have been rarely
identified in other rheumatic diseases. Moreover, due to the limited number of studies
reporting this autoantibody, that currently cannot be detected by commercial assays,
whether these autoantibodies are associated with specific clinical manifestations yet has to
be determined [379]. On the other hand, anti-RPA autoantibodies target Replication protein
A, a single-stranded-DNA-binding factor involved in DNA replication, repair, and
recombination that is constituted by three subunits of 70, 32, and 14kDa. Anti-RPA
autoantibodies are not disease specific and have been reported as very rare autoantibodies
in SLE and SjS. However, they have not been previously described in SSc patients [380]. In
addition, we detected protein bands with a MW not corresponding to any known SSc-related
autoantigen in 11 additional samples, indicating that these patients do indeed present ANAs
that have not previously been described. However, no more than two patients presented the

same immunoprecipitation pattern and were not further studied.

5.3. Anti-IFI16 autoantibodies

Anti-IF116 autoantibodies are not SSc-specific, but they are considered commonly detected
SSc-associated autoantibodies. Moreover, as anti-IFI16 autoantibodies have been
associated with the limited cutaneous form of SSc, they are considered of high utility in SSc
patients negative for SSc-specific autoantibodies (see section 1.7.12.) [67, 336, 337].

However, no commercial assay for detecting these autoantibodies is yet available. Therefore,
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we tested SSc patients negative for all specific autoantibodies by commercial assays
(denominated SSc-seronegative henceforth) for anti-IFI16 autoantibodies by an “in-house”
ELISA.

Up-regulation of IFN-inducible genes, the so-called “IFN signature”, has been reported in
SSc and other systemic autoimmune diseases [343]. IFI16 is a member of the HIN200 gene
family, which encodes evolutionarily related nuclear phospho-proteins IFI16, IFIX, MNDA,
and AIM-2. These proteins act as innate pattern recognition receptors that sense double-
stranded DNA (dsDNA) from invading pathogens in both the nucleus and cytoplasm [344,
345]. Transcriptomic studies performed on skin and oesophagus biopsy specimens have
shown that SSc patients fall into one of four intrinsic molecular subsets (inflammatory,
fibroproliferative, normal-like and limited) [347, 348, 381, 382]. In the inflammatory
molecular subset, IFI16 protein has been found to be up-regulated across several studies
[346-348]. Moreover, elevated levels of circulating IFI16 have been found in SSc, SLE, SjS
and RA patients [349]. Increased exposure to the protein could explain the production of
specific autoantibodies against IFI16. In this line, autoantibodies against IFI16 have been
reported with a prevalence ranging from 18.0-29.0% in SSc [67, 336, 337], 23.5%-63.0%
in SLE [339-341], 50.0-70.0% in SjS [336, 342], 0.0-13.0% in RA and 3.0% in SSc-PM
overlap syndrome [339, 342].

We observed that the prevalence of anti-IFI16 autoantibodies in SS-seronegative patients
was 17.2%. The detected frequency of anti-IFI16 was lower than what has been reported in
previous assays in which this autoantibody was tested in anti-Scl70 and anti-centromere
autoantibody negative patients (25-30%) but higher than was reported in a unique study in
which also anti-RNApol Ill autoantibody negative patients were considered (9%) [67, 336,
337]. On the other hand, 39.4% of anti-centromere positive patients were also positive for
anti-IFI16 autoantibodies, indicating that they are indeed a very common autoantibody in
SSc. However, a highly variable prevalence of anti-IFI16 autoantibodies within the anti-
centromere positive group has been reported in the literature, ranging from 12.7% to 27.5%
[67, 337, 338].

Because of the design of our study, few of the included patients were classified as dcSSc.
Therefore, no association was found between anti-IFI16 or anti-centromere autoantibodies
and any specific cutaneous subset. Nevertheless, all anti-IFI16 positive patients were
classified as IcSSc, and anti-IFI16 levels were found to be higher in IcSSc patients than in
dcSSc patients, almost reaching statistical significance, indicating the quantitative

usefulness of anti-IFI16 levels to distinguish both subsets. Previous studies have reported
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conflicting results about anti-IFI16 autoantibodies and their association with the IcSSc
subset, and a prevalence of 4% to 14.6% of dcSSc has been reported in anti-IFI16
autoantibody positive patients [67, 336, 337]. However, the prevalence of included dcSSc
patients varied from 30.5% to 63.7% in previously studied cohorts, probably accounting for
some of the variability observed [67, 336, 337]. Moreover, the discrepancies in overall and
dcSSc subset prevalences might also be a consequence of the use of different detection
assays and the lack of an international standard reference serum. Therefore, further studies,
including a high number of both dcSSc and IcSSc patients, are needed to elucidate the

reason for the differences.

Our study found no association between anti-IFI16 autoantibody positivity and a specific
ANA IIF pattern, consistent with the fact that IFI16 is not highly expressed by HEp-2 cells
[67]. Among all ANA negative SSc patients from our cohort who were tested for anti-IFI16
autoantibodies, 16.7% were anti-IFI116 autoantibody positive, pointing out the usefulness of
testing this autoantibody in this group of patients. ANAs tested by IIF in HEp-2 cells is often
the screening step for studying SSc-related autoantibodies, but it is important to note that

anti-IF116 autoantibodies could be missed when following this diagnostic flowchart.

When taking into account SSc-seronegative and anti-centromere positive patients, we found
higher levels of anti-IFI16 autoantibodies in patients who had RP and digital ulcers than in
patients who only had RP. In a matched case-control study, higher levels of anti-IFI16
autoantibodies were found in patients with severe digital ischaemia. A longitudinal study was
also performed, showing that anti-IFI16 autoantibody levels indeed varied over time and
were higher within six months of a digital ischaemic event [337]. An increased risk of digital
vascular events was subsequently found in SSc patients who were both anti-centromere
and anti-IFI16 autoantibody positive [338]. In our study, when only anti-centromere
autoantibody positive patients were considered, no significant differences were found in anti-
IFI16 autoantibody titres when comparing patients who had RP and digital ulcers with
patients who only had RP. This different finding may be due to the variability of anti-IFI16
autoantibody levels over time, as the previous study deliberately selected the sera samples

closest to the maximum Raynaud’s severity score, whereas our study did not [338].

We found that anti-IFI16 autoantibodies were associated with a higher prevalence of isolated
PAH and with a lower PAH-free survival. As anti-centromere autoantibodies have
traditionally been associated with PAH [383], and more than half of our cohort were anti-
centromere autoantibody positive patients, the association of anti-IFI16 autoantibodies with

PAH-free survival was also evaluated considering anti-centromere autoantibody status by
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multivariate analyses. Moreover, anti-IFI16 autoantibodies have been associated with an
older age at the onset of the disease, as we found in the anti-centromere autoantibody
positive group. Hence, multivariate analyses, including age at onset of disease, were also
performed. Anti-IFI16 autoantibodies remained significantly associated with a higher
prevalence of isolated PAH and with a lower PAH-free survival even when adjusting for anti-
centromere status and age at onset of disease. Moreover, anti-IFI16 autoantibodies could
be used to predict pulmonary involvement in SSc-seronegative patients, as these patients
were more likely to have PAH and to have undergone a lung transplant, mainly due to this
complication. In any case, when considering only anti-centromere autoantibody positive
patients, although anti-IFI16 positive patients were more prone to isolated PAH, anti-IFI16
autoantibodies were not found to be associated with PAH (15.4% vs. 7.5%; p=0.420). This
lack of association could be explained by the lower heterogeneity of the anti-centromere

positive patient group and the low number of patients included in the study.

Interestingly, in our selected cohort of patients, anti-centromere was not an independent
predictor of PAH. Overall, it has been described that 10-20% [64] of anti-centromere
positive patients present isolated PAH, but anti-centromere has traditionally been associated
with this clinical characteristic when compared to anti-Scl70 positive patients, who rarely
present isolated PAH. However, some recent studies with large cohorts have not found an
increased prevalence of isolated PAH in the anti-centromere positive patients when
compared with the frequency of this clinical characteristic in the whole cohort or even when
compared with anti-Scl70 positive patients [64]. In our cohort of study, anti-Scl70 positive
patients were not included, and while 10.6% of anti-centromere positive patients presented
isolated PAH, 6.9% of the SSc-seronegative patients also presented this clinical
characteristic, leading to a lack of association of anti-centromere autoantibody to isolated
PAH. On the other hand, anti-centromere autoantibody has been negatively associated with
ILD [64]. In the present study, this negative association was also found (6.1% vs. 27.6%,
p<0.001) when anti-centromere positive patients were compared to SSc-seronegative
patients, while anti-IFI16 autoantibodies were not found to be associated with a different

prevalence in ILD.

Anti-IFI16 autoantibody positive patients exhibited a statistically significantly poorer overall
survival than anti-IFI16 autoantibody negative patients. In fact, anti-IFI16 autoantibody
positive patients had 3.2-fold higher risk of death, regardless of anti-centromere status. Even
when adjusting for age at onset of disease, anti-IFI16 autoantibody positive patients showed

a three-fold higher risk of dying with a trend toward significance (p=0.066). Moreover, in 25%
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(n=2) of anti-IFI16 autoantibody positive patients, PAH was the cause of death, indicating
that the association of this autoantibody with isolated PAH could partly correlate with the

observed overall worse prognosis.

Anti-IFI16 autoantibody results were also analysed in conjunction with results obtained by
RNA IP, RIP-Seq and protein IP. However, no association between anti-IFI16 and other
detected autoantibodies was found. Therefore, our results confirm previous findings
indicating that although anti-IFI16 autoantibodies are SSc-associated autoantibodies, they
could be used as a complementary marker of SSc, specifically for the diagnosis of IcSSc in
otherwise SSc-seronegative patients. Moreover, we have demonstrated that anti-IFI16
autoantibodies are useful prognostic biomarkers even in patients already positive for anti-
centromere autoantibodies, as they are associated with a more severe form of IcSSc. In fact,
although SSc-specific autoantibodies such as anti-centromere autoantibodies are closely
associated with different SSc clinical phenotypes, significant heterogeneity in clinical
outcomes still exists within each of these autoantibody-defined groups. In this line, it has
already been described that co-positivity for anti-SMN autoantibodies in MCTD patients
positive for anti-U1 snRNP autoantibodies, and co-positivity for anti-Ro60 autoantibodies in
SSc patients positive for SSc-specific autoantibodies, are associated with worse overall
prognosis and specific clinical manifestations [308, 333-335]. Consequently, screening for
co-existing autoantibodies such as anti-IFI16 autoantibodies could be useful for identifying

these patient subsets.

5.4. Overall results discussion

Finally, after the application of all the newly developed approaches, only 22 (7.2%) patients
of the overall cohort remained negative for specific autoantibodies. Therefore, 46 (67.6%)
of the 68 patients who were negative for all SSc-specific autoantibodies detected by
commercial assays were actually positive for at least one autoantibody when tested by the
newly developed strategies. On the other hand, only 4 of the 22 patients that remained
negative were ANA positive by IIF, indicating that 87.5% of patients who tested negative by
commercial assays based on specific autoantibody detection but were ANA positive by IIF,

resulted positive by the newly developed approaches (Figure 18).

On the other hand, specific autoantibodies were detected by the newly developed strategies
in 50.0% of the 36 patients who were ANA negative by IIF (Figure 18). Anti-U11/U12 snRNP
and anti-IFI16 autoantibodies were the most common autoantibodies detected in this group,

with a prevalence of 16.7% and 16.3%, respectively. Our results indicate that SSc patients
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presenting autoantibodies against autoantigens that are not highly expressed by HEp-2 cells
could not be detected by IIF. As ANAs tested by IIF in HEp-2 cells is often the screening step
for studying SSc-specific and SSc-associated autoantibodies, these autoantibodies could

be missed when following this diagnostic flowchart.

ANA positive by IIF: 32

Paositive for specific autoantibody: 46

ANA negative by IIF: 36 Negative for specific autoantibodies: 22

Figure 18. Sankey diagram of IIF patterns and detected specific SS autoantibodies. Graphical summary of the
relation between ANA patterns identified by IIF and RNA IP. RIP-Seq, protein IP and ELISA results. Created with
www. SankeyMATIC.com.

We have detected several autoantibodies that have not been previously reported in SSc
patients through the newly developed strategies, including autoantibodies against C/D box
snoRNPs, 7SK snRNP, mitochondrial tRNA synthetases, cytoplasmatic vault complexes,
NVL and RPA. The small number of patients with potential new autoantibodies prevented us
from establishing statistically significant associations between most of these autoantibodies
and specific clinical phenotypes. Given the rarity of the disease and the low frequency of
these autoantibodies, multicenter studies may be required to achieve a sufficient number of
patients. However, we were able to establish that patients presenting reactivity against C/D
box snoRNPs distinct to U3, U8 or U13 snoRNP do indeed present mild clinical
manifestations, similar to what is observed in anti-centromere positive patients. Interestingly,
half of the patients presenting these autoantibodies presented ssSSc. On the other hand,
we found that anti-NVL patients were associated with a new clinical phenotype of SSc
defined by recalcitrant calcinosis, synchronous cancer and limited cutaneous form of the
disease. Furthermore, regarding anti-IFI16 autoantibodies, we confirmed that they are highly
prevalent autoantibodies within the IcSSc subset, as previously reported and that their

presence is associated with PAH and a poorer overall prognosis in SSc.

Therefore, we have detected three autoantibodies found mainly in the ssSSc and IcSSc

subset but with very distinct clinical manifestations (Figure 19), further reinforcing the
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hypothesis that the detection of autoantibodies enables a better subclassification of SSc

patients than the classical approach defined only by cutaneous extension.

IcSSc , dcSSc
Anti-centromere Anti-Scl70
PAH? Anti-U11/U12 snRNP | /LD
AntidF16 ILD, malignancy?, GI?
PAH Anti-Th/To Anti-RNApol Il
Anti-NVL ILD SRC, GAVE, cancer
Malialianes Anti-U3 snoRNP
calcinosis PAH, calcinosis,
DU, myopathy,
cardiopathy, G/
Anti-RuvBL1/2
Anti-C/D box Anti-PM/Scl Myopathy |
snoRNP Myopathy,
BacSs calcinosis

Anti-EIF2B

R "' .
Anti-Ku Myopathy, RA,
Myopathy ILD

Overlap syndromes

Figure 19. SSc-related autoantibody association with disease subsets and specific clinical manifestations.
Previously described SSc-specific autoantibodies are marked in blue, while SSc-related autoantibodies found to

be associated with clinical manifestations in this thesis are marked in red. Created with BioRender.com
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6. CONCLUSIONS

The results obtained in this thesis permit us to propose the following conclusions:

1.

10.

1.

Strategies based on RIP-Seq methodology are reliable for detecting autoantibodies
in SSc and show higher sensitivity than traditional IP approaches.

Protein IP based on bio-orthogonal metabolic labelling coupled with MS, which does
not require the use of radioisotopes, is a reliable strategy for new autoantibody
identification of SSc-related autoantibodies.

A significant group of SSc patients who test negative for specific autoantibodies by
commercial assays, especially patients considered ANA positive by IIF, are actually
positive when tested by more sensitive assays such as IP and ELISA.

Negative ANA results by IIF do not exclude the presence of specific autoantibodies,
such as anti-U11/U12 snRNP and anti-IFI16, in patients with SSc.

Commercial assays present a low sensitivity for detecting anti-Th/To autoantibodies
due to the high complexity of the ribonucleoproteins targeted by these
autoantibodies.

Anti-U11/U12 snRNP autoantibodies, currently not detectable by commercial
assays, are frequently found in SSc patients who test negative for specific
autoantibodies and are ANA negative by IIF.

Autoantibodies against different subsets of C/D box snoRNPs associated with
distinct clinical phenotypes are detected by RNA IP and RIP-Seq in SSc patients.
Anti-NVL autoantibodies are associated with an AC-8 ANA IIF pattern and a specific
clinical phenotype of SSc defined by limited cutaneous involvement, recalcitrant
calcinosis and synchronous cancer.

Anti-IF116 autoantibodies are highly prevalent autoantibodies within the IcSSc subset,
and their presence is associated with PAH and a poorer overall prognosis.

Overall, not previously reported autoantibodies are very rare in SSc, thus requiring
the study of very large cohorts to be able to establish their association with ANA IIF
patterns and clinical manifestations.

The identification of SSc-related autoantibodies enables a better subclassification of

SSc patients than the classical approach defined only by cutaneous extension.
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ANNEXE 1 — Pulmonary function tests, basic concepts

- Spirometry allows to determine different parameters, being the most important ones the forced vital

capacity (FVC), the forced expiratory volume in one second (FEV+) and the FEV4/FVC ratio.

Normal
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- Diffusing capacity for carbon monoxide (DLco): the diffusing capacity is a measure of the ability of the

lungs to transfer gas. Diffusion in the lungs is most efficient when the surface area for gas transfer is

high and the blood is readily able to accept the gas being transferred. It is thus decreased in:

o

Conditions that minimize the ability of the blood to accept and bind the gas that is diffusing,
like anaemia.

Conditions that decrease the surface area of the alveolar-capillary membrane, like
emphysema or pulmonary embolism.

Conditions that alter the membrane’s permeability or increase its thickness, like endothelial

cell proliferation.

- Residual volume and total lung capacity: even after one exhales as long and as hard as possible, some

air remains in the lungs; this is called the residual volume. The residual volume plus the FVC equals the

total lung capacity (TLC). The residual volume cannot be measured by spirometry and requires special

tests:

o

o

The patient breathes an inert gas such as helium, and the concentration of it is measured in
the expired air, from which the residual volume is calculated.

The patient sits in an airtight booth in which the pressure is measured as he or she breathes.

- Obstructive/restrictive pattern:

o

In obstructive lung diseases, airway obstruction causes an increase in resistance. During
normal breathing, there is no need for a high difference in pressure, and therefore, the
pressure/volume relationship is no different from a normal lung. However, for rapid breathing,
a greater difference in pressure is needed to be able to overcome the resistance to flow, and

consequently, the volume of each breath gets smaller in obstructive disease.
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Volume-time curve

In restrictive lung diseases, the compliance of the lung is reduced, which increases the
stiffness of the lung and limits its expansion. In these cases, a greater difference in pressure
than normal is required to give the same increase in volume even in normal breathing.

For recognizing the obstructive or restrictive pattern, the first step is to assess the FEV4/FVC
ratio. If this ratio is less than the lower limit of normal for the patient, an obstructive defect is
present. If this ratio is greater than the lower limit of normal, then either the spirometry test is
normal, or a restrictive defect is present. If the FVC is less than the lower limit of normal, a
restrictive defect is suggested. The total lung capacity can confirm the presence of restriction

if this value is less than the predicted lower limit of normal.

Measurement Obstructive pattern Restrictive pattern
FVC Decreased or normal Decreased
FEV1 Decreased Decreased or normal

FEV4/FVC Decreased Normal
TLC Normal or increased Decreased

A volume-time curve and flow-volume loop are usually included with the report of spirometry
which allows a quick recognition of restrictive and obstructive patterns. In a proper FVC
manoeuvre, volume decline should be at its highest near the start of exhalation. This is
graphed in the volume-time curve. In the case of an obstructive pattern, the volume decline
will be constant during the exhalation, and a high flow rate at the start will not be observed.
Similarly, flow rates are highest near the total lung capacity, where the FVC manoeuvre begins,
and the decline until the residual volume (where the FVC manoeuvre ends). This is graphed
as the flow-volume loop. In an obstructive pattern, the flow rates will be diminished in
comparison with a healthy person, while in a restrictive pattern, the flow rates and also the

volumes will be diminished.
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ANNEXE 2 — Haemodynamics, basic concepts

- Right ventricle afterload: the “load” against which the right ventricle ejects blood, which corresponds
with pressure in the pulmonary artery and the right ventricle systolic pressure. There is an inverse
relationship between afterload and systolic performance, meaning that cardiac output decreases as
the afterload on the heart increases.

- Pressures in the pulmonary artery: during systole, the pressure in the pulmonary artery is essentially
equal to the pressure in the right ventricle. However, after the pulmonary valve closes at the end of
systole, the ventricular pressure falls precipitously, whereas the pulmonary arterial pressure falls more
slowly as blood flows through the lungs. The systolic pulmonary arterial pressure normally averages
about 25mmHg, and the diastolic pulmonary arterial pressure is about 8mmHg, while the mean
pulmonary arterial pressure (mPAP) is 15mmHg.
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- Pulmonary arterial wedge pressure (PAWP): it usually is not feasible to measure someone’s left atrial
pressure using a direct measuring device because it is difficult to pass a catheter through the heart
chambers into the left atrium. However, the left atrial pressure can be estimated with moderate
accuracy by measuring the so-called pulmonary arterial wedge pressure. This is measured by inserting
a catheter first through a peripheral vein to the right atrium, then through the right side of the heart and
through the pulmonary artery into one of the small branches of the pulmonary artery, and finally pushing
the catheter until it wedges tightly in the small branch. The pressure measured through the catheter,
called the “wedge pressure” is about 5-6mmHg. Because all blood flow has been stopped in the small
wedged artery, and because the blood vessels extending beyond this artery make a direct connection
with the pulmonary capillaries, this wedge pressure is usually only 2-3mmHg higher than the left atrial
pressure. When the left atrial pressure rises to high values, the pulmonary wedge pressure also rises.
Therefore, wedge pressure measurements can be used to estimate changes in pulmonary capillary
pressure and left atrial pressure in patients with congestive heart failure.

- Cardiac output: the amount of blood pumped by the heart each minute.

- Total pulmonary vascular resistance (PVR): is defined as the resistance against blood flow from the
pulmonary artery to the left atrium. It is most commonly modelled using a modification of Ohm’s law

described below, and a value of 0.25-1.6mmHg-min/L or WU (Wood Units) is considered as normal.

_Input pressure (MPAP) - Out pressure (PAWP)

PVR Total blood flow (cardiac output)
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