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Editorial introductions

Current Opinion in Rheumatology was launched in 1989. It is one of a successful series of review journals whose
unique format is designed to provide a systematic and critical assessment of the literature as presented in the many
primary journals. The field of Rheumatology is divided into 15 sections that are reviewed once a year. Each section
is assigned a Section Editor, a leading authority in the area, who identifies the most important topics at that time.
Here we are pleased to introduce the Journal’s Section Editors for this issue.

Anna Ghirardello

Anna Ghirardello, DSc, PhD,
graduated in Biological Sciences
from the University of Padova,
Italy where she also qualified in
Clinical Pathology. She received
her PhD degree and post-doctoral
fellowship at the University of
Padova. She is Biologist at the
University Hospital of Padova.
Her main fields of interest include
the pathogenesis and laboratory diagnostics of
connective tissue diseases, focused primarily on sys-
temic lupus erythematosus and idiopathic inflam-
matory myopathies. Dr Ghirardello is a member of
the Italian Society of Rheumatology (SIR), Council
member of the Italian Interdisciplinary Forum for
the Research in Autoimmune Diseases (FIRMA), and
member of the EuroMyositis Registry. She has auth-
ored over 120 ISI publications.

Andrea Doria

Andrea Doria is Professor of Rheumatology and
Head of the Unit of Connective Tissue Disease and
Rare Rheumatic Diseases, Division of Rheumatology,
Department of Medicine, University of Padua, Italy.
He is Head of the Rheumatology Unit, University of
Padua and Director of Rheumatology postgraduate
medical school.

Professor Doria received his medical degree and
qualification in Rheumatology from the University
of Padua. He was Council member of the Italian
College of Rheumatology (CRO) between 1999 and
2005 and a Council member of the Italian Society of
Rheumatology (SIR) from 2007 to 2010 and from
2013 until now. He is also a member of American
College of Rheumatology (ACR).
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Professor Doria has organised over ten interna-
tional conferences on autoimmunity and was
involved as ‘“expert” in the EUropean League
Against Rheumatism (EULAR) Standing Committee
for the development of clinical and therapeutic
recommendations: (1) EULAR recommendations
for the management of systemic lupus erythemato-
sus (SLE)—Assessment of the SLE patient (2008-
2009); (2) EULAR recommendations for the manage-
ment of SLE Part II—Neuropsychiatric disease
(2008-2009); (3) Joint EULAR and European Renal
Association- European Dialysis and Transplant Asso-
ciation (EULAR/ERA-EDTA) recommendations for
the management of adult and paediatric lupus
nephritis (2012). Professor Doria is a member of
the Lupus Academy Steering Committee and co-
Chaired the 4th Annual Meeting held in Rome
27th February to 1st March 2015. He was the chair
of the 10th European Lupus Meeting, held in Venice
(Italy) 5-8th October 2016.

Professor Doria is on the Editorial Boards of
several rheumatology and immunology journals,
including Lupus, Autoimmunity, Clinical and Exper-
imental Rheumatology, Autoimmunity Reviews,
Journal of Autoimmunity, Experimental Biology
and Medicine, Rheumatology Reports, Journal Auto-
immunity Highlights and Reumatismo (the official
journal of Italian Society of Rheumatology).

He has authored over 250 ISI publications on
SLE and other connective tissue diseases. These
include clinical studies describing new manifesta-
tions or subgroups of autoimmune disorders, prog-
nostic risk factors, diagnostic tests and therapeutic
interventions, as well as immunochemical studies
that evaluate autoantibodies, epitopes and comple-
mentary epitopes of autoantigens. In addition, he
has authored and co-authored three books, over 90
book chapters and conference proceedings, and
over 500 abstracts for national and international
conferences.

Professor Doria has long-standing experience of
the clinical management of patients with connec-
tive tissue diseases. The Unit in which he works is a
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tertiary referral rheumatology centre, within Italy,
for the diagnosis and management of patients
affected with systemic connective diseases. In addi-
tion, he has expertise in the management and fol-
low-up of pregnant patients with systemic
rheumatic diseases. Professor Doria has also trained
over 30 students in Rheumatology.

Mariele Gatto

Dr Mariele Gatto, MD, is Rheuma-
tologist and currently attending
her last year of PhD course in
Clinical and Experimental Scien-
ces at Padova University, Italy. Dr
Gatto performs both clinical
activity and laboratory research
at Padova University, with a
major focus on development
and treatment of systemic lupus
erythematosus (SLE) and other connective tissue
diseases. So far, her Cursus Studiorum was carried
out between Padova University and other foreign
institutions where Dr Gatto could acquire and
improve research skills, particularly at Zabludowicz
Center for Autoimmune Diseases in Tel Aviv, Israel
and at Charité Hospital in Berlin, Germany, with a
major focus on B cells in lupus.

Dr Gatto is actively involved in patient recruit-
ment and follow-up within randomized controlled
trials, investigating novel therapeutics in SLE,
inflammatory myositis and Sjogren syndrome, as
well as in training of younger fellows and students
at Padova Medical School.

Dr Gatto has attended several national and
international meetings and symposia as speaker
and was awarded so far with four prizes (CORA
young researcher award 2015; prize of the Italian
Society of Rheumatology 2016; CORA award 2019;
DIMAR 2019 award at Medicine Department of
Padova university) for best abstract presentation.
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She is author or co-author of 58 publications
available in PubMed.
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Shervin Assassi, MD, MS, is Pro-
fessor of Medicine and Director of
Division of Rheumatology at the
University of Texas Health Sci-
ence Center at Houston. He holds
the Noranna Warner Endowed
Chair in Rheumatology and co-
directs the UTHealth Scleroderma
Program. After graduating from
Albert Ludwig Medical School in
Freiburg/Germany, he completed his internal med-
icine and rheumatology post-graduate training at
the University of Texas Health Science Center at
Houston (UTHealth). He also has a Master’s degree
in Clinical Research and holds adjunct appoint-
ments School of Biomedical Informatics and Grad-
uate School of Biomedical Sciences.

Dr Assassi’s research focuses on the correlation
of clinical features of systemic sclerosis with genetic
and gene expression data to identify novel thera-
peutic targets and to develop clinically useful bio-
markers. His laboratory works with mouse fibrosis
models, as well as primary human samples to elu-
cidate the molecular basis of systemic sclerosis. He is
the principal investigator of several National Insti-
tute of Health and foundation funded research
projects.

Dr Assassi has co-authored over 185 peer-
reviewed manuscripts and has received multiple
awards including a Clinical Investigator Fellowship
Award from the American College of Rheumatol-
ogy and University of Texas System STARs Award.
He is a member of Medical Scientific Advisory
Board of National Scleroderma Foundation and
the president of Scleroderma Clinical Trial Consor-
tium.
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Biomarkers of disease activity in dermatomyositis

Xin Lu, Qinglin Peng and Guochun Wang

Purpose of review

This review provides updates regarding biomarker studies that address key clinical unmet needs, which
relate to the evaluation of the disease activity in patients with dermatomyositis.

Recent findings

Increasing evidence supports that the serum levels of dermatomyositis-specific antibodies (DM-MSAs), which
include anti-Mi-2, anti-NXP2, anti-MDAS5, anti-TNF1-y, and anti-SAE, are correlated with the disease
activity. Moreover, serial measurements of DM-MSA levels may help to predict the disease status. Beyond
the MSA, macrophage activation-related biomarker-soluble CD163, CD206, neopterin, and galectin-3/9
are the most currently talked biomarkers for disease activity in dermatomyositis; new circulating T-cell
subsets CD4-+CXCR5+CCR7IoPD-1hi and TIGIT+CD226+ CD4 T cells can potentially harbor biomarkers
of disease activity in dermatomyositis. In addition, LDGs and NETs were also shown to be correlated with

the disease activities of dermatomyositis.

Summary

Promising candidate biomarkers are now available for evaluating disease activity in dermatomyositis.
These biomarkers need external validation in other large cohort studies.

Keywords

biomarkers, dermatomyositis, disease activity

Dermatomyositis is a heterogeneous group of auto-
immune disease characterized by chronic inflamma-
tion of multiple tissues including skin, muscles, and
lung. It has been proposed to subclassify into
six different subtypes: anti-Mi-2 dermatomyositis,
anti-MDAS dermatomyositis, anti-TIF1-y dermato-
myositis, anti-NXP2 dermatomyositis, anti-SAE der-
matomyositis, and myositis-specific autoantibodies
(MSA)-negative dermatomyositis according to the
presence of different dermatomyositis-specific anti-
bodies (DM-MSA) [1,2]. Different subtypes of der-
matomyositis have distinct clinical characteristics
and vary to the treatment response. Therefore, how
to evaluate the disease activity of dermatomyositis is
an important issue for clinicians. The International
Myositis Assessment and Clinical Studies Group
(IMACS) scoring system is the most common tool
used to evaluate the disease activity in current
clinical studies [3]. However, the IMACS core set
measures are more complex and often cannot dis-
criminate between the effects of chronic damage
and active of disease. It is of great clinical signifi-
cance to find out more simple and sensitive bio-
markers that reflect the disease activity of
dermatomyositis. In this article, we review the
recent literature on the biomarkers, which could
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be used to assess the disease activity in the patients
with dermatomyositis.

Many studies have documented that MSA could
serve as a serum biomarker not only for clinical
classification and the diagnosis but also for the
evaluating disease activity of dermatomyositis.

Anti-Mi-2

Anti-Mi-2 antibodies are present in about 4-20% of
dermatomyositis patients who have typical skin
lesions, such as Gottron sign and heliotrope rash
[47]. Although most anti-Mi-2-positive patients with
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KEY POINTS

e Increasing evidence supports that the serum level of
DM-MSA (anti-Mi-2, anti-NXP2, anti-TNF1-y, and anti-
MDADS5) could be severed as biomarkers for predicting
the disease activity.

e Macrophage activation-related biomarkers, such as
soluble CD163, CD206, neopterin, and galectin-3/9,
are the most currently talked biomarkers for disease
activity in dermatomyositis.

o New circulating T-cell subsets
CD4+CXCR5-+CCR7IoPD-Thi and TIGIT+CD226+
CDA4 T cells can potentially harbor biomarkers of
disease activity in dermatomyositis.

o LDGs and NETs are correlated with disease activities
of dermatomyositis.

dermatomyositis have severe muscle weakness and
significantly elevated serum levels of creatine kin-
ase, they usually response well to treatment and
have a favor prognosis. Previous study founded that
the serum anti-Mi-2 level of dermatomyositis
patients decreased after rituximab (RTX) treatment,
and the decline of serum anti-Mi-2 level over time
was related to the decrease of creatine kinase level
and Physician Global Assessment (PGA) score and
the increase of manual muscle testing (MMT8) but
not related to the Patient Global Assessment score,
extra-muscular score, and HAQ [5]. In a large Chi-
nese cohort, the serum anti-Mi-2f3 levels of derma-
tomyositis patients were positively correlated with
the creatine kinase level and PGA score and nega-
tively correlated with MMTS. The antibody level can
decrease but will not be negative after treatment [6].

Anti-NXP2

Anti-NXP-2 appears in 3-24% dermatomyositis
patients [47]. Anti-NXP2-positive patients present
distinct clinical phenotype. It has an increased risk
of calcinosis in children and young adult patient,
whereas malignancy in elderly patients. Few studies
investigated the relationship between the antibody
levels and disease activity. Yang et al. developed an
ELISA kit in-house and confirmed by immunopre-
cipitation assay to determine the serum levels of
anti-NXP2 and its clinical association in a single
adult IIM cohort [7]. They reported that the serum
anti-NXP2 level was closely associated with creatine
kinase levels, muscle weakness, and PGA score in the
patients without calcinosis. After treatment, the
antibodies of these patients can decrease to normal
when disease remission and increase again when
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disease relapse. However, no correlation between
the antibody levels and disease activity was observed
in those patients with calcinosis. These findings
suggested that the anti-NXP2 antibodies may play
different roles in the pathogenesis of dermatomyo-
sitis with and without calcinosis, and monitoring
antibody levels may help for evaluating the efficacy
of treatment.

Anti-MDA5

Anti-MDAS antibody can be detected in about 13-
30% of dermatomyositis patients [4"]. It is highly
correlated with interstitial lung disease (ILD), espe-
cially with rapid progression of ILD (RP-ILD) in
Asian patients, which was associated with high
mortality and poor prognosis. Early studies from
Japan have showed that the serum antibody levels
of dermatomyositis patients at onset of disease were
not associated with mortality rate. However, the
serum anti-MDAS levels in survived patients would
decline to normal after treatment. Antibody levels
in dead group did not decrease with time, which
indicated that monitoring the serum anti-MDAS
level can be a useful tool for predicting the prognosis
of dermatomyositis patients during follow-up [8].
Another study reported by Shirakashi et al. also
showed that the serum anti-MDAS levels of derma-
tomyositis patient with exacerbation of respiratory
function were strikingly reduced after 6 months of
plasma exchange therapy, and these patients had a
higher survival rate than those without PE treat-
ment [9]. A recent study from a Chinese cohort
revealed that the increased levels of anti-MDAS
IgG1 and IgG3 isoforms in dermatomyositis patients
were associated with high risk of mortality, which
suggested that more than one isotype of anti-MDAS
antibody may be involved in the pathogenesis of
this condition [10].

Anti-TIF1-y

Anti-TIF1-y antibody appears in about 10-20% of
dermatomyositis patients [4"]. Previous consistent
studies have identified that anti-TIF1-y antibody
was the strongest predictor of malignancy in adult
dermatomyositis patients. Early study to investigate
the serum levels of anti-TIF1-y in small sample of
adult and juvenile patients with dermatomyositis
found that antibody levels can decline after treat-
ment [11]. In a clinical trial of RTX in the treatment
of refractory myositis demonstrated that the serum
levels of anti-TIF1-y of dermatomyositis patients
before treatment were associated with MMTS,
PGA score, and HAQ of patients. The change of
antibody levels after RTX treatment was positively
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correlated with the improvement of disease activity
[S]. A subsequent study found that among four
dermatomyositis patients, the serum anti-TIF1-y
levels of two patients without cancer declined to
normal but did not decrease or even increased in two
patients with cancer after myositis treatment [12]. A
recent study involving 30 cancer-associated myosi-
tis (CAM) and 50 dermatomyositis patients without
cancer (non-CAM) demonstrated that the serum
anti-TIF1-y levels could decrease in both CAM and
non-CAM groups after myositis treatment, and the
decrease of antibody levels was positively correlated
with the change of MMTS, creatine kinase level and
PGA score [13™]. In addition, the serum antibody
levels were correlated with histopathological score
of muscle biopsy in CAM patients but not in non-
CAM patients. Non-CAM patients present typical
dermatomyositis pathological pattern more such as
perifascicular atrophy, whereas CAM patients had
polymorphological features including perifascicular
atrophy, predominant necrotic muscle fibers, non-
specific myositis, and even normal muscle tissue.
However, although CAM patients had higher creatine
kinase levels and more severe muscle weakness than
non-CAM patients, no significant difference of serum
anti-TIF1-ylevels was observed between patients with
and without cancer in this study. Interestingly, this
study found that the survival rate of patients with
significantly increased anti-TIF1-y level (three times
higher than cut-off value) was much lower than those
withmildlyincreased antibody level in CAM patients.
However, no statistically significant difference of
survival rate between anti-TIF1-ylevels and prognosis
of patients was observed in non-CAM group [13™].
Another cohort study involved 36 patients with CAM
also showed that the anti-TIF1-y levels can decline
and tend to be negative when disease is in remission
after myositis treatment [14]. These findings sug-
gested that monitoring of serum anti-TIF1-y levels
is useful to estimate the disease activity and predict
the prognosis of dermatomyositis patients with or
without cancer.

Anti-SAE

Anti-SAE is a rare DM-MSA that occurs in less than
10% of the adult IIM patients [4"]. Only a few cases
reported the relationship between the serum levels of
anti-SAE and disease activity. A cohort study from the
Chinese population showed that among six anti-SAE
positive patients with dermatomyositis, the antibody
levels of four patients continued to decline after treat-
ment, and the disease activity including PGA muscle
score decreased at the same time. The serum anti-SAE
levels of the other two patientsincreased again during
the follow-up [15]. Therelationship between anti-SAE
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levels and disease activity needs to be further clarified
in a large cohort.

Earlier studies have revealed increased serum levels of
a macrophage activation marker, soluble CD163, in
dermatomyositis patients [16,17]. Serum levels of
soluble CD163 was found to be associated with dis-
ease activity of polymyositis and dermatomyositis
patients in cross-sectional study and decrease with
disease activity scores after treatment in longitudinal
study [16]. Recently, additional macrophage activa-
tion markers, including CD206 [18,19] and neopterin
[20™%], were also found to be significantly increased in
the sera of dermatomyositis patients. Of note, high
levels of serum neopterin was found to be associated
with pulmonary function impairments and disease
activity scores in dermatomyositis patients. Further
prognosis studyidentified high-serum neopterin con-
centration as an independent risk factor for poor
prognosis in dermatomyositis [20*"]. Another study
conducted by our group revealed elevated serum
levels of galectin-9 in dermatomyositis patients com-
pared with IMNM patients and healthy controls; and
histologically, galectin-9 was found to be mainly
expressed by macrophages in the lung tissue of der-
matomyositis patients [21]. Vitro studies uncovered
that galectin-9 may promote the release of inflam-
matory mediator CCL2 by lung fibroblast, suggesting
a role of galectin-9 in the pathogeneses of dermato-
myositis-associated ILD [21]. Interestingly, another
member of galectin family, galectin-3, was also found
to be significantly increased in myositis sera com-
pared with healthy controls, especially in myositis
patients who are complicated with ILD and correlated
with radiological lung disorder and treatment
response [22]. These findings indicate that macro-
phage activation markers may serve as promising
biomarkers for disease activity and prognosis of der-
matomyositis patients, and the findings also high-
light the potential role of macrophage activation in
the pathogenesis of dermatomyositis.

In the peripheral blood of polymyositis and derma-
tomyositis patients, CD28null T cells were more
frequently compared with healthy controls, and
T-cell infiltrates in myositis muscles were domi-
nated by CD28null T cells [23]. Further studies have
demonstrated that CD28null T cells contribute to
muscle fiber damage through perforin-dependent
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and HLA-regulated mechanisms [24]. These studies
imply that T-cell subsets with specific phenotypes
may be involved in the pathogeneses of myositis.

Moreover, several studies attempted to identify
new T-cell subsets in myositis patients and correlated
the subsets’ abnormalities with disease activities.
Zhangetal. [25] investigated a Tth cell-like circulating
T-cell subsets, CD4+CXCR5+CCR71oPD-1hi T cells,
in polymyositis and dermatomyositis patients and
found that this subset of T cells was significantly
increased in polymyositis/dermatomyositis patients.
It has also been revealed that higher percentages of
CD4+CXCRS5+CCR710PD-1hi T cells were associated
with higher disease activity scores assessed by PGA
and higher serum creatine kinase levels. In addition,
the percentage of circulating CD4+CXCRS5+
CCR7loPD-1hi T cells decreased significantly after
successful treatment [25]. These findings indicate
that CD44+-CXCR5+CCR7IoPD-1hi T cells may be a
disease activity markerin polymyositis/dermatomyo-
sitis patients.

More recently, our group examined the expres-
sion of TIGIT and CD226 on T cells of dermatomyo-
sitis patients and identified a subset of CD4 T cells
with co-expression of TIGIT and CD226, showing
enhanced effector function and proliferating ability
[26"]. The portion of the TIGIT+CD226+ CD4 T cells
was significantly expanded in dermatomyositis
patients, especially in those with ILD, and they were
closely related to disease activity and decreased sig-
nificantly in remission after treatment. Of note, the
effector function of this T-cell subpopulation could
be successfully suppressed by CD226 antibody
blocking [26"]. Therefore, these results suggested
that TIGIT4+CD226+ CD4 T cells may be a disease
activity marker in dermatomyositis patients. Further
studies on this subset of T cells may uncover ther-
apeutical potential of dermatomyositis targeting
TIGIT/CD226 axis.

Neutrophil extracellular traps (NETs) play a significant
role in immune defense against pathogens, and they
could also result in inflammation because of the proin-
flammatory nature of NET components. Low-density
granulocytes (LDGs) are a subpopulation of neutrophil
with lower density compared with normal neutro-
phils. LDGs haveincreased capacity to synthesize NETs
and type I IFNs [27,28], and thus display significant
pathogenic features. It has been observed that
enhanced formation and impaired degradation of
NETs in polymyositis and dermatomyositis patients
are associated with ILD [29], and the percentage of
LDGs in peripheral blood mononuclear cells is
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correlated with lung disease activity in dermatomyo-
sitis patients [30]. Peng et al. [31] also reported higher
levels of cfDNA and LL-37 in dermatomyositis patient
with ILD, and a positive correlation between cfDNA
and KL-6 was also revealed. Torres-Ruiz et al. [32]
demonstrated higher levels of LDGs and NETs in myo-
sitis patients with active disease. Furthermore, the
correlations of the presence and levels of LDGs and
NETswith myositis disease activities were confirmed in
a United States cohort [33]. Collectively, current liter-
ature reports suggest that LDGs and NETs-related
markers may serve as biomarkers for dermatomyositis
disease activities. In addition, Zhang et al. [34] pro-
vided evidence showing that NETs could induce myo-
sitis-associated ILD by promoting the proliferation and
differentiation of lung fibroblasts. Interestingly, Seto
et al. [33] found that NETs isolated from myositis
patients could cause skeletal myotube cell death,
which is attributed to a toxic effect mediated by cit-
rullinated histone H4, indicating that NETs may also
contribute to the direct tissue damage in myositis.

A prominent feature of dermatomyositis patients is the
overactivation of the type 1 interferon (IFN) pathway
[35]. The type 1 IEN signature score was found to be
highly correlated with disease activity [36—-38]. Myxo-
virus resistance protein A (MxA) as a gene specifically
regulated by type-1 IFN was reported to be highly
expressed in the muscle of dermatomyositis patients,
especially in the perifascicular myofibers [39]. More
recent studies evaluating the diagnostic value of MxA
expression in muscle biopsy for dermatomyositis and
resulting data suggested that sarcoplasmic MxA expres-
sion examined by immunohistochemistry is a sensitive
diagnostic marker of dermatomyositis [40,41]. In addi-
tion, studies have also revealed that the expression of
MxA in dermatomyositis is correlated with muscle dis-
ease activities in juvenile dermatomyositis patients
[42,43]. It requires further investigations to clarify
whether MxA expression levels could reflect the severity
of muscle involvement in adult dermatomyositis.

Advances in diagnosis and treatment for dermato-
myositis have underlined the unmet clinical needs
in evaluating the disease activity. Several promising
biomarkers addressing the assessment of disease
activity have been identified in preliminary studies.
They provide clinicians with new ways to differen-
tiate disease activity from the damage and assist
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with management in dermatomyositis. Moreover,
further clinical studies are required to confirm the
validation of these biomarkers in large prospective
cohorts.
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Recent advances in elucidating the genetic basis
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Purpose of review

Systemic sclerosis (SSc) is a complex autoimmune disorder that affects the connective tissue and causes
severe vascular damage and fibrosis of the skin and internal organs. There are recent advances in the field
that apply novel methods to high throughput genotype information of thousands of patients with SSc and
provide promising results fowards the use of genomic data to help SSc diagnosis and clinical care.

Recent findings

This review addresses the development of the first SSc genomic risk score, which can contribute to
differentiating SSc patients from healthy controls and other immune-mediated diseases. Moreover, we
explore the implementation of data mining strategies on the results of genome-wide association studies to
highlight subtype-specific HLA class Il associations and a strong association of the HLA class | locus with
SSc for the first time. Finally, the combination of genomic data with transcriptomics informed drug
repurposing and genetic association studies in well characterized SSc patient cohorts identified markers of

severe complications of the disease.

Summary

Early diagnosis and clinical management of SSc and SSc-related complications are still challenging for
rheumatologists. The development of predictive models and tools using genotype data may help to finally
deliver personalized clinical care and treatment for patients with SSc in the near future.

Keywords

genetics, genomic risk score, personalized medicine, polymorphisms, systemic sclerosis

Systemic sclerosis (SS¢) is a chronic immune-medi-
ated disease (IMD) characterized by persistent
immune imbalance, severe vascular damage and
progressive fibrosis of the connective tissue [1,2].
Patients suffering from SSc are mostly women
(approximately in a ratio of four women to one
man) and show heterogeneous manifestations of
the disease. These patients can be classified as suffer-
ing from limited cutaneous SSc (1cSSc) or diffuse
cutaneous SSc (dcSSc) depending on the extent of
their fibrosis [3] or according to their serological
status as anticentromere (ACA), antitopoisomerase
(ATA) or anti-RNApol-III (ARA) auto-antibody pos-
itive [4,5]. The SSc clinical and serological subtypes
are known to be correlated with disease complica-
tions and prognosis [6]. Although the cause of SSc is
unknown, it is clear that genetic susceptibility fac-
tors have an essential role in the onset and the
evolution of the disease [7-9]. In the last 15 years,
in addition to the known associations of classical
HLA class II haplotypes, several multicentre studies
have interrogated the genome of thousands of

1040-8711 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

patients with SSc to identify genetic risk factors
and up to 32 non-HLA loci have been clearly pin-
pointed as relevant for SSc [10-15]. Nevertheless,
the actual causal variants and the functional mech-
anisms responsible for the majority of the reported
association signals are yet to be defined. Further-
more, there has been no implementation of genetic
markers into the clinic so far.

Recent studies have applied innovative analyses
to the available genomic information or generated
multiomic datasets to advance in the molecular
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KEY POINTS

e Recent advances in the study of the genetic basis of
SSc are seminal for future advances in early diagnosis
and personalized medicine.

e Datamining of genome-wide association studies resulted
in the generation of a genomic risk score that can
contribute to differentiating patients with SSc from other
immune mediated disorders.

e The reanalysis of the HLA region led to the identification
of the HLA class | as a susceptibility factor for SSc.

o Expression quantitative trait loci (eQTL) analysis of the
peripheral blood of patients with SSc support drug
repurposing for this condition.

o A comprehensive characterization of SSc-related
phenotypes and the study of non-European populations
will be needed to move forward in our knowledge
about the molecular mechanisms that trigger and
maintain SSc.

causes of SSc and to better characterize the clinical or
serological subtypes of SSc patients. In this review,
we will analyse the new insights into SSc patho-
genesis provided by these novel approaches and the
promising chances of future advances in early diag-
nosis and patient-care that they hold.

Genome-wide association studies (GWAS) analyse
the frequency of common genetic variants in hun-
dreds of thousands of genomic positions located
throughout the whole genome and compare large
cohorts of cases and controls [16]. This information
is analysed in a hypothesis-free fashion and the
identified genetic association signals need to be later
explained in the context of the disease [17,18]. The
GWAS strategy is a very powerful tool to study the
genetic basis of complex diseases, in which tens of
different loci contribute very modestly to increase
the risk of developing a specific condition [16].
GWAS have been fruitful in the analysis of IMDs,
and they have not only greatly contributed to clarify
the genetics of immune-imbalance and loss-of-tol-
erance, but also to identify possible drug targets [19-
21]. However, despite the value of the GWAS find-
ings, it has been proven hard to implement genetic
susceptibility markers into medical routine [16,17].
Therefore, we will address recent studies that have
made the most out of the available SSc genomic
datasets by using novel analysis methods to identify
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individuals at a high risk, to help differential diag-
nosis and to predict disease progression.

Genomic or genetic risk scores (GRS), also known as
polygenic risk scores (PRS), estimate the risk of a
specific individual to suffer from a disease based on
the cumulative effects of different genetic risk var-
iants that contribute modestly to disease suscepti-
bility [22,23].

A number of GRS or PRS have been developed for
immune-mediated diseases during the last years.
Several reports have shown relevant advances in
the estimation of disease risk, clinical manifesta-
tions or treatment response in different IMDs, such
as rheumatoid arthritis [24-27], systemic lupus
erythematosus [28,29], psoriasis [30], Kawasaki dis-
ease [31], Takayasu arteritis [32] and sarcoidosis [33].

In 2021, our group developed the first GRS for
SSc [34"]. The allelic effect estimates were obtained
thanks to a previously published meta-analysis of
several SSc GWAS studies (meta-GWAS) [13], which
included 9095 SSc patients and 17 584 nonaffected
controls from 14 populations with European ances-
try. Thousands of GRS models were tested in a totally
independent cohort integrated by 400 SSc cases
and 571 controls. Finally, the best-fitting model,
which included 33 independent single-nucleotide
polymorphisms (SNPs), was able to correctly separate
SSc cases from nonaffected controls in 67% of
the instances (specificity=0.76, sensitivity=0.51,
accuracy =0.66). As expected, patients with SSc
showed the highest GRS values and the individuals
who ranked in the 95th GRS percentile had a five
times higher relative risk than the average to be
diagnosed with SSc.

Despite these positive results, the most common
scenario in clinical practice is to provide individuals
with SSc-related symptoms with a diagnosis or to
manage an already diagnosed condition. This task
can be very challenging due to the overlapping symp-
tomatology between multiple IMDs or even between
the different SSc subtypes. Regarding differential
diagnosis, the SSc GRS showed interesting results,
as it was useful to discriminate between patients with
SSc and others suffering from Sjogren’s syndrome
[area under de curve AUC =0.59 (0.55-0.6)] or rheu-
matoid arthritis [AUC =0.57 (0.53-0.61)] and to mar-
ginally differentiate SSc from systemic lupus
erythematosus cases [AUC=0.55 (0.51-0.59)].

Unfortunately, this model was not able to cor-
rectly classity patients with SSc into the dcSSc or
1cSSc subsets or to predict the presence of SSc-related
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autoantibodies or pulmonary fibrosis. Therefore,
the new GRS models using the allelic effect estimates
from the comparisons between dcSSc and 1cSSc or
between ACA+ and ATA+ patients were generated.
These clinical or serological subtype specific
GRSs involved thousands of SNPs and showed an
increased power to correctly classifty ACA+ and
ATA+ patients [AUC=0.69 (0.61-0.78)], probably
due to the strong effects of the HLA region. On the
contrary, the clinical subtype GRS did not represent
a significant improvement in the classification of
1cSSc versus dcSSc.

It should be highlighted that the patients
recruited for the GRS development cohort also par-
ticipated in a deep phenotyping initiative [Refer-
ence PRECISESADs], which allowed us to combine
the SSc GRS with tens of peripheral blood cell com-
position parameters into a multivariate model.
Interestingly, this multivariate model, which inte-
grated the GRS with other variables, such as age and
the frequency of different immune cells [memory B
cells, resting natural killer (NK) cells, MO macro-
phages and activated dendritic cells] in the blood,
increased the predictive power to encouraging AUC
values [AUC discovery =0.85 (0.81-0.88) and AUC
test=0.79 (0.73-0.84)].

The genetic basis of systemic sclerosis Villanueva-Martin et al.

The proposed model still needs to be validated
in a different cohort with genotype information for
the selected variants and, if possible, with cytome-
try-based peripheral blood cell estimates. Moreover,
the performance of the model varied slightly
depending on the geographical origin of the
patients, which suggests that it might not be directly
applicable to different ancestry groups. Neverthe-
less, we are confident that this work represents a key
step in the process of translating genetic findings
into early diagnosis, disease progression prediction
or pharmacogenomics for patients with SSc (Fig. 1).

The human leukocyte antigen (HLA) locus was the
first genetic risk factor to be firmly identified as a risk
factor for SSc [35-37]. The HLA genetic region enc-
odes the proteins that form the antigen presenting
complex, which has a key role in immune-mediated
diseases. Reassuringly, all the SSc GWAS have
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Schematic representation of the development of a genomic risk score and its implementation in the clinical
management of systemic sclerosis patients. a) Selection of independently associated SNPs from a GWAS in a discovery
cohort, followed by the selection of the bestfitting model in a score development cohort. b) Score calculation for each patient

and classification into high or low risk for SSc.
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confirmed the initial genetic findings and the most
significant genetic associations with the disease
correspond to specific HLA class II haplotypes
[10,12,13]. Moreover, recent studies confirmed that
the inheritance of HLA alleles is key in the sharing of
serological and disease characteristics in familial SSc
cases [38]. Nevertheless, the HLA locus is the most
polymorphic region in the human genome and
shows intricate disequilibrium patterns that require
a complex methodology for analysis and is often
ignored in GWAS analyses.

In order to provide a renewed insight into the
HLA region, our group revisited the genetic infor-
mation of the HLA region [39%] from the previously
mentioned SSc meta-GWAS [13]. The genetic asso-
ciations in the extended HLA region were analysed
under logistic regression models, but they singled-
out the independent association signals in this locus
by iteratively conditioning the models on the most
associated variants. The analysis including all the
patients with SScyielded a total of nine independent
SNPs that explained the association of the complete
locus. Two of these SNPs corresponded to synony-
mous changes in the HLA-DQA1 gene and one to a
stop mutation in the HLA-DPB1 gene. Moreover, up
to eight classical HLA class II alleles and one allele in
the HLA class I were confirmed as genetic suscept-
ibility factors at the genome-wide significance level
(P < 5 x 10~8). Moreover, when the clinical and sero-
logical subsets were considered, two HLA class 11
alleles, HLA-DQA1%02:01 and HLA-DQA1+05:01,
were associated exclusively with 1cSSc and dcSSc,
respectively. Similarly, the HLA-DRB1%08:01 and
HLA-DRB1+07:01 alleles acted as risk alleles only
for patients with ACA+ serology, while the associ-
ations of the HLA-DPA1%x02:01 and HLA-
DQB1x03:01 alleles were restricted to dcSSc. Finally,
it was shown that HLA-DRB1x11 : 04 was only asso-
ciated with the ARA+ disease. Taking into account
differences in the disease progression between the
different SSc subsets, these novel findings open the
way for further implementation of the HLA alleles as
noninvasive biomarkers of disease severity.

Despite previous suggestive association reports,
Acosta-Herrera et al. [39"] showed a firm association
of the HLA class I region with SSc, for the first time.
The reported risk allele, HLA-Bx08:01, is highly
correlated with the presence of an Asp residue in
the 9th position of the HLA-B molecule, inside the
peptide-binding groove, and it might have rele-
vance in the antigen presentation. The association
of HLA class I alleles with SSc points towards a new
insight of the pathogenesis, as HLA class I molecules
are not only recognized by CD8™ T cells [40] but also
by killer immunoglobulin-like receptors (KIR)
expressed by CD8" T cells and by NK cells [41-43].
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In this line, according to a recent meta-analysis,
the highly polymorphic KIR gene cluster is not likely
to largely contribute to SSc on its own [44]. However,
Hanson et al. [45%] very recently conducted a large
analysis of KIR-HLA epistatic interactions in SSc. This
analysis confirmed several associations of HLA class I1
and class 1 alleles (HLA-Bx44:03-HLA-Cx16:01)
with SSc risk, a novel with ATA+ disease (HLA-
DRB1%15:01). In addition, the authors explored
the coinheritance of KIR alleles and HLA class I alleles.
They found that patients with SSc who were carriers of
the HLA-Cx16 allele inherited KIR2DL3 (a strong
inhibitor of NK cell degranulation) less than controls.
However, KIR2DL3 was more frequent in patients
with SSc if they carried the HLA-Cx04 allele, which
binds the KIR2DL3 receptor less efficiently. Moreover,
the coinheritance of HLA-Bw4 and a compatible
inhibitory receptor, KIR3DL1, had a protective effect.
In contrast, the inheritance of HLA-C1 alleles but not
its inhibitory receptor, KIRZDL3, increased the risk of
developing SSc.

Altogether, these recent evidences have
extended the scope of the HLA research towards a
more sophisticated estimation of the contribution
of this complex locus to SSc risk and further support
the HLA as a highly valuable locus to predict disease
prognosis.

Next-generation sequencing (NGS) costs have con-
stantly decreased over the years and, finally, it is
possible to characterize different layers of genetic,
epigenetic and transcriptomic information for
cohorts of patients with SSc of considerable size.
On this front, we combined GWAS genotyping
data and whole transcriptome information of periph-
eral blood immune cells, obtained using RNA-
sequencing (RNA-seq) techniques, from 333 patients
with SSc and 524 controls [46"]. Our group exploited
this unique dataset to identify genetic variants that
controlled the expression of nearby genes, that is to
define expression quantitative trait loci (eQTLs) in
SSc. By these means, 4539 SNPs with a suggestive
allelic association with SSc¢ (P<1x107°) had an
impact on the expression of 565 nearby genes (cis
eQTLs) in immune cells. Furthermore, 105 (45%) of
the eQTL genes showed altered expression patternsin
the blood cells, skin or lung tissue of SSc patients.
This approach was supplemented with a drug target
prioritization amongst approved medications for
immune-mediated diseases, which brought up nine
druggable targets. Remarkably, only three of them
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have been part of SSc clinical trials, which opens the
door for future drug repurposing for patients with SSc.

The characterization of a SSc-specific transcrip-
tomic profile and the relation between the identi-
fied genetic risk factors and these altered gene
expression patterns is a necessary progression
towards prediction and monitoring of disease pro-
gression and response to treatment.

Following the goal of identifying patients who are
prone to develop severe disease complications, the
researchers in the SSc field have done tremendous
efforts to recruit and to comprehensively character-
ize hundreds of patients with specific disease symp-
toms or complications. These sets of patients are
essential to study specific genetic markers that will
help to personalize the monitoring and manage-
ment of SSc in each patient.

SSc-associated interstitial lung disease (SSc-ILD)
is one of the most dangerous consequences of SSc
and several SNPs have been reported as genetic
markers of SSc-ILD (IRF5, STAT4, CD226 and
IRAK1), although most of them remain controver-
sial. A recent study, which included 394 SSc patients
with SSc-ILD and 218 SSc patients without SSc-ILD
and 503 nonaffected controls, reported that only
one SNP located in the STAT4 locus, 1s7574865,
showed significant differences between patients
with and without SSc-ILD [47]. In addition,
152235611, a SNP located in the promoter of the
mRNA-binding protein serine/arginine protein 55
(SRp55 or SRSF6) locus, was found to increase the
risk to develop SSc-ILD and nailfold videocapillaro-
scopy abnormalities in an Italian cohort (414 SSc
patients and 458 controls) [48]. Two loss-of-func-
tion rare mutations in TNIP2 and TRAF2 were iden-
tified using whole-exome sequencing (WES) on
families with patients affected with pulmonary arte-
rial hypertension (PAH) with interatrial communi-
cation and SSc [49]. Finally, a pharmacogenomic
study in the context of SSc-ILD was performed to
checkif a SNP in MUCS5B, 1s35705950, influences the
response to immunosuppression with cyclophos-
phamide and mycophenolate [50]. Nevertheless,
no effect of this genetic variant on pulmonary
parameters was observed.

Another well known SSc complication is the
scleroderma renal crisis (SRC), which is more fre-
quent in ARA+ patients [51]. A GWAS of an ARA+
cohort of 99 SSc patients affected and non-aftected
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by SRC showed suggestive associations of one SNP in
the POUZ2F1 locus (rs2093658), one in CTNNDZ2
(rs1859082), one in HECW2 (1s16849716) and one
in GPATCHZ2L (rs935332) [52]. The former associa-
tion was confirmed in a replication cohort compris-
ing 256 additional ARA+ patients and an increased
expression of the GPATCH2L and CTNND2 proteins
during SRC was also reported [52].

An interesting finding was also found through
the characterization of patients with both IMDs and
sex-chromosome trisomies. A study by Scofield et al.
[53] revealed an association of the Klinefelter syn-
drome (47, XXY) with SSc and idiopathic inflam-
matory myopathies.

Apart from these analyses of specific SSc-related
phenotypes, to identify the missing heritability of
the disease and to narrow down known genetic
association signals, it is very important to extend
the study of SSc to non-European populations. Last
year, Liu et al. [54] analysed a Chinese Han cohort
(343 patients with SSc and 694 controls) and repli-
cated the previously reported associations of
15117026326 and rs73366469, located in the GTF2I
locus, with SSc in this Asian population. Moreover,
they described a suggestive association of NFKBI
1s1599961 with SSc and found no association
between TYK2 rs2304256 and SSc in Chinese Han.

These novel or phenotype-specific associations
still need to be replicated in independent and stat-
istically powerful studies, but they will be key to
understanding the genetic basis of patient hetero-
geneity, the interpopulational differences and the
observed diversity of the clinical manifestations
of SSc.

The characterization of the genetic basis of SSc, and
other IMIDs, started with the identification of
genetic regions associated with the disease. The
characterization of the associated loci provided
priceless knowledge about the physiopathology
and biological processes involved in SSc. Neverthe-
less, the majority of the identified susceptibility
factors did not have a straightforward explanation.
Therefore, they could not be directly used to inform
diagnosis or to help in the clinical management
of SSc.

Recent reports made the most out of the available
genomic datasets and moved forward the translation
of genetic biomarkers into real clinical tools to help
early and differential diagnosis of SSc. Moreover, in
the last months, we have observed significant con-
tributions of genetic analyses to the identification of
relevant biological processes for SSc and to suggest
possible drug targets.
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Nonetheless, there is still a lack of integration of
multiple layers of genomic, epigenomic and tran-
scriptomic information into a systems biology set-
ting to characterize each SSc patient and address
their care and treatment in a personalized way.
Novel technologies, such as nuclear DNA conforma-
tion analysis [55], characterization of alternative
RNA splicing, noncoding RNAs or single cell RNA-
sequencing [56-61] are being successfully imple-
mented in SSc. The combination of all these sources
of information with the SSc genetic risk factors will
certainly contribute to breaking down the events
and cellular settings that lead the SSc. Therefore, we
are positive that future genetic research will con-
tribute importantly to diagnosis and treatment of
SSc, with the ultimate goal of relieving suffering in
patients affected by this disease.
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Purpose of review

One of the key clinical challenges of systemic sclerosis (SSc) is diversity in clinical presentation, organ
involvement and disease progression. Antinuclear autoantibodies (ANA) are central to the diagnosis of
SSc. ANA specificities associated with distinct clinical patterns of organ and skin involvement.
Understanding of the molecular differences and pathogenesis of scleroderma has helped further inform
clinical acumen. Here, we provide an update on ANA on clinical profiling, management and future

direction of SSc.

Recent findings

There has been further development in delineating clinical patterns in ANA, genetic susceptibility and
antigen triggers predisposing to ANA subtypes. Sub-group analysis of recent clinical trials shows differing

treatment responses to novel therapeutics.

Summary

ANA subtyping is likely to be firmly embedded into future classification systems. Beyond informing current
management and monitoring of scleroderma patients, ANA subsets have implication on future research and

clinical trial design.

Keywords

antinuclear autoantibodies, connective tissue disease, systemic sclerosis

Systemic sclerosis (SSc¢) is an autoimmune condition
with substantial clinical and serological heteroge-
neity. Antinuclear autoantibodies (ANA) are a spec-
trum of autoantibodies that react with various
nucleolar and cytoplasmic components of normal
human cells. They are integral to scleroderma the
diagnosis, subtype classification, and prognostic
evaluation. ANA are present in 90% of scleroderma
patients [1].

The ‘classical’ ANA subtypes in SSc are the anti-
centromere antibodies (ACA), antitopoisomerase-1
antibodies (ATA; anti-Scl-70), anti-RNA polymerase
III antibodies (ARA). Collectively, these antibodies
are found in 50-80% of scleroderma patients [2,3"].
ANA associated with SSc are mutually exclusive and
specific for SSc. Antibodies associated with sclero-
derma overlap syndromes, such as anti-Pml/Scl and
anti-Ku are less specific for scleroderma but remain
mutually exclusive [3"]. Patients do not switch ANA
subset type throughout their disease duration.

Over the recent years, advances in collaborative
practice and genetic analysis have further improved
our understanding of these distinct clinical patterns.

www.co-rheumatology.com

This review focuses on the principal differences
in ANA profiles, mechanisms of pathogenicity,
and impact on management.

The clinical phenotypes of antibody subtypes have
been summarized in Table 1.

Anticentromere antibodies

ACA, targeting centriole proteins are the most com-
mon autoantibodies found in SSc [1]. ACA seroposi-
tivity is a positive prognostic marker with an overall
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KEY POINTS

o Antinuclear autoantibodies (ANA) used to diagnose
systemic sclerosis are associated with distinct clinical
phenotypes and outcome.

o Mutual exclusivity of ANA patterns in systemic sclerosis
is related to human leukocyte antigens association and
means that these reactivities may be used in
risk stratification.

o Clinically relevant associations include anti-RNA
polymerase lll and scleroderma renal crisis,
antitopoisomerase 1 and lung fibrosis and
anticentromere antibody with limited cutaneous subset.

e In assessing ANA subgroup it is important to consider
the reliability of the assay platform used
for determination.

increased survival 5-20years postdiagnosis and
reduced incidence of scleroderma renal crisis (SRC),
cardiac scleroderma and scleroderma associated
interstitial lung disease (SSc-ILD) [3",4]. ACA positiv-
ity is associated with calcinosis, digital ischemia with
digital tip ulcerations and esophageal dysmotility
(80%) [3",4,5]. The most serious complication of
ACA positivity is increased incidence of pulmonary
arterial hypertension (PAH) [3%,6].

ACA is typically associated with limited cutane-
ous scleroderma (1cSSc). However, a small percentage
of ACA positive patients (5-7%) are within the diffuse
cutaneous subset (dcSSc) [7]. Comparing ACA posi-
tive dcSSc to ACA negative dcSSc, ACA positivity was
associated with lower incidence of organ-based com-
plications and improved survival, evidencing its pro-
tective effect on phenotype [7]

Antitopoisomerase antibodies

ATA are the second most common ANA and are
associated with poor prognosis [3"]. ATA have a
propensity towards diffuse cutaneous involvement
and higher incidence of significant SSc-ILD (80%)
regardless of cutaneous subtype [3",8]. PAH inci-
dence is decreased compared to overall scleroderma
population [3%,6]. In dcSSc, ATA positivity is a neg-
ative prognostic factor with dcSSc ATA-positive
patients having the worst prognosis and lowest
survival rate of all SSc patients. A large cohort study
found that ATA positive 1cSSc patients have the
second highest survival rate behind ACA-positive
patients [3"]. Although incidence rates of SRC are
not as pronounced relative to ARA, ATA seroposi-
tivity is associated with higher mortality rates in SRC
scleroderma [9].

1040-8711 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

Anti-RNA polymerase 3 antibodies

ARA positivity occurs almost exclusively in the diffuse
cutaneous subtype and associated with severe skin
involvement and a 10-fold increase in SRC [3"]. Modi-
fied Rodnan Skin Score (MRSS) peak occurs earlier and
in higher values relative to ARA but is also associated
with faster improvement [3",10"]. ARA seropositivity
is one of the strongest risk factors for Gastric antral
vascular ectasia (GAVE) with a 4-35 greater fold risk of
GAVE in ARA positive patients compared to overall
SSc [11-12]. ARA positivity is associated with lower
prevalence of cardiac scleroderma and SSc-ILD [3"].
ARA positive patients have a 4-7-fold increased risk
of developing cancer within 6 months to 5 years after
SSc onset, the highest amongst all ANA subsets
[13,14].

Antifibrillarin (anti-USRNP)

Anti-U3RNP positivity is associated with the highest
incidence of both PAH and cardiac involvement in
SSc [3"]. A distinct feature of Anti-U3RNP is non-
inflammatory skeletal myopathy [15]. Anti-U3RNP
is associated with poor prognosis mainly due to its
association with early severe organ involvement
[16]. In early scleroderma, this antibody is associated
with very high mortality rates, however, long-term
survival rates in anti-U3RNP positive patients were
higher compared with anti-U3RNP negative SSc [3"].
Anti-U3RNP is also strongly associated with severe
gastrointestinal (GI) involvement that includes gut
malabsorption and pseudo-obstruction [16].

Anti-Th/To antibodies

Anti-Th/To antibodies are associated with limited
cutaneous involvement and esophageal dysmotility
[8]. Diagnosis delay is usually reduced due to shorter
duration between Raynaud’s and first non-Raynaud’s
symptom onset [3"]. Anti-Th/To is associated with
significant SSc-ILD and PAH, which occur early in
disease course [8]. LcSSc patients with anti-Th/To
positivity have higher pulmonary involvement com-
pared to overall 1cSSc [17,18]. A recent case—control
study of Th/To SSc, the largest to date, showed a PAH
incidence rate of 38% in Th/To positive SSc patients
[18].

Anti-U11/U12RNP antibodies

Anti-U11/U12RNP is associated with high incidence
of PF (>80%) and severe gastrointestinal involvement
[9,19]. SSc-ILD in anti-U11/U12 positive patients
is severe and rapidly progressive with a 2.25-fold
greater risk of death or lung transplant in SSc-ILD
patients [19]. Interestingly, overall survival rates are
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Raynaud phenomenon, scleroderma, overlap syndromes and other fibrosing syndromes
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equivalent to anti-U11/U12 negative SSc patients
[37,19]. Anti-U11/12 SSc patients have significantly
increased rates of synchronous cancer diagnosis [13].

Anti-PM/Scl antibodies

Anti-PM/Scl antibodies are associated with sclero-
derma-myositis overlap syndrome [20]. This antibody
is associated with a good prognosis with low inci-
dence rates of SRC, PAH, and cardiac scleroderma
[3%,20-22]. In contrast to other subsets the overall
mortality rate of anti-PM/Scl in early stages of SSc is
low but starts to increase after 10—15 years from onset
[3"]. Pml/Scl antibodies are associated with increased
incidence of ILD with good functional preservation
[8]. The classical phenotype for anti-Pm/Scl SSc
includes mild muscle involvement ILD, calcinosis
and cutaneous dermatomyositis [20-22]. Anti-PM/
Scl SSc is usually associated with limited cutaneous
involvement and may often present without any skin
involvement [22,23]. Analysis of the EUSTAR data-
base has shown presence of muscle involvement is
associated with more severe scleroderma with higher
incidence of cardiac involvement, SSc-ILD, GI
involvement, joint contractures, and tendon friction
rubs [20,21]. Although a recent single center cohort
suggested association of anti PM/Scl with increased
sold organ malignancy and SRC, reminiscent of some
cases of ARA SSc, this association was not confirmed
in the multicentric EUSTAR analysis [20,21].

Anti-Ku antibodies

Anti-Ku antibodies are also associated with sclero-
derma myositis overlap with a lower incidence com-
pared to anti-Pm/Scl (<2% overall SSc) [24,25]. They
present similar to Pm/SCl positive patients with
strong associations with myositis, limited pheno-
type, dermatomyositis skin rashes, and inflamma-
tory arthritis [23]. Anti-Pm/Scl, anti-Ku is strongly
associated with SSc-ILD with a good functional out-
come, and they have a lower incidence of vascular
manifestations (Raynaud’s, telangiectasias, GAVE)
[8,25]. Multiple case studies report Anti-Ku antibod-
ies are associated with immune thrombocytopenic
purpura and thrombocytopenia may be a precursor
to anti-Ku antibody-related scleroderma-polymyo-
sitis overlap syndrome [26]

Anti-UTRNP antibodies

Anti-U1RNP phenotype is a mix of SSc, systemic
lupus erythematosus (SLE) and polymyositis [8].
Patients with this antibody are usually classified as
having mixed connective tissue disease (MCTD) but
if a patient exhibits predominantly scleroderma
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symptoms than they are classified as scleroderma.
Anti-U1RNP SSc is associated with younger onset,
limited cutaneous subset, inflammatory arthritis,
myositis and ILD [9]. Anti-U1RNP-SSc patients
who develop PAH have worse prognosis than anti-
U1RNP-SLE/MCTD patients [27]

Antinuclear autoantibodies negative
extractable nuclear antigen negative
scleroderma

ANA—extractable nuclear antigen (ENA)— SSc patients
expectedly have a heterogenous clinical phenotype.
AN—-ENA- SSc is associated with male gender, diffuse
cutaneous subset, widespread pigmentation, and lower
incidence of: GI involvement, vasculopathy and
SRC [28]. As diagnostic tests continue develop, newer
antibodies within this group are being identified.

AntielF2B is a novel anticytoplasmic antibody
found in ANA—ENA-— SSc patient, which is associated
with diffuse cutaneous involvement and SSc-ILD
[29,30]. The association with ILD is extremely high
with two independent studies reporting a 100% ILD
incidence rate with anti-elF2 [8,29,30]. Anti-RuvBL1/
2 in ANA—ENA- SScis associated with overlap myo-
sitis and diffuse cutaneous subset [31].

Both genetic and environmental factors contribute to
the risk of SSc. Genomic studies have shown clear
genetic risk factors in scleroderma, however, familial
occurrence of SSc is uncommon accounting for <2%
ofoverall cases [32]. Arecent casereport detailed three
cases of systemic sclerosis within one family all of
whom had different ANA subtypes (ACA, ATA, ARA)
[32]. This case report feeds the upcoming hypothesis
that the predisposition to SSc is genetic, however the
phenotype and ANA subtype is variable and more
influenceable by environmental factors. However, it
should also be noted that a larger cases series showed
that the observed SSc-specific antibody concordance
within each multicase SSc family was statistically
more common than expected by chance alone [33]

A recent genomic risk score tool utilizing 33
alleles can accurately differentiate patients with
SSc and healthy controls [34]. The genetic risk score
was not able to differentiate between ANA subtypes
once again displaying factors beyond genetics
account for SSC phenotype/ANA subtype.

Genetics of systemic sclerosis

Immune tolerance breakdown is key to scleroderma
pathogenesis. In particular, the dendritic cell (DC)-T
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Table 2. Summary of HLA associations of scleroderma [42,43]

Gene Variation Association
HLA-B 0801 Overall SSc
HLA-DPA1 HLA-DPA1702:01 ATA positive SSc
HLA-DPB1 HLA-DPB1708:01 ACA positive SSc
HLA-DPB1713:01 Overall SSC (1.2 OR)
ATA positive SSc (4.3 OR)
HLA-DQAT1 HLA-DQA1*02 :01 Limited SSc
HLA-DQA1704:01 ACA positive SSc (2.7 OR)
HLA-DQA1*05:01 Exclusive for DcSSc
ATA positive SSc (2.1 OR)
HLA-DQB1 HLA-DQB1*02:02 Overall SSc
HLA-DQB103:01 ATA positive SSc
HLA-DQB1705:01 ACA positive SSc (2.0 OR)
HLA-DQB1*06:09 Antifibrillan positive SSc (3.8 OR)
HLA- DRB1 HLA- DRB1*07:01 ACA positive SSc (0.1 OR)

HLA- DRB1708:04
HLA- DRB1*11:02
HLA- DRB1711:04

Overall SSc (3.2 OR) AntiFibrillan SSs (7.4 OR)
Overall SSc (2.2 OR)

Overall Ssc
ARA positive [45]
ATA positive SSc (6.5 OR) [46]

ACA, anticentromere antibodies; ARA, anti-RNA polymerase Ill; ATA, antitopisomerase |; HLA, human leukocyte antigens; OR, odds risk; SSc, scleroderma.

cell axis is integral to the development of autoanti-
bodies in SSc.

Numerous studies have illustrated multiple
human leukocyte antigens (HLA) alleles that confer
with increased risk of SSc, In particular within the
HLA class II peptide binding groove [34,35%36].
Known HLA associations have been summarized in
Table 2.

Thelargest genome-wide-association study todate
by Accosta-Herrera et al. [35%] found a novel associa-
tion of increased scleroderma risk and HLA class I locus
HLA-B*08:01, which suggests novels mechanisms
of pathogenesis involving CD8+ T helper cells.

Twenty-seven non-HLA GWAS level associations
have been identified. Six gene loci have been high-
lighted with SSc susceptibility (ARHGAP31, BLK,
CD247,TNIP1, CSK, STAT4-a) [37]. The genes atfected
suggest that most non-HLA genetic variations are
related to transcriptional regulatory mechanisms.

It is notable that genetic factors are likely to
underlie some of the observed differences in auto-
antibody frequency across different racial groups.
For example, varying prevalence of autoantibodies
based on race. For example, antifibrillarin antibod-
ies are the second most common SSc related anti-
body in African American patients, most probably
due to high rate of HLA-DRB1708:04 positivity in
this population [38]. Recent analysis suggests that
this may be explained by molecular mimicry [39].
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Antigen triggers

Human cytomegalovirus (CMV) infection is associ-
ated with increased incidence of SSc [40]. CMV
associated antibodies anti-UL83 and anti-UL44 have
been associated with ARA and ACA seropositivity
[41]. These two CMYV associated antibodies have also
been associated with higher incidence of anti-Ro52
antibodies, a supplemental SSc antibody associated
with progressive ILD [42,43]. The process underly-
ing CMV and SSc is likely molecular mimicry lead-
ing to generation of autoantibodies.

Several case studies link silicone breast implants
with increased incidence of ARA positive sclero-
derma and silicone breast implant rupture has been
implicated in induction of ARA positive SSc [44,45].

Molecular basis of pathogenic mechanisms
of antinuclear autoantibodies

ANA subtypes have a direct role in altering gene
expression through immune-complexes (IC)
[10%,40,46,47]. ANA-IC have been shown to modu-
late pro-inflammatory and pro-fibrotic pathways in
healthy control fibroblasts and endothelial cells
thought to be mediated via toll-like receptors [46].
Distinct differences in between ANA-IC subset and
gene expression with ATA-ICs influencing Inter-
feron mRNA signatures whilst ARA-IC activating
nuclear factor-kB (NFkB) signaling [46].
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The BIOPSY and GENISOS studies both showed
differing gene expression patterns between ANA
subtypes with differences noted in IL-6 signaling,
adhesion cascade activation and angiogenesis
[10%,47]. The GENISOS study reported ACA enriched
keratinocyte differentiation, ATA enriched cellular
stress response pathways and ARA upregulated path-
ways of NFKB signaling and tumor growth factor-
beta signaling [47].

Interstitial lung disease

ILD is the leading causes of death in scleroderma
patients. 50-80% of SSc patients develop ILD during
the disease [8,48,49]. Disease behavior is highly
variable with <30% of SSc-ILD patients progressing
to respiratory insufficiency [8].

Most SSc-ILD patients are diagnosed within the
first Syears after onset with a peak incidence at
2years from SSc onset [3%].

The current gold standard of diagnosis is high
resolution computerized tomography (HRCT), how-
ever the use of this is limited due to its high radi-
ation dose and access [48]. ANA status helps detect
patients more at risk of developing SSc and, after
diagnosis, risk of progression.

Diffuse cutaneous subset is strongly associated
with higher incidence and severity of SSc-ILD
[3%,50]. ACA is protective against ILD whereas ATA
antibodies are associated with the highest incidence
of ILD independent of cutaneous subset [3"]. In
limited scleroderma, alongside ATA, ANAs that are
associated with high incidence rates of SSc-ILD are
anti-Th/To and anti-U11/U12RNP [8].

ATA seropositivity in multiple studies has been
associated with faster and more severe progression
[8]. A large cohort single-site study demonstrated
patients ATA positivity was predictive of forced vital
capacity (FVC) decline >70% within 5 years of onset
in SSc-ILD [48].

Anti-U11/U12 RNP antibody in SSc-ILD patients
is associated with increased risk of progress to end
stage respiratory disease and death [19]. Conversely,
anti-PM/Scl and anti-Ku antibodies are associated
with nonsevere ILD [8,20-26].

Pulmonary hypertension

Second to SSc-ILD, PAH is one of the leading SSc-
related causes of mortality [52,53]. The overall inci-
dence of PAH is 5-10% and remains a serious clin-
ical challenge [52,53]. Mortality rates remain high in
this cohort of patients with 3-year survival for SSc
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patients with PAH estimated at 56% compared with
94% in those without PAH [53].

Earlier detection of PAH has been found to
improve clinical outcomes. Organ surveillance
using echoes and pulmonary function tests at reg-
ular intervals help detect PAH. Gold standard of
diagnosis remains through right heart catheter stud-
ies which can be costly and difficult to access [53].
The DETECT study devised a two-step risk stratifi-
cation tool (named DETECT) to help diagnose PAH
at earlier, milder stages. Of note, this tool uses ACA
status within its algorithm [53].

In contrast to SSc-ILD, incidence is lowest in
early stages of scleroderma and equivalent across
dcSSc and 1cSSc [3%]. Incidence is low in the first
10years (1-2%/year) after which incidence gradu-
ally increases [3"]. ACA and Th/To are associated
with higher incidence. U3RNP+ (antifibrillarin)
antibodies confer highest risk of PAH whilst ATA
and anti-PM/Scl have lowest risk [3"].

Scleroderma renal crisis

SRC is a life-threatening complication of SSc char-
acterized by malignant hypertension and acute
renal failure. Despite the revolutionary impact of
ACE-inhibitors on SRC survival, SRC is still associ-
ated with high mortality with a S-year survival rate
of 50-90% [54].

Early detection and management is integral to
reducing mortality rates. ARA holds the highest risk
of developing SRC with a 10-fold increased risk of
SRC [10%]. Other antibodies with increased risk are
anti-UIRNP and ATA [9].

A single-site Japanese study showed ATA sero-
positivity was associated with worst outcomes with
significantly higher 1-year mortality risk 6 times
greater than ATA-negative SRC patients [9].

For patients at high-risk, it is recommended reg-
ular blood pressure checks, sparring use of predniso-
lone, regular monitoring of urine protein creatinine
ratios at clinic appointments.

Malignancy

Malignancy is the most common cause of non-SSc-
related mortality accounting for 38% of non-SSc-
related deaths, and third leading cause of overall
death in scleroderma patients overall [13]. Sclero-
derma is associated with a 41-75% increased risk of
malignancy on observational studies compared to
the general population [13].

ARA positive patients have been found to have a
marked increase in incidence of cancer across multi-
ple studies with a 4-7-fold increase in odds of cancer
within 6 months to Syears [13]. 9-18% of cancer
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diagnoses in ARA positive patients were synchro-
nous (diagnosed between 6 months and 12 months
after SSc onset) [13,14].

Other antibodies associated with increased risk
of cancer are ATA and UI1RNP with a 3-5-fold
increase in cancer diagnosis within the first 2 years
of SSc onset compared to general SSc population in
both subtypes [13]. Cancers with generally increased
incidence with scleroderma include lung, hemato-
logical, esophageal and breast cancer [55].

There is no agreed guideline on cancer screening
with scleroderma patients. In SSc patients with high-
risk ANA cross-sectional imaging may be warranted.

Differential therapeutic response

Reviewing data from recent clinical trials shows
ANA subtypes have different treatment responses
to therapeutic agents.

Riociguat, soluble guanylate cyclase stimulator,
was trialed in dSSc in the RISE-SSc study. Overall, the
study found no significant impact in reducing skin
thickening compared to placebo. However, sub-
group analysis showed a substantial decrease in skin
fibrosis progression in ARA-positive patients but not
ATA-positive [56].

In contrast, the faSScinate study that explored
the use of tocilizumab in dcSSc showed highly sig-
nificant decrease in rates of lung function decline in
ATA positive patients but not in ATA negative
patients in phase 2 and 3 studies [57].

There is difficulty in retrospective subgroup
analysis as clinical trial design is often underpow-
ered to explore these relations. This is illustrated
with the SENESCIS trial of nintedanib on SSc-ILD,
which showed a numerically greater preservation of
lung function in ATA-negative SSc, but no signifi-
cant differences [59,60].

Need for reclassification

Separation of SSc patients into limited and diffuse
subsets based on their extent of skin involvement
incompletely reflects the distinct clinical patterns
within each group. Conversely, categorizing
patients only based on their serological profile does
not produce replicable clinical patterns [3%,7].
Currently, most SSc experts use systems of sub-
typing SSc patients in their practice [58]. Enriching
our classification system to include cutaneous subset
with serological status provides a robust categoriza-
tion. Hybrid classification system offers the best pre-
dictor of clinical outcome and prognosis to help aid
risk management and organ surveillance [3%,52,62].
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Efforts have been initiated to update the SSc classi-
fication system and are most likely to involve a
hierarchical approach.

Standardizing antinuclear autoantibodies
testing

A substantial limitation in focusing clinical acumen
on autoantibodies is the lack of standardization in
diagnostic lab techniques and interpretation [62]. In
scleroderma, there are numerous commercial diag-
nostic assays that utilize different methodology. For
the two most predominate ANA subtypes, ACA and
ATA, there is high concordance of results across
differing assays, commercial platforms and labora-
tories [62,63]. However, despite reported concord-
ance for anti-Scl-70 testing among the different
testing methods some concerns remain about the
specificity of Scl-70 antibody testing based on multi-
plex methods [64,65]. Moreover, other ANA have
high discordance rates, in particular, anti Pm/Scl,
antifibrillarin, and Th/To [66]. Further work needs
to be implemented to achieve greater harmoniza-
tion between centers.

Incorporating antinuclear autoantibodies
into clinical trial design

As aforementioned, ANA subgroups may respond
differently to therapeutic agents. Despite this
knowledge, majority of clinical trial designs do
not account for ANA subset and broadly divide
patients into 1cSSc and dcSSc. This results in multi-
ple potentially useful therapeutic agents being
labeled as ineffective when they may have a signifi-
cant impact if used on the correct ANA subtype.

Stratification strategies based on ANA and cuta-
neous subtype offer the opportunity of selecting and
identifying the best candidates most likely to
achieve the greatest magnitude of treatment benefit
for each targeted therapy.

Limitations of subgrouping by ANA status
include the relatively small sample sizes of clinical
trials due to the rarity of disease itself.

As in some other Immune-mediated inflammatory
disease such as idiopathic inflammatory myopathies
and ANCA-associated vasculitis, in scleroderma there
are important and disease specific ‘ANA-clinical phe-
notype links. These have important implications for
management, including monitoring, risk stratifica-
tions and treatment decisions (especially targeted
therapies) and because of this are also important for
clinical trial design to optimize informative subject
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enrolment and minimize is across treatment arms in
parallel group trials. Finally, the ANA associations are
giving powerful insight into disease mechanism
[51,61].
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Purpose of review

Vascular assessment in systemic sclerosis (SSc) is included in classification criteria for this disease, thus
routinely used in the evaluation of patients in which this diagnosis is being considered. In this review,
imaging techniques for assessment of vascular involvement in SSc hands and skin are discussed.

Recent findings

Longitudinal use of imaging techniques has important implications for understanding the progressive
vasculopathy and fibrotic transition in SSc. Nailfold and oral capillaroscopy as well as laser speckle
contrast analysis are established techniques for vascular functional assessment, but longitudinal use is
challenged by equipment costs and clinical time constraints. Ulirasound techniques are well described but
require technical training. Advances in mobile infrared thermography and optical coherence tomography
could potentially provide a point-of-care, quantitative outcome measure in clinical trials and practice.

Summary

The equipment cost, technical training, data standardization, and invasiveness of vascular assessment
techniques that quantify morphological (microangiopathy) and functional (blood flow reduction) are critical
for implementation into SSc clinical trials and practice to understand progressive vasculopathy, such as

wound development.

Keywords
imaging, systemic sclerosis, vasculopathy

Systemic sclerosis (SSc¢) is characterized by early
microvascular changes with endothelial cell dysfunc-
tion, followed by the activation of mechanisms pro-
moting their transition into myofibroblasts with
subsequent fibrosis. The complex interplay of auto-
immunity, ischemia, and fibrosis in SScinvolves both
skin and visceral organs resulting in irreversible dam-
age [1]. Endothelial dysfunction, microvascular and
macrovascular damage are the hallmarks of SSc [2]. In
fact, while extent of skin thickening and SSc-specific
autoantibodies are recognized to have important
prognostic implications and are included in the clas-
sification criteria for this disease, most classification
criteria represent vasculopathy manifestations, high-
lighting the importance of vascular assessment [3].
Although classification criteria are not designed for
diagnostic purposes, in the absence of diagnostic
criteria, the classification criteria are often used to
by clinicians during the work-up of patients with
concern for SSc as the diagnosis [4]. Assessment of
vascular involvement is similarly important for SSc
patient management, as the disease is a progressive
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self-amplifying process, which first involves the
microvascular/endothelial damage, followed by
autoimmuneresponse and inflammation, and finally
fibrosis [1]. Vascular based therapeutics, even in the
absence of a primary preventive action, might helpin
slowing disease progression and postponing the onset
of major vascular events [5%6]. There is a need for
routine, cost-effective, and noninvasive imaging
techniques of vascular involvement in SSc.

In SSc, correlations between morphological
(microangiopathy) and functional (blood flow reduc-
tion) evaluations are established as a progressive
process that results in vascular damage, insufficient
repair, and ultimately loss [7,8]. Although pulmonary
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KEY POINTS

o Clinical vascular assessment is critical for systemic
sclerosis patient care and clinical trials.

e Nailfold and oral capillaroscopy, thermography, and
laser speckled contrast analysis are useful tools for
vascular assessment.

e Techniques such as mobile thermography and optical
coherence tomography are promising but require
prospective clinical studies to determine the validity,
reliability, sensitivity, and specificity of these
measurements for routine use in systemic sclerosis
patients who are at risk for vasculopathy progression.

arterial hypertension (PAH) is diagnosed by right-
sided heart catheterization according to standard def-
initions, there are screening algorithms to assist in
diagnosis in a cost-effective manner [9,10,11]. The
fingers often first exhibit the early signs of SSc, thus,
the most straightforward method for early detectionis
to assess the functional and structural changes
through appropriate imaging technologies of the
hand and skin. This review covers vascular assessment
of the skin and hands in SSc to highlight the impor-
tance of developing standardized approaches.

Despite broad patient-to-patient variability in SSc
presentation and disease severity, Raynaud’s phe-
nomenon (RP), a symptom complex related to dig-
ital vascular compromise in response to cold
temperature or stress, is almost universally present
in patients with this diagnosis [12]. Examination of
the face and hands for telangiectases, as well as
finger pulp assessment for pits and digital ulcer-
ations (DU) is important for each patient, not only
for diagnosis but also, for serial clinical manage-
ment. The clinical disease progression of RP to DU
in SSc represents micro vessel leak with hemor-
rhages, progressive capillary loss, and overt tissue
ischemia [1]. There are several investigative tools
that can be used to specifically examine vascular
involvement of the hand and mouth that may
reflect vascular pathogenesis in other organs.

Nailfold capillaroscopy is a safe, noninvasive tool to
morphologically study the microcirculation in a
patient with RP [13]. The importance of capillaro-
scopy is underscored by the fact that abnormal
capillaries score two points of the nine required
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for classification of SSc [3]. As such, all clinicians
diagnosing SSc must have access to capillaroscopy
and a familiarity with the technique [14]. Nailfold
videocapillaroscopy (NVC) is the gold standard for
assessment of peripheral microvascular morphology
and thus allows classification and scoring of capil-
lary abnormalities with respect to different micro-
angiopathy patterns (early, active, and late) at the
nailfold level [15]. Early phase microangiopathy is
characterized by well preserved capillary architec-
ture with a few dilated capillaries and microhemor-
rhages. The active pattern typically demonstrates
mildly disorganized capillary architecture with
many dilated capillaries and microhemorrhages
along with avascular areas. The late pattern shows
severely disorganized capillary architecture with
dilated capillaries and microhemorrhages, but more
significantly, a marked reduction in the number of
capillary loops with large avascular areas. Even with
limited training and experience, agreement for the
identification of active and late patterns is achiev-
able [16]. The late pattern on NVCis an independent
predictor of DU in SSc [17]. Unfortunately, access to
and training in NVC is not readily available in some
countries, where this procedure is not reimbursable
and due to the time it takes, is not feasible for serial
use in clinical care [18].

Capillary assessment by dermatoscopy (used
synonymously with the term dermoscopy) due to
its low cost, quick acquisition of images and more
frequent use amongst non-SSc specialists, is a valid
clinical tool for nailfold assessment in a patient with
RP [19]. There are a few important aspects to doc-
umentation when using a dermatoscope, including
documentation of the magnification used, which
typical ranges from 10x to 30x, and the attachment
of a device to allow photo documentation. While
dermatoscopy does not provide the detailed assess-
ment that is given by NVC, it can successfully iden-
tify the nailfold SSc-pattern as well as identify
nonspecific abnormalities that can subsequently
referred for NVC available in subspecialty centers
that care for SSc-spectrum diseases [20].

The procedure for dermatoscopy is like NVC.
Each subject should be acclimatized to the exam
room for a minimum of 15 min before the nailfold is
examined at room temperature of about 21-22°C.
Like NVC, a thin layer of oil is applied to the nailfold
of the second to fifth digit on both hands to enhance
sharpness of images. However, unlike NVC the der-
matoscopy is not placed directly on the nailfold. The
distance of the dermatoscope from the nailfold is
determined by image sharpness that is influenced by
either the steady hand of the operator, or a platform
that can fix the device, since clear images require no
movement. The automated focusing system of a
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dermatoscope results in the possibility of slight
variation in magnification, and in general, provides
a single, wide view image.

Nailfold capillaroscopy plays a significant role in
the diagnosis of systemic sclerosis, as microvascular
damageis an early marker of disease. Itis also useful to
assessthe severity of disease. Structural abnormalities,
such as devascularization areas and distortion of the
capillary bed architecture, characteristic of the late
microvascular damage, are strong predictors of the
occurrence of DU in this population of patients.
Abnormal nailfold capillaroscopy findings are asso-
ciated with the presence of pulmonary arterial hyper-
tension (PAH) in patients with SScand correlated with
PAH severity [21]. However, there is no consensus on
its role in the follow-up of SSc patients [20]. Training
of healthcare providers assessing RP, especially fel-
lows and rheumatologists, in this technique is an
important unmet need in SSc [18].

Oral regions of the mouth can be examined by micro-
scopy in a noninvasive method that assesses micro-
circulation. Oral capillaroscopy is performed with a
sterile probe cap and can be applied to incisor, buccal
and sublingual regions. One study of 20 SSc patients,
and 20 age- and sex-matched controls using a port-
able videocapillary CapiScope (KK Technology) with
a Sidestream Dark Field (SDF) camera demonstrated
decreased oral vasculature in SSc patients [22]. Green
light emitting diodes (from the SDF camera) is
absorbed by hemoglobin in RBC, which allows RBC
visualization in contrast to the vascular background
that allows indirect measurement of the glycocalyx
layer in sublingual capillaries. A study of 26 subjects
(16 SSc patients and 10 healthy controls) reported
that sublingual microcirculation and glycocalyx are
impaired and that SDF imaging findings correlate
with those of NVC [8]. Another study of sublingual
capillaroscopy in 39 SSc patients, found a significant
correlation between intravital microscopy of the
sublingual microcirculation and NVC in terms of
sublingual total microvascular density and microan-
giopathy evolution score, which includes the sum of
three scores for loss of capillaries, disorganization of
the microvascular array, and capillary ramifications
[23"]. Serial use of a noninvasive and automated sub-
lingual microvascular function testing and glycoca-
lyx measurement in the clinical setting is needed to
best understand the implication of these findings.

Capillaroscopy and laser Doppler techniques can be
used together to complement each other in

1040-8711 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

morphologic and functional evaluation of microcir-
culation. Laser Doppler techniques assess the skin
capillary perfusion by measuring the Doppler shift
induced by laser light scattering of moving red blood
cells whereas laser speckle contrast imaging (LSCI)
measures the fluctuating granular pattern produced
by laser light reflected on moving red blood cells.
Laser Doppler Flowmetry (LDF) has excellent speed,
but poor reproducibility, requires skin contact, and
due to single point measurement, has high spatial
variability. Laser Doppler imaging (LDI) has good
reproducibility but is slow at capturing changes in
cutaneous perfusion and thus, not good at recording
rapid changes in perfusion. LSCI is faster at capturing
changes in cutaneous perfusion but is not good for
assessing areas of low perfusion. Studies comparing
laser Doppler techniques and conventional NVC
showed that cutaneous perfusion measured by LDF
correlated well with NVC{findings [24™"]. More studies
are needed for validation of LSCI in SSc.

Although the validated method to study the mor-
phological vascular alteration in SSc patients is NVC,
laser speckle contrast analysis (LASCA) is helpful in the
evaluation of functional damage of microvascular sys-
tem [24™"]. LASCA is a safe, noncontact, noninvasive
microvascular imaging modality that is a less time-
consuming technique compared to NVC and can be
used to quantify peripheral blood perfusion in the
cutaneous microcirculation over large skin areas.
LASCA used alone or together with reactivity tests, is
useful for the monitoring of disease progression,
response to treatment and DU outcome [24™%]. LASCA
is a credible instrument in patients of Black ethnicity
with SSc [25]. LDF at the single fingertip level correlates
with LASCA, but LASCA has a lower intra-operator
variability than LDF, can evaluate larger skin areas,
is significantly less time consuming and more readily
accepted by patients [24™]. Although LSCI is like
LASCA, the contrast is calculated on a single pixel over
several time frames. LSCI has a spatial resolution which
isfive-times larger than that of LASCA, butit has a poor
temporal resolution. LSCI of the hand demonstrates
lower perfusion in SSc patients than healthy controls
and directly correlated with the NVC findings [26,27].
There is a good correlation between peri-oral and lip
LSCI to mouth-opening in SSc patients, but no signifi-
cant difference was observed between SSc and healthy
subjects at the peri-oral area [28].

Infrared thermography (IRT) indirectly measures
the cutaneous thermoregulation process to produce
an image according to the temperatures emitted by
the human body and can be obtained using portable
digital thermal cameras attached to a mobile phone,
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known as mobile thermography [29]. There is good
correlation between LSCI and IRT for the assessment
of digital perfusion [30]. IRT is an effective tool for
assessing patients with rheumatic disease, but pro-
tocols require recording acclimatization time, dis-
tance between the camera and the individual,
temperature, and ambient humidity [31"%]. IRT
assessment of SSc hands is often combined with a
local cold challenge to allow dynamic vascular
assessment under conditions thought to simulate
those responsible for an attack of RP. A local cold
challenge does not account for the influence of
convective and conductive heat exchange on sur-
face skin temperature, thus does not truly recapit-
ulate RP [32]. Although IRT measurements correlate
only moderately with density of capillaries, abnor-
mal initial thermography associates with nailfold
capillaroscopy patterns and identifies SSc that are
more likely to develop digital ulcers and require
more frequent surgical debridement [33,34]. Of
interest, baseline thermographic temperature is
influenced by gender but, not race and trends show
decreased perfusion in tobacco users relative to non-
smokers, which highlights the importance of sub-
ject characterization [35]. Additionally, while not
specifically studied in SSc, lower facial skin and
submental triangle region temperatures, measured
by IRT, can help identify patients with obstructive
sleep apnea [36]. Though IRT devices are valuable for
assessing skin circulation, they require prospective
clinical studies to determine the validity, reliability,
sensitivity, and specificity of these measurements
for routine use in patients who are at risk for vascular
disease and wound development [37].

Radiography, high-frequency ultrasound (HUS),
computed tomography (CT), positron emission
tomography (PET), and magnetic resonance imag-
ing (MRI) can be used to quantify the vascular
complication of calcinosis [38,39"]. Radiographs
and HUS are the least expensive options for follow-
ing calcinosis lesions. Radiographs allow rating of
calcinosis and a description of the morphological
pattern, such as nodular, sheet-like, reticular, amor-
phous, and linear [40]. By HUS, which is a low-cost,
point of care, nonionizing imaging modality, calci-
nosis is described as hyperechoic foci with or with-
out acoustic shadowing, which may increase
detection, but may be more time intensive and is
dependent on sonographer experience with less
reproducibility [39%]. The addition of Doppler imag-
ing modes can result in artifact [41]. Nonetheless,
HUS is helpful for following cutaneous ulcers in SSc
[42].
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Whole-body fluorine-18 fluorodeoxyglucose
PET/CT can identify widespread soft-tissue calcinosis
characterized by elevated glucose uptake in SSc [43].
Without the PET component, traditional CT can
provide information regarding adjacent anatomic
structures, which can guide a surgical approach to
management [44]. Novel CT approaches, such as 3D
visualization and dual-energy, provide better visual-
ization, but are limited for serial use by cost and
radiation exposure [39%]. MRI with high contrast
resolution and multiplanar imaging effectively
evaluates soft tissue pathology without associated
radiation exposure, but cost limits feasibility. Further-
more, conventional MRI sequences maynotbeable to
identify small foci of calcinosis, but the addition of
gradient-echo imaging can improve detection [45].

Vascular lesions of the hand are unique and more
difficult to image because of the terminal vascular
network, thus, to guarantee a high-quality exam the
hand should be evaluated independently and not as
part of an upper limb protocol [46™]. Conventional
angiography is the gold standard for vascular abnor-
malities. CT angiography (CTA) is performed with
two successive acquisitions after the injection of
iodinated contrast media. There are advanced CT
imaging techniques such as dynamic CTA and super
high-resolution (SHR)-CTA, which allow a clear vis-
ualization of the most distal arteries [46™%]. Dynamic
contrast-enhanced magnetic resonance angiogra-
phy (MRA) yields comparable information to con-
ventional angiography about vascular anatomy,
stenosis, obstruction, and vessel inflammation. Tis-
sue characteristics influence MRI signal intensity,
which can be manipulated pharmacologically for
the purpose of contrast enhancement through alter-
ing the relaxation time of the tissue [47]. MRA is
usually based on the administration of a gadoli-
nium-based contrast agent and time-resolved
sequences. Image contrast is the difference in bright-
ness between an area of interest and the surround-
ings such that the larger the difference in brightness
between different tissue types, the easier it usually is
to differentiate them from each other. Contrast-
enhanced T1-weighted fat-suppressed sequences
provide a means to evaluate thickening and
enhancement of the arterial wall. MRA of the hand
can help rule out vasculitis mimics but is usually not
indicated if drug or chemical related, frostbite, or
vaso-occlusive disease is suspected [46"].

Optical coherence tomography angiography
(OCT-A) is method to directly visualize capillary-
level vascular and structural features within skin in
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vivo, which has the potential to provide new insights
into the pathophysiology, as well as dynamic
changes of SSc skin [48]. OCT-A visualizes vascula-
tures from two separate layers of skin, the small
capillaries of the superficial papillary dermis and
the larger vessels of the deeper reticular dermis
[49]. OCT-A imaging of the nailfold correlates with
microvascular injury classically described by NVC
[49]. The development of dynamic OCT is proposed
a standardized imaging technique that could poten-
tially provide a quantitative outcome measure in
clinical trials and practice [50™].

The peripheral arterial tonometry (PAT) technique
that measures arterial pulse volume changes in the
finger as a result of vasomotion (vasoconstriction and
vasodilatation) identified early endothelial changes
in smaller arterioles and microvascular beds in early
diffuse SSc [51]. The PAT technique compares pulse
amplitude at the fingertips before and after a 5-min
arm-cuff-induced reactive hyperemia. However, the
PAT probe includes a fingertip cuff that obstructs
microvasculature at the point of measurement; there-
fore, may not be able to accurately evaluate micro-
vascular reactivity at the fingertip. Like the PAT
technique, digital thermal monitoring (DTM) is per-
formed during a 5-min arm-cuff-induced occlusion to
induce reactive hyperemia and indirectly measures
endothelial function, perfusion, and vasodilator abil-
ity. Both DTM and PAT are automated, but DTM of
vascular reactivity assesses Doppler ultrasound
hyperemic, low frequency, blood velocity of radial
artery and a fingertip vascular function without fin-
gertip occlusion. The DTM method measures both
cutaneous microvascular and vascular reactivity that
resultin increased blood flow to the fingers because of
reactive hyperemia. A single center study of 34 SSc
subjects identified that DTM correlated to flow medi-
ated dilatation (FMD), which is a test of endothelial
function in the brachial artery [52].

FMD in SSc has identified that endothelial dys-
function seems to be primarily present in micro-
vasculature [53]. When FMD is combined with
endothelium-independent, nitroglycerin-mediated
dilatation (NMD), FMD is impaired prior to NMD
in SSc, suggesting assessment of FMD in the prea-
therosclerotic stage may have a beneficial diagnos-
tic, prognostic, and therapeutic relevance [54]. FMD
is reported as an independent predictor of DU [17].
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FMD can be combined with carotid ultrasound to
measure carotid intima-media thickness (CIMT) and
carotid atheroma plaques (AP) in order to detect
accelerated atherosclerosis or macrovascular dis-
ease. CIMT is reported at older ages and after longer
disease duration in SSc [54]. Macrovascular disease is
more common among SSc with diastolic dystunc-
tion of the left ventricle on echocardiogram [55%]. A
study of 70 SSc patients identified that glucocorti-
coids may be associated with an early vascular dam-
age in these patients detected by FMD and carotid
ultrasound [56]. This highlights the value of serial
vascular assessment in SSc.

Autonomic nervous system (ANS) involvement,
consisting of parasympathetic under activity and
sympathetic overdrive, is regularly described in
SSc [57]. Increased heart rate, diminished heart rate,
and blood pressure variability are the most reported
alteration [57]. Gastrointestinal involvement is
reported to correlate to ANS involvement [58].
Quantitative sudomotor axon reflex test (QSART)
is designed to stimulate the autonomic nervous
system and evaluate how nerves that regulate sweat
glands responds to stimulation. A SSc QSART pro-
tocol for skin symptoms (digital ulcers, pernio-like
eruptions, subcutaneous calcifications, telangiecta-
sia, nailfold capillary dilatation/bleeding and degree
of skin sclerosis) and skin surface temperature is
under investigation in Japan for a observational
clinical study [59]. This study adopts two evaluation
points, summer and winter, to observe effects of
temperature on sweating. The interaction of vascu-
lar and neurological symptoms are captured in this
functional study.

Irrespective of PAT, DTM, FMD, or QSART stud-
ies, it is important to highlight that mean blood
pressure (BP) is an important determinant of arterial
stiffness in SSc [60]. Tobacco cessation and BP mon-
itoring is mandatory for SSc patients for both detec-
tion of scleroderma renal crisis (SRC) and
cardiovascular risk reduction [61]. Thus, while excit-
ing advances in the field will help inform SSc vas-
culopathy progression, perhaps the most important
routine, cost-effective, and noninvasive imaging
technique for vascular involvement in SSc is home
BP monitoring.

Vascular assessment of the skin and hands in SSc
ideally captures the natural history of vasculopathy
and fibrotic transition in a cost-effective method-
ology that captures quantifiable parameters of dis-
ease activity and damage with minimal training
requirements (Table 1) [62]. Although nailfold capil-
laroscopy has a critical role in diagnosis, practical
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Table 1. Noninvasive vascular methods

Vascular data

Noninvasive vascular method provided Principle strength Main weakness
Nailfold capillaroscopy Morphological Standardized protocol Trained operator
Sublingual capillaroscopy Functional Automated Availability
Laser speckle contrast imaging (LSCI) Functional Noncontact Inadequate in low

perfusion
Laser speckle contrast analysis (LASCA) Functional Intra-operator variability Spatial resolution
Infrared thermography Functional Specific for skin circulation Detailed protocol
Calcinosis assessment Morphological
o Ultrasound (US) o US: cost e US: trained operator
o CT o CT/MRI: preoperative o CT: radiation
o MRI anatomic information o MRI: misses small foci
o PET o PET: widespread o PET: cost

evaluation
Optical coherence tomography Morphological Quantitative in two layers Validation in SSc
angiography (OCT-A) of skin

Peripheral arterial tonometry (PAT) Functional Automated Fingertip occlusion
Digital thermal monitoring (DTM) Functional Automated Requires adequate baseline

temperature
Flow mediated dilatation (FMD) Functional Standardized protocol Trained operator
Quantitative sudomotor axon Functional Captures neurologic Trained operator

reflex test (QSART)

skin symptoms

applications for serial monitoring are limited by
standardization, training, and time-constraints.
Costs of imaging are an important consideration
for advances in CT, MRI, and PET as applied to
longitudinal characterization of wvasculopathy.
Techniques including automated oral capillaro-
scopy, PAT, DTM, FMD, IRT, and OCT require pro-
spective clinical studies to determine the validity,
reliability, sensitivity, and specificity of these meas-
urements for routine use in SSc patients who are at
risk for vasculopathy progression. Nonetheless, the
importance of collaborative efforts to standardize
assessment of SSc disease progression is critical for
longitudinal vascular assessment of the skin and
hands to inform discovery [63]. Serial vascular
assessment remains at the forefront of critical unmet
needs for SSc.
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Purpose of review

The aim of this study was to provide updated information on the prevalence, pathogenesis, diagnostics and
therapeutics of calcinosis cutis associated with systemic sclerosis (SSc).

Recent findings

Observational studies show ethnic and geographical differences in the prevalence of calcinosis. In addition
to clinical and serological associations, biochemical studies and in-vivo models have attempted to explain
theories behind its pathogenesis, including prolonged state of inflammation, mechanical stress, hypoxia
and dysregulation in bone and phosphate metabolism. Long-term use of proton pump inhibitors may
increase the risk for calcinosis in SSc. Few single-centre observational studies have shown mild benefit with

minocycline and topical sodium thiosulfate.

Summary

Calcinosis cutis is the deposition of insoluble calcium in the skin and subcutaneous tissues. It affects up to
40% of SSc patients and causes significant morbidity. Long disease duration, features of vascular
dysfunction and osteoporosis have been associated with calcinosis. Altered levels of inorganic
pyrophosphate and fibroblast growth factor-23 have been implicated in dysregulated phosphate
metabolism that may lead to calcinosis in SSc. Plain radiography can help with diagnosis and quantifying
the calcinosis burden. Surgical treatment remains the most effective therapy when feasible. At present, no
medical therapies have proven efficacy in large randomized controlled trials.

Keywords

calcinosis cutis, systemic sclerosis, therapeutics

Calcinosis cutis is defined as the accumulation of
insoluble calcium salts in the skin and subcutaneous
tissues. Systemic sclerosis (SSc) is a heterogeneous
disorder primarily characterized by fibrosis of skin
and internal organs as well as vascular dysfunction.
SScis prone to dystrophic calcification, which occurs
in areas of damage associated with normal serum
calcium and phosphorus levels. X-ray diffraction
studies of draining calcinotic material in SSc patients
confirm that the main inorganic component is
hydroxyapatite, similar to that of bone [1]. Calcinosis
can affect up to 20-40% of SSc patients [2]. The
prevalence may vary depending on ethnicity, geo-
graphic location and diagnostic approach. On the
basis of physical examination or clinically indicated
x-rays, it is more common in whites (up to 38%)
compared with Asian ethnicity (9%) [2,3]. It has a
prevalence of 10% in North Africa [4], 29% in the
Middle East [5] and 24% in Japan [6]. However, sub-
clinical calcinosis detected on imaging studies was
found to be present in up to 50% of patients within
4years of disease onset in Japan [7"]. Calcinosis
decreases quality of life for SSc patients due to pain,

1040-8711 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

decreased hand function, ulceration, infection, and
occasionally nerve compression. There are currently
no effective medical therapies for calcinosis.

Calcinosis most commonly affects the hands, partic-
ularly the distal phalanges of the thumb and index
fingers, which are prone to repetitive trauma [8] (See
Figs. 1 and 2). In addition to reduced hand mobility
[9%"], calcinosis in the hands and wrists can also
lead to peripheral neuropathy [10%11,12]. An
ultrasound study showed that peritendinous
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KEY POINTS

e Biochemical studies support the association of
calcinosis with prolonged vascular dysfunction,
inflammation and dysregulated phosphate metabolism
in systemic sclerosis.

e Low level of evidence supports medical therapies such
as fopical sodium thiosulfate and oral minocycline for
SScrelated calcinosis.

o When lesions are accessible, surgical removal is the
most effective treatment option for SSc-
related calcinosis.

calcifications are frequently associated with hand
contractures in SSc patients [13]. Other common
locations include the forearms, elbows and extensor
surface of the knees [14]. Unusual locations like the
spine or face are reported in some studies [15-19].
Spinal calcinosis, which was found to occur com-
monly in association with acral calcinosis [20], can
lead to radiculopathy, spinal stenosis or cord com-
pression [15-18,21].

The exact pathogenesis of calcinosis is largely
unknown, but there are some clinical and

serological associations. Distinct antibody profiles,
including anticentromere [22] and anti-PM/Scl (Pol-
ymyositis/Scleroderma) [23], have been reported to
be associated with calcinosis in some, but not all,
studies [24]. Long disease duration is clearly associ-
ated with calcinosis development [23], and this
may be representative of prolonged exposure to
an inflammatory milieu. Inflammation has broad
actions on several processes involved in calcinosis,
including vascular dysfunction, bone metabolism
and phosphate metabolism, as discussed below.

Vascular dysfunction and hypoxia

Many studies have established that calcinosis in SScis
associated with features of vascular dysfunction
including loss of digital pulp, acro-osteolysis and
presence of digital pitting scars [2,6,8,20,22,25,
26-29]. AJapanese cross-sectional study showed that
calcinosis in the facial region is commonly associated
with multiple external root resorption, which is akin
to theloss of digital pulp in the hands [30]. Hypoxiais
likely the link between vascular dysfunction and
calcinosis in SSc. Vascular dysfunction combined
with defective angiogenesis causes hypoxia in tissues
[23], with markers of hypoxia, including keratinocyte
GLUT-1 (glucose transporter), as well as advanced
glycation/lipoperoxidation end products (AGEs)
and their receptors (RAGE), present within the endo-
thelium and the papillary dermis in SSc patients with
calcinosis [31].
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Calcinotic material extruding from the index finger of a 45-year-old woman with systemic sclerosis.
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Calcinotic lesion with surrounding erythema in the thumb of 50-year-old woman with systemic sclerosis.

Apilot study with 20 SSc patients showed reduced
perfusion in the superficial skin layers involving cal-
cinotic areas compared with noncalcinotic areas [32].
Ulnar artery occlusion was found to be highly asso-
ciated with radiograph-confirmed calcinosisin 43 SSc
patients [33"]. Repetitive episodes of ischemia-reper-
fusion injury due to vascular dysfunction can lead to
hypoxia and increase products from oxidative stress
[31,34]. Furthermore, areas prone to repetitive
trauma are commonly involved sites for calcinosis.
Injury to collagen, elastin or subcutaneous fat com-
bined with hypoxia can lead to tissue necrosis, releas-
ing in denatured proteins, which promotes
calcification [35]. Cellular organelles such as mito-
chondria can accumulate high amounts of calcium
and phosphorus under prolonged inflammatory con-
ditions and be released during muscle damage as
demonstrated in in-vivo murine models, thereby act-
ing as nucleation sites for calcinosis [36,37].

Medications may also contribute to promotion
of a hypoxic environment and subsequent develop-
ment of calcinosis. Proton pump inhibitors (PPIs),
medications frequently used to treat gastro-esoph-
ageal reflux disease (GERD) in patients with SSc, may
promote atherogenic pathways and calcification
through inhibition of dimethylarginine dimethyla-
minohydrolase [38"]. A retrospective cohort study
of 199 SSc patients established a dose-response
relationship between PPI use and calcinosis. This
was further validated in a prospective cohort of 200
SSc patients who demonstrated an increase in odds
of calcinosis of 4% with every 1 additional year on
PPI therapy.
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Mechanical stress or repetitive trauma

Calcinosis occurs most frequently in areas prone to
repetitive trauma [8]. Mesenchymal stem cells
(MSCs) showed osteogenic transformation when
treated in vitro with blister fluid (rich in IL-31 or
Th2 pathway) from the skin of SSc patients on stiff
matrices, supporting the hypothesis that mechan-
ical stress plays an important role in calcinosis [39].

Dysregulation in bone metabolism

The composition of calcinotic material in SSc is
similar to that of bone, and dysregulation of bone
metabolism has been implicated in calcinosis devel-
opment [1]. A retrospective analysis of 5218 SSc
patients from a multicentre international cohort
showed that osteoporosis was associated with calci-
nosis [40]. It is likely that bone resorption, as it
occurs in acro-osteolysis and osteoporosis, releases
inorganic phosphate, which promotes osteoblastic
differentiation of dermal fibroblasts [1]. Consistent
with this interpretation, MSCs underwent osteo-
genic transformation upon in-vitro exposure to
appropriate osteogenic media consisting of beta-
glycerophosphate [41].

Dysregulation in phosphate metabolism

Inorganic pyrophosphate (PPi), which is derived
largely from ATP, is an inhibitor of mineralization.
Alterations in the PPi pathway, leading to reduced
levels, can promote calcification. Several genes
involved in maintaining PPi levels, including ABCC6
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(ATP binding cassette), ENPP1 (ectonucleotide pyro-
phosphatase phosphodiesterase 1) and NTSE (ecto- 5’
nucleotidase), have been implicated in other ectopic
mineralization disorders [14,42]. The ENPP1 pathway
may also be inhibited by inflammatory cytokines, in
particular IL-1B [41]. PPi levels are reduced in ectopic
mineralization disorders such as pseudoxanthoma
elasticum. A recent study found that plasma PPi levels
were also reduced in SSc patients as compared to
healthy controls, but there was no significant differ-
ence between those with and without calcinosis
[43""]. Additional studies are necessary to further
investigate the role of PPi and dysregulated phos-
phate metabolism in the pathogenesis of calcinosis.

FGF-23 (fibroblast growth factor 23) signals
through its co-receptor KLOTHO in the proximal
tubule of the kidney to downregulate sodium-phos-
phate cotransporters, leading to phosphaturia [44].
This pathway is disrupted in familial pseudotumoral
calcinosis leading to hyperphosphatemic calcinosis.
Although dystrophic calcification in SSc is associ-
ated with normal serum phosphate levels, it is
nevertheless noteworthy that high levels of serum
FGEF-23 levels [45] have been associated with calci-
nosis in SSc. Thus, this pathway may be involved in
SSc-related calcinosis.

The HLA-DRB1™04 allele is associated with subcuta-
neous calcinosis in SSc [46]. Polymorphisms of
matrix metalloproteinase-encoding genes are also
associated with calcinosis in SSc [47]. Genetic stud-
ies in 1142 SSc patients showed some association of
TNFSF4 polymorphisms (tumour necrosis factor
ligand superfamily member 4) with calcinosis, thus
implicating the importance of inflammation [48].

Genetic studies exploring genes involved in phos-
phate metabolism in SSc patients with a severe
calcinosis phenotype are currently underway.

Calcinosis cutis lesions can present as subcutaneous
nodules (circumscripta), which is the most common
form in SSc patients. Other presentations include
‘sheet-like’ along the myofascial planes (calcinosis
universalis) or extensive deposits covering larger sur-
face areas (exoskeleton) [49-51]. Although pseudo-
tumoral calcinosis has been reported in up to 3% of
SScpatients [52], giant calcinosis can occurin patients
with dermatomyositis and SScoverlap syndrome [53].
On the basis of the shape and consistency on palpa-
tion, the lesions can be further classified into mousse
(soft with chalky-like liquid under the skin), net
(diffuse thin network), plate (large uniform agglom-
erate) or stone (palpable as a single or multiple stones
of hard consistency) [14,54].

Plain radiography of affected areas is the most com-
mon imaging modality used to detect calcinosis
(Fig. 3). A validated radiographic scoring system for
longitudinal assessment of calcinosis, with excellent
inter-rater and intra-rater reliability, was developed by
Chungetal. [25™]. Ultrasound can be used at the point
of care (Fig. 4) and has specificity close to 95-100% for
detecting calcinosis compared with X-ray [55].
Although computed tomography (CT) is more
sensitive than X-rays and provides information on
surrounding structures such as neurovascular bundles
[567], radiographic estimation of calcinosis volume
seems to correlate well with that of CT [57]. Artificial

Calcinosis deposits in the fingers as detected on a plain radiograph.
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An aggregate of calcinosis detected by ultrasound on the volar aspect of the finger near the proximal

inferphalangeal joint.

intelligence is being applied to dual energy CT scans in
SSc patients with calcinosis of the fingers to more
accurately estimate calcinotic burden, but further val-
idation studies are necessary [58,59]. Novel 3D-cine-
matic picturization through CT scan is also being
evaluated in detection of calcinosis universalis [60].

As the pathogenesis behind calcinosis is still being
unraveled, and outcome measures to use in clinical
trials are still being validated, thus far, we have no
effective treatment options.

General measures

As longstanding hypoxia and trauma play a crucial
role in the development of calcinosis, avoidance of
trauma can help prevent new lesions. Appropriate
wound care and antimicrobial treatment are needed
for nonhealing and infected ulcers, respectively.
Pain management is critical in the treatment of
calcinosis, particularly for lesions involving pressure
points or causing nerve compression.

Local and noninvasive therapies

Herbal therapies such as Holoil (neem oil and Hyper-
icum perforatum) employed in wound care facili-
tated complete healing in 45% of calcinotic lesions
(involving the hands) in 21 SSc patients over a mean
duration of 40 days. It softens the lesions and facil-
itates easy excision of the calcinotic material.
Although it needs to be validated in a larger cohort,
it proved to be well tolerated in this pilot study [54].

Topical sodium thiosulfate (STS) helpsin clearing
calcinotic lesions by acting as a calcium chelating
agent. In addition to individual case reports, a retro-
spective study showed improvement in 68% of those
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treated with 25% sodium thiosulfate in zinc oxide
[61,62]. Topical STS is generally dispensed through
compounding pharmacies. A recent systematic
review found improvement in 81% (39 of 48 patients)
of patients over a mean duration of 4.9 months [63"].
Side effectsincluded skinirritation, allergy to zincand
occasionally pain with application.

Local and minimally invasive therapies

Intralesional STS (1 ml/cm”2) injected monthly into
calcinotic plaques of a patient with diffuse cutane-
ous SSc resulted in nearly complete resolution in
3 months [64]. A case series of six patients (including
five SSc patients) with calcinosis treated with intra-
lesional injection every week (12.5-150mg each
dose) for 4 weeks showed significant improvement
in 100% of the SSc patients [65]. Intradermal or local
anesthesia is often employed with this procedure,
despite which burning pain at the site of injection is
reported by many patients.

Extracorporeal shockwave therapy is a minimally
invasive procedure that is proving to help with pain
relief (through nerve decompression) associated with
recalcitrant calcinotic lesions that are not amenable
for surgery. A prospective study reported analgesic
improvement in two out of three patients with three
sessions done at 3-week intervals [66]. A 12-week
study involving four SSc patients resulted in signifi-
cant pain relief in two of them [67]. CO, laser also
showed significant pain improvement in six out of
nine patients. Common side effects include scarring,
hyperkeratosis and ulcer recurrence [637].

Medical therapies

Table 1 outlines the various systemic medications
that have been in use for calcinosis along with their
typical dosing and common adverse effects.
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Calcium channel blockers

Calcium channel blockers are frequently prescribed
for calcinosis and thought to inhibit calcium efflux
into tissues, in addition to vasodilation. A retrospec-
tive analysis done in a cohort of 78 patients with
calcinosis showed that 10 out of 18 treated patients
had partial response [68]. However, a case series of
12 SSc patients treated with diltiazem 60 mg three
times a day showed only a slight radiographic
improvement in calcinosis in three patients over a
mean duration of 8 years [69].

Bisphosphonates

Bisphosphonates have shown some benefit in calci-
nosis associated with juvenile dermatomyositis [70],
but large-scale studies in SSc are lacking. They com-
bat calcinosis by decreasing macrophage activation
and reducing bone turnover. A retrospective analy-
sis of seven patients treated with intravenous (i.v.)
pamidronate (including two patients with SSc)
showed improvement in pain and nonprogression
of severe calcinosis cutis in five out of seven patients
(71%) including one SSc patient. It was given at a
dose of 70-75mg every 12weeks for a mean dura-
tion of 24months. Osteonecrosis of the jaw
occurred in one patient [71].

Minocycline

Minocycline, with its combined antimicrobial and
anti-inflammatory properties, is commonly used for
calcinosis. Robertson et al. [72] described clinical
improvement in eight out of nine treated patients
in an open-label study with a dose of 50-100 mg
daily over a mean duration of 4.8 months.

A large observational study showed clinical
improvement in 34 out of 78 patients (43.6%) with
multiple courses of 50-200 mg minocycline for 6-
12 weeks [73].

Treprostinil

A pilot study of oral treprostinil, a prostacyclin
analogue and powerful vasodilator, showed non-
progression of SSc-associated calcinosis radiograph-
ically in four out of five patients who completed the
trial [74"].

Rituximab

RituximabisamAbdirected against the CD20 antigen
of Blymphocytes, thereby causing B-cell depletion. A
patient with extensive calcinosis showed improve-
ment with two courses of rituximab given at a dose of
375mg/m”2 4weeks apart [75]. An observational
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study consisting of eight SSc patients with refractory
calcinosis showed that a mean number of 3.12 ritux-
imab cycles (1g every 2weeks) showed significant
improvement in four patients (50%) with regards to
pain, and two of these had near complete radio-
graphic resolution in calcinosis [76]. No serious infec-
tions were reported in this study.

Other immunosuppressants

There are a few independent case reports showing
some beneficial effect from leflunomide [77], inflix-
imab [78], apremilast [79] and i.v. immunoglobulins
[80]. The JAK inhibitor tofacitinib has proven bene-
ficial in calcinosis associated with dermatomyositis
but has not yet been evaluated in SSc-associated
calcinosis [81].

Intravenous sodium thiosulfate

Intravenous sodium thiosulfate has been a popular
treatment for calciphylaxis associated with end-
stage renal disease [82,83] and similarly has been
employed for recalcitrant calcinotic lesions associ-
ated with dermatomyositis. Several case reports
showed improvement in pain and reduction in size
of the calcinotic lesion [84-86]. This treatment is
being explored for calcinosis in SSc patients as well.

Surgical treatments

Surgical excision of calcinotic lesions is an effective
approach, particularly for periarticular lesions in the
hands causing nerve compression [87"] and/or
severe physical discomfort. Spinal canal stenosis
causing radiculopathy treated with decompressive
laminectomy results in symptom alleviation [18]. A
retrospective analysis done at a single centre showed
significant improvement in analgesia in six out of 39
patients who underwent elective surgical debulking
of calcinosis. The most common complications
included recurrence of calcinosis (15%), delayed
wound healing (13%) and wound infection (10%).

Although a significant contributor to disease mor-
bidity, very little is known about the origins of
calcinosis in SSc. Several studies have established a
strong association of calcinosis with long disease
duration and features of vascular dysfunction. Fur-
ther studies are necessary to better understand the
role of bone metabolism and inflammation in the
pathogenesis of calcinosis. Surgical excision when
feasible is the most effective treatment. Topical
therapies can be employed for uncomplicated small
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calcinotic lesions but will require long-term adher-
ence to show mild benefit. Systemic medical thera-
pies such as minocycline can be useful in treating
the inflammation associated with calcinosis, but
immunosuppressants should be used cautiously
given the sparsity of evidence supporting their effi-
cacy. Validated outcome measures and larger clin-
ical trials are much needed to establish strong
treatment recommendations for this debilitating
condition.
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pathogenesis, assessment and treatment

Elizabeth R. Volkmann® and Zsuzsanna McMahan®

Purpose of review

The majority of patients with systemic sclerosis (SSc) will experience involvement of their gastrointestinal
over the course of their disease. Despite the high prevalence of gastrointestinal involvement in SSc, the
strategies pertaining to the assessment and treatment for this clinical dimension of SSc have historically
been limited. However, the present review highlights recent research contributions that enhance our
understanding of SSc-Gl patient subsets and provides updates on pathogenic mechanisms of disease,

assessment and symptom-directed management.

Recent findings

In the past few years, several studies have identified risk factors for more severe gastrointestinal disease in
SSc and have provided insight to optimize diagnosis and management of SSc-Gl symptoms. This article
also provides a review of currently available investigations and therapies for individual SSc-Gl disease
manifestations and reflects on actively evolving areas of research, including our understanding the role of

the gut microbiome in SSc.

Summary

Here, we provide important updates pertaining to the risk stratification, assessment, diagnosis and
management of SSc patients with gastrointestinal symptoms. These findings provide opportunities to
enhance patient care and highlight exciting opportunities for future research.

Keywords

gastrointestinal tract, microbiome, motility, scleroderma, systemic sclerosis

Gastrointestinal tract involvement occurs in nearly
all patients with systemic sclerosis (SSc) [1-3]. Gastro-
intestinal manifestations of SSc often arise early in the
disease course, may be progressive in nature and
represent a leading cause of morbidity and mortality
[2]. Any region of the gastrointestinal tract may be
involved, and it is not uncommon for patients to
experience simultaneous involvement of different
regions at one time. Numerous studies have demon-
strated that SSc-Gl involvement adversely affects psy-
chosocial functioning, contributing to diminished
quality of life, disability, depression and anxiety,
and in severe cases, death [4-6].

Although the burden of gastrointestinal disease
in SSc is high, treatment options are limited. No
approved therapies for SSc-GI manifestations exist.
Current treatments largely target symptoms, and
there is no evidence that therapies approved for
other manifestations of SSc [e.g. interstitial lung
disease (ILD)] prevent progression of SSc-GI involve-
ment [7""]. The lack of objective disease activity

www.co-rheumatology.com

measures and trial endpoints for gastrointestinal
manifestations of SSc, combined with the hetero-
genous nature of the natural history of SSc-GI
involvement, has hindered our ability to study
potential disease-modifying therapies in this clini-
cal area of SSc.

The purpose of the present scoping review is to
summarize the clinical features and management of
SSc-Glinvolvement. Following the Preferred Report-
ing Items for Systematic Reviews and Meta-Analyses
(PRISMA) guidelines for scoping reviews [8], we
searched PubMed (January 1990 to May 2022) using
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KEY POINTS

o Diverse clinical manifestations of SSc-Gl involvement
exist, and careful history taking and diagnostic testing
can identify the underlying cause of symptoms.

o Treatment of gastrointestinal manifestations involves a
holistic approach combining pharmacotherapy with
lifestyle modification, including dietary adaptations.

o Disease-modifying therapies are greatly needed to
prevent SSc-Gl progression and promising therapeutic
targets include the autonomic nervous system, immune
system and gut microbiome.

the search terms ‘systemic sclerosis’ or ‘scleroderma’
in combination with the terms ‘gastrointestinal’ and
‘gut’. We largely selected publications from the past
18 months; however, high-quality older publica-
tions were included. No PubMed filters or limits
were applied to maintain a broad search strategy.
We also conducted a manual search of references
cited in original research studies and review articles
on gastrointestinal involvement in SSc to identify
additional relevant articles. Although primary
research publications were prioritized, review
articles are also cited to provide opportunities for
further reading on specific topics.

As significant clinical heterogeneity exists in SSc-GI
disease [6,9%,10,11], the underlying pathophysiol-
ogy is complex and may vary across patient subsets.
The classic hypothesis proposed by Sjogren nearly 3
decades ago suggested that SSc-GI disease arises
from a three-step sequential process, which includes
neural dysfunction, smooth muscle atrophy and
fibrosis [12]. However, autopsy studies have revealed
that smooth muscle atrophy, rather than significant
fibrosis, is prominent in the SSc-GI tract and that
areas of atrophy are not associated with significant
inflammation or vasculopathy [13,14]. As such,
some have proposed that a primary neural or
smooth muscle insult drives gastrointestinal dys-
function and that atrophy, not fibrosis, is the pri-
mary outcome of this process [13].

A reduction in neuromuscular communication
may contribute to smooth muscle atrophy. Growing
evidence suggests that enteric neurons and smooth
muscle are targeted by the autoimmune response in
SSc [15], and that functional autoantibodies to mus-
carinic 3 receptors (M3R) play an important role in
SSc-GI dysmotility in a small subset of patients with
rapidly progressive lower bowel disease [16-19].

1040-8711 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.
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These antibodies bind to and block the M3R, pre-
venting acetylcholine from binding to and stimu-
lating gastrointestinal smooth muscle. Antibodies
to vinculin, RNPC3 and nicotinic acetylcholine
receptors in autonomic ganglia (AChR) are also
associated with gastrointestinal symptoms in SSc,
though these antibodies have not been shown to be
pathogenic [20™,21,22]. However, in patients with-
out SS¢, anti-AChR antibodies targeting ganglia are
known to interfere with cholinergic synaptic trans-
mission and are associated with slow gastrointesti-
nal transit [23].

Dysfunction of the autonomic nervous system
likely also contributes to SSc-GI disease [16,24]. The
vagus nerve, a key mediator of autonomic function,
plays a dominant role in regulating oesophageal
motility and lower oesophageal sphincter function,
both of which may be disrupted in SSc [25,26].
Autonomic dysfunction is reported among patients
with SSc-GI disease, and a higher overall burden of
autonomic symptoms correlates with increased
overall gastrointestinal severity [24,26], and specif-
ically with anorectal motility disorders [27,28], gas-
tric compliance [29,30] and oesophageal
dysmotility and dystunction [26,30,31]. Further-
more, the frequent overlap between abnormal gas-
tric emptying and oesophageal dysmotility in SSc
suggests that common pathogenic mechanisms may
exist in difference regions of the gastrointestinal
tract [32]. Interestingly, a loss of the Interstitial Cells
of Cajal (ICC) is also reported on SSc oesophageal
disease. The ICCs are part of the sensory units of
vagal afferents, which provide pacemaker activity to
the smooth muscles and can generate peristalsis in
the absence of innervation. These cells are key medi-
ators of communication between the enteric nerves
and smooth muscles, suggesting again that dis-
rupted communications between the gastrointesti-
nal nerves and muscles likely contribute to SSc
gastrointestinal dysfunction [13]. In summary,
many distinct abnormalities in the neuromuscular
communications exist in the gut in patients with
SSc. Each of these mechanisms may play a role in
driving the clinical gastrointestinal manifestations,
although it remains unclear which patients are
affected by each type of dysfunction and how much
upstream vascular dysfunction disrupts neural con-
trol and contributes to disease pathogenesis.

Up to 90% of patients with SSc have symptoms of
upper gastrointestinal disease [33,34] Patients
may present with symptoms of laryngo-esophageal
[35-38] or gastroesophageal reflux disease (GERD)
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(e.g. hoarseness. oropharyngeal dysphagia, reflux,
heartburn), lower oesophageal sphincter (LES)
dysfunction [39], oesophageal dysmotility (distal dys-
phagia) and gastroparesis (e.g. early satiety, bloating,
nausea, vomiting and unintentional weight loss)
[1,40,41]. Symptoms may occur in isolation, or in
combination, which can complicate both diagnosis
and management. Gastrointestinal bleeding may also
complicate SSc, and arise from esophagitis, oesopha-
geal ulcers, gastritis, gastric ulcers or gastric antral
vascular ectasia (GAVE).

Diagnostic testing for upper gastrointestinal
tract involvement

As gastrointestinal symptoms in SSc may be attrib-
utable to dysfunction in different regions of the gut,
diagnostic testing may be helpful in identifying
affected areas, particularly because certain gastro-
intestinal therapies preferentially target specific
gastrointestinal regions.

In patients who have mild upper gastrointesti-
nal symptoms, lifestyle management with or with-
out over-the-counter gastrointestinal medications
are the recommended first-line interventions prior
to testing. If oropharyngeal dysphagia is present,
blood work to screen for elevations in muscle
enzymes and/or relevant antibodies may be appro-
priate [36]. If symptoms persist despite negative
testing, a modified barium swallow study can be
helpful in evaluating the swallow function (Table 1).
If nondiagnostic, further evaluation with laryngo-
scopy through ENT may be warranted [38].

The diagnostic testing for GERD refractory to
first and second-line therapies usually begins with
an upper endoscopy (EGD) to screen for abnormal-
ities in the oesophageal and gastric mucosa (Table 1).

Such abnormalities may include findings such as
oesophageal strictures, esophagitis or gastritis,
opportunistic infections (e.g. Candida esophagitis),
Barrett’s oesophagus (reported in up to 12% of
women with SSc) or even a malignancy [42]. Impor-
tantly, several distinct mechanisms may contribute
to symptoms of GERD in SSc. In patients with
symptoms of distal dysphagia and/or persistent
symptoms of GERD despite high-dose acid blocking
agents, a high-resolution oesophageal manometry
study (HREM) with pH testing and impedance may
be warranted. HREM may be useful in differentiating
between patients with normal vs. abnormal oeso-
phageal motility (i.e. ineffective oesophageal motil-
ity or absent peristalsis). HREM can also identity
abnormal lower oesophageal sphincter pressures
and hiatal hernia, which may impact therapeutic
decisions. Furthermore, these findings can be help-
ful for patient risk stratification. For example, absent
contractility and a hypotensive lower oesophageal
sphincter on HREM are risk factors for Barrett’s [42].
In addition, a multiple rapid swallow study, which
may be performed during manometry [43], can
identify patients with peristaltic reserve, which is
a good prognostic indicator of long-term oesopha-
geal function [44].

Gastric emptying and/or whole gut transit test-
ing (i.e. scintigraphy or smart pill) also play an
important role in the assessment of refractory upper
gastrointestinal symptoms in SSc (Table 1). A recent
study found that SSc patients with gastroparesis by
scintigraphy were likely to have other areas of
abnormal transit in the gut. Combined liquid and
solid gastric emptying studies were found to be more
sensitive in detecting delayed gastric transit com-
pared with solid gastric emptying studies (74 vs.
55%, respectively). Moreover, percentage liquid

Table 1. Common diagnostic tests for upper gastrointestinal tract involvement in systemic sclerosis

Test Purpose

Modified barium swallow study (i.e. Video
fluoroscopic swallowing study)

Laryngoscopy

Barium swallow
Upper endoscopy

High resolution oesophageal manometry

pH impedance festing

Impaired swallowing and/or clearance of food and liquids

Abnormal laryngeal structure or function (e.g. impacts swallowing, breathing, cough)

Evaluate for stricture, obstruction, GERD
Evaluate oesophageal and gastric mucosa

Evaluate for upper or lower oesophageal sphincter dysfunction, oesophageal dysmotility
and hiatal hernia

Determine the amount of reflux that occurs in a typical 24-h period, whether symptoms

are attributable to reflux episodes and whether acid suppressive therapy is adequate

H. pylori breath test
infection

Gastric emptying study

Diagnose active H. pylori infection, and determine whether treatment cured an H. pylori

Screen for gastroparesis
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emptying correlated best with Reflux (p= —0.33,
P=0.01) and Distension (p=—0.30, P=0.03) scores
on the UCLA GIT 2.0 survey [10].

Treatment of upper gastrointestinal tract
involvement

The treatment of oropharyngeal dysphagia involves
diagnosing and treating the underlying cause of
symptoms and reducing the risk of aspiration [41]
(Table 2). Although H2 blockers and proton pump
inhibitors remain the standard of care for GERD, a
new class of acid blocking agents is emerging. These
potassium-competitive acid blockers inhibit proton
pump potassium-exchange and do not depending
on gastric acid for activation. One of these medica-
tions, known as vonoprazan, is available in Japan
and can facilitate the healing of erosive esophagitis
and improve reflux symptoms in patients with
refractory GERD [45%,46,47]. If the diagnostic
work-up suggests that oesophageal dysmotility
and/or a hypotensive LES is driving the symptoms
of refractory reflux, prokinetics may be considered
for symptom control [48,49]. The addition of

Gl involvement in $S¢ Volkmann and McMahan

prokinetics to PPI therapy in a large cohort of
non-SSc patients with refractory GERD recently
demonstrated that combination therapy resulted
in improved QoL and fewer reflux episodes [50].
Buspirone was also found to alleviate upper gastro-
intestinal symptoms in SSc. In an open-label trial,
buspirone significantly increased LES pressures and
decreased symptoms of heartburn and regurgitation
in patients with SSc patients who were already tak-
ing PPI [39]. Although data in favour of prokinetic
use for the management of oesophageal dysmotility
in SSc is limited, a trial of prokinetics may be con-
sidered if dysmotility is present.

Surgery in SSc is usually reserved for refractory
cases; however, a recent systematic review was con-
ducted to determine whether surgical treatment is
feasible and well tolerated in SSc patients with
refractory GERD. A total of seven studies, including
101 patients were included, and 63 patients (62.4%)
underwent open fundoplication, 17 (16.8%) laparo-
scopic fundoplication, 15 (14.9%) Roux en-Y gastric
bypass (RYGB) and six (5.9%) esophagectomy.
Recurrent symptoms were identified in up to 70%
undergoing fundoplication and 30% of patients

Table 2. Treatment for the most common upper gastrointestinal tract symptoms in systemic sclerosis

Symptoms and causes

Oropharyngeal dysphagia

Intervention and effect on the Gl tract

From laryngeal oesophageal reflux:

Treat GERD (see below)

From myositis: immunosuppression

Reduces laryngeal irritation

Improves laryngeal muscle function

Distal dysphagia

From stricture:

From dysmotility:

From infection or esophagitis:

EGD with dilation will allow bolus to pass more easily

Promotility agent (e.g. mefoclopramide, bethanechol,
pyridostigmine) to enhance smooth muscle contraction

Treat infection or inflammation to alleviate tissue irritation

GERD

Aggravated by suboptimal habits: Lifestyle modification

Suspicion of oo much acid exposure of unclear cause

From oesophageal dysmotility and food not passing efficiently
From a weak lower oesophageal sphincter

From gastroparesis:

Early satiety and nausea

From gastroparesis:

Avoid large meals and eating within 3-4 h of laying down.
Minimize intake of aggravating foods. Sleep with head of the bed
elevation

Antiacid therapy to reduce acidity of reflux and/or reduces reflux
episodes

Promotility agent (as above) to enhance oesophageal transit

Tighten LES to reduce reflux (e.g. buspirone, metoclopramide)

Treat gastroparesis with dietary modification and promotility agents
if needed (see below) to improve transit and accommodation

Consider gastroparesis diet (smaller more frequent meals, reduce
fibre and fat, eat solids first); Consider supplemental medication if
needed (e.g. promotility agent, appetite stimulant, medications
that help with gastric accommodation) to improve transit,
accommodation and nausea

1040-8711 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.
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undergoing RYGB, although minimally invasive
RYGB was thought to be feasible and well tolerated
based on short-term results [51].

Lower gastrointestinal tract involvement

Dysmotility is the defining feature of lower gastro-
intestinal tract involvement in SSc and may be
present in the small intestine, large intestine and/
or the anorectum [52]. In contrast to the upper
gastrointestinal tract, lower gastrointestinal tract
involvement typically arises in patients with estab-
lished SSc and less commonly presents in patients
with very early or early SSc [53]. However, the
symptoms of lower gastrointestinal tract involve-
ment are among the most troubling symptoms
SSc patients experience, as they can profoundly
affect a patient’s social functioning and emotional
well being. For instance, many patients will avoid
eating outside of the home or traveling if it involves
a long journey. This can lead to social isolation and
may contribute to feelings of helplessness and
anxiety.

Small intestine involvement

Dysmotility of the small intestine occurs in 40-88%
of patients with SSc based on manometry studies
[54]. Symptoms often include distension and bloat-
ing; prolonged episodes of either constipation or
diarrhoea are also common. Weight loss can occur,
and although the differential diagnosis for weight
loss in SSc is broad (Table 3), malabsorption should
be considered in any patients with unintentional
weight loss. Diagnostic tests include abdominal x-
rays, small intestinal manometry, scintigraphy,
wireless motility capsules and computed tomogra-
phy (CT)/MRI enterography [40] (Table 4).

Small intestinal bacterial overgrowth (SIBO) [S5]
is estimated to occur in 30-62.5% of patients with
SSc [56]. The cause of SIBO in SSc is likely multi-
factorial and may be due to use of agents that

Table 4. Diagnostic tests for lower gastrointestinal tract

involvement in systemic sclerosis

Test

Pathologic findings

Abdominal x-ray

Intestinal manometry

Scintigraphy

Wireless motility capsules®

CT/MRI enterography

Dilated bowel loops; Tightly
packed valvulae conniventes

Low-amplitude contractions;
Absent or prolonged migrator
motor complexes

Slow colonic transit
Slow colonic transit

Small intestine involvement;

Extraluminal pathology

SIBO

Hydrogen or methane
breath tests

Obstructing lesions;
Mucosal inflammation;
Telangiectasias

Colonoscopy

Barium swallow Obstruction; Pseudo-obstruction

Defecography Rectal outlet obstruction

Intra-luminal small intestine
pathology

Video capsule endoscopy

Faecal fat, pH tests; Malabsorption
Measurement of fat

soluble vitamin levels

Endoanal ultrasound or MR
pelvis

Soft tissue masses; Atrophy
of internal anal sphincter

Surface electromyography  Sphincter faecal incontinence

“Please note, wireless motility capsules are contraindicated in patients with
known, severe gastroparesis or Gl strictures.

suppress gastric acids, dysmotility of the small
and/or large intestine, as well as a weakened ileoce-
cal valve. Regardless of cause, symptoms of SIBO are
highly disruptive and may include nausea, vomit-
ing, early satiety, bloating, diarrhoea, excessive flat-
ulence and weight loss [57]. Hydrogen and methane
breath tests after an oral glucose or lactulose bolus
are the most commonly used diagnostic tests for
SIBO [58], although the sensitivity for these tests is
suboptimal, with some studies reporting a sensitiv-
ity of only 62% [59]. Interestingly, prospective

Table 3. Differential diagnosis for weight loss in systemic sclerosis

Increased caloric output

Decrease caloric intake

Increased work of breathing

Increased effort to move due to physical challenges (e.g. arthropathy,
myopathy, joint contractures, diffuse skin disease)

Increased inflammation due to underlying SSc
Increased inflammation due to infection®

Increase psychosocial stress related to SSc or external life stressors

Decreased appetite

Difficulty with mechanical digestion (e.g. decreased oral
aperture, poor dentition, dry mouth)

Difficulty swallowing
SIBO, Malabsorption

Medication side effect (e.g. diarrhoea, nausea, vomiting)

“Patients with SSc are at an increased risk for infection due to various factors, including malnutrition, immunosuppressant medications, abnormal organ
architecture (i.e. parenchymal lung disease causing interstitial abnormalities) and aberrant immune function due to underlying SSc.
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studies have demonstrated that a sizable percentage
of patients with SSc have evidence of SIBO based on
breath testing, even in the absence of gastrointesti-
nal symptoms [56]. These findings are consistent
with recent research demonstrating that alterations
in the lower gastrointestinal tract microbiota are a
feature of patients with early SSc [60"]. Therefore, it
is plausible that dysbiosis is not necessarily a con-
sequence of dysmotility in SSc; instead, dysbiosis
may be a driver of dysmotility, similar to irritable
bowel syndrome [61].

Pneumatosis (cystoides) intestinalis is a rare
complication of SSc that is associated with multiple
gas-filled cysts arising within the wall of the intes-
tine [62,63]. Several hypotheses for pathogenesis
have been proposed, including: (1) a disruption in
muscosal integrity during immunosuppression; (2)
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the production and absorption of gaseous products
from bacterial carbohydrate fermentation; (3)
increased wall permeability from SSc-related
smooth muscle atrophy and fibrosis [64-68]. A pop-
ulation-level review, not specific to scleroderma
reported that the colon was more commonly
impacted than the small bowel. Pneumoperitoneum
may complicate the clinical picture, though often-
times surgical intervention is not required.

Large intestine involvement

Constipation is the most common clinical feature of
large intestine involvement in SSc [53]. Dysfunction
of neuropathic and myopathic processes contributes
to delayed colonic transit leading to symptoms such
as distension or fullness after meals, abdominal pain

Table 5. Treatment for the most common lower gastrointestinal tract symptoms in systemic sclerosis

Symptoms and intervention(s)

Constipation

Predominant effect of intervention on Gl tract

Docusate sodium
Senna

Bisacodyl

Milk of Magnesia
Lactulose

Linaclotide, Plecanatide, Lubiprostone

Prucalopride
Pyridostigmine

Small frequent meals

Softens stool through increasing osmotic pressure

Stimulates peristalsis and increases fecal water content

Stimulates peristalsis in the colon; increases fluid and salt secretion
Softens stool through increasing osmotic pressure

Softens stool through increasing osmotic pressure

Actively stimulate secretion of electrolytes and water into the
infestinal lumen and accelerate colonic transit

Accelerates Gl motility, FDA approved for chronic constipation
Accelerates Gl motility

Stimulate natural peristalsis

Diarrhoea

Loperamide

Limit foods high in FODMAPs, especially
raw fruits and vegetables

Fluid resuscitation

Increased foods naturally high in probiotics
and prebiotics

SIBO

Inhibit peristalsis; use with caution

May lessen symptoms

Treat dehydration

Potentially improve bacterial balance in Gl tract

Antibiotics

Limit consumption of simple carbs (white flour, white sugar

Potentially improve bacterial balance in Gl tract

May lessen symptoms

Anorectal dysfunction

Physiotherapy
Biofeedback
Sacral nerve stimulation

Percutaneous tibial nerve stimulation

Improve pelvic floor strength
Re-enforce connection between central nervous system and

Improve incontinence
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and straining during bowel movements [69]. Risk
factors for delayed colonic transit include female
sex, presence of telangiectasia, presence of anticen-
tromere antibodies, past history of smoking and a
Medsger gastrointestinal severity score of at least 3
[9%]. After constipation, diarrhoea is the second most
common clinical feature of large intestine involve-
ment in SSc. The diarrhoea may be due to various
causes, including paradoxical (i.e. overflow) diar-
rhoea and/or overzealous treatment of constipation
with stimulant laxatives.

Intestinal pseudo-obstruction affects approxi-
mately 10% of patients [70]. Associated with delayed
colonic transit [71], pseudo-obstruction results from
the inability to move intestinal luminal contents
forward in the absence of a mechanical obstructive
process. Patients complain initially of nausea and
abdominal pain and eventually the inability to pass
flatus and increasing abdominal girth [72].
Although intestinal pseudo-obstruction does not
represent a true obstructive process, this condition
is often recurrent, necessitates hospitalization in
many cases and can be fatal [73].

Anorectum involvement

Involvement of the anorectal dysfunction occurs in
50-70% of patients with SSc [74]. Faecal incontinence
is the most common symptom and is largely due to
neuronal dysfunction [75]. Rectal prolapse can also
occur. In thisscenario, patients will perceive abulging
sensation in their anus and complain of chronic stool
leakage [76]. One small study reported a high recur-
rence rate of rectal prolapse occurs after restorative
surgery [77], rendering the treatment of this compli-
cation challenging. Other anorectal clinical manifes-
tations include haemorrhoids, which can develop
secondary to chronic constipation in SSc.

Treatment of lower gastrointestinal tract
involvement

As symptoms of lower gastrointestinal tract involve-
ment may arise due to dysfunction in different
regions of the lower gastrointestinal tract [e.g. diar-
rhoea may be due to faecal incontinence (anorec-
tum), malabsorption (small intestine) and/or
colonic dysmotility (large intestine)], the first step
inthe managementis toidentify the underlying cause
of symptoms [1,3,41]. Careful history taking, com-
bined with diagnostic testing (Table 4), can often
reveal the driving factor for symptoms [41]. Treat-
ment is then tailored according to the suspected
underlying cause. It can take time to establish an
effective treatment regimen for lower gastrointestinal
tract symptoms. The optimal approach combines
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pharmacological interventions with lifestyle modifi-
cations, including dietary adaptations (Table 35).

Of all the organ systems affected in SSc, the gastro-
intestinal tract has the most diverse clinical manifes-
tations related to SSc and the least number of
evidence-based treatment options available. This par-
adox represents a significant challenge for patients
and their healthcare providers. Emerging research on
novel motility measurement modalities, and theroles
of the autoimmune response and gut microbiome in
SSchave the potential to propel this field forward and
improve how we care for patients who suffer from
gastrointestinal complications of SSc.
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Contribution of keratinocytes to dermal fibrosis
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Purpose of review

The cellular pathogenesis of fibrotic disorders including systemic sclerosis (SSc) remains largely speculative.
Currently, the altered function of endothelial cells and fibroblasts under the influence of an inappropriate
immune response are considered central pathogenic events in SSc. Adding to this complexity, novel
evidence here reviewed suggests that keratinocytes may concur in the development of skin fibrosis.

Recent findings

Epidermal equivalents (EE) generated from primary SSc keratinocytes display a distinct gene expression
program when compared to healthy donor (HD) EE. SSc-EE, among others, exhibited enhanced oxidative and
metabolic response pathways. Immunohistochemical studies demonstrated similarities between SSc-EE and SSc
epidermis including altered keratinocyte differentiation, enhanced expression of activation markers, and
reduced rate of basal keratinocytes proliferation. SSc-EE supernatants more than HD-EE modified the
inflammatory and extracellular matrix deposition/resorption program of dermal fibroblasts. Further evidence
indicated that the relative lack rather than the excess of interleukin-25 in keratinocytes may contribute to
enhanced dermal fibrotic changes. Overall, these data support keratinocyte-intrinsic SSc-related modifications.

Summary

Improved methods for engineering epidermal and skin equivalents are helping to address the question
whether keratinocyte alterations in SSc are primary and capable to dysregulate dermal homeostasis or

secondary following dermal fibrotic changes.

Keywords

fibroblast, fibrosis, inflammation, keratinocyte, scleroderma

The potential contribution of the epidermis and in
particular of keratinocytes to the pathogenesis of
dermal fibrosis has been neglected for long time.
Recent work, however, has shown that the homeo-
static relationships normally regulating the cross-
talk between epidermal and dermal cell constituents
is altered in scleroderma, thus reinforcing the con-
cept that keratinocytes may take part to scleroderma
pathogenesis. Previous work, exploring physiologi-
cal conditions, demonstrated that keratinocytes
stimulate fibroblasts, mainly through the produc-
tion of interleukin (IL)-1, inducing in fibroblasts the
production of keratinocyte growth factor (KGF) also
known as fibroblast growth factor 7. In turn, fibro-
blasts affect keratinocyte viability, proliferation, and
differentiation mainly by producing KGF. This inter-
relationship is modulated by a variety of other
factors which participate to homeostatic crosstalk
between keratinocytes and fibroblasts reviewed in
[1]. Importantly, healthy keratinocytes were known
to affect extracellular matrix (ECM) deposition
and resorption by influencing fibroblasts, favoring
resorption over deposition. Under this perspective,
previous work addressing SSc-specific epidermal

1040-8711 Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

alterations showed that compared to healthy donor
(HD), SSc keratinocytes conditioned media increase
type-1 collagen (Col-I) production by enhanced
oncostatin M (OSM) production [2], an effect inde-
pendent from transforming growth factor (TGF)-B
[3], favoring enhanced IL-1-dependent gel contrac-
tion in which both TGF-B and endothelin-1 (ET-1)
were needed [4]. By enhanced connective tissue
growth factor (CTGF) and S100A9 production, SSc
keratinocyte could also favor fibroblast production
of Col-1 as well as fibroblast migration and
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KEY POINTS

e Morphology and function distinguish systemic sclerosis
(SSc) from healthy epidermis and are recapitulated in
epidermal equivalents generated from primary
SSc keratinocytes.

e Altered SSc keratinocyte functions impact dermal
characteristics by affecting the inflammatory response
as well as the rate of ECM deposition and resorption.

o Technical advances allow to engineer SSc skin, thus
permitting the in vitro testing of novel hypothesis and
therapeutic approaches.

e The question whether the alterations observed in SSc
keratinocytes are primary or secondary remains open.

proliferation [5]. Interestingly, SSc fibroblasts were
reported to respond to keratinocyte conditioned
medium with higher production of Col-I and a
similar production of matrix metalloproteinase-1
(MMP-1), resulting in an increased ratio of col-I over
MMP-1, suggestive of decreased ECM turnover [6].

When addressing the role of the epidermis and dermis
in SSc pathogenesis, it has to be taken into consid-
eration that these anatomical structures are not faith-
fully reproduced in in vitro systems in which both
keratinocytes and fibroblasts are cultured in 2D sys-
tems and when the respective conditioned media are
used to stimulate the cell counterpart. Although a
method for isolating and culturing skin cells, includ-
ing endothelial cells, fibroblasts, keratinocytes, and
melanocytes from small SSc skin biopsies has been
published [7], increased efforts in the field of tissue
engineering have recently led to the development of
3D human models with improved intercellular inter-
actions and tissue microenvironment observed in
skin fibrosis [8]. Self-assembled or scaffold-based
models exploit the ability of fibroblasts to generate
3D dermal-like constructs, producing their own ECM.
The addition of TGF-B or other pro-fibrotic regulators
is a simple mean of inducing fibrotic shift [9]. Incor-
poration of SSc fibroblasts results in a model with
altered collagen structure, characterized by a more
mature and aligned fibrillar structure, leading to
increased stromal rigidity and upregulation of innate
immune signaling genes [10]. The layering of kerati-
nocytesonoverlapping sheets of self-assembled fibro-
blasts, followed by exposure to air-liquid interphase,
leads to the formation of a fully stratified epidermis
(i.e. containing basal, spinous, granular and corneal
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layers), making these models appropriate for mimick-
ing the interaction between the dermal and epider-
mal compartments [11]. Of interest, immune cells
may be included within self-assembled skin (saS)
models. Thus, peripheral blood monocytes incorpo-
rated in skin equivalents — generated from SSc
fibroblasts and SSc keratinocytes — differentiated into
M2-like cells and resulted in increased thickness and
stromal rigidity. Of interest, greater numbers of M2-
like macrophages populated SSc-saS compared with
HD-saS, thus suggesting a reciprocal activation
between macrophages and fibroblasts resulting in
increased tissue thickness and stiffness [12**]. Decel-
lularization of living tissue is also a promising
approach and a porcine, decellularized, intestine scaf-
fold has been exploited to reconstruct human skin
equivalent by the sequential seeding of endothelial
cells, fibroblasts and keratinocytes resulting in a fully
polarized epidermis, dermis and a functional vascu-
lature. This model recapitulated key features of SSc
skin upon TGF-B stimulation, including the trans-
differentiation of fibroblasts into myofibroblasts and
excess ECM deposition and was sensitive to ninteda-
nib treatment [13]. Additional models have been
established in the recent past. One consisted on
human skin equivalents fully generated from healthy
or SSc donor skin cells in vitro then grafted onto SCID
mice. This model allowed the replication of the
fibrotic phenotype when grafted tissues were of SSc
origin. Interestingly, in this in vivo model the gener-
ated skin from healthy donors acquired bona fide
SSc characteristics when humanized monoclonal
antibodies specific for the platelet derived growth
factor (PDGF) receptor were injected into the graft
[14]. An additional model was based on the organo-
typic culture of healthy, full, human skin obtained by
esthetic surgery which showed enhanced collagen
and reduced MMP-1 production under the influence
of TGF-B. In thismodel, the exposure to IL-17 resulted
in enhanced production of MMPs counteracting the
profibrotic activity of TGF-B [6]. Future expected
developments in tissue engineering potentially use-
ful to address pathophysiological aspects of skin fib-
rosis including the influence of keratinocytes on the
development or resolution of dermal fibrosis could
be based on the use of induced pluripotent stem cells
(iPSCs) [15] or organ-in-chip technologies [16]. Thus,
future efforts will help in investigating the subtle
modification governing and altering the crosstalk
between epidermis and dermis in fibrotic conditions.

A powerful method to test whether ex vivo SSc may
differ from HD keratinocytes would be the study of
differentially expressed genes detected by gene
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arrays or RNA sequencing in bioptic tissues or single
cell preparations. However, such studies have prin-
cipally focused on fibroblast, endothelial cells,
and inflammatory infiltrating cells rather than on
keratinocytes. This notwithstanding by comparing
genes differentially expressed in full skin biopsies
from 61 SSc from the Genetics vs. Environment in
Scleroderma Outcome Study cohort to 36 HD, it
was found among others that enriched pathways
included ‘keratinocyte differentiation’ in the sub-
group of SSc individuals positive for anticentromere
antibodies [17]. In another study, by comparing the
signature scores in early vs. late diffuse disease, the
keratinocyte signature was higher in late disease
[18]. When performing consensus clustering and
meta-analysis on three genome-wide datasets, a
community containing modules enriched for kera-
tinocyte-specific processes was found to make con-
tact with the inflammatory module [19]. Thus,
while sparse, unbiased analytical approaches based
on gene expression are hinting to keratinocyte alter-
ations in SSc. Future keratinocyte-centered studies
should provide stronger evidence of their poten-
tially dysregulated genes in SSc epidermis.

Systemic sclerosis epidermal equivalents

Engineered epidermal equivalents (EE) were used by
us to investigate whether keratinocyte activation
and differentiation as well as gene expression could
distinguish EE generated by using primary SSc ker-
atinocytes from their HD counterpart [20*]. Inter-
estingly, SSc-EE exhibited aberrant differentiation,
enhanced expression of activation markers, and a
lower rate of basal keratinocyte mitosis, reproducing
most of the abnormalities histologically detected in
SSc epidermis. RNA sequencing analysis revealed
that, compared to HD-EE, SSc-EE were characterized
by lower expression of homeobox gene family mem-
bers. Using the Hallmark gene set from the Molec-
ular Signatures Database both metabolic and
oxidative stress molecular pathways resulted to be
enhanced in SSc-EE. This is in agreement with pre-
vious abundant experimental data supporting a role
of oxidative stress in the pathogenesis of SSc [21].
We went further and could demonstrate that con-
ditioned medium generated from EE enhanced the
production of IL-6, IL-8, MMP-1, Col-I, and fibro-
nectin by fibroblasts. Notably, this effect was two-
fold higher in the presence of conditioned medium
generated form SSc EEs (with the exception for Col-I
and fibronectin). These data support the notion that
SSc keratinocytes have an intrinsically altered differ-
entiation program, which is maintained when ker-
atinocytes adapt to in vitro conditions, while
proliferating and generating a stratified epidermis
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in the absence of cues derived from other cell types
or from structured dermis [20"]. Further work
should test whether epigenetic mechanisms may
be involved.

Less is more

The interesting, understudied possibility that the rel-
ative lack rather than the excess of a particular soluble
mediator of inflammation could be involved in the
pathogenesis of scleroderma received recent atten-
tion. Starting from the hypothesis that [L-25 (member
of the IL-17 family, known also as IL-17E), acknowl-
edged for being produced by epithelial cells, could be
involved in fibrotic processes, we assessed its presence
in SSc skin and found that its expression was reduced
in SSc compared to HD epidermis. In EE generated
using primary HD keratinocytes IL-25 regulated sev-
eral molecular pathways related to wound healing
and ECM remodeling and the conditioned medium
from IL-25-primed keratinocytes enhanced the fibro-
blast production of MMP-1, IL-6, IL-8, but not of Col-I
nor fibronectin. However, IL-25 significantly reduced
the production of Col-I when applied directly to
fibroblasts. This evidence was supportive for the role
of IL-25 in participating to skin homeostasis and its
decreased expression in SSc could contribute to skin
fibrosis by favoring ECM deposition over degradation
[227]. Similarly, from the functional point of view, the
EBI3 (constituting IL-35 in conjunction with p35)
expression was found by others to be decreased in
keratinocytes of the SSc epidermis compared to HD.
Of interest, the injection of EBI3 in the skin of mice
enhanced fibrosis. Indeed, EBI3 was able to down-
regulate the protein and mRNA expression of type I or
type III collagen, in the presence or absence of TGF-j,
by reducing collagen mRNA stability [23]. Thus, the
keratinocyte-specific decrease of two distinct cyto-
kines characterizes SSc epidermis. This decreased
expression appears to have functional consequences
in homeostatic processes regulating dermal ECM
turnover favoring fibrosis. Future studies should
address the therapeutic potential of targeted therapies
aiming at increasing the keratinocyte production of
such cytokines.

Keratinocytes in additional models of skin
fibrosis

There are some similarities between SSc and the
sclerodermatous chronic form of the graft versus
host disease (cGVHD) in terms of skin fibrosis. A
major difference may be due to the mechanism of
damage of the epidermis which may be mediated by
allogenic CD8+ T cells in cGVHD. In this respect, a
recent publication reports an increased production
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of TGF-B by epidermal cells, especially of the basal cell
layer, in samples from patients with cGVHD com-
pared to acute GVHD and HD. By establishing a
model of cGVHD-like sclerodermatous changes in
genetically modified mice transferred with cytotoxic
CDS8T cells specifically targeting keratinocytes,
these authors observed reduced fibrosis when
CDS8T cells were interferon-gamma (IFN-v) deficient.
The reduced fibrotic reaction correlated to a lower
expression of TGF-B by keratinocytes undergoing
apoptosis. These results indicate that keratinocytes
produce higher amounts of TGF-B1 in the presence of
[FN-y when undergoing apoptosis, thus participating
to sclerodermatous changes [24].

Taking advantage from the integration of single-
cell and bulk transcriptome data among the dys-
functional cell types expressed in hypertrophic
scars, a fibroproliferative skin disorder characterized
by excessive ECM deposition, the proportion of a
particular subtype of keratinocytes named by the
authors KC-2 was reduced when compared to
healthy skin. Cell-cell communication analysis
revealed intercellular contacts between some fibro-
blast types and KC-2. Interestingly, syndecan 4
(SDC4), a receptor expressed also in KC-2 which
could bind multiple ligands, was downregulated
in hypertrophic scars, suggesting that the reduced
proportion of KC-2 and apoptotic phenotype of KC-
2 might be associated with the downregulation of
SDC4 [25]. In summary, evidence gathered in exper-
imental models of fibrotic skin diseases highlight
the role of keratinocytes and their involvement in
processes associated to dermal fibrosis.

The question arises whether the morphological and
functional alterations described in SSc keratino-
cytes and skin are secondary to pathological events
arising elsewhere, in particular in the dermis or
whether they are not the consequence but rather
the cause of other pathologic features, including
increased ECM deposition (Fig. 1). Or as a further
possibility whether these abnormalities arise in
parallel under the influence of factors driving ker-
atinocyte, fibroblast, and other cell types altered
activities. No firm answer is available to this ques-
tion at the time being. Nonetheless, we would like
to stress evidence generated in animal models
which may support the contention of a primary
role of keratinocytes in the cascade of pathogenic
events leading to SSc.

The first report addressing this issue took
advantage from gene silencing of the transcription
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factor Friend leukemia virus integration 1 (Flil) in
keratinocytes [26]. Flil was known to be constitu-
tively suppressed in dermal fibroblasts, dermal
microvascular endothelial cells, and perivascular
inflammatory cells in lesional and nonlesional SSc
skin, therefore implicated in SSc pathogenesis. The
authors generated keratin 14 (K14) - expressing
epithelial cell-specific Flil knockout mice, which
spontaneously developed dermal and esophageal
fibrosis with epithelial activation. Furthermore,
these mice developed autoimmunity and interstitial
lung disease, thus demonstrating the potential
instructive role of “altered” keratinocytes in SSc
pathogenesis. As a note of caution in interpretating
these findings, the authors were able to demonstrate
that Flil directly regulated AIRE expression in epi-
thelial cells including in the thymus and its absence
resulted in down-regulation of autoimmune regu-
lator (AIRE), a transcription factor involved in cen-
tral tolerance. This leaves open the door on whether
thymic abnormalities were also mechanistically
responsible of the scleroderma-like phenotype
developing in Keratinocyte Flil KO mice [26].

Second, a manuscript recently deposited in bio-
Rxiv shows that the transcription factor Snail is over-
expressed in the epidermis of SSc patients and a
transgenic mouse in which Snail is specifically
hyper-expressed in keratinocytes under the K14 pro-
moterissufficient toinduce several features of human
SSc. Mechanistically, the authors show that the matri-
cellular protein Mindin is produced by Snail trans-
genic skin keratinocytes and favor fibrogenesis by
inducing inflammatory cytokines and collagen pro-
duction in resident dermal fibroblasts [27].

Additional work should clearly provide further
data in favor of an instructive role of keratinocytes
in directing dermal fibrosis. Nonetheless, the evi-
dence here summarized provides ground to address
this interesting question.

The observations that SSc epidermis has an abnor-
mally increased number of stratified keratinocytes,
that the expression of several keratinocyte products
distinguish SSc from HD, that epidermal equivalents
generated from primary SSc keratinocytes display a
distinct gene expression program compared to the
HD counterpart, that primary SSc keratinocytes cul-
tured invitrorespond differently to exogenous stimuli
compared to HD are all pieces of evidence indicating
that SSc-specific molecular cues characterize kerati-
nocytes and epidermis. These peculiarities may be
primarily or secondarily part of wider SSc dysfunc-
tions resulting, among others, in abnormal ECM
deposition and fibrosis. Future work should address
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the question whether cell-autonomous keratinocyte
abnormalities may drive secondary abnormalities in
cells populating the dermis or whether they respond
to cues generated in the SSc-dermis whether due to
cell signals or structural constrains associated with
fibrosis and increased dermal stiffness. Single cell
gene expression studies investigating SSc in compar-
ison to HD epidermis as well as improved methods of
epidermis and skin in vifro engineering using primary
cell lines generated from individuals affected by var-
ious clinical forms of early or late SSc should bring
solid answers to these questions. In any case, it
remains an attractive perspective the possibility of
targeting keratinocyte abnormalities to harness clin-
ical scleroderma, which continues to be an incurable
disease.
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Purpose of review

Systemic sclerosis (SSc) is a chronic rheumatic disease that is characterized by immune activation,
vasculopathy and fibrosis of the skin and internal organs. It has been proposed that premature onset of
ageing pathways and associated senescent changes in cells contribute to the clinical and pathological
features of SSc. The aim of this review is to critically review recent insights into the involvement of cellular

senescence in SSc.

Recent findings

Cellular senescence plays a critical role in SSc pathogenesis, particularly involving endothelial cells and
fibroblasts. Immunosenescence could also contribute to SSc pathogenesis by direct alteration of cellular
functions or indirect promotion of defective immune surveillance. Molecular studies have shed some light on
how cellular senescence contributes to fibrosis. Recent and planned proof-of-concept trials using
senotherapeutics showed promising results in fibrotic diseases, including SSc.

Summary

There is increasing evidence implicating cellular senescence in SSc. The mechanisms underlying premature
cellular senescence in SSc, and its potential role in pathogenesis, merit further investigation. Emerging
drugs targeting senescence-related pathways might be potential therapeutic options for SSc.

Keywords

cellular senescence, scleroderma, senotherapeutics

Systemic sclerosis (SSc) is a systemic autoimmune
disease of unknown cause and incompletely under-
stood pathogenesis. SSc is characterized by progres-
sive fibrosis, vascular involvement and inflammation
in the skin and multiple internal organs. The disease
shows substantial patient-to-patient heterogeneity,
follows a chronic and often progressive course, and is
associated with substantial disability and high mor-
tality. Thereis currently no cure or disease-modifying
therapy for SSc, and management is suboptimal and
largely symptom-based.

The peak incidence of SSc is reported to occur
between 45 and 64 years of age [1]. Notably, age at
disease onset was one of the characteristics that best
predicted patient survival;, advanced age was associ-
ated with worse survival [2]. Similarly, in the Sclero-
derma Lung Study I and II, older age was also
associated with increased mortality [3]. In addition,
pulmonary, renal and cardiac complications are more
prevalent in older SSc patients [4,5]. Could the gen-
erally greater age at disease onset, higher frequency of
SSc diagnosis in patients older than 45years and

1040-8711 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

higher mortality in older patients imply that SSc
represents a disease of accelerated ageing? Here, we
will review recent experimental data supporting
the involvement of cellular senescence, a hallmark
of ageing, in SSc. The potential of using drugs target-
ing cellular senescence, so-called senolytic therapies,
in treating SSc will also be discussed.

Originally dismissed as a cell culture artifact, cellular
senescence is now viewed as a fundamental cellular
mechanism of normal tissue homeostasis, disease
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KEY POINTS

e Cellular senescence, an irreversible exit from the cell
cycle with both beneficial and harmful biological
functions, is a hallmark of ageing, and contributes to
age-related health decline through direct and
indirect mechanisms.

o Accumulating evidence support the presence and
potential pathogenic roles of cellular senescence in
fibrosis in a variety of conditions, including SSc.

e Cellular senescence might be directly responsible for
the emergence of pathogenic myofibroblasts in SSc,
and their apparent resistance to apoptosis.

e Emerging evidence suggests that senolytic therapy is
feasible for fibrotic conditions, and might be associated
with clinical improvement and reduction of tissue
senescent cell burden.

and ageing. Cellular senescence is involved not
only in embryonic development but also in tissue
remodelling such as wound healing [6,7]. In certain
circumstances, cellular senescence acts as a protective
mechanism. For instance, cellular senescence sup-
presses malignant transformation by preventing can-
cer cell proliferation [8]. However, cellular senescence
can also promote cancer development by altering the
cellular microenvironment, thus acting as a double-
edge sword. Indeed, persistent tissue accumulation of
senescent cells could negatively impact homeostasis,
leading to inflammation and age-related diseases.
Depending on how it is triggered, cellular sen-
escence can be classified as replicative senescence,
physiological senescence, drug-induced senescence
and stress-induced senescence (Fig. 1). In addition to
irreversible growth arrest and inability to replicate
DNA, senescent cells undergo a series of morpho-
logical and molecular alterations that distinguish
them from multiplying cells. Cells undergoing
senescence have enlarged, flattened and irregular
cell shapes. This is typically coupled with increased
numbers of lysosomes, which express B-galactosi-
dase and contain lipofuscin granules. The mito-
chondria in senescent cells produce reactive
oxygen species (ROS) and express high levels of
antiapoptotic proteins. Senescent cells are also char-
acterized by nuclear changes, including enlarged
nuclei, impaired nuclear integrity, global epigenetic
changes of the chromatin landscape, formation of
senescence-associated heterochromatin foci (SAHF)
and DNA segments with chromatin alterations
reinforcing senescence (DNA SCARS). Senescence
is associated with overexpression of cell cycle
inhibitors, particularly p21 and p16, which block
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cyclin-dependent kinases (CDKs)-cyclin complexes
from phosphorylating retinoblastoma protein (Rb),
leading to cell cycle arrest. Another striking feature
of cellular senescence is the expression of a suite of
proteins termed the senescence-associated secretory
phenotype (SASP). The SASP comprises a variety of
biologically active factors including growth factors,
cytokines, chemokines, extracellular matrix (ECM)
proteins and enzymes. These secreted factors signal
in both autocrine and paracrine fashions, and can
themselves induce senescence in neighbouring
cells, allowing senescence to spread. This cellular
senescence cascade is depicted in Fig. 1.

Do senescent changes in various cell typesimplicated
in the pathogenesis of SSc contribute to disease devel-
opment and progression? Here, we summarize the
phenotypic and functional changes of senescent
cells and discuss the implication of these changes
in the context of SSc-associated vasculopathy, inflam-
mation and fibrosis.

Vasculopathy-endothelial cells

Senescent endothelial cells show characteristic
changes in gene expression and function including
lower nitric oxide production due to downregula-
tion of eNOS, and increase in expression of PAI-1,
which is one of the hallmark factors of SASP (Fig. 2).
These endothelial alterations are associated with
functional changes, including lower angiogenic
and proliferative capacities, as well as inflammation,
atherogenesis and increased thrombosis risks [9].
Notably, senescent endothelial cells also undergo
endothelial-to-mesenchymal transition (Endo-MT),
a process that contributes to organ fibrosis [10%].
Recent studies reveal that these changes phenocopy
the hallmarks of SSc endothelial cells [11-13], sug-
gesting that cellular senescence is associated with,
and might play a role in, endothelial dysfunction
in SSc.

Vasculopathy-vascular smooth muscle cells

Alterations in vascular smooth muscle cells (VSMCs)
contribute to the proliferative vasculopathy noted
in SSc. VSMCs isolated from SSc skin biopsies
showed increased proliferation and viability, and
resistance to apoptosis, compared with VSMCs iso-
lated from healthy skin [14]. In contrast, senescent
VSMCs showed lower proliferative capabilities but
display a pro-inflammatory SASP characterized by
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Hallmarks of cellular senescence. The senescent phenotypes are classified by how they are triggered: replicative
senescence, physiological senescence, drug-induced senescence and stress-induced senescence. The cellular mechanisms and
alterations of senescence include chromatin remodelling, cell cycle arrest, mitochondrial and lysosomal changes, and
expression of senescence-associated secretory phenotype (SASP). These secreted factors signal not only in an autocrine
fashion to reenforce the senescent phenotype, but also paracrinally to affect neighbouring cells.

secretion of MMP-9 and IL-1 [15]. Production of
ECM components such as collagen is downregulated
in these cells. In addition, it has been shown that
VSMC senescence promotes atherosclerosis and
necrotic core formation [16]. Taken together, the
data suggest that VSMC senescence does not directly
contribute to proliferative vasculopathy in SSc, as
they are unable to replicate. However, it is possible
that senescent VSMCs promote expansion of a subset
of VSMCs into synthetically active cells indirectly
through SASP, contributing to the proliferative vas-
culopathy phenotype in SSc.

Fibrosis-fibroblasts

In addition to growth arrest, senescent fibroblasts
are characterized by increased ECM production,
increased glycolysis and other metabolic changes,
and various features of activation, including myofi-
broblast transformation [17]. The secretome of sen-
escent fibroblasts comprises proinflammatory

1040-8711 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

cytokines (ITNF-a, TGF-B, IL-6), chemokines (MCP-
1), growth factors (FGF, CTGF, PDGF), MMPs and
other bioactive factors [18"]. These secreted proteins
can act in a self-amplified network to affect the local
microenvironment and spread the senescent signal
to neighbouring cells. All of these properties of
senescent fibroblasts have the potential to contrib-
ute to SSc fibrosis.

Immune cell senescence

When senescence occurs in cells of the immune
system, it alters long-term immune responses, and
consequently affects the capacity of the host to
tfight infections and other inflammatory processes.
Indeed, immunosenescence disturbs both innate
and adaptive immunity, both of play significant
roles in SSc pathogenesis [19]. In general, age-related
immune alterations include increase in monocytes,

decreased lymphocytes and naive cells, and
increased memory cells (Fig. 2).
www.co-rheumatology.com 345
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Summary of phenotypic and functional changes of senescent cells. Cells that play critical roles in SSc
pathogenesis are listed. Senescence in stromal cells (endothelial cells, vascular smooth muscle cells and fibroblasts) is
associated with promoting SSc vasculopathy and fibrosis. Immunosenescence, which is associated with alteration of immune

functions in both innate and adaptive immune subsets, could also promote autoimmunity and inflammation pertinent to SSc.

Inflammation-innate immunity

Dendritic cells are central in coordinating immune
responses and play key roles in maintaining toler-
ance and immunity. In the circulation and in the
skin, these cells produce inflammatory mediators to
activate other immune cells as well as fibroblasts to
promote fibrosis [20,21]. When senescent, dendritic
cells show impaired antigen presentation, inter-
feron production and phagocytosis, leading to an
increased risk of autoimmunity (Fig. 2). The ability
of neutrophils to chemotax, migrate, form NETs and
phagocytize is impaired with age. Senescent neutro-
phils express high levels of CXCR4 and become
responsive to SDF-la [22]. Although neutrophils
from SSc patients have been shown to harbour func-
tional defects [23], other studies suggest that NET
formation is augmented in these SSc [24,25]. It is
thus difficult to assess the contribution of neutro-
phil senescence in SSc pathogenesis. In SSc, natural
killer (NK) cells show decreased expression of che-
mokine and activation receptors [26]. Moreover,
CD56"8" NK cells, which produce cytokines but
are weakly cytotoxic, are reduced in SSc patients

346 www.co-rheumatology.com

[27,28]. These resemble some of the properties of
senescent NK cells (Fig. 2). Macrophage senescence
is associated with defective phagocytosis and
reduced potency, as shown by decreased IL-10 pro-
duction by M2 macrophages [29,30]. Macrophages
from SSc patients show an activated and profibrotic
transcriptome and phenotype [31,32]. It is still
unclear whether senescent macrophages contribute
to SSc pathogenesis, although senescent macro-
phages and their SASP promote inflammation and
fibrosis in a mouse model of radiation-induced pul-
monary fibrosis [33].

Inflammation-adaptive immunity

SScis associated with significant changes in adaptive
immunity. Abnormal activation of B cells is prom-
inent in SSc [34,35], and B cells are expanded with
increased naive population and reduced activated
memory B cells [36-38]. In addition, regulatory B
cells are decreased and functionally impaired in SSc,
as shown by reduced IL-10 production [39]. Inter-
estingly, activated B cells in SSc produce higher
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levels of IL-6 and TGF-B compared with ones from
healthy controls [40]. The numbers and percentages
of B cells are significantly decreased with age [41].
There is also a shift in the proportion of different B
cell subsets. Late memory B cells, which are defined
as CD19"IgG'IgD'CD27 B cells, are increased in
elderly compared with younger individuals [42].
In contrast, IgD'CD27" B cells are significantly
decreased. Senescent B cells show intrinsic defects
such as decreased somatic hypermutation, defective
class switch recombination and reduced antibody
affinity and neutralization capacity. It also results in
increased SASP production and autoantibody pro-
duction [43]. The senescent phenotype of B cells is
summarized in Fig. 2. Senescent B cells, or so-called
age-associated B cells (ABCs), have been implicated
in autoimmune and autoinflammatory disorders,
including systemic lupus erythematosus [44,45],
however, their role in SSc has not been fully eluci-
dated. An early study suggested that ABCs, defined
as CD11c"CD21" B cells, are present in higher
frequency in the blood of SSc patients [46]. Com-
prehensive characterization of these cells and deter-
mination of their mechanistic implications in SSc
warrant further research.

A declining CD4%/CD8™ ratio in T cells is asso-
ciated with immunosenescence [47]. Similar to B
cells, ageing causes shrinking of the population of
naive T cells and an increase in memory T cells [48].
These T cells lose the expression of CD27 and CD28,
but express NK markers including CD57 and KLRG-1
[49]. Senescent T cells include a fraction of cells that
are CD45RO™, termed T effector memory cells [50].
Functionally senescent T cells acquire a proinflam-
matory phenotype, harbouring features of Thl,
Th17, Tth and Treg cells [51]. They produce SASPs
that are characterized by pro-inflammatory cyto-
kines. In SSc, there is an increased proportion of
CD27°CD28 in CDS8T cells in the circulation [52].
CD4"CD28" T cells are also reported to be expanded
[38]. In addition, CD8*CD28" T cells, which produce
high levels of IL-13, have been shown in SSc skin
[53]. Th17 cells are expanded in SSc [54]. CD4*/
CD8™ ratio is increased in SSc patients compared
with controls. CD4" T cells display an activated
phenotype in SSc with elevated activation markers
CD69 and GITR [54]. The apparent impact of sen-
escent T cells in SSc is not known. It has been shown
that adoptive transfer of senescent T cells into young
mice accelerated angiotensin-induced cardiovascu-
lar damage and kidney fibrosis in an IFN-y-depend-
ent manner [55]. The expansion of CD8*CD28 T
cells in SSc implies that at least a subset of T cells
undergo senescence in this disease. Indeed, these
cells have been shown to undergo rapid replication
compared with CD8"CD28" T cells, coupled with
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significantly shortened telomeres, suggestive of a
replicative senescent phenotype [56].

Together, these studies indicate that cellular
senescence might play a critical role in SSc patho-
genesis, particularly involving endothelial cells and
fibroblasts. Immunosenescence could contribute to
SSc pathogenesis in two distinct ways: senescent
immune cells can directly induce inflammation
and autoimmunity through their altered cellular
functions; and senescent immune cells are defective
in immune surveillance, including for senescent
cells. Impaired ability of senescent macrophages,
NK cells and CD8" T cells to eliminate senescent
cells might indirectly promote SSc pathogenesis.
Indeed, it has been shown that senescent cells are
predominantly cleared by the immune system [57].

Cellular senescence and fibrosis have been linked.
Although cellular senescence plays a beneficial role
in physiologic repair and wound healing, persis-
tence of senescent cell accumulation and their
release of SASP factors promote fibrosis [58]. As
mentioned earlier, cellular senescence can result
from various types of stress, including telomere
attrition, DNA damage, oxidative stress and even
mitochondrial dysfunction [59,60",61,62]. There is
accumulating evidence that cellular senescence is
elevated in fibrotic diseases. For instance, in idio-
pathic pulmonary fibrosis (IPF) and SSc-associated
interstitial lung disease, epithelial cells and fibro-
blasts display a senescent transcriptome signature
and significantly increased levels of the senescence
marker p16INK4A [63%,64,65].

By secreting SASP, including ECM proteins
(fibronectin, various collagens and laminins), the
matrix remodelling proteases (MMP-1, 3, 10, 12, 13
and 14) and growth factors implicated directly in
fibrosis (TGF-B, PDGF, IL-6) [66,67], senescent cells
promote chronic inflammation [68], epithelial-to-
mesenchymal transition (EMT) [69] and profibrotic
phenotype changes of fibroblasts and macrophages
[70] in a paracrine fashion. Fibroblasts explanted
from skin biopsies of SSc patients with early diffuse
disease displayed significantly elevated levels of the
senescence effectors CDKN2A (encoding p16), TP53,
PAPPA, IGFBPs, PDGFB, TNF, chemokine ligands
and multiple ECM remodelling genes (unpublished
data). The association of senescence in SSc is also
shown at the genomics level. Whole exome
sequencing of microdissected areas of dermal fibro-
sis in skin biopsies from patients with early disease
with severe skin/lung involvement revealed the
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presence of large number of somatic mutations
[71™]. The mutation pattern exhibited a clock-like
‘senescence’ signature that resemble what is seen in
cancer. The authors speculate that genomic insta-
bility and somatic hypermutation is critical in SSc
pathogenesis that drives fibrosis and inflammation.

As shown in numerous studies, senescent IPF
fibroblasts are less sensitive to cytotoxic and pro-
apoptotic signals, resulting in their accumulation in
tissues [64,72]. Overexpression of a-smooth muscle
actin and ECM components by senescent fibroblasts
promotes the development of fibrosis [73]. The
apoptosis-resistant phenotype of senescent lung
fibroblasts and myofibroblasts has been attributed
to multiple mechanisms. In IPF, senescent fibro-
blasts exhibit decreased levels of the pro-apoptotic
proteins Bak and Bax, and increased levels of the
anti-apoptotic proteins Bcl-2 family proteins Bcl-2,
Bcl-W and Bcl-XL [17,74,75]. This imbalance of pro-
and anti-apoptotic proteins contributes to failure of
senescent fibroblasts to be properly eliminated. Sen-
escent IPF lung fibroblasts are also highly resistant to
apoptosis induced by Fas ligand and TNF-associated
apoptotic ligand. In these cells, levels of FasL, TRAIL
and caveolin-1 (Cav-1) are reduced, while AKT activ-
ity is elevated [76].

As summarized above, increasing evidence links
cellular senescence to the pathogenesis and
progression of SSc. Senescent cells accumulate in
fibrotic skin and lung. Assuming that their persis-
tent accumulation in these tissues is detrimental,
could targeting cellular senescence represent a via-
ble therapeutic strategy?

Senotherapeutics describes a field focused on
therapeutically eliminating or disabling senescent
cells in a variety of human conditions [77,78]. Exam-
ples of senotherapeutics include senolytics, which
are drugs that remove senescent cells, or senomor-
phics, which are compounds that modulate SASP
expression and function. It is perhaps not surprising
that there is also substantial interest in targeting
cellular senescence in fibrotic diseases. Recent pilot
studies provide some evidence for the efficacy of
‘senolytic’ therapy in the treatment of fibrotic dis-
eases, including SSc. In a single-arm, open-label
clinical trial, 12 SSc patients with interstitial lung
disease were treated with the putative senolytic drug
dasatinib (a tyrosine kinase inhibitor) for 9 months.
Three patients (25%) showed clinical improvement,
which correlated with a decrease in the level of a
senescence-related gene set in skin biopsies [79]. In
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contrast, patients who failed to show clinical
improvement with dasatanib therapy showed no
change in the senescence signature. These intrigu-
ing pilot observations suggest that dasatanib might
have targeted senescent cells in the skin, which
possibly contributed to the clinical improvement
in these patients. It is unclear why only a subset
of treated patients demonstrated clinical improve-
ment and a decline in senescence gene signature
levels; of note, ‘improvers’ in this trial tended to
have higher senescence signatures prior to therapy
compared with ‘nonimprovers’. Another pilot study
sought to evaluate senolytic treatment in IPF, using
a ‘senolytic cocktail’. In this open-label clinical trial,
intermittent combination therapy with dasatinib as
well as quercetin (a flavanol) for 3 weeks resulted in
significant improvements in physical performance,
although pulmonary functions and circulating lev-
els of senescence and fibrosis markers remained
unchanged [80]. In another open-label short-term
phase 1 pilot study, patients with diabetic kidney
disease were treated with the senolytic cocktail. In
this study, once-daily oral administration of 100 mg
dasatinib along with 1000 mg quercetin for 3 days
was associated with a reduction in the epidermis and
adipose tissue of p16INK4A-positive cells (38%) and
p21CIP1-positive cells (30%) [81].

To date, there is a scarcity of clinical evidence on
the effectiveness and safety of senotherapeutics,
including systemic effects and side effects of this
treatment strategy. Most senotherapeutics currently
being investigated are repurposed drugs or dietary
interventions. However, the next generation of
senotherapeutics, including mnavitoclax, HSP90
inhibitors, as well as senomorphic drugs including
JAK inhibitors and rapamycin, are on the horizon. It
is likely that effective senolytic therapy can be
administered episodically rather than chronically,
potentially limiting adverse effects, as opposed to
senomorphics that need continuous administration.

Experimental evidence supports the concept that
cellular senescenceis presentin SScand playsa critical
role in disease establishment and progression. Poten-
tial use of senotherapeutics in SSc would be expected
to be an effective treatment approach. Clearly, many
substantial hurdles remain before larger clinical trials
of senolytic therapy for fibrosis can be considered. It
will be necessary to further assess the specificity of
such therapies in killing senescent cells, and charac-
terize their cytotoxic effects, to demonstrate their
long-term safety, and to identify reliable markers
for response [82%]. Furthermore, adding senothera-
peutics asa combination therapyin conjunction with
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other drugs modulating various pathways in SSc
pathogenesis may have added benefits and result in
improved outcome for this complex and potentially
fatal disease.
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of very early systemic sclerosis

Silvia Bellando-Randone®®, Francesco Del Galdo®
and Marco Matucci-Cerinic®®¢

Purpose of review

The early heterogenous presentation of systemic sclerosis (SSc), in particular without skin involvement, has
been a confounding factor delaying early diagnosis. In fact, early signs of SSc as Raynaud’s phenomenon
and puffy fingers, are also typical of other connective tissue diseases (CTDs) such as mixed CTD and
undifferentiated CTD. In the last decade, a significant effort has been dedicated in defining molecular
characteristics that could be used as early SSc biomarkers. In this narrative review, we address the present
situation where several clinical scenarios are in search of a correct positioning into the prescleroderma
(pre-SSc) phase as well as in the very early phase of SSc.

Recent findings

Literature data showed that a part of patients classified as sine scleroderma SSc (ssSSc), mixed CTD and
undifferentiated CTD may already belong to the very early phase of SSc, thus having a different pattern of
progression to SSc. Recently, the very early diagnosis of systemic sclerosis (VEDOSS) criteria has been
validated.

Summary

while the area of pre-SSc still remains fuzzy, the VEDOSS study has shown that a ‘window of opportunity’
does exist also for SSc. In the very next future, this may allow to start the treatment to prevent the disease
progression to a more advanced fibrotic stage.

Keywords

prescleroderma, systemic sclerosis, very early diagnosis of systemic sclerosis

Systemic sclerosis (SS¢) is a connective tissue disease
(CTD) characterized by a wide clinical heterogene-
ity, ranging from a milder subset to a more severe
one, with a rapid widespread involvement of inter-
nal organs and skin fibrosis [1].

According to the 1980 American College of
Rheumatology (ACR) classification criteria, it was
necessary to detect skin fibrosis to classify a patient
as SSc. It should be noticed that usually skin fibrosis
is the main pathognomonic characteristic of SSc
even if it is typical of the advanced phase. In the
last 4 decades, these criteria have been widely used
also as diagnostic criteria, despite their poor sensi-
tivity for detecting early SSc patients. In fact, the use
of these criteria has delayed either the disease diag-
nosis or the therapy [2]. Over the years, several
attempts have been made to overcome the limits
of the ACR 1980 criteria [3,4] The early heteroge-
nous presentation of SSc, in particular without skin
involvement, has been a confounder which does not
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allow a clear orientation and reach the diagnosis.
Moreover, early signs of SSc¢ as Raynaud’s phenom-
enon and puffy fingers, are also typical of other
CTDs such as mixed connective tissue disease
(MCTD) and undifferentiated connective tissue
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KEY POINTS

e Early signs of SSc as Raynaud’s phenomenon and puffy
fingers are aspecific and typical of other CTDs such as
mixed mixed CTD, undifferentiated CTD as well as of
systemic sclerosis sine scleroderma: this can delay
diagnosis in particular in absence of skin involvement.

e The very early diagnosis of SSc and the identification
of progressive patients is of paramount importance
because half of all incident organ manifestations occur
simultaneously within 2 years from the onset of
Raynaud’s phenomenon.

o Most of the molecular SSc markers are present already
in VEDOSS patients characterized by very few
disease signs.

o Patients with the same molecular activation may share
a common biological process and similar specific
signalling pathways.

e VEDOSS represents a ‘window of opportunity” for SSc,
because a targeted therapeutic strategy, proportional to
the disease features, may be chosen to stop
disease progression.

disease (UCTD), and this element has further created
confusion in SSc diagnosis [5,6].

It is well known that Raynaud’s phenomenon is
the most typical presenting sign of UCTD (80%) [5].
The definition of UCTD includes a wide spectrum of
clinical pictures as patients with recent onset of symp-
toms and unclassifiable clinical pictures, patients
with ‘stable UCTD’, a distinct clinical entity charac-
terized by at least one clinical manifestation of con-
nective tissue diseases, positive antinuclear
antibodies (ANA) and disease duration of at least
3 years and patients with ‘organ-dominant’ condi-
tions and ANA or other serological features or mild
clinical symptoms[6]. Literature data report that from
4 to 15% of UCTD patients evolved to a definite SSc
over the years [7]. In MCTD patients, Raynaud’s phe-
nomenon and puffy fingers are the most common
presenting symptoms also in MCTD patients [8]. In
the early stages, patients often present with one of the
following features: Raynaud’s phenomenon, puffy
fingers, sclerodactyly, arthralgias, arthritis, myalgias,
myositis and malaise [9]. Furthermore, Cappelli et al.
showed that out of 161 patients, initially diagnosed as
MCTD, after amean follow-up of 7.9 years, 93 (57.9%)
still had the diagnosis of MCTD while 17.3% were
diagnosed with SSc [8]. For the abovementioned rea-
sons, a part of patients classified as MCTD and UCTD
[8,10] are already cases that may belong to the very
early phase of SSc, thus having a different pattern of
progression to SSc.
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In this narrative review, we address the present
situation where several clinical scenarios are in
search of a correct positioning into the early phase
of SSc, ranging from the pre-SSc to the very early
diagnosis of systemic sclerosis (VEDOSS), to sine
scleroderma SSc (ssSSc), also passing through the
UCTD/MCTD confounders.

To date, several studies showed that sine scleroderma
SSc (ssSSc) is a distinct clinical entity. In 1989, ten
SSc-interstital lung disease (ILD) men without skin
involvement, later defined as ssSSc, were character-
ized by positive ANA, oesophagal dysmotility, ILD,
Raynaud’s phenomenon and abnormal nailfold
capillaries. About 6/10 developed skin sclerosis from
4 months to 7 years after ssSSc diagnosis [11].

In 1996, Fine et al. [3] provided a revised defi-
nition of SSc subsets, including also ssSSc defined as
patients without skin involvement but with ANA
and specific antibodies, as well as ILD, scleroderma
renal crisis, cardiac or gastrointestinal involvement.

In 2000, Poomorghim et al. evaluated patients
with ssSS¢, comparing them with patients with SSc
and limited cutaneous involvement (IcSSc). Out of
555 patients without diffuse SSc they found 49 (9%)
ssSSc patients. They reported that other than the
absence of skin thickening, the ssSSc group had no
significant differences in internal organ involve-
ments, laboratory features, serum autoantibody
type or survival rate compared with patients with
[cSSc. This leads them to suggest to include ssSSc in
the disease classification [12].

Some years later, in another study six SSc-ILD
(usual interstitial pneumonia and nonspecific inter-
stitial pneumonia) patients did not present skin
thickening, sclerodactyly and digital oedema: some
had telangiectasia, four had Raynaud’s phenom-
enon with abnormal nailfold capillaroscopy
(NVC) modifications, all gastroesophageal reflux,
and three oesophagal dysmotility. All were nucleo-
lar ANA positive and only one was topo 1 positive,
whereas the others were anti-Th/To positive. These
authors suggested that the presence of the clinical
features, despite the absence of skin involvement
were already defining SSc in particular in presence of
ILD [13].

In 2012, Tolosa et al. studied patients from the
Spanish register and investigated either preSSc
(defined by Raynaud’s phenomenon, SSc NVC
changes, specific autoantibodies without skin thick-
ening) and ssSSc (defined by Raynaud’s phenom-
enon, scleroderma clinical features and SSc-specific
autoantibodies without skin sclerosis) proposing a
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Table 1. Criteria defining presystemic sclerosis and very early diagnosis of systemic sclerosis

Raynaud’s phenomenon  Specific ATB  Capillaroscopy  Puffy fingers Digital ischemic changes
1995, pre-SSc, Fine [3] X X X X
2001, pre-SSc, LeRoy X X X
and Medsger [4]
2021, VEDOSS, Bellando X X X X

Randone et al. [37"%]

ATB, auto-antibodies; SSc, systemic sclerosis; VEDOSS, very early diagnosis of systemic sclerosis.

modification of the Leroy-Medsger criteria [4,14]. In
2013, 79/947 Brasilian SSc patients (8.3%) were
identified as ssSSc with a significant esophageal
involvement (83.1%) and ILD (63.2%) [15].

In 2014, Simeon-Aznar et al. found that there were
no significant differences in disease features between
ssSSc and 1cSSc and that ssSSc Spanish patients ful-
filled ACR criteria much less than 1cSSc (13%/77%,
P <0.0001). They concluded that ssSSc and ISSc were
practically similar but suggested to consider ssSSc a
different subset to avoid misdiagnosis and to deepen
internal organ investigation [16].

In 2021, 33 ssSSc patients were studied by De
Almeida Chaves et al. [17] The majority of patients
were anticentromere positive (26, 33%), whereas
one was topo I positive and one PmScl positive.

In 2022, in 1054 SSc Portuguese patients, Freitas
et al. identified preclinical SSc in 13% and ssSSc in
3.3%, as well as puffy fingers in 62.1% dSSc and
47.3% 1SSc (P <0.01). It is important to highlight
that the authors did not provide the definition of
preclinical SSc neither addressed the VEDOSS crite-
ria in their work to identify very early patients [18].

Finally, ssSSc has also been described in chil-
dren: seven out of 52 Juvenile SSc patients were
characterized by classic SSc clinical features but
without skin involvement: six patients presented
primary myocardial involvement and three secon-
dary to pulmonary arterial hypertension; two
patients died, whereas one had heart transplanta-
tion. These data suggest that ss]SSc has a high mor-
bidity as well as a significant mortality [19].

In practice, ssSSc might be either a distinct dis-
ease subset or just a very early phase of SSc in which
the skin is not yet involved. For this reason, some
ssSSc cases may belong to the very early phase of SSc
(VEDOSS) where the skin involvement is practically
represented by puffy fingers only.

The terminology identifying patients in the early
phase of SSc has been heterogeneous over the last
decades. In 1995, the pre-SSc was coined for patients
with Raynaud’s phenomenon, nailfold capillary
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modifications, specific autoantibodies (topo I, cen-
tromere or nucleolar) and digital ischaemic changes
[3] (Table 1). In 2001, LeRoy and Medsger [4] pro-
vided criteria for the limited subset of SSc (1SSc)
defining a group of pre-SSc having Raynaud’s phe-
nomenon and either an SSc-type nailfold capillary
pattern or SSc-selective autoantibodies, without
pufty fingers and any other sign of definite SSc
(Table 1). In 2013, the ACR-European League
Against Rheumatism (EULAR) classification criteria
significantly increased the sensitivity to classify SSc
patients with a minimal skin involvement. Today,
even though the early detection of SSc is possible, it
is a challenge to identify patients at a high risk of
progression into definite SSc [20]. The very early
diagnosis of SSc (VEDOSS) and the identification
of progressive patients is therefore of paramount
importance because half of all incident organ man-
ifestations occur simultaneously within 2 years from
the onset of Raynaud’s phenomenon [21]. However,
at disease onset, the high variability of disease pre-
sentation (Fig. 1) and severity may make difficult the
identification of predictors of morbidity and mortal-
ity. Therefore, patient stratification is important to
guide treatment decisions.

Furthermore, it has been suggested that the
intrinsic gene expression could help to in a more
homogeneous classification of SSc patients [22,23].
Patients with the same molecular activation may
share a common biological process and similar spe-
cific signalling pathways. This may link the molec-
ular subset with the clinical response to a specific
treatment. In SS¢, immunophenotypic abnormal-
ities have been observed. In fact, higher proportions
of activated Th1 and Th17 cells and an abnormal B-
cell differentiation may suggest that a stratification
of SSc patients may be possible based on the
immune cell phenotype, thus allowing a targeted
treatment.

The detection of autoantibodies against specific
nuclear antigens such as centromere proteins A
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Pre-Clinical VEDOSS

Scleroderma

Sine scleroderma

The scleroderma cluster of disease is presented, starting from prescleroderma to very early diagnosis of systemic
sclerosis and definite systemic sclerosis (diffuse and limited disease). Undifferentiated connective tissue disease and mixed
connective tissue disease are also attached to the area of prescelroderma and very early diagnosis of systemic sclerosis.

and B, Topoisomerase or specific subunits of RNA
polymerase 3, among others, carries a strong diag-
nostic value for SSc because of both their sensitivity
and specificity for the disease. Beyond their diagnos-
tic role, specific autoantibodies are also associated
with differential risk for type and severity of organ
involvement, including skin fibrosis, pulmonary
artery hypertension or ILD, suggesting that they are
somehow implicated in specific molecular events
leading to the different organ manifestations [24].
Significantly, the same antibodies are detectable
quite sometime before the onset of clinical manifes-
tations, with time span ranging from 1 to 4 years for
anti-Topoisomerase antibodies and up to 10 years or
more for antibodies against centromere proteins [25].
This observation could lead to speculate that the
molecular events leading to tissue fibrosis (for which
anti-Topoisomerase antibodies have a positive pre-
dictive value) are quicker than the ones associated
with vascular fibrosis (which is more frequent in
patients with anticentromere antibodies). Despite
these speculations, the observation of these antibod-
ies before the clinical onset of disease has been the
main driver for the research into early detection and
the definition of early and very early disease [26,27].

In fact, despite there has been so far no evidence
supporting a direct pathogenetic role for ANA anti-
bodies in the molecular mechanisms responsible of
disease, their presence and their specificity is clearly
supporting the notion that the autoimmunity asso-
ciated with or leading to the clinical manifestations
of Scleroderma is already present for quite sometime
before the onset of the symptoms.

The only exceptions to this observation are the
Raynaud’s phenomenon and also the Gastroesopha-
geal Reflux, which are often present in the very early
disease [21] together with autoantibodies. Therefore,
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itcould be hypothesized that the tissue modifications
associated with these SSc clinical manifestations
could be associated with autoimmunity.

Beyond autoantibodies, in the last 10 years, since
the definition of early SSc and VEDOSS, there has
been a multitude of studies detecting SSc biomarkers
before the onset of clinical symptoms. These include
mainly biomarkers of immune activation, including
CXCL4 plasma concentration, the expression of
interferon-inducible genes or the concentration of
their protein products [28-30]. More recently, it has
also been shown that skin biopsies from patients
without clinically detectable skin fibrosis already
show pathognomonic SScsigns [31"*]. Theseincluded
increased extracellular matrix accumulation as
assessed by Masson Trichrome, increased perivascular
infiltration by CD4S5 positive cells, and initial
derangement of CD31 staining, all histopathological
markers of SSc. These latter observations suggest that
the clinical detection of skin thickening may happen
quite late in the pathogenesis of tissue damage and
that we may start to postulate the concept of a bio-
logical diagnosis of SSc based on the detection of
molecular SSc signatures.

In conclusion, most of the molecular SSc
markers are present already in VEDOSS patients
characterized by very few disease signs. This obser-
vation, may support an early intervention as well as
define the evidence of an SSc disease continuum.

The VEDOSS is today a reality. The possibility to
reach a very early diagnosis is supported by criteria
of suspicion represented by the three red flags -
Raynaud’s phenomenon [26,32], pufty fingers,
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ANA - that are then supported for a final diagnosis
by the presence of abnormal NVC and SSc-specific
autoantibodies. The very early diagnosis opens the
possibility to exploit the window of opportunity
also for a very early treatment [26,27,33]. In fact,
VEDOSS represent, at the moment, the earliest SSc
stage, where the organ damage is not yet established
because the disease has not yet fully progressed to
fibrosis remaining still in a phase of subclinical
internal organ involvement [21,34].

In the last years, several studies analysed the
VEDOSS characteristics in a different group of
patients with Raynaud’s phenomenon and at least
one manifestation of SSc, in search of predictors for
the progression to SSc.

Recently, Blaja et al. highlighted the heteroge-
neity of VEDOSS patients: 102 patients did fulfil
neither the 2013 ACR/EULAR nor the 1980 ACR
classification criteria but had a clinical expert diag-
nosis of SSc with Raynaud’s phenomenon and
additional features as puffy fingers, SSc-specific anti-
bodies, SSc pattern on NVC, or any organ involve-
ment characteristic for SSc. Authors reported that
these patients could be divided in an early and in a
very mild long-standing SSc, at risk of progression.
This study showed that these two subgroups of
early/mild SSc cannot be differentiated based on
clinical features at first presentation and that they
need to be differently followed up and different
considerations for therapeutic interventions than
patients with very early disease at risk of progression
[35%].

Valdirene et al. [36™] in a cross-sectional single-
centre study evaluated a cohort of 217 patients
showing that among patients with Raynaud’s phe-
nomenon the combination of VEDOSS character-
istic were the strongest predictors of progression to
SSc at a median follow-up of 4 years.

Moreover, the data from the EUSTAR multi-
centre study showed that Raynaud’s phenomenon
patients stratification could be achieved according
to their risk of developing definite SSc at 24, 36 or 60
months. Specifically, Raynaud’s phenomenon
patients with SSc-specific autoantibodies and either
pufty fingers or nailfold capillary changes have more
than 80% risk of progressing to definite SSc within
5 years, and around 50% risk at 30 months [37™].

Today, when patients are diagnosed as VEDOSS,
UCTD or MCTD, they may be exposed to the risk
of progression of internal organ involvement and
complications because of a ‘wait and see’ strategy.
However, in case an immunosuppressive treatment
is decided, the risk of an overtreatment is real in
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those cases that will not progress. Therefore, the
treatment in VEDOSS patients, and also in other
conditions like pre-SSc and UCTD/MCTD with SSc
features, is today an unmet need. In fact, this is an
important decision to be taken as an opportunity to
prevent organ damage, thus overcoming the fear of
an overtreatment. Indeed, the area of pre-SSc still
remains fuzzy but is now, after the validation of the
VEDOSS criteria, a new area to be more clearly
defined after a thorough clinical and experimental
investigation. This strategy is corroborated by the
very recent evidence that in pre-SSc patients, the
increase of endostatin and the decrease of basic
fibroblast growth factor and platelet-activating fac-
tor were both associated with a rapid progression to
definite SSc [38""].

The VEDOSS study has shown that, like in rheuma-
toid arthritis, a ‘window of opportunity’ does exist
also for SSc, where a targeted therapeutic strategy,
proportional to the disease features, might be
chosen. In the very next future, this may allow to
start the treatment to prevent the disease progres-
sion to a more advanced fibrotic stage [37™].

In the last 40 years, the classification of SSc has
gone through several revisions leading to a more
clear vision of the possible clinical pictures of the
disease. In Fig. 1, the evolution of classification and
diagnosis criteria are presented together with pre-
SSc as a new entity which deserves now the greatest
attention of the clinical and experimental research-
ers to clarify and define what is preceding the
VEDOSS phase of the disease.
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Purpose of review

Activation of the type 1 interferon (T1 IFN) pathway has been implicated in the pathogenesis of systemic
sclerosis (SSc) by an increasing number of studies, most of which share key findings with similar studies in
systemic lupus erythematosus (SLE). Here we will focus on the evidence for T1 IFN activation and
dysregulation in SSc, and the rationale behind targeting the pathway going forward.

Recent findings

An increased expression and activation of T1 IFN-regulated genes has been shown to be present in a
significant proportion of SSc patients. Tl IFN activation markers have been found to predict and correlate
with response fo immunosuppressive treatment as well as severity of organ involvement. As inhibition of the
IFN-o receptor has been proven to be effective in active SLE, benefit may be seen in targeting the IFN

pathway in SSc.

Summary

The role played by T1 IFN and its regulatory genes in SSc is becoming increasingly evident and strikingly
similar to the role observed in SLE. This observation, together with the benefit of type 1 IFN targeting in
SLE, supports the notion of a potential therapeutic benefit in targeting T1 IFN in SSc.
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Systemic sclerosis (SSc) is a progressive, heteroge-
nous multisystem autoimmune disease, which is
characterized by autoimmune activation as well as
a pathognomonic tissue and vascular fibrosis [1,2].
It has the greatest mortality amongst the major
rheumatic diseases [1,3,4""]. Genetic predisposition
combined with triggers activating a persistent
immune response at the level of the tissue is thought
to drive the pathogenetic process in SSc. Type 1
interferons (T1 IFNs) are a family of cytokines play-
ing a key role in response to viruses and a variety of
danger and damage signals, triggering innate
immune activation. The dysregulation in T1 IEN
signalling has now been implicated in the patho-
genesis of certain autoimmune diseases, including
SS¢ and systemic lupus erythematosus (SLE)
[4™,5,6]. Clinical evidence of the harmful effects
of T1 IFN in SSc, is provided by a randomized,
placebo-controlled trial of IFN-«, in patients with
early diffuse SSc, where the trial had to be stopped
early because of a deleterious effect seen in the
lung function of the treatment group. The with-
drawal and serious adverse event rates were also
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greater in the treatment group than in the placebo
group [7].

Here we will focus on the evidence for T1 IFN
activation in SSc, the potential mechanisms leading
to its dysregulation, the predictive role on disease
progression and the rationale to target the pathway
going forward.
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KEY POINTS

e The activation of T1 IFN has been implicated in the
pathogenesis of SSc and SLE, with inhibition of the
IFNa receptor being recently shown to be effective in
active SLE.

e An increased serum concentration of ISGs is detectable
in a variable proportion of patients with SSc, even at
the very early stages of the disease, before onset of
clinically detectable damage.

e The origin and triggers of T1 IFN, and how the
interactions between genetic and environmental factors,
leads to dysfunction in the T1 IFN response
remains unclear.

o IFN activation markers have been found to predict and
correlate with response to immunosuppressive treatment
as well as in the severity of organ involvement.

e Clinical trials of T1 IFN antagonists in carefully selected
SSc patients would lead to a better understanding of
the role T1 IFN plays in SSc pathogenesis, potentially
improving outcomes in certain SSc patients.

T1 IFNs are a heterogenous family of cytokines,
which provide a robust first line of antiviral defence.
Type 2 and 3 interferons have partially different
roles, which are outside the scope of this review
and have been summarized elsewhere [8,9].

T1 IFN can be divided into five classes in
humans: «, B, », € and k. All five, T1 IFN classes
signal through the same type 1 IFN heterodimeric
receptor complex constituting IFN-a receptor 1
(IFNAR1) and IFNAR2 subunits.

Secretion of T1 IEN in the extracellular space is
the terminal event of an ‘innate’ response mecha-
nism to a variety of danger and damage stimuli. The
detection of repetitive molecular patterns displayed
by a pathogen (pathogen-associated molecular pat-
terns or PAMPs) is one of the stimuli, which is
‘sensed’ by the pattern recognition receptors (PRRs)
[10]. There are four classes of PRRs — the Toll-like
receptors (TLRs), the nucleotide-binding oligomeri-
zation domain-like receptors (NLR), the retinoic
acid inducible gene I (RIG-I) and the C-type lectin
receptors [11]. They all differ in ligand recognition,
signal transduction and cell localization.

TLRs are the most extensively studied class of
PRRs and consist of 10 types (TLR 1-10) [10,12,13].
TLRs are expressed on most nucleated cells, and
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once they are engaged with their ligand, they lead
to T1 IFN pathway activation. While this is true in
most cells, plasmacytoid dendritic cells (pDCs) are
the cells that are ‘professionally’ differentiated to
secrete vast amounts of T1 IFN in response to TLR
engagement. For this reason, they are believed to
play a central part in the T1 IFN-mediated immune
response and their role has been implicated both in
the pathogenesis of SLE [14] and SSc [15%,16].

The first indirect evidence of a putative involve-
ment of pDC in the aberrant T1 IFN activation in SSc
was suggested by a proteome-wide analysis showing
that CXCL4 in the plasma of SSc patients was sub-
stantially higher than healthy controls, and it pre-
dicted the presence and worsening of lung fibrosis
and pulmonary hypertension. In the same study, the
authors implicated pDC as one of the potential sour-
ces of CXCL4 [17]. More recently, CXCL4 has been
found to function as a Damage Associated Molecular
Pattern (DAMP) sensor. Lande et al. observed that
CXCL4 organiszd microbial and self-DNA into liquid
crystalline complexes that amplified TLR9-mediated
[FN-a production in pDCs. Importantly, CXCL4-
DNA complexes were present in vivo, and correlated
with T1 IFN in SSc blood and skin, revealing a direct
link between CXCL4 overexpression and T1 IFN pro-
duction in patients with SSc [18]. Another study also
indicated the infiltration of SSc skin by pDCs, where
they were chronically activated, producing high lev-
els of [IFN-aand CXCL4. CXCL4 wasunder the control
of phosphatidylinositol 3-kinase 8, which was linked
to the aberrant presence of TLR8 on pDCs in SSc
patients. CXCL4 was also found to potentiate the
activities of TLR8-induced and TLR9-induced IFN
production in SSc pDCs [16].

Importantly, Ross et al. [157] have shown that
functional inhibition of pDCs was effective in pre-
venting skin activation and fibrosis in preclinical
models of SSc, similar to what has been observed in
SLE [14].

In another study, anti-CXCL4 antibodies were
shown to be present in at least half of SSc patients
and correlated with serum/plasma IFN-a levels.
Recently, CXCL4 itself was found to behave as a
self-antigen, maintaining a vicious cycle by promot-
ing T1 IFN activation via pDCs and anti-CXCL4 anti-
bodiesby B cells, sustaining the SSc IFN signature [19].
Further work with CXCL4 has interestingly shown
that the anti-CXCL4 antibodies were present in
patients with VEDOSS (very early diagnosis of sys-
temic sclerosis), suggesting that this mechanism can
intervene very early in the pathogenesis of disease,
before clinically apparent tissue damage [20].

Activation of TLRs have also been found to play
a role in interstitial lung disease (ILD). TLR3 activa-
tion by poly I:C has been reported to increase lung
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inflammatory proteins including the cytokines
CCL3, CCLS5 and CXCL10, in airway epithelial cells.
Importantly, TLR3 knockout mice showed protec-
tion against the inflammatory response [21]. TLR4
has also been implicated in pulmonary and skin
fibrosis, with the ability to activate IRFS [22].

Pathogens have long been proposed as a trigger
for autoimmune illnesses, and one mechanism for
this is ‘molecular mimicry’ between self-derived and
pathogen-derived molecules. Another mechanism,
occurs through the inability to clear the pathogen,
resulting in infection persistence, and repeated
stimulation of the innate immune cells via TLRs
[23,24]. Farina and colleagues have shown evidence
of infectious Epstein—Barr virus (EBV) in monocytes
triggering SSc. Induction of EBV viral lytic genes
resulted in the induction of TLR8 expression in both
healthy control and SSc monocytes infected with
EBV [25]. Further, Farina et al. [26] have shown that
EBV can infect endothelial cells and fibroblasts in
SSc skin, leading to an aberrant TLR activation. A
novel mechanism has also now been demonstrated
by which human monocytes bound to EBV recombi-
nant virus are capable to transtfer EBV to the endo-
thelial cells. In the same study, EBV lytic antigens in
scleroderma dermal vessels were detected, suggest-
ing EBV could target endothelial cells in SSc skin,
activating TLR 9 in the process and possibly contri-
buting to the vascular injury seen in SSc [27].

Beyond classic pathogens, there is increasing evi-
dence for an important role played by mitochondria,
in the events driving T1 IFN activation and subse-
quent autoimmunity. It is widely accepted that frag-
mentation in mitochondrial DNA (mtDNA), can lead
to the activation of T1 IFN pathway, through cGAS
(cytosolic cyclic GMP-AMP synthase), a specific cyto-
solic receptor for free DNA, which, in turn, activates
the endoplasmic reticulum membrane protein,
stimulator of interferon genes (STING). cGAS-STING
activation by mtDNA was shown to be positively
associated with T1 IFN and IL-6 expression in SSc as
well asin SLE [28,29]. Consistent with these findings,
mtDNA has been found to be at increased concen-
tration in SSc plasma, with the ability to function as
DAMPs and interact with PRRs [30]. This is one of the
putative mechanisms by which necrotic cells or those
under stress have been found toactivate TLR9 and the
double-stranded DNA sensor, cGAS.

Interestingly, it has been also proposed that
mtDNA could be damaged as a consequence of
oxidative stress because of high exposure to reactive
oxidative species (ROS) produced by the mitochon-
dria itself [28].

Regardless of the source of its secretion, T1IFN
signal through IFNAR1 and IFNAR2, which in turn
activate Janus Kkinase (JAK)-signalling pathway
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downstream [4",8]. This consists initially with
phosphorylation of pre-associated JAK1 and tyro-
sine kinase 2 (TYK2), which triggers kinase activity
of signal transducers and activators of transcriptions
1 and 2 (STAT1 and 2) via cross-phosphorylation.
This leads, in turn, to the recruitment of IFN-regu-
latory factor 9 (IRF9), a member of the family of
transcription factors called IFN Regulatory Factors
(IRFs), for their ability to regulate the expression of
T1IFN and its effects on target gene expression. IRF9
together with STAT1 and 2 form a complex known
as the IFN-stimulated gene factor 3 (ISGF3). This
complex translocates to the nucleus to bind to IFN-
stimulated response elements (ISRE) in order to
induce a family of genes that for this reason are
called interferon-stimulated genes — ISGs [4*%,8]. A
summary of the different pathways and key factors
mentioned above leading to T1 IEN activation is
shown in Fig. 1.

Familial association studies have previously shown
that family history appears to be the strongest
known risk factor for SSc. It was found that amongst
first-degree relatives of SSc patients, the prevalence
of the disease was 0.33%, with a relative risk factor of
13 when compared with the general United States
population, which had a prevalence of 0.026% [31].
A twin study including 42 twin pairs (24 monozy-
gotic and 18 dizygotic), found that the overall con-
cordance of SSc was only 4.2% (1 out of 24) in
monozygotic twins and 5.6% in dizygotic twins.
The concordance, however, of antinuclear antibod-
ies (ANAs) was significantly higher in monozygotic
twins vs. dizygotic twins (90% vs 40%), suggesting
that concordance for autoimmunity was much
higher than the one for clinical disease phenotype.
Consistent with these findings, a study in 4612 first-
degree relatives of 1071 probands revealed an
increased risk for familial autoimmunity among
subtypes of SSc, with thyroid diseases and SLE show-
ing the most significant increased prevalence when
compared with control families, together with Ray-
naud’s phenomenon and ILD [32].

The most frequent form of genetic variation in
humans is the single-nucleotide polymorphism
(SNP), which influences protein function and is
key to personalized medicine [33]. In a recent
meta-analysis of Genome-Wide Association Studies
(Meta-GWAS), which included 26 679 individuals, 27
independent genome-wide associated signals were
identified, which included 13 new-risk loci, and
nearly doubled the number of genome-wide hits

www.co-rheumatology.com 359



Raynaud phenomenon, scleroderma, overlap and fibrosing syndromes

TLR1/2 TLR2-6 TLRS

—— T1IFN

NF-kB
AP

+ —t
v

) @@

Cytoplasm TLR4 irnar1 | | iFnaRz
I TYK2 | | JAKL
MVDSS
Increased expression
TRIF “"/ and or activation
L in 55C
TRAFS @ SNPinsSC
mn
TRAF STAT2
l

ISGF3

NF-kB
AP1

Pro-inflammatory
cytokines -- [}

MWMQWWWM

+ Pro-infl

156s
ISRE

Different pathways and key factors leading to T1 IFN activation and ISG release.

previously reported in SSc [34]. This meta-analysis has
suggested a variety of IFN-signalling loci, including
T1 IFN regulatory factors IRF4 [35], IRFS [36,37], IRF7
[34,38] and IRF8 [34,39,40]. (Fig. 1) Interestingly,
apart from SSc, the genes have also shown an associ-
ation with SLE [41-44]. Tyrosine kinase 2 (TYK2) [45],
and STAT4 [34,46] are genes that have also been
linked to SSc genetic susceptibility.

A shared genetic background of autoimmune
diseases is clearly seen in GWAS, but additionally
a vital role played by environmental factors (air
pollution, infection and chemical substances, such
as silicon) [47], and epigenetic influences in the
pathogenesis of SSc has been suggested. Links to
the pathogenesis of SSc have been previously
reported for all the major epigenetic alterations,
including DNA methylation [48-50], histone mod-
ifications [51,52], noncoding small (miRNA) and
long (IncRNA) RNA transcript expression [53-56].
For instance, MiR-618 was found to be significantly
overexpressed in SSc pDCs, causing an IRF8-depend-
ent inhibition of pDC differentiation and activa-
tion, as well as increased production in IFN-a
upon TLRY stimulation [57]. LncRNAs are a larger
class of transcribed RNA molecules, that are not
translated but regulate gene expression [58]. It has
recently been shown that a group of IncRNAs were
modulated in a T1 IFN-dependent manner in
human monocytes in response to TLR4 activation
[59]. Among the IncRNAs, the negative regulator of
the IFN response (NRIR) was found significantly
upregulated in-vivo in SSc monocytes, and affected
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the expression of the ISGs, CXCL10 and CXCL11.
Therefore, dysregulation of NRIR in SSc monocytes
may play a part in contributing to the aberrant IFN
response present in SSc patients [S9].

Due to the difficulty of directly measuring T1 IFN
levels from human samples, an ‘interferon signa-
ture’ including the levels of expression of the tran-
script levels of multiple known ISGs has been widely
used for this purpose. This method established the
presence of increased T1 IFN in SLE, and more
recently in other rheumatic diseases [60]. The first
reported finding of an IEN signature in SSc dates
back to 2006 [61]. Since then, it has been shown that
an IFN signature in blood is found in a large pro-
portion of SSc patients [5,62,63]. It has been also
shown that activated monocytes and macrophages
can be a potent source of T1 IFN and other profi-
brotic factors, stimulating the proliferation of fibro-
blasts and extracellular matrix accumulation [64].
An IFN signature in monocytes has even been found
at the earliest phases of SSc, before overt fibrosis,
suggesting of this being an early event in SSc patho-
genesis [10].

A higher IFN signature in SSc whole blood or
plasma has been found to correlate with the antibody
profiling, where antitopoisomerase and anti-U1-RNP
antibodies were associated with a higher IFN
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signature [5,65]. Correlation of this higher IFN sig-
nature was also seen in more severe vascular mani-
festations and lung involvement [65-68]. Organs
known to be targeted in SSc such as the skin and lung,
have also demonstrated an overexpression of ISGs in
SSc patients [69,70].

Upregulation of ISGs in the skin of SSc patients
was also demonstrated in skin biopsy gene expres-
sion studies [70,71]. A study performing microarrays
from lung tissue revealed upregulation of ISGs in
addition to TGF-B-regulated genes in SSc patients
with ILD, with an increased expression of ISGs,
associated with a higher rate of progression in ILD
[69]. Interestingly, a recent multiomic comparative
analysis of the serum profile, peripheral blood cells
and skin ISG expression in SSc patients showed that
the serum protein profile correlated more closely
with the transcriptome of the skin than that of the
PBMCs. This may be because of a spill-over effect
from diseased end organs and suggests that IFN-
inducible chemokine concentration may be a better
predictor of tissue IFN activity than PBMC ISG
expression levels [72,73"].

Apart from the trial in [FN-a mentioned in the
introduction of this review, case reports have been
documented of the development of SSc in individ-
uals treated with T1 IFN for other conditions. Inter-
estingly, Anifrolumab (anti-IFNAR1 monoclonal
antibody) in a phase 1 trial of SSc patients led to
the suppression of the IFN signature and TGFB
signalling in SSc skin [74]. Additionally, in a graft-
versus-host disease (GVHD) mouse model of SSc,
neutralization of IFNAR1, and consequent normal-
ization in the overexpression of T1 IFN-inducible
genes, led to a marked reduction in the dermal
fibrosis [75]. Consistent with these findings, in SSc
patients treated with high-dose cyclophosphamide
followed by rescue autologous hematopoietic stem
cell transplantation, clinical response strongly cor-
related with normalization in T1 IFN module by
RNAseq of peripheral blood cells [76].

The close mirroring of disease activity of T1 IFN
activation has also been shown in the analysis of the
SLS2 trial. Assassi et al. [77""] have shown that higher
serum IFN-inducible chemokine score predicted a
better clinical response in both the cyclophospha-
mide and the mycophenalate mofetil arms. Impor-
tantly during the second year of the study, higher
serum IFN score predicted worse clinical course in
patients put on placebo, supporting the notion that
IFN activation in SSc is deleterious, unless immuno-
suppressive treatment is initiated.

Vascular injury plays an important role in organ
dysfunction in SSc¢, and it is the main driver of
disease in patients with the limited cutaneous subset
(LcSSc) of SSc. T1 IFN has been implicated in the
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dysregulation of the vascular remodelling process in
SSc. Myxovirus-resistance protein A (MxA), which is
induced by T1 IFN, was found to correlate with
digital ulcerations and lower pulmonary forced vital
capacity in SSc [78]. T1 IFN has also been shown to
contribute to the increased vascular permeability in
SSc through downregulation of Flil (friend leukemia
integration 1 transcription factor) and vascular
endothelial cadherin (VE-cadherin) in endothelial
cells and fibroblasts [79]. Features of SSc vasculop-
athy were also seen in mice with conditional dele-
tion of Flil in endothelial cells confirming that T1
[FN-mediated downregulation of Flil enhanced the
development of SSc [80].

Consistent with these observations, IFN-induci-
ble chemokines were found to predict progression of
patients with LcSSc as far as a multi-morbidity score
including skin, lung, vascular and gastrointestinal
progression [81%].

Taken together, these observations suggest that
T1 IFN is involved in both tissue and vascular fib-
rosis in SSc, strongly supporting the rationale for a
direct therapeutic approach targeting the pathway.

Dysregulation in the T1 IFN response has been shown
to contribute to the development of autoimmunity.
Although the clinical manifestations vary amongst
the different types of autoimmune diseases, T1 IFN
protein or transcript signatures have now been iden-
tified in many of them (SSc, SLE, dermatomyositis
and Sjogren’s disease) [5,10,82-85].

In SLE, up to 80% of patients were shown to
have a T1 IFN signature, with around 50% having
chronically elevated T1 IFN levels, detectable in
blood [86,87]. SLE patients with high T1 IFN activ-
ity, also tend to have higher disease activity scores
with a greater tendency to relapse whilst in remis-
sion and a lower response rate to placebo medica-
tion [88-90]. Similarly to what has been observed in
SSc, deranged pDC activation also occurs in SLE, and
monoclonal antibodies against pDC have recently
shown benefit on cutaneous and musculoskeletal
lupus [91-93].

The effectiveness of blocking IFNAR, which plays
a critical role in T1 IFN signalling, has now been
concretely demonstrated in SLE patients with the
monoclonal antibody Anifrolumab. The phase III
Tulip-2 trial met its primary end-point, with an
improvement in overall disease activity vs. placebo
[94], leading to Food and Drug Administration (FDA)
and European Medicine Agency (EMA) approval for
treatment in SLE.
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The similarities of T1 IFN activation in SSc,
therefore, informs the rationale to block IFNAR in
SSc and determine its therapeutic effectiveness [4™].
As mentioned above in this review, early phase 1
study of 34 SSc patients, showed that anifrolumab
was well tolerated and showed peak inhibition of
the T1 IFN signature in blood [95]. A follow-up
mechanistic study showed that treatment with ani-
frolumab led to the reduction of the T1 IFN signa-
ture in whole blood and skin biopsy samples,
demonstrating the suppressive effects of the anti-
[FNAR1 antibody [74]. These findings provide fur-
ther support for future larger double-blind, placebo-
controlled trials of Anifrolumab in early SSc.

Over the past few years, substantial progress has
been made in deconvoluting the immune complex-
ity of SSc, which has led to identify key molecular
and cellular components of T1 IFN signalling
involved in disease pathogenesis. In spite of the
progress made, many unanswered questions in the
pathogenesis of SSc remain. The origin and triggers
of T1 IFN, and the interactions played between
genetic and environmental factors, leading to dys-
function in the T1 IFN response still remains a grey
area. However, newly discovered function of mole-
cules such as CXCL4, start to lead towards a better
understanding of the connections between pDCs,
the IFN continuum and the fibrotic process. Further
studies are also needed to elucidate downstream
processes linking the T1 IFN activation to the exag-
gerated fibrotic response in fibroblasts and other key
effector cells implicated in SSc pathogenesis.

Specifically, the identification of specific ligands
and signalling pathways driving T1 IFN signalling in
SSc will need further investigation with in-vivo and
in-vitro studies. This will improve our understand-
ing of SSc pathogenesis, and will increase the arma-
mentarium of the therapeutic targets that could be
exploited to improve patient outcome.

Acknowledgements
None.

Financial support and sponsorship
None.

Conflicts of interest

S.A. has received grants to his institution from Momenta,
Janssen and Boehringer Ingelheim and consultancy fees
from Novarits, AstraZeneca, Boehringer Ingelheim, CSL
Behring and Abbvie. Y.A. received consulting honorarium
and/or research grants from Alpine ImmunoSciences,

362 www.co-rheumatology.com

Astra-Zeneca, Bayer, Boehringer, Janssen, Medsenic,
Prometheus, Roche, Sanofi and Topadur with regards to
the management and treatment of systemic sclerosis.
C.P.D. reports personal fees or research grants to his
institution from GlaxoSmithKline, Galapagos, Boeh-
ringer Ingelheim, Roche, CSL Behring, Corbus, Horizon,
Capella Bioscience and Arxx Therapeutics; all outside
the submitted work.

M.K. received consulting honorarium and/or research
grants from Astra-Zeneca, Boehringer-Ingelheim, Chu-
gai, GSK and Horizon with regards to the management
and treatment of systemic sclerosis.

D.K.: Consultant/Advisor: Actelion; Boehringer Ingel-
heim International GmbH; Bristol Myers Squibb Com-
pany; CSL Behring; Horizon Therapeutics USA, Inc.;
Janssen Global Services, LLC; Prometheus Biosciences;
Mitsubishi Tanabe Pharma Corporation, Genentech/
Roche. Grant/Research Support: Bristol Myers Squibb
Company; Horizon Therapeutics USA, Inc.; Pfizer Inc.
F.D.G.: consultancies and research support from Abbvie,
AstraZeneca, Boehringer-Ingelheim, Capella Bioscien-
ces, Chemomab Therapeutics, Janssen, Kymab ltd, Mit-
subishi-Tanabe.

Papers of particular interest, published within the annual period of review, have
been highlighted as:

m of special interest

mm  of outstanding interest

-

. Denton CP, Khanna D. Systemic sclerosis. Lancet 2017; 390:1685-1699.

2. Allanore Y, Simms R, Distler O, et al. Systemic sclerosis. Nat Rev Dis Primers
2015; 1:15002.

3. Lescoat A, Roofeh D, Kuwana M, et al. Therapeutic approaches to systemic
sclerosis: recent approvals and future candidate therapies. Clin Rev Allergy
Immunol 2021. doi: 10.1007/s12016-021-08891-0 [Online ahead of print].

4. Wu M, Assassi S. Dysregulation of type 1 interferon signaling in systemic

mm sclerosis: a promising therapeutic target? Curr Treatm Opt Rheumatol 2021;
7:349-360.

Review covering the key druggable therapeutic targets of the T1 IFN pathway that

can be pursued in future randomized clinical trials, in order to develop more

effective therapeutic options for SSc.

5. Skaug B, Assassi S. Type | interferon dysregulation in systemic sclerosis.
Cytokine 2020; 132:154635.

6. Northcott M, Jones S, Koelmeyer R, et al. Type 1 interferon status in systemic
lupus erythematosus: a longitudinal analysis. Lupus Sci Med 2022; 9:
e€000625.

7. Black CM, Silman AJ, Herrick Al, et al. Interferon-alpha does not improve
outcome at one year in patients with diffuse cutaneous scleroderma: results of
a randomized, double-blind, placebo-controlled trial. Arthritis Rheum 1999;
42:299-305.

8. Schneider WM, Chevillotte MD, Rice CM. Interferon-stimulated genes: a
complex web of host defenses. Annu Rev Immunol 2014; 32:513-545.

9. Stanifer ML, Guo C, Doldan P, Boulant S. Importance of type | and Il
interferons at respiratory and intestinal barrier surfaces. Front Immunol
2020; 11:608645.

10. Brkic Z, van Bon L, Cossu M, et al. The interferon type | signature is present in
systemic sclerosis before overt fibrosis and might contribute to its pathogen-
esis through high BAFF gene expression and high collagen synthesis. Ann
Rheum Dis 2016; 75:1567-1573.

11. Amarante-Mendes GP, Adjemian S, Branco LM, et al. Pattern recognition
receptors and the host cell death molecular machinery. Front Immunol 2018;
9:2379.

12. Frasca L, Lande R. Toll-like receptors in mediating pathogenesis in systemic
sclerosis. Clin Exp Immunol 2020; 201:14-24.

13. Bhagwani A, Thompson AAR, Farkas L. When innate immunity meets angio-

genesis-the role of toll-like receptors in endothelial cells and pulmonary

hypertension. Front Med (Lausanne) 2020; 7:352.

Volume 34 e Number 6 e November 2022



14.

15.

Rowland SL, Riggs JM, Gilfillan S, et al. Early, transient depletion of plas-
macytoid dendritic cells ameliorates autoimmunity in a lupus model. J Exp Med
2014; 211:1977-1991.

Ross RL, Corinaldesi C, Wasson CW, et al. Targeting human plasmacytoid
dendritic cells through BDCA2 prevents skin inflammation and fibrosis in a
novel xenotransplant mouse model of scleroderma. Ann Rheum Dis 2021;
80:920-929.

This work demonstrated pDCs and their cytokine production as a key cell type in
the pathogenesis of SSc

16.

17.

18.
19.

20.

21.
22,
23.

24.

25.
26.
27.
28.

29.
30.

31.
32.

33.

34.

35.

36.
37.
38.
39.
40.

41.

1040-8711 Copyright © 2022 The Author(s). Published by Wolters Kluwer Health, Inc.

Ah Kioon MD, Tripodo C, Fernandez D, et al. Plasmacytoid dendritic cells
promote systemic sclerosis with a key role for TLR8. Sci Trans| Med 2018; 10:
eaam8458.

van Bon L, Affandi AJ, Broen J, et al. Proteome-wide analysis and CXCL4 as a
biomarker in systemic sclerosis. N Engl J Med 2014; 370:433-443.
Lande R, Lee EY, Palazzo R, et al. CXCL4 assembles DNA into liquid
crystalline complexes to amplify TLR9-mediated interferon-a. production in
systemic sclerosis. Nat Commun 2019; 10:1731.

Lande R, Mennella A, Palazzo R, et al. Anti-CXCL4 antibody reactivity is
present in systemic sclerosis (SSc) and correlates with the SSc type i
interferon signature. Int J Mol Sci 2020; 21:5102.

Lande R, Palazzo R, Mennella A, et al. New autoantibody specificities in systemic
sclerosis and very early systemic sclerosis. Antibodies (Basel) 2021; 10:12.
Stowell NC, Seideman J, Raymond HA, et al. Long-term activation of TLR3 by
poly(l:C) induces inflammation and impairs lung function in mice. Respir Res
2009; 10:43.

Saigusa R, Asano Y, Taniguchi T, et al. Multifaceted contribution of the TLR4-
activated IRF5 transcription factor in systemic sclerosis. Proc Natl Acad Sci U
S A 2015; 112:15136-15141.

Rashid T, Ebringer A. Autoimmunity in rheumatic diseases is induced by
microbial infections via crossreactivity or molecular mimicry. Autoimmune Dis
2012; 2012:539282.

Randone SB, Guiducci S, Cerinic MM. Systemic sclerosis and infections.
Autoimmun Rev 2008; 8:36-40.

Farina A, Peruzzi G, Lacconi V, et al. Epstein-Barr virus lytic infection promotes
activation of Toll-like receptor 8 innate immune response in systemic sclerosis
monocytes. Arthritis Res Ther 2017; 19:39.

Farina A, Cirone M, York M, et al. Epstein-Barr virus infection induces aberrant
TLR activation pathway and fibroblast-myofibroblast conversion in scleroder-
ma. J Invest Dermatol 2014; 134:954-964.

Farina A, Rosato E, York M, et al. Innate immune modulation induced by EBV
lytic infection promotes endothelial cell inflammation and vascular injury in
scleroderma. Front Immunol 2021; 12:651013.

Ryu C, Walia A, Ortiz V, et al. Bioactive plasma mitochondrial DNA is
associated with disease progression in scleroderma-associated interstitial
lung disease. Arthritis Rheumatol 2020; 72:1905-1915.

Crow MK. Mitochondrial DNA promotes autoimmunity. Science 2019;
366:1445-1446.

West AP, Shadel GS. Mitochondrial DNA in innate immune responses and
inflammatory pathology. Nat Rev Immunol 2017; 17:363-375.

Arnett FC, Cho M, Chatterjee S, et al. Familial occurrence frequencies and
relative risks for systemic sclerosis (scleroderma) in three United States
cohorts. Arthritis Rheum 2001; 44:1359-1362.

Arora-Singh RK, Assassi S, del Junco DJ, et al. Autoimmune diseases and
autoantibodies in the first degree relatives of patients with systemic sclerosis.
J Autoimmun 2010; 35:52-57.

Azizzadeh-Roodpish S, Garzon MH, Mainali S. Classifying single nucleotide
polymorphisms in humans. Mol Genet Genomics 2021; 296:1161-1173.
Lopez-Isac E, Acosta-Herrera M, Kerick M, et al. GWAS for systemic sclerosis
identifies multiple risk loci and highlights fibrotic and vasculopathy pathways.
Nat Commun 2019; 10:4955.

Lopez-Isac E, Martin JE, Assassi S, et al. Brief Report: IRF4 newly identified as
a common susceptibility locus for systemic sclerosis and rheumatoid arthritis
in a cross-disease meta-analysis of genome-wide association studies. Arthritis
Rheumatol 2016; 68:2338—-2344.

Dieudé P, Guedj M, Wipff J, et al. Association between the IRF5 rs2004640
functional polymorphism and systemic sclerosis: a new perspective for
pulmonary fibrosis. Arthritis Rheum 2009; 60:225-233.

Radstake TR, Gorlova O, Rueda B, et al. Genome-wide association study of
systemic sclerosis identifies CD247 as a new susceptibility locus. Nat Genet
2010; 42:426-429.

Carmona FD, Gutala R, Simeon CP, et al. Novel identification of the IRF7
region as an anticentromere autoantibody propensity locus in systemic
sclerosis. Ann Rheum Dis 2012; 71:114-119.

Gorlova O, Martin JE, Rueda B, et al. Identification of novel genetic markers
associated with clinical phenotypes of systemic sclerosis through a genome-
wide association strategy. PLoS Genet 2011; 7:¢1002178.

Arismendi M, Giraud M, Ruzehaji N, et al. Identification of NF-kB and PLCL2 as new
susceptibility genes and highlights on a potential role of IRF8 through interferon
signature modulation in systemic sclerosis. Arthritis Res Ther 2015; 17:71.
Graham RR, Kozyrev SV, Baechler EC, et al. A common haplotype of
interferon regulatory factor 5 (IRF5) regulates splicing and expression and
is associated with increased risk of systemic lupus erythematosus. Nat Genet
2006; 38:550-555.

42,

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

66.

67.

68.

Type 1 interferon activation in $Sc Kakkar et al.

Dieguez-Gonzalez R, Calaza M, Perez-Pampin E, et al. Association of inter-
feron regulatory factor 5 haplotypes, similar to that found in systemic lupus
erythematosus, in a large subgroup of patients with rheumatoid arthritis.
Arthritis Rheum 2008; 58:1264-1274.

Fu Q, Zhao J, Qian X, Wong JL, et al. Association of a functional IRF7 variant
with systemic lupus erythematosus. Arthritis Rheum 2011; 63:749-754.
Cunninghame Graham DS, Morris DL, Bhangale TR, et al. Association of
NCF2, IKZF1, IRF8, IFIH1, and TYK2 with systemic lupus erythematosus.
PLoS Genet 2011; 7:e1002341.

Lopez-Isac E, Campillo-Davo D, Bossini-Castillo L, et al. Influence of TYK2 in
systemic sclerosis susceptibility: a new locus in the IL-12 pathway. Ann
Rheum Dis 2016; 75:1521-1526.

Orvain C, Assassi S, Avouac J, Allanore Y. Systemic sclerosis pathogenesis:
contribution of recent advances in genetics. Curr Opin Rheumatol 2020;
32:505-514.

Ferri C, Arcangeletti MC, Caselli E, et al. Insights into the knowledge of
complex diseases: environmental infectious/toxic agents as potential etio-
pathogenetic factors of systemic sclerosis. J Autoimmun 2021; 124:102727.
Ding W, Pu W, Wang L, et al. Genome-wide DNA methylation analysis in
systemic sclerosis reveals hypomethylation of IFN-associated genes in CD4
(+) and CD8(+) T cells. J Invest Dermatol 2018; 138:1069-1077.

Dees C, Schlottmann |, Funke R, et al. The Wnt antagonists DKK1 and SFRP1
are downregulated by promoter hypermethylation in systemic sclerosis. Ann
Rheum Dis 2014; 73:1232-1239.

Altorok N, Tsou PS, Coit P, et al. Genome-wide DNA methylation analysis in
dermal fibroblasts from patients with diffuse and limited systemic sclerosis
reveals common and subset-specific DNA methylation aberrancies. Ann
Rheum Dis 2015; 74:1612-1620.

Kramer M, Dees C, Huang J, et al. Inhibition of H3K27 histone trimethylation
activates fibroblasts and induces fibrosis. Ann Rheum Dis 2013; 72:614-620.
Van der Kroef M, Castellucci M, Mokry M, et al. Histone modifications underlie
monocyte dysregulation in patients with systemic sclerosis, underlining the
treatment potential of epigenetic targeting. Ann Rheum Dis 2019; 78:529-538.
Henry TW, Mendoza FA, Jimenez SA. Role of microRNA in the pathogenesis
of systemic sclerosis tissue fibrosis and vasculopathy. Autoimmun Rev 2019;
18:102396.

Fioretto BS, Rosa I, Romano E, et al. The contribution of epigenetics to the
pathogenesis and gender dimorphism of systemic sclerosis: a comprehensive
overview. Ther Adv Musculoskelet Dis 2020; 12:1759720x20918456.

. Ramahi A, Altorok N, Kahaleh B. Epigenetics and systemic sclerosis: an

answer to disease onset and evolution? Eur J Rheumatol 2020; 7(Suppl 3):
S147-S156.

Wasson CW, Ross RL, Wells R, et al. Long noncoding RNA HOTAIR induces
GLI2 expression through Notch signalling in systemic sclerosis dermal
fibroblasts. Arthritis Res Ther 2020; 22:286.

Rossato M, Affandi AJ, Thordardottir S, et al. Association of microRNA-618
expression with altered frequency and activation of plasmacytoid dendritic
cells in patients with systemic sclerosis. Arthritis Rheumatol 2017; 69:1891—
1902.

Mazzone R, Zwergel C, Artico M, et al. The emerging role of epigenetics in
human autoimmune disorders. Clin Epigenet 2019; 11:34.

Mariotti B, Servaas NH, Rossato M, et al. The long noncoding RNA NRIR
Drives IFN-response in monocytes: implication for systemic sclerosis. Front
Immunol 2019; 10:100.

Muskardin TLW, Niewold TB. Type | interferon in rheumatic diseases. Nat Rev
Rheumatol 2018; 14:214-228.

Tan FK, Zhou X, Mayes MD, et al. Signatures of differentially regulated
interferon gene expression and vasculotrophism in the peripheral blood cells
of systemic sclerosis patients. Rheumatology (Oxford) 2006; 45:694—702.
Ciechomska M, Skalska U. Targeting interferons as a strategy for systemic
sclerosis treatment. Immunol Lett 2018; 195:45-54.

de Oliveira DB, Almeida GM, Guedes AC, et al. Basal activation of type i
interferons (Alpha2 and Beta) and 2'5'0OAS genes: insights into differential
expression profiles of interferon system components in systemic sclerosis. Int
J Rheumatol 2011; 2011:275617.

. Fuschiotti P. Current perspectives on the immunopathogenesis of systemic

sclerosis. Immunotargets Ther 2016; 5:21-35.

. Kim D, Peck A, Santer D, et al. Induction of interferon-alpha by scleroderma

sera containing autoantibodies to topoisomerase I: association of higher
interferon-alpha activity with lung fibrosis. Arthritis Rheum 2008; 58:
2163-2173.

Eloranta ML, Franck-Larsson K, Lovgren T, et al. Type | interferon system
activation and association with disease manifestations in systemic sclerosis.
Ann Rheum Dis 2010; 69:1396-1402.

Liu X, Mayes MD, Tan FK, et al. Correlation of interferon-inducible chemokine
plasma levels with disease severity in systemic sclerosis. Arthritis Rheum
2013; 65:226-235.

George PM, Oliver E, Dorfmuller P, et al. Evidence for the involvement of type |
interferon in pulmonary arterial hypertension. Circ Res 2014; 114:677-688.

. Christmann RB, Sampaio-Barros P, Stifano G, et al. Association of interferon-

and transforming growth factor B-regulated genes and macrophage activation
with systemic sclerosis —related progressive lung fibrosis. Arthritis Rheumatol
2014; 66:714-725.

www.co-rheumatology.com 363



Raynaud phenomenon, scleroderma, overlap and fibrosing syndromes

70. Farina G, Lafyatis D, Lemaire R, Lafyatis R. A four-gene biomarker predicts
skin disease in patients with diffuse cutaneous systemic sclerosis. Arthritis
Rheum 2010; 62:580-588.

71. Assassi S, Swindell WR, Wu M, et al. Dissecting the heterogeneity of skin
gene expression patterns in systemic sclerosis. Arthritis Rheumatol 2015;
67:3016-3026.

72. Farutin V, Kurtagic E, Pradines JR, et al. Multiomic study of skin,
peripheral blood, and serum: is serum proteome a reflection of disease
process at the end-organ level in systemic sclerosis? Arthritis Res Ther
2021; 23:259.

73. Assassi S, Volkmann ER, Zheng WJ, et al. Peripheral blood gene expression

m  profiling shows predictive significance for response to mycophenolate in
systemic sclerosis-related interstitial lung disease. Ann Rheum Dis 2022;
81:854-860.

A multiomic comparative analysis of the serum profile, peripheral blood cells

and skin ISG expression in SSc patients showing the serum proteome

correlated more closely with the transcriptome of the skin than that of the

PBMCs.

74. Guo X, Higgs BW, Bay-Jensen AC, et al. Suppression of T cell activation and
collagen accumulation by an anti-IFNAR1 mAb, anifrolumab, in adult patients
with systemic sclerosis. J Invest Dermatol 2015; 135:2402-2409.

75. Delaney TA, Morehouse C, Brohawn PZ, et al. Type | IFNs regulate inflam-
mation, vasculopathy, and fibrosis in chronic cutaneous graft-versus-host
disease. J Immunol 2016; 197:42-50.

76. Assassi S, Wang X, Chen G, et al. Myeloablation followed by autologous stem
cell transplantation normalises systemic sclerosis molecular signatures. Ann
Rheum Dis 2019; 78:1371-1378.

77. Assassi S, Li N, Volkmann ER, et al. Predictive significance of serum

mm interferon-inducible protein score for response to treatment in systemic
sclerosis-related interstitial lung disease. Arthritis Rheumatol 2021;
73:1005-1013.

This study demonstrates a composite serum IFN-inducible protein score exhibiting

a predictive significance in the response to immunosuppression in SSc-ILD.

78. Airo P, Ghidini C, Zanotti C, et al. Upregulation of myxovirus-resistance
protein A: a possible marker of type | interferon induction in systemic sclerosis.
J Rheumatol 2008; 35:2192-2200.

79. Chrobak |, Lenna S, Stawski L, Trojanowska M. Interferon-y promotes
vascular remodeling in human microvascular endothelial cells by upregulating
endothelin (ET)-1 and transforming growth factor (TGF) 2. J Cell Physiol
2013; 228:1774-1783.

80. Asano Y, Stawski L, Hant F, et al. Endothelial Fli1 deficiency impairs vascular
homeostasis: a role in scleroderma vasculopathy. Am J Pathol 2010;
176:1983-1998.

364 www.co-rheumatology.com

81. Karanth RAG, Kakkar V, Ross R, et al. ABSTRACT NUMBER: 1856 - aerum

m IFN score predicts long term outcome in limited cutaneous SSc. ACR
Convergence 2021; 2021:2021.

This abstract further shows T1 IFN dysregulation in a subset of SSc, with a novel

composite IFN score being shown to be able to stratify a subset of SSc patients.

82. Smith MA, Henault J, Karnell JL, et al. SLE plasma profiling identifies unique
signatures of lupus nephritis and discoid lupus. Sci Rep 2019; 9:14433.

83. Higgs BW, Liu Z, White B, et al. Patients with systemic lupus erythematosus,
myositis, rheumatoid arthritis and scleroderma share activation of a common
type | interferon pathway. Ann Rheum Dis 2011; 70:2029-2036.

84. Smith MA, Chiang C-C, Zerrouki K, et al. Using the circulating proteome to
assess type | interferon activity in systemic lupus erythematosus. Sci Rep
2020; 10:4462.

85. Yao Y, Liu Z, Jallal B, et al. Type | interferons in Sjégren’s syndrome.
Autoimmun Rev 2013; 12:558-566.

86. Baechler EC, Batliwalla FM, Karypis G, et al. Interferon-inducible gene
expression signature in peripheral blood cells of patients with severe lupus.
Proc Natl Acad Sci U S A 2003; 100:2610-2615.

87. Weckerle CE, Franek BS, Kelly JA, et al. Network analysis of associations
between serum interferon-a activity, autoantibodies, and clinical features in
systemic lupus erythematosus. Arthritis Rheum 2011; 63:1044-1053.

88. Kirou KA, Lee C, George S, et al. Activation of the interferon-alpha pathway
identifies a subgroup of systemic lupus erythematosus patients with distinct
serologic features and active disease. Arthritis Rheum 2005; 52:1491-1503.

89. Mathian A, Mouries-Martin S, Dorgham K, et al. Ultrasensitive serum inter-
feron-a quantification during SLE remission identifies patients at risk for
relapse. Ann Rheum Dis 2019; 78:1669-1676.

90. Furie R, Khamashta M, Merrill JT, et al. Anifrolumab, an anti-interferon-a
receptor monoclonal antibody, in moderate-to-severe systemic lupus erythe-
matosus. Arthritis Rheumatol 2017; 69:376-386.

91. Mavragani CP, Sagalovskiy |, Guo Q, et al. Expression of long interspersed
nuclear element 1 retroelements and induction of type i interferon in patients with
systemic autoimmune disease. Arthritis Rheumatol 2016; 68:2686-2696.

92. Munroe ME, Lu R, Zhao YD, et al. Altered type Il interferon precedes
autoantibody accrual and elevated type | interferon activity prior to systemic
lupus erythematosus classification. Ann Rheum Dis 2016; 75:2014-2021.

93. Niewold TB, Hua J, Lehman TJ, et al. High serum IFN-alpha activity is a heritable
risk factor for systemic lupus erythematosus. Genes Immun 2007; 8:492-502.

94. Morand EF, Furie R, Tanaka Y, et al. Trial of anifrolumab in active systemic
lupus erythematosus. New Engl J Med 2019; 382:211-221.

95. Goldberg A, Geppert T, Schiopu E, et al. Dose-escalation of human antiinterfer-
on-a receptor monoclonal antibody MEDI-546 in subjects with systemic sclero-
sis: a phase 1, multicenter, open label study. Arthritis Res Ther 2014; 16:R57.

Volume 34 e Number 6 e November 2022



REVIEW

URRENT
PINION

to bhedside

Anti-MDA5 dermatomyositis: an update from bench

Enrico Fuzzi, Mariele Gatto, Margherita Zen, Chiara Franco,
Elisabetta Zanatta, Anna Ghirardello and Andrea Doria

Purpose of review

This review summarizes the recent developments about anti-MDAS5 antibody positive dermatomyositis with a
focus on its pathogenesis, clinical features and treatment options of rapidly progressive interstitial lung

disease, its most ominous complication.

Recent findings

Anti-MDA5+ dermatomyositis has a heterogeneous clinical spectrum with different patient subsets
exhibiting widely different outcomes; severe acute interstitial lung disease is the main factor impacting
prognosis. The pathogenetic role of anti-MDA5 antibodies is an active area of investigation.

Summary

Anti-MDAS5+ dermatomyositis has a wider spectrum of manifestations than previously thought. A high index
of suspicion is needed not to miss atypical presentations. In the sefting of acute interstitial lung involvement,
once a confident diagnosis is made, an aggressive approach with early combined immunosuppression

affords the best chances of survival.

Keywords

anti-MDAS5 antibodies, dermatomyositis, immunosuppressants, interstitial lung disease, rapidly progressive

interstitial lung disease

Immune-mediated inflammatory myopathies (IIM)
are increasingly recognized as complex multisys-
tem diseases with a wide spectrum of organ
manifestations engendered in different proportions
by inflammation, autoimmunity and vasculopathy
[1,2,3]. The description and characterization of
several myositis-specific and associated antibodies
(MSAs and MAAs) has been a key contribution to
defining different myositis clinical and pathophy-
siological subsets [4,5]. Among these, anti-
melanoma differentiation antigen 5 (MDAS) anti-
bodies have been associated with a definite subset
of dermatomyositis patients showing prominent
cutaneous and lung involvements with rapidly
progressive interstitial lung disease (RP-ILD). The
spectrum of anti-MDAS5+DM is being explored fur-
ther and subdivided into different clinical and
prognostic subsets. Anti-MDAS antibodies may also
be found in the context of isolated lung involve-
ment [6]; thus, the term ‘anti-MDAS syndrome’ has
been recently proposed [7*7].

Furthermore, a hyperinflammatory and hyper-
ferritinemic state can be documented at the time of

1040-8711 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

clinical worsening in some of these patients, bearing
resemblance to severe cases of human SARS-CoV2
infection [8-11].

In contrast with classical forms of dermatomyo-
sitis, no strong association is consistently reported
between MDAS+DM and malignancy. Recent
research acquisitions have focused on describing
the clinical spectrum associated with anti-MDAS
antibodies in Asian and non-Asian settings, in iden-
tifying predictors of RP-ILD and death, and on a
deeper understanding of anti-MDAS antibodies,
whether as a directly pathogenic entity or as a
marker of an underlying pathological process.
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Myositis and myopathies

KEY POINTS

e The anti-MDAS5+ subset of rheumatic patients has an
increasingly well defined clinical spectrum, and RP-ILD
is the main deferminant of prognosis.

e A high index of suspicion for anti-MDAS positivity may
be needed also outside of highly suggestive settings,
for example in cases presenting with prominent
articular symptoms or isolated lung involvement.

o The first year after diagnosis is a critical time frame for
the onset of RP-ILD. Tight multidisciplinary follow-up is
essential to rapidly capture any sign of
clinical deterioration.

o In the setfting of RP-ILD, early combined
immunosuppression, if feasible, is the strategy of
choice. PEx may have a role as salvage therapy in
refractory cases.

Originally described in melanoma cells and thence
deriving its namesake, MDAS is an antiviral pattern
recognition receptor in humans. MDAS is a cytosolic
receptor that recognizes long strands of double-
stranded RNA, a foreign molecular structure in
eukaryotic cells. The origin of such molecules stems
mainly from RNA viruses and DNA viruses, but
dsRNA can also have an endogenous mitochondrial
origin. Upon binding to dsRNA, through interaction
with mitochondrial antiviral signalling protein
(MAVS), MDAS enhances the transcription of inter-
feron-dependent (IFN) genes. In turn, MDAS itself
is encoded by a IFN-inducible gene (IFIH-1). There-
fore, MDAS sits at the origin of a positive proin-
flammatory and interferogenic feedback loop,
occupying a critical regulatory position.

Hyperfunction of MDAS due to gain-of-function
mutations results in a spectrum of diseases sharing
malformations, chronic inflammation and features
of an interferonopathy with several rheumatological
manifestations [12,13]. Furthermore, hyperstimula-
tion of MDAS by defective clearance mechanisms for
mitochondrial dsSRNA - for example in hypomorphic
polynucleotide phosphorylase mutations - also
results in an interferonopathy [14]. Importantly,
the range of MDAS subcellular localizations is not
yet entirely clear: indeed, although MDAS is classi-
cally described as a cytosolic receptor, it may relocate
when abundant [15]. An overexpression of MDAS in
response to an index event may promote a shift in its
subcellular localization, and it may encourage loss of
tolerance to MDAS and production of anti-MDAS
antibodies.

366 www.co-rheumatology.com

Anti-MDAS could exert pathological effects on
both ends of their functional spectrum: Anti-MDAS
antibodies that inactivate MDAS may compromise
antiviral responses, altering them to the point of
indirectly producing an excessive, inefficient and
damaging multisystemic inflammation to sustain
viral clearance. On the opposite end, anti-MDAS
antibodies may stabilize MDAS in an ‘active’ con-
figuration, thus creating a constant danger signal at
the origin of a pernicious positive feedback, produc-
ing the same hyperinflammatory state [16]. Several
other mechanisms may be implicated in a direct
anti-MDAS-mediated damage, such as formation
of immune complexes together with MDAS, cell
penetration with downstream pathway disruptions
and antibody-dependent cytotoxicity. Anti-MDAS
could also simply be a marker of a dysfunctional
antiviral response, with overexpression of MDAS
and loss of tolerance towards it as an epiphenome-
non. However, it is increasingly clear that not all
anti-MDAS antibodies are made equal: in a recent
study, Anti-MDAS IgG-1 were found to be associated
with RP-ILD and Anti-MDAS IgA were found to be
common, while the IgM isotype was more unusual
[17]. In a different study, IgG1 and I1gG3 anti-MDAS
antibodies were found to be independently associ-
ated with death and with RP-ILD, in contrast with
IgG2 and IgG4 [18]. Titres of anti-MDAS antibodies
also seem to be higher in nonsurvivors and in RP-
ILD patients, although this is not a universal finding
[19,20]. Therefore, anti-MDAS antibodies have
potential roles both as markers and makers of a
potentially devastating disease. In a general patho-
genetic model (Fig. 1): an index event — presumably
a viral infection - is met by a genetically susceptible
host with an exuberant production of MDAS, loss of
its subcellular localization, tissue damage and break
of tolerance. A late immune response with delayed
[FN production may promote this maladaptive proc-
ess, whereas a rapid and orderly virus clearance
through a timely initial burst of IFN production
may avert further complications, in a similar manner
to that described in COVID-19 [21,22]. Anti-MDAS5
antibodies, once produced, may further exacerbate
the process, leading to more inflammation and tissue
damage, and engendering a cytokine storm in which
high levels of IFN may mediate a vasculopathy
through endothelial toxicity [23,24]. The healing
response to the ongoing damage and ischemia would
promote macrophage recruitment [25], fibrosis [26]
andirreversible organ damage, especially in the lungs.

This conceptual framework bears several similar-
ities with the human infection by SARS-CoV-2. Of
note, anti-MDAS5 antibodies have been found in
COVID-19 patients, and their presence and titre
showed an association to mortality [27]. On the
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Proposed general pathogenetic model of the anti-MDA5 syndrome. DAMP, damage-associated molecular pattern;
MDAS5, melanoma differentiation antigen 5; PAMP, pathogen-associated molecular pattern. Icons made by Freepik from

Flaticon.com.

contrary, nonspecific positive antibody tests are com-
monplace during viral infections, and anti-MDAS
titres were rather low compared with true anti-
MDAS+DM patients.

The first descriptions of anti-MDAS5+ dermatomyo-
sitis entailed a combination of clinically amyopathic
dermatomyositis (CADM) with RP-ILD [28,29]. The
cutaneous manifestations included hallmarks of der-
matomyositis such as heliotrope rash, Gottron’s
papules and sign, and other typical dermatomyositis
rashessuch as V-neckand shawl signs. The presence of
prominent cutaneous vasculopathy with skin ulcers
was also an outstanding clinical feature.

Since then, the picture has evolved with the avail-
ability of retrospective data from both Asian and non-
Asian cohorts [30-33]. In a recent unsupervised anal-
ysis on a French nationwide multicentre retrospective
cohort [34], three clinical phenotypes were proposed:
a ‘rheumatoid cluster’ exhibiting mostly arthritis
and dermatologic involvement, with infrequent
RP-ILD, a female predominance and a good overall
prognosis; a male-predominant ‘vasculopathic DM
cluster’ displaying severe vasculopathy in the form
of Raynaud’s phenomenon, skin ulcers and necrosisin
addition to typical dermatomyositis rashes; in this
group, rates of RP-ILD were intermediate (22.7%), as
was the overall prognosis. Clinically relevant myositis
(proximal weakness and high creatine kinase)
was more prevalentin thissubgroup. A ‘RP-ILD cluster’
with a grievous prognosis, high prevalence of ICU
admission and very high rates of RP-ILD and death.

1040-8711 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

Some of these clusters are similar to other
reports. In a recent single-centre retrospective Chi-
nese cohort [35], three clusters emerged of which
two were comparable to the French study: one
mainly showing arthritis and mechanic’s hands
with low rates of RP-ILD and a good prognosis;
one enriched in RP-ILD which was also exhibiting
fever, hyperferritinemia and a far worse prognosis.
In contrast, a different third cluster identified
patients with high rates of typical cutaneous signs
and enriched in clinically relevant myositis, with
very low rates of RP-ILD (Table 1) [65].

In a retrospective analysis of the AENEAS group
focusing on anti-MDAS+ patients as a whole [7],
89% of patients were diagnosed with myositis (der-
matomyositis 43%, CADM 31%, polymiositis 5%,
overlap myositis 11%); interestingly, the remainder
10% was diagnosed with interstitial pneumonia with
autoimmune features (IPAF), not satisfying any other
classification criterion. ILD was the main manifesta-
tion (72%); skin, joint and muscle involvement also
showed a significant prevalence (74, 51 and 56%,
respectively). Notably, rates of RP-ILD (21.5%) were
lower than in Japanese reports, but in line with other
European reports [32]. Onset of ILD was not confined
to the first stages of the disease, but it could be
diagnosed after a long course and, importantly, after
prior treatment with potent immunosuppressants.
Although the methodology differs, clinical clusters
were not as clear-cut in this study, and arthralgia/
arthritis and Raynaud phenomenon did not show a
clear segregation in particular subgroups. Impor-
tantly, more than half of the patients did not show
a positive antinuclear titre, stressing the need to
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Table 1. Focus on recent descriptive cohorts and salient clinical characteristics of anti-MDA5+-DM and non-DM patients

Reference Salient clinical involvement

RP-ILD rate

Prognosis Comment

Allenbach et al.  Cluster 1
n=121 ILD 100%
[39] Skin 100%
e mechanic’s hands 73.3%

Cluster 2

Skin 82.6%

o Skin ulcers 37%

ILD 82.6%
Arthritis/arthralgia 82.6%

Cluster 3

Skin 95.4%

o Skin ulcers 77.3%

o Digital necrosis 31.8%
Raynaud phenomenon 81.8%
Proximal weakness 68.2%

ILD 50%

Yang et al. Cluster 1
n=96 Arthritis 84.6%
[35] Mechanic’s hands 51.3%

Cluster 2
V-neck sign 69.2%
Muscle weakness 92.3%

Cluster 3

Fever 77.3%

Elevated CRP 100%
Hyperferritinemia > 1000 ug/L 75%

Cavagna etal. ~ Overall
n=149 Skin involvement 74%
7" Symptomatic muscle involvement 49%

Joint involvement 51%

o symmetric polyarticular in 70%
Skin ulcers 15%

Raynaud phenomenon 30%
Fever 29%

At presentation
Skin alone 14%
Skin + ILD 13%

Hensgens et al. ~ Overall
n=20 ILD 95%
[65] Skin findings 87%

Arthritis/arthralgia 60%

RP-ILD 93.3%

RP-ILD 17.4%

RP-ILD 22.7%

RP-ILD 7.7 %

RP-LD 7.7%

RP-ILD 77.3%

RP-ILD 21.5%

RP-ILD 45%

3-month mortality 80%

3-month mortality 0%

3-month mortality 4.5%

24-week mortality 2.6%

24-week mortality =0

24-week mortality 54%

Focused on Anti-MDA5+
overall (10% diagnosed
with IPAF)

17% mortality at 36 months

o 42% directly due to RP-ILD

e 19% due to infection
superimposed on RP-ILD

1-year mortality 45% Higher Anti-MDADJ titres in RP-
ILD although with shorter

disease duration

The rates of RP-ILD, overall or in different clusters depending on the study, are reported. CRP, C-reactive protein; FU, follow-up; ILD, interstitial lung disease; IPAF,
interstitial pneumonia with autoimmune features; RP-ILD, rapidly progressive interstitial lung disease.

actively look for Anti-MDAS antibodies whenever
clinical suspicion arises.

In severe cases, the disease may be complicated
by signs of an hyperinflammatory, hyperferritine-
mic syndrome similar to severe COVID-19 [8]; this
subset is often represented by acutely ill patients
with RP-ILD, peripheral cytopaenias, high ferritin,
elevated liver enzymes and haemostatic imbalances
with both bleeding events and a proclivity towards
disseminated intravascular coagulation. For exam-
ple, spontaneous intramuscular haemorrhages have
been described in acutely ill anti-MDAS+ patients,
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often carrying a grave prognosis [36]. Some of these
severe cases may satisfy criteria for macrophage
activation syndrome [37], including the presence
of haemophagocytosis at bone marrow examination
[38]. Awareness of such haematologic manifesta-
tions as part of the clinical picture is of critical
importance, because these may otherwise lead clini-
cians astray in what appears to be a time-sensitive
and difficult-to-treat disease.

Taken together, recent evidence suggests that
any patient presenting with a suspicion or a known
positivity for anti-MDAS antibodies should prompt
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the treating physician to perform an assessment of a
full patient history and a thorough examination of
skin, muscle, joints and lungs; chest imaging with
high-resolution computed tomography (HRCT)
should be obtained expeditiously if any clinical
signs of lung involvement are present; if not, at least
pulmonary function tests (PFTs) and first-line chest
imaging are advisable. Once any level of lung
involvement is diagnosed, appropriate therapy
and a tight multidisciplinary follow-up by Rheuma-
tology, Pneumology and, if possible, Radiology
should be arranged.

RP-ILD is the main factor impacting prognosis in
anti-MDAS+DM. Although ILD and RP-ILD can

Anti-MDA5 dermatomyositis Fuzzi et al.

ensue at any point in the disease course, RP-ILD
peaks in the first 6-12months from diagnosis,
and it drives mortality in this early period [39,40].
Predictors of both RP-ILD and mortality are there-
fore of great clinical interest.

The available data, derived from multivariate
analyses of retrospective cohorts, point to the follow-
ing factors as independently associated with ILD in
the setting of anti-MDAS+DM: older age, a high neu-
trophil-to-lymphocyteratio and/orlymphopenia, ele-
vated LDH, elevated ferritin. The exact ferritin cut-off
is variable among studies, with the majority reporting
levels in excess of 1000 ng/1. Fever and elevated CRP
have also been implicated in portending a worse
prognosis (Table 2) [66-68]. These thought-provoking
findings reinforce the notion of a dysfunctional anti-
viral response or a cytokine storm as the underlying
substrate of the disease, at least in severe cases.

The co-presence of anti-Ro52 (SSA) antibodies
has repeatedly been reported to be enriched in ILD

Table 2. Focus on recent studies reporting on associated factors to rapidly progressive interstitial lung disease and mortality in

Anti-MDA5+DM

References Outcome

Risk factors (except RP-ILD)

Zuo et al. [43] RP-ILD

Mortality

So et al. [66] RP-ILD

Mortality
Ouyang et al. [44%] Mortality

Zhou et al. [67] Mortality

Lian et al. [68] Mortality®

Fever OR 3.672 (1.794-7.516)

Elevated ALT OR 2.355 (1.153-4.813)
Elevated LDH OR 3.083 (1.517-6.266)
Lymphopenia OR 2.141 (1.013-4.528)
Elevated Ferritin OR 4.965 (1.973-12.498)
Elevated CEA OR 2.276 (1.128-4.591)
Elevated CA 15.3 OR 3.305 (1.502-7.272)
Protective:

Arthralgia OR 0.281 (0.138-0.570)
Ferritin > 2200 ng/ml AUC 0.66 (0.51-0.80)

Age > 50 years HR 2.640 (1.277-5.455)
LDH > 300 U/L HR 3.189 (1.469-6.918)
Fever HR 1.903 (0.956-3.790)

NLR > 7 HR 1.967 (0.942-4.107)

Age > 52 years HR 4.750 (1.692-13.333)
LDH > 400 U/L HR 2.290 (1.009-5.198)
Ferritin > 2800 pmol/I HR 3.042 (1.323-6.997)

Fever HR 24.6 (2.3-260.7)
Ferritin > 1250 ug/I HR 51.1 (3.5-747.5)
Elevated CEA HR 85 (1.1-6516.2)

Advanced age

Lymphopenia

Low serum albumin

High LDH

High ferritin

Ferritin > 636 ng/ml HR 2.62 (1.18-5.83)

LDH > 355U/l HR 3.59 (1.83-7.01)
HRCT score HR 6.24 (1.47-12.56)

Where available, adjusted ORs, hazard ratios, AUCs and 95% confidence intervals are reported.
AUC, area under the curve; CA15.3, Cancer-Antigen 15.3; CEA, carcinoembryonic antigen; HR, hazard ratio; HRCT, high-resolution CT; LDH, lactic

dehydrogenase; NLR, neutrophil-to-lymphocyte ratio; OR, odds ratio.
°Analysis on a cohort of CADM-LD patients, with Anti-MDA5+ as a subset.
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and RP-ILD patients [41,42], confirming the not-so-
benign profile of this antibody in the setting of
autoimmune lung involvement. In recent reports,
higher peripheral CDS-CD19+ B-cell counts and
elevated carcinoembryonic antigen (CEA) and CA
15.3. were remarked on as independently associated
with RP-ILD [43], in addition to the previously
mentioned factors. Moreover, in a recent matrix
prediction analysis [44"], three factors (ferritin,
CEA, fever) successfully predicted mortality at
6 months. The elevation of oncomarkers may raise
suspicion of malignancy being implicated: con-
versely, CEA levels are heightened in many forms
of lung injury such as in idiopathic pulmonary
fibrosis and in active smokers [45]; moreover, no
cases of adenocarcinoma were reported by the
authors at extended follow-up in patients with ele-
vated CEA who survived. Radiological patterns vary
between reports but frequently show a combination
of nonspecific interstitial pneumonia (NSIP) and
organizing pneumonia findings with basal involve-
ment and a rapidly progressive consolidative pattern
[46,47]; a UIP-like pattern has also been reported
[7°"]. Quantification of lung involvement at HRCT
contributes to inform prognosis [48-50].

Importantly, although radiology may offer
some crucial clues during the diagnostic stage, it
remains challenging for any single radiological pat-
tern to uniformly clinch the diagnosis of anti-MDAS
lung involvement a priori without supporting clin-
ical and serological evidence; this reinforces the
importance of actively looking for anti-MDAS anti-
bodies whenever clinically indicated.

No universal recommendations exist for treatment
of anti-MDAS+DM. Outside of RP-ILD, current
therapies are targeted towards the prevailing clinical
manifestations whether it be arthritis, myositis,
cutaneous rashes and vascular/vasomotor manifes-
tations. In observational studies, employed drugs
include glucocorticoids, antimalarials, methotrex-
ate, mycophenolate mofetil, calcineurin inhibitors
and azathioprine [7""]. Intravenous immunoglobu-
lins (IvIGs) and rituximab also have a role, especially
as second-line interventions.

In the setting of RP-ILD, glucocorticoids in iso-
lation donot seem to offer benefitand recentevidence
supports early combined immunosuppression, with a
low threshold for therapy escalation, and considera-
tion to therapeutic plasma exchange (PEx) as salvage
therapy in unresponsive cases (Table 3) [51,52"]. The
main strategy, supported by retrospective and
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prospective data, entails the combined use of
high-dose glucocorticoids, for example intravenous
methylprednisolone pulses 500 mg to 1g/day for at
least three consecutive days followed by 1 mg/kg/day,
a calcineurin-inhibitor (CNI) and intravenous
cyclophosphamide (CYC) 0.5-1.0 g/m?. In Japanese
studies, early combination therapy yielded a better
survival rate when compared with step-up therapy
[53,54"]. PEx could afford some incremental survival
in cases not responding to combination therapy
[55%,56]. Of note, PEx outside of a combined immu-
nosuppressive regimen appears to be of little value
[54"]. Combination therapy with glucocorticoids and
a CNI, especially Tacrolimus, without CYC may yield
similar results to triple therapy [57]. Among CNIs,
Tacrolimus may perform better than Cyclosporin A
[58]. Retrospective evidence suggests that the use of
Rituximab as an add-on therapy to background
immunosuppression could be a valid option [59];
an ultra-low dose regimen (100mg single dose) also
showed a nonstatistically significant trend towards
response [60].

Apart from PEx, other salvage therapies include
Polymyxin B Hemoperfusion, which unfortunately
has not shown encouraging results [61]. Extracor-
poreal membrane oxygenation (ECMO), while not a
disease-moditying therapy per se, can act as a bridge
to recovery or bridge to transplantation through the
most critical stages of lung dysfunction [62].

Obviously, an aggressive combined immunosup-
pression has the drawback of being at odds with the
main other confounding factor at the diagnostic and
follow-up stages: infection. In fact, infections remain
an important cause of death in anti-MDAS+DM
patients [7*"]. A swift microbiologic workup and close
collaboration and shared decision-making between
different specialist figures are therefore key to avert
unfavourable outcomes in this difficult disease.

Lastly, JAK inhibitors have been reported to be
effective, especially in early cases [63]. Isolated
reports of a combined use of JAKis with RTX with
good effect are also available [64]. Further controlled
studies are needed to properly assess the treatment
hierarchy.

The spectrum of disease manifestations associated
with anti-MDAS antibodies is complex and expand-
ing. Anti-MDA5+DM encompasses different
patient groups with different prognoses, with RP-
ILD being the main prognostic watershed. Several
challenges lie ahead, including obtaining a better
understanding of the role of anti-MDAS antibodies,
and achieving clarity on which treatment is the
most indicated within and outside the setting of
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Table 3. Focus on selected key recent evidence on treatments of Anti-MDA5+-ILD. Studies employing control groups are

reported
References Design and intervention Study population Result
Shirakashi Retrospective case-control Anti-MDA5+ RP-ILD 3-year survival of 62.5% in PEx group
et al. [55"] add-on PEx vs. no PEx n=238 vs. 0% in no PEx group (P=0.04,
of which progressing under significant)
combined immunosuppression
n=13
Abe Retrospective case-control Anti-MDA5+ RP-ILD under 1-year survival 100% in PEx group vs.
et al. [56] add-on PEx vs. no PEx combined immunosuppression 25% in no PEx group (P=0.033,
n=10 significant)
Mao Retrospective case-control Anti-MDA5+ ILD, RP-LD in 92.5% 180-day mortality 36.4% in RTX group
et al. [60] single 100 mg RTX infusion with or n=40 vs. 63.2% in CYC alone group
without CYC vs. CYC (P=0.26, nonsignificant)
Tsuji Prospective single-arm with historical Anti-MDA5+ ILD 12-month survival 85% in combined
et al. [54" control group n=44 immunosuppression group vs. 33% in
Combined immunosuppression vs. traditional immunosuppression
traditional high-dose GCs with or (P<0.001, significant)
without add-on PEx 12-month survival 85% in add-on PEx vs.
71% in no add-on PEx (P=0.17,
nonsignificant)
Fujisawa Prospective, randomized open-label Myositis-associated ILD, subgroup Survival 88% in TAC group vs. 80% in
et al. [58] 52 weeks trial for Anti-MDAS5+ patients CsA group (P=0.63, nonsignificant)
Tacrolimus vs. Cyclosporine n=258 Progression-free survival 63% in TAC
group vs. 40% in CsA group
(P=0.32, nonsignificant)
Chen Prospective open-label with historical Anti-MDA5+ ILD, early (< 3 6-month survival of 100% in Tofacitinib
et al. [63] control group months) group vs. 78% in control group

Tofacitinib vs. no Tofactinib

n=50

(significant at P=0.04)

CYC, cyclophosphamide; PEx, plasma exchange; RTX, rituximab.

RP-ILD. Collaboration between the different med-
ical specialties of Rheumatology, Pulmonology,
Intensive Care and Radiology is paramount to
achieve better outcomes.
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Recent advances in the use of machine learning

and artificial intelligence to improve diagnosis,
predict flares, and enrich clinical trials in lupus

Kathryn M. Kingsmore and Peter E. Lipsky

Purpose of review

Machine learning is a computational tool that is increasingly used for the analysis of medical data and has
provided the promise of more personalized care.

Recent findings

The frequency with which machine learning analytics are reported in lupus research is comparable with
that of rheumatoid arthritis and cancer, yet the clinical application of these computational tools has yet to
be translated into better care. Considerable work has been applied to the development of machine
learning models for lupus diagnosis, flare prediction, and classification of disease using histology or other
medical images, yet few models have been tested in external datasets and independent centers.
Application of machine learning has yet to be reported for lupus clinical trial enrichment and automated
identification of eligible patients. Integration of machine learning info lupus clinical care and clinical trials
would benefit from collaborative development between clinicians and data scientists.

Summary

Although the application of machine learning to lupus data is at a nascent stage, initial results suggest a

promising future.

Keywords

biomarker, clinical trials, diagnosis, gene expression, lupus, machine learning

Artificial intelligence emerged as a computational
field in the 1950s [1], but the promise of artificial
intelligence to transform medicine has been increas-
ingly recognized in the past 2 decades. Artificial
intelligence and its subfield machine learning, a
system of computer algorithms designed to identify
patterns, make decisions and improve performance
through experience, are undoubtedly powerful tools
for discerning new relationships in clinical data.
However, the transition from the use of machine
learning analytics in basic science to the application
of machine learning algorithms to biological data
with proper validation and subsequent implemen-
tation in a clinically meaningful way has just begun.
Considerable effort has been exerted to apply
machine learning to further understand systemic
lupus erythematosus (SLE, lupus), and indeed, the
adoption of machine learning frameworks in lupus
research has not lagged behind that of other disease
areas (Fig. 1), but there still is only modest, if any,
clinical implementation. Herein, we review recent

www.co-rheumatology.com

advances in the use of machine learning for the
diagnosis and management of lupus, with a focus
on the future implications of this data analysis
paradigm in supporting more precise and personal-
ized clinical care and more effective clinical trials.

Machine learning is a powerful analytic approach in
which computerized algorithms are trained to rec-
ognize patterns in existing data. From these pat-
terns, algorithms build a mathematical model that
can subsequently be applied to new data to predict a
specified outcome. Machine learning is capable of
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KEY POINTS

o Machine learning can be applied to multiple types of
lupus data, including electronic medical/health records,
omics data, including gene expression, and histology
images to classify or cluster samples, or predict
outcomes.

o The application of machine learning to the diagnosis of
lupus and prediction of flares may help standardize
clinical practice across centers and identify previously
unappreciated patterns that facilitate meaningful,
personalized care, but validation and testing in
external datasets are required.

o In the future, machine learning could be applied to
enrich lupus clinical trials through the identification of
eligible patients and those with upregulation of the
targeted mechanisms.

determining the group or ‘class’ to which a sample
belongs (classification), predicting the value of a
specific parameter (regression), or grouping the sam-
ple into subsets based on similarity (clustering) [2].
Previous reviews have discussed the key features of
machine learning and its application in rheumatic
diseases [2—6] and this review will focus on the key
goals of machine learning employment, rather than
the technical parameters of model construction
and interpretation. Critical to understanding the

potential of machine learning to provide meaning-
ful information that might have clinical relevance,
however, is an evaluation of the robustness of model
performance. This is typically evaluated by con-
structing receiver operating characteristic (ROC)
curves [7] for models and assessing the area under
the ROC curve (AUC). In general, a model AUC
greater than 0.9 is considered outstanding, greater
than 0.8 is excellent, greater than 0.7 is modest, and
greater than 0.6 is acceptable [7]. Implicit in the
interpretation of model performance is the concept
that it will be trained and validated in separate
portions of a dataset and then tested in an unrelated
dataset. In the absence of this rigorous approach,
overfitting is frequently encountered.

Machine learning analysis and modeling could be
applied to many aspects of lupus clinical care. How-
ever, a single machine learning model cannot be
expected to solve all relevant problems (i.e., diag-
nose, predict flares, and predict appropriate treat-
ment) within a single disease or entity [8]. To
address disparate elements/concepts, multiple, dif-
ferent machine learning models are needed, each
with proper training, validation, and testing in suf-
ficiently large datasets [2].
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Machine learning could be used to create a
model for lupus diagnosis. For this purpose, available
data from individuals with and without lupus, per-
haps from electronic medical/health records (EMR/
EHRs), would be input into a machine learning
algorithm, which would be trained to discriminate
lupus from nonlupus. The input data could comprise
parameters of accepted clinical importance (e.g.,
organ involvement, autoantibody status, or comple-
ment status) or all available patient data could be
employed (e.g., clinical data, gene expression data,
‘omic’ data, and demographic data) in model con-
struction. In both situations, the model could be
built on all input variables, or, the model could
decide the subset of features that best discriminate
between lupus and nonlupus, and then employ only
select variables in final model construction. Both
outputs could provide a standard, reproducible
approach to lupus diagnosis that could be employed
across centers and be widely useful. The latter cir-
cumstance, however, illustrates another powerful
capability of machine learning, the ability to select
parameters (i.e., features) that are most important in
achieving the model outcome. One goal of many
machine learning applications is to arrive at a model
with high accuracy from the fewest number of fea-
tures. This may help to discern the features that are of
the greatest biological importance — potentially illus-
trating those that may act as drivers of disease. In
addition, reducing necessary features allows for
future data collection and application to be more
efficient and cost-effective, as fewer inputs are
needed.

In the same vein, this framework of training a
model from input patient data can be used in multiple
lupus schema, including the identification of bio-
markers that predict flares or the classification of
patients likely to experience disease progression.
Overall, machine learning could contribute to stand-
ardization of lupus clinical practice across centers and
heterogeneous patients. Moreover, machine learning
can be used to determine patterns of potential bio-
logical importance in patients with lupus that may
have been missed by human observation or not fully
appreciated. Because of its great potential impor-
tance, considerable work has been devoted to apply-
ing machine learning to lupus diagnosis and
management but this application of machine learn-
ing has not been fully developed or accepted.

The diagnosis of lupus can be complex. Different
symptom presentations across patients, nonstan-
dard laboratory test results, and shared symptoms
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with other autoimmune or inflammatory diseases
can complicate diagnosis [9]. As such, machine learn-
ing may offer a means of facilitating earlier or con-
sistent diagnosis. To date, various machine learning
models have employed different feature inputs to
develop diagnostic models. Some of these features
include those derived from American College of
Rheumatology (ACR) or European Alliance of Asso-
ciations in Rheumatology (EULAR) classification
criteria, whereas others leverage gene expression
analyses to provide alternate means for diagnosis.

A lupus diagnostic machine learning model
employing clinical and serological features was
recently developed by Adamichou et al. [10™]. With
the model, the authors developed a scoring system
to diagnose adult lupus that includes a subset of
parameters derived from Systemic Lupus Interna-
tional Collaborating Clinics (SLICC), ACR, and
EULAR criteria. The model-derived scoring system
is powerful as both a binary classifier of lupus as
compared with other rheumatic diseases (94.2%
accuracy), and also provides the probability of the
sample being SLE (unlikely, possibly, likely, and
definite SLE), which adds further clinical benefit.
In addition, the scoring system, which provides
weighted coefficients for each binary feature,
increases the potential for clinical implementation
of the model. Indeed, the same machine learning-
derived scoring system was tested in a cohort of
pediatric SLE and other rheumatic disease patients
by independent authors and exhibited outstanding
performance (AUC=0.94) [11].

Similarly, another study aimed to enable earlier
diagnoses of lupus or alert clinicians to ‘red flags’
that may suggest SLE [12]. Following the initial
identification of 58 features, similar to those exam-
ined by Adamichou et al. [10*], the authors eval-
uated the classification performance of three
different machine learning models based on a final
12 features. However, in an effort to identify the
strongest features that could further enable early
diagnosis, a model with only the top three features
(anti-dsDNA, low complement, and malar/maculo-
papular rash) was built and exhibited outstanding
performance (AUC=0.95£0.02).

Gene expression-derived machine learning
models have also been constructed to diagnose
SLE or inflammatory skin diseases, including cuta-
neous lupus erythematosus (CLE). Ma et al. [13]
examined machine learning models built with bulk
or single-cell RNA-sequencing (RNA-seq) data for
the ability to discriminate SLE from healthy con-
trols. After identifying disease-specific differentially
expressed genes from clustering of single-cell pop-
ulations and analysis of receptor-ligand interac-
tions, the expression of 67 genes was used as
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input. Notably, the bulk RNA-seq model had better
performance (AUC=0.998 +0.004).

Machine learning has also been used to classify
CLE and other inflammatory skin diseases based on
individual sample gene expression profiles [14"].
Using 48 input gene signatures related to inflamma-
tory cells, resident skin cells, immune pathways, and
cell processes, lesional CLE samples, specifically dis-
coid lupus erythematosus (DLE), could be separated
from healthy controls (AUC=0.977) and other
lesional diseases such as psoriasis (AUC=0.902),
atopic dermatitis (AUC =0.816), and systemic scle-
rosis (AUC=0.774) with outstanding to modest
accuracy (Fig. 2a). In addition, machine learning
was able to discriminate nonlesional CLE from non-
lesional psoriasis (AUC=1.00) and nonlesional
atopic dermatitis (AUC=0.990) with outstanding
accuracy (Fig. 2b). Altogether, using methods to
identify information about feature importance in
model prediction, it was possible to determine the
input elements that most contributed to proper
disease classification, noting both distinct and over-
lapping features among the diseases. The identifica-
tion of the unique features could be helpful in the
future diagnoses and staging of inflammatory skin
diseases, whereas identification of shared features
may allow for the repurposing of treatments that are
used in one disease to another indication based on
similar gene expression. Machine learning has sim-
ilarly been employed to determine the cellular gene

signatures that most contribute to metabolic dysre-
gulation in lupus nephritis kidneys [15].

An additional study did not directly build a
diagnostic model but instead used machine
learning to determine flow cytometry-identified T
and B cell subsets that differentiate between SLE and
primary Sjogren’s syndrome (pSS) [16%]. With initial
machine learning models and statistical tools, it was
evident that SLE and pSS have very similar immune
cell architectures — only five of the 29 measured
immune cell subsets were different between diseases
— and the performance of the machine learning
classifier was modest (AUC =0.710) [16"]. However,
the authors next clustered the flow cytometry data
from the patients with SLE and pSS and identified
two endotypes - that is, molecular subsets of disease
— and both endotypes comprised both SLE and pSS
samples. Subsequent machine learning models built
on T and B cell flow cytometry were able to accu-
rately identify the two endotypes (AUC=0.994),
which the authors suggested may be more clini-
cally important in predicting disease course than
the disease label. A similar study also used immune
cell flow cytometry, though not restricted to T and
B cells, to first build models to classify SLE from
controls, and then used the most important fea-
tures determined from the classifiers as input
into a clustering algorithm to determine patient
subsets, which were correlated to clinical features
[17].
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Gene expression-derived machine learning models can classify lesional or nonlesional cutaneous lupus
erythematosus from lesional or nonlesional samples from related inflammatory diseases. (a) Receiver operating characteristic
curve of lesional discoid lupus erythematosus (DLE) samples compared with lesional psoriasis (PSO) (purple) samples, lesional
DLE samples compared with lesional atopic dermatitis (AD) samples (orange), and lesional DLE samples compared with
lesional systemic sclerosis (SSc) samples (green) using 48 specific cellular and pathway gene signatures. (b) Receiver
operating characteristic curve of nonlesional DLE samples compared with nonlesional PSO (purple) samples and nonlesional
DLE samples compared with nonlesional AD samples (orange) using the same 48 cellular and pathway gene signatures.
Reproduced with permission from Martinez et al. Figs. 4a and 6a [147].
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Altogether, these diagnostic and classification
models illustrate that using clinical, flow cytometry,
or gene expression data, machine learning models
may offer a means to classify systemic or cutaneous
lupus from related diseases when other methods may
be inconclusive. In addition, models with less dis-
criminatory capacity may suggest that the two classes
are more biologically similar than expected — such as
lesional CLE and lesional systemic sclerosis, orBand T
cellsin SLE and pSS - or, perhaps, that different input
data are necessary to discriminate groups. Indeed, an
additional machine learning study was able to
achieve AUCs between 0.83 and 0.96 for classifying
SLE from pSS using DNA methylation data [18].

The ability to accurately predict flares in SLE
patients is a critical unmet medical need. Prediction
of flares, disease activity, or disease progression with
machine learning may help direct therapeutic plans
for lupus and suggest specific prophylactic treat-
ment. One study aimed to predict flares from EMRs
[19]. Another study similarly estimated the score for
different categories of lupus disease activity [20]. A
third study used 59 demographic, clinical, immu-
nological, pathological, and therapeutic character-
istics as input to build a machine learning model to
predict renal flares (AUC =0.819) [21"]. In addition,
to increase clinical feasibility, a risk score prediction
model (AUC=0.746) was built from six important
variables determined from the initial model.

Yones et al. [22"] applied machine learning to
blood gene expression data from pediatric patients
with lupus with the aim of classifying patients into
those with high and low disease activity. The authors
repeatedly reduced the number of model input genes,
by various feature selection techniques. Ultimately,
they were able to classify patients with high and low
disease activity using the expression of only 34 genes
(accuracy =81%). Examination of the genes that dis-
criminated each subset provided useful information
about underlying subset biology/pathogenesis,
including the finding that the interferon response
term was limited to low disease activity in this cohort
[22%]. Hierarchical clustering of the initial machine
learning model output resulted in even further gran-
ularity about the disease activity subtypes, which
were correlated with clinical data.

Another study employed gene expression data
to determine the genes expressed by purified mono-
cytes, NK, T, and B cells that were able to classify
patients into high or low disease activity groups [23].
With patients of all ancestries, the models for the T
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and B cells were able to achieve an AUC of 0.80,
suggesting that T-cell and B-cell gene expression can
modestly discriminate disease activity status. How-
ever, models that were restricted to specific ancestries
(either European or Asian) did not perform as well,
with the T-cell model in European ancestry-restricted
patients achieving an AUC of 0.71, and the model in
Asian-restricted patients achieving an AUC of 0.62.
This suggests that there may be gene expression
features related to ancestry that could be independent
of disease activity, as previously reported [24].

Although machine learning has yet to be
applied for matching individual patients with lupus
with the most appropriate treatment or treatment
dose clinically, advancements in machine learning-
derived prediction of flares and subsetting of
patients can help in the identification of specific
treatments. For example, after a machine learning
clustering model identified patient subsets using
clinical data, the gene expression profiles of the
subsets were input into a program [Connectivity
Map Linked User Environment (CLUE)] that identi-
fies drugs that reverse the disease gene expression
signature of the subset [25].

Machine learning has frequently been applied as an
image processing tool in medicine. The advantages
of using machine learning for image processing
include the ability to save time in both analysis of
individual images and the thorough training
required for analysis, increased objectivity and con-
sistency, and the capacity to detect abnormalities
that may be missed by the human eye [5]. Several
studies have investigated the ability of machine
learning to probe magnetic resonance (MR) and
other medical images in lupus, especially as they
relate to the classification of neuropsychiatric lupus
[26,27], many of which were reviewed previously
[5,6]. Indeed, machine learning analysis of radio-
logic images may be the most readily adaptable
means to incorporate this tool to lupus clinical care,
especially for the detection of small image pertur-
bations and standardization of image analysis and
grading across centers.

Machine learning can also be used to evaluate
histologic findings [28-31,32"%33]. As with MR
image analysis, the use of the machine learning
paradigm to evaluate histology could lead to better
standardization of diagnoses, and, additionally,
allow for the recognition or incorporation of fea-
tures that were previously not considered in lupus
nephritis or other lupus tissue pathologies. For
example, current nephropathological classification
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of lupus nephritis focuses on the proliferation of
mesangial cells and endocapillary cells as well as the
proportion of glomeruli with inflammatory lesions
— whether they are local or diffuse [34]. Many of the
recent studies using machine learning to evaluate
lupus nephritis kidney biopsies focused on automat-
ing and thereby standardizing the classification of
features from glomerular lesions biopsy [28-31].
However, tubulointerstitial inflammation, not glo-
merular inflammation, is a known predictor for end-
stage renal disease (ESRD), but not all patients with
this feature progress [32"]. As such, Abraham et al.
[32""] employed confocal microscopy and machine
learning to determine whether cellular compositions
(T, B, myeloid dendritic, and plasmacytoid dendritic
cells) in kidney regions could predict progression to
ESRD. The machine learning algorithm was built to
identify and classify the immune cell types, and then
these frequencies were correlated with clinical fea-
tures. Of note, they found that high B cell densities
were protective, whereas high CD4™ T cell densities
(including CD8+, gamma/delta, and double negative
T cells) were predictive of progressive disease.

Machine learning has also been employed to
evaluate CLE histology. One study developed a
smartphone app with a machine learning model
for differentiating different skin diseases and sub-
types of CLE using 9,241 input dermatologist-
labeled images [33]. The model with the best per-
formance achieved an AUC of 0.973. It is notable
that the authors compared the diagnostic perform-
ance of their model for up to 197 randomly selected
images to the diagnosis of 688 doctors. Among those
doctors, the model outperformed nondermatolo-
gists and performed similarly to those with profes-
sorships in dermatology.

These studies illustrate the capacity of image
analysis-machine learning frameworks, many of
which employ the use of neural networks or deep
learning to segment individual parts of the images,
to advance our understanding of tissue pathogenesis
and identify previously unidentified features or
patterns.

Clinical trials in lupus are fraught with difficulties
[35]. Although machine learning will not resolve all
issues present in lupus clinical trials, there are spe-
cific areas where it could be utilized. Harrer et al. [8]
wrote a comprehensive review about the means by
which artificial intelligence could be utilized for
clinical trial design and we aim to summarize their
key points. Namely, clinical trials can fail because of
difficulties identifying, recruiting, and enrolling
both ‘eligible’ and ‘suitable’ patients [8]. ‘Eligible’

1040-8711 Copyright © 2022 Wolters Kluwer Health, Inc. All rights reserved.

patients are those who meet the eligibility criteria.
If those patients are not readily identified, it can
stall clinical trial progression, costing money, or
even lead to trial termination [8]. For example, a
phase I study of AMG 557 in cutaneous lupus
(NCT01389895) was terminated because of slow
enrollment [36]. ‘Suitable’ patients are those who
have the potential to respond to the agent, meaning
they exhibit upregulation of the targeted mecha-
nism [8]. Ideally, machine learning models capable
of identifying perspective patients from millions of
datapoints could substantially impact the future of
lupus clinical trials.

Machine learning mining of EMR/EHRs could
allow for the identification of patients that meet the
eligibility criteria for a trial. Once identified, these
patients or their providers can be more easily con-
tacted about potential interest in the trial. In addi-
tion, it may be important to select for patients with
similar characteristics [8], that is, reducing trial pop-
ulation heterogeneity, which could also be achieved
by machine learning mining of EMR/EHRs for eli-
gible patients, and then clustering of those identi-
fied. To determine suitability, however, requires
biomarkers, which may not be readily identifiable
or have yet to be identified. Nevertheless, machine
learning analysis may help to expedite the identi-
fication of disease or drug biomarkers that could
then be employed for the identification of suitable
participants, that is clinical trial enrichment. For
lupus especially, machine learning identification
of eligible members of minority populations could
also help to address some of the difficulties with
underrepresented minority populations in clinical
trials [37].

Although machine learning has yet to be
applied to clinical trial design in lupus, one trial
(NCT04786431) made use of machine learning for
outcomes analyses [38] — another appropriate use of
the technique. Matthiesen et al. [39] employed
supervised machine learning to classify patients
with SLE from other cardiovascular disease patients
based on their lipid profiles. Beyond clinical trial
design, machine learning- and artificial intelligence-
guided drug development and drug repurposing
before the implementation of clinical trials are also
promising [40,41]

Although the definition of artificial intelligence
suggests the existence of machines that can think
like humans, artificial intelligence/machine learn-
ing should be considered supplemental tools in
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clinical and scientific decision-making. Machine
learning relies on the data it sees and the algorithms
it employs. Therefore, even though a machine learn-
ing model may provide a finite outcome prediction,
the clinician interacts with the patient and can use
clinical judgment to override the machine learning-
predicted outcome or use the machine learning
outcome as one piece of information in the overall
evaluation of the patient.

Importantly, the employment of machine learn-
ing as a clinician or scientist relies on both confi-
dence and humility. One must have confidence to
examine the machine learning results and choose to
disregard or refine a machine learning model when
the results are not biologically plausible, or in which
model overfitting could be expected. Humility is
required to consider the possibility that when there
is a disagreement between current understanding
and a specific machine learning outcome that
‘truth’ should be revisited, and the biological appro-
priateness of the outcome tested. Regardless, before
any clinical impact can be made from a machine
learning model, it is imperative that the model is
well-trained, validated, and tested in an external
dataset and has sufficient performance character-
istics [2] to be clinically relevant.

There remain barriers that make the translation of
machine learning models to the clinic complex [42].
Briefly, clinical personnel approval, including that
of clinicians and stakeholders, of model implemen-
tation varies. Successful implementation of machine
learning models was found to be more likely when
clinicians and other stakeholders were involved in
model development [42]. That is, adoption is more
likely when clinicians played a key role in the iden-
tification of the clinical need and determination of
how/where it would be best to intervene in the clin-
ical care schema [42]. Collaboration between the
model developer and the clinical personnel ensures
that the model is clinically useful and relevant. In
addition, some resistance toimplementation can also
occur because clinicians may consider machine learn-
ing to be a ‘black box’ in which the process to deter-
mine the model output may not be easily understood
or they may not be versed on machine learning
interpretation and the metricsused to evaluate model
performance [42]. This too could be overcome
through continued conversations designed to edu-
cate all parties about the principles, power, and short-
comings of machine learning.

Sufficient aggregation and collection of data can
also be challenging for the implementation of

380 www.co-rheumatology.com

machine learning models. Although many systems
have moved to electronic formats to collect patient
data, there are still differences between systems. And
sometimes, health data is scattered across different
physical locations and media [8]. Some medical
records still exist on paper, which then must be
translated to a form the computer can read.

The frequency with which articles on lupus that
include machine learning are being reported is com-
parable with that of theumatoid arthritis and can-
cer. There is momentum for a shift in clinical
management to include advanced computational
pipelines, including machine learning. This could
include the use of machine learning-guided clinical
practice for earlier diagnosis and flare prediction or
identification of specific subsets of patients with
lupus - and their defining features, which can then
be treated with more precision. In addition,
machine learning could be used to facilitate clinical
trial enrollment, especially for easier identification
of eligible patients, and possibly, with known bio-
markers, enrich for patients that have a better
chance of responding to the drug. Altogether, the
future of lupus care likely includes machine learn-
ing, but to accomplish machine learning-supported
clinical care, effective collaboration among experts
from multiple disciplines will be necessary.
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