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Abstract

Systemic sclerosis is the rheumatic disease with the highest individual mortality. The severity of
the disease is determined by the extent of fibrotic changes to cutaneous and internal organ tissues,
the most life-threatening visceral manifestations being interstitial lung disease, SSc-associated-
pulmonary arterial hypertension and myocardial involvement. The heterogeneity of the disease
has initially hindered the design of successful clinical trials, but considerations on classification
criteria have improved patient selection in trials, allowing the identification of more homogeneous
groups of patients based on progressive visceral manifestations or the extent of skin involvement
with a focus of patients with early disease. Two major subsets of systemic sclerosis are classically
described: limited cutaneous systemic sclerosis characterized by distal skin fibrosis and the diffuse
subset with distal and proximal skin thickening. Beyond this dichotomic subgrouping of systemic
sclerosis, new phenotypic considerations based on antibody subtypes have provided a better
understanding of the heterogeneity of the disease, anti-Scl70 antibodies being associated with
progressive interstitial lung disease regardless of cutaneous involvement. Two targeted therapies,
tocilizumab (a monoclonal antibody targeting interleukin-6 receptors (IL-6R)) and nintedanib

(a tyrosine kinase inhibitor), have recently been approved by the American Food & Drug
Administration to limit the decline of lung function in patients with SSc-associated interstitial
lung disease, demonstrating that such better understanding of the disease pathogenesis with the
identification of key targets can lead to therapeutic advances in the management of some visceral
manifestations of the disease. This review will provide a brief overview of the pathogenesis of SSc
and will present a selection of therapies recently approved or evaluated in this context. Therapies
evaluated and approved in SSc-ILD will be emphasized and a review of recent phase Il trials in
diffuse cutaneous systemic sclerosis will be proposed. We will also discuss selected therapeutic
pathways currently under investigation in systemic sclerosis that still lack clinical data in this
context but that may show promising results in the future based on preclinical data.
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Introduction

Systemic sclerosis (SSc or scleroderma) is the rheumatic disease with the highest individual

mortality[1]. SSc is characterized by the presence of vascular damage associated with
fibrotic and inflammatory manifestations[2, 3]. The severity of the disease is determined
by the extent of fibrotic changes to cutaneous and internal organ tissues, the most life-
threatening visceral manifestations including interstitial lung disease (ILD), pulmonary
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arterial hypertension (PAH), SSc-associated cardiomyopathy or scleroderma renal crisis
(SRC)[4, 5]. The prevalence of these manifestations is highly variable; SSc is a
heterogeneous disorder in terms of severity and clinical presentations[6]. Two main subsets
of the disease are classically described based on the extent of skin fibrosis: the limited
cutaneous subset (limited cutaneous SSc, or IcSSc) characterized by skin thickening distal to
the knees and elbows, and the diffuse cutaneous subset (dcSSc) defined by the association
of distal and proximal skin changes including the chest, torso, abdomen, and thighs[7].
Although visceral manifestations can occur in both subgroups, dcSSc is considered as

a more severe form of SSc, with a higher prevalence of ILD or SRC and subsequent

lower survival[8]. The initial presentation of dcSSc patients is usually characterized by
early inflammatory manifestations such as synovitis and skin edema, whereas vascular
manifestations are more prominent in early 1cSSc[9]. Anti-nuclear antibodies are almost
always detected in the serum of SSc patients, the most common specificities being anti-
centromere, anti-topoisomerase | (anti-Scl70) or anti-RNA polymerase I11 antibodies[5].
SSc-autoantibodies are classically mutually exclusive and recent studies suggest that they
may help to predict the onset of visceral manifestations and guide treatment strategy[10].
Anti-topoisomerase | antibodies are associated with clinical ILD in both cutaneous subsets
and anti-RNA-polymerase 111 antibodies are a risk factor of SRC[5]. Distinct molecular basis
may participated in explaining clinical diversity between autoantibody subsets, notably in
dcSSc[11].

Early diagnosis and common intervention with immunomodulatory agents such as
cyclophosphamide (CYC) or mycophenolate mofetil (MMF) have led to substantial progress
in the management of SSc, although there is still no disease modifying-agent that has
demonstrated benefit to all SSc patients[12, 13]. The identification and evaluation of

new therapeutic approaches is thus still needed[14]. The heterogeneity of the disease

as well as the unpredictable trajectory of some SSc-related manifestations, including
spontaneous regression of skin fibrosis in placebo arms, have participated in hindering

drug development and have limited the success of clinical trials [15]. Nonetheless, progress
in the clinical characterization of the patients as well as in outcome measure selection

and a better understanding of the molecular basis of the clinical heterogeneity have led to
recent approvals. The American College of Rheumatology and European League Against
Rheumatisms (ACR-EULAR) classification criteria for SSc revised in 2013 allow the
inclusion of patients with earlier disease in comparison with the 1980 ACR criteria[16].
Early SSc, before the onset of irreversible fibrotic damages, has been identified has a
window of opportunity for therapeutic intervention especially considering skin involvement
in dcSSc or ILD in both subsets. The identification of auto-antibodies such as Scl70 as a risk
factor for ILD progression has also improved patient stratification in international trials[17].
Two targeted therapies, tocilizumab (a monoclonal antibody targeting interleukin-6 receptors
(IL-6R)) and nintedanib (a tyrosine kinase inhibitor), have recently been approved by the
American Food & Drug Administration (FDA) to limit the decline of lung function in
patients with SSc-1LD, demonstrating that a better understanding of the disease pathogenesis
with the identification of key targets can lead to therapeutic advances in the management of
some visceral manifestations of the disease[17-22].
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This review will provide a brief overview of the pathogenesis of SSc, will present a selection
of therapies recently approved or evaluated in this context, and will discuss selected
therapeutic pathways currently under investigation in SSc.

2. Overview of the pathogenesis of SSc and key targeted cell types

SSc pathogenesis includes a triad of pathological processes (Figure 1): 1) endothelial
dysfunction promoting occlusive vasculopathy with vascular rarefaction[23, 24]; 2) immune
dysregulation involving both innate and adaptive immunity, associated with markers

of autoimmunity[25-27]; 3) uncontrolled production of extracellular matrix (ECM) by
activated myofibroblasts with collagen deposits leading to increase stiffness in fibrotic
tissues such as skin or lung[28, 29].

Apoptosis of endothelial cells triggered by auto-reactive clonal CD4* T cells suggest a
direct link between vasculopathy and immune dysregulation in SSc[30, 31]. Uncontrolled
adaptive immunity also leads to the production of autoantibodies targeting intra-nuclear
components[32]. Immune complexes composed of auto-antibodies with auto-antigens, such
as the topoisomerase I, could activate fibroblasts[33, 34]. B-cells are also responsible

for the production of interleukin 6 (IL-6), another key cytokine activating fibroblasts[35,
36]. IL-6 is produced by activated myofibroblasts in an autocrine manner[37]. Innate
immunity participates in SSc-associated tissue damages, as macrophage associated-genes
are amongst the most represented cellular signatures in the skin of patients with

early diffuse SSc[38]. At the earliest phase of the disease, pro-inflammatory M1
macrophages and Th1 signaling notably including interferon type | and 11 are the most
prominent[39, 40]. Impaired pro-resolving properties of macrophages, such as reduced
capacities for performing efferocytosis, /.e. the phagocytosis of apoptotic debris, may

also participate in chronic inflammation and persistence of autoantigens in SSc[41,

42]. Secondly but still early in the disease process, a Th2 microenvironment, including
IL-4 and I1L-13, favors the differentiation of recruited blood-monocytes into pro-fibrotic
M2 macrophages[43]. These alternatively activated M2 macrophages have pro-fibrotic
properties notably mediated by the secretion of transforming growth factor-g (TGF-p),
fibroblast growth factor (FGF), connective tissue growth factor (CTGF also called

CCN2), platelet-derived growth factor (PDGF) and CCL18[44]. Such pro-fibrotic mediators
participate in the trans-differentiation of fibroblasts into activated myofibroblasts[29].
Although many cellular subtypes are potential precursors of myofibroblasts in SSc,

recent single cell RNA-seq studies have shown that dermal myofibroblasts mainly derive
from a subpopulation of dermal fibroblasts[45]. SSc-associated myofibroblasts acquire a
mesenchymal phenotype with apoptosis resistance and are responsible for an uncontrolled
production of ECM components[46]. In return, ECM stiffness of fibrotic tissues can further
activate myofibroblasts notably through Toll-like receptors (TLR) and integrin-dependent
signals[47-49].

SSc-associated vasculopathy and immune dysregulation are considered as being amongst
the earliest events of SSc pathogenesis whereas myofibroblasts are the final integrators of
proinflammatory and profibrotic pathways, notably through the over-expression of STAT-3
dependent signals[50]. The interaction between the different intracellular pathways in
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SSc has been recently reviewed elsewhere[51]. Therapeutic approaches designed to limit
life-threatening fibrotic manifestations of the disease, such as ILD, focus on the direct
inhibition of these key activating pathways or target cells indirectly responsible for fibroblast
activation[52].

3. Therapeutic options recently approved in SSc-ILD and key up-coming

trials

SSc-ILD is amongst the leading cause of SSc-related death[53]. About 50% of SSc patients
have or will develop ILD during the course of their disease[54, 55]. SSc-ILD onset
classically occurs in the 5 first years and this manifestation affects both patients with 1cSSc
and dcSSc, although ILD is more frequent in the diffuse subset[56]. Other risk factors for
SSc-ILD are positivity for anti-topoisomerase | antibodies, male gender and Afro-Caribbean
ethnicity[55]. Considering the impact of SSc-ILD on survival, therapeutic research has
particularly focused on this manifestation in the past two decades. The first demonstration
that conventional immunomodulatory agents could limit the decline of lung function in
patients with SSc-1LD was based on the results from Scleroderma Lung Study | (SLS-1)[12].
This RCT evaluated the effects of oral CYC versus placebo on lung function in SSc-ILD and
demonstrated that the mean absolute difference in adjusted 12 month forced vital capacity
(FVC) expressed as the percent predicted (%pred), was 2.53% favoring CYC (p<0.03).
Scleroderma Lung Study Il (SLS-I1) demonstrated that oral CYC and MMF in SSc-ILD had
a similar impact on lung function with significant improvement of FVC(%predicted) in both
arms after 24 months, with no between-arm difference (P=0.24)[13]. Considering its better
safety profile, MMF became the standard of care for the treatment of SSc-1LD[57]. Phase

I1 and I11 trials conducted in the 5 past years have led to the FDA approval of two targeted
therapies in SSc-ILD: tocilizumab and nintedanib. Both drugs are now indicated to slow the
rate of decline of pulmonary functions in patients with SSc-1LD[58].

3.1 Tocilizumab

As pro-inflammatory signals may precede and favor irreversible fibrotic tissue damages
in SSc, early disease has been identified as a window of opportunity for therapeutic
measures, especially in dcSSc[52]. IL-6 is over-expressed in the serum of patients with
early dcSSc, and inflammatory features of the disease such as joint involvement or high
IL-6 dependent C-reactive protein (CRP) serum levels are associated with the onset of
more severe visceral manifestations, notably SSc-1LD[59]. IL-6 is produced by B-cells,
macrophages and myofibroblasts[36]. IL-6 can directly participate in the activation of
myofibroblasts and favor M2 polarization, through a potent upregulation of I1L-4 and
IL-13 receptor membrane expression on macrophages[60, 61]. IL-6 and immune complexes
synergistically favor the expression of SPP1 (or osteopontin) in macrophages, and these
SPP1-high macrophages may have specific proliferating properties in fibrotic diseases, as
recently identified through single-cell RNA-sequencing in lung tissues from patients with
ILD[62, 63]. In the inflammatory bleomycin mouse model, targeting IL-6 signaling with
monoclonal anti-1L-6 receptor antibody prevented skin fibrosis[59].
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Tocilizumab is a therapeutic monoclonal antibody targeting the human IL-6 receptor.

The phase Il faSScinate randomized controlled trial (RCT) evaluated the efficacy of
tocilizumab in patients with early dcSSc in comparison with placebo[18]. There was a
numerical difference in the evolution of skin fibrosis evaluated by change in mRSS favoring
tocilizumab at week 24 and 48: the least square mean decrease in mRSS at 24 weeks was
—-3.92 and —1.22 in the tocilizumab and placebo groups, respectively, (difference —2.70,
95% CI -5.85 to 0.45; p=0.0915). At week 48, between treatment difference was —3.55,
(95% CI1 -7.23 t0 0.12; p=0.0579), in favor of tocilizumab. Tocilizumab treatment was

also associated with sharply decreased serum CCL18 levels and decreased skin biomarker
gene expression, as well as decreased expression of genes associated with I1L-6 induced
macrophage polarization, including CCL18. Active therapy also had a significant impact

on the trajectory of lung involvement, as a smaller decrease in lung function assessed
through FVC was observed in the tocilizumab arm in comparison with placebo at week

24 (tocilizumab —34 mL versus placebo —171 mL; least square mean difference 136 mL,
95% CI 9 to 264; p=0.0368). Fewer patients in the tocilizumab group than in the placebo
group had worsening of FVC (%pred) at week 24 (p=0.009) and 48 (p=0.037). These
promising results on SSc-1LD were confirmed in the phase I11 focuSSced trial[19]. In this
international RCT, 212 patients with early active dcSSc were included (105 and 107 in the
tocilizumab and placebo arm, respectively); amongst them 67% had SSc-ILD at baseline

in the tocilizumab arm and 65% in the placebo arm. In these patients with SSc-ILD, the
least square-mean of FVC (%pred) change from baseline was —6.4 in the placebo group and
0.1 in the tocilizumab arm with a least-square mean difference between treatment groups of
6.5 (95%CI 3.4-9.5; p<0.0001). There was also a shift in the distribution of change from
baseline in FVC (%pred) at week 48 favoring tocilizumab (van Elteren nominal p=0.002
versus placebo). These clinically meaningful results on FVC were also consistent with the
effects of active therapy on the evolution of quantitative evaluation of ILD and lung fibrosis
on high-resolution computed tomography (HRCT) that significantly favored tocilizumab.
Post-hoc analyses of focuSSced also demonstrated that the effects of tocilizumab on FVC
were observed in all subgroups of patients after stratification on SSc-ILD extent. In patients
with mild (ILD involving 5-10% of the whole lung surface), moderate (10-20%), and severe
(>20%) ILD based on HRCT quantification, the mean decline in the FVC (%pred) in the
active therapy group at 48 weeks were —4.1, 0.7, and 2.1, and in the placebo group were
-10.0, -5.7, and —6.7, respectively[64]. These results suggest that tocilizumab could equally
benefit to patients with SSc-I1LD regardless of the initial ILD severity and regardless of the
prior rate of progression since the history of FVC decline or the presence of ILD were

not amongst the inclusion criteria for focuSSced. Based on the results of faSScinate and
focuSSced, the FDA approved tocilizumab to slow the rate of decline in pulmonary function
in patients with SSc-ILD, regardless of the cutaneous subset[65]. FocuSSced highlights

the need for early treatment, especially in patients at high risk of progressive ILD, even
when initial ILD presentation is mild, to prevent the development of irreversible fibrotic
damages[20]. This trials also demonstrated that phenotyping of SSc based on systemic and
extra-pulmonary manifestations of the disease can help to successfully identify patients at
high risk of progressive ILD that would benefit the most from active therapy. This approach
suggests a shift of paradigm in SSc-ILD, towards early introduction of treatments before
the progression of the disease occurs, instead of identifying patients that have already
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experienced effective progression and/or FVC decline[66]. Recent results from real world
experience also suggest that patients with anti-Scl70/anti-topoisomerase would especially
benefit from the effects of tocilizumab on lung function[67].

3.2 Nintedanib

Fibrosis is the end-stage pathogenic process of SSc-ILD, as the excess of ECM in the
pulmonary interstitium leads to increase tissue stiffness with reduction of pulmonary
compliance and volumes[28, 68]. The sustained and uncontrolled activation of pulmonary
myofibroblasts notably relies on mediators from the FGF family produced by myofibroblasts
in an autocrine manner or by M2 macrophages with paracrine effects[69]. Amongst other
macrophage mediators, PDGF participates to the activation of myofibroblasts[70]. SSc-
associated vascular damages may also contribute to fibrotic changes in SSc-I1LD and key
mediators of the occlusive vasculopathy such as vascular endothelial growth factor (VEGF)
participate in lung fibrosis[23, 71].

Nintedanib is a tyrosine kinase inhibitor targeting the common domain of the receptors

of PDGF, FGF (1 to 3) and VEGF (1 to 3) through competitive binding to ATP-binding
pocket of these receptors, stopping intracellular signaling[72]. Nintedanib can directly
inhibit the activation of myofibroblasts mediated by these pathways. Nintedanib also
prevents the differentiation of monocytes into macrophages /n vitro[44]. In mouse models
of SSc, nintedanib also inhibits macrophages activation and ameliorates vascular and
fibrotic manifestations of the disease[73]. Nintedanib was initially approved in 2014 for
the treatment of idiopathic pulmonary fibrosis (IPF)[74, 75].

The SENSCIS trial evaluated the efficacy and safety of nintedanib in patients with SSc-
ILD[17]. This international phase Il trial is the largest RCT ever conducted in SSc. 580
patients were included (288 in the nintedanib and placebo groups, 3 patients randomized
despite non-eligibility and one withdrawal). Patients with diffuse or limited cutaneous
subsets were eligible if they had SSc-ILD with CT showing fibrosis affecting at least

10% of the lungs and FVVC(%pred) higher than 40%. The primary end-point was the
annual rate of decline in FVC (milliliters per year), assessed over a 52-week period. The
adjusted annual rate of change in F\VC was —52.4mL per year in the nintedanib group

and —93mL per year in the placebo group (difference, 41.0 mL per year; (95%CI 2.9 to
79.0, p=0.04)). The most common side effect was diarrhea, reported in 76% of the patients
in the nintedanib group and in 32% in the placebo arm. Nintedanib had no effect on the
extra-pulmonary manifestations of SSc. The INBUILD trial also evaluated the efficacy

of nintedanib compared to placebo to limit the annual rate of decline in the FVC in
patients with progressive fibrosing ILD of various etiologies[66]. In this trial, 23 (6.9%)
and 16 (4.8%) had SSc-1LD in the nintedanib and placebo arms respectively. INBUILD
demonstrated the efficacy of nintedanib to limit the annual rate of FVC decline in patients
with progressive fibrosing ILD (between-group difference 107.0 mL per year (95%CI 65.4
to 148.5 (p<0.001)). In 2019, nintedanib was approved by the FDA to slow the rate of
decline of pulmonary functions in patients with SSc-ILD.
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3.3 Perspectives for the treatment of SSc-ILD considering these recent approvals:
potential role of combination therapies and other anti-fibrotic agents inherited from IPF.

In SLS-11, MMF showed improvement of pulmonary function over time in the majority
of patients and was similarly active with respect to evolution over time of mRSS as

well as dyspnea and health-related quality of life evaluated by patient reported outcomes
(PROs)[76-78]. Tocilizumab in focuSSced showed a numerical impact on skin fibrosis
but had no statistically significant effect on dyspnea[19]. In SENSCIS, nintedanib showed
no benefit on dyspnea and health-related quality of life evaluated by PROs, and did

not impact extra-pulmonary manifestations of the disease[17]. Based on these results,
nintedanib is not considered disease-modifying on SSc as a whole. Both tocilizumab and
nintedanib, nonetheless, showed biological effects that could be considered specifically
disease-modifying in SSc-ILD[20].

In focuSSced no background immunomodulatory therapy was allowed, whereas patients
with stable doses of MMF for at least 6 months were permitted to enroll in SENSCIS[17,
19]. This may have participated in limiting intergroup-difference between placebo and
nintedanib, notably on extra-pulmonary manifestations and PROs potentially improved by
MMF. The treatment effect of nintedanib on the annual rate of change in FVVC as primary
outcome was numerically lower in participants who were taking MMF at baseline than in
those not taking MMF (difference of nintedanib versus placebo of 26.3 mL per year (95%ClI
-27.9 t0 80.6) and 55.4 mL per year (95%CI 2.3-108.5) in the groups receiving and not
receiving MMF, respectively)[79]. Nonetheless, with a relative reduction of 40% and 46% of
annual rate of change in FVC in the groups with and without MMF respectively, statistical
testing did not indicate significant heterogeneity in the treatment effect of nintedanib
between the subgroups defined by MMF use. Nevertheless, this result suggests potential
additive effects of MMF and nintedanib. Although this question needs further investigations
to be fully explored in dedicated RCTs, these post-hoc sub-group analyses of SENSCIS
pave the way for future evaluations of combination therapies in SSc[15]. The mechanisms
of action of MMF, nintedanib, and tocilizumab show complementary effects with impact

on distinct pathways that would support their combined use (Table 1). The combination

of tocilizumab with either nintedanib or MMF may also appear relevant based on their
respective targets. The safety profile of combining a tyrosine kinase inhibitor with an
anti-1L6 monoclonal antibody is still to be determined in SSc, which precludes the use of
such combinations in daily practice to date.

The Scleroderma Lung Study 1 (SLS-111) will provide specific insights on the relevance

of combining immunomodulatory agents with anti-fibrotic drugs, as this ongoing phase 111
trial is evaluating the efficacy of pirfenidone versus placebo as add-on therapy with MMF

in SSc-1ILD (NCT03221257). Pirfenidone is an oral anti-fibrotic therapy approved in the
treatment of IPF[80]. Although its precise mechanism of action is still to be determined,
pirfenidone may impact TGF- signaling with subsequent inhibition of myofibroblast trans-
differentiation[81]. The LOTUS study evaluated the safety of pirfenidone in SSc-ILD,
showing a good tolerance profile notably in combination with MMF[82]. The efficacy of
pirfenidone to limit FVVC decline in SSc-1LD was also evaluated in a pilot study including
34 patients[83]. Although pirfenidone failed to improve/stabilize F\VC in comparison with
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placebo over 6 months, the limited sample size precludes firm conclusions. The efficacy
and safety of pirfenidone in patients with non-IPF progressive fibrotic ILDs (ILD patterns
on HRCT or lung biopsy) was also recently assessed in a phase 11b multicenter German
RCTs (the RELIEF study)[84]. Patients were excluded in case of a pre-existent steroid
and/or immunosuppressant therapy modified within the last 3 months and/or if such therapy
would need to be changed during the study period. The presence of progressive ILD prior
enrollment was a mandatory inclusion criterion and was defined by an annual FVVC decline
of at least 5% predicted, based on at least three F\VC measurements within 6-24 months
before enrolment. Eight patients with SSc-ILD were included in this study. An interim
analysis undertaken due to the slow recruitment rate has resulted in early termination of this
trial. Considering this premature termination and missing data secondary to withdrawals,
the results have to be interpreted with caution. 187 patients per group (/.e. 374 patients

in total) were initially expected but only 127 were enrolled before study early termination
(64 and 63 in the pirfenidone and placebo arm respectively). In the overall population

of 127 patients at week 48, rank ANCOVA with diagnostic group included as a factor
showed a significantly lower decline in FVC % predicted in the pirfenidone group as
compared to placebo (p=0.043); the result was similar when the model was stratified

by underlying diagnostic group (p=0.042)[84]. The most frequent underlying diagnosis
was hypersensitivity pneumonitis (45%). Amongst CTD-ILD patients (n=37), 46% had
rheumatoid arthritis whereas 22% of CTD-ILD patients had SSc. This low number of SSc
patients precludes conclusion regarding specific effects of pirfenidone on this subgroup

in this trial. Considering the first preliminary encouraging results in RELIEF, the awaited
SLS-1I study will help to determine the potential place of pirfenidone in the treatment of
SSc-ILD.

4. Therapeutic approaches recently evaluated in phase Il trials in early

dcSSc.

Beyond SSc-ILD, recent trials in the field of SSc have especially focused on the diffuse
cutaneous subset since it is considered as the most severe subgroup, although only
concerning 20 to 30% of all SSc-patients[85]. In the majority of these recent phase Il trials
including early dcSSc patients, mRSS was used as the primary outcome[86—89]. Although
trends were observed favoring active therapy, many of these trials have failed to reach
statistical significance on mRSS, whereas secondary outcomes such as FVVC progression
were able to discriminate placebo from active treatment[18, 86]. In some of these trials,

a combined response index, the American College of Rheumatology Composite Response
Index for Clinical Trials in Early Diffuse Cutaneous Systemic Sclerosis (ACR-CRISS),
notably including FVC progression and mRSS evolution, successfully discriminated active
therapy from placebo[19, 90, 91]. These results suggest that mRSS alone as a primary
outcome measure in dcSSc may be insufficient to characterize meaningful change in
response to treatment [15]. Nonetheless, considering the statistical trend favoring active
therapy in many of these trials and the significant differences in others, mRSS in dcSSc
Phase Il trials is informative for a go-no-go decision guiding the design of future phase

I11 trials[88]. Its inclusion in the ARC-CRISS also informs on overall disease improvement
and on the potential disease-modifying effects of the considered therapy. The results of
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the following phase Il trials should be interpreted in the light of these considerations on
outcomes measure in dcSSc (Table 2).

4.1 The proof of concept 24-week phase Il trial evaluating the efficacy and safety of
Romilkimab (SAR156597) versus placebo in early dcSSc

IL-4 and IL-13 play an important role in the pathogenesis of SSc. Elevated serum levels

of IL-4 have been measured in the serum of SSc patients[92]. IL-13 has a similar and
redundant impact since IL-4 and 1L-13 receptors share common subunits and downstream
activating pathways, notably including the transcription factor STAT-6[93]. These Th2
cytokines participate in the polarization of macrophages into pro-fibrotic alternatively
activated M2 macrophages[94]. IL-4 also favors the proliferation of fibroblasts and
increases their production of pro-fibrotic markers such as TGF-p or CTGF/CCN2[95]. The
redundancy of IL-4 and IL-13 on downstream regulating pathways supports the concomitant
inhibition of both cytokines to obtain substantial biological effects[96].

Romilkimab (SAR156597) is an engineered, humanized, bispecific immunoglobulin-G4
antibody that neutralizes I1L-4 and IL-13[88]. The efficacy and safety of romilkimab was
recently evaluated in a phase Il RCT, including 48 and 49 patients in the active therapy and
placebo arms respectively. The change from baseline to week 24 in mRSS was chosen as
the primary outcome. Romilkimab showed efficacy over placebo as mean change in mRSS
was —4.76 (0.86) versus —2.45 (0.85) for romilkimab and placebo respectively[88]. The
mean difference in change from baseline to week 24 in mRSS was -2.31 (90% CI -4.32
to —0.31; p=0.0291, one-sided) in favor of active therapy. The change in diffusing lung
capacity of carbon monoxide (DLco) and FVVC also tend to favor romilkimab. Romilkimab
significantly improved the European Quality of Life-5 Dimension-5 Level, as change from
baseline to week 24 was 0.07 (0.03) for romilkimab versus 0.00 (0.03) for placebo with

a mean difference (95% CI) of 0.07 (SEM=0.04) (-0.01 to 0.15; p=0.0363). There was

no difference regarding the probability of improvement based on the ACR-CRISS (0.3811
(0.4372) and 0.4245 (0.4266) in the placebo and romilkimab arms respectively, p= 0.27).

The result on mRSS in this proof of concept trial highlighted that targeting pro-fibrotic
Th2 signaling in early diffuse SSc may constitute a relevant approach, suggesting that
these patients may also benefit from early anti-fibrotic therapy and not only from early
anti-inflammatory drugs[97]. This result may support the hypothesis that early up-front
combination of immunomodulatory agents with anti-fibrotic properties, such as romilkimab,
with agents with anti-inflammatory effects, such as MMF, could be a relevant therapeutic
approach in dcSSc. The design of this proof of concept trial precludes conclusions
regarding this issue, as different background immunomodulatory agents were allowed
including methotrexate (43% and 25% of the patients in the placebo and romilkimab
arms respectively), MMF (14 and 21%) and Azathioprine (2 and 8%). Only a dedicated
RCT, including a stratification based on background therapy or a unique background
immunomodulatory agent with an anti-fibrotic agent or placebo as add-on therapy would
validate this hypothesis in early dcSSc.

Clin Rev Allergy Immunol. Author manuscript; available in PMC 2024 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lescoat et al. Page 11

4.2 Abatacept trials: targeting co-stimulation in early dcSSc.

Beyond the secretion of Th2 cytokines, CD4* T cells also play a direct role in SSc-
associated tissue damages. The perivascular infiltrate in the skin of early dcSSc is
characterized by the presence of CD4* T cells that may directly participate to the endothelial
damage by inducing cytotoxic dependent-apoptosis of endothelial cells (Figure 1)[30]. This
oligoclonal CD4* T-cell subpopulation positive for CD319 (SLAM-F7) is also expanded

in the blood of patients with early dcSSc in comparison with healthy controls[98]. Recent
transcriptomic analyses of the skin in dcSSc also support an elevated type Il interferon
signature which is classically related to Th1l lymphocytes [38]. Through the process of
CD80/CD86-CD28 dependent-mutual co-stimulation, CD4* T cells also participate in the
activation of B-cells and are directly involved in the autoimmune features of SSc. Abatacept
is a fusion protein that binds to CD80 and CD86 molecules preventing the co-stimulatory
signals activating both CD4* T-cells and B-cells[27]. Abatacept is approved in the treatment
of rheumatoid arthritis and was able to prevent experimental dermal fibrosis and to reduce
established inflammation-driven fibrosis in mouse models of SSc[99]. Treatment with
abatacept limited B-cell infiltrates in bleomycin-induced skin fibrosis[27]. Concomitantly,
this decrease of B-cell count was associated with improved dermal thickness, decreased
collagen deposit and reduced myofibroblast skin infiltrate both in preventive and curative
protocols. Observational data from the European Scleroderma Trials and Research group
(EUSTAR) in 27 patients suggest that abatacept may have some effectiveness on joint
involvement and related disability in SSc[100].

The Abatacept Systemic SclErosis Trial (ASSET trial) was a phase Il RCT evaluating the
safety and efficacy of abatacept in patients with early dcSSc[87]. The inclusion criteria

in this trial focused on recruiting patients with early, active skin disease based on disease
duration and mRSS progression. The primary outcome was the change from baseline in
mRSS at 12 months. Although there was no significant difference between placebo and
active therapy for this primary endpoint, numerical change in mRSS favored active therapy
(-6.24 + 1.14 and —4.49 + 1.14, for abatacept and placebo respectively with a treatment
difference of —=1.75 [95% CI —4.93, 1.43]). The probability of improvement based on the
ACR CRISS at 12 months also favored abatacept (probability of 0.02 (IQR=0.75) and 0.72
(0.99) in the placebo and abatacept groups respectively; p=0.03 by Van Elteren test with
adjustment for disease duration). Health assessment questionnaire-quality index (HAQ-DI)
evolution also demonstrated higher improvement of quality of life with active therapy as
compared to placebo. The open-label data at 18 months showed clinically meaningful
improvements in mRSS and FVC in both the abatacept and initial placebo groups when
patients transitioned to open-label treatment with abatacept[101]. These results, in addition
to previous reports, support the relevance and need for further assessment of the abatacept
efficacy in early dcSSc[102].

In ASSET, patients were also sub-classified based on the initial transcriptomic signature
identified on baseline skin biopsy. Three subgroups were identified: an inflammatory
pattern, a proliferative pattern and a normal-like pattern[87]. These intrinsic skin gene
expression subsets were consistent with previous reports in dcSSc[103-105]. Interestingly,
such classification may help to stratify patients based on their potential treatment response,
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as the least square mean change in mRSS over 12 months was significantly different
between the abatacept and placebo groups for the inflammatory and normal-like subsets (P
< 0.001 and P = 0.03, respectively) whereas there was no difference for the proliferative
group. Similar results on treatment response were obtained in a previous exploratory RCT
including 7 patients in the abatacept arm and 3 in the placebo arm[102]. The data from these
abatacept trials made the proof of concept that intrinsic gene expression could help to refine
inclusion criteria for a future abatacept trial and that this approach could lay a path towards
personalized medicine in dcSSc[106].

4.3 Soluble Guanylate cyclase pathway: Exploring the anti-fibrotic effects of Riociguat in

dcSSc.

Soluble guanylate cyclase (SGC) is one of the main catalysts in the production of cyclic
guanosine monophosphate (cGMP). Cyclic GMP induces vasorelaxation and shows anti-
proliferative properties. Impairment of the nitric-oxide (NO.)- sGC-cGMP pathway is
involved in the pathogenesis of SSc-PAH and participates in SSc-associated occlusive
vasculopathy[107]. Riociguat is a sGC stimulator with a dual mode of action: it can
stimulate cGMP production by sGC either through a synergistic NO-dependent stimulation
or through a direct NO-independent pathway[108]. In preclinical models of PAH, riociguat
show vasorelaxation and anti-remodeling properties, suggesting its relevance in this context.
The phase 111 PATENT-1 trial demonstrated that riociguat increased the 6-minute walk
distance, improved vascular resistance, NT-proBNP levels, dyspnea and time-to-clinical
worsening in patients with PAH, notably including SSc-PAH[108, 109]. Beyond these
effects on vascular remodeling, riociguat also shows anti-fibrotic properties. Soluble

GC stimulators could prevent and induce regression of fibrosis in inflammatory and
non-inflammatory mouse models of SSc, through the inhibition of TGF-p dependent
activation of fibroblasts[110]. These anti-fibrotic effects of riociguat were notably driven
by the protein kinase G (PKG), a downstream mediator of the sGC-cGMP pathway.

PKG specifically interferes with the TGF-p-induced activation of ERK, that participates

in fibroblast activation in SSc[111, 112]. Other TGF-f non-canonical and canonical SMAD
dependent signals are not impacted by riociguat.

The Rlociguat Safety and Efficacy in patients with diffuse cutaneous Systemic Sclerosis
(RISE-SSc) study was an international randomized, double-blind, placebo-controlled,
parallel-group clinical trial evaluating the impact of riociguat on change in mRSS from
baseline to week 52 in patients with early dcSSc at high risk of progression[86]. The
primary endpoint was not met, as change from baseline in mRSS was —2.09 and —0.77

in the riociguat (n=57) and placebo (n=52) arms respectively, (difference of least squares
means —2.34 (95% CI —4.99 to 0.30; p=0.08)) at week 52. However, skin fibrosis was also
analyzed by prespecified exploratory analyses of mRSS progression ; it was observed that
11 (18.6%)/59 patients with riociguat and 22 (36.7%)/60 patients with placebo exhibited
skin progression (Mantel-Haenszel estimate of difference: —=17.99% (95% CI —33.57%

to —2.40%; nominal p=0.0237). There was no significant between-arm difference in the
probability of improvement based on the ACR-CRISS. This result could be expected

as RISE-SSc was designed to detect prevention of progression and not improvement.
Change in FVC(%pred) and prevention of new digital ulcers tended to favor active
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therapy. The open-label section of the trial showed similar results regarding skin evolution,
with mRSS regression in both arms without statistical difference between placebo and
active therapy[113]. Riociguat increased cGMP levels and decreased the serum levels of
SSc-associated severity biomarkers such as SPECAM-1 and CXCL-4 at week 14[114].
The limited impact of riociguat on SMAD dependent TGF-p signaling and on other non-
canonical pathways may explain, in part, the disappointing anti-fibrotic effects of riociguat
in RISE-SSc. Despite the clear benefit of riociguat in SSc-PAH, its relevance for the
treatment of other manifestations of the disease and its potential disease modifying-effects
are not supported by the results of RISE-SSc.

4.4 Cannabinoid agonists and PPAR-y agonists

The endocannabinoid system includes two cannabinoid receptors, CB1 and CB2. CB2

may exert anti-fibrotic effects as CB2—/— mice are more sensitive to bleomycin-induced
dermal fibrosis [115]. Both CB1 and CB2 receptors are over-expressed in dcSSc fibroblasts.
Cannabinoid receptor agonists could reduce ECM deposition /n vitro, could limit the trans-
differentiation of fibroblasts into myofibroblasts and could counter-act their resistance to
apoptosis [116]. /n vivo, cannabinoid receptor agonists significantly prevented experimental
bleomycin-induced dermal fibrosis and could limit fibrosis progression in a curative model
[117]. In these in vivo mouse models, the anti-fibrotic effects of cannabinoid receptor
agonists in the skin were PPAR-y-dependent, as co-treatment with PPAR-y antagonist
alleviated the effects of cannabinoid receptor agonists. In a mouse model of ILD induced
by trans-oral instillation of bleomycin, cannabinoid receptor agonists could reduce lung
fibrosis as well [118]. These pulmonary effects were associated with a decreased expression
of CTGF/CCN2 and TGF-B1, through a down-regulation of canonical TGF-p signaling as
suggested by reduced phosphorylation of SMAD2/3 and a decreased in aSMA expression.
On the contrary, cannabinoid receptor agonists induced an increased pulmonary expression
of PPAR-y. Considering these anti-fibrotic effects on skin and lung, cannabinoid receptor
agonists appear to be relevant therapeutic agents that may show disease-modifying effects in
SSc.

Lenabasum is a synthetic agonist of CB2 that was evaluated in a phase Il RCT in

early dcSSc[119, 120]. The primary efficacy outcome measure was the probability of
improvement based on the ACR-CRISS at week 12. Twenty-seven and 15 patients were
randomized to receive lenabasum and placebo, respectively. Improvement in median ACR-
CRISS score was observed in the lenabasum arm starting at week 8 and increased over
time, with a maximum of 0.33 (IQR 0.01-0.82), in comparison with 0.00 (IQR 0.000-
0.16) in the placebo arm, at week 16 (p=0.04 by 1-sided mixed-effects model repeated-
measures analysis and p=0.07 by 2-sided mixed-effects model repeated-measures analysis).
Lenabasum also tended to improve change in mRSS with a mean difference of -2.6
(SEM=1.9) at week 16 in favor of lenabasum (p=0.09 by 1-sided mixed-effects model
repeated-measures analysis and p=0.17 by 2-sided mixed-effects model repeated-measures
analysis). Lenabasum was well tolerated in this trial. These encouraging results led to the
phase 111 RESOLVE-1 trial (NCT03398837) using ACR-CRISS at 52 week as primary
outcome. The publication of the results in a peer-reviewed journal is still awaited, but the
press announcement (September 2020) specified that the primary outcome was not met as
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ACR-CRISS scores at week 52 were 0.887 in the placebo arm and 0.888 in the lenabasum
20 mg twice daily arm[121]. Publication of the final results and subgroup analyses may help
to identify if a subset of patients had shown specific treatment response.

An increased expression of PPAR-y may participate in the effects of cannabinoid
receptor agonists. Regarding PPAR, the pan-PPAR agonist Lanifibranor (1IVA337) showed
promising results in preclinical models of SSc. In the bleomycin mouse model, 1VA337
induced decreased ECM deposition and decreased skin expression of phosphorylated
SMAD2/3[122]. The phase 2 trial FASST evaluating I\VVA337 versus placebo in dcSSc
included 145 patients using mean change of mRSS from baseline to week 48 as primary
outcome. Although the results of this trial have not been published in a peer-review
journal, press-release announced the absence of efficacy of active therapy in comparison
with placebo on the primary outcome and on secondary outcomes. This could be partly
explained by a decrease of mRSS in the placebo arm potentially due to concomitant use
of immunosuppressive therapies. Lanifibranor showed a favorable trend in patients’ global
assessment of disease activity (p=0.08). Based on the results of this phase Il trial, the
development of 1\VA337 in SSc was discontinued.

4.5 Rho/ROCK, LPA pathway and Autotaxin inhibitors

The RhoA/ROCK signal is a system of intracellular kinases comprising signaling G
proteins from the Rho GTPase family subsequently activating the Rho-associated protein
kinase ROCKJ123]. The RhoA/ROCK pathway contributes to the contractile phenotype

of activated myofibroblasts and ECM stiffness induces STAT-3 phosphorylation in a
RhoA/ROCK-dependent manner[124]. RhoA/ROCK is also involved in immune regulation
and impacts inflammation resolution as RhoA/ROCK limits pro-resolving properties of
macrophages such as efferocytosis (Figure 1)[42]. TGF-B, CTGF/CCN2 and integrins

are amongst the upstream activators of this kinase cascade[51]. Lysophosphatidic acid
(LPA) receptor family can also activate this pathway and LPA; (LPA receptor 1)

activation can induce fibroblast trans-differentiation via RnoA/ROCK activation[125]. LPA
is notably produced in pro-inflammatory conditions and derived from lysophospholipids
such as lysophosphatidylcholine through the action of lysophospholipase D, also called
autotaxin[126]. A pathogenic loop including IL-6 and autotaxin may participate in LPA;
activation in SSc. Therefore, targeting autotaxin-dependent production of LPA, LPA
receptors or downstream RhoA/ROCK pathway may constitute a relevant approach to limit
fibrotic manifestations of SSc. The inhibition of LPA/LPA-receptor pathway and/or RhoA/
ROCK prevents or improves fibrosis in various mouse models of SSc, strengthening the
relevance of investigating these targets in this fibrotic disorder.

Ziritaxestat (GLPG1690) is an orally administrated autotaxin inhibitor that was recently
evaluated in a phase 2a randomized, double-blind, placebo-controlled trial for the treatment
of early dcSSc[89]. This RCT included 21 and 12 patients in the treatment and placebo
arm respectively, and utilized change from baseline mRSS at 24 weeks as primary

efficacy endpoint. Between-group difference for this primary endpoint was —2.8 (1C95%
-5.6, -0.1) favoring ziritaxestat (p=0.0411). The ACR-CRISS also showed numerically
higher probability of improvement with active therapy highlighting that the LPA/Autotaxin
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pathway could constitute a relevant approach for a disease-modifying strategy. The open-
label extension of this phase 2 trial has nonetheless been terminated, and reason for this
termination as stated on clinicaltrial.gov is: “the benefit-risk profile no longer supports
continuing the studies”.

The safety and efficacy of SAR100842, a potent selective oral antagonist of LPA; was
evaluated in an 8-week double-blind, randomized, placebo-controlled study followed by a
16-week open-label extension in patients with early dcSSc[127]. Although safety profile
evaluation was the main objective, mRSS served as a surrogate marker for efficacy at
week 8. Between-group difference for this exploratory endpoint favored active therapy
(—3.57 (4.18) in the SAR100842 (n=17) versus —2.76 (4.85) for the placebo (n=15) p=0.46)
and SAR100842 was well tolerated. Two RCTSs are registered to evaluate the safety and
efficacy of ROCK-2 inhibition by KD025 (belumosudil) in dcSSc (NCT04680975 and
NCT03919799). The announced primary endpoint in these trials is the ACR-CRISS after
24 weeks of therapy. The current discussion on FDA approval of Belumosudil (KD025)
in chronic graft-versus-host disease (cGVHD) strengthens the relevance of targeting this
pathway in dcSSc, as the pathogenesis of cGVHD shows similarities with SSc[128].

4.6 Stem cell transplantation

The widespread involvement of adaptive and innate immunity in the pathogenesis of

severe manifestations associated with dcSSc and the efficacy of cyclophosphamide in SSc-
ILD and associated PRO suggest that intensive immunosuppression through myeloablative
chemotherapy followed by rescuing hematopoietic stem cell transplantation (HSCT) could
constitute a disease-modifying approach in dcSSc. The ASTIS and SCOT trials have

both demonstrated the efficacy of HSCT to improve survival in patients with severe

SSc [129, 130]. Only highly selected patients with -or at high risk of- life-threatening
manifestations of the disease were included in these trials. Although both trials showed

a statistically significant impact on survival at the end of the follow-up, with differences

in PRO and quality of life indices favoring HSCT procedure, myeloablative chemotherapy
was associated with early morbidity and mortality. To improve these outcomes in clinical
practice, the inclusion criteria of candidates for HSCT have been narrowed in some centers,
notably by excluding patients with severe heart involvement[131]. Therefore, although
HSCT is a disease-modifying approach in severe dcSSc in expert centers, this intervention is
restricted to a very limited number of highly selected patients. More accessible therapeutic
strategies adapted to a wider population of SSc patients are thus still needed.

Immunomodulatory properties of allogeneic or autologous mesenchymal stem cell
transplantation is currently being evaluated in SSc and may show promising results in the
future[132, 133]. In mouse models of SSc, mesenchymal stem/stromal cell transplantation
had immunosuppressive, tissue remodeling and anti-oxidative properties[134]. Similarly,
adipose-derived stem cells and autologous stromal vascular fraction from adipose tissue
showed pro-angiogenic and anti-fibrotic effects /n vitro[135]. An open-Ilabel clinical trial
assessing subcutaneous injections of autologous adipose-derived stromal vascular fraction
into the fingers of SSc patients has shown improvement in hand functioning and quality of
life, suggesting that such procedure could be promising in the future[136, 137].
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5. A selection of treatments or pathways under investigation in a clinical
or preclinical stage

Beyond the phase Il and phase Il trials already discussed in SSc-ILD and dcSSc, other
pathways are under-investigation in a less advanced stage of development. Although some of
these pathways are old concepts in the field of SSc, new therapeutic approaches based on a
better understanding of such signals may show promising results.

5.1 Revisiting the inhibition of TGF-B signaling,

TGF-p plays a central role in SSc-related fibrosis. TGF-p family comprises three isoforms
(TGF-B1, 2 and 3) that are all increased in the skin and serum of SSc patients, although

a large proportion remains in an inactive form[29]. This latent form can be activated by
various signals including increased ECM stiffness, actions of integrins or thrombospondins.
TGF-p signaling is up-regulated in the fibrotic tissues of all main mouse models of SSc,
including genetic and induced models with inflammatory or non-inflammatory related
fibrosis[28]. There are two main TGF-B-dependent downstream signaling pathways: a
canonical pathway involving SMAD 2/3 and 4; and a hon-canonical pathway, SMAD
independent, that notably involves RhoA/ROCK, c-Abl, TAK1, p38, JNK, SRC and JAK2-
STAT-3[138-141]. These pathways are redundant and the concomitant inhibition of several
of them is needed to ensure significant biological effects. The different isoforms of TGF-p
have pleiotropic activities and TGF-B2 notably participates in hematopoiesis and myocardial
functioning[29]. The key roles of different TGF-p isoforms during development and
carcinogenesis along with adverse effects of TGFp receptor kinase inhibitors on heart valves
in pre-clinical murine studies led to safety concerns regarding TGF- inhibition. Despite
these concerns, non-selected targeting of all TGF-B isoforms in a short open-label study of
fresolimumab in dcSSc was associated with striking a decrease in skin TGF-p-regulated
gene expression biomarkers, as well as in the MRSS[142]. Adverse events, including
epistaxis, gum bleeding, subconjunctival eye hemorrhage and anemia were reported amongst
the 15 dcSSc patients, suggesting that pan-TGF- inhibition might be associated with
vascular complications[142]. Considering the involvement of TGF-B2 in hematopoiesis,
selective inhibition of TGF-p1 and TGF-B3 may have a better safety profile. AVID200
results from the fusion of a TGF-B-Receptor ectodomain with an 1gG Fc region, acting

as a potent TGF-B trap and showing high selectivity against TGF-B1 and TGF-p3 with
limited impact on TGF-B2-associated pathways[143]. The safety and preliminary efficacy
of AVID200 was evaluated in a phase I trial in dcSSc, showing that AVID200 at the dose

of 1 and 3 mg/kg was well-tolerated[144]. Further investigation of AVID200 in dcSSc, and
other therapeutics targeting TGF-p under development in oncoimmunology, hold promise
that TGF-B inhibition will eventually become available[145].

Integrins from the aV class participate in the activation of latent TGF-f and may represent
a relevant therapeutic target in fibrotic diseases. Abituzumab is a humanized monoclonal
antibody inhibiting the activity of aV integrins[146]. The safety and efficacy of abituzumab
as add-on therapy to MMF in SSc-ILD were evaluated in a phase 11, double-blind, parallel-
group, multicenter trial (NCT02745145). The primary efficacy endpoint was the annual

rate of change in absolute FVC. Patients were randomized (2:2:1) to receive abituzumab
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1500mg, abituzumab 500mg or placebo every 4 weeks for 104 weeks but the trial was
prematurely terminated due to slow enrollment[146]. There were no concerns regarding
safety; no conclusion regarding efficacy could be drawn due to premature ending of the trial.
Other therapies targeting the TGF-p non-canonical pathway (TAK1 inhibitor) or canonical
pathway (ALKS5 inhibitor, NOX1/4 inhibitor) may have some role in SSc, although clinical
data are still awaited for these candidate drugs[147-149].

5.2 Targeting JAK/STAT pathways

Janus Kinases (JAK) are a class of intracellular kinase mediating the signal of numerous
receptors of growth factors and major cytokines notably through the phosphorylation of
transcription factors from the STAT (Signal Transducer and Activator of Transcription)
family[150]. JAK/STAT signaling is involved in several pro-inflammatory and pro-fibrotic
pathways in SSc[151]. TGF-B non-canonical pathway involves JAK2-STAT-3; IL-6R
mediates signal through JAK1/2/TYK2-STAT-1/3; I1L-13 and IL-4 receptors notably through
JAK1/3-STAT 6; and IFN type | and Il through JAK1/TYK2 and (predominantly)
STAT-1[93]. JAK inhibitors are orally administrated tyrosine kinase inhibitors (TKIs)
targeting one or more of the 4 members of the JAK family. Various JAK inhibitors have been
approved in the treatment of rheumatic diseases such as rheumatoid arthritis (tofacitinib,
baricitinib, upadacitinib, filgotinib) or chronic inflammatory skin diseases such as moderate
to severe atopic dermatitis (baricitinib)[152-154]. In mouse models of SSc, JAK inhibitors
such as Ruxolitinib or Tofacitinib, considered as pan-JAK inhibitors, could prevent the onset
of skin and lung fibrosis, notably through their impact on macrophage polarization and
fibroblast activation[96, 155-157]. Tofacitinib nonetheless failed to reverse lung and skin
fibrosis in the bleomycin mouse model[155].

The safety profile of tofacitinib was evaluated in a Phase 1/l double-blind, randomized,
placebo-controlled trial including 15 patients with deSSc (2:1, 10 with active therapy

and 5 with placebo)[158]. Change in mRSS and probability of improvement evaluated

with the ACR-CRISS favored active therapy and tofacitinib was well tolerated. These
encouraging results of a pan-JAK inhibitor in dcSSc are also supported by the recent data
of ruxolitinib in cGVHD, showing efficacy in a phase 111 trial dedicated to this scleroderma-
like disorder[159, 160]. Assessment of the impact of a more selective inhibition, such as the
targeting of JAK1 with itacitinib, is announced in early dcSSc with mRSS change as primary
endpoint (NCT04789850). The recent long-term safety concerns regarding tofacitinib in
RA may nonetheless temper the initial enthusiasm surrounding JAK inhibitors in rheumatic
diseases[161].

5.3 inhibition of B-cell activation and adaptive immunity

Auto-antibodies are amongst the hallmarks of immune dysregulation in SSc[5]. Immune-
complexes composed of SSc-associated anti-nuclear antibodies and their specific nuclear
antigen, such as anti-Scl70 antibodies/topoisomerase | complexes, could directly participate
in fibroblast activation and endothelial dysfunction [33, 34]. SSc auto-antibodies could

also have functional properties as demonstrated by the potential pro-fibrotic effects of
anti-PDGF-R antibodies through direct stimulation of PDGF-R with subsequent fibroblast
activation[162]. Similar effects of anti-endothelin receptor antibodies on endothelial cells
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have also been suggested and may participate in endothelial dysfunction[163]. These data
strengthen the relevance of targeting adaptive immunity in SSc. B-cells could also directly
participate in the immuno-inflammatory process of the disease through the secretion of
cytokines such as IL-6[36]. This IL-6 secretion could especially rely on memory B cells
expressing CD19 and CD95. Serum levels of BAFF (B cell-activating factor, also known
as BLyS for B Lymphocyte Stimulator)), a mediator facilitating survival and maturation of
B cells, are elevated in SSc patients[164]. In mouse models of SSc, B-cell depletion with
an anti-CD20 antibody prevents the fibrotic manifestations of the disease[165]. Inhibiting
BAFF attenuates skin and lung fibrosis in the bleomycin mouse model as well[164]. The
effects of abatacept on co-stimulation as previously described also support the relevance of
targeting adaptive immunity in SSc[99].

Using a matching strategy based on a propensity score, recent analyses of 254 patients
receiving rituximab (Anti-CD20 antibody) in the observational EUSTAR cohort suggested
that this therapeutic approach could improve skin fibrosis in comparison with 9575 matched-
SSc controls who did not receive rituximab[166]. Meta-analyses suggest that rituximab
could also improve lung function in the first year of treatment, as demonstrated by the
evolution of FVC and DLco after rituximab initiation[167, 168]. In EUSTAR analyses, PFTs
changes were not different between the 2 groups, although a subset receiving MMF and
rituximab seemed to have some benefit raising one more time the interest of combination
therapies. In a randomized, double-blind, placebo-controlled, phase Il multicenter trial,
including 57 patients with SSc-PAH, rituximab failed to improve six-minute walk distance
(6MWD) at week 24. Nonetheless a secondary analysis model including 6MWD data out

to week 48 as a secondary outcome favored rituximab[169]. A Japanese double-blind RCT
including 56 patients (dc or IcSSc patients) recently demonstrated the efficacy of rituximab
on skin involvement. In this trial, the absolute change in mRSS at week 24 was lower in the
rituximab group as compared to the placebo group (=6.30 versus2.14 in the rituximab and
placebo group respectively; difference —8.44 [95% CI —11.00 to —5.88] favoring rituximab;
p<0.0001). Rituximab also showed promising result on ILD as the change in FVC (%
predicted) from baseline to week 24 was 0.09% in the rituximab group compared with
—2.87% in the placebo group (difference 2.96% [95% CI 0.08-5.84]; p=0.044)[170]. These
results reinforce the need for investigating rituximab in international RCTs in SSc[171].

The relevance of BAFF inhibition with belimumab (monoclonal antibody targeting BAFF)
has been evaluated in a recent single-center, double-blind, placebo-controlled, pilot study
including 20 patients with dcSSc and recently started on MMF[172]. Belimumab was well
tolerated. An improvement of mRSS was observed in both arms but the comparison of
change from baseline favored belimumab (10 (IQR —13, -9) and —-3.0 (IQR -15, -1) in
the belimumab and placebo groups respectively; p=0.411). A phase Il trial evaluating the
combined effect of rituximab and belimumab as an add-on therapy with MMF in early
dcSSc is currently ongoing (NCT03844061). The primary outcome will be the probability
of improvement based on the ACR-CRISS. This will be the first RCT evaluating the
combination of two monoclonal antibodies in SSc. The results of this pivotal trial may
pave the way for other combination approaches in the future.
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Ibrutinib is a small orally administrated drug that inhibits the function of Bruton’s tyrosine
kinase (BTK), an enzyme participating in the B-cell receptor-associated signaling and B-
cell survival[173]. A phase b/l trial evaluating Ibrutinib in cGVHD showed promising
results leading to its FDA-approval for this scleroderma-like condition[174]. To date, there
is no registered clinical trial evaluating ibrutinib in SSc, but pre-clinical data on B-cells
and peripheral blood mononuclear cells from SSc patients suggest that ibrutinib 7n vitro
could notably limit the production of 1L-6[173]. Clinical evidence is nonetheless needed to
determine the potential effects of BTK inhibitors in SSc.

5.4 a-MSH and Melanocortin-1 receptor agonists

Alpha-Melanocyte-stimulating hormone (a-MSH) is locally produced in the skin where

it could exert physiological anti-fibrotic and anti-inflammatory effects[175]. Melanocortin
receptors (MCR) have a pleiotropic distribution and melanocytes, skin fibroblasts,
monocytes, macrophages, lymphocytes as well as neutrophils notably expressed MC
receptor-1 (MC1R), one of the five identified a.-MSH receptors[176]. a-MSH exerts anti-
inflammatory and pro-resolving effects notably by enhancing efferocytosis capacities of
macrophages and down-regulating the production of IL-6 and IFN-y. The anti-fibrotic
effects of MC1R signaling are notably mediated through the suppression of TGF-B1-
dependent collagen production by human skin fibroblasts[177]. Interestingly, patients with
dcSSc may experience skin hyperpigmentation, potentially linked to an over-expression of
a-MSH that could represent a compensating physiological anti-fibrotic mechanism[178]. In
the inflammatory bleomycin-induced mouse model of SSc, a-MSH reduced skin fibrosis
and dermal collagen deposit. These effects were partially mediated by the up-regulation
of the antioxidant superoxide dismutase 2 and heme-oxygenase 1 in this model including
oxidative stress in its pathogenesis[177]. In the animal model of ILD induced by the
transoral instillation of bleomycin, a-MSH analogs also decreased IL-6 and TGF-$
expression in fibrotic lung tissues[179].

The efficacy, safety, and tolerability of MT-7117, a new synthetic, orally-administered
selective agonist of MC1R, will be evaluated in a phase I, multicenter, randomized,
double-blind, placebo-controlled, trial in patients with early dcSSc. ACR-CRISS at week

52 will be the primary endpoint and inclusion criteria will select patients with active
inflammatory disease through a recruitment strategy similar to the faSScinate and focuSSced
trials. Seventy-two patients will be included in this study which is currently recruiting
(NCT04440592).

5.5 Eotaxin-2 and its receptor CCR3

Because they participate in cell trafficking, migration and activation, chemokines are thought
to play a role in the pathogenesis of SSc. Chemokine c-c motif ligand 24 also called
eotaxin-2 may participate in Th2 signaling and associated M2 macrophage activation
through its receptor CCR3 (C-C chemokine receptor type 3)[180]. CCR3 is over-expressed
at the surface blood monocytes from patients with SSc[181]. Eotaxin-2 is also involved in
fibroblasts migration and CCR3 is notably expressed on dermal fibroblasts participating

in tissue remodeling and wound healing processes[182, 183]. Eotaxin-2 promotes the
production of collagen by lung fibroblasts and is over-expressed in lung tissues and broncho-
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alveolar lavage of patients with fibrotic lung diseases such as IPF[184]. Eotaxin-2 knockout
mice had reduced skin fibrosis after dermal injections of bleomycin in comparison with
wild-type littermates. The blockade of this pathway by CM-101, a therapeutic monoclonal
antibody against CCL24, led to similar results on bleomycin-induced skin fibrosis and

on lung inflammation after trans-oral instillation of bleomycin[182]. /nn vitro, CM-101
significantly reduced the activation of dermal fibroblasts and their trans-differentiation into
myofibroblasts when exposed to serum from SSc patients. CM-101 could also prevent the
activation of endothelial cells after exposure to serum from SSc patients, as demonstrated
by a down-regulation of VCAM-1, an adhesion molecule classically expressed by activated
endothelial cells. Since CM-101 could impact fibrosis as well as vascular manifestations of
SSc in pre-clinical models, a multicenter phase 11 RCT testing the efficacy and safety of
CM-101 is planned in early dcSSc and IcSSc patients.

5.6 Therapeutic intravenous Immunoglobulins (IVIg)

IVIg have immunomodulatory properties notably driven by their F(ab) portion that can
target and neutralize auto-antibodies. 1VIg can thus prevent the effects of immune complexes
on fibroblasts, monocytes and endothelial cells[185]. They could also neutralize auto-
antibodies with functional properties such as anti-PDGF-receptor or anti-endothelin receptor
antibodies with agonist properties[186]. Through their Fc portion, IVIg could also prevent
monocyte activation and disrupt the differentiation of monocyte-derived macrophages

into anti-and pro-inflammatory macrophages[187]. IVIg could directly impact fibroblast
activation as after treatment with 1V1g, skin fibroblast showed reduced expression of pro-
collagen I, a-SMA and TGF- receptor | and 11[188]. Preventive and therapeutic use of 1VIg
limits collagen content and macrophage dermal infiltrate in the bleomycin mouse model.

Observational cohort studies suggest an effect of 1VIg on Gl involvement assessed

with the University of California Los Angeles Scleroderma Clinical Trials Consortium
gastrointestinal tract 2.0 (UCLA GIT 2.0) and muscle weakness[189, 190]. Vg could
also have a steroid-sparing effect[189]. The effect of IVIg on mRSS change was evaluated
in a double-blind, placebo-controlled, multicenter trial including 63 patients with dcSSc,
showing no efficacy 12 weeks after administration or at discontinuation of active therapy.
The different protocols used for 1VIg administration is one of the limitations of this
trial[191]. Two phase Il trials evaluating IVIg are currently referenced on clinical trial

in dcSSc (NCT04137224 and NCT04138485). Safety has been announced as the primary
outcome in NCT04137224. NCT04138485 was designed to evaluate safety and efficacy
based on the ACR-CRISS after 48 weeks, but this trial appeared to be withdrawn due to
business reasons as stated on clinical-trial.gov.

5.7 Other pathways: Epigenetic reprogramming, senescence, modulation of regulatory
T-cells and the CD30 pathway.

There is growing interest for epigenetic reprogramming in SSc, notably regarding the
regulation of myofibroblast activation[192]. The transcription factor PU.1 has been recently
identified as a key regulator of pro-fibrotic activation of fibroblasts and its expression

and effects are controlled by epigenetic mechanisms[193]. The pharmacological or genetic
inactivation of PU.1 induced the regression of the fibrotic features notably in bleomycin-
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induced skin fibrosis, suggesting that such an approach may be a promising therapeutic
option in SSc.

Cellular senescence and aging could participate in the pathogenesis of SSc[194].
Efferocytosis is impaired during aging in a P38-MAPK-dependent manner and the
premature or sustained accumulation of senescent cells; notably senescent fibroblasts; in
fibrotic tissues can have a detrimental impact on fibrosis[195]. Senescent fibroblasts can
secrete pro-fibrotic mediators such as IL-6 and TGF-R (a secretome called senescence-
associated secretory pattern, SASP) leading to a sustain profibrotic activation loop[196].
Senolytic agents targeting senescent fibroblasts such as dasatinib, could be especially
relevant in dcSSc patients with high skin expression of senescence-associated genes, as
suggested in a recent pilot study[197].

Regulatory T-cells (Tregs) participate in the maintenance of immunological self-tolerance
and circulatory Tregs have decreased functional abilities in SSc[198]. Low-dose of IL-2
could expand and activate Tregs, showing promising results on several systemic autoimmune
diseases in a phase I-11a open label study[199]. The specific impact of such Treg modulating
approach in SSc is still to be determined but may constitute a relevant strategy especially

in patients with inflammatory manifestations of the disease such as early dcSSc. Among
other pathways under-investigation in SSc, the CD30 pathway may also appear especially
relevant. CD30 is expressed on activated T and B lymphocytes as well as NK cells[200].
CD30+ B-cells may be especially involved in the pathogenesis of SSc[201]. Activated
monocytes and eosinophils may also express low levels of CD30[200]. Brentuximab Vedotin
(BV) is a mouse-human chimeric anti-CD30 antibody conjugated to an anti-mitotic agent
(monomethylauristatin). BV especially targets CD30+ cells and the anti-mitotic agent
released in the intracellular medium interferes with microtubule formation inducing cell
cycle arrest[202]. BV may thus show widespread immunomodulatory properties on activated
immune cells in SSc. The BRAVOS study is a phase I/11 trial exploring the tolerance of BV
in dcSSc (NCT0322249). BRAVOS will also evaluate exploratory efficacy endpoints such as
mRSS, ACR-CRISS and FVC change. Study completion date is expected in October 2023.

6. Conclusion and prospects

A better understanding of the pathogenesis of key manifestations of SSc, such as ILD,

has led to substantial progress in the management of the disease, as demonstrated by the
FDA approval of two targeted therapies in this indication, tocilizumab and nintedanib. These
medications initially showed efficacy in diseases sharing common pathogenic aspects with
SSc, and were secondly successfully repurposed to treat SSc-ILD. The results of phase

I11 trials in other fibrotic diseases may therefore pave the way for future trials in SSc. To
that extent, the phase 111 trials that evaluates CTGF/CCN2 targeting with the monoclonal
antibody Pamrevlumab in IPF (NCT039551346 and NCT04419558) could be of specific
interest. CTGF/CCN2 is a pro-fibrotic mediator common to the pathogenesis of IPF and
SSc-ILD and Pamrevlumab has shown promising results in pre-clinical models of SSc [203].
In the field of systemic diseases, therapeutic advances in systemic lupus erythematosus may
also offer new opportunities for SSc. As interferon type | signature has been identified in
several studies as a severity marker of SSc, anifrolumab, a human monoclonal antibody to

Clin Rev Allergy Immunol. Author manuscript; available in PMC 2024 June 01.


https://clinicaltrials.gov/ct2/show/NCT0322249
https://clinicaltrials.gov/ct2/show/NCT039551346
https://clinicaltrials.gov/ct2/show/NCT04419558

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Lescoat et al.

Funding:

Page 22

type | interferon receptor subunit 1, may also be considered in the future for the treatment
of SSc[39, 204]. In a phase 11 trial in systemic lupus erythematosus, anifrolumab resulted
in a higher percentage of patients showing therapeutic response as defined by a composite
end-point at week 52 in comparison with placebo, in contrast to the findings of a previous
phase I1I trial using a different responder index as primary outcome[205, 206]. This suggests
that the choice of the most relevant primary endpoint remains a challenge in systemic
diseases. In SSc-ILD, FVC which is a quantitative measurement with good reproducibility
and sensitivity to change have allowed the demonstration of efficacy of 2 drugs. For a more
global disease assessment, reflecting potential disease modifying properties, the broader use
of the composite index ACR-CRISS for dcSSc in phase |1 and 111 trials may constitute a
turn of the tide in the design of SSc RCTs, especially considering that ACR-CRISS could
discriminate placebo from active therapy in phase Il and I11 trials that did not met their
primary outcome. An emphasis on therapies that have the potential of having clinically
meaningful effects on PROs will also be mandatory in the future as we still lack therapeutic
strategies that could be proposed both to IcSSc and dcSSc with a long-lasting impact on the
way patients feel, function, and survive[207].
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protein kinase G
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Randomized controlled trial
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UCLA GIT 2.0 University of California Los Angeles Scleroderma Clinical
Trials Consortium gastrointestinal tract 2.0
VEGF vascular endothelial growth factor
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Figure 1: Main pathogenic mechanisms and approved or recently evaluated therapiesin Phase
/111 trialswith published resultsin SSc

The pathogenesis of SSc involves three main mechanisms: occlusive vasculopathy with
endothelial dysfunction, early inflammatory processes and uncontrolled extra-cellular matrix
(ECM) production with fibrosis. T-CD4 cells may directly participate to the endothelial
damage by inducing cytotoxic dependent-apoptosis of endothelial cells; the impaired
capacities of macrophages to phagocyte apoptotic cells (altered efferocytosis); the impact of
immune complexes composed by autoantibodies and intra-nuclear proteins (topoisomerase,
centromere proteins) that participate to macrophage and fibroblast activation; the over-
activation of both M1 (pro-inflammatory) and M2 (pro-fibrotic) macrophages at the early
stages of the disease. ECM stiffness also activate fibroblast and TGF-p signaling in a

TLR4 and/or Integrin aV dependent manner, leading to a sustain autoactivation loop of
myofibroblasts. Only the main mechanisms of action of the therapies recently evaluated are
presented here.
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Cellular target/
pathway

MMF (MFA)inhibitor of
inosinemonophosphate dehydrogenase /
inhibition of novo synthesis of guanosine

nucleotides

Tocilizumab
Anti-IL6-R

Nintedanib
Anti-PDGF, VEGF and FGF-
R

T-cells(Th1,2,17)

Inhibition of T cell-proliferation
But limited effects of the production of Th2
cytokine in vitro (pro-fibrotic IL-4)

Increased T-reg frequency and

a blunted T-effector cytokine
response compared to controls in
renal transplant when TCZ is used

as add-on therapy with MMF.

Limits lymphocytic interstitial
infiltration

M acr ophages

Participates to the resolution of inflammation
through a switch from M1 to M2 in kidney
(but upregulation of M2 macrophages that

may exert profibrotic properties)

MPA increased the expression of M2 surface
markers, including CD163 and CD200R, on
M1 macrophages
MMF reduces macrophage infiltrates in
the skin through a potential impact of
monocyte recruitment via a down-regulation
of chemokines such as CCL2

Limited/no effects on M1
polarization markers
Down-regulation of M2 markers
notably through a potential effect
on the IL-6 dependent expression
of the receptors of Th2 cytokines
IL-4 and IL-13.

Limits the secretion of M1
cytokines
(IL-1b, I1L-8, CXCL13)
Limits M2 polarization markers
(CD206, CD209, CD200R)

Endothelial cells

and/or vascular
smooth muscle
cells(VSMC)

Inhibition of the proliferation of endothelial
cell and VSMC
Limits PAH in rat models
Decreases VEGF serum levels

Scarce data on effects of TCZ
on SSc-associated endothelial
dysfunction

Blocks the effects of VEGF
and limits disturbance of vessel
morphology and occlusive
vasculopathy
Reduced apoptosis of
endothelial cells
Decrease the number of
proliferating VSMC

Endothelial to
mesenchymal
transition /
epithelial to
mesenchymal
transition

Potential inhibitory effects of endoMT
induced by TGF+IL-6 or IL-1P via its
impact on TGFB

Potential inhibitory effects of
endoMT induced by TGFb+IL-6
via its impact on IL-6

Controversial data on EMT in
alveolar epithelial cells

Fibroblasts/
Myofibroblasts

Inhibition of Fibroblast proliferation
Down-regulation of STAT3 signaling,
Down-regulation of IL-6 secretion.

Normalize functional and
phenotypical properties of
dermal fibroblast (lower CTGF/
CCN2 production, decreased
aSMA)Inhibition of IL-6/STAT3
dependent autocrine loop
activation of myofibroblasts

Limits the proliferation,
migration and survival
Inhibits transdifferenciation
Limits the proliferation,
migration and survival
Reduced TIMP-2 levels,
together with increased
pro-MMP-2 with potential
reduction of collagen deposits

TGFB signaling

TGF beta-induced cell motility,
collagenmatrix contraction and cell
morphology in vitro (kidney epithelial cells)

Contradictory effects, but limited
direct effects on TGFp signaling
Reverses gene expression profiles
dominated by TGFp-regulated
genes and molecular pathways in
dermal fibroblasts through potent
indirect effects

Reduces TGFp-stimulated
collagen secretion

IL-6/IL-6R

Down regulation of IL-6 production in
various in vitro model, including autocrine
production by myofibroblasts

Main mechanisms of action

Potential indirect reduction of
IL-6 levels

Mechanisms of actions and drug-related effects considered in this table are derived from clinical or preclinical data from in vivo or in vitro models
of inflammatory or fibrotic diseases sharing some similarities with systemic sclerosis (SSc), or directly based on effects demonstrated in SSc

models.
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Table 2:

Therapies recently evaluated in phase |1 trials dedicated to patients with dcSSc
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Compound

Structure /IUPAC/Chemical Name

Mechanisms of action and cellular targets

Phasell trial in
dcSSc
(clinicaltrial.gov)

Romilkimab /
SAR156597

Engineered, humanized, bispecific 1IgG4
antibody that neutralizes IL-4 and IL-13

Neutralizes IL-4 and IL-13, two Th2
cytokines directly responsible for profibrotic M2
polarization of macrophages and for the direct
activation of fibroblasts.

NCT02921971

Abatacept

Fusion protein composed of the Fc region of the
immunoglobulin IgG1 fused to the extracellular
domain of CTLA-4

Binds to CD80 and CD86 with subsequent
inhibition of co-stimulation and prevention of
mutual B-cell/T-cell co-activation. The impact
of abatacept on T-cell activation may directly

down-regulates Th2 dependent activation of
macrophages and fibroblasts. Abatacept also

limits in vivo B-cell infiltrates in damaged
tissues.

NCT02161406

Riociguat

Carbamate ester that is the
methyl ester of {4,6-diamino-2-[1-(2-
fluorobenzyl)-1H-pyrazolo[3,4-b]pyridin-3-
yllpyrimidin-5-yI}methylcarbamic acid

Stimulator of the soluble guanylate cyclase either
through a synergistic NO-dependent stimulation
or through a direct NO-independent pathway.
This stimulation of the soluble guanylate
cyclase leads to the production of cGMP with
vasorelaxation and anti-remodeling properties as
well as inhibitory effects on TGF-B dependent
activation of fibroblasts.

NCT02283762

Lenabasum

Ajulemic acid, a synthetic
cannabinoid derivative of the
Tetrahydrocannabinol metabolite 11-nor-9-
carboxy-THC : (6aR,10aR)-1-hydroxy-6,6-
dimethyl-3-(2-methyloctan-2-yl)-6a,7,10,10a-
tetrahydrobenzo[c]chromene-9-carboxylic acid

Agonist of the cannabinoid receptors
CB2,reducing extra-cellular-matrix deposition /n
vitro and inhibition of the trans-differentiation
of fibroblasts into myofibroblasts. CB2 agonists
decreases expression of CTGF/CCN2 and TGF-
B1, through a down-regulation of canonical
TGF-B signaling in fibrotic tissues.

NCT02465437

Ziritaxestat
(GLPG1690)

2-((2-ethyl-6-(4-(2-(3-hydroxyazetidin-1-yl)-2-

oxoethyl)piperazin-1-yl)-8-methylimidazo[1,2-
a]pyridin-3-yl)(methyl)amino)-4-(4-
fluorophenyl)thiazole-5-carbonitrile

Inhibits autotaxin dependent-production of
Lysophosphatidic acid (LPA) with subsequent
down-regulation of LPA-related signaling and
inhibition of myofibroblast activation as well
as potential improvement of macrophage pro-

resolving and anti-inflammatory properties.

NCT03798366

SAR100842

2-{4-methoxy-3-[2-(3-
methylphenyl)ethoxy]benzamido}-2,3-
dihydro-1H-indene-2-carboxylic acid

Selective oral antagonist of LPA; with
subsequent inhibition of myofibroblast activation
and potential improvement of macrophage pro-
resolving and anti-inflammatory properties.

NCT01651143
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