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Abstract

Introduction: Systemic sclerosis (SSc), also known as scleroderma, is a complex orphan disease 

characterized by early inflammatory features, vascular hyper-reactivity, and fibrosis of the skin 

and internal organs. Although substantial progress has been made in the understanding of the 

pathogenesis of SSc, there is still no disease-modifying drug that could significantly impact the 

natural history of the disease.

Areas covered: This review discusses the rationale, preclinical evidence, first clinical evidence 

and pending issues concerning new promising therapeutic options that are under investigation in 

SSc. The search strategy was based on PubMed database and clinicaltrial.gov, highlighting recent 

key pathogenic aspects and phase I or II trials of investigational drugs in SSc.

Expert opinion: The identification of new molecular entities that potentially impact 

inflammation and fibrosis may constitute promising options for a disease modifying-agent in SSc. 

The early combinations of antifibrotic drugs (such as pirfenidone) with immunomodulatory agents 

(such as mycophenolate mofetil) may also participate to achieve such a goal. A more refined 

stratification of patients, based on clinical features, molecular signature, and identification of 

subpopulations with distinct clinical trajectories, may also improve management strategies in the 

future.
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1. INTRODUCTION

Systemic sclerosis (SSc) also called scleroderma, is a complex orphan disease characterized 

by vascular manifestations, early inflammatory features and fibrosis of the skin and internal 

organs such as lung (1–4). SSc is the rheumatic disease with the highest case-specific 

mortality and has a major impact on quality of life (4). Although substantial progress has 

been made in the understanding of the pathogenesis of SSc there is still no disease-

modifying drug that could significantly impact the natural history of the disease as a whole 

(5–7).

1.1 Overview of the pathogenesis of SSc

The pathogenesis of SSc involves a classical triad of key mechanisms that combines 

endothelial dysfunction and apoptosis of endothelial cells (8), uncontrolled activation of 

adaptive and innate immunity (notably including M1 inflammatory and M2 pro-fibrotic 

macrophages) (9), and over-production of extracellular matrix (ECM) components by 

chronically activated myofibroblasts leading to the build-up of a rigid and fibrotic 

extracellular matrix in multiple organs that disrupts their function (10). The main cytokines 

and cellular subsets are presented in Figure 1 and the interactions between pro-fibrotic 

pathways are illustrated in Figure 2.

Myofibroblasts are the major effectors of ECM production and fibrosis (11). Myofibroblasts 

in SSc originate from a variety of tissue-resident mesenchymal progenitor cell types, 

including fibroblasts, pericytes, microvascular endothelial cells and vascular preadipocytes 

(12,13). Activated myofibroblasts in fibrotic tissue have mesenchymal properties with an 

enhanced RhoA/ROCK (Rho associated protein kinase)-dependent contractility and a high 

expression of α-smooth muscle actin (SMA) (2). The trans-differentiation of resting 

fibroblasts and other progenitor cells into pro-fibrotic and inflammatory myofibroblasts is 

driven by canonical smad-dependent and non-canonical smad-independent tumoral growth 

factor (TGF)-β signaling (14). Activated myofibroblasts also produce profibrotic mediators 

such as IL-6 or connective tissue growth factor (CTGF)/CCN2 (15), leading to an autocrine 

profibrotic pathogenic loop maintaining sustained cellular activation (15). CTGF/CCN2 can 

synergize with TGF-β signaling and is a target of key pro-fibrotic transcription factors such 

as the Yes-Associated Protein (YAP) (Figure 2), participating to myofibroblast 

differentiation (16–18). Myofibroblasts in SSc demonstrate extensive epigenetic remodeling, 

and metabolic alterations including enhanced glycolysis and altered NAD+ homeostasis 

(19,20). Additionally, myofibroblasts in SSc are characterized by apoptosis resistance and 

uncontrolled production of extra-cellular matrix (ECM) components such as collagens, 

tenascin C or fibronectin (21,22). In turn, these secreted extracellular components can 

activate myofibroblasts either through a direct process involving innate immune sensors such 

as TLR-4, or through an indirect activation notably depending on mechano-sensing of 
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increased matrix stiffness by integrins in a FAK dependent manner (23–26). Evasion of 

apoptosis is a hallmark of activated myofibroblasts in skin and lung biopsies from SSc 

patients, and can be targeted for selective elimination (27).

Beyond the classical cellular subsets described in Figure 1, single-cell RNA-sequencing has 

also identified new SSc-associated sub populations: endothelial cells from SSc patients 

showed a specific pattern of gene expression identifying vascular injury and activation, ECM 

generation and negative regulation of angiogenesis as key processes. HSPG2 and APLNR 

were among the key markers of endothelial cell SSc signature (28). In the lung, a specific 

population of SPP1-high macrophages with proliferating properties has also been identified 

by Single-cell RNA-sequencing. This population did not exactly overlap with CD163+ M2 

macrophages and was over-represented in SSc patients as compared to healthy controls (29). 

The same team has highlighted the high heterogeneity of fibroblast sub-populations notably 

in the lungs, suggesting that SPINT2hi and MFAP5hi fibroblasts in addition to 

myofibroblasts could play an important role in SSc-interstitial Lung disease (SSc-ILD) (29). 

A diverse activation and over-representation of these new cellular subsets may participate to 

explain the heterogeneity of the phenotype of patients with SSc.

1.2 Heterogeneity of SSc as a therapeutic challenge

SSc is characterized by a diverse range of clinical manifestations with various trajectories 

regarding skin fibrosis, organ involvement and mortality (30,31). Capturing the 

heterogeneity of this systemic disease in a practical approach, feasible in daily practice, 

remains challenging (32,33). Nonetheless, the identification of homogeneous subsets of SSc 

patients, sharing predominant pathogenic pathways may help to improve the design of 

randomized controlled trials (RCTs). Early stages of the disease have also been identified as 

a window of opportunity, for the management of diffuse cutaneous systemic sclerosis 

(dcSSc) (9,34), but also for the treatment of interstitial lung disease (ILD) (5,35).

Recent RCTs have especially focused on drugs targeting fibrotic manifestations of the 

disease, such as skin or lung involvement, as these manifestations reflect overall disease 

progression or impact survival (5,35,36). Recent reviews have discussed the results of phase 

II or III RCTs and the therapeutic progress allowed by better identification of molecular 

targets in SSc (37,38). The tyrosine kinase inhibitor nintedanib, notably targeting VEGF, 

PDGF-bb and FGF-dependent signals, attenuated forced vital capacity (FVC) decline in 

patients SSc-ILD in a phase III trial and is now FDA-approved in this context (5,39). 

Inhibiting IL-6 signaling with tocilizumab resulted in a stabilization of FVC in a phase II 

and a phase III trial including patients with early progressive skin disease and elevated 

markers of inflammation (35,40). For these reasons, tocilizumab has also been recently 

FDA-approved for SSc-ILD. Abatacept, a fusion protein inhibiting co-stimulation through 

CTLA-4 signaling had a numerically positive impact on mRSS change in a phase II trial 

(41,42). All these recent trials demonstrate that a better understanding of the pathogenesis of 

the disease has led to substantial progress and emphasize the important role of these targets 

in the pathogenesis of SSc (43). Nonetheless the potential disease-modifying effects of these 

drugs has not been demonstrated to date, and the identifications of new therapeutic targets 

may therefore help reaching such a goal.
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Several recent RCTs have thus failed to reach their primary outcome in SSc in the past. This 

could be explained as the candidate drug may have preferential effects on the wrong target 

based on wrong pathogenic hypotheses, as this could have been the case for IFNα as a 

therapeutic option (44), since recent transcriptomic analyses from the skin of dcSSc patients 

have highlighted the role of IFN type I signature as part of the pathogenic process (45). 

Impacting the wrong target may also be responsible for safety issues as demonstrated by 

initial attempts of targeting all isoforms of TGF-β, including those involved in hemostasis, 

with subsequent hemorrhagic adverse events (46). Off-targets effects or impact on 

macrophages may explain the failure of PPARγ agonists as antifibrotic agents in SSc, as 

PPARγ is also involved in enhanced M2 polarization with subsequent detrimental effects 

due to this sub-population (47). The selection of the wrong outcome may also have 

participated in the negativity of the Phase II and III trials of tocilizumab using skin fibrosis 

as their primary objective, since on the contrary the effects on FVC and ILD as secondary 

objectives have led to the FDA approval of this drug for SSc-ILD (35,40,48). Lastly, the 

heterogeneity of SSc highlighted by the variable molecular signatures identified in the skin 

of SSc patients may also have participated in limiting the impact of abatacept on skin 

fibrosis in the overall dcSSc population, whereas it showed encouraging results in patients 

with an inflammatory pattern (41).

The present review will discuss the rationale, preclinical evidence, first clinical evidence and 

pending issues concerning a selection of therapeutic options under investigation in SSc with 

emphasis on candidate drugs with Phase I or II trials published or planned (Table 1). In this 

review, a classification of these drugs based on their main impact (i.e. effects on fibrosis, 

inflammation/immunomodulation, other pathways) is proposed although some of these may 

have widespread effects that may not be limited to one component of SSc pathogenesis. The 

expert opinion section will focus on possible strategies to manage the heterogeneity of the 

SSc and its impact on drugs under investigation in SSc.

2. PROMISING INVESTIGATIONAL DRUGS IN SYSTEMIC SCLEROSIS

2.1. Anti-fibrotic drugs

2.1.1 Inhibition of TGF-β signaling—TGF-β is considered as one of the key growth 

factors driving fibrosis in SSc (49). It is the main factor inducing the trans-differentiation of 

fibroblasts into myofibroblasts (10). Three isoforms of TGF-β are classically described 

(TGF-β1, 2 and 3). TGF-β is notably secreted by platelets, monocytes, macrophages, T 

lymphocytes and fibroblasts/myofibroblasts with paracrine and autocrine effects (Figure 1). 

TGF-β is sequestrated in the ECM in an inactivated form, that can be activated by various 

signals including increased MEC stiffness, actions of integrins (notably from the αV class) 

or thrombospondins (50). Key actors involved in TGF-β canonical and non-canonical 

pathways are provided in Figure 2 (14). TGF-β induces the production of key components of 

the ECM such as the col1A1 or fibronectin by myofibroblasts (49). TGF-β could also 

participate in SSc-associated vasculopathy due to its effects on angiogenesis, notably 

through a TGF-β-R II/ALK1/endoglin-dependent mechanism (14).

TGF-β or downstream associated pathways are up-regulated in the fibrotic tissues of all 

main mouse models of SSc, including the tsk1, fra-2, bleomycin and HOCl models (51,52). 
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In patients with SSc, immunohistochemical analyses show that the expression of all three 

isoforms of TGF-β are increased in the skin and serum, but a large proportion remains in the 

latent form (53–55). Some in vitro studies have nonetheless reported that peripheral blood 

mononuclear cells (PBMCs) from patients with SSc could release high levels of active TGF-

β (56).

Pirfenidone is an oral antifibrotic therapy approved in the treatment of IPF (57). The precise 

mechanisms of action of pirfenidone are still to be determined but one of its key effects is 

the inhibition of TGF-β signaling, notably reducing TGF-β1-dependent trans-differentiation 

of fibroblasts (58). The tolerability and safety of pirfenidone in patients with SSc-ILD were 

evaluated in an open-label, phase II study including 36 patients (59). This study 

demonstrated an acceptable tolerability profile of Pirfenidone in SSc-ILD. Tolerability was 

not affected by concomitant treatment with mycophenolate mofetil (MMF), suggesting that 

pirfenidone could be used as add-on therapy. The efficacy of pirfenidone in SSc-ILD has 

been evaluated in a double-blind, randomized, placebo-controlled, pilot study including 34 

patients. In this study with limited sample size, pirfenidone failed to improve/stabilize FVC 

in comparison with placebo over 6 months (60). The scleroderma lung study (SLS) III is a 

phase II multi-center, double-blind, parallel group, randomized and placebo-controlled 

clinical trial assessing the efficacy of Pirfenidone versus placebo, as an add-on therapy with 

MMF in patients with SSc-ILD (NCT03221257). The primary outcome will be the change 

from baseline FVC (% predicted) over 18 months, measured at 3-month intervals. This study 

is still ongoing.

Selective inhibitors of TGF-β have also been evaluated or are under investigation in SSc. 

Metelimumab (CAT-192) is a recombinant human antibody that neutralizes TGF-β1. It 

showed no evidence of efficacy on the evolution of mRSS in a multicenter, randomized, 

placebo-controlled phase I/II in patients with early dcSSc. Moreover, there was significant 

morbidity and mortality, including one death in the group receiving 0.5 mg/kg of 

metelimumab and three deaths in the group receiving 5 mg/kg of metelimumab, although 

none were considered related to the treatment (61). Fresolimumab is a human monoclonal 

antibody neutralizing all mammalian isoforms of TGF-β. In a pilot open-label phase I study 

including 15 dcSSc patients, mRSS improved after fresolimumab treatment (median 

decrease of −5 (7.2), p=0.05)). Nonetheless, several patients had epistaxis, gum bleeding, or 

subconjunctival eye hemorrhage as well as anemia. This raised concerns about the safety of 

a non-selected targeting of all TGF-β isoforms (46). AVID200 is a fusion protein resulting 

from the fusion of the TGF-β-R ectodomain to an IgG Fc region, acting as a potent TGF-β 
trap, with high selectivity against TGF-β1 and TGF-β3 and limited activity against TGF-β2. 

As TGF-β2 is involved in physiological hematopoiesis, and myocardial functioning, 

selective inhibition of TGF-β1 and TGF-β3 may show a better tolerance and safety profile. 

A Phase I trial designed to evaluate the safety, tolerability and preliminary efficacy of 

AVID200 in dcSSc has shown that AVID200 at doses of 1 and 3 mg/kg was well-tolerated. 

Recruitment for additional doses and an extension cohort are currently ongoing (62).

The inhibition of integrin-dependent activation of latent TGF-β could also constitute a 

relevant approach. Abituzumab is a humanized monoclonal antibody that inhibits the activity 

of integrins from the αV class. A phase II, double-blind, parallel-group, multicenter trial 
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(NCT02745145) was designed to assess the effects of abituzumab as add-on therapy to 

MMF in SSc-ILD. Patients were randomized (2:2:1) to receive abituzumab 1500mg, 

abituzumab 500mg or placebo every 4 weeks for 104 weeks. The annual rate of change in 

absolute FVC was the primary outcome. This study was unfortunately prematurely 

terminated due to slow enrollment, and no robust conclusion on efficacy could be drawn 

from this study although no safety signals were detected (63).

A better understanding of both canonical and non-canonical TGF-β signaling may also offer 

new therapeutic perspectives, such as Takinib, a TAK1 inhibitor that can limit p38 

phosphorylation and could impair TGF-β non-canonical pathway (64). ALK5 that 

participates to the ligand-dependent phosphorylation of smad2/3 in the canonical pathways 

could constitute another target as it may participate to the fibrotic phenotype of scleroderma 

fibroblasts, although no clinical data in SSc is available to date (65). Moreover, solely 

targeting ALK5 may not be sufficient to block key features of the persistent myofibroblast 

phenotype in SSc. Thus, antagonism of canonical TGF-β signaling without targeting non-

canonical pathways and/or concomitant FAK-dependent pro-fibrotic signals (Figure 2) may 

not be clinically relevant approaches in SSc (66). The selective inhibition of TGF-β may 

have no impact on inflammatory manifestations of the disease, as TGF-β mainly impacts 

myofibroblasts. To date the evaluation of selective TGF-β inhibitor is limited to skin 

involvement and its impact on SSc-associated ILD is still to be explored. This is a major 

point to demonstrate the potential disease-modifying effect of TGF-β inhibition or to discuss 

its combination with immunomodulatory therapies like MMF.

2.1.2. Rho/ROCK inhibitors—TGF-β, CTGF/CCN2, lysophosphatidic acid (LPA) 

receptors and integrins can activate intra-cellular signaling through a common mediator 

(Rho GTPase), leading to the activation of the Rho-associated protein kinase ROCK (67). 

The RhoA/ROCK signal is a major pathway involved in many biological processes, 

including mechano-sensing, cell contractility and fibrosis. RhoA/ROCK activation is 

involved in the non-canonical TGF-β signaling, and contributes to the contractile phenotype 

of activated myofibroblasts (Figure 2) (68,69). STAT-3 phosphorylation in myofibroblast is 

activated by ECM stiffness in a ROCK-dependent manner (70). RhoA/ROCK activation also 

limits pro-resolving properties of macrophages, notably by impairing their efferocytosis 

capacities, i.e. their ability to phagocyte apoptotic cells (71). Significant associations 

between ROCK1/2 and RhoA gene polymorphisms and SSc have also been reported (72). 

ROCK inhibitors on the contrary exert anti-inflammatory properties and can shift M1 

macrophages into M2 (73). They also have vasodilating effects through their impact on 

vascular smooth muscle cell contractility (74).

RhoA/ROCK inhibitors Y-27632 and Fasudil can improve the efferocytosis capacities of 

blood monocyte-derived-macrophages from patients with SSc (71). In the HOCl SSc mouse 

model, the ROCK inhibitor Fasudil, significantly prevented skin fibrosis, the expression of 

α-SMA, as well as the activity of ROCK in the fibrotic skin of HOCl-treated mice, through 

the inhibition of the phosphorylation of Smad2/3 and ERK1/2. Fasudil also reduced lung 

fibrosis and macrophage lung infiltrates in this model (75). Novel orally bioavailable Rho 

inhibitors have been recently designed. In the bleomycin mouse model, such inhibitors could 

significantly limit skin thickness and collagen content in comparison with vehicle control 
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(67). The ROCK2 inhibitor KD025 also showed promising results in the mouse model of 

chronic GVHD (76).

A single-center, double-blind, placebo-controlled, randomized, 3-period study has 

investigated the efficacy of fasudil to reverse cold-induced vasospasm in patients with SSc-

associated Raynaud’s phenomenon. Only 17 patients completed the study, but fasudil 

showed no significant benefit in terms of skin temperature recovery time or digital blood 

flow assessed by laser Doppler after cold challenge (77). Two studies are currently registered 

to evaluate the relevance of ROCK-2 inhibition by KD025 (belumosudil) in patients with 

dcSSc. NCT04680975 is a phase 2, open-label, single-cohort, multicenter, 24-week trial 

including 15 participants with early dcSSc. NCT03919799 will include 60 adult subjects 

with early dcSSc randomized into 3 groups (1:1:1) to either receive orally administered 

belumosudil (200 mg once daily and 200 mg twice daily) or matched placebo for 28 weeks. 

This will be a double-blind study for the first 28 weeks with an open-label extension period 

of 24 weeks. The announced primary outcome of these two studies is the ACR-CRISS after 

24 weeks of therapy. These trials are currently ongoing. Belumosudil (KD025) has been 

recently approved for cGHVD by the FDA, strengthening the relevance of its evaluation in 

dcSSc.

Rho/ROCK inhibition may also exert vasodilating properties that could positively impact the 

vascular manifestations of the disease (78). The most relevant target, i.e. select inhibition of 

Rho, ROCK-1 or ROCK-2 is still to be determined, as differential effects may be observed 

depending on the targeted kinase (79).

2.1.3 LPA-1 pathway and Autotaxin inhibitors.—Lysophosphatidic acid (LPA) is a 

lipid mediator that binds to specific G protein-coupled receptors and signals notably through 

RhoA/ROCK activation (80). LPA receptors are designated from LPA1 to LPA6 and their 

expression varies according to tissues and cell types (81). LPA is produced in case of 

inflammation and cell injury and derived from lysophosphatidylcholine or other 

lysophospholipids under the action of lysophospholipase D, also called autotaxin. LPA1 

signaling participates in myofibroblast differentiation through its impact on RhoA/ROCK 

(82,83). The LPA-producing enzyme autotaxin may also play an important role in the 

fibrotic manifestations of SSc through a pathogenic loop involving IL-6 (84). Plasma and 

serum levels of LPA are elevated in SSc patients. LPA1 receptor is overexpressed in isolated 

dermal fibroblasts and skin biopsies from SSc patients (82,85).

Ziritaxestat (GLPG1690), an oral autotaxin inhibitor and SAR100842, a potent selective oral 

antagonist of LPA1 are under investigation in SSc. Using a therapeutic protocol, SAR100842 

significantly decreased dermal thickening, inhibited myofibroblast differentiation and 

reduced the amount of skin collagen content in tsk1 mice. SAR100842 also inhibited the 

secretion of CXCL1, CCL-2 and IL-6 in SSc dermal fibroblasts and of CXCL1 and CCL-2 

in mice (82). Both autotaxin and LPA1 receptor inhibition abrogated bleomycin-induced 

lung fibrosis (86).

An 8-week double-blind, randomized, placebo-controlled study followed by a 16-week 

open-label extension was performed to assess the safety and efficacy of SAR100842 in 
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patients with early dcSSc. The primary endpoint was safety during the double-blind period 

of the trial and mRSS served as a surrogate marker for efficacy. Seventeen patients were 

included in the placebo arm and 15 in the SAR100842 arm. Overall, SAR100842 was well 

tolerated. At week 8, the reduction in mRSS was greater in the SAR100842 group than in 

the placebo group although this result did not reach statistical significance (−3.57 (4.18) in 

the treatment group versus −2.76 (4.85) for the placebo; p=0.46) (87).

The efficacy, safety and tolerability of ziritaxestat in patients with early dcSSc was evaluated 

in a phase 2a randomized, double-blind, placebo-controlled trial including 21 and 12 

patients in the treatment and placebo arm respectively. The primary endpoint was the change 

from baseline mRSS at 24 weeks (88). A statistically significant difference was observed 

between groups for the primary endpoint with a mean difference of –2.8 (IC95% –5.6, –0.1) 

in favor of ziritaxestat (p=0.0411). The American college of Rheumatology-Combined 

Response Index in diffuse Systemic Sclerosis (ACR-CRISS) showed trends toward a 

numerically higher probability of improvement with ziritaxestat.

2.2. Immunomodulatory drugs

2.2.1. JAK inhibitors—Janus Kinase (JAK) inhibitors are a class of oral tyrosinase 

inhibitors (TKIs) that target one or more of the four members of the JAK family i.e. JAK1, 

JAK2, JAK3 and/or tyrosine kinase 2 (TYK2). These JAK kinases mediate the signaling of 

numerous cytokines and growth factors, notably through the phosphorylation of transcription 

factors belonging to the STAT (Signal Transducer and Activator of Transcription) family. 

The signaling of major cytokines participating in the pathogenesis of SSc involves JAK/

STAT pathways (Table 2). JAK/STAT pathways notably participate in fibroblast activation 

through IL-6 signaling, and could also indirectly participate to TGF-β signaling via a JAK2 

dependent non-canonical activation (Figure 2) (89). JAK/STAT pathways are also involved 

in the polarization of M1(IFNγ) and M2(IL-4/IL-13) macrophages, both overexpressed in 

the skin of patients with early dcSSc (9). JAK inhibitors could thus have combined anti-

inflammatory and anti-fibrotic properties (90) (Table 1).

JAK1/2 inhibition by ruxolitinib can limit fibrosis in bleomycin-induced lung fibrosis and in 

a mouse model of skin fibrosis triggered by constitutive activation of type I TGF-β receptor 

(89). The combined anti-inflammatory and anti-fibrotic properties of tofacitinib, ruxolitinib 

and itacitinib can decrease both M1 and M2 polarization in human monocyte-derived 

macrophages in vitro (91). Ruxolitinib could prevent skin and lung fibrosis notably through 

its impact on M1 and M2 polarization, in the hypochlorous acid (HOCl)-induced SSc mouse 

model (91). Tofacitinib also prevents skin and lung fibrosis in the bleomycin and tsk1 mouse 

models when tofacitinib and bleomycin injection are concomitantly initiated (92,93). 

Nonetheless, tofacitinib fails to limit these manifestations when introduced 9 days after the 

beginning of bleomycin injections (92).

The safety of tofacitinib in 15 patients with early dcSSc was evaluated in a 6 month, 2 

center, double-blind, randomized placebo-controlled Phase I/II trial (94). Tofacitinib was 

well tolerated with no Grade 3 or higher adverse events before or at 6 months. There were 

trends for efficacy in favor of tofacitinib notably on skin fibrosis evaluated by mRSS and on 

the probability of overall improvement evaluated by the ACR-CRISS. Case reports in SSc 
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and morphea (95,96) and the efficacy of ruxolitinib in acute and chronic graft versus host 

disease (GVHD) (97,98) also support the need for further evaluation of JAK inhibitors in 

SSc.

Although the selection of the most relevant JAK inhibitor based on the targeted JAK(s) may 

still deserve further investigations, the selectivity of JAK inhibition in vivo is controverted. 

Tofacitinib or ruxolitinib are now considered by some authors as pan-JAK inhibitors, i.e. 

targeting all JAKs (99). This lack of selectivity could be both considered as a strength, 

regarding the widespread impact they could have in this systemic disease, and a limitation 

when considering a less efficient and selected impact on more specific SSc-associated 

pathways. Nonetheless, the phosphorylation of JAK1, 2 and 3 is increased in the skin and 

lung of SSc patients, suggesting that pan-JAK-inhibition should be prioritized, notably in 

dcSSc (91,92). Considering their impact on IL-6 (for tofacitinib, baricitinib and ruxolitinib), 

similarly to tocilizumab, their role in the prevention of progression in SSc-ILD should be 

discussed in patients with high risk of progression (38,100). The impact of selective 

inhibition of JAK1 with itacitinib will also be evaluated in early dcSSc with mRSS as 

primary endpoint (NCT04789850).

2.2.2 Combined targeting of IL-4 and IL-13 with romilkimab—Romilkimab 

(SAR156597) is an engineered, humanized, bispecific immunoglobulin-G4 antibody that 

binds and neutralizes the immuno-modulatory and pro-fibrotic Th2 cytokines IL-4 and IL-13 

(101). Patients with SSc have elevated serum levels of IL-4 (102). This cytokine participates 

in fibrosis by inducing the proliferation of fibroblasts and by increasing their production of 

TGF-β and CTGF/CCN2 (103). IL-4 can also induce a profibrotic polarization of 

macrophages (M2(IL-4)). IL-13 induces similar effects, notably as IL-4 and IL-13 receptors 

share common subunits and downstream signaling pathways.

In the Tsk1 mouse model of SSc, knocked-out mice for the IL-4Rα do not develop dermal 

thickness (104). In the mouse model of pulmonary fibrosis induced by intra-tracheal 

instillation of bleomycin, the blockade of the IL-13/IL-4 pathway by an inhibiting 

recombinant fusion protein derived from IL-13, significantly reduces collagen content (105).

The safety and efficacy of romilkimab was evaluated in a randomized, double-blind, 

placebo-controlled, 24-week, phase II, proof of concept study in patients with early diffuse 

cutaneous SSc (106). Background concomitant immunomodulatory therapies were allowed 

and 48 patients were included in the romilkimab arm versus 49 in the placebo arm. The 

primary outcome was the change from baseline to week 24 in mRSS. The primary outcome 

was met as least-squares mean change in mRSS was −4.76 (0.86) for romilkimab versus 

−2.45 (0.85) for placebo yielding a mean (90% CI) difference of −2.31 (1.21) (−4.32 to 

−0.31; p=0.0291, one-sided). The change in FVC and DLco also numerically favored active 

therapy. Romilkimab showed disappointing results in IPF, as a phase II trial demonstrated a 

lack of efficacy of active therapy in reducing FVC decline in comparison with placebo (101).

The results from the phase II proof-of-concept trial in dcSSc highlight that early dcSSc 

patients may constitute a relevant targeted population for this new drug. Early dcSSc patients 

is a subpopulation with a more active, inflammatory disease. The positive results of 
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romilkimab on mRSS in early dcSSc may represent new evidence for a shift of paradigm in 

dcSSc: targeting specific pro-fibrotic pathways in this population of more inflammatory 

patients may prevent the shift from inflammation to fibrosis that occurs in the natural history 

of skin disease (9). Therefore, patients with early inflammatory SSc may benefit from early 

anti-fibrotic therapy and not only from early anti-inflammatory drugs. Nonetheless, the 

impact of background immunomodulatory therapy in this phase II trial is still to be further 

explored, as they may also have participated in limiting skin inflammation.

2.2.3. The melanocortin-1 receptor agonist MT-7117—α-Melanocyte-stimulating 

hormone (α-MSH) is a tri-decapeptide derived from pro-opiomelanocortin (POMC) by 

proteolytic cleavage. α-MSH is a major pigment-inducting factor regulating skin color 

through its effect on melanocytes (107). Although α-MSH was originally isolated from the 

pituitary gland, it can also be produced in the skin itself, exerting local effects (108). Beyond 

its pigment-inducting properties, α-MSH may also exert anti-fibrotic effects by suppressing 

TGF-β1-induced collagen synthesis in human dermal fibroblasts in vitro (109). α-MSH has 

anti-inflammatory properties notably through the downregulation of pro-inflammatory 

mediators such as IFN-γ and IL-6 (110,111). These effects of α-MSH are mediated by 

melanocortin receptors (MCR). Five MCR are described (MC-1 to 5-R). MC1R is especially 

expressed in melanocytes and skin fibroblasts but also in monocytes, macrophages 

(including alveolar macrophages), lymphocytes and neutrophils (112). MCR agonists also 

enhance the pro-resolving efferocytosis capacities of macrophages (113,114). MT-7117 is a 

new synthetic, orally-administered, non-peptide small molecule, which acts as a selective 

agonist of MC1R with potential immunomodulatory properties.

In a mouse model of dermal fibrosis induced by repetitive TGF-β skin injections, collagen 

deposition and the number of α-SMA positive dermal cells were significantly reduced by 

injection of α-MSH (108). α-MSH also reduced skin fibrosis and collagen content after 

intradermal injection of bleomycin in mice (109). In this model, α-MSH increased the tissue 

levels of antioxidant superoxide dismutase 2 and heme-oxygenase 1, suggesting that its anti-

fibrotic effects could be at least in part due to its antioxidant properties (109). α-MSH 

limited the apoptosis of vascular endothelial cells in a rat model of acute respiratory distress 

syndrome (115). After intratracheal instillation of bleomycin, α-MSH analogs notably 

decreased the expression of IL-6 and TGF-β (116).

NCT04440592 is a phase II, multicenter, randomized, double-blind, placebo-controlled, 

parallel-group study that aims to evaluate efficacy, safety, and tolerability of MT-7117 in 

patients with dcSSc. This is a 52 week-study with an estimated enrollment of 72 participants 

with disease duration ≤3 years from the first non-Raynaud’s phenomenon (RP) 

manifestation. Inclusion criteria also involve enrichment based on inflammatory markers 

such as an increase in mRSS ≥3 units within the past 9 months, or presence of tendon 

friction rubs or C-reactive protein (CRP) levels ≥ 6 mg/L in patients with a disease duration 

of more than 18 months. The primary outcome will be the ACR-CRISS at Week 52. This 

study is currently ongoing.

MT-7117 is a selective agonist of MC1R, an important receptor mediating the effects of α-

MSH in the skin but this receptor may not be the most expressed in other tissues such as 
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lungs, where MC3R is also identified, notably on macrophages in mice (112). Pro-resolving 

properties of α-MSH, such as enhanced efferocytosis are mediated by MC3R in mice (114), 

and thus MT-7117 may not show similar pro-resolving effects. Patients with dcSSc also 

present skin hyperpigmentation (117), suggesting that some effects of α-MSH may already 

be up-regulated and a plateau effect of MC1R agonist could be observed.

2.2.4. Targeting B cells and combination therapy targeting both innate and 
adaptive immunity.—Adaptive immunity plays a key role in the pathogenesis of SSc, as 

the B-cell lineage is responsible for autoantibody production with subsequent formation of 

immune complexes (IC) that can activate fibroblasts and monocytes/macrophages (118,119). 

Higher number of memory B cells expressing CD19 and CD95 has been identified in SSc, 

and this sub-population is a key source of IL-6 (120). Patients with SSc have increased 

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 (121). Histological 

analyses of lung tissues from patients with SSc-ILD show a prominent B-cell infiltration 

frequently arranged in lymphoid aggregates (122).

B-cell depletion with an anti-CD20 antibody in the Tsk/+ mouse model reduced skin fibrosis 

with lower levels of serum immunoglobulin and anti-topo I antibodies (123). In the 

bleomycin mouse model, skin and lung fibrosis, as well as hypergammaglobulinemia and 

autoantibody production, are significantly decreased by CD19 deficiency (124). BAFF 

antagonists also attenuated skin and lung fibrosis in the bleomycin mouse model (121). 

Treatment with abatacept, an inhibitor of co-stimulation notably targeting B and T cell co-

activation, decreased B cell count in bleomycin-induced skin fibrosis (125). Concomitantly, 

this decrease of B-cells was associated with decreased dermal thickness, collagen content 

and myofibroblasts count in the skin both in a preventive and curative protocol (125). In 
vitro, ibrutinib, a Bruton’s tyrosine kinase (BTK) inhibitor that specifically targets effector B 

cells, was able to decrease the production of cytokines IL-6 by B cells from patients with 

SSc (126).

In a phase II randomized, double blind, placebo controlled-trial, abatacept showed promising 

results with numerical greater improvement of mRSS as compared to placebo in patients 

with early dcSSc without background immunomodulatory therapies (41,42). A recent meta-

analysis of 20 studies, has highlighted that rituximab (anti-CD20, targeting B cells) 

improved pulmonary outcomes (FVC and DLco) in the first year of treatment (127) and, an 

analysis of the EUSTAR cohort suggested positive effects of rituximab on mRSS in 

comparison with matched SSc-controls (128). A randomized, double-blind, placebo-

controlled, phase II multicenter trial evaluating the efficacy of rituximab in 57 patients with 

SSc-PAH has demonstrated that six-minute walk distance (6MWD) at 24 weeks as primary 

outcome was not different in the rituximab and placebo arms but that this difference was 

statistically significant in favor of rituximab based on a secondary analysis model including 

6MWD data out to week 48 (p=0.03) (129). Belimumab is a fully humanized IgG1γ 
monoclonal antibody targeting BAFF. A recent single-center, double-blind, placebo-

controlled, pilot study has evaluated 20 patients with dcSSc recently started on MMF, 

showing an improvement of mRSS in both arms, but with higher median difference in 

comparison with baseline mRSS in the belimumab arm (−10 (IQR −13, −9) and −3.0 (IQR 
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−15, −1) in the belimumab and placebo groups respectively), although the difference was not 

statistically significant (P = 0.411) (130). The drug was well-tolerated and additional studies 

are needed to better define the place of BAFF inhibition in the treatment of SSc. Clinical 

evidence for the relevance of BTK inhibitors in SSc are still needed, but ibrutinib showed 

promising results in a phase Ib/II trial in chronic GVHD (131), strengthening the relevance 

of evaluating this therapeutic option in SSc.

A 52-week, single-center, randomized, double-blind, placebo-controlled phase II trial 

evaluating the combined effect of rituximab and belimumab as add-on therapy with MMF in 

patients with early dcSSc is currently ongoing (NCT03844061). This will be the first clinical 

trial evaluating the association of two monoclonal antibodies in SSc, both targeting adaptive 

immunity. This may constitute a major breakthrough, that could pave the way for other 

combinations in the future. Such combinations could allow to target both innate and adaptive 

immunity with simultaneous inhibition of pro-inflammatory and pro-fibrotic pathways.

2.3. Other mechanisms of action

2.3.1 Intravenous Immunoglobulins (IVIg)—IVIg preparations are mainly based on 

the serum IgG fraction pooled from several thousands of donors. IVIg exert 

immunomodulatory effects which can be either F(ab)- or Fc-dependent (132). Through their 

F(ab) portion, IVIg can directly target and neutralize autoantibodies. In an Fc-dependent 

manner, IVIg can modulate FcγR expression and can prevent monocyte activation through 

their interaction with the FcγRIIB which exerts immunomodulatory effects. IVIg can also 

limit and disrupt the interaction of IC with their target cells. Such IC, notably composed of 

SSc-associated autoantibodies and autoantigens have been recently identified as activators of 

skin fibroblasts and monocytes in SSc (118,119). Immune complexes could also participate 

to endothelial damage in SSc, and IVIg could thus limit these effects (133). IVIg can 

simultaneously impair the differentiation of human monocyte-derived macrophages into 

anti- and pro-inflammatory macrophages notably by inhibiting GM-CSF-driven STAT-5 

activation and TLR signaling (134). IVIg could thus participate in limiting both M1 and M2 

activation (135).

The effects of IVIg on skin have been evaluated in vivo in the bleomycin mouse model 

(136). Human IVIg were injected for 5 consecutive days immediately (preventive) or after 

28 days (therapeutic) of subcutaneous bleomycin injections. Thirty-five days after the onset 

of the experiment, IVIg significantly reduced collagen content both in the preventive and 

curative protocols. Seven days after the onset of the preventive protocol, IVIg significantly 

prevented the expression of TGF-β in the skin as well as dermal macrophage infiltrate (136).

The assessment of the impact of IVig in SSc is mainly based on the results of uncontrolled, 

open-label observational studies. In seven women with SSc (5 limited and 2 diffuse), IVIg 

significantly reduced joint pain and tenderness measured with the VAS, and increased hand 

function and quality of life (137). An observational study on 15 patients reported a 

significant improvement in GI involvement assessed with the GIT 2.0 as well as muscle 

disease parameters such as median creatine kinase level (138). This significant impact on 

muscle-related outcomes was confirmed in a multicenter observational cohort, that also 

reported a trend for an improvement of GI involvement (139). Two cohort studies have 
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highlighted that steroid consumption was decreased at the end of IVIg in patients with SSc 

(139,140). A Japanese double-blind, placebo-controlled, multicenter trial including 63 

patients with dcSSc demonstrated that the change in mRSS was similar 12 weeks after 

administration or at discontinuation of IVIg. This trial included various administration 

protocols and subgroups based on mRSS progression within each arm precluding firm 

conclusions regarding the primary outcome (141).

A randomized, multicenter, double-blind, placebo-controlled, phase II study to evaluate the 

efficacy and safety of IVIg in patients with early dcSSc was recently withdrawn due to 

business reasons (NCT04138485; (clinical-trial.gov)). The primary endpoint of the study 

was the difference in ACR-CRISS over 48 weeks. A new RCT is needed to assess the impact 

of IVIg in this population of early dcSSc. Another phase II trial is referenced on 

clinicaltrial.gov with safety as primary outcome (NCT04137224). The promising result on 

GI involvement may also suggest that some patients with lcSSc could also be responders to 

IVIg. The lack of availability of IVIg, which relies on serum donor banks, may thus 

constitute an issue for wide use of this therapeutic option in SSc.

2.3.2. Targeting the chemokine CCL24—Chemokines are small signaling proteins 

that play a key role in the migration and activation of cells. Chemokines have been 

hypothesized to be significant contributors to the early inflammatory molecular signature in 

SSc (142,143). Patients with SSc notably have increased serum levels of Chemokine c-c 

motif ligand 24, eotaxin-2 (CCL24). CCL24, and its receptor CCR3 (C-C chemokine 

receptor type 3), may contribute to the type 2 immune reaction involving Th2 lymphoctytes 

and M2 macrophages (Figure 1) (144). CCL24 is also involved in the migration of 

inflammatory cells and fibroblasts. In this perspective, it has been thought to block the 

homing of immune cells to tissue thus obtaining an anti-fibrotic effect. CCL24 also 

contributes to endothelial dysfunction being thus involved in all major pathogenic 

mechanisms of SSc. CM-101 is a humanized IgG1 monoclonal antibody against CCL24 

with potential therapeutic impact both in lcSSc and dcSSc.

In preclinical models of SSc, including bleomycin-induced scleroderma in mice, CM-101 

was significantly effective in mitigating the development of skin fibrosis and lung 

inflammation, characteristic of human SSc, with a good safety profile (145). For this reason, 

CM-101 might be useful for blocking the evolution SSc and similar clinical settings that 

involve lung and skin inflammation. A multicenter Phase II clinical trial, is planned in early 

dcSSc and lcSSc patients that will be randomized in three arms to receive one of the 2 

highest doses found to be safe in the phase 1 study or placebo. The first clinical evidence of 

efficiency in patients with SSc is still to be further explored.

3. CONCLUSION: LESSONS AND PROSPECTS INHERITED FROM 

PULMONARY HYPERTENSION AND IDIOPATHIC PULMONARY FIBROSIS

Recent breakthroughs in the management of pulmonary hypertension, with a positive impact 

on survival, have been achieved by early association of existing drugs rather than the design 

of new treatments. This should inform the research on investigational drugs in SSc, 

especially considering that immunomodulatory drugs are now broadly used in patients with 
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early dcSSc. Therefore, the identification of new therapeutic options has to be considered on 

top of existing immunomodulators already in use as background therapies. The association 

of monoclonal antibodies could also constitute a change of paradigm in the management if 

SSc, if such combinations prove to be well tolerated. The simultaneous inhibition of 

profibrotic and pro-inflammatory pathways by a single drug (JAK inhibitors) or through 

combination strategies (pirfenidone and MMF, or romilkimab and immunomodulators) may 

constitute a promising option for disease-modifying management of SSc. The introduction 

of anti-fibrotic drugs at the early inflammatory phase of the disease, in addition to 

immunomodulatory treatments, may also allow clinically meaningful results for patients 

with dcSSc in the future. Nonetheless, the relevance and safety of such associations are still 

to be determined in RCT.

Some recently FDA-approved drugs in SSc-ILD, such as nintedanib, or under investigation 

in Phase III trials in the same indication, such as pirfenidone, were initially approved in 

idiopathic pulmonary fibrosis (IPF). Thus, drugs under investigation in phase III trials for 

IPF may also represent new promising therapeutic options in SSc. A phase III trial of 

Pamrevlumab, a monoclonal antibody targeting CTGF/CCN2 is ongoing in IPF 

(NCT039551346). Interestingly, in a scleroderma mouse model of angiotensin II-induced 

skin fibrosis, targeting CTGF with a monoclonal antibody reduced skin fibrosis, suggesting 

that beyond IPF, CTGF/CCN2 targeting with Pamrevlumab may also show beneficial effects 

in SSc (146). Serum amyloid P (also called pentraxin-2, PTX-2) is an endogen mediator that 

may exert anti-inflammatory and antifibrotic properties notably through the enhancement of 

pro-resolving phagocytic properties of macrophages and inhibition of TGF-β secretion by 

CD204+ M2 (147,148). PTX-2 knockout mice show persistent inflammatory response and 

increase lung fibrosis after bleomycin challenge (149). Although the role of PTX-2 in SSc 

remains controversial (150,151), the phase III trial evaluating the efficacy and safety of 

recombinant human PTX-2 in IPF may reinforce the relevance of PTX-2 for SSc-ILD 

(NCT04552899). GKT-137831 is a NOX1/4 inhibitor that showed anti-fibrotic properties in 

preclinical models of SSc, as the production of ROS by NOX4 could participate in 

profibrotic TGF-β1 signaling (Figure 2) (152). The phase II trial of GKT-137831 in IPF may 

thus demonstrate the clinical relevance of targeting this pathway in pulmonary fibrosis 

which may represent another therapeutic opportunity for SSc-ILD (NCT03865927).

4. EXPERT OPINION: PRACTICAL CONSIDERATIONS FOR 

PERSONALIZED MEDICINE AND PROMISING CANDIDATE DRUGS

Beyond the selection of patients with a high-risk of progression, the next challenge may be 

the identification and stratification of patients according to the main underlying mechanism 

or main involved pathway to demonstrate the efficacy of therapeutic targets adapted to 

specific subpopulations. Three levels of stratification could guide this identification of new 

targets and new SSc subsets for personalized medicine: a molecular, cellular and phenotypic 

level.
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4.1 The molecular level

Substantial progress has been made for the identification and stratification of global 

molecular signatures in the skin of patients with early SSc (153). Applying in-depth 

molecular analysis of skin biopsies, four distinct molecular signatures have been consistently 

identified by different research teams in observational studies and clinical trials. These are: 

an inflammatory pattern, a fibro-proliferative pattern, a normal-like pattern and a limited 

cutaneous pattern (41). The long-term natural history of these patterns is still to be 

determined but in short-term trials, they may predict treatment response (41,154). In patients 

with early dcSSc, the phase II trial assessing safety and efficacy of abatacept, has 

demonstrated that patients with an inflammatory pattern had a better response to therapy 

based on change of mRSS as compared to patients with a fibroproliferative pattern. This 

may suggest that inflammatory patients may benefit the most from anti-inflammatory drugs, 

and that JAK inhibitors or IVIg may be more relevant for this subset of patients. On the 

contrary, agents with direct anti-fibrotic properties (Selective TGF-β inhibitor or ROCK 

inhibitor) could be discussed for patients with a fibroproliferative gene signature. Additional 

gene signatures identified in skin biopsies could help for further enrichment in RCTs.

Cellular senescence is an age-related normal process characterized by irreversible exit of 

cells from the cell cycle. While cellular senescence is a normal part of biological aging and 

is likely to have beneficial homeostatic roles, the premature, excessive or sustained 

accumulation of senescent cells in fibrotic tissues can have detrimental effects. In particular, 

senescent cells can overexpress pro-fibrotic cytokines such as IL-6 and TGF-ß (a secretome 

called senescence-associated secretory pattern, SASP) (Figure 1) (155). Senolytic agents 

such as dasatinib can specifically target senescent fibroblasts. Dasatinib has been shown to 

limit bleomycin-induced lung fibrosis in mice (156). A recent pilot study sought to evaluate 

the effects of dasatinib in SSc-ILD. In this open-label clinical trial, improvers had higher 

skin gene signature of senescence at baseline; decrease in skin expression of SASP and other 

senescence-related gene sets upon treatment was associated with clinical improvement with 

decreasing skin score and stable or improving lung fibrosis scores (157). These results 

suggest that other informative gene signatures exist beyond the well-identified inflammatory, 

fibro-proliferative and normal-like gene signatures. Dedicated signature-based pilot studies 

allowing the identification of specific responders for a given treatment may be discussed for 

enrichment strategies for phase II or III trials.

4.2 The cellular level:

The results of hierarchical cluster analysis of flow cytometric characterization of peripheral 

blood mononuclear cells from SSc patients have allowed the identification of new subgroups 

of SSc patients. Three groups were thus defined in this study, a group with few immune 

abnormalities, another with high proportions of activated T and T reg cells and a last one 

where T-follicular helpers and plasmablasts were predominant (158). Interestingly this last 

group was associated with the progression of micro-vasculopathy. Simple cellular markers 

used in daily practice may also have a predictive value for organ involvement such as SSc-

ILD, as increased monocyte count allows the identification of a subgroup of patients with 

lower survival (159).
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At this cellular level, a better understanding of epigenetic regulations of myofibroblasts may 

also bring new treatment opportunities regarding fibrotic manifestations, as suggested by the 

recent identification of the transcription factor PU.1 as an essential regulator of the pro-

fibrotic gene expression program in fibroblasts (160). The pharmacological and genetic 

inactivation of PU.1 led to the disruption of the fibrotic network and enabled reprogramming 

of fibrotic fibroblasts into resting fibroblasts with regression of the fibrotic features in vivo. 

Similarly, the specific targeting of myofibroblasts through death receptors such as the 

TRAIL/DRs pathways could also reverse established skin fibrosis to near-normal skin 

architecture in the bleomycin mouse model (161).

Beyond the identification of new cellular targets, a better understanding of cellular 

metabolism could also lead to new therapeutic options. In fibrosis, myofibroblasts show 

metabolic alterations, including enhanced glycolysis and disrupted NAD homeostasis 

(19,20). Macrophage polarization is associated with major metabolic changes. Inflammatory 

M1 have an anaerobic metabolism whereas M2 classically use aerobic mitochondrial 

respiration (162). Therefore, pro-inflammatory polarization of macrophages causes impaired 

mitochondrial respiration resulting in the accumulation of endogenous metabolites such as 

itaconate. Such metabolites can, in return, suppress the expression of proinflammatory 

cytokines. Recent studies identify itaconate as a key antifibrotic mediator (163). Itaconate is 

decreased in BAL fluids from patients with IPF and inhaled itaconate could ameliorate lung 

fibrosis in mice (164). These results suggest that itaconate acts as an endogenous pulmonary 

regulatory pathway that can limit fibrosis and could represent a new therapeutic lever.

4.3 The phenotypic level and the association with clinical trajectories

The precise association of these gene signatures or new prominent cellular subpopulations 

with skin trajectories or visceral involvement is still needed (30). These molecular and 

cellular considerations are still poorly included in our understanding of the natural history of 

the disease and their association with survival or trajectories of skin and organ involvement 

has not been validated. On the contrary, recent innovative approaches have proposed new 

stratification strategies based on simple biomarkers, such as antibody status, in association 

with disease cutaneous subtypes (dcSSc and lcSSc), which successfully predict clinical 

trajectory and survival (31). More innovative classification technics, based on cluster 

analyses of patients based on clinical manifestation during the entire course of the disease, 

have also demonstrated that SSc patients from the European EUSTAR cohort could be 

subclassified into 6 clusters with distinct prognoses (165). Simple and practical early 

predictive markers for detection of future severe patients are nonetheless still needed, and 

autoantibodies in combination with clinical, radiological and functional parameters could be 

promising candidates. Including molecular signatures in association with such parameters 

may also constitute a relevant strategy, although to date this approach remains less practical 

and less accessible (33). A key aspect of this phenotypic approach is the early detection of 

subgroups that will share common clinical trajectories. The evolution of skin and organ 

involvement is still partly unpredictable when only referring to the dcSSc and lcSSc subsets 

(166). Deciphering the early predictors of FVC decline or skin trajectories (167), but also 

identifying unified determinants of the severity of vascular phenotype are still key issues 

(168). Although fibrosis is considered as the end-stage of the disease process, all fibrotic 
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features of the disease (e.g. fibrotic ILD or skin disease) may not share the exact same 

pathogenic process and/or the same natural history. The wrong assumption that SSc-

associated fibrosis in all organs would share the exact same mechanisms with a similar 

natural history and trajectory may lead to inadequate therapeutic choices or selection of 

patients for RCTs (32). Beyond fibrosis, some patients also have specific inflammatory 

manifestations of the disease, such as inflammatory synovitis or pericardial effusion, which 

notably concern patients with anti-RNA polymerase III antibodies (169). In such subgroups 

of patients solely targeting fibrosis may not show promising results and therapeutic 

strategies based on immunomodulatory agents with combined anti-inflammatory and anti-

fibrotic properties such as tocilizumab or JAK inhibitors may appear more relevant (48).

4.4. The experts’ selection of promising candidate drugs

Myeloablative stem cell-transplantation have demonstrated positive effects on survival and 

quality of life in SSc, demonstrating that a disease-modifying therapeutic approach may be 

possible (170,171). In this respect, the simultaneous targeting of multiple cytokines may be 

especially promising. The significant effect of the anti-IL-4 and IL-13 Romilkimab on 

mRSS in a phase II trial demonstrates that impacting Th2 signaling in dcSSc is a promising 

option and this should foster a future phase 3 trial for this drug in this population. Although 

targeting TGF-β could be considered as an “old” strategy, its central role in the pathogenesis 

of the disease and the design of new drugs targeting specific isoforms with potential better 

safety profile in addition with the selection of more adapted targeted subpopulations (early 

dcSSc) may help to revisit this pathway as a therapeutic option in SSc. The selective TGF-

β1 and TGF-β3 antagonist AVID200 may thus constitute an especially promising candidate. 

Pan-JAK inhibitors such as Tofacitinib or Ruxolitinib may also be of specific interest in the 

future. Their widespread impact may participate to mimic the combined effects of drugs like 

tocilizumab, targeting IL-6 signaling, and Romilkimab, targeting IL-4 and 13 signaling, with 

thus potential impact on ILD and skin involvement in dcSSc (91). Moreover, the potential 

effects of JAK inhibitors on PAH in preclinical models may suggest that this therapeutic 

class may impact vasculopathy, providing a rationale for its relevance in lcSSc, a disease 

subset that represents more than 70% of SSc patients but that is still neglected to date despite 

its detrimental impact on quality of life (172–174).
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Article Highlights

• Recent advances in the understanding of systemic sclerosis (SSc) 

pathogenesis have allowed the FDA approval of two drugs for the treatment of 

SSc-ILD (tocilizumab and nintedanib) but no drug has been approved as a 

disease-modifying agent in SSc so far.

• TGF-β plays a key role in fibroblast activation and myofibroblast trans-

differentiation through non-canonical and canonical pathways. Selective 

inhibition of TGF-β1 and TGF-β3 by AVID200, showed good tolerance and 

safety profile (NCT03831438) fostering the relevance of future trials 

evaluating the efficacy of this drug in SSc.

• Considering the multiplicity of pathways involved in the pathogenesis of SSc, 

simultaneous targeting of multiple cytokines by the same drug may be 

especially promising. The concomitant targeting of the immunomodulatory 

and profibrotic IL-4 and IL-13 with Romilkimab has shown promising results 

on skin involvement in dcSSc in a phase II trial (NCT02921971)

• Considering the recent demonstration that both M1 (pro-inflammatory) and 

M2 (pro-fibrotic) macrophages were over-activated in the skin of patients 

with diffuse SSc, JAK inhibition with pan-JAK inhibitors such as Tofacitinib 

(NCT03274076) or Ruxolitnib may be especially promising with potential 

impact on IL-6 (STAT-1/3 dependent) pro-inflammatory & profibrotic 

signaling, and IL-4/IL-13 (STAT6 dependent) pro-fibrotic & 

immunomodulatory signaling.

• Combination therapies may offer the opportunity of targeting multiple 

pathways at the same time. In this respect, the ongoing Scleroderma-Lung-

Study III, a phase III trial assessing the efficacy of Pirfenidone versus 

placebo, as add-on therapy with mycophenolate mofetil in patients with SSc-

ILD (NCT03221257), may demonstrate the proof of concept of the combined 

efficacy of an immunomodulatory drug with an anti-fibrotic molecule in SSc. 

This may pave the way for further evaluation of combination therapies for 

SSc in the future.

• These potential new therapeutic options will still need to be adapted to 

relevant subpopulations of patients, highlighting the importance of pursuing 

the effort for better stratification and precise phenotyping of patients with 

SSc. Identification of molecular signatures that could predict treatment 

response as identified in the abatacept trial (NCT02161406), may constitute a 

promising strategy.
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Figure 1: Main cellular types, pathogenic mechanisms and hypotheses in systemic sclerosis.
The pathogenesis of SSc involves 3 main mechanisms: occlusive microangiopathy, early 

inflammatory processes and uncontrolled extra-cellular matrix (ECM) production with 

resultant fibrosis. Recent studies highlight the role of oligoclonal cytotoxic T-CD4+, driving 

the apoptosis of endothelial cell (EC) (175,176). Innate immunity, and notably monocytes 

and macrophages, play a key role in the pathogenesis of SSc (177). Macrophages can adopt 

various activation profiles depending on their surrounding micro-environment. Interferon 

(IFN) type II signaling, involving JAK1/TYK2/STAT-1 or TLR-4 agonists induce a classical 
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M1 pro-inflammatory polarization. Th2 cytokines such as IL-4 or IL-13 can induce an 

alternative profibrotic M2 activation through a STAT3/6 dependent signaling (181): IL-6 

also potentiates M2 polarization, notably through the up-regulation of the IL-4 receptor 

(182). A concomitant excess of CD163highM2 and M1 macrophages has been identified in 

skin tissues of SSc patients (183) (9). SSc-macrophages show impaired capacities 

efferocytosis apoptotic cells (phagocytosis of apoptotic cells) with the potential release of 

internuclear components from these un-eliminated cell debris. The impact of immune 

complexes composed by autoantibodies and intra-nuclear proteins (topoisomerase, 

centromere proteins) may also participate to macrophage and fibroblast activation. 

Myofibroblasts are the major effectors of fibrosis. Myofibroblasts in SSc originate from a 

variety of tissue-resident mesenchymal progenitor cell types, including fibroblasts, pericytes, 

microvascular endothelial cells and vascular pre-adipocytes (12). The trans-differentiation of 

resting fibroblasts and other progenitor cells into pro-fibrotic and inflammatory 

myofibroblasts is driven by canonical smad-dependent (smad2/3 and 4) and non-canonical 

smad-independent tumoral growth factor (TGF)-β signaling. Activated myofibroblasts also 

produce profibrotic mediators such as IL-6 or connective tissue growth factor (CTGF)/

CCN2, leading to an autocrine profibrotic pathogenic loop maintaining sustained cellular 

activation. IL-6 mediates its effects through JAK1/2/TYK2 with subsequent phosphorylation 

of STAT3 (predominantly) and STAT 1. STAT3 notably promotes the production of key 

ECM components such as col1a1, col1a2, and profibrotic markers such as CTGF/CCN2 

(10). CTGF/CCN2 exerts profibrotic properties notably as a co-factor of TGF-β signaling. 

CTGF/CCN2 can interact with specific receptors (such as integrins or lipoprotein receptor-

related proteins), ECM proteins (such as fibronectin or perlecan) and growth-factors (such as 

VEGF and TGF-β), with subsequent activation of fibroblast proliferation and myofibroblasts 

activation (184,185). Uncontrolled production of extra-cellular ECM components such as 

collagens, tenascin C or fibronectin can in turn activate myofibroblasts either through a 

direct process involving innate immune sensors such as TLR-4, or through an indirect 

activation notably depending on mechano-sensing of increased matrix stiffness by integrins 

(23,24).

IFN= interferon, endoMT=endothelial to mesenchymal transition, Autoab=autoantibodies, 

PDGF-R-Ab= autoantibodies with agonist effects on PDGF-Receptor, AEC-ab=anti-

endothelial cell antibodies, notably including anti endothelin-receptor antibodies with 

agonists properties, ROS=reactive oxygen species
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Figure 2: Non approved pharmacological targets and interaction of selected profibrotic 
pathways in SSc myofibroblasts that are currently being evaluated in clinical trials.
Latent TGF-β can notably be activated by integrins (notably from the αV class) or 

thrombospondins. In its active form, TGF-β can interact with a specific heterodimeric 

receptor (TGF-β-R-I and -II). Two TGF-β-dependent signalization pathways are described: 

a canonical pathway involving the interaction of TGF-β-R-I with smad 2/3 and 4; and a non-

canonical pathway, Smad independent, that notably involves (but is not limited to) c-Abl, 

TAK1, p38, JNK, SRC, RhoA/ROCK and JAK2-STAT-3. TGF-β1 also increases SSc-related 

oxidative stress notably through the up-regulation of NADPH oxidase (NOX) 4. This 

upregulation of NOX4 by TGF-β1 is smad3 dependent and results in increased collagen type 

I, alpha-SMA and fibronectin 1 gene expression in dermal fibroblasts. These effects are 

suppressed by pan-NOX inhibitors such as diphenyleneidonium (not represented) or specific 

NOX1/4 inhibitor such as GKT-137831 (not represented), highlighting that NOX4 may 

constitute a relevant therapeutic target (152,186). IL-6 mediates its effects through its 

receptor (composed of IL-6Ra or the soluble form of IL-6R in association with a 130kDA 

signaling transducer (gp130)) that activates JAK1/2/TYK2 with subsequent phosphorylation 

of STAT3 (predominantly) and STAT 1. STAT-3 acts as a key integrator of profibrotic 

signals. STAT3 notably promotes the production of key extra-cellular matrix components 

such as col1a1, col1a2, and profibrotic markers such as CTGF/CCN2 (10). CTGF/CCN2 

exerts profibrotic properties notably as a co-factor of TGF-β signaling and as a target of 

YAP. CTGF/CCN2 can interact with specific receptors (such as integrins or lipoprotein 

receptor-related proteins), extra-cellular matrix proteins (such as fibronectin or perlecan) and 

growth-factors (such as VEGF and TGF-β), with subsequent activation of fibroblast 

proliferation and myofibroblasts activation, although the specific mechanisms involved are 

still to be determined (184,185). Rho serves as another integrator of profibrotic pathways 
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and can be activated by TGF-β, LPA agonists or integrin signaling in a FAK dependent 

manner. Rho subsequently activates ROCK that participates in a cascade sustaining fibrotic 

response and induces cytoskeleton remodeling. In return, increased extra-cellular matrix 

stiffness participates in the activation of latent TGF-β perpetuating a pro-fibrotic pathogenic 

loop. IL-4 and IL-13 participate in fibrosis by inducing the proliferation of fibroblasts and 

by increasing their production of TGF-β and CTGF/CCN2 in a STAT6 dependent manner 

(103). On the contrary, α-MSH and MC1-R agonists may exert anti-fibrotic properties by 

suppressing TGF-β signaling although the precise sub-cellular mechanisms are still to be 

determined.

FAK=focal adhesion kinase, LPA= lysophosphatidic acid; LPA-R=LPA-Receptor; 

IL-6R=IL-6 receptor; TGF-βRI & II= TGF-β receptor I & II; PAI-1=plasminogen activator 

inhibitor 1; ROS=Reactive Oxygen Species; YAP=Yes Associated Protein; α-MSH =α-

Melanocyte-stimulating hormone; IL-4Rα=IL-4 receptor α; IL-13Rα1= IL-13 receptor α1; 

ECM=Extra-cellular matrix
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Table 1:

Investigational drugs in systemic sclerosis with published or announced Phase I, II or III clinical trials

Molecules Characteristics Potential mechanisms of action in SSc Development 
advancement in SSc

Reference on 
clinicaltrial.gov

Abituzumab Mono-clonal antibody Inhibitor of integrins from the αV class, 
with impact on activation of latent TGF-β 
and inhibition of FAK dependent activation 
of Rho dependent profibrotic pathways

Phase II in SSc-ILD NCT02745145

Abatacept fusion protein CTLA-4 dependent inhibition of co-
stimulation leading to decreased Th1, 2, and 
B cell activation.

Phase II in early dcSSc NCT02161406

AVID200 fusion protein Selective inhibitor of TGF-β1 and 3 Phase I in early dcSSc NCT03831438

Belimumab Mono-clonal antibody Selective inhibition of BAFF/BLyS, with 
impact on B-cell survival and maturation.

Phase II in early dcSSc NCT01670565

Belumosudil 
(KD025)

selective oral inhibitor 
of Rho-associated 
coiled-coil kinase 2 
(ROCK2)

Selective ROCK-2 inhibitor that may inhibit 
myofibroblast activation and increase pro-
resolving properties/efferocytosis of 
macrophages.

Phase II in early dcSSc NCT03919799
NCT04680975

CM-101 Mono-clonal antibody Selective targeting of CCL-24, with 
subsequent inhibition of the homing of 
immune cells to tissue thus obtaining 
an anti-fibrotic effect

Phase II awaited in 
dcSSc and lcSSc

NA

Dasatinib Oral small molecule Senolytic agents that target senescent 
fibroblasts, responsible for an excessive 
production of IL-6 and TGF-β

Phase I/II in SSc-ILD NCT00764309

Fasudil cyclic nucleotide-
dependent protein 
kinase inhibitor

RhoA/ROCK inhibitor that may inhibit 
myofibroblast activation and increase pro-
resolving properties/efferocytosis of 
macrophages.

Phase III NCT00498615

Fresolimumab Mono-clonal antibody Inhibitor of TGF-β1, 2 and 3 Phase I in early dcSSc NCT01284322

IVIg serum IgG fraction 
pooled from several 
thousands of donors

Targets and neutralizes auto-antibodies/
immune complexes, inhibits monocyte 
activation, limits M1 and M2 activation

Phase II in early dcSSc NCT04137224
NCT04138485
NCT01785056

JAK inhibitors: 
Tofacitinb (pan-
JAK inhibitor) 
Itacitinib (JAK1 
inhibitor)

Oral small molecule Inhibits the signaling of key cytokines and 
mediators of fibroblast activation (TGF-β 
non-canonical pathway, IL-6) and 
macrophage activation (IFNg, IL-13, IL-4), 
B-effector cell activation.

Phase I/II in early 
dcSSc

NCT03274076
NCT04789850

Metelimumab 
(CAT-192)

Mono-clonal antibody Inhibitor of TGF-β1 Phase I/II in early 
dcSSc

NCT00043706

MT-7117 synthetic, oral, non-
peptide small molecule

selective agonist of MC1R, that decrease 
the expression and impact of IL-6 and TGF-
β, increase pro-resolving properties/
efferocytosis of macrophages.

Phase II in early dcSSc NCT04440592

Pirfenidone Oral small molecule Suspected inhibition of TGF-β signaling Phase II in SSc-ILD NCT03221257
NCT01933334

Rituximab Mono-clonal antibody Anti-CD20 mab targeting B-cell, with 
subsequent impact of IL-6 release and 
potential impact on autoantibody 
production

Phase II in PAH-
associated SSc

NCT01086540

Romilkimab 
(SAR156597)

Mono-clonal antibody Inhibits IL-13 and IL-14 signaling, leading 
to limited M2 and myofibroblasts activation

Phase II in early dcSSc NCT02921971

SAR100842 selective oral 
antagonist of LPA1

may inhibit myofibroblast activation 
through its impact on RhoA-ROCK 
signaling and increase pro-resolving 
properties/efferocytosis of macrophages.

Phase II in early dcSSc NCT01651143

Ziritaxestat 
(GLPG1690)

Oral autotaxin inhibitor Inhibit the production of LPA producing 
enzyme autotaxin with subsequent 

Phase II in early dcSSc NCT03798366
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Molecules Characteristics Potential mechanisms of action in SSc Development 
advancement in SSc

Reference on 
clinicaltrial.gov

inhibition of myofibroblast activation 
through its impact on TGF-β non-canonical 
signaling and increase pro-resolving 
properties/efferocytosis of macrophages.
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Table 2:

JAK/STAT signaling in the pathogenesis of systemic sclerosis

Cytokines notably 
involved in the 

pathogenesis of SSc

JAK associated 
to their 
receptor

STAT Main cellular targets in the context of systemic 
sclerosis Main effects

IL-4 JAK1/3 STAT6 -Induces M2 polarization in Macrophages
-Fibroblast proliferation

Pro-fibrotic Immuno-
modulatory

IL-10 JAK2/TYK2 STAT3

-Could participate in fibrosis through fibroblast 
activation
-Exerts anti-inflammatory effects on B-cell and 
macrophages

Pro-fibrotic anti-
inflammatory

IL-13 JAK1/2/3/TYK2 STAT6 -Induced M2 polarization in Macrophages
-Fibroblast proliferation and TGF-β secretion

Pro-fibrotic Immuno-
modulatory

IL-6 JAK1/2/TYK2 STAT1/3 -Favor IL-4 receptor expression an M2 polarization
-Induce myofibroblast activation

Pro-fibrotic Pro-
inflammatory

Interferon α/β (Type 
1 IFN) JAK1/TYK2 STAT1/2/4 -Inhibit the pro-resolving properties of macrophages

-participates to endothelial dysfunction
Pro-inflammatory Anti-

angiogenic

Interferon γ (Type II 
IFN) JAK1/TYK2 STAT1

-Induces M1 polarization in macrophages
-Indirect effects on endothelial cells through increased 
secretion of CXCL10 by M1
-Indirect effects on fibroblasts through increased 
secretion of IL-6 by M1

Pro-inflammatory Anti-
angiogenic
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