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Abstract

Sections

Systemic sclerosis (SSc) is an autoimmune disease in which fibrotic,
vascular, autoimmune and fibrotic mechanisms synergize to
promote disease progression. SScis associated with high morbidity
and mortality, primarily owing to fibrotic tissue remodelling and
subsequent organ failure. Despite progress with the approval of novel
therapies, mortality remains high; approximately half of the people
diagnosed with SSc will succumb to disease. This statistic highlights
the considerable need for novel, effective therapies. Indeed, SSc has
become a disease with very active drug development. Numerous
drugs with different modes of actions are currently evaluated in or are
about to enter clinical trialsin SSc. These clinical trials provide hope
for effectively slowing or even halting the progression of fibrosis and
thereby further improving outcomes for patients with SSc.
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Key points

o Currently available drugs for systemic sclerosis (SSc) might slow
down disease progression, but do not halt it, generating a great
medical need for novel, more effective therapies.

e These drug candidates have a broad-spectrum of distinct
anti-inflammatory and/or anti-fibrotic modes of action relevant to
the pathogenesis of SSc.

o Alarge number of drug candidates and cellular therapies with
different molecular modes of actions are currently under investigation
or about to enter clinical trials in SSc.

Introduction

Systemicsclerosis (SSc) is a connective tissue disease that is histopatho-
logically characterized by vasculopathy, autoimmunity and fibrotic
tissue remodelling'. Approximately 50% of people diagnosed with SSc
will eventually die asadirect consequence of disease, which represents
the highest disease-related mortality of all autoimmune rheumatic
diseases’. Thus, novel, effective therapies for the treatment of SSc are
required. Owing to this need, the development of therapies to treat
SSc has become an active area of research. The interest of pharma-
ceutical companiesinSSc has also been stimulated by several positive
randomized controlled trials (RCTs) with nintedanib, tocilizumab and
rituximab, which have been published within the past Syears (Table1).
These new drugs greatly augment the evidence-based therapeutic
arsenal for the treatment of the fibrotic manifestations of SSc, which
were previously limited to mycophenolate mofetil, cyclophospha-
mide, haematopoietic stem cell transplantation (HSCT) after high-dose
chemotherapy and, eventually, methotrexate (for skin fibrosis only).

However, despite this progress, the need for more effective thera-
pies for the treatment of SSc remains high. Treatments that are cur-
rently available, perhaps with the exception of HSCT after high-dose
chemotherapy, only slow down progression of fibrotic tissue remodel-
ling, butdonothaltit oreveninduce regression of fibrotic damage for
most patients’. Moreover, most of the primary outcomes of previous
and ongoing clinical trials mainly focus on interstitial lung disease
(ILD) and, to alesser extent, on skin fibrosis. Thereis alack of evidence
fromRCTs onhow to treat other common and life-threatening fibrotic
manifestations of SSc, such as primary myocardial involvement or
intestinal involvement.

In this Review, we provide an overview of the drugs and cellular
therapies that are currently being evaluated in clinical trials for the
treatment of SSc (Table 2). We discuss their mode-of-action and the
preclinical data for each approach.

Fibroblast targeting approaches

Fibroblasts are key effector cells involved in fibrotic remodelling.
They are not only the main source of extracellular matrix deposition
infibrotic tissues but may also modulate inflammatory processes and
vascular remodelling.

Targeting hedgehog signalling

Numerous studies show that hedgehog signalling is implicated in
fibrotic tissue remodellingin avariety of fibrotic disorders, including
SSc* %, Hedgehog signalling is essential to organ development. During

homeostasis, the activity of this signalling pathway is very low in the
majority of cells and tissues, except for stem cells, in which hedgehog
signalling has an important role in the regulation of behaviour and
function. Nevertheless, during fibrotic tissue remodelling, hedgehog
signalling is activated and has pathogenic effects . The expression
of sonic hedgehog (SHH, whichis akey hedgehog ligand in the context
of skin fibrosis) and of GLI1 and GLI2 (hedgehog signalling-associated
transcription factors) are upregulated in the skin of patients with
SSc®”. Inaddition, the SHH levels in the serum of patients with SScare
increased compared with healthy individuals and correlate with fibrotic
burden’®. Hedgehog signalling is highly interlinked with other pathways
thatareimplicatedin fibrotic tissue remodelling; for example, the acti-
vation of hedgehog signalling in SScis caused, in part, by TGF3, which
notonlyinduces the expression of SHH butalso activates the promoter
of GLI2to upregulate GLI2 expressionin fibroblasts®. Hedgehog signal-
ling also stimulates fibroblasts to differentiate into myofibroblasts
and induces skin fibrosis®. Pharmacological or genetic inactivation
of hedgehog signalling ameliorates fibrosis inawide variety of mouse
models of fibrosis and in many different organs”2°.

Theinhibition of hedgehogsignallingis currently being evaluated
for its anti-fibrotic effects in pulmonary fibrosis. Current pharmaco-
logical efforts to target hedgehog signalling focus on small molecule
inhibitors of Smoothend (SMO). SMO is a G protein coupled recep-
tor that activates GLI transcription factors in response to hedgehog
ligand-receptor binding (these ligands include SHH, Indian hedgehog
and desert hedgehog). Two SMO inhibitors, sonidegib and vismod-
egib, have been approved by the FDA for the treatment of basal cell
carcinoma?®. In a phase lla RCT of patients with idiopathic pulmo-
nary fibrosis (IPF), individuals receiving the SMO inhibitor ENV-101
(200 mg daily) were found to have a significantly higher predicted
FVC mean change from baseline after 12 weeks than those receiving
placebo (1.9% increase in the ENV-101 arm versus 1.3% decrease in the
placebo arm)*. Although further studies with more patients and longer
follow-up arerequired to confirmtheseresults, theincreasein FVC upon
ENV-101 treatment might be indicative of anti-fibrotic remodelling
induced by SMO inhibition. Indeed, preclinical findings demonstrate
thatinhibition of hedgehog signalling can deactivate myofibroblasts
andinducere-differentiationinto resting fibroblasts*. A confirmatory
phasellbtrial of ENV-101inIPF is currently recruiting (NCT06422884).

Targeting LPAR1 signalling

Fipaxalparantis a small moleculeinhibitor thatinhibits lysophospha-
tidicacid receptor 1(LPAR1). This inhibitor blocks the effects of phos-
pholipidlysophosphatidicacid (LPA)*. LPA is asmall molecule mediator
that is released during enzymatic breakdown of lipid membranes by
the enzyme autotaxin. LPA is part of the tissue injury response that
can promote inflammation and scarring and evidence suggests that
LPA is a mediator of bleomycin-induced lung fibrosis®*. LPA signals
through afamily of receptors (LPAR1-LPAR6), which are expressed on
avariety of cells that contribute to the pathogenesis of SSc. LPAR1 is
considered the dominant LPA receptor inthe pathogenesis of fibrotic
tissue remodelling. Clinical trials of LPAR antagonists in IPF have shown
positive results”. A small phase Ila trial of an LPAR1 antagonist in dif-
fuse cutaneous SSc (dcSSc) demonstrated that treatment with this
antagonist attenuated LPA-regulated target genes in vivo and showed
abeneficial trend inmodified Rodnan Skin Score (mRSS) over 12 weeks
compared with placebo?. This trial led to a larger randomized con-
trolled phase llb study (BEACON), which did not reachits primary end
point of changes in FVC (NCT04781543).

Nature Reviews Rheumatology | Volume 21| October 2025 | 612-625

613


http://www.nature.com/nrrheum

Review article

Table 1] Clinical trials with positive primary or secondary outcomes that changed the management of SSc

Drug Molecular target Clinical trial Target population Clinical trial design Primary outcome Key secondary outcomes
Nintedanib Multiple tyrosine SENCSIS'™* SSc-ILD Phase Ill placebo- Adjusted annual Change in mRSS at 52 weeks
kinases controlled RCT rate of change
inFVC
Nintedanib Multiple tyrosine INBUILD™® PPF including SSc Phase Ill placebo- Adjusted annual Change in total score on K-BILD
kinases controlled umbrella RCT rate of change questionnaire at 52 weeks
inFVC
Tocilizumab IL-6 receptor faSScinate™® Early inflammatory ~ Phase Il placebo- Change in mRSS Change in FVC at 48 weeks
dcSSc controlled RCT at 24 weeks
Tocilizumab IL-6 receptor FocuSSed'’ Early inflammatory ~ Phase Ill placebo- Change in mRSS Change in FVC at 48 weeks
dcSSc controlled RCT at 48 weeks
Rituximab CD20 DESIRES'®® SSc Investigator-initiated ChangeinmRSS  Change in FVC at 24 weeks
phase Il placebo- at 24 weeks
controlled RCT
Rituximab CD20 RECITAL™®® Severe or Phase lIb, double-blind, Change in FVC Change in FVC at 48 weeks
progressive CTD double-dummy RCT at 24 weeks
including SSc

CTD, connective tissue disease; dcSSc, diffuse-cutaneous SSc; FVC, forced vital capacity; ILD, interstitial lung disease; K-BILD questionnaire, King’s Brief Interstitial Lung Disease questionnaire;
mRSS, modified Rodnan Skin Score; PPF, progressive pulmonary fibrosis; RCT, randomized control trial; SSc, systemic sclerosis.

Other approaches that target LPA signalling, such as autotaxin
inhibition, have also beeninvestigated. Ziritaxestat, an autotaxin inhibi-
tor, was evaluated in IPF and in SSc with positive results for mRSSin a
small phase lla study”. However, parallel trials in IPF reported safety
concerns and alack of efficacy, and increased mortality was reported
in the group receiving the highest dose in the ISABELA trials®®, which
led to the clinical development of ziritaxestat being discontinued.
Based on these results, targeting LPA signalling in SSc is currently
considered challenging.

Anti-TGFB3 antibodies

Theregulation of tissue repair and development pathways by members
of the TGFf family is well established. TGF( has three major isoforms
(TGFpB1, TGF2 and TGFf33) that signal through the same receptor com-
plex®. Although the downstream canonical and non-canonical signal-
ling pathways are shared, these isoforms differ in their bioavailability,
accessory protein binding and cell and tissue-specific expression pat-
terns®®. TGFf ligands are generally complexed to latent TGF( binding
proteins and are released from sequestered, inactive forms bound
to matricellular proteins in response to conformational changes of
integrins®. All three TGF[ isoforms seem to be profibrotic in preclini-
cal models and findings suggest that attenuating TGF signalling can
prevent or even reverse fibrosis in preclinical models"*>. Ample evi-
denceindicates that TGF[3 pathways are upregulated in many fibrotic
diseases, including SSc. The first study of TGFf3 inhibition in SSc evalu-
ated the monoclonal antibody CAT-192 (metelimumab), which binds
to TGFp1 (ref. 33). Although this phase I-Il trial showed some positive
dose-dependent changes in mRSS at 6 months, these changes did not
reach statistical significance. In addition, biomarker studies in this
trial were limited and it remains unclear if in vivo antagonism of TGF3
signalling pathways occurred™®.

Other approachesinvolve targeting TGFf ligands. An uncontrolled
trial of fresolimumab in SSc showed encouraging molecular benefits;
the target genes COMP and TSP1 were downregulated and atwo-gene
score, proposed as a biomarker for the progression of skin fibrosis,
improved**. However, there were concerns about toxicity including
gastrointestinal tract effects, vascular lesions and a possible increase
intheincidence of proliferative lesions of the skin (keratoacanthomas).

The TGFpB1/3 ligand trap, AVID200, has been evaluated in SSc and in
myelofibrosis®; however, these studies were too small and/or lacked
placebo arms to definitively test the hypothesis of blocking TGFf3
ligands as an anti-fibroticapproachin SSc. Determining lack of efficacy
or unacceptable toxicity is crucial as the TGF[3 pathway remains one
of the most relevant targets for SSc owing to extensive preclinical evi-
dence. The emergence of the activin signalling inhibitor, sotatercept,
as an approved therapy for pulmonary arterial hypertension (PAH),
including PAH associated with connective tissue disease, with remark-
ablebenefitinclinical trials, confirms the feasibility of targeting TGF3
superfamily members and serves as a reminder that these pathways
arecloselyinterdependent and so targeting one member might affect
signalling by others™.

Currently, there is an ongoing phase Ib dose ranging trial of
RG-6315 (RO-7303509), a human monoclonal antibody that targets
TGFPB3, in SSc (NCT05462522)*. RG-6315 is administered via subcu-
taneous or intravenous routes and is a novel molecular entity. It is
hypothesized that TGF3 might be animportant profibrotic mediator
and that neutralization could have fewer adverse effects than targeting
all TGF ligands, TGF1or TGFB2 (ref. 32). Conversely, historical litera-
ture supports TGF3 having anti-fibrotic effects based on evidence
from non-scarring fetal wound healing in animal models®. This finding
was not substantiated in clinical trials and thus clinical development
of recombinant TGF33 as a potential anti-fibrotic therapy has ceased.

Dual targeting of fibroblasts and immune cells
Several emerging therapeutic approaches target fibroblasts directly
and indirectly by modulating inflammatory immune responses.

Targeting phosphodiesterase 4b

Phosphodiesterases (PDEs) are a large group of enzymes comprising
11 subfamilies with diverse functions. Members of the PDE4 subfam-
ily (PDE4A, PDE4B, PDE4C and PDE4D) are the major subfamily of
PDEs expressed inimmune cells®. PDE4s regulate cytokine synthesis
and other pro-inflammatory pathways in leukocytes via hydrolysis of
cyclic AMP*. Indeed, non-selective PDE4 inhibitors are in clinical use
for the treatment of inflammatory diseases; apremilast is approved
for plaque psoriasis, psoriatic arthritis and Behcet syndrome, and
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Table 2 | Therapies currently in or about to enter clinical trials in SSc

Therapy Entity Molecular Predominantly targeted Predominant target cell(s) Developmental stage
target(s) mechanism(s)
ENV-101 Small molecule Smoothend Hedgehog signalling Fibroblast activation Phase Il trial, recruiting
Fipaxalparant Small molecule LPAR1 LPA signalling Fibroblast activation Phase lIb trial, completed
Ziritaxestat Small molecule Autotaxin LPA signalling Fibroblast activation Phase Il trial, terminated
RG6315 (RO-7303509) Antibody TGFB3 TGFB signalling Fibroblast activation Phase Il trial, active
Nerandomilast Small molecule PDE4B cAMP signalling Immune cell and fibroblast Phase Il trial in progressive
activation pulmonary fibrosis,
completed; phase llb trial in
SSc, in preparation
CAN10 Antibody ILIRAP IL-1, IL-33 and IL-36 signalling  Immune cell and fibroblast Clinical trial in preparation
activation
Dersimelagon (MT-7117) ~ Small molecule MCIR aMSH-MCI1R signalling Immune cell and fibroblast Phase Il trial, completed
activation
Asengeprast Small molecule GPR68 GPR68 signalling Immune cell and fibroblast Phase lla trial completed;
activation phase Ilb trial, in preparation
CAL101 Antibody S100A4 S100A4 signalling Immune cell and fibroblast Clinical trial in preparation
activation
Itacitinib Small molecule JAK1 JAK1-STAT signalling Immune cell and fibroblast Phase Il investigator-initiated
activation trial, ongoing
Vixarelimab Antibody OSM OSM signalling Immune cell and fibroblast Phase Il trial, recruiting
activation
Nemolizumab Antibody IL-31RA IL-31 signalling Immune cell and fibroblast Phase Il trial, completed
activation
Efgartigimod Antibody Neonatal Fc Reduction of autoantibody Autoantibodies Phase Il trial, recruiting
receptor titres
Belimumab Antibody BAFF BAFF signalling Bcells Phase lI-lll trial, recruiting
lanalumab Antibody BAFF receptor BAFF signalling Bcells Phase Il trial, recruiting
Telitacicept Decoy receptor BAFF BAFF signalling B cells Phase Il IT trial, recruiting
Inebilizumab Antibody CD19 B cell depletion Bcells Phase lla trial, completed
Anti-CD19 CART cells CARTcell CD19 Deep depletion of B cells Bcells Several phase Il trials
recruiting or in preparation
Anti-BCMA CART cells CART cell BCMA Deep depletion of B cells and plasma cells Phase Il trials, in preparation
B cells including
plasma cells
CD19xCD3, CD20xCD3 BiTEs CD19, CD20 and Deep depletion of B cells B cells and plasma cells Several phase | and phase lla
and BCMAXCD3 BiTEs BCMA including plasma cells trials, in preparation
Amlitelimab Antibody 0OX40 ligand T cell proliferation, survival, T cells and B cells Phase Il trial, recruiting
and context-dependent T,/1,
T,2, and T,9 cell skewing,
Tey cell development and
B cell help
Tulisokibart Antibody TL1A TL1A-DR3 signalling Tcellsand ILCs Phase Il trial, recruiting
Brodalumab Antibody IL-17A IL-17 signalling T,17 cells Phase Il trial, completed
(results withdrawn)
Guselkumab Antibody p19 1L-23 signalling T,17 cells Phase Il trial, completed
Tibulizumab Bispecific IL-17A and BAFF  IL-17 and BAFF signalling T17 cells and B cells Phase Il trial, recruiting
antibody
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Table 2 (continued) | Therapies currently in or about to enter clinical trials in SSc

Therapy Entity Molecular Predominantly targeted Predominant target cell(s) Developmental stage
target(s) mechanism(s)
Anifrolumab Antibody IFNAR1 Type | interferon signalling Multiple target cells Phase lll trial, recruiting
Efzofitimod HARS-IgG fusion  Neuropilin-2 HARS-neuropilin-2 signalling  Macrophages and other Phase Il trial, recruiting
protein immune cells
Avenciguat Small molecule sGC cGMP signalling Broad spectrum including Phase Il trial, recruiting
fibroblasts, vascular cells and
possibly immune cells
Ifetroban Small molecule TPR Thromboxane-prostanoid Broad spectrum including Phase Il trial, recruiting

signalling

fibroblasts and vascular cells

aMSH, a-melanocyte-stimulating hormone; BAFF, B cell activating factor; BCMA, B cell maturation antigen; BiTEs, bispecific T cell engagers; cAMP, cyclic adenosine monophosphate;

CAR, chimeric antigen receptors; cGMP, cyclic guanosine monophosphate; DR3, death receptor 3; HARS, histidyl-tRNA synthetase 1; IFNAR1, interferon-a/ receptor subunit 1; IL-31RA, IL-31
receptor A; IL1RAP, IL-1 receptor associated protein 1; ILCs, innate lymphoid cells; JAK1, Janus kinase 1; LPA, lysophosphatidic acid; LPAR1, lysophosphatidic acid receptor 1; MC1R, melanocortin
receptor 1; OSM, oncostatin M; PDE4B, phosphodiesterase 4B; sGC, soluble guanylate cyclase; SSc, systemic sclerosis; STAT, signal transducer and activator of transcription; Tg, cell,

T follicular helper cell; T, cell, T helper cell; TL1A, TNF-like ligand 1A; TPR, thromboxane prostanoid receptor.

roflumilast is approved for chronic obstructive pulmonary disease.
However, the systemic adverse effects, particularly gastrointestinal
effects, ofinhibiting PDE4 limitits use**?, particularly the use of higher
doses that provide a more effective inhibition of PDE4 activity. The
PDE4B subtype exhibits variant-specific expression patterns with
high levels of expression in immune cells and tissue-resident cells in
the lungs, but lower levels in the intestinal tissues*. Thus, selective
inhibition of the PDE4B subtype might reduce the risk of gastroin-
testinal adverse events and enable higher doses to be used for more
effective targeting of PDE4B activity. Nerandomilastis a PDE4 inhibitor
that preferentially inhibits PDE4B with a 9-fold selectivity over other
PDE4 subtypes**. In vitro, nerandomilast skews the balance from a
pro-inflammatory to an anti-inflammatory cytokine profile, inhibits
fibroblast proliferation and reduces myofibroblast differentiation and
collagen synthesis**. Moreover, nerandomilast ameliorates experimen-
tal bleomycin-induced dermal and pulmonary fibrosis*. Of particular
interest, nerandomilast prevented the decline of FVC over 12 weeks
compared with placebo in a proof-of-concept phase Il trial in patients
with IPF*. A follow-up phase Il RCT of nerandomilast in patients with
progressive pulmonary fibrosis other than IPF met its primary end
pointofreduced declinein FVC and also showed reduced mortality in
the nerandomilast arm compared with standard of care”’. However, in
this trial, patients were not treated according to current rheumatology
standards; patients received less background therapy than would be
expected for progressive disease. Nerandomilast is currently being
evaluated in SScin a phase IIb platform trial using the CONQUEST
platform*$. CONQUEST is the first platform clinical trial in the field of
rheumatology, in which multiple investigational drugs can be evalu-
ated in parallel with a shared placebo group. In this trial, changes in
FVCarethe primary end points and changes in mRSS are amongst the
secondary endpoints.

Anti-ILIRAP antibodies

IL-1, IL-33 and IL-36 are pro-inflammatory cytokines that are linked
to the aetiology of fibrotic tissue remodelling®. The protein levels
of IL-1$3, IL-33 and IL-36y are upregulated in the skin of patients with
SSc compared with healthy donors, expression of the respective
receptors for these cytokines were also upregulated on relevant
target cells such as fibroblasts, endothelial cells and leukocytes™.
Bioinformatic modelling using gene expression datasets from mice

that lack each of these individual cytokines and SSc skin provided
evidence that all three cytokines can regulate specific, and only par-
tially overlapping, sets of genes that are differentially expressed in
SSc skin®®, which provides evidence that IL-1, IL-33 and IL-36 syner-
gistically drive the pathogenesis of SSc. All three cytokines might be
blocked simultaneously by targeting the IL-1receptor accessory pro-
tein (ILIRAP). ILIRAP is an essential co-receptor for the IL-1 receptor,
the IL-33 receptor (also known as ST2) and the IL-36 receptor and is
required for downstream signalling of these cytokine receptors®.
ILIRAP is overexpressed in SSc skin compared with healthy skin and
the messenger RNA (mRNA) levels of several molecules associated with
ILIRAP signalling are increased in SSc skin*’. Blocking ILIRAP with a
monoclonalantibody (mCAN10) in mice interfered with the activation
of atranscriptional regulatory network of genes that are implicated
ininflammation and fibrosis and also ameliorated experimental der-
mal and pulmonary fibrosis in three different mouse models of SSc*™.
Afirst-in-human phase I clinical study of a humanized anti-ILIRAP anti-
body (CAN10) demonstrated good tolerability and successful target
engagement (NCT0614337)°°; a phase Il study in SSc is currently in
preparation.

Activation of MCIR signalling

The melanocortin receptors (MCRs) are a family of G protein-
coupled receptors that consists of five members with different
functions. MCIR is not only expressed on melanocytes, but also on
other cell types such as fibroblasts, monocytes, endothelial cells
and keratinocytes, with comparable expression patterns in SSc and
healthy skin®2.

Although MCIR is best known for its involvement in melanin
production in melanocytes via a-melanocyte-stimulating hormone
(aMSH) binding, activation of MCIR also mediates anti-inflamma-
tory effects that include inhibition of nuclear factor-kB (NF-kB) and
shifts in the balance from pro-inflammatory to anti-inflammatory
mediators with suppression; MCIR suppresses TNF, IL-1, IL-6, IL-8,
prostaglandin E2, IFNy and adhesion molecules and induces the
expression of IL-10 (ref. 53).

The first direct evidence of a role for MCIR in fibrotic tissue
remodelling was that aMSH, the MC1R ligand, suppresses bleomycin-
induced skin fibrosis in mice; mice that lack MC1R signalling have exac-
erbated skin fibrosis®. Treatment with dersimelagon phosphoric acid
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(MT-7117), an orally bioavailable agonist for MCIR that is selective for
MCIR over other MCRs, also ameliorated bleomycin-induced inflam-
mation and fibrosis of the skin. Incubating human dermal fibroblasts
with MT-7117 inhibited TGFf-induced ACTA2 expression, which dem-
onstrates adirect effect on fibroblastsin addition to anti-inflammatory
effects®. Activation of MCIR by aMSH binding also ameliorates vascu-
lar dysfunction in lipopolysaccharide-induced cutaneous vasculitis®
andischaemia-reperfusion models®’; however, whether these findings
arerelevant for SSc-associated vasculopathy remains to be studied in
relevant models.

Arandomized, placebo-controlled phasell clinical trial of MT-7117
inpatients with dcSSc, with achange in American College of Rheumatol-
ogy (ACR)-Composite Response Index in Systemic Sclerosis (CRISS) at
52 weeks being the primary end point, showed no difference between
patients treated with MT-7117 and placebo®.

GPRé68 inhibition

GPR68 is a proton-sensing G protein coupled receptor that is widely
expressed on many cell types™. It has emerged asasensor of the pHin
the cellular microenvironment that is activated by the release of pro-
tons at sites of tissue damage. GPR68 is implicated in tumour growth
regulationand wasidentified in avariety of tumours asasuppressor of
progression and metastasis®. The drug asengeprast (FTO11) was devel-
oped as aderivative of tranilast and preclinical assays indicate that this
drug couldbe an anti-fibrotic agent®. In asmall phase lla clinical trial of
FTO11in SSc, treatment was associated with animproved ACR-CRISS
score (NCT04647890). Treatment with asengeprast for 12 weeks (but
not placebo) demonstrated inhibitory effects on a marker gene set
linked to renal fibrosis that is also enriched in SSc skin; however, this
trial was limited by the imbalanced background immunosuppression
across treatment arms, the short duration of the study and the small
number of participants. Previous studies have shown similar benefi-
cial effects for potential therapies at phase Il that were not observed
in phase Ill trials (such as lenabasum)®'. A further phase IIb study of
asengeprastin SScis planned.

Targeting S1I00A4

As previously discussed, targeting damage response signalling is
emerging as a novel approach for the treatment of SSc and other
inflammatory and fibrotic diseases. A strategy that has considerable
preclinical support but has not yet been tested in human disease is
targeting the damage-associated molecular pattern (DAMP) protein
S100A4. The S100 proteins are a large family defined by solubility
characteristics. SI00A4 is released by damaged cells and can func-
tionbothintracellularly and extracellularly to promote inflammation
and fibrosis®. Notably, SI00A4 has been identified as the fibroblast
marker FSP-1, which was firstidentified in cells undergoing epithelial-
mesenchymal transition®. Evidence indicates that functional interac-
tion occurs between S100A4 and TGF pathways®*, and that this protein
canactivate cells directly through engagement of cell-surface receptors
including Toll-like receptor 4 (ref. 65) and the receptor for advanced
glycation end products®. Mice lacking S100A4 are protected from
experimental dermal and pulmonary fibrosis®*. Inaddition, neutralizing
antibodies against SI00A4 can attenuate pre-established bleomycin-
induced skin fibrosis and induce its regression in mice®. In humans,
S100A4 is increased in the serum of people with SSc compared with
healthy individuals, with highest levels found in those with severe dis-
ease and lung fibrosis®®, Treating cultured SSc fibroblasts or precision
cutskinslices from people with SSc with the neutralizing anti-S1I00A4

antibody CAL101reduced SSc-specific transcriptional signatures®®.
A phaselclinical trial of this antibody was completed in 2024 and was
welltolerated, with no serious adverse events reported across all tested
doses (J.HW.D., unpublished observations). Future studies to evaluate
the therapeutic potential, safety and pharmacokinetics of CAL101in
fibrotic diseases such as SSc are currently in preparation.

Targeting JAK-STAT3 signalling

Growing evidence supports aberrantactivation of Janus kinase (JAK)-
signal transducer and activator of transcription (STAT) signalling in
SSc.JAKlandJAK2 are increasingly phosphorylated and thereby acti-
vated in the skin of patients with SSc and accumulate in immune cells
and fibroblasts’ . JAKs synergize with other kinases such as SMAD3,
JNK, SRC and c-ABL to activate STAT3 (ref. 72). In addition to STAT3, a
genetic polymorphism of the STAT4 gene was found to be associated
with dcSSc and might promote fibrotic tissue remodelling in mice’””.
Pharmacological or geneticinactivation of JAK1,JAK2 or STAT3 inhib-
ited fibroblast-to-myofibroblast differentiation and experimental
dermaland pulmonary fibrosis’ . These findings prompted an inves-
tigator-initiated clinical trial with the selective JAK1inhibitor itacitinib
inFrance, whichis currently recruiting (NCT04789850).

Anti-OSM and IL-31RA antibodies

The oncostatin M receptor (OSMR, also known as oncostatin M-specific
receptor subunit 3) isamember of the type I cytokine receptor family.
OSMR heterodimerizes with gp130 (also known asinterleukin 6 signal
transducer) to formthe type Il OSMR with the IL-31receptor A (IL-31RA)
toformthelL-31receptor. OSMR thus transduces oncostatin M (OSM)
andIL-31-induced signalling events. Two different antibodies that target
these signalling cascades have entered clinical trials in SSc, vixarelimab
and nemolizumab. Vixarelimab is a recombinant human monoclonal
antibody that targets OSMR and has shown efficacy in a phasella clini-
cal trial in the skin condition prurigo nodularis’®. Nemolizumab is a
recombinant humanized monoclonal antibody that targets IL-31RA
and has also shown efficacy ina phaselll clinical trial in prurigo nodu-
laris”’. These findings are in keeping with the known role of IL-31in
pruritus®. IL-31 has also been identified as a potential mediator in SSc;
IL-31 expression is upregulated in the skin of patients with SSc and
is found in dermal blister fluid®'. Moreover, IL-31 directly promotes
collagen production in dermal fibroblasts and indirectly by enhanc-
ing T helper 2 (T,,2) immune responses®. The levels of OSM are also
increased in the blood of patients with SSc****; however, a 2022 phasel
study of ananti-OSM monoclonal antibody (GSK2330811) in SSc showed
nodifferences between treatment and placebo groups and no favour-
able clinical or biomarker outcomes®. Importantly, there was also a
clear signal of toxicity with anaemia and thrombocytopenia. These
adverse effects probably reflect ‘on target’ toxicity related to the role
of OSM in haematopoiesis. These findings make OSM an unlikely tar-
get for future clinical development in SSc; however, there is plausible
evidence supporting the potential role of OSMin the pathogenesis of
SSc¥ andsoifvixarelimab canachieve inhibition without toxicity and
have additional anti-fibrotic benefits via its action on IL-31 pathways
these effects mightjustify further evaluation of targeting OSMin SSc.
This rationale underlies the ongoing evaluation of vixarelimab in a
two-cohort, phaseIl, multicentre, randomized, double-blind, placebo-
controlled study in patients with IPF and in patients with SSc-associated
ILD (SSc-ILD) (NCT05785624). In addition, a phase I, open-label clini-
cal trial of nemolizumab was conducted in patients with SSc, but the
results remain unpublished (NCT05214794).
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Targeting B cells and autoantibodies

Emerging evidence suggests that B cells are key effector cells in
SSc. Thus, several approaches to targeting B cells or B cell-related
mechanisms are currently being evaluated for the treatment of SSc.

Fcreceptorblockade
Studies in mice indicate that the neonatal Fc receptor (FcRn) trans-
ports IgG from the milk of nursing dams to pups® and regulates IgG
turnover in adult mice®. FcRn extends the half-life of IgG by reducing
its lysosomal degradation® . IgG and other serum proteins are con-
tinuously internalized into cells through pinocytosis with subsequent
lysosomal degradation. FcRn binds IgG (and other serum proteins) at
theacidic pHwithin early endosomes, and releases it back into the cir-
culation, as FcRn cannot bind IgG at the neutral pH of the extracellular
environment’>”*, Of interest for the pathogenesis of SSc, the expression
of FcRn is regulated by pro-inflammatory cytokines; TNF induces the
expression of FcRn, whereas IFNy downregulates FcRn expression”™.
The antibody fragment efgartigimod alfa is a first-in-class drug
that interferes with FcRn-induced recycling of IgG. Treatment with
efgartigimod alfa decreases the level of circulating IgG by up to 75%,
with maximal effects observed within 4 weeks, with corresponding
decreases in autoantibody levels in humans®. In addition, the simul-
taneous inhibition of albumin recycling did not lead to significant
changes in serum albumin levels”. Efgartigimod alfa demonstrated
efficacy for the treatment of myasthenia gravis and is approved for
the treatment of generalized anti-acetylcholine receptor antibody-
positive myasthenia gravis by the FDA and EMA. Based on its mode of
action, efgartigimod alfa is currently under investigation for a vari-
ety of different autoimmune diseases, including SSc. A multicentre,
randomized, placebo-controlled, double-blinded, phase Il trial with
a 2:1 randomization of efgartigimod versus placebo and changes in
mRSS after 48 weeks as the primary outcome is currently recruiting
(NCT06655155).

BAFF inhibition
B cell activating factor (BAFF, also known as Blymphocyte stimulator)
isacrucial cytokine in B cellhomeostasis, survival and differentiation.
Dysregulation of BAFF has been implicated in various autoimmune
diseases, including SSc. Considerable experimental evidence indicates
that BAFF has a profibrotic role. Culturing dermal fibroblasts with
peripheral blood B cells from patients with SSc demonstrated that
BAFF stimulates cell-contact-induced release of profibrotic media-
tors,suchasIL-6, CCL2 and TGFf1, as well as collagen gene expression
from fibroblasts®. Moreover, genetic ablation of BAFF or BAFF neu-
tralization attenuated fibrotic tissue remodelling in the Tsk/* mouse
model of skin fibrosis and in ableomycin-induced lung fibrosis mouse
model”®, In people with SSc, BAFF gene expression levels correlate
withthe upregulation of atypelinterferonsignature and serumtypelll
procollagen N-terminal propeptide levels, which suggests a potential
link between innate and adaptive immune responses via BAFF*, Finally,
BAFF promotes the survival and activation of autoreactive B cells, which
leads to autoantibody production. As BAFF has a crucial role in B cell
hyperactivation, autoimmunity and fibrosis in SSc, agents that block
BAFF are being explored as potential therapeutic strategies for SSc.
Two antibodies, belimumab and ianalumab, which target aberrant
BAFF signalling are currently being evaluated in clinical trials in SSc.
Belimumab is a fully human monoclonal antibody that neutralizes
BAFF andis approved for the treatment of moderate-to-severe systemic
lupus erythematosus (SLE) and lupus nephritis. The efficacy and safety

ofbelimumabin patients with dcSScand ILD is currently being investi-
gatedinaphasell-lll, randomized, double-blind, placebo-controlled
trial (NCT05878717). lanalumab (VAY-736) is a fully human monoclonal
antibody that targets the BAFF receptor and has a dual mechanism
of action as it not only blocks BAFF-BAFF receptor interactions but
also depletes B cells by antibody-dependent cellular cytotoxicity.
lanalumab has shown favourable safety and encouraging efficacy in
SLEand Sjogrendisease, and is being evaluated inan ongoing phasell,
randomized, double-blind, placebo-controlled trial in patients with
SSc (NCT06470048).

Telitacicept is a fully human fusion protein composed of the
transmembrane activator and CAML interactor (TACI; also known as
TNFRSF13B) and IgGl. Telitaciceptis asoluble decoy receptor for BAFF
and APRIL that caninhibit the maturation ofimmature B cells and the
differentiation of mature B cells into plasma cells by blocking BAFF and
APRIL, respectively'®. An investigator-initiated trial of telitaciceptin
SScis currently recruiting in China (NCT06546540).

Novel B cell-targeted approaches

Several novel approaches that target antigens on specific B cell popu-
lations are currently under investigation. The target antigens CD19,
CD20 and B cell maturation antigen (BCMA) are expressed during dif-
ferent stages of B cell development. CD20 is induced in pre-B cells
and expressed on immature, naive, germinal centre and memory
B cells and on a subset of plasmablasts, whereas plasma cells do not
express CD20. CD19 is expressed throughout B cell development
from pro-B cells to fully differentiated B cells; however, only a subset
of plasma cells expresses CD19 and the plasma cell compartment is
thus only partially targeted by therapeutics that target CD19. BCMA is
expressed at the later stages of B cell development with induction on
germinal centre B cells, and expression on allmemory B cells, plasma-
blasts and plasma cells; BCMA thus offers the opportunity to target all
antibody-producing B cells'".

Despite most of the evidence thus far being from case reports and
case series fromsingle centres, autologous anti-CD19 chimeric antigen
receptor (CAR) T cells show clinical efficacy and relative safety in the
treatment of SSc and other autoimmune diseases'*>'**. The available
data provide evidence of major efficacy in a population of patients
with progressive SSc previously refractory to multiple treatments.
Reported beneficial effectsinclude regression or at least stabilization
of fibrotic manifestations (such as dermal, pulmonary and cardiac
fibrosis), rapid regression of inflammatory manifestations (such as
arthritis or myositis) and improved microcirculation with reduced
frequency and intensity of Raynaud attacks and lower incidence of fin-
gertip ulcers'®, Early evidence suggests that treatment with anti-CD19
CART cellsmightbebetter tolerated than high-dose chemotherapy fol-
lowed by autologous HSCT and that this treatment is safe and effective
inpatients with SSc and advanced pulmonary or cardiacinvolvement,
who are no longer eligible for HSCT (J.H.W.D., unpublished observa-
tions). Additional unpublished evidence indicates that anti-CD19 CAT
T cell therapy, but not the anti-CD20 antibody rituximab, canrestore
the papillae in the upper dermis, which are typically flattened in SSc
(J.HW.D., unpublished observations). Although further histological
studies and molecular analyses are required to support these initial
findings, theyindicate that anti-CD19 CART cell therapies not only halt
disease progression but can also induce, at least to some extent, the
regeneration of fibrotic skin, which could possibly extend to fibrosis
inother organs. CD19-positive cells are rapidly depleted in peripheral
blood, butalsoinlymphnodes following anti-CD19 CART cell therapy,
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which is associated with strongly decreased levels or even complete
loss of disease-associated autoantibodies'®. The persistence of CAR
T cells varies depending on the CAR T construct but is often limited
to afew months after second-generation CAR T cells'*’. However, the
clinical benefits of anti-CD19 CAR T cell therapy persist beyond the
presence of CAR T cells in the peripheral circulation; clinical ben-
efitshave beenreported 3 years post-treatment. Despite its promise,
careful longitudinal studies are needed to confirm these findings,
optimize the treatment protocols and patient selection criteria, study
the duration of the therapeutic effects and explore the molecular
mechanisms underlying the effects on the different histopathological
changesinSSc. Thus far, several clinical trials of autologous anti-CD19
CART cells in SSc from different companies are recruiting. In addi-
tion to autologous anti-CD19 CART cells, clinical trials of allogenic
anti-CD19 CAR T cells are currently in preparation for SSc and other
autoimmune diseases based on first reports of efficacy and safety in
three patients with autoimmune rheumatic diseases, including two
patients with dcSSc'””.

Inadditiontoanti-CD19 CART cells, CART cells that target BCMA"
Bcellsare currently being evaluated for the treatment of autoimmune
diseases'*®. Although the initial results from case series are encourag-
ing, further studies with additional patients and long-term follow-up
are required. Moreover, high costs as well as complex organization
might make widespread use outside of specialized centres challenging.

Case reports from the past year indicate the efficacy of bispe-
cific T cell engagers (BiTEs) for the treatment of severe, refractory
SSc'%?!"° These bispecific antibodies direct T cell-mediated cytotoxic
activity against cells that express target antigens. BiTEs are fusion
proteins consisting of two single-chain variable fragments of dif-
ferent antibodies. One of the single-chain variable fragments binds
to and activates CD3 on T cells, and the other single-chain variable
fragment binds to antigens on the target cell such as CD19. Binding
of bispecific antibodies thus induces the formation of an immuno-
logical synapse between T cells and target cells, which causes T cells
to exert cytotoxic activity on target cells by releasing perforin and
granzymes, independently of the presence of other co-stimulatory
molecules or MHC I'"'. One case report describes the successful
treatment of a patient with severe, progressive SSc with blinatu-
momab (a CD19xCD3 BiTE)'*’. Three different case series demon-
strate the efficacy of teclistamab (aBCMAXCD3 BiTE) in people with
advanced, previously treatment-refractory SSc, although the total
number of patients in these studies was less than ten''® (and J.H.W.D.,
unpublished observations).

Anti-CD19 antibodies

Inebilizumab is a depleting, affinity-optimized, afucosylated human-
ized monoclonal anti-CD19 antibody thatis approved for the treatment
of neuromyelitis optica spectrum disorder in adult patients who are
anti-aquaporin-4 antibody positive. Inebilizumab demonstrated good
safety and tolerability in a phase I, randomized, placebo-controlled,
escalating single-dose study in people with SSc™ Inebilizumab treat-
ment at doses of 0.1-10.0 mg/kg led to dose-dependent depletion of
circulating B cells and plasma cells in 24 people with SSc compared
with 4 people who received placebo'?. Interestingly, patients with a
plasma-cellmRNA signature in biopsy-obtained skin samples at base-
line showed greater improvement in mRSS following treatment with
inebilizumab than patients with a low plasma-cell mRNA signature,
which suggests that patient enrichment prior to therapy might be
beneficial.

T cell-targeted approaches

In addition to the numerous approaches that target B cells, several
therapies that alter T cell activation are being evaluated for the
treatment of SSc.

0X40 ligand blockade

0X40 ligand (OX40L, also known as TNFSF4) is upregulated on acti-
vated antigen-presenting cells and interacts with OX40 on T cells, which
promotesT cell proliferation, survival and context-dependent T,1, T,;2
and T,;9 skewing and cytokine release. Moreover, 0X40-0X40L signal-
ling promotes germinal centre formation and humoral immunity by
promoting T follicular helper cell development and supporting B cell
responses™. In SSc¢, polymorphisms in OX40L are linked to disease
susceptibility'®. OX40L expression is increased in the fibrotic skin of
patients with early, diffuse SSc at the protein and transcript levels"*'”,
Interestingly, OX40L is not only expressed inimmune cells but alsoin
dermal fibroblasts"*"”. Inapreclinical study, OX40L knockout or neu-
tralizing OX40L antibodies abrogated fibrosis and the infiltration of
macrophagesand T cells, B cellsand NK cells in the bleomycin-induced
dermal fibrosis mouse model"®. Similarly, neutralizing OX40L anti-
bodies decreased pulmonary fibrosis in the Fra2 transgenic mouse
model”. Amlitelimab is a fully human, non-depleting, non-cytotoxic
anti-0X40 ligand monoclonal antibody that has shown promising
efficacy and safety results for the treatment of atopic dermatitis in a
phase lla double-blind placebo-controlled study"®. Amlitelimab will
be examined for the treatment of SSc-ILD in the ongoing CONQUEST
clinical trial platform*® with the primary end point being FVC change
from baseline after 52 weeks*®.

TL1A blockade

TNF-like cytokine 1A (TL1A —also known as TNFSF15) is a pro-inflamma-
tory cytokine that belongs to the TNF superfamily. TL1A is expressed
by immune cells during inflammation and exerts its functions via
interactions with cell-surface death domain receptor 3 (DR3). Pre-
clinical studies indicate that injection of TL1A into the airways of wild
type mice induces a fibrotic response via interactions with DR3in a
T cell-and/or innate lymphoid cell-independent manner™’. Moreover,
genetic deletion of DR3 attenuated increases in collagen deposition
in the bleomycin-induced pulmonary fibrosis mouse model’. Serum
TL1A levels were elevated in patients with SSc with late diffuse cuta-
neous involvement (disease duration >5 years) but not in those with
early cutaneous involvement (disease duration <2 years) compared
with matched healthy individuals'°. Moreover, bulk RNA sequencing
analysis revealed that TL1A gene expression was increased in SSc-ILD
compared with healthy individuals'®°. Tulisokibart is a humanized
monoclonal antibody that binds to the membrane-bound and soluble
forms of TL1A, which prevents its interaction with DR3. In a phase Il
randomized, double-blind clinical trial, tulisokibart was effective
atinducing clinical remission in patients with moderately to severely
active ulcerative colitis and had an adequate safety profile'*. Build-
ing on the aforementioned data, an ongoing phase I, randomized,
placebo-controlled clinical trial is investigating the safety and efficacy
of intravenous tulisokibartin SSc-ILD, with the primary outcome being
FVC change from baseline after 50 weeks (NCT05270668).

Targeting IL-17 signalling

IL-17 comprises a family of cytokines, including IL-17A, IL-17B, IL-17C,
IL-17D (also known as IL-27), IL-17E (also known as IL-25) and IL-17F.
IL-17A and IL-17F form homodimers and/or heterodimers, both of
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whichinteract withthe same heterodimericreceptor, composed of the
ubiquitously expressed IL-17 receptor A (IL-17RA) chain and the induc-
ible IL-17 receptor C chain'. IL-17A is a pro-inflammatory cytokine
mainly produced by T,17 cells and has a key role in host defence
against opportunistic pathogens such as Candida albicans'”. This
cytokineis alsoimplicated in the pathogenesis of various inflamma-
tory diseases, and might have arole in fibrotic tissue remodelling as
suggested by experimental evidence from studies on fibrotic disease
of the lungs, kidneys, heart and skin'**. However, there are conflict-
ing reports regarding the role of IL-17A in pathogenesis of SSc and
its precise contribution to SSc pathogenesis remains unclear'®. For
instance, several studies report elevated circulating IL-17A levels in
patients with SSc, whereas others have found no significant differ-
ence or even lower IL-17A levels'** ™, IL-17A* cells are increased in
the dermis of SSc skin, whereas IL-17F" cells do not increase. Func-
tionally, IL-17A can stimulate the proliferation of SSc fibroblasts
invitro, but the direct stimulatory effects of this cytokine on collagen
and extracellular matrix protein synthesis in fibroblasts seem to be
minimal under standard cell-culture conditions™**"*°_ Results from
another study indicate that IL-17A might even inhibit collagen synthe-
sis in vitro'”. More pronounced effects of IL-17A on fibroblasts have
been reported in 3D cultures'”. In contrast to the limited effects on
cultured fibroblasts, IL-17 blockade potently reduced fibrosis severity
in various mouse models of skin fibrosis, including the bleomycin-
induced fibrosis model, mice with chronic graft-versus-host disease
and TSK/" mice" The more pronounced effects of IL-17 blockade in
mouse models might, in part, be explained by the effects of IL-17 on
immune-cell recruitment, which s a critical pathophysiological fea-
turein the bleomycin-induced fibrosis and chronic graft-versus-host
disease mouse models.

Beyond fibrosis, IL-17A might also contribute to the vascular patho-
genesis of SSc. IL-17A induces endothelial cells to release cytokines and
chemokines, which promotes neutrophil infiltration via the ERK1-2 sig-
nalling pathway, but also triggers endothelial apoptosis, which exacer-
bates endothelial dysfunction'®. Several biologic therapies that target
IL-17A, IL-17F, both IL-17A and IL-17F, and IL-17RA are already approved
for psoriasis, psoriatic arthritis, spondyloarthritis and inflammatory
bowel disease. Notably, a phase Il RCT with brodalumab, an IL-17RA
antagonist that inhibits multiple IL-17 family members, in patients
with SSc, was completed in Japan; however, the sponsor ultimately
withdrew from publication of the results, leaving the potential of this
therapeutic for SSc unresolved.

Targeting IL-23

IL-23 hasacrucialroleinthe differentiation and maintenance of T,17 cells,
promoting the production of IL-17A and IL-22. IL-12 is composed
of the IL-23-specific p19 subunit and the common p40 subunit, the
latter of which is shared with IL-12. Monoclonal antibodies that target
the p19 subunit, such as guselkumab and risankizumab, are approved
for the treatment of psoriasis and psoriatic arthritis. Beyond its role
inT,17 cellexpansion and IL-17A production, IL-23 also enhances B cell
survival and autoantibody production. Although IL-23 is primarily
regarded as pro-inflammatory, some studies suggest that it might
also exhibit immune regulatory effects under certain conditions™*.
Further research is needed to clarify the precise role of IL-23 in SSc
pathogenesis. Despite these uncertainties, a phase Ila, multicentre,
randomized, double-blind, placebo-controlled trial to evaluate the effi-
cacy and safety of guselkumab in patients with SSc has been completed
(NCT04683029).

Other inflammation-modulating approaches
Combined inhibition of IL-17A and BAFF

Tibulizumab is a humanized tetravalent bispecific dual-antagonist
antibody engineered to neutralize both BAFF and IL-17A'. By target-
ing these two pro-inflammatory cytokines, tibulizumab is aimed at
modulatingimmune responses. As outlined previously, BAFF and IL-17A
are both implicated in the pathogenesis of SSc. Potential synergistic
effects between these two cytokines have been reported in a mouse
model of bleomycin-induced lung fibrosis™. Specifically, the induction
of BAFF expression was IL-17A dependent and BAFF in turn promoted
IL-17A-driven fibrosis by stimulating IL-17A production by T cells. Tibu-
lizumab is currently being investigated in a phase II, double-blind,
placebo-controlled trialin early dcSSc (NCT06843239).

Typelinterferonreceptor blockade

Thereare several lines of evidence that indicate that interferon activa-
tionis involved in the pathogenesis of SSc. Several genes in the inter-
feron pathways are associated with susceptibility to SSc'**. Moreover, an
interferon activation signature is the most prominent gene expression
profile in peripheral blood cells from patients with SSc**”. Prominent
interferonsignatures are found in affected end-organs such asthe skin
and lung""*%, Moreover, the levels of interferon-inducible chemokines
in plasmaare associated with SSc disease severity'®. Last, evidence of
the pathogenic role of type l interferon comes from an RCT of IFNa in
patients with early diffuse SSc. In this trial, treatment with IFNa exac-
erbated rather than improved skin and lung fibrosis'*, although it
was initially hypothesized that this treatment would improve fibrosis
owing to observed inhibitory effects of IFNa on collagen synthesis in
fibroblasts in vitro'. Anifrolumab is a fully human, monoclonal anti-
body that targets the type linterferon receptor « subunit 1 (IFNAR1).
As all interferon o« and 3 subtypes signal via IFNAR, this therapy can
effectively block downstreamtype linterferon signalling. Anifrolumab
is approved for the treatment of moderate-to-severe SLE; interferon
signatures similar to those in SSc are observedin SLE. Anifrolumab dem-
onstrated adequate safety and tolerability in a phase I trial in patients
withSSc*"2 In this trial, anifrolumab suppressed the typelinterferon
gene expression signature in whole blood and skin, demonstrating
adequate target engagement. Analysis of serial skin samples collected
prior to treatmentinitiation and 28 days post-treatment revealed that
blocking IFNARI1 blockade was also associated with suppression of
extracellular matrix-related transcripts, including type I collagen'*'**,
Amultinational, randomized, placebo-controlled, double-blind phaselll
clinical trial has been launched to determine the efficacy of subcutane-
ousanifrolumabin SSc. This trial permits background immunosuppres-
sionand the primary efficacy end pointis arevised CRISS-25 response
at 52 weeks (NCT05925803).

Neuropilin-2 modulation

Histidyl-tRNA synthetase (HARS) is one of several aminoacyl tRNA
synthetase enzymes that catalyse the esterification of tRNA toits cor-
responding amino acid based on its base sequence. These enzymes
are essential for the translation of mRNAs to an accurate amino acid
sequence. Specifically, HARS is responsible for the incorporation of
histidine into a growing peptide. Although this process occurs intra-
cellularly, fragments and splice variants of tRNA synthetase are also
present extracellularly’®, The gene encoding HARS gives rise to sev-
eral splice variants. One HARS splice variant, which only contains the
N-terminal domain (HARS amino acids 1-60), is enriched in human
lungtissue, and its expressionisincreased following stimulation with
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pro-inflammatory cytokines, such as interferon and TNF**¢, Notably,
the N-terminal domain of HARS is targeted by the anti-Jo-1antibody,
which is the most common antibody associated with anti-synthetase
syndrome, a systemic autoimmune disease that frequently leads
to ILD'. Detectable circulating free HARS can be identified in sera
from healthy people but not in sera from patients with anti-Jo-1
antibody-positive anti-synthetase syndrome'*$. Moreover, recombinant
HARS decreases T cell activation and cytokine release'*s. Cumulatively,
these datasupport the hypothesis that sequestration of HARS through
anti-Jo-1antibodies leads to disruption ofimmune homeostasis. HARS
has a short half-life, but the therapeutic drug efzofitimod contains a
HARS amino acid sequence (amino acid 2-60) that is fused with the
Fc portion of human IGgl, which extends its half-life. In a follow-up
experiment, Neuropilin-2 (NRP2) was identified as the sole binding
partner for efzofitimod™**'*°. NRP2 is a cell-surface receptor that is
expressed on several immune cells, such as macrophages, and has
arole in myeloid-cell biology, including cell differentiation. NRP2 is
highly expressed on macrophage populations within the granulomas of
patients withsarcoidosis™. Efzofitimod decreased immune-cell counts
inthe lung tissue and bronchoalveolar lavage in a lipopolysaccharide
acute lung inflammation mouse model**¢. Building on these preclinical
findings, the safety and efficacy of efzofitimod were investigated in a
randomized, double-blind, placebo-controlled phase II-Ill clinical trial
in patients with pulmonary sarcoidosis™'. Efzofitimod was generally
well tolerated and showed non-significant trends towards improved
FVC and glucocorticoid reduction. Building on the aforementioned
results, adouble-blind, randomized, placebo-controlled phase Il study
has been launched to evaluate the safety and efficacy of efzofitimod
in SSc-ILD. The primary outcome of this ongoing trial is the absolute
change frombaseline in FVC (NCT05892614).

Anti-fibrotic approaches with vascular effects
Vascular manifestations of SSc are a leading cause of morbidity and
contribute to overall mortality. Moreover, vascular manifestations
might promote fibroblast activation and tissue fibrosis directly via
endothelial-to-mesenchymal transition*>'>, release of profibrotic
mediators from endothelial cells™*, platelet activation at the dam-
aged endothelium™ orindirectly by vasculopathy-induced hypoxia™*.
Therapeutics that interfere with vascular and fibrotic features of SSc
might thus exert additive effects on fibrotic tissue remodelling and
simultaneously address two key medical needs in SSc.

Activators of soluble guanylate cyclase

Soluble guanylate cyclase (sGC) is an enzyme that catalyses the con-
version of GTP to cyclic guanosine monophosphate (cGMP), when
nitric oxide is bound to a prosthetic haem group on sGC**"", cGMP is
ananti-fibrotic mediator that limits TGFp-induced ERK phosphoryla-
tion and fibroblast activation'”. Preliminary evidence indicates that
cGMP might also reduce the release of profibrotic mediators from
cultured endothelial cells and limit type I interferon signalling in
bleomycin-induced fibrosis in mice'**, cGMP transmits its anti-fibrotic
effectsin partviaproteinkinase G (PKG1and PKG2); however, chronic
exposure of fibroblasts to TGF3 downregulates the expression of
PKGs'’, thereby partially desensitizing fibroblasts to the anti-fibrotic
effects of cGMP. Another mechanism that might contribute to inhibi-
tion of sGC-cGMP signalling in SScis oxidative stress, which leads to the
formation of an oxidized, haem-free form of sGC that is unresponsive
to nitric oxide. Two different types of drugs have been developed to
activate sGC signalling. sGC stimulators require haem-bound sGC and

enhance sGC sensitivity to nitric oxide, whereas sGC activators bind
directly tohaem-free sGC and canactivate the enzymeindependently of
nitricoxide. sGC stimulators and sGC activators both show anti-fibrotic
effects in vitro and in mouse models of SS¢™>¢*581¢0,

In a phase Il RCT of the sGC stimulator riociguat in patients with
dcSSc, treatment showed a beneficial trend for mRSS as the primary
outcome, and for several secondary readouts including FVC, but did
not reach statistical significance'. Based on these findings and the
hypothesis that sGC activators might be more effective in upregu-
lating cGMP levels than sGC stimulators in a disease with high levels
of oxidative stress and accumulation of oxidized, haem-free sGC,
a placebo-controlled, double-blind, parallel-group phase Il clinical
trial of the sGC activator avenciguat in patients with SSc-ILD is cur-
rently recruiting, with the primary outcome being changesin FVC after
48 weeks (NCT05559580).

Targeting the thromboxane prostanoid receptors

The thromboxane prostanoid receptor (TPR, encoded by TBXAZ2R) is
activated by thromboxane and prostanoids and induces constriction
of vascular smooth muscle cells, promotes platelet aggregation and
induces pro-inflammatory responses in endothelial cells. Moreover,
aberrant TPR signalling might be implicated in the pathogenesis of
fibrotic remodelling of the lungs and heart and of pulmonary arterial
hypertension'®>7¢*,

Lung fibroblasts upregulate TPR expression during fibrosis,
with increased expression levels in patients with IPF and in mice with
experimental fibrosis'®%. Genetic deletion of Thxa2r protected mice
from bleomycin-induced lung fibrosis, suggesting the functional
role of TPR signalling in fibrotic tissue remodelling'®’. TPR activa-
tion does not predominantly occur via thromboxanes in this model,
as inhibition of thromboxane synthase did not ameliorate fibrosis.
F2-isoprostanes, which are non-enzymatic products of arachidonic
acidinduced by reactive oxygen species, might account for the activa-
tion of TPR. F2-isoprostanes are elevated during experimental fibrosis
and canactivate TPRsignalling in fibroblasts and induce fibroblast-to-
myofibroblast transition in vitro. Pharmaceutical inhibition by the
selective, orally bioavailable TPR antagonist ifetroban ameliorated
bleomycin-induced fibrosis and radiation-induced experimen-
tal fibrosis and reduced fibrotic remodelling in a mouse model of
Hermansky-Pudlak syndrome'®,

Preclinical studies also provide evidence of the use of TPR antago-
nists to treat PAH and associated right heart failure. In a rat model
of monocrotaline-induced PAH, treatment with the TPR antagonist
NTP42alsoalleviated pulmonary vascular remodelling, inflammation
and fibrosis in monocrotaline-challenged rats'®*. These histological
changes were associated with improved clinical readouts of PAH with
reductionin mean pulmonary arterial pressure and right systolic ven-
tricular pressurein rats treated with NTP42 (ref. 163). These beneficial
effects of the TPR antagonist might be mediated by a combination of
anti-fibrotic, anti-inflammatory, anti-proliferative and vasodilative
effects in combination with inhibitory effects on platelet aggrega-
tion. TBXA2R inhibition also ameliorated fibrotic remodelling of the
right ventricle and TGFf signalling in a mouse model of right heart
failure induced by pulmonary artery banding'®*, a common model of
PAH-induced right heart failure.

The safety and efficacy of the TPR antagonist ifetroban is cur-
rently being investigated in a randomized, double-blind and
placebo-controlled phasell clinical study in people with diffuse dcSSc
or SSc-associated pulmonary arterial hypertension (NCT02682511).
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The future of drug development

in systemic sclerosis

Despite progress with the approval of novel medications and major
increasesin the number of clinical trialsin SSc compared with previous
decades, several potential targets for therapeutic intervention with
promising preclinical data have not yet been translated from bench
to bedside.

Targeting epigenetic modifications in SSc might have thera-
peutic potential but this approach has not yet been used in clinical
practice. Various epigenetic modifications, such as DNA methyla-
tion, and different histone methylation and acetylation markers are
altered in SSc’*'*"'”7, These epigenetic changes are thought to main-
tain an SSc-specific, activated cellular phenotype particularly in less
inflammatory stages of disease and might thus promote disease pro-
gression in later stages of SSc. Targeted modification of these epi-
genetic alterations with genetic and pharmacological approaches
in cultured cells from patients with SSc and in mouse models of
fibrosis show therapeutic effects in preclinical assays with amelio-
ration of the SSc-specific cellular phenotype and reduced fibrotic
remodelling’®"”>"7"”?_ Although several epigenetic drugs such as
DNA-methyltransferase inhibitors or histone-deacetylase inhibitors
areinclinicaluseinoncology, these findings have not beeninvestigated
ininterventional clinical trialsin SSc.

Aberrant cellular senescence is also emerging as a central patho-
mechanism in SSc and in other fibrotic diseases'**'®'. Accumulating
evidence demonstrates that immunosenescence might promote dis-
ease progression by directly altering cell functions or indirectly by
defective immune surveillance®*™., First proof-of-concept studies
with senotherapeutics showed encouraging results in other fibrotic
diseases; however, these compounds are currently not specific to
senescence and can have broader effects'.

Another emerging area is targeting individual cell subpopula-
tions that are relevant to disease pathogenesis rather than broad,
unselective targeting of entire cell types. Advances in single-cell omics
technologies have facilitated the identification of phenotypically and
functionally distinct subpopulations of cells in health and disease.
These studies demonstrate shifts in the proportion of individual sub-
populations rather than general changes in cell phenotype in chronic
diseases such as SSc. For example, even in affected skin from patients
with highly active, progressive SSc, not all fibroblasts display an acti-
vated, profibrotic phenotype, but profibrotic and pro-inflammatory
fibroblast subpopulations such as CCL19" fibroblasts, SFRP4'SFRP2*
fibroblasts, ADAM12*GLI1" fibroblasts or SIPR" fibroblasts expand,
whereas the number of homeostatic cell subpopulations such as PI16*
fibroblasts and TFAM"e" fibroblasts decrease!®>'**, Selectively targeting
these disease-promoting subpopulations of cells rather than broader
cell populations might minimize treatment-related adverse events;
however, specifically targeting these defined cell subpopulations can
be challenging, as most are defined by combinations of several different
markersrather thanby specificindividual markers. However, surrogate
markers can be defined for many of these subpopulations, which ena-
bles preferential, but not entirely specific, targeting of disease-relevant
cell subpopulations.

Another emerging areafor the treatment of SScis precision medi-
cine. Although precision medicine with a specific treatment regimen
for individual patients is common in oncology, precision medicine
approaches to rheumatic diseases are scarce. However, precision-
medicine approaches with upfront selection of effective therapies
wouldbe particularlyimportantinfibrotic diseases, inwhich responses

to therapies can be assessed only after prolonged follow-up of often
6 or even 12 months, thus leading to potentially long periods on
suboptimal or even insufficient therapies. Emerging approaches to
precision medicine in SSc include upfront evaluation of molecular
responses to treatments in ex vivo cultures of precision-cut slices of
skin from patients with subsequent omics-based profiling of molecular
responsestoindividual treatments. Initial results indicate that molecu-
lar responses might be predictive of clinical responses to the respective
drugs; thus, drugselection for individual patients could potentially be
based on molecular responses in skin samples from people with SSc
(J.HW.D., unpublished observations). However, these approaches
require confirmation in larger cohorts with longer follow-up. Suchan
approachwould require upfront biopsies, generation of precision-cut
slices, standardized exposure to test drugs and standardized evaluation
of molecular responses, which would need to be established across
different centres before broader use.

Conclusions

SSc has become a major focus of active and expanding drug develop-
ment, with successful approval of novel targeted therapies over the
past 5 years and promising ongoing clinical trials targeting different
molecular and cellular entities. These clinical trials might yield addi-
tional therapeutic approachesto further reduce the high morbidity and
mortality associated with SSc. With the approval of additional treat-
ments, personalized medicine strategies for the selection of optimal
treatments for each patient need to be developed to avoid prolonged
periods of suboptimal or even ineffective treatment.

Published online: 8 September 2025
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