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Abstract

Objectives: The soluble guanylate cyclase (sGC) stimulator riociguat is approved for the treatment of pulmonary arterial hypertension and may
have antifibrotic effects. However, in fibrotic tissues, oxidative stress and hypoxia can render sGC insensitive to sGC stimulators. sGC activators
overcome this limitation. Here, we characterize the novel sGC activator, avenciguat, in preclinical models of SSc.

Methods: Human microvascular endothelial cells-dermal (HMVEC-d) cultured in hypoxic conditions and activated human platelet-rich plasma
were incubated with varying doses of avenciguat, and the levels of TGF-82 and human CXC chemokine family ligand 4 (CXCL4) were measured,
respectively. Treatment with avenciguat was analysed in mice with bleomycin-induced dermal and pulmonary fibrosis.

Results: Avenciguat reduced hypoxia-induced synthesis of TGF-82 by HMVEC-d and inhibited CXCL4 release by platelets. Moreover, avenciguat
demonstrated antifibrotic effects on bleomycin-induced dermal and pulmonary fibrosis. RNA sequencing of affected skin uncovered a unique
profile distinguishing avenciguat from riociguat. Avenciguat treatment resulted in deeper regulation of IFN-1 signalling and genes associated
with immune response vs riociguat treatment.

Conclusion: In preclinical studies, avenciguat shows the potential to influence vascular, fibrotic and immune-related processes in murine mod-
els of SSc. These studies suggest that it may offer therapeutic benefit across multiple aspects of SSc pathophysiology and support the rationale
for further investigation in a Phase Il clinical trial (VITALISSCE™; NCT05559580) of avenciguat in SSc.

Keywords: systemic sclerosis, microvasculopathy, fibrosis, immune dysregulation, avenciguat, inflammation, interferon.

Rheumatology key messages

¢ Current therapies mainly target only one aspect of SSc (microvasculopathy, immune dysregulation or fibrosis).

* Avenciguat, a novel sGC activator, targets the underlying pathophysiology of SSc, even under hypoxic conditions.
* The Phase Il trial, VITALISSCE™, is assessing the safety/efficacy of avenciguat in patients with SSc.

Introduction

diffusion, leading to a feed-forward pathogenic loop driving
progressive fibrosis [2]. In addition, many patients with SSc
have increased expression of IFN-1-regulated genes, including
CXC chemokine family ligand 4 (CXCL4), with the level of
IFN activation correlating with the severity of organ involve-
ment [4, 5]. Increased CXCL4 expression further contributes to
fibrosis progression [6].

SSc is an autoimmune CTD characterized by microvascular ab-
normalities, immune dysregulation and chronic inflammation,
preceding progressive skin and organ fibrosis [1, 2]. Endothelial
cell apoptosis and subsequent vascular injury lead to hypoxia
and oxidative stress [2]. This is associated with overproduction
of nitric oxide (NO) and reactive oxygen species, which ampli-
fies endothelial damage and promotes fibrosis, in part via induc-

tion of TGF-B [2]. Platelet activation also contributes to the
proinflammatory and profibrotic environment [3]. Extracellular
matrix accumulation further impairs perfusion and oxygen

The soluble guanylate cyclase (sGC)—cyclic guanosine mono-
phosphate (cGMP) pathway has also been implicated in SSc
pathogenesis [7]. Under homeostatic conditions, NO binds to a
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prosthetic haem group on sGC, permitting cGMP production
[8]. Oxidative stress, which is present in patients with SSc, leads
to the production of the oxidized, dysfunctional, haem-free
form of sGC that is unresponsive to NO. This can lead to a re-
duction in sGC activity and ¢cGMP production, which in turn
impairs downstream cGMP-regulated processes. There are two
different types of molecules that target sGC. The sGC stimula-
tors require haem-bound sGC and enhance sGC sensitivity to
NO, whereas sGC activators, such as avenciguat, bind directly
to haem-free sGC and can activate the enzyme independently of
NO [8].

Riociguat, an sGC stimulator, reduces dermal fibrosis in pre-
clinical models of SSc [7] and is approved to treat pulmonary ar-
terial hypertension [9]. In the Phase II RISE-SSc study, though
the primary endpoint [change from baseline in modified
Rodnan skin score (mRSS) at 52 weeks] was not met, other end-
points showed potential efficacy signals [10].

sGC activators, such as avenciguat, offer conceptual bene-
fits over sGC stimulators [8]. Under hypoxic conditions or
oxidative stress, e.g. in SSc skin and other fibrotic tissues,
sGC activators bind directly to oxidized haem-free sGC, sta-
bilizing sGC in an active form, leading to stimulation of
c¢GMP production [8].

Several candidates under investigation modulate inflamma-
tory pathways or fibroblast activation [11], but there are cur-
rently no approved treatments targeting the interplay
between microvascular disease, autoimmunity and fibrosis.
Addressing all three aspects may offer the potential for true
disease modification of SSc.

Here, we present the first evidence that therapeutic up-
regulation of endogenous levels of cGMP through sGC acti-
vation may improve vasculopathy and fibrosis as well as reg-
ulating IFN responses in SSc.

Methods
HMVEC-d hypoxia assay

Human microvascular endothelial cells-dermal (HMVEC-d)
(Lonza, Walkersville, MD, USA) were cultured in endothelial
basal medium-2 (Lonza, Walkersville, MD, USA) supplemented
with endothelial growth medium-2MV (Lonza, Walkersville,
MD, USA), 10% fetal bovine serum, 1% glutamax (Gibco,
Brooklyn, NY, USA) and 1% penicillin/streptomycin (Gibco,
Brooklyn, NY, USA) at 37°C/5% CO,. After overnight incuba-
tion, cells were transferred to endothelial basal medium-2 sup-
plemented with 2% fetal bovine serum for serum starvation.
After 24 h in serum-starved media, cells were treated with aven-
ciguat and incubated in normoxic or hypoxic (1% O,) condi-
tions. After 48 h, supernatant was collected and TGF-82 levels
were determined using the U-plex human TGF-82 assay kit
(Meso Scale Discovery, Rockville, MD, USA).

All studies utilizing human cells were performed in accordance
with the Human Biospecimen policies of Boehringer Ingelheim.

CXCL4 release in human PRP

Human whole blood (<35 ml) was collected and centrifuged at
200x g for 16min at room temperature. The platelet-rich
plasma (PRP) was transferred to a new tube and incubated at
room temperature for 5-15 min. Up to 80 ul of PRP was trans-
ferred to NUNC™ 1 ml-deep well plates (Thermo Scientific,
Waltham, MA, USA) containing up to 560 ul of HEPES-Tyrode
BSA buffer and incubated with avenciguat, riociguat, nintedanib
or MMF for 30 min at 37°C. Up to 80 ul of 100 uM adenosine
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§'-diphosphate (ADP) was added and incubated for 5min.
After incubation, 300 ul/well of stimulated PRP was transferred
to sterile 0.22 um polyvinylidene fluoride 96-well filter plates
(Millipore-Sigma, Burlington, MA, USA) and levels of human
CXCLA4 in the flow-through supernatant were measured using
the CXCL4 Quantikine Enzyme Linked Immunosorbent Assay
kit (R&D systems, Minneapolis, MN, USA).

Bleomycin-induced skin and lung fibrosis
mouse models

Adult female C57Bl/6 mice (Janvier Labs, Le Genest-Saint-
Isle, France) received an s.c. injection of bleomycin (100 pl,
2.5mg/ml) as described previously [12]. Twice-daily treat-
ment with avenciguat, riociguat (Biomol, Hamburg,
Germany) or nintedanib (Boehringer Ingelheim, Biberach an
der Rif§, Germany) was initiated at week 4. Non-fibrotic con-
trols were injected with 0.9% sodium chloride (NaCl).
Treatment groups assessed were: NaCl, bleomycin, ninteda-
nib (60 mg/kg), avenciguat (1, 3 and 10 mg/kg) and riociguat
(1 mg/kg) (n=8 per group). Treatments were given orally
twice daily, except for nintedanib, which was once daily.
After 6 weeks of treatment, skin samples were collected and
analysed for markers of fibrosis. Dermal thickness was mea-
sured as the distance between the epidermal-dermal border
to the dermal-subcutaneous border in arbitrary units from
four different sections of the upper back, with two measure-
ments per section, performed in a blinded manner [12].
Myofibroblasts were detected by immunochemistry staining
of paraffin-embedded slides and quantified by a blinded re-
viewer [12]. Collagen was determined via the hydroxyproline
assay as described previously [12].

Lung fibrosis was induced via a single intratracheal injec-
tion of bleomycin (50ul, 2.5mg/ml) at day 0 [13]. Non-
fibrotic controls were injected with 0.9% NaCl. Treatment
started at day 15 post-administration of bleomycin (7 =8 per
treatment group). Lung fibrosis was analysed at day 28 post-
treatment initiation. Histological evaluation of pulmonary fi-
brosis was quantified by Ashcroft Scoring [13], performed in
a blinded manner. Whole lung sections were stained with
Sirius Red (Sigma-Aldrich, St Louis, MO, USA) and total fi-
brotic area was determined as the percentage of total area
covered by Sirius Red [13]. Collagen was determined via the
hydroxyproline assay as described previously [13].

RNA was extracted from bleomycin-treated mice following
avenciguat and riociguat treatment using the RNeasy Fibrous
Tissue Mini Kit (Qiagen, Hilden, Germany) and changes in
gene expression were assessed (see Supplementary Material,
available at Rheumatology online, for further details).

All animal experiments were approved by the ethical com-
mittee of the Fudan University Shanghai, China.

Results

Avenciguat inhibits hypoxia-induced
TGF-#2 production

HMVEC-d produced higher levels of TGF-f2 when exposed
to hypoxic vs normoxic conditions. After correcting for nor-
moxic values, avenciguat inhibited hypoxia-induced TGF-2
production in a dose-dependent manner, with 10 uM avenci-
guat resulting in a 61% reduction vs dimethylsulfoxide con-
trol (Fig. 1A).
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Figure 1. Effect of avenciguat on release of profibrotic and proinflammatory mediators in HMVEC-d and human PRP. (A) Assessing TGF-42 levels:
HMVEC-d were cultured in normoxic or hypoxic conditions with or without avenciguat and the levels of TGF-32 were determined (mean = s.0. of three
separate experiments). ¥*P< 0.05 vs DMSO control based on two-tailed Student's t-test. (B) Assessing CXCL4 levels: human PRP was isolated and
cultured in the presence or absence of avenciguat, riociguat, nintedanib or MMF, followed by activation with 10 mM ADP, and the level of CXCL4 was
determined (mean £ s.0. of 10 separate experiments). **P < 0.01 and *P< 0.05 vs DMSO control based on two-tailed Student’s t-test. ADP: adenosine
5'-diphosphate; CXCL4: CXC chemokine family ligand 4; DMSO: dimethylsulfoxide; HMVEC-d: human microvascular endothelial cells-dermal; PRP:

platelet-rich plasma

Avenciguat inhibits release of CXCL4 from activated
human platelets

In activated PRP, which models the limited NO availability
in SSc, avenciguat inhibited ADP-induced production of
CXCLA4 at concentrations of 10 and 1 uM (Fig. 1B). With rio-
ciguat, the effect was observed only at the highest dose
(10 uM), whilst nintedanib and MMF were ineffective at the
concentrations tested.

Avenciguat ameliorates bleomycin-induced dermal
and pulmonary fibrosis

Mice injected s.c. with bleomycin developed dermal fibrosis,
whereas NaCl-treated control mice showed no fibrosis.
Avenciguat treatment reduced dermal thickness, achieving levels
comparable to those observed in NaCl-treated (control) mice
(Fig. 2A and B). Avenciguat also reduced myofibroblast num-
bers and collagen deposition. No clear dose dependency was ob-
served in the avenciguat groups, with similar effects seen at all
doses. The effects observed were comparable to mice treated
with nintedanib. Consistent with previous reports [7], riociguat
also ameliorated bleomycin-induced dermal fibrosis. In this
study, a number of genes related to collagen and fibronectin

decreased following avenciguat treatment (Supplementary
Table S1, available at Rheumatology online).

In bleomycin-treated animals, following avenciguat admin-
istration (Fig. 2C and D), dermal thickness, hydroxyproline
and myofibroblast demonstrated a reduction of between 25
and 35%. The reduction in dermal thickness and myofibro-
blasts was seen to be dose dependent. Similar results were
seen when assessing Ashcroft score, hydroxyproline and
collagen-covered area.

Avenciguat treatment modulates inflammatory and
IFN-1 signalling

To further examine avenciguat’s effect in modulating fibrosis,
RNA sequencing was performed on skin samples from mice with
bleomycin-induced skin fibrosis. Using a cut-off of at least 2-fold
(adjusted P < 0.05), 130 genes were up-regulated in the skin of
bleomycin-treated mice (Supplementary Table S2, available at
Rheumatology online). Of these, 12 were at least 1.5-fold
(P<0.01) down-modulated in avenciguat-treated animals
(Supplementary Fig. S1A, available at Rbeumatology online).
Riociguat treatment down-regulated (>1.5-fold; P < 0.01) four
genes that were up-regulated in bleomycin-treated mice. These
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Figure 2. Treatment with avenciguat ameliorates bleomycin-induced dermal and pulmonary fibrosis. (A, B) Bleomycin-induced dermal fibrosis. (A)
Trichrome staining at 100-fold magnification (n=8 per group). (B) Dermal thickness, hydroxyproline content and myofibroblast count quantification. (C, D)
Bleomycin-induced pulmonary fibrosis. (C) Sirius Red staining at 100-fold magnification (n=8 per group). (D) Ashcroft score, hydroxyproline content and
collagen-covered area quantification. Data are mean + s.e.m. Statistical significance assessed by one-way analysis of variance with Dunnett’'s multiple
comparison. *P < 0.05, ¥*P < 0.01, ***P < 0.001 and ****P < 0.0001 vs fibrotic control mice. NaCl: sodium chloride; ns: non-significant difference
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four genes were within the gene set identified in the avenciguat-
treated group. The 12-gene set modified by avenciguat treatment
is linked to IFN and inflammatory signalling (Supplementary Fig.
S1A, available at Rheumatology online). Supplementary Fig. S1,
available at Rbheumatology online presents the top six processes
associated with all genes down-modulated by avenciguat treat-
ment (Supplementary Fig. S1B, available at Rbheumatology on-
line), the z scores normalized average expression of the 12-gene
set (Supplementary Fig. S1C, available at Rheumatology online)
and the up-regulation in patients with SSc vs healthy controls
(Supplementary Fig. S1D, available at Rheumatology online),
which was comparable when a generic IFN gene score was used
(Supplementary Fig. S1E, available at Rbeumatology online).
Together, these underscore the clinical relevance of the
avenciguat-modulated genes. Additional information regarding
the results from these analyses and the genes that were
down-regulated in bleomycin- and avenciguat-treated animals
can be found in Supplementary Table S3, available at
Rheumatology online.

Discussion

In SSc, there is a high unmet need for disease-modifying
agents, as therapies targeting the interplay of vascular dis-
ease, autoimmunity and fibrosis are not yet available. In pre-
clinical models of SSc¢, the sGC—cGMP pathway has been
shown to inhibit fibrosis [7]. Here, we report the first preclin-
ical data demonstrating the efficacy of the sGC activator
avenciguat in a murine model of SSc. In particular, these data
demonstrate that sGC activators can dampen aberrant IFN
signalling, a central pathway of autoimmunity and inflamma-
tion in SSc.

RNA sequencing revealed the impact of avenciguat on
bleomycin-induced skin fibrosis in mice (Supplementary Fig.
S1, available at Rbeumatology online), showing down-
regulated genes linked to IFN signalling, typically elevated in
SSc patients, correlating with disease severity and treatment
effectiveness [4]. Type I IFNs play a key role in the immune
response by stimulating production of proteins that have
antiviral, antiproliferative and immunomodulatory functions
[4]. Thus, IFN signalling represents a potential therapeutic
target for avenciguat. This rationale is supported by an ongo-
ing clinical trial of the anti-IFN-o/f-receptor antibody anifro-
lumab in SSc¢ (NCT05925803).

The data presented support the therapeutic potential of
avenciguat in SSc through effects on multiple disease-relevant
cell types, including microvascular endothelial cells and plate-
lets in in vitro assays, and fibroblasts and IFN-1-releasing im-
mune cells in bleomycin-induced fibrosis. Avenciguat reduced
production of hypoxia-induced TGF-f2, a profibrotic cyto-
kine, from microvascular endothelial cells. As hypoxia-driven
production of reactive oxygen species is a key feature of SSc
pathogenesis [2], the activity of avenciguat under hypoxic
conditions is clinically relevant. Avenciguat also inhibited
CXCLA4 release from platelets. CXCL4 alters monocyte dif-
ferentiation, driving proinflammatory and profibrotic pheno-
types, and triggering a fibrotic cascade through extracellular
matrix production and induction of myofibroblast differenti-
ation [14]. Given the role of CXCL4 in bridging inflamma-
tion with fibrosis, inhibition of CXCL4 release may account
for the effects on IFN signalling in the mouse model of
bleomycin-induced fibrosis. However, further experiments
are required to fully establish this relationship.

Julia Kaufman et al.

Avenciguat demonstrated specific effects not observed with
the sGC stimulator, riociguat. Unlike riociguat, sGC activa-
tors are NO- and haem-independent, interacting directly with
the haem binding site [8]. In environments of oxidative stress,
such as fibrotic tissues of patients with SSc [2], a change in
the redox of the haem molecule may render sGC non-
responsive to sGC stimulators [8]. In bleomycin-induced fi-
brosis, avenciguat modulated genes associated with IFN-1
signalling. The inhibitory effect on the IFN-1 genes was sig-
nificantly more pronounced than that observed with rioci-
guat, suggesting that modulation of sGC with an sGC
activator may lead to deeper inhibition of key SSc-associated
pathways (i.e. IFN-1) than with an sGC stimulator.
Avenciguat, unlike riociguat, also reduced CXCL4 release in
activated PRP, a model that mimics limited NO availability.
Together, these findings support the hypothesis that sGC
activators may be more effective than sGC stimulators in
environments of hypoxia and oxidative stress, as observed in
the fibrotic tissues of patients with SSc.

Riociguat has been approved for the treatment of pulmo-
nary arterial hypertension [9] and studied in patients with
dcSSc [10]. In RISE-SSc, riociguat did not meet its primary
endpoint of a 25% change from baseline in mRSS at week
52. However, potential efficacy signals were seen in second-
ary and exploratory endpoints, such as lung function
improvements in patients with pre-existing interstitial lung
disease and prevention of new RP and digital ulcer symptoms
[10]. Given the potential advantages of sGC activators over
sGC stimulators in conditions like SSc, and supported by the
presented data, a Phase II trial investigating the safety and ef-
ficacy of avenciguat in patients with SSc is ongoing
(NCT05559580). This trial is assessing the effect of avenci-
guat on fibrotic endpoints (lung fibrosis and skin thickening)
and vascular injury endpoints (RP and digital ulcers). The
trial employs unique inclusion criteria to enrich for patients
with active SSc at higher risk of progression, inflammatory
disease and significant vasculopathy. The primary endpoint is
the rate of decline in forced vital capacity, and secondary
endpoints include absolute change from baseline in mRSS at
week 48.

Supplementary material

Supplementary material is available at Rheumatology online.

Data availability

Data sets for the analyses conducted in this manuscript are
available from the corresponding author on reason-
able request.

Contribution statement

Conceptualization: J.K., G.N., C.T.-M., CL., X.Z., L.-A.D.,
C-T.W. D.LE., D.D., CTW., T.T.-M., JHW.D.; Data
Curation: J.K., G.N., D.L.E., D.D., C.T.W., ].H.W.D.; Formal
Analysis: J.K., G.N., C.-T.W., D.L.E., D.D., ].H.W.D.; Funding
Acquisition: J.K., G.N.; Methodology: J.K., G.N., L.-A.D., C.-
T.W., D.LEE., D.D., C.T.W., ].H.W.D.; Project Administration:
JK., G.N,, D.L.E., D.D., J.H.W.D.; Resources: J.K., G.N., J.H.
W.D.; Software: J.K., G.N., D.D., ].H.W.D.; Supervision: J.K.,
G.N,, D.D., ].H.W.D.; Validation: ]J.K., G.N., C.T.-M., C.L,,
X.Z.,L-AD. C-T.W.,D.LE., D.D., CT.W, T.T.-M., ] H.W.

920z 1dy L0 UO Jasn Lop|assand ¥aylol|qigsapueT pun -sjoeysIaAlun Aq GZZ0E08/8EL/8/y9/aIoe/ABojojewinay/woo-dno-olwapeo.//:sdjy oy papeojumoq


https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keaf109#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keaf109#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keaf109#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keaf109#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keaf109#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keaf109#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keaf109#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keaf109#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keaf109#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keaf109#supplementary-data
https://academic.oup.com/rheumatology/article-lookup/doi/10.1093/rheumatology/keaf109#supplementary-data

Immunomodulatory and antifibrotic effects of Avenciguat

D.; Visualization: ]J.K.,, G.N.,, D.D., JH-W.D.; Writing—
Original Draft Preparation: J.K., G.N., C.T.-M., C.L., X.Z., L.-
AD., C-T.W. D.LE., D.D., CTW., T.T.-M., JHW.D,;
Writing—Review and Editing: J.K., G.N., C.T.-M., C.L., X.Z.,
L.-A.D.,C.-T.W.,D.L.E.,D.D., C.T.W., T.T.-M., JH.-W.D.

Funding

This work was supported and funded by Boehringer
Ingelheim International GmbH.

Disclosure statement: J.K., GN., C.-T.W., L.-A.D. and D.L.E.
are employees of Boehringer Ingelheim Pharmaceuticals Inc. C.
T.-M., T.T.-M. and JJH.W.D. are stock owners of 4D Science
GmbH. J.H.W.D. has consultancy relationships with AbbVie,
Active Biotech, Anamar, ARXX, AstraZeneca, Bayer Pharma,
Boehringer Ingelheim, Celgene, Galapagos, Genentech, GSK,
Inventiva, Janssen, Novartis, Pfizer, Roche and UCB. He has re-
ceived research funding from AbbVie, Anamar, Argenx,
ARXX, BMS, Bayer Pharma, Boehringer Ingelheim, Cantargia,
Celgene, CSL Behring, ExoTherapeutics, Galapagos, GSK,
Inventiva, Kiniksa, Lassen, Novartis, Sanofi-Aventis, RedX and
UCB. C.L. and X.Z. have nothing to declare. D.D. and C.T.W.
are employees of Boehringer Ingelheim Pharma GmbH &
Co.KG.

Acknowledgements

The authors would like to thank Frank Li for the processing
of RNA sequencing data and Kolja Becker for composite
score analysis. The authors meet criteria for authorship as
recommended by the International Committee of Medical
Journal Editors. They take full responsibility for the scope,
direction, content and editorial decisions relating to the man-
uscript, were involved at all stages of development and have
approved the submitted manuscript. The authors received no
compensation related to the development of the manuscript.
Paul Todd, PhD, of Nucleus Global provided writing and edi-
torial support, which was contracted and funded by
Boehringer Ingelheim. Boehringer Ingelheim was given the
opportunity to review the manuscript for medical and scien-
tific accuracy, as well as intellectual property considerations.

4743

References

1. Varga ], Abraham D. Systemic sclerosis: a prototypic multisystem
fibrotic disorder. J Clin Invest 2007;117:557-67.

2. Distler JHW, Gyorfi AH, Ramanujam M et al. Shared and distinct
mechanisms of fibrosis. Nat Rev Rheumatol 2019;15:705-30.

3. Dees C, Akhmetshina A, Zerr P et al. Platelet-derived serotonin
links vascular disease and tissue fibrosis. J Exp Med 2011;
208:961-72.

4. Kakkar V, Assassi S, Allanore Y et al. Type 1 interferon activation
in systemic sclerosis: a biomarker, a target or the culprit. Curr
Opin Rheumatol 2022;34:357-64.

5. van Bon L, Affandi AJ, Broen ] et al. Proteome-wide analysis and
CXCL4 as a biomarker in systemic sclerosis. N Engl ] Med 2014;
370:433-43.

6. Affandi AJ, Carvalheiro T, Ottria A et al. CXCL4 drives fibrosis
by promoting several key cellular and molecular processes. Cell
Rep 2022;38:110189.

7. Dees C, Beyer C, Distler A et al. Stimulators of soluble guanylate
cyclase (sGC) inhibit experimental skin fibrosis of different aetiol-
ogies. Ann Rheum Dis 2015;74:1621-5.

8. Reinhart GA, Harrison PC, Lincoln K et al. The novel, clinical-
stage soluble guanylate cyclase activator BI 685509 protects from
disease progression in models of renal injury and disease. J
Pharmacol Exp Ther 2023;384:382-92.

9. Ghofrani HA, Galie N, Grimminger F et al.; PATENT-1 Study
Group. Riociguat for the treatment of pulmonary arterial hyper-
tension. N Engl ] Med 2013;369:330-40.

10. Khanna D, Allanore Y, Denton CP et al. Riociguat in patients with
early diffuse cutaneous systemic sclerosis (RISE-SSc): randomised,
double-blind, placebo-controlled multicentre trial. Ann Rheum
Dis 2020;79:618-25.

11. Campochiaro C, Allanore Y. An update on targeted therapies in
systemic sclerosis based on a systematic review from the last 3
years. Arthritis Res Ther 2021;23:155.

12. Trinh-Minh T, Gyorfi AH, Tomcik M et al. Effect of anti-S100A4
monoclonal antibody treatment on experimental skin fibrosis and
systemic sclerosis-specific transcriptional signatures in human
skin. Arthritis Rheumatol 2024;76:783-95.

13. Zhou X, Trinh-Minh T, Tran-Manh C et al. Impaired mitochon-
drial transcription factor A expression promotes mitochondrial
damage to drive fibroblast activation and fibrosis in systemic scle-
rosis. Arthritis Rheumatol 2022;74:871-81.

14. Silva-Cardoso SC, Tao W, Angiolilli C et al. CXCL4 links inflam-
mation and fibrosis by reprogramming monocyte-derived dendritic
cells in vitro. Front Immunol 2020;11:2149.

© The Author(s) 2025. Published by Oxford University Press on behalf of the British Society for Rheumatology.
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0/), which permits
unrestricted reuse, distribution, and reproduction in any medium, provided the original work is properly cited.

Rheumatology, 2025, 64, 4738-4743
https://doi.org/10.1093/rheumatology/keaf109
Concise Report

920z 1dy L0 UO Jasn Lop|assand ¥aylol|qigsapueT pun -sjoeysIaAlun Aq GZZ0E08/8EL/8/y9/aIoe/ABojojewinay/woo-dno-olwapeo.//:sdjy oy papeojumoq



	Titelblatt_distler_final
	Distler_avenciguat
	Active Content List
	Introduction
	Methods
	Results
	Discussion
	Supplementary material
	Data availability
	Contribution statement
	Funding
	Acknowledgements
	References



