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Abstract

Systemic sclerosis (SSc) is a prototypical systemic immune-mediated 
fibrosing disease that affects the skin, the lungs, the heart, the kidneys 
and the intestinal tract. Similar to many other fibrotic diseases, SSc 
is associated with high morbidity and mortality and therapeutic 
options are limited. Fibrosis arises from a complex interplay of 
vascular damage, inflammation and prolonged, misdirected repair 
responses. The progressive accumulation of extracellular matrix 
perturbs the physiological tissue architecture and commonly leads 
to failure of the affected organs. Understanding the mechanisms of 
fibrotic tissue remodelling can lead to the identification of preclinical 
targets. Novel fibrosis-promoting cell subpopulations, the interplay 
of fibroblasts with B cells and macrophages, the nerve–fibroblast axis, 
matrikines and matricryptins, senescence, profibrotic transcription 
factors, developmental pathways and epigenetic tissue memory are 
all important drivers of fibrotic tissue remodelling that might offer 
potential for novel therapies to improve outcomes for patients with 
SSc and possibly other fibrotic conditions.
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and is characterized by fibrosis in the upper layers of the dermis10, 
morphea, which is associated with widespread fibrosis in the dermis11 
and types of scarring alopecia, such as discoid lupus erythematosus 
(fibrosis surrounds hair follicles and often leads to permanent hair 
loss and fibrosis), or hidradenitis suppurativa (scarring occurs at sites 
of prior inflammation12). By contrast, generalized and diffuse cutane-
ous fibrosis, often accompanied by internal organ involvement, is 
characteristic of systemic sclerosis (SSc).

In this Review, we discuss the molecular mechanisms that mediate 
fibrotic tissue remodelling in SSc as a prototypical immune-mediated 
systemic fibrotic disease. We focus on mechanisms that promote 
fibroblast activation at disease initiation and progression, and also on 
intrinsic mechanisms that can drive fibroblast activation and disease 
progression at later stages of disease. We highlight intracellular signal-
ling cascades and molecular pathways that have not yet been translated 
into clinical trials; we do not explore core pathways of fibrosis such 
as canonical transforming growth factor-β (TGFβ), platelet-derived 
growth factor (PDGF), interferon or IL-6 signalling, for which molecu-
lar targets are currently under investigation in clinical trials and are 
reviewed elsewhere2,6,13.

Fibroblasts in fibrotic tissue remodelling
Fibroblasts are key effector cells of fibrotic remodelling as they release 
the vast majority of ECM components that accumulate in fibrotic 
tissues2,14,15. The differentiation of disease-promoting fibroblast popula-
tions and/or different fibroblast states is thought to be initially driven 
by mediators released from infiltrating immune cells such as B cells, 
T cells and innate lymphoid cells, activated tissue-resident cells such 
as macrophages and plasma cells, and also from damaged endothe-
lial cells. However, the role of fibroblasts extends beyond the synthesis 
of the ECM16. Fibroblasts also release mediators that modulate inflam-
matory responses, which might support the maintenance of chronic, 
low-grade inflammation in affected tissues. Moreover, fibroblasts 
can release pro-angiogenic and anti-angiogenic mediators that can 
modulate angiogenesis and thus alter the outcome of microvascular 
manifestations of SSc. Last, fibroblasts can release both profibrotic and 
antifibrotic mediators that can exert autocrine and paracrine effects. 
Fibroblasts in SSc and other fibrotic diseases are thus not passively 
converting stimuli from inflammatory cells and vascular cells into 
ECM production, but they themselves actively modulate the vascular, 
inflammatory and fibrotic pathogenesis of SSc2.

Fibroblast heterogeneity in systemic sclerosis
Omics-based phenotyping data have revealed that fibroblasts are a 
heterogeneous population of phenotypically and functionally dis-
tinct subpopulations, even within a given patient and a given tissue17 
(Table 1 and Fig. 1). Certain fibroblast subpopulations are ubiquitous 
and can be found across all organs, whereas other fibroblast subpopu-
lations and/or fibroblast states are restricted to certain tissues under 
homeostatic conditions18. In disease, the ratios of these individual 
fibroblast subpopulations can change dramatically, individual popula-
tions can show changes in phenotype and additional populations might 
emerge. Although omics studies have been highly informative and 
provided insights into fibroblasts biology, these findings are limited by 
the variations in fibroblast nomenclature used in each study18–20; how-
ever, efforts have been made to link and standardize nomenclature and 
definitions of specific fibroblast populations across human tissues20. 
Using skin as a reference tissue, the authors of this study defined six 
major fibroblast subsets in healthy skin along with three subsets in 

Key points

	• The pathogenesis of systemic sclerosis (SSc) is characterized by an 
interplay of vascular damage, autoimmunity-induced inflammation and 
fibrotic tissue responses.

	• These processes are highly interlinked and are active throughout all 
stages of the disease, although their relative contribution to disease 
progression can vary at different disease stages and in different patient 
populations.

	• Advances in omics technologies have enabled identification and 
phenotyping of different cellular subpopulations with diverse functions 
in the pathogenesis of SSc.

	• Interactions between leukocyte subpopulations, such as B cells 
and macrophages, and fibroblasts have an important role in disease 
progression.

	• Molecular drivers of SSc include, but are not limited to, the 
nerve–fibroblast axis, matrikines, senescence, JAK–STAT signalling, 
nuclear receptors and other profibrotic transcription factors, 
developmental pathways and epigenetic tissue memory.

Introduction
Fibrosis describes the excessive deposition of collagen and other extra-
cellular matrix (ECM) components in tissues. The accumulating ECM 
disrupts the normal tissue architecture and impairs organ function. 
Fibrotic tissue remodelling can affect almost every organ system. More-
over, fibrotic tissue responses are not limited to prototypical fibrotic 
disorders but are also highly prevalent in many chronic diseases, 
including cardiovascular diseases, chronic inflammatory diseases 
and cancer1–3, in which these responses have a crucial impact on disease 
outcomes. Indeed, up to 45% of all deaths in developed countries might 
be attributed to fibrotic tissue responses4. Thus, fibrosis represents 
a substantial health care challenge, particularly as the incidence of 
fibrotic diseases is increasing further1.

Fibrosis and normal wound healing share many commonalities 
and fibrotic diseases might be considered an exacerbated, prolonged 
repair response that is not appropriately terminated5,6. Fibrotic tissue 
remodelling can be divided into different, though overlapping phases: 
a triggering event in a genetically susceptible individual; an initiating 
phase, in which the trigger is converted into molecular responses and 
first histopathological changes; a phase of progression, in which type 2 
inflammation and vascular damage promote fibroblast activation and 
fibrotic remodelling; and a late phase, which is highly variable and 
can range from mild-to-moderate regression of fibrosis. The latter 
phase occurs in every tissue; however, this phase is variable. In the 
skin, this phase can be associated with regression owing to ongoing 
inflammation-induced remodelling, persistent activation of profibrotic 
fibroblast subsets and progressive fibrosis driven by endogenous 
mechanisms independent of overt inflammation. This regression does 
not occur in the lungs2,7,8.

Fibrosis can manifest in diverse ways depending on its localization 
within the tissue, the extent of remodelling9 and the specific anatomical 
compartment or organ involved. In the skin, localized fibrotic disorders 
include lichen sclerosus, which primarily affects the anogenital region 
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Table 1 | Major fibroblast subsets

Subtype Main markers or genes Identification 
method

Localization in tissue Function Refs.

Superficial fibroblasts COL18A1, COL23A1, 
SFRP2, WIF1, APCDD1 
and NKD2

scRNA-seq Superficial papillary dermis Possible role in epithelial 
homeostasis via interactions 
with the epithelium

20–24,104

Universal fibroblasts CD34, PI16 and DPP4 scRNA-seq Deep in the skin (reticular dermis) Found in many tissues and 
postulated to represent a 
precursor fibroblast state

17,22–26,28,47

Universal fascial 
fibroblasts

CD34, PI16, DPP4, FGF18 
and CCN3

scRNA-seq Fascia High expression of the 
myofibroblast gene signature 
and high ECM production

17,20,23, 
25,26,28,47

Stroma+PPARG+ 
fibroblasts

CD34, PI16, CXCL12, 
APOE, PLA2G2A, C7 and 
SFRP2

scRNA-seq Deep perivascular immune 
infiltrate regions and interstitial 
stroma

The capability to differentiate 
into adipocytes

20,23,25,26,28, 
47,124–126,152

Fibroblastic 
reticular cell-like 
fibroblasts

CCL19, CH25H, IL33, 
CD74 and HLA-DR

scRNA-seq Found in lymphoid organs and 
structures, enriched in superficial 
perivascular regions and adjacent 
to hair follicles in the skin

Maintenance of T cell 
populations and facilitation of 
T cell–dendritic cell interactions

20,26

Schwann-like fibroblasts

Schwann-like RAMP1+ 
fibroblasts

RAMP1 and PLEKHA6 scRNA-seq Enriched near eccrine (sweat) 
glands

Possibly form an interface with 
the nervous system

20

Schwann-like NGFR+ 
fibroblasts

NGFR and ITGA6 scRNA-seq Endoneurium and perineurium 
of nerve fibres

Nerve-associated fibroblast 
population

20,99

Myofibroblasts

Classical myofibroblasts COL3A1, COL5A1, 
COL8A1, POSTN, TNC, 
ACTA2 and SPARC

scRNA-seq Diffuse in the dermis Excessive ECM production, 
typically enriched in skin diseases 
with high scarring risk and in 
established fibrosis

20,24

Inflammatory 
myofibroblasts

CXCL5, CXCL6, CXCL8, 
CXCL13, IL11, IL24, MMP1 
and MMP3

scRNA-seq Diffuse in the dermis Recruitment of neutrophils, 
monocytes and B cells, typically 
enriched in skin diseases with 
a high scarring risk, but not in 
established fibrosis

20,26, 
51,63,64

Mechanosensing 
myofibroblasts

SFRP4, LRRC17 and 
PIEZO2

scRNA-seq Precise location remains 
to be determined

Excessive ECM production, 
mechanotransduction and 
associated with disease or 
wound healing

20

Fascia-like myofibroblasts ITGA10, THBS and 
PDLIM3

scRNA-seq Precise location remains 
to be determined

Excessive ECM production, 
present especially in Dupuytren 
contracture and associated with 
disease or wound healing

20

Lung fibroblasts

Alveolar fibroblasts COL13A1, NDNF, TCF21, 
PDGFRA, FGF10 and 
COL13A1

scRNA-seq Alveoli Contribute to the maintenance 
of alveolar structure and function

35,37,50, 
96–98

Hair follicle-associated fibroblasts

DPEP1+ dermal sheath 
fibroblasts

DPEP1 and MYL4 scRNA-seq Dermal sheath Precise function remains 
to be determined

12,20

TNN+COCH+ fibroblasts CRABP1, RSPO3, 
COL24A1, TNN, COCH, 
MKX and TNMD

scRNA-seq Isthmus (mid-hair shaft) Precise function remains 
to be determined

12,20

HHIP+ dermal papilla 
fibroblasts

CRABP1, RSPO3, 
COL24A1, HHIP and 
RSPO4

scRNA-seq Dermal papillae Precise function remains 
to be determined

12,20–22

Fibroblasts described in SSc

LGR5+ fibroblasts LGR5, MMP2 and CD55 scRNA-seq Deep reticular dermis Associated with several 
pathogenic features of SSc

28

PI16+ fibroblasts PI16 scRNA-seq Diffuse in the dermis Homeostatic, precursors for other 
fibroblast subsets

18,26,27,29
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inflammatory states that often have distinct distribution in the skin 
(Table 1 and Fig. 1). These subsets included two major subsets of superfi-
cial fibroblasts (often referred to as papillary dermal fibroblasts21–23) and 
universal fibroblasts that are typically located deeper in the skin (often 
referred to as reticular fibroblasts23,24). Other subsets were more special-
ized and included fibroblastic reticular cells (FRCs), which are found 
in lymphoid organs, perivascular regions and adjacent to hair follicles. 
Stromal fibroblasts were found in deeper perivascular and intersti-
tial regions, and hair follicle-associated fibroblasts and Schwann-like 
fibroblasts were enriched near sweat glands and nerves. The three 
fibroblast subsets identified in diseased tissues include inflammatory 
myofibroblasts (which express multiple chemokines, particularly those 
involved in neutrophil recruitment), myofibroblasts, and fascia-like 
myofibroblasts. In addition, these fibroblast subsets were used to derive 
a consensus nomenclature across human tissues, across diverse tissues 
such as the intestine, lungs, salivary glands, joints and skin20.

Several subpopulations of fibroblasts have been described in 
SSc, which differ with regard to their location and function (Table 1). 
Myofibroblasts in SSc (which express high levels of COL8A1) seem to 
be derived from SFRP2+ fibroblasts25, which correspond to either the 
superficial or universal fibroblast subsets described previously. Two 
subpopulations of SFRP2+ fibroblasts have been identified that can be 
separated based on both their gene expression and that of neighbour-
ing cells using the spatial resolution provided by cyclic in situ hybridi-
zation (cISH)26. One SFRP2+ fibroblast subpopulation is located in the 

papillary dermis, whereas the other is located in the reticular dermis. 
Although these subpopulations have distinct changes in frequency 
in SSc, both upregulate profibrotic signalling pathways26. Another 
population of CCL19+ fibroblasts that have an inflammatory phenotype 
have been described in SSc and resemble the inflammatory fibroblasts 
described previously27. These CCL19+ fibroblasts can be segregated by 
cISH according to their localization to either the perivascular region 
or diffusely in the dermis26. The number of LGR5+ fibroblasts is lower 
in patients with diffuse cutaneous SSc (dcSSc) compared with patients 
who have limited cutaneous SSc (lcSSc) and healthy individuals28. 
In addition to changes in frequency, these fibroblasts also have altered 
signalling pathways related to fibrosis, vasculopathy and inflammation. 
Several studies show that PI16+ fibroblasts are present across several 
organs, have stem-cell properties and can differentiate into specialized 
fibroblasts18,29. The frequency of PI16+ fibroblasts is also lower in SSc 
skin than in healthy skin, as these cells can serve as a potential source 
of profibrotic fibroblasts, the lower number of these cells in SSc could 
indicate the differentiation of these cells into profibrotic fibroblasts26,27.

The annotation of fibroblasts using single-cell RNA sequencing 
(scRNA-seq) or cISH in SSc has been refined by imaging mass cytometry 
(IMC), a spatial proteomics technique that has enabled the identifica-
tion of 13 fibroblast subsets; the frequency of 8 of these subsets was 
altered in SSc30. Of these, a population of sphingosine-1-phosphate 
receptor (S1PR+) fibroblasts had a higher frequency in both the papillary 
and the reticular dermis in SSc than in healthy individuals. This finding 

Subtype Main markers or genes Identification 
method

Localization in tissue Function Refs.

Fibroblasts described in SSc (continued)

CCL19+ fibroblasts CCL19, PTGDS, APOE scRNA-seq Perivascular or diffuse in the dermis Pro-inflammatory 25,27

COL11A1+ fibroblasts COL11A1, TAGLN, POSTN scRNA-seq Precise location remains to be 
determined

Profibrotic 27

SFRP4+ SFRP2+ fibroblasts SFRP4, MFAP5, 
C1QTNF3

scRNA-seq Precise location remains to be 
determined

Profibrotic 27

PRSS23+SFRP2+ fibroblasts PRSS23, DPP4, STC2 
and CTHRC1

scRNA-seq Precise location remains to be 
determined

Profibrotic 27

COL8A1+ fibroblasts COL8A1 and ACTA2 scRNA-seq Deep dermis Profibrotic 25

SFRP2+ PapD fibroblasts SFRP2, COL6A1 and 
APCDD1

scRNA-seq Papillary dermis Profibrotic 24–26

SFRP2+ RetD fibroblasts SFRP2, SPAR and 
COL1A1

cISH Reticular dermis Profibrotic 26

CCL19+ PV fibroblasts CCL19, MALAT1 and 
CD74

cISH Perivascular Pro-inflammatory 26

CCL19+ non-PV fibroblasts CCL19, PTGDS and 
APOE

cISH Diffuse localization in the dermis Pro-inflammatory 26,27

S1PR+ fibroblasts S1PR IMC Diffuse localization in the dermis Profibrotic 30

Thy1+ADAM12highPU.1high 
fibroblasts

Thy1, ADAM12 and PU.1 IMC Diffuse localization the dermis Probably profibrotic 30,124

ADAM12+ GLI1+ fibroblasts ADAM12 and GLI1 IMC Papillary dermis Probably profibrotic 30

Methi fibroblasts Several key enzymes 
that are involved in 
glycolysis, the TCA 
cycle and OXPHOS

IMC Diffuse localization in the dermis Profibrotic 30,31

ADAM12, a disintegrin and metalloproteinase domain-containing protein 12; cISH, chromogenic in situ hybridization; ECM, extracellular matrix; GLI, glioma-associated oncogene homologue 1; 
IMC, imaging mass cytometry; Met, metabolism; OXPHOS, oxidative phosphorylation; PapD, papillary dermis; PV, perivascular; RetD, reticular dermis; S1PR, sphingosine-1-phosphate receptor; 
scRNA-seq, single-cell RNA sequencing; SSc, systemic sclerosis; TCA, tricarboxylic acid.

Table 1 (continued) | Major Fibroblasts subsets
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correlated with the modified Rodnan skin score, particularly when not 
only the cellular frequency but also the interactions of S1PR+ fibroblasts 
with other cell types, such as ADAM12+ GLI1+ fibroblasts, were taken 
into consideration.

In another study, thus far available only as a preprint, IMC ena-
bled the identification of 8 metabolically defined subpopulations of 
fibroblasts in SSc that differ with regard to their metabolic regulome 

(composed of over 20 key enzymes across several metabolic path-
ways)31. One subpopulation of Methi (that is, metabolically active) 
fibroblasts had high glycolysis, hypoxia, reactive oxygen species sig-
nalling and tricarboxylic acid (TCA) and oxidative phosphorylation 
scores (indicative of the high level of activity of these pathways)31. 
Furthermore, these cells expressed high levels of α-smooth muscle 
actin (αSMA) and fibroblast activation protein (FAP), and thus had 

Hair shaft Sebaceous gland

Epidermis
Papillary dermis

Reticular dermis

Hypodermis

APM

Eccrine coil

Nerve endingHair follicle Type I 
collagen

Superficial fibroblasts
(COL18A1, COL23A1)

Universal fibroblasts
(CD34, PI16)

PPARG+ fibroblasts
(CD34, PI16, CXCL12)

FRC-like fibroblasts
(CCL19, IL33)

DPEP+ DS fibroblasts
(DPEP1)

TNN+ COCH+ fibroblasts
(TNN, COCH)

Hair-follicle-
associated

Schwann cell-like fibroblasts
(RAMP1, PLEKHA6)
Myofibroblasts
(ACTA2, COL8A1, PRSS23)

EndMT cells
(PECAM1, CDH5, GJA4, ACTA2)

a  Healthy skin b  SSc skin

Fig. 1 | Localization and diversity of fibroblast subsets in healthy skin and skin 
with systemic sclerosis. a, Fibroblast subpopulations in the skin have distinct 
spatial distributions. Superficial fibroblasts (yellow) are located in the papillary 
dermis, whereas universal fibroblasts (light blue) are distributed throughout 
the dermis, with PPARG⁺ fibroblasts (dark blue) enriched in the deeper layers 
of the dermis. Several fibroblast subsets localize to hair follicles, including 
fibroblastic reticular cell (FRC)-like fibroblasts (orange) around the follicle 
opening, and two other subsets (shown in dark red and light red) are located along 
the follicular shaft and bulge region. Other specialized fibroblasts are found near 

eccrine glands or nerve endings, such as Schwann cell-like fibroblasts (purple), 
underscoring the functional and positional heterogeneity of dermal fibroblasts. 
b, In systemic sclerosis (SSc), several fibroblast subsets expand, particularly 
αSMA+ (α smooth-muscle actin) myofibroblasts (brown) and endothelial- 
to-mesenchymal transition (EndMT) cells, both of which contribute to type I 
collagen production and deposition in the skin. Fibrosis in SSc skin is often 
accompanied by loss of adnexal structures, including hair follicles, sebaceous and 
eccrine sweat glands. APM, arrector pili muscle; DS, dermal sheath.
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a myofibroblast phenotype, but could not be separated from other 
populations by expression of αSMA and FAP alone. This population 
is increased in frequency in those patients with SSc and progression 
of skin fibrosis31.

The activation of fibroblasts in SSc is driven by a core set of signal-
ling pathways. Traditionally, core signalling pathways of fibroblast 
activation have been defined as stimuli that can induce a myofibroblast 
phenotype in resting fibroblasts with upregulation of ECM proteins 
such as type I collagen and induction of αSMA positive stress fibres that 
mediate contractility. However, this definition might miss pathways that 
drive the progression of fibrosis by inducing shifts from homeostatic 
subpopulations to pro-inflammatory or profibrotic subpopulations and 
those that promote the differentiation of disease-associated fibroblast 
populations. Although omics-based profiling shows unique patterns 
of signalling for each of these fibroblast subpopulations, a deeper 
understanding of the effects of core fibrosis pathways on individual 
subpopulations is lacking and how targeting these core pathways 
affects the numbers and function of fibroblasts remains unclear.

Vasculature–fibroblast crosstalk in  
systemic sclerosis
The first manifestation of SSc is apoptosis of the microvascular 
endothelium. Apoptotic microvascular endothelial cells are detected in 
preclinical models of SSc before the onset of typical clinical manifesta-
tions and before inflammatory and fibrotic changes32. The precipitating 
trigger and the molecular mechanisms underlying the induction of 
apoptosis remain enigmatic. Whether the induction of apoptosis in 
endothelial cells is a direct consequence of this trigger or a consequence 
of a misdirected autoimmune response against endothelial cells is 
unclear; however, autoantibodies directed against different antigens 
expressed on endothelial cells are reported in SSc33,34. These antibod-
ies might maintain chronic vascular injury even after clearance of the 
trigger. An increase in granzyme-expressing cytotoxic CD4+ and CD8+ 
T cells colocalizing with apoptotic endothelial cells is described in the 
skin of patients with early dcSSc, suggesting a direct role of cytotoxic 
T cells in endothelial cell death35.

Evidence indicates that vascular injury promotes fibroblast activa-
tion in SSc. Platelets are activated at sites of vascular injury in SSc, which 
leads to the release of platelet granules into the blood. Platelet granules 
contain large amounts of serotonin (5-hydroxytryptamine (5-HT)) 
and lower concentrations of other profibrotic mediators including 
PDGF36. 5-HT has been implicated in the pathogenesis of fibrotic tissue 
remodelling in multiple organs37. Stimulating mesenchymal cells with 
5-HT in vitro can induce collagen production. These effects are medi-
ated by 5-HT2 receptors, particularly the 5-HT2B receptor, which can 
activate TGFβ–SMAD3 signalling38. Pharmacological or genetic inac-
tivation of the 5-HT2B receptor or knockout of TPH1, which encodes 
tryptophan hydroxylase (the rate-limiting enzyme for 5-HT synthesis 
in non-neuronal tissues), ameliorates experimental dermal and pul-
monary fibrosis38,39. Moreover, activated platelets upregulate thymic 
stromal lymphopoietin (TSLP) in microvascular endothelial cells and 
might thereby contribute to the increased levels of TSLP found in the 
blood of patients with SSc40. TSLP promotes fibroblast activation, thus 
providing another link between platelet activation and fibrotic tissue 
remodelling in SSc.

Increased coagulation might also promote fibrotic tissue remod-
elling in different organs, although there is no direct evidence of this 
mechanism in SSc thus far. Thrombin induces the expression of con-
nective tissue growth factor, stimulates proliferation of fibroblasts 

and promotes fibroblast-to-myofibroblast transition41. Moreover, 
the thrombin inhibitor dabigatran ameliorates experimental fibrosis 
in multiple organs42.

The atypical chemokine receptor 1 (ACKR1), also known as Duffy 
antigen receptor, has been implicated in tissue inflammation across 
various organs in SSc. ACKR1 is expressed on postcapillary venules and 
facilitates chemokine transport43. Increased ACKR1 expression is found 
in lesional SSc skin, where it promotes immune cell recruitment44. 
In the bleomycin model of skin fibrosis, elevated ACKR1 levels are 
associated with immune cell infiltration and fibrosis, whereas ACKR1 
inhibition attenuates this effect44. Expansion of venous ACKR1+ 
endothelial cells also occurs in patients with idiopathic pulmonary 
fibrosis (IPF)45. In fibrotic lungs, ACKR1+ endothelial cells are spatially 
localized within immune cell aggregates, fibroblastic foci and aber-
rant basaloid cell regions, consistent with their pro-inflammatory and 
profibrotic functions.

Endothelial-to-mesenchymal transition describes a phenotypic and 
functional change of endothelial cells, which includes gradual loss of 
endothelial markers and expression of mesenchymal cell markers. Cells 
that co-express endothelial cell markers (vascular endothelial-cadherin 
and von Willebrand factor) and mesenchymal cell markers (αSMA, colla-
gen and fibroblast-specific protein 1 (also known as S100A4)) have been 
identified in the skin and lungs of people with SSc46,47. Cells that undergo 
endothelial-to-mesenchymal transition are reported to originate from 
GJA4+ arteriolar endothelial cells, and Hippo signalling promotes this 
transition25. Spatial proteomics analyses of SSc skin support these find-
ings, revealing an increase in CD34+ αSMA+ CD31+ triple-positive cells 
that express markers of endothelial-to-mesenchymal transition in 
SSc vascular niches48. These niches are also enriched in immune cells 
and myofibroblasts, and the density of these cells correlates with pro-
gressive fibrotic remodelling in patients with SSc48. Endothelial-to-
mesenchymal transition might therefore add to the pool of profibrotic 
fibroblast populations that drive fibrotic remodelling in SSc.

Pericytes are stromal cells that warp around endothelial cells 
in capillaries and post-capillary venules, and together with vascular 
smooth muscle cells make up the mural cells that support blood ves-
sels in tissues. Pericytes are mainly found around pre-capillary, capil-
lary and post-capillary vessels where they regulate vessel tone and 
integrity, and influence chemotaxis and diapedesis of leukocytes49. In 
people with early SSc, pericytes have an activated phenotype, possibly 
owing to a PDGF–PDGF receptor-β autocrine or paracrine loop that 
involves endothelial cells50,51 Pericytes might also directly contribute 
to the production of ECM upon acquisition of a myofibroblast pheno-
type (pericyte-to-myofibroblast transdifferentiation) or indirectly by 
promoting fibroblast activation via PDGF-AB or PDGF-BB interacting 
with the PDGFβ receptor51.

Autoimmune and inflammation-mediated 
fibroblast activation in systemic sclerosis
Inflammation is thought to be a key driver of fibroblast activation 
and fibrosis. Although SSc is not a classical inflammatory disease and 
markers of systemic inflammation, such as C-reactive protein, are not 
elevated in two-thirds of patients, low-grade inflammation in affected 
tissues is essential for disease initiation and a central driver of disease 
progression.

B cells and T cells
Accumulating evidence highlights a central role of B cells in the patho-
genesis of SSc. B cell activation is dysregulated in SSc at multiple levels, 
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including a bias towards effector B cells with an activated phenotype 
and impaired regulatory B (Breg) cell function52,53. B cells promote fibro-
blast activation and fibrotic remodelling through multiple mecha-
nisms including release of cytokines, chemokines, autoantibodies 
and direct cellular interactions with fibroblasts and other effector  
cells54 (Fig. 2).

In SSc, naive, transitional and CD21lowCD38low peripheral B cell 
subsets are increased, whereas memory B cells, switched memory 
B cells and IL-10-producing Breg cells are reduced53,55. Memory B cells in 
SSc express increased levels of activation markers such as CD80, CD86 
and CD95, and transitional B cells have increased expression of TIM1. 

Decreased expression of CD22 and elevated CD19 expression further 
dysregulate B cell receptor signalling56, skewing B cell populations 
towards an activated phenotype in SSc.

B cells and plasma cells are increased in tissue samples obtained 
from the skin, lung and gastrointestinal tract of people with SSc57,58. 
Consistently, pronounced B cell signatures enriched in immunoglobu-
lin genes are observed in SSc skin, particularly in patients with early 
dcSSc59. Dermal B cell extravasation probably involves endothelial 
E-selectin interacting with cutaneous lymphocyte antigen and α4β1 
integrin. In SSc-related interstitial lung disease (SSc-ILD) and pulmo-
nary arterial hypertension CD19+ B cells are increased, and some of 
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Fig. 2 | Role of B cells in the pathophysiology of systemic sclerosis. 
a, Peripheral B cell populations in systemic sclerosis (SSc) are skewed towards 
increased naive and transitional B cells, with reduced memory B cells and IL-
10-producing regulatory B cells. B cells, particularly memory subsets, exhibit 
elevated expression of activation markers (CD80, CD86, CD95), decreased 
regulatory CD22 expression and increased CD19 expression. Those receptors 
shown in blue are increased on B cells in SSc and those shown in purple are 
decreased. b, Abnormal infiltration of B cells characterizes skin and lung tissues 
in SSc and these cells can form immune-cell aggregates that might resemble 
tertiary lymphoid structures (TLSs). In the skin, B cell extravasation probably 
involves E-selectin expressed on dermal endothelial cells, E-selectin ligands 
(such as cutaneous lymphocyte antigen) and α4β1 integrin on B cells. Through 
secretion of pro-inflammatory cytokines (including IL-6, TNF and IL-13) and 
chemokines, infiltrating B cells activate fibroblasts, endothelial cells and other 

immune cells. Tissue-resident B cells also interact with non-immune cells, 
modulating SSc-related fibrosis. Additionally, infiltrating B cells perpetuate 
disease through autoantibody production. B cells produce autoantibodies, 
including autoantibodies that activate fibroblasts and polarize them towards 
profibrotic or pro-inflammatory, disease-promoting phenotypes. B cell and 
T cell interactions contribute to sustained inflammation and autoimmunity in 
SSc. B cells present self-antigens and provide co-stimulatory signals to CD4+ 
T cells, promoting a T helper 2 (TH2) cell immune response characterized by 
IL-4, IL-5 and IL-13 production. B cells also stimulate macrophages to adopt 
a profibrotic phenotype. B cells release pro-inflammatory and profibrotic 
cytokines, chemokines and growth factors that further promote fibrosis. BAFFR, 
BAFF receptor; BCR, B cell receptor; ECM, extracellular matrix; fDC, follicular 
dendritic cell; MMPs, matrix metalloproteinases; TFH cell, T follicular helper cell; 
TGFβ, transforming growth factor-β.
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these cells are then organized into tertiary lymphoid structures60,61. 
Lung-resident B cells in SSc include CD19+CD21low/neg, IgM+ and 
CD138+CX3CR1+ plasma cells62.

Secretion of cytokines is a central mechanism by which B cells 
activate fibroblasts and other immune cells. Elevated expression 
of IL-6 in B cells correlates with progressive fibrotic remodelling, 
particularly in patients with early SSc63. High levels of IL-8, IL-1β, 
B cell activating factor (BAFF), CXCL13 and granulocyte–macrophage 
colony-stimulating factor (GM–CSF) are also associated with severe 
fibrosis52,64. Ex vivo studies show that B cells derived from people with 
SSc can infiltrate healthy skin and induce a pro-inflammatory fibroblast 
phenotype reminiscent of pro-inflammatory fibroblast subpopula-
tions in SSc skin via TNF signalling65. In the lung, B cell–fibroblast 
interactions promote fibrotic remodelling via cytokines such as TNF  
and IL-1β66.

Autoantibodies contribute to the pathophysiology of SSc via 
multiple mechanisms67. Functional autoantibodies that recog-
nize platelet-derived growth factor receptor, endothelin recep-
tor type A or type 1 angiotensin II receptor can bind to cell-surface 
receptors to activate profibrotic intracellular signalling cascades 
in fibroblasts and other target cells. Anti-Scl70 antibodies (also 
known as anti-topoisomerase I antibodies) can disrupt DNA cleav-
age complexes to promote fibroblast activation68,69. Moreover, 
anti-Scl70 IgG antibody could interfere with the normal interaction 
between Scl70 autoantigen and CCR7 on fibroblasts70. Immune com-
plexes formed by anti-Scl70 antibodies and other autoantibodies can 
also engage Toll-like receptors on fibroblasts, subsequently triggering 
pro-inflammatory and profibrotic signalling cascades71. Consistent 
with these findings, IgG anti-Scl70 antibodies from patients with SSc 
can induce pro-inflammatory and profibrotic transcriptomic and pro-
teomic shifts in healthy fibroblasts72 and in endothelial cells73. Moreo-
ver, immunization of mice with human Scl70 antigen and complete 
Freud’s adjuvant induces the production of anti-Scl70 antibodies and 
subsequent development of dermal and pulmonary fibrosis74. B cells 
with high affinity for Scl70 induce more pronounced upregulation of 
profibrotic cytokines and more extensive fibrotic remodelling, whereas 
low-affinity antibodies or inhibition of cytokine production ameliorate 
fibrosis75. Translation of these findings from bench to bedside and 
clinical trials that target B cells and autoantibodies in SSc have been 
reviewed elsewhere13.

T cells also have a key role in SSc. Activated T cells in SSc are pre-
dominantly T helper 2 (TH2) cells, which produce IL-4 and IL-13 and can 
trigger the activation of adjacent fibroblasts to promote fibrosis76. 
Cytotoxic CD4+ T cells accumulate in the skin of patients with SSc and 
can induce endothelial-cell apoptosis35. A heterogeneous subset of 
effector memory CD8+KLRB1+IL-7R+ cells characterized by increased 
cytolytic Tc2 and Tc17 effector functions were identified in early 
dcSSc skin lesions and seemed to induce tissue damage and fibrosis77. 
Although the pathophysiological role of TH17 cell cytokines is currently 
less well understood, IL-17 producing TH17 cells are upregulated in 
dcSSc, which contributes to the immune imbalance in SSc.

Interactions between B cells and T cells perpetuate inflamma-
tion and autoimmunity in SSc. B cells present antigens and provide 
co-stimulation to CD4+ T cells, enhancing follicular helper T (TFH) cell 
activation, IL-21 secretion and autoantibody production78. In SSc, 
TFH cells are hyperactivated, express elevated levels of immunostimu-
latory molecules such as inducible T cell co-stimulator (ICOS) and PD-1 
and promote type 2 humoral immune responses. A unique CD4+ T cell 
subset characterized by the expression of CXCL13 and IL-21 in addition 

to a TFH cell-like gene expression signature has been identified using 
scRNA-seq; this subset seemed poised to promote B cell responses 
within the inflamed skin of patients with SSc79.

Thus, B cells and T cells have important roles in the pathophysi-
ology of SSc. In particular, B cell activation and accumulation in 
organs is key for the activation of resident cells such as fibroblasts 
and endothelial cells.

Monocytes and macrophages
Activated monocyte and macrophages are key contributors to fibrosis 
via the release of profibrotic mediators, contact-dependent fibroblast 
activation and ECM remodelling80,81 (Fig. 3). Owing to their plasticity, 
monocytes can dynamically adapt to their tissue environment and 
exert a broad spectrum of pro-inflammatory and profibrotic responses. 
Patients with SSc have abnormal circulating monocyte populations 
characterized by an increased proportion of cells that co-express 
both pro-inflammatory (CD80⁺ and CD86⁺) and profibrotic (CD204⁺, 
CD163⁺ and CD206⁺) markers82. Notably, patients with SSc and lung 
involvement exhibit a higher percentage of these abnormal mono-
cytes than those without lung involvement.83. Profibrotic macrophage 
polarization, which is defined by the expression of the scavenger 
receptor macrophage receptor with collagenous structure (MARCO) 
and elevated expression of arginase 1, IL-10 and TGFβ, has also been 
reported in patients with asbestos-induced fibrosis84. Experimental 
studies in mice have confirmed the requirement of MARCO for the 
development of chrysotile-induced pulmonary fibrosis84. Similarly, 
an increase in MARCO+ monocytes and macrophages have been identi-
fied in the circulation and lesional skin and lungs of patients with SSc 
and in the bleomycin-induced mouse model of fibrosis85. Preclinical 
studies further show that administration of poly(lactic-co-glycolic 
acid) nanoparticles attenuate fibrosis, at least in part, by targeting 
MARCO+ monocytes and macrophages. Although understanding of 
monocyte and macrophage biology in SSc is still evolving, current 
studies highlight substantial phenotypic heterogeneity within the 
myeloid compartment.

The interplay between macrophages and fibroblasts is a cen-
tral feature of SSc pathogenesis86. Soluble mediators present in SSc 
plasma or secreted via SSc fibroblast-derived exosomes can induce 
a profibrotic and pro-inflammatory phenotype in monocytes and 
macrophages87,88. Macrophages in turn, particularly those with a profi-
brotic (formerly referred to as ‘M2-like’) phenotype, produce cytokines 
such as TGFβ, IL-6 and CCL2 that activate fibroblasts87,88. Circulating 
monocytes from patients with SSc express low levels of the Friend 
leukaemia integration 1 (FLI1) transcription factor89. FLI1-deficient 
macrophages can stimulate the expression of collagen in co-cultures 
with fibroblasts; however, marked phenotypic heterogeneity exists in 
macrophages, which can make phenotypic classification of these cells 
challenging.

Activated endothelial cells might also promote macrophage 
polarization. An increased presence of sialylated IgG that binds to 
dendritic cell-specific intercellular adhesion molecule-3-grabbing 
non-integrin+ (DC-SIGN, also known as CD209) and CD68+ macrophages 
has been observed in the perivascular regions of those patients with 
SSc and a high modified Rodnan skin score90. Corresponding in vitro 
studies show that conditioned medium from IL-1β-treated SSc-derived 
microvascular endothelial cells induced elevated secretion of IL-6 
and endothelin-1. These secreted factors promote the differentia-
tion of monocytes into DC-SIGN+ macrophages that produced high 
levels of CCL2 and CXCL8 but low levels of IL-10. Furthermore, SSc 
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microvascular endothelial cell-activated DC-SIGN+ macrophages 
enhanced a pro-inflammatory phenotype in fibroblasts in co-culture 
experiments90.

Beyond soluble mediator signalling, macrophages can also acti-
vate fibroblasts through direct adhesion via cadherin-11, a transmem-
brane adhesion molecule expressed on macrophages and fibroblasts in 
fibrotic skin and lung tissue91,92. Cadherin-11 engagement triggers TGFβ 
signalling, enhancing fibroblast contractility and ECM production.

Several novel monocyte and macrophage subsets associated with 
SSc have been identified using scRNA-seq. SPP1hi macrophages have 
emerged as key drivers of fibrosis and immune dysregulation93–96. SPP1 
encodes osteopontin, a highly phosphorylated, secreted glycoprotein 
that can function as both a pro-inflammatory and a profibrotic mol-
ecule depending on the disease-specific context. Osteopontin levels 
are elevated in the serum of patients with SSc and correlate with lung 
fibrosis and reduced pulmonary function94. Notably, a genetic predis-
position can contribute to the accumulation of SPP1hi macrophages in 
SSc. People with SSc who carry a hypofunctional variant of NCF1, which 
encodes the p47phox subunit of the nicotinamide adenine dinucleotide 
phosphate oxidase complex, are at an increased risk of developing lung 
fibrosis. Reduced NCF1 activity is associated with an expansion of SPP1+ 
macrophages in both patients with SSc and in a bleomycin-induced 
model of lung fibrosis96.

Nerve–fibroblast axis
Autonomic and sensory nerves have been studied in the setting of 
inflammation and immune-cell activation. Noradrenaline produced 
by the adrenergic nerves in the lungs transmits fibrotic signals to 

myofibroblasts that express adrenoreceptor α-1D (ADRA1D) in alveolar 
lung fibrosis in mice97,98. This effect can be reversed by administration 
of the ADRA1D antagonist terazosin. In one study, thus far only available 
as a preprint, incubation with terazosin also induced the downregula-
tion of fibrotic markers in human precision-cut lung slices98. ADRA1D+ 
alveolar myofibroblasts are detected in lung tissues of patients with 
SSc-ILD and IPF, and deletion of Adra1d in myofibroblasts in vivo in mice 
attenuates alveolar fibrosis98. Netrin-1, derived from macrophages, 
induces lung fibrosis in mice through neuronal guidance function 
and by increasing noradrenaline levels, and this profibrotic effect can 
be blocked by ADRA1D inactivation. Moreover, in a longitudinal IPF 
cohort, ADRA1D blockade improved patient survival99. In addition to 
noradrenaline, nerve growth factor (NGF) might be implicated in the 
pathogenesis of fibrosis. NGF enhances fibroblast migration, transition 
to myofibroblasts and gel contraction (an in vitro model of fibroblast 
contractibility)100; however, NGF can also be antifibrotic as continuous 
administration of NGF induces myofibroblast apoptosis100. In addi-
tion, activation of the sympathetic nervous system and production 
of neuropeptides can indirectly activate fibroblasts by promoting 
inflammation and production of cytokines from inflammatory cells as 
shown in cardiac remodelling101 and other tissues102,103. Taken together, 
these studies implicate sympathetic nerve–fibroblast communication 
in the pathophysiology of fibrosis.

Matrikines and matricryptins
ECM components including collagens, elastin, fibronectin and laminin 
are cleaved by different enzymes including cathepsins, matrix metal-
loproteinases (MMPs), bone morphogenetic proteins and a disintegrin 
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and metalloproteinases (ADAMs) to release biologically active peptides 
known as matrikines, which have an important role in tissue remodel-
ling and repair that differs from the role of the parent molecule. The 
matrikines released as products of partial proteolysis exert pleiotropic 
effects that modulate cell proliferation, apoptosis, angiogenesis and 
migration (Supplementary Fig. 1).

Matrikines can exert profibrotic and antifibrotic effects; for 
example, the cleavage product of collagen type VI, endotrophin, is 
profibrotic104, whereas the cleavage product of collagen type XVIII, 
endostatin, is antifibrotic105. Endostatin and an endostatin-derived pep-
tide can reduce fibrosis in experimental dermal and pulmonary fibrosis 
in mice and in ex vivo cultures of human biopsy-obtained skin and lung 
samples105,106. Although endostatin levels are elevated in the serum of 
patients with SSc107, reduced levels of cathepsin L (the main enzyme 
responsible for cleavage of and also the sequestration of endostatin in 
extracellular vesicles) might explain why concentrations of endostatin 
do not reach antifibrotic levels in SSc108. Deficiency in certain MMPs 
that generate matrikines, such as MMP12, might also reduce dermal 
fibrosis109. Thus, targeting pathogenic matrikines using antibodies 
and/or the enzymes responsible for their generation or boosting the 
production of beneficial matrikines in fibrosis (such as endostatin) 
presents a potential novel therapeutic avenue104.

In addition to the generation of matrikines, enzymatic fragments 
of ECM molecules can become exposed and bioactive; these sites are 
referred to as matricryptins110. The generation of matricryptins occurs 
in response to mechanical forces, reactive oxygen species and other 
processes. Matrikines and matricryptins derived from the same mol-
ecule can exert opposite effects; for example, matrikines and matric-
ryptins from SPARC can exert pro-angiogenic and anti-angiogenic 
effects110. To add further complexity, some of these effects are cell-type 
dependent. Thus, the balance and activity of different matrikines and 
matricryptins depends on the factors responsible for their release and 
the tissue and cell context110.

Senescence
Fibrosis shares features of early or premature senescence. Senescence 
of activated fibroblasts and myofibroblasts has been described in dif-
ferent fibrosing conditions111. Activated fibroblast subpopulations 
and myofibroblasts can obtain a senescence-associated secretory 
phenotype (SASP), which includes the release of pro-inflammatory 
and profibrotic factors (such as IL-1α, IL-1β, IL-6, TGFβ, PDGF and plas-
minogen activator inhibitor-1)112. These factors can promote persis-
tence of the activated fibroblasts by inducing a permissive, profibrotic 
milieu. Targeted elimination of senescent cells improves pulmonary 
function in mice113. Although the mechanisms leading to the senescent 
phenotype are incompletely understood, emerging data suggest that 
senotherapeutics, including senomorphics and senolytics, might be 
effective for the treatment of fibrosis in SSc. In a study of dasatinib 
(a multityrosine kinase inhibitor that also has senolytic effects) in 
patients with SSc, re-analysis of the skin gene-expression profile of 
those who responded to treatment showed a decrease in the SASP gene 
signature114. Additional research is needed to understand how senes-
cent cells emerge in fibrosis, their exact role in the initiation and/or 
perpetuation of fibrosis, and the therapeutic potential of eliminating 
senescent cells in diseased tissues.

Profibrotic transcription factors
Profibrotic signals induce the activation of a network of transcription 
factors that translate upstream signals into a profibrotic phenotype.

JAK–STAT signalling
Janus kinase 2 ( JAK2) has been characterized as a downstream mediator 
of TGFβ in fibroblasts (Fig. 4). Phosphorylation of JAK2 at 1007/1008 
Tyr residues causes fibroblasts to accumulate in skin of patients with 
SSc. Stimulation of resting fibroblasts with TGFβ induces this JAK2 
phosphorylation115, which provides evidence that TGFβ contributes to 
the activation of JAK2–signal transducer and activator of transcription 3 
(STAT3) signalling in SSc skin. JAK2 activation promotes TGFβ-induced 
fibroblast-to-myofibroblast transition, which can be prevented by 
pharmacological or genetic inhibition. Furthermore, inhibiting JAK2 
reverses the active phenotype of SSc cells and can also attenuate 
experimental dermal fibrosis115. However, JAK2 can evade inhibition 
by highly specific JAK2 inhibitors, as JAK1 can trans-phosphorylate JAK2, 
resulting in JAK2 activation. This escape mechanism can be inhibited by 
using combined JAK1 and JAK2 inhibitors, or selective JAK2 inhibitors 
in combination with heat shock protein 90 inhibitors, which increase 
JAK2 degradation116.

Alternative ways to target TGFβ-induced JAK2–STAT3 signalling 
in fibrosis might involve the tyrosine phosphatase SHP2 (Src homol-
ogy 2 domain-containing protein tyrosine phosphatase-2) and the 
serine-threonine kinase CKII. TGFβ enhances SHP2 recruitment to 
JAK2 and stimulates tyrosine phosphatase activity, which leads to 
the dephosphorylation of the inhibitory phosphorylation site Y570 
of JAK2 and activation of STAT3. Inactivating SHP2 increases Y570 
phosphorylated JAK2, decreases JAK2–STAT3 signalling, suppresses 
TGFβ-induced fibroblast activation and improves experimental der-
mal and pulmonary fibrosis117. CKII expression is also upregulated in 
SSc fibroblasts118. Inhibiting CKII reduces TGFβ-induced JAK2 phos-
phorylation and STAT3 accumulation in fibroblasts, which prevents 
fibroblast-to-myofibroblast transition and experimental fibrosis118.

STAT3 is an essential downstream mediator of JAK1 and JAK2, 
but it also integrates signals from other profibrotic kinases such as 
SMAD3, SRC, ABL and JNK115,119–122. Consistently, fibroblast-specific 
inducible knockout or pharmacological inhibition of STAT3 reduces 
TGFβ-induced fibroblast-to-myofibroblast transition and collagen 
release in vitro and ameliorates experimental skin fibrosis123. Thus, 
inhibition of JAK–STAT3 signalling can limit fibroblast activation and 
fibrotic tissue remodelling in SSc. Translation of these findings into 
clinical trials is reviewed elsewhere13.

PU.1
PU.1, also known as SPI1, is a transcription factor of the E26 
transformation-specific family. Under homeostatic conditions, the 
expression of PU.1 is largely restricted to macrophages, and resting 
fibroblasts lack PU.1 owing to epigenetic repression. However, the tight 
epigenetic control of PU.1 in fibroblasts is perturbed in fibrotic tissues, 
such as the skin in SSc, leading to PU.1 expression in certain fibroblast 
subpopulations. PU.1 induces the expression of profibrotic genes in 
fibroblasts and promotes fibroblast-to-myofibroblast transition as 
it can regulate profibrotic gene-expression programmes124. Notably, 
forced overexpression of PU.1 is not only sufficient to induce a fibroblast-
to-myofibroblast differentiation in resting fibroblasts but also induces 
a fibrotic phenotype in inflammatory fibroblasts isolated from inflamed 
joints of patients with rheumatoid arthritis. Fibroblast-specific, induc-
ible knockout of PU.1 prevents fibroblast-to-myofibroblast transition 
and ameliorates experimental fibrosis in multiple organs. Small mol-
ecule inhibitors of PU.1 can exert potent antifibrotic effects124; however, 
PU.1 inhibitors with sufficient pharmacokinetics for use in humans are 
currently not available.
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Nuclear receptors
Nuclear receptors, a superfamily of transcriptional regulators, have cru-
cial roles in fibrotic tissue remodelling. Several nuclear receptors can 
modulate fibrotic tissue remodelling by regulating different molecular 
pathways and on different cell types (Fig. 5).

NR1C3 (also known as PPARγ) competes with SMAD3 for the coac-
tivator p300, thereby inhibiting SMAD-dependent transcription of 
profibrotic genes125. NR1C3 expression is reduced in fibrotic tissues 
and cultured fibroblasts from patients with SSc; this downregula-
tion is mediated by TGFβ signalling126. In adipocytes, the downregu-
lation of NR1C3 requires the corepressor NCoR127. NR1C3 agonists 
mitigate TGFβ-induced fibroblast activation, collagen secretion and 
bleomycin-induced fibrosis. Moreover, single-nucleotide polymor-
phisms in NR1C3 might be implicated in SSc susceptibility; however, 
a pan-PPAR agonist (lanifibranor) failed to demonstrate efficacy in a 
phase II study in patients with dcSSc (NCT02921971).

NR4A1 (alternatively known as Nur77 or TR3) also functions as an 
antifibrotic nuclear receptor, the expression of which is diminished 
in fibrotic diseases128,129. Under normal wound-healing conditions, 
transient TGFβ signalling upregulates NR4A1, which then represses 
profibrotic gene expression via SP1-dependent trans-repression. 
In chronic fibrotic states, prolonged TGFβ exposure undermines the 

inhibitory functions of NR4A1 via histone deacetylase-mediated epige-
netic silencing and through AKT-induced phosphorylation22,128. NR4A1 
agonists have demonstrated antifibrotic properties in multiple models 
of experimental fibrosis128,130–132, but small molecules with suitable 
pharmacokinetic profiles for clinical use have not yet been developed.

NR1I1 (also known as the vitamin D receptor) has a role in fibrotic 
remodelling in multiple organs133. Activation of NR1I1 inhibits TGFβ–
SMAD signalling by binding to phosphorylated SMAD3 and preventing 
its transcriptional activity134. This mechanism is particularly relevant to 
SSc, in which reduced NR1I1 expression in the skin, along with common 
vitamin D deficiency, might contribute to fibrogenesis.

Other members of the nuclear receptor family that alter TGFβ 
signalling in fibroblasts and have been implicated in the pathogen-
esis of SSc are NR0B1 (also known as DAX1), NR2C1 (also known as 
testicular receptor 4 (TR4)), NR1F1 (also known as RAR-related orphan 
receptor-α (RORα,)) and NR1I3 (also known as the constitutive andros-
tane receptor (CAR))). The expression of NR0B1, NR2C1 and NR1F1 is 
upregulated in fibroblasts from patients with SSc135–137. NR0B1 and 
NR2C1 are upregulated in a TGFβ-dependent manner, whereas the 
expression of NR1F1 is induced by canonical WNT signalling135–137. 
NR0B1, NR2C1 and NR1F1 regulate distinct intracellular pathways in 
fibroblasts. NR0B1 promotes activation of WNT–β-catenin signalling 
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Fig. 4 | Dysregulated JAK–STAT signalling as a core pathway of fibroblast 
activation in systemic sclerosis. Janus kinase ( JAK)–signal transducer 
and activator of transcription (STAT) signalling is dysregulated in systemic 
sclerosis (SSc) fibroblasts on various levels and many potential interventions 
(shown in yellow) can be used to therapeutically target this dysregulated 
signalling. JAK1, JAK2, JAK3 and TYK2 together form the JAK family. JAKs are 
receptor-associated tyrosine kinases that transmit signals of various cytokine 
and growth-factor receptors. Activation of the upstream receptors (such as the 
IL-6 receptor (IL-6R) and the transforming growth factor-β (TGFβ) receptors 

(TβR1 and TβR2)) induces recruitment of JAK proteins and promotes their 
phosphorylation at 1007/1008 Tyr residues. Activated JAKs then phosphorylate 
the receptors, thereby generating docking sites for STAT proteins. Upon binding 
to these phosphorylated binding sites of the receptors, STAT proteins are 
phosphorylated, dimerize and translocate into the nucleus, where they activate 
transcription of target genes212. DNMT, DNA methyltransferase; HSP90, heat 
shock protein 90; Me, methyl group; SHP2, Src homology 2 domain-containing 
protein tyrosine phosphatase-2; SOCS3, suppressor of cytokine signalling 3.
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to facilitate fibroblast-to-myofibroblast differentiation135. Inactiva-
tion of NR0B1 ameliorates collagen release in cultured human dermal 
fibroblasts, in an in vitro model of human skin and in mouse models 
of dermal fibrosis135. Inhibition of NR0B1 also reduces the expres-
sion of disease-relevant genes, including genes associated with 
WNT–β-catenin signalling in precision-cut slices of skin from patients 
with SSc135. NR2C1 regulates Gα12 and RHO-associated protein kinase 
(ROCK) signalling to control the expression of numerous genes impli-
cated in cytoskeletal remodelling and thereby promotes fibroblast-to-
myofibroblast transition137. Inactivation of NR2C1 reduces collagen 
release and prevents experimental dermal and pulmonary fibrosis 
in mouse models137. NR1F1 is required for TGFβ-induced activation of 
Hippo signalling in fibroblasts. Inactivation of NR1F1 inhibits Hippo sig-
nalling, reduces fibroblast-to-myofibroblast transition and ameliorates 
experimental dermal, pulmonary and hepatic fibrosis136. The role of 
NR1I3 is less well-defined. Activation of NR1I3 by synthetic NR1I3 ago-
nists fosters activation of canonical TGFβ signalling and exacerbates 
experimental fibrosis138. However, the exact molecular mechanisms 
and potential therapeutic implications of NR1I3 inhibition have not yet  
been investigated.

In contrast to the nuclear receptors discussed thus far, liver X 
receptor (LXR) and pregnane X receptor (PXR) regulate the release of 
profibrotic mediators from macrophages or T cells, respectively, rather 
than targeting fibroblasts directly. LXR agonists inhibit macrophage 
activation and IL-6 release in mouse models of dermal fibrosis139. PXR 
activation inhibits the release of IL-13 from TH2 cells, which results in 
reduced fibrotic remoulding in inflammatory mouse models of SSc140.

Thus, several nuclear receptors have been implicated in the patho-
genesis of fibrotic tissue remodelling at different molecular and cellular 
levels and might offer potential for therapeutic intervention.

Developmental pathways
Hedgehog and WNT signalling pathways are integral to organ develop-
ment in the embryo and are thus often referred to as developmental 
pathways. Under physiological conditions, these developmental path-
ways regulate stem-cell function but are silenced in most other cell types 
in adults. However, these developmental pathways are reactivated in the 
context of fibrosis and seem to have crucial roles in tissue remodelling141.

Hedgehog signalling
The expression levels of the sonic hedgehog (SHH) ligand and the tran-
scription factor GLI2 are increased in skin from patients with SSc and 
in other fibrotic tissues142. Serum levels of SHH are also upregulated 
in SSc and correlate with the extent of fibrosis143. TGFβ contributes to 
hedgehog pathway activation by inducing SHH expression, upregu-
lating the expression of the hedgehog acyltransferase (also known 
as skinny hedgehog, which catalyses the attachment of palmitate to 
SHH, thereby enabling the multimerization of SHH proteins) and also 
by directly activating the GLI2 promoter in fibroblasts144–146. Crosstalk 
between hedgehog signalling and activator protein 1 signalling might 
also contribute to aberrant GLI2 activity in SSc147. Hedgehog signalling 
promotes fibroblast-to-myofibroblast differentiation and is sufficient 
to induce skin fibrosis in mice144,148. Moreover, its inactivation, either 
pharmacologically or genetically, attenuates experimental fibrosis in 
the skin, lungs and other organs148–150.

Canonical WNT signalling
Canonical (β-catenin-dependent) WNT signalling is upregulated 
in various fibrotic conditions including in SSc skin, as indicated by 
increased expression of WNT ligands, reduced levels of endogenous 
WNT inhibitors, nuclear accumulation of β-catenin and overexpression 
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of WNT–β-catenin-regulated target genes151–155. Stimulation with recom-
binant WNT proteins upregulates the expression of myofibroblast 
markers and the release of collagen in fibroblasts. Moreover, activation 
of canonical WNT signalling, either by overexpression of WNT ligands 
(such as WNT10b) or fibroblast-specific, inducible overexpression of 
β-catenin is sufficient to induce dermal fibrosis in mice152,156,157. Targeted 
inactivation of canonical WNT signalling by several different genetic or 
pharmacological approaches consistently demonstrated antifibrotic 
effects in preclinical models158–163. TGFβ activates canonical WNT sig-
nalling in fibroblasts, promoting nuclear translocation of β-catenin 
and upregulation of WNT target genes157. These stimulatory effects 
of TGFβ on canonical WNT signalling are at least in part mediated by 
TGFβ-dependent suppression of the transcription of endogenous WNT 
antagonists such as Dickkopf-1 (DKK1) and secreted frizzled-related 
protein 1 (SFRP1) through p38-dependent mechanisms and epigenetic 
silencing164, but also by downregulation of axin-2 (ref. 165). The stimula-
tory effects of TGFβ on canonical WNT signalling contribute to its profi-
brotic effects as inhibition of canonical WNT signalling ameliorates 
fibrosis induced by aberrant TGFβ signalling in mice157. Collectively, 
these findings position canonical WNT signalling as a central pathway 
in fibrotic remodelling (Fig. 6).

Non-canonical WNT signalling
Non-canonical (β-catenin-independent) WNT signalling is defined 
as signalling events induced by WNT proteins that are transmitted to 
the nucleus independently of β-catenin. These non-canonical WNT 
signals are often triggered by specific WNT proteins such as WNT5A. 
Non-canonical WNT signalling is also perturbed in SSc, with upregula-
tion of WNT5A reported in skin of patients with SSc166. Recombinant 
WNT5A induces collagen release and fibroblast-to-myofibroblast 
transition in cultured fibroblasts. Overexpression of WNT5A is suf-
ficient to induce fibrosis in organotypic skin models of mouse skin 
and lungs. These profibrotic effects are mediated by WNT5A-induced 
activation of latent TGFβ166. WNT5A activates JNK and ROCK signalling 
to induce cytoskeletal rearrangements and clustering of integrin αV, 
which promotes activation of latent TGFβ stored in large amounts in 
the ECM. Inhibition of WNT5A or its downstream mediators prevents 
activation of latent TGFβ, rebalances TGFβ signalling and ameliorates 
experimental fibrosis166. In contrast to canonical WNT signalling and 
hedgehog signalling, non-canonical signalling via WNT5A is thus an 
upstream regulator of TGFβ signalling in SSc (Fig. 6).

These findings highlight the close interaction of TGFβ signalling 
with canonical and non-canonical WNT and hedgehog signalling and 
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provide evidence that these signalling cascades synergize to promote 
fibrotic tissue remodelling in SSc.

Epigenetic changes and fibrotic tissue memory
Fibroblasts in SSc undergo epigenetic changes as a result of chronic 
exposure to the profibrotic environment167. These epigenetic modifica-
tions consolidate the activated phenotype of SSc fibroblasts and render 
them at least in part independent of external stimuli, such as those 
delivered by immune cells168. This finding is reflected in the chroni-
cally active phenotype of SSc fibroblasts with increased release of ECM 
and elevated expression of myofibroblast markers even after several 
passages in in vitro monocultures. This stabilization of the activated 
phenotype of tissue-resident cells by epigenetic modifications is also 
referred to as ‘tissue memory’169,170. Tissue memory in SSc is encoded 
by a complex combination of different epigenetic alterations involving 
changes in DNA methylation, histone methylation, histone acetylation, 
epigenetic readers of the bromodomain (BRD) family and non-coding 
RNAs164,167,171–187. We discuss selected examples of DNA and histone 
modifications that contribute to fibroblast activation; changes in the 
expression of non-coding RNAs have been reviewed elsewhere188.

DNA methylation
Three DNA methyltransferases (DNMTs), DNMT1, DNMT3A and 
DNMT3B, can methylate DNA at position C5 of the pyrimidine ring of 
cytosine189. When methylated cytosine residues are grouped in what are 
known as CpG islands, binding sites for methyl-CpG-binding domain 
(MBD) proteins form. MBD protein binding promotes the recruit-
ment of repressor complexes to inhibit transcription190. Numerous 
studies show that fibroblast activation in SSc is promoted by altered 
DNA methylation164,186,191–193. Notably, TGFβ induces the expression of 
DNMT3A with consecutive increases in DNMT1 in fibroblasts, thereby 
providing a molecular link between aberrant TGFβ signalling and 
DNA-methylation-mediated tissue memory194. The first target shown 
to be dysregulated by DNA methylation in SSc was the transcription fac-
tor FLI1 (refs. 186,195,196). FLI1 can limit TGFβ signalling197; however, in 
SSc, aberrant DNA methylation silences FLI1 expression. Other targets 
of DNA methylation are suppressor of cytokine signalling 3 (SOCS3), 
an endogenous inhibitor of JAK–STAT signalling, and the endogenous 
WNT antagonists DKK1 and SFRP1. Silencing of SOCS3 expression in 
fibroblasts facilitates prolonged activation of JAK2–STAT3 signalling 
and promotes fibroblast activation and tissue remodelling198. Silenc-
ing of DKK1 and SFRP1 might synergize with overexpression of WNT 
ligands to induce aberrant WNT signalling in SSc164. DNMT inhibitors 
can partially reverse the activated phenotype of SSc fibroblasts and 
demonstrate antifibrotic effects across multiple organs164,199,200.

Methylation analysis of the X chromosome in peripheral blood 
mononuclear cells (PBMCs) from monozygotic twins discordant for 
SSc identified differential methylation of genes involved in transcrip-
tion, proliferation, inflammation, apoptosis and oxidative stress201. 
Global methylation analysis in PBMCs of both monozygotic and dizy-
gotic twins discordant for SSc identified distinct methylation sites in 
patients with lcSSc compared with those with dcSSc202. A global analysis 
of differential methylation and expression conducted using primary 
dermal fibroblasts from monozygotic and dizygotic twins with SSc 
demonstrated the differential regulation of the transcription factor 
KLF4 (ref. 180). Functional studies in fibroblasts and conditional knock-
out mice revealed that KLF4 (the expression of which is suppressed in 
fibroblasts from patients with SSc compared with their healthy twin) 
regulates TBX5 and TFAP2A, and that lower levels of KLF4 promote 

fibrosis180. Together, these studies highlight the functional impact 
of differential methylation in SSc, both systemically and in affected 
tissues, and indicate a potential benefit of using epigenetic modifiers 
for the treatment of SSc.

Histone acetylation and methylation
TGFβ can also alter the epigenetic memory of SSc fibroblasts by modu-
lating the histone code. Histone modifications include acetylation and 
methylation. Early reports demonstrated that histone deacetylation 
inhibitors attenuate the activated phenotype of SSc fibroblasts and 
ameliorate bleomycin-induced dermal fibrosis in mice174. Follow-up 
studies show that TGFβ downregulates the expression of the H4K16 
histone acetyltransferase MYST1 in a SMAD-dependent manner. MYST1 
provides epigenetic control of autophagy by suppressing the transcrip-
tion of core components of the autophagy machinery. Plasmid-induced 
re-expression of MYST1 abrogates the stimulatory effects of TGFβ on 
autophagy and ameliorates TGFβ-induced fibroblast activation and 
experimental fibrosis203. Histone modifications are also implicated in 
the regulation of PU.1 expression124. In resting fibroblasts, repressive 
H3K9me3 and H3K27me3 marks dominate the promoter and upstream 
regulatory element of the PU.1 gene. In SSc fibroblasts, however, the 
upstream regulatory element of the PU.1 locus becomes permissive 
with increased H3K27 acetylation and loss of H3K9me3 and H3K27me3, 
thereby facilitating transcription of PU.1 (ref. 124). Histone modifications 
are thus a central component of the profibrotic tissue memory.

Other epigenetic modifications
Epigenetic modifications with an open chromatin state also main-
tain constitutive activation of a TGFB2 enhancer in SSc fibroblasts179. 
Although most other in vitro studies in SSc use recombinant TGFβ1, 
this study demonstrated that the upregulation of TGFβ2 signalling 
might contribute to endogenous activation of SSc fibroblasts in a BRD4-
dependent manner. Inhibition of the epigenetic reader protein BRD4 
alleviated the hyperactivation of the TGFB2 enhancer, mitigated profi-
brotic gene expression in fibroblasts and ameliorated dermal fibrosis 
in explant cultures of the skin of patients with SSc.

Epigenetic modifications are not restricted to fibroblasts in SSc 
but also contribute to the activated phenotype of other cell types 
such as macrophages. Combined scRNA-seq and single-cell assay for 
transposase-accessible chromatin sequencing (scATAC-seq) of SSc-ILD 
and healthy lungs revealed that the opening of chromatin promotes 
the activation of a specific set of transcription factors that promote 
SPP1 macrophage differentiation in SSc-ILD204.

Although some epigenetic modulators such as histone deacetylase 
inhibitors or DNMT inhibitors are already in clinical use in oncology 
and thus offer potential for direct translation to SSc, the use of others 
such as bromodomain and extra terminal domain protein inhibitors 
is limited by adverse events. Cell-type specific delivery, such as cou-
pling to antibodies or topical application, might offer opportunities 
for translation of those therapies to the clinic, but these are currently 
unavailable.

Other self-maintaining activation loops
The excessive deposition of ECM alters the biomechanical properties 
of fibrotic tissues, resulting in increased stiffness. Moreover, fibrotic 
tissues in SSc are hypoxic. Such changes, which are highly conserved 
across different fibrotic organs, trigger molecular signals that promote 
fibroblast activation and generate matricryptins, and might thus drive 
disease progression, particularly in later disease stages.
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Tissue stiffness
Stiff substrates promote fibroblast activation, as evidenced by increased 
expression of contractile proteins and collagen production of fibro-
blasts cultured on stiff surfaces (such as standard cell culture dishes)205. 
Integrin receptors have a major role in how cells sense mechanical cues 
from the ECM, including changes in stiffness, and can convert them 
into intracellular signals that influence cell behaviour. Many of the 
downstream signalling pathways of integrin receptors are implicated 
in fibrosis206. The transcriptional coactivators Yes-associated protein-1 
(YAP1) and transcriptional coactivator with PDZ-binding motif (TAZ) 
are key downstream effectors of the Hippo pathway. They function 
as mechanosensors and have central roles in transducing stiffness 
into cellular responses207. Inhibition of YAP–TAZ signalling attenuates 
both stiffness-induced and TGFβ-induced fibroblast-to-myofibroblast 
transformation, whereas constitutive YAP activation drives fibroblast 
activation and ECM synthesis205. Additional factors such as p300 and 
α6 integrin might also be implicated in stiffness-induced myofibroblast 
differentiation.

Hypoxia
Hypoxia-inducible factor 1α (HIF-1α) is the principal mediator of cellular 
responses to low oxygen levels208. Under normoxic conditions, HIF-1α 
undergoes hydroxylation and acetylation, which promotes its pro-
teasomal degradation. In hypoxic environments, the lack of oxygen 
prevents HIF-1α hydroxylation, enabling its accumulation, nuclear 
translocation, dimerization with HIF-1β (also known as aryl hydro-
carbon receptor nuclear translocator) and subsequent activation of 
target genes with hypoxia-responsive elements209. Hypoxia promotes 
fibroblast-to-myofibroblast differentiation and enhances ECM protein 
transcription via HIF-1α-dependent and -independent mechanisms210. 
The stimulatory effects of hypoxia on fibroblasts and ECM release are 
in part mediated by TGFβ211. Thus, hypoxia can promote fibroblast 
activation and progression of fibrosis, particularly in later stages of 
SSc with advanced vasculopathy and excessive accumulation of ECM.

Conclusions
The pathogenesis of SSc is characterized by a complex interplay of 
vascular injury, inflammation and misdirected tissue repair, which inter-
act at multiple levels to drive disease progression. The intense crosstalk 
also makes defining of individual pathways such as drivers, amplifiers or 
modulators of disease challenging. Despite advances in understanding 
of fibrotic tissue remodelling, the pathogenesis of SSc remains incom-
pletely understood; for example, the early, disease-initiating mecha-
nisms remain largely unknown, mechanisms of disease progression 
in the absence of inflammation are understudied and specific cellular 
niches and localized differences in signalling activity within affected tis-
sues are unclear. This lack of understanding is partly due to preclinical 
models that do not fully recapitulate the diverse features of SSc. Emerg-
ing human model systems, such as organoids, organ-on-chip platforms 
and ex vivo tissue cultures combined with unbiased multi-level omics 
approaches, hold promise for uncovering novel molecular and cellular 
targets for the treatment of SSc. Therapies aimed at disrupting the 
self-sustaining cycle of vasculopathy, inflammation and fibrosis offer 
potential for development of truly disease-modifying therapeutics 
that target not only certain manifestations but also the underlying 
core pathophysiology to treat the full spectrum of manifestations of 
SSc and other fibrotic diseases.
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