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1Chapter 1
General Introduction

Parts of this chapter have been published in:
Novel Insights Into Dendritic Cells in the Pathogenesis of systemic 
sclerosis
T. Carvalheiro, M. Zimmermann, T. R.D.J. Radstake, W. Marut
Clin Exp Immunol. 2020 Jul;201(1):25-33. DOI: 10.1111/cei.13417

Dendritic cells in systemic sclerosis: advances from human and mice 
studies 
A. Affandi, T. Carvalheiro, T. R.D.J. Radstake, W. Marut
Immunol Lett. 2018 Mar;195:18-29. DOI: 10.1016/j.imlet.2017.11.003
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Introduction

The extracellular matrix (ECM) is a dynamic structure, in which production 
and deposition are finely balanced with degradation and removal, regulated 
through pro-fibrotic factors, matrix metalloproteinases (MMPs) and other 
collagenases. Tightly controlled ECM homeostasis is essential for healthy 
connective tissues (1, 2). Fibrosis is an abnormal reparative process that is 
characterized by excessive ECM deposition without reciprocal degradation. 
This progressive accumulation of ECM results in remodelling of the tissue 
architecture and can lead to organ failure (3, 4). Systemic sclerosis (SSc) 
is a prototypical immune-mediated fibrotic disease, characterized by 
vasculopathy, inflammation and fibrosis of the skin and internal organs 
(5). Typically, immune cell infiltration into skin and internal organs occurs 
early in the disease, prior to the onset of fibrosis. SSc is the most severe 
connective tissue disorder and the most resistant to therapy, being 
associated with the highest case-specific mortality among all the rheumatic 
diseases. Currently, there is no effective therapy to halt the progression of 
fibrosis (6).

The complexity and heterogeneous nature of SSc may require multiple 
therapeutic approaches, which imminently may include personalized 
medicine (7). In this thesis, we investigated different mechanism involved 
in the SSc immune-fibrotic process, focussing on inflammatory and fibrotic 
mechanisms of the disease.

Fibrosis

Mechanistically, fibrosis includes the fundamental mechanisms that are 
part of the normal wound healing response: the haemostasis, inflammatory, 
proliferation and remodelling phases (3, 4, 8). The ECM that constitutes the 
fibrotic scar is highly conserved across tissues and consists of interstitial 
fibrillar collagens (as type I and III), fibronectin, basement-membrane 
proteins such as type IV collagen and laminin, and other less abundant 
elements (9-12). Myofibroblasts are key fibrosis effectors in many organs 
and are responsible for the synthesis of ECM proteins like collagen, which 
in excessive amount leads to distortion of parenchymal architecture and 
consequently to tissue failure. Myofibroblasts are defined by the expression 
of smooth-muscle proteins, like actin alpha 2 (ACTA2) and may be derived 
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1from various cell types, including fibroblasts, adipocytes, monocytes/
fibrocytes, pericytes, endothelial cells, and epithelial cells (9-13). 

Acute and chronic inflammation are often the trigger of a fibrotic process. 
Inflammation leads to injury of resident epithelial cells but also endothelial 
cells, resulting in enhanced release of inflammatory mediators, including 
cytokines, chemokines, and others. This process leads to the recruitment 
of a wide range of immune cells, such as lymphocytes, polymorphonuclear 
leukocytes, eosinophils, basophils, mast cells, and macrophages. These 
inflammatory cells provoke myofibroblast activation, which drive the fibrotic 
process. However, some immune cells may have a protective role. For 
instance, certain populations of macrophages phagocytose apoptotic cells 
that promote and activate matrix-degrading metalloproteases (4, 11, 14). 

Progressive tissue remodelling induces self-sustaining activation loops such 
as tissue stiffness or hypoxia, which lead to a persistent myofibroblasts 
activation in fibrotic diseases. During the fibrosis progression, myofibroblasts 
proliferate and sense physical and biochemical stimuli in the local 
environment, through integrins and cell-surface molecules; contractile 
mediators trigger pathological tissue contraction. This chain of events can 
cause physical organ deformation and impaired function. Thus, the fibrosis 
biology is dynamic, although the degree of plasticity appears to vary from 
organ to organ (15).

The molecular processes driving fibrosis are broad and complex. The 
transforming growth factor beta (TGF-β) cascade plays a major role through 
its potent capacity to stimulate the synthesis of ECM proteins in most 
fibrogenic cells. TGF-β is expressed in virtually all mammalian tissues and 
the TGF-β superfamily comprises three TGF-β isoforms (TGF-β1, TGF-β2, 
and TGF-β3), activins, nodal and bone morphogenetic proteins, and growth 
differentiation factors (commonly known as GDFs) (16, 17).

TGF-β family members are typically secreted and deposited in the ECM in 
their latent form, and their biological effects can only be delivered upon 
ligand activation. Latent TGF-βs are activated by various pathways in vivo, 
such as plasmin, matrix metalloproteinases (MMPs), thrombospondin-1, 
lower pH, and reactive oxygen species, but also by specific integrins that bind 
the Arg-Gly-Asp sequence of the latency-associated peptide (LAP) (18). 



12

The TGF-β signalling pathway involves the binding of TGF-β to a serine–
threonine kinase type II receptor that recruits and phosphorylates a type I 
receptor. TGF-β canonical signalling via TGF-β type I receptor (ALK5) followed 
by subsequently phosphorylation of intracellular Smad2/3 proteins is the 
most studied. However, there are data suggesting that aberrant activation 
of non-canonical TGF-β signalling via non-Smad2/3 pathways also plays a key 
role in the pathogenesis of fibrosis, including the ALK1-Smad1/5 pathway, the 
MAP kinases (ERK, JNK, p38), PI3K/Akt, c-abl, JAK2/STAT3 and ROCKs pathways, 
which can act directly or in concertation with Smad proteins and regulate the 
expression of ECM genes (19, 20). 

Besides TGF-β, fibrosis is closely related with growth factors as the platelet-
derived growth factor (PDGF) and connective-tissue growth factor (CTGF), 
but also proteins implicated in the vascular system, like angiotensin II and 
endothelin-1. The angiogenic pathways are implicated in the fibrotic process 
by their capacity to directly stimulate TGF-β production and trigger fibroblast 
proliferation and differentiation into myofibroblasts (11, 21). Integrins, which 
facilitate cell-cell and cell-ECM adhesion are also critical in the pathogenesis 
of fibrosis due their capacity to regulate cellular growth, proliferation, 
migration, signalling, and cytokine activation and release (22, 23).

Systemic sclerosis

Systemic sclerosis (SSc), also known as scleroderma, is an immune-mediated 
rheumatic disease characterized by vasculopathy, inflammation and fibrosis 
of the skin and internal organs. The aetiology of SSc is largely unknown, and 
its pathogenesis is complex and poorly understood (5).

Prevalence and incidence estimated for SSc around the world vary substantially. 
Lower estimates of prevalence (<150 per million) and incidence (<10 per million 
per year) have been observed in northern Europe and Japan, whereas higher 
estimates of prevalence (276–443 per million) and incidence (14–21 per million 
per year) have been reported in southern Europe, North America and Australia 
(24). Additionally, SSc is more common in females compared to males. In 
general, the ratio between female and males SSc patients is considered to be 
approximately 3:1 to as high as 7–8:1 depending on the geographical region 
(25). Remarkably, although SSc is more prevalent in women, men with SSc 
seem to develop more severe disease than do women with SSc (26).
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1Although the exact cause that triggers the onset of the microvascular damage 
and the associated immune response and fibrosis remains elusive, interplay 
between genetic factors and environmental events is likely to play a part (27, 
28). The relative risk of developing SSc is 1.6% in families with a history of 
SSc and 0.026% in the general population. Interestingly, the concordance rate 
of SSc in monozygotic twins is only 4.2%, which is a much lower rate than 
that of other autoimmune diseases, including rheumatoid arthritis (12.3%), 
multiple sclerosis (16.7%) and primary biliary cholangitis (77%) (28). However, 
the gene expression profiles of dermal fibroblasts isolated from patients with 
SSc and their unaffected monozygotic, but not dizygotic, twins are similar. 
The high concordance at molecular level for the SSc fibroblast phenotype 
in monozygotic twins suggests that the development of the full clinical SSc 
phenotype is dependent on additional non-genetic factors (29). GWASs and 
immunoChIP (chromatin immunoprecipitation) analyses have identified 
single-nucleotide polymorphisms (SNPs) at multiple loci that are associated 
with SSc susceptibility and with specific clinical and autoantibody-defined 
disease subsets (30). In particular, SNPs in the HLA class II region and other 
immune related genes, such as Interferon (IFN) related and Interleukin (IL)-12 
pathways, show strong associations (30-33). These findings support a key role 
for the immune system in SSc predisposition, however the direct contribution 
of these genetic associations to disease susceptibility and manifestations, as 
well as the underlying mechanisms, remains largely unknown (34).

The relatively modest genetic contribution to disease susceptibility has 
increasingly drawn attention to environmentally induced epigenetic 
modifications constituting the driving force for disease initiation in genetically 
susceptible individuals (6, 28). Alterations like DNA methylation, histone 
modifications, and non-coding RNAs, such as long non-coding RNAs, and 
microRNAs, have been shown to be dysregulated in SSc (6, 28).

SSc heterogeneity is reflected by its clinical manifestations, autoantibody 
profiles, time of progression, response to treatments and survival. Usually, 
SSc clinical phenotypes are subdivided on the basis of the extent of skin 
involvement; patients are grouped into limited cutaneous SSc (lcSSc) and 
diffuse cutaneous SSc (dcSSc) subsets. In lcSSc, skin fibrosis is restricted to the 
fingers (sclerodactyly), distal extremities and face, while in dcSSc, the trunk 
and proximal extremities are also affected. However, not all SSc patients fall 
clearly into one of these two disease subsets, and some can change their 
subset assignment over time. Furthermore, some individuals present with 
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hallmark clinical and serological features of SSc in the absence of detectable 
skin involvement (non-cutaneous SSc) (6, 35-38).

SSc patients present a large diversity of clinical manifestations; Raynaud’s 
phenomenon (RP) and gastro-oesophageal reflux are often present at early 
phases of the disease. Frequently, patients also present inflammatory 
skin disease, puffy and swollen fingers, musculoskeletal inflammation, or 
constitutional manifestations such as fatigue. In some patients, organ-based 
manifestations of the disease are observed, which include lung fibrosis, 
pulmonary arterial hypertension (PAH), cardiac involvement, renal failure or 
gastrointestinal complications (5, 6). 

Since SSc comprises a wide spectrum of clinical features and affects several 
organs, no single approach to treatment has proved uniformly effective, 
and clinical trials are limited by the lack of adequate outcome measures 
and the variable course of the disease (6, 39). Observational studies have 
demonstrated that rapid progression of organ involvement predominantly 
occurs in the earlier stages of disease. In late-stage disease, fibrosis in 
patients with both lcSSc and dcSSc might remain quite stable and, therefore, 
not require intervention (6). Current therapeutic recommendations 
address several SSc-related organ complications as RP, digital ulcers, 
PAH, skin and lung disease, scleroderma renal crisis and gastrointestinal 
involvement (40). Most of the current therapeutic approaches are based on 
the immunomodulation of the immune system, yet there are no effective 
therapies that halt the fibrotic process, which continuously demands for new 
therapeutic targets. 

Immune cells in SSc

The immune dysfunction in SSc is complex with multiple players (Figure 1). 
Plasmacytoid dendritic cells (pDCs) produce a large amount of type I IFN (IFN-I) 
upon stimulation in the presence of nucleic acids and immune complexes. 
IFN-Is are strong inflammatory cytokines that activate innate immune cells 
including monocytes, NK and NKT cells, B cells, and conventional dendritic 
cells (cDCs). Activated cDC stimulate CD4+ T cells to become mainly T helper 
(Th)2 (IL-4, IL-13) and Th17 (IL-17) cells. Th2 cells promote the polarization 
of alternatively-activated macrophage (M2) that can produce pro-fibrotic 
cytokines such as IL-13, PDGF, and TGF-β. In turn, the IL-13 produced by M2 
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1macrophages promotes Th2 differentiation, creating a positive feedback loop 
(Figure 1) (41, 42). Additionally, highly specific circulating autoantibodies are 
present in nearly all the patients (6). 

Figure 1. The central role of dendritic cells (DCs) in systemic sclerosis (SSc) 
pathogenesis. In a multi-hit model (42), combinations of genetic permissiveness and 
danger signals from the environment initiate cascade of immune responses. The resulting 
inflammatory milieu promotes myofibroblast transformation from fibroblast or other 
precursor cells and extracellular matrix (ECM) deposition in the affected tissue of SSc 
patients (adapted from Affandi et al. Immunol Lett. 2018 (41)).

Dendritic cells
Dendritic cells (DCs) represent the most potent antigen-presenting cells, 
specialized in pathogen sensing, with high capacity to initiate and shape the 
immune responses. They express an array of pathogen recognition receptors 
such as toll-like receptors (TLRs), C-type lectin receptors (CLRs), RIG-I-like 
receptors (RLRs) and NOD-like receptors (NLRs) to recognize pathogen- 
or danger-associated molecules in the extracellular and intracellular 
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environment (43). Besides their important role as effector cells and controlling 
adaptive immunity, DCs are also important for maintaining peripheral T cell 
homeostasis and preventing inappropriate T cell activation (44, 45).

Despite the low numbers of DCs in the circulation of healthy individuals 
(46), DCs can be broadly subdivided into pDCs and cDCs. As suggested by 
Guilliams et al., cDCs can be further subdivided into cDC type 1 (cDC1s) and 
cDC type 2 (cDC2s), as they arise from discrete committed precursors and 
their development depends upon distinct sets of transcription factors (47). 
However, in recent years highly sensitive and high-throughput technologies 
at the transcriptional and proteomic level have revealed a remarkable 
heterogeneity among the DCs subsets, highlighting the pDC heterogeneity in 
mice and humans (48-51). Likewise, using the integration of high-dimensional 
single-cell protein and RNA expression, it also becomes possible to identify 
several cDC2s subsets in mice and humans (Figure 2) (48, 52, 53).

pDCs are characterized by their capacity to produce type I IFNs, mainly in 
response to TLR7 and TLR9 activation, and therefore have been implicated 
in the pathogenesis of autoimmune diseases that are characterized by a 
type I IFN signature (55). In vivo, in a bleomycin-induced SSc mouse model, 
depleting pDCs attenuates fibrosis of the skin and lung, highlighting the 
importance of pDCs in SSc pathogenesis (56, 57). In lungs from SSc patients, 
pDCs are increased not only in the interstitial tissue and bronchi, but also 
in bronchoalveolar lavage samples (57). Furthermore, imatinib (a specific 
inhibitor of the domain in abl (the Abelson proto-oncogene), c-kit and PDGF 
receptor) treatment in SSc patients reduced pDC numbers in the lung and 
improved skin and lung disease (58, 59).

In contrast to pDC, the role of cDCs in the pathogenesis of SSc is less well 
studied. cDCs from early limited and diffused patients produce higher 
amounts of different proinflammatory cytokines, such as IL-6 and tumor 
necrosis factor (TNF)-α, in response to TLR2, 4 and 6 activation than cDCs 
from SSc patients with a long disease history or healthy controls (60). This 
emphasizes a possible higher impact of cDCs in the early and progressive 
phase of the disease. 
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Figure 2. Plasmacytoid dendritic cell (pDC) and type 2 conventional dendritic 
cell (cDC2) heterogeneity. Recently, two subsets of mature pDCs were described: 
conventional pDCs and a small subset of pDC-like cells. Although both subsets secrete type 
I interferons (IFNs) in response to cytosine–phosphate–guanosine (CpG)-A stimulation, 
pDC-like cells are unable when stimulated with CpG-B (50). This pDC-like cell population 
has also been described in human circulation (48, 49). Additionally, the activation of 
human pDCs with a single microbial or cytokine stimulus triggers pDC diversification into 
three stable subpopulations that were described as P1, P2 and P3–pDC (51). Recently, two 
different cDC2 subsets were identified in mice: cDC2A and cDC2B. These findings were 
extended to humans, but the cDC2B population is only present in blood, whereas a cDC2A 
population found in mice is also present in human spleen. Interestingly, bone marrow 
DC progenitors lack the expression of T-box transcription factor TBX21 (T-bet) and RAR-
related orphan receptor gamma t (RORγt), suggesting that cDC2s acquire expression of 
the respective transcription factors in response to environmental signals (52). Other study 
subdivided cDC2s into different subsets based on CD5, CD163 and CD14 expression, which 
were phenotypically and functionally different (53) and related to previously described 
DC3s (50). Nevertheless, the role of the new DC subsets needs still to be clarified in the 
pathogenesis of SSc (adapted from Carvalheiro et al. Clin Exp Immunol. 2020 (54)).
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Recently, it has been shown that cDC2s of lcSSc patients spontaneously 
produce higher amounts of chemokine (C-X-C motif) ligand (CXCL)10 ex vivo 
than cDC2s from healthy individuals (61). In addition, they also produce more 
CXCL8 upon in vitro stimulation with lipopolysaccharide (LPS) plus IFN-γ, 
which activate signalling pathways involved in SSc pathology. Moreover, dcSSc 
cDC2s produce more C-C Motif Chemokine Ligand (CCL)4 than cDC2 from 
healthy individuals (61). Differences in cytokine and chemokine production 
patterns may suggest differences in the molecular mechanism in two disease 
subtypes. 

The frequency of the newly characterized CD14+CD163+ inflDC population has 
been studied in a small SSc cohort, but was not found to be altered compared 
to healthy controls (53). Nevertheless, the scavenger receptor CD163, mainly 
considered as a marker for M2 macrophages, is increased in the serum of SSc 
patients (62-64). Therefore, the role of CD163+ DCs in SSc could be studied 
more extensively using a larger patient cohort with distinguished SSc subsets. 

Taken together, cDCs do not only contribute to SSc by proinflammatory 
cytokine production, but also by dysregulated antigen processing, T cell 
activation (65) and probably other mechanisms to be elucidated further.

As a result of systemic autoimmune activation in SSc, monocytes are likely to 
be recruited to the affected lesions, consequently differentiating into inflDC, 
similar to that described to occur during inflammation (66). In humans, an in 
vitro model of monocyte differentiation into DC (moDC) is often exploited to 
describe the potential role of inflDC. Importantly, there is a high correlation 
between cytokine production capacity of cDCs and moDCs of the same SSc 
patients (60). 

Monocytes
In peripheral blood, monocytes represent a heterogeneous cell population, 
where it is possible to distinguish classical, intermediate and non-
classical monocyte subsets, based on CD14 and CD16 expression (67). The 
heterogeneity of blood monocytes and their diverse functions suggest that 
each subpopulation could play a different role during homeostasis and 
in disease conditions (68). In SSc, the number of circulating monocytes 
is increased, particularly the classical and intermediate subsets (61, 69). 
Monocytes and macrophages infiltrate SSc skin lesions (70, 71).
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1The different monocyte subsets express high levels of TLRs which are 
essential to fulfil their role in the immune system. TLR4 signalling robustly 
augments TGF-β responses, a relevant mechanism for maintaining and 
amplifying fibrosis in SSc (72). Furthermore, fibronectin extra domain A 
(FnEDA), an endogenous TLR4 ligand, is elevated in the circulation and skin 
lesions of SSc patients and this FnEDA–TLR4 axis is implicated in cutaneous 
fibrosis (73). S100A8/A9 is also considered an endogenous ligand for TLR4 
and its levels are increased in SSc, especially in lcSSc patients, with lung 
fibrosis (74). SSc monocytes have an aberrant cytokine response after TLR 
responses stimulation (60, 61, 75). Along with the TLR4 dysfunction, there is 
evidence for a prominent IFN signature in SSc. These genes are recurrently 
differentially expressed in circulation (76, 77) and it has been shown that SSc 
monocytes have altered chromatin marks correlating with their IFN signature 
(78).

Tie2 – Angiopoietins axis

A dominant component of the SSc pathophysiology consists of vascular 
damage, which can occur early in the course of the disease. The mechanisms 
underlying this vascular dysfunction include abnormal vasoreactivity, hypoxia, 
insufficient neoangiogenesis and direct damage of vascular and perivascular 
cells. These result in a decreased capillary blood flow, and subsequently in 
clinically overt symptoms such as Raynaud’s syndrome and fingertip ulcers 
(79, 80).

The TEK Receptor Tyrosine Kinase (Tie2) is mainly expressed in endothelial 
cells and, through the binding to its ligands Angiopoietins (Ang)-1 and Ang-2, 
plays a key role in the maintenance of the vasculature integrity (81).

Tie2 signalling has been mostly studied within the context of endothelial 
cell biology and vascular development and homeostasis. Ang-1 binding to 
Tie2 induces autophosphorylation of Tie2 on multiple tyrosine residues and 
activation of downstream signalling pathways, promoting vascular stability. 
On the other hand, the role of Ang-2 remains controversial, as it can act as a 
Tie2 agonist or antagonist in a context-dependent manner (81, 82). Recently, 
it has been shown that the agonistic/antagonistic role of Ang-2 depends on 
the absence or presence of inflammation. The orphan receptor Tie1 was 
shown to be essential for the agonist effect of Ang-2, as well for optimal Ang-
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1-induced Tie2 activation. Under homeostatic conditions, Ang-1 and Ang-2 
activate the Tie2 signalling in a Tie1-dependent manner, although Ang-2 has 
a weaker effect when compared to Ang-1. However, under inflammatory 
conditions, Tie1 is cleaved, leading to a reduction of the agonist action of Ang-
1. Thus, the prevention of the agonist action of Ang-2 and the increase of the 
Ang-2 levels, promotes the destabilization of the vasculature (83, 84). Overall, 
these data demonstrate the key role of Ang-2 in vascular damage-related 
diseases (81).

Myeloid cells expressing Tie2 also contribute to angiogenic processes in 
health and disease. Tie2 expression in human blood identifies a subset of 
monocytes distinct from classical inflammatory monocytes. Tie2-expressing 
monocytes (TEM)s represent about 2% to 7% of blood mononuclear cells in 
healthy donors and are distinct from rare circulating endothelial cells and 
progenitors (85). TEMs are recruited to solid tumours in the earliest stages 
of tumour development, and targeted depletion studies in mice have shown 
that TEMs are needed to allow vascularization and growth of tumours (85-87).

Synovial macrophages and monocyte-derived macrophages also express 
functional Tie2. In fact, under inflammatory conditions, Tie2 activation 
in macrophage induces the production of IL-6, IL-12p40, IL-8 and CCL3, 
pointing out the role of myeloid Tie2 signalling in the inflammatory processes 
observed in rheumatoid arthritis and psoriatic arthritis (87-90).

Serum levels of soluble Tie2 and Ang-2 are increased in SSc, while data on Ang-
1 levels are conflicting (91-93). In SSc skin, dermal microvessels abundantly 
express Ang-2, but not Ang-1 and the expression of Tie2 is decreased while 
the levels of soluble Tie2 are increased in early disease stage (92).

CXCL4

The platelet-derived chemokine CXCL4, also known as PF-4 (platelet factor-4), 
is a chemokine stored and secreted upon activation. Platelets are considered 
to be the major cellular source of CXCL4, but it is also expressed by mast 
cells and produced by cultured microglia, monocytes, pDCs and activated  
T cells (94). CXCL4 can bind to several receptors, including CXCR3, lipoprotein-
related protein-1 (LRP1), glycosaminoglycans, and integrins (95-97).
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1CXCL4 plays a major role in diverse function as haematopoiesis, angiogenesis, 
coagulation and modulation of immune responses (94). It promotes monocyte 
survival and macrophage activation (98). The exposure of monocyte-derived 
macrophages to CXCL4 induces a unique transcriptome different from M1 
and M2 macrophages, named as M4 macrophages (99). CXCL4 induces the 
differentiation of monocytes into DCs with a more mature phenotype and an 
increased responsiveness to TLR ligands. Moreover, these CXCL4 monocyte-
derived DCs are more potent at inducing proliferation of autologous CD4+ T 
cells and CD8+ T cells (100). The pro-inflammatory phenotype of these cells 
relies in part on enhanced cytokine mRNA stability dictated by Tristetraprolin 
(TTP) inactivation (101). Besides, CXCL4 inhibits the proliferation of activated T 
cells but stimulates CD4+ CD25+ Treg cell proliferation (102, 103). Furthermore, 
CXCL4 downregulates Th1 cytokines but upregulates Th2 cytokines (104), 
and boosts pro-inflammatory cytokine production especially IL-17 by human 
CD4+ T cells (105). Recently, CXCL4 was shown to drive fibroblast activation 
indirectly via PDGF-BB production by myeloid cells (106).

CXCL4 is implicated in the most diverse pathological conditions, such 
as thrombosis (107, 108), atherosclerosis (109-111) and cancer (94). 
Furthermore, CXCL4 is also upregulated in DCs after severe trauma (112) and 
increased in different inflammatory diseases, as inflammatory bowel disease, 
psoriasis and rheumatoid arthritis (113-115). 

In SSc, CXCL4 is increased in circulation and in the skin of SSc patients, 
compared to healthy controls (116, 117). Circulating pDCs from SSc patients 
were identified to produce high amounts of CXCL4 and, in their skin, pDCs 
co-localize with CXCL4, indicating that these cells are also the main source of 
CXCL4 in the affected tissue of these patients (116, 118). CXCL4 production 
in pDC is driven by hypoxia and TLR9 activation, via mtROS and HIF-2α (119). 
CXCL4 induces the production of IFN-α in pDCs stimulated with TLR9 and 
blocking CXCL4 abrogates the production of IFN-α in SSc pDCs (116). Another 
recent study has confirmed that pDCs largely infiltrate the skin of SSc patients 
and release high quantities of CXCL4 and IFN-α. Moreover, TLR8 expression 
is increased in SSc pDCs and TLR8 signalling is responsible for the high 
production of CXCL4 and IFN-α in SSc pDCs (56). In addition, CXCL4 forms 
liquid crystalline complexes with human and bacterial DNA that amplify 
TLR9-mediated IFN-α production in SSc pDCs (118). Interestingly, CXCL4–DNA 
complexes were found to be present in vivo and to correlate with type I IFN in 
the blood of SSc patients (118). 
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Semaphorin 4A

The semaphorin family proteins consist of a large family of conserved 
proteins characterized by the presence of a SEMA domain of  ~500 amino 
acids. Semaphorins were originally described as axon guidance molecules 
during the development of the nervous system (120). However, these 
molecules are now known to be expressed in other tissues and function 
outside of the nervous system. Semaphorins and their receptors exhibit 
pleiotropic effects with functional impact physiologically and pathologically 
as they participate in regulation of tumour microenvironment, bone 
homeostasis, retinal homeostasis, extracellular matrix remodelling, 
organogenesis, angiogenesis, cell migration and invasion and also regulation 
of immune responses (121, 122).

The semaphorin family is divided into eight classes, with invertebrate 
semaphorins belonging to classes 1 and 2, the vertebrate semaphorins 
being found in classes 3–7, and the viral semaphorins in class 8 (122). Class 
3 members are secreted, while classes 4–7 are membrane-attached. Some 
membrane-bound semaphorins (semaphorin 4A, 4D, 5A, and semaphorin 
7A) can be found as soluble proteins following proteolytic cleavage, whereas 
others are strictly membrane-bound molecules (like, semaphorin 4B). 
Neuropilins (NRPs) and plexins are the predominant semaphorin receptors, 
although other proteins, such as T cell immunoglobulin and mucin domain-
containing protein 2 (also known as TIMD-2), CD72 and integrin α1β1 also 
participate in semaphorin signalling (121).

These proteins are also intimately associated with the pathogenesis of 
autoimmune diseases including rheumatoid arthritis, systemic lupus 
erythematosus (SLE), anti-neutrophil cytoplasmic antibody -associated 
vasculitis but also SSc (123). In SSc, Sema4D expression in CD4+ T cells and 
serum levels of soluble Sema4D are elevated in patients with SSc compared 
with healthy individuals (124). On the other hand, the levels of Sema3A are 
decreased in serum and regulatory T cells of SSc patients (125), nevertheless 
these findings were not replicated neither in the serum nor the skin of 
these patients (126). Sema3E levels in serum and skin are elevated in SSc 
patients compared to healthy controls, suggesting that Plexin-D1/Sema3E 
axis is triggered in SSc endothelium and may have a role in the dysregulation 
of angiogenesis and vascular tone control (127). Sema7A is increased in 
peripheral blood mononuclear cells from SSc patients with interstitial lung 
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1disease and contributes to the development of lung fibrosis associated with 
SSc (128).

Sema4A is a transmembrane protein belonging to the class 4 semaphorin 
subfamily, which binds to different receptors, of which PlexinD1, NRP-1 
and PlexinB2 are best characterized. Besides the differences between the 
human and mice studies, it is becoming evident the key role of Sema4A in 
the regulation of T cell function, reflected by its capacity to regulate T cell 
activation and Th1/2/17 differentiation (129-132). Sema4A expressed on 
DCs is critical for T cell–mediated immune responses, possibly by interacting 
with TIMD-2. Sema4A-deficient DCs have an impaired ability to stimulate 
allogeneic T cells compared with wild-type DCs. By contrast, CD4+ T cells from 
Sema4a−/− mice and wild-type mice show comparable levels of proliferation 
when cultured with allogeneic DCs in mixed lymphocyte reactions, suggesting 
that the Sema4A expressed by DCs promotes the activation of T cells 
(131). Nevertheless, Sema4A is expressed at high levels in Th1 cells, and 
has an important role in Th1 cell differentiation. Sema4A binding to TIMD-
2 expressed on activated T cells amplifies Th1 differentiation. Additionally, 
the levels of Sema4A expression on T cells are enhanced throughout Th1 
differentiation, but not Th2 differentiation. Mice lacking Sema4A exhibit 
diminished Th1 responses and enhanced Th2 responses (130, 131). Unlike 
mouse Sema4A, which preferentially induces a Th1 immune response, human 
Sema4A induces a robust Th2 response through the Ig-like transcript 4 (ILT-4) 
receptor (133). In Tregs, Sema4A interacts with NRP1 on the surface of these 
cells, promoting their survival in inflamed or cancerous tissues (134).

Sema4A deficiency or inhibition has shown to reduce the disease severity 
in the murine models of multiple sclerosis and autoimmune myocarditis, 
due to an impaired Th1/Th17 differentiation and to a skewing towards Th2 
polarization, respectively (130, 135). In addition, serum levels of Sema4A are 
elevated in multiple sclerosis patients and positively associated with Th17 
skewing (136).  In RA patients, Sema4A is increased in the synovial tissue and 
synovial fluid (137). More recently, it was shown that Sema4A induces collagen 
contraction in lung fibroblast of SSc patients, suggesting that Sema4A might 
also play a role in the fibrotic processes observed in these patients (138).
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SPARC

SPARC (secreted protein acidic and rich in cysteine) is a prototypic collagen-
binding matricellular protein. The SPARC family of proteins represents 
a diverse group of molecules that modulate cell interaction with the 
extracellular environment. Each SPARC family member holds a characteristic 
conserved EC (E-F hand calcium binding) domain with an E-F hand motif. 
Based on sequence homologies of the EC domains, the family members can 
be separated into four distinct phylogenetic groups: SPARC (also known as 
Osteonectin or BM-40) and hevin; SMOC-1 and 2; testicans 1, 2 and 3; and 
Follistatin-like protein (Fstl)-1 (TSC-36/Flik) (139, 140). 

SPARC binds both fibrillar collagen and basal lamina collagen IV (141). 
Interestingly, the collagen-binding site of SPARC shares a similar structure 
to the collagen receptor discoidin domain receptor (DDR) 2 (142, 143). Thus, 
SPARC is predicted to limit collagen binding to DDR2 and diminish down-
stream pathways activated by the tyrosine kinase activity of DDR2 (139).

SPARC is expressed by a large variety of cell types, remarkably at high levels 
in osseous tissue with high turnover such as in active osteoblasts and bone 
marrow progenitor cells, odontoblasts, chondrocytes or osteoid. SPARC is 
also synthesized by other cell types including endothelial cells, fibroblasts, 
pericytes and vascular smooth muscle cells. During injury, recruited 
macrophages also express SPARC and it is also found in platelet granules. 
Besides, SPARC is also expressed in tumour cells (139, 144, 145).

SPARC is known to be highly expressed during development, wound healing 
and tissue regeneration and to play a role in angiogenesis, tumorigenesis 
and fibrosis. SPARC affects a diverse array of biological functions, including 
cell migration, cell proliferation, tissue morphogenesis and tissue repair. 
These mechanisms are closely related with the ability of SPARC to regulate 
the activity of matrix metalloproteinases, but also the modulation of growth 
factor signalling mediated by cell surface receptors including vascular 
endothelial growth factor (VEGF) receptor, basic fibroblast growth factor 
(bFGF), and TGF-β1 (139, 144, 146). 

Phenotypic characterization of SPARC-null mice revealed a number of 
aberrant pathologies associated with deficiencies in extracellular matrix 
assembly and composition. Mice lacking SPARC develop early onset cataract, 
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1lax skin and bone loss (147-149); this phenotype is likely to result, at least in 
part, from perturbed collagen fibrillogenesis or cell adhesion.

In vivo experiments have highlighted a key role for this protein in SSc 
pathology, as SPARC-deficient mice, as well as adenoviral or siRNA-
mediated silencing of SPARC expression, have reduced disease severity in 
the bleomycin-induced skin and lung fibrosis model (150-152). Moreover, 
SPARC expression is elevated in serum and affected skin of SSc patients (153, 
154), as well in dermal fibroblasts. In addition, SPARC silencing reduces the 
production of type I and III collagens and connective tissue growth factor 
(CTGF) by these cells (155, 156).

LAIR proteins

Inhibitory receptors are essential in the regulation of the immune system 
and therefore vital for immune homeostasis (157). Their function and/
or expression are often dysregulated in autoimmune diseases and cancer 
(42). Leukocyte associated immunoglobulin-like receptor-1 (LAIR-1), also 
known as CD305, is a transmembrane glycoprotein inhibitory receptor with 
a cytoplasmic tail containing two Immunoreceptor Tyrosine-based Inhibitory 
Motifs (ITIMs) (158, 159). In humans, LAIR-1 is broadly expressed on most 
immune cells, including NK cells, T cells, B cells and monocytes, monocyte-
derived dendritic cells, eosinophils, basophils and mast cells, as well as on 
CD34+ hematopoietic progenitor cells, the majority of thymocytes, but also 
neutrophils upon activation (158, 160, 161). 

Collagens are high affinity ligands for LAIR-1 and initial studies showed that 
this interaction is dependent on the conserved glycine-proline-hydroxyproline 
repeats that are present in collagen. However, additional structures in 
collagen might be necessary for LAIR-1 binding, since LAIR-1 binds more 
efficiently to collagen than to glycine-proline-hydroxyproline repeats alone 
(162). LAIR-1 also recognizes other proteins containing collagen domains, 
such as surfactant protein D (163) and the classical and lectin components 
of complement, C1q and MBL (mannose-binding lectin), respectively (164, 
165). Recently, the stromal protein, Colec12, was identified as a high-
affinity binding partner of LAIR-1 (166). LAIR-1 binding to its ligand leads to 
the phosphorylation of the ITIM domains, which recruit phosphatases Src 
homology region 2 domain-containing phosphatase (SHP)-1 and/or SHP-2, 



26

resulting in kinases dephosphorylation. However, LAIR-1-mediated inhibition 
does not solely depend on SHP-1 and SHP-2. Csk (C-terminal Src kinase) 
can also interact with phosphorylated LAIR-1 (167). Several studies have 
investigated the role of LAIR-1 on immune cells. Crosslinking of LAIR-1 results 
in inhibition of T cell receptor-mediated signalling (168-170), immunoglobulin 
(Ig)G (IgG) and IgE production by B cells (171) and lysis of target cells by NK 
cells (159). Moreover, LAIR-1 crosslinking and C1q stimulation suppresses 
IFN-α release by pDCs (161, 164) and TLR9-stimulated cytokine production by 
monocytes (172).

LAIR-2 is a soluble protein which is ~84% homologous to human LAIR-1, but 
lacks a transmembrane and intracellular domain. LAIR-2 has higher affinity for 
collagens than LAIR-1, suggesting a mechanism of in vivo immune regulation, 
in which LAIR-2 may regulate the inhibitory potential of the membrane-bound 
LAIR-1 via competing for the same ligands (173). The in vivo sources of both 
LAIR-2 and soluble LAIR-1, a shed form of LAIR-1, remain unclear. However, 
in vitro activated CD4+ T cells are capable of producing LAIR-2, whereas the 
source of soluble LAIR-1 remains elusive (174).

Aberrant LAIR-1 expression has been associated with autoimmune diseases, 
leukaemia and viral infections. For example, pDCs and B cells from SLE 
patients express lower levels of LAIR-1, resulting in increased IFN-α and 
antibody secretion (161, 175, 176). Moreover, soluble LAIR-1 and LAIR-
2 are increased in urine and synovial fluid of rheumatoid arthritis patients 
(174) and LAIR-2 is increased in the serum of patients with autoimmune 
thyroid diseases, including Grave’s disease, and Hashimoto’s thyroiditis 
(177). Additionally, LAIR-1 is absent in high–risk B cell chronic lymphocytic 
leukaemia cells (178) and also on NK cells isolated from patients enduring a 
chronic active Epstein-Barr virus infection (179). More recently, it was shown 
that LAIR-1 is expressed on in vivo activated human neutrophils and that LAIR-
1 activation suppresses neutrophil extracellular trap formation by airway-
infiltrated neutrophils obtained from patients with respiratory syncytial virus 
(RSV) bronchiolitis (180). 

Mouse (m)LAIR-1 is a human LAIR-1 ortholog, with 40% sequence identity. 
mLAIR-1 has a single Ig-like domain, and contains two immunoreceptor 
tyrosine-based inhibitory motif-like structures in its cytoplasmic tail. Both 
mouse and human LAIR-1 proteins have similar expression patterns and 
share a potent inhibitory capacity, however LAIR-2 is not expressed in mice 
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1(181, 182). mLAIR-1 also has collagen molecules as ligands, however with a 
higher affinity when compared to human LAIR-1 (162). The functional overlap 
between human LAIR-1 and mLAIR-1 supports the use of mouse models to 
assess the role of LAIR-1 in the regulation of immune responses.

In vivo, the transgenic LAIR-1–Ig mice generated by Omiya et al. showed 
an increased susceptibility for development of contact hypersensitivity, 
an experimental model of allergic contact dermatitis, in association with 
enhanced hapten-specific T-cell responses (183). Lair1-/- mice show some 
phenotypic characteristics distinct from wild-type mice, but are otherwise 
healthy and show normal longevity. Lair1-/- mice do not spontaneously 
develop autoimmune diseases, and aged Lair1-/- mice have normal levels 
of antinuclear antibodies. The susceptibility of Lair1-/- mice to experimental 
autoimmune encephalitis, a common animal model for multiple sclerosis, 
is similar to wild-type mice. Moreover, induction of colitis in Rag-/- mice after 
transfer of Lair1-/- or Lair1+/- T cells was not different (160). Yet, mice lacking 
LAIR-1, exhibit a mild thrombocytosis and hyperactive platelets (184).  
Lair1-/- mice do develop more severe collagen-induced arthritis compared 
to wild-type mice and the treatment with a stimulatory LAIR-1 antibody also 
significantly attenuated the arthritis manifestations in these mice (185). 
Moreover, LAIR-1 was also shown to limit neutrophilic airway inflammation 
in RSV infected mice and in a smoke-exposure mouse model (186). Recently, 
LAIR-1 was implicated in mouse and human innate lymphoid cells (ILC)2 
function and in ILC2-dependent asthma (187).

Aim and scope of the thesis

Systemic sclerosis (SSc) is a complex condition characterized by three major 
cardinal features: vasculopathy, inflammation and fibrosis. In this thesis we 
set out to investigate the immune dysregulation present in these patients, 
and its contribution to the different aspects of SSc pathogenesis. 

In Chapter 2, we identified RUNX3 transcription factor as a possible candidate 
underlying the aberrancies in pDC function of SSc patients. To further study 
RUNX3 function, DC-specific RUNX3 deficient mice were used in in vitro 
functional assays and in the bleomycin-induced SSc skin inflammation and 
fibrosis model. 
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In Chapter 3, we determined the Ang-2 levels in SSc patients and we 
further examined the role of Tie2 signalling on monocyte activation in 
these patients. Furthermore, we explored the potential Tie2 inhibition and 
Ang-2 neutralization as therapeutic targets. Given the high levels of CXCL4 
in SSc patients (116), in Chapter 4, we explored the potential of CXCL4 in 
the fibrotic process using CXCL4 deficient mice in the bleomycin model 
and in transverse aortic constriction model. We also evaluated the role of 
CXCL4 in myofibroblast transformation in vitro. These findings were further 
substantiated with the neutralization of CXCL4 in the bleomycin mouse model 
and can indicate a novel therapeutic strategy. 

To analyse the potential role of Sema4A in the inflammatory and fibrotic 
processes of SSc, in Chapter 5, we analysed the Sema4A levels and 
expression in SSc, but also the functional role of this molecule in in the 
context of inflammation and fibrosis. 

SPARC has largely been implicated in processes involved in SSc pathology, 
such as inflammation and fibrosis. In Chapter 6, we unveiled a direct effect 
of extracellular SPARC in dermal fibroblasts, with potential implications in SSc 
fibrotic processes. 

The accumulation of collagen in SSc organs is a key feature of this disease. 
LAIR-1 as a collagen receptor assumes a particular role in the disease. In 
Chapter 7, we first sought to comprehend LAIR-1 regulation and function in 
monocytes and DCs during inflammation. Next, in Chapter 8, we investigated 
the role of LAIR-1 in fibrosis, especially in SSc, using a LAIR-1 deficient mouse 
in the bleomycin model. We also analysed the regulation and function of 
LAIR-1 in SSc immune cells. In addition, we analysed the capacity of LAIR-1 to 
interact and exert its function in response to fibrotic collagen.

In Chapter 9, we conclude with the overall discussion of the findings 
presented in this thesis, with potential implications for the comprehension 
of the SSc pathogenesis, but also with relevant therapeutic opportunities 
(Figure 3).
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Figure 3. Different mechanisms implicated in the cardinal features of Systemic 
sclerosis: vasculopathy, inflammation and fibrosis. Schematic representation of the 
potential role of immune cells, such as monocytes/macrophages, plasmacytoid dendritic 
cells (pDC), type-2 conventional dendritic cells (cDC2), T and B cells, inflammatory 
mediators and pro-fibrotic mediators in myofibroblast transformation and extracellular 
matrix (ECM) deposition and consequent tissue fibrosis (created with BioRender.com).
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Abstract

Objectives Systemic sclerosis (SSc) is an autoimmune disease with unknown 
pathogenesis manifested by inflammation, vasculopathy and fibrosis in skin 
and internal organs. Type I interferon signature found in SSc propelled us to 
study plasmacytoid dendritic cells (pDCs) in this disease. We aimed to identify 
candidate pathways underlying pDC aberrancies in SSc and to validate its 
function on pDC biology.

Methods In total, 1193 patients with SSc were compared with 1387 healthy 
donors and 8 patients with localised scleroderma. PCR-based transcription 
factor profiling and methylation status analyses, single nucleotide 
polymorphism genotyping by sequencing and flow cytometry analysis were 
performed in pDCs isolated from the circulation of healthy controls or patients 
with SSc. pDCs were also cultured under hypoxia, inhibitors of methylation 
and hypoxia-inducible factors and runt-related transcription factor 3 (RUNX3) 
levels were determined. To study Runx3 function, Itgax-Cre:Runx3f/f mice were 
used in in vitro functional assay and bleomycin-induced SSc skin inflammation 
and fibrosis model.

Results Here, we show downregulation of transcription factor RUNX3 in SSc 
pDCs. A higher methylation status of the RUNX3 gene, which is associated with 
polymorphism rs6672420, correlates with lower RUNX3 expression and SSc 
susceptibility. Hypoxia is another factor that decreases RUNX3 level in pDC. 
Mouse pDCs deficient of Runx3 show enhanced maturation markers on CpG 
stimulation. In vivo, deletion of Runx3 in dendritic cell leads to spontaneous 
induction of skin fibrosis in untreated mice and increased severity of 
bleomycin-induced skin fibrosis.

Conclusions We show at least two pathways potentially causing low RUNX3 
level in SSc pDCs, and we demonstrate the detrimental effect of loss of Runx3 
in SSc model further underscoring the role of pDCs in this disease.
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Key messages

What is already known about this subject?
• In systemic sclerosis (SSc), the role of plasmacytoid dendritic cells (pDCs) in 

disease pathogenesis have become evident in recent years; however, the 
mechanisms underlying their aberrancies have not been fully explored.

What does this study add?
• Runt-related transcription factor 3 (RUNX3) is downregulated in pDCs of 

patients with SSc, and this correlates with skin severity.
• Downregulation of RUNX3 is associated with hypermethylation of RUNX3 at 

two loci, the presence of single nuclear polymorphism rs6672420, and this 
downregulation can be induced by hypoxia.

• In mouse, bone marrow-derived pDCs devoid of Runx3 display elevated 
levels of costimulatory molecules and lower expression of CD62L, 
indicating an increased maturation status.

• On injection with bleomycin, mice with dendritic cell-specific deletion of 
Runx3 show aggravated skin inflammation and fibrosis, concomitant with 
an enhanced pDC infiltration and increased CD86 expression.

How might this impact on clinical practice or future 
developments?
• This study demonstrates the detrimental effect of low RUNX3 expression in 

pDCs that further underscores the pathogenic role of pDCs in this disease. 
Therefore, targeting pDCs or pathways regulating RUNX3 may alleviate 
pDC-driven inflammatory and fibrotic processes in SSc.
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Introduction

Systemic sclerosis (SSc) is an autoimmune disease characterised by 
vasculopathy and immune activation, ultimately leading to fibrosis of the 
skin and internal organs. Although several leaps forward have been made in 
understanding SSc, key events in pathogenesis and subsequent forthcoming 
curative therapy still needs to be developed. Fibroblasts have long been 
regarded as the key players in SSc pathogenesis, but as research in SSc has 
intensified, there is more focus now on investigating the involvement of 
immune system in early phase of the disease.1 2 This is supported by findings 
in a genome-wide association study that most genes associated with SSc 
susceptibility have pivotal functions within the immune system, such as 
CD247, STAT4 and IRF5.3

Type I interferon (IFN) is a group of cytokines important in mediating immune 
response particularly against viruses; however, it can also play a pathogenic 
role in autoimmune diseases. The increased expression of type I IFN and 
the inducible genes are evident in systemic sclerosis as well as in systemic 
lupus erythematosus (SLE), Sjögren’s syndrome, antiphospholipid syndrome 
and rheumatoid arthritis.4–7 This high type I IFN activation is attributed to 
plasmacytoid dendritic cells (pDCs), a specialised antigen-presenting cells 
capable of immediately producing massive amount of type I IFN on activation.8 

9 pDCs are also able to produce inflammatory cytokines such as interleukin 
(IL)-6, tumour necrosis factor alpha (TNF-α) and IL-12, as well as presenting 
antigen to T cells, thereby orchestrating an array of innate of adaptive 
immune responses. Moreover, pDCs from patients with SSc produced CXCL4 
that can directly affect endothelial cell, fibroblasts, and toll-like receptor 
signaling on immune cells.10 11 We and other previously reported aberrant 
pDCs phenotype and tissue distribution in patients with SSc and SSc animal 
models.10–14 To investigate this dysfunction, we screened transcription factors 
expression known to play a role in differentiation and regulation of dendritic 
cell lineage in pDCs from patients with SSc. Here, we identified transcription 
factor runt-related transcription factor 3 (RUNX3) to be downregulated by 
epigenetic mechanisms in pDC of patients with SSc. Downregulation of Runx3 
in mice pDCs leads to enhanced expression of costimulatory molecules. 
Dendritic cell (DC)-specific ablation of Runx3 also results in aggravation of 
bleomycin-induced skin inflammation and fibrosis.
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Materials and methods

Patients and controls
All included patients fulfilled the American College of Rheumatology (ACR)/ 
the European League Against Rheumatism (EULAR) 2013 classification criteria 
for SSc15 (patient characteristics are displayed in table 1). Additionally, patients 
presenting with a typical phenotype of localised scleroderma were included. 
Both patients and controls were included in the study after written informed 
consent. All patients with SSc included in this study were classified as having 
limited cutaneous (lcSSc) or diffuse cutaneous (dcSSc) using the criteria 
postulated by LeRoy et al.16 Patients who fulfilled the classification criteria but 
did not present with skin fibrosis are referred as patients with non-cutaneous 
SSc. A further subdivision was made between early dcSSc (edSSc) as patients 
having a disease duration <2 years and late dcSSc (ldSSc) as patients having a 
disease duration longer than 3 years. The presence of pulmonary fibrosis was 
investigated by a high-resolution CT scan. Involvement of the of the lungs was 
defined as a forced vital capacity <70% of the predicted value and a diffusion 
capacity of the lung for carbon monoxide of less than 70% of predicted. 
Pulmonary arterial hypertension was diagnosed by right heart catheterisation 
and considered confirmed if the mean pulmonary artery pressure was greater 
than 25 mm Hg at rest with a normal wedge pressure. For the sequencing of 
the RUNX3 gene, we used DNA from 47 Spanish patients and 47 controls. For 
the replication of the RUNX3 polymorphisms, identified by sequencing, we 
used DNA from 1114 Spanish patients and 1347 Spanish controls. Thirty-six 
patients and 17 controls were included in the RNA expression mapping of 
the transcription factors and were recruited from Boston University Medical 
Center. For protein validation of RUNX3 in pDCs, micro RNA (miRNA) analysis 
and functional assays, patients and healthy controls (HCs) were recruited 
from the University Medical Center Utrecht. All patients had active disease at 
the time of sampling. None of the patients included in the RUNX3 expression 
and methylation analysis used azathioprine, which is able to alter methylation 
patterns. Ongoing treatment regimen at the time of sampling is reflected in 
the supplementary table S1.

Animals
Runx3-/- mice were originally developed by Yoram Groner.17 CD11c-Cre (Itgax-
Cre) and Runx3f/f mice were obtained from Jackson Laboratories. Mice were 
maintained at the Boston University School of Medicine Laboratory Animal 
Sciences Center or Central Laboratory Animal Research Facility of Utrecht 
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University. Experiments were conducted under protocols approved by the 
Boston University Institutional Animal Care and Use Committee (Boston, 
Massachusetts, USA) and Ethical Committee on Animal Experimentation of 
University Medical Center Utrecht (Utrecht, the Netherlands) in accordance 
with Association for Assessment and Accreditation of Laboratory Animal 
Care International (AAALAC) guidelines or the guide for the care and use of 
laboratory animals as defined by Federation of European Laboratory Animal 
Science Associations (FELASA).

For SSc model, mice were treated with intradermal injection of saline or 
bleomycin (200 µL, 500 µg/mL, Bleomedac, Medac) into the back of adult 
female mice (either Itgax-Cre:Runx3f/f or Runx3f/f) daily for 2–4 weeks. Mice 
were sacrificed by cervical dislocation, skin biopsies (4 mm diameter) were 
obtained and stored in RNA later for total RNA extraction or snap frozen 
for collagen quantification or fixed in formalin for histological analysis and 
immunohistochemistry.

Detailed information for all methods, including primer sets (supplementary 
tables S5–S7) can be found in the online supplementary materials  
and methods.

Table 1. Clinical characteristics
Controls SSc LoS

Phenotype Boston Utrecht Spain Boston Utrecht Spain Utrecht

N 10 30 1347 36 43 1114 8

Female 50% 73% 68% 75% 65% 71% 38%

PAH N.A. N.A. N.A. 38% 5% 6% N.A.

ANA N.A. N.A. N.A. 71% 92% 75% N.A.

Subtype

lcSSc N.A. N.A. N.A. 33% 51% 58% N.A.

dcSSc N.A. N.A. N.A. 66% 23% 24% N.A.

MEP N.A. N.A. N.A. N.A. N.A. N.A. 50%

Linear N.A. N.A. N.A. N.A. N.A. N.A. 25%

Deep N.A. N.A. N.A. N.A. N.A. N.A. 0%

Generalized N.A. N.A. N.A. N.A. N.A. N.A. 25%

ANA, antinuclear antibodies; LoS, localised scleroderma; MEP, morphea en plaques; 
N, number; N.A., not applicable; PAH, pulmonary arterial hypertension; SSc, systemic 
sclerosis; dcSSc, diffuse cutaneous SSc; lcSSc, limited cutaneous SSc.
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Figure 1. Identification of RUNX3 downregulation in pDCs from systemic sclerosis 
patients. (A) mRNA expression of 11 transcription factors of pDCs from 12 patients with 
SSc (4 edcSSc), 4 ldcSSc and 4 lcSSc with 7 HCs from identification cohort by RT-PCR is 
shown (RUNX3, p=0.01, fold change −3.19). (B) We validated these results in an enlarged 
cohort with 10 HC and 24 SSc (8 edSSc, 8 ldcSSc and 8 lcSSc) patients using RT-PCR. (RE; 
mean±SEM). (C,D) The protein expression of RUNX3 in CD123 +BDCA2+pDCs was assessed 
by intracellular flow cytometry in an independent cohort, and representative histograms 
are shown (HC, filled histogram with dashed line; SSc, open histogram with solid line; 
isotype control, filled histogram with solid line). Quantification of protein expression 
in pDCs is shown from 17 HC and 16 SSc patients (D; left panel) and further analysed 
in different SSc subtypes, including those with ncSSc (D; right panel). (E) Correlation of 
RUNX3 protein level in pDCs of limited and diffuse patients with SSc (n=15) with modified 
Rodnan skin score as measured by Spearman’s analysis. *P<0.05, ***P<0.001. edcSSc, 
early diffuse cutaneous SSc; HC, healthy control; ldcSSc, late diffuse cutaneous SSc; 
lcSSc, limited cutaneous SSc; ncSSc, non-cutaneous SSc; mRNA, messenger RNA; pDCs, 
plasmacytoid dendritic cells; RE, relative expression; RT-PCR, reverse transcription PCR; 
RUNX3, runt-related transcription factor 3; SSc, systemic sclerosis.
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Results

RUNX3 is downregulated in pDC of patients with SSc and 
correlates with skin fibrosis
We previously found pDCs to be increased in the skin of patients with SSc 
but a decreased percentage in the circulation.10 18 To determine the possible 
cause of pDC dysfunction in patients with SSc, we selected transcription 
factors known to be involved in differentiation of DC lineage in both human 
and mice: BATF3, GFI1, ID2, IRF1, IRF2, IRF8, RELB, RUNX3, SPI1, SPIB and 
E2.2.19 We tested the expression levels of these transcription factors in pDCs 
isolated from the blood of patients with SSc of an initial set of lcSSc (n=4), 
late diffuse cutaneous SSc (ldcSSc; n=4), early dcSSc (edcSSc; n=4) patients 
and HCs (n=7). From this analysis, transcription factor RUNX3 was the most 
differentially expressed transcription factor between patients with SSc and 
HCs (p=0.01) (figure 1A). Other transcription factors such as ID2 and IRF8 were 
also downregulated, as we previously reported.18 We confirmed this result 
using a larger cohort of lcSSc (n=8), ldcSSc (n=8), edcSSc (n=8) patients and 
HCs (n=10). Again, we observed a striking decrease in the expression levels 
of RUNX3 in all patients with SSc, but also in each of the different subsets 
as compared with HCs (all p<0.001) (figure 1B). We further confirmed the 
downregulation of RUNX3 in patients with SSc on protein level in particular 
in patients with dcSSc (figure 1C,D, supplementary figure S1A). Importantly, 
RUNX3 protein levels in pDCs were correlated with the level of skin activity 
as measured by modified Rodnan skin score (mRSS) in 15 patients with SSc 
(figure 1E, Spearman ρ=−0.606, p<0.05). However, no correlation with the 
presence of autoantibodies or lung involvement was found. These data 
indicate that RUNX3 to be downregulated in pDCs of these patients that is 
associated with skin fibrosis.

RUNX3 is hypermethylated in pDCs from patients with SSc and 
associated with its downregulation
We next assessed the mechanism of downregulation of RUNX3 gene 
expression in SSc pDCs. The most common mechanism to silence RUNX3 
expression is through hyperymethylation. This phenomenon has been 
described for a number of cancers, but as well in T cells from patients with SLE 
and patients with antineutrophil cytoplasmic antibody+Wegener’s disease.20–22 
To investigate methylation status of the RUNX3 gene comprehensively, 
we used a quantitative methylation-specific PCR approach that targeted 
nine CpG-rich regions near the RUNX3 transcription start (figure 2A). We 
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observed an overall increase in the percentage of methylation in patients 
with SSc, which was significant at two loci, one closest to the transcription 
start point and one at the most distant point from the transcription start we 
investigated (figure 2B). Interestingly, methylation levels of these two sites 
were correlated with each other (r=0.822, p<0.001) However, only the degree 

Figure 2. Potential factors causing low RUNX3 expression in pDCs in systemic 
sclerosis patients. (A) Location of the MS-PCR primers around the RUNX3 P2 promoter 
transcription start site. (B) Mean percentage methylation at 9 different CpG-rich regions 
near the transcription start of the RUNX3 gene in 8 HCs and 19 patients with SSc, there 
is significantly more methylation at CpG island region 1 and 7 in patients with SSc 
(p=0.03 and p=0.02, respectively). (C) For in vitro experiments, pDCs were isolated from 
patients with SSc or HC and cultured overnight in different conditions as indicated. (D) 
The effect of demethylation agent 5-Aza-CdR in cultured pDCs from patients with SSc (3 
lcSSc, 1 dcSSc) on RUNX3 expression is shown. (E) Effect of the rs6672420 polymorphism 
on methylation (p=0.03). TT represents the homozygous minor allele vs the other two 
genotypes. (F) RUNX3 mRNA expression in pDCs cultured under normoxic or hypoxic 
conditions was determined. (G) The effects of HIF-1α and HIF-2α inhibitors during pDC 
culture under hypoxia on RUNX3 level are shown. *P<0.05, **P<0.01. dcSSc, diffuse 
cutaneous SSc; HC, healthy control; lcSSc, limited cutaneous SSc; mRNA, messenger RNA; 
MS-PCR, methylation-specific PCR; pDCs, plasmacytoid dendritic cells; RT-PCR, reverse 
transcription PCR; RUNX3, runt-related transcription factor 3; SSc, systemic sclerosis.
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of methylation at the transcription start had a direct correlation with lower 
RUNX3 expression (r=−0.429, p=0.029) (supplementary table S2). We did not 
observe a difference in methylation patterns between men and women (data 
not shown); this is noteworthy since oestrogen has been suggested to be 
able to regulate RUNX3 methylation patterns.23 Next, we isolated pDCs from 
patients with SSc and cultured them in the presence of demethylating agent 
5-Aza-CdR (figure 2C). Intriguingly, RUNX3 expression was increased in pDCs 
on treatment with 5-Aza-CdR (figure 2D), indicating that RUNX3 expression in 
SSc pDCs can potentially be restored by demethylation.

MiRNAs have also been shown to regulate of RUNX3 expression. miR-130b 
has been shown to decrease expression of RUNX3 in gastric tumour cells,24 
and miR-210 was described to suppress RUNX3 expression in epithelial 
cells.25 However, we did not observe any significant correlation between mir-
130b and mir-210 expression and RUNX3 expression levels in pDCs of these 
patients (supplementary table S2, supplementary figure S2).

A functional polymorphism in the RUNX3 gene is associated 
with SSc susceptibility and increased RUNX3 methylation
To investigate a possible genetic defect underlying the change in RUNX3 
expression in pDCs, we sequenced the RUNX3 coding region using specific 
primers in a Spanish cohort including 94 individuals. We identified one 
known polymorphism present in this gene that showed substantial allelic 
variance to be replicated (rs6672420) and a novel polymorphism for which 
a custom genotyping assay was designed (supplementary table S3). 
For the purpose of replicating these polymorphisms, we used a large 
Spanish SSc cohort, consisting of 1114 patients with SSc and 1347 healthy 
controls. The novel rare variant carrier in the SSc group was confirmed using 
a custom TaqMan single nucleotide polymorphism (SNP) genotyping assay. 
However, no additional carriers were identified, and no association of this 
polymorphism was observed. Therefore, this variant was not considered in 
further analyses.

Interestingly, we found an association between rs6672420 with overall  
SSc susceptibility (p=0.028, OR 1.14 95% CI 1.01 to 1.27; supplementary 
table S4). Of interest, this SNP confers a missense mutation causing amino-acid 
change 18 Ile >Asn in exon 1. Triggered by reports from the field of epigenetics 
showing that SNPs can alter the methylation signature of genes in an allele-
specific manner, we investigated the connection of the abovementioned SNP 
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on the methylation status of the RUNX3 gene in pDCs.26 Interestingly, this non-
synomonous SNP rs6672420, was significantly associated with the degree of 
methylation of the RUNX3 gene (p=0.03) (figure 2E).

Hypoxia decreases RUNX3 expression in pDCs
Vascular alterations in patients with SSc can cause a decreased level of 
oxygen in the affected tissues that can directly aggravate fibrosis.27 28 Hypoxia 
has been described to lower RUNX3 expression in gastric cancer cell lines.29 
To investigate whether similar mechanism occurs in pDCs, we cultured 
pDCs from healthy donors under normoxic (21% O2) or hypoxic (1% O2) 
conditions for overnight. We found RUNX3 level to be significantly decreased 
in pDCs exposed to hypoxia as compared with the normoxia (figure 2F). No 
difference in cell viability was observed in both conditions (supplementary 
figure S1B,C). Since hypoxia-inducible factors (HIFs) are the main responders 
in hypoxic condition, we investigated the potential cross-talk with RUNX3 
downregulation during hypoxia. Using specific antagonists, inhibition of HIF-
1α and HIF-2α during hypoxia did not consistently alter RUNX3 expression in 
pDCs (figure 2G). Thus, hypoxic suppression of RUNX3 in pDCs is likely to be 
independent of HIF-1 signalling.

RUNX3-deficient pDCs have altered tissue distribution and 
increased maturation markers upon toll-like receptor activation
To investigate whether Runx3 could directly affect pDCs frequency in vivo, 
we measured the distribution of pDCs in different lymphoid organs of  
Runx3-/- mice. Interestingly, pDC frequencies in Runx3-/- mice were found to 
be higher in the draining lymph nodes as compared with their wild-type (WT) 
littermates (supplementary figure S3). Similar to patients with SSc, there 
was a trend of decreased circulating pDC in and Runx3-/- mice. pDC frequency 
was not altered in bone marrow or spleen. This indicates that the depletion 
of Runx3 could alter pDC distribution in vivo.

Next, we investigated the functional effect of Runx3 deletion in pDC 
maturation, as this has only been described in conventional/myeloid DC 
(cDC).30 Due to difficulty of obtaining viable adult Runx3-/- mice, and in 
addition to the deletion effect on other cell types, we used a Cre-lox system 
to specifically knockdown Runx3 in the DC lineage (CD11c/Itgax-Cre:Runx3f/f, 
figure 3A). We differentiated bone marrow cells from Itgax-Cre:Runx3f/f (Cre+) 
or Runx3f/f (Cre−) control mice towards dendritic cells using stem cell factor 
(SCF) and Flt3-L. After 8 days of differentiation, we saw a higher percentage 
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Figure 3. Runx3 deletion in mouse pDC primes for toll-like receptor activation. (A) 
Itgax-Cre and Runx3f/f were crossed to develop Itgax-Cre:Runx3f/f mice that lacks Runx3 
expression in DCs. For in vitro DC experiments, bone marrow cells were isolated and 
differentiated into dendritic cells using SCF and Flt3-L. for in vivo experiments, mice were 
treated with bleomycin subcutaneously and skin was collected for further analysis. (B) 
pDCs derived from bone marrow of Itgax-Cre:Runx3f/f (Cre+, open circle) mice or Runx3f/f 
control mice (Cre−, solid circle) were purified using B220 microbeads and stimulated 
with CpG for 24 hours. Representative flow cytometry plots of CD40, CD80 and CD86, 
and CD62L (top, middle) and quantifications are shown (bottom). (C) ΔMFI after CpG 
stimulation are shown as compared with medium control. (D) The level of secreted 
IFN-α by pDCs after CpG stimulation was measured by ELISA. Unpaired t-test was used 
for analysis. *P<0.05, **p<0.01. ΔMFI, normalised median fluorescence intensity; DC, 
dendritic cell; IFN-α, interferon alpha; pDC, plasmacytoid dendritic cell.
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of cells expressing costimulatory molecule CD86 in Itgax-Cre:Runx3f/f pDCs as 
compared with Runx3f/f controls (supplementary figure S4). The percentage 
of cells not expressing CD62L was also increased Itgax-Cre:Runx3f/f pDCs, 
indicating an increased maturation status (supplementary figure S4). We 
further magnetically sorted B220+ pDCs and challenged them with CpG 
and determined the expression of costimulatory molecules. After 24 hours, 
we observed a higher percentage CD40+, CD80+ and CD86+ cells in Itgax-
Cre:Runx3f/f pDCs, as compared with Runx3f/f pDCs (figure 3B) cells. These 
changes were also reflected in the amount of expression of these molecules 
per cell (median fluorescence intensity, figure 3C). This was accompanied by 
decreased expression of CD62L (figure 3B,C), signifying a higher maturation 
status of these cells. However, we did not see any changes with regards to 
IFN-α secretion (figure 3D). Thus, similar to previous report on cDC, Runx3 
deletion increased maturation markers of pDC on TLR activation.

Deletion of RUNX3 in DC leads to spontaneous induction of 
skin inflammation and fibrosis in untreated mice and increased 
severity of bleomycin-induced skin fibrosis
Multiple reports have suggested the role of DCs in bleomycin-induced SSc 
model.31 32 To investigate the effect of DC-specific Runx3 deletion in the SSc 
bleomycin model, we administrated bleomycin subcutaneously daily to the 
back of Itgax-Cre:Runx3f/f mice and Runx3f/f control mice. After injection of 
bleomycin, Itgax-Cre:Runx3f/f mice showed increased dermal thickness and 
skin collagen content as compared with Runx3f/f control mice (figure 4A–C). 
Moreover, the expression of pro-inflammatory marker Tnfa, and pro-fibrotic 
markers Ctgf, Serpine1 and Timp1 were higher in the skin of Itgax-Cre:Runx3f/f 
mice on bleomycin exposure (figure 4D). Strikingly, the numbers of cells 
positive for myofibroblast marker alpha smooth muscle actin (figure 4E) and 
fibroblast activation marker fibroblast activation protein (figure 4F) were 
increased in the skin on bleomycin treatment and further enhanced in Itgax-
Cre:Runx3f/f mice. We could not find differences in Il6 or IFN-regulated genes 
Ifit1 and Mx2; however, the expression of pro-inflammatory chemokine Cxcl4 
was increased in Itgax-Cre:Runx3f/f mice (supplementary figure S5A). Hence, 
mice harbouring Runx3 deficiency in CD11c+ DCs had exacerbated skin 
inflammation and fibrosis on exposure to bleomycin.

The role of pDCs in bleomycin model has been demonstrated recently.33 34 
In line with this finding, the number of Siglec-H+ dermal pDCs was 
significantly increased in the skin after bleomycin treatment (figure 5A,B). 
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Figure 4. Increased skin inflammation and fibrosis in mice with dendritic cells lacking 
Runx3. Itgax-Cre:Runx3f/f (Cre+, open circle) mice or Runx3f/f control mice (Cre−, solid circle) were 
treated with bleomycin or saline (NaCl) subcutaneously. (A) Skin sections were subjected to 
trichrome staining and shown at ×20 magnification. (B) Quantification dermal layer thickness 
as measured by histological analysis are shown. (C) Skin collagen content was measured using 
hydroxyproline assay. (D) The messenger RNA expression of pro-inflammatory gene Tnfa and 
pro-fibrotic genes Ctgf, Serpine1, Timp1 and were determined by quantitative RT-PCR. (E,F) 
Skin sections were subjected to staining for (E) αSMA (indicated with arrows) and (F) FAP, and 
representative pictures of each group are shown. Scale bar indicates 50 µm. Four to five mice 
per group were used in each group, one-way analysis of variance was used. *P<0.05, **P<0.01, 
***P<0.001, ****P<0.0001. αSMA, alpha smooth muscle actin; FAP, fibroblast activation protein.
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Remarkably, the number of dermal pDCs was already high in saline-treated 
Itgax-Cre:Runx3f/f mice, and this pDC infiltration was drastically increased 
on bleomycin treatment (figure 5A,B). This finding was corroborated by 
expression of Siglech that was higher in the skin of Itgax-Cre:Runx3f/f mice 
and further increased on exposure to bleomycin (figure 5C) but not other 
lineage markers (supplementary figure S5B). As pDCs are crucial in 
initiating adaptive immune responses with cDCs in the lymph node,35–37 we 
also assessed pDC phenotype in the inguinal lymph node after bleomycin 
treatment. Remarkably, the percentage of CD86+ pDCs were increased Itgax-
Cre:Runx3f/f mice on bleomycin injection (figure 5D,E), similar to our findings 
after CpG stimulation in vitro. These suggest that pDCs accumulate in the 
skin and their increased of costimulatory molecule CD86 in the lymph node 
are associated with the worsening of disease in Itgax-Cre:Runx3f/f mice on 
bleomycin treatment.

RUNX3 is downregulated in skin and lung of patients with SSc
Since RUNX3 is expressed in a wide variety of immune cells, we asked 
whether RUNX3 expression was dysregulated in affected skin and lungs of 
patients with SSc where active inflammatory and fibrotic processes occur.  
In the sclerotic skin lesions of patients with SSc, we found a significant  
decrease of RUNX3 expression compared with healthy skin (supplementary 
figure S6A). As a comparison with an unrelated fibrotic skin disease, RUNX3 
level was unaltered in the skin of patients with localised scleroderma. Next, 
we determined RUNX3 level in lung biopsies in patients with progressive SSc-
related interstitial lung disease. We observed a significant downregulation of 
RUNX3 in fibrotic lung tissue as compared with control lungs (supplementary 
figure S6B). Thus, downregulation of RUNX3 also occurs in the affected tissues 
of patients with SSc, indicating its potential dysregulation in other cell types.

Discussion

In this study, we showed that pDCs from patients with SSc had lower 
expression of RUNX3. This decreased of expression was associated with the 
higher methylation status of the gene which in turn was associated with the 
presence of a non-synonymous SNP in the RUNX3 gene. The presence of this 
SNP increased the risk of developing SSc in a large Spanish SSc cohort as well. 
Furthermore, our data demonstrated that RUNX3 downregulation altered pDC 
functionality and tissue distribution in mouse and enhanced their response 
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Figure 5. Enhanced plasmacytoid dendritic cells infiltration and activation in 
DC-specific Runx3 deleted mice. Itgax-Cre:Runx3f/f (Cre+, open circle/bar) mice or 
Runx3f/f control mice (Cre−, solid circle/bar) were treated with bleomycin or saline 
(NaCl) subcutaneously. (A,B) Skin sections were subjected to Siglec-H staining and (A) 
representative pictures and (B) quantification of Siglec-H+ cells/field are shown. (C) The 
mRNA expression of pDC marker Siglech in treated skin were determined by quantitative 
RT-PCR. (D,E) The frequency of CD86+ pDCs in the lymph node (LN) after bleomycin 
treatment was assessed by flow cytometry. (D) A representative plot and (E) quantification 
are shown. Four to five mice per group were used in each group, one-way ANOVA was 
used for analysis. *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001. ANOVA, analysis of 
variance; DC, dendritic cell; pDCs, plasmacytoid dendritic cells; SSC: side-scatter.
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on TLR activation. Moreover, mice with DC-specific Runx3 ablation showed 
spontaneous induction of skin inflammation and fibrosis in untreated mice 
and increased severity of bleomycin-induced skin inflammation and fibrosis 
when compared with WT mice.

The RUNX family are evolutionary conserved proteins, sharing a homologous 
N-terminal runt domain and DNA binding capacity and are thought to mainly 
function as regulators of cell differentiation in many different lineages. Runx1 
is critical in maintenance of haematopoietic stem cells and often implicated 
in haematological malignancies, and Runx2 is a regulator of epithelial–
mesenchymal transition.38 39 Runx1 and Runx3 are differentially expressed 
during CD4/CD8 T cell differentiation in the thymus, Th1/Th2 polarisation, 
as well as Treg function.40–42 Runx3 has been previously implicated in the 
development of langerhans cells,43 as a regulator in macrophage activation as 
well as an acting downstream molecule of the pro-fibrotic factor transforming 
growth factor beta (TGF-β) in DCs.30 44 Our data have shown associations 
between Runx3 expression, pDC frequency and their function, suggesting a 
novel role of Runx3 as a regulator in the pDC lineage.

Epigenetic mechanisms are key components in regulating gene expression 
through DNA methylation, histone modifications and miRNA, and their 
potential as therapeutic target in SSc is being investigated.45 46 Although 
hypermethylation of genes involved in SSc pathogenesis has been previously 
shown to be play a role in fibroblasts,46 little research has been performed 
within the immune compartment of SSc. The mechanism of RUNX3 
downregulation has been most studied in the field of cancer; RUNX3 is 
one of the most hypermethylated gene in solid tumours, including breast, 
bladder, colorectal and gastric tumours.47–49 In SSc pDCs, we demonstrated 
higher methylation level at RUNX3 promoter, with one of the sites next to 
the transcription start. Interestingly, a study investigated the methylation 
status of several transcription factors responsible for the differentiation of 
human mesenchymal stem cells, found that the same region adjacent to 
RUNX3 transcription start to be hypermethylated, as RUNX3 expression was 
decreased.50 In our study, we identified a functional polymorphism located 
in exon 1 of the RUNX3 gene to be associated with a higher degree of 
methylation at the RUNX3 transcription start site.
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Various factors underlying RUNX3 methylation have been proposed. 
Oestrogen has been shown to be directly involved in the silencing of the 
RUNX3 gene in mammosphere-derived cells.51 We compared the frequency 
of RUNX3 methylation between men and women as a surrogate marker for 
oestrogen influence; however, we did not observe any significant difference. 
The Gram-negative bacteria Helicobacter pylori (HP) is known to induce RUNX3 
hypermethylation by production of liposaccharides and nitric oxide.47 HP 
infection is very common in patients with SSc, with the most aggressive strain 
of HP being the most prevalent.52 Although pDCs are known to be present in 
the lamina propia, it is unknown whether HP infection could have a systemic 
effect on circulating pDC or precursor cells in the bone marrow. Hypoxia is 
another possible mechanism of RUNX3 downregulation. In hypoxic condition, 
G9a histone methyltransferase and HDAC1 are recruited to RUNX3, leading to 
histone 3 Lys 9 methylation and H3 deacetylation.29 Indeed, in pDCs cultured 
under hypoxic environment, RUNX3 expression was decreased. Considering 
the extensive vasculopathy and pulmonary involvement present in SSc, 
hypoxia could be a relevant factor. Additionally, CXCL12, a chemoattractant 
that is increased in SSc skin,53 has been shown to downregulate RUNX3 in 
monocytes/macrophages.54 More recently, a long non-coding RNA HOXD-AS1 
has been demonstrated to suppress RUNX3 expression in melanoma cell 
lines.55

To investigate the effect of RUNX3 in pDCs, using Runx3-/- mice we found 
a higher percentage of pDCs limited to the lymph node but not in other 
lymphoid organs. This mouse strain has been previously shown to lack 
Langerhans cells.30 However, in this model, the contribution of other cell 
types involved in DC development, or the presence of RUNX3 p33 isoform in 
this strain,56 cannot be excluded. Interestingly, a study using bone marrow 
cells-targeted Runx3 ablation (Mx1-Cre:Runx3f/f) showed that these mice have 
increased haematopoietic stem/progenitor cells compared with the controls; 
however, mature pDCs or their progenitors frequency were not assessed.57 
Furthermore, Runx3 has been shown to regulate lymph node-homing 
receptor CCR7.58 Potentially, this could contribute to the reduced levels of 
circulating pDCs in patients with SSc and mice with experimental SSc, possibly 
to lymph nodes or inflamed tissue. In patients with SSc, we and others have 
demonstrated increased presence of pDCs in the skin,10–13 33 34 corroborating 
this assumption. The role of RUNX3 in pDCs differentiation or homeostasis in 
vivo still needs further investigation.
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Our data demonstrated that Runx3-deficient pDCs have an increased 
maturation phenotype on TLR stimulation in vitro and on bleomycin treatment 
in vivo, corroborating previous finding.30 Interestingly, Runx3 isoforms have 
been shown to directly interact with transcription factor downstream of TLR 
signalling NF-κB,59 suggesting a direct role of Runx3 in directly regulating TLR 
responses. Furthermore, our observation on an increase of CD86+ pDCs in 
the inguinal lymph node of bleomycin-treated mice, implied pDC activation in 
the skin and subsequent migration to the skin draining lymph node. Increased 
expression of CD86 in pDC in the lymph node has been shown in infection 
models60 61 and CD80/CD86 deficiency ameliorated skin inflammation in a 
pDC-dependent imiquimod-induced systemic autoimmune disease model.36

Two key studies have recently demonstrated the pathogenic role of pDCs in 
SSc pathogenesis.33 34 In line with these findings, we observed pDC infiltration 
to the skin when exposed to bleomycin, mimicking pDC accumulation in 
the skin of patients with SSc. Interestingly, untreated mice with DC-specific 
deletion of Runx3 (Itgax-Cre:Runx3f/f) had a higher amount of pDCs in the 
dermis and spontaneously developed inflammation and fibrosis of the 
skin. Moreover, these mice were more prone to bleomycin treatment and 
developed a more severe skin inflammation and fibrosis when compared with 
WT mice. Spontaneous development of inflammation and fibrosis of the skin, 
as well as disease exacerbation in these mice on bleomycin injection may be 
attributed to hyperactivation of DCs. Furthermore, using zDC-DTR mice, Chia 
et al depleted cDCs during the course of bleomycin treatment.62 Although 
they found that cDCs promoted adipose-derived stromal cells to maintain 
adipose tissue architecture, depletion of cDCs altered the expression of pro-
fibrotic genes without changing dermal thickening or collagen content. pDCs 
were not affected in this model and could still contribute to inflammation 
and dermal fibrosis. Altogether, skin inflammation and fibrosis in bleomycin 
SSc model is likely to be driven by accumulation and activation of pDCs, and 
Runx3 downregulation in pDCs exacerbates the disease even further.

Gene expression studies of skin and lung samples have revealed important 
pathways involved in SSc pathogenesis.63–65 Here, we found a downregulation 
of RUNX3 expression in the skin and lung of patients with SSc. Although pDCs 
infiltration occurs in the skin and lungs of patients with SSc,10 33 34 these analyses 
were still derived from whole tissues that is likely to reflect transcriptomic 
profile of predominant cells in this tissue, such as macrophages. Indeed, 
signatures of macrophage activation and TGF-β signalling were seen in 
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the skin and lung obtained from patients with SSc.65 66 Moreover, RUNX3 
expression was found in the epidermis and hair follicle in human skin.67 
The role of RUNX3 downregulation in specific subsets of immune cells and 
stromal cells in SSc development warrants further investigation.

In summary, we have shown that RUNX3 downregulation as mediated by 
hypermethylation or hypoxia that leads to pDC dysfunctions observed 
in SSc. An increased response to TLR activation in Runx3-deficient pDCs 
indicate its potential homeostatic contribution in dampening immune 
responses by DC. Consequently, DC-specific Runx3-deletion led to aggravated 
bleomycin-induced skin inflammation and fibrosis in mouse. Our study has 
revealed a pivotal role of RUNX3 in regulating pDC function in the context 
of SSc pathogenesis (supplementary figure S7). Further research on the 
mechanisms of RUNX3 actions will clarify and improve our understanding on 
the role of RUNX3 and pDC in other immune-mediated disorders.
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Supplementary Materials & Methods

Blood plasmacytoid dendritic cells isolation and culture
Peripheral blood mononuclear cells (PBMCs) from heparinized blood of 
healthy controls or systemic sclerosis (SSc) patients were separated by 
density gradient centrifugation using Ficoll-Paque (Amersham Bioscience). 
Plasmacytoid dendritic cells (pDCs) were isolated using BDCA4 magnetic 
beads-based sorting according to manufacturer’s protocol (Miltenyi Biotec). 
In some experiments, pDCs were cultured at 500,000 cells/ml in RPMI-1640 
medium (Invitrogen) containing 1% Penicillin-Streptomycin, Glutamax, 
supplemented with 10% fetal bovine serum (FBS) (complete medium) at 
37°C, under normoxic (atmospheric, ~20% O2) or hypoxic (1% O2) condition. 
In some conditions, DNA methyltransferase (DNMT) inhibitor 5-Azacytidine 
(5-Aza-CdR, 1µM, CAS 2353-33-5, Sigma Aldrich), and HIF-1a and HIF-2a 
inhibitors were used (Dimethyl-bisphenol A, 10nM, CAS 1568-83-8, Santa Cruz 
Biotechnology) (HIF-2 Antagonist, 10nM, CAS 1422955-31-4, Sigma-Aldrich) 
during 24h of culture.

DNA/RNA extraction and cDNA synthesis
DNA and RNA from pDCs were extracted by Qiagen Allprep RNA/DNA kit, 
according to the manufacturers protocol, cells were disrupted with RLT buffer 
(Qiagen) after magnetic beads-based isolation. Collected human skin biopsies 
was preserved in RNALater and extracted using RNeasy Lipid Tissue kit 
(Qiagen). RNA from mouse skin was stored in RNALater and extracted using 
Qiagen Allprep RNA/DNA kit (Invitrogen) according to the manufacturer’s 
protocol. Quality of extracted RNA and DNA were checked with OD 260/230 
ratios and RT negative PCR runs to exclude genomic DNA contamination in 
the RNA. cDNA was synthesized with the iScript cDNA synthesis kit, according 
to the protocol provided by the manufacturer (BioRad).

RT-PCR  
To investigate the expression levels of various genes known to be involved 
in DC differentiation pathways, we retrieved existing primers from the 
primerbank website (http://pga.mgh.harvard.edu/primerbank). Primers were 
tested negative for primer dimer formation or multiple annealing sites. The 
primer sequences are displayed in supplementary table 5 and 7. The RT-
PCR runs were performed on an AB 7300 system (Applied Biosystems). Per 
reaction we used 20 ng cDNA, 7.5 pmol forward primer, 7.5 pmol reverse 
primer, and SYBR Green master mix, or with Taqman assay according to 
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manufacturers’ recommendation (Applied Biosystems). Housekeeping gene 
human GAPDH or mouse Rpl13 were used.

To determine the expression or miRNAs in pDCs, 10 ng of RNA were 
retrotrancribed using MegaPlex Primer Pools (Life Technologies) and analyzed 
on a Taqman OpenArray platform (758 miRNAs, Life Technologies) was 
performed according to manufacturer’s instructions with minor adjustments 
as described previously1. The expression of each miRNA was normalized 
globally to the mean expression of all the expressed miRNAs and expressed 
as Fold Change (FC) as compared to the control samples.

MS-PCR
To investigate hypermethylation of the RUNX3 gene in pDCs from SSc patients, 
we performed a methylation specific PCR. Genomic DNA was extracted 
simultaneously with RNA by use of the Qiagen allprep RNA/DNA kit. We 
subjected 100 ng of genomic DNA from 27 persons, (8 healthy controls and 19 
SSc patients) as well as a fully methylated and fully demethylated DNA control 
to bisulphite treatment with the Qiagen Epitect bisulphite kit according to the 
manufacturers protocol. MS-PCR of the RUNX3 gene was performed with 50 
ng of bisulphite treated DNA, added to a tube containing, 7.5 pmol forward 
primer, 7.5 pmol reverse primer and SYBR Green master mix (Applied 
Biosystems). The MS-PCR runs were performed on an AB 7300 system 
(Applied Biosystems). Commercially available fully methylated bisulphite 
treated DNA and fully demethylated bisulphite treated DNA were used 
as negative and positive controls. In addition, a serial dilution was created 
with known concentrations of the fully methylated and fully unmethylated 
DNA, starting from 50ng methylated:0ng unmethylated as reference for 
100% methylation (further dilution; 25:25, 12.5:37.5, 6.25:43.75 and 0:50 
as reference for 0% methylation). This dilution was included as triplicate in 
each run for every primer set. More precisely, absolute quantification of the 
fluorescence of the serially diluted samples allowed us to create a standard 
curve. According to the serial dilution of 1:2, we expected an amplification 
efficiency of 2 (slope -3.3). We accepted slope values between -3.1 and -3.5 
in our analyses. The crossing points of the fluorescence of the sample and 
the standard curve were used to calculate the concentration and percentages 
of methylated and unmethylated DNA. Primers information adapted from 
Homma et al.2 are provided in supplementary table 5.
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Sequencing of the RUNX3 gene 
In order to explore previously reported genetic variants and to identify novel 
polymorphisms in the RUNX3 coding region, 94 Spanish individuals (47 SSc 
patients and 47 healthy controls) with Caucasian ancestry were sequenced. 
PCR primers were designed using Primer 3 and detailed primer information 
shown in supplementary table 63. 

Genomic DNA was extracted from blood samples and PCRs were performed 
with 50ng DNA, 0.8μM each forward and reverse primer, 1× buffer, 1mM 
dNTPs, 1,5mM MgCl2, and 1.5 units of BioTherm Taq DNA Polymerase 
(GeneCraft) in a 50μL reaction. PCR products were cleaned up using QIAquick 
Gel Extraction Kit (QIAGEN). Sequencing reactions contained 20ng of clean 
PCR product, 0.533μM primer and Applied Biosystems (Foster City) BigDye 
Terminator v3.1 in a 12μL reaction. Sequencing was performed in one 
direction on a 3130xL Genetic Analyzer by Applied Biosystems (Foster City). 
We obtained good quality sequence for all exons in RUNX3 except for exon 
2. Alignment of the obtained sequences with the consensus sequence was 
performed using BioEdit v7.0.5.34.

Genotyping of RUNX3 polymorphisms
Only one out of four described SNPs in the RUNX3 coding region (rs6672420) 
was polymorphic in the sequenced control group and was selected for its 
analysis in a larger cohort. It should be noted that the remaining coding SNPs 
have not been described in the HapMap CEU population and these results 
were expected. The genotyping of the follow-up cohort was performed 
using a predesigned TaqMan SNP Genotyping Assay (C__25592388_10). We 
also selected a new non-synonymous variant located in Chr1: 25,228,785 for 
which a custom TaqMan SNP genotyping was designed. The genotyping was 
carried out in a 7900HT Real-Time Polymerase Chain Reaction (PCR) System 
from Applied Biosystems following the manufacturer’s suggestions.

Skin biopsy and high-throughput sequencing 
Skin biopsies were taken from the sclerotic center of affected skin from 
patients with SSc or localized scleroderma from Utrecht cohort5. Skin RNA 
was extracted and processed for high throughout sequencing (HTS, at 
GenomeScan B.V, The Netherlands) as described previously5. The NEBNext 
Ultra Directional RNA Library Prep Kit for Illumina was used to process the 
samples according to the protocol “NEBNext Ultra Directional RNA Library 
Prep Kit for Illumina”(NEB #E7 420S/L). Briefly, mRNA was isolated from 
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total RNA using the oligo-dT magnetic beads, and after fragmentation of the 
mRNA, a cDNA synthesis was performed. This was used for ligation with the 
sequencing adapters and PCR amplification of the resulting product. The 
quality and yield after sample preparation was measured with a fragment 
analyser. Next, clustering and DNA sequencing using the Illumina cBot and 
HiSeq 4000 was perfomed according to the manufacturer’s protocols. Image 
analysis, base calling, and adapter and primer trimming were performed with 
the Illumina data analysis pipeline TA v2.7.7. 

Approximately 20 million 150 bp paired-ended reads were obtained for each 
sample, and all samples passed quality checked performed using FastQC. The 
sequencing reads were then aligned to human genome (Ensembl annotation: 
GRCh38 build 79) using STAR aligner6,7 and HTSeq-count was used to 
generated gene expression8. Since the isolation and library preparation 
of the samples were performed in two different batches, this resulted in a 
batch effect. The batch effect was corrected using R/Bioconductor package 
RUVSeq9. Variance-stabilizing transformation from R/Bioconductor package 
DESeq2 was used to generate normalized expression values (normalized 
read counts or NRC)10.

Lung biopsy
Lung biopsies of patients from Boston/São Paulo cohort were included 
as thoroughly described in our previous work11. Open lung biopsy was 
performed by formal thoracotomy, avoiding honeycombing areas on the 
right lower lobes; for some patients, a second sample was also collected from 
their right middle lobes12. Total RNA was isolated and processed for gene 
expression as described previously11. 

Immunohistochemistry
Mouse skin was fixed in acetic acid–zinc-formalin, embedded in paraffin, and 
sectioned at 4 μm. To visualize collagen deposition, deparaffinized sections 
were stained with Masson’s Trichrome staining, and mounted. For αSMA, 
FAP and Siglec-H staining, deparaffinized sections were rehydrated, blocked 
with serum, stained with rabbit-anti mouse αSMA (2 µg/ml, Abcam); rabbit-
anti mouse FAP (2 µg/ml, Sigma Aldrich) or rat-anti mouse Siglec-H (10 µg/
ml, LifeSpan Biosciences) as primary antibody. Subsequent incubations 
with secondary antibody-HRP (for αSMA and FAP) or with antibody-AP (for 
Siglec-H) were performed, and DAB (for αSMA and FAP) or NBT/BCIP were 
used as a substrate. Images were acquired using a bright field microscope 
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at 4x or 20x magnification (BH2 and BX41 Olympus). Skin layer thickness and 
cell count were measured using ImageJ software (NIH). 

Collagen measurement
Collagen content was quantified by colorimetric assays from 4 mm mouse 
skin punch biopsies. Skin sections were transferred into a microcentrifuge 
tube and upon addition of 150 µl 6M HCl hydrolyzed by overnight incubation 
at 95°C in a heat block, and collagen content was determined in supernatants 
by QuickZyme total collagen assay (QuickZyme Bioscience).

Flow cytometry
After PBMC isolation from healthy controls or SSc patients, cells were stained 
with fluorochome-conjugated monoclonal antibodies against CD303 (Miltenyi) 
and CD123 (Biolegend) to identify pDCs as shown in supplementary figure 
1A. Subsequently, PBMCs were fixed and permeabilized using Foxp3/
Transcription Factor Staining Buffer Set (eBioscience). Cells were labeled with 
α-RUNX3 APC antibody (R&D), or mouse IgG isotype control (eBioscience), 
acquired on a LSR Fortessa (BD Bioscience), and analyzed by FlowJo software 
(Tree Star).

For mice experiments, single cell suspensions were prepared from different 
lymphoid organs as follows: spleen and lymph nodes were mechanically 
disrupted on a 70 µM cell strainer; bone marrow cells were flushed from 
femur and tibia; and blood was collected by heart puncture, red blood cells 
were lysed ammonium chloride RBC lysing buffer (Sigma-Aldrich). Cells 
were washed with PBS containing 2% FCS and 2mM EDTA, incubated with 
appropriate antibodies for 20 minutes at 4°C, washed and prepared for 
flow cytometry analysis on LSRFortessa (BD Biosciences). The antibodies 
used were α-B220 Pacific Blue, CD11c PE (both BD Biosciences), α-SiglecH 
FITC (eBioscience), and α-mPDCA1 APC (Miltenyi Biotec). Mouse pDCs were 
identified as B220+ mPDCA1+ SiglecH+ CD11c+ cells. For maturation markers, 
CD40 PerCP eFluor710 (eBioscience), CD80 BV605 (Biolegend), CD86 AF700 
(Biolegend), CD62L PECy7 (eBioscience) were used.

Mouse bone-marrow derived plasmacytoid dendritic cells 
Bone marrow cells were isolated from mice femurs and tibias and cultured 
differentiated into dendritic cells as described previously with minor 
adjustments13,14. Briefly, bone marrow cells were depleted of red blood cells 
using ammonium chloride RBC lysing buffer (Sigma-Aldrich) and passed 
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through 70 μm nylon cell strainer. Cells were cultured at 1.5 x 106 cells/ml 
with recombinant murine SCF (50 ng/ml, Peprotech) and Flt3 ligand (200 ng/
ml, eBioscience) for 8 days to obtain mixed population of DCs. pDCs were 
further purified using B220 microbeads (Miltenyi). All cells were cultured in 
RPMI-1640 complete medium. Cells were collected, seeded at 100,000 cells/
well and stimulated with CpG-A (1 µM Invivogen) overnight. The expression of 
cell surface molecules was assessed by flow cytometry as described above. 
Secreted IFN-α was measured by ELISA as described before13.

Data analyses
Values are shown throughout the paper as mean±SEM unless otherwise 
specified. All statistical analyses were performed using Graphpad Prism 
(GraphPad software) unless stated otherwise. Differences were compared 
using a two-sided t test or one-way ANOVA. Spearman’s analysis was used 
to analyze for correlation. Hierarchical clustering of the individuals based on 
transcription factor levels was performed using genepattern software (http://
www.broadinstitute.org/cancer/software/genepattern/)15,16.

In the association analyses significance was calculated using 2x2 contingency 
tables and Fisher’s exact test or χ2 when necessary, to obtain p-values, odds 
ratios (OR) and 95% confidence intervals (CI) using PLINK (v1.07) software. 
P-values below 0.05 were considered as statistically significant. The Hardy-
Weinberg equilibrium (HWE) was tested comparing the observed genotype 
distribution in controls with the expected genotype distribution under HWE 
by means of Fisher’s exact test or χ2 when necessary.

http://www.broadinstitute.org/cancer/software/genepattern/
http://www.broadinstitute.org/cancer/software/genepattern/
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Supplementary Tables

Supplementary table 1. Treatment regimen of SSc patients at the time of 
sampling. 

Treatment SSc Boston 
(n=36)

SSc Utrecht 
(n=43) LoS

Cyclophosphamide 11% 2% 0%

Methotrexate 0% 9% 0%

Azathioprine 0% 0% 0%

Mycophenolate mofetil 31% 2% 0%

Prednisone 28% 5% 0%

Hydroxychloroquine 14% 2% 0%

Supplementary table 2. Correlation analysis of RUNX3 expression, 
methylation status, and mir-130b expression. 

RUNX3 mir-130b Methylation TS Methylation CPG1

RUNX3 - -0.138 (0.503) -0.429 (0.029) 0.281 (0.164)

mir-130b -0.138 (0.503) - -0.257 (0.205) -0.164 (0.423)

Methylation TS -0.429 (0.029) -0.257 (0.205) - 0.822 (<0.001)

Methylation CPG1 0.281 (0.164) -0.164 (0.423) 0.822 (<0.001) -

Spearman’s ρ, and p-value (in brackets) are shown. Bold indicates statistically significant 
values. TS = Transcriptionstart.

Supplementary table 3. Sequencing results.

SNP Exon
Coordinates 

Chr1
(bp)

Major/
Minor 
Allele

MAF 
HapMap 

CEU
CarriersSSc CarriersHC

Residue 
Change

rs6672420 1 25,291,010 T/A 0.49 34/45 27/40 Exon 1 
Ile>Asn

rs35659838 6 25,228,987 C/T NA NA NA Exon 6 
Leu>Phe

rs34188858 6 25,228,900 G/A NA NA NA Exon 6 
Gly>Arg

Novel_25228785 6 25,228,785 A/G NA 1/42 NA Exon 6 
Arg>His

rs34303089 6 25,228,638-
25,228,639 -/G NA NA NA Exon 6 

Frameshift

SNP: Single Nucleotide Polymorphism, bp: base pair, NA: not described in the HapMap CEU 
population or non-polymorphic in the sequenced samples.
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Supplementary table 4.  Association analysis of the selected RUNX3 polymorphisms 
in a Spanish SSc cohort

SNP SSc/HC Minor allele MAF SSc MAF HC P OR (95% CI)

Novel_25228785 1,089/1,324 G 0.0004 0 0.27 NA

rs6672420 1,089/1,294 T 0.53 0.49 0.028 1.14 (1.01-1.27)
SNP: Single Nucleotide polymorphism, Minor allele: minor allele in the control group, MAF: minor 
allele frequency, OR: Odds Ratio, CI: confidence interval, SSc=Systemic sclerosis, HC=healthy controls

Supplementary table 5. Sequences of human primers used for RT-PCR and MS-
PCR.

Name PCR type Forward sequence Reverse sequence
GAPDH RT-PCR ATGGGGAAGGTGAAGGTCG GGGGTCATTGATGGCAACAATA

RUNX3 RT-PCR AGGCAATGACGAGAACTACTCC CGAAGGTCGTTGAACCTGG

CPG1 RUNX3 MS-PCR 
methylated

AAC GTT TTC GAG AAG GCG TAG CGC CAC GAT ACA AAC CGA AAC CAT TCG

CPG1 RUNX3 MS-PCR 
unmethylated

TGG GAA TGT TTT TGA GAA GGT GTA GTG T CAC AAT ACA AAC CAA AAC CAT TCA

CPG2  RUNX3 MS-PCR 
methylated

TTT TAG ATT TTG GGG AAC GAA CGC TAA TAA AAT CTT ACG ACC ACC GTC

CPG2  RUNX3 MS-PCR 
unmethylated

TTT TAG ATT TTG GGG AAT GAA TGT TAA TAA AAT CTT ACA ACC ACC ATC

CPG3 RUNX3 MS-PCR 
methylated

TAC GGG ATT TTG CGC GTC GTT TAC AAA AAC TCC CTT CCG CCT ATC CCC

CPG3 RUNX3 MS-PCR 
unmethylated

TAT GGG ATT TTG TGT GTT GTT TAT AAA AAC TCC CTT CCA CCT ATC CCC

CPG4 RUNX3 MS-PCR 
methylated

TTG TTT AGA ACG TTC GGG TTT TAC AAA ACG ACT CCC AAT ACG ACG TCA CC

CPG4 RUNX3 MS-PCR 
unmethylated

AAA TTT GTT TAG AAT GTT TGG GTT TTA T TAA AAC AAC TCC CAA TAC AAC ATC ACC

CPG5 RUNX3 MS-PCR 
methylated

GAT TTC GCG GTC GTA GTT TTA GAA TAA ATT T ACT AAA ACC TCC TCC GCG AAA TAA CGC CTT CC

CPG5 RUNX3 MS-PCR 
unmethylated

GAT TTT GTG GTT GTA GTT TTA GAA TAA ATT T ACT AAA ACC TCC TCC ACA AAA TAA CAC CTT CC

CPG6 RUNX3 MS-PCR 
methylated

TAT TCG TTA GGG TTC GTT CGT TGC ACG ACC GCG AAC GAA CTT CGA AAC

CPG6 RUNX3 MS-PCR 
unmethylated

TAT TTG TTA GGG TTT GTT TGT TGT ACA ACC ACA AAC AAA CTT CAA AAC

CPG7 RUNX3 MS-PCR 
methylated

ATA ATA GCG GTC GTT AGG GCG TCG GCT TCT ACT TTC CCG CTT CTC GCG

CPG7 RUNX3 MS-PCR 
unmethylated

ATA ATA GTG GTT GTT AGG GTG TTG ACT TCT ACT TTC CCA CTT CTC ACA

CPG8 RUNX3 MS-PCR 
methylated

CGG TGC GTA CGA GTT CGT TTG CG GTA AAC CCA AAC ACC AAC CGC CGC TTC A

CPG8 RUNX3 MS-PCR 
unmethylated

GTT GGT GTG TAT GAG TTT GTT TGT G CAT AAA CCC AAA CAC CAA CCA CCA CTT CA

CPG9 RUNX3
MS-PCR 
methylated

AGG GCG TAT TTA AAA CGG AAC GTC AAC GCC GAC CCT AAA ACT CCG AAC

CPG9 RUNX3
MS-PCR 
unmethylated

AGG GTG TAT TTA AAA TGG AAT GTT AAC ACC AAC CCT AAA ACT CCA AAC
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Supplementary table 6. Sequences of the primers used for the human 
RUNX3 coding region sequencing.
Exon Amp. Coordinates in Chr1 Forward Primer, 5’ to 3’ Reverse Primer, 5’ to 3’

1 25,290,879-25,291,277 TCAGAGGCCAGCGGATTTAG CACACACACTCTCGCGTTCT

3 25,253,953-25,254,281 CCTGGTCACCCTCTTCCTTT AGCTGCATCTGGAGACCTGT

4 25,245,561-25,245,905 TAAGCCCAGAGGGTTTAGGG AGGTGGGAGAGCAGGGTATT

5 25,233,611-25,233,997 AGCACCAGCAGCTCCTCTAC CAGGAAGAACTTCCCAGCAG

6 25,228,434-25,228,957 GTACAAGGATGTGGCTGCAC CGCTTCCACCATACCTACCT

6 25,228,835-25,229,292 CTGGTAGGAGCCAGAGGATG AGGAAGAGGAGAGCCAGGTC

Supplementary table 7. Sequences of the primers used for the mouse RT-
PCR analysis.

Target Forward primer Reverse primer TaqMan Assay ID

Serpine1 AGTCAATGAGAAGGGCACAGC GACAAAGATGGCATCCGCAG

Timp1 ATTCAAGGCTGTGGGAAATG CTGAGAGTACGCCAGGGAAC

Il6 Mm00446190_m1

Ifit1 Mm00515153_m1

Mx2 Mm00488995_m1

Cxcl4 Mm00451315_g1

Cd3e Mm01179194_m1

Itgax Mm00498698_m1

Emr1 Mm00802530_m1

Tnfa Mm00443259_g1

Ctgf Mm01192932_g1

Rpl13 GTATGGAGTGTGGACCTGGC TCCTCTGGGTCCTGTAGATGG Mm01612986_gH

Siglech Mm00618627_m1
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Supplementary Figures

Supplementary figure 1. Gating strategy and plasmacytoid dendritic cells (pDCs) 
culture. (A) PBMCs were collected and stained for pDC markers, CD123 and BDCA2, prior 
to fixation/permeabilization and staining for RUNX3. Gating strategy for CD123+ BDCA2+ 
pDCs is shown. (B) pDCs were isolated using magnetic sorting based on BDCA4, cultured 
overnight under normoxic (atmospheric, ~20% O2) or hypoxic (1% O2) condition and cell 
viability was assessed by flow cytometry.
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Supplementary figure 2. RUNX3 correlation with miRNAs in pDCs. RUNX3 mRNA 
expression was determined in RNA-seq from pDCs of 7 healthy controls, 5 patients with 
ncSSc, 10 patients with lcSSc, and 5 patients with dcSSc, correlated with miRNA expression 
of (A) miR-130b and (B) miR-210 measured using RT-PCR. Normalized read count is shown 
on log2 scale.

Supplementary figure 3. Runx3-/- mice showed an altered pDC tissue distribution. 
(A) Representative flow cytometry plots of plasmacytoid dendritic cells (pDCs) staining in 
mouse lymph node (B) The frequency of pDCs in the lymph node, blood, bone marrow, 
or spleen are shown. Unpaired t-test is used for analysis, * P<0.05. (C) The expression of 
Siglec-H and CD11c of the B220+ PDCA1+ cells as assessed by flow cytometry confirming 
their identity as pDCs.  
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Supplementary figure 4. Runx3 deletion in mouse plasmacytoid dendritic cell and the 
effect on their maturation. (A) Bone marrow cells were isolated from Itgax-Cre:Runx3f/f 

(Cre+, open circle) mice or Runx3f/f control mice (Cre−, solid circle), and differentiated into 
dendritic cells using SCF and Flt3-L. (B) After eight days of differentiation, the percentage 
of pDCs expressing co-stimulatory molecules CD40, CD80, CD86, and maturation marker 
CD62L, were assessed by flow cytometry. * P<0.05.  

Supplementary figure 5. Gene expression alterations in the skin of mice with Runx3-
deficient dendritic cells upon bleomycin treatment. Itgax-Cre:Runx3f/f (Cre+, open circle) 
mice or Runx3f/f control mice (Cre−, solid circle) were treated with bleomycin subcutaneously. 
The mRNA expression of (A) cytokine and chemokines Il6, Ifit1, Mx2, and Cxcl4, and (B) cellular 
lineage markers Cd3e (CD3, T cells), Itgax (CD11c, DCs), and Emr1 (F4/80, macrophages), were 
determined by RT-PCR. Unpaired t-test was used for analysis, * P<0.05.
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Supplementary figure 6. RUNX3 expression in SSc affected tissues. (A) RUNX3 mRNA 
expression was determined in RNA-seq from skin of SSc patients, localized scleroderma 
(LoS) compared to healthy skin. Normalized read count is shown on log2 scale. * adj. 
P<0.05. (B) RUNX3 expression was measured using RT-PCR in lung biopsies from SSc 
patients and healthy controls, normalized to a housekeeping gene β-actin and relative 
expression was measured against one healthy control. Lung samples, HC n=4, SSc n=31, 
** P<0.01.

 

Supplementary figure 7. Downregulation of RUNX3 in pDC of SSc patients enhances 
pDC maturation and exacerbate disease in SSc mouse model. The downregulation 
of RUNX3 in pDCs of SSc patients is associated with an increase methylation on RUNX3, 
with rs6672420 polymorphism as a risk factor. This downregulation can also be caused 
by the presence of hypoxic microenvironment in the affected tissue of SSc patients. In 
mice, the decrease Runx3 expression leads to increased maturation state of pDCs, and 
upon bleomycin treatment, DC-specific ablation of Runx3 aggravates skin inflammation 
and fibrosis.
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Graphical abstract

Abstract

Angiopoietin-2 (Ang-2), a ligand of the tyrosine kinase receptor Tie2, is 
essential for vascular development and blood vessel stability and is also 
involved in monocyte activation. Here, we examined the role of Ang-2 on 
monocyte activation in patients with systemic sclerosis (SSc). Ang-2 levels 
were measured in serum and skin of healthy controls (HCs) and SSc patients 
by ELISA and array profiling, respectively. mRNA expression of ANG2 was 
analyzed in monocytes, dermal fibroblasts, and human pulmonary arterial 
endothelial cells (HPAECs) by quantitative PCR. Monocytes were stimulated 
with Ang-2, or with serum from SSc patients in the presence of a Tie2 inhibitor 
or an anti-Ang2 neutralizing antibody. Interleukin (IL)-6 and IL-8 production 
was analyzed by ELISA. Ang-2 levels were elevated in the serum and skin of SSc 
patients compared to HCs. Importantly, serum Ang-2 levels correlated with 
clinical disease parameters, such as skin involvement. Lipopolysaccharide 
(LPS), R848, and interferon alpha2a (IFN-α) stimulation up-regulated the 
mRNA expression of ANG2 in monocytes, dermal fibroblasts, and HPAECs. 
Finally, Ang-2 induced the production of IL-6 and IL-8 in monocytes of SSc 
patients, while the inhibition of Tie2 or the neutralization of Ang-2 reduced 
the production of both cytokines in HC monocytes stimulated with the serum 
of SSc patients. Therefore, Ang-2 induces inflammatory activation of SSc 
monocytes and neutralization of Ang-2 might be a promising therapeutic 
target in the treatment of SSc.
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Introduction

Systemic sclerosis (SSc) is a rheumatic and musculoskeletal (RMD) disease 
characterized by excessive collagen deposition in the skin and internal 
organs. Besides the fibrotic phenotype, SSc is also characterized by vascular 
abnormalities and the activation of immune cells, including monocytes 
and macrophages [1,2,3,4]. Monocyte activation leads to the secretion of 
cytokines (interleukin (IL)-6, IL-8), chemokines (C-C motif ligand (CCL)-2, C-X-C 
motif ligand (CXCL)-10), and pro-fibrotic factors such as tissue inhibitor of 
matrix metalloproteinases (TIMP)-1, which are elevated in SSc patients and 
are involved in the inflammatory and fibrotic processes observed in the 
pathogenesis of the disease [2,3,5,6,7,8].

Ang-2, together with Ang-1, is the best-characterized ligand of Tie2, which 
is a tyrosine kinase receptor essential for vascular development and blood 
vessel stability [9]. Although Tie2 is mainly expressed by endothelial cells, 
several works have shown that it is also expressed in myeloid cells, such as 
monocytes, synovial macrophages, and monocyte-derived macrophages 
[10,11,12,13]. Recent works from our group have shown that Ang-2 
mediated-Tie2 activation induces the production inflammatory mediators 
by rheumatoid arthritis (RA) and psoriatic arthritis (PsA) macrophages and 
that Ang-2 neutralization reduces the severity of a mouse model of arthritis 
[12,14], pointing out the role of Ang-2 in the pathogenesis of these RMDs.

An imbalance in the levels of Ang-2 has been also previously observed in 
SSc patients, as Ang-2 levels were increased in the serum of these patients 
compared to HCs [15,16,17,18,19]. In addition, increased Ang-2 levels have 
been associated with the severity of skin and lung involvement and vascular 
alterations in SSc [15,18,19]. However, the role of Ang-2 on monocyte 
activation in SSc pathology remains unknown. 

Materials and methods

Patients and controls
Patients’ blood from SSc patients and sex- and age-matched healthy controls 
was obtained from the University Medical Center Utrecht (Utrecht, The 
Netherlands) and the Maasstad Ziekenhuis Rotterdam (Rotterdam, The 
Netherlands). Cutaneous status was evaluated by the modified Rodnan skin 
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score (mRSS). All patients provided informed written consent approved by the 
local institutional medical ethics review boards prior to inclusion in this study 
(Medical Research Ethics Committee (METC) of the University Medical Center 
Utrecht, METC numbers 12-466C (approved October 2, 2012) and 13/697 
(approved April 30, 2014). Medical Research Ethics Committee (METC) of the 
Maastad Hospital, protocol L2014-66, approved November 20, 2014). Samples 
and clinical information were treated anonymously immediately after 
collection. All included patients fulfilled the ACR/EULAR 2013 classification 
criteria for SSc [25]. Demographics and clinical characteristics of the included 
patients and HCs are detailed in Table 1.

Monocyte Isolation
Peripheral blood mononuclear cells (PBMCs) from HC and SSc patients 
were isolated by Ficoll gradient (GE Healthcare, Chicago, IL, USA). Cells were 
processed for further isolation using magnetic beads and an autoMACS 
Pro Separator for CD14+ monocytes, according to the manufacturer’s 
instructions (Miltenyi Biotec, Bergisch Gladbach, Germany). Purity was 
assessed by flow cytometry and was routinely above 90%. Monocytes were 

Table 1. Characteristics of the SSc patients and controls.

Patient Characteristics
ELISA Angiopoietins Dermal Fibroblasts Functional Assays

HC (n = 20) SSc (n = 27) HC (n = 6) SSc (n = 5) HC (n = 24) SSc (n = 27)

Age (years) 44 (37–50) 64 (49–68) 40 (40–52) 42 (36–45) 50 (42–57) 53 (42–66)

Female: n (%) 17 (85) 21 (78) 6 (100) 6 (60) 18 (75) 19 (70)

Disease duration (years) 9 (2–14) 2 (1–3) 8 (3–15)

Limited cutaneous SSc 15 (55) 1 (20) 11 (40)

Diffuse cutaneous SSc 12 (45) 4 (80) 16 (60)

ANA positive: n (%) 26 (96) 4 (80) 26 (96)

ACA positive: n (%) 9 (33) 0 (0) 7 (26)

Scl70 positive: n (%) 8 (27) 1 (20) 13 (48)

mRSS 4 (2–9) 7 (7–8) 7 (4–13)

FVC 104 
(90–119) N.D. 91 (83–98)

ILD: n (%) 7 (26) 1 (20) 6 (22)

DMARDs: n (%) 18 (66) 4 (80) 15 (55)

Biologicals: n (%) 0 (0) 0 (0) 1 (4)

Data are presented as the median (interquartile range) or number (percentage). ANA: 
antinuclear antibodies; ACA: anticentromere antibodies; Scl70: antitopoisomerase I 
antibodies; mRSS: modified Rodnan skin score; FCV: forced vital capacity; ILD: interstitial 
lung disease; DMARDs: disease-modifying antirheumatic drugs; N.D.: not determined.



85

Angiopoietin-2 promotes inflammatory activation in monocytes of systemic sclerosis patients

3

cultured in RPMI-GlutaMAX (Thermo Fisher Scientific, Waltham, MA, USA) 
supplemented with 10% fetal bovine serum (FBS, Sigma, St. Louis, MO, USA) 
and 10,000 I.E penicillin-streptomycin (Thermo Fisher Scientific, Waltham, 
MA, USA).

Dermal Fibroblast Isolation and Culture
SSc dermal fibroblasts were isolated from 3–4 mm skin biopsies obtained 
from a clinically affected area. HC dermal fibroblasts were obtained from 
skin biopsies as resected material after cosmetic surgery. Dermal fibroblast 
isolation was performed using a whole skin dissociation kit (Miltenyi Biotec) 
following the manufacturer’s instructions and fibroblasts were routinely 
maintained in Dulbecco’s Modified Eagle Medium (Invitrogen, Carlsbad, CA, 
USA) supplemented with 10% FBS and 10,000 I.E penicillin-streptomycin. Cells 
were used for experiments between passages 3 and 5 and stimulations were 
performed after overnight starvation in medium containing 1% FBS.

Human Pulmonary Arterial Endothelial Cells Cell Culture
Human pulmonary arterial endothelial cells (HPAECs) (Thermo Fisher 
Scientific) were cultured in EBM-2 medium supplemented with EGM-2 
bullet kit (both Lonza, Basel, Switzerland), 5% FBS and 10,000 I.E penicillin-
streptomycin in 0.2% bovine skin gelatin-coated (Sigma Aldrich) culture 
vessels. HPAEC stimulation was performed after overnight starvation in 
EBM-2 basal medium with low serum for 24 h.

Cell Stimulation
Monocytes, dermal fibroblasts, and HPAECs were stimulated with LPS (100 
ng/mL), R848 (1 µg/mL, both from Invivogen), or interferon alpha2a (IFN-α) 
(1000 U/mL, Cell Sciences) for 24 h and cells were lysed for mRNA expression 
analysis. Monocytes were also stimulated with Ang-2 (200 ng/mL) (from R&D 
Systems, Minneapolis, MN, USA) for 24 h and supernatants were collected for 
analysis of cytokine production. Alternatively, monocytes from HC were pre-
incubated for 1 h at 37 °C with increasing concentrations of a Tie2 inhibitor 
(Selleck Chemicals, Houston, TX, USA) and further stimulated with serum of 
SSc patients (20% v/v) for 24 h. Finally, HC monocytes were pre-incubated for 
1 h at 37 °C in the presence of Fc receptor (FcR) blocking (Miltenyi Biotec). SSc 
serum was also pre-incubated for 1 h at 37 °C in the presence of a human 
neutralizing anti-Ang2 antibody (Creative Biolabs, Shirley, NY, USA) or its 
respective isotype control (IgG2, R&D) and cultured with HC monocytes (20% 
v/v) for 24 h.
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Flow Cytometry
PBMCs were stained with fixable viability dye (for dead cell exclusion, 
eBioscience, San Diego, CA, USA) and antibodies for CD14 APC (Miltenyi 
Biotec), CD11c PerCPCy5.5 (Biolegend, San Diego, CA, USA), HLA-DR FITC (BD 
Biosciences, Franklin Lakes, NJ, USA), CD16 V500 (BD Biosciences), Tie2 PE 
and its respective isotype control (R&D systems). Data were acquired on a 
BD FACSCanto II (BD Biosciences). After excluding debris, doublets, and dead 
cells, cell populations (see gating strategy in Table 2) were analyzed using 
the FlowJo software (Tree Star, Ashland, OR, USA). Results were expressed as 
percentage of positive cells.

Table 2. Phenotypic strategy used to identify the different cell populations.

Cell Population Gating Strategy

Monocytes HLA-DR+ CD11c+ CD14+

Classical monocytes HLA-DR+ CD11c+ CD14+ CD16−

Intermediate monocytes HLA-DR+ CD11c+ CD14+ CD16+

Non-classical monocytes HLA-DR+ CD11c+ CD14− CD16+

Data are presented as the median (interquartile range) or number (percentage). ANA: 
antinuclear antibodies; ACA: anticentromere antibodies; Scl70: antitopoisomerase I 
antibodies; mRSS: modified Rodnan skin score; FCV: forced vital capacity; ILD: interstitial 
lung disease; DMARDs: disease-modifying antirheumatic drugs; N.D.: not determined.

RT-PCR and Quantitative (q)PCR
RNA from monocytes, dermal fibroblasts and HPAEC was isolated using the 
RNeasy micro Kit and RNase-Free DNase Set (Qiagen, Hilden, Germany). Total 
RNA was reverse-transcribed using an iScript cDNA Synthesis kit (Biorad, 
Hercules, CA, USA). PCR reactions were performed using SYBR green (Applied 
Biosystem, Foster City, CA, USA) with a StepOne Plus Real-Time PCR system 
(Applied Biosystems). cDNA was amplified using specific primers (all from 
Integrated DNA Technologies, Inc. (IDT), Coralville, IA, USA, see Table 3). 
Relative levels of gene expression were normalized to GAPDH housekeeping 
gene. The relative quantity of mRNA was calculated using the formula 2−ΔCt × 
1000.

Table 3. List of PCR primers.

Gene Primer Forward Primer Reverse

ANG2 5′TCAGTGGCTAATGAAGCTTGAGA3′ 5′CCGCTGTTTGGTTCAACAGG3′

GAPDH 5′GCCAGCCGAGCCACATC3′ 5′TGACCAGGCGCCCAATAC3′
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Measurement of Cytokine Production
Serum Ang-2 levels were determined by ELISA (R&D systems) as well as IL-6 
and IL-8 secretion in cell-free supernatants (PelKine Compact™ ELISA kits, 
Sanquin Reagents, Amsterdam, The Netherlands).

Statistical Analyses
Statistical analysis was performed using Windows GraphPad Prism 8 (www.
graphpad.com, GraphPad Software, Inc., San Diego, CA, USA). Potential 
differences between experimental groups were analyzed by non-parametric, 
Kruskal–Wallis test and Friedman test, or parametric ANOVA test when 
appropriate. For correlations with disease parameters, Spearman’s rho was 
used. p-values < 0.05 were considered statistically significant.

Results

Ang-2 Levels Are Elevated in the Serum of SSc Patients
We first analyzed the serum levels and Ang-2 in our cohort of patients. Similar 
to previous findings [15,16,17,18,19], Ang-2 levels were significantly elevated 
in SSc patients compared to HCs (Figure 1A). This dysregulation was found 
both in the limited cutaneous (lcSSc) and in the diffuse cutaneous (dcSSc) SSc 
patients (Figure S1) and, interestingly, Ang-2 levels positively correlated with 
the modified Rodnan skin score (Figure 1B). Due to the association of Ang-2 
with the skin involvement, we next determined the Ang-2 expression levels 
in the affected skin of SSc patients. For this purpose, we made use of the 
available array profiling data from Mantero JC P. et al. (GSE95065) and we 
found that the ANG2 mRNA expression was significantly higher in the affected 
skin of dcSSc patients compared to the skin of HCs (Figure 1C).

Next, we sought to determine the cell types involved in the increased 
levels of Ang-2. We found that the basal levels of ANG2 were higher in 
monocytes and fibroblast from SSc patients compared to HCs (Figure 2A,B). 
Furthermore, we investigated the effect of inflammatory mediators involved 
in the pathogenesis of SSc, such as toll-like receptor (TLR) agonists [2,3] and 
interferon- (IFN-) as SSc is a type-I IFN disease [20]. In monocytes, stimulation 
with LPS (TLR4 ligand) did not modulate the expression of ANG2, but R848 
(TLR7/8 ligand) and IFN- stimulation significantly upregulated its expression 
in both HC and SSc patients (Figure 2A). On the dermal fibroblast only IFN- 
induced the expression of ANG2 in SSc patients (Figure 2B). As endothelial 
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cells are the main producers of Ang-2 [9], we also analyzed the effect of 
HPAEC stimulation and we found that LPS and IFN- significantly enhanced 
the expression of ANG2 (Figure 2C). Together, these data showed an increase 
of Ang-2 levels in SSc patients, and that monocytes, dermal fibroblasts, and 
endothelial cells might be involved in this dysregulation.

Monocyte-Ang-2 Stimulation Induces IL-6 and IL-8 Secretion in 
SSc Patients
Next, we analyzed the functional consequences of Tie2 activation in 
monocytes. The basal production of IL-6 and IL-8 was higher in monocytes 
of SSc patients compared to HC monocytes, although the differences were 

Figure 1. (A) Angiopoietin-2 (Ang-2) levels are elevated in systemic sclerosis (SSc) 
patients. Ang-2 levels in the serum of healthy controls (HCs) (n = 20) and SSc patients  
(n = 27). (B) Correlation of Ang-2 serum levels with modified Rodnan skin score (mRSS).  
(C) ANG2 expression in the skin of HCs (n = 15) and affected skin of dcSSc patients (n = 18). 
Means and standard error mean (SEM) are shown. ** p < 0.01 and **** p < 0.0001.

Figure 2. Ang-2 levels are elevated in monocytes and dermal fibroblast of SSc 
patients. (A–C) ANG2 mRNA expression in monocytes (A) and dermal fibroblasts (B) from 
HC and SSc patients (n = 5–6) from HPAECs (C) stimulated with lipopolysaccharide (LPS) 
LPS, R848 or interferon alpha2a (IFN-α) for 24 h (n = 4). Means and SEM are shown. * p < 
0.05 and ** p < 0.01. # p < 0.05 compared to HC medium.
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only significant in IL-8. In HC monocytes, Ang-2 stimulation showed a trend 
towards a higher production of IL-6 and IL-8. In SSc monocytes, Ang-2 
induced a strong and significant production of both IL-6 and IL-8 (Figure 3A). 
We also determined the secretion of TIMP-1, as its expression is enhanced in 
monocytes of SSc patients [6]. However, Ang-2 did not regulate the expression 
of TIMP-1, neither in HC nor SSc patients (data not shown). In order to discard 
the possibility that the higher effect observed on SSc monocytes was due to 
a higher expression of Tie2, we analyzed its expression levels in monocytes 
of SSc patients and HCs. We did not observe differences in the percentage of 
Tie2+ cells, neither in total monocytes, nor in the different monocyte subsets 
(classical, intermediate, and non-classical, Figure 3B).

These results suggest that Ang-2 contributes to the elevated IL-6 and 
IL-8 levels found in SSc patients. To validate this hypothesis, we analyzed 
the effect of Tie2 inhibition on the SSc serum-induced cytokine secretion 
by monocytes. The serum of SSc patients induced the secretion of both 
cytokines by HC monocytes and this secretion was reduced dose dependently 

Figure 3. Ang-2 induces Interleukin (IL)-6 and IL-8 production in monocytes of SSc 
patients. (A) IL-6 and IL-8 production in HC and SSc monocytes (n = 8 each) after 24-h 
incubation in medium or Ang-2 (200 ng/mL). (B) Percentage of Tie2+ expressing monocytes 
and monocyte subsets in HC and SSc patients’ monocytes (n = 10 each). Means and SEM 
are shown. * p < 0.05, # p < 0.05 and ### p < 0.001 compared to medium.
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by Tie2 inhibition (Figure 4A). Finally, to prove that this inhibition was Ang-2 
dependent we neutralized Ang-2 in the serum of SSc patients and we found a 
significant reduction of IL-6 and IL-8 monocyte secretion (Figure 4B).

Discussion

Several works have previously shown that Ang-2 is elevated in SSc patients 
[15,16,17,18,19], but its role on the activation of SSc monocytes has not been 
investigated yet. In our cohort of SSc patients, and in line with the previous 
reports, the levels of Ang-2 were elevated compared to HCs. In vitro data 
showed that mRNA ANG2 levels were higher in monocytes and dermal 

Figure 4. Tie2 inhibition and Ang-2 neutralization reduce the systemic sclerosis 
serum-induced monocyte IL-6 and IL-8 production. (A) IL-6 and IL-8 production by HC 
monocytes, pre-treated for 1 h with increasing concentrations of Tie2 inhibitor (Tie2i) 
and stimulated for 24 h with serum of SSc patients (20% v/v). Data are presented as a 
percentage of production relative to SSc serum from 5 independent experiments. (B) IL-6 
and IL-8 production by HC monocytes after 24-h incubation with the serum of SSc patients 
(20% v/v), pre-treated for 1 h with an isotype control (IgG2) or an anti-Ang-2 neutralizing 
antibody. Data are presented as a percentage of production relative to SSc serum, from  
6 independent experiments. Means and SEM are shown. * p < 0.05, ** p < 0.01 and  
*** p < 0.001. # p < 0.05 and ## p < 0.01 compared to medium.
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fibroblasts of SSc patients compared to HC. Moreover, TLR and IFN-α induced 
the expression of ANG2. These data suggest that both TLR signaling and IFN 
signature, which are important in the pathogenesis of SSc [3,20], are involved 
in the elevated Ang-2 expression observed in these patients.

Our results also demonstrated that Ang-2 induces the secretion of IL-6 
and IL-8 by SSc monocytes. Similarly, this effect was also observed in HC 
monocytes, although this effect was milder. We have previously shown 
that in a macrophage under inflammatory conditions, Ang-2 stimulation 
enhances the production of inflammatory cytokines and chemokines [13,14], 
thus the effect observed in SSc monocytes seems to be potentiated by the 
inflammatory status of these monocytes [2,3]. Interestingly, the IL-6 and IL-8 
levels are already higher in non-stimulated SSc monocytes and the inhibition 
of Tie2 signaling or the neutralization of Ang-2 abrogates the serum-induced 
IL-6 and IL-8 secretion. Therefore, the elevated serum levels of Ang-2 in 
SSc patients are, at least in part, responsible for the elevated levels of IL-6 
and IL-8 cytokines in SSc pathology. IL-6 is elevated in circulation, affected 
skin, and bronchoalveolar lavage fluid from patients with SSc and can 
predict a worse outcome of the disease [2,7,21]. Regarding its functions, in 
vitro studies showed that IL-6 induces collagen production by SSc dermal 
fibroblasts. Importantly, a recent study has shown that the fibrotic role of IL-6 
in not mediated by the transmembrane IL-6 receptor (IL-6R) signaling, but for 
a trans signaling initiated by the binding of IL-6 to the soluble IL-6 receptor 
(sIL-6R). This complex associates with the co-receptor gp130, which activates 
a Signal transducer and activator of transcription 3 (STAT3)-dependent 
signaling pathway, finally leading to collagen expression in an autocrine loop 
[22]. For this reason, we also analyzed the effect of Ang-2 on monocyte sIL-6R 
secretion. The secretion of sIL-6R by monocytes was really low (lower than 
30 pg/mL) and it was not affected by Ang-2 stimulation (data not shown), 
suggesting that the fibrotic role of Ang-2 is mediated by the expression of 
IL-6 and not the soluble receptor involved in this signaling. In addition to 
the fibrotic role, IL-6 is also involved in the induction of TIMP-1 and in the 
increased frequency of Th17 cells [7]. Although IL-8 is also elevated in the 
serum of SSc patients, its role is not so well known. Evidence from literature 
suggests that IL-8 could be implicated in the recruitment of immune cells 
to the affected tissues like skin and lungs and, therefore, perpetuate the 
inflammatory processes [5,23].
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Importantly, the serum levels of Ang-2 positively correlated with the skin 
involvement. This association is likely due to the elevated IL-6 levels, as this 
cytokine induces collagen deposition and also correlates with the modified 
Rodnan skin score (mRSS) [7]. In fact, IL-6 expression was elevated in the 
affected skin of dcSSc patients and was positively correlated with the skin 
ANG2 levels (Figure S2A,B). Therefore, the Ang-2-induced IL-6 production 
might be involved in the fibrotic processes observed in the skin of SSc 
patients.

Some of the limitations of this manuscript are the small number of patients 
in our cohort and the lack of in vivo data. However, our work postulates Ang-
2 as a potential therapeutic target for reducing monocyte-induced cytokine 
production. Due to the crucial role of Tie2 signaling on the maintenance of 
vascular integrity, and the pathological role of Ang-2 on vascular destabilization 
[9,24], the therapeutic use of anti-Ang2 antibodies may be more successful 
than the inhibition of the Tie2 signaling. However, further studies are needed 
to validate the therapeutic use of Ang-2 neutralization in SSc.

Author Contributions
Conceptualization, T.C., A.P.L., and S.G.; formal analysis, T.C., A.P.L., M.v.d.K., 
B.M.-F., C.R.-V., A.C.H., N.H.S., F.B.-M., M.R.K., L.B., M.Z., W.M., J.M.P.-R., 
T.R.D.J.R., and S.G.; investigation, T.C., A.P.L., M.v.d.K., B.M.-F., C.R.-V., A.C.H., 
N.H.S., and S.G.; writing—original draft preparation, T.C., A.P.L., and S.G.; 
writing—review and editing, T.C., A.P.L., M.v.d.K., B.M.-F., C.R.-V., A.C.H., 
N.H.S., F.B.-M., M.R.K., L.B., M.Z., W.M., J.M.P.-R., T.R.D.J.R., and S.G.; funding 
acquisition, T.R.D.J.R. and S.G. All authors have read and agreed to the 
published version of the manuscript.

Funding
T.C. and A.P.L. were supported by grants from the Portuguese National 
Funding Agency for Science, Research and Technology: Fundação para a 
Ciência e a Tecnologia (SFRH/BD/93526/2013 and SFRH/BD/116082/2016 
respectively). C. R-V. is supported by a predoctoral fellowship from Xunta de 
Galicia (IN606A-2020/043). S.G. is supported by the Miguel Servet program 
(CP19/00005) from the Instituto de Salud Carlos III (ISCIII) and the European 
Social Fund (“Investing in your future”).



93

Angiopoietin-2 promotes inflammatory activation in monocytes of systemic sclerosis patients

3

Acknowledgments
The authors would like to thank Cornelis Bekker for technical support. The 
graphical abstract figure was created with BioRender.com.

Conflicts of Interest
The authors declare no conflict of interest.



94

References

1. Denton, C.P.; Khanna, D. Systemic sclerosis. 
Lancet 2017, 390, 1685–1699.

2. Gabrielli, A.; Avvedimento, E.V.; Krieg, T. 
Scleroderma. N. Engl. J. Med. 2009, 360, 
1989–2003.

3. Van Bon, L.; Cossu, M.; Radstake, T.R.D.J. 
An update on an immune system that 
goes awry in systemic sclerosis. Curr. Opin. 
Rheumatol. 2011, 23, 505–510.

4. Worrell, J.C.; O’Reilly, S. Bi-directional 
communication: Conversations between 
fibroblasts and immune cells in systemic 
sclerosis. J. Autoimmun. 2020, 113, 102526.

5. Carvalheiro, T.; Horta, S.; van Roon, J.A.G.; 
Santiago, M.; Salvador, M.J.; Trindade, H.; 
Radstake, T.R.D.J.; da Silva, J.A.P.; Paiva, 
A. Increased frequencies of circulating 
CXCL10-, CXCL8- and CCL4-producing 
monocytes and Siglec-3-expressing myeloid 
dendritic cells in systemic sclerosis patients. 
Inflamm. Res. 2018, 67, 169–177.

6. Ciechomska,M.; Huigens, C.A.; Hugle, T.; 
Stanly, T.; Gessner, A.; Griffiths, B.; Radstake, 
T.R.D.J.; Hambleton, S.; O’Reilly, S.; van 
Laar, J.M. Toll-like receptor-mediated, 
enhanced production of profibrotic TIMP-1 
in monocytes from patients with systemic 
sclerosis: Role of serum factors. Ann. 
Rheum. Dis. 2013, 72, 1382–1389.

7. O’Reilly, S.; Cant, R.; Ciechomska, M.; van 
Laar, J.M. Interleukin-6: A new therapeutic 
target in systemic sclerosis? Clin. Transl. 
Immunol. 2013, 2, e4.

8. Ciechomska, M.; Cant, R.; Finnigan, J.; 
van Laar, J.M.; O’Reilly, S. Role of toll-like 
receptors in systemic sclerosis. Expert Rev. 
Mol. Med. 2013, 15, e9.

9. Saharinen, P.; Eklund, L.; Alitalo, K. 
Therapeutic targeting of the angiopoietin-
TIE pathway. Nat. Rev. Drug Discov. 2017, 
16, 635–661.

10. Venneri, M.A.; De Palma, M.; Ponzoni, M.; 
Pucci, F.; Scielzo, C.; Zonari, E.; Mazzieri, 
R.; Doglioni, C.; Naldini, L. Identification of 
proangiogenic TIE2-expressing monocytes 
(TEMs) in human peripheral blood and 
cancer. Blood 2007, 109, 5276–5285.

11. Murdoch, C.; Tazzyman, S.; Webster, S.; 
Lewis, C.E. Expression of Tie-2 by Human 
Monocytes and Their Responses to 
Angiopoietin-2. J. Immunol. 2007, 178, 
7405–7411. 

12. Krausz, S.; Garcia, S.; Ambarus, C.A.; 
De Launay, D.; Foster, M.; Naiman, B.; 
Iverson, W.; Connor, J.R.; Sleeman, M.A.; 
Coyle, A.J.; et al. Angiopoietin-2 promotes 
inflammatory activation of human 
macrophages and is essential for murine 
experimental arthritis. Ann. Rheum. Dis. 
2012, 71, 1402–1410.

13. García, S.; Krausz, S.; Ambarus, C.A.; 
Fernández, B.M.; Hartkamp, L.M.; Van Es, 
I.E.; Hamann, J.; Baeten, D.L.; Tak, P.P.; 
Reedquist, K.A. Tie2 signaling cooperates 
with TNF to promote the pro-inflammatory 
activation of human macrophages 
independently of macrophage functional 
phenotype. PLoS ONE 2014, 9, e82088.

14. Kabala, P.A.; Malvar-Fernández, B.; Lopes, 
A.P.; Carvalheiro, T.; Hartgring, S.A.Y.; Tang, 
M.W.; Conde, C.; Baeten, D.L.; Sleeman, M.; 
Tak, P.P.; et al. Promotion of macrophage 
activation by Tie2 in the context of 
the inflamed synovia of rheumatoid 
arthritis and psoriatic arthritis patients. 
Rheumatology (U. K.) 2020, 59, 426–438.

15. Michalska-Jakubus, M.; Kowal-Bielecka, O.; 
Chodorowska, G.; Bielecki, M.; Krasowska, 
D. Angiopoietins-1 and -2 are di_erentially 
expressed in the sera of patients with 
systemic sclerosis: High angiopoietin-2 
levels are associated with greater severity 
and higher activity of the disease. 
Rheumatology 2011, 50, 746–755.

16. Gerlicz, Z.; Dziankowska-Bartkowiak, 
B.; Dziankowska-Zaborszczyk, E.; Sysa-
Jedrzejowska, A. Disturbed balance 
between serum levels of receptor tyrosine 
Kinases Tie-1, Tie-2 and angiopoietins in 
systemic sclerosis. Dermatology 2014, 228, 
233–239.



95

Angiopoietin-2 promotes inflammatory activation in monocytes of systemic sclerosis patients

3

17. Cossu, M.; Andracco, R.; Santaniello, A.; 
Marchini, M.; Severino, A.; Caronni, M.; 
Radstake, T.; Beretta, L. Serum levels 
of vascular dysfunction markers reflect 
disease severity and stage in systemic 
sclerosis patients. Rheumatology 2016, 55, 
1112–1116.

18. Moritz, F.; Schniering, J.; Distler, J.H.W.; Gay, 
R.E.; Gay, S.; Distler, O.; Maurer, B. Tie2 
as a novel key factor of microangiopathy 
in systemic sclerosis. Arthritis Res. Ther. 
2017, 19, 1–11.

19. Michalska-Jakubus, M.; Cutolo, M.; 
Smith, V.; Krasowska, D. Imbalanced 
serum levels of Ang1, Ang2 and VEGF in 
systemic sclerosis: Integrated e_ects on 
microvascular reactivity. Microvasc. Res. 
2019, 125, 103881.

20. Eloranta, M.-L.; Franck-Larsson, K.; 
Lövgren, T.; Kalamajski, S.; Rönnblom, 
A.; Rubin, K.; Alm, G.V.; Rönnblom, L. 
Type I interferon system activation and 
association with disease manifestations in 
systemic sclerosis. Ann. Rheum. Dis. 2010, 
69, 1396–1402.

21. Khan,K.; Xu, S.;Nihtyanova, S.;Der-
rett-Smith, E.;Abraham,D.;Den-
ton,C.P.;Ong,V.H.Clinical and pathological 
significance of interleukin6overexpres-
sioninsystemic sclerosis.Ann. Rheum. Dis. 
2012, 71, 1235–1242.

22. O’Reilly, S.; Ciechomska, M.; Cant, R.; Van 
Laar, J.M. Interleukin-6 (IL-6) trans signal-
ing drives a STAT3-dependent pathway 
that leads to hyperactive transforming 
growth factor-β (TGF- β) signaling pro-
moting SMAD3 activation and fibrosis via 
gremlin protein. J. Biol. Chem. 2014, 289, 
9952–9960.

23. King, J.; Abraham, D.; Stratton, R. 
Chemokines in systemic sclerosis. 
Immunol. Lett. 2018, 195, 68–75.

24. Kim, M.; Allen, B.; Korhonen, E.A.; Nitschké, 
M.; Yang, H.W.; Baluk, P.; Saharinen, P.; 
Alitalo, K.; Daly, C.; Thurston, G.; et al. 
Opposing actions of angiopoietin-2 on 
Tie2 signaling and FOXO1 activation. J. Clin. 
Investig. 2016, 126, 3511–3525.

25. Van Den Hoogen, F.; Khanna, D.; Fransen, 
J.; Johnson, S.R.; Baron, M.; Tyndall, A.; 
Matucci-Cerinic, M.; Naden, R.P.; Medsger, 
T.A.; Carreira, P.E.; et al. 2013 classification 
criteria for systemic sclerosis: An american 
college of rheumatology/European league 
against rheumatism collaborative initiative. 
Arthritis Rheum. 2013, 65, 2737–2747.



96

Supplementary Material

Supplementary Figure S1. Ang-2 levels are elevated in both SSc subsets. Ang-2 levels 
in serum from HC (n = 20), lcSSc (n = 15) and dcSSc patients (n=12). Mean and SEM are 
shown. * p < 0.05 and ** p < 0.01.

Supplementary Figure S2. IL-6 expression is elevated in the skin of SSc patients and 
positively correlates with Ang-2 levels. (A) IL6 expression in the skin of HC (n = 15) and 
affected skin of SSc patients (n = 18). (B) Correlation analysis of ANG2 and IL6 expression 
in the affected skin of SSc patients. **** p < 0.0001.
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Graphical abstract

 
In brief

Dysregulation of extracellular matrix homeostasis can lead to fibrotic 
disorders. Affandi et al. find that CXCL4 mediates fibrosis in multiple 
in vivo models, by acting directly on endothelial cells and stromal cells, 
transforming them into myofibroblasts with excessive collagen production. 
Targeting CXCL4 suppresses fibrosis development, suggesting a potential 
therapeutic strategy.
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Highlights

• CXCL4 is increased in multiple fibrotic models resembling systemic 
sclerosis.

• Absence of CXCL4 diminishes and overexpression aggravates bleomycin-
induced fibrosis.

• CXCL4 promotes myofibroblast transformation and collagen production.
• CXCL4 induces endothelial-to-mesenchymal transition involves metabolic 

changes.

Summary

Fibrosis is a major cause of mortality worldwide, characterized by 
myofibroblast activation and excessive extracellular matrix deposition. 
Systemic sclerosis is a prototypic fibrotic disease in which CXCL4 is increased 
and strongly correlate with skin and lung fibrosis. Here, we aim to elucidate 
the role of CXCL4 in fibrosis development. CXCL4 levels are increased in 
multiple inflammatory and fibrotic mouse models, and using CXCL4-deficient 
mice, we demonstrate the essential role of CXCL4 in promoting fibrotic 
events in the skin, lung, and heart. Overexpressing human CXCL4 in mice 
aggravates whereas blocking CXCL4 reduces bleomycin-induced fibrosis. 
Single-cell ligand-receptor analysis predicts CXCL4 to affect endothelial cells 
and fibroblasts. In vitro, we confirm that CXCL4 directly induces myofibroblast 
differentiation and collagen synthesis in different precursor cells, including 
endothelial cells through stimulating endothelial-to-mesenchymal transition. 
Our findings identify a pivotal role of CXCL4 in fibrosis, further substantiating 
the potential role for neutralizing CXCL4 as a therapeutic strategy.
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Introduction

In fibrotic disorders, an excessive deposition of extracellular matrix (ECM) 
leads to the obliteration of the original tissue architecture and function 
(Rockey et al., 2015). During this process, a large amount of ECM components 
is produced by activated myofibroblasts, characterized by de novo α-smooth 
muscle actin (αSMA) expression (Hinz et al., 2007). Although myofibroblasts 
are required during physiological tissue repair mechanisms such as wound 
healing, their persistence can lead to the development of fibrosis. The origin 
of these cells was initially assumed to be tissue resident fibroblasts, but other 
cell types can also give rise to the formation of myofibroblasts (myofibroblast 
transformation, MT). For instance, the conversion of cells from endothelial 
(EndMT) or epithelial (EMT) origins towards mesenchymal-like cells, is likely 
to play an essential role in systemic sclerosis (SSc) and other chronic fibrotic 
disorders (Hinz et al., 2007; Mack and Yanagita, 2015). The transformation of 
myofibroblasts from precursor cells is thought to be driven mainly by TGFβ, 
but other fibrogenic cytokines derived from immune cells can also contribute 
to this process (Kendall and Feghali-Bostwick, 2014; Lafyatis, 2014). 

SSc is a prototypical fibrotic disease manifested by fibrosis in the skin and 
multiple internal organs, that is often preceded by chronic inflammation and 
vascular alterations (Ho et al., 2014; Varga and Abraham, 2007). With the 
purpose of delineating the underlying causes of the disease, we previously 
found the chemokine CXCL4 to be increased in the circulation and skin of 
patients with SSc, predicting the progression of both skin and lung fibrosis 
(van Bon et al., 2014a). CXCL4 is a multifunctional chemokine that can target 
virtually all cells in the vasculature, and it is involved in numerous biological 
processes including the modulation of immune responses and angiogenesis 
(van Bon et al., 2014a; Duan et al., 2008; Van Raemdonck et al., 2015). CXCL4 
has a pro-inflammatory role for multiple cells including promoting the 
production of IL-6 and TNFα in monocytes (Kasper et al., 2010; Scheuerer 
et al., 2000), priming toll-like receptor (TLR) responses of monocyte-derived 
dendritic cells (Silva-Cardoso et al., 2017), as well as boosting IL-17 production 
in CD4 T cells (Affandi et al., 2018). CXCL4 has been shown to be increased 
in inflammatory diseases, including inflammatory bowel disease, psoriasis, 
atherosclerosis, and rheumatoid arthritis (Van Raemdonck et al., 2015; 
Tamagawa-Mineoka et al., 2008; Yeo et al., 2016), as well as fibrotic disorders, 
such as chronic liver fibrosis, cystic fibrosis, and myelofibrosis (Burstein et 
al., 1984; Schwarz et al., 2003; Zaldivar et al., 2010). Its importance in disease 
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pathogenesis has been shown in animal studies where CXCL4-deficient mice 
were protected from disease development in atherosclerosis, acute lung 
injury, and liver fibrosis models (Grommes et al., 2012; Koenen et al., 2009; 
Zaldivar et al., 2010). Furthermore, CXCL4 could directly suppress endothelial 
cell proliferation and their expression of the transcription factor FLI1, a 
negative regulator of collagen synthesis (van Bon et al., 2014a). Although this 
series of observations is suggestive for the potential pro-fibrotic properties 
of CXCL4, it is currently unclear whether CXCL4 could play a direct role in 
initiating the fibrotic processes via myofibroblast precursor cells, which is a 
crucial void in information given the lack of effective therapies for fibrosis.

Here, we demonstrate increased levels of CXCL4 in multiple experimental 
models of inflammation and fibrosis, and we show proof of concept for 
CXCL4 as a therapeutic target, as genetic knockdown of CXCL4 in mice 
remarkably reduces fibrosis in the skin, lungs and the heart. Importantly, we 
show that blocking CXCL4 abrogates skin fibrosis, while overexpression of 
CXCL4 aggravates disease. In addition, we reveal the direct role of CXCL4 in 
the formation of myofibroblasts from different human precursor cells in vitro 
and delineate the mechanisms involved. Our study establishes CXCL4 as a 
key component in fibrosis development and the potential of blocking CXCL4 
as a promising therapeutic strategy.

Results

CXCL4 is increased in inflammatory and fibrotic conditions
CXCL4 has been shown to be increased in SSc skin and bleomycin-induced 
skin fibrosis model, the most widely accepted animal model for SSc(Ah Kioon 
et al., 2018). Upon subcutaneous bleomycin treatment for 7 days, Cxcl4 (Pf4) 
mRNA expression was indeed increased in the skin of mice as compared 
to saline controls (Figures 1A and 1B). Whereas changes in serum CXCL4 
levels were only marginally higher after 7 days of treatment, CXCL4 levels 
were clearly increased after 28 days (Figure 1C). We further examined CXCL4 
levels in other in vivo experimental models mimicking SSc or other forms of 
fibrosis. We performed chronic stimulation with TLR ligands poly(I:C) and 
lipopolysaccharide (LPS), using a subcutaneously implanted mini-osmotic 
pump, to induce skin inflammation and fibrosis (Farina et al., 2010; Stifano 
et al., 2014) and we observed increased expression of Cxcl4 mRNA in the skin 
in both models (Figures S1A and S1B). Since CXCL4 has been implicated in 
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other fibrotic disease (Zaldivar et al., 2010), we utilized the scleroderma-like 
graft-versus-host disease model (Scl-GvHD) to induce skin fibrosis, and the 
model of pressure overload-induced cardiac fibrosis by transverse aortic 
constriction (TAC), to further examine the notion that increased levels of 
CXCL4 are a generalized phenomenon in fibrosis. In line with this thought, 
CXCL4 levels were found to be increased in the serum and heart of the Scl-
GvHD and TAC models, respectively (Figures S1C and S1D). 

We and others have previously shown that CXCL4 accumulation in fibrotic 
skin was mainly contributed by plasmacytoid dendritic cells (Ah Kioon et al., 
2018; van Bon et al., 2014a), whereas in atherosclerotic plaque & rheumatoid 
arthritis synovium, macrophages were shown to be the major source 
of CXCL4 (Cochain et al., 2018; Yeo et al., 2016). Using publicly available 
single-cell RNA sequencing (scRNA-seq) datasets (Figure S1E), we sought to 
determine the source of CXCL4 in other fibrotic conditions. In a reanalysis 
of bleomycin-induced pulmonary fibrosis model (GSE104154) (Xie et al., 
2018), we first resolved clusters of immune cells in the lungs using Seurat 
and UMAP clustering algorithm (Figure S1F,G). We identified Pf4-expressing 
cells within the monocytic/macrophage clusters, based on their Cd68 and 
Lyz2 expression (clusters 2, 6, 11, 13, and 16). Focusing on these clusters, the 
highest Pf4 (encoding CXCL4) expression was found in cluster 16 (Figures S1G 
and S1H). Cluster 16 expressed high C1q molecules, MHC-II molecules, and 
Ms4a7 (Figure S1H), and was previously classified as interstitial macrophages 
(Joshi et al., 2020). Similarly, in a model of asbestos-induced lung fibrosis 
(GSE127803) (Joshi et al., 2020), macrophages co-expressing Pf4 and C1q 
molecules were also found (cluster 10, Figures S1K-S1M). Remarkably, the 
numbers of these Pf4-expressing cells were increased among macrophages 
(Figures S1I, S1J, S1N, and S1O). In a study using pressure-overload TAC 
mice (GSE122930) (Martini et al., 2019), Pf4 expression was also observed 
in macrophages co-expressing C1q molecules (cluster 11, 13, Figures S2A-
S2D). In this model, these macrophages were described to have an M2-like 
signature, and their proportions were increased in TAC over sham after 1 
week (Martini et al., 2019). 

We further examined CXCL4 expression in human lung-fibrotic conditions 
using two single-cell RNA sequencing datasets of patients with SSc- or non 
SSc-associated pulmonary fibrosis (GSE128169, GSE135893) (Habermann 
et al., 2020; Valenzi et al., 2019). Focusing on PTPRC+ immune cells, we were 
able to detect PF4 transcript among macrophages, based on their CD68, 
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CD163, and MRC1 expression (Figures S2E-S2H). These findings suggest that 
macrophages are the potential source of CXCL4 in mouse models of lung and 
heart fibrosis and in patients with pulmonary fibrosis.

CXCL4 deficiency abrogates fibrosis in skin and lung
We next aimed to elucidate the role of CXCL4 in bleomycin-induced fibrosis 
development using Cxcl4-/- mice. Subcutaneous injection of bleomycin led 
to the anticipated skin thickening and increase of dermal thickness in wild-
type C57BL/6 (WT) mice, whereas in the Cxcl4-/- counterparts the effects 
of bleomycin was almost fully abrogated (Figures 1D and 1E). In line with 
these observations, the amount of bleomycin-induced collagen in the skin 
was significantly reduced in Cxcl4-/- mice (Figure 1F). The increase of dermal 
myofibroblasts (αSMA+) was also diminished in Cxcl4-/- mice, indicating the 
myofibroblast formation during fibrosis to be inhibited in Cxcl4 deficient 
mice (Figure 1G and 1H). Furthermore, ex vivo cultures of dermal fibroblasts 
isolated from bleomycin-treated skin revealed a higher expression level of 
αSMA in WT mice as compared to Cxcl4-/- mice (Figure 1I and 1J). These data 
suggest that CXCL4 deficiency protects mice from bleomycin-induced skin 
fibrosis.

CXCL4 promotes inflammatory and fibrotic processes
Next, we further investigated the mechanisms that conferred protection 
to Cxcl4-/- mice against bleomycin exposure. We found increased mRNA 
expression of the ECM components Col1a1, Col3a1 and the pro-fibrotic 
Tgfb1 following bleomycin treatment in the skin of WT mice. The increase 
of these pro-fibrotic factors was abolished in Cxcl4-/- mice (Figure S3A). 
A decrease of pSMAD2/3 expression in the skin of Cxcl4-/- mice following 
bleomycin treatment was found, as compared to WT mice (Figures S3B 
and S3C), indicating that TGF-β signaling might be affected. With respect 
to inflammation, the number of dermal-infiltrating CD45+ immune cells 
recruited after bleomycin-treatment was drastically decreased in Cxcl4-/- 
mice (Figures S3D and S3E). As observed in SSc, the bleomycin-treated WT 
mice showed systemic signs of inflammation such as increased levels of 
circulating E-selectin, P-selectin and the chemokine KC (murine homologue 
of IL-8), which were reduced in their Cxcl4-/- counterparts (Figure S3F). 
Furthermore, it has been proposed that pericytes link vascular damage to 
fibrosis in patients with SSc, via their trans-differentiation into myofibroblasts 
(Rajkumar et al., 2005). We found a high number of PDGFR-β+ pericytes in the 
skin of bleomycin-treated WT mice (Figures S3G and S3H). On the contrary, 
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Cxcl4-/- mice displayed significantly reduced numbers of pericytes, more 
resembling control, NaCl-treated WT mice (Figures S3G and S3H). Thus, 
these findings further support a crucial role of CXCL4 in fibrosis development 
through multiple mechanisms.  

CXCL4 blocking ameliorates while CXCL4 overexpression 
aggravates fibrosis in bleomycin-induced skin fibrosis
Since CXCL4 mediated bleomycin-induced inflammatory and fibrotic 
processes, next we determined the potential therapeutic effect of blocking 
CXCL4 using a monoclonal antibody. Remarkably, when mice were 
administered with anti-CXCL4, the increase of dermal thickness after 
bleomycin treatment was completely suppressed (Figures 1K and 1L), 
concomitant with reduced numbers of αSMA+ myofibroblasts (Figures 
1M and 1N). This highly suggests that blocking CXCL4 inhibits fibrosis 
development induced by bleomycin.

Figure 1. CXCL4 is a critical factor required for bleomycin-induced skin and lung 
fibrosis. (A) C57BL/6 wild type (WT) or Cxcl4-/- mice were injected subcutaneously with 
bleomycin or saline (NaCl) control and further processed as described. (B) Total RNA was 
isolated from the skin, and Cxcl4 mRNA expression was quantified by qPCR. (n = 8 per 
group) (C) Serum measurement of CXCL4 after treatment with bleomycin or NaCl after the 
indicated time points was determined by ELISA. (n = 7-8 per group) (D) Representative skin 
histological analysis after bleomycin or NaCl treatment, stained with Masson’s Trichrome 
(blue for collagen), is displayed. (E) Quantification of (left panel) caliper-measured skin 
thickness or (right panel) histologically-measured dermal thickness is shown (n = 4-7 
per group). (F) Collagen content upon bleomycin treatment in skin after bleomycin was 
measured by hydroxyproline assay (n = 5 per group). (G) Representative histological 
analysis for αSMA+ immune cells in the dermis, and (H) their quantification, after 
bleomycin or NaCl control treatment are shown (n = 8 per group). (I,J) Skin was digested 
after four weeks of treatment and harvested cells were cultured at 37°C for a week for 
assessment of dermal myofibroblasts. (I) Representative images of αSMA-(red) expressing 
myofibroblast are displayed, and (J) quantification of αSMA normalized to cell number 
by nuclei staining (DAPI, blue) is shown (n = 5 per group). (K-N) WT mice were injected 
subcutaneously with bleomycin or saline (NaCl) control, or with anti-CXCL4 antibody. (K) 
Representative skin histological analysis after bleomycin only or with additional anti-CXCL4 
antibody treatment, stained with Masson’s Trichrome (blue for collagen), is displayed. (L) 
Quantification of histologically-measured dermal thickness is shown (n = 3-6 per group). 
(M) Representative histological analysis for αSMA+ cells in the dermis, and (N) their 
quantification, after bleomycin treatment with or without anti-CXCL4 antibody are shown 
(n = 3 per group). (O,P) WT, Cxcl4-/-, or huCXCL4+ mice were treated with bleomycin and 
(O) caliper-measured skin thickness and (P) collagen were measured by hydroxyproline  
assay (n = 5 per group). Bars represent mean ± SD. Scale bars, 100 µm. One-way ANOVA 
with FDR correction for multiple testing or two-tailed t test was used. * (adj.) p < 0.05,  
** p < 0.01, *** p < 0.001, **** p < 0.0001.
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Additionally, to confirm the detrimental fibrotic properties of CXCL4, we 
used mice deficient of mouse CXCL4 but overexpressing human CXCL4 
(huCXCL4+). In these huCXCL4 mice, we found a significant increase of skin 
fibrosis as compared to WT and Cxcl4-/- mice following 2 weeks of bleomycin 
treatment, as demonstrated by skin collagen content and skin thickness 
measurement (Figures 1O and 1P). Of note, untreated huCXCL4+ mice did 
not spontaneously develop skin fibrosis, implying that CXCL4 alone is not 
sufficient to develop fibrosis (data not shown). 

CXCL4-deficiency abrogates heart fibrosis 
Further support for the role of CXCL4 in fibrosis was sought in the non-
SSc-related pressure-overload TAC model in vivo (Figure S4). Collagen 
accumulation appeared in the perivascular and interstitial regions of the 
heart from WT mice 7 days post-TAC as revealed by Trichrome staining, 
whereas almost none was observed in their Cxcl4-/- counterparts (Figure 2A). 
Moreover, the myofibroblast markers αSMA and collagen I were significantly 
decreased in Cxcl4-/- mice when compared to WT mice post-TAC (Figures 2B 
and 2C). Next, gene expression profiling of fibrosis-associated genes revealed 
overexpression of genes involved in ECM synthesis and processing (Acta2, 
Fn1, Col1a2, Col3a1, Mmp14, Lox), TGFβ signaling (Tgfb3, Ctgf, Thbs1, Serpine1), 
and the Smad pathway in the hearts of TAC-treated WT mice, but not in Cxcl4-
/- mice (Figures 2D and 2E). Thus, fibrosis development in TAC model is also 
mediated by the increase of CXCL4. 

Figure 2. CXCL4 is required for transverse aortic constriction-induced cardiac 
fibrosis.  C57BL/6 wild type (WT) or Cxcl4-/- mice were subjected to transverse aortic 
constriction (TAC) or sham surgery (Sham). (A) Representative histological analysis of the 
heart showed by Masson’s Trichrome staining (collagen represented in blue) (sham n = 3, 
TAC n = 8). (B) Representative histological analysis of αSMA+ myofibroblasts (red), collagen 
(green), and nuclei staining (DAPI, blue) in the dermis after TAC or sham control treatment. 
(C) Quantification of myofibroblasts and collagen is shown (n = 4-6 per group). (D,E) Total 
RNA was isolated from the heart after TAC or sham surgery, and mRNA expression was 
quantified by qPCR. (D) A qPCR array of fibrotic genes from representative mice (sham n 
= 2, TAC n = 3 from each WT and Cxcl4-/- mice) was performed. Significantly upregulated 
genes in WT TAC group compared to WT sham group are indicated by asterisks (*). 
Genes were clustered using correlation distance with complete linkage by ClustVis. 
(E) Quantitative single PCRs of selected genes in an enlarged cohort was performed to 
validate the identified genes (sham n = 3, TAC n = 7-8). Bars represent mean ± SD. Scale 
bars, 50 µm. One-way ANOVA with FDR correction for multiple testing or two-tailed t test 
was used as appropriate. * adj. p < 0.05, ** p < 0.01, *** p < 0.001.
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Cell-cell interactome reveals CXCL4 mainly affects fibroblasts 
and endothelial cells in bleomycin-induced lung fibrosis 
Subcutaneous bleomycin treatment is known to induce a systemic 
inflammatory and fibrotic process in distal organs (Liang et al., 2015). 
Commensurate to these observations, the lungs of Cxcl4-/- mice were almost 
completely protected against the bleomycin-induced fibrosis (Figures 3A 
and 3B), suggesting that CXCL4 deficiency protects mice from bleomycin-
induced skin and lung fibrosis. To predict the cell types involved by CXCL4 in 
fibrosis models, we performed unbiased cell-cell interaction analysis based 
on ligand-receptor expression analysis using Connectome (Raredon et al., 
2019), on scRNA-seq dataset of bleomycin-induced lung fibrosis (Xie et al., 
2018). We further resolved major cell types in both immune and non-immune 
compartments (Figures 3C, 3D, S5A, and S5B) similar to previous analysis 
(Joshi et al., 2020). Upon applying Connectome network analysis focusing 
on cell-cell communication involving Pf4, we discovered strong interactions 
between Pf4 produced by macrophages (Figure 3E, cluster 16) to receptors 
expressed on endothelial cells (cluster 10), fibroblasts (clusters 3, 5, 8), and 
alveolar type 2 cells (cluster 15), but not other cell types (Figure 3E). We 
then focused on the interactions between Pf4-expressing macrophages and 
fibroblasts or endothelial cells, since they could potentially directly contribute 
to the fibrotic process. The resulting connectome revealed multiple ligand-
receptor interactions between these cells, including Pf4 (Figure 3F). Similar 
findings were found in asbestos-induced lung fibrosis dataset (Figure S5C-E) 
(Joshi et al., 2020). This suggests that CXCL4 can directly influence fibroblast 
and endothelial cells in fibrotic conditions.

CXCL4 stimulates myofibroblast transition of human skin 
stromal cells
To validate which cell types are involved in CXCL4-driven fibrotic processes, we 
assessed CXCL4 role on myofibroblasts-differentiation in a variety of primary 
human precursor cells in vitro. First, we determined whether CXCL4 had an 
effect on human skin-derived stromal cells, by separating dermis and adipose 
layer from normal human skin, to isolate dermal fibroblasts and adipose-
derived stromal cells (ASCs), respectively (Figure 4A). We cultured these cells 
with CXCL4 and tested changes in contractile properties of these cells using 
gel contraction assay. After 7 days of culture, CXCL4-treated ASCs induced 
a higher gel contraction as compared to control medium (Figures 4D-4F), 
but only minimal changes were seen on dermal fibroblasts (Figures 4B and 
4C). This CXCL4-induced contractility was maintained until at least 14 days of 
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Figure 3. CXCL4 is required for bleomycin-induced lung fibrosis and connectome analysis 
predicts interaction with fibroblasts and endothelial cells. (A) Representative lung histological 
analysis stained with Masson’s Trichrome is shown. (B) Collagen content in the lung after bleomycin 
exposure was measured by hydroxyproline assay (n = 9-10 per group). Bars represent mean ± SD.  
Scale bar, 50 µm. One-way ANOVA with FDR correction for multiple testing was used. * adj. p < 0.05. 
(C,D) Visualization of Pf4high macrophages, fibroblasts, and endothelial cells, identified in scRNA-seq 
of bleomycin-induced lung fibrosis dataset projected onto (C) UMAP space, based on the expression 
of (D) Pf4, Col1a2, and Cldn5, respectively. (E) We mapped vectors of ligand-receptor signaling 
using Connectome, based on literature-supported ligands and cell surface receptors curated in the 
FANTOM5 database. When cognate ligand-receptor pair is greater than 5% of cells, an edge connecting 
two clusters was created, and weight was calculated as the sum of the two scaled expression values. 
Network plot involving CXCL4 reveals connection between Pf4high macrophages (cluster 16) with 
endothelial cells (cluster 10) and fibroblasts (cluster 3, 5, 8), and alveolar type 2 (AT2) cells (cluster 15). 
(F) Visualization of connectome using circos plot of all ligand-receptor interactions between Pf4 high 
macrophages (cluster 16) with endothelial cells (cluster 10) and fibroblasts (clusters 3, 5, 8). 
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Figure 4. CXCL4 induces myofibroblast phenotype in primary normal human adipose-
derived stromal cells (ASCs) and dermal fibroblasts. (A) Human skin was processed 
and adipose-derived stromal cells (ASCs) and dermal fibroblasts (DF) were isolated for 
further treatment with CXCL4. (B-E) ASCs or fibroblasts were cultured in collagen gel 
matrix in the presence or absence of 5 µg/ml CXCL4 for the indicated time points, and 
the area of gel was measured for contractility. (n = 3 per group). (F) The quantification 
of contracted area normalized to control for ASCs at day 14 is shown (n = 3 per group). 
(G) ASCs were stimulated with different doses of CXCL4 for 24 h, mRNA was isolated 
and gene expression was quantified using qPCR (n = 3 per group). (H) Fibroblasts were 
cultured in the presence or absence of 5 µg/ml CXCL4 for 7 d, then cells were lysed and 
ECM deposited on culture vessel was imaged using immunofluorescence. Representative 
images (H) are shown and collagen I/III amount as measured by intensity (I) was quantified 
(n = 6 per group). (J) Fibroblasts were stimulated with different doses of CXCL4 for 24 h, 
mRNA was isolated and gene expression was quantified using qPCR (n = 4-10 per group). 
(K,L) Fibroblasts were stimulated with different doses of CXCL4 for 24 h and whole cell 
lysate was isolated and protein expression was assessed by western blot analysis (n = 
7-12 per group). Representative images (K) are shown and protein level (L) was quantified. 
Bars represent mean ± SD. One-way ANOVA with FDR correction for multiple testing was 
used. * adj. p < 0.05, ** p < 0.01, *** p < 0.001, *** p < 0.0001.
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culture. This is accompanied by the increased expression of myofibroblast 
markers αSMA (ACTA2), smooth muscle 22 alpha (SM22α/TAGLN), collagen I 
(COL1A1) upon CXCL4 exposure (Figures 4G and S6). These findings reveal 
that CXCL4 clearly induced myofibroblast-like phenotype in ASCs.

We then determined collagen production by normal human dermal fibroblasts 
in a collagen deposition assay. CXCL4 treatment led to an increased amount 
of deposited collagen by fibroblasts as compared to medium control (Figures 
4H and 4I). Furthermore, the expression of myofibroblast markers αSMA 
(ACTA2), smooth muscle 22 alpha (SM22α/TAGLN), collagen I and vimentin, was 
increased by CXCL4 in most donor fibroblasts (Figures 4J-4L). However, the 
effects were modest and CXCL4 seems to only partially promote transition 
from fibroblast into myofibroblast. 

CXCL4 stimulates pericyte-mesenchymal transition and impairs 
tubular formation in pericytes-endothelial cells co-culture
Pericytes, which function as vessel-associated (mural) support cells, have 
been implicated to be myofibroblast progenitors in fibrotic process in 
different organs (Sundberg et al., 1996). Since we observed increased number 
of pericytes after bleomycin treatment (Figure S3), we further assessed the 
effect of CXCL4 on human primary pericytes. Pericytes treated with CXCL4 
displayed an increased RNA and protein expression of the myofibroblast 
markers αSMA, SM22α and collagen I (Figures 5A and 5B). The expression 
of FLI1, a main regulator or ECM production, was also downregulated in 
pericytes in response to CXCL4 (Figure 5A). These data indicate that CXCL4 
induces pericytes-mesenchymal transition and production of collagen by 
these cells. 

By directly interacting with endothelial cells, pericytes play an important role 
in blood vessel maintenance in homeostatic condition (Ferland-McCollough 
et al., 2017). Since EndMT has also been shown to coincide with an increased 
endothelial cell migration and a loss of capillary formation (Lee et al., 2013; 
Zhang et al., 2013), we sought to investigate the effect of CXCL4 in angiogenesis 
using pericyte-endothelial cell co-culture to evaluate endothelial cell tubular 
formation. Addition of CXCL4 drastically reduced both the number as well as 
the length of the tubules formed by endothelial cells in a dose-dependent 
manner (Figures 5C-5E). Consistent with previous reports (Vandercappellen 
et al., 2010), increased levels of CXCL4 impaired the endothelial capacity to 
form an appropriate tissue vasculature.
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Figure 5. CXCL4 induces myofibroblast differentiation in human pericytes and 
reduces endothelial cell tubular formation in a 3D co-culture with pericytes. (A-C) 
Normal human brain pericytes were cultured in the presence or absence of CXCL4 for 
24 h and processed for RNA and protein analysis. (A) Total RNA was isolated and gene 
expression was quantified using qPCR (n = 4 per group). (B) Whole cell lysate was isolated 
and protein expression was assessed by western blot analysis. Values from densitometric 
analysis normalized to tubulin are shown (n = 3-4 per group). (C-E) Human umbilical vein 
endothelial cells (HUVEC) transduced with green fluorescent protein were co-cultured 
with human brain pericytes in a collagen matrix. (C) After 48 h stimulation with CXCL4 or 
medium alone, images were acquired. Representative images from 1 out of 3 experiments 
are shown. (D,E) Endothelial cell tubular formation was quantified by assessment of 
numbers of junctions and tubules, total length of all tubules and mean length of the 
formed tubules (n = 5-6 per group). Bars represent mean ± SD. Scale bar, 50 µm. One-way 
ANOVA with FDR correction for multiple testing was used. * adj. p < 0.05, ** p < 0.01.
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CXCL4 induces a myofibroblast phenotype in human endothelial 
cells via metabolic reprograming
EndMT is a common occurrence in fibrotic conditions (Hinz et al., 2007; 
Kovacic et al., 2012; Mack and Yanagita, 2015; Piera-Velazquez and Jimenez, 
2012). CXCL4 was previously shown to inhibit endothelial cell proliferation and 
expression of FLI1 (van Bon et al., 2014a; Dubrac et al., 2010), a main regulator 
or ECM production and a suppressor of EndMT. Hence, we postulated that 
CXCL4 could directly promote fibrosis through promoting EndMT. After 
bleomycin treatment, we observed a significant reduction in the number of 
lectin+αSMA+ cells in Cxcl4-/- mice when compared to WT mice, indicating a 
decrease of EndMT in the absence of CXCL4 (Figures 6A, 6B, and S7). 

To better understand the role of CXCL4 in EndMT, we treated human pulmonary 
arterial endothelial cells with CXCL4 and analyzed transcriptional changes using 
qPCR fibrosis array. The expression of myofibroblast marker αSMA (ACTA2), 
collagens (COL1A2, COL3A1), and pro-fibrotic/TGFβ pathways (SERPIN1, TGFB2) 
were increased after CXCL4 treatment (Figure 6C). We further confirmed 
CXCL4-induced upregulation of myofibroblast markers such as αSMA, SM22α, 
and collagen I at both RNA (Figure 6D) and protein level (Figures 6E and 6F). 
Additionally, changes in cell morphology were observed when endothelial cells 
were treated with CXCL4, with many cells acquiring a fibroblast-like spindle 
shape (Figure 6G). Moreover, addition of CXCL4 also reduced the expression 
of the collagen negative regulator FLI1 (Figures 6D and S6), while increasing 
expression of COL4A1 and SNAI1, a key transcription factor in EndMT (Kokudo 
et al., 2008) (Figure 6D). There were no significant changes in the expression 
of the endothelial cell lineage marker CDH1 upon CXCL4 treatment (data 
not shown). These data demonstrate that CXCL4 mediates EndMT and the 
subsequent increase of collagen synthesis. Furthermore, metabolic changes 
have been shown to occur during EndMT process (Xiong et al., 2018). Here 
we found that endothelial cells treated with CXCL4 had an increased oxygen 
consumption rate (OCR) as compared to medium control (Figure 6H and 6I). 
Blocking oxidative phosphorylation with oligomycin inhibited expression of 
myofibroblast markers such as αSMA and collagen I upon CXCL4 treatment 
(Figure 6J). In contrast, blocking glycolysis with 2-deoxy-D-glucose (2DG) did 
not suppress the expression of myofibroblast markers. These data indicate 
that oxidative phosphorylation is required for CXCL4-induced EndMT. 
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Discussion

Fibrosis is a process that is initiated by soluble factors produced by immune 
cells that, when uncontrolled, disrupts the original tissue architecture and 
leads to organ dysfunction, as observed in many chronic inflammatory 
diseases such as SSc (Hinz et al., 2012). It is thought that TGFβ is the 
principal mediator of fibrosis formation, but earlier attempts targeting TGFβ 
were unsuccessful in fibrotic diseases, and only recently a new pan-TGFβ 
neutralizing antibody has shown some clinical benefits in patients with SSc 
(Lafyatis, 2014; Rice et al., 2015). More recently, IL-11, TLR signaling, and 
neutrophil extracellular traps have been identified as novel components in 
fibrosis (Bhattacharyya and Varga, 2017; Martinod et al., 2017; Schafer et 
al., 2017). As effective therapies for fibrotic diseases are still lacking (Rockey 
et al., 2015), the discovery of factors driving fibrogenesis is crucial to the 
development of new therapeutic modalities. Here we identify CXCL4 as a key 
component in fibrosis development, and we demonstrate proof of concept of 
targeting CXCL4 in fibrotic diseases. 

We observed an increase of CXCL4 in multiple mouse models of inflammation 
and fibrosis, including in bleomycin- and TLR-induced SSc, Scl-GvHD, and 

Figure 6. CXCL4 stimulates myofibroblast differentiation in endothelial cells via 
metabolic changes. (A,B) Skin from C57BL/6 wild type (WT) or Cxcl4-/- mice injected with 
bleomycin were stained for αSMA+ myofibroblasts (green), lectin (red), and nuclei staining 
(DAPI, blue). (A) Representative immunostaining and (B) quantification of lectin+ αSMA+ 
cells are shown. (C-J) Normal human pulmonary endothelial cells (HPAEC) were cultured in 
the presence or absence of CXCL4 for 24 h and processed for RNA, protein, and metabolic 
analysis. Total RNA was isolated and gene expression was determined using (C) qPCR 
fibrosis array (n = 3 per group) and further validated by (D) qPCR by including additional 
experiments (n = 5 per group). (E,F) Whole cell lysates were isolated and protein expression 
was assessed by western blot analysis. (E) Representative blot and (F) quantification are 
shown (n = 3 per group). (G) HPAEC were cultured in the presence or absence of CXCL4 for 
24 h and fixed and permeabilized prior to staining of αSMA (red) and nuclei (Hoechst, blue). 
Representative immunofluorescence images from one out of 3 independent experiments 
are shown. (H,I) After 24 h CXCL4 (open circle) or control (closed circle) treatment, HPAEC 
were cultured in XF basal medium and OCR was measured in response to oligomycin, 
FCCP, and rotenone, as indicated by the arrows. (H) Representative OCR measurement 
(I) quantification of basal and maximal respiration are shown.  (J) HPAEC were cultured 
in the presence or absence of CXCL4, 1µM Oligomycin, and 100 mM 2DG, for 24 h, and 
RNA was isolated and gene expression was quantified using qPCR (n = 2-3 per group).  
Bars represent mean ± SD. Scale bars, 50 µm. One-way ANOVA with FDR correction for 
multiple testing or two-tailed t test was used as appropriate. * (adj.) p < 0.05, ** p < 0.01, 
*** p < 0.001, **** p < 0.0001.
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TAC-mediated fibrosis models. The exact mechanism responsible for this 
pathological increase of CXCL4 is still unknown, although TLR triggering 
and inflammasome activation may be involved (Ah Kioon et al., 2018; 
Schaffner et al., 2005; Vandercappellen et al., 2007). More recently, CXCL4 
was shown to be increased in a newly developed mouse model of skin and 
lung fibrosis, using DC loaded with topoisomerase I autoantigen, as well as 
in bleomycin model (Ah Kioon et al., 2018; Mehta et al., 2016). Our knockout 
study revealed that mice deficient for CXCL4 are protected from bleomycin-
induced skin and lung fibrosis. Moreover, transgenic overexpression of 
human CXCL4 aggravated bleomycin-induced skin fibrosis. As bleomycin 
treatment is a widely used pre-clinical model in research related to dermal 
and lung fibrosis (Beyer et al., 2010; Williamson et al., 2015), this provides 
evidence for CXCL4 to be a crucial determinant of fibrosis in these diseases. 

In the bleomycin model, the presence of inflammation, in particular early 
in the disease, is needed for fibrosis development. We previously reported 
that subcutaneous CXCL4 administration led to increase of CD45+ immune 
cells (van Bon et al., 2014a), and remarkably, we found a major reduction of 
immune cells in the skin of Cxcl4-/- mice as compared to WT mice following 
bleomycin injections. Additionally, CXCL4 has the capacity to promote 
inflammation by amplifying TLR signaling of both innate and adaptive 
immune cells (van Bon et al., 2014a; Lande et al., 2019; Silva-Cardoso et 
al., 2017) and by inducing chemokines production by monocytes (van der 
Kroef et al., 2020). These data indicate that the presence of CXCL4 is crucial 
for chemotaxis of immune cells towards the site of injury, and this reveals 
another layer of possible mechanisms via which CXCL4 leads to fibrosis 
development.

Next to bleomycin model, we demonstrate that CXCL4 is also required for 
the development of TAC-induced heart fibrosis. Cardiac involvement is the 
second leading cause of death behind pulmonary complications in patients 
with SSc (Tyndall et al., 2010). The pathogenic role of CXCL4 has been 
shown in atherosclerosis and ischemia/reperfusion models (Koenen et al., 
2009; Lapchak et al., 2012). Although the absence of CXCL4 ameliorated 
TAC-induced fibrosis, we did not observe improvement in heart function, 
suggesting involvement of other cytokines in other aspects of the disease. 
Interestingly, exogenous CXCL4 administration was shown to exacerbated 
left ventricular (LV) dilation, leading to increased mortality, in a mouse 
coronary artery ligation-induced myocardial infarction model (Lindsey et al., 
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2019). However, the role of CXCL4 in coronary artery disease remains unclear 
(Erbel et al., 2015; Levine et al., 1981) and CXCL4 contribution to cardiac 
fibrosis development in humans still needs to be verified. The pro-fibrotic 
role of CXCL4 has also been indicated in other tissues. In a thrombopoietin-
induced myelofibrosis model, the absence of CXCL4 in hematopoietic stem 
and progenitor cells reduced bone marrow fibrosis (Gleitz et al., 2020). Upon 
treatment with CCL4 or thioacetamide, Cxcl4-/- mice showed amelioration of 
liver fibrosis (Zaldivar et al., 2010). In a rat model of chronic liver allograft 
dysfunction, blocking CXCL4 could significantly protect rats from liver fibrosis 
(Li et al., 2016). In this study, we demonstrate that blocking CXCL4 effectively 
abrogates bleomycin-induced skin fibrosis. Additionally, we did not observe 
any adverse events in mice treated with anti-CXCL4, thus systemic targeting 
of CXCL4 using monoclonal antibody should be considered and carefully 
evaluated in future studies. Our data on experimental models of skin, lung, 
and cardiac fibrosis, further corroborate the notion of CXCL4 as a central 
mediator of fibrosis in vivo and a potential therapeutic target. 

Myofibroblasts, as identified by the high expression of αSMA and the 
production of ECM proteins, is a defining feature of tissue fibrosis. 
Although it was initially thought that resident fibroblasts were the source of 
myofibroblasts, it is becoming clear that they can be derived from multiple 
precursors, including endothelial cells and pericytes (Hinz et al., 2007, 2012; 
Ho et al., 2014; Mack and Yanagita, 2015). Here we have demonstrated that 
CXCL4 induced myofibroblast-like properties in endothelial cells, pericytes, 
adipose-derived stromal cells, and dermal fibroblasts. In the bleomycin 
model, the majority of αSMA positive myofibroblasts were shown to express 
pericyte markers (Liu et al., 2010). Our in vivo data are in line with these 
findings, showing that pericytes were present in high numbers in fibrotic 
skin of these mice. On the contrary, in Cxcl4-/- mice, pericytes presence 
was significantly reduced, resembling more the control mice. An increased 
number of activated PDGFβR+ pericytes has also been found in the fibrotic 
skin of patients with SSc (Rajkumar et al., 1999). These activated pericytes 
were positive for myofibroblast markers such as, αSMA, ED-A FN and Thy-1 
in SSc skin (Rajkumar et al., 2005). The crucial role of pericytes as a source 
for myofibroblasts present in the skin is further supported by another study 
demonstrating that the majority of collagen-producing αSMA+ myofibroblasts 
were generated from a PDGFRβ+ NG2+ perivascular subpopulation following 
acute dermal injury (Dulauroy et al., 2012). Our data showed that αSMA 
staining in the bleomycin-treated skin from Cxcl4-/- mice to be reduced, 
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and that skin fibroblasts isolated from Cxcl4-/- mice following bleomycin 
injection, expressed lower αSMA, as compared to WT mice. Thus, our data 
suggest that CXCL4 plays a pivotal role in myofibroblast differentiation, in 
which pericytes were among the source, leading to fibrosis development in 
vivo. This is in line with our in vitro observations, where CXCL4 stimulation of 
pericytes leads to transdifferentation into myofibroblast.

Another potential source of myofibroblasts are adipocytes, and this has 
been described in bleomycin-induced SSc models (Marangoni et al., 2015; 
Martins et al., 2015). In this respect increased dermal CXCL4 could be one 
of the factors that drives intradermal fat loss at the expense of increased 
fibrosis, and this needs further evaluation (Onuora, 2015). We observed that 
adipose-derived stromal cells showed increased myofibroblast markers and 
acquired contractility when exposed to CXCL4, indicating these cells to also 
contribute to CXCL4-driven tissue fibrosis. Interestingly, this CXCL4 effect 
on myofibroblasts differentiation was more pronounced in adipose-derived 
stromal cells as compared to dermal fibroblast.

Previously, sera-derived from patients with SSc has been shown to induce 
EndMT in dermal microvascular endothelial cells (Manetti et al., 2017). On 
account of the high amount of CXCL4 in the circulation of these patients (van 
Bon et al., 2014b; Haddon et al., 2017; Valentini et al., 2017; Volkmann et 
al., 2016), it is likely that CXCL4 might be a driving force in myofibroblast 
transformation from cells in the vasculature. We observed a lower number 
of lectin+ αSMA+ endothelial-derived myofibroblasts in Cxcl4-/- mice 
upon bleomycin treatment, indicating CXCL4 role in inducing EndMT in 
vivo. Indeed, our in vitro experiments with endothelial cells confirmed 
that CXCL4 stimulation directly initiated myofibroblast differentiation 
and induced collagen synthesis. This was accompanied by a decrease of 
FLI1, a transcription factor that is crucial to preserve endothelial cells’ 
identity, and the loss of its expression triggers EndMT (Nagai et al., 2018). 
FLI1 downregulation can also be mediated by the increase of TGFβ2 
and Endothelin-1 (Chrobak et al., 2013), both were increased by CXCL4, 
although further studies are needed to verify these mechanisms of action. 
CXCL4-induced EndMT also depends upon a metabolic shift to oxidative 
phosphorylation, confirming previous findings that increased oxygen 
consumption rate is required for myofibroblast differentiation (Bernard et 
al., 2015; Negmadjanov et al., 2015). Furthermore, CXCL4 is known for its 
angiogenic property on endothelial cells (Sarabi et al., 2011). Using a 3D co-
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culture of pericytes and endothelial cells, a system closer to physiological 
conditions, we confirmed that CXCL4 inhibited endothelial tubular formation. 
Collectively, CXCL4 directly promotes EndMT and suppress vasculogenesis, 
both prominent features of SSc (Trojanowska, 2010). 

To summarize, we present evidence of CXCL4 as a targetable fibrogenic 
molecule that directly promotes myofibroblast transformation in a variety of 
precursor cells essential for fibrosis development across multiple organs in 
vivo (Figure 7). Furthermore, CXCL4 also plays an important role in mediating 
innate and adaptive immune responses (Affandi et al., 2018; Gleissner, 2012; 
Gouwy et al., 2016; Silva-Cardoso et al., 2017), inducing vascular changes 
(Aidoudi-Ahmed and Bikfalvi, 2010; Van Raemdonck et al., 2014), and it is 
required in other inflammatory models in vivo (Grommes et al., 2012; von 
Hundelshausen et al., 2017; Koenen et al., 2009; Lapchak et al., 2012). As a 
key upstream molecule linking multiple processes, CXCL4 is a promising 
target for intervention in SSc and potentially many other inflammatory and 
fibrotic disorders.

Limitations of the Study
The present study demonstrates the pro-fibrogenic role of CXCL4 in 
fibroinflammatory models. While it is clear that CXCL4 absence almost 
completely protected mice from developing skin fibrosis in the bleomycin 
model, it is unclear why heart function was not restored despite the 
amelioration of fibrosis in the TAC model. Furthermore, in the current study, 
we were not able to investigate diastolic dysfunction using tissue Doppler 
echocardiography or invasive catheter measurement. Additionally, we did 
not assess whether CXCL4 deletion could restore respiratory function in the 
bleomycin model. While this assessment is not routinely performed in the 
subcutaneous-bleomycin model, the degree of bleomycin-induced fibrosis 
in the lungs has been shown to correlate well with respiratory function 
(Phillips et al., 2012). We did observe a significant reduction of lung fibrosis 
in the absence of CXCL4, however, changes in lung function are unknown. 
Finally, while our data indicate that CXCL4 may involve TGFβ-SMAD 
signaling (Figures 2, S3, and 5), the signaling pathways activated by CXCL4 
in promoting myofibroblast transformation in different cell types requires 
further investigation.
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Figure 7. CXCL4 as a key pro-fibrogenic molecule. Using genetic approach (knockout, 
overexpression) and blocking antibody, we show the essential role of CXCL4 in fibrosis 
development in the skin, lung, and heart using two independent fibrosis models, and the 
therapeutic potential of targeting CXCL4 against fibrosis. Our study also demonstrates 
that CXCL4 directly induces myofibroblast differentiation from different precursors cells 
including stromal cells and endothelial cells. 
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EXPERIMENTAL MODEL AND SUBJECT DETAILS 
Cell culture
Normal human dermal fibroblasts were isolated as described before (Kabala 
et al., 2017) and cultured in DMEM medium (Thermo Fisher Scientific) 
supplemented with 10% fetal bovine serum (FBS, Biowest) and 1% penicillin-
streptamycin (pen/strep). For adipose stromal cells, fat was removed from the 
dermis and epidermis and cut into small pieces. The epidermis was removed 
from the dermis after dispase incubation. Both dermis and adipose tissue 
were incubated in collagenase type II (Gibco, Invitrogen, Paisly, UK)/dispase 
II (Roche, Mannheim, Germany) solution for 2h at 37°C, passed through a 
40 µm cell strainer, and cultured (Kroeze et al., 2009). Human pulmonary 
arterial endothelial cells (HPAEC) and human umbilical vein endothelial cells 
(HUVEC, both from Thermo Fisher Scientific) were cultured in EBM-2 media 
supplemented with EGM-2 bullet kit (both Lonza) and 10% FBS, in 0.2% bovine 
skin gelatin-coated (Sigma Aldrich) culture vessels. Human brain pericytes 
(Sciencell) were cultured in DMEM medium supplemented with 10% FBS, 1% 
pen/strep in 0.1% gelatin-coated (Costar) culture plates. Cells were cultured 
at 37°C in humidified atmosphere containing 5% CO2. Fibroblasts, endothelial 
cells, and pericytes were prestarved prior to stimulation with recombinant 
human CXCL4 (Peprotech) in basal media with low serum for 24 - 48 h.

Animal Experiments
Animal experiments were approved by the Committee on Animal 
Experiments of the University of Utrecht and by the institutional animal care 
and used committee at Boston University Medical Campus. Experiments 
were performed at the Central Animal Laboratory, Utrecht University, The 
Netherlands or Boston University School of Medicine. Cxcl4-/- and huCXCL4+ 
mice were generated in the Children’s Hospital of Philadelphia and were 
backcrossed onto the C57BL/6 background as described before (Eslin et al., 
2004). Cxcl4-/- mice were generated by replacing the entire coding region for 
mouse Cxcl4 (also known as Pf4; 1.16 kb) with a 1.8-kb neo gene. huCXCL4+ 
mice are transgenic with a 10-kb fragment of the human PF4 locus with 5.4 
kb of upstream and 3.8 kb of downstream sequence. All mice used in this 
study were matched for age and sex as described below, kept under specific 
pathogen-free conditions, and food and water were provided ad libitum.

Bleomycin-induced skin and lung fibrosis
Bleomycin-induced SSc was developed using daily subcutaneous injections 
of bleomycin (200 µl, 500 µg/ml, Bleomedac, Medac) into the back of adult 
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female mice (either WT, Cxcl4-/- or huCXCL4+ on C57BL/6 background) for the 
duration of two to four weeks (n = 12 per group or n = 6 per group per each 
time point). Mice were at least 12 weeks of age, with average body weight of 
27 g (WT, 25.7±5.2 g; Cxcl4-/-, 26.9±3.5 g; huCXCL4+, 27.8±3.6 g) and none of 
the mice showed excessive weight loss (20% of the initial body weight). When 
indicated, mice were treated for 10 days with 200 µg of rabbit anti-murine 
CXCL4 (Bethyl Laboratories, Montgomery, TX, USA) delivered subcutaneously 
every other day. Two days after the last treatment, mice were treated with 
200 µl, 0.15 mg/kg, of buprenorphine (Temgesic), anesthetized with 5% 
isoflurane for blood collection, and sacrificed by cervical dislocation. Serum 
was collected after centrifugation at 1700 xg for 10 min. Skin biopsies were 
obtained from the back region using biopsy punch (4 mm diameter). Tissues 
were stored in medium for cell culture, homogenized in RLT buffer for 
RNA isolation, frozen in RIPA buffer for immunoblotting, or snap frozen for 
collagen quantification. For histology, cannula was inserted into trachea and 
fixed with ligature, and lungs were instilled with 4% formalin. Skin biopsies 
were placed in between two foam pads in a histology cassette and fixed 
with 4% formalin. Following formalin fixation, tissues were embedded in 
paraffin and cut into 5 µm sections for further analysis. Dermal fibroblasts 
were extracted from minced skin biopsies after digestion with 2.5 mg/ml 
collagenase from Clostridium histolyticum (Sigma Aldrich) at 37° C for 2 h with 
agitation. Debris were removed by 70 µm cell strainer and cells were washed 
in medium. Cells were cultured in DMEM/F-12 supplemented with 10% FBS at 
37°C until near confluency.

In vivo administration of TLR ligands
Mini osmotic pumps (Alzet), were implanted to adult mice (C57BL/6, 6-8 
weeks) (n = 3-4) under anesthesia as described previously (Stifano et al., 2014). 
Osmotic pumps were designed to deliver 1 µl of PBS or stimuli per h over 7 
days in a total of 200 µl volume. 500 µg/ml of poly(I:C) or lipopolysaccharide 
(LPS-EB ultrapure, both Invivogen) were used. After 7 days, mice were 
sacrificed and the skin (~1 cm2) surrounding or distal to the pump outlet was 
homogenized in TRIzol (Invitrogen) for total RNA preparation. 

Induction of Scl-GvHD in mice
Scl-GvHD was induced following splenocyte and bone marrow transplantation 
from male B10.D2 (H-2d; Jackson Laboratory) to female BALB/c mice (Janvier 
Laboratory) as described previously (Kavian et al., 2012). Briefly, recipient mice 
were lethally irradiated with 750cGy from a Gammacel [137Cs] source. After 3 
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h, they were injected intravenously with donor spleen cells (2x106 per mouse) 
and bone marrow cells (1x106 per mouse) that were previously removed of 
red blood cells using ammonium chloride solution and suspended in RPMI-
1640 (Gibco). The control group received syngeneic BALB/c spleen and bone 
marrow cells. We used 9 mice per group. Mice were sacrificed by cervical 
dislocation after four weeks and blood was collected for serum preparation.  

Transverse aortic constriction
WT or Cxcl4-/- mice were subjected to transverse aortic constriction (TAC) or 
sham surgery as previously described (de Haan et al., 2017). Briefly, mice were 
anaesthetized, intubated, and connected to a respirator with a 1:1 oxygen-
air ratio. A core body temperature of 37° C was maintained during surgery 
by an experienced surgeon. Using a minimally-invasive approach, the aortic 
arch was reached between two ribs after midline incision in the anterior 
neck. Transverse aortic constriction was placed between the brachiocephalic 
artery and the left common artery against a blunt 27-gauge needle with a 7–0 
silk suture followed by prompt removal of the needle. Sham operated mice 
underwent the same procedure without aortic constriction. Correct placement 
of the TAC was confirmed after 7 days by measuring the flow in the aortic arch 
and in the carotid arteries (flow ratio between left and right carotid ≥5 were 
included). After the indicated time points, mice were euthanized using sodium 
pentobarbital, blood was collected for serum measurement of cytokines, 
hearts were perfused with saline and fixed in formalin for histological 
analysis, or snap frozen for RNA isolation. Mice phenotypic characteristics and 
echocardiographic measurements are listed in Table S1 and S2.  

METHOD DETAILS
RNA isolation and quantitative PCR
Total RNA was isolated from cell lysates using the RNeasy MiniPrep Kit 
(Qiagen), followed by retrotranscription with iScript reverse transcriptase kit 
(Biorad), or superscript IV (Life Technologies) according to the manufacturer’s 
instructions. Expression of protein-coding genes was analysed by real-time 
quantitative-PCR (qPCR) using SybrSelect mastermix with 300-500 nM primer 
pairs, or Taqman reactions on a StepOne Plus or QuantStudio 12k flex 
(Thermo Fisher Scientific). qPCR data were normalized to the expression of 
GUSB (human) or Rpl13 and B2m (mouse) housekeeping genes. The mouse 
fibrosis PCR array (Qiagen) was used according to manufacturer’s instructions 
and normalized to Gapdh and Hsp90 using QuantStudio software. Heatmap 
was generated using ClustVis software (http://biit.cs.ut.ee/clustvis/) (Metsalu 
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and Vilo, 2015) clustered using correlation distance with complete linkage, or 
GraphPad Prism. Primers used are listed in Table S3.

Western blotting
Cells were lysed in RIPA buffer (Sigma Aldrich) with Complete Protease 
inhibitor (Roche). Protein content was determined by BCA assay (Pierce) 
and samples were denatured in Laemmli buffer (Bio-Rad) at 95°C for 10 
min. 5-10 µg of protein was loaded to Mini-PROTEAN TGX 4-20% gels (Bio-
Rad), separated by electrophoresis, and blotted with a nitrocellulose Trans-
blot Turbo transfer pack, according to manufacturer’s instructions (all from 
Bio-Rad). After blocking for 1 h in 5% (m/v) milk, blots were incubated with 
primary antibody at 4°C overnight, followed with secondary antibody for 1 
h at room temperature (RT), and washed in Tris-buffered saline with 0.2% 
Tween-20 in between steps. Protein bands were developed using ECL (GE 
Healthcare) and measured on Molecular Imager GelDoc (Bio-Rad) or were 
detected using infrared fluorescence detection on Odyssey imager (Li-Cor). 
Antibodies used are listed in Table S4.

Extracellular matrix deposition assay
1,500 human dermal fibroblasts were seeded and cultured on 384-well 
black imaging plate (Greiner) in Fibroblast Basal Medium supplemented 
with Fibroblast Growth Kit, Low serum (2% (v/v) FBS, ATCC) at 37°C for one 
week with medium replenishment every two days. Presto Blue was used to 
monitor cell viability (Thermo Fisher Scientific). Recombinant human CXCL4 
was added as indicated. After decellularization, matrices were fixed with 
100% ice-cold methanol at -20°C for 30 min, blocked with 1% (v/v) normal 
goat serum in phosphate-buffered saline (PBS) for 30 min at RT, incubated 
with primary antibody in PBS for 1.5 h at RT, followed by secondary antibody 
in PBS for 1 h at RT, with PBS washes in between steps. Matrices were imaged 
at the Pathway 855 bio-imaging system (BD Biosciences) using the AttoVision 
software, and quantified with ImageJ software. 

Collagen gel contraction assay
Collagen I was isolated from rat tails and reconstituted in 0.1% acetic acid (4 
mg/ml). Fibroblasts and ASCs were seeded in 4 mg/ml collagen I solution at 
2x105 cells/ml and 1 ml gel/well was poured into 12 wells plates. Gels were 
allowed to polymerize for 2 hours at 37°C. Gels were detached from the well 
surface to allow contraction and normal culture medium was added to the 
wells. Medium (including CXCL4) was replaced 3 times per week. Pictures 
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were taken using a Canon Powershot G12 camera and gel surface was 
measured using ImageJ software.

Endothelial tubule formation assay
Collagen-based 3D co-cultures was described previously (Chrifi et al., 2017) 
and performed as the following: lenti-GFP-transduced human umbilical vein 
endothelial cells (HUVECs) and lenti-dsRED-transduced human brain vascular 
pericytes were suspended in endothelial basal medium (Lonza) at a respective 
5:1 ratio in collagen type I (2.0 mg/ml). Using NaOH, pH was set to 7.5, after 
which the cells were seeded in flat-bottomed 96 well plates followed by 1 h 
incubation at 37°C to enable collagen solidification. Next, 100 µl medium was 
added after which the co-cultures were incubated at 37°C for another 24 h. 
Subsequently, medium containing CXCL4 was added to final concentrations 
of 0, 2 and 4 µg/ml CXCL4. After 72 h of culture, fluorescently labeled co-
cultures were imaged and analyzed using Angiosys software. 

Metabolic Assays
OCRs were measured in HPAEC activated for 24 h using XF media (non-
buffered RPMI 1640 containing 10 mM glucose, 2 mM L-glutamine, and 1 mM 
sodium pyruvate) under basal conditions and in response to 1µM oligomycin, 
5µM FCCP, and 1µM rotenone on XF-96 Extracellular Flux Analyzers (Seahorse 
Bioscience). Maximal respiration was the OCR difference between uncoupler 
FCCP and rotenone.

Immunofluorescence of mouse fibroblasts ex vivo
Mouse fibroblasts were seeded at equal number on clear bottom 96-wells 
black imaging plate (Ibidi) and rested overnight. Cells were fixed with 50 µl 
4% paraformaldehyde, and blocked and permeabilized with 5% (v/v) normal 
donkey serum, 5% (v/v) normal goat serum, 0.3% (v/v) Triton X-100, in PBS for 
1 h at RT. Cells were incubated with anti-αSMA (Sigma Aldrich) in antibody 
diluent (PBS with 10% (v/v) bovine serum albumin (BSA) and 0.3% (v/v) Triton 
X-100) for overnight at 4°C, followed by incubation with secondary antibody 
in antibody diluent for 1 h at RT, with PBS washes in between steps. Cell 
nuclei were visualized by Hoechst staining. Fibroblasts were imaged at the 
Pathway 855 bioimaging system (BD Biosciences) using AttoVision software, 
and quantified with ImageJ software.
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Tissue Immunohistochemistry and Immunofluorescence 
Formalin-fixed, paraffin-embedded skin and heart sections or 4% PFA-fixed, 
0.25% Triton X 100-permeabilized cells were stained with appropriate primary 
antibodies, including rabbit anti-αSMA 1 h (Abcam), goat anti-collagen I 1 h, 
(Southern biotech), mouse anti-PDGFR-β overnight incubation (Santa Cruz), 
rabbit anti-pSMAD2/3 overnight incubation (Cell Signaling), and rabbit anti-
CD31 overnight incubation, (Abcam). Counter staining of cell nuclei was 
performed using DAPI (Santa Cruz Biotechnology). Both tissue sections and 
cultured cells and were incubated with isotype control antibodies (Santa Cruz 
Biotechnology). Stained sections and cells were visualized using a bright field 
or fluorescence microscope (BH2 and BX41 Olympus). For quantification, 
integrated density was analyzed using ImageJ Software.

Measurement of secreted proteins
The level of CXCL4 in mouse sera was measured by enzyme-linked 
immunosorbent assay (R&D). Levels of soluble KC, E-selectin, and L-selectin, 
were measured by multiplex immunoassay (Millipore) based on xMAP 
technology (Luminex) at the MultiPlex Core Facility of the Center for 
Translational Immunology, University Medical Center Utrecht(de Jager et al., 
2005). For the Luminex-based assay, acquisition was performed with a Bio-Rad 
FlexMap3D system using Xponent 4.2 software and analyzed using Bio-Plex 
Manager 6.1.1.

Histochemical Analysis
Consecutive 5-μm skin, lung, and heart sections of paraffin-embedded tissue 
were stained with Mason’s trichrome, to evaluate collagen content and 
organization. Dermal thickness was determined at five different locations per 
slide for each mouse by two blinded, experienced researchers using ImageJ. 
Color deconvolution plugin was used to quantify collagen staining (Chen et al., 
2017).

Quantification of Tissue Collagen
Collagen content was quantified by colorimetric assays from 4 mm skin 
punch biopsies. Skin sections were transferred into a microcentrifuge tube 
and upon addition of 150 µl 6M HCl hydrolyzed by overnight incubation at 
95°C in a heat block, and collagen content was determined in supernatants 
by QuickZyme total collagen assay (QuickZyme Bioscience).



130

Single-cell RNA sequencing analysis
We used published datasets of single-cell RNA sequencing from mouse 
bleomycin-induced lung fibrosis (GSE104154) (Xie et al., 2018), asbestos-
induced lung fibrosis (GSE127803) (Joshi et al., 2020), and pressure overload-
induced cardiac fibrosis by TAC (GSE122930) (Martini et al., 2019), patients 
with SSc-associated interstitial lung disease (GSE128169) (Valenzi et al., 2019), 
and patients with pulmonary fibrosis (GSE135893) (Habermann et al., 2020). 
Data was analyzed using Seurat R toolkit (version 3.2.3) (Butler et al., 2018; 
R Core Team, 2020; Wickham et al., 2019). Connectome ligand-receptor 
analysis was performed using Connectome (version 0.2.2) (Raredon et al., 
2019), using literature-supported ligands and cell surface receptors curated 
in the FANTOM5 database. 

Quantification and statistical analysis 
Mann Whitney’s test or one-way ANOVA corrected for multiple comparison by 
controlling false discovery rate (FDR) were calculated using GraphPad Prism 
Software as appropriate. Differences of (adjusted) * p < 0.05, ** p < 0.01, *** 
p < 0.001, **** p < 0.0001, were considered significantly different and they 
were reported in the figures and figure legends. N represents biological or 
independent replicates, bars represent mean ± SD unless indicated otherwise.
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Figure S1. CXCL4 is increased in multiple mouse models of inflammation and 
fibrosis. Related to Figure 1. (A,B) Mini osmotic pumps containing (A) TLR3 ligand poly(I:C) 
or (B) TLR4 ligand lipopolysaccharide (LPS) were implanted subcutaneously in wild-type 
(WT) C57BL/6 mice. Total RNA was isolated from the skin after seven days of treatment  
(n = 3-4 per group). (C) WT BALB/c mice were irradiated and received bone marrow cells 
and splenocytes from either syngeneic BALB/c mice (control) or B10.D2 mice (Scl-GvHD)  
(n = 6 per group). Blood was collected after four weeks for serum measurement of CXCL4. 
(D) Mice were subjected to transverse aortic constriction (TAC) or sham and after three 
days, heart was collected for RNA isolation (sham n=3, TAC n=8). Bars represent mean 
± SEM. Statistical differences were assessed using t-test * p < 0.05. (E) Analysis of single 
cell RNA sequencing (scRNA-seq) was performed from five public datasets using Seurat, 
UMAP, and Connectome R packages. (F) Analysis of scRNA-seq from Xie et al, from PBS 
or bleomycin-treated mouse lungs, using Seurat algorithm and UMAP clustering analysis. 
(G) Expression of cell lineages marker, Ptprc (immune cells), Cd68 and Lyz2 (macrophages), 
Cd3d (T cells), Ms4a1 (B cells), and Pf4 are shown. (H) The expression of top 20 differentially 
expressed genes of cluster 16 are shown on macrophage clusters. (I) The proportion of 
macrophage clusters in PBS or bleomycin treatment is shown as percentages. (J) Cell 
count of Pf4+ cells within macrophages is shown. (K) Analysis of scRNA-seq from Joshi 
et al, from TiO2 or asbestos-treated mouse lungs, using Seurat algorithm and UMAP 
clustering analysis. (L) Expression of macrophage marker Cd68 and Pf4 are shown. (M) 
The expression of top 20 differentially expressed genes of cluster 10 are shown on 
macrophage clusters. (N) The proportion of macrophage clusters in TiO2 or asbestos 
treatment is shown as percentages. (O) Cell count of cells expressing Pf4 transcript within 
macrophages is shown. 



140

Figure S2. CXCL4 is increased in TAC mouse model and patients with pulmonary 
fibrosis. Related to Figure 1. (A) Analysis of scRNA-seq from Martini et al, from pressure 
overload (TAC) mouse hearts, using Seurat algorithm and UMAP clustering analysis. (B) 
Expression of cell lineages marker, Cd68 (macrophages), Flt3 (dendritic cells), S100a9 
(neutrophils), and Pf4 are shown. (C) The expression of top 20 differentially expressed 
genes of cluster 11 are shown on macrophage clusters. (D) The proportion of macrophage 
clusters in sham or TAC treatment is shown as percentages at two different time points (1 
week or 4 weeks). (E) Analysis of scRNA-seq from Valenzi et al, from the lungs of patients 
with SSc-associated interstitial lung disease (SSc-ILD), using Seurat algorithm and UMAP 
clustering analysis, focusing on immune cells (PTPRC+). (F) The expression of macrophages 
markers by PF4-expressing cells are shown. (G) Analysis of scRNA-seq from Habermann et 
al, from the lungs of patients with pulmonary fibrosis, using Seurat algorithm and UMAP 
clustering analysis, focusing on immune cells (PTPRC+). (H) The expression of macrophages 
markers by PF4-expressing cells are shown. IPF, idiopathic pulmonary fibrosis; cHP, 
chronic hypersensitivity pneumonitis; NSIP, nonspecific interstitial pneumonia; ILD, 
unclassifiable interstitial lung disease.
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Figure S3. Cxcl4 deletion protects mice from bleomycin-induced inflammation and 
fibrosis through multiple mechanisms. Related to Figure 1. C57BL/6 wild type (WT) or 
Cxcl4-/- mice were subjected to bleomycin or sodium chloride (NaCl) treatment for two 
weeks. (A) Total RNA was isolated from the skin, and mRNA expression was quantified 
by qPCR. (n = 2-4 per group) (B-D) Representative histological analysis for (B) pSMAD2/3 
expression and (D) CD45+ immune cells in the dermis after bleomycin or NaCl control 
treatment and (C,E) their quantification are shown (n = 6 per group). (F) Blood was collected 
from treated mice for sera analysis of soluble proteins using Luminex immunoassay (n = 
5 per group). (G) Representative histological analysis for PDGFRβ+ (red) pericytes, CD31+ 
(green) endothelial cells, and nuclei staining (DAPI, blue) in the dermis after bleomycin 
or NaCl control treatment and (H) their quantification are shown (n = 6 per group). Scale 
bars, 50 µm. Bars represent mean ± SD. One-way ANOVA with FDR correction for multiple 
testing or two-tailed Mann-Whitney test was used as appropriate. * (adj.) p < 0.05, ** p < 
0.01, *** p < 0.001, **** p < 0.0001.
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Figure S4. Cxcl4-/- mice showed decrease cardiac fibrosis after TAC. Related to Figure 
2. C57BL/6 wild type (WT) or Cxcl4-/- mice were subjected to transverse aortic constriction 
(TAC) or sham surgery (Sham). (A) Representative histological analysis of the whole 
hearts showing Masson’s Trichrome staining of collagen. (B) Quantification of collagen as 
measured by color deconvolution is shown (n = 5 per group). Two-tailed t test was used. 
* p < 0.05
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Figure S5. Cell-cell interaction analyses show involvement of CXCL4 in endothelial 
cells and fibroblasts in lung fibrosis models. Related to Figure 3. (A,B) Identification of 
major cell types in bleomycin-induced lung fibrosis dataset from Xie et al. related to Figure 
3. (A) UMAP analysis color coded for (top panel) clusters and (bottom panel) cell types. 
(B) DotPlot of selected markers identifying cell types. (C) Identification of Pf4-expressing 
macrophages (cluster 10), endothelial cells (cluster 8), fibroblasts (cluster 18), and alveolar 
type 2 cells identified by Sfta2 (clusters 0, 20) in asbestos-induced lung fibrosis dataset 
from Joshi et al. were shown. (D) We mapped vectors of ligand-receptor signaling using 
Connectome, based on literature-supported ligands and cell surface receptors curated in 
the FANTOM5 database. When cognate ligand-receptor pair is greater than 5% of cells, an 
edge connecting two clusters was created, and weight was calculated as the sum of the 
two scaled expression values. Connectome is visualized by a network plot involving CXCL4 
of all clusters. (E) Circos plot showing interaction between Pf4-expressing macrophages 
(cluster 10) with endothelial cells (cluster 8) and fibroblasts (cluster 18). 
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Figure S6. CXCL4 induces myofibroblast phenotype in adipose-derived stromal cells 
(ASCs) and reduced FLI1 expression in human pulmonary endothelial cells (HPAEC). 
Related to Figure 4. (A,B) Human skin was processed and ASCs were isolated and cultured 
in collagen gel matrix in the presence or absence of 5 µg/ml CXCL4 for14 days. mRNA was 
isolated and gene expression was quantified using qPCR (n = 3 per group). (C) Normal 
human pulmonary endothelial cells (HPAEC) were cultured in the presence or absence of 
CXCL4 for 24 h and processed for protein analysis. Whole cell lysates were isolated and 
FLI1 protein expression was assessed by western blot analysis. (C) Representative blot 
and (D) quantification are shown (n = 3 per group). Bars represent mean ± SD. One-way 
ANOVA with FDR correction for multiple testing was used. * adj. p < 0.05.

Figure S7. CXCL4 stimulates myofibroblast differentiation in endothelial cells in 
vivo. Related to Figure 6. Skin from C57BL/6 wild type (WT) or Cxcl4-/- mice injected with 
bleomycin were stained for αSMA+ myofibroblasts (green), lectin (red), and nuclei staining 
(DAPI, blue). Scale bar, 25 µm.
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Table S1. Phenotypic characteristic of mice subjected to sham or TAC after 1 week. 
Related to STAR Methods.

WT Cxcl4-/-

Sham (n = 7) TAC (n = 15) Sham (n = 5) TAC (n = 17)
Body weight (g) 22.04 ± 1.72 22.80 ± 2.39 23.49 ± 2.08 23.26 ± 2.35
Heart weight (mg) 130.14 ± 27.97 163.71 ± 24.62 127.80 ± 23.86 159.75 ± 25.39
Lung weight (mg) 224.71 ± 122.22 287.21 ± 109.38 243.00 ± 63.29 273.31 ± 101.70
Tibia length (cm) 1.75 ± 0.03 1.79 ± 0.04 1.79 ± 0.08 1.82 ± 0.05
Heart weight / tibia 
length (mg/cm) 74.42 ± 15.79 91.30 ± 12.61* 71.53 ± 14.17 87.83 ± 13.10#

Heart weight / body 
weight (mg/g) 5.89 ± 0.96 7.20 ± 1.00* 5.44 ± 0.85 6.87 ± 0.89#

Data are shown as means ± SD. One-way ANOVA with FDR correction for multiple testing 
was used. * adjusted p <0.05 between Sham and TAC of WT mice. # adjusted p <0.05 
between Sham and TAC of Cxcl4-/- mice.

Table S2. Echocardiographic measurements of mice subjected to sham or TAC at 
baseline or after 42 days. Related to STAR Methods.

WT Cxcl4-/-

 Sham (n = 4) TAC (n = 12) Sham (n = 5) TAC (n = 11)

Baseline
EF (%) 60.8 ± 7.8 58.3 ± 9.0 48.4 ± 8.5 57.0 ± 8.8
EDV (µl) 44.5 ± 6.9 43.6 ± 7.5 45.1 ± 6.2 47.9 ± 10.2
ESV (µl) 17.6 ± 5.4 18.2 ± 5.3 23.1 ± 3.4 20.3 ± 4.8

42 days
EF (%) 66.0 ± 7.5 33.5 ± 12.3* 60.8 ± 6.2 30.9 ± 17.8#

EDV (µl) 52.0 ± 5.0 62.0 ± 9.7* 45.9 ± 9.3 76.8 ± 32.6#

ESV (µl) 17.7 ± 4.8 41.7 ± 11.7* 17.8 ± 3.6 56.6 ± 37.1#

Ejection fraction (EF), end-diastolic volume (EDV), end-systolic volume (ESV). Data are 
shown as means ± SD. One-way ANOVA with FDR correction for multiple testing was used. 
* adjusted p <0.05 between Sham and TAC of WT mice. # adjusted p <0.05 between Sham 
and TAC of Cxcl4-/- mice.

Table S3. Primers and probes used in RT-qPCR analysis. Related to STAR Methods.

Target Forward primer Reverse primer TaqMan Assay ID
ACTA2 CCGACCGAATGCAGAAGGA ACAGAGTATTTGCGCTCCGAA  
TAGLN CTCATGCCATAGGAAGGACC GTCCGAACCCAGACACAAGT 
COL1A1 CCAGAAGAACTGGTACATCAGCA CGCCATACTCGAACTGGAAT
SNAI1 CCAGTGCCTCGACCACTATG  CTGCTGGAAGGTAAACTCTGGA  
GUSB CACCAGGGACCATCCAATACC GCAGTCCAGCGTAGTTGAAAAA  
Acta2 CCAGCCATCTTTCATTGGGATG CCCCTGACAGGACGTTGTT
Col1a1 GCCAAGAAGACATCCCTGAAG  TGTGGCAGATACAGATCAAGC
Col1a2 TGGTGGCAGCCAGTTTGAAT CTGAGAAGCACGGTTGGCTA
Col3a1 TGACTGTCCCACGTAAGCAC GAGGGCCATAGCTGAACTGA
Tgfb1 CTGCTGACCCCCACTGATAC AGCCCTGTATTCCGTCTCCT
Cxcl4 Mm00451315_g1
Gapdh 4352339E
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Table S4. Antibodies used in immunoblotting and immunofluorescence. Related to 
STAR Methods.

Target Vendor Catalog# Dilution Application
α-Smooth Muscle Actin 
(αSMA) Sigma Aldrich A5228 1/500 WB, IF
Smooth muscle 22 α 
(SM22α) Abcam ab14106 1/2,000 WB

α Tubulin Sigma Aldrich T6199 1/10,000 WB

Vimentin Cell Signal CST 5741P 1/10,000 WB

GAPDH Life Technologies MA5-15738 1/5,000 WB

Collagen-I Southern Biotech 1310-01 1/1,000 IF, WB

Collagen-I Millipore AB745 1/100 IF*

Collagen-III Millipore AB747 1/100 IF

FLI1 BD Biosciences 554266 1/1,000 WB

β-actin Abcam ab8229 1/1,000 WB
Phospho-Smad2 
(Ser465/467)/Smad3 
(Ser423/425) Cell Signaling 8828S 1/100 IHC

CD45 BD Biosciences 550539 1/50 IHC
IRDye 680RD Donkey  
anti-rabbit IgG Li-Cor LI 925-68073 1/5,000 WB
IRDye 800CW Donkey  
anti-mouse IgG Li-Cor LI 925-32212 1/5,000 WB
HRP-conjugated  
anti-goat IgG SantaCruz sc2020 1/5,000 WB
AlexaFluor 594-conjugated 
goat anti-rabbit IgG Life Technologies A11037 1/500 IF
AlexaFluor 647-conjugated 
goat-anti-rabbit IgG Life Technologies A21245 1/500 IF

*ECM deposition assay. Western blot, WB. Immunofluorescence, IF. Immunohistochemistry, 
IHC.
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Abstract

Objective. To analyze the potential role of semaphorin 4A (Sema4A) in 
inflammatory and fibrotic processes involved in the pathology of systemic 
sclerosis (SSc).

Methods. Sema4A levels in the plasma of healthy controls (n = 11) and SSc 
patients (n = 20) were determined by enzyme-linked immunosorbent assay 
(ELISA). The expression of Sema4A and its receptors in monocytes and 
CD4+ T cells from healthy controls and SSc patients (n = 6–7 per group) was 
determined by ELISA and flow cytometry. Th17 cytokine production by CD4+ 
T cells (n = 5–7) was analyzed by ELISA and flow cytometry. The production 
of inflammatory mediators and extracellular matrix (ECM) components by 
dermal fibroblast cells (n = 6) was analyzed by quantitative polymerase chain 
reaction, ELISA, Western blotting, confocal microscopy, and ECM deposition 
assay.

Results. Plasma levels of Sema4A, and Sema4A expression by circulating 
monocytes and CD4+ T cells, were significantly higher in SSc patients than in 
healthy controls (P < 0.05). Inflammatory mediators significantly up-regulated 
the secretion of Sema4A by monocytes and CD4+ T cells from SSc patients (P 
< 0.05 versus unstimulated SSc cells). Functional assays showed that Sema4A 
significantly enhanced the expression of Th17 cytokines induced by CD3/CD28 
in total CD4+ T cells as well in different CD4+ T cell subsets (P < 0.05 versus 
unstimulated SSc cells). Finally, Sema4A induced a profibrotic phenotype in 
dermal fibroblasts from both healthy controls and SSc patients, which was 
abrogated by blocking or silencing the expression of Sema4A receptors.

Conclusion. Our findings indicate that Sema4A plays direct and dual roles in 
promoting inflammation and fibrosis, 2 main features of SSc, suggesting that 
Sema4A might be a novel therapeutic target in SSc.
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Introduction

Systemic sclerosis (SSc) is a severe autoimmune inflammatory disease of 
unknown etiology with high morbidity and mortality rates, characterized by 
activation of the immune system, vascular abnormalities, and fibrosis. The 
resultant skin thickening and stiffness and loss of internal organ function 
leads to profound disability and premature death (1, 2). Fibrosis is marked 
by the excessive deposition of extracellular matrix (ECM) proteins, as well 
as increased numbers of fibroblasts expressing the contractile protein 
α-smooth muscle actin (α-SMA) (3, 4). Accumulating evidence has also 
shown that immune responses are deregulated in SSc patients, contributing 
to pathology (5, 6). One consequence of this immune deregulation is the 
alteration of T cell homeostasis, with an elevated frequency of Th17 cells 
in SSc patient peripheral blood and skin (7-11). Interleukin-17 (IL-17) is a 
cytokine involved in many pathologic features contributing to SSc pathology, 
including proinflammatory cytokine secretion, monocyte recruitment, and 
granulocyte–macrophage colony-stimulating factor production (12-14).

The semaphorin family is a large group of proteins initially described as axonal 
guidance molecules, but now appreciated for their roles in other physiologic 
and pathologic processes, including the regulation of immune responses, 
angiogenesis, cell migration, and tissue invasion (15, 16). Semaphorin 4A 
(Sema4A) is a transmembrane protein that can also be cleaved and released 
into circulation. Both transmembrane and soluble Sema4A bind to multiple 
receptors, the best characterized of which are plexin B2, plexin D1, and 
neuropilin 1 (NRP-1) (17, 18). Sema4A is a key molecule in the regulation of 
T cell homeostasis, activation, and Th1/2/17 differentiation (18-20). Sema4A 
deficiency or inhibition reduces disease severity in murine models of multiple 
sclerosis (MS) and autoimmune myocarditis, but enhances the severity of 
experimental asthma due to impaired Th1/Th17 differentiation and skewing 
towards a Th2 polarization (19, 21-23). Reciprocally, serum levels of Sema4A 
are increased in MS patients and positively associated with Th17 skewing (23). 
Thus, Sema4A may play a suppressive role in Th2-driven disease while driving 
Th1- and Th17-dependent diseases. Sema4A might also play a direct role in 
fibrosis, inducing collagen contraction by SSc patient lung fibroblasts (24). In 
this study, we examined whether Sema4A signaling might serve to connect 
altered Th17 behavior with fibrotic processes in SSc. 
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Materials and Methods

Patients
Blood from patients and sex- and age-matched healthy controls was 
obtained from the University Medical Center Utrecht and Maasstad Hospital 
Rotterdam. All subjects provided written informed consent approved by the 
local institutional medical ethics review boards prior to inclusion in this study. 
Samples and clinical information were treated anonymously immediately 
after collection. Patients fulfilled the American College of Rheumatology/
European League Against Rheumatism 2013 classification criteria for SSc (25), 
and the demographic and clinical characteristics of the patients are detailed 
in Supplementary Tables 1–3.

Cell isolation
Peripheral blood mononuclear cells (PBMCs) from healthy controls and SSc 
patients were isolated by Ficoll gradient (GE Healthcare). Cells were processed 
for further isolation using magnetic beads and an AutoMACS Pro Separator 
for monocytes and CD4+ T cells, according to the manufacturer’s instructions 
(Miltenyi Biotec). Purity was routinely >95% for CD4+ T cells and >90% for 
monocytes, as assessed by flow cytometry. Total CD4+ T cells were stained 
with allophycocyanin (APC)–eFluor 780–conjugated anti-CD4 (eBioscience), 
BV-510–conjugated anti-CD27 (BioLegend), phycoerythrin (PE)–conjugated 
anti-CD25, Alexa Fluor 647–conjugated anti-CD127, and PE–Cy7–conjugated 
anti-CD45RO (BD Biosciences) antibodies. Cell sorting was performed on a 
BD FACSAria III cell sorter (BD Bioscience) to obtain pure populations of naive 
CD4+CD25−CD27+CD45RO−, effector memory CD4+CD25−CD27−CD45RO+, 
and central memory CD4+CD25−CD27+CD45RO+ T cells (>99% purity).

Flow cytometric analysis
PBMCs were stained with Fixable Viability Dye (for dead cell exclusion) 
(eBioscience), antibodies to PE-Cy7–conjugated CD19 (Beckman Coulter), APC-
conjugated CD1c, APC–eFluor 780–conjugated CD4, PerCP–Cy5.5–conjugated 
CD303, BV785-conjugated CD14, Alexa Fluor 700–conjugated CD3 (BioLegend), 
BV605-conjugated HLA–DR, BV711-conjugated CD141, V500-conjugated CD8, 
PE–CF594–conjugated CD56 (BD Biosciences), fluorescein isothiocyanate 
(FITC)–conjugated CD16 (BioConnect), and PE-conjugated Sema4A and its 
isotype control (R&D Systems). For intracellular staining, PBMCs were first 
fixed and permeabilized using a FoxP3/Transcription Factor Staining Buffer set 
(eBioscience). Cells were acquired on an LSRFortessa (BD Biosciences).
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CD4+ T cells were stained with Fixable Viability Dye and antibodies to 
PE-conjugated NRP-1 (Miltenyi Biotec), FITC-conjugated plexin D1, APC-
conjugated plexin B2, and their respective isotype controls (R&D Systems). 
Alternatively, cells were fixed and permeabilized using a FoxP3/Transcription 
Factor Staining Buffer set, and stained with FITC-conjugated IL-17A, APC-
conjugated IL-22, PerCP–Cy5.5–conjugated interferon-γ (IFNγ) (all from 
eBioscience), BV711-conjugated IL-4, PE-conjugated IL-21, and BV421-
conjugated tumor necrosis factor (TNF; all from BD Biosciences). All data were 
acquired on an LSRFortessa (BD Biosciences). After excluding debris, doublets, 
and dead cells, cell populations were analyzed using FlowJo software (Tree 
Star) (Supplementary Table 4). All flow cytometry data are presented as the 
percentage of positive cells or the change in median fluorescence intensity 
(ΔMFI), where ΔMFI = MFI of positive staining − MFI of isotype staining.

Monocyte stimulation
Monocytes were cultured for 30 minutes in RPMI GlutaMax (ThermoFisher 
Scientific) supplemented with 10% fetal bovine serum (FBS; BioWest) and 
10,000 IU penicillin–streptomycin (ThermoFisher Scientific), and then left 
unstimulated or stimulated with lipopolysaccharide (LPS; 100 ng/ml), R848 
(1 μg/ml), high molecular weight poly(I-C) (5 μg/ml) (all from InvivoGen), or 
CXCL4 (5 μg/ml; PeproTech) for 24 hours. Cells were lysed for messenger RNA 
(mRNA) expression analysis and cell-free tissue culture supernatants were 
harvested for cytokine analysis.

CD4+ T cell stimulation
CD4+ total, naive, central memory, or effector memory T cells were activated 
with Dynabeads Human T-Activator CD3/CD28 (ThermoFisher Scientific) at a 
bead-to-cell ratio of 1:5 in the absence or presence of recombinant human 
Sema4A (200 ng/ml; R&D Systems) for 2–7 days. Alternatively, CD4+ T cells 
were preincubated for 1 hour with neutralizing antibodies to anti–plexin D1 
or NRP-1 (R&D Systems) before cell activation and stimulation with Sema4A, 
as described above, for 5 days. For intracellular cytokine staining, phorbol 
12-myristate 13-acetate (1 μg/ml), ionomycin (50 ng/ml) (both from Sigma-
Aldrich) and BD GolgiStop (BD Biosciences) were added for the final 4 hours 
of stimulation. For proliferation analysis, CD4+ T cells were labeled with 
CellTrace Violet (1.5 μM; ThermoFisher Scientific) prior to culture.
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CD4+ T cell transfection
CD4+ T cells were transfected by electroporation using a Neon Transfection 
System (ThermoFisher Scientific). CD4+ T cells were activated with Dynabeads 
Human T-Activator CD3/CD28 at a bead-to-cell ratio of 1:5 for 48 hours. 
Before transfection, Dynabeads were removed, and activated CD4+ T cells 
were transfected with plexin B2–specific or scrambled (Sc) nontargeting 
small interfering RNAs (siRNAs) (50 nM; Thermo Scientific) in RPMI GlutaMax 
containing 10% FBS in the presence of Dynabeads (bead-to-cell ratio of 1:5) 
for 24 hours, and experiments were performed 4 days after transfection. The 
efficiency of the transfection was >60% for both healthy control and SSc CD4+ 
T cells (Supplementary Figures 1A and B).

Dermal fibroblast culture and stimulation
SSc dermal fibroblasts (n = 6) were isolated from 3–4-mm skin biopsy sections 
obtained from a clinically affected area. Healthy control dermal fibroblasts 
(n = 6) were obtained from skin biopsy sections as resected material after 
cosmetic surgery. Dermal fibroblast isolation was performed using a 
whole skin dissociation kit (Miltenyi Biotec) following the manufacturer’s 
instructions, and fibroblasts were routinely maintained in Dulbecco’s 
modified Eagle’s medium (DMEM; Invitrogen) supplemented with 10% FBS 
and 10,000 IU penicillin–streptomycin. Cells were used for experiments 
between passages 3 and 5, and stimulations were performed after overnight 
starvation in medium containing 0.1% FBS. Fibroblasts were left unstimulated 
or preincubated for 1 hour with neutralizing antibodies to anti–plexin D1 or 
NRP-1 and afterward left unstimulated or stimulated with Sema4A (200 ng/
ml) for 24–72 hours. Alternatively, conditioned medium from CD4+ T cells 
was preincubated for 1 hour at 37°C in the presence of a neutralizing anti–IL-
17A antibody (secukinumab 100 ng/ml; kindly provided by Dr. Erik Lubberts, 
Erasmus Medical Center, Rotterdam, The Netherlands) or its isotype control 
(IgG1κ; eBioscience) and applied to fibroblasts for 24 hours.

Dermal fibroblast transfection
Dermal fibroblasts were transfected using Dharmafect 1 (Thermo Scientific). 
Plexin B2–specific or Sc nontargeting siRNAs (50 nM; Thermo Scientific) were 
mixed with Dharmafect 1 prior to transfection for 24 hours. Experiments were 
performed 48–72 hours after transfection. The efficiency of the silencing was 
>60% (Supplementary Figures 1C and D).
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Cytokine measurement
Sema4A (Biomatik), IL-6, IL-8 (Sanquin), and IL-17A (eBioscience) were 
measured by enzyme-linked immunosorbent assay in cell-free supernatants 
and plasma from healthy controls and SSc patients, according to the 
manufacturer’s instructions.

Immunoblotting
Dermal fibroblasts were lysed in Laemmli buffer, and protein content was 
quantified with a BCA Protein Assay Kit (Pierce). Equivalent amounts of total 
protein lysate were subjected to electrophoresis on NuPAGE 4–12% Bis-
Tris protein gels (ThermoFisher Scientific) and proteins were transferred to 
PVDF membranes (Millipore). Membranes were incubated overnight at 4°C 
with primary antibodies specific for α-SMA (Sigma), vimentin, histone 3 (Cell 
Signaling Technology), type III collagen (Millipore), type VI collagen, and plexin 
B2 (Abcam). Membranes were then washed and incubated in Tris buffered 
saline–Tween containing horseradish peroxidase–conjugated secondary 
antibody. Protein was detected with Lumi-Light Plus Western blotting 
substrate (Roche Diagnostics) using a ChemiDoc MP System (Bio-Rad). 
Densitometric analysis was performed with Image J software. Relative protein 
expression was normalized to histone H3 expression.

Reverse transcriptase–polymerase chain reaction (PCR) and 
quantitative PCR
RNA from monocytes, CD4+ T cells, and dermal fibroblasts was isolated using 
a RNeasy kit and RNase-Free DNase set (Qiagen). Total RNA was reverse-
transcribed using an iScript cDNA Synthesis kit (Bio-Rad). Duplicate PCR 
reactions were performed using SYBR Green (Applied Biosystems) with a 
StepOnePlus Real-Time PCR system (Applied Biosystems). Complementary 
DNA was amplified using specific primers (Invitrogen) (Supplementary Table 
5). Relative levels of gene expression were normalized to the housekeeping 
genes B2M (for monocytes and CD4+ T cells) and GAPDH (for fibroblasts). The 
relative quantity of mRNA was calculated using the formula 2−ΔCt × 1,000.

Confocal microscopy
Nunc Lab-Tek II chamber slides (ThermoFisher Scientific) were precoated with 
0.001% poly-l-lysine (Sigma-Aldrich), washed with phosphate buffered saline 
(PBS), and air-dried. Dermal fibroblasts were seeded in DMEM containing 
10% FBS for 24 hours and then incubated overnight in DMEM containing 0.1% 
FBS. Cells were then stimulated with Sema4A (200 ng/ml) in DMEM containing 
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2% FBS and 50 μg/ml of l-ascorbic acid, and refreshed 48 hours later. After 
72 hours, cells were fixed with 4% paraformaldehyde, washed with PBS–1% 
bovine serum albumin (BSA), and blocked in 5% normal donkey serum/1% 
BSA. Cells were incubated with primary antibodies specific for type I collagen 
(SouthernBiotech), type VI collagen (Abcam), and fibronectin (R&D Systems) 
for 1 hour at room temperature, washed, and incubated with secondary 
antibodies conjugated with Alexa Fluor 488, Alexa Fluor 594, and Alexa Fluor 
647 (ThermoFisher Scientific) for 30 minutes at room temperature. Finally, 
cells were incubated with DAPI (Sigma-Aldrich Chemie) and slides mounted 
with Mowiol (Sigma-Aldrich Chemie). Imaging data were acquired on a 
Zen2009 LSM 710 confocal microscope (Zeiss).

Extracellular matrix deposition assay
Black/clear flat-bottomed imaging plates (96 wells each; Corning) were 
coated with 0.2% gelatin solution for 1 hour at 37°C, washed with Dulbecco’s 
PBS containing 1 mM Ca2+ and 1 mM Mg2+ (DPBS+), and incubated with 1% 
glutaraldehyde for 30 minutes at room temperature. Plates were washed 
again with DPBS+ and incubated for 30 minutes at room temperature with 1M 
ethanolamine. After washing, dermal fibroblasts were seeded, incubated for 24 
hours in complete medium, and starved overnight in DMEM containing 0.1% 
FBS. Cells were then stimulated with Sema4A (200 ng/ml) in DMEM containing 
2% FBS and 50 μg/ml of l-ascorbic acid and refreshed 48 hours later. After 72 
hours, cells were lysed with 0.5% volume/volume Triton X-100 containing 20 
mM NH4OH in PBS, and plates were kept at 4°C overnight. Cellular debris was 
removed, and wells were fixed in ice-cold 100% methanol. After washing, the 
ECM was blocked at room temperature with 1% normal donkey serum (Jackson 
ImmunoResearch) and incubated with primary antibodies specific for type I 
collagen, type IV collagen, and fibronectin. Afterward, wells were washed, and 
secondary antibodies (IRDye 800CW and IRDye 680RD; Li-Cor) were added 
for 1 hour at room temperature. Plates were measured using an Odyssey Sa 
Infrared Imaging System (Li-Cor Biotechnology).

Statistical analysis
Correlations were analyzed by Spearman’s correlation analysis using SPSS 
software, version 25. Statistical analysis was performed using Windows 
GraphPad Prism 6 software. Potential differences between experimental 
groups were analyzed by nonparametric test, Wilcoxon’s test, Mann-Whitney 
test, Kruskal-Wallis test, or Friedman’s test, as appropriate. P values less than 
0.05 were considered significant.
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Results

Elevated expression of Sema4A in plasma and immune cells 
from SSc patients
Plasma levels of Sema4A were significantly higher in SSc patients than in 
healthy controls and, interestingly, positively correlated with the severity of 
skin thickening (r = 0.529, P = 0.016) (Figures 1A and B). Since Sema4A is a 
transmembrane protein that can be cleaved and released into the circulation 
(23), we analyzed the intracellular expression of Sema4A in monocytes, 
dendritic cells, and B and T cells from healthy control and SSc patient 
peripheral blood, to determine if circulating white blood cells might contribute 
to the increased Sema4A expression observed in SSc patients. Sema4A 
expression was significantly higher in monocytes from SSc patients compared 
to healthy controls, as was the percentage of monocytes expressing Sema4A 
(Figures 1C and D and Supplementary Figure 2A). We observed similar 
results in CD4+ T cells, but expression of Sema4A in T cells was much lower 
than that in monocytes. We did not find differences in Sema4A expression 
in the other cell subsets analyzed (Supplementary Figures 2B and C). We 
also analyzed the cellular surface expression of Sema4A and found that the 
percentage of Sema4A-positive monocytes was higher in SSc patients than 
in healthy controls. However, CD4+ T cells did not express Sema4A on the 
cell surface and no differences in expression were found in the other cell 
populations (Supplementary Figures 2D and E).

Next, we analyzed whether Sema4A expression was regulated in monocytes 
by different inflammatory mediators involved in the pathogenesis of SSc, 
namely Toll-like receptor (TLR) agonists and CXCL4 (5, 26). LPS and R848 
did not modulate the expression of Sema4A (data not shown), but poly(I-C) 
and CXCL4 significantly induced the secretion of Sema4A by monocytes 
from SSc patients (Figure 1E). CD3/CD28-induced CD4+ T cell activation 
also induced Sema4A secretion in both healthy controls and SSc patients, 
albeit at lower levels compared to monocytes (Figure 1F). Importantly, and 
consistent with the results of intracellular staining, both basal and stimulated 
secretion of Sema4A were significantly higher in monocytes and CD4+ T cells 
from SSc patients than those from healthy controls. Taken together, these 
data demonstrate that Sema4A expression is deregulated in SSc patient 
monocytes and, to a lesser extent, CD4+ T cells.
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Figure 1. Semaphorin 4A (Sema4A) is elevated in plasma, monocytes, and CD4+ T 
cells from patients with systemic sclerosis (SSc) and is induced by inflammatory 
stimuli. A, Sema4A levels in plasma from healthy controls (HC; n = 11) and SSc patients  
(n = 20). Data are shown as box plots. Each box represents the 25th to 75th percentiles. 
Lines inside the boxes represent the median. Lines outside the boxes represent the 10th 
and 90th percentiles. B, Correlation between Sema4A plasma levels and the modified 
Rodnan skin thickness score (MRSS). C and D, Intracellular Sema4A expression in 
monocytes and CD4+ T cells from healthy controls (n = 6) and SSc patients (n = 6). Data 
are shown as the change in median fluorescence intensity (ΔMFI) (C) or the percentage of 
positive cells (D). E, Expression of Sema4A protein by monocytes from healthy controls 
and SSc patients (n = 6 per group). Cells were stimulated with poly(I-C) or CXCL4 for 48 
hours. F, Expression of Sema4A protein by CD4+ T cells from healthy controls and SSc 
patients (n = 6 per group). Cells were stimulated with CD3/CD28 Dynabeads for 5 days. G, 
Surface expression of plexin D1 and plexin B2 in CD4+ T cells from healthy controls and 
SSc patients. Circles represent individual subjects; horizontal lines and error bars show 
the mean ± SEM.H, Surface expression of plexin D1 and plexin B2 in CD4+ T cell subsets 
from healthy controls and SSc patients (n = 7 per group). I, Surface expression of plexin 
D1, plexin B2, and neuropilin 1 (NRP-1) in total CD4+ T cells from healthy controls and SSc 
patients (n = 7 per group). Cells were stimulated with CD3/CD28 Dynabeads. In C–F, H, 
and I, bars show the mean ± SEM. * =P< 0.05; ** =P< 0.01; *** =P< 0.001 for the indicated 
comparisons. ## =  P  < 0.05 versus healthy control samples stimulated with poly(I-C);  
$$ =P< 0.05 versus healthy control samples stimulated with CXCL4.
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Increased frequency of CD4+ T cells expressing plexin B2 in SSc 
patients
Since Sema4A plays a key role in the homeostasis and activation of CD4+ 
T cells (19, 20), we determined the expression of the best-characterized 
Sema4A receptors in healthy control and SSc patient CD4+ T cells. NRP-1 was 
not expressed by CD4+ T cells (data not shown) and plexin D1 expression was 
similar between healthy controls and SSc patients. However, the percentage 
of CD4+ T cells expressing plexin B2 protein was significantly higher in SSc 
patients (Figure 1G). CD4+ T cells comprise different cell subsets (naive, 
effector, effector memory, and central memory CD4+ T cells) and, consistent 
with previous observations (27), frequencies of naive and central memory 
subsets were significantly altered in SSc patients (Supplementary Figures 3A 
and B). Therefore, we analyzed the expression of Sema4A receptors in these 
cell populations. Again, NRP-1 was not expressed in any population (data 
not shown) and we did not find differences in the expression of plexin D1. 
However, we observed a higher frequency of plexin B2–positive cells in the 
naive and effector memory CD4+ T cell populations (Figure 1H).

We next determined the effect of CD4+ T cell activation on the expression of 
the Sema4A receptors. CD3/CD28 stimulation did not affect the expression 
of plexin D1, but significantly increased the percentage of cells expressing 
plexin B2 and NRP-1 (Figures 1I and Supplementary Figures 3C and D). 
Additionally, we found a trend toward a higher frequency of plexin B2–
positive and NRP-1–positive cells in SSc patients compared to healthy controls, 
although the differences were not significant. The induction of plexin B2 and 
NRP-1 was not specific to any of the CD4+ T cell subsets (Supplementary 
Figure 3E).

Sema4A enhances production of Th17 cytokines by CD4+ T cells
Mouse studies have shown that Sema4A is involved in Th17 skewing (21-
23). We therefore analyzed the functional consequences of Sema4A ligation 
on the human production of Th17 cytokines. Sema4A did not affect cell 
viability or proliferation in response to CD3/CD28 stimulation of CD4+ T cells 
from either healthy controls or SSc patients (Supplementary Figures 4A  
and B). However, in both healthy controls and SSc patients, Sema4A 
enhanced IL-17 secretion induced by CD3/CD28 stimulation, as well the 
frequency of IL-17–positive, IL-21–positive, and IL-22–positive cells (Figures 
2A and B and Supplementary Figure 4C). In contrast, Sema4A did not 
regulate the expression of Th1 and Th2 cytokines (Supplementary Figure 5). 
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Figure 2. Semaphorin 4A (Sema4A)–induced Th17 cytokine production in CD4+ T cells. 
A and B, Interleukin-17 (IL-17) secretion (A) and intracellular levels of IL-17, IL-21, and IL-
22 (B) in total CD4+ T cells and different CD4+ T cell subsets from healthy controls (HCs) 
and patients with systemic sclerosis (SSc). Cells were activated with CD3/CD28 Dynabeads 
in the absence or presence of Sema4A for 5 days (for total CD4+ T cells), 7 days (for 
naive CD4+ T cells), or 2 days (for effector memory and central memory CD4+ T cells).   
C, Secretion of IL-17 by total CD4+ T cells from SSc patients following 5 days of activation 
with CD3/CD28 Dynabeads in the absence or presence of Sema4A, which had previously 
been incubated for 1 hour with increasing concentrations of blocking anti–plexin D1 or 
anti–neuropilin 1 (anti–NRP-1) antibodies or after plexin B2 silencing. In  A  and  C, bars 
show the mean ± SEM of 5–7 independent experiments. In B, symbols represent individual 
subjects. * = P < 0.05; *** = P < 0.001 for the indicated comparisons. $ = P < 0.05 versus 
CD3/CD28-activated cells from healthy controls; # = P < 0.05; ## = P < 0.01, versus CD3/
CD28-activated, Sema4A-treated cells from healthy controls in A and versus medium or 
scrambled (Sc) small interfering RNA (siRNA) in C.
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Effects of Sema4A on T cell cytokine production were not due to differences 
in healthy control and SSc patient T cell subset frequencies, since Sema4A 
enhanced the secretion of the production of IL-17, IL-21, and IL-22 induced by 
CD3/CD28 in naive, effector memory, and central memory T cell subsets from 
healthy controls and SSc patients (Figures 2A and B), while not affecting the 
production of Th1 and Th2 cytokines (Supplementary Figure 5). Importantly, 
the production of IL-17 was significantly higher in total, naive, and effector 
memory CD4+ T cells from SSc patients than in those from healthy controls.

We next determined the effect of blocking the expression of Sema4A receptors 
on Sema4A-induced production of Th17 cytokines in total CD4+ T cells from 
healthy controls and SSc patients. The blocking of plexin D1 and NRP-1 with 
specific antibodies, and the silencing of plexin B2 expression with siRNA, 
significantly reduced Sema4A-induced secretion of IL-17, as well Sema4A-
enhanced frequency of IL-17–positive, IL-21–positive, and IL-22–positive cells 
in both healthy controls and SSc patients (Figure 2C and Supplementary 
Figures 6 and 7). Notably, this reduction was also observed in the absence 
of exogenous Sema4A. Since antibody blocking and cell transfection did not 
affect CD4+ T cell viability or proliferation (data not shown), this effect is likely 
due to the endogenous secretion of Sema4A by CD4+ T cells (Figure 1F).

Sema4A directs fibroblast activation via IL-17 production by 
CD4+ T cells
Several studies have implicated IL-17 in SSc inflammatory and fibrotic 
processes (7-11). To determine if the enhanced IL-17 production induced by 
Sema4A was sufficient to induce biologic responses, we stimulated dermal 
fibroblasts from healthy controls with the conditioned medium of CD4+ 
T cells, previously preincubated with an anti–IL-17 antibody or its isotype 
control, and analyzed fibroblast expression of mRNA for ECM components 
and inflammatory mediators. Compared to the conditioned medium of 
unstimulated CD4+ T cells, the conditioned medium of CD4+ T cells stimulated 
with CD3/CD28 alone or in combination with Sema4A did not modulate the 
expression of mRNA for COL1A1, COL3A1, or FN1 (Figure 3A). However, the 
conditioned medium of activated CD4+ T cells significantly induced expression 
of mRNA for IL6, IL8, PTGS2, CCL2, CCL20, and CXCL2, and the secretion of IL-6 
and IL-8 proteins, compared to the conditioned medium of unstimulated cells. 
Importantly, the expression of these mediators was significantly enhanced by 
the conditioned medium of CD4+ T cells activated in the presence of Sema4A 
and was significantly inhibited when supernatants were preincubated with 
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Figure 3. Semaphorin 4A (Sema4A) orchestrates fibroblast activation via 
interleukin-17 (IL-17) production by CD4+ T cells.  A  and  B, Expression of mRNA for 
extracellular matrix components (A) and inflammatory mediators (B) in skin fibroblasts 
from healthy controls. Cells were incubated for 24 hours with conditioned medium 
of activated CD4+ T cells in the absence or presence of Sema4A, which had previously 
been incubated for 1 hour with an anti–IL-17 antibody or its isotype control.  C, 
Expression of IL-6 and IL-8 protein (ng/ml) by skin fibroblasts from healthy controls. 
Cells were incubated for 24 hours with conditioned medium of activated CD4+ T cells 
in the absence or presence of Sema4A, which had previously been incubated for 1 
hour with an anti–IL-17 antibody or its isotype control. Bars show the mean ± SEM of 
7 independent experiments. * =  P  < 0.05 for the indicated comparisons. # =  P  < 0.05;  
## = P < 0.01; ### = P < 0.001 versus medium.
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anti–IL-17 antibody (Figures 3B and C). Taken together, these results suggest 
that Sema4A-induced IL-17 expression by T cells is partially responsible for 
dermal fibroblast expression of inflammatory mediators.

Sema4A induces a profibrotic phenotype in dermal fibroblasts
Since Sema4A can modulate collagen contraction by lung fibroblasts (24), 
we analyzed the potential profibrotic effect of Sema4A on skin fibroblasts. 
Sema4A up-regulated, in a time-dependent manner, the expression of mRNA 
for various ECM components involved in fibrotic processes, such as COL1A1, 
COL1A2, COL3A1, COL4A1, COL6A1, VIM, FN1, and ACTA2, the gene that encodes 
the myofibroblast marker α-SMA, in fibroblasts from both healthy controls 
and SSc patients (Figure 4A). Protein analysis confirmed these results, 
as Sema4A induced the expression of type III collagen, type VI collagen, 
vimentin, and α-SMA (Figure 4B). Sema4A also induced the production of 

Figure 4. Semaphorin 4A (Sema4A)–induced expression and deposition of extracellular 
matrix (ECM) components. A, Expression of mRNA for ECM components by skin fibroblasts from 
healthy controls (HCs) and patients with systemic sclerosis (SSc). Cells were stimulated with Sema4A 
(200 ng/ml) for 24, 48, or 72 hours. Bars show the mean ± SEM of 6 independent experiments. B, 
Representative immunoblots showing expression of type VI collagen (Col VI), type III collagen, 
vimentin, and α-smooth muscle actin (α-SMA) protein in skin fibroblasts from healthy controls 
and SSc patients. Cells were stimulated with Sema4A for 72 hours. C and D, Type I collagen, type 
IV collagen, and fibronectin 1 (FN1) production (C) and deposition (D) by skin fibroblasts from 
healthy controls and SSc patients. Cells were stimulated with Sema4A for 7 days. Images in C are 
representative of 4 independent experiments. Original magnification × 20. Symbols in D represent 
individual subjects. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 for the indicated comparisons. # = P < 
0.05 versus unstimulated healthy control fibroblasts.
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type I collagen, type IV collagen, and fibronectin by both healthy control and 
SSc dermal fibroblasts (Figure 4C). ECM deposition analysis confirmed these 
findings and also demonstrated that the deposition of type I collagen and 
fibronectin was significantly higher in SSc fibroblasts than healthy control 
fibroblasts (Figure 4D).

Figure 5. Plexin D1 blocking and plexin B2 silencing abrogate semaphorin 4A (Sema4A)–
induced expression of extracellular matrix (ECM) components. A and B, Expression of mRNA 
for ECM components (A) and representative immunoblots showing expression of type VI collagen 
(Col VI), type III collagen, vimentin, and α-smooth muscle actin (α-SMA) protein (B) by skin fibroblasts 
from patients with systemic sclerosis (SSc). Cells were stimulated with Sema4A for 72 hours after 1 
hour of preincubation with blocking anti–plexin D1 antibody or its isotype control. C, Densitometric 
analysis of type III collagen, type VI collagen, vimentin, and α-SMA protein expression. Data were 
normalized to histone H3 expression. D and E, Expression of mRNA for ECM components (D) and 
representative immunoblots showing expression of type VI collagen, type III collagen, vimentin, 
and α-SMA protein (E) by skin fibroblasts from SSc patients. Cells were stimulated with Sema4A for 
72 hours after plexin B2 silencing. F, Densitometric analysis of type III collagen, type VI collagen, 
vimentin, and α-SMA protein expression. Data were normalized to histone H3 expression. 
In A, C, D, and F, bars show the mean ± SEM of 5–6 independent experiments. In B and E, results 
are representative of 5–6 independent experiments. * = P < 0.05; ** = P < 0.01; *** = P < 0.001 for 
the indicated comparisons. # = P < 0.05; ## = P < 0.01; ### = P < 0.001, versus isotype control or 
unstimulated scrambled (Sc) small interfering RNA (siRNA)–transfected cells.
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Finally, we analyzed the effect of the inhibition of Sema4A signaling on the 
production of ECM components by SSc fibroblasts. Neutralization of NRP-1 
did not affect the expression of mRNA for these components in Sema4A-
stimulated fibroblasts (Supplementary Figure 8). However, plexin D1 
neutralization or plexin B2 silencing significantly suppressed expression of 
mRNA for COL1A1, COL1A2, COL3A1, COL6A1, VIM, FN1, and ACTA2 (Figures 5A 
and D), and the expression of type III collagen, type VI collagen, vimentin, 
and α-SMA protein in SSc patient fibroblasts (Figures 5B, C, E, and F). The 
lack of effect of NRP-1 was not due to differences in the expression levels of 
plexin D1, plexin B2, and NRP-1, as all 3 receptors were detected in dermal 
fibroblasts from both healthy controls and SSc patients. We did not find 
differences in the expression of mRNA for these receptors between healthy 
controls and SSc patients, but Sema4A up-regulated the expression of mRNA 
for PLXND1, PLXNB2, and NRP1 in fibroblasts from both healthy controls 
and SSc patients (Supplementary Figure 9), suggesting that Sema4A might 
further enhance its profibrotic effect via the up-regulation of its receptors. 
Taken together, these data demonstrate that Sema4A directly induces 
profibrotic gene expression in healthy control and SSc dermal fibroblasts, 
dependent on signaling mediated by plexin D1 and plexin B2.

Discussion

Herein, we demonstrated that Sema4A plays an essential role in inflammation 
and fibrosis, 2 main aspects of SSc pathology. Sema4A induces inflammation 
in an IL-17–dependent manner and directly induces a profibrotic phenotype 
in dermal fibroblasts (Figure 6). Abnormal activation of monocytes and T cells 
contributes to the ongoing inflammation observed in SSc patients (1, 5, 6, 28, 
29). We found that plasma levels of Sema4A were elevated in SSc patients, 
similar to other autoimmune diseases such as rheumatoid arthritis and MS (23, 
30), and identified peripheral blood monocytes and CD4+ T cells as potential 
sources of Sema4A in SSc patients. Importantly, poly(I-C), a TLR-3 agonist, 
(31) and CXCL4, both important to the pathology of SSc (26), induced Sema4A 
secretion by circulating monocytes. CD3/CD28-mediated activation of CD4+ T 
cells also induced the secretion of Sema4A, as well as the surface expression of 
its receptors plexin B2 and NRP-1. Taken together, these results demonstrate 
that regulated expression of Sema4A and its receptors is disrupted in 
circulating SSc patient immune cells.
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Previous mouse studies have demonstrated that Sema4A mediates Th17 
skewing, and elevated serum levels of Sema4A in MS patients are positively 
associated with Th17 skewing (21-23). In this study we directly demonstrated 
a requisite role for Sema4A in the production of Th17, but not Th1 or Th2 
cytokines, by human CD4+ T cells. In contrast with our observation, Sema4A 
was recently reported to induce proliferation and Th2 polarization in human 
CD4+ T cells (32). These differences may be attributed to the different 
recombinant Sema4A protein used, the different manner of CD4+ T cell 
activation and proliferation, and the use of CD4+ T cells from adult blood buffy 
coats. The effect of Sema4A on Th17 cytokine production was not considered 
in that study and therefore cannot be directly compared with our results. The 
effect of Sema4A on Th17 cytokine production was not restricted to a specific 
CD4+ T cell population, as we observed a similar induction of Th17 cytokines 
in naive, central memory, and effector memory populations. Importantly, 

Figure 6. Schematic overview of the inflammatory and fibrotic roles of semaphorin 
4A (Sema4A) in the pathogenesis of systemic sclerosis (SSc). 
Sema4A is elevated in the plasma of SSc patients, due to increased production by 
monocytes and, to a lesser extent, CD4+ T cells. In CD4+ T cells, Sema4A enhances the 
production of Th17 cytokines induced by CD3/CD28, and secreted interleukin-17 (IL-17) 
induces the production of inflammatory mediators and chemokines in dermal fibroblasts. 
Sema4A also plays a direct role in fibrosis by inducing the production of extracellular 
matrix components and the expression of the myofibroblast marker α-smooth muscle 
actin (α-SMA) in dermal fibroblasts. NRP-1 = neuropilin 1; Col I = type I collagen; COX-2 = 
cyclooxygenase 2.
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Sema4A-induced IL-17 secretion was significantly higher in SSc patients, likely 
due to elevated expression of the receptors plexin B2 and NRP-1 by resting and 
activated SSc patient CD4+ T cells.

Inhibition of Sema4A signaling, through the blocking of the receptors NRP-1 
and plexin D1, or the silencing of plexin B2, drastically reduced Th17 cytokine 
secretion. Notably, this effect was also observed in the absence of exogenous 
Sema4A, suggesting that CD4+ T cell production of Sema4A induces the 
expression of Th17 cytokines in an autocrine/paracrine manner. Sema4A 
can bind to different receptors in a cell type–dependent manner. Plexin D1 
is the Sema4A receptor in macrophages, while Sema4A binds to plexin B2 in 
CD8+ T cells and to NRP-1 in Treg cells (33-35). Our results show that all 3 of 
these receptors are involved in Sema4A signaling in CD4+ T cells, although 
the highest inhibition of Sema4A-induced Th17 cytokine production was 
observed after the blocking of plexin D1. This finding might be explained 
simply by the fact that the percentage of CD4+ T cells expressing plexin D1 
is much higher than those expressing plexin B2 and NRP-1, but we cannot 
rule out the potential differential blocking efficiency of antibodies used, 
residual expression of plexin B2 following gene silencing, or involvement of 
immunoglobulin-like transcript 4, a recently identified Sema4A receptor in 
CD4+ T cells (32).

To date, the role of IL-17 in SSc fibrotic processes has been uncertain, as mouse 
studies have shown that IL-17 plays a profibrotic role that was not observed in 
isolated human fibroblasts (36-39). In this study, we observed that IL-17 failed to 
modulate fibroblast expression of the ECM components examined, confirming 
that IL-17 does not induce a fibrotic phenotype in SSc fibroblasts. Instead, IL-
17 can enhance dermal fibroblast expression of inflammatory mediators that 
are elevated in SSc patients and play an important role in disease pathology, 
including IL-6, IL-8, cyclooxygenase 2 (COX-2), CCL2, CCL20, and CXCL2 (1, 40, 
41). Neutralization of IL-17 did not completely abrogate fibroblast production 
of inflammatory mediators in response to conditioned T cell supernatants, 
suggesting that other T cell cytokines are also involved in fibroblast activation. 
In this regard, IL-22 enhances TNF-induced expression of chemokines by 
healthy control and SSc dermal fibroblasts (42, 43). Also, other mediators not 
regulated by Sema4A, such as TNF and IFNγ, are strong activators of dermal 
fibroblasts (43-45). However, this effect was not due to the Sema4A present in 
the supernatants, as the blocking of plexin D1 did not influence the expression 
of inflammatory mediators (Supplementary Figure 10).
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Our results suggest that Sema4A plays a role in SSc pathology, through the 
induction of IL-17 by CD4+ T cells, which promote fibroblast expression of 
inflammatory mediators. Fibroblasts are also key contributors to fibrosis in SSc, 
and their activation in affected tissue leads to their differentiation into α-SMA–
expressing myofibroblasts and excessive deposition of ECM components (4, 
46-48). In the present study, we found that Sema4A induced the expression 
of ECM components and α-SMA by healthy control and SSc patient dermal 
fibroblasts, effects mediated by the receptors plexin D1 and plexin B2. In 
conclusion, in this study we have identified Sema4A as a key mediator of 
Th17 production and fibrosis, and blocking Sema4A signaling might suppress 
both pathologic processes in SSc, a complex and heterogeneous disease for 
which currently available therapies can only treat organ manifestations and no 
antifibrotic drugs have yet to be approved (49, 50).
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Supplementary Figure S1. Efficiency of plexinB2 silencing in CD4+ T cells and 
fibroblasts. (A-B) PlexinB2 expression in CD4+ T cells from HC and SSc patients transfected with 
scrambled control (Sc) siRNA or plexinB2 siRNA (50 nM for both). Data is shown as the percentage of 
positive cells with respect to the total CD4+ T cells (A) or to the Sc siRNA-transfected cells (B). Bars 
represent the mean and SEM of 6 independent experiments.  *p<0.05 and  **p<0.01. (C) 
Representative immunoblot of plexinB2 protein expression by SSc skin fibroblasts transfected with Sc 
siRNA or PlexinB2 siRNA (50 nM for both). (D) Densitometric analysis of plexinB2 protein expression. 
Data is shown as the percentage of expression with respect to Sc siRNA-treated cells. Bars represent 
the mean and SEM of 6 independent experiments. *p<0.05. 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure S1. Efficiency of plexinB2 silencing in CD4+ T cells and 
fibroblasts. (A-B) PlexinB2 expression in CD4+ T cells from HC and SSc patients transfected 
with scrambled control (Sc) siRNA or plexinB2 siRNA (50 nM for both). Data is shown as 
the percentage of positive cells with respect to the total CD4+ T cells (A) or to the Sc siRNA-
transfected cells (B). Bars represent the mean and SEM of 6 independent experiments.  
*p<0.05 and  **p<0.01. (C) Representative immunoblot of plexinB2 protein expression 
by SSc skin fibroblasts transfected with Sc siRNA or PlexinB2 siRNA (50 nM for both). (D) 
Densitometric analysis of plexinB2 protein expression. Data is shown as the percentage of 
expression with respect to Sc siRNA-treated cells. Bars represent the mean and SEM of 6 
independent experiments. *p<0.05.
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Supplementary Figure S2. Sema4A expression is elevated in monocytes and CD4+ T 
cells of SSc patients. (A) Representative intracellular Sema4A staining in monocytes and CD4+ T 
cells of SSc patients, using Ig control (open area) and Sema4A antibodies (filled grey area). (B-C) 
Intracellular Sema4A expression in different cell subsets from HC and SSc patients. Data is shown as 
the percentage of positive cells (B) or as ΔMFI (median fluorescent intensity) = MFI positive staining – 
MFI isotype staining (C). Bars represent the mean and SEM of 8 independent experiments. (D-E) 
Surface Sema4A expression in monocytes and CD4+ T cells from HC and SSc patients. Data is shown as 
the percentage of positive cells (D) or as ΔMFI (E). Bars represent the mean and SEM of 6-8 
independent experiments. * p <0.05. 
 
 
 

Supplementary Figure S2. Sema4A expression is elevated in monocytes and CD4+ T 
cells of SSc patients. (A) Representative intracellular Sema4A staining in monocytes and 
CD4+ T cells of SSc patients, using Ig control (open area) and Sema4A antibodies (filled 
grey area). (B-C) Intracellular Sema4A expression in different cell subsets from HC and 
SSc patients. Data is shown as the percentage of positive cells (B) or as ΔMFI (median 
fluorescent intensity) = MFI positive staining – MFI isotype staining (C). Bars represent 
the mean and SEM of 8 independent experiments. (D-E) Surface Sema4A expression in 
monocytes and CD4+ T cells from HC and SSc patients. Data is shown as the percentage 
of positive cells (D) or as ΔMFI (E). Bars represent the mean and SEM of 6-8 independent 
experiments. * p <0.05.
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Supplementary Figure S3. PlexinB2 expression is elevated in CD4+ T cells of SSc 
patients and its expression is induced by CD4 activation. (A) Representative dot plot 
of the CD4+ T cell subsets in HC and SSc patients. The numbers in the dot plots indicate 
the percentage of cells in that gate. (B) Frequency of CD4+ T cell subsets in HC and SSc 
patients. Data is shown as the percentage of positive cells. Bars represent the mean and 
SEM of 7 independent experiments. * p<0.05, and ** p<0.01. (C-D) Representative dot 
plots of the surface expression of plexinD1, plexinB2 and NRP-1 in CD4+ T cells from HC (C) 
and SSc patients (D), using anti-plexinD1, -plexinB2 and -NRP-1 antibodies (dark grey dots) 
or their respective isotype control Ig control (light grey dots). The numbers in the dot plots 
indicate the percentage of cells in that gate. (E) Surface expression of plexinD1, plexinB2 
and NRP-1 in CD4+ T cells from HC and SSc patients unstimulated or stimulated with anti-
CD3/anti-CD28 beads (ratio 5 cells:1 bead) for 48h. Data is shown as the percentage of 
positive cells. Bars represent the mean and SEM of 7 independent experiments. * p<0.05 
and ** p<0.01.
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Supplementary Figure S4. Sema4A does not affect CD3/CD28-dependent CD4+ T cell 
viability and proliferation but induces Th17 cytokine production. (A-B) Viability (A) 
and proliferation (B) of CD4+ T cell from HC and SSc patients activated with anti-CD3/anti-
CD28 beads (ratio 5 cells: 1 bead) in the absence or presence of Sema4A (200 ng/ml). Data 
is shown as percentage of alive (A) or proliferated (B) cells and presented as connected 
dots. (C) Representative dot plots of the intracellular levels of IL-17, IL-21 and IL-22 by 
total CD4+ T cells from SSc patients activated with anti-CD3/anti-CD28 beads (ratio 5 cells: 
1 bead) in the absence or presence of Sema4A (200 ng/ml) for 5 days. The numbers in the 
dot plots indicate the percentage of cells in that gate.
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Supplementary Figure S4.  Sema4A does not affect CD3/CD28-dependent CD4+ T cell 
viability and proliferation but induces Th17 cytokine production. (A-B) Viability (A) and 
proliferation (B) of CD4+ T cell from HC and SSc patients activated with anti-CD3/anti-CD28 beads 
(ratio 5 cells: 1 bead) in the absence or presence of Sema4A (200 ng/ml). Data is shown as percentage 
of alive (A) or proliferated (B) cells and presented as connected dots. (C) Representative dot plots of 
the intracellular levels of IL-17, IL-21 and IL-22 by total CD4+ T cells from SSc patients activated with 
anti-CD3/anti-CD28 beads (ratio 5 cells: 1 bead) in the absence or presence of Sema4A (200 ng/ml) 
for 5 days. The numbers in the dot plots indicate the percentage of cells in that gate. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Supplementary Figure S5. Sema4A does not induce Th1/2 cytokine production. 
Intracellular levels of IFN-γ, TNF and IL-4 in total CD4+ T cells or different CD4+ T subsets from HC 
and SSc patients activated with anti-CD3/anti-CD28 beads (ratio 5 cells: 1 bead) in the absence or 
presence of Sema4A (200 ng/ml) for 5d. Data is shown as the percentage of positive cells and 
presented as connected dots. 

Supplementary Figure S5. Sema4A does not induce Th1/2 cytokine production. 
Intracellular levels of IFN-γ, TNF and IL-4 in total CD4+ T cells or different CD4+ T subsets 
from HC and SSc patients activated with anti-CD3/anti-CD28 beads (ratio 5 cells: 1 bead) in 
the absence or presence of Sema4A (200 ng/ml) for 5d. Data is shown as the percentage 
of positive cells and presented as connected dots.
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Supplementary Figure S6. Sema4A signaling inhibition reduces Th17 cytokine 
production. (A-B) IL-17 secretion (A) and intracellular levels of IL-17, IL-21 and IL-22 (B) by 
total CD4+ T cells from HC activated for 5d with anti-CD3/anti-CD28 beads (ratio 5 cells: 1 
bead) in the absence or presence of Sema4A (200 ng/ml), previously pre-incubated 1h with 
increasing concentrations of blocking anti-plexinD1, anti-NRP1 or after plexinB2 silencing. 
Data in (B) is shown as the percentage of positive cells respect to CD3/CD28-activated 
cells. Bars represent the mean and SEM of 5-7 independent experiments. * p<0.05, ** 
p<0.01 and *** p<0.001. # p<0.05 compared to CD3/CD28-activated cells.
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Supplementary Figure S6. Sema4A signaling inhibition reduces Th17 cytokine 
production. (A-B) IL-17 secretion (A) and intracellular levels of IL-17, IL-21 and IL-22 (B) by total 
CD4+ T cells from HC activated for 5d with anti-CD3/anti-CD28 beads (ratio 5 cells: 1 bead) in the 
absence or presence of Sema4A (200 ng/ml), previously pre-incubated 1h with increasing 
concentrations of blocking anti-plexinD1, anti-NRP1 or after plexinB2 silencing. Data in (B) is shown as 
the percentage of positive cells respect to CD3/CD28-activated cells. Bars represent the mean and 
SEM of 5-7 independent experiments. * p<0.05, ** p<0.01 and *** p<0.001. # p<0.05 compared to 
CD3/CD28-activated cells. 
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Supplementary Figure S7. Sema4A signaling inhibition reduces Th17 cytokine 
production. Intracellular levels of IL-17, IL-21 and IL-22 by total CD4+ T cells from SSc patients 
activated for 5d with anti-CD3/anti-CD28 beads (ratio 5 cells: 1 bead) in the absence or presence of 
Sema4A (200 ng/ml), previously pre-incubated 1h with increasing concentrations of blocking anti-
plexinD1, anti-NRP1 or after plexinB2 silencing. Data in (B) is shown as the percentage of positive cells 
respect to CD3/CD28-activated cells. Bars represent the mean and SEM of 5-7 independent 
experiments. * p<0.05, ** p<0.01 and *** p<0.001. # p<0.05 compared to CD3/CD28-activated cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure S8. NRP-1 blocking does not affect Sema4A-induced expression 
of ECM components. mRNA expression of ECM components by skin fibroblasts of SSc patients 
stimulated with Sema4A (200 ng/ml) for 72h after 1h pre-incubation with blocking anti-NRP-1 
antibody or its respective isotype control (5 µg/ml, for both). Bars represent the means and SEM of 4 
independent experiments. 

Supplementary Figure S7. Sema4A signaling inhibition reduces Th17 cytokine production. 
Intracellular levels of IL-17, IL-21 and IL-22 by total CD4+ T cells from SSc patients activated for 5d 
with anti-CD3/anti-CD28 beads (ratio 5 cells: 1 bead) in the absence or presence of Sema4A (200 ng/
ml), previously pre-incubated 1h with increasing concentrations of blocking anti-plexinD1, anti-NRP1 
or after plexinB2 silencing. Data in (B) is shown as the percentage of positive cells respect to CD3/
CD28-activated cells. Bars represent the mean and SEM of 5-7 independent experiments. * p<0.05, ** 
p<0.01 and *** p<0.001. # p<0.05 compared to CD3/CD28-activated cells.
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Supplementary Figure S7. Sema4A signaling inhibition reduces Th17 cytokine 
production. Intracellular levels of IL-17, IL-21 and IL-22 by total CD4+ T cells from SSc patients 
activated for 5d with anti-CD3/anti-CD28 beads (ratio 5 cells: 1 bead) in the absence or presence of 
Sema4A (200 ng/ml), previously pre-incubated 1h with increasing concentrations of blocking anti-
plexinD1, anti-NRP1 or after plexinB2 silencing. Data in (B) is shown as the percentage of positive cells 
respect to CD3/CD28-activated cells. Bars represent the mean and SEM of 5-7 independent 
experiments. * p<0.05, ** p<0.01 and *** p<0.001. # p<0.05 compared to CD3/CD28-activated cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Supplementary Figure S8. NRP-1 blocking does not affect Sema4A-induced expression 
of ECM components. mRNA expression of ECM components by skin fibroblasts of SSc patients 
stimulated with Sema4A (200 ng/ml) for 72h after 1h pre-incubation with blocking anti-NRP-1 
antibody or its respective isotype control (5 µg/ml, for both). Bars represent the means and SEM of 4 
independent experiments. 

Supplementary Figure S8. NRP-1 blocking does not affect Sema4A-induced expression of ECM 
components. mRNA expression of ECM components by skin fibroblasts of SSc patients stimulated 
with Sema4A (200 ng/ml) for 72h after 1h pre-incubation with blocking anti-NRP-1 antibody or its 
respective isotype control (5 µg/ml, for both). Bars represent the means and SEM of 4 independent 
experiments.
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Supplementary Figure S9. Sema4A induces plexinD1, plexinB2 and NRP-1 mRNA 
expression. mRNA expression of Sema4A receptors by skin fibroblasts of HC and SSc patients 
stimulated with Sema4A (200 ng/ml) for 24, 48 and 72h. Bars represent the means and SEM of 6 
independent experiments. * p<0.05, * p<0.01 and *** p<0.001. 
 
 
 
 

 

 

 

 

 

 

 

 

 

 

Supplementary Figure S10. mRNA expression of inflammatory mediators by skin HC fibroblasts, 
pre-incubated 1h with an anti-plexinD1 antibody or its respective isotype control (5 µg/ml, for both) 
after incubated 24h with conditioned medium of activated CD4+ T cells in the absence or presence of 
Sema4A (200 ng/ml). Bars represent the means and SEM of 5 independent experiments. * p<0.05 and 
** p<0.01. # p<0.05, compared to medium. 
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Supplementary Figure S10. mRNA expression of inflammatory mediators by skin HC fibroblasts, 
pre-incubated 1h with an anti-plexinD1 antibody or its respective isotype control (5 µg/ml, for both) 
after incubated 24h with conditioned medium of activated CD4+ T cells in the absence or presence of 
Sema4A (200 ng/ml). Bars represent the means and SEM of 5 independent experiments. * p<0.05 and 
** p<0.01. # p<0.05, compared to medium. 
 

 

Supplementary Figure S10. mRNA expression of inflammatory mediators by skin HC 
fibroblasts, pre-incubated 1h with an anti-plexinD1 antibody or its respective isotype 
control (5 µg/ml, for both) after incubated 24h with conditioned medium of activated 
CD4+ T cells in the absence or presence of Sema4A (200 ng/ml). Bars represent the means 
and SEM of 5 independent experiments. * p<0.05 and ** p<0.01. # p<0.05, compared to 
medium.
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Supplementary Table 1. Characteristics of SSc patients providing plasma for Sema4A 
expression.

HC (n=11) SSc (n=20)

Age (years) 51 (46-58) 51 (43-56)

Female: n (%) 10 (81) 15 (75)

Disease duration (years) 9  (6-11)

Limited cutaneous SSc 10 (50)

Diffuse cutaneous SSc 10 (50)

ANA positive: n (%) 18 (90)

ACA positive: n (%) 5 (25)

Scl70 positive: n (%) 6 (30)

mRSS 8 (2-12)

ILD: n (%) 4 (20)

DMARDs: n (%) 10 (50)

Biologicals: n (%) 1 (5)

Data is presented as the median (interquartile range) or number (percentage). ANA: 
antinuclear antibodies; ACA: anticentromere antibodies; Scl70: antitopoisomerase 
antibodies; mRSS: modified Rodnan Skin score; ILD: Interstitial Lung disease; DMARDs: 
disease-modifying antirheumatic drugs.

Supplementary Table 2. Characteristics of SSc patients providing blood for functional 
experiments. 

HC (n=29) SSc (n=29)

Age (years) 56 (46-58) 53 (46-63)

Female: n (%) 23 (80) 22 (76)

Disease duration (years) 11 (2-25)

Non-cutaneous SSc 4 (14)

Limited cutaneous SSc 19 (65)

Diffuse cutaneous SSc 6 (21)

ANA positive: n (%) 26 (90)

ACA positive: n (%) 12 (41)

Scl70 positive: n (%) 4 (14)

mRSS 4 (1-6)

ILD: n (%) 4 (14)

DMARDs: n (%) 3 (10)

Biologicals: n (%) 0 (0)

Data is presented as the median (interquartile range) or number (percentage). ANA: antinuclear 
antibodies; ACA: anticentromere antibodies; Scl70: antitopoisomerase antibodies; mRSS: 
modified Rodnan Skin score; ILD: Interstitial Lung disease; DMARDs: disease-modifying 
antirheumatic drugs.
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Supplementary Table 3. Characteristics of SSc patients providing skin samples for 
dermal fibroblast isolation. 

HC (n=7) SSc (n=6)

Age (years) 46 (42-53) 45 (39-53)

Female: n (%) 7 (100) 4 (60)

Disease duration (years) 30 (3-7)

Limited cutaneous SSc 2 (33)

Diffuse cutaneous SSc 4 (67)

ANA positive: n (%) 50(83)

ACA positive: n (%) 10(17)

Scl70 positive: n (%) 20 (33)

mRSS 8 (7-14)

ILD: n (%) 2 (33)

DMARDs: n (%) 3 (50)

Biologicals: n (%) 0 (0)

Data is presented as the median (interquartile range) or number (percentage). ANA: antinuclear 
antibodies; ACA: anticentromere antibodies; Scl70: antitopoisomerase antibodies; mRSS: 
modified Rodnan Skin score; ILD: Interstitial Lung disease; DMARDs: disease-modifying 
antirheumatic drugs.

Supplementary Table 4.  Gating strategy used to define the different cell populations.

Cell population Gating strategy

Monocytes CD3- CD19- CD56- HLA-DR+ CD14+

mDC1 CD3- CD19- CD56- HLA-DR+ CD14- CD16- CD1c+ CD141-

mDC2 CD3- CD19- CD56- HLA-DR+ CD14- CD16- CD1c-CD141+

pDCs CD3- CD19- CD56- HLA-DR+ CD14- CD16- CD303+

B cells CD3- CD56- CD19+

CD4+ T cells CD3- CD19- CD56- CD8- CD4+

CD8+ T cells CD3- CD19- CD56- CD4- CD8+
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Supplementary Table 5.  List of qPCR primers.

Gene Primer forward Primer reverse

Sema4A 5’TCTGCTCCTGAGTGGTGATG3’ 5’AAACCAGGACACGGATGAAG3’

PlexinD1 5’GGCCGAGTGAAAGACTTGGA3’ 5’GGTGAGACTTCTTGGGCTCC3’

PlexinB2 5’TCTCAGTCAAGGGCACACTG3’ 5’GCGGTAAGCTGTTCGTCTTC3’

NRP1 5’GAAAAATGCGAATGGCTGAT3’ 5’AATGGCCCTGAAGACACAAC3’

IL6 5’GACAGCCACTCACCTCTTCA3’ 5’CCTCTTTGCTGCTTTCACAC3’

IL8 5’GCTCTGTGTGAAGGTGCAGT3’ 5’CCAGACAGAGCTCTCTTCCA3’

PTGS2 5’ ACTGCTCAACACCGGAATTT 3’ 5’ TGCATTTCGAAGGAAGGGAA 3’

CCL2 5’TCTGTGCCTGCTGCTCATAG3’ 5’GGGCATTGATTGCATCTGGC3’

CCL20 5’TTATTGTGGGCTTCACAGGG3’ 5’TTGCGCACAGAGACAACTTT3’

CXCL2 5’GAAAGCTTGTCTCAACCCCG3’ 5’AGTTGGATTTGCCATTTTTCAGC3’

Col1A1 5’CCAGAAGAACTGGTACATCAGCA3’ 5’CGCCATACTCGAACTGGAAT3’

Col1A2 5’GATGTTGAACTTGTTGCTGAGG3’ 5’TCTTTCCCCATTCATTTGTCTT3’

Col3A1 5’CTTCTCTCCAGCCGAGCTTC3’ 5’TGTGTTTCGTGCAACCATCC3’

Col4A1 5’GCAAATGTGACTGCCATGGA3’ 5’GAAACCCAATGACACCTTGTAACC3’

Col4A2 5’CCTGAAGGCACAGCTAACCA3’ 5’TGCTGTTGTCTCGTCTGTCC3’

Col6A1 5’CCCGTGGACCTGTTCTTTGT3’ 5’CACAGCGGTAGTACCTGTCC3’

Fibronectin 5’CTGGCCGAAAATACATTGTAAA3’ 5’CCACAGTCGGGTCAGGAG3’

Vimentin 5’ACCAACGACAAAGCCCGCCT3’ 5’CAGATACGCATTGTCAACATCCTGT3’

ACTA1 5’CCGACCGAATGCAGAAGGA3’ 5’ACAGAGTATTTGCGCTCCGAA3’

B2M 5’GATGAGTATGCCTGCCGTGT3’ 5’TGCGGCATCTTCAAACCTCC3’

GAPDH 5’GCCAGCCGAGCCACATC3’ 5’TGACCAGGCGCCCAATAC3’
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Abstract

Objectives. SSc is an autoimmune disease characterized by inflammation, 
vascular injury and excessive fibrosis in multiple organs. Secreted protein 
acidic and rich in cysteine (SPARC) is a matricellular glycoprotein that 
regulates processes involved in SSc pathology, such as inflammation and 
fibrosis.  In vivo  and  in vitro  studies have implicated SPARC in SSc, but it is 
unclear if the pro-fibrotic effects of SPARC on fibroblasts are a result of 
intracellular signalling or fibroblast interactions with extracellular SPARC 
hampering further development of SPARC as a potential therapeutic target. 
This study aimed to analyse the potential role of exogenous SPARC as a 
regulator of fibrosis in SSc.

Methods. Dermal fibroblasts from both healthy controls and SSc patients 
were stimulated with SPARC alone or in combination with TGF-β1, in the 
absence or presence of a TGF receptor 1 inhibitor. mRNA and protein 
expression of extracellular matrix components and other fibrosis-related 
mediators were measured by quantitative PCR and western blot.

Results. Exogenous SPARC induced mRNA and protein expression of collagen 
I, collagen IV, fibronectin 1, TGF-β and SPARC by dermal fibroblasts from 
SSc patients, but not from healthy controls. Importantly, exogenous SPARC 
induced the activation of the tyrosine kinase SMAD2 and pro-fibrotic gene 
expression induced by SPARC in SSc fibroblasts was abrogated by inhibition 
of TGF-β signalling.

Conclusion. These results indicate that exogenous SPARC is an important 
pro-fibrotic mediator contributing to the pathology driving SSc but in a TGF-β 
dependent manner. Therefore, SPARC could be a promising therapeutic 
target for reducing fibrosis in SSc patients, even in late states of the disease.

Key messages

• Exogenous SPARC induces a pro-fibrotic phenotype in dermal fibroblast 
from systemic sclerosis patients.

• The pro-fibrotic of SPARC is mediated by the activation of the TGF-β 
signalling in systemic sclerosis patients.
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Introduction

SSc is an autoimmune disease characterized by inflammation, vascular injury 
and fibrosis in different organs that carries a high burden of morbidity and 
mortality. SSc is recognized as one of the most severe connective tissue 
disorders, associated with the highest case-specific mortality among all 
the rheumatic diseases, and for which hardly any therapeutic options are 
available [1]. Fibrosis is the main feature of SSc pathology and is characterized 
by the excessive production of extracellular matrix (ECM) proteins, including 
collagen (Col) family members, vimentin and fibronectin, as well as by the 
differentiation of different cell types (mainly fibroblasts but also endothelial 
cells and pericytes) into myofibroblasts, which are defined by the expression 
of the contractile protein α smooth muscle actin [2].

SPARC (secreted protein acidic and rich in cysteine, also known as osteonectin 
and BM-40) is a member of a larger family of SPARC-related matricellular 
glycoproteins, which are ECM associated proteins, but in contrast to the 
classical ECM proteins (Col, laminin, fibronectin), do not have a structural 
role. SPARC binds to ECM components, such as fibrillar Col I, II and III and 
basal lamina Col IV, as well as cellular receptors and secreted growth factors, 
leading to the regulation of different processes involved in homeostasis 
and disease, including cell migration and invasion, tissue remodelling, cell 
proliferation, wound healing, angiogenesis, immune responses and fibrosis. 
SPARC is associated with several different pathologies, including obesity, 
diabetes, cataracts, myocardial infarct and fibrotic diseases [3, 4]. In vivo 
experiments have highlighted a key role for this protein in SSc pathology, as 
SPARC-deficient mice, as well as adenoviral or siRNA-mediated silencing of 
SPARC expression, reduces disease severity in the bleomycin-induced skin 
and lung fibrosis model [5, 6]. Importantly, SPARC expression is elevated in 
serum and affected skin of SSc patients [7, 8], as well in dermal fibroblasts, 
and SPARC silencing reduced the production of Col I, Col III and connective 
tissue growth factor (CTGF) by these cells [9, 10]. While these studies implicate 
SPARC in the fibrotic events observed in SSc pathology, it is unclear if these 
effects are mediated by intracellular SPARC, or extracellular SPARC which 
latter could be targeted by antibodies. Increasing the knowledge on SPARC 
biology and roles thus has relevance for therapeutic targeting of fibrosis. 
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Materials and Methods

Patients
Skin from patients and sex- and age-matched healthy controls (HC) was 
obtained from the University Medical Centre Utrecht (The Netherlands). All 
patients provided informed written consent approved by the local institutional 
medical ethics review boards prior to inclusion in this study. Samples and 
clinical information were treated anonymously immediately after collection. 
Patients fulfilled the ACR/EULAR 2013 classification criteria for SSc [11], and 
the demographic and clinical characteristics of the patients are detailed in 
Supplementary Table S1.

Dermal fibroblast culture and stimulation
SSc dermal fibroblasts were isolated from 3 to 4 mm skin biopsies obtained 
from a clinically affected area. HC dermal fibroblasts were obtained from 
skin biopsies taken from resected material after cosmetic surgery. Dermal 
fibroblast isolation was performed using a whole skin dissociation kit (Miltenyi 
Biotec, Leiden, The Netherlands) following the manufacturer’s instructions 
and fibroblasts were routinely maintained in Fibroblast Basal Medium 
supplemented with Fibroblasts Growth Kit-Low Serum (both from ATCC, 
Manassas, Virginia, USA). Cells were used for experiments between passages 
3 and 5 and stimulations were performed after overnight culture. Fibroblasts 
were left unstimulated or were stimulated with different concentrations of 
SPARC (0.1–10 μg/ml, R&D Systems, Abingdon, United Kingdom) alone or in 
combination with TGF-β1 (10 ng/ml, Biolegend, London, United Kingdom) 
for 1, 6, 24 or 48 h. Alternatively, fibroblasts were pre-incubated for 1 h at 
37°C in the presence of the TGFR1 inhibitor Galunisertib (10 nM, Selleck, 
Munich, Germany) and further stimulated with SPARC (1 μg/ml) alone or in in 
combination with TGF-β1 (10 ng/ml) for 24 and 48 h.

RT-PCR and quantitative (q)PCR
RNA from dermal fibroblasts was isolated using the RNeasy micro Kit and 
RNase-Free DNase Set (Qiagen, Venlo, The Netherlands). Total RNA was 
reverse-transcribed using an iScript cDNA Synthesis kit (Biorad, Veenendaal, 
The Netherlands). Duplicate PCR reactions were performed using SYBR green 
(Applied Biosystems, Bleiswijk, The Netherlands) with a StepOne Plus Real-
Time PCR system (Applied Biosystems). cDNA was amplified using specific 
primers (all from Integrated DNA Technologies, Inc. (IDT), see Supplementary 
Table S2, for primer sequences). Relative levels of gene expression were 
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normalized to B2M housekeeping gene. The relative quantity of mRNA was 
calculated using 2−ΔΔCt.

Immunoblotting
Dermal fibroblasts were lysed in Laemmli’s buffer and protein content was 
quantified with a BCA Protein Assay Kit (Thermo Fisher Scientific, Bleiswijk, 
The Netherlands). Equivalent amounts of total protein lysate were subjected 
to electrophoresis on NuPAG 4–12% Bis-Tris Protein Gels (Thermo Fisher 
Scientific) and proteins were transferred to polyvinylidene difluoride 
membranes (Millipore). Membranes were incubated overnight at 4°C with 
primary antibodies specific for SPARC, histone 3 (H3), SMAD family member 
2 (SMAD2) (all from Cell Signalling, Leiden, The Netherlands), Col I (Millipore, 
Amsterdam, The Netherlands), Col IV, TGF-β (both from Abcam, Oxford, 
UK), fibronectin (Bio-Techne, Abingdon, UK) and p(hospho)-SMAD2 (Thermo 
Fisher Scientific). Membranes were then washed and incubated in tris-
buffered saline / Tween 20 containing horseradish peroxidase–conjugated 
secondary antibody. Protein was detected with Lumi-lightplus Western 
Blotting Substrate (Roche Diagnostics, Almere, The Netherlands) using a 
ChemiDoc™ MP System (Biorad). Densitometry analysis was performed with 
Image J software. Relative protein expression and relative SMAD2 activation 
was normalized to H3 and SMAD2 expression, respectively.

Statistical analysis
Statistical analysis was performed using GraphPad Prism 7 software 
(GraphPad Software Inc., San Diego, CA, US). Potential differences between 
experimental groups were analysed by a non-parametric, Kruskal–Wallis 
test or Friedman test, as appropriate. P < 0.05 was considered statistically 
significant.

Results

Exogenous SPARC induces the expression of ECM components 
and fibrotic mediators by SSc patient dermal fibroblasts
SPARC silencing reduces the expression of fibrotic mediators by dermal 
fibroblasts of SSc patients [10], but the effect of exogenous administration 
of SPARC is unknown. We first determined the effect of exogenous SPARC 
administration on the mRNA expression of ECM or fibrotic genes in dermal 
fibroblasts from HC and SSc patients. As the phenotypic characteristics of 
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fibroblasts are dependent of the location [12], we analysed the effect of SPARC 
in fibroblast obtained from forearm, breast and abdominal tissue of HC. 
We observed that SPARC does not regulate the mRNA expression of ECM or 
fibrotic genes in HC fibroblast, independently of the tissue location (Fig. 1A). 
In contrast, exogenous SPARC significantly up-regulated the mRNA expression 
of the ECM components COL1A1, COL4A1, COL4A2 and fibronectin-1 (FN1), and 
the fibrosis-related genes TGF-β1, PAI-1, PDGF-A and SPARC itself by SSc patient 
dermal fibroblasts. We also observed a trend towards up-regulation of CTGF 
and ACTA2 (Fig. 1B). We further validated these findings at the protein level as 
we found that exogenous SPARC induced the expression of Col I, Col IV, FN1 
and TGF-β1 in fibroblasts from SSc patients, but not from HC (Fig. 1C and D). 
To determine whether the effect of exogenous SPARC was dose-dependent, we 
stimulated fibroblasts from HC and SSc patients with different concentrations 
of SPARC. In fibroblasts from HC, SPARC did not induce expression of fibrosis-
related genes in any of the concentrations used. In dermal fibroblasts of SSc 
patients, exogenous SPARC induced the expression of COL1A1, COL4A1, COL4A2, 
FN1 and SPARC in a dose-dependent manner in the range of 0.01–1 µg/ml 
(Supplementary Fig. S1). These results provide the first direct evidence that 
exogenous SPARC can regulate pro-fibrotic gene expression in SSc fibroblasts.

Pro-fibrotic effect of SPARC is mediated by TGF-β1 signalling
We next investigated the mechanisms that could explain the differences 
in the effect of exogenous SPARC between HC and SSc patient dermal 
fibroblasts. As previous studies have shown that SPARC may interact with 
TGF-β1 signalling pathways [13, 14] we analysed the phosphorylation status 
of SMAD2, a tyrosine kinase substrate in the TGF-β1 signalling pathway [15], 
in dermal fibroblasts from HC and SSc patients. Non-stimulated fibroblasts 
from SSc patients displayed a higher phosphorylation of SMAD2 compared 
with HC fibroblasts (Fig. 2A). Importantly, exogenous SPARC induced SMAD2 
activation in SSc patient fibroblasts, but had no effect in fibroblasts from 
HC. As these results suggested SPARC may interact with autocrine TGF-β1 
signalling in SSc fibroblasts, we examined the effects of SPARC on SSc 
fibroblasts in the absence or presence of a TGFB-R1 antagonist (Galunisertib 
-LY2157299). Strikingly, the effect of SPARC was almost fully abrogated by 
blocking TGF-β signalling (Fig. 2B).

Reciprocally, while exogenous SPARC alone did not modulate the expression 
of ECM components or fibrosis-related genes in HC dermal fibroblasts, 
exogenous SPARC significantly enhanced the TGF-β1 induced expression of 
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Figure 1. SPARC induces the expression of ECM components and fibrotic mediators 
in dermal fibroblast of SSc patients
(A and B) mRNA expression of ECM components and fibrotic genes by dermal fibroblast 
from breast (open squares), abdomen (filled squares) or forearm (open circles) of HC (A) 
and from forearm of lcSSc (open circles) and dcSSc patients (filled squares) (B) stimulated 
with SPARC (1 µg/ml) for 24 h. (C and D) Representative immunoblots (C) of Col I, Col IV, 
fibronectin, TGF-β and SPARC protein expression in dermal fibroblasts of HC and SSc 
patients stimulated with SPARC (1 µg/ml) for 48 h and densitometric analysis (D) for SSc 
patients dermal fibroblasts . Data are shown as relative expression with respect to H3 
expression. *P < 0.05, **P < 0.01 and ***P < 0.001 compared with medium. HC: healthy 
controls; SPARC: secreted protein acidic and rich in cysteine; ECM: extracellular matrix.
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COL1A1, COL1A2, COL4A1, COL4A2, FN1 and PAI-1 (Fig. 2C). Changes observed 
in mRNA expression were relevant to fibroblast protein production, as 
we found that SPARC enhanced the TGF-β1 induced secretion of Col I and 
fibronectin by HC fibroblasts (Fig. 2D). Together, these results demonstrate 
that extracellular SPARC induces a pro-fibrotic phenotype of fibroblasts from 
SSc patients by sensitizing them for TGF-β1 mediated activation.

Discussion

SPARC levels are elevated in the serum, affected skin and isolated skin 
fibroblasts from SSc patients. Next, lowering SPARC levels resulted in reduced 
fibrosis in mice models of SSc and the expression of ECM components by dermal 
fibroblasts of SSc patients [5, 6, 10]. These studies implicate an important role 
of SPARC in fibrosis and justify further research as understanding the mode 

Figure 2. SPARC induces the expression of ECM components and fibrotic mediators in a TGF-β 
signalling dependent manner
(A) Representative immunoblots of SMAD2 activation in dermal fibroblasts of HC and SSc patients 
stimulated with SPARC (1 µg/ml) for 1 and 6 h. (B) Representative immunoblots of Col I, fibronectin and 
TGF-β protein expression in skin fibroblasts of SSc patients pre-incubated 1 h with a TGB-R1 inhibitor 
(10 nM) and further stimulated with SPARC (1 µg/ml) for 48 h. (C) mRNA expression of ECM components 
by skin fibroblast of HC stimulated with SPARC (1 µg/ml) alone or in combination with TGF-β1 (10 ng/ml) 
for 24 h. Data are shown as connected dots. (D) Representative immunoblots of Col I and fibronectin 
protein expression in skin fibroblasts of HC stimulated with SPARC (1 µg/ml) alone or in combination with 
TGF-β1 (10 ng/ml) for 48 h. #P < 0.05 and ## P < 0.01 compared with medium. *P < 0.05 and **P < 0.01. HC: 
healthy controls; SPARC: secreted protein acidic and rich in cysteine; ECM: extracellular matrix.
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of action of SPARC could provide important insight for SPARC as a therapeutic 
target. In the present study we provide evidence that exogenous SPARC is 
able to induce a pro-fibrotic phenotype in dermal fibroblasts of SSc patients. 
This effect was not observed in HC fibroblasts, likely due to the absence of 
constitutive activation of TGF-β signalling pathways. TGF-β is one of the most 
important fibrotic mediators involved in SSc pathology and several studies 
have shown that TGF-β expression is elevated in the serum and skin of SSc 
patients, and induces the production of ECM components and other fibrotic 
mediators such as CTGF, thromboposdin-1 and Serpine1, the protein encoded 
by the gene PAI-1 [15]. Importantly, TGF-β induces the expression of SPARC by 
dermal fibroblasts [13, 16] and reciprocally, SPARC induces the expression of 
TGF-β and regulates TGF-β induced apoptosis and fibrosis [13, 14], suggesting 
a functional link between these two proteins. In this study, we found that 
SPARC induces the expression of TGF-β and the activation SMAD2, a key 
transcription factor downstream of TGF-β signalling, in SSc dermal fibroblasts. 
Moreover, the inhibition of autocrine TGF-β1 signalling abrogated SPARC-
induced gene expression, demonstrating a feedback loop between SPARC and 
TGF-β1 that contributes to the fibrotic phenotype observed in SSc pathology. 
Consistent with this, exogenous SPARC enhances TGF-β induced expression of 
ECM components and fibrotic mediators by HC dermal fibroblasts, resembling 
the phenotype of SPARC-stimulated SSc fibroblasts. This finding supports the 
cooperative role of SPARC in fibrotic processes induced by TGF-β signalling. 
In homeostatic conditions, exogenous SPARC does not induce a pro-fibrotic 
phenotype in dermal fibroblast. However, in a TGF-β-induced pro-fibrotic 
environment, exogenous SPARC enhances the fibrotic phenotype of dermal 
fibroblasts. Therefore, SPARC neutralization could be an interesting approach 
for reducing fibrosis even in advanced stages of SSc.
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Supplementary Materials

Supplementary Table S1. Characteristics of SSc patients providing skin samples for 
dermal fibroblast isolation.

HC (n=9) SSc (n=6)

Age (years) 46 (41-52) 45 (39-53)

Female: n (%) 9 (100) 4 (60)

Disease duration (years) N.A. 3 (3-7)
lcSSc N.A. 2 

dcSSc N.A. 4 

ANA positive: n (%) N.A. 5 (83)

ACA positive: n (%) N.A. 1 (17)

Scl70 positive: n (%) N.A. 2 (33)

mRSS N.A. 8 (7-14)

ILD: n (%) N.A. 2 (33)

DMARDs: n (%) N.A. 3 (50)

Biologicals: n (%) N.A. 0 (0)

Data is presented as the median (interquartile range) or number (percentage). ANA: 
antinuclear antibodies; ACA: anticentromere antibodies; Scl70: antitopoisomerase 
antibodies; mRSS: modified Rodnan Skin score; ILD: Interstitial Lung disease; DMARDs: 
disease-modifying antirheumatic drugs. N.A.: not applicable.

Supplementary Table S2. List of qPCR primers.

Gene Primer forward Primer reverse

COL1A1 5’CCAGAAGAACTGGTACATCAGCA3’ 5’CGCCATACTCGAACTGGAAT3’

COL1A2 5’GATGTTGAACTTGTTGCTGAGG3’ 5’TCTTTCCCCATTCATTTGTCTT3’

COL3A1 5’CTTCTCTCCAGCCGAGCTTC3’ 5’TGTGTTTCGTGCAACCATCC3’

COL4A1 5’GCAAATGTGACTGCCATGGA3’ 5’GAAACCCAATGACACCTTGTAACC3’

COL4A2 5’CCTGAAGGCACAGCTAACCA3’ 5’TGCTGTTGTCTCGTCTGTCC3’

Fibronectin 5’CTGGCCGAAAATACATTGTAAA3’ 5’CCACAGTCGGGTCAGGAG3’

CTGF 5’ACCAACGACAAAGCCCGCCT3’ 5’CAGATACGCATTGTCAACATCCTGT3’

ACTA2 5’CCGACCGAATGCAGAAGGA3’ 5’ACAGAGTATTTGCGCTCCGAA3’

SPARC 5’ GCGGAAAATCCCTGCCAGAA 3’ 5’ GGCAGGAAGAGTCGAAGGTC 3’

TGF-B 5’CTTCTCTCCAGCCGAGCTTC3’ 5’TGTGTTTCGTGCAACCATCC3’

PDGF-A 5’ACGTCAGGAAGAAGCCAAAA3’ 5’GGCTCATCCTCACCTCACAT3’

PAI-1 5’GAGAAACCCAGCAGCAGATT3’ 5’TGGTGCTGATCTCATCCTTG3’

B2M 5’GATGAGTATGCCTGCCGTGT3’ 5’TGCGGCATCTTCAAACCTCC3’
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Supplementary Figure S1. SPARC dose dependently induces the expression of fibrosis related 
genes in SSc dermal fibroblasts. mRNA expression of ECM components and fibrotic genes by skin 
fibroblast of HC and SSc patients stimulated with increasing concentrations of SPARC (0.01-10 µg/
ml) for 24h. Bars represent the means and SEM of 3 HC and 3 SSc patients. * p<0.05 compared to 
medium.
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Abstract

Inhibitory receptors are crucial immune regulators and are essential to 
prevent exacerbated responses, thus contributing to immune homeostasis. 
Leukocyte associated immunoglobulin like receptor 1 (LAIR-1) is an immune 
inhibitory receptor which has collagen and collagen domain containing 
proteins as ligands. LAIR-1 is broadly expressed on immune cells and has 
a large availability of ligands in both circulation and tissues, implicating a 
need for tight regulation of this interaction. In the current study, we sought 
to examine the regulation and function of LAIR-1 on monocyte, dendritic cell 
(DC) and macrophage subtypes, using different in vitro models. We found 
that LAIR-1 is highly expressed on intermediate monocytes as well as on 
plasmacytoid DCs. LAIR-1 is also expressed on skin immune cells, mainly on 
tissue CD14+ cells, macrophages and CD1c+ DCs. In vitro, monocyte and type-
2 conventional DC stimulation leads to LAIR-1 upregulation, which may reflect 
the importance of LAIR-1 as negative regulator under inflammatory conditions. 
Indeed, we demonstrate that LAIR-1 ligation on monocytes inhibits toll like 
receptor (TLR)4 and Interferon (IFN)-α- induced signals. Furthermore, LAIR-
1 is downregulated on GM-CSF and IFN-γ monocyte-derived macrophages 
and monocyte-derived DCs. In addition, LAIR-1 triggering during monocyte 
derived-DC differentiation results in significant phenotypic changes, as well 
as a different response to TLR4 and IFN-α stimulation. This indicates a role for 
LAIR-1 in skewing DC function, which impacts the cytokine expression profile 
of these cells. In conclusion, we demonstrate that LAIR-1 is consistently 
upregulated on monocytes and DC during the inflammatory phase of the 
immune response and tends to restore its expression during the resolution 
phase. Under inflammatory conditions, LAIR-1 has an inhibitory function, 
pointing toward to a potential intervention opportunity targeting LAIR-1 in 
inflammatory conditions.
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Introduction

Inflammation is a normal physiological response of the immune system to a 
variety of factors, including pathogens, damaged tissue, malignant cells, and 
toxic compounds. Under normal circumstances, inflammation rapidly ends 
to prevent adverse events. However, an exacerbated inflammatory response 
may result in autoimmunity and unwanted collateral damage or immune 
pathology (1, 2). Uncontrolled inflammation is a key player in the pathogenesis 
of many chronic conditions and a persistent inflammatory response can lead 
to significant tissue and organ damage (3, 4). Inhibitory immune receptors are 
essential for immunological homeostasis; during health, immune responses 
are balanced to prevent damage to self, while being aggressive enough to 
eliminate pathogens and tumors (5).

Leukocyte associated immunoglobulin-like receptor-1 (LAIR-1), also known 
as CD305, is a transmembrane glycoprotein inhibitory receptor with a 
cytoplasmic tail containing two immunoreceptor tyrosine-based inhibitory 
motifs (ITIMs) (6, 7). LAIR-1 has previously been shown to be expressed on 
almost all immune cells, including NK cells, T cells, B cells and monocytes, 
monocyte derived dendritic cells (moDCs), eosinophils, basophils and mast 
cells, as well as on CD34+ hematopoietic progenitor cells, the majority of 
thymocytes, but also neutrophils upon activation (7, 8).

Collagens are functional LAIR-1 ligands and directly inhibit immune cell 
activation in vitro (9). In addition, LAIR-1 also recognizes proteins that have 
collagen domains, such as surfactant protein D (10) and C1q, a component of 
the classical complement pathway (11). Activation of LAIR-1 in vitro potently 
inhibits diverse immune functions. Crosslinking of LAIR-1 results in inhibition 
of T cell receptor-mediated signaling (12–14), immunoglobulin (Ig)G and IgE 
production by B cells (15) and lysis of target cells by NK cells (6). Moreover, 
LAIR-1 crosslinking and C1q stimulation suppresses interferon alpha (IFN-α) 
release in plasmacytoid dendritic cells (pDC) (11, 16) and toll-like receptor 
(TLR)9-stimulated cytokine production by monocytes (17).

Aberrant LAIR-1 expression has been associated with autoimmune diseases, 
leukemia and viral infections. For example, pDCs and B cells from SLE patients 
express lower levels of LAIR-1, resulting in increased IFN-α and antibody 
secretion upon stimulation (16, 18). Moreover, soluble LAIR-1, a shed form 
of LAIR-1, and the soluble family member LAIR-2 are increased in urine and 
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synovial fluid of rheumatoid arthritis patients (19). Additionally, LAIR-1 is 
absent in high–risk B cell chronic lymphocytic leukemia cells and LAIR-1 is 
downregulated on NK cells isolated from patients enduring a chronic active 
Epstein-Barr virus infection (20, 21). More recently, it was shown that LAIR-1 is 
expressed on in vivo activated human neutrophils and that LAIR-1 suppresses 
neutrophil extracellular trap formation by airway-infiltrated neutrophils 
obtained from patients with respiratory syncytial virus (RSV) bronchiolitis 
(22). In mice, LAIR-1 limits neutrophilic airway inflammation (23).

LAIR-1 is a distinctive receptor in the immune inhibitory receptor family 
because of the broad expression pattern of both the receptor and the 
ligands. The regulation of LAIR-1-mediated inhibition might be dependent on 
different factors such as the strength of the activation signals, the levels of 
expression of the receptor, but also on soluble LAIR-1 and LAIR-2 molecules 
(7). Potentially, the interaction of LAIR-1 with collagen could play a role in 
controlling immune cells in various phases of the inflammatory response. To 
better understand the role of LAIR-1 during inflammation, we investigated 
the expression and function of LAIR-1 under in vitro inflammatory conditions 
on monocyte, DC and macrophage subtypes.

Materials and Methods

Peripheral Blood Mononuclear Cells Isolation and Monocyte 
Isolation
Blood from healthy controls (HC) was obtained following institutional ethical 
approval. Peripheral blood mononuclear cells (PBMCs) from heparinized 
blood were isolated by density centrifugation using Ficoll-Paque Plus (GE 
Healthcare). Fresh monocytes were isolated using anti-CD14 magnetic 
microbeads (Miltenyi Biotec) based on positive separation on auto-MACS 
assisted cell sorting (Miltenyi Biotec) according to the manufacturer’s 
protocol.

PBMC Stimulation
A total of 1 × 106  isolated PBMCs were seeded in a 48 well plate (Corning 
Costar) in a final volume of 0.5 mL and cultured in complete medium: RPMI 
1640 GlutaMAX (Life Technologies-Thermo Fisher Scientific), supplemented 
with 10% heat-inactivated fetal calf serum (FCS) (Biowest Riverside) and 1% 
penicillin/streptomycin (Thermo Fisher Scientific). Cells were left unstimulated 
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or stimulated overnight at 37°C in a 5% CO2 incubator with Pam3CSK4(P3C)-
TLR2/1 ligand (5 μg/mL), LPS-TLR4 ligand (100 ng/mL), R848-TLR7/8 ligand (1 
μg/mL), CpG-C-TLR9 ligand (1 μM), all from Invivogen, recombinant CXCL4 
(5 μg/mL; PeproTech), recombinant IFN-α2a (1,000 U/mL, Cell Sciences), 
recombinant TNF-α (10 ng/mL; R&D Systems), recombinant TGF-β1 (10 ng/
mL; Biolegend), and recombinant TGF-β2 (10 ng/mL; R&D Systems). Cells were 
then harvested and LAIR-1 expression was determined using flow cytometry. 
As CD141+  cDC1 are a very rare population in circulation and no LAIR-1 
expression was detected on steady-state, no further functional experiments 
were performed on this cell subset.

Skin Cells Isolation
Healthy human skin samples were collected as discarded tissue after cosmetic 
surgery from anonymous donors who gave prior informed consent for the 
use of material in research. A single-cell suspension was obtained using the 
whole skin dissociation kit (Miltenyi Biotech), following the manufacturer’s 
protocol. Briefly, 3 × 4 mm biopsies were digested overnight at 37°C and 
processed with the gentle MACS dissociator (Miltenyi Biotech) to obtain a 
single cell suspension. LAIR-1 expression was determined in the single cell 
suspension using flow cytometry.

Monocyte Derived Macrophage and Dendritic Cell Differentiation
Purified monocytes were cultured at a density of 1 × 106  cells per mL in 
complete medium in the presence of recombinant GM-CSF (5 ng/mL), M-CSF 
(25 ng/mL), IFN-γ (10 ng/mL), IL-10 (10 ng/mL), and IL-4 (800 U/mL); all from 
R&D Systems, to generate macrophages. For dendritic cell differentiation, 
monocytes were cultured in the presence of GM-CSF (800 U/mL) in 
combination with IL-4 (500 U/mL), or GM-CSF (800 U/mL) in combination 
with IFN-α2a (1,000 U/mL, Cell Sciences). Monocytes were differentiated for 7 
days at 37°C in a 5% CO2 incubator. At day 3, medium was refreshed with the 
same concentration of recombinant proteins. Cells were harvested at day 7, 
after 5 min incubation with accutase (Sigma-Aldrich). Next, LAIR-1 expression 
was determined using flow cytometry, together with the expression of CD14, 
CD11c, CD163, CD64, CD1a, and CD80, to assess the markers for macrophage 
and DC differentiation (Supplementary Figure 1).

Flow Cytometry
Cell suspensions were first incubated with a fixable viability dye (eBioscience) 
to allow exclusion of dead cells and blocked either with normal mouse 
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serum (Fitzgerald) or with Fc receptor blocking reagent (Miltenyi Biotech) 
and then stained for 20 min at 4°C with fluorochome-conjugated monoclonal 
antibodies according to the panels on  Supplementary Table 1. Samples 
were acquired on a BD LSR Fortessa (BD Biosciences), or on a BD FACSCanto 
(BD Biosciences) using the BD FACSDiva software (BD Biosciences). FlowJo 
software (Tree Star) was used for data analyses.

Immunofluorescence
Frozen sections (6 μm) from healthy human skin samples, collected as 
described above, were fixed in 4% formaldehyde for 10 min at room 
temperature (RT). After washing step, specimens were blocked with 5% bovine 
serum albumin (BSA) diluted in PBS. Next, mouse anti-human LAIR-1 biotin 
labeled (clone NKTA255; Abcam) or mouse isotype control IgG1 biotin labeled 
(eBioscience) diluted in PBS + 1% BSA buffer were incubated overnight at 
4°C. Samples were then washed and incubated for 45 min with streptavidin 
conjugate with Alexa Fluor 594 (Life Technologies- Thermo Fisher Scientific) 
diluted in PBS + 1% BSA buffer. Slides were finally washed and mounted 
with DAPI VectaShield hardset (Vector Lab) and allow to settle before image 
acquisition on a Zeiss fluorescence microscopy (Zeiss) using the Axiovision 
software (Zeiss). Images were further processed with ImageJ software.

Analysis of LAIR-1 Function
24 well Nunc culture plates (Thermo Fisher Scientific) were coated with 10 
μg/mL of anti-LAIR-1 agonist (clone Dx26) (6) or 10 μg/mL of mouse isotype 
control IgG1 (eBioscience-Thermo Fisher Scientific) diluted in PBS overnight 
at 4°C. A total of 1 × 106 PBMCs or 0.5 × 106 purified monocytes were seeded 
in the pre-coated plates with complete medium after incubation with Fc 
receptor blocking reagent (Miltenyi Biotech). Cells were pre-incubated for 2 h 
at 37°C in a 5% CO2 incubator and then either left unstimulated or stimulated 
with LPS-TLR4 ligand (100 ng/mL, Invivogen) or IFN-α2a (1,000 U/mL, Cell 
Sciences). PBMCs were stimulated overnight at 37°C in a 5% CO2  incubator 
and then harvested for flow cytometry staining. Monocytes were stimulated 
for 5 h at 37°C in a 5% CO2  incubator and afterwards supernatants were 
collected and stored at −80°C and cells were lysed with RLT buffer (Qiagen) 
and stored at −20°C until further analysis.
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Crosslink of LAIR-1 During Monocyte Derived Dendritic Cell 
Differentiation
Purified monocytes were cultured in pre-coated 24 well plates, as described 
above, at a density of 1 × 106 cells per mL in complete medium. To generate 
moDCs, recombinant human IL-4 (500 U/mL) and GM-CSF (800 U/mL); both 
from R&D Systems were added to the medium. moDCs were differentiated for 
6 days at 37°C in a 5% CO2 incubator and at day 3 medium was supplemented 
with the same concentrations of IL-4 and GM-CSF. At day 6, cells were either 
harvest for flow cytometry staining or 100.000 cells were re-seeded in a 48 
well culture plate (Corning, Costar) and rested overnight. On the day after, 
cells were left unstimulated or stimulated with LPS-TLR4 ligand (100 ng/mL, 
Invivogen) or IFN-α2a (1,000 U/mL, Cell Sciences) for 5 h. Finally, cells were 
lysed with RLT buffer (Qiagen) and stored at −20°C for further analysis.

Measurement of Cytokine Production
Cytokines in cell-free supernatant were measured using enzyme-linked 
immunosorbent assay (ELISA) for IL-6 (Sanquin), IL-8 (Sanquin), TNF-α 
(Diaclone), CXCL10 (R&D Systems), following the manufacturer’s instructions.

RNA Isolation and Quantitative PCR
Total RNA was isolated from cell lysates using the RNeasy micro kit (Qiagen) 
with RNase-Free DNase Set (Qiagen), followed by retrotranscription with 
iScript reverse transcriptase kit (Biorad), or superscript IV (Life Technologies-
Thermo Fisher Scientific) according to the manufacturer’s instructions. 
Gene expression was determined by quantitative real-time PCR (RT-qPCR) 
on the QuantStudio 12 k flex (Life Technologies-Thermo Fisher Scientific) 
using SybrSelect mastermix (Life Technologies-Thermo Fisher Scientific) 
with specific primer sets listed in  Supplementary Table 2. Relative gene 
expression levels on monocytes and moDCs were normalized using 
the  RPL13A  and  B2M  housekeeping genes, respectively. The relative fold 
change (FC) of each sample was calculated in relation to the ΔCt of the 
unstimulated sample treated with isotype control (reference) according to 
the formula FC = 2−ΔΔCt.
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Figure 1. LAIR-1 is differentially expressed on circulating monocytes subsets 
and dendritic cells subpopulations and on skin immune cells. (A)  Quantification 
and  (B)  representative histograms of LAIR-1 expression, represented as median 
fluorescence intensity (MFI), on classical, intermediate and non-classical monocytes as well 
as on CD1c+cDC1s, CD141+cDC2s, and pDCs, determined on peripheral blood mononuclear 
cells (PBMC) by flow cytometry. Results are represented as mean with SD. Differences 
were considered statistically significant when  p  < 0.05: *vs. classical monocytes, #vs. 
intermediate monocytes, †vs. non-classical monocytes, ‡vs. CD1c+cDC1s, ¥vs. CD141+cDC2s 
(one-way ANOVA test). (C) Immunofluorescence analysis of LAIR-1 (red staining), in normal 
skin section and isotype control is shown as negative control. DAPI nuclear counterstain is 
shown in blue. Representative images out of three independent stainings were acquired 
in 20 × magnification. (D) Flow cytometry of enzymatically digested skin. Gating strategy 
used to identify tissue macrophages, tissue CD14+ cells, CD141+, and CD1c+ DCs is shown. 
LAIR-1 expression (filled) on these cells is shown compared to isotype control (dashed). 
Representative data from three donors are shown.
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LAIR-1 Expression From Profiling Data
LAIR-1 gene expression was retrieved from array profiling data available on 
the Gene Expression Omnibus (GEO–NCBI) using GEO2R (NCBI).

Statistical Analysis
Statistical analysis was performed using GraphPad Prism 8 software 
(GraphPad Software Inc.). Differences between experimental groups were 
analyzed using parametric unpaired  t-test, paired  t-tests, one-way ANOVA 
test or non-parametric, Wilcoxon’s test and Friedman test, when appropriate 
and corrected for multiple comparison. Pearson’s correlation coefficient test 
was applied to detect the association between different parameters. Two-
sided testing was performed for all analyses. Differences were considered to 
be statistically significant at p < 0.05.

Results

LAIR-1 Is Differentially Expressed on Circulating Monocytes 
Subsets and Dendritic Cell Subpopulations and on Skin Immune 
Cells
LAIR-1 expression was evaluated on different monocytes subsets (classical, 
intermediate and non-classical) as well as on different subpopulations of 
classical dendritic cells (cDCs) (CD1c+ cDC2 and CD141+ cDC1) and on pDC 
in peripheral blood of HC (Supplementary Figure 2). LAIR-1 was expressed 
on all different monocyte subsets, with highest expression on intermediate 
monocytes, and comparable levels of expression between classical and non-
classical monocytes (Figures 1A,B). Among DC subpopulations in circulation, 
pDC had highest levels of LAIR-1, cDC2 (CD1c+ DC) had intermediate levels, 
while cDC1 (CD141+ DC) did not express LAIR-1 at all (Figure 1B).

Since LAIR-1 is a collagen receptor, we next investigated whether LAIR-1 was 
expressed on immune cells present in collagen rich tissue. Collagen is highly 
present in skin, and we found that LAIR-1-expressing cells were present 
scattered through the dermis but not in the epidermis (Figure 1C). We next 
determined which cell populations expressed LAIR-1 in skin by flow cytometry, 
based on the populations defined by McGovern et al. (24). LAIR-1 was not 
expressed on non-immune cells (CD45−) but was highly expressed on tissue 
macrophages as well as on tissue CD14+ cells. Skin CD1c+ DC also expressed 
LAIR-1, but to lesser extent than tissue macrophages and tissue CD14+ cells. 
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Similar to circulating CD141+ cDC1s, tissue CD141+ DC did not express LAIR-
1 (Figure 1D). Thus, LAIR-1 is broadly expressed on blood monocytes, and 
it is particularly highly expressed on intermediate monocytes, and it is also 
expressed in skin myeloid cells.

LAIR-1 Is Upregulated Upon Inflammatory Triggers
The actual dynamic of LAIR-1 expression on monocytes under an inflammatory 
response remains unclear. Therefore, we made use of available array profiling 
data from Italiani et al. [GSE47122] (25) to determine LAIR-1 expression (RNA) 
kinetics in monocytes on the recruitment, inflammatory and resolution 
phase of the immune response mimicked in vitro. In this model, LAIR1 was 
rapidly upregulated 2 h after CCL2 chemoattractant treatment, and these 
expression levels were maintained under inflammation triggered by LPS and 
TNF-α (inflammatory phase). LAIR1 expression was further increased upon 
treatment with IFN-γ (time point 14 h). Furthermore, during the initial step of 
the resolution phase, the addition of IL-10 led to the highest LAIR1 expression. 
In the final stage of resolution, TGF-β addition resulted on downregulation of 
LAIR1 expression to the levels found during the inflammatory phase (Figure 
2A). Since SLE is a known chronic inflammatory disease and the soluble 
mediators present in SLE patients’ serum are able to induce and perpetuate 
an inflammatory response (26–28), we next made use of the model from 
Rodriguez-Pla et al. [GSE46920] (29), in which HC monocytes cultured in the 
presence of SLE serum, exhibited higher LAIR1 levels when compared to HC 
serum-treated monocytes (Figure 2B). 

In order to further investigate the regulation of LAIR-1 expression on the 
different monocytes subsets and DCs subpopulations, we isolated PBMCs 
and stimulated them with different TLR agonists, chemokine and cytokines. 
Monocytes were identified based on HLA-DR and CD11c expression and 
even though CD16 is upregulated on monocytes in culture [Supplementary 
Figure 3A  and as observed by others (30)], it was possible to identify two 
different subsets of monocytes (CD14+CD16+  and CD14−CD16+  monocytes). 
On both monocyte populations, LAIR-1 expression increased upon TLR2/1, 
TLR4, TLR7/8, TLR9, or IFN-α stimulation, compared to medium alone. 
Remarkably, TNF-α stimulation induced LAIR-1 expression only on the 
CD14−CD16+  monocyte population (Figure 2C,  Supplementary Figure 
3B). On CD1c+  cDC2, LAIR-1 expression only increased after TLR4 and 
TLR7/8 stimulation (Figure 2C, Supplementary Figure 3B). On pDC, LAIR-1 
expression was stable regardless of stimulation (Figure 2C, Supplementary 
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Figure 2. LAIR-1 is upregulated upon inflammatory triggers. LAIR-1 gene expression 
was determined by array profiling and retrieved from publicly available datasets. (A) 
Kinetics of the LAIR1 expression in human monocytes from an in vitro model of inflammation 
(GSE47122). Results are represented as mean with SD. Differences were considered 
statistically significant when *p  < 0.05 vs. time-point 0 condition (one-way ANOVA 
test). (B) LAIR1 expression in healthy blood monocytes exposed during 6 h to 20% serum 
from healthy controls (HC) or newly diagnosed, untreated systemic lupus erythematosus 
(SLE) patients (GSE46920). Results are represented as mean with SD. Differences were 
considered statistically significant when  p  < 0.05 (Unpaired  t-test)  (C)  LAIR-1 expression 
[represented as median fluorescence intensity (MFI)] on PBMCs stimulated overnight 
with different TLR agonists, cytokines and chemokines was assessed by flow cytometry 
on CD14+CD16+and CD14−CD16+ monocytes subpopulations as well as on CD1c+ DCs and 
pDCs. Results are represented as mean with SD. Statistically significant differences were 
considered when *p < 0.05 vs. medium condition (Friedman‘s test).



210

Figure 3B). Furthermore, stimulation with CXCL4 or TGF-β did not modulate 
LAIR-1 expression on any cell type (Figure 2C,  Supplementary Figure 
3B). Thus,  in vitro, inflammatory mediators lead to LAIR-1 upregulation on 
monocytes and cDC2s.

Monocyte Function Is Modulated in vitro via LAIR-1
In order to understand the role of LAIR-1 in the regulation of monocyte 
function, LAIR-1 was crosslinked with a specific anti-LAIR-1 agonistic antibody 
(clone Dx26) prior to LPS (TLR4 ligand) or IFN-α stimulation. In cultured 
PBMCs, LAIR-1 signaling prevented LPS or IFN-α induced upregulation of 
the co-stimulator molecule CD80 and LPS induced HLA-DR expression on 
monocytes (Figure 3A). The expression of other markers, such as CD86, 
HLA class I (HLA-ABC) and activating collagen receptor osteoclast-associated 
immunoglobulin-like receptor (OSCAR) was not modulated upon stimulation. 
Of note, LAIR-1 expression was downregulated upon LAIR-1 engagement, 
most likely due to receptor internalization (Supplementary Figure 4).

In purified monocytes, LAIR-1 ligation inhibited LPS induced  IL-6, TNF, IL8, 
CCL2, CXCL10, TLR7, IL10, and STAT1 mRNA expression (Figure 3B). In line with 
mRNA expression, LPS induced IL-6, TNF-α, and IL-8 protein production was 
also inhibited by LAIR-1 triggering (Figure 3C). Additionally, LAIR-1 signaling 
inhibited IFN-α induced  IL6, CXCL10, TLR7, IL10, and STAT1 mRNA expression 
(Figure 3B). For CXCL10 this was confirmed at protein level (Figure 3C). 
In unstimulated cells, LAIR-1 activation led to decreased  CXCL10, TLR7, 
IL10, and  STAT1  gene expression while  TNF  and  CCL2  gene expression was 
increased. Furthermore, LAIR-1 ligation resulted in increased IL-8 protein 
production (Figures 3B,C). Taken together, LAIR-1 ligation inhibits both TLR4 
activating signals and IFN mediated responses in vitro.

LAIR-1 Is Downregulated on GM-CSF and IFN-γ Monocyte-
Derived Macrophages and Monocyte Derived-Dendritic Cells
Under inflammatory conditions, monocytes are attracted from the circulation 
to injured tissues and once arrived, monocytes can enter macrophage or 
dendritic cell reprograming, depending on the micro-environment (31). Here 
we assessed LAIR-1 expression on monocyte-derived macrophages and 
dendritic cells differentiated  in vitro. LAIR-1 expression was downregulated 
on GM-CSF and IFN-γ derived macrophages, while on M-CSF and IL-10 derived 
macrophages LAIR-1 expression was maintained (Figures 4A,B). Moreover, 



211

LAIR-1 regulation and function on monocytes and DCs during inflammation 

7

Figure 3. LAIR-1 triggering 
modulates monocytes activation 
upon  in vitro  stimulation. (A) 
PBMCs were pre-treated with anti-
LAIR-1 agonist (Dx26) or isotype 
control (2 h) and stimulated 
overnight with TLR4 agonist- LPS 
or IFN-α and the expression of 
CD80 and HLA-DR was determined 
on gated monocytes, using flow 
cytometry.  (B,C)  MACS purified 
monocytes were pre-treated (2 
h) with anti-LAIR-1 agonist (Dx26) 
or isotype control and stimulated 
5 h with TLR4 agonist- LPS or 
IFN-α.  (B)  IL6, CXCL10, TNF, TLR7, 
IL8, IL10, CCL2, and  STAT1  gene 
expression was evaluated by qRT-
PCR and  (C)  protein production of 
IL-6, TNF-α, IL-8, and CXCL10 was 
measured by ELISA. Results are 
represented as paired samples. 
Statistically significant differences 
were considered when *p  < 0.05 
(Wilcoxon‘s test).
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on IL-4 and IL-10 derived macrophages LAIR-1 expression was downregulated 
on a subset of cells (Figures 4A,B). LAIR-1 was profoundly downregulated 
on monocyte-derived dendritic cells differentiated in the presence of GM-
CSF combined with IL-4 or combined with IFN-α, with only an average of 
11.5 and 21.1% of LAIR-1- expressing cells, respectively (Figures 4B,C). 
Thereby, these results demonstrate that monocyte reprogramming toward 
macrophages or DCs critically regulates LAIR-1 expression; while GM-CSF 
and IFN-γ differentiated macrophages (M1) and moDCs downregulate LAIR-1 
expression, M-CSF, IL-10 and IL-4 differentiated macrophages (M2) maintain 
in great part LAIR-1 expression.

Figure 4. LAIR-1 is downregulated on GM-CSF and IFN-γ monocyte-derived macrophages and 
monocyte derived-dendritic cells.  (A)  Representative histogram of LAIR-1 expression assessed 
on different types of  in vitro  monocyte-derived macrophages and dendritic cells using flow 
cytometry.  (B)  Quantification of LAIR-1 expression represented as median fluorescence intensity 
(MFI). (C) The percentage (%) of cells expressing LAIR-1 is displayed. Results are represented as mean 
with SD.
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LAIR-1 Impacts Monocyte-Derived Dendritic Cell Differentiation
To examine the contribution of LAIR-1 activation on monocyte derived 
dendritic cells differentiation, we generated dendritic cells from monocytes 
(moDCs) with GM-CSF and IL-4 in the presence of plate bound anti-LAIR1 
antibody (clone Dx26). LAIR-1 ligation during moDCs differentiation resulted 
in a lower percentage CD1a+ or CD1c expressing cells when compared to the 
isotype control condition. On the other hand, LAIR-1 ligation resulted in a 
higher percentage of CD86+ cells and increased CD14, CD141, HLA-ABC, and 
HLA-DR expression. LAIR-1 ligation did not affect CD11c and CD80 expression 
(Figures 5A,B). Thus, LAIR-1 ligation during moDC differentiation, clearly 
alters their phenotype with potential impact on their function. 

We next sought to understand whether moDC differentiated in the presence 
of LAIR-1 ligation responded differently to subsequent TLR4- ligand (LPS) or 
IFN-α stimulation. After 6 days of differentiation, moDCs were harvested and 
further stimulated with LPS or IFN-α. moDCs differentiated in the presence of 
LAIR-1 agonist and stimulated with LPS expressed lower mRNA levels of IL12A, 
IL27A, IL1B, IL8, and IL10 but showed higher expression levels of IL23 (Figure 
5C). On the other hand, IFN-α stimulation of moDCs differentiated in the 
presence of LAIR-1 agonist resulted in increased gene expression levels 
of  IL27A, IL10, and  TNF  (Figure 5C). Hence, LAIR-1 ligation during moDC 
differentiation changes the response to TLR4 and IFN-α stimulation.

LAIR-1 Dynamics During Inflammation in vivo
Our  in vitro data points toward an upregulation of LAIR-1 upon stimulation 
with several inflammatory mediators, however, the actual  in vivo  LAIR-
1 regulation remains to unveil. Wound healing in mice is a conventional  in 
vivo model to explore dynamics of inflammation during tissue repair. In the 
array profiling performed by Chen L et al. in this model [GSE23006] (32), we 
found that  Lair1  expression was unaltered during the first 12 h after the 
wound was induced, but after 24 h, Lair1 expression was upregulated, with the 
highest Lair1 expression being detected 3 days after injury. Lair1 expression 
decreased at day 5 and normalized to the level of unwounded tissue at day 
10 (Figure 6A). We next investigated a potential relation between the LAIR-1 
dynamics of expression in this model with immune infiltration. Indeed, we 
observed a minor correlation between  Lair1  and  Ptprc  (CD45 gene) but a 
strong correlation between Lair1 and macrophage markers like Adgre1 (F4/80 
gene) and  Cd68  (Figure 6B). Therefore,  Lair1  expression during wound-
healing in this model may be related with macrophage infiltration.
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Human sepsis is an example of a dysregulated inflammatory response to 
infection (33) and represents an interesting model to comprehend LAIR-1 
dynamics  in vivo. Array profiling data, on  ex vivo  isolated blood monocytes 
from HC and gram-negative sepsis patients during sepsis (basal) and following 
their recovery (recovery) were published by Shalova et al. [GSE46955] 
(34).  LAIR1  expression was higher in patient monocytes during sepsis 
compared to HC and was restored to HC levels after the recovery process 
(Figure 6C). These data indicate that the expression of LAIR-1 is dynamic 
and varies during the different phases of inflammation and resolution of the 
immune response.

Discussion

It has been proposed that the interaction between LAIR-1 and its ligands 
should be critically regulated to ensure a balanced immune response. 
Differential expression of LAIR-1 on B cells, T cells, DCs and neutrophils was 
previously reported (7), pointing toward the importance of the expression 
levels for the regulation of LAIR-1-mediated inhibition.

Monocytes and DCs have a high complexity and heterogeneity (35,  36). In 
line with this, LAIR-1 is differently expressed among the different circulating 
monocytes subsets. Intermediate monocytes highly express LAIR-1 when 
compared to classical and non-classical monocytes. This differential 
expression could be related with the actual role of each monocyte subset in 
inflammation. For instance, the intermediate monocytes subset expresses 
the highest levels of antigen presentation-related molecules and was 
shown to produce higher amounts of TNF-α, IL-1β, IL-6, and CCL3 upon 

Figure 5. LAIR-1 activation during differentiation of monocyte-derived dendritic 
cells results in phenotypic and cytokine profile alterations.  (A)  Purified monocytes 
were differentiated for 6 days into monocyte-derived dendritic cells using GM-CSF 
and IL-4 in the presence of anti-LAIR-1 agonist (Dx26) or isotype control and the 
expression of CD1a, CD1c, CD11c, CD14, CD141, CD86, CD80, HLA-ABC, and HLA-DR 
was assessed by flow cytometry. Quantification is shown as percentage (%) of positive 
cells or median fluorescence intensity (MFI).  (B)  Representative plots or histograms are 
shown. (C) Monocyte derived dendritic cells differentiated in the presence of anti-LAIR-1 
agonist (Dx26) or isotype control were stimulated during 4 h with TLR4 agonist- LPS or 
IFN-α and the IL12A, IL23A, IL27A, IL1B, IL10, TNF, IL6, IL8 gene expression was evaluated by 
qRT-PCR. Results are represented as paired samples. Statistically significant differences 
were considered when *p < 0.05, ***p < 0.001 (Wilcoxon‘s test).
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TLR stimulation. In addition, this cell subset is often increased in many 
inflammatory conditions (36–39). Thus, high levels of LAIR-1 expressed by 
this cell subset may reflect the importance of regulation of inflammation 
to return to homeostasis. In line,  in vitro  we demonstrate that stimulation 
with inflammatory cues, such as serum of SLE patients, TLR ligands, IFN-α 
or TNF-α, leads to LAIR-1 upregulation on monocytes and CD1c+ cDC2s. This 
indicates, that in inflammatory conditions there might be a need for LAIR-
1 upregulation to interact with its ligands in order to readily tune down the 
immune response. Of note, LAIR-1 upregulation mediated by IL-10 in the 
initial phase of the resolution phase can be important to inhibit the ongoing 
inflammatory process, however maintaining high levels of LAIR-1 could 
lead to an exacerbated inhibitory response, with detrimental effects. In this 
context, TGF-β seems to be important to return LAIR-1 expression back to 
homeostatic levels. Interestingly, stimulation with TGF-β1 and TGF-β2 alone 
did not impact LAIR-1 expression in monocytes or DCs.

Figure 6. LAIR-1  in vivo  dynamics during inflammation. LAIR-1 gene expression was determined 
by array profiling and retrieved from publicly available datasets.   (A)  Lair1  expression in mouse 
skin samples recovered from injury up to 10 days following wounding inflicted via punch biopsy 
(GSE23006). Results are represented as mean with SD. Differences were considered statistically significant 
when *p  < 0.05 vs. control sample (one-way ANOVA test).  (B)  Correlation between  Lair1  expression 
and  Ptprc  (CD45),  Adgre1  (F4/80), and  Cd68  expression in mouse skin samples recovered from injury up 
to 10 days following wounding inflicted via punch biopsy (GSE23006). Correlations were assessed by the 
Pearson›s correlation coefficient test.  (C)  LAIR-1 expression on peripheral blood monocytes from gram-
negative sepsis patients during sepsis and following their recovery (GSE46955). Results are represented as 
mean with SD. Differences were considered statistically significant when *p < 0.05 (HC vs. sepsis basal and 
HC vs. sepsis recovery Unpaired t-test, sepsis basal vs. sepsis recovery Paired t-test).
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In pDCs, we confirmed the high levels of LAIR-1, reported before (16), while 
the expression on CD1c+  cDC2 is comparably lower. Whether LAIR-1 is 
maintained in tissue resident cells is yet unclear. Here we show that LAIR-
1 is highly expressed on tissue macrophages and tissue CD14+ cells present 
in skin, indicating that LAIR-1 might be an important mediator maintaining 
immune tolerance in peripheral tissues, especially in the presence of a high 
abundance of collagen. Interestingly, we found that circulating CD141+ cDC1 
do not express LAIR-1. Likewise, it has already been shown that cDC1s also 
lack the expression of other inhibitory receptors such as ILT2 and that PD-L1 
is low expressed (40). This demonstrates that CD141+ cDC1 display a different 
profile of inhibitory receptors compared with cDC2, and are not regulated via 
LAIR-1 in circulation or skin.

In monocytes, we also show that LAIR-1 regulates the expression of CD80 
and HLA-DR, which indicates a potential importance for LAIR-1 in balancing 
antigen-presenting cell—T cell interaction. Furthermore, LAIR-1 triggering in 
monocytes modulates LPS-TLR4 and IFN-α mediated responses. All together, 
these findings implicate that LAIR-1 is expressed under inflammatory 
conditions and it is able to modulate immune responses to multiple activating 
cues. As a remark, we observed induction of CCL2 and IL-8 upon LAIR-1 
antibody stimulation in unstimulated cells, which could be due to FC receptor 
mediated signals, which cannot be completely excluded in these experiments.

Macrophages are very plastic cell types that can be found in all tissues, 
displaying an enormous functional diversity as they play diverse roles in the 
development, homeostasis, tissue repair and immunity (41). We show that 
LAIR-1 expression on  in vitro GM-CSF and IFN-γ differentiated macrophages 
(M1 macrophages) is low in line with similar observations in IFN-γ or IFN-γ+LPS 
stimulated THP-1-derived macrophages by Jin et al. (42). The low LAIR-1 levels 
on this macrophage type may contribute to their inflammatory profile. In line 
with this, LAIR-1 expression is maintained on M-CSF and IL-10 differentiated 
macrophages, associated with wound healing/immunoregulatory M2 
macrophages (43, 44), which have an anti-inflammatory role. Consequently, 
retaining LAIR-1 expression might be beneficial for their immunosuppressive 
function.

MoDCs differentiated in the presence of LAIR-1 ligation have low CD1a and 
CD1c expression, but higher levels of CD86 (co-stimulatory molecule), CD14, 
HLA-ABC and HLA-DR molecules. These results are in line with previous 
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reports indicating that LAIR-1 engagement can regulate the differentiation 
of monocytes into DCs with GM-CSF (45) and that LAIR-1 ligand C1q and C1 
complexes are able to inhibit the differentiation of monocytes into DCs (11). 
Of note, the CD1a negative moDCs were previously shown to produce lower 
amounts of IL-12 upon stimulation and have less capacity to polarize T cells 
to a Th1 phenotype (46). The heterogeneity within moDC cultures is elegantly 
discussed by Sander et al. (47). Additionally, we also showed that LAIR-1 
activation during moDC differentiation alters the response to TLR4 and IFN-α 
stimulation, whereas DCs differentiated in the presence of LAIR-1 ligation, 
have a lower inflammatory response to TLR4 activation, IFN-α stimulation 
results in an increased inflammatory response. On one hand, these cells 
can actively participate on the host defense against viruses (48), but on the 
other hand may play a potential role in the perpetuation of type I interferon-
mediated autoimmune diseases (49).

Since an exacerbated inflammatory response might be potentially harmful, 
the control of the pro-inflammatory mechanisms by an anti-inflammatory 
counterbalance is an important protective process against further 
enhancement of inflammation (50, 51). Our different in vitro and in vivo models 
indicate that inflammation leads to an upregulation of LAIR-1, as observed 
here in monocytes from sepsis patients, but also on circulating monocytes 
in acute myocardial infarction, rheumatoid arthritis and liver cirrhosis (52–
54). The upregulation of LAIR-1 during inflammation, for instance mediated 
by TLR or IFN signals, will facilitate its inhibitory signals. As shown here, this 
ranges from controlling the production of classical inflammatory cytokines 
(i.e., IL-6, TNF-α, or IL-8), but also IL-10 or IFN inducible proteins as CXCL10.

In conclusion, we show that LAIR-1 is broadly expressed on different monocyte 
subsets and macrophages, not only in circulation but also in tissue. Under 
inflammatory conditions LAIR-1 is upregulated and upon ligation its intrinsic 
inhibitory capacity is functional, and is able to reprogram monocyte derived 
DC function. Thereby, our data indicate that LAIR-1 is a potentially targetable 
receptor to damp the immune responses in inflammatory conditions.
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Supplementary Material

Supplementary Figure 1. Analysis strategy and phenotype of monocyte-derived 
macrophages and dendritic cells. Flow cytometry gating strategy analysis of the different 
types of in vitro monocyte-derived macrophages and dendritic cells and representative 
dot plots for the expression of CD14, CD11c, CD163, CD64, CD1a and CD80, used to assess 
differentiation.
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Supplementary Figure 2. Analysis strategy to identify classical, intermediate and 
non-classical monocytes as well as CD1c+cDC1s, CD141+cDC2s and pDCs. 
Flow cytometry gating strategy analysis to identify classical, intermediate and non-
classical monocytes as well as CD1c+cDC1s, CD141+cDC2s and pDCs on peripheral blood 
mononuclear cells (PBMC).
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Supplementary Figure 3. Analysis strategy to determine LAIR-1 expression on 
stimulated PBMCs. 
(A) Flow cytometry gating strategy analysis to identify CD14+CD16+ and CD14-CD16+ 
monocytes subpopulations as well as CD1c+ cDC2 and pDC on PBMCs stimulated with 
different TLR agonists, cytokines and chemokines. (B) Representative histogram of LAIR-1 
expression on stimulated CD14+CD16+ and CD14-CD16+ monocytes, as well as on CD1c+ 
cDC2 and pDC.
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7Supplementary Figure 4. CD86, HLA-ABC, OSCAR and LAIR-1 expression on monocytes 
upon LAIR-1 triggering. 
Peripheral blood mononuclear cells were pre-treated with anti-LAIR-1 agonist (Dx26) 
or isotype control (2 h) and stimulated overnight with TLR4 agonist- LPS or IFNα and the 
expression of CD86, HLA-ABC, Osteoclast-associated immunoglobulin-like receptor 
(OSCAR) and LAIR-1 was determined on gated monocytes, using flow cytometry. Results are 
represented as paired samples. Statistically significant differences were considered when 
*p<0.05 (Wilcoxon’s test).
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Supplementary Table 1: Antibody panels used on the flow cytometry stainings.

LAIR-1 expression on freshly isolated PBMCs (Fig. 1A-B)

Target Label Manufacturer Catalogue nr. Clone

CD3 AF700 Biolegend 300424 UCHT1

CD19 AF700 eBioscience 56-0199-42 HIB19

CD56 AF700 BD Pharmingen 557919 B159

CD1c BV421 Sony Biotechnology 2257630 L161

CD14 APC-eFluor eBioscience 47-0149-42 61D3

CD16 V500 BD Horizon 561394 3G8

CD123 PE-Cy7 Biolegend 306010 6H6

CD141 BV711 BD Horizon 563155 1A4

CLEC9A FITC Miltenyi Biotec 130-097-403 8F9

CD303 PerCP-Cy5.5 Sony Biotechnology 2371050 201A

HLA-DR BV605 BD Horizon 562845 G46-6

LAIR-1 PE BD Pharmingen 550811 DX26

Isotype control IgG1 PE BD Pharmingen 555749 MOPC-21

LAIR-1 expression on skin (Fig. 1D)

Target Label Manufacturer Catalogue nr. Clone

CD90 PECy7 Biolegend 328124 3.9

CD1c BV421 Biolegend 331526 L161

CD45 PerCP PerCP-Cy5.5 Biolegend 304026 IT2.2

HLA-DR BV605 BD Biosciences 562845 3G8

CD141 BV711 BD Biosciences 563155 6H6

CD14 BV785 Biolegend 301840 AC144

CD1a BV510 BD Biosciences 563481 M5E2

CD11c AF700 eBioscience 56-0116-42 G46-6

LAIR-1 PE BD Pharmingen 550811 P67.6

Isotype control IgG1 PE BD Pharmingen 555749 DX26

Fixable Viability Dye eFluor 780 Bioscience
Thermo Fisher Scientific 65-0865-14 -

* autofluorescence detected on FITC channel was used to define tissue macrophages.
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LAIR-1 expression on stimulated PBMC (Fig. 2C)

Target Label Manufacturer Catalogue nr. Clone

CD11c AF700 eBioscience 56-0116-42 3.9

CD1c BV421 Sony Biotechnology 2257630 L161

CD86 BV605 Biolegend 305430 IT2.2

CD16 V500 BD Horizon 561394 3G8

CD123 PE-Cy7 Biolegend 306010 6H6

BDCA2 APC Miltenyi Biotec 130-090-905 AC144

CD14 BV785 Biolegend 301840 M5E2

HLA-DR FITC BD Pharmingen 555811 G46-6

CD33 PerCP-Cy5.5 BD Biosciences 333146 P67.6

LAIR-1 PE BD Pharmingen 550811 DX26

Fixable Viability Dye eFluor 780 Bioscience
Thermo Fisher Scientific 65-0865-14 -

Isotype control IgG1 PE BD Pharmingen 555749 MOPC-21

LAIR-1 mediated inhibition on PBMC (Fig. 3A)

Target Label Manufacturer Catalogue nr. Clone
CD14 BV785 Biolegend 301840 M5E2

CD16 V500 BD Biosciences 561394 3G8

HLA-DR BV605 BD Biosciences 562845 G46-6

CD45 PerCP Biolegend 304026 HI30

CD86 PB Biolegend 2127090 IT2.2

OSCAR PE Beckman Coulter A24987 11.1CN5

HLA-ABC PE-Cy7 BD Biosciences 561349 G46-2.6

LAIR-1 AF647 Sony Biotechnology 2314010 NKTA255

CD80 FITC BD Pharmingen 557226 L307.4

Fixable Viability Dye eFluor 780 Bioscience
Thermo Fisher Scientific 65-0865-14 -
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LAIR-1 expression on monocyte derived- macrophages / dendritic cells (Fig 4A-B)

Target Label Manufacturer Catalogue nr. Clone

CD1a eF450 eBioscience 48-0019 HI149

CD80 APC-H7 BD Pharmingen 561134 L307.4

CD64 PE-Cy7 BD Pharmingen 561191 10.1

CD163 APC eBioscience 17-1639-42 eBioGHI/61

CD11c FITC Sony Biotechnology 2286070 Bu15

CD14 PerCPCy55.5 Biolegend 325622 HCD14

LAIR-1 PE BD Pharmingen 550811 DX26
Isotype control 
IgG1 PE BD Pharmingen 555749 MOPC-21

Fixable Viability Dye eFluor 506 Bioscience
Thermo Fisher Scientific 65-0866-14 -

Monocyte derived- dendritic cells phenotype (Fig. 5A-B)

Target Label Manufacturer Catalogue nr. Clone

CD14 PerCP-Cy5.5 Biolegend 301824 M5E2

CD11c AF700 eBioscience 56-0116-42 3.9

CD1a BV510 BD Biosciences 563481 HI149

CD1c (BDCA1) BV421 Biolegend 331526 L161

LAIR-1 AF647 Sony Biotechnology 2314010 NKTA255

CD86 BV605 Biolegend 305430 IT2.2

HLA DR (MHCII) BV711 BD Biosciences 563696 G46-6

HLA ABC (MHCI) PE-Cy7 BD Biosciences 561349 G46-2.6

OSCAR PE Beckman Coulter A24987 11.1CN5

CD80 APC-H7 BD Pharmingen 561134 L307.4

CD141 (BDCA3) FITC Miltenyi Biotec 130-090-513 AD5-14H12
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Supplementary Table 2. Primer sequences used for RT-qPCR
Gene Foward Sequence 5’ - 3’ Reverse Sequence 5’ - 3’

B2M GATGAGTATGCCTGCCGTGT TGCGGCATCTTCAAACCTCC

RPL13A CCTGGAGGAGAAGAGGAAAGAGA TTGAGGACCTCTGTGTATTTGTCAA

IL12A CTCCAGAAGGCCAGACAAAC AATGGTAAACAGGCCTCCACT 

IL23A GCTTGCAAAGGATCCACCA TCCGATCCTAGCAGCTTCTCA

IL27A ATCTCACCTGCCAGGAGTGAA TGAAGCGTGGTGGAGATGAAG

IL1B TTTGAGTCTGCCCAGTTCCC TCAGTTATATCCTGGCCGCC 

IL10 GAGGCTACGGCGCTGTCAT CCACGGCCTTGCTCTTGTT

TNF GGAGAAGGGTGACCGACTCA CTGCCCAGACTCGGCAA

IL6 TGCAATAACCACCCCTGACC TGCGCAGAATGAGATGAGTTG

IL8 TGAGAGTGGACCACACTGCG TCTCCACAACCCTCTGCACC

TNF GGAGAAGGGTGACCGACTCA CTGCCCAGACTCGGCAA

IL8 TGAGAGTGGACCACACTGCG TCTCCACAACCCTCTGCACC

CXCL10 TGAAATTATTCCTGCAAGCCAA CAGACATCTCTTCTCACCCTTCTTT

CCL2 TCTGTGCCTGCTGCTCATAG GGGCATTGATTGCATCTGGC

TLR7 CAAGAAAGTTGATGCTATTGGGC TGGTTGAAGAGAGCAGAGCA

STAT1 ATGGCAGTCTGGCGGCTGAATT CCAAACCAGGCTGGCACAATTG
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Summary

Tissue repair is disturbed in fibrotic diseases like systemic sclerosis (SSc), 
where the deposition of large amounts of extracellular matrix components 
such as collagen interferes with organ function. LAIR-1 is an inhibitory 
collagen receptor highly expressed on tissue immune cells. We questioned 
whether in SSc, impaired LAIR-1-collagen interaction is contributing to the 
ongoing inflammation and fibrosis.

We found that SSc patients do not have an intrinsic defect in LAIR-1 
expression or function. Instead, fibroblasts from SSc patients deposit 
disorganized collagen products in vitro, which are dysfunctional LAIR-1 
ligands. This can be mimicked in healthy fibroblast stimulated by soluble 
factors that drive inflammation and fibrosis in SSc and is dependent of matrix 
metalloproteinases and platelet-derived growth factor receptor signaling.

In support of a non-redundant role of LAIR-1 in the control of fibrosis, we 
found that LAIR-1-deficient mice have increased skin fibrosis in the bleomycin 
mouse model for SSc. Thus, LAIR-1 represents an essential control mechanism 
for tissue repair. In fibrotic disease, excessive collagen degradation may lead 
to a disturbed feedback loop. The presence of functional LAIR-1 in patients 
provides a therapeutic opportunity to reactivate this intrinsic negative 
feedback mechanism in fibrotic diseases.
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Introduction

The extracellular matrix (ECM) is a dynamic structure, in which production 
and deposition are finely balanced with degradation and removal, regulated 
through pro-fibrotic factors, matrix metalloproteinases (MMPs) and other 
collagenases. Tightly controlled ECM homeostasis is essential for healthy 
connective tissues (Lu et al., 2011; Meizlish et al., 2021). Tissue repair after 
injury entails a cascade of inflammation, repair and ultimately resolution. 
Tissue resident macrophages can sense ECM composition. Signals from 
damaged tissue initiate a dynamic process that involves the recruitment 
of immune cells, which help to induce fibroblast differentiation into 
myofibroblasts, which in turn deposit ECM to repair the tissue. Finally, 
myofibroblasts are eliminated and the ECM is degraded and remodeled, 
in order to resolve the repair process (Meizlish et al., 2021; Okabe and 
Medzhitov, 2016). 

Fibrosis is an abnormal reparative process that is characterized by excessive 
ECM deposition without reciprocal degradation (Henderson et al., 2020). 
This progressive accumulation of ECM results in remodeling of the tissue 
architecture and can lead to organ failure (Distler et al., 2019; Weiskirchen et 
al., 2019). The fibrotic scar consists predominantly of fibrilar collagens (types 
I and III), fibronectin and basement-membrane proteins such as type IV 
collagen and laminin (Karsdal et al., 2017; Theocharis et al., 2016; Wynn, 2008). 
Complex cellular and molecular processes drive fibrosis, with transforming 
growth factor β (TGFβ) family proteins playing a central role by stimulating 
the synthesis of ECM proteins by effector cells such as myofibroblasts (Lodyga 
and Hinz, 2020; Rockey et al., 2015).

Systemic sclerosis (SSc) is a prototypical immune-mediated fibrotic disease, 
characterized by vasculopathy, inflammation and fibrosis of the skin and 
internal organs. The etiology of SSc is largely unknown and patients can 
present with a wide range of clinical manifestations, resulting in high 
morbidity and mortality (Denton and Khanna, 2017). Typically, immune cell 
infiltration into skin and internal organs occurs early in the disease, prior 
to the onset of fibrosis. Immune mediators such as TGFβ - namely TGFβ2, 
type I interferon (IFN), platelet-derived growth factor (PDGF), IL-6 and type 
2 cytokines (including IL-4, IL-10 and IL-13) are considered central to the 
pathogenesis of SSc (Allanore et al., 2015; Kania et al., 2019). In addition, the 
chemokine CXCL4 is increased in the circulation and skin of SSc patients and 
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correlates with the presence and progression of complications such as lung 
fibrosis and pulmonary arterial hypertension (van Bon et al., 2014). 

ECM proteins interact with different cell types through cell surface receptors, 
including integrins, receptor tyrosine kinases, and immunoglobulin-like 
receptors (Zeltz and Gullberg, 2016). Leukocyte associated immunoglobulin-
like receptor-1 (LAIR-1; CD305) is an Immunoreceptor Tyrosine-based 
Inhibitory Motif (ITIM)-bearing inhibitory receptor for collagen, broadly 
expressed on most immune cells (Lebbink et al., 2006; Meyaard et al., 1997). 
Activation of LAIR-1 in vitro potently inhibits diverse immune cells such as T 
cells, NK cells (Jansen et al., 2007; Maasho et al., 2005; Meyaard et al., 1997; 
Park et al., 2020), B cells (Merlo et al., 2005) plasmacytoid dendritic cells (pDC) 
(Bonaccorsi et al., 2010; Son et al., 2012) and monocytes (Carvalheiro et al., 
2020; Keerthivasan et al., 2021; Son and Diamond, 2015). LAIR-1 inhibitory 
function can be regulated at the membrane expression level and by the 
natural soluble agonists soluble-LAIR-1 (sLAIR-1), a shed form of LAIR-1, and 
LAIR-2. LAIR-2 is a soluble protein, homologous to human LAIR-1, lacking the 
transmembrane and intracellular domain, with a higher affinity for collagens 
than LAIR-1, thereby blocking LAIR-1 ligation to collagen (Lebbink et al., 2008). 

LAIR-1 is expressed on immune cells in healthy skin, where it can interact with 
collagens (Carvalheiro et al., 2020; Lebbink et al., 2006). It recognizes multiple 
collagens and collagen-domain containing proteins. Collagens have multiple 
functional binding sites for LAIR-1, the glycine-proline-hydroxyproline 
content of collagen domains appears to be the dominant determinant for 
LAIR-1 binding (Lebbink et al., 2006; Lebbink et al., 2009). In fibrotic tissues 
such as those in SSc patients, there should be abundant amounts of collagen 
to be sensed by LAIR-1 on tissue immune cells, yet inflammation continues. 
We here questioned whether in SSc, impaired LAIR-1-collagen interaction is 
contributing to the ongoing inflammation and fibrosis.  

Results

LAIR-1 expression and its intrinsic function is normal in SSc 
patients
We first investigated whether the function of LAIR-1 is impaired in patients 
with SSc. We first determined LAIR-1 expression on circulating immune 
cells from SSc patients and healthy controls (HC) by flow cytometry. LAIR-1 
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expression at the cell surface was comparable between SSc patients and HC 
on type-2 conventional dendritic cells (cDC2), plasmacytoid dendritic cells 
(pDCs), CD4+ and CD8+ T cells, NK cells and B cells and on most monocyte 
subsets. In classical monocytes, LAIR-1 expression was significantly increased 
in SSc patients compared to HC (Figure 1A). As described before (Carvalheiro 
et al., 2020), LAIR-1 was not expressed on type-1 conventional dendritic cells 
(cDC) (data not shown).

In affected skin of SSc patients, available profiling data by array [GSE95065] 
show that LAIR1 gene expression was increased in the skin of SSc patients 
(Supplemental Figure 1A), probably reflecting an increase in immune cells, 
given the strong correlation between LAIR1 expression and PTPRC (gene 
encoding CD45) and moderate correlation with the macrophage marker 
CD68 (Supplemental Figure 1B). By immunohistochemistry, we confirmed 
that LAIR-1 was expressed in skin from HC and SSc patients, both in affected 
and non-affected skin (Figure 1B).  Thus, LAIR-1 is expressed on circulating 
immune cells of SSc patients and in their tissues such as skin.

We next investigated whether LAIR-1 on immune cells from SSc patients 
retains its capacity to inhibit cellular activation. Monocytes and pDC from HC 
and SSc patients were stimulated with TLR ligands together with an antibody 
that acts as a LAIR-1 agonist. LAIR-1 activation in both groups caused a similar 
inhibition of IL-6 and TNF-α production by monocytes and IFN-α production by 
pDC (Figure 1C). Thus, the intrinsic inhibitory function of LAIR-1 is preserved 
in SSc patients. 

We further explored whether soluble mediators in the circulation of SSc 
patients could block collagen interaction with cellular LAIR-1. For this 
purpose, labelled collagen was incubated with serum from SSc patients or HC 
after which collagen binding to a LAIR-1 overexpressing line was determined 
by flow cytometry. Serum from SSc patients and HC blocked collagen binding 
to LAIR-1 to a similar degree (Figure 1D, Supplemental Figure 2). Consistent 
with this finding, circulating concentrations of sLAIR-1 (Figure 1E) and LAIR-
2 (Figure 1F) were not different between SSc patients and HC. Altogether, 
these experiments indicate that LAIR-1 is normally expressed, has preserved 
inhibitory capacity, and does not encounter higher levels of known LAIR-1 
antagonists in SSc patients compared to HC.
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Figure 1. LAIR-1 is expressed on circulating peripheral blood cells and in the skin of 
SSc patients and its intrinsic function is normal. (A) LAIR-1 expression on circulating 
immune cells (classical, intermediate and non-classical monocytes, cDC2, pDC, CD4+ and 
CD8+ T cells, CD56bright and CD56dim NK cells and B cells) from HC (n=14) and SSc patients 
(n=26) determined using flow cytometry. (B) Representative images of LAIR-1 expression 
(shown as red precipitate) in affected and non-affected skin from HC skin (n=3) and SSc 
patients (n=3), assessed by immunohistochemistry. (C) LAIR-1 function in monocytes and 
pDC from HC (n=6) and SSc patients (n=7). Isolated cells were pre-treated with a plate 
bound LAIR-1 agonist mAb (clone Dx26) or isotype control antibody. Monocytes were 
subsequently stimulated (24 hours) with LPS – TLR4 ligand, while pDCs were stimulated (24 
hours) with CpC-C – TLR9 ligand. Production of IL-6 and TNF-α by monocytes and IFN-α by 
pDCs was determined by ELISA. Percentage (%) inhibition of cytokine production by LAIR-
1 mAb is shown. (D) Effect of serum from HC and SSc patients to block LAIR-1 – collagen 
interaction. FITC labelled collagen was incubated either with sera from HC (n=20) or SSc 
patients (n=36) and the binding capacity of collagen to bind K562 cells overexpressing 
LAIR-1 was determined by flow cytometry. Collagen alone and blocking with recombinant 
LAIR-2 (40 µg/mL) are shown as controls with the dashed lines. Serum levels of (E) soluble 
LAIR-1 and (F) LAIR-2 in circulation of HC (n=10) and SSc patients (n=30) determined using 
ELISA. Results are represented as mean ± SD. Differences were considered statistically 
significant when *p < 0.05 (Mann–Whitney test).
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LAIR-1 binds to in vitro and in vivo fibrotic ECM
We have previously shown that LAIR-1 is able to bind to collagen in healthy skin 
(Lebbink et al., 2006). The  fibrotic collagen present in the skin of SSc patients 
is structurally different from that found in healthy skin, with dense, aligned 
dermal collagen bundles (Varga and Trojanowska, 2008), which potentially 
could affect LAIR-1 binding. However, we observed that LAIR-1 binding to both 
HC and SSc skin samples was comparable (Figure 2A).

Fibroblasts in the skin of SSc patients are constantly exposed to inflammatory 
and pro-fibrotic factors, such as TGFβ and CXCL4 (Allanore et al., 2015). We 
mimicked these circumstances in vitro by culturing dermal fibroblasts obtained 
from HC and SSc patients in the presence of TGFβ or CXCL4 and visualized 
collagen I deposition by immunofluorescence. TGFβ treatment induced 
enhanced collagen I production compared to untreated (medium) cultures, 
and the collagen was deposited in characteristic aligned fibers, both in cultures 
of fibroblasts from SSc patients and from HC. In contrast, CXCL4 stimulation 
resulted in more disorganized collagen I, particularly in fibroblasts from SSc 
patients (Figure 2B). We assessed LAIR-1 binding to the deposited ECM using 
a hLAIR-1-IgG fusion protein (Lebbink et al., 2006). We observed that LAIR-1 
efficiently bound to the ECM produced by fibroblasts from both HC and SSc 
patients, both in non-stimulated and stimulated conditions. However, when 
compared to HC, SSc dermal fibroblasts stimulated with CXCL4 produced an 
increased amount of dense, non-fibrilar shaped structures that bound LAIR-1 
but did bind collagen I antibodies (Figure 2B). Thus, SSc fibroblasts stimulated 
with CXCL4, produce an ECM structure that is not collagen I and binds LAIR-1.

We next determined whether HC dermal fibroblasts stimulated with the 
potent pro-fibrotic combination of TGFβ and CXCL4 induced similar LAIR-
1 binding structures as observed in SSc fibroblasts treated with CXCL4 only. 
Indeed, after stimulation with TGFβ and CXCL4, HC fibroblasts deposited 
similar dense structures binding LAIR-1 but not collagen I antibodies (Figure 
2C). The deposition of these structures increased evidently over time and was 
preferentially localized to decellularized areas (Figure 2C). Co-staining of the 
ECM with a pan-collagen mix of antibodies (recognizing collagen I, II, III, IV 
and V) revealed these structures as collagen, even though they did not have 
a typical fibrilar collagen conformation (Figure 2D). In addition, we confirmed 
that these structures do not bind to human Signal inhibitory receptor on 
leukocytes-1 (hSIRL-1), a protein with homology to LAIR-1, as an irrelevant 
binding control (Supplemental Figure 3).
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Figure 2. LAIR 1 binds to in vitro and in vivo fibrotic ECM. (A) Representative 
immunohistochemistry staining and quantification of the hLAIR-1-IgG fusion protein (shown in 
red) and counterstained with hematoxylin in the skin of HC (n=9) and SSc patients (n=9). (B) 
Representative images of immunofluorescence (IF) staining with collagen I antibody (green), 
hLAIR-1-IgG fusion protein (red) and DAPI (blue) of ECM produced by dermal fibroblasts from 
HC (n=4) and SSc patients (n=4) stimulated with either medium, TGFβ2 or CXCL4. Quantification 
of % area with co-expression of Collagen I and hLAIR-1-IgG is shown. (C) Representative IF 
staining with collagen I antibody (green), hLAIR-1-IgG fusion protein (red) and DAPI (blue) of ECM 
produced by HC dermal fibroblasts stimulated with medium, TGFβ2, CXCL4 or TGFβ2 combined 
with CXCL4. White arrows indicate deposits of LAIR-1 binding structures (representative of n=2). 
The area (µm2) of hLAIR-1-IgG plaques is quantified (D) Representative IF staining with hLAIR-
1-gG fusion protein (red), pan collagen antibodies (mix of collagen I, II, III, IV and V antibodies) 
(green) and DAPI (blue) of ECM produced by HC dermal fibroblasts stimulated with medium, 
TGFβ2, CXCL4 or TGFβ2 combined with CXCL4 (representative of n=3). (E) Transmission electron 
microscopy (TEM) images showing the high-resolution structure and organization of collagen 
fibers in the ECM produced by HC in medium control (upper panel) or after stimulation with 
TGFβ2 plus CXCL4 (lower panel). Black arrows depict dense bundles of collagen fibers observed 
in TGFβ2 plus CXCL4 treated fibroblasts. Scale bars are 2 µm and 1 µm for the left and the right 
images in both conditions, respectively. (F) Representative IF staining with collagen hybridizing 
peptide (CHP) (purple) for denatured collagen, hLAIR-1-IgG fusion protein (red) and DAPI (blue) 
on ECM produced by HC in medium condition or after stimulation with TGFβ2 combined 
with CXCL4 (n=4). Representative IF images were acquired on a confocal microscope with 
a 20x magnification. Results are represented as mean with SD. Differences were considered 
statistically significant when *p < 0.05 (Mann–Whitney test HC vs SSc patients groups, paired 
samples tested with RM one-way ANOVA, followed by Fisher’s LSD). Results are represented as 
mean with SD.

To study these fibrotic collagen structures at the nanoscale, fibroblasts were 
stimulated with TGFβ2 and CXCL4 for electron microscopy (EM). High-resolution 
TEM images showed that the ECM of the non-stimulated (medium) condition was 
composed mostly of aligned collagen fibers that are homogenously interspaced 
and run parallel to each other (Figure 2E). In contrast, collagen fibers in the ECM 
produced by fibroblasts stimulated with TGFβ2 and CXCL4 were more frequently 
disorganized, had unidirectional orientation, and sometimes formed dense 
bundles (Figure 2E- black arrows and Supplemental Figure 4A-B). The disrupted 
organization of collagen fibers upon TGFβ2 and CXCL4 treatment can possibly be a 
consequence of the degradation of collagen fibers or collagen associated proteins 
responsible of their organization.

Since degraded and fragmented collagen triple helices may become unstable and 
spontaneously unfold, leaving denatured collagen fragments, we next assessed 
whether the LAIR-1 binding structures correspond to denatured collagen. We 
used a collagen hybridizing peptide (CHP), which specifically binds to denatured 
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collagen strands by re-forming a triple-helical structure (Hwang et al., 2017). 
CHP did bind in cell-dense areas where collagen is actively produced, but did 
not co-localize with the LAIR-1-binding collagen structures (Figure 2F). This 
suggests that the collagen triple helical conformation is intact in the degraded 
fibers, in agreement for a need of a triple helical conformation for LAIR-1 
binding (Lebbink et al., 2006; Lebbink et al., 2009). Thus, fibroblasts stimulated 
with TGFβ and CXCL4 deposit dense structures consisting of degraded triple 
helical collagen in decellularized areas. 

PDGF receptor signaling and Matrix Metalloproteinases are 
required for deposition of fibrotic LAIR-1 binding structures 
The areas where the LAIR-1-binding dense collagen structures were deposited 
in in vitro cultures were devoid of cells (Figure 2C). By live cell imaging, we 
observed that the combination of TGFβ with CXCL4 drastically altered the 
motility of both HC and SSc dermal fibroblasts. Instead of forming an intact 
cellular monolayer, fibroblasts became highly motile, losing contact inhibition 
and forming multicellular layers, while leaving behind large decellularized 
areas (Figure 3A and Supplemental video 1-2).

Since PDGF signaling regulates proliferation and cell motility (Andrae et 
al., 2008), we next assessed whether this pathway could be involved in the 
production of the fibrotic LAIR-1 binding structures. Indeed, PDGF receptor 
inhibition in fibroblasts stimulated with TGFβ plus CXCL4 reduced cell motility 
and prevented the formation of multicellular layers of fibroblasts and the 
occurrence of decellularized areas (Supplemental video 3-6), as well as of 
the deposition of LAIR-1-binding structures (Figure 3B). Thus, PDGF-mediated 
fibroblast activation is required for the formation of these fibrotic collagen 
structures.

Next, we tested whether matrix metalloproteinases (MMP) were involved in 
the generation of the fibrotic LAIR-1-binding structures. Inhibition of MMP 
activity in HC dermal fibroblasts stimulated with TGFβ plus CXCL4 reduced 
the amount of LAIR-1-binding ECM structures (Figure 3C), and decreased 
cell motility (Supplemental video 7-10). Thus, the deposition of the LAIR-
1-binding fibrotic structures requires cell motility and loss of cell contact 
inhibition mediated by PDGF receptor signaling and collagen degradation 
by MMPs.
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Figure 3. PDGF receptor signaling and Matrix Metalloproteinases are required for 
deposition of fibrotic LAIR-1 binding structures. (A) HC fibroblasts were stimulated 
with TGFβ2 combined with CXCL4 and imaged during 6 days on a Incucyte live system. 
Representative phase contrast images (4x magnification) are shown (n=3). HC fibroblasts 
stimulated with TGFβ2 in combination with CXCL4 (B) in the presence or absence of 1 
µM PDGF receptor inhibitor (Crenolanib) (n=4) or (C) in the presence of 100 µM MMP 
inhibitor (GM-6001) or DMSO as negative control (n=6). Samples were stained for 
immunofluorescence with hLAIR-1-gG fusion protein (red) and pan collagen antibodies 
(green). Immunofluorescence images were acquired on Incucyte using a 10x magnification 
and representative tiles of 16 images 4x4 are shown. The area (µm2) of hLAIR-1-IgG 
plaques is quantified. Statistically significant differences were considered when **p < 0.01 
(paired-t test).
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Fibrotic collagen products have impaired capacity to activate 
LAIR-1
While the fibrotic collagen structures that we identified bind to hLAIR-1-IgG, 
we wondered whether they are functional ligands that can activate cellular 
LAIR-1. To investigate the effect of degraded collagen on LAIR-1 activation, we 
first used gelatin, which is the product of alkaline digestion of collagen. hLAIR-
1-IgG bound in a dose dependent manner to plate-bound purified collagen I 
and, to a lesser extent to gelatin (Figure 4A). Next, to assess the capacity of 
gelatin to activate LAIR-1, we used a NFAT-GFP reporter cell line transfected 
with LAIR-1-CD3ζ, which expresses Green Fluorescent Protein (GFP) when 
LAIR-1 is activated (Lebbink et al., 2006). Optimal LAIR-1-CD3ζ-induced GFP 
production was achieved at ~6 µg/mL of immobilized collagen I, while lower 
concentrations or higher concentrations resulted in a lower percentage 
of GFP expressing cells (Figure 4B). In contrast, gelatin did not induce GFP 
production at any of the concentrations tested, even at concentrations 
where hLAIR-1-hIg effectively bound (Figure 4A-B). These results suggest that 
degraded collagen can bind LAIR-1 but cannot activate LAIR-1.

To investigate whether the fibrotic ECM structures that we identified are 
functional ligands for LAIR-1, we performed the same reporter cell assay 
on ECM produced by fibroblasts stimulated with TGFβ and CXCL4. We were 
able to trigger GFP expression in approximately 24% of LAIR-1-CD3ζ reporter 
cells using purified human collagen immobilized in the same culture vessel 
used in our ECM culture system (Figure 4C). ECM produced by unstimulated 
fibroblasts triggered GFP expression in 16.25±3.07% of the LAIR-1-CD3ζ 
reporter cells. However, ECM produced by TGFβ plus CXCL4 stimulated cells 
only resulted in 7.54±1.27% of GFP+ LAIR-1-CD3ζ reporter cells, which is a 
54% reduction in the capacity to activate LAIR-1 (Figure 4C-D). We additionally 
performed a live reporter cell assay on ECM produced by fibroblasts from 
HC and SSc patients after stimulation with TGFβ plus CXCL4. After 70 hours 
of culture, GFP positive reporter cells were detected in areas where intact 
collagen structures were present. In contrast, in the decellularized regions, 
where degraded hLAIR-1-IgG binding collagen structures are deposited, 
LAIR-1-CD3ζ reporter cells were not induced to express GFP (Figure 4E and 
Supplemental video 11-14). This indicates that, despite having the capacity 
to bind LAIR-1, these degraded collagen structures do not activate LAIR-1. The 
production of degraded collagen in fibrotic conditions such as SSc could thus 
lead to incapacitated LAIR-1 inhibitory function and immune cell control.
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Figure 4. Fibrotic disorganized collagen products have impaired capacity to activate 
LAIR-1. (A) Fluorescent hLAIR 1-IgG binding and (B) LAIR-1 response using a NFAT GFP 
reporter cell line transfected with hLAIR-1 and CD3ζ chimera (hLAIR-1-CD3ζ) to plate bound 
purified human Collagen I, gelatin from bovine skin and BSA (bovine serum albumin) as 
unspecific control (shown in blue shade). (C) Response (% of GFP+ cells measured by flow 
cytometry) of hLAIR-1-CD3ζ or control WT-CD3ζ parental cells to a mouse IgG1 isotype 
control (negative control), anti-LAIR-1 agonistic mAb (clone Dx26) (positive control), 
human purified collagen I (5 µg/mL), gelatin from bovine skin (5 µg/mL) and (D) to ECM 
produced by dermal HC dermal fibroblasts unstimulated or upon stimulation with TGFβ2 
plus CXCL4 during 13 days (n=6). (E) hLAIR1-CD3ζ reporter cells were incubated on ECM 
produced by SSc patients (n=4) and HC (n=4) dermal fibroblasts unstimulated or upon 
stimulation (6 days) with TGFβ2 combined with CXCL4 and GFP expression (represented 
in green) was evaluated on the Incucyte imaging system during 70 hours. Paired samples 
were used to immunofluorescence staining for hLAIR-1-gG fusion protein (red), pan 
collagen antibodies (green) and DAPI (blue) to confirm the deposit of LAIR-1- binding ECM 
structures. Differences were considered statistically significant when *p < 0.05 (paired-t 
test).
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Absence of LAIR-1 leads to increased bleomycin-induced skin 
fibrosis in the SSc mouse model
To investigate if the absence of functional LAIR-1 signaling would indeed 
lead to enhanced fibrosis similar to SSc, we subjected Lair1-/- mice to the 
bleomycin-induced fibrosis model. This is a well-established mouse model of 
SSc, in which daily subcutaneous injections of bleomycin are used to induce 
skin fibrosis (Yamamoto et al., 1999). The model course can be divided into an 
inflammatory phase (7-15 days of bleomycin injections) and a fibrotic phase 
(2-4 weeks of bleomycin injections) (Figure 5A). 

Untreated Lair1-/- mice did not display signs of skin fibrosis, as no differences 
were observed in skin thickness between Lair1-/- and WT mice measured 
by caliper (Figure 5B), and by histology (Supplemental Figure 5A-B). To 
determine whether LAIR-1 regulates the fibrotic process triggered upon 
bleomycin treatment, we subcutaneously injected bleomycin or sodium 
chloride (NaCl) as control in Lair1-/- or WT mice (Figure 5A). After 2 weeks of 
bleomycin treatment (inflammatory phase) Lair1-/- mice exhibited increased 
skin thickness compared to WT mice. Interestingly, Lair1-/- mice also showed 
increased skin thickness compared to WT mice after repeated injection of the 
vehicle NaCl (Figure 5C). This was accompanied by increased skin collagen 
content in Lair1-/- mice in both NaCl (p<0.05) and bleomcyin (p=0.065) 
treatment groups (Figure 5D).

In the fibrotic phase of this model, (4 weeks), Lair1-/- mice continued to 
show increased skin thickness measured by caliper (Figure 5E) and collagen 
content (Figure 5F) compared to WT mice after bleomycin treatment, but not 
after NaCl injections. We further confirmed the increased dermal thickness in 
Lair1-/- mice challenged with bleomycin by performing histology with Masson’s 
trichrome staining (Figure 5G-H). By immunohistochemistry (IHC), we found 
an accompanying increase in αSMA+ dermal myofibroblasts (Figure 5I).

The increased fibrotic response in this model in Lair1-/- mice supports a non-
redundant role of LAIR-1 in tissue repair and regulation of fibrosis. Absence 
of proper LAIR-1 ligation due to collagen degradation in fibrotic tissue could 
thus lead to continued propagation of the tissue repair response in diseases 
such as SSc.
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Figure 5. Absence of LAIR-1 leads to increased bleomycin-induced skin fibrosis in the 
SSc mouse model. (A) WT or Lair1-/- mice were subcutaneously injected with bleomycin 
(BLM) or saline (NaCl) control for 2 weeks or 4 weeks. (B) Skin thickness was measured by 
caliper in unchallenged WT or Lair1-/- mice (36 mice per group, 3 independent experiments). 
(C) Caliper skin thickness and (D) collagen content was determined after 2 weeks of 
treatment (6 mice per group, 1 independent experiment). In the 4 weeks treatment model 
(E) caliper skin thickness (21-23 mice per group, 4 independent experiments) and (F) 
collagen content was measured (9-11 mice per group, 2 independent experiments). From 
the affected skin, (G) representative images of Masson’s trichrome staining of affected skin 
and (H) quantification (n=6 per group, 1 independent experiment) are shown, as well as 
(I) representative histological αSMA staining (n=6 per group, 1 independent experiment). 
Data are shown as mean ± SD. Statistically significant differences were considered when 
*p < 0.05, **p < 0.01, ***p < 0.001 (Mann–Whitney test WT vs Lair1-/- groups).
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Discussion

In this study, we show that LAIR-1 represents an essential control mechanism 
for tissue repair. This regulatory function can be obstructed by the production 
of decoy ligands in fibrotic tissue, potentially perpetuating the fibrotic process 
in diseases like SSc. 

LAIR-1 expression and intrinsic function was comparable in cells from SSc 
patients and HC, which is in line with our previous findings, that under 
inflammatory conditions LAIR-1 is expressed and upon ligation still efficiently 
reduces cytokine production (Carvalheiro et al., 2020). In addition, the 
concentration of soluble LAIR-1 antagonists in the circulation of SSc patients is 
similar to HC, in contrast to the increased concentration of sLAIR-1 and LAIR-2 
observed in rheumatoid arthritis patients and in patients with autoimmune 
thyroid diseases (Olde Nordkamp et al., 2011; Simone et al., 2013).

Despite normal LAIR-1 expression and function in cells from SSc patients, 
an inadequate ligand might undermine its inhibitory function. Collagen 
synthesis is highly upregulated in SSc tissues, leading to compensatory 
collagen degradation mechanisms. Several MMPs, including MMP7, MMP9 
and MMP12, are increased in SSc patients (Manetti et al., 2012; Peng et 
al., 2012), translating to increased concentrations of collagen degradation 
products in the circulation and in the skin, suggesting a high collagen 
turnover in this disease (Dobrota et al., 2021; Hunzelmann et al., 1998; Juhl 
et al., 2020). However, despite increased collagen degradation, excessive 
collagen production still results in an imbalance and enormous accumulation 
of collagen in tissues and organs of these patients (Dobrota et al., 2021; Juhl 
et al., 2020; Manetti et al., 2012; Scheja et al., 2000). 

We now report that even though LAIR-1 is able to bind to the fibrotic skin 
of SSc patients and to the ECM deposited by fibroblasts under pro-fibrotic 
conditions, it cannot be functionally activated by the collagen products that 
are formed. Thus, these structures may act as decoy ligands and compete 
with intact collagen to prevent inhibitory signaling by LAIR-1. We have 
previously described that LAIR-1 binding to trimeric collagen peptides is 
influenced by glycine-proline-hydroxyproline (GPO) content of collagen, 
although other factors contribute to the interaction as well (Lebbink et al., 
2006; Lebbink et al., 2009). In addition, we identified a collagen peptide (II-17) 
that binds to LAIR-1 but is unable to induce LAIR-1 signaling (Lebbink et al., 
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2009). Thus, biochemical and structural alterations of collagen determine the 
LAIR-1 functional response. 

The inadequate activation of LAIR-1 by fibrotic collagen could be partly 
explained by the lack receptor clustering in analogy to glycoprotein VI (GPVI). 
GPVI is a collagen activating receptor on platelets and the collagen-binding 
domain is homologous of LAIR-1 (Brondijk et al., 2010; Jarvis et al., 2008; 
Lebbink et al., 2009; Tomlinson et al., 2007). The proximity of GPVI dimer-
binding sites on the collagen fiber surface enables clustering of GPVI dimers, 
increasing avidity and bringing together the necessary components to initiate 
receptor signaling (Herr and Farndale, 2009; Poulter et al., 2017). LAIR-1 may 
have similar requirements for signaling. While short collagen degradation 
products may be sufficient for LAIR-1 binding, signaling may require longer 
collagen fibers containing a greater number of binding sites for LAIR-1 
clustering inducing a downstream signaling cascade. 

The production of the fibrotic collagen products in our in vitro system upon 
repeated exposure to TGFβ and CXCL4 is dependent of PDGF receptor 
signaling and MMP activity. PDGF family members are potent mitogenic 
factors and are involved in chemotaxis and cell migration (Andrae et al., 2008). 
Both PDGFs and PDGFRs are upregulated in skin lesions of SSc patients and 
this pathway promotes myofibroblast activation (Klinkhammer et al., 2018). 
In addition, PDGF proteins, particularly PDGF-D, upregulate the expression 
of multiple MMPs (Cui et al., 2014; Qin et al., 2016), and are consequently 
implicated in collagen degradation (Canalis et al., 1989). Collagen fragments, 
particularly 3/4 length collagen fragments, in turn enhance PDGF migratory 
properties (Stringa et al., 2000), which may contribute to the increased motility 
we observed upon TGFβ plus CXCL4 stimulation. Indeed, MMP inhibition 
reduced cell motility, in agreement with previous work (Li et al., 2004). 

The presence of collagen degradation products in SSc may lead to an 
inefficient LAIR-1 inhibitory signal in immune cells and thus perpetuate 
inflammation and consequent fibrosis in these patients. In mice, LAIR-1 
deficiency indeed resulted in increased bleomycin-induced skin fibrosis, 
also in response to repetitive injury promoted by saline injections. Absence 
of LAIR-1 resulted in an increased presence of αSMA+ myofibroblast and 
increased collagen deposition and dermal thickness. Thus, LAIR-1 deficient 
mice are more sensitive to developing fibrosis upon injury. This finding was 
consistent throughout experiments, although we did observe variability in 
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the extension of the increased skin fibrosis in LAIR-1 deficient mice, reflected 
either by skin caliper, collagen content or histology, which may have been 
due to differences in the efficacy of bleomycin inducing skin fibrosis as well as 
different operators performing the model in different experiments (Blyszczuk 
et al., 2019).

Since LAIR-1 is able to regulate a large variety of immune cells, it is possible 
that the exacerbated fibrotic phenotypic observed in LAIR-1 deficient mice is 
driven by multiple immune cells, including monocytes, macrophages, DCs, T 
cells and B cells. In particular, inflammatory monocytes and tissue-resident 
macrophages highly express LAIR-1 and are key regulators that maintain 
tissue homeostasis and are important for both driving and resolving tissue 
repair (Carvalheiro et al., 2020; Keerthivasan et al., 2021; Meizlish et al., 2021). 
Further studies are needed to determine which cell types are essential for 
LAIR-1 mediated regulation of fibrosis.

Taken together, we identified a crucial role for LAIR-1 in the regulation 
of tissue repair using LAIR-1 deficient mice and show that in response to 
soluble factors that drive inflammation and fibrosis in SSc, human fibroblasts 
generate large amounts of degraded collagen, with impaired capacity to 
induce LAIR-1 signaling. Our data may explain how dysregulation can occur 
in fibrosis resulting in a vicious cycle: LAIR-1 normally senses collagen thus 
providing negative feedback to further collagen production, while collagen 
fragments, presumably generated during injury, prevent the negative 
feedback so that new collagen can be made to replace degraded collagen. 
However, fragments produced under inflammatory conditions can remove 
this negative feedback even when there is excess collagen present in fibrotic 
tissues. Thus, a circuit designed to maintain homeostasis has a vulnerability 
to dysregulation resulting in fibrosis.

Since LAIR-1 is expressed and intrinsically functional in SSc patients, our 
study opens novel avenues for the treatment of SSc and perhaps other 
fibrotic diseases by harnessing the LAIR-1 feedback loop to halt the cascade 
of inflammation and fibrosis.
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Materials and Methods

Animal Experiments
Lair1−/− mice were generated on the C57BL/6 background by Taconic Artemis 
as described in (Smith et al., 2017). Female Lair1-/- and wild-type (WT) mice 
derived from the same breeding line and housed under the same conditions 
were used for this study. Animal experiments were approved by the 
Committee on Animal Experiments of the Utrecht University and performed 
at the Central Animal Laboratory, Utrecht University. 

Bleomycin mouse model of SSc
WT and Lair1−/− female mice were treated daily with subcutaneous injections 
into the back during either 2 weeks (1 independent experiment, n=6 per 
group, age ±28 weeks,) or 4 weeks (1 independent experiment, n=6 per group, 
age ±12 weeks; 3 independent experiments, n=3-6 per group, age ±28 weeks) 
of bleomycin (200 µL, 1000 µg/mL or 500 µg/mL respectively, Bleomedac - 
Medac or Baxter). Two days after the last injections, mice were sacrificed by 
cervical dislocation.

Patients
Blood from SSc patients was obtained from the University Medical Center 
Utrecht and Maasstad Hospital Rotterdam. Early SSc (eaSSc) patients were 
classified according to Leroy and Medsger (LeRoy and Medsger, 2001). 
Definite SSc patients fulfilling the classification the American College of 
Rheumatology/European League Against Rheumatism 2013 classification 
criteria (van den Hoogen et al., 2013) without manifesting skin fibrosis were 
defined as non-cutaneous SSc (ncSSc); fibrotic SSc patients were stratified to 
limited cutaneous (lcSSc) or diffuse cutaneous SSc (dcSSc) according to the 
extent of skin involvement (LeRoy et al., 1988) (Supplementary table 1). 
Blood from sex- and age-matched healthy controls (HC) was obtained from 
the Mini Donor Service of the University Medical Center Utrecht. The study 
was conducted according to the Helsinki declaration and it was approved 
by the local institutional medical ethics review boards. All subjects provided 
written informed consent. Samples and clinical information were treated 
anonymously immediately after collection. 

Histochemical Analysis
Skin sections (5 μm) of paraffin-embedded tissue were stained with Mason’s 
trichrome, to evaluate collagen content and organization. For αSMA staining, 
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deparaffinized sections were rehydrated, and streptavidin/biotin blocking kit 
(Vector Laboratories) was applied, followed by blocking step with normal goat 
serum (Cell Signaling Technology). Next, samples were stained with rabbit-
anti mouse αSMA (2 µg/ml, Abcam); followed by a goat-anti rabbit antibody-
biotin (1:300, Vector Laboratories) and subsequent Vectastain ABC HRP kit 
(Vector Laboratories). ImmPact NovaRED (Vector Laboratories) was used as 
substrate. Samples were counterstained with Mayer’s hematoxylin. Images 
were acquired on an Aperio Digital Pathology Slide Scanner (Leica Biosytems). 
Images were analysed using the Aperio ImageScope software (Leica 
Biosytems) and dermal thickness was measured according to the protocol 
described by Błyszczuk et al. (Blyszczuk et al., 2019).

Quantification of Tissue Collagen
Collagen content was quantified by colorimetric assays from 4 mm skin punch 
biopsies. Skin sections were hydrolyzed and collagen content was determined 
in supernatants by QuickZyme total collagen assay (QuickZyme Bioscience) 
or the Total Collagen Assay Kit (Abcam), according to the manufacturer’s 
instructions.

Cell isolation
Peripheral blood was obtained from HC and SSc patients in lithium heparin 
tubes. Peripheral blood mononuclear cells (PBMCs) were isolated by density 
centrifugation using Ficoll-Paque Plus (GE Healthcare). Plasmacytoid dendritic 
cells and monocytes were isolated using anti-BDCA4 or anti-CD14 magnetic 
microbeads (Miltenyi Biotec) respectively, based on positive separation 
on auto-MACS assisted cell sorting (Miltenyi Biotec) according to the 
manufacturer’s protocol.

Flow cytometry analysis
LAIR-1 expression on PBMCs was determined on freshly isolated cells, 
blocked with normal mouse serum (Fitzgerald) and then stained for 20 min 
at 4°C with fluorochome-conjugated monoclonal antibodies according to 
the panel on Supplementary table 2. Samples were acquired on a BD LSR 
Fortessa (BD Biosciences) using the BD FACSDiva software (BD Biosciences). 
FlowJo software (Tree Star) was used for data analyses (analysis strategy in 
Supplemental Figure 6A-B).
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Immunohistochemistry staining for LAIR-1 
Skin frozen sections (6 μm) from HC and SSc patients samples were fixed in 
10% neutral buffered formalin for 15 sec. at room temperature (RT). After 
washing step with PBS+0.05% Tween-20, 0.3% Hydrogen peroxide was 
applied to the specimens, that were then blocked with 2.5% normal horse 
serum (Vector Laboratories) diluted in PBS. Next, 10 µg/mL of either mouse 
anti-human LAIR-1 (clone Dx26; purified in house) or mouse isotype control 
IgG1 (Dako) diluted in PBS+1% BSA buffer were incubated overnight at 4°C. 
Samples were then washed and incubated for 30 min with anti –mouse Ig HPR 
(Vector Laboratories). After washing, AEC+ Substrate-Chromogen (Dako) was 
used as substrate. Samples were counterstained with Mayer’s hematoxylin. 
Image acquisition was performed on an Olympus BX41 microscope. Images 
were further processed with ImageJ software. A representative LAIR-1 and 
isotype control staining is shown in Supplemental Figure 7.

Analysis of LAIR-1 function
LAIR-1 inhibitory function was assessed on purified pDCs and purified 
monocytes from HC and SSc patients as described before (Carvalheiro et al., 
2020). Briefly, 96 well Nunc culture or 24 well Nunc culture plates (Thermo 
Fisher Scientific) were coated with 10 µg/mL of anti-LAIR-1 agonist mAb (clone 
Dx26) or 10 µg/mL of mouse isotype control IgG1 (eBioscience- Thermo Fisher 
Scientific) diluted in PBS overnight at 4°C.  A total of 5.0x104 pDCs or 5.0x105 
monocytes were seeded in the pre-coated plates with RPMI 1640 GlutaMAX 
(Life Technologies- Thermo Fisher Scientific), supplemented with 10% heat-
inactivated fetal calf serum (FCS, Biowest Riverside) and 1% penicillin/
streptomycin (Thermo Fisher Scientific), after incubation with Fc receptor 
blocking reagent (Miltenyi Biotech), for  2 hours at 37°C in a 5% CO2 incubator. 
Then, pDCs were either left unstimulated or stimulated with CPG-C-TLR9 
ligand (500 µM) and monocytes were either left unstimulated or stimulated 
with LPS-TLR4 ligand (100 ng/mL), all from Invivogen. Cells were incubated 
overnight at 37°C in a 5% CO2 incubator and afterwards supernatants were 
harvested and stored at -80°C until further analysis.

Measurement of cytokine production 
Cytokines in cell-free supernatants were measured using enzyme-linked 
immunosorbent assay (ELISA) for IL-6 (Sanquin), TNF-α (Diaclone) and 
IFN-α (eBiosience, Thermo Fisher Scientific), following the manufacturer’s 
instructions. The cytokine production in monocytes and pDCs from HC and 
SSc patients upon stimulation is shown in Supplementary table 3. Soluble 
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(s)LAIR-1 (as described previously (Olde Nordkamp et al., 2011)) and LAIR-2 
(LifeSpan BioSciences) were also measured by ELISA in the serum of HC and 
SSc patients.

LAIR-1 - Collagen binding assay
Collagen binding to LAIR-1 stably transduced K562-cells (Lebbink et al., 2006)
was assessed by flow cytometry adapted from the previously described 
protocol (Lenting et al., 2010). In brief, collagen I FITC labelled was incubated 
for 1 hour at room temperature with serum either from SSc patients or HC 
(1:30 dilution).  Next, 1.5x105 K562-cells overexpressing LAIR-1 were incubated 
with the collagen-serum mix during 30 min. After a washing step, cells were 
incubated with anti-LAIR-1 PE (clone Dx26, BD) for 15 min and then washed. 
Samples were acquired on a BD LSR Fortessa (BD Biosciences) using the BD 
FACSDiva software (BD Biosciences). The percentage (%) of cells binding to 
collagen was determined using the FlowJo software (Tree Star).

Human skin staining with hLAIR-1-IgG
Frozen tissue sections (5 µm) from SSc and HC skin that were fixed in 10% 
acetone in the presence of 1.5% H2O2. Free biotin in the sections was blocked 
using the streptavidin/biotin blocking kit (Vector Laboratories). Tissue sections 
were stained with biotinylated hLAIR-1–IgG (a chimeric protein obtained by 
fusing the extracellular domain of human(h)LAIR-1 to the Fc region of human 
IgG1 (Lebbink et al., 2004), in the presence of 2% FCS. After washing with 
PBS, sections were treated with streptABComplex/HRP (Vector Laboratories) 
according to the manufacturer’s instructions, followed by AEC+ substrate-
chromogen (Dako) and counterstained with hematoxylin. Images were 
acquired on an Olympus BX41 microscope and to quantify the hLAIR1-IgG 
staining, HALO (Indica Labs) Area Quantification-v1 algorithm was used with 
thresholds for positive and negative signals set based on controls.  A classifier 
was built to identify the dermis, and used within the analysis algorithm to 
quantify IHC signal and reduce the background from pigmented skin samples. 

Dermal fibroblasts culture
Dermal fibroblasts were isolated from 3–4-mm skin biopsy sections obtained 
from a clinically affected area of SSc patients, while HC dermal fibroblasts 
were obtained from skin biopsy sections as resected material after cosmetic 
surgery. Dermal fibroblast isolation was performed using a whole skin 
dissociation kit (Miltenyi Biotec) following the manufacturer’s instructions, 
and fibroblasts were routinely maintained in Dulbecco’s modified Eagle’s 
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medium (DMEM; Invitrogen) supplemented with 10% FBS and 1% penicillin–
streptomycin. Cells were used for experiments between passages 3 and 5.

In vitro fibrotic model
Nunc Lab-Tek II chamber slides (ThermoFisher Scientific) or µ-Slide 8 Well 
Glass Bottom (IBIDI) were precoated with 0.001% poly-l-lysine (Sigma-
Aldrich), washed with PBS and air-dried. Dermal fibroblasts were seeded 
in DMEM containing 10% FBS for 24 hours and then incubated overnight in 
DMEM containing 0.1% FBS. Cells were then stimulated with recombinant 
TGFβ2 (10 ng/mL, R&D Systems), recombinant CXCL4 (5 µg/mL, Peprotech) 
or the combination of both in DMEM containing 2% FBS and 50 μg/ml of 
L-ascorbic acid (Wako Pure Chemical), and refreshed 2 and 4 days later. 
Where indicated, PDGFR inhibitor CP-868596/Crenolanib (Selleckchem) and 
the metalloproteinase inhibitor GM6001/Galardin (Merck Millipore) were 
used at the concentration of 1 μM and 100 µM respectively and refreshed as 
described above. In some experiments cells under stimulation were imaged 
live on the IncuCyte system (Essen BioScience). After 6 days of stimulation, 
or otherwise indicated, cells were used for immunofluorescence, electron 
microscopy analysis or reporter cell assay.

Immunofluorescence
Cells were fixed with 4% paraformaldehyde, washed with PBS–1% bovine 
serum albumin (BSA), and blocked in PBS containing 5% normal serum and 
1% BSA. Cells were incubated with biotinylated hLAIR-1-IgG, anti-collagen I, or 
pan-anti-collagen antibody mix (anti-collagen I, II, III, IV, V) for 1 hour at room 
temperature, washed, and incubated with secondary antibodies conjugated 
with Alexa Fluor 488, Alexa Fluor 594 or Alexa Fluor 647 for 30 minutes at 
room temperature (Supplementary table 2 for antibody information). 

The collagen hybridizing peptide (CHP, 3Helix) staining was performed 
according to the manufacturer’s protocol. Briefly, cells were fixed with 4% 
paraformaldehyde and washed with PBS+1% BSA. Next, samples were 
blocked with 5% normal goat serum and 1% BSA and then incubated for 2 
hours at 4°C with biotinylated CHP (2.5 µM), previously denatured at 80°C for 
5 min (non-denatured CHP was used to assess unspecific binding) plus LAIR-
1-IgG (5 µg/mL). After washing with PBS+1% BSA, samples were incubated 1 
hour at room temperature with unlabeled anti-LAIR-1 mAb (2.5 µg/mL, clone 
Dx26) followed by a last step incubation with streptavidin AF647 and goat 
anti-mouse AF488 (both 2 µg/mL).
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Cells were incubated with DAPI (Sigma-Aldrich) for 15 min at room 
temperature and finally washed with PBS. 

Imaging data were acquired on a Zen2009 LSM 710 confocal microscope 
(Zeiss) or on the IncuCyte system (Essen BioScience). For the quantification 
of LAIR-1-IgG and Collagen I co-staining the .lsm files were converted to 
.czi files and then analyzed using HALO (Indica Labs) Area Quantification FL 
v1 algorithm.   Positive and negative samples were used to set thresholds 
for each marker. To quantify the areas of plaques (hLAIR-1-IgG binding 
structures), HALO classifiers were trained on negative and positive samples. 
Separate classifiers were developed for images captured on the Incucyte 
versus the Zen2009 LSM 710 confocal microscope.

Electron microscopy
Dermal fibroblasts were grown on carbon coated glass coverslips as 
described above, fixed with 4% Formaldehyde, labelled with pan-collagen mix 
of antibodies antibody, hLAIR-1-IgG fusion protein, and counterstained with 
DAPI as also stated above. The coverslips were imaged in the fluorescence 
microscope (Thunder, Leica) to confirm the presence of  LAIR-1 binding 
ECM structures. After fluorescence microscopy, cells on coverslips were 
fixed in half strength Karnovsky fixative (2.5% Glutaraldehyde (EMS) + 2% 
Formaldehyde (Sigma)) pH 7.4 at RT for 2 h. Cells were rinsed and stored in 
1M Phoshate Buffer pH 7.4 at 4°C until further processing. Post-fixation was 
performed with 1% OsO4, 1.5% K3Fe(III)(CN)6 in 1M Phoshate Buffer pH 7.4 
for 2 h. Cells were then dehydrated in a series of aceton, and flat embedded in 
Epon (SERVA) similar to reported before (Fermie et al., 2018). After curing, the 
coverslips were detached from the resin block and ultrathin sections were cut 
(Leica Ultracut UCT), collected on formvar and carbon coated transmission 
electron microscopy (TEM) grids, and stained with uranyl acetate and lead 
citrate (Leica AC20). Micrographs were collected on a JEM1010 (JEOL) 
equipped with a Veleta 2k×2k CCD camera (EMSIS, Munster, Germany) or on 
a Tecnai12 (FEI Thermo Fisher) equipped with a Veleta 2k×2k CCD camera 
(EMSIS, Munster, Germany) and operating SerialEM software.

Binding assay 
96-well black flat-bottom plates (Corning) were coated overnight at 4 °C 
with purified collagen I from human placenta (Sigma), gelatin from bovine 
skin (Sigma) or BSA (for unspecific binding) diluted in PBS (50 µL/well). After 
washing with PBS, proteins were fixed with 100% ice-cold methanol at -20°C 
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for 30 min and then washed. Wells were then blocked for 30 min with PBS 
containing 1% of normal donkey serum and 2% FBS. Blocking solution was 
discarded and replaced with hLAIR-1-IgG biotinylated (5 µg/mL) and incubated 
for 1 hour at RT. After washing, wells were incubated with a Streptavidin 
AF647 (5 µg/mL) for 1 hour at RT. After washing, imaging and data acquisition 
was performed on a LI-COR - Odyssey system. Signal intensity was obtained 
for each well.

Reporter cell assay
2B4 T cell hybridoma cells with stable expression of a NFAT-GFP reporter and 
hLAIR-1-CD3ζ or WT-CD3ζ were cultured as previously described (Lebbink 
et al., 2006). To assess hLAIR-1-CD3ζ response to either purified collagen I 
or gelatin, 96-well black flat-bottom plates (Corning) were coated overnight 
at 4 °C with purified collagen I from human placenta (Sigma), gelatin from 
bovine skin (Sigma) or BSA (for unspecific binding) diluted in PBS (50 µL/well). 
After washings, 5.0× 104 cells in 200 μL were added to each well, and plates 
were incubated at 37°C for 20 h and analyzed for GFP expression by flow 
cytometry.

To evaluate hLAIR-1-CD3ζ  response to fibrotic ECM, dermal fibroblasts 
cultured and stimulated as described above, were rinsed with PBS and 1.5x105 
hLAIR-1-CD3ζ - NFAT-GFP reporter cells were added. For the experiment 
controls, µ-Slide 8 Well Glass Bottom (IBIDI) were coated overnight at 4°C 
with purified collagen I, BSA, or anti–hLAIR-1 mAb (clone Dx26) at 5 μg/mL 
in PBS. After washing, cells were added to each well.  Cells were incubated 
for 20 hours and GFP expression was measured by flow cytometry. In 
parallel, samples were incubated in the IncuCyte system and live imaging was 
performed during 70 hours to determine GFP expression. Efficiency of the 
LAIR-1-CD3ζ and WT- CD3ζ response are shown in Supplemental Figure 8.

LAIR-1 expression from profiling data 
LAIR-1 gene expression was retrieved from array profiling data available on 
the Gene Expression Omnibus (GEO – NCBI) using GEO2R (NCBI). 

Statistics
Statistical analysis was performed using GraphPad Prism 8 software 
(GraphPad Software Inc.).  Differences between experimental groups were 
analyzed using parametric paired t-tests, one-way ANOVA test or non-
parametric Mann–Whitney U test or Wilcoxon’s test, when appropriate. 
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Pearson’s correlation coefficient test was applied to detect the association 
between different parameters. Two-sided testing was performed for all 
analyses. Differences were considered to be statistically significant at p<0.05.
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Supplemental Figure 1. LAIR1 expression in affected skin from SSc patients. (A) LAIR1 
gene expression in skin from HC and SSc patients by array profiling and retrieved from 
publicly available dataset GSE95065. Results are represented as mean with SD. Differences 
were considered statistically significant between HC and SSc patients when **p  < 0.01 
(Unpaired t-test) (B) Correlation between LAIR1 expression and PTPRC (gene for CD45) or 
CD68 expression in skin from HC and SSc patients (GSE95065). Correlations were assessed 
by the Pearson’s correlation coefficient test.

Supplemental Figure 2. Collagen – LAIR-1 blocking with HC and SSc patients sera.
Representative flow cytometry analysis showing K562 overexpressing- LAIR-1 cells 
incubated either with FITC labelled collagen alone, or pre-incubated with recombinant 
LAIR-2 (40 µg/mL), or serum from HC or SSc patients. 
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Supplemental Figure 3. Immunofluorescence staining of ECM with hLAIR-1-IgG or 
hSIRL-1-IgG. ECM produced by HC fibroblasts upon TGFβ2 plus CXCL4 combination, 
stained with the pan-collagen mix of antibodies (green) either with hLAIR-1-IgG (red) 
or human Signal inhibitory receptor on leukocytes-1 (hSIRL-1)-IgG (red) for irrelevant 
binding control.
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Supplemental Figure 4.  Transmission Electron Microscopy (TEM) images of ECM 
produced by fibroblasts stimulated with TGFβ2 in combination with CXCL4. 
Additional TEM images of collagen fibers in (A) medium control (upper panel) and (B) 
TGFβ2 plus CXCL4 treated (lower panel) fibroblasts. Red square and corresponding zoom-
in images show the ECM structure composed of agglomerated collagen fibers observed in 
TGFβ2 plus CXCL4 treated fibroblasts. Scale bars are 5 µm, 2 µm and 1 µm from left to the 
right in both conditions, respectively.

Supplemental Figure 5. Histological analysis of skin from untreated WT and Lair1-

/- mice. (A) Representative Masson’s trichrome staining of skin from untreated WT and 
Lair1-/- mice (C57BL/6J females, 66-64 weeks old) and (B) quantification of the dermal 
thickness (n=3 per group).
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Supplemental Figure 6. Flow cytometry analysis strategy to determine LAIR-
1 expression on the different circulating immune cells of HC and SSc patients. 
Flow cytometry gating strategy analysis to identify (A) plasmacytoid dendritic cells 
(pDC), conventional type 1 DCs (cDC1), conventional type 2 DCs (cDC2), non-classical, 
intermediate and classical monocytes, and (B) B cells, CD56bright and CD56dim NK cells, CD8+ 
and CD4+ T cells, on peripheral blood mononuclear cells (PBMC) of HC and SSc patients.
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Supplemental Figure 7. Immunohistochemistry analysis of LAIR-1 expression in HC 
and SSc skin. (A) Representative images of LAIR-1 immunohistochemistry staining (red 
substrate) (top panel) and isotype control as negative control (bottom panel) in HC and 
SSc affected and non-affected skin (n=3 per group). Mayer’s hematoxylin was used as 
nuclear counterstain.
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Supplemental Figure 8. Efficiency of the LAIR-1 response using a NFAT-GFP reporter 
cell line transfected with hLAIR-1 and CD3ζ chimera. Response (% of GFP+ cells 
measured by flow cytometry) of hLAIR-1-CD3ζ or control WT-CD3ζ parental cells to PBS 
(background control), immobilized mouse IgG isotype control (5 µg/mL), anti-CD3 (5 µg/
mL), anti-human LAIR-1 (Dx26) (5 µg/mL), BSA (5 µg/mL), purified human collagen I (5 µg/
mL) or bovine skin gelatin (5 µg/mL) on a plastic culture plate.
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Supplemental Table 1. SSc patients characteristics

n= Age (years) Female: 
n (%) Early SSc ncSSc lcSSc dcSSc

LAIR-1 expression
(peripheral blood) 26 53±14 17 (65%) 4 (15.4%) 6 (23.1%) 13 (50%) 3 (11.5%)

LAIR-1 function
(peripheral blood) 7 57±18 5 (71%) 0 1 (14.3%) 3 (42.9%) 3 (42%)

serum samples
(sLAIR-1 and LAIR-2 
ELISA)

30 54±18 21 (70%) 8 (26.7%) 3 (10%) 11 (36%) 8 (26.7%)

serum samples
(K562-LAIR-1 – 
collagen blocking)

36 55±10 22 (61%) 2 (5.6%) 6 (16.7%) 19 (52.8%) 9 (25%)

skin samples
(IHC: LAIR-1 and 
hLAIR-1-IgG)

9 43±8 7 (77%) 0 0 4 (44.4%) 5 (55.6%)

dermal fibroblasts
(IF) 6 48±14 4 (67%) 0 0 2 (33.3%) 4 (66.7%)
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Supplemental Table 2. Antibodies used in flow cytometry (FCM), 
immunohistochemistry (IHC) Immunofluorescence (IF) and functional assays.

Target Label Manufacturer Catalogue nr. Dilution Clone Application

CD1c (BDCA1) BV421 Biolegend 331526 1:20 L161 FCM

CD14 APC-H7 BD 560180 1:50 MφP9 FCM

BDCA2 PerCP-Cy5.5 Biolegend 354209 1:50 201A FCM

BDCA3 PECy7 Biolegend 344110 1:50 M80 FCM

CD3 AF700 Biolegend 300424 1:25 UCHT1 FCM

CD19 AF700 eBioscience 56-0199-42 1:50 HIB19 FCM

CD56 AF700 BD 557919 1:50 B159 FCM

CD16 V500 BD 561394 1:50 3G8 FCM

HLA-DR APC BD 559866 1:50 G46-6 FCM

CD3 AF700 Biolegend 300424 1:40 UCHT1 FCM

CD4 PB Biolegend 300521 1:50 RPA-T4 FCM

CD8 V500 BD 560774 1:100 RPA-T8 FCM

CD45Ro PECy7 BD 337168 1:20 UCHL1 FCM

CD27 APC-eF780 eBioscience 47-0279-42 1:10 O323 FCM

CD19 PerCP Biolegend 302228 1:100 HIB19 FCM

CD56 APC Biolegend 318310 1:30 HCD56 FCM

LAIR-1 PE BD 550811 1:20 Dx26 FCM

αSMA Unlabelled Abcam ab5694 2 µg/mL Polyclonal IHC

Isotype control Unlabelled Abcam ab27478 2 µg/mL - IHC

IgG (H+L) Biotin Vector Labs BA1000 1:300 Polyclonal IHC

LAIR-1 Unlabelled Purified in house - 10 µg/mL Dx26 IHC/functional

mouse isotype 
control IgG1 Unlabelled Dako/Agilent X0931 10 µg/mL - IHC

mouse isotype 
control IgG1 Unlabelled Invitrogen 16-4714-85 10 µg/mL - functional

Mouse CD3ε Unlabelled BD 553057 5 µg/mL 145-2C11 functional

hLAIR-1-IgG Biotin Purified in house - 5-10 µg/mL - IHC/IF

hSIRL-1-IgG Biotin Purified in house - 5 µg/mL - IF

Collagen I Unlabelled SouthernBiotech 1310-01 2 µg/mL - IF

Collagen-Pan Unlabelled Invitrogen PA5-104252 5 µg/mL Polyclonal IF

Donkey anti-Goat 
IgG (H+L) Alexa Fluor 488 Invitrogen A11055 2 µg/mL - IF

Streptavidin Alexa Fluor 594 Invitrogen S32356 2 µg/mL - IF

Streptavidin Alexa Fluor 647 Invitrogen S32357 2 µg/mL - IF

Goat anti-Rabbit IgG 
(H+L) Alexa Fluor 488 Invitrogen A11070 2 µg/mL - IF
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Supplemental Table 3. Levels of IL-6 and TNF-α produced by monocytes and IFN-α 
produced by plasmacytoid dendritic cells (pDCs). 

IL-6
(pg/mL)

TNF-α
(pg/mL)

IFN-α
(pg/mL)

Monocytes

Medium

HC
Isotype Control 9072±16252 1014±848.5 -

anti-LAIR-1 1504±2622* 1183±117 -

SSc
Isotype Control 3950±6177 624.6±329.7 -

anti-LAIR-1 4291±9306 710.9±676.4 -

LPS 
TLR4- ligand

HC
Isotype Control 76985±31227 19026±11134 -

anti-LAIR-1 12177±9200* 5678±1816* -

SSc
Isotype Control 74469±47792 14714±8638 -

anti-LAIR-1 24416±46928* 9329±13105 -

pDCs

Medium

HC
Isotype Control - - 479±237.8

anti-LAIR-1 - - 361.9±107.9

SSc
Isotype Control - - 469.5±274

anti-LAIR-1 - - 327.9±111

CpG-C
TLR9- ligand

HC
Isotype Control - - 24202±16481

anti-LAIR-1 - - 12606±10915*

SSc
Isotype Control - - 13714±7885

anti-LAIR-1 - - 5856±5864*

Isolated cells were pre-treated with LAIR-1 agonist (Dx26) and monocytes were stimulated 
with LPS and pDC with CpC-C. Production of IL-6 and TNF-α by monocytes and IFN-α by 
pDCs was evaluated using ELISA. Data are shown as mean ± SD. Statistically significant 
differences between isotype control and anti-LAIR-1 conditions were considered when *p 
< 0.05 (Wilcoxon’s test).
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Tissue fibrogenesis is a complex process orchestrated by a bidirectional 
crosstalk between different cell types like immune cells, epithelial cells and 
myofibroblasts involved in a wound healing response to tissue damage. 
Cell fate within fibrotic tissues is profoundly affected by the highly dynamic 
environment of the pericellular extracellular matrix (ECM), which is mainly 
produced by myofibroblasts (1, 2). ECM molecules are potent regulators of 
immune cell function and alterations in the structure and composition of ECM 
in disease conditions provide immune cells with physical and biochemical 
cues that, in turn, affect their activation state (3). 

Systemic sclerosis (SSc) is an immune-mediated rheumatic disease 
characterised by vasculopathy, inflammation and fibrosis of the skin and 
internal organ. Although SSc is uncommon (50 to 300 cases per 1 million 
individuals), it has high morbidity and mortality rates (4, 5). The course of 
SSc is extremely heterogeneous and the ability to cluster SSc patients into 
homogeneous groups with comparable etio-pathogenesis, molecular 
pathways, disease manifestations, trajectory, and response to therapy will 
improve management and clinical outcome (6). Improved understanding of 
SSc pathophysiology has allowed better management of the disease (4). Of 
the currently available biologics, rituximab (anti-CD20 monoclonal antibody) 
and tocilizumab (IL-6 receptor blocking monoclonal antibody) showed 
promising results for improvement in skin and lung disease, however these 
results are yet considered equivocal (7). The small multiple receptor tyrosine 
kinase inhibitor, nintedanib (targets VEGF, FGF, and PDGF receptors, but also 
other kinases, as Src, MAPK, and ERK) was approved for the treatment of 
patients with SSc related interstitial lung disease (SSc-ILD). Administration of 
nintedanib in patients with SSc-ILD reduces the progression of interstitial lung 
disease, although it does not benefit skin fibrosis (NCT02597933) (8). Thus, 
even with novel biotherapies available, SSc remains a challenging disease to 
treat. 

Regulation of inflammatory and fibrotic mechanisms 
in Systemic sclerosis

SSc pathogenesis is currently perceived as a complex disease with a strong 
link between impaired inflammatory and fibrotic processes. Dendritic cells 
(DCs) are an essential link between these processes, reflected by their 
capacity to produce a large array of inflammatory mediators with the ability 
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either to activate other immune cells or to skew different structural and 
stromal cells towards activated myofibroblasts (Figure 1) (9). The complexity 
and heterogeneous nature of SSc encloses other key immune players, which 
orchestrate a dysfunctional response and that may require more than solely 
controlling the immune system (Figure 2). 

Figure 1. Dendritic cells have a crucial role in the inflammatory and fibrotic 
processes in systemic sclerosis. Plasmacytoid DCs (pDCs) produce a large amount of 
IFN-α and CXCL4 due to dysregulated mechanisms such as RUNX3 and TLR8 signalling. 
IFN-α has a strong capacity to induce inflammation and to activate other innate immune 
cells, including conventional DCs (cDCs). Exacerbated toll-like receptor (TLR) activation in 
SSc cDCs leads to increased production of cytokines and chemokines such as, CXCL10, 
CCL4, IL-6, TNF-α and cell adhesion molecules such as P-selectin glycoprotein ligand 1 
(PSGL-1). Activated cDCs display a higher ability to induce T cell activation. Additionally, 
exacerbated CXCL4 production by pDCs might modulate monocytes differentiation into 
monocyte-derived inflammatory DCs (inflDC) with an enhanced cytokine production 
capacity upon TLR stimulation, superior T cell stimulation and a profibrotic phenotype. 
As a result of these dysregulated mechanisms, DCs promote inflammation, myofibroblast 
transformation and extracellular matrix (ECM) deposition in the affected tissue of SSc 
patients. FN-1: fibronectin-1. (Adapted from Carvalheiro et al. Clin Exp Immunol. 2020 (9))

In this thesis, multiple possible players in the pathophysiology of SSc are 
investigated. Increasing evidences underline the central role of plasmacytoid 
dendritic cells (pDCs) in the SSc pathophysiology (9, 10). In line, the loss of the 
RUNX3 transcription factor in pDC from SSc patients (chapter 2), as result 
of increased methylation and the hypoxic microenvironment, is related with 
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increased levels of inflammatory mediators. In the bleomycin mouse model 
for SSc, the DC-specific ablation of Runx3 aggravates skin inflammation and 
fibrosis, suggestive for a detrimental effect of RUNX3 loss as observed in 
pDCs from SSc patients. The increased levels of angiopoietin-2 (Ang-2) in the 
circulation and skin of SSc patients (11-14), lead to the production of pro-
inflammatory cytokines in monocytes from patients with SSc (chapter 3). 
The CXCL4 chemokine is increased in circulation of SSc patients, correlates 
with skin and lung fibrosis (15, 16) and its exacerbated production by pDCs 
of patients with SSc has hypoxic conditions combined with TLR9 activation 
as crucial driving factors (17). CXCL4 directly promotes myofibroblast 
transformation in precursor cells, including endothelial cells, pericytes and 
fibroblasts (chapter 4) and CXCL4 deficiency prevents skin, lung and heart 
fibrosis in mice, as well as blocking of CXCL4 in vivo (chapter 4). Semaphorin 
4A (Sema4A) through the induction of IL-17 by CD4+ T cells, promotes the 
expression of inflammatory mediators in dermal fibroblasts. Sema4A directly 
induces the expression of ECM components in dermal fibroblasts from 
healthy controls and SSc patients (chapter 5). SPARC (secreted protein acidic 
and rich in cysteine) cooperates with TGF-β signalling to induce pro-fibrotic 
activation of SSc patient dermal fibroblasts (chapter 6). In homeostatic 
conditions, exogenous SPARC does not induce a pro-fibrotic phenotype in 
dermal fibroblasts, however, in a TGF-β-induced pro-fibrotic environment, 
exogenous SPARC enhances the fibrotic phenotype of dermal fibroblasts 
(chapter 6). 

Inhibitory receptors are crucial immune regulators and are essential to 
prevent exacerbated responses, thus contributing to immune homeostasis 
(18). The immune inhibitory receptor leukocyte associated immunoglobulin 
like receptor-1 (LAIR-1) is broadly expressed on different monocyte subsets 
and macrophages, not only in circulation but also in the skin (chapter 7). 
Under inflammatory conditions LAIR-1 is upregulated and upon activation 
its intrinsic inhibitory capacity is functional, and is able to reprogram 
monocyte derived DC function (chapter 7). LAIR-1 also plays a crucial role in 
the regulation of fibrosis, since LAIR-1 deficient mice exhibit increased skin 
fibrosis in the bleomycin mouse model for SSc (chapter 8). In addition, in 
response to soluble factors that drive inflammation and fibrosis in SSc, human 
fibroblasts generate large amounts of degraded and disorganised collagen, 
with impaired capacity to induce LAIR-1 signalling, thereby preventing LAIR-1- 
mediated immune regulation (chapter 8). 
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Figure 2. Regulation of the cardinal features of systemic sclerosis: vasculopathy, 
inflammation and fibrosis. The loss of RUNX3 in pDC from SSc patients (chapter 2) is 
related with increased levels of inflammatory mediators.  The angiopoietin – Tie2 axis 
(chapter 3) is able to induce the production of pro-inflammatory cytokines in monocytes 
from SSc patients. CXCL4 (chapter 4) directly promotes myofibroblast transformation in 
precursor cells, including endothelial cells, pericytes and fibroblasts. Sema4A (chapter 5) 
produced by monocytes and T cells induces IL-17 production and directly induce a pro-
fibrotic phenotype in fibroblasts. SPARC (chapter 6) cooperates with TGF-β signalling 
to promote the fibrotic phenotype of fibroblasts from SSc patients. Fibrotic degraded 
collagen present in SSc patients acts as a decoy ligand for LAIR-1 (chapter 8), preventing 
its immune inhibitory role (created with BioRender.com).

Beyond skin fibrosis 

Fibrosis of the skin is almost always present in patients with SSc and shares 
mechanisms that trigger organ-based fibrosing disorders as idiopathic 
pulmonary fibrosis or cardiac fibrosis (4, 19). The molecular mechanisms 
underlying fibrosis are largely similar and ubiquitous, however the final 
cellular phenotypes are highly tissue specific. There is a large variety of 
cellular subsets contributing to ECM production during fibrosis. These cell 
subsets are present in different organs and include resident pro-fibrotic cells 
within the different tissues, their respective progenitors that infiltrate the 
inflamed tissue and cell fractions that become activated and obtain a matrix-
synthesizing phenotype. However, with regard to their biological origin, pro-
fibrotic features, overall contribution to fibrosis and relevance in different 
types of fibrosis each resident stromal cell type has its own features (20).
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In different organs, a wide range of harmful compounds and triggers result 
in vascular damage and inflammation initiating a normal wound healing 
response. However, a chronic tissue damage or an exacerbated healing 
process can lead to initiation and progression of fibrosis. The presence 
and extent of organ fibrosis determines disease progression and outcome, 
as evidenced for chronic kidney diseases (21), non-alcoholic fatty liver (22) 
and pulmonary fibrosis (23). For example, renal inflammation is induced as 
a protective response to a wide range of injuries in an attempt to eliminate 
the cause and promote repair, but perpetuated inflammation promotes 
progressive renal fibrosis. While limited evidences suggest that CD4+ T cells or 
mast cells are involved in interstitial fibrosis, macrophages are implicated in 
promoting both interstitial and glomerular fibrosis. However, macrophages 
can also promote renal repair when the cause of renal injury can be resolved, 
highlighting their plasticity (24). Likewise, liver is exposed to a vast array 
of external agents such as dietary metabolites, alcohol, drugs, as well as 
pathogens, that can lead to injury of the cellular liver components, resulting 
in the activation of the natural wound healing response and consequent 
fibrosis. The transition from a normal liver to fibrotic occurs as a result of 
interaction between several different cell types including hepatocytes, 
hematopoietic stem cells (HSC), Kupffer cells, as well as infiltrating immune 
cells. These inter-cellular interactions involve several soluble and secreted 
mediators, which regulate inflammatory pathways, chemotaxis and HSC 
activation. Macrophages are also central to the pathogenesis of liver diseases 
as they are involved in the initiation, progression and regression of tissue 
injury (25, 26).

Therefore, we may hypothesize that most, if not all, of the mechanisms 
purposed in our studies can be translated to other fibrotic conditions, as 
inflammation and TGF-β signalling are almost conditions sine qua non in 
the fibrotic process. A clear example is the role of CXCL4 as a mediator of 
experimental liver fibrosis in vitro and in vivo (27), which we confirmed in skin, 
lung and heart fibrosis models (chapter 4). Several studies have shown an 
association between the IL-17 family of cytokines and pulmonary, liver, kidney 
and intestinal fibrosis (28), which can imply the involvement of Sema4A as 
the driver of IL-17 production as we observed in chapter 5. Besides, the 
excessive production of Sema4A as result of a perpetuated inflammatory 
response can have a direct pro-fibrotic effect on the resident fibroblasts and 
result in fibrosis. 
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SPARC (chapter 6) expression is elevated in heart, lungs, kidneys, liver, 
dermis, intestine and eyes from animal models of fibrotic diseases and in 
human fibrotic tissues (29). It mediates cardiac collagen deposition and 
fibrosis in response to stress and injury (30) and paracrine SPARC signalling 
dysregulates alveolar epithelial barrier integrity and function in lung fibrosis 
(31).

Collagen degradation products are often found in several fibrotic conditions 
as pulmonary, kidney, or liver fibrosis (32-35). From chapter 8, we learned 
that LAIR-1 does not function properly when engaged by fibrotic degraded 
collagen, which can imply that LAIR-1 have an impaired inhibitory function 
not only in SSc, but also in other fibrotic conditions where a high collagen 
degradation exists.

In addition to fibrotic conditions, collagen fragmentation, reduction in total 
collagen and decreased cell-collagen fibre interactions also characterize 
chronologically aged skin. Moreover, the enzymes responsible for collagen 
degradation increase gradually over time in the skin (36, 37). In contrast to 
“young” skin, which has abundant, tightly packed, and well-organized intact 
collagen fibrils, collagen fibrils in aged skin are fragmented and coarsely 
distributed (38, 39). These observations could also implicate that LAIR-
1 function could be impacted with aging as result of changes in collagen 
structure, fibre alignment and fragmentation.

Fibrosis in cancer

Fibrosis is a common, persistent and potentially debilitating complication of 
chemotherapy and radiation regimens used for the treatment of cancer (40). 
Thus, while the number of cancer therapies are progressively more efficient 
to treat cancer patients, potential tissue fibrosis as result of treatments 
requires particular attention. A major component of the tumour niche is the 
ECM, which has particular relevance in cancer tissue remodelling, stiffening, 
but also abnormal ECM affects cancer progression by directly promoting 
cellular transformation and metastasis (41, 42).

Thereby, the molecules and the mechanisms addressed in the studies 
presented in this thesis are of particular interest to be further investigated 
in this context. For instance, recently a dimeric LAIR-2 Fc fusion protein 
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was developed to target tumour ECM and promote T cell function through 
blockade of LAIR-1-mediated inhibition (43). This points towards a role 
of LAIR-1 in different conditions such as cancer and SSc, which share the 
common concept of dysfunctional ECM. 

Targeting fibrosis

Regardless of how monocytes and macrophages are recruited into areas of 
tissue injury, pro-fibrotic macrophages commonly coordinate scar formation 
through a range of interactions with fibroblasts, which are the main cellular 
source of pathological ECM deposition during fibrosis (44). The macrophage 
and fibroblast cross-talk forms a stable cell circuit resilient to perturbations. 
In tissues, this feature could be responsible for altered ratios of fibroblasts 
to other cell types, as occurs in fibrosis, where tissue composition shifts to a 
pathological stable state characterized by over-representation of fibroblasts 
(45).

Based on this model, a circuit for wound healing and fibrosis based on the 
interactions between myofibroblasts and inflammatory macrophages was 
recently proposed (44). This circuit explains how two different outcomes 
can result from the same system: healing when injury is transient and 
fibrosis when the injury is prolonged or repetitive. The circuit predicts the 
existence of three steady-states: a state of healing associated with modest 
ECM production and two fibrosis states associated with high cellularity and 
excessive ECM production, consistent with histopathological observations. 
In one of the fibrotic states, termed “hot fibrosis,” myofibroblasts and 
macrophages are present at high levels. In the other state, named “cold 
fibrosis,” only myofibroblasts are present (44). This concept can frame the 
momentum to intervene and target different molecules or cell types in fibrosis. 
The studies presented in this thesis lack longitudinal experimentation, 
which would clarify the actual timeline role for each mechanism. Still, we 
can speculate that targeting mediators implicated in the early stages of the 
disease or when a robust inflammatory component is present (hot fibrosis), 
like pDC (chapter 2), Ang-2 (chapter 3), CXCL4 (chapter 4), Sema4A (chapter 
5) or activate LAIR-1 (chapter 7 and 8) in SSc patients can be beneficial, while 
on the other hand in late stages of the disease (cold fibrosis) when immune 
cells and inflammation is rather absent, targeting SPARC (chapter 6) can be 
more appropriated.  
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It is also tempting to speculate that from the lessons learned in chapter 3 
and chapter 5, Ang-2 or Sema4A blockade in in vivo animal models for SSc 
could potential revert or prevent the SSc fibrotic process. In chapter 6, we 
demonstrate that SPARC cooperates with TGF-β signalling to induce pro-
fibrotic activation of fibroblasts from SSc patients, while in vivo studies 
showed that siRNA-mediated silencing of SPARC markedly reduces skin and 
lung fibrosis induced by bleomycin in mice (46). Of particular interest in the 
context of pulmonary fibrosis, SPARC exerts different functions, depending 
on the cell of origin. SPARC produced by bone marrow–derived leukocytes 
limits fibrosis by reducing the extent of inflammation, whereas SPARC from 
fibroblasts or fibrocytes sustains fibrosis, promoting collagen assembly 
(47). Collectively, these data imply that targeting SPARC in fibroblasts of SSc 
patients could also potentially be promising, particular in later stages of the 
fibrotic process because it seems to be possible to reverse the fibroblasts 
activation status, but more in vitro data may be needed.

Immune checkpoint therapy has emerged as a new pillar of cancer treatment 
by interrupting co-inhibitory signalling pathways and promoting immune-
mediated elimination of tumour cells (48, 49), however in patients with 
autoimmune conditions the safety of immune checkpoint inhibitors has 
been of important concern, since these agents unleash immune activation, 
a potentially dangerous situation for patients with already heightened and 
aberrant immune function (50). Hence, based on the findings of chapter 
7 and 8, we propose to activate the immune inhibitory receptor LAIR-1 in 
vivo, in order to regulate the production of inflammatory and pro-fibrotic 
factors and therefore restore tissue homeostasis by controlling the fibrotic 
processes. A rather similar approach was attempted in SSc patients with 
the administration of Abatacept (CTLA-4 fusion protein), which binds to the 
CD80 and CD86 molecule, and prevents T cell activation. In a phase 1 clinical 
trial the treatment with Abatacept resulted in clinical improvement, which 
was associated with modulation of inflammatory pathways in skin (51), later 
a phase II randomized controlled trial showed an improvement in modified 
Rodnan skin score (mRSS) skin score and forced vital capacity but not reaching 
significance (52). Nevertheless, Abatacept seems to have a favourable effect 
on articular involvement and improving joint symptoms in SSc patients (53). 
Since Abatacept is restricted to regulate T cell functions, activation of LAIR-
1 could be a more promising approach as it is able to target the majority 
of immune cells, but in particular macrophages which have a great ability to 
interact and to instruct fibroblast functions (45). 
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Combination antibody therapies are also increasingly gaining more interest 
based on the concept that multiple effector mechanisms are often implicated 
in the disease pathophysiology. Particularly in cancer, combination therapies 
seem to be very promising in a number of mouse experimental tumour 
models and clinical trials (54, 55). In patients with diffuse cutaneous SSc, 
Belimumab (anti-BAFF monoclonal antibody) and Rituximab (anti-CD20 
monoclonal antibody) combination therapy is currently in phase 2 clinical 
trial (NCT03844061). This encourages us to speculate that the combination 
of known antibody therapies, like tocilizumab (anti-IL-6 receptor), rituximab 
(anti-CD20) or fresolimumab (anti-TGF-β1, β2 and β3 neutralizing antibody) 
with the targets identified in our studies or a combination of our targets, 
might be promising for future therapeutics. We can foresee that regulating 
multiple cell-types or concurrent intervening in mechanisms implicated in 
vasculopathy, inflammation and fibrosis are highly promising, nevertheless 
additional experimental validation is necessary (Figure 3).

Figure 3. New potential therapeutic targets for Systemic sclerosis patients. 
In patients with SSc restoring RUNX3 expression can downregulate pDC function 
and activation (chapter 2), while CXCL4 neutralization can reduce myofibroblast 
transformation (chapter 4). Blocking Angiopoietin-2 (Ang-2) can decrease the production 
of pro-inflammatory cytokine by monocytes (chapter 3) and blocking of Sema4A receptors 
can lead to the reduction of IL-17 production and fibroblast to myofibroblast transition 
(chapter 5). Activation of LAIR-1 can potentially target all immune cells and result in 
lower production of inflammatory mediators with pro-fibrotic capacity (chapter 7 and 
8), however it might be dependent of immune cells infiltrates or immune cell influx into 
the affected tissues. On the other hand, in the absence of an inflammatory phase, SPARC 
neutralization in fibrotic fibroblasts can reduce their pro-fibrotic phenotype (chapter 6) 
(created with BioRender.com).
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Model limitations

The studies presented in this thesis, particularly chapter 2, chapter 4 and 
chapter 8, use the bleomycin induced skin fibrosis as animal model for SSc. 
The repetitive bleomycin injections mimic the early inflammatory stages 
of SSc and induce skin fibrosis localized to the injection area. In addition to 
fibrotic changes of the skin, systemic manifestations such as lung fibrosis 
with cellular infiltrates and damaged lung architecture may be observed after 
the administration of very high doses of subcutaneous bleomycin (56). This 
model on one hand is useful to evaluate anti-inflammatory and anti-fibrotic 
therapies in preclinical studies of SSc, but on the other hand it has some 
important limitations. With the usual doses of bleomycin (100 μL injection at a 
concentration of 0.5 mg/mL), fibrosis is limited to the site of injection, whereas 
SSc is a systemic disease involving the skin and internal organs. The typical 
generalized microangiopathy that precedes fibrosis in human SSc is absent 
in the bleomycin model, although thickening of the vascular wall in the deep 
dermis can be observed. Also, the bleomycin model may respond to treatment 
with anti-inflammatory/immunosuppressive agents that are not effective in 
human SSc (56, 57). A major reason for this discrepancy might be that patients 
are usually seen at the stage of established fibrosis, in which meaningful 
inflammatory infiltrates are often no longer detectable. For the evaluation of 
novel therapeutic strategies for SSc patients, studies on vasculopathy using 
Fra-2–transgenic mice may be a first-line model, as it covers both vasculopathy 
with capillary rarefication and proliferative vasculopathy with pulmonary 
arterial hypertension. Models such as the bleomycin model can be used for 
inflammation-driven fibrosis and the TSK-1 mouse for non-inflammatory 
stages of SSc. Further experiments in complex animal models, for example the 
sclerodermatous GVHD model, the TBRICA; Cre-ER mouse model, or the Fra-2–
transgenic model, may confirm and extend the primary findings. This approach 
using multiple models will help to minimize discrepancies between therapeutic 
responses in animal models and patients with SSc (56, 57).

In chapter 4 we were able to show the relevance of CXCL4 in the fibrotic 
process not only in the bleomycin mouse model for SSc, but also in the 
transverse aortic constriction (TAC) mouse model, a commonly used 
experimental model for pressure overload-induced cardiac hypertrophy and 
heart failure. Furthermore, the potential utilization of Ang-2 (chapter 3), 
Sema4A (chapter 5) and SPARC (chapter 6) as therapeutic targets will benefit 
of confirmation in pre-clinical animal models for SSc.
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Most of the studies presented in this thesis rely on in vitro experimentation 
in 2D cell cultures and thereby could favour of validation in more complex 
culture systems. Although 2D culture models have their advantages, these 
models do not replicate the physiological tissue environment. 3D culture 
models can closer mimic the in vivo conditions by enabling cell–cell and cell–
matrix interactions, cellular migration, chemotaxis, traction, and integrin 
adhesions, in all three planes and replicate soluble growth factor gradients 
supporting cellular differentiation and maturation. 

3D structures, like self-assembled spheroids and organoids, form 
more complex systems reflecting physiological cellular organization 
and intercellular communication, and can recapitulate physiological 
developmental processes. Other new technological advances include: 
biofabrication with tunable 3D cellular organization and micropatterned 
extracellular matrix; bioreactors/organ-on-a-chips and vascularized organs. 
These models mirroring multiple aspects of tissue fibrosis, not only provide a 
versatile tool for disease modelling, but also support drug discovery by high-
throughput drug screening (58, 59). 

Extracellular matrix interactions in perspective to 
halt fibrosis

Collagens are among the most ubiquitous and complex of the vertebrate 
ECM macromolecules. The ligand binding sites on collagen appear not to be 
randomly distributed. Instead, there are at least three hot spots for ligand 
binding where many ligands exhibit overlapping, or in some cases, identical 
binding sites, while, some regions of the collagen fibril exhibit few or no ligand 
binding sites. Multivalency in the binding of several ligands to collagen is 
evidenced for SPARC, DDR2 and integrin binding sites. These molecules display 
multiple binding sites for collagen, each on different monomers of the fibril. 
Analysis of patterns of ligand binding sites and mutation distributions revealed 
the collagen fibril to comprise two distinct functional domains: the “matrix 
interaction domain” and the “cell interaction domain” (60). Depending on the 
physiological state of the tissue, the fibril predominantly supports structural 
properties, including intermolecular crosslinking, proteoglycan binding, and 
biomineralization via the “matrix interaction domain”; alternatively, dynamic 
biological processes such as haemostasis, collagen remodelling, and cell 
adhesion are supported via the “cell interaction domain” (60).
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In our studies, we have not explored the interactions between several 
collagen proteins and the potential consequences to ECM organization in 
the context of fibrosis. We could therefore hypothesize that the interaction 
between SPARC and collagen can undermine the ligation of LAIR-1 to 
collagen and lead to a detrimental LAIR-1 inhibitory function or that soluble 
LAIR proteins, as sLAIR-1 or LAIR-2, could impact SPARC binding to collagen. 
Indeed, our studies are focused on individual molecules or receptors and 
lack a larger complexity between them, which mimics the actual interactions 
occurring in vivo. 

Concluding remarks

Altogether the studies presented in this thesis indicate novel mechanisms 
implicated in the inflammatory and fibrotic processes occurring in SSc 
patients. These findings corroborate the large diversity of dysregulated 
processes that contribute the SSc pathophysiology and thereby the 
amelioration of the disease will be certainly dependent of multiple targets 
in a personalized medicine setting. Regardless of the clinical application of 
the mechanisms presented here, it is certain that our findings are beneficial 
for a better comprehension of the disease pathophysiology in which new 
knowledge and new therapeutic targets can be forged.
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English summary

Background
Fibrosis is an abnormal reparative process that is characterized by excessive 
extracellular matrix (ECM) deposition without reciprocal degradation. 
This progressive accumulation of ECM results in remodelling of the tissue 
architecture and can lead to organ failure. The molecular mechanisms 
underlying the fibrosis processes are largely ubiquitous, but result in cellular 
phenotypes that are highly tissue specific. The initiation of the fibrotic 
events is linked with tissue injury that leads to recruitment, activation and 
polarization of immune cells. This inflammatory cascade induces further 
tissue damage or trigger tissue repair and fibrosis.

Systemic sclerosis (SSc) is an autoimmune rheumatic disease characterized 
by vasculopathy, inflammation and fibrosis of the skin and internal organs. 
The aetiology of SSc is largely unknown, and its pathogenesis is complex and 
remains poorly understood. 

Aim of this thesis
The aim of the studies presented in this thesis was to investigate regulatory 
mechanisms of the inflammatory and fibrotic processes in patients with SSc.

Summary of findings
Plasmacytoid dendritic cells (pDCs) are known to be dysregulated and 
hyperactived in SSc patients. In order to determine the possible cause 
of pDC dysfunction, in chapter 2, we screened for transcription factors 
potentially regulating pDC differentiation and function. RUNX3 transcription 
factor was downregulated in circulating pDCs from SSc patients and 
a higher methylation status of the RUNX3 gene was associated with 
polymorphism rs6672420 and correlated with lower RUNX3 expression and 
SSc susceptibility. Hypoxia was also identified as a factor that decreases 
RUNX3 levels in pDCs. In vivo, DC-specific Runx3-deletion led to spontaneous 
induction of skin fibrosis in untreated mice and increased severity of 
bleomycin-induced skin fibrosis and Runx-3 deficient pDCs showed 
increased activation markers.

Angiopoietin-2 (Ang-2), a ligand of the tyrosine kinase receptor Tie2, is 
essential for vascular development and blood vessel stability and is also 
involved in monocyte activation. In chapter 3, we examined the role of Ang-
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2 on monocyte activation in SSc patients. Ang-2 levels were elevated in the 
serum and skin of SSc patients and in vitro stimulation led to the upregulation 
of ANG2 expression in monocytes, dermal fibroblasts, and pulmonary artery 
endothelial cells. In addition, Ang-2 induced the production of IL-6 and IL-8 
in monocytes from SSc patients. On the other hand, inhibition of Tie2 or 
the neutralization of Ang-2 reduced the production of both cytokines in HC 
monocytes stimulated with the serum from SSc patients.

CXCL4 levels are increased in SSc patients and strongly correlate with skin 
and lung fibrosis. However, it remains unclear CXCL4 fibrogenic properties, 
thus in chapter 4, we investigated the role of CXCL4 in fibrosis development. 
Remarkably, CXCL4-deficient mice showed reduced skin and lung as well 
as heart fibrosis in the bleomycin model for SSc and in the transverse 
aortic constriction model, respectively. Overexpressing human CXCL4 in 
mice aggravated bleomycin-induced skin fibrosis, whereas blocking CXCL4 
abrogates fibrosis development. In vitro, CXCL4 directly induced myofibroblast 
differentiation and collagen synthesis in different precursor cells, including 
endothelial cells through stimulation of endothelial-to-mesenchymal transition. 

The semaphorin family is a large group of proteins initially described as 
axonal guidance molecules, but now also appreciated for their roles in other 
physiologic and pathologic processes, including the regulation of immune 
responses, angiogenesis, cell migration, and tissue invasion. In chapter 5, we 
sought to analyse the role of Semaphorin 4A (Sema4A) in the inflammatory 
and fibrotic processes of SSc. Plasma levels of Sema4A, as well as Sema4A 
expression in circulating monocytes and CD4+ T cells were increased in SSc 
patients. Moreover, inflammatory mediators upregulated the secretion of 
Sema4A by monocytes and CD4+ T cells. Sema4A significantly enhanced the 
expression of Th17 cytokines induced by CD3/CD28 stimulation in CD4+ T cells 
and induced a profibrotic phenotype in dermal fibroblasts from both HC and 
SSc patients, which was abrogated by blocking or silencing the expression of 
Sema4A receptors. 

Secreted Protein Acidic and Rich in Cysteine (SPARC) is a matricellular 
glycoprotein that regulates inflammatory and fibrotic processes in SSc 
pathology. In vivo and in vitro studies implicated SPARC in SSc, but it is 
unclear whether the pro-fibrotic effects of SPARC on fibroblasts are a result 
of intracellular signalling or fibroblast interactions with extracellular SPARC. 
In chapter 6, we aimed to analyse the potential role of exogenous SPARC 
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as a regulator of fibrosis in SSc. Exogenous SPARC induced the expression 
of ECM and fibrotic mediators in fibroblasts from SSc patients, but not from 
HC. In addition, exogenous SPARC resulted in the activation of the tyrosine 
kinase SMAD2 and the pro-fibrotic gene expression induced by SPARC in 
SSc fibroblasts was abrogated by inhibition of TGF-β receptor. These results 
indicated that pro-fibrotic effect of exogenous SPARC in SSc is dependent of 
TGF-β signalling.

Inhibitory receptors are crucial immune regulators and are essential to 
prevent exacerbated responses, thus contributing to immune homeostasis. 
Leukocyte associated immunoglobulin like receptor 1 (LAIR-1) is an immune 
inhibitory receptor which, has collagen and collagen domain containing 
proteins as ligands. LAIR-1 is broadly expressed on immune cells and has 
a large availability of ligands, implicating a need for tight regulation of this 
interaction. In chapter 7, we sought to examine the regulation and function 
of LAIR-1 on monocyte, dendritic cell (DC) and macrophage subtypes, using 
different in vitro models. LAIR-1 was highly expressed on intermediate 
monocytes as well as on plasmacytoid DCs, but also on skin immune cells, 
mainly on tissue CD14+ cells, macrophages and CD1c+ DCs. In vitro, monocyte 
and type-2 conventional DC stimulation led to LAIR-1 upregulation and LAIR-
1 ligation on monocytes inhibited toll like receptor (TLR)4 and Interferon 
(IFN)-α- induced signals. In addition, LAIR-1 triggering during monocyte 
derived-DC differentiation resulted in significant phenotypic changes, as well 
as a different response to TLR4 and IFN-α stimulation.

In fibrotic diseases like SSc, there is deposition of large amounts of LAIR-1 
ligands – collagens, however the high abundance ligands appear not to be 
sufficient for an efficient LAIR-1 mediated immune regulation. Therefore, in 
chapter 8 we wondered whether in SSc, impaired LAIR-1-collagen interaction 
is contributing to the ongoing inflammation and fibrosis. Immune cells from 
SSc patients did not have an intrinsic defect in LAIR-1 expression or function. 
However, fibroblasts from SSc patients deposited disorganized collagen 
products in vitro, which were dysfunctional LAIR-1 ligands. This was mimicked 
in fibroblasts from HC stimulated by soluble factors that drive inflammation 
and fibrosis in SSc and it was dependent of matrix metalloproteinases and 
platelet-derived growth factor receptor signalling. In addition, LAIR-1-deficient 
mice showed increased skin fibrosis in the bleomycin mouse model for SSc.
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Concluding remarks
Taken together the studies presented in this thesis demonstrate several key 
dysregulated mechanisms that contribute for both the inflammatory and the 
fibrotic processes on going in patients with SSc, with a likelihood that they 
can be further translated to other fibrotic conditions. 

Our findings also demonstrate the heterogeneous mechanisms involved 
in the SSc pathophysiology, which points for the need of better biological 
characterization of the disease and the ultimate need of a personalized 
medicine. Although, circumvented by inevitable experimental limitations, we 
extend the comprehension of the SSc pathophysiology and we provide novel 
potential therapeutic targets, offering new opportunities for SSc patients.
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Achtergrond
Fibrose is een proces waarbij het herstel van weefsel afwijkend verloopt en 
resulteert in excessieve productie van weefseleiwitten (extracellulaire matrix, 
ECM), zonder dat deze voldoende worden afgebroken. Hierdoor ontstaat een 
toenemende opbouw van ECM die de normale weefselarchitectuur verstoort 
en uiteindelijk kan leiden tot orgaan falen.

De moleculaire mechanismes van fibrose komen overeen, maar leiden in de 
verschillende weefsels tot zeer specifieke cel eigenschappen. Fibrose start 
vaak met weefselschade, wat leidt tot aantrekking, activatie en polarisatie van 
immuun cellen. Deze ontstekingscascade leidt vervolgens tot meer weefsel 
schade, weefsel aanmaak en fibrose.

Sclerodermie is een reumatische auto-immuun ziekte die wordt gekenmerkt 
door vaatschade, ontsteking en fibrose van de huid en interne organen. 
De oorzaak van sclerodermie is onbekend en de mechanismen van het 
ziekteverloop zijn complex en slecht begrepen.

Doel van dit proefschrift
Het doel van het werk beschreven in dit proefschrift is om de regulatie van 
ontsteking en fibrose in patiënten met sclerodermie te begrijpen

Samenvatting van de bevindingen
Het is bekend dat plasmacytoide dendritische cellen (pDCs) in sclerodermie 
patiënten ontregeld en overgeactiveerd zijn. Om de oorzaak daarvan te 
begrijpen hebben we in hoofdstuk 2 gezocht naar de transcriptiefactoren die 
pDC differentiatie en functie reguleren.

We vonden dat de transcriptie factor RUNX3 verlaagd is in expressie in 
circulerende pDCs van sclerodermie patiënten. Verder is een verhoogde 
methylering van het RUNX3 gen geassocieerd met het polymorfisme 
rs6672420, lagere RUNX3 expressie en verhoogde gevoeligheid voor 
sclerodermie. Hypoxie is een andere factor die RUNX3 expressie verlaagt.  Het 
specifiek verwijderen van het RUNX3 gen in DCs in muizen leidt tot spontane 
fibrose in de huid en versterkt fibrose vorming na bleomycine injecties. 
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Angiopoietin-2 (Ang-2), is een ligand voor de tyrosine kinase receptor Tie2. 
Ang-2 is essentieel voor de ontwikkeling en stabiliteit van bloedvaten maar 
is ook betrokken bij monocyt activatie. In hoofdstuk 3 hebben we de rol 
van Ang-2 in monocyt activatie in sclerodermie patiënten onderzocht. Ang-
2 concentraties zijn verhoogd in het serum en de huid van sclerodermie 
patiënten. In vitro stimulatie van monocyten, huid fibroblasten, en long 
endotheel cellen resulteert in verhoogde Ang-2 expressie. Daarnaast 
induceert Ang-2 de productie van IL-6 en IL-8 in monocyten van sclerodermie 
patiënten. Andersom zorgt de rem van Tie2 of Ang-2 voor een verlaagde 
productie van IL-6 en IL-8 door gezonde monocyten die gestimuleerd zijn met 
het serum van sclerodermie patiënten. 

In sclerodermie patiënten correleert een verhoogde CXCL4 concentratie sterk 
met de mate van huid en long fibrose. De functie van CXCL4 in fibrose hebben 
we onderzocht in hoofdstuk 4. We vonden dat muizen zonder CXCL4 een 
verminderde fibrose van de huid, long en hart vertonen in twee verschillende 
modellen voor fibrose. Over-expressie van CXCL4 zorgt voor versterking van 
bleomycine-geïnduceerde fibrose in de huid, terwijl het blokkeren van CXCL4 
de fibrose ontwikkeling stopt. In vitro, zorgt CXCL4 direct voor myofibroblast 
differentiatie en collageen productie door verschillende cellen, zoals in 
endotheel cellen ook na transitie naar mesenchymale cellen.

De semaphorin familie van eiwitten is een grote groep eiwitten die een 
rol speelt in veel processen, waaronder de regulatie van immuun cellen, 
bloedvatvorming en cel migratie. In hoofdstuk 5, hebben we de rol van 
Semaphorin 4A (Sema4A) in de ontsteking en fibrose in sclerodermie 
onderzocht. Sema4A is verhoogd in plasma, in circulerende monocyten 
en in CD4+ T cellen van sclerodermie patiënten. Verder bleek dat 
ontstekingsmediatoren de productie van Sema4A door monocyten en CD4+ 
T cellen verhoogd. Sema4A op zijn beurt versterkt de expressie van Th17 
cytokines in CD4+ T cellen en induceert een pro-fibrotisch fenotype in huid 
fibroblasten van zowel gezonde controles als sclerodermie patiënten, wat 
kon worden voorkomen door het blokkeren of verwijderen van Sem4A 
receptoren. 

Secreted Protein Acidic and Rich in Cysteine (SPARC) is een matricellulair 
glycoproteïne dat fibrose en ontstekingsprocessen reguleert. In vivo and in 
vitro studies hebben eerder een rol voor SPARC in sclerodermie aangetoond. 
Het onderliggende mechanisme van het pro-fibrotische effect van SPARC 
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is echter onbekend. In hoofdstuk 6, hebben we de rol van SPARC in de 
regulatie van fibrose onderzocht. Exogeen SPARC induceert de expressie 
van ECM en fibrotische mediatoren in fibroblasten van SSc patiënten, maar 
niet van gezonde controles. Dit werd voorkomen door het remmen van de 
TGF-β receptor. Daarnaast zorgt exogeen SPARC voor de activatie van de 
tyrosine kinase SMAD2. We concluderen dat het effect van exogeen SPARC in 
sclerodermie afhankelijk is van TGF-β signalering.

Inhibitoire receptoren zijn cruciaal om te sterke immuun reacties te 
voorkomen en zijn daarom essentieel voor het handhaven van immuun 
homeostase. Leukocyte Associated Immunoglobulin Like Receptor 1 (LAIR-1) 
is een inhibitoire immuun receptor die bindt aan collageen en aan eiwitten 
met collageen domeinen. LAIR-1 komt breed tot expressie op immuun 
cellen en heeft veel verschillende liganden. Dit impliceert dat de interacties 
van LAIR-1 nauwlettend gereguleerd moeten worden. In hoofdstuk 7, 
hebben we in diverse in vitro modellen de regulatie en functie van LAIR-1 op 
monocyten, DCs en macrofagen onderzocht. LAIR-1 komt hoog tot expressie 
op monocyten en pDC, maar ook op immuun cellen in de huid, met name in 
CD14+ cellen, macrofagen en CD1c+ DCs. In vitro stimulatie van monocyten en 
DCs resulteert in verhoogde LAIR-1 expressie. LAIR-1 activatie op monocyten 
remt de signalen van  Toll Like Receptor (TLR)4 of Interferon (IFN)-α en leidt 
tot significante veranderingen in fenotype van deze cellen. 

Tijdens fibrose, zoals in sclerodermie, worden grote hoeveelheden LAIR-1 
liganden –collageen- geproduceerd. Dit lijkt echter niet voldoende om het 
immuunsysteem via LAIR-1 af te remmen. In hoofdstuk 8 stelden we de 
vraag of een verstoorde LAIR-1-collageen interactie bijdraagt aan chronische 
ontsteking en fibrose in sclerodermie.  LAIR-1 expressie en functie bleek 
normaal op cellen van sclerodermie patiënten. Echter, fibroblasten van 
sclerodermie patiënten maakten grote hoeveelheden afwijkend collageen in 
vitro, wat niet goed instaat was om als ligand voor LAIR-1 te functioneren. 
Dit konden we nabootsen door fibroblasten van gezonde doneren te 
stimuleren met pro-fibrotische factoren en ontstekingsfactoren. De productie 
van afwijkend collageen is afhankelijk van matrix metalloproteinases en 
signalering via de Platelet-Derived Growth Factor receptor (PDGFR). In 
overeenstemming met een belangrijke rol voor LAIR-1 in fibrose, laten LAIR-
1-deficiente muizen versterkte fibrose in de huid zien na bleomycine injecties. 
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Conclusie
Het werk in dit proefschrift laat verschillende cruciale processen zien die 
ontregeld zijn in sclerodermie en bijdragen aan ontsteking en fibrose. 
Omdat processen in verschillende fibrotische ziekten overeenkomen, is 
het waarschijnlijk dat dit vertaald kan worden naar andere fibrotische 
aandoeningen. 

Onze bevindingen laten zien dat er diverse mechanismen zijn die verstoord 
kunnen zijn in sclerodermie en benadrukken de noodzaak voor een betere 
biologische karakterisering van patiënten om individuele behandeling 
mogelijk te maken.

Ondanks de beperkingen die muizenmodellen en in vitro studies met zich 
mee brengen,  hebben onze studies geleid tot de identificatie van een aantal 
mogelijke aangrijpingspunten voor toekomstige therapie voor de behandeling 
van sclerodermie.

Nederlandse samenvatting
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Introdução
A fibrose é o resultado de um processo anormal de reparação do tecido 
caracterizado pela deposição excessiva de matriz extracelular (ECM), sem 
uma correspondente degradação recíproca. A progressiva acumulação de 
ECM resulta na remodelação da arquitectura do tecido e pode levar a falência 
orgânica. Os mecanismos moleculares subjacentes ao processo fibrótico 
são em grande parte ubíquos, mas resultam em fenótipos celulares que são 
altamente específicos de determinado tecido. O início dos eventos fibróticos 
está relacionado com a lesão tecidular que leva ao recrutamento, activação 
e polarização das células imunes. Esta cascata inflamatória leva a mais dano 
tecidular, desencadeando a reparação dos tecidos e fibrose. A esclerose 
sistémica (ES) é uma doença reumática auto-imune caracterizada por 
vasculopatia, inflamação e fibrose da pele e dos órgãos internos. A etiologia 
da ES é em grande parte desconhecida e a sua patogénese é complexa e 
permanece em grande parte desconhecida.

Objectivo da tese
O objectivo dos estudos apresentados nesta tese foi investigar os mecanismos 
que regulam o processo inflamatório e fibrótico em doentes com ES.

Resumo dos resultados
Em doentes com ES, as células dendríticas plasmacitóides (pDCs) encontram-
se desreguladas e hiperactivas. Com a finalidade de determinar a possível 
causa da disfunção das pDCs, no capítulo 2, avaliou-se um vasto conjunto 
de factores de transcrição que potencialmente regulam a diferenciação e a 
função das pDCs. Desta análise, observou-se uma diminuição na expressão 
do factor de transcrição RUNX3 nas pDCs em circulação dos doentes com 
ES. Para além disso, verificou-se uma maior metilação do gene RUNX3 que 
está associado ao polimorfismo rs6672420. Este polimorfismo correlaciona-
se com uma menor expressão do RUNX3 e está associado a uma maior 
susceptibilidade para ES. A hipóxia foi, ainda, identificada como um factor 
que contribui para a redução da expressão do RUNX3 em pDCs. In vivo, a 
deleção específica do gene Runx3 em células dendríticas de ratinhos resultou 
em fibrose espontânea da pele e aumentou a gravidade da fibrose cutânea 
induzida pela bleomicina, no mesmo sentido, as pDCs deficientes em Runx3 
demonstraram um aumento de marcadores de activação. 
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A angiopoietina-2 (Ang-2) é um dos ligandos do receptor de tirosina quinase 
Tie2 e é um mediador essencial para o desenvolvimento vascular e para a 
estabilidade dos vasos sanguíneos. A Ang-2 está também implicada na 
activação de monócitos. No capítulo 3, examinou-se o papel da Ang-2 na 
activação dos monócitos de doentes com ES. Estes resultados mostram que 
os níveis da Ang-2 estão aumentados no soro e na pele de doentes com 
ES. Em monócitos, fibroblastos da derme e células endoteliais da artéria 
pulmonar estimulados in vitro verificou-se um aumento na expressão génica 
da ANG2. Para além disso, a Ang-2 induz a produção de interleucina (IL)-6 e 
IL-8 em monócitos de doentes com ES. Por outro lado, a inibição do receptor 
Tie2 ou a neutralização da Ang-2 reduzem a produção de ambas as citocinas 
em monócitos de indivíduos controlo quando estimulados com o soro de 
doentes com ES.

É sabido que os níveis plasmáticos da quimiocina CXCL4 estão aumentados 
em doentes com ES e que estes níveis têm uma correlação forte com a 
fibrose cutânea e pulmonar. No entanto, as propriedades fibrogénicas da 
CXCL4 são ainda desconhecidas, assim no capítulo 4, avaliou-se o papel da 
CXCL4 no processo fibrótico. Em ratinhos transgénicos deficientes em CXCL4, 
verificou-se uma redução da fibrose cutânea e pulmonar no modelo da 
bleomicina para a ES, bem como uma redução na fibrose cardíaca no modelo 
de constrição transversal da aorta. O aumento da expressão transgénica 
da CXCL4 humana em ratinhos levou a um agravamento da fibrose cutânea 
induzida pela bleomicina, enquanto que a neutralização da CXCL4 anulou o 
desenvolvimento da fibrose cutânea. In vitro, a CXCL4 induz directamente 
a diferenciação de miofibroblastos, assim como a síntese de colagénio por 
parte de diversas células precursoras, incluindo células endoteliais através 
da transição para células mesenquimais.

A família das semaforinas corresponde a um vasto grupo de proteínas, 
que inicialmente foram descritas como moléculas de orientação axonal; 
no entanto, actualmente também é reconhecido o seu papel em outros 
processos fisiopatológicos, incluindo a regulação da resposta imune, 
angiogénese, migração celular e invasão dos tecidos. No capítulo 5, analisou-
se o papel da semaforina 4A (Sema4A) no processo inflamatório e fibrótico 
em doentes com ES. Verificámos que os níveis plasmáticos da Sema4A, bem 
como a sua expressão em monócitos e células T CD4+ do sangue periférico, 
se encontram aumentados nestes doentes. Para além disso, determinados 
mediadores inflamatórios levam à produção de Sema4A por monócitos 
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e também por células T CD4+. A Sema4A leva ao aumento significativo da 
expressão de citocinas Th17, em células T CD4+ estimuladas via CD3/CD28. 
Também se verificou que a Sema4A induz um fenótipo pro-fibrótico em 
fibroblastos da derme de indivíduos controlo, bem como em doentes com ES. 
Este efeito é anulado através do bloqueio ou silenciamento da expressão dos 
diferentes receptores para a Sema4A.

A Proteína ácida secretada e rica em cisteína (SPARC) é uma glicoproteína 
matricelular que regula vários processos inflamatórios e fibróticos 
importantes na patologia da ES. Estudos in vivo e in vitro revelaram a 
importância da SPARC na ES; no entanto, não é ainda claro se os efeitos 
pró-fibróticos devidos à SPARC em fibroblastos são resultado da sinalização 
intracelular ou das interacções extracelulares da SPARC com os fibroblastos. 
No capítulo 6, procurou-se analisar o potencial da SPARC exógena como 
um regulador da fibrose na ES. Observou-se que a SPARC exógena leva 
ao aumento da expressão de proteínas da ECM, bem como de outros 
mediadores fibróticos em fibroblastos de doentes com ES, mas o mesmo não 
se verifica em fibroblastos de indivíduos controlo. Para além disso, a SPARC 
exógena induz a activação da tirosina quinase SMAD2. A expressão de genes 
pró-fibróticos induzidos pela SPARC em fibroblastos de doentes com ES é 
revertida pela inibição do receptor do TGF-β. Estes resultados indicam que o 
efeito pró-fibrótico mediado pela SPARC exógena na ES está dependente da 
sinalização via TGF-β.

Os receptores inibidores são cruciais na regulação da resposta imune e 
essenciais para prevenir respostas imunes exacerbadas, contribuindo assim 
para a homeostase imune. O receptor do tipo imunoglobulina associada a 
leucócitos 1 (LAIR-1) é um receptor inibidor da resposta imune que tem como 
ligandos o colagénio e outras proteínas com domínios de colagénio. O LAIR-
1 é amplamente expresso nas células do sistema imune e tem uma grande 
disponibilidade de ligandos, sugerindo que esta interacção receptor-ligando 
requer uma regulação rigorosa. No capítulo 7, procurou-se avaliar a função 
e a regulação do LAIR-1 em monócitos, células dendríticas e em diferentes 
subtipos de macrófagos, usando para este efeito diferentes modelos in 
vitro. Verificaram-se níveis elevados de expressão de LAIR-1 em monócitos 
intermediários e em pDC do sangue periférico, assim como nas células 
imunes da pele, principalmente nas células CD14+ do tecido, macrófagos e 
nas células dendríticas CD1c+. In vitro, a estimulação de monócitos e células 
dendríticas convencionais do tipo 2 resulta no aumento da expressão 
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de LAIR-1.  A activação do LAIR-1 em monócitos leva à inibição dos efeitos 
mediados pelo receptor do tipo toll (TLR) 4 e dos efeitos induzidos pelo 
interferão (IFN)-α. Verificou-se ainda que a activação do LAIR-1 durante a 
diferenciação de células dendríticas derivadas de monócitos resulta em 
alterações fenotípicas significativas, bem como numa resposta diferente 
à estimulação por TLR4 e IFN-α. Em doenças fibróticas como a ES, existe a 
deposição de grandes quantidades de ligandos para o LAIR-1, como os 
diferentes tipos de colagénio. No entanto, e apesar da abundância destes 
ligandos, isto parece não ser suficiente para uma regulação eficiente da 
resposta imune mediada pelo LAIR-1. Assim, no capítulo 8, avaliou-se se 
uma putativa interacção disfuncional entre o LAIR-1 e o colagénio poderia 
contribuir para a inflamação e fibrose em curso nos doentes com ES. Estes 
resultados mostram que, em células imunes de doentes com ES, o LAIR-1 é 
expresso e funcional. No entanto, verificou-se, in vitro, que os fibroblastos 
de doentes com ES produzem e depositam produtos desorganizados de 
colagénio, que são ligandos não funcionais para o LAIR-1. Estes resultados 
foram replicados em fibroblastos de indivíduos controlo estimulados com 
factores solúveis implicados na inflamação e fibrose em doentes com ES.  Os 
resultados mostram ainda que a deposição destes produtos de colagénio 
é dependente de metaloproteinases da matriz (MMP) e da sinalização do 
receptor para o factor de crescimento derivado das plaquetas (PDGFR). 
Observou-se ainda que os ratinhos transgénicos deficientes para LAIR-1 têm 
um aumento da fibrose cutânea no modelo da bleomicina para a ES.

Considerações finais
No seu conjunto, os estudos apresentados nesta tese identificam diversos 
mecanismos chave que se encontram desregulados e que contribuem para 
o processo inflamatório e fibrótico em curso nos doentes com ES, e que 
poderão, eventualmente, ser transpostos para outras doenças fibróticas.

Estes resultados demonstram ainda que os mecanismos implicados na 
fisiopatologia da ES são bastante heterogéneos, o que aponta para a 
necessidade de uma cada vez melhor caracterização da biologia desta doença 
e para a necessidade irrevogável de uma medicina personalizada. Embora as 
limitações experimentais sejam inevitáveis, os nossos dados levaram a um 
aumento do conhecimento e da compreensão da fisiopatologia da ES, para 
além de contribuírem com potenciais novos alvos terapêuticos, oferecendo 
assim novas oportunidades terapêuticas para os doentes com ES.
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“A ciência descreve as coisas como são; a arte, como são 
sentidas, como se sente que são.”

“Science describes things as they are; art, how they are felt, 
how we feel what they are.” 

Fernando Pessoa
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