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1     Introduction
1. Background

Systemic sclerosis (SSc), or scleroderma, is a complex autoimmune disease manifested by 
fibrosis in the skin and internal organs. It is characterized by a persistent inflammation, 
vasculopathy, and fibrosis, forming an overlapping tripartite network that drive disease 
pathogenesis1,2. Patients with SSc can be classified into two major groups according to the 
extent of skin fibrosis: limited cutaneous SSc (lcSSc), in which skin fibrosis is restricted to 
the areas distal to the elbows and knees; and diffuse cutaneous SSc (dcSSc), where skin 
fibrosis is more extensive and internal organs involvement is more severe (Fig. 1). This 
classification is supported by the association with specific autoantibodies that specifically 
define the two clinical phenotypes. Anti-centromere antibodies (ACAs) are associated with 
lcSSc, whereas anti-topoisomerase I antibodies (ATA) are associated with dcSSc3,4. Both SSc 
phenotypes can be complicated by severe internal organ dysfunction. Pulmonary fibrosis and 
pulmonary arterial hypertension (PAH) are the two most feared complications, representing 
the major causes of mortality in SSc patients, followed by myocardial involvement5. Owing 
to its complex nature and heterogeneity, SSc remains one of the greatest challenges to both 
investigators and physicians. Current treatments remains for many complications ineffective, 
resulting in a high morbidity and mortality6. 

Fibrosis is attributed to the formation of 
myofibroblast that produces an excessive amount 
extracellular matrix (ECM), such as collagen. These 
cells are derived from tissue resident fibroblast 
or other precursor cells such as endothelial cells 
and epithelial cells7. Often preceding fibrotic 
events, immune cell infiltration of affected tissue 
occurs early in the disease. They release immune 
mediators that facilitate fibroblast activation and 
collagen synthesis such as transforming growth 
factor beta (TGFβ), IL-6, and type 2 cytokines (IL-4, 
IL-10, IL-13)2,8. Dendritic cells (DCs), in particular, 
are of main interest due to their capability to 
regulate cells of the innate and adaptive immune 
systems, but also cells in the vasculature, as well 
as fibroblasts. The potential involvement of DCs 
in SSc have been reviewed in 20129, since then 
multiple studies on DCs and their activation in SSc 

limited di�use

Figure 1. Classification of systemic sclerosis 
patients. Schematic representation of 
affected areas of limited cutaneous systemic 
sclerosis (left, lcSSc) or diffuse cutaneous 
systemic sclerosis (right, dcSSc) patients.  
Illustration was adapted from Servier Medical Art.
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have emerged. In this introduction chapter, I will describe recent work from human studies, 
mouse models, and other related autoimmune diseases, that have shed light onto the role 
of DCs in the development of inflammation and fibrosis in SSc. Furthermore, I will discuss 
the consequence of DC activation on effector cells, in particular CD4 T cell polarization. 
Finally, the impact of DC-mediated immune activation and myofibroblast transformation will 
be discussed.

2. Dendritic cell populations and functions

Dendritic cells (DCs) are specialized cells in pathogen sensing with high capability of antigen 
presentation. 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 environment. Upon recognition, DCs upregulate co-stimulatory signal 
molecules and secrete immune mediators that are required to regulate T cell responses and 
other cell types. DCs can be broadly categorized into two populations, the conventional 
DCs (cDCs, also called myeloid DCs) and plasmacytoid DCs (pDCs). The major DC subsets 
are well conserved between human and mouse although they express different markers10. 
Human blood cDCs consist of CD1c+/BDCA1+ DCs (cDC2) and CD141+ DCs (cDC1). 
cDC1 can be distinguished by the expression of CD141+ CLEC9A+ in human and resembles 
CD8α+ XCR1+ DC in mouse. cDC2 in human are CD1c+ CD11c+ cells that align with 
mouse CD11b+ CD172+ DCs. pDCs can be identified as CD303+ CD304+ CD123+ cells 
in human and B220+ Siglec-H+ BST2+ in mouse. DCs can be further subdivided based on 
their anatomical location, function, and state of inflammation11,12. Furthermore, new data 
revealed six distinct subtypes of DCs identified in human blood, with a proposed new DC 
subset of AXL-, SIGLEC1-, and SIGLEC6-expressing cells, named AS DCs13. All three main DC 
subsets express different sets of TLRs. cDC2s express almost all TLRs, cDC1 mainly express 
TLR3 and TLR10, while pDCs express TLR7 and TLR914. While cDCs have a high potency in 
antigen presentation and T cell priming, pDCs specialize in producing type I IFN (IFN-I) that 
are important in antiviral response, B cell activation and autoantibody production, and NK 
cells activation, and therefore have been implicated in many autoimmune diseases15,16.

3. Dendritic cells in systemic sclerosis

Studies on DC populations in SSc patients have revealed changes in their tissue distribution 
as well as disturbances of their key functions, in particular their activation and cytokine 
secretion. Next to clinical research, mouse models of SSc have also been pivotal in unraveling 
the role of DC in SSc as well as providing means to assess new intervention strategies.

DC tissue distribution in SSc

cDCs are normally found in both lymphoid and non-lymphoid organs. In human skin, multiple 
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DC subsets are present and together with macrophages acting as sentinels to screen for 
pathogens. Langerhans cells (LCs) are a unique DC subset commonly found in the epidermal 
layer, while both cDC1 and cDC2 populate the dermis11,17. Both LCs and dermal DCs circulate 
to the lymph node and present antigen to T cells. A population of dermal CD14+ cells were 
previously classified as DCs based on their function and migratory property, but more recent 
data suggest that this population to be monocyte-derived macrophages18. Additionally, 
inflammatory DCs arise during inflammation in peripheral tissue. The CD11c+ DCs producing 
high TNF-α and iNOS (Tip-DCs), for example, are found in psoriatic lesions19. These Tip DCs 
are able to prime naïve T cells towards cells with Th1/Th17 phenotype20. 

Earlier studies have suggested an altered frequency of dermal DCs in SSc skin, based on 
CD34 and F-XIII markers21–23. However, neither markers are specific for DCs, as CD34 can be 
expressed by hematopoietic stem cells, fibrocytes, and other cell types, and dermal F-XIII+ 
cells are now considered to be macrophages24. Therefore, it is currently unclear whether the 
frequency of cDC populations in the skin of SSc patients is disturbed. 

In a steady state, pDCs are mostly found in circulation and lymphoid organs but almost 
entirely absent in non-lymphoid tissues. pDCs are often recruited to tissue upon inflammation. 
In the skin of SSc patients, pDCs were found particularly in the perivascular region and co-
localized with IFNα25,26. pDCs can also be present in skin of patients with morphea, systemic 
lupus erythematosus (SLE), and psoriasis27,28. In circulation, pDC frequency was found to be 
decreased in SLE and psoriasis patients, and pDC accumulation appeared in the inflamed 
skin29,30. 

Multiple chemokines have been implicated to drive immune cells to infiltrate SSc skin. 
Mathes et al. performed a global screening of chemokines/receptors expression in SSc lesional 
skin, and found CCL19, CXCL13 and CXCL9, to be the most highly upregulated chemokines in 
both limited and diffuse cutaneous SSc patients31. CCL19 is an important molecule in driving 
DCs migration especially towards the lymph node, as mediated by its ligand CCR7, that is 
upregulated upon DC activation32. CXCL9, an IFN-I inducible protein, attracts migration of 
immune cells through CXCR3. The CXCR3 ligands CXCL9 and CXCL10 have been shown to 
prime pDC to migrate towards CXCL1233. The expression of CXCL12 and its receptor CXCR4, 
both expressed in cDC and pDC, have been previously demonstrated to be highly elevated 
in the skin of SSc patients34. Additionally, chemerin, a chemokine that can strongly recruit 
pDCs, was recently reported to be increased in the endothelial lining of SSc skin, albeit its 
expression was reduced in dermal fibroblasts35. Together the interaction of these chemokines 
and their receptors may be responsible for DC migration into SSc skin.

Altered cDC function in SSc

As changes in the numbers of DC populations do not give a full picture of their role in disease 
pathogenesis, numerous studies have also examined DC functionality. Using monocyte-
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derived DCs (moDCs), multiple studies have shown that SSc-derived moDCs had an altered 
response towards TLR ligands stimulation. moDCs from SSc patients were first described to 
produce high level of IL-10 upon stimulation with LPS, a TLR4 ligand36. Then it was revealed 
that both moDCs and cDCs isolated from SSc patients, showed an increased IL-6 and TNFα 
secretion upon stimulation with ligands for TLR2, TLR3, and TLR437. The production of IL-
10 and IL-12 was also disturbed upon TLR4 stimulation. Furthermore, a rare polymorphism 
within the TLR2 gene was found in SSc patients and correlated with antitopoisomerase I 
autoantibody (ATA) positivity and was associated with the development of pulmonary arterial 
hypertension38. Both cDCs and moDCs from patients carrying the TLR2 variant showed an 
increased production of IL-6 and TNF-α upon stimulation with TLR2 ligand. 

Interestingly, several endogenous ligands such as TLR2 ligand serum amyloid A (SAA) and 
TLR4 ligand S100A8/A9 were increased in SSc patients39–42. Components of TLR4 signaling 
(TLR4, CD14, and MD2) were also found to be overexpressed in the skin and lungs of SSc 
patients43,44. Moreover, chronic LPS stimulation in mouse skin resulted in inflammation 
and fibrosis, that was partially dependent on TGFβ signaling and CD11b+ cells43. Next to 
DCs, the role of TLR activation has also been implicated in SSc fibroblasts: SAA induced 
IL-6 production, TLR3 ligand poly(I:C) activated IFN- and TGFβ-responsive genes, and LPS 
promoted myofibroblast transformation and collagen production by skin fibroblasts42,44,45. 
Thus, increased endogenous ligands and enhanced TLR signaling may contribute to the 
activation of DCs, fibroblasts, and other cells in SSc.

The presence of ATA has been associated with diffuse SSc patients3, and its involvement 
in disease pathogenesis has been implicated. Topoisomerase I was shown to be recruited 
to proteasomes in the nucleoplasm in DCs from ATA+ SSc patients, but not in DCs from 
ACA+ SSc patients or healthy controls46. MoDCs loaded with Topo I antigen were also able to 
induce T cell proliferation47. Recent work by Mehta et al. showed that DCs loaded with Topo I 
peptide were able to induce SSc-like phenotype in mouse48. This work indicates a remarkable 
capability of DC to be the initiator of SSc pathogenesis.

CD1a+ cDCs can be found in dermis of SSc patients and they express a proto-oncogene 
survivin49. It was further shown that overexpression of survivin in moDC promoted their 
proliferation and led to a lower rate of apoptosis. Hence, this suggests that survivin+ CD1a+ 
DCs in SSc lesions to have a higher proliferative capability and an increased resistance to 
apoptosis. In SSc dermis, multiple studies have shown the overexpression of thymic stromal 
lipoprotein (TSLP), a cytokine with a pro-fibrotic potential50–52. TSLP upregulation is also 
triggered in mice skin with bleomycin or TLR3 agonist poly(I:C). In the skin, TSLP is implicated 
to activate dermal DCs to stimulate T cells especially the pro-fibrogenic Th2 cytokines53,54. 
Additionally, TSLP increased CD80 and CD86 expression in peripheral blood cDCs and 
induced higher Th1, Th2, and Th17 cytokines production by CD4 T cells from rheumatoid 
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arthritis patients55.

pDC activation in SSc

Gene expression studies of blood derived from SSc patients have unraveled the presence 
of type I IFN signature, where the expression of genes inducible by IFN-I are elevated25,56,57. 
Since then, two reports have shown that SSc sera could induce a higher amount of IFNα as 
compared to sera from healthy controls, with pDCs to be the main producer of IFN-I58,59. 
This pDC activation by SSc-derived sera required the presence immune complexes binding 
to FcγRII, intact nucleic acids, and endosomal acidification, indicating of TLR7 activation 
in pDC. Kim et al. demonstrated that ATA+ sera to be the most potent inducer of IFNα, 
whereas Eloranta et al. showed sera containing anti ribonucleic protein (RNP) and anti 
Sjögren’s-syndrome-related antigen A (SSA) antibodies to induce high amounts of IFNα58,59. 
Thus, although the role of autoantibodies in SSc pathogenesis is unclear, together these data 
suggest that immune-complexes containing self-nucleic acid may play a role in pDC activation 
in SSc. Next to immune complexes, cathelicidin LL37, an antimicrobial peptide, is known to 
bind to nucleic acids and activate DCs in psoriasis60,61. LL37 was recently reported to be 
increased in SSc lesional skin62. CAMP (LL37 gene) mRNA expression was also correlated with 
IFNA1 mRNA level in the skin, indicating another mechanism of pDC activation in SSc. The 
expression of CRAMP, a mouse homologue of human LL37, was also increased in bleomycin-
treated skin. These data suggest pDC activation in SSc and their high amount production 
of IFNα may increase inflammatory responses. Additionally, IFNα is known to suppress 
angiogenesis63,64, and induced the development of SSc-like symptoms in patients undergoing 
IFN-I therapy64–66. However, it is not entirely clear whether and how pDC could contribute 
directly to disease development in SSc (Fig. 2). 

4. Dendritic cells driving T cells activation in systemic sclerosis

T cells are one of the major cell types found infiltrating the skin of SSc patients67. They are 
mostly found in the perivascular region and able to produce pro-fibrogenic factors68–70. Upon 
contact with antigen presenting cells such as DCs, T cell responses are shaped by interaction 
with surface co-stimulatory (CD40, CD80, CD86) or inhibitory molecules, and the cytokine 
milieu. Depending of the type of danger stimulus, DCs and other APCs produce different 
cytokines that can direct CD4+ T helper (Th) cell polarization: IL-12 to drive Th1; IL-13 and 
TSLP to promote Th2; IL-1β, IL-6 and IL-23 to induce Th17; and IL-10 and TGFβ to promote 
regulatory T cells (Tregs)14,54,67. In SSc, evidence has shown a skewing towards a Th2 lineage 
where their production of pro-fibrogenic cytokines IL-4, IL-13 are pronounced67,71. Similar to 
CD4+ T cells, CD8+ T cells derived from SSc patients also produce both type 2 cytokine IL-4 
and IL-1372,73. A proportion of CD4+ CD8+ T cells with high IL-4 production were also found 
in the skin of SSc patients69. Additionally, Th17 cells that produce IL-17, IL-21 and IL-22 have 
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also been implicated in SSc, contributing to both inflammatory and fibrotic processes74–81. 
The participation of T cell derived cytokines were supported by mice studies, in which IL-17 
play an important role in bleomycin-induced fibrosis82–84.

Intervention of DC and/or T cell activation have indicated some benefits in SSc treatment 
and pre-clinical models. Targeting activated T cells using anti-CD25 antibody basiliximab 
showed clinical improvement in the skin and lung function of SSc patients, although no control 
group was used in this study85. In a small placebo-controlled randomized trial, treatment with 
CTLA4-Ig (abatacept) that binds to co-stimulatory molecules CD80/CD86 on DCs, thereby 
preventing T cell activation by DCs, and induced clinical improvement in SSc patients as 
assessed by modified Rodnan skin score86. In mice, abatacept also ameliorated disease in SSc 
models of bleomycin-induced fibrosis and sclerodermatous-GVHD, but not in tight skin mice 
model87. Morever, CD11c+ DCs also participated in bleomycin model as they recruited to the 
lungs after with increased expression of activation markers88. The authors further assessed 
the role of DCs using VAG539, an agonist for aryl hydrocarbon receptor (AhR). AhR activity 
is ligand-dependent, and VAG539 has been shown to have a broad anti-inflammatory effects 
such as inhibiting DC expression of CD86 and MHC-II89. Upon bleomycin treatment, mice 
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Figure 2. The immunopathological mechanisms of immune cells in systemic sclerosis. Schematic representation 
of the role of DC subsets and T cells and their production of mediators that eventually leads to the formation of 
myofibroblast, the main producer of extracellular matrix (ECM) in systemic sclerosis. The previously unknown direct 
role of pDCs in different aspects of systemic sclerosis is being explored in this thesis.
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receiving VAG539 had reduced amount of collagen deposition and decreased expression pro-
fibrotic cytokines88. Altogether these data suggest DC-T cell interaction to be important in 
the development of SSc. Identification of key elements modulating this process may provide 
new ways to regulate inflammation and fibrosis.

5. Myofibroblast transformation in systemic sclerosis

The major hallmark of SSc is the persistence of myofibroblast cells and the failure to regulate 
their ECM production, including collagen I and III90. Myofibroblasts can be identified by their 
de novo expression of myofibroblast marker αSMA and SM22α. Although it was initially 
thought to be derived solely from fibroblasts, other precursor cells including endothelial 
cells, epithelial cells, pericytes, and fibrocytes can give rise to mesenchymal-like cells/
myofibroblasts2,7. TGFβ is a major driver of myofibroblast transformation in SSc, and T cell-
derived IL-4, IL-13, and IL-17 also participate in this process90. Th2 cells also promotes 
alternatively-activated macrophage polarization, that can produce a high amount of TGFβ, 
IL-10, and PDGF, thereby amplifying fibrotic response. DCs derived from SSc patients 
also produced an increased amount of pro-fibrotic cytokines IL-6 and IL-10 upon TLR 
stimulation36,37. Recently, DC-derived amphiregulin has been reported to be important in 
bleomycin-induced pulmonary fibrosis91. Furthermore, when bone marrow-derived DC was 
directly co-cultured with fibroblasts, myofibroblast marker αSMA was increased, that was 
dependent on DC amphiregulin expression. Additionally, other mediators including CTGF, ET-
1, and IL-11 have been described to promote myofibroblast transformation8,92–94. Discoveries 
of components involved in myofibroblast activation will help investigators to develop novel 
methods to regulate fibrosis.

6. CXCL4 in inflammatory and fibrotic disorders

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 angiogenesis95. Initially thought to be only produced by platelets (hence previously known 
as platelet factor 4, or PF4), CXCL4 has been shown to be expressed by many immune cells, 
such as DCs and macrophages. Like other chemokines, CXCL4 can bind to several receptors, 
including CXCR3, LRP1, glycosaminoglycans, and integrin95–97. On monocytes, CXCL4 has 
been shown to promote their survival and pro-inflammatory cytokines production IL-6 
and TNFα, as well as reactive oxygen species98,99. CXCL4 was also described to inhibit the 
expression of IFNγ (Th1) while favoring the pro-fibrotic IL-13 (Th2) on cultured naïve CD4 
T cells100, suggesting its involvement in T cell regulation. CXCL4 has been shown to be 
increased in multiple inflammatory diseases, including inflammatory bowel disease, psoriasis, 
atherosclerosis, and rheumatoid arthritis96,101,102. Furthermore, mice lacking CXCL4 were 
protected from disease development in atherosclerosis, acute lung injury, and liver fibrosis 
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models103–105. These data suggest CXCL4 to be an important mediator in inflammatory and 
fibrotic conditions, however its potential role in systemic sclerosis pathogenesis has not been 
explored.

7. Aims and outline of this thesis

In this thesis, my research aim was to investigate the dysregulation of pDCs in systemic 
sclerosis patients and to evaluate their involvement on different aspects of SSc pathogenesis, 
the innate-adaptive immune responses and myofibroblast transformation, through pDCs’ 
release of key mediator CXCL4.

In the first part of this thesis, I focus on pDCs dysfunction in SSc and their possible 
underlying mechanisms. In Chapter 2, as revealed by proteome-wide analysis of pDC 
supernatant, the potential use of CXCL4 as a unique prognostic and mechanistic biomarker 
in SSc is discussed. As there is little known about the potential underlying factor of pDC 
aberrancies in SSc, in Chapter 3, the results of our findings on transcription factor analysis of 
SSc pDCs and the impact of low RUNX3 expression on their function in vitro and in vivo are 
described. Next to transcription factors, another key layer of gene expression regulation is 
through epigenetic mechanism mediated by microRNAs (miRNAs)106. In Chapter 4, the results 
of micro-RNAs screening of pDC from SSc patients are shown, and the role of miRNA-618 
on pDC biology is elucidated. 

In the second part of the thesis, on account of a remarkable increase of CXCL4 in 
SSc patients, the direct effects of CXCL4 in three aspects of SSc pathogenesis, including 
priming of innate and adaptive immune responses and promoting endothelial dysfunction 
and fibrosis, are investigated. Chapter 5 reveals the pro-inflammatory function of CXCL4 
on human monocytes-derived DC and their superior capability in activating CD4 and CD8 
T cells. In Chapter 6, the role of CXCL4 as a novel driver of human Th17 cells differentiation 
is delineated, with a focus on a predominantly Th17-driven autoimmune disease, psoriatic 
arthritis. In Chapter 7, CXCL4 involvement in fibrotic processes and endothelial dysfunction 
is evaluated by assessing its direct role on myofibroblast transformation from a variety of 
precursor cells, using in vitro and in vivo methods. 

All of the findings in this thesis are summarized and discussed in Chapter 8, and possible 
future directions of research in the field of SSc and other related autoimmune diseases are 
examined. 
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Abstract
Background

Plasmacytoid dendritic cells have been implicated in the pathogenesis of systemic sclerosis 
through mechanisms beyond the previously suggested production of type I interferon.

Methods

We isolated plasmacytoid dendritic cells from healthy persons and from patients with systemic 
sclerosis who had distinct clinical phenotypes. We then performed proteome-wide analysis 
and validated these observations in five large cohorts of patients with systemic sclerosis. 
Next, we compared the results with those in patients with systemic lupus erythematosus, 
ankylosing spondylitis, and hepatic fibrosis. We correlated plasma levels of CXCL4 protein 
with features of systemic sclerosis and studied the direct effects of CXCL4 in vitro and in 
vivo.

Results

Proteome-wide analysis and validation showed that CXCL4 is the predominant protein 
secreted by plasmacytoid dendritic cells in systemic sclerosis, both in circulation and in skin. 
The mean (±SD) level of CXCL4 in patients with systemic sclerosis was 25,624±2652 pg per 
milliliter, which was significantly higher than the level in controls (92.5±77.9 pg per milliliter) 
and than the level in patients with systemic lupus erythematosus (1346±1011 pg per 
milliliter), ankylosing spondylitis (1368±1162 pg per milliliter), or liver fibrosis (1668±1263 
pg per milliliter). CXCL4 levels correlated with skin and lung fibrosis and with pulmonary 
arterial hypertension. Among chemokines, only CXCL4 predicted the risk and progression 
of systemic sclerosis. In vitro, CXCL4 down-regulated expression of transcription factor 
Fli-1, induced markers of endothelial-cell activation, and potentiated responses of toll-like 
receptors. In vivo, CXCL4 induced the influx of inflammatory cells and skin transcriptome 
changes, as in systemic sclerosis.

Conclusions

Levels of CXCL4 were elevated in patients with systemic sclerosis and correlated with the 
presence and progression of complications, such as lung fibrosis and pulmonary arterial 
hypertension.

“Reproduced with permission from van Bon, Affandi, et al. Proteome-wide analysis and CXCL4 as a biomarker in systemic sclerosis. N. Engl. J. Med. 
370, 433–43 (2014). Copyright Massachusetts Medical Society.
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Introduction
Systemic sclerosis (also called scleroderma) is a complex heterogeneous fibrosing autoimmune 
disorder with an unknown pathogenesis. The way in which its three major pathologic 
hallmarks — extensive fibrosis, vasculopathy, and immune dysfunction — are interconnected 
is unknown. Mechanistic understanding is limited, in part, by a lack of animal models and 
by clinically heterogeneous patient populations1. This disorder is classified into two major 
subtypes on the basis of the extent of cutaneous fibrosis: limited cutaneous and diffuse 
cutaneous systemic sclerosis2. Pulmonary fibrosis and pulmonary arterial hypertension are 
the two most serious complications — currently the major causes of death among patients 
with this disorder. Thus, in addition to clarifying pathogenic mechanisms, the identification 
of biomarkers for the presence and progression of clinical complications of systemic sclerosis 
has potential use in the assessment of disease activity.

On the basis of key observations by LeRoy3 that collagen production was increased 
in fibroblasts that were isolated from scleroderma skin and cultured in vitro, much of the 
research on systemic sclerosis has focused on altered fibroblast biology. More recent studies, 
however, indicate that immune cells are important in pathogenesis4,5. Indeed, genetic 
association studies have revealed that the most highly associated susceptibility markers 
include the genes encoding immune signaling molecules T-bet6, STAT47,8, and IRF58,9 and the 
T-cell–receptor zeta chain8. STAT4 and IRF5 are both implicated in the secretion of type I 
interferon, a cytokine that has been shown to be present in both cutaneous and peripheral-
blood mononuclear cells10. Plasmacytoid dendritic cells are the major source of type I 
interferon, and as such have been implicated in multiple autoimmune conditions that have a 
type I interferon signature, including systemic lupus erythematosus11, Sjögren’s syndrome12, 
and rheumatoid arthritis13. Although two studies have shown that serum samples obtained 
from patients with systemic sclerosis showed type I interferon–inducing activity, the role of 
plasmacytoid dendritic cells in systemic sclerosis has not been fully explored14,15. The aim of 
our study was to identify a possible role for plasmacytoid dendritic cells in the pathogenesis 
of systemic sclerosis that is associated with the clinical phenotype.

Methods
Study patients
In our study, we evaluated 779 patients with systemic sclerosis — 462 with the limited 
cutaneous subtype (limited disease) and 317 with the diffuse cutaneous subtype (diffuse 
disease). Throughout the study, the patient cohort from the Boston University School 
of Medicine was the identification cohort for studies of plasmacytoid dendritic cells and 
included 20 healthy donors and 53 patients with systemic sclerosis; the latter included 16 
patients with limited disease, 18 with late diffuse disease (duration, >3 years), and 19 with 
early diffuse disease (duration, <2 years). In addition, for the chemokine analysis, plasma 
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was obtained from an additional 22 healthy donors, 15 patients with limited disease, and 31 
patients with diffuse disease. The replication cohorts comprised patients from the University 
of Nijmegen, the Netherlands (148 patients), Lund, Sweden (197), Milan (120), Verona, Italy 
(18), Ghent, Belgium (79), and Houston (50). Samples from an additional 68 patients from 
Milan were included to compare CXCL4 levels in patients with early systemic sclerosis with 
levels in patients in various phases of preclinical systemic sclerosis, including those with only 
Raynaud’s phenomenon with or without specific antinuclear antibodies, anti–topoisomerase 
or anti–centromere antibodies, or capillary nailfold lesions resembling systemic sclerosis.

For the studies of the CXCL4 expression in plasmacytoid dendritic cells, skin sections 
were obtained from 3 patients with early diffuse systemic sclerosis from Boston University and 
6 patients with late diffuse disease from the University of Dusseldorf, Germany. All patients 
met the preliminary criteria of the American College of Rheumatology for the classification 
of systemic sclerosis (Table 1)16. The clinical phenotype of the patients is described further 
in the Supplementary Appendix. All samples were obtained after patients provided written 
informed consent and after approval of the study by the institutional review board at each 
participating center.

To compare CXCL4 levels in samples obtained from patients with systemic sclerosis 
with levels in samples from healthy donors, we obtained plasma samples from 257 age- and 
sex-matched healthy persons from the Nijmegen Biomedical Study17. To compare CXCL4 
levels in patients with systemic sclerosis with levels in patients with other clinical conditions, 
we determined the levels of CXCL4 in stored samples from 109 patients with systemic lupus 
erythematosus who fulfilled the American College of Rheumatology criteria18,19 (Table S1 in 
the Supplementary Appendix), from 93 patients with ankylosing spondylitis20 (Table S2 in 
the Supplementary Appendix), and from patients with various stages of liver fibrosis (see the 
Supplementary Appendix for details).

Cell-based studies and measurement of inflammatory mediators
All the techniques that we used in this study are described in detail in the Supplementary 
Appendix. Briefly, we performed proteome-wide analysis of supernatant from plasmacytoid 
dendritic cells, using surface-enhanced laser desorption/ ionization–time-of-flight (SELDI-
TOF) mass spectrometry. Quantification of secreted cytokines was performed with the 
use of an enzyme-linked immunosorbent assay or Luminex immunoassay. We used primary 
endothelial cells and peripheral plasmacytoid dendritic cells to study the effect of CXCL4 
in vitro. To assess CXCL4 function in vivo, C57BL/6 mice were exposed to subcutaneous 
CXCL4 for further RNA and histologic analysis.

Statistical analysis
We used Student’s t-test or the Mann–Whitney U test for the analysis of quantitative traits, 
as appropriate, and the Kaplan–Meier method to estimate survival in patients with high 
CXCL4 levels at baseline, as compared with those with low CXCL4 levels, with survival time 
set at 24 months. After verifying that the proportionality of hazards was not violated, we 
used Cox regression analysis to estimate the effect size of CXCL4 categorization on the basis 
of plasma levels on the time to event; results are presented as hazard ratios along with their 
asymptotic 95% confidence intervals. Listwise deletion was used in cases with missing data.
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To assess the most effective cutoff value for CXCL4, we used DeLong’s method to compute 
a receiver-operating-characteristic (ROC) curve. The area (±SE) under the ROC curve was 
0.987±0.009 (95% confidence interval [CI], 0.952 to 0.996; P<0.001). At the cutoff value for 
CXCL4 of 11,589 pg per milliliter, the sensitivity was 100%, and the specificity was 94%. At 
the cutoff value of 9789 pg per milliliter, the sensitivity was 100%, and the specificity was 
93%. For a practical cutoff for clinical practice, we chose 10 ng per milliliter for CXCL4, to 
be conservative with respect to sensitivity. P values of less than 0.05 (all two-sided) were 
considered to indicate statistical significance and were adjusted with the use of a Bonferroni 
correction.

Results
CXCL4 secretion by plasmacytoid dendritic cells

To assess the production of type I interferon by plasmacytoid dendritic cells, we isolated 
BDCA4+ cells from 20 healthy donors and compared results in their plasmacytoid dendritic 
cells with those in cells obtained from 54 patients with systemic sclerosis: 17 with limited 
disease and 37 with diffuse disease (Fig. S1A in the Supplementary Appendix). Patients 
with diffuse disease were further stratified according to disease duration, with 18 patients 
in the early-disease group and 19 in the late-disease group. A chromogenic reaction was 
reproducibly present in the media from the plasmacytoid dendritic cells obtained from 
patients with early systemic sclerosis. Measurement of multiple inflammatory mediators in 

Table 1. Disease characteristics of 779 patients with systemic sclerosis.*

Limited cutaneous 
systemic sclerosis

Diffuse cutaneous 
systemic sclerosis

Characteristic (N = 462) (N = 317)

Female sex — no. (%) 378 (82) 218 (69)
Age at onset — yr 42.4±12.3 43.8±11.2
Disease duration — yr 9.4±8.0 5.8±6.2
Positive test for antinuclear antibodies — % 97 86
Modified Rodnan skin-thicknes score† 5.4 ± 2.4 15.9 ± 8.2*
Pulmonary arterial hypertension — % 39 23
Lung fibrosis — % 26 48
Current therapies — %

Mycophenolate mofetil 0 41
Cyclophosphamide 0 23
Prednisolone 25 30
Hydroxychloroquine 18 11
Anti–interleukin-3 antibody 0 2
Methotrexate 1 5
Tacrolimus 12 0

* Plus–minus values are means ±SD.
† P=0.03 for the comparison between patients with diffuse disease and those with limited disease. There were no other 
significant between-group differences. Scores on the modified Rodnan skin-thickness scale are calculated by clinical 
palpation of 17 body areas, with the thickening of each area scored as 0 (normal), 1 (mild), 2 (moderate), or 3 (severe).
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these supernatants showed almost no detectable production of type I interferon or other 
mediators, with differential expression of only interleukin-8 and interleukin-6 (Fig. S1B-G in 
the Supplementary Appendix).

Proteome-wide measurements from eight independent experiments robustly showed 
that only plasmacytoid dendritic cells from patients with early systemic sclerosis secreted a 
unique pattern of peaks that were identified as CXCL4, CTAP-III, S100A8/9, and lysozyme 
(Fig. 1A, and Fig. S1H in the Supplementary Appendix). Confirmatory assessments showed 
markedly increased levels of CXCL4 in patients with systemic sclerosis (Fig. 1B). Increased 
levels of CXCL4 messenger RNA (mRNA) were observed only in purified plasmacytoid 
dendritic cells, and increased CXCL4 protein expression was observed in circulating 
plasmacytoid dendritic cells (Fig. S1I,J) and in plasmacytoid dendritic cells in skin from 
patients with systemic sclerosis (Fig. 1C, and Fig S1K in the Supplementary Appendix).

CXCL4 in the circulation

In the identification cohort, levels of circulating CXCL4 were markedly higher in patients 
with systemic sclerosis than in healthy controls and were particularly high in patients with 
early diffuse disease (P<0.001 for both comparisons) (Fig. 2A). Increased CXCL4 levels were 
successfully validated in the replication cohort (which included 86 patients with systemic 
sclerosis with limited cutaneous disease, 38 with late diffuse disease, and 37 with early 
diffuse disease) and were compared with 129 age-and sex-matched healthy donors and 109 
patients with systemic lupus erythematosus, 93 with ankylosing spondylitis, and 93 with liver 
fibrosis (Fig. 2B).

In addition, in the replication cohort, there were clear differences between the two groups 
in previously suggested biomarkers for systemic sclerosis, such as CCL521, von Willebrand 
factor22, CCL1823, CCL224, and CXCL1024 (Fig. S2B in the Supplementary Appendix). In an 
exploratory analsis, we found that CXCL4 levels gradually and significantly increased per 
group in the following order: patients with primary Raynaud’s phenomenon, those with 
Raynaud’s phenomenon and positive antinuclear antibodies, and those with very early 
systemic sclerosis (Raynaud’s phenomenon plus anti–topoisomerase or anti–centromere 
antibodies and the presence of nailfold angiopathy), whereas the levels of CCL2, CXCL10, 
CCL5, von Willebrand factor, and CCL18 did not increase (Fig. S2C in the Supplementary 
Appendix).

We next assessed the association between CXCL4 levels and the clinical phenotype. 
CXCL4 levels correlated with the extent of skin fibrosis in the limited cutaneous phenotype 
(R2=0.59, P<0.001) and the diffuse cutaneous phenotype (R2=0.74, P<0.001). Patients with 
high levels of circulating CXCL4 (≥10 ng per milliliter), as compared with those with low 
CXCL4 levels, had significantly earlier evidence of lung fibrosis, as measured by a relative 
decline of more than 30% in the forced vital capacity (hazard ratio, 3.67; 95% CI, 2.31 
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Figure 1. Identification of CXCL4 as the major protein product of plasmacytoid dendritic cells in systemic sclerosis. 
Panel A shows the results of proteome-wide analysis of supernatants from plasmacytoid dendritic cells (pDC) obtained 
from patients with various subtypes of systemic sclerosis (SSc) and from healthy controls (HC). Highlighted in the larger 
view is the analysis of samples obtained from patients with early diffuse systemic sclerosis, showing peaks for CXCL4, 
connective tissue-activating peptide III (CTAP-III), S100A8/A9 (MRP8/14), and lysozyme. Panel B shows the level of 
CXCL4 in supernatants from plasmacytoid dendritic cells from the different groups that were investigated — 20 healthy 
donors, 16 patients with limited disease, 19 with late diffuse disease, and 18 with early diffuse disease — on CXCL4-
specific enzyme-linked immunosorbent assay. The horizontal lines indicate means, and I bars standard deviations. Panel 
C shows frozen skin sections from a representative patient with early diffuse disease (at left) and from a healthy control 
(at right), which were stained for the plasmacytoid dendritic-cell marker BDCA2 (red), CXCL4 (green), and DAPI-labeled 
nuclei (blue). BDCA2+ cells expressing CXCL4 are seen as orange (merged, lower panels).

to 4.31; P<0.001) or by the presence of bilateral fibrosis on high-resolution computed 
tomography (CT) (hazard ratio, 2.60; 95% CI, 1.61 to 5.26; P<0.001) (Fig. 2C). Furthermore, 
patients with systemic sclerosis who had evidence of pulmonary arterial hypertension had 
markedly increased circulating CXCL4 levels, as compared with those without such evidence 
(19,078±629 vs. 5023±329 pg per milliliter, P<0.001). High CXCL4 levels were associated 
with the earlier development of pulmonary arterial hypertension, as determined on right-
heart catheterization (hazard ratio, 8.33; 95% CI, 4.43 to 15.72; P<0.001) (Fig. 2D).
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We also investigated whether CXCL4 could serve as a biomarker in a prospective cohort 
of 79 patients who were followed for 18 months. Patients who had a high baseline level of 
CXCL4, as compared with other biomarkers for systemic sclerosis, had a significantly faster 
decline in diffusion capacity of the lung for carbon monoxide (P=0.002), higher prevalence 
of high-resolution CT–confirmed lung fibrosis (22% vs. 8%, P<0.001), and faster progression 
of skin fibrosis (P<0.001) (Fig. S2D in the Supplementary Appendix). None of the other 

Figure 2. Increased levels of circulating CXCL4 in systemic sclerosis and the association with lung fibrosis and 
pulmonary arterial hypertension. High levels of CXCL4 were observed in the circulation of patients with limited systemic 
sclerosis (SSc), late diffuse SSc, and early diffuse SSc in the identification cohort at Boston University (Panel A) and in 161 
patients with corresponding subtypes of systemic sclerosis in two independent (Dutch and Swedish) replication cohorts, 
as compared with 129 age- and sex-matched healthy controls, 109 patients with systemic lupus erythematosus (SLE), 
93 with ankylosing spondylitis (AS), and 93 with hepatic fibrosis (Panel B). The horizontal lines indicate means, and I 
bars standard deviations. Shown are the estimated times until the development of lung fibrosis (Panel C) and pulmonary 
arterial hypertension (PAH) (Panel D) within the first 24 months after the diagnosis of systemic sclerosis among patients 
with a high circulating CXCL4 level (≥10 ng per milliliter) and among those with a low CXCL4 level (<10 ng per milliliter).
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chemokines that were measured correlated with progression. Table S3 in the Supplementary 
Appendix provides a summary of CXCL4 plasma levels in all the study cohorts.

In vitro studies

We examined CXCL4 in vitro using plasma obtained from patients with systemic sclerosis 
and commercially available CXCL4. Both the CXCL4 and plasma induced the secretion of 
endothelin 1 and down-regulation of the transcription factor FLI1 in human umbilical-vein 
endothelial cells (HUVECs) and human dermal microvascular endothelial cells (HDMECs). The 
addition of anti–CXCL4 antibody attenuated these responses (Fig. 3A,B). In addition, CXCL4 
inhibited the effect of vascular endothelial growth factor on the proliferation of HDMECs 
(P<0.001), a finding that we speculate may underlie the rarefaction of vessels in patients with 
systemic sclerosis (data not shown).

Plasmacytoid dendritic cells and their activation by toll-like receptors are thought to 
play a role in systemic sclerosis. On stimulation by ligands of toll-like receptors, plasmacytoid 
dendritic cells from patients with systemic sclerosis secreted more type I interferon than 
did those from controls, a difference that was fully reversed by the addition of anti–CXCL4 
antibody or heparin (Fig. 3C,D). In contrast, anti–CXCL12 antibody (SDF-1) did not have this 
effect (data not shown).

CXCL4 and inflammatory changes in skin

To examine the possible role of CXCL4 in vivo, we used a recently described murine 
subcutaneous-pump model25. The subcutaneous administration of CXCL4 for 7 days resulted 
in a marked infiltration of inflammatory cells in the dermis and subdermis, as compared 
with that seen in mice infused with phosphate-buffered saline as a control (Fig. 4A,B). 
In addition, CXCL4 administration resulted in a significant increase in the thickness of 
dermal and subdermal layers after 7 days (Fig. 4C). CXCL4-induced dermal thickening was 
also observed in a longer, 28-day model of daily subcutaneous injection (Fig. S3D in the 
Supplementary Appendix). The influx of inflammatory cells was confirmed by an increased 
number of dermal CD45+ cells in the CXCL4-treated skin, as well as increased expression of 
CD45 mRNA (Fig. 4D). Furthermore, we observed that CXCL4 induced the expression of the 
highly proinflammatory CCL2 in the two models (Fig. 4E, and Fig. S3F in the Supplementary 
Appendix). During an investigation of the gene-expression profile in mice that were treated 
with CXCL4 for 7 days, we found increased mRNA expression of tumor necrosis factor α, 
IFIT1, and MX2, the products of type I interferon-inducible genes; of the profibrotic marker 
PAI-1; and of the antiangiogenic factor thrombospondin 1 (Fig. S3A-C in the Supplementary 
Appendix).
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Discussion
In this study, we found that CXCL4 levels in patients with systemic sclerosis not only correlate 
strongly with both skin and pulmonary disease but also appear to predict progression in 
systemic sclerosis phenotypes. Collectively, the identification of CXCL4 as a marker for 
fibrosis and pulmonary arterial hypertension may be helpful in early diagnosis and risk 
assessment, an important factor in patients who require aggressive treatment. CXCL4 was 
one of the most highly and differentially expressed genes in a genomewide association study 
involving patients with systemic sclerosis who had pulmonary arterial hypertension and 
idiopathic pulmonary arterial hypertension, as compared with healthy controls26.

Figure 3

Figure 3. Changes in endothelial cells and augmented responses in toll-like receptors induced by CXCL4. The addition 
of lipopolysaccharide (LPS), low and high levels of CXCL4, and plasma obtained from a patient with diffuse systemic 
sclerosis (SSc) induce the secretion of endothelin 1 by human umbilical-vein endothelial cells, reactions that were 
attenuated by the addition of a neutralizing antibody against CXCL4 (Panel A). In five independent experiments, CXCL4 
was shown to reduce the expression of transcription factor FLI1 (P<0.001) and induce the expression of endothelin 1 
(ET-1) (P=0.003), both on the RNA and protein level, in human dermal microvascular endothelial cells (Panel B). The 
expression level for glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was set at 1. On stimulation with ligands of 
toll-like receptors (TLR) (including R848, CpG, and CpG control), plasmacytoid dendritic cells from patients with systemic 
sclerosis secreted more interferon α (a type I interferon) than did controls (Panel C). This reaction was fully reversed by 
the addition of anti–CXCL4 antibody (Panel D). The culture medium was RPMI-1640 with 10% fetal-calf serum. All values 
are expressed as means; T bars represent standard deviations.
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Figure 4

Figure 4. Inflammatory skin changes mimicking those in systemic sclerosis induced by CXCL4 in vivo in mice. Panels 
A and B show the results of histologic analyses of skin from wild-type C57BL/6 mice that were treated with phosphate-
buffered saline (PBS) as a control (Panel A) or with CXCL4 (Panel B) for 7 days with the use of a subcutaneous-pump 
model, shown at 4× and 20× magnification (hematoxylin and eosin, left; CD45 immunohistochemical staining, right). The 
murine sample that was treated with CXCL4 shows marked infiltration of inflammatory cells in the dermis and subdermis, 
as compared with the control sample. Panel C shows quantification of the thickening of skin layers after CXCL4 treatment 
for 7 days with the use of the pump model, as compared with the PBS controls. Shown are mean values for three analyses 
in each group, with T bars indicating standard errors. Panel D shows the quantification of infiltrating immune cells after 
7-day exposure to CXCL4 or PBS, in which CD45+ cells in the dermis were counted after immunohistochemical staining; 
the means of three analyses per group are shown (at left). In addition, the influx of inflammatory cells is confirmed by 
increased CD45 messenger RNA (mRNA) expression in CXCL4-exposed skin isolated from the distal or proximal (local) 
area to the pump outlet, as measured on quantitative polymerase- chain-reaction (PCR) assay (at right). In Panels C and D, 
a single asterisk denotes P<0.05 for the between-group comparison; double asterisks denote P<0.01. Panel E shows the 
mRNA expression of proinflammatory marker CCL2 induced after 7-day exposure to CXCL4, as compared with PBS, also 
measured on quantitative PCR assay. In Panels D and E, the mRNA analyses included 4 samples for PBS and 7 samples 
for CXCL4. The horizontal lines indicate means, and I bars standard errors.
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CXCL4 is a 70-amino acid, lysine-rich, 7.8-kDa protein that was first identified as 
a product of megakaryocytes and comprises 2 to 3% of the protein content of activated 
platelets27. CXCL4 is generally well accepted as one of the most potent antiangiogenic 
chemokines, influencing angiogenesis through an integrin-dependent mechanism28. The high 
levels of CXCL4 that were found in patients with systemic sclerosis are of great interest, since 
plasma obtained from these patients also showed antiangiogenic activity, and the disease 
is characterized by rarefaction of vessels despite the presence of multiple proangiogenic 
factors.

In addition to its antiangiogenic activity, CXCL4 inhibits the expression of the antifibrotic 
cytokine interferon-γ (a type 1 helper T cell) and up-regulates profibrotic cytokines 
interleukin-4 and interleukin-13 (type 2 helper T cells)29. It also stimulates the proliferation 
of T regulatory cells with impaired suppressive function30. Such data might indicate that the 
high levels of CXCL4 in patients with systemic sclerosis could be linked to features of immune 
dysfunction that have been observed in the disease31. Accumulating evidence suggests a role 
for CXCL4 in other chronic fibroproliferative and inflammatory conditions. CXCL4 was shown 
to be an important mediator in atherosclerosis, both in vivo and in vitro32, and increased 
CXCL4 levels have been associated with progressive liver fibrosis33. Intriguingly, despite 
the fact that CXCL4 induced skin inflammation in vivo in mice, fibrosis was not observed. 
In this light, it is tempting to speculate that although CXCL4 may sensitize various cells to 
inflammatory stimuli, culminating in fibrosis, the presence of CXCL4 alone is not sufficient. 
This hypothesis is supported by our observation that increased levels of CXCL4 were found 
in patients with Raynaud’s phenomenon, most of whom do not have progression to systemic 
sclerosis.

Our data from cell culture and the murine model lead us to speculate that plasmacytoid 
dendritic cells, through the production of CXCL4, are pivotal in the onset and perpetuation of 
systemic sclerosis. In this respect, the down-regulation of FLI1 is of particular interest, since 
selective endothelial-cell deletion of Fli-1 in mice leads to down-regulated expression of 
classic endothelial-cell markers, which are also seen to be down-regulated in the vasculature 
of patients with systemic sclerosis. The phenotype of Fli-1 knockout mice indicates a profound 
role for Fli-1 in vessel formation, maturation, and stabilization34. In addition, CXCL4 induces 
the expression of thrombospondin 1 and attenuates the effects of vascular endothelial growth 
factor. These observations might explain the absence of neovascularization in systemic 
sclerosis, despite the presence of high levels of vascular endothelial growth factor. Thus, 
we speculate that CXCL4 may play a major role in vasculopathy associated with systemic 
sclerosis through altered FLI1 expression. The effect of FLI1 expression on fibroblasts may 
also be important, since FLI1 regulates elevated collagen synthesis, the hallmark of fibrosis35.
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Several previous small studies have hinted at increased levels of CXCL4 and other 
inflammatory markers in the circulation of patients with systemic sclerosis23,24,36 -39. In those 
studies, the observed CXCL4 levels were attributed to platelet activation, a conclusion 
inconsistent with increased mRNA expression by peripheral-blood mononuclear cells, 
increased secretion of CXCL4 by plasmacytoid dendritic cells, and a lack of association 
between increased β-thromboglobulin levels and increased CXCL4 levels in patients with 
systemic sclerosis. Our data show that CXCL4 levels correlated highly with disease phenotype 
and disease progression in five large, independent, and clinically well-characterized patient 
cohorts, whereas levels of CCL2, CXCL10, CCL5, von Willebrand factor, and CCL18 did not 
show such correlation.

Taken together, our observations suggest that CXCL4 and plasmacytoid dendritic cells 
are central to the pathogenesis of systemic sclerosis. The levels of CXCL4 correlated well with 
the level of fibrosis and the occurrence and progression of pulmonary arterial hypertension, 
the two clinical hallmarks of this disorder. CXCL4 levels were also increased in several 
other fibrosing or inflammatory conditions, suggesting that CXCL4 may play a role in many 
pathologic conditions.
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Supplementary Appendix
Materials and Methods
Patient and phenotypes  
The presence of systemic sclerosis specific autoantibodies, anti-topoisomerase I and anti-
centromere, was assessed by passive immunodiffusion against calf thymus extract (Inova 
Diagnostics, San Diego, CA) and indirect immunofluorescence of HEp-2 cells (Antibodies 
Inc., Davis, CA), respectively. To investigate the correlation between the level of skin fibrosis 
and CXCL4, the modified Rodnan skin score (mRSS) was assessed1 within 2 months before or 
after sampling of plasma. As we aimed to investigate systemic sclerosis patients that reflect 
the daily clinical practice, all use of medications was allowed. No differences were observed 
when patients with different therapeutic regimens were compared (data not shown). The 
presence of pulmonary fibrosis was determined by high-resolution computed tomography 
scan and further defined as a forced vital capacity (FVC) < 70% of the predicted value and 
a diffusion capacity of the lung for carbon monoxide (DLCO) of less than 70% of predicted. 
Pulmonary arterial hypertension (PAH) was diagnosed by right heart catheterization and 
considered confirmed when the hemodynamic definition of PAH; mPAP ≥25 mm Hg with 
a pulmonary capillary wedge pressure (PCWP) of ≤15 mm Hg and a pulmonary vascular 
resistance of >3 Wood units was met. The time-to-develop fibrosis or PAH was assessed in 
patients with high or low CXCL4 levels up to 24 months from the first determination of the 
molecule. A separate analysis was conducted in all the patients with PAH and in the subset of 
PAH patients with isolated PAH, that is in those without any detectable lung fibrosis before 
the diagnosis of PAH (n=10 in high CXCL4 group and n=9 in low CXCL4 group); when the 
two populations were separately analyzed no differences in the survival estimates and in the 
hazards between groups were observed. In these analyses, 10 patients were lost to follow up 
for high-resolution computed tomography (HRCT) assays (4 with low and 6 with high CXCL4) 
and 11 were lost to follow-up for assessment of PAH (5 with low and 6 with high CXCL4).

Liver biopsy and assessment of fibrosis
For the purpose of this study we assessed 93 patients with suspected liver disease caused by 
hepatitis infection or alcohol abuse and grouped them according to the severity of liver fibrosis. 
Liver biopsies for histological assessment of fibrosis were obtained using a 1.6 mm diameter 

Menghini-type needle via right intercostal approach with local lidocaine anesthesia (Hepafix, 
Braun, Melsungen, Germany). The biopsy site was marked by ultrasound examination. No side 
effects occurred and good quality samples were obtained. Biopsy specimens were immersed 
in 2% formaldehyde and subsequently fixed with paraffin. A van Gieson stain for collagen was 
assessed for the presence of pericellular and perivenular fibrosis, as well as the expansion of 
the portal tracts. The specimens were staged according the METAVIR scoring system, where 
F0 indicates the lack of fibrosis, F1 corresponds to portal fibrosis without septa, F2 to the 
presence of few septa, F3 to the finding of numerous septa without cirrhosis. F4 indicates 
the presence of cirrhosis. Cirrhosis (F4) was diagnosed by histology, ultrasonography or on 
clinical grounds. We included a total of 93 patients, a total of 45 patients had a clinical 
diagnosis of cirrhosis, while 48 patients had only minimal or absent liver fibrosis. (F0 in 26 
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patients; F1 in 22 patients).

Cell isolation and purification
To minimize intra- and inter-assay differences, for the cell experiments described below blood 
was drawn simultaneously on at least 6 subjects, consisting of 1-2 healthy individuals, limited 
cutaneous systemic sclerosis, late diffuse cutaneous systemic sclerosis and early diffuse 
cutaneous systemic sclerosis patients. First peripheral blood mononuclear cells (PBMCs) 
were isolated using Ficoll gradient centrifugation as previously described2. Thereafter, 
the isolation of plasmacytoid dendritic cells (pDCs) was performed using magnetic bead 
isolation (MACS) using the pDC (CD304/BDCA4) positive selection kit according to the 
manufacturer’s protocol (Miltenyi Biotec, Auburn, CA). The positive fraction was reapplied 
to the separation column to enhance purity. Purity of the pDC population was investigated 
using flow cytometry for the markers BDCA2, CD19, BDCA-1 (CD1c), BDCA-3, CD14 and 
CD123 (all Miltenyi Biotec, Auburn, CA) (Fig. S1A). Intracellular staining of pDC for CXLC4 was 
performed after stimulation of plasmacytoid dendritic cells for four hours with PMA (50 ng/
ml; Sigma-Aldrich, St. Louis, MO) and Ionomycin (1 μg/ml; Sigma-Aldrich, St. Louis, MO) in the 
presence of Golgiplug (1 μl/ml; BD Biosciences, San Jose, CA). Next, for intracellular detection 
of CXCL4, cells were washed, fixed and permeabilized according to the manufacturer’s 
protocol (eBioscience, San Diego, CA) and incubated with phycoerythrin-conjugated anti-
CXCL4 antibody (IC7952P, R&D systems, Minneapolis, MN). The purity of pDC was always 
> 96%. As an extra validation, the frequency of dendritic cell subsets (plasmacytoid dendritic 
cells, myeloid DC type I (MDC1) and myeloid DC type I (MDC2)) in the circulation was 
simultaneously monitored using the blood dendritic cell enumeration kit (Miltenyi Biotec, 
Auburn, CA). To exclude the possibility that the positive selection of plasmacytoid dendritic 
cells would have influenced our results, in three consecutive experiments the blood samples 
were split and plasmacytoid dendritic cells were both positively selected as described above 
but also negatively selected using the Diamond pDC isolation kit (Miltenyi Biotec, Auburn, 
CA). In these experiments, phenotype and cytokine production was noted to be similar 
between positively and negatively selected plasmacytoid dendritic cells (data not shown). 
After isolation of plasmacytoid dendritic cells, the cells were suspended in RPMI (106/ml) 
and incubated at 37°C for two hours. In some experiments, plasmacytoid dendritic cells were 
stimulated with toll-like receptor ligands for TLR7/8 (R848) or TLR9 (CpG or CpG control) 
for 24 h after which supernatants were collected and stored at -80°C. Anti-CXCL4 (ab9561, 
Abcam, Cambridge, UK), or Heparin, a natural CXCL4 antagonist, was used to counteract the 
effect of CXCL4. As a control anti-CXCL12 (LS-B7489, LifeSpan Biosciences, Seattle, WA) 
was used as an isotype matched irrelevant antibody.

Human dermal microvascular endothelial cells and human umbilical vein endothelial 
cells  
Human dermal microvascular endothelial cells (HDMECs) were isolated from foreskin tissue 
as previously described3. These cells were cultured on collagen type I coated plates in EBM 
medium supplemented with 10% fetal bovine serum (FBS), EC growth supplement mix, at 
37°C under 5% CO2 in air. The culture medium was changed every other day. HDMECs 
harvested between passage 2 and 4 were used for experiments. Tissue culture reagents, 
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antibiotic-antimycotic solution (penicillin, streptomycin, and amphotericin B) was purchased 
from Life Technologies BRL (Grand Island, NY), EBM kit from Lonza (Walkersville, MD) and 
FBS from HyClone (Logan, UT). Human umbilical vein endothelial cells (HUVECs) were 
isolated from umbilical cords from healthy donors after obtaining informed consent. Cells 
were cultured in RPMI-1640 Dutch modified (Gibco-Invitrogen, Carlsbad, CA) supplemented 
with heat-inactivated 10% FBS and 10% human serum at 37°C and 5% CO2, in 0.2% w/v 
gelatinized (Sigma–Aldrich, St. Louis, MO) flasks or plates (Corning, Corning, NY). HUVECs 
grown in a 12-well plate were treated with CXCL4 (1 and 5 µg/mL, Haematologic Technologies 
Inc., Essex Junction, VT), after 24 h, cells and supernatants were collected for RNA or protein 
analysis. The systemic sclerosis plasma was pooled from 5 patients with diffuse systemic 
sclerosis. Anti-CXCL4 (ab9561, Abcam, Cambridge, UK) was used to counteract the effect of 
CXCL4 in these studies. ET-1 immunoassay (Assay Designs, Ann Arbor, MI, cat no. 900-020A) 
was performed according to manufacturer’s protocol.  Cultured HDMECs were treated with 
CXCL4 (100ng/ml) and/or VEGF (100ng/ml, positive control) for 24 h. For cell proliferation 
assay, cells were seeded in a 96-well plate at a density of 20000 cells/well and were allowed 
to adhere overnight. At 48 h cell proliferation was determined by CellTiter 96® AQueous One 
Solution Cell Proliferation Assay (Promega, Madison, WI) according to the manufacturer’s 
protocol. Briefly, 20 μl of One Solution Reagent were added to each well followed by 3 h of 
incubation at 37°C, and absorbance was read at 450 nm. Results were calculated as percent 
change in proliferation in comparison to control from five separate experiments. 

Measurement of secreted proteins

Supernatants from plasmacytoid dendritic cell in culture
After two hours of incubation in RPMI cultured plasmacytoid dendritic cells (pDC) were 
centrifuged, supernatants stored at -80°C, cell purity tested by flow cytometry and RNA 
isolated from the remaining pDC. Type I IFN was assayed in pDC supernatants using an 
IFNα specific ELISA (Abnova, Heidelberg, Germany) and retested using the IFNα multiple 
subset ELISA (CellSciences, Canton, MA). Multiple cytokines (IL-2, IL-4, IL-6, IL-8, IL-10, 
GM-CSF, IFNγ, TNFα, IL-1β, IL-5, IL-7, IL-12, IL-13, IL-17F, G-CSF, MCP-1, MIP1β, IFNα, IL-
23, IL-17A and IL-1α) were tested in pDC supernatants using the Bio-Plex system (Bio-Rad, 
Hercules, CA). The sensitivity of the cytokine assay was <5 pg/ml for all cytokines measured. 
b-thromboglobulin (b-TG) was measured using a b-TG specific ELISA (Calbiotech, Spring 
Valley, CA) and CXCL4 levels in supernatant were measured using a CXCL4 specific ELISA 
(R&D system, Minneapolis, MN) according to manufacturers’ protocols.

Plasma measurements
Levels of CXCL4, CCL5, CCL2, CCL18 and CXCL10 were determined in plasma using semi 
automated ELISA on a TECAN Freedom EVO 150 robotic pipetting station. Commercial 
antibody duosets: Dy795, Dy393, Dy278, Dy394 and Dy466 (R&D Systems, Abbington, 
UK) were used to quantify CXCL4, CCL2, CCL5, CCL18 and CXCL10, respectively. Since 
plasma samples originated from different collaborating samples and to correct for differences 
in sample handling (e.g., platelet activation) in all plasma samples b-TG and vWF were 
measured simultaneously. No marked differences in these two markers were observed 
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between systemic sclerosis patients and/or healthy individuals that would suggest different 
sample handling excluding the possibility that differences in CXCL4 were due to inter-cohort 
differences. Each antigen was measured on a separate Nunc MaxiSorp 384 well ELISA plate 
(Thermo Fisher Scientific, Roskilde, Denmark). For each ELISA procedure we coated plates 
for 2 h with optimized capture antibody concentration of 1.0, 1.0, 0.5, 0.5 and 1.0 µg/mL for 
CXCL4, CCL5, CCL18, CCL2 and CXCL10, respectively. Unbound antibodies were washed 
with five steps phosphate-buffered saline (PBS)/0.5%Tween. Plasma samples were diluted 
1/80 for CXCL4, 1/10 for CCL5 and 1/4 for CCL18, CCL2 and CXCL10 and then added to 
the plate with the corresponding capture antibody. Each plate contained four calibration 
curves consisting of standard plasma sample with known CXCL4, CCL5, CCL18, CCL2 and 
CXCL10 concentrations. Dilutions were made in PBS/1% BSA and incubated for 2 h on the 
capture antibodies. Unbound antigens were removed with five wash steps with PBS/0.5% 
Tween. For CXCL4, CCL5, CCL18, CCL2 and CXCL10 we added optimized detection antibody 
concentration of 0.25, 0.05, 1.0, 0.2 and 0.25 µg/mL, respectively. After three washing steps 
with PBS/0.5% Tween, a concentration of 0.15 µg/mL streptavidin/horseradish peroxidase 
(HRP, M2051, Sanquin, Amsterdam, the Netherlands) was added for 2 h to bind the biotin on 
the detection antibody. After three wash steps with PBS/1% BSA, the amount bound antigen 
concentrations were quantified after addition of Supersignal West Pico Chemiluminescent 
Substrate (#34080, Thermoscientific, Rockford, IL) on a Spectramax Luminescence Microplate 
Reader (Molecular Devices, Sunnyvale, CA). Plasma levels of von Willebrand factor were 
detected, using the same semiautomatic procedure, using 0.78 µg/mL mouse monoclonal 
directed against human vWF (A0082, Dako, Glostrup, Denmark) as capture antibody and 
0.28 µg/mL HRP-conjugated rabbit polyclonal against human vWF (P0226, Dako, Glostrup, 
Denmark) as detection antibody. To guarantee independent measurements, it was decided 
to do all laboratory measurements by investigators that were blinded for the disease state 
of the blood samples.

Proteomics
To study a wide range of (unknown) proteins present in the supernatant of pDC after two 
hours of incubation on RPMI 1640 medium without additions, surface-enhanced laser 
desorption/ ionization–time-of-flight mass spectrometry (SELDI-TOF-MS) was applied. 
The SELDI-TOF-MS technology (Ciphergen Biosystems, Fremont, CA) consists of the 
protein chip array, mass spectrometer and data analysis software. Optimal conditions for 
pDC supernatant profiling were determined by testing three protein chip array surfaces 
(Q10, CM10 and IMAC-Cu) with different binding/washing conditions and dilutions of 
supernatant. The binding/washing buffer for the anionic exchange arrays (Q10) contained 
0.1% Triton X-100 with 0.1 M Tris–HCl (pH 8) or 0.1 M sodium acetate (pH 6) and that for 
the cationic exchange arrays (CM10) contained 0.1% Triton X-100 with 0.1 mM ammonium 
acetate (pH 4.5 or pH 6). Both Q10 and CM10 chips were pre-incubated with binding buffer. 
The metal affinity-binding IMAC-Cu chips were loaded with 50 μl 0.1 M copper sulfate by 
vigorous shaking for 10 min. After washing with water, the chip surface was neutralized using 
150 μl sodium acetate buffer pH 4 followed by a short wash with water and pre-incubation 
with binding buffer (0.1 M Tris–HCl, pH 7.4) containing 0.1% Triton X-100 and 100 mM or 
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500 mM NaCl. pDC samples were diluted 1:10 or 1:100 in binding buffer (total volume of 
100 μl) and applied at random and in duplicate to the chip and incubated for 1 h shaking on 
a mixer. Afterwards, spots were washed six times with 150 μl binding buffer for 10 min (three 
times with and three times without 0.1% Triton X-100). Before application of the matrix 
(Sinapinic acid (SPA); Ciphergen Biosystems) in 50% acetonitrile/0.1% trifluoroacetic acid, 
another short wash with HPLC-grade water was performed and the chips were air dried for 
10 min. The matrix was applied twice (0.8 μl each time, 1 min apart) and the chips were air 
dried prior to reading on a ProteinChip Reader IIC instrument (Ciphergen Biosystems), using 
the following settings: detector sensitivity 9; detector voltage 2900; positions 20–80 were 
read with an increment of 10; 50 laser shots were collected on each position; two warming 
shots were fired at each position; lag time focus of 241 ns; laser intensity 180. Calibration 
was done with a 7–30 kDa proteins mixture. After baseline subtraction, peak labeling was 
performed with CiphergenExpress Software (version 3.0) for peaks with a signal-to-noise 
(S/N) ratio ≥3 in the m/z range from 1.5 to 30 kDa, and then normalized by total ion current.

Western blot analysis of ET-1 and FLI-1.
Cells were collected and washed with phosphate-buffered saline (PBS). Cell pellets were 
suspended in lysis buffer containing 20 mM Tris-HCl, pH 7.5, 15 mM NaCl, 1 mM EDTA, 1 
mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate, and 1 mM glycerophosphate 
with freshly added phosphatase inhibitors (5 mM sodium fluoride and 1 mM Na3VO4) and a 
protease inhibitor mixture (Sigma-Aldrich, St. Louis, MO). Protein concentration was quantified 
using the BCA Protein Assay kit (Pierce, Rockford, IL). Equal amounts of total proteins per 
sample were separated via SDS-PAGE and transferred to nitrocellulose membranes (Bio-Rad, 
Hercules, CA). Membranes were blocked in milk in Tris-buffered saline with Tween 20 (TBST) 
overnight at 4°C and probed with primary antibody overnight at 4°C. After Tris-buffered saline 
(TBS) washes, membranes were probed with HRP-conjugated secondary antibody against the 
appropriate species for 1–2 h at room temperature. Antibodies were used as following: goat 
anti human ET-1 (Santa Cruz Biotechnology, Santa Cruz, CA) at a 1:500 dilution, mouse anti-
human FLI-1 (Invitrogen, Carlsbad, CA) at a 1:500 dilution, monoclonal mouse anti-human 
β-actin (Sigma-Aldrich, St. Louis, MO) at 1:5000 dilution. Protein levels were visualized using 
ECL reagents (Amersham Biosciences, Piscataway, NJ).

Immunohistochemistry on human skin sections
Skin samples from nine patients with diffuse systemic sclerosis and six healthy controls were 
immediately frozen in liquid nitrogen and stored at -80°C. For immunofluorescence analysis 
of the expression of BDCA2 and CXCL4, skin sections were fixed with paraformaldehyde 
(4%). Subsequently, the skin sections were incubated with 1% H2O2 in methanol for 30 min. 
Blocking steps were performed using donkey serum (5%). Antibodies directed against human 
BDCA2 (goat polyclonal; Santa Cruz Biotechnology, Santa Cruz, CA) as well as CXCL4 (rabbit 
polyclonal; Abcam, Cambridge, UK), or corresponding isotype control antibodies were added 
overnight at 4°C and followed by washes. Afterwards, the skin sections were incubated with 
secondary antibodies (donkey anti-goat Alexa Fluor 555, donkey anti-rabbit Alexa Fluor 
488, Invitrogen, Carlsbad, CA) for 45 min as well as DAPI (Sigma-Aldrich, St. Louis, MO) 
for 10 min. Sections were fixed with Fluoromount-G (SouthernBiotech, Birmingham, AL). 
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Immunoreactions were detected using the Axiovert 200M microscope and visualized by the 
software Axiovision 4.7 (Zeiss, Oberkochen, Germany).

Subcutaneous CXCL4 injection model

Animals
Wild type C57BL/6 mice were purchased from Jackson Laboratory (Bar Harbor, ME). All mice 
were maintained at the Boston University School of Medicine Laboratory Animal Sciences 
Center. Mouse experiments were conducted under a protocol approved by the Boston 
University, Institutional Animal Care and Use Committee and in accordance with AAALAC 
guidelines.

In vivo administration of CXCL4
Recombinant murine CXCL4 (Peprotech, Rocky Hill, NJ) was administered subcutaneously to 
6-8 week old C57BL/6 mice using two delivery methods. For the pump model, mini-osmotic 
pumps (Alzet, Cupertino, CA) containing 1 µg of CXCL4 in a total of 200 µl volume were 
subcutaneously implanted for 7 days as described previously4. Each pump was designed to 
deliver agent at the rate of 1 µl per hour over 7 days. For the daily subcutaneous injection 
model, 500 ng of CXCL4 in 100 µl PBS with 0.05% mouse albumin (Alpha Diagnostic, San 
Antonio, TX) was injected subcutaneously for 7 or 28 consecutive days. At the designated 
time point, mice were sacrificed and the skin (~1 cm2) surrounding or distal to the pump 
outlet or injection site was homogenized in TRIzol (Invitrogen, Carlsbad, CA) for total RNA 
preparation, or fixed in formalin for histology.

Mouse skin histology and CD45 immunohistochemistry
Mouse skin was fixed in acetic acid–zinc-formalin (Newcomersupply, Middleton, WI), 
embedded in paraffin, and sectioned at 4 μm. To visualize skin morphology, deparaffinized 
sections were stained with hematoxylin for 2 x 2 min and eosin for 2 min (Surgipath, Leica, 
Richmond, IL), and mounted. For immune cells identification, CD45 immunohistochemical 
staining was performed using the ABC Vectastain kit (Vector Laboratories, Burlingame, 
CA). In brief, deparaffinized sections were rehydrated, steamer-heated for 20 min in BD 
Retrievagen A (BD Biosciences, San Jose, CA), incubated with Fc receptor blocker, background 
buster (Innovex Biosciences, Richmond, CA), and ABC blocking serum (Vector Laboratories, 
Burlingame, CA), and stained with rat-anti mouse CD45 as primary antibody (BD Biosciences, 
San Jose, CA). The subsequent incubations with secondary antibody, ABC complex (Vector 
Laboratories, Burlingame, CA), and DAB as a substrate (Dako Corp, Carpinteria, CA) were 
then performed according to manufacturer’s instructions. Images were acquired using a bright 
field microscope at 4x or 20x magnification (BH2 and BX41 Olympus, Center Valley, PA). Skin 
layer thickness and cell count were measured using ImageJ software (NIH, Bethesda, MA).

RNA Preparation and Quantitative PCR (qPCR)
Total RNA was extracted and purified from cells using RNeasy kit or from mouse skin using 
TRIzol (Invitrogen, Carlsbad, CA). cDNAs were developed from 200-300 ng of total RNA 
using Superscript II reverse transcriptase and random primers (Invitrogen Life Technologies, 
Rockville, MD). TaqMan primers for human CXCL4 (HS00236998_m1), human 18s rRNA 
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(4314913E), mouse glyceraldehyde-3-phosphate dehydrogenase (GAPDH, 4352339E), mouse 
Ccl2 (Mm00441242_m1), mouse Tnf-α (Mm00443259_g1), mouse Ifit1 (Mm00515153_m1), 
mouse Mx2 (Mm00488995_m1), mouse Serpine1/PAI-1 (Mm00435858_m1), mouse Thbs1 
(Mm01335418_m1), mouse Cd45 (Mm01293575_m1), mouse Icam-1 (Mm00516024_
g1), mouse Edn1 (Mm00438656_m1) were purchased from ABI (Applied BioSystems Inc., 
Foster City, CA). SYBR green primer sets were mouse E-selectin 5’-tcctctggagagtggagtgc-3’ 
(forward) 5’-ggtgggtcaaagcttcacat-3’ (reverse), human Fli-1 5’-ggatggcaaggaactgtgtaa-3’ 
(forward) 5’-ggttgtataggccagcag-3’ (reverse), human Et-1 5'-gctcgtccctgatggataaa-3' (forward) 
5'-ccatacggaacaacgtgct-3' (reverse), and human GAPDH 5’-ggtctcctctgacttcaaca-3’ (forward) 
5’-agccaaattcgttgtcatac-3’ (reverse). Relative quantification of gene expression using TaqMan 
Master Mix or SYBR green chemistry was measured in ABI StepOnePlus system. Gene 
expression was normalized to housekeeping genes 18s ribosomal RNA, GAPDH, or b2-MG 
and relative expression of each gene was calculated using a ΔΔCt formula5.
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- Study design. L. van Bon, A.J. Affandi, R. Hesselstrand, S. Assassi, J. de Graaf, M. den Heijer, M. Bijl, A. Loof, L. Beretta, W. 
van Heerde, M. Roest, M. Trojanowska, R. Lafyatis, T.R.D.J. Radstake 
- Data gathering and management. L. van Bon, A.J. Affandi, J. Broen, R.B. Christmann, R.J. Marijnissen, L. Stawski, G.A. 
Farina, G. Stifano, A.L. Mathes, M. Cossu, M. Vonk, M. York, C. Collins, M. Wenink, R. Huijbens, R. Hesselstrand, T. Saxne, 
M. DiMarzio, D. Wuttge, S.K. Agarwal, J.D. Reveille, S. Assassi, M. Mayes, Y. Deng, J.P.H. Drenth, J. de Graaf, M. den Heijer, 
C.G.M. Kallenberg, M. Bijl, A. Loof, W.B. van den Berg, L.A.B. Joosten, V. Smith, F. de Keyser, L. Beretta, R. Scorza, C. Lunardi, 
P.L.C.M. van Riel, W. van Heerde, S. Meller, B. Homey, M. Roest, M. Trojanowska, R. Lafyatis, T.R.D.J. Radstake 
- Data Analysis. L. van Bon, A.J. Affandi, J. Broen, R.J. Marijnissen, C. Collins, Assassi, J.P.H. Drenth, J. de Graaf, M. Bijl, A. 
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Figure S1

Figure S1A. Panel A depicts plasmacytoid dendritic cells from healthy donors, patients with limited cutaneous systemic 
sclerosis (lcSSc), late diffuse cutaneous systemic sclerosis (ldSSc) and early diffuse cutaneous systemic sclerosis (edSSc) 
patients show similar expression of the markers BDCA4, BDCA2 and CD123. Expression of these markers was tested in 6 
independent experiments comprising a total of 16 systemic sclerosis patients and 11 healthy controls. This panel depicts 
one representative experiment. Throughout all experiments purity was > 96%.
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Figure S1

Figure S1B-G Panel B and C represent the production of IL-8, TNFα, MCP-1, MIP1β, IFNγ, and IFNα by plasmacytoid 
dendritic cells from healthy individuals or systemic sclerosis patients after two and twenty-four hours of incubation, 
respectively. Panel D and E show the secretion of the Th2 markers IL-10, IL-5 and IL-13 whereas Panel F and G show the 
secretion of IL-6, IL-1β, IL-12, IL-23, IL-17F and IL-17A by plasmacytoid dendritic cells cultured from healthy controls or 
systemic sclerosis patients after the indicated time points.
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Figure S1

Figure S1H-K. Panel H displays the full proteome profile beyond 20kD from the supernatant of plasmacytoid dendritic 
cells from one representative systemic sclerosis patients with early diffuse disease. As in other experiments, no other 
peaks were present beyond 20kD. Panel I depicts CXCL4 RNA expression in various cell subsets isolated from healthy 
controls (n=12) and patients with limited (lSSc, n=14), late diffuse (ldSSc, n=14), early diffuse systemic sclerosis (edSSc, 
n=14) from 7 independent experiments. Intracellular expression of CXCL4 in plasmacytoid dendritic cells is shown in 
Panel J. Panel K represents separate and overlayed images of isotype controls for plasmacytoid dendritic cell marker 
BDCA2 (red), CXCL4 (green) and DAPI-labeled nuclei (blue), on a frozen skin section.
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Figure S2

Figure S2A-C. CXCL4, CCL2 and CXCL10 levels are increased in the circulation of systemic sclerosis patients and 
only cxcl4 correlates with scleroderma risk unassociated with platelet activation. Panel A displays the absence of 
β-thromboglobulin (β-TG) in the plasmacytoid dendritic cells supernatant that excludes platelet contamination (n=119) 
and increased levels of β-TG in the circulation of systemic sclerosis patients compared to healthy controls. However, β-TG 
levels do not mirror CXCL4 plasma levels indicating that the CXCL4 in the circulation of systemic sclerosis patients is 
mainly coming from plasmacytoid dendritic cells. CXCL4 levels in systemic sclerosis patients (n=441) by far exceed those 
of chemokines previously suggested to be associated with systemic sclerosis phenotype (Panel B) and those observed in 
healthy donors (n=128). Panel C represents the circulating levels of CXCL4, CCL2, CXLC10, CCL5, vWF and CCL18 in 
scleroderma patients, healthy donors (C, n=128) and in comparison with individuals with primary Raynaud’s phenomenon 
(R, n=16), persons with Raynaud’s phenomenon and anti- nuclear antibodies (R+, n=10) and those with very early systemic 
sclerosis (veSSc, n=30). single asterisk denotes P < 0.05, double asterisks denote P < 0.01.
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Figure S2
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Figure S2D. CXCL4, CCL2 and CXCL10 levels are increased in the circulation of systemic sclerosis patients and only 
cxcl4 correlates with scleroderma risk unassociated with platelet activation. Panel D shows that in a prospective 
cohort of 79 patients followed over 18 months, only a high baseline of CXCL4, but not, CCL2, CXLC10, CCL5, vWF and 
CCL18, predicted a worse outcome both of lung function (capacity of the lung for carbon monoxide (DLCO)) as well as 
for skin progression (modified Rodnan skin score (mRSS)).
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Figure S3A-C. CXCL4 induces systemic sclerosis-like effects in subcutaneous pump and in subcutaneous injection 
models. Panel A shows gene expression of wildtype-C57BL/6 mice treated with CXCL4 or phosphate-buffered saline 
(PBS) control for 7 days using the subcutaneous implanted pump model. Skin area located distally or locally to the 
pump outlet was isolated and mRNA expression for CCL2, TNF-α, IFIT1, MX2, PAI-1 and Thbs induced by CXCL4 were 
evaluated using qPCR as compared to the PBS controls (PBS local n=4, CXCL4 local n=7). Panel B displays that based on
mRNA expression of CCL2, IFIT1, and MX2, the presence of 0.05% mouse albumin in PBS as an additional unrelated 
control protein in a 7-day daily subcutaneous injection model did not lead to any noticeable differences (PBS n=3, PBS 
0.05% albumin n=2, CXCL4 0.05% albumin n=3). Panel C shows that using qPCR, mRNA expression of the endothelial cell 
activation markers E- selectin, ICAM1 and Endothelin-1 (Edn-1) after 7 day treatment of CXCL4 in a pump model were 
comparable to the PBS controls (PBS local n=4, CXCL4 local n=7).
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Figure S3

Figure S3D-F. CXCL4 Induces Systemic Sclerosis-like Effects in Subcutaneous Pump and in Subcutaneous Injection 
Models. Panel D depicts skin histology from wild-type C57BL/6 mice treated with PBS control (top) or CXCL4 (bottom) 
for 28 days using daily subcutaneous injection model at 4x magnification (H&E). Panel E shows quantification of skin 
layers thickening after CXCL4 treatment for 28 days (n=5/group), as compared to the PBS controls (single asterisk denotes 
P < 0.05, double asterisks denote P < 0.01). The expression of pro-inflammatory marker CCL2 induced by CXCL4 after 28 
day daily injection (n=5/group), compared to PBS, was measured using qPCR as depicted in panel F.
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Supplementary Tables
Table S1. Disease characteristics patients with systemic lupus erythematosus  

N 109
Gender (female/male) 93/16 
Age (years; mean ± SD) 45.8 ± 14.1
Disease duration (years; mean ± SD) 12.9  ± 10.4
Anti-dsDNA (Farr, E/ml; mean ± SD) ± 145.9
Complement C3 (gr/l; mean ± SD) ± 0.23
Complement C4 (gr/l; mean ± SD) 0.17  ± 0.08
ACR criteria# (N, (%))
Malar rash 35 (32)
Discoid rash 37 (34)
Photosensitivity 49 (45)
Oral ulcers 8 (7)
Arthritis 71 (66)
Serositis 39 (36)
Renal disorder 40 (37)
Neurologic disorder 5 (5)
Hematologic disorder 75 (69)
Immunologic disorder 84 (78)
Antinuclear antibody 106 (98)

# American College of Rheumatology

Table S2. Disease characteristics of ankylosing spondylitis patients

N
Gender (% female)

93
73.4 %

Age (years; mean ± SD) 44.9 ± 14.1
Disease duration (years; mean ± SD) 22.2  ± 17.3
HLA-B27 positive (%) 86%
Erythrocyte sedimentation rate (mm/hour) 29.7 ± 22.3
C-reactive protein 1.3 ± 1.2
BASDAI# 3.8 +/- 2.5
TNFα neutralizing therapies (% usage) 28.1

#  Bath Ankylosing Spondylitis activity index

Table S3. Mean cxcl4 values in cohorts

Cohorts Controls (n) CXCL4 (pg/ml) SSc Patients (n) CXCL4 (pg/ml)

Identification Cohort (plasmacytoid 
dendritic cells) 20 374.9 ± 45 53 66203 ± 3133

Identification Cohort (plasma) 22 90.4 ± 22 46 25143 ± 2533

Replication Cohorts (plasma) 129 92.6 ± 11 612# 23548 ± 2213

Early Disease (plasma)‡ 128 101.4 ± 23 68 28781 ± 3211

Overall Mean 299 94.8 ± 18.7 779 25624 ± 2652

# 612 systemic sclerosis (SSc) patients are from University of Nijmegen, the Netherlands (n=148), Lund, Sweden 
(n=197), Milan, Italy (n=120), Verona, Italy (n=18), Ghent, Belgium (n=79), and Houston, TX (n=50). 
‡ Early disease patients are from Milan (independent to those in the replication cohort).
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Abstract
Background

Systemic sclerosis (SSc) is an autoimmune disease with unknown pathogenesis manifested 
by inflammation, vasculopathy, and fibrosis in skin and internal organs. Type I IFN signature 
found in SSc propelled us to study plasmacytoid dendritic cells (pDCs) in this disease.

Objective

To identify candidate pathways underlying pDC aberrancies in SSc and to validate its function 
on pDC biology. 

Methods

PCR-based transcription factor profiling and methylation status analyses, SNP genotyping 
by sequencing, and flow cytometry analysis were performed in pDCs from healthy controls 
or SSc patients. 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

Transcription factor RUNX3 was significantly downregulated in SSc pDCs on RNA and protein 
levels. A higher methylation status of the RUNX3 gene correlated with RUNX3 gene expression 
level and disease susceptibility. After sequencing of RUNX3, we identified a non-synonymous 
SNP rs6672420 associated with SSc and hypermethylation of RUNX3. Furthermore, mouse 
pDCs deficient of Runx3 showed enhanced expression of co-stimulatory molecules upon 
CpG stimulation. Finally, in SSc bleomycin model, mice with DC-specific deletion of Runx3 
showed increased skin inflammation and fibrosis.

Conclusion

We demonstrate the role of RUNX3 biology in SSc patients further underscoring the role 
of pDCs in this disease. The presence of a SNP and higher methylation status of RUNX3 
suggests at least two pathways underlying the low RUNX3 expression observed in SSc pDCs. 
Further research is warranted to explore the potential therapeutic effect of RUNX3 targeting 
in fibrotic disease. 
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Introduction
Systemic sclerosis (SSc) is an autoimmune disease characterized 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 need to be unraveled. 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 early in the disease1,2. This is 
supported by findings in GWAS studies that most genes associated with SSc susceptibility 
have pivotal functions within the immune system, such as CD247, STAT4, and IRF53. 

Type I interferon 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 apparent in 
systemic sclerosis as well as in systemic lupus erythematosus (SLE), Sjögren’s syndrome, 
antiphospholipid syndrome, and rheumatoid arthritis4–7. This high type I IFN activation is 
attributed to plasmacytoid dendritic cells (pDCs), a specialized antigen presenting cells capable 
of immediately producing massive amount of type I IFN upon activation8,9. pDCs are also able 
to produce inflammatory cytokines such as IL-6, 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 SSc patients produced CXCL4 that can directly affect endothelial 
cells and fibroblasts10,11. We and other previously reported altered pDCs tissue distribution 
and phenotype in SSc patients and animal models10,12–14. 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 SSc patients. Here we identified transcription 
factor RUNX3 to be differentially regulated by epigenetic mechanisms leading to altered pDC 
function and distribution in vivo and ex vivo. Decreased expression of Runx3 in DCs also 
resulted in aggravation of bleomycin-induced skin inflammation and fibrosis.

Methods
Patients and controls
All included patients fulfilled the American College of Rheumatology (ACR) classification 
criteria for SSc15. The local ethical committee from each center approved the study. Both 
patients and controls were included in the study after written informed consent. All patients 
included in this study were classified as having limited cutaneous (lcSSc) or diffuse cutaneous 
(dcSSc) using the criteria postulated by LeRoy16. The presence of pulmonary fibrosis was 
investigated by a high resolution computed tomography scan. Restrictive syndrome and 
diffusion capacity of the lungs was defined as a forced vital capacity (FVC) < 70% of the 
predicted value and a diffusion capacity of the lung for carbon monoxide (DLCO) of less 
than 70% of predicted. Pulmonary arterial hypertension was diagnosed by right heart 
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catheterization and considered confirmed if the mean pulmonary artery pressure was greater 
than 25 mmHg at rest with a normal wedge pressure. For the sequencing of the Runt Related 
Transcription Factor 3 (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 1,114 Spanish patients and 1,347 Spanish controls. 36 patients and 17 controls were 
included in the RNA expression mapping of the transcription factors and were recruited from 
the Rheumatology section at the Boston University Medical Center. For protein validation 
of RUNX3 and IRF8 expression in pDCs, patients and healthy controls were recruited from 
University Medical Center Utrecht. Early disease is defined as disease duration shorter 
than 2 years after onset of the first sign of Raynauds phenomenon. In Table 1, the clinical 
characteristics of the populations included are described. None of the patients included in 
the RUNX3 expression and methylation analysis used azathiopurine, which is able to alter 
methylation patterns.

Cell isolation using magnetic bead isolation.  
Mononuclear cells were separated by density gradient centrifugation using Ficoll-Paque 
(Amersham Bioscience). A starting amount of 100 ml of heparinized venous blood was used. 
pDCs were isolated using BDCA4 magnetic beads-based sorting according to manufacturer’s 
protocol (Miltenyi Biotec).  

DNA/RNA extraction and cDNA synthesis
DNA and RNA were subsequently extracted by Qiagen Allprep RNA/DNA kit, according to 
the manufacturers isolation protocol, pDCs were disrupted with RLT buffer (Qiagen) after 
magnetic beads-based isolation. 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 synthesised 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 Table S1 and 
S3 in supplementary information. The RT-PCR runs were performed on an AB 7300 system 
(Applied Biosystems) (50°C 2 min, 1 cycle, 95°C 10 min, 1 cycle, 95°C 15 s -> 60°C 30 s 
-> 72°C 30 s, 40 cycles, 72°C 10 min). Per reaction we used 20 ng cDNA, 12.5 μl SYBR 
Green mix (2x), 7.5 pmol from the forward and 7.5 pmol reverse primer and 12.5 μl of 
distilled water, or according to Taqman assay according to manufacturer’s recommendation 
(Applied Biosystems). All runs were performed in duplicate and included blanks, as well as 
housekeeping gene human GAPDH or mouse Rpl13. Samples with standard deviation in delta 
Ct values < 0.5 between duplicates were used.

RUNX3 and IRF8 protein expression
After staining with fixable viability dye (eBioscience) and fluorochome-conjugated 
monoclonal antibodies against CD303 (Miltenyi) and CD123 (Biolegend), PBMCs were 
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fixed and permeabilized using Foxp3/
Transcription Factor Staining Buffer 
Set (eBioscience). Cells were labeled 
with α-RUNX3 antibody (R&D), IRF8 
antibody (eBioscience) or mouse IgG 
isotype control (eBioscience), acquired 
on a LSR Fortessa (BD Bioscience), 
and analyzed by FlowJo software (Tree 
Star).

MS-PCR
To investigate hypermethylation 
of the RUNX3 gene in pDCs from 
edSSc 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 12.5 μl SYBR Green mix (2x), 7,5 pmol from the forward and 7.5 pmol reverse 
primer and 12.5 μl of distilled water. The reaction mixture was first incubated at 95°C for 
5 min, followed by 40 cycles of 95°C for 30 s, 58°C for 30 s and 72°C for 30 s, with a final 
elongation at 72°C for 1 min. 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 are provided in Table S1.

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. Genomic DNA was extracted from blood samples 
using standard methods. PCR primers were designed using Primer 3 and detailed primer 
information shown in Table S217. A unique genomic target was checked performing in silico 
PCRs on the UCSC genome browser. 

Table 1. Clinical characteristics

SSc Controls
Phenotype Boston Spain Boston Spain

N 36 1114 10 1347
Female 75% 50%
lcSSc 33% N.A.
dcSSc 66% N.A.
PAH 38% N.A.
ANA 71%  N.A.  

SSc=Systemic sclerosis, N=number, lcSSc=limited cutaneous 
SSc, dcSSc=diffuse cutaneous SSc, PAH=pulmonary arterial 
hypertension, ANA=antinuclear antibodies.
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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 v7.0.5.318.

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 this 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.

Animals
Runx3-/- mice were originally developed by Yoram Groner19. 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 Animal Facility 
of Utrecht University. Experiments were conducted under protocols approved by the 
Boston University Institutional Animal Care And Use Committee or Ethical Committee on 
Animal Experimentation of University Medical Center Utrecht (Utrecht, the Netherlands) in 
accordance with AAALAC guidelines or the Guide for the care and use of laboratory animals 
as defined by FELASA.

Mouse plasmacytoid dendritic cells flow cytometry
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, blood were collected by heart puncture, red blood cells were 

Table 2. Correlation analysis of RUNX3 expression, methylation status, and mir130b expression. 

RUNX3 mir130b Methylation TS Methylation CPG1
RUNX3 - -0.138 (0.503) -0.429 (0.029) 0.281 (0.164)
mir130 -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. RUNX3=Runt related 
transcription factor 3, mir=microRNA, TS=Transcription start.
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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 LSRII (BD Biosciences). The 
antibodies used were α-B220 Pacific Blue, CD11c PE (both BD Biosciences), α-SiglecH FITC 
(eBioscience), and α-mPDCA1 (Miltenyi Biotec). Mouse pDCs were identified as B220+ 
mPDCA1+ SiglecH+ CD11c+ cells.

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 adjustments20,21. Briefly, bone marrow cells 
were depleted of red blood cells using ammonium chloride RBC lysing buffer (Sigma-Aldrich) 
and passed 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 medium (Invitrogen) containing 1%Penicillin-
Streptomycin, Glutamax, supplemented with 10% FBS at 37°C and 10% CO. Cells were 
collected, seeded at 100,000 cells/well and stimulated with CpG-A (Invivogen) overnight. 
The expression of cell surface molecules was assessed by flow cytometry. Secreted IFN-α 
was measured by ELISA as described before20.

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 with or without Welch 
correction, depending on differences in variance. Hierarchical clustering of the individuals 
based on transcription factor levels was performed using genepattern software (http://www.
broadinstitute.org/cancer/software/genepattern/)22,23.

In the association analyses significance was calculated using 2x2 contingency tables 
and Fisher’s exact test or χ 2 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 χ 2 when necessary.

Results
RUNX3 is downregulated in pDC of SSc patients and correlates with IRF8 expression 

We previously found plasmacytoid dendritic cells to be increased in the skin of SSc patients 
but a decreased percentage in the circulation10,24. To determine the possible cause of 
pDC dysfunction in SSc pDCs, we selected transcription factors known to be involved in 
differentiation of dendritic cell lineage in both human and mice: BATF3, GFI1, ID2, IRF1, 
IRF2, IRF8, RELB, RUNX3, SPI1, SPIB and E2.225. We tested the RNA expression levels of 
these transcription factors in pDCs of an initial set of lcSSc (n=4), ldcSSc (n=4), edcSSc (n=4) 
patients and healthy controls (n=7). From this analysis, transcription factor RUNX3 was the 

http://www.broadinstitute.org/cancer/software/genepattern/
http://www.broadinstitute.org/cancer/software/genepattern/
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most differentially expressed transcription factor between SSc patients and healthy controls 
at the RNA level (P=0.01) (Fig. 1A). Other transcription factors such as ID2 and IRF8 were 
also downregulated, as we previously reported24. We validated this result using a larger 
cohort of lcSSc (n=8), ldcSSc (n=8), edcSSc (n=8) patients and healthy controls (n=10). Again, 
we observed a striking decrease in the expression levels of RUNX3 (relative to housekeeping 
gene GAPDH) in all SSc patients, but also in each of the different subsets as compared to 
healthy controls (all P<0.001) (Fig. 1B). We further confirmed the downregulation of RUNX3 
in SSc patients on protein level (Fig. 1C). As we found pDC numbers to be decreased in 
SSc patients as compared to healthy controls (Fig. 1D), interestingly, we found a weak but 
significant correlation between RUNX3 expression in pDCs and their frequencies in the blood 
(r=0.3267, P=0.025) (Fig. 1E). Remarkably, the expression of RUNX3 in pDCs correlated 
strongly with IRF8 (r=0.8143, P<0.001), a transcription factor that plays an important role in 
pDC survival and function. 

RUNX3 is hypermethylated in pDCs from SSc patients and associated with its 
expression 

We next assessed the mechanism of regulation of RUNX3 gene expression. 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 SLE patients and 
patients with ANCA+ Wegener’s disease26–28. In order to investigate methylation status of 
the RUNX3 gene comprehensively, we used a quantitative MS-PCR approach that targeted 
9 CPG rich regions near the RUNX3 transcription start (Fig. 2A). We observed an overall 
increase of the percentage of methylation in the SSc patients, which was significant at two 
loci, one directly near the transcription start point and one at the most distant point from 
the transcription start we investigated (Fig. 2B). Interestingly, methylation of these two sites 
was linked (r=0.822, P<0.001) However, only the degree of methylation at the transcription 
start had a direct correlation with lower RUNX3 expression (r= -0.429, P=0.029) (Table 2). 
We did not observe a difference in methylation patterns between males and females; this is 

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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noteworthy since estrogen has been suggested to be able to regulate RUNX3 methylation 
patterns29.

Hsa-miR-130b does not influence RUNX3 expression levels

Another recently described regulator of RUNX3 expression is the hsa-miR-130b, this 
microRNA has been shown to decrease expression of RUNX3 in gastric tumour cells30. 

Figure 1. Identification of RUNX3 downregulation in plasmacytoid dendritic cells from systemic sclerosis patients. (A) 
Plasmacytoid dendritic cells (pDCs) were isolated using magnetic sorting based on BDCA4, and total RNA was isolated. 
The mRNA expression of eleven transcription factors of pDCs from 12 systemic sclerosis (SSc) patients (4 early diffuse 
cutaneous SSc (edcSSc), 4 late diffuse cutaneous SSc (ldcSSc), and 4 limited cutaneous SSc (lcSSc)) with 7 healthy controls 
(HC) from identification cohort by qPCR 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 qPCR. Bottom panel, relative 
expression (R.E.) of RUNX3 compared to the mean of healthy controls is shown (mean ± SEM). (C) 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 from 17 HC and 16 SSc patients is 
shown. (D) The frequency of pDCs (CD123+ BDCA2+) in the PBMC of healthy controls (HC, circle) or systemic sclerosis 
(SSc, square) patients were assessed by flow cytometry. (E) The intracellular expressions of RUNX3 and IRF8 within 
pDC were measured by flow cytometry. The association between RUNX3 level with the frequency of pDC and IRF8 
expression were determined by Pearson’s correlation. * P<0.05, *** P<0.01
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Therefore, we decided to investigate the impact of mir-130b on RUNX3 expression levels. 
However, we did not observe any significant difference of mir-130b expression in pDCs 
between healthy controls and SSc patients (Table 2). 

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 (Table 3). For the purpose of replicating these 
polymorphisms we utilized a large Spanish SSc cohort, consisting of 1,114 SSc patients and 
1,347 healthy controls. The novel rare variant carrier in the SSc group was confirmed using a 
custom TaqMan 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: 1.01-1.27, Table 4). Of interest, this SNP confers a missense 
mutation causing amino-acid change 18 Ile>Asn in exon 1. Triggered by current 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 on the 
methylation status of the RUNX3 gene in pDCs31. Interestingly, this non-synomonous SNP 
rs6672420, was significantly associated with the degree of methylation of the RUNX3 gene 
(P=0.03) (Fig. 2C). 

Runx3 deficient pDCs have altered tissue distribution and increased maturation 
markers upon TLR 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 to their wild-type (WT) littermates (Fig. S1). Similar to SSc patients, there was a 
trend of decreased circulating pDC in and Runx3-/- mice. pDC frequency was not altered 

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
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in bone marrow or spleen. This indicates that the low Runx3 expression could alter pDC 
functionality and subsequently distribution in vivo. 
Next, we investigated the effect of Runx3 deletion in pDC maturation, as this has only 
been described in cDC 32. Due to difficulty of obtaining viable adult Runx3-/- mice, and in 
addition to the deletion effect on other cell types, we utilized a Cre-lox system to specifically 
knockdown Runx3 in the DC lineage (CD11c/Itgax-Cre:Runx3f/f). We differentiated bone 
marrow cells from Itgax-Cre:Runx3f/f (Cre+) or Runx3f/f (Cre−) control mice toward dendritic 
cells using SCF and Flt3-L. After eight days of differentiation, we saw a higher percentage 
of cells expressing co-stimulatory molecule CD86 in Itgax-Cre:Runx3f/f pDCs as compared to 
Runx3f/f controls (Fig. 3A). The percentage of cells not expressing CD62L was also increased 
Itgax-Cre:Runx3f/f pDCs, indicating an increased maturation status (Fig. 3A). We further 
magnetically sorted B220+ pDCs and challenged them with CpG. After 24 h, we observed a 
higher percentage CD40+, CD80+, CD86+, and CD62L- cells in Itgax-Cre:Runx3f/f pDCs, as 
compared to Runx3f/f pDCs (Fig. 3B). Furthermore, the expression of pDC-specific inhibitory 
molecule Siglec-H was also lower in non-treated and CpG-treated in Itgax-Cre:Runx3f/f pDCs 
(Fig. 3C). These changes were also reflected in the amount of expression of these molecules 
per cell (median fluorescence intensity, Fig. 3D). However, we did not see any changes with 
regards to IFNα secretion (Fig. 3E). Thus similar to previous report on cDC, Runx3 deletion 
increased maturation markers of pDC upon TLR activation.

Figure 2. Altered DNA methylation level of RUNX3 in plasmacytoid dendritic cells in systemic sclerosis patients. (A) 
Location of the methylation specific polymerase chain reaction (MS-PCR) primers around the RUNX3 transcription start 
site (TS). (B) Mean percentage methylation at 9 different CPG rich sites near the transcription start of the RUNX3 gene in 
8 healthy controls and 19 SSc patients, there is significantly more methylation at CPG island one and seven in SSc patients 
(P=0.03 and P=0.02, respectively) (C) Effect of the rs6672420 polymorphism on methylation (P=0.03). TT represents the 
homozygous minor allele versus the other two genotypes.
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Deletion of Runx3 in DC leads to increased severity of bleomycin-induced skin fibrosis 

Multiple reports have suggested the role of DCs in bleomycin-induced SSc model33,34. 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 
skin and dermal thickening as compared to Runx3f/f control mice (Fig. 4A,B). The expression 
of pro-inflammatory marker Tnfa was significantly higher in the skin of Itgax-Cre:Runx3f/f mice 
upon bleomycin exposure (Fig. 4C). Moreover, we found trends of increased expression of 
fibrotic genes Ctgf, Tgfb1, and Tgfb3 in Itgax-Cre:Runx3f/f mice skin after bleomycin treatment 
(Fig. 4C). Hence, mice harboring Runx3 deficiency in CD11c+ DCs had exacerbated skin 
inflammation and fibrosis upon exposure to bleomycin.
The expression of Siglech seemed to be induced in the skin after bleomycin treatment and its 
expression was even higher in Itgax-Cre:Runx3f/f mice, indicating the presence of Siglec-H+ 
pDCs (Fig. 4D). As pDCs are crucial in initiating adaptive immune responses with cDCs in the 
lymph node35–37, 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 upon bleomycin injection (Fig. 4E), 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 upon bleomycin treatment.

Discussion
In this study, we showed that pDCs from SSc patients 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-synonomous 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 upon TLR activation. Moreover, 
mice with DC-specific Runx3 ablation showed exacerbated skin inflammation and fibrosis 
upon treatment with bleomycin.

Figure 3 (facing page). Runx3 deletion in mouse plasmacytoid dendritic cell primes for toll-like receptor activation. 
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. (A) After eight days of differentiation, the percentage of pDCs 
expressing co-stimulatory molecules CD40, CD80, CD86, and negative for CD62L were assessed by flow cytometry. 
(B) pDCs were purified using B220 microbeads and stimulated with CpG for 24 h. Representative flow cytometry plots 
of CD40, CD80, and CD86, and CD62L (top, middle) and quantifications are shown (bottom). (C) The expression of 
inhibitory molecule Siglec-H was assessed by flow cytometry. Histogram (top) and quantification (bottom) are shown. (D) 
Normalized median fluorescence intensity (ΔMFI) after CpG stimulation are shown as compared to medium control. (E) 
The level of secreted IFNα by pDCs after CpG stimulation was measured by ELISA. Unpaired t-test was used for analysis, 
* P<0.05, ** P<0.01.
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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 4× magnification. (B) Quantification caliper 
measured-skin thickness (left) or dermal layer as measured by histological analysis (right) are shown. (C, D) The mRNA 
expression of pro-inflammatory gene (C) Tnfa, and pro-fibrotic Ctgf, Tgfb1, Tgfb3, and (D) pDC marker Siglech in treated 
skin were determined by quantitative PCR. (E) The frequency of CD86+ pDCs in the lymph node (LN) after bleomycin 
treated was assessed by flow cytometry. A representative plot (left) and quantification (right) 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.

Figure 4
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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 
hematopoietic stem cells and often implicated in hematological malignancies and Runx2 
is a regulator of epithelial-mesenchymal transition38,39. Runx1 and Runx3 are differentially 
expressed during CD4/CD8 T cell differentiation in the thymus, Th1/Th2 polarization, as well 
as Treg function40–42. Runx3 has been previously implicated in the development of langerhans 
cells43, as a regulator in macrophage activation as well as an acting downstream molecule of 
the pro-fibrotic factor TGFβ in DCs32,44. 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. 
The mechanism of RUNX3 downregulation has been most studied in the field of cancer; 
RUNX3 is one of the most hypermethylated gene in solid tumors, including breast, bladder, 
colorectal and gastric tumors45–47. 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 decreased48. 
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. 
Various factors underlying RUNX3 methylation have been proposed. Estrogen has been 
shown to be directly involved in the silencing of the RUNX3 gene in mammosphere derived 
cells49. We compared the frequency of RUNX3 methylation between males and females 
as a surrogate marker for estrogen 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 oxide45. HP infection is very 
common in SSc patients, with the most aggressive strain of HP being the most prevalent50. 
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 pre-cursor 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 deacetylation50. We did not investigate this mechanism 
in pDCs, however in monocyte-derived DCs (moDCs) from healthy and SSc patients, RUNX3 
downregulation was seen in both groups when moDCs were cultured in hypoxic condition 
(unpublished data). 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 skin51, has been shown to downregulate RUNX3 in monocytes/
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macrophages52.
The correlation between the expression of RUNX3 and IRF8, a known transcription factors 
known in DC differentiation and activation53,54, suggests an essential role for RUNX3 in 
maintaining pDC function. In 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. Interestingly, a study using bone marrow cells-targeted 
Runx3 ablation (Mx1-Cre:Runx3f/f) showed that these mice have increased hematopoietic 
stem/progenitor cells compared to the controls, however mature pDCs or their progenitors 
frequency were not assessed55. Furthermore, Runx3 has been shown to regulate lymph node-
homing receptor CCR756. Potentially this could contribute to the reduced levels of circulating 
pDCs in SSc patients and mice with experimental SSc, possibly to lymph nodes or inflamed 
tissue. In SSc patients, we and others have demonstrated increased presence of pDCs in 
the skin10,12,13, corroborating this assumption. The role of Runx3 in pDCs differentiation or 
homeostasis in vivo still needs further investigation. 
Our data demonstrated that Runx3 deficient pDCs have an increased maturation phenotype 
upon TLR stimulation in vitro and upon bleomycin treatment in vivo, corroborating 
previous finding32. Interestingly, RUNX3 isoforms have been shown to directly interact with 
transcription factor downstream of TLR signaling NF-κB57, 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 models58,59 and CD80/CD86 
deficiency ameliorated skin inflammation in a pDC-dependent imiquimod-induced systemic 
autoimmune disease model36. Thus, disease exacerbation in Itgax-Cre:Runx3f/f mice upon 
bleomycin injection may be attributed to hyper activation of DCs.  
In summary, we have shown that RUNX3 downregulation as mediated by hypermethylation 
may result 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. Indeed, 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. 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.



73

Low
 RU

N
X3 in SSc pD

C enhances fibrosis

3     

Acknowledgement
Alsya J. Affandi was supported by the Dutch Arthritis Association (Reumafonds grant NR-10-1-301) and the Netherlands 
Organization for Scientific Research (Mosaic grant 017.008.014). Tiago Carvalheiro is supported by a grant from the 
Portuguese national funding agency for science, research and technology: Fundação para a Ciência e a Tecnologia [SFRH/
BD/93526/2013]. Jasper C.A. Broen is supported by a VENI Award from the Netherlands Organization for Scientific 
Research (N.W.O. project number 91614041). Wioleta Marut obtained funding from Marie Curie Intra-European Fellowship 
(Proposal number: 624871) and from the NWO VENI (grant number 91919149). Timothy R.D.J. Radstake and Joel A.G. 
van Roon received funding from ERC Starting Grant (ERC-2011-StG, Circumvent). We thanked Kei Yasuda, Mike DiMarzio 
(Boston University), and Mascha Schijvenaars (Radboud University Nijmegen) for their advice and technical expertise. All 
the authors listed have made substantial, direct, and intellectual contribution to the work and approved it for publication.
All the authors listed have made substantial, direct, and intellectual contribution to the work and approved it for publication.

Competing interests
The authors declare no commercial or financial conflict of interest.

References
1. Chia, J. J. & Lu, T. T. Update on macrophages 

and innate immunity in scleroderma. Curr. Opin. 
Rheumatol. 27, 530–6 (2015).

2. Sakkas, L. I., Simopoulou, T., Katsiari, C., Bogdanos, 
D. & Chikanza, I. C. Early systemic sclerosis—
opportunities for treatment. Clin. Rheumatol. 34, 
1327–1331 (2015).

3. Radstake, T. R. D. J. et al. Genome-wide association 
study of systemic sclerosis identifies CD247 as a new 
susceptibility locus. Nat. Genet. 42, 426–9 (2010).

4. Brkic, Z. et al. The interferon type I signature is 
present in systemic sclerosis before overt fibrosis and 
might contribute to its pathogenesis through high 
BAFF gene expression and high collagen synthesis. 
Ann. Rheum. Dis. 75, 1567–1573 (2016).

5. Higgs, B. W. et al. Patients with systemic lupus 
erythematosus, myositis, rheumatoid arthritis and 
scleroderma share activation of a common type I 
interferon pathway. Ann. Rheum. Dis. 70, 2029–
2036 (2011).

6. van den Hoogen, L. L. et al. Monocyte type I 
interferon signature in antiphospholipid syndrome 
is related to proinflammatory monocyte subsets, 
hydroxychloroquine and statin use. Ann. Rheum. Dis. 
75, annrheumdis-2016-210485 (2016).

7. Maria, N. I. et al. MxA as a clinically applicable 
biomarker for identifying systemic interferon type I 
in primary Sjögren’s syndrome. Ann. Rheum. Dis. 73, 
1052–1059 (2014).

8. Kim, D. et al. Induction of interferon-alpha by 
scleroderma sera containing autoantibodies to 
topoisomerase I: association of higher interferon-
alpha activity with lung fibrosis. Arthritis Rheum. 58, 
2163–73 (2008).

9. Eloranta, M.-L. et al. Type I interferon system 
activation and association with disease 
manifestations in systemic sclerosis. Ann. Rheum. Dis. 
69, 1396–402 (2010).

10. van Bon, L. et al. Proteome-wide analysis and CXCL4 
as a biomarker in systemic sclerosis. N. Engl. J. Med. 
370, 433–43 (2014).

11. Kioon, M. A., Pelrine, E., Spiera, R. F., Gordon, J. 
K. & Barrat, F. J. Plasmacytoid Dendritic Cells Are 
Activated in Systemic Sclerosis and Contribute to 
the Disease By Inducing Ifnα and CXCL4 [abstract]. 
Arthritis Rheumatol. 68, Suppl 10 (2016).

12. Fleming, J. N. et al. Capillary regeneration in 
scleroderma: stem cell therapy reverses phenotype? 
PLoS One 3, e1452 (2008).

13. Duan, H. et al. Combined analysis of monocyte and 
lymphocyte messenger RNA expression with serum 

protein profiles in patients with scleroderma. Arthritis 
Rheum. 58, 1465–1474 (2008).

14. Gerber, E. E. et al. Integrin-modulating therapy 
prevents fibrosis and autoimmunity in mouse models 
of scleroderma. Nature 503, 126–130 (2013).

15. Preliminary criteria for the classification of 
systemic sclerosis (scleroderma). Subcommittee for 
scleroderma criteria of the American Rheumatism 
Association Diagnostic and Therapeutic Criteria 
Committee. Arthritis Rheum. 23, 581–90 (1980).

16. Carwile LeRoy, E. et al. Scleroderma (systemic 
sclerosis): Classification, subsets and pathogenesis. J. 
Rheumatol. 15, 202–205 (1988).

17. Rozen, S. & Skaletsky, H. Primer3 on the WWW 
for general users and for biologist programmers. 
Methods Mol. Biol. 132, 365–86 (2000).

18. Hall, T. A. BioEdit: a user-friendly biological sequence 
alignment editor and analysis program for Windows 
95/98/NT. Nucleic Acids Symposium Series 41, 95–
98 (1999).

19. Levanon, D. et al. The Runx3 transcription factor 
regulates development and survival of TrkC dorsal 
root ganglia neurons. EMBO J. 21, 3454–63 (2002).

20. Yasuda, K. et al. Murine dendritic cell type I IFN 
production induced by human IgG-RNA immune 
complexes is IFN regulatory factor (IRF)5 and IRF7 
dependent and is required for IL-6 production. J 
Immunol 178, 6876–6885 (2007).

21. Smit, J. J. et al. The balance between plasmacytoid 
DC versus conventional DC determines pulmonary 
immunity to virus infections. PLoS One 3, e1720 
(2008).

22. Eisen, M. B., Spellman, P. T., Brown, P. O. & Botstein, 
D. Cluster analysis and display of genome-wide 
expression patterns. Proc. Natl. Acad. Sci. U. S. A. 95, 
14863–8 (1998).

23. Reich, M. et al. GenePattern 2.0. Nat. Genet. 38, 
500–1 (2006).

24. Rossato, M. et al. Association of MicroRNA-618 
Expression With Altered Frequency and Activation 
of Plasmacytoid Dendritic Cells in Patients With 
Systemic Sclerosis. Arthritis Rheumatol. (Hoboken, 
N.J.) 69, 1891–1902 (2017).

25. Watowich, S. S. & Liu, Y. J. Mechanisms regulating 
dendritic cell specification and development. 
Immunol. Rev. 238, 76–92 (2010).

26. Moss, S. F. RUNX 3, apoptosis 0: a new gastric 
tumour suppressor. Gut 52, 12–3 (2003).

27. Jeffries, M. A. et al. Genome-wide DNA methylation 
patterns in CD4+ T cells from patients with systemic 
lupus erythematosus. Epigenetics 6, 593–601 
(2011).



74

28. Ciavatta, D. J. et al. Epigenetic basis for aberrant 
upregulation of autoantigen genes in humans with 
ANCA vasculitis. J. Clin. Invest. 120, 3209–19 (2010).

29. Guo, C. et al. RUNX3 is inactivated by promoter 
hypermethylation in malignant transformation of 
ovarian endometriosis. Oncol. Rep. 32, 2580–2588 
(2014).

30. Lai, K. W. et al. MicroRNA-130b regulates the tumour 
suppressor RUNX3 in gastric cancer. Eur. J. Cancer 
46, 1456–1463 (2010).

31. Yang, T. P. et al. Genevar: A database and Java 
application for the analysis and visualization of SNP-
gene associations in eQTL studies. Bioinformatics 26, 
2474–2476 (2010).

32. Fainaru, O. et al. Runx3 regulates mouse TGF-beta-
mediated dendritic cell function and its absence 
results in airway inflammation. EMBO J. 23, 969–79 
(2004).

33. Lu, T. T. Dendritic cells: Novel players in fibrosis and 
scleroderma. Curr. Rheumatol. Rep. 14, 30–38 (2012).

34. Affandi, A. J., Carvalheiro, T., Radstake, T. R. D. J. 
& Marut, W. Dendritic cells in systemic sclerosis: 
Advances from human and mice studies. Immunol. 
Lett. 0–1 (2017). doi:10.1016/j.imlet.2017.11.003

35. Brewitz, A. et al. CD8+ T Cells Orchestrate pDC-
XCR1+ Dendritic Cell Spatial and Functional 
Cooperativity to Optimize Priming. Immunity 46, 
205–219 (2017).

36. Takagi, H. et al. Plasmacytoid dendritic cells orchestrate 
TLR7-mediated innate and adaptive immunity for 
the initiation of autoimmune inflammation. Sci. Rep. 
(2016). doi:10.1038/srep24477

37. Takagi, H. et al. Plasmacytoid dendritic cells are 
crucial for the initiation of inflammation and T cell 
immunity in vivo. Immunity 35, 958–71 (2011).

38. Wu, M., Chen, G. & Li, Y.-P. TGF-β and BMP signaling 
in osteoblast, skeletal development, and bone 
formation, homeostasis and disease. Bone Res. 4, 
16009 (2016).

39. de Bruijn, M. & Dzierzak, E. Runx transcription factors 
in the development and function of the definitive 
hematopoietic system. Blood 129, 2061–2069 
(2017).

40. Djuretic, I. M. et al. Transcription factors T-bet and 
Runx3 cooperate to activate Ifng and silence Il4 in T 
helper type 1 cells. Nat. Immunol. 8, 145–53 (2007).

41. Klunker, S. et al. Transcription factors RUNX1 and 
RUNX3 in the induction and suppressive function of 
Foxp3+ inducible regulatory T cells. J. Exp. Med. 206, 
2701–15 (2009).

42. Egawa, T., Tillman, R. E., Naoe, Y., Taniuchi, I. & Littman, 
D. R. The role of the Runx transcription factors in 
thymocyte differentiation and in homeostasis of 
naive T cells. J. Exp. Med. 204, 1945–57 (2007).

43. Chopin, M. et al. Langerhans cells are generated 
by two distinct PU.1-dependent transcriptional 
networks. J. Exp. Med. 210, 2967–2980 (2013).

44. Ito, Y. & Miyazono, K. RUNX transcription factors as 
key targets of TGF-β superfamily signaling. Curr. Opin. 
Genet. Dev. 13, 43–47 (2003).

45. Rivas-Ortiz, C. I., Lopez-Vidal, Y., Arredondo-
Hernandez, L. J. R. & Castillo-Rojas, G. Genetic 
Alterations in Gastric Cancer Associated with 
Helicobacter pylori Infection. Front. Med. 4, 1–12 
(2017).

46. Yang, Y. et al. Clinicopathological significance of 
RUNX3 gene hypermethylation in hepatocellular 
carcinoma. Tumor Biol. 35, 10333–10340 (2014).

47. Lotem, J. et al. Runx3 at the interface of immunity, 

inflammation and cancer. Biochimica et Biophysica 
Acta - Reviews on Cancer (2015). doi:10.1016/j.
bbcan.2015.01.004

48. Kang, M. Il et al. Transitional CpG methylation 
between promoters and retroelements of tissue-
specific genes during human mesenchymal cell 
differentiation. J. Cell. Biochem. 102, 224–239 
(2007).

49. Lotem, J. et al. Runx3 in Immunity, Inflammation and 
Cancer. Adv. Exp. Med. Biol. 962, 369–393 (2017).

50. Radić, M., Martinović Kaliterna, D., Bonacin, D., 
Morović Vergles, J. & Radić, J. Correlation between 
Helicobacter pylori infection and systemic sclerosis 
activity. Rheumatology (Oxford). 49, 1784–5 (2010).

51. Cipriani, P. et al. Differential expression of stromal 
cell-derived factor 1 and its receptor CXCR4 in 
the skin and endothelial cells of systemic sclerosis 
patients: Pathogenetic implications. Arthritis Rheum. 
54, 3022–3033 (2006).

52. Sánchez-Martín, L. et al. The chemokine CXCL12 
regulates monocyte-macrophage differentiation and 
RUNX3 expression. Blood 117, 88–97 (2011).

53. Pelka, K. & Latz, E. IRF5, IRF8, and IRF7 in human 
pDCs - the good, the bad, and the insignificant? Eur. 
J. Immunol. 43, 1693–1697 (2013).

54. Hambleton, S. et al. IRF8 Mutations and Human 
Dendritic-Cell Immunodeficiency. N. Engl. J. Med. 
365, 127–138 (2011).

55. Wang, C. Q. et al. Runx3 deficiency results in 
myeloproliferative disorder in aged mice. Blood 122, 
562–6 (2013).

56. Fainaru, O., Shseyov, D., Hantisteanu, S. & Groner, 
Y. Accelerated chemokine receptor 7-mediated 
dendritic cell migration in Runx3 knockout mice 
and the spontaneous development of asthma-like 
disease. Proc. Natl. Acad. Sci. U. S. A. 102, 10598–
603 (2005).

57. Lim, B., Ju, H., Kim, M. & Kang, C. Increased genetic 
susceptibility to intestinal-type gastric cancer is 
associated with increased activity of the RUNX3 
distal promoter. Cancer 1–11 (2011). doi:10.1002/
cncr.26161

58. Toivonen, R. et al. Activation of Plasmacytoid 
Dendritic Cells in Colon-Draining Lymph Nodes 
during Citrobacter rodentium Infection Involves 
Pathogen-Sensing and Inflammatory Pathways 
Distinct from Conventional Dendritic Cells. J. 
Immunol. 196, 4750–9 (2016).

59. Tam, M. A. & Wick, M. J. Differential expansion, 
activation and effector functions of conventional 
and plasmacytoid dendritic cells in mouse tissues 
transiently infected with Listeria monocytogenes. 
Cell. Microbiol. 8, 1172–1187 (2006).



75

Low
 RU

N
X3 in SSc pD

C enhances fibrosis

3     

Supplementary Information
Supplementary Tables

Supplementary Table 1. 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

CPG10 
RUNX3

MS-PCR 
unmethylated GAC GTA TAA TAT TTT CGA GTA AAC ACA CCC CTC CTC CCG CGC CGC 

TTC
CPG10 
RUNX3

MS-PCR 
unmethylated

TGG GAT GTA TAA TAT TTT TGA GTA 
AAT

CCT CCA CCT CCA ACA CCC CTC CTC 
CCA C

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

Table S1
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Supplementary table 3. Sequences of the primers used for the mouse RT-PCR analysis

Target Forward primer Reverse primer TaqMan Assay ID

Tgfb1 CTGCTGACCCCCACTGATAC AGCCCTGTATTCCGTCTCCT

Tgfb3 TTACTGCTTCCGCAACCTGG AGGTTCGTGGACCCATTTCC

Tnfa Mm00443259_g1

Ctgf Mm01192932_g1

Rpl13 Mm01612986_gH

Siglec-h Mm00618627_m1

Table S3

Supplementary table 2. 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

Table S2
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Supplementary Figure 1 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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Abstract
Objective 

Plasmacytoid dendritic cells (pDCs) are a critical source of type I interferons (IFNs) that can 
contribute to the onset and maintenance of autoimmunity. Molecular mechanisms leading to 
pDC dysregulation and persistent type I IFN signature are largely unexplored, especially in 
patients with systemic sclerosis (SSc), a disease in which pDCs infiltrate fibrotic skin lesions 
and produce higher levels of IFNα than those in healthy controls. This study was undertaken 
to investigate potential microRNA (miRNA)–mediated epigenetic mechanisms underlying 
pDC dysregulation and type I IFN production in SSc. 

Methods

We performed miRNA expression profiling and validation in highly purified pDCs obtained 
from the peripheral blood of 3 independent cohorts of healthy controls and SSc patients. 
Possible functions of miRNA-618 (miR-618) on pDC biology were identified by overexpression 
in healthy pDCs.

Results

miR-618 expression was upregulated in pDCs from SSc patients, including those with early 
disease who did not present with skin fibrosis. IFN regulatory factor 8 (IRF8), a crucial 
transcription factor for pDC development and activation, was identified as a target of miR-
618. Overexpression of miR-618 reduced the development of pDCs from CD34+ cells in 
vitro and enhanced their ability to secrete IFNα, mimicking the pDC phenotype observed in 
SSc patients.

Conclusion

Upregulation of miR-618 suppresses the development of pDCs and increases their ability 
to secrete IFNα, potentially contributing to the type I IFN signature observed in SSc 
patients. Considering the importance of pDCs in the pathogenesis of SSc and other diseases 
characterized by a type I IFN signature, miR-618 potentially represents an important 
epigenetic target to regulate immune system homeostasis in these conditions.

This is the peer reviewed version of the following article: Rossato, Affandi, et al., Association of microRNA-618 expression with altered frequency 
and activation of plasmacytoid dendritic cells in patients with systemic sclerosis, Arthritis Rheumatol 2017;69:1891–1902, which has been 
published in final form at DOI: 10.1002/art.40163. This article may be used for non-commercial purposes in accordance with Wiley Terms and 
Conditions for Self-Archiving.

https://doi.org/10.1002/art.40163
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Introduction
Plasmacytoid dendritic cells (pDCs) are a unique subset of DCs that specialize in the secretion 
of type I interferons (IFNs) upon recognition of microbial single-stranded RNA or double-
stranded DNA by Toll-like receptor (TLR)-7 and TLR9, respectively1. Several observations 
suggest that pDCs may be the major source of IFNα in autoimmune conditions characterized 
by increased expression of IFN-responsive genes, substantially contributing to their 
pathogenesis2–4. IFNα may promote peripheral tolerance break-down through the activation 
of immature myeloid dendritic cells (mDCs), autoreactive T and B cells, thus leading to 
autoantibody production5. Supporting this concept, the depletion of pDCs in murine models 
of systemic lupus erythematosus (SLE) reduces the activation and expansion of autoreactive-
immune cells, limits autoantibody production and organ involvement, and leads to decreased 
transcription of IFN-dependent genes6–8.

A type I IFN signature has been consistently observed in patients with systemic sclerosis 
(SSc), a systemic autoimmune disorder characterized by fibrosis of the skin and internal 
organs, accompanied with vascular and immune dysfunction9. Aberrant expression of IFN-
responsive genes was detected both in the affected skin and in peripheral leukocytes of 
SSc patients, correlating with disease activity10. Increased serum levels of IFNα and IFN-
induced cytokines positively associate with severe disease manifestations such as pulmonary 
arterial hypertension (PAH), lung fibrosis and digital loss11. Anti-topoisomerase I antibody-
containing SSc sera induce IFNα production from healthy donor leukocytes, particularly from 
pDCs11,12. We recently demonstrated that pDCs of SSc patients can infiltrate fibrotic skin and 
produce high levels of CXCL4, a chemokine associated with progressive fibrosis and PAH and 
proposed as a SSc biomarker13. Increased plasma levels of CXCL4 could also be observed in 
subjects with prefibrotic disease, who also present with the typical type I IFN signature in 
circulating monocytes13,14. Despite these findings suggesting a relevant role for pDCs in SSc 
pathogenesis, the molecular mechanisms leading to persistent pDC dysregulation and the 
type I IFN response in SSc have not yet been explored.

Epigenetic alterations including DNA methylation, chromatin marks, and microRNAs 
(miRNAs), could be critical to the breakdown of tolerance and the development of systemic 
autoimmune diseases15. MicroRNAs are single-stranded short non-coding RNAs of 18-23 
nucleotides that are able to inhibit gene expression post-transcriptionally. The binding of 
miRNAs to the 3’-end untranslated region (UTR) of protein-coding messenger RNAs (mRNAs) 
leads to the inhibition of target translation or, to a lesser extent, mRNA degradation. Even 
if the inhibitory effect of a single miRNA is generally mild16,17, each miRNA can regulate 
multiple distinct transcripts and have multiple binding sites on a single mRNA transcript, 
thus amplifying its impact18. MicroRNA-mediated regulation has been shown to be crucial in 
the maintenance of normal homeostatic processes and the expression of miRNAs is altered 
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in multiple autoimmune conditions, including SSc. The miRNAs miR-21 and miR-29a were 
reproducibly reported to be dysregulated in SSc skin and fibroblasts, where they act as pro- 
and anti-fibrotic factors, respectively19. However, so far no study has addressed the potential 
involvement of miRNAs in the aberrant behaviour of the immune system in SSc patients. 
In this study we investigated the potential role of miRNAs in the altered maturation and 
function of pDCs in SSc patients, and identified miR-618 as a possible important contributor 
to this process.

Methods
Patients
Peripheral blood samples from patients and sex- and age-matched healthy donors were 
obtained from the Boston University School of Medicine (Boston, MA; discovery cohort), 
University Medical Center Utrecht and Radboud University Nijmegen (fibrotic cohort) and 
IRCCS Policlinico of Milan (non-fibrotic cohort). All patients and healthy donors signed an 
informed consent form approved by the local institutional review boards prior to participation 
in the study, as previously described13. Samples and clinical information were made anonymous 
immediately after collection. The demographic and clinical characteristics of the patients 
included in the study are reported in Table 1. SSc patients fulfilled the American College 
of Rheumatology/European League Against Rheumatism 2013 classification criteria20 and 
were categorized in relation to the extent of skin fibrosis as limited cutaneous (lcSSc) and 
diffuse cutaneous SSc (dcSSc)21. Patients with dcSSc with a disease duration of ≤24 months 
were classified as having early-dcSSc while those with a longer disease duration late-dcSSc13. 
Patients who fulfilled the classification criteria but did not present with skin fibrosis are 
referred to as patients with noncutaneous SSc (ncSSc). Finally, we also included patients with 
Raynaud’s phenomenon and positivity for SSc-specific autoantibodies and/or typical nailfold 
capillaroscopy abnormalities, who are referred to as patients with “early SSc” in ref.22 or as 
patients with “undifferentiated connective tissue disease at risk for SSc” in ref.23. 

The fibrotic cohort was comprised of healthy controls, lcSSc patients, and dcSSc 
patients, while the non-fibrotic cohort was comprised of healthy controls and patients with 
noncutaneous SSc and those with early SSc, who do not have skin involvement. The presence 
of interstitial lung disease (ILD) was defined as typical involvement of the lung parenchyma 
>5% on high resolution computed tomography accompanied by reduced forced vital capacity 
or diffusing capacity for carbon monoxide <80% of predicted values. The presence of PAH 
was confirmed by catheterization of the right side of the heart.

Cell isolation and culture
pDCs and monocytes were isolated by positive selection from peripheral blood mononuclear 
cells using immunomagnetic labelling (blood dendritic cell antigen 4 [BDCA-4]/neuropilin 
1 and CD14 MicroBead kits, respectively) on AutoMACS Pro (Miltenyi Biotec). The purity 
of isolated pDCs (>90%) was assessed by fluorescence-activated cell sorting (FACS) after 
staining with anti-BDCA4 and CD123 (data available upon request from the corresponding 
author). pDCs from selected healthy controls were cultured in RPMI 1640 Glutamax (Gibco) 
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containing 10% heat inactivated fetal bovine serum (FBS; Biowest), penicillin/streptomycin 
(Gibco), and 10 ng/ml interleukin-3 (IL-3) (ImmunoTools).

The CAL-1 human pDC cell line, established from a blastic natural killer cell lymphoma24, 
was grown in complete RPMI 1640 medium (Gibco) supplemented with 2 mM L-glutamine, 
1 mM sodium pyruvate, 10 mM HEPES, 1× minimum essential medium, nonessential amino 
acids (Gibco), and 10% FBS. Cells were cultured for fewer than 3 weeks at a concentration of 
<106 cells/mL, by passaging every 2 days. HEK293 cells were cultured in Dulbecco’s modified 
Eagle’s medium (4.5 gm/liter glucose) with GlutaMax (Gibco), supplemented with 10% FBS 
and 1% penicillin/streptomycin.

CAL-1 and pDC transfection
CAL-1 cells (n=200,000) or pDCs (n=100,000) isolated from healthy controls were 
transfected using Lipofectamine Plus (Invitrogen) for 4 hours with 500 nM miR-618 mimic 
or scrambled miRNA control (Ambion);100 nM Stealth small interfering RNA against IFN 
regulatory factor 8 (IRF-8) mRNA (assay IDs HSS105169, HSS105170, and HSS105171) 
or a scrambled control (LifeTechnologies); or 100nM miRCURY LNA Power microRNA miR-
618 inhibitor (anti-miR-618) or Control A (anti-miR-Scr) (Exiqon). The miRCURY LNA Power 
microRNA inhibitors block miRNA activity by forming stable complexes with them and do 
not induce miRNA degradation (https://www.exiqon.com/ls/Documents/Scientific/miRNA-
inhibitor-manual.pdf). Cells were allowed to recover overnight in complete medium, and 
the day after left untreated or stimulated with 1 µM unmethylated type C CpG-containing 
oligodeoxyribonucleotide (CpG ODN) (InvivoGen) for 24 hours. Supernatants were harvested 
for Luminex-based immunoassay and cells lysed for RNA extraction or processed for flow 
cytometry analysis.

IRF8 intracellular staining
After staining with the fixable viability dye e450 (eBioscience) and fluorochome-conjugated 
antibodies against CD303 (Miltenyi Biotec) and CD123 (Biolegend), pDCs or CAL-1 cells were 
fixed and permeabilized using Foxp3/Transcription Factor Staining Buffer Set (eBioscience). 
Cells were labelled with anti-IRF8 antibody (eBioscience) or mouse IgG isotype control 
(eBioscience), data acquired on a LSRFortessa (BD Bioscience), and analyzed by FlowJo 
software (Tree Star).

Generation of DCs from CD34+ hematopoietic stem cells
CD34+ stem cells (89-97% pure) were isolated from the granulocyte colony-stimulating 
factor–mobilized peripheral blood of healthy donors using anti-CD34 immunomagnetic 
CliniMACS beads (Miltenyi Biotec). Generation of CD34-derived DC was performed as 
previously described with minor adjustments25. Briefly, CD34+ cells were cultured in 
Cellgro DC medium (Cellgenix) supplemented with 2% human serum (PAA Laboratories), 
1 µM StemRegenin-1 (SR1, Cellagen Technology), 50 µg/ml Vitamin C (Centrafarm), and 
100 ng/mL of the following cytokines: thrombopoietin (TPO), stem cell factor (SCF) and 
Flt-3L (ImmunoTools). Medium was refreshed every 2–3 days and generation of DCs was 
evaluated by surface staining with antibodies against BDCA4 (Biolegend), CD123 (BD), HLA-
DR (Beckman Coulter) and CD14 (Beckman Coulter). Cells were acquired on a Gallios flow 
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cytometer (Beckman Coulter) and analyzed with FlowJo software (Tree Star).

Viral transduction of CD34-derived cell culture
HEK-293T cells were transfected with lentiviral packaging plasmids (pMD2G, psPAX2) and 
pEZX-MR03-GFP encoding for pre-miR-618 or a pre–scrambled miRNA (GeneCoepia) using 
Lipofectamine (Invitrogen). Medium was changed 24 hours later. Lentiviral particles were 
collected 48 hours after transfection and concentrated by ultracentrifugation. CD34-derived 
cells (n=500,000) in CD34-DC culture medium were transduced at day 3 in 35 mm diameter 
petri dishes (Corning) pre-coated with 1.25 μg/cm2 retronectin (Takara), by adding 1 ml of 
viral particles. Seventy-two hours after transduction, transduced cells were isolated by FACS 
using the FACSAria sorter (BD Bioscience) on the basis of GFP expression and cultured for an 
additional 7 days in CD34+ DC culture medium. 

RNA extraction
Total RNA, including the small RNA fraction, was isolated from cell lysates using the Allprep 
Universal Kit (Qiagen), according to the manufacturer’s instructions. RNA from whole blood 
was obtained using the PAXgene Blood RNA System (Qiagen) following the manufacturer’s 
recommendations. RNA was quantified with a Qubit RNA Kit (Life Technologies) and RNA 
integrity was evaluated using an Agilent Bioanalyzer. 

Profiling of miRNA
Mature miRNAs were amplified from 100 ng of total RNA with the Illumina human miRNA 
profiling panel kit version 1, which contains primers for 470 annotated human miRNAs. 
The resulting amplicons were hybridized to a 96-sample universal probe capture array, and 
fluorescent signals were detected by confocal laser scanning. All steps were performed 
according to the Illumina instruction manual. Intensity data were processed with Beadstudio 
software. Data filtering and normalization were performed using GenePattern (Broad 
Institute). Differentially expressed miRNAs were identified by applying comparative marker 
selection analysis and 10,000 permutations (random seed: 779948241) to achieve correction 
for multiple testing. The miRNA profiling data have been submitted to the Gene Expression 
Omnibus with accession no. GSE100867.

Analysis of miRNA and gene expression
Expression analysis of individual miRNAs was performed using TaqMan miRNA Human 
Assays (Life Technologies), using 10 ng of total RNA. Complementary DNA specific to miRNA 
was measured with a miRNA-specific TaqMan assay on a QuantStudio 12k Flex system, using 
TaqMan Fast Advanced Master Mix (Life Technologies). The miRNA expression values were 
calculated according to the comparative threshold cycle method26, using ubiquitous and 
stably expressed let-7a and RNU44 as endogenous controls. Let-7a was used to normalize 
the expression of miRNAs in the real-time quantitative polymerase chain reaction (qPCR) 
analysis performed in the patient cohorts, while RNU44 was used to normalize data in the 
in vitro experiments. The mean value of control samples was set to 1, and the fold change in 
miR-618 expression in patients or treated cells versus controls was calculated.

Expression of protein-coding genes was analysed by real-time qPCR using a 3-ng RNA 
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equivalent after retrotranscription with iScript reverse transcriptase kit (Bio-Rad). Reactions 
were conducted using the SYBR Select Master Mix with 500 nM specific primer pairs on a 
QuantStudio 12k Flex system. Real-time qPCR data were normalized to the expression of 
GUSB and analyzed as described for miRNAs. A list of all primers and TaqMan probes used is 
available upon request from the corresponding author.

Luciferase Assay
Luciferase assays were performed on 10,000 HT0180 cells transfected with 100 ng 
LightSwitch 3’UTR-specific or control reporter vectors in the presence of 50 nM miR-618 
mimic or a non-targeting miR-scramble, for 24 hours. Luciferase activity was measured on 
a luminometer after the addition of LightSwitch Luciferase Assay Reagent, and expressed as 
the percentage ratio of the luciferase signal observed with the miR-618 mimic compared to 
the non-targeting control. 

Luminex Analysis
Measurement of soluble IFNα, IL-6, tumor necrosis factor (TNF) and CXCL4 was performed 
on cell-free supernatants diluted 1:50, using a multiplex immunoassay based on xMAP 
technology at the MultiPlex Core Facility of the Laboratory of Translational Immunology, 
University Medical Center Utrecht27. Acquisition was performed with a Bio-Rad FlexMap 3D 
system using xPonent software version 4.2. Concentration values were calculated using Bio-
Plex Manager software version 6.1.1.

Statistical Analysis
The nonparametric Mann-Whitney and Kruskal-Wallis tests were applied to compare 2 
or multiple groups, respectively, unless otherwise stated. The correlation analysis was 
computed using the Spearman’s rho. All the analyses were performed using GraphPad Prism 
6.0 software. P values less than 0.05 were considered significant.

Results
Upregulation of miR-618 expression in pDCs from SSc patients with overt cutaneous 
fibrosis

To identify potential dysregulation of miRNA expression in pDCs from patients with SSc, 
miRNA profiling was performed in pDCs isolated from the peripheral blood of patients with 
the most severe form of cutaneous fibrosis, namely dcSSc, with either disease duration ≤2 
years (n=5) or >2 years (n=7) (discovery cohort) (Table 1). Of the 472 miRNA measured, 
42 miRNAs were differentially expressed in the entire group of dcSSc patients compared 
to healthy controls (HC) (Supplementary Table 1). Among these, 21 miRNAs were also 
significantly upregulated when patients with early dcSSc was considered as a separate group 
(Supplementary Table 1). 

Independent miRNA-specific analysis was performed using a second unrelated cohort 
(fibrotic cohort) comprising SSc patients (n=35) and healthy controls (n=23). Seven miRNAs 
ranked in the top quartile (Fig. 1A) were selected for replication. This analysis confirmed 
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Figure 1. Upregulation of microRNA-618 (miR-618) expression in plasmacytoid dendritic cells (pDCs) from patients 
with systemic sclerosis (SSc). A, Heatmap showing the relative expression of 7 miRNAs that were significantly upregulated 
in pDCs from patients with late diffuse cutaneous SSc (ldcSSc; disease duration >2 years) and patients with early dcSSc 
(edcSSc; disease duration ≤2 years) compared to pDCs from healthy controls (HC), out of a total of 470 miRNAs examined, 
in the discovery cohort. B and C, Expression of miR-618, measured by real-time quantitative polymerase chain reaction, in 
pDCs from patients in the fibrotic cohort as a whole (B) and patients in the fibrotic cohort divided into those with limited 
cutaneous SSc (lcSSc) and those with dcSSc (C). D and E, Expression of miR-618 in patients who did not have interstitial 
lung disease (ILD) and those who did have ILD (D) and in patients who did not have pulmonary arterial hypertension (PAH) 
and those who did have PAH (E). F and G, Expression of miR-618 in pDCs from patients in the nonfibrotic cohort as a 
whole (F) and patients in the nonfibrotic cohort divided into those with early SSc (eaSSc) and those with noncutaneous 
SSc (ncSSc) (G). One healthy control was removed from analysis after application of the robust regression and outlier 
removal method. H, Expression of miR-618 in whole blood samples from the same donors as in G. I, Correlation of miR-
618 levels in whole blood samples from patients in the nonfibrotic cohort with the European League Against Rheumatism/
American College of Rheumatology 2013 SSc classification score. Correlation was determined using Spearman’s rho. In 
B–H, symbols represent individual subjects; horizontal lines show the geometric mean fold change (FC) in expression 
relative to healthy controls. * P<0.05; ** P<0.01; **** P<0.0001, by nonparametric Mann-Whitney test in B, D, E, and F 
and by Kruskal-Wallis test followed by Dunn’s correction for multiple comparisons in C, G, and H.

Figure 1

that miR-618 was consistently upregulated in pDCs from SSc patients compared to their 
healthy counterparts (fold change 3.85; P<0.0001), and miR-618 expression was similar in 
lcSSc (fold change 3.37; P=0.002) and dcSSc (fold change 4.87; P=0.003) (Fig. 1B,C). Of note, 
the majority of patients included in the dcSSc group (7 of 10) had a disease duration ≤2 years, 
and they showed higher miR-618 expression than healthy controls. In addition, miR-618 
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expression levels correlated well with the presence of the SSc-specific complication ILD (fold 
change 2.37; P=0.034, Fig. 1D) but not-significantly with PAH (fold change 2.11; P=0.120, 
Fig. 1E). No correlation with other clinical parameters was observed. The expression of the 
other 5 miRNAs was not replicated (data available upon request from the corresponding 
author), and hence only miR-618 was included for further functional analysis.

Upregulation of miR-618 expression in SSc patients without cutaneous fibrosis 

Since miR-618 expression was consistently upregulated in dcSSc patients at an early disease 
stage, we further examined its levels in pDCs of subjects with non-fibrotic SSc features in 
a third cohort comprising 35 patients and 11 healthy controls, i.e. the nonfibrotic cohort, 
comprised patients with noncutaneous SSc and those with early SSc, who do not have skin 
involvement (Table 1). The expression of miR-618 was significantly higher in nonfibrotic 
patients as a whole (fold change 1.56; P=0.016) (Fig. 1F), while it showed a trend toward 
upregulation when the 2 groups were considered independently (Fig. 1G). These results 
demonstrate that miR-618 is upregulated in SSc from the earliest nonfibrotic stages of the 
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Figure 2. Targeting of multiple genes important for 
plasmacytoid dendritic cell (pDC) biology and systemic 
sclerosis (SSc) pathogenesis by microRNA-618 (miR-
618). A, Venn diagram showing the overlap of miR-618 
target genes as predicted by ComiR, according to the 
algorithms miRanda, PITA, TargetScan, and mirSVR, and 
a list of relevant genes for SSc pDCs compiled on the 
basis of literature searches. B, Genes selected from the 
intersection of the Venn diagram in A, listed according 
to the number of prediction algorithms identifying the 
interaction with miR-618 and the ComiR prediction 
score. Shading indicates the top-ranking genes for each 
category, i.e., those with the highest ComiR scores and 
predicted by all algorithms considered. C, Response of the 
6 best-ranking genes in B to treatment with miR-618. The 
30-untranslated regions of the 6 best-ranking genes were 
cloned downstream of the Renilla luciferase gene and 
cotransfected into HT0180 cells with a miR-618 mimic 
or a non-targeting miRNA control (scrambled miRNA 
[miR-Scr]). Luciferase assays were performed, and the 
response to miR-618 treatment was expressed as relative 
luminescence units comparing miR-618 to the average 
of the scrambled miRNA–treated samples, set to 1. The 
miR-618 construct was used as a positive control carrying 
a sequence perfectly complementary to miR-618, while 
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for miR-618. Bars show the mean±SD of 3 experiments. * 
P<0.05; **P<0.01, by t-test.

Figure 2



89

M
odulation of pD

C developm
ent and activation by m

ir-618

4     

disease. Similar to what was observed in pDCs, the expression of miR-618 in the whole blood 
of the same patients showed a similar trend and correlated well with the SSc classification 
score 20 (Fig. 1H,I). In contrast, no variations in miR-618 levels were detected in monocytes 
from any SSc patient groups, indicating that miR-618 upregulation could be cell-specific (data 
available upon request from the corresponding author). 

Targeting of multiple genes implicated in pDC regulation and SSc pathogenesis by 
miR-618

To gain insight into the biologic relevance of miR-618 upregulation in the pDCs of SSc patients, 
a list of ~2500 genes with high likelihood to be potential miR-618 targets (data available upon 
request from the corresponding author), with a prediction score >0.8 according to ComiR 
(http://www.benoslab.pitt.edu/comir)28, was compared to a group of ~300 genes linked to 
SSc pathogenesis, SSc genetic susceptibility, pDC activation, and pDC differentiation (data 
available upon request from the corresponding author)1,9,15,19,29–33. This comparison led to the 
identification of 34 possible SSc- and pDC-relevant miR-618 target candidates, of which 21 
genes are expressed in the human immune system (GeneCards, http://www.genecards.org) 
(Fig. 2A,B). To experimentally verify whether these genes are actively regulated by miR-618, 
we performed luciferase assays by cotransfecting a miR-618 mimic or a scrambled miRNA 
control together with reporter constructs carrying the 3’-UTRs of the six best ranking genes. 
When compared to scrambled miRNA-transfected cells, the presence of miR-618 significantly 
inhibited the luciferase activity of 5 of the 6 genes tested, thus demonstrating that these 
genes, namely TP53INP1, IRF8, IFNAR1, PTEN and BCL2, contain a functional binding site for 
miR-618 in their 3’-UTR (Fig. 2C). Overall these data show that miR-618 can regulate genes 
implicated in pDC activation and differentiation, possibly contributing to the dysregulation 
of these cells in SSc.

IRF8 is an endogenous target of miR-618 in pDCs

In order to identify the strongest miR-618 target in the context of pDCs from SSc patients, 
the expression of the 5 validated targets of miR-618 was analysed in pDCs isolated from 
SSc patients and healthy controls in the fibrotic cohort. In pDCs from SSc patients, mRNA 
for IRF8 was significantly lower than in healthy controls (fold change 0.4; P=0.047) and was 
inversely correlated with the expression of miR-618 (ρ=-0.478, P=0.021) (Fig. 3A,B). In 
contrast, the other genes tested were not consistently modulated in SSc, and their expression 
did not correlate with that of miR-618 (data available upon request from the corresponding 
author). Consistent with differences observed in IRF8 mRNA expression levels, IRF8 protein 
expression showed a trend toward downregulation in pDCs from SSc patients (Fig. 3C). To 
verify whether IRF8 is an endogenous target of miR-618 in pDCs, the miR-618 mimic was 
transfected into primary pDCs from healthy donors. The efficient overexpression of miR-618 
in pDCs (Fig. 3D) resulted in the inhibition of IRF8 protein expression compared to cells 

http://www.benoslab.pitt.edu/comir
http://www.genecards.org/
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Figure 3. MicroRNA-618 (miR-618) targets interferon regulatory factor 8 (IRF-8) in plasmacytoid dendritic cells 
(pDCs). A and C, Expression of IRF-8 mRNA (A) and protein (C) in PDCs from healthy controls (HC; n=12) and patients 
with systemic sclerosis (SSc; n=18) in the fibrotic cohort, analyzed by real-time quantitative polymerase chain reaction 
(qPCR). Symbols represent individual subjects; horizontal lines show the geometric mean. B, Correlation of IRF-8 mRNA 
expression with miR-618 expression. Correlation was determined using Spearman’s rho. D–L, Expression of miR-618 
(D, G, and J), expression of IRF-8 (E, H, and K), and representative overlays of flow cytometric analysis (F, I, and 
L) in PDCs from healthy donors (D–F), CAL-1 cells (G–I), and pDCs from SSc patients (J–L). Cells were transfected 
with miR-618 or scrambled miRNA (miR-Scr), or with anti–miR-618 or anti–scrambled miRNA as indicated. After 24 
hours, the expression of miR-618 was evaluated by real-time qPCR; anti–miR-618 is not expected to modify miR-618 
expression. In parallel, a duplicate sample was stained intracellularly with anti–IRF-8 antibody or an isotype control, and 
the expression of IRF-8 was analyzed by flow cytometry. The median mean fluorescence intensity (MFI) of each sample 
was expressed relative to the nontransfected sample, set to 1. Gray and black histograms represent isotype and IRF-8 
staining, respectively. In D, G, and J, bars show the median and range. * P<0.05, by Mann-Whitney test in A, by t-test 
in C, and by t- test for paired observations in E, H, and K. FC = fold change.
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transfected with a non-targeting miRNA (P=0.044) (Fig. 3E,F). Similar results were obtained 
by performing the same experiment in the human pDC cell line CAL-1 (P=0.023), confirming 
the ability of miR-618 to inhibit IRF8 expression in pDCs (Fig. 3G-I). In contrast, inhibition 
of miR-618 in pDCs isolated from SSc patients partially normalised IRF8 expression levels 
(Fig. 3J-L). 

Modulation of pDC development and activation by the upregulation of miR-618

IRF8 governs the differentiation of DC subsets and is essential for pDC development34. 
To determine whether miR-618 affects pDC differentiation by targeting IRF8 activity, we 
overexpressed miR-618 in an in vitro model of pDC development25. Consistent with the 
findings described above, IRF8 expression was lower when miR-618 was overexpressed in 
this model (Fig. 4A,B). Furthermore, the number of HLA-DR+ cells and BDCA4+CD123+pDCs 
generated from stem cell precursors overexpressing miR-618 was reduced on both day 10 
and day 13 of culture (Fig. 4C,D). These experiments suggest that the inhibition of IRF8 
mediated by miR-618 is functional and does influence the development of pDCs. Consistent 
with this finding, we observed that the number of circulating pDCs was significantly reduced 
in the peripheral blood of all SSc patient groups except the early SSc group (Fig. 4E,F). These 
results suggest that the upregulation of miR-618 may contribute to the reduced presence of 
this cell type in the circulation of SSc patients. 

IRF8 and other possible targets of miR-618 constitute important molecular mediators 
of cytokine release upon pDC stimulation34. To examine this, pDCs isolated from healthy 
individuals were transfected with either miR-618 mimic or a non-targeting scrambled miRNA 
control and activated in vitro with the synthetic TLR9 ligand type C CpG ODN dsDNA. 
Compared to those transfected with mimic controls, pDCs overexpressing miR-618 secreted 
higher levels of IFNα but not IL-6, TNF, or CXCL4 (Fig. 5A). The increased release of IFNα 
observed upon miR-618 overexpression did not occur via IRF8 inhibition, as silencing of IRF8 
in pDCs leads to strong inhibition of IFNα production (Supplementary Fig. 1). Consistently, 
inhibition of IRF8 blocked also the release of IL-6 and TNFα (Supplementary Fig. 1), while 
upregulation of miR-618 did not affect these cytokines (Fig. 5A). 

The release of greater amounts of IFNα by pDCs overexpressing miR-618 was concomitant 
with an increased expression of mRNA encoding IFIT1 (P=0.042), an IFN-responsive gene 
(Fig. 5B). Similarly, we found that pDCs from SSc patients had higher IFIT1 expression as 
compared to HC (FC=3.3, P=0.03) (Fig. 5C), consistent with previous findings demonstrating 
the presence of a type I IFN signature in the circulation and skin of SSc patients14,35. Consistent 
with these observations, previous results by our group obtained using the same culture 
conditions demonstrated that pDCs isolated from SSc patients produce higher amounts of 
IFNα in response to TLR9 stimulation as compared to healthy cells13. Overall, these results 
demonstrate that the upregulation of miR-618 in pDCs can also influence their activation in 
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terms of IFNα release and may therefore contribute to the type I IFN signature present in 
SSc patients. 

Discussion
pDCs constitute a critical source of type I IFNs that can contribute to the onset and 
perpetuation of autoimmunity. However, the molecular mechanisms that initiate and sustain 
dysregulation of pDCs were largely unexplored, especially in SSc. Similarly to what has been 
observed in other autoimmune diseases characterized by a type I IFN signature, such as SLE 
and primary Sjӧgren’s syndrome36–39, we show here that pDCs are decreased in the circulation 
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Figure 4. Inhibition of plasmacytoid dendritic cell (pDC) development by upregulation of microRNA-618 (miR-618). 
CD34+ hematopoietic progenitor cells were retrovirally transduced to generate stem cell precursors stably overexpressing 
miR-618 or a scrambled miRNA control (miR-Scr), and cultured in vitro to obtain CD123+BDCA4+ pDCs. A and B, Levels 
of miR-618 (A) and interferon regulatory factor 8 (IRF-8) mRNA (B), measured by real-time quantitative polymerase chain 
reaction 3 days after transduction. Bars show the median and range. C and D, Frequency of HLA–DR+ cells (C) and 
pDCs (D) on day 10 and day 13 of culture, determined by flow cytometric analysis using anti–HLA–DR, anti-BDCA4, and 
anti-CD123 monoclonal antibodies. Plots show a representative experiment of 2 independently performed experiments 
with similar results. Values are the percentage of cells. E and F, Percentage of pDCs circulating in the peripheral blood of 
healthy controls (HC) and systemic sclerosis (SSc) patients as a whole (E) and in the peripheral blood of healthy controls 
and SSc patients divided into those with early SSc (eaSSc), noncutaneous SSc (ncSSc), limited cutaneous SSc (lcSSc), and 
diffuse cutaneous SSc (dcSSc) (F). The percentage of pDCs was determined by flow cytometric analysis after staining the 
peripheral blood mononuclear cell fraction using anti–HLA–DR, anti-CD123, and anti- CD303 monoclonal antibodies. 
pDCs were decreased in the circulation of SSc patients. Symbols represent individual subjects; horizontal lines show 
the median percentage of pDCs of total mononuclear cells. * P<0.05; ** P<0.01; **** P<0.0001, by Kruskal-Wallis test 
followed by Dunn’s correction for multiple comparisons. Color figure can be viewed in the online issue, which is available 
at http://onlinelibrary. wiley.com/doi/10.1002/art.40163/abstract.
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of SSc patients and exhibit upregulated expression of IFN-responsive genes. Using miRNA 
expression profiling and validation in multiple cohorts, we demonstrate that expression of one 
miRNA, miR-618, is increased in pDCs of SSc patients and mediates regulatory mechanisms 
that may contribute to the derailment of pDCs in this disease. According to prediction analysis 
and reporter assays, miR-618 targets genes involved in pDC differentiation/activation or 
previously associated with SSc pathogenesis. Among those tested, IRF8 was validated as the 
strongest miR-618 target, as its expression was inversely correlated with miR-618 levels in 
SSc pDCs and inhibited upon ectopic overexpression of miR-618. 

Underlying the importance of IRF8 targeting by miR-618 is the fact that 3 distinct 
polymorphisms associated with SSc susceptibility are located downstream of the genomic 
region encoding for IRF840–42. However, we have verified that the action of miR-618 on 
IRF8 expression is independent from the presence of any SSc risk allele within the IRF8 
genomic region, as none of the previously identified SSc-associated SNPs or their proxies 
were located inside the binding sites of miR-618 nor within the 3’-UTR of IRF8 (data available 
upon request from the corresponding author). That both genetic and epigenetic factors 
independently contribute to IRF8 dysregulation underscores the importance of this IFN-
responsive transcription factor in the pathogenic processes underlying SSc development.

IRF8 is a crucial transcription factor both in pDC development and pDC activation34. 
IRF8-deficient mice show profound defects in the DC compartment, as they lack both 
CD11c+ CD8a+DCs and pDCs43–47. In humans, mutations in IRF8 lead to either a total 
absence or a strong decrease of circulating DCs, resulting in severe immunodeficiency in 
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Figure 5. Upregulation of microRNA-618 (miR-
618) enhances interferon-α (IFNα) release by 
plasmacytoid dendritic cells (pDCs). A, Release 
of IFNα, interleukin-6 (IL-6), tumor necrosis 
factor (TNF), and CXCL4 by pDCs from healthy 
controls (HC) that were transfected with miR-618 
or scrambled miRNA (miR-Scr), rested overnight, 
and stimulated for 24 hours with 1 µM type 
C CpG-containing oligodeoxyribonucleotide 
(CpG ODN). Release was mea- sured in cell-
free supernatants using Luminex assays. B, 
Expression of IFIT1 by RNA isolated from pDCs 
from healthy donors that were transfected 
with miR-618 or scrambled miRNA, rested 
overnight, and stimulated for 24 hours with 1 
µM type C CpG ODN. Bars show the geometric 
mean±SEM of 8 experiments. C, Relative levels 
of IFIT1 mRNA in PDCs isolated from healthy 
controls and systemic sclerosis (SSc) patients in 
the fibrotic cohort. Symbols represent individual 
subjects; horizontal lines show the geometric 
mean. * P<0.05, by nonparametric Wilcoxon test 
for paired samples in B and by Mann-Whitney 
test in C. FC=fold change.
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the affected patients48. In line with the capacity of miR-618 to suppress IRF8 expression, 
miR-618 also reduces the development of pDCs from CD34+ cells. Along with the migration 
of pDCs into the affected tissues previously demonstrated in SSc13, the upregulation of miR-
618 may therefore favor the decrease in circulating pDCs observed in SSc patients.

Beside its role in cell differentiation, IRF8 is activated upon TLR stimulation and, in 
association with other transcription factors, activates or represses the expression of specific 
genes including numerous cytokines and co-stimulatory molecules34. Macrophages and DCs 
from IRF8-deficient mice remain immature and have impaired responses to TLR activation. 
However, the role of IRF8 in pDC activation is still a subject of controversy49, as IRF8 was 
reported to inhibit cytokine release upon TLR9 stimulation in the human pDC cell line CAL-
150, while it has also been shown to favour type I IFN release by murine pDCs51. This is the 
first study to demonstrate that the silencing of IRF8 impairs the activation of primary human 
pDCs, resulting in decreased IFNα secretion by pDCs. Therefore, the higher release of soluble 
IFNα observed upon miR-618 overexpression in primary human PDCs is likely mediated by 
additional miR-618 targets other than IRF8. It is possible that the upregulated expression 
of miR-618 in pDCs from SSc patients also results in increased IFNα release in vivo, thus 
contributing to the establishment of the type I IFN signature observed in SSc patients14,35,52. 
This hypothesis would be consistent with our previous finding that pDCs isolated from SSc 
patients produce higher amount of IFNα in response to TLR9 stimulation as compared to 
healthy cells13. In contrast, we did not observe any relevant impact of miR-618 expression on 
the release of CXCL4, the cytokine abundantly released by pDCs from SSc patients13. 

Whether the immune system plays a primary role in SSc initiation and/or disease 
maintenance remains an open question. However, increasing evidence demonstrates that 
autoimmunity is not a mere consequence of tissue damage, but is also a prominent factor that 
can contribute to SSc pathogenesis. Supporting this concept, we recently demonstrated that 
the type I IFN signature in blood monocytes of SSc patients is present not only in patients with 
established SSc but also in patients with early SSc without any signs of fibrosis14. Similarly, in 
this study we show that miR-618 is incrementally upregulated in patients with early SSc (fold 
change versus healthy controls 1.35), in SSc patients without fibrosis (fold change 1.41), and 
in subjects with overt fibrosis (fold change 3.85), including those with dcSSc with a disease 
duration ≤2 years (fold change 3.68). Considering that these patients could progress to a 
more severe phenotype and develop cutaneous and/or internal organ fibrosis over time, the 
upregulation of miR-618 expression may represent one of the multiple molecular aberrances 
occurring during SSc evolution. Consistently, higher levels of miR-618 are associated with 
the presence of ILD, a severe clinical complication resulting from the development of 
visceral fibrosis53. Consistent with the recent demonstrations of a notable role of pDCs in the 
development of systemic autoimmunity in mouse models of SLE6–8, the data presented here 
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support the concept that molecular aberrances occurring early in SSc pDCs could impact 
the entire immune system, thus inducing autoimmunity and ultimately favouring the onset 
of SSc and its progression. While in vivo studies are necessary to prove the role of miR-
618 in SSc development, this miRNA may represent a potential novel epigenetic target for 
restoring immune system homeostasis in SSc and in other diseases characterized by a type I 
IFN signature.
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Supplementary Information
dcSSc edcSSc

Rank
Feature 

P
Fold 

Change Rank
Feature 

P
Fold 

Change
hsa-miR-141 1 0.000 1.81 1 0.003 1.76
hsa-miR-448 11 0.013 1.98 2 0.003 2.20
hsa-miR-509 54 0.025 1.73 3 0.003 1.99
hsa-miR-196a 12 0.011 1.80 5 0.008 2.01
hsa-miR-618 9 0.011 1.63 7 0.013 1.76
hsa-miR-600 6 0.005 1.71 8 0.013 1.79
hsa-miR-637 8 0.005 1.67 9 0.005 1.54
hsa-miR-767-3p 45 0.025 1.51 10 0.013 1.66
hsa-miR-217 26 0.016 1.70 13 0.008 1.81
hsa-miR-576 7 0.011 1.98 15 0.018 1.96
hsa-miR-411 44 0.022 1.76 16 0.013 1.93
hsa-miR-453 13 0.012 1.54 18 0.010 1.60
hsa-miR-639 10 0.002 1.73 19 0.008 1.72
hsa-miR-557 48 0.023 1.74 27 0.013 1.81
hsa-miR-575 2 0.002 1.58 29 0.018 1.55
hsa-miR-215 39 0.020 1.67 31 0.018 1.67
hsa-miR-520a* 4 0.001 1.85 33 0.013 1.70
hsa-miR-599 52 0.025 1.74 53 0.015 1.79
hsa-miR-183 41 0.022 1.74 65 0.023 1.77
hsa-miR-563 63 0.014 2.16 185 0.008 1.98
hsa-miR-518e 227 0.022 7.70 285 0.013 5.24
hsa-miR-203 5 0.004 1.94
hsa-miR-582 14 0.012 1.57
hsa-miR-627 15 0.013 1.82
hsa-miR-196b 16 0.009 1.53
hsa-miR-658 17 0.019 1.57
hsa-miR-98 18 0.024 2.03
hsa-miR-194 19 0.020 1.81
hsa-miR-100 20 0.018 1.62
hsa-miR-31 21 0.019 2.04
hsa-miR-200b 22 0.022 1.62
hsa-miR-644 23 0.014 1.68
hsa-miR-192 24 0.023 1.71
hsa-miR-27b 28 0.015 1.57
hsa-miR-135a 29 0.018 1.62
hsa-miR-568 32 0.016 1.72
hsa-miR-515-5p 34 0.023 1.58
hsa-miR-29a 35 0.014 1.63
hsa-miR-374 37 0.015 1.71
hsa-miR-429 230 0.018 10.01
hsa-miR-212 4 0.015 2.33
hsa-miR-122a 11 0.008 1.53
hsa-miR-642 14 0.023 2.18
hsa-miR-525* 22 0.008 1.66
hsa-miR-559 23 0.008 1.60
hsa-miR-556 24 0.008 1.83
hsa-miR-496 28 0.013 1.81
hsa-miR-526b 32 0.013 1.77
hsa-miR-508 37 0.013 1.83
hsa-miR-601 41 0.005 1.68
hsa-miR-371 50 0.015 1.75
hsa-miR-506 51 0.018 1.69
hsa-miR-367 55 0.020 1.75
hsa-miR-581 66 0.018 1.55
hsa-miR-363* 249 0.015 3.80
hsa-miR-133b 281 0.023 5.45
hsa-miR-569 288 0.010 5.41

pDCs were isolated from the 
peripheral blood of healthy 
donors and diffuse cutaneous 
SSc (dcSSc) patients, including 
5 early diffuse cutaneous SSc 
(edcSSc) patients. The expression 
profile of 470 cellular miRNAs 
was analyzed as described in 
the Methods section. The table 
shows the miRNAs differentially 
expressed with a fold change 
(FC) >1.5 and P<0.05, after 
permutation correction, in 
dcSSc as compared to HC or 
in edcSSc vs HC. The rank 
indicates the order of miRNAs 
sorted according to the value 
of test statistic used to identify 
differentially expressed miRNAs. 
The best ranking miRNAs 
upregulated in edcSSc patients 
and further assessed in the 
validation step are highlighted in 
bold characters.

Supplementary Table 1. miRNAs differentially expressed in SSc as compared to healthy pDCs
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Supplementary Information
Supplementary Figure 1. Silencing of IRF8 inhibits IFNα, IL-6 and TNFα secretion.

pDCs from healthy donors were transfected with siRNA against IRF8 mRNA (si-IRF8) or a scrambled siRNA control (si- 
Ctrl), rested overnight and stimulated for 24 hours with 1 μM CpG-C. The levels of IRF8 protein were analyzed by flow 
cytometry (A-B) and the release of IFNα, IL-6, TNFα and CXCL4 was measured in cell-free supernatants using Luminex 
assays (C). The Mann-Whitney test was used to compare groups. FC, Fold changes. *P<0.05, ***P<0.001, ****P<0.0001.
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PART II

CXCL4, a key driver of inflammation and fibrosis
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Abstract
Chemokines have been shown to play immune-modulatory functions unrelated to steering 
cell migration. CXCL4 is a chemokine abundantly produced by activated platelets and immune 
cells. Increased levels of circulating CXCL4 are associated with immune-mediated conditions, 
including systemic sclerosis. Considering the central role of dendritic cells (DCs) in immune 
activation, in this article we addressed the effect of CXCL4 on the phenotype and function 
of monocyte-derived DCs (moDCs). To this end, we compared innate and adaptive immune 
responses of moDCs with those that were differentiated in the presence of CXCL4. Already 
prior to TLR- or Ag-specific stimulation, CXCL4-moDCs displayed a more matured phenotype. 
We found that CXCL4 exposure can sensitize moDCs for TLR-ligand responsiveness, as 
illustrated by a dramatic upregulation of CD83, CD86, and MHC class I in response to TLR3 
and TLR7/8-agonists. Also, we observed a markedly increased secretion of IL-12 and TNF-α 
by CXCL4-moDCs exclusively upon stimulation with polyinosinic-polycytidylic acid, R848, 
and CL075 ligands. Next, we analyzed the effect of CXCL4 in modulating DC-mediated T cell 
activation. CXCL4-moDCs strongly potentiated proliferation of autologous CD4+ T cells and 
CD8+ T cells and production of IFN-γ and IL-4, in an Ag-independent manner. Although the 
internalization of Ag was comparable to that of moDCs, Ag processing by CXCL4-moDCs was 
impaired. Yet, these cells were more potent at stimulating Ag-specific CD8+ T cell responses. 
Together our data support that increased levels of circulating CXCL4 may contribute to 
immune dysregulation through the modulation of DC differentiation.

Abbreviations used in this article: CL075, thiazoloquinoline; CTV, CellTrace Violet; DC, dendritic cell; HV, healthy volunteer; 
MFI, median fluorescence intensity; MHC-I, MHC class I; moDC, monocyte-derived DC; O/N, overnight; PAMP, pathogen-
associated molecular pattern; poly(I:C), polyinosinic-polycytidylic acid; R848, resiquimod; SSc, systemic sclerosis. 
Copyright 2017. The American Association of Immunologists, Inc.
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Introduction
Stored in α-granules of platelets and released upon platelet activation, CXCL4 is a 7.8 kDa 
chemokine1,2. CXCL4 is also produced and released by various immune cells including mast 
cells3, dendritic cells (DCs)4,5, monocytes6 and activated T-cells7. It has been described that 
CXCL4 plays a role in several physiological processes8–10. However, increased levels of CXCL4 
have been implicated in pathological conditions such as cancer11 and infectious12,13 and 
inflammatory diseases14–19. Indeed, a strong correlation was found between elevated CXCL4 
levels in the circulation and the clinical features of patients with systemic sclerosis (SSc)5. 
Monocytes and professional APCs are essential players in both innate defense and in the 
initiation of adaptive immune responses, thereby contributing to both immune activation 
and the maintenance of immune peripheral tolerance20,21. Accordingly, upon detection of 
pathogen (PAMPs) or danger-associated molecular patterns, DCs undergo further maturation 
into potent APCs now able to prime and induce the clonal expansion of antigen (Ag)-specific 
T-cells22.

The imbalance of homeostasis because of the presence of inflammatory mediators 
such as CXCL4 lead to the modulation of phenotype and function of immune cells23–32. In 
monocytes, for instance, CXCL4 not only functions as a chemoattractant mediator but also 
promotes survival the production of TNF-α, release of reactive oxygen species (ROS) and 
differentiation into macrophage-like phenotype cells26,31,33. Gleissner et al.34 found that the 
exposure of monocytes-derived macrophages to CXCL4 induces unique transcriptomic 
changes, in comparison with M1 and M2 macrophages, and named these M4 macrophages. 
Genes involved in inflammatory responses, Ag presentation and lipid metabolism were 
overexpressed in M4 macrophages. In addition, monocytes exposed to CXCL4 and IL-4 alone 
or in the presence of GM-CSF for 6 d were shown to result in a functionally distinct APC24,25,31.

To date, it is not clear how CXCL4 might affect DC function, and thus influence innate and 
adaptive immune responses. In this study, we hypothesized that CXCL4 may modulate the 
phenotype and potentiate the innate function of DCs, as triggered by recognition of danger-
associated molecular patterns and PAMPs. Such recognition occurs via germline-encoded 
immune receptors including TLRs, which represent the frontline of innate defense. Indeed, 
dysfunction of TLR-mediated responses has been associated with immune and nonimmune 
cell reprograming35,36 and several autoimmune diseases such as atherosclerosis37, rheumatoid 
arthritis (RA)38, psoriasis39 and SSc40–45. Notably, CXCL4 has been described as being involved 
in the same set of diseases5,14,17,19. 

We found that CXCL4 reprograms monocytes as they differentiate into DCs, imprinting 
a more mature phenotype and an augmented responsiveness to TLR ligands: CXCL4-
moDCs showed a dramatic increase in IL-12 and TNF-α production upon stimulation with 
TLR3, TLR7/8 and TLR8 ligands. Moreover, CXCL4-moDCs were more potent at inducing 
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the proliferation of polyclonal CD4+ T and CD8+ T cells and cytokine production. Finally, 
Ag processing was impaired in CXCL4-moDCs, as they exhibited a superior ability to cross-
present endocytosed Ags to HCMV-specific CD8+ T-cells. Altogether, here we reveal novel 
functions of CXCL4 both in innate as well as adaptive immune responses.

Materials and Methods 
Monocyte isolation
Blood from healthy volunteers (HV) was obtained following institutional ethical approval. 
PBMCs were isolated from heparinized venous blood by density-gradient centrifugation 
over Ficoll Paque Plus (GE Healthcare). Fresh monocytes were isolated by Ab-based positive 
separation according to the manufacturer’s protocol, using anti-CD14 magnetic beads and 
auto-MACS assisted cell sorting (Miltenyi Biotec). Purity of isolated monocytes was > 95% 
for all the independent samples. Negative fractions following monocyte isolation consisting 
of PBLs were cryopreserved in FCS containing 20% (v/v) DMSO and thawed after 6 d to be 
used for CD3+ T-cell isolation and autologous co-culture experiments.

MoDC differentiation
Monocytes were cultured at a density of 1 x 106 cells/ml using complete medium: RPMI 
1640 with GlutaMAX (Life Technologies), supplemented with 10% (v/v) heat-inactivated FCS 
(Biowest) and 1% (v/v) antibiotics (penicillin and streptomycin) (both from Life Technologies). 
To generate moDCs, recombinant human IL-4 (500 U/ml; R&D Systems) and GM-CSF (800 
U/ml; R&D Systems) were added to the medium, in the presence or absence of recombinant 
human CXCL4 (10 μg/ml; PeproTech). The MoDCs were differentiated for 6 d at 37°C in the 
presence of 5% CO2. At day 3, medium supplemented with the same concentration of IL-4, 
GM-CSF and CXCL4 was added. 

Confocal microscopy 
Nunc Lab-Tek II chamber slides (Thermo Scientific) were pre-coated with 1% (w/v) Alcian 
blue 8GX (Klinipath) in PBS for 30 min at 37°C, washed with PBS and air-dried inside culture 
hood prior to moDC differentiation culture (as described in the MoDC differentiation section). 
On day 6, the chamber slide was spun for 2 min at 500 x g. Next, 75% of the culture medium 
was removed, and cells were incubated with 500 μl of the Fixation/Permeabilization solution 
(eBioscience) for 30 min at room temperature (RT). Fixed cells were washed twice with 
Permeabilization buffer (eBioscience) and incubated with phalloidin-labeled FITC (0.5 mg/
ml; ENZO) and Hoechst 33342 (1 µM; Invitrogen) in Permeabilization buffer for 30 min in 
dark (RT). Afterwards, cells were washed once with Permeabilization buffer and the last 
wash with 1% (w/v) BSA and 0.1% (v/v) sodium azide (NaN3; Sigma-Aldrich) in cold PBS 
(designated here as FACS buffer). At last, chambers were removed and dried slides were 
mounted in Mowiol (Sigma-Aldrich) and coverslipped. Slides were left at 4°C (O/N) until the 
measurement. Acquisition of imaging data was performed on a Zen2009 LSM 710 (Zeiss) 
confocal microscope. To determine the cell area and perimeter, confocal images were 
obtained with the x63 1.40 oil objective and analyzed using ImageJ software.
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TLR stimulation 
A total of 50 x 103 immature moDCs (day 6 of differentiation) were plated in a 96-well flat-
bottom plate (Thermo Scientific) in medium (0.5 x 106 moDCs/ml) and rested O/N. Next, 
cells were left unstimulated or stimulated for 24 h at 37°C with the following TLR ligands: 
Pam3CSK4 (5 µg/ml), polyinosinic-polycytidylic acid [poly(I:C); 25 µg/ml], LPS (100 µg/ml), 
flagellin (2 µg/ml), resiquimod (R848; 1 µg/ml), loxoribine (500 µM), imiquimod (R837; 3 
µg/ml), thiazoloquinoline (CL075; 0.3 µg/ml), and CpG-B (ODN684; 5 μM), all purchased 
from InvivoGen. Surface expression of maturation markers and MHC molecules on moDCs 
after TLR stimulation was measured by flow cytometry. Cell-free supernatants were stored 
at -20°C for measurement of cytokine levels by Luminex technology, as described before 46 at 
the MultiPlex Core Facility of the Laboratory of Translational Immunology, University Medical 
Center of Utrecht. 

Stimulation of polyclonal T-cells 
One day prior to moDC coculture with polyclonal T cells, 50 μl of anti-CD3 Ab (0.01 μg/ml) 
in PBS (clone OKT3; eBioscience) was immobilized to the surface of 96-well round-bottom 
plate (Thermo Scientific) at 37°C O/N. Unbound Ab was removed by washing the wells three 
times with PBS. Autologous CD3+ T-cells were purified by positive selection according to the 
manufacturer’s protocol using anti-CD3 magnetic beads and autoMACS-assisted cell sorting 
(Miltenyi Biotech). Purity of CD3+ T-cells was >95% for all the samples. CD3+ T-cells were 
labeled with CellTrace Violet (CTV) fluorescent dye (1.5 µM; Invitrogen) and cocultured with 
moDCs or CXCL4-moDCs (1:5 ratio) in a final volume of 150 μl. After 5 d of coculture, CD4+ 

T and CD8+ T cell proliferation and cytokine production was assessed by flow cytometry. The 
division index was calculated as a measure of proliferation, following FlowJo guidelines and 
previous publications47,48.

BSA uptake and processing 
The moDC and CXCL4-moDCs were pulsed with BSA-labeled Alexa Fluor 647 (0.1 μg/
ml, Invitrogen) or DQ-Green BSA (0.1 µg/ml), a self-quenched dye conjugate of BSA (Life 
Technologies) for 10 min at 37°C to measure specific uptake or processing, respectively; or 
at 4°C to assess non-specific cell surface binding. Cells were subsequently washed with cold 
medium and chased at 37°C for 10, 20, 40 or 100 min or left at 4°C. Next, cells were washed 
twice with FACS buffer and analyzed by flow cytometry. Ag uptake and processing were 
determined by analysis of median fluorescence intensity (MFI) for Alexa Fluor 647- or FITC-
expressing cells. MFI measured at starting point t = 0 (0 min chase) was established as 100%. 
To calculate the percentage of BSA uptake or processing, the MFI for the time points: 10, 20, 
40 and 100 min of chasing were normalized to the respective t = 0.

Direct Ag presentation and cross-presentation
MoDCs from HLA-A2+ HV were differentiated as described above with or without CXCL4. 
Direct presentation of recombinant NLVPMVATV (NLV)-pp65 peptide (ProImmune) or cross-
presentation of soluble recombinant HCMV-pp65 protein (Miltenyi Biotec) to HCMV-specific 
CD8+ T cell clones that we have generated, was performed as previously described49. Briefly, 
50 x 103 moDCs or CXCL4-moDCs were loaded either with the peptide NLV-pp65 (100 - 10-3 
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μM) or with 30 μg/ml of the full protein HCMV-pp65 in 96-well round-bottom plates (on a 
final volume of 100 μl) O/N at 37°C. Where indicated, cells were pre-treated with MG132 
(2 µM; Calbiochem), hydroxychloroquine (50 μM; Sigma), brefeldin A (2.5 µg/ml; Sigma), or 
DMSO (Sigma) as control vehicle, for 30 min before Ag loading. The next day, cells were 
washed vigorously with complete medium and cocultured with 50x103 HCMV-specific CD8+ 

T cells in the presence of GolgiStop (1/1500; BD). After 5 h of coculture, activation of CD8+ 

T cells was assessed by flow cytometry analyses.

Flow cytometry
Prior to Ab staining, moDCs were incubated with fixable viability dye eFluor780 or T cells with 
eFluor506 (eBioscience) in PBS, to allow exclusion of dead cells. After washing with FACS 
buffer, cells were treated with 10% (v/v) mouse serum (Fitzgerald) in FACS buffer to prevent 
non-specific Ag binding. MoDC sets were stained for 20 min at 4°C with the following anti-
human fluorochrome-conjugated mAbs: CD1a (clone HI149), CD11b (clone ICRF44), CD205 
(clone DEC-205), CD206 (clone 19.2), CD80 (clone L307.4), HLA-DR (clone G46-6), HLA-
ABC (clone G46-2.6) obtained from BD; CD14 (clone M5E2), CD1c (BDCA1; clone L161), 
CD83 (clone HB15e), CD86 (clone IT2.2) obtained from Biolegend; CD11c (clone 3.9) and 
CD40 (clone 5C3) obtained eBioscience and CD141 (BDCA3; clone AD5-14H12) obtained 
from Miltenyi or the isotype control-matched Ab. 

To measure intracellular cytokine expression by polyclonal T cells after 5-d coculture 
with moDCs, cells were restimulated for 5 h with PMA (50 ng/ml; Sigma) and ionomycin 
(1 μg/ml; Sigma) in the presence of GolgiStop (1/1500, BD). After incubation with fixable 
viability dye and mouse serum, cells were stained for 20 min with the anti-human mAbs: 
CD3 (UCHT1, eBioscience), CD4 (clone RPA-T4, eBioscience) and CD8 (clone RPA-T8, 
Biolegend) in FACS buffer. To analyze intracellular cytokine production, cells were fixed and 
permeabilized for 30 min using Fixation/Permeabilization solution (eBioscience), according to 
the manufacturer’s instructions, and washed twice with Permeabilization buffer (eBioscience). 
Intracellular staining for IL-10 (clone JES3-19F1) and IL-4 (clone MP4-25D2) obtained from 
BD; IL-22 (clone IL22JOP) and IFN-γ (clone 4S.B3) obtained from eBioscience; and IL-13 
(clone JES10-5A2) obtained from BioLegend, was performed for 30 min in Permeabilization 
buffer. Finally, cells were washed twice with Permeabilization buffer, and the last wash with 
FACS buffer. Autologous CD4+ T and CD8+ T cell proliferation and cytokine production was 
measured by flow cytometry. To analyze the cytokine expression by HCMV-specific CD8+ 

T cells after coculture with pp65-loaded moDCs, we used a staining protocol to similar to 
the above. The following anti-human mAbs were used for extracellular staining: CD3 (clone 
UCHT1; Biolegend), CD8 (clone RPA-T8; BD) and CD107a (LAMP1; clone H4A3, BD), 
followed by intracellular staining of IFN-γ (clone 4S.B4, BD) and TNF-α (clone MAB11; Sony 
Biotechnology). The cell acquisition of flow cytometry data was performed using LSR Fortessa 
(BD), and FlowJo software (Version 7.6.5; Tree Star. Inc.) was used for data analyses. In all 
flow cytometry analyses, cell debris were first excluded, then CD3+CD4+ T and CD3+CD8+ T 
cells were gated, and analyzed for the expression of activation markers, or dilution of CTV in 
proliferation experiments. Data was represented as MFI or the percentage of positive cells 
for a specific cell marker, as mentioned in the figures.
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Statistical analysis
Graphs and statistical analyses were performed with GraphPad Prism software (version 6.0). 
Paired t test were used to compare two groups, and one-way ANOVA when more than two 
groups were compared. In all cases, the significance was defined as P-value ≤ 0.05. 

Results
CXCL4 exposure alters differentiation of moDCs

To examine the contribution of CXCL4 to moDC differentiation, we generated moDCs for 6 
d, with our without CXCL4 (Fig. 1A). We observed that CXCL4-treated moDC formed plate-
adherent cell aggregates, with very heterogeneous morphology and extended dendrites, in 
contrast to moDCs  (Fig. 1B). As a quantitative measurement to determine the cell size and 
formation of branched protrusions we analyzed the area and perimeter of the cells based 
on the expression f-actin. We observed that moDCs exposed to CXCL4 display a bigger 
perimeter (Fig. 1C) and area (Fig. 1D).

In addition, CXCL4-moDCs showed downregulation of the lipid-presenting molecules 
CD1a and CD1c, whereas the integrin CD11b involved in cell adhesion and migration, 
myeloid marker CD141, endocytic receptor CD205, maturation markers CD86 and CD83, 
MHC class I (MHC-I) and class II (MHC-II) molecules were expressed at higher levels (Fig. 
1C,D). No differences were observed for the lineage marker CD11c, the mannose receptor 
CD206, the costimulatory molecules CD80 and CD40, and macrophage markers CD14, 
CD64, and CD163 (data not shown). These results demonstrate that CXCL4 exposure alters 
the differentiation and maturation of moDCs, suggesting that CXCL4-moDCs might perform 
differently on innate and adaptive immune responses in comparison with moDCs.

CXCL4 enhances TLR-mediated responses of moDCs

As DCs from SSc patients have been shown to display augmented response to TLR agonists, 
we next explored whether this could be attributed to the increased levels of CXCL4 observed 
in these patients41.  With this purpose, moDCs and CXCL4-moDCs were challenged for 24 h 
with TLR agonists or left unstimulated (Fig. 2A). Stimulation with poly(I:C) (TLR3), LPS (TLR4) 
and R848 (TLR7/8) resulted in upregulation of co-stimulatory and MHC molecules on both 
moDCs as well as CXCL4-moDCs (Fig. 2B). However, these TLR ligands induced upregulation 
of CD86, CD83 and MHC-I expression to a greater extent on CXCL4-moDCs compared to 
moDCs (Fig. 2B). We compared the ability of CXCL4-moDCs to produce proinflammatory 
cytokines in response to a panel of nine different TLR ligands. Stimulation with poly(I:C),  
R848, and CL075 resulted in a markedly higher production of IL-12 (an average 64-fold, 
5-fold and 6-fold increase, respectively) and TNF-α (an average 15-fold, 7-fold and 6-fold 
increase, respectively) by CXCL4-moDCs as compared with moDCs. Stimulation with 
Pam3CSK4 (TLR2), LPS, flagellin (TLR5), loxoribine or imiquimod (both TLR7) did not result in 
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(C) Quantification of cell perimeter and (D) area on day 6 of differentiation by confocal microscopy was determined for 
three HV, using 75 cells per condition for each HV. Data are shown as mean and SD. (E) Representative flow cytometry 
histograms for one experiment, in which black lines show the expression of several APC and maturation markers, as 
well as HLA-ABC and HLA-DR by moDCs (left panel) and CXCL4-moDCs (right panel). Gray-shaded histograms show 
the respective isotype controls. (F) Flow cytometry analyses showing the MFI expression for several markers by moDCs 
and CXCL4-moDCs (10 HVs). Boxes show upper and lower quartiles (interquartile range), with the horizontal line within 
the boxes indicating the median. Whiskers represent the highest and lowest values. Paired t test. **P<0.01, ***P<0.001.

Figure 1. CXCL4 exposure alters moDC 
morphology and phenotype. (A) MoDCs from 
HVs were differentiated for 6 d with IL-4 and GM-
CSF (moDCs) or in the additional presence of 
CXCL4 (CXCL4-moDCs). (B) Fluorescence-confocal 
microscopy analyses of representative images 
from the morphology of moDCs and CXCL4-
moDCs. Top panels show images acquired with 
original magnification ×40; lower panels, original 
magnification ×63 1.40 oil objective. Cells were 
stained with phalloidin, which binds to f-actin (green), 
and Hoechst 33,342 to show the nuclear DNA (blue). 
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Figure 2

Figure 2. CXCL4-moDCs are more sensitized to TLR reactivity. (A) After O/N resting with new complete medium 
without cytokines, both day 7 moDCs and CXCL4-moDCs were either left unstimulated or stimulated with TLR ligands 
for 24 h. Phenotype was analyzed by flow cytometry, and supernatants were used to measure cytokine levels by a 
Luminex-based assay. (B) Flow cytometry analyses on day 8 show the MFI of DC maturation markers as well as HLA-ABC 
and HLA-DR expressed by both moDCs and CXCL4-moDCs upon stimulation with poly(I:C), LPS, and R848 (data are 
shown for eight HVs). Boxes show upper and lower quartiles (interquartile range). Horizontal line within the boxes indicate 
median. Whiskers represent the highest and lowest values. (C) Gray scale profile shows for five representative HVs the 
concentration levels of IL-12 and TNF-α produced by moDCs and CXCL4-moDCs upon stimulation with a panel of TLR 
ligands. Concentration of cytokines is shown in log10 scale. (D) Production of IL-12 and TNF-α by moDCs and CXCL4-
moDCs upon stimulation with poly(I:C), LPS, R848, and CL075 is shown for each paired individual sample. Each symbol 
represents an individual donor; lines connect the same donor. Results were obtained from a total of 12 HVs. Paired t test. 
* P<0.05, **P<0.01, *** P<0.001. lig., ligand; Med., medium.
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significant differences on IL-12 and TNF-α production (Fig. 2C,D). Altogether, these results 
point towards CXCL4 as a modulator of TLR3 and TLR8-mediated innate responses in moDCs.

CXCL4-moDCs are strong inducers of CD4+ T and CD8+ T cell responses

DCs are crucial for the initiation of T cell responses; thus they function as a bridge between 
the innate and adaptive immune system. To evaluate if CXCL4-moDCs were more potent in 
activation of T cell responses, immature moDCs and CXCL4-moDCs were cocultured with 
autologous CD3+ T cells. CXCL4 strongly potentiated the proliferation of CD4+ T cells and 
CD8+ T cells (Fig. 3A,B), in this study determined as division index (Fig. 3C). In addition, 
the frequencies of CD4+IFN-γ+ (Fig. 3D,E) as well as CD8+IFN-γ+ and CD8+IL-4+ (Fig. 3F,G) 
expressing T-cells were significantly higher after coculture with CXCL4-moDC, in comparison 

Figure 3. CXCL4-moDCs are more 
potent activators of polyclonal CD4+ 
and CD8+ T cells. (A) Flow cytometry dot 
plots show the expression of diluted CTV 
by live CD3+CD4+ T cells (upper panel) 
and CD3+CD8+ T cells (lower panel), 
and represent cell proliferation after 
5-d coculture with autologous moDCs 
or CXCL4-moDCs. Outlined areas 
indicate the percentage of T cells gated 
accordingly to increasing dilution of CTV, 
representing subsequent generations 
of divided cells. (B) Representative 
histograms of one experiment show CTV 
expression by CD4+ T cells (upper graph) 
and CD8+ T cells (lower graph), with 
each pick indicating one subsequent 
generation of proliferating cells. (C) 
Proliferation was analyzed as division 
index of CD4+ T cells (upper graph) and 
CD8+ T cells (lower graph) after coculture 
for eight HVs. (D) Flow cytometry dot 
plots show the production of IFN-γ 
and IL-4 by CD4+ T cells and (F) CD8+ 
T cells after coculture with moDCs or 
CXCL4-moDCs, for one representative 
experiment. Numbers indicate the 
percentage of cells expressing IFN-γ+ 
(upper panel) or IL-4+ (lower panel). (E) 
IFN-γ– and IL-4–producing CD4+ T cells 
and (G) CD8+ T cells were measured 
for eight HVs. Symbols represent each 
donor, and the same donor is connected 
with lines. Paired t test. * P<0.05, ** 
P<0.01.
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to conventional moDCs. No differences were 
observed for CD8+IL-10+, CD8+IL-22+ and 
CD8+IL-13+ T cells (data not shown). Based on 
these results, we propose CXCL4-moDCs as 
potent inducers of both CD4+ T cell and CD8+ T cell 
responses in an Ag-independent manner.

CXCL4-moDCs display impaired Ag processing

To study whether CXCL4 could affect Ag 
presentation, we analyzed the ability of moDCs 
to uptake and process Ag, using BSA as a model. 
Uptake of Alexa Fluor 647 BSA by both moDC 
and CXCL4-moDCs was comparable over the 100 
min duration of the pulse-chase experiment, with 
the greatest increase on uptake seen at 40 min of 
Ag exposure (Fig. 4A). Moreover, CXCL4-moDCs 
displayed impaired processing of Ag (DQ-BSA) 
compared to moDCs at 10, 20 and 40 minutes of 
chase. The highest Ag processing level was observed 
at the time point 20 min (Fig. 4B). Taken together, 
whereas uptake of Ag by moDCs is not affected by 
the exposure to CXCL4, exogenous Ag, when taken up by early stages of maturated DCs 
might be retained intracellularly longer, thus kept preserved for slower degradation, implying 
that CXCL4 might modulate Ag cross-presentation capacities of moDCs.

CXCL4 potentiates pp65 presentation and cross-presentation 

CXCL4-moDCs display increased expression of MHC-I, and our data proposes that these 
cells process Ag more efficiently, suggested by the longer Ag preservation on processing 
compartments. To investigate whether CXCL4-moDCs may be superior on direct Ag 
presentation or cross-presentation, we analyzed the response of HCMV-specific CD8+ 

T cell clones to their cognate peptide (NLV-pp65 or HCMV-pp65 protein after processed 
into peptides), either pulsed or endogenously processed by the moDCs. The moDCs and 
CXCL4-moDCs were first loaded with NLV-pp65 peptide or HCMV-pp65 protein and then 
co-cultured with HCMV-specific CD8+ T cells (Fig. 5A). CD8+ T cells in the absence of NLV-
pp65 or HCMV-pp65 protein did not produce IFN-γ and TNFα (Fig. 5B-D). To control for 
differences on MHC-I expression, we assessed direct presentation of NLV-pp65 peptide. We 
observed a trend for it to be increased, but not significantly so, upon CD8+ T cell activation, 
which showed as frequency of CD8+IFN-γ+ T cells and CD8+ TNFα+ T cells after presentation 
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Figure 4. CXCL4-moDCs exhibit comparable 
rates of Ag uptake but restrained processing 
capacity. Immature moDCs and CXCL4-moDCs 
were pulsed with BSA conjugates for 10 min 
and chased for 10, 20, 40, or 100 min at 37°C. 
(A) Uptake of Alexa Fluor 647–conjugated BSA 
and (B) processing of DQ-BSA were followed 
over chasing by flow cytometry. Results are 
shown as percentage of increase normalized to 
the MFI obtained at the starting point (0 min). 
Mean and SDs from six HVs are shown. One-
way ANOVA. * P<0.05.
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of NLV-pp65 (100 – 10-3 µM) by CXCL4-moDCs (Fig. 5B,C). Strikingly, CXCL4-moDCs 
induced potent activation of HCMV-specific CD8+ T cell responses after cross-presentation 
of HCMV-pp65 protein, measured as the production of IFN-γ and TNF-α (Fig. 5D-F).

Next, to better understand the effects of CXCL4 on Ag processing pathways, moDCs 
were treated with proteasome or endosomal inhibitors prior to Ag loading. The moDCs and 
CXCL4-moDCs conserved their ability to direct present NLV-pp65 peptide and stimulate 
CD8+ T-cells after treatment with the inhibitors (data not shown). Treated moDCs and CXCL4-
moDCs with proteasome (MG132) or endosomal (hydroxychloroquine) inhibitors displayed 
a reduced ability to stimulate HCMV-specific CD8+ T cells (Fig. 5G). Nevertheless, CXCL4-
moDCs were still superior in activating CD8+ T cells, despite the inhibition of processing 
in both compartments. Blocking the transport of newly synthesized molecules from the 
endoplasmic reticulum (ER) to the golgi with brefeldin A completely abrogated Ag cross-
presentation by moDCs and CXCL4-moDCs (Fig. 5E). Overall, these results indicate that 
CXCL4-moDCs potentiate the activation of Ag-specific CD8+ T cells.

Discussion 
Inflammatory mediators such as cytokines, chemokines or PAMPs are found in circulation 
and localized at affected tissues from patients suffering from autoimmune diseases or 
infections, driving inflammation and modulating immune responses. CXCL4, a chemokine 
involved in several physiological processes has been implicated in many diseases, and was 
recently proposed as a biomarker in SSc5,17,50. Indeed, evidences of its immune-modulatory 
function on both immune and non-immune cells have emerged in the last decade.

In the current study, we explored the effects of CXCL4 on moDC differentiation and on 
the initiation of innate and adaptive immune responses. 

We showed by confocal microcopy images, that in comparison to conventional 
differentiated moDCs, most of the CXCL4-moDCs are very heterogeneous, are bigger, and 
display branched protrusions. These observations suggest that CXCL4 may have an effect 
on the remodeling of cytoskeleton components, such as f-actin. As a result, CXCL4-moDCs 
might perform differently in important APC functions—for instance on cell mobility and 
migration but in cell-cell contact, as well. 

Besides the effects on moDC morphology, we also observed that CXCL4 exposure 
results in downregulation of the lipid-presenting molecules CD1a and CD1c. On the contrary, 
CD141, CD11b, CD205, maturation markers and MHC molecules were upregulated on 
CXCL4-moDCs. Partially, these effects were described in previous studies, in which different 
approaches were used24,25,31. To our knowledge, this is the first study to describe that CXCL4 
sensitizes moDCs to triggering with several TLR ligands. Expression of maturation and MHC-I 
molecules were additionally upregulated on CXCL4-moDCs, specifically when triggered with 
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poly(I:C) and R848. Moreover, we also found that CXCL4-moDCs are more potent producers 
of pro-inflammatory cytokines upon triggering with the poly(I:C), R848 and CL075, compared 
with moDCs. Proliferation and cytokine production by autologous CD4+ T cells and CD8+ T 
cells were potentiated by CXCL4-moDCs, in an Ag-independent manner. In a previous study 
by Xia et al.24, opposite effects were shown on the activation of CD4+ T cell responses, in a very 
distinct allogeneic culture system. We expanded these findings, showing that CXCL4-moDCs 
displayed impaired Ag processing in comparison with moDCs, and suggesting that CXCL4 
might affect the functional ability of cells to perform Ag cross-presentation. CXCL4-moDCs 
loaded with HCMV-pp65 were able to potentiate the activation of HCMV-specific CD8+ 
T cells, in contrast to moDCs. These results suggest that CXCL4-moDCs display improved 

Figure 5. Stimulation of 
HCMV-specific CD8+ T cell 
responses is potentiated by 
prior exposure of moDCs to 
CXCL4. (A) Immature HLA-A2+ 
moDCs and CXCL4 moDCs 
on day 6 of differentiation 
were loaded O/N with NLV-
pp65 peptide or HCMV-pp65 
protein and cocultured with 
HCMV-pp65–specific CD8+ T 
cells for 5 h in the presence 
of GolgiStop. The moDCs 
not loaded with pp65 were 
used as a negative control. 
Activation of HCMV-specific 
CD8+ T cells was assessed by 
flow cytometry. (B) Shown are 
the percentages of HCMV-
specific CD8+IFN-γ+ T cells 
and (C) CD8+TNF-α+ T cells 
after coculture with moDCs 
or CXCL4-moDCs loaded 
with several concentrations 
of NLV-pp65 peptide. Data 
are shown as mean and SD. 
(D) Dot plots illustrate for one 
representative experiment 
the production of IFN-γ 
(upper panel) and TNF-α 
(lower panel) by HCMV-
specific CD8+ T cells after 
5-h coculture with moDCs 
or CXCL4-moDCs loaded 
or not with HCMV-pp65 
protein. Numbers indicate the 
percentages of CD8+IFN-γ+ 
T cells or CD8+TNF-α+ T 
cells, respectively. (E) IFN-γ 

and (F) TNF-α production by HCMV-specific CD8+ T cells was assessed after cross-presentation for 10 HV. Symbols 
represent each donor, and the same donor is linked with lines. (G) MoDCs and CXCL4-moDCs were pretreated with 
hydroxychloroquine or MG132 or brefeldin A for 30 min before loading with HCMV-pp65. DMSO was used as vehicle 
control. Box plots show the percentage of CD8+IFN-γ+ T cells after cross-presentation of HCMV-pp65. Boxes show upper 
and lower quartiles (interquartile range), with horizontal lines within the boxes displaying the median. Whiskers represent 
the highest and lowest values. All experiments were measured for eight HVs. Paired t test. * P<0.05, ** P<0.01.
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ability to activate adaptive immune responses.
When molecules resulting from tissue damage and inflammation are sensed by innate 

recognition receptors such as TLRs, IFN signaling pathway is activated. Accumulating 
evidences from both human and mouse studies implicate TLR and type I IFN signaling in the 
pathogenesis of SSc and may be one of the causes leading to and sustaining autoimmunity 
and fibrosis5,36,40,41,43,44,51. On the basis of this, we hypothesized that CXCL4 could alter TLR-
mediated responses and contribute to immune-mediated diseases such as SSc. In this study, 
we found that CXCL4 exposure enhances TLR3- and TLR8-mediated moDC maturation and 
pro-inflammatory cytokine production. 

Several studies have suggested that activation of TLR responses, like TLR3 (Myd88-
independent) and MyD88 signaling on APCs can improve cross-priming and Ag cross-
presentation52–55. Therefore, our findings showing that CXCL4 exposure modulates TLR 
signaling may point towards a contribution of these innate effects on the adaptive immune 
responses.

In addition, the greater stimulating signals provided by the CXCL4-moDCs and T cells 
during coculture, such as: TCR signaling, CD40-CD40L and other co-stimulating signals, 
as well as cytokines released by DCs, most likely contribute to the potentiation of  T-cell 
responses by CXCL4-moDCs56,57. We also found that CXCL4 exposure upregulated the 
expression of CD11b. Previous studies showed that CD11high cells, besides expressing a 
mature phenotype, are potent chemokine-producing cells, both in homeostasis and after 
stimulation with airway Ag or TLR ligands, and efficiently prime T-cell responses58,59. 

Internalization, processing and presentation of Ag or dangerous molecules resulting from 
dying cells by DCs as peptide/MHC complexes is critical to the priming of T-cells against 
tumors, virus infections and inflammation. In our experimental setting, several molecules 
involved on these adaptive mechanisms were upregulated on CXCL4-moDC. For instance, 
we found upregulation of CD141 and CD205 expression on CXCL4-moDCs, in comparison 
to moDCs. DCs expressing these molecules were described to efficiently uptake Ags or 
molecules derived from dying cells, process, and cross-present via peptide-loaded MHC 
molecules60–65. Of note, CD205 plays a crucial role in these processes as endocytic or non-
endocytic receptor on both immature and mature cells66. These features also most likely 
facilitate the efficient activation of Ag-specific CD8+ T-cell responses.

Although it has been described that micropinocytosis is downregulated in mature 
DCs, the capacity to capture Ag by moDCs and CXCL4-moDCs was not affected, as seen 
in other studies67,68. We propose that due to the mature phenotype of CXCL4-moDCs and 
the capacity to store Ag for prolonged time, these cells may more efficiently process Ag for 
continuous supply to MHC-I, as well as promote the stability of these molecules, leading to 
potentiation of cross-presentation capacities69–71. In addition, it was described that increase 
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of immunoproteasome subunit expression during DC maturation72 and modifications of 
proteasome and transporter-associated with Ag processing (TAP) activities can promote the 
presentation of peptide/MHC-I complexes73,74. We hypothesize that these pathways may 
be more activated in CXCL4-moDCs, due to their maturated phenotype, thus contributing 
also to higher ability for the activation of Ag-specific CD8+ T-cells. Attempts to understand 
the contribution of endosomal and proteasome compartments for Ag processing by CXCL4-
moDCs were confounded with the reduction to the same extent of CD8+ T-cell activation 
when moDCs and CXCL4-moDCs were treated with MG132 and hydroxychloroquine. 
Clarification of how CXCL4 impacts Ag processing on early or late endosomes, lysosomes 
and proteasome compartments requires further investigation since these pathways are 
crucial for the effective cross-presentation of exogenous Ag to CD8+ T-cells and activation 
of adaptive immune responses75. Further research could make use of more specific inhibitors 
on cross-presentation assays, perhaps including selective immunoproteasome inhibitors76,77. 

Although the sensitization of DCs by CXCL4 might improve responses against dangerous 
molecules resulting from dying cells and pathogens, and efficient priming of T-cells contributes 
to protection against infections and tumors, on the other side, the homeostatic balance of 
these immune responses have a critical role in the maintenance of self-tolerance 78,79.

Taken together, our findings corroborate and expand upon earlier studies showing that 
increased circulating levels of CXCL4 modulates inflammatory immune responses 5,24–27,29,32. 
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Abstract
CXCL4 regulates multiple facets of the immune response and is highly upregulated in 
various Th17-associated rheumatic diseases. However, whether CXCL4 plays a direct role 
in the induction of IL-17 production by human CD4 T cells is currently unclear. Here, we 
demonstrated that CXCL4 induced human CD4 T cells to secrete IL-17 that co-expressed 
IFNγ and IL-22, and differentiated naïve CD4 T cells to become Th17-cytokine producing 
cells. In a co-culture system of human CD4 T cells with monocytes or myeloid dendritic 
cells, CXCL4 induced IL-17 production upon triggering by superantigen. Moreover, when 
monocyte-derived dendritic cells were differentiated in the presence of CXCL4, they 
orchestrated increased levels of IL-17, IFNγ, and proliferation by CD4 T cells. Furthermore, 
the CXCL4 levels in synovial fluid from psoriatic arthritis patients strongly correlated with 
IL-17 and IL-22 levels. A similar response to CXCL4 of enhanced IL-17 production by CD4 T 
cells was also observed in patients with psoriatic arthritis. Altogether, we demonstrate that 
CXCL4 boosts pro-inflammatory cytokine production especially IL-17 by human CD4 T cells, 
either by acting directly or indirectly via myeloid antigen presenting cells, implicating a role 
for CXCL4 in PsA pathology.

Th17
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APC

CXCL4

TCR stimulation
Co-stimulation

Inflammation 
Tissue injury

Bone remodelling

CD4 T

Graphical abstract
CXCL4 is highly increased in 
autoimmune and inflammatory 
disorders. Here we show that 
CXCL4 directs activated human 
CD4 T cells toward Th17 cells, 
by acting directly or indirectly via 
antigen presenting cells, in healthy 
and psoriatic arthritis patients. Our 
findings implicate a novel role for 
CXCL4 as a Th17 driver.
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Introduction
CD4 T cells orchestrate immune responses in physiological and pathological conditions 
by secreting a wide array of cytokines. To gain effector functions, CD4 T cells require the 
engagement of T cell receptor and costimulatory molecules, in the presence of specific 
cytokines and chemokines, resulting in distinct subsets of T helper cells (Th). The interferon 
gamma (IFNγ)-secreting type 1 cells (Th1) and IL-4/IL-5/IL-13-producing type 2 cells 
(Th2) form the classical subsets of CD4 T cells, that have been expanded by discoveries of 
other T helper cells, such as the IL-17-secreting type 17 cells (Th17 cells)1. Characterized 
by expression of IL-17, IL-21, IL-22 and other pro-inflammatory mediators, Th17 cells are 
potent inducers of immune responses needed for pathogen clearance, but are also pivotal 
in the development of autoimmunity. Psoriasis (Pso), psoriatic arthritis (PsA), systemic lupus 
erythematosus, rheumatoid arthritis, and systemic sclerosis, are amongst the diseases where 
IL-17 involvement in the pathogenesis is evident2–6. In PsA, IL-17 producing cells accumulate 
in skin lesions and synovial fluid and play a destructive role by inducing tissue inflammation 
and bone erosion7–9. Therefore, it is important to understand the key upstream drivers of IL-
17 activation in PsA.

CXCL4, previously known as platelet factor 4 (PF4), is an immunomodulatory chemokine 
produced by multiple immune cells that can target virtually all cells in the vasculature10. 
Besides the crucial role of CXCL4 in maintaining homeostasis, it has been implicated in many 
inflammatory conditions11. We and others reported elevated levels of CXCL4 in various 
Th17-associated rheumatic diseases12–16, yet the role of CXCL4 in driving the Th17 pathway 
is largely unexplored. While it has been indicated previously that blocking CXCL4 in human 
platelet-CD4 T cells co-cultures led to a reduction of IL-17 production17,18, direct effects of 
CXCL4 on Th17 responses have never been studied. Also, these findings of CXCL4 promoting 
Th17 activity were not supported by mouse studies19,20. 

Here we sought to investigate whether CXCL4 contributed to Th17 activation in human 
CD4 T cells and by which mechanisms it acted, directly on CD4 T cells or indirectly via antigen 
presenting cells (APCs). To support these findings, we went on to assess whether CXCL4 was 
also related to Th17 cytokines in a disease setting-in the inflamed joints of patients with PsA, 
a prototypical Th17 mediated disease.  

Results
CXCL4 increases IL-17 producing cells in CD3/CD28-activated CD4 T cells

To investigate CXCL4 effect on T helper cell responses, CD4 T cells isolated from peripheral 
blood of healthy individuals were stimulated with α-CD3/CD28 in the absence or presence 
of CXCL4. CXCL4 significantly increased IL-17 production by CD4 T cells as compared to 
CD3/CD28 stimulation alone (Fig. 1A,B). This was supported by de novo synthesis of IL17A 
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Figure 1. CXCL4 increases 
the percentage of IL-17 
producing cells in CD3/
CD28-stimulated human 
CD4 T cells. CD4 T cells 
were isolated from healthy 
donors and cultured 
with CD3/CD28 coated 

Dynabeads and  CXCL4 for five days. (A, B) The effect of CXCL4 on IL-17 production by CD4 T cells was assessed by 
(A) flow cytometric intracellular cytokine staining and (B) enzyme-linked immunosorbent assay. (C) The percentage of of 
IFNγ-, IL-4- and IL-22-producing CD4 T cells were measured by flow cytometry. (D, E) The amount of IL-17 producing 
cells co-expressing IFNγ (D) or IL-22 (E) were measured by flow cytometry. Cells were gated on live, single cells. Means 
(bars) and values from each donor are shown. Data are pooled from two to four independent experiments, except for 
panel B from 14 independent experiments, with one to four donor samples per experiment. Each dot on the bar graphs 
represent a single donor and paired t-test was used for statistical analysis. * P<0.05, ** P<0.01.
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Figure 2. CXCL4 induces IL-17 producing cells differentiated from naïve human CD4 T cells. Naïve CD4 T cells were 
purified by fluorescence-activated cell sorting and cultured with CD3/CD28 coated Dynabeads and CXCL4 for seven 
days. (A, B) The effect of CXCL4 on IL-17 production by CD4 T cells was assessed by (A) flow cytometric intracellular 
cytokine staining and (B) enzyme-linked immunosorbent assay . (C) The levels of IFNγ-, IL-4-, IL-22-, and IL-17/IFNγ-
producing CD4 T cells were measured by flow cytometry. (D) The amount of IL-17 producing cells co-expressing or IL-22 
was measured by flow cytometry. Cells were gated on live, single cells. Means (bars) and values from each donor are 
shown. Data are pooled from four to 10 independent experiments, with one to two donor samples per experiment. Each 
dot on the bar graphs represent a single donor and paired t-test was used for statistical analysis. * P<0.05, ** P<0.01.
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mRNA in CD4 T cells upon CXCL4 treatment (Fig. S1 in Supporting Information). CXCL4 did 
not significantly alter the levels of other T helper cytokines (Fig. 1C, Fig. S2A in Supporting 
Information) nor did it affect proliferation (Fig. S3A in Supporting Information). In contrast, 
CXCL4 treatment induced co-expression of IFNγ and IL-22 in IL-17 positive cells (Fig. 1D,E). 
Therefore, our data indicates that CXCL4 directly induces human CD4 T cells to produce IL-
17 in co-expression with other pro-inflammatory cytokines such as IFNγ and IL-22.

To further dissect CXCL4 effect on Th17 differentiation, we purified naïve CD4 T cells 
from peripheral blood of healthy individuals, and stimulated them with α-CD3/CD28 in the 
absence or presence of CXCL4. Similar to bulk CD4 T cells, CXCL4-treated naïve CD4 T 
cells showed an increased IL-17 production as compared to CD3/CD28 stimulation alone 
(Fig. 2A,B). CXCL4 did not change the levels of other T helper cytokines (Fig. 2C), however 
CXCL4 elevated the ratio of IL-17+ IL-22+ expressing cells (Fig. 2D). Thus, naïve CD4 T cells 
preferentially differentiate into Th17 cells when exposed to CXCL4.

CXCL4 induces IL-17 production by CD4 T cells when co-cultured with myeloid antigen-
presenting cells

Next we addressed whether CXCL4-induced IL-17 induction was APCs-dependent. For this 
purpose, human CD4 T cells were co-cultured with antigen-presenting cells loaded with 
superantigen SEB. In an autologous co-culture of monocytes and CD4 T cells, we found 
that CXCL4 increased the secretion of IL-17 as compared to superantigen SEB alone (Fig. 
3A). CXCL4 treatment also seemed to slightly induce IL-5 and IL-22 production. We further 
assessed the effect of CXCL4 on CD4 T cell cytokine production using three other APCs: 
myeloid dendritic cells (mDCs), plasmacytoid dendritic cells (pDCs) and B cells. We observed 
that CXCL4 significantly enhanced IL-17 production of CD4 T cells when co-cultured with 
mDCs (Fig. 3B), but not with pDCs or B cells. Previous data from others and our group 
indicate clear immunomodulatory effects of CXCL4 at higher doses21,22. In co-culture with 
monocytes, increasing amount of CXCL4 up to 5 µg/ml did not additionally enhance the IL-17 
induction (Fig. S4 in Supporting Information). The effect of CXCL4 on CD4 T cell proliferation 
upon activation with superantigen SEB-loaded APCs was minimal (Fig. S3B,C in Supporting 
Information). Thus, also in the presence of myeloid APCs, CXCL4 promotes the production of 
the pro-inflammatory IL-17 production by CD4 T cells.

CXCL4-primed monocyte-derived dendritic cells enhance CD4 T cell activation

Previous works have shown that during monocyte differentiation into dendritic cell or 
macrophage, the addition of CXCL4 resulted in an altered expression of cell surface markers 
and a distinct transcriptomic profile22–24. They also differed in their capacity to activate T 
cells, yet the effect on IL-17 production was not assessed. We added CXCL4 to monocytes 
differentiating into dendritic cells (moDCs) during culture with GM-CSF and IL-4. After 
differentiation, moDCs were co-cultured with autologous CD4 T cells in the presence of SEB. 
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CXCL4-treated moDCs induced a higher IL-17 production by CD4 T cells as compared to 
conventional moDCs (Fig. 4A,B). CXCL4 treatment also increased the percentage of IFNγ-
producing cells (Fig. 4C), but not IL-4 or IL-10 producing cells (Fig. 4D). Interestingly, CXCL4-
treated moDCs increased the percentage of co-expressing IL17+ IL-22+ cells (Fig. 4E). CXCL4-
treated moDCs also significantly potentiated CD4 T cell proliferation (Fig. 4F, Fig. S3D in 
Supporting Information). Therefore, our data suggest that CXCL4 modulates moDCs to induce 
proliferation of CD4 T cells and production of pro-inflammatory cytokines, especially IL-17.

CXCL4 is increased in Th17 diseases and correlates with Th17 cytokines at the site of 
inflammation

To assess potential clinical relevance of our findings above, we measured the level of 
circulating CXCL4 in patients with Pso and PsA, both known to be type 17-driven autoimmune 
diseases. The level of CXCL4 in the circulation was previously shown to be increased in Pso 
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Figure 3. CXCL4 induces IL-17 production in autologous antigen-presenting cells (APCs)-CD4 T cells co-culture. 
Monocytes, B cells, myeloid dendritic cells (mDCs), plasmacytoid dendritic cells (pDCs), and CD4 T cells were isolated 
from healthy individuals, co-cultured in the absence or presence of superantigen from Staphylococcal enterotoxin B (SEB) 
and  CXCL4 for three days and restimulated with PMA and ionomycin. (A) Supernatant from co-culture of monocytes 
and CD4 T cells stimulated with superantigen SEB and CXCL4 were measured for IL-17, IL-22, IFNγ, and IL-5. (B) The 
effect of CXCL4 treatment on 100 pg/ml superantigen SEB-activated CD4 T cells co-cultured with myeloid dendritic cells 
(mDCs), plasmacytoid dendritic cells (pDCs), or B cells, on IL-17, IL-22, IFNγ, and IL-5 production was assessed. Cytokines 
produced were determined using a Luminex-based assay. Means (bars) and values from each donor are shown. Data are 
pooled from two to five independent experiments, with one to four donor samples in duplicate per experiment. Each dot 
on the bar graphs represent a single donor Paired t-test was used for statistical analysis. * P<0.05, ** P<0.01.
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patients14. Here we found that the plasma level of CXCL4 was increased in both Pso and 
PsA patients as compared to healthy individuals (Fig. 5A). We then examined intra-articular 
level of CXCL4 from patients with PsA and patients with osteoarthritis as a non-autoimmune 
disease control group. In SF, we found a trend toward increased CXCL4 levels in patients 
with PsA as compared to those with osteoarthritis (Fig. 5B, p=0.066). To determine whether 
CXCL4 mediates Th17 activation in vivo at the site of inflammation, we measured CXCL4 
and T cell-derived cytokines in the SF of patients with PsA. Remarkably, CXCL4 strongly 
correlated with both IL-17 (r=0.713, p<0.01) and IL-22 (r=0.620, p<0.01) (Fig. 5C), whereas 
CXCL4 did not correlate with IFNγ, IL-5, IL-10, nor GM-CSF in the SF of PsA patients, clearly 
mimicking our in vitro results. The enhanced IL-17 production by CD4 T cells upon CXCL4 
treatment was also observed in PsA patients (Fig. 5D,E). Additionally, we had five donors 
from which multiple synovial fluid samples was collected multiple times at different time 
points. CXCL4 level completely mirrored the changes of IL-17 amount in PsA SF over time in 
four out of five PsA patients (Fig. S5 in Supporting Information). These data suggest that in 
PsA, higher CXCL4 levels are associated with increased Th17 cytokines locally at the site of 
inflammation.

Discussion
IL-17 producing cells have been implicated to play a major role in multiple autoimmune and 
chronic inflammatory disorders. Here we show that CXCL4 – a chemokine shown to be highly 
present in many of these disorders – directly and indirectly promotes the production of IL-17 
by human CD4 T cells (Fig. 6). In addition to that, CXCL4 enhances the levels IL-17 secreting 
cells that also produce IFNγ and IL-22. Moreover, in the Th17-mediated disease context of 
PsA, CXCL4 level in PsA SF is significantly associated with IL-17 and IL-22 levels.

Previous reports on CXCL4 effects on the regulation of T cells have been inconsistent. 
CXCL4 was described to inhibit the expression of IFNγ (Th1) while favoring IL-13 (Th2) on 
cultured naïve CD4 T cells25. However, another study suggested that CXCL4 only induced the 
proliferation and cytokine production of CD4+ CD25+ T cells, but not CD4+ CD25- T cells26. 
Our data are the first evidence revealing a direct CXCL4 effect on driving IL-17 production 
by CD4 T cells. Moreover, multiple studies showed that platelets, that can secrete a large 

Figure 4 (facing page). CXCL4-differentiated monocyte-derived dendritic cells enhance pro-inflammatory cytokine 
production and proliferation by CD4 T cells . Monocytes from healthy donors were isolated and differentiated into 
dendritic cells in the absence or presence of CXCL4 (moDCs or CXCL4-moDCs). moDCs were then co-cultured with 
autologous CD4 T cells in the presence of superantigen from Staphylococcal Enterotoxin B (SEB) for three days and 
restimulated with PMA and ionomycin. (A-C) Comparison of co-culture with moDC or CXCL4-moDC on IL-17 or IFNγ 
production by CD4 T cells was assessed by (A, C) intracellular cytokine staining and (B) enzyme-linked immunosorbent 
assay are shown. (D) Intracellular cytokine staining was performed for the measurement of IL-4+, IL-10+, IL-22+, and IL-
17+IFNγ+ cells gated on live CD4 T cells. (E) The amount of IL-17 producing cells co-expressing IL-22 as measured by flow 
cytometry. (F) CD4 T cells were labeled with CellTrace Violet prior co-culture and proliferation was analyzed as division 
index. Cells were gated on live, single, CD4 T cells. Means (bars) and values from each donor are shown. Data are pooled 
from two to three independent experiments, with two to three donor samples per experiment.  Each dot on the bar 
graphs represent a single donor and paired t-test was used for statistical analysis. * P<0.05, ** P<0.01
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amount of CXCL4, promoted CD4 T cells IL-17 production in a co-culture, thus supporting our 
findings17,18,27. CXCL4 also increased the amount of IL-17+ double producers with IFNγ and 
IL-22. These cells have been found in many human inflammatory conditions28–32, therefore 
the induction of IL-17+ cells and their co-expression with IFNγ and IL-22 by CXCL4 may 
exacerbate pathological processes.

CXCL4 is known to elicit inflammatory response on myeloid cells. On monocytes, CXCL4 
has been shown to promote their survival and pro-inflammatory cytokines production, such 

Figure 5. CXCL4 expression 
is upregulated in Th17-
mediated diseases, 
correlates with Th17 
cytokine levels in the 
synovial fluid of psoriatic 
arthritis joints, and induces 
IL-17 production in psoriatic 
arthritis patients. Plasma 
was obtained from healthy 
controls (HC), psoriasis 
(Pso), or psoriatic arthritis 
(PsA) patients, and synovial 
fluid (SF)  from PsA and 
osteoarthritis (OA) patients. 
Monocytes and CD4 T cells 
were isolated from PsA 
patients and CXCL4 effect 
was assayed in (co-) cultures. 
(A) CXCL4 was measured 
in the plasma of HC, Pso, 
or PsA patients by enzyme-
linked immunosorbent assay. 
Kruskal-Wallis test was 
used for statistical analysis. 
(B) The levels of CXCL4 
was measured in SF from 
OA and PsA patients using 
a Luminex-based assay. 
Mann-Whitney test was 
used for statistical analysis. 
(C) The intraarticular levels 
of CXCL4, IL-17, and IL-22 
in PsA SF were measured 
using Luminex-based 
assay. Correlation between 
cytokine levels was assessed 
by Spearman’s correlation. 
(D, E) The effects of 2 µg/
ml CXCL4 on secreted IL-
17 by CD4 T cells from PsA 
patients upon (D) CD3/CD28 
stimulation or (E) co-culture 
with autologous monocytes 
in the absence or presence 
of superantigen from 

Staphylococcal Enterotoxin B (SEB) as assessed by enzyme-linked immunosorbent assay are shown. Data are pooled from 
three independent experiments, with one to two patient samples in duplicate per experiment. Means (bars) and values 
from each patient are shown and paired t-test was used for statistical analysis. * P<0.05.
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as IL-6, TNFα, as well as reactive oxygen species33,34. While there is little known about the 
effect of CXCL4 on mDC, we previously showed that CXCL4 could enhance IFNα production 
by pDCs upon toll-like receptor stimulation12. We recently demonstrated that CXCL4 
potentiated moDCs cytokine production upon toll-like receptor stimulation22. Through 
regulating APC function, CXCL4 can promote an inflammatory environment that results in an 
increased IL-17 production by CD4 T cells.

SF from PsA patients contains many soluble mediators that recruit immune cells and 
promote tissue inflammation. The source of CXCL4 in PsA SF has yet to be identified. 
Macrophages have been suggested to contribute to the overexpression of CXCL4 in 
rheumatoid arthritis synovium13. mDCs and pDCs, both capable of producing CXCL4, are 
increased in PsA and rheumatoid arthritis SF35–37. Furthermore, in addition to CD4 T cells, 
there are other type 17 cells enriched in the PsA SF, including the type 3 innate lymphoid 
cells38, CD8 T cells39, and γδ T cells40. CXCL4 contribution to the IL-17 regulation in these 
cells still needs to be evaluated. 

Compelling evidence suggests a pro-inflammatory role for CXCL4 in multiple mouse 
inflammation models12,41–43, however it is intriguing that some studies showed CXCL4 to 
suppress IL-17 production19,20. The underlying mechanism is unclear, the apparent species-
specific prerequisite for Th17 development in human and mice may contribute to this 
discrepancy44–46. Furthermore, human Th17 cells also did not seem to co-produce GM-
CSF as seen in mice studies47, and our data showed that CXCL4 did not influence GM-CSF 
production by human CD4 T cells in vitro. In support of this, no correlations were found 
between CXCL4 and GM-CSF in inflamed PsA joint.

In conclusion, we have identified CXCL4 as a new Th17 driver, that is able to directly and 
indirectly promote IL-17 production in human CD4 T cells, and that it correlates with Th17 
cytokines levels intra-articularly, at inflammatory site of PsA patients. These data strongly 
suggest CXCL4 to play a significant role in Th17 regulation in PsA. Further research to dissect 
the molecular mechanisms involved and to assess the CXCL4 contribution in other Th17-
mediated diseases are necessary.

Materials and Methods
Patients population
Peripheral blood and synovial fluid (SF) were obtained in accordance with the local 
Institutional Review Board’s approval and patients gave their written informed consent. 
For plasma measurement, blood was collected from 10 healthy controls, 10 patients with 
Pso, and 10 patients with PsA. Venous blood was collected in a 10 ml EDTA vacutainer 
(#367864, BD Biosciences), centrifuged at 1700xg for 10 min, and plasma was collected. SF 
samples were isolated from 17 patients with PsA and nine patients with osteoarthritis. All 
SF samples were collected from effusion of the knee as part of routine clinical care. For SF 
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collection, fluids were centrifuged at 2300 xg for 10 min at 4°C to remove cells and debris.  
All samples were aliquoted and immediately frozen at −80°C until further use. Patients with 
PsA fulfilled Classification of Psoriatic Arthritis Study Group criteria and their characteristics 
are summarized in Table S1 in Supporting Information. 

Cell isolation
Peripheral blood mononuclear cells from healthy donors and PsA patients were isolated by 
Ficoll gradient (#17-1440-02, GE Healthcare). Cells were processed for further isolation 
using magnetic beads for plasmacytoid dendritic cells (pDCs, #130-090-532), myeloid 
dendritic cells (mDCs) and B cells (#130-094-487), monocytes (#130-050-201), and CD4 T 
cells (#130-096-533) on autoMACS Pro Separator according to manufacturer’s instructions, 
all from Miltenyi Biotec. Naïve CD4 T cells (CD127+ CD25- CD27+ CD45RO-) were further 
purified using fluorescence-activated cell sorting on BD FACSAria (BD Biosciences). Purity 
was routinely above 99% for naïve CD4 T cells, 95% for bulk CD4 T cells, and above 90% for 
other cells as assessed by flow cytometry. Cells were washed and cultured with complete 
medium of RPMI-GlutaMAX (#61870-010, Thermo Fisher Scientific) supplemented with 
10% FBS (Biowest) and Penicillin-Streptomycin (#15070063, Thermo Fisher Scientific).

T cell stimulation
50,000 CD4 T cells were cultured in a complete medium on a 96-well round bottom plate at 
37°C for three to seven days. In CD4 T cells monoculture, cells were activated with Dynabeads 
Human T-Activator CD3/CD28 (#111.31D, Thermo Fisher Scientific) at bead-to-cell ratio of 
1:5. In autologous co-culture with antigen-presenting cells (APCs), CD4 T cells were cultured 
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Figure 6. Proposed mechanisms 
of CXCL4 as a novel Th17 driver. 
CXCL4 promotes IL-17 production 
in human CD4 T cells by acting (1) 
directly on CD3/CD28-activated 
human (naïve) CD4 T cells, and (2) 
indirectly in a co-culture of CD4 T 
cells with monocytes and myeloid 
dendritic cells (mDCs). (3) CXCL4 
also primed monocytes-derived 
dendritic cells (CXCL4-moDCs) 
to induce IL-17 production and 
proliferation in activated CD4 T 
cells. These IL-17-producing cells 
also co-produce IL-22, which results 
in an increased immune response at 
the site of inflammation, such as a 
psoriatic arthritis joint.

Figure 6
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with pDCs, mDCs, B cells, monocytes, or monocytes-derived DCs (moDCs) at APC-to-CD4 
T cell ratio of 1:5, in the presence of superantigen from Staphylococcal Enterotoxin B (SEB) 
(#S4881, Sigma Aldrich). Recombinant human CXCL4 (#300-16, Peprotech) was added as 
indicated. For restimulation, cells were stimulated with phorbol 12-myristate 13-acetate 
(PMA, #P8139) and ionomycin (#I0634, all Sigma Aldrich) overnight. For intracellular cytokine 
staining, PMA, ionomycin and GolgiStop (#554724, BD Biosciences) was added for the final 
four hours of culture. For proliferation analysis, CD4 T cells were labeled with CellTrace Violet 
(1.5 µM; #C34557 Thermo Fisher Scientific) prior culture.

Monocyte-derived dendritic cells
Monocytes were cultured at a density of 1 million cells/ml in complete medium with 800 IU/
ml recombinant human granulocyte-macrophage colony-stimulating factor (GM-CSF, #204-
IL, R&D Systems), 500 IU/ml recombinant human IL-4 (#215-GMP, R&D Systems), in the 
presence or absence of 10 µg/ml recombinant human CXCL4 for six days, with medium and 
cytokines refreshment on day three. Cells were harvested and remaining cytokines were 
washed in complete medium and rested for 1-2 h at 37°C prior to co-culture with CD4 T cells 
from the same donor.

Flow cytometry
For intracellular cytokine staining, cells were stained with Fixable Viability Dye (#65-0866, 
eBioscience) for dead cell exclusion, then cells were fixed and permeabilized using Foxp3/
Transcription Factor Staining Buffer Set (#00-5523, eBioscience), and stained for IL-17A 
(#11-7179), IL-22 (#17-7222), IFNγ (#45-7319, #12-7319, eBioscience), IL-4 (#564112, 
BD Biosciences), IL-10 (#554706, BD Biosciences), GM-CSF (#502317, Biolegend), CD3 
(#48-0038), and CD4 (#25-0049 eBioscience). Cells were acquired on BD LSRFortessa (BD 
Biosciences). Cells were gated to exclude debris, doublets, and dead cells and analyzed by 
FlowJo software (Tree Star). Division index was calculated as a measure of proliferation, 
following FlowJo guidelines. Alternatively, percentage of proliferated cells (CellTrace Violet-) 
was shown.

Cytokine measurement
Cytokines in cell-free supernatant, plasma, or synovial fluid, were measured using enzyme-
linked immunosorbent assay (IL-17A, #88-7176, eBioscience; CXCL4, #DY795, R&D 
Systems; GM-CSF, #88-8337, eBioscience) or using a multiplex immunoassay based on 
xMAP technology (Luminex) at the MultiPlex Core Facility of the Laboratory of Translational 
Immunology, University Medical Center Utrecht48. For the Luminex-based assay, acquisition 
was performed with a Biorad FlexMap3D system using Xponent 4.2 software and analyzed 
using Bio-Plex Manager 6.1.1. 

Statistical analysis

Paired t-test, Mann-Whitney test, Kruskal-Wallis test, or Spearman’s correlation analysis, 
were calculated using GraphPad Prism 6.0 Software. Differences of P<0.05 were considered 
significantly different. 
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Supporting Information
Supplementary Materials and Methods
RNA extraction and gene expression analysis
Total RNA was isolated from cell lysates using the RNeasy Mini Kit (#74106 Qiagen), 
according to the manufacturer’s instructions. Gene expression was analysed by quantitative 
PCR using a 3 ng RNA-equivalent after retrotranscription with iScript cDNA Synthesis Kit 
(#1708891 Bio-Rad). Reactions were conducted using the SYBR Select Master Mix with 500 
nM specific primer pairs on a StepOnePlus Real-Time PCR System (ThermoFisher Scientific). 
Fold change was calculated using the comparative cycle threshold (ΔΔCt) method and values 
were normalized to the expression of B2M. All primers used are listed in Table S2.

Naïve CD4 T cell isolation
Peripheral blood mononuclear cells from healthy donors were isolated by Ficoll gradient 
(#17-1440- 02, GE Healthcare). Cells were first enriched using magnetic beads for CD4 
T cells (#130-096-533, Miltenyi Biotec) on autoMACS Pro Separator (Miltenyi Biotec) 
according to manufacturer’s instructions. After staining with antibodies for 30 min at 4°C, 
naïve CD4 T cells (CD3+ CD4+ CD127+ CD25- CD27+ CD45RO-) were further purified using 
fluorescence-activated cell sorting on BD FACSAria (BD Biosciences). Antibodies used are 
listed in Table S3.
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Figure S1. CXCL4 increases IL-17 mRNA in stimulated human CD4 T cells. CD4 T cells were isolated from healthy 
individuals and cultured with CD3/CD28 Dynabeads and 2 μg/ml CXCL4 for 24 h. RNA was isolated, followed by cDNA 
synthesis, and gene expressions were assessed. The effect of CXCL4 on IL17A, IFNG, and IL22 mRNA in CD4 T cells was 
determined by quantitative PCR. Mean and values from each donor are shown and paired t-test was used for statistical 
analysis. * P<0.05.
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Figure S2. CXCL4 effect on GM-CSF and other cytokines on human CD4 T cells. CD4 T cells and antigen presenting 
cells (APCs) were isolated from healthy individuals and CXCL4 effect was assessed during (co-) cultures. (A) CD4 T cells 
were cultured with CD3/CD28 Dynabeads and 2 μg/ml CXCL4 for five days. Supernatant was collected for secreted 
cytokine measurement and cells were fixed and permeabilized for intracellular cytokine staining for GM-CSF+ cells or IL-
17+ GM- CSF+ cells. (B) Monocytes and CD4 T cells were co-cultured in the absence or presence of superantigen from 
Staphylococcal enterotoxin B (SEB) and 2 μg/ml of CXCL4 for three days and restimulated with PMA and ionomycin. (C) 
Monocytes (Mono), myeloid dendritic cells (mDC), plasmacytoid dendritic cells (pDC), B cells (B), and CD4 T cells were 
co-cultured without superantigen SEB in the absence or presence of 2 μg/ml CXCL4 for three days and restimulated 
with PMA and ionomycin. Cell-free supernatant was collected and secreted cytokines were assessed by enzyme-linked 
immunosorbent assay or Luminex-based immunoassay. Means (bars) and values from each different donor are shown and 
paired t-test was used for statistical analysis. * P<0.05.
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Figure S3

Figure S3 (this and facing pages). CXCL4 effects on proliferation of stimulated human CD4 T cells. CD4 T cells and 
monocytes were isolated from healthy individuals or psoriatic arthritis (PsA) patients, then CD4 T cells were stained 
with CellTrace Violet prior culture. (A) CD4 T cells were cultured with CD3/CD28 Dynabeads and 2 μg/ml CXCL4 for 
three days and cell proliferation was assessed. (B, C) CD4 T cells were co-cultured with autologous (B) monocytes or 
(C) plasmacytoid dendritic cells in the presence of superantigen from Staphylococcal enterotoxin B (SEB) and 2 μg/ml 
of CXCL4 for three days and proliferated cells were determined. (D) Monocytes were differentiated into dendritic cells 
(MoDC) in the absence or presence of CXCL4 (CXCL4-MoDC) for six days, then they were co-cultured with autologous 
CD4 T cells in the presence of superantigen from Staphylococcal enterotoxin B (SEB) for three days, and proliferated 
cells were assessed. Cells were gated based on CD4 and/or CD3 expression. Means (bars) and values from each different 
donor are shown and paired t-test was used for statistical analysis. * P<0.05, ** P<0.01.
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Figure S4. Dose response of CXCL4 on IL-17 production by CD4 T cell cultures. CD4 T cells and monocytes were 
isolated from healthy individuals and the CXCL4 effect was assessed during culture. (A) CD4 T cells were cultured with 
CD3/CD28 Dynabeads and 2 or 5 μg/ml CXCL4 for five days and supernatant was collected. (B) Monocytes and CD4 
T cells were co-cultured in the presence of superantigen from Staphylococcal enterotoxin B (SEB) and 2 or 5 μg/ml of 
CXCL4 for three days and restimulated with PMA and ionomycin. The effect of IL-17 production by CD4 T cells was 
assessed by enzyme-linked immunosorbent assay. Means (bars) and values from each different donor are shown. Paired 
t-test was used for statistical analysis. * P<0.05.
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Figure S5

Figure S5. Changes in CXCL4 and IL-17 levels in PsA synovial fluid. Cell-free synovial fluid from five PsA patients were 
collected from the same knee at different time points. The median time between each collection was 9.2 months (range, 
2.8 - 19.1 months). The levels of intra-articular CXCL4 and IL-17 from PsA patients were measured by Luminex-based 
assay.
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Supplementary Tables
Table S1. Clinical and demographic features. 

Plasma and PBMC SF
HC Pso PsA OA PsA

Age (years) 46 ± 11 48 ± 14 47 ± 12 63 ± 8 45 ± 19
Female 40% 40% 27% 67% 18%
DMARD use - 0% 27% 0% 53%
TNF-inhibitor use - 0% 0% 0% 12%
CRP - 2.3 (0.5-15) 7.05 (1.4-41) 10.5 (2-22) 13 (3-87)
ESR - 5 (2-33) 10 (2-39) n.d. 12.5 (2-73)
SJC76 - 0 (0-0) 4 (0-22) n.a. n.a.
TJC78 - 0 (0-3) 5 (0-13) n.a. n.a.

Data are shown as mean ± standard deviation, median (range), or frequency (%). The therapies shown represent therapy 
at the time of sample collection (note: all the PsA plasma analysis was performed on PsA patients free from DMARDs 
at the time of sample collection). HC, healthy controls; Pso, psoriasis; PsA, psoriatic arthritis; OA, osteoarthritis; PBMC, 
peripheral blood mononuclear cell; SF, synovial fluid; DMARD, disease- modifying anti-rheumatic drug; CRP, C-reactive 
protein; ESR, erythrocyte sedimentation rate; 76SJC 76 swollen-joint count; 78TJC, 78 tender-joint count; n.a., not 
available; n.d., not detected.

Table S2. Primer sets used in quantitative PCR analysis.

Target Forward primer Reverse primer
IL17A CCGTGGGCTGCACCTGTGTC GGGAGTGTGGGCTCCCCAGA
IFNG GCAGAGCCAAATTGTCTCCT ATGCTCTTCGACCTCGAAAC
IL22 GCTGGCTAAGGAGGCTAGCTT  CATACTGACTCCGTGGAACAGTTT
B2M GATGAGTATGCCTGCCGTGT TGCGGCATCTTCAAACCTCC

Table S3. Antibodies used in fluorescence-activated cell sorting.

Antigen Fluorochrome Company Catalog #
CD27 BV510 BD Biosciences 563090
CD25 PE BD Biosciences 555432
CD45RO PE-Cy7 BD Biosciences 337168
CD127 Alexa Fluor 647 Sony Biotechnology 2356590
CD3 Alexa Fluor 700 Biolegend 300424
CD4 APC-eFluor 780 eBioscience 47-0049
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Abstract
Fibrosis is the hallmark of systemic sclerosis (SSc) and other chronic-fibrotic disorders. 
Previously, we identified CXCL4 to be increased in SSc and that it primed immune responses1–3. 
Here we aimed to elucidate the role of CXCL4 in fibrosis development. Using in vitro assays, 
we found that CXCL4 induced myofibroblast markers αSMA, SM22α, and synthesis of 
collagen in human dermal fibroblasts and endothelial cells. CXCL4 also induced endothelial-
to-mesenchymal transition, and reduced tubular formation in a co-culture with pericytes. In 
mice, CXCL4 was increased in SSc models of bleomycin, TLR agonists, and in transverse aortic 
constriction (TAC)-induced heart fibrosis model. Genetic deletion of Cxcl4 inhibited fibrosis in 
the skin and lung upon bleomycin treatment, and in the heart after TAC. Hence in response 
to diverse fibrogenic stimuli, CXCL4 deficiency prevented myofibroblast transformation and 
disease development in two fibrosis models. Our data implicate a pivotal role of CXCL4 in 
fibrosis and its inhibition may serve as a novel strategy to suppress fibrotic process.
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Introduction
Systemic sclerosis (SSc) is a debilitating disease manifested by irreversible fibrosis in the skin 
and multiple internal organs. Although the precise etiology is unknown, the hallmarks of 
the disease are chronic inflammation and vascular alteration that precede tissue fibrosis4,5. 
Fibroblasts are tissue resident cells responsible in maintaining extracellular matrix (ECM) 
turnover in connective tissue. An excessive deposition of ECM such as collagen in fibrotic 
tissue is mainly attributed to an impaired regulatory function of fibroblast. During this process, 
a large amount of ECM components is produced by myofibroblasts, that can be identified by 
de novo α-smooth muscle actin (α-SMA) expression6. Although myofibroblasts are required 
during physiological tissue repair mechanisms such as wound healing, the failure of their 
clearance and their persistence can lead to the development of fibrosis. Other cell types 
can also give rise to the formation of myofibroblast: the conversion of cells from endothelial 
(EndoMT) or epithelial (EMT) origins towards mesenchymal-like cells, have been proposed to 
play a significant role in SSc and other chronic-fibrotic disorders6,7. 

The transformation of myofibroblast from precursor cells in SSc is thought to be driven 
mainly by TGFβ, however other cytokines derived from immune cells can also contribute 
to this process8,9. For example, type 2 cytokines such as TSLP, IL-4 and IL-13 can directly 
promote ECM production by fibroblasts. Type 2 cytokines produced by Th2 cells also induce 
polarization of alternatively-activated macrophages that secrete pro-fibrotic cytokines IL-10, 
PDGF, and TGFβ, thereby amplifying fibrotic process. 

The presence of type-I interferon (IFN-I) signature in SSc and other autoimmune diseases 
led investigators to evaluate plasmacytoid dendritic cells (pDCs), the major producer of IFN-I. 
pDCs can be found in the skin of SSc patients co-expressing IFNα and CXCL4, the latter 
a unique chemokine with multiple roles in inflammation and angiogenesis1,10,11. Moreover, 
the level of CXCL4 was highly increased in the circulation and tissue of SSc patients, and 
correlated with the extent of skin fibrosis and the progression of lung fibrosis. Furthermore, 
subcutaneous injections of CXCL4 are capable of inducing skin inflammation and dermal 
thickening in mouse, and addition of CXCL4 to human endothelial cells suppressed the 
expression of transcription factor Fli-1, a negative regulator of collagen synthesis. CXCL4 was 
also found to be increased in patients with chronic liver fibrosis, and CXCL4 deficient mice 
were protected from disease development in experimental liver fibrosis animal models12,13. 
Although these data indicate potential pro-fibrotic properties of CXCL4, it is currently unclear 
whether CXCL4 could play a direct role in initiating fibrotic process. 

In this study, we investigate the role of CXCL4 in the formation of myofibroblasts from 
different precursor cells in vitro and which mechanisms are involved. We evaluate the 
overexpression of CXCL4 in multiple mouse inflammation and fibrosis models, and using 
Cxcl4-/- mice, the pathogenic role of CXCL4 in two independent in vivo fibrosis models is 
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assessed. Our study suggests that the CXCL4 could promote myofibroblasts differentiation 
from multiple sources and demonstrates that it is crucial for tissue fibrosis development in 
vivo.

Results 
CXCL4 induces myofibroblast markers in human dermal fibroblasts

To investigate whether CXCL4 contributed to fibroblast differentiation into myofibroblasts, 
we cultured normal human dermal fibroblasts with CXCL4 and evaluated their collagen 
production. Unstimulated fibroblasts showed a low amount of ECM collagen I/III deposition 
in culture. Remarkably, CXCL4 treatment led to an increased deposition of collagen I/III 
by fibroblasts (Fig. 1A,B). To assess whether CXCL4 treatment caused dermal fibroblast to 
become myofibroblast, we measured the expression of two myofibroblast markers α-SMA 
(ACTA2) and smooth muscle 22 alpha (SM22α/TAGLN). As compared to medium alone, 
CXCL4 induced de novo expression of both α-SMA and SM22α on mRNA and protein 
levels (Fig. 1C-E). Furthermore, CXCL4-treated fibroblasts also expressed a higher amount 
of collagen-I and vimentin (Fig. 1D,E). Thus, CXCL4 induces myofibroblast conversion and 
deposition of ECM in human dermal fibroblasts.

CXCL4 pro-fibrotic effects in fibroblasts are partially mediated by ROS

Reactive oxygen species (ROS) has been shown to induce fibroblasts differentiation into 
myofibroblasts. In order to measure ROS, we used H2DCFDA, an indicator that mainly detect 
intracellular hydrogen peroxide – H2O2. We found that CXCL4 induced production of H2O2 
within 1-2 hours stimulation as compared to medium control (Fig. 2A,B). We then assessed 
whether oxidative stress modulators could influence CXCL4 effect on fibroblasts. Human 
dermal fibroblasts production of ROS was increased when stimulated with DL-buthionine-
(S,R)-sulfoximine (BSO), an inhibitor of glutathione (GSH) biosynthesis, and this was further 
increased upon CXCL4 treatment (Fig. 2C). Stimulation with 3-Amino-1,2,4-triazole (AT) or 
Catalase−polyethylene glycol induced ROS production of fibroblasts, but CXCL4 did not 
increase this further. In the presence of antioxidants N-acetylcysteine (NAC) or Sodium 
diethyldithiocarbamate trihydrate (DDC), CXCL4-induced fibroblasts ROS production 
was completely inhibited (Fig. 2C). Similar findings were found with TGF-β1 stimulation. 
Furthermore, CXCL4-induced α-SMA and SM22α expressions in dermal fibroblasts were 
reduced when NAC was present (Fig. 2D,E). This indicates that CXCL4 upregulation of 
myofibroblast markers in dermal fibroblasts is partially mediated by ROS production.

CXCL4 induces a myofibroblast phenotype in human endothelial cells

CXCL4 was previously shown to inhibit endothelial cells proliferation and expression of Fli-
11,14. We postulated that CXCL4 could directly promote fibrosis processes in endothelial cells. 
Similar to dermal fibroblasts, CXCL4 treatment in endothelial cells led to the upregulation of 
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Figure 1. CXCL4 induces myofibroblast markers expression and extracellular matrix (ECM) production in primary 
normal human dermal fibroblasts. (A-B) 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 image 
(A) is shown and ECM level as measured by intensity (B) was quantified. (C) 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, except 
for 10 µg/ml CXCL4 treatment, N=2) (D) Protein analysis of fibroblasts stimulated with different doses of CXCL4 for 24h 
and whole cell lysate was isolated and protein expression was assessed by western blot analysis (N=7-12 per group). 
TGFβ1 was included for comparison. Bars represent mean ± SEM. T-test or Mann-Whitney test was used as appropriate. 
* P<0.05, ** P<0.01, *** P<0.001, *** P<0.0001

myofibroblast markers as α-SMA and SM22α, and collagen-I (Fig. 3A-C). Similar observations 
were seen with TGFβ2 treatment. Additionally, changes on morphology were observed when 
endothelial cells were treated with CXCL4, where many cells acquired spindle-like shape 
(Fig. 3D). Furthermore, CXCL4 also reduced the expression of collagen negative regulator 
Fli-1, increased collagen type IV, as well as SNAI1, a key transcription factor in endothelial-
to-mesenchymal transition (endMT, Fig. 3E). There were no changes in the expression of 
endothelial cell lineage markers upon CXCL4 treatment (data not shown). These data suggest 
that in endothelial cells, CXCL4 could initiate myofibroblast formation, endMT processes, and 
increase their collagen synthesis.

Figure 1
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CXCL4 suppresses angiogenesis in pericyte-endothelial cell co-cultures

EndMT involvement in fibrosis process is apparent in many fibrotic diseases. EndMT has also 
been shown to coincide with an increased endothelial cell migration and a loss of capillary 
formation15,16. To mimic the interactions between cells in the vascular system, we used a 
pericyte-endothelial cell co-culture to evaluate endothelial cell tubular formation. In this co-
culture, CXCL4 reduced the number of tubules formed by endothelial cells (Fig. 4A,B). The 
number of junctions and length of the tubules were also decreased upon CXCL4 treatment. 
Consistent with previous reports, increased level of CXCL4 may impair endothelial cells 
capacity to form an appropriate tissue vasculature.

CXCL4 induces myofibroblast markers in human epithelial cells

Following our observation of CXCL4-increased myofibroblast and endMT markers described 
above, we wondered whether cell differentiation towards mesenchymal lineage upon CXCL4 
treatment also occurred in epithelial cells. We treated immortalized human mammary 
epithelial cells (HMLE) with CXCL4 or TGFβ1. The expression of α-SMA and SM22α RNA 
expression seemed to be increased upon stimulation with CXCL4, albeit to a lesser extent to 
fibroblast or endothelial cells (Supplementary Fig. S1). The proportion of CD44high CD24low 
mesenchymal-like cells was also increased after CXCL4 treatment. This suggests that CXCL4 
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Figure 2. CXCL4 induced-myofibroblast transformation is partially dependent on reactive oxygen species (ROS) in 
normal human dermal fibroblasts. (A-B) Fibroblasts were treated with CXCL4 and H2O2 production was measured 
by H2DCFDA over time, representative experiment is shown (A). (B) Percentage change of ROS production induced 
by CXCL4 over medium was quantified after 2 h of CXCL4 treatment.  (C) Fibroblasts were treated simultaneously 
with CXCL4 and ROS-modulating mediators N-Acetyl-L-cysteine (NAC), L-Buthionine-sulfoximine (BSO), Sodium 
diethyldithiocarbamate trihydrate (DDC), 3-Amino-1,2,4-triazole (AT), or Catalase−polyethylene glycol (Cat), and ROS 
production was measured. One representative of two independent experiments is shown, bars represent mean ± SD. (D-
E) Fibroblasts were treated with CXCL4 in the presence of NAC or BSO for 24 h, protein lysate was collected, and protein 
level was measured by Western Blot. Representative blot is shown (D) and quantification of reduction over medium 
control is presented as percentage change (E). TGFβ1 was included for comparison. Mann-Whitney test, * P<0.05.

Figure 2
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are shown (N=3 per group). (D) HPAEC were cultured in the presence or absence of CXCL4 for 24h and fixed and 
permeabilized prior to αSMA staining (red) and nuclei (Hoechst, blue). Representative immunofluorescence images from 
one out of three independent experiments is shown. (E) Total RNA from treated-HPAEC was isolated and gene expression 
was quantified using qPCR. (N =3-4 per group). TGFβ2 was included for comparison. Bars represent mean ± SEM. T-test 
or Mann-Whitney test was used as appropriate. * P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001

Figure 3. CXCL4 induces myofibroblast markers expression 
and extracellular matrix (ECM) production in primary 
normal human pulmonary endothelial cells (HPAEC). (A-E) 
HPAEC were cultured in the presence or absence of CXCL4 
for 24h and processed for RNA and protein analysis. (A) 
Total RNA was isolated and gene expression was quantified 
using qPCR. (N=4-5 per group) (B-C) Whole cell lysate was 
isolated and protein expression was assessed by western 
blot analysis. Representative blot (B) and quantification (C) 
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Figure 4. CXCL4 reduces endothelial cell 
tubular formation in a 3D co-culture with 
pericytes. (A-B) Human umbilical vein 
endothelial cells (HUVEC) transduced with 
green fluorescent protein were co-cultured 
with human brain pericytes in a collagen 
matrix. (A) After 24 h stimulation with CXCL4 
or medium alone, images were acquired. 
Representative image from one out of three 
experiments are shown. (B) 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. Bars represent 
mean ± SEM. Mann-Whitney test was used * 
P<0.05, ** P<0.01.
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promotes myofibroblast transformation in at least three type of precursor cells.

CXCL4 is increased in inflammation and fibrotic conditions

To support our in vitro findings in vivo, we first determined changes of CXCL4 levels in several 
SSc-like fibrotic mouse models as well as in the cardiac fibrosis model. The most widely used 
model in SSc research utilizes bleomycin administration to induce tissue inflammation and 
fibrosis. Upon subcutaneous bleomycin treatment for seven days, Cxcl4 mRNA expression 
was increased in the skin as compared to saline control (Fig. 5A). The amount of CXCL4 
in the serum also increased after 28 days of bleomycin treatment (Fig. 5B). Additionally, 
we performed chronic stimulation of poly(I:C) and lipopolysaccharide, using subcutaneously 
implanted mini-osmotic pump, to induce skin inflammation and fibrosis17,18. Upon 7d poly(I:C) 
or LPS administration, we observed an increased expression of Cxcl4 mRNA in the skin in both 
treatments as compared to PBS control (Fig. 5C,D). Furthermore, we also determined CXCL4 
level in a scleroderma-like graft-versus-host disease model (Scl-GvHD). There was a trend of 
upregulation of CXCL4 in the serum of Scl-GVHD mice compared to control mice (Fig. 5E). 
In addition to the skin, we also measured the level of Cxcl4 expression in pressure overload-
induced cardiac fibrosis by transverse aortic constriction (TAC) in mouse. In this model, the 
expression of Cxcl4 was significantly increased three-days post-surgical procedure (Fig. 5F). 
These data suggest that CXCL4 is involved in multiple inflammatory and fibrotic conditions.

CXCL4 deficiency ameliorates bleomycin-induced skin and lung fibrosis

We next aimed to elucidate the role of CXCL4 in the bleomycin-induced fibrosis development 
using Cxcl4-/- mice. Upon subcutaneous injections of bleomycin, skin thickening and increase 
of dermal thickness appeared in wild-type (WT) mice, on the contrary, these increases were 
abolished in Cxcl4-/- mice (Fig. 6A-C). Mice treated subcutaneously with bleomycin showed 
fibrosis and collagen accumulation in the lungs (Fig. 6D). The lungs of Cxcl4-/- mice, however, 
showed normal morphology and collagen level. The amount of bleomycin-induced collagen 
was significantly reduced in Cxcl4-/- mice as compared to WT mice in both skin and lung (Fig. 
6E,F). Furthermore, ex vivo cultures of dermal fibroblasts revealed a lower level of αSMA 
expression in Cxcl4-/- mice, indicating that bleomycin-induced myofibroblast formation in 
the skin of WT mice was diminished in Cxcl4-/- mice (Fig. 6G,H). This was supported by 
reduced mRNA level of Col1a1, Col3a1, and Tgfβ1 in Cxcl4-/- mice (Fig. 6I). Furthermore, 
the amount of dermal infiltrating CD45+ immune cells recruited upon bleomycin treatment 
to the skin was also decreased in Cxcl4-/- mice (Fig. 6K). Interestingly, bleomycin also 
induced mRNA expression of IFN-regulated gene Mx2 and increased pDC marker Siglech 
(Fig. 6J). However, this increase did not occur in the skin of Cxcl4-/- mice. In the circulation, 
the level of soluble E-selectin and P-selectin, markers of endothelial cell activation, and the 
chemokine KC (IL-8), a pro-inflammatory chemokine that is also upregulated in SSc patients, 
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were increased upon bleomycin treatment in WT mice (Fig. 6L). In contrast, bleomycin failed 
to induce the increase of these cytokines in Cxcl4-/- mice. Thus the effect of bleomycin in 
initiating inflammation and fibrosis in the skin and lungs, and increasing immune mediators 
systemically, were strongly CXCL4 dependent. 

CXCL4 deficiency prevents transverse aortic constriction-induced cardiac fibrosis 

To investigate whether CXCL4 plays a role in an unrelated fibrotic model, we used a pressure-
overload transverse aortic constriction (TAC) model to induce cardiovascular fibrosis. After 
seven days post-TAC, collagen accumulation appeared in the perivascular and interstitial 
regions of the hearts of WT mice as revealed by Trichrome staining. In contrast, Cxcl4-/- 
mice had much reduced cardiac fibrosis (Fig. 7A).  We then isolated RNA from the heart 
and performed initial screening of fibrotic genes using mouse fibrosis PCR array. Using 
this method, we observed mRNA overexpresion of genes involved in ECM synthesis and 
processing (Col3a1, Col1a2, Lox, Mmp14), TGFβ signaling (Ctgf, Thbs1, Serpine1), and 
Smad pathway in the hearts of TAC-treated WT mice, but not in Cxcl4-/- mice (Fig. 7B). We 
confirmed these findings in a larger cohort using qPCR (Fig. 7C). The level of fibrotic genes 
Col1a2, Ctgf, Tgfb3, Fn1, and Mmp14 were significantly upregulated upon TAC in WT mice, 
and these increases were prevented in Cxcl4-/- mice. The expression of αSMA mRNA was 
also lower in CXCL4-deficient mice. Thus, CXCL4 plays a key role in TAC-induced cardiac 
fibrosis as CXCL4 deficiency robustly prevents fibrotic processes.
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Figure 5. CXCL4 is increased in multiple 
mouse inflammation and fibrosis models. (A,B) 
Wild type (WT) C57BL/6 mice were injected 
subcutaneously with bleomycin and (A) total 
RNA was isolated from the skin after seven days 
and (B) serum was collected after 28 days. (C,D) 
Mini osmotic pumps containing (C) TLR3 ligand 
poly(I:C) or (D) TLR4 ligand lipopolysaccharide 
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RNA expression was measured in the skin or 
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Discussion
Fibrosis is a process initiated 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 SSc19. As there is currently lack of means to regulate fibrosis, identification 
of components involved in this complex process is highly important. Here we have 
demonstrated a previously unknown role of CXCL4 in directly promoting transformation 
of myofibroblasts, from different precursor cells including fibroblasts and endothelial cells. 
We also found CXCL4 to be upregulated in the affected tissue and circulation of multiple 
mouse inflammatory and fibrosis models. Using CXCL4 deficient mice, we confirmed the 
essential role of CXCL4 in initiation of fibrotic events in the skin, lung, and heart tissues of 
two independent fibrosis models.  

It is thought that the principal mediator of fibrosis formation is TGFβ, however earlier 
attempts targeting TGFβ has been unsuccessful in SSc patients, and only recently a new 
pan-TGFβ neutralizing antibody showed some clinical benefits8,20. In this study, we have 
demonstrated that CXCL4 could directly promote collagen production by dermal fibroblasts 
and endothelial cells. CXCL4 also increased the expression of myofibroblast markers αSMA 
and SM22α, as well as inducing EndoMT. Along with recent discoveries on other pro-fibrotic 
factors, such as TLR signaling, FIZZ1, and IL-11, CXCL4 and these molecules could therefore 
potentially provide a novel therapeutic modality in preventing fibrosis21–23. 

Although it was initially thought that resident fibroblasts were the source of myofibroblasts, 
it is now known that they can be derived from multiple precursors, including endothelial 
cells, epithelial cells, and pericytes4,6,7,19. Recently, sera-derived from SSc patients have been 
shown to induce EndoMT in dermal microvascular endothelial cells24. Considering the high 
amount of CXCL4 in the circulation of these patients25–28, it is likely that CXCL4 might play 
a role in this system. Another potential source of myofibroblast are adipocytes, and this has 
been described in bleomycin-induced SSc models22,29. CXCL4 effect on adipocytes have not 
been studied and it needs further evaluation.

The anti-angiogenic property of CXCL4 has been reported previously, albeit using a 

Figure 6 (facing page). CXCL4 is required for bleomycin-induced skin fibrosis. (A-L) C57BL/6 wild type (WT) or CXCL4-
/- mice were injected subcutaneously with bleomycin or saline (NaCl) control. (A) Representative skin histological 
analysis after two weeks bleomycin or NaCl treatment, stained with Masson’s Trichrome staining (blue for collagen), is 
displayed. Quantification of (B) caliper-measured skin thickness dermal thickness, or (C) histologically-measured dermal 
thickness is shown. (D) Representative lung histological analysis stained with Masson’s Trichrome staining is shown. 
(E,F) Collagen content upon bleomycin treatment in (E) skin or (F) lung after four weeks of bleomycin was measured 
by hydroxyproline assay. (G,H) Skin was digested after four weeks of treatment and cultured at 37°C for a week for 
assessment of dermal myofibroblast. (G) Representative image of αSMA-(red) expressing myofibroblast is displayed, 
and (H) quantification of αSMA normalized to cell number by nuclei staining (DAPI, blue) is shown. (I,J) After two weeks 
exposure to bleomycin or NaCl, total RNA was isolated from the skin, and mRNA expression was quantified by qPCR. (K) 
Representative of histological analysis for CD45+ immune cells in the dermis after bleomycin or NaCl control treatment 
is shown. (L) Blood was collected from treated mice for sera analysis of soluble proteins using Luminex immunoassay. 
Bars represent mean ± SEM. At least three mice were included in each treatment group. One-way ANOVA test was used. 
* P<0.05, ** P<0.01, *** P<0.001, **** P<0.0001.
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Figure 7. CXCL4 is required for 
transverse aortic constriction-induced 
cardiac fibrosis. (A-B) C57BL/6 wild type 
(WT) or CXCL4-/- mice were subjected 
to transverse aortic constriction (TAC) 
or sham surgery. (A) Representative 
heart histological analysis stained with 
Masson’s Trichrome staining (blue for 
collagen) is displayed. (B,C) Total RNA 
was isolated from the heart after TAC 
or sham surgery, and mRNA expression 
was quantified by qPCR. (B) qPCR array 
of fibrotic genes from representative 
mice (sham N=2, TAC N=3) is shown. 
Genes were clustered using correlation 
distance with complete linkage. (C) qPCR 
of selected genes in an enlarged cohort 
are shown (sham N=3, TAC N=7-8). Bars 
represent mean ± SEM. One-way ANOVA 
test was used. * P<0.05, ** P<0.01, *** 
P<0.001.
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single-cell type culture30. Using a 3D co-culture of pericytes and endothelial cells, a system 
closer to the physiological condition, we observed that indeed CXCL4 inhibits endothelial 
tubular formations. CXCL4 also negates the pro-angiogenic activity of VEGF31, a cytokine 
that has been implicated in SSc. Therefore, CXCL4 increase in the tissue could directly impair 
vascular tissue repair, an early event occurs in the development of SSc. 

CXCL4 signaling in many cells is thought to be mainly mediated through CXCR3. Other 
CXCR3 ligands CXCL9 and CXCL10, were shown to elicit anti-fibrotic activity in hepatic 
stellate cell line, but not CXCL432. However, CXCR3 is not expressed in all cells, and CXCL4 
has been described to bind to other receptors such as LRP1, chondroitin sulfate proteoglycan, 
and αvβ3 integrin11,33,34. The surface receptors that promotes myofibroblast differentiation 
are currently unknown. Furthermore, CXCL4 is able to form heterodimers with chemokines, 
such as CCL5, that was shown to be important in atherosclerosis development and acute lung 
inflammation35,36. Other CXCR3 ligands could also work synergistically with other cytokines, 
for example with CXCL12, that amplified its function in recruiting CXCR4+ immune cells37. 
CXCL4-mediated fibrosis in vivo may involve a complex mechanism and thus this requires 
further investigation.

Our in vivo data imply CXCL4 to be a crucial determinant for disease development in 
bleomycin-induced skin and lung fibrosis, as well as TAC-induced heart fibrosis. Cardiac 
involvement is the second leading cause of death behind pulmonary complications in SSc 
patients38. The pathogenic role of CXCL4 has been shown in atherosclerosis and ischemia/
reperfusion models35,39, and a recent report suggests that CXCL4 might promote cardiac 
dilation and mortality in a mouse model of myocardial-infarction40. While the role of CXCL4 
in coronary artery disease remains unclear41,42, CXCL4 contribution to cardiac fibrosis 
development in human still needs to be verified. The pro-fibrotic role of CXCL4 has been 
demonstrated in animal models of liver fibrosis. Upon treatment with CCl4 or thioacetamide12, 
CXCL4-/- mice showed amelioration of liver fibrosis as compared to controls. In a rat model 
of chronic liver allograft dysfunction, blocking CXCL4 could significantly protect rats from 
liver fibrosis13. Together with our findings, these data strongly support the notion of CXCL4 
as a central mediator of fibrosis in vivo. 

To summarize, our findings have demonstrated CXCL4 to be a novel molecule that directly 
promotes myofibroblast transformation and that it is essential for fibrosis development 
across organs in vivo. Furthermore, CXCL4 also plays an important role in priming innate and 
adaptive immune responses2,3,43,44, inducing vascular changes34,45, and it is required in other 
inflammatory models in vivo35,36,46,39. As a key upstream molecule linking multiple processes, 
CXCL4 is a promising target for intervention in SSc and many other inflammatory and fibrotic 
disorders.
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Materials and Methods
Cell culture
Normal human dermal fibroblasts were isolated as described before47 and cultured in 
DMEM medium (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS, 
Biowest). 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. Immortalized human mammary epithelial cells (HMLE), 
originally obtained from Bob Weinberg’s lab, was cultured in MEGM (#CC-3150 Lonza) 
supplemented with 5% FBS (Biowest). Cells were cultured at 37°C in humidified atmosphere 
containing 5% CO2. Fibroblasts and endothelial cells were prestarved prior to stimulation 
with recombinant human CXCL4 (Peprotech), TGFβ1 (Biolegend), or TGFβ2 (R&D) in basal 
media with low serum for 24 - 48 h.

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), according to the 
manufacturer’s instructions. Expression of protein-coding genes was analysed by real-time 
quantitative-PCR (qPCR) using SybrSelect mastermix with 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). Mouse 
fibrosis PCR array (Qiagen) was used according to manufacturer’s instructions. Heatmap was 
generated using ClustVis software (http://biit.cs.ut.ee/clustvis/) clustered using correlation 
distance with complete linkage.

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% gel, separated by electrophoresis, and blotted on nitrocellulose Trans-blot Turbo 
transfer pack, according to manufacturer’s instructions (all from Bio-Rad). After blocking 
for 1h in 5% (m/v) milk (ELK, Campina), blots were incubated with primary antibody at 4°C 
overnight, followed with secondary antibody for 1 h at RT, and washing in Tris-buffered saline 
with 0.2% Tween-20 in between steps. Blots were developed using ECL (GE Healthcare) and 
measured on Molecular Imager GelDoc (Bio-Rad) or Odyssey imager. 

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-three 
days. PrestoBlue was used to monitor cell viability (Thermo Fisher Scientific). Recombinant 
human CXCL4 (Peprotech), TGFβ1 (Biolegend) was added as indicated. After decellularization, 
matrices were fixed 100% ice-cold methanol at -20°C for 30 min, blocked with 1% (v/v) 
normal goat serum in in phosphate-buffered saline (PBS) for 30 min at RT, incubated with 
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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.

Endothelial cell tubular formation assay
Collagen-based 3D co-culture was performed as described previously48. We added GFP-
transfected human umbilical vein endothelial cells (HUVECs) and RFP- transfected human 
brain pericytes in a ratio 5:1 (HUVECs:pericytes) together. Next, we added liquid Collagen 
type I to the cells to a final concentration of 2.0 mg/ml, and brought the pH of the whole 
mix to 7.5 with NaOH. Cells were seeded in 96 well plates with flat bottoms at 50 ul per 
well followed by 1 h incubation in 37°C the collagen matrix solidified. We added 100 µl 
medium and rested at 37°C for 24 h. Next, we added medium containing CXCL4 to final 
concentrations of 0, 2 and 4 µg/ml. After 72 h of culture, images were acquired and analyzed 
using the Angiosys software program. 

ROS measurement and blocking
The production of reactive oxygen species were measured using 2′, 
7′-dichlorodihydrofluorescein diacetate (H2DCFDA) as described previously49. To modulate 
the metabolism of ROS production, the following molecules were used: 6.4 mM N-Acetyl-
L-cysteine (NAC, a GSH precursor), 3.2 mM L-Buthionine-sulfoximine (BSO, GSH inhibitor), 
8 µM Sodium diethyldithiocarbamate trihydrate (DDC, superoxide dismutase inhibitor), 800 
µM 3-Amino-1,2,4-triazole (AT, catalase inhibitor), or 20 U Catalase−polyethylene glycol 
(Cat). All reagents were obtained from Sigma Aldrich.

Animal experiments
Animal experiments were approved by the Committee on Animal Experiments of the 
University of Utrecht and experiments were performed at the Central Animal Laboratory 
(GDL), Utrecht University, The Netherlands, unless stated otherwise. CXCL4-/- mice were 
generated in the laboratory of Dr. M. Anna Kowalska. 

Bleomycin-induced fibrosis
Bleomycin-induced SSc were developed using daily subcutaneous injections of bleomycin 
(200 µl, 500 µg/ml, Bleomedac, Medac) into the back of adult female mice for the duration 
of two to four weeks. 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 two hours with agitation. Debris were removed by 
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70 µm cell strainer and cells were washed in medium. Cells were cultured in DMEM/F-12 
supplemented with 10% (v/v) FBS at 37°C until near confluency.

In vivo administration of TLR ligands
Mini osmotic pumps (Alzet), were implanted to adult mice (C57BL/6) under anesthesia as 
described previously18. Osmotic pumps were designed to deliver 1 µl of PBS or stimuli per 
hour over 7 days in 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. All the procedures were approved by the institutional animal care and used 
committee at Boston University Medical Campus.  

Induction of Scl-GVHD in BALB/c 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 
previously50. Briefly, recipient mice were lethally irradiated with 750cGy from a Gammacel 
[137Cs] source. After 3 hours, 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 resuspended in RPMI-1640 (Gibco). Control 
group received syngeneic BALB/c spleen and bone marrow cells. Mice were sacrificed by 
cervical dislocation after four weeks and blood was collected for serum preparation. 

Transverse aortic constriction
WT or CXCL4-/- mice on C57BL/6 background were subjected to transverse aortic 
constriction (TAC) or sham surgery as previously described51. Briefly, mice were anaesthesized, 
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. Thee aortic arch was 
reached between two ribs after midline incision in the anterior neck. Transverse aortic 
constriction was placed between 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. 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.

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% (m/v) normal donkey serum, 5% (m/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 nucleus was visualized by 
Hoechst staining. Fibroblasts were imaged at the Pathway 855 bioimaging system (BD 
Biosciences) using the AttoVision software, and quantified with ImageJ.
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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 Laboratory of Translational Immunology, University Medical Center Utrecht52. 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.

Statistical analysis
Student’s t-test, Mann Whitney’s test or one-way ANOVA test were calculated using GraphPad 
Prism Software as appropriate. Differences of p<0.05 were considered significantly different.
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Supplementary Table 1. Primers and probes used in RT-qPCR analysis

Target Forward primer Reverse primer TaqMan Assay ID

hACTA2 CCGACCGAATGCAGAAGGA ACAGAGTATTTGCGCTCCGAA  

hTAGLN CTCATGCCATAGGAAGGACC GTCCGAACCCAGACACAAGT 

hCOL1A1 CCAGAAGAACTGGTACATCAGCA CGCCATACTCGAACTGGAAT

hSNAI1 CCAGTGCCTCGACCACTATG  CTGCTGGAAGGTAAACTCTGGA  

hGUSB CACCAGGGACCATCCAATACC GCAGTCCAGCGTAGTTGAAAAA  

mActa2 CCAGCCATCTTTCATTGGGATG CCCCTGACAGGACGTTGTT

mCol1a1 GCCAAGAAGACATCCCTGAAG  TGTGGCAGATACAGATCAAGC

mCol1a2 TGGTGGCAGCCAGTTTGAAT CTGAGAAGCACGGTTGGCTA

mCol3a1 TGACTGTCCCACGTAAGCAC GAGGGCCATAGCTGAACTGA

mTgfb1 CTGCTGACCCCCACTGATAC AGCCCTGTATTCCGTCTCCT

mTgfb3 TTACTGCTTCCGCAACCTGG AGGTTCGTGGACCCATTTCC

mCxcl4 Mm00451315_g1

mGapdh 4352339E

mMx2 Mm00488995_m1

mSiglec-h Mm00618627_m1

Supplementary Information

Supplementary Table 2. Antibodies used in immunoblotting and immunofluorescence.

Target Vendor Catalog # Application

α-Smooth Muscle Actin (αSMA) Sigma Aldrich A5228 WB, IF

Smooth muscle 22 α (SM22α) Abcam ab14106 WB

α Tubulin Sigma Aldrich T6199 WB

Vimentin Cell Signal CST 5741P WB

GAPDH Life Technologies MA5-15738 WB

Collagen-I Southern Biotech 1310-01 IF, WB

Collagen-I Millipore AB745
IF (ECM 

deposition 
assay)

Collagen-III Millipore AB747 IF

AlexaFluor 488-conjugated anti-Fibronectin eBioscience 53-9869-82 IF

IRDye 680RD Donkey anti-rabbit IgG (H+L) Li-Cor LI 925-68073 WB

IRDye 800CW Donkey anti-mouse IgG (H+L) Li-Cor LI 925-32212 WB

HRP-conjugated anti-goat IgG SantaCruz sc-2020 WB

AlexaFluor 594-conjugated goat anti-rabbit IgG (H+L)      Life Technologies A11012 IF

AlexaFluor 555-conjugated goat-anti-mouse IgG (H+L)       Life Technologies A21424 IF

AlexaFluor 647-conjugated goat-anti-rabbit IgG (H+L) Life Technologies A21244 IF
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Supplementary Figure 1. CXCL4 slightly induces myofibroblast markers in human mammary epithelial cells (HMLE). 
Cells were seeded and cultured for four days in the absence of presence of CXCL4. (A) Total RNA was isolated and gene 
expression was quantified using qPCR. Bars represent mean ± SEM from two independent experiments (B) The frequency 
of CD24- CD44+ mesenchymal-like cells was determined by flow cytometry.

Figure S1
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1. Summary 

The goal of the thesis was to study the dysregulation of pDCs in systemic sclerosis (SSc) 
patients and to evaluate their involvement in different aspects of SSc pathogenesis. Following 
our finding that SSc pDCs release an enormous amount of CXCL4 chemokine, that strongly 
correlate with skin and lung fibrosis in these patients, the latter part of my thesis focus on 
further evaluation of CXCL4 contributions towards the innate-adaptive immune response 
and fibrotic processes in vitro and in vivo.

1.1 pDC dysregulation in systemic sclerosis patients

In Chapter 2, we performed a proteomic profiling of ex vivo culture of pDC from SSc 
patients1. In this study, CXCL4 has been identified to be secreted in a large amount by pDC 
from SSc patients as compared to healthy individuals, with the highest amount in early 
diffuse SSc group. This finding has been corroborated by others2. Multiple studies have since 
demonstrated that CXCL4 was increased in SSc plasma as compared to healthy controls, and 
its level correlated with modified Rodnan skin score and associated with skin and lung fibrosis 
changes1,3–5. Remarkably, CXCL4 increase is particularly higher in SSc patients compared to 
other autoimmune diseases and predictive of future disease course, indicating its potential 
as a unique mechanical biomarker in SSc6–8. 

In addition to its known anti-angiogenic property, CXCL4 plays a role in regulating immune 
response in SSc. CXCL4 and TLR9 signaling synergize to induce IFN-I response in pDC, and 
an increased IFN-I production by SSc pDC is abrogated when CXCL4 is neutralized1,2. The 
role of CXCL4 on DC function was further revealed by its ability to inhibit the expression 
of heme oxygenase 1 (HO-1), a key antioxidant and anti-inflammatory enzyme9. Upon TLR 
stimulation, human monocytes-derived dendritic cells (moDCs) from SSc patients secreted 
increased IL-12 as compared to healthy controls, and this could be suppressed by cobalt 
protoporphyrin (CoPP)-induced HO-1 expression. When moDCs were co-cultured with 
CXCL4, CoPP-induced HO-1 expression was diminished, suggesting a novel mechanism of 
how CXCL4 regulates TLR responses in DCs. Furthermore, Chapter 5 reveals that moDCs 
differentiated in the presence of CXCL4 show a potentiated response towards TLR3 and 
TLR7/8 stimulation and boost T cell activation10. 

The cause of DC dysfunction or activation in SSc have only recently been explored. To 
understand potential underlying factors of pDC dysregulation in SSc, we screen transcription 
factors potentially regulating pDC differentiation and function in Chapter 3. We have found 
that transcription factor RUNX3 to be downregulated in pDCs of SSc patients as compared to 
healthy individuals. We have documented that at least two mechanisms may be responsible 
for this aberrancy: (1) low RUNX3 expression in SSc pDCs is associated with hypermethylation 
of its promoter, (2) the presence of SNP rs6672420 in SSc patients is also correlated with 
hypermethylation of RUNX3 promoter and its expression. 
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In addition, our group have recently found that hypoxic conditions could also lower 
RUNX3 expression in monocytes derived from dendritic cells from healthy and SSc patients 
(W. Marut et al., unpublished data). Previously, lower Runx3 expression has been shown to 
enhance cDC responses to TLR activation11. Similar to cDC, we demonstrate that mouse pDCs 
lacking Runx3 to overexpress maturation markers especially CD86 upon TLR engagement. 
Consequently, mice that have Runx3 deficiency in DCs show higher susceptibility to 
bleomycin-induced fibrosis. 

Another way by which pDC function in SSc patients could be regulated is epigenetic-
control of gene expression by microRNAs (miRNAs)12–14. miRNAs are single-stranded 
short non-coding RNAs that play key regulatory steps in controlling gene expression. In 
Chapter 4, we have investigated the expression levels of 470 miRNAs in pDCs and we 
have identified miR-618 to be upregulated in SSc pDCs, that is a key miRNA regulating 
pDC function15. The increase of miR-618 in SSc pDCs caused downregulation of its target 
gene IRF8, a transcription factor that is essential for pDC differentiation and function16,17. 
The overexpression of miR-618 leads to a decreased pDC differentiation from CD34+ 
hematopoietic stem cells, and potentiates pDC to produce a higher IFN-α amount upon 
TLR9 stimulation. Additionally, an increase in TLR9 expression and genes involved in TLR9 
activation pathway has been implicated in SSc skin, although this study only focused on TLR9 
signaling in fibroblast activation and not pDC18. Interestingly, overexpression of miR-618 in 
pDCs does not result in a higher CXCL4 production upon TLR9 engagement, suggesting that 
another mechanism might be involved in CXCL4 regulation. Recent reports have suggested 
that TLR8 activation induced CXCL4 secretion by pDCs from SSc patients and not in HCs 
pDCs, in a PI3Kδ dependent manner2,19. Additionally, our preliminary results have indicated 
that hypoxia enhanced CXCL4 production in HCs pDCs via increased glycolysis and high 
level of mitochondrial reactive oxygen species (mtROS). mtROS can induce pro-inflammatory 
cytokines via either stabilization of hypoxia inducible factors (HIFs), activation of MAP kinase 
signaling such as JNK, p38, or via induction of mitochondrial DNA copies (A. Ottria et al., 
manuscript in preparation). We are currently investigating which of these pathways are 
responsible for an increased production of CXCL4 by SSc pDCs. 

1.2 CXCL4 drives systemic sclerosis pathogenesis

In the second part of the thesis, I focus on the consequence of CXCL4 increase on different 
aspects of SSc pathogenesis. Within the innate immune system, CXCL4 has been shown 
to alter transcriptomes of monocytes/macrophages, dendritic cells, and robustly modulated 
their function. In Chapter 5, we have found that CXCL4 is able to prime human moDCs 
leading to their amplified response to TLR activation. Furthermore, CXCL4-moDCs show an 
enhanced capacity to activate CD4 and CD8 T cells, as indicated by an increased cytokine 
production and proliferation. 
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Furthermore, in Chapter 6, we have discovered CXCL4’s ability to directly enhance CD4 
T cells activation, specifically towards Th17 phenotype. In autologous co-cultures of CD4 T 
cells with monocytes or cDCs, CXCL4 also induces IL-17 production. CXCL4-driven Th17-
skewing is seen not only on CD4 T cells derived from healthy individuals but also psoriatic 
arthritis (PsA) patients and SSc patients (Fig. 1). Moreover, in the joints of PsA patients, we 
have discovered strong correlations of CXCL4 concentrations specifically with increased IL-
17 and IL-22 levels, but not with other Th cytokines. This corroborates the potential role of 
CXCL4 in driving Th17 responses at sites of inflammation, not only in patients with PsA, but 
also other autoimmune diseases including SSc. Interestingly, although our data are in line 
with earlier studies using human platelet-CD4 T cell co-cultures, CXCL4 regulation of IL-17 
production have not been recapitulated in mice studies20,21. This appears to be a species-
specific difference, as has previously been shown for co-regulation of GM-CSF and IL-17 that 
can only be found in mouse 22–25. Hence, the pro-inflammatory effects of CXCL4 are found on 
both innate and adaptive immune system in patients with autoimmune-rheumatic diseases 
such as PsA and SSc. 

Finally, in Chapter 7 we have demonstrated CXCL4 to be a key molecule driving 
myofibroblast transformation and tissue fibrosis in vivo. CXCL4 promotes differentiation of 
precursor cells including fibroblasts, endothelial cells and epithelial cells to produce collagens 
and to express myofibroblast markers such as αSMA and SM22α. The pro-fibrotic role of 
CXCL4 has been indicated in liver fibrosis models previously26, thus using Cxcl4-/- mice, 
we investigate CXCL4 involvement in experimental skin and lung fibrosis by bleomycin 
treatment and transverse-aortic constriction (TAC)-induced heart fibrosis. Remarkably, mice 
with CXCL4 deficiency develop less skin and lung fibrosis upon bleomycin treatment, and 
less cardiac fibrosis when subjected to TAC. 

Recent works have demonstrated Topoisomerase I to be involved in DC activation in 
SSc27,28. Mehta et al. further showed that DCs loaded with Topo I peptide induced an SSc-like 
phenotype in mice29. Interestingly, CXCL4 was also increased in the inflammatory phase of 
this model, mimicking the peak of CXCL4 production in early diffuse SSc patients as compared 
to late diffuse SSc, as revealed in Chapter 21. Together with our findings on increased level 
of CXCL4 in mouse SSc models of bleomycin, TLR agonist, and TAC-induced cardiac fibrosis 
(Chapter 7), these strongly support the notion of CXCL4 to play a central role in mediating 
fibrosis across organs.

2. Targeting dendritic cells and CXCL4 for systemic sclerosis treatment

Current data mainly supports the notion of DCs’ pathological role in SSc, however they may 
still function as double-edged swords: while gain of function causes chronic inflammation and 
fibrosis, loss of function may lead to break of tolerance and an impaired tissue homeostasis. 
The remaining question is whether and how DCs should be targeted in SSc. Recent advances 
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made in other autoimmune diseases and cancer may pave the way for DC-based therapy to 
treat SSc patients.

2.1 Biologics targeting DC pathways

CTLA4-Ig (abatacept) binds to co-stimulatory molecules CD80/CD86 on DCs, thereby 
preventing T cell activation by DCs. It has been demonstrated that abatacept could ameliorate 
disease in SSc models of bleomycin-induced fibrosis and Scl-GVHD models, but not in tight 
skin mice model30. In a small placebo-controlled randomized controlled trial (RCT), SSc 
patients receiving abatacept exhibited clinical improvement in mRSS31. Interestingly, patients 
with ‘inflammatory subset’ showed a better improvement, indicating potential responders of 
this particular treatment. Abatacept is being further tested in a phase II placebo-controlled 
RCT for SSc patients32. There is little known about the expression of CD80/CD86 in DCs from 
SSc patients, although it was reported that moDC from SSc patients showed no difference 
of CD14, MHC-II, or CD86 expression as compared to healthy controls33. The current thesis 
indicates that reduced expression of Runx3 can contribute to the dysregulation of maturation 
markers such as CD80 and CD86 in mouse pDCs (Chapter 3). Although further clarification is 
needed, RUNX3 downregulation in pDCs from patients with SSc indicates that the regulation 
of these co-stimulatory molecules may be disturbed. Hence, means to modulate transcription 
factor RUNX3 expression might be worthwhile to explore as a novel way to restore pDC 
function in SSc.

Another strategy that has been attempted in other autoimmune diseases involves 
blocking the IL-23/IL-17 axis. IL-23 produced by DCs is one of the key drivers for IL-17 
development in human CD4 T cells34. The levels of IL-17 and IL-23 are elevated in the 
circulation and tissue of SSc patients and multiple mouse models35–43. Polymorphisms for 
IL-23R was found to be associated with SSc susceptibility, the presence of ATA, as well as 
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Figure 1. CXCL4 increases the percentage of IL-17 
producing cells in CD3/CD28-stimulated in human CD4 T 
cells. CD4 T cells were isolated from healthy controls (HC) 
and systemic sclerosis (SSc) patients and cultured with CD3/
CD28 coated Dynabeads and 2 µg/ml CXCL4 for five days. 
The effect of CXCL4 on IL-17 production by CD4 T cells was 
assessed by enzyme-linked immunosorbent assay. Means 
(bars) and values from each donor are shown. To evaluate 
CXCL4 effect within HC or SSc patients, paired t-test was 
used. * P<0.05, ** P<0.01. For comparison between HC and 
SSc patients, Mann-Whitney test was used. # P<0.05.

Figure 1
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incidence of PAH44. Ustekinumab is a monoclonal antibody targeting p40 subunit that is 
common to IL-12 and IL-23, and this has been widely used in psoriasis and psoriatic arthritis45. 
Two studies of phase III, multi centre, double blind, placebo controlled RCTs, have shown 
ustekinumab’s safety and clinical efficacy in psoriasis (PASI response), psoriatic arthritis, and 
rheumatoid arthritis (ACR20 and ACR50 response)46,47. Newer approach specifically targeting 
only the IL-23 pathway has been applied in psoriasis: a phase II trial of risankizumab showed 
clinical efficacy over ustekinumab48, and two phase III RCTs of tildrakizumab also showed 
clinical effectiveness as compared to placebo and etanercept49. Other approaches targeting 
cytokines derived from DC and other immune cells such as IL-6, IFN-I, and TGFβ, are under 
development in SSc50–53.

2.2 Tolerogenic DCs

Cellular based therapy using ex vivo manipulation of DCs has been applied in cancer, however 
the goal of this approach is to achieve immunity. For example, pDCs have been used to induce 
anti-tumor responses using melanoma-associated antigen gp100 and FSME as natural TLR 
agonist in melanoma patients54. Thus, the other approach would utilize ex vivo generated DCs 
with a tolerogenic effect (tolDCs) that can induce tolerance55–57. This can be achieved using 
pharmacological agents (dexamethasone, CoPP, rapamycin, vitamin D3), biological agents 
(IL-10, TGFβ), or gene therapy approach, as highlighted previously. Careful considerations 
have to be taken due to concerns over a potential exacerbation of disease upon infusion of 
DCs, and the plasticity of DCs in response to the inflammatory and fibrotic environment. 
For example, upon priming of pDC with TGFβ, one of the key pro-fibrotic cytokines in SSc, 
pDCs induced Th17 pathway and exacerbated disease severity in a collagen-induced arthritis 
mouse model, instead of promoting tolerance58. The high amount of CXCL4 in the circulation 
and skin of SSc patients may still shape DCs to produce inflammatory mediators (Chapter 2, 
5 and 6).

TolDCs have been tested in several autoimmune diseases. In a phase I trial in rheumatoid 
arthritis, autologous DCs were exposed to citrullinated peptide antigens in the presence 
of NF-kB inhibitor to induce DC immunomodulatory properties59. Infusion of these TolDCs 
led to a significant decrease of disease activity score DAS28, accompanied by reduction of 
inflammatory mediators, and an increased ratio of Tregs / T effector cells, with minimum 
adverse events. A phase I trial in rheumatoid arthritis and psoriatic arthritis patients, using 
autologous synovial fluid antigens, dexamethasone, and vitamin D3, has also demonstrated 
safety and tolerability but they appeared to have little clinical efficacy60. The safety of TolDC 
has also been shown in juvenile type 1 diabetes and in Crohn’s disease61,62. Remarkably, the 
latter showed that TolDC treatment led to clinical improvements and increased frequency of 
circulating Tregs in Crohn’s disease patients. 

As ex vivo DC processing can be laborious and expensive, another strategy is to specifically 
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target and manipulate DC in vivo. This can be achieved by different methods such as delivery 
of self-antigen fused with targeting antibody, incorporation of molecules into DC-targeting 
liposome, or viral-based vector that target various receptors expressed on DC subsets, such 
as DC-SIGN, DEC205, DCIR, MRC-1, BDCA2, CLEC9A, and Langerin63–66. In an experimental 
autoimmune encephalomyelitis (EAE) model, for example, delivery of myelin oligodendrocyte 
glycoprotein (MOG) conjugated to α-Langerin or α-DEC could induce functional Tregs in 
vivo67. Using DEC205-targeted delivery of proteoglycan (PG) peptide, TolDC could be 
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Figure 2. The central role of dendritic cells (DCs) in systemic sclerosis (SSc) pathogenesis. In a multi-hit model109, 
combinations of genetic permissiveness and danger signals from the environment initiate cascade of immune responses. 
Plasmacytoid DC (pDC) produce a large amount of type I interferon (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 cell, and conventional DC (cDC). Activated cDC stimulate CD4 T cell to become mainly 
T helper type 2 (Th2, IL-4, IL-13) and type 17 (Th17, IL-17) producers. Th2 cells promote the polarization of alternatively-
activated macrophage (M2) that can produce pro-fibrotic cytokines such as IL-13, PDGF, and TGFβ. In turn, M2 
macrophage produces IL-13 to promote Th2 differentiation, creating a positive feedback loop. pDC also produces CXCL4 
that can directly suppress vasculogenesis by endothelial cell and activate them to recruit immune cells. CXCL4 is able 
to provide DC with an enhanced cytokine production upon TLR (toll-like receptor) engagement and to induce T cells to 
produce IL-17 and IL-22. Finally, CXCL4 and other cytokines provide a milieu that promotes myofibroblast transformation 
from fibroblast or other precursor cells and extracellular matrix (ECM) deposition in the affected tissue of SSc patients.

Figure 2
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generated in vivo to protect mice in a PG-induced arthritis model68. Furthermore, the type of 
receptor targeted on DC surface is also important to elicit a suppressive DC phenotype. Sialic 
acid-binding Ig-like lectins (siglecs) are expressed in DCs and most of them contains the ITIM 
motif, with a few exceptions, and therefore they are interesting receptors to target69. Indeed, 
cDCs loaded with sialylated-MOG could induce generation of Tregs in in vivo EAE model 0. 
In pDCs, targeting using α-Siglec-H also promoted Treg expansion in EAE model, whereas 
antigen delivery using α-BST2 induced strong antiviral and antitumor immune responses71–73. 
Using transgenic mice expressing human pDC marker BDCA2 (B6.BDCA2) in pDCs, targeting 
antigen to BDCA2 has been shown to promote tolerance, as mediated by reduction of antigen-
specific effector T cells and increase of Tregs74. Monoclonal α-BDCA2 antibody has also been 
used to inhibit INF-I production by pDC in cynomolgus monkeys75. While there is minimal 
data exist on manipulating DC in vivo in SSc, type of receptor, formulation of antigen, and 
co-delivery of adjuvants will have to be carefully selected to impose a tolerogenic response76.

2.3 Targeting CXCL4 

Next to DC-based therapies, CXCL4 has emerged as an interesting novel therapeutic target, 
owing to its direct contribution to most aspects of SSc pathogenesis. In this thesis we 
have clarified the priming effect of CXCL4 on both innate and adaptive immune systems, 
and that the increase of CXCL4 in the circulation and affected tissues of SSc patients may 
strongly contribute to Th17 skewing (Chapter 5, 6, and Fig. 1). Importantly, CXCL4 promotes 
myofibroblast transformation and its upregulation is necessary for fibrosis development 
in vivo (Chapter 7). Moreover, CXCL4 is a known angiostatic chemokine and it promotes 
endothelial and epithelial to-mesenchymal transition (Chapter 2 and 7). Therefore, blocking 
CXCL4 is a promising therapeutic intervention in suppressing inflammation and fibrosis while 
promoting vascular repair, all three main therapeutic goals in treating SSc patients. However, 
since we use Cxcl4-/- mice in our fibrosis-induced models (Chapter 7), it is currently unclear 
whether blocking CXCL4 could reverse an already ongoing inflammation and fibrotic 
processes. One way to target CXCL4 is by targeting one of its receptors, CXCR3. Previous 
efforts blocking CXCR3 receptor using small molecules such as AMG487 has been tested 
in psoriatic arthritis with little clinical efficacy77. However, CXCR3 is not expressed by all 
cells78, and it also binds CXCL9 and CXCL10 amongst others, thus a more specific approach 
targeting CXCL4 is needed. Several in vitro studies using neutralizing antibody against CXCL4 
has been described in T cells, monocytes, endothelial cells, and dendritic cells (Chapter 2,79–

81). Recently, in a chronic allograft liver dysfunction model, mice that received monoclonal 
antibodies against CXCL4 had better survival and showed reduced liver fibrosis, albeit this 
study used saline and not isotype control as a comparison group82. Another approach would 
be to use small molecules to interrupt CXCL4 and other chemokines interaction. MKEY and 
CKEY, the small peptide-based inhibitors blocking CXCL4-CCL5 interaction for example, has 
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been shown to be effective for treatment of atherosclerosis, lung inflammation, and stroke 
in mice83–85. Although CXCL4 seems to be the ideal therapeutic target for treating SSc, more 
studies are needed to evaluate its effectiveness in pre-clinical models of SSc.

3. Challenges, knowledge gaps, and future perspective

Among the main challenges of DC studies in SSc have been the low numbers attainable 
and lack of a proper method to accurately identify DCs as they express different sets of 
markers depending on the tissue or the state of immune response. Since DC identification in 
tissue using a single marker can be challenging, to date the distribution and function of DCs 
throughout SSc development in the affected tissue has not been thoroughly investigated. 
Therefore, a recently improved understanding and alignment of human and mouse DCs will 
help investigators to develop a reliable method to accurately define and investigate DC 
subsets in SSc86,87. 

3.1 Novel DC subsets and diversification

Interestingly, new subsets of DCs and their precursor in the blood have been proposed 
from recent studies88,89. A population of pre-DC, with differentiation potential towards 
cDC, shared the same markers with pDC (CD303, CD304, CD123). The pre-DC could be 
distinguished using CD123+ CD33+ expression from CD123+ CD33- pDC. Functionally, 

Figure 3. Strategies for 
dendritic cell (DC)-based 
therapy in systemic sclerosis 
(SSc). Harnessing DCs’ excellent 
ability in shaping immune 
response has emerged as an 
attractive therapeutic modality in 
autoimmune conditions such as 
SSc through multiple approaches 
(clockwise beginning from the 
top-left). (1) Different biologics 
have been tested in animal models 
and have undergone clinical 
trials in SSc such as CTLA4-Ig 
or abatacept targeting CD80/
CD86, and ustekinumab (α-IL-
12p40) targeting the IL-12/Th1 
and IL-23/Th17 pathways. The 
multifunctional CXCL4 may be a 
potential new target for the next 
development of biologics. (2) DCs 
can be developed ex vivo to have 

a tolerogenic phenotype (tolDC) using pharmacological agents such as Vitamin D3, IL-10, and dexamethasone amongst 
others. (3) In vivo targeting of DC has been applied clinically to develop vaccines against cancer and this approach 
has begun to be adopted in autoimmune models. The candidate target receptors include DEC205, DC-SIGN, MRC-1 
and the inhibitory DCIR and BDCA2 that can be used to impose a tolerogenic phenotype in vivo. The combination of 
receptor targeting, antigen formulation, and type of adjuvants are potentially crucial to achieve the desired suppressive 
phenotype. (4) Microbiota in the skin, gastrointestinal tract, and mucosal tissues, can regulate immune cells especially 
tissue resident DCs. Altering microbiota components can modulate immune responses in an inflammatory condition. 
This can be achieved by introducing probiotics and their products such as Lactobacillus and AhR ligands to dampen DC 
activity and restore inflammation.  
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pre-DCs were unable to produce IFNα but exerted a high capacity to prime naïve CD4 T 
cells, unlike pDC. The authors suggested that this could explain the allostimulatory potency 
and IL-12 production of CD2+ pDC as described previously90,91. Furthermore, another report 
proposed reclassification of DC with additional new subsets: a population of CD1C– CD141– 
CD11C+ DC, sharing CD16 expression and signatures with monocytes; and a population 
named AS DC that expresses AXL, SIGLEC1, and SIGLEC688. Similar to pre-DC described 
above, AS DC also expressed CD2, CX3CR1, CD33/SIGLEC3, and could be found in pDC 
population and lacked the ability to produce IFNα. Although they represent a low percentage 
within the BDCA4-sorted pDC population, it is currently unclear whether this population 
could confound our studies on pDCs in SSc patients. Considering the potential significance of 
these cells in DCs development and T cells responses, clarification of their role in SSc needs 
further assessment. 

Additionally, it has been revealed that pDCs could diversify into three distinct populations 
which can be identified based on their PDL1 and CD80 expression upon activation92. P1-
pDCs (PD-L1+ CD80–) were the sub-population that could produce a high amount of IFN-I 
production, whereas P2- (PD-L1+ CD80+) and P3- (PD-L1– CD80+) pDCs were not as 
effective. Instead, P3-pDCs were more potent in T cell stimulation, and both P2- and P3-
pDCs polarized naïve T cells into a Th2 phenotype. Interestingly, P1-pDC-like cells seemed 
to be increased in the blood of patients with SLE and psoriatic skin lesions. These findings 
have not been assessed in SSc and it is not known whether similar diversification exist in 
mouse pDCs. Taking into account that maturation markers including CD80 are enhanced in 
CpG-challenged Runx3 deleted-pDCs (Chapter 3), it would be important to assess whether 
the proportions of pDCs is affected in this model.

3.2 Cutting-edge technologies to study DCs

Transcriptomic analysis from whole tissue and blood have revealed substantial insights 
into the mechanisms of SSc pathogenesis, however the low frequency of DCs make them 
underrepresented in these studies. Current emerging high-dimensional techniques such 
as single-cell RNA sequencing, mass cytometry, and other ‘omics’, have paved the way for 
an accurate analysis of DC subsets and even reclassification of their ontogeny. Moreover, 
in situ RNA sequencing and imaging-mass cytometry and may also assist researchers to 
investigate DCs directly in SSc patient tissues93–95. Future studies incorporating these 
recent advancements will bring us a step closer to understand the role and the underlying 
mechanisms behind DC dysfunction in SSc and possibly a new way to modulate their function.
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3.3 DCs and microbiota

The field of microbiome research has vastly progressed in the past few years, and the link 
with autoimmune diseases has been shown but it is yet to be clarified in SSc96. DCs actively 
interact with commensal microbiota in the skin, guts, and lungs to monitor the environment, 
and microbiota play a central role directing the type of immune responses97,98. A majority 
of SSc patients suffer from gastrointestinal (GI) tract complications, and until recently, the 
link between microbiota and GI dysfunction had been overlooked in SSc. Two independent 
studies investigated the colonic microbiota in SSc patients and found a distinct microbiota 
composition as compared to healthy controls99,100. They found that beneficial commensals 
such as Faecalibacterium were decreased in SSc patients, and the Fusobacterium and other 
pathogenic bacteria were elevated. The commensal bacteria Lactobacillus, that produce 
AhR ligands from tryptophan to modulate immune response, were surprisingly increased 
in SSc patients unlike in other inflammatory conditions. Interestingly, Lactobacillus-derived 
AhR ligands could protect mice in colitis model, indicating their therapeutic potential 
in an inflamed GI tract101. Gut pDCs are important in regulating tolerance in homeostatic 
condition by inducing Tregs function, however they are still efficient in priming T and B cells 
responses102. How microbiota changes influence DC phenotype in SSc is unclear, however in 
mice treated with Topo-I-loaded DCs, antibiotics-induced microbiota alteration exacerbated 
skin and lung fibrosis103. We are currently assessing the microbiota changes in the GI tract of 
Cxcl4-/- mice upon bleomycin treatment. Ongoing efforts in studying microbiota and immune 
cells responses in SSc patients and mouse models will help investigators to study further and 
to intervene with this process.

3.4 DC interaction with non-immune cells

The complexity and heterogeneous nature of SSc may require more than solely controlling 
the immune system. Multiple studies have explored the cross-talk between DC and non-
immune cells, thus extending DCs function beyond the immune system. DCs produce multiple 
cytokines including VEGF, IFN-I, and CXCL4 that can directly contribute to endothelial cell 
dysfunction (Chapter 2 and 7,104,105). Additionally, the bleomycin model of SSc is partially 
dependent on DC accumulation and DC-derived amphiregulin could directly promote 
myofibroblast transformation106. In contrast, the survival of adipose-derived mesenchymal 
stromal cells, cells that have shown promise in reversing fibrotic event, were shown to be 
dependent on Lymphotoxin β production by DCs, in two different mouse models of SSc107. 
Interestingly, an intricate cross-talk between fibroblast and DCs could promote their Th17 
differentiating potential, as mediated by PGE-2 derived from fibroblasts108. The interplay 
between DC and multiple cells involved in SSc pathogenesis is therefore likely to be context 
dependent and further pre-clinical investigations are needed prior to employ DCs as a 
treatment option for SSc patients. 
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4. Concluding remarks

Recent data from human and mouse studies have clarified DCs active role in the development 
of SSc by interacting with multiple cell types culminating in chronic inflammation, impaired 
vasculogenesis, and fibrosis. pDCs in particular can directly influence all aspects of SSc 
pathogenesis through their secretion of IFN-I and CXCL4 (Fig. 2). The underlying dysfunction 
of pDCs in SSc are contributed by downregulation of transcription factor RUNX3 and 
upregulation of miR-618, that led to an enhanced stimulatory phenotype and increased 
IFN-α secretion, respectively. Although they play an essential role, many aspects of DC 
dysfunction including their dynamic tissue distribution, interaction with microbiota and non-
immune cells, remain to be fully elucidated in SSc. As significant progress has been made 
in the taxonomy of DC lineages and their function, a precise identification of DCs and the 
newly described DC subsets need to be taken into account when interpreting data from past 
and future studies. Finally, multiple ways have been proposed to harness DCs as a master 
immune-modulator in treating SSc (Fig. 3). While ex vivo and in vivo DC-based therapies 
have shown promising results in cancer and other autoimmune diseases, ongoing research 
and clinical trials targeting DC and CXCL4 will evaluate their performances in regulating 
immune response and clinical outcome in SSc. The direct involvement of pDC and pDC-
derived CXCL4 on priming immune responses, suppressing vascular repair, and inducing 
myofibroblast transformation, make them promising candidates for therapeutic intervention 
in SSc and other related autoimmune-rheumatic disorders.
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"Mijn lichaam verandert zichzelf in feite in steen, ik heb soms het gevoel dat ik aan het 
snaaien ben wanneer ik naar dingen uitreik. De pijn die in mijn arm schiet, is altijd een 

herinnering aan wat er met me gebeurt."

- Mevr. Jay Virdee, een sclerodermapatiënt1.

1 Scleroderma sufferer: 'I can feel my body turning to stone' BBC News 2017
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1. Achtergrond

Systemische sclerose (SSc), of sclerodermie, is een zeldzame ziekte waarbij het bindweefsel in 
de huid en inwendige organen dikker wordt of verhardt. Als interne organen zoals de longen 
en het hart bij de ziekte betrokken zijn , kan dit leiden tot de dood. Het is een complexe 
auto-immuunziekte die wordt gekarakteriseerd door aanhoudende ontsteking, vasculaire 
afwijkingen, en fibrose door accumulatie van extracellulaire matrix (ECM) zoals collageen. 
Vanwege de complexe aard en heterogeniteit is SSc een van de grootste uitdagingen voor 
zowel onderzoekers als artsen. De huidige behandeling is ineffectief en gaat gepaard met 
veel complicaties en de ziekte is niet te genezen.

Fibrose wordt voornamelijk veroorzaakt door de vorming van myofibroblasten en hun 
productie van ECM. Voor fibrose, vindt infiltratie van immuuncellen naar weefsels plaats, 
welke pro-inflammatoire en pro-fibrotische stimuli, zoals TGFβ, IL-6 en T-helper type 2 
cytokinen produceren. Bovendien zijn bij verschillende auto-immuunziekten de toename van 
type I interferon-cytokinen (IFN-I) ook geïmpliceerd. In dit proefschrift heb ik onderzoek 
gedaan naar plasmacytoïde dendritisch cellen (pDC), de grooteste producent van IFN-I en 
andere cytokinen zoals CXCL4.

2. Doel van dit proefschrift

In dit proefschrift was het doel van mijn onderzoek het bestuderen van de ontregeling van 
pDC's bij systemische sclerosepatiënten en het evalueren van hun betrokkenheid door 
hun productie van een belangrijke mediator CXCL4 bij verschillende aspecten van SSc 
pathogenese: de aangeboren en adaptieve immuunresponsen, myofibroblasttransformatie 
en fibrose.

3. Samenvatting van de bevindingen

3.1 Ontregeling van pDCs in patiënten met SSc

In hoofdstuk 2 voerden we een 'proteomic profiling' (meten en identificeren van eiwitten) 
uit op in vitro gekweekte pDCs van patiënten met SSc. Hieruit bleek dat CXCL4 in 
grote hoeveelheden wordt geproduceerd door pDCs van SSc patiënten. CXCL4 is een 
multifunctioneel chemokine welke een immunomodulerende en angiogenetische invloed 
uitoefent op cellen betrokken bij de opbouw van bloedvaten. De hoeveelheid CXCL4 bleek 
daarnaast ziekteprogressie te kunnen voorspellen in patiënten met SSc waaronder progressie 
van huid en longfibrose. CXCL4 kan ook IFN-I responsen van pDCs versterken en induceert 
ontsteking en verdikking van de huid in muizen. Dit duidt er op dat CXCL4 een unieke 
mechanistisch biomarker is in SSc.

Om de ontregeling van pDCs beter te begrijpen screenden we in hoofdstuk 3 transcriptie 
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factoren die betrokken zijn bij de differentiatie en functie van pDCs. Hieruit bleek dat de 
transcriptie factor Runx3 verlaagd tot expressie kwam in pDCs van SSc patiënten. Eerder 
onderzoek liet zien dat een verlaging van Runx3 expressie de respons van cDCs op TLR 
agonisten versterkten. Ons onderzoek liet zien dat ook in pDCs een verlaagde Runx3 
expressie leidde tot een verhoogde expressie van maturatie markers, met name CD86, na 
stimulatie met TLR agonisten. Als gevolg hiervan hadden muizen met een Runx3 deficientie 
een sterkere fibrotische respons na injectie met bleomycine.

De functie van pDCs in SSc patiënten kan ook beïnvloedt worden middels epigenetische 
beïnvloeding van gen-expressie door korte niet-coderende RNAs genaamd microRNAs 
(miRNAs). In hoofdstuk 4 bestudeerden we de expressie van 470 miRNAs in pDCs van SSc 
patiënten en we vonden een verhoogde expressie van miR-618 in pDCs van SSc patiënten. 
miR-618 bindt aan interferon regulatory factor 8 (IRF8), welke een belangrijke transcriptie 
factor is voor de differentiatie en functie van pDCs en de verhoogde expressie van miR-618 
hangt samen met een verhoogde productie van IFNα door pDCs na TLR9 stimulatie.

3.2 CXCL4 en de pathogenese van SSc

In het tweede gedeelte van deze thesis legden wij de focus op de gevolgen van de verhoogde 
CXCL4 waarden in patiënten met SSc. CXCL4 beïnvloedt het transcriptome van monocyten/
macrofagen en dendritische cellen wat leidt tot een modulerend effect op hun functie. In 
hoofdstuk 5 vonden we dat pre-stimulatie van monocyte derived dendritic cells (moDCs) met 
CXCL4 leidt tot versterkte TLR responsen. Dergelijke CXCL4-moDCs bleken daarnaast beter 
in staat CD4 en CD8 positieve T-cellen te stimuleren, blijkend uit een verhoogde proliferatie 
en cytokine productie.

In hoofdstuk 6 vonden we dat CXCL4 ook direct een sturende invloed heeft op CD4 
T-cellen, en dan met name in de richting van een Th17 fenotype, zowel in gezonde controles 
als in patiënten met artritis psoriatica en SSc (niet gepubliceerd). In de gewrichten van 
patiënten met artritis psoriatica vonden we een correlatie tussen de hoeveelheid CXCL4 en 
de hoeveelheden van IL-17 en IL-22. Dit wijst erop dat CXCL4 een pro-inflammatoir effect 
heeft op zowel het aangeboren als verworven immuun systeem.

Als laatste bewezen we in hoofdstuk 7 dat CXCL4 een belangrijk molecuul is in het 
initieren van fibrose. CXL4 versterkt de differentiatie van precursor cellen waaronder 
fibroblasten, endotheelcellen en epitheel cellen in myofibroblasten, blijkend uit de verhoogde 
expressie van αSMA en SM22α, leidend tot een verhoogde productie van collageen. Opvallend 
genoeg bleek CXCL4 deficiëntie in muizen hen te beschermen tegen long en huid fibrose na 
behandeling met bleomycine en te beschermen tegen fibrose van het hart na geinduceerde 
druk verhoging.
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Figuur 1. Schematische samenvatting van dit proefschrift

4. Concluderende opmerkingen

Al met al wijzen onze bevindingen er op dat CXCL4 een centrale rol speelt in onstekingen en 
fibrose in verschillende organen. In de kliniek heeft CXCL4 mogelijk een voorspellende waarde 
voor de verergering van SSc. Het directe gevolg van geactiveerde pDCs en CXCL4 productie 
is het versterken van immuun responsen, vaatschade en transformatie van myofibroblasten. 
Daardoor zijn pDCs en CXCL4 veel belovende aangrijpingspunten voor therapie in patiënten 
met SSc en andere autoimmuun ziekten waaronder PsA.
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"My body is effectively turning itself into stone, I sometimes feel like I'm snapping when 
I reach out for things. The pain shooting up my arm is always a reminder of what is 

happening to me."

– Ms Jay Virdee, a scleroderma patient1.

1 Scleroderma sufferer: 'I can feel my body turning to stone' BBC News 2017
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1. Background

Systemic sclerosis (SSc), or scleroderma, is a rare disease where connective tissue in the 
skin and internal organs become thickened or hardened. When internal organs such as the 
lungs and heart are affected this may lead to fatal consequences. It is a complex autoimmune 
disease characterized by a persistent inflammation, vascular abnormalities, and fibrosis due to 
the accumulation of extracellular matrix (ECM) such as collagen. Owing to its complex nature 
and heterogeneity, SSc remains one of the greatest challenges to both investigators and 
physicians. There is no cure available and current treatment remains for many complications 
ineffective. 

Fibrosis is mainly attributed to the formation of myofibroblast and their production 
of ECM. Preceding fibrotic events, immune cells infiltrate tissue and they release pro-
inflammatory and pro-fibrotic stimuli such as TGFβ, IL-6, and T helper type 2 cytokines. 
Furthermore, in multiple autoimmune diseases, the increase of type I interferon 
cytokines (IFN-I) have also been implicated. In this thesis, I investigated plasmacytoid 
dendritic cells (pDCs), the major producer of IFN-I and other cytokines such as CXCL4.

2. Aim of this thesis

In this thesis, my research aim was to investigate the dysregulation of pDCs in systemic 
sclerosis patients and to evaluate their involvement through their production of key mediator 
CXCL4 on different aspects of SSc pathogenesis, the innate and adaptive immune responses, 
myofibroblast transformation and fibrosis.

3. Summary of findings 

3.1 Part I: pDC dysregulation in systemic sclerosis patients

In Chapter 2, we performed a proteomic profiling of ex vivo culture of pDC from SSc 
patients7. In this study, CXCL4 has been identified to be secreted in a large amount by pDC 
from SSc patients. CXCL4 is a multifunctional chemokine that can target virtually all cells in 
the vasculature that is involved in the modulation of immune responses and angiogenesis. 
CXCL4 level is able to predict disease progression in the skin and lung of SSc patients. CXCL4 
also enhances IFN-I production by SSc pDCs and induced skin inflammation and thickening in 
mouse. These indicate CXCL4 potential as a unique mechanical biomarker in SSc.

To understand potential underlying factors of pDC dysregulation in SSc, we screen 
transcription factors potentially regulating pDC differentiation and function in Chapter 3. 
We have found that transcription factor Runx3 to be downregulated in pDCs of SSc patients 
as compared to healthy individuals. Previously, lower Runx3 expression has been shown to 
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enhance cDC responses to TLR activation. Similar to cDC, we demonstrate that mouse pDCs 
lacking Runx3 to overexpress maturation markers especially CD86 upon TLR engagement. 
Consequently, mice with Runx3 deficiency in DCs show higher susceptibility to bleomycin-
induced fibrosis.

Another way by which pDC function in SSc patients could be regulated is epigenetic-
control of gene expression by short non-coding RNAs called microRNAs (miRNAs). In Chapter 
4, we have investigated the expression levels of 470 miRNAs in pDCs and we have identified 
miR-618 to be upregulated in SSc pDCs, that is a key miRNA regulating pDC function. 
The increase of miR-618 in SSc pDCs caused downregulation of its target gene IRF8, a 
transcription factor that is essential for pDC differentiation and function, and potentiates 
pDC to produce a higher IFN-α amount upon TLR9 stimulation.

3.2 Part II: CXCL4 drives systemic sclerosis pathogenesis 

In the second part of the thesis, I focus on the consequence of CXCL4 increase on different 
aspects of SSc pathogenesis. Within the innate immune system, CXCL4 has been shown 
to alter transcriptomes of monocytes/macrophages, dendritic cells, and robustly modulated 
their function. In Chapter 5, we have found that CXCL4 is able to prime human monocytes-
derived dendritic cells (moDCs) leading to their amplified response to TLR activation. 
Furthermore, CXCL4-moDCs show an enhanced capacity to activate CD4 and CD8 T cells, as 
indicated by an increased cytokine production and proliferation.

Furthermore, in Chapter 6, we have discovered CXCL4’s ability to directly skew CD4 T 
cells activation, specifically towards Th17 phenotype in healthy individuals, psoriatic arthritis 
(PsA) patients, and SSc patients (unpublished). In the joints of PsA patients, we find strong 
correlations of CXCL4 concentrations specifically with increased IL-17 and IL-22 levels. These 
implicate the pro-inflammatory effects of CXCL4 through priming of innate and adaptive 
immune systems.

Finally, in Chapter 7 we have demonstrated CXCL4 to be a key molecule driving fibrosis 
development. CXCL4 promotes differentiation of precursor cells including fibroblasts, 
endothelial cells and epithelial cells to produce collagens and to express myofibroblast 
markers such as αSMA and SM22α. Remarkably, mice with CXCL4 deficiency are protected 
from skin and lung fibrosis upon bleomycin treatment, and cardiac fibrosis when subjected 
to pressure overload.
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4. Concluding remarks 

Together these strongly support the notion of CXCL4 to play a central role in mediating 
inflammation and fibrosis across organs. CXCL4 can be potentially used in clinical setting 
as a predictor of disease progression in SSc patients. The direct involvement of pDC and 
pDC-derived CXCL4 on priming immune responses, suppressing vascular repair, and inducing 
myofibroblast transformation, make them promising candidates for therapeutic intervention 
in SSc and other related autoimmune-rheumatic disorders such as PsA.
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Figure 1. Schematic summary of this thesis
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"Just do the experiment!"
– Dr. Ralph M. Steinman's response to all the theorizing1. He was awarded a  posthumous Nobel 

Prize in physiology and medicine in 2011 for the discovery on dendritic cell. 

1 Bashyam, H. Ralph Steinman: dendritic cells bring home the Lasker. J. Exp. Med. 204, 2245–8 (2007). doi:10.1084/jem.20071995

https://dx.doi.org/10.1084%2Fjem.20071995
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