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Introduction

— 1.1  

Background

Systemic sclerosis (SSc) is a rare but severe autoimmune disorder characterized by vascu-

lopathy and immune activation and extensive fibrosis of the skin and internal organs1. This 

deforming fibrosis can result in a thickening of the skin causing a loss of trophism. Fibrosis on 

the internal organs is associated with the development of cardio-pulmonary complications, 

such as pulmonary arterial hypertension (PAH) and interstitial lung disease (ILD), which are 

the main causes of morbidity and mortality in SSc2. Given that currently no preventative or 

curative treatments are available, these complications render SSc the most lethal rheumatic 

autoimmune disease3.

— 1.2  

Diagnosing SSc

Due to the heterogeneity in the clinical presentation of SSc patients, it has proven difficult to 

dissect the pathogenesis of this disease. Aside from the skin fibrosis and cardio-pulmonary 

complications, the disease can affect a variety of other organs and systems. One striking 

observation is that, in at least 95% of patients with SSc, the onset of disease was preceded 

by the presence of Raynoud’s phenomenon (RP). Raynaud’s phenomenon is described as 

the presence of episodic vasospasm of the fingers and toes in response to cold or emotional 

stress. RP episodes are characterized by a discoloration of the extremities from white 

(ischaemia) to blue (Cyanosis) and red (reperfusion). While primary RP is common in the 

general population, and harmless in most cases, in a small fraction of these people the RP is 

secondary to underlying pathologies such as systemic sclerosis4. The fraction of RP patients 

most at risk for developing SSc includes those who present with positivity for SSc specific 

anti-nuclear antibodies (ANA) such as anti-centromere (ACA), anti-RNA polymerase III 

(RNAPIII) or anti-topoisomerase (ATA), or the presence of SSc specific nailfold video cap-

illaroscopic (NVC) changes, or a combination thereof. Patients with these characteristics 

are nowadays, in line with the criteria for early diagnosis proposed by Leroy and Medsger5, 

referred to as early SSc (eaSSc), as their risk of developing definite SSc is sixty times larger 

compared with people suffering from primary RP. Especially the combined presence of RP 

with SSc specific ANAs and NVC changes is a strong predictor for progression to definite 

SSc with progression rates determined at 69% and 79% at 10 and 15 years follow-up, re-

spectively6. In light of the heterogeneity and the findings on early predictors, the classifi-

cation criteria were updated in the last decade7. These 2013 classifications, endorsed by 

the American College of Rheumatology (ACR) and the European league against rheuma-

tism (EULAR), include a higher number of clinical features and uses a weighted score for 
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each feature, with a score of ≥9 indicating the classification of SSc. The new criteria allow 

for improved and earlier diagnosis of SSc including the LeRoy Medsger concept of earlySSc 

patients. However, the criteria proposed in 1980 by the American rheumatology associa-

tion (ARA)8 are still valid, given that these criteria in itself account for an ACR score of ≥9. 

Upon classification with SSc, it is widely accepted to subdivide patients into two subsets 

based on the extend of the skin involvement. Patients with fibrosis limited to the extremi-

ties below the knees and elbows are labeled as limited cutaneous SSc (lcSSc), while patients 

with more extensive fibrosis are labeled as diffuse cutaneous SSc (dcSSc). The association 

with a specific autoantibody profile, with ACA being common in lcSSc and ATA as well as 

RNAPIII more prevelant in dcSSc patients, supports this classification9. Additional patients 

who fulfill the ACR criteria with a score of  but who do not present with any fibrosis of the 

skin are referred to as non-cutaneous SSc (ncSSc).

— 1.3  

Incidence, prevalence and mortality

SSc is a relatively rare disease with a prevalence of 7.2–33.9 and 13.5–44.3 per 100,000 

individuals and an estimated incidence of 0.6–2.3 and 1.4–5.6 per 100,000 individuals in 

Europe and North America, respectively10. Screening of a large population in the United 

states11 indicated that SSc is more common amongst African Americans. A general predomi-

nance in females is detected with female to male ratios ranging from 3:1 to 14:1, depending 

on the geographical location12.

SSc presents a larger mortality than the general population with an estimated standardized 

mortality ratio (SMR) of 2.72 and a 10-year survival of 62.5% from the time of diagnosis13. 

However, the heterogeneity of SSc is also reflected in the prognosis for survival with 

disease subset and visceral organ involvement as determinants of long-term survival. dcSSc 

is associated with a higher mortality reflected by a 10-year survival of 55.6% from the time 

of diagnosis, versus 78.2% for lcSSc patients. Cardiac involvement occurs in about 29% of 

SSc patients and is considered one of the most common causes of SSc related death14. The 

development of pulmonary involvement is a common occurrence in the course of SSc and 

it strongly affects the prognosis15. ILD is the most common type of pulmonary involvement 

which is in some cases is associated with the development of PAH. Pulmonary complica-

tions are more common in dcSSc patients, typically develop early after disease onset16, and 

are currently the main cause of morbidity in SSc patients17. Additionally, the sex and race 

of the patient has significant impact on the prognosis, with males generally developing 

more severe symptoms culminating in a 10-year cumulative survival rate of 45% versus 

62% in females18 and African Americans more commonly developing SSc with pulmonary 

involvement19.
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— 1.4  

Pathogenesis

Despite decades of research, the exact etiology of SSc is still not completely understood. 

Three processes are hallmarks of SSc; vasculopathy, immune activation and fibrosis, char-

acterized by the presence of Raynaud’s phenomenon, autoantibodies and the deposition of 

excessive extracellular matrix (ECM) in various organs, respectively. The overproduction of 

ECM underlies many SSc-associated complications and is preceded by vascular alterations 

and immune activation. Although various intrinsic differences in SSc dermal fibroblasts are 

described20, the exact mechanisms driving the overproduction of ECM by (myo)fibroblasts 

which is observed in the affected tissues of SSc patients are not fully understood. The 

aberrant activation of fibroblasts is suggested to be the end result of a complex series 

of interlinked changes induced by vascular injury combined with immune cell infiltration. 

The production of pro-fibrotic cytokines, growth factors, chemokines, and reactive oxygen 

species by activated endothelial-, epithelial-, and immune cells is paramount to the activa-

tion and differentiation fibroblasts. Activated fibroblasts or other precursor cells such as 

endothelial and epithelial cells may, in turn, differentiate into myofibroblasts and produce 

ECM molecules such as collagens and fibronectin causing skin thickening and tissue 

rigidity21.

— 1.5  

Epigenetic modulation in systemic sclerosis

The results of genetic studies in patients with SSc have revealed statistically significant 

genetic associations with disease manifestations and progression, as well as the presence 

of SSc-specific autoantibodies. The majority of these genetic variations are located in the 

human leukocyte antigen (HLA) genes, interferon regulatory factors (IRFs) and collagen 

genes22. Nevertheless, as evidenced by studies in twins23, the genetic susceptibility to SSc 

is moderate and the functional consequences of genetic associations remain only partially 

characterized. A current hypothesis is that, in genetically susceptible individuals, epigen-

etic modifications constitute the driving force for disease initiation24. As epigenetic alter-

ations can occur years before fibrosis appears, these changes could represent a potential 

link between inflammation and tissue fibrosis. Epigenetics is a fast-growing discipline, and a 

considerable number of important epigenetic studies in SSc have been published in the past 

few years22,25. With regards to epigenetic alterations this thesis describes novel findings on 

the alterations of histone post-translational modifications specifically in monocytes, hence 

this will have the main focus. However, changes in DNA methylation, microRNA and long 

non-coding RNA expression are epigenetic regulators of gene expression (summarized in 

figure 1.) are also suggested to be involved in the development and perpetuation of SSc. 
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Figure 1. Key epigenetic processes. (adapted 

from Nat Rev Rheumatol. 2018; 14:657-673)

a) Histone acetyltransferases (HATs) mediate 

the transfer of acetyl groups to lysine residues 

on histone tails. Histone deacetylases (HDACs) 

counterbalance HAT activity by deacetylating 

histones (as well as non-histone proteins). 

Histone methyltransferases (HMTs) and histone 

demethylases (HDMs) catalyse the transfer and 

the removal, respectively, of methyl groups 

on lysine and arginine residues on histones. A 

specific example of how H3K27 methylation 

(H3K27me3) and acetylation (H3K27a) can 

influence transcriptional regulation is given in 

the figure. b) DNA methyltransferases (DNMTs) 

convert cytosine to 5-methylcytosine (5mC) and 

promote transcriptional repression; converse-

ly, ten-eleven translocation methylcytosine 

dioxygenase (TET) proteins convert 5mC to 

5-hydroxymethylcyto- sine (5hmC) and, after 

intermediate reactions, promote DNA demethyl-

ation. c) Long non-coding RNAs (lncRNAs) have 

a wide range of functions, including establishing 

transcriptional initiation or repression and con-

trolling mRNA decay and protein translation. d) 

MicroRNAs (miRNAs) with near-perfect comple-

mentarity preferentially block protein synthesis 

by inhibiting translation, whereas miRNAs with 

perfect complementarity accelerate mRNA 

degradation. a, acetyl group; m, methyl group; 

pre-miRNA, precursor-miRNA.
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1.5.1  
histone modifications in systemic sclerosis

Aberrant gene expression as a result of histone post-translational modifications is known to 

be involved in the pathogenesis of SSc25. Histone acetylation and methylation are currently 

the most commonly described epigenetic modifications in the field of SSc research; therefore, 

elucidating the role of histone-modifying enzymes in this disease could provide insights into 

novel therapeutic strategies. For example, the expression of the histone deacetylase genes 

HDAC4 and HDAC5 are increased in endothelial cells from patients with SSc compared with 

those from healthy individuals, whereas HDAC6 expression is decreased26. Many genes that 

are regulated by the action of HDAC5 are involved in angiogenesis26, suggesting that the 

overexpression of HDAC5 contributes to disrupted angiogenic processes in SSc.

Histone acetylation is associated with a more open chromatin structure, enabling the 

binding of the transcriptional machinery and thereby promoting gene transcription. The 

potential effect of chromatin deacetylation in SSc was highlighted by a study in which the 

expression of KLF5 was decreased in fibroblasts from patients with SSc compared with 

fibroblasts from healthy individuals27. The degree of histone 3 (H3) and H4 acetylation 

at the promoter of this gene was lower in the fibroblasts from patients with SSc than in 

the healthy control fibroblasts, and treatment with HDAC inhibitors or DNMT inhibitors 

recovered KLF5 expression27. Similar epigenetic repression was observed for FLI127, vali-

dating the results of a previous study28. The combined downregulation of these two tran-

scription factors is thought to be important in the pathogenesis of SSc, as mice with double 

heterozygous deficiency of KLF5 and FLI1 produced autoantibodies and developed spon-

taneous skin and lung fibrosis27. KLF5 and FLI1 synergistically repressed the expression 

of connective tissue growth factor (CTGF), which is a known regulator of tissue remodel-

ing and fibrosis. These findings suggest that the epigenetic repression of KLF5 and FLI1 

in fibroblasts from patients with SSc is likely to underlie the increased CTGF expression 

observed in these cells27.

The sirtuins (class III HDACs involved in cell survival and inflammation) SIRT1, SIRT3 and 

SIRT7 are regulators of SMAD transcription factor–TGFβ signalling in fibroblasts and 

have been implicated in the pathogenesis of SSc29-34. The expression of these sirtuins is 

generally decreased in dermal and pulmonary fibroblasts from patients with SSc. In two 

studies30,31, the decrease in SIRT1 correlated inversely with the modified Rodnan skin score 

(mRSS), a measure of disease activity. The results of another study29 suggested that the 

decrease in SIRT1 was greater in patients with dcSSc and patients with pulmonary fibrosis 

than in patients with lcSSc and patients who did not have pulmonary fibrosis, respective-

ly. Activation of SIRT1 with either resveratrol or the more specific activators SA3 and 

SRT1720 led to a less fibrotic and inflammatory phenotype in both cultured fibroblasts and 

in the bleomycin-induced mouse model of SSc29,31,35. Similarly, in vitro activation of SIRT3 

with hexafluoro in fibroblasts inhibited the activation of SMAD2, SMAD3 and STAT3 upon 

TGFβ stimulation, and mice treated with hexafluoro showed attenuation of bleomycin-in-

duced fibrosis in the lung and skin34.
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Histone methylation can result in either increased or suppressed transcription of nearby 

genes. Global levels of H3K27me3, a known repressive mark, were lower in CD4+ T cells 

from patients with SSc than in CD4+ T cells from healthy individuals36. This decrease in 

expression inversely correlated with an increase in expression of JMJD3 (also known as 

KDM6B), which encodes the histone demethylase jumonji domain-containing protein 3 

(JMJD3), whereas the expression of genes encoding other histone demethylases, such as 

UTX (also known as KDM6A) and EZH2, was unchanged36. This same pattern of increased 

expression of JMJD3 and unchanged expression of UTX was also found in fibroblasts from 

patients with SSc (compared with fibroblasts from healthy individuals), although the number 

of H3K27me3-positive fibroblasts in the skin of patients with SSc compared with in healthy 

skin was increased rather than decreased37. Increased concentrations of JMJD3 caused 

reduced H3K27me3 at the promoter of FOSL2, which encodes the transcription factor FRA2 

thought to be involved in regulating ECM production, the expression of which is increased in 

fibroblasts from patients with SSc37. Stimulation of fibroblasts from healthy individuals with 

TGFβ caused the upregulation of JMJD3 expression in a SMAD3- dependent manner and 

a general decrease of H3K27me332. Treating rat fibroblasts with TGFβ also led to an accu-

mulation of the activating histone mark H3K4me3 at the promoters of COL1A1, COL1A2 

and ACTA2, genes encoding the ECM components collagen I and II and α-smooth muscle 

actin (αSMA)38. Altogether, these results show that TGFβ–SMAD signaling pathways, which 

are implicated in the pathogenic ECM production that occurs in SSc, are closely linked to 

targetable epigenetic histone-modifying enzymes. Figure 2 summarizes recent discoveries 

on epigenetic changes in circulating immune cells, endothelial cells and fibroblasts of SSc 

patients. 

1.5.2  
targeting histone modifications in systemic sclerosis

Therapies aimed at epigenetic processes that attempt to confer balance to dysregulated 

histone modifications are currently under investigation. For example, the HDAC inhibitor 

trichostatin A (TSA) restored the expression of Wnt inhibitory factor 1 (WIF1), an inhibitory 

regulator of Wnt signalling that is suppressed in fibroblasts from patients with SSc39. In vivo, 

TSA reduced disease in a bleomycin-induced mouse model of skin fibrosis by suppressing 

β-catenin, type I collagen and αSMA expression39, results that were in line with previous 

findings40. However, in a bleomycin-induced pulmonary fibrosis model, the anti-fibrot-

ic properties of TSA were limited41. Although the expression of Sftpc, which is necessary 

for correct alveolar function, and the epithelial marker Cdh1 were clearly increased, no 

reduction in expression of the mesenchymal gene VIM was observed and epithelial-to-mes-

enchymal transition was not inhibited in vitro. Additionally, in both the inflammatory and 

fibrotic phases of bleomycin treatment in vivo, TSA did not reduce immune cell infiltrates 

in the airspaces, nor did it have a statistically significant anti-fibrotic effect41. In line with 

these findings, the HDAC inhibitor valproic acid induced the production of IL-6, a pro-fibrot-
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Figure 2. Genetic and epigenetic influences 

on the pathogenesis of systemic sclerosis. 

(adapted from Nat Rev Rheumatol. 2018; 

14:657-673) The figure highlights the genetic 

and epigenetic findings in systemic sclerosis 

(SSc) made over the past 4 years. Selected 

examples are described. a) In the blood, 

circulating immune cells contribute to the 

pro-inflammatory and autoimmune responses 

that are the hallmarks of SSc. High concentra-
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tions of CXC-chemokine ligand 4 (CXCL4) in 

the circulation could possibly function as an 

imprinting factor during the differentiation of 

monocytes into monocyte-derived dendritic 

cells (moDCs) and increase their inflammatory 

responses. The increased expression of histone 

deacetylase 5 (HDAC5) in endothelial cells of 

SSc patients contributes to disrupted angiogenic 

processes by downregulating genes involved in 

angiogenesis  b) In SSc fibroblasts or fibroblasts 

exposed to transforming growth factor-β (TGFβ), 

the diminished activity of sirtuins (SIRTs)1–3 

and the epigenetic repression of PARP1 sustain 

the SMAD3 signaling pathway and collagen 

and α-smooth muscle actin (αSMA) synthesis. 

These changes, in combination with the histone 

deacetylation causing the decreased activity 

of the KLF5–FLI1 transcription factor complex 

at the connective tissue growth factor (CTGF) 

promoter region, may initiate myofibroblast 

differentiation processes. Oxidative DNA 

damage leads to the recruitment of the HDAC3 

to the WIF1 promoter, favoring Wnt signaling 

and collagen production. IL13R, IL-13 receptor; 

ITGB3, β3 integrin; JMJD3, jumonji domain-con-

taining protein 3; MeCP2, methyl-CpG-binding 

protein 2; PARP1, poly(ADP-ribose) polymerase 

1; PDGF, platelet-derived growth factor; TGFBR, 

TGFβ receptor; TSIX, XIST antisense RNA.

ic cytokine, in a paraquat-induced mouse model of pulmonary fibrosis, whereas the histone 

acetyltransferase (HAT) inhibitor anacardic acid had the opposite effect42. 

Aberrant regulation of HATs, as previously observed to occur in fibroblasts from patients 

with SSc43, might have a role in fibrosis. Resveratrol, a nonspecific compound that activates 

the class III HDAC SIRT1, had anti-fibrotic effects in-vitro concomitant with a reduction 

in HAT p300 activity31. Treatment of fibroblasts from patients with SSc with resveratrol 

resulted in reduced collagen and αSMA expression, and in bleomycin-challenged mice, 

resveratrol attenuated lung and skin fibrosis29,31,35. However, fibroblast-specific knockout 

of SIRT1 led to a decrease in skin thickness and a reduced number of myofibroblasts in 

bleomycin-treated mice30. These contrasting findings might be caused by the well-known 

off-targets effects of resveratrol44, but they might also result from the cell-specific and tis-

sue-specific functions of SIRT1 in fibrosis. The use of selective activators of SIRT1 and/or 

knockdown technologies, pharmacological treatment strategies (such as therapeutic versus 

prophylactic models) and treatment timing should be given close attention. 

Histone demethylase and histone methyltransferase inhibitors (GSKJ4 and DZNep, re-

spectively) both reduced fibrosis in experimental models37,45. However, although reducing 

collagen and αSMA expression in bleomycin-challenged lung tissue44 and displaying protec-

tive functions in experimental liver fibrosis46, in vitro, DZNep increased the TLR8-mediated 

production of two pro-fibrotic factors, TIMP1 and FRA2, in monocytes47 and induced 

collagen and αSMA expression in skin fibroblasts co-cultured with TIMP1-producing 

monocytes48. Furthermore, DZNep has also previously been shown to exacerbate bleo-

mycin-induced skin fibrosis49. Taken together, these results might indicate organ-specific 

functions for DZNep. 

Bromodomain and extra-terminal domain (BET) proteins are also critical epigenetic regu-
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lators of gene transcription. In fact, BET proteins recognize acetylated lysine residues and 

therefore have a role in acetylation-mediated transcriptional activation or suppression50. 

Despite not being fully characterized in SSc, BET proteins were shown to modulate fibrotic 

processes51. Further evaluation of BET inhibitors will thus be useful to understand how 

abrogation of the reading of the epigenetic code can affect pathological processes in SSc.

— 1.6  

Monocytes in systemic sclerosis

Monocytes are circulating immune cells, constituting 5-10% of the leukocytes in healthy 

blood. Monocytes are classified into classical, intermediate and non-classical monocytes 

based on their CD14 and CD16 expression patterns52. These cells play an important role 

in the inflammatory response and are essential for the innate response to pathogens52 

However, monocytes are also involved in the pathogenesis of inflammatory diseases, like 

SSc48,59,68,70. As previously mentioned, the influx of immune cells observed in the affected 

skin of SSc patients is suggested to be an important contributing factor to (myo)fibroblast 

activation. Multiple studies have previously identified an increase of monocyte chemo-

attractant proteins 1 (MCP-1) and 3 (MCP-3) as well as interleukin (IL)8 in SSc skin or an 

increased production thereof by SSc fibroblasts53-57. These factors induce a firm adhesion 

of monocytes to endothelial cells, thereby aiding in the extravasation into the skin58. Not 

surprisingly, the immune cell infiltrates in SSc skin have consistently been shown to consist 

mainly of monocytes and macrophages which are likely differentiated from infiltrating 

monocytes57,58,60 and were also shown to have an activated phenotype61. Additionally, an 

activated phenotype of alveolar macrophages was observed in the lungs of SSc patients 

suffering from ILD62. Indeed, the macrophages residing in the inflammatory tissue are 

suggested to be derived from infiltrating monocytes and proposed to largely outnumber the 

tissue-resident macrophages known to divide upon activation63. Supporting the importance 

of these cells as “drivers” of fibrosis is the fact that the expression levels of CD14, SERPINE1, 

and more macrophage markers found in SSc skin biopsies have been determined to be the 

strongest predictors of fibrotic exacerbation over time64. Macrophages have also been 

implicated in the pathogenesis of other fibrotic conditions, such as liver fibrosis65, kidney 

fibrosis66, and myocardial fibrosis67. Interestingly, the circulating monocytes of SSc patients 

were found to have a different phenotype compared with healthy donors. In SSc patients 

with ILD, monocytes with an enhanced profibrotic phenotype, as measured by pro-collagen 

1 positivity, were observed in circulation68. SSc-ILD patients also had increased numbers of 

monocytes displaying macrophage markers in circulation compared with ILD negative SSc 

patients69. Another study found that monocytes of SSc patients displayed an increased mat-

uration towards myofibroblasts, demonstrated by their phenotype and αSMA expression, 

when compared with healthy monocytes70. Lastly, another indication of monocyte activa-

tion in SSc is the presence of the so-called interferon signature (increased expression of 
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interferon responsive genes) coinciding with the increased expression of B-cell activating 

factor (BAFF) and an increase in type III procollagen N-terminal propeptide (PIIINP) serum 

levels71. The notion that this signature is present before the onset of overt fibrosis supports 

the idea that monocyte activation is an early event in SSc pathogenesis and that the preven-

tion thereof may merit therapeutic intervention to improve the disease prognosis71.

— 1.7  

CXCL4 and angiopoietins in systemic sclerosis

Various signaling proteins have been described to be aberrantly present in the affected 

tissue and the circulation of SSc patients. Two important examples thereof are the increased 

amount of CXCL472 and the disturbed balance between angiopoietin (Ang)1 and Ang2, with 

a significant decrease of Ang1 and an increase of Ang273. Understanding how such proteins 

contribute to the onset or perpetuation of SSc by means of their interactions with cells im-

plicated in SSc pathogenesis may lead to novel insights into potential therapeutic strategies.

1.7.1  
cxcl4

CXCL4, also known as platelet factor 4 (PF4) is a small 70 amino acid cytokine, belonging to 

the CXC chemokine family, which is abundantly released at sites of inflammation74,75. CXCL4 

can be derived from various sources, it is stored in α-granules of platelets and released upon 

platelet activation76,77 and it can be produced by immune cells such as mast cells78, dendritic 

cells72,79,80, monocytes81 and T-cells82. An increase of platelet frequency and activation is 

commonly observed at sites of endothelial damage and acute inflammation, as well as at 

sites of chronic inflammation present in several autoimmune diseases83-85.

Classic roles attributed to CXCL4 are its potential to inhibit angiogenesis86,87 and its contri-

bution to coagulation by interfering with the binding of heparin-like molecules88 implying its 

importance in the process of wound healing85,89. Another role of CXCL4, relevant to SSc, is 

its potential to function as a chemotactic factor for monocytes, neutrophils and T-cells75,90,91. 

The chemotactic properties of CXCL4 were shown to depend on different receptors with 

ligation to CXCR3 and CCR1 in T-cells and monocytes, respectively91,92. More recent studies 

revealed that CXCL4 plays a critical role in modulating the function of monocytes and mac-

rophages, promoting monocytes survival93, cytokine production94 and macrophage differ-

entiation95,96. In line with the pleotropic function of CXCL4, its dysregulation is implicated in 

various pathological conditions including autoimmune disorders such as atherosclerosis97,98, 

rheumatoid arthritis (RA)99 antiphospholipid syndrome100 and primary Sjögren’s syndrome 

pSS101. Members of our group suggested increased serum levels of CXCL4 as a biomarker 

for SSc which correlates with disease progression and severity72. Other studies have since 

described various roles for CXCL4 in the pathogenesis of SSc80,102,103.
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1.7.2  
angiopoietins

Given that vascular alterations are an early hallmark of SSc, the role of disturbed angio-

genic factors and the implications of vascular damage for the development of fibrosis has 

been studied extensively104. Angiopoietins comprise a family of four structurally related 

proteins, termed Ang-1, Ang-2, Ang-3, and Ang-4, which are ligands for the tyrosine kinase 

Tie2 receptor. Ang-1 is described to be an agonistic ligand of Tie2, which is expressed on the 

cell surface of endothelial cells. In adults, the binding of Ang-1 to Tie2 induces phosphor-

ylation of the p85 subunit of phosphatidylinositol 3-kinase (PI3K) which in turn activates 

AKT signaling to stimulate the inhibition of pro-apoptotic proteins to support endothelial 

cell survival105,106. Ang-2, on the other hand, was found to be an antagonistic ligand of Tie2 

and to inhibit Ang-1/Tie2 signaling by competitive binding to the receptor. thereby disrupt-

ing blood vessel formation107. In line with these suggested modes of action, the decrease 

of Ang1 and the increase of Ang2 observed in the serum of SSc patients may, at least in 

part, explain the vascular damage observed in these patients. Indeed, the serum level of 

Ang2 was shown to be positively correlated with the mRSS and showed inverse correla-

tion with diffusing capacity for carbon monoxide (DLCO), a measure of lung function, in SSc 

patients73. Although the expression of Tie2 was initially considered exclusive to endothelial 

cells, Tie2-expressing macrophages/monocytes (TEMs) were later identified108. Ang2 was 

found to enhance monocyte migration109 and regulate their potential to produce cytokines, 

such as TNF-α110. The importance of this Ang-2/Tie2 signaling axis in monocytes for the 

pathogenesis of SSc has not been extensively studied.

— 1.8  

Aims and outline of this thesis

For this thesis, my aims were to i) investigate whether monocytes of SSc patients are dys-

regulated, ii) describe how this dysregulation relates to the clinical observations in SSc, and 

iii) elucidate how monocytes and monocyte derived macrophages contribute to the inflam-

mation and fibrogenesis observed in the skin of SSc patients.

In the first part of this thesis I focused on large screening methods to identify changes 

in the frequency, the transcriptome, and the chromatin landscape of monocytes in SSc 

patients, and compared these with observations in healthy people or patients suffering 

from other autoimmune disorders.

First, in Chapter 2, I describe the results of a published study in which we performed a large-

scale phenotyping of circulating immune cells in patients with SSc, systemic lupus erythe-

matosus (SLE) and pSS using cytometry by time-of-flight (CyToF) analysis.  In this study, 

we investigated changes in the frequency of various immune cell subsets and determined 

whether such changes were correlated to the clinical features of the different autoimmune 

diseases.
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In Chapter 3, I present the published data from a transcriptomic study, carried out by RNA 

sequencing, on monocytes of healthy donors and SSc patients. The aim of this study was to 

detect altered gene expression signatures and describe dysregulated biological pathways 

in these cells. Using chromatin immunoprecipitation followed by sequencing (ChIPseq) 

analysis of histone marks (associated with active gene enhancers and promoters), I further 

describe how genome-wide changes in epigenetic histone modifications underlie the 

observed alterations in gene expression.

Chapter 4 describes the transcriptomic and ChIPseq analysis in monocytes of patients with 

SSc, SLE or RA. These screenings were performed to obtain a genome-wide profile of the 

so-called bivalent or poised promoters in these cells. In this work, aside from describing 

the observed differences at the epigenomic and transcriptomic level between patients and 

healthy people, we merged these data layers to describe differences in the epigenetic im-

printing of monocytes underlying altered gene expression in the different disease.

In Chapter 5 I describe the implications of the Ang1/Ang2 imbalance in SSc monocytes. 

Using human recombinant Ang1/2, SSc serum, Ang blocking antibodies and an inhibitor of 

the Ang receptor Tie2, we determined whether Ang1 and Ang 2 can induce a pro-inflamma-

tory state in healthy and SSc monocytes.

In Chapter 6 I present a published study showing that SSc biomarker CXCL4 induces the 

production of pro-inflammatory and pro-fibrotic factors by monocytes and macrophages. 

Through this work, I assessed the implications of these monocyte derived factors in the 

context of the SSc hallmark of dermal fibrosis by studying the effect of CXCL4-conditioned 

macrophage supernatant on the production of inflammatory cytokines and ECM molecules 

by dermal fibroblasts.

Overall, in this thesis I describe the changes that monocytes of SSc patients undergo on 

various levels and define the implications of these alterations in the context of the current 

knowledge of SSc. All findings of this thesis are summarized and discussed in Chapter 7. 

In this chapter I also elaborate on how our results contribute to the knowledge on the 

important role of monocytes in SSc pathogenesis and explain why our findings provide a 

rationale for future research into the prevention of monocyte activation and migration as a 

therapeutic strategy in SSc.
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Abstract 

Systemic sclerosis (SSc), systemic lupus erythematosus (SLE) and primary Sjögrens syndrome 

(pSS) are clinically distinct systemic autoimmune diseases (SADs) that share molecular 

pathways. We quantified the frequency of circulating immune-cells in 169 patients with 

these SADs and 44 healty controls (HC) using mass-cytometry and assessed the diagnostic 

value of these results. Alterations in the frequency of immune-cell subsets were present 

in all SADs compared to HC. Most alterations, including a decrease of CD56hi NK-cells in 

SSc and IgM+ Bcells in pSS, were disease specific; only a reduced frequency of plasmacyt-

oid dendritic cells was common between all SADs. Strikingly, hierarchical clustering of SSc 

patients identified 4 clusters associated with different clinical phenotypes, and 9 of the 12 

cell subset-alterations in SSc were also present during the preclinical-phase of the disease. 

Additionally, we found a strong association between the use of prednisone and alterations 

in Bcell subsets. Although differences in immune-cell frequencies between these SADs are 

apparent, the discriminative value thereof is too low for diagnostic purposes. Within each 

disease, mass cytometry analyses revealed distinct patterns between endophenotypes. 

Given the lack of tools enabling early diagnosis of SSc, our results justify further research 

into the value of cellular phenotyping as a diagnostic aid. 
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Sjögren’s syndrome; systemic sclerosis; systemic lupus erythematosus;  CyTOF; 

immunophenotyping
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SSc, systemic sclerosis; SLE, systemic lupus erythematosus; pSS, primary Sjögrens syndrome; SAD, 
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— 1 
 

Introduction

Systemic sclerosis (SSc), systemic lupus erythematosus (SLE) and primary Sjögren’s 

syndrome (pSS) are systemic autoimmune diseases (SADs), which are characterized by 

signs of autoimmunity that include the production of antinuclear antibodies and disease 

specific organ involvement. Moreover,  many features of immunopathology are common 

among these SADs. For instance, genome-wide association studies have revealed a genetic 

background commonly shared between SSc, SLE, and pSS. Additionally, and probably most 

appreciated, a large number of patients suffering from one of these three diseases present 

with a so-called type I interferon signature. As such, there is clear evidence for commonly 

shared pathogenic activation of molecular pathways [1–4]. In contrast, these SADs are clin-

ically quite distinct. Where the cardinal features of SSc include fibrosis of skin and internal 

organs, SLE is typified by immune complex deposition culminating in tissue damage in 

virtually any organ system. pSS patients, on the other hand, mainly suffer from dryness of 

the eyes and mouth associated with inflammation in salivary and lacrimal glands. 

Propelled by recent technological advances, the molecular analysis of circulating immune 

cells, for instance by flow cytometry, has brought insights into our understanding of SADs 

[5]. Examples thereof are the increases in CD27hi plasmablasts which are associated with 

disease activity in SLE [6] and the increased frequency of CD16+ monocytes associated 

with more extensive skin fibrosis in SSc [7]. Flow cytometry analysis is however limited by its 

maximum amount of measurable parameters due to spectral overlap of fluorescent signals. 

This is overcome by Cytometry by time of flight (CyTOF), a relatively new technique that 

harnesses antibodies conjugated to isotopically purified heavy metal atoms with unique 

masses allowing the simultaneous detection of a large amount antigens at a single cell level 

using mass spectrometry. As such, CyTOF holds great promise as a novel tool to dissect the 

pathogenesis of complex diseases [5]. CyTOF has not yet been employed to study patients 

with SLE and SSc nor has it been applied to directly compare different SADs. A recent study 

describing the results of CyTOF analyses on circulating immune cells from subjects with 

pSS identified distinct subtypes of patients related to changes in the abundance of specific 

immune cells [8] underscoring the utility of this technique in the molecular classification of 

this type of diseases. 

Here we applied CYTOF to directly compare different SADs in an attempt to dissect both 

distinct and overlapping patterns of circulating immune cells thereby aiming at molecular 

classification of SADs rather than on their diagnostic vignettes. Our results confirmed recent 

observations in patients with pSS by Mingeneau et al., as well as a previously observed 

decrease of CD56+ NK-cells in SSc patients [8-10]. In addition, we identified both over-

lapping and distinct immune cell phenotypic alterations among patients with SSc, SLE, and 

pSS. Importantly, by including patients in different clinical stages of SSc, we observed that 

certain cellular changes appear in the earliest phases of disease. 
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Table 1: demographic and clinical characteristics of study patients

  HC (44) SSc (n=88) SLE (n=31) pSS (n=23) eaSSc (n=15) LoS (n=12)

Age 50(39-55) 54 (48 – 66) 43 (34 - 54) 56 (51 - 64) 66 (46 - 77) 52 (33 - 65)

Female 93 83% 100% 100% 93% 67%

Antinuclear 
antibodies NA 93% 100% 87% 93% NA

Anticentromere 
antibodies NA 40% NA NA 73% NA

Anti-Scl70 antibodies NA 27% NA NA 13% NA

Interstitial Lung 
Disease NA 28% NA NA 0% NA

Disease activity/
severity* NA 5 (3 - 10) 4 (1 - 6) 5 (2 - 6) N.P 17 (8 - 23)

Leukocyte count NA 7.5 (6.0 - 9.4) 6.1 (4.7 - 8) 4.8 (3.6 - 6.3) 6.6 (4.6 - 7.6) NA

Prednisone NA 28% 48% 9% 13% 8%

Immunosuppressants 
(other than 

prednisone)
NA 25% 84% 17% 7% NA

anti-dsDNA  
antibodies (IU/mL) NA NA 12 (2 - 93) NA NA NA

C3 (g/L) NA NA 0.89 (0.70 
- 1.08) NA NA NA

C4 (g/L) NA NA 0.18 (0.13 
- 0.23) NA NA NA

Anti-Ro (SSA) 
antibodies NA NA 39% 83% NA NA

Anti-La (SSB) 
antibodies NA NA 16% 65% NA NA

Lymphocytic 
Focusscore NA NA NA 2 (2 - 2) NA NA

Serum IgG (g/L) NA NA NA 14 (12 - 18) NA NA

Subtype

  ncSSc 32% Nephritis 
45%

Generalized 
25%

  LcSSc 42% Linear 42%

  DcSSc 26% Linear + 
deep 8%

  MEP 16%

  Linear+MEP 
+ECDS 8%

*SSc: mRSS, SLE: SLEDAI, pSS: ESSDAI, LoS: mLOSSI

NA: not assessed, MEP: morphea en plaque, ECDS: en coup de sabre

Medians with interquartile range or percentage of total
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— 2
  

Results

— 2.1  

Clinical characteristics

CyTOF analysis was performed on PBMCs of the 213 subjects included in the study. The 

identification cohort consisted of 19 SSc patients, 13 SLE patients, 8 pSS patients and 22 HC. 

The replication cohort consisted of 69 SSc patients, 18 SLE patients, 15 pSS patients and 22 

HC. In addition, 12 LoS patients and 15 patients with eaSSc were studied. For a complete de-

scription of demographic and clinical characteristics of the study patients and the number 

of patients receiving immunomodulatory treatment see Table 1 and Supplementary table 2. 

— 2.2  

Identification of unique and distinct alterations in cellular distribution 

in SSc, SLE, and pSS

T-distributed stochastic neighbour embedding (t-SNE) was used to identify cell populations 

which were then gated manually (Supplementary Fig 1&2). A total of 44 unique populations 

were identified, including rare cell types such as BDCA3+ dendritic cells. We first compared 

the relative frequency of these cell populations across three autoimmune conditions (SSc, 

SLE, and pSS) to their frequency in HC in the identification cohort. In SSc, SLE, and pSS, 17, 

21, and 12 subsets were respectively decreased and 7, 7, and 10 subsets were respective-

ly increased as compared with HC. In the replication cohort 17, 22, and 14 subsets were 

decreased and 11, 9, and 21 subsets were increased in SSc, SLE, and pSS, respectively (Fig 
1A). By comparative analysis of the identification and replication cohorts, in SSc, 12 popu-

lations were consistently altered as compared to HC (7 decreased  / 5 increased). Similarly, 

in SLE, 10 populations (9 decreased / 1 increased) and in pSS 7 populations (3 decreased / 

4 increased) were consistently found to be different in the circulation compared to HC (Fig 
1A-B).
Similar trends were present for the various immune cell populations in patients with SSc, 

SLE, and pSS (Fig 1C), though these did not always reach statistical significance in all diseases 

in both cohorts. For instance, HLA-DR positive CD8 T cells (HLA-DR+ CD8) were only sig-

nificantly increased in both identification and replication cohort in pSS patients, although 

similar trends were seen in SSc and SLE (Fig 1C). Conversely, some cell types show consis-

tently altered frequencies in a single distinct disease, including the decreased frequency 

of CD56hi NK-in SSc patients and IgM+ B cells in pSS patients (Fig 1C). The only consis-

tent common cellular denominator for all three diseases, was the significantly reduced 

frequency of plasmacytoid dendritic cells (pDCs) (Fig 1B& C). In patients with pSS, out of the 

six populations that were previously identified as a “Sjögren’s signature” by Mingueneau et 

al [8] by CyTOF, we were able to replicate four; the increase in HLA-DR+ CD4 and HLA-DR+ 



II

34

Figure 1. Cytof analysis identifies distinct and 

shared alterations of cell frequencies in SSc, 

SLE, and pSS patients. A) Venn diagrams of 

cell populations with increased or decreased 

frequencies in patients with SSc, SLE, or pSS in 

identification (dashed line) and replication (con-

tinuous line) cohorts. Green indicates validated 

populations. B) Venn diagram of validated popu-

lations with increased or decreased frequencies. 

C) Heatmaps of validated populations in SSc, 

SLE, and pSS in both identification (N=22, 19, 

13, and 8 for HC, SSc, SLE and pSS respective-

ly)  and replication cohorts (N=22, 69, 18, and 

15 for HC, SSc, SLE and pSS respectively). Red 

squares indicate significantly altered in patients 

versus controls. D) Changes in cell frequencies 

after merging the data from both cohorts (N= 

44, 88, 31 and 23 for HC, SSc, SLE and pSS 

respectively) 

* p<0.05, ** p<0.01, *** p<0.001,**** p<0.0001 

(Student’s t-test). Colours in heatmaps represent 

the mean z-score as compared with HC (yellow 

represents increased and blue represents 

decreased as compared with HC). 



II

35

Figure 2. Clinical associations of altered cell 

frequencies in SSc

A) Spearman correlations of altered cell frequen-

cies with clinical parameters in SSc patients 

(N=88). B) Correlation of increases in classical 

monocyte subsets with modified Rodnan skin 

score and the frequency of monocytes in 

patients with (N=25) or without (N=63) ILD 

(Student’s t-test). C) Hierarchical clustering 

analysis of altered cell frequencies identifies 4 

clusters of SSc patients. D) Prevalence of clinical 

and serological SSc subsets among the identified 

clusters. E) mRSS of patients among the four 

clusters. F) frequency of total monocytes and 

monocyte subsets among the four clusters. 

G) Concentration of CXCL10 and CXCL11 in 

plasma of patients among the four clusters 

(Kruskal Wallis with Dunn post-test). * p<0.05, 

** p<0.01, *** p<0.001,**** p<0.0001.
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CD8 T cells and the decrease in memory B cells (Bmem) and pDCs. (Fig 1C). The increase 

in plasmablasts and the decrease in CD4+ T cells was not replicated in both cohorts but 

reached significance in the combined analysis (Fig 1D and sup Fig 3A). A significant increase 

in plasmablasts and a decrease in IgD+ memory B cells was observed in the identification and 

replication cohort for SLE patients (Fig 1C). Additionally, a significant increase in plasmab-

lasts (p=0.01) and decrease in IgM+ B cells (p=0.03), both as a proportion of total B cells, was 

found in patients with high disease activity (SLEDAI score ≥6 (n=9)) as compared to patients 

with low disease activity (SLEDAI < 6 (n=22)) (sup fig 3B). These populations also signifi-

cantly correlated with the levels of anti-dsDNA antibodies (ρ=0.515, p=0.003 and ρ=-0.479, 

p=0.006 respectively) (sup fig 3C). Although some cellular subsets display disease specific 

changes, other subsets follow similar trends across the three diseases and reached signifi-

cance when we merged the data from both cohorts (Fig 1D). Due to this partial overlap of 

alterations in immune cell frequencies among patients, the clinical classification of SADs 

into different silos could not be confirmed on the level of circulating immune cell subsets.

— 2.3  

The frequency of monocyte subsets correlates with disease severity in 

SSc patients

As the group of SSc patients comprised of different clinical phenotypes including limited and 

diffuse cutaneous disease as well as non-cutaneous SSc, we further investigated whether cir-

culating immune cell populations could be used to distinguish SSc endophenotypes. We used 

the merged data from both cohorts to assess the correlation between changes in immune cell 

frequencies and clinical parameters of SSc patients (Fig 2A). Increased monocyte frequen-

cies observed in the circulation of SSc patients correlated significantly with the extent of skin 

fibrosis (r=0.48, p=0.0001) (Fig 2A and 2B). Additionally, we found that SSc patients with ILD 

(n=25) have significantly more classical monocytes in circulation compared to those without 

(n=63) (p=0.01, Fig 2B). In line with this finding, we found an inverse correlation between the 

number of circulating total monocytes and the DLco (Fig 2A). Hierarchical clustering of SSc 

patients based on the frequencies of the consistently altered cell populations in SSc identi-

fied 4 clusters of SSc patients (Fig 2C). Cluster 1 (n=16) was characterized by high CD16+ 

monocytes and low memory B cell subsets, cluster 2 (n=25) was mainly marked by increased 

classical monocytes, cluster 3 (n=8) had larger amounts of memory B cells while patients in 

cluster 4 (n=37) typically had lower numbers of circulating classical monocytes. In line with 

our univariate analysis we found a significant enrichment of patients with diffuse cutaneous 

disease (52%) in cluster 2 (Fig 2D) presenting with markedly increased circulating monocytes 

and high mRSS (Fig 2E and 2F). On the contrary, patients in clusters 1 are often patients with 

limited skin involvement (48.6%) and in cluster 4 the majority of patients had no skin involve-

ment(42,2%) (Fig 2D). These findings indicate that the distribution of monocyte subsets is 

able to identify clinical subsets of SSc patients. Interestingly, the patients in Cluster 2 had the 
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strongest increase of CXCL10 and CXCL11 in the plasma (Fig 2G). As these chemokines are 

associated with SSc disease progression and severity [17,18], this is in-line with the increased 

mRSS and frequency of diffuse cutaneous disease.

— 2.4  

Changes in immune cell frequencies typical for SSc are present in the 

early phases of the disease.

Before the onset of overt skin fibrosis and other organ involvement, patient with Raynaud’s 

phenomenon and positivity for SSc-specific autoantibodies and/or typical nailfold capil-

laroscopy abnormalities are considered “earlySSc” patients [15]. Considering the irrevers-

ible nature of skin and organ fibrosis and the negative impact thereof on the quality of life 

and the prognosis of SSc patients, this early phase is considered a window of opportunity for 

disease intervention [19]. Comparing the earlySSc patients with healthy donors revealed 

that 9 out of 12 cell subsets whose frequency was significantly changed in SSc patients are 

already significantly altered in patients with the earliest phases of the disease, including a 

typical increase in non-classical monocytes (Fig 3A). LoS patients classically present with 

fibrosis confined to the skin and underlying tissues. Hence, LoS is considered a local disease 

rather than systemic. Remarkably, we found that 5 out of the aforementioned 12 cell subsets 

were also significantly altered in LoS patients (Fig 3B), including classical monocytes and 

memory B cells. The increased frequency of intermediate and non-classical monocytes was 

specific for early and definite SSc (Fig 3C).

— 2.5  

Effects of prednisone use on immune cell composition

Immunosuppressant drugs may alter the frequency of immune cell populations and a sub-

stantial proportion of patients with SSc (28%) and SLE (43%) were treated with prednisone. 

Comparing SSc and SLE patients treated with prednisone to those who were not revealed 

13 cell populations that were significantly reduced in the circulation of patients treated with 

prednisone as compared with patients not treated with prednisone (Fig 4A). There were no 

cell populations found to be increased. These decreased populations mainly consisted of B 

cells and their subsets, suggesting a preferential effect of prednisone on B cells, both in SLE 

and SSc (Fig 4B).
To evaluate to what extent the use of prednisone affected our results, we assessed the 

frequency of the cell populations identified previously as differential in SSc or SLE patients 

in individuals that were not treated with prednisone. In SSc, all populations that were found 

to be differentially expressed in the circulation in the overall analysis were still significantly 

altered in patients not treated with prednisone when compared with HC. Therefore, the use 

of prednisone had no impact on our results obtained from SSc patients (Fig 4C). In patients 
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Figure 3. Comparison of altered cell frequen-

cies between SSc, early SSc and LoS

A) Heatmap of altered cell frequencies of 

SSc patients in patients with pre-clinical SSc 

(early SSc) (N=15) and LoS (N=12), populations 

that were not significantly altered are not 

displayed (Student’s t-test). B) Venn diagrams 

of altered cell populations in patients with SSc 

compared with patients with early SSc and 

LoS. C) frequency of monocyte subsets in SSc, 

early SSc and localized SSc as compared with 

HC (Student’s t-test). * p<0.05, ** p<0.01, *** 

p<0.001, ****p<0.0001. Colours in heatmaps 

represent the mean z-score as compared with 

HC (yellow represents increased and blue rep-

resents decreased as compared with HC).
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Figure 4. Effects of glucocorticoids on circulat-

ing cell frequencies in SSc and SLE. A) Altered 

cell frequencies between patients treated with 

(N=25 and 16) or without (N=63 and 15) pred-

nisone in SSc (continuous line) or SLE (dashed 

line), respectively. No healthy controls were 

studied in this analysis B) Heatmap of decreased 

cell populations in patients treated with pred-

nisone in both SSc and SLE. C) Significantly 

differentially expressed cell populations in 

SSc (N=63) or SLE(N=15)patients not treated 

with prednisone as compared with HC (N=44) 

in comparison to the “replicated” altered cell 

frequencies as reported in figure 1. D) Heatmap 

of validated altered cell frequencies in patients 

treated with or without prednisone. Populations 

in red are not significantly altered in patients 

not treated with prednisone as compared with 

HC E) Decrease in plasmacytoid dendritic cells 

is also present in patients not treated with pred-

nisone(Student’s t-test). * p<0.05, ** p<0.01. 

Colours in heatmaps represent the mean 

z-score as compared with HC (yellow represents 

increased and blue represents decreased as 

compared with HC).
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with SLE 7/9 and 0/1 populations that were validated as decreased or increased respective-

ly were also significantly decreased or increased in patients not treated with prednisone. 

Of these, the increased frequency in plasmablasts and decreased frequency in CD16++ NK 

cells and IgM+ B cells were not confirmed in SLE patients that were not treated with predni-

sone (Fig 4D). Importantly, the observed reduction in pDCs found in SADs is not likely to be 

caused by the use of prednisolone (Fig 4D). 

— 3
  

Discussion

 

SADs are heterogeneous multifactorial diseases marked by dysregulation of multiple 

immune cell subsets. Previous research on the pathophysiology of SADs implies that it 

is unlikely that a single cell type is the root cause of the pathogenesis. Rather a complex 

interplay of various immune cells could lead to the specific disease phenotype in each of 

these autoimmune disorders. Here we report results from CyTOF analyses aiming at phe-

notyping the peripheral immune compartment in an identification and replication cohort of 

patients with SSc, SLE, and pSS. Although some changes in cell subsets were unique for one 

or two of the diseases investigated, the discriminative power of these individual changes 

was too low for diagnostic purposes. In line with this observation, unsupervised clustering 

of the data across SADs did not lead to a clustering of patients in line with their diagnos-

tic vignettes. Hence, in our hands, extensive cell phenotyping cannot be used for molecular 

stratification of disease which suggests that other molecular approaches must be taken to 

achieve this goal. 

It is however possible to use extensive cell phenotyping when studying different endophe-

notypes of diseases. For instance, we were able to replicate previous finding regarding 

the alteration in the frequency of six immune-cell subsets described as the pSS signature 

[8] and we demonstrate that CyTOF analysis revealed changes in SSc phenotypes both 

spatially (limited vs. diffuse cutaneous SSc) and temporally (fibrotic vs. non-fibrotic). Thus, 

simultaneous quantification of a large number of immune cell subsets and their correlation 

with clinical and biological markers of disease can be helpful in the treatment of these 

conditions. In addition, such analyses can also gain insights in the pathophysiology of these 

SADs and how they relate to one another. Further research is warranted to investigate the 

precise role of the cell-types identified to be dysregulated in the various SADs.

pDCs are major producers of IFNα and pDCs are therefore considered the source of the 

type I IFN signature which is shared among SSc, SLE, and pSS [20]. We observed a significant 
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reduction in the frequency of circulating pDCs in SSc, SLE and pSS patients. The reduction 

in pDCs,  which is the only alteration observed in all studied SADs, may reflect migration 

of pDCs into tissues where they may locally produce type I IFNs as pDCs have been found 

in affected skin of SSc and SLE patients and in salivary glands of pSS patients [21–23]. An 

alternative explanation for the decrease in pDCs would be the decreased survival of these 

cells. In line with this, we recently reported that the increased expression of microRNA-618 

in pDCs of patients with SSc inhibits their development by reducing the expression of inter-

feron regulatory factor 8 (IRF8) [24]. Similarly, in SLE we found that the reduced expression 

of miRNAs in pDCs was affecting pathways related to apoptosis [25]. Decreased survival 

of pDCs may therefore also be a result of increased apoptosis and dysregulated miRNA 

expression is emerging as an underlying cause. The reduction in pDCs was most strongly 

observed in patients with SLE and pSS as compared with SSc whereas the IFN signature is 

most prominent in patients with pSS and SLE as compared with SSc patients [1,30], suggest-

ing a relation between the IFN signature and decrease in pDCs. In our work, the decrease of 

pDCs was observed to be independent of prednisone treatment.

Notably, where pDCs were found reduced in all diseases, increases in monocyte subsets were 

found to be relatively specific for SSc. The extent of the increase in circulating monocytes was 

related to disease severity and interestingly this increase was already observed in patients 

with preclinical evidence of SSc. Using hierarchical clustering based on the frequency of 

cell subsets, we identified a cluster of SSc patients, cluster 2, characterized by an increased 

frequency in monocyte subsets and more extensive skin fibrosis. Additionally, the patients 

in this cluster had the strongest increase of circulating CXCL10 and CXCL11, chemokines 

previously associated with SSc disease progression and severity[17,18]. These observations 

corroborate previous findings of increased numbers of monocytes in circulation and skin of 

SSc patients [26] and an increase of CD16+ non-classical monocytes observed in diffuse SSc 

patients [7]. Further supporting the fact that monocytes might be central mediators in the 

pathophysiology of SSc, it was recently shown that the interferon signature is present in SSc 

monocytes even before the onset of overt fibrosis [3]. In addition, a pronounced profibrotic 

phenotype [27] and increased release of profibrotic mediators such as CCL18 and IL-10 by 

SSc monocytes upon stimulation have been described [28]. Finally, monocytes in the cir-

culation of SSc patients present an M2-type phenotype and their differentiation following 

migration into the affected tissues may play a pivotal role in the overt production of extra-

cellular matrix [29].

We found that the majority of changes identified in fibrotic SSc patients are already 

apparent in the pre-fibrotic stage of this disease. Given the lack of diagnostic biomark-

ers it is tempting to speculate that CyTOF can be of use here. CyTOF is expensive but 

given the results it is highly likely that these results can similarly be obtained by using a 

more targeted approach using ordinary flow cytometry techniques. Hence, we may have 
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revealed biomarkers for the early diagnosis of SSc which justifies further research into the 

true prospective relevance and value. 

Mingueneau et al recently employed CyTOF on peripheral blood of a large cohort of 

patients with pSS and identified a so-called “Sjögren signature” consisting of an increase 

in HLA-DR+ CD4+ and CD8+ T-cells and plasmablasts together with a decrease in pDCs, 

memory B-cells and total CD4+ T-cells [8]. In our study we were able to replicate 4 of 

these changed cell subsets, the increase in HLA-DR+ CD4 and HLA-DR+ CD8 T cells and 

the decrease in memory B cells (Bmem) and pDCs was also found in our study. One expla-

nation for the differences in results may lie in the use of an identification and replication 

strategy in our study. For instance, plasmablasts are clearly increased in our identification 

cohort of pSS patients but were not replicated in the replication cohort (as shown in figure 
1C). Differences in clinical characteristics may further influence the discrepancies between 

studies, including differences in disease activity, which was higher in our cohort (median 

ESSDAI 5 in our cohort compared with mean ESSDAI of 2 in the previously studied cohort).

Ageing may affect the composition of the peripheral immune compartment which possibly 

influences the pathogenesis of autoimmune diseases [32]. The age of onset differs among 

patients with SSc, SLE and pSS with the youngest age of onset seen in patients with SLE, 

followed by SSc and pSS, as reflected in table 1. The HC in our study were age-matched to 

the average of these separate patient groups for both identification and replication cohort. 

Therefore we did not correct for age in our final results. 

There was a mild difference in the age of the SSc patients as compared with the healthy 

donors in the replication cohort (p=0.03). Correcting for age in this cohort affected the sig-

nificance of three out of twelve populations, this was the case for both the memory B-cells 

and the CD20+ B-cells as a percentage of total B-cells, and the pDCs (corrected p-values 

0.06, 0.08 and 0.09 respectively). However, these three populations did not correlate with 

age in the healthy donors, suggesting that these populations are not affected by ageing in 

the general population. Therefore, in this study we cannot draw definite conclusions on the 

effects of ageing on the composition of the peripheral immune compartment in patients with 

autoimmune diseases. Further studies, ideally with longitudinal sampling in both patients 

and healthy donors, are warranted to address this point.

Taken together, we show that SADs show considerable overlap between alterations in the 

frequency of circulating immune cell subsets and that the spurious disease specific differ-

ences observed are not sufficiently discriminative to aid the diagnosis. Hence, our analysis 

suggests that CyTOF analysis is not capable of overcoming the diagnostic pillars and un-

supervised clustering did not reveal alterations in cell frequencies that could be used to 

sort patients on the  basis of their respective clinical vignettes. As accumulating evidence 

suggest a molecular overlap between subsets of patients with the different SADs our data 

suggest that other technologies are imperative for stratifying patients molecularly. On the 

contrary, we do show value for cell phenotype analysis in the determination of endopheno-

types relevant for risk assessment and treatment.
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— 4 
 

Materials and methods 

— 4.1  

Study participants

Independent identification and replication cohorts consisting of patients with SSc, SLE, and 

pSS as well as healthy controls (HC) were studied. Samples of patients were obtained in 

the clinics of the University medical center Utrecht, the Maasstad hospital Rotterdam, the 

Radboud university medical center Nijmegen and the Scleroderma Unit of the Fondazione 

IRCCS Ca’ Granda Policlinico di Milano. Patients with SSc(n=88), SLE(n=31), and pSS(n=23) 

fulfilled their respective classification criteria [11–13]. SSc patients were stratified as having 

limited or diffuse cutaneous SSc (LcSSc(n=37) or DcSSc(n=23) respectively) based on the 

extent of skin fibrosis. SSc patients that met the classification criteria but did not have skin 

fibrosis (modified rodnan skin score = 0) were classified as non-cutaneous SSc (ncSSc) (n=28) 

[14]. Furthermore, patients with early SSc (eaSSc n=15) according to the Leroy and Medsger 

criteria were included [15]. EaSSc patients did not meet the ACR classification criteria for 

definite SSc. Additionally, patients presenting with a typical phenotype of localized sclero-

derma (LoS) were included. The study was approved by the local research ethics commit-

tees, and informed written consent was obtained from all patients and control subjects.

Disease activity was scored by measuring the modified Rodnan skin score (mRSS) in SSc, 

the SELENA modification of the SLE disease activity index (SLEDAI) in SLE, the European 

Sjögren’s Syndrome Disease activity score (ESSDAI) in pSS and the modified Localized 

Scleroderma Skin Severity Index (mLOSSI) in LoS. The presence of interstitial lung disease 

(ILD) in SSc patients was identified as typical involvement of the lung parenchyma >5% on 

high resolution CT accompanied by a reduced forced vital capacity (FVC) or a diffusing 

capacity for carbon monoxide (DLco) < 80% of predicted in patients with SSc.

— 4.2  

Cell and plasma isolation

Peripheral blood mononuclear cells (PBMCs) were isolated by Ficoll gradient from whole 

blood within 2 hours after drawing of the blood into lithium-heparin tubes. PBMCs were 

washed with low-barium PBS, resuspended at 6 million per millilitre in low barium PBS. To 

avoid the detection of dead cells, PBMCs were fixed in 2% methanol-free formaldehyde 

(Thermofisher scientific) directly after isolation and washing.The PBMCs were washed twice 

with PBS–0.5% BSA–0.02% sodium azide after which cells were resuspended in freshly 

made PBS–0.5% BSA–0.02% sodium azide. Aliquots containing 2 million cells each were im-

mediately frozen on dry ice and stored at −80°C until shipment to Biogen (Cambridge, USA) 

for mass cytometry analysis. Plasma was prepared from 5 ml of peripheral blood by centrif-

ugation at 1,500g for 10 minutes within 2 hours after drawing into EDTA tubes. The levels 
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of CXCL10 and CXCL11 were measured by the MultiPlex Core Facility of the Laboratory 

of Translational Immunology (University Medical Center Utrecht). An in house–developed 

multiplex immunoassay based on Luminex technology (xMAP; Luminex) was utilized. 

— 4.3  

Mass cytometry

Paraformaldehyde-fixed and frozen cell suspensions were thawed on ice. Samples were 

stained and prepared for CyTOF analysis, as previously described [8] using an optimized 

cocktail of metal-conjugated antibodies designed to identify human blood cell subsets (see 

supplementary Table 1). The identification cohort was acquired on a CyTOF II device and 

the replication cohort was acquired on the CyTOF II Helios (Fluidigm, South San Francisco, 

USA). To overcome day-to-day variation in the antibody detection levels the data was nor-

malized to internal bead standards. Principal component analysis performed with only 

healthy donor samples indicated that no strong batch effect was present in the datasets 

for the identification and the replication cohorts (data not shown). viSNE plots were made 

using CellAccense Software [16] to identify populations of cells. The frequency of cell 

subsets was subsequently identified by means of manual gating using FlowJo software 

(TreeStar) If needed, a population of cells that was highly expressing a certain marker as 

identified by viSNE was used to define the cut-off value in the gating strategy within each 

donor. The resulting cellular proportions were exported into SPSS 21 (IBM) for statistical 

analysis and Prism (GraphPad Software) for visualization of the data. Frequencies of cells 

were reported as percentage of CD45+ cells after exclusion of dead cells and doublets. For 

subsets of specific lineages (T cells, B cells, monocytes and NK cells), percentages were also 

reported as proportion of the subset. During both the experimental process and the subse-

quent analysis, the guidelines referring to mass cytometry as described in the “Guidelines 

for the use of flow cytometry and cell sorting in immunological studies” [33] were followed.

— 4.4  

Statistics

T-tests were used to compare the cell frequencies between patient groups and healthy 

donors after log-transformation. Differences between patients with SSc, SLE, and pSS were 

compared with HC in the identification cohort at an explorative p-value of 0.1. Subsets 

with a p-value <0.05 in the replication cohort were considered as validated populations. 

Correlation heatmaps and dot plots show the nonparametric Spearman rank correlation 

coefficient. Using the R base package cell frequencies were quantile normalized and clus-

tering was performed based on Euclidean distance and wards minimal variance method. 

The chi-square test was used to compare the proportions of patient-subsets present in the 

clusters. Paired plasma measurements were available for 52/86 of the SSc patients from the 

clustering analysis.
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Supplementary table 1

Antigen Symbol Mass Clone

CD45 Y 89 HI30

CD4 Cd 110-115 RPA-T4

Beads Ce 140  

CCR6 Pr 141 11A9

CD19 Nd 142 HIB19

CD5 Nd 143 UCHT2

HLA-ABC Nd 144 W6-32

CD80 Nd 145 2D10.4

IgD Nd 146 IA6-2

CD20 Sm 147 2H7

CD16 Nd 148 3G8

CD45RO Sm 149 UCHL1

CD123 Eu 151 6H6

TCR Gamma Delta Sm 152 11F2

CD303 Eu 153 201A

CD1c Sm 154 L161

CD86 Gd 156 IT2.2

CD27 Gd 158 L128

CCR7 Tb 159 G043H7

CD14 Gd 160 RMO52

CD11c Dy 162 Bu15

CXCR3 Dy 163 G025H7

CD161 Dy 164 HP-3G10

CD40 Ho 165 5C3

CD24 Er 166 ML5

CD38 Er 167 HIT2

CD8 Er 168 SK1

CD25 Tm 169 2A3

CD3 Er 170 UCHT1

CXCR5 Yb 171 RF8B2

Supplementary data
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Antigen Symbol Mass Clone

IgM Yb 172 MHM-88

CD141 Yb 173 1A4

HLA-DR Yb 174 L243

CCR4 Lu 175 205410

CD56 Yb 176 NCAM16.2

List of antibodies and isotopes used to generate the CyTOF dataset

Supplementary table 2

 Number of patients MTX Pred MMF HCQ AZA antiIL6

LoS 12 3 1 0 0 0 0

total SSc 88 5 25 2 3 0 4

dcSSc 23 5 13 2 2 0 4

lcSSc 37 0 9 0 1 0 0

ncSSc 28 0 3 0 0 0 0

earlySSc 15 0 2 0 1 0 0

SLE 31 1 15 5 23 7 0

pSS 23 1 0 0 3 0 0

MTX = methotrexate ; Pred = Prednisone ; MMF = Mycofenolate Mofetil ; HCQ = hydroxy-
chloroquine ; AZA = Azathioprine ; anti-IL6 = tocilizumab ; CCB = calcium channel blockers 

Numbers of patients treated with immunosuppressant drugs
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Supplementary figure 1

Supplementary figure 1. Gating strategy 

Gating Strategy used to quantify the different 

immune cell-subsets in the studied cohorts as 

described in the methods and materials section.
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Supplementary figure 2
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Supplementary Figure 2: viSNE plots

viSNE plot of 1 subject indicating the used 

markers gated on CD45+ DNA+ single cells.
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Supplementary figure 3

Supplementary Figure 3. Alterations in the 

frequency of CD4+ Tcells in pSS patients and 

correlation of immune-cell subsets in SLE 

patients with disease activity and auto-anti-

body titers

A) Frequency of CD4+ Tcells in HC and patients 

with SSc, SLE, and pSS after combining identi-

fication and replication cohort. B) Frequency of 

Plasmablasts and IgM+Bcells as a percentage of 

total Bcells in HC and SLE patients with active 

(SLEDAI≥6) versus inactive (SLEDAI<6) disease. 

C) Correlation of Plasmablasts and IgM+Bcells 

as a percentage of total Bcells with the titer of 

anti-dsDNA antibodies. * p<0.05
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Abstract

 

Background and objective: Systemic sclerosis (SSc) is a severe auto-immune disease, in 

which the pathogenesis is dependent upon both genetic and epigenetic factors. Altered 

gene expression in SSc-monocytes, particularly of interferon(IFN)-responsive genes, 

suggests their involvement in SSc development. We investigated the correlation between 

epigenetic histone marks and gene expression in SSc-monocytes.

methods

Chromatin-immunoprecipitation followed by sequencing (ChIPseq) for histone marks 

H3K4me3 and H3K27ac was performed on monocytes of 9 healthy controls (HC) and 14 

SSc patients.  RNA-sequencing was performed in parallel to identify aberrantly expressed 

genes and their correlation with the levels of H3K4me3 and H3K27ac located nearby 

their transcription start sites. ChIP-qPCR assays were used to verify the role of bromo-

domain-proteins, H3K27ac and STATs on IFN-responsive gene expression. 

results

1046 and 534 genomic loci showed aberrant H3K4me3 and H3K27ac marks, respectively, 

in SSc-monocytes. The expression of 381 genes was directly and significantly proportion-

al to the levels of such chromatin marks present near their transcription start site. Genes 

correlated to altered histone marks were enriched for immune-, interferon- and anti-viral 

pathways and presented with recurrent binding sites for IRF and STAT transcription factors 

at their promoters. IFNα induced the binding of STAT1 and STAT2 at the promoter of two of 

these genes, while blocking acetylation readers using the bromodomain BET family inhibitor 

JQ-1 suppressed their expression. 

conclusion

SSc-monocytes have altered chromatin marks correlating with their IFN signature. Enzymes 

modulating these reversible marks may provide interesting therapeutic targets to restore 

monocyte homeostasis to treat or even prevent SSc.

keywords

Systemic sclerosis, epigenetics, histone modification, monocytes, epigenetic targeting
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key messages 
What is already known about this subject?

 •  Monocytes isolated from SSc patients present with an altered transcriptome profile, 

particularly in interferon(IFN)-responsive genes, however the underlying pathways 

responsible of these aberrances are unclear. 

 •  Chromatin remodeling driven by histone modifications entails an important epigenetic 

factor regulating gene expression. Previous studies in SSc have only looked at single-pro-

moter or total changes of histone modifications. 

What does this study add?
 •  Simultaneous analysis of genome-wide histone alterations and transcriptomics data 

in SSc identified that altered H3K4me3 and H3K27ac, epigenetically imprinting the 

activation of promoters and enhancers, are associated with aberrant gene expression in 

SSc monocytes.

 •  Alterations in histone acetylation and methylation are mostly associated to IFN-related 

genes and are similar in all SSc subsets, including early SSc patients, suggesting that these 

aberrant epigenetic marks may contribute to disease onset by initiating or sustaining this 

pathway.

How might this impact on clinical practice?
 •  Enzymes responsible for the deposition and maintenance of histone acetylation or 

methylation, or their binding partners, may provide interesting therapeutic targets to 

restore monocyte homeostasis to treat or even prevent SSc. 
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Introduction

 

Systemic sclerosis (SSc) is a severe autoimmune disease characterized by progressive 

and uncontrollable fibrosis of the skin and visceral organs including the lungs, hearth, and 

kidneys causing morbidity and increased mortality1. The aetiology of SSc is poorly under-

stood and no preventive measures or curing therapy exists. Research on the onset and pro-

gression of this deforming disease points at an early activation of circulating immune cells 

and their subsequent infiltration into the affected organs2,3,4,5. The release of cytokines and 

chemokines by these cells can cause activation of endothelial cells and fibroblasts, resulting 

in deposition of excessive amounts of extracellular matrix6,7,8,9. Later stages of SSc are often 

marked by irreversible skin fibrosis affecting the reticular dermis and subjacent adipose 

layer resulting in a largely acellular and atrophic skin10. The mechanisms triggering this 

fibrotic response are still poorly understood. Preventing the activation and migration of 

immune cells could have beneficial effects on the disease prognosis or halt fibrosis onset. 

Monocyte numbers are higher in SSc patients in both the skin and circulation5. Furthermore, 

SSc monocytes present with an increased expression of IFN-dependent genes11,12, an 

enhanced pro-fibrotic phenotype13 and release larger amounts of pro-inflammatory 

mediators upon stimulation14. Importantly, the expression of IFN-responsive genes in cir-

culating immune cells and in the skin of SSc patients correlates with the degree of skin 

fibrosis and the presence of severe clinical phenotypes15,16,17,18. Although the differences 

between healthy and SSc monocytes are well established, the underlying pathways causing 

their aberrant gene expression and activated phenotype as well as their importance in the 

onset of fibrosis and perpetuation of SSc are unknown. Unraveling these pathways could 

lead to the identification of novel therapeutic targets.

Genome-wide association studies (GWAS) have demonstrated that SSc susceptibility loci 

are linked to immune-related genes, indicating that immune system dysregulation is likely 

a driving force of SSc development19,20. However, considering the low concordance rate 

of SSc in monozygotic twins (4.2%)21 it is clear that genetic factors account for a small 

percentage of the risk to develop SSc. Environmental influences altering epigenetic factors 

such as histone modifications, noncoding RNA and DNA methylation are thought to play a 

major role in SSc development20.

Histones are fundamental proteins that stabilize and store DNA in chromatin form. Post 

transcriptional modifications of histones lead to structural changes of the chromatin, either 

allowing or repressing gene transcription. Trimethylation of lysine 4 of histone 3 (H3K4me3) 

indicates active promoters while acetylation on lysine 27 of histone 3 (H3K27ac) is found 

in active enhancer and promoter elements22,23. Histone modifications in fibroblasts and 

B-cells of SSc patients have been implicated in their altered phenotype20. However, the 
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importance of epigenetic mechanisms underlying immune system dysregulation in SSc 

and their role in the development of fibrosis are unknown for most immune cell subsets 

including monocytes.

With the aim of investigating the potential for epigenetic targeting in SSc, we examined 

the association of altered histone modifications at gene promoters and enhancers with 

differential gene expression in SSc monocytes, using ChIPseq of H3K4me3 and H3K27ac 

in parallel with transcriptome analysis. 

Methods and materials

Study participants

Peripheral blood was drawn from SSc patients as well as age- and gender-matched healthy 

control (HC). Informed consent was obtained from all patients and healthy donors enrolled 

in the study at the University Medical Center Utrecht, the Maasstad Medical Center 

Rotterdam and the IRCCS Policlinico of Milan. All samples and clinical information were 

treated anonymously right after they were obtained. All SSc patients fulfilled the ACR/

EULAR 2013 classification criteria and were divided into a discovery and a validation cohort 

(Table 1). All individuals in the discovery cohort were of European ancestry (self-report-

ed and confirmed by principal component analysis of genotyping data (not shown). The 

discovery cohort was analyzed by RNAseq, while ChIPseq experiments were conducted on 

a subset of patients of the same cohort, according to sample availability. SSc patients were 

subdivided  into limited cutaneous SSc (lcSSc) and diffuse cutaneous (dcSSc)subsets on the 

basis of the extent of skin fibrosis, (Leroy J Rheumatol 1988). Non-cutaneous SSc (ncSSc) 

patients met the 2013 ACR/EULAR criteria of SSc without having fibrosis at the time of re-

cruitment. Early SSc (eaSSc) patients presented with Raynaud’s phenomenon (RP) in combi-

nation with either typical nailfold videocapillaroscopy (NVC) abnormalities or SSc-specific 

autoantibodies. Ongoing treatment regimen of the discovery-cohort are reflected in the 

supplementary methods (supplementary table S4).

A detailed description of the methods and materials used for experiments can be found in 

the supplementary data. 
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Table 1. Demographics and clinical characteris-

tics of patients included in the study

Values reported indicate the number (n) of 

patients and the median for each parameter 

(Interquartile Range (IQR)), if not otherwise 

indicated. White and grey fields indicate 

features of patients of the same cohort analysed 

either with RNAseq/qPCR or ChIPseq/ChIP-

qPCR, respectively. Yr., years; ANA, antinuclear 

antibodies; pos, positivity; ACA, anticentromere 

antibodies; Scl70, antitopoisomerase antibod-

ies; mRSS, modified Rodnan Skin score; ILD, 

Interstitial Lung disease; HC, healthy controls; 

ncSSc, non-cutaneous SSc; lcSSc, limited 

cutaneous SSc; dcSSc, diffuse cutaneous SSc; 

eaSSc, early SSc. 
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Figure 1. H3K4me3 and H3K27ac marks 

are altered in monocytes of SSc patients in 

genomic locations important for the regulation 

of gene expression.

(A) The abundance of H3K4me3 and H3K27ac 

was quantified by means of ChIPseq at the 

genome-wide level using monoclonal antibodies 

recognizing these specific histone modifications. 

The number (and percentage %) of differentially 

expressed peaks (p<0.05) in each SSc group or 

between all SSc considered together vs healthy 

controls (HC) were identified as described in 

the M&M section and represented by Venn 

Diagrams. Up-regulated (UP) and down-regu-

lated (DOWN) genes are represented in distinct 

groups. (B) Differentially expressed H3K4me3 

and H3K27ac peaks were intersected with 

regulatory elements annotated by ENCODE. 

Bar graphs indicate the percentage of peaks 

overlapping with previously annotated regulato-

ry regions. 

(C) Genes were categorized into seven ranks 

according to the fold change in mRNA expres-

sion, from log2FC higher than 1 to lower than 

-1. The total amount of H3K4me3/H3K27ac 

peaks identified (all) or only those significant-

ly higher (up) or lower (down) in SSc patients 

compared to healthy donors were associated to 

the aforementioned categories of genes for all 

genes having their TSS within 20Kbp from the 

peak. The ratio of upregulated genes over the 

downregulated genes for each group of peaks 

was normalized for the ratio observed in the (all) 

group and reported on the top of each bar. The 

Chi-square test was used to assess significant 

differences in the distribution of up/down 

regulated genes when associated to differen-

tially abundant peaks as compared to the total 

distribution (all). FC, fold change. **P<0.01, *** 

P<0.001.
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Figure 2. Altered H3K4me3 and H3K27ac 

levels correlate with gene expression in SSc 

monocytes.

(A) Venn diagram indicating the amount (and 

percentage %) of genes whose expression is 

directly and significantly correlated to changes 

in the level of H3K27ac or H3K4me3 within 

20Kbp of their TSS (P<0.05). Only genes asso-

ciated to peaks that were significantly altered 

(either “up” or “down”) in SSc patients versus 

healthy donors were considered. (B) Pathways 

significantly enriched on the combined list of 

genes correlated to significantly upregulated 

H3K27ac and/or H3K4me3 peaks within 20Kbp 

from their TSS. Pathways were grouped in those 

IFN-related (black), leading to immune cell 

activation (white) and implicated in response 

to infection (grey). Bar graph represents the 

number of genes in each pathway, while dots 

indicate the corresponding enrichment p-value 

after FDR B&H. (C) Correlation of the expres-

sion of Myxoma Resistance Protein 1 (MX1) 

and Cytidine/Uridine Monophosphate Kinase 

2 (CMPK2) with the level of H3K27ac within 
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20Kbp from the TSS in the Discovery cohort. 

(D) RT-qPCR quantification of MX1 and CMPK2 

expression in the ChIP-qPCR Validation cohort. 

FC, fold change. (E) ChIP-qPCR analysis of 

H3K27ac at the promoter of MX1 and CMPK2 

in the ChIP-qPCR Validation cohort. Detection 

of H3k27ac at the promoter of prolactin (PRL) 

was used as a negative control. Data are 

expressed as enrichment percentage over input 

DNA, horizontal bars represent means. 

Results

 
The transcriptome profile and distribution of the histone marks H3K4me3 and H3K27ac 
are altered in monocytes of SSc patients
Consistent with previous literature based on microarray analysis24, RNAseq of monocytes 

from lcSSc (n=11), dcSSc (n=7) and healthy controls (HC, n=9) (Table 1) demonstrated 

that the transcriptome of SSc monocytes is markedly different from that of their healthy 

counterparts (Supplementary Figure S1A). Upregulated genes were particularly enriched 

in pathways relevant for monocyte activation and pathways associated with SSc such as 

IFN response, cytokine/chemokine signaling and intracellular immune activation pathways 

(Supplementary Figure S1B). PCA revealed no strong transcriptomic differences between 

treated and treatment naïve patients (not shown)

To gain insights into factors underlying alterations in the transcriptome profile, genome-wide 

screening of the level of H3K4me3 and H3K27ac histone modifications was performed 

using ChIPseq analysis on a subset of subjects from the same cohort (lcSSc, n=9; dcSSc, 

n=6; HC, n=7) (Table 1). Out of 13860 H3K4me3 and 13364 H3K27ac peaks identified and 

localized within 20Kbp from the transcription start site (TSS) of a gene, 1046 and 534, re-

spectively, were differentially abundant in at least one group of SSc patients compared to 

HC (Figure 1A). 55,6% of the H3K4me3 and 61,1% of the H3K27ac peaks were upregulated 

in SSc patients. 

Significant changes in the levels of H3K4me3 and H3K27ac mainly occurred in genomic 

regions containing promoters and promoter-flanking regions (Figure 1B), indicating that 

altered histone marks in SSc patients may affect the expression of neighboring genes. To 

assess this hypothesis, variations in H3K4me3 and H3K27ac were paralleled with expres-

sion changes of genes in proximity of the peaks. Consistent with previous literature demon-

strating the presence of these marks at active promoters and enhancers25, increased levels 

of H3K4me3 and H3K27ac were significantly associated with the upregulation of nearby 

genes, while a decrease in these marks correlated with downregulated gene expression 

(Figure 1C). These findings demonstrated that SSc monocytes carry alterations of the 
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chromatin landscape in regions relevant for gene transcription that are associated with 

changes in gene expression.

Variations in H3K4me3 and H3K27ac are associated with the increased expression of 
immune-, interferon- and anti-viral response- related genes.
To identify genes whose expression is most strongly influenced by altered histone marks in 

SSc monocytes, the abundance of H3K4me3 and H3K27ac was directly correlated with the 

mRNA level of nearby genes. The expression of 302 and 114 genes was directly and signifi-

cantly proportional to the amount of H3K4me3 and H3K27ac near their TSS, respectively 

(Figure 2A). For 35 genes, the expression was significantly correlated with both chromatin 

marks (Figure 2A). Pathway enrichment analysis revealed that genes whose expression is 

correlated with increased histone marks are involved in immune regulatory processes iden-

tified as dysregulated by means of RNAseq, including IFN and anti-viral related pathways 

and signaling implicated in cell-to-cell communication (Figure 2B). Genes correlating with 

decreased H3K4me3 or H3K27ac marks were not enriched in any pathways. Demonstrating 

the reproducibility of these findings, the association between the expression of two IFN-

responsive genes (Figure 2C), myxoma resistance Protein 1 (MX1) and cytidine/uridine 

monophosphate kinase 2 (CMPK2), and the altered levels of H3K27ac was validated in an 

additional cohort of SSc patients (N=14) and healthy donors (N=5) by targeted ChIP-qPCR 

analysis (Figure 2D and E). Most importantly, the upregulation of both the histone mark and 

gene expression was similar for all SSc subsets analyzed (Supplementary Figure S2), was 

not correlated to disease duration (not shown), and was also observed in early-SSc patients 

(Figure 2E). In summary, hyper-active promoters were reproducibly associated with genes 

involved in pathways altered in SSc monocytes and previously linked to SSc pathogenesis 

and severity, even before the onset of fibrosis26,27.

Genes with altered promoters in SSc monocytes are regulated by the STAT and IRF tran-
scription factor families.
The presence of H3K4me3 and H3K27ac near the TSS strongly correlate with transcrip-

tion factor (TF) binding and gene expression28,29. Prediction analysis for TF binding sites was 

performed on genomic sequences characterized by altered histone marks in SSc. As TF pre-

dominantly binds in DNAse-hypersensitive sites (DHS)30 the intersection of ChIPseq data 

with DHS tracks specific for CD14+ monocytes was used to conduct the analysis (Figure 3A). 

An enrichment of binding sites for IRF and STAT TF family members was found in both hy-

per-methylated and hyper-acetylated regions in SSc monocytes (Figure 3B). Confirming this 

prediction, 166 out of the 236 genes whose expression is correlated with increased histone 

mark deposition are reported to have a STAT or IRF binding site at their genomic locus 

(Figure 3C). Ingenuity pathway analysis provided further evidence that the most relevant 

upstream TFs driving the expression of upregulated genes in SSc monocytes are STAT and 
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Figure 3. H3K4me3 and H3K27ac peaks asso-

ciated with upregulated genes overlap binding 

sites for transcription factors of the IRF and 

STAT family and overlap with their expression.

(A) Example of overlap of the tracks for 

H3K4me3, H3K27ac as detected by ChIPseq 

and the DNase hyper-sensitive sites (DHS) 

signal from the ENCODE/OpenChrom database 

(GSE32970). 

(B) List of the top-10 transcription factor 

binding sites enriched under DHS overlapping 

with H3K27ac or H3K4me3 peaks significant-

ly altered in SSc patients, versus a set of 10% 

randomly selected peaks from the DHS dataset. 
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The adjusted p-values were obtained using 

Bonferroni correction. (C) Number of H3K27ac 

and H3K4me3 peaks correlated to upregulated 

genes in SSc monocytes that contain a STAT 

or IRF binding site annotated in the ENSEMBL 

regulatory build 76 61. STAT1 and STAT2 are also 

represented individually. (D) Upstream regulator 

analysis performed with Ingenuity pathway 

analysis. Top 10 transcription factors predicted 

to regulate the genes whose expression 

correlated to altered levels of H3K4me3 and 

H3K27ac (P<0.1) within 50Kb from their TSS. (E) 

Correlation between the expression of MX1 with 

STAT1 and STAT2 in the discovery cohort based 

on RNAseq data (left panels) and the validation 

cohort according to qPCR analysis (right panels). 

ChIP-qPCR quantification of STAT1(top) and 

STAT2(bottom) bound at the promoter of MX1 

in monocytes cultured for 2 hours either with 

or without IFNα. Analysis of STAT binding at the 

promoter of PRL was used as a negative control. 

Data shown as a percentage of the input DNA, 

assayed in triplicate, error bars indicate SEM.

IRF family members (Figure 3D). Consistently, 82% of the genes associated with increased 

histone marks significantly correlated with the expression of at least one IRF or STAT gene 

(Supplementary Table S1) suggesting that these TFs can underlie the altered activation of 

gene expression observed in SSc monocytes, in association with variations in chromatin 

marks.

The significant correlation of MX1 expression with STAT1 and STAT2 identified in the se-

quencing was replicated by qPCR analysis in a validation cohort comprising 79 SSc patients 

and 19 healthy controls (Figure 3E). A similar result was found for CMPK2 (Supplementary 
Figure S3A). Most importantly, both STAT1 and STAT2 were enriched on the promoter of 

MX1 and CMPK2 in a proof-of-concept experiment where monocytes were stimulated with 

IFNα (Figure 3F and Supplementary Figure S3B). STAT1/2 recruitment was paralleled by a 

similar level of induction in MX1/CMPK2 expression (Supplementary Figure S3C) demon-

strating the capability of STAT1 and STAT2 in regulating these IFN-responsive genes. 

Histone modifying enzymes and bromo-domain containing proteins are associated with 
aberrant gene expression in SSc patients
To further unravel those factors leading to altered histone marks and thus influencing 

gene expression in SSc monocytes, we used RNAseq data to retrieve the expression of 

164 enzymes involved in the deposition of methylation and acetylation marks, such as 

histone methyltransferases (HMTs), demethylases, histone acetyltransferase (HATs) or 

deacetylases (HDACs) and acetylation readers such as bromo-domain containing proteins 

(Supplementary Table S2).

The expression of 12 histone modifying enzymes was altered in SSc monocytes compared 

to HC monocytes (Supplementary Figure S4A), including a signature possibly leading to an 
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Figure 4. Aberrant histone acetylation depo-

sition and reading may be implicated in the 

altered transcriptome of SSc monocytes 

(A) Expression levels of Chromobox 4 (CBX4), 

Msx2-interacting protein (SPEN), Suppressor 

Of Variegation 3-9 Homolog 1 (SUV39H1) and 

Inhibitor Of Growth Family Member 4 (ING4) 

quantified in the discovery cohort by RNAseq.

(B) Induction of MX1 and CMPK2 gene expres-

sion upon stimulation of healthy monocytes with 

IFNα for 2 hours in the absence or presence of 

JQ1, as quantified by means of qPCR analysis.

overall increased acetylation, namely the decreased expression of chromobox 4 (CBX4), 

msx2-interacting protein (SPEN) and suppressor of variegation 3-9 homolog 1 (SUV39H1) 

that can result in a reduced histone de-acetylation activity31,32,33, and the increased expres-

sion of inhibitor of growth family member 4 (ING4) that can enhance H3K27ac deposi-

tion34 (Figure 4A). Importantly, the altered expression of these genes was also detected in 

SSc patients not yet presenting with skin fibrosis (Figure 4A). Interestingly, treatment of 

healthy monocytes with IFNα led to a similar regulation pattern for the majority of histone 

modifying enzymes altered in SSc monocytes (8 out of 12, Supplementary Figure S4B-C), 

as well as to the deposition of acetylation on the promoter of MX1 and CMPK2, two IFN-

dependent genes found to be associated with increased acetylation in SSc monocytes 

(Supplementary Figure S5). Using JQ1, a potent inhibitor of the BET family of bromodomain 

proteins that work as acetylation readers, we could inhibit the induction of both acetyla-
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tion and expression of MX1 and CMPK2 , validating the role of acetylation in the expres-

sion of genes found to be altered in SSc monocytes (Figure 4B). These results suggest that a 

disrupted control of histone acetylation in SSc monocytes may determine, at least partially, 

the variations observed in gene expression, including at the early disease stage. Additionally, 

modulation of acetylation reading could restore gene expression back to basal levels. 

 

 

Discussion

 

Systemic sclerosis is a complex multifactorial autoimmune disease whose pathogenesis is 

suggested to be orchestrated by genetic and epigenetic aberrances20,35. As accumulating 

studies indicate the therapeutic potential of epigenetic targeting, we sought evidence for an 

epigenetic distortion underlying the transcriptome alterations of SSc monocytes, including 

the well-known Type I IFN signature. This study reports for the first time in the field of SSc 

research a profile of two specific histone modifications at the genome-wide level. Combining 

ChIPseq data with publicly available data from ENCODE, we defined the presence of active 

enhancers and promoters, marked respectively by H3K27ac and H3K27ac plus H3K4me3, 

and verified that SSc monocytes are characterized by hypo- and hyper-active regulatory 

elements. Consistent with the knowledge that histone modifications are key epigenetic 

factors in immune cells both in differentiation and activation processes36,37, we demonstrat-

ed that altered chromatin marks, epigenetically imprinting the activation of promoters and 

enhancers, are associated with modified gene expression in SSc monocytes. 

We demonstrated that, in SSc monocytes, alterations in the expression of genes, in par-

ticular those involved in pathways related to the IFN response and cytokine signaling, are 

associated with altered promoter and enhancer activity. Among these, two of the most 

significantly correlated genes were MX1 and CMPK2. The expression of MX1 and other 

interferon-dependent genes in the lesional skin of SSc patients was reported to correlate 

with clinical features, such as the skin-thickness38 and coincides with the development 

of digital ulcers16, a decreased lung function15 and a more severe phenotype associated 

with increased mortality39. The altered expression of IFN responsive genes is evident from 

the earliest stages of the disease and is suggested to contribute to the pathogenesis and 

progression of SSc11,12,40. Consistently, we observed that alterations in histone acetylation 

and methylation associated to IFN-related genes are similar in all SSc subsets and are also 

found in early SSc patients, suggesting they may contribute to disease onset by initiating or 

sustaining this pathway. As the IFN signature is not limited to monocytes, it is possible that 

the altered deposition of histone modifications at the promoters of IFN-responsive genes is 

a common feature of multiple cell types in SSc. Considering that increased histone acetyl-
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ation and methylation levels have also been previously reported in other systemic autoim-

mune diseases, such as systemic lupus erythematosus (SLE)41,42,43, along with the presence 

of IFN signature, aberrant activation of promoters and enhancers may be a common occur-

rence in systemic auto-immunity. 

Besides the association with IFN-responsive genes, increased H3K4me3 levels were 

correlated with the expression of interleukin-8 (IL8) receptors CXCR1 and CXCR2 and 

the C-C chemokine receptor type 1 (CCR1) (Supplementary Table S3). These receptors 

were directly linked to the trans-endothelial migration of monocytes44,45 and their arrest 

to activated endothelium46. These observations, along with the notion that monocytes/

macrophages infiltrate the SSc skin, suggest that the enhanced migratory phenotype of 

SSc monocytes5 may be supported by the altered activity of the promoters of chemokine 

receptor genes. Considering the role of monocyte infiltration as a potential trigger of 

fibrosis47, these findings can be of utmost importance from the therapeutic perspective. 

Interestingly, also five members of the activating-type Fc receptors for IgG family (FCGR1B, 

FCGR1C, FCGR2A, FCGR3A and FCGR3B) are hyper-methylated near their transcription 

start site in SSc monocytes (Supplementary Table S3). Though the role of Fc receptors in au-

toimmune diseases has not been fully elucidated, studies suggest that the uptake of immune 

complexes via Fc-receptors leads to activation of toll-like receptor 7 or 9 and the production 

of cytokines such as IFN and IL848,49. Overall these observations suggest that the altered 

histone acetylation and methylation levels observed in SSc monocytes have a broad impact 

on their transcriptome profile, particularly on genes linked to pathways known to impact 

monocyte biology and likely linked to disease pathogenesis. 

Chromatin alterations are not directly responsible for the induced gene expression. The 

deposition of H3K27ac and H3K4me3 leads to chromatin unwinding, increasing accessi-

bility to transcription factors driving the expression of target genes50,25. In hyper-acetylat-

ed and hyper-methylated regions in SSc, we identified a strong enrichment of binding sites 

for various STAT and IRF transcription factors. Additionally, the expression of STAT1 and 

STAT2 was significantly increased in SSc monocytes and their expression strongly correlat-

ed with genes containing their binding site near the TSS (Supplementary table S1), including 

MX1 and CMPK2. Furthermore, the binding of STAT1 and STAT2 to the promoters of MX1 

and CMPK2 increased upon stimulation with IFNα. This demonstrated that STATs are, at 

least partially, responsible for the altered expression of these genes in SSc monocytes and 

suggests that this causal relationship maybe extended to other factors whose binding site 

is enriched under the altered chromatin marks. In line with these findings, the presence of 

IFNα and phosphorylated STAT1 in the affected skin of SSc patients was previously shown51 

and GWAS studies identified SSc-risk loci in regions encoding for various STAT and IRF tran-

scription factors52,53,54,55,56.

Considering the importance of H3K27ac and H3K4me3 chromatin marks in sustaining 
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gene expression, proteins responsible for the deposition and maintenance of these histone 

modifications and their binding partners may entail novel therapeutic targets in SSc. Twelve 

of such enzymes were differentially expressed in SSc patients, potentially leading, to an 

increased H3K27ac and/or H3K4me3 status, through different mechanisms31,32,33,34. A con-

sistent subset of such genes was also modulated, in the same direction, upon stimulation 

of healthy monocytes with IFNα. Consistently, IFNα induced the deposition of H3K27ac at 

the promoter of genes found altered in SSc monocytes. In the light of these results, we can 

speculate that exposure of monocytes to IFNa, possibly released by activated plasmacytoid 

DCs57,58, represents one of the factors affecting chromatin modifiers/readers and H3K27ac 

deposition in SSc monocytes, thus ultimately establishing the type I IFN signature. Further 

investigations should be directed to unravel the pathogenetic pathways contributing to 

increased H3K4me3, which we did not find to be modulated near the selected genes upon 

IFNa stimulation (not shown). In addition to altered soluble factors, as previously demon-

strated in healthy condition59, genetic differences may also underlie the altered epigenetic 

landscape in SSc patients.

Considering that the deposition of chromatin marks is reversible, targeting histone 

modifying enzymes could reprogram the epigenetic imprinting of SSc monocytes and con-

stitute a potential therapeutic strategy to revert their activated phenotype and block the 

development of fibrosis. This is particularly interesting considering that these enzymes and 

the H3K27ac levels are already altered in patients before the onset of fibrosis. In a proof-of-

concept experiment using IFNα-stimulated monocytes we demonstrated that interfering 

with acetylation readers, i.e. by inhibiting the activation of the transcriptional machinery 

using JQ1, modulates both the acetylation and the expression of genes that are also dysreg-

ulated in SSc monocytes. The inhibition of bromodomain proteins with compounds similar 

to JQ1 has previously shown clinical efficacy in in-vitro and animal models for various auto-

immune disorders60.

Taken together, as epigenetic targeting of the immune system holds great promise for the 

treatment of immune-mediated inflammatory diseases, our data justifies further research 

on the role of chromatin modifiers as therapeutic targets in SSc. At the early stages of 

disease onset, such targeting could aim at disease interception.
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Supplementary figure 1. Alterations in the 

transcriptome of SSc patients are enriched for 

genes that play a role in immune-, interferon- 

and anti-viral pathways.

(A) The transcription of monocytes from healthy 

volunteers and SSc patients was quantified by 

means of RNAseq. The number (and percentage 

%) of differentially expressed genes (p<0.05) in 

each SSc group or between all SSc considered 

together vs healthy controls (HC) were identified 

as described in the M&M section and repre-

sented in Venn Diagrams. Up-regulated (UP) and 

down-regulated (DOWN) genes are represented 

in distinct groups. 

(B) Pathways significantly enriched in the list of 

genes significantly upregulated in SSc patients 

compared to healthy volunteers. Bar graph rep-

resents the number of genes in each pathway, 

while dots indicate the correspondent enrich-

ment p-value after FDR B&H. Black bars group 

immune-related pathways, white bars highlight 

general cell pathways and grey bars indicate 

infection-response pathways. 

Supplementary data
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Supplementary Figure 2. Upregulation of 

histone marks and gene expression is similar 

for all SSc subsets in IFN-responsive genes. 

(A) Expression levels of selected IFN-responsive 

genes across the different SSc subsets analysed 

in the Discovery cohort by RNAseq. 

(B) Levels of H3K27ac at the promoters of the 

same genes as measured by ChIPseq analysis.

(C) Levels of H3K4me3 at the promoters of the 

same genes as measured by ChIPseq analysis.

The selected IFN-responsive genes reported 

show increased expression levels correlated to 

both higher H3K27ac and H3K3me3 and are 

representative of various other induced genes 

involved in the type-1 IFN signalling pathway.
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Supplementary figure 3. CMPK2 expression is 

correlated with STAT1 and STAT2 expression 

and binding to the CMPK2 promote

(A) Correlation between the expression of 

CMPK2 with STAT1 and STAT2 in the discovery 

cohort based on RNAseq data (left panels) and 

the validation cohort according to qPCR analysis 

(right panels). 

(B) ChIP-qPCR quantification of STAT1 (top) 

and STAT2 (bottom) bound at the promoter of 

CMPK2 in monocytes cultured for 2 hours either 

with or without IFNα. Analysis of STAT binding 

at the promoter of PRL was used as a negative 

control. Data shown as a percentage of the input 

DNA, assayed in triplicate, error bars indicate 

SEM.

(C) qPCR quantification of CMPK2 and MX1 

in monocytes cultured for 2 hours either with 

(N=10) or without (N=9) IFNα. Data shown 

as fold change (FC) versus t=0 (uncultured 

monocytes).
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Supplementary figure 4. Histone modifying 

enzymes and readers altered in SSc monocytes 

and healthy monocytes stimulated with IFNα

(A) Expression level of 12 significantly different 

(P<0.05, HC-vs-SSc) enzymes known to play a 

role in epigenetic regulation of gene expression, 

quantified by means of RNAseq.

(B) Microarray-based expression analysis of 

the same genes in in healthy monocytes left 

untreated or stimulated with IFNα 100 ng/ml for 

1.5h. Data have been extracted from public data 

in the GEO database (GSE38351)62

(C) Log2FC values (red indicates P<0.05) of data 

reported in panel (A) and (B) and their compari-

son. “Yes” indicates that the gene is modulated 

in the same direction in SSc monocytes and in 

IFN-simulated monocytes, while “No” indicates 

no concordance.



III

84

Supplementary figure 5. Histone modifying 

enzymes and readers altered in SSc monocytes 

and healthy monocytes stimulated with TRL7 

or TLR8 ligand

(A) Expression level of 12 significantly different 

(P<0.05, HC-vs-SSc) enzymes known to play a 

role in epigenetic regulation of gene expression, 

quantified by means of RNAseq.

(B) Microarray-based expression analysis of 

the same genes in in healthy monocytes left 

untreated or stimulated with 1μM 3M-055 

(TLR7 ligand) or VTX-2337 (TLR8 ligand) 

overnight. Data have been extracted from public 

data in the GEO database (GSE64480)57

(C) Log2FC values (red indicates P<0.05) of data 

reported in panel (A) and (B) and their compar-

ison. “Yes” indicates that the gene is modulated 

in the same direction in SSc monocytes and in 

simulated monocytes, while “No” indicates no 

concordance.
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Supplementary Figure 6. IFNα stimulation 

leads to increase H3K27ac at the promoter of 

MX1 and CMPK2 which is inhibited by JQ1 

treatment.  

(A) ChIP-qPCR quantification of H3K27ac at 

the promoter of MX1 and CMPK2 in monocytes 

cultured for 2 hours either with or without 

1000U/ml IFNα 

(B) ChIP-qPCR quantification of H3K27ac at 

the promoter of MX1 and CMPK2 in monocytes 

cultured for 2 hours with 1000U/ml IFNα either 

with or without pre-treatment with 500nM JQ1. 

Analysis of H3K27ac binding at the promoter of 

PRL was used as a negative control and data are 

shown as fold induction over PRL levels.

Supplementary table 1-3 are available online only. 

(http://dx.doi.org/10.1136/annrheumdis-2018-214295) 
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Supplementary methods and 

materials

Cell isolation and culture

Mononuclear cells (PBMC) were isolated from peripheral blood collected in lithium heparin 

tubes using Ficoll Paque Plus (GE Healthcare) or Lymphoprep (Stemcell technologies) for 

the identification cohort and the validation cohort respectively. Monocytes were isolated 

from PBMCs using anti-CD14 microbeads (Miltenyi Biotech, Germany) to reach >95% 

purity. Freshly isolated monocytes from Discovery and Validation cohorts were immediate-

ly stored for RNA or ChIP analysis. 

For functional experiments, freshly isolated monocytes were resuspended at 2x106/ml in 

RPMI 1640 medium supplemented with 10% low-endotoxin fetal bovine serum (Biowest) 

and 1% penicillin streptomycin, treated with or without 1000U/ml IFNα2a (Cell Sciences 

CRI003B). After 2h incubation monocytes were stored for downstream chromatin or gene 

expression analysis. A 30 minute pre-treatment with JQ1 at a concentration of 500nM was 

used for BET bromodomain protein inhibition before stimulation with IFNα were indicated.

RNA extraction

Total RNA was isolated from monocytes using the AllPrep DNA/RNA/miRNA Universal 

Kit (Qiagen) according to the manufacturers guideline. RNA was quantified with a Qubit 

(Invitrogen) and RNA integrity (RIN> 8) was evaluated using a Bioanalyzer (Agilent 

Technologies). 

RNA sequencing

RNASeq of the discovery cohort was performed at the Beijing Genomics Institute (BGI, 

Hong Kong). RNAseq library preparation was performed starting from 100ng total RNA 

using the TruSeq kit after polyA capture (Illumina, San Diego, USA). The library products 

were sequenced on an Illumina HiSeqTM 2000 sequencer using 100bp paired-end reads, 

generating 40 million clean reads per sample. After quality filtering according to the BGI 

pipeline, reads were aligned to the GrCh37 reference human genome (Genome Reference 

consortium) and the H. sapiens transcriptome (Ensembl) using SOAPaligner/SOAP2 (yu S 

Bioinformatics 2009) . Summed exon read counts per gene were calculated using HTSeq-

count (Anders Bioinformatics 2015). Differential expression analysis was performed using 

the negative binomial distribution-based method implemented in DESeq on the summed 

exon read counts per gene (Anders Genome Biol 2010). Group comparisons were performed 
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between five subgroups: HC versus ncSSc, lcSSc, dcSSc or all SSc together. Using the 

standard settings in DESeq, genes were considered differentially expressed with a nominal 

p-value <0.05. A filter was applied to exclude all genes with a mean reads per kilobase per 

million mapped reads (RPKM) lower than 0.1, as genes with very low expression levels are 

less reliably measured by RNAseq (Sirbu PLoS One 2012). 

Gene expression analysis by RT-qPCR

The validation of changes in gene expression levels identified in the RNAseq analysis was 

performed with RealTime-quantitative PCR (RT-qPCR) assays using 10 ng retrotranscribed 

RNA (cDNA) with iScript reverse transcriptase kit (Bio-Rad). Reactions were conducted 

using the SybrSelect mastermix with 500nM specific primer pairs on a QuantStudio 12k 

flex (Life Technologies). Cycle threshold values (Ct) of the gene of interest were normal-

ized to the expression of the housekeeping gene GUSB and analyzed using the comparative 

threshold cycle method. Mann-Whitney U tests were used to compare the expression of 

a gene in groups of patients with healthy controls. The primers used for these assays are 

listed in supplementary table 5.

Chromatin immunoprecipitation followed by sequencing or PCR

Cells used for ChIPseq or ChIP-PCR were fixed using 1% formaldehyde (Sigma-Aldrich, 

Saint Louis,MO, USA) for 5 min followed by the addition of 0.125M Tris (pH 7.6) to stop 

the crosslinking reaction. After 5 min, cells were washed three times with ice-cold PBS 

and lysed for 10 min in L1 buffer (50 mM Tris, pH 8.0; 2 mM EDTA; 0.1% Nonidet P-40; 

and 10% glycerol) supplemented with protease inhibitors (5 μg/ml leupeptin, 5 μg/ml 

pepstatin, and 1 mM PMSF) and phosphatase inhibitors (1 mM Na3VO4, 20 μM PAO, and 

50 mM NaF).  Nuclei were pelleted at 1000xg in a cold microfuge and resuspended in L2 

buffer (50 mM Tris, pH 8.0; 5 mM EDTA; and 1% SDS plus inhibitors). Chromatin was then 

sheared by sonication (180 seconds at 1000 cycles,  17.9 of duty factor and 450 of peak 

power on a Covaris S220 (Woburn, MA, USA), centrifuged to pellet debris and finally 10 

times diluted in dilution buffer (50 mM Tris, pH 8.0; 0.5% Nonidet P-40; 0.2 M NaCl; and 5 

mM EDTA). Nuclear extracts from 1 or 5 million monocytes were immunoprecipitated with 

5 μg anti-H3K4me3 (07-473, Merck Millipore, Billerica, MA, USA), anti H3K27ac (AB4729, 

Abcam, Cambridge, UK), anti-STAT1 (sc-346, Santa Cruz biotechnologies, Dallas, TX, USA) 

and anti-STAT2(sc-476, Santa Cruz biotechnologies). The co-immunoprecipitated material 

was extracted in 1x TE containing 2% SDS and protein-DNA cross-links were reverted by 

heating at 65°C overnight. DNA was then purified and subjected to either qPCR or sequenc-

ing analysis. In all experiments, 10% of the input chromatin was removed prior to addition 

of the antibodies and used to normalize the amount of immunoprecipitated DNA (Referred 

to as the the “input”). Data from qPCR experiments were expressed as percentage of the 
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input according to the formula 10×2^(10% input Ct −sample Ct) and displayed as means ± 

SEM. To establish the background levels of ChIP experiments, the transcription factor re-

cruitment was quantified also at the promoter of prolactin (PRL). For ChIP-seq experiments 

libraries were prepared using the NEXTflex™ Rapid DNA Sequencing Kit (Bio Scientific) and 

sequenced at 75 bp single-end on an Illumina NextSeq500 sequencer (Utrecht Sequencing 

Facility). Sequencing reads were mapped against the reference genome (hg19 assembly, 

NCBI37) using BWA package (mem –t 7 –c 100 –M –R). Multiple reads mapping to the same 

location and strand were collapsed to single read and only uniquely placed reads were used 

for peak-calling. Peaks/regions were called using Cisgenome 2.0 (–e 150 -maxgap 200 –

minlen 200). The false peak discovery rate (FDR) was determined by flipping IP and control 

labels and >99% of the called peaks had an FDR<0.01. Regions coordinates from all samples 

stretched to at least 2000 base pairs and collapsed into a single common list. Overlapping 

regions were merged based on their outmost coordinates. Only regions supported by at 

least 3 independent datasets were further analyzed. Autosomal sequencing reads from each 

ChIPseq library were overlapped back with the common region list, to set the H3K27ac and 

H3K4me3 occupancy for every region-sample pair. Regions with differential H3K27ac and 

H3K4me3 occupancy between groups were identified using DESeq2 standard settings and 

were considered significant with a nominal p-value of p<0.05. Intersection of ChIPseq peaks 

with the publicly available dataset of DNA-hypersensitive sites (GSE32970) and data from 

the ENCODE regulatory build 76 57was performed using in-house developed scripts. 

Statistical analysis

Spearman’s rho was used to assess correlations. The Mann-Whitney U-test and Kruskal-

Wallis test were used to compare groups where appropriate. The Wilcoxon signed rank test 

was applied to compare experimental conditions. Statistical analyses were performed using 

GraphPad Prism 6.0 Software, Microsoft excel or IBM SPSS 21 Software and differences 

were considered significant at the level of p<0.05. The ToppGene Suite website (https://

toppgene.cchmc.org/enrichment.jsp) was used for pathway enrichment analysis; pathways 

enriched with p<0.05 after Benjamini & Hochberg correction for  multiple testing were 

considered significant. Transcription factor binding site analysis was performed using the 

analysis of motif enrichment (AME) package (McLeay,R.C. et al 2010)  and the Hocomoco 

v9 database of TFBS models for human TFs on the MEME suite website (http://meme-suite.

org/). The upstream regulator analysis was performed using the Ingenuity pathway analysis 

software (https://www.qiagenbioinformatics.com/products/ingenuity-pathway-analysis).
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treatment # RNAseq # ChIPseq

methotrexate 5 3

prednisone 3 2

azathioprine 1 0

mycophenolate mofetil 1 1

Iloprost infusion (<6 months before inclusion) 2 1

Supplementary table S4. Number of SSc patients in the discovery cohort treated at the time of 

sampling.

qPCR primers ChIP-qPCR primers

CMPK2 fwd GCTGTCCTCTTAAAGTCACC CMPK2 fwd GGGAAACGAAAGCGAAGCG

CMPK2 rev CCAGTACCTGTCTACAATCAC CMPK2 rev GCCGTTTATCGCGCACATCT

MX1 fwd GCATCCCACCCTCTATTACTG MX1 fwd TGAAAGAGGCGAAGCGAGAG

MX1 rev CGCACCTTCTCCTCATACTG MX1 rev CCCCAGAAGCGACACTCA

STAT1 fwd ATGGCAGTCTGGCGGCTGAATT PRL fwd AGGGAAACGAATGCCTGATT

STAT1 rev CCAAACCAGGCTGGCACAATTG PRL rev GCAGGAAACACACTTCACCA 

STAT2 fwd ATGTCTGGCACCTTTCTACTG

STAT2 rev GCACCTTGTCATCATCCTGG

GUSB fwd CACCAGGGACCATCCAATACC

GUSB rev GCAGTCCAGCGTAGTTGAAAAA

Supplementary table S5. Primers used for RT-qPCR and ChIP-qPCR
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Abstract

background and objective

Systemic sclerosis (SSc), Systemic Lupus erythematosis (SLE) and Rheumatoid arthritis 

(RA) are systemic autoimmune diseases (SADs), whose pathogenesis is dependent on both 

genetic and epigenetic factors. Monocytes and macrophages have been described to play a 

role in the pathogenesis of these diseases. We mapped active and bivalent promoters and 

investigated the correlation between histone marks and gene expression in monocytes of 

patients with these SADs.

methods

Chromatin immunoprecipitation followed by sequencing (ChIPseq) for histone marks 

H3K4me3 and H3K27me3 was performed on monocytes of fifteen healthy controls and 

sixty patients with either SSc, SLE or RA. RNA sequencing was performed in parallel to 

identify aberrantly expressed genes and their correlation with the levels of H3K4me3 and 

H3K27me3 located nearby their transcription start sites.

results

Both shared and unique changes in H3K4me3 and H3K27me3 marks were observed in 

monocytes of patients with SSc, SLE and RA. In patients with SSc and SLE the expression of 

744 genes was significantly correlated to the level of H3K4me3 marks present near their 

transcription start site while 175 genes showed and inverse correlation with H3K27me3 

marks. Genes correlated to H3K4me3 were enriched for immune and interferon pathways 

while H3K27me3 correlated genes were not enriched in specific pathways. Based on 

H3K4me3 and H3K27me3 changes in SSc, we observed an epigenetic imprinting of the 

THBS1 and FAM20A gene expression and a potential derepression of genes involved in ex-

tracellular matrix organization which may be explained by the altered expression of histone 

modifying enzymes EZH1, CBX8 and KMD6B.

conclusion

Monocytes of patients with SADs have altered chromatin marks correlating with disease 

relevant pathways. Targeting histone modifying enzymes with the aim of reversing the 

changes in the chromatin landscape may help restore the aberrant gene expression in 

monocytes of patients with SADs and hold therapeutic value. 

keywords

Systemic sclerosis, Systemic Lupus Erythematosus, rheumatoid arthritis, epigenetics, 

histone modification, monocytes, epigenetic targeting
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Introduction

 

Systemic sclerosis (SSc), systemic lupus erythematosus (SLE) and rheumatoid arthritis (RA) 

are examples of systemic autoimmune diseases (SADs) with a relatively unknown etiology 

and current unmet clinical needs. All three diseases classify as rheumatic autoimmune 

disorders, characterized by signs of autoimmunity that include the production of autoan-

tibodies and disease specific organ involvement. Additionally, patients with one of these 

diseases present with common features of immunopathology, such as the activation of a 

type I interferon pathway1. However, a distinct clinical phenotype is observed for patients 

suffering each of these diseases. Fibrosis of the skin and internal organs is the main hallmark 

in SSc patients2 whereas SLE is typified by the deposition of immune complexes causing 

tissue damage in various organ systems3 and RA patients typically suffer from chronic in-

flammation causing progressive damage to the lining of their joints, though damage can also 

occur in other organs including the skin, eyes, lungs, heart and blood vessels4. Genetic pre-

disposition is observed for the development of these conditions with heritability estimated 

at 10%5, 60%6 and 66%7 for SSc, SLE and RA, respectively. However, considering the low 

concordance rates of these diseases in monozygotic twins (4.2%, 14-24% and 14% in SSc, 

SLE and RA, respectively8,9,10,11,12), there is a clear indication that environmental factors 

altering epigenetic factors such as histone modifications, non-coding RNA and DNA meth-

ylation play an important role in disease development.

Histones are the core proteins making up nucleosomes that stabilize and store DNA in 

chromatin form. Structural changes of the nucleosome DNA complex are brought about 

by post-transcriptional modifications of histones and are an important regulating factor of 

gene transcription. To date, histone methylation and acetylation have been studied most 

extensively, leading to a better understanding of their influence on gene expression13. Two 

well studied examples of histone modifications are tri-methylation of lysine 4 of histone 3 

(H3K4me3) which indicates active promoters and tri-methylation on lysine 27 of histone 3 

(H3K27me3) which was shown to indicate inactivation of transcription or, when combined 

with H3K4me3, the presence of a bivalent or poised gene promoter14. The enzymes reg-

ulating the dynamic process of histone methylation, known as histone methyl transferas-

es (HTMs) and histone demethylases (HDMs) could potentially be interesting therapeutic 

targets when aiming to re-establish the homeostatic phenotype of cells displaying altered 

activation in patients with autoimmune disorders.

Monocytes are circulating white blood cells derived from monoblasts produced in the 

bone marrow. These cells represent about 10% of the peripheral blood mononuclear cells 

(PBMCs) and can differentiate into macrophages or myeloid lineage dendritic cells upon 

migration into tissue. Monocytes and monocyte-derived cells are implicated in the patho-
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genesis of SSc, SLE and RA. In SLE patients, the number of infiltrating monocytes in the 

kidney was correlated with the severity of the lupus nephritis in these patients15 and the 

surface expression of Siglec immunomodulatory molecules on circulating monocytes cor-

related with disease activity suggesting an important role in the inflammatory events of 

SLE16. The number of monocytes in circulation of SSc patients is increased compared with 

healthy people and correlated with the extend of dermal fibrosis17, in line with the observed 

infiltration of monocytes into the affected skin of these patients18. In RA patients, a signifi-

cant increase of monocytes is observed in circulation19, potentially caused by an accelerat-

ed monocytopoiesis20. Additionally, macrophages are suggested to be an important source 

of the inflammatory cytokines present in the affected joints of RA patients21.

As such, studying the epigenetic phenomena underlying the aberrant monocyte pheno-

types observed in these diseases could provide insights into their pathogenesis and lead 

to the discovery of novel therapeutic targets. Previous research has shown that changes 

in H3K27 methylation and acetylation play a crucial role in monocyte differentiation into 

DCs22 and macrophages23. Additionally, we have previously shown that changes in the levels 

of H3K4me3 and H3k27ac underlie the aberrant gene expression profiles observed in SSc 

monocytes24. However, the importance of changes in the presence of bivalent promoters 

that could prime monocyte hyperactivity in SSc, SLE and RA patients have not been studied 

to date.

Here we describe our efforts to evaluate the role of histone modifications in the pheno-

typic alterations observed in monocytes of SSc, SLE and RA patients. We used chromatin 

immunoprecipitation followed by sequencing (ChIP-seq) for H3K4me3 and H3K27me3 

in parallel with transcriptome analysis to study the presence of an epigenetic imprinting, 

reflected by alterations of bivalent promoters, and the potential influence on gene expres-

sion thereof.
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Methods and materials

Cell isolation 

Mononuclear cells (PBMC) were isolated from peripheral blood collected in lithium heparin 

tubes using Ficoll Paque Plus (GE Healthcare). Monocytes were isolated from PBMCs 

using anti-CD14 microbeads (Miltenyi Biotech, Germany) after which a purity of >95% 

was generally observed. Freshly isolated monocytes were immediately stored for RNA ex-

traction and ChIP analysis performed later.

RNA extraction

Total RNA was isolated from monocytes using the AllPrep DNA/RNA/miRNA Universal Kit 

(Qiagen) according to the manufacturer’s guideline. The quantity and quality of the obtained 

RNA was assessed using an Agilent 2100 bioanalyzer prior to sequencing. All samples used 

in the analysis had an RQN score of >8 with an average of 9.8.

RNA sequencing 

Illumina Next Generation Sequencing was performed by GenomeScan B.V (Leiden, The 

Netherlands). Clustering and paired end DNA sequencing with a depth of 150 base pairs was 

performed using the NovaSeq6000 was performed according to manufacturer’s protocols. 

A concentration of 1.1 nM of retrotranscribed DNA was used. 

Transcriptome analysis

Sequencing reads were aligned using STAR aligner (version 2.7.3)25 using the default param-

eters to the 65,217 annotated genes obtained from the GrCh38 (v79) built from the human 

genome (www.ensembl.org). On average 25 million uniquely mapped reads were obtained 

per sample. The read counts per gene were quantified by the Python package HTSeq26 using 

annotations from the GrCh38 (v79) built from the human genome (http://www.ensembl.

org). Between lane normalization using the upper quartile normalization method was 

performed using the EDAseq (2.20.0) Bioconductor/R package27. Differentially expressed 

genes (DEGs) were identified by using the DESeq2 (1.8.2) Bioconductor/R package28. Genes 

passing the wald test) with a nominal p-value < 0.05 as compared to healthy donors were 

considered differentially expressed. Variance stabilizing transformation (VST) was applied 

to obtain the VSD data for further analysis28. The ToppGene Suite website (https://toppgene.

cchmc.org/enrichment.jsp) was used for pathway enrichment analysis; pathways enriched 

with p<0.05 after Benjamini & Hochberg correction for multiple testing were considered 

significant.
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ChIPseq

Cells used for ChIPseq were fixed using 1% formaldehyde (Sigma-Aldrich, Saint Louis,MO, 

USA) for 10 min followed by the addition of 0.125M Tris (pH 7.6) and subsequent incuba-

tion for 5 min to stop the crosslinking reaction. After centrifugation at 500G the cell pellet 

was washed with sterile cold PBS 4 times. Samples were stored as cell pellets or lysates 

for use at a later timepoint. Cell pellets were lysed in dH2O containing 1M NaBut, 0.5M 

HEPES and 10% SDS supplemented with protease inhibitors (ThermoFisher Scientific 

cat#1862209). Sonication of the samples was performed using the DIAGENODE Bioruptor 

Pico in Bioruptor 0.65ml microtubes (cat#C30010011) to obtain chromatin fragments sized 

between 200-600bp. Samples were diluted in dH2O with 0.1% SDS, 1% Triton x-100 with 

a final concentration of 1.2mM EDTA, 16.7mM Tris pH 8 and 167 mM NaCl. The following 

antibodies were used in combination with Protein A dynabeads (Invitrogen) to perform the 

immunoprecipitation; H3K4me3 (Merck Millipore, Billerica, MA, USA, cat#07-473) and 

H3K27me3 (Merck Millipore, Billerica, MA, USA, cat#07-449). Nuclear extracts from 1 

or 5 million monocytes were immunoprecipitated with 1.5 μg of antibody incubated with 

the protein A beads for 1 hours at room temperature. Antibody bound beads were added 

to the diluted chromatin fragments and incubated overnight at 4˚C. De-crosslinking of 

the samples was performed by placing them into a thermomixer for 1h at 55˚C followed 

by overnight at 65˚C. DNA fragments were isolated using the MinElute PCR Purification 

Kit (Qiagen cat#28004) following manufacturer instructions. Single ended sequencing 

of the fragments was performed by Glasgow Polyomics (Glasgow UK) using an Illumina 

NextSeq500 sequencer according to the manufacturer’s instruction generating 30 million 

reads with a sequencing depth of 75 BP.

Histone modification analysis

Sequencing reads were mapped against the reference genome GRCh38.p13 built from 

the human genome (NCBI) using bowtie229 (version 2.4.1 in --end-to-end mode). Peaks 

were called using MACS230 (version 2.1.1.20160309) by comparing the IP samples to 

their matched input samples. Broad-peak mode was used to call peaks for both H3K4me3 

and H3K27me3 (-g hs --broad --broad-cutoff 0.1). After calling, the obtained peaks were 

filtered based on q-value to only retain the high confidence peak regions. Additionally, 

peaks from ENCODE blacklist regions31 and X- and Y-chromosome peaks were filtered 

out to reduce noise and exclude sex-specific peaks. Regions with differential H3K27me3 

and H3K4me3 occupancy between groups were identified using the DiffBind (version 

2.16.0) Bioconductor/R package with standard settings, and peaks with a nominal p-value 

<0.05 were considered significant. Peaks were annotated to the nearest genes using the 

ChIPseeker32 (version 1.24.0) Bioconductor/R package. Peaks were considered to be asso-

ciated to a gene when they were annotated within a 10kb range (up- or downstream) to the 

gene transcription start site (TSS).
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Study participants

Peripheral blood was drawn from SSc, SLE and RA patients as well as age- and gen-

der-matched healthy control (HC). Informed consent was obtained from all patients 

and healthy donors enrolled in the study at the University Medical Center Utrecht, the 

Maasstad Medical Center Rotterdam and the Gartnavel Hospital Glasgow. All samples and 

clinical information were treated anonymously right after they were obtained. All patients 

fulfilled their respective classification criteria (ACR/EULAR 2013 criteria for SSc, 1994 

ACR criteria for SLE and 2010 ACR criteria for RA) (Table 1). SSc patients were subdivided 

into limited cutaneous SSc (lcSSc) and diffuse cutaneous (dcSSc)subsets on the basis of the 

extent of skin fibrosis, (Leroy J Rheumatol 1988). Early SSc (eaSSc) patients presented with 

Raynaud’s phenomenon (RP) in combination with either typical nailfold videocapillaroscopy 

(NVC) abnormalities or SSc-specific autoantibodies.
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Statistical analysis

Spearman’s rho was used to assess correlations between the levels of H3K4me3 and 

H3K27me3 present within 10KB of a transcription start site and the expression level of the 

corresponding genes.

RNAseq HC earlySSc lcSSc dcSSc SLE

ChIPseq H3K4me3 HC earlySSc lcSSc dcSSc SLE

ChIPseq H3K27me3 HC earlySSc lcSSc dcSSc SLE

N 10 10 10 10 10

10 9 9 9 8

9 9 9 9 7

Age (yr.) 52 (43-61) 45 (37-50) 57 (49-64) 53 (45-62) 45 (40-54)

52 (43-61) 45 (37-52) 57 (48-65) 51 (43-59) 44 (33-52)

51 (41-60) 44 (37-52) 57 (48-65) 51 (43-59) 43 (30-49)

Female (n, %) 7 (70%) 8 (80%) 8 (80%) 6 (60%) 9 (90%)

7 (70%) 7 (78%) 7 (78%) 5 (56%) 8 (100%)

6 (66%) 7 (78%) 7 (78%) 5 (56%) 7 (100%)

ANA (n pos, %) - 8 (80%) 8 (80%) 9 (90%) 10 (100%)

- 7 (78%) 7 (78%) 8 (89%) 8 (100%)

- 7 (78%) 7 (78%) 8 (89%) 7 (100%)

ACA (n pos, %) - 3 (30%) 4 (40%) 2 (20%) -

- 3 (33%) 4 (44%) 2 (22%) -

- 3 (33%) 4 (44%) 2 (22%) -

Scl70 (n pos, %) - 1 (10%) 0 (0%) 6 (60%) -

- 1 (11%) 0 (0%) 5 (56%) -

- 1 (11%) 0 (0%) 5 (56%) -

mRSS - - 6.9 (2-12.5) 14.3 
(10.5-21.5)

-

- - 7.5 (2-12.75) 14.7 (7-23) -

- - 7.5 (2-12.75) 14.7 (7-23) -

ILD - 0 (0%) 1 (10%) 3 (30%) -

- 0 (0%) 1 (11%) 2 (22%) -

- 0 (0%) 1 (11%) 2 (22%) -

SLEDAI - - - - 4 (0-7)

- - - - 4 (1-6)

- - - - 4 (0-6)
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PDN (n, %) - 0 (0%) 1 (10%) 2 (20%) 3 (30%)

- 0 (0%) 0 (0%) 2 (22%) 2 (25%)

- 0 (0%) 0 (0%) 2 (22%) 2 (29%)

MTX (n, %) - 1 (10%) 1 (10%) 4 (40%) 0 (0%)

- 1 (11%) 1 (11%) 3 (33%) 0 (0%)

- 1 (11%) 1 (11%) 3 (33%) 0 (0%)

CP (n, %) - 0 (0%) 0 (0%) 1 (10%) 0 (0%)

- 0 (0%) 0 (0%) 1 (11%) 0 (0%)

- 0 (0%) 0 (0%) 1 (11%) 0 (0%)

Disease Duration (Yr) - 2.5 (0-3.5) 7.6 (4-11.8) 8.9 (1-15.5) 19.1 (14.8-25)

- 2.6 (0-5) 7.4 (4-12.5) 6.6 (1-12.5) 19.6 (15-26.3)

- 2.6 (0-5) 7.4 (4-12.5) 6.6 (1-12.5) 20.1 (15-28)

 

Table 1. Demographics and clinical characteristics of patients in the Utrecht study cohort 

Values reported indicate the number (n) of patients and the mean for each parameter (Interquartile 

Range (IQR)), if not otherwise indicated. White and light and dark grey fields indicate features of 

patients of the same cohort analysed either with RNAseq or ChIPseq for H3K4me3 and H3K27me3, 

respectively. Yr., years; ANA, antinuclear antibodies; ACA, anticentromere antibodies; Scl70, anti-

topoisomerase antibodies; mRSS, modified Rodnan Skin score; ILD, Interstitial Lung disease; HC, 

healthy controls; lcSSc, limited cutaneous SSc; dcSSc, diffuse cutaneous SSc; PDN, prednisone; MTX, 

methotrexate; CP, cyclophosphamide; 
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Results

 
Specific and shared alterations of histone marks H3K4me3 and H3K27me3 are present 
at gene promoters in the different subsets of SSc patients and patients with SLE or RA.
To gain insights into changes in the epigenetic histone landscape of patients with autoim-

mune diseases and identify how such changes relate to gene expression, a genome-wide 

screening of the level of H3K4me3 and H3K27me3 histone modifications was performed 

using ChIPseq analysis on a subset (HC, n=9; earlySSc, n=9; dcSSc, n=9; lcSSc, n=9; SLE, n=7) 

of the samples for which transcriptome analysis was also performed (Table 1). The same 

analysis was performed in a separate cohort consisting of HC (n=5) and RA patients (n=10) 

(Glasgow Cohort). Out of the 31273 H3K4me3 and 16698 H3K27me3 peaks identified in 

the Utrecht cohort, 21460 (68.6%) and 9385 (56.2%) were present within 10Kb of the tran-

scription start site (TSS) of a gene, respectively. The majority of these peaks were detected 

within <1Kb of a TSS (Figure 1a), which is in line with their respective activating and re-

pressing role in gene promoters. Out of the H3K4me3 peaks within 10Kb of a TSS, 7371 

were significantly altered (0.5-Fold change, nominal p-value <0.05) in at least one subset 

of SSc patients, while 620 of them were differentially abundant in SLE patients (Figure 1b). 
From the promoter associated H3K27me3 peaks, 3962 and 1606 peaks were altered in 

SSc and SLE patients respectively (Figure 1b). Similar amounts were found in the RA cohort 

(Supplementary figure 1 a and b). Using a principal component analysis including all peaks 

in the dataset, a clear separation between HC and patients can be observed, illustrating the 

intrinsic differences in the chromatin landscape of these groups based on H3K4me3 and 

H3K27me3 histone modifications (Figure 1c and supplementary figure 1c). In line with the 

previously described activating and repressing effect of H3K4me3 and H3K27me3 marks, 

respectively, a positive correlation between gene expression levels and the presence of 

H3K4me3 near the TSS was commonly observed, while inverse correlations were observed 

for gene expression and H3K27me3 marks (Figure 1d).

The transcriptome of monocytes in patients with SSc and SLE is altered and indicates 
dysregulation of interferon/cytokine signaling and activation of the innate and adaptive 
immune response
To study the gene expression profile in monocytes of SSc and SLE patients, we performed 

RNA sequencing. Using the transcriptome data of the patients included in the Utrecht 

cohort, we identified a distinct gene expression signature compared to HC. Not only did a 

principal component analysis identify a clear separation between patients and HC, but a sep-

aration between patients with SSc and SLE could also be observed (Figure 2a). A strong sep-

aration with HC and RA patients was also observed in the Glasgow cohort (supplementary 
Figure 2a). The largest number of differentially expressed genes in the Utrecht cohort were 

observed in dcSSc patients and SLE patients (2930 and 2432 genes, respectively) (Figure 
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Figure 1. H3K4me3 and H3K27me3 marks are 

altered in monocytes of SSc and SLE patients in 

genomic locations important for the regula-

tion of gene expression. A) The abundance of 

H3K4me3 and H3K27me3 was quantified by 

means of ChIPseq at the genome-wide level 

using monoclonal antibodies recognizing these 

specific histone modifications. Differentially 

expressed H3K4me3 and H3K27me3 

peaks were annotated to the genome using 

ChIPseeker32 (version 1.24.0). Bar graphs 

indicate the percentage of peaks overlapping six 

categories of genomic locations. B) The number 

of differentially expressed peaks ( Fold change 

>0.5 p<0.05) in each patient group vs healthy 

controls (HC) were identified as described in the 

M&M section and depicted in Venn Diagrams. 

Up-regulated (UP) and down-regulated (DOWN) 

peaks are represented in distinct groups. C) 

Scatter plots show the results of a principal 

component analysis based all identified peaks in 

the Utrecht cohort. D) Bar graphs indicate the 

number of genes that were significantly correlat-

ed in a positive or negative fashion the level of 

H3K4me3 (left) or H3K27me3 (right) present 

near their TSS (<10kb)
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Figure 2. Transcriptomic differences in 

monocytes in SSc and SLE patients indicate the 

dysregulation of interferon/cytokine signaling 

and activation of the innate and adaptive 

immune response. A) Scatter plot shows the 

results of a principal component analysis based 

all differentially expressed genes as compared 

to healthy in the Utrecht cohort. B) The number 

of differentially expressed genes (p<0.05) in 

each patient group vs healthy controls (HC) 

were identified as described in the M&M section 

and depicted in Venn Diagrams. Up-regulated 

and down-regulated genes are represented 

in distinct groups. C-E) Pathways significantly 

enriched in the list of upregulated genes in 

earlySSc (C), lcSSc and dcSSc (D) and SLE (E) 

patients. Pathways were grouped in those 

related to interferon and cytokine signaling 

(red), those leading to immune cell activation 

(green), pathways associated with cell-cycle 

regulation(blue) and other pathways (grey). Bar 

graph represents the number of genes in each 

pathway, while dots indicate the corresponding 

enrichment p-value after FDR B&H.
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Figure 3. The expression of genes involved 

in dysregulated pathways in monocytes of 

patients with SSc and SLE are associated with 

increased promoter levels of H3K4me3

A) scatterplots reflecting the base mean expres-

sion of genes associated with H3K4me3 and 

H3k27me3 alterations near their TSS (<10kb) 

indicating the active or repressed expression of 

genes with increased and decreased promoter 

levels of H3K4me3 and H3K27me3, respective-

ly. B) pathway enrichment performed with the 

list of genes that show a significant correlation 

to the level of H3K4me3 near their TSS (<10kb) 

indicating the associating of H3K4me3 marks 

with pathways dysregulated in SSc and SLE 

monocytes. C) examples of IFN responsive 

genes dysregulated in SSc and SLE patients 

showing a correlation with H3K4me3 marks 

near their TSS (10kb).
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2b) while in RA patients nearly 8000 genes were found to be altered (supplementary Figure 
2b). The largest overlap was observed in the upregulated genes of the fibrotic subsets of SSc 

patients where 54% of the genes upregulated in lcSSc patients were also increased in dcSSc 

patients whereas early SSc patients only had 25% of their upregulated genes in common 

with dcSSc patients (Figure 2b). Using pathway enrichment analysis, we found that upregu-

lated genes in fibrotic SSc and SLE patients are strongly enriched for genes playing a role in 

interferon and interleukin signaling and the activation of the innate and adaptive immune 

response as these processes were among the top 15 most enriched pathways (Figure 2c). 
In line with previous observations33, the enrichment for IFN signaling was also observed in 

early SSc patients. However, based on the number of IFN related differentially expressed 

genes in this subset, the enrichment was not as strong. Additionally, the early SSc patients 

showed a strong enrichment for genes involved in cell-cycle regulation (Figure 2c). The up-

regulated genes in RA patients were mainly enriched for signaling pathways of IL-10, IL-4 

and IL-13 as well as TNF-α (supplementary figure 2c).

The expression level of genes involved in dysregulated pathways in monocytes of patients 
with SSc and SLE are associated with increased promoter levels of H3K4me3 
To assess how gene expression is influenced by altered histone marks in SSc and SLE 

monocytes, the abundance of H3K4me3 and H3K27me3 was directly correlated with 

the mRNA level of nearby genes. In line with the respective association of H3K4me3 and 

H3K27me3 with active and repressed or poised promoters, a clear pattern of high and 

low expression associated with changes of these marks near the TSS was observed in all 

patient groups (Figure 3a). Out of 7336 genes that were differentially expressed in at least 

one subset of patients compared with HC, 744 (10.1%) showed a direct correlation with 

the level of H3K4me3 near their TSS. Of interest, this set of genes was enriched in the 

pathways identified to be dysregulated at the transcriptomic level, suggesting that changes 

in histone modifications underlie these alterations (Figure 3b). Two examples of such cor-

relating genes, both interferon responsive genes, are IFIT3 and IFI6 (Figure 3c). Out of all 

differentially expressed genes, only 175 (2.3%) showed a significant inverse correlation 

with the level of H3K27me3 near their TSS and these genes were not enriched in any bio-

logical pathways. In RA patients the expression of 43 and 212 genes was significantly cor-

related with the levels of H3K4me3 and H3K27me3, respectively. None of the pathways 

indicated to be altered in the transcriptome analysis were enriched in these gene sets, sug-

gesting that the influence of the studied histone modification on the phenotypic alterations 

in RA monocytes is minor.

The increased expression of TGF-β activating factor thrombospondin-1 and myofibro-
blast differentiation factor FAM20A is epigenetically imprinted in monocytes of SSc 
patients
Combining the results of the genome-wide quantification of H3K4me3 and H3K27me3 
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Figure 4. The increased expression of TGF-β 

activating factor thrombospondin-1 and 

myofibroblast differentiation factor FAM20A 

is associated with H3K4me3 and H3K27me3 

changes in SSc monocytes. A) Venn diagram in-

dicating the overlap of the number of genes that 

were differentially expressed in SSc monocytes 

and were significantly correlated with the level 

of H3K4me3 and/or H3K27me3 near the TSS 

(<10kb). B) dotplots indicating the differential 

expression of THBS1(left) and FAM20A(right) in 

SSc patients compared with HC. C) dotplots in-

dicating the correlation of THBS1 and FAM20A 

expression with the level of H3K4me3 (top) and 

H3K27me3 (bottom) near their TSS (<10kb). ( * 

= P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = 

P < 0.0001. )

H3K27me3 inv. 
correlated genes 

H3K4me3  
correlated genes 

DE genes 
In SSc 

A. B. 

C. 

5 10 15 20
10

15

20

H3K4me3

TH
B

S1
ex

pr
es

si
on

ρ=0.75
pval<0.00001

HC

ea
rly

SSc
lcS

Sc

dcS
Sc

10

12

14

16

18

TH
B

S1
ex

pr
es

si
on

**
****

2 4 6 8
5

10

15

20

H3K27me3

TH
B

S1
ex

pr
es

si
on

ρ=-0.55
pval=0.0006

HC

ea
rly

SSc
lcS

Sc

dcS
Sc

6

7

8

9

10

11

FA
M

20
A

ex
pr

es
si

on

*
***

5 10 15 20 25

4

6

8

10

12

H3K4me3

FA
M

20
A

ex
pr

es
si

on

ρ=0.78
pval<0.00001

0 5 10 15

4

6

8

10

H3K27me3

FA
M

20
A

ex
pr

es
si

on

ρ=-0.63
pval<0.00001

H3K4me3 

H3K27me3 

TH
BS

1 
ex

pr
es

si
on

 
TH

BS
1 

ex
pr

es
si

on
 

H3K4me3 

H3K27me3 

FA
M

20
A

 e
xp

re
ss

io
n 

FA
M

20
A

 e
xp

re
ss

io
n 

HC 
earlySSc 
lcSSc 
dcSSc 



IV

106

Figure 5. Subunits of the polycomb repressing 

complex (PRC) responsible for the deposition 

of H3K27me3 histone marks are downregu-

lated in SSc patients – implicating potential 

derepression of fibrosis related genes. A) 

dotplots reflecting the differential expression 

of PRC subunits EZH1 (left), CBX8 (middle) and 

histone demethylase KDM6B(right) in patients 

with SSc compared with HC. B) heatmap based 

on the level of H3K27me3 near the TSS (<10kb) 

in the list of genes encoding extracellular matrix 

and extracellular matrix-associated proteins 

in dcSSc patients versus HC. C) bar graphs 

showing the reads per kilobase per million reads 

(RPKM) of the H3K27me3 level near the TSS of 

various genes implicated in SSc and fibrosis. ( * 

= P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = 

P < 0.0001. )
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levels with the transcriptome data allowed us to identify genes of which the dysregulat-

ed expression in SSc patients is likely to be the result of altered histone modifications. In 

the Utrecht cohort we observed a significant correlation of gene expression with H3k4me3 
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or the inverse correlation with H3K27me3 marks in 1784 and 538 cases, respectively 

(Figure 4a). The expression of 288 of these genes was significantly correlated to changes 

in both marks. 62 of these 288 genes we found to be differentially expressed in at least 

one subset of SSc patients (Figure 4a). This set of genes was not enriched for any cellular 

pathways, possibly due to the low number of genes in this list. However, we did identify 

the increased expression of thrombospondin-1 (THBS1) and family with sequence similarity 

20A (FAM20A) (Figure 4b), both genes previously associated with SSc pathogenesis34,35, and 

found a strong correlation of their expression with alterations of H3K4me3 and H3k27me3 

at their TSS (Figure 4c). Hence, the altered expression of these disease-relevant factors may 

be epigenetically imprinted in SSc monocytes.

Subunits of the polycomb repressing complex (PRC) responsible for the deposition of 
H3K27me3 histone marks are downregulated in SSc patients – implicating potential 
derepression of fibrosis related genes 

Changes in the methylation status of lysines on the N-terminal tail of histone 3 are regulated 

by histone modifying enzymes such as histone methyl transferases (HTMs) and demethy-

lases (HDMs). Using the transcriptome analysis comparing monocytes of SSc patients with 

healthy monocytes we identified the downregulation of the Enhancer of zeste homolog 1 

(EZH1) gene, a catalytic subunit of the PRC2 complex (Figure 5a). Additionally, confirm-

ing a previous observation24 we identified the downregulation of Chromobox protein 

homolog 8 (CBX8), one of the chromodomain containing proteins that can be part of the 

PRC1 complex, and the upregulation of lysine demethylase 6B (KDM6B) (Figure 5a). In all 3 

cases, the differential expression of these genes was strongest in dcSSc patients. Given that 

the activity of the EZH1 containing PRC complex is involved in the deposition and main-

tenance of H3K27me3 levels36 and that CBX8 aids in the association of the PRC complex 

with the chromatin37, it is conceivable that their downregulation and the upregulation of 

KDM6B is associated with decreased H3K27me3 marks in SSc monocytes. In line with 

this suggestion, we observed more genomic regions with decreased H3K27me3 marks in 

dcSSc patients compared with lcSSc and early SSc patients (3547 in dcSSc vs 212 and 497 

in lcSSc and earlySSc, respectively). In dcSSc patients, a total of 3279 genes were associ-

ated with a downregulated H3K27me3 peak near their TSS (<10kb), potentially rendering 

these genes derepressed in these patients. Pathway analysis revealed a strong enrichment 

of genes encoding extracellular matrix and extracellular matrix-associated proteins to be 

among these derepressed genes (247 out of 1026 genes attributed to this pathway) (Figure 
5B). Among these genes were various genes coding for proteins previously associated with 

SSc pathogenesis, such as CXCL438, IGF239, CXCL1240, PDGFB41 and SPARC42, as well as 

multiple collagen and WNT signaling genes (Figure 5B and 5C). These findings suggest that 

SSc monocytes may be primed to develop a pro-fibrotic phenotype upon extravasation into 

the affected tissue in these patients.
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Discussion

 

SSc, SLE and RA are SADs with pressing unmet clinical needs and a poorly understood 

etiology. The development of these diseases cannot be explained by genetic changes and 

are likely the result of a complex interplay of different environmental factors triggering 

disease onset in genetically predisposed people. The study of epigenetic alterations in the 

immune system of autoimmune patients may help to gain insights into the etiology of these 

diseases and identify potential novel therapeutic targets. Given the evidence of the role 

of monocytes in the pathogenesis of SSc, SLE and RA15,16,17,18,19,20,21, in this study we report 

on the alterations observed in histone modifications in monocytes of patients with these 

diseases compared with monocytes of healthy people. Using ChIPseq analysis we generated 

a genome-wide quantification of the levels of H3K4me3 and H3k27me3 in monocytes, 

allowing is to identify gene promoters that were either hyper-active or repressed in 

patients. Additionally, we obtained transcriptome data by means of RNA sequencing for the 

same patients and HCs, allowing us to assess the effects of the altered histone modifica-

tions on gene expression levels. In line with the previously demonstrated influence of these 

epigenetic histone modifications on gene expression levels43, we found that the majority of 

the disease associated alterations occurred on or near gene TSSs. Additionally, we found 

numerous cases in which the level of gene expression was directly proportional to the level 

of H3K4me3 and/or H3K27me3 at the gene promoter, confirming that changes in these 

marks are associated with altered gene expression in patients.

We observed a clear difference in the distribution pattern of H3K4me3 and H3k27me3 

marks in monocytes of patients compared to healthy cells, with the largest amount of 

changes observed in dcSSc patients. In line with the clinical severity of the SSc subsets, 

the earlySSc patients seemed to cluster closer to the HC samples while the lcSSc patients 

shared a larger fraction of their alterations with dcSSc patients than did the earlySSc 

patients. Interestingly, we observed that a large amount of the alterations observed in SLE 

patients was also present in dcSSc patients. The latter can possible be explained by the fact 

that both SSc and SLE are considered type I interferon-mediated autoimmune diseases, 

sharing the altered expression of IFN-related genes which was found to be associated 

with disease severity in SSc patients44,45. In line with this, we observed a strong enrichment 

of pathways related to IFN signaling in the list of upregulated genes in both SSc and SLE 

patients. Various other pathways related to both innate and adaptive immune activation 

were shared between these patient groups, suggesting that the mechanisms of monocyte 

activation might be similar in these diseases. As previously shown33, the IFN signaling 

pathway was also enriched in earlySSc patients, although the majority of the other enriched 

pathways were associated to cell-cycle regulation and were unique to the earlySSc subset. 

When performing the pathway enrichment analysis only with those genes that showed a 
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significant correlation to the increased amount of H3K4me3 at the promotor we found the 

same pathways to be enriched, indicating the epigenetic background of these alterations.

Aside from the epigenetic background of the interferon signature, in dcSSc patients we 

identified various genes for which the promoter levels of H3K27me3 were decreased while 

the H3K4me3 levels were increased and the expression level was proportional to changes 

in both marks. The bivalency of these promoters could therefore be considered to be dere-

pressed and transformed into active promoters in SSc patients. The proteins encoded by 

some of these genes, such as THBS1 and FAM20a, were previously associated to SSc patho-

genesis. Thrombospondin 1 was found to be a key mediator of matrix contraction of systemic 

sclerosis fibroblasts and its constitutive expression drives an autocrine loop of TGF-β acti-

vation in these cells46,47. FAM20A encodes a secreted protein that was previously shown 

to induce the differentiation of fibroblasts towards myofibroblasts34, a cell type known to 

contribute strongly to the excessive ECM deposition in SSc skin. Additionally, FAM20A was 

found to be among to top genes upregulated in IL-10 differentiated M2c macrophages48, 

which are considered to be important in wound-healing and tissue remodeling. Our obser-

vation of the enrichment of the IL-10 signaling pathway in the list of genes associated with 

increased H3K4me3 promoter levels in SSc patients may suggest that SSc monocytes are 

primed to differentiate to M2c macrophages upon tissue infiltration.

The vast majority of the H3K27me3 changes in monocytes of both SSc and SLE patients 

reflected a downregulation of this mark. Considering the repressive properties of this mark 

at bivalent promoters, this general downregulation may render patient monocytes prone 

to a rapid induction of the expression of genes associated with these downregulated peaks. 

The decreased expression of EZH1 and CBX8 implies that possible the polycomb repressing 

complex, responsible for H3K27me3 deposition, is less active in SSc monocytes. Additionally, 

the increased expression of KDM6B may also contribute to H3K27-demethylation. A recent 

study by Neele et al49 showed that the increased KDM6B induces a pro-fibrotic phenotype 

in macrophages in atherosclerotic lesions. In congruence with these finding, in this study we 

found we found a strong enrichment of factors involved in ECM and ECM-related proteins 

among the genes associated with H3K27me3 decreases in SSc monocytes. In light of the 

recent discovery that macrophages can directly contribute to collagen deposition in a 

fibrotic setting50, it is noteworthy that 18 different collagen genes presented with this po-

tentially derepressed state in SSc monocytes. 

In conclusion, we observed various differences in the chromatin landscapes of monocytes 

in autoimmune patients and found strong indications that these changes have implications 

for the transcription of genes relevant to disease pathogenesis. Given the reversible nature 

of histone modifications the targeting of histone modifying enzymes may proof beneficial in 

treating or preventing the symptoms of autoimmune.
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Supplementary figure 1. H3K4me3 and 

H3K27me3 marks are altered in monocytes 

of RA patients in genomic locations important 

for the regulation of gene expression. The 

abundance of H3K4me3 and H3K27me3 was 

quantified by means of ChIPseq at the ge-

nome-wide level using monoclonal antibodies 

recognizing these specific histone modifi-

cations. Differentially expressed H3K4me3 

and H3K27me3 peaks were annotated to the 

genome using ChIPseeker32 (version 1.24.0). 

Bar graphs indicate the percentage of peaks 

overlapping six categories of genomic locations. 

B) The number of differentially expressed peaks 

( Fold change >0.5 p<0.05) in each patient 

group vs healthy controls (HC) were identi-

fied as described in the M&M section and 

depicted in a bar graph. Up-regulated (UP) and 

down-regulated (DOWN) peaks are represented 

in distinct groups. C) Scatter plots show the 

results of a principal component analysis based 

all identified peaks in the Glasgow cohort. D) 

Bar graphs indicate the number of genes that 

were significantly correlated in a positive or 

negative fashion the level of H3K4me3 (left) 

or H3K27me3 (right) present near their TSS 

(<10kb)

Supplementary data
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Supplementary figure 2. Transcriptomic differ-

ences in monocytes RA patients indicate the 

dysregulation of TNFα signaling and activation 

of the innate and adaptive immune response. 

A) Scatter plot shows the results of a principal 

component analysis based all genes that were 

identified to be differentially expressed in the 

Utrecht cohort. B) The number of differentially 

expressed genes (p<0.05) in each patient group 

vs healthy controls (HC) were identified as 

described in the M&M section and depicted in 

a bar graph. C) Pathways significantly enriched 

in the list of upregulated genes RA patients. 

Pathways were grouped in those related to 

interferon and cytokine signaling (red), those 

leading to immune cell activation (green), 

pathways associated with cell-cycle regulation 

and other pathways (grey). Bar graph represents 

the number of genes in each pathway, while 

dots indicate the corresponding enrichment 

p-value after FDR B&H.
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Abstract

objective

To examine the role of Tie2 signaling on monocyte activation in patients with systemic 

sclerosis. 

methods

Serum levels of angiopoietin (Ang)-1 and Ang-2 were measured in healthy controls (HC) and 

systemic sclerosis (SSc) patients by ELISA. Tie2 expression on monocytes was determined 

by flow cytometry. Monocytes and dermal fibroblasts from HC and SSc patients, and human 

pulmonary arterial endothelial cells (HPAEC) were stimulated with LPS, R848 or Interferon 

(IFN)-α and the mRNA expression of ANG1 and ANG2 was analyzed by quantitative PCR. 

Furthermore, monocytes were stimulated with recombinant Ang-1 or Ang-2 or with serum 

from SSc patients in the presence of a Tie2 inhibitor or an anti-Ang2 neutralizing antibody; 

the production of IL-6 and IL-8 was analyzed by ELISA.

results

Ang-1 levels were reduced in SSc patients compared to HC, while the levels of Ang-2 were 

increased. Importantly, Ang-1 and Ang-2 levels correlated with clinical disease parame-

ters, such as skin involvement and forced vital capacity. LPS, R848 and IFN-α stimulation 

up-regulated ANG2 expression in monocytes, dermal fibroblasts and HPAEC. Lastly, Ang-2 

induced the production of IL-6 and IL-8 in monocytes of SSc patients, and the inhibition of 

Tie2 or the neutralization of Ang-2 reduced the production of both cytokines by monocytes 

of HC stimulated with the serum of SSc patients. 

conclusion

Tie2 signaling induces the production of IL-6 and IL-8 in monocytes of SSc patients, and neu-

tralization of Ang-2 might be a promising therapeutic target in the treatment of this disease.



V

119

Introduction

 

Systemic sclerosis (SSc) is a connective tissue disease characterized by excessive collagen 

deposition in the skin and internal organs. Besides the fibrotic phenotype, SSc is also charac-

terized by vascular abnormalities and activation of immune cells, including monocytes and 

macrophages [1–3]. Monocyte activation leads to the secretion of cytokines and chemok-

ines, such as interleukin (IL)-6, IL-8, (C-C motif ligand (CCL)2, C-X-C motif ligand (CXCL)10) 

and pro-fibrotic factors such as tissue inhibitor of matrix metalloproteinases (TIMP)-1, 

which are elevated in SSc patients and are involved in the inflammatory and fibrotic 

processes observed in the pathogenesis of the disease [2–6].

The TEK receptor tyrosine kinase (Tie2) is mainly expressed in endothelial cells and, 

through the binding to its ligands angiopoietin (Ang)-1 and Ang-2, plays a key role in the 

maintenance of the vasculature integrity [7]. Moreover, Tie2 is also expressed in myeloid 

cells, such as monocytes, synovial macrophages and monocyte-derived macrophages [8,9]. 

Importantly, we have previously shown that under inflammatory conditions, Tie2 activa-

tion in macrophages induces the production of IL-6, IL-12p40, IL-8 and CCL3, pointing out 

the role of myeloid Tie2 signaling in the inflammatory processes observed in rheumatoid 

arthritis and psoriatic arthritis [9–11]. 

An imbalance in the levels of Tie2 ligands has been previously observed in SSc patients, as 

Ang-1 levels were reduced, while Ang-2 levels were increased in serum of these patients 

compared to healthy controls (HC) [12–16]. Moreover, increased Ang-2 levels have been 

associated with the severity of skin and lung involvement and vascular alterations in SSc 

[12,15,16]. However, the expression of Tie2 in monocytes and the functional consequences 

of its activation in SSc patients remains unknown.
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Materials and methods

Patients

Blood from SSc patients and sex- and age-matched HC was obtained from the University 

Medical Center Utrecht, the Maasstad Ziekenhuis Rotterdam (The Netherlands) and the 

Ospedale Maggiore Policlinico di Milano, Milan (Italy). Skin involvement was evaluated 

by the modified Rodnan skin score (mRSS) and the pulmonary function by measuring the 

forced vital capacity (FCV). All patients provided informed written consent approved by the 

local institutional medical ethics review boards prior to inclusion in this study. All included 

patients fulfilled the ACR/EULAR 2013 classification criteria for SSc [17]. Demographics 

and clinical characteristics of patients and HC are detailed in Supplementary Table S1.

Monocyte isolation 

Peripheral blood mononuclear cells (PBMCs) from HC and SSc patients were isolated by 

Ficoll gradient (GE Healthcare). Monocytes were isolated using CD14 magnetic microbeads 

on an autoMACS Pro Separator (both Miltenyi Biotec), according to the manufacturer’s in-

structions. Purity was assessed by flow cytometry and was routinely above 90%. Monocytes 

were cultured in RPMI-GlutaMAX (Thermo Fisher Scientific) supplemented with 10% fetal 

bovine serum (FBS, Sigma) and 10.000 I.E penicillin-streptomycin (Thermo Fisher Scientific).

Dermal fibroblast isolation and culture 

SSc and HC dermal fibroblasts were obtained as previously described [18] and were 

routinely maintained in Dulbecco’s Modified Eagle Medium (Invitrogen) supplemented with 

10% FBS and 10.000 I.E penicillin-streptomycin. Cells were used for experiments between 

passages 3 and 5 and stimulations were performed after overnight starvation in medium 

containing 1% FBS. 

Human pulmonary arterial endothelial cells cell culture

Human pulmonary arterial endothelial cells (HPAEC) (Thermo Fisher Scientific) were 

cultured in EBM-2 medium supplemented with EGM-2 bullet kit (both Lonza), 5% FBS 

and 10.000 I.E penicillin-streptomycin in 0.2% bovine skin gelatin-coated (Sigma Aldrich) 

culture vessels. HPAEC stimulation was performed after overnight starvation in EBM-2 

basal medium with low serum for 4h or 24h. 
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Cell stimulation

Monocytes, dermal fibroblasts and HPAEC were stimulated with LPS (100 ng/ml), R848 (1 

μg/ml) both from Invivogen, or interferon alpha2a (IFN-α) (1000U/ml, Cell Sciences) for 24h 

and cells were lysed for mRNA expression analysis. Monocytes were also stimulated with 

Ang-1 or Ang-2 (200 ng/ml) (from R&D Systems) for 24h and supernatants were collected 

for analysis of cytokine production. Alternatively, monocytes from HC were pre-incubated 

for 1h at 37°C with increasing concentrations of a Tie2 inhibitor (Selleck Chemicals) and 

further stimulated with serum of SSc patients (20% v/v) for 24h. Finally, HC monocytes were 

pre-treated 1h at 37 °C with FcR blocking (Miltenyi Biotec), while SSc serum was pre-incu-

bated for 1h at 37°C in the presence of a human neutralizing anti-Ang2 antibody (Creative 

Biolabs) or its respective isotype control (IgG2, R&D) and then cultured with HC monocytes 

(20% v/v) for 24h.

Flow cytometry

PBMCs were stained with fixable viability dye (for dead cell exclusion, eBioscience) and anti-

bodies for CD14 APC (Miltenyi Biotec), CD11c PerCPCy5.5 (Biolegend), HLA-DR FITC (BD 

Biosciences), CD16 V500 (BD Biosciences), Tie2 PE and its respective isotype control (R&D 

systems). Data were acquired on a BD FACSCanto II (BD Biosciences) and analyzed using 

the FlowJo software (Tree Star). After excluding debris, doublets and dead cells, the per-

centage of positive cells was determined on the different monocyte subsets (see phenotype 

in Supplementary Table S2).

RT-PCR and quantitative (q)PCR 

RNA from monocytes, dermal fibroblasts and HPAEC was isolated using the RNeasy micro 

Kit and RNase-Free DNase Set (Qiagen). Total RNA was reverse-transcribed using an iScript 

cDNA Synthesis kit (Biorad). PCR reactions were performed using SYBR green on a StepOne 

Plus Real-Time PCR system (both from Applied Biosystems). cDNA was amplified using 

specific primers (all from Integrated DNA Technologies, Inc. (IDT), see Supplementary Table 

S3). Relative levels of gene expression were normalized to GAPDH housekeeping gene. The 

relative quantity of mRNA was calculated using the formula 2-ΔCt x 1000.

Measurement of cytokine production 

Serum Ang-1 and Ang-2 levels were determined by ELISA (R&D systems) as well as IL-6 and 

IL-8 secretion in cell-free supernatants (PelKine Compact™ ELISA kits, Sanquin Reagents). 
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Statistical analyses

Statistical analysis was performed using Windows GraphPad Prism 8 (GraphPad 

Software, Inc.). Potential differences between experimental groups were 

analyzed by non-parametric, Kruskal-Wallis test and Friedman test, or para-

metric ANOVA test, as appropriate. For correlations with disease parameters 

Spearman’s rho was used. P-values < 0.05 were considered statistically significant.  

Results 

 
Angiopoietin levels are dysregulated in SSc patients  

In order to confirm the imbalance of the Tie2-angiopoietins system in our cohort of 

patients, we first analyzed the serum levels of Ang-1 and Ang-2. Similar to previous 

findings [12–16], Ang-1 levels were significantly reduced in SSc patients compared to 

HC and Ang-2 were significantly increased (Figure 1A). Moreover, this dysregulation 

was found both in the limited cutaneous (lcSSc) and in the diffuse cutaneous (dcSSc) 

SSc patients (Supplementary Figure S1). Interestingly, both Ang-1 and Ang-2 positively 

correlated with the mRSS (Figure 1B) and negatively with the FVC (Figure 1C). 

We next analyzed the expression of Tie2 on monocytes of SSc patients and HC. We did not 

observe differences in the percentage of Tie2+ cells, neither in total monocytes nor in the 

different monocyte subsets (classical, intermediate and non-classical) (Figure 1D).

To determine which cell types are implicated in the dysregulated levels of Ang-1 and Ang-2, 

we analyzed the mRNA expression of both ligands in monocytes and dermal fibroblasts from 

HC and SSc patients. The basal levels of ANG1 were similar in monocytes and fibroblast of 

HC and SSc patients, but the levels of ANG2 were higher in SSc patients for both cell types 

(Figure 1E-F). Furthermore, we investigated the effect of inflammatory mediators involved 

in the pathogenesis of SSc, such as toll-like receptor (TLR) agonists [2,3] and IFN-α, as  SSc is 

a type-I IFN associated disease [19]. In monocytes, stimulation with LPS (TLR4 ligand), R848 

(TLR7/8 ligand) and IFN-α showed a trend towards a downregulation of ANG1 expression. 

On the contrary, R848 and IFN-α stimulation upregulated the expression of ANG2 in both 

HC and SSc patients (Figure 1E). In dermal fibroblast, LPS, R848 and IFN-α did not modulate 

the expression of ANG1, but IFN-α induced the expression of ANG2 in SSc patients (Figure 
1F). As endothelial cells are the main producers of Ang-2 [7], we further analyzed the effect 

of the stimulation on ANG1 and ANG2 expression. Stimulation with LPS, R848 and IFN-α, at 

24h decreased ANG1 expression, but LPS and IFN-α significantly enhanced the expression 
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Figure 1. Ang-1 and Ang-2 levels are dysreg-

ulated in SSc patients. (A) Ang-1 and Ang-2 

levels in serum from HC (n=20) and SSc patients 

(n=27). (B-C) Correlations of angiopoietins 

serum levels and modified Rodnan skin score 

(mRSS) (B) and forced vital capacity (FVC) (C). 

(D) Percentage of Tie2+ expressing cells in HC 

and SSc patients monocytes and monocyte 

subsets (n=10 each). (E-F) ANG1 and ANG2 

mRNA expression in monocytes (E) and dermal 

fibroblasts (F) from HC and SSc patients (n=5-6) 

stimulated with LPS, R848 or IFN-α for 24h.  

Means and SEM are shown. * p<0.05 and ** 

p<0.01. # p<0.05 compared to HC medium.
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Figure 2. Tie2 signaling induces IL-6 and IL-8 

production in monocytes of SSc patients. 

(A) IL-6 and IL-8 production in HC and SSc 

monocytes (n=8 each) after 24h incubation 

in medium, Ang-1 or Ang-2. (B) IL-6 and IL-8 

production by HC monocytes, pre-treated for 1h 

with increasing concentrations of Tie2 inhibitor 

(Tie2i) and stimulated for 24h with serum of 

SSc patients (20% v/v). Data are presented as 

percentage of production relative to SSc serum 

from 5 independent experiments. (C) IL-6 and 

IL-8 production by HC monocytes after 24h 

incubation with serum of SSc patients (20% v/v), 

pre-treated for 1h with an isotype control (IgG2) 

or an anti-Ang-2 neutralizing antibody (α-Ang2). 

Data are presented as percentage of production 

relative to SSc serum, from 6 independent ex-

periments. Means and SEM are shown. * p<0.05, 

** p<0.01 and *** p<0.001. # p<0.05, ## p<0.01 

and ### p<0.001 compared to HC medium. $ 

p<0.05, $$ p<0.01 and $$$ p<0.001 compared 

to medium.
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of ANG2 (Supplementary Figure S2). Altogether, these data showed an imbalance of angio-

poietin levels in SSc patients, and monocytes, dermal fibroblasts and endothelial cells might 

be involved in this dysregulation.

Monocyte-Tie2 activation induces IL-6 and IL-8 secretion in SSc 

patients 

Next, we analyzed the functional consequences of Tie2 activation in monocytes. The basal 

production of IL-6 and IL-8 was significant higher in monocytes of SSc patients compared to 

HC monocytes (Figure 2A). In HC, Ang-1 stimulation did not induce different IL-6 and IL-8 

secretion in monocytes, but Ang-2 stimulation showed a trend towards a higher production 

of IL-6 and induced a significant secretion of IL-8. In SSc monocytes, Ang-1 did not affect the 

secretion of IL-6 but induced production of IL-8, although differences were non-significant 

(p=0.08). Importantly, Ang-2 induced a strong and significant production of both IL-6 and 

IL-8 in SSc monocytes (Figure 2A).

These results suggest that Ang-2, and to a lesser extent Ang-1, contribute to the elevated 

IL-6 and IL-8 levels found in SSc patients. To validate this hypothesis, we analyzed the effect 

of Tie2 inhibition on the SSc serum-induced cytokine secretion by monocytes. The serum of 

SSc patients induced the secretion of both cytokines by HC monocytes and this secretion 

was reduced dose dependently by Tie2 inhibition (Figure 2B). Finally, to prove that this in-

hibition was Ang-2 dependent we neutralized Ang-2 in the serum of SSc patients and we 

found a significant reduction of IL-6 and IL-8 monocyte secretion (Figure 2C).

Discussion

Several works have previously shown that Tie2-angiopoietin system is dysregulated in SSc 

patients [12–16], but the role of monocyte Tie2 signaling on SSc pathology has not yet been 

investigated. In our cohort of SSc patients, Ang-1 and Ang-2 levels are in line with previous 

reports and in vitro we show that ANG2 expression is higher in monocytes and dermal fi-

broblasts of SSc patients compared to HC. Moreover, TLR and IFN-α stimulation induced 

the expression of ANG2 and partially reduced the ANG1 levels. These data suggest that 

both TLR signaling and IFN signature, which are implicated in SSc pathogenesis [3,19], are 

involved in the imbalance of angiopoietins levels observed in these patients.

Our results also demonstrate that Ang-2, and in lesser extent Ang-1, induces the secretion 

of IL-6 and IL-8 by SSc monocytes. Even though, this effect was also observed in HC 

monocytes, the effect was milder. We have previously shown that in macrophages under 
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inflammatory conditions, Tie2 signaling enhances the production of different cytokines 

and chemokines [10,11]; thus the effect observed in SSc monocytes seems to be potenti-

ated by the inflammatory status of these monocytes [2,3]. Interestingly, the IL-6 and IL-8 

levels are already high in non-stimulated SSc monocytes but the inhibition of Tie2 signaling 

or the neutralization of Ang-2 abrogates the serum-induced IL-6 and IL-8 secretion. It was 

previously reported that IL-6 is elevated in circulation, affected skin and bronchoalveolar 

lavage fluid from patients with SSc and can predict worse outcome of the disease [2,4,6]. 

Regarding its functions, in vitro studies showed that IL-6 induces collagen production by SSc 

dermal fibroblasts and can also be involved in the induction of TIMP-1 and in the increased 

frequency of Th17 cells [6]. Although IL-8 is also elevated in the serum of SSc patients, its 

role is less clear; evidences from literature suggest that IL-8 could be implicated in the re-

cruitment of immune cells to the affected tissues like skin and lungs and thus perpetuate the 

inflammatory processes [20]. 

The elevated serum levels of Ang-2 in SSc patients and given the correlation between Ang-1 

and Ang-2 levels with the skin and lung involvement, might, at least in part, be responsible 

for the elevated levels of IL-6 and IL-8 cytokines in SSc. Thus, the Tie2-Ang-2-induced IL-6 

production perpetuates the fibrotic processes observed in the skin and lungs of SSc patients. 

Altogether, our work postulates the Tie2-Ang-2 axis as a potential therapeutic target for 

reducing monocyte-induced cytokine production. Due to the crucial role of Tie2 signaling 

on maintenance of vascular integrity, and the pathological role of Ang-2 on vascular desta-

bilization [7,21], the therapeutic use of anti-Ang2 antibodies may be more successful than 

the inhibition of the Tie2 signaling. However, further studies are needed to validate the 

therapeutic use of Ang-2 neutralization in SSc. 
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Supplementary Figure S1. Ang-1 and Ang-2 

levels are dysregulated in both SSc subsets. 

(A) Ang-1 and Ang-2 levels in serum from HC 

(n=20), lcSSc (n=15) and dcSSc patients (n=12). 

Mean and SEM are shown. * p<0.05 and ** 

p<0.01. 

Supplementary Figure S2. Ang-1 and Ang-2 

expression is regulated by inflammatory stimuli 

in endothelial cells. ANG1 and ANG2 mRNA ex-

pression by HPAEC stimulated with LPS, R848 

or IFN-α for 4 and 24h. Means and SEM of 4 

independent experiments are shown. * p<0.05 

compared to medium. 

Supplementary data
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ELISA Angiopoietins Dermal fibroblasts Functional assays

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

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

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

Disease 
duration (years)

9 (2-14) 2 (1-3) 8 (3-15)

Limited 
cutaneous SSc

15 (55) 1 (20) 11 (40)

Diffuse 
cutaneous SSc

12 (45) 4 (80) 16 (60)

ANA positive: 
n (%)

26 (96) 4 (80) 26 (96)

ACA positive: 
n (%)

9 (33) 0 (0) 7 (26)

Scl70 positive: 
n (%)

8 (27) 1 (20) 13 (48)

mRSS 4 (2-9) 7 (7-8) 7 (4-13)

FVC 104 
(90-119)

N.D. 91 (83-98)

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

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

Biologicals: 
n (%)

0 (0) 0 (0) 1 (4)

Supplementary Table S1. Characteristics of the SSc patients and controls.

Data are presented as the median (interquartile range) or number (percentage). ANA: antinuclear 

antibodies; ACA: anticentromere antibodies; Scl70: antitopoisomerase I antibodies; mRSS: modified 

Rodnan skin score; FCV: forced vital capacity; ILD: interstitial lung disease; DMARDs: disease-modi-

fying antirheumatic drugs; N.D.: not determined.

 
Cell population Gating strategy

Monocytes HLA-DR+ CD11c+ CD14+

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

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

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

Supplementary table S2. Phenotypic strategy used to identify the different cell populations.
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Gene Primer forward Primer reverse

ANG1 5’GAATTTTTGGGGTGCTTGAA3’ 5’GAGAGGCCCAGTAGCTT3’

ANG2 5’TCAGTGGCTAATGAAGCTTGAGA3’ 5’CCGCTGTTTGGTTCAACAGG3’

GAPDH 5’GCCAGCCGAGCCACATC3’ 5’TGACCAGGCGCCCAATAC3’

 

Supplemental Table S3. List of PCR primers.
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Abstract 

objective

To analyze how monocyte and macrophage exposure to CXCL4 induces inflammatory and 

fibrotic processes observed in Systemic sclerosis (SSc) patients. 

methods

In six independent experiments, monocytes of healthy controls (HC) and SSc patients were 

stimulated with CXCL4, TLR-ligands, IFNɑ or TGFβ and the secretion of cytokines in the 

supernatant was assessed by multiplex immunoassays. PDGF-BB production by mono-

cyte-derived macrophages was quantified using immunoassays. The number of monocytes 

and PDGF-BB in circulation was quantified in HC and SSc patients with the Sysmex 

XT-1800i hematology counter and immunoassays. Intracellular PDGF-BB was quantified in 

monocytes by Western blot. PDGF-receptor inhibition was achieved using siRNA-mediated 

knockdown or treatment with Crenolanib. The production of inflammatory mediators and 

extracellular matrix (ECM) components by dermal fibroblasts was analyzed by qPCR, ELISA 

and ECM deposition assays.

results

SSc and HC monocytes released PDGF-BB upon stimulation with CXCL4. Conversely, TLR 

ligands, IFNɑ or TGFβ did not induce PDGF-bb release. PDGF-BB plasma levels were sig-

nificantly (P=0.009) higher in diffuse SSc patients (n=19), compared with HC (n=21). In 

healthy dermal fibroblasts, PDGF-BB enhanced TNFɑ-induced expression of inflammatory 

cytokines and increased ECM production. Comparable results were observed in fibroblasts 

cultured in supernatant taken from macrophages stimulated with CXCL4. This effect was 

almost completely abrogated by inhibition of the PDGF-receptor using Crenolanib.

conclusion

Our findings demonstrate that CXCL4 can drive fibroblast activation indirectly via PDGF-BB 

production by myeloid cells. Hence, targeting PDGF-BB or CXCL4-induced PDGF-BB 

release could be clinically beneficial for patients with SSc. 

keywords 
Systemic sclerosis, monocytes, macrophages, dermal fibroblasts, inflammation, fibrosis
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Introduction

Systemic sclerosis (SSc) is a rare systemic autoimmune disorder characterized by vascular 

damage and immune activation preceding the development of severe and progressive 

fibrosis of the skin and internal organs [1]. This deforming fibrosis can lead to serious condi-

tions such as pulmonary fibrosis and pulmonary arterial hypertension (PAH), which further 

cause disease-associated morbidity and mortality [2,3]. Although the pathogenesis of SSc 

is still largely unknown, vascular abnormalities such as the presence of SSc‐specific nailfold 

videocapillaroscopy (NVC) and Raynaud’s phenomenon (RP) are commonly observed before 

the development of fibrosis [1,4]. Such vascular damage potentially leads to the infiltration 

of mononuclear immune cells into the fibrotic tissues, a phenomenon commonly observed 

in later stages of the disease [5]. A large portion of the infiltrating cells in SSc skin consists of 

monocytes and macrophages [6,7,8]. In line with this observation, in SSc monocytes we pre-

viously detected increased promoter activity and expression of the receptors for interleu-

kin(IL)8[9], a chemokine triggering migration of immune cells also found to be increased in 

the skin of SSc patients [10,11]. Cytokines released by such infiltrating cells activate dermal 

fibroblasts, thereby playing a crucial role in the development of fibrosis. Supporting this, 

the expression levels of CD14, SERPINE1, and more macrophage markers found in SSc skin 

biopsies [12], have been determined to be the strongest predictor of fibrotic exacerbation 

over time.

Additionally, we identified a strong increase of CXCL4, a chemokine proposed as an SSc 

biomarker associated with progressive fibrosis and PAH, in SSc patients [13]. CXCL4 was 

found to promote monocyte survival [14]. In line with this, we and others have reported 

an increased number of monocytes in the circulation of SSc patients [15,16]. CXCL4 can 

enhance the binding of monocytes to the endothelial cell wall, potentially aiding their ex-

travasation into the tissue [17]. Further on, when used to differentiate monocytes in-vitro, 

CXCL4 was shown to induce a specific macrophage phenotype, similar to macrophages 

found in atherosclerotic plaques [18], while in monocyte-derived dendritic cells (moDCs) 

CXCL4 increased the release and mRNA stability of IL6 and tumor necrosis factor-alpha 

(TNFα), cytokines associated to SSc pathogenesis [19]. 

However, how the interaction between CXCL4 and monocytes or macrophages could affect 

skin fibrosis is currently unknown. Here we describe that, both in monocytes and macro-

phages, CXCL4 specifically drives the release of platelet derived growth factor (PDGF)-BB, 

a potent mitogen factor for dermal fibroblasts [20] which is majorly produced by lesional 

macrophages in the fibrotic skin [21]. PDGF-BB was previously found to cause increased 

inflammation, dermal thickening and collagen deposition in bleomycin mouse model for 

skin fibrosis [22]. Additionally, in fibroblast-like synoviocytes, PDGF-BB acts in concert with 

TGFβ to potentiate TNFα-induced release of pro-inflammatory cytokines [23]. By demon-
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strating that the supernatant from CXCL4-activated macrophages induces fibroblasts ac-

tivation mediated via the PDGF receptor, our results provide new insights on the role of 

CXCL4 in SSc and suggests that PDGF-BB constitutes a key mediator of CXCL4-induced 

inflammation and fibrosis. 



VI

137

Materials and Methods 

— 2.1  

Patient samples

Peripheral blood was drawn from patients with SSc (n=70) and from age and gen-

der-matched healthy control (HC) (n=21) at the IRCCS Policlinico of Milan. Clinical charac-

teristics of patients are shown in Table 1. Informed consent was obtained from all patients 

and HC enrolled in the study. All samples and clinical information were treated anonymous-

ly right after they were obtained. All patients with SSc fulfilled the American College of 

Rheumatology/European League Against Rheumatism (ACR/EULAR) 2013 classification 

criteria. Patients with SSc were subdivided into limited cutaneous SSc (lcSSc) and diffuse 

cutaneous SSc (dcSSc) subsets on the basis of the extent of skin fibrosis (Leroy, J Rheumatol, 

1988). Patients with non-cutaneous SSc (ncSSc) met the 2013 ACR/EULAR criteria of SSc 

without having fibrosis at the time of recruitment. Additionally, early SSc (eaSSc) patients 

(n=15) presenting with Raynaud’s phenomenon in combination with either typical nailfold 

videocapillaroscopy abnormalities or SSc-specific autoantibodies were included in the 

study.

— 2.2  

siRNA transfection

Fibroblasts were transfected using DharmaFECT1 (Thermo Scientific). Prior to trans-

fection, cells were maintained in DMEM containing 10% FBS. 1 hour before transfection 

the medium was replaced by Gibco OPTI-MEM (ThermoFisher) serum-reduced medium. 

PDGFRα and PDGFRβ specific small interfering RNA (siRNA) (20 nM) or control non-tar-

geting siRNA (20 nM), (Thermo Scientific) were mixed with DharmaFECT1 and incubated 

for 20 min at room temperature prior to transfection; 24 h after transfection, medium was 

replaced with DMEM containing 10% FBS which was left for 24 hours prior to 24 hour 

pre-starvation followed by stimulation of the cells.

— 2.3  

Sample isolation and cell culture

Plasma samples were obtained from 2 ml undiluted whole blood centrifuged at 1700g for 

10 minutes. Samples were aliquoted in micronic vials, snap-frozen on dry ice and stored 

at -80°C. Mononuclear cells (PBMC) were isolated from peripheral blood collected in 

lithium heparin tubes using Lymphoprep (Stemcell technologies) or Ficoll Paque Plus (GE 

Healthcare). The whole-blood monocyte count was performed with the Sysmex XT-1800i 

haematology counter according to manufacturer’s protocol. Monocytes were isolated from 
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PBMCs using anti-CD14 microbeads (Miltenyi Biotech, Germany) on an Automacs pro 

system to reach >95% purity. For functional experiments, freshly isolated monocytes were 

resuspended at 2x106/ml in RPMI 1640 Medium, GlutaMAX™ (Gibco) supplemented with 

10% FBS. For macrophage differentiation monocytes were cultured at 1x106/ml in RPMI 

medium containing 20ng/ml M-CSF (R&D systems #216-MC-005) for 5 days followed by 

2 days of polarization using 20ng/ml M-CSF plus either a combination of 100ng/ml IFNy 

(eBioscience , 14-8319-80) and 100ng/ml LPS (R&D, 216-MC-005) for M1 macrophages  or 

40ng/ml IL4 (R&D, 204-IL-010) for M2 macrophages. Macrophage conditioned supernatant 

was obtained by replacing the medium after polarization for RPMI medium supplement-

ed with 1% FBS followed by 24 hour culture with or without 10ug/ml CXCL4 (Peprotech, 

300-16). 

— 2.4  

Fibroblast culture

Primary dermal fibroblasts lines (N=10) were obtained from resected material of healthy 

volunteers undergoing cosmetic surgery. Dermal fibroblasts isolation was performed using 

the Whole Skin Dissociation Kit (Miltenyi Biotech), following the manufacturer protocol. 

Briefly, biopsies with diameter of 3 × 4mm were digested overnight at 37 °C and processed 

with the gentleMACS Dissociator (Miltenyi Biotech) to obtain a single cell suspension. 

Fibroblasts were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Invitrogen) sup-

plemented with 10% fetal bovine serum (FBS) (Biowest) and 10,000 IU penicillin–strepto-

mycin. Cells were used between passage 3-7. Stimulations with 10 ng/ml PDGF-BB (R&D, 

220-BB) and/or TNFα (R&D, 210-TA and/or TGF-β2 (R&D, 302-B2) were performed after 

overnight serum starvation in medium containing 1% FBS. Where indicated, PDGFR inhib-

itors CP-868596/Crenolanib (Selleckchem) were used at a concentration of 1 μM and a 1 

hour pre-incubation was performed before stimulation. Where indicated, fibroblasts were 

serum-starved and cultured in conditioned supernatant of M2 macrophages.

— 2.5  

Protein quantification in plasma and cell-culture supernatant

Concentrations of cytokines in plasma or secreted by cultured monocytes and macrophages 

was quantified using an in house Luminex immunoassay (PDGF-BB, TNFα, LAP, IL1ɑ, IL6 

MCP1, CXCL4, CXCL10, CXCL11 ).The quantification of IL6 and IL8 in supernatant of 

dermal fibroblasts was performed using PeliKine ELISA kits (M1916 and M191, Sanquin) 

according to manufacturer’s protocol . 
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— 2.6  

RNA extraction

Total RNA was isolated from monocytes, macrophages and fibroblasts using the AllPrep 

DNA/RNA/miRNA Universal Kit (Qiagen) according to the manufacturer’s guideline. RNA 

was quantified with a Qubit (Invitrogen).

— 2.7  

RT-qPCR analysis

RealTime-quantitative PCR (RT-qPCR) assays were performed using 2-5ng retrotranscribed 

RNA obtained using the superscript IV reverse transcriptase kit (Invitrogen). Reactions 

were conducted using the SybrSelect mastermix (Applied Biosystems) with 350nM specific 

primer pairs on a QuantStudio 12k flex (Applied Biosystems). Cycle threshold values (Ct) of 

the gene of interest were normalized to the expression of the housekeeping gene GAPDH 

or RPL32 and analyzed using the comparative threshold cycle method. The relative ex-

pression was calculated using the formula 2-ΔCT. A list of primers used can be found in 

Supplementary Table 1.

— 2.8  

Western blot analysis

Monocytes or fibroblasts were lysed in Laemmli’s buffer(10% SDS, glycerol, 1M Tris pH 6.8 

and dH20) Equivalent amounts of total protein lysates were mixed with loading buffer and 

boiled at 95 °C for 5 min. Proteins were resolved by electrophoresis on 4–12% Bis-Tris SDS 

NuPAGE gels (Invitrogen) for 1 h at constant 200 V. Proteins were transferred to polyvi-

nylidene difluoride (PVDF)membranes (Bio-Rad Laboratories), membranes were blocked in 

Tris-buffered saline (pH 8.0) containing 0.05% Tween-20 (Bio-Rad) and 4% milk (Bio-Rad) 

for 1 hours at room temperature, washed and probed overnight at 4 °C with antibodies rec-

ognizing PDGF-BB (16829, Abcam, 1:1000), p-AKT (4060S, Cell Signaling, 1:1000) histone 

3 (H3) (9715, Cell Signaling, 1:1000) or tubulin (T9026, Sigma-Aldrich, 1:10.000)). After 

washing, membranes were incubated with horseradish peroxidase (HRP)-conjugated swine 

anti-rabbit or goat anti-mouse immunoglobulin secondary antibody (Dako, 1:3000), and 

protein visualization was performed using ECL substrate KIT: ECL PRIME (Life Sciences 

#RPN2236) and  a ChemiDoc MP system (Bio-Rad).

— 2.9  

Extracellular matrix deposition assay

Clear flat‐bottomed 96 well black imaging plates (Corning) were coated with 0.2% bovine 

gelatin (Sigma) solution for 1 hour at 37°C and washed with Dulbecco’s PBS supplemented 

with 1 mM Ca2+ and 1 mM Mg2+ (DPBS+). The plates were then incubated with 1% glutar-
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aldehyde for 30 minutes at room temperature followed by three washes with DPBS+ and in-

cubation with 1M ethanolamine for 30 minutes and 3 more washes with DPBS+. Fibroblasts 

were seeded and kept in full medium for 24 hours before starvation in DMEM containing 1% 

FBS overnight. Cells were then stimulated with PDGF-bb (10 ng/ml) in DMEM containing 

2% FBS and 50 μg/ml of L‐ascorbic acid (Wako). Medium was refreshed after 48 and 96 

hours.  After six days, cells were lysed with 0.5% volume/volume Triton X‐100 containing 

20 mM NH4OH in PBS, and plates were kept at 4°C overnight. Cellular debris was removed, 

and wells were fixed in ice‐cold 100% methanol. Blocking with 1% normal donkey serum 

(Jackson ImmunoResearch) was performed for 30 min at room temperature before the 

samples were incubated with Collagen Pan Polyclonal antibody (anti-collagen type I, II, III, 

IV and V; Invitrogen - Thermo Fisher Scientific) and fibronectin (R&D Systems) for 2 hours 

at room temperature. After washing, the secondary antibodies (IRDye 800CW and IRDye 

680RD; Li‐Cor) were applied for 1 hour at room temperature. Quantification of the fluores-

cent signal reflecting the amount of protein was performed using an Odyssey Sa Infrared 

Imaging System (Li‐Cor Biotechnology).

— 2.10  

Statistical analysis

Correlations were calculated using Spearman’s Rho test. Potential differences between ex-

perimental groups were analyzed by Wilcoxon’s test, Mann-Whitney-U test, Kruskal-Wallis 

test, or repeated-measure ANOVA tests, as appropriate. Statistical analysis was performed 

using GraphPad Prism 8 software. P values less than 0.05 were considered significant.



VI

141

HC 

(n=21)

earlySSc

(n=15)

ncSSc 

(n=27)

lcSSc

(n=24)

dcSSc 

(n=19)

Age (years) 50 (44-58) 72 (46-77) 59 (50-68) 60 (51-71) 50 (45-63)

Female: n (%) 19 (90) 15 (100) 27 (100) 22 (92) 15 (79)

Disease duration 
(years)

- - 9 (3-16) 19 (8-23) 13 (2-16)

ANA positive: n (%) - 15 (100) 26 (96) 23 (96) 17 (89)

ACA positive: n (%) - 12 (80) 20 (74) 13 (54) 0 (0)

Scl-70 positive: n (%) - 2 (13) 1 (4) 9 (38) 11 (58)

mRSS - - - 4 (3-5) 10 (5-17)

ILD: n (%) - 0 (0) 2 (7) 7 (29) 14 (74)

Prednisone -  2(13) 4 (15) 8 (33) 15 (79)

Other 
Immunosuppressant-

treatment*: n (%)

- 1 (7) 0 5 (21) 9 (47)

Table 1. Characteristics of SSc patients included in the study.  Data is presented as the median 

(interquartile range) or number (percentage). ANA: antinuclear antibodies; ACA: anticentromere 

antibodies; Scl-70: antitopoisomerase antibodies; mRSS: modified Rodnan Skin score; ILD: Interstitial 

Lung disease. * cyclophosphamide, methotrexate, micofenolate mofetil or biological drugs (abatacept, 

tocilizumab, etanercept)
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and macrophages after CXCL4 stimulation 

A) PDGF-BB concentration in supernatant of 

healthy (n=7), earlySSc (n=5) and SSc (n=12) 

monocytes after 16 hrs in medium with 5 μg/

ml CXCL4 or control medium. B) Concentration 

of PDGF-BB in culture supernatant of M1 (n 

= 8) vs M2 (n =8) macrophages after 16 hours 

of culture with 0, 5 or 10 μg/ml CXCL4. C) 

PDGF-BB concentration (mean+/- sd) in plasma 

of HC (n=21) or patients with earlySSc (n15) 

ncSSc (n = 27), lcSSc (n = 23) or dcSSc (n = 

19). D) Spearman Rho’s correlation between 

monocyte count and PDGF-BB levels in plasma 

of SSC patients n = 85. (A-B) Mann-Whitney U 

test. (* = P < 0.05, ** = P < 0.01, *** = P < 0.001,  

**** = P < 0.0001. )
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Results

— 3.1  

CXCL4 induces the release of PDGF-BB, a protein associated with SSc 

skin fibrosis, by monocytes and macrophages.

To examine the effect of CXCL4 on the release of cytokines and chemokines by monocytes 

we performed six independent experiments in which we cultured CD14+ monocytes of 

healthy controls (HC) (total n=7) and SSc patients (total n=17) in culture medium with and 

without human recombinant CXCL4. In a panel of cytokines and chemokines measured 

in the supernatant, we found a significant increase in the release of PDGF-bb in both 

healthy and SSc monocytes specifically treated with CXCL4 (Figure 1A), but not with Toll 

like receptor (TLR) 3, 4 or 7/8 ligands (poly I:C, LPS, and R848 respectively), TGFβ or IFNɑ 

(Supplementary Table 2). Monocytes of earlySSc patients, as well as those of ncSSc, lcSSc 

and dcSSc patients, responded in a similar fashion with concern to PDGF-BB release in 

CXCL4-stimulated monocytes. To exclude the possibility that platelet contamination or the 

presence of monocyte-platelet-complexes (MPCs) could be the source of PDGF-BB [24], 

platelet-free monocytes and MCPs were separated using FACS sorting and stimulated with 

CXCL4. Both cell fractions displayed a similar response to CXCL4 (Supplementary Figure 
1A and 1B). Additionally, since platelets are enucleate cells and do not display transcrip-

tional activities[25], we could prove that PDGF-BB protein is produced in monocytes by 

blocking de novo transcription, which prevented PDGF-BB production (Supplementary 
Figure 1C). Activated monocytes differentiate into both inflammatory and profibrotic 

macrophages (M1 and M2 macrophages, respectively) in the affected skin of SSc patients 

[26]. Thus, we used in-vitro differentiated monocyte-derived M1 and M2 macrophages to 

validate our findings. A dose-dependent increase of PDGF-BB release was observed in both 

cell types upon stimulation with CXCL4. Furthermore, in M2 macrophages, both basal and 

CXCL4-induced production of PDGF-BB was higher than in M1 macrophages (Figure 1B). 
In order to investigate whether the CXCL4-induced PDGF-BB release by monocytes po-

tentially leads to increased levels of PDGF-BB in the circulation of SSc patients, we isolated 

plasma and performed a monocyte count for HC (n=21) early SSc (n=15) and SSc patients 

with various subsets of SSc (n=70). Compared with HC, we found a significant increase of 

PDGF-BB in the plasma of patients with extensive skin fibrosis (dcSSc) (Figure 1C). We 

observed no significant difference in PDGF-BB plasma levels when comparing patients 

treated with and without prednisone or immunosuppressant drugs (IS), suggesting that 

treatment has no major influence on plasma PDGF-BB levels (Supplementary Figure 2A, 2B 
and 2C). Furthermore, we observed that SSc patients suffering from ILD do not show  sig-

nificantly higher PDGF-BB plasma levels compared to patients without ILD (Supplementary 
Figure 2D). Conversely, we found that SSc patients who tested positive for antinuclear an-

tibodies (ANA), but not for anticentromere antibodies and antitopoisomerase antibodies 
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Figure 2. CXCL4 affects PDGF-BB release 

through a post-transcriptional mechanism after 

monocyte adherence

A) mRNA expression of PDGFB in ex-vivo (t=0) 

or cultured monocytes (n=6) in control medium 

or medium supplemented with 5μg/ml CXCL4 

for up to 24 hours (n=6). (Stars indicate the 

significance of the difference compared with 

ex-vivo monocytes)B) PDGFB mRNA expression 

in ex-vivo monocytes (n=8) versus monocytes 

(n=8) cultured in matrigel supplemented with 

or without 5μg/ml CXCL4. C) The concentra-

tion of PDGF-BB in supernatant of monocytes 

(n=6) cultured in control medium or medium 

supplemented with 5μg/ml CXCL4 for up to 

24 hours. D) Western blot quantification of 

intracellular PDGF-BB in ex-vivo monocytes 

versus monocytes cultured in control medium 

or medium supplemented with 5μg/ml CXCL4 

for 4 hours. Representative Western blot image 

(left) and densitometry analysis (n=6 , right) (A 

B and C) Mann Withney U test (D) Wilcoxon 

matched-pairs signed rank test). (* = P < 0.05, ** 

= P < 0.01, *** = P < 0.001,  **** = P < 0.0001. )
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Figure 3. PDGF-BB synergizes with TNFɑ to 

induce the expression and release of pro-in-

flammatory cytokines in dermal fibroblasts

A) Heatmap showing mRNA expression level 

(mean Z-score of ΔΔCT) of SSc associated 

cytokines and chemokines in dermal fibroblasts 

(n=4) after 4 hours culturing in control medium, 

or medium with 10ng/ml PDGF-BB, 10ng/

ml TNFɑ or a combination thereof. B) Graphs 

reflecting mRNA expression of  IL1B, IL1A, IL8, 

IL33, IL6, CCL3, CCL4 and CCL7 in dermal fibro-

blasts (n=4) after 4 hours culturing in control 

medium, or medium with 10ng/ml PDGF-BB, 

TNFɑ or a combination thereof. C) ELISA quan-

tification of the concentration of IL6 and IL8 in 

culture supernatant of dermal fibroblasts (n=10) 

after 16 hour culture in either control medium, 

medium with 10ng/ml TNFɑ or a combination of 

TNFɑ and PDGF-BB (repeated measure one-way 

ANOVA with fisher LSD test). (* = P < 0.05, ** = P 

< 0.01, *** = P < 0.001,  **** = P < 0.0001. )
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Figure 4. PDGF-receptor inhibition abrogates 

the pro-inflammatory potential of PDGF-BB

A) PDGFRA and PDGFRB mRNA expression 

in dermal fibroblasts (n=4) after non-targeting 

control siRNA transfection (siCtrl) and combined 

PDGFRA and PDGFRB siRNA transfection 

(siPDGFRA/B). B) Western blot detection and 

densitometry analysis of phosphorylated AKT 

in siCtrl or siPDGFRA/B transfected dermal 

fibroblasts(n=6) cultured for 30 minutes is 

control medium or medium supplemented with 

10ng/ml PDGF-BB. C) mRNA expression of 

CCL3, CCL4, CCL7, IL1A, IL1B, IL8 and IL33 

in siCtrl or siPDGFRA/B transfected dermal 

fibroblasts (n=6) cultured for 4 hours in medium 

with 10ng/ml TNFɑ or a combination of 10ng/ml 
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TNFɑ and PDGF-BB. D) Western blot detection 

and densitometry analysis of phosphorylated 

AKT in untreated or Crenolanib pre-treated 

dermal fibroblasts (n=6) cultured for 30 minutes 

in control medium or in medium supplemented 

with 10ng/ml PDGF-BB. E) mRNA expression 

of CCL3, CCL4, CCL7, IL1A, IL1B, IL8 and IL33 

in untreated or Crenolanib pre-treated dermal 

fibroblasts (n=6) cultured for 4 hours in medium 

with 10ng/ml TNFɑ or a combination of 10ng/

ml TNFɑ and PDGF-BB.  (repeated measure 

one-way ANOVA with fisher LSD test). * = P < 

0.05, ** = P < 0.01, *** = P < 0.001,  **** = P < 

0.0001. )

(ACA and Scl-70, respectively), displayed higher PDGF-BB plasma levels (Supplementary 
Figure 2E).  Furthermore, a significant correlation was observed between the number of cir-

culating monocytes and the concentration of PDGF-BB in the plasma of SSc patients (Figure 
1D). 

— 3.2  

CXCL4 affects the release but not the production of PDGF-BB by 

monocytes.

Given that the signaling pathways activated by CXCL4 in monocytes are not fully known, 

we sought to identify whether the release of PDGF-BB by monocytes is regulated at the 

transcriptional level. qPCR quantification of PDGFB mRNA expression revealed that in 

both CXCL4-stimulated and untreated monocytes, PDGFB gene expression was equally 

induced upon culturing the cells in tissue culture plates. The induction of PDGFB mRNA 

expression was observed after plating cells for 2 hours and reached a plateau after 4 hours 

(Figure 2A), after which expression levels stayed relatively constant up to at least 96 hours 

(data not shown). To exclude the possibility that PDGF-BB production was just an effect of 

the tissue plate culture conditions, monocytes were cultured in matrigel to resemble the 

extracellular environment of the skin. We could validate that a strong induction of PDGFB 

mRNA expression was also observed upon culturing the cells in matrigel, regardless of the 

addition of CXCL4 (Figure 2B). Furthermore, even though the mRNA expression level of 

PDGFB was similar in CXCL4-stimulated and unstimulated monocytes, PDGF-BB protein 

was only detected in the supernatant of CXCL4-stimulated conditions, as early as 2 hours 

after culture initiation (Figure 2C). Using Western blot analysis to quantify the level of in-

tracellular PDGF-BB, we could observe that monocytes do not express PDGF-BB ex-vivo 

but only upon adherence (Figure 2D). Finally, we found that CXCL4 reduced the level of 

intracellular PDGF-BB protein, possibly as a consequence of the increased release of the 

protein in this condition (Figure 2C and 2D).
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Figure 5. CXCL4-induced PDGF-BB release 

causes increased deposition of collagen and 

fibronectin by dermal fibroblasts

A) Quantification of collagen (left) and fibronec-

tin (right) deposition by dermal fibroblasts (n=6) 

after 6 days of culture in control medium or 
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medium supplemented with 10ng/ml PDGF-BB. 

B) Quantification of collagen (left) and fibronec-

tin (right) deposition by dermal fibroblasts after 

6 days of culture in supernatant of either control 

M2 macrophages(n=9) or M2 macrophages 

stimulated with 10μg/ml CXCL4 (n=9) for 24 

hours. C) Spearman Rho correlation of the 

concentration of PDGF-BB in the M2 macro-

phage supernatant samples and the amount of 

collagen (left) and fibronectin (right) deposition 

by dermal fibroblasts after 6 days of superna-

tant culture. D) quantification of collagen (left) 

and fibronectin (right) deposition by dermal 

fibroblasts after 6 days of culture in supernatant 

of CXCL4-conditioned M2 macrophages(n=6) 

in the presence or absence of 1μM Crenolanib. 

(Mann-Whitney U tests). ( * = P < 0.05, ** = P < 

0.01, *** = P < 0.001,  **** = P < 0.0001. ) AU = 

arbitrary units; MØ = macrophages. 

Figure 6. Suggested mechanism of action of 

CXCL4 induced PDGF-BB release inducing 

an inflammatory and pro-fibrotic phenotype 

in dermal fibroblasts. CXCL4 present in the 

skin and circulation of SSc patients activates 

monocytes and M2 macrophages inducing the 

release of PDGF-BB. PDGF-BB contributes 

to the instigation of inflammation and ECM 

deposition, reflected by the increased release 

of IL6 and IL8 and the enhanced deposition of 

fibronectin and collagen. Blocking the PDGF-

receptor using Crenolanib abrogates both the 

inflammation and ECM deposition in dermal 

fibroblasts.
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— 3.3  

PDGF-BB synergizes with TNFα to induce the expression and release 

of pro-inflammatory cytokines in dermal fibroblasts.

Autoimmunity and inflammation are both early hallmarks of SSc that precede the onset 

of fibrosis [4]. Hence, we sought to determine whether PDGF-BB could contribute to the 

development of an inflammatory phenotype in dermal fibroblasts. qPCR analysis indicated 

that PDGF-BB has a marginally potentiating effect on the gene expression of inflammatory 

cytokines and chemokines in dermal fibroblasts (Figure 3A and 3B). However, in combina-

tion with TNFɑ, a cytokine associated with SSc pathogenesis [27] and induced by CXCL4 in 

monocytes (Supplementary Table 2), PDGF-BB strongly enhanced the expression of pro-in-

flammatory mediators (Figure 3A and 3B) and the release of IL6 and IL8 (Figure 3C).

— 3.4  

Inhibiting the expression or the functionality of the PDGF receptor 

using siRNA knockdown or Crenolanib abrogates the pro-inflammato-

ry potential of PDGF-BB.

To verify whether the pro-inflammatory effect of PDGF-BB is mediated by its tradition-

al signaling pathway and to see if this effect could be abrogated by the inhibition of its 

receptor, we made use of siRNA techniques to silence the expression of PDGFRα (PDGFRA) 

and -Rβ (PDGFRB), the two tyrosine kinase receptors of PDGF-BB, in dermal fibroblasts. 

Silencing of PDGFR in dermal fibroblasts resulted in an average reduction of PDGFRA and 

PDGFRB mRNA expression of 93 and 89%, respectively (Figure 4A). The phosphorylation 

of Protein Kinase B (PKB or AKT), a known signaling event downstream of PDGF-BB/PDGF 

receptor interaction[28], was suppressed after combined knockdown of PDGFRA and 

PDGFRB (Figure 4B). Furthermore, PDGF receptor knockdown prevented the induction of 

various chemokines (CCL3, CCL4, CCL7 and IL8) and cytokines (IL1A, IL1B and IL33) by 

TNFɑ and PDGF-BB (Figure 4C). A comparable inhibition of these genes was observed after 

knockdown of the PDGF receptor in dermal fibroblasts stimulated with the supernatant of 

CXCL4-conditioned M2 macrophages (Supplementary Figure 3). These results indicate that 

the CXCL4-induced release of PDGF-BB by macrophages has a functional effect on dermal 

fibroblasts and that blocking PDGF signaling dampens the inflammatory response in these 

cells. Additionally, similar results with regards to the phosphorylation of AKT (Figure 4D) 
and the expression of chemokines and cytokines in dermal fibroblasts upon PDGF-BB and 

TNFɑ stimulation (Figure 4E) were obtained using Crenolanib, a small molecule inhibitor of 

the PDGF receptor.
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— 3.5  

CXCL4-induced PDGF-BB derived from M2 macrophages results in 

increased deposition of collagen and fibronectin by dermal fibroblasts.

The aberrant production of ECM molecules, such as collagen and fibronectin, by dermal 

fibroblasts is a known hallmark of SSc-related skin fibrosis [29]. To assess the potential 

effect of PDGF-BB on the production of these proteins, dermal fibroblasts were stimu-

lated with PDGF-BB for 6 days. PDGF-BB induced a significant increase in the deposition of 

both collagen and fibronectin (Figure 5A). Besides enhancing TNFɑ-induced inflammation, 

the combination of TNFɑ and PDGF-BB led to more ECM deposition compared to either 

stimulus alone or medium control (Supplementary Figure 4). Given the increased presence 

of CXCL4 and M2 macrophages in the skin of SSc patients [6,7,13] we investigated how 

CXCL4-exposed M2 macrophages can indirectly affect ECM deposition in dermal fibro-

blasts. Using ECM deposition assays we found that the supernatant of CXCL4-activated 

M2 macrophages  was able to induce the enhanced deposition of both fibronectin and 

collagen by dermal fibroblasts (Figure 5B and Supplementary Figure 4B and 4C). The con-

centration of PDGF-BB detected in the supernatant of both control and CXCL4-treated 

M2 macrophages correlated significantly with the amount of collagen and fibronectin 

deposited by the dermal fibroblasts (Figure 5C). Remarkably, Crenolanib strongly inhibited 

ECM deposition in fibroblasts exposed to CXCL4-conditioned M2 macrophage superna-

tant. These data indicate the potential of Crenolanib in inhibiting not only inflammatory, 

but also pro-fibrotic, responses which are associated with SSc pathogenesis (Figure 5D). 

Discussion

 

SSc is a severe autoimmune disease with a high risk of life-threatening complications. 

Although mortality has decreased over the last decades, current treatment options in SSc 

are mainly disease-modifying or symptomatic [30]. The development of deforming skin 

fibrosis typifies SSc and causes decreased mobility and quality of life. The cause of the 

overproduction of ECM underlying this skin fibrosis are still unclear. Mononuclear cell in-

filtrates, mainly consisting of lymphocytes and monocyte- derived macrophages, have been 

observed at the early stage of the development of skin fibrosis in SSc [31] and are associ-

ated with the aggravation thereof [12]. Additionally, we previously found that the number 

of monocytes in circulation is increased in SSc patients and correlates with the mRSS [15]. 

CXCL4 is a chemokine released by platelets and various immune cells in pathological 

conditions[32,33]. Increased presence of CXCL4 was previously detected in the skin and 

circulation of SSc patients[13,34]. Here we describe how the CXCL4/PDGF-BB signaling 

axis in monocytes and macrophages can induce both a pro-inflammatory and a pro-fibrotic 

phenotype in dermal fibroblasts.
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Increased levels of PDGF-BB and the PDGF receptor-β were found in the lesional skin of SSc 

patients [35,36]. Here, in line with previous findings [37], we observed increased concentra-

tions of PDGF-BB in plasma of diffuse SSc patients. Of interest, SSc patients who tested 

positive for ANA, but not for the SSc specific ACA or Scl-70 [38] displayed higher PDGF-BB 

plasma levels. We found that monocytes rapidly induce the expression of PDGFB mRNA and 

PDGF-BB protein upon adhesion and maintain this expression not only over time, but also 

over the course of differentiation to macrophages. Although PDGF-BB is present intracel-

lularly in cultured monocytes, we found that the release of PDGF-BB could only occur after 

stimulation with CXCL4. Interestingly, we did not detect PDGF-BB release upon stimula-

tion with IFNɑ, TGFβ, and various TLR-ligands, suggesting that PDGF-BB secretion could be 

specifically triggered by CXCL4. Additionally, we observed that the number of monocytes 

in circulation correlated with the plasma level of PDGF-BB in SSc patients. These data, 

combined with the observation that CXCL4 levels are increased in SSc patients, suggest 

that monocytes may be a significant source of this growth factor in-vivo.

The development of fibrosis in SSc patients is commonly preceded by autoimmunity and 

inflammation [4]. TNFɑ is a main pro-inflammatory factor implicated in SSc pathogene-

sis which was found to be increased in the skin and circulation of SSc patients [39,40]. By 

screening a panel of cytokines and chemokines implicated in the pathogenesis of SSc, we 

found that PDGF-BB displayed a synergistic effect on the expression of various TNFɑ-

induced inflammatory mediators in dermal fibroblasts. The expression levels of IL6 and 

members of the IL1 family, IL1ɑ, IL1β and IL33, were associated with the perpetuation of a 

fibrogenic phenotype in dermal fibroblasts [41,42,43]. The infiltration of mononuclear cells 

into the skin is considered a major driving force instigating the inflammation, followed by 

fibrosis, in SSc patients. Hence, the increased production of these chemokines by fibroblasts 

is likely to aggravate fibrotic processes. Here, we found that PDGF-BB contributes to the 

increased expression of CCL2,3,4,5, and 7, as well as CXCL8,9,10, and 11, chemokines pre-

viously shown to be involved in leukocyte recruitment and fibrosis in SSc [44]. 

Aside from promoting inflammation, PDGF-BB has been shown to exacerbate fibrosis 

in the bleomycin mouse model of SSc [22] and reported to play a crucial role in a variety 

of other fibrotic conditions, such as pulmonary, liver and cardiac fibrosis [45]. PDGF-BB 

was initially considered to mainly function as a chemotactic and mitogenic factor for fi-

broblasts in sites of tissue damage. However, studies have shown that PDGF-BB also 

leads to increased differentiation of fibroblasts into myofibroblasts [46], contractile and 

ECM-producing cells which are commonly observed in fibrotic SSc lesions [47]. Using ge-

nome-scale gene expression profiling of SSc skin, Mahoney et al. recently demonstrated the 

altered expression of a cluster of genes implicated in aberrant PDGF signaling in the skin of 

SSc patients [48]. In line with these findings, we observed that dermal fibroblasts deposited 

more collagen and fibronectin when treated with PDGF-BB. Additionally, stimulation of 

dermal fibroblasts with CXCL4-conditioned M2 macrophage supernatant also induced a  
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pro-inflammatory and pro-fibrotic phenotype in dermal fibroblasts, similarly to what was 

observed using recombinant proteins. Lastly, we showed that inhibiting the PDGF receptors 

using siRNA knockdown or the PDGF receptor inhibitor Crenolanib could prevent the in-

flammatory and fibrogenic phenotype induced by human recombinant PDGF-BB and 

CXCL4-conditioned macrophage supernatant. 

The use of PDGF receptor inhibitors in SSc has been hampered by the lack of compounds 

with high specificity. Clinical trials on imatinib (Gleevec), an unspecific kinase inhibitor 

targeting both TGFβ signaling, stem cell factor (SCF) and PDGF receptor signaling, reported 

moderate but inconsistent improvement of skin fibrosis [49,50]. Crenolanib is a more 

potent and specific PDGF receptor inhibitor than Imatinib [51]. Thus, it is plausible that its 

use in the clinics could prove beneficial, as recently demonstrated by therapeutic efficacy in 

a pre-clinical model of SSc [52].

Overall, our data show that CXCL4 promotes the release of PDGF-BB, thereby enhancing 

the expression of pro-inflammatory cytokines and the deposition of ECM molecules in 

dermal fibroblasts (Figure 6). These results indicate that targeting the CXCL4-PDGF-BB 

axis can be clinically relevant for SSc.
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Gene Primer forward Primer reverse

IL1A 5’AGATGCCTGAGATACCCAAAACC3’ 5’CCAAGCACACCCAGTAGTCT3’

IL1B 5’ATGATGGCTTATTACAGTGGCAA3’ 5’GTCGGAGATTCGTAGCTGGA3’

IL6 5’GACAGCCACTCACCTCTTCA3’ 5’CCTCTTTGCTGCTTTCACAC3’

IL8 5’GCTCTGTGTGAAGGTGCAGT3’ 5’CCAGACAGAGCTCTCTTCCA3’

IL33 5’GTGACGGTGTTGATGGTAAGAT3’ 5’AGCTCCACAGAGTGTTCCTTG3’

CCL2 5’CCTGACCCCTCTAACCCATC3’ 5’GGGTTTAAGCAGGGGAATCG3’

CCL3 5’AGTTCTCTGCATCACTTGCTG3’ 5’CGGCTTCGCTTGGTTAGGAA3’

CCL4 5’CTGTGCTGATCCCAGTGAATC3’ 5’TCAGTTCAGTTCCAGGTCATACA3’

CCL5 5’CCAGCAGTCGTCTTTGTCAC3’ 5’CTCTGGGTTGGCACACACTT3’

CCL7 5’-TGCTCAGCCAGTTGGGATTA-3’ 5’TCCTTGTCCAGTTTGGTCTTG3’

CXCL9 5’AGTGCAAGGAACCCCAGTAG3’ 5’AGGGCTTGGGGCAAATTGTT3’

CXCL10 5’TGAAATTATTCCTGCAAGCCAA3’ 5’CAGACATCTCTTCTCACCCTTCTTT3’

CXCL11 5’GCTACAGTTGTTCAAGGCTTCC3’ 5’GCTTTTACCCCAGGGCCTAT3’

PDGFRA 5’TTGAAGGCAGGCACATTTACA3’ 5’GCGACAAGGTATAATGGCAGAAT3’

PDGFRB 5’AGACACGGGAGAATACTTTTGC3’ 5’AGTTCCTCGGCATCATTAGGG3’

PDGFB Qiagen cat. Nr. PPH00488F-200 Qiagen cat. Nr. PPH00488F-200

GAPDH 5’GCCAGCCGAGCCACATC3’ 5’TGACCAGGCGCCCAATAC3’

Supplementary table 1.  List of qPCR primers.

Supplementary Table 2. Immunoassay quantifi-

cation of interleukin( IL)1β, IL6, Tumor Necrosis 

Factor (TNF)ɑ, Latency associated protein (LAP), 

monocyte chemoattractant protein 1 (MCP1), 

CXCL4, CXCL10, CXCL11 and PDGF-bb in 

supernatant of healthy (green) and SSc (red) 

monocytes after 16 hour in control medium 

or medium supplemented with CXCL4 (5μg/

ml) , IFNɑ (1000IU/ml), LPS 100ng/ml), poly I:C 

(10ng/ml), R848 (10ng/ml) or TGFβ(10ng/ml) in 

starvation medium. Values represent concentra-

tion in pg/ml +/- standard deviation.

Supplementary data
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Supplementary figure 1. CXCL4-induced 

PDGF-BB release originates from monocytes

A) Imagestream images of a platelet-free 

monocyte (top) and a monocyte-platelet 

complex (bottom). B) Representative FACS 

plot of the gating used for sorting platelet-free 

monocytes and monocyte-platelet complexes 

(top) and the induction of PDGF-BB release in 

the fractions stimulated with 5μg/ml CXCL4 

for 4 hours versus control treated cells. C) 

Western blot image indicating the presence of 

PDGF-BB in monocytes cultured for 4 hours 

in the presence or absence of the transcription 

inhibitor Actinomycin-D.
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Supplementary figure 2. PDGF-BB plasma 

levels in SSc patients on different drug regimen 

or with different clinical features.

A) PDGF-BB plasma levels in patients treated 

with prednisone versus patients not treated 

with prednisone. B) PDGF-BB plasma levels of 

patients treated with low versus high dose pred-

nisone. C) PDGF-BB plasma levels of patients 

treated with other immunosuppressant drugs 

(cyclophosphamide, methotrexate, micofeno-

late mofetil or biologicals) versus patients not 

treated with suchs drugs. D) PDGF-BB plasma 

levels in SSc patients with ILD versus patients 

without ILD. E) PDGF-BB plasma levels in 

patients positive only for ANA versus patients 

positive for ACA or SCL70 (Kruskall-Wallis un-

corrected Dunn’s test* = P < 0.05, ** = P < 0.01, 

*** = P < 0.001, **** = P < 0.0001. ).
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Supplementary figure 3. siRNA knockdown 

of the PDGF-receptor prevents inflammatory 

cytokine and chemokine induction by CXCL4-

conditioned M2 macrophage supernatant in 

dermal fibroblasts.

mRNA expression of CCL7, IL1A, IL1B, IL33 

and IL8 in untransfected versus PDGFRɑ/β siR-

NA-transfected dermal fibroblasts after 4 hours 

of culture in CXCL4-conditioned M2 macro-

phage supernatant.
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Supplementary figure 4. PDGF-BB significant-

ly enhances the deposition of TNFɑ-induced 

depostion of collagen and fibronectin by 

dermal fibrblasts.

A) Quantification of collagen (left) and fibronec-

tin (right) deposition by dermal fibroblasts 

after 6 days of culture in control medium, 

medium supplemented with 10ng/ml TNFɑ or 

medium supplemented with a combination of 

10ng/ml TNFɑ and PDGF-BB. B) ECM depo-

sition assay images reflecting replicates of a 

single experiment (representative of n=6) C) 

Immunofluorescent image of Fibronectin and 

DAPI nuclear staining after 6 days of culture in 

control medium, medium supplemented with 

10ng/ml PDGF-BB or CXCL4-stimulated M2 

macrophage supernatant with or without 1 μM 

Crenolanib (representative of n=3). (repeated 

measure one-way ANOVA with fisher LSD test). 

* = P < 0.05, ** = P < 0.01, *** = P < 0.001, **** = P 

< 0.0001. )
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Discussion 
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Discussion

 

Systemic sclerosis (SSc) remains an autoimmune disorder which poses a significant burden 

on the quality of life and the life expectancy of patients. Clinical developments, such as the 

use of Angiotensin converting enzyme (ACE) inhibitors for the treatment of scleroderma 

renal crisis (SRC) and the early recognition of other complications have led to an improved 

outcome for SSc patients over the last decades. Despite these developments, the most 

common cause of disease-related mortality has shifted from SRC in the 1970’s and 80’s to 

cardiopulmonary complications at present1. Unfortunately, the average 10-year survival 

of SSc patients has only increased marginally over the last decades, with no improvement 

of the standardized mortality rate (SMR), suggesting that this improvement is mainly re-

flecting the increase of life-expectancy observed in the general population2. Despite con-

sistent research efforts, the molecular pathways involved in the pathogenesis of SSc are 

only partially understood, while safe and effective treatment is lacking. The involvement 

of vascular damage and the subsequent infiltration of immune cells (such as monocytes) 

into the affected tissue in the pathogenesis of SSc is recognized for over forty years3,4. 

However, the exact contribution of each cell type and the altered activity of various bio-

logical pathways at the (intra)cellular and tissue level are still a topic of investigation in the 

efforts of understanding this disease and improving clinical outcomes. 

The aim of this thesis was to investigate whether monocytes of SSc patients are dysregu-

lated and to describe how any observed changes could contribute to the various aspects of 

SSc pathogenesis. Additionally, my work aimed at the identification of cellular differences 

present in SSc monocytes before the onset of fibrosis, to establish whether a so-called 

“therapeutic window of opportunity” exists, and to potentially target dysregulated aspects 

in the phenotype of monocytes in order to prevent fibrosis. In the last part of this thesis 

I describe how monocytes and macrophages are activated by CXCL4 and angiopoietins, 

both signaling molecules with an altered expression in SSc patients5,6, and describe how 

this activation contributes to inflammation and fibrosis. This chapter summarizes and 

discusses important findings of this thesis, places them in perspective with regards to the 

current body of knowledge on the subject of SSc and provides considerations regarding the 

future perspectives of SSc research.

Monocyte dysregulation in SSc

The presence of monocytic infiltrates in the affected skin of SSc patients has consistently 

been observed in the past3,7,8,9. Additionally, circulating monocytes of SSc patients suffering 

from ILD display a pro-fibrotic phenotype based on the increased expression of pro-colla-

gen I10 and were found to have increased surface expression of the macrophage markers 
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CD204, CD206, CD80 and CD86, suggesting a pre-differentiation state11.

In chapter 2 we present the results of a large-scale immune cell phenotype analysis 

using cytometry by time-of-flight (CyTOF) on circulating peripheral blood mononuclear 

cells of patients diagnosed with SSc, primary Sjögren’s syndrome (pSS), Systemic Lupus 

Erythematosus (SLE) as well as age and gender matched healthy donors. Using both a 

discovery and a validation cohort we found a consistent increase in the number of circu-

lating monocytes specifically in patients with SSc. Remarkably, the increased number of 

monocytes was observed in all subsets of SSc including the pre-fibrotic earlySSc patients. 

Most importantly, we observed a clear correlation between the number of monocytes in 

circulation and the disease severity of the patients. We showed that the amount of fibrosis, 

as measured by the modified Rodnan skin score (mRSS), was correlated with the number 

of monocytes in circulation while we found a negative correlation between monocyte 

numbers and the lung function of patients as reflected by the diffusing capacity for carbon 

mono-oxide (Dlco). Accordingly, we found that SSc patients suffering from ILD had signifi-

cantly more circulating monocytes compared with SSc patients without ILD. When cluster-

ing patients based on the immune cells displaying an altered frequency, we observed that 

the cluster of patients displaying the strongest increase in monocyte numbers were more 

likely to be diffuse SSc patients and had a larger amount of the chemokines CXCL10 and 

CXCL11 in their plasma. CXCL10 and CXCL11 are chemokines of which the expression 

is known to be induced by interferon. In line with our findings regarding the epigenetic 

imprinting of IFN responsive genes described in Chapter 3, SSc monocytes were shown to 

be producers of these chemokines12. Interestingly, this increase of CXCL10 and CXCL11 

has also been observed in early SSc patients and can be used to predict rapid disease pro-

gression13. Other studies by members of our research group have previously shown that 

SSc monocytes produce more inflammatory cytokines upon stimulation with TLR-ligands14, 

underlining the potential presence of an epigenetic imprinting underlying monocyte hy-

peractivity. In light of the pro-fibrotic phenotype of SSc monocytes10 and their infiltration 

into the affected tissue of SSc patients9, our observation of the correlation of monocyte 

numbers with disease severity provides further evidence of their role in the pathogene-

sis of SSc. Additionally, our findings reveal a gradual increase in monocyte numbers from 

earlySSc towards more severe fibrotic subsets of the disease. Given that monocytes were 

not increased in patients with SLE and pSS, in which fibrosis is not a common complication, 

it is plausible that monocytes are especially involved in the development of SSc-related 

fibrosis.

For the results presented in Chapter 3 we took a closer look at the transcriptional profile of 

SSc monocytes by performing a genome-wide analysis of epigenetic histone modifications 

using chromatin immunoprecipitation followed by sequencing (ChIPseq) alongside a quanti-

fication of the transcriptome by means of RNA sequencing (RNAseq). Histone modifications 

are covalent post-translational modifications of histone proteins such as methylation and 

acetylation. Such modifications can impact gene expression by altering chromatin structure 
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and regulating the accessibility of DNA to the transcription machinery15. Given that genetic 

heritability does not explain the development of SSc16, it is important to investigate the epi-

genetic mechanisms regulating gene expression which thereby affect biological pathways 

and disturb homeostasis. We looked specifically at changes in the level of trimethylation of 

lysine 4 and acetylation of lysine 27 on histone 3 (H3K4me3 and H3K27ac, respectively) in 

SSc monocytes compared to healthy monocytes. In line with the notion that these marks 

generally indicate the activation of gene promoters and enhancers17, we observed differ-

ences at a variety of gene promoters, indicating that alterations of H3K4me3 and H3K27ac, 

which epigenetically imprint the activation of promoters and enhancers, are associated 

with aberrant gene expression in SSc monocytes. More specifically, we showed that alter-

ations in histone acetylation and methylation are mostly associated to IFN-related genes 

and are similar in all SSc subsets, including patients with early SSc. These results suggest 

that these aberrant epigenetic marks may contribute to disease onset by initiating or sus-

taining this pathway. The increased expression of these IFN-related genes, also known as 

the interferon signature, is also observed in the affected tissue of SSc patients and is cor-

related with the extent of skin fibrosis18, the development of ulcers19, and a decreased lung 

function20. Our results provide evidence that the increased H3K4me3 and H3K27ac marks 

at the promoters of IFN responsive genes, reflecting the epigenetic imprinting of active 

transcription, sustain the IFN signature in monocytes of SSc patients.

Given that these epigenetic marks are altered before the onset of fibrosis, enzymes re-

sponsible for the deposition and maintenance of histone acetylation or methylation, or 

their binding partners, may provide interesting therapeutic targets to restore monocyte 

homeostasis to treat or even prevent SSc. To this end, we looked into changes in the ex-

pression level of genes encoding such enzymes. We found that the increased expression 

of inhibitor of growth family member 4 (ING4) could enhance the deposition of H3K27ac 

marks21 while the decreased expression of chromobox 4 (CBX4), Msx2-interacting protein 

(SPEN) and suppressor of variegation 39 homologue 1 (SUV39H1) may indicate reduced 

histone deacetylation activity22,23,24. Further research on these genes would be needed to 

investigate whether they constitute suitable targets for the prevention of monocyte dys-

regulation in SSc.

Whereas the combination of H3K4me3 and H3K27ac is observed at active gene promoters, 

the combination of H3K4me3 and H3K27me3 is suggested to indicate the presence of a 

so-called bivalent promoters25. These promoters contain a combination of an activat-

ing and repressive mark, setting nearby genes up for rapid induction upon activation 

by outside signaling or differentiation17. In Chapter 4 we investigated changes in these 

marks in monocytes of SSc patients and compared them with healthy monocytes as well as 

monocytes of patients with SLE and rheumatoid arthritis (RA). Taking a similar approach as 

for Chapter 3, we simultaneously performed RNA sequencing to assess how such changes 

affect gene expression. With regards to SSc patients, we replicated findings from Chapter 

3 and confirmed that H3K4me3 marks underly dysregulated pathways in the monocytes of 
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these patients. We found that all subsets of SSc patients, as well as SLE patients, displayed 

either shared or unique changes in their chromatin landscape. Taking advantage of the 

added value of including the quantification of H3K27me3, we identified genes coding for 

enzymes which are associated with the removal of this histone modification. Given the re-

pressive nature of the H3K27me3 mark, the removal of H3K27me3 from the promoter of 

genes is associated with the transformation of the promoter from a bivalent or repressed to 

an active or primed state, which allows for active transcription or a rapid induction thereof 

following an additional outside cue. Such changes seemed to occur most commonly in the 

dcSSc subset, in line with the large number of upregulated genes observed in this subset 

compared to early and lcSSc patients. We observed a strong enrichment of genes encoding 

ECM molecules and protein regulating the ECM structure in the list of derepressed genes 

in dcSSc patients. Based on the transcriptome analysis, we proposed the hypoactivity of the 

polycomb repressing complex (PRC) combined with the hyperactivity of histone lysine de-

methylase 6B (KDM6B) to potentially underlie these alterations. Although more research 

is required to unravel the effects of altering the activity of these enzymes, evidence exists 

that hyper activation of KDM6B is associated with a pro-fibrotic phenotype of both macro-

phages26 and fibroblasts27 and targeting thereof may be a promising therapeutic strategy to 

prevent fibrosis. Furthermore, we found that an epigenetic imprinting of Thrombospondin 

1 (THBS1) and FAM20a, proteins which were previously associated to SSc pathogenesis, 

underlies the increased expression of these genes. THBS1 encodes a key mediator of matrix 

contraction of SSc fibroblasts and was found to drives an autocrine loop of TGF-β activa-

tion28,29. FAM20A, whose increased expression may be induced by altered IL-10 signaling 

observed in SSc monocytes, is a driver of myofibroblasts differentiation30. The overex-

pression of these genes is likely associated to the development of SSc fibrosis and the fact 

that reversible histone modifications are driving their overexpression could potentially be 

exploited as a clinical target in the future.

 

In the second part of this thesis we shifted the focus from identifying alterations in SSc 

monocytes compared with healthy cells to a more targeted approach in which the goal 

was to investigate how factors known to be altered in SSc patients affect the phenotype of 

monocytes. In Chapter 5 we first validated a previously observed alteration in the levels of 

angiopoietin (Ang)-1 and Ang-26 in serum of SSc patients. Although Ang-1 and Ang-2 are 

classically known as growth factors regulating vascularization by signaling through the TEK 

receptor tyrosine kinase (Tie2) on endothelial cells, this same receptor is also expressed on 

monocytes and macrophages31. When assessing how the Ang-1/Ang-2 disbalance affects 

monocytes of systemic sclerosis patients we found that Tie2 signaling induces the expres-

sion of IL-6 and IL-8, which are inflammatory mediators previously shown to be involved 

in SSc pathogenesis32,33. We confirmed the importance of this signaling axis by showing 

that Tie2 inhibition and Ang-2 neutralization reduces the production of IL-6 and IL-8 by 

monocytes induced by serum of systemic sclerosis patients. In line with our earlier obser-
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vations of increased numbers of monocytes in the circulation of SSc patients, it is tempting 

to speculate that the combination thereof with the altered Ang-1/Ang-2 balance could be 

an important underlying factor of the inflammatory activation commonly observed in these 

patients.

Another signaling molecule that was shown to be highly increased in the circulation and 

affected skin of SSc patients by members of our research group is CXCL45. The importance of 

CXCL4 in the pathogenesis of SSc was confirmed in various other reports34,35,36,37. In Chapter 

6 we showed that CXCL4 induces the release of platelet derived growth factor (PDGF)-BB 

by monocytes. Interestingly, this effect appears to be specific to CXCL4, as stimulation of 

monocytes with interferon-alpha (IFN-α), transforming growth factor-beta (TGF-β) or toll 

like receptor (TLR) ligands R848, Poly I-C and LPS did not induce PDGF-BB release. We also 

found that PDGF-BB is also increased in the circulation of patients with diffuse SSc, the 

subset of patients shown to have the strongest increase in circulating monocyte numbers. 

Additionally, We confirmed the potential of CXCL4 to induce PDGF-BB release in macro-

phages and showed that M2 macrophages produced more of this growth factor compared 

with M1 macrophages. The latter finding is of interest, given the observed presence of mac-

rophages expressing M2 surface markers9 as well as the increased expression of the PDGF-

receptor38 in SSc skin. Following our discovery of the specific effect of CXCL4 on the release 

of PDGF-BB by monocytes, we focused our efforts on elucidating the downstream effect of 

this PDGF-BB release on dermal fibroblasts to assess its potential role in the development 

of fibrosis. We describe how PDGF-BB potentiates the inflammatory phenotype in dermal 

fibroblasts. Upon stimulation of dermal fibroblasts with PDGF-BB, we observed a strong 

synergistic effect when combined with TNF-α. The combination of these factors induced 

the expression of various chemokines and cytokines which are typically observed in the skin 

of SSc patients, such as IL-1, IL-6, IL-8 and chemokines like RANTES (CCL5), monocyte che-

moattractant protein (MCP) 1 and 3 and macrophage inflammatory protein 1A (CCL3)39,40,41. 

Furthermore, we found that supernatant of CXCL4-conditioned M2 macrophages activates 

fibroblasts causing ECM deposition, in line with previous findings showing that PDGF-BB 

exacerbates fibrosis in the bleomycin mouse model of SSc42. To prove that this effect is 

indeed caused by the PDGF-BB present in the M2 macrophage supernatant we used both 

siRNA against the PDGF-receptor as well as Crenolanib, a PDGF-receptor inhibitor, to show 

that this intervention abrogates fibroblast activation. Crenolanib was previously shown to 

inhibit the pro-fibrotic phenotype of SSc patient derived fibroblast and had a positive effect 

in pre-clinical models of SSc43. Our findings indicate that CXCL4 is an endogenous ligand 

which links inflammation and fibrosis through the activation of monocytic cells. Future 

research should further evaluate the suitability of CXCL4 or the PDGF-receptor as a clinical 

target for the treatment of SSc related fibrosis. Alternatively, another strategy would be to 

prevent the release of PDGF-BB by monocytes and macrophages in the skin. This could be 

realized by preventing the excessive infiltration of monocytes into the tissue by targeting 

the chemokines attracting these cells. One example thereof is the use of SKL-2841, a dual 
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antagonist of monocyte chemoattractant protein 2 (MCP2) and macrophage inflammatory 

protein 1 beta (MIP1B), which was shown to inhibit monocyte infiltration and fibrosis in the 

bleomycin injected mouse model of systemic sclerosis44. Finally, our findings in Chapter 4 

indicate that the promoter region of PDGF-BB gene displays decreased level of H3K27me3 

in SSc monocytes, thus suggesting that targeting histone modifying enzymes regulating 

H3K27me3 deposition and restoring PDGF-BB expression could be considered for future 

research in SSc.

In conclusion, this thesis describes the dysregulation of monocytes in SSc patients at 

various levels and describes how the observed alterations are associated with the patho-

genesis of this deforming disease. When comparing the frequencies of circulating immune 

cells in SSc patients with those in patients with pSS and SLE, it is clear that the alterations in 

monocyte numbers are unique to SSc patients, making it tempting to speculate that alter-

ations in these cells are specifically involved in the development of SSc-related fibrosis. The 

studies in which we investigated genome-wide changes in histone modifications, alongside 

the quantification of the transcriptome, are the first of its kind in SSc. The results of these 

studies evidence that changes at this regulatory level occur in SSc monocytes, and provide 

a rationale for future research into the modulation of histone modifying enzymes as a ther-

apeutic strategy in treatment of SSc. Studies on epigenetic changes in SSc patients are 

particularly important to gain a better understanding of the etiology of this disease, given 

that genetics is suggested to play a moderate role15. 

Our in-vitro studies evaluating the effect of angiopoietins and CXCL4 on monocytes and 

macrophages provide novel insights into the activation mechanisms of these cells, which 

are likely to occur in patients. We have demonstrated that this activation results in a pro-in-

flammatory state which, down the line, can culminate in the instigation of fibrosis through 

fibroblast activation.

As epigenetic changes might occur very early in the disease course, potentially years before 

fibrosis appears, they might constitute a link between inflammation and tissue fibrosis that 

has hitherto not been understood. Understanding this link is important as, although fibrosis 

was previously considered to be an end-stage condition, it is now thought to be poten-

tially reversibile45,46,47. As fibrosis is shared between many acute and chronic diseases and 

still accounts for one-third of deaths worldwide47, understanding the underlying molecular 

pathways that link inflammation with fibrosis will be paramount for the development of 

medicines that are effective in treating or even reversing tissue fibrosis48. Despite advances 

in this field, an urgent need remains for more large-scale population studies and longitu-

dinal measurements in patients with SSc. The integration of multi-omics data, including 

genomic, epigenomic, transcriptomic, proteomic and metabolomic data, is hoped to deliver 

a more holistic understanding of the pathogenesis of SSc and to pave the way for novel 

therapies to halt or even prevent fibrosis. 



VII

172

Future perspectives

The results of the studies presented in this thesis and the existing body of literature 

indicate that a number of epigenetic regulatory proteins display altered expression in SSc. 

Nevertheless, a more comprehensive approach is needed to guide the development of 

epigenomic pharmacological inhibitors and agonists. Of particular importance, our studies 

aimed at understanding how the epigenetic code is either aberrantly written or read at 

the molecular level in monocytes of SSc patients. The updated 2013 ACR criteria for the 

diagnosis of SSc49 resulted in the inclusion of more earlySSc patients in scientific studies. 

These new criteria have led to multiple exciting discoveries on the early events leading up 

to SSc development and provides hope that targeting dysregulated processes to prevent 

progression may become a reality. Given our observation that various alterations that 

appear to be important for established SSc are already evident in early patients, future 

studies should investigate how such early events can be screened and targeted to prevent 

symptomatic progression. The collaborative efforts of clinical scientists, medical doctors, 

leading pharmaceutical companies and patients will be needed to realize large scale studies 

in which multiple datasets (e.g. transcriptome, metabolome, proteome and clinical data) can 

be combined in large cohorts, allowing the molecular reclassification of SSc. Our results 

shed light onto novel aspects of the dysregulation of monocytes in SSc patients and provide 

additional evidence of the pathogenic effect that their dysregulation can have on fibrosis. 

In order to validate the importance of the findings described in this thesis, ideal future 

research should aim at long term follow-up studies of large cohorts of earlySSc patients and 

focus on the early detection of monocyte aberrances, such as the increase in their number 

or alterations in the activity of histone modifying enzymes. Early detection of alterations 

in the factors activating monocytes, such as CXCL4, angiopoietins as well as the chemok-

ines aiding in their tissue infiltration should be given close consideration. Targeting of these 

various factors in pre-clinical models of SSc could be helpful in assessing their relative con-

tribution to fibrogenesis and will hopefully guide the way to clinical trials in the future.
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— 1  

Achtergrond

Systemische sclerose (SSc) is een zeldzame auto-immuunaandoening waarbij het bindweef-

sel in de huid en de inwendige organen van patiënten door de overmatige productie van ex-

tracellulaire matrix (ECM) eiwitten dikker wordt en verhardt. Dit proces wordt ook wel de 

ontwikkeling van fibrose genoemd. Fibrosevorming op interne organen zoals de longen of 

het cardiovasculaire systeem is een veelvoorkomende doodsoorzaak voor deze patiënten. 

SSc is een complexe ziekte waarbij een hoge mate van heterogeniteit wordt geconstateerd 

in de patiëntenpopulatie. De oorzaak van de fibrose is niet exact bekend, maar klinische ob-

servaties en de resultaten van eerdere studies wijzen op de aanwezigheid van vasculaire 

afwijkingen en een aanhoudende ontsteking voor de ontwikkeling van fibrose. Hoewel ver-

schillende genetische veranderingen als risicofactor zijn aangeduid, is de erfelijkheid van 

SSc zeer beperkt. Naast de genetische factoren spelen epigenetische veranderingen ver-

moedelijk een belangrijke rol. Deze epigenetische veranderingen reguleren de expressie 

van genen zonder de genetische code te veranderen. Voorbeelden van dergelijke regulatie-

mechanismen zijn niet-coderende RNAs, zoals microRNAs en long non-coding RNAs, DNA 

methylatie en histon modificaties. De theorie achter het ontstaan van de ziekte is dan ook 

dat omgevingsfactoren zorgen voor epigenetische veranderingen in mensen met genetische 

aanleg voor de ontwikkeling van SSc. Dit leidt uiteindelijk tot immuunactivatie, immuuncel 

infiltratie en de daaropvolgende stimulatie van ECM-overproductie door fibroblasten. 

In de afgelopen jaren is veel onderzoek gedaan naar de pathogenese van SSc. Hieruit 

komt naar voren dat monocyten in verhoogde mate aanwezig zijn in de aangedane huid 

van patiënten, alwaar ze zeer waarschijnlijk bijdragen aan de activatie van fibroblas-

ten en hiermee de overproductie van ECM stimuleren. Daarnaast is bekend dat de con-

centratie van verschillende signaalstoffen, waaronder bloedplaatjes factor 4 (CXCL4) en 

Angiopoïetine 2 (ANG2), verhoogd is in het bloed van SSc patiënten. De effecten van deze 

verhoging op de verschillende immuuncellen zijn nog niet volledig bekend. Tot slot wordt 

de activatie van zowel het aangeboren als het adaptieve immuunsysteem en de verhoogde 

expressie van type 1 interferon responsieve genen, ook wel het IFN-signatuur genoemd, in 

verband gebracht met de pathogenese van SSc.

— 2  

Doel van dit proefschrift

Het doel van het in dit proefschrift beschreven onderzoek was het bestuderen van de on-

tregeling van monocyten in patiënten met SSc en het evalueren van de effecten van deze 

deregulering op de pathogenese van SSc. Om dit te realiseren hebben we eerst gekeken 

naar veranderingen in de frequentie van monocyten in de circulatie, veranderingen op het 

niveau van genexpressie en de histon modificaties die hieraan ten grondslag kunnen liggen. 

Daarnaast hebben we de respons van monocyten op de SSc gerelateerde signaalstoffen 

CXCL4 en ANG2 bestudeerd en gekeken hoe dit tot inflammatie en fibrose kan leiden. 



VIII

182

— 3  

Samenvatting van de bevindingen

3.1  
ontregeling van monocyten in ssc patiënten

In hoofdstuk 2 beschrijf ik de resultaten van een studie waarbij we hebben gekeken naar de 

frequentie van 44 verschillende types immuuncellen in de circulatie in twee cohorten van 

gezonde mensen, patiënten met SSc en patiënten met andere auto-immuunaandoeningen. 

Hieruit bleek dat een verhoogde frequentie van monocyten aanwezig was in de circulatie 

van SSc patiënten in vergelijking met gezonde mensen. Deze verhoging was niet aanwezig in 

patiënten met andere auto-immuunziekten. De frequentie van de circulerende monocyten 

was in SSc patiënten gecorreleerd met de ernst van het ziektebeeld. Zo bleek de mate van 

huidfibrose verband te houden met de monocyten frequentie en werd duidelijk dat SSc 

patiënten met longbetrokkenheid meer circulerende monocyten hebben dan patiënten 

zonder betrokkenheid van de longen. Daarnaast bleek dat de verhoging van monocyten 

samenviel met een verhoging van twee signaalstoffen, CXCL10 en CXCL11, waarvan 

eerder werd aangetoond dat ze verband houden met ziekteprogressie. De verhoging van 

monocyten was ook aanwezig in zogenaamde “vroege” SSc patiënten, wat er op duidt dat 

de verhoging van de monocyt frequentie wellicht van belang is voor de ziekteprogressie. 

In hoofdstuk 3 gaan we dieper in op de ontregeling van monocyten in SSc patiënten. Met 

behulp van een globale genexpressieanalyse hebben we geïdentificeerd welke genen een 

afwijkend expressiepatroon hebben in monocyten van patiënten ten opzichte van gezonde 

mensen. De genen met een verhoogde expressie spelen vooral een rol in de regulatie 

van celprocessen die deel uitmaken van het immuunresponssysteem, de productie van 

cytokinen en de IFN-respons. Tevens hebben we gekeken naar epigenetische modificaties 

van de histonen die het verpakkingsmateriaal van het DNA vormen en de toegankelijkheid 

hiervan reguleren. Hieruit bleek dat veranderingen optreden in deze modificaties die van 

invloed zijn op de ontregelde genexpressie. We identificeerden verschillende histon mod-

ificerende enzymen waarvan de afwijkende genexpressie ten grondslag kan liggen aan de 

geobserveerde histonmodificaties. In een proof-of-concept experiment toonden we aan dat 

de effecten van de veranderde histonmodificaties tenietgedaan kunnen worden met een 

inhibitor, JQ1, wat impliceert dat epigenetische veranderingen een farmacologisch doelwit 

kunnen zijn voor het herstellen van homeostase in de monocyten van SSc patiënten.

Middels een soortgelijke methode als in hoofdstuk 3, hebben we in hoofdstuk 4 

gekeken naar de veranderingen van epigenetische histon modificaties in monocyten van 

patiënten met SSc, systemische lupus erythematodus (SLE) of reumatoïde artritis (RA) in  

vergelijking met gezonde mensen. In deze studie keken we naar twee verschillende  

modificaties waarvan er één is geassocieerd met de activatie van genexpressie terwijl de 

andere modificatie deze remt. In de monocyten van de verschillende subsets van SSc en 
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SLE patiënten vonden we unieke en overeenkomende verschillen in deze modificaties ten 

opzicht van gezonde monocyten.  De genen waarbij een verhoogde hoeveelheid van de 

activerende modificatie werd gedetecteerd, hadden gemiddeld een hogere expressie en 

bleken een rol te spelen in cellulaire processen die in verband worden gebracht met de 

pathogenese van de verschillende auto-immuunaandoeningen. Hoewel een verlaging van 

de remmende modificatie niet direct zorgt voor verhoogde genexpressie, is bekend dat de 

nabijgelegen genen hierdoor snel tot expressie gebracht kunnen worden na activatie van 

de cel door exogene of endogene factoren of tijdens differentiatie. In monocyten van SSc 

patiënten bleken genen waarbij de remmende modificatie verwijderd was te coderen voor 

pro-fibrotische factoren of ECM-moleculen, zoals THBS1, FAM20A en collagenen, evenals 

de groeifactor PDGFb waar we in hoofdstuk 6 verder onderzoek naar hebben gedaan.

3.2  
angiopoïetines en cxcl4 activeren monocyten en dragen bij aan de patho-
genese van ssc

In het tweede gedeelte van dit proefschrift hebben we gekeken naar de effecten van SSc 

gerelateerde signaalstoffen op monocyten en hebben we bestudeerd hoe deze tot inflam-

matie en fibrose kunnen leiden in SSc patiënten.

In hoofdstuk 5 hebben we gekeken naar het effect van de in SSc patiënten geobserveerde 

disbalans tussen angiopoïetine (ANG) 1 en 2 op monocyten. Hoewel ANG1 en ANG2 

voornamelijk bekend staan als regulatoren van vascularisatie door te binden aan de TIE2- 

receptor op endotheelcellen, is recentelijk gebleken dat ook monocyten deze receptoren 

tot expressie brengen. Onze resultaten tonen aan dat in SSc monocyten de TIE2-signalering 

geïnduceerd door ANG2 zorgt voor de productie van de pro-inflammatoire cytokinen 

IL-6 en IL-8. Ditzelfde resultaat vonden we ook als gevolg van de stimulatie van gezonde 

monocyten met serum van SSc patiënten. Daarnaast wezen onze experimenten uit dat de 

neutralisatie van ANG2 in het serum van patiënten of de inhibitie van de TIE2 receptor dit 

effect teniet kon doen. Hieruit blijkt dat ANG2 neutralisatie een veelbelovend therapeu-

tisch doelwit zou kunnen zijn bij het remmen van de inflammatie ter behandeling van deze 

ziekte.

Tot slot beschrijft hoofdstuk 6 van dit proefschrift hoe CXCL4 leidt tot activatie van 

monocyten en macrofagen en hoe deze activatie bijdraagt aan inflammatie en fibrose in 

SSc patiënten. CXCL4 is een signaalstof die sterk verhoogd is in de circulatie en aangedane 

organen van SSc patiënten. De stimulatie van monocyten en macrofagen met CXCL4 zorgt 

voor een toename in de uitscheiding van de groeifactor PDGF-BB. Dit effect lijkt specifiek 

voor CXCL4 aangezien dit niet werd geobserveerd na stimulatie van monocyten met inter-

feron, transforming growth factor (TGF)-beta of liganden voor de Toll-like receptoren. In 

huidfibroblasten draagt PDGF-BB bij aan de inductie van de expressie van pro-inflamma-
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toire cytokinen en eiwiten die een rol spelen in de chemotaxis van immuuncellen. Daarnaast 

heeft PDGF-BB een pro-fibrotische functie omdat het de productie van de ECM-moleculen 

collageen en fibronectine in fibroblasten stimuleert. Dat de CXCL4 activatie van macrofa-

gen direct bij kan dragen aan fibrose bleek uit experimenten waarbij het kweekmedium van 

CXCL4 gestimuleerde macrofagen leidde tot inflammatie en ECM-productie in fibroblas-

ten. Het blokkeren van de PDGF-receptor met crenolanib, een specifiek inhibitor molecuul, 

prevenieerde deze respons en impliceert dat interveniëren met de CXCL4/PDGF-bb signaal 

cascade in monocyten klinisch relevant kan zijn.

Samenvattend kunnen we stellen dat er evidente deregulatie is van monocyten in patiënten 

met SSc. Deze deregulatie hangt sterk samen met de ernst van het ziektebeeld en is dus 

zeer waarschijnlijk direct betrokken bij de pathogenese van SSc. Hoe het voorkomen van 

monocyt deregulatie kan bijdragen aan het genezen of voorkomen van SSc zal moeten 

blijken uit toekomstig onderzoek.
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— 1  

Background

Systemic sclerosis (SSc) is a rare autoimmune disease in which the connective tissue in the 

skin and internal organs of patients thickens and hardens due to the excessive production 

of extracellular matrix (ECM) proteins. This process is also referred to as the development 

of fibrosis. Fibrosis affecting the internal organs such as the lungs or the cardiovascular 

system is a common cause of death for these patients. SSc is a complex disease in which a 

high degree of heterogeneity is observed in the patient population. What causes the onset 

of fibrosis is not exactly known, but clinical observations and the results of previous studies 

indicate the presence of vascular abnormalities and a persistent inflammation before the 

onset of fibrosis. Although various genetic changes have been identified as risk factors, 

the heredity of SSc is very limited. In addition to the genetic factors, epigenetic changes 

probably play an important role in SSc development. These epigenetic changes regulate the 

expression of genes without changing the genetic code. Examples of such regulatory mech-

anisms are the expression of non-coding RNAs such as microRNAs and long non-coding 

RNAs, DNA methylation and histone modifications. The theory behind the development of 

this deforming disease is therefore that environmental factors cause epigenetic changes in 

people genetically predisposed to SSc, leading to immune activation and subsequent stimu-

lation of ECM overproduction by fibroblasts.

In recent years, extensive research efforts have been spent to obtaining a better under-

standing of the pathogenesis of SSc. One of the recurring observations in previous studies 

is the presence of large amounts of monocytes in the affected skin of patients, which are 

very likely to contribute to the activation of fibroblasts and thereby stimulate the over-

production of ECM. Additionally, it is known that the concentration of several signaling 

proteins, including platelet factor 4 (CXCL4) and angiopoietin 2 (ANG2), is increased in the 

blood of SSc patients. However, the effects of these factors on the different immune cells 

are not well understood. Finally, the activation of both the innate and adaptive immune 

systems and the increased expression of type 1 interferon responsive genes, also known as 

the IFN signature, have been associated with the pathogenesis of SSc.

— 2  

Aim of this thesis

The aim of this thesis was to study monocyte dysregulation in patients with SSc and to 

evaluate the effects of this dysregulation on the pathogenesis of SSc. To realize this, we first 

looked at changes in the frequency of monocytes in the circulation, changes at the level of 

gene expression in these cells and the histone modifications that may underlie this aberrant 

gene expression. In the second part of the thesis we studied the response of monocytes 

to CXCL4 and ANG2, two signaling factors associated with SSc, and looked at how this 

response can contribute to the inflammation and fibrosis observed in SSc patients.
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Summary of the findings

3.1  
monocyte dysregulation in ssc patients

In chapter 2, I describe the results of a study looking at the frequency of 44 different types 

of circulating immune cells in two cohorts of healthy people, patients with SSc and patients 

with other autoimmune conditions. The results indicated that an increased frequency of 

monocytes was present in the circulation of SSc patients compared with healthy people. 

This increase was not present in patients with other autoimmune diseases. In SSc patients, 

the frequency of circulating monocytes was directly correlated with the disease severity. 

For example, the degree of skin fibrosis was found to be related to the monocyte frequency 

and we found that SSc patients with lung involvement had more circulating monocytes 

compared with patients without lung involvement. In addition, the increase in monocytes 

was found to coincide with an increase in two signaling proteins, CXCL10 and CXCL11, 

which were previously shown to be related to SSc disease progression. The increase in 

monocytes was also present in so-called "early" SSc patients, indicating that the increased 

number of monocytes in circulation may be linked to disease progression.

In chapter 3 we took a closer look at the dysregulation of monocytes in SSc patients. 

Using a global gene expression analysis, we identified genes with an abnormal expres-

sion pattern in patient monocytes compared with those of healthy people. The genes with 

increased expression were found to mainly play a role in the regulation of cell processes 

that are part of the immune response system, the production of cytokines and the IFN 

response. Concomitantly, we looked at epigenetic modifications of the histones that form 

the packaging material of the DNA and regulate its accessibility. We found that many alter-

ations of these modifications are present in patients and show that these changes are linked 

to the sustained dysregulation of gene expression. We identified several histone-modifying 

enzymes whose aberrant gene expression may underlie the observed histone modifications. 

In a proof-of-concept experiment, we demonstrated that the effects of the altered histone 

modifications can be reversed with an inhibitor, JQ1, implying that epigenetic changes may 

be a pharmacological target for restoring homeostasis in the monocytes of SSc patients.

Using a similar method as the one described in chapter 3, in chapter 4 we studied the 

changes of epigenetic histone modifications in monocytes from patients with SSc, systemic 

lupus erythematosus (SLE) or rheumatoid arthritis (RA) compared with healthy people. In 

this study, we looked at two different modifications, one of which is associated with the 

activation of gene expression while the other modification inhibits gene expression. In 

the monocytes of SSc and SLE patients, we found both unique and overlapping differenc-

es in these modifications compared with healthy monocytes. The genes associated with an 

increased amount of the activating modification had, on average, a higher expression level 
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and were found to play a role in cellular processes associated with the pathogenesis of the 

various autoimmune disorders. Although a decrease in the inhibitory modification does 

not directly result in increased gene expression, it is known that it allows the expression of 

nearby genes to be quickly induced upon activation of the cell by exogenous or endogenous 

factors or during differentiation. In monocytes from SSc patients, genes with the inhibitory 

modification removed were found to encode pro-fibrotic factors or ECM molecules, such as 

THBS1, FAM20A and collagens, as well as growth factors such as PDGFB which we investi-

gated further as described in chapter 6.

3.2  
impact of ssc-related factors on monocyte activation 
In the second part of this thesis, we looked at the effects of SSc related signaling molecules 

on monocytes and evaluated how this can contribute to the inflammation and fibrosis which 

is observed in SSc patients.

In chapter 5 we investigated the effect of the imbalance between angiopoietin (ANG) 1 and 

2 observed in SSc patients on monocytes. Although ANG1 and ANG2 are primarily known 

as regulators of vascularization by binding to the TIE-2 receptor on endothelial cells, it 

has recently been shown that monocytes also express these receptors. Our results show 

that in SSc monocytes, the TIE-2 signaling induced by ANG2 causes the production of the 

pro-inflammatory cytokines IL-6 and IL-8. We found the same result after the stimulation 

of healthy monocytes with serum from SSc patients. In addition, our experiments indicated 

that the neutralization of ANG2 in the serum of patients or the inhibition of the TIE2 

receptor could nullify this effect. This shows that ANG2 neutralization could be a promising 

therapeutic target in inhibiting inflammation to treat SSc.

Finally, chapter 6 of this thesis describes how CXCL4 leads to activation of monocytes and 

macrophages and reveals how this activation contributes to inflammation and fibrosis in 

SSc patients. CXCL4 is a signaling protein of which the concentration is greatly increased in 

the circulation and affected tissue of SSc patients. The stimulation of monocytes and mac-

rophages with CXCL4 increases the secretion of the growth factor PDGF-BB. This effect 

appears to be specific for CXCL4 as it was not observed after stimulation of monocytes with 

interferon, transforming growth factor (TGF) beta or ligands for the Toll-like receptors. In 

skin fibroblasts, PDGF-BB contributes to the induction of the expression of pro-inflamma-

tory cytokines and proteins that play a role in the chemotaxis of immune cells. In addition, 

PDGF-BB has a pro-fibrotic function as it stimulates the production of ECM molecules 

such as collagen and fibronectin in fibroblasts. That the CXCL4 activation of macrophages 

can directly contribute to fibrosis was shown in experiments where the culture medium of 

CXCL4- stimulated macrophages was found to induce inflammation and ECM production 

in fibroblasts. Blocking the PDGF receptor with Crenolanib, a specific inhibitor molecule, 
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prevented this response which implies that intervention with the CXCL4/PDGF-bb signaling 

axis in monocytes may hold therapeutic value.

In summary, we can state that there is a clear dysregulation of monocytes in patients with 

SSc. This dysregulation is strongly related to the disease severity and is therefore very likely 

directly involved in the pathogenesis of SSc. Future research will hopefully show how the 

prevention of monocyte dysregulation can contribute to curing or preventing SSc.
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